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ARTICLE OPEN

HPV16 infection decreases vaccine-induced HPV16 antibody
avidity: the CVT trial
Sabrina H. Tsang 1,15, John T. Schiller1,15, Carolina Porras2, Troy J. Kemp3, Rolando Herrero2,4, John Schussler 5, Monica S. Sierra 1,
Bernal Cortes2, Allan Hildesheim 1, Douglas R. Lowy 1, Ana Cecilia Rodríguez6, Byron Romero2, Nicolas Çuburu1, Jaimie Z. Shing 1,
Ligia A. Pinto3, Joshua N. Sampson1,16, Aimée R. Kreimer1,16✉ and on behalf of the Costa Rica HPV Vaccine Trial Group*

The HPV vaccine has shown sustained efficacy and consistent stabilization of antibody levels, even after a single dose. We defined
the HPV16-VLP antibody avidity patterns over 11 years among women who received one- or three doses of the bivalent HPV
vaccine in the Costa Rica HPV Vaccine Trial. Absolute HPV16 avidity was lower in women who received one compared to three
doses, although the patterns were similar (increased in years 2 and 3 and remained stable over the remaining 8 years). HPV16
avidity among women who were HPV16-seropositive women at HPV vaccination, a marker of natural immune response to HPV16
infection, was significantly lower than those of HPV16-seronegative women, a difference that was more pronounced among one-
dose recipients. No differences in HPV16 avidity were observed by HPV18 serostatus at vaccination, confirming the specificity of the
findings. Importantly, point estimates for vaccine efficacy against incident, six-month persistent HPV16 infections was similar
between women who were HPV16 seronegative and seropositive at the time of initial HPV vaccination for both one-dose and three-
dose participants. It is therefore likely that this lower avidity level is still sufficient to enable antibody-mediated protection. It is
encouraging for long-term HPV-vaccine protection that HPV16 antibody avidity was maintained for over a decade, even after a
single dose.

npj Vaccines            (2022) 7:40 ; https://doi.org/10.1038/s41541-022-00431-x

INTRODUCTION
Antibody avidity is a measure of the collective binding strength
(affinities) of a polyclonal antibody response to a defined antigen1.
As a measure of the functional maturation of the humoral immune
response2, avidity depends on the intrinsic affinity of the antibody
for the antigen, the valency of the antibody/antigen interaction
(monovalent vs. bivalent binding in the case of IgG), and the
structural arrangement of the interacting components. Increases
in antibody avidity after vaccination with protein antigens is often
observed, the result of somatic hypermutation in the variable
regions of immunoglobin genes, which normally occurs in lymph
node germinal centers (GCs). However, there is a paucity of
information on the changes in the avidity of the polyclonal
antibodies induced by vaccines over the course of many years or
the influence of booster doses or immune responses from
preexisting infection on the strength and durability of the avidity.
Clinical trials of the HPV virus-like particle (VLP) vaccines such as

the Costa Rica HPV Vaccine Trial (CVT) provide an opportunity to
address these questions, because it has demonstrated that three,
two, or even a single dose of the bivalent HPV vaccine (CervarixTM)
result in durable antibody levels against the vaccine-targeted HPV
types; this is correlated with durable protection against infection
by these types and as well as several cross-protected types3. The
most recent data from CVT have shown that this degree of
protection is sustained for over a decade following initial
vaccination4,5. Specifically, there is evidence demonstrating that
the anti-HPV16 or 18 antibody levels did not decline between

years 4 and 11 and were significantly higher than those induced
by natural infection, regardless of the number of vaccine doses
received, although one-dose titers continued to be significantly
lower than two- and three-dose titers4.
Previous publications from CVT have evaluated antibody

avidity3,6,7. In women who received three doses of the bivalent
HPV vaccine, anti-HPV16-VLP antibody avidity steadily increased
between years 1 and 4, as measured in a chaotrope-based
enzyme-linked immunosorbent assay (ELISA)6. At Year 4, a small
difference in HPV16 antibody avidity between women who
received one or three doses of the HPV vaccine was observed,
which remained stable for both dose groups at Year 73. These
findings suggested that booster vaccine doses provide only a
small increase in long-term anti-HPV16 antibody avidity.
It is of considerable interest to measure the evolution of affinity

during the initial years after single-dose vaccination and to further
define the long-term durability of the avidity response by dose
group. With more than a decade of active follow-up of HPV-
vaccinated women in our trial, we assessed HPV16 antibody
avidity out to 11 years post-vaccination among women who
received the recommended three-dose HPV vaccine regimen and
compared that to women who received only a single dose. In
addition, we examined the effect of previous or current HPV16
infection on HPV16 antibody avidity to the vaccine’s VLP antigens
after vaccination, since the HPV vaccines are widely administered
to sexually active young women. Our study aimed to increase our
understanding of the antibody response to the HPV vaccine, shed
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light on how a single dose of the bivalent HPV vaccine provides
durable protection against HPV infection, and provide predictions
on how future virus-like display vaccines may perform.

RESULTS
Characteristics of study participants at enrollment
We demonstrated representativeness of our sample selection and
comparability in characteristics between one-dose and three-dose
groups at study enrollment and thus first HPV vaccination with
respect to age, HPV16 serostatus and HPV18 serostatus, and HPV
DNA status (HPV16/18 positive, any HPV positive, or HPV negative)
(Supplementary Table 1). The number of follow-up visits attended,
and the number of visits tested for avidity, were also similar
between dose groups. Among those included in the current
analysis, 71% in the one-dose and 75% in three-dose groups were
HPV16 seronegative at first HPV vaccination, while 74% in the one-
dose group and 76% in the three-dose group were
HPV18 seronegative at first HPV vaccination. More than one-half
of the women were HPV16/18 DNA negative at first HPV
vaccination: 51% and 65% in the one-dose and three-dose
groups, respectively.

