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Persistent infection with human papillomavirus type 16 (HPV-16) is strongly associated with the develop-
ment of cervical cancer. Neutralizing epitopes present on the major coat protein, L1, have not been well
characterized, although three neutralizing monoclonal antibodies (MAbs) had been identified by using HPV-16
pseudovirions (R. B. Roden et al., J. Virol. 71:6247–6252, 1997). Here, two of these MAbs (H16.V5 and
H16.E70) were demonstrated to neutralize authentic HPV-16 in vitro, while the third (H16.U4) did not. Binding
studies were conducted with the three MAbs and virus-like particles (VLPs) composed of the reference L1
sequence (114K) and three variant L1 sequences: Rochester-1k (derived from viral stock DNA), GU-1 (derived
from cervical biopsy DNA), and GU-2 (derived from biopsy DNA, but containing some sequence changes likely
to be artifactual). While all three MAbs bound to 114K and Rochester-1k VLPs, GU-1 VLPs were not
recognized by H16.E70, and both H16.E70 and H16.V5 failed to bind to GU-2 VLPs. Site-directed mutagenesis
was used to replace disparate amino acids in the GU-2 L1 with those found in the 114K L1. Alteration of the
amino acid at position 50, from L to F, completely restored H16.V5 binding and partially restored H16.E70
binding, while complete restoration of H16.E70 binding occurred with GU-2 VLPs containing both L50F and
T266A alterations. Immunization of mice with L1 variant VLPs revealed that GU-2 VLPs were poorly immu-
nogenic. The L50F mutant of GU-2 L1, in which the H16.V5 epitope was restored, elicited HPV-16 antibody
responses comparable to those obtained with 114K VLPs. These results demonstrate the importance of the
H16.V5 epitope in the generation of potent HPV-16 neutralizing antibody responses.

There is strong epidemiological and biological evidence that
infection with certain high-risk types of human papillomavirus
(HPV) is the primary cause of cervical cancer, the second most
common cancer in women worldwide (1, 2). Among the HPV
types associated with this carcinoma, HPV-16 is the most prev-
alent and is present in about 50% of tumor specimens.

Recent results with animal models of papillomavirus-associ-
ated disease have suggested that development of a prophylac-
tic vaccine against HPV-16 may be possible (4, 11, 13, 23).
These animal studies demonstrated the protective effects gen-
erated by immunization with virus-like particles (VLPs) com-
posed of the virus major coat protein, L1. In addition, passive
transfer experiments provided compelling evidence that neu-
tralizing antibody responses against the L1 protein are suffi-
cient for protection against papillomavirus disease (4, 23).

Limited information is available about the neutralizing
epitopes present on the L1 protein of HPV-16, in part due to
a lack of viral stock to conduct infectivity experiments. How-
ever, using HPV-16 pseudovirions, which are recombinant cap-
sids composed of HPV-16 structural proteins and bovine pap-
illomavirus DNA, Roden et al. identified three monoclonal
antibodies (MAbs), H16.V5 (V5), H16.E70 (E70), and H16.U4
(U4), which may be capable of neutralizing HPV-16 (18). All
of these MAbs are specific for HPV-16 and require conforma-
tionally intact HPV-16 L1 for binding (6). Mapping of the
epitopes recognized by these MAbs has been hampered by the
complex structure of the VLPs.

A successful approach to mapping conformation-dependent
neutralizing epitopes on HPV L1 has been the identification of
amino acids involved in the differential binding of neutralizing
MAbs to VLPs composed of natural sequence variants or site-
directed mutants of L1 proteins (16, 18). Roden et al. inves-
tigated the conservation of neutralization epitopes among
HPV-16 intratype variants by examining the binding profiles of
V5, E70, and U4 on HPV-16 L1 VLPs composed of the ref-
erence sequence (114K isolate) and a Zairian isolate which
differed from the reference L1 protein at seven amino acid
positions (18). The inefficient binding of the E70 MAb to the
Zairian isolate L1 VLPs enabled the identification of a critical
amino acid in the binding site of this MAb.

In contrast to the E70 epitope, no information is available
on the binding site of the V5 MAb. However, the V5 epitope
is recognized by most human antisera following HPV-16 infec-
tion (24). Binding of the V5 MAb to HPV-16 VLPs completely
blocked the reactivity of more than 75% of human antisera.
Thus, identification of the V5 epitope would provide important
information regarding the targeting of the humoral response
against the HPV-16 major capsid protein.

In the present study, we confirm and extend previously pub-
lished results by demonstrating that MAbs V5 and E70 neu-
tralize authentic HPV-16 virions. Amino acid residues critical
for the binding of these MAbs to the HPV-16 L1 sequence
were identified. Additionally, the ability of HPV-16 L1 VLPs
lacking one or both of these epitopes to elicit neutralizing
antibody responses in outbred mice were compared. The re-
sults reveal the necessity of the V5 epitope for the induction of
potent neutralizing antibody responses against HPV-16 and
demonstrate the paucity of other strong neutralization sites
within the major capsid protein.

* Corresponding author. Mailing address: 35 West Watkins Mill
Rd., Gaithersburg, MD 20878. Phone: (301) 417-0770. Fax: (301) 527-
4200. E-mail: whitew@medimmune.com.

