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The WHO has given a permissive recommendation for an off-label one-dose
human papillomavirus (HPV) vaccine schedule to prevent cervical cancer,
based on evidence of comparable protection to two or three doses of vaccine.
While neutralizing antibodies are thought to be the primary mechanism of
protection, the persistence of immunity and whether other antibody-mediated
mechanisms of protection are involved is unclear. Using systems serology, we
investigated HPV antibody responses in serum from Fijian girls who were
unvaccinated or received one, two or three doses of quadrivalent HPV vaccine
six years earlier. We also evaluated their HPV antibody responses 28 days
following a dose of bivalent HPV vaccine. After six years, one dose induced
lower antibody concentrations but similar antibody profiles and phagocytic
function as two or three doses. Following bivalent vaccine, antibody con-
centrations, particularly IgG1/IgG3, antibody profiles and phagocytic function
were similar between previously vaccinated girls, indicating immune memory
after one dose. Cross-reactive antibody responses against non-vaccine geno-
types (HPV31/33/45/52/58) were lower following one dose than two or three
doses. These findings provide novel insights into serological immunity and
recall responses following one-dose HPV vaccination.

Persistent infection with human papillomaviruses (HPV) is the primary
cause of cervical cancer, which is the 4™ most prevalent cancer among
women worldwide with 660,000 new diagnoses and more than half
resulting in death in 2022". Due to this high burden, the World Health
Organisation (WHO) has issued a call to action to eliminate cervical
cancer as a public health problem, with prophylactic HPV vaccines
playing an important role in elimination’. HPV vaccines are highly
effective at preventing vaccine-type HPV infection and disease,
including cervical cancer and genital warts, and has the potential to
reduce up to 93% of cervical cancers with the introduction of the
nonavalent vaccine (9vHPV)’.

Currently, the WHO has given a permissive recommendation for
an off-label one-dose HPV vaccine schedule for girls aged 9-20 years,
based on accumulating evidence of non-inferior protection in ado-
lescent girls who received one dose of HPV vaccine compared with two
or three doses*®. A randomised controlled trial in Kenyan women aged
15-20 years found that one dose of 9vHPV or bivalent (2vHPV) HPV
vaccine had high vaccine efficacy (>95%, >98% respectively) against
vaccine-type-specific persistent infections up to 3 years among women
who were HPV DNA-negative’. Another study in Tanzania found that
99% of girls who received one dose of 2vHPV or 9vHPV vaccine
remained seropositive at 24 months®. Other observational studies have
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documented similar protection for one dose as two or three doses and
sustained vaccine-type antibody responses after 10-11 years, despite
one dose inducing lower neutralising antibody concentrations than
those induced by two or three doses™. Collectively, these studies
demonstrate that one dose of HPV vaccine appears to provide strong
protection against vaccine-type HPV infection and disease, despite
lower antibody concentrations. Considering that two or three doses of
protein subunit vaccine are generally needed to generate robust
immunological memory responses, it is remarkable that one dose of
HPV vaccine can provide robust long-term immunity.

While neutralising antibodies induced by vaccination are thought
to be the primary mediator of protection for HPV vaccines, the mini-
mum level required is unknown. Apart from directly neutralising viral
pathogens, antibodies can engage Fc receptors (FCR) on immune cells
to trigger a range of Fc-mediated effector functions, including
antibody-dependent cellular phagocytosis (ADCP) of viral particles,
antibody-dependent cellular cytotoxicity (ADCC) and complement
activation’. Indeed, non-neutralising Fc effector functions have been
shown to be protective in other infectious diseases such as from
Plasmodium sp. that cause malaria™", human immunodeficiency virus
(HIV)®** and Ebola virus®, particularly at suboptimal neutralising
antibody concentrations™",

One study has investigated the induction of Fc-mediated effector
functions following HPV vaccination, where vaccination with three
doses of quadrivalent (4vHPV) HPV vaccine and 2vHPV vaccine was
found to generate different antibody profiles'. Differences in antibody
profiles following 2vHPV and 4vHPV vaccine are likely due to the dif-
ferent adjuvants used in each vaccine, with the 2vHPV vaccine known
to be more immunogenic due to its inclusion of ASO4 adjuvant as a
potent inducer of TLR4 compared to aluminium adjuvant in the 4vHPV
vaccine. It is currently unknown whether Fc-mediated effector func-
tions contributes to protection against HPV, particularly in the context
of a one-dose HPV vaccine schedule™. In this study, we used a systems
serology approach to profile HPV-specific antibody responses six years
following one, two or three doses of 4vHPV vaccine, and evaluated
their responses 28 days after a booster dose of 2vHPV vaccine in a
cohort of adolescent Fijian girls.

Results

Study cohort characteristics

Between February and March 2015, a total of 200 girls aged 15-19 years
living in the Greater Suva area of Fiji who were unvaccinated or pre-
viously received one, two or three doses of 4vHPV vaccine were
recruited into the observational cohort study (Clinicaltrials.gov iden-
tifier NCT02276521), with equal distribution of the two main ethnicities
in Fiji; indigenous Fijians (iTaukei) and Fijians of Indian Descent.
Serum samples were collected six years following the last dose of

4vHPV vaccine, and 28 days following a booster dose of 2vHPV vaccine
to assess immunological memory. Due to logistical limitations and
sample availability, a random subset of samples from each dosage
group (n=20/group at each timepoint; total 160 samples) with equal
distribution of ethnicity (Indigenous Fijians; iTaukei and Fijians of
Indian Descent) from the original study cohort were selected for this
analysis. The characteristics of these participant samples are detailed
in Table 1. The median age at first dose of 4vHPV vaccine was 10 or 11
years for previously vaccinated girls. Other demographic factors such
as age at recruitment and BMI were similar across all dosage groups.
Participant characteristics between the dosage groups and between
this subset of samples and the overall cohort were similar”.

