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Abstract
Peptides of the papillomavirus L2 minor capsid protein can induce antibodies (Ab) that neutralize
a broad range of human papillomavirus (HPV) genotypes. Unfortunately, L2 is antigenically
subdominant to L1 in the virus capsid. To induce a strong anti-L2 Ab response with cross-
neutralizing activity to other mucosal types, chimeric virus-like particles (VLP) were generated in
which HPV16 L2 neutralization epitopes (comprising L2 residues 69–81 or 108–120) are inserted
within an immunodominant surface loop (between residues 133 and 134) of the L1 major capsid
protein of bovine papillomavirus type 1 (BPV1). These chimeras self-assembled into pentameric
capsomers, or complete VLP similar to wild type (wt) L1 protein. Immunization of rabbits with
assembled particle preparations induced L2-specific serum Ab with titers 10-fold higher than
those induced by cognate synthetic L2 peptides coupled to KLH. Antisera to both chimeric
proteins partially neutralized HPV16 pseudovirions, confirming that both HPV16 L2 peptides
define neutralization epitopes. When analyzed for the ability to cross-neutralize infection by
authentic HPV11 virions, using detection of early viral RNA by RT-PCR-assays as the readout,
immune serum to chimeric protein comprising L2 residues 69–81, but not 108–120, was partially
neutralizing. In addition, mouse-antiserum induced by vaccinations with synthetic L2 peptide
108–120, but not 69–81, was partially neutralizing in this assay. Induction of cross-neutralization
Ab by L2 epitopes displayed on chimeric VLP represents a possible strategy for the generation of
broad-spectrum vaccines to protect against relevant mucosal HPV and associated neoplasia.
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1. Introduction
Human papillomaviruses (HPV) comprise a heterogeneous group of species- and tissue-
specific DNA tumor viruses, which exclusively infect epithelial cells. Close to 100 HPV
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genotypes have been identified so far that mainly cause benign epithelial papillomas on skin
or mucosa [1]. So-called “low-risk” (LR) types, mostly HPV6 and 11, induce benign
mucosal warts (condylomata acuminata). Persistent infection with “high-risk” (HR) types,
mainly HPV16 and 18, are associated with almost all cervical cancers [2], a subset of other
ano-genital cancers and cancers of the head and neck, and possibly some keratinocyte skin
cancers [3–6]. The papillomavirus virion is a non-enveloped, icosahedral particle of 55–60
nm in diameter, which encloses a double stranded circular DNA of approximately 8
kilobases. The capsid consists of 72 capsomers or pentamers, each composed of 5 L1 major
capsid proteins, arranged in a T = 7 icosahedral symmetry [7,8]. The second structural
protein, the L2 minor capsid protein, is genetically unrelated to L1 and may be located at the
capsid vertices of the virion [9].

The L1 protein alone, or L1 co-expressed with L2, is able to self-assemble into virus-like
particles (VLP) that are morphologically and immunologically similar to native virions, but
lack potentially oncogenic DNA [6]. Immunizations with L1 or L1 + L2 VLP induce high-
titer neutralizing antisera to conformation-dependent epitopes that protect against infection
both in animal models [10–15] and in human clinical trials [16–20]. Vaccine protection
provided by neutralizing antibodies (Ab) to L1 VLP is mostly type-specific and may not
protect against infection with heterologous types [6,19]. For example, in the seminal HPV16
L1 VLP vaccine study, 22 incident cervical intraepithelial neoplasias (CIN) related to types
other than HPV16 were present in both the placebo and vaccine arms. Although HPV16 and
18 are associated with approximately 70% of anogenital cancers, at least 13 additional HR
HPV types are implicated in the development of neoplasias that need consideration in
designing a broadly protective HPV vaccine [21]. Such a highly multivalent vaccine
combining L1 VLP of the majority or all known HR HPV may not be practical, particularly
for developing nations where ~80% of cervical cancers occur.

A portion of L2 is exposed on the virion surface and accessible to Ab, a subset of which are
neutralizing [22]. Antisera to L2 proteins of several papillomaviruses are cross-neutralizing
to heterologous skin or mucosal types, suggesting that L2 contains type-common epitopes
[23,24]. In addition, nasal administration of an HPV16 L2 peptide induced neutralizing
antisera against HPV16 and HPV52 [25]. These data suggest that L2-based vaccination may
confer Ab-based broad-spectrum protection against infection with multiple mucosal HPV
types [22,26–28].

