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Abstract: The aim of this study was to characterize the conformational neutralizing epitopes of the
major capsid protein of human papillomavirus type 31. Analysis of the epitopes was performed by
competitive epitope mapping using 15 anti-HPV31 and by reactivity analysis using a HPV31 mutant

with an insertion of a seven-amino acid motif within the FG loop of the capsid protein. Fine
mapping of neutralizing conformational epitopes on HPV L1 was analyzed by a new approach
using a system displaying a combinatorial library of constrained peptides exposed on E. coli
flagella. The findings demonstrate that the HPV31 FG loop is dense in neutralizing epitopes and
suggest that HPV31 MAbs bind to overlapping but distinct epitopes on the central part of the FG
loop, in agreement with the exposure of the FG loop on the surface of HPV VLPs, and thus
confirming that neutralizing antibodies are mainly located on the tip of capsomeres. In addition, we
identified a crossreacting and partially crossneutralizing conformational epitope on the relatively
well conserved N-terminal part of the FG loop. Moreover, our findings support the hypothesis that
there is no correlation between neutralization and the ability of MAbs to inhibit VLP binding to
heparan sulfate, and confirm that the blocking of virus attachment to the extracellular matrix is an

important mechanism of neutralization.
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Introduction

Human papillomaviruses (HPVs) are epitheliotropic
viruses mainly causing benign tumors of the skin and
mucosa. However, a subset of sexually transmitted
HPVs has been recognized as the etiological agent of
cervical carcinoma.»® Great progress has been made in
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the last 15 years toward the development of prophylac-
tic HPV vaccines, and they have recently been shown to
induce high levels of clinical protection.># Virus neu-
tralization is defined as the abrogation of virus infectiv-
ity by the association of antibodies with the viral parti-
cle, and neutralization can be achieved by different
mechanisms. The first obvious mechanism is the inhi-
bition of virus attachment to host cells.>”7 However,
neutralizing antibodies can act before attachment to
the host cell by inhibiting transcytosis through mucosal
epithelial cells,® they can also interfere with postattach-
ment interactions of the virus with its receptors and
coreceptors, or they can act after viral endocytosis by
negatively affecting virus trafficking.” ™
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Papillomaviruses are small nonenveloped viruses
with a double-stranded DNA genome of about 8 kb
which is encapsidated in a structure consisting of 72
capsomers composed of five L1, the major capsid pro-
tein, and L2, the minor capsid protein. Immunization
with L1 protein self-assembled into virus-like particles
(VLPs) induces the production of high levels of neu-
tralizing antibodies and confers type-specific and long-
lasting protection, as demonstrated in animal mod-
els."*** The antibody responses are typically generated
against epitopes found on the external loops of the L1
protein present on the outer VLP surface.'*® Neutral-
izing capsid epitopes are important determinants for
antibody-mediated immune protection against HPVs,
and both linear and conformational epitopes have
been identified on the surface of HPV L1 VLPs and
pseudovirions.*®~2* It is now well established that con-
formational epitopes are responsible for neutralizing
antibody production.?>2® Because neutralizing epi-
topes of HPVs are conformation-dependent, their
amino-acid composition and surface localization have
not been fully characterized.

Findings obtained with an animal model have
suggested that papillomaviruses require microabrasion
in the cervical epithelium for infection of basal cells.*”
The virions bind to the exposed basement membrane
before migrating to the exposed cervico-vaginal epithe-
lial cells and bind to the host cell receptor(s). Cell sur-
face heparan sulfates (HS) serve as primary attach-
ment receptors, and molecules with structural
similarity to HS, such as heparin, are competitive
inhibitors of HPV infection.?®2873! Interaction with
HS requires an intact VLP,3*33 with conflicting results
indicating that both a conserved domain on the C-ter-
minus part of the L1 protein®®34 and a conformational
cluster of lysine residues on the surface of HPV33 viri-
ons®5 interact with HS. Laminin-5, a protein secreted
by the maturing basal epithelium, has also been shown
to bind to both VLPs and native HPVs.3® Moreover,
keratinocytes expressing o6 integrins are susceptible to
infection with HPV prebound with laminin-5, while
keratinocytes lacking o6 integrins are resistant to HPV
infection,3%37 suggesting that HPV initiates infection
by interacting with a6 integrin-expressing basal kerati-
nocytes after binding to laminin-5. HPV31 pseudoviri-
ons have been reported to have different entry path-
ways into cells than those observed with other HPVs
associated with cervical cancer,3®39 thus justifying fur-
ther characterization of the antigenic structure and the
mechanisms of neutralization of this particular type.

One of the questions that also remains is the exact
location of the epitopes that induce HPV neutralizing
antibodies and contribute to protection against infec-
tion due to interaction with the viral capsid. These
studies may prove useful in future vaccine design and
in the investigation of virus-cell interactions. In addi-
tion, an understanding of the antigen structure of HPV
is crucial for designing HPV-derived gene therapy vec-
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tors with reduced immunogenicity. One prerequisite
for generating such vectors is greater understanding of
viral determinants provoking neutralizing immune
responses, to design pseudovirion vectors with deletion
or mutation within the conformational epitopes re-
sponsible for the production of neutralizing antibodies.
These mutated vectors with reduced immunogenicity
will allow readministration of these vectors without a
dramatic loss of transgene efficacy due to induction of
neutralizing antibodies against the vector.

In the study reported here, we investigated a
panel of MAbs to HPV31 VLPs using antibody binding
competition by surface plasmon resonance to identify
the neutralizing epitopes present on the HPV31 L1
protein. The localization of epitopes was then investi-
gated using a L1 protein mutant and five MAbs were
fine-mapped using E. coli for display of constrained
random peptides on bacterial flagella. We also investi-
gated the L1 sequences involved in HS binding for
both HPV16 and HPV31, the competition between HS,
extracellular matrix (ECM), and HPV31 MAbs to bind
to VLPs, and whether these monoclonal antibodies
neutralized HPV31 pseudovirions before or after VLP
cell binding.

