Table 2. Incidence of MSI and LOH in

: . MSI Mixed LOH Negative Total
£ t t
100 patients with ocsophageal cancer (1 locus, 2 loci) (1 locus, 2 loci)
Japancse 4 (8%) 1 (2%) 25 (50%) 21 (42%) 50
(4,0) [12 (24%), 13 (26%)]
Chinese 2 (4%) 2 (4%) 35 (70%) 13 (26%) 54
Lo {17 (34%), 18 {36%)]

sensus of investigators who search for LOH using fluores-
cent systems seems to be that results showing a significant
reduction in the signal magnitude of peaks derived from
cither of the parental alleles can be designated as LOH.
If clusters of peaks derived from both alleles are com-
pletely separated in an electrophoretogram, designation
of LOH is not difficult. However, when both peak clusters
are close, the possibility that microsatellite length has
simply changed in a the part of tumour cell population
cannot be excluded (fig. Ib). This pattern was referred to
as an ‘ambiguous alteration’ in this study. In addition,
since every tumour specimen contains many normal cells,
imcluding fibroblasts, these changes in the signal magni-
tude of peaks are modest in many cases. In this study, we
defined LOH as a significant reduction (= 30%) in the
signal magnitude of peaks derived from either of the pa-
rental alleles when both paternal and maternal peak clus-
ters are clearly, i.e. over 2 base pairs, separated in an
electrophoretogram. This 1s based on a series of experi-
ments in which reproducibility of the quantitative rela-
tionship between paternal and maternal peak clusters was
examined in over 20 independent PCR analyses of the
same DNA samples. The relative difference of the signal
magnitude between paternal and maternal peak clusters
did not fluctuate over 10% [unpubl. data). Such changes
will not be detected if a conventional method using ra-
diolabelled PCR and X-ray films is employed. Fluores-
cent systems have not thus far been used to analyse mi-
crosatellite changes in oesophageal cancer. Use of the
sensitive and quantitative fluorescent system has led to
an efficient discrimination between MSI and LOH, based
on quantitative arguments. Nevertheless, some cases
have remained as ones with ambiguous alterations. As
discussed above, these are theoretically indistinguishabie
between MSI and LOH. Without the use of different
approaches, these patterns cannot be clearly discrimi-
nated.

The occurrence of oesophageal cancer differs depend-
ing on geographical areas and populations, which implies
that specific environmental or genetic factors may under-
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lie tumorigenesis in the oesophagus. The oesophagus, the
entrance to the digestive tract, is exposed to a wide vari-
ety of chemical substances. Among the risk factors de-
rived from lifestyle, smoking and drinking are known fac-
tors. In Barrett’s cancer, another type of oesophageal
cancer that was not addressed in this study, reflux of gas-
tric juice is considered to be a cause [37]. However, spe-
cific environmental substances relevant to an occurrence
of squamous cell carcinoma in the oesophagus have not
been identified. In colorectal cancer, genetic defects lead-
ing to a deficiency in DNA mismatch repair are known
to be a risk factor. Indeed, defective mismatch repair is
noted not only in kindred of a familial cancer syndrome,
HNPCC [1, 2], but also in sporadic cases of colorectal
cancer [38-42]. Our data revealed the low incidence of
MSI in oesophageal cancer, which implies that loss of
DNA mismatch repair is rare, at least in Japanese and
Chinese patients with oesophageal cancer. The contribu-
tion of defective mismatch repair to tumorigenesis in the
oesophagus may be limited. On the other hand, LOH was
frequent, which is consistent with data found in the lit-
crature [25-31]. Among the five microsatellite markers
that we used here, D2S123 and D13S175 had been exam-
ined by different groups. Ogasawara et al. [19] reported
3% as the frequency of LOH at the D25/23 locus, while
in our study, the rate was higher, i.e. 22% for the both
pancls. In the region flanking D25123, the AMSH?2 gene,
one of the genes encoding one of the major DNA mis-
match repair proteins has been mapped [2, 43]. However,
defective mismatch repair as a cause of tumourigenesis is
unlikely, as discussed above. The BRCA?2 gene is located
near the DI35175 locus [28]. BRCAI and BRCAZ2 pro-
teins are suggested to function in the recombinational
repair pathways in mammalian cells {44, 45]. Harada et
al. [28] reported that the frequency of LOH in D135175
and D13S171 was 10.4 and 38.6%, respectively, and our
rates for D138175 LOH in the two panels were 16 and
26%. Indeed, the region 13q has been reported to be one
of the hot spots for LOH in oesophageal cancer [28, 46,
47]. Deletion of specific chromosomal segments and con-
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sequent loss of functions in specific genes may relate to
tumourigenesis in the oesophagus. In our study, a consid-
erable number of cases showed LOH at more than one
locus, and no hot spot was found in the set of five micro-

nant.

satellite markers. This finding may rather suggest that
chromosome instability leading to a multicentric loss of

chromosome segments may underlie tumourigenesis in

the oesophagus. Chromosome instability might be ulti-

mately derived from some environmental substances, as

yet unidentified.
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Abstract

7-Ethyl-10-hydroxy-eamptothecin (SN-38), a biological active
metabolite of irinotecan hydrochloride (CPT-11), has potent
antiturmor activity but has not been used clinically because it
is a water-insoluble drug. For delivery by i.v. injection, we
have successfully developed NK012, a SN-38-releasing nano-
device. The purpose of this study is to investigate the
pharmacelogic character of NK012 as an anticancer agent,
especially in a vascular endothelial growth factor (VEGF)-
secreting tumox model. The particle size of NK012 was ~ 20
nm with a narrow size distribution. NK0I12 exhibited a much
higher cytotoxic effect against lung and colon cancer cell lines
as compared with CPT-11. NK012 showed significantly potent
antitwmor activity against a human colorectal cancer HT-29
xenograft as compared with CPT-11. Enhanced and prolonged
distribution of free SN-38 in the tumor was observed after the
“injection of NK012. NKO12 also had significant antitumor
activity against bulicy SBC-3/Neo (1,533.1 = 1,204.7 mm®) and
SBC-3/VEGF tnmors {1,620.7 + 834.0 mm®) compared with
CPT-11. Forthermore, NK012 eradicated bolky SBC-3/VEGF
tumors in all mice but did rot eradicate SBC-3/Neo tumors. In
the drug distribution analysis, an increased acenmulation of
SN-38 in SBC-3/VEGF tumors was observed as compared with
that in SBC-3/Nec tumors. NK012 markedly enhanced the
antitumor activity of SN-38, especially in highly VEGF-
secreting tumors, and could be 2 promising SN-38-based
formulation. (Cancer Res 2006; 66(20): 10048-56)

Introduction

The antitumor plant alkaloid camptothecin (CPT) is a broad-
spectrum anticancer agent that targets DNA topoisomerase L
Although CPT has shown promising antitumor activity in vitro and
in vive (1, 2), it has not been clinically used because of its low
therapeutic efficacy and severe toxicity (3, 4). Among CPT
analogues, irinotecan hydrochloride (CPT-11) has recently been
shown to be active against colorectal, lung, and ovarian cancer
{5-9).-CPT-11 itself is a prodrug and is converted to 7-ethyl-
10-hydroxy-CPT (SN-38), a biologieally active metabolite of CPT-11,
by earboxylesterases. SN-38 exhibits up to 1,000-fold more potent
cytotoxic activity against various cancer cells in vitre than CPT-11
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Kashiwanoha, Kashiwa, Chiba 277-8577, Japan. Phone: 81-4-7134-6857; Fax: 81-4-7134-
6857; E-mail: yhmatsum@east.nce.go.jp.

@006 American Asseciation for Cancer Research.

doi:10.1158/0008-5472.CAN-06-1605

(10). Although CPT-11 is converted to SN-38 in the liver and tumor,
the metabolic conversion rate is <10% of the original volume of
CPT-11 (11, 12). In addition, the conversion of CPT-11 to SN-38
depends on the genetic interindividual variability of carboxylester-
ase activity (13). Thus, direct vse of SN-38 might be of great
advantage and attractive for cancer treatment. For the clinical use
of SN-38, however, it is essential to develop a soluble form of
water-insoluble SN-38. The progress of the manufacturing
technology of “micellar nanoparticles” may make it possible to
use SN-38 for in vivo experiments and forther clinical use.

Pasgive targeting of drug delivery system is based on the
pathophysiclogic characteristics that are observed in many solid
tumors: hypervascularity, irregular vascular architecture, potential
for secretion of vascular permeability factors, and the absence of
effective lymphatic drainage that prevents efficient clearance of
macromolecules. These characteristics, unique to solid tumors,
are believed to be the basis of the enhanced permeability and
retention effect (14-17). Supramolecular structures, such as
liposomes and polymeric micelles, are expected to increase the
accumulation of drugs in tumor tissue through these pathophys-
iologic features. Polymeric micelle-based anticancer drugs have
been developed in recent years (18-20), and some of them have
been under evaluation for clinical trials (21-23). This carrier
system can incorporate various kinds of drugs into the inner core
by chemical conjugation or physical entrapment with relatively
high stability, and the size can be controlled within the range of
20 to 100 nm in diameter, This range of diameters is too large to pass
through normal vessel walls; therefore, the drug can be expected
to reduce side effects due to a decrease in volume of distribution.

