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Background: In view of further reduction of HPV vaccination schedules, gaining more insight into
humoral and cellular immune responses after a single HPV vaccine is of great interest. Therefore, these
responses were evaluated after different doses of the bivalent (2v) HPV-vaccine in girls.
Methods: Blood was collected yearly up to seven years post-vaccination with one-, two- or three-doses of
the 2vHPV vaccine (N = 890). HPV-type-specific IgG and IgA-antibody levels, IgG-isotypes and avidity
indexes were measured by a virus-like-particle-based multiplex-immuno-assay for two vaccine and five
non-vaccine HPV types. HPV-type-specific memory B-cell numbers- and T-cell cytokine responses were
determined in a subpopulation.
Results: HPV-type-specific antibody concentrations were significantly lower in one- than in two- and
three-dose vaccinated girls but remained stable over seven years. The lower antibody response coincided
with reduced HPV-type-specific B- and T-cell responses. There were no differences in both the IgG sub-
types and the avidity of the HPV16-specific antibodies between the groups.
Conclusions: One-dose of the 2vHPV vaccine is immunogenic, but results in less B- and T-cell memory
and considerable lower antibody responses when compared with more doses. Therefore, at least of some
of girls receiving the one-dose of the vaccination might be at higher risk for waning immunity to HPV in
the long-term.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Human papillomaviruses (HPVs) are capable of infecting cuta-
neous or mucosal epithelium. Infection with a high-risk (hr) HPV
type can be oncogenic, thereby leading to several anogenital- and
oropharyngeal cancers, whereof cervical cancer is most common
[1]. Nowadays it is possible to prevent cervical lesions by reducing
HPV infections via vaccination. The prophylactic HPV vaccines Cer-
varix, Gardasil and Gardasil9 are highly efficacious against two
(2vHPV), four (4vHPV), and nine (9vHPV) persistent vaccine-type
HPV-infections, respectively, and against HPV induced cervical
lesions [2–8]. Current recommended HPV vaccination schedules
by the WHO include two-doses for girls below the age of 15 and
three-doses for girls aged 15 years and above [9]. However, several
studies reported robust and sustainable antibody responses in
young women after only one-dose of the 2vHPV- or 4vHPV vaccine
[10–12]. This response is associated with a low incidence of HPV16
and HPV18 infections up to seven years post-vaccination. These
data, although determining efficacy of the one-dose schedule was
not a priori study objective, suggest that a single dose of the
2vHPV- and 4vHPV vaccines provides a strong protection for at
least seven years.

Vaccine-mediated immunity is often multifactorial and best
protection is likely to be elicited by the combination of strong
humoral and cellular immune responses [13]. A limited number
of studies have assessed the induction of memory B-cells and
T-cells after HPV vaccination [14–17]. Insight in memory B- and
T-cell immunity after HPV vaccination can help us understand
the mechanisms of immunity additive in the HPV-specific antibody
response. Moreover, this is of added value in the light of reduced
dosing schedules.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.vaccine.2019.09.066&domain=pdf
https://doi.org/10.1016/j.vaccine.2019.09.066
mailto:hella.pasmans@rivm.nl
https://doi.org/10.1016/j.vaccine.2019.09.066
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
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This study is the first comprehensive comparison of B- and
T-cell immunity following a one-, two- and three-dose 2vHPV
vaccination schedule to HPV-types 16 and 18, as well as the
cross-reactive types 31 and 45. We show that the magnitude of
the HPV-specific humoral response is lower in one-dose vaccinated
individuals in comparison to two or three injections, and this coin-
cides with a lower memory B- and T-cell response to the vaccine.
2. Methods

2.1. Study procedures

Samples were obtained from several studies. An overview is
given of all groups in Fig. 1. The Dutch national vaccination registry
Praeventis was used to cross-sectionally select participants that
had been vaccinated with the 2vHPV vaccine. Theone-dose 2vHPV
vaccinated girls were vaccinated between 2011 and 2016 (birth
cohort 1998–2003), the two-dose vaccinated girls between 2010
and 2013 (birth cohorts 1997–200) and ofthe three-dose vacci-
nated girls vaccinated between 2009 and 2010 (birth cohort
1993–1994). The two- and three-dose vaccinated girls were
cross-sectionally recruited for blood sampling during the years
obtained from ongoing vaccine monitoring studies [18,19], respec-
tively. The one and two-dose vaccinated girls were immunized at
12 years af age, while the 3-dose vaccinated girls were immunized
at 16 year of age.

Sample size calculations showed that in each dosing group of
each birth cohort at least 47 girls should be included. Taken into
account a response rate of 8%, 588 girls per birth cohorts and
schedule were needed to participate in the study. Serum samples
and PBMCs were collected cross-sectional over seven consecutive
years following a one, two or three-doses of the 2vHPV vaccine
(Cervarix�, GlaxoSmithKline) (Fig. 1). As a control, a group of
non-vaccinated (NV) girls was included [19]. From each individual
Study set-up
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Fig. 1. Study set-up and sampling scheme. Samples were cross-sectionally obtained one
vaccinated girls. The one-dose 2vHPV vaccinated girls were vaccinated between 2011 an
2013 (birth cohort 1997–2000) and the three-dose vaccinated girls vaccinated between 2
girls was included (not depicted in this figure).
a questionnaire, including demographic characteristics and infor-
mation on sexual activity was registered at T0. All participants
and parents or legal guardians for those below 16 years of age
signed an informed consent. All study proposals were approved
by the Medical Ethics Review Committee of the VU University
Medical Center (protocol number 2014/230 and 2009/022), Ams-
terdam, The Netherlands and was conducted in adherence to the
Declaration of Helsinki.
2.2. Serological measurements

