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Abstract
A small animal irradiation facility is critical for providing optimal radiation dose distributions for pre-clinical
studies. Animal neutron irradiation experiments cause many problems to solve, as the achievements of
the permissions from the animal care office and using committee. At the same time, it is necessary to make
radioprotection controls and to take care of radiation waste management. Animal irradiation was possible only
few days per month because of shared nuclear reactor. As JRR-4 has no beam shutter, exclusive use of reactor

was needed. To avoid this time consuming procedure, we constructed a simple facility for animal irradiation at
JRR-4.

This system consists of some animal holders, a manual loader and some visual monitors. Animal holders can be
filled with anesthetic gas, so that the mice are under general anesthesia during the irradiation. Rearing facilities
were constructed into the radiation controlled area. Tumor control test by boron agents and neutron irradiation
were put into practice. Unfortunately, a problem at the reactor cavsed a neutron outage which will last for about
3 years. This paper focuses on simulated neutron distribution and simulated absorbed dose in the animal body.

Kevwords: BNCT, JAEA, JRR-4, animal irradiation

1. Introduction

The small animal irradiation facility at the
Institute for Reactor Research should be able
to ethically treat animals, and should have the
proper equipment, personnel and problem-solving
capabilities, necessary for such kind of studies. The
management of such a facility requires much more
than the routine control of the radioactive materials
and the radioprotection of the users and animals.
Despite the complexities and expense of running
such a facility, experiments evaluating the effects
of radiation alone or in combination with other
agents on tumor proliferation in small animals are
indispensable for drug development and for the
improvement of irradiation techniques.

The following accomplishments using the JAEA
(Japan Atomic Energy Agency) research reactor
JRR-4 (JAEA Research Reactor-4) were so far
achieved: '

The reactor was available only few days during the
year, we examined current situations, obstacles and
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issues involved in the development of the small
animal irradiation experiments in the JRR-4 furnace,
and reported on the neutron beam distribution and the
simulation of the dose absorbed by the animal body.

2. Materials and Methods

The irradiation system consists of animal holders, a
manual loader and visual monitors. Animal holders
can be filled with the anesthetic gas, so that mice
can be irradiated under anesthesia, allowing for
a safer and a more accurate dose administration.
Breeding facilities were constructed into the
radiation-controlled area. Tumor size control and
neutron irradiation tests using boron agents were
established and safely carried out.

Using the newly designed animal irradiation
devices, 4-6 animals can be irradiated at a time
using the rails method, which is the newly designed
animal irradiation devices as figure a. In addition,
it also allows for a more uniform irradiation of the
animals (Figure a).
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a: The newly designed animal irradiation devices.

Using our system with the JCDS (JAEA
Computational Dosimetry System) that Kumada
(2003) developed for dose calculation, the location
for animal irradiation was reproduced and the dose
was simulated. To determine the partial irradiation,
we tested the irradiation setup most suitable to
treat that tumor models. And we also examined the
influence of an acrylic cover, boron rubber, and the
LiF cover belt.

3. Results

We found that the 30 mm cover was sufficient
(Figure b). However the 46 mm cover is naturally
a better screen. The 15 mm thick cover is too thin,
and the flux in the body of the mouse was double if
compared with the cover 46 mm thick. The 30 mm
cover is still flexible enough to be used as a shield for
the mouse. Moreover, the importance of the shield
thickness was confirmed for other cover materials,
including the acrylic fiber and LiF.
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Even if the beam is stopped directly by the shield,
because of the characteristic of the neutron flux,
it can be deflected and reach other non-covered
area, parts of the body, such as the head and the
legs. So we must develop the new device to avoid
this problem in the future.Because of the flux in
the peripheral zone of the 20 cm beam was largely
depressed, the flux in the peripheral zone was the
same as that from the 15 cm beam. Therefore, no
major difference was observed between the 20 cm
and 15 cm beams in this evaluation (Figure ¢).
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e: Differences of beam flux distribution by 15 cm and 20
cm collimator diameter with cover material.

A variety of collimator diameters and cover
materials were examined to determine which would
ensure the most uniform neutron beam irradiation of
the animals. The best collimator diameter sets were
determined to be 20 cm and 15 cm, and LiF cover
material was 46 mm thick to protect the animals.
After examining the different parameters, including
irradiation conditions, duration of anesthesia, and
driving time, the most suitable irradiation time
was found to be 17 minutes, using the epithermal
neutron beam.

4. Exclusive driving

Exclusive driving is indispensable to small animal
irradiation, but it is difficult to perform under time
limitations. In addition, it is necessary to start
and stop the nuclear reactor, and this could cause
potential problems with the staff security. Several
issucs remain to be solved regarding radioactivity
management and the animal protection.

We should cooperate with the laboratory of
university extension, a domestic study group about
animal irradiation and the research reactor using
section in JAEA which can be used domestically
in Japan for animal irradiation studies. We had to
overcome numerous problems in order to establish
an effective animal irradiation device with the

exclusive use of the research reactor.
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5. Conclusion

Unfortunately, the neutron outage has not been
available for about the past 3 years. This paper
focused on simulated neutron flux distribution
and evaluated how various neutron doses can be
delivered to different parts of the body in mice.
When the JRR-4 facility, will be available again,
we plan to verify the feasibility of the system and
its applications for animal experiments.
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Development of a functional liposome modified a novel lipid analog for BNCT
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Abstract
We aimed at securing sufficient concentrations of “B in BNCT by developing a new drug delivery system.
We have designed and developed 2 novel lipid analog and succeeded in using it to develop the new boron
component liposome. It consisted of three different kinds of amino acid derivatives and two fatty acids, and
could react directly with the peptide synthesized first on resin by Fmoc solid-phase synthesis. In this study,
lipid analog conjugated with HIV-TAT peptide (domain of human immunodeficiency virus TAT protein) and
boronophenylalanine (BPA) was synthesized and successfully incorporated into liposomes. This liposome
showed in vifro the boron conceniration of 156 times in comparison with BSH (sodium borocaptate) solution.
This shows superior cell introduction ebility of the liposome. Furthermore, as for this liposome including BSH
solution experimented on by a similar method, improvement of the further boron concentration was developed.

Keywords: boron neutron capure therapy (BNCT), boron delivery system (BDS), liposome, HIV-TAT

1. Introduction

Boron neutron capture therapy (BNCT) is a tumor-
selective radiation modality which depends on a
sufficient cellular uptake of Boron ('°B) followed
by irradiation with a beam of thermal or epithermal
neutrons. *He and "Li particles are produced during
the neutron capture reaction and damage DNA,
which leads to cell killing. Regarding BNCT, the
short radiation range of “He and "Li particles is
decisive for the distribution of '°B. Thus, successful
treatment of cancer by BNCT requires the selective
delivery of relatively large amounts of B
compound to malignant cells. The estimated boron
concentration required for effective therapy is in the
range of 20-30 pg !B per g tissue. However there
have been no ideal boron compounds that fulfill the
conditions of low toxicity, water solubility, and low

distribution in normal tissue. Therefore, we aimed
at securing sufficient concentrations of B in BNCT
by developing a new drug delivery system.