Angiogenesis is essential for the growth and metastasis of solid
tumors (24). The clinical importance of angiogenesis in human
tumors was shown by several reports indicating a positive
relationship between the blood vessel density in the tumor mass
and poor prognosis for survival in patients with various types of
cancers (25-28). Furthermore, Natsume et al. (29) reported that the
antitumor activities of anticancer agents, including cis-diammine-
dichloroplatinum, vincristine, and docetaxel, were less active
against vascular endothelial growth factor (VEGF)-secreting cells,
SBC-3/VEGEF, in vivo as compared with its mock transfectant (SBC-
3/Neo), although the high vascularity should have been favorable
for the drug delivery.

VEGF is also well known as a potent vascular permeability factor
(30). The ability of supramolecular structures to accumulate in
target tissue is based on the enhanced tumor angiogenesis and
tumor vascular permeability that occur in solid tumors. Therefore,
we hypothesized that a polymeric micelle-based drug carrier would
increase its accumulation and deliver enhanced therapeutic efficacy
in tumors that secrete higher levels of VEGF. In the present study,
we present the superiority of NK012 over CPT-11 in a tumor model,
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especially in a VEGF-secreting tumor, and we illustrate the
outstanding advantage of polymeric micelle-based drug carriers.

Materials and Methods

Drugs and Cells

SN-38 was synthesized by Nippon Kayaku Co., Ltd. (Tokyo, Japan). CPT-11
was purchased from Yakult Honsha Co., Ltd. (Tokyo, Japan). Human celon
cancer cell lines WiDRR, SW480, Lovo, and HT-29 and human non-smatl-cell
hung cancer cell line A431 were purchased from American Type Culture
Collection (Rockville, MD). Human small-cell lung cancer cell line SBC-3 and
human non-small-cell lung cancer celt line PC-14 were kindly provided by
Dr. I Kimura {Okayama University, Okayama, Japan) and Dr. Y. Hayata
{Tokyo Medical University, Tokyo, Japan), respectively. SBC-3 and PC-14 were
maintained in RPMI 1640 supplemented with 10% fetal bovine serum (Cell
Culture Technologies, Gaggenau-Hoerden, Germany), penicillin, streptomy-
cin, and amphotericin B (100 units/mL, 100 pg/mL, and 25 pg/ml,
respectively; Sigma, St. Louis, MO) in a humidified atmosphere of 5% CO,
at 37°C. Other cell lines were maintained in DMEM {Nikken Bio Med. Lab.,
Kyoto, Japan) supplemented with 10% fetal bovine sexum. SBC-3/Neo and
SBC-3/VEGF were generated from SEC-3 cells that were transfected with
BMG-Neo and BMG-Neo-VEGF as previously reported (29). The full-length
sequence of human VEGF expressing 206 amino acids (31) was selected.
8BC-3/VEGF cells express ~ 100 times more soluble VEGF than SBC-3/Neo
and SBC-3 cells in the supernatant of cultured cells as shown by ELISA (29),

Preparation of an SN-38-Conjugated Poly(Ethylene Glycol)-

Pely(Glutamic Acid) Block Copolymer for NK012

Construction

Poly(etitylene  glycol)-poly(glutamic acid} block copolymer [PEG-
PGlu(SN-38)] was synthesized as follows: A poly{ethylene glycol)-
poly(glutamic acid) block copolymer [PEG-PGlu] was prepared according
to the previously reported technique {32, 33), SN-38 was covalently
introduced into the PGlu segment by the condensation reaction between
the carboxylic acid on PGle and the phenol on SN-38 with 1,3-
diisopropylcarbodiimide and NN-dimethylaminopyridine at 26°C. Conse-
quently, the PGlu segment obtained sufficient hydraphobicity. Accordingly,
NK012 was constructed with self-assembling PEG-PGIu(SN-38) amphiphilic
block copolymers in an aqueous milieu.

Determination of the Size Distribution of NK012 and Drug

Release Behavior of SN-38 from NK012

The size distribution of NK012 was measured with the dynamic light
scattering method at 25°C using a Particle Sizer NFECOMDP 380ZLS (Particle
Sizing Systems, Santa Barbara, CA). The release behavior of SN-38 from
NK012 was investigated in vitro at 20°C or 37°C in PBS (pH 7.3) or
5% glucose solution (pH 4.6). The concentration was 0.1 mg/mlL. The
amount of SN-3§ released from NK012 was estimated by UV measurement
at 265 nrm. -

In vitro Growth Inhibition Assay

The growth inhibitory effects of NK012, SN-38, and CPT-11 were
examined with a 3-(4,5-dimethylthiazol-2.y1)-2,5-diphenyltetrazalium bro-
mide (MTT) assay. One hundred eighty microliters of an exponentially
growing cell suspension (6 X 10%/mi-12 X 10°/mL} were seeded into a
96-well microtiter plate, and 20 uL of various concentrations of each drug
were added. After incubation for 72 hours at 37°C, 20 L of MTT solution
{5 mg/mL in PBS) were added to each well and the plates were incubated
for an additional 4 hours at 37°C. After centrifuging the plates at 200 X g
for 5 minates, the medivm was aspirated from each well, and 180 uL of
DMSO were added to each well to dissclve the formazan. The growth
inhibitory effect of each drug was assessed spectrophotometrically
(SpectraMax 190, Molecular Devices Corp., Sunnyvale, CA).

In vive Growth Inhibition Assay
The animal experimental protocols were approved by the Committee for
Ethics of Animal Experimentation and the experiments were conducted in

accordance with the Guidelines for Animal Experiments in the National
Cancer Center or Nippon Kayaku.

Experiment 1. Female BALB/c nude mice, 7 weeks old, were purchased
from CLEA Japan (Tokyo, Japan). Human colorectal cancer HT-29 cells were
grown as s.c. tumor in the flank of the mice. The tumors were excised from
the mice and fragments were inoculated s.c. in the mouse flank. When
the tumor volume reached 70 to 170 ram®, mice were randomly divided
into test groups consisting of six mice per group (day 0). Drugs were
administered on days 0, 4, and 8 by Lv. injection into the tail vein.
NK012 was given at doses of 30 (maximum tolerated dose), 15, and
7.5 mglkg/d. The reference drug, CPT-11, was given at the maximum
tolerated dose, 66.7 mg/kg/d, in the optimal schedule reported (34). The
length (a) and width (&} of the tumor mass were measured twice a week,
and the tumor volume (TV) was calculated as follows: TV = {& x %) / 2.
Relative tumor volumes at day r were calculated according to the following
formula: RTV = TV, / TV, where TV, is the tumor volume at day n, and
TVy is the tumor volume at day 0. Differences in relative tumor sizes
between the treatment groups at day 21 were analyzed with an unpaired
¢ test.

Experiment 2. As a hypervascular tumor model, we used SBC-3/VEGF
cells. SBC-3/Nea ot SBC-3/VEGF cells (107) were s.c. injected into the back
of mice. NK012 or CPT-11 was administered when the mean tumor volumes
{n = 4) reached a massive size of L,500 mm®, which gave tumors almost
15 cm in length. It took — 65 days for SBC-3/Neo and 20 days for SBC-3/
VEGF to reach the tumor volume of 1,500 mm?® from the day of inoculation.
NK012 at a dose of 10 or 20 mg/kg/d and CPF-11 at a dose of 15 or
30 mg/kg/d were administered iv. on days 0, 4, and 8. Differences in tumor
sizes between the treatment groups and control group at day 14 were
analyzed with an unpaired ¢ test.

Histologic and Immunohistochemical Analysis

Histologic sections were taken from SBC-3/Neo and SBC-3/VEGF tumor
tissues when the volumes reached 1,500 mm® After extirpation, tissues
were fixed with 3.9% formalin in PBS (pH 74), and the subsequent
preparations and H&E staining were done by Tokyo Histopathologic
Laboratory Co., Ltd. {Tokyo, Japan). For detection of tumor blood vessels,
polyclonal anti-von Willebrand facter antibody (Dako, Glostrup, Denmark)
was used,

Assay for SN-38 and CPT-11 in Plasma and Tissues

Female BALB/c nude mice bearing HT-29 {as mentioned in experiment
1; n = 3) were used for the analysis of the biedistribution of NK012 and
CPT-11. NK012 (30 mg/kg) or CPT-11 (66.7 mg/kg) was administered iv. to
the mice. Under anesthesia, blood and tumor samples were taken at
5 minutes, 1, 6, 24, 48, 72, and 168 hours after administration of NK012 and
at 5 minutes, 1, 3, 6, and 24 hours after administration of CPT-11. The blood
samples were collected in microtubes and immediately centrifuged at
1,600 % g for 15 minutes, The plasma and tumor samples were stored
at —80°C until analysis.

