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ABSTRACT

Efficient systems for delivery of small interfering RNA (siRNA) are required for clinical application of RNA
interference (RNAI) in cancer therapy. Herein, we developed a safe and efficient nanocarrier comprising
poly(ethylene glycol)-block-charge-conversional polymer (PEG-CCP)/calcium phosphate (CaP) hybrid micelles
for systemic delivery of siRNA and studied their efficacy in spontaneous bioluminescent pancreatic tumors
from transgenic mice. PEG-CCP was engineered to provide the siRNA-loaded hybrid micelles with enhanced
colloidal stability and biocompatibility due to the PEG capsule and with endosome-disrupting functionality
due to the acidic pH-responsive CCP segment where the polyanionic structure could be converted to polycationic
structure at acidic pH through cis-aconitic amide cleavage. The resulting hybrid micelles were confirmed to have
a diameter of <50 nm, with a narrow size distribution. Intravenously injected hybrid micelles significantly
reduced the luciferase-based luminescent signal from the spontaneous pancreatic tumors in an siRNA
sequence-specific manner. The gene silencing activity of the hybrid micelles correlated with their preferential
tumor accumulation, as indicated by fluorescence imaging and histological analysis. Moreover, there were no
significant changes in hematological parameters in mice treated with the hybrid micelles. These results demon-

strate the great potential of the hybrid micelles as siRNA carriers for RNAi-based cancer therapy.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Small interfering ribonucleic acid (siRNA) provides new perspectives
for the treatment of various diseases. It functions by obstructing a specific
cellular process by reducing protein production in a sequence-specific
manner, a phenomenon termed RNA interference (RNAi) [1-4]. In partic-
ular, the use of RNAi-based therapy is expected to have potential for treat-
ment of cancer because cancerous cells overexpress several specific
genes, including oncogenes [5,6]. In the development of an RNAi-based
cancer therapy, systemic administration of siRNA is essential for its effec-
tive accumulation in the wide range of internal tumor tissues. However,
intravenous injection of naked siRNA molecules results in their rapid
enzymatic degradation and subsequent clearance through the kidneys
[7,8]. Therefore, efficient carriers are required to ensure successful deliv-
ery of siRNA to the therapeutic site of action [3,6,9].

* Corresponding author. Tel.: +81 3 5841 1701; fax: 481 3 5841 7139.
**% Correspondence to: K. Kataoka, Center for Disease Biology and Integrative Medicine,
Graduate School of Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo
113-0033, Japan. Tel.: +81 3 5841 7138; fax: +81 3 5841 7139.
E-mail addresses: miyata@bmw.t.u-tokyo.ac.jp (K. Miyata),
kataoka@bmw.t.u-tokyo.ac,jp (K. Kataoka).

0168-3659/$ - see front matter © 2014 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/jjconrel.2014.01.008

Calcium phosphate (CaP)-based nanocarriers, a promising delivery
system, has been widely developed for delivering nucleic acids to mam-
malian cells [10-14]. These are readily prepared by mixing aqueous
ionic solutions for efficient encapsulation of nucleic acids. In this regard,
we have previously prepared poly(ethylene glycol) (PEG)-coated CaP
hybrid micelles by utilizing PEG-polyanion block copolymers
[12,15-20]. In these block copolymers, the polyanion segment acts as
a binding moiety with CaP nanoparticles, whereas the PEG segment
forms a nonionic and hydrophilic outer layer for enhanced colloidal sta-
bility and biocompatibility (Fig. 1A). Furthermore, our recent studies
successfully demonstrated functionalization of the polyanion segment
for efficient endosomal escape of the siRNA payload [19-21]. An
acidic pH-responsive anionic moiety, cis-aconitic amide (Aco), was in-
troduced into the cationic side chain of the endosome-disrupting
polyaspartamide derivative, poly{N’-[N-(2-aminoethyl)-2-aminoethyl]
aspartamide} (PAsp(DET)) (Fig. 1B). The obtained PAsp(DET-Aco)
bearing a net negative charge was found to be inactive for mem-
brane disruption at extracellular neutral pH. However, on reversion
to the parent polycation PAsp(DET) by cleavage of the Aco moiety at
endosomal acidic pH, membrane disruptivity was activated [thus,
termed charge-conversional polymer (CCP)] (Fig. 1C) [22]. Ultimately,
the systemic administration of PEG-CCP/CaP hybrid micelles carrying
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vascular endothelial growth factor (VEGF) siRNA achieved significant
antitumor activity in a murine xenograft model of subcutaneous pan-
creatic tumors [20]. These results demonstrated the great potential of
this system for use as a cancer therapy and motivated us to investigate
this system further.

