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NKO12

Apoptosis Inducer
Oncolytic

Nanosized-micellar particle containing 7-ethyl-10-hydroxycamptothecin (EHC), consisting of poly(ethylene glycol)-poly{glutamic acid)block

copolymer chemically bound to EHC

EN: 417471

ABSTRACT

Selective tumor targeting by therapeutic agents is a long-standing
pharmacological goal to improve selectivity and therapeutic indices.
Most scientists have sought to use active receptor-mediated tumor-
targeting systems, although the passive targeting afforded by the
enhanced permeability and retention (EPR) effect provides a versatile
and nonsaturable opportunity for tumor-selective delivery. Polymeric
micelles are ideally suited to exploit the EPR effect, and they have been
used for the delivery of a range of anticancer drugs in preclinical and
clinical studies. NKQ12 is an SN-38-loaded polymeric micelle con-
structed in an aqueous milieu by the self-assembly of an amphiphilic
block copolymer, PEG-PGIu(SN-38). Recently, we have demonstrated
that NKO12 exerts significantly more potent antitumor activity against
various human tumor xenografts than irinotecan (CPT-11). Preclinical
and clinical studies of NKOIZ up to the present are reviewed here.

BACKGROUND

Nanotechnology is one of the fastest moving technologies and is
presently contributing significantly to the progress .of medical sci-
ence. Drugs categorized under the drug delivery system (DDS) are
prepared primarily by utilizing nanotechnology. In the field of oncol-
ogy, DDS drugs have been prepared and evaluated in preclinical
and/or clinical trials, with some already approved for clinical use
(Table I). More specifically, DDS can be used for active or passive tar-
geting of tumor tissues. Active targeting refers to the development
of monoclonal antibodies directed against tumor-related molecules,
allowing targeting of a tumor from the specific binding of antibodies
with respective antigens. However, the application of DDS using
monoclonal antibodies is restricted to tumors expressing high levels
of related antigens. Passive targeting can be achieved by utilizing
the enhanced permeability and retention {(EPR) effect (1, 2). This
effect is based on the pathophysiological characteristics of solid
tumor tissues, namely, hypervascularity, incomplete vascular archi-
tecture, secrefion of vascular permeability factors stimulating
extravasation within cancer tissue, and absence of effective lym-
phatic drainage from tumors that impedes the efficient clearance of
macromolecules accumutated in solid tumor tissues (Fig. 1A, B).

Several technigues have been developed to maximally utilize the
EPR effect, including modification of drug structures and the devel-
opment of drug carriers. Polymeric micelle-based anticancer drugs
were originally developed by Kataoka et al. in the late 1980s and
early 1990s (3-5). Polymeric micelles were expected to increase the
accumulation of drugs in tumor tissues by utilizing the EPR effect, as
well as to incorporate various kinds of drugs into their inner core with
relatively high stability by chemical conjugation or physical entrap-
ment. Also, the size of micelles can be controtled within the diame-
ter range of 20-100 nm to ensure that they do not penetrate normal
vessel walls. With this development, it is expected that the incidence
of drug-induced side effects may be decreased owing to reduced
drug distribution in normal tissues.

Irinotecan hydrochloride (CPT-11) has been demonstrated to be
active against colorectal, lung and ovarian cancers (6-10). CPT-1is a
prodrug that is converted to 7-ethyl-10-hydroxycamptothecin (SN-
38, 1), a biologically active metabolite of CPT-11, by carboxylester-
ases. SN-38 is an analogue of the plant alkaloid camptothecin,
which targets DNA topoisomerase . SN-38 exhibits up to 1,000-fold
more potent cytotoxic activity against various cancer cells in vitro
than CPT-11 (1). Although CPT-11 is converted to SN-38 in the liver
and tumors, the metabolic conversion rate is less than 10% of the
original volume of CPT-11 (12, 13). Moreover, the conversion of CPT-11
to SN-38 depends on the genetic interindividual variability of car-

SN-38 (1)
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Table I. Examples of DDS in oncology and their stage of development.

Name Platform Compound Clinical stage
Passive targeting

NK-105 Micelles Paclitaxel il
NC-6004 , Micelles Cisplatin i
NKO12 Micelles SN-38 il
Zinostatin stimalamer {SMANCS) Polymer conjugate Neocarzinostatin Launched
Doxit Liposome Doxorubicin Launched
Abraxane Atbumin-coated nanoparticle Paclitaxel Launched
Opaxio Polymer conjugate Paclitaxel Prereg.
CT-2106 Polymer conjugate Camptothecin Il
EndoTAG Cationic liposome Paclitaxel ]
Mureletecan Polymer conjugate Camptothecin !
LE-SN-38 Liposome SN-38 i

PK1 Polymer conjugate Doxorubicin i
IT-101 Polymer conjugate Camptothecin it
SP-1049C Micelles Doxorubicin i
CPX-1 Liposome CPT-1, floxuridine I
Active targeting

Mylotarg ‘ Anti-CD33 antibody Calicheamicin Launched
Zevalin ) Anti-CD20 antibody 30y Launched
Bexxar Anti-CD20 antibody 31 Launched
PK2 Galactose-polymer Doxorubicin |
MCC-465 Antibody liposome Doxorubicin |
MBP-426 Transferrin-liposome Oxaliplatin |
CALAA-QOT Transferrin-polymer SiIRNA |
Trastuzumab-DM1 Anti-HER2 antibody DM1 1l

boxylesterase activity {14). Thus, further efficient use of SN-38 might
be of great advantage and may be attractive for cancer treatment.
The progress in the manufacturing technology of “micellar nanopar-
ticles” may make it possible to use SN-38 for in vivo experiments and
further clinical use.

NKO12 is an SN-38-incorporating polymeric micelle that can accu-
mulate selectively in solid tumor tissues utilizing the EPR effect. The
micelle is constructed in an aqueous milieu by the self—asSembly of
an amphiphitic block copolymer, PEG-PGLu(SN-38) (15). NKO12 was
obtained as a freeze-dried formulation and contained about 20%
{w/w) of SN-38. The mean particle size of NKO12 is 20 nm in diam-
eter, with a relatively narrow range (Fig. 2A). The release rates of SN-
38 from NKO12 in phosphate-buffered saline (PBS) at 37 °C were
57% and 74%, respectively, at 24 and 48 h, and in 5% glucose solu-
tion” at the same temperature and times 1% and 3%, respectively
(Fig. 2B). These results indicate that NK0O12 can release SN-38 under
neutral conditions even without a hydrolytic enzyme, and is stable in
5% glucose solution. Thus, NKO12 is suggested to be stable before
administration and starts to release SN-38 gradually under physio-
logical conditions following administration.

PRECLINICAL PHARMACOLOGY

Following CPT-11 injection, the plasma concentrations of CPT-11 and
SN-38 rapidly decrease with time in a log-linear fashion. On the
other hand, NKO12 (polymer-bound SN-38) exhibited slower clear-
ance. In tumor xenografts, NKO12 clearance was significantly slower
and the free SN-38 concentration was maintained for a long time
following injection (15, 16). Interestingly, there was no significant dif-

Monograph

ference in the kinetic characteristics of free SN-38 in the small intes-
tine between mice treated with NKO12 and CPT-11.

Deviating from the usual experimental tumor models, tumors were
allowed to grow until they became very large (around 1.5 cm) and
treatment was then initiated. NKO12 showed potent antitumor activ-
ity against bulky small cell lung cancer SBC-3/Neo tumors com-
pared with CPT-11. Striking antitumor activity was observed in mice
treated with NKO12 when its antitumor activity was compared with
CPT-11 using SBC-3/VEGF cells. In the clinical setting, CPT-11/5-flu-
orouracil (5-FU) combination therapy is now a standard regimen for
colorectal cancer (6, 7). It was therefore speculated that the use of
NKO12 in place of CPT-11 in combination with 5-FU might yield supe-
rior results. As expected, the therapeutic effect of NK0O12/5-FU was
significantly superior to that of CPT-11/5-FU against human colon
adenocarcinoma HT-29 xenografts (P = 0.0004) (17). In other
tumors, such as renal cancer (18), glioma (19), gastric cancer {20)
and pancreatic cancer (16), NKO12 exerted significantly superior anti-
tumor activity and was associated with longer survival compared