For the hiodistribution study in hypervaseular tumors (experiment 2},
female BALB/¢ nude mice {# = 3) bearing 1,500-mrn® massive SBC-3/Neo
and SBC-3/VEGF tumors were used. NK0I2 (20 mg/kg) and CPT-1}
(30 mg/kg) were administered on day 0. The mice were sacrificed at
1, 6, 24, and 72 hours (day 3} after administration. The tumor, liver, spleen,
upper small intestine, lung, and blood were taken and stored at —80°C
until analysis.

Preparation of the free SN-38 (polymer-unbound SN-38) and
CPT-11. Tumor samples were lomogenized on ice using a Digital
homogenizer (luchi, Osaka, Japan) and suspended in the mixture of
160 mmol/L glycine-HCl buffer (pH 3)/methanol (1:1, v/v) at a concent-
ration of 5% w/w. The concentrations of free SN-38 and CPT-}1 in the
plasma and tumor from aliquots of the homogenates (100 L) and plasma
(50 pL) were determined by high-performance liquid chromatography.
For free SN-38 {polymer-unbound SN-38) and CPT-11, proteins were
precipitated with an ice-cold mixture of methanol/H,0/HCIO, (50:45:5,
v/v/v) containing CPT as an internal standard. The sample was vortexed
for 10 seconds, filtered through a MultiScreen Solvinert {Millipore Corp,,
Bedford, MA}, and analyzed.
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Preparation of the polymer-bound SN-38 (SN-38 remaining bound
to PEG-PGlu). To permit complete release of SN-38 from the conjugate,
20 pL of plasma and 100 pL of tissue samples were diluted with 20 gL of
methanol (50%, v/v) and 20 pL of NaOH (0.3 moi/L for plasma and
0.7 mol/L for tissue). The samples were incubated for 15 minutes at 25°C.
After incubation, 20 pL of HCl (0.3 mel/L for plasma and 0.7 mol/L for
tissue) and 60 pL of internal standard solution were added to the samples,
and then the hydrolysis was filtered through a MultiScreen Solvinert. The
filtrate was applied to the high-performance liquid chromatography system.

High-performance liquid chromatography. Reversed-phase high-
performance liguid chromatography was done at 35°C on a Mightysil
RP-18 GP column 150 % 4.6 mm (Kanto Chemical Co., Inc., Tokyo, Japan).
The samples were injected into an Alliance Waters 2795 high-performance
liquid chromatography system {Waters, Milford, MA) equipped with a
Waters 2475 multi h fluorescence detector. The detector was set at 365 and
430 nm {excitation and emission, respectively} for CPT-11 and CPT, and
at 365 and 540 nm for SN-38. A reversed-phase column was used at 35°C.
The mobile phase was a mixture of 100 mmol/L. ammonium acetate
(pH 4.2} and methanol [11:9 (v/v) for SN-38 in plasma and tumor, 3:2 (v/v)
for CPT-11 in plasma, and 63:37 (v/v) for CPT-11 in tumor]. The flow rate
was 1.0 mL/min. Peak data were recorded with a chromatography
management system (Empower, Waters). Polymer-bound SN-38 was
determined by subtraction of polymer-unbound SN-38 from the total
SN-38 of the hydrolysate.

-Pharmacokinetic and Statistical Analyses

The concentrations of SN-38 and CPT-11 in plasma and tissue were
fitted to a pharmacokinetic model by the nonlinear least-square method
using WinNonlin Professional software (version 4.1; Pharsight Corp., Palo
Alto, CA). We used a noncompartmental analysis. The pharmacokinetic
variables were calculated using the following equations (AUCuq was
calculated by the trapezoidal rule to the last measurable data point):

{»n)
AUC = f Clt)dt
1]

Tyyz(terminal half — life) = 0.693/12

{Az is first-order rate constant associated with the terminal portion of the
curve)

CLigt= Dose/AUC,
Vis = MRT X CLyy(MRT, mean residence time}

Data were expressed as mean *+ $D. Data were analyzed with the
Student’s ¢ test when the groups showed equal variances {F test) or with
Welch's test when they showed, unequal variances (F test). P < 0.05 was
regarded as statistically significant. All statistical tests were two sided.

Results

Preparation and characterization of NK012. NKO12 is an
SN-38-loaded polymeric micelle constructed in an aqueous milien
by the self-assembly of an amphiphilic block copolymers, PEG-
PGlu{SN-38). The molecular weight of PEG-PGIu(SN-38) was
determined to be ~ 19,000 (PEG segment, 12,000; SN-38-conjugated
PGlu segment, 7,000). NK012 was obtained as a freeze-dried
formulation and contained ca. 209% (w/w) of SN-38 (Fig. 14). The
mean particle size of NK012 is 20 nm in diameter with a relatively
narrow range (Fig. 18). The releasing rates of SN-38 from NK012 in
PBS at 37°C were 57% and 74% at 24 and 48 hours, respectively,

and those in 5% glucose solution at 37°C were 1% and 3% at 24
and 48 hours, respectively (Fig. 1C). SN-38 is loaded by chemical
bonding to the block copolymer. The bonding is phenyl ester bond,
which is stable under acidic condition and labile under mild
alkaline condition. These results indicate that NK012 can release
SN-38 under neutral condition even without the presence of a
hydrolytic enzyme and is stable in 5% glucose solution. It is
suggested that NK012 is stable before administration and starts to
release SN-38, the active component, under physiologic conditions
after administration,

Cellular sensitivity of non-small-cell lung cancer and colon
cancer cells to SN-38, NK012, and CPT-11. The 1C5, values of
NK012 for the cell lines ranged from 0.00% pmol/L (SBC-3 cells) to
0.16 pmol/L (WiDR cells). The growth inhibitory effects of NK012
are 43- to 340-fold more potent than those of CPT-11, whereas the
ICgp values of NK012 were 2.3- to 5.8-fold higher than those of
SN-38. NK012 exhibited a higher cytotoxic effect against each cell
line as compared with CPT-11 (43- to 340-fold sensitivity). On the
other hand, the JCs, values of NK012 were a little higher than those
of SN-38, similar to the cytotoxic feature also reported in a
previous study about micellar drugs (ref. 23; Table 1).

Antitumor activity and pharmacokinetic analysis of NK012
and CPT-11 using HT-29-bearing nude mice (experiment 1)
Potent activity was observed in mice treated with NK012 at doses
of 15 and 30 mg/kg (Fig. 24), although neither CPT-11 at a dose
of 66,7 mg/kg/d nor NK012 at a dose of 7.5 mg/kg/d exerted
any significant antitumor activity in vive. Comparison of the
relative tumor volume at day 21 revealed significant differences
between 15 mg/kg/d NKO012 and 66.7 mg/kg/d CPT-11 and
between 30 mg/kg/d NK012 and 66.7 mgfkg/d CPT-11 (P < 0.05).
Although treatment-related body weight loss was observed in
mice treated with each drug, body weight recovered by day 21
{Fig. 2B). These results clearly show the significant in vive activity
of NK012 against HT-29.

After injection of CPT-11, the concentrations of CPT-11 and
SN-38 for plasma declined rapidly with time in a log-linear fashion.
On the other hand, NK012 (polymer-bound SN-38) exhibited
slower clearance (Fig. 34). The clearance of NKO12 in the HT-29
tumor was significantly slower and the concentration of free
SN-38 was maintained at >30 ng/g even at 168 hours after injection
(Fig. 3B). The pharmacokinetic variables of each drug in the
plasma and tamor are depicted in Table 2.

