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Letters to the Editor

complications of cyberknife have been
reported (Table 1). Our patient developed
a colonic apple-core lesion second-
ary to inflammatory changes after the
cyberknife intervention. The presence
of such a lesion proven to be nonma-
lignant has not been reported previ-
ously. It can be predicted that as more
patients with unresectable abdominal
malignancies, such as pancreatic car-
cinoma, are treated with cyberknife
technology, more intra-abdominal radi-
ation-induced complications will be
recognized.

Although colonic apple-core le-
sions seen on radiology are considered
to represent carcinoma unless proven
otherwise, it is important to recognize
that it may be caused by radiosurgery
consequences. Although the future of cy-
berknife is promising, its complications
should be considered when ftrying to
minimize injury to the adjacent tissues.
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Imaging Features
of Large Intraductal
Papillary Mucinous

Carcinoma of the

Pancreatic Tail

Abbreviations: IPMT, intraductal papillary
mucinous tumor, MCT, mucinous cystic
tumor, US, ultrasound, CT, computed
tomography, MPD, main pancreatic duct,
MRCP, magnetic resonance
cholangiopancreatography

To the Editor:

Pancreatic mucin-producing tu-
mors, such as intraductal papillary mucin-
ous tumor (IPMT) and mucinous cystic
tumor (MCT),'** are good candidates for
surgical resection because of their low-
grade malignant potential. It is some-
times difficult to differentiate between
IPMT and MCT on imaging studies
because the 2 entities sometimes show
similar cystic findings. We encountered
2 patients with a large malignant IPMT
in the pancreatic tail, which showed
common impressive imaging features
and similar pathological findings.

CASE 1

A 68-year-old man with no symptom
was admitted to our department with the
diagnosis of a pancreatic tumor. Ultrasound
(US) showed a large, pear-shaped, low-

echoic lesion between the stomach and
spleen. In the cystic lesion, numerous echo-
genic lines with spontaneous wavelike move-
ments were seen (Fig. 1A). Dynamic
computed tomography (CT) scan demon-
strated a large, pear-shaped cystic tumor, 13
cm in diameter, with multilocular margins on
its caudal part in the tail of the pancreas. The
edge of the pancreatic parenchyma was
deformed into a beak shape (“beak sign”),?
which represented a firm continuity of the
tumor with the main pancreatic duct
(MPD) (Fig. 1B). Magnetic resonance
cholangiopancreatography (MRCP) demon-
strated a very high-intensity mass with
numerous streaks along the major axis,
referred hereafter as a “brushing sign,”
which was thought to represent the mucinous
component of the tumor. Several cystic
dilatations of the branch duct in the head
and body of the pancreas were also found
(Fig. 1C). The preoperative diagnosis was
multicentric IPMTs, one of which exhibited
a tremendous growth in the tail of the pan-
creas. Distal pancreatectomy was performed.
The histological finding was intraductal
papillary mucinous carcinoma with invasion
slightly beyond the duct wall, that is, with
minimal invasion ** (Fig. 1D). In the mucus
pool of the markedly dilated MPD, the tu-
mor cells were peeled off and floating with
their corpses.

CASE 2

A 61-year-old woman who had re-
peated pancreatitis was referred to our
department for the treatment of a large
cystic tumor in the tail of the pancreas. On
US, a large low-echoic lesion was visual-
ized in a spindle form, and numerous
echogenic streaming patterns were seen
therein. A CT scan revealed a large low-
attenuating tumor, 13 x 5 cm in size, in the
tail of the pancreas. A beak sign was also
found in the tail of the pancreas. Several
mural nodules suggested the presence of
malignant component. On MRCP, the
brushing signs were also observed within
the cystic tumor. Distal pancreatectomy was
performed. The pathological diagnosis was
intraductal papillary mucinous carcinoma
with minimal invasion.

A differential diagnosis between
IPMT and MCT is sometimes difficult. Both
tumors can contain mucinous components
and have malignant potentials, especially
when the tumor has mural nodules or solid
components.® IPMT is located in the pan-
creatic head in 60% of patients and some-
times exhibits intraductal spread’ or
multicentric occurrence along MPD?® and is
continuous with the MPD.® On the other
hand, MCT arises from the pancreatic tail in
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FIGURE 1. A, Abdominal US
shows numerous streaming lines
that spontaneously move in a
wavelike manner inside the cystic
tumor in a sagittal direction.

B, Coronal reformatted CT scan
reveals ““a beak sign’’ (arrow)
between the cystic tumor of the
pancreatic tail and the MPD.

C, MRCP shows a very high-
intensity mass with “a brushing
sign” inside the tumor of the
pancreatic tail. Several cystic
lesions are also present in the head
and body of the pancreas. D, The
irregular papillary projections are
composed of tall columnar cells
with nuclear atypia, and part of the
tumor has collapsed, forming the
streaked structures in the mucous
pool with epithelial corpses (upper
left, hematoxylin-eosin,
magnification x200).

