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Abstract
Background—We previously demonstrated that Cervarix® elicits antibody responses against
vaccine-related types for which clinical efficacy was demonstrated (HPV-31 and -45). Here, we
evaluated the kinetics of neutralization titers and avidity of Cervarix®-induced antibodies up to 36
months of follow-up in unexposed and HPV infected women.

Methods—A subset of women who participated in the Cost Rica HPV-16/18 Vaccine Trial had
pre- and post-vaccination sera tested for antibody responses to HPV-16, -18, -31, -45, and -58
using a pseudovirion-based neutralization assay, and HPV-16 antibody avidity using an HPV-16
L1 VLP (virus-like particle)-based ELISA developed in our laboratory.

Results—In uninfected women, neutralizing antibody titers did not reach significance until after
the 3rd dose for HPV-31 (month 12, p=0.009) and HPV-45 (month 12, p=0.003), but then
persisted up to month 36 (HPV-31, p=0.01; HPV-45, p=0.002). Individuals infected with HPV-16
or HPV-31 at enrollment developed a significantly higher median antibody response to the
corresponding HPV type after one dose, but there was not a difference between median titers after
three doses compared to the HPV negative group. Median HPV-16 antibody avidity and titer
increased over time up to month 12; however, the HPV-16 avidity did not correlate well with
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HPV-16 neutralizing antibody titers at each time point examined, except for month 6. The median
avidity levels were higher in HPV-16 infected women at month 1 (p=0.04) and lower in HPV-16
infected women at month 12 (p=0.006) compared to the HPV negative women.

Conclusions—The persistence of cross-neutralization titers at month 36 suggests cross-reactive
antibody responses are likely to persist long-term and are not influenced by infection status at
enrollment. However, the weak correlation between avidity and neutralization titers emphasizes
the need for examining avidity in efficacy studies to determine if high avidity antibodies play a
critical role in protection against infection.
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1. Introduction
Human papillomavirus (HPV) L1 VLP (virus-like particle)-based vaccines elicit a strong
antibody response to targeted HPV types, which is believed to be responsible for the strong
efficacy reported in the vaccine trials [1–4]. We have recently demonstrated that Cervarix,
which is composed of HPV-16 and HPV-18 L1 VLPs also induces neutralizing antibodies to
vaccine-related types (HPV-31 and HPV-45), for which partial protection against cervical
infection and neoplasm in young women has been described [2, 5], but not for types for
which no efficacy was observed (HPV-52 and -58). Although the cross-neutralizing titers
were typically about 100-fold lower than against the targeted types, the suggested cross-
protection afforded by the vaccine may lead to a further reduction in cervical cancer [6].
However, the kinetics and durability of the anti-HPV-31 and anti-HPV-45 antibody
responses following vaccination is still unknown and these factors may have direct
implications in durability of efficacy against these types. A recent study from Einstein and
colleagues compared the antibody responses to vaccine-targeted (HPV-16 and HPV-18) and
vaccine-related types (HPV-31 and 45) over a 24 month period in women who were healthy,
HPV DNA negative and seronegative at baseline for HPV type analyzed in women
vaccinated with Cervarix® or Gardasil®[7]. Neutralizing antibody responses to HPV-31 and
45 were low with levels near the limit of detection of the assays.

Thus far, analyses of humoral immunity to the HPV vaccines have been limited to
assessment of VLP binding titers and neutralizing activity, and little is known about
antibody avidity following HPV vaccination. While the contribution of avidity maturation to
protection against viral infections in general is still not well defined and controversial [8–
10], the assessment of antibody avidity may provide a more complete view of the quality
and function of systemic antibodies induced by vaccination. Lastly, there is little known
about the effects of a type-specific cervical HPV infection at the time of vaccination on
vaccine-induced antibody responses and duration of immunity.

To better understand the nature of the antibody responses induced by Cervarix®, here we
investigated the kinetics of neutralizing anti-HPV-16, -18, -31, -45, and -58 antibody
responses and anti-HPV-16 avidity up to 36 months of follow-up among women HPV
negative and women HPV positive at baseline.

