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Block copolymer of poly(ethylene glycol)-block-poly{N-[N-(2-aminoethyl)-2-aminoethyl]aspartamide}
(PEG-P[Asp(DET)]) has been originally introduced as a promising gene carrier by forming a nanomicelle with
plasmid DNA. In this study, the polyplex micelle of PEG-SS-P[Asp(DET)], which disulfide linkage (SS) between
PEG and cationic polymer can detach the surrounding PEG chains upon intracellular reduction, was firstly
evaluated with respect to in vivo transduction efficiency and toxicity in comparison to that of PEG-P[Asp(DET)] in
peritoneally disseminated cancer model. Intraperitoneal (i.p.) administration of PEG-SS-P[Asp(DET)] polyplex
micelles showed a higher (P<0.05) transgene expression compared with PEG-P[Asp(DET)] in tumors. In
contrast, the delivered distribution of the micelles was not different between the two polyplex micelles.
PEG-SS-P[Asp(DET)] micelle encapsulating human tumor necrosis factor o (hTNF-a) gene exhibits a
higher antitumor efficacy against disseminated cancer compared with PEG-P[Asp(DET)] or saline control.
No hepatic and renal toxicities were observed by the administration of polyplex micelles. In conclusion,
PEG-detachable polyplex micelles may represent an advantage in gene transduction in vivo over PEG-

undetachable polyplex micelles after i.p. administration for peritoneal dissemination of cancer.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Gene therapy has attracted much attention as a promising
modality to treat intractable diseases, such as genetic disorder,
neurodegenerating disease and cancer {1,2]. Viral vectors, such as
adenovirus vector, have been vigorously explored in these strategies,
because the gene transfer efficiency is generally higher than nonviral
gene vector. However, the clinical use of viral vectors has consider-
able limitations with respect to safety, and it is desirable to develop a
nonviral vector. Recently, PEG-based cationic polymers (catiomers)
have been expected as one of promising alternatives to viral gene
vectors [3-8]. The block catiomers spontaneously associate with
plasmid DNA (pDNA) to form sub-100 nm polyplex micelles with
high colloidal stability by hydrophilic PEG palisade surrounding the
core under physiological conditions and substantial transfection
activity [9-14].

We have demonstrated that polyplex micelles formed by PEG-
block-poly(aspartamide) copolymers carrying the N-(2-aminoethyl)-

* Corresponding author. Tel.: +81 92 642 6209; fax: + 81 92 642 6024.
E-mail address: kenakano@med.kyushu-u.acjp (K. Nakano).

0168-3659/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.jconrel.2012.03.021

2-aminoethyl group in the side chain (PEG-P[Asp(DET)]) exhibit high
efficiency and low cytotoxicity [15]. The polyplex micelles demon-
strated appreciable gene transfer into vascular lesions in animal
model [16] and bone defect in animal models [17]. To further achieve
successful in vivo gene therapy, we have tried to modify the block
copolymer, because P[Asp(DET)] homopolymer polyplexes show
higher transfection efficiency than PEG-P[Asp(DET)] micelles [18]
and the PEG palisade surrounding P[Asp(DET)] cores hampers the
gene transfection (PEG dilemma) [19-21]. To overcome the dilemma,
we have developed PEG detachable polyplex micelles with disulfide
linkages between PEG and P[Asp(DET)], which are sensitive to the
intracellular reducing environment [22]. This micelle showed higher
gene transfection efficiency than the micelle without disulfide
linkages by several orders of magnitude in vitro assay [22]. However,
the transduction on efficacy and safety for in vivo application remains
to be evaluated.

Systemic chemotherapy is mainly conducted for the patients
bearing refractory advanced malignancies, such as liver or lung
metastasis and peritoneal dissemination [23,24]. Among these
metastases, peritoneal lesions exhibit relative resistance to systemic
chemotherapy due to peritoneal-plasma barrier, which prevents the
effective drug delivery from blood vessels into the peritoneal lesions
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[25]. In comparison with conventional systemic chemotherapy, the
intraperitoneal (i.p.) administration of hydrophobic chemotherapeu-
tic agents or vectors encapsulated therapeutic genes appears to have
an advantage for peritoneal dissemination, because the drugs are
directly delivered into the peritoneal cavity and retarded in tumor
nodules, which enables to keep high dose concentration in tumor
tissues [26]. In addition, gene therapy prevents the rapid enzymatic
degradation of therapeutic molecules, such as tumor necrosis factor a
(TNF-at), which is known to exhibit anti-tumor effect for a wide
variety of cancers [27], and the inflammation-related toxicity induced
by its systemic administration of high dose cytokines, although tumor
vasculature-specific ligands could increase an accumulation of RGD4C-
TNF-a into tumor vicinities [28,29].

In this study, we examined the feasibility of PEG detachable
polyplex micelles on transduction efficiency, therapeutic efficacy and
safety as a gene delivery system compared with the conventional
polyplex without disulfide linkage. The intraperitoneal administration of
PEG-detachable polyplex micelles with RGD4C-TNF-a-encoding plasmid,
but not that of PEG-undetachable polyplex, revealed an appreciable in
vivo gene expression and antitumor effect against peritoneal metastases
of pancreatic cancer, despite of no difference in the preferable distribution
for tumor and lymphatic tissues.

2. Materials and methods
2.1. Chemicals

a-Methoxy-w-hydroxyl PEG (PEG-OH, M,, = 12,000, M,,/M,, = 1.03)
-benzyl L-aspartate N-carboxyanhydride (BLA-NCA) were obtained
from NOF Corporation (Tokyo, Japan) and Chuo Kaseihin Co., Inc.
(Tokyo, Japan). Methanol (MeOH), 2-aminoethanethiol, diethyl ether,
ammonia (NH3), hexane, ethyl acetate (AcOEt), and hydrochloric acid
(HCI) were purchased from Wako Pure Chemical Industries, Ltd.
(Osalka, Japan) and used as received. Dichloromethane (CH,Cl,), N,N-
dimethylformamide (DMF), diethylenetriamine (DET) and N-methyl-
2-pyrrolidone (NMP) were purchased from Tokyo Chemical Industry
Co. Ltd. (Tokyo, Japan) or Nacalai Tesque (Kyoto, Japan) and purified by
distillation before use. Linear polyethyleneimine (LPEl, M,, = 22,000)
was purchased from Polysciences, Inc. (Warrington, PA). Water was
purified using a Milli-Q instrument (Millipore, Bedford, MA).

2.2. Synthesis and characterization of PEG-SS-P[Asp(DET)]

PEG-SS-P{Asp(DET)] was prepared as previously reported {22]
with minor modification. Briefly, PEG-OH was converted to PEG-SH
[30], of which conversion rate was estimated as 80% from 'H NMR
spectrum. The crude PEG-SH (0.85 g) was dissolved in MeOH (30 mL),
followed by the reaction with 2-aminoethanethiol (100 equiv, 0.65 g) at
room temperature to obtain PEG-SS-NH,. The polymer components
were precipitated into an excess amount of diethyl ether, and then the
filtrate was dried in vacuo. PEG-SS-NH, was isolated from the crude
product by passing through an ion-exchange gel (SP Sephadex C-50, GE
Healthcare, Tokyo, Japan) column. Adsorbed PEG-SS-NH, was eluted
from the gel by diluted NH; aqueous solution, evaporated using rotary
evaporator at 30 °C, and then lyophilized as a white powder (0.63 g in
yield). The functionality of the PEG end to the aminoethanethiol moiety
was confirmed to be 97% by an ion-exchange HPLC equipped with
TSKgel SP-5PW column (TOSOH Corporation, Tokyo, Japan).

The PEG-SS-poly(B-benzyl 1-aspartate) (PEG-SS-PBLA) block co-
polymer was prepared by the ring opening polymerization of BLA-NCA
(3.3 mmol, 0.97 g) in CH,Cl,/DMF (10/1 (v/v), 23 mL) at 35 °C from the
terminal primary amino group of PEG-SS-NH, (0.04 mmol, 0.50 g). The
reaction mixture was added into an excess amount of hexane/AcOEt
(6/4 (v/v)), and then the filtrate was dried in vacuo (1.17 g in yield).
The degree of polymerization (DP) of PBLA was calculated to be 69 by 'H
NMR spectroscopy based on the peak intensity of benzyl protons of PBLA

(—OCH,CgHs, 5 = 7.3 ppm) to the ethylene protons in PEG ( — OCH,CH,,
5=3.6 ppm).

Lyophilized PEG-SS-PBLA (230 mg) was dissolved in NMP (9 mL),
followed by the reaction with DET (4 mL, 50 equiv to benzyl group of
PBLA segment), diluted in NMP (4 mL) under anhydrous conditions at
5 °C. After 30 min, the reaction mixture was slowly added dropwise
into a 5N HCl aqueous solution, where the temperature of the
mixture was kept below 5 °C. Then the mixture was dialyzed against
0.01 N HCl and, subsequently, deionized water (MWCO: 12-14 kDa)
at 4 °C. The final solution was lyophilized to obtain PEG-SS-P[Asp(DET)]
(Fig. 1) as the chioride salt form (213 mg in yield). The quantitative
substitution from BLA to Asp(DET) was confirmed by the peak
disappearance of benzyl protons (-OCH,CgHs, 6=7.3 ppm) and the
intensity ratio of the ethylene protons in the 1,2-diaminoethani moiety
(HoN(CH,),NH(CH,),NH-, § = 3.4-2.8 ppm) to the methylene protons in
PEG (- OCH,CH;, 6=3.6 ppm) in the "H NMR spectrum in D0 (data
not shown).

2.3. Plasmid DNA construction

A plasmid encoding luciferase (pCpG-ALuc) was kindly supplied from
Dr. Makiya Nishikawa (Kyoto University) [31]. As expression plasmids
encoding therapeutic gene, pVIVO-RGD4C-hTNF-o¢ and pCpG-RGD4C-
hTNF-o0 were constructed as follows; the oligonucleotide encoding
RGD4C (CDCRGDCFC) with glycine-serine linker interposed between
RGDA4C and matured human TNF-o. (hTNF-ot) sequences as a spacer was
synthesized. The open-read frame of RGD4C-hTNF-o. was integrated at
the multi-cloning sites in the plasmid DNA of pVIVO1-mcs with hamster
78-kDa glucose-regulated protein (GRP78) promoter which yields
persistent high expression within the tumor micro-environment or in
the plasmid of pCpGfree-mcs to delete immunogenic CpG motifs with
human elongation factor 1 alpha core promoter (Invivogen, San Diego,
CA). The plasmid DNA was amplified in competent DH5R Escherichia coli
and purified using EndoFree Plasmid Giga Kits (QIAGEN Inc,, Valencia,
CA). The pDNA concentration was determined by reading the absorbance
at 260 nm.