. with CPT-11. In an orthotopic glioma xenograft model, both NK012

and CPT-11 appeared to be able to effectively extravasate from the
blood-brain tumor barrier but not from normal brain vessels (Fig.
2C) (19). In human pancreatic adenocarcinoma Capan-1 tumor
xenografts, a hypovascular tumor model, it was also demonstrated
that NKO12 showed significantly more potent antitumor activity than
CPT-1. Pharmacological examination revealed that only a slight
conversion of SN-38 from CPT-11 was observed from Th to 24 h, and
no SN-38 was detected thereafter. On the other hand, SN-38
released from NKO12 continued to be detected from 1 h to 96 h fol-
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Figure 1. A. A diagram of normal and tumor tissue demonstrating the presence of a lymphatic duct in normal tissue (upper) but the absence of any lymphat-
ic duct in tumor tissue (lower). Small molecules easily leak from normal vessels in the body, which endows them with a short plasma half-life. On the other
hand, macromolecules have a long ptasma half-life because they are too large to pass through the normal vessel walls, unless they are trapped by the retic-
uloendothelial system in various organs. In the solid tumor tissues shown in the lower panel, it was found that solid tumors generally possess several patho-
physiological characteristics: hypervasculature, secretion of vascular permeability factors stimulating extravasation of macromotecules within the cancer, and
absence of effective lymphatic drainage from tumors that impedes the efficient clearance of macromolecules accumulated in solid tumor tissues. These char-
acteristics of solid tumors are the basis of the enhanced permeability and retention effect, or the EPR effect. B. In vivo imaging demonstrated that both con-
trot whole IgG and specific whole monoclonal antibody (mAb} accumulated selectively in the tumor tissue on day 1after Lv. injection. On day 7, a greater degree
of retention of the specific whole mAb as compared to the control IgG was noted. On the other hand, the F(ab) region of the specific mAb with a molecular
weight of 50,000 accumulated in the tumor to the same extent as the control whole IgG. Interestingly, fluorescence of the F(ab) could also be detected in both
kidneys, which implied that the F(ab) could easity pass through the kidney glomerulus. This accumulation of the control IgG in the tumor represents the EPR
effect. The findings suggest that not only the specific affinity of the mAb, but also the size of the molecules and the stability of the molecules in blood, are
important for tumor-selective targeting.
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towing NKO012 injection (16) (Fig. 2D). Thus, NKO12, which combines ~ CLINICAL STUDIES

enhanced distribution with sustained release of SN-38 within Ty independent phase | clinical trials have been conducted at the
tumors, is ideal for the treatment of hypovascular tumors since the  National Cancer Center in Japan (21) and the Sarah Cannon Cancer

antitumor activity of SN-38 is time-dependent. Center in the U.S. (22) in patients with advanced solid tumors to
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Figure 2. A. Schematic structure of NKO12. A polymeric micelle carrier of NKO12 consists of a block copolymer of polyethylene glycol {(PEG; molecular weight
of about 12,000) and partially modified polyglutamate (about 20 units). PEG (hydrophilic) is believed to be the outer shell and SN-38 is incorporated into the
inner core of the micelle. B, The release rates of SN-38 from NKO12 in phosphate-buffered saline (PBS) were 74% at 48 h but only 3% at 48 h in 5% glucose
solution. It is therefore suggested that NKO12 is stable in 5% glucose solution before administration and starts to release SN-38 gradually under physiologi-
cal conditions after administration. C. a) An orthotopic glioma model. Twenty days after 1J-87 MG/Luc inoculation, the maximum tolerated dose (MTD) of
NKO12 (30 mg/kg) or CPT-11{66.7 mg/kg) was injected iv. into the tail vein of mice. b) 24 h after NKO12 {blue) injection, mice were also administered fluores-
cein Lycopersicon esculentum lectin {100 pl/mouse) to visualize tumor blood vessels. T, tumor, B, normat brain. ¢) NK012 (30 mg/kg/day), CPT-11 (66.7
mg/kg/day) (#) and saline (e ) were given i.v. on days 0 (20 days after tumor inoculation), 4 and 8(¥). Kaplan—Meier analysis was performed to determine the
effect of drugs on time to morbidity, and statistical differences were ranked according to the Mantel~Cox log-rank test using StatView 5.0. D. Tumor distribu-
tion of CPT-11, NKO12 {or polymer-bound SN-38) and free SN-38 after administration of NKO12 and CPT-11 to mice bearing human pancreatic adenocarcino-
ma Capan-1{a) or PSN-1(b) xenografts. The time profiles of polymer-bound SN-38 {m), free SN-38 released from NKO12 {@), CPT-11 {®) and free SN-38 con-
verted from CPT-11 {0} were obtained by high-performance liquid chromatographic {HPLC) analysis. The time points examined were 1, 6, 24, 48, 72 and 96 h
after administration of CPT-11 or NKO12.
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define the maximum tolerated dose (MTD), dose-limiting toxicity
(DLT) and recommended phase |l dose. NK012 was infused iv. over
30 min every 21 days until disease progression or unacceptable tox-
icity. The MTD was 37 mg/m? in the U.S. and 28 mg/m? in Japan.
The recommended dose was the same (28 mg/m?) in both coun-
tries. DLT was mostly neutropenia or related events, and diarrhea
was mild. The pharmacokinetic profile in the U.S. study was similar
to that in the Japanese study. Antitumor activity was also promising.
Partial responses were obtained in three patients with triple-nega-
tive breast cancer, one patient with esophageal cancer, one patient
with small cell lung cancer and one patient with lung carcinoid.
Phase ll studies in patients with triple-negative breast and colorec-
tal cancers are being planned in the U.S. and Japan, respectively.
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Potent antitumor effect of SN-38-incorporating polymeric micelle, NK012,

against malignant glioma

Jun-ichiro Kuroda'?, Jun-ichi Kuratsu®, Masahiro Yasunaga', Yoshikatsu Koga®, Yohei Saito’ and Yasuhiro Matsumura'*

Invest:qam'e Treatment Division, Research Center for Innovative Oncology, National Cancer Center Haospital East, Kashiwa, Japan
*Deparment of Neurosurgery, Fac wlty of Medical and Pharmaceutical Sciences, Kumamoto University, Kumamoro, Japan

Recent published reports on clinical trials of CPT-11 indicate the
effectiveness of this compound, a prodrug of SN-38, against malig-
nant glioma in combination with anti-vascular endothelial growth
factor antibody. Here, we determined if NK012, and SN-38 incor-
porating micelle, can be an appropriate formulation for glioblas-
toma treatment compared with CPT-11. In vitro cytotoxicity was
evaluated against several glioma lines with NK012, CPT-11, SN-
38, ACNU, CDDP and etoposide. For the in vivo test, a human
glioma line (US87MG) transfected with the luciferase gene was
inoculated into nude mice brain for pharmacokinetic analysis by
fluorescence mlcroscopy and hlgh -performance liquid chromatog-
raphy after intravenous injection of NK012 and CPT-11. In vivo
antitumor achvxty of NK012 and CPT-11 was evaluated by biolu-
minescence image and Kaplan-Meier analyses. The growth-inhibi-
tory effects of NK012 were 34- to 444-fold more potent than those
of CPT-11. Markedly enhanced and prolonged distribution of free
SN-38 in the xenografts was observed after NK012 injection com-
pared with CPT-11. NK012 showed significantly potent antitumor
activity against an orthotepic glioblastoma multiforme xenograft
and significantly longer survival rate than CPT-11 (p = 0.0014).
This implies that NK012 can pass through the blood brain tumor
barrier effectively. NK012, which combines enhanced distribution
with prolonged sustained release, may be ideal for glioma treat-
ment. Currently, a phase I study of NK012 is almost complete in
Japan and the US. The present translational study warrants the
clinical phase II study of NKO012 in patients with malignant
glioma.

© 2008 Wiley-Liss, Inc.

Key words: glioma; drug delivery system; blood brain barrier
(BBB); SN-38; micelles

Malignant astrocytomas, such as anaplastic astrocytoma. and
glioblastoma multiforme (GBM), are the most common and highly
vascularized glial tumors of*the brain. At Iedst 80 percent of ma-
lignant gliomas are categorized as GBM.' Curremtly,. GBM
patients have a mean survival. of only 50 weeks following the
standard treatment consisting of surgical and adjuvant theraples
A tecent phase III randomized trial for newly diagnosed GBM
demonstrated that radiation therapy with concurrent temozolomide
treatment, followed by 6 months of temozolomide treatment was
superior to radiation therapy alone in terms of overall survival, In
addition, several clinical trials have demonstrated that the median
survival times of patients with recurrence were only 3-6 months.*

The anticancer plant alkaloid 7-ethyl-10-hydroxy-camptothe-
cine (SN-38) is a broad spectrum anticancer agent targeting DNA
topoisomerase I with a different mechanism of action compared
with alkylating agents such as temozolomide. Although SN-38 has
shown promising anticancer activity in vitro and in vivo, its clini-
cal application has remained dormant because of its low therapeu-
tic efficacy and severe toxic effects,”® Irinotecan hydrochloride
(CPT-11), a prodrug of SN-38, shows some antitumor activities in
patient with recurrent GBM, with response rates of 0 to 17% in
several trials.”'® CPT-11 actxvxty is thus similar to that of other
agents used for recurrent GBM.? A recent phase 11 trial for recur-
rent GBM demonstrated that the combination of CPT-11 and bev-
acizumab, an - antivascular- endothelial - growth factor (VEGF)
monoclonal antibody, is an effective treatment against the neopla-
sia with a 6-month progression-free survxval rate of 46% and a 6-
month overall survival rate of 77%.'"'> However, there is an
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increased risk of developing venous thromboembolic disease and
intracranial hemorrhage with this combination therapy. Therefore,
there is an urgent need to develop treatment 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 in GBM patients.