Antibody avidity comparing one-dose and three-dose
participants
For one-dose recipients (198 women with 747 serum samples),
Geometric Mean of the Avidity Index (GMA) ranged from 2.39 to
2.81 for years 1 through 11 (Table 1, Fig. 1). The greatest
increase in avidity was observed in the early years (9.8%
increase in Year 2 and 7.2% increase in Year 3). Avidity
remained stable in subsequent years: the GMA in Year 4 was
2.76 and 2.70 in Year 11; the p-for-trend for between years 4
and 11 was 0.28 (Table 1).
For three-dose recipients (321 women with 1115 serum

samples), GMA ranged from 2.87 to 3.07 during years 1 through
11. The greatest increase in avidity was 4.0% in Year 2. Avidity
remained stable during years 4 through 11, measuring 3.02 both
in years 4 and 11; the p-for-trend between years 4 and 11 was
0.85. Overall, the antibody avidity of three-dose recipients was
higher than that of one-dose recipients throughout the study
period, although the difference was small for years 3 through 11.
On average, the GMA ratio between the one-dose and three-dose
groups was 0.90 (95% CI: 0.86–0.93); at the peak of the avidity
response, in Year 3, the ratio was 0.94 (0.89–1.00) (Table 1).

In addition to the GMAs being stable over time in both the one-
dose and three-dose participants, the avidities for individual
participants similarly tended to be stable over time (Supplemen-
tary methods, Supplementary Figs. 1–5; Supplementary Table 2).

Antibody avidity comparing participants who at first HPV
vaccination were HPV seropositive vs. HPV seronegative
For women who were HPV16 seropositive at first HPV vaccina-
tion, which reflected current and/or prior infection, it was
possible to measure the avidity of these antibodies. In serum
collected just prior to vaccination (27 samples in the one-dose
and 43 samples in the three-dose group), the GMAs in baseline
seropositive subjects were 0.78 (0.53–1.15) and 0.97 (0.79–1.20)
in one-dose and three-dose recipients, respectively, which are
substantially lower compared to post-vaccination (Table 2).
Vaccination of this group resulted in a substantial increase in
avidity. Unexpectedly, however, their avidity level remained
significantly lower than that of women who were HPV16-
seronegative at the time of first vaccination; this difference was
particularly pronounced among the one-dose recipients (Fig. 2
and Table 2). Over the nested study follow-up period, 198
women in the one-dose group had 774 study visits (540 HPV16-
seronegative samples and 234 HPV16-seropositive samples) and
321 women in the three-dose group had 1158 study visits (853
HPV16-seronegative samples and 305 HPV16-seropositive sam-
ples). The average GMA ratios between baseline seropositive and
seronegative women were 0.66 (0.57–0.77) in the one-dose
group and 0.82 (0.75–0.90) in the three-dose group, a significant
difference (p= 0.017). These ratios remained relatively constant
throughout the study period (Table 2).
To determine whether seropositivity at first HPV vaccination to

another HPV type might also be associated with lower post-
vaccination HPV16 avidity, we compared the avidity for the
HPV16-seronegative women who were HPV18 seropositive prior
to HPV vaccination with those who were seronegative for both
HPV16 and HPV18 prior to HPV vaccination. In contrast to the
women who were HPV16 seropositive prior to HPV vaccination, no
differences in HPV16 avidity were observed between
HPV18 seropositives and seronegatives prior to HPV vaccination
among the three- or one-dose groups (Fig. 3). Each of the
HPV18 seropositive: seronegative ratios was approximately 1.0
and all confidence intervals (CIs) included 1.0, indicating no
significant difference.

Table 1. Antibody avidity over time among one-dose and three-dose participants who were HPV16 seronegative at first HPV vaccination.

One-dose (N= 747 samples) Three-dose (N= 1115 samples) One-dose/Three-dose

Year of follow-up n GMA (95% CI) IQR % change† n GMA (95% CI) IQR % change† Ratio (95% CI)

Year 1 52 2.39 (2.13–2.68) 2.25–3.07 N/A 161 2.87 (2.80–2.94) 2.68–3.16 N/A 0.83 (0.74–0.94)

Year 2 56 2.62 (2.44–2.82) 2.34–3.10 9.8 142 2.99 (2.89–3.09) 2.82–3.31 4.0 0.88 (0.81–0.95)

Year 3 51 2.81 (2.67–2.96) 2.60–3.11 7.2 119 2.98 (2.90–3.07) 2.84–3.31 −0.2 0.94 (0.89–1.00)

Year 4 123 2.76 (2.62–2.90) 2.65–3.13 −1.9 191 3.02 (2.97–3.07) 2.87–3.26 1.2 0.91 (0.87–0.96)

Year 7 162 2.76 (2.66–2.86) 2.54–3.15 0.1 225 3.07 (3.01–3.13) 2.94–3.40 1.8 0.90 (0.86–0.94)

Year 9 125 2.73 (2.55–2.92) 2.58–3.16 −1.1 136 3.05 (2.98–3.12) 2.96–3.32 −0.8 0.90 (0.83–0.96)

Year 11 178 2.70 (2.60–2.80) 2.46–3.08 −1.2 141 3.02 (2.94–3.11) 2.89–3.32 −0.8 0.89 (0.85–0.93)

p-for-trend* 0.28 0.85

N total number of samples, n number of samples tested per study visit, GMA Geometric Mean of the Avidity Index, IQR interquartile range, CI confidence
intervals, N/A not applicable.
†% change was calculated based on two consecutive visits.
*p-for-trend within dose group, over time in years 4–11.
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Dose-stratified vaccine efficacy against incident persistent
HPV16 infections, stratified by HPV16 serological status at
time of vaccination
Among three-dose participants, similarly high vaccine efficacy
against incident persistent HPV16 infection was observed after four
years of follow-up among women who were HPV16 seronegative
(95.4%; 95% CI 88.5–98.6%) and HPV16 seropositive (93.4%; 95% CI
62.8–99.7%) at the time of initial HPV vaccination. In the smaller
one-dose group, vaccine efficacy was 100% among both the
HPV16 seronegative (95% CI 60.1–100.0%) and HPV16 seropositive
(95% CI −171% to 100.0%) women at the time of initial HPV
vaccination, although, statistical power for seropositive women
was limited due to small sample size (Table 3).