The minor capsid protein of papillomaviruses is incorporated into VLP, when L2 is co-
expressed with L1, at a ratio of at least 1 L2 to 30 L1 proteins. However, L1 + L2 VLP do
not induce significant L2 antisera, because L2 is subdominant to L1 [24]. The high degree of
immunogenicity of L1 protein reflects the close-packed, regularly spaced L1 epitopes in 72
pentameric capsomers that comprise the viral capsid [29]. Even capsomers are significantly
immunogenic and able to elicit neutralizing Ab [30–32]. Therefore, we attempted to develop
a new type of HPV vaccine, in which L1 VLP display broadly cross-neutralizing L2
epitopes repetitively on the capsid surface in the place of the immunodominant L1 epitopes
[33,34]. Kawana et al. [28] have generated a monoclonal Ab (mAb) directed to HPV16 L2
amino acids (aa) 108–120 that neutralized HPV16 and HPV6 pseudovirions. In addition, a
mAb to aa 69–81 of HPV16 L2 was neutralizing for HPV16 pseudovirions. Interestingly,
sera of patients with genital HPV infections contained high ELISA titers to the synthetic
peptide 69–81, indicating that this epitope is a strong surface immunodeterminant. Both
epitopes are highly conserved among different HPV types.

Herein, we generate chimeric particles based on the bovine papillomavirus type 1 (BPV1)
L1 major capsid protein that display the HPV16 L2 peptides aa 69–81 or aa 108–120,
respectively, on an immunogenic capsid surface loop [34,35] (Fig. 1). To explore their
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potential utility as a preventive vaccine against a broad range of HPV genotypes, we
compare L2-specific neutralizing Ab titers raised by vaccination with such chimeric
particles.

2. Materials and methods
2.1. Generation of recombinant baculoviruses

Inverse touch up polymerase chain reaction (PCR) [36] was used to insert nucleotides
encoding the respective 13 aa HPV16 L2-epitopes into the BPV1 L1 open reading frame
(ORF) under the control of the polyhedrin promotor of baculovirus transfer vectors. Primers
complementary to the L1 gene were designed such that they were facing each other
backwards on the template [34]. At their 5′ ends each primer encoded a part of the epitope to
be incorporated into the L1 carrier protein. For polymerization Isis-Polymerase (Qbiogene,
Heidelberg, Germany) was used to amplify the complete L1 gene plus the complete
baculovirus transfer vector. Amplimers were gel purified using the NucleoSpin Extract kit
(Machery-Nagel, Düren, Germany) and ethanol-precipitated. After phosphorylation and
Klenow-treatment [37] amplimers were gel-purified, ethanol precipitated and ligated
overnight at 4 °C. The ligation product was transformed into XL-1 supercompetent cells
(Stratagene) and bacteria were plated on LB-agarose at 37 °C overnight. Colonies were
screened by PCR for the presence of the inserted sequence, DNA was purified using a
column procedure (Qiagen Midi-prep), and clones were verified by double-stranded DNA
sequencing.

We generated two recombinant transfer vectors encoding chimeric L1 major capsid proteins
for BPV1 (Fig. 1), by inserting oligonucleotides encoding 13 aa HPV16 L2-epitopes aa 69–
81 RTGYIPLGTRPPT or aa 108–120 LVEETSFIDAGAP into the BPV1 L1 ORF of the
plasmid BPV1 L1-pEVmod between aa residues 133/134, using primers KSL1 and 2, or
KSL7 and 8 [14,34]. The clones code for the following chimeric L1-L2 epitope sequence
with the added L2 aa underlined … DATLRTGYIPLGTRPPTSVHF … and …
DATLLVEETSFIDAGAPSVHF ….

2.2. Oligonucleotide primers
KSL1: 5′ ACTAGTTTCTTCCACTAAGGTGACTTTTCTATTCAC 3′ (complementary to
BPV1 L1 nt 382–399, coding for additional aa LVEETS = HPV16 L2 nt 322–339); KSL2:
5′ TTTATTGATGCTGGTGCACCAACCCAAACAACAGATGACAGG 3′
(complementary to BPV1 L1 nt 400–420, coding for additional aa FIDAGAP = HPV16 L2
nt 340–360); KSL7: 5′ CAATGGAATATACCCAGTGCGGGTGACTTTTCTATTCAC 3′
(complementary to BPV1 L1 nt 382–399, coding for additional aa RTGYIPL = HPV16 L2
nt 205–225); KSL8: 5′ GGAACAAGGCCTCCCACAACCCAAACAACAGATGACAGG
3′ (complementary to BPV1 L1 nt 400–420, coding for additional aa GTRPPT = HPV16 L2
nt 226–243).

Recombinant baculoviruses were generated as described previously [14]. In brief, transfer
vectors were cotransfected with wild type (wt) baculovirus DNA (baculoGold, Pharmingen)
into Sf-9 insect cells by lipofection. Following homologous recombination, the
baculoviruses were plaque purified and amplified to high-titer. Sf-9 insect cells were
infected for 3 days, lysed and analyzed by SDS-PAGE and Western blot. The expression of
L1 was detected using the mouse mAb AU-1, directed against the linear BPV1 L1-epitope
DTYRYI (BabCO, Berkeley Antibody, Richmond, CA), followed by peroxidase-labeled
goat-anti-mouse-IgG, and visualized using the ECL chemiluminescence kit (Amer-sham).
Positive clones were re-examined for HPV16 L2 epitopes using a rabbit antiserum raised
against a bacterially expressed GST-HPV16 L2 fusion protein [22].

