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Figure 2. Results of RT-PCR of 9 genes (PAP, REG1A, DPEEP1, SEPP1, RPL27A, ATP1B1, EEF1AL, SFN, and RPS11) in the colonocyte RNA samples
from 23 curable colorectal cancer patients and 7 healthy volunteers. We performed RT-PCR of the first 3 identified genes (PAP, REG1A, and DPEP1) in the
colonocyte RNA samples which were prepared from 23 curable colorectal cancer patients (8 Dukes stage A, 6 Dukes stage B, and 9 Dukes stage C) and 7
healthy volunteers. Next, to test the power of the 85 genes, which were identified by colonocyte gene expression profiling, we randomly selected 6 (SEPPI,
RPL27A, ATPIB1, EEF1Al, SFN, and RPS11), and performed RT-PCR on the same samples. In total, RT-PCR of those 9 genes detected 18 (78%) of the 23
cancer patients, and 9 (64%) of the 14 early cancers (Dukes stage A or B) were detected; however, the expression of all of the 7 genes was hardly detected in
the 7 healthy volunteers (upper panel). The expression level of housekeeping genes such as ACTB (B-actin) was highly varied from sample to sample (lower
panel). KNS2 encoding kinesin 2 was selected, by microarray analyses, as a gene expressed constantly in any colonocyte RNA sample; however, the
expression level was also varied. Open circles indicate positive RT-PCR product, and numbers indicate the number of the positive genes in each sample.

with Dukes stage A, 6 with Dukes stage B, and 9 with Dukes
stage C cancers; 5 were right-sided and 18 were left-sided
cancers. Twelve (52%) of the 23 cancers were positive by
RT-PCR in at least one of the 3 genes whereas no positive
gene was found in any of the healthy volunteers (Fig. 2). To
test the power of the 85 genes, which were identified by
colonocyte gene expression profiling, we randomly selected
6 (SEPP1, RPL27A, ATP1B1, EEF1Al, SEN, and RPS11).
RT-PCR of these 6 genes detected 16 (70%) of the 23 cancers
as at least positive for 1 gene whereas no positive gene was
found in any of the healthy volunteers (Fig. 2). No or a quite
low signal of all the 9 genes was found in another RT-PCR
experiment with 8 healthy volunteers (data not shown). In
total, RT-PCR of those 9 genes detected 18 (78%) of the 23
cancer patients (Fig. 2). The 18 patients detected were 4 with
Dukes stage A, 5 with Dukes stage B, and 9 with Dukes stage
C cancers; 4 were right-sided and 14 were left-sided cancers.
Therefore, 9 (64%) of the 14 early cancers (Dukes stage A
or B), which have no lymph node metastasis, and show a good
prognosis, were able to be detected. Importantly, 4/5 (80%) of
the right-sided colorectal cancers were detected, which have
been reported to be very difficult to detect by any feces-based
molecular biological method, because most right-sided cancer-
derived colonocytes are severely damaged from remaining for
a long time in the feces.

For fecal RNA-based detection of early colorectal cancer,
quantitative real-time RT-PCR is thought to hardly apply in
the colonocyte because the expression level of housekeeping
genes was highly varied from sample to sample (Fig. 2). The
expressional variation could be explained by the difference

of the physiological condition of colorectal cancer cells and
anal squamous cells isolated from the feces by FMCI. All of
the 9 genes were selected as cancer cell- or cancer patient-
derived colonocyte-specific genes. Therefore, a negative or
positive assay was thought to be sufficient for fecal RNA-
based colorectal cancer detection. Accordingly, we developed
a multiplex RT-PCR-based microarray assay for evaluating the
above RT-PCR results and for providing an effective imaging
tool for mass cancer screenings (Fig. 3). The Cy3-labeled
¢DNAs prepared by multiplex RT-PCR in a single tube were
hybridized with 9 gene sequences on a focused microarray,
which was manufactured by our previously developed Bubble
Jet Technology with a small modification (25). Hybridization
signals and the number of positive genes in the above 23 cancer
patient-derived colonocyte RNA samples and 7 healthy
volunteer-derived colonocyte RNA samples are shown in
Fig 4. In total, a high concordance was observed between the
focused microarray and RT-PCR. The focused microarray
detected 18 (78%) of the 23 cancer patients. Ten (71%) of
the 14 early cancers (Dukes stage A or B) and 4 (80%) of the
5 right-sided cancers were detected.

Discussion

Although the number of samples examined in this study is
considered to be small, the evidence suggests that these
successful results could be obtained from the high-quality of
the RNA of the colonocytes, which were isolated by FMCI.
From a practical point of view for mass cancer screenings, it
is noted that the same number of colonocytes from fecal
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Figure 3. Schematic flow diagram of a focused micoarray assay. Marker mRNAs (PAP, REGIA, DPEP1, SEPP1, RPL27A, ATP1B1, EEF1A1, SFN, and
RPS11 mRNAs) were amplified and labeled with Cy3-dUTP by multiplex-RT-PCR among total RNAs from colonocytes isolated by FMCI (step 1) and
hybridized to focused micoarray (step 2), followed by fluorescence intensity scanning (step 3).
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Figure 4. Hybridization image of focused microarray analysis and the number of positive genes in 30 colonocyte RNA samples. The Cy3-labeled cDNAs
prepared by multiplex RT-PCR in two tubes were hybridized with 9 gene sequences (PAP, REG1A, DPEPI, SEPP1, RPL27A, ATPIBI, EEFIA1, SFN, and
RPS11) on a focused microarray, which was manufactured by our previously developed Bubble Jet Technology with a small modification (25). Hybridization
signals and the number of positive genes (right) in the above 23 cancer patient-derived colonocyte RNA samples and 7 healthy volunteer-derived colonocyte
RNA samples are shown. In total, a high concordance was observed between focused microarray and RT-PCR. Ten (71%) of the 14 early cancers (Dukes
stage A or B) and 8 (89%) of 9 Dukes stage C cancers were detected by the focused microarray analysis. The number of positive genes in RT-PCR are in
parentheses (Fig. 2).
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materials 6 h to 3 days after evacuation can be obtained if the
feces are kept at 4°C (23). However, if conventional fecal RNA
preparation methods without the epithelial cell enrichment
process are used for colorectal cancer screening, we have to
consider the contamination of blood in the feces, which derives
from nonmalignant diseases. Considering the use of such
methods, to this end we further provided 56 genes, which
were expressed in the cancer patient-derived colonocytes
but not in either the healthy volunteer-derived colonocytes or
the peripheral blood mixture (Table II). This study suggests
that the fecal RNA-based method could be a promising
procedure for the detection of early or right-sided colorectal
cancers. We recently developed a very effective focused
microarray assay for detecting minimal gastric cancer cells in
peritoneal washings, demonstrating a specificity and sensitivity
equal to or better than cytology in two large specialist
hospitals with trained cytologists (26). Therefore, the focused
microarray assay could provide an effective imaging tool for
mass screening, and our extensive gene list provides useful
markers.
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Abstract