2. Materials and Methods
Study Population

Samples and data are from participants of the NCI-sponsored Costa Rica HPV Vaccine Trial
(CVT) who have been described in detail[11].
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I) Thirty-six month kinetics—To determine the kinetics of the antibody response to non-
vaccine targeted HPV types induced by VLP vaccination, a group of women (n=157), were
selected based on the following criteria: (i) HPV-16 and -18 L1 VLP vaccination
(Cervarix®) according to a three dose schedule at months 0, 1, and 6; (ii) successful
collection of serum at months 0 (prevaccination), 1 (1 month after 1st vaccine dose), 6 (6
months after 1st vaccine dose), 12 (6 months after all 3 doses were administered), 24, and
36; (iii) DNA negative at the cervix for HPV-16, -18, -31, -45, and -58 at enrollment (month
0). From this group of women, we randomly selected a subset of women (n=12) who were
age and number of sexual partners matched for antibody testing. The sera was tested in the
pseudovirion (PsV)-based neutralization assay to determine the levels of neutralizing
antibodies to the vaccine-targeted types (HPV-16 and HPV-18), and phylogenetically-
related HPV types (HPV-31 and HPV-45, for which cross-protection and cross-
neutralization has been reported; and HPV-58, for which no evidence of cross-protection
and cross-neutralization has been reported) were determined. All sera were also tested for
HPV-16 antibody avidity.

II) Effect of prevalent HPV infection on vaccine induced antibody levels—To
assess the effects of single HPV type-specific infections detected at month 0 on the antibody
responses following vaccination, sera tested at months 0, 1, and 12 from women who met
the following criteria: (i) HPV-16 and -18 L1 VLP vaccination (Cervarix®) according to a
three dose schedule at months 0, 1, and 6; (ii) successful collection of serum at months 0
(prevaccination), 1 (1 month after 1st vaccine dose), and 12 (6 months after all 3 doses were
administered); (iii) single HPV type-specific infection at enrollment (month 0): HPV-16
DNA positive (HPV16+, n=18), HPV-31 DNA positive (HPV31+, n=13), HPV-58 DNA
positive (HPV58+, n=7). We randomly selected a subset of self-reported virgins (presumed
HPV DNA negative, HPV-, n=15), which functioned as the control group. Sera were tested
for HPV-16 antibody avidity and for functional amount of anti-HPV-16, -31, and -58
antibodies in the PsV-based neutralization assay. All participants provided informed
consent, and the trial was approved by human subjects review committees at the National
Cancer Institute (NCI) and Costa Rica.

Pseudovirion (PsV)-based neutralization assay
A PsV-based neutralization assay (SeAP-NA) was used to determine the antibody titers
associated with each HPV type-specific PsV examined, as previously described[12]with
slight modifications[13]. Each sample was tested in duplicate, and neutralization titers were
calculated by linear interpolation and defined as the reciprocal of the dilution that caused
50% reduction in secreted alkaline phosphatase activity compared to control wells. The
antibody titers below our lowest dilution (1/10) were arbitrarily given a value of 5. Due to
the lack of availability of pseudovirions for other closely related vaccine types, we have
focused this study on measuring the neutralizing antibody responses to HPV-16, -18, -31,
-45, and -58.

Modified ELISA Avidity Assay Using Chaotropic Elution
We evaluated avidity of the anti-HPV16 antibodies only. Avidity to the VLPs of other types
(HPV-31 and HPV-45) was not performed due to problems with producing these L1 VLPs
in our laboratory, and the sensitivity of the ELISA-based avidity assay may not be effective
in determining the avidity of antibodies with a low neutralization titer. The method of
assessing the avidity of the anti-HPV-16 antibodies was previously reported [14]. Briefly,
microtiter plates were coated with HPV-16 L1 VLP, and each serum sample was assayed at
a single dilution, ranging from 1/100 to 1/100000 for all samples evaluated, which yields an
absorbance reading of 1.0 ± 0.5 as previously determined in an HPV-16 ELISA. Guanidine-
HCl (GuHCl) was added to the samples at various concentrations (0.5 to 3.5 M) to elute low
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avidity antibodies. The concentration of GuHCl, which reduced the optical density by 50%
compared to sample wells without GuHCl treatment defined the Avidity Index. Samples
with an HPV-16 L1 VLP ELISA unit (EU)/ml ≤2 were not subsequently tested with the
avidity assay and were given a value of 0 as they were deemed to be negative.

Statistical Methods
SEAP-NA values (reciprocal of the dilution that caused 50% reduction in secreted alkaline
phosphatase activity) were log transformed. Median antibody and avidity levels are
presented. The Wilcoxon/Kruskal Wallis test was used to determine statistical significance
between median titers and avidity levels by group. The spearman correlation coefficient was
used to assess the correlation between HPV-16 neutralizing antibody titers and HPV-16
antibody avidity at months 0 (prevaccination), 1 (1 month after 1st vaccine dose), 6 (6
months after 1st vaccine dose), 12 (6 months after all 3 doses were administered), 24, and
36. A p-value <0.05 was considered significant for these analyses.