2.4. Preparation of PEG-SS-P[Asp(DET)]/pDNA polyplex micelles

The PEG-SS-P[Asp(DET)] block copolymer and pDNA were
separately dissolved in 10 mM Tris-HCl buffer (pH 7.4). The polymer
solution was added to a 2-times-excess volume of 375 pg/mL pDNA
solution (final pDNA concentration: 250 pg/mL) at N/P ratio=10,
which is a molar ratio of amine units in block catiomers to phosphate
units in pDNA. The mixed solution was left at 4 °C for 15 min to form
polyplex micelles and then subjected to the following experiments. Just
prior to in vivo administration, 1/10 volume of 1.5 M NaCl solution was
added to form isotonic solution. The polyplexes with PEG-P{Asp(DET)]
block copolymer (Mw of PEG: 12,000; DP of P[Asp(DET)] segment: 65)
or LPEI were similarly prepared and used as controls.

0
H
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Fig. 1. Chemical structure of PEG-SS-PAsp(DET).
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2.5. Dynamic light scattering (DLS) and {-potential measurements

DLS and ¢-potential measurements were carried out at 25 °C using
an ELSZ-SV2 (Otsuka Electronics Co., Ltd., Osaka, Japan), equipped
with a He-Ne ion laser (633 nm) as the incident beam. The polyplex
solutions were prepared at 250 ug pDNA/mL in 10 mM Tris-HCl
buffer (pH 7.4) at N/P ratio=10. In the DLS mesurement, the light
scattering data were obtained with a detection angle of 160° at 25 °C.
The rate of decay in the photon correlation function was analyzed by
the cumulant method, and the corresponding hydrodynamic diameter
of the polyplexes was then calculated by the Stokes-Einstein equation.
In the case of ¢-potential measurement, the {-potential was calculated
from the obtained electrophoretic mobility by the Smoluchowski
equation:

{=4mmu/e

where 1 is the viscosity of the solvent, v is the electrophoretic mobility,
and ¢ is the dielectric constant of the solvent.

2.6. Cell lines

Human pancreatic carcinoma SUIT-2 was obtained from the
American Type Culture Collection. SUIT-2 stably expressing luciferase
protein (SUIT-2/luc) was established by cloning with limiting dilution
method after transfecting a multiply attenuated lenti viral vector for
luciferase gene provided by Dr. Takafumi Nakamura (The University
of Tokyo). SUIT-2 and SUIT-2/luc cells were grown in RPMI1640
(Wako Pure Chemical Industries, Ltd.) supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Wako Pure Chemical Industries,
Ltd.), 100 U/mL penicillin and 100 pg/mL streptomycin at 37 °C in
humidified air containing 5% CO-.

2.7. Animals

BALB/c nude and BALB/c mice (female, 6 weeks old) were purchased
from Charles River Laboratories (Tokyo, Japan). Animals were housed in
a temperature-controlled room under 12:12h light:dark cycles and
allowed to access food and water ad libitum. Experiments were carried
out in compliance with the Guidelines for Animal Experiments of the
Kyushu University, and approved by the Animal Care and Use Committee
of Kyushu University.

2.8. Kinetic assay for transgene expression by in vivo bioluminescent
imaging

BALB/c nude mice were intraperitoneally inoculated with SUIT-2 cells
(1x10°% cells/mouse). One week later, polyplex micelles consisting of
100 pg of pCpG-ALuc and block copolymers were administered intraper-
itoneally. In vivo bioluminescent imaging (BLI) was performed with an
IVIS Imaging System (Xenogen Biosciences, Alameda, CA) and the
bioluminescent signals were analyzed using Living Image software
(Xenogen Biosciences, Alameda, CA). At 20 min prior to in vivo imaging,
animals received the substrate p-Luciferin (Summit Pharmaceuticals
International Corporation, Tokyo, Japan) at 75 mg/kg in 10 mM phos-
phate buffered solution (pH=7.4) by intraperitoneal injection under
anesthesia with the inhalation of 3% isoflurane (Abbot Laboratories,
North Chicago, IL).

2.9. Antitumor activity of RGD4C-hTNF-cx gene therapy for peritoneal
dissemination

BALB/c nude mice (female, n=10 in each group) were intraperito-
neally inoculated with SUIT-2/luc cells (2x 10° cells/mouse). Tumors
were allowed to grow for 1 week. Subsequently, polyplex micelles of
PEG-SS-P[Asp(DET)] or PEG-P[Asp(DET)] (50pug of pVIVO-RGD4C-

hTNF-oe; N/P ratio = 10) or saline were administered into the peritoneal
cavity of mice. We used pVIVO-RGD4C-hTNF-ov for cancer therapy
experiments, because the GRP promoter of pVIVO1 yields persistently
higher expression within the tumor microenvironments than elongation
factor-1 promoter of pCpGfree mcs plasmid. In a separate experiment,
we confirmed the antitumor efficacy of RGD4C-hTNF-o by comparing
pCpG-RGD4C-hTNF-a¢ and mock (pCpGfree-mcs) plasmids to delete
immunogenic CpG motifs in peritoneal dissemination model (Supple-
mentary Fig. 1). In vivo bioluminescent imaging (BLI) was performed
with an IVIS Imaging System as described above (Section 2.8). The
survival of the mice was evaluated in each group up to 120 days after the
inoculation.

2.10. Analysis of RGD4C-hTNF-a expression by quantitative real-time
reverse-transcriptional PCR (qRT-PCR)

The expression of RGD4C-hTNF-ac mRNA in tumor and normal
organ tissues was evaluated by qRT-PCR. At 24 h after the injection of
polyplex micelles, tumor and the other organ tissues (spleen, liver,
kidney, lung and intestine) were obtained and snap-frozen in liquid
nitrogen for the following assays. Total RNA was extracted using
illustra™ RNAspin Mini RNA Isolation Kit (GE Healthcare UK, Ltd.,
Buckinghamshire, UK) according to the manufacturer's instruction,
and subjected to cDNA synthesis using Transcriptor First Strand cDNA
synthesis Kit (Roche Applied Science, Mannheim, Germany). Quantita-
tive real-time PCR for RGD4C-hTNF- and (-actin as a housekeeping
gene was performed using hTNF-o primers: 5-CAGCCTCTTCTCCTTCCT-
GAT-3’ and 5'-GCCAGAGGGCTGATTAGAGA-3’; B-actin primers and
Universal Probe library set (Roche Applied Science) in the Light-
Cycler480 II system (Roche Diagnostics, Mannheim, Germany).

2.11. Immunohistochemical analysis of RGD4C-hTNF-o expression

Tissue samples obtained on day 1 after injection of polyplex micelles
were embedded in OCT compounds and frozen in cold acetone. Frozen
sections (8-10 pm) were air dried and fixed in cold acetone for 10 min.
After blocking with 3% bovine serum albumin (BSA), the sections were
incubated with a rat anti-human TNF-a antibody (1:250; MCA1560,
ADbD Serotec, Kidlington, UK) at room temperature for 1 h, followed by a
biotinylated rabbit anti-rat IgG(H+L) (1:250; BA-4001, Vector
Laboratories Inc., Burlingame, CA) for 10 min. The sections were stained
with horseradish peroxidase-conjugated streptavidin (PK-6100, Vector
Laboratories Inc.) and 3,3’-diaminobenzidine (DAB) substrate kit
(SK-4100, Vector Laboratories Inc.).

2.12. Histochemical analysis for the in vivo distribution of polyplex
micelle

Fluolid Orange NHS (International Science Technology Co. LTD.,
Fukuoka, Japan) was conjugated to amino groups of polycations, such as
PEG-P[Asp(DET)] and PEG-SS-P[Asp(DET)], according to the manufac-
turer's protocol. Fluolid Orange-labeled polyplex micelles loading pDNA
were intraperitoneally injected at a dose of 50 pg/mouse. Mice were
sacrificed after 24 h and excised organs were frozen in OCT compounds.
The frozen samples were further sectioned at a 10um thickness in a
cryostat. The nuclei were stained with DAPI. The samples were observed
by confocal scanning laser microscopy NIKON A1 (NIKON CORPORATION,
Tokyo, Japan).

2.13. Hepatic and renal function tests

Polyplex micelles consisting of pVIVO-RGD4C-hTNF-ax (50 pg/mouse,
N/P ratio=10) were intraperitoneally administered to BALB/c mice
(female, n=6). Blood was collected from the vena cava at 4, 24, and
72 h, allowed to coagulate for 4 h at 4 °C and then serum was isolated as
the supernatant fraction following centrifugation at 2000 g for 10 min.

— 101 —



M. Kumagai et al. / Journal of Controlled Release 160 (2012) 542-551 545

To assess hepatic and renal toxicities of polyplex micelles, serum
concentrations of alanine aminotransferase (ALT) and creatinine were
determined by Japan Society of Clinical Chemistry (JSCC) transferable
and enzyme methods, respectively, with 7180 Clinical Analyzer (Hitachi,
Tokyo, Japan). Body weight changes were monitored as an index of
overload influence for whole body.

2.14. Statistical analysis

Results are represented as means 4-standard deviation (SD). Data
were statistically analyzed using Student's t-test. Survival was analyzed
by Kaplan-Meier method with a log-lank test. A P value less than 0.05
was considered to represent a statistically significant difference.

3. Results
3.1. Polyplex micelle characterization

As shown in Table 1, the polyplexes from PEG-SS-P[Asp(DET)] and
PEG-P|Asp(DET)] formed the micelles in equivalent diameter at the
range of 80-90 nm. The polyplex micelles from the block copolymer
showed almost neutral {-potential values (~2 mV) due to the shielding
by a PEG palisade surrounding the polyplex core.