2. Materials and methods

2.1. Synthesis of lipopeptide

Lipopeptide conjugated with HIV-TAT peptide and
boronophenylalanine (BPA) was synthesized on TGS-
RAMresin by the Fmoc solid-phase synthesis method
using an automatic pupnde synthesxzer (Shimadzu
PSSM-8  Peptide  Synth Simultaneous
Multiple) (Figure 1). Tryptophan residue was
added at the N-terminus of HIV-TAT peptide as a
fluorescence probe. BPA was coupled arbitrarily.
Then, Fmoc-AEEA (9-fluorenylmethoxycarbonyl-
8-amino-3.6-dioxaoctanoic acid, linker domain),
11" Fmoc-Asp-OtBu  (hydrophilic domain), and
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Synthesis of the
HIV-TAT and BPA
peptide conjugated
lipid analog
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Fmoc-Dap(Fmoc)-OH (glycero mimic domain)
were coupled sequentially. Benzotriazole-1-yl-oxy-
tris-pyrrolidine jum hexafluorophosphate
(PyBOP),  N-hydroxybenzotriazole (HOBY),
and N-methyl morpholine (NMM) were used,
respectively, for the peptide coupling reaction
with 1.0, 1.0, and 1.5 equivalents based on amino
acids. Fmoc amino acid and alkyl chain were used
for resin in an equivalent of the excess of 7 and 6,
respectively. Each coupling reaction was carried
out for 30 min. The last condensation reaction with
palmiﬁcacidwascaniedmninamanualmode
with the reaction progress checked by a ninhydrin
test. De-protection and cleavage of resin were
accomplished with a cleavage cocktail (10 mg/mL
of 2-methylindole containing trifluoroaceticacid /
H,O/thioanisole/ 1,2-ethanedithiol/ethylmethyl
sulfide/phenol = 82/5/5/3/2/3) for 16 hours at room

p then precipitated by adding a large
amount of diethyl ether. After the drying procedure;
we got a purpose thing.

2.2. Preparation of liposome

The lipid mixture prepared using the constant ratio
(Table 1) was dissolved in organic solvent. It was
prepared by the conventional lipid-film method.
The resulting liposomes were extruded through
polycarbonate membrane using an extruder,
yielding the peptide- modified liposome.

for two hours in Eagle’s minimal essential medium,
MEM, supplemented with 10% fetal bovine serum.
And measured boron concentration by ICP-AES

except a supernatant.
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Figure 2. Gel Filtration Ch hy of lip
micelle and monomolecule.

3. Results .

3.1. Identification of lipopeptide

In the case of n=5 (B5-TAT), the C8-column used
for high performance liquid chromatography
(HPLC) analysis showed the main peak (retention
time at 13.6 min) accompanied by the existence
of some impurities (Figure 3a). However, the
synthesis of conjugated lipopeptide attached to
palmitoyl chain as an anchor domain proceeded
very smoothly. HPLC analysis showed almost one
peak, and ESI-TOFMS (electrospray ionization
mass spectroscopy) showed m/z 3504 of the
dehydration peak as an exact mass of m/z 3522. In

DSPE- | B5-TAT-
DSPC | Cholesterol PEG2000 ide
Plain
. 50 50 - -
| liposome
PEG-
- 47 47 6 -
liposome
BS5-TATS%
PEG- 45 45 5 5
BS-
TAT10%
PEG- 425 4.5 5 10

Table 1. composition of BS-TAT-lpopeptide modified
liposome.

2.3. Gel Filtration Chromatography

The prepared liposome was subjected to size
exclusion chromatography, which separated the
liposome, micelle and monomolecule fractions,
and the content of the lipopeptide was determined
(Figure 2). The liposome was then measured using
the fluorescence of the tryptophan residue of the
lipopeptide.

2.4. in vitro study
The liposomes (Table 1) added Colon 26 cell line

e

addition, 'H NMR analysis (JEOL JMN-ALA00)
also showed the structure of the lipopeptide; for
example, the molar ratio of the TAT-peptide and
palmitoyl moiety showed the correct proton ratio of
the ortho position on the tyrosine residue (2H as a
characteristic signal of the peptide at 6.62 ppm) to
the methyl signal at 0.81 ppm in the alkyl chain end
(6H as a characteristic signal of the lipid) using an
integration value of 'H NMR spectra (Figure 3b).
The overall yield of the lipopeptide was greater than
70% based on the molar ratio of the amino group on
TGS-RAM resin.
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Figure 3. Identification of HIV-TAT peptide and BPA
conjugated lipid analog B5-TAT. (a) C8-HPLC, (b) 'H
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3.2. Incorporated ratio of lipopeptide

The incorporation of lipopeptide into the liposome
was exapined. The methods are showed in Figure
2. Synthesized lipopeptide was incorporated into
the liposome effectively. The incorporated ratios of
lipopeptide to liposome are summarized in Table 2.

3.3. Physical properties of liposomes

We examined the diameter of the liposomes with
monodispersion and zeta-potential by mcans of
dynamic light scattering measurement (Zetasizer
Nano ZS, Malvern Instruments Ltd.) liposomes,
which were composed of DSPC, cholesterol,
DSPE-PEG and the lipopeptide, were prepared
by the lipid-film method followed by extrusion.
The diameters of the liposomes were shown to be
about 100 nm. The positive charge of the peptide-
modified liposome indicated the presence of basic
peptide HIV-TAT on the liposome surface. The
characteristics of liposomal formulations containing
BPA conjugate peptide are summarized in Table 3.

- " mom
: 8 : Thmjmm. incorporated ratio bere fiposoms BSH low conc,  BSIst5%  BSHAgh  BStat1o%
lipopeptide lipopeptide ratio ) lposome  cone,  lipasooe
01% o
e Figure 4. Efficiency cell introduction of functionalized
B3-TAT lipopeptide 5 66.1 3
10 734
Table 2. The incorporated ratios of lipopeptide to liposome

i

BSH high conc. BS1mt5% liposome  BStat SN fposome b

°© N A 8

Figure 5. Efficiency cell introduction of B5-TAT liposome
including BSH

water phase. The peptide lipid can be efficiently
incorporated into liposomes that are 100 nm in
diameter.

HIV-TAT was first developed from reverse
transcriptase of HIV. It is a kind of protein
transduction domain® which can introduce
intracellular protein, deoxyribonucleic acid and
macromolecular-containing  liposome. Yagi er
al. teported an in vitro anti-tumor effect of DOX
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Table 3. The diameters and zeta-potential of the liposomes

3.3. in vitro study

As a result, B5-TAT5% PEG liposome showed the
boron concentration of 156 times in comparison
with BSH solution. This shows superior cell
introduction ability of the liposome.

Furthermore, as for the B5-TAT5% PEG liposome
including BSH experimented on by a similar
method, improvement of the further boron
concentration was developed.

4. Discussion

We synthesized a new peptide lipid containing
multiple BPA components and a TAT domain for
use in a boron-containing liposome which can
encapsulate a boron compound in its internal
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encapsulated by TAT-modified liposome in 2007,
The TAT-conjugating liposome facilitated an in
viiro gene expression as well as in vivo expression
when the same liposome was locally injected.
Active targeting against tumor cells using TAT
have been evaluated; however, there is no previous
report involving a boron-containing TAT liposome
or compound.

A sufficient concentration of boron is necessary for
successful BNCT. Thus, a material with high boron
content generally has an advantage.> Nokamura
et al. developed a double-stranded boron cluster
in 2004.% In the present study, the peptide lipid
synthesized contains only 1 to 5 boron in a single
molecule. However, our peptide lipid allows the
number of boron to be increased up to n=12 or
n=15.

In general, the hydrophilic charge of BSH in a
boron-containing liposome has certain difficulty in
encapsulating more BSH in the internal water phase
of the fiposome itself. There has been no previous
report involving encapsulated BSH in the internal
water phase within a boron liposome. Our peptide

337



modification liposome of the hydrophilic charge
is aspartic acid, and it shows high performance in
terms of film stability and has a potential advantage
in encapsulating BSH in the liposome in which the
lipopeptide conjugate BPA.

