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Abstract

Vaccination with the minor capsid protein L2, notably the 17-36 neutralizing epitope, induces
broadly protective antibodies, although the neutralizing titers attained in serum are substantially
lower than for the licensed L1 VLP vaccines. Here we examine the impact of other less
reactogenic adjuvants upon the induction of durable neutralizing serum antibody responses and
protective immunity after vaccination with HPV16 and HPV31 L2 amino acids 17-36 inserted at
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positions 587 and 453 of VVP3, respectively, for surface display on Adeno-Associated Virus 2-like
particles [AAVLP (HPV16/31L2)]. Mice were vaccinated three times subcutaneously with
AAVLP (HPV16/31L2) at two week intervals at several doses either alone or formulated with
alum, alum and MPL, RIBI adjuvant or Cervarix. The use of adjuvant with AAVLP
(HPV16/31L.2) was necessary in mice for the induction of L2-specific neutralizing antibody and
protection against vaginal challenge with HPVV16. While use of alum was sufficient to elicit
durable protection (>3 months after the final immunization), antibody titers were increased by
addition of MPL and RIBI adjuvants. To determine the breadth of immunity, rabbits were
immunized three times with AAVLP (HPV16/31L2) either alone, formulated with alum £ MPL,
or RIBI adjuvants, and after serum collection, the animals were concurrently challenged with
HPV16/31/35/39/45/58/59 quasivirions or cottontail rabbit papillomavirus (CRPV) at 6 or 12
months post-immunization. Strong protection against all HPV types was observed at both 6 and 12
months post-immunization, including robust protection in rabbits receiving the vaccine without
adjuvant. In summary, vaccination with AAVLP presenting HPV L2 17-36 epitopes at two sites
on their surface induced cross-neutralizing serum antibody, immunity against HPV16 in the
genital tract, and long-term protection against skin challenge with the 7 most common oncogenic
HPV types when using a clinically relevant adjuvant.
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1. Introduction

Cervical cancer is the third most common cancer of women worldwide, but is completely
preventable. Persistent high-risk human papillomavirus (hrHPV) infection is necessary, but
alone is not sufficient, for the development of cervical cancer [1,2]. Fifteen of the >120
known HPV genotypes are considered high risk [3-6], but HPV16 alone causes half of all
cases of cervical cancer, and predominates in other HPV-associated anogenital cancers and
those of the oropharynx [7-13]. The hrHPV cause ~5% of all cancer deaths globally but the
greatest burden is among women who currently are not reached by effective cervical cancer
screening programs, such that >85% of cervical cancers occur in low resource settings in the
developing world [14-16]. Thus, inexpensive and broadly protective hrHPV vaccines are
needed, especially in unscreened populations.

The licensed prophylactic HPV vaccines, Cervarix™ and Gardasil™ quadri- and nona-
valent, are based upon virus-like particles ( VLPs) assembled from the major capsid protein
L1. All contain L1 VLP derived from HPV16 and HPV18, but Gardasil 9 includes L1 VLP
of 5 other hrHPV. Gardasil4 and 9 both contain L1 VLPs of HPV6 and HPV11 as these two
types cause ~90% of all genital warts, a benign sexually transmitted disease. Vaccination
with L1 VLPs alone induces high titers of type-restricted neutralizing antibodies [15,17-19],
although all licensed vaccines utilize an aluminum-based adjuvant and Cervarix also
includes a second adjuvant, the TLR4 agonist monophosphoryl lipid A (MPL). Cervarix and
Gardasil4 are only licensed for protection against two hrHPV, which together cause ~70% of
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cervical cancer. However Gardasil9 is licensed for protection against the 7 most common
hrHPV found in cervical cancer (HPV16, HPV18, HPV31, HPV33, HPV45, HPV52 and
HPV58) as well as HPV6 and HPV/11 [20], but its cost and therefore applicability in low
resource settings is currently unknown.

An alternative approach to extend the coverage to more HPV genotypes is vaccination with
a single immunogen that presents a conserved protective epitope, such as residues 17-36
within the minor capsid protein, L2 [21,22]. However, L2 is antigenically subdominant to
L1 in the virus capsid and even alone is weakly immunogenic as compared to L1 VLP
[23,24]. Therefore, here we present the L2 epitopes on the surface of a heterologous VLP
backbone derived from VP3 of Adeno-associated virus 2. AAV2 belongs to the
Parvoviridea. AAV2 is a small non enveloped virus containing an icosahedreal capsid of
about 25 nm in diameter. The capsid is composed of three viral capsid proteins all encoded
by the same open reading frame: VP1, VP2 and VP3. They form together the 60 subunits of
the AAV?2 capsid in a 1:1:8 ratio [62]. VP3 and VP2 are N-terminal truncated variants of
VP1. Two main insertion sites were detected for the incorporation of peptides exposed on
the capsid surface. These are insertions after amino acid position 587 and 453 [63,64]. Here,
virus-like particles were formed using only the VP3 capsid protein (VP3), to produce a non-
infectious protein scaffold lacking specific packaging of viral DNA. Due to the highly
structured and repetitive presentation of epitopes on the capsid (60 times), combined with
the intrinsic immunogenicity of AAV [65], potent B-cell responses can be expected. Nieto et
al., previously showed that the simultaneous insertion of L2 epitopes comprising amino
acids 17-36 of HPV16 and HPV31 in AAV2 VP3 residues 587 and 453, respectively, did
not compromise assembly into Adeno-associated virus-like particles AAVLP
(HPV16/31L2). Furthermore, vaccination of mice with AAVLP (HPV16/31L2) formulated
in the adjuvant Montanide induced significant titers of broadly neutralizing serum antibodies
[25,26]. Here we examine whether formulation of AAVLP (HPV16/31L2) with clinically
relevant adjuvants can confer durable protection against experimental hrHPV challenge in
the genital tract and skin of mice and rabbits, respectively. Further we examined the
longevity of the protection responses up to 4 or 12 months in mice and rabbits, respectively.

