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Fig. 10. (A) Relative diffusion time of PEG-PAsp(DET-Alexa680)-Chole block copolymers and their polyplex micelles in the Hepes buffer (pH 7.3). Closed bars: 18.7 pg/mL of block
copolymers in the solution. Open bars: 2.08 pg/mL of block copolymers in the solution. (B) Percentage of PEG-PAsp(DET-Alexa680)-Chole block copolymers associating with pDNA
in the micelle solutions at different pH. Closed bars: Hepes buffer (pH 7.3). Open bars: MES buffer (pH 5.5). Polyplex micelles were prepared at N/P = 8. Error bars in the graph

represent SEM, n = 7. *P < 0.01.

corroborates well with the result that PEG-PAsp(DET)-Chole
micelles achieved high gene transfer under the diluted conditions
(Fig. 7B). The amount of polymer associated with pDNA in PEG-
PAsp(DET)-Chole micelles (N/P = 8) at pH 7.3 estimated by FCS
(42% in Fig. 10B) was in accordance with that calculated from
ultracentrifugation analysis (45% in Fig. 4), where 340 of total 756
block copolymers per pDNA were associated with a pDNA.
Furthermore, the percentage of polymers associating with pDNA
significantly decreased upon lowering the pH from 7.3 to 5.5
(Fig. 10B). Note that ethanediamine units in the side chain of PAsp
(DET) adopt a mono-protonated form at pH 7.4 and then become
di-protonated at pH 5.5 [11,12]. Thus, this change in the charge state
of PAsp(DET) might lead to electrostatic repulsion among block
copolymers in the polyplex micelle, thereby releasing a consider-
able amount of polymers associating with pDNA at pH corre-
sponding to endosomal compartments.

3.12. Stability of polyplex micelles in the blood stream

In order to evaluate the stability of polyplex micelles in the
blood, the concentration of Cy5-pDNA in the plasma was
measured at various times after intravenous injection of poly-
plex micelles (N/P = 8) containing Cy5-pDNA via the tail vein of
mice (Fig. 11). Almost all the fluorescence from Cy5-pDNA
incorporated into PEG-PAsp(DET) micelles disappeared from the
blood 30 min after injection. On the other hand, PEG-PAsp(DET)-
Chole micelles retained more than 15% and 2% of the injected
dose of pDNA in the blood at 30 min and at 60 min after

25
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[1 PEG-PAsp(DET)-Chole

Injected dose (%)

15 30 60
Time (min)

Fig. 11. Cy5-labeled pDNA concentration in the blood after intravenous injection of
PEG-PAsp(DET) (closed bars) and PEG-PAsp(DET)-Chole (open bars) polyplex micelles
(N/P =8, 20 pug pDNA/mouse). Error bars in the graph represent SEM, n = 4. *P < 0.05
and **P < 0.01.



M. Oba et al. / Biomaterials 32 (2011) 652—663 661

injection, respectively. PEG-PAsp(DET)-Chole micelles could hold
pDNA more stably in the blood compared to PEG-PAsp(DET)
micelles, probably due to their higher stability in protei

transfection efficiency {11,13—15,24]. In general, gene vectors
inhemahzed into the cells must escape from the endosome prior to
in vesicles for efficient trans-

medium (Fig. 5).

3.13. Anti-tumor activity

Polyplex micelles containing sFit-1 pDNA were injected intra-
venously into mice-bearing pancreatic adenocarcinoma BxPC3,
followed by evaluation of tumor volume (Fig. 12). sFit-1, which is
a soluble form of VEGF receptor-1, is a well-known anti-angiogenic
protein [21,22]. We recently reported that systemic injection of
polyplex micelles containing sFit-1 pDNA into mice significantly
decreased subcutaneously inoculated BxPC3 growth (16,23}, and
therefore, this subcutaneous BXPC3 model is appropriate to eval-
uate the performance of systemic gene delivery vectors. PEG-PAsp
(DET) (N/P = 10 and 20) and PEG-PAsp(DET)-Chole (N/P = 15)
micelles were administrated every four days for three total doses,
ie. on days O, 4, and 8. Only the PEG-PAsp(DET)-Chole micelle
significantly suppressed tumor growth compared to Hepes buffer
(control) (P < 0.05).

4. Discussion
PEG-PAsp(DET) micelles are promising gene delivery vectors

due to their high transfection ability with low cytotoxicity,
however, they must be prepared at high N/P ratio to achieve high
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Fig. 12. Anti-tumor activity after intravenous injection of Hepes (diamonds), PEG-PAsp
(DET) polyplex micelles at N/P = 10 (circles), at N/P = 20 (triangles), and PEG-PAsp
(DET)-Chole polyplex micelles at N/P = 15 (squares). Error bars in the graph represent
SEM,n = 4.

femon. PAsp(DET) polycanons enabled effective escape from the
endosome into cytoplasm due to their pH-selective membrane
destabilization [12), and thus, a certain amount of PAsp(DET)
should be contained within the same endosomal compartment
with pDNA to facilitate release. PEG-PAsp(DET) micelles are needed
to be prepared at N/P > 20 for effective in vitro transfection [11}. In
this regard, we showed tHat almost all the PEG-PAsp(DET) poly-
mers added at N/P > 4, where they may form stoichiometric
charged polyplex micelles with pDNA, existed as free polymers by
ultracentrifugation analysis (Fig. 1A). Therefore, a large fraction of
PEG-PAsp(DET) polymers present in micelle solutions prepared at
high N/P ratios are not associated with pDNA in the culture medium
but still assist in the 1 escape of polyplex micelles. Indeed,
the transfection efficiency of pDNA micelles prepared with PEG-
PAsp(DET) increased with simultaneous addition of free polymer
with micelle solution prepared at N/P = 4 to the cell culture
medium (open circles in Fig. 1B), whereas similar transfection
efficiency (closed circles in Fig. 1B) was observed with PEG-PAsp
(DET) micelle solutions prepared at higher N/P ratios (which cor-
responded to the same amount of free polymer added to culture
medium in the experiments with micelle solutions prepared at
a constant N/P value of 4). This result indicates that the amount of
free polymer in the culture medium is important for improved
transfection efficiency, which is consistent with the above-
mentioned hypothesis.

In this study, a hyd moiety was i duced
into the w-terminus of the PAsp(DET) segment of PEG-PAsp(DET)
block copolymer for the purpose of achieving sufficient gene
transfer at low N/P ratio and under dilute conditions, thus further
developing PEG-PAsp(DET) micelles towards in vivo systemic
vectors (Scheme 1). PEG-PAsp(DET)-Chole was deSIgned to mcrease
the association number of biock ) with
by exploiting the hydrophobic nature of cholesterol, which
possesses high self-associating ability, to form polyplex micelles
wer the stoichiometric charge ratio. Indeed, quanuﬁcaﬁon of free
poly in micelle solutions by ultracentrift led that
the number of PEG-PAsp(DET) associating with a pDNA did not
change at N/P > 4 (N*/P > 2) and that polymer added over N/P =4
existed as free polymers unassociated with pDNA. On the other
hand, PEG-PAsp(DET)-Chole micelles prepared at N/P > 2 (N*/
P > 1) showed an increase in the number of polymers associated
with pDNA with increased N/P ratio (Fig. 4A). Furthermore, the
introduction of cholesterol contributed not only to the enhance-
ment of associating ability of polymers to pDNA, but also increased
the stability of polyplex micelles. PEG-PAsp(DET)-Chole micelles
maintained their structure for 12 h in the presence of BSA with no
change in their initial size and PDI (Fig. 5). Note that a stability of
agene delivery vector against serum proteins is an important factor
for in vitro transfection i in the presence of serum and also for in vivo
transfection via i ion and exp to complex
biological milieu in blood. Uptake of pDNA incorporating micelles
in culture cells was drastically increased by the introduction
of cholesterol (Fig. 8A), likely due to the increased stability of
polyplex micelles in the culture medium containing serum. With
respect to block copolymer \lptake (in experiments performed with
micelle sol -labeled block copol-
ymer), PEG—PAsp(DI:'l')—ChoIe was internalized into Huh-7 cells
significantly more than PEG-PAsp(DET), implying that their uptake
is enhanced when associated with polyplex micelles. CLSM obser-
vation of the intracellular distribution of polyplex micelles in
culture cells revealed that PEG-PAsp(DET)-Chole micelles could
more effectively escape from the late endosome/lysosome
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compartments compared to PEG-PAsp(DET) micelles prepared at
the same N/P ratio (Fig. 9). In order for polyplex micelles based on
the PEG-PAsp(DET) to be effective gene delivery vectors, block
copolymer should be released from polyplex micelles in the
endosome and the directly associate with the endosomal
membrane to disrupt the vesicle structure and facilitate escape of
polyplex micelles into the cytoplasm and allow pDNA to further
transport into the nucleus. The relative number of PEG-PAsp(DET)-
Chole polymers associating with pDNA estimated by FCS
measurement was significantly reduced with decreasing pH, from
42% (pH 7.3) to 24% (pH 5.5) (Fig. 10B). These results suggest that
formation of PEG-PAsp(DET)-Chole micelles over stoichiometric
charge ratio facilitated effective detachment of block copolymers
from polyplex micelles in the acidic endosome by electrostatic
repulsion among block copolymers, resulting in efficient endo-
somal escape based on destabilization of the endosomal
membrane. Transfection experiments performed in vitro revealed
that PEG-PAsp(DET)-Chole micelles achieved high transfection
efficiency at lower N/P ratios compared to PEG-PAsp(DET) micelles
(Fig. 6A). This enhanced transfection ability is likely due to
a synergistic effect between effective uptake of pDNA by increased
micelle stability, the ability to form micelles with high polymer
association above the stoichiometric N/P value, and efficient
endosomal escape by polymers released from the micellar struc-
ture upon acidification without increased cytotoxicity, even at high
N/P ratios (Fig. 6B).

Gene delivery vectors administered systemically are diluted
instantly upon injection, and cannot always reach target sites in
high concentration. Therefore, systemic gene vectors must trans-
fect efficiently even under dilute conditions. In this regard, PEG-
PAsp(DET)-Chole micelles were confirmed to overcome this issue
(Fig. 7). Furthermore, whereas the in vitro transfection efficiency of
PEG-PAsp(DET) micelles dropped dramatically with decreasing
pDNA concentration contained in the culture medium, a decrease
in transfection efficiency of PEG-PAsp(DET)-Chole micelles was
well prevented. This result corroborates well with the results of FCS
measurement of micelle solutions (Fig. 10A), which revealed that
the diffusion time of PEG-PAsp(DET)-Chole micelles was not
changed by dilution, suggesting that their association state was no
altered. The inherent characteristics of PEG-PAsp(DET)-Chole
micelles, i.e., high transfection efficiency both at low N/P ratios and
under dilute conditions, should be suitable for their use as systemic
gene delivery vectors.

The increased stability of polyplex micelles was also confirmed
by evaluation of blood circulation after systemic injection into mice
via the tail vein (Fig. 11). Naked pDNA is not stable in blood and is
reported to be degraded within 5 min after intravenous injection
[25]. Although pDNA loaded PEG-PAsp(DET) micelles retained
more than 20% of injected dose after 15 min, almost all the pDNA
were cleared from the blood after 30 min (Fig. 11). PEG-PAsp(DET)
micelles are known to easily decondense in the presence of serum
(20], thus, PEG-PAsp(DET) micelles injected directly into the blood
stream are likely to decondense and release pDNA, which is
subsequently degraded and removed from circulation. On the other
hand, PEG-PAsp(DET)-Chole micelles showed significantly pro-
longed blood circulation compared to PEG-PAsp(DET) micelles
(Fig. 11). PEG-PAsp(DET)-Chole micelles, which were stable in the
presence of BSA (Fig. 5), likely resist rapid decondensation, leading
to longer circulation time.

