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The candidate pan-Human Papillomavirus (HPV) vaccine RG1-VLP are HPV16 major capsid protein L1
virus-like-particles (VLP) comprising a type-common epitope of HPV16 minor capsid protein L2 (RG1;
aal7-36). Vaccinations have previously demonstrated efficacy against genital high-risk (hr), low-risk
(Ir) and cutaneous HPV.

To compare RG1-VLP to licensed vaccines, rabbits (n = 3) were immunized thrice with 1 ug, 5 pg, 25 pg, or
125 ug of RG1-VLP or a 1/4 dose of Cervarix®. 5 pug of RG1-VLP or 16L1-VLP (Cervarix) induced comparable
HPV16 capsid-reactive and neutralizing antibodies titers (62,500/12,500-62,500 or 1000/10,000). 25 ng
RG1-VLP induced robust cross-neutralization titers (50-1000) against hrHPV18/31/33/45/52/58/26/70.
To mimic reduced immunization schedules in adolescents, mice (n=10) were immunized twice with
RG1-VLP (5 ng) plus 18L1-VLP (5 pg). HPV16 neutralization (titers of 10,000) similar to Cervarix and

Gardasil and cross-protection against hrHPV58 vaginal challenge was observed.
RG1-VLP vaccination induces hrHPV16 neutralization comparable to similar doses of licensed vaccines,
plus cross-neutralization to heterologous hrHPV even when combined with HPV18L1-VLP.

© 2019 Published by Elsevier Ltd.

1. Introduction

Persistent infection with ~15 different mucosal high-risk (hr)
Human Papillomaviruses (HPV), most often HPV16 and 18, is the
main cause of all cervical cancers and a subset of other anogenital
and likely also oropharyngeal carcinomas. Mucosal low-risk (Ir)
HPV induce benign genital and laryngeal warts (condylomata). In
addition, common cutaneous HPV types cause cutaneous, most fre-
quently palmo-plantar warts, whereas the diverse group of cuta-
neous genus beta HPV have been implicated in the development
of non-melanoma-skin-cancers (NMSC) in immunosuppressed
individuals [1].

Licensed HPV vaccines are recombinant subunit vaccines, com-
prised of major capsid protein L1 self-assembled into virus-like
particles (VLP), that are remarkably immunogenic and durably
induce high-titer, type-restricted neutralizing antibodies [2-4].
Following prophylactic L1-VLP vaccination, the highly efficacious
(close to 100% seroconversion) and enduring antibody response
prevents infection and subsequent development of warts and
anogenital dysplasias caused by the targeted vaccine types. Biva-
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lent Cervarix® and quadrivalent (4v) Gardasil® target hrHPV16,
18 infections causing ~70% of cervical cancers (CxCa). The newest
HPV vaccine, nonavalent (9v) Gardasil-9®, which contains L1-VLP
of hrHPV16, 18, 31, 33, 45, 52, 58 and IrHPV6, 11 is predicted to
protect against 90% of all CxCa. Moreover, vaccination with 4vGar-
dasil or 9vGardasil-9, both also containing IrHPV6 and 11 L1 VLP,
protects against 90% of all genital warts [5,6]. However, the realiza-
tion of polyvalent L1-VLP vaccines, designed to protect against all
high-risk HPV and other medically significant types, will be limited
by manufacturing challenges.

As an alternative to more multivalent L1-VLP vaccines, the
development of experimental vaccines based on the papillo-
mavirus (PV) minor capsid protein L2 has been investigated in
recent years [7]. Immunizations with L2 protein or peptides con-
taining type-common motifs induce cross-neutralizing, yet low-
titer antibodies against divergent HPV types [8,9]. Improving the
immunogenicity of L2 is therefore pivotal to provide effective L2-
based HPV vaccines. We have previously generated chimeric
HPV16L1-VLP which present the cross-neutralization epitope
HPV16L2 aal17-36 (recognized by the cross-neutralizing mono-
clonal antibody RG1) within the DE-loop repetitively on the VLP
surface, termed RG1-VLP. RG1-VLP, expressed in Sf-9 insect cells,
were highly immunogenic in rabbits and mice using human
applicable aluminiumhydroxide plus monophosphoryl lipid A
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(alum/MPL) adjuvant, inducing cross-neutralizing antibodies
against a broad range of hrHPV, IrHPV, common cutaneous and
beta HPV types. Cross-protection against experimental challenge
in vivo was demonstrated for all relevant mucosal hrHPV
(HPV16/18/45/31/33/52/58/35/39/51/59/68/56/73/26/53/66/34)
and IrHPV (HPV6/43/44) [10,11].

