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The time course of cell-mediated and humoral immune responses was elucidated in eight women with human
papillomavirus type 16 (HPV-16) infection by performing serial HPV-16 E6 and E7 cytotoxic T-lymphocyte
(CTL) assays and HPV-16 virus-like particle (VLP) antibody analyses. Four subjects had a single incident of
HPV-16 DNA detection, and four subjects had two periods of HPV-16 DNA detection. In two of the women in
the latter group, the second episode of HPV-16 detection occurred in the presence of high titers of HPV-16 VLP
antibody, bringing into question the protective role of humoral immunity in preventing repeated infection.
However, all four subjects rapidly became HPV-16 DNA negative following the second detection of HPV-16
DNA, suggesting the presence of immunological memory. In addition, one subject rapidly became negative for
HPV-16 DNA despite having no evidence of CTL or VLP antibody response prior to the second HPV-16 DNA
detection, suggesting the presence of immunological responses at an undetectable level. Overall, seven of eight
subjects (88%) had detectable HPV-16 E6 and/or E7 CTL responses and seven of eight women (88%) had

detectable HPV-16 VLP antibody responses.

The association between human papillomavirus (HPV) and
the development of cervical cancer is well known, with HPV
type 16 (HPV-16) being the most common type found in these
cancers (27). Seventy to 90% of women who acquire HPV
infection clear it within 1 to 2 years (21), yet the contributions
of cell-mediated and humoral immunities in eliminating HPV
infection and preventing reinfection or reemergence of the
same infection are not well understood. A number of studies
have investigated the role of helper T lymphocytes in providing
protection against the development of HPV-associated lesions
by measuring T-cell proliferative responses (7, 8, 11, 15, 16, 18,
19, 22, 32) or interleukin-2 release (2, 9, 36), but the results are
inconsistent. However, our studies, which compared the T-cell
proliferative responses (22) or cytotoxic T-lymphocyte (CTL)
responses (23) of women with HPV infections with those of
women with squamous intraepithelial lesions (SIL), suggested
a protective role for the cell-mediated immune response
against the development of SIL.

Several studies have demonstrated the presence of antibody
responses to HPV virus-like particles (VLPs) in women who
are infected with HPV-16. A cross-sectional study of HPV-16
serum antibody showed a seroprevalence of 46% in college
women with HPV-16 infections (37). A longitudinal study of
college women demonstrated a seroconversion rate of 67.1%
(with a median seroconversion time of 8.3 months) among
women with HPV-16 infections (4). In the same study, HPV-
16-positive women who seroconverted were 5.7 times more
likely to have SIL than were women who did not seroconvert,
suggesting that the presence of HPV-16 VLP antibody served
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as a marker of disease progression rather than protection. In a
follow-up study (3), the seroconversion rate for HPV-16-in-
fected subjects was shown to be 59.5% within 18 months from
the time of HPV DNA detection. Seroconversion for HPV-16
occurred most frequently between 6 and 12 months after DNA
detection.

To elucidate the roles of CTL and antibody responses in
controlling HPV-16 infection, eight women in whose cervixes
HPV-16 DNA had been detected were monitored with serial
HPV-16 E6 and E7 CTL assays and HPV-16 VLP immuno-
globulin G (IgG) antibody detection assays in this study. Both
CTL and VLP antibody responses were detected in the major-
ity of these women. However, the role of VLP antibody in
preventing a second HPV-16 infection was questioned, since
two women acquired a second HPV-16 infection while having
detectable levels of HPV-16 VLP antibody.

