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Chapter 1. Introduction

Cancer morbidity and mortality in Japan have been increasing. In addition,
less-invasive and higher-QOL (quality of life) treatment for tumors has been in demand
due to the aging of and diversification of values among the population.

There are 3 main methods of treating cancer: surgical, chemical, and radiation
therapies. Surgery is the initial choice for almost all cancers in Japan, as it is an easy
method of extirpating the tumor and allows malignancy grading. However, surgery
necessarily imposes a strain on the patient and can be dangerous for elderly people. It is
also difficult to surgically remove cancer from organs that require functional
preservation, such as the brain or heart. In addition, some patients wish to avoid
surgery for breast cancer or head and neck cancer.

The field of chemotherapy is making rapid progress. Various novel drugs have been
announced and released. In the case of Acute Lymphocytic Leukemia, the outcome of
chemotherapy is often favorable, with a probability of long-term survival of 30% to
50%(1-61. On the other hand, chemotherapy is not preferred for definitive therapy of solid
tumors. In Japan, it is often used as a supplementary pre- or post-treatment in
combination with surgical or radiation therapy, especially as chemotherapy does not
require knowledge of the exact position of the tumor. Chemotherapy can have a
beneficial effect on residual or tiny metastatic cancers not detectable by CT or MRI. If a
radical curative drug were to be developed, it would become the most widely used
method. Further development of this field is anticipated.

Like surgery, radiotherapy requires identification of the position of the tumor.
Unlike surgery, radiotherapy is not painful and can be administered as an outpatient
treatment in a similar manner as chemotherapy. In radiotherapy, cancer is irradiated
by an external source (or a small radiation source within the body). This outside energy
has a lethal effect on cancer cells. Forms of external energy therapy other than
radiotherapy include medical ultrasonic and radiofrequency ablation. In external
energy therapy, the energy goes through the normal tissues in front of and behind the
cancer tissue and injures the body parts surrounding the cancer. It is thus important to
reduce the damage to normal cells; similar concerns apply to chemotherapy. Stereotactic
irradiation!™ and heavy ion radiotherapy!l0-12l were developed to treat deep-seated
tumors by radiotherapy. In stereotactic irradiation, highly focused convergent beams
are delivered so that only the desired target area receives the prescribed dose. A proton
beam or carbon beam is used for heavy ion radiotherapy. Heavy ion beams can generate
a Bragg peak, and this peak can readily be utilized to concentrate the radiation dose on
the tumor volume. However, the damage produced by these therapies is not
insignificant, as normal tissue can receive half of the dose delivered to the cancer
tissuell315l, Furthermore, cancers near vital organs remain difficult to treat. These
factors lead to cancer recurrence and poor outcomes!16l,

To resolve this problem, a less invasive treatment was invented using
chemotherapeutic methods. The process consists of injecting a specific drug which
selectively accumulates at the lesion site; this is followed by local irradiation with an
appropriate energy source. The drug is excited by the external energy to produce
reactive oxygen species or radiation, leading to cytotoxicity. Therefore, only the cells
that accumulate the drug are killed. Using appropriately selective drugs, cancers near
vital organs can be treated because the distance is not important. Furthermore,
infiltrative cancer cells near the main tumor mass are treated simultaneously.

Photodynamic therapy (PDT) and boron neutron capture therapy (BNCT) are 2
such therapies, both of which use a quantum beam to excite the drug. Visible light is
used for exciting photosensitizers (light-sensitive substances) in PDT, while a neutron
beam is used for exciting the 1B isotope in BNCT. The directness of quantum beam is
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higher than that of ultrasound waves or heat, thus enhancing the selectivity.

The selectivity of the drugs and efficient energy transportation are very important
to maximize the benefit of these treatments. I investigated the potential for improving
the efficacy of these therapies by using hemagglutinating virus of Japan envelope
(HVJ-E), a novel drug delivery carrier. HVJ-E is a nonviral vector consisting of
inactivated virus particles [17.18], HVJ-E can deliver a variety of molecules into cells via
its membrane fusion activity and can be more than 10-100 times more efficient than
conventional delivery methods. HVJ-E is promising for the following reasons: 1) HVJ-E
is in commercial mass production'?, 2) locally administered HVJ-E induces
immuno-responses against tumors(2021 and 3) additional selectivity can be obtained by
adding transferrin, cationized gelatin, or monoclonal antibodies[2224],

In this study, the accumulation of drugs delivered using HVJ-E was examined and
the anti-tumor effect caused by such accumulation determined. After these initial
experiments, I investigated the mechanism by which the reactive oxygen species or
radiation produced by the excited drugs injure the cancer cells, as this knowledge is
important for effective therapy. I found that the cytotoxicity is related to the protein
expression and growth characteristics of cancer cells.

The second chapter deals with the application of HVJ-E to PDT. Various
photosensitizers have been tested for selectivity with only limited success, especially as
measured by their in vivo therapeutic effects(2531, HVJ-E was able to increase the
intracellular drug concentration 20-fold, and the resulting cytotoxicity was also
increased. These results demonstrate the benefits of HVJ-E. The effect of PDT depends
not only on the intracellular drug concentration but also on protein expression. It is well
known that the cells in tumor tissue are heterogeneous!32l. Herein, I isolated 5 types of
cells from a single clone of KYSE70 cells. Some of these isolated cells were significantly
more sensitive than others to PDT, irrespective of their intracellular concentrations of
talaporfin sodium (the photosensitizer).

In the third chapter, the potential usefulness of HVJ-E for BNCT was determined
based on the knowledge obtained for HVJ-PDT. An accelerator-based neutron source is
necessary for accessible BNCT33l. However, various engineering problems currently
prevent the construction of such accelerators!3435l. In particular, the neutron flux from
existing accelerators is too low to be useful for BNCT. I therefore determined the
possibility of using BNCT with low neutron flux when the boron concentration was
increased by HVJ-E. The first section of this chapter describes the design calculations.
When the boron concentration is increased 10-fold over that reached by the
conventional method, more than 1 X 108 n/cm2/s of thermal neutron flux is required to
deliver the desired radiation dose. It is of course necessary to reduce the fast neutron
contribution as much as possible while maintaining the thermal neutron flux intensity.
The neutron transport was thus estimated using simulation calculations and the shape
and size of the moderator and reflector determined. In the second section, the setup was
built and the neutron flux measured. The strictness of the simulation calculation was
ascertained by comparison with the experimental data. The BNCT effect was also tested
using the setup. Cytotoxicity was confirmed at a dose of 106 n/cm?/s, only a hundredth
part of the amount required for conventional BNCT. Therefore, the increased boron
concentration supported effective BNCT with low neutron flux and reduced the
contributions of fast neutrons and gamma rays. This provides helpful information
towards the development of accelerators for BNCT.

The fourth chapter is devoted to exploring the functional differences of different
radiations using FEscherichia coli. It is important to know the biological effects of
radiation when evaluating the effects of radiation exposure or radiation treatmentlssl,
The levels of such effects vary depending on the LET or radiation type, most probably
due to the differences in the radiation damage and subsequent repair processes. The
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functional differences between radiations are also important for estimating the effect of
BNCT, as various types of radiation are involved in the BNCT effect: the B (n,a) Li
reaction produces alpha rays, Li rays, and gamma rays. DNA damage and repair
mechanisms are poorly understood. The effect of LET was determined using various
kinds of gene deletion mutants and examining the effects of different growth conditions.
Then a qualitative difference in DNA damage was observed between alpha rays and
gamma rays.
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Chapter 2. The Application of HVJ-E for PDT and Fundamental Study for
Coverage Expansion

Photodynamic therapy (PDT) is a photochemical modality approved for the treatment of
various cancers and other diseases with neovascularizationl.2l. PDT is based on the
interaction of non-ionizing light with a photosensitizing dye. The benefit of light
irradiation is that it is unlikely to be toxic except at thermal doses, limiting the damage
to normal tissue caused by PDT. PDT has a 100-year history. O. Raab used acridine and
halogen lamps to provide treatment for condyloma and female genital neoplasmsl3l.
Hematoporphyrin (HpD) was developed in 19614, HpD accumulates in cancer tissue
and initiates a photodynamic reaction, and Dougherty was able to use it to achieve a
complete or partial remission in 111 of 113 patients(sl. In Japan in 1989-1992, Kato
performed fundamental and clinical research on Photofrin and conducted a phase 2 trial
for early-stage lung cancerlél. Based on the results, Photofrin was authorized by the
Ministry of Health and Welfare in 1994 and listed on the National Health Insurance
price list in 1996.

The cancers initially targeted for PDT were superficial esophageal carcinoma,
superficial early-stage stomach cancer, and early cervical cancer, and the outcomes were
favorable. At first, the number of cases in which PDT was used was limited due to the
side effects. Patients had to stay in dark rooms to avoid skin photosensitivity.
Second-generation drugs (Laserphyrin for superficial early-stage lung cancer and
Visudyne for agerelated macular degeneration) have recently been authorized!7.
However, PDT is still only used for early cancers.

The PDT process consists of injecting a photosensitizer that selectively
accumulates at the lesion site; this is followed by local illumination of the tumor with a
laser of the wavelength appropriate to activate the specific drug (Figure. 2-1)1,
Irradiation with light of the proper wavelength leads to the generation of singlet
oxygenl9, Activation of the photosensitizer transforms the drug from its ground state
into an excited singlet state; from this state, the drug may decay directly back to the
ground state by emitting fluorescence, a property that can be used clinically for
photodetection. Alternatively, the photosensitizer can undergo electron spin conversion
to its triplet state, the form in which it has a therapeutic photodynamic effect. In the
presence of oxygen, this excited molecule can react directly with its substrate by proton
or electron transfer to form radicals or radical ions that can further interact with
oxygen to produce oxygenated products (a type I reaction). Alternatively, the energy of
the excited photosensitizer can be transferred directly to oxygen to form singlet oxygen
(a type II reaction), which is the most damaging species generated during PDT!10l,

To improve the effect of PDT, the photosensitizer must be concentrated in order to
maximize its effect on the cancer tissue and the reaction and the reaction in cancer
tissue should be revealed clearly. The first section of this chapter describes my attempts
to increase the photosensitizer concentration using HVJ-E. The concentration was in
fact improved 1n In vitro experiments, and this change was accompanied by increased
phototoxicity. The second section describes my examination of the relationship between
cell characteristics and the effect of PDT. The cells in a tumor tissue are heterogeneous
in terms of their morphologies and differentiation statuses, even if the tumor consists of
the progeny of a single neoplastic cell. The effect of tumor cell heterogeneity on the
sensitivity to PDT is not known. Here, I demonstrate that a single tumor cell has the
potential to produce heterogeneous progeny. Understanding the effect of tumor cell
heterogeneity on the clinical applications of PDT will aid in the design of new
Interventions and potentially improve the long-term survival of PDT-treated patients.



Figures

Excited singlet s tate (S1)

™~

Triplet s tate (T, )

Fluorescent

Type L
Formation of
free radicals

Light absorption

102

302

Type IL
Conversion of
triplet oxygen to
singlet oxygen

Ground state (S;)

Figure 2-1. Diagram of photochemical reaction in PDT.




References

1.

10.

Schuitmaker JJ, Baas P, van Leengoed HL, van der Meulen FW, Star WM, van
Zandwijk N. Photodynamic therapy: a promising new modality for the treatment of
cancer. J Photochem Photobiol B. 1996, 34(1): 3-12

Lightdale CJ, Heier SK, Marcon NE, McCaughan JS Jr, Gerdes H, Overholt BF,
Sivak MV Jr, Stiegmann GV, Nava HR. Photodynamic therapy with porfimer
sodium versus thermal ablation therapy with Nd:YAG laser for palliation of
esophageal cancer: a multicenter randomized trial. Gastrointest. Endosc. 1995, 42;
507-512

Raab O. Uber die wilkung fluresciender stoffe auf Infusorien. Z Biol. 1900, 39:
190-196

Lipson RL, Baldes EJ. The use of a dericative of heatoporphyrin in tumor detection,
K Natl Cancer Inst. 1961, 62: 1-8

Dougherty Td, Lawrence G, Kaufman JH, Boyle D, Weishaupt KR, Goldfarb A.
Photodiation in the treatment of recurrent breast cancer. J Natl Cancer Inst. 1979,
62: 231-237

Kato H, Usuda J, Okunaka T. Furukawa K. The history of the study of
photodynamic therapy and photodynamic diagnosis in the department of surgery.
Tokyo Medical University, Photodiagnosis and Photodynamic Therapy. 2004, 1(2):
107-110

Kato H, Furukawa K, Sato M, Okunaka T, Kusunoki Y, Kawahara M, Fukuoka M,
Miyazawa T, Yana T, Matsui K, Shiraishi T, Horinouchi H. Phase II clinical study of
photodynamic therapy using mono-L-aspartyl chlorine e6 and diode laser for early
suoerficial squamous cell carcinoma of the lung. Lung Cancer. 2003, 42: 103-111
Verma S, Watt GM, Mai Z, Hasan T. Strategies for enhanced photodynamic therapy
effects. Photochem. Photobiol. 2007, 83: 996-1005

Buytaert E, Dewaele M, Agostinis P. Molecular effectors of multiple cell death
pathways initiated by photodynamic therapy. Biochim. Biophys. Acta, 2007, 1776:
86-107

Foote CS. Definition of type I and type II photosensitized oxidation. Photochem.
Photobiol. 1991, 54: 659



Section 1. In vitro investigation of efficient photodynamic therapy using a
non-viral vector; hemagglutinating virus of Japan envelope

I. INTRODUCTION \

Photodynamic therapy (PDT) is a photochemical modality approved for the treatment of
various cancers, skin diseases, and diseases with neovascularization(l2, The PDT
process comprises injection of a photosensitizer, which selectively accumulates at the
lesion site, followed by local illumination of the site with a laser of appropriate
wavelength to activate the photosensitizer. Irradiation of the photosensitized area with
light at a specific wavelength leads to singlet oxygen generation!sl.

The PDT treatment method is associated with minimal injury to patients because
photosensitizers have low cytotoxicity and the excitation light is harmless in the visible
light range. Therefore, PDT is expected to be a less invasive treatment method for early
lung cancers and stomach carcinoma. Moreover, this treatment method also helps
preserve organ function and limits pain compared to existing surgical treatments or
anti-cancer drug therapies. PDT is an ideal treatment for elderly patients, and it may
also improve the patient’s quality of life.

Selective accumulation of the photosensitizer in the cancer cells is necessary to
improve the therapeutic efficacy of PDT. However, a limitation of this therapy is the
difficulty in photosensitizers reaching the diseased site, which reduces the efficiency of
PDT therapy. To improve the effectiveness of PDT therapy, a new Drug Delivery
System (DDS) needs to be developed for improving the selectivity of photosensitizers.
The DDS is a technology designed to optimize drug therapy by controlling the drug
disposition and selectively transporting drugs to a target site at a preferred density or
time. The DDS should also effectively reduce side effects and improve the safety of a
given drug.

For the accumulation of drugs in cancer cells, active targeting DDS using
monoclonal antibodies were developed. However, conventional photosensitizers are
mostly hydrophobic, and therefore, conjugation of photosensitizers to antibodies
without compromising the immunoreactivity of the antibodies and thereby in vivo
target accumulation is difficult. Various combinations of conventional photosensitizers
and monoclonal antibodies have been tested to improve their selectivity, albeit with
limited success, especially with regard to in vivo therapeutic efficacy!410].

Currently, liposomes are used clinically as drug carriers, and polymer micelles,
silica nanoparticles, and carbon nanohorns are potential carriers that have also been
extensively studied(11.12l. These carriers have also been investigated as photosensitizer
carriers for PDT and have some advantages compared with the administration of the
photosensitizer alone(1316l. The carriers are composed of 2 defined layers: an outer
envelope and an inner shell. The interaction between the living organism and the outer
envelope of the carrier influences the characteristics of drug disposition, and the inner
shell of the carrier contains the drug. These carriers can be used as active targeting
systems by adding monoclonal antibodies to the outer envelope; the effect of adding
monoclonal antibody was determined in in vivo experiments(17-18], HVJ-E is a non-viral
DDS carrier having the same bilayer structure and capability as the active targeting
system with antibody(19-23l. In this study, the effectiveness of a new PDT DDS using a
vector based on HVJ-E was examined.

HVJ-E not only encloses drugs and carries them to target sites but also has some
advantages over other carriers. For example, HVJ-E is effective in fusing with other
cells24 and is therefore expected to improve accumulation of photosensitizers within the
target tumor cells compared with other carriers. Tissue-specific HVJ envelope vectors
have been constructed (Y. Kaneda, unpublished data, 2005) [25]; this is an additional
advantage of this carrier over other carriers. HVJ-E alone has been shown to have an
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antitumor effect26-28], In addition, a clinical grade HVJ envelope vector is currently
being produced for use in clinical trials?® Consequently, HVJ-E is a suitable drug
carrier for PDT.

We constructed HVJ-PPIX by adding protoporphyrin IX (PPIX) to HVJ-E; PPIX is
being widely used as a carrier in PDT for brain tumors[3031l. PDT with PPIX is based on
the endogenous accumulation of PPIX after topical or systemic administration of
5-aminolaevulinic acid (5-ALA) 821, The cytotoxicity of PPIX and 5-ALA are low because
they are normal products in healthy tissue. PPIX has absorption peaks at 405, 510, 545,
580, and 630 nm3334, Very high absorption was observed at 405 nm, and high
therapeutic effectiveness is expected at this wavelength. Further, the light at a
wavelength of 630 nm is highly transmissible and appropriate for application to deep
lesions!3sl, PPIX is s synthesized inside mitochondria. The amount of PPIX in the cell
depends on the amount of intracellular 5-ALA and the synthesis ability[3él. For this
reason, there is a limit on the accumulation of PPIX induced 5-ALA. HVJ-E can
transport PPIX directly and achieve the high concentration.

The membrane structure of HVJ-E is the same as that of biomembranes, and
hence, small molecules leak out from HVJ-E. Synthetic compounds with their molecular
weight more than 1,000 Da can be incorporated into HVJ-EB7. Therefore, encapsulation
of 5-ALA is difficult. 5-ALA must not be added any molecules for increasing the
molecular size because it is required for the synthesis of PPIX for PDT. Therefore, we
constructed HVJ-PPIX from PPIX-C17 (diheptadecanoyl-substituted protoporphyrin IX)
using the PPIX-C17(38l solution technique.

We evaluated the amount of photosensitizer taken up by lung cancer and
melanoma cells in vitro and the photocytotoxic effect of PDT on the cultured cells by
using HVJ-E with added PPIX. The benefits of using HVJ-E as a DDS for PDT are an
enhanced uptake efficiency of photosensitizer by tumor cells and a selective
photocytotoxic effect because of the cytotoxicity of HVJ-E as well as the PDT.

II. MATERIALS AND METHODS

1. Photosensitizer and light source of PDT

5-ALA (A7793, Sigma-Aldrich Inc., USA) and PPIX (Sigma-Aldrich Inc.) were used as
photosensitizers. HVJ-PPIX was generated from PPIX-C17. A continuous wave
semiconductor laser generator was used for PDT at a wavelength of 405 nm, at which
the photosensitizers showed a maximum peak of absorption. The cells were grown on a
96-well culture plate (Black with Clear Bottom 96-well Microtest™ Optilux™ Plate, BD
Bioscience Inc., USA), and then irradiated by a laser via a fiber attached to the bottom
of the culture plate. An optical instrument with an automated stage for positioning was
purchased from Sigma Koki Co. Ltd., Japan.

2. Vector

The HVJ-E vector is a non-viral vector. The viral activities of the HVJ-E vector were
abrogated by exposure to ultraviolet rays, but the vector still had cell fusion abilities.
DNA, RNA, and proteins can be incorporated into HVJ-E and delivered efficiently both
In vitro and in vivo based on its virus-to-cell fusion ability, which protects the contents
of the HVJ-E vector from degradation by endosomes and lysosomes(28l. Virus replication
was lost completely, but hemagglutinating activity was not affected(24l.

3. Synthesis of HVJ-PPIX

An HVJ suspension of 10,000 HAU was inactivated by UV irradiation (99 J/cm?).
Phosphate buffered saline solution (300 pL) (PBS, pH 7.4, Sigma-Aldrich Inc.) and
PPIX-C17 solution (87 pL at a concentration of 11.5 mg/mL) were added to the 10,000
HAU HVJ-E suspension. After centrifuge separation (15000 rpm, 4°C, 5 min), the
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supernatant was removed and 200 pL of PBS was added. The PPIX-C17 was prepared
according to the protocol of El-zarial38l. The incorporation ratio of PPIX in HVJ-E was
2.5 X 1018 mol per one HVJ-E vesicle (mean vesicle volume is about 0.11 mm3).

4. Cell culture

The human lung cancer cell line A549 and the murine melanoma cell line B16 were
used. The A549 cells were cultured in RPMI-1640 medium (Sigma-Aldrich Inc.)
containing 10% fetal bovine serum (FBS, Biowest Inc., France), 100 units/mL penicillin,
and 0.1 mg/mL streptomycin (Nacalai Tesque, Japan). The B16 cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich Inc.) containing 10% FBS,
100 units/mL penicillin, and 0.1 mg/mL streptomycin. The cells were incubated at 37°C
with 5% COa.

5. PPIX uptake by cells .

For adherent cultures, 100 pL (2 x 104 cells/well) of the A549 cells were plated in a
96-well plate. Three hours later, when the cells had adhered to the plate, the medium
was removed and replaced with FBS-free DMEM containing 100 pL of 5-ALA (800 uM),
PPIX (100 pM), and HVJ-PPIX (100 uM) solution. Conjugation of eight ALA molecules
yields PPIX in a mitochondria; ALA dehydratase synthesizes porphobilinogen (PBG)
from two 5-ALA molecules. PBG deaminase converts four PBG molecules into
hydroxymethylbilane. Linear hydroxymethylbilane is fused into a ring to make
uroporphyrinogen III. Four carboxyl groups are removed to make coproporphyrinogen
III. And a coproporphyrinogen oxidase converts coproporphyrinogen III to
protoporphyrinogen IX[39, After 2 hours, the supernatant was removed and the cells
were washed once in PBS, lysed with 100 pL of 0.05% sodium dodecyl sulfate solution at
37°C for 30 min, and then the intracellular uptake of PPIX was quantified using a
multi-mode microplate reader (SpectraMax M5®, Molecular Devices Co. Ltd., USA) with
excitation and emission wavelengths of 405 and 635 nm, respectively.