Based on these promising preclinical results, RG1-VLP is cur-
rently produced under cGMP for a planned first-in-human clinical
trial (supported by the US NCI PREVENT program). An outstanding
feature of RG1-VLP, when compared to other L2-based vaccine
approaches, is the very close resemblance with wild-type
HPV16L1-VLP contained in licensed vaccines, suggesting a similar
safety profile when using similar antigen/adjuvant doses. To sup-
port a planned phase I clinical study in humans the herein pre-
sented dose-finding study was performed to initially evaluate (a)
efficacy of RG1-VLP vaccine compared to wild-type HPV16 VLP in
raising HPV16L1-specific antibodies, (b) dose-dependency of
cross-neutralizing L2 antibodies induced by RG1-VLP, (c) a possible
use of RG1-VLP in a 2 dose vaccination regime, and (d) a bivalent
RG1-VLP + 18L1-VLP vaccine formulation. All questions were to
be answered in the setting of adjuvant formulations and doses
applicable in humans. This vaccine study presents earliest and
descriptive data from a limited number of animals on the questions
addressed.

2. Results

Proof-of-principle vaccination studies in New Zealand White
(NZW) rabbits have demonstrated induction of cross-protective
antibodies against numerous hrHPV and IrHPV, and cross-
neutralization against cutaneous HPV types using 3 or 4 doses of
20 pg or 50 pg RG1-VLP adjuvanted with alum/MPL.

Here, dose finding studies were performed to support informed
decisions on planned phase I RG1-VLP trials in humans. RG1-VLP
were baculovirus-expressed in Sf9 insect cells and purificated on
sucrose and CsCl gradients as described earlier on [10]. Following
characterization of VLP assembly and 16L1 and RG1 protein

Table 1
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expression using Transmission Electron Microscopy and Western
Blot [10], RG1-VLP were immunologically characterized using a
panel of monoclonal antibodies to HPV16L1 (kindly provided by
N. Christensen; data unpublished). Similarly characterized cGMP
produced RG1-VLP were not available for the study. NZW rabbits
(groups of n=3) were immunized using increasing doses of 1 ug
(“RG1-1"), 5pug (“RG1-5"), 25 g (“RG1-25"), or 125pug (“RG1-
125”) of RG1-VLP combined with a fixed amount of alum/MPL
(125pg/12,5 pg) adjuvants, or 1/4 vial of Cervarix (corresponding
to 5 pg of 16L1-VLP, adjuvanted with ASO4, containing 12,5 ug of
3-0-desacyl-4-monophosphoryl-lipid A and 125 pg of Al3*) on
days 0, 60 and 120 (Table 1). Additionally, one group of NZW rab-
bits was vaccinated twice with 5ug RG1-VLP plus alum/MPL
(“RG1-5 (2x)”) on days 0 and 120. Sera were drawn on day 134
and tested in HPV16L1-VLP Enzyme-linked Immunosorbent Assay
(ELISA) and RG1 peptide ELISA, allowing a clear differentiation and
quantification of both L1-specific and L2-specific antibody
responses. To further characterize and quantify the subset of neu-
tralizing antibodies, sera were analyzed for (cross-)neutralizing
antibodies against hrHPV16, 18, 31, 33, 45, 52, 58, 26, 70 in
Pseudovirion-based Neutralization Assays (PBNA). Antibody titers
for each individual animal are indicated in Table 1.

ELISA studies were performed using rabbit sera in 5-fold dilu-
tions starting at 1:100. Sera from rabbits in group “RG1-5" elicited
antibody titers against HPV16L1 similar to rabbits of group “Cer-
varix” (titers of 62,500 or 12,500-62,500, respectively). Mean titers
were lower in groups “RG1-1” or “RG1-5 (2x)” (2500-12,500 or
500-2500). By RG1-ELISA, “RG1-1", “RG1-5" and “RG1-5 (2x)”
raised similar titers of antibodies (500-2500) reactive against the
RG1-epitope, and improved titers were induced in higher dose
groups “RG1-25" (2500-62,500) and “RG1-125" (2500-
1.562,500). We next evaluated antisera for (cross-) neutralizing
antibodies against hrHPV16, 18, 31, 33, 45, 52, 58, 26, 70 in PBNA,
performed as described previously (hrHPV16, 18), or in a modified
protocol with improved sensitivity for L2-directed antibodies
(hrHPV31, 45, 52, 58, 26, 70) [12,13]. In both types of PBNA assays
sera were used at 1:50, 1:100, and consecutive serial 10-fold dilu-
tions. Neutralization titers are reported as the reciprocals of the