MATERIALS AND METHODS

Subjects. The eight subjects in the present study were participants in a longi-
tudinal study of HPV initiated in 1991 (21). The subjects had been monitored by
cervical HPV DNA testing by PCR (35), cytology, and colposcopy every 4
months. The eight women were selected for immunological studies, which were
initiated in 1996, because they had evidence of recent HPV-16 infection. They
were asked to provide a blood specimen for the establishment of Epstein-Barr
virus-transformed B lymphoblastoid cell lines (EBV-LCL) to serve as targets for
the HPV-16 E6 and E7 CTL assay. In addition, a plasma sample from the same
blood draw was cryopreserved for HPV-16 VLP antibody analysis. Informed
consent was obtained for the immunological studies, according to the guidelines
of the Committee on Human Research at the University of California, San
Francisco. Four women were European-American, three were Hispanic, and one
was Asian. They had been in the study for a mean of 58 months (range, 33 to 94
months) and had a mean age of 23.6 years (range, 20 to 26 years) at the time
blood was drawn for EBV transformation. In addition to the routine analyses
mentioned above, serial HPV-16 E6 and E7 CTL assays were performed, and
plasma samples were frozen for HPV-16 VLP IgG antibody analyses at subse-
quent visits every 4 months.
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PCR analysis. Cervical specimens collected with Dacron swabs were placed in
sample transport media (Digene Diagnostics, Silver Spring, Md.) and digested
using a commercial digestion solution (Digene Diagnostics) and proteinase K.
DNA was precipitated with ammonium acetate ethanol. PCR analysis for mul-
tiple HPV types (including low-risk types 6, 11, 42, and 44 and high-risk types 16,
18, 31, 33, 35, 39, 45, 51, 52, 56, and 58) was performed, and B-hemoglobulin was
amplified as a positive control (20, 21). A previously published report comparing
this method and another method using a reverse blot strip (Roche Molecular
Systems, Inc., Alameda, Calif.) found the agreement between the two tests to be
87.8%, yielding a « statistic of 0.63 (P < 0.001) (20).

HPV-CTL assay. Sixty milliliters of heparinized whole blood was collected, and
the HPV-CTL assay was performed as described previously (23, 25). Briefly,
peripheral blood mononuclear cells were isolated using a Ficoll-Hypaque density
gradient centrifugation and then stimulated for 7 days at 37°C in an atmosphere
of 5% CO, with 1 ng of E6— or E7-glutathione S-transferase per ml of cells. Both
CD4- and CD8-positive T lymphocytes have been shown to be responsible for the
HPV-16 E6- and E7-specific responses (24). At the same time, a mixed lympho-
cyte culture was set up as a positive cytotoxicity control by using an irradiated
(40-Gy) allogeneic EBV-LCL (10° cells/well) as a stimulator, and it demon-
strated an adequate response (>10% lysis) in all assays.

For the preparation of target cells, an autologous EBV-LCL was infected 1 day
prior to the CTL assay with a recombinant vaccinia virus expressing HPV-16 E6
or E7 or with a nonrecombinant vaccinia virus derived from strain WR at a
multiplicity of infection of 1. The target cells were labeled with 200 wCi of
sodium chromate (Na,’'CrO,; specific activity, 5 mCi/ml) (Amersham Corp.,
Arlington Heights, II1.) for 90 min at 37°C on the day of the assay. The labeled
cells were washed and plated in triplicate in 96-well round-bottom plates at 5 X
10° cells/well. Effector lymphocytes were added at four different effector-to-
target ratios ranging from 100:1 to 12.5:1. Supernatants were harvested, and the
SICr disintegrations were counted after 5 h of incubation (Cobra E5005; Packard
Instruments, Meriden, Conn.). The standard deviations (SD) of the triplicate
results for all effector-to-target ratios from all assays were averaged. The CTL
response was considered positive when the specific lysis for the experimental
results was at least 3 SD (18%) higher than the percent specific lysis for the
combined negative controls for at least two of the four effector-to-target ratios.

For assays performed after November 1998, additional steps to select for
CD3-positive T lymphocytes were added to reduce the background activity due
to natural killer cells (24). The CD3-positive T lymphocytes were selected by
magnetically depleting CD11b-, CD16-, CD19-, and CDS56-positive cells (Pan
T-Cell isolation kit; Miltenyi Biotec, Auburn, Calif.). The quality of the selection
was monitored by fluorescence-activated cell sorter analysis (FACScan; Becton
Dickinson Immunocytometry Systems, San Jose, Calif.) using a combination of
CD3 and CD16 antibodies (Caltag, Burlingame, Calif.). The natural killer cells
were reduced to less than 1% by all lots of magnetic beads. The 3-SD cutoff for
defining a positive response was reduced from 18% for the assays of nondepleted
lymphocytes to 6.5% for the assays of natural-killer-cell-depleted lymphocytes.

