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A. HFFEER
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AN OFMSEEMHS L, DachPt/Gd-DTPANE X
TMET T AKBBAET IV T AZBWVTHEREY
R AMRBRICERT A LItk > T, BRHINA
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1. BEREAS A RFRBHEE 7 L IC 1T BMRA A —
7

b bR 23 A BxPC3MA G % BALB/c X — K~ 7 X
(%, 6i ) ORERRD BB T ICESEEAT D Z &1
Lo THEBA A RFIBEET V-~ A ER LT,
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UNITY INOVA imaging spectrometer (Varian,
Inc)ICE 2T U ADEEEHOMRA A —Y 7
Z{To7ce MRA A=YV 7L T, 77 b
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DTPA3 & UDachPt/Gd-DTPANEL X B L %24 5 L7
HOMRIZ F21ZR Lz, £, BER X OSIRS
BT HTEBHREDELEZRE LR EZXS3
R L7z, K2,3L 0. GAd-DTPAD 5 TIiIMRI ~
7 FNOHEKIIHERE N2 D35 725, DachPt/Gd-
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BIRMICERT 5 Z LR ENT,
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U LEZ L IO TEETH D, I,
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X R &3 725> 7= (data not shown), Z DFER LY,

INRFINETXFL—-bEELLSI N
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RN L RERENT,

— G-DTPADACHPL
—Gd-DTPA

550 650 750
Wavelangth (nm)

B2. AGdCl & Arsenazo IIIOREICEY /LN
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Efficient Delivery of Bioactive Antibodies into the Cytoplasm of Living
Cells by Charge-Conversional Polyion Complex Micelles**
Yan Lee, Takehiko Ishii, Hyun Jin Kim, Nobuhiro Nishiyama, Yoshiyuki Hayakawa, Keiji Itaka,

and Kazunori Kataoka*

Antibodies are the most important component of humoral
immunity, and can recognize and deactivate their correspond-
ing extracellular antigens with outstanding selectivity. More-
over, the development of monoclonal and humanized anti-
bodies has contributed greatly to the recent success of
antibodies as biopharmaceuticals.") However, the target of
such antibodies is limited to the cell exterior because of the
lack of a delivery system of antibodies into the interior of the
cell. Although the detection or inactivation of an intracellular
protein was partially accc lished by the intr:
expression of antibodies,” the development of an efficient
and safe delivery method of an antibody into living cells is
required for further advances in therapeutics and bioanalysis.
Various methods, such as microinjection, liposomes, cell-
penetrating peptides, and even recombinant viruses, have
been introduced;®) however, their general use is often limited
because of the need for highly specialized devices, as well as
the complexity and inefficiency of these methods.

We recently developed a novel protein-delivery system
into cytoplasm based on charge-conversional polyion com-
plex (PIC) micelles.”) The charge density of a model protein,
cytochrome c, can be temporarily increased by the modifica-
tion of the e-amines of lysine residues into charge-conver-
sional moieties, citraconic acid amide (Cit) or cis-aconitic acid
amide (Aco) (Figure1). As the positively charged lysines
convert to the negatively charged carboxylic groups by this
modification, the modified proteins become strongly anionic
and the resulting charge density can be increased significantly
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to form stable PIC micelles with cationic block copolymers
even at physiological salt concentrations. The charge-con-
verted proteins and the cationic block in the copolymer form
the core of the PIC micelle, and the polyethylene glycol
(PEG) block forms the surface shell. After the PIC micelles
were internalized to cells, the Cit and Aco rapidly degraded to
reproduce the original lysines at the endosomal pH of 5.5.
The dissociation of the PIC micelles follows the regeneration
of the original protein to release the free cationic block
copolymer, which induces the pH-dependent destabilization
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Figure 1. Preparation of the charge-conversional PIC micelles between
1gG derivatives and PEG-pAsp(DET). a) Citraconic anhydride, cis-aco-
nitic anhydride, or succinic dride. 1gG =i lobulin G, PEG-
pAsp(DET) = PEG-poly{N-[N"-(2-aminoethyl)-2-aminoethyljasparta-
mide}.
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of the endosomal membrane to aid the endosomal escape of
the protein into cytoplasm.®)

In the present study, we applied the same concept to
intracellular antibody delivery for the purpose of controlling a
cell pathway. As the molecular weight of the PIC micelle is
well over several megadaltons,”’ we expected that the charge-
conversional PIC micelle could easily deliver full immuno-
globulin G (IgG) molecules with a molecular weight of
150 kD, which are difficult to deliver into the cytoplasm of
living cells.