RG1-VLP Dose Escalation Immunization of NZW Rabbits. New Zealand White (NZW) rabbits in groups of n = 3 animals were immunized 3x (days 0, 60, 120) with 1 pg (“RG1-1"),
5 ug (“RG1-5"), 25 pg (“RG1-25") or 125 ng (“RG1-125") of RG1-VLP plus adjuvant (125 ug of aluminium hydroxide and 12,5 ug of MPL); or with 125 pl of Cervarix (“Cervarix”);
or 2x (days 0, 120) with 5 pg of RG1-VLP similarly adjuvanted (“RG1-5 (2x)”). Sera were drawn before and 14 days after the final boost and analyzed for HPV16L1-VLP- and RG1-
peptide-specific antibodies by ELISA, and for (cross-)neutralizing antibodies in standard PBNA (hrHPV16/18) or a modified PBNA providing improved detection of L2-specific
neutralizing antibodies (hrHPV31/33/45/52/58/26/70). Antibody titers are given for individual rabbit sera. The geometric mean titer (GMT) of L2-specific cross-neutralization
against HPV18, 26, 31, 33, 45, 52, 58, and 70 is indicated in [] for every animal (rounded to whole numbers). RG1, RG1-VLP; 16, 16L1-VLP; 18, 18L1-VLP; alum, aluminium
hydroxide; MPL, monophosphoryl lipid A; RG1pep, RG1 synthetic peptide; PBNA, pseudovirion-based neutralization assay.

Groupn=3 “RG1-1* “RG1-5* “RG1-25* “RG1-125% “RG1-5 (2x)" “Cervarix*
VLP RG1 16 18
ug /dose 1 5 25 125 5 5 5
alum (pg) 125 125 125 125 125 AIOH
MPL (ug) 12,5 12,5 12,5 12,5 12,5 12,5
NZW rabbit 0, 60, 120 0, 60, 120 0, 60, 120 0, 60, 120 0, 120 0, 60, 120
vaccination (d)
ELISA HPV16L1-VLP 2500/2500/12,500 62,500/62,500/62,500 12,500/12,500/12,500 62,500/62,500/312,500 2500/2500/500 62,500/62,500/12,500
RG1pep 500/2500/2500 2500/500/2500 2500/62,500/12,500 1.562,500/2500/62,500 2500/500/2500 0/0/0
PBNA HPV16 1000/100/100 1000/1000/1000 1000/1000/1000 10,000/10,000/100,000 1000/1000/50  10,000/10,000/10,000
HPV18 0/100/0 1000/100/0 100/100/100 100/100/1000 100/50/0 100,000/10,000/10,000
HPV31 0/100/0 0/50/0 1000/100/0 100/100/50 0/0/0 100/100/0
HPV52 0/1000/0 1000/100/0 1000/100/1000 0/100/0 0/0/0 0/0/0
HPV45 0/100/0 0/100/0 1000/50/1000 1000/1000/0 0/0/0 100/0/0
HPV33 0/1000/0 100/100/0 50/100/1000 100/1000/100 0/100/50 0/100/0
HPV58 0/1000/0 100/100/0 100/100/1000 100/1000/100 100/0/50 0/0/0
HPV26 0/100/0 100/50/0 1000/100/100 100/1000/1000 100/0/0 0/0/0
HPV70 50/100/0 100/100/50 1000/100/100 100/10,000/10,000 100/0/0 100/0/0
GMT of cross- [6]/[438]/[0] [300]/[88]/[6] [656]1/[94]/[538] [200]/[1788]/[1531] [50]/[19]/[13] -

neutralization
(HPV18...HPV70)/
NZW
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highest dilution causing >50% reduction of reporter plasmid activ-
ity, compared to preimmune sera of the same dilution. For sera
that failed to neutralize at dilutions of 1:50 titer was designated 0.

