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ABSTRACT
Current human papillomavirus (HPV) vaccines provide substantial protection against the most common 
HPV types responsible for oral and anogenital cancers, but many circulating cancer-causing types remain 
for which vaccine coverage is lacking. In addition, all current HPV vaccines rely on aluminum salt-based 
adjuvant formulations that function through unclear mechanisms with few substitutes available. In an 
effort to expand the toolbox of available adjuvants suitable for HPV vaccines, we compared the immu-
nogenicity of the RG1-VLP (virus-like particle) vaccine in BALB/c mice when formulated with either the 
aluminum hydroxide adjuvant Alhydrogel or the novel polyphosphazene macromolecular adjuvant poly 
[di (carboxylatoethylphenoxy) phosphazene] (PCEP). PCEP-formulated RG1-VLPs routinely outperformed 
VLP/Alhydrogel in several measurements of VLP-specific humoral immunity, including consistent 
improvements in the magnitude of antibody (Ab) responses to both HPV16-L1 and the L2 RG1 epitope 
as well as neutralizing titers to HPV16 and cross-neutralization of pseudovirion (PsV) types HPV18 and 
HPV39. Dose-sparing studies indicated that RG1-VLPs could be reduced in dose by 75% and the presence 
of PCEP ensured activity comparable to a full VLP dose adjuvanted by Alhydrogel. In addition, levels of 
HPV16-L1 and -L2-specific Abs were achieved after two vaccinations with PCEP as adjuvant that were 
equivalent to or greater than levels achieved with three vaccinations with Alhydrogel alone, indicating 
that the presence of PCEP resulted in accelerated immune responses that could allow for a decreased dose 
schedule. Given the extensive clinical track record of polyphosphazenes, these data suggest that sub-
stitution of alum-based adjuvants with PCEP for the RG1-VLP vaccine could lead to rapid seropositivity 
requiring fewer boosts, the dose-sparing of commercial VLP-based vaccines, and the establishment of 
longer-lasting humoral responses to HPV.
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Introduction

Broad and consistent HPV vaccination programs have 
achieved a great degree of success lowering rates of the most 
common HPV genotypes that cause oral and anogenital can-
cers. Current vaccines are based on noninfectious VLPs pro-
duced by expression of the major L1 capsid protein and 
containing no viral material. The FDA initially licensed biva-
lent and quadrivalent versions of these vaccines which suc-
ceeded in reducing infection by HPV16/18 types that are 
responsible for 70–80% of HPV-related cervical intraepithelial 
neoplasia (CIN). The most recently FDA-approved nonavalent 
vaccine, Gardasil-9, only extends protection to 7 of the 13 high 
risk HPV types that together cause 90% of HPV-positive can-
cers. However, in the absence of comprehensive coverage of 
high-risk HPV types, the need for continued cervical screening 
cannot be eliminated.1 Further addition of new L1-VLPs 
derived from different HPV genotypes would continue to 

increase manufacturing cost-of-goods (COG) with only small 
incremental improvements in protection coverage over the 
general population. Here, we examine a single candidate vac-
cine antigen in which a conserved protective epitope is dis-
played on the surface of an L1 VLP as an approach to extend 
coverage to all high-risk HPV genotypes.

HPV infection occurs through viral engagement of heparin 
sulfate proteoglycans and laminin on the surface of basal kera-
tinocytes, leading to conformational changes which expose the 
minor capsid protein L2 and permit its cleavage by the host- 
derived convertase furin. L2 demonstrates substantial sequence 
conservation among high-risk HPVs, and antisera specific to 
linear epitopes in the N-terminal HPV16-L2 region have 
demonstrated cross-neutralization activity directed against mul-
tiple HPV types,2,3 a phenomenon not achievable with the L1 
capsid subunit.4–6 In particular, the L2 amino acid 17–36 epitope 
has a high degree of conservancy between types and is named 
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RG1 due to recognition by the RG1 mAb.7 Passive transfer of 
sera from RG1-VLP-vaccinated mice confers immunity from 
experimental PsV challenge, suggesting a central role of neutra-
lizing antibody in mediating protection.7 Vaccine configurations 
aimed at enhancing the immunogenicity of the protective L2 
epitopes have included linear L2 epitope repeats on a modified 
human IgG1 Fc scaffold,8 a concatenated fusion protein adju-
vanted with Montanide ISA51,9 or as adenovirus- or AAV 
vector-expressed L2 epitopes10,11 (reviewed in12,13). These L2 
vaccines have demonstrated cross-neutralizing Ab responses 
against HPV of diverse types including HPV5/6/11/16/18/31/ 
33/45/52/58,8,11 underlining the cross-neutralization potential of 
L2. To take advantage of the naturally immunogenic nature of 
the closed-packed, repetitive surface L2 array while retaining the 
well-established protective potency of the L1 subunit, a VLP 
vaccine was engineered to display the RG1 HPV16-L2 epitope 
inserted within the DE loop of each of 360 HPV16-L1 subunits 
that spontaneously assemble into a VLP.14 This ‘RG1-VLP’ 
vaccine, when adjuvanted with aluminum salts, has demon-
strated robust immunity in mice and the induction of cross- 
neutralization to many mucosal high-risk HPV types, including 
HPV18 and HPV39, mediated by L2-specific Abs.15 However, all 
currently licensed prophylactic HPV vaccines are adjuvanted 
with aluminum salts, in part because few other effective adju-
vants with good safety profiles are available.

Polyphosphazenes (PP) comprise a family of synthetic 
organic-inorganic polymers which have demonstrated promise 
for use as adjuvant vehicles in both preclinical and clinical 
studies. The common synthetic precursor can give rise to 
a diverse group of macromolecules exhibiting advantageous 
properties such as biodegradability, water solubility, self- 
assembly, and the ability to increase vaccine antigen valency. 
Two macromolecules, poly[di(carboxylatophenoxy)phospha-
zene] (PCPP) and poly[di(carboxylatoethylphenoxy)phospha-
zene (PCEP), have demonstrated their immunoadjuvant 
potency with several viral and bacterial antigens in multiple 
animal models.16–18 These water-soluble dual-mode adjuvants 
attain their biological activity via self-assembly with vaccine 
antigens as delivery vehicles as well as by intrinsic immunosti-
mulatory activity. Research conducted with these polymers has 
been focused on soluble antigenic proteins and although PCPP 
has demonstrated potency when combined with rotavirus 
VLPs,19 this earlier study did not include PCEP and lacked 
characterization of formulation in context of antigen–polymer 
interactions, which usually play an important role in defining 
immunological performance of these adjuvants.20–23The goal of 
the current study was to test the immunogenicity of RG1-VLPs 
formulated with PCPP or PCEP compounds in BALB/c mice, in 
an attempt to broaden the choice of adjuvant that could be 
paired with a VLP-based HPV vaccine and demonstrate equiva-
lent or superior efficacy compared to the standard FDA- 
approved adjuvant, aluminum salts.