The liposome containing the lipopeptide which give
various functions be able to exhibit efficient cellar
uptake and effective concentrations of 'B for in
vivo. Further investigation is needed to determine
the in vivo toxicity and the boron introduction
efficiency.

5. Conclusions

We succeeded in synthesizing a lipopeptide
containing boron. This lipopeptide could be
incorporated into the liposome effectively. And the
liposome shows superior cell introduction ability.
After toxicity testing, these liposomes will be
administered to in vivo as a new BDS candidate.
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Abstract
Many boron reagents are synthesized and tested for BNCT, but no compounds except BSH and BPA have been
used for clinical BNCT. Boron containing liposomes are expected to be a new boron-delivery system in boron
neutron capture therapy (BNCT). We developed a new boron liposome, where sodium borocaptate (BSH) is
encapsulated into boron-conjugated lipid bilayer. The new boron liposomes show high bloed retentivity (196.86
+21.47 ppm at 24 h after administration) and low toxicity.

Keywords: liposome, BSH

1. Introduction

Boron neutron capture therapy is based on a
nuclear reaction of boron-10 and thermal neutrons.
Therefore, the successful treatment of cancer by
BNCT requires the selective delivery of large
amounts of '’B compound to tumor cells. Previous
reports revealed that to achieve the anti-tumor effect
or tumor control effect by BNCT, the minimum
required boron concentration has to be 20 to 40
mg/g in tissue (ppm) with the thermal neutron flux
reactor source, which is equivalent to 10° atoms
of boron per each cell (Capala, 1996, Fairchild,
1985). We used the BSH and boronophenylalanine
(BPA) in clinical BNCT trials, but the doses of
these reagents exceeded 100 mg/kg, which is 10
to 100 times compared with other medical drugs
such as antibiotics or anti-cancer drugs. Ideal boron
compounds needs to show high tumor selectivity
and very low toxicity. Various approaches have.
been taken to deliver boron compounds to the tumor
tissue, including the use of small boron molecules,
such as porphyrins, nucleosides and amino acids,
and boron-conjugated biological complexes,
such as monoclonal antibodies, epidermal growth
factors, carboran oligomers and dendrimers. The
recent promising approach is a liposomal boron
delivery system that meets the requirements for
BNCT (Mehta and Lu, 1996, Nakamura, 2008).
Two approaches have been investigated for
the incorporation of boron into liposomes: (1)
encapsulation of boron compounds into liposomes
and (2) incorporation of boron-conjugated lipids
into the liposomal bilayer. In this study, we report
the biodistribution of a new liposome, where BSH
is encapsulated into the boron-conjugated lipid
bilayer. The amount of boron that can be carried in
one liposome is increased by this method.
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2. Materials and Methods

GL261 mouse glioma cells (5 * 10°/ mouse) were
inoculated subcutaneously into the back of C57BL/6
mice. When the subcutaneous tumor had developed
into ca. 3-5 mm, tumor-bearing mice received new
boron-liposomes (1: 20 mg B/kg, 2: 40 mg B/kg)
i.v. via tail vein. To examine tissue boron uptake,
the animals (n=3 each) were sacrificed at 24, 36,
48 and 72 h after the administration of drug, and
samples of blood, brain, subcutaneous tumor, liver
and kidneys were obtained. A thermo-alumi-bath
(ALB-121, ASAHI TECHNOGLASS, Tokyo) was
used to solubilize the tissue samples. Then 0.8 ml of
69% nitric acid solution was added to tissue samples
(ca. 100 mg) which were subjected to thermolysis at
115°C for 2 h. Water was added to the lysed samples
to obtain a final volume of 5.0 ml and filtered
through the membrane filter to obtain the solution
for analysis. The quantity of boron was measured
by an inductively coupled plasma atomic emission
spectroscopy (ICP-AES, HORIBA, Japan).

3. Results and discussion

During 3 days of experimentation, adverse
reactions were not observed with the given drug
concentration. Figure 1 shows the time course of
boron concentration in various tissues of tumor-
bearing mice after injecting the new liposome drug
(a: 20 mg B/kg, b: 40 mg B/kg). Since tumors in
20 mg administration group were too small, the
boron concentration in the tumor tissue could not
be measured. Tumor/blood ratio was 1.13 at 24 h
and 0.28 at 48 h. Tumor/brain ratio was 979.28 at
48 h. The blood boron concentration at 24 h after
the drug administration was higher in comparison
with BSH (statistical analysis was not performed).
Using the model of nude mice carrying oral
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squamous cell carcinoma, Obayashi et al. reported
that blood boron concentration was 3.29 * 1.38
ppm at 3 h after the administration of BSH at a
dose of 75 mg/kg (Obayashi, 2004). Blood boron
concentration was maintained over 50 ppm at 48
h after the administration, revealing the stability of
new liposome in blood. In contrast, tumor boron
concentration was less than 20 ppm, which is low
and insufficient for BNCT.

Our new boron liposomes have two boron
components: one is BSH encapsulated within the
inner water phase of nano-capsules, and the other
is represented by boron-containing lipids, which
form the lipid layers. Liposome infiltrated into
the tumor stroma and capsules were endocytosed
by tumor cells. Then lipid layer was degenerated
and inner water phase collapsed into the cytoplasm.
Boron-containing lipid could be retained into
the tumor cells, but water soluble BSH would be
promptly eliminated by the diffusion. ICP boron
measurement cannot distinguish between the boron
from liposome circulating in the blood and the
boron escaped from the tumor cells.

Liposome containing  polyethylene  glycols
(PEGs) makes the environment around liposomes
hydrophilic and plays the role of a stabilizer
in aqueous phase. But excessive amounts of
PEGs prevented endocytosis by tumor cells. The
appropriate compounding rate of PEGs needs to be
defined.

In our study, blood retentivity was good, but the
tumor/blood ratio was not high. In future studies,
we also need to confirm the neovascularization
in the subcutaneous tumor model used in this
study. As solid tumors are characterized by the
high vascular permeability, particulate liposomes
can easily extravasate into the tumor stroma.

Thus, long-circulating liposomes can exploit the
‘enhanced permeability and retention’ effect for the
preferential extravasation from tumor vessels.

4. Conclusions .

We studied the biodistribution of a new boron-
liposome, where BSH is encapsulated into the
boron-conjugated lipid bilayer. The drug showed
low toxicity and high blood retentivity.
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Application of Drug Delivery System to Neutron Capture Therapy for Cancer
o RE", wE e

Hironobu YANAGIE, Hiroyuki TAKAHASHI

Tumour cell destruction in boron neutron-capture therapy (BNCT) is due to the nuclear reaction between '°B and
thermal neutrons ('’B + 'n —"Li + *He (a) + 2.31 MeV (93.7 %) / 2.79 MeV (6.3 %)). The resulting lithium ions
and oparticles are high linear energy transfer (LET) particles which give high biological effect. Their short range in
tissue (5 - 9um) restricts radiation damage to those cells in which boron atoms are located at the time of neutron
irradiation. BNCT has been applied clinically for the of mali brain tumors, malignant melanoma,
head & neck cancer and hepatoma etc, recently. Sodium borocaptate(Na, °Bj,H;,SH ; BSH) and borono-
phenylalanine ('’BPA) are currently being used in clinical treatments. These low molecule compounds are easily
clearanced from the cancer cells and blood , so high accumulation and selective delivery of boron compounds into
tumor tissues & cancer cells are most important to achieve effective BNCT and to avoid damage of adjacent healthy

cells. To achieve the selective delivery of boron atoms to cancer cells, drug delivery system(DDS) becomes an

intelligent as ing and

Keywords: Neutron Capture Therapy(NCT), boron comp

d, gadrinium

lled release of drugs.

d, Drug Delivery System (DDS).