2. Materials and methods

2.1. Production and purification of AAVLP (HPV16/31 L2) particles

The AAVLP (HPV16/31L2) were prepared and purified as described in Nieto et al. [26]:

Briefly the AAV VP2 sequence was cloned into the pCl plasmid (Promega). The VP2 start
codon acg was substituted by gag, resulting in translation of only VP3. Nucleotide sequence
of L2 residues 17-36 of HPV16 was cloned behind arginine residue 587 and nucleotide
sequence of L2 residues 17-36 of HPV31 was cloned behind glycine residue 453. The
amino acid sequence of the resulting AAV VP3 protein is shown in Supplementary Fig. S1.
Plasmid was transfected via calcium phosphate precipitation into 293T cells. Particles were
purified from cell lysate by several chromatographic steps as previously described [25,26].

Vaccine. Author manuscript; available in PMC 2016 February 23.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jagu et al. Page 4

The final buffer after purification was 50 mM HEPES, 200 mM NaCl and 2.5 mM MgCl,.
This buffer was also used for dilution to adapt volume and concentration for immunization
experiments.

Capsid titer was determined using a commercially available AAV?2 titration ELISA kit
(Progen, Heidelberg, Germany) according to the manufacturer’s manual.

Determination of Endotoxin content of purified material was performed by BSL Bioservice
via turbidimetric kinetic LAL test (BSL Bioservice, Planegg, Germany).

2.2. Ethics statement

This study was carried out in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health. Studies in mice
were performed with the prior approval of the Johns Hopkins University Institutional
Animal Care and Use Committee (IACUC). Rabbit studies were performed at Penn State
University (PSU) College of Medicine following review and approval by the PSU IACUC.

2.3. Generation of HPV pseudovirus (PsV) and quasivirus (QV)

Plasmid double expression vectors for codon-optimized L1 and L2 genes were transfected
with either a luciferase or alkaline phosphatase (SEAP) reporter gene plasmid into 293TT
cells using TransIT-2020 transfection reagent (Mirus) [27,28]. Three days after transfection,
cell pellets were collected and rinsed with Dulbecco’s modified Eagle medium (DMEM)
and Dulbecco’s phosphate-buffered saline (DPBS). The pellets were washed with DPBS-Mg
(DPBS supplemented with 9.5 mM MgCl,) and then transferred into siliconized tubes. Cells
were lysed in DPBS-Mg supplemented with 0.25% of Brij 58 and 0.1% benzonase and
incubated at 37 °C for 24 h. After this maturation step, the lysate was brought to 850 mM
NaCl. Lysates were clarified by centrifugation at 10,000 x g for 10 min, loaded onto an
Optiprep step gradient (27, 33, and 39%), and pseudovirions purified by centrifugation at
40,000 rpm in an SW40 rotor for 16 h at 16 °C. After centrifugation, 0.5 mL fractions were
collected from the top of the gradient and tested for infectivity. Fractions producing the
highest reporter gene expression were pooled, aliquoted and stored at —80 °C.

HPV Quasivirions were produced as described for PsV production but with the following
modifications. L1 and L2 plasmids were transfected along with a linearized Cottontail rabbit
papillomavirus genome containing the SV40 origin of replication (CRPV/SV40) into 293TT
cells using Lipofectamine 2000 as previously described [29]. Quasivirions were clarified in
Optiprep gradients at 50,000 rpm in an SW55T1 rotor for 3.5 h at 16 °C. The 24 h
maturation step did not include benzonase which was subsequently added for an additional 1
h incubation at 37 °C prior to Optiprep gradient purification. Quasivirions were analyzed in
vitro for infectious fractions by quantification of E1-E4 transcripts by QRT-PCR analysis in
RK13 cells as described previously [30,31].

2.4. Enzyme-linked immunosorbent assays of L2 peptide

Immobilon plates (Nunc, Rochester, NY) were coated overnight at 4 °C with 100 ng/well of
HPV16 L2 17-36 peptide. The plates were then blocked with 1% BSA in PBS for 1 h at

Vaccine. Author manuscript; available in PMC 2016 February 23.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jagu et al.

