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Fig. 1. Examination of the amount of stroma and the number of tumor blood vessels in four human pancreatic cancer kenografts. (a) The amount
of stroma in the four xenografts BxPC3, Panc1, PSN1, and Capant. immunohistochemical staining was conducted in order to determine the
distribution of type 1, lil, and IV collagen in the tumors. The area occupied by each of type | collagen (left, upper), type lil collagen (right, upper),
and type IV collagen (left, bottom) was quantified. A representative immunostained image for type IV collagen is shown (right, bottom). (b) The
number of blood vessels in the four xenografts. After immunostaining with anti-factor Vill antibody, the number of tumor blood vessels in each

of the xenografts was counted. *P < 0.05. Bar=SD.

Capanl exhibited the highest density of type III collagen, and
BxPC3 and PSN1 were in second and fourth place, respectively, with
respect to the density of type I collagen. The distribution of type
IV collagen tended to be similar to that of type I and III collagen.

We also examined the number of tumor blood vessels (Fig. 1b).
The PSN1 tumor possessed the largest number of blood vessels
among the tumors. In contrast, the Capanl xenografts had the
smallest number of tumor blood vessels.

‘We have summarized the results on collagen density and blood
vessel number obtained in our study for each pancreatic xenograft.
Capanl was the most collagen-rich tumor, and the density of
collagen was lowest in PSN1. In contrast, tumor blood vessels
were most abundant in PSN1 and least abundant in Capanl.
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Therefore, we decided to use Capanl as a hypovascular tumor
model and PSN1 as a hypervascular tumor model.

In vitro cytotoxic effects of NK012, SN-38, and CPT-11 against the
Capan1 and PSN1 cell lines. The 50% inhibitory concentration (IC)
values of NKO12 for the two cell lines, Capanl (Fig. 2a) and
PSN1 (Fig. 2b), ranged from 0.001 to 0.1 uM. NKO12 exhibited
a remarkably higher cytotoxic effect against both of the cell
lines compared with CPT-11. In contrast the cytotoxic effect of
SN-38 was similar to that of NKO12. The IC;, value of each
drug against PSN1 was almost similar to that of Capanl.

Antitumor activity analysis of NK012 and CPT-11 using Capani-
and PSN1-bearing nude mice. Antitumor activity was observed in
mice treated with NKO012 at a dose of 30 mg/kg/d and CPT-11

doi: 10.1111/.1349-7006.2008.00806.x
© 2008 Japanese Cancer Association
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Fig. 2. (a) Capani and (b) PSN1 cells were exposed to the indicated
concentrations of each drug for 72 h. The growth inhibition curves for
NK012 (A), SN-38 (¢), and CPT-11 (W) are shown.

at a dose of 66,7 mg/kg/d in vivo (Fig. 3). Although CPT-11 exerted
a significant antitumor effect compared with the control group
in mice bearing the Capanl tumor, the tumor volume continued
to increase consistently. However, in the mice treated with
NKO012; the tumor volume started to shrink on day 8, and the
disappeared completely by day 28 in all treated mice bearing the
Capanl tumor. J

In contrast to the observations for the Capanl tumor, mice
bearing the PSN1 tumot treated with CPT-11 showed a slight
reduction in tumor volume from day 4 to 12. However, after day
12 the tumor volume began to increase again. On the other
hand, the tumor disappeared completely in all mice bearing the
PSN1 tumor treated with NK012,

Distribution studies of CPT-11 and NK012 in the solid Capan1 and
PSN1 tumors. With the purpose of evaluating drug distribution and
accumulation over time, sections of the tumor treated with NK012
or CPT-11 were examined by fluorescence microscopy. Also, we
examined the number of tumor blood vessels. In sections of the
Capan] tumor treated with CPT-11, maximum drug accumulation
was observed within 1 h of the injection of CPT-11 (Fig. 4a). At
6 h after the injection, the fluorescence originating from CPT-11
had almost entirely disappeared. Subsequently, no accumulation
of CPT-11 was observed within the tumor tissues. However, in
sections of the Capanl tumor treated with NKO12, fluorescence
from NK012 began to appear around tumor blood vessels at 1 b
after the intravenous injection and lasted until 48 h. After 6 h,
the fluorescent area began to increase and the maximum fluore-
scence area was observed at 24 h after the injection. Similar results
were obtained for the PSN1 tumor (Fig. 4b).

These microscopic observations were confirmed quantitatively
by measuring the amount of SN-38 that could be extracted from
each of the solid tumors by reverse-phase HPLC. Only slight
conversion from CPT-11 to SN-38 was seen from 1 to 24 h in
the Capanl tumor and from 1 to 48 h in the PSN1 tumor, and
no SN-38 was detected thereafter. In contrast, SN-38 released
from NKO12 continued to be detected in both tumors from 1 to
96 h after the injection of NK012 (Fig. 5).

Saito et al.
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Fig. 3. Antitumor effect of NK012 and CPT-11. NK012 (m), CPT-11 (O),
or saline (A) was administered intravenously. When the mean tumor
volumes reached 300 mm? (on day 0), NK012 (30 mg/kg/day) or CPT-11
(66.7 mg/kg/day) was administered on days 0, 4, and 8. Each group
consisted of five mice. {(a) Capan1 tumor; (b) PSN1 tumor. *P < 0.05
(NKO012 vs CPT11); **P < 0.05 (NKO012 vs saline).

Discussion

Recently, several new formulations categorized as DDS have
been approved in the field of oncological treatment, such as Doxil,
a polyethylene glycol-liposome incorporating adriamycin, %!V
and abraxane, a taxol coated ‘with albumin.(2® In addition,
several clinical trials of drugs based on the DDS concept are
now underway.®19 Because such formulations possess a longer
plasma area under the curve (AUC), liposomal drugs should have
sufficient time to exit from tumor blood vessel and accumulate
at reasonably high dose levels in the surrounding interstitium.

_ It has been reported that although polyethylene glycol (PEG)
liposomes can be delivered efficiently to a solid tumor, free drug
is not transferred sufficiently to cancer cells, particularly those
that are distant from the tumor vessels, because the formulations
are too large to move through the tumor interstitium."” Also, it
has been suggested that liposomes are too stable to allow the
drug within to be released easily. Therefore, it has been speculated
that PEG liposomes may not be so effective against cancers in
which the tumor vessel network is irregular and loose because
of an abundant collagen-rich matrix. Some examples of such
cancers include scirthous cancer of the stomach and pancreatic
cancer. In fact, Doxil is known to be clinically effective against
ovarian and breast cancers, both of which are characterized by a
high density of tumor microvessels, whereas it is not effective
against stornach and pancreatic cancers.*® Therefore, it is con-
ceivable that some special device is necessary for DDS drugs to
exert their antitumor effect sufficiently even against hypovascular
tumors such as pancreatic cancer.

In the present study, we characterized the tumor vessel and its
interstitium using four kinds of human pancreatic xenografts.
The results revealed that the number of tumor blood vessels was
inversely related to the amount of collagen within the tumor
tissues. Among the four cell lines, Capanl was the poorest in

Cancer Sci | June 2008 | vol. 99 | no. 6 | 1261
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tumor vasculature and richest in the amount of collagen within
the tumor tissue. Conversely, PSN1 was the richest in tumor
vasculature and poorest in the amount of collagen. Therefore, it
may safely be said that Capanl xenografts are most like human
pancreatic cancer tissue in terms of the amount of interstitial
tissue among the four cell lines tested.