3.2. Kinetics assay for luciferase activity by bioluminescence imaging in
vivo

Fig. 2 shows the time-course changes in luciferase activity in vivo
after intraperitoneal injection of polyplex micelles with the reporter
gene. The luciferase activity was elevated with the peak at 24 h after
injection (P<0.05, each polyplex micelle-treated versus control group).
The activities were gradually declined, but sustained more than 4.2 and
2.7x10° photons/s for PEG-SS-P|[Asp(DET)] and PEG-P[Asp(DET)]
groups, respectively, on day 7, which were higher (P<0.05) than the
control (1.2 0.4x10° photons/s). Next, we compared the level of
transgene expression between polyplex micelles. PEG-SS-P[Asp(DET)]
exhibited 2-orders of magnitude higher luciferase activity (1.8+
1.6 x 10® photons/s) than PEG-P[Asp(DET)] (3.0 + 1.4x 10° photons/s,
P<0.05) on day 1 after polyplex micelle injection. The luciferase activity
was still higher in PEG-SS-P]Asp(DET)] than PEG-P[Asp(DET)] group on
days 2 and 4 (P<0.05). On day 7 after injection, there was no significant
difference between the two groups.

3.3. Transgene expression in tumor and normal organ tissues

Expression levels of therapeutic gene: RGD4C-hTNF-a were
evaluated by the gRT-PCR in various tissues (Fig. 3). PEG-SS-P
[Asp(DET)] and PEG-P[Asp(DET)] polyplex micelles induced 100-
fold higher expression of RGD4C-hTNF-o in tumor nodules compared
to the control (P<0.05, Fig. 3B). Similarly, each polyplex group
showed significantly higher RGD4C-hTNF-a expressions compared to
control in some tissues, such as spleen and liver (P<0.05, Fig. 3C,D).
Other tissues of kidney, lung and intestine showed faint transgene
expression (Fig. 3E,F,G).

Next, we compared RGD4C-hTNF-a expression levels between
each polyplex micelle. PEG-SS-P[Asp(DET)] polyplex micelles-
treatment resulted in 5.0-fold higher (P=0.028) expressions of
RGD4C-hTNF-o¢ than those of PEG-P[Asp(DET)] in tumor. In spleen

' Table 1
Particle size and ¢-potential of polyplex micelles.
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Fig. 2. Luciferase activities after intraperitoneal administration of two types of polyplex
micelles loaded with a luciferase gene or saline, The time-dependent changes in luciferase
activities were evaluated with an I[VIS Imaging System. Saline ((J); PEG-SS-P
[Asp(DET)](<); PEG-P[Asp(DET)] (O) (n=6 in each group; * P<0.05 versus PEG-P
[Asp(DET)]; T P<0.05 versus saline).

and liver, there was no significant difference in RGD4C-hTNF-«
expression between PEG-SS-P[Asp(DET)] and PEG-P[Asp(DET)] poly-
plex micelles.

The expression of RGD4C-hTNF-o protein was also confirmed by
immunohistochemical analysis in tumor nodules after administration
of the PEG-SS-P[Asp(DET)] and PEG-P[Asp(DET)] polyplex micelles
(Fig. 4A). The transduced RGDA4C-hTNF-a was detected in tumor
tissues, and the localization was predominately detected in peripheral
tumor sites, The expression of RGDAC-hTNF-o¢ was also observed in
spleen and lymph nodes for PEG-SS-P[Asp(DET)] and PEG-P[Asp(DET)]

Size (nm) ¢-potential (mV)
PEG-SS-P[Asp(DET)] 84.7 +0.60 1.97+1.16
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Fig. 3. Evaluation of RGD4C-TNF-a gene expression in organs by qRT-PCR. Saline and
two types of polyplex micelles (50 pg pDNA/mouse) were i.p. injected into mice
bearing SUIT-2 disseminated cancers. On day 1 after injection, the organ tissues were
excised, and the total RNA were extracted and subjected to the quantification of
RGD4C-TNF-a expression by gRT-PCR (A). The below graphs represent for tumor (B),
spleen (C), liver (D), kidney (E), lung (F) and intestine tissues {G). Results are means &
standard deviations (n=3 in each group; * P<0.05 versus PEG-P[Asp(DET)]; T P<0.05
versus saline).
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PEG-SS-P[Asp(DET)] PEG-P[Asp(DET}]
! o s

Fig. 4. Immunostaining of RGD4C-hTNF-« in (A) tumor (x10), (B) spleen (x 10) and
(C) lymph nodes (x20). The polyplex micelles (50 ug pVIVO-RGD4C-hTNF-oe pDNA/
mouse) were i.p. injected into mice bearing SUIT-2 disseminated cancers. On day 1
after injection, the organs were excised and immunostained with a primary anti-
human TNF-a antibody, followed by a secondary anti-rat IgG and a subsequent DAB
substrate.

groups (Fig. 4B,C). The RGDAC-hTNF-« signals were located not only in
subserous area but also in white pulp of spleen area.

3.4. In vivo distribution of polyplex micelles

The delivered locus of polyplex micelle was analyzed by confocal
laser microscopic detection of Fluolid Orange labeled polycation
(Fig. 5) in various tissues. There was no significant difference in tissue
distribution between PEG-SS-P[Asp(DET)] and PEG-P[Asp(DET)]
polyplex micelles. The two types of polyplex micelles were mainly
found in stromal regions of tumor tissues at 24h after ip.
administration (Fig. 5A). Fluolid signals were also detected in the
white pulp of the spleen and lymph nodes post administration of
PEG-SS-P[Asp(DET)] polyplex micelles as similarly as PEG-P
[Asp(DET)] (Fig. 5B). In the liver, Fluolid signals were sparsely
observed in hepatic parenchymal area for either polyplex micelle
group (Fig. 5C). The kidney, lung, intestine, brain, ovary and heart
were not detected for Fluolid signals either in PEG-SS-P[Asp(DET)]
or PEG-P[Asp(DET)] groups (data not shown).

3.5. Antitumor activity

To compare the antitumor effect of the polyplex micelles
encapsulated with RGD4AC-hTNF-a gene, we evaluated the dissemi-
nated tumor volume by bioluminescent signals from luciferase-
transfectant pancreatic cancers. The changes in relative tumor
volume (V/V,) after single i.p. administration of polyplex micelles
are shown in Fig. 6A. The time-dependent increases in tumor volume
were observed in the saline-control group (4.7 +4.1 onday 7; 48.9+
40.3 on day 14; 65.2-63.6 on day 21). The tumor growth was also

found in PEG-P[Asp(DET)] group (2.6 4 1.5 on day 7; 8.0 4-4.8 on day
14; 44.0 £ 42.2 on day 21), although the growth speed was decreased
by PEG-P[Asp(DET)] polyplex micelles-treatment (P<0.05). On the
other hand, the growth suppression was obviously induced by PEG-
SS-P[Asp(DET)] polyplex micelles-treatment (2.24+2.0 onday 7; 2.7 +
2.3 onday 14; 5.2+ 2.1 onday 21). There were significant differences in
tumor growth between PEG-SS-P{[Asp(DET)] group (P<0.05), PEG-P
[Asp(DET)] and control groups.

We next compared the survival between the polyplex micelles-
treated and control mice. The median survival of the PEG-P[Asp(DET)]
group was longer than that of control mice (57.3+7.9 versus 43.5+
7.5 days, P<0.05) (Fig. 6B). The survival of the PEG-SS-P[Asp(DET)]
group (65.9-+ 6.8 days) was further prolonged (P<0.05) than those of
PEG-P[Asp(DET)] and control groups.

3.6. Toxicity study of polyplex micelles

The serum ALT concentrations as an index of hepatic toxicity did
not increase during the observation time in all groups. There were no
differences in ALT between the polyplex micelles-treated, saline and
untreated mice (Table 2A). The creatinine concentrations as an index
of renal toxicity also did not change, and no significance was observed
between the two polyplex group, saline and untreated mice
(Table 2B). Body weight was monitored as an indicator of overload
influence for whole body. It is clear that each group has no observable
side effects at 50 pg pDNA dosage except PEG-SS-P[Asp(DET)] group
at 24 h after i.p. administration in this study (Fig. 7).

4. Discussion

A challenging demand in the field of non-viral gene therapy is to
provide efficient transduction without significant toxicity. In the
present study, we explored the biodistribution, gene expression,
therapeutic efficacy and safety potentials of PEG-detachable polyplex
micelle as a gene carrier in vivo to verify our hypothesis that the PEG
release from polycation contributes to the increase in transduction
efficiency without toxicity. .

PEG-SS-P[Asp(DET)] exhibited higher level of RGDAC-hTNF-o
gene expression in tumor tissue than that of PEG-P[Asp(DET)] by
gRT-PCR analysis (Fig. 3B). It should be noted that PEG-SS-P
[Asp(DET)] reveals almost 2 order of magnitude higher in vitro [22]
and in vivo kinetics study for reporter gene expression than PEG-P
[Asp(DET)] (Fig. 2). On the other hand, the distributed location and
amount of PEG-SS-P[Asp(DET)] and PEG-P[Asp(DET)] polyplex
micelles did not differ remarkably based on the data of Fluolid
histochemical analysis (Fig. 5A). These results suggest that the major
cause for high transgene expression in tumor with the polyplex
micelles from the PEG-SS-P[Asp(DET)] may be not the difference in
distributed amount of micelles into tumors. A previous study [22] has
reported that confocal laser scanning microscopy shows the facilitat-
ed endosomal escape of pDNA with the PEG-SS-P[Asp(DET)] but not
much with PEG-P[Asp(DET)] in culture cells. Although the intracel-
lular trafficking of Fluolid in tissues was practically difficult (data not
shown), PEG detachment may lead to facilitated transfection in the
intracellular stage.