Twmor-to-plasma concentration ratios (Kp) of polymer-bound
and free SN-38 increased during the observation period. The
highest value of Kp was achieved at 168 hours after administration,
108 for polymer-bound and 11.0 for free SN-38 (Table 3). These
results indicate that NKO12 can remain in the tumor tissue for a
longer period and release free SN-38,

Antitumor activity and the distribution of NK012 and CPT-
11 in SBC-3/Neo or SBC-3/VEGF tumors (experiment 2). To
determine whether the potent antitumor effect of NKO012 is
enhanced in the tumors with high vascularity, we used VEGF-
secreting cells SBC-3/VEGF. There was no significant difference in
the in vitro cytotoxic activity of each drug between SBC-3/Neo and
SBC-3/VEGF (Fig. 44). SBC-3/VEGF tumors are reddish by gross
evaluation as compared with SBC-3/Neo turnors (Fig. 48). Histologic
and immunchistochemical (von Willebrand factor) examination
revealed that prominent leakage of erythrocytes and high
vascularity were observed in SBC-3/VEGF tumor xenografts. On
the other hand, SBC-3/Neo tumors have less tumor vasculatures
and more interstitial space as compared with SBC-3/VEGF tumors

Cancer Res 2006; 66: (20). October 15, 2006
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Polyethylene glycol
(Hydrophilic)

Figure 1. Preparation and
characterization of NK012. A, schematic
structure of NKG12, A polymeric micelle
carrier of NKO12 consists of a block
copclymer of PEG {molecular weight

of ~12,000) and partially modified
polyglutamate {~ 20 units), PEG
{hydrophilic) is believed to be the ouler
shell and SN-38 was incorporated into the
inner core of the micelle. B, size
distribution of NK012 measured with the
dynamic light scattering method, The

Y axis shows refative particle size
distribution. C, release of free SN-38 from
the micelles in PBS [pH 7.3, 37°C (#)] or
5% glucase solution [pH 4.6, 20°C (m)},
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(Fig. 4B). Deviating from the ordinary experimental tumer model,
tumors were allowed to grow until they became massive in size,
~ 1.5 cm (Fig. 4C), and then the treatment was initiated. NK012 at
doses of 15 and 30 mg/kg showed potent antitumor activity against
bulky SBC-3/Nec tumors (1,533.1 & 1,204.7 mm®) as compared with
CPT-11 (Fig. 4C). Striking antitumor activity was observed in mice
treated with NK012 (Fig. 4C) when we compared the antitumor
activity of NKO12 with that of CPT-11 using SBC-3/VEGF cells, SBC-
3/VEGF bulky masses (1,620.7 + 834.0 mm®) disappeared in all
mice, although relapse 3 months after treatment was noted in one
mouse treated with NK012 20 mg/kg. On the other hand, SBC-3/
VEGF were not eradicated and rapidly regrew after a partial
response in mice treated with CPT-11. Approximately 10% body
weight loss was observed in mice treated with 20 mg/kg NK012,
but no significant difference was observed in comparison with
mice treated with 30 mg/kg CPT-11.

We then examined the distribution of free SN-38 in the SBC-3/
Neo and SBC-3/VEGF masses after administration of NK012 and
CPT-11. In the case of CPT-11 administration, the concentrations
at 1 and 6 hours after the administration were <100 ng/g both in
the SBC-3/Neo and SBC-3/VEGF tumors and were almost
negligible at 24 hours in both tumors (Fig, 54). There was no
significant difference in the concentration between the SBC-3/Neo
and SBC-3/VEGF tumors. On the other hand, in the case of
NKO012 administration, free SN-38 was detectable in the tumors

even at 72 hours after the administration. The concentrations of
free SN-38 were higher in the SBC-3/VEGF tumors than those
in the SBC-3/Neo tumors at any time point during the period
of observation (significant at I, 6, and 24 hours; P < 0.5
Fig. 54).

Tissue distribution of SN-38 after administration of NK012
and CPT-11. We examined the concentration-time profile of free
SN-38 in various tissues after iv. administration of NK0I2 and

Table 1./n vitro growth inhibitory activity of SN-38,
NKO012, and CPT-11 in human lung and colorectal cancer
cells (MTT assay) .
Cell line IC5q (pmeliL)

SN-38 NKO12 CPT-11
WiIDR 0.046 + 0.008 0,16 + 0014 204 % 1.6
Sw4s0 0.025 + 0,003 Q.11 + 0.028 319 + 13
Lovo 0.0067 + 0.0012 0,026 + 0.003 7.24 + 1.04
HT-29 ¢.016 + 0.003 0.068 + 0.007 231 + 263
PC-14 0.044 + 0.025 0,14 * 0,021 596 + 090
SBC-3 0.0016 + 0.001 0.0093 & 0.005 0.72 + 022
Ad31 0.0081 % 0.002 0.019 % 0.007 56 & 15
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Figure 2. The elfect of NK012 and CPT-11
against an HT-29 tumor Xenografi.

A, HT-29 tumor was incculated s.c. into the
flank of mice as described in Materials and

Methods. CPT-11 at a dose of 66.7 mg/kg/d
{r), NKD12 at a dose of 7.5 mgfkg/d (#),

NK012 at a dose of 15 mghg/d (a1}, or
NKO12 at a dose of 30 mg/kg/d (#) was
administered i.v. on days 0, 4, and 8

{Q, no treatment), Tumor volume in
mice treated with CPT-11 or NKO12.
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CPT-11. All organs measured exhibited the highest concentration
of SN-38 at 1 hour after administration in mice given CPT-11
{Fig. 5B). On the other hand, mice given NKO012 exhibited
prolonged distribution in the liver and spleen (Fig. 58). In a
similar manner to other micellar drugs (19, 23), NK012 showed
refatively higher accumulation in organs of the reticuloendothelial
system. In the lung, kidney, and small intestine, the highest
concentration of free SN-38 was achieved at 1 hour after injection
of NK012 and the concentration was almost negligible at 24 hours.
Although relatively high at 1 hour after administration of NK012
and CPT-11, the concentrations of free SN-38 in the small intestine
rapidly decreased. Interestingly, there was no significant difference
in the kinetic character of free SN-38 in the small intestine between
mice treated with NK012 and CPT-11.

Discussion

The drug-incorporating polymeric micelle has characteristic
pharmacokinetic features. These structures are too large to pass
through normal vessel walls and evade renal excretion. The outer
shell of the drug with PEG dirninishes nonspecific capture by the

reticuloendothelial system. Therefore, the drug can be expected to
achieve a long half-life, which permits a large amount of the drug-
incorporating micelles to reach the tumor site through the
enhanced permeability and retention effect, The pharmacokinetic
study revealed that the plasma AUC of polymer-bound SN-38 after
administration of NKG12 at a dose of 30 mg/kg to the HT-
29-bearing mice was ~ 200-fold higher than that of CPT-11 at a
dose of 66.7 mg/kg. A I14-fold higher AUC of the free SN-38 was
achieved in mice given NK012 compared with mice given CPT-11.
Prolonged circulation of NK012 in the blood might increase the
accumnlation of NK012 in a tumor tissue due to the enhanced
permeability and retention effect. In fact, the tumor concentra-
tion of free SN-38 at 24 hours after administration of NK012
reached 90.4 ng/g and high concentrations were maintained up
to 168 hours (53.1 ng/g for 48 hours, 42.6 ng/g for 72 hours, and
35.8 ng/g for 168 hours). This range of concentrations can exert
sufficient antitumor activity against tumor cells. On the other
hand, the concentration of CPT-11 was only 45 ng/g at
24 hours. These results indicate that the enhancement of tumor
distribution closely contributes to the potent antitumor activity
of NK012 in wive.

B
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]
) 2 Figure 3. Plasma and tumor concentrations
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Table 2. Pharmacokinetic variables of analytes in plasma and tumor after an i.v. administration of NK0O12 or CPT 11 to nude
mice bearing human colon cancer HT-29 cells (NK012, 30 mg/kg; CPT—H 66.7 mg/kg)

Test article Crnax Tenax Tirzz AUC,,q AUC, Clia Vas WMRTiast MR T,
{ug/mL}  (h) () (nghiml)  (ug h/iml} (mUhkg) {mlkg) (h) (h)
Plasma NK012 P-h SN-38% =T — 314 5,000 5,010 599 404 6.68 6.74
P-u 5N-38 ¢ 3.1 0.0833 617 105 158 - —_ 10.8 153
CPT-11 CPT-11 - — 3.08 221 222 3,010 5,420 178 1.80
SN-38 0.488 0.0833 3.76 LI0 111 - — 382 4.04
Tumor  NK012 P-b SN-38 13.8 6 — 1010 — — - 628 —
P-u SN-38 .188 3 — 102 — — - 58.1 —
CPT-11 CPT-11 12.6 3 3.36 99.7 100 - — 441 4.55
5N-38 0.108 1 4.75 1.07 L10 - — 520 592

*Polymer-bound SN-38; SN-38 remaining bound to PEG-PGlu.
TNot determined,
1 Polymer«unbound SN-38; free SN-38 from PEG-PGlu.

NOTE: Three female nude mice were used for the analysis of biodistribution of SN-38 and CPT-11 in plasma and tissues. Data were expressed as means.