We evaluated the in vitro cytotoxic effect of CPT-11, SN-38,
and NKO12 and the in vivo antitumor activity of CPT-11 and
NKO012 against Capanl tumors as a hypovascular tumor model
and PSN1 tumors as a hypervascular tumor model. SN-38 and
NKO12 exhibited a higher cytotoxic effect against the two cell
lines compared with CPT-11. Between SN-38 and NKO012, the
cytotoxic effect of NK012 was almost similar or a little lower
compared with that of SN-38. As CPT-11 itself is a prodrug and
is converted to SN-38, an active metabolite of CPT-11, by car-
boxylesterases, the activity of CPT-11 is dependent on the activity
of the enzymes. It is speculated that the efficient sustained
release of SN-38 from NKO012 allows the formulation to exert a
similar cytotoxic effect to that of SN-38. In the in vivo experi-
ment, CPT-11 showed significant antitumor activity against both
PSN1 tumors as a hypervascular tamor model and Capanl tumors
as a hypovascular tumor model. A slight reduction in tumor size
was observed from day 4 to 12 in the case of PSN1 tumors, but
not Capanl tumors. We suggest that the higher antitumor activity
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Fig. 4. Distribution of NK012 or CPT-11 in the (a) Capan1 and: (b) PSN1 tumor xenografts. Mice bearing Capant or PSN1 tumors were injected
with NK012 (30 mg/kg/day) or CPT-11 (66.7 mg/kg/day). The tumor tissues were excised at 1, 6, 24, and 48 h after the intravenous injection of
NKO012 or CPT-11. Each mouse was administered an injection of fluorescein-labeled Lycopersicon esculentum lectin just before being killed, for
detecting the tumor blood vessels. The frozen sections were examined under a fluorescence microscope at an excitation wavelength of 377 nm
and emission wavelength of 447 nm. The same fluorescence conditions can be applied for visualizing NK012 and CPT-11 fluorescence. Free SN-38
can not be detected under these fluorescence conditions.

seen in PSN1 compared with Capanl tumors is probably because
of the greater accumulation of CPT-11 in the PSNI1 xenografts
because of the more abundant vasculature. Surprisingly, NK012
could cause complete disappearance of both PSN1 and Capanl
tumor xenografts. Before conducting the experiment, we had anti-
cipated that NKO12 might exert stronger antitumor effects against
PSN1 compared with Capanl, because such macromolecular
drugs can accumulate more efficiently in the PSN1 xenografts
because of the richer vasculature. Therefore, we then intensively
examined the distribution of NK012 and CPT-11 within the PSN1
or Capanl xenografts by fluorescence microscopy and HPLC. In
the analysis by fluorescence microscopy, NK012 appeared within
and around the tumor blood vessels in both the PSN1 and
Capanl xenografts at 1h after the injection. NK012 began to
spread from the blood vessels within the tumor tissue of both
xenografts. Fluorescence originating from NK012 increased to a
maximum in both of the tumors by 24 h after the injection of
NKO012. Namely, NKO12 was distributed throughout the entire
body of both tumors at 24 h after the injection. Furthermore,
fluorescence originating from NKO012 was clearly and diffusely
detected throughout both tumors.

However, fluorescence originating from CPT-11 increased to
a maximum at 1 h in both tumors after the injection of CPT-11,
indicating that maximum distribution of CPT-11 was achieved

doi: 10.1111/].1349-7006.2008.00806.x
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Fig.5. Tumor distribution of CPT-11, NK012 (or polymer bound SN-38),
and free SN-38 after administration of NKO012 and CPT-11 to mice
bearing (a) Capan1 or (b) PSN1 xenografts. The time profiles of polymer-
bound SN-38 (M), free SN-38 released from NK012 ({0), CPT-11 (@), and
free SN-38 converted from CPT-11 (O) were obtained by high-performance
liquid chromatography analysis. The time points examined were 1, 6,
24, 48, 72, and 96 h after the administration of CPT-11 or NK012.

in both tumors within 1 h of the injection. No or very slight flu-
orescence of CPT-11 was observed in the tumors at 6 h after
CPT-11 injection. These observations were confirmed quantita-
tively by measuring the amount of SN-38 extracted from both
tumors by reverse-phase HPLC. Only slight conversion to SN-
38 from CPT-11 was seen from 1 to 24 h in the Capanl tumor and
from 1 to 48 h in the PSN1 tumor, and no SN-38 was detected
thereafter. SN-38 released from NKO12 continued to be detected
in both tumors from 1 to 96 h after the injection of NKO012. In
both CPT-11 and NK012, SN-38 binds to each counter molecule
via an ester bond, which confers blue fluorescence on CPT-11
and NKO012. Therefore, it is speculated that polymer-bound SN-
38 can be distributed throughout the entire body of the tumor,
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regardless of the amount of interstitial tissue. We are unable to
explain clearly how NKO012 was distributed well even in hypovas-
cular tumors. However, it is speculated that NK012 can move
smoothly within the tumor interstitium because of its relatively
small particle size (20 nm) compared with other DDS formula-
tions, and because of its flexibility the formulation can pass
through even narrow gaps within the interstitium. Previously, we
reported that sustained release of 74% free SN-38 occurred from
NKO012 under physiological conditions within 48 h.® It is also
important to remember that the antitumor activity of SN-38 is
time dependent.®” Taking all of these data together, it may be
concluded that NK012 can selectively accumulate in pancreatic
tumor xenografts, to be distributed effectively throughout the
entire body of the tumor, including in hypovascular tumors, and
shows sustained release for a prolonged period of time. Con-
sequently, NK012 can exert more significant antitumor activity
than CPT-11, which is not an ideal formulation for realizing the
time-dependent actions of the drug.

In addition to our present study, there have been several efforts
to enhance the accumulation of anticancer agents in tumors to
obtain higher antitumor activities of drugs. For example, it has
been reported that a transforming growth factor-f inhibitor can
enhance tumor vascular permeability to promote accumulation
of macromolecules.®” Conversely, combined use of an antiang-
iogenic agent, such as an antibody to VEGEF, with an anticancer
agent could enhance the antitumor activity, probably by lowering
the tumor vascular permeability with a consequent decrease in
the interstitial fluid pressure so that the anticancer agents may
accumulate more easily in the tumor.?*? However, much remains
to be clarified.

In the present paper, we have shown not only the superiority
of the antitumor effect of NK012 compared with that of CPT-11,
but also propose that enhanced accumulation; distribution, and

‘retention of  DDS within the tumor tissue and the sustained

release of anticancer agents from DDS patticles are key elements
for the treatment of hypovascular tumors. A phase I clinical trial
is now underway. Not only the clinical usefulness of NKO012,
but also the new concept for antitumor actions described in this
paper are intended to be verified in the near future through further
preclinical and clinical studies.
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Abstract

It has been recently reported that NK012, a 7-ethyl-10-hydroxy-
camptothecin (SN-38)-releasing nanodevice, markedly enhan-
ces the antitumor activity of SN-38, especially in hypervascular
tumors through the enhanced permeability and retention
effect. Renal cell carcinoma (RCC) is a typical hypervascular
tumor with an irregular vascular architecture. We therefore
investigated the antitumor activity of NK012 in a hypervascular
tumor model from RCC. Immunohistochemical examination
revealed that Renca tumors contained much more CD34-
positive neovessels than SKRC-49 tumors. Compared with CPT-
11, NK012 had significant antitumor activity against both bulky
Renca and SKRC-49 tumors. Notably, NK012 eradicated xapid-
growing Renca tumors in 6 of 10 mice, whereas it failed to
eradicate SKRC-49 tumors. In the pulmonary metastasis
treatment model, an enhanced and prolonged distribution of
free SN-38 was observed in metastatic lung tissues but not in
nonmetastatic lung tissues after NK012 administration. NK012
treatment resulted in a significant decrease in metastatic
nodule number and was of benefit to survival. Our study shows
the outstanding advantage of polymeric micelle-based drug
carriers and suggests that NK012 would be effective in treating
disseminated RCCs with irregular vascular architectures.
[Cancer Res 2008;68(6):1631~5]

Introduction

Passive targeting of the drug delivery system is suited to
combating the pathophysiologic characteristics present in many
solid tumors: hypervascularity, irregular vascular architecture,
potential for secretion of vascular permeability factors, and the
absence of effective lymphatic drainage that prevents efficient
clearance of macromolecules. These characteristics, unique to solid
tumors, are believed to be the basis of the enhanced permeability
and retention (EPR) effect (1). Polymeric micelle-based anticancer
drugs have recently been developed (2, 3), and some were put
under evaluation for clinical trials (4, 5).

7-Ethyl-10-hydroxy-camptothecin (SN-38), a biological active
metabolite of irinotecan hydrochloride (CPT-11), has potent
antitumor activity, but has not been used clinically because it is
a water-insoluble drug. It has been recently shown that novel
SN38-incorporated polymeric micelles, NK012, have the potential

Requests for reprints: Yasuhiro Matsumura, Investigative Treatment Division,
Research Center for Innovative Oncology, National Cancer Center Hospital East, 6-5-1
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to allow effective sustained release of SN-38 inside a tumor and
possess potent antitumor activities especially in a vascular
endothelial growth factor (VEGF)-secreting hypervascular tumor
(6), because the supramolecular structures of NK012 which enable
SN-38 to accumulate in the target tissue are based on the EPR
effect (1).