Correlation between antibody avidity and antibody level at
first HPV vaccination
To evaluate the possibility of confounding by differences in the
amount of VLP-specific antibodies in specific sera, we evaluated
correlations between antibody avidity and concentration, two
variables independently measured by laboratory assays. Among
women who were HPV-seronegative at first HPV vaccination, the
time-averaged Pearson correlation coefficient between the log-
avidity index and log-antibody level was 0.04 (95% CI −0.10 to
−0.18) for the one-dose group and 0.14 (0.01–0.27) for the three-
dose group (Supplementary Table 3, Supplementary Fig. 4). The
correlations ranged from -0.13 (Year 11) to 0.27 (Year 1) for one-
dose recipients, and from 0.11 (Year 2) to 0.37 (Year 11) for three-
dose recipients. While one-dose recipients generally showed a lack
of correlation between antibody avidity and antibody level, a
slight but consistent positive correlation was observed in

three-dose recipients. A similar pattern was observed among
women who were HPV seropositive at first HPV vaccination
(Supplementary Table 3, Supplementary Fig. 5).

DISCUSSION
The current study has made several observations about the
development and maintenance of antibody avidity during the 11
years following bivalent HPV vaccination, including comparisons
between one dose and three doses and the woman’s serostatus at
the time of HPV vaccination. First, we determined that avidity after
a single vaccine dose continues to mature over a period of several
years with absolute values only slightly lower than that of three
doses. Second, the high-level post-vaccination avidity persists
through year 11 after one or three doses, which parallels the
durability we have previously observed for antibody levels4. Third,
we unexpectedly found that the post-vaccination avidity in
women who were HPV16 seropositive at first HPV vaccination
increased after vaccination but remained lower than the avidity
women who were HPV16 seronegative at first HPV vaccination.
These results contrast with observations that plateau-phase HPV16
antibody titers were independent of HPV16 serostatus at time of
first HPV vaccination8. Fourth, despite lower avidity among HPV16-
seropositive women compared to HPV16-seronegative women,
one-dose and three-dose vaccine efficacy against incident,
6-month persistent HPV16 infections was similarly robust regard-
less of serological status at initial vaccination. Fifth, we did not
observe a close correlation between serum antibody levels and
avidity, implying they may be largely non-overlapping parameters.
This strengthens the interpretation of the findings, suggesting

Fig. 1 Antibody avidity over time among participants who were HPV16 seronegative at first HPV vaccination. Dots represent the
geometric mean antibody avidity index for the one-dose group (solid line) and the three-dose group (dashed line), and the error bars
represent 95% confidence intervals (CI). Regression lines are estimated by regressing log(avidity) on either an intercept, an indicator for the
second study visit, and/or study year, and reporting on the parameter the parameter 100(eβ-1).
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observations in this work are specific to antibody avidity and not
driven by antibody concentration.
There have been other investigations into HPV vaccine-induced

avidity, albeit with different findings, likely due to differences in
either study or laboratory methodology. Sankaranarayanan et al.9,
reported no difference in HPV6, 11, 16, or 18 L1 antibody avidity at
a single time point, 18 months post-vaccination, in girls receiving
one, two, or three doses. Several differences in study design could
account for the difference in results, including differences in the
vaccines (Gardasil® vs CervarixTM), the subjects were younger
(aged 10–18 years), the use of a different chaotrop in the ELISA
(urea vs guanidine hydrochloride), and the avidity measurements
were determined for a single concentration of chaotrop rather
over a range of concentrations as in our study, which might permit
detection of subtler differences. Pasmans et al.10 also reported no
difference in antibody avidity to HPV16 L1 at 5 years post-
vaccination in girls aged 12–16 years who received one, two, or
three doses of CervarixTM an average of five years earlier. However,
avidities were also determined for single concentration of a
different chaotrope (ammonium thiocynate). Perhaps more
importantly, the ages of the one and three-dose CervarixTM

recipients in Pasmans’ work differed, 12 and 16 years respectively,
whereas the vaccinees in our study were the same ages. This
could influence the avidity results in two ways. Antibody
responses to HPV VLPs are in general superior in children prior
to puberty. It is reasonable to suspect that this difference may
extend to avidities. In addition, Pasmans et al. did not stratify by
HPV16 serostatus at baseline. It is reasonable to postulate that
there are more HPV16 seropositives in the 16-year-old three-dose
group than in the 12-year-old one-dose group. Our finds
document that avidities tend to be lower in seropositives at
baseline, so differential seropositivity in the three-dose group
would differentially lower their mean affinity, the net result that
they could appear to be the same as one-dose recipients.
The avidity that developed from one dose continued to increase

over the first three years after vaccination, which is a year longer
than it took to reach maximal avidity after three doses. The
average levels of avidity during years 3 through 11 remained
5–10% lower after one dose compared with three doses, a smaller
difference than the differences in antibody levels after one versus
three doses4. At the individual level, avidities within each
participant similarly tended to be stable over time. As only a
small minority of the women were likely exposed to HPV16 virus
during the trial4, the ongoing high avidity is attributable to the
durability of the vaccine response.
There are at least two possible explanations for the continued

affinity maturation over several years after only a priming dose.
One could be that there is prolonged retention of the vaccine
antigen in the GCs. Although complete denaturation or degrada-
tion of a typical protein antigen might be expected over a shorter
timeframe, HPV VLPs are exceptionally stable structures, and their
polyvalency might promote their extended retention on follicular
dendritic cells11. Alternatively, the gradual increase in avidity
might be attributable to the preferential survival during this
period of plasmablasts that received the strongest signaling
through their B cell receptors12, i.e., had the highest affinity for the
VLPs, after which any survivors would have become established,
long-lived plasma cells (LLPCs). Regardless of the mechanism, the
sustained high avidity levels of HPV16 antibodies through year 11
make it likely that once the peak level of avidity has been reached
for a given woman, her LLPCs continue to produce consistent
antibody levels whose avidity is also consistent.
Women who were HPV16 seropositive at vaccination had lower

avidities in follow-up: the GMA ratio for the HPV16-seropositive
women vs. the HPV16-seronegative women was significantly
lower (0.66) for one dose than for the three doses (0.82). The lower
HPV16 avidity levels appear to be antigen-specific, rather than
being attributable to a more general immune perturbationTa
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a. 1-dos