6. Fluorescence imaging of intracellular PPIX

A549 cells were exposed to 5-ALA (800 pM), PPIX (100 pM), and HVJ-PPIX (100 uM)
dissolved in FCS-free DMEM as described above. After the supernatant was removed
and the cells were washed once in PBS, the distribution of PPIX in the cells was
observed using fluorescent microscopy (BZ-9000, KEYENCE, Japan). The excitation
wavelength was 405 nm, and fluorescence emission was detected at 650 nm.
4',6-Diamidino-2-phenylindole hydrochloride (DAPI) (Nacalai Tesque, Japan) was used
to locate the nucleus.

7. Evaluation of the difference of PPIX uptake between cell lines

The amount of drugs delivered using the HVJ-E vector varies depending on the cell line
tested40l. We used A549 cells and B16 cells to evaluate the delivery of PPIX via HVJ-E.
The cells were plated into a 96-well plate (2 x 104 cells/well). Three hours later, the
medium was removed and replaced with 100 pL of HVJ-PPIX suspension (0-200 pM;
dissolved in FBS-free DMEM). After 2 hours, the supernatant was removed, the cells
were washed and lysed, and the intracellular uptake of PPIX was quantified as
described for the PPIX uptake assay.

8. Evaluation of the photocytotoxic activity of PDT

The B16 cells were inoculated into a 96-well Microtest™ Optilux™ plate (1.25 x 104
cells/well) and incubated for 48 hours. The medium was removed and replaced with 100
uL of 5-ALA solution (0-50 pM; dissolved in FBS-free DMEM) or HVJ-PPIX solution (0—
6.25 pM; dissolved in FBS-free DMEM). After 2 hours, the cells were washed and
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re-suspended in 100 pL of FBS-free DMEM. Cells were then subjected to laser
irradiation (50 mW/cm2) for 0, 30, 60, or 180 s. After laser irradiation, the culture
medium was replaced with a complete growth medium. After 24 h, the Cell Counting
Reagent SF kit (Nacalai Tesque, Japan), based on a water-soluble tetrazolium
compound, was used to determine the effect of PDT on cell survival. The microplate
reader was used to measure the absorbance at a wavelength of 450 nm. All experiments
were performed in 3 repeats.

9. Statistical analyses

All data were expressed as the mean + standard derivation. Statistical significance
(defined as P values of <0.01) was evaluated using an unpaired Student’s #test
(two-tailed).

III. RESULTS

1. Photosensitizer uptake by A549 cells

The relationship between the photosensitizer administered and the intracellular
fluorescence intensity is presented in Figure 2-1-1. The amount of PPIX that was taken
up by the cells reached a plateau at 2 h (data not shown). Fluorescence intensity with
HVJ-PPIX was 3 times higher than that with the PPIX solution and 20 times higher
than that with the 5-ALA solution. Thus, uptake of PPIX was significantly higher with
the HVJ-PPIX solution than with the other solutions.

2. Fluorescence imaging of intracellular PPIX

Figure 2-2-2 shows the results of fluorescence microscopy. PPIX was located
eccentrically in the cytoplasm when the cells were exposed to 5-ALA. However, PPIX
was ubiquitously distributed in the cell when HVJ-PPIX was used.

3. Evaluation of the difference of PPIX uptake between cells

The relationship between the initial concentration of HVJ-PPIX in the culture medium
and the fluorescence intensity from intracellular PPIX is shown in Figure 2-1-3. At
HVJ-PPIX suspension concentrations of >50 pM, PPIX uptake was higher in the B16
cells than in the A549 cells.

4. Evaluation of the photocytotoxic activity of PDT

The cytotoxic effect of PDT was evaluated in A549 and B16 cells. The number of
untreated cells was set at 100%, and the cell survival rate in the treatment groups was
calculated relative to the untreated cells. Comparing Figures 2-1-4 and 2-1-6, or Figures
2-1-5 and 2-1-7, the HVJ-PPIX suspension showed a greater cytotoxicity after PDT than
did the 5-ALA solution.

IV. DISCUSSION

PDT is one of the least invasive cancer therapies, but the accumulation of
photosensitizers in tumor cells is inefficient. One way to overcome this limitation is to
use a tumor-targeted DDS. In our study, we tested the novel DDS vector HVJ-E for the
delivery of photoactive compounds used in PDT. HVJ-E is expected to be a novel DDS
vector. Because HVJ-E is constructed from the inactivated Sendai virus, the
components of HVJ-E are very similar to that of native HVJ. Two glycoproteins, fusion
(F) protein and hemagglutinin-neuraminidase (HN) protein, are present on the viral
envelope, and these proteins are important for membrane fusion(2L41l. It is likely that
efficient uptake of PDT photosensitizing compounds occurs using this vector through
the fusion of the vector membrane with the tumor cell membrane.
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In the current PDT method, 5-ALA was used. PPIX is formed from 5-ALA in the
mitochondrial4?l. We developed a novel method for the direct transportation of PPIX in
tumor cells using HVJ-E, and showed that HVJ-PPIX could be used to inject more
photosensitizers into a cell than 5-ALA. It is unlikely that the improvement in the
injection efficiency of HVJ-PPIX relative to PPIX was only due to differences in the
compounds. HVJ-E increases the injection efficiency by supporting cell adhesion and
membrane fusion using surface proteins. The amount of PPIX induced by HVJ-PPIX
was 20 times higher than that induced by 5-ALA solution (Fig. 2-1-1), which yields
about 2 to 5 times better results compared with other vectors in earlier studies(43-46l,

The distribution of PPIX in the cell was observed using fluorescence microscopy
(Fig. 2-1-2). PPIX was located eccentrically in the cytoplasm when the cells were
exposed to 5-ALA. 5-ALA is metabolized along a pathway in the mitochondria into PPIX.
Thus ALA-PPIX is localized in mitochondria¥’- On the other hand, PPIX was
ubiquitously distributed in the cell by applying HVJ-PPIX. The PDT ability was
maintained. HVJ-E transfers drugs into cells by cell fusion. The membrane fusion
pathway can spare the endosomal and lysosomal degradation!?sl. In our study, It was
considered that PPIX also would take up using the membrane fusion pathway.

In addition, PPIX-induced HVJ-PPIX was observed in the nucleus. Because
HVJ-E is often used in gene transferl4850l it is very likely that HVJ-E allows PPIX to
move into the nucleus by a similar mechanism. PDT results in reactive oxygen species
(ROS) and damage to cellular DNA. Thus, the use of HVJ-PPIX has an advantage over
PPIX induced by 5-ALAl=28],

The amount of PPIX taken up by the B16 and A549 cells was measured (Fig. 3),
and we determined that B16 cells took up significantly about 20-40 percent more PPIX
than A549 cells. Of course, the growth rate was different between these cells. Although
the uptake of PPIX can affect cell growth, our experiments lasted for only 2 h in
serum-free medium, which eliminated the effect of changes on the cell growth ratel51l.

HVJ-E binding to the cell surface is mediated by an acetyl-type sialic acid
recognized by the HN protein on the vector’52. HN-depleted HVJ has low
hemagglutinating activity and the infection activity was suppressed®3l. On the other
hand, the transportation by HVJ-E is not affected by inhibitors of endocytosis(21.22.54.
HVJ-E vector-mediated membrane fusion was also observed by electron
microscopy21,55l.. These results indicate that the PPIX can be directly delivered to the
cytoplasm. Because membrane fusion is needed to the derivation, the receptor of A549
and B16 would take an interest in the amount of intracellular PPIX. The membrane
fusion pathway has a higher potential to increase uptake efficiency than does
endocytosis because the endosome aggregates PPIX and decreases the efficiency of
absorption of lightl5657 Furthermore the retention time is shortened because PPIX in
coated vesicles is dissolved by the lysosomesl58s],

The photocytotoxicity of HVJ-PPIX (Figs. 2-1-6 and 2-1-7) was evaluated in
comparison with that induced by 5-ALA (Figs. 2-1-4 and 2-1-5). High cytotoxicity was
observed both in A549 and B16 cell lines. The cytotoxicity for B16 cells (Fig. 2-1-7) was
twice as large as that for A549 cells (Fig. 2-1-6), which corresponded to the measured
uptake results. The photocytotoxicity of B16 cells was higher than that of A549 cells
compared in the same intracellular PPIX concentration. Thus, we demonstrated that
the use of HVJ-PPIX resulted in efficient photocytotoxicity considering the amount of
PPIX uptake.

HVJ-E alone has demonstrated antitumor efficacy without the addition of any
therapeutic agents(?859, When the concentration of the HVJ-PPIX suspension was
greater than 6.25 pM, little cytotoxicity was observed without laser irradiation (Figs.
2-1-6 and 2-1-7). This suggests that HVJ-PPIX retains its antitumor effect. Evaluation
of the photocytotoxic effects of HVJ-PPIX in the tumor-bearing mouse models should
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also be evaluated, along with the in vivo cytotoxicity of the carrier alone. These findings
may be useful for the clinical application of phototherapy in cancer patients.

The in vitro experiments reported in this study did not allow us to evaluate the
tumor selectivity of the HVJ-PPIX, but the in vivo selectivity has been demonstrated in
previous researchl1923l, The accumulation of photosensitizing compounds in vivo is
critical in the medical application of PDT.

V. SUMMARY

In this study, HVJ-E was applied to PDT as a novel DDS carrier, and the efficacy of PDT
using HVJ-PPIX was evaluated in vitro. As a result, the uptake quantities of the
photosensitizers increased to a greater extent with HVJ-PPIX with previously reported
compounds. Future studies should evaluate the drug kinetics, the amount of
accumulation in the tumor, and the photocytotoxic effect of PDT with HVJ-PPIX using
In vivo tumor-bearing animal models..
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Fig. 2-1-1. Experimental setup for laser irradiation of cultured cells on the automated
positioning stage. Cells were irradiated with a laser via a fiber attached to the bottom of
the culture plate.
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Figure 2-1-2. The intracellular uptake of photosensitiazer by each cell lines. Graphs
show the fluorescence intensity of intracellular PPIX that was taken up by each cell
lines after 2 h of culture in serum free culture medium.( *P < 0.01)
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Figure 2-1-3. Intracellular uptake amount of talaporfin sodium A549, B16, CT26 and
LLC cell lines. Fluorescence intensity was expressed against the initial concentration of
HVJ-PPIX. The bars indicate cell lines (black bar; A549,slashed bar; #2, white bar;
CT26 and gray bar; LLC). Significant differences (P <0.05) were shown below; 26
uM:A549 against CT26. 50 uM : A549 against all other groups B16 against all other
groups. 100 pM : B16 against all other groups. and 200uM :, A549 against B16 and LLC,
B16 against all other groups.
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Figure 2-1-4. Antitumor effect of PDT for the A549 cells using 5-ALA. The cell survival
rate (%) is expressed against laser irradiation time. The irradiation time is indicated as
®;0s,0,30s, A;60s, <;180s.
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Figure 2-1-5. Antitumor effect of PDT for the A549 cells using HVJ-PPIX. The cell
survival rate (%) is expressed against laser irradiation time. The initial dose
concentration is indicated as ;0 s,0; 30 s, A; 60 s, ; 180 s.
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Figure 2-1-6. Antitumor effect of PDT for the B16 cells using 5-ALA. The cell survival
rate (%) is expressed against laser irradiation time. The initial dose concentration is
indicated as ;0 s,0; 30 s, A; 60 s, <; 180 s.
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Figure 2-1-7. Antitumor effect of PDT for the B16 cells using HVJ-PPIX. The cell
survival rate (%) is expressed against laser irradiation time. The initial dose
concentration is indicated as ;0 s, 0; 30 s, A; 60 s, <; 180 s.
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Section 2. Differential effects of photodynamic therapy on morphologically
distinct tumor cells derived from a single precursor cell

1. Introduction
Currently, PDT has been approved for localized diseases and precancerous lesions, such
as bladder cancers, pituitary tumors, and glioblastomas!l.2, Furthermore, numerous
ongoing clinical studies have been designed to optimize the conditions of PDT and
thereafter PDT has been approved in several countries. However, one inherent
consequence of PDT is local hypoxia, which can arise directly from oxygen consumption
during treatment(33! or indirectly from the destruction of the tumor vasculature as a
result of effective treatmentl6.7). Hypoxia is a major stimulus for angiogenesis, through
its stabilization of the hypoxia-inducible factor-1a (HIF-1a) transcription factor®!, which
results in an increase in the production and secretion of vascular endothelial growth
factor (VEGI). Following PDT, an increase in VEGF secretion{10.11 and angiogenic
responses have been documented in vivd1213l, VEGF induction could contribute to
tumor survival and regrowth, and therefore could be one of the factors impairing PDT
from achieving its full tumoricidal potential. Therefore, a better understanding of
responses by tumor cells following PDT will help design new interventions and
potentially improve the long-term survival of PDT treated patients.
It is well known that the cells in a tumor tissue are heterogeneous in terms of their

morphologies and differentiation statuses, even if the tumor tissue consists of a progeny

that is derived from a single neoplastic cellll4. Although cultured tumor cells have also
been characterized by their morphological heterogeneity, the extent of cellular
morphological heterogeneity cannot be easily evaluated. When Shimada et al. assessed
the survival of 31 cultured human esophageal tumor cells using a colony-forming
assayl15l, they found that one cell group (KYSE 70) formed multiple morphologically
distinct colonies in a single dish. Classification of the colonies made it possible to
evaluate the extent of the morphological heterogeneity. Here, 1 isolated five types of
cells from a single clone of KYSE70 cells. The sensitivity of some of these isolated cells
to PDT was significantly higher than that of others, irrespective of their intracellular
concentration of talaporfin sodium (the photosensitizer). In addition, the VEGF
production by each cell type was different after PDT. Based on these results, I propose
that a small fraction of tolerant cells may actively grow and predominate after PDT,
even though most of the non-tolerant cells in the original tumor tissue were selectively
killed by the repeated treatment in clinical therapy.

II. Materials and methods

1. Materials

Talaporfin sodium (Mono-l-aspartyl chlorin e6, Laserphyrin®, kindly provided by Meiji
Seika Co. Ltd., Japan), composed of aspartic acid conjugated by means of an amide bond
to the D ring of the chlorin structure, with an absorption peak at 664 nm, was used as
the photosensitizer. A continuous wave semiconductor laser generator was used,
wavelength; 664 + 1 nm (JENOPTIK unique-mode GmbH, Germany). The cells on a
culture plate were irradiated by the laser via a fiber attached to the bottom of the
culture plate. An optical instrument with an automated stage for positioning was
purchased from Sigma Koki Co. Ltd., Japan.

2. Cell culture and isolation

The KYSE70 cells were cultured at 37 °C and 5% CO2 in Dulbecco’s Modified Eagle’s
Medium (DMEM) (Sigma-Aldrich Inc., MO) containing 10% fetal calf serum (FCS,
BioWest Inc., France), 100 units/mL penicillin, and 0.1 mg/mL streptomycin (Nacalai
Tesque, Japan). Shimoda et al. previously described the origins and other details of this
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cell type and established the KYSE70 cells from a poorly differentiated human
squamous cell carcinoma (from an esophageal cancer that had developed in a
77-year-old Japanese male)l1516, A KYSE70 cell suspension (10 cells/mL) was
inoculated into each well of a 96-well plate (100 nL/well, Corning Inc., NY), and the cells
were incubated for 3 days. Under microscopic observation, only a single morphological
formation of cells in each well was selected and cultured continuously. The cell number
of each cell type was sequentially counted to calculate the cell growth rate.

3. Growth speed

For stationary culture, 100 pL of each selected morphological cell subclone was
inoculated into 96-well (625 cells/well). 24, 48, 72, 96, 120 hours later, the cells were
counted by MTT assay. The Cell Counting Reagent SF kit (Nacalai Tesque), based on a
water-soluble tetrazolium compound, was used for the counting assay.

4. Setermination of the cell size

The suspending solution (1x106 cells/mL) was made and cell diameter was measured by
Coulter counter method using flow cytometer (Cell Lab Quanta SC MPL, Beckman
Coulter Inc.).

5. Anticancer drug resistance

For stationary culture, 100 pL of each selected morphological cell subclone was
inoculated into 96-well (5 x 103 cells/well). Twenty-four hours later, when the cells had
adhered to the plate, the medium was removed and the cultures were washed three
times in a phosphate buffered saline solution (PBS, pH 7.4, Sigma). Then, 100 uL of
5-Fluorouracil (5-FU, Sigma-Aldrich Inc. was added to each well (62.5, 125, 250, 500 or
1000 pg/mL) dissolved in FCS free DMEM). After 48 h, the cells were counted by MTT
assay.

6. Talaporfin sodium uptake by cells

For stationary culture, 100 pL of each selected morphological cell subclone was
inoculated into a Black with Clear Bottom 96-well Microtest™ Optilux™ Plate (BD
Bioscience Inc., CA) (1 x 104 cells/well). Twenty-four hours later, when the cells had
adhered to the plate, the medium was removed and the cultures were washed three
times in a phosphate buffered saline solution (PBS, pH 7.4, Sigma). Then, 100 pL of
talaporfin sodium was added to each well (10, 30, or 50 pg/mL; dissolved in FCS free
DMEM). After 2 h, the supernatant was removed and the cells were washed three times
thoroughly with PBS, lysed with 100 pL of 0.05% sodium dodecyl sulfate solution at
37 °C for 20 min, and the intracellular uptake of talaporfin sodium was quantified using
a multi-mode microplate reader (SpectraMax M5®, Molecular Devises Co. Ltd., CA)
with excitation and emission wavelength of 405 and 672 nm, respectively. Then the cells
were counted by fluorometric quantitation of cell DNA with Hoechst 33342 solution
(Nacalai Tesque, Japan) according to the assay protocolll7. The fluorescence
interference between the intercalated Hoechst 33342 and the talaporfin sodium was
separated using an optical filter instrument. A calibration curve between the
concentration of DNA and the number of cells was made using cell suspensions with
different known cell concentrations. All experiments were performed seven independent
times.

7. Amount of generated ROS

The way of talaporfin sodium uptake was described above. The medium was replaced to
FCS free DMEM added Fluorescent detector of highly ROS (Aminophenyl fluorescein,
APF). Cells were then subjected to laser irradiation (30 mW/cm?2) for 0, 30, 60, or 180 s.
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After PDT, the fluorescence of APF (405 nm) was measured.

8. Evaluation of the antitumor activity of PDT using talaporfin sodium and a
semiconductor laser

Each selected morphological cell subclone was inoculated and exposed to talaporfin
sodium dissolved in FCS free DMEM (10, 30, or 50 pg/mL) as described for the
talaporfin sodium uptake assay. Cells in FCS free DMEM were then subjected to laser
irradiation (30 mW/cm?2) for 0; 5, 10, 30, 60, or 180 s. After laser irradiation, the culture
medium was replaced with complete growth medium. After 24 h, the number of cells
was counted to evaluate their sensitivity to PDT using MTT assay. The SpectraMax M5
was used to measure the absorbance at a wavelength of 450 nm. All experiments were
done three independent times. The results of these counts were independently verified
using a DNA based counting method.

Colony assay was also used to counting cell number. The cells after PDT were
retrieved and inoculated into a 6-well plate (costar® 3595, Corning Inc.) (100 cells/well
or 1000 cells/well). They were cultured for 7days using DMEM containing 1.2%
methylcellulose (R&D Systems, Inc.) and the number of colony was counted.

Chronological change of cell survival rate was also measured. Cells were counted 3
6, 12 or 24 h after PDT using MTT assay.

To determine the rate of talaporfin sodium photobleaching, a photobleaching test
was performed using a talaporfin sodium solution. The talaporfin sodium was
photobleached based on the formula: C = Co exp(-kt), where C is the concentration at
time (t), CO is the initial concentration of talaporfin sodium, and k is the coefficient of
photobleaching. The value of k was determined experimentally to be 0.0024, when the
initial concentration of talaporfin sodium was 10, 30, or 50 pg/mL. From this result, we
estimated that 90% of talaporfin sodium remained in the cells after a 60 s laser
irradiation.

H

9. Area under the curve (AUC) calculations

To clarify the relationships between phototoxicity (PDT effects), laser irradiation time,
and the intracellular uptake of talaporfin sodium, the area under the phototoxicity—
laser irradiation time curve (AUC) was calculated using the linear trapezoidal method
and the correlation between the AUC and the intracellular concentration of talaporfin
sodium was evaluated.

10. ELISAs

Each selected morphological cell subclone was inoculated, exposed talaporfin sodium
dissolved in FCS free DMEM (10, 30, or 50 ng/mL), and laser irradiated as described
above. Twenty-four hours later, the VEGF level in the cell culture medium was
quantified from each sample using a Quantikine human VEGF ELISA kit (R&D
Systems, Minneapolis, MN).

11. Statistical analyses
All data were expressed as means + the standard derivation. Statistical significance

(defined as P values <0.01) was evaluated using an unpaired Student’s t-test
(two-tailed).

ITI. Results

1. Appearance of morphologically variable cells

Cells with varying morphologies were observed in a well, in which a single KYSE70 cell
had been inoculated (Figure 2-2-1). These cells were classified into five types (subclones
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#1-5): Subclones #1, #3, and #4 were flat and diffusive cells, and subclones #2 and #5
consisted of cell mounds.

The cell growth rate was different for each subclone, but there were no
correlations between cell morphology and growth rate (Figure 2-2-2). The cell diameter
was measured by Coulter counter method (Table 2-2-1.). Each subclone is significant
difference from all other subclones. The biggest is #4 and the smallest is #5. And the
sensitivity to anti-cancer drug was shown in Figure 2-2-3. Subclone #3, #4 had have
great sensitivity.

2. Photosensitizer uptake by cells

The relationship between the initial concentration of talaporfin sodium in the culture
medium and its intracellular uptake is shown in Figure 2-2-4. The amount of talaporfin
sodium that was taken up by the cells reached a plateau at 2 h (data not shown).
Irrespective of the concentration of talaporfin sodium in the medium, the cells from
subclone #3 took up much talaporfin sodium. However, there was no correlation
between the amount of intracellular talaporfin sodium uptake and cell morphology.
When observed under fluorescence microscopy, the cytoplasm was the major site for
talaporfin sodium uptake, with little talaporfin sodium in the nuclei of any of the cell
subclones (data not shown).

