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deconjugated in the cecum and colon to regenerate SN-38
through bacterial p-glucuronidase (34). In this study, CPT-11
was excreted into feces much more than NKO12 and a high
CPT-11 concentration was detected in the small intestinal
epithelium. It is speculated that the highly excreted CPT-11 is
reabsorbed in the small intestinal epithelium and converted to

SN-38 to cause damage to the intestinal mucosa. On the other
hand, NK012 was uniformly distributed in the mucosal
interstitium at a lower concentration, which may be related to
the less mucosal damage and diarrhea than those induced by
CPT-11, although NK012 was observed for longer period than
CPT-11. About other toxic effects including bone marrow, liver,
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Fig. 4. Fecal concentrations of NK012, CPT-11, and free SN-38, and NK0O12 or CPT-11 distribution in the small intestine. A, distribution of NK012, CPT-11, and free SN-38 after
i.v. administration of CPT-11 (30 mg/kg) or NKO12 (20 mg/kg). @, polymer-bound SN-38; O, free SN-38 (polymer-unbound SN-38); A, SN-38 converted from CPT-11; A,
CPT-11. B, small intestines were excised 1, 6, 24, and 72 h after i.v. administration of CPT-11 (30 mg/kg) or NK012 (20 mg/kg). Frozen sections were examined under a
fluorescence microscope at a 358-nm excitation wavelength and a 461-nm emission wavelength. NKO12 and CPT-11 were visualized as blue, The first or third columns are a
bright-field image and the second or forth columns are a fluorescence image. Sections of small intestines were most well visualized in bright field. First, second, third, and
fourth lines from the left side are images obtained 1, 6, 24, and 72 h after drug administration, respectively. CPT-11 was strongly distributed in the epithelium of the small
intestine, whereas NK012 tended to be distributed weakly and uniformly in the mucosal interstitium.
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and kidney toxicities, there was no significant difference

between NK012/CDDP and CPT-11/CDDP in the present

treatment schedule (data not shown).

No potential conflicts

In conclusion, NK012/CDDP showed a significantly higher

antitumor activity with no severe diarrhea toxicity than CPT-11/
CDDP, one of the most active regimens against SCLC and
NSCLC. The present data suggest the clinical evaluation of
NKO012/CDDP in patients with SCLC and NSCLC.
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Antitumor Effect of NK012, a 7-Ethyl-10-Hydroxycamptothecin—
Incorporating Polymeric Micelle, on US87MG Orthotopic
Glioblastoma in Mice Compared with Irinotecan
Hydrochloride in Combination with Bevacizumab
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Abstract

Purpose: To clarify the effect of bevacizumab on NK012 therapy in mice bearing U87MG glioblastoma
orthotopic xenografts in comparison with the combination therapy of irinotecan hydrochloride (CPT-11)
with bevadizumab.

Experimental Design: NK012 at 7-ethyl-10-hydroxycamptothecin (SN-38) equivalent dose of 30 mg/kg
was administered intravenously three times every 4 days with orwithout bevacizumab. CPT-11 at 66.7 mg/kg
was administered intravenously three times every 4 days or CPT-11 at 40 mg/kg/d over 5 consecutive days
with or without bevacizumab. Bevacizumab was administered intraperitoneally six times every 4 days in
each experiment. In vivo antitumor effects were evaluated by bioluminescence imaging, histopathologic
evaluation, and immunohistochemistry. To evaluate interaction with bevacizumab, free SN-38 concentra-
tion in tumor tissues was examined by high-performance liquid chromatography.

Results: CPT-11 in combination with bevacizumab showed significantly more potent antitumor activ-
ity and longer survival than CPT-11 monotherapy (P < 0.05). However, there was no difference between
NKO012 monotherapy and NK012 in combination with bevacizumab. Concentration of free SN-38 re-
leased from NKO012 in tumor tissue decreased in combination with bevacizumab (P = 0.027). NK012
monotherapy or NKO12 with bevacizumab showed potent antitumor activity and longer survival than
any dosing method of CPT-11 in combination with bevacizumab (P < 0.05). Orthotopic tumors treated
with NK012 showed decreased tumor cellularity and lower Ki-67 index (P < 0.001) relative to those trea-
ted with CPT-11/bevacizumab. '

Conclusions: The present study using orthotopic glioblastoma model in mice may warrant further
preclinical evaluation of NK012 before conducting the clinical trial of the drug, because the antitumor
activity of NK012 monotherapy was superior to the combination therapy of CPT-11 with bevacizumab.

Clin Cancer Res; 16(2); 521-9. ©2010 AACR.

Malignant glioma, such as glioblastoma multiforme and
anaplastic astrocytoma, are the most commonly occurring
primary malignant brain tumors, and glioblastoma multi-
forme is well known as a typical hypervascular tumor with
a high expression level of vascular endothelial growth fac-
tor (VEGEF, ref. 1). Currently, glioblastoma multiforme pa-
tients have a mean survival time of only 50 weeks
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following the standard treatment consisting of surgical
and adjuvant therapies (2). However, a recent phase 111
randomized trial for newly diagnosed glioblastoma multi-
forme showed that radiation therapy with concurrent te-
mozolomide treatment followed by 6 months of
temozolomide treatment was superior to radiation thera-

- py alone in terms of overall survival (3). Furthermore, sev-

eral clinical trials have shown that the median survival
time of patients with recurrence was only 30 weeks (4).
Therefore, a novel antitumor agent based on a new ap-
proach for the recurrent malignant glioma is eagerly
awaited.

7-Ethyl-10-hydroxycamptothecin (SN-38) is a broad-
spectrum anticancer agent targeting DNA topoisomerase 1.
Irinotecan hydrochloride (CPT-11), a prodrug of SN-38,
shows some antitumor activity in patients with recurrent
glioblastoma multiforme, with response rates of 0 to 17%
in several trials (5-8). CPT-11 single-agent chemotherapy
activity is thus similar to that of other agents used for
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A recent phase II trial for recurrent glioblastoma
multiforme showed that irinotecan hydrochloride
(CPT-11) combined with bevacizumab is a promising
and unprecedentedly effective treatment against the re-
current glioblastoma multiforme. However, there may
be an increasing risk of developing venous thrombotic
disease and intracranial hemorrhage with this combi-

- nation therapy. The 7-ethyl-10-hydroxycamptothecin-
incorporating polymeric micelle NK012 has been
shown to have significant antitumor activity against
several cancer mouse models compared with CPT-11,
Two phase I mals in Japan and the United States
showed that patients treated with NK012 did not de-
velop grade 3/4 dxarrhea, one of the ma]or ‘adverse
effects of CPT-11. Here, NK012 showed' potent anti-
tumor activity and longer survival than CPT-11 in
combination with bevacizumab in glioblastoma multi--
forme orthotopic tumor in mice, These results warrant
chmcal evaluatlon in panents with malignant ghoma