The purpose of the drug delivery system (DDS) is to achieve
selective delivery of antitumor agents to tumor tissue at an effec-
tive concentration for the appropriate duration of time in order to
reduce the adverse effects of the administered drug and simultane-
ously enhance its antitumor effect. There are 2 main concepts in
DDS, active targeting and passive targeting. Active targeting
involves a monoclonal antibody and a ligand to a tumor-related re-
ceptor. Doxil, a doxorubicine incorporated polyethylene glycol
conjugated llposome is categonzed under passive targeting agents
and are already in clinical use.''* NK012, a novel SN-38-incor-
porating polymeric micelle, is a prodrug of SN-38 similar to CPT-
11 and categorized under passive targeting agent as well.
Although CPT-11 is converted to SN-38 in tumors by carboxyles-
terase (CE), the metabolic convelslon rate is within 2-8% of the
original volume of CPT-11."'® In contrast, the release rate of
SN-38 from NK012 is 74% under physiologic pH condition even
without CEs.'” Recently, we have demonstrated that NKO12
exerted significantly more. potent antitumor activity against vari-
ous human tumor xenografts than CPT-11.'77?° However, there is
a fundamental question whether such nanoparticles can reach
brain tumors across the tumor microvessels. In the present study,
therefore, we established an orthotopic glioma model in this
experiment and then evaluated whether NKO12 can pass through
the BTB and exert its antitumor effect on orthotopic human gli-
oma xenografts in comparison with CPT-11.

Material and methods
Drugs

NKO12 and SN-38 were donated by Nippon Kayaku Co., Ltd.
(Tokyo, Japan) The size of NK012 was ~20 nm in dmmeter with
a. narrow size distribution.!”” ACNU [l-(4-amino- -2-methyl-5-
pyrimidinyl) methyl-3-(2-chloroethyl)-3-nitrosourea, nimstine]
was purchased from DAIICHI SANKYO Co., Ltd. (Tokyo,
Japan). CDDP (cis-diamminedichloroplatinum) and CPT-11 were
purchased from Yakult Co., Ltd. (Tokyo, Japan). Etoposide
[4'demethlepipodophyliotoxin-9-(4, 6-O-ethylidene-B-D-glucopy-
ranoside)] was purchased from BIOMOL (Plymouth Meeting,
PA).
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Cells and animals

Five human glioma cell lines, namely U87MG, U251MG,
U118MG, LNI8 and LN229, were obtained from the American
Type Culture Collection (Rockville, MD). Cells were maintained
in Dulbecco’s modified Eagle’s minimum essential medium sup-
plemented with 10% fetal bovine serum (Cell Culture Technolo-
gies, Gaggenau-Hoerden, Germany), penicillin, streptomycin and
amphotericin B (100 units/ml, 100 pg/ml and 25 pg/ml, respec-
tively; Sigma, St. Louis, MO) in a humidified atmosphere contain-
ing 5% CO, at 37°C. Six- to eight-week-old athymic nude mice
(nu/nu, Charles River Japan, Kanagawa Japan) were used for this
study. US7MG cells (1 X 10%) were injected into the cerebral
hemisphere using a Hamilton syringe through an entry point 1 mm
anterior and 1.8 mm lateral to the bregma to an intraparenchymal
depth of 2.5 mm. The rate of injection was 0.5 pl/min, and the
needle was left in place for 5 min after completion of the injection.
All animal procedures were performed in compliance with the
Guidelines for the Care and Use of Experimental Animals estab-
lished by the Committee 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.

Establishment of US7MG cell line stably expressing firefly
luciferase and YFP mutant Venus

For the in vivo bioluminescence imaging of orthotopic brain
tumors, the US7MG cell line stably expressing firefly luciferase and
the YFP mutant Venus was established. Briefly, the coding sequence
for firefly luciferase and Venus was subcloned into the the pIRES
Vector (Clontech Laboratories, Mountain View, CA). The fragment
consists of Luciferase-IRES-Venus generated from the plasmid with
the restriction enzymes Nhe I and Not 1. This fragment was subcl-
oned into the pEF6/VS5-His Vector (Invitrogen, Carlsbad, CA) to
oenerate plasmids of pEF6-Lucifease IRES Venus. U§7MG celis (2
X 10% were seeded onto 10-cm dishes 24 hr before transfection.
The cells were transfected with 10 pg of pEF6-Lucifease IRES
Venus using FuGENE HD Transfection Reagent (Roche Diagnos-
tics, Mannheim, Germany) according to manufacturer’s instructions,
and then incubated for 48 hr at 37°C. The cells were then passaged
in medium containing Blasticidin (10 pg/ml; InvivoGen, San Diego,
CA) to select for the Blasticidin resistance  gene integrated in the
pEF6/V5-His plasmids. Venus expression was used as a surrogate
marker of luciferase-positive cells. Venus-expressing US7TMG cells
(U8TMG/Luc) were sorted using the BD FACS Aria cell sorter (BD
Biosciences, San Jose, CA), and expanded in selection medium, The
accuracy of a quantitive bioluminescence image as an indicator of
U87MG/Luc cell number was analyzed using the Photon Imager
animal imaging system in vifro, as described under in vivo growth
inhibition - assay.” This ' analysis = demonstrated clear correldnon
between a quantitive bioluminescence image and cell number (R* =
0.99). The sensitivity of US87TMG/Luc cells to each drug (NKO12,
CPT-11, SN-38, ACNU, CDDP and etoposide) was almost similar
to that of parental U§7MG celis (data not shown).

In vitro growth inhibition assay

Cell growth inhibition was measured by the tetrazolium salt-
based proleerdnon assay (WST assay; Wako Chemicals, Osaka,
Japan). Briefly, cells (5 X 10°* cells/well) in 96-well plates were
incubated overnight. Then, growth medium was changed to new
medium with various concentrations of SN-38, NK012, CPT-11,
ACNU, etoposide and CDDP. After 72 hr of incubation, medium
was changed to new medium containing 10% WST-8 reagents.
After 1 hr of incubation, the absorbance of the formazan product
formed was detected at 450 nm in a 96-well spectrophotometric
plate reader (SpectraMax 190; Molecular Devices, Sunnyvale,
CA). Cell viability was measured and compared with that of the
control cells. Each experiment was carried out in triplicates and
was repeated at least 3 times. Data were averaged and normalized
against the nontreated controls to generate dose-response curves.

The number of living cells (% Control) was calculated using the
following formula: % Control = (each absorbance-—absorbance
of blank well)/absorbance of control well X 100.

Evaluation of NK012 and CPT-11 distribution in tumor tissue by
fluorescence microscopy

The U87MG orthotopic xenograft model described earlier was
used for the analysis of the biodistribution of NK012 and CPT-11.
Twenty days after U§7MG/Luc inoculation, the maximum toler-
ated dose (MTD) of NK012 (30 mg/kg) or CPT-11 (66.7 mg/kg)
was injected intravenously into the tail vein of mice. At this point,
tumor size reached to about 3 mm in diameter according to the
preliminary experiment (data not shown). Two, 12 or 24 hr after
NKO012 or CPT-11 injection, mice were also administered with flu-
orescein Lycopersicon esculentum lectin (100 pl/mouse) (Vector
Laboratories, Burlingame, CA) to visualize tumor blood vessels.
Tumors were then excised and embedded in optimal cutting tem-
perature compound and frozen at —80°C until use. Tissue sections
(6 pm thick) were prepared using Tissue-Tek Cryo3 (Sakura Fine-
tek USA, Inc., Torrance, CA), and frozen sections were examined
under a fluorescence microscope, BIOREVO BZ9000 (Keyence,
Osaka, Japan), at an excitation wavelength of 377 nm and an emis-
sion wavelength 447 nm to evaluate the distribution of CPT-11
and NKO012 within the tumor tissues. Because formulations con-
taining SN-38 bound viag ester bonds possess a particular fluores-
cence, both CPT-11 and NK012 were detected under the same flu-
orescence conditions. Image data were recorded using BZ-IT Ana-
lyzer 1.10 software (Keyence, Osaka, Japan).

Pharmacokinetics study of NK0O12 and CPT-11

Female BALB/c nude mice bearing US7MG/Luc tumor (n = 3)
were used for the analysis of the biodistribution of NK012 and
CPT-11. Twenty days after the intracranial injection of U§TMG/
Luc cells, NK012 (30 mg/kg) or CPT-11 (66.7 mg/kg) was intra-
venously administered to the mice. Under anesthesia, blood, nor-
mal brain tissues and tumor tissues were obtained 2, 12, 24 and 72
hr after NKO12 or CPT-11 administration. Blood samples were
collected in microtubes and immediately centrifuged at 1,600¢ for
15 min at 4°C. All samples were stored at —80°C until use.

