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Antiangiogenic Gene Therapy of Solid Tumor by
Systemic Injection of Polyplex Micelles Loading Plasmid
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Abstract: In this study, a polyplex micelle was developed as a potential formulation for antiangio-
genic gene therapy of subcutaneous pancreatic tumor model. Poly(ethylene glycoi)-poly{L-lysine)
block copolymers (PEG-PLys) with thiol groups in the side chain of the PLys segment were
synthesized and applied for preparation of disulfide cross-linked polyplex micelles through ion
complexation with plasmid DNA (pDNA) encoding the soluble form of vascular endothelial growth
factor (VEGF) receptor-1 (sFlt-1}, which is a potent antiangiogenic molecule. Antitumor activity and
gene expression of polyplex micelles with various cross-linking rates were evaluated in mice bearing
subcutaneously xenografted BxPC3 cell line, derived from human pancreatic adenocarcinoma, and
polyplex micelles with optimal cross-linking rate achieved effective suppression of tumor growth.
Significant gene expression of this micelle was detected selectively in tumor tissue, and its
antiangiogenic effect was confirmed by decreased vascular density inside the tumor. Therefore, the
disuffide cross-linked polyptex micelle loading sFit-1 pDNA has a great potential for antiangiogenic
therapy against subcutaneous pancreatic tumor model by systemic application.
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introduction

Antiangiogenic tumor gene therapy is an intensively
studied approach to inhibit tumor growth by destructing its

~ - 2 . .
neo-vasculature formation.'* Vascular endothelial growth
factor (VEGEF) is a major proangiogenic molecule, which
stimulates angiogenesis via promoting endothelial prolifera-
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tion, survival, and migration, The scluble form of VEGF
receptor-1 (fms-like tyrosine kinase-1: Fli-1} is a potent
endogeneous molecule. which can be used for anliangiogenic
therapy.” ™ The sFlt-1 binds 0 VEGF with the same affinity
and equivalent specificity as that of the original receptor.”
however 1t inhibils 1ts signal transduction.

Gene therapy is becoming a promising strategy o supply
consecutive expression of antiangiogenic proleins over w
period of time. Indeed. a number of studies have already
demonstrated the potential of therapewtic genes encoding
angiogenic inhibilors 1o suppress wmor growth.”” The major
challenge in systemic gene therapy, however, is a need for
a sale and effective vector system that can deliver the gene
to the target tissue and cells with no detrimental side effects.
In terms of safety. nonviral gene vectors are gaining
popularity over viral vectors. however. thelr intracellular
delivery and transfection potential require further optimiza-
tion. Recently. several reports were published on in vivo
nonviral gene therapy utilizing sPlt-1 for inhibition of twmor
angiogenesis. ™

Based on these criteria, cross-linked polyplex micelles
were designed and prepared through electrostatic interaction
of thiolated poly(ethylene glycol-poly(i-lysine) (PEG-PLys)
block copolymers and plasmid DNA (pDNA) enceding sih-

(13 Telkman. 1. Tumor Angiogenesis: Therapeutic Implications.
N, Lngl J. Med. 1971, 285, [182-1186.
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2001, 98 460546110,
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Lee. Moz Kim. Y. H.: Kim. 5. W. And-angiogenic Inhibition of
Tumor Growth by Systemic Delivery of PEI-g-PEG-RGD/pCM V-
sFlt-1 Complexes in Tumor-bearing Mice. J. Controlled Release
2006, 714, 381-388,
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I. We have previcusly reported that disulfide cross-links
introduced into the polyplex micelle core contribute o the
stabilization of ils structure in the extracellular entity while
facilitating smooth release of the enwrapped pDNA. in
response o the reductive environment. inside the cells.'%1!
‘The outer hydrophilic shell layer, formed by PEG segment.
increases complex stability in serum, avoeiding nonspecitic
ineractions with plasma proteins and reduces polymer
toxicity.

In this study. cross-linked polyplex micelles were systemi-
cally administered to mice bearing subcutaneously xe-
nografted BxPC3 human pancreatic adenocarcinoma and
evaluated for their transfection efficiency. Note that BxPC3
xenografts, as some intractable solid wimors, are characterized
by stroma-rich histology,™ which limits access of therapeutic
agents o tumor cells, Thus, the accessibility of endothelial
cells by bloodstiream makes an antiangiogenic approach an
atiractive strategy against this model. Here we report a potent
tumor growth inhibitory effect achieved by effective anti-
angiogenic ability by the polyplex micelles with an optimal
cross-linking degree. which enables the selective expression
of Toaded sIFIi-1 gene in twmor tissue.