Polyplex micelles were further evaluated for anti-tumor activity
against a murine solid tumor model after intravenous injection in
order to evaluate their performance as systemic gene delivery
vectors (Fig. 12). Specifically, mice bearing a subcutaneously xen-
ografted BxPC3 human pancreatic adenocarcinoma tumor and
therapeutic pDNA encoding the anti-angiogenic protein sFit-1 were

used. As shown in Fig. 12, PEG-PAsp(DET) micelles showed no
significant effect, however, PEG-PAsp(DET)-Chole micelles signifi-
cantly suppressed tumor growth compared to the Hepes buffer
control. Important factors affecting the anti-tumor effect of
systemically injected gene delivery vectors are stability in the blood
and high transfection efficiency within cells at the target site [16].
PEG-PAsp(DET)-Chole micelles exhibited longer blood circulations
(Fig. 11) and also maintained high transfection ability even under
dilute conditions (Fig. 7) compared to PEG-PAsp(DET) micelles,
which correlated to higher therapeutic effect in vivo.

5. Conclusion

PEG-PAsp(DET) micelles achieve high transfection efficiency
with low cytotoxicity at high N/P ratios, however, the results of this
work showed that block copolymer added over the stoichiometric
charge ratio exists as free polymers in the micelles solution. In this
study, we further improved the design of PEG-PAsp(DET)-based
synthetic gene delivery vectors by incorporating a cholesterol
moiety into the terminus of PAsp(DET) segment in the block
copolymer. PEG-PAsp(DET)-Chole micelles could be formed over
the stoichiometric charge ratio due to self-association of choles-
terol, and achieved effective endosomal escape due to the efficient
delivery of block copolymers and pDNA into target cells and which
increased transfection efficiency at low N/P ratios and under the
dilute conditions. Furthermore, cholesterol introduction led to
increased stability of polyplex micelles in the blood, which resulted
in significant suppression of subcutaneous pancreatic tumor
growth by intravenous injection of polyplex micelles loading sFit-1
PDNA. Conventional polyplexes formed with polyethyleneimine or
cationic polypeptides have similar issues regarding the impact of
free polycations on transfection efficiency as observed with PEG-
PAsp(DET) micelles [26,27]. These polyplexes must be used at high
N/P ratio or high concentration of pDNA to achieve effective
endosomal escape and high transfection efficiency. Thus, the large
amount of free polymer can result in increased cytotoxicity in vitro
and also adverse side effects in vivo after intravenous injection. To
circumvent the issue of excess polycations not associating with
PDNA, polyplexes utilizing hydrophobic groups such as cholesterol
have been reported [28,29] and such systems show promise due to
excellent transfection efficiency. Nevertheless, those studies
focused primarily on increased stability of polyplexes by intro-
duction of cholesterol, with less attention paid to the association
number of polymers with polyplexes. In this study, we showed that
PEG-PAsp(DET)-Chole micelles with high polymer association
could be formed over the stoichiometric charge ratio by detailed
evaluation of micelle solutions using ultracentrifugation: analysis.
Enhanced stability as well as complex formation over the stoi-
chiometric charge ratio contributed to effective gene transfection
both in vitro and in vivo. These findings are extremely helpful for
design of non-viral gene vectors and represent a significant
improvement towards the use of synthetic polyplex micelle gene
delivery vectors as a practical therapeutic modality.
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Appendix

Figures with essential color discrimination. Fig. 9 in this article
may be difficult to interpret in black and white. The full color
images can be found in the on-line version, at doi:10.1016/j.
biomaterials.2010.09.022.
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DRUG DELIVERY
Improving Drug Potency and Efficacy by
Nanocarrier-Mediated Subcellular Targeting

Mami Murakami,' Horacio Cabral,"? Yu M: 2 Sh g Wu,? Mit:
Takao Yamori,” Nobuhiro Nishiyama,?** Kazunori Kataoka'2>°*

R. Kano,*

Nanocarrier d drug targeting is an ging strategy for cancer therapy and is being used, for example,
with chemotherapeutic agens for ovarian cancer. Nanocarriers are selectively accumulated in tumors as a result of
their enhanced p bility and of macr ules, thereby enhancing the antitumor activity of the
nanocarrier- assocuated drugs. We investigated the real-time subcellular fate of polymeric micelles inc i

(1,2-diaminocyclok platinum(ll) (DACHPt/m), the parent complex of oxaliplatin, in tumor tissues by ﬂuorescenoe—
based assessment of their kinetic stability. These observations revealed that DACHPt/m was extravasated from blood
vessels to the tumor tissue and dissociated inside each cell. Furthermore, DACHPt/m selectively dissociated within late

endosomes, enhancing drug delivery to the nearby nucleus relative to free

cytoplasmic detoxification sy such as

likely by ci of the

and

Thus, these drug-loaded

micelles exhibited higher antitumor activity than did oxaliplatin alone, even against oxaliplatin-resistant tumors.

These findings suggest that nanocarriers targeting subcellular comp:

iderable benefits in clin-

ical applications.

INTRODUCTION

In 2009, about 10 million people worldwide were newly diagnosed with
cancer (1). Application of nanotechnology to cancer therapy may offer
therapeutic effects that cannot be achieved with other strategies. The
main aim of this approach is to develop nanoscale drug vehicles for tar-
geted cancer therapy (2-5). Nanocarriers selectively accumulate in solid
tumors as a result of the enhanced permeability and retention (EPR)
effect, which is characterized by microvascular hyperpermeability to cir-
culating macromolecules and impaired lymphatic drainage in tumor
tissues (6). At present, several nanocarrier formulations have been ap-
proved for clinical use against ovarian cancer and HIV-associated Kaposi’s
sarcoma (Doxil) and breast cancer (Abraxane). These formulations
allow better accumulation of the drugs doxorubicin and paclitaxel in
tumors (7).

Polymeric micelles, self-assemblies of block copolymers, have gained
increasing popularity as tumor-targetable nanocarriers since they were
first used as drug vehicles in the late 1980s (8-12). These micelles, which
are several tens of nanometers in size and have a characteristic core-
shell structure consisting of a drug-loaded hydrophobic core and
poly(ethylene glycol) (PEG) hydrophilic shell, are long-lived in the
bloodstream and effectively accumulate in solid tumors after intra-
venous injection (8). The critical features of polymeric micelles for their
function as drug vehicles, including size, drug loading and release, and
specific binding to the target cells, can be modulated by engineering the
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may have c

constituent block copolymers. At present, our micelle formulations
incorporating doxorubicin, paclitaxel, SN-38, cisplatin, and (1,2-
diaminocyclohexane) platinum(II) (DACHPt) are undergoing clinical
trials (development code names NK911, NK105, NK012, NC-6004, and
NC-4016, respectively), and four of these have advanced to Phase II
studies (13-17). These clinical studies have revealed that polymeric
micelles reduce side effects from the incorporated drugs and are effec-
tive against various intractable tumors, such as triple-negative breast
cancers (18), indicating their clinical potential.

Recently, increasing attention has been paid to another potentially
useful property of nanocarriers: to achieve subcellular drug targeting.
Subcellular drug targeting of nanocarriers could enhance the pharma-
cological activity of the loaded drugs through improved subcellular drug
distribution (19). Drug vehicles designed to release active drugs in acidic
organelles, such as the endosome and lysosome, can circumvent recog-
nition by the drug efflux pump (for example, P-glycoprotein) through
internalization by endocytosis, thus overcoming multidrug resistance in
cancer cells (20-22). Here, we aimed to investigate the potential of DACHPt-
loaded micelles (DACHPt/m) for in vivo subcellular targeting, DACHPt/m
is formed by the polymer-metal complexation between DACHPt and
the carboxylic group of poly(ethylene glycol)-b-poly(glutamic acid)
[PEG-b-P(Glu)] copolymers. DACHPt is the parent complex of the
clinically approved drug oxaliplatin. Oxaliplatin has a hydrolyzable ox-
alate group to increase its solubility in water, which can be removed by
nucleophiles in biological media, such as chloride ions. Aqua complexes
([(DACH)PH(H,0)Cl]* or [(DACH)Pt(H,0),]**) of DACHPt exhibit
chemotherapeutic activity. DACHPt/m releases DACHPt and the mi-
celle structure dissociates depending on the pH and chloride jon concen-
trations, a result of ligand substitution of the Pt(IT) from the carboxylates
in the micelle core with the chloride ions in the medium (Fig. 1A) (23, 24).
Moreover, after DACHPt/m is internalized into cancer cells, it would be
expected to be exposed to different pH and chloride ion concentrations
during subcellular trafficking (25). We hypothesized that DACHPt/m
would be selectively released in low-pH cellular compartments, bypassing
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cytoplasmic detoxification and thereby improving potency and efficacy
(Fig. 1B). Indeed, we previously reported that cisplatin-loaded micelles,
which are formed in the same manner as DACHPt/m, caused different
gene expression patterns than did cisplatin alone because of their different
internalization pathways and the facilitated drug release in endosomes
and lysosomes (26). To test the above-mentioned hypothesis, we con-
structed fluorescent-labeled DACHPt/m (F-DACHPt/m) with a dual
fluorescent-labeling method so that we could follow the intracellular lo-
calization and dissociation of the micelles by using in vivo confocal mi-
croscopy, and intravitally evaluated the extravasation, penetration,
cellular uptake, and subcellular fate of DACHPt/m in tumor tissues
and their activity against human colorectal cancers.

RESULTS

Construction and characterization of F-DACHPt/m

To construct the dual fluorescent-labeled block copolymer, we con-
jugated the fluorescent dyes boron dipyrromethene (BODIPY) FL (ex-
citation wavelength, 503 nm; emission wavelength, 512 nm) and BODIPY
TR (excitation wavelength, 588 nm; emission wavelength, 616 nm) to
the a- and w-end groups of a-4-(dieth hyl)| ly(ethyl

poly(glutamic acid) in BODIPY FL-PEG-b-P(Glu)-BODIPY TR (Fig, 14).
E-DACHPt/m had a diameter of 30 nm, similar to that of DACHPt/m
(fig. S2). The intact F-DACHPt/m emitted fluorescence only from the
shell-conjugated dye (BODIPY FL) because the core-conjugated dye
(BODIPY TR) was quenched owing to its high local concentration.
The close proximity of BODIPY TR fluorophores in the core of the
micelles leads to self-quenching by the formation of nonfluorescent
ground-state BODIPY TR dimers (or higher aggregates) (27). When
DACHP! is released as a result of the ligand substitution of the Pt(II)
from the carboxylates in the micelle core with the chloride in the me-
dium, the density of the micelle core is reduced and the fluorescence of
BODIPY TR is dequenched (Fig. 1A). We investigated the release of
DACHPt from F-DACHPt/m and the fluorescence of BODIPY FL
and BODIPY TR at the surface and core of the micelles, respectively,
under conditions that icked the extracellul di (pH 7.4
and 150 mM CI"), early endosomes (pH 6.9 and 20 mM CI), and late
endosomes and lysosomes (pH 5.5 and 70 mM CI") (25). The fluores-
cence from BODIPY FL on the shell of the micelles was constant regard-
less of the pH and salt concentration of the media (Fig. 2, A to C, middle
columns), suggesting that the fluorescence from BODIPY FL can be
used to trace the position of the micelles in the biological environment.
In addition, the drug release profile of F-DACHPt/m was similar to that

glycol)-b-poly(L-glutamic acid), respectively, and thus obtained BODIPY
FL-PEG-b-P(Glu)-BODIPY TR (fig. S1). The conjugation degree for
BODIPY FL to the block copolymer was 0.2 mol BODIPY FL per mole
of polymer and for BODIPY TR was about 0.8 mol BODIPY TR per
mole of polymer. We built F-DACHPt/m by the formation of polymer-
metal complexes between DACHPt and the carboxylic groups of

Fig. 1. Design of fluorescent-labeled A
DACHPt/m (F-DACHPt/m) for visualization
of the localization and drug release in the
cell. (A) F-DACHPY/m self-assembled through
polymer-metal complex formation between
DACHPt and boron dipyrromethene (BODIPY)
FL-poly(ethylene glycol)-b-poly(glutamic

s NN\
_/—O/\”*‘ vd ]/\/\/\j\'f

of unmodified DACHPt/m, suggesting the feasibility of a direct com-
parison (Fig. 2, A to C, left columns). Under extracellular conditions,
BODIPY TR fluorescence increased after an incubation period of 17
hours, simultaneous with the release of DACHPt from F-DACHPt/m
(Fig. 2A). The release of DACHPt from F-DACHPt/m in the late en-
dosomal conditions was considerably faster (Fig. 2C) than in the extra-