Purification of HPV-16 VLPs. VLPs were generated in Trichoplusia ni cells
(High Five; Invitrogen, Carlsbad, Calif.) infected with an HPV-16 L1/L2 recom-
binant baculovirus, clone 114/K (gift from John T. Schiller, National Cancer
Institute, Bethesda, Md.), as described previously (17). VLPs were purified using
a protocol that combined ultracentrifugation and low-pressure liquid chroma-
tography methods (6, 14, 17). Briefly, infected cells were harvested, sonicated on
ice, and pelleted through 40% sucrose in phosphate-buffered saline, pH 7.2
(PBS). The pellet was resuspended in 27% (wt/wt) CsCI-PBS and centrifuged
overnight in an SW-28 rotor to remove the contaminating buoyant layer. The
clarified lysate was then centrifuged for 48 h at 45,000 rpm in a Vti50 vertical
rotor. The CsCl gradient was collected in 2-ml fractions, and each fraction was
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The frac-
tions containing L1 protein were pooled and loaded onto a POROS 50HS strong
cation-exchange resin (PerSeptive Biosystems, Framingham, Mass.) column, pre-
equilibrated with 50 mM MOPS (morpholine propanesulfonic acid), pH 7, con-
taining 0.33 M NaCl. After the solution containing VLP was loaded, the column
was washed with 10 column volumes and proteins were eluted with a linear salt
gradient (0.33 to 1.5 M NaCl) in the same buffer. Fractions containing L1 protein
were collected, the salt concentration of the solution was adjusted to 0.33 M
NaCl, and the material was applied to a heparin-Sepharose (Amersham Parma-
cia Biotech, Uppsala, Sweden) column preequilibrated with 50 mM MOPS (pH
7)-0.33 M NaCl. Proteins were eluted with a linear salt gradient (0.33 to 1.5 M
NaCl) in the same buffer, and fractions containing L1 protein were pooled and
stored at 4°C. Analysis of a Coomassie blue-stained sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gel with NIH Image software showed that
HPV-16 L1 protein comprised 90% of the total protein.
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HPV-16 VLP ELISA. Plasma samples from the same whole-blood specimens
collected from each woman were tested for the presence of HPV-16 VLP anti-
body. Additional serum samples were available for four subjects from an earlier
visit. For the enzyme-linked immunosorbent assay, (ELISA), flat-bottom 96-well
polystyrene plates (PolySorp, Nunc; Naperville, Ill.) were coated with a 100-pl/
well concentration of an HPV-16 VLP solution (0.4 g of VLP protein per ml of
PBS). Following overnight incubation at 4°C, 300 pl of blocking solution (10%
Superblock [Pierce, Rockford, Il1.]) in PBS containing 0.05% Tween 20 [Sigma,
St. Louis, Mo.]) was added to each well. After incubation at room temperature
for 3 h, the blocking solution was replaced with PBS. The plates were covered
with a plastic sealer and stored at —20°C. Before use, the plates were washed
three times with wash solution (PBS-0.05% Tween 20) in an automatic plate
washer (Skanwasher 300; Skatron, Lier, Norway), and then 100 pl of sample
dilution buffer (10% Superblock and 0.05% Tween 20 in PBS) was added to each
well. One microliter of serum was added to each well by use of a MultiPROBE
II robotic liquid handling system (Packard Instruments). Plates were incubated at
37°C for 1 h on a microplate shaker and then washed twice, rotated 180°, and
washed two more times. Gamma chain-specific goat anti-human IgG, conjugated
with horseradish peroxidase (Zymed, San Francisco, Calif.), was diluted 1:4,000
in conjugate buffer (10% Superblock, 2.5% polyethylene glycol [molecular
weight, 20,000; Sigma], and 0.5% Igepal CA-630 [Sigma] in PBS), and 100 pl was
added to each well. Plates were incubated at 37°C for 30 min on a microplate
shaker and then washed as described above. Freshly prepared 2,2'-azino-di-(3-
ethylbenzthiazoline-6-sulfonate) hydrogen peroxide solution (Kierkegaard &
Perry, Gaithersburg, Md.), prewarmed to 50°C, was added to each well in 100-ul
volumes. The plates were incubated at room temperature in the dark for 20 min.
The first plate in a series was monitored until the weakly positive control reached
a predetermined optical density (OD) value. The positive controls were human
serum samples previously shown to be reactive in the assay. Three controls—a
weakly positive control, a moderately to strongly positive control, and a negative
control—were included on each plate. The enzyme reaction was stopped by the
addition of 100 pl of 1% dodecyl sulfate per well to all the plates. The plates were
read at 405 nm, with a reference wavelength of 490 nm, in an automated
microtiter plate reader (Molecular Devices, Menlo Park, Calif.). The cutoff for
positive results was determined from the reactivities of plasma samples from 108
self-reported virgins from Costa Rica. The mean and SD of OD values for the
control subjects were calculated, and values greater than the mean plus 3 SD
were excluded. The analysis was repeated on the remaining samples until no
further OD values could be excluded by this criterion. The cutoff, established
after four rounds of analysis with the exclusion of six samples, was an OD value
of greater than 0.136 unit.