70% to 90% of patients,®® with a higher
prevalence in women,"? and is rarely contin-
uous with MPD.® MCT can be pathologically
characterized as ovarian-type stroma.” In the
present cases, multicentric occurrence in
CASE 1 and mural nodule in CASE 2 also
suggested IPMT rather than MCT.

The impressive common imaging fea-
tures of the 2 megacystic lesions were (1) a
beak sign on CT images, suggesting a pan-
creatic origin and the distinct continuity of
the cystic part with MPD, and (2) a brushing
sign on MRCP, which might express moving
mucinous components with a large amount of
peeled epithelium and their corpses, floating
inside the tumor. In the diagnosis of mega-
cystic tumor in the tail of the pancreas, the
beak sign and brushing sign might be helpful
to differentiate IPMT from MCT.
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NK105, a paclitaxel-incorporating micellar nanoparticle, is a more
potent radiosensitising agent compared to free paclitaxel
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NK105 is a micellar nanoparticle formulation designed to enhance the delivery of paclitaxel (PTX) to solid tumours. It has been
reported to exert antitumour activity in vivo and to have reduced neurctoxicity as compared to that of free PTX. The purpose of this
study was to investigate the radiosensitising effect of NK105 in comparison with that of PTX. Lewis lung carcinoma (LLC)-bearing
mice were administered a single intravenous (iv.) injection of PTX or NK105; 24 h after the drug administration, a proportion of the
mice received radiation to the tumour site or lung fields. Then, the antitumour activity and lung toxicity were evaluated. In one subset
of mice, the tumours were excised and specimens were prepared for analysis of the cell cycle distribution by flow cytometry.
Combined NK105 treatment with radiation yielded significant superior antitumour activity as compared to combined PTX treatment
with radiation (P=00277). On the other hand, a histopathological study of lung sections revealed no significant difference in
histopathological changes between mice treated with PTX and radiation and those treated with NKI05 and radiation. Flow-
cytometric analysis showed that NK105-treated LLC tumour cells showed more severe arrest at the G2/M phase as compared to
PTX-treated tumour cells. The superior radiosensitising activity of NK105 was thus considered to be attributable to the more severe
cell cycle arrest at the G2/M phase induced by NKI05 as compared to that induced by free PTX. The present study results suggest
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Paclitaxel (PTX) has been demonstrated to be one of the most
effective anticancer agents available at present (Carney, 1996;
Khayat et al, 2000). Besides its antitumour activity, its ability to
induce radiosensitisation has been reported both in vitro (Tishler
et al, 1992; Choy et al, 1993; Lokeshwar et al, 1995; Rodriguez et al,
1995) and in vivo (Milas et al, 1994, 1995; Cividalli ez al, 1998) this
effect has been attributed to its effect of stabilising microtubules
and inducing cell cycle arrest at the G2/M phase, the most
radiosensitive phase of the cell cycle (Terasima and Tolmach, 1963;
Sinclair and Morton, 1966). As several clinical studies have
demonstrated the efficacy of PTX-based chemotherapy combined
with radiotherapy, the combined modality is considered to be a
potentially important treatment option for lung and breast cancer
(Choy et al, 1998a, b, 2000; Dowell et al, 1999; Formenti et al, 2003;
Kao et al, 2005).

The adverse effects of radiation, namely, lung toxicities in
patients with breast or lung cancer treated by thoracic radiation,
are of great concern, and may be dose limiting or even have a
negative impact on the quality of life of the patients, even though
radiation is an efficient treatment option. Lung toxicities often
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that further clinical trials are warranted to determine the efficacy and feasibility of combined NK105 therapy with radiation.
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result in lung fibrosis, necessitating change of the treatment
method and causing much distress or even death of the patients
(Penney and Rubin, 1977; Early Breast Cancer Trialists’ Colla-
borative Group, 2000; Lind et al, 2002). Some clinical trials actually
reported an increased incidence of pneumonitis following
combined PTX therapy with radiation in patients with breast or
lung cancer (Taghian et al, 2001; Hanna et al, 2002; Chen and
Okunieff, 2004).

Although widely used, PTX itself has several adverse effects,
such as peripheral sensory neuropathy (Rowinsky et al, 1993;
Rowinsky and Donehower, 1995), and its poor solubility in water is
also associated with such effects as anaphylaxis and other severe
hypersensitivity reactions attributable to Cremophor EL and
ethanol, which are essential for solubilising PTX (Weiss et al,
1990; Rowinsky and Donehower, 1995). In order to overcome these
problems, we prepared a new formulation, NK105, which is a PTX-
incorporating polymeric micellar nanoparticle (85nm in size)
(Hamaguchi et al, 2005). NK105 is formed by facilitating the
self-association of amphiphilic block copolymers constructed
using polyethylene glycol (PEG) as the hydrophilic segment and
modified polyaspartate as the hydrophobic segment in an aqueous
medium. Owing to the PEG constituting the outer shell of the
micelles, NK105 is soluble in water. In addition, PEG also confers a
stealth property to the formulation, that allows the micellar drug
preparation to be less avidly taken up by the reticuloendothelial
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system (RES) and to be retained in the circulation for a longer
period of time (Klibanov et al, 1990, 1991; Allen, 1994; Gabizon
et al, 1996). The prolonged circulation time and the ability of
NK105 to extravasate through the leaky tumour vasculature (ie.,
the EPR (enhanced permeability and retention) effect) causes
accumulation of PTX in tumour tissues (Matsumura and Maeda,
1986; Maeda and Matsumura, 1989). We previously demonstrated
that NK105 is associated with reduced neurotoxicity and also
exerts more potent antitumour activity on human cancer
xenograft, as compared to free PTX. In addition, because of its
solubility in water, it is expected that the incidence of anaphylaxis
and hypersensitivity reactions attributable to Cremophor EL and
ethanol may also be reduced with NK105. A clinical trial of NK105
is now under way.