Renal cell carcinoma (RCC) is a typical hypervascular tumor
with an irregular vascular architecture. We therefore conducted an
investigation to determine whether NK012 would be effective in
treating RCC by using established RCC tumor models with
pulmonary metastasis.

Materials and Methods

Drugs and cells, CPT-11 was purchased from Yakult Honsha Co., Ltd.
SN-38 and NKO012 was prepared and supplied by Nippon Kayaku Co., Ltd.
(6). Five human RCC lines (SKRC-49, Caki-1, 7698, 7860, and KU19-20) and
murine Renca cells were maintained in DMEM or MEM supplemented
with 2 mmol/L glutamine, 1% nonessential amino acids, 100 units/mL
streptomycin and penicillin, and 10% FCS. -

In vitro growth inhibition assay. The growth inhibitory effects of
NK012, SN-38, and CPT-11 were examined with a 3-(4, 5-dimethylthiazol-2-y1)-
2, 5-diphenyltetrazolium bromide (MTT) assay, as described previously (6).

In vivo growth inhibition assay. The animal experimental protocols
were approved by the Committee for Ethics of Animal Experimentation,
and the experiments were conducted in accordance with the Guidelines
for Animal Experiments in the National Cancer Center. Athymic nude mice
(3-4 wk old) were maintained in a laminar air flow cabinet under aseptic
conditions. 107 RCC cellswere s.c. injected info the backs of the mice.
NKO12 at doses of 10 mg/kg/d or 20 mg/kg/d and CPT-11 at doses of
15 mg/kg/d or 30 mg/kg/d were given iv. on days 0 (when tumors were
allowed to grow until they became massive in size, around 1.5 cm), 4, and 8.
Tumor volume was determined by direct meastirement with calipers and
caleulated as 1/6 X (large diameter) X (small diameter)®.

Assessment of treatment effects of NK012 on murine pulmonary
metastasis model. A total of 1 x 10° Renca cells were inoculated into
male BALB/c mice via the tail vein. The mice were randomly divided into
three groups of 10. NK012 at dose of 20 mg/kg/d and CPT-11 at dose of
30 mg/kg/d were given iv. on days 0 (7 d after inoculation), 4, and 8. After
that, the mice were sacrificed, their lungs were Stained intratracheally with
15% India black ‘ink solution, and the number of metastatic nodules in
each mouse was counted, To determine the effect of NK012 on survival, an
identical experiment to the one described above was done. After treatment,
mice were maintained until each animal showed signs of morbidity (ie.,
over 10% weight loss compared with untreated controls), at which point
they were sacrificed. Kaplan-Meier analysis was done to determine the
effect on time. to morbidity, and statistical differences were ranked
according to a Mantel-Cox log-rank test using the StatView 5.0 software
package. )

Histologic and immunohistochemical analysis. Histologic sections
were taken from Renca tumor tissues. After extirpation, tissues were fixed
with 3.9% formalin in PBS (pH 7.4), and the subsequent preparations and
H&E staining were performed by Tokyo Histopathological Laboratory Co.,

www.aacrjournals.org ‘ 1631
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Cell line ICs0 (pmol/L)
SN-38 - NKo12* CPT-11

SKRC-49 0.0064 + 0.005 0.011 + 0.008 414 + 045
Caki-1 0.0062 + 0.009 0.032 + 0.006 845 + 0.85
769P 0.015 % 0.007 0.085 + 0.014 3454 + 376
7860 0.031 % 0.007 0.12 £ 0012 28.14 * 121
KU19-20 0.10 £ 0.006 0.34 + 0.014 3265 + 1.25
Renca 0045 % 0.005 0.0096 + 0.008 2.26 + 005
*The dose of NKO012 is expressed as a dose equivalent to SN-38.

Ltd. Monoclonal anti-CD34 antibody (HyCult Biotechnology) was used to
detect the tumor blood vessels. CD34-positive neovessels were counted in
10 high-power fields (x400) by two independent investigators who operated
in a blinded fashion.

Assay for free (polymer-unbound) SN-38 in lung tissues. The Renca
pulmonary metastasis model described above was used for the analysis of
the biodistribution of NK012. and CPT-11. Ten days after Renca inoculation,
NKO12 (20 mg/kg) or CPT-11 (30 mg/kg) was given iv. to the mice. The
mice were sacrificed at 0, 24, 48, and 72 h after administration, and lung
samples were taken and stored at —80°C until analysis. We prepared
control mice without Renca inoculation as the nonmetastatic model;
NKO012 was administrated. as well, and lung samples were stored. Samples
were then homogenized on.ice using a Digital homogenizer (Iuchi) and
suspended in thé mixture of 100 mmol/L glycine-HCl buffer (pH 3)/
methanol (1:1, v/v) at a concentration of 5% w/w. Proteins were precipitated
with an ice-cold mixture of 1 mmol/L HsPOs/MeOH/H,0 (1:1:4, v/v/v)
containing caraptothecin as an 1S. The sample was vortexed for 10 s and
filtered through a MultiScreen Solvinert (Millipore Corporation), and the
concentration of free SN-38 in the aliquots of the homogenates (100 uL) was
determined using the high-performance liquid chromatography method (6).

Statistical analysis. Data'were expressed as mean =+ SD. Significance of
differences was calculated using the unpaired ¢ test with repeated measures
of StatView 5.0. P < 0.05 was regarded as statistically significant.

Results and Discussion

We first evaluated in vitro cellular sensitivity of RCC lines to
SN-38, NKO12, and CPT-11. The ICs, values of each agent for RCC
lines are shown in Table 1. NKO12 exhibited higher cytotoxic effect

against each cell line compared with CPT-11 (96-fold to 406-fold
sensitive).

It is essential to elucidate the correlation between the
effectiveness of micellar drugs and tumor hypervascularity and
hyperpermeability. Gross evaluation of those RCC tumors s.c.
injected into the backs of mice revealed that Renca tumors were
more reddish and grew faster than SKRC-49 tumors, and immu-
nohistochemical examination showed that Renca tumors
contained much more CD34-positive neovessels than SKRC-49
tumors (Fig. 1).

We allowed the tumors to grow until they became massive,
around 1.5 cm, and then initiated treatment. A striking decrease
in Renca tumor volume was observed on day 15 in mice treated
with NKO012 at 20 mg/kg/d compared with the untreated control
(Fig. 24). Renca bulky masses completely disappeared on day 21 in
6 of 10 mice treated with NK012 at 20 mg/kg/d. On the other hand,
Renca tumors in mice treated with CPT-11 at 30 mg/kg/d were not
eradicated and rapidly regrew after a partial response at day 15.
An approximate 10% body weight loss occurred in mice treated
with NK012 20 mg/kg, compared with the untreated controls, but
there was no significant difference in comparison with tumor-free
mice treated with NK012, suggesting that the decrease in body
weight was likely to be due to tumor shrinkage rather than toxic
effects. We next compared the antitumor activities of the NK012
and CPT-11 treatment in SKRC-49 and Renca tumors. The SKRC-49
tumor volume in mice treated with NKO12 at 20 mg/kg/d on day 21
was over 70% smaller than in the untreated controls on day 21
and ~50% smaller than in mice on day 0 (Fig. 2B). However, the
SKRC-49 tumors were not eradicated in mice treated with NK012.
Considering that equivalent in vitro growth inhibitory effects by
NKO12 were observed for SKRC-49 and Renca cells (Table 1),
our results suggest that the antitumor activity of NKO12 in vivo
might be affected by tumor environment factors, such as tumor
vascularity.