recurrent glioblastoma multiforme (7). Meanwhile, glio-
blastoma cells express high levels of VEGF in situ. Accord-
ingly, antiangiogenic strategies may be a promising
approach for malignant gliomas hypervascular in nature.
A recent phase II trial for recurrent glioblastoma multiforme
showed that CPT-11 combined with bevacizumab, an anti-
VEGF monoclonal IgG1 antibody, is a promising and
unprecedentedly effective treatment against the recurrent
malignant glioma with a 6-month progression-free survival
rate of 46% and a 6-month overall survival rate of 77%
(9, 10). On the other hand, there may be an increased risk
of developing venous thromboembolic disease and
intracranial hemorrhage with this combination therapy.
Therefore, it is reasonable to develop other available treat-
ment modalities by which cytotoxic drugs can exert more
potent antitumor activity to their full potential with modest
adverse effects and thereby reasonably prolong the overall
survival of recurrent glioblastoma multiforme patients.
NKO012, a SN-38-incorporating polymeric micelle, is a
prodrug of SN-38 similar to CPT-11. Polymer-conjugated
drugs categorized under drug delivery system agents are fa-
vorably extravasated from tumor vessels into the intersti-
tium of tumors due to the enhanced permeability and
retention effect (11, 12). The enhanced permeability and
retention effect is based on the following pathophysiolog-
ic characteristics of solid tumor tissues: hypervascularity;
incomplete vascular architecture; secretion of vascular per-
meability factors stimulating extravasation within cancer
tissue; and absence of effective lymphatic drainage from
the tumors, which impedes the efficient clearance of
macromolecules accumulated in solid tumor tissues.
Moreover, macromolecules cannot freely leak out from
normal vessels; thus, the adverse effect of an anticancer

agent can be reduced. Very recently, we showed that
NKO012 exerted significantly more potent antitumor activ-
ity against several kinds of tumors including human glio-
ma in xenograft models (13). In the present study, we
report the antitumor activity of NK012 compared with
CPT-11 combined with bevacizumab against orthotopic
U87MG glioblastoma in nude mice.

Materials and Methods

Drugs. NK012 was supplied by Nippon Kayaku. Lyoph-
ilized NK012 was dissolved in sterile distilled water at a
concentration of 5 mg/mL (SN-38 equivalent dose) just
before administration to mice. The size of NK012 was
~20 nm in diameter with a narrow size distribution
(12). CPT-11 was purchased from Yakult Honsha. Bevaci-
zumab was purchased from Chugai Pharmaceutical.

Cell cultures. The human glioblastoma cell line U87MG
was obtained directly from the American Type Culture
Collection. A U87MG cell line clone stably expressing fire-
fly luciferase named U87MG/Luc was established from
polydonal U87MG/Luc reported previously (13). The sen-
sitivity of U87MG/Luc cells to NK012 and CPT-11 was al-
most similar to that of parental U87MG cells (data not
shown). U87MG/Luc cells were maintained in DMEM
supplemented with 10% fetal bovine serum (Cell Culture
Technologies), penicillin, streptomycin, and amphotericin
B (100 units/mL, 100 pg/mL, and 25 pg/mlL, respectively;
Sigma) in a humidified atmosphere containing 5% CO,
at 37°C. -

In vivo orthotopic model and imaging. Six- to 8-week-old
female athymic BALB/c nu/nu mice (Charles River Japan)
were used for this study. U87MG/Luc cells (5 x 10°) sus-
pended in 5 pL PBS were injected into the right frontal
lobe of each mouse as described previously (13). In vivo
bioluminescence imaging studies were done using the .
Photon Imager animal imaging system (BioSpace). For
imaging, mice with intracranial U87MG/Luc tumor were
simultaneously anesthetized with isoflurane, and p-lucif-
erin potassium salt (Synchem) was intraperitoneally
administered at a dose of 2.5 mg/mouse. For biolumines-
cence image analysis, regions of interest encompassing the
intracranial area of a signal were defined using Photo
Vision software (BioSpace), and the total number of
photons per minute [counts/min (cpm)] was recorded.
The pseudo-color luminescent image represented the spa-
tial distribution of detected photon counts emerging from
active luciferase within the animal. All animal procedures
were done in compliance with the Guidelines for the Care
and Use of Experimental Animals established by the Com-
mittee for Animal Experimentation of the National Cancer
Center, Japan; these guidelines meet the ethical standards
required by law and also comply with the guidelines for
the use of experimental animals in Japan.

In vivo tumor growth inhibition assay. Eight days
after inoculation of U87MG/Luc cells into the right
hemisphere of the brain, mice with cpm >2,000 were
randomly assigned into eight test groups of five mice

Clin Cancer Res; 16(2) January 15, 2010
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(2,296-15,624 cpm). After the randomization of mice
based on cpm, we confirmed that the mean value of
cpm was statistically identical between groups.

Treatment was started (day 0; Table 1). In vivo biolumi-
nescence imaging was done by Photon Imager and lucifer-
ase activity was measured once a week (days 0, 7, 14, 21,
28, and 35). Body weight of each mouse of the treatment
experiment was also measured once a week (days 0, 7, 14,
21, 28, and 35), and mortality and morbidity were
checked daily from the day of treatment initiation. Simul-
taneously, to assess the survival of mice with intracranial
U87MG/Luc tumor, mice were maintained until each an-
imal showed signs of morbidity (20% weight loss and
neurologic deficit), at which point they were sacrificed.

In all groups, the total dose of NK012 and CPT-11 was
90 mg/kg (SN-38 equivalent dose) and 200 mg/kg, respec-
tively. A total dose of 200 mg/kg was shown previously to
be the maximum tolerated dose (MTD) of CPT-11 in nude
mice (14, 15). As CPT-11 is a schedule-dependent antican-
cer agent,. it was administered under two different treat-
ment regimens (16). Each drug was administered
according to the mouse body weight: (4) normal
0.9% NaCl solution (g4d x 4, intravenously), (b) NK012
(30 mg/kg, q4d x 3, intravenously), (c) CPT-11 (66.7 mg/
kg, q4d x 3, intravenously), (d) CPT-11 (40 mg/kg, qd x 5,
intravenously), (e) bevacizumab (5 mg/kg, q4d x 6, intra-
peritoneally), (f) NK012 (30 mg/kg, q4d x 3, intravenously)
with bevacizumab (5 mg/kg, q4d x 6, intraperitoneally), (g)
CPT-11 (66.7 mgfkg, q4d x 3, intravenously) with bevacizu-
mab (5 mg/kg, q4d = 6, intraperitoneally), or.(h) CPT-11
(40 mg/kg, qd x 5, intravenously) with bevacizumab
(5 mg/kg, q4d x 6, intraperitoneally) was administered to
the mice (Table 1). In the case of combination therapy,
drugs were administered concomitantly:.

Evaluation of antitumor activity. The antitumor activity -

of each treatment was evaluated according to three criteria:
(a) number of tumor regressions, {b) tumor growth delay,
and (c) Kaplan-Meier analysis to determine the effect on
the time to morbidity. Decrease >50%: of the initial pho-

ton count {cpm) was defined as a tumor regression. It had
to be observed for at least two consecutive photon-count-
ing events to be retained. Tumor growth delay was defined
as the difference in the median time to reach a photon
count of 5-fold compared with that of day 0 between
the treated group and the control group (14). To evaluate
the change in photon count of each treatment group,
repeated-measures ANOVA was carried out using the Stat-
View 5.0 software package. P < 0.05 was regarded as sig-
nificant. Statistical differences in the Kaplan-Meier curve
of each group were ranked according to the Breslow-
Gehan-Wilcoxon test using StatView 5.0.
Immunohistochemistry. Histologic sections were taken
from U87MG/Luc orthotopic tumor tissues at day 15 from
the initiation of each therapy. The time points for analysis
were chosen according to when the best antitumor activity
was obtained. The brain was removed from the skull, fixed
in buffered 4% paraformaldehyde, embedded in paraffin,
and then cut into 3-pm-thick sections. Conventional H&E-
stained sections were prepared for general histopathologic
evaluation. Immunohistochemistry was done using anti-
bodies to human Ki-67 (BD Pharmingen), human VEGF
(Santa Cruz Biotechnology), and mouse CD34 (MEC
14.7; Abcam). For antigen retrieval, sections were auto-
claved in Dako REAL Target Retrieval Solution (Dako
Denmark]}. Detection was done by Vectastain Elite avi-
din-biotin complex kit (Vector Laboratories) for CD34
and EnVision® system labeled polymer-horseradish perox-
idase anti-mouse (DakoCytomation) for Ki-67 and anti-
rabbit for VEGF. The proliferation index was evaluated
by counting Ki-67" cells per 1,000 tumor cells using Ima-
gePro Plus analysis software. VEGF immunoreactivity area
was quantified using the analysis software BZ Analyzer
(Keyence) with a constant color threshold in 10 high-
power fields perslide (x400) and is given in percent of
positive area in field of view. Tumor vascularity was as-
sessed by counting CD34" microvessels in 10 high-power
fields per slide (x400). The small intestine was sampled
at 5. an from the pylolic part for the jejunum and 5 cm

