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Iwata, H. Ishikawa

Abstract

At the National Institute for Quantum Science
and Technology (QST), heavy-ion therapy with
carbon ions (CiRT) has been applied for various
tumor sites, and promising clinical results have been
obtained for many of these tumor sites. Besides
these clinical treatments, many technological
developments have been achieved such as a
respiratory gating, pencil beam scanning, and
superconducting rotating gantry. For further
developments of heavy-ion therapy, a multi-ion
therapy (MIT) has been investigated as part of a
“Quantum Scalpel” research project. In the MIT,
two or more ion species of He, C, O, and Ne ions
will be delivered in one treatment session. In
addition to the MIT, some new treatment methods
with heavy ions have been proposed, such as
FLASH, micro surgery (MS), spatially fractionated
radiotherapy (SFRT), and ARC therapy. Before the
clinical implementation of these methods, in-vivo
animal experiments are essential to investigate their
clinical efficacy and safety. In this study, preclinical
in-vivo experiments of new treatment methods will
be conducted using an actual treatment machine.
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High-LET Radiation for Radioresistant Glioma Therapy:
A Basic Research Investigation (25HJ102)

THNEE™, $RDE ', EHAB'. F5R% FEZES, HHM . RIUEKR®, SWFELE '
HHEEFR ', THEHR'
T.Shimokawa', S.Suzuki', T.Sano', A.Sumiyoshi?, T.Morioka®, L.Xie* K.Oyama®,
K. Kasamatsu', T.Masuda', T.Inaniwa'

Abstract

Currently, irradiation methods are rapidly

developing due to advances in the technology. To
provide safe treatments, it is essential to acquire
corresponding to the new

biological data

irradiation  methods.  Particularly, biological

verification of the high-LET region near or above

100 keV/um, which will be actively used in the

future by LET painting irradiation, is an urgent task.

In this study, we aim to overcome brain tumors

(gliomas) that exhibit high resistance to
conventional radiation therapy by next-generation
heavy-ion therapy, particularly LET painting. To
achieve this, we are investigating the biological
effects specific to high-LET radiation, evaluating
treatment

efficacy, and elucidating the

mechanisms underlying  glioma radiation

resistance. This fiscal year, we conducted new
investigations on 10 human glioma cell lines and

observed the long-term effects of irradiation on

the normal brain.
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Radiation Sensitivity Analysis of 3D Cultured Cancer Cells from Companion Animals
(25HJ103)
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T. Funayama?, M. Suzukig, C. Liub, T. Aiba®, Y. Sakamoto®, R. HirayamaP

Abstract

We had conducted experiments to measure
the radiosensitivity of canine cancer cells
cultured in a monolayer using the carbon ion
beam at HIMAC. However, there are significant
differences in microenvironmental conditions
between tumor tissue and cells cultured in 2D
flasks. Therefore, we have begun investigating
the sensitivity of cells to heavy ions cultured in
a 3D environment, which more closely
simulates in vivo conditions. In these
experiments, the cells were embedded in an
alginate gel. This makes the cells cultured under
conditions closely resembling in vivo. We
irradiated these samples with a carbon ion beam
and measured the effects of the irradiation using
a colony formation assay. For fiscal year 2025,
we conducted irradiation effect measurements
using canine hepatocarcinoma cells, following
the canine fibrosarcoma cells used the year
before. To expand our understanding of heavy
ion cancer therapy for companion animals, we
will refine our measurement results and advance
experiments using three-dimensional culture
samples with other canine cancer cell lines.
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Evaluation of the biological effect ratio of heavy-ion beams in tissue
organoids (25HJ404)
SHESE ° B F]E PG ERE L IRABE . Fluzm—°©
Mkio Shimada®®, Cuihua Liu®, Toshiki Aiba®, Yuki Sakamoto®, and Ryoichi Hirayama®

Abstract

The objective of this study is to investigate the effects
of heavy-ion radiation using tissue organoids derived from
human iPS cells to evaluate the impact of radiation on
tissues and organs. We will use cerebral organoids
established by the applicant as the tissue organoid model.
We will utilize data obtained from cobalt-60 gamma-ray
irradiation experiments conducted at Institute of Science
Tokyo, where the investigator is affiliated, and compare
these results with those from heavy-ion radiation to
evaluate the biological effect ratio resulting from
differences in radiation quality. While mice have
traditionally been used as animal models for evaluating
tissues and organs, there has been a growing need to assess
tissue responses using model systems derived from human
cells due to differences in radiation responses across
species. The significance of this research lies in evaluating
the effects of radiation on human tissues by analyzing the
effects of heavy-ion radiation using tissue organoids
derived from human iPS cells.
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Basic research on heavy ion beam irradiation and drug combination for refractory cancer
Sei Sai'*, Eun-Ho Kim?, Hyun-Cheol Kang, Yu-Mei Kang, Kei-Ichi Takata, Masao Suzuki

Background & Aims

Translational research on new drug combination therapies is crucial to further improve the
effectiveness of heavy ion radiotherapy and expand its indications. KRAS gene mutations are
frequently observed in lung cancer, pancreatic cancer, and other cancers. In recent years, molecular
targeted drugs targeting KRAS gene mutations have been developed. Furthermore, anticancer drugs
such as paclitaxel (PTX), gemcitabine (GEM), have been reported to improve survival rates in lung
cancer and pancreatic cancer patients. To more accurately improve the effectiveness of heavy ion
radiotherapy, there is a strong need for research and development of combination therapies using
molecularly targeted drugs that are specifically effective against the presence or absence of gene
mutations. This study aims to elucidate the molecular mechanisms of heavy ion irradiation (IR)
alone or in combination with anticancer drugs, or in combination with KRASG12C inhibitor (such

as Sotorasib) on lung and pancreatic cancer cells.

This Year's Research Focus Panct Panct
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combined with the PTX and Figure 1 Figure2
GEM. Furthermore, we investigated changes in cell viability and cell death-related gene expression

in lung cancer cells when helium (He) ion IR is combined with the KRAS inhibitor.

Results and Discussions

1) Cell viability of refractory pancreatic cancer cells (PANC1) was measured using the trypan
blue staining method (Countess™ 3 FL cell counter, Thermo Fisher Scientific K.K F) after carbon
ion irradiation alone or in combination with the anticancer drugs PTX and GEM. Caspase 3/7
activity was measured as a molecular mechanism for inducing cell death using a highly sensitive
homogeneous luciferase luminescence method (Promega). The results showed that in Pancl cells, C-
1Gy alone did not alter cell viability, but PTX (100 nM), GEM (100 uM) alone, or in combination
with C-1Gy significantly suppressed cell viability. However, no further enhancement of viability
suppression was observed with the combined use of C-1Gy, PTX, and GEM (Figure 1 #, p<0.05; *,

p<0.01 compared to Control). As a molecular mechanism of cell death, Caspase 3/7 activity was
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measured by luciferase-mediated luminescence intensity (RLU). Significant Caspase 3/7 activity
enhancement was induced by C-1Gy, PTX, and GEM alone treatment. The combined treatment of C-
1Gy and GEM showed a more pronounced enhancement than the C-1Gy and PTX. The highest
Caspase 3/7 activation was observed by combined treatment of C-1Gy, PTX, and GEM (Figure 2).
2) Changes in cell morphology, cell viability, and cell death-related gene expression were

LUSS (KRAS mutant: G12C) (He-i0n + Soto) 4d investigated in KRAS-mutated lung

| ~ 1 cancer cells LUGS (KRASG12C) and

WD l A549 (KRASG12S) after treatment

) with He-ion IR (He 2.4 keV/um) alone

EE . or in combination with Sotorasib (1
"HHHI uM). No significant changes in cell

CellViabily %
s

AS549 (KRAS mutant: G125) (He:

Cell Viability %

O et e s oo morphology after treatment with He-
Figure 4
Frure:3 ion beam IR (He 1, 2, 3 Gy) alone,
LGS (KRAS mutant: G12C) (He-lon = Soto) 4d were observed in either LU65 or A549 cells.
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With treatment with Sotorasib alone or in

<0

005
s —

P<005

4

g combination with He 1 Gy and Sotorasib,

s a

2 05

| L e e

| i 8 ¢

‘ ‘ ﬂ‘ H S i |

HRE) E 1] 1 L 2,_ . . .

sil_\T : m]_] ﬁﬂr_ induced morphological abnormalities and a
O ot byl HelorSoto Sto = 0 oot Hedyl Meligioto Soto £ O et Hedrl Belgolo Seto

p<005
¢

decrease in cell number in LU65 cells, but not

in A549 cells (Figure 3). LU65 cell viability

A549 (KRAS mutant: G12S) (He-ion + Soto) 4d

was significantly suppressed by Sotorasib

= :H ﬁj_‘ﬂ alone or in combination with He 1 Gy, but no
| Tﬂ ] change was observed with He-ion beam IR

ot Hedyl He-ToySoto Soto k] cnt  Hefyl Be-looto Soto

Figie s alone, but no change was observed with
Sotorasib alone or in combination with He 1 Gy. These results suggest that Sotorasib is effective
in killing LU65 cells but does not show an enhancing effect when combined with He-ion beam
IR. The molecular mechanisms of cell death (apoptosis, autophagy) induction were investigated
using Real-time qPCR (LightCycler® 96 System, Roche). In LU65 cells, treatment with Hel Gy
or Sotorasib alone significantly increased the expression of the apoptosis-related gene BAX, and
was further increased by its combined treatment. Furthermore, the expression of the autophagy-
related gene ATG7 was also increased by HelGy, Sotorasib alone, or combined treatment;
however, no significant changes in gene expression were observed in A549 cells. (Figure 5).
Summary

Heavy ion IR combined with PTX, GEM, or KRAS inhibitor potentially enhance lung and

pancreatic cancer cell -killing effects via apoptosis and autophagy induction.