First, we examined the change in bioselectivity after the
charge-conversional modification of IgG by using fixed and
permeated cells in which the plasma membrane is no longer a
penetration barrier of antibodies. All experimental proce-
dures are described in detail in the Supporting Information.
The nuclear pore complex (NPC), which is a protein complex
that controls the transport of biomolecules across the nuclear
envelope, was selected as a target for the antibodies.*!
Although anti-NPC mouse IgG can recognize the NPC of
fixed cells selectively (Supporting Information, Figure Sla),
anti-NPC IgG modified with Cit (anti-NPC IgG-Cit) loses this
selectivity (Supporting Information, Figure S1b). However,
the selectivity of anti-NPC IgG-Cit is mostly recovered after
incubation at pH 5.5 (Figure 2b), contrary to the result after

Figure 2. Recognition of NPC in fixed human hepatoma (HuH-7) cells
by anti-NPC IgG-Cit after 4 h of incubation at a) pH 7.4 and b) pH 5.5.
Anti-NPC IgG-Cit was applied to the cells after fixation. The cell nuclei
were stained by Hoechst 33258 (blue), and the anti-NPC 1gG-Cit was
detected by a secondary antibody, the Alexa Fluor 488-labeled (Fab’),
fragment from goat anti-mouse 1gG (green). Scale bars: 20 um.

Fab =fragment, antigen-binding.

incubation at pH 7.4 (Figure 2a). The rapid degradation of
Cit at pH 5.5 allowed regeneration of the selectivity of anti-
NPC IgG. The selectivity change of the other derivatives, anti-
NPC IgG modified with Aco (anti-NPC IgG-Aco) and anti-
NPC IgG modified with a nondegradable succinic acid amide
(anti-NPC IgG-Suc), is shown in Figure S1 in the Supporting
Information. As expected, nondegradable anti-NPC IgG-Suc
showed no selectivity after incubation at either pH 7.4 or
pHS.S.

For the formation of PIC micelles, we selected PEG-
poly{N-[N'-(2-aminoethyl)-2-aminoethyl]aspartamide}
(PEG-pAsp(DET); 1) as a cationic block copolymer. Com-
pound 1 shows efficient cytoplasmic delivery of DNA and
proteins with minimal cytotoxicity,” and thus we expected
that the PIC micelles based on 1 would also be able to deliver

Angew. Chem. Int. Ed. 2010, 49, 25522555
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1gG into cytoplasm efficiently. The formation of PIC micelles
between the modified anti-NPC IgG derivatives and 1 was
examined by dynamic light scattering (DLS; Table 1).

Table 1: Formation of PIC micelles containing 1gG derivatives.

1gG derivative Diameter [nm]®! pDI=H
anti-NPC 1gG N.DM N.D.

anti-NPC 1gG-Cit 98.3 0.096
anti-NPC IgG-Aco 107 0.016
anti-NPC 1gG-Suc m 0121

[a] D

d by DLS. [b] Polydisp index. [c] Not determined.

Although the native anti-NPC IgG could not form the PIC
micelles with 1, anti-NPC IgG derivatives with increased
charge densities were able to form PIC micelles successfully,
even at physiological salt concentrations (150 mm NaCl). All
PIC micelles showed unimodal size distributions (Supporting
Information, Figure S2) with hydrodynamic diameters of
around 100 nm.

The pH-dependent dissociation of the charge-conver-
sional PIC micelles containing the antibody derivatives was
confirmed by the fluor hing/d hi
method."” Herein, we used Alexa Fluor 488-labeled 1gG
(Fab'), fragments from goat anti-mouse IgG as a payload in
the PIC micelles instead of whole IgG molecules to chase the
green fluorescence. The fluorescence intensity of the IgG
(Fab'), derivatives in the core of the PIC micelles was reduced
significantly as a result of the probe—probe quenching effect
(20-30%). The decreased fluorescence intensity could be
recovered after the release of the IgG (Fab'), from the PIC
micelles (Supporting Information, Figure $4). Although the
PIC micelles containing IgG (Fab'),-Cit or IgG (Fab'),-Aco
were stable at pH 7.4, they dissociated rapidly at pH 5.5. The
decrease of the charge density in IgG (Fab’), derivatives
resulting from the pH-sensitive degradation of Cit and Aco is
likely to be the main reason for this destabilization.