Considering the mechanism of tumor-targetability of polyplex
micelles, biodistribution of polyplex micelles should be addressed to
several aspects of enhanced permeability and retention (EPR) effect
[32] and direct penetration into tumor tissues. Possible route of gene
transfer is a direct infiltration of polyplexes to tumor tissues through
its surface. The organs in the peritoneal cavity are normally covered
with the peritoneum, subperitoneal connective tissue and serosa,
whereas the disseminated tumor nodules are devoid of such
coverings, since the interaction of cancer cells with the peritoneum
induces disruption and exfoliation of the mesothelial cells in the early
process of peritoneal metastasis {33,34]. Tumor tissues without such
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PEG-SS-P[Asp(DET)]

PEG-P[Asp(DET)]

Fig. 5. Polyplex micelle localization in tumor (A), spleen (B) and liver (C). Fluolid Orange-signals labeled polyplex miceiles (orange) were detected in tumor and normal organ
tissues by laser confocal microscopy at 24 h after polyplex micelle administration. The cell nuclei were stained with DAPI ( blue).

barriers could be infiltrated with the polyplexes. Another possible
route of gene transfer is a tumor accumulation via blood vessels by
EPR effect [32]. However, the proportion in tumor accumulation of
polyplexes via blood vessels might not be dominant, since large
molecular compounds (M.W.> 20, 000) do not efficiently drain from
peritoneal cavity to blood vessels [35,36]. An additional element
which may account for the tumor-preference is that the transduced

gene is more readily expressed in proliferating cells, such as cancer
and inflammatory cells, but little in normal quincent cells [37]. Fig. 3
showed that there are no significant differences in transgene expres-
sions in normal organs between the two types of micelles. The disulfide
linkage might be cleaved more effectively in tumor tissues, because
tumors are under more reducing conditions compared to normal organs
[38]. Since transfected gene is transported to the nucleus inefficiently
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Fig. 6. Antitumor activity of polyplex micelles with pVIVO-RGD4C-hTNF-o« pDNA in mice with SUIT-2/luc peritoneal dissemination. (A) Relative photon flux evaluated by IVIS
imaging system for intraperitoneal metastatic sites of SUIT-2/luc in mice treated with polyplex micelles. Saline (C1); PEG-SS-P[Asp(DET)](<); PEG-P{Asp(DET)] (O). Data are
expressed as averages + standard deviations (* P<0.05 versus PEG-P[Asp(DET)]; T P<0.05 versus saline). (B) Kaplan-Meier analysis for survival of mice bearing peritoneal
dissemination that received i.p. injection of saline, PEG-SS-P[Asp(DET)] or PEG-P[Asp(DET)] polyplex micelles.

through the nuclear membrane during interphase, it is likely that the
breakdown of the nuclear membrane during cell cycle may be crucial
for efficient transgene expression [39,40].

An interesting finding in our fluorescence study is that i.p.
administered polyplexes tended to be predominantly delivered into
stromal regions of peripheral tumor tissues (Fig. 5A). PEG-SS-P
[Asp(DET)] and PEG-P[Asp(DET)] polyplex micelles accumulated in
stromal regions but not inside the tumor nests, because high tumor
cell density is a barrier of polyplex micelle infiltration. Drug
penetration is impeded by severe fibrosis and high interstitial
pressure [41-43]. These physiobiological features of tumor nodules
are thought to be involved in the unique distribution of polyplex
micelles after i.p. injection.

PEG-SS-P[Asp(DET)] and PEG-P[Asp(DET)] polyplex micelles also
transduced gene expression in spleen and liver (Fig. 3C, D), while the
degree of gene expression and distribution to spleen and liver was
similar in both polyplex micelles (Fig. 5B, C). Expression loci were
mainly in the inner area, but not in the outer layer area, of the spleen,

liver and lymph nodules (Fig. 4B, C). The transgene expression profile
in various organs after i.p. injection of the polyplexes is different from
that after intravenous injection, in which the lung, liver and kidney
appear as preferential expression sites, probably as a consequence of
the filtration function of these organs [44-48]. The polyplexes after
i.p. injection might enter into the lymphatics and portal blood vessels
predominantly and consequently distribute the lymphatic and liver
tissue, but minorly into systemic blood circulation to distant organs,
such as lung and kidney. Large molecular compounds (M.W.> 20,
000) hardly penetrate into normal tissues, whereas they drain to
lymphatic systems regardless of size and charge of nanoparticles
[35,36]. This property of distribution with lymphatic tropism in-
dicates that the strategy of i.p. administration would be effective to
activate immunity in the lymphatic tissues, leading to the application
for immuno-gene therapy.

In peritoneal disseminated cancer model, PEG-SS-P[Asp(DET)]
polyplex micelles encapsulating pVIVO-RGD4C-hTNF-o¢ plasmid
inhibited the proliferation of tumors more effectively compared

— 105 —



M. Kumagai et al. / Jjournal of Controlled Release 160 (2012) 542-551 549

Table 2

Evaluation of hepatic and renal toxicity after intraperitoneal administration of two
types of polyplex micelles encapsulating pVIVO-RGDAC-hTNF-ot.. Serum ALT (A) and
creatinine (B) levels were measured at 4, 24, and 72 h after i.p. administration of
polyplex micelles in mice (n=G6 in each group).

Time (h)  Normal Saline PEG-SS-P[Asp(DET)]  PEG-P[Asp(DET)]
(A) ALT

4 4464215 5374180 4584219 48.0+204

24 64.04+£315 68.04+14.6 56.54+16.1

72 56.04+174 486+78 48.0+9.3

(B) Creatinine

4 0.144£0.03 0.154£001 0.12+0.02 0.134+0.02

24 0.1640.02 0.16+0.02 0.1440.03

72 0.1540.01 0.15+0.02 0.1240.03

with PEG-P[Asp(DET)] polyplex micelles (Fig. 6A). In addition, PEG-
SS-P[Asp(DET)] polyplex micelles significantly prolonged the survival
for mice with peritoneal dissemination compared with PEG-P
[Asp(DET)] polyplex micelles (Fig. 6B). The antitumor effects might
be mediated by paracrine action of RGD4C-TNF-o¢ to tumor and
vascular endothelial cells from the polyplex micelles in tumor stroma,
although subsets of tumor species gain the resistance to TNF-a [49].
The production level of RGD4C-hTNF-a¢ production from PEG-SS-P
[Asp(DET)] polyplex micelles was significantly higher than that from
PEG-P[Asp(DET)] polyplex micelles (Fig. 3B). High-dose TNF-a causes
destruction of newly formed blood vessels [50] and TNF-& induces a
dose-dependent reduction of tumor blood flow [51,52]. TNF-« is also
known to activate NK and macrophage cells, which might be partly
responsible for the antitumor effect of RGD4C-hTNF-a gene therapy
on peritoneal disseminated cancer. Furthermore, we constructed
RGD4C-hTNF-ox expression plasmid gene to increase the specificity of
tumor vessels, because RGD4C peptide moiety specifically binds the
integrin o3, which is overexpressed on tumor vascular endothelial
cells [29]. These evidences suggest that the higher local RGD4C-hTNF-
o gene expression produced by PEG-SS-P[Asp(DET)] polyplex
micelles eradicate tumor vasculature much more than PEG-P
[Asp(DET)] polyplex micelles, resulting in an effective inhibition of
the progression of disseminated tumor.

To evaluate the toxicity of polyplex micelles, we performed
hepatic and renal function tests in mice at several time points after
transduction with RGD4C-hTNF-a expression plasmid. A previous
report [53] showed that systemically administered pDNA/cationic

liposome complex induced toxicity in the liver mainly and not in
the lung. In contrast, the hepatic function of mice treated with PEG-
SS-P[Asp(DET)] and PEG-P[Asp(DET)] polyplex micelles encapsulat-
ing pVIVO-RGD4C-hTNF-a plasmid were kept normal as similarly as
untreated mice (Table 2A). These results indicated that polyplex
micelles are not toxic to liver tissues when the current dose was
administered via i.p., although polyplex micelles were distributed to
the liver (Fig. 5C). Secondly, no change in serum creatinine level
suggests that PEG-SS-P[Asp(DET)] and PEG-P[Asp(DET)] polyplex
micelles induce no nephrotoxicity (Table 2B). This could be explained
by the low expression of RGD4C-hTNF-cx gene in the kidney (Fig. 3E)
due to little distribution of polyplex micelles to this organ (data not
shown). This was consistent with the previous report for PEI [54].
Moreover, no significant body weight loss was observed after i.p.
administration of polyplex micelles except the transient decrease at
24 h, when surgical and anesthesia stress together with polyplex i.p.
irritation might limit the intake of water and food, despite hepatic
and renal functions were intact. TNF-a fusion protein has effective
antitumor effects by repeated administrations [29], and has been
tried for clinical application as an antineoplastic agent [55,56]
However, clinical applications of TNF-a fusion protein for cancer
therapy are still limited, because systemic administration of TNF-a
protein induces toxic side effects [57,58], such as fever and decreased
blood pressure, and the drug concentration at the tumor sites does
not reach to the range of therapeutic dose due to the dilution factor
after systemic administration [59], although recombinant TNF-«
protein might be effective with minimal toxicity when infused by
intraperitoneal administration, not by systemic administration. On
the other hand, administration of PEG-detachable polyplex micelles
encapsulating pVIVO-RGD4C-hTNF-o plasmid showed no remarkable
toxic side effects, while the local expression of RGD4C-hTNF-a from
the polyplex micelles in tumor stroma leads to sustain the
concentration of this cytokine enough to exhibit the antitumor effect,
even by single-administration regimen. In addition, TNF-a based
gene therapy may have synergistic potential for tumor eradication
when combined with ganciclovir suicide gene [60] and irradiation/
chemotherapy [61] despite of investigational therapy to date. Our
polymeric micelle systems can be also applied for cotransfection with
same platform. These results suggest that i.p. administration of PEG-
detachable polyplex micelles encapsulating pVIVO-RGD4C-hTNF-o
plasmid may have advantages in wide capacity for safety in the
diseased condition with peritoneal disseminated tumors.
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Fig. 7. Changes in body weight of mice treated with two types of polyplex micelles encapsulating pvVIVO-RGD4C-hTNF-a. Saline ((J); PEG-SS-P[Asp(DET)}(<); PEG-P[Asp(DET)]

(0) (n=6 in each group).
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In conclusion, we have demonstrated that PEG-detachable polyplex [17]
micelles exhibit an appreciable transgene expression in tumor, spleen
and liver without significant toxicity, resulting in the antitumor efficacy (18]
for peritoneally disseminated cancer. The safe and effective modality
for peritoneal dissemination could be achieved by gene therapy using
PEG-detachable polyplex micelles in future clinical applications. 119
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ABSTRACT