Page 5

room temperature and then the wells were drained and incubated with 2-fold dilution series
of mouse sera for 1 h at room temperature. Following a wash step with PBS/0.01% (vol/vol)
Tween-20, peroxidase-labeled rabbit anti-mouse IgG (Amersham) diluted 1:5000 in 1%
BSA/PBS was added for 1 h. The plates were then washed again and developed with 2,2/-
azino-bis(3-ethylbenzthiazoline-6-sulfonic) acid solution (Roche Applied Science,
Indianapolis, IN) for 10 minutes. The absorbance was measured at 405 nm (A 405) in a
Benchmark Plus plate reader (Bio-Rad, Hercules, CA). Pre-immune sera and mouse
monoclonal antibody RG-1 were used as controls.

2.5. In vitro neutralization assays

Serum samples were serially diluted 2-fold in culture medium, mixed with an equal volume
of HPV pseudovirions containing SEAP reporter plasmid, and incubated at 37 °C for 2 h.
These samples were each added to 293TT cell cultures (3 x 104 cells/well). After incubation
for 72 h at 37 °C in 5% CO,/95% air, 40 UL of cell-free supernatant was collected from each
well, mixed with 20 pL of 0.05% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-
propanesulfonate}, heated at 65 °C for 30 min, and then cooled on ice. For development,
200 pL/well of p-nitrophenyl phosphate (PNPP) substrate (2 M diethanolamine with 1
mg/mL of pNPP) was added to each well at ambient temperature, and measured with an
automatic enzyme-linked immunosorbent assay (ELISA) plate reader (Bio-Rad) when the
optical density at 405 nm (OD4gs) in the wells incubated with only PsV (ODpg,) was >1.
The highest dilution of serum that resulted in 50% or more reduction in ODy, was defined
as the endpoint neutralization titer and expressed as its reciprocal value.

2.6. Immunization of mice

As depicted in Supplemental Fig. S2, groups (n = 10) of female BALB/c mice, 4-6 weeks
age (NCI Frederick) were vaccinated sub-cutaneously three times at two week intervals with
low (0.6 pg, equivalent to 1011 particles which harbors an estimated 5.8 x 1012 L2 epitopes),
or medium (6 pg) dose of AAVLP (HPV16/31L2) particles either without adjuvant or
formulated with alum alone (Alhydrogel, Brenntag Biosector, Cat no.: 21645-51-2) (10 uL/
mouse), or alum + MPL (Sigma L6895, from Salmonella enterica serotype minnesota Re
595; 5 pg/mouse, 5 pL of 1 pg/uL stock in DMSO), or RIBI adjuvant (Sigma S6322)
containing 0.05 mg monophosphoryl lipid A (detoxified endotoxin) from S. Minnesota
(MPL) and 0.05 mg synthetic trehalose dicorynomycolate (TDM) in 2% oil (squalene)-
Tween 80-water. 100 puL/mouse)). Cervarix was used as a positive control (1/10th of human
dose of Cervarix (comprising 2 pg of HPV16 L1 VLP and 2 pg of HPV18 L1 VLP adsorbed
on to aluminum hydroxide (50 ug AI* as AI(OH)3) and 5 pg of MPL)). AAVLP
(HPV16/31L2) and adjuvant were mixed and the volume made up to 200 pL with dilution
buffer for each mouse and incubated overnight on a gentle end-over-end rotation at 4 °C.
Serum samples were obtained by tail vein bleeds two weeks and 3.5 months after the final
immunization.

2.7. Vaginal challenge of mice with HPV16 pseudovirus

Five days before challenge, female BALB/c mice were injected s.c. with 3 mg of
medroxyprogesterone (Depo-Provera; Pfizer) to synchronize their estrus cycle. For
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challenge, the mice were anesthetized by isoflurane inhalation to effect. Half of the
inoculum, which comprised 20 uL. HPV16 PsV pre-mixed with 20 uL of 3% carboxymethyl
cellulose (CMC), was delivered into the vaginal vault. This was followed by insertion and
gentle rotation (15x) of a cytobrush, and upon its removal the remainder of the inoculum
was deposited. Three days after challenge, the mice were again anesthetized and 20 pL of
luciferin (7.8 mg/mL) was deposited in the vaginal vault. Luciferase signals were acquired
for 10 min with a Xenogen IVIS 100 imager, and analysis was performed with Living Image
2.5 software [32,33].

2.8. Immunization and challenge of rabbits with HPV/CRPV quasivirions

As depicted in Supplemental Fig. S3, groups of 5 rabbits (Robinson, Inc) were vaccinated
i.m. in the quadriceps three times at two week intervals with either Cervarix as a positive
control (1/10th of human dose of Cervarix comprising 2 pg of HPV16 L1 VLP and 2 pg of
HPV18 L1 VLP adsorbed on to aluminum hydroxide (50 pg AlI3* as AI(OH)3) and 5 pg of
MPL) (Group A); AAVLP in saline without L2 inserts and without adjuvant (Group B);
AAVLP (HPV16/31L2) in saline without adjuvant (Group C); AAVLP (HPV16/31L2) in
RIBI adjuvant (Group D); AAVLP (HPV16/31L2) adsorbed on to aluminum hydroxide (50
g Al as AI(OH)3) and 5 ug of MPL) (Group E); and AAVLP (HPV16/31L2) admixed
with 1/20th dose of Cervarix (Group F). The dose of AAVLP per immunization was 20 ug
in each group. Each rabbit received 1 mL of vaccine distributed at two sites. Groups B and E
contained 10 rabbits each. Six months after the final booster immunization, 5 rabbits in each
group were challenged at two sites per construct with HPV quasivirions for HPV types 16,
18, 31, 35, 39, 45, 58, 59, and wildtype CRPV virions as previously described [29,34]. The
doses of the HPV-QV that were used were sufficient to ensure an infection as pretested on a
limited number of naive rabbits. The remaining 10 rabbits in Groups B and E were
challenged similarly to the 6 month challenge group but at 12 months after the final booster
immunization. The dose of HPV QV challenge for the 12 month challenge group was the
same and from the same production lot as that used for the 6 month challenge groups. The
12 month challenge doses were stored at —80 °C until needed.