To confirm the translational capability of promising nanocarriers,
relevant preclinical tumor models, which parallel the microenviron-
ment characteristics of tumors in the clinic, should be considered. In
animal tumor models prepared by implantation of exogenous cancer
cells or tissues, the tumoral microenvironment presents substantial dif-
ferences with that of tumors in patients, including stroma, vasculature,
lymphatics, immune cells, and increased population of certain clonal
fractions due to selective stresses during cell culture or tissue transplan-
tation [23,24]. These features in transplanted models are expected to
affect the nanocarrier-mediated delivery of siRNA as well as drugs, e.g.,
efficiencies of penetration, accumulation, and gene silencing in tumor
tissues. In this regard, in genetically engineered tumor models, the
tumor development closely relates to the clinical setting of the disease,
with immune responses, angiogenesis, and inflammation naturally
interrelating with the tumor [23]. Therefore, by using such spontaneous
tumor models, siRNA-loaded nanocarriers could be evaluated in tumors
with more relevant microenvironment and cell populations.

In the present study, we applied siRNA-loaded hybrid micelles in a
genetically engineered pancreatic tumor model, in which the tumor
gradually arises in situ and is associated with normal immune, angio-
genesis, and inflammatory processes. The EL1-Luc/TAg transgenic
mice used in this study spontaneously develop bioluminescent pancre-
atic adenocarcinoma owing to the SV40 T and firefly luciferase trans-
gene constructs, which are regulated by the rat EL1 promoter [25].
SV40 T alters molecular, physiological, and histological aspects compa-
rable to the tumorigenesis of acinar cell carcinoma in humans. More-
over, EL1-Luc/TAg transgenic mice permit non-invasive tracing of
tumors through bioluminescence imaging because the cancer cells
exclusively express luciferase. Accordingly, in vivo RNAI activity of the
hybrid micelles carrying luciferase siRNA (siLuc) was determined by
quantifying the luminescent signal from the pancreatic tumors after in-
travenous injection. To verify the validity of the measured RNAi activity,
the tumor accumulation profile of the hybrid micelles was further
assessed. To the best of our knowledge, this is the first study to demon-
strate the effective delivery of siRNA to a spontaneous tumor model in
transgenic mice by systemic administration.

2. Materials and methods
2.1. Materials, cell lines, and animals

CaCl, (anhydrous), NasPOy4, NaCl, HCl, ethanol, and phosphate buff-
ered saline (PBS) were purchased from Wako Pure Chemical Industries
Ltd. (Osaka, Japan). Dulbecco's modified Eagle's medium (DMEM) and
penicillin/streptomycin stabilized solution were purchased from Sigma-
Aldrich (St. Louis, MO). In vivo grade luciferin VivoGlo, cell culture lysis
buffer, and the Luciferase Assay System were purchased from Promega
Corporation (Madison, WI). Tissue-Tek OCT compound and fetal bovine
serum (FBS) were acquired from Sakura Finetek USA, Inc. (Torrance,
CA) and Dainippon Sumitomo Pharma Co., Ltd. (Osaka, Japan), respective-
ly. Methoxy-poly(ethylene glycol)-block-poly(N"-{N'-[(N-cis-aconityl)-
2-aminoethyl]-2-aminoethyl}aspartamide) (PEG-PAsp(DET-Aco) or
PEG-CCP) was synthesized as previously described, and then character-
ized by "H NMR (PEG: 12 kDa; PAsp(DET-Aco): 34 kDa) [19,20]. Firefly
luciferase siRNA (siLuc) and its control siRNA (siScr) were synthesized
by Hokkaido System Science (Hokkaido, Japan). The sequences of the
siLuc were: 5’-CUU ACG CUG AGU ACU UCG AdTdT-3' (sense) and 5’-
UCG AAG UAC UCA GCG UAA GdTdT-3' (antisense); the sequences of
the siScr were: 5’-UUC UCC GAA CGU GUC ACG UdTdT-3’ (sense) and
5’-ACG UGA CAC GUU CGG AGA AdTdT-3’ (antisense). Fluorescently

A

S +

PEG-CCP
(PEG-PAsp(DET-Aco))

+ oo
L
siRNA PO eeeoe
o000

Ca?* Hybrid Micelle

B R Y R |
o \imm(i’ y Y—o)]wb\id

=0 HN O
HN 2 o
NHy*
NH,* S
g —T HN
O HN 0= o]
o=l _ )0 )_
N/
. o
by 0
o
c L
Extracellular / )
space o,
(pH 7.4) W
& ‘-\‘,‘ fod ™50
S )™ -Anionic structure for | < Monoprotonated
&% )-o DbindingloCaP /
o 0 i 4
@ -
(5 Enoosome disruption By,
Endosome ﬂ Bhicels Chassent Cytoplasm | %
PHES) XK/ o o0t (pH 72) |
/ n? T i \
- P 0 /{
,.,ﬁ. ! S\ f