1, EWf - EFRF 2, Seoul Nat Univ., Korea3, Taipei Veterans General Hospital 4, Daegu

Catholic University, Korea
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Evaluation of effect of heavy ion irradiation on tumor metabolism
by using hyperpolarized 13C-MRlI
(25HJ108)

BERF- L BEBREXCLCWWTRE . MhE
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>

L EEHEF . RAZE—EC. T

Y. Takakusagi®, K. Saito?, K. Yamashita®, A. Koike?, Y. Shimuta®
K. Matsumoto®, and T. Shimokawa®

Abstract

We carried out hyperpolarized '*C-MRI with [1-
13C]pyruvate as a probe to evaluate pyruvate
metabolism to lactate in SCC VII and B16F10 tumors
before and after carbon ion irradiation or X-irradiation.
Hyperpolarized  [1-'*C]pyruvate injected
intravenously into a tumor-bearing mouse, and "*C
chemical shift imaging was conducted. Lactate to

was

pyruvate ratio (Lac/Pyr) was obtained from the '*C
chemical shift images to evaluate pyruvate metabolism.
The results show the Lac/Pyr was decreased in SCC VII
tumor after the carbon ion irradiation compared to that
before irradiation, whereas it did not change with X-
irradiation. In B16F10, the Lac/Pyr was increased after
the X-irradiation, but this increase was suppressed by
the carbon ion irradiation. These results suggest that the
therapeutic effect of carbon ion irradiation was higher
than X-irradiation, and it would be evaluated 1 day after
radiotherapy by using hyperpolarized *C-MRI.
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AHFZED H 1L R 3C-MRI % F\ N C R 1
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Elucidation of immune responses induced by heavy ion irradiation and evaluation of its

combination with immunotherapy (25HJ110)
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Abstract
Radiation-induced abscopal effects have been explored to
enhance systemic antitumor immunity, particularly in
combination with immune checkpoint inhibitors (ICIs). In
this study, we examined the immunological responses
associated with carbon ion (C-ion) irradiation combined
with anti-CTLA-4 antibody (C4) using pancreatic ductal
adenocarcinoma (PDAC) and ostecosarcoma mouse
models. In the PDAC model, fractionated C-ion
irradiation at intermediate dose level (2.1 Gy x 3) with C4
was associated with the induction of abscopal effects,
which were diminished following CD8+ T cell depletion.
Flow cytometric analyses suggested increases in the
CTL/Treg ratio and changes in macrophage polarization
toward a higher M1/M2 ratio after treatment. RNA
sequencing and gene set enrichment analysis indicated
modulation of several immune-related pathways,
including inflammatory and interferon-related responses,
in both irradiated and unirradiated tumors. A gene related
to myogenesis was among those upregulated in the
combination group and showed a potential association
with prognosis in PDAC based on TCGA data. In an
orthotopic  osteosarcoma model, the combination
treatment was associated with local tumor control and
possible abscopal responses, accompanied by changes in
immune cell populations, including antigen-presenting
cells and lymphocyte subsets. These observations suggest
that C-ion irradiation combined with anti-CTLA-4
therapy may influence the tumor immune
microenvironment and contribute to systemic immune
responses, although further investigation is required to
clarify the underlying mechanisms.
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Comparison of Antitumor Immune Responses Induced

by Photon and Carbon lon Radiotherapy
(25HJ111)
RS m%°
T. Takeshima®

Abstract

Radiotherapy suppresses tumor growth through direct

cytotoxicity and induction of antitumor immune responses.

We previously showed that carbon-ion (C-ion) irradiation
depends more on CD8" T cells than X-ray irradiation. In
our prior BBRC study, we derived an in vivo RBE of 1.24
based on tumor growth delay in B16F10-OVA tumor-
bearing mice. In this study, we examined whether this
dose ratio yields comparable tumor growth across
different dose levels. Tumors were irradiated with X-rays
(5, 8, or 10 Gy) or corresponding C-ion doses (4.03, 6.45,
or 8.06 Gy), and tumor growth was monitored over time.
At 8 Gy-equivalent doses, tumor growth patterns varied
across independent experiments and did not consistently
match between modalities. At 5 Gy- and 10 Gy-equivalent
doses, tumor growth responses also differed between X-
rays and C-ions. These results indicate that tumor growth—
based RBE depends on dose and experimental conditions
and does not provide a consistent equivalence across dose
levels. This finding highlights the need for dose-specific
evaluation of tumor growth before comparing immune

responses between radiation modalities.
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Basic biological research on hypoxic cells using particle beams
(25HJ407)

FilsE— 2, EERZ 0, B BE 2 RABE ° ABIHERE . BIMER
ITFEE® RANME
Ryoichi Hirayama?, Rin Okabe®’, Cuihua Liu?, Yuki Sakamoto?®, Toshiki Aiba?, Kana Jitsukawa®®,
Kazutaka Doi?, Sumitaka Hasegawa®

Abstract

We have analyzed the biological effects of heavy ion
beams in mammalian cultured cells under oxygen and
anoxic conditions, classified by radiation actions (direct
and indirect actions), and clarified the mechanism of the
large RBE (relative biological effectiveness) and small
OER (oxygen enhancement ratio) of heavy ion beams
from the perspectives of radiation chemistry and biology,
using CHO cells.

This year, we investigated the biological effects of
oxic and hypoxic conditions following various types of
radiation exposure. Our initial focus was on changes in
intracellular ATP levels. Hypoxic cells were irradiated,
and ATP was extracted 40 hours after irradiation. After
irradiation, the cells were cultured under either normoxic
(air; 21% O2) or hypoxic (0% O:) conditions.

For X-ray irradiation, no dose-dependent changes in
ATP levels were observed, and the oxygen environment
during post-irradiation culture had no measurable effect.
In contrast, high-LET heavy-ion irradiation resulted in
increased ATP levels in a dose-dependent manner.
Furthermore, cells cultured under normoxic condition
exhibited higher intracellular ATP levels than those
cultured under hypoxic condition.
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EHFIREFFED DNA BIEZTERLELAAVBRERREDEEHERDIRR
(25HJ401)
DNA Damage-Based Dose Modifiers for Heavy-lon Therapy
(25HJ401)

REBAC . BIREL ABEHE O IRABE S, FLR—°
K. Yogo?, C. Liu®, T. Aiba®, Y. Sakamoto®, R. Hirayama®

Abstract

D-methionine (D-Met), a dextrorotatory isoform of
the amino acid L-methionine (L-Met), can prevent
oral mucositis and salivary hypofunction in mice
exposed to radiation. With the aim of identifying
dose-modifying agents for heavy-ion therapy, the
authors have investigated the effects of selected
amino acids and amino acid derivatives which
might have radioprotective functions against
therapeutic carbon ions. In the present study, we
evaluated representative candidates including
selenomethionine  (SeMet), a selenium (Se)
analogue of methionine. Radiation is known to
cause injury to normal tissue by triggering DNA
damage in cells. Thus, this study investigated
whether candidate agents modulate
radiation-induced events at the DNA level. We
selected plasmid DNA assays to examine this effect
in vitro, as these assays are highly sensitive and
allow easy detection of DNA damage. Samples of
supercoiled pBR322 plasmid DNA mixed with
SeMet were prepared and irradiated with a Bragg
peak beam of carbon ions (~290 MeV/u) with a 6
cm spread. DNA strand breaks were detected by the
change in the form of the plasmid and were

subsequently  quantified by  agarose  gel
electrophoresis. We found that SeMet yielded
approximately ~ equivalent  protection  from

carbon-ion-induced DNA damage as L-Met. These
findings suggest that SeMet is a promising
candidate as a dose-modifying agent in heavy-ion
therapy.
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Figure 1. Damage yields for plasmid DNA
irradiated in the presence of selenomethionine
(SeMet) in TE buffer. Upper panel: Loss of
supercoiled plasmid as a function of radiation
dose. Lower panel: Increase in linear plasmid
as a function of radiation dose.
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Figure 2. Damage yields for plasmid DNA
irradiated in the presence of selenomethionine
(SeMet) in PBS buffer. Upper panel: Loss of
supercoiled plasmid as a function of radiation
dose. Lower panel: Increase in linear plasmid
as a function of radiation dose.
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Basic research for the development of new treatment of heart failure by cardiac irradiation
(25HJ201)

MEFEE " TIEE® hiE' mER " Bh=EE’ SELA—B'

Mari Amino'?, Takashi Shimokawa®, Wataru Nakabashi'

Abstract

Background) Cardiac stereotactic body radiotherapy
(Cardiac-SBRT), adapted from stereotactic
radiotherapy used in oncology, is a minimally
invasive treatment for refractory ventricular
tachycardia. In the acute phase, it exerts
antiarrhythmic effects without inducing scar
formation and does not impair cardiac function,
suggesting a unique mechanism of action.