Results

Epitope mapping of HPV31 L1 MAbs using
surface plasmon resonance
Epitope mapping was performed using 15 MAbs raised
against HPV31 L1 protein. All competitions between
these MAbs were tested. For example [Fig. 1(a)], epi-
tope competition was established by saturating
coupled HPV31 L1 VLPs with H31.F16 MAb (crude as-
cites fluid), and the MAb saturation was verified by
injection of the same MAbs (hybridoma supernatant).
The low-resonance unit (RU) that occurred after addi-
tion of H31.F16 MAb (—52 RU) proved that saturation
was achieved. After saturation there was a decrease in
RU, due to the dissociation of saturating MAb and this
was the reason for the negative RU. MAb binding
competition was then established by successively
injecting H31.B18, H31.D7, H31.E16, H31.E17, and
H31.F7 MAbs (hybridoma supernatants). H31.E16 and
H31.F7 MAbs did not bind to HPV31 L1 VLPs (-1 and
—13 RU, respectively), suggesting that the epitopes
recognized by these two MAbs were similar, or very
close, to the epitope recognized by the H31.F16 MAb. In
contrast, significant binding to VLPs was observed using
H31.B18, H31.D7, and H31.E17 MAbs (171, 523, and 69
RU, respectively), suggesting that these antibodies rec-
ognized epitopes which were different from that recog-
nized by the H31.F16 MAb. The biosensor was then
regenerated by three injections of 30 mmol/L HCI. This
method was used for all the other competition assays.
Each of the 15 MAbs investigated competed with
at least three others, but none of the MAbs competed
with all the other MAbs (data not shown). An epitope
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Figure 1. (a) Representative surface plasmon resonance
data. Epitope competition was established by saturating
coupled HPV31 L1 VLP with H31.F16 MAb (crude ascite
fluid), and the MAb saturation was verified by injection
of the same MADbs (hybridoma supernatant). MAb
binding competition was then established by
successively injecting H31.B18, H31.D7, H31.E16,
H31.E17, and H31.F7 MAbs (hybridoma supernatants).
The biosensor was then regenerated by three injections
of 30 mmol/L HCI. Epitope map constructed from the
interaction studies between the 15 HPV31 MAbs that
recognized conformation epitopes by SPR. (b) Antibodies
that neutralized internalization are in black and those
that neutralized cell attachment are in red. The H31.D24
antibody was non-neutralizing (in blue). (c) The
antibodies that inhibited VLP binding to heparin are in
red. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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map was established using these results [Fig. 1(b)],
and epitopes recognized by H31.F7 MAb had a central
position in this map. The epitope recognized by this
MADb had already been identified on the L1 FG
loop.*>* MAbs competing less with the other MAbs
(H31.B18, H31.B1, and H31.H9) were located at the
periphery of the epitope map.

Binding of HPV31 MAbs to HPV31/HBc VLPs

The reactivity of MAbs was analyzed using the HPV31
L1/HBc 263/264 mutant and HPV31 L1 wt VLPs to
identify whether some of the neutralizing epitopes were
located on the FG loop. In addition to HPV31 L1 VLPs
produced previously, we constructed a HPV31 L1 mu-
tant by insertion of the hepatitis B core (HBc) motif
DPASRE at position 263—264. VLP binding of all the
type-specific MAbs was affected by the insertion of the
HBc motif at position 263/264. It should be noted that
the reactivity of the non-neutralizing H31.D24 MAD,
which recognized a linear epitope located at position
271-279 (SVPTDLYIK) was not affected by the inser-
tion. Binding of CamVir-1 MAb that recognized a linear
epitope identified outside the FG loop was also not
affected by the mutation introduced. The crossneutraliz-
ing MAb H31.F7 reacted similarly to both HPV16 and
HPV31 wt VLPs, but was affected by insertion of the
HBc motif at position 263/264.

Epitope mapping of 5 MAbs using bacterial
surface display
Epitope mapping using bacteria for display of peptide
libraries provides a new approach for epitope mapping
of both monoclonal and polyclonal antibodies.** One
such system, the pFliTrx Bacterial Display system, was
used to identify L1 epitopes. The bacterial cell surface
display using the pFliTrx vector uses a 12-mer peptide
library inserted in a thioredoxin domain to constrain
the peptides, allowing the display of conformational
epitopes. This thioredoxin domain is itself inserted in
the major bacterial flagellar protein of E. coli to be
displayed on the surface of bacteria. High-titer MAbs
purified from ascites fluid were coated on Nuclon A
plates for library screening against anti-HPV31 anti-
bodies and in vitro selection rounds were performed
on MAbs bound to the plates for the selection of bac-
teria displaying peptides interacting with the MAbs.
For each round, the bacterial library was added to a
cell culture dish for positive selection. The unbound
bacteria were washed off, and bound bacteria were
recovered. After five rounds, single clones were
selected and DNA was isolated for sequencing.
Sequences were first analyzed using the Dialign2 pro-
gram. High-scoring matching peptides were selected
and then aligned using Dialign2 with the full length
HPV31 L1 protein sequence. The HPV31 L1 sequences
matching all the selected peptides were retained.

We first used this system with the H31.D24 MAD,
which recognized a previously identified linear epitope
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HPV31L1-HBc

263-DPASRE (HBc) -264

257-FVRHFFNRSGTVGESVPTDLYIKGSGSTATLANSTYFPT-295

H31.D24 DLYIK
H31.F7 RHFFNRSGTV

H31.B1 RSGTVGESV
H31.F1l6 SGTVGESVP
H31.H12 RSGTVG

Figure 2. Mapping the HPV31 L1 protein epitopes recognized by a non-neutralizing MAb (H31.D24) and four neutralizing
MAbs (H31.B1, H31.F7, H31.F16, and H31.H12) using the Bacterial display method.

at position 271—279 (SVPTDLYIK) within the FG loop
of HPV31 L1. After bacterial display selection, 24 posi-
tive clones were sequenced and analyzed. Six of the 24
peptides selected with H31.D24 MAb matched each
other and matched the HPV31 L1 protein (see Fig. 2),
the consensus sequence identified being at position
275-279 (DLIYK).