Immunological memory generated following one dose of 4vHPV
vaccine

We assessed vaccine-type HPV16 and HPV18 serum antibody responses
to 8 antibody isotypes and subclasses (IgG, IgG1, IgG2, IgG3, 1gG4, IgAl,
IgA2, IgM) using a multiplex immunoassay that we have previously
shown to correlate strongly with neutralising antibodies'®. Antibody
responses above the median of a negative control antigen, bovine
papillomavirus (BPV), were considered to be positive. After six years,
one dose of 4vHPV vaccine induced IgG and IgAl concentrations to
both HPV16 and HPVI8 that were higher than unvaccinated girls, but
lower compared to two or three doses although this was not significant
(Fig. 1A, C). HPV18 antibody responses were generally weaker com-
pared to HPV16 as previously documented”. Significantly higher
HPV16-specific IgAl was seen for previously vaccinated girls (=1 dose)
than unvaccinated girls, although this was not significant for one dose.
A similar trend was also seen for HPV16 or HPV18-specific IgA2 and IgM,
although these levels were low. For IgG subclass responses, 1gG1, 1gG2,
IgG3 and IgG4 MFI to both HPV16 and HPVI8 were similar between
previously vaccinated girls and remained higher compared with
unvaccinated girls after six years (Fig. 1B, D). We found robust 1gGl
responses to both HPV16 and HPV18, but HPV16-specific IgG3 MFI in
girls previously vaccinated girls were 10-fold higher than for HPV18.
1gG2 and IgG4 MFI to HPV16 and HPV18 were lower than IgG1 and 1gG3,
but higher among previously vaccinated girls compared to unvacci-
nated girls after six years. A dose-dependent increase was found for
HPV16 and HPV18-specific IgG2 in girls previously vaccinated with
4vHPV vaccine, although this was not significant. Overall, we found
that HPV vaccine-type antibodies persisted for at least six years,
characterised by high concentrations of IgGl for HPV16/18 and IgG3
for HPV16.

One month following 2vHPV vaccine, HPV16- and HPV18-specific
IgG, IgM, IgAl and IgA2 increased from pre-2vHPV vaccine MFI for all
dosage groups (Fig. 1A, C). No significant differences in HPV16- and
HPV18-specific IgG, IgM, IgAl and IgA2 MFI were observed between

Table 1| Baseline characteristics of study participants

Characteristic Dosage group 2P value
3-dose (n=19) 2-dose (n=21) 1-dose (n=20) 0-dose
(n=20)
Age at recruitment, y, median (IQR) 17.0 16.0 17.0 175 0.3
(16.0-18.0) (15.0-18.0) (16.0-17.3) (17.0-19.0)
Age at first dose of 4vHPV vaccine, 1.0 10.0 1.0 NA 0.25
median (IQR) (10.0-12.0) (9.0-12.0) (9.8-11.0)
BMI, kg/m? median (IQR) 23.7 251 23.2 22.7 07
(19.9-27.5) (20.1-28.4) (19.2-25.6) (21.6-24.6)
Ethnicity (n, %)
iTaukei (Indigenous Fijian) 9 (47) 12 (57) 10 (50) 12 (60) 0.84
Fijians of Indian Descent 10 (53) 9 (43) 10 (50) 8 (40)

IQR interquartile range.

“Continuous variables were compared between groups using one-way analysis of variance test. Ethnicity was compared between groups using two-tailed Fisher’s exact test.
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Fig. 1| HPV vaccine-type antibody subclass responses in Fijian girls. Violin plots  group is denoted by a black horizontal line. Statistical significance was calculated
show total IgG, IgM, IgAl, IgA2 MFI for HPV16 (A) and HPV18 (C), and IgG subclass  using the Kruskal-Wallis test and corrected for multiple comparisons with Dunn’s
MFl i.e. IgGl, IgG2, 1gG3, 1gG4 for HPV16 (B) and HPV18 (D) median fluorescence test. A positive antibody response is defined as being above median BPV (negative
intensity (MFI) or International Units/mL (IU/mL) six years following the last dose of ~ control antigen) MFI or IU/mL (IgG). Definitions: OD 0-dose (n=20), 1D 1-dose
4vHPV vaccine (Pre) or 28 days post-2vHPV booster (Post). The median of each (n=20), 2D 2-dose (n=21), 3D 3-dose (n=19).
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Fig. 2 | HPV vaccine-type Fc-mediated antibody responses in Fijian girls. Fc
receptor responses (FcyR2A, FcyR2B, FcyR3A) and ADCP function against HPV16
and HPV18 (A) were measured at six years following the last dose of 4vHPV vaccine
(Pre) or 28 days post-2vHPV booster (Post). The median of each group is denoted
by a black horizontal line. A positive response is defined as being above the median
of control antigen BPV for Fc receptors, or the median of a seronegative control

serum for ADCP. Statistical significance was calculated using the Kruskal-Wallis test
and corrected for multiple comparisons with Dunn’s test. Correlation between
FcyR2A and ADCP for HPV16 and HPV18 (B) was assessed using Spearman’s rank
test. Definitions: OD O-dose (n=20), 1D 1-dose (n=20), 2D 2-dose (n=21), 3D
3-dose (n=19).

