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ABSTRACT

Our previous research verified that HSP (heat shock protein) 110 could enhance the anti-tumor effect of
HPV16 E7,49.5; epitope. In this study, to optimize the immunotherapy of this vaccine type, we developed
and evaluated the anti-tumor immunity of a nanoparticle vaccine format assembling with E749.5,-HSP110
fusion expression plasmid and RGD-GGG-K;g polypeptide. The nanoparticle vaccine was self-assembled
from positively charged RGD-GGG-K;g polypeptide and negatively charged fusion expression plasmid
pIRES2-3x E7-HSP110-EGFP. The particle size, stability, expression of E749.5,-HSP110 fusion protein and
the target ability of nanoparticle were determined, respectively. Specific CTL responses were determined
by E7 tetramer staining and cytotoxicity assay in TC-1 tumor-bearing mice (CD4/CD8 knockout). The
preventive and therapeutic experiments of nanoparticle vaccine were investigated in TC-1 tumor-bearing
mice. Results showed that the RGD-GGG-K;g polypeptide and pIRES2-3x E7-HSP110-EGFP plasmid self-
assembled nanoparticles about 100 nanometers in diameter when the charge ratios of peptide/plasmid
were 2. The nanoparticles effectively entered TC-1 cells directed by RGD target-peptide, and correctly
expressed the E7-HSP110 fusion protein. The HSP110 effectively facilitated nanoparticles activating
CD8'T cells than nanoparticles without HSP110, including the CD8" T cell number and the IFN-y level;
in contrast, the CD4'T cells immune response remained indiscriminate among the mice groups. This
nanoparticle formulation inhibited tumor growth and prolonged the survival duration in the prophylactic
and therapeutic mouse models. Therefore, the RGD-based tumor-targeting nanoparticle expressing
E749.5,-HSP110 fusion protein can efficiently evoke anti-tumor activity and thus suggests it might be
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a favorable candidate for cervical cancer immunotherapy.

1. Introduction

It is well established that human papillomavirus (HPV) is the
etiologic agent of cervical cancer.”” HPV16 and 18 are the
main subtypes of inducing cervical cancer, and HPV16 infec-
tion accounts for more than half of cervical cancer cases. The
HPV16 E7 oncoproteins are constitutively expressed in the
infected lesions and are responsible for maintenance of cellular
transformation and tumorigenic property. Therefore, E7 onco-
protein is an attractive target for designing vaccine and immu-
notherapeutic strategies against HPV16-associated cervical
cancer.' The available prophylactic vaccines for HPV can effec-
tively prevent high-risk HPV infection, but they are incapable
in the treatment for preexisted cervical cancer. Thus, it is
critical to develop therapeutic vaccine against the tumor
lesions. Recently, a number of alternative vaccine approaches
have been developed targeting E7 oncoprotein, and met with
varying degrees of success in preclinical and clinical trials.’
These documented vaccine strategies have included vaccines
based on DNA, vectors, dendritic cells, peptides or proteins,
and combination approaches. Among these, the peptide-based
vaccines comprising cytotoxic T lymphocyte (CTL) epitope

have shown particularly promising method in virtue of efficacy
and safety, and are easy to prepare, as CTL epitope plays
a pivotal role to induce cellular immune response against
tumor via binding MHC (major histocompatibility complex)
molecules. To date, HPV16 E7,9 57 polypeptide as an immuno-
dominant CTL epitope has been extensively used in therapeu-
tic vaccine for cervical cancer.®'° However, the epitope pep-
tide is of small molecular size, degradable, and has relatively
low affinity for MHC molecules, resulting in weak immuno-
genicity and moderate efficacy. Therefore, epitope-based vac-
cines require optimizing strategies to prime more powerful
immunogenic performance.