3. Results
A. Kinetics of Neutralizing Anti-HPV-31, -45, and -58 antibody titers

Here, we evaluated the longitudinal neutralizing antibody responses to vaccine types
(HPV-16 and 18) and vaccine–related types (HPV-31, 45, and 58) over a period of 36
months of follow-up, specifically months 0, 1, 6, 12, 24, and 36 following enrollment. Anti-
HPV-16 and anti-HPV-18 neutralizing antibody responses were similar to our previous
report with antibody levels plateauing at month 12 (Figure 1A). Furthermore, the kinetics of
anti-HPV-16 and anti-HPV-18 neutralizing antibody responses were consistent with ELISA-
based measures of anti-HPV-16 and -18 antibody levels during vaccination and up to 36
months of follow up (data not shown). A significant anti-HPV-31 and -45 neutralizing
antibody response over the baseline levels (enrollment) was only elicited following the
administration of all three doses of Cervarix® at month 12 (HPV-31, p=0.009; HPV-45,
p=0.003). This response was about 100-fold lower than the vaccine targeted types, but the
neutralizing antibody levels were maintained over 36 months of follow-up. In contrast,
Cervarix® did not induce a neutralizing antibody response to HPV-58, a phylogenetically
more distant (compared to HPV31) relative of HPV-16 and for which there is no evidence of
efficacy.

B. HPV-16 avidity
As with the longitudinal anti-HPV-16 neutralizing antibody response, the anti-HPV-16
avidity response significantly increased with sequential visits up to month 12 (Figure 1B).
Therefore, avidity maturation continued to occur even after the third dose of Cervarix®. The
avidity of the antibodies remained relatively constant between months 12 and 36, indicating
that there was apparently no further selection for or against high avidity plasma cells.
Perhaps surprisingly, the anti-HPV-16 avidity responses only correlated with the anti-
HPV-16 neutralizing antibody levels at month 6 (ρ=0.72, p=0.008) from the participants. All
other time points analyzed did not have a significant correlation between the anti-HPV-16
avidity responses and anti-HPV-16 neutralizing antibody levels. Avidity to vaccine-related
types was not evaluated in this study due to the lack of these VLPs in our laboratory.
However, when considering the low titers of neutralizing antibodies, frequency of
responders, and sensitivity of the ELISA-based avidity assay, one might expect difficulties
in detecting avidity maturation to HPV-31 and HPV-45 VLPs.

C. Effects of type-specific HPV infection on neutralizing antibody responses
Next, we evaluated whether women with evidence of detectable HPV infection at the cervix,
and thus presumably immunologically-primed at the time of vaccination, would develop a
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higher neutralizing antibody response against the homologous type compared to HPV DNA
negative self-reported virgins (HPV-), following vaccination with Cervarix®. We focused on
measuring the anti-HPV-16 and phylogenetically-related anti-HPV-31 antibody responses
from same-type and related-type infections. The anti-HPV-16 neutralizing antibody
responses increased significantly from month 0 to month 1, following one dose of vaccine
for all three groups: women HPV-16 positive (HPV16+, p<0.0001), women HPV-31
positive (HPV31+, p=0.0003), and self-reported virgins, (HPV- p<0.0001), yet there was
only a significant increase in anti-HPV-16 neutralizing titer from month 1 to month 12 for
the participants within the HPV- group (p<0.0001), but not for the HPV16+ (p=0.7) and
HPV31+ (p=0.1) groups. Furthermore, the HPV16+ group had significantly higher titers,
due to pre-existing immunity to HPV-16 than the HPV- group at month 0 (median titers:
HPV16+, 22; HPV-, 5; p=0.002) and month 1(median titers: HPV16+, 2152; HPV-, 294;
p=0.01) (Figure 2A). However, at month 12 the anti-HPV-16 titers were equivalent between
the HPV16+ and HPV- groups (median titers: HPV16+, 3385; HPV-, 4616; p=0.8). Lastly,
the anti-HPV-16 neutralizing antibody responses induced by vaccination were unaffected
from enrollment to month 12 by HPV-31 infection at enrollment when compared to the
HPV- group (Figure 2A).