HPV-specific IgG antibodies against HPV L1 virus-like-particles
(VLPs) 16, 18, 31, 33, 45, 52 and 58 were measured in 50 partici-
pants on average per yearly time-point and per dosing schedule
as well as in NV girls using a VLP-based multiplex immunoassay
(MIA)[20]. VLPs were kindly donated by GSK (GlaxoSmithKline,
Rixensart, Belgium) and MSD (Merck & Co,Inc, Kenilworth, NJ). Sera
were incubated with HPV-specific VLP-conjugated beads (Bio-Rad
Laboratories, Hercules, CA). HPV-specific antibodies were detected
using R-phycoerythrin (PE) conjugated goat anti-human IgG (Jack-
son Immunoresearch, West Grove, PA). The ‘in-house’ control sera
and a standard (IVIG Baxter, Utrecht, the Netherlands) were used
on each Multiscreen HTS filter plate (Millipore, Burlington, MA).
HPV-specific antibodies were analyzed using the Bioplex-system
200 with Bioplex-software (Bio-Rad Laboratories, Hercules, CA).
Sera were considered IgG seropositive at the following previously
determined cut-offs 9, 13, 27, 11, 19, 14 and 31 LU/mL for
HPV16, 18, 31, 33, 45, 52 and 58, respectively [21].

The presence of long-term HPV16 and-18-specific IgG sub-
classes (IgG1, IgG2, IgG3, IgG4), IgA and IgG avidity were deter-
mined at 5 years post-vaccination in randomly selected
vaccinated girls with one-(n = 20), two-(n = 16) or three-doses
(n = 20). Analysis was performed as described above, by using
IgG-isotype-specific mouse anti-human R-PE conjugated
al
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until seven years post the first vaccination from one-, two- and three dose 2vHPV
d 2016 (birth cohort 1998–2003), the two dose vaccinated girls between 2010 and
009 and 2010 (birth cohort 1993–1994). In addition, a group of non-vaccinated (NV)
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secondary antibodies used in 1/500 dilution (IgG1), 1/100 (IgG2-4)
(SouthernBiotech, Birmingham, AL) and 1/200 dilution of R-PE con-
jugated goat anti-human IgA (Jackson Immunoresearch, West
Grove, PA). Distributions of IgG-subclasses in percentages were
calculated using median fluorescent intensity (MFI) of the IgG sub-
classes separately in relation to the MFI of the sum of all sub-
classes, which was set at 100%. Semi-quantitative IgA antibody
concentrations were expressed in MFIs. In the same samples as
used for the subclass measurements, HPV16 and �18 IgG avidity
was determined by using a modification of the above mentioned
IgG-MIA as described [22]. Ammonium thiocynate (NH4SCN,
Sigma-Aldricht, St Louis, MI) was used to dissociate low-avidity
antigen-to-antibody binding. After incubation of VLP-conjugated
beads with serum, 2.5 mM NH4SCN in PBS and PBS only was added
for 10 min at RT. Antibodies that remain bound to the VLP-
conjugated beads after treatment with NH4SCN defines the avidity
index.
2.3. Memory B cell responses

HPV-specific memory B-cells were measured in one-dose, two-
dose and three-dose vaccinated participants at one year, three
years and five/six years post-vaccination as well as in NV girls.

B-cells were purified from PBMCs by a CD19+ selection
kit (StemCell Technologies, Vancouver, Canada) and stimulated
polyclonally for five days as described previously [23].
HPV16/18/31/45-specific ELISPOT-assays were performed by coat-
ing multiscreen-IP plates (Millipore, Burlington, MA) with PBS con-
taining 20 ug/ml HPV16, 18, 31 or 45 VLP’s. A concentration of
1 � 105 B-cells was added per antigen in triplicate per participant.
Tetanus toxoid, 7LF/ml in PBS, and PBS-coated wells were included
as positive- and negative controls, respectively.

For detection of antibody-producing cells as spots, alkaline-
phosphatase conjugated goat anti-human IgG was added in combi-
nation with BCIP/NBT substrate (Sigma Aldrich, Saint Louis, MI).
Spots were analysed using an Immunospot reader and software
(CTL Immunospot S6 Ultra-V Analyzer, Bonn, Germany). Geometric
mean (GM) of spot numbers in the PBS-coated wells per partici-
pant were subtracted from all antigen-specific spot numbers per
participant. GM numbers of HPV-type-specific memory B-cells
were expressed per 105 B-cells. When no HPV-specific spots were
detected in any of the wells, values were <0.2/105 B-cells and set
at a value of 0.1.
2.4. Memory T-cell responses

HPV-specific IFN-c producing cells were used as a measure for
T-cells, and were determined in groups as described for the B-
cell ELISPOT. PBMCs were stimulated with VLPs: 4 mg/mL(HPV16-
31–45) and 2 mg/mL(HPV18), in triplicate, in 3 � 105 cells/well in
AIMV medium (Gibco, Waltham, MA) containing 10% human AB-
serum (Harlan, Indianapolis, IN), for 4 days at 37 �C and 5% CO2.
Culture supernatants were collected and stored at �80 �C until
used for cytokine analyses. Unstimulated and lectin-stimulated
cells served as negative and positive controls, respectively. Subse-
quently, the numbers of IFN-c-producing cells specific for HPV16,-
18,-31 and �45 were measured using ELISPOT-assays as described
[24,25]. Spots were counted using an Immunospot reader (version
V3.0) and software (version V6.1) (A.EL.VIS GmbH, Hannover, Ger-
many). Geometric mean (GM) spot numbers of unstimulated cells
per participant were subtracted from the HPV-type-specific spot
numbers per participant. GM numbers of HPV-type-specific IFN-c
producing cells were expressed per 3 � 105 PBMCs. When no spots
were detected the value <1 per 3 � 105 was set at 0.5.
2.5. Cytokines