Block copolymer of poly(ethylene glycol)-block-poly{N-[N-(2-aminoethyl)-2-aminoethyl]aspartamide}
(PEG-P[Asp(DET)]) has been originally introduced as a promising gene carrier by forming a nanomicelle with
plasmid DNA. In this study, the polyplex micelle of PEG-SS-P[Asp(DET)], which disulfide linkage (SS) between
PEG and cationic polymer can detach the surrounding PEG chains upon intracellular reduction, was firstly
evaluated with respect to in vivo transduction efficiency and toxicity in comparison to that of PEG-P[Asp(DET)]in
peritoneally disseminated cancer model. Intraperitoneal (i.p.) administration of PEG-SS-P[Asp(DET)] polyplex
micelles showed a higher (P<0.05) transgene expression compared with PEG-P[Asp(DET)] in tumors. In
contrast, the delivered distribution of the micelles was not different between the two polyplex micelles.
PEG-SS-P[Asp(DET)] micelle encapsulating human tumor necrosis factor o« (hTNF-ot) gene exhibits a
higher antitumor efficacy against disseminated cancer compared with PEG-P[Asp(DET)] or saline control.
No hepatic and renal toxicities were observed by the administration of polyplex micelles. In conclusion,
PEG-detachable polyplex micelles may represent an advantage in gene transduction in vivo over PEG-

undetachable polyplex micelles after i.p. administration for peritoneal dissemination of cancer.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Gene therapy has attracted much attention as a promising
modality to treat intractable diseases, such as genetic disorder,
neurodegenerating disease and cancer [1,2]. Viral vectors, such as
adenovirus vector, have been vigorously explored in these strategies,
because the gene transfer efficiency is generally higher than nonviral
gene vector. However, the clinical use of viral vectors has consider-
able limitations with respect to safety, and it is desirable to develop a
nonviral vector. Recently, PEG-based cationic polymers (catiomers)
have been expected as one of promising alternatives to viral gene
vectors [3-8]. The block catiomers spontaneously associate with
plasmid DNA (pDNA) to form sub-100 nm polyplex micelles with
high colloidal stability by hydrophilic PEG palisade surrounding the
core under physiological conditions and substantial transfection
activity {9-14].

We have demonstrated that polyplex micelles formed by PEG-
block-poly(aspartamide) copolymers carrying the N-(2-aminoethyl)-

* Corresponding author. Tel.: +81 92 642 6209; fax: + 81 92 642 6024.
E-mail address: kenakano@med.kyushu-uw.acjp (K. Nakano).

0168-3659/5 - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.jconrel.2012.03.021

2-aminoethyl group in the side chain (PEG-P[Asp(DET)]) exhibit high
efficiency and low cytotoxicity {15]. The polyplex micelles demon-
strated appreciable gene transfer into vascular lesions in animal
model [16] and bone defect in animal models [17]. To further achieve
successful in vivo gene therapy, we have tried to modify the block
copolymer, because P[Asp(DET)] homopolymer polyplexes show
higher transfection efficiency than PEG-P[Asp(DET)] micelles [18]
and the PEG palisade surrounding P[Asp(DET)] cores hampers the
gene transfection (PEG dilemma) [19-21]. To overcome the dilemma,
we have developed PEG detachable polyplex micelles with disulfide
linkages between PEG and P[Asp(DET)], which are sensitive to the
intracellular reducing environment [22]. This micelle showed higher
gene transfection efficiency than the micelle without disulfide
linkages by several orders of magnitude in vitro assay [22]. However,
the transduction on efficacy and safety for in vivo application remains
to be evaluated.

Systemic chemotherapy is mainly conducted for the patients
bearing refractory advanced malignancies, such as liver or lung
metastasis and peritoneal dissemination [23,24]. Among these
metastases, peritoneal lesions exhibit relative resistance to systemic
chemotherapy due to peritoneal-plasma barrier, which prevents the
effective drug delivery from blood vessels into the peritoneal lesions
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[25]. In comparison with conventional systemic chemotherapy, the
intraperitoneal (i.p.) administration of hydrophobic chemotherapeu-
tic agents or vectors encapsulated therapeutic genes appears to have
an advantage for peritoneal dissemination, because the drugs are
directly delivered into the peritoneal cavity and retarded in tumor
nodules, which enables to keep high dose concentration in tumor
tissues [26]. In addition, gene therapy prevents the rapid enzymatic
degradation of therapeutic molecules, such as tumor necrosis factor a
(TNF-at), which is known to exhibit anti-tumor effect for a wide
variety of cancers [27], and the inflammation-related toxicity induced
by its systemic administration of high dose cytokines, although tumor
vasculature-specific ligands could increase an accumulation of RGD4C-
TNF-o into tumor vicinities [28,29].

In this study, we examined the feasibility of PEG detachable
polyplex micelles on transduction efficiency, therapeutic efficacy and
safety as a gene delivery system compared with the conventional
polyplex without disulfide linkage. The intraperitoneal administration of
PEG-detachable polyplex micelles with RGD4C-TNF-ai-encoding plasmid,
but not that of PEG-undetachable polyplex, revealed an appreciable in
vivo gene expression and antitumor effect against peritoneal metastases
of pancreatic cancer, despite of no difference in the preferable distribution
for tumor and lymphatic tissues.

2. Materials and methods
2.1, Chemicals

a-Methoxy-w-hydroxyl PEG (PEG-OH, M;, = 12,000, M,,/M,, = 1.03)
[-benzyl -aspartate N-carboxyanhydride (BLA-NCA) were obtained
from NOF Corporation (Tokyo, Japan) and Chuo Kaseihin Co., Inc.
(Tokyo, Japan). Methanol (MeOH), 2-aminoethanethiol, diethyl ether,
ammonia (NHs), hexane, ethyl acetate (AcOEt), and hydrochloric acid
(HCl) were purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan) and used as received. Dichloromethane (CH,Cl,), N,N-
dimethylformamide (DMF), diethylenetriamine (DET) and N-methyl~
2-pyrrolidone (NMP) were purchased from Tokyo Chemical Industry
Co. Ltd. (Tokyo, Japan) or Nacalai Tesque (Kyoto, Japan) and purified by
distillation before use. Linear polyethyleneimine (LPEl, M,,=22,000)
was purchased from Polysciences, Inc. (Warrington, PA). Water was
purified using a Milli-Q instrument (Millipore, Bedford, MA).

2.2. Synthesis and characterization of PEG-SS-P[Asp(DET)]

PEG-SS-P[Asp(DET)] was prepared as previously reported [22]
with minor modification. Briefly, PEG-OH was converted to PEG-SH
[30], of which conversion rate was estimated as 80% from 'H NMR
spectrum. The crude PEG-SH (0.85 g) was dissolved in MeOH (30 mL),
followed by the reaction with 2-aminoethanethiol (100 equiv, 0.65 g) at
room temperature to obtain PEG-SS-NH,. The polymer components
were precipitated into an excess amount of diethyl ether, and then the
filtrate was dried in vacuo. PEG-SS-NH, was isolated from the crude
product by passing through an ion-exchange gel (SP Sephadex C-50, GE
Healthcare, Tokyo, Japan) column. Adsorbed PEG-SS-NH, was eluted
from the gel by diluted NHs aqueous solution, evaporated using rotary
evaporator at 30 °C, and then lyophilized as a white powder (0.63 g in
yield). The functionality of the PEG end to the aminoethanethiol moiety
was confirmed to be 97% by an ion-exchange HPLC equipped with
TSKgel SP-5PW column (TOSOH Corporation, Tokyo, Japan).

The PEG-SS-poly(B-benzyl L-aspartate) (PEG-SS-PBLA) block co-
polymer was prepared by the ring opening polymerization of BLA-NCA
(3.3 mmol, 0.97 g) in CH,Cl,/DMF (10/1 (v/v), 23 mL) at 35 °C from the
terminal primary amino group of PEG-SS-NH; (0.04 mmol, 0.50 g). The
reaction mixture was added into an excess amount of hexane/AcOEt
(6/4 (v/v)), and then the filtrate was dried in vacuo (1.17 g in yield).
The degree of polymerization (DP) of PBLA was calculated to be 69 by 'H
NMR spectroscopy based on the peak intensity of benzyl protons of PBLA

(- OCH,CsHs, 6 =7.3 ppm) to the ethylene protons in PEG ( -
§=3.6 ppm).

Lyophilized PEG-SS-PBLA (230 mg) was dissolved in NMP (9 mL),
followed by the reaction with DET (4 mL, 50 equiv to benzyl group of
PBLA segment), diluted in NMP (4 mL) under anhydrous conditions at
5 °C. After 30 min, the reaction mixture was slowly added dropwise
into a 5N HCl aqueous solution, where the temperature of the
mixture was kept below 5 °C. Then the mixture was dialyzed against
0.01 N HCI and, subsequently, deionized water (MWCO: 12-14 kDa)
at 4 °C. The final solution was lyophilized to obtain PEG-SS-P[Asp(DET)]
(Fig. 1) as the chloride salt form (213 mg in yield). The quantitative
substitution from BLA to Asp(DET) was confirmed by the peak
disappearance of benzyl protons (—OCH,CsHs, §=7.3 ppm) and the
intensity ratio of the ethylene protons in the 1,2-diaminoethani moiety
(HoN(CH2),NH(CH,),NH-, 6 = 3.4-2.8 ppm) to the methylene protons in
PEG (~OCH,CH,, 5=23.6 ppm) in the "H NMR spectrum in D,0 (data
not shown).