1 #8

ik FIHE#EE (Neutron Capture Therapy;NCT) 1
| BETRE R Y (B) (LEBIHBVNEH RY =
AGANEECBH T 5 Z LiIC XV &b B BB
T (@# L) HDWVITETHREMERET 2 WE L F
BEIERETH D, o ff, Li IO = R/ F—REIT 10um
ThY, FEHIICR VR HRRAICER S5 -
ERTETEF MR EE % 5 2 T ERIC I
BT ORI TTRETH B, £ Y BNCT i
BIfFHNELS, SBED QOL #%ET 2 Z & HThe
THDHH, ZTOT=DITILR T AR OFEHIRLRIRG
ZLTEDET UNY = 2T ARBERARTH B,
Ko ALe P BE GRS E2ZE L O,
BT DD, BE~OABERKL ORREAHE ORI
LY 52 EBbhD, BHEAZERSE-H0%
SROEER S CABSEOBE L\ 5 HEL TTRT
LTI, MEEEMMER FEE5~<< “B a0 Y
R Y — KWFHEm 2 T RAH LD ERA CIE R R
SN TW5, BITE, BNCT IXEMEAMAT, BrRaE,

SREREARICRRAR R ASBRIA SN TR Y, Fx i, EA

MR WM LE, T113-8656 SCRURAES 7-3-1,
FORFREBE LR R o ) s

¢-mail: yanagie@n.t.u-tokyo.ac.jp

RS

P Td D SRR, #1T - BRI &~
WKz B LTWS,

BRI X D B LTV ASEERORIZIZ LD
PHLRNLDOETEHETHY, +oHRBEOR A
BEYERVIAEEDITIE, FhEhOZHEERIIINT
RIET 2R e AEDE RN ST B LERH D, £0
=Ih, L ORa VRETE-EHDVIZEA LR
REEBREZVH Y Ry VT =280 KT v )
T Y NY — Y AT I(DDS) % P BRI~ A
HRBEWENELTE TS, £/ 7u—F A4 Y
RY—Lh, RUw—3IkL, BHFRIv—REINE
%3 0T D BRIERIX v ) 7— L LTHFES
NTETCND, ZNLOFy ) 7—HENTOHLOMN
LESTFOLDETOYVA XDFEEF-TND, £/
7 a—F LGk (mAb) FESHNEZBOT X /23R
123, FERERMEZ mAbs (72 b M mAb Hifk
EEHRHS 20 mAbs) DBRR, EE ShaHFO
REN & RERBEOBRRR L2 BTV D OERIC
EIEL TS, 5 7R3 : €Y% 2= 7121 EGFR &
#EL, UH ML BRESNE=Fusrid—+F
BEEIZHELTOT, e ¥ —NE{bERB LT
BHVHY REHNTND, EbiIceEYFo<AE, 7
Nh—=REFRLCT, WEHRLITND, Ei-
DRIIRDTZ0IZ, mAbs IFHUEA, FR LM
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HRITTROESEE LTOEMICHLERTE S,
L xiE, BREIC LT ps ik @A %
B5< 0T, mAbFREE, T LAIBENRETHN O
3L HE, ZTOBAE, AT —T NVOERR CED
HEIC L BBENAV DI, 2EHRENERAOEBIC L
oo TWA, £, MEENEGHERRH®EICL
NHTE 3,

F %% U TICBOTE, RS KV 2HO
KIEBRICIT D MFRICES = &1 & Y iR
FEEIEIHODHD, ZORBDTHDIIRY =F
Ly 7Y a— WPEG)IIEA £ L TRV HND,
TR PEG THE L7-% v U 7 —AER@NER D
< ru7 7 — VI LD AREMAZERTE, MmN
HAEINEES 2 EMNTETND, OO
E, ERLRERAIC R A MEEEEORME LU
BHZ AT 57 I HLETH 5 (enhanced
permeability and retention effect (EPR Z1), U Y — A4
3, TR, BUVEREAE L A oiRE, K
WEHE L RERREREDT D, T T, R
FVEVEDOEEDT-HDF v ¥ —TV AT LELT
%< fEHbRTWA (Figl,2).

SUV

MLV LUV

Figd URY—L&MWEE—TT47

YRy — SRR BN & RS BRI T,
Kt - ASEEREmOX v Y 7— & LTAVLNI S,
FRECTIRI AV B IR R ZBRIRT 5 2 LIc L VT
B’ FEEN - BI%Ea ho—LTED, UKV
— NIMEE, SEEY R —AMLY), KE—K
Y B Y —ALUV), DhER—HEEY R Y —L(ESUV)
o 3FEFIC KA =N D,

2

Cationic Liposome

Immunoliposome

i \
\\t \f

S

Fig2 RE|MRYRY—4

Conventional liposome : ##Ji= Bangham 7 &Rk L 724
Af72 Y 7  — A, Long circulating liposome : M-S
HEEDH IR =F L7 Y a—/UPEGR E
FEAMEAEIETHEYRY—A (YRY—LKE
® PEG REDKFEN~I 07 7—IIX oA TY
=% &#$5), Immunoliposome : Targeting %17
3 fziz Y R Y — AREI U &S S TR~
Bt AEwT= Y A — L, Cationic liposome : HETT
YR —%{TH U HEY—L  (EMIAOKIEL anionic
12725 T Y, cationic 72 U A Y — LIRS LTV

EhicRhryt ) Xy ) 7T —ORERHREERS
A0, BRI TIIEERIZ B RE £
T2k U A RE RO EERIIa~OREAR LB 2D,
72, BA LTV DA L USRAI OBSAREE DRERLTE
o], AT BEROKHE, FEHORINSR
pani-ERe, EHF ) Y —ZHE LR udne
B2V,

T OETIE, BAEETENCTIZBOTHESNT
X7 FYRY— AT MM LUTRIT S (1]

2 RS9 IFUNI—YRTLER
21 =77 n—FNbUE

Barth & |, SSIRELMHE T35 SPAETBRAREIC R
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WT, R ALBYORR LIZE ) 7 n—F itk 17-
1AZBEL, RUREERDZODE )/ o—F L
BUADIEHZBYNCHE L= [2].

i - IO, RURET (“B) % AH-66 fifHE
AR EEES B 7= D BDS & LT, fFAHIa#E A3 54
boa-7=h7a7Ay (AFP) IZXHLT, £/ 1
— AR (mAb) DISFZE#E L= [34], MAb I3,
N-succinimidyl 3(2-pyridyldithio) ~propionate (SPDP)%
VT “B-&F# (Cs,"°BiHiSH) ##E& LAY #IE
Sz, RS FICEE S5 B RF5IT, #1240
T#otz, RUFK 0-AFP MoAb % <t & #7- AH-66
HIFIZFU T 11X 10° B T2 AH-66 Ml E s L
UHIREPNICIFET B L B X2 b, BTz LB R
4t boronated S 7= AH-66 ##HliE, BV iAAT B
DEUZHBI LT, inviro THIKKEEZR 238D 3],
EHIZ, a-AFPmAb (2mg/ml) {2 50mM @ B L&
EEATHILICLE ST, AYFEL a-AFP MoAb %378
1%, 3.0mg O B #58 a-AFP mAb OFHIREL S 12, 24,
72 & 120h H#ICHONDIEFRESO R U RREL,
11.10 +/- 3.12 (SD, n = 6). 29.30 +/- 5.11, 33.02 +/- 11.8,
and 1291 +/- 562 ppm TH Y, 2R L FEF %)
BAIRICE T & B AREMEZ R L2 [4], Michael S,
< LA I REEHNTRE ALEH % mAb B72.3 128
A, EEMICKE LR o o —HURE A A (R
Uz, LSI74-T FESHEE~ v 2 TR S %, P1TF
N ENTEERITIEERIRICERM L, IR 1
MBI LT 108 DR VEFEERETED D L 2R
L7z[5], Barth 53, F4EEH#ED BNCT D=0 D7k 7 #
EHF v U7 —L LT, 5 FHEAEHE Cetuximab
(IMC-C225) % 3¥{fi L 7=, Cetuximab |3, b RrREaHITE
RS2 (EGFR) DEFAR L 25 84k vIIl isoform (2
FF 515 mAb TH5, RUFEILENI Cetuximab