Bacterial display was therefore used to investigate
the neutralizing conformational epitope recognized by
MAD H31.F7, which is crossreactive with HPV16, 18 and
58, and weakly neutralizing for HPV types 16 and 31.
Twenty-four positive clones were selected by bacterial
display using the H31.F7 MAD. Five of the 24 peptides
selected matched each other and matched the HPV31 L1
protein sequence 259—266 (RHFFNRSGTV).

Three type-specific neutralizing MAbs (H31.F16,
H31.H12, and H31.B1), which recognized conforma-
tional epitopes, were also investigated. Positive clones
were selected for each MAb. Five peptides selected
with H31.F16 MADb, five with H31.Hi12 MAb and six
peptides selected with H31.B1 MAb matched each
other and matched the HPV31 L1 protein sequence
SGTVGESVP (265-273) for H31.F16 MAb, RSGTVG
sequence (264—269) for H31.Hi2 MADb and
RSGTVGESYV sequence (264—272) for H31.B1 MAD.

MADb neutralization of pseudovirions

pre- and postattachment

HPV16 and HPV33-specific antibodies have been
shown to neutralize before or after attachment to tar-
get cells.3**3 The mechanism of viral neutralization by
anti-HPV31 MAbs was determined by neutralization
assays, the MAbs being added either before addition of
the pseudovirions to COS-7 cells [Fig. 3(a)] or 1 h
postcell attachment [Fig. 3(b)]. The six MAbs [H31.B1,
H31.C24, H31.G5, H31.E16, H31.F7, and H31.D7, Fig.
3(b)] neutralized HPV31 pseudovirions by inhibition of
cell attachment because they neutralize before virus
attachment but not after pseudovirus binding to the
cell [Fig. 3(b)]. The eight other MAbs neutralized
HPV31 pseudovirions via a postcell attachment mecha-
nism because they neutralized the pseudovirions
before and after cell attachment. It should be noted
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that the epitope map [Fig. 1(b)] obtained by surface
plasmon resonance analysis suggested a cluster of five
of these six MAbs that neutralized HPV31 pseudoviri-
ons by inhibition of cell attachment.

VLPs binding to HS and ECM: effects of HPV31
MAbs and L1 C-terminal deletion

The inhibition of VLP binding to heparin by HPV31
MAbs was investigated using an ELISA in which MAbs
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Figure 3. MAb neutralization of pseudovirions pre- and
postattachment. (a) Inhibition of HPV31 pseudovirion entry
by HPV31 MAbs. HPV31 pseudovirions were preincubated
with HPV31 MAbs and then added to cells. (b) Inhibition of
HPV31 pseudovirion internalization by HPV31 MAbs. HPV31
pseudovirions were preattached to cells and then HPV31
MAbs were added. The four neutralizing MAbs investigated
using the Bacterial display method are grouped at the right
of the figure (Gray columns, neutralizing type-specific
MADbs; black columns, cross neutralizing MAbs).
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Figure 4. VLP binding to HS and ECM: (a) Inhibition of
heparin binding after preincubation of VLPs with MAbs. (b)
Inhibition of ECM binding after preincubation of VLPs with
MADbs. The five MAbs investigated using the Bacterial
display method are grouped at the right of the figure (Gray
columns, neutralizing type-specific MAbs; black columns,
cross neutralizing MAb; open column, non-neutralizing
MADb).

were added to VLPs before their binding to heparin
coated on ELISA plates. The results indicated that the
non-neutralizing H31.D24 MAD that recognized a lin-
ear epitope strongly inhibited the binding of VLPs to
heparin, as only 6 of the 14 MAbs recognized confor-
mational neutralizing epitopes [Fig. 4(a)]. The epitope
map obtained by surface plasmon resonance analysis
indicated a cluster of some of the MAbs that inhibited
VLP binding to heparin [Fig. 1(c)]. There was no clear
correlation between MADbs that neutralized the pseudo-
virions before attachment to the cells and those that
inhibited binding to HS. However, three neutralizing
antibodies (H31.G5, H31.E16, and H31.D7) demon-
strated both abilities (see Fig. 1(b),(c)).

As infection of target cells by HPV is a multistep
process involving HSPG, ECM, and an unknown sec-
ondary receptor, we investigated the effects of HPV31
MADbs on neutralization of ECM HPV VLP binding.

To investigate further the interaction of VLPs with
HPSGs, we used four C-terminal deletion mutants for
the analysis of heparin binding to L1 proteins. HPV16
A9 and HPV16 A31 mutants with C-terminal deletions
of 9 and 31 amino acids, respectively, had already

Fleury et al.

been produced,** and HPV31A9 and HPV31A31 L1
mutants were similarly produced for the purposes of
this study. These HPV31 deletion mutants self-
assembled into VLPs (see Fig. 5) as previously
observed for the corresponding HPV16 deletion
mutants** and these four C-terminal deleted VLPs
bound to heparin in a similar manner to wt VLPs.
However, binding to heparin is lost when these
VLPs were denatured, confirming that heparin binds
to a conformational motif on VLPs, and that this motif
is not present in the C-terminal part of the L1 protein
(see Fig. 5).

Inhibition of VLP binding to ECM proteins was
investigated by ELISA using Matrigel® as a surrogate
for ECM. The results [Fig. 4(b)] indicated inhibition of
VLP binding to ECM proteins (>50%) by all the neu-
tralizing antibodies, with the exception of H31.C24
(37% inhibition). The non-neutralizing antibody
H31.D24 did not inhibit binding of VLPs to ECM
proteins.