b. 3-dos

se group

se group 

Fig. 2 HPV16 antibody avidity over time, stratified by number of HPV vaccine doses received and HPV16 serostatus at time of initial HPV
vaccination. HPV16-seronegative status at first HPV vaccination is represented by the solid line and HPV16 seropositive at first HPV
vaccination is represented by the dashed line. Dots represent the geometric mean antibody avidity index for the one-dose group (a) and the
three-dose group (b) and the error bars represent 95% confidence intervals (CI). Regression lines are estimated by regressing log(avidity) on
either an intercept, an indicator for the second study visit, and/or study year, and reporting on the parameter the parameter 100(eβ-1).
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induced by mucosal HPV infection, as the HPV16 avidity for
women who were HPV18 seropositive at first HPV vaccination was
similar to the HPV18 seronegative women. Therefore, it is likely
that the prior low-level mucosal exposure of a specific antigen
substantially influences the subsequent quality of the antibody
response upon parenteral re-exposure to what is essentially the
same antigen. The HPV18 results also serve to distinguish the
response to HPV vaccination from the concept of “original
antigenic sin” where, as in the case of influenza infection, prior
exposure to one virus strain prevents efficient induction of
antibodies to unique epitopes from a distinct, but antigenically
related, strain13.
The mechanism responsible for the reduced antibody avidity

after prior mucosal exposure is uncertain. One possible explana-
tion is that low-avidity memory B cells (mBCs), preferentially
generated after mucosal infection, can be driven into LLPCs after
secondary exposure to antigen by parenteral vaccination, but
remain “imprinted” with a generally lower avidity B cell receptor,
despite presumably having participated in a secondary GC

reaction and therefore a second round of somatic hypermutation.
A previous study found that most of the HPV16-VLP monoclonal
antibodies (MoAb) generated from infection-induced mBCs were
non-neutralizing, while most of the MoAb generated after
vaccination were strongly neutralizing14. This observation sug-
gests that the antibodies resulting from infection may generally
be of lower avidity, despite the fact that HPV16-VLP-specific IgG
genes from mBCs induced by infection and vaccination had
similar numbers of somatic mutations14 A second possibility is that
the avidity levels measured after vaccination of HPV-exposed
women reflect the sum of the lower avidities of the antibodies
produced by LLPCs generated from naive B cells after infection
and those of higher avidities generated after vaccination. A subset
of women do appear to generate LLPCs after infection, as
indicated by the persistence of serum antibodies after the
apparent clearance of infection15. Mechanistically, this might
appear to be the simplest explanation. However, the GMTs after
natural infection are 10-fold lower than those seen at the plateau
phase after single-dose vaccination and 40-fold lower than that
after three doses. It is difficult to reconcile the apparently small
contribution of infection-induced antibodies to the total antibody
levels and the substantial effect on the avidities, especially for the
three-dose recipients.
The hypothesis that LLPCs after boosting are mostly generated

from naive B cells, rather than lower avidity mBCs, is supported by
several observations. First, the plateau levels of antibodies
maintained after VLP vaccination are almost additive by dose.
We repeatedly observe that, in the plateau phase, HPV16-VLP
antibody levels after three doses are only about fourfold higher
than after one dose. Second, the quality of the antibodies after
priming and booster doses is similar, as measured here by avidity
and previously by the ratio of neutralizing to binding titers4,16.
Therefore, one explanation for our observations is that the
induction of LLPCs largely follows the same pathway initiated by
an interaction with naive B cells after priming and boosting.
Consistent with this hypothesis, the recruitment of cognate mBCs
into secondary GCs was limited in mouse models of vaccination
and influenza infection. Rather most of B cells recruited into the
secondary GCs appeared to be antigen inexperienced, likely naive,
B cells. Since it is widely held that B cells much go through a GC
reactive to evolve into LLPCs, these findings imply that most of the
durable antibody responses after booster immunization would be
derived from naive B cells17.
It is important to emphasize that, although vaccination of

women who were HPV16 seropositive at first HPV vaccination had
lower avidities than the seronegative women, this did not
translate into suboptimal protection against HPV infection.
Specifically for three-dose participants, strong and significant
vaccine efficacy was observed against incident, 6-month persis-
tent HPV16 infections after 4 years of follow-up among women

Fig. 3 HPV16 antibody avidity over time among
HPV16 seronegative at initial HPV vaccination, stratified by
number of HPV vaccine doses received and HPV18 serostatus at
time of initial HPV vaccination. The solid lines indicate the three-
dose group, stratified by HPV18 seronegative (empty circles) and
HPV18 seropositive (squares) at first HPV vaccination. The dashed
lines indicate the one-dose group, stratified by HPV18 seronegative
(empty circles) and HPV18 seropositive (squares) at first HPV
vaccination. Error bars represent 95% confidence intervals (CI).
Regression lines are estimated by regressing log(avidity) on either
an intercept, an indicator for the second study visit, and/or study
year, and reporting on the parameter the parameter 100(eβ-1).

Table 3. Bivalent HPV16 vaccine efficacy against incident, 6-month persistent HPV16 infections among women who were HPV DNA negative
through year 2, stratified by HPV16 serological status at time of vaccination and dose.