Several preclinical studies on cytotoxic agent~incorporating
polymeric micelles show their advantage as anticancer agents
in vivo es compared with drugs of small molecular size (19, 22, 23).
Because the advantage of passive targeting has been explained by
the enhanced permeability and retention theory, it is essential to
elucidate the correlation between the effectiveness of micellar
drugs and tumor hypervascularity and hyperpermeability. We
hypothesized that a polymeric micelle-based drug carrier could
increase its accumulation in the tumor site and could thus
enhance the therapeutic efficacy in tumors with high vascularity.
To ascertain the hypothesis, we used SBC-3/VEGF. We adopted a
bulky tumor model for our in vive experiment to clarify the
difference in activity against SBC-3/Neo and SBC-3/VEGF tumors.
Histologic exarmnination of SBC-3/VEGF showed hypervascularity
and prominent leakage of erythrocytes. On the other hand, SBC-3/
Neo showed hypovascularity. Our in vive experiment showed that
NKD012 obviously enhanced its antitumor activity in SBC-3/VEGF-
inplanted mice and eradicated bulky masses. It was thought that

the sensitivity of cells to NK012 might not change in vivo because
the in vitro sensitivity of NK012 was almost equivalent between
SBC-3/Neo and SBC-3/VEGF cells. When we compared the
distribution of NK012 (free SN-38) in the tumor sites, significantly
enhanced accumulation was observed in the SBC-3/VEGF tumors.
This strongly suggested that the drug distribution throughout
the tumor site was enhanced by the hypervascularity and
hyperpermeability induced by VEGE, and, subsequently, higher
antitumor activity was achieved. High vascular density and
enhanced vascular permeability might also be favorable for drug
delivery of low molecular weight drugs. However, the SN-38
concentration was not significantly high in SBC-3/VEGF tumors
after the administration of CPT-11, and tumors exhibited rapid
regrowth after the treatment. We assume that such conventional
low molecular size anticancer agents almost disappear from the
bloodstream without being subjected to the enhanced permeability
and retention effect before they can reach the target organs (solid
tumor). The fact of correlation between the blood vessel density in

bearing human colon cancer HT-29 cells

Table 3. Tumor-to-plasma concentration ratio (Kp) of analytes after an i.v. administration of NK012 (30 mg/kg) to nude mice

Test article Analyte Time after administration (h)
0.0833 1 6 24 48 72 168
NKO1Z P-b SN-38*  Plasma {ug/mL) 612 410 254 233 125 0.278 0.0333
Tummor (ng/g) 4.99 8.00 138 9.95 5.90 503 358
Kp' (mL/g) 0.00815 0.0195 00543 0427 4.72 181 108
P-u SN-38° Plasma {pg/mL) 3.10 1.24 0.673 0.0717 0.0127 0.00925 0.00325
Tumor {pg/g) 0.0763 0.187 0.188 0.0904 0.0531 0.0426 0.0358
Kp (mL/g) 0.0246 0.151 0.27% 1.26 4,18 4.61 11.0

NOTE: Data were expressed as means of three mice.

*Polymer-bound SN-38; SN-38 remaining bound to PEG-PGlu.

1Kp values were calculated on the mean concentrations of three mice.
t Polymer-unbound SN-38; free SN-38 from PEG-PGlu.
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the tumor mass and poor prognosis for survival in people with
various types of cancers (25-28) supports the idea that low
molecular weight drugs are not so effective in the treatment of
solid tumors, which are rich in blood vessels.

Jain (35) reported that the convective passage of large drug
molecules into the core of sclid tumors could be impeded by
abnormally high interstitial pressures in solid tumors. However, he
also considered that low molecular weight anticancer agents might
be harmful to normal organs because they can leak out of normal
blood vessels freely; he finally concluded that one useful strategy
for evading the barriers to drug dispersion would be to inject
patients with drug carriers, such as liposome, filled with low
molecular weight drugs, NK012 has the potential to allow the
effective sustained release of SN-38 inside a tumor following the
accumulation of NKO012 into tumor tissue. As a matter of fact,
substantial amount of SN-38 is expected to be released from the
polymeric micelle. Consequently, released SN-38 becomes distrib-
uted throughout the tumor tissue and internalizes into cancer cells
to kill them.

In recent years, the novel liposome-based formulation of SN-38
(LE-SN38) has been developed (36). LE-SN38 shows promising
antitumor activity against various cancer cell lines (37, 38) and a
clinical trial to assess its efficacy is now under way (39}. The
release of SN-38 from LE-SN38 is very slow as compared with
NK012, ~1.9% of the drug being released from LE-SN38 in PBS
buffer over 120 hours (36). The size of LE-N38 ranges from 150 to
200 nm. On the other hand, the particle size of NK012 is ~ 20 nm.
Interestingly, Unezaki et al. (40) reported that fluorescence-labeled
PEG liposomes were densely located outside the tumor vessels and
stayed around the vessel walls for 2 days after i.v. injection. These
data suggest that the PEG liposome is too large to move freely in

the tumor interstitium and too stable to be released easily. The
difference in size distribution and the character of the drug release
between NKO012 and LE-SN38 might influence their clinical
effectiveness in the treatment of solid tumors,

One of the major toxicities associated with CPT-11 administra-
tion is severe diarrhea. Although the mechanism of the diarrhea
has not yet been elucidated, one possible explanation is structural
and functional injuries to the gastrointestinal tract owing to the
mitotic inhibitory activity of SN-38 and CPT-11. It was reported
that the number of episodes of diarrhea had a better correlation
with the plasma AUC of SN-38 than with CPT-11 (41). In the
present study, no difference in SN-38 accumulations in the small
intestine was seen when equimolar NK012 (20 mg/kg) and CPT-11
(30 mg/kg) were administered. We also reported, using a rat
mammary tumor model, that NK012 showed significant antitumor
effect with diminishing incidence of diarrhea as compared with
CPT-11 (42). These results suggest that diarrhea, one of the dose-
limiting toxicities of CPT-11, is not augmented by the administra-
tion of NKOI2.

In conclusion, the present data suggest that NK012 possesses a
treatment advantage over CPT-11, especially in hypervascular -
tumors such as renal cell carcinomas, medulloblastomas, and hepa-
tocellular carcinomas. We have now started a phase I linical trial
for NK012 in patients with advanced solid tumors.
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KEYWORDS Summary  EGFR mutations are a major determinant of tung tumor response to gefitinib, an
Gefitinib; EGFR-specific tyrosine kinase inhibitor. Obtaining a response from lung tumors expressing wild-
CPT-11; type EGFR is a major obstacle. The combination of gefitinib and cytotoxic drugs is one strategy
SN-38; against lung cancers expressing wild-type EGFR. The DNA topoisomerase inhibitor irinctecan
EGFR; sutfate (CPT-11) is active against lung cancer. We examined the sensitivity of lung cancers
Combination; expressing wild- or mutant-type EGFR to the combination of gefitinib and CPT-11. The in vitro
Lung cancer effect of gefitinib and 5N-38 (the active metabolite of CPT-11) was examined in seven iung

cancer cell lings using the dye formation assay with a combination index. When administered
concuirently, gefitinib and SN-38 had a synergistic effect in five of the seven cell lines expressing
wild-type EGFR, whereas the combination was antagonistic in PC-9 cells and a PC-9 subline
resistant to gefitinib and expressing deletional mutant EGFR (PC-9/ZD). When administered
sequentially, treatment with SN-38 followed by gefitinib had remarkable synergistic effects in
the PC-9 and PC-9/ZD cedlls. In an in vivo tumor-bearing model, this combination had a schedule-
dependent synergistic effect in the PC-9 and PC-9/ZD cells. An immunohistochemical analysis
of the tumors in mice treated with CPT-11 and gefitinib demanstrated that the number of Ki-67
positive tumor cells induced by CPT-11 treatment was decreased when CPT-11 was administered
in combination with gefitinib. In conclusion, the sequenttal combination of CPT-11 and gefitinib
is considered to be active against lung cancer

© 2006 Elsevier Ireland Ltd. All rights reserved,

1. Introduction
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fax: +81 3 3547 5185. Lung cancer is one of the leading causes of cancer-related

E-mail address: knishio@gan2.res.ncc.go.jp (K. Nishio). death, despite the use of conventional chemotherapy regi-
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mens. The epidermal growth factor receptor (EGFR) is fre-
quently expressed in non-small cell lung cancer (NSCLC) and
is correlated with a poor prognosis. Gefitinib ('lressa’} s an
orally active, selective EGFR-tyrosine kinase inhibitor that
blocks signal transduction pathways. Its clinical efficacy has
been show in refractory NCSLC patients, but the survival
benefit of this agent remains unclear. EGFR mutations have
been identified in NSCLC, and lung cancers carrying the EGFR
mutation have been reported to be hyperresponsive to gefi-
tinib [1,2]. Mutant EGFR is a major determinant of lung
tumor response to gefitinib, but the hypetresponsiveness of
tumaors expressing mutant EGFR has been observed in a small
population. Now, obtaining a clinical benefit in lung tumors
expressing witd-ype EGFR is a major obstacle. The combina-
tion of gefitinib and cytotoxic drugs is one strategy against
lung cancers expressing wild-type EGFR. The DNA topoiso-
merase | inhibitor irinotecan (CPT-11) is a key drug in the
treatment of patients with lung cancer and has been shown
to prolong survival. SN-38 is the active metabolite of CPT-
11 in vitro. The objective of this study was to determine
the potential therapeutic utility of gefitinib when combined
with CPT-11 therapy to lung cancer cell according to the
treatment schedule and EGFR status.