Discussion

According to the three-dimensional HPV capsomer
model of Chen et al,* all conformation-dependent
type-specific epitopes identified to date's'841:46-48
have been found to reside on the VLP surface within
hypervariable loops where the amino-acid sequence is
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Figure 5. (a) HPV31A9 and HPV31A31 VLPs observed by
transmission electron microscopy (Bars represent 200 nm).
(b) Heparin binding of native VLPs (black columns) and
denatured VLPs (grey columns) for type 16 and type 31
with or without C-terminal deletions (A9 and A31).
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highly divergent between HPV types, with the excep-
tion of the epitope recognized by H16.U4 MAb. This
epitope was identified between residues 427-445,%°
that in the three-dimensional HPV16 capsomer model
of Moddis et al.*° are in a loop at the crown of the
pentamer within the arm extending into the adjacent
pentamer between two L1 subunits. L1 protein binding
sites of neutralizing MAbs generated against HPV11
include residues within the DE loop,”®' and those
against HPV6 and HPV33 within BC and EF loops,>*
and BC, DE, and FG loops,*® respectively. In addition,
L1 residues within the FG loop of HPV16 L1**2553 and
the EF loop of HPV31 L1*® have been reported to be
involved in the binding of neutralizing antibodies. In
addition to type-specific MAbs, crossreacting neutraliz-
ing MAbs have rarely been identified*"4">35% and had
low-neutralization titers. The crossneutralization
observed with MAbs was in agreement with the cross-
neutralization observed with polyclonal mouse anti-
bodies®®?> and with the crossprotection observed in
clinical trials.*5°

The results obtained using an HPV31 FG loop
insertion mutant confirmed the involvement of the FG
loop in the epitopes recognized by all HPV31 neutraliz-
ing antibodies investigated. Surface plasmon resonance
was used to determine whether different epitope zones
exist on the surface of capsomeres, a method success-
fully used to establish a competition map for HIV
gp120 and adenovirus hexon epitopes.5”:5 The compe-
tition mapping of the 15 anti-HPV31 L1 MAbs was per-
formed by SPR and revealed a high degree of competi-
tion between the entire set of MAbs. To rule out the
possibility that competition between MAbs was not
due to sterical hindrance but to overlapping epitope
competition, binding of H31.A6 MAb which recognize
an epitope located on the N-terminal part of the EF
loop in the vicinity of the FG loop*®5° was investi-
gated. H31.A6 MADb did not compete with the three
HPV31 MAbs (H31.D24, H31.Fy7, and H31.Hi12)
directed against the FG loop that we investigated (data
not shown).

The results obtained suggest the existence of only
one major epitope region on HPV31 VLPs. This is in
agreement with the existence of a major neutralizing
epitope on the HPV16 capsid, because H16.V5 MAb
has been shown to inhibit the VLP binding of >75% of
serum antibodies from naturally infected women,®°
and most of the anti-HPV VLP antibodies are directed
against epitopes located on the BC, EF, FG, and HI
hypervariable loops intertwined across the outermost
surface of the pentamers.*°

To investigate further the exact position of the
epitopes, fine mapping of L1 sequences binding to five
MAbs was undertaken using the FliTrx bacterial sur-
face display method, a unique system that displays
conformation-constrained random peptides on the
bacterial surface. Epitope determination was first vali-
dated with the H31.D24 MADb that recognized a linear
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epitope at position 275-279 (DLYIK), similar to the
271-279 sequence (SVPTDLYIK) identified previously
using synthetic peptides.** This DLYIK motif is also
part of the conserved linear epitopes described for
other crossreacting MAbs.%* %3

The bacterial cell surface display method was then
used to determine the conformational epitopes recog-
nized by H31.F16, H31.H12, and H31.B1 neutralizing
MAbs and the conformational epitope recognized by
the crossreacting and partially crossneutralizing
H31.F7 MAb. The type-specific epitopes were identi-
fied at positions 264—272 (RSGTVGESV) for H31.B1,
264—269 (RSGTVG) for H31.Hi2, and 265-273
(SGTVGESVP) for H31.F16 on the FG loop. This result
is in agreement with our previous studies*>*' and with
ELISA studies using the HPV31 insertion mutant, and
confirms that multiple epitopes exist on the FG hyper-
variable loop, but that not all antibodies interacting
with the HPV31 FG loop are neutralizing antibodies.

The epitope recognized by H31.F7 MAb, a cross-
reacting and partially crossneutralizing MADb, was
identified on the N-terminal part of the FG loop of
the HPV31 Li protein at position 259—268
(RHFFNRSGTV) [Fig. 6(a)], and is mostly inaccessible
from the surface of the capsomer according to the
HPV31 model. This is in agreement with the fact that
the early region of the FG loop evidenced identical
structures between HPV types and with the hypothesis
of Bishop et al. on the structural analysis of L1 pro-
teins suggesting that this region of the FG loop must be
able to induce crossreactivity between types but be
poorly antigenic and/or inaccessible.

For HPV16 and HPV33, it has been shown that
various L1 protein surface exposed loops contribute to
the induction of neutralizing antibodies to epitopes
identified in only one loop and epitopes for which sev-
eral loops contribute to the binding site,’>4*47 and it
has been suggested that noncontiguous regions of L1
could contribute to neutralizing epitopes recognized by
MAbs. Our findings were in favor of the HPV31 neu-
tralizing antibodies being mainly directed against the
FG loop and the FG loop only contributing to the
binding to neutralizing antibodies. The fact that L1
hypervariable loops are in close proximity to each
other did not rule out the possibility that mutations or
insertions in other loops affect the FG conformational
epitopes as observed by Roth et al.4”

The interaction experiments between heparin and
VLPs indicated the existence of at least two sequences
interacting with heparin, one being a linear motif on
the C-terminus part of the L1 protein, in agreement
with results of Joyce et al.>® and Bousarghin et al.,3*
and the second being a conformational binding site, in
agreement with recent findings reported by Knappe
et al® indicating that HS binds to a cluster of three
lysine residues on the surface of the VLP. As the
C-terminal part of the L1 protein is located inside the
capsid,*® this highly positively charged linear sequence