Vaccine Control Vaccine efficacy

Group n/N Attack rate per 1000 women n/N Attack rate per 1000 women % (95% CI)

HPV16 DNA negative and HPV16 seronegative

One-dose 0/115 0.0 (0.0–25.7) 8/101 79.2 (37.5–144.8) 100.0% (60.1–100.0%)

Three-dose 4/1965 2.0 (0.6–4.9) 84/1898 44.3 (35.7–54.2) 95.4 (88.5–98.6%)

HPV16 DNA negative and HPV16 seropositive

One-dose 0/41 0.0 (0.0–70.5) 2/32 62.5 (10.6–191.5) 100.0% (−171.0 to 100.0%)

Three-dose 1/582 1.7 (0.1–8.4) 15/580 25.9 (15.1–41.4) 93.4% (62.8–99.7%)

CI confidence interval.
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who were HPV16 seropositive at first HPV vaccination (VE of 93%),
which was similar to that among HPV16-seronegative women (VE
of 95%). One-dose vaccine efficacy was also similar by
HPV16 serostatus (both VE of 100%); however, results for HPV16-
seropositive women were underpowered resulting in broad CIs.
These results corroborate our understanding of HPV vaccine
protection and durability. First, one-dose HPV vaccination
provided to young adult women, some of whom might be
expected to have been HPV exposed prior to vaccination,
continues to provide strong protection against HPV infection4.
Second, one vaccine dose induced a substantial increase in avidity
compared to the avidity measured at first HPV vaccination after
natural infection. These results indicate that, in addition to
quantity, the quality of the antibody response to vaccination
remains far superior to that induced by infection. The lower avidity
levels that develop after infection may partially explain why the
antibody-mediated protection induced by infection appears to be
less consistent than protection induced by vaccination, even in
vaccinees with low antibody levels after vaccination, e.g., cross-
type reactive ones18.
In some situations, a close correlation has been observed

between avidity/affinity of vaccine-induced antibodies and their
in vitro neutralizing activities, as in the case of an MF59 adjuvated
pandemic influenza vaccine19. However, we did not observe such
a correlation here between avidity and antibody titer, as measured
our ELISA assay, which has been shown to closely correlate with
neutralizing activity16. Instead, the results from an experimental
vesicular stomatitis (VSV) model may be more relevant to the HPV
vaccine. In the VSV model, increasing avidity contributed to in vivo
protection only until a threshold was reached, after which
protection was dependent on higher antibody levels but not on
higher avidity20. If this model is relevant to the HPV vaccine, even
the lower post-vaccination avidity levels that develop in the
women who were HPV seropositive at first HPV vaccination are
high enough to enable protection.
Given the exceptionally high vaccine efficacy observed for even

a single dose of the HPV vaccine4, there is no evidence that prior
HPV infection compromises the protection afforded by the HPV
vaccines against subsequent exposure. Yet, our findings raise the
possibility that suboptimal preexisting immunity generated by
other viral mucosal infections might have similarly deleterious
effects on the long-term antibody repertoire after subsequent
vaccination, which could be relevant for vaccines where the
avidity threshold for protection may be higher than for HPV. For
example, might asymptomatic SARS-2 infection limited to the
upper respiratory mucosa induce low-avidity antibodies that could
result in lower vaccine-induced antibody avidity compared with
immunologically naive vaccinees? Given our results, it may be
prudent to investigate this possibility.

METHODS
Study design of CVT
Between 2004 and 2005, 7466 women 18–25 years of age in Costa Rica
were enrolled and randomized to receive either the AS04-adjuvanted
HPV16/18 vaccine (CervarixTM; GlaxoSmithKline Biologicals, Rixensart,
Belgium) or a control hepatitis A vaccine (GlaxoSmithKline Biologicals) in
a 1:1 ratio at 0, 1, and 6 months, and were followed for four years in CVT21

(NCT00128661). At enrollment and annual follow-up visits, participants
provided a serum sample, and for sexually experienced women, a pelvic
exam was performed at which cervical cells were collected for cytology
and HPV DNA testing21.
At the end of the blinded phase, participants in the HPV-vaccinated arm

were invited to stay in the CVT observational study22 and followed
biennially in years 7, 9, and 11, when each clinic visit consisted of a pelvic
exam with collection of a cervical sample and a serum sample, for virologic
and immunologic endpoint assessments, respectively.
Approximately 20% of women in the CVT received fewer than three

doses of their assigned vaccine, even though all women were randomized

to receive three doses23. Reasons for missing vaccine doses were
independent of trial arm and largely involuntary, with major reasons
being pregnancy and colposcopic referral23. In the HPV vaccine arm, this
resulted in 275 women receiving a single dose of the HPV vaccine and
2964 women receiving the standard three-dose regimen.

Human subjects
All study protocols were approved by the U.S. National Cancer Institute
(NCI) Institutional Review Boards and the corresponding Costa Rican
Institutional Review Board; all participants signed written informed
consent.

Sample selection for antibody avidity testing
For this study, we focused on the enrollment and follow-up study visits at
Years 0, 1, 2, 3, 4, 7, 9, and 11. All eight timepoints were included to fully
describe the long-term kinetics of antibody avidity over time. Avidity at
Year 0 (pre-vaccination; enrollment visit) was only evaluated in women
who were HPV16 seropositive at first HPV vaccination, providing insight
into the avidity of natural infection-induced antibody and the effect of
prior infection on avidity responses to the vaccine. Our selection was based
on availability of prior IgG ELISA results for HPV16 (tested over the course
of multiple CVT studies3,4,16,24–27 at the Frederick National Laboratory for
Cancer Research, Frederick, Maryland), necessary to control for the
concentration of antibody added to the avidity assay, and further
restricted to those who contributed two or more serum samples over
the course of 11 years (excluding the enrollment visit). After applying these
inclusion criteria, our selection yielded 198 one-dose women (with 747
follow-up samples) and 321 three-dose women (with 1115 follow-up
samples). We did not evaluate responses to two doses of the vaccine,
because most two-dose women in CVT received their second dose after
one month, which is an inferior regimen that is not considered to be of
public health relevance.

Laboratory methods for avidity testing
The assessment of anti-HPV16-VLP antibody IgG avidity was performed as
described previously7,28. Briefly, microtiter plates were coated with HPV16
L1 VLPs, and each serum sample was assayed at a single dilution, ranging
from 1/100 to 1/120,000 for all samples evaluated, which yielded an
absorbance reading of 1.0 ± 0.5 as previously determined in an HPV16
ELISA. Guanidine-HCl (GuHCl) was added to the samples at various
concentrations (0.5–3.5 M) to elute low-avidity antibodies. The concentra-
tion of GuHCl that reduced the optical density by 50% compared to sample
wells without GuHCl treatment defined the Avidity Index, which serves as
the quantitative readout of antibody avidity, specifically measuring the
strength of the binding under increasingly stringent binding conditions.
There was a narrow range for antibody avidity results and in some cases
(N= 134) the assay results were beyond the upper limit of detection for
the assay; in these cases, the result was set to the maximum readout value
of the assay, 3.51.
Approximately 5% of the samples (n= 94) were randomly selected as

laboratory-blinded replicates for quality control; the coefficient of variation
was observed to be 5.0% (95% CI: 4.3–5.8%) and the intraclass correlation
coefficient was 0.97 (95% CI: 0.96–0.98).