Slupetzky et al. Page 3

Vaccine. Author manuscript; available in PMC 2014 February 26.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



2.3. Expression and purification of chimeric BPV1 L1-HPV16 L2 proteins from Sf-9 insect
cells

Sf-9 insect cells (5 × 108) were infected at a multiplicity of infection (MOI) of ~10 with
recombinant baculoviruses and harvested after 3 days. High molecular mass structures were
separated from cell lysates using a 35% sucrose cushion followed by cesium chloride (CsCl)
density gradient equilibrium centrifugation as described [14]. Visible bands were collected,
extensively dialysed against phosphate buffered saline (PBS)/0.5 M NaCl/0.05% NaN3, and
aliquots examined by SDS-PAGE and Coomassie staining. For visualization by transmission
electron microscopy (TEM), purified protein complexes were adsorbed on carbon-coated
glow-discharged copper grids for 10 min, fixed on a drop of glutaraldehyde (2.5% in 0.1 M
sodium cacodylate buffer, pH 7.0) for 20 min, negatively stained with 1% uranyl acetate,
and investigated in a JEOL EM 1010 or a Philips CM 100 electron microscope at 80 kV,
with an objective aperture of 30 μm.

2.4. Immunization protocol
New Zealand White (NZW) rabbits or Balb/c mice were each injected s.c. with 50 μg
purified protein or synthetic peptides in complete Freund’s adjuvant (CFA), followed by two
boosts in incomplete Freund’s adjuvant (IFA) at 4-week intervals, and one additional boost
after 8 weeks. Two weeks after the last immunization, serum samples were collected,
pooled, heat-inactivated at 56 °C for 1 h, and aliquots were stored at −70 °C.

2.5. Determination of serum titers by ELISA
One μg of biotinylated L2 peptide, synthesized at JPT Peptide Technologies, Berlin, was
added to each well of Nunc Streptavidin coated 96-well plates (as described in the Nunc
Streptavidin general coating protocol). Native chimeric VLPL2 proteins diluted in PBS were
adsorbed (0.3–0.6 μg/well) to 96-well plates (Nunc MaxiSorp) at 37 °C for 1 h. For
denaturation, proteins were dried onto the ELISA plate at 37 °C in NaHCO3 buffer, pH 10.6,
with 0.01 M DTT. Plates were washed with PBS, blocked overnight with 0.5% non-fat dry
milk (Bio Rad)/PBS at 4 °C, and incubated with indicated serial dilutions of antiserum or
mAb in triplicate wells for 1 h at room temperature on an ELISA plate shaker (Dynatech).
Following three washes with PBS, a 1:10,000 dilution of peroxidase-conjugated Ab was
added and the plate was developed by adding the substrate ABTS (Boehringer Mannheim).
The optical density (OD) at 405 nm was determined using an ELISA reader (Dynatech).
Data are plotted as mean + S.D. of triplicate wells. For statistical analysis Student’s t-test
was used for comparison of groups, and p-values ≤0.05 are considered significant.

2.6. HPV11 transient infectivity assay (nested RT-PCR)
A431 cells were seeded into 60 mm tissue culture plates at 3 × 105 cells [38,39]. Native
HPV11 virions (purified from genital warts and typed by DNA sequencing, 1 μl of stock
solution), were diluted in 1 ml RPMI w/o FCS and incubated with 20 μl pre-immune or
immune sera (1:50 dilution), or neutralizing mAb H11.B2 (Chemicon) (at high
concentration of 20–50 μg/ml to ensure complete neutralization) as positive control for 1 h.
Culture medium was aspirated and cells were infected with the pre-incubated virus solution
for 1 h at 37 °C, with gentle rocking every 15 min, and then fed with 3 ml of fresh RPMI/5%
FCS medium, respectively. After 3 days of incubation, total cellular RNA was extracted
using Tri Reagent (Molecular Research Center, Cincinnati, Ohio). For first-strand cDNA
synthesis, oligo-p (dT)15 primers were used (Roche). Spliced HPV11 E1∧E4 mRNA was
detected by two rounds of 30-cycle nested PCR as described previously [39]. The expected
final size of the PCR amplimer was 628 bp for spliced HPV11 mRNA and 429 bp for
spliced β-actin mRNA.