HPV Neutralizing Epitopes
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Figure 6. Localization of the epitopes recognized by five monoclonal antibodies on the FG loop of HPV-31. The epitope
recognized by H31.D24 is a linear epitope and is colored green. Conformational epitopes recognized by the three neutralizing
MAbs (H31.B1, H31.F16, and H31.H12) are colored orange. H31.F7 MADb is partially crossneutralizing and crossreacting. The 3D
capsomer structure was reconstructed with SwissPDBViewer using the HPV31 L1 model and the information for
noncrystallographic symmetries of the HPV16 VLP [PDB code: 1DZL, (45)]. (a) and (b) position of the epitopes recognized on the
FG loop of the HPV31 L1 protein by four MAbs. (b) FG loop in the same orientation as that found in the capsomere shown in (c).
(c, d) Solvent-accessible surface of the L1 capsomere of HPV31 showing the location of FG loop epitopes (colored orange and
green) in the context of the whole capsomere shown in lateral view (c) or rotated 45° around the x-axis (d). (e, f) Close-up view
of the epitope zone on the capsomer corresponding to the boxed area in (c). The Lys residues involved in heparin sulfate
binding which overlap the epitope region are colored blue (f). The figure was prepared using the PYMOL program
(www.pymol.org). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

was expected to have no role in the binding to HS on  (275-279) dramatically reduced the ability of HPV31
the cell surface. We observed that the crossreacting to bind to heparin, thus confirming the role of Lysine
H31.D24 MADb which recognized the DLYIK sequence 279 (278 in HPV16 L1) in HS binding. However, this
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antibody had no neutralizing effect on HPV31 pseudo-
virions,*"%® and three other neutralizing antibodies
that recognized conformational epitopes known to
bind to a sequence situated in the N-terminal part of
the FG loop had no or limited effect on binding to
heparin. H16.V5 and H16.E70 MAbs have been shown
not to block interactions with the cell surface. How-
ever, these neutralizing antibodies inhibit virus bind-
ing to ECM produced from HaCaT cells, and neutralize
pseudovirions via a postcell attachment mechanism.*3
In agreement with this, we observed that the three
type-specific neutralizing antibodies did not compete
with HS for binding to VLPs and that only one of
them (H31.B1) neutralized by inhibition of the binding
of the VLPs to cells. However, all these antibodies
compete for binding to the ECM, in contrast to the
non-neutralizing H31.D24 MAb. These results sug-
gested that these antibodies recognized an epitope in
the vicinity of the conformational basic cluster of ly-
sine involved in HPV16 VLP binding to HS®® [Fig.
6(d)]. It should be noted that the most important ly-
sine of the cluster was present within the epitope rec-
ognized by the H31.D24 MADb.

In addition, investigation of pre- and postattach-
ment neutralization of HPV31 pseudovirions by MAbs
revealed that six of the HPV31 neutralizing antibodies
acted by preventing the cell surface binding of the viral
particles, and the other eight neutralizing MAbs inter-
fered with pseudovirions by preventing their internal-
ization. Our findings indicate that, for the entire set of
MAbs, there is no correlation between neutralization
and the ability of MAbs to bind HS. Lopez et al.®® was
recently reported that anti-HPV antibodies detected in
natural infection inhibit HPV16 binding to HS, and
they observed that those with the highest neutralizing
titers were those that inhibited binding to HS.

In conclusion, our findings showed that HPV31-
neutralizing MAbs recognize conformational epitopes
located on the FG loop of HPV31 L1 protein and that
they act either by blocking attachment to target cells
or by neutralization of postcell attachment. The precise
determination of three type-specific neutralizing epi-
topes by bacterial surface display confirmed their loca-
tion on the central part of the FG loop and identified a
crossreacting and partially crossneutralizing conforma-
tional epitope on the relatively conserved N-terminal
part of the FG loop. The solvent-exposed amino acid
residues of the FG loop were distributed on both sides
of a groove formed along an axis defined by Pro 273
to Leu 287 [Fig. 6(a,b)]. Our findings showed that the
right part of the groove contained a linear non-neu-
tralizing epitope recognized by H31.D24 MAb. This is
also a hot spot for heparan sulfate binding, thus
explaining why H31.D24 and HS compete for binding
to this region. The conformational, neutralizing epi-
topes identified were all located on the left side of the
FG loop groove (see Fig. 6). The fact that antibodies
directed against these epitopes did not strongly com-
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pete with HS may be explained by differences in the
MAD binding modes, as previously described for MAbs
directed against BPV L1 protein.’” However, some
other HPV31 neutralizing MAbs did compete with HS
binding, suggesting that either these MAbs have a dif-
ferent tilt when they bind to their respective epitopes,
thus interfering with HS binding to a greater or lesser
extent, or that they are directed against amino acid
residues from both sides of the groove.

H31.D24 MAb bound to the tips of VLPs [Fig.
6(c,d)] and this supports the hypothesis that non-neu-
tralizing epitopes are also present on the surface of
HPV particles. The results obtained indicated that the
FG hypervariable loop of HPV31 is dense in neutraliz-
ing epitopes and suggested that HPV31 MAbs bind to
overlapping but distinct epitopes on the central part of
the FG loop, in agreement with the exposure of the FG
loop on the surface of HPV VLPs, and thus confirming
that neutralizing antibodies are mainly located on the
tip and crown of the capsomere. The results also sup-
port and confirm that the blocking of virus attachment
to the ECM is an important neutralization mechanism
but not the blocking of virus attachment to HS. In
addition, we identified a crossreacting and partially
crossneutralizing conformational epitope on the rela-
tively conserved N-terminal part of the FG loop.

Materials and Methods

HPV31 monoclonal antibodies

The HPV31 MAbs used in this study were as previously
produced and characterized.*®> H31.D24 MAb recog-
nize a common linear epitope that has been identified
within the FG loop (amino acids 271—279) and H31.F7
MAD recognize a conformational crossneutralizing epi-
tope that has been identified within the N-terminal
part of the FG loop.** Thirteen other MAbs recognize
specific conformational neutralizing epitopes. In addi-
tion, CamVir-1 monoclonal antibody (CV), which rec-
ognizes a common linear epitope on the DE loop,*°
was used as control. MAbs investigated using the bac-
terial cell surface display method were purified from
crude ascites fluid by salting out with ammonium sul-
fate (33% final), then dialyzed against phosphate-buf-
fered saline (PBS) followed by affinity chromatography
on Protein AG/Sepharose (Pierce; Immunopure IgG
purification kit).