Materials and methods

Polyphosphazenes

PCPP and PCEP, both with weight-average molecular weight 
of 800 kDa, were synthesized as described previously.24,25

Biophysical characterization of formulations

Analysis of PCPP or PCEP-VLP formulations was conducted 
by dynamic light scattering (DLS) using Malvern ZetaSizer 
Nano series (Malvern Instruments Ltd.) instrument and 
Asymmetric Flow Field Flow Fractionation (AF4) with 
Postnova AF2000 MT instrument (Postnova Analytics 
GmbH). pH-dependent membrane disruptive activity of poly-
phosphazene (PP)/VLP vaccine formulations was evaluated 
using a hemolysis test with fresh porcine RBCs as described 
previously.20 Porcine red blood cells (RBC) – 10% suspension 
in PBS (Innovative Technology Inc., Novi, MI) were used as 
received.

Vaccine preparation

RG1-VLPs (lot PB16076) were manufactured by Paragon 
Bioservices (under contract with MRIGlobal, Repository 
Contractor for the National Cancer Institute, Division of 
Cancer Prevention) and were combined with Alhydrogel at 
40 µg/ml RG1-VLPs and 1 mg/ml Alhydrogel and incubated 
on a rocking platform for 1 h at 4°C to yield a vaccine of 2 µg 
RG1-VLPs and 50 µg Alhydrogel per 50 µl per mouse. PCEP 
and PCPP at 2 mg/ml solutions were first depleted of aggre-
gates and sterilized by syringe filtration through a 0.2 µm filter 
(Millex) before combining with RG1-VLPs and vortexed to 
yield 2 µg RG1-VLPs and 7.5–50.0 µg PP in 50 µl per injection. 
Gardasil-9™ (Merck, recombinant 9-valent human papilloma-
virus vaccine) was used as a positive control comparator and 
was dose-normalized to 2 µg HPV16-L1 VLPs per injection. 
After equilibration to room temperature (r.t.), vaccines were 
immediately administered to mice.

In vivo mouse vaccination studies

Eight to ten-week-old female BALB/c mice (Charles River or 
Jackson Laboratories) were randomized into groups of 8–10 
animals and immunized on days 0, 14, and 28 (2-week inter-
vals) or 0, 21, 42 (3-week intervals). Mice were anesthetized 
with isoflurane before intramuscular (i.m.) injection of RG1- 
VLPs combined with Alhydrogel, PCEP, or PCPP into the 
quadriceps muscle with 50 µl dose volumes. In some cases, 
submandibular bleeds were performed on days 13 or 14 and 27 
or 28, and terminal bleeds were conducted via cardiac puncture 
on isoflurane-anesthetized mice at day 42 or day 56. In order to 
measure longer-term Ab responses, some mice were not ter-
minated on day 42 but were monitored with submandibular 
bleeds at days 42, 70, 98, and 125, followed by termination. No 
systemic adverse events or injection site reactions were 
observed. Bleeds were collected in serum separator tubes 
(Fisher Scientific) at r.t. and centrifuged at 6000 g for 1.5 
min. Cell-free sera were collected and stored at −80°C.

HPV16-L1 VLP and HPV16-L2 RG1 peptide ELISAs

Mouse sera were subjected to quantitation by enzyme-linked 
immunosorbent assay (ELISA) of Abs specific to HPV16-L1 
VLPs and to the HPV16-L2 RG1 epitope. For HPV16-L1 Ab 
quantitation, Maxisorp 96-well plates (Thomas Scientific) were 
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coated with lab-produced HPV16-L1 VLPs at 2.7 µg/ml in 
coating buffer (1X PBS + 0.2% Proclin 300 (Sigma)) and used 
within 3–5 days after incubation at 4°C. For HPV16-L2 RG1 
epitope-specific Ab quantitation, NUNC streptavidin-coated 
96-well plates (Thermo-Fisher) were coated with 250 ng/ml 
N-terminal-biotinylated L2 peptide (L2 a.a. 17–36 
QLYKTCKQAGTCPPDIIPKV) (JPT) in coating buffer 
(0.1 M Tris buffer, 0.15 M NaCl, 0.1% Tween 20) at 100 µl/ 
well. L1 or L2 ELISA plates were incubated with blocking 
buffer (4% skim milk, 0.2% Tween 20 in 1X PBS) for 1.5 h 
then washed 4 times with wash buffer (0.25% Tween 20 in 
saline buffer) using a BioTek EL405 plate washer. Sera samples 
were diluted in blocking buffer at 1:2500 (L1) or 1:5000 (L2) 
dilution and then serially diluted 1:2 on the plate for 7 more 
wells for a final volume of 100 µl/well. Sera used for standards 
and positive controls were generated from mice vaccinated 
with RG1-VLPs + Alhydrogel, and BALB/c naïve mouse 
sera (Innovative Research) was used for negative controls. 
Sera samples were incubated for 1 h at r.t., gently shaking 
(300 rpm), followed by plate washing. The secondary Ab con-
jugate goat anti-mouse IgG-horseradish peroxidase (HRP) 
(Sigma) or goat-anti-mouse IgG2a-HRP (Thermo-Fisher) 
were added to the plates at a dilution of 1:20,000 or 1:1,000, 
respectively, and plates were incubated again for 1 h at r.t., 
gently shaking. After washing, freshly prepared TMB solution 
(KPL), according to manufacturer’s instructions, was added at 
100 µl/well and plates were incubated 25 min at r.t. protected 
from light. Reactions were stopped by the addition of 100 µl/ 
well of 0.36 N H2SO4. Plate optical density (OD) values were 
measured at 450/620 nm with a SpectraMax M5 (Molecular 
Devices) instrument and data processed by SoftMax Pro 6.3 
(Molecular Devices). Ab levels, expressed as ELISA units (EU/ 
ml), were then calculated by interpolation of OD values from 
the standard curve by averaging the calculated concentrations 
from all dilutions which fell within the range of the standard 
curve.