(C225-G 5-B (1100)) DFEHNES 24 BERTHIC,
F98 (EGFR) 3L Tt F98 (WT) #HRREAED Ftk 7
ST, 923+/-233ug/g & 36.5+/-18.8ug/g ThH o177,
Convection-enhanced delivery(CED)(Z & V) # 5 & h 7=
C225-G 5-B (1100) ZHVV/=BNC Tz TiZ, ¥
BIAEAFEHIR (MST) 43 45+/-3d T ¥, HEIERFREE 25+/-3d
& LB U TELIZIER LTV 2, & 512 BPA OFRIRE
ERBHAL-BNC TEHIBWTIL 59 & X BICHE
Uiz SOXICHEEZAWERa U EESRT AL
FROR T ERIL-HEAHOBHRIC X #RBiE
~DBNCTOHLWVEMILHIHFETE S [6],

22 YRY—A

B S, B (LAMIZEASEIA L YR Y—
273, BNCT IZRWCIESHII 242 L35 "B R T-
DBRATHEN L2 X v U Y —O@E 2452 LN T
DT L ERANCEE U, RIBE-CRERE 7 &
THWEhI2BRERFEOVESTH D
Carcinoembrionic antigen(CEA)IZ%f3" 5% /) 7 o —F
NHRQC-8) &R L=, WML, No Abatis
AL7=HAHICEA A A/ URY — 1% CEA EAME

MEARMIE & RIS S, A L7 YR —AIERED
B EF 2 BRI R T, BPETIC X AR
D%, (1x10"-1x10"n/em?), &7 F{b X7z APC-1
AL, STHRRE & Lh#E LT *HTAR DHLY AL & 2
LilaREM s RA " Lz (Figd) [7].

fect of thermal neutron an boronated
ASPCJ cells with “BiLip:-MoAb

w
(@]




D 3} @@ saline-aCEA immunoliposome
Ly [\ 9B tiposome.

Relative tumour volume
N
-

-

30

15
BNCT Time (days)

Fig3 HRu AL L) VR —AEHOFET
HHREEI X A SN R « Ko v HAR
CEA &/ 7 a—FNGUEERA b/ Y EY — AT
HaRHE S v /37 Th D CEA ZRERL TS b M
FEARIER AsPC-1 LBIRICRUST 5. R wEHAH
CEAMOAbFERA L/ VA Y — bk UG LTI
BNC Tz &V BREICHIIaEENREFETE L
(A : BNCT OMIFAREEZE, Bfafiike, C: ffH
S¢Yufs) (Yanagie etal: BIC, 1991), & &2 AsPC-1 B
< 7 A ICBV TR U AH CEA MoAb & A
A YRY— L% EENES UBNCTICL ) ERE
(IR R A2 B C& 7= (Yanagie et al: BJC,
1997) (D).

&bz, Ko ALAYEIAGR CEA A L/ JHRY—
AORBEE 5EET I TBNCT % iV GRIREY 2 IE
SRR 2B -  (Fig3) [8]. LML,
10B #EHTHLEM) KV — bk BRI L X
ISR EESRMNETRERNC L > T, BRI
H Lz 9.

Shelly &1, FIHJEA 70nm AT O SUV U R Y —24
ZHARLE, COURY—LITARY VIER
(distearoylphosphatidylcholine) & = L A 7 2 — /L7 b1
RSN KEMEA AR T RAERD & By ©
photoisomer % P LTV 5, MEFFAF 7 B EIL
15pg/e, 35 X OMBHMLIREA 3 UL E A HERFCE - L

2L TUA[10], Feakes blE, [ByHipSH] “0 Na
ZEA LT SUV U By — A& BA% LT, EMT6 $LEED
B FRBHEE T U3\ TR 5 48 Refil 2, IEESPN AN
D FIREEIE 46.7ug/g, 3O L OMESY MRS 7.7 (B
T& 7= LHELTVWA[11], Hawthone 1%, HiEA7
+ Na3 [a2-ByH;-NH,CH,CHNH, Z&A T\% SUV
YRy —hk i Lz, 5 bEE~ T RETMCE
W EIREL - 30 BT, RPN R v RIREEIL 45pg/g,
B L OMES/ MiRHAS 93 ICERETE L BELTWVD
[12]

Mehta &%, BSH 23 A&7z DPPC/CHOL & AR Y
TF LYY a—PEG)DE/NME 11l TEHERE
100-110nm @ PEG U R Y — L% F%E L7z, PEG YR Y
—A% 188 mg U VARE/I~ Y AL 3.5-5.8mg D
BSH/kg < 7 AKEIC THRE G L, BSH Aiaikis
BEL LB LT, BSH QM Af#fEOS#EL RO, *
7= 24 B O BSH DIl -FEFREAN 19%TH Y Bare
YR — b 1% & LB L TELICHE LT\, 20
728, PEG U Y—AlL BDS & LTRUEOIER~
DOEERBENRETE S LEbhD (13)

T - FLliS1E, BSH Z# A L7 PEG-Y R Y —2A

(DPPC/=1 L A5 11 —JLDSPC-PEG2000) 72572 53%
EREEALE L, b MBI AsPC-1 BiEL
i~ 7 Z2%H LT 'B-PEG liposome DFHRIER %,
chte 7R L CREBRHEARATN] 238 7 [14],

FH-FLBE, FFrA7=Y Yy (TF) #E
PEGliposome ASEERGHIKUIZ AT 7 A2 X F DNA
DEIVEN~D targeting (2RO L ERR LT,
TF-PEGliposome 13, U Y — A2 &#125 O TF 531
EREALTRY, BllREROLE 7 —LHETS
Ty KA h—Y RICE - THIBICNTE(L SN D 2 &
D AN AR5 7[15], FLIll & WD 77— 713, BSH
#%{ A L7= unilamellar TF-PEGliposome % #t% L7z,
TF-PEGliposome % 35pghkg @ B TR LT3HE
o, HIHERNECR (RES) 12X BHELY sAAHH] & st
Fetkoom xS, TF-PEG U A Y —Ak, HEHFC
BT OB BB AR U7z, MESHERKIC R 5 B
BEOE VMR, BT TF-PEG Y KV — LD
FANER Y SAHA TF LTS F—b L7 ¥ —ck->T
SESRBTY RS F—YRICL>TRID I &%
RLTWS, SRS 72 KR OIS mELix 6.0
L, BRI & Y IEEEREINHIZR 2 80
7= (Fig4)[16, 17],
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Days after irradiation

Figd RO UHAURY — LD P FEREERER
PR Ao B rEthEhoxy Y 7—7T Colon
26 I~ U AR 5%, BT IBE L, BE
PRERETHL, PEGIL LT Y K Y —LHW-#EI
B TE A RTINS R 2 R 1=,