To ensure that the lack of serum did not affect the uptake of talaporfin sodium, I
measured the intracellular uptake by each cell subclone in culture medium containing
10% serum. Under these conditions, the uptake of talaporfin sodium was slightly lower
compared with the uptake in serum free culture medium. However, these differences
were not significant.

3. Amount of generated ROS

The amount of ROS generated by PDT was measured using APF fluorescence. The
fluorescence intensity was expressed against the laser irradiation time in Figure 2-2-5.
Subclone #1, #2 and #4 generate more ROS than #3 and #5 regardless of talaporfin
sodium

4. Evaluation of the antitumor activity and VEGF secretion after PDT using talaporfin
sodium and a semiconductor laser

The cytocidal effects of PDT were evaluated for each cell subclone. When the
concentration of talaporfin sodium was 30 or 50 pg/mL, the phototoxicity of PDT was
proportional to the length of laser irradiation (Figure 2-2-6). However, irrespective of
talaporfin sodium concentration, the phototoxicity in subclones #2 and #5 was markedly
lower than in the other clones 3 h after PDT. Additionally, when the concentration of
talaporfin sodium was 10 pg/mL, there was no obvious effect of PDT on any of the
subclones. Figure 2-2-7 is a result of antitumor activity measured by colony assay. The
antitumor effect was measured larger compared with MTT assay.

The correlations between the areas under the phototoxicity—laser irradiation time
curves (AUC, calculated from Fig. 2-2-5) and the amounts of intracellular talaporfin
sodium uptake (Fig. 2-2-4) are shown in Figure 2-2-8. These data revealed that under
these conditions, subclones #3 and #4 were more resistant to PDT than subclones #1, #2
and #5, irrespective of the amount of intracellular talaporfin sodium or the laser
irradiation time.

The amount of VEGF released into the cell culture medium was quantified 24 h
after PDT for each subclone (Figure 2-2-9). Since PDT decreased the number of cells for
subclones #1 and #2, the concentrations of VEGF in the culture media was also
decreased when 30 or 50 pg/mL of talaporfin sodium was added. However, their VEGF
concentrations were increased after PDT when the talaporfin sodium concentration was
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10 pg/mL. In contrast, VEGF production was not detected in culture media of subclones
#3-5 before or after PDT.

IV. Discussion

Morphological heterogeneity is frequently observed in cells cultured in vitrol15-18l, In
general, these alterations are induced by intracellular and/or microenvironmental
alterations and are considered to be reversible. Shimoda et al. found that a single
cultured human tumor cell (KYSE70) formed multiple types of colonies in a culture
dish!18], I classified these cells into 5 groups according to their morphologies (Fig. 2-2-1),
which did not change over the course of our experiments.

I compared the growth speeds (Fig. 2-2-2), cell diameters (Table 2-2-1), and
resistances to anti-tumor drugs (Fig. 2-2-3) among the 5 groups and found that subclone
#3 grew the most rapidly but was less sensitive to drugs than was subclone #4 and more
sensitive than were subclones #1, #2, and #5. Although highly proliferative cells are
generally more drug-sensitive, subclone #5 was the most drug-sensitive despite a
growth rate similar to those of subclones #1, #2, and #4. These results show that the
proliferation potential of the 5 subclones was not related to the 5-FU sensitivity. There
have been some reports of a drug-efflux pump effective against 5-FU, and some of the
subclones may express this pump19l,

From the morphologically variable appearances of the cells, it might be expected
that differences in cell surface area would influence the intracellular concentrations of
talaporfin sodium, as the cell surface area can contribute to the uptake of this drug,.
However, there was no correlation between the apparent cell surface areas and the
intracellular talaporfin sodium levels, suggesting that the cell populations, although
derived from a single cell, have markedly heterogeneous intrinsic talaporfin sodium
uptake properties. While the growth rates differed among these cell subclones and may
have affected the uptake of talaporfin sodium, my experiments only lasted 2 h in
serum-free medium, allowing us to ignore any growth-related changes in uptake.

In PDT, the presence of a drug-efflux pump would reduce the drug amount. In my
experiments, therefore, the presence of a drug-efflux pump should be related to the PDT
effect. The survival rates for the subclones after PDT were measured by the MTT assay
and the values found to differ (Fig. 2-2-7). The cell proliferation and the times between
cell damage and death after PDT were also different. The cytotoxicity estimated by
colony assay was higher than indicated by the MTT assay, possibly because cells may
not die until a few days after the damage occurs!27.28], In my experiments, the cells
continued to die over 24 h after PDT.

To clarify the correlation between the effects of PDT (phototoxicity vs. laser
irradiation time) and the intracellular talaporfin sodium concentrations, I analyzed the
relationship between AUC (calculated from a graph plotting phototoxicity against laser
irradiation time) and the intracellular concentration of talaporfin sodium (Fig. 2-2-4).
The results indicated that cell subclones #1, #2 and #5 were more sensitive to PDT than
were cell subclones #3 and #4, despite having lower levels of intracellular talaporfin
sodium. Therefore, although cell subclones #3 and #4 took up larger amounts of
talaporfin sodium, this uptake did not boost the effects of PDT. A number of studies
have examined the effectiveness of photosensitizers on multidrug resistant cellswith a
focus on the effects of the P-glycoprotein (P-gp) or the ATP binding cassette (ABC)
transporter on the efficacy of PDTI2026], Some multidrug-resistant ABC transporters
might be expressed in KYSE70 cells; the possibilities include MDR1/P-gp/ABCB1
(multidrug resistance gene 1/P-glycoprotein/ATP-binding cassette family B1),
MRP1/ABCC1 (multidrug resistance-associated protein/ATP-binding cassette family
C1), and BCRP/ABCG2 (breast cancer resistance protein/ATP-binding cassette family
G2). Therefore, due to the potential influence of drug efflux pumps on intracellular
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talaporfin sodium levels and consequently on PDT, in this study I measured the
amounts of intracellular talaporfin sodium just before laser irradiation.

Numerous studies have reported biological changes in cells in response to PDT,
such as decreased cell adhesion(29.30 and increased production of cytokines[3!l and levels
of heat shock proteins(32. Those studies also described the effects of subcurative PDT
and reported increased VEGF production both in vitro and in vivo. In this study, only 2
of the 5 subclones expressed VEGF (Fig. 2-2-9), and VEGF expression was decreased
after PDT (in proportion to the decrease in cell number) in those subclones. However,
VEGT production was increased when the PDT effect was not sufficient to decrease the
number of cells (10 pg/mL talaporfin sodium). The details of the clinical relevance of the
induction of VEGF by PDT are currently under investigation, but VEGF could
contribute to tumor survival and regrowth and could therefore be one of the factors
preventing PDT from achieving its full tumoricidal potential. A better understanding of
the responses to PDT and VEGF secretion capacities of morphologically heterogeneous
tumor cells could significantly improve therapeutic outcomes.

Morphologically heterogeneous cells have been observed frequently not only in
primary tumorsll4 but also in metastatici3 and recurrent tumors34 after tumor
therapy, although it remains unknown whether such morphological alterations are
reversible. Tumor recurrence is a serious problem for patients because recurrent tumors
are frequently more malignant than primary tumors3sl. Furthermore, it is well known
that recurrent tumors are usually more resistant to further chemo- or radiotherapy. Two
hypotheses might explain this resistance. First, treated cells become committed to
de-differentiation and thus acquire tolerance. Second, a large fraction of the
non-tolerant cells in the original tumor tissue are selectively killed by repeated
treatments, leaving only a small number of more tolerant cells to grow actively and
become predominant. My data show that cell subclones #1, #2, and #5 were more
PDTsensitive than were subclones #3 and #4. If the subclone #3 and #4 cells more
actively migrate to other tissues, it could explain why PDT has been slow to gain
acceptance as an alternative to conventional tumor therapies. Therefore, a better
understanding of the influence of tumor cell heterogeneity on the clinical applications of
PDT will aid in the design of new interventions and potentially improve the long-term
survival of PDT-treated patients. Further improvements in the clinical applications of
PDT for heterogeneous tumor cells can be expected, and improved PDT may ultimately
be useful as a clinical antitumor therapy.

29



Figures

Table 2-2-1 The cell diameter in each subclones. Each subclone is significant difference

from all other subclones.

cell subclone

Cell diameter (£ SD) [um]

#1
#2
#3
#4
#5

13.8
13.2
15.4
17.2
12.5

(+3.8)
(+3.4)
(+4.3)
(4.7
(+3.5)

Table 2-2-2. Differential reactions on morphologically distinct tumor cells derived from
a single precursor cell for talaporfin sodium Phortodynamic Therapy. Typical results
are expressed. The bold face numbers indicate higher impacts or quantity than the

other subclones.

#1 #2 #3 #4 #5
Growth rate in five days 14 19 45 14 17
Intracellular concentration of
talaporfin sodium [mg/cell] 1.10 130 190 1.70 0.81
(dose concentration = 50 mg/mL)
Emergence amounts of ROS
measured by APF intensity [a.ul 386 409 806 346 666
(dose concentration = 50 mg/mL,
Irradiatioin time = 180 s )
Survival rate of control after PDT
(dose concentration = 50 mg/mL, 006 0.08 030 0.15 0.21
Irradiatioin time = 180 s)
Amount of VEGF after PDT (dose
concentration = 10 mg/mlL, 257 84 0 2.6 9.7

Irradiatioin time = 180 s )
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Figure 2-2-1. Morphologically variation. Morphologically variable cells were observed.
(A) Only a single morphological formation of cells in one well were selected and cultured

continuously. (B-F) Five subclones were separated from a single clone of KYSE70 cells.
Bar =200 um.
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Figure 2-2-2. The cell growth rates of subclones #1-5. The cell growth rate was different
for each subclone and there was no correlation between the morphology of a cell and its
growth rate. The symbols indicate cell subclones (O; #1,[1; #2, A; #3, V;#4. X; #5).
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Figure 2-2-3. Antitumor effect of 5-FU in each subclone. The cell survival rate was
expressed against the concentration of 5-FU. Cell subclone # is indicated as O; #1,0;
#2, A5 #3, V; #4. X; #5. *Significant differences were shown below; 62.5 pg/mL:
subclone #1 against #3, 4, subclone #2 against #3, 4, 5, subclone #3 against #1, 2, 5,
subclone #4 against #1, 2, 5, subclone #5 against #2, 3, 4. 125 pg/mL : subclone #1
against #3, 4, 5, subclone #2 against #4, 5, subclone #3 against #1, 4, 5, subclone #4
against all other groups, subclone #5 against all other groups. 250 pg/mL : subclone #1
against all other groups, subclone #2 against #1, 4, 5, subclone #3 against #1, 4, 5,
subclone #4 against all other groups, subclone #5 against all other groups, 500 pg/mL :
subclone #1 against #4, 5, subclone #2 against #4, 5, subclone #3 against #4, 5, subclone
#4 against all other groups, subclone #5 against all other groups.
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Figure 2-2-4. Intracellular uptake amount of talaporfin sodium into each cell subclone.
Intracellular amount of talaporfin sodium was expressed against the initial
concentration of talaporfin sodium in the culture medium. The bars indicate cell
subclones (black bar; #1,slashed bar; #2, gray bar; #3, white bar; #4. dotted bar;
#5).*Significant differences were shown below; 10 pg/mL: subclone #1 against #2, 4, 5,
subclone #2 against #1, 4, 5, subclone #3 against #5, subclone #4 against #1, 2, 5,
subclone #5 against all other groups. 30 pg/mL : subclone #1 against #4, subclone #2
against #4, subclone #4 against #1, 2, 5, subclone #5 against #4. 50 pg/mL : subclone #2
against #5, subclone #3 against #5, subclone #4 against #5, subclone #5 against #2, 3, 4.

33



1000 )
800 |-
600 [~

400

Fluorescence intensity
of APF [a.u.]

0 50 100 150

irradiation time [s]

N 1000 ~®)
- 800 |-
wl—"
O -
E3 600 [ T &
8.
8%
8%
g
: A p»
0 50 100 150
irradiation time [s]
_ 1000 =~
J
‘é 800 [~ -
o ‘," )
3 eof 5 T i
o T e
Q. ¥ ALs e
55 400 |- 5 a—
By N —
5 .
5 200+ .
| I oé. l
0 50 100 150

irradiation time [s]

Figure 2-2-5. Fluorescence intensity of APF was expressed against the laser irradiation
time when the initial concentration of talaporfin sodium in the culture medium was
(A)10, (B)30, and (C)50 pg/mL. Cell subclone is indicated as O;#1,00; #2, A; #3, V; #4.
X5 #5.
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Figure 2-2-6. Chronological change of cell survival rate. The cell survival rate was
expressed against the laser irradiation time when cell subclone is (A)subclone #1 and
(B)#2, and subscript expressed the initial concentration of talaporfin sodium in the
culture medium as (1)10, (2)30, and, (3)50 pg/mL.. Elapsed time is indicated as @; 3 h,
(0 6 h, A;12 h, V; 24 h. The initial concentration of talaporfin sodium in the culture
medium was 50 pg/mL. (continued)
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Figure 2-2-6. Chronological change of cell survival rate. The cell survival rate was
expressed against the laser irradiation time when cell subclone is (C)subclone #3 and
(D)}#4 and subscript expressed the initial concentration of talaporfin sodium in the
culture medium as (1)10, (2)30, and, (3)50 pg/mL.. Elapsed time is indicated as @; 3 h,
(15 6 h, A;12 h, V; 24 h. The initial concentration of talaporfin sodium in the culture
medium was 50 pg/mL. (continued)
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Figure 2-2-6. Chronological change of cell survival rate. The cell survival rate was
expressed against the laser irradiation time when cell subclone is (A)subclone #1, (B)#2,
(O#3, (D)#4 and (E)Y#5 and subscript expressed the initial concentration of talaporfin
sodium in the culture medium as (1)10, (2)30, and, (3)50 pg/mL.. Elapsed time is
indicated as @; 3h, [1; 6 h, A;12 h, V; 24 h. The initial concentration of talaporfin
sodium in the culture medium was 50 pg/mL.
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Figure 2-2-7. Antitumor effect of PDT using talaporfin sodium measured by colony
forming assay. The number of colony formation was expressed against the laser
irradiation time when the initial concentration of talaporfin sodium in the culture
medium was (A)10, (B)30, and, (C)50 pg/mL. Cell subclone is indicated as O; #1,00; #2,
INSHS, Vi#4, X5 #b5,
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Figure 2-2-8. Relationship between AUC (calculated from cell survival rate-laser
irradiation time; Fig. 2-2-4) and intracellular concentration of talaporfin sodium. Cell
subclone was indicated as O; #1,[1; #2, A; #3, V;#4. X;#5.
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Figure 2-2-9. Amount of VEGF after PDT using talaporfin sodium. Amount of VEGF
was expressed against the irradiation time when the initial dose concentration of
talaporfin sodium in the culture medium was; 10(A), 30(B), and 50(C) pg/mL. Cell
subclone is indicated as O; #1,00; #2, A;#3, V;#4. X;#5b,
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Chapter 3. The Applicability of HVJ-E to Accelerator-based BNCT and the
Development of a Setup for in vivo and in vitro Studies

The second chapter indicated that HVJ-E is capable of being useful for low-molecular
weight drug delivery. HVJ-PDT was highly effective at achieving therapeutic drug
concentrations. I therefore applied HVJ-E to Boron Neutron Capture Therapy (BNCT). -

In theory, BNCT provides a way to selectively destroy malignant cells while
sparing normal cells. It is based on the nuclear capture and fission reactions between
boron-10 (10B) and thermal neutrons. 19B is a nonradioactive constituent of natural
elemental boron. The reaction cross section is exceptionally large, i.e., ~3800 b at
thermal neutron energy. 1B thus captures thermal neutrons very efficiently and
produces energetic a particles (4He) and recoiling lithium-7 (7Li) nuclei via a 1B (n,
a)-7Li reaction (Figure 3-1). These particles have high reactive biological effectiveness
(RBE) and a range of less than 10 pm in tissuell. Because the high linear energy
transfer (LET) particles have limited path lengths in tissue, the destructive effects of
these high-energy particles are limited to boron-containing cells. The dose to normal
tissue is limited by the drug specificity and control of the irradiated area. An affected
site near a vital organ can be cured by BNCT because the physical distance has little to
do with the side effects. As boron is accumulated selectively, as in chemotherapy, BNCT
has curative properties against small infiltrating cancers. It also decreases the risk of
recurrence.

The theory of BNCT was advanced by Locher in 19362, Clinical trials of BNCT
were started in 1951 at Brookhaven National Laboratory by Sweetl3! and Javid, Javid et
al.l4 and Farr et al.5l. However, the trials were discontinued after the treatment of 17
glioblastoma cases at the Massachusetts Institute of Technology in 1960-1961 due to
the discouraging clinical results. Interest in BNCT was renewed by Hatanaka in Japan,
who had worked at Massachusetts General Hospital with the BNCT team headed by
Sweet. Hatanaka modified the procedure developed by Sweet at MGH in 1960-1961 by
introducing 10B-sodium-mercaptoundecahydrododecaborate (10B-Na:B12H-SH).
Between 1968 and 1992, 120 patients with 119 intracranial tumors and 1 extracranial
nerve-related tumor were treated by the current standard BNCT technique. The clinical
results for Grade 3—4 glioma patients treated before March 1985 were reported in
comparison with those for control patients®l. Japan is therefore in a position to build on
this success and lead this field. To date, clinical studies on BNCT for head and neck
cancer have been conducted using the Kyoto University Reactor or Japan Research
Reactor No. 4. However, BNCT is now receiving attention around the world, and clinical
studies have begun in Italy and Argentina. The implementation status of BNCT at
home and overseas is described in Table 3-1 and Table 3-2.

Neutron sources for BNCT are currently limited to nuclear reactors, which is one
of the biggest reasons for the limited understanding and slow spread of this technique.
1.0 X 10° n-ecm?2s! thermal neutrons are needed for BNCT using current standard
protocols, and only reactors can achieve this rate. There is no reactor specialized for
BNCT. Research reactors present obstacles to treatment, with insufficient medical
settings and legal restrictions. Furthermore, reactors are generally installed in
suburban areas, and it is difficult to build them adjoining hospitals. The construction
and operational costs are also very high.

To overcome these difficulties and make BNCT a useful modality for the treatment
of cancer, accelerator-based BNCT has been suggested. Accelerators can also be used to
produce neutrons, and accelerator-based neutron sources are being developed in several
countries 7131, These sources are also compact enough to be sited in hospitals, thereby
allowing more effective but technically more complicated BNCT procedures to be carried
out. However, to date, various engineering problems have precluded accelerator-based
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therapy. Developing effective accelerator-based BNCT 1is thus important for both
experimental study and therapy.

The dose of BNCT is provided mainly via the 1°B (n, a)-7Li reaction. The absorbed
dose is thus proportional to the product of thermal neutron fluence and 1B
concentration. Therefore, if the drug concentration can be increased, the accelerator
load can be decreased substantially. High accumulation and selective delivery of boron
compounds into tumor tissue and cancer cells are therefore most important for
achieving effective BNCT while keeping the concentration as low as possible in adjacent
healthy cells.

Some novel drugs have already been reported to accumulate to levels 10-20 times
higher than those of ordinary drugs. For example, Suzuki et al. reported the efficacy of
administering a lipiodol emulsion of sodium mercaptoundecahydro-closo-dodecaborate
(BSH), producing a boron concentration in liver tumors of 197.3 [ppm]i4. Kahl et al.
reported that in tumor-bearing rats receiving boronoporphyrins (BOPP) by
convection-enhanced delivery (CED), CED of 1.5 mg BOPP produced an average tumor
boron level of 519 [ppm](15],

The 2 most promising boron compounds to emerge from investigations of hundreds
of low-molecular-weight boron-containing chemicals were
[(L)-4-dihydroxy-borylphenylalanine], based on arylboronic acids and called BPAl4, and
another compound based on a newly discovered polyhedral borane anion called BSHI[17.
The mechanism of accumulation is not clear but is related to the amino acid transport
system. Various amino acid transporter activities are enhanced in rapidly multiplying
cells, and L-amino acid transporter-1 (LAT-1) imports BPA into cells and may play a
major role in the efficacy of BPA-based BNCT. BSH is a small, lipophilic compound with
a cage-like structure and is the boron carrier most commonly used for BNCT for
glioblastoma. Clinical experiencell8! and the results of studies dedicated to the
investigation of BSH pharmacokinetics and boron biodistribution19-22l encouraged the
European collaboration on BNCT to proceed toward clinical use of BNCT. While BSH is
unable to pass the intact blood-brain-barrier (BBB), it has been to selectively penetrate
the BBB at tumor sites because of damage to the BBB by the infiltrating malignant
cellsl23l, BSH consists of 12 1B atoms and has been under investigation for the
treatment of glioblastoma.

A boron concentration of ~20 pg/g can be achieved in tumor tissue. This value is
too low for treatment with accelerator-based neutron sources. Therefore, the boron
concentration must be increased using Drug Delivery System (DDS) technology. If the
10B concentration could be centuplicated, even a small, weak neutron source that
generates a hundredth part of the thermal neutrons produced by a nuclear reactor
would be effective. In the present study, fundamental BNCT experiments were
conducted with a combination of the Intense 14 MeV Neutron Source Facility,
OKTAVIAN, of Osaka University and novel boron agents (HVJ-E and B-Liposomes),
which are anticipated to further progress in boron localization. The OKTAVIAN facility
generates 14 MeV neutrons via the Deuterium-Tritium (D-T) reaction. The generated
neutrons must be moderated to the thermal range for use in BNCT.

In the first section, I confirmed the feasibility of formulating a setup for verifying
the logic described above. The neutron transportation rates, fluxes, and spectra were
calculated using simulation calculations using Monte Carlo N-Particle Transport Code:
MCNP524. The size of the sample area was decided first, and then the rough geometry
was designed. The materials for the reflector and modulator were selected and the
optimal size was calculated by comparing the neutron fluxes.

In the following section, the anti-tumor effects of accelerator-based BNCT were
determined 7n vivo and in vitro using the setup built in the first section. The
intracellular boron concentration and the cytotoxicity of the novel agent were measured
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after the experimental conditions were set.