DACHPt-loaded micelle
(DACHPYm)

Selaseonby

acid)-BODIPY TR in distlled water. In the 500" FLPEG-po(glami acd) BODIY TR nater
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fluorescence. (B) Schematic representation o

of h hetical subcellular path and
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cation transporters. Once oxaliplatin is in the Oxaliplatin ) ; i (DACHPYm) ~7E:lmoe1||5|za’:‘M

cytoplasm, most of the activated aqua species i o opper transporter ’
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eliminated by cellular detoxification mecha- . > " :ﬁf;‘;‘n“;'z/:yiy Intracellular

nisms, but a small fraction binds to DNA. In OQC(—»[ ():X e (:Q(‘] endocytosis. Drug

contrast, DACHPYm that enters tumor cells - | release is minimized  Early endosome

by endocytosis (middle) is exposed to an ive complexes /' due tolow chloride ~6.9 20 mM

environment with increasing acidity and fon concentration

chloride ion concentration because early en- Activation of cellular The release of

dosomes mature into the late endosomes. defense mechanisms DACHPtis burst Late endosome
5 because the chloride ~5.5 70 mM

Drug release from DACHPtm is accelerated
in the late endosomal environment close to
the perinuclear region, resulting in enhanced
efficiency of drug delivery to the nucleus.
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cellular and early endosomal conditions (Fig. 2, A and B), occurring
without any delay. Further, mirroring the DACHPt release, -DACHPt/m
exhibited more robust fluorescence recovery of BODIPY TR under the late
endosomal conditions (Fig. 2C) than under the early endosomal conditions
(Fig. 2B, right columns). Thus, the fluorescence profiles of BODIPY TR are
correlated with the release profiles of DACHPt from the micelles.

In vitro subcellular trafficking of F-DACHPt/m

The cellular internalization and fate of F-DACHPt/m in human tumor-
derived colorectal cancer (HT29) cells, which are the most frequently
used cell lines in oxaliplatin studies (28), were observed with time-lapse
confocal laser scanning microscopy (CLSM) (Fig. 3A and video S1).
The intensity of BODIPY FL fluorescence increased slightly over time
(Fig. 3B), and the BODIPY FL fluorescence in the images was clearly
visible within a 6-hour incubation (Fig. 3A). Meanwhile, with time,

BODIPY FL
) (Shell-conjugated dye)

>

DACHPt release

|

Platinum amount [%]
Relative fluorescence
intensity

Relative fluorescence

the intensity of BODIPY TR fluorescence continuously increased to a
greater extent than did that of BODIPY FL fluorescence (Fig, 3B), and the
BODIPY TR fluorescence in the images became visible at about
24 hours of incubation (Fig. 3A). This continuous increase in the intensity
of BODIPY TR fluorescence corresponds to the dequenching of BODIPY
TR fluorescence driven by the release of DACHPt in the cell. These
results suggest that F-DACHPt/m enters the cells as a micelle form
and then dissociates within the subcellular environments.

Using CLSM with higher magnification, we further evaluated the
detailed subcellular trafficking and fate of F-DACHPt/m by focusing on
individual cells. We confirmed that the micelles entered the cancer cells via
endocytosis by incubating the cells with F-DACHPt/m at 37°C and 4°C.
As endocytosis ceases at 4°C, the fluorescent signal of F-DACHPt/m
inside the cells was undetectable, whereas at 37°C, the fluorescence from
F-DACHPt/m was observed inside the cells (fig. $3). To examine the
subcellular trafficking of the micelles, we
determined the colocalization of BODIPY
FL fluorescence from F-DACHPt/m with
an early endosome marker, Rab5a-RFP,
and a late endosome and lysosome marker,
LysoTracker, in HT29 cells (Fig. 3C). Note
that individual vesicular organelles can be

/ recognized as punctate fluorescence in the
/ images. After a 6-hour incubation at 37°C,
BODIPY FL colocalized mainly with

BODIPY TR
(Core-conjugated dye)
p S
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Rab5a-RFP (yellow fluorescence in Fig, 3C,
upper images) rather than with LysoTracker.
After prolonged incubation (24 and 55 hours),
_ BODIPY FL showed decreased colocali-
| zation with Rab5a-RFP and increased co-
| localization with LysoTracker (yellow
fluorescence in Fig. 3C, lower images). This
observation was confirmed by quantifica-
tion of colocalized fluorescent intensities of
BODIPY FL with RabSa-RFP or LysoTracker
(Fig. 3D). These results suggested that the

N s o O

IG 12 18 24
Time [hours]

24 48 72 %

Time [hours]

—
B Sy

intensity

—

Platinum amount [%] ©

Relative fluorescence

micelles might localize mainly in the early
endosome until 6 hours and then move
into the late endosome/lysosome compart-
ment. Furthermore, we studied the timing
and location of the micelle dissociation
and concomitant drug release by evaluat-
ing the colocalization of F-DACHPt/m
with LysoTracker (Fig. 3E and fig. $4A)
and the quantification of BODIPY FL and
BODIPY TR fluorescent intensities (fig.
S4B), as well as the colocalization ratio
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Fig. 2. Properties of F-DACHPt/m under conditions mimicking extracellular and subcellular environments.
(A to C) Release profiles of DACHPt from DACHPt/m and F-DACHPt/m (left column) and fluorescence profiles
of BODIPY FL (middle column) and BODIPY TR (right column) under conditions mimicking (A) the extra-
cellular environment (10 mM PBS, pH 7.4, and 150 mM NaCl), (B) the early endosomal environment (10 mM
PBS, pH 6.9, and 20 mM NaCl), and (C) the late endosomal environment (10 mM PBS, pH 5.5, and 70 mM
Nadl), all at 37°C. Inset in top left panel is the magpnification of the profiles of DACHPt release until 12 hours.
The release of DACHPt from the micelles was evaluated by dialysis as described in Materials and Methods.
Data for DACHPt/m and F-DACHPt/m in the left column are shown as open and filled circles, respectively.

Data are expressed as means + SEM (n = 3).
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(Fig. 3F). The fluorescence intensity from
BODIPY FL gradually increased (fig. S4B).
Meanwhile, the fluorescence of BODIPY
TR became visible after 24-hour incuba-
tion (Fig. 3E and fig. $4A) and then in-
creased over time (fig. $4B). Both BODIPY
FL and BODIPY TR colocalized with
LysoTracker (Fig, 3E and fig. $4A), and the
colocalization ratio between BODIPY FL or
BODIPY TR and LysoTracker increased
over time (Fig. 3F). These observations sug-
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gested that F-DACHPt/m progressively
dissociated in the late endosome and
lysosomal compartments. Because these
acidic organelles reside in the perinuclear
region, F-DACHPt/m would be expected
to deliver the active platinum complexes
dose to the nudeus. Thus, in vitro confocal
microscopy revealed that F-DACHPt/m ap-
pears to exhibit late endosome/lysosome-
selective dissociation concomitant with
the release of DACHPt, thereby achiev-
ing efficient DACHPt delivery close to
the nucleus.

Effect of subcellular pathway on
drug efficiency

Oxaliplatin enters the cells by passive dif-
fusion or through copper/organic cation
transporters (29), and it then changes to
active DACHPt aqua complexes in the cy-
toplasm, some of which may ultimately
cross-link with DNA, disrupting DNA func-
tion and exerting therapeutic activity (Fig.
1B). However, 75 to 85% of activated plat-
inum drugs are sequestered by abundant
sulfur species that serve as cellular defense
mechanisms in the cytoplasm, and only 5
to 10% of oxaliplatin can bind to DNA
(Fig. 1B) (30-32). We hypothesized that
DACHPt/m facilitates drug delivery close
to the nucleus through its perinuclear sub-
cellular localization. Therefore, we studied
the pharmacological activity of DACHPt/m.
DACHPt/m displayed a value of ICs, (the
mean concentration that causes 50% growth
inhibition) against HT29 cells that was low-
er than that of oxaliplatin by a factor of 4.7
(Table 1). It is rare that a nanocarrier-
encapsulated drug surpasses the free form
of the drug for in vitro cytotoxicity (33). To
elucidate the mechanism of DACHPt/m
action, we evaluated the subcellular accu-
mulation of platinum and quantity of Pt-
DNA adducts. Exposure of HT29 cells to
oxaliplatin resulted in twice as much accu-
mulation of platinum than did exposure to
DACHPt/m (Fig. 3G). This is probably be-
cause oxaliplatin rapidly enters the cells by
diffusion and through copper/organic cat-
ion transporters (29), whereas DACHPt/m
is gradually internalized by endocytosis.
Nevertheless, we did not observe a signifi-
cant difference in the Pt-DNA adducts
formed after exposure to oxaliplatin and
DACHPt/m (Fig. 3H), indicating that
DACHPt/m may efficiently deliver the
active platinum drug to DNA (Fig. 3I).
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Fig. 3. In vitro observation of subcellular trafficking and fate of F-DACHPt/m, cellular platinum accumulation,
and formation of platinum-DNA adducts. (A) Representative images of time-lapse CLSM observation of HT29
cells treated with F-DACHPt/m (green, BODIPY FL; red, BODIPY TR; yellow, their. colocalization). (B) Relative flu-
orescence intensity of BODIPY FL (upper) and BODIPY TR (lower) of F-DACHPt/m. (C) Fluorescent images of
colocalization of BODIPY FL of DACHPt/m (green) with an early endosome marker, Rab5a-RFP (red in upper
images), or a late endosome and lysosome marker, LysoTracker (red in lower images), in HT29 cells after incu-
bation for 6, 24, and 55 hours. (D) Colocalization ratio of BODIPY FL with RabSa-RFP (open bars) or LysoTracker
(closed bars). Data are expressed as means + SEM (n = 10). **P < 0.01. (E) Fluorescent images of colocalization of
BODIPY FL (green in upper images) and BODIPY TR (green in lower images) of F-DACHPtY/m with LysoTracker
(red) in HT29 cells after incubation for 6, 24, and 55 hours. (F) Colocalization ratio of BODIPY FL (open bars) or
BODIPY TR (closed bars) with LysoTracker. Data are expressed as means + SEM (n = 10). *P < 0.05; **P < 0.01.
(G) In vitro cellular accumulation of platinum. (H) DNA platination. (I) Ratio of platinum in DNA to total platinum in
cells expressed as a percentage. DNA platination was converted from ug Pt/mg DNA to ug Pt/cell, and the ratio
was calculated. Open squares, oxaliplatin; filled squares, DACHPt/m. Data are expressed as means + SEM (n = 3).
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We also evaluated the mean concentration required for 50% growth in-
" hibition (Gls,), which is defined as in (34, 35), in a human cell panel
composed of 37 cancer cell lines (fig. S5), and investigated the correla-
tion between Gls, and expression of 26 genes that we selected on the
basis of their potential association with the pharmacological activity of
platinum compounds (36). The cytotoxic activity of oxaliplatin was
inversely correlated with the expression of metallothionein (MT1Q)
and methionine synthase (MTR), which are found in the cytoplasm
and inactivate platinum compounds. DACHPt/m cytotoxicity did not
exhibit similar correlations (table S1). We conclude that DACHPt/m
may bypass cytoplasmic detoxification by MTR and MT1Q and effi-
ciently deliver active platinum complexes to the nucleus, because they
are internalized by endocytosis and selectively release the active platinum
complexes in the late endosome/lysosome compartment (Fig. 1B).