Experimental Section

Materials. pDNA for luciferase {Luc) with the pCAce
vector having the CAG promoter was provided by RIKEN
Gene Baok (Tsukuba, Japam) and amplified in competent
DHSo Escherichia coli. followed by purification using a
NucleoBond Xtra Maxi (Machery-Nagel GmibIl & Co. KG.
Diren, Germany). Dulbecco’s moditied Eagle's medium
(DMEM) and RPMI 1640 medium were purchased from
Sigma-Aldrich Co. (Madison, W1). Fetal bovine serum (FBS)
was purchased {rom Dainippon Sumitomo Pharma Co., Lid.
(Osiaka, Japan). Alexad88- and Alexat47-conjugated second-
ary antibodies to rat 126G were obtained from luvitrogen
Molecular Probes (Bugene. OR). Human soluble VEGE R1/

(10y Miyata, K.: Kakizawa. Y.: Nishiyama. N.; Harada. A.: Yamasaki.
Y.: Koyama. I1: Katacka. K. Block Catiomer Polyplexes with
Regulated Densities of Charge and Disulfide Cross-hinking
Directed to Enhance Gene Expression. J. Am. Chem. Soc. 2004,
126, 2355-2361.

(11y Mivata. K. Kakizawa. Y.: Nishiyama. N.: Yamasaki. Y.: Wa-
tanabe. T.: Kohara. M. Kataoka. K. Freeze-dried Formulations
for Ja Viee Gene Delivery of PEGylated Polyplex Micelles with
Disulfide Crosslinked Cores to the Liver, J. Controlled Release
2005, 109, 15-23.

(12) haka, K.; Yamauchi. K. Harada, A Nakamura, Koo Kawagucehi.
H.: Kataoka. K. Polvion Complex Micelles {rom Plasmid DNA
and Poly(ethylene glycol)-poly{l.-lysine) Block Copolymer as
Serum-tolerable Polyplex System: Physicochemical Properties of
Micelies Relevant to Gene Transfection Efticiency. Biomaterials
2003, 24, 44954306,

(13 Kano. M. R Bae, Yo Twata, Koo Morishita, Yo Yashiro, Mo Oka,
M.: Fujii, T.: Komuro. AL Kivono, K. Kaminishi. M.: Hirakawa.
K. Ouchi. Y.: Nishivama. N.o Kataoka. K. Mivazono. K.
Improvement of Cancer-targeting Therapy. Using Nanocargers
for Intractable Solid Tumaors by Inhibition of TGE-beta Signaling.
Proe. Natl Acad. Sei USA 2007, 104, 34603465,
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Flt-1 immunocassay kit was purchased from R&D Systems,
Inc. Minneapolis, MN). Gemcitabine was obtained from Eli
Lilly and Company {Indianapolis, IN). Avaslin was obtained
from F. Hoffmann-La Roche. Lid. (Basel. Swiizerland).
Synthesis of thiolated block copolymer, and construction and
confirmation of pDNA encoding sFli-1 are shown in the

Supporting Information. A block copolymer with X% of

thiolation degree was abbreviated as "B-SHX% ™.

Cell Lines and Animals. Human embryonic kidney 2937
cells (from RIKEN CELL BANK, Tsukuba. Japan) and
human pancrealic adenocarcinoma BxPC3 cells (from ATCC,
Manassas, VA) were maintained in DMEM and RPMI
medium. respectively. supplemented with 10% FBS in a
humidified atmosphere containing 5% CO; at 37 °C. 2937
cells were chosen for in vitro experiments as cells that did
not express sit-1.1* Balb/c nude mice (female, 5 weeks old)
were purchased from Charles River Laboratories (Tokyo,
Japan). All animal experimental protocols were performed
in accordance with the Guide for the Care and Use of
Laboratory Animals as slated by the National Institutes of
Health.

Preparation of Polyplex Micelles. Iach block copolymer
was dissolved in 10 mM Tris-HCE bulfer (pH 7.4). followed
by the addition of 10-times-excess mol of dithiothreitol
(X171 against thicl groups. After 30 min incubation at room
temperature, the polymer solution was added to a twice-
excess volume of 225 go/ml. pDNA/1G mM Tris-HCT (pl]
7.45 solution to form polyplex micelles with N/P ratio = 2.
Note that N/P ratio was defined as the residual molar ratio
ol amino groups of thiolated PLG-PLys 1o phosphate groups
of pDNA. The final pDNA concentration was adjusted 1o
150 pwe/ml. After overnight incubation at room temperature,
the polyplex micelle solution was dialyzed against 10 mM
Tris-HC1 buffer (pH 7.4} containing 0.5 vol% DMSO at 37
“C for 24 h o remove the impurities, followed by 24 h of
additional dialysis against 10 mM Tris-HCI bufler (pH 7.4}
or 10 mM Hepes buffer (pH 7.4) o remove DMSO. During
the dialysis, the thiol groups of thiolated block copolymers
were oxidized o form disulfide cross-links. In the in vivo
experiments, the polyplex micelle solution was adjusted o
a concentration of 100 gg of pDNA/mL in 10 mM Hepes
buffer (pl1 7.4) with 150 mM NaCl

Dynamic Light Scattering (DLS) Measorement. The
size of the polyplex micelles was evaluated by DLS using
Nano 7S (ZEN3600, Matvern Instruments, Tid., UK. A
He—Ne ion laser (633 nm) was used as the incident beam.
Polyplex micelle solutions with N/P = 2 [rfom 3 dilTerent
batches were adjusted to a concenration of 33.3 ug of
pDNA/mE in 10 mM Tris-HCI buffer (pH 7.4). The daia
obtained at a detection angle of 173° and a temperature of
37 °C were analyzed by a cumulant method w obtain the
hydrodynamic diameters and polydispersity indices (u/T7)
of micelles.