The normal brain and tumor samples were rinsed with physio-
logic 0.9% NaCl solution, mixed with 0.1 M glycine-HCI buffer
(pH 3.0)/methanol at 5 w/w%, and then homogenized. To analyze
the concentration of free SN-38 and CPT-11, 100 i of the tumor
homogenates was mixed with 20 pl of 1 mM phosphoric acid/
methanol (1:1), 40 pl of ultrapure water and 60 pl of camptothecin
solution (10 ng/ml for SN-38 and 15 ng/m! for CPT-11) as an in-
ternal standard. To quantify free SN-38 and CPT-11 in plasma, 25
pl of plasma was mixed with 25 pl of 0.1 M HCl, and then added
with 20 pl of 1 mM phosphoric acid/methanol (1:1) and 100 pl of
CPT solution (10 ng/ml both for SN-38 and CPT-11). The samples
were vortexed vigorously for 10 sec, and then filtered through
Ultrafree-MC centrifugal filter devices with a cut-off molecular
diameter of 0.45 pm (Millipore Co., Bedford, MA). Reversed-
phase HPLC was performed at 35°C on a Mightysil RP-18 GP col-
umn 150 X 4.6 mm® (Kanto Chemical Co., Inc., Tokyo, Japan).
Fifty microliters of a sample was injected into an Alhdnce Waters
2795 HPLC system (Waters, Milford, MA) equipped with a
Waters 2475 multi % fluorescence detector. Fluorescence originat-
ing from SN-38 was detected at 540 nm with an excitation wave-
length 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. The con-
tent of SN-38 was calculated by measuring the relevant peak area
and calibrating against the corresponding peak area derived from
the CPT internal standard. Peak data were recorded using a chro-
matography management system (MassLynx v4.0, Waters).

For polymer-bound SN-38 detection, SN-38 was released from
the conjugate. Briefly, 20 pl of plasma and 100 pl of tissue
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TABLE I~ 1Cs, VALUES OF SN-38, NK012. CPT-11. ACNU, CDDP AND VP-16 IN VARIOUS HUMAN GLIOBLASTOMA CELL LINES

Celt tine ICstpmnlfly
SN38 . NKO12 CPT-11 ACNU CDDP Etoposide

LNI8 0.052 = 0.0034 0.069 = 0.0242 13.0 = 0.88 729 = 30 3.57 £ 0.08 3.84 £0.14
LN229 0.28 £ 0.1094 0.36 = 0.0489 122 x1.23 144+23 214 %062 0.945 *+ 0.025
U87TMG 0.18 = 0.0216 0.093 + 0.0038 18.1 = 3.06 865 + 86 9.06 = 0.57 20.8 + 5.23
U118MG 0.0089 = 0.0003 0.022 = 0.0017 485 =014 282 22 335 035 405 =018
U251MG 0.0076 % 0.0001 0.0087 = 0.0002 3.86 = 0.04 51.6 £ 3.7 4.55 * 0.03 242 = 0.13
Each cell line was treated in triplicate for 72 hr.
WST-8 assay was used for obtaining ICsq value.
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Ficure 1 - Effects of NKOI12 and CPT-11 on U87MG/Luc tumor xenograft. (¢) Tumor volume in mice treated with CPT-11 or NKD12.
U87MG/Luc tumor was subcutaneously inoculated into the flank of mice, as described in the Materials and methods section, NaCl (0.9%) solu-
tion (@), CPT-11 at 66,7 mg/kg (W) and NKO12 at 30 mg/kg (A) were intravenously administered on days 0, 4 and 8 (arrows). Points, nean;
bars, SD. *p < 0.05. (b) Treatment-related body weight loss occurred in mice treated with CPT-11 and NK012. Points, mean; bars, SD.

samples were diluted with 20 pl of methanol (50%, v/v) and 20 wl
of NaOH (0.3 mol/l for plasma and 0.7 mol/l for tissue). The sam-
ples were incubated for 15 min at 25°C. After incubation, 20 pl of
HC1 (0.3 mol/l for plasma and 0.7 mol/l for tissue) and 60 pl of
CPT solution (10 ng/ml 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. Fifty microliters of the filtrate
was applied to the same HPLC system as described earlier.

In vivo growth inhibition assay

Experiment 1. Six-week-old mice were subcutaneously inocu-
lated with 1 X 107 U87MG/Luc cells in the flank region. When tu-
mor volume reached ~605 mm®, mice were randomly divided into
test groups consisting of 3 mice per group (day 0). Drug was intra-
venously administered on days 0, 4 and 8 into the tail vein.
NKO012 was administered at its MTD of 30 mg/kg/day. The refer-
ence drug CPT-11 was given at its MTD of 66.7 mg/kg/day in the
optimal schedule reported.!”?! The length () and width (i7) of tu-
mor masses were measured twice a week, and tumor volume (TV)
was calculated as follows: TV = (a X b%)/2. Relative tumor vol-
umes (RTVs) at day n were calculated according to the following
formula: RTV = TV, / TV,, where TV,, is the tumor volume at
day n, and TV is the tumor volume at day 0.

Experiment 2. To assess the antitumor effect of NKO12 and
CPT-11, in vivo bioluminescence imaging studies were performed
using the Photon Imager animal imaging system (Biospace, Paris,
France). For imaging, mice with infracranial U87MG/Luc tumor
were simultaneously anesthetized with isoflurane and ¢-luciferine
potassium salt (Synchem, Germany), and normal 0.9% NaCl solu-
tion was intraperitoneally administrated at a dose of 125 mg/kg
body weight, and images were obtained 5 min after the injection.
For bioluminescence image analysis, regions of interest: encom-
passing the intracranial area of a signal were defined using Photo
Vision software (Biospace, Paris, France), and total numbers of
photons per minute (cpm) were recorded. The pseudo-color lumi-
nescent image from violet (least intense) to red (most intense) rep-

resented the spatial distribution of detected photon counts emerg-
ing from active luciferase within the animal. Twenty days after
U87MG inoculation, treatment was started (day 0). Normal 0.9%
NaCl solution (n = 4), NKO12 (30 mg/kg, n = 4), or CPT-11
(66.7 mg/kg, n = 4) was intravenously administered to mice on
days 0, 4 and 8. In vivo bioluminescence imaging studies were
performed on days 0, 14, 21 and 28 from the day of treatment ini-
tiation. To determine the effect of treatment on the time to change
of intensity, Student’s 7 test was carried out using the StatView 5.0
software package. p < 0.05 was regarded as significant.

Experiment 3. Mice with intracranial U87MG/Luc tumor was
randomly divided into 3 groups consisting of 6 mice per group.
NKO12 (30 mg/kg/day) and CPT-11 (66.7 mg/kg/day) were intra-
venously given on days 0 (20 days after tumor inoculation), 4 and
8. After treatment, mice were maintained until each animal
showed signs of morbidity (i.e., 10% weight loss and neurological
deficit), at which point they were sacrificed. Kaplan-Meier analy-
sis was performed to determine the effect of drugs on time to mor-
bidity, and statistical differences were ranked according to the
Mantel-Cox log-rank test using StatView 5.0.

Statistical analysis

Data were expressed as mean £ SD. Significance of differences
was calculated using the unpaired 7 test with repeated measures of
StatView 5.0. p < 0.05 was regarded as significant.

Results

Cellular sensitiviry of glioblastoma cells to SN-38, NK0I2
and CPT-H

The ICsq values of NK012 for the cell lines ranged from 0.0087
umol/l (U251MG cells) to 0.36 umol/l (LN229 cells). The growth in-
hibitory effects of NK012 were 34- to 444-fold more potent than those
of CPT-11, 400- to 12818-fold more potent than those of ACNU,
52-to 523-fold more potent than those of CDDP, and 3- to 278-fold
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Figure 2 — Distribution of NKO12 or CPT-11 in U87MG/Luc glioma xenografts. Mice bearing: U87MG/Luc tumor were injected with
NKO012 (30 mg/kg/day) or CPT-11 (66.7 mg/kg/day). Tumor tissues were excised 2, 12 and 24 hr after the intravenous injection of NK012 or
CPT-11. Each mouse was administered fluorescein-labeled Lycopersicon esculentum lectin 5 min before sacrifice to detect tumor blood vessels.
Frozen sections were examined under a fluorescence microscope at an excitation wavelength of 377 nm and an emission wavelength of 477 nm.
The same fluorescence conditions can be applied for visualizing NK012 and CPT-11 fluorescence. Free SN-38 could not be detected under these
fluorescence conditions. The white lines indicate the border between the tamor and the brain tissue. T, U87MG/Luc tumor; B, normal brain tis-

sue. (Scale bars: 20 pym).
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Figure 3 — Plasma, brain tissue and orthotopic tumor concentrations of respective analytes after intravenous administration of NK0O12 (30
mg/kg/day) and CPT-11 (66.7 mg/kg/day) to U8TMG/Luc-bearing nude mice. («) plasma; (b) tumor. @, polymer-bound SN-38; O, free SN-38
(polymer-unbound SN-38); A&, CPT-11; A, free SN-38 converted from CPT-11.

more potent than those of etoposide. On the other hand, the ICsq val-
ues of NKO12 were almost similar to those of SN-38 (Table. I).

Antitumor activity of NK0OI12 and CPT-11 on subcutaneous
U87MG/Luc xenografts

Potent antitumor activity was observed in mice treated with
NKO12 at 30 mg/kg in vivo (Fig. 1a). In mice treated with NK012,
tumor volume started to decrease on day S, and the tumor com-
pletely disappeared by day 23, with no relapse observed until 80
days after treatment. Although CPT-11 at 66.7 mg/kg/day exerted
antitumor activity compared with the control group, tumor volume
continued fo increase consistently. Comparison of the relative tu-
mor volume at day 8 revealed significant differences between the
NKO12-treated and CPT-1l-treated groups (p = 0.0095).
Although treatment-related body weight loss was observed in
mice treated with each drug, body weight recovery was observed

by day 19 (Fig. 1b). These results clearly show the significant in
vivo activity of NKO12 against the U§7MG/Luc tumor xeonograft.