4882



MATERIALS AND METHODS

MAbs. Ascites fluids from the hybridoma cell lines V5, E70, and U4 (6) were
obtained from Chemicon International, Inc. (Temecula, Calif.). H11.F1 ascites
fluid was purchased from Pennsylvania State University.

HPV-16 neutralization assay. Anti-VLP sera and MAbs were tested for HPV-
16Rochester-1k/ur3 neutralizing activity with an in vitro infectivity assay as previ-
ously described (25). Cellular b-actin spliced transcript was detected in all test
samples. The neutralization titer was defined as the greatest serum dilution
which inhibited the detection of the E1^E4 transcript.

Construction of recombinant baculoviruses expressing HPV-16 L1 sequence
variants. The recombinant baculovirus expressing the 114K HPV-16 L1 protein
was kindly provided by Martin Müller. The origin of the Rochester-1k HPV-16
L1 sequence and the generation of a recombinant baculovirus encoding the
complete L1 open reading frame of this HPV-16 variant have previously been
described (25).

The GU-1 and GU-2 HPV-16 L1 sequences were derived from DNA extracted
from biopsy specimens from a normal cervix showing chronic cervicitis (GU-1)
and from a cervix exhibiting mild dysplasia (GU-2) (provided by Attila Lorincz).
HPV-16 L1 genes were amplified from this DNA by PCR with 59-GACCGGA
GATCTGCCACCATGGCGGTTTGGCTTCCT-39 as the forward primer and
59-GACATGCCATGGGTGCGGTGCCGGTCAG-39 as the reverse primer
(7a). The resulting PCR products were digested with BglII and NcoI and cloned
into the multiple cloning region of pBlueBacIII (Invitrogen, Carlsbad, Calif.)
downstream of the polyhedrin promoter. The resulting transfer vectors, pGU-1
and pGU-2, were transfected into Sf9 cells along with linearized Autographa
californica multiple nuclear polyhedrosis virus DNA (Baculo-Gold; Pharmingen,
San Diego, Calif.). Recombinant baculoviruses were then taken through three
rounds of plaque purification as described previously (5, 22).

Sequencing of the HPV-16 L1 variants. (i) 114K. DNA was extracted from
recombinant baculovirus particles encoding 114K HPV-16 L1, and the sequence
of the L1 gene was determined by automated DNA sequencing (Dye-Termina-
tor; ABI, Foster City, Calif.) as previously described (25). The sequence was
found to be identical to that published for the reference HPV-16 L1 gene (9),
except that a G instead of an A was detected at nucleotide position 6432
(numbering is for the HPV-16 genomic sequence). This nucleotide change re-
sults in an alanine instead of a threonine at amino acid position 266 in the
HPV-16 L1 protein.

(ii) GU-1 and GU-2. The nucleotide sequence of the HPV-16 L1 genes con-
tained in the baculovirus transfer vectors pGU-1 and pGU-2 was determined by
automated DNA sequencing. The GU-1 L1 gene was found to contain seven
amino acid differences from the 114K L1 sequence: arginine to glycine at posi-
tion 41 (A5757G), histidine to tyrosine at position 76 (C5862T), threonine to
asparagine at position 176 (C6163A), asparagine to threonine at position 181
(A6178C), serine to proline at position 282 (T6480C), threonine to proline at
position 353 (A6693C), and leucine to phenylalanine at position 474 (G7058T).
GU-1 L1 also contained 10 silent nucleotide changes: G5696A, T5909C, T6245C,
A6314G, C6557T, G6719A, C6852T, C6863T, C6968T, and G6992A. GU-2 L1
contained three amino acid differences from the reference sequence: phenylal-
anine to leucine at position 50 (T5786A), alanine to threonine at position 266
(G6432A), and lysine to asparagine at position 380 (A6776C). The GU-2 L1 gene
also contained a silent base change of T6281C.

Detection of the GU-2 L1 gene in biopsy specimen DNA. Because several of the
changes found in GU-2 L1 had not been previously reported in any other
HPV-16 L1 variant, we sought to verify the presence of this L1 sequence in the
biopsy specimen from which the gene was originally derived. DNA from this
biopsy specimen was used as template for 35 cycles of PCR with 59-TGCTGA
TGCAGGTGACTTTTA-39 (located at bases 5554 to 5574 in the HPV-16
genomic sequence) as the forward primer and 59-CAACACTAATTCAACATA
CATAC-39 (located at bases 7160 to 7182 in the HPV-16 genomic sequence) as
the reverse primer. The 1.6-kb PCR product was purified by agarose gel elec-
trophoresis, extracted with the Qiagen gel extraction kit (Qiagen, Chatsworth,
Calif.), and then sequenced as described above. The DNA sequence of this PCR
product was found to be identical to that determined for the GU-2 L1 gene in
pGU-2, except that a T was found at nucleotide position 5786 instead of an A,
and an A was detected at position 6776 instead of a C. Thus, the nucleotide
changes (relative to the HPV-16 L1 reference sequence) which gave rise to the
leucine residue at amino acid 50 and the asparagine at amino acid 380 in the
GU-2 HPV-16 L1 protein were not detected.

