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The aim of the current studywas to develop a cancer vaccine formulation for treatment of human papillomavirus
(HPV)-induced malignancies. Synthetic long peptides (SLPs) derived from HPV16 E6 and E7 oncoproteins have
been used for therapeutic vaccination in clinical trials with promising results. In preclinical and clinical studies
adjuvants based on mineral oils (such as incomplete Freund's adjuvant (IFA) and Montanide) are used to create
a sustained release depot at the injection site. While the depot effect of mineral oils is important for induction of
robust immune responses, their administration is accompanied with severe adverse and long lasting side effects.
In order to develop an alternative for IFA family of adjuvants, polymeric nanoparticles (NPs) based on hydrophilic
polyester (poly(D,L lactic-co-hydroxymethyl glycolic acid) (pLHMGA)) were prepared. These NPs were loaded
with a synthetic long peptide (SLP) derived from HPV16 E7 oncoprotein and a toll like receptor 3 (TLR3) ligand
(poly IC) by double emulsion solvent evaporation technique. The therapeutic efficacy of the nanoparticulate
formulations was compared to that of HPV SLP + poly IC formulated in IFA. Encapsulation of HPV SLP antigen
in NPs substantially enhanced the population of HPV-specific CD8+ T cells when combined with poly IC either
co-encapsulated with the antigen or in its soluble form. The therapeutic efficacy of NPs containing poly IC in
tumor eradication was equivalent to that of the IFA formulation. Importantly, administration of pLHMGA
nanoparticles was not associated with adverse effects and therefore these biodegradable nanoparticles are
excellent substitutes for IFA in cancer vaccines.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Infection with human papillomavirus (HPV) is the main cause of cer-
vical cancer and is associated with other anogenital malignancies such as
vaginal and anal cancer [1]. More than 99% of cervical cancer cases – the
second most common cancer in women worldwide [2] – are attributed
to infection with high risk oncogenic HPV types [3]. The predominant
high risk type is HPV16 [4] which accounts for approximately 50% of the
cervical tumors [5]. Known etiology of the disease provides an appealing
opportunity to develop vaccines against the high risk HPV types. The
registered prophylactic vaccines are highly successful in prevention of
cancer [6] but have no therapeutic efficacy [7]. Therefore there is great
need for therapeutic vaccines to treat HPV-induced malignancies.
HPV16 encodes two major oncoproteins, namely E6 and E7 which are
expressed in all HPV16-induced cervical cancer cells [5] and are respon-
sible for interference in the cell cycle [8]. Several clinical studies have
used E6 and E7 proteins as targets in immunotherapy of HPV-induced
cancer using different strategies such as peptide and protein based
den, The Netherlands.
).
vaccines, virus like particles and DC-based vaccines [9–12]. Although
these studies showed activation of CD8+ T cells – the immune cells
capable of killing tumor cells – the majority exhibited limited tumor re-
gression and therapeutic efficacy [13–15]. Vaccination with minimal
peptide epitopes of oncoproteins has been a popular approach in several
studies for treatment of HPV-induced malignancies [16–18]. Neverthe-
less, it has not been very successful due to several reasons, including
direct binding of the peptide epitope to MHC molecules on the surface
of cells which results in tolerization of T cells [15,18] and failure to
develop a long-term memory [19]. Increasing the length of the peptide
antigens has substantially improved the efficacy of the peptide vaccines
[19,20]. As synthetic long peptides (SLPs) are too large to be able to
directly bind to MHC molecules on the surface of cells, their epitope
can only be presented by professional antigen presenting cells (APCs)
which are able to take up and process the peptide for subsequent
presentation to T cells. This restriction to professional APCs is essential
as only these cells can provide the co-stimulatory signals necessary for
adequate T cell activation. Dendritic cells (DCs) are the most efficient
professional APCs. These cells process SLPs more efficiently than whole
proteins [21] andprovide long term antigen presentation in the draining
lymph nodes which is crucial for T cell activation and expansion [22].
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Vaccinationwith SLPs overlapping thewhole sequence of HPV16 E6 and
E7 oncoproteins formulated in Montanide ISA 51 has proven the immu-
nogenicity of the vaccine in clinical trials [23–26]. Incomplete Freund's
adjuvant (IFA) and similar adjuvants such asMontanide ISA 51 act as de-
pots that deliver the peptide antigen in water-in-oil emulsions [27,28],
however, their adjuvanticity is not sufficient for initiation of a strong T
cell response [19,24,25]. An effective cancer vaccine is capable of activat-
ing the adaptive as well as the innate immune system which results in
efficient targeting and elimination of cancer cells by eliciting a strong T
cell-mediated immune response [29]. IFA formulations fail to cause
strong DC maturation and, as a result, are not capable of inducing a
strong CD8+ T cell response [30,31].