Supernatants from the HPV-type-specific stimulated cells were
tested for 13 cytokines: IL-5, IL-13, IL-2, IL-6, IL-9, IL-10, IFN-c,
TNF-a, IL-17A, IL-17F, IL-4, IL-21, IL-22 using multiplex-kits
(human Th-cytokine panel, BD, San Diego, CA) following manufac-
turers’ protocol. In brief, supernatants were mixed on a V-bottom
plate, with 25 ml of beadmix per well. After incubation for 2 h
and washing steps, 25 ml of detection antibodies was added. After
a second incubation and washing steps beads were resuspended
in PBS and read on a flow-cytometer (BD LSRFortessaTM, BD, San
Diego, CA). Values of unstimulated cells per participant were sub-
tracted from all HPV-type-specific cytokine levels per participant
and expressed in pg/ml.

2.6. Statistical analysis

Analyses were stratified by cohorts, defined by time since the
first dose of vaccination. Socio-demographic characteristics of girls
who have received one, two or three-doses of vaccine were com-
pared using a Fisher’s Exact test; for the differences in ages and
time since vaccination a two sample median test was used. The
IgG geometric mean concentrations (GMCs), corrected for age, for
HPV type-specific antibodies with corresponding 95% confidence
interval (CI) for the one- versus two- and three-doses were calcu-
lated. Data analysis was performed using SAS software package 9.3
(SAS Institute INC., Cary, NC).

Differences in the number of HPV-specific- memory B-cells,
IFN-c producing cells and cytokine responses were compared
using the Kruskal-Wallis test with a Dunn’s-method post-hoc
analysis.

The normalized z-scores were displayed on a color scale in heat
maps and are a representative of the deviation from the highest
responder. For these analyses Graphpad Prism V7 were used.

To determine the relationships between different immune
markers, we used Spearman-rank correlation for continuous val-
ues. These statistical analyses were performed using Graphpad
Prism 7.0 software.
3. Results

3.1. Socio-demographics of study participants

A total of 890 girls, between 13 and 21 years of age at time of
sampling, were included in this study; 239 girls received one-
dose, 222 girls received two-doses and 378 girls received three-
doses of the 2vHPV vaccine and 51 girls did not receive any HPV
vaccine dose. Participants who received one-dose did differ signif-
icantly from those who vaccinated with two- or three-doses in age,
oral anti-contraceptive use and sexual behavior at most time-
points of sample collection. The required sample size was not
reached at all time-points for two-dose vaccinated girls, as these
birth cohorts had limited numbers of qualifying girls. The sociode-
mographic characteristics of the participants per time-point are
presented in Table 1.

3.2. One 2vHPV-vaccine dose results in less seropositivity and lower
antibody levels than two- or three-doses

The levels of the HPV16 and �18 specific antibodies in one-dose
vaccinated girls were significantly lower than those in two-dose
and three-dose vaccinated girls at all time points. As expected,
the levels in the NV group were significantly lower for the vaccine
types HPV16 and �18 compared to vaccinated girls, at all time
points and irrespective of number of doses (Fig. 2A,B). Importantly,



Table 1
Sociodemographic Characteristics of Participants stratified by Dosing Schedule.

NV 0–1 years 1–2 years 2–3 years 3–4 years

1 Dose 2 Doses 3 Doses p-value 1 Dose 2 Doses 3 Doses p-value 1 Dose 2 Doses 3 Doses p-value 1 Dose 2 Doses 3 Doses p-value

N 51 4 57 55 48 51 51 40 40 51 45 52 50
Age <0.001 <0.001 <0.001 <0.001

Median (range) 16
(15–19)

17,5
(14–19)

13
(13–18)

16
(15–18)

14
(13–18)

14
(13–18)

17
(16–18)

15
(14–18)

15
(15–18)

18
(17–19)

16
(15–19)

16
(16–19)

19
(18–20)

Current educational
level

0.039 0.428 0.011 0.195

Low 10 1 5 8 5 7 5 9 4 1 4 4 0
Middle 13 0 19 17 10 19 20 10 15 25 19 18 8
High 28 0 29 27 26 24 22 20 20 20 21 28 22
Unknown 0 3 4 3 7 1 4 1 1 3 1 2 20
No 0 0 0 0 0 0 0 0 0 2 0 0 0

Oral anticonceptive
use

<0.001 <0.001 <0.001 0.002

Current user 26 1 3 26 7 7 27 10 14 36 17 22 23
Past user 4 0 1 3 1 2 2 2 2 2 4 7 0
No 21 1 51 24 35 41 18 27 23 11 24 21 5
Unknown 0 2 2 2 5 1 4 1 1 2 0 2 22

Ever had sex <0.001 <0.001 <0.001 <0.001
Yes 19 1 0 21 2 0 25 6 6 30 18 18 25
Never 32 1 55 32 41 50 22 33 33 19 27 32 0
Unknown 0 2 2 2 5 1 4 1 1 2 0 2 25