Slupetzky et al. Page 4

Vaccine. Author manuscript; available in PMC 2014 February 26.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



2.7. HPV11 transient infectivity assay (single round quantitative RT-PCR)
HPV11 virions were preincubated in a 1:50 dilution of serum (in DMEM/10% FCS) for 1 h
at 37 °C. Controls included virus incubated with no serum, and virus incubated at vast
excess with the neutralizing mAb H11.H3 (concentration of 85μg/ml) to ensure complete
neutralization. At the end of the preincubation period, an additional 1 ml DMEM/10% FBS
was added to the inoculum and the mixture (150 particles/cell) was spread over nearly
confluent HaCaT cells, plated the previous day at 5 × 105 cells per well (6-well plate).
Twenty-four hours later the medium was replaced with 3 ml fresh medium. RNA was
harvested at 72 h post-infection using TRIzol (Invitrogen). Relative levels of E1∧E4
transcripts were measured using QRT-PCR as described previously [40]. Expression of “0”
indicates no E1∧E4 transcripts were detected in the RNA from these wells (e.g. H11.H3).
An expression level of “1” indicates that the number of E1∧E4 transcripts relative to the
number of cellular TBP transcripts were found to be at the same ratio as measured in the
RNA of control monolayers infected with untreated virions. Data are plotted as the mean ±
S.E. of five independent experiments. Pre-immune and immune ± sera were compared
within groups using Student’s t-test, and p-values ≤0.05 are considered significant.

2.8. HPV6, 16 and 18 pseudovirion neutralization assays
Pseudoviruses were generated by co-transfection of 293TT cells [41] and neutralization
assays performed as described with few modifications [42]. The 293TT cells (30,000/well)
were pre-plated 3–4 h in advance in 96-well non-treated sterile, polystyrene plates (Nalge-
Nunc) in 100 μl neutralization buffer (DMEM/10% FCS, no phenol red). The diluted
pseudovirions were incubated with different rabbit sera in triplicate wells for 1 h at 37 °C/
5% CO2 and the mixture was placed on the 293TT cells. At the end of the 68–72 h
incubation period, the supernatant was harvested and clarified at 1500 × g for 5 min. The
secreted alkaline phosphatase (SEAP) content in the clarified supernatant was determined
using p-nitrophenyl phosphate (Sigma, St. Louis, MO) dissolved in diethanolamine (Acros
Organics, NJ). The resultant yellow color was measured at 405 nm. Data shown are the
mean + S.D. of triplicate wells of a representative of two independent experiments. Serum
neutralization titers were defined arbitrarily as the reciprocal of the highest dilution that
caused at least a 50% reduction in SEAP activity (p ≤ 0.05 by Student’s t-test).

3. Results
Two conserved peptides in HPV16 L2 (aa 69–81 and 108–120) have been identified that
induce neutralizing antisera to homologous HPV16. Antibodies to peptide 108–120 also
cross-neutralized heterologous genital HPV (types 6, 11 and 52), whereas neutralization by a
mAb directed against peptide 69–81 was type-restricted [28,43,44]. Recombinant
baculoviruses were generated by standard methods for expression of chimeric fusion
proteins L1+69-81 and L1+108-120 (Fig. 1), or wt BPV1 L1 as a control [14]. Sf-9 insect
cells were infected for 3 days, lysed, and analyzed by SDS-PAGE. Coomassie-blue staining
revealed a significant 55–60 kDa band for the respective wt and chimeric proteins (Fig. 2A).
Antigenicity of L1 was verified by Western blotting, using the anti-L1 mAb AU-1, which is
directed against a linear BPV1 L1-epitope (DTYRYI) (Fig. 2B). Smaller bands likely
represent protein degradation products. Correct translation of the inserted HPV16 L2
epitopes was detected by a polyclonal L2-antiserum [22], which recognized a specific band
of the appropriate size in the cell lysates expressing chimeric proteins (Fig. 2C, lanes 3 and
4), but not in control lysates expressing wt L1 or wt baculoviruses (Fig. 2C, lanes 1 and 2).

To determine if chimeric proteins self-assemble into viral particles or capsomer subunits
similar to parental wt L1 protein, high-molecular weight complexes were purified by density
gradient centrifugation, and preparations were negatively stained and analyzed by TEM
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[34]. Electron micrographs demonstrated that L1+69-81 assembled into capsomers, the
pentameric L1 subunit of VLP (Fig. 3A and inset). In contrast, TEM of the L1+108-120
preparation showed spherical particles with a diameter of approximately 55 nm (Fig. 3B)
and the morphology similar to that of wt L1 VLP (Fig. 3B, inset). In addition, smaller
particles, and pentamers either singly or in aggregates, were observed (Fig. 3B).