FL. Even 12 hours later, only BODIPY FL fluorescence was observed
flowing in the blood vessels (Fig. 5B and video $3). These observations
indicate that -DACHPt/m stably circulates in the bloodstream while
maintaining their micellar structure. Images of tumor tissue revealed the
accumulation and dissociation behaviors of F-DACHPt/m (Fig. 5, C and
D, and video S3). Two hours after injection, F-DACHPt/m accumulated
within the tumor tissue because of the EPR effect and was identified within
the cells, whereas BODIPY TR fluorescence remained quenched. BODIPY
TR fluorescence gradually appeared inside the cells 4 hours after injection
and was clearly visible after 12 hours, indicating the release of DACHPt

Table 1. In vitro cytotoxicity of free oxaliplatin and DACHPt/m against
HT29 and HT29/0x cells after a 48-hour incubation. Data are expressed
as means + SEM (n = 4).

Effect of DACHPt/m on oxaliplatin resistance in vitro 1Cso (M)*
Our proposed mechanism of action of DACHPt/m led us to investigate Cells Free Oxaliplatin/ —
their efficacy in oxaliplatin-resistant cancer cells, because MTR and oxaliplatin DACHPt/m DACHPt/m
MT1Q are overexpressed in these cells (37-39). We developed lati
resistant HT29 cells (HT29/0x) by chronic exposure of HT29 cellsto  HT29 22+22 047 + 0.05 47
oxaliplatin with gradual dose escalation. Relative to the parental  r29/0x 228 +26 019+ 0.11 120
HT29 cells, HT29/0x cells were 10 times as resistant to oxaliplatin :
(Table 1). Quantitative real-time reverse transcription polymerasepchain Ratio of HT20/ax/HT29 104 94 —
reaction (RT-PCR) and Western blotting revealed that the HT29/ox cells  *ICs; values obtained from the MTT assay.
showed up-regulated messenger RNA
(mRNA) as well as protein for MTR and
MT1Q compared with HT29 cells (Fig. 4, B
Af;l% IB()} Mgf:do_‘[';fx fht; dmjrei':fhﬁ_m o 2 05 HT29  HT29/0x HT29  HT29/0x
of an with s interfering ® [
RNA (siRNA) restored the sensitivity of § € 6 Sz 04 MT1 Q— MTR -
HT29/0x cells to oxaliplatin (fig. $6). In 3 § 2%

. . N 23 £8 03
vitro cytotoxicity studies showed that &¢ , aE Actin_ Actin —
DACHPY/m was 120 times as cytotoxic £ 5 2302
as oxaliplatin in HT29/ox cells (Table 1). Z 2 Z
These results suggested that DACHPY/m ~ € ﬁ g 01
may overcome acquired resistance to 0
oxaliplatin. HT29  HT29/0x HT29 HT29/0x
In vivo intratumoral imaging of C 000 D 600
F-DACHPt/m in a human colon ) _
cancer model P Saline — 500  *Saline Lt
DACHPt/m would need to extravasate, £ O Oxaliplatin ‘E O Oxaliplatin /
penetrate into the interstitial tissue, and S 600 @ DACHPYm o 400r @ DACHPYm
be internalized by cancer cells after sys- E wlee § e
temic administration to exert the in vivo E s 0
antitumor activity predicted from the re- B g 200
sults above. We performed real-time in- E 2
travital observation of the accumulation 200 100
and subcellular fate of F-DACHPt/m in [ - ° ) )
HT?29 xenografts by using in vivo CLSM Y TTS 10 15 20 25 0 f 5 10 15 20 25
equipped with a high-speed resonant scan- Time [days] Time [days]

ner developed to acquire live tissue images
of experimental animals (fig. S7). Immedi-
ately after intravenous injection, F-DACHPY/m
was observed in the blood vessels of solid
tumors (Fig. 5A and video S2). The fluo-
rescence from F-DACHPt/m in the blood
vessels corresponded only to that of BODIPY
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Fig. 4. Expression of MT1Q and MTR in H179/ox cells and effects of DACHPt/m on HT29 and HT29/ox tu-
mors in vivo. (A) Relative mRNA of i

parent HT29 and HT29/0x cell lines. Data are expressed as means + SEM (n = 3). *P < 0.05; **P < 0.01. (B)
Western blots of MT1Q and MTR in HT29 and HT29/0x cell lines. (C and D) In vivo effect of DACHPY/m on
subcutaneous HT29 (C) and HT29/0x (D) tumor cells. Crosses, saline; open circles, oxaliplatin (8 mg/kg); filled
circles, DACHPt/m (4 mg/kg); arrows, injection of oxaliplatin and DACHPt/m; *, tumor regression; P > 0.1;
*P < 0.05; **P < 0.01. Data are expressed as means + SEM (n = 4).
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from the micelles inside the cells in the tumor tissue. The cell mem-  that DACHPt/m can overcome drug resistance by circumventing rec-
brane, stained with CellMask, and cell nuclei were substantially free ~ ognition by MTR and MT1Q, and achieve subcellular drug delivery
of F-DACHPt/m (Fig. 5, C and D, and video S3). These results were  both in vitro and in vivo to the perinuclear region of cells. It has been
consistent with our in vitro results (Fig. 3A) and suggested that  reported that drug delivery systems can overcome multidrug resistance
F-DACHPt/m percolated into interstitial

tissues and was efficiently internalized to A B
endosomal compartments of cells in a mi-

celle form, followed by dissociation of the

multimolecular structure of the micelles

in the late endosomal and lysosomal

compartments.

DACHPt/m enhances antitumor

activity and overcomes oxaliplatin

resistance in vivo

On the basis of our observations of the in

vivo behavior of F-DACHPt/m, we hy- 20 ym

pothesized that DACHPt/m may also
overcome oxaliplatin resistance in vivo. Shell dye Ci dye
Thus, we evaluated DACHPt/m in vivo c D (BODIPY FL) (BODIPY TR) Overlay
antitumor activity against subcutaneous .
HT29 and HT29/ox tumors (Fig. 4, C
and D). Although free oxaliplatin failed
to inhibit the growth of HT29/ox tumors, ~ ,
DACHPt/m exhibited substantial anti-
tumor activity in the oxaliplatin-resistant
xenograft model and successfully overcame
the oxaliplatin resistance of HT29/0x cells
in vivo (Fig. 4D). Note that DACHPt/m
also achieved higher antitumor activity
than oxaliplatin against the HT29 tumors
(Fig. 4C). Thus, our micelle-based drug  4n
delivery vehicle was able to circumvent
the detoxification mechanisms against
platinum drugs in tumor cell cytoplasm
through selective subcellular drug release
and hence overcome acquired resistance.

Overlay

DISCUSSION

Colorectal cancer is a major cause of
morbidity and mortality worldwide (1).
Oxaliplatin is currently the standard ther-
apy for colorectal cancer, and acquired
resistance to oxaliplatin is a major clinical
drawback in the treatment of colorectal
cancer [virtually all metastatic colorectal
cancer becomes resistant to oxaliplatin,
with a median time to progression of
8.7 months (40)]. The major cellular pro-
cesses by which oxaliplatin enters and
attacks cancer cells include uptake and
transport, formation of DNA adducts
and their recognition by damage re-

’
2

Fig. 5. In vivo CLSM observation of F-DACHPt/m in blood vessels and tumors after intravenous adminis-
tration. (A and B) CLSM observation of F-DACHPt/m in the blood vessels of solid tumors (A) immediately
- X . after injection and (B) in the tumor tissue at 12 hours after injection. Yellow arrows, tumor tissue; white arrow,
sponse proteins, and signal transduction  pjood vessel. (C) Time-dependent CLSM observation of F-DACHPt/m in the tumor tissues at 2, 4, 12, and 24
leading to apoptosis. Any factors that in-  hours after injection. Green, fluorescence from the shell-conjugated dyes (BODIPY FL); red, core-conjugated
terfere with these pathways can lead to  dyes (BODIPY TR); blue, cell surfaces stained by CellMask. (D) Magnification of selected areas [square regions
drug resistance (41). Here, we showed in (O] by channel.

www.ScienceTranslationalMedicine.org 5 January 2011 Vol 3 Issue 64 64ra2 6

Downloaded from stm.sciencemag.org on January 5, 2011



RESEARCH ARTICLE

by avoiding the drug efflux mechanism of P-glycoprotein (20-22). Be-
cause P-glycoprotein is not associated with platinum drug resistance
(42), we used a different approach. Our data indicate that cytoplasmic
detoxification mechanisms against platinum drugs can potentially be
avoided by using the appropriate drug delivery system.

Nanocarriers encounter numerous barriers in vivo en route to their
target during the processes of blood circulation, extravasation, pene-
tration, and cellular uptake. It is therefore difficult to extrapolate in
vivo outcomes of a drug-nanocarrier combination from its in vitro
behavior, although real-time observation of in vivo behaviors such
as we have used here can ascertain critical barriers residing in a living
body and facilitate the design of a nanocarrier optimized for in vivo
delivery. The in vivo CLSM technique that we used in this study
enabled spatiotemporal and quantitative analyses of extravasation,
tissue penetration, and cellular internalization of nanocarriers in living
animals. Using dual fluorescent labeling of DACHPt/m, we elucidated
the real-time intratumoral behavior of DACHPt/m. The dual fluores-
cent label of DACHPt micelles allowed us to trace the micelles’ posi-
tion by the ever-present fluorescent signal from the surface of the
micelles, and the drug release and dissociation of the multimolecular
structure of the micelles by the dequenching and fluorescence recovery
of the core-conjugated dye. In in vitro cellular experiments, these
micelles were internalized intact, and then they were disassembled
and the drug was released in late endosomes. In our in vivo micros-
copy, we observed that DACHPt/m maintained their micelle form
during circulation in the blood, probably because of the stable inner
core structure formed by the polymer-metal complexes, and extrava-
sated into solid tumors. DACHPt/m was able to deeply penetrate can-
cerous tissue after extravasation and was internalized by different cell
populations that were distant from the blood vessels. Such efficient
penetration of tissue is a requirement of successful drug delivery
and a prerequisite for effective subcellular targeting. It has been re-
ported that PEG-modified liposomes with 100-nm diameter accumu-
lated at perivascular regions of solid tumors and failed to penetrate the
tumor interstitium deeply (43). Although this characteristic may de-
pend on the cancer type, it is possible that the deep tumor penetration
of DACHPt/m is a result of their smaller 30-nm size. Finally, the
DACHPt/m structure dissociated at the perinuclear regions of the cell
after internalization, based on the pH and chloride ion concentration—
selective release of DACHPt. This observation is also consistent with
our hypothesis that DACHPt/m can overcome oxaliplatin resistance
in tumors by bypassing the cytoplasmic detoxification mechanisms of
MTR and MT1Q. There are, however, several limitations to the type
of study that we have performed in a subcutaneous tumor model.
Compared with subcutaneous tumors, orthotopic and spontaneously
forming tumors may have characteristic differences such as vascular
density and degree of fibrosis, which may affect the transport of
nanocarriers (44).

Our research provides one approach for subcellular targeting of
cytoplasmic drugs. Such nanocarriers have the potential to enhance
the drug efficacy and overcome drug resistance.

MATERIALS AND METHODS

Materials
y-Benzyl 1-glutamate and bis(trichloromethyl) carbonate (triphosgene)
were purchased from Sigma Chemical and Tokyo Kasei Kogyo, respec-
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tively. N,N-Dimethylformamide (DMF), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), and dimethyl sulfoxide
(DMSO) were purchased from Wako Pure Chemicals. Oxaliplatin
and NaCH;CN were purchased from Sigma-Aldrich Inc. Dichloro(1,2-
diammino cyclohexane) platinum(II) was purchased from W. C. Heraeus
GmbH. a-Methoxy-w-amino-poly(ethylene glycol) [CH;0-PEG-NHy;
molecular weight (MW), 12,000] was purchased from Nippon Oil
and Fats. BODIPY TR-succinimidyl ester, BODIPY FL-hydrazide,
LysoTracker Blue, CellLight Early Endosome-RFP (Rab5a-RFP),

Cell lines and animals

HT29 cells were purchased from the American Type Culture Collec-
tion. HT29 cells were maintained in McCoy’s 5A modified medium
(Invitrogen) containing 10% fetal bovine serum (Gibco) as well as 1%
penicillin and streptomycin (Sigma) and were cultured at 37°C in a
humidified atmosphere of 5% CO,. To develop HT29/0x cells (45),
we treated HT29 cells with oxaliplatin at ICs, doses for 1 hour. After
24 hours, cells were subcultured into new flasks and oxaliplatin was
added to a culture of 80% confluent cells. The concentration was in-
crementally increased by factors of 1.2 to 2. The process was
continued until the cells were resistant to drug concentrations at least
10 times as great. BALB/c-nu/nu mice (female; body weight, 18 to 20 g;
age, 6 weeks old) were purchased from Charles River Japan. All animal
experiments were carried out in accordance with the guidelines for
animal experiments at the University of Tokyo, Japan.