One of such potential strategies is the utilization of chaper-
one property of HSP110 to enhance the polypeptide epitope
immunogenicity. It is well known that T cell immunity plays
a key role in anti-tumor process. HSP110 has strong peptide-
binding ability,"" efficiently presents the peptide to APCs (anti-
gen-presenting cells), and accordingly accelerates peptide-
MHC recognition, for augmenting the specific T cell immune
response. APCs capture HSP-antigen complex by receptor-
mediated endocytosis, which is essential for HSP to promote
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antigen cross presentation.'”> The relevance of the peptides
associated with HSPs for inducing specific immune responses
is demonstrated by several studies, and HSP110 purified from
diverse tumors and functioning as tumor vaccines have shown
to cause tumor regression in animal models,” of which the key
factor is the successful activation of CD8" T cell-dependent
tumor immunity.'* Wang et al. reported that tumor-derived
HSP110 elicits a more potent antitumor response on a molar
basis than HSP70." The enhanced immunogenicity has been
attributed to HSP110’s more efficient chaperoning capability.'
Kim et al. suggested that the affinity with which the chaperone
binds antigen significantly contributes to its ability to generate
a cytotoxic T-lymphocyte (CTL) response.'” Our previous
study has also indicated that HSP110 can effectively bind
polypeptides under heat shock and produce good adjuvant
effects.®'®

Tumor-targeting is another pivotal strategy for tumor
immunotherapy. RGD (Arginine-Glycine-Aspartate contain-
ing peptide: ACRGDMFFCA) is a target sequence of o[
integrin that specifically expresses on tumor cells and has
been widely used in the research of anti-tumor targeted
therapy.'”*° The combination of RGD peptide and chemother-
apy drugs has attracted special attention and has been studied
in depth. These delivery systems are able to transfer drugs to
the endothelial cells and cancer cells of the blood vessels
through the combination of RGD peptides and the expression
of a,B5 integrin in tumor cells.”’ The tumor targeting strategy
based on this theory is of great concern because the phagocy-
tosis of integrin receptor ligands has been proved to be accom-
plished through the receptor mediated endocytosis. Therefore,
in the process of internalization, RGD binding drugs or DNA
plasmid could facilitate them to enter cancer cells.”' ">

It also has been documented that nanoparticles can con-
dense plasmid DNA into small particles by means of electro-
static interaction between positively charged peptide segments
and negatively charged DNA skeleton.”* And recent researches
have shown that these systems are effective in delivering catio-
nic peptide-related antigens and transferring genes to DC.>>?°
However, the application of RGD peptide in self-assembled
nanoparticles for cervical cancer has not been proposed. In
our previous results, we demonstrate that HSP110 as biological
adjuvant can enhance the anti-tumor therapy of cytotoxic
T lymphocyte epitope HPV16 E7,9 57 in mice.® In this study
we further used the RGD-GGG-K 5 cationic peptide to encase
the plasmid E7-HSP110 expressing E7,9 5,-HSP110 protein
into nanoparticles, which demonstrated the effective anti-
tumor capacity as evidence by the potent anti-tumor immune
response and therapeutic efficiency ex vivo and in vivo.

2. Materials and methods
2.1. Plasmids

The E7 CTL epitope E7,9 5, (RAHYNIVTEF) fragment was ampli-
fied by PCR from the plasmid BmtI-3XE7-BglII in pUC19-Amp
(Sino-Biological, Beijing, China), and the restriction enzyme sites
Bmt I and Bgl II (New England Biolabs, USA) were introduced
into the upstream and downstream of the epitope, and the frag-
ment was inserted between the corresponding enzyme sites of the

PIRES2-EGFP vector (Sino-Biological). Then, plasmid pGEM-
HSPHI1 (Sino-Biological) was used as template and PCR method
was used to clone HSP110, and BglII and Sal II (New England
Biolabs) were introduced upstream and downstream of fragment
HSP110 respectively. The fragment was inserted between Bgl IT
and Sal IT restriction enzyme sites of the pIRES2-EGFP vector and
the E7/pIRES2-EGFP plasmid, respectively. Thus, p3x E7/RIES2-
EGFP, pHSP110/RIES2-EGFP and p3x E7-HSP110/RIES2-EGFP
plasmids were prepared.