Pseudovirus neutralization

The neutralizing ability of each monoclonal antibody
was determined previously.-% In addition, we investi-
gated whether the neutralization took place before or
after pseudovirion cell surface binding. Tests were per-
formed with HPV31 pseudovirions produced in 293FT
cells and neutralization assays were performed using
Cos-7 cells cultured in complete Dulbecco’s modified
Eagle’s medium (Invitrogen, DMEM supplemented
with 10% FCS, 100 IU/mL penicillin and 100 pg/mL
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streptomycin) seeded in 96-well plates and incubated
for 24 h at 37°C. Assays measuring neutralization
before pseudovirion cell surface binding were per-
formed by adding the HPV31 pseudovirions previously
preincubated with MAbs to the cells (100 pL) for 1 h
at 37°C. Assays measuring neutralization after pseudo-
virion cell surface binding were performed by adding
HPV31 pseudovirions to Cos-7 cells for 1 h at 37°C.
After three washings to remove unbound pseudoviri-
ons, MAbs were added in 100 uL. DMEM. For each
assay, the supernatant was removed after 3 h at 37°C,
and 200 uL complete DMEM was added. After a fur-
ther 48 h incubation at 37°C, infectivity was scored by
measuring the luciferase expressed by transfected cells
using the Firefly Luciferase assay kit (Interchim, Mon-
tlugon, France) and luciferase expression was quanti-
fied using a Multiskan microplate luminometer
(Thermo-Fisher Scientific, Courtaboeuf, France).

MADbs were considered to be neutralizing if lucifer-
ase activity was reduced by >80%. Inhibition of pseu-
dovirus binding to the cell was scored if MAbs neutral-
ized the pseudoinfection only when added before
pseudovirion binding to the cells. If antibodies neu-
tralized pseudovirions before and after their addition
to Cos-7 cells, MAbs were considered to neutralize
pseudovirions via a postcell attachment mechanism.

Generation of recombinant L1 proteins and
purification of VLPs
The Bac-to-Bac system (Invitrogen, Fisher-Scientific,
Tllkirch, France) was used for expression of the HPV
L1 proteins in Spodoptera frugiperla (Sf21) cells.
Baculoviruses encoding the L1 gene of HPV16, HPV31,
HPV16 AC9, and HPV16 AC31 (with a 9 or 31 amino-
acid C-terminal deletion, respectively) were generated
previously.#+°® HPV31 AC9 and HPV 31 AC31 trun-
cated genes were amplified by PCR from a full-length
HPV31 L1 codon-optimized gene®® using forward
(GGATCCCACCATGAGCCTGTGGAGACCCAGC) and
reverse primers for AC9 (GGAAGCTTATGTGGTGG
TGCTGGCGCTGGGGGC) and for AC31 (GCAAGCTT
AGGCCTGCAGCAGGAACTTTCTGCCC), respectively.
PCR products were cloned into pCR TOPO 2.1 by TA
cloning. Positive clones were sequenced to verify the
absence of unwanted mutations. HPV L1 genes were
then cloned into pFastBact plasmid previously
digested by BamHI and HindIII. Recombinant baculo-
viruses encoding the different L1 deleted genes were
generated using the Bac-to-Bac system (Invitrogen)
according to the manufacturer’s recommendations.
Sf21 cells maintained in Grace’s insect medium
(Invitrogen, Cergy Pontoise, France) supplemented
with 10% fetal calf serum (FCS, Invitrogen) were
infected with the respective recombinant baculoviruses
and incubated at 277°C. Three days post infection, cells
were harvested and VLPs were purified as previously
described.?®4° Briefly, cells were resuspended in PBS
containing Nonidet P40 (0.5%), pepstatin A, and leu-
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peptin (1 pg/mL each, Sigma Aldrich, Saint Quentin
Fallavier, France), and allowed to stand for 30 min at
4°C. Nuclear lysates were then centrifuged and pellets
were resuspended in ice cold PBS containing pepstatin
A and leupeptin and then sonicated. Samples were
then loaded on a CsCl gradient and centrifuged to
equilibrium (22 h, 27,000 rpm in a SW28 rotor, 4°C).
CsCl gradient fractions were investigated for density
by refractometry and for the presence of L1 protein by
electrophoresis in 10% sodium dodecyl sulfate-poly-
acrylamide gel (SDS-PAGE) and Coomassie blue stain-
ing. Positive fractions were pooled, diluted in PBS and
pelleted in a Beckman SW 28 rotor (3 h, 28,000 rpm,
4°C). After centrifugation, VLPs were resuspended in
0.15 mol/L NaCl and sonicated by one 5 s burst at
60% maximum power. Total protein content was
determined using the MicroBCA kit (Pierce, Ozyme,
France).

HPV31 L1 HBc 263/264 mutant VLPs were pro-
duced in 293 FT cells. DNA-encoding chimeric L1 pro-
tein was obtained by mutagenesis of a codon-opti-
mized HPV31 L1 gene using a two-step PCR protocol.
Overlapping PCRs were performed to obtain the
DPASRE sequence of the HBc protein at position 263/
264 of HPV31 L1 protein. In the first step, one frag-
ment was generated using the optimized HPV31 L1
DNA sequence as template and 5'Li-Nhel (CC
GCTAGCCACCATGAGCCTGTGGAGACCC) and 3'Li-
DPASRE (CTCTCTGCTGGCGGGGTCGTTGAAGAAGT
GCCGCACGAA) as primers. Another fragment was
amplified using the optimized HPV31 Li DNA
sequence as template and 3'Li1-EcoRI (CGGAATTCT
ATCACTTCTTGGTTTTCTTCC) and 5L1-DPASRE
(GACCCCGCCAGCAGAGAGAGAAGCGGCACCGTGGGC
GAG) as primers. These two overlapping fragments
were used in the second PCR step as DNA templates
using 5'L1-Nhel and 3/Li-EcoRI primers. The resulting
DNA sequence had an HBc78-83-encoding sequence
between L1 bases 263/264 and an Nhel restriction site
in 5" and an EcoRI restriction site in 3. For protein
expression, the HPV31 L1 HBc 263/264 gene was
cloned into the pIRES mammalian expression vector
(BDbiosciences, Clontech). This DNA plasmid (HPV31
L1 HBc 263/264-pIRES) was prepared by classical
alkaline lysis and phenol/chloroform extraction and
used to transfect 293 FT cells with Fugene6 (Roche
Diagnostic, Meylan, France) according to the manufac-
turer’s instructions. The cells were transfected with a
total of 0.5 ug of DNA and 1 pL of Fugene6 per cm® of
culture area. 293FT cells were harvested 44 h after
transfection and VLPs were purified as mentioned
earlier.