2.9. Statistical analysis

3. Results

Exploratory statistical analyses are performed to analyze the observed titer data. Log
transformations were used to achieve normality in residuals for titer data. One-way ANOVA
and pair wise multiple comparisons with Bonferroni adjustment were performed using 6
months post immunization.

3.1. Immunization of mice with AAVLP (HPV16/31L2) and protection against cervicovaginal
HPV PsV challenge

In a previous study, Nieto et al., [26] vaccinated BALB/c mice three times at two week
intervals with either a low dose (LD = 0.6 pg), or high dose (HD = 30 ug) of AAVLP
(HPV16/31L2), either formulated in the adjuvant Montanide ISA51 or without adjuvant, and
collected serum 2 weeks later. Only the mice vaccinated with AAVLP (HPV16/31L2) that
was formulated in adjuvant developed neutralizing antibodies. In addition, there was no
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significant difference between the LD and HD groups in the neutralizing antibody titer
elicited against HPV16, HPV18, HPV45, HPV52 or HPV58, but the response to HPV31 was
significantly higher in the mice receiving the higher dose. To gain a better understanding of
the dose response and the impact of various adjuvants, we repeated the study using a low
dose (LD = 0.6 ug), or medium dose (MD = 6 ug) of AAVLP (HPV16/31L2), or as a control
6 ug of wild type AAVLP. Furthermore, since Montanide ISA51 is not appropriate for
prophylactic vaccination of patients, here we also examined whether other more clinically
relevant adjuvants were sufficient to elicit neutralizing antibodies when formulated with
AAVLP (HPV16/31L2). Thus 0.6 pug and 6 pg of AAVLP (HPV16/31L2) and 6 ug of
AAVLP were formulated with either no adjuvant, alum alone, alum + MPL or RIBI
adjuvant and used to vaccinate groups of mice (n = 10) three times at 2 week intervals. In
addition, groups of mice were vaccinated with 0.1x human dose of Cervarix alone, or as a
mixture with 6 ug of AAVLP (HPV16/31L2) to determine if there was any interference in
the response to each HPV capsid antigen when admixed. A schema showing the
experimental design is provided as Supplementary Fig. S2.

To assess the immune response, a serum sample was collected from each group (n=5 mice)
two weeks after the third immunization, both HPVV16 L2 peptide and VP3 ELISA (data not
shown) and in vitro neutralization assays were performed (Fig. 1A and B). As expected,
there was no detectable L2 peptide-specific antibody responses in mice vaccinated with wild
type AAV or Cervarix alone (Fig. 1A). Likewise, no response was detected in mice
vaccinated with the low dose of AAVLP (HPV16/31L2) without adjuvant, although some
L2-specific and VVP3-specific response was measurable at 1:25 dilution in the sera of mice
vaccinated with the medium dose of AAVLP (HPV16/31L2) without adjuvant. All mice
vaccinated with low dose AAVLP (HPV16/31L2) in the presence of an adjuvant developed
robust antibody responses to both L2 and VVP3. For each adjuvant, the response was not
significantly different between the LD and MD when measuring either the L2-peptide
specific response or neutralizing antibody titer, except for the L2-peptide specific response
(p < 0.05) in the AAVLP (HPV16/31L2) doses tested with RIBI adjuvant. The mean L2
peptide-specific serum antibody responses (Fig. 1A) and in vitro neutralizing antibody titers
(Fig. 1B) were highest in the mice vaccinated with AAVLP (HPV16/31L2) in the presence
of the RIBI adjuvant, intermediate for the alum + MPL formulation and lowest when just
alum was used. At either dose level the use of alum enhances HPV16 neutralizing antibody
titers elicited by AAVLP (HPV16/31L2) in the absence of an adjuvant (p < 0.001 at the low
dose and p < 0.01 at the medium dose). Likewise the use of alum + MPL with AAVLP
(HPV16/31L2) improved the HPV16 neutralizing antibody titers over alum (p < 0.001 at
both doses) after vaccination. Finally, the use of Ribi adjuvant with AAVLP (HPV16/31L2)
produced higher HPV16 neutralizing antibody titers after vaccination than alum + MPL (p <
0.001 at the low dose and p < 0.01 at the medium dose). These trends were similar for the
L2 peptide response data.