. Il ~ SIRNA release
- Charge eonvovslon Nucleus
- Diprotonated slals

Fig. 1. (A) Schematic illustration of the preparation of hybrid micelles with PEG-CCP,
siRNA, and CaP. (B) Chemical structure of PEG-PAsp(DET-Aco), termed PEG-CCP. (C) Sche-
matic illustration of the cellular delivery of siRNA by PEG-CCP/CaP hybrid micelles. At ex-
tracellular neutral pH, PEG-CCP binds to the CaP nanoparticle, generating a PEG outer
layer. Once endocytosed by the cell, the hybrid micelles undergo endosomal acidification.
During acidification, PEG-CCP is converted to the parent PEG-PAsp (DET) through cleavage
of the cis-aconitic amide bond, exposing the diprotonated side chain structure for
endosomal membrane disruption. Finally, the siRNA payload is released into the cyto-
plasm, while the PAsp(DET) segment adopts the membrane-inactive monoprotonated
side chain at cytoplasmic neutral pH.

labeled siLuc was obtained by introducing Alexa Fluor 647 to the 5
end of sense strand from GeneDesign, Inc. (Osaka, Japan).

HelLa-Luc, a firefly luciferase-expressing human cervical cancer cell
line, was purchased from Caliper Life Science (Hopkinton, MA). The
cells were maintained in DMEM containing 10% FBS and 1% streptomy-
cin/penicillin in a humidified atmosphere containing 5% CO, at 37 °C.
FVB/NJc1 female mice (18-20 g, 6 weeks) were purchased from
Clea Japan, Inc. (Tokyo, Japan). EL1-Luc/EL1-SV40 T-antigen transgenic
mice (OncoMouse; male, 18-20 g, 6 weeks) were purchased from
Caliper Life Sciences (Hopkinton, MA). Female FVB mice and male trans-
genic mice were allowed to breed, and the newborn mice were ge-
notyped primarily by basal bioluminescence imaging at the age of
5 weeks. Male mice presenting basal luminescence in the pancreas
were separated for use in the experiments. All animal experiments
were performed in accordance with the Guidelines for the Care and Use
of Laboratory Animals as stated by The University of Tokyo.

2.2. Preparation of hybrid micelles

Hybrid micelles were prepared as previously described [20]. In brief,
asolution of 2.5 M CaCl, (1 pL) was diluted in 10 mM Tris buffer (pH 10)
(11.5 pL). Another solution containing PEG-CCP (1.0 mg/mL) in 10 mM
Tris/HCl buffer (pH 7.5) was mixed with a solution of 15 pM siRNA in 10
mM HEPES buffer (pH 7.2) and with 50 mM HEPES buffer containing 1.5
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mM NazPO4 and 140 mM NaCl (pH 7.5) (2.5 pL:5 pL:5 pL). The former
solution was mixed with the latter solution by pipetting up and down
for approximately 20 s (final siRNA concentration: 3 uM). The freshly
prepared micelle solution containing 40 pg siRNA and 100 pg PEG-CCP
(1 mL) was then purified and concentrated using a VivaSpin-06 device
(molecular weight cut-off (MWCO): 10 kDa). The ultrafiltration was
performed in a swing bucket rotor at 900 g and 4 °C for 20 min. To min-
imize non-specific binding of micelles to the membrane, the centrifuge
filter devices were washed with de-ionized water before use. After cen-
trifugation, the retained solution (100 pL) was added to 300 mM NaCl
solution (100 pL) to adjust the final concentration to 150 mM NaCl.
Through this procedure, the excess free calcium ions were removed
from the micelle solution to the flow-through. The quantity of calcium
removed was determined using a calcium sensitive dye, arsenazo IlI,
by the SRL Laboratories (SRL Inc., Tokyo, Japan).

2.3. Transmission electron microscopic (TEM) imaging

Hybrid micelle solution (20 pL) was loaded on a 400-mesh copper
grid and stained with 20 L of uranyl acetate solution (2%, w/v) for 5 s.
The copper grids with carbon-coated collodion film were glow-
discharged for 10 s with an Eiko IB-3 ion coater (Eiko Engineering Co.
Ltd., Japan) prior to use. The morphology of hybrid micelles was ob-
served on a JEM-1400 (JEOL Ltd., Tokyo, Japan) with 100 kV acceleration
voltage and 40 pA beam current, toward high resolution and high
contrast with high performance imaging of specimens.