The self-assembly of the different HPV-L1 proteins
expressed in VLPs was investigated by electron mi-
croscopy. For this purpose, VLP preparations were
applied to carbon-coated grids, negatively stained with
1.5% uranyl acetate and observed at 50,000x nominal
magnification with a JEOL 1010 electron microscope.
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All the electron micrographs were taken at 30,000x
or 50,000 X.

Investigation of VLP binding competition of
HPV31 MAbs by surface plasmon resonance
Analyses were performed with a Biacore 1000 (Biacore
AB, Uppsala, Sweden) equipped with CM3 (carboxy-
methylated dextran) sensor chips. CM3 sensorchips
were treated with 35 pL of 0.05 mol/L 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride and
0.2 mol/L N-hydroxysuccinimide at a flow rate of
5 puL/min and then the HPV31 L1 VLPs (32 ug/mL in
35 uL of PBS buffer) were covalently coupled at a flow
rate of 5 pL/min. The residual carboxyl groups were
subsequently blocked by 50 uL of 1 mol/L ethanola-
mine-HCl (pH 8.5) at a flow rate of 10 pL/min.
Unbound VLPs were eliminated by injection of 5 pL of
HCl-glycine (10 mmol/L, pH 2.2) at a flow rate of 10
pL/min. A flow rate of 20 pL/min was used for all
interaction analyses conducted at room temperature.
Antibody saturation of the bound HPV31 L1 VLPs was
obtained for each MAb by three injections of 30 pL of
ascites fluid diluted 1:10 in PBS. The MAb saturation
was verified by injection of 30 uL of hybridoma super-
natant of the same MAb diluted 1:4 in PBS. Competi-
tion was then established by successively injecting five
different hybridoma supernatants diluted 1:4 in PBS
(30 pL each). The biosensor was then regenerated by
three injections of 10 puL of 30 mmol/L HCIl, and
another cycle of saturation-competition was performed
on the same VLPs coupled flow-cell. Several other
regeneration buffers (including 2 mol/L NaCl, 10
mmol/L NaOH, and 20, 25, 30, and 50 mmol/L HCI)
were investigated. The selected buffer (30 mmol/L
HCI) was shown to remove 100% of the bound anti-
bodies, not to remove VLPs from the sensorchip, and
not to affect VLPs conformation, because antibodies
directed at the conformational epitopes still bound to
VLPs as effectively as before the regeneration
treatment.

Epitope mapping using bacterial cell
surface display
The bacterial cell surface display method using the
pFliTrx vector uses a 12-mer peptide library inserted
in a thioredoxin domain (TrxA) to constrain the pep-
tides. This thioredoxin domain is itself inserted into
the major bacterial flagellar protein (FliC) to be dis-
played on the surface of E. coli.®®7°

The pFliTrx Random Peptide Display Library
(Invitrogen, Cergy Pontoise, France) was obtained by
inoculation of 1 mL of the peptide library stock solu-
tion into 50 mL of IMC Medium (6 g/L Na,HPO,, 3
g/L KH,PO,, 0.5 g/L NaCl, 1 g/L NH,Cl, 0.2% casa-
mino acid, 0.5% glucose, 1 mmol/L MgCl,) containing
100 ug/mL ampicillin and then shaken (225-250
rpm) overnight at 25°C. Peptide expression was
induced by adding 100 pg/mL of tryptophan to 10*°
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bacteria from the overnight culture in 50 mL of IMC
Medium containing 100 pg/mL of ampicillin, and then
shaken at 25°C for 6 h.

For library screening against anti-HPV31 antibod-
ies, 20 pg of MAb in 1 mL sterile water was coated on
a 60-mm plate (Nunclon A, Nunc, ATGC, Marne-la-
Vallée, France) for 1 h with gentle agitation at 50 rpm
on an orbital shaker. After washing with 10 mL of
sterile water, 10 mL of Blocking Solution (IMC me-
dium containing 100 pg/mL ampicillin, 1% low-fat dry
milk, 150 mmol/L NaCl, 1% a-methyl mannoside) was
added and incubated for 1 h under agitation (50 rpm).
After decanting the blocking solution, 10 mL of the
bacteria cell culture were added with 0.1 g dried milk,
300 pL of 5 mol/L NaCl, 500 pL of 20% o-methyl
mannoside (final concentration: 1% nonfat, dried milk,
150 mmol/L NaCl, 1% o-methyl mannoside). After
gentle agitation at 50 rpm for 1 min and incubation at
room temperature for 1 h, the plates were washed five
times (50 rpm for 5 min) with 10 mL of the IMC me-
dium containing 100 pg/mL ampicillin and 1% o-
methyl mannoside. The bound bacterial cells were
then eluted into the residual volume of washing solu-
tion by vortexing the plates for 30 s. They were trans-
ferred to a 50 mL culture flask and grown under shak-
ing (225-250 rpm) at 25°C overnight. This panning
cycle was repeated four more times and the overnight
culture from the fifth panning was streaked onto RMG
plates (6 g/L Na,HPO,, 3 g/L KH,PO,, 0.5 g/L NaCl,
1 g/L NH,Cl, 2% Casamino acid, 0.5% glucose,
1 mmol/L MgCl,, 1.5% agar) containing 100 pg/mL
ampicillin and incubated overnight at 30°C.