Next, we examined the intracellular trafficking of the
charge-conversional antibodies on the living cells without
fixation or permeation. Because the encapsulated IgG (Fab’),
derivatives were labeled with Alexa Fluor 488 (green) and the
late endosomes and lysosomes were stained with Lysotracker
Red (red), the IgG (Fab’), in the endosome showed yellow
fluorescence as a result of the co-localization of green and red
fluorescence. The IgG (Fab'), was detected as green only after
endosomal escape. IgG (Fab'),-Cit showed efficient endo-
somal escape (Figure 3a), whereas IgG (Fab'),-Aco and IgG
(Fab'),-Suc showed limited endosomal escape (Figure 3b,c).
The degrees of endosomal escape are summarized in Fig-
ure 3d as a co-localization ratio between the green and red
fluorescence; the lower the co-localization ratio, the more
efficient the endosomal éscape. The most efficient endosomal
escape of the Cit derivative corresponds to our previous
result.*’ Because pH-sensitive protonation and direct contact
with the endosomal membrane of the pAsp(DET) block are
essential for endosomal destabilization,"! the lowest endo-
somal escape of the nondissociable IgG (Fab'),-Suc PIC
micelle is reasonable.
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Figure 3. Confocal laser scanning microscopy (CLSM) images of HuH-
7 cells treated with PIC micelles containing Alexa Fluor 488-labeled
1gG (Fab'), fragment derivatives (green). a) (Fab’),-Cit, b) (Fab’),-Aco,
and c) (Fab’),-Suc. The late endosomes and lysosomes were stained
with LysoTracker Red. Scale bars: 20 pm. d) Colocalization of the green
fluorescence of (Fab'), derivatives and the red fluorescence of Lyso-
tracker Red. Error bars: standard deviation.

Finally, we examined the recognition of the NPC by the
intracellular delivery of anti-NPC IgG into living cells by PIC
micelles. The intracellular distribution of anti-NPC IgG
released from the micelles was visualized by treating the
cells with a secondary antibody, the Alexa Fluor 488-labeled
(Fab’), fragment from goat anti-mouse IgG (green), after
fixation. Note that the IgG derivative segregated in the core
of PIC micelles may not be detected by this procedure;
however, the released IgG can be selectively visualized in the
cell. Anti-NPC IgG-Cit showed excellent recognition activity
of NPC compared to the other IgG derivatives. The strong
aquamarine fluorescence from the co-localization of the anti-
NPC IgG (green) and the nucleus (blue) clearly represents
NPC recognition by the anti-NPC IgG released from the anti-
NPC IgG-Cit PIC micelles (Figure 4a). Anti-NPC IgG-Aco
also recognized the NPC, but the intensity of its green
fluorescence was lower than that of anti-NPC IgG-Cit,
probably because of its limited endosomal escape efficiency
(Figure 4b). The non-charge-conversional control, anti-NPC
IgG-Suc, showed no selectivity on the nuclear envelope
(Figure 4c).

The control of cell growth by the delivery of charge-
conversional intracellular antibodies was confirmed by count-
ing cell numbers (Figure 4d). As NPC controls the transport
of essential biomolecules between the nucleoplasm and
cytoplasm, the recognition and deactivation of NPC by anti-
NPC IgG are critical for cell growth. Cells that were treated
with anti-NPC IgG-Suc PIC micelles showed almost no
change in cell growth, whereas those treated with anti-NPC
IgG-Cit micelles showed a significant reduction in cell growth

www.angewandte.org
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Figure 4. CLSM images of HuH-7 cells treated with PIC micelles
containing a) anti-NPC 1gG-Cit, b) anti-NPC 1gG-Aco, and c) anti-NPC
1gG-Suc. The cell nuclei were stained by Hoechst 33258 (blue), and
the 1gG derivatives were detected by a secondary antibody, the Alexa
Fluor 488-labeled (Fab'), fragment from goat anti-mouse IgG (green).
Scale bars: 20 pm. d) Growth of HuH-7 cells treated by each type of
PIC micelle. White and gray bars represent the relative cell growth
after 24 and 48 h of incubation, respectively. Error bars: standard
deviation.

(P <0.05) after 48 h. The effect of the anti-NPC IgG-Aco PIC
micelles was midway between those of anti-NPC IgG-Cit and
anti-NPC IgG-Suc. A comparison with control data from a
nonspecific IgG (IgG1 kappa) is shown in Figure S6 in the
Supporting Information.