Acquired resistance to gefitinib is also of clinical inter-
est. Recently, Kobayashi et al. [3] reported that an EGFR
mutation was related to the development of acquired resis-
tance to gefitinib. We have established subclone PC-9/ZD
cells that are resistant to gefitinib [4]. Our results suggested
that another mechanism of resistance was active in PC-9/ZD
cells. The effect of the combination of gefitinib and SN-38
in these PC-9/ZD cells was also examined.

2. Materials and methods

2.1. Drugs and chemicals

Gefitinib (N-{3-chloro-4-fluorophenyl)-7-methoxy-6-[3-
(morpholin-4-yl)propoxylquinazotin-4-amine) was provided
by AstraZeneca (Cheshire, UK). Gefitinib was dissolved in
dimethyl sulfoxide (DMSO) for the in vitro study. CPT-11 and
SN-38 were obtained from Yakult Honsha (Tokyo, Japan)
and were dissolved in dimethyl sulfoxide (DMS0) for both of
the in vitro studies.

2.2. Cells and cultures

Human NSCLC cell tines PC-9, PC-7, and PC-14 derived from
untreated patients with pulmonary adenocarcinoma were
provided by Professor Y. Hayata, Tokyo Medical College.
A small cell lung cancer cell line, H6%9, was established
at the National Cancer Institute (Bethesda, MD, USA). The
gefitinib-resistant subline, PC-9/ZD, was established from
intrinsic hypersensitive cell PC-9 [5] in our laboratory [4].
A small cell lung cancer celt line, SBC-3, and an adenocar-
cinoma cell line, A549, were obtained from the Japanese
Cancer Research Resources Bank (Tokyo, Japan). Al cell
lines were maintained in RPMI1640 (Nikken Bio Med. Lab.,
Kyoto, Japan} supplemented with 10% heat-inactivated
fetal calf serum, 100 pg/ml streptomycin, and 100units/ml

Mean absorbance of six replicate wells containing drugs — mean absorbance of six replicate background wells

penicillin in an incubator at 37°C and 100% humidity in 5%
CO; and air, as described previously [6].

2,3, RT-PCR

Specific primers designed for EGFR (DS were used to
detect the EGFR mRNA, as described elsewhere [1].
Sixteen first-strand cDNAs were synthesized from the
cells’ RNA using an RNA PCR Kit (TaKaRa Biomedi-
cals, Ohtsu, Japan). After the reverse transcription of
1pg of total RNA with Oligo(dT)-M4 adaptor primet,
the whole mixture was used for PCR with two oligonu-
cleotide primers (5-AATGTGAGCAGAGGCAGGGA-3' and 5'-
GGCTTGGTTTGGAGCTTCTC-3). PCR was performed with an
initial denaturation at 94 °C for 2 min and 25 cycles of ampli-
fication (denaturation at 94 °C for 30s, annealing at 55°C for
60s, and extension at 72°C for 1055s).

2.4, Western blot analysis

The cultured cells were washed twice with ice-cold phos-
phate buffered saline (PBS), lysate in EBC buffer (50mMm
Tris—HC!, pH 8.0; 120 mM NaCl; 0.5% Nonidet P-40; 100 mM
NaF; 200 mM Na orthovanadate; and 10mg/ml each of leu-
peptin, aprotinin and phenylmethylsulfonyl fluoride). The
lysate was cleared by centrifugation at 20,000 x g for 5 min,
and the protein concentration of the supernatant was mea-
sured using a BCA protein assay (Pierce, Rockford, IL, USA).
For immuncblotting, 20 pg samples of protein were elec-
trophoretically separated on a 7.5% SDS-polyacrylamide gel
and transferred to a polyvinylidene difluoride (PVDF) mem-
brane (Millipore, Bedford, MA, USA). The membrane was
then probed with rabbit polyclonal antibodies against EGFR,
HER2/neu, Her3 and Her4 (Santa Cruz Biotech, Santa Cruz,
CA, USA) and phospho-EGFR specific for Tyr 845, Tyr 1045,
and Tyr 1068 (numbers 2231, 2235 and 2234; Cell Signaling,
Beverly, MA, USA).

2.5, Growth-inhibition assay

We used the tetrazolium dye (3,(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide, MTT) assay to eval-
vate the cytotoxicity of various drug concentrations. After
incubation for 72h at 37°C, 20 pt of MTT solution (5mg/ml
in PBS) was added to each well; the plates were then incu-
bated for a further 4h at 37°C. After centrifuging the plates
at 200 x g for 5min, the medium was aspirated from each
well and 180 pld of dimethylsulfoxide was added to each well
to dissolve the formazan. Optical density was measured at
562 and 630nm using a Delta Soft ELISA analysis program
interfaced with a Bio-Tek Microplate Reader (FL-340; Bio-
Metallics, Princeton, NJ, USA). Each experiment was per-
formed in six replicate wells for each drug concentration
and was independently performed three or four times. The
ICso value was defined as the concentration needed for a 50%
reduction in the absorbance, as calculated based an the sur-
vival curves. Percent survival was catculated as follows:

x 100

mean absorbance of six replicate drug-free wells — mean absorbance of six replicate background wells
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2.6, Combined effect of gefitinib and SN-38 in
vitro

After 24h of incubation, gefitinib and SN-38 were added
to each cell line according to one of the two combination
schedules. For the concurrent schedule, gefitinib and SN-38
were added concurrently and were then incubated under
the same conditions for 72 h. For the sequential schedule,
gefitinib or SN-38 were added sequentially and were then
incubated under the same conditions for 72 h. The combined
effect of gefitinib and SN-38 on tung cancer cetl growth was
evaluated using a combination index (CI} [7]. The Cl was
produced using CalcuSym software (Biosoft, NY, USA). For
any given drug combination, the Cl represents the degree
of synergy, additivity, or antagonism. Cl was expressed in
terms of fraction-affected (F,} values, which represents
the percentage of cells killed or inhibited by the drug.
Using mutually exclusive {o¢=0) or mutually non-exclusive
(e:=1} isobologram equations, the F,/C! plots for each cell
line were constructed by computer analysis of the data
generated from the median effect analysis. The Cl values
were interpreted as follows: <1.0=synergism; 1.0=additive;
»1.0=antagonism.

2.7. In vivo growth-inhibition assay

Experiments were performed in accordance with the United
Kingdom Coordinating Committee on Cancer Research
Guidelines for the welfare of animals with experimental neo-
plasia (second edition). Fig. 2A shows the treatment sched-
ule, For the in vivo experiments, the combined therapeutic
effect of orally or intraperitoneally administered gefitinib
and intravenously injected CPT-11 was evaluated according
to a predetermined schedule. The dose of each drug was
set based on the results of a preliminary experiment involy-
ing the administration of each drug alone. Ten days before
administration, PC-9 and PC-9/ZD cells were injected sub-
cutanecusly into the backs of the mice. Six mice per group
were injected with tumor cells, Tumor-bearing mice were
given either gefitinib (40 mg/kg/day, p.o.) on days 2—6, CPT-
11 (50 mg/kg/day, i.v.) on day 1, both, or a placebo (5%(w/v)
glucose solution). Altemnatively, tumor-bearing mice were
given gefitinib on days 2—6 and CPT-1 on days 2. The diame-
ters of the tumors were measured using calipers on days 1,
5, 8, 12, 15 and 20 to evaluate the effects of treatment, and
tumor volume was determined using the following equation:
tumor volume ab? /2 (mm?} (where a is the largest diameter
of the tumor and b is the shortest diameter). Day 20 denotes
the day on which the effects of the drugs were estimated,
and day "'0"’ denotes the first day of treatment. All mice
were sacrificed on day 20 after their tumors had been mea-
sured.

2.8. Immunchistochemistry

The tumors were harvested from the mice at the time of
sacrifice. For hematoxylin-eosin (HE) and anti-CD31 and Ki-
67 staining, the resected tumors were fixed in zinc-buffered
formatlin {Shandon Lipshaw, Pittsburgh, PA) overnight at 4°C.
After paraffin embedding and sectioning at 6 pm, formalin-
fixed sections were stained with Mayer’s H&E (Richard Allen,

Kalamazoo, M, USA). For anti-Ki-67 and anti-CD31 immuno-
histochemistry, the slides were heated in a water bath at
95~-99°C in Target Retrieval Solution (DAKO, Carpinteria,
CA, USA) for 20 min, followed by a 20-min cool-down period
at room temperature. After heat retrieval, the sections were
rinsed well in PBS and stained with rabbit antihuman Ki-67
antigen (DPAKO N-series, ready to use) or rat antimouse CD-
31 antibody (BD PharMingen, Tokyo, Japan) according to the
manufacturer’s instructions and then were lightly counter-
stained with Mayer's hematoxylin. The sections were finally
stained with an in situ Death Detection POD Kit (Roche Diag-
nostic GmbH, Mannheim, Germany), accarding to the man-
ufacturer’s instructions.