4–5 years 5–6 years 6–7 years

1 Dose 2 Doses 3 Doses p-value 1 Dose 2 Doses 3 Doses p-value 1 Dose 2 Doses 3 Doses p-value

N 35 7 48 39 12 60 28 3 63
Age

Median (range) <0.001 0.012 0.504
17 (16–18) 18 (17–18) 20 (18–21) 18 (17–19) 18 (17–19) 18 (14–18) 19 (18–19) 19 (18–19) 19 (18–19)

Current educational level*
Low 0.185 0.695 0.628
Middle 2 0 0 1 1 3 0 0 0
High 14 1 11 14 6 19 6 1 13
Unknown 15 5 25 14 5 33 15 2 45
No 4 1 12 10 0 5 7 0 5

0 0 0 0 0 0 0 0 0
Oral anticonceptive use

Current user 0.039 0.93 0.36
Past user 19 4 34 19 6 34 13 3 37
No 4 0 0 4 1 8 4 0 15
Unknown 9 3 7 9 5 17 7 0 8

3 0 7 7 0 1 4 0 3
Ever had sex

Yes 0.12 0.447 0.497
Never 19 3 7 22 7 30 14 3 39
Unknown 12 4 0 10 5 28 10 0 21

4 0 41 7 0 2 4 0 3

* Low = primary or lower general vocational secondary education; Middle = intermediate vocational secondary education; High = higher vocational/general secondary education, (pre) university education.
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Fig. 2. HPV16 (A), HPV18(B), HPV31 (C) and HPV45 (D) specific IgG antibody concentrations (LU/ml) of non- (light grey diamonds), one- (grey triangles), two- (dark grey
squares) and three-dose (black circles) 2vHPV vaccinated girls from one till seven years post-vaccination. The lines indicate the geometric mean concentration (n = 50 per
group).
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all girls vaccinated according to a two- and three-dose schedule
were seropositive for HPV16 and �18, while the one-dose vacci-
nated girls showed 98.3% and 87.6% seropositivity, respectively.
In addition, HPV16- and 18 specific antibody concentrations in
one-dose vaccinated girls stayed above an arbitrary level of
100LU/ml for 64.4.% and 46.7%, respectively.

The antibody levels to the non-vaccine types (31, 45) were sig-
nificantly lower in one-dose vaccinated girls compared with two-
and three-dose vaccinated girls (Fig. 2C,D), reaching the levels
observed in the NV group. This is also seen for HPV33, 52 and 58
(data not shown). All HPV-type-specific GMCs, corrected for age,
and seroprevalences are presented in Supplementary Table 1.

In addition to the HPV-specific IgG response the HPV-specific-
IgA response was also significantly lower in the one-dose com-
pared to the two- and three-dose vaccinated girls for HPV16 and
�18 (Supplementary Fig. 2A,B). For the non-vaccine types HPV31,
�33 and �45, the one-dose group was only lower in comparison
to the three-dose vaccinated group (Supplementary Fig. 2C–E).
No differences were observed for HPV52 and �58 specific IgA
between the groups (Supplementary Fig. 2F,G).
3.3. One dose of 2vHPV leads to a qualitatively similar HPV-specific IgG
response

The IgG-avidity index for HPV16 did not differ between one-,
two- or three-dose vaccinated girls five years post-vaccination,
whereas that for HPV18 was higher in one-dose vaccinated girls
compared with two- or three-dose vaccinated girls. Moreover,
the HPV16 avidity index appeared to be higher than for HPV18
(Supplementary Fig. 4).

The most abundant IgG subclass induced after 2vHPV vaccina-
tion was IgG1 (70–79.8%), followed by IgG3 (19.7–28.5%). Very
small amounts of IgG2 and IgG4 were found, (0.2–1.9%, 0.1–0.8%,
respectively). Similar IgG-isotype distributions were observed after
all three dosing schedules at five years post-vaccination (data not
shown).

3.4. Quantitatively lower cellular responses to HPV in individuals that
received only one 2vHPV-dose compared with two and three-doses

We observed for all HPV serotypes that HPV-specific- memory
B-cells and IFN-c producing cells in the two- and three-dose vacci-
nated girls were higher, although not significant, compared to the
one-dose group and the NV-group. Notably, there was no differ-
ence in the magnitude of these responses to all types of HPV
between the NV and the one-dose schedule group. In general, the
numbers of HPV-specific B- (Fig. 3) and IFN-c producing cells were
amplified by increasing doses of vaccines (Fig. 4). After depletion of
CD56+ NK-cells the IFN-c producing cell numbers were similar
(data not shown).

3.5. Limited production of HPV-specific Th1 and Th2 cytokines in VLP
stimulated PBMC after one-dose

The HPV16-specific cytokine responses in the groups receiving
no, one-, two- or a three-dose schedules are summarized in
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Fig. 5. Overall, there is an increase in the levels of Th1 and Th2-
cytokines with increasing number of doses of the vaccine. Indeed,
the one-dose group showed significant lower levels of the Th2
cytokines IL-13 and IL-5 (Supplementary Fig. 4AB) as well as of
the Th1 cytokines IFN-c and TNF-a (Supplementary Fig. 4CD),
compared with the two- and three-dose group. IL-17F was higher
in the three-dose vaccinated group compared to the one-dose
group (Supplementary Fig. 5B). For IL-17A, IL-2 and IL-10 no differ-
ences were observed between the different dosing schedules (Sup-
plementary Fig. 5A,C,D). HPV18, �31 and �45-specific cytokine
responses showed a similar trend as observed for HPV16, with
the exception that no differences were observed for IL-10 and
TNF-a (Supplementary Fig. 3). There were no differences between
the Th1/Th2 ratios of the one-, two- and three-dose vaccinated
girls (data not shown).