We next examined the distribution of free SN-38 in the
metastatic or nonmetastatic (no inoculation of Renca cells) lung
tissues after administration of NK012 or CPT-11. In the case of
NKO012 administration in mice with lung metastasis, free SN-38 was
detectable at the concentration of >100 ng/g in metastatic lung
tissues with a typical microvascular architecture (Fig. 34) even at
72 hours after administration, whereas the concentrations of free
SN-38 in nonmetastatic lung tissues after NK012 administration
were much Jower than those in metastatic lung tissues after
treatment with NKO012 (significant at 24, 48, and 72 hours; P < 0.05;
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Figure 1. Comparison of tumor
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angiogeneses of Renca and SKRC-49 in
athymic nude mice. A, representative
photographs of massive tumors developed
from Renca and SKRC-49 at 28 d

after s.c. injection (inoculation).
Immunochistochemical (CD34, x400)
examinations for each tumor are shown.
B, tumor neovascularization in each tumor
was quantified by counting CD34-positive
neovessels. Bars, SD. Experiments were
repeated twice with similar resuits.
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Figure 2. Growth-inhibitory effect of NKO12 and
CPT-11 on bulky RCC tumors. Lv. administration
of NK012 or CPT-11 was started when the mean
tumor volumes of groups reached a massive
1,500 mm>. The mice were divided into test
groups as indicated. A, representative of each
group at day 15 in the Renca allograft model.
Arrows, Renca allografts (fop). Time profile of
tumor volume in mice treated with NKO12 or

Renca {on day 15)

B SKRC-49

Renca

CPT-11 at indicated doses (bottom). Each group Control  CPY-1130 mgkg NK012 20 mg/kg Day0 Day2i  Dayd Day21
consisted of 10 mice. Bars, SD. B, the
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(bottom). Each group consisted of 10 mice.
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Fig. 3B). On the other hand, the concentrations of free SN-38 after
administration of CPT-11 were almost negligible in metastatic lung
tissues at all time points (data not shown). These results strongly
suggest that SN-38 could be selectively released from NKO012 and
maintained in metastatic Renca tumor tissues. '
Deviating from the ordinary experimental pulmonary metastasis
prevention model, we initiated treatment 7 days after inoculation
(day 0) when multiple lung nodules derived from Renca were
observed in all mice in our preliminary study (Fig. 44). On day 21,
there was no significant difference between the mean number of

metastatic nodules in the control group (287 + 56 nodules, n = 10)
and in the group receiving CPT-11 treatment (236 + 59 nodules,
n = 10). Significant treatment effects were found, however, in the
group receiving NKO12 treatment (32 + 18 nodules, n = 10) on
day 21 compared with the control group on day 21 (P < 0.0001).
Notably, a dramatic decrease in metastatic nodule number was
observed in the NKO12 treatment group on day 21 compared with
the control group on day 0 (126 * 23 nodules, 7 = 10, P < 0.001;
Fig, 44). Kaplan-Meier analysis showed that a significant survival
benefit was obtained in the NK012 treatment group compared with

600
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—e— metastatic lung
—O— nonmetastatic lung

400

300
200

{nglg tissue}

100

Free SN-38 coneentration

Figure 3. Pulmonary metastasis of Renca cells and lung tissue distribution of free SN-38 after administration of NK012 and CPT-11. A, gross appearances of
pulmonary metastasis observed 7 d after Renca inoculation (fop). Multiple metastatic nodules and neovascularization in metastatic lung tumor lesion (bottorn). B, time
profile of free SN-38 concentration in metastatic or nonmetastatic lung tissues in mice treated with NKO12 (20 mg/kg/d). Bars, SD. Expériments were performed

in tetraplicate.
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Figure 4. Treatment effect of NK012 on established pulmonary metastasis and survival. NK0O12 (20 mg/kg/d) and CPT-11 (30 mg/kg/d) were given i.v. to mice

with established pulmonary metastasis on days 0 (7 d after Renca inoculation), 4, and 8. A, gross and histologic appearances of pulmonary metastases at day 21 (fop).
The metastatic nodules in each mouse were counted. Each group consisted of five mice. B, mice were maintained for 90 d after each treatment and survival was
assessed by a Kaplan-Meier analysis. Each group consisted of five mice. Experiments were repeated twice with similar results.

the control group (P < 0.001), but no significant survival benefit
was obtained in CPT-11 treatment group (P = 0.239; Fig. 4B).
Although no severe toxic effects were observed in any mouse
treated with NKO012, 3 .of 10 mice treated with NKO12 were
sacrificed during the observation period according to the
‘Guidelines for Animal Experiments because their body weights
had become 10% lower than those of the other mice. However,
the sacrificed mice were a little bit smaller than others when they
started treatment, and they showed no disseminated lung
metastasis (data not shown).

Our results presented here strongly support recent findings
reported by us that the macromolecular drug distribution
throughout the tumor site was enhanced by the hypervascularity
and hyperpermeability, and subsequently higher antitumor activity
was achieved (6). We assume that conventional low molecular size
anticancer agents almost disappear from the bloodstream without
being subjected to the EPR effect before they can reach the target
organs (solid tumor). The clinical importance of angiogenesis in
human tumors has been shown in several reports indicating a
positive relationship between the blood vessel density in the tumor
mass and poor prognosis with chemoresistance in patients with
various cancers (7-9). Furthermore, recent reports showing that
anticancer agents were less active against VEGF-overexpressing
tumors (10, 11) may support the idea that low-molecular drugs are
not so effective in the treatment of solid tumors which are rich in
blood vessels.

Our study thus far has several limitations about clarifying
whether extensive angiogenesis in the tumor is an essential
determinant for the susceptibility to NK012. In our ongoing study,
we found that NKO012 also has a striking antitumor activity against
some hypovascular tumor models of human pangcreatic cancer

xenografts.® It also remains unclear whether NKOI2 possesses
strong antitumor activity in other metastatic sites besides the lung,
It is known that the EPR effect is affected by various permeability
factors, such as bradykinin (12), nitric oxide (13). and various
cytokines independent of VEGF and hypervascularity (14). Among
solid tumors with rapid progression potential, irregularity occurs
not only in blood flow and vascular density, but also in the vascular
network and anatomic architecture (15, 16), suggesting that
EPR effect may be predominantly promoted in rapid-progressive
tumor phenotypes and influenced by organ-specific tumor
microenvironment. Hoffman and coworkers (17, 18) have devel-
oped a technique of surgical orthotopic implantation (SOI} with
more clinical features of systemic and aggressive metastases than
our conventional animal models. Further preclinical studies using
such models as SOI might clarify cancer phenotypes and metastatic
organs to which we can apply NK012 more precisely.

The results of chemotherapy in RCCs have been disappointing,
as indicated by the low response proportions. However, clinical
trials using gemcitabine-containing regimens have been encourag-
ing,” with major responses occurring in 5% to 17% of patients
(19, 20), suggesting the possibility that chemotherapy is promising
as- a modality for RCC therapy if anticancer agents can be
selectively - delivered; released, and maintained around tumor
tissues; Qur current report highlights the advantages of polymeric
micelle-based drug carriers. like NK012 as promising modalities
for treatment, rather than prevention, of disseminated RCCs with
abnormal vascular architecture. The results of our ongoing phase-1

5 Y. Saito, M. Yasumaga, J. Kuroda, Y. Koga, and Y. Matsumura. Unpublished data.
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clinical trial and future phase-II trials of NK012 in patients with
advanced solid tumors including RCC might meet or even exceed

our expectations.
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Cell permeabilization using microbubbles (MB) and low-intensity
ultrasound (US) have the potential for delivering molecules into the
cytoplasm. The collapsing MB and cavitation bubbles created by
this collapse generate impulsive pressures that cause transient
membrane permeability, allowing exogenous molecules to enter
the cells. To evaluate this methodology in vitro and in vivo, we
investigated the effects of low-intensity 1-MHz pulsed US and
MB combined with cis-diamminedichloroplatinum (i) (CDDP) on
two cell lines (Colon 26 murine colon carcinoma and EMT6 murine
mammary carcinoma) invitro and invivo on severe combined
immunodeficient mice inoculated with HT29-luc human colon
carcinoma. To investigate invitro the efficiency of molecular
delivery by the US and MB method, calcein molecules with a
molecular weight in the same range as that of CDDP were used as
fluorescent markers. Fluorescence measurement revealed that
approximately 10°-107 calcein molecules per cell were internalized.
US-MB-mediated delivery of CDDP in Colon 26 and EMT6 cells
increased cytotoxicity in a dose-dependent manner and induced
apoptosis {nuclear condensation and fragmentation, and increase in
caspase-3 activity). In vivo experiments with xenografts (HT29-luc)
revealed a very significant reduction in tumor volume in mice
treated with CDDP + US + MB comipared with those in the US + CDDP
groups for two different concentrations of CDDP. This finding
suggests that the US-MB method combined with chemotherapy has
clinical potential in cancer therapy. (Cancer Sci 2008; 99: 2525-2531)

M icrobubbles (MB) have been developed as ultrasound
(US) contrast agents with a diameter of less than 10 pm.
The components of their shell membrane vary (albumin, lipid,
or polymer), and gases such as air or perfluorocarbons are
internalized in them.®® These bubbles oscillate non-linearly in
an US field and emit harmonic and subharmonic acoustic signals,
thereby enabling differentiation between acoustic scattering and
vascular signatures. In addition, because these bubbles behave
similar to red blood cells, they have been used to evaluate the
blood pool and blood flow at the microvascular level. @

Microbubbles collapse in the presence of low-intensity US.
There is evidence that impulsive pressures generated by either
collapsing MB®9 or the cavitation bubbles created by this col-
lapse may permeabilize the plasma membrane of neighboring
cells.™® This process results in the diffusion of nearby exogenous
molecules into the cytoplasm and a subsequent biological
response.®1D Because these impulsive pressures can be induced
by high-intensity US,0>'3 sybstantial thermal and mechanical
side effects can be reduced using the US-MB method.