2.4. In vitro luciferase gene silencing

HeLa-Luc cells were seeded in a 96-well plate at a cell density of
2500 cells/well in 0.1 mL of DMEM containing 10% FBS and then pre-
cultured for 24 h. Before transfection, the medium was refreshed. Hy-
brid micelles containing siRNA (siLuc or siScr), hybrid micelles without
SiRNA (mock), or naked siRNA (siLuc or siScr) were applied to each well
to final siRNA concentrations of 100 and 200 nM (n = 6). After 48 h of
incubation, the medium was removed and the cells were washed twice
with 100 pL of PBS. The cells were then lysed with 50 L of cell culture
lysis buffer. The luciferase expression in the lysate was determined
from photoluminescence intensity using the Luciferase Assay System
and Mithras LB 940 (Berthold Technologies). The relative luciferase
activity was calculated as a ratio to that in non-treated cells.

2.5, Biodistribution and tumor accumulation of hybrid micelles in
transgenic mice

Mice were fed with alfalfa-free food ad libitum. A group of three male
transgenic mice (15 weeks) were intravenously injected with Alexa
Fluor 647-labeled siLuc (Alexa647-siLuc) contained in hybrid micelles
(200 pL, 20 pg siRNA). As a control, the same amount of naked
Alexa647-siLuc was also injected to another group of male transgenic
mice. Intravenous injection was performed slowly (10 s per injection)
to avoid adverse side effects. Mice were sacrificed 6 h after the injection,
and then the main organs (heart, lungs, liver, spleen, kidneys, and pan-
creas, including tumors) were excised for fluorescent imaging using
IVIS (Caliper Life Sciences, Hopkinton, MA). Organs were washed in
PBS and kept on ice prior to analysis. Similarly, blood was collected
from mice at 6 h after the injection, and then it was centrifuged at
2000 g for 10 min to obtain the plasma. The fluorescence intensity
was determined using the Living Image software through the selection
of an ROI around the whole organ/tumor and the plasma, and then it
was converted to the % of dose/g of tissue (or plasma) based on a standard
curve. To avoid incomplete separation of tumors from the pancreas, the
combined weight of the organ and tumors was used for the subsequent
statistical data analysis.

2.6. Tumor histology

After the biodistribution studies described in the preceding section
were complete, a portion of the pancreas/tumor tissue from each
mouse was rapidly frozen in Tissue-Tek OCT compound with liquid
nitrogen in ethanol. The frozen pancreas/tumor tissues embedded
in the block were then cut into 6-pm thick slices at —20 °C with a
Tissue-Tek Cryo3 microtome/cryostat (Sakura Finetek USA, Inc,, Torrance,
CA). Each section of the pancreas/tumor tissue was fixed with formalin
and stained with hematoxylin and eosin (HE) for histological identifica-
tion of tumor cells and healthy pancreatic cells. In addition to HE staining,
adjacent cryosections of the pancreas/tumor tissue were stained with
Hoechst 33342 (Dojindo Lab., Kumamoto, Japan) for observation of
cellular nuclei using a confocal laser scanning microscope (CLSM) (LSM
510, Carl Zeiss, Germany). The CLSM observation was performed at the
excitation wavelengths of 633 nm (He-Ne laser) and 710 nm (MaiTai
laser, two photon excitation) for Alexa647-siRNA and Hoechst 33342,
respectively. The fluorescence intensities of the Alexa647-siRNA from
the tumor region or the healthy pancreatic region in the obtained CLSM
image were determined using the Image] software.

2.7. In vivo luminescence reduction in transgenic mice

Hybrid micelle solutions containing 20 pg of siLuc or siScr (200 pL)
were slowly injected into the caudal vein of transgenic mice (13 weeks;
n = 16). Bioluminescence intensity in the pancreatic tumors was deter-
mined before injection and 24 h after injection of the hybrid micelles
using an IVIS instrument. Mice were anesthetized with isoflurane and
luciferin was injected intraperitoneally at a dosage of 150 mg/kg
(200 pL). Measurements were performed 10 min after luciferin injec-
tion for three different positions in each mouse (right flank, left flank,
and ventral positions) to reduce variability in bioluminescence due to
the tumor positions. Photons emitted from the pancreas region were
quantified using the Living Image software and summed from the 3
positions. All images were set to the same conditions and color scale.