Table 1. Activity of three anticancer drugs against orthotopic U87MG xenografts
Treatment course  Dose Schedule Total No.  Maximum Toxic Tumor Tumor  Median
(mg/ka/d) dose - animals/ body weight death regression growth overall
(mg/kg). group - loss (%) delay (d) survival (d)
Control —_ — — 5 —— _ — — 29
NKO012 : 30 - qddx 3: 90 5 38 o 3 >18 48
CPT-11 66.7 gdd x 3 200 5 6.6 0 0 8 36
CPT-11 40 qdx5 200 5 2 0 1 8 34
Bevacizumab 5 qd4d x 6 30 5 1.9 0 0 4 40
NKO012/bevacizumab 30/5 g4d x 3/q4d x 6 90/30 5 0.9 0 1 12 46
CPT-11/bevacizumab  66.7/5 qgdd x 3/q4d x 6 200/30 5 0 0 2 7 40
CPT-11/bevacizumab  40/5 qd x 5/g4d x 6  200/30 5 0.7 0 2 8 41
NOTE: Maximum body weight loss (days 0-28).
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Fig. 1. Effects of NK012 and CPT-11 in U87MG/Luc mouse models. Cells were injected intracranially in athymic mice. Treatments were initiated 8 d
after tumor inoculation with NK012, 30 mg/kg intravenously, thrice every 4 d; CPT-11, 67 mg/kg intravenously, thrice every 4 d; CPT-11, 40 mg/kg
intravenously, daily over 5 consecutive d; bevacizumab, 5 mg/kg intraperitoneally, six times every 4 d; or both modalities and 0.9% NaCl solution control.
t, NK012 or CPT-11 intravenous administration; A , bevacizumab intraperitoneal administration. A, antitumor activity of NKO12 or CPT-11 was
evaluated by counting the number of photons using the Photon Imager system. The discontinued lines in some of the graphs represent individuals that died
during the experimental course and the subsequent assay was not conducted. The dashed lines cormrespond to the mice of each therapy expressed in
B. B, images of U87MG/Luc mouse mode! ireated with each regimen taken using the Photon Imager system on days 0, 14, 21, 28, and 35 after the
initiation of therapy. Data derived from the same mice are expressed as dashed lines in A.
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Fig. 2. Survival curves of UB7MG/Luc mouse models in each regimen.
A, %, 0.9% NaCl solution; [}, bevacizumab, 5 mg/kg, g4d x 6;®, CPT-11,
66.7 mg/kg, q4d x 3 with bevacizumab, 5 mg/kg, q4d x 6; A&, CPT-11,
40 mg/kg, qd x 5 with bevacizumab, 5 mg/kg, g4d x 6; O, CPT-11,
66.7 mg/kg, q4d x 3; A, CPT-11, 40 mg/kg, qd x 5. GPT-11/bevacizumab
is significantly superior to CPT-11 monotherapy [CPT66.7 versus
CPT66.7/bevacizumab (P < 0.01) and CPT40 versus CPT40/bevacizumab
(P < 0.05)]: B, [, NK012, 30 mg/kg/d, g4d x 3; O, NK012, 30 mg/kg/d
with bevacizumab;, 5 mg/kg, gdd x 6; A, bevacizumab, 5 mg/kg,

q4d x 6; M, 0.9% NaCl solution; @, CPT-11, 66.7 mg/kg; q4d x 3 with
bevacizumab, 5 mg/kg, gdd x 6; A, CPT-11, 40 mg/kg, qd x 5 with
bevacizumab, 5 mg/kg, g4d x 6. NKO12 monotherapy is significantly superior
to CPT66.7/bevacizumab (P < 0.01) and CPT40/bevacizumab (P < 0.05).

from the ileocecal junction for the ileum. Samples were
fixed in 10 formalin, embedded in paraffin, sectioned,
and stained with H&E. Inflammation was scored by us-
ing an inflammation scale from - to ++, with - indicating
absent inflammation, + indicating mild inflammation
predominantly infiltrated with lymphocytes, and ++ indi-
cating active inflasnmation infiltrated with lymphocytes
and neutrophils. All histopathologic and immunohistolo-
gic analysis and interpretation were done directly by an ex-
perienced pathologist. k
Pharmacokinetics: study of NK012 and CPT-11 combined
with bevacizumab. Four mice bearing U87MG/Luc tumor
per group were used for the biodistribution analysis of
NKO012 and CPT-11. Twenty-eight days after the intracrani-
al injection of U87MG/Luc cells, NK012 (30 mg/kg) or
CPT-11 (66.7 mg/kg) was intravenously administered with
or without simultaneous intraperitoneal administration of
bevacizumab (5 mg/kg) to the mice. After euthanasia, tu-
mor tissues were obtained at Ty, of each drug, 12 h after
NKO012 and 3 h after CPT-11 administration, respectively
(12, 13). Each tumor was excised without the adjacent

normal brain tissue. The size of tumor was ~5 mm in di-
ameter. The tumor samples were rinsed with 0.9% NaCl
solution, mixed with 0.1 mol/L glycine-HCl buffer (pH
3.0)/methanol at 5% (w/w), and then homogenized using
Precellys 24 (Bertin Technologies). The samples were vor-
texed vigorously for 10 s and then filtered through an Ul-
trafree-MC centrifugal filter device with a cutoff molecular
diameter of 0.45 pm (Millipore). We had confirmed that
the filtered solution contained only free SN-38. Reverse-
phase high-performance liquid chromatography was done
at 35°C on a Mightysil RP-18 GP column 150 x 4.6 mm
(Kanto Chemical). Fifty microliters of a sample were in-
jected into an Alliance 2795 high-performance liquid
chromatography system (Waters Associates) equipped
with a Waters 2475 multi \ fluorescence detector. The mo-
bile phase was a mixture of 100 nmol/L ammonium ace-
tate {pH 4.2) and methanol (11:9, v/v). The flow rate was
1.0 mL/min. The content of SN-38 was calculated by mea-
suring the relevant peak area for calibration against the
corresponding peak area derived from the CPT internal
standard. Peak data were recorded using a chromatogra-
phy management system (MassLynx version 4.0; Waters
Associates). :

Statistical analysis. Data were expressed as mean + SD.
Significance of differences was calculated using the un-
paired two-tailed t test with StatView 5.0. P < 0.05 was re-
garded as statistically significant. Kaplan-Meier analysis
was done to determine the antitumor activity of each treat-
ment on the time to morbidity, and statistical differences
were ranked accordingto the Breslow-Gehan-Wilcoxon test
using StatView 5.0. To evaluate the change in photon
count of each treatment group, repeated-measures ANOVA
was done.