Spinal gene therapy is a promising option for freating various spinal-related disorders. Several previous studies using viral vectors reported
successful transfer of therapeutic genes into the spinal nerve system. However, because of the considerable immunogenicity related to the use of
viruses, non-viral gene transfer still needs to be developed. One possible approach is the combined use of ultrasound and echo-contrast
microbubbles. The present study shows that this method can be applied for targeted intrathecal gene delivery. We intrathecally injected a mixture
of plasmid-DNA encoded with luciferase and commercially available albumin microbubbles by needle puncture at the lower lumbar intervertebral
space in mice. Subsequent percutaneous ultrasonication on the lumbar vertebrae significantly enhanced the luciferase expression, analyzed by
imaging luciferin bioluminescence, in the dorsal meningeal cells at the insonated region. No apparent neurological damages were induced by the
present spinal interventions. In addition to the general benefits of the combined use of ultrasound and microbubbles, our approach can offer some
advantages specific to spinal gene transfection including minimal invasiveness of simple percutaneous dural puncture, targetability due to the
limited access of ultrasound waves through anatomical apertures of the vertebrae, and possible paracrine delivery of therapeutic molecules to the

spinal nerve system.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Spinal gene transfer is expected to become a promising
option for treating various spinal-related disorders including
nerve injury, degenerative diseases, neoplasm, and chronic pain
[1,2]. To date, the most widely used vehicles for gene delivery
are viral vectors. Recent animal studies using adenovirus vectors
indicated that direct spinal injection of specific growth-factor
genes achieved functional recovery after acute spinal cord injury
[3—5]. The feasibility of virus-mediated gene transfer to treat
chronic pain has been also explored using the precursor genes of
endogenous opioids [6,7]. The targeted spinal tissues for the
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opioid-gene transfer can be both meningeal and parenchyma
cells. Among the utilized viral vectors that are mostly derived
either from adenoviruses, adeno-associated viruses, herpes
simplex viruses or retroviruses [8), herpes vectors may be the
most promising for antinociceptive gene therapy because of its
high selectivity to primary afferent neurons [2,9].

Despite such experimental successes in virus-mediated gene
delivery, however, alternative non-viral transgene applications
need to be developed because the clinical use of viral vectors is
limited by such possible disadvantages as immunogenic
properties, inflammatory responses, and the difficulty of
producing large amounts of pure virus. In this context, it has
been reported recently that the emission of high-pressure
ultrasound in combination with echo-contrast agents, microbub-
bles, can facilitate gene transfection into cells [10]. Possible
explanations for the mechanisms include the production of
transient pores on the cell membranes as well as an increase in the
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membrane fluidity by impulsive pressures raised when micro-
bubbles are disrupted by ultrasound [11,12]. The combined use of
microbubbles and ultrasound for gene delivery has several
advantages including low toxicity, low immunogenicity, low
invasiveness, high target selectivity, and repeatable applicability
[11]. In the present study, we focused on spinal gene delivery and
demonstrated that percutaneous ultrasonication in combination
with intrathecal microbubbles facilitated gene transfection in
spinal meningeal cells in mice.

2. Materials and methods
2.1. Animals

The study was approved by the Animal Care Committee of
Tohoku University Graduate School of Medicine. Male inbred
BALB/c mice were purchased from the institutional breeding
facilities at 5-6 weeks of age and maintained in an antigen- and
virus-free room (221 °C, 60+ 10% relative humidity, 12h/12 h
light/dark cycle, food and water ad libitum). The mice were
studied at 7—8 weeks of age.

2.2. Plasmid DNA

pCMV-luciferase-GL3 (pcLuc-GL3: 7.4 kb) was constructed
by cloning the luciferase gene from the pGL3-Control Vector
(Promega Corp., Madison, WI, USA) into pcDNA3 (5.4 kb)
(Invitrogen, San Diego, CA, USA) at the HindIll and BamHI
sites. Plasmid DNA was purified with a QIAGEN plasmid
isolation kit (QIAGEN, Hilden, Germany) and prepared at a
final concentration of 1 mg/ml.

2.3. Intrathecal transfection of plasmid DNA

Mice were anesthetized with an intraperitoneal injection
of sodium pentobarbital (80 mg/kg) and immobilized in a prone
position on an acrylic plate. Intrathecal access was accom-
plished by percutaneous lumbar puncture through the 4/5th or
5/6th intervertebral space using a 27-gauge stainless-steel needle
according to the Hylden and Wilcox technique with modifica-
tion [13]. Dural penetration of the needle was confirmed by
inspecting tail flicks of the mice. A total volume of 10 pl
containing 5 pg plasmid and commercially available albumin-
coated octa-fluoropropane gas microbubbles (MB), Optison™
(Amersham Health, Oslo, Norway; 58 x 10%/ml, 3-4.5 1m in
diameter), in phosphate buffered saline at a final MB con-
centration either 0, 20, or 50 v/v% was then injected slowly into
the intrathecal space using a 50-pl microsyringe (Hamilton,
Bonaduz, GR, Switzerland). A mixture of the plasmid with MB
was prepared by gentle hand shaking immediately before
injection. Immediately after the intrathecal injection, the mice
were placed at a vertical position in a 37 °C water bath and
dorsally insonated for 1 min at the vertebral region that had been
injected using an ultrasound-emitting transducer (6 mm in
diameter; Fuji Ceramics Co., Fujinomiya, Japan). The ultra-
sound (US) parameters used were as follows: central frequency,
950 kHz; duty ratio, 20%; the average intensity per cross

section, 1.3 W/cm?; acoustic pressure at a standoff distance of
1 mm from the transducer surface, 0.6 MPa; energy, 2.4 J/em®.
After the insonation, the mice were dried and kept under a heat
lamp until recovery from anesthesia.

2.4. Analysis of luciferase activity

Mice were killed by neck dislocation under deep anesthesia
with isoflurane at 1, 3, 7 days after transfection of the luciferase
gene. The spinal cord was harvested en bloc at the level of the
lower thoracic to sacral region by careful dissection of the
vertebrae and placed on a dish plate. Subsequently, the tissue was
fully covered with Luciferin 30 mg in 1 ml PBS (Promega Co.,
Madison, WI, USA). Luciferin bioluminescence was immediately
quantified as the luciferase activity using an in vivo imaging
system (IVIS™, Xenogen Co., Alameda, CA, USA) [14].

2.5. Immunohistochemistry

The harvested spinal cords were preserved in 10% PFA for
4 h and then embedded in paraffin and sectioned. Sections
(4 um thickness) were evaluated for the presence of luciferase
protein by immunostaining. The sections were deparaffinized in
xylene for 5 min 3x, rehydrated through graded ethano! and
equilibrated in PBS. The sections were incubated in 3% H,0,
for 30 min to dampen endogenous peroxidase activity. They
were incubated for 30 min at room temperature with 10%
normal goat serum (Nichirei Biosciences Inc., Tokyo) to reduce
nonspecific protein binding. After a wash in PBS, the sections
were incubated with biotin-labeled rabbit anti-luciferase
antibody (0.5 g/ml) (Cortex Biochem, San Leandro, CA,
USA) overnight at 4 °C. The following day, after three washes
in PBS, immunoreactivity was detected using an anti-rabbit IgG
Histofine SAB-PO(M) kit (Nichirei Biosciences Inc., Tokyo,
Japan) and diaminobenzidine (DAB) as a chromogen according
to the manufacturer’s protocols. After color development, the
spinal cord sections were counterstained with hematoxylin and
were then dehydrated, cleared, and mounted on slides.

2.6. Assessment of post-transfectional spinal injury

2.6.1. Thermal nociception

For assessing the nociceptive responses to thermal stimuli
after the intrathecal procedure, the paw withdrawal latencies
following exposure to infra-red radiant heat were determined
[15] using a commercial device (7370-Planter Test, Ugo Basille,
Comerio, Italy) three days after the gene transfection. Mice were
placed in a clear plastic chamber (210 mm x 105 mm x 130 mm)
with a glass floor and allowed to acclimate for at least 5 min.
After the acclimation period, radiant heat was projected to the
hind paw and time count was started. The heat projection was
made through a 5 mm x 10 mm aperture in the top of a movable
case containing the radiant heat source that was positioned under
the glass floor directly beneath the paw. The radiant heat source
consisted of a high intensity projecting Halogen lamp bulb
(8 V=50 W) located 40 mm below the floor. The time count was
stopped when the mouse withdrew its paw. Mice were tested
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with three determinations each at the right and left paw and were
allowed to rest for at least 30 min between each session.