As compared to denatured linear L1 proteins, papillomavirus L1 VLP and capsomers are
highly immunogenic due to their multimeric structure, and display conformational
neutralization epitopes [6,45]. We thus examined whether chimeric proteins retained the
ability to self-assemble into a multimeric platform, capable of presenting the L2 epitopes in
a highly immunogenic form. As a surrogate marker for self-assembly, we examined
reactivity with the BPV1-neutralizing mAb 5B6, which is directed to a conformation-
dependent L1 epitope [22]. Chimeric L1+69-81 and L1+108-120 proteins, and wt BPV- L1
VLP as a reference, were analyzed by ELISA under native conditions (Fig. 4A). The mAb
5B6 recognized both fusion proteins, as well as wt VLP, indicating assembly into potentially
immunogenic multimeric structures. OD values were considerably reduced for chimeric
protein L1+69-81 (p≤0.05 for 5B6 dilutions up to 1:12,500), and less prominent for
L1+108-120 (p≤0.05 for 5B6 dilutions up to 1:500), as compared to wt VLP. Impaired
binding of mAb 5B6 to L1+69-81 and L1+108-120 might be explained by steric hindrance,
or slight distortion of the conformational epitope by the inserted peptide resulting in lower
Ab affinity. As a negative control, reactivity to 5B6 was completely abolished when wt and
chimeric particles were applied to the ELISA plate under denaturing conditions (pH 10.8)
(data not shown). To rule out the possibility that different protein concentrations might
account for differences in mAb 5B6 binding, in a parallel control experiment denatured
antigens were tested with mAb AU-1, which is directed against a linear L1 epitope.Fig. 4B
demonstrates similar OD values of AU-1 bound to L1+69-81, L1+108-120 and wt L1 VLP.
These data infer that similar amounts of chimeric and wt L1 VLP proteins had been attached
to the ELISA plate. Thus reduced reactivity of 5B6 to native L1+69-81 and L1+108-120
(Fig. 4A) was not due to lower amount of antigen applied to the ELISA plate.

We further analyzed if chimeric particles could induce an immune response specific for the
surface-displayed L2 epitopes. Furthermore, we sought to compare immunogenicity of the
multimeric antigens to that of synthetic L2 peptides, which were conventionally coupled to
KLH. Therefore, rabbits were immunized four times with chimeric fusion proteins
L1+69-81 or L1+108-120, using Freund’s as the adjuvant. In addition, mice were
immunized with synthetic L2 peptides aa 69–81 and 108–120 coupled to KLH, using
Freund’s as adjuvant as well. Sera were analyzed by ELISA, using the respective cognate
L2-peptide as the antigen.

As shown in Fig. 5, both L1 + L2 fusion proteins induced antisera to L2 with titers of
10,000, and chimeric pentamers (L1+69-81) were as efficient as chimeric VLP
(L1+108-120). ELISA titers were 10-fold higher for antisera induced by chimeric proteins
than that induced by the respective synthetic peptides (p≤0.05). As expected, pre-immune
sera did not react in the ELISA. These results indicated that multimeric display of L2-
peptides on chimeric particles was more efficient in immunizations than the standard
method of coupling peptides to KLH.

To determine if L2 peptide binding translates into neutralizing activity, immune sera were
analyzed in HPV pseudovirion neutralization assays [42,46]. Diluted pseudovirus was
incubated with serial dilutions of antisera in triplicate wells for 1 h and the mixture was
placed on 293TT cells. Following a 3 days incubation period supernatants were harvested,
and the secreted alkaline phosphatase (SEAP) content in the clarified supernatant
determined as a readout. Serum neutralization titers were defined as the reciprocal of the
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highest dilution that caused at least 50% reduction in SEAP activity (p≤0.05 by Student’s t-
test). In HPV16 pseudovirion assays, the antiserum to L1+69-81 was neutralizing with a titer
of 240 (Fig. 6A). Antiserum against L1+108-120 neutralized HPV16 with a titer of 60 (Fig.
6B). In contrast, antisera against both synthetic peptides did not neutralize any of the
pseudovirions (not shown), supporting the concept that chimeric particles are more
immunogenic than conjugated L2-peptides for induction of (cross)-neutralizing Ab.

It has been shown previously that HPV6, 16, and 18 L2 proteins contain cross-neutralization
epitopes [24,28,43,44]. To determine if antisera induced by chimeric proteins are able to
cross-neutralize heterologous mucosal HPV types, an HPV11 infectivity assay was
performed using authentic virions isolated from genital warts. A431 monolayer cell cultures
were transiently infected for 3 days, and analyzed by nested reverse transcriptase (RT)-PCR,
detecting spliced early viral transcripts in infected cells as readout. HPV11 virions were
incubated with antisera at 1:50 dilution for 1 h, or left untreated, prior to infecting cells.
Antiserum raised against L1+69-81 (but not pre-immune sera) neutralized HPV11 virions as
shown by the absence of early transcripts (Fig. 7), indicating that HPV16 L2 peptide 69–81
can induce cross-clade neutralizing antisera to the distantly related HPV11. Unexpectedly,
antiserum raised against L1+108-120 was non-neutralizing. In addition, immune sera raised
against the KLH-coupled synthetic peptides 69–81 and 108–120, and antiserum to wt L1
VLP (not shown), or Aβ-VLP (a chimeric BPV1 L1 VLP containing an irrelevant 9 aa
peptide of beta amyloid) (Fig. 7) [47], did not neutralize HPV11 infection. Neutralization
was further determined for HPV6 and HPV18 pseudovirions, but neither were neutralized by
the immune sera. As expected, both sera raised against the chimeric proteins neutralized
BPV1 pseudovirions with a titer of at least 2560 (the highest serum dilution tested),
indicating a vigorous immune response to the BPV1 L1 carrier protein.