girls who previously received one, two or three doses of 4vHPV vac-
cine. Compared with previously unvaccinated girls, higher IgG but
lower IgM and similar IgAl and IgA2 MFI were observed among girls
previously vaccinated with 4vHPV vaccine. Similarly, girls who
received at least one dose of 4vHPV vaccine previously had higher IgG
subclass (IgGl-IgG4) responses than unvaccinated girls following
2vHPV vaccine (Fig. 1B, D). Importantly, there was no difference in IgG
subclass MFI between girls who previously received one, two or three
doses of 4vHPV vaccine. We found increased HPV16- and HPVIS-
specific IgGl and IgG3 MFI following 2vHPV vaccine in girls who
received one, two or three doses of 4vHPV vaccine previously. While
HPV16-specific IgG2 and IgG4 responses did not change following
2vHPV vaccine for all dosage groups, significant increases were found
for HPV18-specific IgG2 in girls who received one or two doses of
4vHPV vaccine previously.

The proportion of each IgG subclass expressed as a percentage of
total HPV-specific IgG within each dose group is presented in Supple-
mentary Table 1. We found HPV18 IgG3 formed a lower percentage of
total IgG than HPVI16 in previously vaccinated girls both after six years
(HPV16: mean 15.61-23.55% IgG3; HPV18: mean 5.17-13.85% I1gG3) and 28
days post-2vHPV vaccine (HPV16: mean 36.35-44.57%; HPV18: mean
12.26-21.09%) (Supplementary Table 1).

One dose of 4vHPV vaccine induces robust FcR-mediated anti-
body responses

We next evaluated HPV-specific Fc-mediated effector function by
measuring the engagement of three FcyR (FcyR2A, FcyR2B, FcyR3A)
typically associated with ADCP, inhibitory Fc function and ADCC,
respectively”. Six years after the last dose of 4vHPV vaccine, we found
that girls who received one dose of 4vHPV vaccine induced robust
binding to all three FcyRs, which were higher than unvaccinated girls
but similar to two or three doses (Fig. 2A). HPV18-specific FcyR

responses were weaker in magnitude compared to HPV16, reflecting
lower HPV18-specific antibody concentrations. Overall, higher HPV16-
and HPVI18-specific FcyR2A, FcyR2B and FcyR3A MFI were found
among girls who were previously vaccinated with 4vHPV vaccine
compared with unvaccinated girls. Following a dose of 2vHPV vaccine,
significantly higher HPV16- and HPV18-specific FcyR2A, FcyR2B and
FcyR3A antibodies were found among girls who previously received
4vHPV vaccine compared with previously unvaccinated girls, except
for FcyR2B in the three-dose group.

While we observed responses to all three FcyR, we evaluated
ADCP (FcyR2A-mediated) as the most likely mechanism of immune
protection for prophylactic HPV vaccine’**. We found that ADCP
function against HPV16 was higher among girls who were previously
vaccinated with 4vHPV vaccine compared with unvaccinated girls after
six years, and was higher for girls who received two or three doses of
4vHPV vaccine compared to girls who received one dose although this
was not significant. After six years, ADCP against HPVI8 was rela-
tively low.

Following a dose of 2vHPV vaccine, ADCP function against HPV16
and HPVI18 increased significantly for all dosage groups. Girls who were
previously vaccinated with one dose of 4vHPV vaccine had HPV16- and
HPV18 specific ADCP function similar to girls who were previously
vaccinated with two or three doses and was significantly higher than
previously unvaccinated girls, although the small sample size may have
precluded statistical significance for HPV18-specific ADCP.

We observed a positive correlation between FcyR2A MFI and
ADCP function (Fig. 2B). Correlation analyses between FcyR and ADCP
and other antibody features are shown in Supplementary Fig. 2, with
HPV16 and HPVIS total IgG, IgGl and IgG3 strongly correlating with
both FcyR binding and ADCP. Furthermore, neutralising antibodies,
which were measured previously”, also showed a strong correlation
with IgG1 and ADCP (Supplementary Fig. 2).
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(Post). Wedge sizes represent the median of each antibody feature, normalised
within HPV genotypes and antibody features, and across all dose groups; 0-dose
(n=20), 1-dose (n=20), 2-dose (n=21), 3-dose (n=19).

HPV16 and HPV1S antibody signatures are similar between one,
two or three doses of 4vHPV vaccine

We next evaluated HPV antibody signatures that incorporated all
examined features in each dosage group to better visualise the overall
HPV antibody profiles in this cohort. The raw data was first normalised
within the dynamic range of each individual HPV genotype, antibody

feature and timepoint. The median MFI of each antibody feature was
then calculated for each dose group and visualised as a polar plot. After
six years, one dose of 4vHPV vaccine induced lower magnitude of
antibody features, but similar HPV16 and HPVI18-specific antibody
profiles as two or three doses, characterised by strong IgG, IgGl and
FcyR responses against HPV16 (Fig. 3). HPV18-specific antibody profiles
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Fig. 4 | Principal component analysis (PCA) of vaccine-type HPV antibody
features across unvaccinated and 4vHPV vaccinated Fijian girls. PCA analyses
and loading plots of log-transformed, LASSO-selected HPV16/18 antibody features
in unvaccinated (OD, n=20) or 4vHPV-vaccinated individuals (1D, 1-dose, n=20;
2D, 2-dose n=21; 3D, 3-dose, n =19) six years following their last dose of vaccine,
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and one month after a 2vHPV booster dose. The mean of each group is represented
by the large solid circles in the PCA plot, with coloured ellipses representing the
95% confidence level of each dosage group. Bars on the loading plot show the
contribution of each LASSO-selected antibody feature to PC1 in ascending order.

in girls that were previously vaccinated were similar to HPV16 but were
weaker.