In this context, it is expected that the use of NK105 in place of
PTX in combination with radiation may also yield superior
results, because of the more potent antitumour activity of this
drug as compared to that of free PTX. In this study, we evaluated
the antitumour activity and severity of lung fibrosis induced by
PTX and NK105 administered in combination with thoracic
radiation, to examine whether combined NK105 chemotherapy
with radiation would be an acceptable or useful treatment
modality.

MATERIALS AND METHODS
Mice

Eight-week-old female C57BL/6] mice were purchased from
Charles River Japan Inc. (Kanagawa, Japan). All the animal
procedures were performed in compliance with the guidelines
for the care and use of experimental animals, drawn up 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.

PTX and NK105

Paclitaxel was purchased from Merican Corp. (Tokyo, Japan).
NK105 is a PTX-incorporating ‘core-shell-type’ polymeric micellar
nanoparticle formulation that was prepared by a previously
reported procedure (Hamaguchi et al, 2005). Briefly, polymeric
micellar particles were formed by facilitating the self-association of
amphiphilic block copolymers in an aqueous medium. The
polymer of NK105 was constructed using PEG as the hydrophilic
segment and modified polyaspartate as the hydrophobic segment.
The carboxylic groups of the polyaspartate block were modified by
the esterification reaction with 4-phenyl-1-butanol, resulting in
conversion of half of the groups to 4-phenyl-1-butanolate.
Molecular weight of the polymers was determined to be
approximately 2000 (PEG block: 12000; moditied polyaspartate
block: 8000).

Via the self-association process, PTX was incorporated into the
inner core of the micelle system by physical entrapment through
hydrophobic interactions between the drug and specifically well-
designed block copolymers for PTX. NK105 was obtained as a
freeze-dried formulation and contained ca.23% (WW™) of PTX.
Finally, NK105, PTX-incorporating polymeric micellar nanoparti-
cle formulation with a single and narrow size distribution, was
obtained. The weight-average diameter of the nanoparticles was
approximately 85 nm ranging from 20 to 430 nm.

Irradiation

The mice were anesthetised by intraperitoneal (i.p.) injection of
nembutal (75 mgkg™") and placed on the stage for irradiation. The
whole thorax or subcutaneous (s.c.) tumours of the thigh were
irradiated using a Faxitron cabinet X-ray system model CP-160 by
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100kV X-rays from a linear accelerator, at a dose rate of
2Gymin~". Totally 12Gy was irradiated to each mouse. The
whole body except irradiated parts, lung field or tumour lesion,
were shielded with specially designed lead blocks.

Flow cytometry

At 24h after the injection of PTX or NK105 into the Lewis lung
carcinoma (LLC) tumour-bearing C57BL/6j mice, the tumours
were excised, minced in PBS, and fixed in 70% ethanol at 4°C for
48h. After being fixed, the tumours were digested with 0.04%
pepsin (Sigma chemical co., St Louis, MO, USA) in 0.1~ HCI for
60min at 37°C in a shaking bath for preparing single-nuclei
suspensions. The nuclei were then centrifuged, washed twice with
PBS, and stained with 40 ug ml™" of propidium iodide (Molecular
Probes, OR, USA) in the presence of 100 ugml™" RNase in 1ml
PBS for 30 min at 37°C. The stained nuclei were analysed with a
B-D FACSCalibur (BD Biosciences, San Jose, CA, USA). The cell
cycle distribution was analysed using the Modfit program (Verity
Software House Inc., Topsham, ME, USA).

Evaluation of the antitumour activity

For this experiment, 3 x 10° LLC cells were inoculated s.c. into the
right thighs of mice. The tumour volume was calculated using the
formula, tumour volume (mm?®)=a x b*/2 (a=longest tumour
diameter, b=shortest tumour diameter). When the tumour
volume reached approximately 100mm’ on day 14 after the
tumour inoculation, the mice were randomly allocated to test
groups of about four or five mice each, and started the treatment
on the same day. There were six test groups, as follows: untreated
control, PTX treatment alone, NK105 treatment alone, radiation
alone, combined PTX treatment with radiation, and combined with
NK105 treatment with radiation.

In the groups receiving PTX or NKI105, the mice were
administered a single intravenous (i.v). injection of PTX or
NK105 at the dose of 45mgkg™; 24h after the drugs were
administered, the tumour sites of the mice in the groups scheduled
to receive radiation were irradiated.