VLP and PsV production

As described in,26 293-TTF cells (293 T cells expressing a sec-
ond large T antigen and furin) were plated at approximately 
60–80% confluence in flasks and incubated at 37°C for 24 h. 
Cells were co-transfected with codon-optimized HPV6-L1/L2 
p6shell, HPV16-L1/L2 p16shell, HPV18-L1/L2 p18shell plas-
mids (kindly provided by J. Schiller, NCI, NIH), HPV39-L1 
/L2 pVitro plasmid (R. Roden), reporter plasmid pYSEAP (J. 
Schiller), or reporter plasmid Luciferase (Luc, AddGene) 
using Lipofectamine 2000 (Thermo Fisher) prepared in 
serum-free Opti-MEM media (Thermo Fisher). This transfec-
tion mixture was added to the cells which were incubated for 
48 h and followed by trypsin-mediated cell harvest. Both cells 
and media were centrifuged, media was decanted, and cells 
resuspended in buffer 1 (DPBS with 1 g/L D-glucose and 
36 mg/L sodium pyruvate) before transfer to 1.5 mL silico-
nized tubes. Cells were pelleted and resuspended in lysis 
buffer (DPBS + 10 mM MgCl2, 0.5% Brij58 (Sigma), and 
RNase A (500 U/ml)/T1 (20 U/ml) cocktail (Ambion)), then 
incubated for 48 h. Lysates were clarified by centrifugation at 
10,000 g for 10 min at 4°C, then layered on top of an Optiprep 

(STEMCELL) gradient, underlaying 27%, 33%, and 39% 
Optiprep in a 5 mL thin-wall polyallomer tube (Beckman 
Coulter). Gradients were ultracentrifuged using a SW55 Ti 
rotor (Beckman Coulter) at 50,000 rpm for 3.5 h at 16°C with 
an acceleration of 5 and deceleration of 7. Nine fractions were 
collected by puncturing tube bottoms with a 18 G needle. 
500 µl were collected in tube 1 followed by 250 µl in 8 more 
tubes. Fraction volumes of 20 µl were electrophoresed on 
a Coomassie gel to assure purity, and fractions with substan-
tial bands at the predetermined sizes were titrated on LoVo-T 
cells beginning at 1:125 dilution to assess alkaline phospha-
tase activity. All fractions that yielded a highly purified band 
by Coomassie and demonstrated high activity were pooled 
before use in furin-cleaved pseudovirion-based neutralization 
assay (fc-PBNA). The dilution factor for PsVs used in the 
neutralization assay was chosen by identifying the dilution 
that provided a signal 100–200-fold higher than background 
signal (no-virus negative control). All fractions that yielded 
pure PsV bands by Coomassie and could demonstrate a signal 
100–200 above background were then combined to make 
a final PsV pool for each HPV type.

Furin-cleaved PsV-based neutralization assay (fc-PBNA)

As described in,27 LoVo-T cells (ATCC CCL-229, human col-
orectal adenocarcinoma line expressing SV40 Large T antigen), 
grown to 70–90% confluency, were removed by Trypsin/EDTA 
treatment and seeded at 7500 cells/well in a 96-well flat-bottom 
plate and incubated for 24 h at 37°C, 5% CO2. Pre-diluted 
(1:25) mouse sera samples were serially diluted 4-fold in 
DMEM + 10% FBS media in another 96-well plate, including 
positive and negative control samples derived from RG1-VLP 
/Alhydrogel-vaccinated mice and naïve mice, respectively. 
Furin-cleaved PsV (fc-PsV) particles (from HPV types 16, 18, 
39, 6) were diluted to pre-determined concentrations (1:1500 
for HPV16/39, 1:500 for HPV6, 1:125 for HPV18 based on 
titration assays), then added to 96-well round-bottom plates 
followed by equal volumes of serially diluted serum samples. 
Finally, the plates were incubated for 2 h at 37°C. After incuba-
tion, the serum/fc-PsV particle mixtures were added to the 96- 
well flat-bottom plates previously seeded with LoVo T cells, 
and the plates were then incubated at 37°C for 72 h, after which 
cell supernatants were transferred to 96-well Optiplates 
(Perkin-Elmer) and incubated at 70°C for 45 min. Optiplates 
were then incubated on ice for 5 min and centrifuged briefly, 
before SEAP (secreted alkaline phosphatase) substrate 
(Caymen Chemical) was added, followed by 30 min incubation 
at r.t., protected from light. Plates were read on a SpectraMax 
M5 microplate reader. The PBNA titers are reported as the 
reciprocal of the dilution that caused a 50% reduction in SEAP 
activity in comparison to the fc-PsV-infected cells without 
added sera.

In vivo PsV challenge and bioluminescent imaging

On day 35, 7 days after the third vaccination, some mice were 
injected subcutaneously (s.c.) with 3 mg Depo-Provera 
(Pfizer), and 4 days later, the vaginal vault of anesthetized 
recipient mice was instilled with VCF gel (Apothecus 
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Pharmaceutical, containing 4% Nonoxynol-9) using 
a positive-displacement pipette. The vulva was gently grasped 
on either side of the pipette tip with smooth dissecting forceps 
to force retention of the VCF, and then mice were allowed to 
recover and rest for 6 h. PsV16-Luc and PsV39-Luc inoculate 
were prepared at 1.5% carboxymethyl cellulose (CMC, Sigma- 
Aldrich) and administered via positive-displacement pipette 
to the vaginal vault of anesthetized mice. Dose volumes of 
PsV16-Luc and PsV39-Luc were determined in previous pilot 
studies to be sufficient for obtaining a luminescent signal of 
5e5-1e6 flux (photons/sec) before background subtraction. 
Three days after PsV inoculation (day 42) mice were anesthe-
tized and then transferred and positioned ventral side up in 
the imaging chamber of a Xenogen IVIS Spectrum scanner 
(PerkinElmer). D-Luciferin (Gold Biotechnology) was depos-
ited by positive-displacement pipette into the vaginal vault. 
2D bioluminescent images were acquired within 1 min of 
luciferin application with an exposure time of 3 min. 
Bioluminescence signal (total flux in photons/sec) was 
measured by placing a region of interest (ROI) in the groin 
area (covering both the vaginal and surrounding area). 
Additionally, a background ROI was placed over the thoracic 
area for purposes of measuring constitutive background sig-
nal. Total flux values from both inoculated target regions and 
non-targeted background regions were first normalized for 
area of the ROI, and then the respective normalized back-
ground signal was subtracted from the normalized signal of 
the target regions for each animal. To obtain % reduction 
values, the formula (X-Y)/X (100) was used where X is 
the mean normalized targeted value for untreated mice and 
Y is the mean normalized target value for any of the vacci-
nated groups.