DC maturation bridges between innate and adaptive immune sys-
tem and can be mediated by triggering a family of receptors on DCs
(as well as other cells), called toll-like receptors (TLRs) [32,33]. Some
TLR ligands such as TLR3 ligands bind to their receptors in the endo-
some, where the antigens are processed [34]. An advantage of using
TLR3 ligands such as poly IC in cancer vaccines is that upon triggering,
these ligands are able to enhance antigen cross-presentation to CD8+
T cells, therefore expanding the cytotoxic T cell population to induce cel-
lular immune response [35]. However poly IC – a double stranded RNA
construct, is degraded rapidly by nucleases in the body. This demands a
high administered dosewhich consequentlymight result in toxicity and
autoimmune responses [36]. Studies have demonstrated that the co-
delivery of TLR ligands and peptide antigens in carrier systems can con-
siderably enhance T cell response [37–40] while decreasing the risk of
toxicity [36].

Another drawback of IFA other than its weak immunogenicity is
adverse effects at the injection site such as painful granulomas, inflam-
mation and swelling, sterile abscesses and cysts [41,42]. Hence, devel-
opment of a delivery system to replace IFA in cancer vaccines is of
great interest. The present study, aimed to 1) to increase the efficacy
and safety of the HPV SLP cancer vaccine by designing a particulate
cancer vaccine, and 2) to study the effect of co-delivery of HPV SLP
and TLR3 ligand (poly IC) in nanoparticles (NPs). We have developed
a nanoparticulate cancer vaccine based on a biodegradable polymer,
poly(D,L lactic-co-hydroxymethyl glycolic acid) (pLHMGA) [43,44] and
loadedwith a 27 amino acid synthetic long peptide and poly IC (TLR3 li-
gand). This SLP contains both a CD8+ epitope (RAHYNIVTF) and a
CD4+epitope (DRAHYNI) of theHPV16 E7 protein for BL/6mice. Previ-
ous studies have shown the advantages of pLHMGA over the well-
known and frequently investigated pLGA, such as better compatibility
with proteins and peptides [45,46]. In a recent study, ovalbumin-
loaded pLHMGA NPs were used as a model vaccine. These particles
showed prolonged presence in the lymphnodes upon subcutaneous ad-
ministration and excellent in vivo T cell expansion which proved their
potential as antigen delivery systems [47]. pLHMGA particles have
shown good cytocompatibility in vitro [47,48] and are biocompatible
in vivo after subcutaneous administration [48]. In the current study,
we examined the therapeutic efficacy of HPV SLP-loaded pLHMGA NPs
in a prime-boost vaccination regimen in TC-1 tumor-bearing mice and
compared it with IFA formulation.