OCH,CH,,

2.3. Plasmid DNA construction

A plasmid encoding luciferase (pCpG-ALuc) was kindly supplied from
Dr. Makiya Nishikawa (Kyoto University) {31]. As expression plasmids
encoding therapeutic gene, pVIVO-RGDAC-hTNF-a¢ and pCpG-RGD4C-
hTNF-o. were constructed as follows; the oligonucleotide encoding
RGD4C (CDCRGDCFC) with glycine-serine linker interposed between
RGDA4C and matured human TNF-oc (hTNF-at) sequences as a spacer was
synthesized. The open-read frame of RGD4C-hTNF-a was integrated at
the multi-cloning sites in the plasmid DNA of pVIVO1-mcs with hamster
78-kDa glucose-regulated protein (GRP78) promoter which yields
persistent high expression within the tumor micro-environment or in
the plasmid of pCpGfree-mcs to delete immunogenic CpG motifs with
human elongation factor 1 alpha core promoter (Invivogen, San Diego,
CA). The plasmid DNA was amplified in competent DH5R Escherichia coli
and purified using EndoFree Plasmid Giga Kits (QIAGEN Inc., Valencia,
CA). The pDNA concentration was determined by reading the absorbance
at 260 nm.

2.4. Preparation of PEG-SS-P[Asp(DET)]/pDNA polyplex micelles

The PEG-SS-P[Asp(DET)] block copolymer and pDNA were
separately dissolved in 10 mM Tris-HCl buffer (pH 7.4). The polymer
solution was added to a 2-times-excess volume of 375 pig/mL pDNA
solution (final pDNA concentration; 250 pg/mL) at N/P ratio=10,
which is a molar ratio of amine units in block catiomers to phosphate
units in pDNA. The mixed solution was left at 4 °C for 15 min to form
polyplex micelles and then subjected to the following experiments. Just
prior to in vivo administration, 1/10 volume of 1.5 M Na(l solution was
added to form isotonic solution. The polyplexes with PEG-P]Asp(DET)]
block copolymer (Mw of PEG: 12,000; DP of P[Asp(DET)] segment: 65)
or LPE] were similarly prepared and used as controls.

~0 O S,S

\

O

HoN_ o~~~ NH
H

Fig. 1. Chemical structure of PEG-SS-PAsp(DET).
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2.5. Dynamic light scattering (DLS) and ¢-potential measurements

DLS and ¢-potential measurements were carried out at 25 °C using
an ELSZ-SV2 (Otsuka Electronics Co., Ltd., Osaka, Japan), equipped
with a He-Ne ion laser (633 nm) as the incident beam. The polyplex
solutions were prepared at 250 ug pDNA/mL in 10 mM Tris-HCl
buffer (pH 7.4) at N/P ratio=10. In the DLS mesurement, the light
scattering data were obtained with a detection angle of 160° at 25 °C.
The rate of decay in the photon correlation function was analyzed by
the cumulant method, and the corresponding hydrodynamic diameter
of the polyplexes was then calculated by the Stokes-Einstein equation.
In the case of {-potential measurement, the {-potential was calculated
from the obtained electrophoretic mobility by the Smoluchowski
equation:

¢ =4mu/e

where 7 is the viscosity of the solvent, v is the electrophoretic mobility,
and ¢ is the dielectric constant of the solvent.

2.6. Cell lines

Human pancreatic carcinoma SUIT-2 was obtained from the
American Type Culture Collection. SUIT-2 stably expressing luciferase
protein (SUIT-2/luc) was established by cloning with limiting dilution
method after transfecting a multiply attenuated lenti viral vector for
luciferase gene provided by Dr. Takafumi Nakamura (The University
of Tokyo). SUIT-2 and SUIT-2/luc cells were grown in RPMI1640
(Wako Pure Chemical Industries, Ltd.) supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Wako Pure Chemical Industries,
Ltd.), 100 U/mL penicillin and 100 pg/mL streptomycin at 37 °C in
humidified air containing 5% CO-.

2.7. Animals

BALB/c nude and BALB/c mice (female, 6 weeks old) were purchased
from Charles River Laboratories (Tokyo, Japan). Animals were housed in
a temperature-controlled room under 12:12 h light:dark cycles and
allowed to access food and water ad libitum. Experiments were carried
out in compliance with the Guidelines for Animal Experiments of the
Kyushu University, and approved by the Animal Care and Use Commiittee
of Kyushu University.

2.8. Kinetic assay for transgene expression by in vivo bioluminescent
imaging

BALB/c nude mice were intraperitoneally inoculated with SUIT-2 cells
(1x10% cells/mouse). One week later, polyplex micelles consisting of
100 pg of pCpG-ALuc and block copolymers were administered intraper-
itoneally. In vivo bioluminescent imaging (BLI) was performed with an
IVIS Imaging System (Xenogen Biosciences, Alameda, CA) and the
bioluminescent signals were analyzed using Living Image software
(Xenogen Biosciences, Alameda, CA). At 20 min prior to in vivo imaging,
animals received the substrate p-Luciferin (Summit Pharmaceuticals
International Corporation, Tokyo, Japan) at 75 mg/kg in 10 mM phos-
phate buffered solution (pH="7.4) by intraperitoneal injection under
anesthesia with the inhalation of 3% isoflurane (Abbot Laboratories,
North Chicago, IL).

2.9. Antitumor activity of RGD4C-hTNF-« gene therapy for peritoneal
dissemination

BALB/c nude mice (female, n= 10 in each group) were intraperito-
neally inoculated with SUIT-2/luc cells (2x 10> cells/mouse). Tumors
were allowed to grow for 1 week. Subsequently, polyplex micelles of
PEG-SS-P[Asp(DET)] or PEG-P[Asp(DET)] (50 g of pVIVO-RGDAC-

hTNF-ct; N/P ratio = 10) or saline were administered into the peritoneal
cavity of mice. We used pVIVO-RGD4C-hTNF-a for cancer therapy
experiments, because the GRP promoter of pVIVO1 yields persistently
higher expression within the tumor microenvironments than elongation
factor-1 promoter of pCpGfree mcs plasmid. In a separate experiment,
we confirmed the antitumor efficacy of RGD4C-hTNF-a by comparing
pCpG-RGD4AC-hTNF-o¢ and mock (pCpGfree-mcs) plasmids to delete
immunogenic CpG motifs in peritoneal dissemination model (Supple-
mentary Fig. 1). In vivo bioluminescent imaging (BLI) was performed
with an IVIS Imaging System as described above (Section 2.8). The
survival of the mice was evaluated in each group up to 120 days after the
inoculation.

2.10. Analysis of RGD4C-hTNF-a expression by quantitative real-time
reverse-transcriptional PCR (qRT-PCR)

The expression of RGD4C-hTNF-o¢ mRNA in tumor and normal
organ tissues was evaluated by qRT-PCR. At 24 h after the injection of
polyplex micelles, tumor and the other organ tissues (spleen, liver,
kidney, lung and intestine) were obtained and snap-frozen in liquid
nitrogen for the following assays. Total RNA was extracted using
illustra™ RNAspin Mini RNA Isolation Kit (GE Healthcare UK, Ltd.,
Buckinghamshire, UK) according to the manufacturer's instruction,
and subjected to cDNA synthesis using Transcriptor First Strand cDNA
synthesis Kit (Roche Applied Science, Mannheim, Germany). Quantita-
tive real-time PCR for RGD4C-hTNF-a and f-actin as a housekeeping
gene was performed using hTNF-a primers: 5-CAGCCTCTTCTCCTTCCT-
GAT-3’ and 5’-GCCAGAGGGCTGATTAGAGA-3'; B-actin primers and
Universal Probe library set (Roche Applied Science) in the Light-
Cycler480 11 system (Roche Diagnostics, Mannheim, Germany).

2.11. Immunohistochemical analysis of RGD4C-hTNF-c expression

Tissue samples obtained on day 1 after injection of polyplex micelles
were embedded in OCT compounds and frozen in cold acetone. Frozen
sections (8-10 pm) were air dried and fixed in cold acetone for 10 min.
After blocking with 3% bovine serum albumin (BSA), the sections were
incubated with a rat anti-human TNF-« antibody (1:250; MCA1560,
AbD Serotec, Kidlington, UK) at room temperature for 1 h, followed by a
biotinylated rabbit anti-rat IgG(H-+L) (1:250; BA-4001, Vector
Laboratories Inc., Burlingame, CA) for 10 min. The sections were stained
with horseradish peroxidase-conjugated streptavidin (PK-6100, Vector
Laboratories Inc.) and 3,3’-diaminobenzidine (DAB) substrate kit
(SK-4100, Vector Laboratories Inc.).

2.12. Histochemical analysis for the in vivo distribution of polyplex
micelle

Fluolid Orange NHS (International Science Technology Co. LTD.,
Fukuoka, Japan) was conjugated to amino groups of polycations, such as
PEG-P[Asp(DET)] and PEG-SS-P[Asp(DET)], according to the manufac-
turer's protocol. Fluolid Orange-labeled polyplex micelles loading pDNA
were intraperitoneally injected at a dose of 50 ug/mouse. Mice were
sacrificed after 24 h and excised organs were frozen in OCT compounds.
The frozen samples were further sectioned at a 10-um thickness in a
cryostat. The nuclei were stained with DAPL The samples were observed
by confocal scanning laser microscopy NIKON A1 (NIKON CORPORATION,
Tokyo, Japan).

2.13. Hepatic and renal function tests

Polyplex micelles consisting of pVIVO-RGD4C-hTNF-a (50 pg/mouse,
N/P ratio=10) were intraperitoneally administered to BALB/c mice
(female, n=6). Blood was collected from the vena cava at 4, 24, and
72 h, allowed to coagulate for 4 h at 4 °C and then serum was isolated as
the supernatant fraction following centrifugation at 2000 g for 10 min.
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To assess hepatic and renal toxicities of polyplex micelles, serum
concentrations of alanine aminotransferase (ALT) and creatinine were
determined by Japan Society of Clinical Chemistry (JSCC) transferable
and enzyme methods, respectively, with 7180 Clinical Analyzer (Hitachi,
Tokyo, Japan). Body weight changes were monitored as an index of
overload influence for whole body.

2.14. Statistical analysis

Results are represented as means 4 standard deviation (SD). Data
were statistically analyzed using Student's t-test. Survival was analyzed
by Kaplan-Meier method with a log-lank test. A P value less than 0.05
was considered to represent a statistically significant difference.

3. Results
3.1. Polyplex micelle characterization

As shown in Table 1, the polyplexes from PEG-SS-P[Asp(DET)] and
PEG-P[Asp(DET)] formed the micelles in equivalent diameter at the
range of 80-90 nm. The polyplex micelles from the block copolymer
showed almost neutral ¢-potential values (~2 mV) due to the shielding
by a PEG palisade surrounding the polyplex core.