Oligonucleotide primers were designed to specifically amplify the GU-2
HPV16 L1 gene. The forward primer was 59-GCAGTTGGACATCCCTATTT
A-39, with the 39 base corresponding to the nucleotide change that resulted in a
leucine at amino acid position 50, and the reverse primer was 59-TAACGTCT
GCAGTTAAGGTTATG-39, with the 39 base corresponding to the nucleotide
change that resulted in an asparagine at position 380. Biopsy specimen DNAs, as
well as the L1 gene generated by PCR from this DNA and the cloned GU-2 L1
gene, were used as a template for 40 cycles of PCR. PCR products were sepa-
rated in agarose gels and stained with ethidium bromide.

Generation of GU-2 HPV-16 L1 mutants. Single amino acid substitutions were
introduced into the HPV16 L1 GU-2 protein by overlap extension PCR as
described by Ho et al. with pGU-2 as the template (8). Overlapping PCR, which
produced the full-length L1 gene, placed a BglII site directly 59 to the ATG

codon and a HindIII site directly 39 to the TAA codon. Full-length PCR products
were digested with BglII and HindIII and cloned into pFastBac (Gibco/BRL,
Gaithersburg, Md.). Individual nucleotide substitutions were confirmed by au-
tomated DNA sequencing as described above. Upon confirmation of a mutant
clone, recombinant baculoviruses were produced by using the Bac to Bac system
(Gibco/BRL). HPV-16 L1 GU-2 double mutants were constructed by subcloning
restriction fragments of the single mutants generated by PCR.

Expression and purification of HPV-16 L1 VLPs. HPV-16 L1 proteins were
heterologously expressed in Trichoplusia ni (High Five) cells infected with re-
combinant baculovirus, and VLPs were purified as described previously (17). The
protein concentration was determined by the Bradford assay (3) with bovine
serum albumin as the reference protein. VLPs were adsorbed to carbon-coated
grids, stained with 2% phosphotungstic acid (pH 6.8), and examined under an
electron microscope as described previously (17).

Size exclusion chromatography. One hundred microliters of purified L1 pro-
tein (10 to 30 mg) was injected onto a TosoHAAS G6000PWx1 high-performance
liquid chromatography column (7.8 mm by 30 cm, 13-mm particle size) (Toso-
HAAS, Montgomeryville, Pa.) equilibrated with phosphate-buffered saline (PBS
[pH 7.4]) containing 0.5 M NaCl, and eluted at a flow rate of 0.8 ml/min. Eluted
protein was detected by A215. The column had previously been calibrated with
homogeneous preparations of HPV-18 L1 VLPs (;20,000 kDa) and HPV-11
capsomeres produced by trypsinization of HPV-11 VLPs (;230 kDa) (15), which
eluted at approximately 11.5 and 14.2 min, respectively. Additional calibration
standards included purified catalase (;252 kDa) and ovalbumin (;45-kDa),
which eluted at 14.2 and 14.5 min, respectively.

HPV-16 VLP ELISA. All enzyme-linked immunosorbent assays (ELISAs) were
carried out with 114K VLPs except where indicated. VLPs were diluted in PBS
to 800 ng/ml, and 100-ml aliquots were dispensed into 96-well microtiter plates
(Immulon II; Dynex Technologies, Inc., Chantilly, Va.). Plates were incubated at
37° for 1 h and then washed with PBS with 0.1% Tween 20. Plates were blocked
at room temperature for 1 h with 5% nonfat dry milk in PBS. Following washing,
serial twofold dilutions of anti-VLP sera or ascites fluid containing anti-HPV-16
MAbs in 1% nonfat dry milk in PBS were added to the wells in duplicate. Normal
mouse serum and ascites fluid with an irrelevant MAb were used as negative
controls. After 2 h of incubation at room temperature, the plates were washed
and horseradish peroxidase-labeled, goat anti-mouse immunoglobulin G (South-
ern Biotechnology, Inc., Birmingham, Ala.) was added to the plates. The plates
were incubated for 1 h at room temperature, washed, and developed with ABTS
[2,29-azinobis(3-ethylbenzthiazolinesulfonic acid] (Kirkegaard and Perry, Gaith-
ersburg, Md.). Optical density readings were made at 405 nm (OD405) at the
30-min endpoint. Averages of duplicate wells were calculated as the final OD
values. Titers were defined as the greatest serial dilution which yielded an OD
value greater than twice that obtained with normal mouse serum.

MAb binding to 114K HPV-16 L1 VLPs: surface plasmon resonance (BIA-
CORE). All steps were performed at 25°C. CM5 sensor chips (BIACORE, Inc.,
Piscataway, N.J.) were activated with N-hydroxysuccinimide–1-ethyl-3-[3-di-
methylaminopropyl]-carbodiimide as directed by the manufacturer. A 400 nM
solution of purified 114K HPV-16 VLPs in 10 mM sodium acetate (pH 5) was
injected over an activated chip (12). Unreacted ester groups were then blocked
with 1 M ethanolamine. Binding studies were conducted with ascites fluid from
the V5, E70, and U4 hybridoma cell lines diluted with HEPES-buffered saline
(pH 7.4). Approximately 100 ml of dilute ascites was injected onto the VLP-
coupled sensor chip at a flow rate of 10 ml/min. Binding was indicated as a change
in resonance units (RU) on the chip. An anti-HPV-11 MAb was used as a control
for nonspecific binding. For pairwise competitive binding studies, a saturating
amount of one MAb was passed over the VLP-coupled sensor chip, followed by
an injection of the same or a different MAb. Following each binding cycle, the
VLP-coupled surface was regenerated with 10 ml of 100 mM phosphoric acid.