3.6. Th2 responses correlate with the humoral HPV-response

To determine the relationship between cellular and antibody
responses HPV16-specific cellular responses were correlated to
the corresponding HPV16-specific IgG concentrations (R = 0.55,
p < 0.001). This revealed a relationship of the numbers of HPV16-
specific memory-B-cells and IgG-concentrations one year post-
vaccination. Moreover, specifically the levels of Th2-cell produced
IL-13 correlated with the levels of HPV16-specific IgG (R = 0.66,
p < 0.001), suggesting a relation between the magnitude of the
Th2-response and the production of HPV-specific-antibodies.
4. Discussion

We showed that one-dose of the 2vHPVvaccine is immunogenic
in girls by inducing long-term antibody responses and HPV-type
specific T- and B-cell memory cells up to seven years post vaccina-
tion. However, HPV-specific B- and T-cell responses appeared to be
less pronounced although not being significant and HPV-specific
antibody concentrations were significantly lower in one-dose vac-
cinated girls compared with two- and three-dose vaccinated girls.
Despite these differences, the quality of the HPV-specific antibod-
ies is similar between the different dosing schedules measured by
the avidity index. Altogether, although a correlate of protection for
HPV is still lacking, this implies that a one-dose schedule is less
immunogenic when compared with a two- and three-dose
schedule.

Reduced dose HPV-vaccination schedules are of great interest in
respect to global health HPV burden. It has been shown that a
single-dose of the HPV vaccine is effective in preventing HPV infec-
tions and is capable of inducing antibody concentrations that last
for at least seven years [10–12]. This suggests that a single-dose
may provide durable protection, which is in contrast to the current
thought that protein vaccines must be administered in a prime/
boost regimen to be able to induce protective antibody levels.
We indeed found the one-dose of the 2vHPV vaccine being
immunogenic in girls by inducing long-term HPV-specific antibody
responses. However, in addition to the observed lower antibody
levels in the one-dose group in comparison to the other dosing
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Fig. 4. Numbers of IFN-c producing cells for HPV16 (A), HPV18(B), HPV31 (C) and HPV45 (D) of non- (light grey diamonds), one- (grey triangles), two- (dark grey squares) and
three-dose (black circles) 2vHPV vaccinated girls at one, three and six years post-vaccination. The lines indicate the median (n = 10–15 per group).

Fig. 5. Heat map comparing IFN-c producing cell numbers and cytokines in supernatants of PBMCs stimulated with HPV16 (A) or HPV18(B), as well as HPV16- or HPV18-
specific IgG levels between non-vaccinated, one-, two- and three-dose 2vHPV vaccinated girls at one-year post vaccination. The normalized z-scores are displayed on a color
scale, ranging from light to dark. The color darkness is representative of the deviation from the highest responder (n = 7–10 per group).
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groups, we surprisingly observed that in one-third and more than
half of the one-dose vaccinated girls respectively HPV16- and
HPV18-specific antibody concentrations stay below an arbitrary
level of 100 LU/mL, which was rarely seen in the two- or three dose
group. This suggests that, although protective cut-off levels are
unknown, at least part of the one-dose vaccinated girls might be
at higher risk for waning immunity to HPV on the long-term during
life.

The antibody distribution we found of IgG1 and IgG3 and low
systemic IgA-levels are in line with those to other protein vaccines
given via the intramuscular route [26]. There were no differences
in both IgG subtypes nor the avidity of the antibodies for HPV16
between the different dosing groups. This could indicate that
one-dose of the vaccine is able to induce affinity maturation, and
implies sustained germinal center reactions in the lymph nodes
upon initial contact with HPV-specific-VLPs [27]. Although this
must be interpreted with caution as avidity is a fairly crude mea-
surement to determine affinity maturation [28].

Neutralizing antibodies are considered the major mechanism of
protection against HPV infection. Antibody levels are maintained
via the production by long-lived-plasma-cells (LLPCs), which pri-
marily reside in the bone-marrow. For HPV, this production might
be independent of additional antigen exposure. Antigen-specific
LLPCs even could stay in bone marrow niches for about ten years
[29,25,30]. Therefore, HPV VLPs might be potent inducers of LLPCs
that is in agreement with other vaccines, like tetanus and polio-
virus that induce antibody levels for decades without recurrent
contact with the pathogen [29,30]. Memory B-cell responses play
a role when antibody levels wane. Circulating memory B-cells are
expected to reflect the total memory B-cell pool in the bone-
marrow and by recirculating they will be able to react to antigen
when necessary. By polyclonal stimulation via TLRs memory B-
cells might be able to replenish the HPV-specific plasmacell pool
that again could maintain antibody production [26]. This is con-
firmed by the correlation found between the HPV-specific-
antibody levels and numbers of memory B-cells in our study. We
showed for the first time that even one-dose of HPV vaccine is able
to induce specific memory B-cells, albeit that more doses result in
higher numbers of them. The 2vHPV vaccination induced memory
B cell numbers also for the cross-reactive HPV serotypes. This
might be helpful for the long-term replenishment of the HPV-
specific plasmacell-pool and especially in protection to break-
through infection with HPV infections during life, suggesting that
the two- and three-dose vaccine may be more effective at the long
term.