Results

Antitumor response of US87MG xenograft. NKO12 at the
MTD (30 mg/kg/d) administered thrice every 4 days
proved to be the most active against xenografts, with three
tumor regressions and tumor growth delay of >18 days
(Table 1). In combination with bevacizumab, CPT-11 at
the MTD (66.7 mg/kg/d) administered thrice every 4 days
and at the MTD (40 mg/kg/d) administered daily over
5 consecutive days induced two tumor regressions and
tumor growth delay of 7 and 8 days, respectively. Without
bevacizumab, CPT-11 at the MTD (40 mg/kg)} admi-
nistered daily over 5 consecutive days induced one tumor

‘regression (Table 1). Comparison of the relative photon

counts on repeated-measures ANOVA (days 0-28) revealed
significant differences in photon counts between mice
treated with NKO012 and those treated with CPT-11
(66.7 mg/kg/d, q4d x 3) in combination with bevacizu-
mab (P = 0.02; Fig. 1A and B). Tendency of differences be-
tween mice treated with NK012 and those treated with
CPT-11 (40 mg/kg/d, qd % 5) in combination with bevadi-
zumab (P = 0.14) was observed (Fig. 1A and B).

The median overall survival time was most prolonged
in the NK012 (30 mg/kg/d, q4d x 3) group for 1 week
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compared with the CPT-11/bevacizumab group (Table 1).
The CPT-11 group with bevacizumab showed longer me-
dian overall survival time compared with the CPT-11
monotherapy group with two schedules: 66.7 mg/kg/d,
q4d x 3, and 40 mgfkg/d, qd x 5, Tespectively (Table 1).
Kaplan-Meier analysis showed a significant survival ben-
efit of the CPT-11/bevacizumab group compared with
the CPT-11 monotherapy (66.7 mg/kg/d, q4d x 3; P =
0.004) and CPT-11 (40 mg/kg/d, qd x 5; P = 0.036), re-
spectively (Fig. 2A). Furthermore, Kaplan-Meier analysis
showed a significant survival benefit in the NK012 group
compared with the CPT-11 (66.7 mg/kg/d, g4d x 3)/bev-
acizumab group (P = 0.046) and CPT-11 (40 mg/kg/d,
qd x 5)/bevacizumab group (P = 0.0041), respectively

(Fig. 2B). However, there was no significant difference *

between NKO012/bevacizumab group and NK012 mono-
therapy group (P = 0.45; Fig. 2B). There was no severe

body weight loss or toxic death according to treatment
(Table 1).

Histologic results. Histologic examinations revealed that
decreased cellularity, increased tumor stroma, and inflam-
matory cell infiltration were observed in the tumors trea-
ted with NKO12. Tumors treated with other regimens
showed no apparent morphologic differences from the
control tumors (Fig. 3A). Concordant with morphologic
changes, the number of Ki-67* tumor cells decreased in
tumors treated with NK012 compared with CPT-11/bevadi-
zumab (Fig. 3A and B; P < 0.001). Quantification of VEGF-
positive area and microvessel density decreased in tumors
treated with NK012 compared with other treatment regi-
mens (Fig. 3A, C, and D; P < 0.05). Microvessel density dra-
matically decreased in tumors treated with bevacizumab in
combination with any formulation of the anticancer drug
(Fig. 3A and C). The small intestinal mucosa of mice treated

bevacizumab

control

B
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& & *9'3) & Q«"\
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CPT-11/Bv
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Fig. 3. Tissue-based studies of U87MG/Luc orthotopic xenografts of nude mice treated with NK012, CPT-11, bevacizumab, NK012/bevacizumab, or
CPT-11/bevacizumab. A, H&E staining of representative xenograft regions (magnification, x400). Immunohistochemical analysis of tumor cells stained with
anti~Ki-67 nuclear antigen, anti-VEGF, and angiogenesis with anti-CD34 antibody (bar, 100 pm). Comparison between xenografts treated with each
regimen. B, proliferation index by Ki-67. C, human VEGF immunoreactive area (%). D, angiogenesis by vessel density. *, P < 0.01; **, P < 0.05

{two-tailed Student's t test).
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with NK012 or NK012/bevacizumab showed no histologic
changes including fibrosis, active inflammation, or shorten-
ing and decrease in number of villi in the small intestinal
mucosa as reported previously (ref. 17; data not shown).

Tissue concentration of free SN-38 after administration of
NKO012 and CPT-11 in combination with bevacizumab. The
concentration of free SN-38 in orthotopic glioblastoma
tissue after the administration of NK012 and CPT-11 in
combination with bevacizumab was examined to evaluate
the interaction between these anticancer agents. In the case
of NK012 administration in combination with bevacizu-
mab, free SN-38 concentration in tumor tissue was signif-
icantly decreased compared with SN-38 concentration
when NKO012 was administered alone (Fig. 4A; P =
0.027). On the other hand, in the case of CPT-11 admin-
istration in combination with bevacizumab, free SN-38
concentration in tumor tissue was almost similar to SN-
38 concentration when CPT-11 was administered alone
(Fig. 4B; P = 0.66).

Discussion

Concomitant chemoradiotherapy with surgery followed
by single-agent adjuvant treatment with the alkylating
agent temozolomide is the current standard of care for
the patients with glioblastoma multiforme (3). However,
tumor recurrence is experienced by almost all glioblasto-
ma multiforme patients after the first-line therapy. Combi-
nation therapy of CPT-11 with bevacizumab is now a
recognized second-line therapy in recurrent glioblastoma
multiforme.

The main purpose of this study was to clarify the advan-
tage of combination therapy of NK012, a SN-38-incorpo-
rating polymeric micelle, with bevacizumab against
orthotopic U87MG glioblastoma multiforme tumor in
mice. Single use of NK012 exerted superior antitumor ac-
tivity in the orthotopic tumors compared with CPT-11
combined with bevacizumab. The NK012 single-agent
treatment group showed the most prolonged survival of
all treatment groups, and a statistically significant differ-
ence was revealed by the Kaplan-Meier analysis compared
with the CPT-11/bevacizumab group (66.7 mg/kg/d, q4d
x 3; P = 0.046 and 40 mg/kg/d, qd x 5; P = 0.0041).

The present study showed that the addition of the anti-
VEGF monoclonal: antibody bevacizumab to the CPT-11
therapy resulted in markedly increased activity, the same
as reported clinically (9, 10). Although the mechanisms
underlying the activities of bevacizumab remain unclear,
the following factors are considered to be important: direct
antiangiogenic effects and cytotoxics against vascular en-
dothelial cells and other stromal elements, direct effects
on tumor cells expressing VEGF receptors and stem cell-
like glioma cells (18), and improvement of the delivery
of anticancer drug by forced normalization of tumor vas-
culature (19). Bevacizumab is a humanized monoclonal
antibody that does not cross-react with mouse VEGF,
and the efficacy and toxicity in combination with cytotoxic
drugs are not the same in mouse and human. In mice,

however, bevacizumab can react with VEGF secreted from
human tumor xenograft and leads to tumor vessel de-
crease, reduction in vessel permeability and diameter
(20), and decrease in interstitial fluid pressure in xeno-
grafts (21).

NKO012, a novel SN-38~incorporating polymeric mi-
celle, is a prodrug of SN-38 similar to CPT-11. Although
CPT-11 is converted to SN-38 in tumors by carboxylester-
ase, the metabolic conversion rate is within 2% to 8% of
the original volume of CPT-11 (22, 23). In contrast, the
release rate of SN-38 from NKO012 is 74% under physio-
logic pH conditions even without carboxylesterases (12).
Recently, we showed that NK012 exerted significantly
more potent antitumor activity against various human tu-
mor xenografts compared with CPT-11 (12, 24-26). The
diameter of a micelle carrier is in the approximate range
of 10 to 100 nm. Although this size is small, it is still
sufficiently large to prevent renal secretion of the carrier.
The micelle system can evade nonspecific capture by the
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Fig. 4. Concentration of free SN-38 of tumor tissue at Tax. NK012

(30 mg/kg intravenously), CPT-11 (66.7 mg/kg intravenously), or
bevacizumab (5 mg/kg intraperitoneally) was administered 28 d after
intracranial injection of U87MG/Luc (columns, mean; bars, SD). A,
concentration (conc.) of free SN-38 in glioma tissue of US7MG/Luc mouse
model after administration of NK012 alone (black column) and NK012 with
bevacizumab (white column). B, concentration of free SN-38 in glioma
tissue of UB7MG/Luc mouse model after administration of CPT-11

alone (black column) and CPT-11 with bevacizumab (white column).