Studies on distribution of NK0OI2 and CPT-11 in orthotopic
U87MG/Luc tumor tissues

Both NK012 and CPT-11 formulations accumulated in the tu-
mor tissue but not in the normal brain tissue (Fig. 2). However,
the drug distribution pattern was clearly different between NK012
and CPT-11. In sections of the U87MG/Luc tumor treated with
CPT-11, maximum drug accumulation was observed within 2 hr
of CPT-11 injection. Twelve hours after the injection, fluorescence
originating from CPT-11 had almost disappeared. Subsequently,
no accurnulation of CPT-11 was observed within the tumor tis-
sues. However, in sections of the U87MG/Luc tumor treated with
NKO012, fluorescence from NK012 started appearing around tumor
blood vessels 2 hr after intravenous injection and lasted until 24
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TABLE 1l - TUMOR AND PLASMA CONCENTRATION OF SN38 AFTER AN LV. ADMINISTRATION OF NK012 (30 MG/KG} AND CPT-1}
(66.7MG/KG) TO NUDE MICE BEARING US7MG/LUC BRAIN TUMOR

Time after administration (hr)

Formulation tested Anatyte
2 12 24 . 72
NKO12 Free SN-38 Plasma (ng/ml) 1113 511 90.0 6.88
Tumor (ng/g) 67.7 84.1 137 24.6
CPT-11 Free SN-38 5 Plasma (ng/ml) 62.0 474 1.97 ND
Tumor (ng/g) 31.8 7.41 2.14 ND
Data were expressed as means of three mice.
Free SN-38; SN-3§ released from NK012 or converted from CPT-11.
ND, not detectable,
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FiGure 4 — Antitumor effect of NKO12 or CPT-11 on orthotopic xenograft and survival. Mice receiving intracranial injections of US7TMG/
Luc were assigned into groups 20 days after tumor inoculation. Mice were intravenously administered with 0.9% NaCl solution (@), NKO12 (30
mg/kg/day, A) or CPT-11 (66.7 mg/kg/day, ®) on days 0 (20 days after tumor inoculation), 4 and 8 (arrows). (@) Representative luminescence
intensity images obtained in individual control and treatment-group mice on the days indicated. (b) Antitumor effect of NK012 or CPT-11 on
days 14, 21 and 28. Each group consisted of 4 mice. Points, mean; bars, SD. *p < 0.05. (¢) Treatment effects of NK012 on survival. Survival
was assessed by Kaplan-Meier analysis. Each group consisted of 6 mice. Experiments were repeated twice with similar results,

hr. After 12 hr, the fluorescent area began to increase and the max-
imum fluorescence area was observed 24 hr after the injection.

Pharmacokinetics analysis of NKOI12 and CPT-11 in mice
bearing orthotopic US7MG/Luc xenografts

Microscopic observations were confirmed quantitatively by
measuring the amount of SN-38 extracted from each solid tumor
by reversed-phase HPLC. After CPT-11 injection; the concentra-
tions of CPT-11 and free' SN-38 in plasma decreased rapidly with
time in a log-linear fashion. On the other hand, the plasma concen-
tration of NKOI2 (polymer-bound SN-38) showed slower clear-
ance than that of CPT-11. Free SN-38 released from NK012 also
showed slow clearance than that of SN-38 converted from CPT-11
(Fig. 3a). Meanwhile, there was a significant difference in drug
accumulation in the tumor between CPT-11 and NKO12, that is,
the accumulation of NK012 in the U87MG/Luc tumor was signifi-
cantly higher than that of CPT-11 (Fig. 3b) and that the concentra-

tion of free SN-38 originating from NK0I12 was maintained at
24.6 ng/g even 72 hr after injection (Table II). On the other hand,
only slight conversion from CPT-11 to SN-38 was observed from
2 to 24 hr in the UBTMG/Luc tumor, and no SN-38 was detected
thereafter (Fig. 3b). This result suggests that the BTB of the tumor
was partially destroyed in the tumor. vasculature and both drugs
extravasated from the tumor blood vessels. In addition, these
results indicate that NKO12 can remain in the tumor tissue for a
longer period and continue to release free SN-38.

Antitumor activity of NK0I12 and CPT-11 against orthotopic
US7MG/Luc glioma xenografts

Antitumor activity was observed in mice treated with NK012 at
30 mgfkg/day and CPT-11 at 66.7 mg/kg/day in vive (Fig. 4a).
ANOVA analysis revealed a significant difference between the
control group and the NKO12-treated group (p = 0.02). However
there was no significant difference between the control group and
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the CPT-11-treated group (p = 0.23) and between NKO12 and
CPT-11 (p = 0.21) (Fig. 4b). Comparison of the relative tumor
volume at day 14 revealed significant differences between NK012
(30 mg/kg/day) and CPT-11 (66.7 mg/kg/day) (p = 0.049).
Kaplan-Meier analysis showed that a significant improvement in
survival rate was observed in the NKO12 treatment group com-
pared with the control (p = 0.001) and CPT-11 treatment groups
(p = 0.0014) (Fig. 4¢).

Discussion

The diameter of a micelle carrier is approximately in the range
of 10-100 nm, which is smaller than that of a liposome. Although
this size is small, it is still sufficiently large to prevent renal secre-
tion of the carrier. The micelle systems can evade nonspecific cap-
ture by the reticuloendothelial system in various organs because
the outer shell of the micelle is covered with polyethyleneglycol.
Therefore, drug-incorporating micelles can be expected to have a
long plasma half-life, which permits a large amount of the
micelles to reach tumor tissues, extravasate from tumor capilla-
ries, and then be retained in tumor tissues for a long time by utiliz-
ing the enhanced permeability and retention (EPR) effect.”

Several factors are reportedly involved in vascular permeability
in the body. Among them, bradykinin is the most potent vascular
permeability factor. We succeeded in purifying 2 types of kinin
from the ascitic fluid of a patient with gastric cancer.”™ We also
clarified that this kinin generation system was friggered by the
activated Hageman factor, an intrinsic coagulation factor X1
Meanwhile, Dvorak et al. discovered that the vascular pelmeabi}—
ity factor (VPF) is involved in tumor vascular perﬂmeability.“5
Later, it was found that VPF was identical to VEGF.*® Recently,
an extrinsic coagulation factor, namgl ) tissue factor, has been
shown to activate VEGF production,?”*® Thus, both intrinsic and
extrinsic coagulation factors may be involved in tumor vascular
permeability. Furthermore, there have been several reports to date
indicatin; the increasing expression of a tissue factor in human
glioma.** Also, it is well known that glioma is a typical hyper-
vascular tumor with an irregular vascular architecture and a high
expression level of VEGFE.?! Therefore, it may be speculated that
nanoparticles extravasate from tumor capillaries and accumulate
more preferentially in brain glioma.

NKO12, an SN-38-incorporating polymeric micelle, is a novel
type of micellar formulation with long-time accumulation in
tumors, and shows prolonged sustained release of SN-38 within
the tumor.'”?® We have thus far reported that NKO012 shows sig-
nificantly higher antitumor activity against various human tumor
xenografts including small cell lung cancer,'” colorectal cancer,’
renal cancer,'® and pancreatic cancer™® compared with CPT-11, In
addition, we have recently seen an increasing number of reports of
clinical trials indicating the effectiveness of CPT-11 against brain
glioma in combination with anti-VEGF antibody' ' 23233

Under these circumstances, it may be reasonable to conduct an
investigation into the' advantages of administering NKO12 over
CPT-11 for treatment against human glioma tumor xenografts. In
the present study, we showed that NK012 exerted a significant
antitumor activity in U87MG/Luc subcutaneous xenografts (Fig.
1). In the tumor intravenously administered with NK012 (30 mg/
kg), NK012 accumulated within and around tumor blood vessels
in’ the orthotopic xenografts 2 hr after the injection. Thereafter,
NKO012 started to spread from the blood vessel within the tumor
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tissue of the xenografts. Fluorescence originating from NKO012
then increased up to the maximum in the entire tumor by 24 hr af-
ter NKO12 injection. On the other hand, fluorescence originating
from CPT-11 increased up to the maximum 2 hr after its injection,
indicating that the maximum distribution of CPT-11 was achieved
within 2 hr of injection. Twelve hours after intravenous injection,
fluorescence from CPT-11 had almost disappeared, and subse-
quently, no accumulation of CPT-11 was observed within the tu-
mor tissues. The therapeutic effect of NK012 was superior to that
of CPT-11 in terms of antitumor effect and survival. Because the
antitumor activity of SN-38 is time-dependent, the superiority of
NKOi2 over CPT-11 may be due to the enhanced accumulation of
NKO012 and the prolonged sustained release of SN-38 from NK012
within the tumor tissues. Nevertheless, free SN-38 was not
detected in the normal brain tissues at any measurement time after
intravenous injection of NK012 or CPT-11 (data not shown). It is
thus speculated that both NKO12 and CPT-11 are unable to cross
the BBB in the normal brain, but can pass through tumor vessels
effectively. In clinical brain glioma, however, when the tumor
recurs, it would most likely recur in adjacent regions of the brain
with an intact blood brain barrier: Namely, at the border between
the brain tumor and normal brain tissue, malignant glioma cells
and normal brain tissues intermix in the gradient and angiogenesis
occurs at sites where there: are large accumulation of tumor cells
under local hypoxia.”” In addition, there is no clear evidence if tu-
mor vessels of orthotopic brain tumor xenografts are identical to
those of real human brain fumors: in terms of their structure and
function. Therefore, it may be better to consider to conduct an
investigation of the advantages of administering some anti-angio-
genic inhibitors in combination with NK012 against highly inva-
sive tumor models established by several methods such as direct
implantation of patient surgical specimens into the brains of nude
mice,” transplantation of patient surgical material s.c. in nude
mice followed by dissociation dnd orthotopic reinjection of these
xenotransplants,”® engraftment of glioblastoma-derived spheroids
after short- term cultare into rat brain,®” and engraftment of glio-
blastomastem cell-enriched cultures into mouse brain.***