Neutralization titers against HPV16 were 1000 in rabbits of
“RG1-5” and RG1-25", and 10,000 in animals of the “Cervarix”
group, and titers were lower for groups “RG1-1" and “RG1-5
(2x)” (100-1000 and 50-1000). Cross-neutralizing antibodies
against HPV18, 31, 33, 45, 52 and 58 were found in RG1 vaccinated
animals with titers up to 10,000. Due to the limited number of ani-
mals (n=3) we refrained from showing geometric mean titers
(GMT) of HPV type specific (cross-)neutralization for all rabbits
of a single vaccination group. Nevertheless, trends in the RG1 vac-
cine’s potential to induce cross-protection, dependent on RG1-VLP
doses, are illustrated by GMT of L2-specific cross-neutralizing anti-
bodies against HPV18, 31, 33, 45, 52, 58, 26, and 70 for each indi-
vidual rabbit. Overall GMT of cross-neutralization against
hrHPV18, 31, 33, 45, 52, 58, 26, 70 for individual animals in
“RG1-25” ([656]/[94]/[538]) and “RG1-125" ([200]/[1788]/[1531])
inclined to be higher than in “RG1-1“([6]/[438]/[0]), “RG1-5"(]30
0]/[88]/[6]), or “RG1-5 (2x)" ([50]/[19]/[13]), demonstrating
advantageous cross-neutralization in animals that received higher
doses of RG1-VLP. Cross-neutralizing antibodies for HPV31, 33, and
45 were detected in Cervarix vaccinated animals, but not for
HPV52, 58, 26 and 70 when least diluted (1:50).

To examine the potential of a bivalent vaccine formulation,
RG1-VLP (5 pg) were combined with 18L1-VLP (5 ug) (and 125 pg
alum/12,5ug MPL adjuvant), similar to 16L1-VLP + 18L1-VLP in
Cervarix or 4vGardasil. In two independent experiments, mice
were immunized twice in groups of n=5 on days 0 and 21
(“RG1 +18L1 x2”) or day O only (“RG1 + 18L1 x1”) (Table 2). For
comparison, groups of mice were immunized with a 1/4 dose of
Cervarix (“1/4 Cervarix x2”, = 16L1-VLP 5 pg + 18L1-VLP 5 pug), a
1/4 dose of 4vGardasil (“1/4 Gardasil x2”, = 16L1-VLP 10 pg
+18L1-VLP 5 pg), or 125 ug alum/12,5ug MPL adjuvant only (“adju-
vant control”) on days 0 and 21. Antisera were drawn two weeks
later. Due to the limited blood volume collected from individual
animals, equivalent volumes of 5 mouse sera per group were
pooled and tested for (neutralizing) antibodies in ELISA and PBNA.
For ELISA mice sera were serially diluted 10-fold starting at 1:100.
PBNA were performed as indicated for rabbit sera, using dilutions
of 1:50, 1:100, and consecutive serial 10-fold dilutions. Titers are
shown for two independent vaccination experiments. Evaluation
of HPV16 antibodies by VLP-ELISA and PBNA showed comparable
results when using two immunizations with RG1-VLP, Cervarix

or 4vGardasil with titers of 10,000/10,000; 10,000/100,000;
10,000/10,000 (ELISA), and 10,000/10,000; 10,000/10,000;
Table 2
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10,000/1000 (PBNA) respectively. In comparison, HPV18 antibody
titers were 1000/100; 1000/1000; 100/1000 by HPV18VLP ELISA.
Lower neutralizing titers against HPV18 were observed in PBNA
for “RG1 + 18L1 x2” group (100/1000) than in “1/4 Cervarix x2”
(100,000/10,000) and “1/4 Gardasil x2” (10,000/10,000) groups,
which was attributed to partial degradation of the 18L1-VLP vac-
cine component by long-term storage and repeated freeze/thaw
cycles, although immune interference in the combined vaccine for-
mulation cannot be completely ruled out. Distinct L2-specific anti-
bodies were found in sera of mice vaccinated either twice
(1000/1000) or singly (1000/1000) with RG1 + 18L1, as measured
by RG1-peptide ELISA, but not in Cervarix or Gardasil immunized
or adjuvant control animals. Additionally, mice immunized with
RG1-VLP + HPV18L1-VLP only once (“RG1+18L1 x1”), showed
similar or 1 log lower antibodies against HPV16L1-VLP,
HPV18L1-VLP in ELISA, or HPV16- and HPV18- neutralization titers
in PBNA than mice immunized twice with RG1-VLP + HPV18L1-
VLP (“RG1 + 18L1 x2”) (Table 2).