2.6.2. Rotarod

For assessing motor function after the intrathecal procedure,
mice were tested using a rotarod (IITC; Life Science Instrument,
Woodland Hills, CA, USA) three days after the gene
transfection. The rod had a diameter of 3.8 ¢cm and was
accelerated from 0 to 30 rpm over a 17.5-s period. The total time
that the mice remained on the rotarod was measured. The time
count was stopped when mice fell from the rod or when they
rotated around completely two times without walking [16].
Mice were tested with three trials and were allowed to rest for at
least 30 min between each session.

2.7. Statistical analysis

All values are expressed as mean+=SEM. Statistical analysis
for the spinal luciferase activities was performed by one-factor
analysis of variance (ANOVA) with Fisher’s protected least
significant difference test (Fisher’s PLSD) as a post-hoc
procedure. Unpaired Student-T test was used for the behavioral
evaluations. Statistical significance was defined as p<0.05.

3. Results

3.1. Effects of microbubbles and ultrasound on spinal gene
transfection

Fig. 1 shows representative views of luciferin bioluminescence
in the mouse spinal cord obtained by the imaging system (sum of
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Fig. 1. Representative image showing luciferin bioluminescence (IVIS™,
Xenogen Co., Alameda, CA, USA) in the spinal cord of BALB/c mice a day
after the intrathecal injection of plasmid DNA and microbubbles (Optison™,
Amersham Health, Oslo, Norway) followed by percutancous ulirasonication.
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Fig. 2. Plasmid-derived spinal luciferase activity represented by luciferin
bioluminescence in mice subjected to intrathecal gene delivery using ultrasound
and microbubbles. The ultrasound parameters were as follows: central fre-
quency, 950 kHz; duty ratio, 20%,; the average intensity per cross section, 1.3 W/
cm®; acoustic pressure at a standoff distance of 1-mm from the transducer
surface, 0.6 MPa; energy, 2.4 J/em?; exposure time, 1 min, (a) Treatment effects
of ultrasound and 50% microbubbles one day after the application. Combined
use of ultrasound and microbubbles significantly enhanced the gene transfection
compared to the other treatments. (b) Effects of the microbubble concentration
on the spinal gene expression. Microbubbles at concentrations of both 20 and
50% significantly enhanced the gene transfection one day after the application.
No significant difference was found between the luciferase activities in mice
treated with the two concentrations. (c) Time course of spinal gene expression
in mice treated with ultrasound and 50% microbubbles. Luciferase activity
significantly increased at 1 and 3 days after gene transfection which disappeared
by the 7th day. No statistical difference was found between the gene expression
at 1 and 3 days post-transfection. *p<0.001. n=5 in each group. US: ultrasound;
MB: microbubble (Optison).

photon counts from a region of interest at 5 min is presented). The
spinal luciferase activities determined one day after four different
treatments (DNA alone, DNA+MB, DNA-+US, and DNA+
MB+US) are shown in Fig. 2a. The concentration of MB used
was 50%. The luciferase activities in the treatments with DNA+
MB and DNA+US were as low as that with DNA alone. In
contrast, ultrasonication after the DNA+MB injection signifi-
cantly increased the luciferase activity by approximately 25 fold
compared to the other treatments (p<0.001).
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3.2. Effects of microbubble concentration on spinal gene
transfection

Fig. 2b shows the spinal luciferase activities one day after
ultrasonication with 0, 20, and 50% MB. While the treatment
with MB significantly increased the luciferase activities
(p<0.02), the difference between 20 and 50% MB was not
significant.

3.3. Time course of spinal gene expression

The spinal luciferase activities were analyzed at 1, 3, and
7 days after the intrathecal gene transfection using US and 50%
MB (Fig. 2¢). The luciferase activities significantly increased at
1 and 3 days post-transfection (p<0.02) without an intergroup
difference, and returned to a level similar to that without US (at
1 day post-treatment) after 7 days.

3.4. Histological localization of the transfected gene expression

The immunohistochemical staining revealed that luciferase
expression was mostly limited to the meningeal cells in the

.

Fig. 3. Local gene expression in mouse spinal cord after intrathecal gene
delivery using ultrasound and microbubbles. Expression of luciferase protein
was mostly limited to the dorsal meningeal cells. (a) H&E staining in coronal
sections of the lumber spinal cord. (b) Immunohistochemical localization of
luciferase (arrows). Scale bar=100 pm.
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Fig. 4. Neurological evaluations of mice obtained 3 days after gene transfection
using ultrasound and microbubbles (50%). (a) Paw-withdrawal latency
following exposure to infra-red radiant heat. Three determinations each in the
right and left hind paw were combined in each animal because the latency did
not differ between the two sides. (b) Rotarod latency that represents the total
time mice remained on the rotarod. Each mouse was tested with three trials. No
significant difference was found compared to untreated mice in either
determination. n=4 in each group. US: ultrasound; MB: microbubble (Optison).

dorsal surface of the spinal cord (Fig. 3). The expressing regions
were likely to have been the dura mater because Fig. 3b clearly
shows a positive staining for cells in a membrane structure apart
from the spinal parenchyma by the space of medullary fluid. As
the dura mater consists of two cell types, meningeal cell and
endothelial cell, the present data cannot strictly exclude the
positive staining for the endothelial cells. However, the
endothelial cells are shown to be very minor cellular
component, so that frequent staining may indicate expression
of the gene product mainly in the meningeal cells. There were
no hemorrhage or inflammatory findings in the sections.

3.5. Paw-withdrawal and rotarod latencies

Fig. 4 shows the averaged paw-withdrawal (Fig. 4a) and
rotarod latencies (Fig. 4b) in untreated and transfected (DNA +
50% MB+US) mice. Since the withdrawal latencies were not
different between the right and left paw (data not shown), the
data were combined in each animal. The determinations
revealed no significant difference in the paw-withdrawal or
rotarod latencies between the two groups, indicating that the
present intervention did not affect the sensory and motor
neurologic functions of the mice.

4, Discussion

The present study clearly demonstrated that percutaneous
ultrasonication on an intrathecally administered mixture of
plasmid-DNA and Optison facilitated the transfection of
luciferase genes into the spinal meningeal cells in mice. No
significant deficit was observed either in the sensory or motor
neurologic functions after the procedures. In addition to the
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general benefits of the combined use of ultrasound and
microbubbles, our approach offers some advantages specific
to spinal gene transfection. First, it requires only intrathecal
needle access and percutaneous sonication that have been
widely accepted in the clinical practice. Although a relatively
short duration of gene expression (<7 days) was observed
(Fig. 2c¢), the minimal invasiveness of the present surgical
interventions would permit repetitive gene delivery into the
spinal cord. Second, the intervertebral foramina and spaces
would provide highly selective anatomical windows for
ultrasound access while the vertebral bony structures would
protect the spinal cord from possible excessive sonication.
Although spotty gene expressions in the insonated regions
would not be obvious in animals as small as the mice used in
this study (Fig. 1), it can be expected that an ultrasound beam
could reach the regions of the dorsal roots or the dorsal horns at
targeted vertebral levels through the boneless apertures in large
animals including human. This can be especially promising for
transferring antinociceptive genes. Third, gene transfer into
meningeal cells (Fig. 3) may be useful for topical delivery of
bioactive substances into the CSF or adjacent spinal parenchy-
ma while avoiding direct genetic modulation of parenchyma
cells. Transgene-derived peptides such as growth factors,
neuropeptides, or endogenous opioids that are secreted from
meningeal cells would act in a paracrine manner on neurons and
glias in the near vicinity, circumventing pharmacological
problems related to the short half-life of the peptides or the
need for high doses to achieve biological activity that could
result in undesirable side effects.