(14 Kim. W. J.: Yockman. 1. W.: Lee. Mo Jeong L Mo Kim Y. He:
Kim. & W. Sotuble I'lt-1 Gene Delivery Using PEl-g-PEG-RGD
Conjugate for Anti-angiogenesis. J. Controlled Release 2005 106,
224-234,

Zeta-Potential Measurement. The zela-potendal of poly-
plex micelles was evaluated by the laser-Doppler electro-
phoresis method using Nano 78 with a He—Ne ion laser
(633 nm). Polyplex micelle solutions with N/P = 2 from 3
different batches were adjusted to a concenuration of 33.3
wg pDNA/mL in 10 mM Tris-HCl buffer (pl 7.4). The zeta-
potential measurements were carried out at 37 *C. A
scaltering angle of 173 °C was used in these measurements.

Real-Time Gene Expression. 2937 cells (100.004) celis)
were seeded on a 35 mm dish and incubated overnight. After
replacement with fresh medium containing 0.1 mM n-
luciferin, each type of polyplex micelle (N/P = 2} containing
3 ug of Lue pDNA was added. The dishes were set in a
luminometer incorporated in a COs incubaior (AB-2550
Kronos Dio, ATTO. Tokyo. Japan). and the bioluminescence
was monitored every 10 min with an exposure lime of |
min. Reproducihility was confirmed by triplicate experiments.

Antitumor Activity Assay. Balb/c nude mice were
inoculated subcutaneously with BxPC3 cells (5 x 10° cells
in 100 xL of PBS). Tumors were allowed o grow for 2—3
weeks to reach the proliferative phase (the size of the tumors
al this point was approximately 60 mm’). Subscquently,
polyplex micelles (20 zg of pDNA/mouse), gemcitabine (100
meg/ke), or Avastin (50 mg/kg) maintained in 10 mM Hepes
buller (pI1 7.43 with 150 mM NaCl were injected via the
Lail vein either 3 tmes (Figure 2a) or 5 times (Figure 2b) al
4-day intervals. Gemeitabine and Avastin doses and injection
regimens were according to the previous reports published
elsewhere'™'® A polyplex micelle containing Luc pDNA
was used as a control formulation containing the nonthera-
peutic gene. Tumor size was measured every second day by
a digital vernier caliper across its longest (a) and shortest
diameters (51, and its volume (V) was calculated according
1o the formula V = 0.5ab°,

In Vive sFlt-1 Gene Expression. Polyplex micelles
loading either sFlt-1 or Lue pDNA (20 gg pDNA)Y were
injected into the BxPC3-inoculated mice via the tail vein on
days 0 and 4. Mice were sacrificed on day 6 after collecting
blood. and the lungs, livers. spleens. kidueys. and tumors
were excised. The excised organs were treated in 500 gL of
cell culture lysis buffer (Promega, Madison, Wi, homog-
enized. and centrifuged. The sIli-1 concentration of super-
natants was evaluated using the immunoassay kil according
10 the manufacturer’s protocol. Note that block copolymers
and polyplex micelles did not interfere with ELISA (Figure 2
in the Supporting Information).

Vascular Density in the Tumors. Polyplex micelles
Joading either sFli-1 or Lue pDNA (20 g of pDNA) and
Avastin (50 me/kg) were injected into the BxPC3-inoculated

(13) Braakhuis. B. [, M.: van Dongen. G, AL M. S Vermorken. 1 B.:
Snow. G. B. Preclinical In Vive Activity 27.2"-Difluorodeoxyey -
tidine {Gemcilabine) against Human Head and Neck Cancer.
Cancer Res. 1991, 57, 211-214.

(163 Gerber. H. Po Ferrara. N. Pharmacology and Pharmacodynamics
of Bevacizumab as Monotherapy or in Combination with Cyto-
toxje Therapy in Preclinical Studies. Cancer Res. 200565, 671~
G680,
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mice via the tail vein on days U and 4. Mice were sacrificed
on day 6, and the wmors were excised. frozen in dry-iced
acetone, and sectioned at 10 gm thickness in a cryostat
Vascular endothelial cells {VECs) were immunostained by
rat menoclonal antibody antiplatelet endothelial cell adhesion
molecule-1 (PELCAM-1) (BD Pharmingen. Franklin Lakes,
NIV and  Alexad88-conjugated secondary antibody. The
samples were observed with a confocal laser scanning
microscope (CLSM). The CLSM observation was performed
using an LSM 510 (Carl Zeiss, Oberlochen, Germany) with
an LEC Plan-Neoflur 20x objective (Carl Zeiss) at the
excitation wavelength of 488 nm (Ar laser). The PECAM-
L-positive area (%) was calculated from Alexad88-positive
pixels.