2.2. Peptides

The cationic peptide RGD-GGG-K g (hereafter referred to as
AK), GGG-K,g (hereafter referred to as GK) and RGD-GGG
were synthesized, and the latter two served as controls formu-
lation according to the published study.”” The purity of the
peptides determined by HPLC (reverse-phase high perfor-
mance liquid chromatography) was >95%. The E7,9 5, peptide
was selected as a mouse H-2 D CTL epitope (Table 1).

2.3. Mice and cell lines

TC-1 cells, which were derived from primary epithelial cells of
C57BL/6 mice transformed with HPV16 E6, E7 and c-Ha-ras
oncogenes,”® were purchased from the Biospes Biotechnology
company in Chongqing, China, and cultured in DMEM
(HyClone, Logan, UT, USA) with 10% fetal bovine serum
(FBS; SERENA), containing 1% antibiotics in 5% CO, at 37°
C. HAVSMC (human aortic smooth muscle cell) cells were
obtained from Institute of Immunology of Third Military
Medical University, and were grown in DMEM supplemented
with 10% FBS, 1% antibiotics. C57BL/6 mice (female, six- to
eight-week old) were purchased from the laboratory animal
center of Third Military Medical University in Chongging,
China. All animals were maintained in pathogen-free condi-
tions. All of the animal studies were performed under the
Guidelines for Animal Care and Use Committee of the Third
Military Medical University.

2.4. Nanoparticle preparation

The peptide/DNA charge ratio was calculated according to the
published method.”® One microgram of pIRES2-3x E7-EGFP
(hereafter referred to as E7), pIRES2-HSP110-EGFP (hereafter
referred to as HSP110) or pIRES2-3x E7-HSP110-EGFP (here-
after referred to as E7-HSP110) plasmid with a series of differ-
ent amounts of AK or GK polypeptide were dissolved in 60 pl
Hank’s balanced salt solution (HBS; 150mMNaCl, 10 mM
HEPES, pH 7.2). After vortexing for 30 min and subsequent
incubation for 30 min at room temperature, the plasmids and
cationic peptides self-assembled into nanoparticles. The parti-
cle properties were identified by DNase I protection assay, gel

Table 1. Sequence of peptides used in the present study.

Peptides Sequence Abbreviation
RGD ACRGDMFFCA RGD
E740.57 RAHYNIVTF E7
GGG-K18 GGG-KKKKKKKKKKKKKKKKKK GK
RGD-GGG-K18  ACRGDMFFCA-GGG-KKKKKKKKKKKKKKKKKK AK




retardation assay, TEM (transmission electron microscopy)
. . . . 2
and particle size analysis as our previous report.”’

2.5 Targeting ability by immunofluorescence microscope
detection

Cell vitality was evaluated before targeting ability detection.
TC-1 cells were seeded in 96-well plates (1 x 10°cells/well) and
incubated in DMEM containing 10% FBS (DMEM/FBS,
100 pl) for 24 h. The cells were exposed to AK/(E7, HSP110,
E7-HSP110), GK/(E7, HSP110, E7-HSP110), peptide and plas-
mids for 48 h, respectively, and the annexin-V-FLUOS Staining
was performed to assess cell vitality. Subsequently, to test
whether the nanoparticle vaccine types were able to target
tumor cells, TC-1 and HAVSMC cells were seeded in 12-well
plates (5 x 10° cells/well) and incubated in 1 ml of DMEM/FBS
for 24 h. The culture medium of TC-1 cells was then exchanged
with fresh DMEM/FBS containing FITC-labeled AK and
FITC-labeled GK, and culture medium of HAVSMC cells was
then exchanged with fresh DMEM/FBS containing FITC-
labeled AK. The cells were incubated for 48 h. Thereafter,
cells were washed three times with PBS to remove unbound
peptide, and observed by positive fluorescence microscope
(OLYMPUS, Japan).

2.6. Competitive inhibition experiment

TC-1 cells were seeded in 12-well plates (5 x 10° cells/well)
(microscope cover glasses put in before) and incubated in 1 ml
of DMEM/FBS for 24 h. The culture medium was then
exchanged with fresh DMEM/FBS, 2 pg/ul AK-labeled with
Rhodamine and a different concentration of free RGD-GGG
cyclic peptides were incubated with TC-1 cells for 48 h. After
that, cells were washed three times with PBS to remove
unbound peptide, and the fluorescence on cells was then
determined by fluorescence microscope (OLYMPUS, Japan).