The antitumour activity of each treatment regimen was
evaluated by measuring the tumour volume. Tumour volume
and body weight was measured every 3 days.

Evaluation of lung toxicity

The severity of lung toxicity was evaluated histologically in the
following test groups; untreated control (n=6), radiation treat-
ment alone (n=46), combined PTX treatment with radiation
(n=9), and combined NK105 treatment with radiation (n=10).
Mice were administered a single i.v. injection of PTX or NK105 at
the dose of 45 mgkg™'; 24 h after the drugs were administered, the
thorax of the mice in the groups scheduled to receive radiation was
irradiated. All the mice were killed 36 weeks after the drug
administration. At the time of the killing, the lungs were removed,
and the right lungs were fixed in 10% buffered formalin for 24 h,
then embedded in paraffin. The lungs were inflated at 20 cm water
pressure by intratracheal infusion of 10% buffered formalin before
fixation. Sections (5um- thick) were stained with haematoxylin
and eosin (H&E) and observed under the light microscope. The
severity of the pulmonary fibrosis was assessed based on
Ashcroft’s scoring system (Ashcroft et al, 1988). Briefly, all the
fields of each lung section were scanned under a Leica microscope
at a magnification of x 100, then each field was visually graded
from 0 (normal lung) to 8 (total fibrotic obliteration of the field).
The mean grades obtained for all of the fields was then calculated
as the visual fibrotic score.

© 2006 Cancer Research UK



Immunohistochemistry

The lung sections were deparaffinised and rehydrated, then
microwaved in 0.01 M sodium citrate buffer for 15min at 90°C to
retrieve epitopes, and cooled at room temperature. An endogenous
peroxidase blocking solution of 3% hydrogen peroxide was applied
for 20 min at room temperature. After blocking the nonspecific
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Figure | Cell cycle analysis. Cell cycle analysis of LLC tumour cells 24 h

after PTX (&) or NKI05 administration (B). Untreated control cells are
shown in (C).
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binding sites with 2% normal goat serum, the sections were
incubated with rabbit anti-mouse collagen III immunoglobulin G
(IgG) (Chemicon International, Temecula, CA, USA) overnight at
4°C. The sections were then washed with PBS, followed by the
addition of Dbiotin-conjugated goat anti-rabbit IgG (Vector
Laboratories Inc., Burlingame, CA, USA) and incubation for
30 min at room temperature. The sections were then washed and
incubated with horseradish-peroxidase-conjugated avidin-biotin
complex (Vector Laboratories Inc., Burlingame, CA, USA) at room
temperature for 30 min, in accordance with the manufacturer’s
instructions (Vector Laboratories Inc.). The immunoreactions
were visualised using 3,3'-diaminobenzidine as the substrate and
counterstaining with haematoxylin.

Statistical analysis

Date were expressed the mean+s.d. Differences between the test
groups were analysed by Student’s t-test. We used Stat View (SAS
Institute Inc.) statistical software. A value of P<0.05 was
considered statistically significant.
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Figure 2 Antitumour activity. Changes in the LLC tumour growth rates
in the mice. (A) Mice receiving TXL-alone (@), NKI[05-alone (O),
combined treatment with PTX and radiation (B), and combined
treatment with NK105 and radiation (O) were administered a single iv.
injection of PTX or NKIO5 at the dose 45 mgkg™" on day 14 after the
tumour inoculation (= on day O after the initial treatment). After 24 h the
drugs were administered, the mice in the radiation-alone (4A) and the
combined-treatrent groups were irradiated (arrow). Mice in the control
group (%) were given no treatment. (B) Changes in the relative body
weight. Data were derived from the same mice as those used in the
present study.
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RESULTS

Cell cycle analysis

At 24h after the administration of PTX or NK105 to the LLC-
tumour-bearing mice, severe cell cycle arrest at the G2/M phase
was observed in the tumour cells treated with the drugs as
compared with that in the control (no drug treatment) (Figure 1C).
There was a tendency towards the NK105-treated LLC tumour cells
(Figure 1B) showing more severe arrest at the G2/M phase than the
PTX-treated cells (Figure 14).

Antitumour activity

Decreased tumour growth rates of the LLC tumours were observed
in the mice of the radiation alone, combined PTX with radiation,
and combined NK105 with radiation groups. No antitumour
activity was observed following treatment with either PTX or
NK105 alone, because LLC is primarily a PTX-resistant tumour.
Combined NKI105 therapy with radiation yielded superior
antitumour activity as compared to both radiation alone
(P=0.0047) and combined PTX therapy with radiation
(P=0.0277) on the day 9 after the treatment Iinitiation
(Figure 2A). No significant differences in body weight changes
were noted among the groups tested (Figure 2B).