In Vivo EGFP Gene Expression in the Tumors. Poly-
plex micelles loading EGFP pDNA (20 xg of pDNA) were
injected o the BxPC3-inoculated mice via the tail vein,
Mice were sacrificed on either day 3 or day 7. Tumors were
excised, fAxed with 10% formalin, frozen, and sectioned.
VECs were immunostained by anti-PECAM-1 antibody and
Alexadd7-conjugated sccondary antibody. Alter nuclear
staining with Hoechst 33342, CLSM observation was carried
oul using the LSM 310 with the EC Plan-Neoflur 20x
objective at the excitation wavelength of 488 nm for EGFP
expression. 633 nm (He—Ne laser) for Alexa647, and 710
nm (MaiTal laser. two photon excitation; Specura-Physics.,
Mountain View. CA) for Hoechst 33342, respectively. The
representative images of wmors excised on day 3 are shown
in Figure 5. Note thal images of wmors excised on day 7
showed similar patterns o those on day 3. however with
lower intensity of EGFP expression,

Results

Formation of Polyplex Micelles, No free pDNA was
detected by agarose gel electrophoresis, confirming that all
PDNA was entrapped in disulfide cross-linked polyplex
micelles, which were prepared as previously reported through
ion complexation of block copolymers with pDNA at the
N/P ratio = 2. Free thiol groups in polyplex micelles were
estimated to be less than 2% by Ellman’s test (data not
shown), which is consistent with our previous 1'61)011.”"
Weight—weight % ratios of pDNA/micelle in each formula-
tion were as follows: 32.8% in B-SHO% formulation; 31.0%
in B-SH5%; 29.2% in B-SH11%; 26.4% in B-SH20%; and
21.0% in B-SH36%. The mean size of the micelles was
between 100 and 150 nm, with & moderate polydispersity
index between (.17 and 0.2 (Figure 3 in the Supporting
Information), while zeta-polential revealed approximately
neutral values, conlirming the formation of PEG palisade
surrounding the polyplex core {Table 1),

Real-Time Gene Expression. /n vifro real-time Lug gene
expression of polyplex micelles was evaluated using Kronos

504 MOLECULAR PHARMACEUTICS VOL. 7, NO. 2

Table 1. Sizes and Zeta-Potentials of Polyplex Micelles
with Various Cross-Linking Rates at N/P = 27

thiolation cumulant polydispersity  zeta-potential
degree (%)  dameter (nm) index (1/1'?) (mV)
a 107 + 2 0.195 + 0.021 1.66 +0.28
5 17 12 Q184 £ 0.011 1.25 £ 0.40
11 11612 0.171 + 0.013 1.02 +0.30
20 139 + 6 0.182 + 0.050 0.40 + 0.07
36 147 1 2 0.192 £ 0.061 0.96 4 0.02
“The results reported were expressed as mean | SEM (n =
3).
140000
B-SH5%
120000 L o
™
100000 / //v\
\“w_
- e / / Q\ B-SH11%
= o000 / -

/ B-SHO%
40000 LT

7
20000

B-SH36%
0 > . .
0 20 40 60 80 100 120
time (hr)

Figure 1. Real-lime luciferase gene expression of the
polyplex micelles with varying thiclation degrees at N/P
= 2 against 2837 cells.

Dio for a prolonged period (Figure 13.'7** The B-SIHS%
cross-linked polyplex micelle showed the highest gene
expression among all micelles until 60 h, Worth mentioning
is that the wansfection efticiency of the B-SH11% micelle
continued to exceed that of the B-SH5% micelle alter 60 h.
Disulfide cross-links in the polyplex core are believed 1o
contribute not only o enhanced stability of the micelles in
the medium but also to sustained release of complexed pDNA
inside the cells with a reductive environment, resulting in
polyplex micelles with higher cross-linking rates that can
maintain an appreciable transfection efficiency over a longer
time scale. Note that the B-SH36% micelle showed an
increasing trend in gene expression with time.

Antitumor Activity, Polyplex micelles containing sl¥li-1
pDNA were injected iv into mice bearing pancreatic adeno-
carcinoma BxPC3, followed by evaluation of tumor volume
(Figure 2). All the micelles were injected three times on days

(17) Takae. S.: Mivata. K.: Oba, M.: Ishai. T.: Nishivama. N.: [taka.
K.: Yamasaki. Y.: Koyama. H.o Kataoka, K. PEG-detachable
Polyplex Micelles Based on Disulfide-crosslinked Block Catomers
as Bioresponsive Nonviral Gene Vectors, [ Am. Chem. Sac. 2008,
130, 60016009,