2.7. Cell transfection and Western blotting

TC-1 cells were inoculated with nanoparticles of AK/(E7,
HSP110, E7-HSP110) and GK/(E7, HSP110, E7-HSP110) at
charge ratios of 2.0 in a serum-free medium for 4 h, followed
by replacement with complete DMEM medium. Forty-eight
hours after inoculation, the cells were harvested for Western
blotting, to verify the expression of HSP110 by using an anti-
mouse HSPH110 antibody (R&D Systems, Minneapolis, USA)
as the primary antibody.

2.8. Vaccine formulations and immunizations

Nanoparticles were prepared at charge ratio of 2.0, containing
74 pg of plasmid E7-HSP110 or 73 pg of HSP110 (equal moles
to 50 pg of E7 plasmid) combined with proportional amounts
of AK/(E7, HSP110, E7-HSP110) and GK/(E7, HSP110, E7-
HSP110), control groups included immunizations with 74 pg
E7-HSP110 or 73 pg HSP110 or 50 pg E7 plasmid in HBS alone
(Table 2). The final volume of each vaccination formulation
was adjusted to 100 pl with HBS, and then was used for mouse
immunization via intraperitoneal injection at the right flank,
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Table 2. Immunization protocols of nanoparticle vaccine in C57BL/6 mice.

Group Formulations Dose/each injection

1 AK/E7-HSP110 99.8 ug peptide + 74 pg plasmid/100 pl PBS
2 GK/E7-HSP110 59.6 ug peptide + 73 pg plasmid/100 pl PBS
3 E7-HSP110 plasmid 74 ug plasmid/100 pl PBS

4 HSP110 plasmid 73 pg plasmid/100 pl PBS

5 E7 plasmid 50 pg plasmid/100 pl PBS

6 AK peptide 99.8 ug plasmid/100 pl PBS

7 PBS 100 pl

followed by the same regimen two weeks later. At ten days after
the second immunization, intracellular cytokine staining and
LDH (the lactate dehydrogenase) release assay were applied.

2.9. In vitro splenocyte proliferation assay

As our previous study,® splenocytes from immunized mice of
indicated group were seeded in triplicate in 96-well culture
plates and incubated with E7,9_s5; peptides (10 pg/ml) at 37°C
in a humidified 5% CO, atmosphere for 5 days. The assays
were performed according to the MTT (methyl thiazolyl tetra-
zolium) test kit protocol (Sigma-Aldrich). Briefly, after 5 days
incubation, the cells in each well were pulsed with MTT (50 ug/
well) for the 4 h, followed by DMSO addition and the record of
ODs; value in each well. Proliferation index (ratio) was
reported as the number of cells when stimulated with E7,9_s;
over that without E7,9_5, stimulation.

2.10. In vitro specific cytolysis test by LDH release assay

Splenocytes were collected from the vaccinated mice, and res-
timulated with E7,9 57 (10 pg/ml) and mIL-2 (10 pg/ml) for five
days. The viable splenocytes were used as effector cells. The
TC-1 cells were used as the target cells. According to the
manufacturer’s protocol, the Non-Radioactive Cytotoxicity
assay (Promega, USA) was used to detect the cytolytic effect
of effector cells, which target on TC-1 cells at indicated E/T
ratios (effector/target cell ratios). Specific lysis was calculated
according to the formula: % specific lysis = [(Experimental
release-spontaneous release/(Maximal release-spontaneous
release)] x100%. The experiments were repeated three times.