Methods

Synthesis of block copolymers. a-4-(Diethoxymethyl)benzyl-
@-amino-poly(ethylene glycol) (Ac-Bz-PEG-NH,) was previously
synthesized in our laboratory (46). Poly(ethylene glycol)-b-poly(r-glutamic
acid) [PEG-b-P(Glu)] [MWpgg, 12,000; polymerization degree of
P(Glu), 20] and Ac-Bz-PEG-b-poly(i-glutamic acid) [Ac-Bz-PEG-b-
P(Glu)] [MWpgg, 12,000; polymerization degree of P(Glu), 20] were
synthesized according to the previously described synthetic method
(47). Briefly, N-carboxyanhydride of y-benzyl 1-glutamate (BLG-
NCA) was synthesized by the Fuchs-Farthing method with triphos-
gene (48). BLG-NCA was polymerized in DMF initiated by the amino
group of CH3;0-PEG-NH, or Ac-Bz-PEG-NH, to obtain PEG-b-
poly(y-benzyl 1-glutamate) (PEG-b-PBLG) or Ac-Bz-PEG-b-PBLG,
respectively. The MW distribution of PEG-b-PBLG and Ac-Bz-PEG-
b-PBLG was determined by gel permeation chromatography (GPC)
[column, TSK-gel G3000HHR, G4000HHR (Tosoh); eluent, DMF
containing 10 mM LiCl; flow rate, 0.8 ml/min; detector, refractive index;
temperature, 25°C]. PEG-b-PBLG and Ac-Bz-PEG-b-PBLG showed
narrow MW distributions (M/M,: 1.09 and 1.16, respectively) in
GPC. The degrees of polymerization of PBLG in PEG-b-PBLG and
Ac-Bz-PEG-b-PBLG were determined to be 20 by comparing the pro-
ton ratios of methylene units in PEG (-OCH,CH,-: § = 3.7 ppm) and
phenyl groups of PBLG (-CH,C¢Hs: = 7.3 ppm) in "H-NMR (nuclear
magnetic resonance) measurement. Both PEG-b-PBLG and Ac-Bz-
PEG-b-PBLG were deprotected by mixing with 0.5 N NaOH at room
temperature to obtain PEG-b-P(Glu) and Ac-Bz-PEG-b-P(Glu), respec-
tively. Complete deprotection was confirmed by 'H NMR measurement.

Preparation of micelles. For conjugation of BODIPY TR to a
polymer, a solution of BODIPY TR-succinimidyl ester in DMSO
(1 mg/ml) was mixed with Ac-Bz-PEG-b-P(Glu). The reaction was
carried out overnight at room temperature with stirring, Unreacted
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BODIPY TR was removed by dialysis [MW cutoff (MWCO) size,
2000 daltons] against DMSO and water. To conjugate BODIPY FL
to the Ac-Bz-PEG-b-P(Glu)-BODIPY TR polymer, we mixed a solu-
tion of BODIPY FL-hydrazide in DMSO with the polymer, followed
by the addition of 1 N HCI to deprotect the acetal group. Samples
were stirred overnight at room temperature and treated with NaBH;CN
to reduce the link between BODIPY FL and the polymer. For purifi-
cation, unbound BODIPY FL was removed by dialysis (MWCO, 2000
daltons) against DMSO and water. The prepared BODIPY FL-PEG-b-
P(Glu)-BODIPY TR copolymer was freeze-dried overnight and stored
at —20°C. DACHPt/m and F-DACHPt/m were prepared according to
the previously described method (23). DACHPt (5 mM) was
suspended in distilled water and mixed with silver nitrate ([AgNOs]/
[DACHPt] = 1) to form aqueous complexes. The solution was kept
in the dark at 25°C for 24 hours. AgCl precipitates were eliminated
“by centrifugation. The supernatant was purified by passage through a
0.22-um filter. DACHPt aqueous complex solution was then mixed
with PEG-b-P(Glu) or BODIPY FL-PEG-b-P(Glu)-BODIPY TR
([Glu] = 5 mM; [DACHPt]/[Glu] = 1.0) and reacted for 120 hours
to obtain DACHPt/m or F-DACHPt/m, respectively. DACHPt/m
and F-DACHPY/m were purified by ultrafiltration (MWCO, 30,000 dal-
tons; Fig. 1A). The size distributions of DACHPt/m and F-DACHPt/m
were evaluated by dynamic light scattering at 25°C with a Zetasizer
Nano ZS90 (Malvern Instruments). The platinum content of DACHPt/m
was determined by ion-coupled plasma mass spectrometry (4500 ICP-
MS; Hewlett Packard).

Drug release and fluorescence profiles of micelles under different
conditions. The release of platinum from DACHPt/m and F-DACHPY/m
in phosphate-buffered saline (PBS) at 37°C was evaluated as described
(23). Briefly, a micelle solution of known platinum concentration was
placed inside a dialysis bag (MWCO, 2000 daltons). The solution was
then dialyzed against PBS under different conditions mimicking the
extracellular environment (10 mM PBS, pH 7.4, and 150 mM NaCl),
early endosomes (10 mM PBS, pH 6.9, and 20 mM NaCl), and late
endosomes (10 mM PBS, pH 5.5, and 70 mM NaCl) at 37°C (25). The
concentration of platinum present in the dialysate was determined
with ICP-MS. The fluorescence profiles of F-DACHPt/m were also
evaluated under the same conditions with a spectrofluorometer
(FP6600, Jasco) or NanoDrop (ND3300, Scrum). Changes in fluores-
cence intensity were measured at a defined time period.

In vitro observation of subcellular localization and the fate of
F-DACHPt/m by CLSM. HT29 cells were cultured at 1 x 10° cells in
35-mm glass-based dishes (Asahi Techno Glass). After overnight in-
cubation in a fresh medium, the cells were washed twice with PBS.
The medium was then replaced by 1 ml of fresh medium containing
F-DACHPt/m (100 uM on Pt base). Live-cell CLSM imaging was
performed with a Zeiss LSM 510 META nonlinear optics scan head
attached to an inverted Axiovert 200 M SP equipped with a 63 x 1.4
numerical aperture Plan Apochromat oil immersion objective (Carl
Zeiss). For long-term time-lapse imaging, culture dishes were
wrapped with an optically clear foil cover (Carl Zeiss) to avoid evap-
oration and mounted onto the microscope stage incubator (37°C, 5%
CO,, 90% relative humidity). Bright-field DIC (differential interference
contrast) images and fluorescent sequences were taken every 30 min
for 72 hours. BODIPY FL was excited at 488 nm with an Ar laser and
fluorescence was detected at 500 to 530 nm, whereas BODIPY TR was
excited at 543 nm with a He-Ne laser, and fluorescence was detected at
565 to 615 nm. Laser power was kept low at 0.36 mW for 488 nm and
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at 0.018 mW for 543 nm so that photobleaching was negligible. To
determine whether DACHPt/m was taken up by endocytosis, we treated
HT29 cells with F-DACHPt/m at 37°C or 4°C for 6 hours and then
observed by CLSM. For the colocalization studies, we used micelles
prepared from BODIPY FL-PEG-P(Glu) that only emit fluorescence
from the shell. HT29 cells, which had been preincubated with CellLight
Early Endosome-RFP to express an early endosome marker, Rab5a-RFP,
were treated with BODIPY FL-conjugated DACHPt/m, and images
were taken at indicated time points after staining with LysoTracker
Blue. Rab5a-RFP was excited at 543 nm with a He-Ne laser, and flu-
orescence was detected at 565 to 615 nm. LysoTracker Blue was excited
in multiphoton mode at 710 nm with a Mai Tai tunable broadband
laser (Spectra-Physics), and fluorescence was detected at 390 to 465 nm.
Colocalization was quantified as follows:

amount of colocalization (%)
= BODIPY FL pixelS,yocaizasion/ BODIPY FL pixels, x 100

where BODIPY FL pixels giocalization Tepresents the number of BODIPY
FL pixels colocalizing with Rab5a-RFP or LysoTracker pixels in the cy-
toplasm, and BODIPY FL pixelsq represents the number of all
BODIPY FL pixels in the cytoplasm. The timing and location of the
micelle dissociation and concomitant drug release were studied by
evaluating the colocalization of BODIPY FL and BODIPY TR signals
from F-DACHPt/m with the late endosomes/lysosomes (Fig. 3, E and
F). Cells were treated with F-DACHPt/m, and images were taken at in-
dicated time points after staining with LysoTracker Blue. Colocalization
was quantified as follows:

amount of colocalization (%)

= BODIPY FL or BODIPY TR piXels jocaiization/ BODIPY
FL or BODIPY TR pixelsyyy x 100

where BODIPY FL or BODIPY TR pixelscojocalization Tepresents the
number of BODIPY FL or BODIPY TR pixels colocalizing with Lyso-
Tracker pixels in the cytoplasm, and BODIPY FL or BODIPY TR pixelsyea
represents the number of all BODIPY FL or BODIPY TR pixels in the

Determination of subcellular Pt accumulation and amount of
Pt-DNA adducts. HT29 cells (6 x 10°) were seeded in 100-mm tissue
culture dishes. After 24 hours, cells were treated with 10 uM oxaliplatin
or DACHPt/m on a platinum base. After 6, 8, 12, and 24 hours of
drug exposure, the medium was removed and the cells were washed
three times with PBS, scraped, and harvested. Samples were freeze-
dried overnight, dissolved in heated nitric acid, and evaporated to dry-
ness. The samples were redissolved in water and the Pt content was
determined by ICP-MS. For the quantification of Pt-DNA adducts,
DNA was extracted with a DNA purification kit (Promega) according
to the manufacturer’s protocol. The amount and purity of DNA were
determined by ing absorption at 260 and 280 nm with NanoDrop
(ND3300). The DNA was dissolved in nitric acid, dried, and redissolved
in water. The Pt content was determined by ICP-MS, and the DNA pla-
tination levels were expressed as micrograms of Pt per milligram of DNA.

In vitro cytotoxicity study against human cancer cells. The in
vitro cytotoxicity of oxaliplatin and DACHPt/m was examined against
a panel of 37 human cancer cells as described (34, 35). Cancer cells
were plated into flat-bottomed 96-well plates at 5 x 10> per well. Cells
were treated by continuous exposure to oxaliplatin or DACHPt/m in a
final volume of 100 pl. Plates were incubated for 48 hours at 37°C in a
humidified atmosphere with 5% CO,, and cell viability was determined
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by MTT assay. To determine the relationship between cellular sensitiv-
ity to oxaliplatin or DACHPt/m and the expression of genes involved in
the sensitivity or resistance of cells to platinum compounds, we assessed
the gene expression profile of 21 human cancer cell lines for 26 genes
selected on the basis of previous studies on cisplatin- or oxaliplatin-
resistant cells (36). Expression of these individual genes was determined
by searching the National Cancer Institute database. The coefficient of
correlation between the Glsos of free oxaliplatin and DACHPt/m as well
as the level of gene expression was calculated for each gene.