Statistical analysis

Statistical analyses were conducted with GraphPad Prism 7 
software using one-way ANOVA nonparametric analysis with 
the Kruskal–Wallis multiple comparisons test. p < .05 was 
considered significant. 

Results

Biophysical characterization of 
polyphosphazene-adjuvanted VLP vaccine formulations

Formulations of PCPP and PCEP with RG1-VLPs were pre-
pared by simple mixing of aqueous solutions and were char-
acterized using DLS and AF4 methods. DLS studies revealed 
that the dimensions of VLPs and both PP adjuvants were in the 
same range (60–70 nm). Although their binary formulations 
were also characterized with a unimodal distribution, the 
resulting assemblies had a somewhat larger hydrodynamic 
diameter (Figure 1(A,B)), which clearly indicates interactions 
in the system. AF4 analysis independently confirmed sponta-
neous self-assembly in the VLPs-PP system. This physico-
chemical method is capable of analyzing supramolecular 
assemblies with up to 1 µm sizes by detecting molecules or 
particles that were subjected to a cross-flow of mobile phase 
which press analytes against a semi-permeable membrane, 
thereby slowing them in a size-dependent manner.25 

Although AF4 analysis of pure VLPs did not allow for the 
detection of particles, which is probably due to their nonspe-
cific adsorption to the membrane, analysis of polymer-treated 
VLPs resulted in a signal larger than that of the polymer itself 
(Figure 1(C)). The size of VLP-PP assemblies was largely 
dependent on the ratio of the components. Severe aggregation 

Figure 1. Characterization of particle size and aggregation potential of VLP/PP formulations. (A, B) DLS profiles of VLPs, PPs, and formulations of VLPs with PCEP (A) and 
PCPP (B) at 1:2.5 (w/w) ratio (PBS, pH 7.4); (C) z-average hydrodynamic diameter of VLPs-PCPP and VLPs-PCEP versus ratio of formulation components. (D) Schematics of 
suggested mechanisms of interactions between VLPs and polymers is also shown (0.05 mg/mL VLPs, PBS, pH 7.4).
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was detected by DLS at a low polymer content (0–2 polymer-to 
-VLP w/w ratio) for both polymers (Figure 1(D)). However, 
further increases in polymer concentration prevented aggrega-
tion and only manifested in a slight (20–50%) increase in 
hydrodynamic diameters compared to individual components.

We also compared the short-term stability of VLP formula-
tions adjuvanted with PCPP or PCEP. Formulations were kept 
at 4°C for three days and changes in z-average hydrodynamic 
diameters were monitored using DLS. A significant increase 
(50–60%) in the dimensions of supramolecular assemblies over 
time was detected for PCPP (Figure 2(A)). In contrast, PCEP- 
adjuvanted VLPs displayed only a minor increase (5–15%) in 
diameter. Further comparative analysis of the two formulations 
was conducted via evaluation of their pH-dependent mem-
brane disruptive activity using the hemolysis test, which gen-
erally can be correlated to the ability of the delivery vehicle to 
facilitate endosomal escape and cytosolic delivery of pharma-
ceutical cargo.28–30 Whereas the PCEP-VLP formulation 
showed strong hemolytic activity below pH 6.8, no hemolysis 
was detected for PCPP formulations regardless of the pH of the 
media (Figure 2(B)).

PP adjuvants induce VLP-specific humoral immunity to 
levels equivalent or superior to Alhydrogel

To investigate the in vivo adjuvant properties of PECP in 
a VLP-based vaccine, we utilized RG1-VLPs, the novel chi-
meric HPV vaccine candidate comprised 72 HPV16-L1 penta-
meric capsomers, with each L1 engineered to express a 20 
amino acid sequence from the HPV16-L2 capsid protein 
termed RG115 for a display total of 360 RG1 epitopes/particle. 
Unlike L1 capsid sequences, the RG1 epitope of the L2 
sequence is well-conserved among disparate HPV strains and 
promotes the generation of cross-neutralization Abs in vivo in 
mice. When adjuvanted with aluminum salt formulations such 
as Alhydrogel,15 this vaccine design can provide protection to 
a broad repertoire of HPV strains. We immunized BALB/c 
mice three times i.m. with 3-week intervals between injections 
with RG1-VLPs and either Alhydrogel (alum), the PP 

compounds PCPP or PCEP, or the nonavalent FDA- 
approved HPV VLP vaccine Gardasil-9. Sera were analyzed 
for Abs specific to HPV16-L1 and L2 via ELISA and were 
additionally tested for neutralizing Ab titers against HPV16/ 
18/39/6 by fc-PBNA.

While alum augmented the geometric mean of L1 Ab levels 
compared to VLPs alone, this increase did not reach statistical 
relevance. Adjuvanting with either PCPP or PCEP, however, 
resulted in substantially higher L1 Ab levels that did achieve 
statistical superiority over VLPs alone and furthermore 
exhibited significantly higher increases than the alum or 
Gardasil-9 groups (Figure 3(A)), with the highest degree of 
difference demonstrated by PCEP. RG1-VLPs express the 
RG1 epitope in a highly repetitive and immunogenic manner, 
and detectable L2-specific Ab levels are achieved by immuni-
zation with RG1-VLPs without adjuvant. Combining VLPs 
with alum, PCPP, or PCEP all induced L2 Ab levels signifi-
cantly higher than VLPs alone (Figure 3(B)). As expected, 
Gardasil-9 vaccination resulted in no detectable L2-specific 
responses.