Following 2vHPV vaccine, antibody signatures were similar
between girls previously vaccinated with one, two or three doses of
4vHPV vaccine, driven by IgG, IgG1, FcyR2A, FcyR2B, FcyR3A and ADCP
(Fig. 3). Interestingly, antibody signatures for HPV16 and HPV18 dif-
fered, with HPV16 antibody responses characterised by IgGl, IgG3 and
IgAl, whereas HPV18 induced a predominately IgG1 response.

Next, we investigated if there were differences in the overall
antibody profile between one, and two or three doses of 4vHPV vac-
cine using principal component analysis (PCA) incorporating all mea-
sured antibody features (isotype/subclass, FcyR and ADCP). To
determine the fewest antibody features needed to differentiate 4vHPV
vaccine dosage groups and avoid overfitting, least absolute shrinkage
and selection operator (LASSO) feature selection was first applied to
the dataset. PCA on LASSO feature-selected data did not reveal any
major difference in HPV16/18 vaccine type antibody profile between
girls who received one, two or three doses of 4vHPV vaccine after six
years (Fig. 4). Separation between the unvaccinated and vaccinated
groups was driven by 5 of the total 24 features, including HPV16-
specific IgG1, IgA2, FcyR3A and HPV18-specific IgG and IgG2. Following
2vHPV vaccine, antibody profiles in girls who previously received one,
two or three doses of 4vHPV vaccine were indistinguishable, and
separated from the unvaccinated group largely by HPV18-specific IgGl.
Overall, the antibody profile induced by one, two or three doses of

4vHPV vaccine were similar after six years and following 2vHPV vac-
cine, with IgGl being the main contributor to the vaccine-type HPV-
specific antibody response.

One dose of 4vHPV vaccine induces lower cross-reactive anti-
body responses than two or three doses
We explored the breadth of cross-reactivity induced by one, two or
three doses of 4vHPV by compiling antibody responses to the five HPV
genotypes not included in either 2vHPV or 4vHPV vaccines (i.e. HPV31,
33, 45, 52, 58). These additional five HPV types are included in the
9vHPV vaccine and contribute approximately 20% of cervical cancer
cases”. Any individual with detectable antibodies to one or more non-
vaccine genotypes, defined as MFI > mean + 2 standard deviations of
BPV MFI, were considered to have cross-reactive antibodies. The
concentrations of each antibody feature for individual non-vaccine
HPV types (HPV31, 33, 45, 52, 58) are shown in Supplementary Figs.3-7.
After six years, one dose of 4vHPV vaccine induced a weaker IgG
cross-reactive response compared to two or three doses (Fig. 5A).
Approximately 35% of girls who previously received one dose of 4vHPV
had detectable IgG and IgAl to at least one non-vaccine HPV type, as
opposed to 81-84% of girls who received two or three doses. While we
detected cross-reactive IgM and IgA2 among unvaccinated girls, the
concentrations were generally low (Supplementary Figs. 3-7). For IgG
subclasses, cross-reactive IgG1 responses mirrored total IgG, whereas
cross-reactive 1gG2, IgG3 and IgG4 were less commonly detected
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n=19) 4vHPV vaccine dosage groups after six years (A), and following 2vHPV (B)
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among girls in all dosage groups after 6 years (Fig. 5A). Cross-reactive
responses to FcyR were more prominent for FcyR2A than FcyR2B or
FcyR3A, and were lower in girls who previously received one dose
compared to two or three doses of 4vHPV vaccine (Fig. 5A). Overall,
cross-reactive HPV antibody responses after 6 years comprised largely
of IgG1 and bound FcyR2A.

Following 2vHPV vaccine, we found increases in cross-reactivity to
multiple HPV genotypes across most antibody features including IgG,
IgM, IgA and all three FcyR, as well as IgG1 and IgG3 (Fig. 5B). There was
minimal antibody cross-reactivity for IgG2 and IgG4. IgG, IgGl and
FcyR2A responses to all five measured non-vaccine HPV genotypes
were detectable in at least 70% of girls previously vaccinated with
4vHPV vaccine. We observed increases in the percentage of previously
vaccinated girls with non-vaccine HPV-specific IgAl, IgA2, IgG3, FcyR2B
and FcyR3A. In general, cross-reactive responses were similar between
girls who previously received one, two or three doses of 4vHPV vaccine
following the 2vHPV booster. Overall, these results suggest that one
dose of 4vHPV vaccine can induce cross-reactive antibody responses
with highly functional antibody features such as IgG, IgGl, IgG3 and
FcyR binding, but to fewer non-vaccine HPV genotypes compared to
two or three doses of vaccine. The distribution of antibody features
induced by each of the five non-vaccine HPV genotypes are shown in
Supplementary Fig. 8.

PCA was used to visualise the antibody profile against non-vaccine
HPV genotypes (HPV3l, 33, 45, 52, 58). Cross-reactive antibody
responses were generally weak six years following the last dose of
4vHPV vaccine, as PCA could not distinguish between unvaccinated
and vaccinated girls (Supplementary Fig. 9). Greater separation was
observed following 2vHPV vaccine and was driven primarily by HPV58-
specific IgG and HPV3l1-specific 1gGl, with little difference between
girls who were previously vaccinated with one, two or three doses of
4vHPV vaccine. Similar to what was observed for HPV16 and HPV1S,
cross-reactive antibody responses to non-vaccine HPV genotypes had
a bias towards total IgG, particularly IgGl (Supplementary Fig. 9).
However, both models have relatively low variance due to the large
diversity of responses.