Quantitative real-time RT-PCR. The expression of the metallo-
thionein (MT1Q) [human MTIB (same as MT1Q), NM_005947,
4MQ-012725-01-0002] and methionine synthase (MTR) (human
MTR, NM_000254, 4LQ-009896-00-0002) was confirmed by quanti-
tative real-time RT-PCR. After 24 hours of treatment, cells were
washed with PBS and harvested. Total RNA was prepared with TRIzol
(Invitrogen), and complementary DNA (cDNA) was reverse-transcribed
with a QuantiTect reverse transcription kit (Qiagen). PCR primer se-
quences were as follows: MT1Q, 5-GAACTCCAGGCTTGTCTTGG-
3’ (forward) and 5'-CATTTGCACTCTTTGCACTTG-3’ (reverse);
MTR, 5'-ACCCAACTTCCAGGGAGACT-3' (forward) and 5'-GGCAC-
CATGATCTTGGACTT-3' (reverse); actin, 5'-AGATGTGGATCAG-
CAAGCAG-3' (forward) and 5'-GCGCAAGTTAGGTTTTGTCA-3'
(reverse); and 188, 5-CGGCGACGACCCATTCGAAC-3' (forward) and
5'-GAATCGAACCCTGATTCCCCGTC-3" (reverse). cDNA from HT29
cells was amplified with specific primers with a SYBR Green Core Re-
agent Kit (Qiagen) and a real-time PCR instrument (Applied Bio-
systems). Expression of each gene was standardized with endogenous
actin or 18S as a control, and its relative levels in HT29 or HT29/0x
cells were quantified by calculating 2722, where AAGy is the difference
in Cr (cycle number at which the amount of amplified target reaches a
fixed threshold) between target and reference.

MT1Q and MTR gene knockdown. The siRNAs against MT1Q
and MTR and the control siRNA were purchased from Thermo Fisher
Scientific Inc. The siRNA target sequences against MT1Q are the
following: siMT1Q, GCAAAGGCUCAUCAGAGAA. The siRNA se-
quences against MTR are the following: siMTR, CUGAGAAGCU-
CUUACGUUA. The siRNAs were transfected into the cell with
Lipofectamine RNAIMAX (Invitrogen) according to the instructions
of the manufacturer. Briefly, HT29/0x cells (4 x 10°) were seeded in
six-well plates. Twenty-four hours later; the mixture of sIMT1Q (50 nM)
and siMTR (50 nM) was transfected into the cells with Lipofectamine
RNAIMAX reagent. Knockdown of MT1Q and MTR was separately
confirmed by real-time PCR (fig. $6, A and B, respectively). To inves-
tigate the role of MT1Q and MTR in the oxah;)lann resistance in
HT29/0x cells, we seeded HT29/0x cells (5 x 10°) in 96-well plates,
and 24 hours later, the mixture of siMT1Q (50 nM) and siMTR
(50 nM) or the control siRNA was transfected into the cells with
Lipofectamine RNAIMAX reagent. Twenty-four hours after transfec-
tion, the transfected HT29/0x cells were treated by continuous expo-
sure to oxaliplatin in a final volume of 100 pl. Plates were further
incubated for 48 hours at 37°C in a humidified atmosphere with
5% CO,, and their cytotoxicity was determined by MTT assay.

Western blotting. HT29 or HT29/0x cells (5 x 10°) were seeded in
100-mm? plates and washed with PBS (100 pl). Cell extracts were re-
solved in TNE buffer [1% NP-40, 150 mM NaCl, 10 mM tris-HCI,
1 mM EDTA, aprotinin (10 pg/ml), 2 mM Na;VO,, 10 mM NaF].
The cell suspension was centrifuged for 20 min at 15,000. Sampling
buffer (4x) was added to the aliquots, followed by incubation

for 5 min at 100°C. Transfer to a polyvinylidene difluoride membrane
(Invitrogen) was performed by electrophoresis for 90 min at 125 V.
Membranes were blocked with 6% nonfat milk or tris-buffered saline
(TBS) with 0.1% Tween 20 (MT1Q) for 1 hour. They were then
probed at room temperature with the following antibodies: anti-
metallothionein (ab12228, 1:1000, Abcam), anti-methionine synthase
(ab66039, 1:2000, Abcam), and anti-B-actin (#4967, 1:1000, Cell
Signaling). Membranes were washed three times with washing buffer
(TBS with 0.1% Tween 20) and then probed with the secondary anti-
rabbit immunoglobulin G (IgG) horseradish peroxidase (HRP)
(W401B, 1:10,000, Promega) or anti-mouse IgG HRP (W402B,
1:10,000, Promega) conjugate for 1 hour. The secondary antibody
was washed three times with washing buffer and then evenly coated
with enhanced chemiluminescence (ECL) Western blotting detection
reagents (GE Healthcare) for 30 s. The membrane was immediately
exposed to Fuji Medical X-ray film (Fujifilm) at room temperature
for various periods in a film cassette. Protein levels were standardized
with the signal from the B-actin probe.

In vivo antitumor activity studies. BALB/c-nu/nu mice (female,
n = 4) were inoculated subcutaneously with HT29 or HT29/0x cells
(1 x 107/ml). Tumors were allowed to grow for 1 week (tumor size at
this point was about 40 mm?®). Mice were then treated intravenously
three times at 2-day intervals with oxaliplatin (8 mg/kg) or DACHPt/m
(4 mg/kg) on a platinum base. Antitumor activity was evaluated in terms
of tumor size (V) with the following equation:

V=axb/2

Here, a and b are the major and minor axes, respectively, of the tumor
as measured by a caliper.

Intravital observation of the in vivo behavior of F-DACHPt/m.
Intravital observation of F-DACHPt/m was performed as described (49).
Female BALB/c mice (6 to 8 weeks old) were inoculated subcutaneously
with HT29 cells (1 % 107/ml). After 5 days, when the tumor volumes
reached 70 mm?®, F-DACHPt/m (10 mg/kg) was administered intra-
venously. At 2, 4, 12, and 24 hours after treatment, mice were anesthe-
tized with 2.5% isoflurane (Abbott Japan) with a Univentor 400 Anesthesia
Unit (Univentor). An arc-shaped incision was made around the sub-
cutaneous tumor, and the skin flap was elevated without injuring the
feeding vessels. The mouse was placed directly onto a thermoplate
(Tokai Hit), and the skin flap was everted and stretched with several
bent 30-gauge needles. The plasma membrane stain, CellMask Deep
Red, was directly applied to the subcutaneous tumor, and a cover-
slip (Muto Pure Chemicals) was attached with just enough pressure
to flatten the tumor surface. All in vivo images were acquired with
a Nikon AIR CLSM attached to an upright Eclipse FN1 (Nikon).
The A1R incorporates a conventional galvano scanner and a high-
speed resonant scanner. The latter allows an acquisition speed of 30
frames per second while maintaining a relatively high resolution of
512 x 512 scanned points. BODIPY FL, BODIPY TR, and CellMask
were excited with three lasers (488-nm Ar, 560-nm He-Ne, and
640-nm He-Ne lasers), and the fluorescent signals were detected.
Laser powers were kept at 19.5 mW for 488-nm Ar, 7.5 mW for
561-nm He-Ne, and 1 mW for 640-nm He-Ne.

Statistical analysis. Data are presented as means + SEM. The sig-
nificant differences between the groups were analyzed by a Student’s ¢
test, and a P value of <0.05 was considered significant.
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SUPPLEMENTARY MATERIAL

/DC1

Fig. S1. Synthetic scheme of BODIPY FL-PEG-b-P(Glu)-BODIPY TR.

Fig. S2. Size distribution of DACHPt/m and F-DACHPt/m as determined by dynamic light
scattering.

Fig. S3. Fluorescent images of HT29 cells after 6-hour incubation with F-DACHPt/m at 37°C and
4C

Fig. S4. In vitro CLSM observation of dissociation of F-DACHPYm in the late endosomes/lysosomes.
Fig. S5. In vitro cytotoxicity of oxaliplatin and DACHPY/m against a human cancer cell panel.
Fig. S6. Knockdown of MT1Q and MTR restores the sensitivity of HT29/ox to oxaliplatin.

Fig. 57. Schematic illustration of experimental settings of in vivo CLSM.

Table S1. Coefficient of correlation between the Glsgs of free oxaliplatin or DACHPt/m and the
expression levels of genes involved in the sensitivity or resistance of cells to platinum
compounds.

Video S1. In vitro live imaging.

Video 2. In vivo live imaging (immediately after injection).

Video S3. In vivo live imaging (12 hours after injection).
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Disulfide crosslinked polyplex micelles with RGD peptides were formed through ion complexation of
thiolated c(RGDfK)-poly(ethylene glycol)-block-poly(L-lysine) (c(RGDfK)-PEG-P(Lys-SH)) and plasmid DNA
encoding sFlt-1 and tested for their therapeutic effect in BXPC3 pancreatic adenocarcinoma tumor bearing
mice. These micelles, systemically injected, demonstrated significant inhibition of tumor growth up to day
18, as a result of the antiangiogenic effect that was confirmed by vascular density measurements, Significant
therapeutic activity of the 15% crosslinked micelle (c(RGDfK)-PEG-P(Lys-SH15)) was achieved by combined
effect of increased tumor accumulation, interaction with endothelial cells and enhanced intracellular uptake
through receptor-mediated endocytosis. These results suggest that RGD targeted crosslinked polyplex

sFIt-1 micelles can be effective plasmid DNA carriers for antiangiogenic gene therapy.

Antiangiogenic gene therapy
Polyplex micelle

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Poly(ethylene glycol) (PEG)-polycation block copolymers have
been widely investigated in the field of gene delivery as a potential
non-viral vectors for systemic applications [1-7]. The complexes of
plasmid DNA (pDNA) and block copolymers form self-assembling
particles, termed polyplex micelles, with a core-shell structure. The
outer hydrophilic shell layer, formed by PEG segment, increases
micelle stability in serum, improves its pharmacokinetic properties,
and reduces polymer toxicity [8-11]. Nevertheless, further stabiliza-
tion and increased longevity in blood are required for polyplex
micelles to achieve successful gene delivery in vivo.

Disulfide crosslinks were previously introduced into the polyplex
micelle core to stabilize its structure in the extracellular entity, while
facilitating smooth release of the entrapped pDNA in the intracellular
reductive environment [12,13]. Indeed, disulfide crosslinked polyplex
micelles exhibited improved transfection of the reporter gene to
cultured cells and mouse liver upon systemic administration [13]. In
addition, cyclic RGD peptide ligands (c(RGDfK)) were recently installed
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onto the surface of the disulfide crosslinked polyplex micelles to achieve
specific targeting to tumor neo-vasculature [14,15]. RGD (Arg-Gly-Asp)
peptide is a recognition motif in multiple ligands of a, integrin family
[16]. Moreover, cyclic RGD peptides showed increased affinity to o33
and oBs integrin receptors [17] which are overexpressed on tumor
angiogenic endothelial cells [18]. Therefore, RGD peptide ligands have
been intensively investigated as an active targeting strategy in
antiangiogenic gene therapy for cancer [19-22]. Consequently, we
hypothesized that polyplex micelles with cyclic RGD ligands and
disulfide crosslinks may be a useful system for targeting angiogenic

dothelial cells by i inistration. RGD conj d polyplex
micelles showed remarkably increased transfection efficiency in
cultured Hela cells possessing o3 and o35 integrins, as a result of
increased cellular uptake and intracellular trafficking of micelles toward
perinuclear region via caveolae-mediated endocytosis as was previously
reported [14,15). Caveolae- mediated endocytosis is a nondigestive
internalization pathway, which does not result in pH decrease, thus
avoiding pDNA degradation in acidic organelles in cell. This route might
be especially essential for polylysine based pDNA carriers, which do not
possess “proton buffering” ability to escape endosome.

Vascular endothelial growth factor (VEGF) is a major proangio-
genic molecule, which stimulates angiogenesis via promoting endo-
thelial proliferation, survival and migration [reviewed in [23,24]].
VEGF and VEGF receptors have been found to be up-regulated in
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various types of tumors and are usually associated with tumor
progression and poor prognosis (reviewed in [25]]. Inhibition of VEGF
or its signaling pathway has been shown to suppress tumor
angiogenesis and tumor growth [reviewed in [25-27]].