When a medium dose of AAVLP (HPV16/31L2) was mixed with Cervarix, then the alum +
MPL in Cervarix acted as adjuvant for the L2-specific response to AAVLP (HPV16/31L2).
The L2-specific serum antibody response to 6 ug of AAVLP (HPV16/31L2) formulated in
alum + MPL was slightly, but significantly (p < 0.001), higher than the same dose of
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AAVLP (HPV16/31L2) mixed with Cervarix. It is not clear if this reflects weak antigenic
competition or subtle differences in the source or formulation of the alum and/or MPL. The
neutralizing antibody response to vaccination with Cervarix alone was very strong, and
identical in sera of mice vaccinated with AAVLP (HPV16/31L2) formulated with Cervarix
suggesting that mixing does not compromise the L1-specific neutralizing antibody response.
The neutralizing antibodly titers elicited by vaccination with AAVLP (HPV16/31L2) in
adjuvant were 103-fold lower; although this conventional neutralization assay is known to be
insensitive for L2-specific neutralizing antibodies [35] but its use facilitates comparison to
other similar studies.

To determine whether these low titer L2-specific serum neutralizing antibody responses
were sufficient to confer protection, the mice (5 mice/group) were challenged intra-vaginally
with HPV16 pseudovirions (Fig. 2). All of the mice vaccinated with AAVLP (HPV16/31L2)
formulated in adjuvant were completely protected against HPV16 challenge as for Cervarix.
Without the use of adjuvant, partial protection was seen at the medium dose of AAVLP
(HPV16/31L2), and the infection was similar between the mice vaccinated with LD AAVLP
(HPV16/31L2) and wild type AAVLP, suggesting no protection. The protection observed
was consistent with the L2-specific peptide responses and suggest that even weak responses
are protective.

To assess the durability of the immune response and stability of protection, the remaining 5
mice in each group were bled at 3 months post vaccination and then subjected to
intravaginal challenge with HPV16 pseudovirions (Fig. 2B), although at 0.1x of the
challenge dose in Fig. 2A. The protective response was maintained at 19 weeks post
immunization. The protection at 19 weeks post final immunization seen in the mice
administered with the medium dose of AAVLP (HPV16/31L2) appeared to be stronger than
seen at 2 weeks post-immunization. This latter observation is likely a consequence of a 10-
fold lower challenge dose at 19 weeks post vaccination as there was no increase in
neutralizing antibody titer over the first 3 months post-vaccination with the different
formulations (Table 1).

3.2. Serum antibody responses in vaccinated rabbits

A complementary study of the immunogenicity of AAVLP (HPV16/31L2) was also
performed in rabbits. As summarized in Supplementary Fig. S3, rabbits were immunized
three times with 0.1x human dose of Cervarix (n = 5), AAVLP with no insert (n = 10), or
AAVLP (HPV16/31L2) without adjuvant (n = 5), AAVLP (HPV16/31L2) in RIBI adjuvant
(n=5), AAVLP (HPV16/31L2) in alum + MPL (n = 10), or a mixture comprising AAVLP
(HPV16/31L2) and 0.1x human dose of Cervarix (n =5). The dose of AAVLP per
immunization was 20 ug in each group. Serum samples were collected from rabbits at
various time points after vaccination and tested for anti-peptide activity and neutralizing
activity. The anti-peptide antibody titers showed typical decays in titer over time
(Supplementary Fig. S4a); titers declined from a peak of 1:3000 at 3 days after the final
booster immunization, to ~1:100 at 3 months and thereafter the L2 titers were stable until
end of the 12 month observation period.

Vaccine. Author manuscript; available in PMC 2016 February 23.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jagu et al.

Page 9

Similar high L2 peptide titers were observed for other hrHPV genotypes commonly found in
cervical cancer (Supplementary Fig. S4b). In vitro neutralization titers of animals in Group
E were also determined and showed similar reductions in titers at 12 months (Table 2).
Although the anti-peptide antibody titer decayed rapidly over the 12 month period, we did
note that the neutralization titer decayed less rapidly, and remained high over the first 6
months.

3.3. Immunization of rabbits with AAVLP (HPV16/31L2) and protection against challenge
with hrHPV quaziviruses (QV)

Since analysis of the in vitro neutralizing antibody responses elicited by vaccination with
AAVLP (HPV16/31L2) in adjuvant suggested the possibility of broad cross-protection
(Table 1), we then sought to understand the breadth of the protective response against the
hrHPV most commonly detected in cervical cancer. The murine challenge model requires a
separate group of mice to test protection against each type and does not have a disease
endpoint. However, in the rabbit model, individual animals can be challenged concurrently
with numerous hrHPV types carrying the CRPV genome which produces cutaneous warts as
the endpoint. Groups of rabbits were set up to test various vaccine groups, serum was
collected at various times after vaccination for ELISA and in vitro neutralization studies
(Supplementary Fig. S5), and the rabbits were challenged at 6 months and 12 months post
vaccination with a range of hrHPV types (Supplementary Fig. S3). Rabbits vaccinated with
Cervarix showed strong protection against HPV16, 18, and 31 QV types, with strong but
incomplete protective responses to HPV 45, and weak to no protection against HPV35, 39,
58, 59 (consistent with the breadth of protection observed clinically) as well as no activity
against CRPV (Fig. 3, Group A). In contrast, there were strong protective responses to all
HPV QV types in rabbits receiving the AAVLP (HPV16/31L2) vaccine, including the group
that included AAVLP (HPV16/31L2) without adjuvant (Group C). Those groups receiving
the adjuvanted AAVLP (HPV16/31L2) vaccine also showed some reduction in growth for
the distantly-related native CRPV challenge (Groups D, E and F). The final group of rabbits
receiving admixtures of AAVLP (HPV16/31L2) vaccine and Cervarix (Group F) showed
very strong protection against the hrHPV QV types similarly to the adjuvanted AAVLP
(HPV16/31L2) vaccinated rabbits. When additional rabbits in groups B (control) and E were
challenged 12 months after vaccination (Fig. 4), the strong cross-protection against the listed
hrHPV QV types persisted, demonstrating significant durability of the AAVLP
(HPV16/31L2) vaccine. Representative rabbits at 10-weeks post-challenge are shown in
Supplementary Fig. S6.