The US-MB method is non-toxic and non-immunogenic,
and allows local or systemic administration. This method can
be used to deliver exogenous molecules into dividing and
non-dividing cells and has been investigated as an approach for
invivo gene transfer and molecular delivery.**'® In any case,

doi: 10.1111/1.1349-7006.2008.00989.x
© 2008 Japanese Cancer Association

the efficiency of molecular delivery depends on the size of the
molecules to be delivered.®™® The amount of molecules
increases with decreasing molecular weight. Thus, it is expected
that this methodology will be useful for therapeutic strategies
involving drugs with small molecular sizes. Cis-diamminedi-
chloroplatinum (IT) (cisplatin; CDDP) is 6ne of the most effective
and commonly used chemotherapeutics, possessing a molecular
weight of 300, CDDP has been used for the treatment of many
solid tumors, including those of the ovaries, testicles, bladder,
lung, and head and neck.® Increasing CDDP penetration into the
tumor cells could further improve its therapeutic efficacy. In
the present study, we estimated the number of CDDP molecules
internalized by the US-MB method using calcein molecules
with molecular weights in the same range as that of CDDP as
fluorescent markers. Subsequently, we assessed the therapeutic
potential of the combination of CDDP and US with MB in vitro
and invivo and demonstrated that this combination induces
apoptotic effects, and increases the therapeutic efficacy.

Materials and Methods

In vitro and in vivo studies were carried out in accordance with
the ethical guidelines approved by Tohoku University.

Cell preparation. Human embryonic kidney (293T) cells were
a generous gift from Dr Ono of Tohoku University. Murine
mammary carcinoma (EMT6) cells were obtained from the
American Type Culture Collection (Rockville, MD, USA).
Murine colon carcinoma (Colon 26) cells were obtained from
the Cell Resource Center for Biomedical Research of the
Institute of Development, Aging and Cancer, Tohoku University
(Sendai, Japan). Human colon carcinoma (HT-29-luc) cells
stably transfected with a plasmid carrying the firefly luciferase
gene driven by a cytomegalovirus promoter were obtained from
Xenogen (Alameda, CA, USA). Colon 26 and HT-29-luc cells
were cultured under standard conditions in RPMI-1640 medium
supplemented with 10% heat-inactivated fetal bovine serum
(Invitrogen, Carlsbad, CA, USA) and 1% L-glutamine—penicillin—
streptomycin (Sigma-Aldrich, St Louis, MO, USA), whereas
293T and EMT6 cells were cultured in Dulbecco’s modified
Eagle’s medium (Sigma-Aldrich) containing the same supplements
as those added to the RPMI-1640 medium. HT29-luc cells were
selected in 1 mg/mL geneticin (G418) (Sigma-Aldrich). Cells
cultured in a 10-cm culture dish were maintained in a humidified
incubator at 37°C under an atmosphere containing 5% CO, and
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95% air. The total cell counts and viability were counted in a
hemocytometer by the trypan blue dye exclusion method® prior
to US exposure. Only cells in their exponential growth phase
with a viability 209% were used for the study.

Microbubbles. MB were created in an aqueous dispersion of
2 mg/mL 1,2-distearoyl-sn-glycero-3-phosphocholine (Avanti
Polar Lipids, Alabaster, AL, USA) and 1 mg/mL polyethylene
glycol 40 stearate (Sigma-Aldrich) using a 20-kHz sonicator
(Vibra Cell; Sonics and Materials, Danbury, CT, USA) in the
presence of C,F, gas.®® The lipid molecules that formed
components of the MB surface were confirmed by staining the
molecules with 3 pmol/L FM1-43 (excitation 479 nm, emission
598 nm; Molecular Probes, Eugene, OR, USA) and observing them
under an inverted microscope (IX81; Olympus, Tokyo, Japan). The
peak diameter and the zeta potential of the MB were determined
to be 1272 £ 163 nm (n="7) and 4.1 £ 0.85 mV (n=3), respectively,
by using a laser diffraction particle size analyzer (particle range
0.6 nm—7 um; ELSZ-2; Otsuka Electronics, Osaka, Japan).

Ultrasound exposure, Three 1-MHz submersible US probes
were used. A 12-mm (Fuji Ceramics, Fujinomiya, Japan) and a
30-mm diameter probe (BFC Applications, Fujisawa, Japan)
were used for the in vitro experiments, whereas 38-mm diameter
probes (Fuji Ceramics) were used for the invivo experiments.
Each probe was placed in the test chamber (380 mm
x 250 mm x 130 mm) that was previously filled with tap water.
Signals of 1 MHz were generated by a multifunction synthesizer
(WF1946A; NF Co., Yokohama, Japan) and amplified with a
high-speed bipolar amplifier (HSA4101; NF Co.). The pressure
values were measured using a polyvinylidene fluoride (PVDF)
needle hydrophone (PVDE-Z44-1000; Specialty Engineering
Associates, Soquel, CA, USA) at a stand-off distance of 1 mm
from the transducer surface by using a stage control system
(Mark-204-MS; Sigma Koki, Tokyo, Japan). The signals from
both the amplifier and the hydrophone were recorded onto a
digital phosphor oscilloscope (Wave Surfer 454, 500 MHz,
1 MQ [16 pF]; LeCroy Co., Chestnut, NY, USA) in top water
degassed with transducer (SPN-620) generated by ultrasonic
generator 02 (GP-622D) (Tiyoda Electric Co., Chikuma, Japan).
The positive and negative peak values of the pressures were the
same. Two intensities, 0.5 and 1.0 W/cm?, were used in the
invitro experiments. The duty cycle was 50%, the number of
pulses was 2000, the pulse repletion frequency was 250 Hz, and
the exposure time was 10s. For the invivo experiments, the
intensity was 3.0 W/cm?, the duty cycle was 20%, the number of
pulses was 200; the pulse repletion frequency was 1000 Hz, and
the exposure time was 60s. The intensity was defined as the
average rate of flow of energy through a unit area placed normal
to the direction of propagation.

In vitro quantization of calcein uptake. The 293T cells (5 x 10
cells/well) were seeded in complete medium onto 48-well plates
and incubated at 37°C in a 5% CO, incubator. On the next day,
the medium was replaced with fresh medium containing
200 pmol/L. calcein (molecular weight 622) (excitation
494 nm, emission 517 nm; Sigma-Aldrich) with and without
MB (10% v/v). After US exposure for 10s, the cells were
washed with phosphate-buffered saline (PBS), trypsinized, and
collected in a 15-mL conical tube. Thereafter, the cells were
washed three times and transferred to a 1.5-mL conical tube in
which they were pelleted. The pellets were lysed in 200 uL
reporter lysis buffer (Promega, Madison, WI, USA) and
subsequently frozen at —80°C for 15 min. The cells were thawed
on ice. Bach cell lysate was centrifuged at 12 000g for 2 min to
pellet the cell debris. Twenty microliters of the supernatant
was examined for the uptake of fluorescent molecules using
Mx3000P software (Stratagene, La Jolla, CA, USA). The
fluorescence of these molecules was excited using a quartz
tungsten halogen lamp (350-750 nm), and the emission was
collected with a 492-516-nm bandpass filter. The fluorescence

2526

data were analyzed with MxPro QPCR Software (Stratagene).
The total protein content from an aliquot of each sample of
supernatant was calculated by establishing albumin standard
curves (BCA protein assay kit; Pierce, Rockford, IL, USA).
In addition, two other standard curves were utilized: one to
determine the total protein content of the cells, and the other to
determine the concentration and intensity of the fluorescence.
The experiment was carried out with samples and standards in
duplicate, and the absorption of the protein was measured at
562 nm using a plate reader (Sunrise; Tecan Austria, Salzburg,
Austria) with the data analysis software LS-Plate manager RD 2001
(Win) (Sunrise). The number of equivalent fluorescent molecules
per cell was determined from the calibration curves.