The RG1 epitope of L2 is buried below the capsid surface of 
native virions and is only transiently accessible to neutralizing 
antibodies during the infectious process upon a conformation 
change and specific cleavage of L2 by extracellular furin that is 
triggered by virion binding to the extracellular matrix or base-
ment membrane. An in vitro furin-dependent cell-based neu-
tralization assay was developed to more closely resemble in vivo 
infectivity.26 Titers of neutralization Abs that prevent the in vitro 
infection of LoVo-T cells by SEAP-expressing HPV16 PsVs were 
substantially higher when the RG1-VLP vaccine had been adju-
vanted by PP compounds, particularly by PCEP which achieved 
a geometric mean 2X higher than PCPP at the 25 µg dose 
(Figure 3(C)). Cross-neutralization Abs elicited by the RG1- 
VLP vaccine were demonstrated by the presence of titers specific 
to HPV18 and HPV39, since the RG1-VLP is comprised of 
HPV16-L1 capsid scaffold only. PCEP adjuvant induced higher 
geomean cross-neutralizing titers compared to alum, although 
statistical difference was only achieved in the case of HPV18 
(Figure 3(D,E)). Since Gardasil-9 includes the HPV18 but not 

Figure 2. Physicochemical analysis of VLP-PP formulations. (A) Change in z-average hydrodynamic diameter of PCPP-VLP and PCEP-VLP formulations versus time (D0 – 
diameter at 0 h; PBS, pH 7.4, 4°C, 0.5 mg/mL PCPP or PCEP, 0.02 mg/mL VLPs); (B) endosomolytic activity of PCEP-VLP and PCEP-VLP formulations as assessed by their 
hemolytic activity at various pH (red blood cells, 0.025 mg/mL polymer concentration, 10 mM phosphate buffer, 0.9% sodium chloride).
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HPV39 L1 VLP, it achieved high neutralizing titers for HPV18 
but did not demonstrate any capacity to induce a cross- 
neutralizing response to HPV39. Adjuvanting RG1-VLPs with 
alum appears to be least effective for inducing elevated levels of 
cross-neutralizing Abs to HPV6, likely reflecting its more diver-
gent sequence within the RG1 epitope (Figure 3(F)). Only PCEP 
elevated levels of HPV6-neutralizing titers in some mice, 
although significance to VLPs alone was not achieved. Since 
PCEP routinely outperformed PCPP, we focused further studies 
on the adjuvant capabilities of PCEP.

VLP dose-sparing achieved by PCEP adjuvanting of the 
RG1-VLP vaccine

We investigated the antigen dose-sparing capabilities that uti-
lization of PCEP might allow. Due to the superior responses of 
25 µg over 50 µg PCEP in several humoral immune assays 
(Figure 3), we investigated the activity of lower doses of 
PCEP to facilitate vaccine responses to decreasing amounts of 
RG1-VLPs. Even at a 50–75% VLP dose reduction (from 2 to 1 
or 0.5 µg), PCEP promoted responses equivalent or superior to 
2 µg VLPs + alum or Gardasil-9 in all assays, including L1- and 
L2-specific Ab levels and neutralization titers to HPV16/18/39/ 
6 (Figure 4). PCEP adjuvantation of 0.5 µg VLPs even achieved 
statistical significance over 2 ug VLPs alone in the cases of L1 
Ab levels and HPV-16 neutralizing titers (Figure 4(A,C)), 
which Alhydrogel adjuvantation of 2 µg VLPs was unable to 
accomplish, underlining the VLP dose-sparing capacity that 
PCEP confers.

PCEP accelerates the vaccine schedule compared to 
Alhydrogel and provides for long-lasting Ab responses

The RG1-VLP vaccine requires two additional boosts after the 
initial prime vaccination to yield substantial levels of L1 and L2- 
specific Abs when adjuvanted with Alhydrogel alone.14 To deter-
mine whether the addition of PCEP could accelerate the kinetics 
of the humoral response to RG1-VLP vaccine, we measured Ab 
levels to both L1 and L2 at earlier timepoints, 2 weeks after the 
first immunization (day 14) and 2 weeks after the second immu-
nization (day 28), as well as 2 weeks after the third immunization 
(day 42). PCEP substantially elevated L1 and L2 ELISA Ab levels 
compared to alum alone after only 2 immunizations when the 
VLP dose was 2 µg (Figure 5(A,B)). At lower amounts of VLPs 
(1 or 0.5 µg), PCEP still induced levels of L1/L2 Abs by day 28 
(after 2 immunizations) that were statistically higher than levels 
achieved by VLPs alone, while alum-induced L1/L2 levels failed 
to achieve statistical significance over VLPs alone at day 28. 
Gardasil-9 did achieve significance over VLPs alone at day 28, 
indicative of a potentially faster-acting mechanism for L1 Ab 
induction compared to RG1-VLPs + alum. Furthermore, day 28 
L2-specific Ab levels induced by PCEP at all 3 VLP doses were 
equivalent to or higher than day 42 L2-specific Ab levels induced 
by the alum-formulated vaccine after 3 vaccinations (Figure 5 
(B)), indicative of the accelerated kinetics of L2 Ab response 
when PCEP is utilized. We also analyzed day 28 sera samples for 
neutralizing Ab titers to HPV16 and HPV18 and found that 
PCEP increased the appearance of both types after only 2 
immunizations, achieving statistical relevance compared to 
VLPs alone, which RG1-VLPs + alum was not able to 

Figure 3. Enhancement of RG1-VLP-specific humoral immunity in the presence of PP adjuvant formulations. Mice were immunized i.m. with 2 µg RG1-VLP alone or 
adjuvanted with 50 µg alum, 25 or 50 µg PCPP, 25 or 50 µg PCEP or Gardasil-9 on days 0, 21, 42 and peripheral blood sera samples derived on day 56. (A-B) Sera samples 
were tested for HPV16-L1- and HPV16-L2 RG1-specific IgG via ELISA. (C-F) Sera samples were analyzed for neutralizing titers via fc-PBNA specific for PsV16-, PsV18-, 
PsV39-, PsV6-SEAP. Data are reported as geometric means ± 95% confidence interval (CI). Statistical comparisons are between VLPs alone and all groups or between 
alum and all groups (upper tier for A and C) and were generated using one-way ANOVA nonparametric analysis with the Kruskal-Wallis multiple comparisons test. ns, 
not significant (p > .05); *, p < .05; **, p < .01; ***, p < .001; ****, p < .0001.
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accomplish (Figure 5(C,D)). These data indicate that adjuvant-
ing the RG1-VLP vaccine with PCEP could lead to significant 
COG savings by decreasing the schedule to fewer immunizations 
as well as allowing for less VLPs per injection.