We next determined the potential of 5 pg RG1-VLP vaccination
(s) to cross-protect against a hrHPV type beyond those targeted by
Cervarix and 4vGardasil. Mice (groups of n=5) were immunized
twice in 3 weeks intervals as described above, challenged with
heterologous hrHPV58 pseudovirions (PsV; containing a Luciferase
reporter gene) 14 days after the second immunization and infec-
tion was detected by chemiluminescence 3 days later. Mice vacci-
nated with RG1-VLP+ 18L1-VLP twice “RG1+18L1 x2” were
significantly (p=0.01) cross-protected against vaginal challenge
with heterologous hrHPV58, whereas two vaccinations with Cer-
varix or 4vGardasil, or a single vaccination “RG1 + 18L1 x1” did
not provide significant cross-protection (Fig. 1). Non-significant
reduction of hrHPV58 PsV infection was found following experi-
mental vaccinations with “RG1 + 18L1 x1” or “Gardasil x2” (4vGar-
dasil) but not “Cervarix x2”". Low-titer cross-neutralizing
antibodies against the most closely related hrHPV of genus alpha
HPV16 (species 9; HPV31) and HPV18 (species 7; HPV45) following
bivalent or quadrivalent vaccination has been described previously
[14]. Quantitative and qualitative differences in the cross-
neutralization potential of the two licensed vaccines may be attrib-
uted to the use of different adjuvants and/or the impact of different
protein expression systems in vaccine manufacturing.

Finally, we sought to obtain correlates of protection against
HPV58 challenge in vivo and PBNA titers in vitro. By PBNA (data
not shown), immune sera showed HPV58 neutralization titers of
50 in 3/5 mice in “RG1+18L1 x2” group, 0/5 mice in “RG1
+18L1 x1” group, 0/5 mice in “1/4 Gardasil” group, and 0/3 mice
(2 sera were not available for retesting) in “1/4 Cervarix” group,

Combined RG1-VLP + 18L1-VLP vaccination compared to Cervarix and 4vGardasil. In two independent experiments, BALB/c mice in groups of n=5 animals were immunized
subcutaneously with 5 pg of RG1-VLP plus 5 ug of HPV18L1-VLP, absorbed to 125 pg aluminium hydroxide plus 12,5 ug MPL (alum/MPL) adjuvants, on day 0 (“RG1 + 18L1 (1x)*)
or days 0 and 21 (“RG1 + 18L1 (2x)"); or with a 1/4 dose of Cervarix or 4vGardasil (“1/4 Cervarix x2*, “1/4 Gardasil x2*), or with indicated doses of alum/MPL adjuvant only on
days 0 and 21. Sera were drawn on day 38 (experiment 1) or 52 (experiment 2), and pooled for groups of 5 animals. Sera were serially diluted 5 fold and tested in triplicates in
HPV16L1-VLP, HPV18L1-VLP and RG1-peptide ELISA. Titers of pooled sera (n =5) from two independent experiments are shown. Further, sera were diluted 1:50, and 1:100 -
1:1.000,000 in 10-fold serial dilution steps and analyzed in HPV16 and HPV18 neutralization assays (PBNA). Neutralization titers are shown for two independent vaccination
experiments. RG1, RG1-VLP; 16, 16L1-VLP; 18, 18L1-VLP; alum, aluminium hydroxide; MPL, monophosphoryl Lipid A; RG1pep, RG1 synthetic peptide.

Number of immunizations 1x 2x
Groupn=5 “RG1 +18L1 x1” “RG1 + 18L1 x2” *“ 1/4 Cervarix “1/4 Gardasil x2” adjuvant control
x2"

VLP RG1 +18 RG1 +18 16 +18 16+18 -

ng/dose 5 5 5 5 5 10 5 -

alum (pg) 125 125 125 56,25 125

MPL (ig) 12,5 12,5 12,5 0 12,5

BALBc mouse vaccination (d) 0 0,21 0, 21 0, 21 0,21

ELISA HPV16L1-VLP 10,000/1000 10,000/10,000 10,000/100,000 10,000/10,000 0/0
HPV18L1-VLP 100/100 1000/100 1000/1000 100/1000 0/0
RG1pep 1000/1000 1000/1000 0/0 0/0 0/0