The functionality of the HPV-specific memory T-cells post-
vaccination was studied by measuring the number of IFN-c -
producing-cells and the amount of cytokines in the supernatant.
IFN-c is the most important T-cell cytokine to combat viral infec-
tions and the numbers of HPV-specific IFN-c -producing-cells
remained relatively stable during the years post-vaccination. This
is line with T-cell responses for other pathogens [31,32]. Stimula-
tion with purified VLPs primarily results in antigen presentation
via the MHC-class-II route that leads to especially CD4+-T-cells
producing cytokines [33]. The production of Th1 and Th2-
cytokines was higher after two- and three-doses of the 2vHPV vac-
cine than after one-dose. This was partly in line with the data of
Toh et al. who reported that six years after 4vHPV vaccination,
HPV18-specific cytokine responses were significantly lower in
the one- or two-dose recipients when compared to three-dose
recipients, but similar for those specific for HPV16 [17]. Our data
confirm those by Smith et al. showing that both Th1 and Th2 T-
cells provide help for B-cell clonal expansion and antibody synthe-
sis [34–36]. For the induction of high-affinity antibody responses,
follicular T (Tfh) cells play a role by supporting the activation
and differentiation of B-cells into Ig-secreting cells [37,38]. Unfor-
tunately, we were not able to study the Tfh-subsets, since they cir-
culate around 7–14 days after vaccination and cannot be found in
the circulation year’s post-vaccination [39].

Although the number of HPV-specific IFN-c producing-cells was
not significantly different between the dosing schedules, most
likely due to a low sample size, there is a clear tendency to higher
numbers of these cells with increasing doses of the vaccine. This is
confirmed by the significantly higher concentrations of IFN-c and
TNF-a in the culture supernatants from the vaccinees who received
more vaccine doses. Moreover, the amount of the Th-2 cytokines
IL-13 and IL-5 was respectively higher or showed a trend with a
higher number of vaccine doses for all HPV-serotypes measured.
This is in accordance with previous studies investigating the cyto-
kine response following 2vHPV vaccination, showing the greatest
relative increase in Th2 cytokine responses following a booster-
vaccination [40]. Since IL-13 and IL-5 are produced by the CD4
+ Th2-cells and are involved in the stimulation of antibody produc-
tion by B-cell activation [33], they probably play a role in the
induction of HPV-specific memory B-cells and antibody responses.
Indeed, we found correlations between both Th2-responses, IL-5
and IL-13, and the IgG-concentrations. This leads to the suggestion
that differences in Th2-activity is, at least partly, responsible for
the differences observed in antibody levels between the different
dosing schedules. The heatmaps show that individuals with both
a high Th1- and Th2-response also display high IgG-levels and
more memory T-cells, indicating that a more coherent total
immune response is amplified by an increasing number of
vaccinations.

This study has some limitations; samples were collected within
several studies, which resulted in a cross-sectional design and
could lead to potential biases. For instance, there seems to be a
skew in the age range collected which resulted median age differs
between the three-dose group in comparison with the one- and
two-dose group, thereby possibly affecting results. Fortunately,
the one and two-dose group can be compared as no differences
in sociodemographic characteristics were found between these
groups. Furthermore, the sample size used in the cellular analyses
is relatively small, explaining that differences did not reach signif-
icance. However, a strength of this study is that a broad array of
immune responses is presented for all three-dose schedules by
measuring antibody levels, subclass distribution, avidity in combi-
nation with memory B- and T cell responses on the same samples.

From a public health perspective, the expected efficacy data
from ongoing randomized controlled trials will provide us with
information on the clinical impact of a one-dose 2vHPV HPV vacci-
nation schedule. To our knowledge, this is the first study to report
the presence of HPV-specific memory B cells after just one-dose of
the 2vHPV vaccine. We show that the levels of HPV-specific anti-
bodies after a single dose are 10-fold lower than in two- or three
dose-vaccinated girls, albeit that there are no qualitative differ-
ences of HPV-specific antibodies as measured in our assays. The
lower antibody response coincided with a significantly lower pro-
duction of T cell produced cytokines. Follow-up data should clarify
whether this lower immune response is also of clinical relevance.
Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
Acknowledgements

We thank all the study participants and families for their
involvement in this study. We also like to thank MSD (Merck&



7288 H. Pasmans et al. / Vaccine 37 (2019) 7280–7288
Co, Kenilworth, NJ) and GSK (GlaxoSmithKline, Rixensart, Belgium)
for kindly donating the VLPs that we used in our assays. GSK and
MSD were provided the opportunity to review a preliminary ver-
sion of this manuscript in order to ensure the protection of its pro-
prietary information and intellectual property, but the authors are
solely responsible for final content and interpretation. We thank
Rik de Swart from the Erasmus MC for his help analyzing the mem-
ory B-cell spots on the CTL Immunospot reader. We thank Liza
Tymchenko for performing the Legendplex assay.

Author contribution

All authors contributed significantly, H.P, T.S. H.M and F.K
designed the study; H.P M.B D.B. were responsible for laboratory
analysis; H.P, F.K, S.B and A.B. provided input for writing of the
paper and all authors contributed to the final version of the paper.
We have no conflicts of interest to disclose.

Financial support

This work was funded by the Dutch Ministry of Health, Welfare
and Sports.

Potential conflicts of interest

All authors: No reported conflicts of interest.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.vaccine.2019.09.066.

References

[1] zur Hausen H. Papillomaviruses in the causation of human cancers – a brief
historical account. Virology 2009;384:260–5.

[2] Garland SM, Hernandez-Avila M, Wheeler CM, et al. Quadrivalent vaccine
against human papillomavirus to prevent anogenital diseases. N Engl J Med
2007;356:1928–43.

[3] Group FIIS, Dillner J, Kjaer SK, et al. Four year efficacy of prophylactic human
papillomavirus quadrivalent vaccine against low grade cervical, vulvar, and
vaginal intraepithelial neoplasia and anogenital warts: randomised controlled
trial. BMJ 2010;341:c3493.