We also evaluated the effect of vaccination on anti-HPV-31 neutralizing antibody responses
in participants with either HPV-31 or HPV-16 infection at enrollment. The anti-HPV-31
neutralizing antibody titers did not increase from month 0 to month 1 for HPV- (p=1.0) or
HPV31+ (p=0.2), but did increase for HPV16+ (p=0.03) group. Additional doses of
Cervarix® did not significantly increase the anti-HPV-31 neutralizing antibody titers among
the HPV16+ group from month 1 to month 12 (p=0.3). Despite the lack of boosting effect of
Cervarix® on HPV-31 responses in individuals with HPV-31 infection, HPV31+ group had
overall significantly higher anti-HPV-31 neutralizing antibody titers due to pre-existing
immunity to HPV-31 than the HPV- group (median titers at month 0: HPV31+, 21; HPV-, 5;
p=0.004; median titers at month 1: HPV31+, 111; HPV-, 5; p=0.0008) (Figure 2B).

D. Effects of type-specific HPV infection on anti-HPV-16 avidity
The anti-HPV-16 median avidity levels were higher in HPV-16 infected women than in
HPV DNA negative after one dose of Cervarix® (HPV16+, 1.3; HPV-, 0.8; p=0.04), but was
lower after three doses of Cervarix® (HPV16+, 1.8; HPV-, 2.4; p=0.006) as shown in Figure
3. Furthermore, we assessed whether an HPV-31 infection prior to vaccination would affect
the anti-HPV-16 avidity response after one and three doses of Cervarix®, and, as illustrated
in Figure 3, there was not a significant difference in anti-HPV-16 avidity levels after
receiving either one or three doses of Cervarix® compared to the HPV- group.

4. Discussion
HPV-16/18 antibody responses to Cervarix® vaccination are known to be robust and to last
for many years [2, 3]. We and others previously showed that anti-HPV antibody responses
to vaccine-related (HPV-31 and HPV-45) types are also induced by vaccination with the
bivalent HPV L1 VLP vaccine[5, 7, 15, 16], but require three doses and are typically 100-
fold lower than observed for the vaccine targeted types, HPV-16/18. Here, we have
extended those previous findings by showing the kinetics of the antibody response to
vaccine cross-related types and that anti-HPV-31 and -45 antibodies plateau and remain
elevated for up to 3 years. HPV-31 and HPV-45 contribute to approximately 4% and 6%,
respectively, of cervical cancers worldwide, so a durable cross-protective response induced
by Cervarix® may potentially translate into an additional clinical benefit on women’s
health[17].
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The kinetic findings of neutralizing anti-HPV-31 antibodies up to 24 months from Einstein
et al. are similar to our results; however, Einstein et al. infrequently detected neutralizing
anti-HPV-45 antibodies, which is in contrast to our results. One reason for the discrepancy
may be the method of defining the lower limit of detection for the HPV-31 and HPV-45
pseudovirion-based neutralization assays[7]. Interestingly, the neutralizing antibody levels
did not reach significance over baseline (enrollment) until after all three doses were
received, which further supports the findings from Kreimer et al., who described good type-
specific but no cross-type protection in women receiving just one or two doses of
Cervarix®[19].

One of the main highlights of this manuscript is that we show for the first time that the
HPV-16 avidity response gradually increased after each dose of Cervarix® and peaked after
receiving three doses. These results are consistent with the avidity responses following other
vaccinations such as Hepatitis B virus vaccine [20] and influenza vaccine [9], although in
contrast with previous studies of vesicular stomatitis virus infection in mice that suggested
that maximum avidity maturation was rapidly reached following initial exposure to a capsid
antigen[10].

We further observed that the anti-HPV-16 neutralization antibody responses and avidity
responses were significantly elevated at month 1, following the first dose of vaccination
amongst vaccine recipients, who were HPV-16 DNA positive at enrollment compared to
HPV DNA negative, self-described virgin vaccinees, which is consistent with a typical
immune memory recall response in the context of previous antigenic priming. However,
following the completion of the vaccination series, there was no benefit to having a pre-
existing immune response to HPV-16 as the HPV16+ group developed similar neutralizing
antibody titers and significantly lower avidity levels compared to HPV- group after
receiving 3 doses of Cervarix® by month 12. One caveat with our interpretation of the
results is the assumption that each participant has only been infected with one type of HPV,
but it is possible for the participants to have been infected with the same type of HPV or
other HPV type months to years prior which may have influenced our results. Although, the
avidity levels amongst the HPV-16 DNA positive women were significantly lower than the
HPV- group, we also examined the avidity levels in a group of women who were HPV-16
DNA negative and sexually experienced, and the avidity levels at month 12 from this group
were similar to the HPV-16 DNA positive women (data not shown). However, it remains to
be determined whether the difference in avidity levels at month 12 is biologically
significant. Future studies with larger sample sizes will be needed to confirm and better
understand the impact of infection in avidity of antibodies induced by vaccination.