Lung toxicities

Histopathological examination of the lung sections of all the mice
receiving radiation showed inflammatory cell infiltration, appear-
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ance of intra-alveolar macrophages, and destruction of the alveolar
architecture. Major portions of the alveolar septa in the lung
sections prepared from the irradiated mice showed slight
thickening, although no massive structural destruction was
observed (Figure 3A). On the other hand, the lung sections
prepared from the control nonirradiated group showed no
significant histopathological changes (Figure 3B). Ashcroft’s
fibrosis scores in the groups of mice that received radiation
ranged from 0.975 to 1.426, with no significant differences among
the groups. The score in the control group was nearly zero. In the
groups receiving radiation, the severity of lung fibrosis differed
significantly among the mice within the same groups, as did the
Ashcroft’s scores, that is, the s.d. of the Ashcroft’s scores in the
mice receiving radiation was very high (Figure 3C).

Type III collagen deposition

Immunohistochemical analysis of lung sections prepared from the
mice receiving radiation revealed significant collagen deposition,
especially in the subpleural regions, while that of lung sections
prepared from the control group showed little collagen deposition.
There were no significant differences among the different groups
receiving radiation (Figure 3D).

DISCUSSION

It is well known that PTX enhances the radiosensitivity of tumour
cells by inducing cell cycle arrest at the G2/M phase, the most
radiosensitive phase of the cell cycle (Terasima and Tolmach, 1963;
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Figure 3 H&E staining of the lungs of C57BL/6) mice surviving 36 weeks after the thoracic radiation (A) and sham radiation (B). (€) Semiquantitative
analyses to estimate the severity of pulmonary fibrosis in the mice receiving sham radiation (I.1), thoracic radiation alene (B), combined PTX with radiation
&), and combined NKI05 with radiation {lll). H&E- stained lung tissue sections were assessed to estimate the severity of pulmonary fibrosis by visual
grading of fibrosis (Ashcroft's score). Collagen Il staining of the irradiated lungs of mice (D).
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Sinclair and Morton, 1966). Many reports have confirmed the
radiosensitising effect of PTX in different cell lines (Tishler et al,
1992; Choy et al, 1993; Lokeshwar et al, 1995; Rodriguez et al,
1995), in vivo experiments (Milas ef al, 1994, 1995; Cividalli et al,
1998), and in several clinical trials of combined PTX with radiation
therapy according to different schedules (Dillman et al, 1990;
Arriagada et al, 1991; Morton et al, 1991; Furuse et al, 1999; Sause
et al, 2000; Chen et al, 2003). Chen et al (2003) examined the
optimal timing of PTX treatment and irradiation in relation to the
cell cycle, and recommended that radiation be given at least 5h
after PTX administration, because G2/M arrest of a lung cancer
cell line was shown to start at 4h after PTX treatment and to last
for 44h.

In our experimental model to evaluate the antitumour activity,
the tumours were irradiated 24 h after a single i.v. injection of PTX
or NK105. No significant increase in the antitumour activity as
compared with that in the control (no treatment) was observed
following a single i.v. injection of either PTX or NK105 at the dose
of 45 mgkg™'; LLC tumours are known to be primarily resistant to
PTX. In fact, the ICsy of PTX against an LLC tumour cell line was
shown to be 84.1nM, which is about 10-fold higher than that of
NK105 against various cancer cell lines tested in our previous work
(Hamaguchi et al, 2005). Combined NK105 therapy with radiation
yielded superior antitumour activity as compared with radiation
alone or combined PTX therapy with radiation. This result
suggests that NK105 has a more potent radiosensitising effect
than PTX. In our study, there was a tendency towards NK105-
treated LLC tumour cells showing more severe arrest at the G2/M
phase as compared to PTX-treated cells at 24 h after the injection
of the drugs, the timing of the radiation treatment, probably
because NK105 allows a higher concentration of PTX to be
maintained in the tumour than conventional PTX (Hamaguchi
et al, 2005). We suppose that this is the reason why NK105 exerted
more potent radiosensitising activity than PTX.

Next, we were concerned about the adverse effects of combined
NK105 therapy with radiation. New micellar drugs are designed
based on the idea that DDS can accumulate in the tumour
selectively, while showing reduced distribution in normal tissues.
We demonstrated that the incorporation of cisplatin into micelles
significantly reduced the nephrotoxicity and neurotoxicity of
cisplatin (Uchino et al, 2005). However, it was also shown that
micelle- incorporated cisplatin caused transient liver dysfunction
because it was trapped more avidly by the RES as compared to free
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cisplatin, even though the PEG of the outer shell of the micelle
confers the so-called stealth effect.

In this study, our examination of the lung sections of mice
treated with NK105 and radiation revealed that the histopatholo-
gical changes such as inflammatory cell infiltration, appearance of
intra-alveolar macrophages, and destruction of the alveolar
architecture were induced by thoracic radiation and not by the
accumulation of NK105 in the lung. There were no significant
differences in the histopathological changes observed among the
mice treated by NK105 and radiation and mice treated by radiation
alone or PTX with radiation. The severity of lung fibrosis did not
differ significantly among the test groups either. Although some
clinical trials reported an increased incidence of pneumonitis and
esophagitis following combined PTX therapy with radiation
(Taghian et al, 2001; Hanna et al, 2002; Chen and Okunieff,
2004), others reported no influence on the incidence of such
adverse effects (Ellerbroek et al, 2003; Yu et al, 2003). Several
clinical trials and in vivo experiments have discussed the subject,
however, no definitive conclusion has been arrived at (Mason et al,
1995; Choy et al, 1998; Yu et al, 2004; Kao et al, 2005). In our study,
in regard to the incidence of esophagitis, there were no significant
differences in the histopathological changes observed in the
esophageal sections at one week after the treatment among the
test groups (data not shown).