2.11. Detection of E7 ,9.5,-specific T cell response by
tetramers tracing and flow cytometry analysis

At ten days after the second vaccination, splenocytes were
collected from the immunized mice (five per group). 25 pl
pooled splenocytes (2 x 107/ml) from each vaccination group
were seeded in 48-well culture plates and stained with 25 pl
2x Staining Cocktail with PE-conjugated E7 9.5, peptide-MHC
class I tetramers (HelixGen bio-company, China) and FITC-
conjugated CD4 antibody (Biolegend, USA) for 1 h ice-
cryopreservation. And the staining of PE-conjugated E7,9 5,
peptide-MHC class I tetramers and FITC-conjugated CD8a
antibody (Biolegend, USA) was performed independently.
The cells were washed twice with 150 ul FACS buffer. Then,
cells were re-suspended in fixed solution. Analysis was per-
formed on a BD Biosciences FACS can with CellQuest software
(BD Immunocytometry Systems).
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To explore the IFN-y secretion of T cells, similarly, at ten
days after the second vaccination, splenocytes were collected
from the immunized mice (five per group). First, 1 ml pooled
splenocytes (5 x 10°/ml) from each vaccination group with
E7,49.57 peptide (10 pg/ml) and mIL-2 (10 pg/ml) were incu-
bated for 16 h, then incubated with Golgistop (Biolegend,
USA) for 6 h. Cells were stained with FITC-conjugated-CD8a
antibody for 30 min. Subsequently, the cells were washed twice
with PBS, and permeabilized by Permeability bufter for 40 min.
Last, the cells were stained with PE-conjugated-IFN-y
(Biolegend, USA) antibody for 40 min. Cells were subjected
to flow cytometry.

2.13. Mouse tumor model

In tumor challenge experiments, C57BL/6 mice (n = 10 per
group) were immunized by the dosage regimens described
above and a two-week interval. Ten days after the second
immunization, the mice were injected s.c. (subcutaneous) in
the right flank with 5 x 10° TC-1 cells in PBS. The mice
were observed twice a week for survivals. In tumor ther-
apeutic experiments, C57BL/6 mice (n = 10 per group)
were initially injected s.c. in the right flank with 5 x 10°
TC-1 cells. The first vaccination was performed when the
tumor tissue could be palpated (around 7 days post tumor
inoculation). On day 7 and 14 after tumor inoculation, the
mice were vaccinated s.c. in the right flank with nanopar-
ticles or a series of indicated formulations by the doses
described above and then monitored twice a week for
tumor growth. The tumor size was observed for 30 days
post tumor inoculation. Tumor volume was calculated
based on the following equation: V  (tumor
volume) = L(length) xW (width) xD (depth). Starting
at day 21 after challenging the established tumor cells, the
tumors were measured every other day, and mice with
tumor sizes >2700 mm’ were considered moribund and
sacrificed.

2.14. Statistical analysis

The experimental data were evaluated by ANOVA. P-values
<0.05 were considered as statistically significant.

3. Results
3.1. Assembly and characterization of the nanopatrticles

Nanoparticles were self-assembled from positively charged
polypeptides and negatively charged plasmids (Figure la) at
the indicated peptide (+)/plasmid (-) charge ratios. The DNA
retardation assay showed that the negative charge of plasmid
DNA was not completely neutralized if the charge ratios of
peptide/plasmid were <2 because a certain amount of DNA
was detected in agarose. But when the charge ratio was >2, the
DNA band disappeared completely, and the plasmid DNA was
neutralized by the peptide and was completely blocked
(Figure 1b). The DNase I protection assay indicated that
DNase I easily digested the plasmid DNA just ratios were <2;
however, the peptide effectively protected the plasmid DNA

when the ratio 22 (Figure 1c). Therefore, the ratio 2 was taken
as the suitable ratio of peptide/plasmid and was used for the
nanoparticle preparation. The TEM showed that most of the
nanoparticles were nearly circular, with a diameter of about
100 nm (Figure 1d). The particle size analyzer exhibited the
diameter of most particles ranging from 70 to 130 nm, with
a peak at 100 nm (Figure le).