PBNA HPV16 1000/1000 10,000/10,000 10,000/10,000 10,000/1000 0/0
HPV18 100/1000 100/1000 100,000/10,000 10,000/10,000 0
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Fig. 1. Two RG1-VLP + 18L1-VLP Immunizations Cross-Protect Mice from HPV58
Experimental Challenge. Mice in groups of n=5 were immunized once on day 0
with RG1-VLP + HPV18L1-VLP (“RG1 + 18L1 x1*), or twice on days 0 and 21 (“RG1
+18L1 x2*), Cervarix (*“1/4 Cervarix x2"), 4vGardasil (“1/4 Gardasil x2”), or 125/12,5
ng alum/MPL adjuvant only. 14 days later mice were intravaginally challenged with
HPV58 PsV encoding for luciferase. Luciferase activity was quantitated by biolu-
minescence imaging (Y axis: average radiance; p/s/cm2/sr) and is given with the
respective background luminescence (unvaccinated mice challenged with car-
boxymethylcellulose only) subtracted from all data points. The p-value (0.01)
comparing group “alum/MPL” and “RG1 + 18L1 x2” is indicated by **p. ns, not
significant.

suggesting that HPV58 neutralizing activity in sera correlates with
protection against experimental HPV58 challenge in vivo.

3. Discussion

The experimental RG1-VLP vaccine is based on HPV16L1-VLP
(used in current vaccines) modified by the insertion of a single
cross-neutralization epitope (RG1) of minor capsid protein L2 into
the DE surface loop of L1. Similar to licensed Cervarix, RG1-VLP is
recombinantly produced in insect cells. In addition to the ultra-
structural resemblance of the RG1 morphology to wild-type
HPV16L1-VLP by electron microscopy [10], RG1-VLP is immuno-
logically similar to wild-type HPV16L1-VLP. Characterization of
RG1-VLP by monoclonal antibodies to conformational sites of
HPV16L1 shows a similar yet not identical profile indicating
preservation of important neutralization epitopes (our unpub-
lished data). Importantly, previous studies have shown induction
of high-titer HPV16 neutralizing antibody responses by RG1-VLP
vaccination, comparable to HPV16L1wt-VLP vaccination. A head-
to-head comparison of RG1-VLP and 16L1-VLP in commercial
HPV vaccines is essential to prove non-inferiority of RG1-VLP to
protect against HPV16 infection. We have used experimental vac-
cine formulations containing aluminium hydroxide/MPL adjuvant
in antigen/adjuvant doses equivalent to Cervarix. Immunizations
with 5 pg RG1-VLP or 5 pg 16L1-VLP (the latter contained in Cer-
varix and Gardasil) of rabbits (3 x immunization protocol) or mice
(2x immunization protocol) induced similar titers of HPV16 capsid
antibodies by ELISA, and similar (mice) or 1 log lower titers (rab-
bits) of neutralizing HPV16 antibodies by PBNA. Whether generic
differences in L1 epitope presentation in RG1-VLP and HPV16L1
result in lower HPV16 neutralizing antibodies in RG1-VLP com-
pared to Cervarix vaccinated rabbits cannot be completely ruled
out. However, similar levels of HPV16L1-specific antibodies in

ELISA and equivalent HPV16 neutralization in sera of RG1-VLP
and Cervarix vaccinated mice render it more likely that lower
HPV16 neutralization titers in RG1-VLP vaccinated rabbits are
due to higher portions of degraded protein in preclinically
produced RG1-VLP than in Cervarix vaccine. We conclude, that
RG1-VLP are non-inferior to 16L1-VLP in generating a potent
neutralizing antibody response against HPV16 in pre-clinical
immunization protocols.