Imaging of confocal fluorescence microscopy. The 293T cells
(5% 10* cells/well) were seeded in complete medium onto
alternate 48-well plates to prevent US exposure of neighboring
cells.® On the next day, the medium was replaced with fresh
medium (110 uL) containing calcein (200 umol/L) with and
without MB (10% v/v). After US exposure of 10 s, the plates
were incubated for 24 h. Thereafter, the cells were washed three
times with PBS and trypsinized. Finally, the cell pellet was
resuspended in 60 uL propidium jodide (PI) (excitation
536 nm, emission 617 nm; Molecular Probes) (0.7 jtg/mL) and
incubated at room temperature for 10-15 min. The calcein and
PI fluorescence intensities were determined with a confocal
microscope (FV1000; Olympus). A x60 oil-immersion objective
lens with a numerical aperture of 1.25 was used. Calcein and
PI fluorescence were excited with the 488-nm line of an argon
laser. The laser excitation beam was directed to the specimen
through a 488-nm dichroic beam splitter. The emitted fluorescence
was collected through a 510-550-nm bandpass emission filter
in the green channel and a 580-nm longpass filter in the red
channel. Computer-generated images of 1-jm optical sections
were obtained at the approximate geometric center of the cell as
determined by repeated optical sectioning.

In vitro delivery of CDDP. CDDP (molecular weight 300) was
donated by Nihon Kayaku (Tokyo, Japan). Colon 26 and EMT6
cells were seeded in complete medium onto 10-cm culture
dishes. Both cells were trypsinized, counted, and transferred
into 15-mL round tubes at concentrations of 5 x 10° and 3 x 10°
cells/ml, respectively. For control samples, 1 ml. complete
medium was used as the sample solution; for treated samples,
the sample solution was mixed with 800 pL. complete medium,
100 uL. CDDP solution (0.5-1.0 mmol/L), and 100 uL. MB
solution (7% v/v). Each tube was positioned above a 30-mm
diameter US probe that was immersed in tap water and exposed
to US (10's; 0.5 W/em?). After exposure, 4 mL PBS was added
to each tube and centrifuged for 5 min at 4°C (350g). The cells
were washed twice with PBS and subsequently seeded in 1 mL
complete medium onto 24-well plates. The plates were
incubated for 24 h at 37°C in a 5% CO, incubator. The cell
viability was determined by a 3~(4,5-dimethylthiazol-2-y1)-2,
5-diphenyltetrazolium bromide (MTT) assay as described
previously.?? Each experiment was carried out with five
samples. For each experiment, the mean percentage of treated
samples was divided by the mean percentage of control samples
to obtain the survival fraction. The mean of five survival
fractions was calculated for each condition. The survival fraction
of each cell line was measured at the CDDP concentration at
which the highest statistical significance was obtained.

In vitro analysis of apoptosis. Colon 26 (5 x 10* cells/well) cells
were seeded onto alternate 48 wells to prevent the US exposure
of neighboring cells.® The medium was replaced with fresh
medium (110 pL) containing CDDP (1.5 mg) with and without
MB (7% v/v). After US exposure, the plates were incubated for
1 hin a 5% CO, incubator, supplemented with 390 pL. complete
medium; subsequently, the plates were incubated for an
additional 24h at 37°C in the same incubator. The final
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concentration of CDDP was 10 pmol/L.. The cell viability was
determined by an MTT assay as described previously.®?
Staining with 4',6-diamidino-2-phenylindole (DAPI; Sigma-
Aldrich) was carried out for observing nuclear condensation and
fragmentation. Twenty-four hours after the addition of CDDP,
the cells were washed with PBS, stained with 100 pL. DAPI
(100 ng/mL) solution, and observed under an inverted
microscope (IX 81). DAPI fluorescence of the cell nuclei was
visualized by excitation at 330—385 nm with a 420-nm barrier
filter. For determining the induction of apoptotic mediator
proteins, caspase-3 activity was measured using a colorimetric
assay kit (Medical and Biological Laboratories, Woburn, MA,
USA) 24 h after the treatment. In brief, the treated cells were
collected from 12 wells of the 48-well plates and suspended
in cell lysis buffer. Aliquots of protein were incubated in a
reaction buffer containing 10 mmol/L, dithiothreitol (DTT) at
37°C for 1 h. A p-nitroaniline-conjugated synthetic peptide was
used as the substrate. The caspase activity was calculated by
measuring the optic absorbance at 400 nm using a plate reader
with the data analysis software LS-Plate manager RD 2001 (Win).

In vivo therapeutic effects. To evaluate the antitumor effects
of MB, the antitumor effects of CDDP + US and CDDP
+ US + MB were compared using xenografts of HT29-luc cells.
Two CDDP concentrations (0.5 and 1.25 pg/g bodyweight) were
used. HT29-luc cells (1 x 10° cells) in 100 pL saline were
injected subcutaneously into the right and left flanks of 16 male
severe combined immunodeficient mice aged 6-9 weeks (mouse
bodyweight was set to 20 g). The mice were assigned randomly
into two groups. On days 3, 7, and 10, all mice were injected
intratumorally with the following assigned treatments. (i) Four
mice received 20 uL. CDDP (0.5 pg/ul. bodyweight) with 80 uL.
saline per site following US exposure (CDDP +US), and four
others received 20 L. CDDP (0.5 ug/pl. bodyweight) with
30 uL. saline and 50 L. MB per site following US exposure
(CDDP + US + MB). (ii) Four mice received 50 ul. CDDP
(1.25 pg/ul. bodyweight) with 50 uL saline per site following
US exposure (CDDP + US), and four others received 50 pL
CDDP (1.25 pg/pL bodyweight) with 50 gL MB per site
following US exposure (CDDP + US + MB). The tumors
were immersed in tap water with a temperature of 37°C,
positioned just above the 38-mm diameter US probe, and
exposed to US (3.0 W/em?, 60 s). Bioluminescence induced by
CDDP + US + MB was normalized with that of CDDP + US at
each concentration (0.5 and 1.25 pg/g bodyweight) on days 4,
7,9, and 11 to provide the antitumor effects of MB.

Bioluminescence imaging. On days 4, 7, 9, and 11, the mice
were anesthetized with isoflurane. Subsequently, they were
injected intraperitoneally with luciferin (150 pg/g bodyweight)
and placed on the in vivo imaging system (IVIS100; Xenogen).
The bioluminescence signals were monitored at 10-s time
intervals after 10 min luciferin administration. The signal intensity
was quantified as the sum of all detected photon: counts within
the region of interest after subtraction of the measured
background luminescence. The light intensity closely correlated
with the tumor volume (EMT6-luc) up to 100 mm?, at which
point the tumor volume was calculated according to the formula
(7/6) x (width)? x (length).®) In the present experiment, all
tumors (HT29-luc) with a volume less than 100 mm® were
subjected to treatment.

Statistical analysis. A1l measurements are expressed as
mean + SEM. An overall difference between the groups was
determined by one-way analysis of variance (one-way ANOVA).
When the one-way ANOVA results were significant for three
samples, the differences between each group were estimated
using the Tukey—Kramer test. Simple comparisons of the meéan
and SEM of the data were carried out using Student’s r-test. The
differences were considered to be significant at P < 0.05.

Watanabe et al.

1.5

1.0

0.5

Normalized survival fraction

0 Caicen Calcein Calceln
alone +US  +Us+MB

alcein Calcein
+US  +UsS+MB

Calcein
alone

(c)

Fig. 1. Uptake of fluorescent molecules by 2937 cells. (a) Mean
fluorescence uptake under various conditions (calcein alone,
calcein + ultrasound [US], and calcein + US + microbubbles [MB]). The
calcein + US + MB condition results in a significant increase in the
uptake of fluorescent molecules (6.0 0.5 ¥ 106 molecules per cell)
compared to calcein alone and calcein + US. Calcein alone (n=4),
calcein +US (n=4), calcein+US+MB (n=4). (b) Cell viability
measured by the a 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) assay. The survival fraction is decreased slightly by the
effect of US+MB. Calcein alone (n=4), calein+US (n=4),
calcein + US + MB (n = 4). (¢) Confocal microscopy showing differential
interference contrast (left) and fluorescence images (middle) or
representative viable 293T cells (right) exposed to US in the presence of
MB. Propidium iodide (P!) staining was carried out with fluorescence
staining in some cases to confirm that the cells that acquired calcein
were viable and excluded Pl. Scale bars = 20 mm. Ultrasound intensity
1.0 W/em2; duty cycle 50%; number of puises 2000; pulse repletion
frequency 250 Hz; and exposure time 10s. **P < 0.01.