In conclusion, we demonstrated that combined NK105 chemo-
therapy with radiation exerts significant antitumour activity.
Furthermore, the lung toxicity of this combined treatment
modality was also acceptable as compared with that observed
following radiation alone or combined PTX therapy with radiation.
However, further studies are necessary to determine the effective-
ness of NK105 in terms of its radjosensitising effect.
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Abstract

7-Ethyl-10-hydroxy-camptothecin (SN-38), a biolegical active
metabolite of irinotecan hydrochloride (CPT-11), has potent
antitumor activity but has not been used clinically because it
is a water-insoluble drug. For delivery by iv. injection, we
have successfully developed NK012, a SN-38-releasing nano-
device. The purpose of this study is to investigate the
pharmacologic character of NKO12 as an anficancer agent,
especially in a vascular endothelial growth factor (VEGKF)-
secreting tumor model. The particle size of NK612 was ~20
nm with a narrow size distribution. NK012 exhibited a much
higher cytotoxic effect against lung and colon cancer cell lines
as compared with CPT-11. NKO12 showed significantly potent
antitumor activity against a human colorectal cancer HT-29
xenograft as compared with CPT-11. Enhanced and prolonged
distribution of free SN-38 in the turmor was observed after the
injection of NK012. NK012 also had significant antitumor
activity against bulky SBC-3/Neo (1,533.1 + 1,204.7 mm®) and
SBC-3/VEGF tumors (1,620.7 = 834.0 mm®) compared with
CPT-11. Furthermore, NK012 eradicated bulky SBC-3/VEGF
tumors in all mice but did not eradicate SBC-3/Neo tumors. In
the drug distribution analysis, an increased accumulation of
SN-38 in SBC-3/VEGF tumors was observed as compared with
that in SBC-3/Neo tumors. NK012 markedly enhanced the
antitumor activity of SN-38, especially in highly VEGF-
secreting tumors, and could be a 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 vivo (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 biologically active metabolite of CPT-11,
by carboxylesterases. SN-38 exhibits up to 1,000-fold more potent
cytotoxic activity against various cancer cells in vitro than CPT-11
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(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 use 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 further clinical use.

Passive targeting of drug delivery system is based on the
pathophysiologic 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 demnsity in the tumor mass
and poor prognosis for survival in patients with various types of
cancers (25-28). Furthermoré, 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/VEGF, 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 Kayalku Co., Ltd. (Tokyo, Japan). CPT-11
was purchased from Yakult Honsha Co., Ltd. (Tokyo, Japan). Human colon
cancer cell lines WiDR, SW480, Lovo, and HT-29 and human non-small-cell
lung 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 cell line PC-14 were kindly provided by
Dr. 1. 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/mlL,
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 serum. SBC-3/Neo and
SBC-3/VEGF were generated from SBC-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.
SBC-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)-

Poly(Glutamic Acid) Block Copolymer for NKO12

Construction

Poly(ethylene glycol)-poly(glutamic acid) block copolymer [PEG-
PGIu(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 PGlu and the phenol on SN-38 with 1,3-
diisopropylcarbodiimide and N,N-dimethylaminopyridine at 26°C. Conse-
quently, the PGlu segment obtained sufficient hydrophobicity. Accordingly,
NKO012 was constructed with self-assembling PEG-PGlu(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 NICOMP 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/mL. The
amount of SN-38 released from NK012 was estimated by UV measurement
at 265 nm.

In vitro Growth Inhibition Assay

The growth inhibitory effects of NKO012, SN-38, and CPT-11 were
examined with a 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bro-
mide (MTT) assay. One hundred eighty microliters of an exponentially
growing cell suspension (6 X 10°/mL-12 % 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 pL 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 minutes, the medium was aspirated from each well, and 180 uL of
DMSO were added to each well to dissolve the formazan. The growth
inhibitory effect of each drug was assessed spectrophotometrically
(SpectraMax 190, Molecular Devices Corp., Sutmyvale, CA).

In vivo Growth Inhibition Assay
The animal experimental protocols were approved by the Comumittee 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 mm® 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 iv. injection into the tail vein.
NKO012 was given at doses of 30 (maximum tolerated dose), 15, and
7.5 mg/kg/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 (@) and width (b) of the tumor mass were measured twice a week,
and the tumor volume (TV) was calculated as follows: TV = (z X 5%)/ 2.
Relative tumor volumes at day n were calculated according to the following
formula: RTV = TV,, / TV, where TV, is the tumor volume at day 7, and
TV, is the tumor volume at day 0. Differences in relative tumor sizes
between the treatment groups at day 21 were analyzed with an unpaired
L test.