Aim) In this study, we tested the hypothesis that its
therapeutic effects are not due to direct
electrophysiological suppression, but rather result
from functional substrate modification of the failing
heart, leading to stabilization of intercellular
coupling.

Results) In a rabbit model of heart failure with
preserved ejection fraction (HFpEF), carbon ion
irradiation improved mitochondrial function and
restored sympathetic nerve activity, without
evidence of increased fibrosis or apoptosis. In a
doxorubicin-induced heart failure with reduced
ejection fraction (HFrEF) model, irradiation
improved left ventricular ejection fraction and
reduced late potentials. These changes were
accompanied by recovery of connexin 43 (Cx43)
and tyrosine hydroxylase (TH) expression, as well
as improvements in genes related to electrical
coupling, extracellular matrix, and contractile
function. Furthermore, in a parallel
investigator-initiated clinical study of eight patients,
Cardiac-SBRT not only reduced arrhythmic burden
but also improved left ventricular synchrony.

Discussion and Conclusion) Collectively, these
findings suggest that cardiac radiotherapy induces
functional reverse remodeling through
multidimensional modulation of electrical coupling,
autonomic function, metabolism, and contractility,
rather than through tissue destruction. This concept
extends the role of Cardiac-SBRT beyond
arrhythmia control and highlights its potential
application in heart failure therapy.

34

, Noboru Kawabe“, Sachie Tanaka®*, Kiocihiro Yoshioka'
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HFrEF ¥R EER Lk /ERBSHZIC, DTO—,
MEFEHDLDERICKSEARBRETMS KU, I
BIREERNA V—O IV RIZKDECTFHRIRE
. TRBHEEREL-. WThOETIILEDA
R () DXL YER[SR], TUNEL, 1L E¥+
VT HEE Cx43, AR EMRE TH) (C& DR REET
ffiZ41To7=,

MZRRE. DERRE. DEESTKRE. &t
FOSRE— T MBRTOBRIIFEFORS
EICRKEHL-BYTHS.



[f@# 3] =rE=8LA4TL T, Cardiac-SBRT %
RAW-IDEHRBEEOBEEERL - FERRK
SIS

3. SEEOWMEANE
MEIZSIEHER—ABTHIH . SETFEL
2 TOETILEELTL,

SHRETIL: KE 3.0-3.5 kg , 3 HNAHEHD NZW

™ (1)

(WVEEET LY XX ADR O 5 kT 5

0.15mg/kg Z@IZ 1 [, & SEHRESL.

DARLETLEERT S (LTI ANR),

COREBEETILIEDS>L 4 REEHNF

BMEICHAL. e BEIBEEESE S, CDME

BHEBEELAEAIEZ—EITS,

QERILZUEREISE THEHILLL. &

P FHREBH(THIRB TETETOKREZH#

Hd 5,

BEERICEF CMHMRMEEL.,. BHftE

TEybT7yvT 45, (10~20 %)

(HRkFH 15Gy (5Gy/min) T K& H» 5D

fERRICKES 5, B ARG LA (E E R

BOaAVA—F—TEKT D,

GBFRT—DICTR#HABNLET S,

OBNHAR. RBRAKET S,

(MHEBFHICFEET LYY XD IERG

BHADRB)ALZREBEBRE~AEERA.

(#Z#71EE )

o MEHEE.LEH. DBETK. ®
BEFRFTEM (Batar. Bst& 78,15
A,3MAR,4DMA).

o 4 MNABDFATLEYIII7ZARL. &
BEBELT. VUDRALYRICE SR
EOFEE.IRF I 40/43(Cx40,
Cx3) B FURBEBMBET—H —
(growth-associated protein-43: GAP43,
tyrosine hydroxylase: TH) % i 1T 9
Y

o DM ER I RNABHFTE=EML.
MHERFENGTLHEGFOEILLE
REY 5,

4. SEEOARABREBHER

[l 5% HC+THIR B TIZ SF-FEDAC
EBOHOEENSBAEEREL, SFaVUK
JD7HREOHBTHMBELNATEBIN =,
A 8F-FMeNER-PET TIXBEMAZEFHOMEEL
TH £ BICLHRUHBOBHRREIERESN
f= (Heart Rhythm 2025), SR F&FHE XU TUNEL
ZAETIE THIR IZKDFHMEPTRN—I XIEE
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TR HAREZLAST,

[#&#7 2] DOX B[ Control B &LLBL TERH =
ETEIVEZEEZEMDIEEZZENHT=H, DOX+
THIR B TIEAERD AR ENBREINT,
Cx43 LU TH RFEZEE (X DOX BHTIREEZRL
f=HY, THIR B TIEEIENFEONT =, B FHIR
fEHTTIL, DOX B TESES (GIAL), HENE
B (COL1A1, THBS4, ACTA2), UX#E(MYH?7) RS
HEEFAETL, THIR [(ZEEARADLELE
FEELT-,

@R8] Ens20 8 EFEERL. BAER
FRF R D Late breaking session [ THER %6
RUBXFERICEST=(Circ J 2026 in press) o B
SHRICEDOMAERMIRBRLUNDEIRHERELT,
EZREAEDEIEFIZZEDT-,

(%]

LERBERMNORFRBHITHEBHIRICLOTE
BHERERZEMT ADTEES “EXRES,
BEmiE, KB, INHEHEE ORLEVERICE
=h% L BTG HRED R BB E ML T A
DB L (functional reverse remodeling) & 553
I HEREMEN DD, RMERITHEADEHICHEITS
SBEMRLE BRI ET DT IRT IR
TlEELTORAMEDEBEREEFZRL, 1D
SR A RO -GBS ER TR T 5,
RECEEICEEST DR LABENDHFHFHIG A
DR ReEZERELT=,

SHOPE

(@4 =15 QST D AEET. DEA LA/
ARZERWERES / VETVBEEEEF
(p538-p2 )~ DIEEMZEFEEL TLVS,

1) HBXZERZAR

2) QST BERIFHRAEMEL

3) QST ME I - M FIREHMNRERMAEI L
_7"

4) EBRFEGHERAZEL2—
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Amino M, Shimokawa T, Wakizaka H, Nagai Y, Tsuji AB, Zhang MR, Saito T, Nakabayashi W, Kawabe
N, Tanaka S, Kabuki S, Kunieda E, Yoshioka K. Noninvasive imaging reveals cardiac sympathetic
reinnervation in pathologic hearts and suppressed norepinephrine transporter function in healthy hearts
after carbon ion irradiation in rabbits. Heart Rhythm. 2025 Dec;22(12):3277-3288. doi:
10.1016/j.hrthm.2025.06.001. Epub 2025 Jun 6. PMID: 40484161.

Shigeto Kabuki, Mari Amino, Etsuo Kunieda, Toshihisa Kuroki, Tsuyoshi Fukuzawa, Akitomo
Sugawara, Jun Hashimoto, Akiko Ueda, Ritsushi Kato, Takashi Shimokawa, Shinichiro Mori, Masaru
Wakatsuki, Kazuma limura, Aika lijima, Atsuhiko Yagishita, Yuji Ikari, Koichiro Yoshioka. Prospective
Clinical Outcomes of Cardiac Stereotactic Body Radiotherapy for Refractory Ventricular Tachycardia:
Insights from Dose Distribution in Survivors. Circ J. 2026, in press.
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BEHRABEDI—TYNREIZHITHDERIDZE ]
N—ER 20254 4 A 26 H

@ % 11 AARDHEHRES
TERREDFHEDIL IR AILAR—LIZX T BEREEER (RS ST A E
REFEIE 202558 10H

@ % 10 BEALMERSR JCVA) EiMiRS
International Session Management of tachyarrhythmias: from basics to clinical practice]

HEBEE 2025 6 A28 8

@ 24 EHE)IEBBI+—5 L
AN TSR A RICK DAL EHEAEE O T-1ABR/INTT ML)
WEEE 2025478128

® F49E RAEXRENEREHDVTFLUR
[ARERRICx T DA BESHRABBRDEIGICDONVTHEET S
REFEIE 2025488 7H

® F71 HAFRERDEFZSFMAE 4551 E (Short Lectures)
FLW VT BE: YAN\—FA7ESA4 0 RV RN RaHR R 5T
MDA DI T ER BRHEBEEICEFEB LA BIRAD=X L]
HEEFEIE 20254 11 A 148

(@ The 38th Annual Meeting of the Japanese Society for Radiation Oncology.
A prospective study of thoracic radiation therapy-related cardiac dysfunction in cancer patients.