ANE K - S 1, BB R S B T
DEFHRZENRE L ERDI=-D o NGV I F 4T X
—T&®2 CR3Y ZAVWERHETTIOFIFT 74—

(NCAR) 77 =y 7 %#E L= (Figs) [18), iz
%% BNCT BV TR B ¥+ U v — 4857

DIZNCAR 77 = 7 25 Z LM TE B, ¥77,

BRHEFERANTA A—VOSEORENTE B = &
bR L[19],
Pan i3, BD S & U TERHEA-PEG U Y — L%
W|EL TS, #51E, Na2BI2HIISH &

Na3(B20H17NH3)D — 2> DR U Rk EMEHA LY
RY—LEZRBLTND, ERL S Y —2RELT

WA E MRV LR KB MK L TRIG S5 &
10B #REE L LT 1584 pg/ 10° cells £ T EF- X453 &
DBTE, ZOEIEIE targeting U R Y — AD 10 {50 HEE
Tholz, SHIHE~ T AT /IR T b RS
5. 24 REfE1#1 85 pg/g @ 10B IEEICET A 2 E N TE
Too TNOOMRFIIERS-JES Lt 74— 2N 5T

RHA b= 2L B HDTHBH[20,21], Stephenson
OHIE, Na; (BpH;NH;) £ AZEERER Y R Y — A%k B
BT, ERLETH—F, 0% EOIIEEE ST
SEIEREBHETHEBIN TS, EFELESZ—
KB HIALR THHEE 7 /L2380 VT 24 BRI I SEEN
RURREOE— 7 (ZEHE LR 5% 120 B CoE
/MR DR 728N 2 #5E L 72[22], Pan b1,

@"B Bare-liposome

Fig5 Ao EAPEG U R Y — AFIRE 56 O
TURIBITDEREFT AT 74— Colon 26
HEBIZ VTR o v O, BY BY—AA)ED
H PEG {EL7= VR Y —ABNZEWTHEML T3,
FLFTURT7 Y UHEE PEG U RY—A(C)IZEN
TELITHEML TS,

EGFR BMEARR BRI R ¥ FARM % %E L BN
CTZITI DI TAEERIE ThHDE ) 7 u—F
NHUE, BV R =T RIEA LY o= TS U R
V—LEERLUE, V¥ TR I EY—AZEY
ALz, GV RY—AIFHF LWL AT —L
NR—ZORET > H1— (maleimido-PEG-=1 L 25 11— )L

(Mal-PEG-Chol)) #{#f L CARL Sh7. JEfrEny
72E b IgG-RyE VR Y — AL B LT, cetuximab-56
B RY —sEAVHE, EGFR Btk F9SEGFR Ml
T TIEA 7 ROMBIAT Y AR A5 8 fE A L 7=
[23], Wei 5%, H{LAREFLMEICRER L TV 5 HER2

- 411 -




xRt LT, BRI R v REEMEXELBNC
T %179 1= OIS FERERE Ch DT/ 7 u—T v
HifA ; Trastuzumab %55 U, ABHERVRIET 7 U Y
> (WSA) #tA Trastuzumab -$% U A8 — A& AERIL
7-. Trastuzumab i+ PEG-DSPE-NHS O AIHERIZ S &
FYRY—AICRKALTVD, ZDOJYRY—AhiE
SK-BR-3 #ifa? HER-2 L& 74 —IZRIRIIZAEE L,
24 RERMEOFRIPNR 7 RIREEAS 132ppm (CEE LT,
RYEAWTHD WSA ITIRENICEE Y &EHO
RORBREAHETE 5L b D, Trastuzumab-
Y ARV —A-WSA 1L, BNCT D/ DH 17554 E
VAT AEEZ HITZ[24],

Thirumamagal 513, FEMROZEEEEN ETHH
FEY B Y — AMEBIC BV TIEE — o TR ER
L LT, 3 20 L\ carboranyl =1 L AT 1 — /LK
AL, ThLORYELD L AT o—/LafkEE
#HWTHEREL & 74 —(FRCILENERERE T
receptor-2 (VEGFR-2) ##Ef& 35 Y K Y — Lz fER
L7=, FR ZififI5EH 4T\ 5 KB #ifld & VEGFR-2
Zi@EIRH S TWVWD 293/KDR Mtk vRESh
7= FR & VEGFR-2 B &35 U R Y — & L S,
FNEND LY T ¥ =B RS & RO T[25),

Peacock »iE, RUEZELMRE L L THHO= L
ZFu—NANRT AAEAE (BCH) ##MELELL,
= BCH % F\ 7= PEG U A5 — 4 84%]0> BCH O
HaBR Y 3AHAS °B - 45 9ug/g MRATH Y, BNCTIZH
i RE Th-712[26l, FHOE, FHO nido-7 VAR
SUIEEABERL, BELLYBRY—LE2ARTED
LR L, BB - PR S nido- 1 LR T VHRE
FAWTRT A7z U UiEE PEG-U R —A(Tf

(+) -PEG-CL-Lip) DARRIZAREI LTz, & V(L nido-
HNET HEEE, heptadecanol /1 HEFK STz, D
Tf (+) -PEG-CL-Lip % i~ 7 R (ZH#fR$5 %

(7.2pg/kg body) , I 7 FRBEEIT 22ppm TH Y,
BNCT {2 & ) MR ZRDTZ[27,28]).

Ristori &1, /LK 7 4 BNCT O 7R 7 5%
WERTHY, X6I7, EFEREL LT DOTAP B
LU~ S—JEE & L TRUEA 4§ DOPE % iV
THF A= 7 VR —bEBHRLBNCT~DKRY
FREED AFEMEIC OV THE LTV 5[29], BIlFGI,
BSH * BRI &¥EIFA=v 7 YRV —LER

(COATSOME-EL-C01) ASEEBFNIES 0 3~6 Bl
|2 ASPC-1 B TR 7 RARMORFF &R L HiEL
7= [30].

tht 5%, HVI-U A Y —2A (HVIE L@fd 5 YR
V=) CEREORYREBATED ERE L,
HVJ (HVJ-E) R ¥ —V AT Al Rtk 54
DA NVARESSH LOBMAILLY bbb I DBE
FiEERTHD HV B FA 7AVA), BSH HA
HVI-E UARY—ALE 60 HDA Fa—T a0k
OFFAA 10B ##E 7S BHK-21 M2 Tl 24.9pg/g, SCC
VII M2 Tl 19.4pg/g TdhH T %A L1z, HVIE i
BB L A LT, B RURILEDERXET D
L MTEBOT, BNCT [65] 12, YRY—2%E
iy HVI-EIC L o TN Sh AR U REEREEAT
HZEHEDHLNTWSBI],

23 KY~=—

Shukla &1%, HIREPRRRIC L DR IAZZR DT 2
L1259 BNCT D7 i b B 72 °B OIEF~DEM%E
BINEEBR0, EEOESLTT S —2FL LT
HERLH HFRICEES L7 13 O decaborate, PEG(2000)
+ PEG(800) % #% & &7 polyamidoamine dendrimers %
BRE LTz, ZORY = —3FERE LT 7 —REFAIZ
0iABE RO [32], WO, R ALamEa
LEPEGT AT I VBAKEMERL, b MR
fil APC-1 L ORISR R LTz, ZORu AEEP
EG7 N7 I v & FKiE ymaleimidobutyryl-
oxysuccinimide (GMBS)% iV THR RV ZFEE EHT
W3, FITC ¥$EEIC LR EEPEGT VT2
VHEAEIT A MRS S5 & AsPC-1 MRRIOEOL
WEFILERREE L & b I B T e bt B
EEIC LA ARERIPEGT VT I VELERERAV
BT licE v mHlE N, o, BT AT L
TIVEREDRRICE bRV, RaEAPEGT
AT I BRERCBOTRE SR AL 0R
LY, SLICRERETHZ LX) AR
EETEREEDZ DT S33]