4. Discussion

Recent studies have indicated that L2-based vaccines develop broadly cross-neutralizing
antibodies to multiple HPV types [24,36]. These findings contrast with the highly type-
specific responses that develop in response to L1 VLP-based HPV vaccines [37-39]. The
potency of L1-associated epitopes stems from the multi-epitope nature of the L1 epitopes
when presented on a VLP [40,41]. Corresponding enhancements to the antigenicity of L2
epitopes have been achieved using VLP-based platforms with L2-epitope insertions into
papillomavirus VLPs [42-45], bacteriophage VLPs [46,47], tobacco mosaic virus VLPs [48]
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and adeno-associated virus VLP [26]. These latter modifications are needed because of the
sub-dominance of L2 within native HPV particles and the reduced immunity of L2 antigens
presented separately [21,49,50]. Additional strategies to enhance the antigenicity of L2 have
included L2 sequences fused to TLR5 activators [33], IgG1 Fc [51] and thioredoxin [52]. In
some of these studies, the antigenicity of the L2 sequences remained low [53,54] and
required potent and non-clinically relevant adjuvants to induce strong protection. The
purpose of the current studies was three-fold: (i) to measure the durability of the immune
response to neutralizing L2 epitopes presented on an AAV-VLP-based platform; (ii) to
assess the impact upon immunogenicity of various clinically relevant adjuvants as well as
admixture of AAVLP (HPV16/31L2) with an adjuvanted L1 VLP vaccine; and (iii) to test
the breadth and duration of protection in vivo in individuals against multiple hrHPV types
using preclinical mouse and rabbit models.

In the current study, AAVLP (HPV16/31L2) immunogens provided excellent and long-
lasting protective immunity to various hrHPV types in vivo. The mechanism by which this
protection was achieved was likely via neutralizing antibody as indicated by passive
immunization being sufficient to mediate protection [26]. Although passive transfer studies
do not rule out a complementary role for cellular immunity after active vaccination, in the
mouse challenge model no L2 protein is expressed (only luciferase) after infection,
suggesting it could therefore not be targeted by L2 17-36 specific cellular immune
responses. Likewise in the rabbit model, since all quasivirions deliver the CRPV genome,
only CRPV L2 would be expressed. Since the vaccine protects against all hrHPV
quasivirions, but minimally to CRPV itself (Fig. 3, Groups D, E and F), this again argues
against a role for cell mediated immunity after AAVLP (HPV16/31L2) vaccination in the
rabbit model. We have noted in previous studies that even broader cross-protection (e.g. to
CRPV) can be achieved using HPV16 L2 protein fragments from aa 11 to 200 [56]. It is
possible therefore that the poor response to wild-type CRPV challenge in the current study is
due to the diminished size of the L2 region (aa 17-36) and reduced cross-reactivity to CRPV
L2 in this short peptide. In this latter situation therefore, only a weak cross-neutralizing
activity can be achieved, and the response is also dependent upon effective adjuvants (Fig. 3,
Groups D, E and F).

The licensed L1 VLP vaccines have demonstrated durable protection over a decade, but with
the comparatively lower immunogenicity of L2-based vaccines there is a concern about the
durability of protection. Strong protection was also observed 6 months after challenge in the
rabbit cutaneous model even when no adjuvants were used with the AAVLP (HPV16/31L2)
vaccine (Fig. 4 and Supplementary Fig. S6). There was also weak protection in the mouse
cervicovaginal challenge model with the non-adjuvanted vaccine despite the apparent
absence of significant anti-L2 antibody in the in vitro neutralization assay (Fig. 1B). The
lack of sensitivity of the in vitro neutralization assays to detect serum antibody responses
associated with in vivo protection have been observed previously in both the mouse and
rabbit models [55,56] and our data also suggest that the in vitro neutralization assays are less
sensitive than the in vivo protection models [35,57]. Indeed, recent modifications to the in
vitro assay [35,58;59] have confirmed that L2 neutralizing activity was not adequately
detected in the standard PsV neutralization assays despite this assay being very sensitive to
the neutralizing activity of L1-based neutralizing antibodies [58].
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When using 0.1x of a human dose, we noted in the rabbit cutaneous challenge model that
Cervarix strongly protected against vaccine-matched (16 and 18) and closely-related HPV
types (31 and 45), but failed to cross-protect against 58, 35, 59 when the challenge was
delayed by 6 months. Clinical studies have also indicated that there are similar rates of
cross-protection against vaccine-related types [15]. However, this cross-protection is of
unclear duration and not sufficient to protect against all hrHPV. These finding have driven
efforts to increase the valency of the HPV vaccine (e.g. the recently licensed Gardasil-9
nonavalent L1 VLP vaccine), and the development of broadly protective vaccines based
upon a monovalent L2-based immunogen [36].