3.2. Nanoparticles AK/E7-HSP110 effectively entered TC-1
cells and induced exogenous HSP110 expression in TC-1
cell line

The targeting ability of nanoparticles to cancer cells overex-
pressing avp; integrin as a receptor of RGD peptide,”™”" was
particularly emphasized. Prior to evaluate the delivery efficacy,
the viability of TC-1 and HAVSMC cells was measured after
48 h treatment with the nanoparticles. No significant changes
in TC-1 and HAVSMC cell proliferation and apoptosis
between the experimental group and the controls (data no
show), indicating the negligible cytotoxicity of nanoparticles
to the experimental cell lines. Then, the TC-1 or HAVSMC
cells were incubated with nanoparticles for 48 h, and were
analyzed by fluorescence microscope. Results demonstrated
that AK containing nanoparticles entered TC-1 cells more
effectively than GK; however, AK particles hardly entered
HAVSMC cells that express undetectable a,f; integrin
(Figure 2a). The specific recognition of AK to a,f; integrin
was further evaluated by a competition assay. After AK-labeled
Rhodamine and a series of concentrations of free RGD-GGG
cyclic peptides were incubated with TC-1 cells, the mean fluor-
escence intensity of AK in TC-1 cells gradually but significantly
decreased to the background level (Figure 2b), suggesting that
the targeting feature of nanoparticles was attributed to the
specific binding of RGD with the a,f; integrin. Importantly,
the internalized nanoparticles could efficiently express the exo-
genous gene because nanoparticles AK/E7-HSP110 displayed
higher HSP110 (116KD) protein expression than the controls
(Figure 2c).

3.3. Nanoparticle AK/E7-HSP110 elicited E7 4o_57-specific
lymphocyte immune responses in vitro

To investigate whether E7,9 5, specific immune responses
can be induced in C57BL/6 mice, ten days after the last
immunization with indicated immunogens, splenocytes
were collected from the immunized mice, followed by
in vitro re-stimulation with E7,9.5;, peptide for five days.
The proliferation assay demonstrated that the splenocytes
from mice immunized with AK/E7-HSP110 proliferated
more efficiently than various control groups (Figure 3a).
Lymphocyte cytolytic capability was further assessed by
LDH release assay using TC-1 cells as a target. Accordingly,
the AK/E7-HSP110 nanoparticles showed significantly stron-
ger cytolytic ability than controls when the target ratio (E/T)
was 50:1 and 100:1 (Figure 3b). Of note, AK/E7-HSP110
nanoparticles showed markedly higher proliferation and
cytolytic capability than GK/E7-HSP110 nanoparticles, indi-
cating the significance of tumor targeting in anti-tumor
immunity.
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Figure 1. Identification of biological features of nanoparticles. (a) Assembly pattern of nanoparticles. (b) DNA retardation assay. (c) DNase | protection assay. M, DNA
Marker; DNA, plasmid DNA without peptide. (d) The particle size at charge ratio 2.0 was determined by TEM. (e) Nanoparticles range analysis with a peak at 100 nm.

3.4. MHC class I tetramers recognized functional E7 ;o._57-
specific epitope of CD8" T cells

MHC I tetramers tracing and FCM assays were used to evaluate
whether the nanoparticles AK/E7-HSP110 vaccine can trigger
the expansion of E7,¢.5;-specific CD8™T or CD4" T cells in
mice. The splenocytes were collected from immunized C57BL/
6 mice at ten days after the last immunization. FCM assays
indicated that there was no detectable E7,9.5,-specific CD4"
T cells of mice among mice immunized with nanoparticles AK/
E7-HSP110 or other control nanoparticles (Figure 4a).
However, the results showed the frequency of E7,49 5,-specific
CD8" T cells in AK/E7-HSP110 group (5.01 + 1.22%) markedly
increased compared with other groups (Figure 4b). To address
the functional activity of the E749.5,-specific CD8" T cells in
each group, the splenocytes were collected from the immu-
nized mice and re-stimulated with the E749_s, peptide in vitro,
and FCM assay indicated that the frequency of CD8'TFN-y"
T cells in mice immunized with nanoparticles AK/E7-HSP110

was much higher than GK/E7-HSP110 group (P< .05) and all
other control groups (P< .01) (Figure 4c).