The dose-limiting toxicities of CPT-11 appeared to be neutrope-
nia and diarrhea. However, in our previous data, there was no sig-
nificant difference in the level of SN-38 in the small intestine
between NKOI12-treated and CPT-11-treated mice.'” It was also
reported that NKO12 showed significant antifumor effect with
diminishing incidence of diarthea compared with CPT-11.%" In 2
individual phase 1 trials in Japan and the US, no serious diarrhea
has been reported.“’42 In addition, one confirmed partial response
(PR) was obtained in a patient with metastatic esophageal cancer in
a Japanese trial,”" and 3 PRs in a patient with breast cancer and 1
PR in a patient with small cell lung cancer in a US phase 1 trial.*

In conclusion, we demonstrated not only the enhanced accumu-
lation, distribution, and retention of NK012 within glioma xeno-
grafts but also the superiority of the antitumor activity of NK012
compared with CPT-11. Taking the present data together with
very recent clinical data from phase 1 trials, a phase 2 trial in
patients with recurrent glioma may be warranted.
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Cancer Therapy: Preclinical

Antitumor Activity of NK012 Combined with Cisplatin against Small
Cell Lung Cancer and Intestinal Mucosal Changes in

Tumor-Bearing Mouse after Treatment

Tatsuya Nagano,"*3 Masahiro Yasunaga,' Koichi Goto,? Hirotsugu Kenmotsu,? Yoshikatsu Koga,’

Jun-ichiro Kuroda,' Yoshihiro Nishimura,® Takashi Sugino,* Yutaka Nishiwaki,? and Yasuhiro Matsumura

1

Abstract Purpose: To investigate the advantages of treatment with the SN-38- incofporating polymeric

micelles NKO12 over CPT-11 in combination with cisplatin [c/s-dichlorodiammineplatinum (If)
(CDDP)] in mice bearing a small cell lung cancer xenograft in terms of antitumor activity and tox-
icity, particularly intestinal toxicity.

Experimental Design: Cytotoxic effects were evaluated in human small cell lung cancer cell
lines [H69, H82, and vascular endothelial growth factor (VEGF) - secreting cells (SBC-3/VEGF
and its mock transfectant SBC-3/Neo) 1. /n vivo antitumor effects were evaluated in SBC-3/Neo -
bearing and SBC-3/VEGF - bearing mice after NK012/CDDP or CPT-11/CDDP administration on
days 0, 7, and 14. Drug distribution was analyzed by high-performance liquid chromatography or
fluorescence microscopy, and the small intestine was pathologically examined.

Results: The in vitro growth-inhibitory effects of NKO12 were 198- to 532-fold more potent than
those of CPT-11. A significant difference in the relative tumor volume on day 30 was found be-
tween NK012/CDDP and CPT-11/CDDP treatments (P = 0.0058). Inflammatory changes in the
small intestinal mucosa were rare in all NKO12-treated mice but were commonly observed in
CPT-11 - treated mice. Moreover, a large amount of CPT-11 was excreted into the feces and high
CPT-11 concentration was detected in the small intestinal epithelium. On the other hand, a small
amount of NKO12 was found in the feces and NK012 was weakly and uniformly distributed in the
mucosal interstitium. ' ’

Conclusions: NK012/CDDP combination may be a promising candidate regimen against lung

cancer without severe diarrhea toxicity and therefore warrants further clinical evaluation.

SN-38 or 7-ethyl-10-hydroxy-camptothecin is a biologically
active metabolite of irinotecan hydrochloride (CPT-11) and is
formed through CPT-11 conversion by carboxylesterases. SN-38
is active against various human cancers, such as colorectal,
lung; and ovarian cancer (1-4). Although SN-38 shows up to
1,000-fold more potent cytotoxic activity against various cancer
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cell lines than CPT-11 in vitro (5), it has been clinically
unavailable because of its' water-insoluble nature, and the
conversion rate from CPT-11 to SN-38 is <10% of the original
CPT-11 volume in the body (6, 7).

The SN-38 - incorporating polymeric micelles NK012 seem to
have the advantage of passive targeting of the drug’ delivery
system. In this passive targeting of drug delivery system, the
drug “accumuldtes in tumor tissue by. using the enhanced
permeability and retention - effect' (8~11). This enhanced
permeability and retention effect is based on several pathologic
mechanisms, which include hypervascularity, secretion of
tumor vascular permeability factors stimulating extravasation
of macromolecules including nanoparticles such as liposomes
and micelles, and the absence of an' effective lymphatic
drainage of macromolecules accumulated in solid tumor tissue.
Recent studies showed that NK012 has a significantly more
potent antitumor activity than® CPT-11 against small cell lung
cancer (SCLG; ref. 12), colorectal cancer (13), renal cancer (14),
Ppancreatic cancer (15), stomach cancer (16), and glioma (17).

It was previously reported-that the SN-38/cis-dichlorodiam-
mineplatinum (II} (CDDP) combination showed synergistic
effects (18). The median survival of SCLC patients treated with
the CPT-11/cisplatin (CDDP) combination was significantly
longer than that of SCLC patients treated with the etoposide/
CDDP combination in a randomized phase III study (P =
0.002) conducted by the Japanese Cooperative Oncology
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Translational Relevance

The SN-38-incorporating polymeric micelles NKO12
has been shown to have significant antitumor activity
against several cancer mouse models compared with CPT-
11. The phase | study showed that patients treated with
NKO12 did not develop grade 3/4 diarrhea, one of the major
adverse effects of CPT-11. Here, the antitumor activity of
NKO012/cisplatin combination was compared with that of
CPT-11/cisplatin combination, one of the most active regi-
mens against SCLC and NSCLC in the clinic. We also evalu-
ated the pharmacologic and toxic profiles of the drug
combinations, particularly in terms of diarrhea. NK012/
cisplatin showed a significant potent antitumor activity
against an SBC-3 xenograft compared with CPT-11/cisplat-
in. Moreovey, inflammatory pathologic changes were rarely
observed in the small intestinal mucosa of the NKO12-trea-
ted mouse but were commonly observed in the CPT-11-
treated mouse. NKO12/cisplatin combination chemothera-
py is thus a promising regimen against lung cancer without
severe diarrhea toxicity and therefore warrants further clini-
cal evaluation.

Group (19). Therefore, CPT-11/CDDP is considered to be one
of the most active regimens against SCLC in Japan. A recent
randomized phase III study showed that CPT-11/CDDP was
equal to other platinum-based regimens, such as carboplatin
plus paclitaxel, CDDP plus gemcitabine, and CDDP plus
vinorelbine, in terms of response rate and overall survival in
non-SCLC (NSCLC) patients (20).

One of the major clinically important toxic effects or dose-
limiting factors of CPT-11 is severe late-onset diarthea (21-
23). We previously showed that there was no significant
difference in the kinetic character of free SN-38 in the small
intestine of mice bearing the SCLC cell line SBC-3 and. treated
with NK012 and CPT-11 (12). Furthermore, in two indepen-
dent phase I clinical trials in Japan (24) and the United States
(25), nonhematologic toxicities were minimal and grade 3/4
diarthea was absent.

In this context, we conducted this study to investigate the
advantages of NK012/CDDP over CPT-11/CDDP in. mice
bearing a SCLC xenograft in terms of antitumor activity and
toxic effects, particularly intestinal toxicity.

Materials and Methods

Drugs and cells. . SN-38 and NK012 were prepared: by Nippon
Kayaku Co. Ltd. CPT-11 was purchased from Yakult Honsha Co. Ltd.
CDDP was obtained from WC Heraeus GmbH & Co. KG:

Among the SCLC cell lines used, SBC-3 was kindly provided by Dr. 1.
Kimura (Okayama University, Okayama, Japan), and H69 and H82
were purchased from the American Type Culture Collection. SBC-3,
H69, and H82 were maintained in RPMI 1640 supplemented with 10%
fetal bovine serum (Cell Culture Technologies) and penicillin,
streptomycin, and amphotericin B (100 units/mL, 100 pg/ml, and
25 pg/ml, respectively; Sigma) in a humidified atmosphere containing
5% COs at 37°C. Vascular endothelial growth factor (VEGF) —secreting
cells, SBC-3/VEGF and its mock transfectant SBC-3/Neo, were generated
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from SBC-3 cells transfected with BMG-Neo-VEGF and BMG-Neo, as
described (26).