Production of antisera. Groups of five outbred ND4 Swiss mice (Harlan
Sprague-Dawley, Indianapolis, Ind.) or BALB/c ByJ mice (Jackson Laboratories,
Bar Harbor, Maine) received two subcutaneous injections (100 ml), spaced 4 to
5 weeks apart, of 5, 0.5, or 0.05 mg of HPV-16 VLPs adsorbed to aluminum
hydroxide (Alhydrogel, E. M. Sergeant Pulp and Chemical Co., Inc., Clifton,
N.J.) at a final concentration of 1 mg of aluminum per ml. Two weeks following
the last immunization, serum samples were collected, pooled, and stored at
270°C.

Nucleotide sequence accession number. Sequence data from this article have
been deposited in the GenBank data library under accession no. AF134175
(Rochester-1k L1), AF134178 (GU-1 L1), and AF134177 (GU-2 L1).

RESULTS

MAb neutralization of authentic HPV-16. We have recently
developed an in vitro infectivity assay for HPV-16 in which
infection of cultured cells by authentic HPV-16 virions (gen-
erated in xenografts implanted in severe combined immuno-
deficiency mice) is documented by the appearance of a virus-
specific spliced mRNA in cultured keratinocytes (25). To
assess the ability of the HPV-16-specific MAbs V5, E70, and
U4 to neutralize HPV-16, serial 10-fold dilutions of ascitic
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fluids were preincubated with the virus stock prior to in vitro
culture. After 7 days in culture, total RNA extracted from the
cells was used for cDNA synthesis. Nested primers were then
used to amplify a 487-bp HPV-16 E1^E4 cDNA. As shown in
Fig. 1, the V5 and E70 ascites fluids inhibited detection of the
E1^E4 mRNA at dilutions of #1:10,000. In contrast, the U4
ascites fluid failed to neutralize virus at a 1:100 dilution. In
subsequent studies, U4 was tested at a 1:25 dilution and still
demonstrated no neutralizing activity against authentic HPV-
16 (data not shown).

Differential binding of MAbs to HPV-16 L1 sequence vari-
ants. The inability of MAb U4 to neutralize authentic HPV-
16 infection contrasts with results previously obtained with
an HPV-16 pseudovirion infectivity assay (18). However, as
shown in Table 1, the sequence of the L1 protein in our virus
stock (Rochester-1k) differs at seven amino acid positions
from the L1 sequence present in the HPV-16 pseudovirions
(114K). Thus, the inability of the U4 MAb to neutralize
HPV-16Rochester-1k/ur3 might be due to the failure of this anti-
body to bind to the Rochester-1k L1 protein. To address this
issue and to determine whether disparate HPV-16 L1 se-
quences might be useful in mapping residues involved in the
binding of the three MAbs, HPV-16 L1 proteins of the 114K
and Rochester-1k variants were generated by using the recom-
binant baculovirus expression system. In addition, the L1 pro-
teins of two other HPV-16 variants, referred to as GU-1 and
GU-2, were expressed by using recombinant baculoviruses.

The GU-1 and GU-2 sequences were originally generated by
PCR from biopsy specimens of cytologically normal and dys-
plastic tissues, respectively. Sequencing of the GU-1 L1 gene
revealed differences at seven amino acid positions from 114K
L1 and differences at four positions from Rochester-1k L1
(Table 1). The GU-1 sequence is highly homologous to the
previously reported 1194 sequence, differing only at amino acid
residue 41, where the GU-1 sequence encodes a G and the
1194 sequence contains an R (10).

The GU-2 L1 sequence contained amino acid residues at
three positions which were divergent from those found in the
114K L1 protein (Table 1). Two of the changes found in GU-2
L1, the L at amino acid 50 and the D at position 380, had not
been previously reported in any other HPV-16 L1 variant (9).
Due to the unique nature of the GU-2 L1, we sought to verify
the presence of this L1 sequence in the biopsy specimen from
which the gene was originally derived. Using DNA from the
original biopsy specimen as a template, PCR was carried out
with both HPV-16 L1-specific primers, capable of amplifying
most HPV-16 L1 sequence variants, and GU-2-specific prim-
ers, which could only amplify HPV-16 L1 sequences having the
unique residues identified in GU-2 L1. Whereas a PCR prod-
uct of the expected size was obtained with the HPV-16 L1-
specific primers, no product was detected with the GU-2 prim-
ers. The DNA sequence of the PCR product obtained with the
HPV-16 L1-specific primers was found to be identical to that
determined for the cloned GU-2 L1 gene, except that the
nucleotide changes which gave rise to the L at amino acid 50
and the D at position 380 were not found. When this PCR
product was used as a template with GU-2-specific primers for
additional rounds of PCR, no amplification was detected.
Thus, we were unable to confirm the existence of the GU-2
sequence in the biopsy specimen DNA. We concluded, there-
fore, that either GU-2 represented a very minor component of
a mixed infection in the biopsy specimen or this sequence arose
as a PCR artifact. We reasoned, however, that even if the
GU-2 sequence was artifactual, the unique changes in the gene
relative to the reference sequence might be useful in identify-
ing amino acid residues critical for the binding of neutralizing
MAbs.