In summary, we have successfully delivered biologically
active IgG into cytoplasm by the charge-conversional PIC
micelle method for controlling cell growth. Considering that
an antibody has outstanding selectivity on its corresponding
antigen, the concept of charge-conversional intracellular
antibody delivery reported here is expected to have high
potential for the bioimaging of the intracellular structures and
functions of living cells, as well as for biotherapeutics to target
intracellular antigens. Moreover, charge-conversional PIC
micelles could be used in intravenous protein delivery, based
on the high biocompatibility and elongated circulation
provided by the PEG shell of the PIC micelles. New
therapeutic strategies with both specificity and efficiency
may also be expected through the combination of an anti-
body-based ligand for the recognition of a specific extracel-
lular antigen on the cell surface and the charge-conversional
antibody for the deactivation of an intracellular antigen.
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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 glycol)-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 (sFit-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
disulfide cross-linked polyplex micelle loading sFit-1 pDNA has a great potential for antiangiogenic
therapy against subcutaneous pancreatic tumor model by systemic application.

Keywords: Polymeric micelle; block copolymer; antiangiogenic tumor gene therapy; sFit-1
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Introduction

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

neo-vasculature formation.'? Vascular endothelial growth
factor (VEGF) is a major proangiogenic molecule, which
stimulates angiogenesis via promoting endothelial prolifera-
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tion, survival, and migration. The soluble form of VEGF
receptor-1 (fms-like tyrosine kinase-1: Flt-1) is a potent
endogeneous molecule, which can be used for antiangiogenic
therapy.>* The sFlt-1 binds to VEGF with the same affinity
and equivalent specificity as that of the original receptor,”
however it inhibits its signal transduction.

Gene therapy is becoming a promising strategy to supply
consecutive expression of antiangiogenic proteins over a
period of time. Indeed, a number of studies have already
demonstrated the potential of therapeutic genes encoding
angiogenic inhibitors to suppress tumor growth.%” The major
challenge in systemic gene therapy, however, is a need for
a safe 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, their intracellular
delivery and transfection potential require further optimiza-
tion. Recently, several reports were published on in vivo
nonviral gene therapy utilizing sFlt-1 for inhibition of tumor
angiogenesis.>’

Based on these criteria, cross-linked polyplex micelles
were designed and prepared through electrostatic interaction
of thiolated poly(ethylene glycol)-poly(L-lysine) (PEG-PLys)
block copolymers and plasmid DNA (pDNA) encoding sFlt-
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1. We have previously reported that disulfide cross-links
introduced into the polyplex micelle core contribute to the
stabilization of its structure in the extracellular entity while
facilitating smooth release of the entrapped pDNA, in
response to the reductive environment, inside the cells. 10,11
The outer hydrophilic shell layer, formed by PEG segment,
increases complex stability in serum, avoiding nonspecific
interactions 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 tumors, are characterized
by stroma-rich histology,'® which limits access of therapeutic
agents to tumor cells. Thus, the accessibility of endothelial
cells by bloodstream makes an antiangiogenic approach an
attractive 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 loaded sFlt-1 gene in tumor tissue.

Experimental Section

Materials. pDNA for luciferase (Luc) with the pCAcc
vector having the CAG promoter was provided by RIKEN
Gene Bank (Tsukuba, Japan) and amplified in competent
DHSo. Escherichia coli, followed by purification using a
NucleoBond Xtra Maxi (Machery-Nagel GmbH & Co. KG,
Diiren, Germany). Dulbecco’s modified Eagle’s medium
(DMEM) and RPMI 1640 medium were purchased from
Sigma-Aldrich Co. (Madison, WI). Fetal bovine serum (FBS)
was purchased from Dainippon Sumitomo Pharma Co., Ltd.
(Osaka, Japan). Alexa488- and Alexa647-conjugated second-
ary antibodies to rat IgG were obtained from Invitrogen
Molecular Probes (Eugene, OR). Human soluble VEGF R1/
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Fit-1 i kit was purchased from R&D Sy 3
Inc. (Mi polis, MN). Gemcitabine was ob d from Eli
Lilly and Company (Indianapolis, IN). Avastin was obtained

Zeta-Potential N t. The zeta-p 1 of poly-
plex micelles was evaluated by the laser-Doppler electro-
i hod using Nano ZS with a He—Ne ion laser

from F. Hoffmann-La Roche, Ltd. (Basel, Switzerland).
Synthesis of thiolated block copolymer, and construction and
confirmation of pDNA encoding sFlt-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 293T
cells (from RIKEN CELL BANK, Tsukuba, Japan) and
human pancreatic adenocarcinoma BxPC3 cells (from ATCC,
M VA) were d in DMEM and RPMI

di pectively, suppl d with 10% FBS in a
humidified atmosphere containing 5% CO, at 37 °C. 293T
cells were chosen for in vitro experiments as cells that did
not express sFlt-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 stated by the National Institutes of
Health.