In vitro study. The growth-inhibitory effects of NK012, CPT-11,
SN-38, and CDDP were examined by tetrazolium salt-based
proliferation assay (WST-8 assay; Wako Chemicals). One hundred
microliters of a suspension of exponentially growing cells (1 x 10°/mL
of SBC-3/Neo and SBC-3/VEGF or 1 X 10°/mL of H69 and H82)
were placed into the wells of a 96-well plate and incubated for 24 h at
37°C. Then, after medium removal, 100 pL of medium containing
various concentrations of each drug were added to the wells and then
incubated for 72 h at 37°C. After medium removal, 10 pL of WST-
8 solution and 90 pL of medium were added to the wells followed by
incubation for 1 h at 37°C. The growth-inhibitory effects of each drug
were assessed spectrophotometrically (SpectraMax 190, Molecular
Devices Corp.). The ICso value was determined on the dose-response
curves. The nature of interaction between NK012 and CDDP against
SCLC cell lines, SBC-3/Neo, SBC-3/VEGF, H69, and H82, was
evaluated by median-effect plot analyses and the combination index
method of Chou and Talalay (27).

Experimental mice model. Female BALB/c nude mice (6 wk old)
were purchased from SLC Japan. Mice were inoculated s.c. in the flank
with 1 X 107 cells/150 pL cell suspension of SBC-3/Neo and SBC-3/
VEGF cell lines.

All animal procedures-were done in compliance with the guide-
lines for the care and use of experimental animals established by the
Committee for Animal Experimentation of the National Cancer
Center; 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 growth inhibition assay. When the tumor volume (TV)
reached 1,500 mm®, mice were randomly divided into test groups
consisting of five mice per group (day 0). Drugs were i.v. administered
into the tail vein on days 0, 7, and 14. NKO12 was given at SN-38
equivalent doses of 10 and 5 mg/kg/d, which are one third and one
sixth of the maximum tolerated dose, respectively. The reference drug,
CPT-11, was given at 22 and 10 mg/kg/d, which are one third and one
sixth of the maximum tolerated dose, respectively. CDDP was
simultaneously given on the same day at 2.5 mg/kg/d based on a
previous report (28). In preliminary experiment, NK012 (5 mg/kg) plus
CDDP (2.5 mg/kg) seemed to be superior to NK012 (5 mg/kg) alone in
these tumors. NaCl solution (0.9%) was administered i.v: as normal
control: The length (a) and width (b) of the tumor masses and body
weight (BW) were measured twice a week, and TV was calculated using
TV = (2 x b?) | 2. Relative TV (RTV) on day n was calculated using
RTV =TV;; [ TV, where TV, is the TV on day n and TV, is the TV on day
0. Relative BW (RBW) was calculated using RBW = BW, [/ BW,.
Differences in RTV and RBW between the treatment groups on day 30
were analyzed using the unpaired ¢ test.

Pharmacokinetic analysis by high-performance liquid chromatography.
Female BALB/c nude mice (n = 3) bearing SBC-3/Neo and SBC-3/VEGF
tumors (1,500 mm®) were used for drug pharmacokinetic analysis.
NK012 or CPT-11 was administered at an equimolar dose of 20 or
30 mg/kg on day 0, respectively, as reported (12). CDDP was
simultaneously given at 2.5 mg/kg. Mice were sacrificed 1, 6, 24, and
72 h (day 3) after administration. Plasma samples, tumors, upper small
intestine, and feces were obtained and stored at -80°C until analysis.

SN-38 was. extracted for each sample and reversed-phase high-
performance liquid chromatography was done as reported (12).

Pathologic studies of small intestinal mucosa. CPT-11 and NK012
were injected to female BALB/c nude mice (n = 3) at the same dose
schedules as those used in the treatment experiment. On day 14 after
the last dosing, mice were sacrificed and parts of the small intestine
were sampled at 5 cm from the pylolic part for the jejunum and 5 cm
from the ileocecal junction for the ileum. Samples were fixed in 10%
formalin, paraffin embedded, sectioned, and stained with H&E.
Inflammation was scored by using an inflammation scale from - to
++, with - indicating absent inflammation, + showing mild
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Table 1. In vitro growth-inhibitory activity of SN-38, NK012, CPT-11, and CDDP in human SCLC cells

Cell line ICs5o (pmol/L)

SN-38 NKO12 CPT-11 CDDP
SBC-3/VEGF ’ 0.00330 + 0.00210 0.00365 + 0.00005 111 +0.29 2.21 + 0.36
SBC-3/Neo 0.00872 + 0.00063 0.0101 + 0.0006 5.05 + 0.08 128+ 1.5
H69 0.0205 £ 0.0195 0.0417 + 0.0052 222 %58 6.23 + 0.33
H82 0.00716 + 0.00079 0.00998 + 0.00328 1.98 + 0.55 4.08 + 3.79

inflammation predominantly infiltrated with lymphocytes, and ++
indicating active inflammation infiltrated with lymphocytes and
neutrophils. :

Distribution of NK012 or CPT-11 in small intestine by fluorescence
microscopy. NKO012 or CPT-11 was administered to female BALB/c
nude mice at 20 or 30 mg/kg on day O, respectively. Mice were
sacrificed 1, 6, 24, and 72 h after drug injection, and the small
intestine was excised at the middle portion and embedded in an
OCT compound (Sakura Finetechnochemical Co. Itd.) and frozen

at -80°C. Tissue sections (5 um thick) were prepared using a
cryostatic microtome (Tissue-Tek Cryo3, Sakura Finetechnochem-
ical). Frozen sections were examined under a fluorescence micro-
scope (Biorevo, Keyence) at a 358-nm excitation wavelength and a
461-nm emission wavelength to evaluate NKO012 or CPT-11
distribution in the small intestine. Because formulations containing
SN-38 bound via ester bonds possess a particular fluorescence, both
NK012 and CPT-11 were detected under the same fluorescence
conditions. '
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Fig.1. Growth inhibitory effects of NKO12/CDDP and CPT-11/CDDP on SBC-3/Neo and SBC-3/VEGF tumor xenografts. A and 8, RTV in mice treated with NK012/CDDP or
CPT-11/CDDP. SBC-3/Neo (A and €) and SBC-3/VEGF (B and D) tumors were inoculated s.c. into the flank of mice, as described in Materials and Methods. CPT-11

(10 mg/kg/d; A), CPT-11 (22 mg/kg/d; O), NKO12 (5 mg/kg/d; A), or NKO12 (10 mg/kg/d; m) combined with CDDP (2.5 mg/kg/d) were L.v. administered on days 0, 7,
and 14. O, NaCl solution (0.9%) was i.v. administered as normal control, Points, mean; bars, SD. *, P (0.05. C and D, treatment-related BW loss occurred in mice treated with

NKO12/CDDP and CPT-11/CDDP. Points, mean; bars, SD.
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Fig. 2. Plasma, tumor, and small intestine concentrations of NK012, CPT-11, and free SN-38. Plasma (A4), tumor (8), and small intestine (C) distribution of NKO12, CPT-11, and
free SN-38 after i.v. administration of CPT-11 (30 mg/kg) combined with CDDP (2.5 mg/kg) or NK012 (20 mg/kg) combined with CDDP (2.5 mg/kg). Left, SBC-3/Neo;
right, SBC-3/VEGF. @, polymer-bound SN-38; O, free SN-38 {polymer-unbound SN-38); A, SN-38 converted from CPT-11; A, CPT-11.

Statistical analysis. Data were analyzed with Student’s ¢ test when
groups showed equal variances (F test) or with Welch's test when they
showed unequal variances (F test). P < 0.05 was considered
significant. All statistical tests were two sided, and data were expressed
as mean + SD.

Results

Cellular sensitivity of SCLC cells to NK012, CPT-11, SN-38,
and CDDP. The ICs, values of NK012 for the SCLC cell lines
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ranged from 0.004 pmol/L (SBC-3/VEGF) to 0.041 pmol/L
(H69; Table 1). The cytotoxic effects of NK012 were 198- to
532-fold higher than those of CPT-11, whereas those of
NKO012 were 1.10- to 2.00-fold lower than those of SN-38.
These features were comparable with those reported previous-
ly (12, 13). '

The molar ratios of NK012 to CDDP of 1:600 in SBC-3/
VEGE, 1:120 in SBC-3/Neo, 1:150 in H69, and 1:400 in H82
were used for the drug combination studies based on the ICsq
values of NK012 and CDDP (Table 1). The synergic to additive
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effect between NK012 and CDDP was observed in these SCLC
cell lines {data not shown).