SRR, FHT, (LR MO R BE L
THIBERHEEREDO VUL 2 THD, I— Fer il
(Ff4 - VA F—L) 13, ISE A EASEIRAI AT
IR T AMEEAA L TR Y, g OmRts X
R ERD TH 5 Z L RHEIN TS AR5,
F v NOFFEBET UZE\WT BSH & ) EF F—b
DNy 3 CEITEIRE D &G LA Z IR LT,
FFIES 3517 2R o o BEE 3 KOS / IERATALER
Ao L BEEH(T/L)E, BSH U B4 K—Lz<wia v
WE#%1, 6, 1 2EMEICBOTEREN 4792 ppm
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4.0, 197.3 ppm: 14.9, 96.5 ppm: 6.6 THh-7=[34], X5
12, $ARGIIENEERAT V7 4kitk (DSM) %
V72 BSH OB 5E% #iE LT\ 3[35],

T - O I, RIS (o3 2 AT Bk 4 A ek
UFEHAWOWI /LY 3 Y ORSHIZ W THEE LT,
WOW=x==w/bia T, ¥ 7ASIEN T A% M
W TBRBEAAGEIC LY, ROV EF R gty -
RYA XL HADREBEICHEDD Z LR TE S,
VX2 U XHFIERIC A S BT 7 SR T,
WOW /L3 4t k% VX-2 EERO B (LAY
DERTIS L UIREFIENIL, #ERELD “BSH-Lipiodol
v a ET I 10BSH WA & el L TR TV,
WOW ==/ a v OB FHEMEES TV AbTic L v,
1B RARE O microdroplets DAHFIPIEETE 1580 Hi, &
WOBIER U HKEEF v ) 7T — L LTOAEEE R
HL7 (Fig6,7) [36].

Fig6 I ALIEN T AL HT ZBAEsLbIE
ICEVER L2 WOW =< /L 3 > WOW == /L g
VIZBWTIEY A ABRE—TH Y R o kiR NE
T&D, Hxi, "BSHEHAWOW =</t 3 o %fE
FRU, AR Xt U CRRAORTEIE 2 AT L i 74
TRELFEY TH B,

Wu DI, SFEERRREETH DI LRI HERER
FEGPE : £ %o ~7 (IMC-C225) %L
polyamidoamine dendrimer (Z#4& & #-7=, B¥fER—H>T
HHMFHBIEITEGIR 2 BEH L TRY, v REF
JLTHL CED EIC K 0 BEEAICE G S 7k o e
&R MR DM E ZICE S BNC TIc kB4
FOROEREZRE LTWS [37],

Neutron Capture Radiography

Fig7 FHFT 4777 4~z k54K 0 BSH)E
A WOW == )Ly a it L3BBEREORSR
VX-2 JIFHEEE 7 /2350 T BSH 5 A WOW T /L3
aCEIFENEL, ®53H, 7 AROIEEERELHR
5L, BSHBREBRTHN BN TS Y B4 K
—/b & DIRATEIE GREL B LT, BSH 5 A WOW =
w3 CREREY, B IS ORI AR LT,

SHH - BHRLIL, FFY =0 AP THEIREREC A
T, KIE 63nm DF /KIF (Gd-nanoGR) &KL
72, T Gd-nanoGR O##fIkE:5- 6 Bt OB R 7
FIREIT 109ug/g I BEHETE 2 LBE LT3 [38),
BEDIL, 0.5%0 10kDa DF M 2 & A7 Gd #HA
T/ s YRR UL, TOF 2RI R
SR 2%DCAEEATEY, YA XL 155nm TH Y,
BNCT (2L Y BI6F10 BB MMM X U TRy i
PRGNS %R LT [39],

3 &8

FHEFRIREIE, EE~OREH Do Bk
F BT LRy H Y = MeAWE O
FEEFIR LT BROBAMEFAR LV ) Z 8T
Do XU ARNOEFAB~ORIER &M S, 2
OWIARE L D72 DICAR ORI L 5 72 DDS
DISANLEEND, &%, T2 /0 —0fBRIcfE-
T& Y BHEEOEEEMMEDOT U ANY —%x ) 7—2
BRShD LBbhad, BREED GMP Z/L—F
OB E THFR 2D BRI BRI~ B A Ay
TEBNTVAL—=2 aF L) F—F DU RT AEY
LEEZMELEL LN B,
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i

AREEEDBICHIY, BOREEREHERT
BRBARIER L 0 THE ISV TR Y R TESHR
LR, BIRNSFES/E, ILRAEMSEE, WA=
el EAE RN, RERERE HEORE
=Rt AT LRI RAFBRESE,
AFIRBRAGERIZER (BMILASR) ZRRSEE, B0
EEECREA, MSEOCERT AR AR
K, AAKEEETER M—RE, TERFE
S UL—HEE, IEERRARE R BHRE
ERATEREMSRRE eI, ATERIRIRR
ey — HBBEREECHEZRLET,

BEM
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Circadian Rhythm of Transferrin Receptor 1 Gene Expression
Controlled by c-Myc in Colon Cancer—Bearing Mice

Fumiyasu Okazaki', Naoya Matsunaga Hiroyuki Okazaki', Naoki Utoguchi?, Ryo Suzuki®,
Kazuo Maruyama?, Satoru Koyanagi', and Shigehiro Ohdo'

Abstract

The abundance of cell surface levels of transferrin receptor 1 (TfR1), which regulates the uptake of iron-
bound transferring, correlates with the rate of cell proliferation. Because TfR1 expression is higher in cancer
cells than in normal cells, it offers a target for cancer therapy. In this study, we found that the expression of
TfRI in mouse colon cancer cells was affected by the circadi ganization of the moll lar clock. The core
circadian oscillator is posed of an latory transcription-translation feedback loop, in which
CLOCK and BMALLI are positive regulators and the Period (Per), Cryptochrome (Cry), and Dec genes act as
negative regulators. TfR1 in colon cancer-bearing mice exhibited a 24-hour rhythm in mRNA and protein
levels. Luciferase reporter analysis and in ipitation experiments suggested that the
clock-controlled gene c-MYC rhythmically activated the transcription of the TfRI gene Platmum incorporation
into tumor DNA and the antitumor efficacy of transferrin-conjug: liplatin could
be ent d by drug ad ration at times when TfR1 expression mcreased Our findings suggest that
the 24-hour rhythm of TfRI expression may form an important aspect of strategies for TfR1-targeted cancer

therapy. Cancer Res; 70(15); OF1-9. ©2010 AACR.

Introduction

In mammals, the master pacemaker controlling the
circadian rhythm is located in the suprachiasmatic nuclei
of the hypothalamus (1). Regulation of circadian physiology
relies on the interplay of interconnected transcription-
translation feedback loops. The BMAL1/CLOCK complex
activates clock rolled genes, including Per, Cry, and
Dec, the products of which act as repressors by interacting
with BMAL1/CLOCK (2-5). This mechanism also regulates
the 24-hour rhythm in output physiology through the period-
ic activation/repression of clock-controlled output genes in
healthy peripheral tissue and tumor tissue (6, 7).