The 114K, Rochester-1k, GU-1, and GU-2 proteins were
purified from recombinant baculovirus-infected insect cells by
CsCl and sucrose gradient centrifugation. Since prior studies
had demonstrated that a single amino acid difference could
result in inefficient production of VLPs (14) and that the bind-
ing of the E70, V5 and U4 MAbs requires structurally intact
HPV-16 L1 (6), the equivalency of the material produced by
recombinant expression of the different HPV-16 L1 variants
was assessed prior to their use in antibody binding studies. All
of the purified L1 preparations exhibited retention times on a
size exclusion column consistent with those of a previously
documented HPV VLP control, indicating that the proteins
were in large assemblies similar to VLPs (data not shown).
Analysis of the different purified HPV-16 L1 variants by elec-
tron microscopy showed a mixture of particles of different
sizes. Preparations of GU-2 L1 and 114K L1 contained a large
proportion of full-size, 50-nm-diameter VLPs, while GU-1 L1
and Rochester L1 preparations appeared to contain predom-
inantly smaller particles of ;30 nm in diameter (Fig. 2). The
cause of the particle size variability among the different VLP

FIG. 1. HPV-16 L1 MAbs V5 and E70 inhibit in vitro infection of HPV-16.
HPV-16Rochester-1k/ur3/ur3 was preincubated with the indicated dilutions of E70,
U4, or V5 ascites fluid prior to infection of cultured keratinocytes. As a control,
virus was also preincubated with the HPV-11-specific MAb F1, which was pre-
viously demonstrated not to neutralize HPV-16. Seven days postinfection, cells
were harvested, and the presence of the HPV-16 E1^E4 spliced message,
diagnostic of HPV-16 infection, was detected by RT-PCR (top). PCR amplifi-
cation of cellular b-actin was performed with all cDNA samples as an internal
control (bottom).

TABLE 1. Divergent amino acids in the L1 protein
of HPV-16 variants

Variant
Variationa at amino acid position:

41 50 76 176 181 206 266 282 353 380 389 474

114K R F H T N G Ab S T K T L
Rochester-1k R F Y N T S A S P K S F
GU-1 G F Y N T G A P P K T F
GU-2 R L H T N G T S T N T L

a The boldfaced amino acids are different from those present in the 114K
sequence.

b Originally reported to be a T at this position.
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preparations is unknown but may be related to differences in
the L1 sequences or differences in the expression levels of the
L1 proteins and the resultant effects on VLP assembly. How-
ever, variations in the size of particles have previously been
reported for isolated stocks of authentic papillomaviruses and
VLP preparations (7, 17).

The binding of the V5, E70, and U4 MAbs to the different
VLPs was assessed by ELISA (Fig. 3). Each of the MAbs was
found to bind the 114K and Rochester-1k VLPs. Whereas the
binding of the MAbs to the Rochester-1k VLPs was generally
lower than that observed with the 114K VLPs, the overall
binding patterns to these two L1 variants were similar. Thus,
the ability of U4 to neutralize HPV-16 114K pseudovirions, but
not authentic HPV-16Rochester-1k/ur3 virus, cannot be explained
by the failure of this MAb to recognize the Rochester-1k L1
protein.

Figure 3 also shows that while the U4 and V5 MAbs bound
efficiently to the GU-1 L1 VLPs, E70 failed to recognize this
L1 variant (Fig. 3C). The inability of E70 to bind to GU-1
VLPs was not unexpected, since this L1 variant contains a P at
amino acid 282. Roden et al. had previously demonstrated that
an S at position 282 in the HPV-16 L1 sequence was critical for
E70 binding and showed that a P residue at this position
abrogated E70 interaction with L1 (18). However, the data
presented in Fig. 3 suggest additional residues, distant in the
linear L1 sequence from position 282, may also constitute part
of the E70 epitope. Figure 3D shows that E70 fails to bind
GU-2 VLPs even at very low dilutions. Like the 114K and
Rochester-1k L1 variants which are efficiently bound by E70,
the GU-2 L1 sequence has an S at position 282. However,
GU-2 contains residues at three amino acid positions (L at
position 50, T at position 266, and N at position 380) which are

FIG. 2. Electron micrographs of HPV-16 L1 variant VLPs. Purified VLPs were stained with 2% phosphotungstic acid, applied to grids, and photographed at a
magnification of 320,000. (A) 114K VLPs. (B) GU-1 VLPs. (C) GU-2 VLPs. (D) Rochester-1k VLPs. Scale bar, 230 nm.
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distinct from those found in the 114K and Rochester-1k L1
proteins. Interestingly, V5 also exhibits a complete inability to
bind the GU-2 VLPs, whereas the pattern of U4 binding to the
GU-2 VLPs is indistinguishable from that observed with the
other variant VLPs. Thus, the disparate residues in GU-2 L1
may define critical amino acids in the epitopes of two HPV-16
neutralizing MAbs, E70 and V5.