*, P < 0.05, significant to NK012 alone ({two-tailed Student’s t test).
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reticuloendothelial system in various organs because the
outer shell of the micelle is covered with polyethylene
glycol. Therefore, a drug-incorporating micelle can be ex-
pected to have a long plasma half-life, which permits a
large amount of the micelles to reach tumor tissues, ex-
travasate from tumor capillaries, and then be retained in
tumor tissues for a long time by using the enhanced
permeability and retention effect (11). This prolonged
retention of NK012 in the tumor and sustained release
of free SN-38 from NK012 may be responsible for its
more potent antitumor activity observed in the’ present
study (27). '

In this study, the antitumor effect was observed by
means of bioluminescence imaging. Bioluminescence im-
aging revealed antitumor activity compared with CPT-11
in combination with bevacizumab. However, antiangio-
genic agents can suppress the extravasation of contrast
agents such as gadolinium, and gadolinium-contrast mag-
netic resonance imaging may give a false response (28).
This means that bevacizumab is suspected of having a neg-
ative effect on bioluminescence imaging by reducing the
permeability of tumor vessels. Therefore, we also evaluat-
ed the antitumor activity pathologically and immunohis-
tochemically. Consequently, the NK012 group showed a
high therapeutic advantage in Ki-67 index in a pathology
analysis compared with the other treatment groups.

Interestingly, bevacizumab could not potentiate the
antitumor activity of NK012 and elongate the survival of
NKO012. In the present pharmacologic study, the free SN-
38 concentration in the tumor tissue decreased significant-
ly when NKO12 was administered in combination with
bevacizumab compared with NK012 monotherapy. Re-
sults available to date and the results from the present
study lead to the consideration that the reduced accumu-
lation of NK012 by bevacizumab may cancel the direct ef-
fect of bevacizumab and NK012 against orthotopic glioma
in mice, The influence of bevacizumab might be different
in macromolecule such as NK012 and small compound
such as CPT-11. Enhanced vascular permeability might
be more important for macromolecule than small mole-
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Human pancreatic cancer is refractory to chemotherapy partly because of blockage to pen-
etration of anticancer agents. This issue must be taken into account particularly for the
drug delivery system (DDS). The aim of the present study is to investigate how NK012
(SN-38-incorporating polymeric micelles) categorised as DDS exerts its antitumour effect
in an orthotopic pancreatic tumour model compared with gemcitabine and irinotecan
hydrochloride (CPT-11), a low-molecular-weight prodrug of a 7-ethyl-10-hydroxy-campto-
thecin (SN-38).

The maximum tolerated doses (MTDs) of NK012 (30 mg/kg/d), CPT-11 (66.7 mg/kg/d) and
gemcitabine (16.5 mg/kg/d) were administered to mice bearing human pancreatic cancer
cell (SUIT-2) xenografts implanted orthotopically. Antitumour effects of these compounds
were evaluated. Drug distribution within the tumour was examined by fluorescence
microscopy and high performance liquid chromatography (HPLC).

NKO012 exerted potent antitumour effects compared with CPT-11 and gemcitabine. A high
concentration of NK012 and SN-38 released from NK012 had been observed until 192 h. On
the other hand, SN-38 converted from CPT-11 was detected only 1 h postinjection. Fluores-
cence from NK012 was detected up to 48 h, whereas that from CPT-11 almost disappeared
by 24 h postinjection.

NKO012 appeared to exert potent antitumour activity against intractable stroma-rich
orthotopic pancreatic tumour xenografts due to its sufficient accumulation followed by
the effective sustained release of SN-38 from NK012.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

kidney is common. Distant metastasis to the liver and perito-
neal dissemination are also common?® Gemcitabine is a

Human pancreatic cancer is well known to have the worst first-line therapy for patients with advanced pancreatic can-
progriosis.? At the time of diagnosis, the vast majority of the cer; however, only a response rate within 6-11% was observed
cancer extends beyond the pancreas. Direct invasion to near- in pancreatic cancer patients treated with gemcitabine.** The
by organs such as the stomach, duodenum, colon, spleen and recent success of molecular-targeting agents has some

* Corresponding author: Tel./fax: +81 4 7134 6857.
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impact on pancreatic cancer treatment. A recent phase III
trial of gemcitabine alone versus gemcitabine and erlotinib
(a tyrosine kinase inhibitor) in patients with advanced pan-
creatic cancer showed that overall survival was significantly
improved with gemcitabine and erlotinib than with gemcita-
bine and placebo. However, the improvement in median over-
all survival with gemcitabine and erlotinib was modest
(6.24 months versus 5.91 months).® Therefore, novel thera-
peutic approaches against invasive advanced pancreatic can-
cer are urgently needed.

There are several reasons why pancreatic cancer is intrac-
table clinically. One is that anticancer drugs are not efficiently
and sufficiently delivered to the cancer cells within pancreatic
cancer tissues. This is because human pancreatic cancer is
hypovascular’® and is rich in interstitial tissue, which may
hinder the efficient distribution of anticancer drugs to the en-
tire pancreatic cancer tissue.

Passive targeting by the drug delivery system is based on
the pathological features of many kinds of solid tumours. So-
lid tumours generally have the features of hypervascularity,
irregular vascular architecture, enhanced vascular permeabil-
ity and the absence of an effective lymphatic drainage that
prevents efficient clearance of macromolecules. Using these
characteristic tumour vasculatures, macro-molecular agents
accumulate selectively in solid tumours compared with low-
molecular agents, with less distribution to normal tissues.
These vascular characteristics of solid tumours are the basis
of the enhanced permeability and retention (EPR) effect.®

SN-38, a biologically active metabolite of CPT-11 has potent
antitumour activity against several cancers.’®* However, it
has not yet been used clinically because of its water insolubil-
ity and severe toxicity."®>"® It has been recently shown that
NKO012, SN-38-incorporating polymeric micelles, can accumu-
late selectively in solid tumours by utilising the EPR effect and
exerts significantly more potent activity against various hu-
man tumour xenografts than CPT-11.24%8 In pancreatic can-
cer, we found that NK012 but not CPT-11 could eradicate
subcutaneous pancreatic tumour xenografts®® because of en-
hanced accumulation, distribution and retention within tu-
mour tissues and the sustained release of SN-38 from NK012.

In the present study, we examined the antitumour effects
and pharmaceutical features of NK012 compared with those
of CPT-11 and gemcitabine using orthotopic human pancre-
atic cancer xenografts that are more similar to human pan-
creatic cancers in terms of tumour vascularity and
interstitium.

2. Materials and methods

2.1.  Diugs and cells

NK012 was prepared and supplied by Nippon Kayaku Co., Ltd.
(Tokyo, Japan). CPT-11 was purchased from Yakult Co., Ltd.
(Tokyo, Japan). SN-38 was supplied by Yakult Co., Ltd. Gemcit-
abine was purchased from Eli Lilly Japan K.K. (Kobe, Japan).
The human pancreatic cancer cell line SUIT-2 was purchased
from the Health Science Research Resources Bank (Osaka, Ja-
pan). SUIT-2 cells were maintained in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% foetal bovine serum
(Cell Culture Technologies, Gaggenau-Hoerden, Germany),

100 units/ml streptomycin and 2 mmol/L L-glutamine (Sigma,
St. Louis, MO, United States of America) in an atmosphere of
5% CO, at 37 °C.