HPV-16 variant analysis. Because four women had two periods of HPV-16
DNA detection, a possibility that the second period of detection represented an
acquisition of a new HPV variant was examined. By analysis of samples from
various parts of the world with a liquid hybridization assay, variants designated
European prototype, Asian, Asian-American, African-1, and African-2 have
been described previously (13). For the present study, a single-tube nested E6
PCR was performed on HPV-16-positive samples (39). Briefly, amplification
reactions were performed with 100-ul volumes containing 10 mM Tris (pH 8.3),
50 mM KCl, 2.5 mM MgCl,, 200 uM (each) deoxynucleotide triphosphate, 2 nM
(each) external primer (CGTAACCGAAATCGGTTGAAC and GGACCATC
TATTTCATCCTCCT), 200 nM (each) internal primer (GCTCATAACAGTA
GAG and ACCGGTTAGTATAAAAG), and 2.5 U of AmpliTaq (Perkin-
Elmer, Foster City, Calif.). To each reaction mixture, 3 pl of crude DNA
preparation was added. PCR was performed with a Uno II Thermocycler (Bi-
ometra, Tampa, Fla.) under conditions of 95°C for 3 min for the hot start; 30
cycles of 94°C for 30 s, 57°C for 30 s, and 72°C for 1 min; 35 cycles of 94°C for
30 s, 45°C for 30 s, and 72°C for 1 min; and a terminal extension of 72°C for 10
min.

The nested E6 protein fragment was semipurified and sequenced by double-
stranded PCR sequencing using the internal nested primers. Briefly, 30 to 70 ng
of PCR product was incubated with 10 U of exonuclease 1 and 2 U of shrimp
alkaline phosphatase (Amersham Life Sciences, Cleveland, Ohio) for 15 min at
37°C and inactivated by incubation at 80°C for 15 min. These samples were
sequenced directly by the Biomolecular Resource Center at University of Cali-
fornia, San Francisco, with an automated sequencer (model 3700; Applied Bio-
systems, Foster City, Calif.).

RESULTS

Four women had a single episode of HPV-16 DNA detec-
tion (Table 1), and four women had episodes of HPV-16 DNA
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TABLE 1. HPV-16 DNA, HPV-16 E6 and E7 CTL, and HPV-16
VLP IgG antibody results for four subjects with a single
period of HPV-16 DNA detection

Presence or absence of CTL or Ab*

Duration of
Subiect HPV-16 DNA  During HPV-16 DNA After clearance of
) detection detection period HPV-16 infection”
mo
(me) CTL (E6/E7) VLP Ab CTL (E6/E7) VLP Ab
1 65 - + + +
2 37 + + + +
3 10 NA“ - + —
4 17 NA NA + +

“ Ab, antibody.
’ Data cover the 20 months following the period of HPV-16 detection.
¢ NA, analysis not initiated during the corresponding period of detection.

detection at two time points separated by at least two negative
tests for HPV-16 DNA (Table 2). Overall, seven of eight sub-
jects (88%) had positive HPV-16 E6 and/or E7 CTL responses
and seven of eight subjects (88%) had detectable HPV-16 VLP
antibody responses during the study. Five of eight subjects
(63%) had positive HPV-16 E6 CTL responses, five of eight
subjects (63%) had positive HPV-16 E7 CTL responses, and
three of eight subjects (38%) had positive responses for both.
None of the subjects developed high-grade SIL.