Identification of an amino acid residue in HPV-16 L1 which
constitutes part of the E70 and V5 neutralizing epitopes. To
identify the residue(s) in the HPV-16 GU-2 L1 sequence crit-
ical for E70 and V5 binding, site-directed mutagenesis was
used to introduce single amino acid substitutions into GU-2
L1, replacing the divergent amino acids with those found in the
other HPV-16 L1 variants. Recombinant baculoviruses were
generated and used to express the mutated GU-2 L1 sequences
in insect cells. The resultant purified L1 products were dem-
onstrated to be in VLP form by electron microscopy and size
exclusion chromatography (data not shown). The binding of
the three MAbs to the mutated GU-2 L1 VLPs was tested by
ELISA (Fig. 4). The results demonstrate that amino acid 50 in
the HPV-16 L1 sequence is important for both V5 and E70
binding (Fig. 4B). Alteration of the amino acid at this position
from L to F completely restored V5 binding and partially
restored E70 binding. In contrast, independent mutations of
the T to A at position 266 or the N to K at position 380 in GU-2
L1 failed to restore the binding of either of these two MAbs
(Fig. 4C and D). As with the original GU-2 sequence, all of the
mutated GU-2 L1 VLPs bound MAb U4.

These results showed that position 50 in the amino acid
sequence of HPV-16 L1 is a critical residue in both the V5 and
E70 epitopes. However, other divergent amino acids in the
GU-2 L1 sequence may comprise part of the E70 epitope,
since mutation at position 50 only partially restored binding of
E70 to GU-2 L1. To explore the possibility that an alteration at
either amino acid 266 or 380 combined with the change at
position 50 could completely restore E70 reactivity, GU-2 L1
double mutants were generated and purified from recombinant
baculovirus-infected insect cells. The mutant GU-2 L1 proteins

were demonstrated to be in VLP form as described above
(data not shown). The data presented in Fig. 4 show that the
binding efficiency of E70 to the GU-2 L1 double mutant con-
taining alterations at positions 50 and 380 (GU-2 L1 L50F,
N380K) was similar to that observed with the GU-2 L1 L50F
single mutant (compare Fig. 4B and F). However, a GU-2 L1
double mutant containing changes at both amino acids 50 and
266 (GU-2 L1 L50F, T266A) bound E70 as efficiently as 114K
VLPs (compare Fig. 4A and E). The binding pattern of V5 and
U4 to both of the GU-2 double mutants was similar to that
observed with the GU-2 L1 containing a single amino acid
substitution at position 50. Thus, while amino acid 50 in the
HPV-16 L1 sequence is critical for both V5 and E70 binding,
the residue at position 266 is also important for reactivity with
E70.

Competitive binding studies with the HPV-16-specific
MAbs. The results obtained with the HPV-16 L1 variant VLPs
provided evidence that MAbs V5 and E70 recognized distinct
but overlapping epitopes, different from the site recognized by
U4. These results were corroborated by pairwise competitive
binding studies conducted with Biosensor technology (Fig. 5).
For these studies, HPV-16 114K VLPs were covalently at-
tached to a sensor chip, and MAb binding to the immobilized
VLPs was measured as a mass increase on the chip expressed
as RU. Independent interaction with U4, E70, or V5 resulted

FIG. 3. MAb binding to HPV-16 L1 variant VLPs. Serial twofold dilutions of
V5 (�), E70 (■), and U4 (E) ascites fluids were reacted with 114K VLPs (A),
Rochester-1k VLPs (B), GU-1 VLPs (C), or GU-2 VLPs (D) in an ELISA.

FIG. 4. Binding of MAbs to site-directed mutants of GU-2 L1 VLPs. The
results represent ELISA reactivity of V5 (�), E70 (■), and U4 (E) ascites fluids
with VLPs composed of 114K L1 (A), GU-2 L1 containing an L-to-F mutation
at amino acid 50 (B), GU-2 L1 containing a T-to-A change at position 266 (C),
GU-2 L1 in which the N at position 380 was changed to K (D), GU-2 L1
containing an L-to-F change at position 50 and a T-to-A change at position 266
(E), or GU-2 L1 in which both the L at position 50 is changed to F and the N at
position 380 is changed to K (F).
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in a significant increase in RU, indicating that all three MAbs
were capable of binding the immobilized antigen. However,
saturation of the VLPs with V5 almost completely blocked
subsequent binding with E70. The DRU calculated for E70 in
the presence and absence of saturating quantities of V5 were
392 and 3,038, respectively. When the VLPs were saturated
with E70, V5 binding was significantly reduced. The DRU
measured for V5 in the absence of E70 was 3,247, and that in
the presence of saturating amounts of E70 was 1,117. In con-
trast, U4 was completely incapable of blocking V5 binding. The
DRU for V5 in the presence and absence of U4 were nearly
identical (3,037 and 3,247, respectively). These results are con-
sistent with partially overlapping binding sites for V5 and E70
and a distinct U4 binding site on the HPV-16 VLPs.