[4] Group FIS. Quadrivalent vaccine against human papillomavirus to prevent
high-grade cervical lesions. N Engl J Med 2007;356:1915–27.

[5] Paavonen J, Jenkins D, Bosch FX, et al. Efficacy of a prophylactic adjuvanted
bivalent L1 virus-like-particle vaccine against infection with human
papillomavirus types 16 and 18 in young women: an interim analysis of a
phase III double-blind, randomised controlled trial. Lancet 2007;369:2161–70.

[6] Paavonen J, Naud P, Salmeron J, et al. Efficacy of human papillomavirus (HPV)-
16/18 AS04-adjuvanted vaccine against cervical infection and precancer
caused by oncogenic HPV types (PATRICIA): final analysis of a double-blind,
randomised study in young women. Lancet 2009;374:301–14.

[7] Joura EA, Giuliano AR, Iversen OE, et al. A 9-valent HPV vaccine against
infection and intraepithelial neoplasia in women. N Engl J Med
2015;372:711–23.

[8] Petrosky E, Bocchini Jr JA, Hariri S, et al. Use of 9-valent human papillomavirus
(HPV) vaccine: updated HPV vaccination recommendations of the advisory
committee on immunization practices. MMWR Morb Mortal Wkly Rep
2015;64:300–4.

[9] Human papillomavirus vaccines: WHO position paper, October 2014. Wkly
Epidemiol Rec 2014; 89:465-91.

[10] Kreimer AR, Herrero R, Sampson JN, et al. Evidence for single-dose protection
by the bivalent HPV vaccine-review of the Costa Rica HPV vaccine trial and
future research studies. Vaccine 2018;36:4774–82.

[11] Safaeian M, Sampson JN, Pan Y, et al. Durability of protection afforded by fewer
doses of the HPV16/18 vaccine: the CVT trial. J Natl Cancer Inst 2018;110.

[12] Sankaranarayanan R, Joshi S, Muwonge R, et al. Can a single dose of human
papillomavirus (HPV) vaccine prevent cervical cancer? Early findings from an
Indian study. Vaccine 2018;36:4783–91.

[13] Amanna IJ, Slifka MK. Contributions of humoral and cellular immunity to
vaccine-induced protection in humans. Virology 2011;411:206–15.
[14] Einstein MH, Levin MJ, Chatterjee A, et al. Comparative humoral and cellular
immunogenicity and safety of human papillomavirus (HPV)-16/18 AS04-
adjuvanted vaccine and HPV-6/11/16/18 vaccine in healthy women aged 18–
45 years: follow-up through Month 48 in a Phase III randomized study. Hum
Vaccin Immunother 2014;10:3455–65.

[15] Romanowski B, Schwarz TF, Ferguson L, et al. Sustained immunogenicity of the
HPV-16/18 AS04-adjuvanted vaccine administered as a two-dose schedule in
adolescent girls: five-year clinical data and modeling predictions from a
randomized study. Hum Vaccin Immunother 2016;12:20–9.

[16] Smolen KK, Gelinas L, Franzen L, et al. Age of recipient and number of doses
differentially impact human B and T cell immune memory responses to HPV
vaccination. Vaccine 2012;30:3572–9.

[17] Toh ZQ, Cheow KWB, Russell FM, et al. Cellular immune responses 6 years
following 1, 2, or 3 doses of quadrivalent HPV vaccine in fijian girls and
subsequent responses to a dose of bivalent HPV vaccine. Open Forum Infect
Dis 2018;5:ofy147.

[18] Donken R, Schurink-Van’t Klooster TM, Schepp RM, et al. Immune responses
after 2 versus 3 doses of HPV vaccination up to 4(1/2) years after vaccination:
an observational study among dutch routinely vaccinated girls. J Infect Dis
2017;215:359–67.

[19] Mollers M, Scherpenisse M, van der Klis FR, et al. Prevalence of genital HPV
infections and HPV serology in adolescent girls, prior to vaccination. Cancer
Epidemiol 2012;36:519–24.

[20] Scherpenisse M, Schepp RM, Mollers M, Meijer CJ, Berbers GA, van der Klis FR.
Characteristics of HPV-specific antibody responses induced by infection and
vaccination: cross-reactivity, neutralizing activity, avidity and IgG subclasses.
PLoS ONE 2013;8:e74797.

[21] Scherpenisse M, Mollers M, Schepp RM, et al. Seroprevalence of seven high-
risk HPV types in the Netherlands. Vaccine 2012;30:6686–93.

[22] Heijstek MW, Scherpenisse M, Groot N, et al. Immunogenicity and safety of the
bivalent HPV vaccine in female patients with juvenile idiopathic arthritis: a
prospective controlled observational cohort study. Ann Rheum Dis
2014;73:1500–7.

[23] Buisman AM, de Rond CG, Ozturk K, Ten Hulscher HI, van Binnendijk RS. Long-
term presence of memory B-cells specific for different vaccine components.
Vaccine 2009;28:179–86.

[24] van Poelgeest MI, Welters MJ, Vermeij R, et al. Vaccination against
oncoproteins of HPV16 for noninvasive vulvar/vaginal lesions: lesion
clearance is related to the strength of the T-cell response. Clin Cancer Res
2016;22:2342–50.

[25] de Rond L, Schure RM, Ozturk K, et al. Identification of pertussis-specific
effector memory T cells in preschool children. Clin Vaccine Immunol
2015;22:561–9.

[26] Schroeder Jr HW, Cavacini L. Structure and function of immunoglobulins. J
Allergy Clin Immunol 2010;125:S41–52.