Preparation of Polyplex Micelles. Each block copolymer
was dissolved in 10 mM Tris-HCI buffer (pH 7.4), followed
by the addition of 10-times-excess mol of dithiothreitol
(DTT) against thiol groups. After 30 min incubation at room
temperature, the polymer solution was added to a twice-
excess volume of 225 ug/mL pDNA/10 mM Tris-HCI (pH
7.4) solution to form polyplex micelles with N/P ratio = 2.
Note that N/P ratio was defined as the residual molar ratio
of amino groups of thiolated PEG-PLys to phosphate groups
of pDNA. The final pDNA concentration was adjusted to
150 yg/mL. After overnight incubation at room temp
the polyplex micelle solution was dialyzed against 10 mM
Tris-HCl buffer (pH 7.4) containing 0.5 vol% DMSO at 37
°C for 24 h to remove the impurities, followed by 24 h of
additional dialysis against 10 mM Tris-HCl buffer (pH 7.4)
or 10 mM Hepes buffer (pH 7.4) to remove DMSO. During
the dialysis, the thiol groups of thiolated block copolymers
were oxidized to form disulfide cross-links. In the in vivo
experiments, the polyplex micelle solution was adjusted to
a concentration of 100 ug of pDNA/mL in 10 mM Hepes
buffer (pH 7.4) with 150 mM NaCl.

Dy ic Light S ing (DLS) M t. The
size of the polyplex micelles was evaluated by DLS using
Nano ZS (ZEN3600, Malvern Instruments, Ltd., UK.). A
He—Ne ion laser (633 nm) was used as the incident beam.
Polyplex micelle solutions with N/P = 2 from 3 different
batches were adjusted to a concentration of 33.3 ug of
pDNA/mL in 10 mM Tris-HCI buffer (pH 7.4). The data
obtained at a detection angle of 173° and a temp of

(633 nm). Polyplex micelle solutions with N/P = 2 from 3
different batches were adjusted to a concentration of 33.3
g pDNA/mL in 10 mM Tris-HCI buffer (pH 7.4). The zeta-
potential measurements were carried out at 37 °C. A
scattering angle of 173 °C was used in these measurements.

Real-Time Gene Expression. 293T cells (100,000 cells)
were seeded on a 35 mm dish and incubated overnight. After
replacement with fresh medium containing 0.1 mM D-
luciferin, each type of polyplex micelle (N/P = 2) containing
3 ug of Luc pDNA was added. The dishes were set in a
luminometer incorporated in a CO, incubator (AB-2550
Kronos Dio, ATTO, Tokyo, Japan), and the bioluminescence
was monitored every 10 min with an exposure time of 1
min. Reproducibility was confirmed by triplicate experiments.

Antitumor Activity Assay. Balb/c nude mice were
inoculated subcutaneously with BxPC3 cells (5 x 108 cells
in 100 uL of PBS). Tumors were allowed to grow for 2—3
weeks to reach the proliferative phase (the size of the tumors
at this point was approximately 60 mm’). Subsequently,
polyplex micelles (20 ug of pDNA/mouse), gemcitabine (100
mg/kg), or Avastin (50 mg/kg) maintained in 10 mM Hepes
buffer (pH 7.4) with 150 mM NaCl were injected via the
tail vein either 3 times (Figure 2a) or 5 times (Figure 2b) at
4-day intervals. Gemcitabine and Avastin doses and injection
regimens were acoordlng to the previous reports published

Isewhere.!>16 A p icelle 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 (b), and its volume (V) was calculated according
to the formula V = 0.5ab?

In Vivo sFit-1 Gene Expression. Polyplex micelles
loading either sFlt-1 or Luc pDNA (20 ug pDNA) 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, kidneys, and tumors
were excised. The excised organs were treated in 500 uL of -
cell culture lysis buffer (Promega, Madison, WI), homog-
enized, and centrifuged. The sFlt-1 concentration of super-
natants was evaluated using the immunoassay kit according
to 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
loading either sFlit-1 or Luc pDNA (20 ug of pDNA) and
Avastin (50 mg/kg) were injected into the BXPC3-inoculated

37 °C were analyzed by a cumulant method to obtain the
hydrodynamic di and polydispersity indices (4/T%)
of micelles.
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