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Abstract
Background—The duration of protection conferred by prophylactic human papillomavirus
(HPV) L1 virus-like particle vaccines is a critical determinant of their public health impact. A
feature of vaccines that confer long-term immunity is their ability to induce immune memory.

Objectives—We evaluated antibody responses against HPV types 6, 11, 16 and 18 following
administration of the quadrivalent HPV-6/11/16/18 vaccine to women who had previously
received a monovalent HPV-16 vaccine.

Study design—As part of an extended follow-up study conducted between 2006 and 2009 in
Seattle, Washington, we administered the quadrivalent HPV-6/11/16/18 vaccine to 52 women (19
vaccine and 33 placebo recipients) who had participated in a monovalent HPV-16 vaccine trial 8.5
years earlier. Serum samples were tested for anti-HPV antibodies using competitive Luminex
immunoassay.

Results—Following administration of the first dose of the quadrivalent HPV-6/11/16/18 vaccine,
the anti-HPV-16 geometric mean titer among monovalent HPV-16 vaccine recipients (GMT =
5024.0 milli-Merck units per milliliter [mMU/mL]; 95% confidence interval [CI]: 2710.1, 9313.6
mMU/mL) substantially exceeded that among the placebo recipients (GMT = 136.1; 95% CI:
78.5, 235.8 mMU/mL; p < 0.01) and their own highest anti-HPV-16 response observed during the
original trial (GMT at month 7 of the original trial = 1552.7 mMU/mL; 95% CI: 1072.6, 2247.7
mMU/mL; p < 0.01).
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Conclusions—The findings suggest that the administration of the three-dose regimen of the
monovalent HPV-16 vaccine had produced memory lymphocytes, characterized by a heightened
immune response following administration of the quadrivalent HPV-6/11/16/18 vaccine that
effectively served as an antigen challenge.
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1. Background
In randomized controlled trials (RCTs), prophylactic human papillomavirus (HPV) L1 virus-
like particle (VLP) vaccines have shown a high-level of efficacy against infection and
cervical intraepithelial neoplasia associated with the vaccine-types.1–3 In these trials, all
vaccine recipients seroconverted by one month after completion of the three-dose vaccine
series and a large proportion of them remained seropositive at the end of the follow-up time.
In addition, extended follow-up studies of participants in these trials have provided evidence
of sustained immune response through at least 7.3 years.4,5 The basis for protection
conferred by these vaccines is believed to be the production of type-specific neutralizing
antibodies.6

The main target group of prophylactic HPV vaccines is children before sexual debut. Thus,
it is important to assess how long antibodies generated following administration of these
vaccines last. A feature of vaccines that confer long-term immunity is their ability to induce
immune memory. Immune memory is defined as the generation of long-lived memory cells
that, upon re-exposure to the same antigen, mount a rapid and robust immune response
capable of preventing infection. Evidence exists that the quadrivalent HPV-6/11/16/18
vaccine is capable of inducing immune memory. In response to an antigen challenge given
at 5 years following administration of that vaccine, participants mounted an anamnestic
response characterized by rapid and robust antibody production against all four vaccine
types.7

2. Objectives
As part of an extended follow-up study, we had a unique opportunity to assess the antibody
response against HPV-16 following administration of the quadrivalent HPV-6/11/16/18
vaccine to women who had participated in a monovalent HPV-16 vaccine trial 8.5 years
earlier. As a secondary objective, we assessed antibody responses against other vaccine
types (i.e., HPV types 6, 11, and 18) among these women.

3. Study design
3.1. Study population

Between October 1998 and November 1999, 2391 women were enrolled in a multi-center,
double-blind, phase IIb RCT of a monovalent HPV-16 vaccine in the United States. The
monovalent vaccine was administered in 3 doses on day 1, month 2, and month 6.
Administration of the vaccine resulted in the generation of a strong immune response as
measured by anti-HPV-16 geometric mean titers (GMTs).2 The highest anti-HPV-16 GMT
was observed at the month 7 (i.e., post-dose 3) visit.2 Of 2391 participants in that trial, 500
women were enrolled in Seattle, Washington. Beginning in February 2006, all these 500
women were offered participation in a new extended follow-up study with visits occurring
every 6 months to assess the longer-term efficacy of the monovalent HPV-16 vaccine.
According to the study protocol, after the quadrivalent HPV-6/11/16/18 vaccine was
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licensed in the U.S. in 2006, we offered it to all participants in the original trial. Therefore,
we were able to assess antibody responses against HPV types 6, 11, 16, and 18 following
administration of the quadrivalent HPV-6/11/16/18 vaccine to women who had already
received the monovalent HPV-16 vaccine. The institutional review board of the University
of Washington approved the study.