Results

Uptake of fluorescent molecules. Calcein, which has a molecular
weight of 622 (calculated stokes radius of 0.68),%> was used as
a fluorescent marker to evaluate small-inolecule entry in cancer
cells upon US-MB stimulation. As the molecular weight of
CDDP is 300 (calculated stokes radius is 0.48 nm), calcein can
be considered to represent a realistic marker of CDDP entry into
tumor cells.

The exposure of cells to US in the presence of MB resulted
in the delivery of 10%-107 calcein molecules per cell (Fig. 1a).
This represents a significant increase in the uptake of fluorescent
molecules compared to calcein alone and -calcein + US.
Figure 1b shows that this effect was achieved with a very limited
loss of cell viability that was measured by MTT assay, where the
survival fraction rate due to MB alone was not investigated as it
was found that MB alone did not confribute to cell viability.®?
To confirm that the calcein molecules actually entered the
cytoplasm, confocal fluorescence microscopic analysis was
carried out. Figure 1c shows the differential interference contrast
and fluorescence images or the representative viable 293T cells
exposed to US in the presence of MB. PI staining was also carried
out with some instances of fluorescence staining to confirm that
the. cells that acquired calcein were viable and excluded PI.
Some cells treated with US in the presence of MB demonstrated
intense fluorescence distributed uniformly throughout the entire
cell, whereas other cells demonstrated localized intense fluores-
cence (Fig. 1¢).
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time 10s. The bars represent mean x SEM. *P < 0.05, **P < 0.01.
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Cytotoxicity in vitro. The cytotoxicity of various doses of
CDDP in the presence of US with and without MB was tested
on Colon 26 and EMT6 cells (Fig. 2). A marked increase in
CDDP toxicity was observed under the US-MB conditions,
whereas US alone did not significantly affect cell survival with
various CDDP concentrations. The CDDP toxicity depended
slightly on the cell type.

. Apoptosis assay. CDDP is known to induce apoptosis.® We
confirmed the involvement of apoptosis in mediating cytotoxicity
in response to CDDP. Cells undergoing apoptosis demonstrate
characteristic nuclear morphological changes with DAPI staining.
Figure 3 shows phase contrast and DAPI images of Colon 26
cells. Untreated control cells (Fig. 3a,b) and cells treated with
US + MB (Fig. 3¢,d), CDDP alone (Fig. 3e,f), and CDDP + US
(Fig. 3g,h) showed extrervely little condensed or fragmented
chromatin. The majority of cells treated with CDDP + US + MB
(Fig. 31,j) displayed apoptotic features, including condensed
nuclei and nuclear fragmentation.

Induction of caspase-3 has been suggested as a marker of
apoptosis.®® Figure 4 shows that treatment with US + MB
activates caspase-3 as compared to treatment with CDDP alone
or with CDDP + US. The caspase activity increases with time,
Taken together, the data presented in Figures 3 and 4 demon-
strate that the CDDP + US + MB combination decreases cell
viability and that this reduction in cell survival is associated
with increased induction of apoptosis. In the present study, we
did not consider the activation of caspase-3 by US because US
alone did not contribute to the survival fraction (Fig.2) and
subsequent apoptosis induction (Fig. 3).

In vivo therapeutic effects of MB, From the above invitro
experiments, we found that MB associated with US are able to
trigger the uptake of small molecules (Fig. 1), thereby inducing
antitumor effects (Fig. 2) and apoptosis (Figs 3,4) in conjunction
with CDDP. Thereafter, we investigated the invivo antitumor
effects of using MB, in cases in which the xenografts of HT29-luc
cells were used. We investigated the antitumor effects of
CDDP + US + MB on the xenografts with two different CDDP
concentrations (0.5 and 1.25 pg/g bodyweight) on days 4, 7, 9,
and 11. The luciferase activity for each concentration of
CDDP + US + MB was normalized with each concentration of
CDDP + US that was administered previously (Fig. 5a) in order
to determine the antitumor effects of MB alone. The activities of
the MB were recognized after day 7 (second treatment) in both
groups. On day 11, a significant reduction was observed in the
CDDP + US + MB group compared to the control and US + MB

Fig. 3. Nudlear condensation and fragmentation.
(a,c.e,g,i) Differential interference contrast and
(b,d,f,h,j) 4,6-diamidino-2-phenylindole (DAPI)
fluorescence images of representative viable
Colon 26 cells 24 h after treatment. 10 pmol/L
cis-diamminedichloroplatinum (ll) (CDDP): (a,b)
control, (c,d) ultrasound (US} + microbubbles
(MmB), (e,) CDDP, {(g,h) CDDP+US, and ({i])
CDDP + US + MB. Round or shrunken nuclei of
DAPI-stained cells (white arrows) are hallmarks of
apoptosis in (j). Experiments were repeated three
times with similar results. Scale bar=20um.
g Ultrasound intensity 1.0 W/cm?; duty cycle 50%;
coDP number of pulses 2000; pulse repletion frequency
+US+MB 250 Hz; and exposure time 10s.
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Fig. 4. Upregulation of the proapoptotic gene caspase-3. Colon 26
cells were treated with cis-diamminedichloroplatinum (i) (CDDP)
(10 umol/l) in the presence of ultrasound (US) with and without
microbubbles (MB). Caspase-3 activity was measured at 24 h after
treatment. Twelve wells from 48-well plates were analyzed for each
condition. Results are expressed as the number of molecules of p-
nitroaniline (pNA) (nmol) released by 1 mg of protein in (a) 1 and (b)
2 h. Ultrasound intensity 1.0 W/ecm?; duty cycle 50%; number of pulses
2000; pulse repletion frequency 250 Hz; and exposure time 10s.

groups. These effects were recognized by bioluminescence
images (Fig. 5b). Figure 5c shows antitumor effects for different
conditions (US + MB, CDDP + US, CDDP + US + MB) at day
11, where the CDDP concentration was 1.25 pg/g bodyweight,
and the bioluminescence of each condition was normalized with
that of the control at day 11. There was no significant difference
between control and US + MB. CDDP alone was recognized as
the difference between US+MB and CDDP + US, where
CDDP alone decreased US + MB by 48.4%. MB further reduced
CDDP + US by 84.1%.

Discussion

The US-MB method permeabilizes the céll membrane directly,
thereby allowing the delivery of exogenous molecules into the
cells. Electroporation is also a method that is used to
permeabilize the cell membrane by direct application of an
external electric field. Cemazar et al. delivered CDDP into both
murine sarcoma cisplatin-sensitive TBL.C12 cells and their
resistant subclones, namely, TBL.C12.Pt cells.®”? These cells
were treated invivo by electroporation, and their platinum
content was measured by atomic absorption. Based on their
findings, the authors suggested that 10° platinum molecules
were delivered into TBL.C12 and TBL.C12.Pt cells at 0.05 and
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Fig. 5. Antitumor effects of cis-diamninedichloroplatinum (I
(CDDP) + ultrasound (US) + microbubbles (MB) on HT29-luc xenografts
with two different CDDP concentrations (0.5 and 1.25pug/g bod-
yweight) on days 4, 7, 9, and 11. Ultrasound intensity 3.0 W/cm?; duty
cycle 20%; number of pulses 200; puise repletion frequency 1000 Hz;
and exposure time 60 s. Luciferase activity after (a) treatment and (b)
bioluminescence imaging. The luciferase activity under each
concentration of CDDP + US + MB was normalized with each concentration
of CDDP + US. CDDP (0.5 pg/g bodyweight) + US (n = 4), CDDP (0.5 pg/g
bodyweight) + US+ MB (n=4), CDDP (1.25ug/g bodyweight) + US
(n=4), CDDP (1.25ug/g bodyweight) +US+MB (n=4). () The
luciferase activity normalized with that of control at day 11, where the
concentration of CDDP was 1.25ug/g bodyweight. Control {(n=5),
US + MB (n = 4). The bars represent mean  SEM. *P < 0.05, **P < 0.01.