HPVL1-VLP are potent inductors of antibodies, raised against
densely-spaced conformational capsid surface epitopes. These
antibodies neutralize infection by impeding viral association with
the basal membrane or binding to the basal keratinocytes, respec-
tively. In contrast, L2 (poly)peptide vaccinations induce antibodies
that do not prevent basal membrane binding of the virus in the
first place but depend on subsequent conformational changes of
the capsid to disable viral infection of the basal keratinocytes
[15]. These complex mechanisms can only be inadequately repro-
duced in in vitro assays. Additionally, recent findings suggest a role
for L2 antibody in protection via opsonization that is not detected
by current in vitro assays [16]. Although antibody titers induced to
L2 are several logs lower compared to antibodies to L1, in vivo pro-
tection against homologous and heterologous PV induced by
immunizations with PV L2 (poly)peptides has extensively been
reported before. RG1-VLP immune sera have efficiently (cross-)
protected mice against experimental infection with all relevant
hrHPV [11]. The desirable titer of neutralizing antibodies against
L2 (or L1) required to mediate sustainable protection from infec-
tion at a given timepoint is unknown. Previously published data
have shown cross-protection in vivo over 1 year provided by vacci-
nation with 50 ug RG1-VLP, even in the absence of detectable
serum neutralization in vitro, indicating the low sensitivity of cur-
rent in vitro assays to detect L2-mediated (cross-)neutralization
[11]. Thus in vivo mouse or rabbit challenge models (using HPV
PsV or quasi-virions, respectively) are regarded the gold standard
to determine HPV vaccine efficacy [13]. Herein, vaccinations with
RG1-VLP have induced robust anti-L2 (RG1) serum titers by RG1
peptide ELISA in rabbits and mice (Tables 1 and 2), and broadly
cross-neutralizing activity to hrHPV18/31/33/45/52/58/26/70 was
determined in rabbit sera (Table 1). Although inadequate amount
of antisera obtained prevented further determination of cross-
neutralization induced in mice by RG1-VLP plus HPV18L1 VLP
immunization, we infer from robust anti-L2 (RG1) titers (Table 2),
that in addition to L1-specific neutralizing antibody response
against HPV16 and HPV18, broad cross-neutralization of heterolo-
gous HPV types via antibodies recognizing the RG1 motif of L2 was
likely induced.

To the best of our knowledge dose finding studies with chimeric
L1-L2 vaccines have not been published. Vaccinating thrice with
25 g (or 125 ug) RG1-VLP in rabbits induced robust and high-
titer cross-neutralizing antibodies against
hrHPV18/31/33/45/52/58/26/70, raised by the single epitope RG1
in the context of a chimeric VLP immunization with an estimated
MW ratio of ~1:25 (RG1:16L1 protein). The 9vL1-VLP vaccine
includes relatively high antigen doses (270 pg protein per dose)
presenting immunologically favorable L1-VLP amounts of each
L1-VLP type included. The exhaustive spectrum of cross-
neutralization induced by RG1-VLP immunization exceeds that
known for licensed human L1-VLP vaccines (Table 1). A compar-
ison of the spectrum of protection provided by conserved L2 motifs
(RG1-VLP), or type-specific conformational L1 epitopes (multiva-
lent L1-VLP) may therefore be performed using comparable
amounts of antigen. Here we describe robust cross-neutralization
of types included in 9vGardasil and of additional hrHPV achieved
by vaccination with 25 pg RG1-VLP. The use of higher overall
amounts of RG1-VLP did induce a significantly higher HPV16-
specific response, but not cross-neutralization of other HPV types.
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The negligible differences in cross-neutralizing antibody titers
raised with 25 pg or 125 pg RG1-VLP injections appears to indicate
a dose-dependent saturation of RG1 epitopes within the chimeric
HPV16 capsid exposed to the immune system. Human dose-
ranging studies with monovalent L1-VLP, and studies comparing
4v to 9vL1-VLP vaccinations have shown rates of local side effects
increase with total amount of protein injected [17,18]. However no
local or systemic side effects with higher amounts of RG1-VLP were
observed in our preclinical studies (our personal observation/per-
sonal communication T. Twardzik, Charles River).

Approval for a two dose protocol for adolescents <15 years sub-
stantially improves cost efficiency of licensed HPV vaccination pro-
grams [19,20]. Next generation vaccines will have to measure up to
this immunization regime to gain wider acceptance. Although anti-
body titers (both to L1 and L2) were lower in rabbits immunized
twice with RG1-VLP compared to those vaccinated three times,
two (but not single) immunizations with a combined formulation
of RG1-VLP + 18L1-VLP were sufficient to protect mice against chal-
lenge with non-related hrHPV58. Whether dosage optimization can
provide robust vaccine efficacy even in a single dose immunization
protocol needs further study. We also tested RG1-VLP coformulated
with HPV18L1-VLP to exclude immune interference in vaccinated
mice. As expected, both HPV16- and RG1-specific antibody
responses (ELISA) against RG1-VLP were maintained. The observed
lower neutralizing antibody response against HPV18 by PBNA, but
unimpaired overall antibody titers in ELISA when compared with
Cervarix or 4vGardasil are most likely due to subtle degradation
of HPV18L1-VLP through long-term storage. These results may also
support combined vaccine formulations of divergent RG1-VLP
based on additional HPV L1 VLP types and/or RG1-homologous pep-
tides to target different spectra of HPV serotypes in a multivalent
RG1-VLP vaccine setting. Such strategies may allow further expan-
sion of HPV vaccine protection to include cutaneous HPV with the
aim to develop a comprehensive pan-HPV vaccine [21].