Discussion

Previously, we evaluated the immune response in terms of cellular
immunity and neutralizing antibodies to HPV16/18 and HPV genotypes
not included in the 4vHPV vaccine in the same cohort of Fijian
girls'”??*, As an extension of the original study, we next evaluated the
serum antibody response in a randomised subset of individuals using
systems serology. Here, we found that one dose of 4vHPV vaccine
induced similar HPV vaccine type antibody profiles to that of two or
three doses, but with lower magnitude after six years. This serological
HPV antibody signature was characterised by highly functional anti-
body isotypes and subclasses including IgG, IgG1 and FcyR2A binding,
as well as IgG3 and IgAl, that correlated strongly with ADCP function.
Moreover, a dose of 2vHPV vaccine resulted in enhanced HPV16/18-
specific antibody concentrations in girls who previously received one
dose of 4vHPV vaccine, indicative of immune memory, that were
maintained for at least six years. Most HPV serology studies to date
have focused on the measurement of total IgG or neutralising antibody
concentration, which is only one aspect of vaccine-induced antibody
immunity. To our knowledge, this is the first study to examine multiple
antibody features induced by one dose of HPV vaccine.

Our findings are consistent with previous studies reporting IgGl
as the dominant IgG subclass induced by HPV16 and HPVIS following
HPV vaccination, followed by IgG3 with minimal IgG2 and 1gG4>.
Natural infection with HPV16 or HPVIS8 also appears to induce an IgGl1-
skewed antibody response with varying levels of 1gG3 (HPV16: 20%,
HPV18: 6%) and only 1-2% of total IgG being of the IgG2 or
IgG4 subclass®. These findings are not unexpected as IgGl is the most
abundant IgG subclass in serum and is preferentially induced in

response to viral infection and protein antigens”. IgG3 is particularly
potent at inducing Fc-mediated effector functions such as ADCP,
ADCC and complement activation, likely due to having a higher affinity
for FcR and an extended hinge region compared to other IgG
subclasses®. However, IgG3 has a short half-life in human serum, with
concentrations peaking up to four weeks post-infection and then
replaced by IgG1*°°. IgG4 is the least prevalent IgG subclass in serum
and are typically generated in response to allergens, or following long-
term exposure to antigen®’. Unlike other IgG subclasses, the bispecific
structure of IgG4 renders it unable to form immune complexes with
antigen in circulation and hence has limited capacity for antibody
effector functions®. IgG2 antibodies are produced as a result of T cell-
independent responses to glycolipid or polysaccharide antigens”. In
addition, IgG2 is highly expressed on CD27+IgG+ memory B cells which
accumulate with age and repeated immune responses to antigen, at
the expense of IgG1 and IgG3 class-switching®. Neither IgG2 nor IgG4
are likely to have significant contributions to immune protection
against HPV, as complement-mediated cytolysis is only detectable with
high concentrations of IgG2 and is undetectable for IgG4*.

We found that HPV16 was highly immunogenic and induced a
more heterogeneous antibody response consisting of both IgG1 and
IgG3 subclasses after six years and one month following a 2vHPV
booster, unlike HPV18 which induced lower IgG concentrations and
an IgGl-dominant response. Similar antibody characteristics were
observed for genotypes related to HPV16 (HPV3l, 33, 52, 58) and
HPV18 (HPV45). As HPV16 and HPVIS8 belong to two different clades,
a9 and a7 respectively, genomic or structural factors may contribute
to the different antibody profiles observed in this study. Further-
more, the HPV18 VLP used in the 4vHPV is known to be intrinsically
less immunogenic than HPV16 VLPs™. Our findings are consistent
with other studies that have reported lower HPV18 antibody
responses compared to HPV16 following HPV vaccination'®"’%,
Despite this, HPV vaccines have been shown to provide strong pro-
tection against both HPV16 and HPVI18, and long-term follow up of
one-dose recipients are crucial since one dose of HPV vaccine gen-
erates lower antibody concentrations than multiple doses®. How-
ever, the clinical relevance of this is unknown as there is no
established minimum level of antibody required for protection. A
retrospective cohort study of pregnant women in Fiji who received
4vHPV vaccine in 2008/9 as part of the same cohort in this study,
found uniformly low HPV16/18 DNA detection rates between one
(2.5%), two (0%) and three doses (1.6%) eight years following vacci-
nation, suggesting that these lower antibody concentrations induced
by one dose of 4vHPV vaccine are protective'”*°. Indeed, these find-
ings are supported by other studies in Costa Rica® and India® that
have found similarly low HPV16/18 prevalence after 7-10 years fol-
lowing one dose of 2vHPV or 4vHPV vaccine.