2. Materials and methods

2.1. Materials

Poly(D,L lactic-co-hydroxymethyl glycolic acid) (pLHMGA)with initial
monomer ratios of 65/35 (d,l lactide/benzyloxy methyl methylglycolide
(BMMG)) was synthesized and characterized as described before [43,
47] (Fig. S1-details are provided in the supporting information). Polyvinyl
alcohol (PVA; Mw 30,000–70,000; 88% hydrolyzed), dimethyl sulfoxide
(DMSO), tetrafluoroacetic acid (TFA), poly IC (sodium salt, gamma irradi-
ated) and 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES
1 M) were obtained from Sigma-Aldrich, USA. Dichloromethane (DCM)
and acetonitrile (ACN) were obtained from Biosolve, The Netherlands.
Sodium hydroxide (NaOH) and sodium dodecyl sulfate 20% (SDS)
were purchased from Fluka, The Netherlands. Pyrogen-free water
was obtained from Carl Roth, Germany. Phosphate buffered saline
(1.8 mM NaH2PO4, 8.7 mM Na2HPO4, 163.9 mM Na+, 140.3 mM
Cl−, pH 7.4) (PBS) was obtained from B Braun, Germany. IFA was
purchased from Difco (USA). Synthetic long peptide 27-mer HPV
SLP (GQAEPDRAHYNIVTF(Abu)(Abu)K(Abu)DSTLRL(Abu)V), con-
taining the cytotoxic T lymphocyte (CTL) epitope RAHYNIVTF of
HPV E7 oncoprotein (E743–69) was synthesized in interdepartmental
GMP facility of the Department of Clinical Pharmacy and Toxicology
of Leiden University Medical Center. In this SLP, cysteines were
replaced by the unnatural amino acid, aminobutyric acid (Abu).
Chemicals were used as received without further purification, unless
otherwise stated.
2.2. Preparation of HPV SLP loaded nanoparticles with/without poly IC

HPV SLP-loaded pLHMGANPswith/without poly IC (HPV SLP±poly
IC NPs) were prepared using a double emulsion solvent evaporation
technique essentially as described before [49] with a few adjustments.
In brief, 200 μL of 10 mg/mL HPV SLP (100 μL of ACN and 100 μL of
TFA 0.1% in pyrogen-free water) ± 50 μL of 20 mg/mL poly IC in
pyrogen-free water were emulsified by sonication (30 s, 20%
amplitude-ultrasonic homogenizer (Labsonic P, B. Braun Biotech,
Germany)) in 50 mg of pLHMGA dissolved in 1 mL of DCM to prepare
a water-in-oil emulsion (W1/O). Next 2 mL of an aqueous PVA 1% w/v
solution (filtered through 0.2 μm cellulose acetate sterile filter) was
added to this first emulsion and the mixture was emulsified again by
sonication forming the double emulsion (W1/O/W2). This double emul-
sion was then added drop-wise to 25mL of PVA 0.3%w/v at 40 °C while
stirring for rapid removal of DCM. After 1 h, the particleswere harvested
by centrifugation for 30 min at 20,000 g, washed with pyrogen-free
water, resuspended in pyrogen-free water and freeze-dried overnight.
2.3. Nanoparticle characterization

2.3.1. Size, zeta-potential and morphology of the NPs

2.3.1.1. Dynamic light scattering. The size of NPs was measured with dy-
namic light scattering (DLS) on an ALV CGS-3 system (Malvern Instru-
ments, Malvern, UK) equipped with a JDS Uniphase 22 mW He–Ne
laser operating at 632.8 nm, anopticalfiber-based detector, and a digital
LV/LSE-5003 correlator. Freeze dried NPs were suspended in deionized
water (RI = 1.332 and viscosity of 0.8898 cP) and measurements were
done at 25 °C at an angle of 90°.
2.3.1.2. Transmission electron microscopy (TEM). The size andmorpholo-
gy of NPs were analyzed using transmission electron microscopy (TEM,
Philips-FEI Tecnai T10, USA). Twentymicroliter of particle suspension in
water was placed on parafilm. A glow discharged Formvar carbon film
on copper grid (Agar scientific, UK) was placed on the particle suspen-
sion to absorb the NPs. After 2 min the excess liquid was removed
using a filter paper. The sample was stained with 20 μL of 2% uranyl ac-
etate in water for 1 min and consecutively dried with filter paper and
was left for 5 min to dry completely. NPs were visualized with 7–73 k
fold magnification and analyzed by Olympus MeasureIT software.
2.3.1.3. Zeta potential. The zeta-potential (ζ) of the NPs was measured
using a Malvern Zetasizer Nano-Z (Malvern Instruments, Malvern, UK)
with disposable folded capillary cells. Nanoparticles were dispersed in
10 mMHEPES pH 7.0 and zeta potential was measured at 25 °C and an-
alyzed using DTS Nano 4.20 software.
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2.3.2. Loading efficiency measurements