Neutralizing activity of the antisera induced by chimeric proteins and synthetic L2 peptides
was further assayed in a more sensitive HPV11 infectivity assay, using single-round
quantitative RT-PCR to detect HPV 11 E1∧E4 spliced transcripts as a readout [40].
Quantification of this transcript provided a direct measure of the ability of antiserum to
neutralize viral infection. HaCaT cells were infected with HPV11 virions pre-incubated with
1:50 diluted antisera induced by L1+69-81, L1+108-120, pre-immune sera, or sera raised
against synthetic peptides 69–81 and 108–120, respectively. Similar to the results obtained
by nested RT-PCR infectivity assay, antiserum raised against L1+69-81 displayed
neutralizing activity, as demonstrated by a 66% (p = 0.007) inhibition of RNA expression
compared to pre-immune serum (Fig. 8, D and E). In agreement with the previous
experiment, antiserum raised against L1+108-120 did not neutralize HPV 11 (p = 0.6) (Fig.
8, H and I). Similar to the nested RT-PCR results, antiserum raised against the synthetic
peptide 69–81 was non-neutralizing (p = 0.4) (Fig. 8, B and C), whereas antiserum against
the synthetic 108–120 peptide was partially neutralizing in the assay (p = 0.01) (Fig. 7, F
and G). The latter discrepant result may be explained by the higher sensitivity of the
quantitative amplification method (as compared to nested RT-PCR) to detect incomplete
neutralization of HPV11 virions.

4. Discussion
Neutralizing Ab to papillomaviruses are mainly type-specific and directed against the
immunodominant L1 capsid protein. In addition, the N-terminus of L2 can induce low-titer
neutralization of homologous and heterologous types [23]. However, immunization with co-
assembled L1 + L2 VLP does not provide cross-neutralizing Ab to L2 [24], perhaps because
the relevant epitopes of L2 are masked by the capsid, resulting in poor presentation to the
immune system [48]. Alternatively the highly immunogenic nature of the closely packed L1
epitopes might dominate the humoral response because L2 is more distantly spaced [49]. To

Slupetzky et al. Page 7

Vaccine. Author manuscript; available in PMC 2014 February 26.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



overcome immunological subdominance of the L2 protein we have generated two BPV1 L1
proteins that display a short HPV16 L2 epitope repetitively and closely spaced on the
assembled L1 particles. The respective epitope was incorporated between L1 aa 133 and 134
into the D-E loop, as previous studies have shown that the site is both immunogenic and
tolerant for insertion of relatively short peptides, without preventing self-assembly into
particles [8,34,35]. It is noteworthy that despite insertion within this loop, the chimeric VLP
still induced high titers of BPV1 neutralizing Ab that is presumably specific to neutralizing
epitopes on other loops. This suggests that HPV16 L1 may represent a suitable carrier for
clinical introduction.

The close-packed, ordered structure of assembled L1 pentamers or VLP is a key factor in
their immunogenicity [14,31,49]. Papillomavirus VLP directly bind and activate dendritic
cells [50,51] as well as B-cells [52]. In addition, immunization with HPV16 VLP induces
potent cytokine and T helper 1 (Th1)-biased immune responses via a toll-like receptor
recognition mechanism [53–55]. To determine their state of assembly, we analyzed chimeric
vaccine preparations using morphology by TEM, and immunologically using the
conformation-dependent neutralizing mAb 5B6 to probe the chimeric VLP surface. Correct
assembly is supported by TEM of negatively stained vaccine preparations, demonstrating
assembly into pentamers (for L1+69-81 protein), or complete VLP (for L1+108-120
protein), respectively. Monoclonal Ab 5B6 recognizes infectious BPV virions, VLP and
pentamers self-assembled from wt L1, but not denatured L1 protein. Under native conditions
using chimeric VLP preparations as the ELISA antigen, mAb 5B6 reacted with both
chimeric proteins, although demonstrating reduced OD values for L1+69-81 and
L1+108-120 as compared to wt L1 VLP (Fig. 4A). Furthermore, vaccination with these
chimeric VLPs also induces high titers of BPV1 neutralizing Ab suggesting correct
conformation. Thus, despite L2 epitope insertion into the DE surface loop, BPV1 L1
assembled of into particles that correctly present conformational and immunogenic BPV1-
neutralization epitopes [34].