[27] Schiller J, Lowy D. Explanations for the high potency of HPV prophylactic
vaccines. Vaccine 2018;36:4768–73.

[28] Scherer EM, Smith RA, Carter JJ, et al. Analysis of memory B-Cell responses
reveals suboptimal dosing schedule of a licensed vaccine. J Infect Dis
2018;217:572–80.

[29] Amanna IJ, Carlson NE, Slifka MK. Duration of humoral immunity to common
viral and vaccine antigens. N Engl J Med 2007;357:1903–15.

[30] van der Maas NA, Mollema L, Berbers GA, et al. Immunity against poliomyelitis
in the Netherlands, assessed in 2006 to 2007: the importance of completing a
vaccination series. Euro Surveill 2014;19:20705.

[31] van der Lee S, Sanders EAM, Berbers GAM, Buisman AM. Whole-cell or
acellular pertussis vaccination in infancy determines IgG subclass profiles to
DTaP booster vaccination. Vaccine 2018;36:220–6.

[32] Carollo M, Palazzo R, Bianco M, et al. Hepatitis B specific T cell immunity
induced by primary vaccination persists independently of the protective
serum antibody level. Vaccine 2013;31:506–13.

[33] Zhu J. T helper 2 (Th2) cell differentiation, type 2 innate lymphoid cell (ILC2)
development and regulation of interleukin-4 (IL-4) and IL-13 production.
Cytokine 2015;75:14–24.

[34] Smith KM, Brewer JM, Rush CM, Riley J, Garside P. In vivo generated Th1 cells
can migrate to B cell follicles to support B cell responses. J Immunol
2004;173:1640–6.

[35] Smith KM, Brewer JM, Webb P, Coyle AJ, Gutierrez-Ramos C, Garside P.
Inducible costimulatory molecule-B7-related protein 1 interactions are
important for the clonal expansion and B cell helper functions of naive, Th1,
and Th2 T cells. J Immunol 2003;170:2310–5.

[36] Smith KM, Garside P, McNeil RC, Brewer JM. Analysis of costimulatory
molecule expression on antigen-specific T and B cells during the induction of
adjuvant-induced Th1 and Th2 type responses. Vaccine 2006;24:3035–43.

[37] Ma CS, Deenick EK. Human T follicular helper (Tfh) cells and disease. Immunol
Cell Biol 2014;92:64–71.

[38] Matsui K, Adelsberger JW, Kemp TJ, Baseler MW, Ledgerwood JE, Pinto LA.
Circulating CXCR5(+)CD4(+) T follicular-like helper cell and memory B cell
responses to human papillomavirus vaccines. PLoS ONE 2015;10:e0137195.

[39] Herati RS, Reuter MA, Dolfi DV, et al. Circulating CXCR5+PD-1+ response
predicts influenza vaccine antibody responses in young adults but not elderly
adults. J Immunol 2014;193:3528–37.

[40] Pinto LA, Castle PE, Roden RB, et al. HPV-16 L1 VLP vaccine elicits a broad-
spectrum of cytokine responses in whole blood. Vaccine 2005;23:3555–64.

https://doi.org/10.1016/j.vaccine.2019.09.066
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0005
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0005
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0010
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0010
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0010
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0015
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0015
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0015
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0015
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0020
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0020
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0025
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0025
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0025
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0025
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0030
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0030
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0030
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0030
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0035
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0035
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0035
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0040
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0040
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0040
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0040
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0050
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0050
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0050
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0055
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0055
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0060
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0060
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0060
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0065
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0065
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0070
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0070
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0070
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0070
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0070
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0075
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0075
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0075
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0075
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0080
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0080
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0080
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0085
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0085
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0085
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0085
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0090
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0090
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0090
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0090
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0095
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0095
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0095
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0100
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0100
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0100
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0100
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0105
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0105
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0110
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0110
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0110
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0110
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0115
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0115
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0115
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0120
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0120
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0120
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0120
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0125
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0125
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0125
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0130
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0130
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0135
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0135
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0140
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0140
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0140
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0145
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0145
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0150
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0150
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0150
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0155
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0155
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0155
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0160
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0160
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0160
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0165
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0165
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0165
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0170
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0170
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0170
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0175
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0175
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0175
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0175
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0180
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0180
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0180
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0185
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0185
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0190
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0190
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0190
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0195
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0195
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0195
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0200
http://refhub.elsevier.com/S0264-410X(19)31294-0/h0200

	Long-term HPV-specific immune response after one versus two and three doses of bivalent HPV vaccination in Dutch girls
	1 Introduction
	2 Methods
	2.1 Study procedures
	2.2 Serological measurements
	2.3 Memory B cell responses
	2.4 Memory T-cell responses
	2.5 Cytokines
	2.6 Statistical analysis

	3 Results
	3.1 Socio-demographics of study participants
	3.2 One 2vHPV-vaccine dose results in less seropositivity and lower antibody levels than two- or three-doses
	3.3 One dose of 2vHPV leads to a qualitatively similar HPV-specific IgG response
	3.4 Quantitatively lower cellular responses to HPV in individuals that received only one 2vHPV-dose compared with two and three-doses
	3.5 Limited production of HPV-specific Th1 and Th2 cytokines in VLP stimulated PBMC after one-dose
	3.6 Th2 responses correlate with the humoral HPV-response

	4 Discussion
	Declaration of Competing Interest
	ack19
	Acknowledgements
	Author contribution
	Financial support
	Potential conflicts of interest
	Appendix A Supplementary material
	References