4. Materials & methods
4.1. RG1-VLP

Generation of chimeric RG1-VLP by genetic insertion of HPV16
L2 peptide aa 17-36 (RG1) into the DE-surface loop of HPV16L1,
protein expression in Sf9 insect cells and purification has been
described [10].

4.2. Immunization

NZW rabbits were immunized subcutaneously (Charles River
Laboratories, Germany) with 1 pg, 5 ug, 25 pug or 125 pg of RG1-
VLP adsorbed to 125 pg aluminiumhydroxide (Alhydrogel 2%,
Invivogen) and 12,5 ug of MPL (PHAD, Avanti Polar Lipids) adju-
vant, or 125 pl (1/4 dose) of Cervarix on days 0, 60, 120, or 5 ug
of RG1-VLP similarly adjuvanted on day O and 120. Sera were
drawn 14 days after the final boost.

Female BALB/c mice (groups of n = 5) were immunized subcuta-
neously with 5 pug of RG1-VLP plus 5 ug of HPV18L1-VLP adju-
vanted with 125 pg aluminium hydroxide and 12,5 ug MPL in
saline on day 0, or days 0 and 21; or with 125 pl (1/4 dose) of Cer-
varix or 4vGardasil on days 0 and 21. Following vaginal challenge
cardiac puncture and neck dissection was performed on anesthe-
sized animals.

4.3. Enzyme-linked Immunosorbent assays (ELISA)

Standard procedures such as L1-VLP ELISA using HPV16L1-VLP
and HPV18L1-VLP as antigen, and L2-peptide ELISA using the

biotinylated peptide HPV16L2 aa 17-36 (QLYKTCKQAGTCPPDIIPK;
JPT Peptide Technologies, Berlin, Germany) has been described
[10,11]. Rabbit sera were used in 5-fold serial dilutions starting
at 1:100, and mice sera were used in 10-fold serial dilutions start-
ing at 1:100.

4.4. Murine vaginal challenge

The intravaginal PsV challenge model was performed according
to Roberts et al [11,22]. In brief, mice (groups of n =5) were pre-
treated with 3 mg of progesterone to synchronize the oestrus. Fol-
lowing cytobrush-induced microtrauma, mice were intravaginally
challenged with luciferase-encoding HPV58 PsV in 3% car-
boxymethylcellulose. After 3 days, 20 pl of luciferin was applied
into the vagina, and infection was analyzed by bioluminescence
imaging (IVIS, Caliper Life Science). Data are given with back-
ground signal subtracted (mice challenged with carboxymethylcel-
lulose) only.

4.5. Pseudovirion-based neutralization assays (PBNA)

Production of PsV and hrHPV16 and hrHPV18 neutralization
assays were performed with minor modifications as previously
described (http://home.ccr.cancer.gov/lco/protocols.asp) and neu-
tralization was detected colorimetrically [12]. Additionally, L2
PBNA with hrHPV types HPV31, 33, 45, 52, 58, 26 and 70 were per-
formed according to Day et al [13]. In brief, 2*10° HaCaT cells were
plated onto 96-well plates for 24 h at 37 °C, washed with PBS and
lysed using PBS + 0.5% Triton X-100 + 20 mM NH4OH for 5 min at
37 °C. Subsequently, the remaining extracellular matrix was gently
washed with PBS (3x), PsV in CHOAfurin conditioned medium con-
taining heparin (Gilvasan Pharma) were added, incubated at 37 °C
overnight and washed with PBS. Following addition of serial dilu-
tions of antiserum, 8*10% PGSA-745 cells were added and the mix-
ture incubated for two days at 37 °C. For luciferase encoding PsV,
assays were evaluated using the Luciferase Assay System (Promega
#E1501) and the Cell Culture Lysis Reagent (Promega #E153A)
according to company’s instructions in 96-well opaque Optiplates
(Nunc). Luciferase activity was measured using either a 1420 Vic-
tor3 Multilabel Counter (PerkinElmer) or Fluoroskan Ascent FL
(Thermo Scientific) plate reader, with 10 s per well reading time.

4.6. Animal welfare

Animal studies have been approved (BMWF-66.009/0173-
11/3b/2011) and animal care was in accordance with the guidelines
of the Austrian Federal Ministry for Science and Research.
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