Finally, I will discuss the in vivo experiments. The BNCT effect was not detected
in the in vitro experiments described in the second section, which is suspected to be due
to the affinity of HVJ-E for the LLC cell line. Therefore, a cell line meeting the
requirements for measuring the BNCT effect was chosen and the setup was improved
by the use of deuterium water.
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Figures

Table 3-1. Implementation status in Japan as of 2009

Reactor Organization Brain Skin Other Total Term

HTR Hitachi, Ltd. 13 0 0 13 1968-1974

JRR-3  Japan Atomic Energy Agency 1 0 0 1 1969

MulTR Musashi Institute of Technology 99 9 0 108 1977-1989

KUR  Kyoto  University — Research ,. = 61 1974,87,90-95

Reactor Institute
KUR-M Rvote University  Research o7 ¢ ;55 910 1906-9006
Reactor Institute

JRR-2  Japan Atomic Energy Agency 33 0 0 33 1990-1996

JRR-4  Japan Atomic Energy Agency 62 2 35 99 1999-2007

Total 352 33 140 525 -

Table 3-2 Implementation status of the world as of 2008

Country Reactor Range Cases  Region Term
Brookhaven's Graphite thermal 28 brain 1951~58
Research Reactor

United States of Brookhaven  Medical thermal 17 brain 1959~61

A111111e§ica ates ol pesearch Reactor epithermal 54 brain 1994~99
MIT Nuclear Research thermal 18 zizlz 1959~61
Reactor epithermal 24 A 1994~

skin

The High Flux Reactor . .

Netherlands (HFR) Petten epithermal 22 brain 1997

Finland Finland Research epithermal 150 brain 1999~
Reactor

Czech Republic LVR-15 research epithermal 2 brain 2000~
reactor

Sweden R2-0 epithermal 52 brain 2001~05

Italia Research Reactor epithermal 2 liver 2002~

Argentina Research Reactor epithermal 7 melanoma 2003~

thermal: En < 0.5 eV, epithermal: 0.5 eV < En < 10 keV

46



© D
.o 7

Figure 3-1. Concept of BNCT. 1B captures thermal neutron efficiently and produce [
and 7Li ray. They have high reactive biological effectiveness and the range of [1[Jand Li
rays are 9 um and 5 um, respectively.
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Section 1. Development of thermal neutron field with D-T neutron source aiming
at in vitro experiment for BNCT

I. Introduction

Recently the number of cancer cases has been increasing. In addition because of aging of
the population and diversification of values among the people, less-invasive and
high-QOL (quality of life) treatment for tumors has been required. Boron Neutron
Capture Therapy (BNCT) is known to be a less-invasive tumor therapy based on a
reaction between boron (1°B) and thermal neutron. 1B captures a thermal neutron very
efficiently (in an exceptionally high probability) and produces energetic o and 7Li
particles by the next nuclear reaction.

10B + 'n — 7Li + ‘He(o) + 2.31 MeV (1)
They have high reactive biological effectiveness (RBE) and the range of them is less
than 10 pm in tissuell,2l.

However there are some problems to be solved on BNCT. One of the severest
problems is in the following: The number of patients treated is limited because a
nuclear reactor is required as a neutron source. The number of nuclear reactors
available for BNCT is only two in Japan. Moreover they are not specialized for medical
use. There are no plans to construct new nuclear reactors for BNCT. Various studies
thus started so far to realize accelerator-based neutron source for BNCTI3.4, because it
makes easy to access accelerator-based irradiation facilities near urban hospitals. And
the accelerator can reduce construction and operational cost. However, such kinds of
accelerators are not yet constructed because of various engineering problems; decay
heat removal capability on target, stable control of high beam current, radioactivities
produced in such facilities(5-71.

The effectiveness of BNCT is estimated by making the product of 10B
concentration, the cross section of 1°B and the thermal neutron flux intensity!®l. If the
concentration could be increased, the accelerator load could be decreased substantially.
Aiming at high accumulation of boron compounds into tumor tissues, drug delivery
system (DDS) is widely studied as an attractive intelligent technology to achieve the
selective delivery of medicine as well as boron. So far, several new efficient agents have
been proposed®14, Especially Ozawa et al. reported about tumor bearing rats receiving
boronoporphyrins (BOPP) by convection-enhanced delivery (CED). CED of 1.5 mg BOPP
produced an average tumor boron level of 519 ppm!10l,

These novel boron agents realize accelerator based BNCT with even a little weak
neutron source like a D-T neutron source. To confirm a possibility of BNCT with a low
neutron flux combined with a high boron concentration, a fundamental research is
indispensable.

In this study, we focus on the D-T neutron source as an accelerator-based thermal
neutron source. As for the D-T neutron source, there were some facilities available
worldwide. Because the D-T neutron source technology is already well established, the
performance is stable and the source can be utilized to various applications quite easily.
Also, it becomes simple to design a neutron moderator because the D-T neutron is
monoenergetic. In addition it is advantageous in design that in the D-T reaction no
gamma-rays are generated. However D-T neutrons have to be moderated and the
contribution of fast neutrons must be reduced since the incident energy is very high.
And the source neutron intensity is a little weak for BNCT.

Under these considerations, we aim at design and construction of a thermal
neutron field for fundamental BNCT experiments using a D-T neutron source. The
constructed thermal neutron field would be used to irradiate cultured cells or mice
combined with efficient boron agents to discuss possibility of the use of D-T neutron
sources for BNCT. Thus in this study, a thermal neutron field, not an epi-thermal field
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is constructed first for fundamental researches for BNCT. When studying the effect of
BNCT using cultured cells or mice, a pure thermal neutron field is preferred. However
clinical facilities should utilize epithermal neutrons because tumors are normally
located in deeper places. In the next step, an epi-thermal field will be planned to be
designed and constructed aiming at researches for practical applications for man.

The present neutron field should meet the following three design conditions.
Considering a necessary BNCT dose of a few Gy-Eq (equivalent dose), uniform
irradiation environment (temperature, humidity and so on) and use of mice (mice
should not be fixed for a long period), the exposure time must be limited to be shorter
than 2 hours (Design Requirement 1). The BNCT dose should be as high as possible. If
this is set to be several Gy-eq, the thermal neutron flux has to be more than 1 X 1086
n/sec/cm? even if achieving a boron concentration being 10 times higher than before
(Design Requirement 2). Finally, it is obviously necessary to reduce the fast neutron
contribution as low as possible (Design Requirement 3), because fast neutrons, which
have cytotoxicity, don’t have selectivity.

In this study, simulation calculations are carried out to design a thermal neutron
field meeting the 3 requirements described above using a D-T neutron source. The
results are used to construct a thermal column for experiments with small animals. As a
D-T neutron source, the Intense 14 MeV Neutron Source Facility, OKTAVIAN, of Osaka
University, Japan is utilized. The constructed thermal neutron field is characterized
and the obtained results are compared with the predicted values. We then examine
whether in vivo BNCT experiments would be possible using novel boron agents in the
present experimental setup. Finally, we discuss the future possibility of using D-T
neutron-based thermal neutron sources for actual BNCT in hospitals.

II. Design Calculation

1. Neutron Transport Calculation

In order to estimate the thermal (< 0.5 eV) and fast (> 0.01 MeV) neutron flux at the
irradiation area, simulation calculations were performed using MCNP-5 (A General
Monte Carlo N-Particle Transport Code)'5], ENDF/B-VI was used as a neutron cross
section library!6l, Track length estimator (F4) tally was used for calculating thermal
and fast neutron spectra. Reaction rates for 197Au (n, y) positioned in several places in a
box for irradiation of mice were calculated for comparison with the experimental results.
The calculation was performed using a virtual pure gold foil with the tally multiplier
card, FM, for the reaction type of (n, y), i.e., MT = 102. The number of histories was 1 X
107, by which the statistical error can be reduced downto less than 5%. The absorbed
dose per source neutron from fast neutrons and photons was scored using an energy
deposition (F6) tally.

2. Neutron Source

As a neutron source, Intense 14 MeV Neutron Source Facility, OKTAVIAN, of Osaka
University was used. The OKTAVIAN facility is a Cockeroft Walton type accelerator and
generates 14 MeV neutrons by 3H (d, n) “He reaction. The stably produced maximum
neutron source intensity is ~1 X 101! n/sec at present. Though the value is a little weak
for BNCT, it is sufficient to be used to fundamental researches.

3. Assumed Size of Irradiation Area

We designed a thermal insulation equipment using a styrofoam box for upcoming in
vitro irradiation experiment and small animal holding fixture for upcoming in vivo
experiment. The holding fixture can hold 12 mice, which is sufficient value for
fundamental in vivo experiments. The calculation was carried out with the idea of using
them. To put this equipment, the space of 20 x 20 X 20 cm3 was kept inside the thermal
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neutron field. In the simulations the mice were assumed as water phantom containing a
small amount of salt.

4. Moderator and Reflector

The optimum amounts of moderator and reflector materials surrounding the irradiation
area were investigated by simulation calculations. Figure 3-1-1 shows basic
arrangement before the design calculations. The irradiation position (the distance from
the neutron source) and the thickness of carbon reflector were varied.

As a moderator high density polyethylene was put between the neutron source and
the irradiation area to moderate 14 MeV neutrons. Polyethylene has a high density of
0.95 and consists of only carbon and hydrogen. And it has a high hydrogen atomic
number density. Because their absorption cross sections are low and hydrogen thus has
an excellent moderation performance for neutron, polyethylene is selected as a neutron
moderator.

Also, neutrons leaking from the moderator have to be reflected to improve the
neutron flux intensity at the irradiation area. In this study graphite blocks were used as
the reflector. The thicknesses of the polyethylene and graphite reflector were
determined to meet the optimum condition by checking the thermal and fast neutron
flux intensities in the irradiation area.

In addition, a beryllium block was put between the polyethylene and the tritium
target for neutron multiplication by the Be (n, 2n) reaction. This reaction is available
only near the neutron source because it is a threshold reaction. Behind the sample area,
concrete and polyethylene blocks were put to shield and reflect neutrons passing
through the irradiation area.

III. Design of Thermal Neutron Field

Simulation calculations were performed to design an irradiation field so as to meet the
Design Requirement 1-3 in Chap. 1. Calculated thermal and fast neutron fluxes at the
irradiation area are shown in Figure 3-1-2 as a function of moderator thickness. The
error in the calculation was 0.5% to 3.3%. The fast neutron flux decreases with the
thickness of polyethylene. The thermal neutron flux shows its maximum value at 5 cm,
and decreases if it becomes more than 5 cm. The ratio of thermal to fast neutron fluxes
is increasing as the moderator becomes thicker. Thickness of 65 cm is the highest in the
case of OKTAVIAN. However thickness of 65 cm is not acceptable because the thermal
neutron flux is too low. Finally, in this study the thickness of 20 cm was selected
considering the thermal neutron flux intensity. The nearer position seems to be surely
better from the standpoint of thermal neutron flux intensity, however, the fast neutron
dose becomes too high at positions nearer than 20 cm.

The thermal and fast neutron fluxes at the irradiation area are shown in Figure
3-1-3 as a function of the reflector thickness. As the reflector becomes thicker, the
thermal neutron flux increases; meanwhile the fast neutron flux is constant. Because
the thermal neutron flux intensity slowly saturates for thickness more than 30 cm, 40
cm thick graphite reflector was adopted considering that it is actually difficult to
construct a bigger one than a 40 cm thick reflector. _

In the case of 20 ecm thick moderator and 40 cm thick reflector, the neutron
spectrum in the irradiation area is shown in Figure 3-1-4. Neutrons are moderated
adequately and Maxwellian distribution in the energy region of about 0.025 eV is
observed. The fast, epi-thermal and thermal neutron flux per source neutron were 5.4 X
105 n/em2/source neutron (s.n), 3.9 x 105 n/cm?s.n and 1.6 x 104 n/cm?/s.n, respectively.
There is negligibly small difference in the thermal neutron flux between in the front
and back sides of the irradiation area.
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IV. Neutron Irradiation Experiment

1. Neutron Flux Measurement

A thermal column as described in Figure 3-1-5 and 3-1-6 was built in the heavy
irradiation room of OKTAVIAN, and irradiation experiments were performed to
compare with the simulation calculation. In the experiment, the moderator thickness
was decided to be 20 cm. The fast and thermal neutron flux intensities were monitored
with activation foils. Niobium foils and gold foils were used for fast neutrons and
thermal neutrons, respectively. Niobium absorbs fast neutron via (93Nb(n,2n)?2mNb)
reaction, which has an energy threshold of 9.1 MeV. Gamma rays of 934 keV were
emitted from 92mNb. Niobium foils of 100 pm thickness were put in front of the tritium
target for D-T neutron, in the moderator and in the irradiation area. The dimensions of
the niobium foils for the three positions were 1 X 1 ¢cm2, 5 X 5 ¢cm? and 3 X 10 ¢m?2,
respectively. Gold foils of 50 pm thickness and 1 X 1 cm2 were setup along the beam axis.
Also cadmium covers of 1 mm thickness were used together to determine the so-called
cadmium ratio. 934 keV and 412 keV y rays for niobium and gold foils, respectively, were
measured using a high-purity germanium detector (HpGe) (GMX-15185-p, SEIKO EG
& @, Japan). Also, signals from a proportional counter were recorded in an MCS mode to
monitor the time-dependent neutron intensity and in order accurately to estimate the
amount of activation.

2. Radiation Dose Calculation

In this study we had assumed that 12 mice are irradiated. The BNCT dose (Dancr) at
the irradiation area was calculated to evaluate the performance of the constructed
thermal neutron field. The equivalent dose of BNCT, Dencr, was calculated using the
following equation:

‘Denor = (Bn x Kn+ Rp X Kg X CB) X ghhermal X T+ Dk + Dy 2
where, Kn and Kg are the doses per unit fluences from nitrogen (2% in weight of mouse
cell) and from boron (per 1 ppm)I8l, respectively. Nitrogen captures a thermal neutron
like as boron and produces a proton (14N (n, p) 14C). This reaction occurs as side reaction
in thermal neutron field because the reaction isn’t threshold reaction. To calculate the
equivalent dose, the RBE 3.2 and 3.8 (Rx and Rp) for Dx (the dose from nitrogen
reaction) and Dg (the dose from boron reaction) were used, respectivelyll. Cp, ¢thermal
and T are the intracellular boron concentration, the thermal neutron flux and the
irradiation time, respectively. The irradiation time was assumed to be 2 hours.
Activation foils were used to estimate intensities of the generated 14 MeV neutrons and
thermal neutrons (therma). And Dt and D, are the equivalent dose from fast neutrons
and the dose from gamma ray, respectively. They were estimated by MCNP-5
calculation and the measured value of the generated 14 MeV neutrons. In the
calculation, the areas in which there are mice were replaced with a cylindrical water
phantom and it was assumed that there is a tumor on the surface of a mouse. The RBE
of 2.3 was used[17. Kn and Kg are derived from the following equation.

Ki=Na X @ Xor 3
where, Na is Avogadro's number, Q is the energy released per nuclear reaction, i.e.,
0.6 and 2.31 MeV for “N(n, p) and 1°B(n, o) reactions, respectively and o is the
cross-sections of 1.75 barn for 14N(n, p) and 3837 barn for 1°B(n, a) reactions (the
representative value for thermal neutron). The boron concentration of the tumor tissue
was assumed to be 300 ppm and that of the healthy tissue is 5 ppm. Although the
concentration is about 10 times higher than those expected in general BNCT cases, it
was reported in some papers(10-12] that it could be surely achieved. In this case the ratio
of tumor dose / normal dose 1is 53.
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V. Results and Discussion

1. Comparison Between Calculation and Measurement

Neutron irradiation was performed at the OKTAVIAN facility and the fast and thermal
neutron fluxes were measured with niobium and gold foils. The 14 MeV neutron source
intensity was 4.1 (+£0.4) x 1010 n/s. The fast and thermal neutron fluxes at the sample
area were 1.9 x 106 (+0.03) n/cm?/s and 6.5 X 106 (+0.01) n/cm?/s, respectively. These
results were compared with the calculation values as in Figure 3-1-7 as a function of the
distance from the tritium target. Table 3-1-1 compares the reaction rate of foils in the
sample area. The measured neutron fluxes were in good agreement with the calculation
results in the whole region (the ratio between simulation and irradiation experiment of
fast and thermal neutron fluxes were from 0.95 to 1.2, 0.85 to 1.0). Though there is a
tiny difference, it is small enough to discuss the dose of BNCT. It was determined by the
MCNP simulation that the neutrons in the irradiation area were moderated adequately
and the neutron energy distribution is Maxwellian in the energy region of about 0.025
eV. Thus the thermal neutron flux can be measured correctly by gold foil activation. On
the other hand, the activation of Niobium with fast neutron has an energy threshold of
9.1 MeV. The threshold may lead to an underestimation of fast neutron flux because the
fast neutron in the energy region from 0.01 to 9.1 MeV cannot be measured.

From the comparison, it was confirmed that the simulation calculation worked
correctly. The irradiation dose could be hence estimated appropriately and the fast and
thermal neutron spectra can be quantified without measurement if only the
time-dependent neutron intensity of OKTAVIAN would be accurately monitored.

The irradiation dose of each sample could also be estimated from the calculated
results even if there are many samples (cells and/or mice) arranged in the irradiation
area. The thermal neutron flux was thus found to be constant in the irradiation area
within a difference less than 10%. It means the radiation doses can be kept constant. So
we can arrange many samples at a time in the same condition.

2. Irradiation Dose of BNCT

Equivalent doses were derived for cultured cell or small animals from the MCNP
calculation and the measured result. The equivalent doses were evaluated and
summarized in Table 3-1-2.

According to Makinodan, bone marrow death did not occur at doses of 5 Gy-eql18l,
Hsue-Yin Hsua made sure that marrow stem cell survived 100 % under 2 Gy-eq of
dosell?l, For these reasons, the normal tissue dose should be limited below 2 Gy-eq.
When the sample is positioned at 20 cm from the source, the equivalent dose of normal
tissue was confirmed to become much less than 2 Gy-eq. The toxicity for normal cell was
very low and mice would not be injured by fast neutrons.

It was reported that 3.7 Gy-eq dose shrinks the tumor of rats(20! and that tumors
disappeared by 23 Gy-eq dose!2ll. As is Table 3-1-2, the dose to the tumor tissue is 5.0
Gy-eq, which is enough large to confirm the anti-tumor effect in in vivo experiments.
Therefore the neutron flux from our setup is sufficient for BNCT experiments using
cultured cell or mice. Now we are making a start on the experiment with cultured
cells(22],

Also if 1 X 101! n/s neutrons, which is the currently achievable neutron source
intensity at OKTAVIAN, are generated for 2 hours, the equivalent dose of tumor tissue
achieved 12 Gy-eq, which is effective value to treat tumor. On the other hand, the small
animals would be irradiated across the entire body and the dose is calculated in 1.0
Gy-eq. This value is adequately low to damage their healthl1219.231 gnd 1.0 Gy-eq dose
can’t affects lipids peroxides in mouse serum(4l, It can be expected that it would become
possible to carry out more precise experiments.
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3. Feasibility of BNCT in a hospital with D-T neutron source

To realize a D-T based BNCT in a hospital, some existing problems should be solved.
The first one is to develop an epithermal neutron field, because the epithermal neutron
field is generally the best. The point is that the energy is too high to be moderated
keeping necessary epi-thermal neutron intensity and suppressing high energy neutron
contribution. However, thermal neutron fields using a D-T neutron source is intensively
under investigation(25-27, There are thus sufficient possibilities to overcome the problem
in the near future.

Next, higher epithermal neutron flux of 10° n/cm?2/s is needed according to IAEAI28],
In our approach, ~108 n/cm?/s thermal or epithermal neutron field should thus be
needed with efficient boron agents. Generally D-T neutron sources can generate ~1 X
1012 n/sec using a rotating tritium target or gas target. The OKTAVIAN facility can
generate 3 X 1012 n/s, which is the full spec of the facility. The thermal neutron flux
would thus be ~108 n/fem?/s at the irradiation area from the presently obtained result. It
means from the present results that BNCT with thermal neutrons for man could be
realized using the novel boron agents and a D-T neutron source.

Finally, careful handling of tritium, which is a radioisotope, is required. The
history of D-T neutron source goes back quite a long way29, The handling method has
been studied for nuclear fusion reactors30-321, And tritium behavior in human body was
studied for years to control doses at OKTAVIAN facility!33l. With these proven
techniques and careful treatments of tritium, there would be a possibility that BNCT in
hospitals would be realized.

VI. Conclusion
In this study, we designed and constructed a thermal neutron field with a D-T neutron
source to carry out basic BNCT experiments with cultured cell or small animals with
help of new boron agents. The neutron field was designed through simulation
calculations and verified with irradiation experiments. In the experiment, the 14 MeV
neutron source intensity was 4.1 X 1019 n/s and the thermal neutron flux at the
irradiation area was about 6.5 X 106 n/cm?/s. The BNCT dose is 5.0 Gy-eq for 2 hour
irradiation and the ratio between MCNP simulation and irradiation experiment of fast
and thermal neutrons were from 0.95 to 1.2, 0.85 to 1.0. In this case, fast neutron and
gamma ray doses were suppressed to be 0.31 Gy-eq and 0.023 Gy, respectively. It was
confirmed that the anti-tumor effect of BNCT could be observed in in vivo experiment
using novel boron agents at the present neutron filed.

The series study showed a possibility of the D-T-based BNCT if the source neutron
intensity would be larger than ~10!2 n/s.
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Figures
Table 3-1-1. Comparison of the foil reaction rate in the sample area (the distance from
the tritium target was 35 cm) between the calculation and experiment

niobium foil gold foil
(fast) (thermal)
[/cm3/s] [/em3/s]
calculation 6.8E+04 3.1E+07
experiment 6.0E+04 2.8E+07
C/E 1.1 1.1

Table 3-1-2 Equivalent doses for small animals. The equivalent dose of BNCT was
calculated. The boron concentrations of normal and tumor tissue were assumed 5 and
300 ppm, respectively. The RBE 3.8, 3.2 and 2.3 for DB, DN and Df, respectively. The
irradiation time was assumed to be 2 hours.