2.8. Hematological parameters and cytokine levels

Hybrid micelle solutions containing 20 pg of siScr (200 pL) were
slowly injected in the caudal vein of female Balb/c mice (6 weeks).
Blood was collected at several time points after the injection and
centrifuged at 2000 g for 10 min to obtain the plasma. The levels
of alkaline phosphatase (ALP), aspartate aminotransferase (AST),
alanine aminotransferase (ALT), and creatinine (Cr) in the plasma
were measured by the SRL Laboratories (SRL Inc., Tokyo, Japan) (n =
5). Also, the levels of tumor necrosis factor-a (TNF-at), interleukin-6
(IL-6), IL-1, and IL-1R in plasma were determined by Quantikine®
ELISA Kkits, according to the manufacturer's protocol (n = 4).

3. Results and discussion
3.1. Preparation of hybrid micelles

Preparation of CaP nanoparticles in an aqueous solution is known to
result in the formation of insoluble large aggregates over time. Thus,
PEG-CCP (Fig. 1B) was used to prepare CaP nanoparticles with enhanced
colloidal stability through the steric repulsive effect of the PEG capsule.
These nanoparticles also had endosome-disrupting functionality de-
rived from the CCP segment. This segment was synthesized through
the introduction of an Aco moiety into the side chain of PAsp(DET)
through cis-aconitic amide bond formation. Successful preparation
of PEG-CCP (or quantitative introduction of the Aco moiety) was con-
firmed using 'H NMR spectroscopy (data not shown), as previously de-
scribed [19]. The resulting PAsp(DET-Aco) segment was stable at
neutral pH, whereas under acidic conditions, it underwent cis-aconitic
amide cleavage to revert back to the parent PAsp(DET) (Fig. 1C) [22].
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The generated PAsp(DET) enabled acidic pH-selective membrane dis-
ruption based on the distinctive change in the protonation state of the
side chain unit, i.e., the monoprotonated state at neutral pH and the
diprotonated state at acidic pH, directed toward endosomal escape of
the payload (Fig. 1C) [26,27].

The hybrid micelles were prepared by simple mixing of a solution
containing PEG-CCP, siRNA, and phosphate ions, with a solution of calci-
um ions (Fig. 1A). The prepared micelles were then subjected to ultrafil-
tration (MWCO: 10 kDa) for the removal of excess free calcium ions as
well as for concentration of the sample. The concentrated solution was
diluted with the same volume of NaCl solution (300 mM) to generate
the hybrid micelle solution at 150 mM NacCl. The obtained hybrid
micelles were observed with a high performance TEM. Fig. 2A depicts
spherical nanoparticles of approximately 30 nm in diameter with a
clearly narrow size distribution, which was confirmed by the size distri-
bution histogram obtained from analyses of the TEM images (mean
diameter: 33.2 nm, n = 111) (Fig. 2B). The hybrid micelle solution
was further characterized by dynamic light scattering (DLS) and elec-
trophoretic light scattering. The size of hybrid micelles was 38 nm at
the peak of the number-weighted histogram in DLS (Supporting
Fig. S1), associated with a narrow size distribution (polydispersity
index = 0.09). This size is consistent with that estimated from the
TEM images. Further, the zeta-potential of hybrid micelles was almost
neutral (—2.2 mV), consistent with the presence of nonionic PEG
outer layer. In addition, the DLS analysis revealed that the cumulant
size of the hybrid micelles was maintained over 7 days of storage at 4
°C (data not shown), demonstrating the potential for long-term storage
in a refrigerator.

3.2. In vitro luciferase gene silencing

To confirm in vitro siRNA delivery efficacy, the hybrid micelles carry-
ing siLuc were applied to a luciferase assay with cultured HeLa-Luc cells
as a luciferase-expressing model cell line. After 48 h of incubation, siLuc
delivered by the hybrid micelles significantly decreased the luciferase
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Fig. 2. (A) TEM image of the hybrid micelles. (B) Size distribution histogram of the hybrid
micelles based on their TEM images.

expression in a dose-dependent manner (Fig. 3); the hybrid micelles
inhibited approximately 50% and 90% of luciferase expression at 100
nM and 200 nM siRNA, respectively. In sharp contrast, the hybrid mi-
celles with a control sequence of siRNA (siScr) as well as the mock mi-
celles without siRNA resulted in no reduction in luciferase expression,
indicating sequence-specific, potent gene silencing ability of the hybrid
micelles. In our previous studies, the hybrid micelles exhibited a signif-
icant gene silencing effect on endogenous VEGF in cultured pancreatic
cancer cells (PanC-1 and BxPC3) [19,20], suggesting that their gene
silencing ability is not limited to a specific target gene and cell line.
The efficient gene silencing ability of the hybrid micelles was probably
due to the stable encapsulation of siRNA in CaP nanoparticles in cell cul-
ture medium [20], followed by efficient cellular internalization and
endosomal escape induced by the CCP segment [19]. With regard to
the cellular internalization, our previous study revealed that hybrid
micelles were efficiently uptaken by HeLa cells within 4 h, probably
due to an energy-dependent endocytosis [16]. It should be noted that
no significant cytotoxicity was observed for any of the samples at the
tested concentrations, as determined in a cell viability assay using a
water soluble tetrazolium salt (WST-8) (data not shown).