(183 Oba. M. Aovagi. Koo Miyata. Ko Matsumoto, Y. haka, K.
Nishiyama. N.: Yamasaki. Y.: Kovama. H.: Kataoka. K. Polyplex
Micelles with Cvelic RGD Peptide Ligands and Disulfide Cross-
links Directing to the Enhanced Translection via Controlled
Intracellular Trafficking. Mol Pharmaceutics 2008, 3, 10801062,
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Figure 2. Antitumor activity of polyplex micelies with sFit-1 pDNA in subcutanecusly BxPC3-inoculated mice. (a) Effect
of thiolation degree. Hepses buffer (control) was used as a negative control. Polyplex micelles were injected iv on days
0, 4, and 8 at 20 xg pDNA/mouse, and mice were monitored for the relative tumor volume every second day. Error
bars represent the SEM (n = 8). Only the B-SH11% polyplex micelles exhibited significant retardation of tumor growth
compared to the control (P < 0.01). (b) Growth curve study with an increased dose of the B-SH11% polyplex micelles
compared to commercially available drugs. Polyplex micelles (20 ng pDNA/mouse), gemcitabine (100 mg/ky), and
Avastin {50 mg/kg) were injected iv on days 0, 4, 8, 12, and 16. Relative tumor size was measured svery second day.
Hepes buffer (control) was used as a negative control. Error bars represent the SEM (n = 5). Only the B-SH11%
polyplex micelles exhibited significant retardation of tumor growth compared to the control (P < 0.0601). P values were
calculated by multivariate ANOVA study.

—
o

et
o
e

B-SH11% sFit-1

.
Q\

0

PECAM-1 positive area (%)
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Figure 3. Immunostaining of the VECs in the BxPC3 tumor tissue by PECAM-1 antibody. Hepes buffer (control), three
types of polyplex micelles (20 ng of pDNA/mouse), and Avastin (50 mg/kg) were injected into the BxPC3-inoculated
mice via the tail vein on days 0 and 4. Mice were sacrificed on day 8, and tumors were excised and immunostained.
(a) CLSM images of immuncstained tumors. PECAM-1-positive regions are green. Bars represent 100 um. (b} Areas
of PECM-1-positive endothelium were quantified. Error bars represent the SEM (n = 15). P values were calculated by
Student's ftest. "P < 0.01 and **P < 0.001.

0, 4. and 8 (Figure 2a). The B-SH11% micelle significantly activity of B-SH11% micelle was further evaluated. implying
suppressed tumor growth compared o control mice weated a regimen with enhanced number of injections. The effect
with Hepes buffer (F < 0.01). There was no significant of the micelles was compared to commercially available
change in tumor growth alter injection of other polyplex drugs, gemcitabine, a standard chemotherapeutic agent for
micelles. implying that an optimal cross-linking rate is pancreatic tumor, and bevacizumab (Avastin, a monoclonal
required to achieve an effective expression of the gene. antibody against VEGF (Figure 2Zbj. The doses of gemcit-
Encouraged by these results, the tumor growth suppression abine and Avastin implied in our study were based on
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previous reports published elsewhere. '™ The administration
of B-SH11%/sFli-1 micelle resulted in significant suppression
of tumor growth (P < (0.001), while gemeitabine and Avastn,
under the reported experimental regimen, showed no remark-
able therapeutic effect. Note that the difference observed in
tumor volumes between the B-SH11%/Luc micelle-treated
group and the control group was nol significant,

Tumoer Vascular Density. The antiangiogenic cffect of
expressed sFli-1 was confirmed by immunostaining of VECs
using PECAM-1 (Pigure 3). Vascular density of twmors
treated with either B-SH11%/sFI-1 micelle or Avastin was
significantly lower than that of the other groups., The most
pronounced and significant effect on neo-vasculature sup-
pression was achieved by B-SH11%/sFi-1 micelle (7%
PECAM-1 positive area) over Avastin (12% PECAM-|
positive area) (F < 0.051 These resulls suggest that the
cxpressed sII-1 may entrap VEGE secreted in the wimor
tissue. thereby suppressing the growth of VECs.

In Vivo sFlt-1 Gene Expression. Expression levels of
sFlt-1 in the body were then evaluated by measuring the
amount of sFI-1 in lung, liver. spleen, kidney, wmor, and
hlood plasma using enzyme-linked immunosorbent assay
(ELISA) (Figure 4). Injection of B-SH11%/s1t-1 micelle
resulted in signiticanty higher expression ol sIl-1 selectively
in tamor tissue compared to the control, On the other hand,
injection of B-SHO%/sFlt-1 micelle or B-SH11%/Luc micelle
did not result in any difference in sFI-1 expression compared
to the control, These results strongly support that tamor-
specific elevation in sFlt-1 expression led to the significant
arowth suppression of VECs in the wmor tissue and,
eventually, the suppression of tumor growth.