3.2. Laboratory methods
Ten milliliters of blood were drawn at each visit and shipped to Merck Research
Laboratories (MRL), West Point, Pennsylvania. At the laboratory, specimens were tested
using a competitive Luminex immunoassay (cLIA).8,9 This is the primary assay used by
MRL to evaluate the serological response to the vaccine. In this assay, yeast-derived VLPs
are coupled to a set of distinct fluorescent Luminex microspheres. Antibody titers are
determined in a competitive format, where known type-specific phycoerythrin (PE)-labeled
neutralizing monoclonal antibodies (mAbs) compete with the subject’s serum antibodies for
binding to conformationally sensitive neutralizing epitopes on the VLPs. The concentration
of HPV antibody measured by this assay is reported in milli-Merck units per milliliter
(mMU/mL); the fixed cutoff points to determine HPV-6, HPV-11, HPV-16, and HPV-18
cLIA seropositivity are 20, 16, 20, and 24 mMU/mL, respectively. All specimens from the
original trial and the extended follow-up study included in the present analysis were tested
by this assay in the same fashion. As part of the extended follow-up study, women were also
tested for the presence of HPV DNA in labial, vulvar, lateral vaginal, ecto- and
endocervical, perineal, and perianal specimens to determine their infection status.5

3.3. Statistical analysis
Anti-HPV GMTs and their corresponding 95% confidence intervals were calculated at 2
distinct time-points of interest relative to the administration of the quadrivalent vaccine.
These time-points are referred to as pre-dose 1 and post-dose 1 visit throughout this
manuscript. The pre-dose 1 visit refers to the last visit before administration of the first dose
of the quadrivalent HPV-6/11/16/18 vaccine or the visit during which the first dose of this
vaccine was administered following blood draw, whichever came last. The post-dose 1 visit
refers to the visit following administration of the first dose and before administration of the
second dose of the quadrivalent HPV-6/11/16/18 vaccine. Paired-coordinate plots were
created to show the trajectory of change in antibody levels from the pre-dose 1 to post-dose
1 visit for each individual. Women who were found to be infected with HPV types 6, 11, 16,
or 18 during either the pre-dose 1 or post-dose 1 visit were excluded from the analysis to
remove the effect of current infection on antibody levels.

4. Results
A total of 52 women (19 monovalent HPV-16 vaccine and 33 placebo recipients in the
original trial) were included in the final analysis (Figure 1). At the pre-dose 1 visit, the mean
age of participants was 29 years (range: 26–32 years) and the mean follow-up time since
enrollment in the original trial was 8.5 years (range: 7.7–9.6 years) in both groups. The post-
dose 1 visit occurred, on average, 6 months following administration of the first dose of the
quadrivalent HPV-6/11/16/18 vaccine in both groups reflecting the design of the extended
follow-up study in which visits occurred every 6 months. However, there was a large
variability in the number of days between administration of the first dose of the quadrivalent
HPV-6/11/16/18 vaccine and post-dose 1 visit (range: 0.7–18 months) because vaccine visits
did not necessarily coincide with the routine scheduled visits during the extended follow-up
study.
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At the pre-dose 1 visit, 89.5% of monovalent HPV-16 vaccine recipients and 9.1% of
placebo recipients were HPV-16 seropositive (Table 1). Following administration of the first
dose of the quadrivalent HPV-6/11/16/18 vaccine, HPV-16 antibody levels rose sharply
among both monovalent HPV-16 vaccine and placebo recipients (Figure 2). Monovalent
HPV-16 vaccine recipients mounted potent anti-HPV-16 responses (GMT = 5024.0 mMU/
mL; 95% confidence interval [CI]: 2710.1, 9313.6 mMU/mL) that substantially exceeded
anti-HPV-16 responses observed among the placebo recipients (GMT = 136.1; 95% CI:
78.5, 235.8 mMU/mL; p < 0.01). Anti-HPV-16 responses among monovalent HPV-16
vaccine recipients at post-dose 1 even exceeded their own highest anti-HPV-16 responses
observed during the original trial with a 3-fold increase (Month 7 GMT = 1552.7 mMU/mL;
95% CI: 1072.6, 2247.7 mMU/mL; p < 0.01).

A substantial proportion of women seroconverted against HPV types 6 and 11, but not 18,
following administration of the first dose of the quadrivalent HPV-6/11/16/18 vaccine
(Table 1). At the post-dose 1 visit, the antibody responses against HPV types 6 (p = 0.56),
11 (p = 0.51), and 18 (p = 0.41) were not significantly different between women who had
received the monovalent HPV-16 vaccine and placebo in the original trial. At that visit,
women who had received the monovalent HPV-16 vaccine in the original trial mounted
significantly stronger antibody responses against HPV type 16 than against HPV types 6, 11,
and 18 (p < 0.01).