It is important to note that a heterologous vaccination schedule
(4vHPYV followed by 2vHPV vaccine) was used in this study, and whe-
ther a similar profile is observed following homologous vaccination is
unknown. A heterologous 4vHPV and 2vHPV vaccination schedule was
evaluated in this study to reflect the inclusion of 2vHPV vaccine in the
Fiji national immunization schedule in 2013, following the completion
of the 4vHPV vaccination program for girls aged 9-12 years in 2008-
2009". Hence, this provided a unique opportunity to examine the
immune response in girls who received less than the recommended 3
doses of 4vHPV vaccine, and evaluate the effect of a booster dose of
2vHPV vaccine in these same girls. Heterologous HPV vaccine sche-
dules are currently used in Quebec (9vHPV followed by 2vHPV vac-
cine), which has been shown to be highly immunogenic with almost
100% seroconversion following one dose of 9vHPV in 9-10 year old
boys and girls***. Differences in antibody responses induced by dif-
ferent HPV vaccines have been observed in previous studies, with the
2vHPV vaccine consistently inducing stronger cross-protection and
higher antibody concentrations, including IgG3, than 4vHPV
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vaccine'®*®, This is likely due to the difference in adjuvants in the
2vHPV and 4vHPV vaccines. The 2vHPV vaccine has ASO4 adjuvant,
which is a potent inducer of Thl responses resulting in both IgG1 and
IgG3 antibodies*. In contrast, the 4vHPV vaccine is formulated with
aluminium salt and instead drives a Th2 response characterised by
IgG1*. Indeed, other studies evaluating the antibody subclass dis-
tribution following three doses of 2vHPV vaccine have found HPV18
IgG3 proportions of total IgG to be similar to those of HPV16, and
significantly higher following 2vHPV vaccine compared to 4vHPV or
9VHPV vaccine'***,

An interesting observation from this study was the detection of
HPV16-specific IgAl in serum. While this was maintained at low con-
centrations after six years, it was enhanced following 2vHPV vaccine,
indicative of an immune memory response. Unlike mucosal IgA which
persists in dimeric form and is equally distributed between IgAl and
IgA2, serum IgA antibodies at steady state are predominantly mono-
meric IgAl, and its function has been relatively understudied***.
Whether serum IgAl has antiviral functions and can transudate to the
mucosa to elicit mucosal immunity is unclear, as only small amounts of
HPV16/18-specific cervical IgA appear to originate from the circulation
after vaccination*. Nevertheless, as cervical IgA concentrations cor-
relate well with serum IgA up to 2 years post-vaccination, the role of
serum IgA antibodies in mediating local protection against HPV war-
rants further investigation*¢.

Antibody isotypes and subclasses have different Fc-mediated
effector functions. We found that one dose of HPV vaccine induced
antibodies with capacity to bind FcyR (FcyR2A, FcyR2B and FcyR3A)
and trigger ADCP to a similar capacity as two or three doses. Evidence
of the importance of ADCP following HPV vaccination was best
described in a murine HPV cervicovaginal model. Passive transfer of
sera from mice with high concentrations of HPV16/18 antibodies pre-
vented HPV pseudovirions from binding to the basement membrane
and abrogated HPV16 infection in naive mice, consistent with
neutralisation”. However, at low HPV16/18 antibody concentrations,
HPV16 pseudovirions could still bind to the basement membrane, but
were subsequently found to be associated with cellular aggregates
consisting of neutrophils and were cleared from the site of infection.
We therefore focused our study on ADCP as the most biologically
relevant effector function.

While we also found robust FcyR3A binding, typically associated
with ADCC, following 4vHPV vaccination, we did not measure ADCC
in vitro as its relevance in mediating protection against HPV is less clear
(and somewhat controversial). Currently available HPV vaccines are
prophylactic and are not thought to not clear existing lesions or
infection*’. Previous studies have found increased expression of nat-
ural killer (NK) cell receptors, as well as activation of NK cell degra-
nulation (CD107a) and chemokine MIP1b secretion following HPV
vaccination in healthy women'**%, However, further research is needed
to fully understand the role of other Fc-mediated functions in HPV
vaccine immune protection. Similarly, while the complement system
has known roles in opsonisation and lysis of pathogens, whether HPV-
antibody complexes can also activate complement is unknown.
Nevertheless, we and others have found that HPV vaccines can induce
antibodies that bind FcyR3A™, which is expressed mainly on NK cells
but also y8 T cells, macrophages, neutrophils and eosinophils, and is
typically associated with ADCC***°, In contrast with FcyR2A and Fcy3A,
FcyR2B is an inhibitory receptor with roles in B cell selection and
limiting FcyR signalling to prevent inappropriate IgG-mediated
inflammation®**. In fact, as most myeloid cells and effector lympho-
cytes co-express activating and inhibitory FcyR, the outcome of IgG-
mediated Fc effector function is determined by the opposing signal-
ling of these FcyRs™**.

The breadth of immunity to non-vaccine genotypes is an important
consideration for the 4vHPV and 2vHPV vaccines. Three doses of either
vaccine has been shown to generate cross-reactive antibodies against

non-vaccine but phylogenetically related oncogenic genotypes includ-
ing HPV31, 33, 45, 52 and 58, albeit at lower concentrations than vaccine
types HPV16 and HPV18”, Our study extends this observation to one
and two doses, with cross-reactive antibody profiles largely driven by
total IgG and IgG1 much like for vaccine types HPV16 and HPV18. Con-
sidering that we found that one dose of 4vHPV vaccine generated
weaker cross-reactive responses after six years, two doses may be nee-
ded to generate cross-reactive antibody responses to HPV31/33/45/52/
58, although this needs to be interpreted with caution because of the use
of the mixed vaccine schedule in our study. Despite the lower cross-
reactive antibody concentrations compared to multiple doses, one dose
of 2vHPV or 4vHPV vaccine has been shown to induce cross-protection
against HPV31/33/45 incident infections for up to 10 years™ ™, This is
particularly important for LMICs considering introducing HPV vaccine,
since 9VHPV is substantially more expensive than the 4vHPV or 2vHPV
vaccines. Larger studies with longer follow up are needed to confirm the
cross-protection offered by a single dose of HPV vaccine®?.