Transferrin receptor 1 (TfR1) is involved in the uptake of
iron into cells through the binding and internalization of
transferrin, and its regulation by intracellular iron levels
has assisted in the elucidation of many important aspects
of cellular iron homeostasis (8, 9). Iron is important for
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metabolism, respiration, and DNA synthesis. Thus, TfRI is
expressed not only in normal healthy cells but also in malig-
nant tumor cells (8, 10). Recently, another TfR-like molecule
named TfR2 has been recognized and investigated (11, 12),
but the exact function of TfR2 remains unclear (8). It has
been reported that the expression of TfR1 in mammary
epithelial cells exhibits a significant 24-hour rhythm (13).
Such rhythmic variation in TfR1 expression seems to affect
iits iron uptake function resulting in time-dependent changes
in the internalization of iron-loaded Tf. However, it is not
clear if the expression of TfRI in colon cancer cells shows
a significant 24-hour rhythm.

Many of the pharmacologic properties of conventional
drugs can be improved through the use of an optimized drug
delivery system (DDS), which includes particular carriers
composed primarily of lipids and/or polymers (14). The high
expression of TfR1 in tumor can potentially be used to deliver
cytotoxic agents into malignant cells, including chemo-
therapeutic drugs, cytotoxic proteins (8), and Tf-coupled
polyethylene glycol (Tf-PEG) liposomes were designed as
intracellular targeting carriers for drugs by systemic admin-
istration. In fact, Tf-PEG liposomes encapsulating a platinum
(Pt)-based anticancer drug, oxaliplatin, can increase its accu-
mulation in tumor masses (15, 16). On the other hand, daily
rhythmic variations in biological functions are thought to
affect the efficacy and/or toxicity of drugs: a large number
of drugs cannot be expected to have the same potency at
different administration times (7, 17). F , it is unclear
what influence the rhythmic expresswn of TfR1 has on the
phar kinetics/ph of transferrin target-
ing liposomes.
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In this study, we found that the circadian expression of
c-Myc, which is controlled by the circadian clock, affects
TfRI gene transcription in colon cancer cells. The levels of
TfRI mRNA and protein exhibited a 24-hour oscillation in tu-
mor cells implanted in mice. Thus, to evaluate the rhythmic
function of TfR1 and the utility for TfR1-targeting cancer
therapy, we investigated how the rhythmic variation in
TfRI production infl d the phar logic efficacy of
TfR1-targeting liposomal DDS.

Materials and Methods

Animals and cells

Seven-week-old male BALB/c mice (Charles River Japan)
were housed with lights on from 7:00 am. to 7:00 p.m. at a
room temperature of 24 + 1°C and a humidity of 60 + 10%
with food and water ad libitum. Colon 26 cells (Cell Resource
Center for Biomedical Research, Tohoku University) were
maintained in RPMI 1640 supplemented 10% fetal bovine
serum (FBS) at 37°C in a humidified 5% CO, atmosphere. A
25-pL volume with 2 x10 7 viable tumor cells was inoculated
into the right hind footpad of each mouse. The tumor volume
was estimated according to a formula that has been de-
scribed previously (7). Tissue slices of the removed tumor
masses were made, and the tumor tissue was confirmed
histopathologically.

Experimental design

To assess the temporal expression profile of TfRI in

Colon 26 cells were treated with 50% FBS as described
above and then harvested for RNA extraction at 0, 6, 12,
18, and 24 hours after 50% FBS treatment. Nontreated
Colon 26 cells harvested at the same time points were used
as the control. At 6 or 18 hours after serum treatment, cells
were exposed to Tf-NGPE L-OHP (L-OHP, 0.4 mg/mL) for
3 hours. The Pt content in the DNA was measured using an
inductively coupled plasma mass spectrometer (ICP-MS).
To explore the dosing time-dependent difference in the in-
ternalization of Pt into tumor cells irn vivo, tumor-bearing
mice were injected with a single dose of Tf-NGPE L-OHP at
9:00 a.m. or %:00 p.m. Plasma and tumor DNA samples were
collected only once from individual mice at 1, 3, and 6
hours after injection. The plasma concentration of Pt and
its content in tumor DNA were measured as described
above. Then, tumor volumes were measured throughout
the duration of the experiment.

RT-PCR analysis

Total RNA was extracted using RNAiso (TaKaRa). The
cDNAs of mouse TfRI (NM011638), TfR2 (NM015799),
c-Myc (NM010849), and B-actin (NM007393) were synthe-
sized using PrimeScript Reverse Transcriptase (TaKaRa),
and the synthesized cDNAs were amplified using GoTaq
Green Master Mix (Promega). The PCR products were run
on 2% agarose gels. After staining with ethidium bromide,
the gel was photographed using Polaroid-type film. The
density of each band was analyzed using NIH image software
on a Macintosh computer. To evaluate the quantitative

tumor cells, tumor masses were d from individual
tumor-bearing mice at six different time points (9:00 a.m.,
1:00 p.m,, 5:00 p.m, 9:00 p.m., 1:00 a.m., and 5:00 a.m.)
7 days after the implantation of tumor cells. The levels of
IfRI protein and mRNA were measured by Western blot-
ting analysis and quantitative reverse transcription-PCR
(RT-PCR), respectively. To investigate how the rhythmic
variation in 7fRI expression occurs in tumor cells, the in-
fluence of CLOCK/BMALI and ¢-MYC on the transcription-
al activity of the ZfRI gene was assessed using luciferase
reporter constructs containing wild-type E-box or mutated
E-box of the mouse 7fRI promoter, which was based on
previous reports. To elucidate the role of c-MYC in the con-
trol of the rhythmic of TfRI, end: c-MYC
in Colon 26 cells was downregulated by small interfering
RNA (siRNA). The c-MYC-downregulated cells were treated
with 50% FBS for 2 hours to synchronize their circadian
clock, and the mRNA levels of TfRI were assessed at 44,
48, 52, 56, 60, 64, and 68 hours after 50% serum treatment.
In the same manner as described above, the protein levels
of c-MYC and CLOCK were assessed by Western blotting
analysis. To explore the | binding of end

c-MYC a.nd CLOCK to the E-box in the mouse TfRI gene,
lysis was performed in
individual tumor masses at 9:00 am. and 9:00 p.m. To
investigate the function of the 24-hour oscillation of TfRI
expression, time-dependent changes in Pt internalization
into tumor cells were assessed using Tf-coupled liposomes
encapsulating oxaliplatin (Tf-NGPE L-OHP). The cultured

L in ion

liability of RT-PCR, kinetic analysis of the amplified pro-
ducts was performed to ensure that signals were derived on-
ly from the exponential phase of amplification, as previously
described (7, 17). We evaluated the validity of our semiquan-
titative PCR methods using real-time PCR. cDNA was pre-
pared by reverse transcription of total RNA. Real-time PCR
analysis was performed on diluted cDNA samples with SYBR
Premix Ex Taq Perfect Real-Time (TaKaRa) using a 7500
Real-time PCR system (Applied Biosystems). In addition,
as confirmation of RNA extraction from each tumor cell
sample, the expression level of Vegf mRNA was measured
(Supplementary Data S1).

‘Western blotting analysis
Nuclear or cytoplasmic proteins in tumor masses were ex-
tracted using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Pierce Biotechnology). The protein concentrations
were determined using a BCA Protein Assay kit (Pierce Bio-
y). The lysate ples were separated on 6% or
10% SDS-polyacrylamide gels and transferred to polyvinyli-
dene difluoride membranes. The membranes were reacted
with antibodies against TfR1 (Zymed Laboratories), c-MYC,
CLOCK, B-actin (Santa Cruz Biotechnology), or RNA pol II
(Abcam) The 1mmunocomp[exes were further reacted with
dish y antibodies
and visualized using Super Slgna.l Chemiluminescent Substrate
(Pierce Biotechnology). The membranes were photographed
using Polaroid-type film, and the density of each band was ana-
lyzed using NIH image software on a Macintosh computer.
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