Spinal gene therapy can be expected to be a promising
approach to treat various spinal-related disorders. In previous
animal studies, the delivery of therapeutic genes into the spinal
nerve system has been mostly achieved using viral vectors [8].
However, because of the considerable disadvantages involved
in using viral vectors, the development of alternative non-viral
transgene techniques is needed. Cationic reagents such as
cationic liposomes [17] have been developed for non-viral gene
transfection. Achieving the efficient delivery of such molecules,
however, to the spinal cord includes inherent difficulties. First,
intrathecal injection induces diffusion of reagents into the
cerebral spinal fluid (CSF), resulting in lack of target specificity.
Second, since the CSF continuously circulates and replaces, a
constant concentration of reagents for necessary transfection to
a specific site would not be achieved. Ultrasound gene therapy
is an alternative non-viral approach [18]. The insufficient
transfection efficiency of simple ultrasonication can be
improved by the combined use of echo-contrast microbubbles
[11]. The use of ultrasound with microbubbles, which enables
non-invasive, tissue-specific gene delivery, has received much
interest and enhanced gene transfer has been reported in various
animal tissues in vivo including heart [19], peripheral arteries
[20], skeletal muscles [21], and brain [22]. Very recently,
Shimamura et al. reported successful gene transfer into the rat
spinal cord using ultrasound and microbubbles [23]. The
authors intrathecally injected naked luciferase DNA with
Optison through the 4/5th lumbar intervertebral space and
applied sonication directly on the thoracic dural sac by

removing the dorsal part of the 9-10th thoracic vertebra,
which resulted in the enhanced expression of luciferase in the
meningeal cells in the insonated region. In contrast, we
accomplished transgene expression in the meningeal cells by
intrathecal injection of luciferase DNA with Optison through the
lower lumbar intervertebral space, as in their study, but then
employed simple transcutaneous insonation at the same lumbar
region without surgical exposure of the dura. The lower
invasiveness in our methodology would seem to be more
clinically useful. Interestingly, the duration of transgene
expression was consistently as short as a week in both studies.
Although Shimamura et al. described that the short expression
of transgene by single transfection would be acceptable to treat
acute spinal cord trauma [23], the repeated applicability due to the
lower invasiveness in the present study could enable treatments
for chronic ailments. In fact, we have recently shown that
successive gene expression was obtained by repeat transfection
using the present ultrasound—microbubble technique [24].
Nonetheless, since gene expression for longer than 3 weeks was
previously achieved by spinal electroporation via an intrathecal
electrode catheter in rat meningeal cells [25,26], the present
ultrasound—microbubble approach has the potential for method-
ological improvement to prolong the duration of transgene
expression by optimizing acoustic parameters such as intensity,
duty ratio, frequency, and spatial pressure distribution [12] and
changing the membrane properties of microbubbles [27].

The present acoustic parameters were relatively consistent
with those reported in previous studies in which ultrasound and
Optison were safely used for transferring genes into nervous
tissues [22,23]. Consistent with those studies, we did not find
macroscopic injuries in the skin or muscles, microscopic
damage in the spinal cord, or significant deficits in the spinal
neurological functions. In addition, the present neurological
tolerance may be alternatively explained by a characteristic of
our approach, namely that the intact vertebral bony structures
surrounding the intervertebral apertures limited excessive
sonication of the spinal cord. Nonetheless, further optimization
of the ultrasound parameters will improve the safeness of
sonication on nervous tissues. The physical conditions of the
microbubbles used in this study are additional issues to be
discussed. First, although we evaluated only the usefulness of
Optison, the possible utility and safety of microbubbles other
than Optison (e.g. lipid microbubbles) for intrathecal gene
transfer remains to be explored. Second, we should note that
Optison at a concentration as high as 50% was used in most
series of the present experiments. The reasons for this were that
a trend of higher transfection efficacy was observed in the 50%
group (but ns vs. 20% groups, Fig. 2b) and that no apparent
neurological damage was observed in the transfected mice
(Fig. 4). However, earlier studies [22,23] successfully used
Optison at concentrations of 20-25% for intrathecal gene
delivery in rats. It seems reasonable that intrathecal micro-
bubbles at lower concentrations would induce fewer adverse
effects while enabling an increase in the relative content of
plasmid DNA in a limited volume of mixture. Therefore, it is
possible that the concentration of microbubbles for intrathecal
injection could be further optimized. The authors finally note
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that the functional expressions of genes transfected into the
spinal nerve system have not yet been examined. Further efforts
using genes that are encoded with neurobioactive peptides are
clearly needed to investigate the clinical usefulness of the
present ultrasound—microbubble approach.

In conclusion, we demonstrated that simple percutaneous
ultrasonication on intrathecally administered plasmid DNA and
echo-contrast microbubbles enhanced the gene transfer into
spinal meningeal cells in mice. The present approach can
provide some advantages specific to spinal gene therapy
including minimal invasiveness, regional targetability, and
possible paracrine delivery of therapeutic molecules to the
spinal nerve system. Studies including functional assessments
of therapeutic gene transfer as well as the application of the
techniques in larger animals will further clarify the feasibility of
the present ultrasound—microbubble method in spinal gene
therapy.
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Abstract

Tumour-targeted delivery of therapeutic agents is a longstanding pharmacological goal to improve selectivity and Therapeutic
Index. Most scientists have sought to use ‘active’ receptor-mediated tumour-targeting systems, however the “passive’ targeting
afforded by the Enhanced Permeability and Retention (EPR) effects provides a versatile and non-saturable opportunity for
tumour-selective delivery. Polymeric micelles are ideally suited to exploit the EPR effect, and they have been used for the
delivery of a range of anticancer drugs in preclinical and clinical studies. Here I overview some of the more important
approaches, assessing usefulness and seeking to identify the most promising ways to apply the phenomenon of passive

targeting for improved clinical outcome.

Keywords: Micelles, anticancer agent, EPR effect, clinical trial

Preface

Several problems of anticancer agents are recognized,
such as their low therapeutic indices and limited
efficacy due to the nonselective nature of their
therapeutic targets and their inability to accumulate
selectively in cancer tissues. Therefore, it would be
desirable to develop modalities by which cytotoxic
drugs can be selectively targeted to tumour tissues and
allowed to act effectively on only the cancer cells in the
tumor. The role of drug delivery systems (DDS) has
drawn attention in this context. DDS could be used
for active or passive targeting of tumor tissues. The
former refers to the development of monoclonal
antibodies directed against tumour-related molecules
that allow targeting of the tumour, because of specific
binding between the antibody and its antigen.
However, the application of DDS using monoclonal
antibodies is restricted to tumours expressing high
levels of related antigens.

About a quarter of a century ago, after training as a
surgeon, I started my career in the field of DDS under
the supervision of Prof. Maeda. We made intensive
efforts to ascertain the mechanism of accumulation

of macromolecules in solid tumours. Finally, we
succeeded in publishing the first paper, in 1986, on
the enhanced permeability and retention (EPR) effect
(Matsumura and Maeda 1986). Passive targeting is
based on this EPR effect. The EPR effect is based on
the pathophysiological characteristics of solid tumour
tissues: hypervascularity, incomplete vascular archi-
tecture, secretion of vascular permeability factors
stimulating extravasation within cancer tissue, and
absence of effective lymphatic drainage from tumours
that impedes the efficient clearance of macromol-
ecules accumulated in solid tumour tissues.