For the women who had a single episode of HPV-16 DNA
detection, the duration of detection by PCR lasted for 10 to 65
months. During the period of HPV-16 DNA detection, an
HPV-16 E6 and/or E7 CTL response was seen in one of two
subjects tested. HPV-16 VLP antibodies were detected in two
of three subjects tested. During a period of up to 20 months
after the clearance of HPV-16 DNA, all subjects demonstrated
an HPV-16 E6 and/or E7 CTL response, and three of four
subjects had positive HPV-16 VLP antibody responses.

For three of the four women with HPV-16 DNA detected at
two time points, the first HPV-16 DNA detection occurred
after the women entered the study, while one of the women
(subject 6) entered the study with prevalent HPV-16 infection.
The first period of detection of HPV-16 DNA ranged from less

TABLE 2. HPV-16 DNA, HPV-16 E6 and E7 CTL, and HPV-16
VLP IgG antibody results for four subjects with two
periods of HPV-16 DNA detection

Presence or absence of CTL or Ab“

Duration of ~ After clearance During 2nd HPV-16 After clearance

. . HPV-16 DNA of Ist HPV-16 DNA detection of 2nd HPV-16
Subject

detection infection period infection
(mo) CTL  VLP CTL VLP CTL  VLP
(E6/E7)  Ab (E6/ET) Ab (E6/E7)  Ab

5° 11 + + - + - +
<4

6 Unknown - — + + + +
<4

7" 28 - + + + + +
<4

8 <4 NAC NA NA NA - +
<4

¢ Ab, antibody.

® Subject was HPV-16 VLP antibody positive during the first period of HPV-16
DNA detection.

¢ NA, analysis not initiated during the corresponding period of detection.
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than 4 months (i.e., cleared by the following visit) to 28
months. Overall, HPV-16 VLP antibody was detected in all
four subjects with two episodes of HPV-16 DNA detection,
while HPV-16 E6 and/or E7 CTL responses were detected in
all but one subject (subject 8). Two subjects for whom antibody
data were available at the time of the first HPV-16 DNA
detection maintained positive HPV-16 VLP antibody re-
sponses throughout the study period; i.e., these women had
circulating HPV 16 VLP antibodies at the times of the second
episodes of HPV-16 DNA positivity (Fig. 1).

Concerning the second period of HPV-16 DNA detection,
all four subjects became negative for HPV-16 DNA within the
4 months following the second detection, suggesting the pres-
ence of immunological memory. For subject 5, data were un-
available for HPV-16 E6 and/or E7 CTL responses at the time
of the first HPV-16 DNA detection but CTL responses were
detected after the clearance of HPV-16 DNA following the
first episode of detection. The findings for subject 6 were
interesting, since no CTL or antibody responses were detect-
able after the clearance of her first HPV-16 infection; however,
both responses emerged rapidly during the second period of
HPV-16 DNA detection, suggesting the presence of immuno-
logical memory despite the failure to detect a circulating im-
mune response to the earlier infection.

To address the question of whether the two periods of
HPV-16 DNA detection in the same subject were the results of
a new infection or the reemergence of a latent infection,
HPV-16 variant analysis was performed. Subject 5 had the
African-1 variant of HPV-16 at the time of the first HPV-16
DNA detection and the European prototype at the time of the
second HPV-16 DNA detection, suggesting that the second
incidence represented a new infection. For subject 8, the first
HPV-16 DNA detection was of a mixed infection of the Eu-
ropean prototype and the African-2 variant while only the
European prototype was detected in the second period of
HPV-16 DNA detection, suggesting the reemergence of the
European prototype and the clearance of the African-2 vari-
ant. For subjects 6 and 7, either the amounts of the cervical
samples were insufficient or the sequencing analysis was inad-
equate for performance of HPV-16 variant analysis for either
period of HPV-16 DNA detection.

DISCUSSION

Although data for only eight subjects are presented here,
several interesting observations can be made for this cohort
with detailed analyses of HPV infection and the corresponding
immunological responses. The presence of immunological
memory was suggested by the rapid clearance of HPV-16 DNA
in all four subjects with a second episode of HPV-16 DNA
detection. Other evidence for the presence of immunological
memory includes the rapid emergence of HPV-16 E6 and/or
E7 CTL and HPV-16 VLP antibody in subject 6 at the time of
the second HPV-16 DNA detection despite undetectable CTL
and VLP responses after the clearance of HPV-16 DNA from
the first period of detection.