Laboratory methods for HPV DNA testing
HPV DNA detection and testing were performed at DDL Diagnostic
Laboratory (Delft, Netherlands) using cervical specimens collected at the
time of vaccination. The presence of HPV DNA was detected by a
polymerase chain reaction amplification with SPF10 primer sets. Using the
same SPF10 primer sets, HPV genotyping of 25 HPV types, including HPV16
and 18, was conducted using reverse hybridization on a line probe assay
(LiPA, Labo Bio-medical Products, Rijswijk, Netherlands) among SFP10-
DNA-enzyme-immunoassay-positive samples.

Statistical analysis
Our study aimed to address three research questions: (1) Does avidity
change over the course of 11 years? (2) How does antibody avidity
compare between one-dose and three-dose participants? (3) Does the
avidity response differ between participants who were seronegative and
those who were seropositive at first HPV vaccination (i.e., exposed to HPV
prior to vaccination)? With the available data, we also evaluated if the
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relationship between antibody titer and avidity changed over the course of
11 years. Lastly, we examined vaccine efficacy against incident, 6-month
persistent HPV16 infections among HPV16 DNA-negative women who
were HPV16 seronegative versus HPV16 seropositive at the time of
vaccination over the first four years of follow-up among one-dose and
three-dose participants.
The main analysis focused on women who were HPV16 seronegative at

first HPV vaccination. There were a small number of women (N= 5) who
were HPV-seronegative but HPV DNA-positive at first HPV vaccination. We
included them in our analysis, as most of these cases were likely transient
HPV infections or deposition and would not affect our study on avidity.
We first described the antibody avidity over time. We reported the

avidity of anti-HPV16-VLP antibodies for one-dose and three-dose women
by calculating the GMA at each study visit (Years 0, 1, 2, 3, 4, 7, 9, and 11).
We also reported the percent change in GMA between two consecutive
visits and summarized results for the later years (Years 4–11) by the
average percent change per year. We note that all estimates and their CI
came from regressing log(avidity) on either an intercept, an indicator for
the second study visit, and/or study year, and reporting on the parameter
100(eβ−1). Generalized Estimating Equations (GEEs) were used in all
analyses to account for within-subject correlation. We next compared the
avidity between the one-dose and three-dose groups; we reported the
ratio between GMAs at each study visit and averaged overall visits. We
note these estimates came from regressing log(avidity) on dose group,
adjusting for study year as a categorical variable when obtaining the
average estimate, and reporting on eβ. We then compared the avidity
response of HPV-seronegative women to HPV-seropositive (at first HPV
vaccination) women within each dose group; we reported the ratio
between GMAs using similar methods.
One-dose and three-dose vaccine efficacy was calculated through 4

years of follow-up after initial vaccination. The analytical cohort included all
women who received either one or three doses of the HPV16/18 vaccine
and were HPV16 DNA negative from time of vaccination through 2-year
post-vaccination, stratified by HPV16 serological status (seropositive versus
seronegative) at the time of vaccination. The endpoint was incident,
6-month persistent HPV16 infections, defined as the detection of HPV16
DNA in consecutive cervical samples collected over any 6-month period
with no intervening negatives, detected at year 2 or later post-vaccination.
Event counting started at year 2 to avoid misclassifying undetected
prevalent infections at the time of vaccination as breakthrough infections.
For sensitivity analysis, we first repeated the above analyses restricting

the percent change results to women with results at both visits being
compared. Second, we compared antibody avidity with HPV16 serum
antibody levels generated from previous ELISA testing of these samples3–6

by evaluating the Pearson correlation coefficient between the log-antibody
avidity and log-antibody level among women who were seronegative at
first HPV vaccination. To obtain an average correlation over all study years,
we normalized all measurements to have a mean = 0 and variance = 1,
regressed log-avidity on log-antibody levels using a GEE and reported on
β. Third, we evaluated the variability of avidity levels within an individual
using “spaghetti” plots and analyses described in the supplementary
material. The statistical package used for our analyses is SAS 9.4.

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

DATA AVAILABILITY
Participant data can be shared with outside collaborators for research to understand
more about the performance of the HPV vaccine, immune response to the vaccine,
and broader study factors associated with the natural history of HPV infection and
risk factors for infection and disease. Outside collaborators can apply to access our
protocols and data from the blinded phase of the Costa Rica Vaccine Trial
(NCT00128661). Outside collaborators can apply for access to the data online. Data
for the long-term follow-up phase are not yet available. For the trial summary, current
publications, and contact information for data access see: Human Papillomavirus
(HPV) Vaccine Trial in Costa Rica (CVT) - National Cancer Institute. The data that
support the findings of this study are available from the corresponding author upon
reasonable request.

Received: 11 June 2021; Accepted: 16 December 2021;

REFERENCES
1. Klasse, P. J. How to assess the binding strength of antibodies elicited by

vaccination against HIV and other viruses. Expert Rev. Vaccines 15, 295–311
(2016).

2. Alam, M. M. et al. Antibody avidity in humoral immune responses in Bangladeshi
children and adults following administration of an oral killed cholera vaccine.
Clin. Vaccin. Immunol. 20, 1541–1548 (2013).

3. Safaeian, M. et al. Durability of protection afforded by fewer doses of the HPV16/
18 vaccine: the CVT trial. J. Natl Cancer Inst. 110. https://doi.org/10.1093/jnci/
djx158 (2018).

4. Kreimer, A. R. et al. Evaluation of durability of a single-dose of the bivalent HPV
vaccine: the CVT Trial. J. Natl Cancer Inst. 112, 1038–1046 (2020).