To measure the durability of circulating L1/L2 Abs 
observed in PCEP-adjuvanted responses compared to alum, 
we continued to monitor vaccinated mice after the third 
immunization at day 42 for 3 more months, harvesting sera 
at monthly time points. RG1-VLPs at the 2 µg dose were 
combined with high (50 µg) and low dose (15 µg) PCEP. L1 
Ab levels were higher with either dose of PCEP compared to 
alum or Gardasil-9 at day 42 and although some slight waning 
of all responses was observed, at least one of the two PCEP 
groups maintained significantly higher L1 Ab levels even after 
3 months of monitoring (Figure 6(A)). PCEP-adjuvanted L2 
Ab levels also maintained elevated levels over 3 months after 
the second boost with only minor waning and continued to 
maintain consistent elevation over VLPs alone (Figure 6(B)), 
suggesting the higher magnitude responses induced with the 
PCEP adjuvant are long-lasting and remain elevated for 
months.

PCEP-provided protection against PsV39 challenge in vivo

Although the fc-PBNA assay measures the ability of vaccine- 
generated sera to block infection of LoVo-T cells in vitro by 
HPV PsVs expressing SEAP, we investigated whether antisera 
induced by RG1-VLPs + PCEP could provide protection 

against PsVs expressing Luciferase in vivo. Mice were vacci-
nated 3X with biweekly intervals with Gardasil-9 or with 
RG1-VLPs ± Alhydrogel or PCEP and 11 days post third 
immunization, the vaginal epithelia of vaccinated mice were 
disrupted with Nonoxynol-9 followed by intravaginal inocu-
lation with PsV16 or PsV39 expressing Luc. After 3 days of 
incubation, recipient mice were treated intravaginally with 
luciferin and the resulting luminescent signal imaged 
1–5 minutes later. Immunizations with unadjuvanted RG1- 
VLPs alone conferred robust protection against challenge 
with PsV16-Luc (Figure 7(A,C)), presumably because the 
backbone of RG1-VLP is composed of a repeating array of 
360 HPV16-L1 capsid proteins and therefore the generation 
of high levels HPV16-neutralizing Abs is accomplished by the 
inherent adjuvant activity conferred by the nature of the VLP 
particle. Indeed, neither the presence of alum nor PCEP were 
able to suppress the luminescent signal any further. 
Vaccination with RG1-VLPs alone was also able to confer 
a substantial, albeit not complete, level of protection against 
inoculation with PsV39-Luc (Figure 7(B,C)). In this case, 
adjuvanting with Alhydrogel or PCEP further decreased the 
luminescent signal and achieved stronger statistical signifi-
cance compared to no treatment than did VLPs alone, accent-
uating the benefit that the presence of either adjuvant could 
bring to increasing the level of cross-neutralizing protection 
against HPV39. Gardasil-9 was unable to demonstrate any 
protective effect versus HPV39 as this HPV type is not one of 
the nine VLP species comprising that vaccine.

Figure 4. PCEP adjuvant formulations allow for dose-sparing of VLPs and PCEP. Mice were immunized i.m. with 0.5–2.0 µg RG1-VLP alone or adjuvanted with 50 µg 
alum, 7.5 or 15 µg PCEP, or Gardasil-9 on days 0, 14, 28 and peripheral blood sera samples derived on day 42. (A-B) Sera samples were tested for HPV16-L1- and HPV16- 
L2 RG1-specific IgG via ELISA. (C-F) Sera samples were analyzed for neutralizing titers via fc-PBNA specific for PsV16-, PsV18-, PsV39-, PsV6-SEAP. (F) Numbers of 
responding mice with detectable titers of PsV6-neutralizing activity are indicated. Data are reported as geometric means ± 95% CI. Statistical comparisons are between 
VLPs alone and all groups or between alum and all groups (upper tier for C) and were generated using one-way ANOVA nonparametric analysis with the Kruskal-Wallis 
multiple comparisons test. ns, not significant (p > .05); *, p < .05; **, p < .01; ***, p < .001; ****, p < .0001.
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Promotion of IgG2a isotype switch by PCEP

Alum-based adjuvants have been well described as preferen-
tially directing IgG subtype responses in mice to the Th2 switch 
factor-dependent IgG1 subtype with much less contribution by 

subtypes IgG2a, IgG2b, and IgG3, which usually align with Th1 
responses.31 To determine whether the superior total IgG 
responses achieved by adjuvanting with PCEP compared to 
alum also reflected a difference in subtypes, sera samples 
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were analyzed for IgG2a content. PCEP-adjuvanted RG1-VLPs 
strongly promoted high levels of IgG2a specific to both L1 and 
L2 and substantially more than observed in the presence of 
alum (Figure 8(A, B)).

Discussion

Although the FDA-approved vaccines Gardasil-9 and 
Cervarix are effective at providing protection against HPV 

infection restricted to their respective nonavalent and quad-
rivalent HPV type repertoires, as well as preventing the onset 
of HPV-related cervical and oropharyngeal cancers, they 
could still further benefit from optimization of formulation 
and schedule. Currently, recommendations of the CDC’s 
Advisory Committee on Immunization Practices (ACIP) are 
for a 3-injection regimen at 1, 2, and 6 months with the 
standard clinical dose of VLPs ranging from 20 to 40 μg per 
VLP species, representing a substantial COG investment. The 
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novel RG1-VLP vaccine shows significant potential for 
achieving broad immunity against high-risk HPV genotypes 
using only a single VLP species; however, the current 
Alhydrogel adjuvant (alum) may not optimize the response 
to the L2 component. Our investigation of substitution of 
Alhydrogel with the novel PP compound PCEP demonstrates 
that none of the humoral readouts in vaccinated mice showed 
any underperformance with PCEP, suggesting the compound 
could be suitable as a substitute for Alhydrogel. In fact, 
adjuvanting with PCEP resulted in dramatically improved 
levels of L1 Abs, HPV16-, and HPV18-neutralizing titers, 
and modestly improved levels of L2 Abs and HPV39- 
neutralizing titers. Additionally, the selection of PCEP also 
resulted in dose-sparing of VLPs, an accelerated attainment of 
L2 Ab titers after two immunizations equivalent to three 
immunizations with alum, and a longer-lasting circulating 
Ab response. These data emphasize the advantage that adju-
vanting with PP compounds could convey in terms of simpli-
fying the vaccine schedule as well as improving the cost: 
benefit ratio by allowing for reduction of VLP species number 
and dose.