Mari

Amino 2025 % 11 A 29 H

% 90 B] A AEIRZF R late breaking session

Card

iac Stereotactic Body Radiotherapy as a Novel Treatment for Refractory Ventricular Tachycardia:

Promise and Limitations
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Amino 2026 &£ 3 A 20 H
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BHIFRICKIEREEFARBE (170 —2x) —) Bt SBEIGHEKICRET %K
Research for development of microsurgery by high-precision carbon-ion radiotherapy
(25HJ202)

EAE. FURm— EARBE. TMHEEX. mARXE. AS%E. Akram Mohammadi. Han
Gyu Kang, 7Rl BiRF5 . KAERE, REFT. REH
Masaru Wakatsuki, Ryoichi Hirayama, Takafumi Minamimoto, Masafumi Shimojo, Takeharu

Minamihisamatsu, Hideaki Tashima, Akram Mohammadi, Han Gyu Kang, Go Akamatsu, Hidekatsu
Wakizaka, Shunsuke Yonai, Hideyuki Takei, Makoto Sakama

Abstract

This study investigated localized carbon-ion
irradiation to the rat hippocampus using a
custom fixation device that enables precise
positional control. In January 2025, rats
received carbon-ion irradiation targeted to the
hippocampal region, followed by MRI at 2.5
weeks and 3 months post-irradiation. While no
remarkable changes were observed at 2.5
weeks, T2-weighted MRI at 3 months revealed
high-signal regions that closely corresponded
to the planned target volume and to areas of

high uptake on PET images obtained
immediately after irradiation.
Histopathological examination using HE

staining demonstrated neuronal fiber loss in
regions that matched the MRI high-signal
areas, confirming localized tissue damage
induced by carbon-ion exposure.

In February 2026, a second experiment was
conducted with modified beam geometry to
irradiate  both  the incident-side and
contralateral hippocampi. PET imaging
immediately after irradiation confirmed
successful dose delivery to the contralateral
hippocampus.  Longitudinal MRI  and
histopathological evaluations are ongoing to
assess temporal progression of tissue
alterations.

These findings demonstrate the feasibility of
precise hippocampal irradiation in rats and
highlight delayed but spatially specific
structural alterations following carbon-ion
exposure. The established platform will
support future studies on dose-response
relationships and biological mechanisms
underlying heavy-ion—induced brain changes.

1. FEDOBRENYIT SR

IRFBA A U ARIEPEIT, XLV bR P,
AR Em <, B, BIEO BRI A K
FHRER & LTI SN TE 2, 2003 EnB 0
HEEEPREE & LU CFZE M Thiu, ZRETIZ 8
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B OMERRIER STV AR, FE—IREF#HT
TE W B AU T2 i LA O P BRI %69 2 3 Sk K 1T
FOAENRN D, B2 DI « BRAFZED 4
HTH D,

UTAE, FEREBSMEIR B C & D MM REME R R %
T 5 X MRS y B E O T BN RRIE RIS L B
WEENNERISH SN TWS, ZhHDEEKT
X, DAKBELURTEMTPELIYFESIND Z
L ERFFICEBREORKN I MNE R L, &
2L HIMEOME CTIRFEA A REHWDE
FIFFEWEBZOND, £, BUNMERICKT
T D IRFA A RO TENL RGBT S e T 9,
IS REME R R ORI 2 R T D0 -2 FEIC
ANURS TN

KIFZEIL, IRBA A VBRI D~ A 7 oY —
VUil EREL, LTFTOMEE T —
~E L TEDTWS, 1) EVI2L—va
WCE DA v abfgE, 2) EREEREG, MRER
TEDOHAMBA%E & AEMEl & AW - REEERR, 3)
TAMATREETT VRV IER & Ko
BEESEERIC K D RHE, 2179 2 & TR
TEDOHFIMEE AL ST D.

2. MEEETIZHON TSR

2-1  FRESAR— MEREE. MRS BV NS SR O
GRE AR B0 A K OMELG R 80 AT 2 I E 9 5 Tk
ZRRET D LT, Ty FRECHEMT 5 2mm
Y A= WSO T o7, F
7o, BN EORFZ1TH Z LIk V&SRS
2-4 Gy/Z D 80 Gy/43lC ik L, mip BT
Bpa BB ST, F7A0E D AR/ ik 7 [E
TEEEZBRE L., 7 v MIEEEEZHOIATZ &
W2V, BRERNZ CT KON MRI B 52w 35
ZElTk ., BRELEZRFET D RS 5 1A B
¥ UT-, ZOMREHEEZRAWT, BEICREL
ToIRFEA A U HRIBIR R RIRE & 72 o 72,

2-2  MREATAM - A2/ RSB IR B A A AR
TER G2 EED 720, Imm 2 ) A—Z Z/ERk L
BRSO AREZIT o7z, 2mm = U A —F Z{#i ]
L7256 &g U CRESED 30%IE ST L,
E—LADxT T RIIKT D E— A EOR
B 20%IFEME T L2, Imm = U A—& Tl
T e R ERERSEEL < 2mm 2 U A —H D3N



R IFORICRKE CTHD Z N photz, £
7o, EMEBRIZB WD TRERED T DML T
HHE LT, 2mm 2V A —ZfHEHEFO miniBF
DIEE LR EROERE T,

2-3 PETHRE : 7 v FOM~2mm iz U A
— b L7oRFBEA A 8% 150 Gy BB L7200
7w N4 PET #EEDR v R~BE)L T 30 4
754 PETHIEZEE LTz, BHE—20
NS E AR N AR S TV D%
i+ 25 2 Lok Lz, F72. AR TAER
ENT-BE T BRI LRI L - T
2HOMEZOVIENRHTZD, Ty Oy
BREHIHESND Z End, B L= CT
S°MRIHE# & ONLER DY EREGIITH 2 LN
T&E7, TORME., FHHEEY MO F L LE TE
—AMEIELTWD Z & a2 LT,

2-4  HRBOFRET - BTAEEEICHI & Rex . b SR
MEFAIR 2 —BRICEE B LA T A RF = N —
DHANIT 150,300 Gy ZHa4t L, DSB v — 7 —®
FEHL AR IHE Uz, FREHREI N Tk DSB
~—N—OFRBENEE SN, B 1A% TH
HSEIZBIER S 9, DSB ~— 1 — DR HITHE
s, - sn-Eskx<®
#9562 LldmER IR T,

3. SEEDODHENS

2025 - 1 HICHLE TR D FTRE 7 REak 72 6 & 2 18
ZRA LT-MEBICIRR LT v I~ DRFEA
FURRIRE R A fEIT L=, BE ST v b
Z MRS 2.5 B, 3 /) H OWF ST MRI B A 1T
V. g EORGEEROE S EBR L, S
HIZT y AR L HE @I THRE SN
v MK TR A BIEE LT, 2026 42 A
WZiE, RO BEEEZFIH U7E~0 S5
Bra it Uiz, MRS HiEEH TAE L, ASHA
ERMDOWEE % X —7 v b & LTnRFBA A H
Mg 2 FAT LT,

4. SEEORERREMITHER

2025 4 1 HIZIRE L7=F v F OO MRI i
70 5 NS BRAFE L 7= kit > HE Yufd % fi
1TU7=, WEE 2.5 TR L7 MRI CTiXiE &
A EBAER 2o 7208 3 AR T L7z
MRI-T2 {5 E % T, REEFFmEGcy —7 v
N & U7k L O, PRETE % IS HR8 L 7= PET
B CEEMZ RO T I IFIE — B L CREkic
EESVRDLNE (K1),

F 7 U7 kRO HE e TR S
7oL T MRI-T2 SEFRHE CTEE 5 Th - 728
AT — 8 U CTHRBRHEDO B E 23580 b v (X
2),

2026 4E 2 A O3EERTIE, BilE O RS 22
B A & R O 2 2 —7 >y N E LTz
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PR SEBR A AT S 7o, FRINIE 2 IC PET e
ITWIRAMES IZIRE SN0 D Z ERHER SN
7= (M 3), 5% MRI#R5E, W ERRERE D ZE AL % i
BLTWSFELE LTS,