The soluble form of VEGF receptor-1 (soluble fms-like tyrosine
kinase-1: sFlt-1) is a potent endogenous agent for antiangiogenic
therapy. The sFit-1 binds to VEGF with the same affinity and
equivalent specificity as that of the original receptor, however inhibits
its signal transduction [28-30]. Therefore, exogenous sFlt-1 is
considered to be an effective therapeutic agent for antiangiogenic
tumor therapy [20,21,31-35]. Recently, several reports were pub-
lished on in vivo non-viral gene therapy with sFlt-1, carried by several
types of polymers, for inhibition of tumor angiogenesis [21,35]. Kim
W] et al. reported effective tumor growth suppression in CT-26 colon
adenocarcinoma bearing mice by systemic injection of polyethyle-
neimine based polyplexes, utilizing the RGD targeting approach [21].

In this study, thiolated PEG-poly(i-lysine) (PEG-PLys) block
copolymer, combining long PEG chain with optimized crosslinking
degree, was designed for construction of RGD-mediated gene delivery
system. Here we report the therapeutic effect of sFlt-1 expressing
PDNA complexed with 15% thiolated control poly(ethylene glycol)-
block-poly(L-lysine) (PEG-P(Lys-SH15)) and cyclic RGD conjugated (c
(RGDfK)-PEG-P(Lys-SH15)) polymers, forming crosslinked polyplex
micelles, after systemic administration to BxPC3 human pancreas
adenocarcinoma tumor bearing mice. Note that BxPC3 xenografts are
characterized by heterogeneous vascularity and stroma-rich histology
(36], which limits access of therapeutic agents to tumor cells. Thus, the
accessibility of endothelial cells by bloodstream, makes antiangio-
genic approach an attractive strategy against pancreatic tumor.

2. Materials and methods

2.1. Materials

N-Succinimidyl 3-(2-pyridyldithio)-propionate (SPDP) was pur-
chased from Dojindo Laboratories (Kumamoto, Japan). Cyclo[RGDfK
(CX-)] (c(RGDfK)) peptides (X=6-aminocaproic acid: e-Acp) was
purchased from Peptide Institute (Osaka, Japan). The PEG-PLys block
copolymer (PEG, 17,000 g/mol; polymerization degree of PLys
segment, 73) was synthesized as previously reported [37]. Plasmid
DNA coding for luciferase (Luc) under the control of CAG promoter
was provided by RIKEN Gene Bank (Tsukuba, Japan), and a fragment
cDNA of sFlt-1 was inserted into the pCAcc vector having CAG
promoter. The pDNAs were amplified in competent DH5« Escherichia
coli and purified by the HiSpeed Plasmid Maxi Kit purchased from
QIAGEN Sciences Co., Inc. (Germantown, MD). Luc pDNA was labeled
with Cy5 by the Label IT Nucleic Acid Labeling Kit (Mirus, Madison,
WI) according to the manufacturer’s protocol. Dulbecco's modified
eagle's medium (DMEM) and fetal bovine serum (FBS) were obtained
from Sigma-Aldrich Co (Madison, WI) and Dainippon Sumimoto
Pharma Co., Ltd. (Osaka, Japan), respectively. Rat monoclonal
antibody to CD31 (platelet endothelial cell adhesion molecule 1
(PECAM1)) was purchased from BD Pharmingen (Franklin Lakes, NJ),
and Alexa Fluor 488-conjugated secondary antibody to rat IgG was
from Invitrogen Molecular Probes (Eugene, OR).

2.2. Preparation of block copolymers

2.2.1. Synthesis of thiolated PEG-PLys (PEG-P(Lys-SH))
Pyridyldithiopropionyl (PDP) groups were introduced to the &-
amino groups of PLys side chain as reported previously [12]. Briefly,
acetal-PEG-PLys (83 mg, 2.86 umol) was dissolved in 10mL N-
methyl-2-pyrrolidone containing 5wt.% LiCl and stirred with a
heterobifunctional reagent, SPDP, (10 mg, 31 umol) in the presence
of N,N-diisopropylethylamine (10 mol excess against the SPDP
reagent) for 3h at room temperature. The mixture was then

precipitated into 20 times excess volume of diethyl ether. The
precipitated polymer was dissolved in 10 mM phosphate buffer (pH
7.0, 150 mM Nacl), dialyzed against the same buffer and then distilled
water, and lyophilized to obtain PEG-P(Lys-PDP). The degree of PDP
substitution for each polymer was determined from the peak intensity
ratio of the methylene protons of PEG (OCH,CH,, 6 =3.5 ppm) to the
pyridyl protons of the 3-(2-pyridyldithio)propionyl group (CsHaN,
6=7.2-83 ppm) in the 'H NMR spectrum (D0, 25 °C). Block
copolymer with X % thiolation degree was abbreviated as B-SHX%.

2.2.2. Synthesis of c(RGDfK)-PEG-P(Lys-SH)

Acetal-PEG-P(Lys-PDP) (30 mg, 1 pmol) was dissolved in 10 mM
Tris-HCl buffer solution (pH 7.4) (3 mL) with 10 eq. of dithiothreitol
(DTT). After 30 min incubation at room temperature, the polymer
solution was dialyzed against 0.2 M AcOH buffer (pH 4.0). c[RGDfK
(CX-)] (8 mg, 6.5 mmol) in AcOH buffer (3 mL) was then added to the
polymer solution. After stirring for 5 days, DTT (6.67 mg, 43.9 pmol)
was added and stirred at“room temperature for 3 h. The reacted
polymer was purified by dialysis sequentially against 10 mM
phosphate buffer pH 7.0 with 150 mM NaCl and distilled water, and
lyophilized to obtain c¢(RGDfK)-PEG-P(Lys-SH) [14].

2.3. Preparation of polyplex micelles

The above polymers were dissolved in 10 mM Tris-HCl buffer (pH
7.4) containing 10% volume of 100 mM DTT. After 30 min at ambient
temperature, twice-excess volume of pDNA solution (50 pg/mL) in the
same buffer was added to the polymer solution to form a polyplex
micelle at N/P ratio of 2. The N/P ratio was defined as the residual
molar ratio of amino groups of thiolated PEG-PLys to phosphate
groups of pDNA. After an overnight incubation at ambient temper-
ature, the polyplex micelle solutions were dialyzed against 10 mM
Tris-HCI (pH 7.4) c ining 0.5% dimet ide (DMSO) at 37 °C
for 24 h, followed by additional 2 days dialysis for the DMSO removal.
During these dialysis processes, thiol groups of the polymers in the
micelles were oxidized-to form disulfide crosslinks. The concentration
of pDNA in each micelle solution was determined by absorbance at
260 nm. Polyplex micelles with and without cyclic RGD peptide
ligands were abbreviated as RGD(+) and RGD(—), respectively.

24. Quantitative determination of transfection efficiency by real time
reverse transcription-polymerase chain reaction (RT-PCR) for sFit-1

Hela cells, expressing the o33 and o, s integrin receptors, were
seeded on 24-well culture plates (10000 cells/well) and incubated for
24h in 500 uL of DMEM medium containing 10% FBS. Micelle
solutions were then added at a concentration equivalent to 1 pg of
PDNA per well and the cells were incubated for 48 h. Following this
incubation period, total RNA was extracted from the cells and
transcripted to cDNA. The cDNA samples were subjected to polymer-
ase chain reaction (PCR) amplification using the following human
specific primers: 5'-CCACTCCCTTGAACACGAG-3’ and 3'-CGCCTTACG-
GAAGCTCTCT-5'. Amplification conditions were as recommended by
the manufacturer (QIAGEN Sciences Co., Inc.). Unknown and standard
samples were run in triplicate. Concentrations of unknown samples
were interpolated from a standard curve, established by simultaneous
amplification of sFit-1 plasmid standards.

2.5. In vivo studies

2.5.1. Mice

Five-week-old female Balb/c nude mice were purchased from
Charles River Laboratories (Tokyo, Japan). Mice were maintained on
ad libitum rodent feed and water. The experimental animals were
allowed to acclimate for at least 1 week before tumor implantation.
All studies were performed in accordance to the Guide for the Care
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and Use of Laboratory Animals as stated by the National Institutes of
Health.

2.5.2. Tumor implantation

BxPC3 cell line (ATCC, Manassas, VA), derived from human
pancreatic tumor was inoculated to nude mice subcutaneously to
develop xenografts (100l of 5x 107 cells/mL PBS suspension).
Tumors were allowed to grow for 3 weeks till their size reached
approximately 120-160 mm®.

2.5.3. Blood circulation

Polyplex micelles loading Cy5-labeled pDNA (100 pg pDNA/mL,
200 pL) were intravenously injected to the mice via the tail vein at a
dose of 20 pg pDNA/mouse. Blood was collected from the postcaval
vein under anesthesia 15 min after injection and centrifuged to obtain
blood plasma. Two microliters of 10X trypsin-EDTA were added to
20 pL of the plasma and incubated overnight at 37 °C to release pDNA
from the micelle by digesting PLys of the block copol
The fluorescence intensity of the sample solution was measured at

N=670 nm by spectrofluorometer (ND-3300, Nano Drop, Wilming- -

ton, DE), and percent of pDNA dosage in the blood was calculated
according to the following equation:

% injected pDNA in the blood = (Fgosampie) / Fs70(contron)) X 100 (1)

where the Fe7o(control) represents the fluorescence intensity of micelle
solution mixed with blood sample (time 0).

2.54. In vivo tumor growth inhibition

Polyplex micelles, loading pDNA equivalent to 20 ug and dissolved
in 10 mM Hepes buffer (pH 7.4) with 150 mM NaCl, were adminis-
tered intravenously on days 0, 4, and 8. Tumor size was measured
every 2 days 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% Tumor progression was evaluated in terms of
relative tumor volume (to day 0) over a period of 18 days.

2.5.5. Quantification of microvessel density

At the end of in vivo tumor growth studies, xenografted tumors
were excised and frozen in tissue-Tek-OCT. The frozen tumors were
cut into 10 um thick slices with a cryostat maintained at —23 °C.
Vascular endothelial cells were immunostained by incubation of the
cryosections with anti-CD31 antibody followed by incubation with
Alexa Fluor 488-conjugated secondary antibody. The tumor cryosec-
tions were observed by a confocal laser scanning microscope (CLSM),
LSM 510 (Carl Zeiss, Oberlochen, Germany). Microvessel density was
quantified by counting the percentage area of CD31 positive pixels per
image with at least 21 images per sample (i.e., three animals per
sample x 7 cryosections per tumor).

2.5.6. Micelle accumulation in tumor tissue

Polyplex micelles loading Cy5-labeled pDNA were intravenously
injected at a dose of 20 pg pDNA/mouse. Mice were sacrificed after
24 h and the excised tumors were fixed in formalin for 1 h, followed
by 1 h incubation periods with 10, 15 and 20% sucrose/PBS solutions
at room temperature. The tumors were frozen in tissue-Tek-OCT and
cryosections were prepared for CLSM visualizations as described in
the previous section. The nuclei were stained with Hoechst 33342
(Dojindo Lab., Kumamoto, Japan). The CLSM observations were
performed at the excitation wavelengths of 488 nm (Ar laser) for
the Alexa Fluor 488, 633 nm (He-Ne laser) for Cy5, and 710 nm
(MaiTai laser, two photon excitation) for Hoechst 33342, respectively.
The percentage of pDNA positive pixels per image was counted to
quantify the micelle accumulation inside the tumor tissue.

2.6. Data analysis

The experimental data was analyzed by Student's t-test. P<0.05
was considered as significant.

3. Results

Thiolated acetal-PEG-PLys block copolymers, composed of
17 kDaM.W. PEG and 73 lysine units, were prepared as described
elsewhere [12,14,37]. SPDP was used as a thiolating reagent and
conjugated to the €-amino group of lysine unit. Conjugation of ¢
(RGDfK) peptide ligands into the PEG terminus of acetal-PEG-P(Lys-
PDP) was achieved through the formation of a thiazolidine ring
between the N-terminal cysteine and the aldehyde group converted
from the acetal group [14,15]. The targetable polyplex micelles were
prepared through ion complexation of the above polymers with pDNA
at N/P=2 (Fig. 1), and analyzed for their size and ¢-potential by DLS
and laser-doppler electrophorsis, respectively. The cumulant dia-
meters of the B-SHX% micelles were approximately 104 + 18 nm, with
amoderate polydispersity index of 0.2. The {-potentials were found to
be approximately 0.5 mV, as a result of the PEG palisade formation
surrounding the polyplex core [8,14].