Several techniques to maximally use the EPR effect
have been developed, e.g. modification of drug
structures and development of drug carriers. Poly-
meric micelle-based anticancer drugs were originally
developed by Prof. Kataoka et al. in late the 1980’s or
early 1990’s (Yokoyama et al. 1990; 1991a, b, c;
Kataoka et al. 1993). Polymeric micelles were
expected to increase the accumulation of drugs in
tumour tissues utilizing the EPR effect and to
incorporate various kinds of drugs into the inner
core by chemical conjugation or physical entrapment
with relatively high stability. The size of the micelles
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can be controlled within the diameter range of
20-100nm, to ensure that the micelles do not pass
through normal vessel walls; therefore, a reduced
incidence of the side effects of the drugs may be
expected due to the decreased volume of distribution.

In this chapter, polymeric micelle systems for which
clinical trials are now underway are reviewed.

NK105, paclitaxel-incorporating micellar
nanoparticle

Paclitaxel (PTX) is one of the most useful anticancer
agents known for various cancers, including ovarian,
breast and lung cancers (Carney 1996; Khayat et al.
2000). However, PTX has serious adverse effects, e.g.
neutropenia and peripheral sensory neuropathy.
In addition, anaphylaxis and other severe hypersensi-
tive reactions have been reported to develop in 2-4%
of patients receiving the drug even after premedication
with antallergic agents; these adverse reactions have
been attributed to the mixture of Cremophor EL and
ethanol which was used to solubilize PTX (Weiss et al.
1990; Rowinsky and Donehower 2003). Of the
adverse reactions, neutropenia can be prevented or
managed effectively by administering a granulocyte
colony-stimulating factor. On the other hand, there
are no effective therapies to prevent or reduce nerve
damage which is associated with peripheral neuro-
pathy caused by PTX; therefore, neurotoxicity
constitutes a significant dose-limiting toxicity (DLT)
of the drug (Rowinsky et al. 1993; Wasserheit et al.
1996).

Preparation and characterization of NK105

To construct NKI105 micellar nanoparticles
(Figure 1), block copolymers consisting of polyethy-
lene glycol (PEG) and polyaspartate, so-called PEG-
polyaspartate described previously (Yokoyama et al.
1990; 1991a, b, c; Kataoka et al. 1993), were used.
PTX was incorporated into polymeric micelles formed
by physical entrapment utilizing hydrophobic inter-
actions between PTX and the block copolymer
polyaspartate chain. After screening of many candi-
date substances, 4-phenyl-1-butanol was employed

PEG outer shell

block copolymer

/\/\/
PEG P(Asp)

® PTX

Hydrophobi inner core

Figure 1. Preparation and characterization of NK105. The
micellar structure of NK105 PTX was incorporated into the inner
core of the micelle.

for the chemical modification of the polyaspartate
block to increase its hydrophobicity. Treating with a
condensing agent, 1,3-diisopropylcarbodiimide, the
half of carboxyl groups on the polyaspartate were
esterified with 4-phenyl-1-butanol. Molecular weight
of the polymers was determined to be approximately
20,000, (PEG block: 12,000; modified polyaspartate
block: 8000). NK105 was prepared by facilitating
the self-association of NK105 polymers and PTX.
NK105 was obtained as a freeze-dried formulation
and contained ca. 23% (w/w) of PTX, as determined
by reversed-phase liquid-chromatography using an
ODS column with mobile phase consisting of
acetonitrile and water (9:11, v/v) and detection of
ultraviolet absorbance at 227 nm. Finally, NK105, a
PTX-incorporating polymeric micellar nanoparticle
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.

Pharmacokinetics and pharmacodynamics of NK105

Colon 26-bearing CDF1 mice were given a single iv
injection of PTX 50 or 100 mg/kg, or of NK105 at an
equivalent dose of PTX. Subsequently, the time-
course changes in the plasma and tumour levels of
PTX were determined in the PTX and NKI105
administration groups; furthermore, the pharmacoki-
netic parameters of each group were also determined.
NK105 exhibited slower clearance from the plasma
than PTX, while NK105 was present in the plasma for
up to 72 h after injection; PTX was not detected after
24 h or later of injection. The plasma concentration at
5 min (Cs i) and the AUC of NK105 were 11- to 20-
fold and 50- to 86-fold higher for NK105 than for
PTX, respectively. Furthermore, the half-life at the
terminal phase (7;,2) was 4—6 times longer for
NK105 than for PTX. The maximum concentration
(Caxw) and AUC of NK105 in Colon 26 tumours were
approximately 3 times and 25 times higher for NK105
than for PTX, respectively. NK105 continued to
accumulate in the tumours until 72h after injection.
The tumour PTX concentration was higher than
10 pg/g even at 72 h after the intravenous injection of
NK105 50 and 100 mg/kg. By contraries, the tumour
PTX concentrations at 72h after the intravenous
administration of free PTX 50 and 100 mg/kg were
below detection limits and less than 0.1 pg/g,
respectively.

In vivo antitumour activicy

BALB/c mice bearing s.c. HT-29 colon cancer
tumours showed decreased tumour growth rates
after the administration of PTX and NKI105.
However, NK105 exhibited superior antitumour
activity as compared with PTX (P < 0.001). The



antitumour activity of NK105 administered at a PTX-
equivalent dose of 25 mg/kg was comparable to that
obtained after the administration of free PTX
100 mg/kg. Tumour suppression by NK105 increased
in a dose-dependent manner. Tumours disappeared
after the first dosing to mice treated with NK105 at
a PTX-equivalent dose of 100mg/kg, and all mice
remained tumour-free thereafter. In addition, less
weight loss was induced in mice which were given
NK105 100 mg/kg than in those which were given the
same dose of free PTX.

Neurotoxicity of PTX and NK105

Treatment with PTX has resulted in cumulative
sensory-dominant peripheral neurotoxicity in
humans, characterized clinically by numbness and/or
paraesthesia of the extremities. Pathologically, axonal
swelling, vesicular degeneration, and demyelination
were observed. We, therefore, examined the effects of
free PTX and NK105 using both electrophysiological
and morphological methods.

Prior to drug administration, there were no significant
differences in the amplitude of caudal sensory nerve
action potential (caudal SNAP) between two drug
administration groups. On day 6 after the last dosing
(at week 6), the amplitude of the caudal SNAP in the
control group increased in association with rat
maturation. The amplitude was significantly smaller in
the PTX group than in the control group (P < 0.01),
while the amplitude was significantly larger in the
NK105 group than in the PTX group (P < 0.05) and
was comparable between the NK105 group and the
control group (Figure 2). Histopathological examin-
ation of longitudinal paraffin-embedded sections of the
sciatic nerve 5 days after the sixth weekly injection
revealed degenerative changes. The NK105 adminis-
tration group showed only a few degenerative myeli-
nated fibers in contrast to the PTX administration
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Figure 2. Effects of PTX or NK105 on the amplitude of rat caudal
sensory nerve action potentials as examined 5 days after weekly
injections for 6 weeks. Rats (n = 14) were injected with NK105 or
PTX at a PTX-equivalent dose of 7.5 mg/kg. About 5% glucose was
also injected in the same manner to animals in the control group.
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group which indicated markedly more numerous
degenerative myelinated fibers.

Clinical study

A phase I study was designed to determine maximum
tolerated dose (MTD), DLTs, the recommended dose
(RD) for phase II and the pharmacokinetics of NK105
(Kato et al.).