Ds Dn Ds Dy Dsner

[Gy-eq] [Gy-eq] [Gy-eq] [Gy [Gy-eq]

normal tissue 7.8e-2 1.1e-2 3.1e1 2.3e-2 4.2e-1
tumor tissue 4.7et+0 1.1e-2 3.1e-1 2.3e-2 5.0e+0
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Figure 3-1-1 Basic arrangement for simulation calculations. Polyethylene blocks (dotted
area) were placed between tritium target and sample area to moderate 14 MeV
neutrons and graphite blocks (gray area) cover them to reflect neutrons. The moderator
and reflector thicknesses were variable.
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Figure 3-1-2 Thermal and fast neutron fluxes and their ratio against the thickness of
polyethylene moderator. The error in the calculation was 0.5% to 3.3%
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Figure 3-1-3 Thermal and fast neutron fluxes against the thickness of reflector
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Figure 3-1-4 Neutron spectrum in the irradiation field.
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Figure 3-1-5 Vertical cross-section of the final experimental setup for neutron
irradiation.
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Figure 3-1-6 Horizontal sectional view of the final experimental setup for neutron
irradiation.
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Figure 3-1-7 Calculated thermal and fast neutron distributions in the assembly
compared with the experimental results. (Gray area (27 ~ 42 cm) shows the
irradiation area. Lines are calculations. Gray square and black triangle symbols are
neutron fluxes for thermal and fast energy regions, respectively.).

60



References

1.

10.

11.

12.

13.

14.

15.

16.

Coderre JA, Makar MS, Micca PL, Nawrocky MM, Liu HB, Joel DD, Slatkin DN,
Amols HI. Derivations of relative biological effectiveness for the high-let radiations
produced during boron neutron capture irradiations of the 9L rat gliosarcoma in
vitro and in vivo. Int J Radiat Oncol Biol Phys. 1993, 27(5): 1121-1129

Takahashi H. Towardi the 21st century nuclear-science technology. Prog. in Nuc.
Ener. 2005, 47: 53-60

Kobayashi T, Kanda K. Analytical calculation of boron- 10 dosage in cell nucleus for
neutron capture therapy. Radiat Res. 1982, 91(1): 77-94

Blue TE, Yanch JC. Accelerator-based epithermal neutron sources for boron
neutron capture therapy of brain tumors. J Neurooncol. 2003, 62(1-2): 19-31
Tanaka K, Yokobori H, Endo S, Kobayashi T, Bengua G, Saruyama I, Nakagawa Y,
Hoshi M. Characteristics of proton beam scanning dependent on Li target thickness
from the viewpoint of heat removal and material strength for accelerator-based
BNCT. Appl Radiat Isot. 2009, 67(2): 259-265

Takenaka N. Nio D. Kiyanagi Y. Mishima K. Kawai M. Furusaka, M. Thermal
hydraulic design and decay heat removal of a solid target for a spallation neutron
source. Journal of Nuclear Materials. 2005, 343(1-3): 169-177

Tooru K. Bengua G. Nakagawa Y. Tanaka K. Masaharu H. A POSSIBILITY OF
BNCT IRRADIATION SYSTEMS USING ACCELERATORS, The 1st Annual
Meeting of Particle Accelerator Society of Japan and the 29th Linear Accelerator
Meeting in Japan, Aug. 4-6, Funabashi Japan. 2004, 180-182 [in Japanesel
Nakagawa Y, Pooh K, Kobayashi T, Kageji T, Uyama S, Matsumura A, Kumada H.
Clinical review of the Japanese experience with boron neutron capture therapy and
a proposed strategy using epithermal neutron beams. J Neurooncol. 2003, 62(1-2):
87-99

Suzuki M, Masunaga S, Kinashi Y, Nagata K, Sakurai Y, Nakamatsu K, Nishimura
Y, Maruhashi A, Ono K. Intra-arterial administration of sodium borocaptate
(BSH)/lipiodol emulsion delivers B-10 to liver tumors highly selectively for boron
neutron capture therapy: experimental studies in the rat liver model. Int J Radiat
Oncol Biol Phys. 2004, 59(1): 260-266

Ozawa T, Afzal J, Lamborn KR, Bollen AW, Bauer WF, Koo MS, Kahl SB, Deen DF.
Toxicity, biodistribution, and convection-enhanced delivery of the boronated
porphyrin BOPP in the 9L intracerebral rat glioma model. Int J Radiat Oncol Biol
Phys. 2005, 63(1): 247-252 _

Mima H, Tomoshige R, Kanamori T, Tabata Y, Yamamoto S, Ito S, Tamai K, Kaneda
Y. Biocompatible polymer enhances the in vitro and in vivo transfection efficiency of
HVJ envelope vector. J Gene Med. 2005, 7(7): 888-897

Pan XQ, Wang H, Shukla S, Sekido M, Adams DM, Tjarks W, Barth RF, Lee RJ.
Boron-containing folate receptor-targeted liposomes as potential delivery agents for
neutron capture therapy, Bioconjug Chem. 2002, 13(3): 435-442

Kojima C. Design of stimuli-responsive dendrimers. Expert Opin Drug Deliv. 2010,
7(3): 307-319

Yanagie H, Ogata A, Sugiyama H, Eriguchi M, Takamoto S, Takahashi H.
Application of drug delivery system to boron neutron capture therapy for cancer.
Expert Opin Drug Deliv. 2008, 5(4): 427-443

X-5 Monte Carlo Team,RMCNP A GeneralMonte Carlo N-Particle Transport
Code,Version 5, SLA-UR-03-1987. 2003

Rose PF (Ed.). Cross Section Evaluation Working Group, ENDF/B-VI Summary

. Document, Report BNL-NCS-17541, fourth ed.,(ENDF-201). 1991

17.

CARTER RE, BOND VP, SEYMOUR PH. The relative biological effectiveness of
fast neutrons in mice. Radiat Res. 1956, 4(5): 413-423

61



18.

19.

20.

21.

22.

23.

24.

25.

26.

MAKINODAN T. Immunology of bone marrow transplantation. J Cell Physiol
Suppl. 1957, 50(Suppl 1): 327-351

Hsu HY, Yang JJ, Ho YH, Lin CC. Difference in the effects of radioprotection
between aerial and root parts of Lycium chinense. J Ethnopharmacol. 1999, 64(2):
101-108

Yoshida F, Yamamoto T, Nakai K, Kumada H, Shibata Y, Tsuruta W, Endo K,
Tsurubuchi T, Matsumura A. Combined use of sodium borocaptate and buthionine
sulfoximine in boron neutron capture therapy enhanced tissue boron uptake and
delayed tumor growth in a rat subcutaneous tumor model. Cancer Lett. 2008,
263(2): 253-258

Maruyama K, Ishida O, Kasaoka S, Takizawa T, Utoguchi N, Shinohara A, Chiba M
Kobayashi H, Eriguchi M, Yanagie H. Intracellular targeting of sodium
mercaptoundecahydrododecaborate (BSH) to solid tumors by transferrin-PEG
liposomes, for boron neutron-capture therapy (BNCT). J Control Release. 2004,
98(2): 195-207

Sakai M. Fujimoto N. Ishii K. Murata I. Awazu K. Thermal neutron field with D-T
neutron source for BNCT, Progress in NUCLEAR SCIENCE and TECHNOLOGY. 1
2011, 513-516

LINDOP PJ, ROTBLAT J. The age factor in the susceptibility of man and animals
to radiation. I. The age factor in radiation sensitivity in mice. Br J Radiol. 1962, 35:
23-31

Yamamoto G. Lipid peroxides (TBA reactive substances) and Fatty Acid
Compositions in Mouse Serum with Whole-body Irradiation and in Tumor-bearing
Mouse Serum with Local Iradiation, Bull. Sch. Health Sci. Okayama Univ. 1990, 1:
29-37

Cerullo N. Esposito J. Leung KN. Custodero S. An irradiation facility for Boron
Neutron Capture Therapy application based on a radio frequency driven DT
neutron source and a new beam shaping assembly, Review of Scientific Instruments.
2002, 73: 3614-3619

Montagninia B. Cerullob N. Espositoa J. Giustia V. Mattiodac F. Varonec R.
Spectrum shaping of accelerator-based neutron beams for BNCT, Nuclear
Instruments and Methods in Physics Research Section A. 2002, 476(1-2): 90-98

i

62



Section 2. In vitro and in vivo investigation of accelerator BNCT using a
non-viral vector; hemagglutinating virus of Japan envelope

I. Introduction

In the first section, I assembled a setup that achieved a thermal neutron flux of 6.5 x
106 ns1-cm? in the sample area. In this section, I describe the determination of the in
vivo and in vitro effects of BNCT using low neutron flux with the same setup.

I first made HVJ-E-BSH, which is HVJ-E containing
mercaptoundecahydro-closo-dodecaborate (BSH). BSH accumulates selectively in brain
cancers due to the impaired function of the blood-brain-barrier (BBB)!1J; the selectivity is
not higher than that of the other commonly used drug,
(L)-4-dihydroxy-borylphenylalanine, called BPA[2l. However, the low selectivity is not a
problem when using HVJ-E, which would extend the use of BSH to other cancers.
Although it cannot accumulate to as high an osmotic pressure, BSH, which has many
boron atoms, is also suitable.

In general, cells are seeded in culture plates for in vitro experiments. Six-well
(wide-space) culture plates were not appropriate for these experiments, as they require
a great deal of boron solution and produce a heterogeneous distribution of thermal
neutrons. However, if 96-well (small-space) culture plates were used, the number of
pre-seeded cells was quite low, diminishing the accuracy of the results. Therefore, I used
microtubes for irradiation. The adherent cells were trypsinized and suspended in a
buffer solution with boron agent. Because the conditions of the conjugate were stressful
for the cells, the time for which the cells remained healthy under these stresses was
measured and the irradiation time was set at 2 hours. The treated cells were
maintained in culture for 5 days to determine the magnitude of cell death during the
days following the irradiation. An appropriate number of pre-seeded cells was
determined before the experiment.

After the optimal conditions for the in vitro experiments were determined, the
intracellular boron concentration and the anti-tumor effect of BNCT using HVJ-E-BSH
were measured. After the in vitro experiments, in vivo experiments were conducted.
Cancer-bearing mice were produced and treated with BNCT using HVJ-E-BSH. The
tumor size and the survival time were measured and compared with those of untreated
mice.

I1. Material and Method

1. D-T Neutron Source and Thermal Neutron Field:

The intense 14 MeV neutron source facility OKTAVIAN of Osaka University was used
as a D-T neutron source. And set-up to make thermal neutron field was built based on
simulation calculation (Fig. 3-1-4). The detail was expressed in present study!sl.
Briefly 20 cm of high density polyethylene was used for moderator and 40 cm width of
graphite cover the moderator and sample area.

2. Neutron Flux Mesurement:

For D-T neutrons niobium foils were used and gold foils were for thermal neutrons.
Niobium foils of 100 [um] thickness were put in front of the tritium target, in the
moderator and in the sample box. The areas of the niobium foils for the three positions
were 1 x 1 [em?], 5 x 5 [em2] and 3 x 10 [cm2] respectively. Gold foils of 50 [pml]
thicknesses and 1 x 1 [em2] were set up along the beam axis and the line perpendicular
to the axis to measure 2-dimensional flux distribution. Also cadmium covers of 1 [mm]
thickness were used together to determine the so-called cadmium ratio. 934 [keV] and
412 [keV] yrays for niobium and gold foils, respectively, were counted using a
high-purity germanium detector (HpGe) (GMX-15185-p, SEIKO EG & G, Japan). The
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absolute efficiency of the detector was measured with standard gamma-ray sources.
Also, signals from a proportional counter were recorded in an MCS mode to accurately
estimate the amount of activation of the activation foils.
The neutron flux was calculated from the measurement result of HpGe using
following formula.
A 1 CT. 1 CT+LT.
$p=AxN.C.||ocxN x {1 - (E)T"2 } xS.A. x (E)T”Z’ — (E) B, 6

where ¢ neutron flux, A: decay constant, N.C.:: number of measured y-ray, o
cross-section, /N number of atom of foil, £z irradiation time, 777 half-life time of the
isotope, S.A.; self- absorption factor of foil, C.7: cooling time and L. 7 live time
The self-absorption factor of foil is
_1-exp(Ax pxd)
Ax pxd

where A absorption rate of y-ray, o density and & thickness. The value of A was
calculated from data base of National Institute of Standard and Technology using
Interpolation method.

(2

3. Cell Culture:

A549 human lung cancer (adenocarcinoma) cell line and mouse lung cancer cell line
LLC were used for these studies. A549 cells were cultured in RPMI1640 (Sigma-Aldrich
Inc., MO) containing 10% serum (fetal calf serum, BioWest Inc., France), and
antibacterial agent (100 units/mL penicillin, and 0.1 mg/mL streptomycin (Nacalai
Tesque, Japan)). LLC cells were cultured in Dulbecco’s Modified Eagle’'s Medium
(DMEM) (Sigma-Aldrich Inc., MO) containing 10 % FBS, 100 units/mL penicillin, and
0.1 mg/mL streptomycin. The cells were cultured at 37°C and 5 % COsz.

4. Synthesis of HVJ-E-BSH:

HVJ was inactivated by UV irradiation (99 md/cm2) using UV cross-linker (Spectro
Linker XL.-1000 UV cross-linker, Spectronic Corp.). Inactivated HVJ (3 x 1010 parti-cles)
was mixed with 15 pL of 1% protamine sulfate/ TE buffer (QIAGEN), 110.7 pL of 3%
BSH (STELLA PHARMA CORPORATION) and 40 uL of 3% TWEEN 80 (Nacalai
Tesque) and incubated 5 minutes at 4°C. The suspension centrifuged (15,000 x g) for 5
minutes at 4°C. The supernatant liquid was removed and the pellet remained was
washed with BSS (Balanced Salt Solution, 10 mM Tris-Cl, pH 7.5, 137 mM NaCl and 5.4
mM KC]). After this the suspension was centrifuged (15,000 x g) for 5 minutes at 4°C
and the supernatant liquid was removed.

5. Preparation of CG-HVJ-E-BSH:

3 x 1010 particles of HVJ-E-BSH was mixed with 125 mL of 40 mg/mL cationized gelatin
(CG) polymer solution (Figure 3-2-1) and incubated for 10 minutes at 4°C. The
suspension was centrifuged (15,000 x g) for 5 minutes at 4°C and the supernatant liquid
was removed.

6. Determination of Administration Time with HVJ-E:

300 pL (2 x 105 cells/mL) of A549 cell was plated in a 24-well Plate (costar® 3526,
Corning Inc.). 24 hours later, when the cells had adhered to the plate, 25 pL of HVJ-E
added red fluorescent dye (PKH26-Red Fluorescent Cell Linker Kit for Phagocytic Cell
Labeling, Sigma-Aldrich Inc.) conjugate were injected to each well. After 0.5 - 4 hours
incubation, HVJ-E conjugation was removed and washed with Phosphate Buffered
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Saline solution (PBS) (pH 7.4, Sigma-Aldrich Inc.). And the fluorescence of PKH26-Red
(excitation: 551 nm, fluorescence: 567 nm) was observed with fluorescent microscopy
(BIOREVO BZ-9000, KEYENCE).

7. Concentration of Boron uptake by cells with HVJ-E-BSH, CG-HVJ-E-BSH,
B-liposome:

200 pL (1 x 108 cells/well) of A549 cell was plated in a 24-well Plate. Four hours later,
when the cells had adhered to the plate, 100 uL of 100 ppm B boron compounds (BSH,
HVJ-E-BSH, CG-HVJ-E-BSH and B-liposome) were added to each well. Two hours later,
the supernatant was removed and the cells were washed three times thoroughly with
phosphate buffered saline solution (PBS, pH 7.4, Sigma), and lysed with 1 mL of 0.1%
sodium dodecyl sulfate solution at 37°C for 20 minutes. After this the suspension was
diluted by adding 5 mL water and the intracellular uptake of boron was quantified
using ICP-AES (Inductively Coupled Plasma - Atomic Emission Spectrometry, ICP-7500,
Shimadzu Corp.).

8. Evaluation of the antitumor activity of BNCT in vitro:

100 pL of each of 100 ppm B boron agents (BSH, HVJ-E-BSH, CG-HVJ-E-BSH,
B-Liposome) was added to 100 pL of A549 cell suspension (1 x 105 cells/mL). After 2
hours incubation, the cells were subjected to neutron irradiation for 2 hours. After
neutron irradiation, the boron agents were replaced with complete growth medium and
cultured with 6-well plate (microplate 6-well with Lid. code 3810-006, IWAKI, Japan).
After 5 days, the number of cells was counted to evaluate their sensitivity to BNCT.
Trypan blue (Wako Pure Chemical Industries, Ltd., Japan) staining methods was used
to determine cell viability in this experiment.

9. The Boron Concentration in Tumor Tissue

Six-week-old male C57BL6dJ mice were purchased from Hamaguchi Laboratory Animals.
1 x 108 LLC cells were injected subcutaneously in the dorsum of each mouse. Seven days
after cell injection, either 3.48 mg of BSH or 129 ng of BSH/ 5000 HAU of HVJ-E-BSH
was administered intravenously or via local infusion respectively. Thirty minutes or 2
hors later, the tumors were isolated and freeze dried. One hundred mg of freeze dried
samples were burned with nitric acid (30%, 3 mL). The residues were dissolved to nitric
acid (6%, 10 mL). The boron concentration was measured using ICP-AES.

10. Evaluation of Anti-tumor Effect of BNCT in vivo:

To determine tumor volume, the greatest longitudinal diameter (length) and the
greatest transverse diameter (width) from each tumor were determined using an
external caliper. Each tumor’s volume, based on the caliper measurements, was
calculated using the following formula: tumor volume = length x width? x 0.5[4. Seven
days after the injection of A431 cells, mice were randomized into four groups of at least
12 animals per group for the following treatments: (i) no treatment; (i) neutron
irradiation without boron agent; (iii) 3.48 mg of BSH and BNCT performed or (iv) 129
pg of HVJ-E-BSH and BNCT performed. After treatment, the mice were monitored
daily and their tumor volume was measured thrice a week.

III. Results

1. Chronological change of intracellular fluorescent dye:

The fluorescent images of PKH26-RED were shown in Figure 3-2-2. The fluorescent
intensity was brightened up with time to 2 hours. After 2 hours, the intensity became
stable.
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2. Intracellular Boron Concentration:

The relationship between the boron agent and its intracellular uptake is shown in
Figure 3-2-3. The value using BSH was lower than limit of determination. The value
using HVJ-E, CG-HVJ-E-BSH or B-Liposome was 1.00, 0.85 or 0.68 ng/106 cells
respectively. The novel boron agents decupled the boron concentration comparing with
BSH.

3. Measurement of fast and thermal neutron at the sample box:
The fast neutron flux was 3.76 (+0.18) x 105 n/cm?/sec. The thermal neutron flux was
1.69 (£0.37) x 108 n/cm?/sec and Cd ratio was 5.03 (+1.05).

4. Evaluation of the antitumor activity of BNCT in viro:

The cytocidal effects of BNCT were evaluated for each boron agent. The results are
described in Figure 3-2-4. The figure shows the proportion of cell number compared
with untreated cell number. Only when using HVJ-E-BSH, the cytotoxicity of BNCT
was observed with significant differences.

5. Boron concentration in tumor tissue:
Figure 3-2-5 showed the result of boron concentration in tumor tissue. The
concentration using HVJ-E was less than the concentration using BSH.

6. Evaluation of the antitumor activity of BNCT in vivo

The antitumor activity of BNCT was evaluated in in vivo experiment. The tumor size
modification and Kaplan-Meier survival curve of BNCT was shown in Figure 3-2-6 and
3-2-7 respectively. Any difference was observed.

IV. Discussion

As shown in Fig. 3-2-4, BNCT cytotoxicity was observed when HVJ-E-BSH was used. I
hypothesize that the increased intracellular boron concentration was responsible for the
anti-tumor effect. The equivalent dose of BNCT can be estimated from the product of
neutron fluence and boron concentration.

Currently, nuclear reactors are used as the neutron sources for BNCT. Various
problems with this system have been described. Accelerator-based neutron sources for
BNCT have been developed in several countries’s10l, However, to date, such kinds of
accelerators are not yet realized because of weakness of accelerator-based neutron
source. Development of effective accelerator-based BNCT is important for both
experimental study and therapy. I therefore proposed low-neutron-flux BNCT with a
combination of an accelerator neutron source and high intracellular boron concentration
obtained with a drug delivery system.

The time for transition of contents from HVJ-E into cells was observed using
HVJ-E containing red fluorescent dye (Fig. 3-2-3). The fluorescence increased notably
between 0.5—-2 hours but little between 2—4 hours. Therefore, it seems that HVJ-E
requires less than 2 hours to deliver the drug. In this study, the transition time was
assumed to be 2 hours.

The experiments measuring intracellular boron concentration demonstrated that
the novel boron agents (HVJ-E, CG-HVJ-E, and B-liposomes) increase boron
concentration more than 10-fold over that obtained with BSH alone (Fig. 3-2-4). CG
adds a positive charge to the HVJ-E surface and thus increases its association with the
cell surfacellll, which is negatively charged. However, this effect was not observed in
this experiment. Therefore, the usefulness of the electrostatic attraction between
CG-HVJ-E-BSH and the cell surface should be reconsidered.

The anti-tumor effect of BNCT was measured using the MTT assay (Fig. 3-2-5).
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The magnitude of the effected correlated with the boron concentration. It is not known
whether the cytotoxicity is affected by the mode of uptake. Although the cellular uptake
levels of CG -HVJ-E-BSH and HVJ-E-BSH were almost the same, the cytotoxicity of
CG-HVJ-E-BSH was less. In contrast, B-Liposomes produced the same cytotoxicity as
HVJ-E despite delivering a lower boron concentration. The different subcellular
localization of the drug may produce different effects on the DNA, subcellular organelles,
or cytokine production related to the induction of cell deathl12.13l, CG-HVJ-E-BSH and
B-Liposomes exhibited cytotoxicity even in the absence of neutron irradiation. This drug
toxicity may also interact with the BNCT effect.