Immunization of mice with HPV-16 L1 variant VLPs. We
have demonstrated that MAbs V5 and E70 recognize overlap-
ping neutralizing epitopes on HPV-16. However, HPV-16
VLPs may possess additional neutralizing sites, distinct from
those defined by V5 and E70. To investigate this, we tested the
ability of HPV-16 VLPs lacking one or both of these epitopes
to elicit HPV-16 neutralizing antibody responses. Swiss mice
were immunized with either GU-1 VLPs, which contain the V5
epitope but lack the E70 binding site, or GU-2 VLPs, which
lack both the E70 and V5 epitopes. Additional mice were
immunized with either 114K or Rochester-1k VLPs, which
contain both the E70 and V5 epitopes. Dosages of 5, 0.5, or
0.05 mg of the HPV-16 L1 intratype variants were administered
following formulation with aluminum hydroxide adjuvant.
ELISA titers and HPV-16 neutralization titers were deter-
mined with serum samples obtained after two immunizations.
The results presented in Table 2 show that the 114K, Roch-
ester-1k, and GU-1 VLPs elicited comparable antibody re-
sponses, as measured by ELISA with 114K VLPs as the coating
antigen. In contrast, the ELISA titers generated by the GU-2
VLPs were at least fourfold lower. The anti-GU-2 VLP titers
remained identical when the GU-2 VLPs were used as the

coating antigen. However, antisera against the three other
variant VLPs exhibited lower titers when screened on GU-2
VLPs. These data suggested that there was a difference in the
epitopes displayed by GU-2 VLPs compared to those of the
other variants.

Table 2 also shows that the GU-2 VLPs were very poor at
eliciting HPV-16 neutralizing antibodies in the outbred Swiss
mice. In contrast to the high level of neutralizing activity elic-
ited by the 114K, Rochester-1k, and GU-1 VLPs, no HPV-16-
neutralizing activity was detected with the anti-GU-2 VLP
serum. Similar results were obtained in a repeat experiment
conducted with BALB/c mice (data not shown).

When the V5 epitope was completely restored in GU-2 L1,
by mutation of the amino acid at position 50 from L to F, the
ability to elicit potent neutralizing antibody responses was also

FIG. 5. Pairwise binding studies of HPV-16-specific MAbs to HPV-16 VLPs with Biosensor technology. A saturating amount of one MAb, either V5, E70, or U4,
was bound to a sensor chip covalently coupled with 114K VLPs prior to the injection of the second MAb. Arrows indicate the time of injection of the second MAb.

TABLE 2. Immunogenicity of HPV-16 variant VLPs

HPV-16
variant VLP

L1 concn
(ng/dose)

ELISA titer Neutralization
titer114K VLPs GU-2 VLPs

114K 5,000 2,048,000 512,000 1025

500 256,000 128,000 1024

50 128,000 64,000 1024

Rochester-1k 5,000 512,000 256,000 1025

500 256,000 128,000 1024

50 128,000 32,000 1023

GU-1 5,000 1,024,000 64,000 1025

500 512,000 64,000 1025

50 128,000 32,000 1024

GU-2 5,000 32,000 32,000 ,1022

500 64,000 64,000 ,1022

50 2,000 2,000 ,1022
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regenerated. Thus, immunization of mice with VLPs composed
of GU-2 L1 L50F resulted in serum ELISA and HPV-16 neu-
tralization titers similar to those generated by immunization
with 114K VLPs (Table 3). These results demonstrate that the
epitope defined by MAb V5 is necessary for the induction of
potent neutralizing antibody responses against HPV-16.

DISCUSSION

The primary objective of a prophylactic HPV-16 VLP-based
vaccine is the induction of protective immune responses which,
in large part, are associated with virus-neutralizing antibodies.
However, the number of neutralization sites on HPV-16 is
unknown, and the neutralization epitopes which have been
identified on the viral capsid have not been thoroughly char-
acterized. Identification of the neutralization sites present on
the major capsid protein may be useful in characterizing the
immune responses in serum samples from both vaccine recip-
ients and naturally exposed individuals, as well as providing
insight into virus structure-function relationships.

Using a reverse transcription (RT)-PCR-based in vitro in-
fectivity assay, we demonstrated that MAbs V5 and E70 neu-
tralize authentic HPV-16. These results corroborate previously
published findings with HPV-16 pseudovirions (18). In con-
trast, MAb U4, which neutralized the 114K HPV-16 pseudo-
virion infection, did not neutralize HPV-16Rochester-1k/ur3. The
failure of MAb U4 to neutralize HPV-16Rochester-1k/ur3 was not
due to an inability to bind HPV-16Rochester-1k/ur3 since this
MAb was shown to recognize HPV-16 Rochester-1k VLPs
(Fig. 3). However, the avidity of the U4 MAb for Rochester-1k
L1 may be too low to promote neutralization. Wang et al. had
previously calculated the binding constant for U4 to be 10-fold
lower than those of E70 and V5 (24). It is also possible that
binding to VLPs may not accurately reflect the ability of a
MAb to bind authentic virus. Thus, the inability of MAb U4 to
neutralize HPV-16Rochester-1k/ur3 might relate to subtle differ-
ences in the structure of authentic virions, which are composed
of both viral structural proteins L1 and L2 and contain viral
DNA, in contrast to the empty L1 VLPs.