NK105 was administered by l-hour intravenous
infusion every 3 weeks without anti-allergic premedi-
cation. The starting dose was 10mg PTX equiva-
lent/m?, and dose escalated according to the
accelerated titration method. To date, 17 patients
(pts) have been treated at the following doses:
10mg/m?® (n=1); 20mg/m? (#=1); 40mg/m?
(n=1); 80mg/m? (n=1); 110mg/m? (n=3);
150 mg/m? (n = 5); 180 mg/m? (n = 5). Tumor types
treated have included: pancreatic (n = 9), bile duct
(n =5), gastric (n= 2), and colon (n = 1). Neutro-
penia has been the predominant hematological
toxicity and grade 3 or 4 neutropenia was observed
in pts treated at 110, 150 and 180 mg/m?. One patient
at 180 mg/m? developed grade 3 fever. No other grade
3 or 4 non-hematological toxicity including neuro-
pathies was observed. DLT's were observed in pts with
at the 180 mg/m? (grade 4 neutropenia lasting for
more than 5 days), which was determined as MTD.
Allergic reactions were not observed in any of the
patients except one patient at the 180 mg/m?. A partial
response was observed in one pancreatic cancer pt
who received more than 12 courses of NK105
(Figure 3). Despite of the long time usage, only
grade 1 or 2 neuropathy was observed by modifying
the dose or period of drug administration. Colon and
gastric cancer pts experienced stable disease lasting 10
and 7 courses, respectively. The G, and AUC of
NK105 showed dose-dependent characteristics. The
plasma AUC of NK105 at 180 mg/m? was approxi-
mately 30-fold higher than that of commonly-used
paclitaxel formulation.

Accrual is ongoing at the 150 mg/m?® dose level to
determine RD. DLT was grade 4 neutropenia. NK105
generates prolonged systemic exposure to PTX in
plasma. Tri-weekly 1-hour infusion of NK105 was
feasible and well tolerated, with antitumor activity in
pancreatic cancer pt. NK105 is planning to be
evaluated in Phase II studies of patients with
pancreatic, gastric, or ovarian cancer.

NC-6004, cisplatin-incorporating micellar
nanoparticle

Cisplatin  [cis-dichlorodiammineplatinum  (II):
CDDP] is a key drug in the chemotherapy for
cancers, including lung, gastrointestinal, and geni-
tourinary cancer (Roth 1996; Horwich et al. 1997).
However, we often find that it is necessary to
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Figure3. Serial CT scans. (A) A 60-year-old male with pancreatic cancer who was treated with NK105 at a dose level of 150 mg/m?. Baseline
scan (upper panels) showing multiple metastasis in the liver. Partial response, characterized by a more than 90% decrease in the size of the liver
metastasis (lower panels) compared with the baseline scan. The antitumor response was maintained for nearly 1 year.

discontinue treatment with CDDP due to its adverse
reactions, e.g. nephrotoxicity and neurotoxicity,
despite its persisting effects (Pinzani et al. 1994).
Platinum analogues, e.g. carboplatin and oxaliplatin
(Cleare et al. 1978), have been developed to date to
overcome these CDDP-related disadvantages. Con-
sequently, these analogues are becoming the standard
drugs for ovarian cancer (du Bois et al. 2003) and
colon cancer (Cassidy et al. 2004). However, those
regimens including CDDP are considered to consti-
tute the standard treatment for lung cancer, stomach
cancer, testicular cancer (Horwich et al. 1997), and
urothelial cancer (Bellmunt et al. 1997). Therefore,
the development of a DDS technology is anticipated,
which would offer the better selective accumulation of
CDDP into solid tumours while lessening its
distribution into normal tissue.

Preparation and characterization of NC-6004

NC-6004 were prepared according to the slightly
modified procedure reported by Nishiyama et al.
(2003) (Figure 4). NC-6004 consists of PEG,
a hydrophilic chain which constitutes the outer shell
of the micelles, and the coordinate complex of
poly(glutamic acid) (P(Glu)) and CDDP, a polymer-
metal complex-forming chain which constitutes the
inner core of the micelles. The molecular weight
of PEG-P(Glu) as a sodium salt was approximately
18,000 (PEG: 12,000; P(Glu): 6000). The CDDP-
incorporated polymeric micelles were clearly discrimi-
nated from typical micelles from amphiphilic block
copolymers. The driving force of the formation of the

CDDP-incorporated micelles is the ligand substitution
of platinum(II) atom from chloride to carboxylate in
the side chain of P(Glu). The molar ratio of CDDP to
the carboxyl groups in the copolymers was 0.71
(Nishiyama et al. 2003). A narrowly distributed size
of polymeric micelles (30nm) was confirmed by the
dynamic light scattering (DLS) measurement. Also, the
static light scattering (SL.S) measurement revealed that
the CDDP-loaded micelles showed no dissociation
upon dilution and the CMC was less than 5 X 1077,
suggesting remarkable stability compared with typical
micelles from amphiphilic block copolymers
(Nishiyama et al. 2003). It is assumed that the
interpolymer cross-linking by Pt(II) atom might
contribute to stabilization of the micellar structure.

The release rates of CDDP from NC-6004 were
19.6 and 47.8% at 24 and 96h, respectively. In
distilled water, furthermore, NC-6004 was stable
without releasing cisplatin.

Pharmacokinetics and pharmacodynamics

FAAS could measure serum concentrations of platinum
up to 48h after i.v. injection of NC-6004 but could
measure them only up to 4 hafteri.v. injection of CDDP.
NC-6004 showed a very long blood retention profile as
compared with CDDP, The AUC,_, and C,,,, values
were significantly higher in animals given NC-6004 than
in animals given CDDP, namely, 65-fold and 8-fold,
respectively, (P <0.001 and 0.001, respectively).
Furthermore, the CL,,, and Vss values were significantly
lower in animals given NC-6004 than in animals given



Cisplatin-Polymer Complex

Anticancer drug-incorporated polymeric micelles 511

PEG-Poly (sodium-L-giutamate) block
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Figure 4. Preparation and characterization of cisplatin-incorporating polymeric micelles (NC-6004). Chemical structures of cisplatin
(CDDP) and polyethylene glycol poly(glutamic acid) block copolymers [PEG-P(Glu) block copolymers], and the micellar structures of

CDDP-incorporating polymeric micelles (NC-6004).

CDDP, i.e. one-nineteenth and one-seventy fifth,
respectively, (P < 0.01 and 0.01, respectively).

Regarding the concentration—time profile of plati-
num in various tissues after i.v. injection of CDDP or
NC-6004, all organs measured exhibited the highest
concentrations of platinum within 1h after adminis-
tration in all animals given CDDP. Furthermore,
animals given NC-6004 exhibited the highest tissue
concentrations of platinum in the liver and spleen at
late time points (24 and 48h after administration,
respectively). However, the concentrations decreased
on day 7 after administration. In addition, and in a
similar manner to other drugs, which are incorporated
in polymeric carriers, NC-6004 demonstrated accumu-
lation in organs of the reticuloendothelial system, e.g.
liver and spleen. At 48h after administration, tissue
concentrations of platinum in the liver and spleen were
4.6- and 24.4-fold higher for NC-6004 than for CDDDP.
On the other hand, a marked increase in tissue
platinum concentration was observed immediately
after administration in the kidneys of animals given
CDDP. Renal platinum concentration at 10 min and
1 h after administration were 11.6- and 3.1-fold lower,
respectively, in animals given NC-6004 than in animals
given CDDP. Furthermore, the maximum concen-
tration (Cp,.,) in the kidney was 3.8-fold lower at the
time of NC-6004 administration than at the time of
CDDP administration.

Regarding the tumour accumulation of platinum,
tumour concentrations of platinum peaked at 10 min
after administration of CDDP. On the other hand,
tumour concentrations. of platinum peaked at 48h
after administration of NC-6004. The maximum
concentration (Cp,,,) in tumour was 2.5-fold higher
for NC-6004 than for CDDP (P < 0.001). Further-
more, the tumour AUC was 3.6-fold higher for NC-
6004 than for CDDP (81.2 and 22.6 pg/mlh in
animals given NC-6004 and CDDP, respectively).