A strength of this study is our unique cohort of adolescent Fijian
girls which allowed us to examine the humoral immune response
after six years and also recall response to a booster dose as a proxy
for immunological memory after one dose of HPV vaccine. We also
were able to generate a comprehensive profile of the antibody
response to one dose of HPV vaccine, measuring 8 antibody sub-
classes, 3 FcR and ADCP to 8 antigens for each individual sample
assayed. Despite our small sample size, our results were robust in
demonstrating HPV antibody signatures including breadth of
immunity and recall response following one dose of HPV vaccine.
Other limitations of our study include the lack of HPV infection data
from study participants, although HPV16/18 DNA prevalence was
very low (0-2.5%) and similar between Fijian pregnant women vacci-
nated with one, two or three doses of 4vHPV vaccine eight years
earlier*®. We also did not evaluate other Fc-mediated effector func-
tions as their biological relevance to HPV immunity is less certain.
Another limitation is that our data, except for HPV16/18 are reported
in MFI, which may not be directly comparable to other studies. The
WHO International Standards have only just been developed for
HPVé6, HPV11, HPV31, HPV33, HPV45, HPV52 and HPV5S8 for reporting
in International Units (IU/mL)*’.

In summary, we described the antibody features of HPV vaccination
following one, two or three doses of 4vHPV vaccine and the subsequent
responses to a booster dose of 2vHPV vaccine. One dose of 4vHPV
vaccine generated similarimmune memory and antibody features as two
or three doses of 4vHPV vaccine. HPV antibody features were char-
acterised by IgGl, as well as IgG3 and IgAl antibodies following 2vHPV
vaccine, and strong Fc receptor binding that correlated well with ADCP
function. Different antibody profiles and magnitude of antibody
response were found for HPV16 and HPV18. These results indicate that
one dose of HPV vaccine can induce long-term immunogenicity and
ADCP with similar profiles to two and three doses, which advances our
understanding of immunity induced by one dose of HPV vaccine.

Methods

Study samples

The serum samples used in this project were derived from a retro-
spective cohort study (ClinicalTrials.gov identifier: NCT02276521)
conducted in 2015, as described previously”. In 2008-2009, Fiji
implemented a 4vHPV vaccination campaign targeting girls aged 9-12
years through a school-based immunization program. Recruitment
was conducted in February-March 2015 from immunization records
obtained from the Fiji Ministry of Health and Medical Services. A total
of 200 Fijian girls aged 15-19 years living in the Greater Suva area (Suva,
Nasinu, Nausori) who were immunised six years prior with one, two or
three doses of 4vHPV vaccine, as well as girls who had not received any
HPV vaccine were recruited for the study. One dose of 2vHPV vaccine
was given at day O to all participants to evaluate immunological
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memory, and blood samples were collected to assess HPV-specific
immune responses six years following the last dose of 4vHPV vaccine,
and 28 days following 2vHPV immunisation.

For this analysis, 80 (0-dose n =20, 1-dose n=20, 2-dose n=21,
3-dose n=19, per timepoint) of the original 200 serum samples col-
lected during the study at each timepoint were used due to logistical
limitations and sample availability. Samples were assigned a new study
identification number and randomly allocated to be used in this ana-
lysis in a single-blind manner, with an equal distribution of ethnicity
(Indigenous Fijians; iTaukei and Fijians of Indian Descent).

Multiplex assay for measuring antibody features

The bead-based multiplex immunoassay for measuring HPV antibody
responses has been described previously™. Briefly, HPV VLPs (HPV16,
18, 31, 33, 45, 52, 58, BPV negative control antigen) conjugated to
carboxylated magnetic beads were diluted to a final concentration of
20 beads/pL in 0.1% BSA-PBS assay buffer in a 96-well optical bottom
plate. Serum samples diluted 1:50 or 1:100 in assay buffer and assay
controls (samples known to have negative/low to high type-specific
antibody concentrations) were included in each plate at 50 pL and
incubated overnight at 2-8 °C on a plate shaker. The following day, the
plate was incubated with 50 pL of R-phycoerythrin (PE)-conjugated
anti-human secondary antibody diluted to 1.3 pug/mL in assay buffer for
2h at RT. Serum samples were evaluated for a total of 8 antibody
isotypes/subclasses, including IgG (SouthernBiotech, US, cat no. 9040-
09), IgM (SouthernBiotech, US, cat no. 9020-09), IgAl (South-
ernBiotech, US, cat no. 9130-09), IgA2 (SouthernBiotech, US, cat no.
9140-09), IgG1 (SouthernBiotech, US, cat no. 9052-09), IgG2 (South-
ernBiotech, US, cat no. 9070-09), IgG3 (SouthernBiotech, US, cat no.
9210-09) and IgG4 (SouthernBiotech, US, cat no. 9200-09). For FcR
analyses, the plate was instead incubated with either FcyR2A (H131),
FcyR2B or FcyR3A (VIS8) dimer at RT®’, then resuspended in
streptavidin-PE for 1h at RT. Finally, the plate was washed twice fol-
lowed by resuspension in 100 uL of Luminex sheath fluid on a plate
shaker for 10 min. Quantitative analysis including correction for
background was performed on the Bio-Plex 200 (Bio-Rad, US) using
Bio-Plex Manager 6.0 software. IgM, IgAl, IgA2, IgGl, IgG2, 1gG3, IgG4
and FcyR binding levels were quantified as MFI. HPV16 and HPV18-
specific IgG levels were measured in Luminex Units (LU/mL) and cali-
brated with the WHO HPV16 (Product no: 05/134) and HPV18 (Product
no: 10/140) International Standards to report in International Units (IU/
mL), with a conversion factor of 1LU/mL equal to 0.055 IU/mL for
HPV16, or 0.021 IU/mL for HPV18. The multiplex assay has been vali-
dated by comparison with the pseudovirion-based neutralization assay
(PBNA), with IgG MFI strongly correlating with neutralizing antibodies
measured by PBNA as demonstrated in ref. 18. Any responses above
the median of BPV were considered to be positive, and below the
median to be negative.