We next determined immunogenicity of L2 in our L1 carrier-based vaccine preparations.
Immunization of rabbits with chimeric proteins induced antisera that recognized the cognate
HPV16 L2 by ELISA, with a titer that was one order of magnitude higher than that induced
by synthetic L2 peptides coupled to KLH. This indicates that epitope display on the surface
of L1 particles is an efficient strategy to boost immunity to L2 peptides (Fig. 5). Our results
are consistent with previous studies using VLP as vaccine carrier to induce antisera to
autologous (TNF-alpha, CCR5, amyloid-beta) [47,56,57], or heterologous viral (gp 41 env)
antigens [34].

It has been reported that a mAb directed to, and antisera raised against, aa 108–120 of
HPV16 L2 neutralized homologous HPV16, and in addition heterologous HPV6, HPV11,
and HPV52 pseudoinfections, whereas neutralization by a mAb to aa 69–81 of HPV16 L2
was HPV16-specific [25,28,44]. Both antisera raised herein against chimeric L1-L2 proteins
neutralized homologous HPV16 pseudovirions at low titer (60–240) (Fig. 6), whereas
antisera raised against the cognate synthetic peptides were non-neutralizing by nested RT-
PCR assay. Our ability to detect HPV16-neutralization only when chimeric proteins, but not
peptides were used for immunization are in agreement with a previous report [58], and may
reflect differences in immunization procedures, or the use of different systems for
production of pseudovirions used in neutralization assays.

The use of authentic virions is important for HPV neutralization assays, but limited by the
very few available types. Importantly, antiserum to chimeric L1+69-81 proteins cross-
neutralized HPV11 in both nested and single-round quantitative RT-PCR assays, whereas
sera to L1+108-120 were non-neutralizing. In addition, neutralization of HPV11 virions by
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antisera to synthetic peptides was not detected by nested RT-PCR. However, an antiserum to
synthetic peptide 108–120, but not 69–81, partially neutralized authentic HPV11 virions in
the more sensitive quantitative RT-PCR infectivity assay. The higher sensitivity of the
quantitative (as compared to nested) RT-PCR assay may explain this discrepancy, as this
assay can also measure partial neutralization. These results corroborate and extend previous
findings where mAb to or antisera raised against aa 108–120 of HPV16 L2 cross-neutralized
heterologous HPV11 pseudovirions, whereas neutralization of HPV6 by a mAb to aa 69–81
of HPV16 L2 was not reported [28,44].

The extent of cross-neutralization for heterologous HPV was further analyzed with
pseudovirions of the genital types HPV6 and HPV18, none of which scored positive with the
antisera. Of note, the L2 epitope 108–120 is identical for HPV6 and 11, consistent with the
fact that antiserum to L1+108-120 did neither neutralize HPV11 (both by quantitative RT-
PCR assay and nested PCR), nor HPV6 (by pseudovirion assay).

Our RT-PCR results demonstrate for the first time that HPV16 L2 aa 69–81, in the context
of an assembled L1 pentamer, induce antisera that cross-neutralize native HPV11 virions,
whereas antisera raised against the 69–81 peptide alone did not neutralize. The 10-fold
higher titer to L2 induced by L1-L2 pentamers/VLP compared to synthetic L2 peptide
vaccination might account for this difference, supporting the concept of boosting L2
immunogenicity by the L1 display system. Although L1+69-81 assembled into capsomers
appears superior to L1+108-120 VLP in the capacity to induce neutralizing antisera, this
difference may arise primarily from characteristics of the epitopes including their (cross)-
neutralizing ability, rather than the multiplicity of the carrying particle. Further studies are
required to compare the potency of chimeric pentamers with that of VLP to induce Ab to
surface exposed heterologous peptides.

Serum titers against L2 obtained in this (and in previous) studies are generally several orders
of magnitude lower than the anti-L1 titers obtained with VLP vaccines. The latter correlate
with high vaccination efficiency in preventing HPV infection and associated disease,
although an anti-L1 Ab threshold level as surrogate marker for protection has yet to be
defined. Nevertheless, low Ab titers to L2 may be clinically (at least partially) protective,
considering the slow internalization kinetics of papillomavirus with a t(1/2) time of 4 h
following cell attachment, during which virions remain susceptible to neutralizing Ab
present in various body fluids [59,60].