In the neutron irradiation experiments, the equivalent dose of BNCT was
calculated with the RBE values of a rays and Li rays equal to 3.014 (Table 3-2-1). The
fast neutron flux was 3.76 X 105 n/cm2/s, the equivalent dose of fast neutrons calculated
with LET was 7.44 x 10-14 J/kg/(n/cm?2), and the RBE of recoil nucleus = 2.3015 was 4.47
x 104 Gy-Eq. These values are not effective for killing cancer cells. However, the
equivalent doses of novel boron agents were adequately high and produced sufficient
BNCT effect for the cytotoxicity to be detectable.

The relationship between the dose and the cytotoxicity was same in previous
studies!16.17 that is, sufficient to observe the cytocidal effects but insufficient for actual
therapy. The equivalent dose in the present case was not sufficient for actual therapy.
However we know that the stably produced maximum neutron intensity for a D-T
neutron source such as OKTAVIAN is on the order of 1012 n/s. In addition, in our
previous work, the use of HVJ-E-BSH achieved intracellular boron concentrations of up
to 100 ppm. Considering these facts and the presently obtained cytocidal effects, it
should be possible to use a D-T neutron source as a thermal neutron source for BNCT.

In the in vivo experiments, no growth inhibition of tumor tissue or survival
advantage was observed due to the failure of HVJ-E-BSH to enhance the boron
concentration. Fig. 3-2-6 shows the results for the boron concentration in tumor tissue.
Contrary to my expectations, the boron concentration produced using HVJ-E-BSH was
less than that produced using standard BSH. Delivery of BSH by HVJ-E did not achieve
a sufficiently high boron concentration in the tumors to support BNCT treatment.
However, the concentration was sustained 2 hours after injection, which is an
advantage of HVJ-E.

I hypothesize that the low affinity of LLC cells for HVJ-E is the reason for the low
boron concentration of HVJ-E-treated tumor tissue. HVJ-E binding to the cell surface is
mediated by an acetyl-type sialic acid recognized by the HN protein on the vector[18 but
LLC cells express little sialic acid at the cell surface. In the HVJ-PDT experiment
(Section 2-1), the LLC cell line took up less photosensitizer than did the other cell lines
despite their high growth rate. In general, human cancer cells strongly express sialic
acid. Therefore, the BNCT effect produced by HVJ-E-BSH should be measured in a cell
line that expresses sialic acid similarly to human cancer cells.
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Figures

Table 3-2-1. Equivalent dose (RBE-Gy) of BNCT

BSH HVJ-E-BSH CG-HVJ-E-BSH  B-Liposome

Dose <019 3.4 2.9 2.3
(+ SD) [Gy-Edl ) (£0.07) (£0.13) (£0.04)
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Figure 3-2-2. Fluorescence microscopic images of A549 with PKH26-RED. Images of
PKH26-RED obtained at 0.5, 1, 2, 4 hours after the addition of the probes. Bar = 100
um.
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Figure 3-2-3 Intracellular uptake of Boron. Intracellular concentration of boron is
expressed against boron compound. The broken line indicates quantification limits (0.06
mg/108 cells).
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Figure 3-2-4. Antitumor effect of BNCT measure by trypan blue dyeing. The cell
survival rate (%) compared with the cell number of B-negative and neutron-negative
sample is expressed.
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Figure 3-2-6. The tumor growth mediated BNCT in LLC tumor. The tumor volume is
expressed against elapsed days. The symbol indicates: e; no treatment, o; neutron
irradiation without boron agent, A; 3.48 mg of BSH and BNCT performed and o; 129 pg
of HVJ-E-BSH and BNCT performed.
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Figure 3-2-7. An analysis using a Kaplan-Meier survival curve of BNCT in LLC tumors.
The symbol indicates: ®; no treatment, o; neutron irradiation without boron agent, A;

3.48 mg of BSH and BNCT performed and o; 129 pg of HVJ-E-BSH and BNCT
performed.
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Section 3. Development of the in-vitro experiment of BNCT

I. Introduction

In this section, I describe strategies for correcting the problems of the previous in vivo
experiments. In the previous section, no effect of BNCT was observed in tumor-bearing
small animals. This poor result was thought to be due to the lack of affinity of LLC cells
for HVJ-E.

Because HVJ-E-BSH (HVJ-E containing
mercaptoundecahydro-closo-dodecaborate (BSH)) was administered via local infusion,
the affinity of the tumor cells for HVJ-E is important!1.2l, In section 1 of chapter 2, the
intracellular concentrations of photosensitizer in each cell line were compared, and
some differences were observed. LLC took up less photosensitizer than did the other cell
lines. The lower uptake may lead to less accumulation. Inclusions enter the excretory
pathway independently. BSH is impervious to molecular degradation. The BSH uptake
abilities of each cell line should also be compared.

The setup was also improved by the use of deuterium water. The importance of
deuterium water was indicated in section 1. It is highly possibility that this allows the
thermal neutron flux in the sample area to be increased without increasing the fast
thermal neutron flux. A reservoir was made from high-density polyethylene, and
neutron transport was simulated when this reservoir was filled with deuterium water.

I1. Material and Method.

1. Synthesis of HVJ-E-BSH

HVJ was inactivated by UV irradiation (99 md/cm?2) using UV cross-linker (Spectro
Linker XL-1000 UV cross-linker, Spectronic Corp.). Inactivated HVJ (3 x 1010 parti-cles)
was mixed with 15 pL of 1% protamine sulfate/ TE buffer (QIAGEN), 110.7 pL of 3%
BSH (STELLA PHARMA CORPORATION) and 40 pL of 3% TWEEN 80 (Nacalai
Tesque) and incubated 5 minutes at 4°C. The suspension centrifuged (15,000 x g) for 5
minutes at 4°C. The supernatant liquid was removed and the pellet remained was
washed with BSS (Balanced Salt Solution, 10 mM Tris-Cl, pH 7.5, 137 mM NaCl and 5.4
mM KCI). After this the suspension was centrifuged (15,000 x g) for 5 minutes at 4°C
and the supernatant liquid was removed.

2. Cell culture

The cell lines used in this study were the human lung cancer cell line A549, the murine
melanoma cell line B16 the mouse colon carcinoma cell line CT26 and the mouse Lewis
lung adenocarcinomas cell line LLC. The A549 cells were cultured in RPMI-1640
medium (Sigma-Aldrich Inc.) containing 10 % fetal bovine serum (FBS, Biowest Inc.,
France), 100 units/mL penicillin, and 0.1 mg/mL streptomycin (Nacalai Tesque, Japan).
The B16, CT26 and LLC cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Sigma-Aldrich Inc.) containing 10% FBS, 100 units/mL penicillin, and 0.1
mg/mL streptomycin. The cells were cultured at 37°C and 5% CO..

3. Concentration of Boron uptake by cells with HVJ-E-BSH, CG-HVJ-E-BSH,
B-liposome .

200 pL (1 x 106 cells/well) of A549 cell was plated in a 24-well Plate. 4 hours later, when
the cells had adhered to the plate, 100 pL of 100 ppm B boron compounds (BSH,
HVJ-E-BSH, CG-HVJ-E-BSH and B-liposome) were added to each well. Two hours later,
the supernatant was removed and the cells were washed three times thoroughly with
phosphate buffered saline solution (PBS, pH 7.4, Sigma), and lysed with 1 mL of 0.1%
sodium dodecyl sulfate solution at 37°C for 20 minutes. After this the suspension was
diluted by adding 5 mL water and the intracellular uptake of boron was quantified
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using ICP-AES (Inductively Coupled Plasma - Atomic Emission Spectrometry, ICP-7500,
Shimadzu Corp.).

4. Neutron Transport Calculation _

In order to estimate the thermal and fast neutron flux at the irradiation position,
simulation calculations were performed using MCNP-5B! (A General Monte Carlo
N-Particle Transport Code). ENDF/B-VI4 was used as a neutron cross section library.
Track length estimator tally, F4, was used for calculating thermal and fast neutron
spectra. Reaction rates for 197Au (n, y) positioned in several places in a box for
irradiation of mice were calculated for comparison with the experimental results. The
calculation was performed using a virtual pure gold foil with the tally multiplier card,
FM, for the reaction type of (n, y), i.e., MT = 102. The number of histories was 1x107.

5. D-T Neutron Source and Thermal Neutron Field

The intense 14 MeV neutron source facility OKTAVIAN of Osaka University was used
as a D-T neutron source. And set-up to make thermal neutron field was built based on
simulation calculation (Figure 3-3-1).

6. Neutron Flux Mesurement

FFor D-T neutrons niobium foils were used and gold foils were for thermal neutrons.
Niobium foils of 100 um thickness were put in front of the tritium target, in the
moderator and in the irradiation position. The areas of the niobium foils for the three
positions were 1 x 1 cm?, 5 x 5 cm? and 3 x 10 cm? respectively. Gold foils of 50 pm
thickness and 1 x 1 cm2 were set up along the beam axis and the line perpendicular to
the axis to measure 2-dimensional flux distribution. Also cadmium covers of 1 mm
thickness were used together to determine the so-called cadmium ratio. 934 keV and
412 keV y rays for niobium and gold foils, respectively, were counted using a high-purity
germanium detector (HpGe) (GMX-15185-p, SEIKO EG & G, Japan). The absolute
efficiency of the detector was measured with standard gamma-ray sources. Also, signals
from a proportional counter were recorded in an MCS mode to accurately estimate the
amount of activation of the foils.

7. Radiation Dose Calculation.

In this study we had assumed that 12 mice are irradiated. The BNCT dose (Danct) at
the irradiation area was calculated to evaluate the performance of the constructed
thermal neutron field. The equivalent dose of BNCT, Dancr, was calculated using the
following equation:

.l)BNCT=(.RNx.KE\I+RBxlﬁ3XCh)xﬁhermalxT+l)f+.DY (2)
where, Kx and Kg are the doses per unit fluences from nitrogen (2% in weight of mouse
cell) and from boron (per 1 ppm)®!, respectively. Nitrogen captures a thermal neutron
like as boron and produces a proton (14N (n, p) 14C). This reaction occurs as side reaction
in thermal neutron field because the reaction isn’t threshold reaction. To calculate the
equivalent dose, the RBE 3.2 and 3.8 (Rx and Rp) for Dx (the dose from nitrogen
reaction) and Dg (the dose from boron reaction) were used, respectivelylsl. Cp, ¢thermal
and T are the intracellular boron concentration, the thermal neutron flux and the
irradiation time, respectively. The irradiation time was assumed to be 2 hours.
Activation foils were used to estimate intensities of the generated 14 MeV neutrons and
thermal neutrons (¢thermad). And Df and D, are the equivalent dose from fast neutrons
and the dose from gamma ray, respectively. They were estimated by MCNP-5
calculation and the measured value of the generated 14 MeV neutrons. In the
calculation, the areas in which there are mice were replaced with a cylindrical water
phantom and it was assumed that there is a tumor on the surface of a mouse. The RBE
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of 2.3 was used[!”. Kx and Kg are derived from the following equation.

Ki=Na X @ Xor 3
where, Na is Avogadro's number, Q is the energy released per nuclear reaction, i.e.,
0.6 and 2.31 MeV for 14N(n, p) and °B(n, o) reactions, respectively and o is the
cross-sections of 1.75 barn for 14N(n, p) and 3837 barn for 1°B(n, o) reactions (the
representative value for thermal neutron). The boron concentration of the tumor tissue
was assumed to be 300 ppm and that of the healthy tissue is 5 ppm. Although the
concentration is about 10 times higher than those expected in general BNCT cases, it
was reported in some papers(79 that it could be surely achieved. In this case the ratio of
tumor dose / normal dose is 53.

I1L. Result

1. Intracelluler Boron Concentration

The relationship between the boron agent and its intracellular uptake is shown in
Figure 3-3-2. When the concentration of HVJ-E-PPIX suspension was over 50 pM, the
B16 cells took up more PPIX than the other cells especially LLC.

2. Estimated Value of Simulation Calculation

Monte Calro simulation was operated to estimate the fast and thermal neutron flux.
The value predicted by the calculation was 4.4 x 105 n/cm?2/source neutron and 2.9 x 10
n/cm?2/source neutron respectively. Though the predicted fast neutron flux was increased,
the rate was small. On the other hand the thermal neutron flux was expected to
improve two times higher than current set-up.

3. Comparison between Calculation and Measurement:

Neutron irradiation was performed at the OKTAVIAN facility and the fast and thermal
neutron fluxes were measured with niobium and gold foils (Table 3-3-1, Figure 3-3-3).
The 14 MeV neutron source intensity was 3.2 X 1010 n/s. The fast and thermal neutron
fluxes were 6.1 X 105 and 8.9 x 106 n/s/cm2 respectively and Cd ratio was 6.7. The
measured neutron fluxes were in good agreement with the calculation results in the
whole region. '

IV. Discussion

The intracellular boron concentration of each cell line was measured, with B16 cells
found to take up the most boron. Although the difference in uptake rates between B16
and LLC cells was not large, the difference would be magnified in in vivo experiments
because the uptake need not take place as quickly in vitro. In the tumor tissue of small
animals, HVJ-E moves through with the flow of blood, making its ability to adhere to
tumor cells even more important. While the in vitro experiments reported herein did not
allow me to evaluate the tumor accumulation of the boron agent, it is highly possible
that the accumulation was in fact improved.

The setup was also improved by the use of deuterium water, which increased the
thermal neutron flux. Rat tumors have been reported to shrink after a radiation dose of
3.7 Gy-eql19 and disappear after a dose of 23 Gy-eq(!!l Boron concentrations of 120 ppm
and 1050 ppm would be required to achieve the equivalent doses with the thermal
neutron flux produced by this experiment. Although it is not known whether HVJ-E can
deliver such concentrations, it seems likely, as it has been reported that the boron level
produced by CG-HVJ-E-BSH (a HVJ-E BSH-spiked cationized gelatin) was 35 times
higher than that produced by BSH alone. There are also other boron agents that have
already reached a concentration of 519 ppm boronl”. Therefore, these novel boron
agents could be used to conduct in vivo experiments on accelerator-based BNCT.
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Figures
Table 3-3-1. Results of the measurement of the 0 rays from the activation foil.

Experimental value C/E
generated 14 Mev neutron 3.2 x 1010
fast neutron in sample area 6.1 x 105 2.3x 100
thermal neutron in samaple area 89 x 108 1.1x 100
Cd ratio 6.8 -

78



20

10

1000

Carbon cover

Samples

/
/ Concrete

=
2 Polyethylene

0 Do,/

Il
|

Neutron| source

[cm]

[r—

100
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Chapter 4. DNA Damage from High LET Radiation Using Escherichia coli

In Chapter 3, equivalent dose was calculated to evaluate the boron neutron capture
therapy (BNCT) effect, and the value was compared with those from other studies on
the same cell line. Although the RBE value of each nuclear reaction was determined in
the previous study, some points remain uneclear. To accurately calculate the dose and
administer treatment with the least side effects, the radiological consequences need to
be precisely assessed. ,

In PDT treatment, reactive oxygen species induce apoptosis or necrosis via cell
membrane or organelle damagelll. n the other hand, radiation damages DNA in BNCT
treatment. DNA damage-induced cytotoxicity occurs via 2 pathways (indirect and direct
effects)L2!,

In the indirect effect, molecules except the target absorb radiation energy and
produce active substances such as free radicals whose toxicity elicits a biological effect.
In aqueous solution, radiation interacts with the external medium. It may break the
bonds that hold the water molecule together, producing fragments such as hydrogen
and hydroxyl ions. These fragments may recombine or may interact with other
fragments or ions to form compounds, such as water, which is not harmful to the cell.
However, they could combine to form toxic substances, such as hydrogen peroxide,
which can contribute to the destruction of the cell8l. Particularly, hydroxyl and
hydroperoxy radicals readily react with DNAM!,

The interaction of radiation with the atoms of DNA or other cellular components
critical to the survival of the cell is referred to as a direct effect. Such an interaction may
affect the ability of the cell to reproduce and, thus, survive. If enough atoms are affected
such that the chromosomes do not replicate properly, or if there is significant alteration
in the information carried by the DNA molecule, then the cell may be destroyed by
“direct” interference with its life-sustaining system. The position at which the radiation
1s absorbed does not necessarily correspond to the breakpoint. The absorbed energy is
sometimes transported to other bonds or molecules, where it breaks weak bonds!5.6],

DNA is the most important material and serves as the master blueprint for the cell.
There is considerable evidence suggesting that DNA is the primary target for cell
damage from ionizing radiation. If a cell is exposed to radiation, the probability of the
interaction between radiation and the DNA molecule is very small because these critical
components make up a small part of the cell. However, cells are mostly composed of
water. Therefore, there is a much higher probability of radiation interacting with the
water. The proportion of direct effects depends on the radiation type and energy, and
high linear energy transfer (LET) radiation produces more direct effects. Because .
indirect effects produce discrete lesions by random energy deposition of the diffusing
radical, they are easy to repair. Direct effects produce closely spaced lesions forming
clustered DNA damage. Clustered DNA lesions have been suggested to be more difficult
to repair and are, in general, a form of DNA damage that is repair-resistant or
non-repairable, with a high mutagenic potential. Therefore, they are highly significant
biological endpointsl7.8l,

BNCT involves a B (n, a)-Li reaction and mainly produces ion beams that damage
cells. Ion beams generated by BNCT exhibit a Bragg peak and high LET. That leads
high dose, low Oxygen Enhancement Ratio (OER) and high specificity. However, the
RBE value of these ion beams remains unclear. For example, the value of the radiation
weighting factor is 2019, Although this value is set slightly high from a radiation
protection perspective, various values have been reported in BNCT studies and no
consensus has been reached.

The major factor in the lack of a consensus is insufficient knowledge of clustered
damage. If the absorbed dose is same value, clustered damage inhibits DNA repair and
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increases the effects on the cell. Therefore, I examined the mechanisms underlying the
cellular disorder induced by y-rays and o-rays, which are generated in the BNCT
reaction.

In this study, I used Escherichia coli (E. coll), a model organism used to investigate
cellular responses to ionizing radiation. It possesses several repair pathways, such as
base excision repair and homologous recombination, to cope with various types of
radiation-induced DNA damage, which are relevant to the biological consequences of
ionizing radiation!10l,

E. coli is likely to mutate, which can be easily detected using various methods. I
used phenyl-B-d-galactose (P-Gal), 5-bromo-4-chloro-indolyl-galactopyranoside (X-gal),
and antibiotics. P-gal and X-gal detect mutations in the /ac operon, which is a suite of
genes whose products metabolize lactose. It consists of 3 adjacent structural genes: /acZ,
lacY, and lacA. The lac operon is regulated by several factors, including the availability
of glucose and lactose. In its natural environment, the Jac operon allows for the effective
digestion of lactose. The cell can use lactose as an energy source by producing the
enzyme B-galactosidase, which digests lactose into glucose and galactose. However, it
would be inefficient to produce the enzyme when there is no lactose available, or if there
is a more readily available energy source, such as glucose. The Jacl gene coding for the
repressor lies near the /acoperon and is always expressed. In the absence of lactose, the
repressor binds very tightly to a short DNA sequence, called the Jac operator [111 |
downstream of the promoter near the beginning of /acZ P-gal is a substrate for
B-galactosidase, but does not inactivate the repressor and is, therefore, not an inducer.
Because wild-type cells produce very little B-galactosidase, they cannot use P-Gal as a
carbon and energy source. Mutants lacking the repressor are able to grow on P-Gal.
Thus, minimal medium containing only P-Gal as a source of carbon and energy is
selective for repressor and operator mutants(? . X-gal is used together with
isopropyl-B-d-thiogalactoside (IPTG), which is an inducer of the Jac operon in
physiological studies. Cells that express /acZ metabolize X-gal, and are dyed bluel13.14,

The antibiotics rifampicin and streptomycin were used in this study. Rifampicin
inhibits RNA polymerase, which is responsible for binding to a strand of DNA and uses
it as a template to construct a strand of mRNAI5l, Streptomycin is bactericidal in action.
It inhibits protein synthesis by irreversibly combining with the 30S subunit of the70S
ribosome. Specifically, it binds to the S12 protein involved in the initiation of protein
synthesis. Cells harboring mutations in the binding protein can be detected using
medium containing these antibioticsl16l,

The radiation sensitivities of wild-type E. colf and each mutant were compared
using survival and mutation frequency measurements. In section 1, the relationship
between LET and DNA repair function is examined. Wild type and mutants were
irradiated with X-rays or He-rays and the survival rate and mutation frequency were
measured. In section 2, I examined the effect of medium on the radiation sensitivity
observed in section 1. Because rich medium makes wild-type £. coli resistant to X-rays,
the mechanism and relationship with LET were examined.
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Section 1. Difference of radiation effective depending on LET

LIntroduction

There are many types of radiation and each has its own mechanism of action. Especially,
the effects of high-linear energy transfer (LET) radiation are different from those of
X-rays or y-rays. High-LET radiation tends to inflict great damage on DNA via direct
effects and the damage is easily clustered. Because clustered DNA damage is difficult to
repair, high-LET radiation has a significant impact on cells[1l.

To determine the difference, I compared the effects of He-ray and x-ray. Wild-type
Escherichia coli (E. col) and its mutants were used, because E. colilacking the gene for
DNA repair can be easily generated from wild-type cells. Table 4-1-1 shows the genes,
the protein products of the genes, and the repair mechanisms associated with the genes
used in this study. The mechanisms described in Table 1 are the main DNA repair
systems in . coli.

Nucleotide excision repair (NER) is a highly versatile and sophisticated DNA
damage removal pathway that counteracts the deleterious effects of a multitude of DNA
lesions, including the major types of damage induced by environmental sources. The
most relevant lesions subject to NER are cyclobutane pyrimidine dimers and
6,4-photoproducts, the 2 major kinds of injury produced by the shortwave UltraViolet
(UV) component of sunlightf2].

DNA mismatch repair (MMR) is a repair system that removes erroneous
insertions, deletions, and mis-incorporation of bases during DNA replication, usually in
the newly synthesized strand[3.4.