3.5. Vaccination with AK/E7-HSP110 nanopatrticles
inhibited tumor growth in wild type but failed in
CD8-knockout C57BL/6 mice

To determine whether the AK/E7-HSP110 nanoparticles exert
efficient anti-tumor effects in vivo, we observed the survival
rate of C57BL/6 mice inoculated with TC-1 cells in a tumor
prophylactic experiment. We found that 80% of mice immu-
nized with AK/E7-HSP110 nanoparticles and 50% of mice
immunized with E7-HSP110 nanoparticles successfully sur-
vived for 60 days, the in vivo experimental end of this study.
In contrast, all mice immunized with other control immuno-
gens died before 50 days post immunization (Figure 5a). We
further performed the tumor treatment experiments to evalu-
ate whether the AK/E7-HSP110 nanoparticles display the
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were then subjected to 10% SDS-PAGE and subsequent Western-blotting assays with an anti-HSP110 antibody respectively. GAPDH was included as an internal control.
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therapeutic anti-tumor effects in the same animal tumor
model. Results showed that the tumors volume of the AK/E7-
HSP110 immunization group were significantly smaller than
all other groups at day 20, 23, 27 (Figure 5b).

To investigate whether CD4+ or CD8 + T cells are respon-
sible for the anti-tumor effects of the nanoparticles AK/E7-
HSP110, the tumor challenge experiment was conducted in
CD8- and CD4-knockout mice (n = 10 each group). Mice
were vaccinated with the AK/E7-HSP110 nanoparticles twice
with 2-week intervals, and followed by inoculated with TC-1
cells. The tumor growth was observed for 60 days post tumor
inoculation. The bar graph demonstrated that nanoparticles
AK/E7-HSP110 immunization protect 80% of C57BL/6 mice
and 70% of CD4-knockout mice from the tumor plantation, but
had particularly lowest anti-tumor ability against TC-1 tumor in
CD8-knockout mice (Figure 5c), indicating CD8" T cells are
essential for immune response against tumor challenge elicited
by immunization of nanoparticles AK/E7-HSP110.

4. Discussion

Vaccination is an attractive strategy to direct the immune
system against specific cancer-associated antigens in tumors.
CD8" T cells play a fundamental role in tumor rejection, and
thus induction of a potent CD8" T-cell response is a major goal
of vaccines. HPV positive cervical cancer is attractive prototype
for immunotherapy in vaccines, given that the viral oncogenes
encode neoantigenic oncoproteins that drive the disease. In
patients with HPV™ tumors, generating therapeutically effica-
cious CTL responses has proven difficult to achieve with clas-
sical vaccination strategies involving peptide vaccines.”> To
evoke more potent immunity against tumor, in this study we
design a new vaccine format by combination of the fusion gene
fragment encoding both the immuno-dominant CTL epitope
E749.5; and the potent chaperone molecule HSP110, and the
cationic peptide RGD-GGG-K ;g which will self-assemble into
nanoparticles with tumor cell targeting ability. Our results
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Figure 4. Specific CD8*T-cell immune response promoted by nanoparticle AK/E7-HSP110 in mice. FCM assay for MHC | tetramers tracing staining in 7,49 5;-specific CD4*
T cells (a) and CD8" T cells (b) from mice vaccinated with the indicated immunogens. (c) FCM assay for IFN-y secretion of the E744.5,-specific CD8™ T cells in each group.
The bar graph reflected the percentage of E7-specific CD8" IFN-y* T cells. * P < .05 vs GK/E7-HSP110 control, * P< .01vs other controls. The experiments were repeated
three times independently and the data were represented by the mean + SD (n = 5 mice).

shown that such nanoparticle vaccine AK/E7-HSP110 signifi-
cantly improved the epitope-specific immunity both ex vivo
and in vivo via CD8-dependent manner in mice. The vaccina-
tion of nanoparticle vaccine also prevented TC-1 tumors
growth and prolonged the survival time of the immunized
mice.