In vivo antitumour activiry

BALB/c nude mice implanted with a human gastric
cancer cell line MKN-45 showed decreased tumour
growth rates after i.v. injection of CDDP and NC-6004.
In the administration of CDDP, the CDDP 5 mg/kg
administration group showed a significant decrease
(P < 0.01) in tumour growth rate as compared with the
control group. However, the NC-6004 administration
groups at the same dose levels as CDDP showed no
significant difference in tumour growth rate. Regarding
time-course changes in body weight change rate, the
CDDP 5 mg/kg administration group showed a signifi-
cant decrease (£ < 0.001) in body weight as compared
with the control group. On the other hand, NC-6004
administration group did not show a decrease in body
weight as compared with the control group.
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Nephrotoxiciry of CDDP and NC-6004

In the CDDP 10 mg/kg administration group, 4 of 12
rats died from toxicity within 7 days after drug
administration. No deaths occurred in the NC-6004
10 mg/kg administration group. Regarding renal
function, the BUN concentrations on day 7 after the
administration of 5% glucose, CDDP 10 mg/kg, and
NC-6004 10 mg/kg were 20.8 * 3.0, 65.3 *+ 44.4 and
20 + 4.5 mg/dl, respectively. The plasma concen-
trations of creatinine on day 7 after the administration
of 5% glucose, CDDP 10mg/kg, and NC-6004
10mg/kg were 0.27 = 0.03, 0.68 £ 0.23 and
0.28 * 0.04mg/dl, respectively. The CDDP
10 mg/kg administration group showed significantly
higher plasma concentrations of BUN and creatinine
as compared with the control group (P < 0.05 and
0.001, respectively), with the NC-6004 10mg/kg
administration group (P < 0.05 and 0.001, respect-
ively) (Figure 5). Light microscopy indicated tubular
dilation with flattening of the lining cells of the tubular
epithelium in the kidney from all animals in the
CDDP 10 mg/kg administration group. On the other
hand, no histopathological change was observed in the
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kidneys from all animals in the NC-6004 10 mg/kg
administration group.

Neurotoxicity of CDDP and NC-6004

Neurophysiological examination revealed that motor
nerve conduction velocities (MNCVs) in animals
given 5% glucose, CDDP, and NC-6004 were
44.2 +3,5, 40.94 * 5,08 and 40.62 * 0.63m/s,
respectively. No significant difference was found
among the groups with respect to MNCV. Further-
more, sensory nerve conduction velocities (SNCVs) in
animals given 5% glucose, CDDP, and NC-6004 were
42.86 *+ 8.07, 35.48 £4.91 and 43.74 £ 5.3m/s,
respectively. Animals given NC-6004 showed no
delay in SNCV as compared with animals given 5%
glucose. On the other hand, animals given CDDP
showed a significant delay (P < 0.05) in SNCV as
compared with animals given NC-6004 (Figure 6).
The analysis by ICP-MS on sciatic nerve concen-
trations of platinum could not detect platinum in
the sciatic nerve from animals given 5% glucose (data
not shown). Sciatic nerve concentrations of platinum
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Figure 5. Nephrotoxicity of CDDP and NC-6004. Plasma concentrations of blood urea nitrogen (BUN) and creatinine were measured after
a single i.v. injection of 5% glucose (# = 8), CDDP at a dose of 10 mg/kg (n = 12), NC-6004 at a dose of 10 mg/kg (7 = 13) on a CDDP basis.

Nurotoxicity of CDDP and NC-6004 in rats

m/s

Cont. CDDP CDDP/m  Cont. CDDP CDDP/m
MNCV SNCV

1600
1400
1200
1000 T
800
600
400
200

Pt ng/gtissue

CDDP

NC-6004

Figure 6. Neurotoxicity of CDDP and NC-6004 in rats. Rats (n = 5) were given CDDP (2 mg/kg), NC-6004 (an equivalent dose of 2 mg/kg
CDDP), or 5% glucose, all intravenously twice a week, 11 administrations in total. Sensory nerve conduction velocity (SNCV) and motor
nerve conduction velocity (MNCV) of the sciatic nerve at week 6 after the initial administration. The platinum concentration in the sciatic
nerve. Rats were given CDDP (5 mg/kg, n=5), NC-6004 (an equivalent dose of 5mg/kg CDDP, n = 5), or 5% glucose (n= 2), all
intravenously twice a week, four administrations in total. On day 3 after the final administration, a segment of the sciatic nerve was removed
and the platinum concentration in the sciatic nerve was measured by ICP-MS. The data are expressed as the mean * SD *P < 0.05.



in animals given CDDP and NC-6004 were
827.2 + 291.3 and 395.5 = 73.1 ng/g tissue. There-
fore, the concentrations were significantly (P < 0.05)
lower in animals given NC-6004. This finding is
believed to be a factor which reduced neurotoxicity
following NC-6004 administration as compared with
the CDDP administration.

Present situation of a clinical study of NC-6004

A phase 1 clinical trial of NC-6004 is now under way
in United Kingdom. Starting dose of NC-6004 was
10 mg/m?®. NC-6004 was administered once every 3
weeks with only 1000 ml water loading. In Japan, a
phase 1 trial will be stared soon in the National Cancer
Center Hospital.

NKO012, SN-38-incorporating micellar
nanoparticle

The antitumor plant alkaloid camptothecin (CPT) is a
broad-spectrum anticancer agent which targets the
DNA topoisomerase 1. Although CPT has showed
promising antitumor activity i virro and in vivo (Gallo
et al. 1971; Li et al. 1972), it has not been used
clinically because of its low therapeutic efficacy and
severe toxicity (Gottlieb et al. 1970; Muggia et al.
1972). Among CPT analogs, irinotecan hydrochloride
(CPT-11) has recently been demonstrated to be active
against colorectal, lung, and ovarian cancer (Cunning-
ham et al. 1998; Saltz et al. 2000; Noda et al. 2002,
Negoro et al. 2003; Bodurka et al. 2003). CPT-11
itself is a prodrug and is converted to 7-ethyl-10-
hydroxy-CPT (SN-38), a biologically active metab-
olite of CPT-11, by carboxylesterases (CEs). SN-38
exhibits up to 1000-fold more potent cytotoxic activity
against various cancer cells in virro than CPT-11
(Takimoto and Arbuck 2001). Although CPT-11 is
converted to SN-38 in the liver and tumor, the
metabolic conversion rate is less than 10% of the
original volume of CPT-11 (Rothenberg et al. 1993;
Slatter et al. 2000). In addition, the conversion of
CPT-11 to SN-38 depends on the genetic inter-
individual variability of CE activity (Guichard et al.
1999). 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.

Preparation and characterization of NK0O12

NKO12 is an SN-38-loaded polymeric micelle con-
structed 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
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determined to be approximately 19,000 (PEG
segment: 12,000; SN-38-conjugated PGlu segment:
7000). NKO012 was obtained as a freeze-dried
formulation and contained ca. 20% (w/w) of SN-38
(Figure 7). The mean particle size of NK012 is 20 nm
in diameter with a relatively narrow range. The
releasing rates of SN-38 from NKO012 in phosphate
buffered saline at 37°C were 57 and 74% at 24 and
48 h, respectively, and that in 5% glucose solution at
37°C were 1 and 3% at 24 and 48h, respectively.
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 NKO12 is stable before
administration and starts to release SN-38, the active
component, under physiological conditions after
administration.