We found that MAb V5 failed to bind VLPs composed of
HPV-16 L1 protein corresponding to the GU-2 sequence vari-
ant. Site-directed mutagenesis of the GU-2 L1 protein dem-
onstrated that the F at position 50 in the HPV-16 L1 sequence
plays a critical role in V5 binding. The binding patterns of the
E70 and V5 MAbs showed some similarity, because the E70
MAb also failed to bind to the GU-2 VLPs. Substitution of the
L at position 50 in the GU-2 L1 sequence with an F, which
completely restored V5 binding, partially restored the binding
of the E70 MAb. However, complete restoration of E70 bind-
ing to GU-2 L1 required substitution of amino acids at both
positions 50 and 266. In addition, amino acid position 282 in
the HPV-16 L1 sequence was previously demonstrated by Ro-
den et al. to be important for E70 binding (18). Taken to-
gether, these binding data provide evidence that distinct, yet

overlapping epitopes are recognized by the V5 and E70 MAbs.
The relatedness of the V5 and E70 epitopes was confirmed by
competitive binding data which demonstrated the ability of
bound V5 MAb to completely inhibit subsequent binding of
the E70 MAb to HPV-16 VLPs. In addition, Roden et al. dem-
onstrated that both E70 and V5 inhibit HPV-16 VLP-mediated
hemagglutination, suggesting that both of these MAbs neutral-
ize by blocking the binding of HPV-16 to target cells (19).

The amino acids identified as critical for E70 binding are
distantly located on the linear L1 sequence (F at position 50, A
at position 266, and S at position 282). For these amino acids
to be within the E70 epitope, L1 would have to fold and as-
semble into the viral capsid so as to juxtapose these residues
and make them accessible on the capsid surface. Given the
complex structure of the capsid, the amino acids required for
E70 binding could be located within a single L1 polypeptide or
reside on adjacent intra- or intercapsomeric L1 molecules.
Using capsomeres produced by reduction or trypsinization of
HPV-11 VLPs, we have previously shown that the minimal
structural unit required for binding of two neutralizing MAbs
was the capsomere and not the VLP (17, 20). Production of
recombinant capsomeres from a mucosotropic HPV has re-
cently been reported (21). It will be of interest to determine
the structural requirements (i.e., VLP or capsomere) for E70
and V5 binding.

Our results suggest that the F at position 50 in the HPV-16
L1 sequence forms part of the neutralization epitopes recog-
nized by both the E70 and V5 MAbs. Currently, no other HPV
neutralization sites have been mapped to this N-terminus re-
gion of the L1 protein. However, an alternate interpretation of
the results is that amino acid 50 lies outside the E70 and V5
binding sites and that substitutions at this amino acid position
disrupt the epitopes indirectly. An alignment of mammalian
PV L1 amino acid sequences revealed that most L1 proteins
contain an aromatic amino acid, either F or Y, at approxi-
mately the same position, suggesting that this residue may be
part of a common structural motif. However, if substitutions at
position 50 in HPV-16 L1 induce structural changes in the
protein, these would have to be subtle, because GU-2 L1 still
assembled into VLPs which were bound by the structure-spe-
cific U4 antibody. In addition, gross analysis of the GU-2 VLPs
revealed no obvious size or structural differences relative to
114K VLPs.

The integrity of the E70 epitope was compromised in
HPV-16 L1 proteins containing a T at amino acid position 266.
Approximately 20% of the HPV-16 sequence variants reported
to date contain an L1 protein with a T at this amino acid
position (9), suggesting these HPV-16 variants lack an intact
E70 epitope. However, we have demonstrated that VLPs com-
posed of HPV-16 L1 proteins in which the E70 epitope is
disrupted were still capable of eliciting high-titer HPV-16 neu-
tralizing antibody responses. In contrast, GU-2 VLPs, which
lacked both the V5 and E70 epitopes, were poorly immuno-
genic and induced little to no neutralizing activity. GU-2 L1
mutants in which the V5 epitope was restored elicited potent
HPV-16-neutralizing responses. These results demonstrate
that the V5 epitope is most critical for the induction of HPV-
16-neutralizing antibody responses in animals and that, in the
absence of the V5 epitope, few additional potent neutraliza-
tion sites are present on the HPV-16 L1 VLP.

The V5 epitope was previously shown to be predominantly
recognized by antibodies in serum samples from people in-
fected with HPV-16 (24). Whether this epitope is also immu-
nodominant in people immunized with an HPV-16 VLP-based
vaccine awaits the results of future clinical studies.

TABLE 3. Restoration of the ability to elicit potent HPV-16
neutralizing antibody responses by alteration of

amino acid 50 in the GU-2 L1 protein

HPV-16
variant VLP

Titer

ELISA Neutralization

114K 1,024,000 1025

GU-2 128,000 1022

GU-2 L50F 2,048,000 1025
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