An important feature of the current study is the demonstration of durable protection
following the administration of AAVLP (HPV16/31L2) vaccine in clinically relevant
adjuvants, and the stabilization of neutralizing antibody titers. In addition, strong protection
at 6-months post vaccination was achieved without adjuvants in the rabbit challenge model.
These observations suggest the value of providing the L2 epitopes as multimeric structures
on VLP-based platforms and that such vectors enhance the antigenicity of L2 epitopes for
long-term protection against a broad range of HPV types. However, it is important that the
L2 epitope is appropriately displayed to improve the immunogenicity and maintain broad
cross-protection [59]. The breadth of cross-protection can be further enhanced by including
L2 epitopes from more than one HPV type. Here the HPV31 L2 epitope is paired with
HPV16 because the sequence within HPV31 L2 17-36 is somewhat divergent from the other
hrHPV, and this type has proven more difficult to neutralize [26,60,61].

Peptide ELISAs for rabbits immunized with AAVLP (HPV16/31L2) were examined over 12
months post vaccination and declined as predicted. Interestingly, the neutralizing titers
appeared to decay less rapidly suggesting that the anti-peptide ELISA was not a good
correlate for neutralizing capacity. One possible explanations for these differences include
the likelihood that the anti-peptide antibodies contained a mixture of neutralizing and non-
neutralizing antibodies, and that the former had a longer half-life in the sera. We noted that
strong protection was observed in these rabbits at 12 months post-vaccination suggesting
longevity of the neutralizing antibody.

In general, we found that the mouse and rabbit HPV challenge models showed good
agreement including both cross-protection to various HPV types and durability of the
antibody response. We did note however, that the rabbit model demonstrated strong
protection following immunization with AAVLP (HPV16/31L2) without adjuvants, whereas
the response in mice with AAVLP (HPV16/31L2) was weak. In these experiments, the
rabbits received a higher dose of AAVLP (HPV16/31L2) vaccine (20 ug) than the mice (6
ug) and the reduced vaccine dose may have produced less neutralizing antibody than the
rabbit vaccine dose. An alternative explanation for these differences is that the challenges
doses for the mice and rabbits had different titers of infectious particles. The study overall
demonstrated the strength of the combined animal model approach in which the mouse
model was better able to assess different vaccine doses and adjuvant preparations, and the
rabbit model was better able to assess cross-protection to multiple HPV types on the same
animal.
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Finally it was demonstrated in both animal models that the combination of Cervarix and
AAVLP (HPV16/31L2) was able to broaden the protection against different HPV serotypes
as immunization with the different antigens did not compromise immune responses and
protection to either.

In conclusion, we present preclinical data addressing the in vivo efficacy of AAVLP
(HPV16/31L2) for the long-term protection against a broad range of HPV types using
clinically relevant adjuvants. These studies suggest the potential of such recombinant VLP-
based vaccines as a simple single immunogen-based second-generation HPV vaccine that
induces broad prophylactic immunity against the most common hrHPV. Confirmation of
their immunogenicity in patients awaits clinical trials. One question remains as to the direct
application of AAVLP-based vaccines in patient populations in which pre-existing serum
antibody to AAV has been noted [65-67]. Intriguingly, however, it was previously shown
that a pre-existing immune response directed against the AAVLP carrier protein boosts
rather than attenuates the specific antibody response against the inserted epitopes [26]. This
is an important finding as approximately 80% of the human population is sero-positive for
several AAV serotypes [65-67]. Collectively, these data suggest that AAVLPs are
promising carriers to generate long lasting immune response against otherwise weakly
immunogenic peptides through capsid display.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. HPV16 L 2-specific serum antibody responsesin AAVLP (HPV16/31L 2)-immunized mice
Groups of mice were immunized with a variety of different antigen and formulated antigen

preparations as described in the methods section. Sera from mice 2 weeks post vaccination
were tested for reactivity to HPV16 L2 peptides by ELISA (A) and for neutralization of
HPV16 PsV (B). ELISA and neutralization activities were calculated from titration curves
representing 2-fold serial dilutions of sera tested in duplicate assay wells. From these curves,
the half-maximal ELISA and neutralization values for each mouse (@) were plotted for each
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vaccine group. Each group contained 10 mice per antigen preparation. Median and
interquartile range values for each group are represented as horizontal bars.
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Fig. 2. Vaccine-induced Protection against HPV 16 PsV challengein the cervicovaginal mouse
challenge model

Mice that were vaccinated with the various antigen and antigen-adjuvanted preparations
described in Fig. 1 were divided into two groups and challenged either 2 weeks (A) or 19
weeks (B) after the final booster vaccination (see Supplementary Fig. S2). The readout for
infection was recorded as bioluminescence signals as described in Section 2 and plotted for
individual mice (@) in each group. Median and interquartile range values for each group are
represented as horizontal bars.
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Fig. 3. Rabbit papilloma growth curvesfor each of the HPV/CRPV quasivirus challenge groups