Following in vitro transfection in HeLa cells, the mRNA expressions
of sFlt-1 were quantitatively analyzed by real time RT-PCR. From this
analysis, presented in Fig. 2, it is clear that the cells were successfully
transfected by the polyplex micelles. The highest transfection
efficiency was achieved by RGD(+) B-SH15% crosslinked (15(+))
micelle. Worth noting, detectable protein level of sFlt-1 by ELISA,
specific to human VEGF-R1/sFit-1 (R&D Systems), could be achieved
for this formulation only (1.2 4 0.05 ng/mL) (data not shown). Other
micelles, probably, resulted in sFlt-1 levels which are beyond the
sensitivity of this assay (<13 pg/ml). The increased transfection
efficiency of the 15(+) micelle results from the combination of
crosslinked core and receptor targeting ligand, consistent with our
previous studies [15].

The blood circulation experiments were carried out in BxPC3
tumor bearing mice upon intravenous injections of the Cy5-labeled
PDNA (20 pg pDNA/ mouse). Blood was collected from the postcaval
vein 15 min after administration and analyzed for its fluorescence
intensity. Disulfide crosslinks prolonged blood circulation time, while
the RGD conjugation resulted in significantly lower blood circulation
period of polyplex micelles, as shown in Fig. 3. In the case of
crosslinked system, 28% and 21% of injected pDNA were observed in
plasma for RGD(—) and RGD(+) micelles, respectively. Significantly
lower recovered doses of pDNA, 11 % and 7 % for RGD(—) and RGD(+)
micelles, respectively, were found for non crosslinked system. We
further evaluated micelle accumulation in tumor by iv administration
of RGD-conjugated or non-conjugated 15% crosslinked micelles
prepared with Cy5-labeled pDNA at a dose of 20 ug pDNA/mouse.
Both micelles were found to be localized in the tumor blood vessels,
24 h after administration, as was indicated by colocalization of the
Cy5-labeled pDNA (red) and the CD31 positive endothelial cells
(green) (Fig. 4A). However, quantitative analysis of the pDNA positive
area per image revealed significantly higher accumulation of the RGD-
conjugated micelle than non-conjugated micelle inside the tumor
tissue (Fig. 4B): 3.08 % and 2.44 % of red pixels per image for RGD(+)
and RGD(—) micelle, respectively (P<0.05).

reh g 4% ma:b,:;;n} é;%

CRGD-PEG-P(Lye-SH) }A’ polyplex micelle

Fig. 1. Structure of cRGD-PEG-P(Lys-SH) and its polyplex micelle.
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Fig. 2. In vitro transfection efficiency of sFlt-1 plasmid DNA in HeLa cells. The cells were
transfected with RGD(+) and RGD(—) non crosslinked micelles (0(+) and 0(—)) and
RGD(+) and RGD(—) 15% crosslinked micelles (15(+) and 15(—)), respectively. Non
transfected cells were used as control. Each well was transfected with 1 pg of pDNA for
48 h and analyzed for sFit-1 mRNA levels by real time RT-PCR.

The therapeutic effect of polyplex micelles following intravenous
inistration of the sFlt-1 expressing pDNA was evaluated by tumor
growth inhibition study in BxPC3 tumor bearing mice. When tumors
reached the volume of 120-160 mm?®, animals were injected with three
doses of polyplex micelles containing either sFlt-1 or Luc expressing
plasmid (20 pg pDNA/dose) on days 0,4 and 8. The results of these studies,
in terms of relative tumor volumes (Fig. 5), indicate the ability of RGD(+)
and RGD(—) crosslinked polyplex micelles as vehicles for therapeutic
gene delivery in BXPC3 tumor bearing mice. In the case of animals treated
with 15(+) micelles, the tumor progression was significantly inhibited
from day 6, compared to control mice. By the end of the experiment, the
mean tumor volume in this group was 1.67 =+ 0.18 of initial tumor volume.
In the group of animals treated with pDNA encapsulated in RGD(—)
micelles, significant inhibition of tumor progression was observed only
from day 12, and the mean tumor volume reached 1.93 +0.52 of initial
tumor volume by the end of the experiment. On the other hand, tumors
grew much faster in the control groups, and reached 2.58 +0.5 of initial
tumor volume.

Intravenous administration of crosslinked polyplex micelles con-
taining sFlt-1 pDNA to BxPC3 tumor bearing mice resulted in
significant reduction in the tumor neo-vasculature, as shown by
CD31 immunostaining of the tumor cryosections. Representative
images are shown in Fig. 6A. Increased density of blood vessels
throughout the tissue was observed in control tumors. In contrast,
very few blood vessels could be observed in the sFlt-1 treated groups.
The quantitative results of microvessel density in tumor tissue
cryosections were obtained by counting the area of stained blood
vessels (green pixels) per image (Fig. 6B). Systemic administration of
sFlt-1 expressing pDNA in the RGD(+) micelles resulted in the lowest
average microvessel density of only 8.6% per image, whereas the RGD
(—) micelle carrying pDNA led to 12.3% vessels per image. The control
group had an average microvessel area of 23.7% per image,
significantly higher as compared to the treated groups.

4. Discussion

In this study, we demonstrate that crosslinked polyplex micelles
formed by electrostatic interaction of thiolated PEG-PLys block
copolymers, modified on their surface with cRGD peptide ligand,
and sFlt-1 pDNA are effective for in vivo tumor regression upon
systemic administration. The thiolated PEG-PLys block copolymer, in
this study, was further optimized by higher molecular weight PEG
(17,000 Da) against 12,000 Da M.W. PEG used so far [2,3,8,12-15], to
achieve enhanced shielding effect and thus higher stability in blood.
Block copolymer with 15% thiolation degree, which showed the
highest transfection efficiency in vitro and in vivo (data not shown),
was selected for construction of RGD-mediated gene delivery vector.

The results of sFlt-1 transfection in Hela cells show higher mRNA
expression levels in the cells transfected by RGD(+) crosslinked
micelle relative to either RGD(—) or non crosslinked micelles (Fig. 2).
This result is consistent with our previous studies, indicating the
greater stability of crosslinked micelles in the medium and specific
affinity of RGD ligand to o33 and a,Ps integrin receptors expressed
in HeLa cells [14,15). Micelle internalization to the cell via integrin-
mediated endocytosis contributes to the accelerated accumulation of
PDNA in the perinuclear region through the change in its intracellular
trafficking from clathrin-mediated to caveolae-mediated endocytosis,
resulting in enhancement of gene expression [15].

When administrated intravenously into BXPC3 tumor bearing
mice, blood levels of Cy5-labeled pDNA were significantly lower for
the RGD(+) micelle compared to the RGD(—) micelle. This
observation might be partly explained by enhanced accumulation of
pDNA in tumor site when carried by RGD(+) micelle over RGD(—)
(Fig. 4B) and other organs as well. These observations are in good
agreement with other works using cyclic RGD-modified particles,
which reported significantly lower blood circulation times [38-40]
while higher accumulation in tumor tissue [21,38-41], liver [21,38-
42| and spleen [28-31] compared to the control. Moreover, CLSM
observations demonstrated colocalization of both micelles with tumor
endothelial cells, confirming their potential as effective antiangio-
genic gene delivery vehicles (Fig. 4A).

In vivo tumor growth assay revealed significant (P<0.05) tumor
growth inhibition when the sFlt-1 pDNA was administrated by
crosslinked micelles as compared to control groups. Compared to
RGD(—), the RGD(+) micelle was more effective in suppressing
tumor growth. The significant difference in relative tumor volumes
between RGD(+) injected and control groups was observed from day
6 till the end of the experiment. In comparison, significant difference
between RGD(—) injected and control groups was observed only from
day 12. In addition, relative tumor volumes in the RGD(+) injected
group were lower than those in the RGD(—). These findings may be
explained by greater tumor accumulation and higher transfection
efficiency of RGD-modified micelle, resulted from more effective
intracellular plasmid delivery through specific receptor binding and
endocytosis. The lack of significant difference in relative tumor
volumes between the RGD(+) and RGD(—) injected groups might
be due to the lower circulation time in blood of the RGD(+) micelle
and its enhanced accumulation in organs such as liver and spleen.
Accumulation in liver [21,38-42] and spleen [39-42] was shown for
various cyclic RGD-modified vectors and was, in general, attributed to
their accelerated clearance through the phagocytosis by macrophages
located on reticuloendothelial system (RES) [39-41].
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Fig. 3. Blood circulation of plasmid DNA carried by RGD (+/—) polyplex micelles.
Micelles loading Cy5-labeled pDNA were intravenously administrated to the tumor
bearing mice (20 pg pDNA/mouse). Blood was collected 15 min after administration
and analyzed for its fluorescence intensity. N=3, Mean+s.d. *P<0.05 compared to
RGD(—).
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The antiangiogenic effect of expressed sFit-1 was confirmed by
CD31 immunostaining of the tumor cryosections and quantification of
microvessel density. From these studies, it is clear that sFlt-1 was able
to significantly suppress tumor neo-vasculature formation when the
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Fig. 5. In vivo tumor growth inhibition. RGD (+) and RGD (—) 15% crosslinked polyplex
micelles loading plasmid DNA coding either sFlt-1 or Luc were administrated
intravenously to BXPC3 tumor bearing mice at a pDNA dose of 20 g on days 0, 4 and
8, as indicated by arrows, Control animals were injected with either Hepes buffer or 15
(+) micelle loading Luc expressing pDNA. Tumor volumes were measured every 2 days
up to day 18 and normalized to the initial tumor volume (day 0). Results are presented
in terms of relative tumor volumes, mean +s.d.,, N=6. *P<0.05 compared to control
group.

pDNA was delivered in RGD(+) and RGD(—) crosslinked micelles.
The most pronounced effect on microvessel density was observed
with the plasmid administrated in RGD(+) micelles. This is probably
due to the combined effect of tumor accumulation and increased
transfection efficiency of the RGD-conjugated 15% crosslinked poly-
plex micelle.

5. Conclusion

Our data contributes to the list of successful non-viral systems for
antiangiogenic cancer gene therapy utilizing sFlt-1 pDNA as VEGF
sequester [21,35] and RGD targeting of tumor endothelial cells
[19,21]. Worth noting, the antiangiogenic gene therapy by sFit-1
PDNA, delivered by non-viral vector with cRGD ligand, appears to be a
promising strategy to treat an intractable pancreatic tumor.

The significant inhibitory effect of tumor growth shown in this
study, confirms the potential of c(RGDfK)-PEG-P(Lys-SH15) and PEG-
P(Lys-SH15) polyplex micelles as effective systemic gene delivery
systems to the neo-vasculature of solid tumors. Both of these
formulations showed accumulation and interaction with tumor
endothelial cells. The therapeutic activity of c¢(RGDfK)-PEG-P(Lys-
SH15) was pronounced by combined effect of increased tumor
accumulation and enhanced intracellular delivery. Based on these
studies, c(RGDfK)-PEG-P(Lys-SH15) can be employed as an effective
platform for systemic administration of therapeutic plasmid DNA for
antiangiogenic therapy.
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Fig. 4. Micelle localization in tumor tissue. (A) Tumor endothelium and pDNA
localization, Immunostaining of CD31 (green) revealed colocalization of Cy5-labeled
PDNA (red) with tumor vasculature for both RGD-conjugated (15(+)) and non-
conjugated (15(—)) micelles, 24 h after administration. The cell nuclei were stained
with Hoechst 33342 (blue). (B) Quantitative analysis of Cy5-labeled pDNA (red pixels).
The results represent percentage areas of pDNA-positive pixels per image. Seven
images were taken from each tumor tissue, from 3 mice, mean +s.d.