PP compounds convey adjuvant effects primarily through 
two mechanisms: acting as a carrier vehicle for soluble antigen 
and through direct triggering of certain immunostimulatory 
pathways. The complex formation process by which nanopar-
ticles are generated via spontaneous assembly of the PP poly-
mers and soluble antigen allows for recognition by cell surface 
receptors such as the Mannose Receptor20 and potentially the 
Scavenger Receptor on the surface of APCs. This process 
greatly increases the amount of antigen received per APC, 
improves activity for receptor cross-linking, and additionally 
activates antigen-presenting machinery and APC 
maturation.32 PPs are also known to facilitate endosomal 
escape, which may correspond with facilitation of the release 
of antigenic cargo into antigen-processing pathways.33 

Mounting evidence suggests that PP compounds can directly 
trigger several pathogen recognition receptors (PRRs), the pri-
mary functions of which are activation and augmentation of 
immune responses. Much of this evidence is indirect, in that 
PP compounds have been observed to induce expression of 
several inflammatory chemokines and TNF-α in mice34 and 
recruitment of neutrophils, macrophages, T cells, and DCs to 
draining lymph nodes in mice,35 responses often attributed to 
PRR activation by pathogens. Candidate PRR targets include 
TLR3, TLR4, and TLR9, as molecular interactions between 
those PRRs and PP compounds have been described via AF4 
methods.20 Like alum-based adjuvants, PP compounds have 
also been combined with TLR agonists such as poly(I:C) 
(TLR3L), R848 (TLR7/8 L), or CpG (TLR9L)36–38 which under-
lines the potential for PPs to be incorporated into more com-
plex adjuvant formulations.

Physicochemical characterization of PP-adjuvanted formu-
lations using DLS and AF4 methods revealed the occurrence of 
intermolecular interactions and spontaneous self-assembly 
(Figure 1). Although both components of the formulation 
were of similar dimensions, VLPs presented a system with 
a well-defined rigid surface, whereas PP adjuvants can be 
described as highly flexible macromolecules with a random 
coil conformation in solution.20,39–41 Once they encounter 
a solid surface, these polymers are known to easily adapt 
their conformation to create nanocoatings.42,43 The detectable 
but relatively minor increase in the hydrodynamic diameter of 
the assemblies compared to the formulation components sug-
gests that flexible PPs form a polymer crown around VLPs 
similarly to the spatial arrangements well documented in 
other systems, where synthetic polymers were attached to 
VLPs via covalent bonding.44,45 These suggested non- 
covalently assembled shell-core constructs are illustrated in 
Figure 1(D) (right side). Biophysical characterization data 
also reveal that aggregation of the VLPs can take place when 
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Figure 8. Elevated IgG2a titers induced by adjuvanting with PCEP. Mice were immunized i.m. with 2.0 µg RG1-VLPs alone or adjuvanted with 50 µg alum (Alhydrogel), 
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the polymer is used in deficiency and multiple VLPs are asso-
ciated with the same polymer (Figure 1(D), left side). 
Therefore, for proper vaccine formulation, care must be 
taken to avoid aggregating conditions and to perform physico-
chemical characterization of the formulation before in vivo 
experiments.

The superior immunoadjuvant potency of PCEP compared 
to PCPP has been documented in several studies.23,25,46 

However, no meaningful explanation to this phenomenon in 
the framework of structure–activity relationship has been sug-
gested to date as structural differences between these two 
members of a homologous family are minor (Figure 2(B)). 
Nevertheless, two noteworthy distinctions were observed in 
the behavior of these two formulations in vitro. PCEP- 
formulated VLPs demonstrated superior resistance to aggrega-
tion compared to PCPP-VLPs (Figure 2(A)). This may be 
a result of a previously reported unusual sensitivity of PCPP 
to sodium ions, manifesting in a significantly lower phase 
separation threshold compared to PCEP.24,25,47 It is possible 
that interactions with antigenic cargo like VLPs, which are 
usually realized via ionic bonds, can reduce the overall negative 
charge of the polymer and further facilitate destabilization of 
the system.20 Yet another distinct difference between PCPP 
and PCEP is in the ability of PCEP to display membrane- 
disrupting activity at the pH of early endosomes, the result of 
the higher hydrophobicity of PCEP.20 This feature was pre-
viously correlated with the ability of some vaccine carriers to 
facilitate the endosomal escape of antigenic cargo, thereby 
directing it into the major histocompatibility complex (MHC) 
class I antigen presentation pathway.48–50 It is noteworthy that 
this mechanism of cross-presentation has been shown to play 
an important role in the immune defense against many viruses, 
including HPV.51 VLP formulations modified with PCEP exhi-
bit potent endosomolytic activity, which was assessed in the 
hemolysis test, a property that PCPP-adjuvanted VLPs evi-
dently lack (Figure 2(B)). These physicochemical differences 
in formulations of VLPs with either PCPP or PCEP may sup-
port an explanation of the superior potency of PCEP.

Further differences in activity between PCPP and PCEP 
may track back to preference of IgG subclass induction. 
Aluminum-based adjuvants exhibit a well-described ability to 
induce vaccine antigen-specific Th2 responses in mice. This 
has often been documented in terms of IgG1:IgG2a ratios, with 
alum responsible for the induction of high ratios, as IgG1 
responses commonly accompany Th2 differentiation in mice 
and utilize the Th2 cytokine IL-4 as the switch factor from IgM 
to IgG1.52 Elevated production of IL-4, IL-5, and IL-13, a Th2 
cytokine profile, by T cells in mice immunized with alum- 
adjuvanted vaccines has also been described.52 Alum- 
activated Th2 responses in humans have been more difficult 
to measure, partially due to a looser association between IgG 
subtypes and cytokine profiles. IgG1 and IgG3 are generally 
thought to correspond to Th1 responses while Th2 responses 
are accompanied by elevated IgE and IgG4 levels,53 and high 
levels of the latter have commonly been observed in allergen- 
specific Th2 responses in atopic individuals.54 In addition, Th2 
responses to vaccination of human subjects with KLH + alu-
minum hydroxide are characterized by T cell-derived IL-5 and 
IL-13 as well as elevated IgG4 levels.55 Induction of Th2-type 