5. Tsang, S. H. et al. Durability of cross-protection by different schedules of the
bivalent HPV vaccine: the CVT trial. J. Natl Cancer Inst. 112, 1030–1037 (2020).

6. Safaeian, M. et al. Cross-protective vaccine efficacy of the bivalent HPV vaccine
against HPV31 is associated with humoral immune responses: results from the
Costa Rica Vaccine Trial. Hum. Vaccin Immunother. 9, 1399–1406 (2013).

7. Kemp, T. J. et al. Kinetic and HPV infection effects on cross-type neutralizing
antibody and avidity responses induced by Cervarix®. Vaccine 31, 165–170
(2012).

8. Petersen, L. K. et al. Impact of baseline covariates on the immunogenicity of the
9-valent HPV vaccine - a combined analysis of five phase III clinical trials. Papil-
lomavirus Res. 3, 105–115 (2017).

9. Sankaranarayanan, R. et al. Immunogenicity and HPV infection after one, two, and
three doses of quadrivalent HPV vaccine in girls in India: a multicentre pro-
spective cohort study. Lancet Oncol. 17, 67–77 (2016).

10. Pasmans, H. et al. Long-term HPV-specific immune response after one versus two
and three doses of bivalent HPV vaccination in Dutch girls. Vaccine 37,
7280–7288 (2019).

11. Cirelli, K. M. & Crotty, S. Germinal center enhancement by extended antigen
availability. Curr. Opin. Immunol. 47, 64–69 (2017).

12. Amanna, I. J. & Slifka, M. K. Mechanisms that determine plasma cell lifespan and
the duration of humoral immunity. Immunol. Rev. 236, 125–138 (2010).

13. Francis, T. On the doctrine of original antigenic sin. Proc. Am. Philos. Soc. 104,
572–578 (1960).

14. Scherer, E. M. et al. A single human papillomavirus vaccine dose improves B cell
memory in previously infected subjects. EBioMedicine 10, 55–64 (2016).

15. Dillner, J. The serological response to papillomaviruses. Semin. Cancer Biol. 9,
423–430 (1999).

16. Tsang, S. H. et al. Evaluation of serological assays to monitor antibody responses
to single-dose HPV vaccines. Vaccine 38, 5997–6006 (2020).

17. Mesin, L. et al. Restricted clonality and limited germinal center reentry
characterize memory B cell reactivation by boosting. Cell 180, 92–106.e111
(2020).

18. Beachler, D. C., Jenkins, G., Safaeian, M., Kreimer, A. R. & Wentzensen, N. Natural
acquired immunity against subsequent genital human papillomavirus infection: a
systematic review and meta-analysis. J. Infect. Dis. 213, 1444–1454 (2016).

19. Khurana, S. et al. MF59 adjuvant enhances diversity and affinity of antibody-
mediated immune response to pandemic influenza vaccines. Sci. Transl. Med. 3,
85ra48 (2011).

20. Bachmann, M. F. et al. The role of antibody concentration and avidity in antiviral
protection. Science 276, 2024–2027 (1997).

21. Herrero, R. et al. Rationale and design of a community-based double-blind ran-
domized clinical trial of an HPV 16 and 18 vaccine in Guanacaste, Costa Rica.
Vaccine 26, 4795–4808 (2008).

22. Gonzalez, P. et al. Rationale and design of a long term follow-up study of women
who did and did not receive HPV 16/18 vaccination in Guanacaste, Costa Rica.
Vaccine 33, 2141–2151 (2015).

23. Kreimer, A. R. et al. Proof-of-principle evaluation of the efficacy of fewer than
three doses of a bivalent HPV16/18 vaccine. J. Natl Cancer Inst. 103, 1444–1451
(2011).

24. Safaeian, M. et al. Direct comparison of HPV16 serological assays used to define
HPV-naive women in HPV vaccine trials. Cancer Epidemiol. Biomark. Prev. 21,
1547–1554 (2012).

25. Kemp, T. J. et al. Evaluation of systemic and mucosal anti-HPV16 and anti-HPV18
antibody responses from vaccinated women. Vaccine 26, 3608–3616 (2008).

26. Dessy, F. J. et al. Correlation between direct ELISA, single epitope-based inhibition
ELISA and pseudovirion-based neutralization assay for measuring anti-HPV-16
and anti-HPV-18 antibody response after vaccination with the AS04-adjuvanted
HPV-16/18 cervical cancer vaccine. Hum. Vaccin 4, 425–434 (2008).

S.H. Tsang et al.

8

npj Vaccines (2022)    40 Published in partnership with the Sealy Institute for Vaccine Sciences

https://dceg.cancer.gov/research/who-we-study/cohorts/costa-rica-vaccine-trial
https://dceg.cancer.gov/research/who-we-study/cohorts/costa-rica-vaccine-trial
https://doi.org/10.1093/jnci/djx158
https://doi.org/10.1093/jnci/djx158


27. Safaeian, M. et al. Durable antibody responses following one dose of the bivalent
human papillomavirus L1 virus-like particle vaccine in the Costa Rica Vaccine.
Trial. Cancer Prev. Res (Philos.) 6, 1242–1250 (2013).

28. Dauner, J. G. et al. Development and application of a GuHCl-modified ELISA to
measure the avidity of anti-HPV L1 VLP antibodies in vaccinated individuals. Mol.
Cell Probes 26, 73–80 (2012).