5. Discussion
The heightened immune response observed in this study suggests that the administration of
the 3-dose regimen of the monovalent HPV-16 vaccine had produced memory lymphocytes,
characterized by high antibody levels following an antigen challenge. The antigen challenge
in this study was re-exposure to HPV-16 L1 VLPs through administration of the
quadrivalent HPV-06/11/16/18 vaccine to women who had received the monovalent
HPV-16 vaccine 8.5 years earlier. Previous studies had shown heightened antibody
responses to quadrivalent HPV vaccine among women who were seropositive for vaccine
HPV types at enrollment.10,11 The results of this study add to the existing body of
knowledge that prophylactic HPV vaccines may generate long-term immune memory.7

No monovalent vaccine recipients, including those who had become seronegative during the
course of follow-up, developed breakthrough HPV-16 infection in the extended follow-up
study. More information on the efficacy of the monovalent vaccine through 8.5 years of
follow-up can be found elsewhere.5 It is conceivable that upon natural exposure to HPV-16
in genital tract or other mucosal surfaces, monovalent vaccine recipients mounted an
anamnestic response which augmented protection against infection. Such speculation is
plausible since the host cell-bound papillomaviruses appear to be susceptible to inactivation
by neutralizing antibodies.12 It is likely that anamnestic response plays a central role in
preventing infection and that any potential breakthrough infections are not a direct result of
waning immunity; however, conclusive evidence in support of this hypothesis has yet to be
demonstrated.13

It is not known whether a certain threshold antibody level is required to prevent HPV
infection. In fact, no correlation may exist between the frequency of L1 VLP-specific
memory lymphocytes and the corresponding serum antibody titers. Memory lymphocyte-
mediated protection against infection may persist despite low serum antibody titers, as has
been shown for the hepatitis B vaccine.14 In the current study, monovalent HPV-16 vaccine
recipients who were cLIA seronegative at the pre-dose 1 visit also mounted a robust immune
response following administration of the quadrivalent HPV-6/11/16/18 vaccine. This
suggests that, although these women maintained a low immune response over time, they
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likely did have immune memory lymphocytes capable of providing a robust immune
response. Alternatively, the laboratory assays used in this study may not have been sensitive
enough to detect protective antibody levels in some women.

This study is subject to some limitations. First, the time-frame used for the serum collection
post-vaccination was reflective of routine scheduled visits separated by 6 months; it was not
designed to capture peak immune response which is typically measured 1 month following
administration of each dose. Therefore, anti-HPV GMTs reported in this study almost
certainly underestimated peak post-dose titers. An example is the observed low antibody
responses against HPV-18 in this study. It was previously shown that antibody responses
against HPV-18 diminished more rapidly than other types; however, the efficacy against
infection and cervical lesions associated with this type remained remarkably high following
administration of all three doses.13 In our study, the anamnestic response, characterized by
rapid and robust antibody production, was inferred through comparing antibody levels; it
was not directly measured in the conventional time-frame following immunization. Second,
the mode of antigen challenge in this study (i.e., intramuscular administration of the
quadrivalent HPV-6/11/16/18 vaccine) was different from that of a natural antigen challenge
(i.e., HPV exposure via sexual contact). It is not clear whether the anamnestic response
following natural exposure would exhibit the same features of the one observed in this
study. Third, while the increase in humoral immune response in an anamnestic fashion
suggests the presence of circulating memory lymphocytes, the actual lymphocytes were not
directly studied. Fourth, standardized units have not yet been formally established for
reporting antibody responses against all four HPV types investigated in this study.
Therefore, we were not able to report antibody responses using international units (IUs).
While this limitation may make comparisons across studies where the same unit is not used
challenging, it does not jeopardize the internal validity of the study. The World Health
Organization has established a global HPV laboratory network with a main goal of the
harmonization of HPV laboratory procedures in support of consistent monitoring and
reporting of HPV studies in the future.15–17

If prophylactic HPV vaccines confer long-lasting immunity, they can potentially prevent a
large number of cases of cervical cancer globally. Long-term immunity conferred by these
vaccines is particularly important because the cost and programmatic implications of
administration of a booster dose to young women could be overwhelming in the developing
world where the HPV vaccines are most needed. Population-based follow-up studies should
provide valuable information on the long-term effect of prophylactic HPV vaccines.18,19
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VLP virus-like particle

GMT geometric mean titer
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MRL Merck Research Laboratories

cLIA competitive Luminex immunoassay

CI confidence interval
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Figure 1.
Flow chart of the study population
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Figure 2.
Antibody responses against HPV type 6, 11, 16, and 18 following administration of the
quadrivalent HPV-6/11/16/18 vaccine to women who had participated in the monovalent
HPV-16 vaccine trial. The pre-dose 1 visit refers to the last visit before administration of the
first dose of the quadrivalent vaccine or the visit during which the first dose of this vaccine
was administered before blood draw, whichever came last. The post-dose 1 visit refers to the
visit following administration of the first and before administration of the second dose of the
quadrivalent vaccine.
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