Antitumor activity of NK012/CDDP and CPT-11/CDDP
against SBC-3/Neo and SBC-3/VEGF tumors. SBC-3/Neo and
SBC-3/VEGF tumors treated with 5 mg/kg/d NK012 plus
2.5 mg/kg/d CDDP were significantly smaller than those
treated with 10 mg/kg/d CPT-11 plus 2.5 mg/kg/d CDDP on
day 30 (P = 0.0024, SBC-3/Neo; P = 0.0437, SBC-3/VEGF).
Moreover, both tumors treated with 10 mg/kg/d NK012 plus
2.5 mg/kg/d CDDP were significantly smaller than those
treated with 22 mg/kg/d CPT-11 plus 2.5 mg/kg/d CDDP on
day 30 (P = 0.0058, SBC-3/Neo; P = 0.0478, SBC-3/VEGF;
Fig. 1A and B). Although treatment-related BW loss was
observed in mice: treated with each drug combination, BW
recovered to the normal level in each group by day 30 (Fig. 1C
and D). A stronger antitumor activity against SBC-3/VEGF
tumors was observed than against SBC-3/Neo tumors, The
complete response rates achieved with 10 mg/kg/d NK012 plus
2.5 mgfkg/d CDDP were 100% and 0% for SBC-3/VEGF and
SBC-3/Neo, respectively. These results further confirm our
previous findings that a more potent antitumor effect of NK012
is observed in highly vascularized tumors (12).

Pharmacokinetics of NK012 and CPT-11 after NK012/CDDP
and: CPT-11/CDDP administration in mice bearing SBC-3/Neo
or  SBC-3/VEGF tumors. After CPT-11/CDDP injection, the
plasma concentrations of CPT-11 and SN-38 converted from
CPT-11 decreased rapidly within 6 hours in a log-linear fashion
(Fig. 2A). Those of NK012 (polymer-bound SN-38) and SN-38
released from NKO012 decreased more gradually (Fig. 2A). As for
the CPT-11 and free SN-38 concentrations in the SBC-3/Neo
and SBC-3/VEGF tumors, they decreased rapidly within
6 hours; and almost no:SN-38 converted from: CPT-11:was
detected at 24 hours in both tumors (Fig. 2B). In the case of
NK012/CDDP administration, free SN-38 released from NK012
could be detected in the tumors even at 72 hours after
administration. (Fig. 2B). In contrast to the case of CPT-11/
CDDP administration,: the :concentrations.. of . free SN-38
released from NKO012 were higher in the SBC-3/VEGE tumors
than in the SBC-3/Neo tumors at any time point during the
observation period (significant at 1 hour; P = 0.013).

Free SN-38 concentrations in: the small intestine after
NKO012/CDDP: or CPT-11/CDDP -administration were  still
detectable  up to 72 hours in 'a similar fashion. CPT-11
concentrations. 1 hour after CPT-11/CDDP administration were
significantly higher than NK012 concentrations after NK012/
CDDP administration (P = 0.0056, SBC-3/Neo; P = 0.017,
SBC-3/VEGE, Fig. 2C).

These kinetic profiles in liver, spleen, lung, and kidney of free
SN-38 after NK012/CDDP or CPT-11/CDDP administration
were. almost. similar. to - those of NK012 or CPT-11. when
administered as a single agent, as described (data not shown;
ref. 12}

Intestinal toxicity of NK012, NK012/CDDP, CPT-11, and
CPT-11/CDDP. . Pathologic findings and characteristic muco-
sal changes are shown in Table 2 and Fig. 3. The small intestinal
mucosa of mice in the CPT-11 or CPT-11/CDDP treatment
group showed fibrotic changes, and active inflammation with
cellular invasion, healed erosion, deformed. glandular align-
ment, and: glandular duct disappearance were also found. On
the other hand, the small intestinal mucosa of mice in the
NK012/CDDP treatment group showed only mild shortening
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and decreased number of villi or mild inflammatory cell

-invasion.

We next analyzed the concentrations of NK012, CPT-11, and
free SN-38 in the feces. CPT-11 concentrations at 1 hour were
significantly higher than NK012 concentrations (P = 0.0021)
and decreased rapidly within 24 hours but remained detectable
up to 72 hours. On the other hand, NK012 (polymer-bound
SN-38) could be detected at a low concentration from 72 hours
(Fig. 4A). To evaluate drug distribution over time, sections of
the small intestine treated with NK012 or CPT-11 were .
examined by fluorescence microscopy. In the sections of CPT-
11-treated small intestine, strong fluorescence originating
from CPT-11 was detected in the epithelium of the small
intestine, whereas weaker fluorescence originating from NK012
was distributed uniformly in the mucosal interstitium (Fig. 4B).

Discussion

Here, we compared the antitumor activity of NK012/CDDP
with CPT-11/CDDP, the latter being one of the most active
regimens against SCLC and NSCLC. The present data showed
that when NK012/CDDP was administered, NK012 effectively
accumulated in SBC-3/VEGF tumorss and sufficiently exerted
antitumor effects. This suggests that CDDP did not affect the
permeability of tumor vessels and NK012 retention in the
tumors. Hasegawa et al. (29) reported that 17 of 24 patients
showed positive immunoreactivity for the VEGF protein in
tumor specimens and that elevated serum VEGF levels were

Table 2. Pathologic analysis of small intestine
after i.v. administration of drugs
Case Treatment Site Fibrosis Inflammation
no. group
1 Control Jejunum - -
Control Ileum - -
2 Control Jejunum - -
Control Ileum - -
3 Control Jejunum - -
Control Ileum - -
4 CPT-11 Jejunum + +
CPT-11 Ileum + ++ Erosion
5 CPT-11 Jejunum + + Edema
CPT-11 Ileum - -
6 CPT-11 Jejunum - -
CPT-11 Ileum + + Erosion
7 CDDP + CPT  Jejunum + +
CDDP + CPT  Ileum - -
8 CDDP + CPT Jejunum + +
CDDP + CPT - Ileum - +
9 CDDP + CPT  Jejunum + +
CDDP + CPT  lleum - -
10 NK012 Jejunum - -
NK012 Ileum - -
i1 NK012 Jejunum - -
NKO012 Ileum - -
12 NKO012 Jejunum - -
NK012 Ileum - +
13  CDDP + NK012 Jejunum - +
CDDP + NK012 .. Ileum - +
14  CDDP + NK012 Jejunum - +
CDDP + NK0O12 Ileum - -
15 CDDP + NK012 Jejunum - +
CDDP + NK012 Ileum - -
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CGontrol

Fig. 3. Pathologic findings and characteristic mucosal
changes in mouse. Jejunal and ileal mucosae from mice
treated with NaCl solution (0.9%) as control, CPT-11
(22 mg/kg), CPT-11 (22 mg/kg) combined with CDDP
(2.5 mg/kg), NK012 (10 mg/kg), or NKO12 (10 mg/kg)
combined with CDDP (2.5 mg/kg) on days 0, 7, and

14 were examined on day 28 after drug injections. The
jejunal mucosa of mice in the CPT-11 treatment group
showed healed erosion with fibrotic changes and
lymphocytic invasion. Glandular arrangement was
severely altered. Active inflammation with inflammatory
cell invasion and disappearance of gland ducts were
observed on the ileal mucosa in the CPT-11 treatment
group. In the CPT-11/CDDP treatment group, the jejunal
mucosa also showed healed erosion with scar-like
fibrotic growth and mild inflammatory cell invasion into
the ileal mucosa. The jejunal and ileal mucosae in the
NK012 treatment group and the ileal mucosa in the .
NK012/CDDP treatment group were almost the same as
those in the control group, that is, without inflarmatory
changes. The jejunal mucosa in the NK012/CDDP
treatment group showed mild shortening and decreased
number of villi or mild inflammatory cell invasion.

CPT-11

CDDP+CPT

NKO12

CDDP+NKO12

Jejunum

associated with poor outcome in SCLC. As for NSCLC, it was
reported that the percentage of VEGF-positive cells was 52 +
33% (95% confidence interval, 41-64%; median, 70%), and
this value showed a positive association with high vascular
grade (P = 0.008) and poor survival (P = 0.04; ref. 30). Taking
all data together, NK012/CDDP may therefore be clinically
effective against lung cancers, particularly those with high VEGF
production.

Pathologic examinations were also conducted to evaluate
changes in the small intestinal mucosa ‘on ‘day 14 after
treatment. This is because diarrhea is one of the dinical dose-
limiting toxicities of CPT-11, and epithelial apoptosis was
reported as a mucosal change induced by CPT-11 (31). This
pathologic change was observed on day 6 after i.p. adminis-
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tration of 100 mg/kg CPT-11 daily for 4 days: We found that
the CPT-11-induced’ mucosal change was mainly fibrosis
considered to be a form of recovery change from erosion. On
the other hand, the small intestinal mucosa of the mice in the
NK012/CDDP treatment group showed only mild shortening
and decreased: number of villi or mild inflammatory cell
invasion. On comparison of these changes with those caused by
CDDP (31), it was found that such alterations were mainly
induced by CDDP rather than NK012.

A portion of SN-38 converted from CPT-11 undergoes
subsequent’ conjugation as induced by UDP-glucuronyltrans-
ferase to form SN-38 B-glucuronide (SN-38-Gly; ref. 32). CPT-
11, SN-38, and SN-38-Glu are excreted into the bile and then
reach the small intestinal lumen (32, 33). SN-38-Glu is
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