ACKNOWLEDGEMENTS
We dedicate this work to the memory of our beloved colleague and friend Paula
Gonzalez, the principal investigator of the Costa Rica Vaccine Trial long-term follow-up
study. We extend a special thanks to the women of Guanacaste and Puntarenas, Costa
Rica, who gave of themselves in participating in this effort. In Costa Rica, we acknowledge
the tremendous effort and dedication of the staff involved in this project; we would like
to specifically acknowledge the meaningful contributions by Carlos Avila, Loretto
Carvajal, Rebeca Ocampo, Cristian Montero, Diego Guillen, Jorge Morales, and Mario
Alfaro. In the United States, we extend our appreciation to the team from Information
Management Services (IMS) responsible for the development and maintenance of the
data system used in the trial and who serve as the data management center for this
effort, especially Jean Cyr, Julie Buckland, John Schussler, and Brian Befano. We thank Dr.
Diane Solomon (CVT: medical monitor & QC pathologist) for her invaluable contributions
in the design and conduct of the trial and Nora Macklin and Kate Torres for the expertise
in coordinating the study. We thank the members of the Data and Safety Monitoring
Board charged with protecting the safety and interest of participants during the
randomized, blinded phase of our study (Steve Self, Chair, Adriana Benavides, Luis Diego
Calzada, Ruth Karron, Ritu Nayar, and Nancy Roach) and members of the external
Scientific HPV Working Group who have contributed to the success of our efforts over the
years (Henriette Raventós, Chair, Joanna Cain, Diane Davey, Gypsyamber D’Souza,
Elizabeth Fontham, Anne Gershon, Elizabeth Holly, Silvia Lara, Wasima Rida, Richard
Roden, Maria del Rocío Sáenz Madrigal, and Margaret Stanley). We thank Dr. Susan Pierce
at the US NCI for her insights into the interpretation of the data. The Costa Rica HPV
Vaccine Trial is a long-standing collaboration between investigators in Costa Rica and the
NCI. The trial is sponsored and funded by the NCI (contract N01-CP-11005), with funding
support from the National Institutes of Health Office of Research on Women’s Health.
GlaxoSmithKline Biologicals (GSK) provided vaccine and support for aspects of the trial
associated with regulatory submission needs of the company under a Clinical Trials
Agreement (FDA BB-IND 7920) during the four-year, randomized blinded phase of our
study. The NCI and Costa Rica investigators are responsible for the design and conduct of
the study; collection, management, analysis, and interpretation of the data; and
preparation of the manuscript. Where authors are identified as personnel of the
International Agency for Research on Cancer / World Health Organization, the authors
alone are responsible for the views expressed in this article and they do not necessarily
represent the decisions, policy or views of the International Agency for Research on
Cancer / World Health Organization. Registered with Clinicaltrials.gov NCT00128661.

AUTHOR CONTRIBUTIONS
S.H.T., J.T.S., A.R.K., J.N.S., LAP, T.J.K., and A.H. conceived and designed the study. They,
and M.S.S., J.S., C.P., R.H., B.R., B.C., A.C.R., conducted the necessary field and lab work to
implement and conduct the study. S.H.T., J.T.S., A.H., A.R.K., J.N.S., J.Z.S., and J.T.S.
conducted the analysis of the data. All authors interpreted the results. S.H.T., J.T.S., D.R.L.,
N.Ç., J.N.S., M.S.S., J.Z.S., and A.R.K. drafted the manuscript and developed the tables and

figures. All authors reviewed and commented on the draft manuscript, with A.R.K., J.T.S.,
M.S.S., J.N.S., J.S., R.H., C.P., and D.R.L. taking the responsibility to finalize the manuscript.
All authors approved the final version of the manuscript and its submission.

FUNDING
Open Access funding provided by the National Institutes of Health (NIH).

COMPETING INTERESTS
S.H.T. is now an employee of Merck Sharp & Dohme (MSD) Corp., a subsidiary of
Merck & Co., Inc., Kenilworth, NJ, USA, but completed all work associated with this
manuscript while employed at the National Cancer Institute. MSD was not involved in
this work. J.T.S. and D.R.L. report that they are named inventors on US Government-
owned HPV vaccine patents that are licensed to GlaxoSmithKline and Merck and for
which the National Cancer Institute receives licensing fees. They were entitled to
limited royalties as specified by federal law. The other authors declare that they have
no conflicts of interest.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41541-022-00431-x.

Correspondence and requests for materials should be addressed to Aimée R.
Kreimer.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

This is a U.S. government work and not under copyright protection in the U.S.; foreign
copyright protection may apply 2022

ON BEHALF OF THE COSTA RICA HPV VACCINE TRIAL GROUP

Bernal Cortés2, Paula González2,17, Rolando Herrero2,4, Silvia E. Jiménez2,7, Carolina Porras2, Ana Cecilia Rodríguez8,9, Allan Hildesheim1,
Aimée R. Kreimer1, Douglas R. Lowy1, Mark Schiffman1, John T. Schiller1, Mark Sherman1,10, Sholom Wacholder1,18, Ligia A. Pinto3,
Troy J. Kemp3, Mary K. Sidawy11, Wim Quint12, Leen-Jan van Doorn12, Linda Struijk12, Joel M. Palefsky13, Teresa M. Darragh13 and
Mark H. Stoler14

7Westat, Rockville, MD, USA. 8Agencia Costarricense de Investigaciones Biomédicas (ACIB), formerly Proyecto Epidemiológico Guanacaste, PEG, Fundación INCIENSA, San José,
Costa Rica. 9Independent Consultant, San José, Costa Rica. 10Mayo Clinic, Jacksonville, FL, USA. 11Medstar Georgetown University Hospital, Washington, DC, USA. 12DDL
Diagnostic Laboratory, Rijswijk, Netherlands. 13University of California, San Francisco, CA, USA. 14Emeritus, University of Virginia, Charlottesville, VA, USA.

S.H. Tsang et al.

9

Published in partnership with the Sealy Institute for Vaccine Sciences npj Vaccines (2022)    40 

https://doi.org/10.1038/s41541-022-00431-x
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	HPV16 infection decreases vaccine-induced HPV16 antibody avidity: the CVT trial
	Introduction
	Results
	Characteristics of study participants at enrollment
	Antibody avidity comparing one-dose and three-dose participants
	Antibody avidity comparing participants who at first HPV vaccination were HPV seropositive vs. HPV seronegative
	Dose-stratified vaccine efficacy against incident persistent HPV16 infections, stratified by HPV16�serological status at time of vaccination
	Correlation between antibody avidity and antibody level at first HPV vaccination

	Discussion
	Methods
	Study design of CVT
	Human subjects
	Sample selection for antibody avidity testing
	Laboratory methods for avidity testing
	Laboratory methods for HPV DNA testing
	Statistical analysis
	Reporting summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