In Vive Enhanced Green Fluorescence Protein
(EGEFP) Gene Expression in Tumors. The location of gene
expression in BxPC3 tumors afler administration of the
micelles was analyzed histologically using pDNA encoding
EGFP (Figare 5). As previously reported.**%2% thick fibrotic
tissue was formed around blood vessets (red) inside the
stroma of BxPC3 wmors, and nests of tumor cells (region
T were scattered in the stroma (Figure 3a). The expression
of EGEP (Figures 5b and 5¢) was ohserved mainly in the
VI:Cs and cells in stromal regions adjacent (o some vascu-
lature, indicating that VECs and fibroblasts near some
vasculatare in the stroma. but not the tumor cells. were
ransfected. As seen in Figure Sa. there were thick fibrotic
tissues around blood vessels in the BxPC3 xenografl.

(193 Miyata. K.: Oba. M.: Kano. M. R.: Fukushima. S.: Vachutinsky.
Y.: Han, M. Koyama, H.: Mivazono. K. Nishiyama. N.: Kataoka.
K. Polyplex Micelles from Triblock Copelymers Composed of
Tandemly Aligned Segments with Biocompatible. Endosomal
Fscaping. and DNA-condensing Functions for Systemic Gene
Delivery o Pancreatic Tumor Tissue. Pharm. Res. 200825, 2024~
2936,

{203 Kano. M. R Komuta. Y. Iwata. Koo Oka, M. Shiran, Y.
Morishita. Y.: Ouchi. Y.: Kalaoka, Kot Miyazono, K. Comparison
of the Effects of the Kinase Inhibitors Imatinib. Sorafenib. and
Transforming Growth Factor-f Receptor Inhibitor on Ixtravasa-
tion of Nanoparticles from Neovasculature. Cancer Sci. 2009, 100,
173-180.

506 MOLECULAR PHARMACEUTICS VOL. 7. NO. 2

(b) Liver

1000

(o3
<
D

300

amount of sFlt-1 (pg / g organ)

e BSHU% BSHT 1% BSHITS S.5HI% B-SF11% B-SH 1%,
Y Ty sFae Lac i =

centie T

571 Lue
(c) Spleen (d) Kidney
500 ano
400 400
300 A0} -~ - - - - o e e e e e e .

amount of SFIt- 1 {pg / g organ)

2
=

amount of §FIl-1 (pg / g organ)

0
e BSEO% BT 38HI o SHE% BSHI1% 8 8HI1%
cormes EEYT T s Lue core BFIT B e
(f) Blood
~ 100
g
8
B OBOF - - e e s e e
o
£
& 60
g
T 40
2
k)
100 z 20t - - - - - -
g
0 <

Figure 4. Evaluation of sFlt-1 gene expression in organs
by ELISA. Hepes buffer (control) and three types of
polyplex micelles (20 pg pDNA/mouse) were injected
into the BxPC3-inoculated mice via the tail vein on days
0 and 4. Mice were sacrificed on day 6 after collecting
blood (f), and the lungs (a), livers (b), spleens (c).
kidneys (d), and tumors (e) were excised, followed by
evaluation of sFIt-1 concentration by ELISA according
to the manufacturer's protocol. Error bars represent the
SEM (n = 8). P values were calculated by Student's t
test. *P < 0.01 and *"F < 0.001.

indicating that the penetration of polyplex micelles deep inw
the stroma or into the tumor nest was interrupted and the
cene expression was limited in the VECs and some of the
fibroblasts in the stroma. Higher levels of EGEP expression
were observed for B-SH11% micelle, confirming  their
enhanced ability o accumulate inside tumor tissue compared
0 B-SHO% micelle.

Discussion

Since all solid tumors need angiogenesis for their growth.
antiangiogenic therapy is a promising strategy for treating
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Figure 5. EGFP gene expression by polyplex micelles in the inoculated BxPC3 tumors, Hepes buffer (a) was used as
a negative control. B-SH0% (b} and B-SH11% (c) polyplex micelles containing EGFP pDNA (20 xg pDNA/mouse)
were injected into the BxPC3-inoculated mice via the tail vein. Mice were sacrificed on day 3, and tumors were
excised and immunostained. “T" indicates nests of tumor cells in tumor tissues. Bars represent 50 ym.

tumor patients. In fact. Avastin, the recombinant humanized
monoclonal antibody against VEGF, has been widely used
as an antlangiogenic drug, and its application range is
spreading 1o the various types of solid wmors.'® Other
antiangiogenic proteins,”'? e g., angiostatin. endostatin, and
soluble forms of VEGF receptor, have also received great
attention. Meanwhile, antiangiogenic gene therapy represents
an attractive alternative to antiangiogenic proteins for reasons
such as low dose, continuous expression of the therapeutic
protein, and low cost. Therefore, development ol an effective
and safe gene vector is a key 1o successful antiangiogenic
gene therapy.