2.2.  Orthotopic pancreatic cancer mouse model

Four-weeks-old female BALB/c nude mice were purchased
from CLEA Japan (Tokyo, Japan). SUIT-2 cells (5 x 10°%) were in-
jected into the body of the pancreas of nude mouse after lap-
arotomy under anaesthesia. All animal procedures were
performed in compliance with the Guideline for the Care
and Use of Experimental Animals established by the Commit-
tee for Animal Experimentation of the National Cancer Cen-
ter, Japan; these guidelines meet the ethical standards
required by law for the use of experimental animals in Japan.

2.3.  In vitro growth inhibition assay

Cell toxicity of NK012, SN-38, CPT-11 and gemcitabine was
measured by tetrazolium salt-based proliferation assay
(WST-8 assay; Wako Chemicals, Osaka, Japan), as described
previously.’ Data were averaged and normalised against a
‘non-treated control to generate dose-response curves. The
number of living cells (% Control) was calculated using the
following formula: % Control=(Each absorbance - Absor-
bance of blank well)/Absorbance of control well x 100.

2.4.  Establishment of SUIT-2 cell lines stably expressing
firefly luciferase and YFP mutant Venus

For the in vivo bioluminescence imaging of orthotopic pancre-
atic tumours, the SUIT-2 cell line stably expressing firefly
luciferase and the yellow fluorescent protein (YFP) mutant Ve-
nus were established. The coding sequence for firefly lucifer-
ase and Venus was subcloned into the pIRES Vector (Clontech
Laboratories, Mountain View, CA, United States of America).
The fragment consists of Luciferase-IRES-Venus generated
from the plasmid with the restriction enzymes Nhe I and
Not I. This fragment was subcloned into the pEF6/V5-His Vec-
tor (Invitrogen, Carlsbad, CA, United States of America) to
generate plasmids of pEF6-Luciferase-IRES-Venus. SUIT-2
cells were transfected with these plasmids. Thereafter, we
established SUIT-2 cell lines stably expressing firefly lucifer-
ase and the YFP mutant Venus.

2.5.  Histological and immunohistochemical analyses

Tumour tissues were fixed in 10% formalin, and paraffin sec-
tions were prepared by the Tokyo Histopathologic Laboratory
Co., Ltd. (Tokyo, Japan). For blood vessel staining, the sections
were soaked 3 times for 5min each in xylene, and then 3
times for 3 min each in ethanol to remove the paraffin. The
sections were then rinsed with phosphate buffered saline
(PBS), and endogeneous peroxidase was blocked with a 0.3%
hydrogen peroxide solution in 100% methanol for 20 min, fol-
lowed by 3 times of PBS rinses for 5 min. Then, Proteinase K
(Dako, Glostrup, Denmark) was added. After the sections were
rinsed 3 times for 5 min each with PBS, non-specific protein
binding was blocked with 5% skim milk (BD, Franklin Lakes,
NJ, United States of America) in PBS for 30 min at room
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temperature. After 3 times of PBS rinses for 5 min, a poly-
clonal antibody against factor VIl {Invitrogen) was added at
a dilution of 1:50, followed by incubation for 1 h and 3 times
of PBS rinses for 5min each. Biotinylated anti-rabbit IgG
was added at a dilution of 1:50, followed by incubation for
1 h. The sections were rinsed 3 times with PBS, and Vectastain
Elite ABC Reagent (Vector Laboratories, Burlingame, CA, Uni-
ted States of America) was used. The sections were rinsed
again 3 times with PBS and incubated with 3,3'-diaminobenzi-
dine tetrahydrochloride (DAB+) Liquid System (Dako) for 30 s.
Finally, the sections were rinsed and counterstained with
haematoxylin solution.

2.6.  In vivo growth inhibition assay

2.6.1. . Experiment 1

Orthotopic mice bearing a pancreatic tumour were randomly
divided into four groups consisting of five mice per group. The
maximum tolerated doses (MTDs) of NK012 (30 mg/kg at SN-
38 equivalents dose; 0.076 mmol/kg) and CPT-11 (66.7 mg/kg;
0.098 mmol/kg) were intravenously injected on days 0 (21d

after tumour inoculation), 4 and 8. The MTD of gemcitabine

(16.5 mg/kg) was administrated intraperitoneally on days 0,
3, 6 and 9 as described previously.?® As a control, normal
0.9% NaCl solution was intravenously administered on days
0, 4 and 8. Kaplan-Meier analysis was performed to determine
the effects of the drugs. Statistical differences were ranked
according to the Mantel-Cox log-rank test using StatView
5.0. The percentage of Increase in Life Span (ILS%) was calcu-
lated as follows?*: ILS% = (T/C - 1) x 100. T is the median sur-
vival days in drug treatment mouse group and C is the
median survival days in control mouse group.

2.6.2. Experiment 2

To assess the antitumour effects of NK012, CPT-11 and gem-
citabine, in vivo bioluminescence imaging studies were per-
formed using the Photon Imager animal imaging system
(Biospace, Paris, France). For imaging, mice bearing orthotopic
pancreatic tumour were simultaneously anesthetised with
isoflurane and p-luciferine potassium salt (Synchem, Ger-
many), normal 0.9% NaCl solution was intraperitoneally
administrated at 125 mg/kg, and images were taken 5 min
postinjection. For bioluminescence image analysis, regions
of interest encompassing the area of a signal were defined
using Photo Vision software (Biospace), and total numbers
of photons per minute (cpm) were recorded. The pseudo-col-
our luminescent image from violet (least intense) to red (most
intense) represented the spatial distribution of detected pho-
ton counts emerging from active luciferase within an animal.
Twenty-one days after SUIT-2/Luc inoculation, treatment was
conducted as described in Experiment 1. In vivo biclumines-
cence imaging studies were performed on days 0, 3, 6, 9 and
12 from the day of treatment initiation. To determine the ef-
fects of treatment on the time to change luminescence inten-
sity, ANOVA analysis was carried out using StatView 5.0
software. P < 0.05 was considered significant.

2.6.3. Experiment 3
Mice bearing orthotopic pancreatic tumour were treated as
described in Experiment 1. Twelve days later from treatment

initiation, tumours were excised from the pancreas. Thereaf-
ter, the length (a) and width (b) of tumour masses were mea-
sured; tumour volume was calculated as follows: tumour
volume = (a x b x 0.5233. At the same time, we measured tu-
mour weight.

To evaluate the metastatic nodules of the implanted pan-
creatic cancer, we measured nodule area in the mesentery.

2.7.  Evaluation of NK012 and CPT-11 distribution in
tumour tissue by fluorescence microscopy

The SUIT-2 orthotopic pancreatic tumour tissues described
above were used for the analysis of the biodistributions of
NK012 and CPT-11. Twenty-one days after the SUIT-2 cell
inoculation, the MTD of NKO012 (30mgkg) or CPT-11
(66.7 mg/kg) was injected intravenously into the tail vein of
mice. 1, 6, 24 and 48 h after NK012 or CPT-11 injection, the
mice were administered with fluorescein Lycopersicon esculen-
tum lectin (100 pl/mouse) (Vector Laboratories) to visualise tu-
mour blood vessels. After sacrificing the mice under
anaesthesia, tumours were then excised and embedded in
an optimal cutting temperature compound and were frozen
at-80 °C until use. Tissue sections (6 pm thick) were prepared
using Tissue-Tek Cryo3 (Sakura Finetek United States of
America, Inc., Torrance, CA, United States of America), and
the frozen sections were examined under a fluorescence
microscope, BIOREVO BZ9000 (Keyence, Osaka, Japan), at an
excitation wavelength of 377 nm and an emission wavelength
447 nm to evaluate the distributions of NKO12 and CPT-11
within the tumour tissues. Because formulations containing
SN-38 bound via ester bonds possess a particular fluores-
cence, both NK012 and CPT-11 could be detected under the
same fluorescence conditions.