Rat 1 (4:#81) FRs38E

Rat 2 (#%52) WS Rat 3 (#381) BavEe

P

) BEE Rat 3 (#381) R

QST
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MR ZEFIEIFZ I DR F-REBTRERN IR O~ & AER L~ /L T ORES
Evaluation of cell death regulatory agents for protecting particle beam-irradiated mice
(25HJ302)

ARMBAML . FpR b BEEZERI D IS b FLLEE— b PE L — e
Akinori Morita?, Bing Wang?, Takanori Katsubeb, Masahiro Murakamib,

Takashi ShimokawaP?, Kouichi MaruyamaP®, Yuichi Nishiyama?
aTokushima University, "National Institutes for Quantum Science and Technology

Abstract

The rectum is a critical organ of risk that limits the
prescribed dose in radiation therapy of the abdominal
and pelvic regions; therefore, this study aimed to
investigate the protective effects of 5-CHQ and its
derivatives in mice subjected to carbon-ion abdominal
irradiation focused on the rectum. To identify
irradiation conditions that induce acute rectal damage,
we investigated the slit width from the mouse anus
toward the tail-head direction under high-dose
carbon-ion abdominal irradiation. ICR mice showed
extremely high resistance to rectum-focused slit
irradiation, and almost no lethal effects were observed.
Therefore, when the slit width was increased to 2.6 cm,
all mice died at 28 Gy. Using this setting, the
protective activity of SCHQ and its derivatives was
evaluated based on 30-day survival rates in mice. The
results showed that the groups administered these
compounds died earlier than the vehicle-treated group,
indicating a sensitizing effect.

1. IEDOBMENY I TSI R

BT HRIRHR 2 4R & 3 2 B ks B R s o
BIZHRTE L, SEEFMEOR RIZX>THERW
RIEDENEOND LTk oT, L LR D,
TR JE AR IR N R L oo H 5 BUE LKA
& L CIEFHBEEMLGTMREDORRR, +/hbb
M AR 2 TR D TV D,

WFZEARFRE DX, ph3 EMIAIZEMFIE 2 Hidte L |
p53 IEMEZ I 5 Z & CTIEFEMB O M AR E L
5D DN DD FEHBR A 25 R LT, Rt
BRRZEIC >V TiE, 85 keV/ipm UL EDE LET
HHHR Tl pbd IKAFMEZ /R S 7202 & M E S
B SRR Z VW TH LI EN TV DA,
SIS B W TS MR & R 2 BRSO
D SR S M & BB C X S U e R AR A e
RiFe < .~ AMEROELFRE L OSHRREHT 23
B b U) e BEIEER E & e B, FTo. H
B X D EBESE Tl ph3 ILHIIRAE R HEIN + & L
T, AT p53 ITAMASEHHTIEN 1 & L CHERE
THIERMBILTWE (Science 327, 593-596,
2010),
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AWFFETIX, BHSEICA: Tpb3 FHEH) &
LTCTAN AT U N oA (NFTF—h)
. F7=. BIEICHZ e Tps3 flMiAl & LTk
FHRECPIMEICBI D D ph3 EEAYEAR 1% b 5 il 18
T5H57m0-8F% /Y —/N (5CHQ) #F=5
BEHbaEmE LTHY, R #BICkd 2260
{bEMDOEMEERETT 5 (BB L, 2),

2. CNETIZBELONATVSHER

IHETIC, KRER (14 keVipm) 3 L OEEHR
(189 keV/ium) &K ERIZBWNT, T
— MEHERHICBWTHEICEEZ <R %
IRTHRERNE L, S50 X H 78 85 keV/ipm %
2 % LET FUN# T MAaseslEslic X 505
ENETHD Rt LTc, — . bCHQ ¥ 51t
B 1R LT K 5 I RFERIGREE IR L THER
PEA IR LoD, SRR E 3 2 B R I358
D HNRNo T (BEIH3),

weesees DMSO + 16.5 Gy-ABI (36)
—— 60 mg/kg 5CHQ + 16.5 Gy-ABI (36)

100 1

80 1

60 1

40 1

Mouse survival (%)
-

20 1

0 10 20 30 40 50 60
Days after treatment

B 1 5CHQ L DR FMBEEBH IR HESDR
8 W DB AR ICR ~ 7 A% HWie (FESLNIX
VC%%), 5CHQ (%, PRE 1 BFREIRTIC 60 mg/kg I
NG LTe, IBSEF SR E D RER & L CTMEIZ
TA—HALTAY > M 2cm T16.5 Gy &g
RN L~ 2Tl WERGHET 44%.
5CHQ #&G-HET 70%4E7F L. 5CHQ &5~ 7 A
DI PEHEE LV ARICEWEFRZRL
7= (p<0.02),



3. HJ302 DIAEAER & fEMTHER
X I DWEEE 7 A METICX Y, B
FEIR O BHHRIERE A Lo~ v 2% -5 R &

(caudal half-body irradiation; CHBI) 7k T,

SRR D U R 7 figigs Th 2 B OREE N K
HEHE LD ENH BN E 72572 (Int. J. Mol.
Sci. 25, 11252, 2024), F7-. EGIIETL IO
B AR BRI O IR R TE R 1T 3 W TAL T g B A& I PR
THEERD AV G THD 2 Lo, HI302 Hf
BT, BRI 7 +—F A LT R ERRIE
Bt~ 20 5CHQ B Xk OZF 0ifEED#%)
RIZOWTHFTLHZ L & LT,
AMEGREE NG S 5 BN EEZ AT 7
W, ERRERFRIET R IZB T A AT v MED
Mt ET 7o, —WEEREIT, ~ 7 AL 5 B EA
HENZA Y » big 1 em 38 L V1.5 cm 7% & Trf
IR BRI S LR A F i L7-2, 32 Gy IR T
+o B EREEEZFET L A TERN
277,

AT THAY v ME 2 cm % EIZ T, 25, 28,
31, 34 Gy &M L7-/E 5. 30 HAEMFRITZNE
11 6/6, 6/6, 6/6, 5/6 PLA1F & AR TRV OMHEZ 7=
L. 1 E& A EBEERRIRBFE N o T,
DTIEAY v MiEZE 2.6 cm BREICIER L. 4%
B 6 LT 28, 32, 36, 40 Gy % MRS L 7=f5 5, MRE
11 HEE TIZEHEO~ T AL LTz,

WL, ZORAY v "REEZHNTEILEHOH
it~ 2@k 30 BAGFREZFEE L L CEE
fili L7z, AL ERHIETIT L, HEEE
mzRLE (K2), ZhbofERIE, MEERD
JR FEARBE E & KRG RO FHERGE IR TRk E O
AHZALDERIZID LD EEZ B,

== DMSO+22@y\-ABIIg6)

- - 5CHG + 22 g
-~ 5CH Gy-ABI {6)

HQ derivaiive ¢
= Bt
T 28 dovatve 1 28 Gy-ABI {6)

100 ]
I 1

80 4
60 I
40 I

A

0 5 0 15 2 2 @
Days after treatment

Mouse survival (%)
i
i
[

20 -

M2 REKTHEERFTIAMENR
8 Wi DEER ICR ~ v Xz Hv 7o (FR5lAI
VB0 . L& 1 RefRnc& G Lie, T

JFECT7 =D ALTAY v M 2.6 cm TR#E
W MR U7 IR 5 RETIE 22 Gy HRE C 33 %,
28 Gy M5 T 17%47F L7223, 50 mg/kg 5CHQ
B 5 10 mg/kg 5CHQ #58A$ 51134 THE
L7,

SE 3

1. A. Morita, et al. Cancer Res. 70, 257-265,
2010.

2. A. Morita, et al Mol Cancer Ther. 17,
432-442, 2018.

3. A. Morita, et al. Front. Public Health 8,
601124, 2020.
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Ty = IREDERLFAZ & SBIEH DNA #85FFA 1 = X LADFEH

Understanding the mechanisms of lethal DNA damage induced by heavy ions near the Bragg peak

(25HJ303)

[l & Kl »°, Tengku Ahbrizal Tengku Ahmad®, Narongchai Autsavapromporn®
FHHR O AL o, FilsE— L hPRE . SEHNAF o, /Py b
T. Mamiya®®, TA. Tengku Ahmad®, N. Autsavapromporn®,

I. Tanaka®, T. Kusumoto®, R. Hirayama®, S. Kodaira®, K. Kurita®, T. Konishi*®

Abstract

Cell inactivation induced by heavy ions near the Bragg
peak is mainly caused by DNA damage, resulting from
ions and secondary electrons. The spatial distribution of
energy deposition formed by ions and secondary
electrons is known as the ion track structure. Therefore,
our study aimed is to clarify the correlation between ion
track structure and cell inactivation using HIMAC-
MEXP course. MIA PaCa-2 cells were exposed to either
3.4 MeV H ions, 0.9 MeV/u He ions, 2.8 MeV/u C ions
or 2.7 MeV/u Ne ions. Initially, to determine the number
of DSB induction, R, we quantified the amount of DNA
fragmentation using pulse-field gel electrophoresis. Next,
to determine the inactivation cross section, o, we
measured the survival rate using colony formation assay.
Finally, we compared the ion track structure parameter
z"2/p* with R and o, respectively. We found that R was
proportional to z'?/f%, but ¢ was not. These results
indicate that the induction of cell inactivation depends on
different parameters of the ion track structure from those

for DNA damage.