In this swudy, thiolated PEG-Plys block copolymers
were applied in the formation of disullide cross-linked
polyplex micelles for delivery of pDNA encoding sPit-1.
and tested for their antiangiogenic effect on mice bearing
xenografted BxPC3 cell line, derived from human pan-
creatic adenocarcinoma. Disultide cross-links in the poly-
plex core were designed to increase blood stability of the
polyplex micelles and effectively release pDNA in the
intracellular milien.'®*® PEG palisade of the polyplex
micelle is expected to cover the polyplex core o shield
the positive charge as well as to decrease interfacial free
energy.'##* The formation of the PEG palisade surround-
ing the polyplex core was confirmed by the neutral zeta-
potential of the polyplex micelles (Table 1), B-SIT36%
micelle showed an approximately 10 times higher con-
centration of pDNA in the blood al 60 min alter iv
injection than that of the micelle without core cross-linking

{21y Sim. B. K. L.: MacDonald. N. I: Gubish. E. R. Angiostatin and
Endostatin: Endogenous Inhibitors of Tumer Growth, Cancer
Metasiasis Rev. 2000, 19, 181-190.

(22 Fischer. C.o Mazzone. M.t Jonckx. B Cameliet. P. FLLT1 and
Its Ligands VEGEB and PIGE: Drug Targets for Anti-angiogenic
Therapy. Nar. Rev. Cancer 2008, 8. 942-956.

123) Kakizawa. Y.: Kataoka. K. Block Copolvmer Micelles for Delivery
of Gene and Related Compounds. Ade. Drug Delivery Rer. 2002,

54, 203-222,

(B-SHO%) (Figure 4 in the Supporting Information). The
disulfide cross-links in the polyplex core apparently
contribute to the enhanced stability of the micelles in the
bloodstream. Note that the size of polyplex micelles is
hetween 100 and 150 nm (Table 15, which may be in a
suitahle range for accumulation in solid tumors due to
the enhanced permeability and retention (EPR) effect,”
although the size may be too large o allow the micelles
o penetrate into the stroma in pancreatic tumors. '
Nevertheless, there is a concern that excessive disulfide
cross-links interfere with the smooth release of entrapped
pIDNA in the core, resulting in decreased transfection
efficiency.'” Accordingly, optimal cross-linking density
should be determined to balance the stability and maintain
high transfection efficiency. The results of in vifro real-
time gene expression showed that B-SI53% micelle
possessed the highest efficiency among the evaluated
samples up o 60 h afler transtection. It is noteworthy that
B-SH 1% micelle exerted sustained Luc expression and
kept an appreciably high efficiency beyond 60 h (Figure
13, Apparently. gene expression is prolonged with an
increase in cross-linking rates, although excess cross-links
induced overstabilization of polyplex micelles, resulting
in decreased translection efficiency in the case ol the
B-SH20% and B-SH36% micelles. Eventually. the
B-SH36%/sFIt-1 micelle had no in vive efficiency, even
though they showed the highest stability in the blood-
sirearn among the evaluated samples (Figure 4 in the
Supporting Information). It is also noteworthy thal the
B-SH11%/sFlt-1 micelle achieved an appreciably high
therapeutic efticiency. even though it showed only limited
improvement in blood circulation time compared o the
B-SHO% and B-SH5% systems. Presumably, a sustained

(247 Matsumura. Y.: Maeda. H. A New Concept for Macromolecular
Therapeutics in Cancer Chemaotherapy: Mechanism of Tumaori-
tropic Accumulation of Proteins and the Antitumor Agent Smancs.
Cancer Res. 1986, 46, 63876302,
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profile in gene expression may have been the key to this
achievement. Note that no change in body weight of the
mice was observed during the experiment {data not
shown), indicating lew serious side eflects of polyplex
micelles.

Comparison with the commercially available agents,
gemeitabine and Avastin, confirmed the encouraging tumor
erawth suppression eflect of the B-SH11% polyplex micelle
{Figure 2b). Gemcitabine continues to be the standard therapy
in the treatment of pancreatic tumors; however, its objective
response rale is limited in patients with advanced disease.™
Avastin is a recombinant humanized monoclonal antibody
against human VEGE, which may neuualize wumor-cell-
derived VEGY in the model used here. In humans, Avastin
is the first clinically available antiangiogenic drug. and it
has been efficient when used in combined chemotherapy for
metastatic colorectal cancer®® and non-small-cell lung can-
cer.”” However. it showed no benelit in patients with
pancreatic tumors. ™ The B-SHIT1%/sFl-1 micelle signifi-
cantly suppressed tumor growth compared not only w© the
control (£ < 0.001D) but also o the B-SHIT%/T.uc micelle,
gemcilabine. and Avastin (P < 0.013 (Figure 2b). Xenografied
BxPC3 was reported not 1o respond o gemcitabine,
probably due 1o its inability 1 penetrate through the wmor
thick fibrotic Ussue and target tumeor cells, which is consistent
with our results. Lvaluation of vascular density in BxPC3
tumor (Iigure 3) clearly showed that the B-SH11%/sF1i-1
micelle decreased vascular density compared to the control
(P < 0.001), the B-STTH %/T.uc micelle (2 < 0,001, and
Avastin (P < 0.05) treated wmors.