2.8.  Pharmacokinetics study of NK012 and CPT-11

Mice bearing orthotopic SUIT-2 cells were used for the analy-
sis of ' the biodistributions of NK012 and CPT-11. NKO12
(30 mg/kg) and CPT-11 (66.7 mg/kg) were intravenously
administered to mice bearing SUIT-2 cells or to normal mice.
Mice were sacrificed under anaesthesia, and tumour and nor-
mal pancreatic tissues were obtained 1, 6, 24, 48, 72, 96, 120,
144, 168 and 192 h after NK012 or CPT-11 injection. Pharmaco-
kinetics study was conducted as described previously.™
Briefly, the tumour and normal pancreatic tissues were rinsed
with physiological 0.9% NaCl solution, mixed with 0.1 M gly-
cine-HCl buffer (pH 3.0)/methanol at w/w% and then homog-
enised. To analyse the concentration of free SN-38 and CPT-
11, 100 pl of the tumour homogenates was mixed with 20 ul
of 1 mM phosphoric acid/methanol (1:1), 40 ul of ultrapure
water and 60 ul of camptothecin solution (10 ng/ml for SN-
38 and 15 ng/ml for CPT-11) as an internal standard. The sam-
ples were vortexed vigorously for 10s, and then filtered
through Ultrafree-MC Centrifugal Filter Devices with a cut-
off molecular diameter of 0.45um (Millipore Co., Bedford,
MA, United States of America). Reversed-phase HPLC was per-
formed: at 35°C on. a Mightysil RP-18 GP - column
(150 x 4.6 mm,; Kanto Chemical Co., Inc., Tokyo, Japan). A sam-
ple (50 pl) was injected into an Alliance Waters 2795 HPLC sys-
tem (Waters, Milford, MA, United States of America) equipped
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with a Waters 2475 multi A fluorescence detector. Fluores-
cence originating from SN-38 was detected at 540 nm with
an excitation wavelength of 365 nm and that originating from
CPT-11 was detected at 430 nm with an excitation wavelength
of 365 nm. The mobile phase was a mixture of 100 nmol/L
ammonium acetate (pH 4.2) and methanol (11:9(v/v)). The
flow rate was 1.0 ml/min. SN-38 content was calculated by
measuring the relevant peak area and calibrating against
the corresponding peak area derived from the CPT-11 internal
standard. Peak area was recorded using a chromatography
management system (MassLynx v4.0, Waters). In these exper-
iments, limit of the detection of CPT-11 or SN-38 was 0.002 g/
g tumour 0r0.018 ug /g tumour, respectively.

For polymer-bound SN-38 detection, SN-38 was released
from the conjugate. Briefly, 100 pl of tissue samples was di-
luted with 20 pl of methanol (50 w/w%) and 20 pl of NaOH
(0.7 mol/L). The samples were incubated for 15 min at 25 °C.
After incubation, 20 pl of HCl (0.7 mol/L) and CPT solution
(10 ng/m] for SN-38 and 15 ng/ml for CPT-11) were added to
the samples, and then the hydrolysate was filtered through
a MultiScreen Solvinert. The filtrate (15 pl) was applied to
the same HPLC system described above.

2.9.  Statistical analysis

Student’s t-test was used for the statistical analyses unless
otherwise mentioned. P < 0.05 was considered significant.

3. Results

3.1.  In vitro cellular sensitivity of SUIT-2 cells to NK012,
gemcitabine, CPT-11 and SN-38

The inhibitory concentration 50% (ICso) values showed that
the growth inhibitory effects of NK012 were 100-fold more po-
tent than those of CPT-11 against SUIT-2 cells. On the other
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Fig. 1 - In vitro growth inhibitory activities of NK012, SN-38,
CPT-11 and gemcitabin. Cell growth inhibitory activities of
NKO012, SN-38, CPT-11 and gemcitabin were measured using
the WST-8 assay. SUIT-2 cells (5000 cells/well) in 96-well
plates were incubated overnight. Growth medium was
changed to new medium with various concentrations of
NKO012 (O), SN-38 (A), CPT-11 (1)) and gemcitabin (@). Cell
viability was measured as described in Section . . Points,
mean; Bars, SD.

hand, the ICsy values of NK012 were almost similar to those
of SN-38 and gemcitabine (Fig, 1).

3.2.  Orthotopic SUIT-2 pancreatic tumour and its
metastatic nodules in mesentery of mice

We previously found that NK012 could eradicate human tu-
mour xenografts grown subcutaneously in mice.'® However,
the pathological features of the subcutaneous tumour were
different from those of the human pancreatic cancer. Addi-
tionally, the latter frequently exhibits extensive invasion into
surrounding tissue. To assess the antitumour effects of NK012
in a model similar to human pancreatic cancer, we estab-
lished orthotopic pancreatic tumour xenografts. We then
examined pancreatic tumour growth and spread in the mes-
entery from 1 to 3 weeks postinjection of SUIT-2 cells into
the pancreas (Fig. 2A). The tumour transplanted orthotopical-
ly grew from 1 to 3 weeks within the pancreatic body, and
thereafter metastatic nodules developed in the mesentery.
We also compared the number of blood vessels between an
orthotopic tumour and a subcutaneous tumour 3 weeks post-
inoculation (Fig. 2B). We found that the orthotopic tumour
had a smaller number of blood vessels than the subcutaneous
tumour.

3.3.  Antitumour activity of NK012, CPT-11 and
gemcitabine against SUIT-2 orthotopic pancreatic tumour
xenografts

Kaplan-Meier analysis showed significant improvement in
survival rate in the NKO012 treatment group (ILS%, 177) than
in the control, CPT-11 (ILS% 63) and gemcitabine groups
(ILS%, 74) (Fig. 3A). Regarding antitumour activity, a photon
imager indicated that NK012 showed the most potent activity
amongst all treatment drugs (Fig. 3B). To confirm the antitu-
mour effects obtained by the photon imager, each tumour
was excised for tumour volume and weight measurement
(Fig. 3C). NK012 also strongly inhibited the metastatic nodule
area compared with the control group (Fig. 3D).

3.4.  Studies on distribution and pharmacokinetics
analysis of NKO12 and CPT-11 in orthotopic pancreatic
tumour tissues

To examine NK012 and CPT-11 distributions, pancreatic tu-
mour tissues were obtained 1, 6, 24 and 48 h after NK012 or
CPT-11 injection, and frozen sections were observed under a
fluorescence microscope (Fig. 4A). The drug distribution pat-
tern was clearly different between NK012 and CPT-11. In the
sections of CPT-11-treated tumour tissues, fluorescence from
CPT-11 was observed in the area of entire tumour tissue, and
maximum drug accumulation occurred within 1h of CPT-11
injection. However, 24 h after CPT-11 injection, fluorescence
had almost disappeared and no CPT-11 accumulation was ob-
served thereafter. In the sections of NK012-treated tumour
tissues, fluorescence from NK012 started appearing within
the tumour tissue 1 h after NK012 injection. The fluorescence
area started to increase throughout the tumour tissue 6 h
postinjection and maximum fluorescence was observed at
24 h. The fluorescence from NK012 continued to be observed
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Fig. 2 - Progression of orthotopically implanted SUIT-2 pancreatic tumour xenografts. (A) In vivo bioluminescence imaging
(upper panels) and metastastic nodules in the mesentery (middle panels: scale bar, 10 mm; lower panels: scale bar, 1 mm). (B)
Number of blood vessels in orthotopic tumour xenografts and subcutaneous (S.C.) tumour xenografts. After immunostaining
with anti-factor VIII antibody, the number of tumour blood vessels in each xenograft was counted. Column, mean + SD.