Homologous recombination is the exchange or replacement of a DNA region by its
homologous DNA sequence from the homologous chromosome or the sister chromatid!sl.
Homologous recombination is the major process for repairing double-strand breaks
(DSB) in bacterial DNAI6.7,

The SOS response is a set of inducible physiological reactions that enable cells to
survive after treatment with various DNA-damaging agents89. RecA and LexA, which
are the products of the recA and JlexA genes, respectively, regulate the induction of the
SOS response in cells after exposure to genotoxic stress. LexA is a repressor that binds
to a motif called the SOS box located upstream of the regulated genesll9. RRecA is
essential for homologous recombination because it binds to single-stranded DNA, which
is generated when the replication fork encounters replication-blocking lesions or after
exonucleolytic processing of DSBs, and forms a nucleofilament to facilitate the search
for a homologous sequencellll, RecA also has a regulatory role: it becomes activated after
binding to DNA, and in its activated form degrades LexA. Null mutants of recA show no
SOS responsell0l, The JexA3 strain, which produces a mutant JexA that is resistant to
degradation by RecA, also does not exhibit an SOS response.

DNA helicase I (Tral) is a bifunctional protein encoded by the F-plasmid!!2l and
contains 3 functional domains essential for the transfer of bacterial genes during
conjugation1315], F-plasmid transfer is initiated by endonucleolytic cleavage of the DNA
strand. This origin-specific nicking event is modulated by the product of zrafl16.17. If the
nick is produced near a single-strand breakpoint, it may behave like clustered DNA
‘damage.

In this study, mutations were generated in the above-mentioned DNA repair genes.
To reveal the effect of high-LET radiation, wild-type E. coli and its mutants were
irradiated with X-rays or He-rays and their sensitivities were measured. The surv1va1
rate and mutation frequency produced by the irradiation were compared.
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II. MATERIALS AND METHODS

1. Bacterial strains: :

The wild-type strain CSH100 and strains SMR6318, JW5855-2, CSH115, CC104,
JW3996-1, and DM49 were obtained from the E. coli Genetic Stock Center, Yale
University. CSH100¢ral was constructed by transducing a fraf:Chm allele from strain
SMR6318 using P1 phage. CSH100recq was constructed by transducing a rec@::Kan
allele from strain JW5855-2, CSH100muzS was constructed by transducing a mutS:Tet
allele from strain CSH115mutS, and CSH100uvrA was constructed by transducing a
uvrA::Chm allele from strain cc104uvrA using P1 phage. CSH100recA was constructed
by transducing a recA::CmR allele from strain AJW807 using P1 phage. AJWS807 was a
kind gift from Dr. A. J. Wolfe. CSH100/exA3 was constructed in 2 steps. First,
lamB::Kanr from JW3996-1 was transduced into DM49. Second, the JexA?Z allele was
co-transduced with lamB:‘Kan” into CSH100 via P1 transduction. The transfer of the
lexA3 allele was verified by PCR amplification and subsequent Mspl digestion of the
lexA locussl,

2. Growth of cells

Cells were grown in minimal medium (10.5 g/L of KsHPO4, 4.5 g/L of KH2POy4, 1 g/L of
(NH2S04, 0.5 g/L of sodium citrate, 1 mM MgSOs, 5 X 104% thiamine hydrochloride,
and 0.2% glucose). For irradiation, cells were prepared according to the protocol of
Maezawall9l. Briefly, logarithmic cells were prepared by diluting an overnight culture
50-fold followed by incubation for several hours at 37°C to obtain a cell density of
approximately 4 X 108 cells/mL. Logarithmic cells were washed and resuspended in

saline solution (0.15 M NaCl, and were placed on a nitrocellulose membrane
(GSWP01300; Millipore, Co. Ltd).

3. X-ray irradiation

X-rays were generated using Soft X-ray generator with a tungsten target (SOFTEX
M-150WE; SOFTEX Co., Ltd). The peak electrical voltage was set at 150 kVp and the
current was set at 6 mA. The dose rate was 27.9 Gy/min, which was determined using a
Fricke dosimeter.

4. He-ion irradiation

The energy of He ions (50 MeV) generated by the AVF cyclotron at Takasaki Ion
Accelerators for Advanced Radiation Application was reduced by placing an Ni filter of
300-um thickness in front of the sample. The average LET of the sample, estimated
using ELOSS code, a modified OSCAR codel20, and was 889 keV/um. To calculate the
absorbed dose, particle fluence was measured using a CR39 plastic dosimeter
(HARZLAS TD-1; Fukuvi Chemical Industry Inc., Japan). The dose rate was 8-10
Gyl/sec.

5. Measurement of survival and mutation frequency of cells

After irradiation, cells were collected and suspended in saline solution and a fraction
was immediately plated on minimal or selection plates containing 15 g/L agar. The
number of survivor colonies was determined and divided by the number of
non-irradiated colonies to determine the survivor fraction. We selected /acl mutants on
minimal medium containing 0.2% P-gal as the sole carbon source, as described
elsewherel2ll. After exposure to X-ray irradiation, cell suspensions were plated on
minimal plates containing 100 mg/mL streptomyecin or rifampicin. After incubation at
37°C for 40 h, the streptomycin- or rifampicin-resistant colonies were enumerated. Each
experiment was repeated at least 3 times using independent cultures.
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6. Increment in mutation frequency with time

After irradiation, cells were collected and suspended in saline solution and a fraction
was immediately plated on minimal or selection plates containing 15 g/L agar. After 40—
88 h, the number of survivor colonies was determined and divided by the number of
non-irradiated colonies to determine the survivor fraction. We selected Jac/ mutants on
minimal medium containing 0.2% P-gal as the sole carbon source, as described
elsewherel21,

III. RESULTS

1. Isolation of repair-defective strain

The DNA of antibiotic-selected mutants was amplified and the insertion was
determined by agarose gel electrophoresis. A DNA fragment of the expected size was
detected (date not shown).

2. Increase in mutation frequency of tral

The temporal changes in the mutation frequencies of wild type and tral were
determined (Figure 4-1-1 C). The survival and mutation frequencies of wild-type and
tral cells were not significantly different at 40 h after irradiation, (Figure 4-1-1 A, B).
The mutation frequency of both strains increased with time. There was no significant
difference in the time course.

3. Survival of E. coli cells after X-ray irradiation

The survival of wild-type, uvrd, mutS, rec€), recA, and lexAS3 cells exponentially
decreased with increasing dose of X-rays (Figure 4-1-2A).Compared to the other cell
lines (Group D), recA and lexA3 (Group II) were significantly sensitive. The survival
rates of Groups I and II were not significantly different.

4. Survival of E. coli cells after He-ion irradiation

The survival of wild-type, uvrd, mutS, rec@), recA, and lexA3 cells exponentially
decreased with increasing dose of He ions (Figure 4-1-3B). The survival of Group II was
lower than that of Group I, as seen in the case of X-ray irradiation. However, the
difference was less than that seen with X-ray irradiation.

5. Mutation frequency of Z. coli cells after X-ray irradiation

Cells were plated on P-gal selection medium immediately after irradiation. In the case
of X-ray irradiation, the /ac/ mutation frequency of the wild type did not significantly
increase above the level of spontaneous mutation with the dose of 256 Gy, but increased
with increasing dose over 256 Gy (Figure 4-1-3). The Jacl mutation frequencies of uvr4
and rec@) were similar to that seen with X-ray irradiation. The /zc/ mutation frequency
of mutSwas very high compared with that of the other types. The mutation frequencies
of recA and lexA3 appeared to be independent of the radiation dose, and they both
remained very low at the level of spontaneous mutations.

6. Mutation frequency of Z. coli cells after He-ion irradiation

In the case of He-ion irradiation, the mutation frequencies of wild-type, recA, and JexA3
cells did not increase significantly above the level of spontaneous mutations, and were
dose-independent. The value of uvrA was the same as that observed with X-ray
irradiation, and the values of mutSand rec@) were higher than the corresponding values
observed with X-ray irradiation. Munson and Bridges reported that the mutagenic
effect steadily decreased with increasing LET[22, Qur results are consistent with their
findings. On the other hand, Tokarova et al. observed a clear increase in mutation
frequency after exposure of stationary cells to heavy ions/23l, This discrepancy is most
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likely due to the fact that the 2 experiments used cells in different growth phases.

IV. DISCUSSION

To observe the effect of He-rays, £ coli and its variant strains were used. They were
irradiated with X-rays or He ions and their survival and mutation frequencies were
measured.

First, I focused on DNA nicking. F-plasmid transfer is initiated by endonucleolytic
cleavage of the DNA strand. This origin-specific nicking event is modulated by the
product of ¢ralli66.17, If the nick is produced near the single-strand breakpoint, it may
behave like clustered DNA damage and may mask the effects of radiation-induced
clustered DNA damage. Therefore, survival, mutation frequency, and the time course of
mutation frequency were measured. No significant differences were noted between the 2
strains. Therefore, cells with an intact tral gene were used in subsequent experiments.

In the case of X-ray irradiation, survival of the wild-type, uvrd, mutS, and rec@
strains (Group I) were higher than those of the rec4 and JexA3 strains (Group II) (Fig.
4-1-2A). RecA and LexA, the products of the recA and JexA genes, respectively, are
closely linked to the SOS response. Consistent with previous results(2325], rec4 and
lexA3 cells were much more sensitive than the wild-type cells. The increased sensitivity
of recA or lexA3 can be explained by their lack of an SOS response.

To compare the sensitivity of each strain, Do.o1, which is determined as the dose
(Gy) required to reduce the surviving fraction to 1%, was calculated on the basis of the
survival curves (Table 4-1-1). The ratios of sensitive recA and JexA3 to wild type were
3.0 and 2.9, respectively. Although wuwvrA was a little sensitive than wild type, no
significant difference was observed in the Group I strains.

UV light irradiation induces the formation of cyclobutane pyrimidine dimers
between adjacent pyrimidinesi26.27, UvrA, which is the product of uvr4, is one of the key
FE. coli proteins involved in removing DNA damage during the process of NER28l. UvrA
is important for repairing pyrimidine dimers because uvrAd-defective strains are
sensitive to UV irradiation(29.30), The antitumor agent cis-diamminedichloroplatinum
(I (DDP) produces DNA intrastrand, interstrand, and DNA-protein crosslinksBl. E
coli cells that are uvrA deficient are more sensitive to DDP than wild-type cells,
indicating that Uvr endonuclease-mediated excision repair contributes to the repair of
DDP-induced DNA damagel32-34, RecQ helicase is a key component of the RecF pathway
in E. coli for initiation of homologous recombination(3536], RecQ is not important for
repairing DNA defects induced by y-rays or UV irradiation in nuclease-deficient strains
because RecA and RecBCD can regulate homologous recombination37. On the other
hand, rec@deficient strains are sensitive to camptothecin38, Camptothecin prevents
DNA re-ligation and therefore causes DNA damage, which results in apoptosis. Thus,
X-ray or He-1on irradiation does not appear to elicit DNA damage because there were no
differences between the wild type, uvrAd, and rec@ strains in my study.

The mutation frequency of mutS was much higher than that if wild type, although
the survival of mutS was not different. The MutS protein initiates MMR and reduces
DNA replication errors in E. colf39. Therefore, mutS displays elevated spontaneous
mutation rates because of a deficiency in the postreplicative mismatch correction
processl40l. Thus, it may be difficult to make a fair comparison between mutS and the
other strains. Given that the survival of mutS was affected to the same extent as the
X-ray-irradiated strains, MMR requiring MutS is unusual or it may be repaired via a
different pathway. It is well known that some DNA repair systems complement the
function of other repair systemsl41-44. Precisely for this reason, the rate of DNA
mutations may be underestimated.

Group II was also more sensitive to He-ion irradiation than Group I. This
indicates that the SOS response is important to repair not only X-ray -induced damage

88



but also He-ion-induced damage. The relative biological effectiveness (RBE) of He ions
relative to X-rays was calculated from Do.o1, which was calculated from Fig. 4-1-2 (Table
4-1-1). The RBE values were approximately 3.0 and 2.9 for recA and JlexA, respectively.
The value for mutSwas high (1.7), compared with that of previous studiesi4sl. Therefore,
more experiments are warranted. The values for the other Group I strains were
approximately 1.3, which is almost the same as that of previous studies[l. It has been
reported that the RBE of 40 MeV He ions is about 1146l The increase in RBE appears to
be due to high LET (not the radiation type). The RBE values for recA and lexA3 were
less than 1. It seems like the decrease of the RBE versus LET curve at LET values
above more than 100 keV/uml47, This effect has been interpreted as an “overkill effect,”
where the density of ionizations within a single cell is greater than the 2 events needed
for the inactivation of that cell. This is, in effect, a wasted dose. In the cases of recA4 and
lexA3 in the present study, the same effect may have occurred. Of course, the value
cannot be used to calculate the dose for BNCT treatment, because the DNA repair
systems in E. coll and humans are different.

The mutation frequencies of both wild-type and recA cells did not significantly
increase above the level of spontaneous mutations, and were independent of dose. This
suggests that the damage induced by He-ion irradiation is easy to repair or the
damaged cells did not survive or both. The difference in the sensitivities of wild-type
and Group II cells to He-ion irradiation was small compared with that of X-ray
irradiation. Thus, the contribution of the SOS response may be minimal in response to
He-ion irradiation. The SOS response is an error-prone repair systemi8 and its
minimal contribution may explain the low mutation frequencies.

The lacl mutation frequency of the rec@ strain in response to He-ion irradiation
was higher than that of X-ray irradiation. RecQ helicase is a key component of the RecF
pathway in E. coli for initiation of homologous recombination(35:36l, The repair system
using the RecF pathway may be important for recovery from He-ion-induced damage.
The lacI mutation frequency of the mutS strain was different from that observed with
X-ray irradiation. However, the values at 0 Gy were quite different. Thus, the mutS
strain needs to be further investigated.

These results are useful and fundamental to the studies of DNA repair and dose
calculation. However, various types of mutations should be examined to determine the
different types of radiation-induced DNA damage. The attempts to use streptomycin,
rifampicin, and X-gal were unsuccessful. Therefore, the accuracy of the analyzing
system should be improved or an alternative method should be used to detect significant
differences.
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Figures

Table 4-1-1 Genes, their protein products, and the associated repair mechanisms

examined in this study

gene protein repair mechanism
uvrA UvrA Nucleotide excision repair
mutS MutS mismatch repair
recQ RecQ homologous recombination
recA RecA homologous recombination
and SOS response
lexA3  variant LexA

SOS response

Table 4-1-2. Do.o1 of each strain for X-ray and He-ion irradiation and the RBE values

Wild type mutS uvrA recq  recA  lexA3

X-ray 552 573 456 518 181 194
He ray 421 353 356 404 217 196
RBE 1.3 1.6 1.3 1.3 0.84 0.97
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Figure 4-1-1. Survival (A) and mutation frequency (B) of cells plated immediately after
X-irradiation and counted at 40 hours after irradiation. (C) Time course of mutation
frequency after X-ray irradiation. (A, B): Wild type (solid symbols), ¢ral (open symbols).
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Figure 4-1-3. lacl mutation frequencies after X-ray irradiation (A) and He-ion
irradiation (B). Wild type (w), mutS (0), uvrd (A), rec@ (a), recA (o), lexA3 (o). The
mutation frequency was measured by plating irradiated cells on P-gal selection medium
immediately after irradiation. Mutation frequencies were not plotted when the number
of mutants was less than 5 per plate because these data had large statistical errors.
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Section 2. Medium-dependent radiation sensitivity and mutagenesis with
different qualities of radiation.

I. Introduction

Tonizing radiation is used extensively for various applications, such as food sterilization
and mutational breeding to microorganisms, and medical radiography and cancer
therapy to humans. Understanding of the details of the factors/conditions that affect
radiation effects as well as their underlying mechanisms will be essential to evaluate
the effects of radiation exposure in improving the effectiveness and/or the safeness of
these applications. It has been known that the radiation sensitivity of a cell strongly
depends on its physiological state, such as its level of stress or stage of growth/1,

Escherichia coli is a useful model to elucidate the effect of ionizing radiation, and
the genetic basis as well as the cellular response to ionizing radiation has been
extensively investigated. It possesses several repair pathways, such as base excision
repair and homologous recombination, to cope with various types of radiation-induced
DNA damage, which are relevant to the biological consequences of ionizing radiation!2.
E. coli has a cellular response, called the SOS response, that is induced by DNA
damaging agents34, and that involves more than 40 genes related not only to DNA
repair but also to mutagenesis. The products of two of these genes, RecA and LexA,
regulate the induction of the SOS response after cells are exposed to genotoxic stress.
LexA is a repressor which binds to a motif called the SOS box located upstream of the
regulated genes. RecA is essential for homologous recombination as it binds to
single-stranded DNA, which is generated when the replication fork encounters
replication-blocking lesions or after exonucleolytic processing of double-strand breaks
(DSBs), and forms a nucleofilament to facilitate the search for a homologous sequence.
RecA also has a regulatory role: it becomes activated after binding to DNA, and in its
activated form degrades LexA. Null mutants of recA show no SOS response. Mutants of
lexA that are resistant to degradation also show no SOS response.

Nutritional conditions directly influence the growth rate and gene expression
profiles of Z. coli58, and thus, nutrients are considered to affect the physiological
conditions of the cell. The radiation sensitivity of Z. coli cells was found to depend on the
culture media in which they were grown. Survival was higher for cells incubated in rich
medium both pre- and post- irradiation than for cells grown in minimal medium both
pre- and post- irradiation. Interestingly, the rich medium-dependent increase of
survival is diminished when minimal medium was used either pre- or post-irradiation.
Further, addition of the antibiotic rifampicin, a transcriptional inhibitor, also reduced
the rich medium-dependent survival, indicating that de novo RNA (and protein)
synthesis is required for the process. The idea that DNA repair plays an important role
in the rich medium-enhanced survival is supported by two lines of evidence: (1) DSB
repair was more efficient in rich medium than in minimal medium, and (2) DNA
repair-deficient mutants, such as recA, recB or lexA, did not show any medium
dependency®11, Because the deficiency of RecA or LexA completely abolished the
process, the SOS response is most likely involved in the rich medium-dependent
increase of survivall®. The mutagenesis of E. coli cells was also found to depend on the
growth medium. Using arginine auxotrophic mutants, Grigg demonstrated that the
reverse mutation frequency is higher when X-irradiated cells were grown in minimal
medium supplemented with rich medium than when X-irradiated cells were grown in
plain minimal medium/(12],

Although medium dependence of survival after X-ray exposure has been studied in
detail, the mechanism of medium-dependent mutagenesis, for instance, which gene(s)
and cellular response(s) are responsible for the process, is still largely unknown.
Further, to what extent the medium-dependent effect is affected by the ionizing density
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of a radiation, which is usually related to the linear energy transfer (LET), remains
unclear. Therefore, in this study, we used . coli wild-type cells and E. coli recA and
lexA mutants to determine how (1) the medium affects mutagenesis, and (2) radiation
quality affects the medium-dependent radiation effects. We found that the mutagenesis
was medium-dependent after X-irradiation and that this medium-dependent
mutagenesis was dependent on RecA and LexA. Further, we found that the
medium-dependent effects on both survival and mutation were less pronounced when
the cells were irradiated with densely ionizing, high-LET He ions. These results should
help to improve the efficiencies of radiation applications, especially for mutational
breeding.

I1. Materials and methods

1. Bacterial strains

Wild-type strain CSH100, and strains JW3996-1 and DM49 were provided from the £
coli Genetic Stock Center, Yale University. CSH100recA was constructed by transducing
a recA::CmR allele from strain AJW807 by P1 phage. AJW807, was a kind gift from Dr.
A. J. Wolfe. CSH100/exA3 was constructed by two steps. Firstly, JamB-"Kans from
JW3996-1 was transduced to DM49. Secondly, the /exAS3 allele was co-transduced with
lamB::Kan* to CSH100 by P1 transduction. The transfer of the JexA3 allele was verified
by PCR amplification and subsequent Mspl (New England Biolabs, Ipswich, UK)
digestion of the JexA locusl!t3l,

2. Growth of cells

Minimal medium (containing 10.5 g/L of KeHPOs4, 4.5 g/L of KH2PO4, 1 g/L of (NH4)2SOs4,
0.5 g/L of sodium citrate, 1 mM of MgSOs4, 5 x 104% of thiamine hydrochloride and 0.2%
of glucose) (Wako Pure Chemical Industries, Ltd., Osaka, Japan) and rich medium (LB
broth Lennox (Becton, Dickinson and Company, NJ, USA)) were used for growing cells.
For irradiation, cells were prepared according to the protocol of Maezawall4. In brief,
logarithmic cells were prepared by diluting the overnight culture 50-fold (for minimal
medium grown cells) or 100-fold (for rich-medium grown cells) by respective homologous
medium and by subsequent incubation for several hr at 37 °C to reach a cell density of
approximately 4 X 108 cells per ml. Logarithmic cells were washed and resuspended in
saline (0.15M NaCl) (Wako Pure Chemical Industries, Ltd., Osaka, Japan), and were
retained on a nitrocellulose membrane (MF-Millipore, GSWP01300, EMD Millipore
Corporation, MA, USA). These membranes were placed on saline solid plates for
irradiation.

3. X-ray irradiation

X-rays were irradiated using Soft X-ray generator with a tungsten target (SOFTEX
M-150WE, SOFTEX Co., Ltd., Kanagawa, Japan) at room temperature. The peak
electrical voltage was set at 150 kVp and the current was set at 6 mA. The dose rate was
27.9 Gy/min, which was determined by Fricke dosimeter.

4. He-ion irradiation :

Cells were exposed to He ions, which were generated by the AVF cyclotron at Takasaki
Ion Accelerators for Advanced Radiation Application, at room temperature. The energy
of He ions (50MeV) was reduced by placing a Ni filter with 300 pm thickness in front of
the sample. The average LET of the sample was estimated by ELOSS code, a modified
OSCAR codel's, and was 89 keV/um. The particle fluence was measured using CR39
plastic dosimeter (HARZLAS TD-1, Fukuvi Chemical Industry Inc., Fukui, Japan) to
calculate the absorbed dose. The dose rate was 8~10 Gy/sec.
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5. Measurement of survival and mutant frequency plated immediately after irradiation
After irradiation, cells were collected and suspended in saline solution and a fraction
immediately plated to minimal, rich or selection plates (containing 15 g/L agar)
(Bacto-agar, Becton, Dickinson and Company, NJ, USA). The number of survived
colonies was counted and divided by the number of unirradiated colonies to determine
the survived fraction. Jac/ mutants were selected on a minimal medium containing
P-gal (0.2%) (Wako Pure Chemical Industries, Ltd., Osaka, Japan) as a sole carbon
source, following the procedure as described elsewherell8l, The mutant frequency was
calculated by dividing the number of /acI mutants on P-Gal medium with the number of
survived colonies on glucose minimal medium. Each experiment was repeated at least
three times from independent cultures.