3.3. Biodistribution and tumor accumulation of hybrid micelles in transgen-
ic mice

Biodistribution of hybrid micelles after intravenous injection was
evaluated in the transgenic mice presenting spontaneous pancreatic
tumors using Alexa647-siRNA. At 6 h after injection, the transgenic
mice were sacrificed, and the organs were excised for measuring fluo-
rescence intensity, which was then converted to the % of dose/g of tissue
based on a standard curve. As the border between a pancreatic tumor
and healthy pancreas tissue is unclear, the fluorescence intensity of
the whole pancreatic tissue was measured for tumor accumulation of
Alexa647-siRNA. Note that the significant fluorescence was not detected
from the collected blood samples, indicating that almost all the hybrid
micelles (or Alexa647-siRNAs) were eliminated from the bloodstream
within 6 h. Thus, the fluorescence intensity measured from each organ
would not be affected by blood circulating micelles. As shown in Fig. 4,
the amount of hybrid micelles was approximately 0.9% of dose/g of pan-
creas/tumor, which was 6-fold larger than that in naked siRNA. No signif-
icant difference between hybrid micelles and naked siRNA was observed
for the accumulation in other organs; however, the kidneys displayed
lower accumulation for Alexa647-siRNA delivered by the hybrid micelles
compared to naked siRNA. These results suggest that the hybrid micelles
could protect Alexa647-siRNA from rapid renal filtration, enabling it to
circulate for longer in the blood, and therefore accumulate more in the
pancreas/tumor.

The enhanced accumulation of hybrid micelles in the pancreas/tumor
was further investigated by histological analysis. First, HE-stained sec-
tions were prepared to facilitate distinction of the tumor region (T)
from healthy pancreatic tissue (H). As depicted in Fig. 5A, healthy pancre-
atic cells were organized into lobules toward formation of glandular acini.
In contrast, tumor cells show a non-organized solid growth pattern
[28,29]. Fig. 5A also shows the presence of connective tissue septa
in between the T and H areas. CLSM was then performed to image
the corresponding Hoechst 33342-stained sections. It is noteworthy
that fluorescence signals from Alexa647-siRNA delivered by hybrid
micelles were found mainly in the tumor region (Fig. 5B). Quantitative
analysis using the Image] software indicated that the fluorescence sig-
nal of Alexa647-siRNA in the tumor region was 2.9-fold stronger than
that in the healthy pancreas. By considering that the average weight
of pancreas/tumor in the transgenic mice was 2.2-fold higher than
that of pancreas in wild-type mice, the tumor accumulation of siRNA
delivered by hybrid micelles can be roughly estimated to be ~1.3% of
dose/g of tumor with the assumption that the tissue weights are similar
between tumor and healthy pancreas in the transgenic mice. Thus, the
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Fig. 3. In vitro luciferase gene silencing by hybrid micelles in cultured HeLa-Luc cells. Lucif-
erase luminescence was quantified after 48 h of incubation of cells treated with samples.
Results are expressed as mean and standard deviation (n = 6). *P < 0.05; **P < 0.001
(ANOVA followed by Newman-Keuls).

preferential tumor accumulation of siRNA-loaded hybrid micelles was
demonstrated in the spontaneous pancreatic tumor model.