Antibody-dependent cellular phagocytosis assay
A flow cytometry-based assay using opsonised HPV VLP-coated beads to
assess antibody-dependent phagocytosis (ADCP) in vitro in a THP-1
monocyte cell line was adapted for HPV using the method previously
described in ref. 61. THP-1 monocytes were obtained from the American
Type Culture Collection (ATCC, US; Product TIB-202) and passaged
according to manufacturer instructions. Briefly, THP-1 cells were thawed
by gentle agitation in a 37°C water bath, transferred to a 15mL tube
containing 9 mL R10 media (RPMI-1640 medium supplemented with 10%
FBS, 10 mM HEPES, 1% penicillin-streptomycin) and pelleted by cen-
trifugation at 125 x g for 5 mins at RT. Cells were then transferred to a T75
filter flask in 9 mL R10 media and kept in a 37°C/5% CO, incubator. THP-1
cells were maintained every 2-3 days at 2-3x10° cells/mL, for up to 3 times
before use in the ADCP assay.

For the ADCP assay, NeutrAvidin® labelled 1 um fluorescent beads
(Thermo Fisher Scientific, AU) were coupled overnight at 4 °C with

biotinylated HPV16 or HPV18 L1/L2 VLP, at a ratio of 15 pg biotinylated
HPV per 3 pL of beads used, then washed twice the following day with
2% BSA-PBS buffer to remove unbound antigen. HPV VLP-coated beads
at 10 pL were incubated with 10 pL of serum samples diluted 1:100 in a
96-well round bottom plate for 2 h at 37 °C. A HPV seronegative serum
was run on every plate as an internal control to determine the baseline
level of phagocytosis in THP-1 cells. Subsequently, 1x10° THP-1 cells in
200 pL of RF10 media were added per well and incubated for 16 hin a
37°C5% CO, incubator.

Following overnight incubation, the THP-1 cells were stained for
30 min at RT with 50 pL of CD32-BV510 antibody (BD Biosciences, cat.
no. 744254, clone 3D3) diluted 1:200 in PBS to examine FcyR2
expression. The cells were washed with cold PBS and fixed with 100 pL
of BD Cytofix™ (4.21% formaldehyde w/w, BD Biosciences, US) for
20 min on ice, then resuspended in 100 pL of FACS buffer (heat-inac-
tivated FBS diluted 1:70 in PBS) for analysis by flow cytometry. Cells
were acquired on the Cytek Aurora spectral flow cytometer, recording
20,000 events per sample (Cytek Biosciences, US). A phagocytic score
was determined by gating on CD32+THP-1 cells with bead uptake
using FlowJo™ software (FlowJo LLC, US) and calculated as follows: (%
bead-positive cells x geometric MFI of bead positive cells)/10*. The
gating strategy used to quantify bead-positive THP-1 cells is shown in
Supplementary Fig. 1.

Statistical analysis

The participant characteristics of the different dosage groups were
compared using the one-way analysis of variance test for continuous
variables or compared using Fisher’s exact test for ethnicity. The
magnitude of HPV type-specific antibody subclass and FcR respon-
ses were quantified as median fluorescence intensity (MFI) or
International Units (IU/mL) for IgG, averaged across duplicates and
corrected for background fluorescence. Statistically significant dif-
ferences between dosage groups and between timepoints was
determined using the two-tailed Kruskal-Wallis test and corrected
for multiple comparisons with Dunn’s test. Data was visualised in
GraphPad Prism 9.1.1 (GraphPad Software, US), with error bars
shown as median + interquartile range (IQR). Polar plots (Fig. 4) were
generated in R Studio 2024.04.0 with the ggplot2 package, and the
correlation heatmap (Supplementary Fig. 2) with the corrplot pack-
age. A p-value of less than 0.05 was considered to be statistically
significant for all relevant analyses.

To determine the minimal set of features (antibody isotypes, FcyR,
ADCP) needed to characterise 4vHPV vaccine dosage groups using
principal component analysis (PCA), LASSO was applied using MATLAB
2023a statistical software (Mathworks, US) with PLS Toolbox 90. Raw
antibody data was first normalised using a logyo transformation, then
z-scored. A sequential step-forward algorithm was used to determine the
frequency of which each feature that corresponds to the minimum
cross-validated mean squared error (MSE) was selected across 100
model iterations. Model prediction was assessed at each step using
4-fold cross-validation. PCA, an unsupervised machine learning method,
was used with the most important variables that explained the variance
in the dataset, as identified by LASSO feature selection, to visualise the
difference between 4vHPV dosage groups. PCA plots and bar plots
showing contribution to PCl incorporating log;o-transformed LASSO-
selected features were generated in R Studio 2024.04.0 using the
mixOmics, factoextra and factoMineR packages.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data used to support the findings of this study have been depos-
ited in the Zenodo database under accession code 14848069.
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Code availability

The R Studio and MATLAB code used to generate Figs. 3, 4 and Sup-
plementary Figs. 2 and 9 have been deposited in the Zenodo database
under accession code 14848092.
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