6. Measurement of medium-dependent sensitivity/mutagenesis of irradiated cells

The cells were pre-cultured in rich medium and were irradiated as describe above. After
irradiation, cells were cultured in solution of either minimal or rich medium for 2 hr, to
assay medium-dependent sensitivity/mutagenesis. After incubation, cells were washed
with saline solution and plated on minimal, rich or selection plates to assess the effect of
growth medium on the survival or mutation frequency. Each experiment was repeated
at least three times from independent cultures.

1. Results

1. Survival of Z. coli cells plated immediately after irradiation

The survival of wild-type, recA, and JexA after cells decreased exponentially with
increasing dose of both X-rays (Figure 4-2-1A) and He ions (Figure 4-2-1B). The survival
rates were not significantly different between the two types of radiation, except that, for
wild-type cells, there was a medium-dependent increase of survival after X-irradiation
but not after He ion radiation. Consistent with previous results(17-19], the rec4 and JexA3
cell lines were much more sensitive than the wild type to both types of radiation. The
increased sensitivity of recA or lexA3 could be explained by their lack of an SOS
response,

2. Mutation frequency of Z. coli cells plated immediately after irradiation

Cells were grown in rich medium pre-irradiation and plated on P-gal selection medium
immediately after irradiation. In the case of X-irradiation, the /ac/ mutation frequency
of the wild type did not significantly increase above the level of spontaneous mutation
with the dose of 256 Gy, but increased with increasing dose over 256 Gy (Figure 4-2-2).
The mutation frequencies of recA and lexAS3 appeared to be independent of dose, and
they both remained very low at the level of spontaneous mutations, confirming that the
SOS response is required for low-LET radiation mutagenesis/20.21], Induced mutations
were also hardly observed when recA and JexA& cells were grown in minimal medium
prior to irradiation (data not shown). In the case of He-irradiation, the mutation
frequencies of all wild-type, recA, and JlexA3 cells did not increase significantly above
the level of spontaneous mutation, and were independent of dose and the type of growth
medium. Our results showing that high-LET radiation induces less mutations per dose
than low-LET radiation are consistent with previous observations(2223], However, a clear
increase of mutation frequency after exposing E. coli cells to several kinds of heavy ions
have been observed(22.2427, One possible explanation for this discrepancy could be due to
the fact that those experiments with increased mutation frequency exposed cells of
stationary phase to ion particles.

3. Survival of cells incubated for 2 hr in liquid rich medium post-irradiation
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To find out the duration that cells show medium-dependent radioresistance
post-irradiation, we looked at the survival of cells incubated in liquid rich medium after
irradation. Those cells were incubated in liquid rich medium pre-irradiation. The
numbers of unirradiated wild-type, rec4, and JexAS3 cells increased approximately
10-fold in liquid rich medium. The growth rate of each strain was reduced with
increasing dose of radiation, probably due to both cell death and growth arrest after
irradiation. Wild-type cells that were incubated for 2 hr post-irradiation of X-rays
showed no enhancement of medium-dependent survival (Figure 4-2-3A). As expected, no
enhancement was observed in either X-irradiated recA or JexA3 cells (Figure 4-2-3B),
and in wild-type cells after He-irradiation (Figure 4-2-3C).

4. Mutation frequency of cells incubated for 2 hr in liquid medium post-irradiation
Cells were incubated in liquid rich medium pre-irradiation and in either liquid minimal
or rich medium for 2 hr post-irradiation, and then plated on solid P-gal medium to
detect Jacl mutants. The mutation frequencies of unirradiated wild-type cells (Figure
4-2-4A) and recA and JexA3cells did not change with or without the 2hr-incubation (Fig.
4-2-2, Fig. 4-2-4A and Figure 4-2-4B). Interestingly, for X-irradiated wild-type cells, the
mutation frequencies plated after 2 hr post-irradiation incubation in both liquid rich
and minimal medium were higher than the mutation frequencies in cells that were
plated immediately after irradiation (Fig. 4-2-2 and Fig. 4-2-4A). More surprisingly, the
mutation frequency after 2 hr post-irradiation incubation in liquid rich medium was
significantly higher than that after 2 hr post-irradiation incubation in liquid minimal
medium (Fig. 4-2-4A). This rich-medium-dependent increase of mutation frequency was
not found in either recA cells or lexA3cells, as the mutation frequency stayed low at the
level of spontaneous mutation in each cells (Fig. 4-2-4B). When wild-type cells were
irradiated with He ions, there was no clear increase of the mutation frequency either
with or without post-irradiation incubation (Fig. 2 and Figure 4-2-4C).

IV. Discussion

Using E. coli cells, we found that X-ray mutagenesis was significantly enhanced in rich
medium and that the process was dependent on RecA and LexA. We did not observe the
rich-medium-dependent enhancements of survival and mutation frequency with
densely ionizing, high-LET radiation. Our results demonstrate that medium-dependent
survival and mutagenesis are differently affected by exposures to different types of
ionizing radiation.

Growth medium-dependent effects of X-irradiated Z. coli cells

Our results confirm previous reports that E£. coli cells have enhanced radiation
resistance when grown on rich medium (LB) and that recA and JlexA3 cells do not share
this medium-dependent sensitivity (Fig 4-2-1)19). These results strongly indicate that
SOS response is involved in radiation resistance. It is noteworthy that the
medium-dependent increase in survival was observed only when cells were incubated in
rich medium both pre- and post-irradiation, and not when cells were grown in minimal
medium either pre- or post-irradiation (data not shown). These results suggest that a
specific physiological state induced by the rich medium is required prior and subsequent
to irradiation to induce sufficient SOS response to enhance survival.

The E. coli strains used in this study have an F’ plasmid, which harbors the pro
gene that is required for growth only in minimal medium. Thus, the
rich-medium-dependent increase of survival may be merely the result of rescuing cells
that had lost the F' plasmid. However, this explanation is ruled out by the finding that
the survival rates of wild-type cells, which were incubated in liquid rich medium for 2hr
post-irradiation, on solid rich medium and on solid minimal medium did not differ (Fig.

99



4-2-3A). This indicates that the F’ plasmid is not lost in rich medium post-irradiation.
Several lines of evidence suggests that the rich medium is required immediately but
only for 2 hr or less after irradiation to enhance survival: (1) a rich medium-dependent
increase of survival was observed when cells were plated immediately on solid rich
medium after irradiation (Fig. 4-2-1A), (2) such an increase was absent after cells were
incubated in either rich or minimal medium for 2hr post-irradiation (Fig. 4-2-3A, data
not shown). Because the survivals of recA and JexA3 cells with post-irradiation
incubation did not show any medium dependence (Fig. 4-2-3B), the efficiency with
which DNA damage is repaired during the 2-hr incubation after X-irradiation is most
likely enhanced by the SOS repair. The SOS response is at least partly functional in the
minimal medium, since wild-type cells show higher survival than do rec4 and JexA3
(Fig. 4-2-1). We assume that the ‘extra’ activity specifically expressed in rich medium is
responsible for the medium-dependent increase of survival.

Interestingly, when X-irradiated wild-type cells were incubated in liquid medium
for 2 hr after irradiation, the mutation frequency was increased compared to that of
cells without post-irradiation incubation (Fig. 4-2-2 and Fig. 4-2-4A). The increase of
mutation frequency of X-irradiated wild-type cells was significantly lager in cells
incubated in liquid rich medium than in cells incubated in liquid minimal medium,
indicating that the incubation of X-irradiated cells in rich medium strongly enhances
mutagenesis (Fig. 4-2-2 and Fig. 4-2-4A). This medium-dependent enhancement of
mutation frequency did not occur in recA cells or lexA3cells (Fig. 4-2-2 and Fig. 4-2-4B),
indicating that the SOS response is involved in the mutagenic process and that the
‘extra’ activity of SOS response is likely responsible for the significant increase of
mutation frequencies in rich medium. The mutations induced by the SOS response may
have occurred at two different times: (1) during the 2 hr-incubation post-irradiation
before plating on P-gal minimal medium, or (2) after plating on P-gal minimal medium
by the process called ‘adaptive mutation/28l. It is unclear at which time the mutants
arose. In either case, the 2-hr incubation post-irradiation is sufficient to increase the
frequency of mutations in £, coll.

Growth medium-dependent effects of He-irradiated Z. coli cells

No medium-dependent increase of survival was found for He-irradiated wild-type, recA
or lexA3 cells (Fig. 4-2-1B). The medium-dependent resistance and mutagenesis after
X-irradiation lead us to suggest that the ‘extra’ SOS response is inactive after
He-irradiation. However, Kozubek et al., using a suld/lacZfusion gene, where suldis an
SOS-inducible gene, demonstrated that the SOS response is also efficiently induced by
densely-ionizing heavy ions[2%. The most likely explanation for this apparent
discrepancy is that although the SOS response is fully induced in rich medium, the
induced ‘extra’ proteins cannot cope with some of the complex DSBs that were generated
by He-irradiation. Exposure to high-LET radiation is known to result in spatial
clustering of DNA damage, which, in turn, leads to reduced repair efficiency!30.31, Datta
et al. have shown that a complex DSB with DNA damage confined to the proximity of
the break ends was induced by densely-ionizing 125 decay!32.381, and was difficult to
repair(34,

We also found that the mutation frequencies of wild-type cells irradiated with He
ions did not increase significantly above the level of spontaneous mutation frequency
(Fig. 4-2-2) and that the medium-dependent mutagenesis did not occur (Fig. 4-2-2 and
Fig. 4-2-4C). Since translesion synthesis (TLS) induced as part of the SOS response is
mainly responsible for mutagenesis after ionizing radiation exposurel2.20, we suggest
that at least one of the following possibilities is responsible for the absence of
medium-dependent increase of mutation frequency, as well as the low mutation
frequencies of cells immediately plated after He-irradiation: (1) the polymerases for TLS
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can replicate over He-damaged DNA, and do so in an error-free manner, (2) the
polymerases for TLS cannot replicate over damaged DNA generated by He-irradiation,
and thus the replication is blocked, or (3) there is only a small amount of DNA damage
on double-stranded regions and that most of the DNA damage is gathered around
complex DSBs. In the last case, we assume that complex DSBs have low mutagenicity if
repaired, as exonucleases can remove damaged sites during homologous
recombination(s5,36l,

V. Conclusions

We found that, in addition to medium-dependent sensitivity, there is
medium-dependent mutagenesis in E. coli cells after ionizing radiation exposure, which
requires an SOS response. Our results suggest that the incubation in rich medium
before and after irradiation sets the physiological condition of a cell that results in
medium-dependent effects. Thus, the physiological state of the cell plays an important
role in determining the mutagenic consequences of X-irradiation. Furthermore, our
finding that the medium-dependent effects are absent after exposure to high-LET
radiation indicates that the higher level of clustering of DNA lesions is, at least partly,
refractory to the SOS response. These results imply that both the physiological state of
the cell and the radiation quality are important in determining the radiation effect to
microorganisms, which gives valuable insights in radiation breeding, food sterilization
and medical aplication.
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Figure 4-2-1. Survival of cells plated immediately after X-irradiation (A) and
He-irradiation (B). Cells were grown pre- and post-irradiation in minimal (solid
symbol) or rich (open symbol) medium. Wild type (m, 0), recA (A, A), JexA3 (e, o). Each
data point represents the mean of at least three independent experiments, and the
error bar denotes standard error. A data point without an error bar indicates that the
error bar was smaller than the symbol.
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Figure 4-2-2. lacI mutant frequencies after X-irradiation (solid symbols) and
He-irradiation (open symbols). Wild type (m, o), recA (A, A), lexA3 (e, o). Cells were
grown in liquid rich medium pre-irradiation. The mutant frequency was measured by
plating irradiated cells on P-gal selection medium immediately after irradiation. Each
data point represents the mean of at least three independent experiments, and the error
bar denotes standard error. A data point without an error bar indicates that the error
bar was smaller than the symbol. We did not plot mutant frequencies when the number
of mutants was less than 5 per plate because these data had very large statistical errors.
The data points that are not shown are: the mutant frequencies of X-irradiated recA
(384 Gy), He-irradiated recA (300 Gy), X-irradiated JexA3 (384 Gy), and He-irradiated
1exA3 (300 Gy).
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Figure.4-2- 3 Survival of cells incubated in liquid rich medium for 2 hr post-irradiation.
Cells were grown in liquid rich medium pre-irradiation, and subsequently plated on
solid minimal (solid symbols) or rich (open symbols) medium after post-irradiation
incubation. (A) Wild-type cells incubated for 2 hr post X-irradiation (m, o), (B) recA4 (A,
A) and lexA3 (e, o) cells incubated for 2 hr post X-irradiation, (C) wild-type cells
incubated for 2 hr post He-irradiation (m, o). Each data point represents the mean of at
least three independent experiments, and the error bar denotes standard error. A data
point without an error bar indicates that the error bar was smaller than the symbol.
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Figure 4-2-4. lacl mutant frequencies of cells incubated for 2 hr post-irradiation in
liquid minimal (solid symbols) or rich (open symbols) medium. (A) Wild-type cells
irradiated with X-rays (m, o), (B) recA (o) and JexA3 (o) irradiated with X-rays, (C)
Wild-type cells irradiated with He ions (m, o). Each data point represents the mean of at
least three independent experiments, and the error bar denotes standard error. A data
point without an error bar indicates that the error bar was smaller than the symbol.
Due to low mutant frequencies with very large statistical errors, following data are not
plotted: recA (256 and 384 Gy), lexA3 (256 and 384 Gy), wild type irradiated with He
ions and incubated for 2hr post-irradiation in liquid minimal medium (600Gy)
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Chapter 5. General overview and Summaries

This paper attempts to develop the novel cancer therapy; Photodynamic therapy (PDT)
and Boron Neutron Capture Therapy (BNCT), by using Drug Delivery System. PDT and
BNCT is one of the less invasive cancer treatments. They use quantum beam to excite
the specific drug and the active oxygen or radiation produced by the excited drug make
selective cytotoxicity.

The first, I determined the accumulation ability of HVJ-E using PDT (2-1). The
accumulation with HVJ-E was 3 times higher than that with the photosensitizer alone
and 20 times higher than that with ordinary method. In the study, the take-up ability
was significantly different with cell line. In the result of detailed investigation, some
subclones have different photosensitizer uptake ability and PDT sensitivity than the
others, though they have same DNA and were differentiated from same cell (2-2). It
shows that a small fraction of tolerant cells may actively grow and predominate after
PDT, even though most of the non-tolerant cells in the original tumor tissue were
selectively killed by the repeated treatment in clinical therapy. To effective treatment,
enough cytotoxicity to kill the small function of cells is needed.

From the result of section 2-1, more than 1 x 108 n/sec/cm? of thermal neutron flux
is thus needed for BNCT when HVJ-E is used. OKTAVIAN facility generates 14 MeV
neutrons via D-T reaction. The produced 14 MeV neutrons have to be moderated to
thermal neutron. And the stably produced neutron source intensity is ~1 x 1010 n/sec at
present. I carried out simulation calculations to design a thermal neutron field (3-1).
With the result, the neutron flux at irradiation field was about 1.6 x 104 n/em?2/source
neutron using 20cm thickness of polyethylene moderator and there is possibility that
the anti-tumor effect of BNCT can be observed using the novel boron agent in in-vitro
experiment. After that, a thermal column was built in the heavy irradiation room of
OKTAVIAN, and irradiation experiments were performed (3-2). The thermal neutron
flux at the sample area achieved 1.6 x 108 n/cm?/s, and the dose of BNCT was 3.4 Gy-eq
for 2 hour irradiation. With the irradiation more than 50% of anti-tumor effect was
observed in in-vitro experiment. However the anti-tumor effect was not observed in
in-vivo experiment. The experimental method need to be improved.

In Chapter 3, equivalent dose was calculated to evaluate the BNCT effect, and the
value was compared with those from other studies on the same cell line. Although the
RBE value of each nuclear reaction was determined in the previous study, some points
remain unclear. To accurately calculate the dose and administer treatment with the
least side effects, the radiological consequences need to be precisely assessed. Then I
studied the mechanism of cellular disorder comparing photon-ray and o-ray, which is
generated in BNCT reaction (4-1). The relative biological effectiveness (RBE) of He ions
relative to X-rays was calculated from Doo1, which was calculated from Fig. 4-1-2 (Table
4-1-1). The RBE values were approximately 1.3 for Group I (wild-type, recQ and uvrA)
and 3.0 for recA and lexA. The medium-dependent survival and mutagenesis were also
observed (4-2). The SOS reaction was needed for medium dependency. From the result,
it could be argued that cellular environment of tumor is considerable to effective
treatment.

The summaries of each section were described below.

Section 2-1.

Photodynamic therapy (PDT) is a photochemical modality approved for cancer
treatment. The accumulation of photosensitizers in cancer cells is necessary to enhance
the therapeutic benefits of PDT; however, photosensitizers have a low uptake efficiency.
To overcome this limitation, a drug delivery system (DDS), such as Hemagglutinating
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virus of Japan envelope (HVJ-E) vector, is required. In this study, the combination of
PDT and HVJ-E was investigated for enhancing the efficacy of PDT. The
photosensitizers that were evaluated included 5-aminolaevulinic acid (5-ALA),
protoporphyrin IX (PPIX), and HVJ-PPIX. The uptake of the photosensitizers as
increased twenty-fold with the addition of HVJ-E. The cytotoxicity of conventional
5-ALA was enhanced by the addition of HVJ-E vector. In conclusion, HVJ-E vector
improved the uptake of photosensitizers and the PDT effect.

Section 2-2

Photodynamic therapy (PDT) involves the administration of a photosensitizer, followed
by local illumination of a tumor with a laser (of the appropriate wavelength) to activate
a specific drug. However, the cells in a tumor tissue are heterogeneous, in terms of their
morphologies and differentiation statuses, even if the tumor consists of progeny
developed from a single neoplastic cell. It is not known how tumor cell heterogeneity
affects their sensitivity to PDT. Here, I demonstrate that a single tumor cell has the
potential to produce a progeny that is heterogeneous in terms of morphology, VEGF
secretion, and PDT sensitivity, irrespective of intracellular photosensitizer amount.
Understanding tumor cell heterogeneity for clinical applications of PDT will help in the
design of new interventions and potentially improve long-term survival of PDT treated
patients.

Section 3-1

BNCT is inefficient because nuclear reactor is used for neutron source. To improve
BNCT, accelerator-based BNCT is needed. Though I tried to build the set up for BNCT
experiment using culture cell or mice in accelerator facilities, it was difficult because of
the weakness of accelerator-based neutron source. The effect of BNCT calculated from
the product of boron concentration and thermal neutron flux. If the 19B concentration
could be increased, even a little weak neutron source would be available. These days
various kinds of boron agents were developed and the concentration in tumor cells is
approximately 10 times higher than that of a conventional way. In this study, I made an
accelerator-based BNCT set up for novel boron agents using simulation calculations. In
the result the neutron flux at irradiation field was about 1.6x10¢ [n/cm2/source
neutron] and there is possibility that the anti-tumor effect of BNCT can be observed
using the novel boron agent in in-vitro experiment. The series study showed the
potential of the accelerator-based BNCT.

Section 3-2

BNCT (Boron Neutron Capture Therapy) is one of the effective treatments for cancers.
However, BNCT is inefficient at present because nuclear reactor is required as a
neutron source. Various studies started so far to realize accelerator-based neutron
source. However, such kinds of accelerators are not yet realized because of weakness of
accelerator-based neutron source. Recently, several studies proposed new efficient
agents which can accumulate boron in tumor approximately 10 times higher than before.
Even a little weak neutron source would be thus available with novel boron agents. In
this study, I designed and constructed a thermal neutron field with a D-T neutron
source to carry out basic BNCT experiments with cultured cell or small animals with
help of new boron agents. In the experiment, the BNCT dose was 5.0 Gy-eq for 2 hour
irradiation and fast neutron and gamma ray doses were suppressed to be 0.31 Gy-eq
and 0.023 Gy, respectively. It was confirmed that the anti-tumor effect of BNCT could be
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observed in in vivo experiment at the present neutron filed. And it was found that it
would be possible to realize a D-T-based BNCT, if the source neutron intensity would be
larger than ~1012 n/s,

Section 3-3

In the previous study, the effect of BNCT was not observed using small animals. The
poor result was thought to be due to lack of affinity of LLC. The up-take abilities of each
cell line were need to be compared using BSH. I compared the up-take abilities of four
cell lines, and B16 cells have highest. The value was about twofold greater than LLC.
The set-up was also improved, because deuterium water came to be used. The
predominance of deuterium water was indicated in previous study. As the result, the
thermal neutron flux at the sample area was increased to 8.9x108 n/cm2/sec. In the
study, I could suggest a possible beneficial effect of in-vitro BNCT experiment.

Section 4-1

There are many types of radiation and each has its own mechanism of action. Especially,
the effects of high-linear energy transfer (LET) radiation are different from those of
X-rays or y-rays. High-LET radiation tends to inflict great damage on DNA via direct
effects and the damage is easily clustered. To determine the difference, I compared the
effects of He-ray and x-ray using Wild-type Escherichia coli (E. col) and its mutants.
Though typical different damage was not observed, some new knowledge concerning
DNA damages induced by high-LET radiation was obtained. It would lead to the
discovery of the effect of high-LET radiation.

Section 4-2

The sensitivity to radiation depends on the physiological state of cells. For example, in
L. coli, the survival of cells after irradiation is affected by the growth medium. In the
present study, I analyzed E. coli cells to determine (1) the level of medium-dependent
mutagenesis, and (2) the effects of the quality of radiation on medium-dependent
survival and mutagenesis. Cells were exposed to low-linear energy transfer (LET)
X-rays and then grown on rich and minimal media. I found that both survival and
mutation frequencies were higher in the cells grown on rich medium. The increases of
survival and mutation frequency were both strongly dependent on the function of RecA
or LexA, suggesting that SOS repair is responsible for the medium-dependent
sensitivity and mutagenesis. In contrast, high-LET He ions failed to demonstrate
medium-dependent radiation resistance, and did not induce mutations. I suggest that
the damage from He ions is too severe to stimulate survival or mutagenesis on rich
medium and that SOS repair does not fully function after He ion-irradiation.
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