6 months post immunization

Groups of rabbits were vaccinated with various AAVLP (HPV16/31L2), cervarix and
control AAVLP vaccines as described in Section 2 (and Supplementary Fig. S3). Each
vaccine group contained 5 rabbits and each rabbit was challenged at duplicate skin sites for
each HPV QV preparation. Mean + SEM of geometric mean diameter (GMD) measurements
of HPV QV and native CRPV-induced rabbit papillomas vaccinated with Cervarix (A),
AAVLP without adjuvant (B), AAVLP (HPV16/31L2) without adjuvant (C), AAVLP
(HPV16/31L2) in RIBI adjuvant (D), AAVLP (HPV16/31L2) in Alum + MPL (E) and
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AAVLP (HPV16/31L2) + Cervarix (F). Papillomas were induced at 18 sites on each rabbit
with 5 uL of HPV16/CRPV (@), HPV18/CRPV (O), HPV31/CRPV (¥), HPV35/CRPV
(&), HPV39/CRPV (m), HPV45/CRPV (O), HPV58/CRPV (¢), HPV59/CRPV (&) and
wild-type CRPV (A).
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Fig. 4. Papilloma growth curvesat 12 months post immunization with AAVLP (HPV16/31L 2)

vaccine

Two groups of rabbits were vaccinated with either AAVLP without peptide insert (A) or
AAVLP (HPV16/31L2) vaccine in Alum + MPL as described in Section 2 (and
Supplementary Fig. S3). Each vaccine group contained 5 rabbits and each rabbit was
challenged at duplicate skin sites for each HPV QV preparation. Mean + SEM of geometric
mean diameter (GMD) measurements of HPV QV and native CRPV-induced rabbit
papillomas vaccinated with AAVLP without adjuvant (A), and AAVLP (HPV16/31L2) in
Alum + MPL (B). Papillomas were induced at 18 sites on each rabbit with 5 uL of HPV16/
CRPV (@), HPV18/CRPV (O), HPV31/CRPV (¥), HPV35/CRPV (A), HPV39/CRPV (M),
HPV45/CRPV (0O0), HPV58/CRPV (¢), HPV59/CRPV (&) and wild-type CRPV (4).
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Breadth of cross-neutralization. In vitro neutralizing antibody titers (IVNT) in sera at 0.5 and 3 months post

vaccination of mice with Cervarix (0.1x human dose) as a positive control, or wild type AAVLP (wt) or

AAVLP (HPV16/31 L2) at either a low dose (0.6 pg) or medium dose (6 pg) in no adjuvant, or alum, alum +

MPL or Ribi adjuvant or mixed with Cervarix (*which contains alum + MPL). N.D. < 1:50.

Vaccination groups HPV16 IVNT HPV451VNT HPV58IVNT HPV18IVNT HPV31IVNT
Antigen Dose Adjuvant 2 wks 2 wks 2 wks 2 wks 2 wks
3mths 3mths 3mths 3mths 3mths
AAVLP (HPV) Low N.D. N.D. N.D. N.D. N.D.
N.D. N.D. N.D. N.D. N.D.
AAVLP (HPV) Medium N.D. N.D. N.D. N.D. N.D.
N.D. N.D. N.D. N.D. N.D.
AAVLP (HPV)+ Cervarix ~ Medium +0.1x  Alum + MPL* 409,600 100 N.D. >12,800 N.D.
102,400 100 N.D. >12,800 N.D.
AAVLP (HPV) Low Alum 100 N.D. 50 N.D. N.D.
100 N.D. 50 N.D. N.D.
AAVLP (HPV) Medium Alum 100 N.D. N.D. N.D. N.D.
100 N.D. N.D. N.D. N.D.
AAVLP (HPV) Low Alum + MPL 100 N.D. N.D. N.D. N.D.
100 N.D. N.D. N.D. N.D.
AAVLP (HPV) Medium Alum + MPL 200 N.D. 50 100 N.D.
200 N.D. 100 50 N.D.
AAVLP (HPV) Low Ribi 400 50 200 400 100
200 50 400 200 200
AAVLP (HPV) Medium Ribi 400 50 200 400 100
200 N.D. 100 100 50
AAVLP (wt) Medium Alum N.D. N.D. N.D. N.D. N.D.
N.D. N.D. N.D. N.D. N.D.
AAVLP (wt) Medium Alum + MPL N.D. N.D. N.D. N.D. N.D.
N.D. N.D. N.D. N.D. N.D.
AAVLP (wt) Medium Ribi N.D. N.D. N.D. N.D. N.D.
N.D. N.D. N.D. N.D. N.D.
Cervarix 0.1x Alum + MPL* 409,600 400 N.D. >12,800 N.D.
204,800 N.D. N.D. >12,800 N.D.
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HPV 16 Neutralizing titer time course. The serum HPV16 neutralizing titer was tested for group E (AAVLP

(HPV16/31L2) + Alum + MPL) rabbits at 3 days, 3 months and 12 months post vaccination.

Rabbit no. 3daytiter 3 monthtiter 12 month titer
4115 800 930 -
4116 400 600 -
4117 300 980 -
4134 300 2000 -
4135 930 5000 -
4118 5000 5000 >1000
4119 980 990 -
4136 950 7000 330
4137 2000 2000 25
4138 850 970 30
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