Experiment 2. As a hypervascular tumor model, we used SBC-3/VEGF
cells. SBC-3/Neo or 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 1,500 mm?®, which gave tumnors almost
1.5 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.
NKO012 at a dose of 10 or 20 mg/kg/d and CPT-11 at a dose of 15 or
30 mg/kg/d were administered i.v. 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 7.4), 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 factor 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 biodistribution of NK012 and
CPT-11. NKO012 (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 x g for 15 minutes. The plasma and tumor samples were stored
at —80°C until analysis.

For the biodistribution study in hypervascular tumors (experiment 2),
female BALB/c nude mice (n = 3) bearing 1,500-mm°® massive SBC-3/Neo
and SBC-3/VEGF tumors were used. NKO012 (20 mg/kg) and CPT-11
(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 homogenized on ice using a Digital
homogenizer (Iuchi, Osaka, Japan) and suspended in the mixture of
100 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-11 in the
plasma and tumor from aliquots of the homogenates (100 uL) 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 pL of
methanol (50%, v/v) and 20 pL of NaOH (0.3 mol/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 mol/L for plasma and 0.7 mol/L for
tissue) and 60 L 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 liquid 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 \ 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 w/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 (AUCje was
calculated by the trapezoidal rule to the last measurable data point):

oG
mmmz/‘qn&
(1]

Ty 2, {terminal half — life) = 0.693/1z

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

CLisr= Dose/AUC,;
Vis = MRT X CLyo: (MRT, mean residence time)

Data were expressed as mean + SD. 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.

Resulis

Preparation and characterization of NKO012. NKO12 is an
SN-38-loaded polymeric micelle constructed in an aqueous milieu
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). NKO12 was obtained as a freeze-dried
formulation and contained ca. 20% (w/w) of SN-38 (Fig. 14). The
mean particle size of NK012 is 20 nm in diameter with a relatively
narrow range (Fig. 1B). The releasing rates of SN-38 from NKO12 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 ICs, values of
NKO012 for the cell lines ranged from 0.009 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
ICsp values of NKO12 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 ICs; 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 NKO12 at a dose of 7.5 mg/kg/d exerted
any significant antitumor activity in vivo. Comparison of the
relative tumor volume at day 21 revealed significant differences
between 15 mg/kg/d NKO12 and 66.7 mg/kg/d CPT-11 and
between 30 mg/kg/d NKO12 and 66.7 mg/kg/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 vivo activity
of NKO012 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, NKO012 (polymer-bound SN-38) exhibited
slower clearance (Fig. 34). The clearance of NKO012 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 tumor are depicted in Table 2.

Tumor-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 VEGEF-
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 tumors (Fig. 4B). Histologic
and immunohistochemical (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
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Polyethylene glycol
(Hydrophilic)

Figure 1. Preparation and
characterization of NK012. A, schematic
structure of NK012. A polymeric micelle
carrier of NK012 consists of a block
copolymer of PEG (molecular weight

of ~12,000) and partially modified
polyglutamate (~ 20 units). PEG
(hydrophilic) is believed to be the outer
shell and SN-38 was incorporated into the
inner core of the micelle. B, size
distribution of NK0O12 measured with the
dynamic light scattering method. The

Y axis shows relative particle size
distribution. C, release of free SN-38 from
the micelles in PBS [pH 7.3, 37°C (¢)] or
5% glucose solution [pH 4.6, 20°C (m&),
37°C (a)].
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(Fig. 4B). Deviating from the ordinary experimental tumor model,
tumors were allowed to grow until they became massive in size,
~ L5 cm (Fig. 4C), and then the treatment was initiated. NKO012 at
doses of 15 and 30 mg/kg showed potent antitumor activity against
bulky SBC-3/Neo tumors (1,533.1 * 1,204.7 mm®) as compared with
CPT-11 (Fig. 4C). Striking antitumor activity was observed in mice
treated with NKO12 (Fig. 4C) when we compared the antitumor
activity of NK012 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 NX012,
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 1, 6, and 24 hours; P < 0.05
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 NKO012 and

Cell line 1Csp (nmol/L)

SN-38 NKo12 CPT-11
WIDR 0.046 *+ 0.008 0.16 + 0.014 204 *+ 16
SwW480 0.025 £ 0.003 011 + 0.028 319 + 13
Lovo 0.0067 + 0.0012 0.026 % 0.003 724 + 1.04
HT-29 0.016 £ 0.003 0.068 + 0.007 23.1 £ 2.63
PC-14 0.044 + 0.025 0.14 £ 0.021 5.96 + 0.90
SBC-3 0.0016 + 0.001 0.0093 + 0.005 0.72 + 022
A431 0.0081 £ 0.002 0.019 + 0.007 56 + 15
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Figure 2. The effect of NK0O12 and CPT-11
against an HT-29 tumor xenograft.

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

Methods. CPT-11 at a dose of 66.7 mg/kg/d
(0), NKO12 at a dose of 7.5 mg/kg/d (),
NKO012 at a dose of 15 mg/kg/d (A), or

NKO012 at a dose of 30 mg/kg/d (@) was
administered i.v. on days 0, 4, and 8

(O, no treatment). Tumor volume in
mice treated with CPT-11 or NKO12.