P < 0.01 (orthotopic versus S.C.). Scale bar: 200 ym.

until 48 h. Microscopic observations were confirmed quantita-
tively by measuring the amount of SN-38 from tumour tissues
by reversed-phase HPLC. In the tumour tissues (Fig. 4B}, CPT-
11 concentration decreased rapidly with time in a log-liner
fashion after CPT-11 injection. Free SN-38 (converted from
CPT-11) was only detected 1h after CPT-11 injection. On the
other hand, NK012 (polymer-bound SN-38) and free SN-38 (re-
leased from NKO012) continued to be detected from 1 to 192 h
after NKO12 injection. Additionally, we compared NK0O12 con-
centration between pancreatic tumour tissues and normal
pancreatic tissues (Fig. 4C). NK012 concentration in normal
pancreatic tissues was significantly lower than that in pan-
creatic tumour tissues from 1 to 192 h after NK012 injection.

4. Discussion

Here, we used an orthotopic pancreatic tumour model to
evaluate the antitumour effects of NK012. The orthotopic

pancreatic cancer xenografts. showed poorer vasculature
and morée abundant interstitium than the subcutaneous tu-
mour xenografts. Moreover, peritoneal dissemination accom-
panied the orthotopic tumour. These results indicate that
SUIT-2 orthotopic tumours can be used as a substitute for lo-
cally advanced human pancreatic cancer,

NKO012 showed more potent antitumour activity and longer
survival rate than CPT-11, gemcitabine and control. We
observed drug accumulation and distribution within tumour
tissues by fluorescence microscopy. Maximum drug accumu-
lation was observed within 1h of CPT-11 injection. Twenty-
four hours after CPT-11 injection, fluorescence from CPT-
11had almost disappeared, whilst that from NK012 started
appearing within the tumour tissues 1h postinjection, and
then spread to the entire body of the pancreatic tumour tis-
sues by 48 h postinjection. These microscopic observations
were confirmed quantitatively by HPLC. Regarding the distri-
bution of NK012 in normal major organs, it showed relatively
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Fig. 3 -~ Antitumour effects of NK012 in orthotopic tumour xenografts. Mice bearing SUIT-2 tumours were assigned into 4
groups, 21 d after tumour inoculation. Mice were intravenously administered with NK012 (O) (30 mg/kg/d), CPT-11 (A)

(66.7 mg/kg/d) and 0.9% NaCl solution (@) (as a control) on days 0 (21 d after tumour inoculation), 4 and 8. Gemcitabine (0)
(16.5 mg/kg/d) was administrated intraperitoneally on days 0, 3, 6 and 9. (A) Effects of NK012 treatment on survival. Survival
was assessed by Kaplan-Meier analysis. NK012, CPT-11 and 0.9% NaCl solution were administered on days 0, 4 and 8 (bliack
arrows) and gemcitabine on days 0, 3, 6 and 9 (white arrows). P < 0.0018 (NK012 versus CPT-11), P < 0.0018 (NK012 versus
gemcitabine), P < 0.0018 (NK012 versus control). (B) Representative luminescence intensity images obtained in individual
control and treatment group mice on days 0 and 9. Points, mean + SD. P = 0.0074 (NK012 versus control), P = 0.0231 (NK012
versus CPT-11), P = 0.0239 (NK012 versus gemcitabine). (C) Tumour volume and tumour weight in mice treated with NK012,
CPT-11, gemcitabine and control. Column, mean + SD. P < 0.05 (versus NK012). P < 0.01 {versus NK012). Scale bar, 10 mm. (D)
Suppression of metastatic nodules in mesentery by NK012. After 12 d of treatment initiation, the mesentery was dissected
and nodule area was measured. Upper panel scale bar, 10 mm; lower panel scale bar, 1 mm. Graph column, mean + SD.

“P < 0.01 (versus NK012).
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prolonged distribution in the liver and spleen.’® However, he-
patic toxicity was not observed by a biochemical analysis in
the injection of NK012. This long SN-38 retention time is
important for its antitumour effects because its antitumour
activity is time-dependent.* Therefore, we conclude that
long-term distribution and retention of NK012 and SN-38
released from NKO012 is one of the essential properties
underlying the superior antitumour activity of NK012 in such
stroma-rich tumours,

In hypervascular tumours, drug formulations categorised
in DDS can effectively accumulate in the tumours and suffi-
ciently exert antitumour effect. However, in hypovascular
tumours, for example, liposomal drugs can be efficiently deliv-
ered to the tumour tissue but free drugs are not sufficiently
distributed to cancer cells. Because their formulation is too
large to allow penetration of tumour interstiium and is too
stable to allow the free drug within liposomes to be released
easily. In fact, Doxil*, a pegylated liposomal doxorubicin, is
clinically effective against hypervascular cancers®? such as
ovarian tumours, breast cancer and Kaposi sarcoma but not

against stomach and pancreatic cancers, both of which have
a low density of tumour microvessels. On the other hand,
NKO012 is small (20 nm)** compared with liposomes, which is
why it can be distributed more uniformly in the tumour tissue.
Furthermore, NK012 has the potential to allow the effective
sustained release of free SN-38 inside a tumour following
NKO012 accumulation in the tumour tissue. Consequently,
SN-38 thus released distributes throughout the tumour tissue
and is internalised into cancer cells to kill them.

Here, we have shown that NK012 has potent antitumour
effects against orthotopic pancreatic tumours compared with
gemcitabine and CPT-11, and that NK012 decreased the num-
ber of metastatic nodules in the peritoneal cavity. Thus, we
admonish that it is better to use orthotopic tumour xeno-
grafts to evaluate the antitumour activity against cancer char-
acterised by few tumour vessels and high amount of tumour
stroma. Moreover, enhanced accumulation, distribution and
retention of polymeric micelle-based anticancer drugs within
the tumour tissue and the sustained release of anticancer
drugs from the micelles are key elements for the treatment
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Fig. 4 - Distribution of NK012 or CPT-11 in orthotopic tumour xenografts. Concentrations of NK012 (polymer-bounded SN-38),
free SN-38 and CPT-11 in tumour or normal pancreatic tissues. {(A) Mice bearing SUIT-2 tumours were injected with NK012
(30 mg/kg) or CPT-11 (66.7 mg/kg). Tumour tissues were excised 1, 6, 24 and 48 h after intravenous NK012 or CPT-11. Each
mouse was administered with fluorescein-labelled Lycopersicon esculentum lectin 5 min before sacrifice to detect tumour
blood vessels. Frozen tissue sections were examined under a fluorescence microscope at an excitation wavelength of 377 nm
and an emission wavelength of 477 nm. The same fluorescence condition can be applied for visualising NK012 and CPT-11
fluorescence. Scale bar, 100 sm. (B) Concentration of NK012 (polymer-bounded SN-38]) (O}, free SN-38 released from NK012 (A),
CPT-11 (0} and free SN-38 converted from CPT-11 (@) in orthotopic tumour xenografts. Points, mean + SD. (C) Goncentration of
NKO012 (polymer-bounded SN-38) in tumour tissue or normal pancreatic tissue. Black column, tumour tissues, mean; white
column, normal pancreatic tissue, mean. Bar, SD. P < 0.01 (tumour tissue versus normal pancreas, each time).
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