Almost all subjects in this study had detectable CTL re-
sponses to HPV-16 E6 and/or E7 protein, and all eight subjects
cleared HPV-16 DNA, implying an association of the CTL
responses with the clearance of the HPV-16 infection. The
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FIG. 1. Titers of HPV-16 VLP IgG antibody for subjects 5 and 7. The visits at which HPV-16 DNA was detected for the second time are
indicated by arrows. The first period of HPV-16 DNA detection spanned visits 11 through 13 for subject 5 and visits 4 through 10 for subject 7.

The 3-SD cutoff defining positivity was an OD of 0.136.

CTL results in the present study, which showed that five of
eight subjects had a positive response to the HPV-16 E6 or E7
protein, were similar to those of an earlier study by Nakagawa
et al. (23). As found in this study, the detection of CTL re-
sponses to HPV-16 E6 and/or E7 did not necessarily corre-
spond with the timing of HPV-16 DNA disappearance. This
may be due to the immunological pressure necessary to control
latent infection during HPV-16 DNA-negative periods, in that
CTL are at work even though the infection cannot be detected.
In addition, CTL responses to proteins other than E6 and E7,
which were not tested, may play an important role in the
control of HPV-16 infection.

As was observed in a previous study (23), HPV CTL re-
sponses were transient and rarely detectable in two consecutive
visits. On the other hand, antibody responses were more likely
to be sustained over a longer period of time. The lack of
sustained demonstration of HPV CTL responses compared to
that of VLP antibody responses is not surprising, since CTL
are thought to persist for days to weeks while the B-cell re-
sponse is known to persist for months to years. In addition, the
sensitivity of the CTL assay may be low, requiring repeated
testing for optimal assessment (25). In this study, HPV-16 VLP

antibodies persisted for as long as 42 months after the last
documented HPV-16 infection (subject 1). On the other hand,
tests for the HPV-16 VLP antibody became negative in sub-
jects 4, 6, and 8 during this study period. This phenomenon of
the HPV-16 VLP antibody becoming undetectable over time in
a subset of subjects has been previously reported (3).

Although data for the HPV-16 variant analysis were avail-
able for only two subjects, the second incidence of detection in
subject 5 appeared to represent a new infection, while that of
subject 8 seemed to be due to the reemergence of an earlier
infection. However, it is important to note that without a
means to distinguish an HPV DNA-negative clearance from an
HPV DNA-negative latent infection, it is not possible to de-
termine with certainty whether any incidence of HPV DNA
detection represents a new infection or the reemergence of a
latent infection.

Many studies have focused on the association between HPV-
specific antibodies and SIL or cervical cancer (1, 10, 26, 29-31,
33, 34, 38, 40). Few studies have focused on the role of HPV-
specific antibodies in preventing HPV infection. The ability of
a pathogen-specific antibody to prevent infection is the basis of
many vaccines, such as those for influenza virus. Data in this
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study showed that reinfection by HPV-16 or reemergence of
HPV-16 can occur in the presence of circulating HPV-16 VLP
antibody. Although it is possible that an antibody was not
effective because reinfection was caused by a different variant
of HPV-16, this finding was surprising since data from Pastrana
et al. demonstrating cross-specificity of the HPV-16 VLP an-
tibody with different HPV-16 variants seemed to predict cross-
variant protection (28). Although the antibody did not prevent
an episode of second HPV-16 DNA positivity, the IgG anti-
body response may have had a role in controlling HPV infec-
tion, since all four subjects became negative for HPV-16 DNA
by the following visit.

Currently, a number of human clinical trials are under way
to evaluate the safety and efficacy of HPV-16 VLP as a pro-
phylactic vaccine (5). The results of the phase I trial published
by the National Cancer Institute have shown that the HPV-16
VLP are highly immunogenic; i.e., nearly all women who re-
ceived the vaccine achieved serum antibody levels that were
nearly 40-fold higher than those found in subjects with natural
infections (12). However, whether a high systemic antibody
level translates to the prevention of HPV-16 infection remains
to be evaluated. Our data, though derived from only two sub-
jects, suggest that low levels of circulating HPV-16 VLP anti-
body may not be sufficient to prevent HPV-16 reinfection or
HPV-16 reemergence.
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