TUNEL staining was performed using the Apoptosis
Detection System, Flucrescein (Promega, Madison, WI,
USA). Briefly, 6-um cryostat sections were fixed in 4%
parafarmaldehyde for 10min at room temperature and
rinsed in PBS with 0.1% Triton X-100. The sections were then
incubated in Equilibration Buffer for 5 min at room tempera-
ture followed by incubation in TUNEL Mix, prepared accord-
ing to the manufacturer’s instructions, for 1t at 37°C. After
successive washes in PBS, the sections were coverslipped
using an antifade reagent.

Microvessel density was determined by calculating the
proportion of CD31-positive cells. The Proliferation Index
was determined by Ki-67 immunostaining and calculating
the population of Ki-67-positive cells in five fields at 200x.
The Apoptosis Index, determined by TUNEL staining, was
calculated from the population of TUNEL-positive cells in
five fields at 200x. The apoptosis:proliferation ratio equals
the apoptosis index/proliferation index x 100. At least 1000
tumor cell huctei from the most evenly and distinctly labeled
areas were examined in each examination.

At least 1000 cancer cells were counted and scored per
slide. Both the percentage of specifically stained cells and
the intensity of immunostaining were recorded. Blood ves-
sels were detected with an anti-von Willebrand factor (VWF)
antibody (Chemicon). Microvessel density was determined
by calculating the proportion of vWF-pasitive cells.

3. Results

3.1. Expression of Her-receptors and cellular
sensitivity to gefitinib or SN-38 in lung cancer cell
lines

The expression levels of EGFR in seven lung cancer cell lines
were examined using RT-PCR with a primer set for exon 20
in EGFR. PC-14, SBC-3, H89, PC-7, and A549 cells showed
a 570-bp-long PCR amplified product exhibiting wild-type
EGFR mRNA (data not shown). Gn the other hand, a smaller
PCR product was also detected in the PC-9 and PC-9/ZD
cells, and this band was confirmed to be an in-frame 15-
base deletion of exon 20 (E746_A750del).

We examined the protein levels of EGFR, Her2, Her3,
and Her4 in the lung cell lines using immunoblotting. The
guantitative data obtained by densitometorical analysis is
summarized in Table 1. The protein levels of EGFR, HerZ,
and Her3 in the PC-9 cells were ane- to four-fold higher
than those in the other cell lines (PC-7, H69, PC-14, A549,
and SBC-3).
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Table 1 Comparison of Her family protein levels and gefitinib- and SN-38-induced growth inhibition
Cell lines Relative expression® Growth inhibition®, 1Csq £5.D.

EGFR Her2 Her3 Her4 Gefitinib (uM) SN-38 {nM)
PC-9 2.8¢ 3.2 3.7 ND 0.047 £ 0.061 8.09 + 1.9
PC-9/ZD 1.6° 2.6 3.8 ND 7.7 £05 389+ 7.0
PC-14 1.5 2.8 1.1 ND 17.1 &£ 0.8 42,1+ 2.6
SBC-3 2.4 2.6 1.0 ND 19.9 + 5.4 1.07 £ 0.1
A549 2.3 2.3 1.4 ND 30.2+2.2 293 &+ 64.5
H69 1.3 1.3 2.0 " ND 56.5 & 3.2 27.2 £ 41
PC-7 1.0 1.0 1.2 ND 68.8 £ 14.8 205+ 8.2

The ICxsp value (pM) of each drug was measured by MTT assay, as described in Section 2. Each value is the mean=S.D. of three or four

independent experiments.
2 Protein expression levels were analyzed by Western blotting.

® brug concentration responsible for 50% growth inhibition in MTT assay at 72 h, calculated data for at least three dependent experi-

ments.
¢ 15-base deletion EGFR, ND: not determlned_.

3.2, Cellular sensitivity of lung cancer cells to
gefitinib and SN-38

The growth inhibitory effect of gefitinib and SN-38 on lung
cancer cells was examined using an MTT assay. The iCsg val-
ues of gefitinib for the cell lines ranged from 46 nM (PC-9
cells) to 68 uM (PC-7 cells). The PC-9/ZD cells were ~200-
fold resistant to gefitinib, compared with the parental PC-9
cells. Cellular sensitivity to gefitinib and the expression lev-
els of EGFR and Her2 were negatively correlated with the
ICsp values of gefitinib (Table 1). The 1Csq values of SN-38 for
these cell lines ranged from 1 nM (SBC-3) to 300nM (A549).
The range of sensitivity to gefitinib was wider than that to
SN-38. No correlation in cellular sensitivity to gefitinib and
SN-38 was seen.

3.3, In vitro combined effect of gefitinib and
SN-38 on lung cancer cell lines

To evaluate the potential combined effect of gefitinib and
SN-38, the combination index was determined using an MTT
assay. The combined effects of gefitinib and SN-38 under
the concurrent schedule are shown in Fig. 1. Cl values of
<1, »1, and 1 indicate a supra-additive effect (synergism),
an antagonistic effect, and an additive effect, respectively.
An additive to supra-additive growth-inhibitory effect was
ohserved for all doses of gefitinib and SN-38 tested in cell
lines expressing witd-type EGFR. On the otherhand, a high CI
index was observed in PC-9 cells and PC-9/2D cells express-
ing mutant EGFR over a wide range of inhibition levels. These
results suggest that gefitinib and SN-38 are synergistic in lung
cancer cells expressing wild-type EGFR but not in cell lines
expressing mutant EGFR in vitro.

3.4. Schedule-dependent synergy of gefitinib and
SN-38 in lung cancer cells

Next, we examined the schedule dependency of the com-
bined effects of gefitinib and SN-38 in the cell lines, The
five cell lines expressing wild-type EGFR showed synergis-

tic (PC-14, H69, and A549 cells) or additive effects (SBC-3
and PC-7 cells) for all three schedules: concurrent admin-
istration, SN-38 followed by gefitinib administration, and
gefitinib followed by SN-38 administration (Fig. 1A). In the
PC-9 cells, concurrent administration and gefitinib followed
by SN-38 administration were antagonistic, but SN-38 fol-
lowed by gefitinib administration was synergistic (Fig. 1B).
in the PC-9/2D cells, concurrent administration was antago-
nistic, but sequential administration was synergistic. These
schedule-dependent combined effects were observed in the
cells expressing mutant EGFR,

3.5. Combined effects of gefitinib and SN-38 in
vivo

To estimate the schedule-dependent effects in vivo, nude

. mice bearing tumars were treated with gefitinib and CPT-11

according to sequential or concurrent schedules (Fig. ZA).
Mice bearing PC-14 tumors were treated with gefitinib and
CPT-11 according to sequential or concurrent schedules,
CPT-11 (50mg/kg) alone potentially reduced the tumor
size, and the combination of gefitinib and CPT-11 was syn-
ergistic, In particular, the administration of CPT-11 fol-
lowed by gefitinib cured the mice bearing PC-14 cells
(Fig. 2B).

Mice bearing PC-9 or PC-9/ZD tumors were treated with
gefitinib and CPT-11 according to sequential or concurrent
schedules. Gefitinib (40 mg/kg) alone potentially reduced
the PC-9 tumors, and CPT-11 (50 mg/kg) followed by gefitinib
administration reduced the tumor size of PC-9 xenografts
more dramatically (gefitinib alone: P=0.012, sequential
combination: P=0.005) (Fig. 2B). On the other hand, the
concurrent schedule produced an antagenistic effect. Body
weight loss was not observed in any of the mice treated
according to the above schedules {Fig. 2C). CPT-11 followed
by gefitinib administration is a potentially beneficial sched-
ule against PC-9 and PC-9/ZD cells expressing mutational
EGFR. The results of these in vivo experiments were consis-
tent with those of the in vitro studies.