Points, mean; bars, SD. *, P < 0.05.
B, treatment-related body weight loss
occurred in mice treated with CPT-11 and
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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 NKO12 exhibited
prolonged distribution in the liver and spleen (Fig. 5B). In a
similar manner to other micellar drugs (19, 23), NK012 showed
relatively 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 NKO012 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 diminishes 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 NK012 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/ks. A 14-fold higher AUC of the free SN-38 was
achieved in mice given NK012 compared with mice given CPT-11.
Prolonged circulation of NKO012 in the blood might increase the
accumulation of NKO012 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 NKO012
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 NKO012 in vivo.

B
A 1000 1000
100 100
10 ’%T 10
oy ﬁ Figure 3. Plasma and tumor concentrations
E 1 = 1 of respective analytes after an i.v.
El ® administration of CPT-11 (66.7 mg/kg)
e = 6a or NK012 (30 mg/kg) to HT-28-bearing
£ 0.1 g : nude mice. A, plasma. B, tumor.
[+ 3 ©, polymer-bound SN-38; O, free SN-38
g 0.01 3 0.01 (polymer-unbound SN-38); A, SN-38
] £ converted from CPT-11; A, CPT-11.
P-4 3
% p.001 F o001
0.0001 0.0001
0.60001+—————————— . 0.00001+— —ee———
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Test article Crmax Trmax T2z AUCa6t AUCiy ClLiot Ves MRTiast MRTin
(ng/mb) () (h) (ug /mL)  (ng /mL)  (mbivkg)  (mi/kg) (h) (h)
Plasma NKO12 P-b SN-38 =T — 314 5,000 5,010 5.99 404 6.68 6.74
P-u SN-38° 3.10 0.0833 61.7 155 15.8 — — 10.8 15.3
CPT-11 CPT-11 — — 3.08 22.1 222 3,010 5,420 1.78 1.80
SN-38 0.488 0.0833 3.76 1.10 1.11 — - 3.82 4.04
Tumor  NKO12 P-b SN-38 138 6 — 1,010 — — - 62.8 —
P-u SN-38 0.188 6 — 10.2 — — — 58.1 —
CPT-11 CPT-11 126 3 3.36 99.7 100 — — 441 4.55
SN-38 0.108 1 4.75 1.07 1.10 — — 5.20 5.92

*Polymer-bound SN-38; SN-38 remaining bound to PEG-PGlu.
T Not 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 as 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 vivo experiment to clarify the
difference in activity against SBC-3/Neo and SBC-3/VEGF tumors.
Histologic examination of SBC-3/VEGF showed hypervascularity
and prominent leakage of erythrocytes. On the other hand, SBC-3/
Neo showed hypovascularity. Our in vivo experiment showed that
NKO012 obviously enhanced its antitwmor 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 NKO012 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

Test article Analyte Time after administration (h)
0.0833 6 24 48 72 168
NKO012 P-b SN-38* Plasma (ng/mL) 612 410 254 23.3 1.25 0.278 0.0333
Tumor (ug/g) 4.99 8.00 13.8 9.95 5.90 5.03 3.58
Kp' (mL/g) 0.00815 0.0195 0.0543 0.427 472 18.1 108
P-u SN-38° Plasma (ug/mL) 3.10 1.24 0.673 0.0717 0.0127 0.00925 0.00325
Tumor {ug/g) 0.0763 0.187 0.188 0.0904 0.0531 0.0426 0.0358
Kp (mL/g) 0.0246 0.151 0.279 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.

tKp values were calculated on the mean concentrations of three mice.
tPolymer-unbound SN-38; free SN-38 from PEG-PGlu.
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Figure 4. Growth inhibitory effect of NK0O12,
SN-38, and CPT-11 on SBC-3/Neo and
SBC-3/VEGF cells. A, in in vitro experiment,
the cells were exposed to the indicated
concentrations of each drug for 72 hours.
The growth inhibition curves and 1Cg, values
for NKO12 (&), SN-38 (¢), and CPT-11 (&)
are shown. B, representative photographs of
massive tumors developed from SBC-3/Neo
and SBC-3/VEGF at the time just before
treatment initiation. Histologic (H&E, x20)
H&E and immunohistochemical (von Willebrand
factor, x20) examinations for each tumor are
shown. C, i.v. administration of NK012 or
CPT-11 was started when the mean tumor
volumes of groups reached a massive
size of 1,500 mm®. The mice were divided
into test groups (O, control; O, CPT-11
15 mg/kg/d; O, CPT-11 30 mg/kg/d;
A, NKO12 10 mgrkg/d; @, NKO12
20 mg/kg/d). NKO12 or CPT-11 was
administered i.v. on days 0, 4, and 8.
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administration of NKO12 and CPT-11. A, time profile of
free SN-38 concentration in SBC-3/Neo (@, NK012 0
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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 solid 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. NKO12 has the potential to allow the
effective sustained release of SN-38 inside a tumor following the
accurnulation 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
NKO012, ~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 iv. 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 NKO12.

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 clinical trial
for NK012 in patients with advanced solid tumors.
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