1. EOHWLE Ny 775y F

7Ty I — 7R EOERN T A A v HERT
BHRIEEIE. A A v e A F VIC X o THKX
N3 RETICL S DNAEBEDRERNTH 5, 4
I v e ZRETBIET 5 2/ T AL ¥ —
P59, A4V oy 7EEEFIENS,
7Ty S — 7EEOEN T A 4 v B RET S
B, BT AL X —DERNTFA A v RSN T
INF—BRIEL L, BERKISICE TS
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2.

OB RNF LRI NG, BN 20E
ELZE—LTH, A4V 7y 2GRS
2 MBS R O T I 1308 X 7, % 2T,
B RRL A ORIEDIFF ISP T Ty 7 —
7t OEK T A A4 v 3RS AT BE 7 HIMAC H
IHAAF—E—L4 (MEXP) 2 — R ICHEEINT
WBEYRY Y 27 A EH VBT, A F Y
b7 v 7 HEE KA 7 MR EOE A % I E © &
5 &EZ 71,

LLE X Y| ARHEFFETIE. HIMAC-MEXP = — R
CEBAINE 7Ty I — i ER A4 4+
VERWT, A4V Ty 2L MReEE
HoBEREHL AT Z 2L ZHME T 3,

AEET TR TV R

HIAEEE X MEXP 2 — R ICEA X5 6 MeV/iu
DHe AFAV, CAAY, NeAA VDL =LK
A L% LT 727272, HIMAC-MEXP T,
v — LY LR E AR & oo 2R )E %
WA L L Czp L ¥ —1BL 3¢, 0.9 MeV/ &
1.5 MeV/u He 4 A, 2.8 MeV/u C 4 4+ v, 2.7
MeVauNe ICHHE L7, TNHLDAF v E L M T
Wik 23 A MIA PaCa-2 AIAEIC HEES L 72,

AFXV Ty 75D IHERI NS DSBEE
BT 370, SV RT7 4 — L FFVERKE)
(PFGE) #ETCA A vick o T bz
DNA DV A XL ZD0EAEE L7, $72, 44
VI v B OB ROEEL & 3
BEEOEHMIHNE ¢ 2 BT 5720, am=—
TR % T, BRI 2 IS L 72,



3. SHEEOWMENE

A v+ 7y rfEER, A4 voffifte =4
NF—IRAE L T LT 5, Mg s R
BT RB %I 2 720 | i m b /h & <
fho 4 F v EOHMEL L2 HAF v ZIILD L
LTC.He A4+, CAA v, Ne A A+ v %EESIV
72T, B— LY L& L AR & o

DESEZ RN L LTz AL F—BEE 2,
34MeVH 44, 09 MeV/uHe 44 v, 28
MeV/u C 44 v, 2.7 MeV/u Ne ICFR#EL 7=, Z
NHDAF v % MIA PaCa-2 MBS L 72,
PFGE #Ex VT, Wi L DNA 4 Xt Z D&
ZUMEL 7, BB LR 7 v v X9 %
Wih{t. DNA #IC Random Breakage € 7 /V % i
+2z2T, 144 vH72Y D DSB FHHER
EHHLZ, 72, au=—EREEH T &
R AR 2 U U 720 HUS U 72 ARl i oot
LC. MlaEFER%E SF, M7 v v 2% F L
L. SF=exp(-oF)C7 4 v T4 v $5ET,
BOLOEHWIHN o # B L7, A4V FT Y
SO KICIZ, 44 v 3Eh 2 BEIT %
BRI z* & A v DYtk DHRHEEE g DEI%K
R BESED L0, B L7ZR L a2 Zh
TP THERL 72,
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Understanding the mechanisms of lethal DNA damage induced by heavy ions near the Bragg peak
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Heavy-ion radiation-induced DNA damage dictates cell death pathways:
Toward optimized cancer therapy through cell death modulation
(25HJ403)
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2 Toshiaki Nakano, ® Masaoki Kohzaki, ¢ Takeshi Hiromoto, ¢ Yuki Sakamoto, 9 Toshiki Aiba,
4 Cuihua Liu, ¢ Ryoichi Hirayama

Abstract

This study aimed to clarify the relationship between
the qualitative features of DNA damage induced by
high-linear energy transfer (high—LET) radiation and the
selection of cell death pathways. In particular, we
focused on whether complex DNA damage generated by
carbon—ion irradiation is associated with non—apoptotic
cell death mechanisms. Human lymphoblastoid TK6 cells
were used as a model system. In this fiscal year, we
compared cell death modalities following X-ray and
carbon—ion irradiation, with particular attention to
apoptosis and necroptosis.
conducted to evaluate potential differences in cell death

These analyses were

responses depending on radiation quality. Furthermore,
we are investigating the generation of cytosolic DNA
following radiation—-induced DNA damage and its
potential link to innate immune activation. Preliminary
findings suggest the possible involvement of the cGAS-
STING signaling pathway. Taken together, these findings
suggest that the qualitative nature of DNA damage
induced by high—-LET radiation may influence cellular
responses, including cell death pathways. This study
provides fundamental insights into radiation—induced
cellular responses and their potential implications for
radiotherapy.
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Tracking POLQ activity during repair of high-LET-induced DNA damage
(25HJ405)
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Abstract

Repair-pathway choice after DNA double-strand breaks
governs genome stability and therapy response. Direct
genomic readouts of pathway use are needed. Because
POLQ repairs complex lesions typical of high-linear
energy transfer (LET) radiation, we predicted a POLQ
footprint after high-LET. We performed whole-genome
sequencing of irradiated human cells lacking non-
homologous end-joining (NHEJ), POLQ-mediated end-
joining (TMEJ) or homologous recombination. The POLQ
footprint is dominated by long (>200 bp) deletions with 2—
6 bp microhomology. NHEJ loss drives accumulation of
these long, microhomology-flanked deletions, whereas
TMEJ loss markedly diminishes them. Prioritizing long
deletions provides a LET-aware readout of POLQ
engagement and an assay of POLQ dependence,
establishing signatures  as
biomarkers of end-joining choice.

mutational functional

Research objectives and background

DNA double-strand breaks (DSBs), including those
induced by cancer therapies, are among the most lethal
forms of DNA damage. Unrepaired DSBs trigger cell
death, whereas misrepaired breaks generate deletions,
insertions, and translocations—hallmarks of genomic
instability in cancer. Understanding how cells either
succumb to DSBs or survive at the cost of genomic
instability is critical for advancing cancer treatment and
prevention.

Cells repair DSBs primarily through three pathways: non-
homologous end-joining (NHEJ), DNA polymerase 6—
mediated end-joining (TMEJ), and homologous
recombination (HR). Manipulating these pathways can
enhance the efficacy of DSB-inducing therapies such as
radiotherapy. HR-deficient cancers often rely on TMEJ,
making DNA polymerase 6 (POLQ) inhibition an
attractive therapeutic approach. However, although POLQ
is frequently upregulated in cancers, its expression does
not consistently correlate with POLQ-associated
mutational signatures, indicating that expression alone is
not a reliable predictor of therapeutic
underscoring the need for direct measures of pathway
activity.

response,
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Mutational signatures offer such a readout, since
mutations are permanently fixed during repair. We
previously showed that POLQ is critical for repairing
complex DSBs induced by heavy-ion irradiation,
suggesting that POLQ footprint may preferentially
accumulate under these conditions. Among ionizing
radiation (IR) types, heavy charged particles such as
carbon (C) ions have a high linear energy transfer (LET),
releasing energy over a short range known as the Bragg
peak. When precisely targeted to tumors, high-LET
radiation delivers potent DNA damage while sparing
surrounding tissues, in contrast to low- LET radiation such

as X- or vy-rays. High-LET radiation induces
disproportionately  complex  DSBs, which are
accompanied by nearby base damage (e.g.,

apurinic/apyrimidinic sites or thymine glycol), making
them more cytotoxic per dose than the “cleaner” DSBs.
Because base damage adjacent to DSBs impairs direct
end-joining, repair often requires resection to remove
proximal damage. We previously showed that TMEJ, a
resection-dependent pathway, is critical for processing
complex DSBs. POLQ, the key mediator of TMEJ,
combines translesion DNA synthesis (TLS) across
damaged bases with microhomology-mediated end-
joining (MMEJ). These activities enable POLQ to bypass
base lesions during MMEJ, facilitating the repair of
complex DSBs in vitro. Consistently, POLQ-deficient
human cells are hypersensitive to high-LET radiation(/).