Twenty-four to 30 colonies from the RMG/ampi-
cillin plate were each inoculated into 2 mL RM me-
dium (6 g/L Na,HPO,, 3 g/L KH,PO,, 0,5 g/L NaCl, 1
g/L NH,CI, 2% Casamino acid, 1% glycerol, 1 mmol/L
MgCl,) containing 100 pg/mL ampicillin. After incuba-
tion at 30°C overnight with shaking, DNA was
extracted by the classical alkaline lysis phenol/chloro-
form DNA minipreparation. Nucleotide sequence anal-
ysis was performed using the FliTrx forward sequenc-
ing primer. Sequences were run on an ABI PRISM
3100 Avant DNA sequencer (PerkinElmer, Courta-
boeuf, France). Sequences were analyzed using
Dialign2.”

Detection of MAb reactivity against wild-type
and mutant VLPs by ELISA

Microplate wells (Maxisorp, Nunc) were coated with
VLPs. After incubation at 4°C overnight and two
washes with PBS-Tween 20 (0.1%), wells were satu-
rated with PBS supplemented with 1% FCS for 1 h at
37°C. Duplicate wells (two tests and one control) were
incubated with MAbs diluted in PBS 5X—Tween
(1%)—FCS (10%) for 1 h at 37°C. After four washes,
peroxidase-conjugated goat anti-mouse Ig Fc (Sigma
Aldrich) diluted 1:1,000 in PBS—Tween (1%)—FCS
(10%) was added to the wells and incubated for 1 h at
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37°C. Then after four washes, 0.4 mg/mL O-phenyl-
ene-diamine and 0.03% hydrogen peroxide in
25 mmol/L sodium citrate and 50 mmol/L Na,HPO,
were added. After 30 min, the reaction was stopped
with H,SO, 4N and absorbance was read at 490 nm.
For data analysis, optical density (OD) values obtained
in the absence of the first antibodies were subtracted
from the OD values of test samples. The data pre-
sented are the means of three to four determinations.

Heparin- and ECM-based enzyme-linked
immunosorbent assays

The interaction between VLPs and heparin was tested
using an assay derived from the heparin-binding
assays described by Giroglou et al.2® for HPV33 VLPs.
Microtiter plates (Maxisorp, Nunc) were coated over-
night at 4°C with 200 ng per well of heparin-BSA
(Sigma) or Matrigel® (BD Biosciences, Le pont de
Claix, France) After four washes with PBS containing
0.1% Tween 20, nonspecific binding sites were blocked
by incubation for 1 h at 37°C with PBS plus 1% FCS.
After washing, 200 ng/well of VLPs diluted in PBS
were added. Following incubation at 37°C for 60 min
and four washes, anti-HPV31 VLP MAbs diluted
1:1000 in PBS, 0.1% Tween 20, and 10% FCS were
added and incubated at 37°C for 60 min. After 1 h
incubation at 37°C and four washes, bound antibodies
were detected using mouse anti-IgG antibodies cova-
lently linked to horseradish peroxidase. After 1 h incu-
bation at 37°C and four washes, 100 uL of substrate
solution containing O-phenylene diamine and H,O,
were added. The reaction was stopped after 30 min by
addition of 100 pL 2 mol/L H,SO, and absorbance
was read at 492 nm with an automated plate reader.
The absorbance of control wells without VLPs was
subtracted from values for test wells. Simultaneously,
a second plate was coated with heparin-BSA or
Matrigel®. After incubation and washing, 200 ng/well
of VLPs preincubated for 1 h at 37°C with MAbs
diluted 1:1000 in PBS, 0.1% Tween 20, and 10% FCS
were added. Bound antibodies were detected with
mouse anti-IgG antibodies covalently linked to horse-
radish peroxidase as described earlier. Inhibition of
VLP binding to heparin or Matrigel was calculated as
the reduction in OD observed between adding the
MADbs before the interaction of VLPs with heparin and
after. The results are expressed as the percentage of
reduction in OD.

VLP binding to HS and ECM assays

Microtiter plates (Maxisorp, Nunc) were coated with
heparin-BSA as described earlier. After a blocking
step, VLPs diluted in PBS were added. Following incu-
bation at 37°C for 60 min and washing, CanVir1 MAbs
diluted 1:5000 in PBS, 0.1% Tween 20 and 10% FCS
were added and incubated at 37°C for 60 min. Bound
antibodies were detected after four washes using
mouse anti-IgG antibodies covalently linked to horse-
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radish peroxidase and then the tests were performed
as mentioned earlier in the test for the interaction
between heparin and MAbs. The results are expressed
as OD value.

Visualization of HPV31 epitopes by homology
modeling of HPV31 L1 protein

The sequence for HPV31 Li protein (UniprotKB ID,
P17388) was submitted as input to the Swiss-Model
modeling tool (http://swissmodel.expasy.org). A tem-
plate search based on sequence similarity identified
HPV16 L1 (PDB code 1DZL and 2R5H), HPV-35 L1
(2R5J), HPV-11 L1 (2R5K), and HPV-18 L1 (2R5I) as
possible 3D templates. Because HPV31 L1 is more sim-
ilar to HPV16 and HPV35 L1 sequences, we selected
the corresponding 3D templates (1DZL, 2R5H and
2R5J) to model the L1 structure of HPV31. The model
of HPV31 L1 was evaluated using ANOELA (http://
swissmodel.expasy.org/anolea/) and found to be cor-
rect for further structural analysis of epitope locations.
The L1 pentamer of HPV31 was reconstructed with
SwissPDBViewer using the HPV31 L1 model and the
information for noncrystallographic symmetries (trans-
formation matrices) of the HPVi6 VLP (1DZL).%
Atomic coordinates of the pentamer for the HPV31 L1
VLP were saved in PDB format and displayed using
the PYMOL program, a molecular graphic visualization
tool for macromolecular structures (http://www.
pymol.org).
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