Interestingly, there was a lack of correlation between anti-HPV-16 neutralizing antibody
levels and anti-HPV-16 avidity for nearly all of the time points evaluated, except at month 6.
It may be that neutralizing activity of VLP antibodies are relatively independent of their
avidity once a threshold level is reached following primary vaccination. Due to the limited
sample size (n=12) at each time point, future studies will be needed to confirm our findings.

Here, we were only able to examine the HPV-16 avidity responses following vaccination
with Cervarix® due to production problems of HPV-31 and HPV-45 L1 VLPs in our
laboratory; however, it will be of interest in future studies to optimize avidity assays for
vaccine-related types (HPV-31 and HPV-45) to determine whether avidity maturation
patterns will mimic vaccine types. Considering the low neutralizing antibody levels from the
vaccine-related types, the ELISA-based avidity assay for these types may need to be
replaced by a more sensitive method such as surface plasmon resonance (SPR) based
technology.
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In conclusion, Cervarix® induces a significant increase in anti-HPV-31 and anti-HPV-45
neutralization antibody levels following three doses of vaccine, and levels persisted for three
years. Furthermore, a homologous infection at time of the vaccination and thus, pre-existing
immunity did not influence the overall antibody response achieved after the full vaccination
course except for avidity for which levels were lower at 12-months for those positive at
entry. Larger and longer studies are needed to determine the minimum protective anti-HPV
antibody levels in vivo, the role of high avidity antibodies in vaccine efficacy and natural
history, and the long-term effects of pre-existing HPV infection on vaccine-induced
immunogenicity.
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Highlights

• Evaluated kinetics of Cervarix®-induced neutralization and avidity antibodies.

• Evaluated effects of homologous HPV infection on Cervarix®-induced antibody
levels.

• 3 doses of Cervarix® induces significant levels of vaccine-related HPV
antibodies.

• HPV-16 avidity has similar kinetic profile as neutralizing antibodies.

• Following 3 doses of Cervarix®, HPV infection had little effect on antibody
levels.
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Figure 1.
Kinetic profile of neutralizing anti-HPV-16, -18, -31, -45, and -58 antibody responses and
HPV-16 avidity following enrollment into HPV-16 and -18 L1 VLP vaccine trial among
HPV uninfected women. Participants (n = 12) received three doses of Cervarix® at months
0, 1, and 6 (arrows). The participant’s neutralizing antibody responses (A) were evaluated in
a pseudovirion-based neutralization assay from enrollment to 36 months post-enrollment.
The lines represent median values at each visit, and the error bars represent the 25th to 75th

percentiles. The participant’s anti-HPV-16 avidity response (B) was evaluated from
enrollment to 36 months post-enrollment. The lines represent median values at each visit.
Wilcoxon test was used to calculate the p-value (*-p<0.05) and represents the comparison
between current visit and preceding visit.
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Figure 2.
Effects of HPV-16 and -31 infections at enrollment on Cervarix®- induced anti-HPV-16 and
anti-HPV-31 neutralizing antibody responses. Participants with an HPV-16 infection
(HPV16+, n = 18), HPV-31 infection (HPV31+, n = 13), or HPV DNA negative, self-
reported virgins (HPV-, n=15) at enrollment were evaluated for anti-HPV16 (A) and anti-
HPV-31 (B) neutralizing antibody responses via pseudovirion-based neutralization assay at
enrollment (month 0), month 1, and month 12. The lines represent median values at each
visit, and the error bars represent the 25th to 75th percentiles. The p-value was calculated
based on the Wilcoxon test and represents the comparison between HPV- and HPV16+ at
each visit in panel A and between HPV- and HPV31+ at each visit in panel B.

Kemp et al. Page 13

Vaccine. Author manuscript; available in PMC 2013 December 17.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 3.
Effects of HPV-16 infection at enrollment on Cervarix® -induced anti-HPV-16 avidity
response. Participants with an HPV-16 infection (HPV16+, n=18), HPV-31 infection
(HPV31+, n=13), and HPV DNA negative, self-reported virgins (HPV-, n=15) at enrollment
had serum tested for avidity at enrollment (month 0), months 1 and 12. The lines represent
median values at each visit, and the error bars represent the 25th to 75th percentiles. The
Wilcoxon test was used to calculate the p value between uninfected and infected individuals
at each visit (infection based on enrollment HPV DNA assessment). A p-value <0.05 was
considered significant, and the indicated p values are based on the comparison between the
HPV16+ and HPV- groups at the same visit.
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