Given the unique role of POLQ in repairing complex
DSBs, it could be a promising target to increase the
radiosensitivity of cancer cells in high LET therapy. This
therapeutic approach could be particularly effective for
cancers that rely on POLQ activity to process high LET-
induced DSBs. Since POLQ introduces mutations during
end-joining(2), we hypothesize that POLQ activity could
be monitored by detecting specific mutation patterns or
signatures generated by POLQ following high LET
irradiation. Identifying these mutation patterns or
signatures may serve as a valuable diagnostic tool for
pinpointing cancers that are highly responsive to high LET
radiation therapy upon POLQ inhibition.

1. Previous research results



End-joining of high LET-induced DSBs in NHEJ,
TMEJ, and HR-deficient backgrounds

We directly monitored end-joining activity by examining
chromatid breaks. To achieve this, we treated the cell
samples with colcemid to arrest them in the G»/M phase
immediately following irradiation with 2 Gy C-ions. The
samples were then incubated for 3h, fixed, and their
chromosomes were analyzed. The number of chromatid
breaks detected in metaphase spreads was significantly
higher in POLQ"" and LIG4”" cells compared to WT cells
(Fig. 1), averaging 4.4, 6.2, 8.5, 7.0 and 8.7 in WT, POLQ"
"~ #1, POLQ™ #2, LIG4™- #1, LIG4™- #2, respectively. In
contrast, we observed similar numbers of chromatid
breaks in WT and HR-deficient cells, and siBRCA2 did
not affect the number of chromatid breaks in POLQ™ cells.
These findings indicate that TMEJ and NHEJ, rather than
HR, contribute to reducing DNA breaks following C-ion
irradiation in human cells. HR-deficient cells were
hypersensitive to high-LET radiation; however, this
hypersensitivity was not accompanied by an increase in
chromatid breaks. This suggests that HR likely plays a
critical role in resolving one-ended DSBs that form during
replication as a result of high-LET-induced DNA damage.
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Fig. 1. Repair of high LET-induced DSBs in NHEJ,
TMEJ, and HR-deficient cells. The number of
chromatid breaks per metaphase observed in cells
exposed to 2 Gy carbon ion beam. ** P <(0.01; *** P <
0.001; **** P <(.0001; ns, not significant.

Patterns of low and high LET radiation-induced
mutations in human cells deficient in different DSB
repair pathways

We irradiated the WT and DSB repair-deficient cells,
isolating at least 3 clones per cell line for WGS analysis.
Heatmap analysis resolved two dominant classes: short
(<20 bp) and long (>200 bp) deletions. In LIG4™ cells,
where TMEJ remains active, deletions flanked by 2—6 bp
of microhomology were markedly enriched after both X-
ray and C-ion irradiation, with a stronger effect after C-
ions (Fig. 2). These 2—-6 bp microhomology events
occurred predominantly among long deletions >200 bp
(Fig. 2). These events are consistent with TMEJ-
mutagenesis, since TMEJ typically utilizes 2-6 bp
microhomology for end-joining. Conversely, short

deletions with 0-1 bp microhomology (NHEJ-
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mutagenesis) were reduced in LIG4™ cells.

TMEJ NHEJ
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Fig. 2. Whole-genome sequencing analysis of X-ray—
or carbon ion—irradiated cells. Heat maps showing X-
ray— or carbon ion—induced deletions, binned by deletion
size (y-axis) and microhomology length (x-axis). Color
intensity indicates event frequency, with darker shading
representing higher frequencies.

2. Research plans for this year

Objective 1 tests whether the POLQ-associated mutation
signature enriched in NHEJ-deficient cells can be
suppressed by inhibiting POLQ. Objective 2 examines a
mechanistic model in which POLQ competes with APE1
at high-LET-induced complex DSBs, promoting end
joining before AP-site processing; this will be tested using
siAPE1 and biochemical assays with purified APEI.
Objective 3 evaluates the therapeutic potential of POLQ
inhibition in KRAS-mutant cancers, where excess R-
loops drive DSB formation, by testing whether POLQ
inhibitors enhance sensitivity to heavy-ion radiation.
Together, these aims define POLQ as both a mechanistic
driver and a therapeutic target.

3. Research results and discussion

We successfully identified a POLQ-associated mutational
signature following carbon-ion irradiation. This mutation
signature—based approach will enable us to monitor POLQ
activity and gain deeper insight into its role in the repair
of high-LET radiation-induced DNA damage. A
manuscript describing these findings has been completed
and is currently under revision. We plan to perform the
additional experiments requested by the reviewers and to
apply this analytical pipeline to quantitatively assess
POLQ activity, as well as to evaluate its potential as a
biomarker of target engagement and therapeutic response.
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Research achievements for 2025 year
(1) Publications

1. Detection of Chromatid Break and Micronucleus Formation Induced by Low- and High-LET
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(invited)
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gaps, Keystone meeting, Daejeon, South Korea, 4/2025 (oral presentation)

3. Kei-ichi Takata. Targeting DNA Repair Pathways in Cancer: Insights into the functions of
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Therapy, Seoul National University Cancer Research Institute Tuesday Seminar, Seoul, South
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1. Geunil Yi. Repair of high-LET radiation-induced complex DNA double-strand breaks, 5/2025
(PhD thesis, Advisor: Kei-ichi Takata)

51



AF =ML HWEY - Y ~DEEEAZFH L
BT T v b7 4+ — DS
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Abstract

Most biological research using heavy-ion beams
has focused on mammalian cells, primarily for medical
applications. In contrast, relatively little is known
about the effects of heavy-ion beams on other
organisms, such as plants. To better understand the
unique biological effects of heavy-ion irradiation, it is
essential to investigate its impact across a broader
range of organisms.
Building on previous breeding studies, the present
project aims to comprehensively collect fundamental
data on the biological effects of heavy-ion beams in
diverse organisms through collaborative research with
biologists from various disciplines. In the current year,
eleven collaborative research groups participated in
this project, and a total of 103 samples—including
seeds, grafts, and microorganisms—were irradiated
with heavy-ion beams, and differences in survival rates

depending on radiation quality were evaluated.
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Study on the Upper Limits of Cosmic Radiation Tolerance and Molecular Mechanisms of
DNA Repair and Radiation Tolerance in Moss Sporophytes
(25HJ503)
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T. Fujita?, C. Tsuruoka®, A.N. Sakamoto¢, T. Funayama®¢, M. Suzukic

Abstract

The advancement of human space exploration
requires the development of sustainable, self-
circulating systems, where plants play essential
roles in environmental formation and resource
production. To evaluate plant tolerance to
cosmic radiation, this study investigated the
effects of high-energy iron ion beam irradiation
(Fe ion, HIMAC) on the model
moss Physcomitrium patens sporophytes.
Exposure to 500-2000 Gy revealed a drastic
decline in spore germination, with no viable
growth observed above 1000 Gy. The estimated
relative biological effectiveness (RBE) of Fe
ions was approximately sixfold higher than that
of gamma radiation. Lower doses (20-500 Gy)
showed  dose-dependent  decreases  in
germination from 76% to 1%. Chemical
treatments targeting some cellular processes
suggested that a particular cellular process
contributes to heavy ion (Fe ion) resistance in
this species. Furthermore, perturbation of
another cellular pathway notably reduced
germination and caused post germination
growth defects, indicating a protective role of
certain cellular factors under heavy ion radiation.
These findings suggest that P. patens exhibits
distinct cellular responses to high linear energy
transfer radiation, offering insights into plant
survivability and  bioengineering for
extraterrestrial agriculture.
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New Developments in Carbon lon Radiotherapy for Treatment-Resistant Cancers:

Elucidating the Combined Effects with Systemic Anticancer Therapy and the Role of the
Gut Microbiota. (25HJ104)
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HEER . Bk