3.2. Kinetics assay for luciferase activity by bioluminescence imaging in
vivo

Fig. 2 shows the time-course changes in luciferase activity in vivo
after intraperitoneal injection of polyplex micelles with the reporter
gene. The luciferase activity was elevated with the peak at 24 h after
injection (P<0.05, each polyplex micelle-treated versus control group).
The activities were gradually declined, but sustained more than 4.2 and
2.7x10° photons/s for PEG-SS-P[Asp(DET)] and PEG-P[Asp(DET)]
groups, respectively, on day 7, which were higher (P<0.05) than the
contro} (1.24+04x10° photons/s). Next, we compared the level of
transgene expression between polyplex micelles. PEG-SS-P[Asp(DET)]
exhibited 2-orders of magnitude higher luciferase activity (1.84
1.6x 108 photons/s) than PEG-P[Asp(DET)] (3.0 1.4x 10° photons/s,
P<0.05) on day 1 after polyplex micelle injection. The luciferase activity
was still higher in PEG-SS-P{Asp(DET)] than PEG-P[Asp(DET)] group on
days 2 and 4 (P<0.05). On day 7 after injection, there was no significant
difference between the two groups.

3.3. Transgene expression in tumor and normal organ tissues

Expression levels of therapeutic gene: RGD4C-hTNF-a were
evaluated by the gRT-PCR in various tissues (Fig. 3). PEG-SS-P
[Asp(DET)] and PEG-P[Asp(DET)] polyplex micelles induced 100-
fold higher expression of RGD4C-hTNF-« in tumor nodules compared
to the control (P<0.05, Fig. 3B). Similarly, each polyplex group
showed significantly higher RGD4C-hTNF-ot expressions compared to
control in some tissues, such as spleen and liver (P<0.05, Fig. 3C,D).
Other tissues of kidney, lung and intestine showed faint transgene
expression (Fig. 3EF,G).

Next, we compared RGD4C-hTNF-a expression levels between
each polyplex micelle. PEG-SS-P[Asp(DET)] polyplex micelles-
treatment resulted in 5.0-fold higher (P=0.028) expressions of
RGD4C-hTNF-o than those of PEG-P[Asp(DET)] in tumor. In spleen

Table 1
Particle size and {-potential of polyplex micelles.

Size (nm) {-potential (mV)
PEG-SS-P[Asp(DET)] 84.740.60 197+ 1.16
PEG-P{Asp(DET)] 86.14+048 1554041
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Fig. 2. Luciferase activities after intraperitoneal administration of two types of polyplex
micelles loaded with a luciferase gene or saline. The time-dependent changes in luciferase
activities were evaluated with an IVIS Imaging System. Saline ([1); PEG-SS-P
[Asp(DET)}(<); PEG-P[Asp(DET)] (©) {(n=6 in each group; * P<0.05 versus PEG-P
[Asp(DET)]; T P<0.05 versus saline).

and liver, there was no significant difference in RGD4C-hTNF-a
expression between PEG-SS-P[Asp(DET)] and PEG-P[Asp(DET)] poly-
plex micelles.

The expression of RGD4C-hTNF-« protein was also confirmed by
immunohistochemical analysis in tumor nodules after administration
of the PEG-SS-P[Asp(DET)] and PEG-P[Asp(DET)] polyplex micelles
(Fig. 4A). The transduced RGD4C-hTNF-ou was detected in tumor
tissues, and the localization was predominately detected in peripheral
tumor sites. The expression of RGD4C-hTNF-oc was also observed in
spleen and lymph nodes for PEG-SS-P[Asp(DET)] and PEG-P[Asp(DET)]
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Fig. 3. Evaluation of RGD4C-TNF-a gene expression in organs by qRT-PCR. Saline and
two types of polyplex micelles (50 pg pDNA/mouse) were i.p. injected into mice
bearing SUIT-2 disseminated cancers. On day 1 after injection, the organ tissues were
excised, and the total RNA were extracted and subjected to the quantification of
RGD4C-TNF-a expression by qRT-PCR (A). The below graphs represent for tumor (B),
spleen (C), liver (D), kidney (E), lung (F) and intestine tissues (G). Results are means +
standard deviations (n=3 in each group; * P<0.05 versus PEG-P[Asp(DET)]; T P<0.05
versus saline).
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PEG-35-P[Asp(DET)]

PEG—PEASp(DET}}

Fig. 4. Immunostaining of RGD4C-hTNF-at in (A) tumor (x 10), (B) spleen (x 10) and
(C) lymph nodes (x20). The polyplex micelles (50 ug pVIVO-RGD4C-hTNF-oc pDNA/
mouse) were i.p. injected into mice bearing SUIT-2 disseminated cancers. On day 1
after injection, the organs were excised and immunostained with a primary anti-
human TNF-a antibody, followed by a secondary anti-rat IgG and a subsequent DAB
substrate.

groups (Fig. 4B,C). The RGDAC-hTNF-« signals were located not only in
subserous area but also in white pulp of spleen area.
3.4. In vivo distribution of polyplex micelles

The delivered locus of polyplex micelle was analyzed by confocal

laser microscopic detection of Fluolid Orange labeled polycation
(Fig. 5) in various tissues. There was no significant difference in tissue

distribution between PEG-SS-P[Asp(DET)] and PEG-P[Asp(DET)]

polyplex micelles. The two types of polyplex micelles were mainly
found in stromal regions of tumor tissues at 24 h after ip.
administration (Fig. 5A). Fluolid signals were also detected in the
white pulp of the spleen and lymph nodes post administration of
PEG-SS-P[Asp(DET)] polyplex micelles as similarly as PEG-P
[Asp(DET)] (Fig. 5B). In the liver, Fluolid signals were sparsely
observed in hepatic parenchymal area for either polyplex micelle
group (Fig. 5C). The kidney, lung, intestine, brain, ovary and heart
were not detected for Fluolid signals either in PEG-SS-P[Asp(DET)]
or PEG-P[Asp(DET)] groups (data not shown).

3.5. Antitumor activity

To compare the antitumor effect of the polyplex micelles
encapsulated with RGD4C-hTNF-a gene, we evaluated the dissemi-
nated tumor volume by bioluminescent signals from luciferase-
transfectant pancreatic cancers. The changes in relative tumor
volume (V/V,) after single i.p. administration of polyplex micelles
are shown in Fig. 6A. The time-dependent increases in tumor volume
were observed in the saline-control group (4.7 +4.1 on day 7; 48.9+
40.3 on day 14; 65.2+63.6 on day 21). The tumor growth was also

found in PEG-P[Asp(DET)] group (2.6 + 1.5 on day 7; 8.0+ 4.8 on day
14; 44.0 +-42.2 on day 21), although the growth speed was decreased
by PEG-P[Asp(DET)] polyplex micelles-treatment (P<0.05). On the
other hand, the growth suppression was obviously induced by PEG-
SS-P[Asp(DET)] polyplex micelles-treatment (2.24-2.0 on day 7; 2.7 &
23 onday 14; 5.2+ 2.1 onday 21). There were significant differences in
tumor growth between PEG-SS-P[Asp(DET)] group (P<0.05), PEG-P
[Asp(DET)] and control groups.

We next compared the survival between the polyplex micelles-
treated and control mice. The median survival of the PEG-P[Asp(DET)]
group was longer than that of control mice (57.3+7.9 versus 43.5+
7.5 days, P<0.05) (Fig. 6B). The survival of the PEG-SS-P[Asp(DET)]
group (65.9 + 6.8 days) was further prolonged (P<0.05) than those of
PEG-P[Asp(DET)] and control groups.

3.6. Toxicity study of polyplex micelles

The serum ALT concentrations as an index of hepatic toxicity did
not increase during the observation time in all groups. There were no
differences in ALT between the polyplex micelles-treated, saline and
untreated mice (Table 2A). The creatinine concentrations as an index
of renal toxicity also did not change, and no significance was observed
between the two polyplex group, saline and untreated mice
(Table 2B). Body weight was monitored as an indicator of overload
influence for whole body. It is clear that each group has no observable
side effects at 50 ug pDNA dosage except PEG-SS-P[Asp(DET)] group
at 24 h after i.p. administration in this study (Fig. 7).

4. Discussion

A challenging demand in the field of non-viral gene therapy is to
provide efficient transduction without significant toxicity. In the
present study, we explored the biodistribution, gene expression,
therapeutic efficacy and safety potentials of PEG-detachable polyplex
micelle as a gene carrier in vivo to verify our hypothesis that the PEG
release from polycation contributes to the increase in transduction
efficiency without toxicity.

PEG-SS-P[Asp(DET)] exhibited higher level of RGD4C-hTNF-«
gene expression in tumor tissue than that of PEG-P[Asp(DET)] by
gqRT-PCR analysis (Fig. 3B). It should be noted that PEG-SS-P
[Asp(DET)] reveals almost 2 order of magnitude higher in vitro [22]
and in vivo kinetics study for reporter gene expression than PEG-P
[Asp(DET)] (Fig. 2). On the other hand, the distributed location and
amount of PEG-SS-P[Asp(DET)] and PEG-P[Asp(DET)] polyplex
micelles did not differ remarkably based on the data of Fluolid
histochemical analysis (Fig. 5A). These results suggest that the major
cause for high transgene expression in tumor with the polyplex
micelles from the PEG-SS-P[Asp(DET)] may be not the difference in
distributed amount of micelles into tumors. A previous study [22] has
reported that confocal laser scanning microscopy shows the facilitat-
ed endosomal escape of pDNA with the PEG-SS-P[Asp(DET)] but not
much with PEG-P[Asp(DET)] in culture cells. Although the intracel-
lular trafficking of Fluolid in tissues was practically difficult (data not
shown), PEG detachment may lead to facilitated transfection in the
intracellular stage.