2.3.2.1. HPV SLP content. The HPV SLP loading efficiency of the NPs was
determined by measuring the peptide content of digested NPs as previ-
ously described [61]. Approximately 5mg of freeze-dried NPs was care-
fully weighed and dissolved in 0.25 mL of DMSO. After complete
dissolution of NPs (60 °C, 1 h) 375 μL of ACN and 375 μL of TFA 0.1% in
water was added to precipitate the polymer. After 2 h at 60 °C, samples
were centrifuged at 14,000 g for 15 min and 100 μL of the supernatant
was injected into an HPLC system equipped with a C18 column (Dr.
Maisch Reprosil-Pur C18-AQ, 3 μm, 150 × 4.6 mm) and an ultraviolet
detector (Waters 2487). Mobile phases were 5% ACN in water with
0.1% TFA (solvent A), and 95% ACN in water with 0.1% TFA (solvent B).
HPV SLP was separated by applying a linear gradient from 0% to 100%
solvent B over 15min, at a flow rate of 1mL/min, and peptide detection
was at 210 nm. Calibration was done using 100 μL of HPV SLP (1.5–
200 μg/mL).

2.3.2.2. Poly IC content. The amount of poly IC encapsulated in the NPs
was determined as previously described [50] with some modifications.
In detail, approximately 5 mg of freeze-dried NPs was accurately
weighed and dissolved in 1 mL of DCM. Then 3 mL of Tris EDTA (TE-
provided with the Quantifluor kit, (Promega Corporation, USA)) buffer
was added and the tube was vortexed for 30 s. The two immiscible
layers were separated by centrifugation at 5000 g for 5 min. Next,
2.5 mL of the upper layer containing poly IC in TE buffer was removed
and replaced by 2.5mL of fresh TE buffer and the extractionwas repeat-
ed 4–5 times until the amount of poly IC extracted was less than 1% of
the initial loading. The amount of poly IC in the extraction medium
was measured by using Quantifluor RNA quantification assay kit and
calibration was done using poly IC in TE buffer (4.8–2500 ng/mL). HPV
SLP NPs and empty NPs as well as empty NPs plus known amount of
poly IC were used as controls. These samples were treated similar to
(HPV SLP + poly IC) NPs.

Loading efficiency (LE%) is reported as the amount of HPV SLP/poly
IC encapsulated in the NPs divided by the amount of HPV SLP/poly IC
added × 100%. Loading percentage (L%) is reported as the amount of
HPV SLP/poly IC entrapped in the NPs per total dry mass of the
NPs × 100%.

2.4. Mice and cells

Female C57BL/6 (H-2b) mice were purchased from Charles River
laboratories (France) and kept in specified pathogen-free facility. The
experiments were approved by the Animal Experimental Committee
of the Leiden University Medical Center. TC-1 cells (growth factor inde-
pendent and highly oncogenic in immunocompetent mice) are primary
lung epithelial cells of C57BL/6 mice transformed with HPV16 E6 and
E7 and c-Ha-Ras oncogenes [51]. TC-1 cells were cultured at 37 °C
with 5% CO2 in IMDM containing 8% FCS (Greiner), 2 mM glutamine,
and 100 IU/mL penicillin, 400 μg/mL geneticin (G418; Life Technolo-
gies), non-essential amino acids (Life Technologies), and 1 mM sodium
pyruvate (Life Technologies).