Cellular sensitivity of NSCLC and colon cancer cells
to SN-38, NK012, and CPT-11

The ICsq values of NKO12 for the cell lines ranged
from 0.009 M (Lovo cells) to 0.16 pM (WiDR cells).
The growth-inhibitory effects of NK012 are 43-340
fold more potent than those of CPT-11, whereas the
ICs5q values of NKO012 were 2.3~5.8 fold higher than
those of SN-38.NKO012 exhibited a higher cytotoxic
effect against each cell line as compared with CPT-11
(X 43-340 fold sensitivity). On the other hand, the
1Cs5 values of NKO12 were a little higher than those of
SN-38, similar to the cytotoxic feature also reported in
a previous study about micellar drugs (Uchino et al.
2005).

Pharmacokinetic analysis of NK012 and CPT-11 using
HT-29-bearing nude mice

After injection of CPT-11, the concentrations of CPT-
11 and SN-38 for plasma declined rapidly with timein a
log-linear fashion. On the other hand, NKO012 (poly-
mer-bound SN-38) exhibited slower clearance. The
clearance of NKO012 in the HT-29 tumor was
significantly slower and the concentration of free SN-
38 was maintained at more than 30ng/g even at 168
after injection.

Anti-tumor activity and the distribution of NK012
and CPI-11 in SBC-3/Neo or SBC-3/VEGF tumors

In order to determine whether the potent antitumor
effect of NKO012 is enhanced in the tumors with high
vascularity, we used vascular endothelial growth factor-
secreting celis SBC-3/VEGFE. There was no significant
difference in the in vitro cytotoxic activity of each drug
between SBC-3/Neo and SBC-3/VEGF. Gross findings
of SBC-3/VEGF tumors are reddish as compared with
SBC-3/Neo tumors. Deviating from the ordinary
experimental tumor model, tumors were allowed to
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(Hydrophilic)

Modified ployglutamate
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Figure 7.

Schematic structure of NK012. A polymeric micelle carrier of NK012 consists of a block copolymer of PEG (molecular weight of

about 5000) and partially modified polyglutamate (about 20 unit). Polyethylene glycol (hydrophilic) is believed to be the outer shell and SN-

38 was incorporated into the inner core of the micelle.

grow until they became massive in size, around 1.5 cm
(Figure 8), and then the treatment was initiated. NK012
at doses of 15 and 30 mg/kg showed potent anti-tumor
activity against bulky SBC-3/Neo tumors (1533.1 =

1204.7mm>) as compared with CPT-11 (Figure 8).
Striking antitumor activity was observed in mice treated

SBC-3/Neo

6.000

4.000

Tumor volume (mm?; axb?/2)

Figure 8.

with NKO012 (Figure 8) when we compared the
antitumor activity of NK012 with CPT-11 using SBC-
3/VEGF cells. SBC-3/VEGF bulky masses (1620.7 =

834.0 mm?) disappeared in all mice, although relapse 3
months after treatment was noted in one mouse treated
with NKO012 20 mg/kg (Figure 8). On the other hand,

SBC-3/VEGF

Tumor volume (mm3; abe/Z)

25

Day
+

Intravenous administration of NKO012 or CPT-11 was started when the mean tumor volumes of groups reached a massive

1500 mm>. The mice were divided into test group (CJ: control; [J: CPT-11 20 mg/kg/day; (1: CPT-11 40 mg/kg/day; A: NKO12 15 mg/kg/day;
and [J: NK012 30 mg/kg/day). NK012 or CPT-11 was administered i.v. on days 0, 4 and 8. Each group consisted of 4 mice. *P < 0.05.



SBC-3/VEGF were not eradicated and rapidly regrew
after a partial response in mice treated with CPT-11.
Approximate 10% body weight loss was observed in
mice treated with NK012 20 mg/kg, but no significant
difference was observed in comparison with mice
treated with CPT-11 30 mg/kg.

We then examined the distribution of free SN-38 in
the SBC-3/Neo and SBC-3/VEGF masses after
administration of NKO012 and CPT-11. In the case
of CPT-11 administration, the concentrations at 1 and
6h after the administration were less than 100ng/g
both in the SBC-3/Neo and SBC-3/VEGF tumors,
and were almost negligible at 24h in both tumors.
There was no significant difference in the concen-
tration 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 72h 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, 24h. *P < 0.05).

Tissue distribution of SN-38 after administration
of NKO012 and CPT-11

We examined the concentration—time profile of free
SN-38 in various tissues after i.v. administration of
NKO012 and CPT-11. All organs measured exhibited
the highest concentration of SN-38 at 1h after
administration in mice given CPT-11. On the other
hand, mice given NKO012 exhibited prolonged
distribution in the liver and spleen. In a similar
manner to other micellar drugs (Yokoyama et al.
1991a, b, ¢; Uchino et al. 2005), NK012 demon-
strated 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 1h after injection of NK012
and the concentration was almost negligible at 24 h.
Although the concentrations of free SN-38 in the
small intestine were relatively high at 1h after
administration of NK012 and CPT-11, those 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.

Synergistic antitumour activity of the NKO12 combined
with S-fluorouracil

In two phase III trials, the addition of CPT-11 to bolus
or infusional 5FU/LV regimens clearly yielded greater
efficacy than treatment with 5FU/LV alone, with a
doubling of the tumor response rate and prolongation
of the median survival time by 2—3 months (Douillard
et al. 2000; Saltz et al. 2001).
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We demonstrated that the novel SN-38-incorporat-
ing polymeric micelles, NK012, exerted superior
antitumor activity and less toxicity as compared
to CPT-11 (Koizumi et al. 2006). Therefore,
we speculated that the use of NKO012 in place of
CPT-11 in combination with 5FU may also yield
superior results.

Comparison of the antitumor effect of combined
NKO012/5FU and CPT-11/5FU. The therapeutic effect
of CPT-11/5FU was apparently inferior to that of
NKO012/5FU or even NKO12 alone at the MTD.
A more potent antitumor effect, namely 100% CR rate,
was obtained in the NKO012 alone and NKO012/5FU
groups, as compared with the 0% CR rate in the
CPT-11/5FU (Nakajima and Matsumura 2007).

Spectficity of cell cycle perturbation. We studied the
difference in the effects between NK012 and CPT-11
on the cell cycle. The data indicate that both NK012
and CPT-11 had a tendency to accumulate the cells in
the S phase, although the effect of NK012 was
stronger and maintained for a more prolonged period
than that of CPT-11. The histograms show aneuploidy
of the tumor and that administration of NK012 or
CPT-11 caused apoptosis of a proportion of the tumor
cells (Nakajima and Matsumura 2007).

Present situation of a clinical study of NK012

A phase 1 study of NKO012 is now under way in the
National Cancer Center, Tokyo and Kashiwa in
patients with advanced solid tumours. NKQ012 is
infused intravenously over 60 min every 21 days until
disease progression or unacceptable toxicity occurs.

Conclusion

A quarter of a century has passed since the EPR effect
was discovered (Matsumura and Maeda 1986). Now
the phrase EPR has become a fundamental principle
in the field of DDS. Until recently, the EPR had not
been recognized in the field of oncology. However,
many oncologists have now become acquainted with
it, since some drugs such as doxil, abraxane, and
several PEGylated proteinacious agents formulated
based on the EPR have been approved in the field of
oncology. Micelle carrier systems described in this
chapter are obviously categorized as DDS based on
the EPR. I believe that some anticancer agents
incorporating micelle nanoparticles may be approved
for clinical use soon.

Our next task is to develop DDS utilizing the EPR
effect, which can accumulate selectively in solid
tumours but also allow distribution of the delivered
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bullets (anticancer agents) through the entire mass of
the solid tumor tissue.
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