responses by vaccines adjuvanted with aluminum-based com-
pounds may be conducive for high levels of total IgG, but such 
responses could also pose a risk factor in subjects predisposed 
for atopic reactions.56 PCEP demonstrated superiority to 
Alhydrogel in its ability to induce high titers of the IgG2a 
subtype specific to both L1- and L2-specific responses. 
Previous investigations of the use of PCEP as a vaccine adju-
vant with the X:31 influenza antigen in mice have reported 
elevated IgG2a Ab responses46,57 as well as T cell responses 
characterized by both IFN-ɣ and IL-4 secretion, in comparison 
to alum and PCPP formulations, which promoted low IgG2a 
and IL-4-dominant T cell secretion profiles.35,37,46 The 
mechanism by which PCEP promotes Th1 differentiation is 
unclear but may involve activation of the NLRP3 inflamma-
some pathway, which leads to caspase-1-dependent conversion 
of pro-IL-1β and pro-IL-18 into bioactive forms.35 As activa-
tion of this pathway has also been observed during the use of 
aluminum-based adjuvants,58 there may be additional innate 
immune response mechanisms triggered by PCEP that are 
triggered less efficiently by either alum or PCPP and are 
responsible for its high performance. Substitute adjuvants like 
PCEP that demonstrate no predisposition for the development 
of Th2 differentiation, and in fact promote IgG2a switching in 
mice, may be a less risky choice for atopic vaccinees.

Neutralization of PsV16-SEAP in the fc-PBNA assay is 
mediated through L1-specific Abs generated through recogni-
tion of the HPV16-L1 subunit scaffold of RG1-VLP. However, 
since no sequence of HPV18, HPV39, or HPV6, L1, or L2, are 
present in the RG1-VLP, neutralization effects determined by 
the fc-PBNA assay against those three HPV types are therefore 
cross-neutralizing and can only be conducted through the L2- 
specific Ab response. Our study confirmed that the PCEP- 
augmented RG1-VLP vaccine demonstrated strong potency 
for the induction of neutralizing Abs to HPV16 and substantial 
capacity for induction of cross-neutralizing Abs to HPV18 and 
HPV39. However, only a few mice were induced to substan-
tially increase HPV6-neutralizing titers after vaccination with 
PCEP compared to Alhydrogel, and the rise in the geomean 
was not statistically relevant (Figure 3(F)). This difficulty in 
provoking an HPV6-cross-neutralizing response likely stems 
from the more significant disparity in RG1 epitope sequences 
between HPV16 and HPV6 compared to HPV16 and either 
HPV18 or HPV39. Alanine-scanning peptide ELISA has been 
used to map several L2 cross-neutralizing Abs to the amino 
acid sequence 20–31 within the HPV16-L2 RG1 epitope.59 

Disruption of either of the cysteines within this sequence at 
positions 22 and 28, critical for disulfide-bonding, resulted in 
loss of mAb binding. When L2 20–31 a.a. sequence homologies 
amongst the four HPV types analyzed in this study are com-
pared using the BLOSUM62 comparison matrix, HPV6-L2 
revealed the lowest homology to HPV16-L2, which is more 
conserved with HPV18-L2 and HPV39-L2 (Table 1). ClustalW 
analysis has suggested that RG1 mAb requires K20 and P29 for 
optimal neutralizing Ab activity and that A or S at L2 residue 
25 are tolerated but not T.60 The HPV6-L2 RG1 epitope has a Q 
at residue 20 and a T at residue 25 which may hinder optimal 
association with HPV16-L2-generated neutralizing Abs. 
Furthermore, the HPV6-L2 sequence stands out for a Q24L 
variation not shared by HPV18/39, a nonconservative polar to 
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nonpolar change that may impact binding of cross-neutralizing 
Abs generated against the HPV16-L2 sequence in RG1-VLPs. 
Indeed, a consensus sequence for the longer HPV-L2 17–36 a.a. 
segment reveals a closer alignment of the RG1 sequence of 
HPV16, HPV18, and HPV39, compared to HPV6.13 Our 
results suggest that HPV16-L2-generated Abs may poorly 
bind the HPV6-L2 RG1 epitope and underline the advantage 
that could be accrued by optimizing HPV-L2-containing VLP 
vaccines to express >1 RG1 epitopes in order to maximize type 
coverage, including low-risk types HPV6/11.61

Although the neutralization of PsV18- and PsV39-SEAP 
describes the ability of the RG1-VLP vaccine to cross- 
neutralize infection by non-HPV16 types, further analyses are 
warranted to measure the extent of capacity for cross- 
neutralization, e.g. the neutralization of additional vaccine 
HPV types 31/33/45/52/58. Development of neutralizing assays 
specific to these HPV types is underway. Additional cross- 
neutralization data were derived from the in vivo PsV challenge 
model which demonstrated that the RG1-VLP vaccine was 
successful in greatly decreasing the efficiency of PsV39-SEAP 
infection of mouse vaginal epithelia. However, adjuvanting the 
vaccine with either alum or PCEP resulted in the equivalent and 
near-complete reduction of PsV39-Luc expression (Figure 7(B)), 
indicating that the sensitivity of this assay to distinguish between 
two highly active vaccine formulations could be heightened. 
Further refinement of the in vivo PsV challenge model by 
increasing the PsV inoculation titer, reducing the number of 
vaccinations, or expanding the total viral burden by introducing 
oral inoculation techniques are in process.

While current HPV vaccines have enjoyed remarkable suc-
cess at reducing rates of HPV infection and subsequent inci-
dence of HPV-related cancers, there remains a need for 
improved vaccines that will lower COG, reduce the vaccine 
schedule, and amplify the humoral response. Our data indicate 
that substitution of Alhydrogel with PCEP can optimize the 
potency of the novel RG1-VLP vaccine by enhancing the mag-
nitude of the Ab response, by allowing for VLP dose-sparing, by 
accelerating the appearance of protective levels of neutralizing 
Abs and thus allowing for a shorter vaccine schedule, and by the 
promotion of longer-lasting Ab responses. This novel formula-
tion could take the form of a lyophilized or freeze-dried vaccine, 
as both VLPs and PP compounds have been demonstrated to be 
lyophilizable and retain activity upon reconstitution.62,63 This 
formulation could also be handled at room temperature without 
the requirement for refrigeration like most alum-based vaccines. 
Given the uncertainty behind alum’s mechanism of action and 
propensity for induction of Th2 responses, which could be 
problematic for atopic individuals, further investigation of adju-
vanting RG1-VLPs with optimized PP compounds may lead to 

the development of a low-cost, high efficacy next-generation 
HPV vaccine and also provide another candidate for the clinical 
adjuvant toolbox.
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ELISA Enzyme-linked immunosorbent assay
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