In conclusion, incorporation of cross-neutralizing L2 epitopes into a self-assembled L1
carrier may be a possible strategy to generate broad-spectrum vaccines to protect against
multiple HPV types.
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Fig. 1. Construction of recombinant BPV1-L1/HPV16-L2 baculovirus expression vectors.
Oligonucleotides encoding HPV16-L2 peptides 69–81 and 108–120 (indicated by gray bars)
were engineered into the 505 amino acids encoding BPV1-L1 ORF (open bar), between
residues 133 and 134. The HPV16 L2 peptides are underlined, and flanking BPV1-L1
sequences shown.
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Fig. 2. Baculovirus expression of BPV1 L1-HPV16 L2 fusion proteins.
Sf-9 insect cells were infected for 3 days with wild type AcMNPV or recombinant
baculoviruses expressing L1+69-81, L1+108-120, or wild type BPV1-L1 as control, lysed,
separated by SDS-Page, and analyzed by Coomassie stain (A), and Western blotting using
mAb AU-1 directed against BPV1 L1 (AU-1) (B), or immune serum raised against HPV16
L2 (anti-16L2) (C). Recombinant proteins migrated at about 55–60 kDa. Smaller
Coomassie-stained and immunoreactive bands that are absent in wt baculovirus (AcMNPV)
infected control lanes likely represent a protein degradation product. A slower migrating
band present in all four lanes of panel C is unspecifically recognized by the polyclonal
anti-16L2 antiserum.
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Fig. 3. Transmission electron microscopy of baculovirus expressed fusion proteins.
Chimeric L1+69-81 (A) and L1+108-120 (B) fusion proteins were expressed in Sf-9 insect
cells, purified on density gradients, negatively stained and analyzed by transmission electron
microscopy at 30,000 magnification. (A) Inset shows L1+69-81 pentamers at three-fold
higher magnification. (B) Inset shows BPV1 wild type L1 VLP for comparison.
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Fig. 4. Analysis of baculovirus expressed chimeric L1+69-81 and L1+108-120 proteins by ELISA.
BPV1 wild type L1 (triangles), and chimeric L1+108-120 (squares) or L1+69-81 (diamonds)
proteins were analyzed under native conditions by ELISA, using the indicated serial
dilutions of mAb 5B6 directed to a conformation-dependent neutralizing epitope (A), or
mAb AU-1 directed to a linear BPV1 L1 epitope under denaturing conditions (B). OD,
absorbance at 405 nm, mean + S.D. of triplicate wells.
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Fig. 5. Analysis of antisera raised against chimeric proteins L1+69-81 and L1+108-120, or
synthetic peptides by ELISA.
Streptavidin-coated ELISA plates were satured with biotinylated synthetic HPV16 L2
peptides 69–81 (A) or 108–120 (B). Pre-immune and immune sera raised against multimeric
chimeric proteins L1+69-81 (A) or L1+108-120 (B), or raised against synthetic KLH-
coupled peptides were serially diluted as indicated and analyzed by ELISA. OD, absorbance
at 405 nm, mean + S.D. of triplicate wells.
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Fig. 6. Neutralization of HPV16 pseudovirions by antisera to chimeric VLP and pentamers.
HPV16 pseudovirions were incubated in the presence of indicated dilutions of pre-immune
(black bars) or immune sera (grey bars) raised against chimeric proteins. (A) Antisera raised
against fusion protein L1+69-81 neutralized with a titer of 240. (B) Antiserum raised against
L1+108-120 neutralized with a titer of 60 (stars indicate a p-value 0.05 by Student’s t-test).
Antisera raised against synthetic peptides 69–81≤or 108–120 did not neutralize (not shown).
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Fig. 7. Cross-neutralization of HPV11 virions by RT-PCR assay.
Authentic HPV11 virions were incubated with sera at 1:50 dilution or left untreated for 1 h
prior to infecting A431 cells. Transient HPV11-infection of A431 cells was analyzed by
detection of spliced viral E1∧E4 mRNA by nested RT-PCR. Antisera raised against
L1+69-81, L1+108-120, or pre-immune sera are indicated. H11.B2 is a neutralizing mAb
raised against HPV11 virions. The negative control serum was raised against chimeric BPV1
L1 VLP containing an irrelevant beta-amyloid nona-peptide (Aβ-VLP).
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Fig. 8. HPV11 virion neutralization assay by quantitative RT-PCR.
Authentic HPV11 virions were incubated with indicated pre-immune or immune sera at
dilution 1:50 prior to infecting HaCaT cells. The ranges 69–81 and 108–120 indicate mouse
(pre-)immune sera raised against synthetic L2 peptides; L1+69-81 and L1+108-120 indicate
rabbit (pre-)immune sera raised against the respective chimeric proteins. H11.H3 is a
neutralizing mAb raised against HPV11 virions that was used at excess concentration to
ensure complete neutralization. Data are plotted as the mean + S.E. of five independent
experiments as described in materials and methods. Pre-immune and immune sera were
compared within groups using Student’s t-test, and p-values ≤ 0.05 (indicated by stars) are
considered significant.
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