2.5. Therapeutic vaccination

2.5.1. Vaccination regimen
TC-1 tumor cells (105) dispersed in 200 μL of PBS were injected sub-

cutaneously (s.c.) in the right flank of mice (age 8–10 weeks). Tumor
size was measured with calipers two times per week in three dimen-
sions and the tumor volume was calculated using this formula: tumor
length × width × height. Only mice with palpable tumors (0.5–
3 mm3) were enrolled in the experiment. Therapeutic vaccination was
given in a prime-boost fashion; when the tumors were palpable, on
day 8 after tumor inoculation the prime dose was injected and the
boost was given on day 22 after tumor inoculation. Mice (5–10 in
each group) were vaccinated s.c. in the left flank with 100 μg of HPV
SLP NPs with or without 50 μg of poly IC either co-encapsulated in NPs
or in soluble form. IFA formulation containing HPV SLP and poly IC
was used as control. This IFA formulation was prepared on the vaccina-
tion day by mixing 100 μg HPV SLP and 50 μg poly IC in PBS/IFA with a
volume ratio of 1:1 and vortexing for 30 min [52]. As we aimed to com-
pare the effect of NPs to IFA formulations used previously, the doses of
HPV SLP and poly IC were chosen according to the previous treatments
which showed good T cell response and tumor regression [52]. Empty
pLHMGA NPs were excluded from this experiment. Earlier studies
showed that empty pLHMGANPs do not elicit a T cell response [47]. Fur-
thermore, empty pLHMGA microparticles have been used as control in
tumor therapy (unpublished data) where no delay in tumor growth
and survival of mice was observed. Mice were sacrificed for ethical rea-
sons when tumors exceeded 1000 mm3 or in case of tumor ulceration.
The experiment was ended when none of the mice had a palpable
tumor. Tumor growth for each group is presented as relative tumor vol-
ume (RTV) calculated using this formula: RTVt= Tumor volume at time
t/initial tumor volume. Data were fitted using non-linear regression and
survival of mice is presented in Kaplan–Meier plot.

2.5.2. Detection of HPV16 E7-specific CD8+ T cells in peripheral blood of
tumor-bearing mice by tetramer staining

Peripheral blood was collected from the tail-vein of the mice 9 days
after the prime dose (17 days after tumor inoculation). After lysis of
erythrocytes, the blood samples were stained for cell surface markers
CD3ε, CD8α and the allophycocyanine (APC)-conjugated H-2Db
E749–57 tetramer which binds to the T cell receptor recognizing
RAHYNIVTF epitope [53].

2.6. Statistical analyses

All data were analyzed using GraphPad Prism 5.02 software. For
tumor experiments Kaplan–Meier survival curves were applied and
the differences between survival curves were analyzed by log-rank
test (p b 0.05 was considered statistically significant). Expansion of
HPV-specific CD8+ T cells in the blood of tumor-bearing mice 9 days
after the prime vaccination inmice treatedwithHPV SLP andpoly IC for-
mulationswas compared to untreatedmice byDunn'smultiple compar-
isons test. Statistical significance of total experiment (p b 0.001) was
calculated by Kruskal–Wallis test.