In a previous study, we reported that the tumor vasculature in the
EL1-Luc/TAg transgenic mice was covered with pericytes [30], which
can considerably limit the penetration of nanocarriers into the sponta-
neous tumor model in comparison to hypervascular and/or less stromal
tumor models [31,32]. Nevertheless, the hybrid micelles apparently
penetrated and distributed within the tumors (Fig. 5B). This behavior
should be attributed to the relatively small size of the hybrid micelles
(approximately 30-40 nm in diameter, Fig. 2 and Supporting Fig. S1),
facilitating the passage of the nanocarriers through the tumor vascula-
ture and stromal tissues. This was in agreement with our recent study
where <50-nm polymeric micelles efficiently penetrated into the tissue,
even in hypopermeable tumor models, which was in contrast to the
control micelles that were >50 nm in size [33]. It should be further
noted that the enhanced tumor accumulation behavior of hybrid mi-
celles, compared to naked siRNA, in the present spontaneous pancreatic
tumors was comparable to our previous observation in a subcutaneous
BxPC3 tumor model [20]. This can also be explained by the small size of
hybrid micelles, as the small-sized nanocarriers may be less affected by
the tumor microenvironments restricting extravasation and penetra-
tion of nanocarriers, such as pericyte coverage of the vasculature [33].
Altogether, the hybrid micelles are a promising strategy for the systemic
delivery of siRNA to various and whole tumor tissues/cells.
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Fig. 4. Biodistribution of Alexa647-siRNA-loaded hybrid micelles and naked Alexa647-
siRNA by fluorescence quantification at 6 h after intravenous injection (20 pg
siRNA/injection) in 14-week-old transgenic mice. The obtained fluorescence intensities
were converted to % of dose/g of tissue based on a standard curve. Results are expressed as
mean and standard error of mean (n = 3). ANOVA followed by Newman-Keuls (*P < 0.01).

Fig. 5. Histological observation of pancreas/tumor in transgenic mice treated with hybrid
micelles. Sections were prepared from the pancreas/tumor tissue excised at 6 h after intra-
venous injection of hybrid micelles carrying Alexa647-siRNA (20 pg siRNA/injection) to
transgenic mice. (A) HE staining: non-organized tumor cells (T) and healthy pancreatic
structure in lobes (H) are separated by the dotted line. (B) CLSM image of an adjacent sec-
tion to that stained with HE. Nuclei (blue) were stained with Hoechst 33342, and
Alexa647-siRNA is shown in green.

3.4. In vivo luciferase gene silencing in transgenic mice

Pancreatic cancer is considered to be one of the most fatal cancers
[34]. Moreover, the all-stage 5-year survival has not improved greatly
during the last 25 years [35]. These facts have motivated us to develop
novel therapeutics to improve the prognosis of pancreatic cancer
patients. An immunocompetent mouse presenting spontaneous pan-
creatic tumors is a useful model for establishment of such novel thera-
peutics, including anticancer drug-loaded micelles [30]. Herein, the
in vivo gene silencing activity of hybrid micelles was evaluated with
the spontaneous pancreatic tumor model developed in EL1-Luc/TAg
transgenic mice, in which the expression of firefly luciferase is promot-
ed specifically in the acinar cell carcinoma [25]. Accordingly, this model
can be used for a gene silencing assay that employs the bioluminescence
of the pancreatic tumors. It is worth noting that the following character-
istics were confirmed for the spontaneous pancreatic cancer model in
the previous study [30]; i) liver and intestine metastases are likely
to occur in this model after the mice becoming 16 weeks old, ii) the
pancreas/tumor in this model is enlarged and also the pancreatic cancer
may grow over the normal position of pancreas, and iii) the biolumines-
cent signal from the pancreatic cancer is not always emitted from the
same anatomic position. Considering these points, the bioluminescence
measurements in this study were performed for 3 different positions,
i.e., left flank, frontal, and right flank of the 13-week-old mice without
detectable tumor metastases.

Representative bioluminescence images of the left flank position of
mice treated with or without siLuc-loaded hybrid micelles are shown
in Fig. 6A, where the variable bioluminescence signals from the pancre-
atic tumor can be identified. At 24 h after systemic injection of the
hybrid micelles, the bioluminescence intensity in the pancreatic tumors
exhibited a significant reduction of 61% compared with the initial inten-
sity before injection (Fig. 6B; P < 0.01), indicating that the hybrid mi-
celles induced efficient luciferase gene silencing in the tumor tissue.
There was no significant reduction in the bioluminescence signal after
injection of siScr-loaded hybrid micelles, indicating that the reduction
in the bioluminescence intensity was due to the sequence-specific
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Fig. 6. In vivo gene silencing activity of systemically administered hybrid micelles in the
spontaneous pancreatic tumors of transgenic mice. (A) Representative images of mice be-
fore and 24 h after injection of hybrid micelles containing siLuc (20 pg siRNA/mouse). (B)
Bioluminescence intensity in the pancreatic tumors after intravenous injection of hybrid
micelles containing siLuc or siScr (20 ug siRNA/mouse). Results are expressed as mean
and standard deviation (n = 16). ANOVA followed by Newman-Keuls (**P < 0.01).