The over expression of integrin is the unique characteristic
structure and biochemistry of tumor cells. The integrin ligands
can thereby selectively direct molecules or drugs to tumors.>
RGD has been widely used as the ligand of integrin a3 which
is highly expressed in tumor cells.”' Therefore, the tumor
targeting strategy, RGD binding drugs or DNA plasmid could
facilitate them to enter tumor cells.*'** It has been well recog-
nized that nanoparticles have the capability of condensing
plasmid DNA into small particles to augment the expression
of objective DNA. RGD conjugated nanoparticle as the specific
delivery system, will facilitate the delivery efficacy and the
targeting accuracy. Sun Y and Long Q have verified that nano-
particle systems are effective both in delivering antigens linked
to cationic peptide and in transferring genes into target

cells.”>** However, the use of the cationic peptide RGD in self-
assembly nanoparticles for HPV16 associated cervical cancer
has not been addressed to date yet, which however has been
addressed in this study. We find that the prepared nanoparticle
AK/E7-HSP110 has no impact to TC-1 cells vitality.
Furthermore, as a classic tumor targeting ligand,”** the tar-
geting accuracy of RGD has been also verified in this study by
the analysis of competitive test in which free RGD-GGG cyclic
peptides can effectively inhibit the entry of nanoparticles AK/
E7-HSP110 into TC-1 cells.

Heat shock protein has been identified to play a significant
role in tumor antigen presentation and in triggering antigen
cross expression in dendritic cells (DC).*>® In this process
known as cross presentation, the immature DCs capture anti-
gens carried by HSP and develop into a fully mature DC
(immunogenic DC) with potential T cell stimulation.
Therefore, the molecular chaperone seems to be able to involve
in the intracellular antigen processing pathway in DC and
trigger the cross-presentation of CD8" associated antigens
and trigger the CTL response. In addition to enhancing the
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Figure 5. Preventative and therapeutic effects of vaccines on mice inoculated with TC-1 tumor cells. The tumor preventative (a) and therapeutic (b) experiments were
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transportation and processing of antigens, it is also found that
APC-HSP interaction can promote the phenotype and func-
tional maturity of APC. Although the intrinsic stimulation
effect of stress protein is controversial, there is plenty of evi-
dence that they can be used as a “danger signal” in the extra-
cellular environment after injury or stress cells are released. It
has been reported that HSP110 DNA vaccine inhibits CT26
colorectal cancer and B16 melanoma, and activates HSP110
specific CD4* and CD8" T cells.”” When used for a vaccine
adjuvant, HSP110 can significantly induce the body’s immune
response to its associated antigen and induce or promote the
secretion of TNF-a andIL-12. These pro-inflammatory factors
can also be used as “dangerous signals” to further induce
immune cells to aggregate and stimulate the immune
response.”® Strengthened by the direction of RGD and the

chaperone property of HSP110, the nanoparticles AK/E7-
HSP110 has been shown the capacity of eliciting strong lym-
phocyte proliferation and triggering potent cytotoxic lysis to
TC-1 cells when restimulated with E7,9 5, peptide in vitro.

In addition, we have also identified that the elevated
immune response mainly attributed to specific CD8"
T lymphocytes, evidenced by MHC tetramer tracing test.
Specific IFN-y secretion by CD8" T lymphocytes can be
induced by E7495; peptide restimulation as determined by
MHC tetramer analysis. In addition, AK/E7-HSP110 nanopar-
ticles have been shown to completely protect CD4-KO mice
from subsequent tumor challenge; in contrast, such nanopar-
ticle vaccination of the CD8-KO mice does not provide any
protection from further tumor challenge. These findings indi-
cated that the CD8" T cells other than the CD4" T cells were



absolutely required for the induction of a protective immune
response by vaccination with AK/E7-HSP110 in this tumor
model.

In conclusion, in this study we combine the application of the
RGD-GGG-K;g and fusion double expression plasmid IRES2-
3x E7-HSP110-EGFP to form a novel nanoparticle vaccine. Data
in this study indicate that the nanoparticle AK/E7-HSP110 sig-
nificantly boosts the CD8" T cell dependent anti-tumor immune
response, possibly by enhancing MHC-I antigen presentation by
efficient delivery of the antigenic payload to cross-presenting
pathway in DCs. Though the vaccine format in this study can
efficiently decrease tumor growth and extend the survival time in
mice model, further modified vaccine format with more T cell
epitopes and B cell epitopes included to develop multiple pep-
tides-based vaccine strategy might evoke stronger anti-tumor
immune response, which could be tested in the future.
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