3. Results and discussion

3.1. Preparation and characterization of (HPV SLP ± poly IC) NPs

HPV SLP loaded NPs and (HPV SLP + poly IC) loaded NPs were pre-
pared by a double emulsion solvent evaporation technique. This meth-
od has been extensively used for encapsulation of peptides and
nucleic acids aswell as other biomacromolecules in nano/microparticles
based on aliphatic polyesters [54–58]. The obtained NP formulations
showed comparable characteristics in terms of size and morphology
and HPV SLP loading efficiency. The mean hydrodynamic diameter of
the NPs measured by DLS ranged between 400 and 500 nm with a PDI
of approximately 0.20–0.29. Analysis of freeze-dried samples with
TEM showed spherical NPs with a smooth surface and a particle size
of approximately 100–200 nm (Fig. 1). The difference between the ob-
servations from TEM and results of DLSmeasurements can be explained
by the algorithms used for calculation of hydrodynamic diameter of the
NPs by DLS which results in overestimation of the average population
[59]. The HPV SLP loaded NP exhibited negative zeta potential (approx-
imately −14 mV). The negative zeta potential of the HPV loaded NPs
could be ascribed to the carboxylic (COOH) end groups present in the
pLHMGA polymer (Fig. 1—Supporting information). These COOH
groups are deprotonated in HEPES buffer and therefore causing a nega-
tive zeta potential. The isoelectric point (pI) of HPV SLP is 7.7 and



Fig. 1. TEM photographs of a) (HPV SLP + poly IC) NPs and b) HPV SLP NPs. Scale bar represents 200 nm.
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therefore it bears very low charge in HEPES buffer pH 7.0 (supporting
information) which is unlikely to contribute to the negative zeta poten-
tial values. The zeta potential values of (HPV SLP + poly IC) NPs were
approximately −25 mV which can be attributed to negatively-
charged poly IC molecules that are associated with/close to the surface
of the NPs. The loading efficiency of HPV SLP for both NP formulations
was approximately 60% and independent of presence of poly IC in the
formulations. The loading efficiency of poly IC in (HPV SLP + poly IC)
NPs was approximately 65% and the ratio between HPV SLP and poly
IC was close to the target ratio (2 to 1 (w/w)). For the ease of compari-
son, the ratio between HPV SLP and poly ICwas chosen according to the
previous studies in which HPV SLP was used in soluble form or emulsi-
fied in Montanide [52]. Analysis of HPV SLP NPs and empty NPs using
Quantifluor kit showed the baseline signal for empty and HPV SLP NPs
formulations. Additionally poly IC was completely recovered when
added to the empty NPs, Therefore it was concluded that neither HPV
SLP in the particles nor the particles as such affect the quantification of
poly IC.

TheHPV SLPhas a poor solubility in aqueous solutions. As it has been
studied by Silva et al., the in vitro release of long peptides frompLGANPs
could not be accurately followed for more than 24 h, likely due
to the precipitation of peptide during release. However in the
abovementioned study, pLGA NPs with low burst release showed supe-
rior T cell activation in vitro, when compared to pLGA NPs with high
burst release [49]. The in vitro release of HPV SLP from pLHMGA NPs
in PBSwas followed up to 48 h and not more than 5–7% of the encapsu-
lated peptidewas detected.Moreover, there is no goodmodel system to
investigate the release of peptides from carriers in DCs. The characteris-
tics of the NPs are summarized in Table 1.

3.2. Tumor growth following treatment with NP and IFA formulations

To assess the anti-tumor efficacy of nanoparticulate cancer vaccines
in comparison to commonly used IFA formulations in a mousemodel of
HPV-induced cervical cancer, mice were inoculated subcutaneously
with TC-1 tumor cells expressing HPV16 oncogenes E6 and E7. When
the tumors were palpable, at day 8 after tumor inoculation, the mice
were s.c. vaccinated with various formulations and received the boost
dose at day 21 after tumor inoculation. In order to evaluate the necessity
of using poly IC in co-encapsulated form with HPV SLP, one group of
mice was vaccinated with HPV SLP NPs and poly IC in PBS. Control
mice were either treated with poly IC in PBS or left untreated. Tumor
Table 1
Characteristics of NPs. Results are representative of two independent formulations.