Inhibitory effect on winor growth (Figure 23 is consistent
with the result of decreased vascular density. There are
several studies on antiangiogenic gene therapy for subcutane-
ously inoculated tumors in mice by systemic expression of
sEI-T using viral vectors, including im injection of adeno-
associated viral vectors®™ and iv injection of adenoviral
vectors to target livers.™ In these studies. however. sFli-1
was expressed mainly in organs rather than mor tissue.

(253 Rocha-Lima. . M. New Directions in the Management of
Advanced Pancreatic Cancer: a Review, Anti-Cancer Drugs 2008,
19, 435446,

{26y Hurwitz. 1. Fehrenbacher. 1.0 Novotny., Woo Cartwright. T
Hainsworth. Lt Heim. W.. Berlin. J.: Baron. A, Grifiing, S
Holmgren. Lo Ferrara. N Pyvfe. G Rogers. B Ross. R
Kabbinavar. I. Bevacizumab Plus Trinotecan. Fluorouracil. and
Leucovorin for Metastatic Colorectal Cancer. N Engl. J. Med
2004, 350, 2335-2342,

{27y Sandler. A Gray. R.: Perrv. M. C.: Brahmer, 1.: Schitler. 1. H.:
Dowlati. A.: Lilenbaum. R.: Johnson. . H. Paclitaxel-carboplatin
Alone or with Bevacizumab for Non-small-cell Lung Cancer.
N, Engl S, Med. 2006, 355, 2542-2350.

(28 Mermiman. R, L.z Hertel. 1. W Schuitz, R. M. Houghton, P. 1.
Houghion. I At Rutherford, P. G Tanzer. 1. R Boder, GL B
Grindey. G. B. Comparison of the Antitumor Activity of Gem-
citabine and Ara-C’ in a Panel of Human Breast. Colon, Lung
and Pancreatic Xenograft Madels, [nvest, New Drugs 1996 [4.
243-247,
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What was worse, the excess expression of sFit-1 in the liver
led 1o unacceptahle hepatotoxicity ' Thus, tumor-specific
expression of sFlt-1 is essential for a safe and efficient
antiangiogenic gene therapy. However, any nonviral gene
vectors loading sFlt-1 gene have failed to exhibit selective
gene expression in the tumor tissue, although they achieved
certain inhibition of tumor growth.®? In this regard. the
B-SHI11%/sFlt-1 micelle system might be promising. since
sIIt-1 expression was significantly increased selectively in
the tumor tissue compared not only to the control (P < 0.001)
but also to the B-SH11%/Luc micelle (P < 0.01), as shown
in Figure 4, without any significantly enhanced expression
in other normal tssues. Note thal no significant increase of
sIli-1 expression was observed in any normal organs treated
with B-SHO%/sFli-1 micelle or B-SH11%/Luc micelle,
Histological analyses revealed that EGFP expression of the
B-SH11%/EGEFP micelle was located mainly around VECs
but not in the tumor cells (Figure 50 probably due to
restricted permeation of micelles by thick fibrotic iissues and
pericyte-covered vasculature of the BxPC3 tumors. These
results suggested the ability of expressed sFIt-1 molecule to
entrap excess YEGF in the tumor tissue and to inhibit tumor
erowth by an antiangiogenic effect, Xenografted BxPC3
tumors in mice are characlerized by stroma-rich histology.*”
which might explain the only slight inhibitory effects on
BxPC3 growth achieved by aemecitabine® targeting mor
cells.

Conclusions

In conclusion. antiangiogenic gene therapeutic study was
carried out by iv administration of polyplex micelies with
sllt-1 pDNA o mice bearing pancrealic adenocarcinoma
BxPC3 xenografls, and the resulis demonstrated the ability
of B-SHI1% sFlt-1 micelle as a safe and effective gene
delivery system. The optimal disulfide cross-linking rate
of polyplex micelles was found (o show significant
suppression ol wmor growth. Gene expression of slli-1
by iv injection of polyplex micelles was observed in tumor
tissue only, followed by decreased vascular density and
significant suppression of tumor growth. Based on these
results, the B-SHI11% disullide cross-linked polyplex

(29 Takei. Y.: Mizukami. H.: Saga, Y. Yoshimura, L: Hasumi. Y.
Takayama. T.: Kohno. T.: Matsushita. T.: Okada. T.: Kume. A
Suzuki. M.: Ozawa. K. Suppression of Ovarian Cancer by Muscle-
Medialed Expression of Soluble VEGEFR-1/FH-1 Using Adeno-
associaled Virus Serotype 1-derived Vector. Jar. /. Cancer 2006,
120, 276-284.

(303 Liu. b T4 Lo Sul O Hoang, B Luo. S0 Soluble Fros-like

Tyrosine Kinase-1 Expression Inhibits the Growth of Multiple

Myeloma in Nude Mice, Acta Biochim. Biephvs. Sin, 2007,

J9.499-506.
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micelle with sFIt-1 pDNA s interesting and worthy to
develop further for antiangiogenic gene therapy of solid
I
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