RNAi machinery. The similar gene silencing profile of hybrid micelles
was further observed for the protein amount of luciferase in
homogenized pancreas/tumor tissues (Supporting Fig. S2). This
sequence-specific gene silencing activity of hybrid micelles is consistent
with their significantly enhanced tumor accumulation of the siRNA pay-
load (Figs. 4 and 5), which was roughly estimated to be ~1.3% of dose/g
of tumor, corresponding to ~40 ng siRNA. Interestingly, the in vivo gene
silencing efficacy of hybrid micelles in the spontaneous pancreatic
cancer cells (60% with ~40 ng siRNA) was apparently higher than the
in vitro efficacy in the cultured HeLa-Luc cells (50% with ~130 ng
siRNA). These different efficacies might be due to varying cellular innate
functions between the in vivo pancreatic cancer cells and the in vitro
monolayer-cultured cervical cancer cells. The cellular innate functions,
including the expression levels of luciferase and RNAi-related genes,

are known to be substantially altered between live tissue and cell cul-
ture, especially monolayer culture, and also different types of cells
[36-38]. Indeed, the luciferase expression in the present pancreatic can-
cer cells was lost in monolayer culture. This is the reason for the use of
HeLa-Luc cells as a conventional cancer cell line for demonstrating the
in vitro gene silencing activity of hybrid micelles.

3.5. Hematological parameters and cytokine levels after systemic adminis-
tration of hybrid micelles

To verify the safety of the hybrid micelle formulation, hematological
parameters and inflammatory cytokine levels were measured at several
time points after systemic administration. As summarized in Table 1, the
intravenous injection of hybrid micelles induced no remarkable changes
in the levels of AST, ALT, and ALP as indicators of liver function and that
of Cr as an indicator of kidney function over 48 h, suggesting negligible
adverse side effects on the liver and the kidneys. Similarly, the levels of
inflammatory cytokines, i.e., TNF-a, IL-6, IL-1c, and IL-1f3, were not af-
fected by the injection of hybrid micelles (Supporting Fig. S3). Overall,
it was demonstrated that the intravenous injection of hybrid micelles
induced no severe acute toxicity under the tested conditions.

4. Conclusion

In the present study, hybrid micelles prepared with a smart block
copolymer PEG-CCP were applied for systemic siRNA delivery to sponta-
neous pancreatic tumors in EL1-Luc/TAg transgenic mice. The obtained
results confirmed the enhanced accumulation of siRNA-loaded hybrid
micelles in the tumor tissue and their significant gene silencing activity.
Notably, this was associated with negligible changes in hematological pa-
rameters. Altogether, the great potential of the hybrid micelles for RNAi-
based cancer therapy was successfully demonstrated.
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ABSTRACT Ligand-mediated drug delivery systems have enor-
mous potential for improving the efficacy of cancer treatment. In
particular, Arg-Gly-Asp peptides are promising ligand molecules for
targeting o,33/c.,3s integrins, which are overexpressed in angio-
genic sites and tumors, such as intractable human glioblastoma
(UB7MG). We here achieved highly efficient drug delivery to U87MG
tumors by using a platinum anticancer drug-incorporating polymeric
micelle (PM) with cyclic Arg-Gly-Asp (cRGD) ligand molecules.
Intravital confocal laser scanning microscopy revealed that the cRGD-linked polymeric micelles (c(RGD/m) accumulated rapidly and had high permeability
from vessels into the tumor parenchyma compared with the PM having nontargeted ligand, “cyclic-Arg-Ala-Asp” (cRAD). As both cRGD/m- and cRAD-linked
polymeric micelles have similar characteristics, including their size, surface charge, and the amount of incorporated drugs, it is likely that the selective and
accelerated accumulation of cRGD/m into tumors occurred via an active internalization pathway, possibly transcytosis, thereby producing significant
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antitumor effects in an orthotopic mouse model of U87MG human glioblastoma.
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Transvascular transport via : *

reatment of glioblastoma (GBM) is
Tone of the greatest challenges in

cancer therapy.’ * Although a large
number of advanced treatment paradigms
have had impacts on medical management
for other tumors, prolongation of GBM pa-
tients' survival has not been achieved in
decades.® ° Because of the difficulty of
complete surgical excision, irradiation and
chemotherapy play important roles in con-
ventional GBM treatment. However, the
effects of chemotherapy on GBM are very
limited as a result of poor drug penetration

MIURA ET AL.

from vessels into tumors caused by the
vascular/tumor barrier such as the blood—
brain barrier (BBB) and the blood—brain
tumor barrier (BBTB).'> ' In fact, the vas-
cular/tumor barrier is highly variable and
heterogeneous in the brain. At the early
stage of GBM, the tumor cells use the
normal brain vessels, which are protected
by the BBB, for their growth.'"'*~"7 The
gradual progression of GBM and its neov-
ascularization compromise the integrity
of BBB and lead to the formation of
BBTB.'"'%'” By the time GBM is diagnosed,
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