0.46 png/mlL, respectively, where these concentrations correspond
to the 50% inhibitory concentration values of platinum for these
cells. Our finding that 10°~107 calcein molecules were internalized
per cell at 200 pmol/L, as shown in Figure la, is in agreement
with the finding of Cemazar er al. and demonstrates that US—
MB permeabilization is as efficient as electroporation in the
permeabilization of cell membranes.
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There are several anticancer drugs with a similar molecular
weight to CDDP. For example, the molecular weight of vincris-
tine is 923, and that of taxol is 854. There is not even one
order difference between these molecules and cisplatin, which
has a molecular weight of 300. Therefore, we think that the
same number of molecules will be delivered into cells by this
method. However, it is noted that the number of molecules
internalized is not directly correlated with subsequent antitumor
effects. ,

Following the application of MB and US, the cell membrane
surface becomes rough and is characterized by depressions that
are reversible within 24 h after US exposure.®** Collapsed MB
or cavitation bubbles generated by collapsed MB induce impulsive
pressures such as liquid jets and shock waves; these pressures
affect the neighboring cells. The shock wave propagation
distance from the center of a cavitation bubble that has the
potential to damage the cell membrane is considerably larger
than the maximum radius of the cavitation bubble.® Molecular
dynamic simulation has revealed that the cell membrane
affected by the shock wave is deformed, thereby allowing the
entry of exogenous molecules into the cells.®” Although the
membrane permeabilization time has not been measured accu-
rately, it has been reported that the membrane reseals within
80 s when it is permeabilized by shock waves.®? When 1176
water molecules are delivered into a lipid bilayer comprising
128 dipalmitoylphosphatidylcholine molecules, a water pore of
1.9-nm diameter is formed in the lipid bilayer;®® this water pore
is larger than the CDDP with a diameter of 0.48 nm,

As shown in Figure 1, the US-MB metbod enhances cell
permeability, thereby allowing the delivery of a large number of
CDDP molecules into the cells. The combination of high-intensity
ultrasound (shock waves) and generated cavitation bubbles — the
same concept as that used in the US-MB method — can deliver
CDDP molecules into the cells.®**» However, the cytotoxicity
of CDDP depends on the cell type (Fig. 2); therefore, resistance
to CDDP is not completely overcome simply by the application
of US and MB (or cavitation bubbles).

The delivery of CDDP into cells induces apoptosis.®® Apop-
totic pathways involved in mediating CDDP-induced cellular
effects have been investigated thoroughly.®” The apoptotic
induction resulting from CDDP delivery was confirmed by
DAPI staining (Fig. 3) and measurement of caspase-3 activity
(Fig. 4). The upregulation of caspase-3 coincides with the obser-
vations of previous reports.(%!1%%) Caspase-3 is a key effector
of apoptosis that is responsible for the proteolytic cleavage of
cytoskeletal proteins, kinase, and DNA repair enzymes.“? The
signaling pathway that mediates US-induced apoptosis has been
investigated previously.(+4D

In the invivo experiments, CDDP and MB were injected
intratumorally on days 3, 7, and 10 after the injection with
tumor cells (HT29-1luc), and the tumor was exposed to US. The
normalized luciferase activity increased by day 7 and decreased
afterwards. This indicates that the antitumor effects resulted from
the activity of MB becoming dominant against the tumorigenesity.
Tumor growth was suppressed effectively, indicating that the
US-MB method provides a synergistic effect with antitumor
drugs.“@24%) :

We used a local administration system in the in vivo experi-
ments (direct injection of CDDP + MB and local US exposure).
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Abstract: Thiolated c(RGDfK)-poly(ethylene glycol)-block-poly(lysine) (PEG-PLys), a novel block
polymer that has a cyclic RGD peptide in the PEG terminus and thiol groups in the PLys side chain,
was prepared and applied to the preparation of targetable disulfide cross-linked polyplex micelies
through ion complexation with plasmid DNA (pDNA). The obtained polyplex micelles achieved
remarkably enhanced transfection efficiency against cultured Hel.a cells possessing o3 integrin
receptors, which are selectively recognized by cyclic RGD peptides, demonstrating the synergistic
effect of cyclic RGD peptide ligands on the micelle surface and disulfide cross-links in the core to
exert the smooth release of pDNA in the intracellular environment via reductive cleavage. This
enhancement was not due to an increase in the uptake amount of polyplex micelles but to a change
in their intracellular trafficking route. Detailed confocal laser scanning microscopic observation
revealed that polyplex micelles with cyclic RGD peptide ligands were distributed in the perinuclear
region in the early stages preferentially through caveolae-mediated endocytosis, which may be a
desirable pathway for avoiding the lysosomal degradation of delivered genes. Hence, this approach
to introducing ligands and cross-links into the polyplex micelles is promising for the construction of
nonviral gene vectors that enhance transfection by. céntrolling intracellular distribution.

Keywords: Polymeric micelle; cyclic RGD peptide; disuliide cross-links; caveolae-mediated
endocytosis

Introduction vectors."? Despite this demand, nonviral gene vectors based
on cationic lipids (lipoplexes) and cationic polymers (poly-
plexes) are still insufficiently for in wivo applications,
particularly those administered systemically. To achieve

As an alternative to viral gene vectors with intrinsic safety
issues, there is a growing demand for nonviral gene
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sufficient in vivo systemic transfection, nonviral vectors need
to satisfy several properties, such as high stability in the
bloodstream, accumulation in target tissues, and controlled
intracellular trafficking directing to the nucleus.

Polyplex micelles, composed of poly(ethylene glycol)
(PEG)-polycation block copolymers and plasmid DNA
(pDNA), are nonviral gene vectors with the potential for
systemic application,® > because of the suitable size of
approximately 100 nm for systemic administration, and the
formation of the biocompatible PEG shell layer to avoid the
nonspecific interaction with blood components.®~® To further
improve the stability and transfection efficiency of polyplex
micelles, disulfide cross-links were introduced into the
micelle core, revealing the improved transfection to cultured
cells as well as the successful reporter gene expression in
mouse liver by systemic administration.”'® Furthermore, we
recently established a procedure to install cyclic RGD peptide
ligands (c(RGDfK)), which can selectively recognize 0,33
and o,fs integrin receptors, on the surface of a polyplex
micelle. Eventually, c(RGDfK) installed polyplex micelles
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exhibited enhanced transfection efficiency against specific
cells possessing a,f; and o.fs integrin receptors, such as
Hela cells.!' a,f; integrin receptors are known to be
overexpressed in endothelial cells of tumor capillaries and
neointimal tissues. It should be noted that the use of vectors
with cyclic RGD peptide ligands has been investigated as
an active targeting strategy in antiangiogenic gene therapy
for cancer.'*™ ' Nevertheless, those studies focused primarily
on therapeutic through the facilitation of cellular uptake of the
vectors through receptor-mediated routes, and less attention has
been paid to the intracellular trafficking of the vectors possibly
modulated by the installed ligands. Worth mentioning in this
regard is our previous finding that installation of cyclic RGD
ligands on the polyplex micelle surface facilitated their localiza-
tion in the perinuclear region, suggesting the modulated
trafficking induced by cyclic RGD ligands.''

The study reported here is devoted to get further insights
into the modulated cellular uptake and subsequent trafficking
of ¢(RGDIK) installed polyplex micelles in order to enhance
transfection efficiency. For this purpose, new polyplex
micelles with integrated functions were developed by install-
ing cyclic RGD ligands on the surface and disulfide cross-
links in the core. Indeed, the PEG-block-poly(lysine) (PEG-
PLys) block copolymer as a platform polymer was modified
by introducing a cyclic RGD peptide into the PEG terminus
as well as thiol groups into the side chain of the PLys
segment. The functions of prepared polyplex micelles were
tested against Hela cells possessing a3 and o,fs integrin
receptors; the transfection efficiency, the amount of cellular
uptake, and the intracellular distribution were thus deter-
mined. In particular, the intracellular trafficking of the
polyplex micelles loaded with Cy3- or Cy5-labeled pDNA
was evaluated thoroughly by confocal laser scanning mi-
croscope (CLSM) observation, which clarified the uptake
route and the final intracellular localization. The resuits
demonstrated that cyclic RGD ligands facilitated the caveo-
lae-mediated endocytosis of the polyplex micelles and thus
improved transfection efficiency, which is apparently im-
portant for the design of nonviral gene vectors that can avoid
lysosomal degradation. Moreover, cyclic RGD ligands should
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