Nanoparticle Theoretical loading %
HPV SLP/poly IC

Size (nm) PDI Zeta poten

HPV SLP 4/0 423 ± 49 0.21 ± 0.03 −14.9 ±
HPV SLP + poly IC 4/2 491 ± 16 0.29 ± 0.08 −25.0 ±
growth curves in the different groups of mice are presented in Figs. 2a
and S2 (Supporting information). All untreated mice developed tumors
larger than 1000 mm3 and were euthanized no later than 28 days post
inoculation. In the groups of mice which received poly IC in soluble
form, tumors grew out similarly to untreated mice. This confirms previ-
ous observations showing that a TLR ligand per se does not cause regres-
sion in pre-established tumors [52].

HPV SLPNPs increased the overall survival ofmice but their inhibito-
ry effect was limited, in agreement with previous studies in which the
administration of the HPV SLP in IFA was able to delay the tumor
growth, but did not completely eradicate tumors [20]. In contrast, NPs
loaded with HPV SLP and poly IC strongly delayed the tumor growth
with approximately 20 days, comparable to the effect after administra-
tion of HPV SLPNPs in combinationwith soluble poly IC. Treatmentwith
HPV and poly IC in IFA emulsion showed similar tumor regression to
nanoparticle formulations administered with poly IC (either encapsu-
lated or in soluble form).

The anti-tumor efficacy of the various HPV SLP formulations in
tumor-bearing mice is presented in the Kaplan–Meier plot (Fig. 2b).
Neither Poly IC in soluble form (median survival: 22 days) nor HPV
SLP NPs (median survival: 25 days) were able to significantly prolong
the survival of mice as compared to untreated mice (median survival:
22 days), whereas vaccination with nanoparticle formulations contain-
ingHPV SLP in combinationwith a TLR3 ligand (poly IC) significantly in-
creased the survival time of mice (p b 0.001) (median survival 43 days).
Therewere no differences in survival proportion andmedian survival of
mice which received (HPV SLP + poly IC) NPs and the group which re-
ceived HPV SLP NP co-administered with poly IC in soluble form. Al-
though previous studies suggested that the co-encapsulation of the
antigen and the adjuvant substantially enhances the T cell response,
our data did not support this notion [36]. This can likely be ascribed to
the relatively high dose of soluble poly-IC that was administered. It
can be expected that at lower doses, co-encapsulation will have a bene-
ficial effect. The favorable aspect of co-encapsulation over soluble
administration is the lower risk of systemic immune activation by
spread of the soluble TLR-ligand. Upon vaccination of mice with HPV
SLP + poly IC in IFA, the vaccine formed a lump at the injection site
which persisted until the end of the experiment, whereas in mice treat-
ed with NPs, no residue (remainder) of NPs was observed. This is in line
with previous observations where upon local administration of
pLHMGANPs of similar size inmice, NPswere cleared from the injection
site in a sustained manner [47]. Moreover pLHMGA particles when
tial (mV) HPV SLP loading
efficiency (%)

Poly IC loading
efficiency (%)