To elucidate the synergistic mechanisms of CPT-11 and
gefitinib in vivo, tumor samples of the PC-9 and PC-9/ZD
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Combination index (Cl) plots of interactions between gefitinib and SN-38 in lung cancer cell lines. Each cell line was

treated with gefitinib and SN-38, efther alone or in combination at a fixed molar ratio. (A} (PC-14) gefitinib: SN-38=425:1; (SBC-3)
20000;1; (A549) 100;1; (H69) 2000:1; (PC-7) 3500:1. (B) (PC-9) gefitinib: SN-38=6:1; (PC-92ZD) 175:1. Treatment schedule; (1) SN-38
was applied first and gefitinib was appltied 12 h later, followed by incubation in medium for 72 h (blue). (2} SN-8 and gefitinib were
applied concurrently, followed by incubation in medium for 72 h (red). {3) Gefitinib was applied first and SN-38 was applied 12 h later,
followed by Incubation in medium for 72 h (green). 5 — G: sequentfal combination (SN-38 followed by gefitinib); C/G: concurrent
combination; G — 5: sequential combination {gefitinib followed by SN-38}.

cells were stained with anti-Ki-67, anti-CD31 and the TUNEL
assay (Fig. 3A and B). A reduction in tumor cell prolif-
eration (Ki-67 staining), a reduction in tumor vasculature
(CD31 staining), and an increase in tumor apoptosis (TUNEL
staining) were observed in tumors treated with gefitinib
alone or gefitinib and CPT-11. The administration of CPT-
11 alone increased the number of Ki-67 positive tumor
cells, In the PC-9 tumors, sequential treatment resulted
in a 2.7-fold increase in tumor cell apoptosis and a 1.9-
fold decrease in vessel staining, compared with the results
obtained in tumors treated concurrently. The ratio of apop-
tosis:proliferation increased 1.7-fold in sequentially treated
tumors compared with tumors treated with both drugs

concurrently. Quantitative analysis of tumor cell prolifera-
tion and apoptosis showed a significant difference between
the effects of the concurrent and sequential schedules
(P<0.001), but not between concurrent and gefitinib-alone
(P>0.01 for all comparisons, Fig. 3C). No significant differ-
ence in CD31-positive cells was observed between the con-
trol and gefitinib-alone treatments, suggesting that gefitinib
exerts no remarkable anti-angiogenetic effects (P>0.01,
Fig, 3C). Similar findings were observed in PC-9/ZD tumars.
These findings suggest that the antitumor activity of sequen-
tial treatment using gefitinib and CPT-11 is mediated by an
increase in tumor cell apoptosis, compared with concurrent
treatment,
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4, Discussion

The EGFR-targeting drug gefitinib has been approved in
many countries for the treatment of NSCLC patients who
have previously received chemotherapy. Previous preclinical
models have demonstrated the synergistic effects of gefi-
tinib and platinums or taxanes [8,9]. However, no significant
difference in survival was demonstrated in two random-
ized placebo-controlled phase il trials examining over 2000
previously untreated patients with NSCLC. in these trials,
gefitinib was given in combination with pactitaxel and car-

hoplatin or with gemcitabine and cisplatin [10,11]. Different
administration schedules for gefitinib and cytotoxic agents
may be necessary for select populations.

EGFR gene mutations have been demonstrated in NSCLC,
and patients with lung cancers expressing mutant EGFR are
strongly suspected to be hypersensitive to gefitinib alone.
An in-frame short deletion in exon 19 of EGFR is strongly
related to hyperresponsiveness to gefitinib and other tyro-
sine kinase inhibitors [12,13]. Cells expressing this dele-
tional EGFR mutation are hypersenstivie to EGFR-targeted
tyrosine kinase inhibitors [5]. On the other hand, the treat-
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Fig. 2 Dose-dependent effects of combination therapy in PCY and PC9/ZD cells in vivo. (A) Treatment schedule; (B) signifi-
cant tumor growth-inhibition was observed in mice treated with the combination of gefitinik and CPT-11. Mice were allocated to
five groups (6 mice/group} (O 5% (w/v} glucose solution; O: CPT-11 50mg/kg; A: gefitinib 40 mg/kg; W: ZD183940mg/kg + CPT-
1150 me/kg concurrently; ®: CPT-11 50 mg/kg followed by ZD1839 40 mg/kg}. (C} Treatment-related body weight loss in mice treated
with gefitinib and/or SN-38. (O: 5% (w/v) glucose solution; O: CPT-11 50mg/ke; A: ZD183940mg/kg; M: 2D183940ma/kg + CPT-
1150 mg/kg concurrently; @: CPT-11 50mg/kg followed by ZD1839 40 mg/kg). Bars: £5.D.
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ment of lung cancers expressing wild-type EGFR is a major
obstacle. Combined therapies are still considered to be
a major strategy against lung cancer expressing wild-type
EGFR. Qur previous preclinical study demonstrated that gefi-
tinib and CPT-11 have synergistic effects in colorectal cancer
cell lines [14]. Here, we reevaluated the combined effects
of gefitinib and cytotoxic agents based on the status of EGFR
mutations in tung cancer.

We demonstrated that gefitinib and SN-38, the active
form of CPT-11, have synergistic or additive effects in lung
cancer cells expressing wild-type EGFR. The combination

. of gefitinib and CPT-11 may be useful against lung cancers
expressing wild-type EGFR. On the other hand, this combina-
tion had antagonistic effects in PC-9 cells expressing mutant
EGFR, even though PC-9 cells are basically hypersensitive to
gefitinib alone.

The concurrent administration of gefitinib and SN-38 also
had an antagonistic effect in the PC-9/ZD cells. The PC-
9/ZD cells developed an acquired resistance to gefitinib
after exposure to gefitinib in vitro. New treatment strate-
gies for patients who are refractory to gefitinib treatment
are clinically needed. We demonstrated that the sequen-
tial administration of SN-38 (CPT-11) and gefitinib improved
the combined effects in PC-9/ZD cells both in vitro and
in vivo.

The above results led us to propose a combined gefitinib
and CPT-11 treatment strategy based on the EGFR mutation
status of lung cancers: (1) combined treatment according to
any schedule for tung cancers expressing wild-type EGFR,
(2} gefitinib treatment alone for lung cancers expressing
mutant EGFR, and (3} the sequential administration of gefi-
tinib and CPT-11 for patients who are refractory to gefitinib
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treatment. Based on the above preclinical evidence, we are
preparing to begin a clinical phase Il trial for combined gefi-
tinib and CPT-11 treatment in Japan.

We previously demonstrated that CPT-11 and gefitinib
have a synergistic effect against colorectal cancer [14].
EGFR mutations are rarely observed in colorectal can-
cer cells [15]. Therefore, the combined effects of these
agents against colorectal cancers were consistent with those
against the lung cancers expressing wild-type EGFR in this
study.

Different combined effects were observed for the concur-
rent and sequential schedules in vitro and in vivo. While the
mechanisms responsible for the combined effects remain
unclear, cell cycle distributions might explain some of the
differences. In cells treated according to the sequential gefi-
tinib followed by 5N-38 (CPT-11) treatment schedule, treat-
ment with gefitinib resulted in an increase in the GO-G1
phase and a decrease in the 5 phase poputations (data not
shown). The decreased 5 phase population was not sensitive
to CPT-11 [16]. Thus, the antagonistic effects of the sequen-
tial administration of gefitinib fotlowed by CPT-11 (SN-38)
could be explained by this mechanism. On the other hand,
in cells treated according to the sequential SN-38 followed
by gefitinib treatment schedule, SN-38 treatment induced an
increase in the S phase population. if the § phase population
is sensitive to gefitinib, this might explain the synergistic
effects of this sequential schedule [17]. An increase in EGFR
phosphorylation induced by CPT-11 is another previously
reported possible mechanism responsible for this synergistic
action [14].

In conclusion, we demonstrated the different effect on
lung cancer cell expressing mutant EGFR according to the
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Fig. 3 (A) Historlcal examination of PC-9 tumor xenografts (day 22} stained with H&E, anti-CD31 vessel staining, TUNEL staining
(magnification: 400x) and anti-Ki-67 nuclear antigen {magnification: 200x). The number of Ki-67-positive cells increased with the
administration of CPT-11. The number of Ki-67-positive cells decreased with the gefitinib-alone and combination treatments. C/G:
concurrent combination, C— G: sequential combination. (B) Historical examination of PC-9ZD tumor xenografts (day 22) stained
with H&E, anti-CD31 vessel staining, TUNEL staining {magnification: 400x) and anti-Ki-67 nuclear antigen {magnification: 200x).
The number of Ki-67-positive cells increased with the administration of CPT-11. The number of Ki-67-positive cells decreased with
the gefitinib-alone and combination treatments. C — G: sequentiat combination; C/G: concurrent combination. (C} Quantitation of
CD31 vessel staining, Ki-67 proliferation index, apoptosis index, and apoptosis: proliferation ratio. The columns represent the mean
population of positive cells in five fields. Bars: £5.D. Tumors from mice treated with vehicle {white), CPT-11 (diagonal hatched),
Gefitinib (horizontal hatched), concurrent combination of CPT-11 plus Gefitinib {cross-hatched)}, or sequential combination of CPT-11
plus Gefitinib (cross-hatched).

combination schedule of gefitinib and CPT-11. The sequen- for Cancer Controt from the Ministry of Health, Labour and
tial combined treatment also active against lung cancer cefl Welfare, Tokyo, Japan.
expressing wild-type EGFR.

References
Acknowledgements

) . L 1] Lynch TJ, Bell DW, Sordella R, Gurubhagavatuta 5, Okimoto
This study was supported in part by a Grant-in-Aid for Cancer RA, Brannigan BW, et al. Activating mutations in the epidermal
Research and the 3rd Term Comprehensive 10-Year Strategy growth factor receptor underlying responsiveness of non-small-