Considering the mechanism of tumor-targetability of polyplex
micelles, biodistribution of polyplex micelles should be addressed to
several aspects of enhanced permeability and retention (EPR) effect
[32] and direct penetration into tumor tissues. Possible route of gene
transfer is a direct infiltration of polyplexes to tumor tissues through
its surface. The organs in the peritoneal cavity are normally covered
with the peritoneum, subperitoneal connective tissue and serosa,
whereas the disseminated tumor nodules are devoid of such
coverings, since the interaction of cancer cells with the peritoneum
induces disruption and exfoliation of the mesothelial cells in the early
process of peritoneal metastasis [33,34]. Tumor tissues without such
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PEG-SS-P[Asp(DET)]

PG*P{Asp(DET)]

Fig. 5. Polyplex micelle localization in tumor (A), spleen (B) and liver (C). Fluolid Orange-signals labeled polyplex micelles (orange) were detected in tumor and normal organ
tissues by laser confocal microscopy at 24 h after polyplex micelle administration. The cell nuclei were stained with DAPI (blue).

barriers could be infiltrated with the polyplexes. Another possible
route of gene transfer is a tumor accumulation via blood vessels by
EPR effect [32]. However, the proportion in tumor accumulation of
polyplexes via blood vessels might not be dominant, since large
molecular compounds (M.W.>20, 000) do not efficiently drain from
peritoneal cavity to blood vessels [35,36]. An additional element
which may account for the tumor-preference is that the transduced

gene is more readily expressed in proliferating cells, such as cancer
and inflammatory cells, but little in normal quincent cells [37]. Fig. 3
showed that there are no significant differences in transgene expres-
sions in normal organs between the two types of micelles. The disulfide
linkage might be cleaved more effectively in tumor tissues, because
tumors are under more reducing conditions compared to normal organs
[38]. Since transfected gene is transported to the nucleus inefficiently
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Fig. 6. Antitumor activity of polyplex micelles with pVIVO-RGD4C-hTNF-a¢ pDNA in mice with SUIT-2/luc peritoneal dissemination. (A) Relative photon flux evaluated by IVIS
imaging system for intraperitoneal metastatic sites of SUIT-2/luc in mice treated with polyplex micelles. Saline ([73); PEG-SS-P[Asp(DET)]{¢); PEG-P{Asp(DET)] (O). Data are
expressed as averages standard deviations (* P<0.05 versus PEG-P[Asp(DET)]; T P<0.05 versus saline). (B) Kaplan-Meier analysis for survival of mice bearing peritoneal
dissemination that received i.p. injection of saline, PEG-SS-P[Asp(DET)] or PEG-P[Asp(DET)] polyplex micelles.

through the nuclear membrane during interphase, it is likely that the
breakdown of the nuclear membrane during cell cycle may be crucial
for efficient transgene expression [39,40].

An interesting finding in our fluorescence study is that i.p.
administered polyplexes tended to be predominantly delivered into
stromal regions of peripheral tumor tissues (Fig. 5A). PEG-SS-P
[Asp(DET)] and PEG-P[Asp(DET)] polyplex micelles accumulated in
stromal regions but not inside the tumor nests, because high tumor
cell density is a barrier of polyplex micelle infiltration. Drug
penetration is impeded by severe fibrosis and high interstitial
pressure [41-43]. These physiobiological features of tumor nodules
are thought to be involved in the unique distribution of polyplex
micelles after i.p. injection.

PEG-SS-P[Asp(DET)] and PEG-P[Asp(DET)] polyplex micelles also
transduced gene expression in spleen and liver (Fig. 3C, D), while the
degree of gene expression and distribution to spleen and liver was
similar in both polyplex micelles (Fig. 5B, C). Expression loci were
mainly in the inner area, but not in the outer layer area, of the spleen,

liver and lymph nodules (Fig. 4B, C). The transgene expression profile
in various organs after i.p. injection of the polyplexes is different from
that after intravenous injection, in which the lung, liver and kidney
appear as preferential expression sites, probably as a consequence of
the filtration function of these organs [44-48]. The polyplexes after
i.p. injection might enter into the lymphatics and portal blood vessels
predominantly and consequently distribute the lymphatic and liver
tissue, but minorly into systemic blood circulation to distant organs,
such as lung and kidney. Large molecular compounds (M.W.> 20,
000) hardly penetrate into normal tissues, whereas they drain to
lymphatic systems regardless of size and charge of nanoparticles
[35,36]. This property of distribution with lymphatic tropism in-
dicates that the strategy of i.p. administration would be effective to
activate immunity in the lymphatic tissues, leading to the application
for immuno-gene therapy.

In peritoneal disseminated cancer model, PEG-SS-P[Asp(DET)]
polyplex micelles encapsulating pVIVO-RGD4C-hTNF-o¢ plasmid
inhibited the proliferation of tumors more effectively compared
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Table 2

Evaluation of hepatic and renal toxicity after intraperitoneal administration of two
types of polyplex micelles encapsulating pVIVO-RGD4C-hTNF-a.. Serum ALT (A) and
creatinine (B) levels were measured at 4, 24, and 72 h after ip. administration of
polyplex micelles in mice (n==6 in each group).

Time (h) Normal Saline PEG-SS-P[Asp(DET)]  PEG-P[Asp(DET)]
(A) ALT

4 4464215 5374180 458+219 48.0+204

24 6404315 6804146 56.5+16.1

72 56.0+174 486+738 48.0+£93

(B) Creatinine

4 0144003 015+£001 0.12+002 0.13+0.02

24 016002 0164002 0.1440.03

72 0.15+£001 0.1540.02 0.124+0.03

with PEG-P[Asp(DET)] polyplex micelles (Fig. 6A). In addition, PEG-
SS-P[Asp(DET)] polyplex micelles significantly prolonged the survival
for mice with peritoneal dissemination compared with PEG-P
[Asp(DET)] polyplex micelles (Fig. 6B). The antitumor effects might
be mediated by paracrine action of RGD4C-TNF-a to tumor and
vascular endothelial cells from the polyplex micelles in tumor stroma,
although subsets of tumor species gain the resistance to TNF-o [49].
The production level of RGD4C-hTNF-o production from PEG-SS-P
[Asp(DET)] polyplex micelles was significantly higher than that from
PEG-P|Asp(DET)] polyplex micelles (Fig. 3B). High-dose TNF-o causes
destruction of newly formed blood vessels [50] and TNF-« induces a
dose-dependent reduction of tumor blood flow [51,52]. TNF-« is also
known to activate NK and macrophage cells, which might be partly
responsible for the antitumor effect of RGD4C-hTNF-& gene therapy
on peritoneal disseminated cancer. Furthermore, we constructed
RGD4C-hTNF-a expression plasmid gene to increase the specificity of
tumor vessels, because RGD4C peptide moiety specifically binds the
integrin o33, which is overexpressed on tumor vascular endothelial
cells [29]. These evidences suggest that the higher local RGD4C-hTNF-
o gene expression produced by PEG-SS-P[Asp(DET)] polyplex
micelles eradicate tumor vasculature much more than PEG-P
[Asp(DET)] polyplex micelles, resulting in an effective inhibition of
the progression of disseminated tumor.

To evaluate the toxicity of polyplex micelles, we performed
hepatic and renal function tests in mice at several time points after
transduction with RGD4C-hTNF-at expression plasmid. A previous
report [53] showed that systemically administered pDNA/cationic

liposome complex induced toxicity in the liver mainly and not in
the lung. In contrast, the hepatic function of mice treated with PEG-
SS-P{Asp(DET)] and PEG-P[{Asp(DET)] polyplex micelles encapsulat-
ing pVIVO-RGD4C-hTNF-o plasmid were kept normal as similarly as
untreated mice (Table 2A). These results indicated that polyplex
micelles are not toxic to liver tissues when the current dose was
administered via i.p., although polyplex micelles were distributed to
the liver (Fig. 5C). Secondly, no change in serum creatinine level
suggests that PEG-SS-P[Asp(DET)] and PEG-P[Asp(DET)] polyplex
micelles induce no nephrotoxicity (Table 2B). This could be explained
by the low expression of RGD4C-hTNF-at gene in the kidney (Fig. 3E)
due to little distribution of polyplex micelles to this organ (data not
shown). This was consistent with the previous report for PEI [54].
Moreover, no significant body weight loss was observed after i.p.
administration of polyplex micelles except the transient decrease at
24 h, when surgical and anesthesia stress together with polyplex i.p.
irritation might limit the intake of water and food, despite hepatic
and renal functions were intact. TNF-« fusion protein has effective
antitumor effects by repeated administrations [29], and has been
tried for clinical application as an antineoplastic agent [55,56].
However, clinical applications of TNF-a fusion protein for cancer
therapy are still limited, because systemic administration of TNF-o
protein induces toxic side effects [57,58], such as fever and decreased
blood pressure, and the drug concentration at the tumor sites does
not reach to the range of therapeutic dose due to the dilution factor
after systemic administration [59], although recombinant TNF-o
protein might be effective with minimal toxicity when infused by
intraperitoneal administration, not by systemic administration. On
the other hand, administration of PEG-detachable polyplex micelles
encapsulating pVIVO-RGD4C-hTNF-o plasmid showed no remarkable
toxic side effects, while the local expression of RGD4C-hTNF-a from
the polyplex micelles in tumor stroma leads to sustain the
concentration of this cytokine enough to exhibit the antitumor effect,
even by single-administration regimen. In addition, TNF-a¢ based
gene therapy may have synergistic potential for tumor eradication
when combined with ganciclovir suicide gene [60] and irradiation/
chemotherapy [61] despite of investigational therapy to date. Our
polymeric micelle systems can be also applied for cotransfection with
same platform. These results suggest that i.p. administration of PEG-
detachable polyplex micelles encapsulating pVIVO-RGD4C-hTNF-ou
plasmid may have advantages in wide capacity for safety in the
diseased condition with peritoneal disseminated tumors.
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Fig. 7. Changes in body weight of mice treated with two types of polyplex micelles encapsulating pVIVO-RGD4C-hTNF-c. Saline ([1); PEG-SS-P[Asp(DET)](<); PEG-P[Asp(DET)}]

(O) {(n==6 in each group).
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In conclusion, we have demonstrated that PEG-detachable polyplex
micelles exhibit an appreciable transgene expression in tumor, spleen
and liver without significant toxicity, resulting in the antitumor efficacy
for peritoneally disseminated cancer. The safe and effective modality
for peritoneal dissemination could be achieved by gene therapy using
PEG-detachable polyplex micelles in future clinical applications.
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