μg HPV SLP/μg poly IC in 1 mg
of nanoparticle formulation

0.3 58.3 ± 9.9 – –

1.3 58.8 ± 5.9 63.0 ± 10.0 1.92 ± 0.06



Fig. 2. a) Relative tumor growth in tumor bearing mice. Seven days after TC-1 tumor inoculation in wild-type C57BL/6 mice, and when tumors were palpable, mice were either left un-
treated or were s.c. vaccinated in the opposite flank with formulations consisting of HPV SLP with or without poly IC formulated in NPs or in IFA followed by a boost injection 14 days
after the prime dose. The mice were sacrificed when the tumor volume reached 1000 mm3 or were ulcerated. The relative TC-1 tumor volume is plotted against time and fitted using
non-linear regression. For each group, line is only plotted until the first mouse is sacrificed. 5–10 mice per group were used. Data is representative of two independent experiments.
b) Survival of mice per group presented in Kaplan–Meier plot. The differences between the groups were calculated using log-rank (Mantel–Cox) test. The survival of mice vaccinated
with HPV SLP NPs with poly IC (either co-encapsulated or in soluble form) and HPV SLP+ poly IC in IFA was significantly longer compared to the non-treated mice (p b 0.001). Numbers
in the legends represent median survival in days. Data is representative of two independent experiments. c) Expansion of HPV-specific CD8+ T cells in the blood of tumor-bearing mice
9 days after the prime vaccination. Each dot represents onemouse. HPV-specific CD8+T cell expansion in tumor-bearingmice 9 days after the prime vaccination inmice treatedwithHPV
SLP and poly IC formulations is compared to untreatedmice byDunn'smultiple comparisons test. Statistical significance of total experiment (p b 0.001) is calculated byKruskal–Wallis test.
Statistical significance between groups is shown by asterisks, ** = p b 0.01.
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injected subcutaneously have shown biocompatibility with no toxicity
[48]. In an earlier study, a postmortem examination of the injection
site 60 days after administration of both pLHMGA microparticles and
IFA formulation showed that the IFA depotwas still presentwhile no re-
mainders of pLHMGA particles were observed (unpublished data)
which confirms previous observations on in vitro degradation of
pLHMGA particles in 30–50 days [45].

3.3. HPV-specific T cell expansion in peripheral blood of tumor-bearingmice
after treatment with NP and IFA formulations

Earlier studies have shown that the ability of a peptide vaccine to in-
duce a systemic CD8+T cell response predicts the anti-tumor efficacy of
the vaccine [20,52]. Therefore, the population of HPV-specific CD8+ T
cells in blood was measured by tetramer staining 9 days after the
prime vaccination. Mice treated with poly IC containing NP formula-
tions and HPV SLP + poly IC in IFA showed high and comparable
frequencies of HPV-specific CD8+ T cells whereas this effect was not
observed for mice treated with the HPV SLP NP formulation (Fig. 2c).
In agreement with previous observations [60–62], TLR3 ligand alone
(poly IC in PBS) did not induce any HPV-specific T cell expansion. Im-
portantly, the height of the HPV-specific CD8+ T cell response in
blood correlated with the delay in tumor growth, suggesting an impor-
tant role for CD8+ T cells in the anti-tumor effect of the vaccines.

4. Conclusion

This study highlights the potential of pLHMGA nanoparticles as sub-
stitute for IFA-based cancer vaccines. VaccinationwithNPs comprising a
synthetic long peptide derived from HPV E7 oncoprotein and poly IC as
a TLR3 ligand substantially prolonged the survival ofmice (threeweeks)
in a therapeutic tumor setting. There was no difference between the ef-
fects of using poly IC in encapsulated NP form or in a soluble formwhen
the HPV SLP was encapsulated in pLHMGA NPs. Importantly, the anti-



21S. Rahimian et al. / Journal of Controlled Release 203 (2015) 16–22
tumor effect of these nanoparticle formulations was comparable to that
of IFA, while as opposed to IFA, subcutaneous administration of
pLHMGA nanoparticles was not associated with local adverse effects.
Moreover, the HPV-specific CD8+ T cell expansion following adminis-
tration of nanoparticles could predict their therapeutic efficacy in
tumor-bearing mice. Although the efficacies of the studied vaccine for-
mulations; HPV SLP + poly IC in IFA, (HPV SLP + poly IC) NPs and
HPV SLP NPs + poly IC were similar, safety concerns are considerably
distinct for each formulation. Encapsulation of poly IC prevents autoim-
munity caused by high systemic concentrations of poly IC. Additionally
NPs do not exhibit the local adverse effects associated with administra-
tion of IFA. In conclusion, the (HPV SLP+ poly IC) NPs provide equal ef-
ficacy and are superior in terms of safety and therefore the preferred
formulation in cancer immunotherapy as alternatives for IFA in immu-
notherapy of cancer.
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