K. Sekihara2b, H. Himuro¢, R. Hirayamad, C. Liud, T. Aibad, Y. Sakamoto9,
T. Sasadac, D. Hoshino?

Abstract

The goal of this study was twofold: first, to evaluate the
efficacy of carbon ion radiotherapy in treating treatment-
resistant cancers; and second, to elucidate the underlying
molecular and  microenvironmental — mechanisms.
Compared to X-rays and chemotherapy, carbon ion
irradiation demonstrated superior antitumor effects in
cervical adenocarcinoma and anaplastic thyroid cancer
models, particularly under hypoxic conditions and in both
in vitro and in vivo systems. Mechanistic analyses
revealed that combined treatment with radiation and
molecular targeted agents significantly suppressed ERK
phosphorylation. Stronger inhibition was observed
following carbon ion irradiation, suggesting enhanced
regulation of the MAPK pathway. The effects on the
PI3K-AKT-mTOR pathway are still being investigated.
Additionally, gut microbiota-modified mouse models
exhibited enhanced antitumor responses to carbon ion
irradiation, suggesting a potential role for microbiota in
modulating therapeutic efficacy. Ongoing transcriptomic
analyses are being conducted to further clarify these
mechanisms. These findings support the potential of
combining carbon ion radiotherapy with targeted
therapies and microbiota modulation as a promising
strategy for overcoming therapeutic resistance in
aggressive cancers.
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Advanced multiomic analysis of DNA Damage, Metabolic, and
Immunotherapeutic Inhibitors with Heavy-lon Radiotherapy
(25HJ106)

DK Ebner? and T Shimokawa®

Abstract

Previously, we demonstrated that DNA damage response (DDR) inhibitors interact with carbon-ion radiotherapy
(CIRT) in an LET-dependent manner: ATM and ATR inhibitors synergize at moderate LET but lose efficacy at high LET,
while olaparib demonstrated significant radiosensitization regardless. We hypothesized that high-LET CIRT
independently saturates homologous recombination (HR), creating a targetable “BRCAness” phenotype. In the 2025—
2026 cycle, we advanced this hypothesis along three axes. First, comprehensive reanalysis of the October 2024 beamtime
CCK-8 viability data - incorporating corrected dose-LET mapping - confirmed olaparib with concurrent RADS1
knockdown as the dominant radiosensitizer at 70 keV/um, with a favorable therapeutic index across tumor and normal-
tissue cell lines. Second, depth-resolved phosphoproteomic analysis across our carbon-ion LET ladder in hTERT-RPE1
has progressed to results validation. Third, transcriptomic analysis from the bilateral-flank LM8 abscopal model revealed
LET-dependent durability of immune gene expression — for instance, CXCL9 and GZMB differentials between high and
low LET widened substantially from Day 7 to Day 14, supporting combination with immune checkpoint inhibition.

Background / Objectives / Activities

As reported previously, our program centers on the
hypothesis that high-LET CIRT generates clustered DNA
damage that overwhelms homologous recombination,
creating a transient HR-deficient state targetable with
PARP inhibition. Initial phosphoproteomic analysis of
hTERT-RPE1 samples across the LET spectrum revealed
LET-dependent enrichment of key HR effectors,
motivating evaluation of corresponding inhibitors.
Unexpectedly, neither ATM inhibition nor ATR
inhibition synergized with CIRT at high LET (70+
keV/um), whereas olaparib demonstrated significant
treatment amplification at both low and high LET. This
was subsequently validated using B02 (a RADS51 small-
molecule inhibitor), siRNA knockdown of RADSI, and
U20S BRCAI1—/— cell lines, all demonstrating similar
effects with high-LET CIRT and supporting
interconvertibility of induced and constitutive HR
deficiency. Simultaneously, we established a bilateral-
flank LMS8 abscopal model to study CIRT-induced
systemic immune response and collected tissue samples
for transcriptomic analysis.

During the 2025-2026 cycle, a critical advance was
the comprehensive deep reanalysis of the October 2024
beamtime CCK-8 viability data. This confirmed RADS51
siRNA knockdown combined with olaparib as the
strongest radiosensitizer at 70 keV/um, producing a dose-
enhancement ratio (DER) of 1.41 in LMS8 - the only
condition to substantially exceed the modest ~10% DER
ceiling seen with single-agent CDK1, CDK2, CDK4,
CDK4/6, and ATM/ATR inhibitors. This is consistent
with our interpretation that at high LET, HR is already
saturated and additional single-target inhibition provides
limited headroom, whereas simultaneous ablation of both
HR (via RADS1 knockdown) and PARP-dependent
backup repair (via olaparib trapping) is required to
achieve meaningful sensitization. In U20S, an orthogonal
combination of RADS5I1 knockdown with CDK4/6
inhibition emerged as the strongest sensitizer, suggesting
alternative mechanisms potentially related to TP53 wild-
type cell cycle biology. Importantly, the hTERT-RPE1
normal-tissue comparator showed minimal differential
sensitization across the panel, yielding therapeutic indices
of 1.24-1.54 - the DDR inhibitors preferentially sensitize
tumor over normal tissue at this LET. Additionally, the
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dose mapping confirmed the LET-dependent crossover of
ATR inhibition noted previously: berzosertib synergized
at 20 keV/um (where HR remains intact) but lost synergy
at 70 keV/pm, further supporting PARP inhibition as the
preferred combination partner for high-LET CIRT.

In parallel, our phosphoproteomic analysis of TMT18-
multiplexed hTERT-RPE1 samples irradiated across a
carbon-ion LET ladder (20, 50, and 70 keV/um at iso-
physical and iso-effect doses, with X-ray reference) has
advanced considerably. Single-sample gene set
enrichment analysis and kinase-substrate enrichment
analysis against PhosphoSitePlus, PTMsigDB, and
MSigDB Hallmark reference standards are now complete,
with results validation in progress. We are framing this
dataset as a hypothesis-generating LET-ladder atlas of
kinase-substrate rewiring that complements existing X-
ray phospho-atlases and the more limited prior photon-
versus-carbon comparisons. A manuscript describing the
first depth-resolved carbon-ion LET phosphoproteomic
resource in an untransformed human cell line is in
preparation for the 2026 cycle.

Perhaps most significantly, we have now obtained
transcriptomic results from the bilateral-flank LMS
abscopal model described in our 2025 report. In that
experiment, LMS8 tumors were inoculated bilaterally in
syngeneic C3H/He mice (3.0 x 10° cells, 7-8 weeks), one
flank was irradiated with CIRT combined with anti-
CTLA-4 checkpoint blockade, and irradiated tumor,
contralateral tumor, lymph node, and lung metastasis
samples were collected. Pilot bulk RNA-seq from
irradiated tumor tissue has revealed a striking finding:
immune gene expression is not only higher at high LET,
but demonstrates LET-dependent durability. CXCL9, a
critical T-cell chemoattractant, showed 2.2-fold greater
expression at 70 versus 13 keV/um at Day 7 post-
irradiation; by Day 14, this differential had widened to
6.2-fold. GZMB, a cytotoxic effector molecule,
demonstrated a similar pattern — 3.3-fold at Day 7,
widening to 7.9-fold at Day 14. This widening differential
suggests that high-LET CIRT does not merely produce a
stronger acute inflammatory response, but sustains
immune activation through the critical window for
adaptive immune priming. Combined with our previously
reported observation that CIRT induces PD-L1 and IRF1



specifically in cancer cells, these data provide a
compelling mechanistic basis for combining high-LET
CIRT with immune checkpoint inhibition. This data is
under further investigation with Dr Shimokawa and Dr
Inaniwa’s groups.

Full  transcriptomic  characterization of the
contralateral tumor, lymph node, and lung metastasis
compartments is ongoing, with significant transcriptomic
data from our January beamtime received in the last two
weeks, and under preparation for analysis. This will
inform the development of a synergistic treatment
pathway combining repair inhibition with immunotherapy,
electing a potential model for CIRT combination therapy
in clinical trials. Forthcoming beamtime priorities include
CDK2 inhibitor combined with olaparib at 70 keV/um to

test whether pharmacologic CDK2 inhibition can
phenocopy the RADS51-knockdown + olaparib effect, and
in vivo characterization of LM8 RADS5I1—/— across
radiotherapy modalities with PARP inhibition and
immune checkpoint blockade — bridging our in vitro
DDR findings with the abscopal immunodurability model.
Numerous grant-writing efforts are underway to further
develop a foundation for the continuation of this
collaborative work.

We are grateful for the continuing collaboration with
Drs. Shimokawa and Imai and for the in-kind beamtime
that has made this work possible, and look forward to
advancing these findings toward manuscript submission
in the coming year.

#Mayo Clinic Rochester, USA, bQST / NIRS, Chiba, Japan
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Manuscripts describing the above are in preparation. These data are scheduled to be presented at:
— Particle Therapy Cooperative Group (PTCOG) 2026 Annual Meeting
— American Society for Radiation Oncology (ASTRO) 2026 Annual Meeting

The following organizations have provided grant support to this project:

— Sarcoma Foundation of America (Michael Pedrick Memorial Research Award, funded 2024)
— Particle Therapy Cooperative Group (PTCOG)s
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The CANTO Project

(Circulating cANcer cells and meTastases fOrmation) (25SHJ107)
Malte Benje!, Olga Sokol!, Takashi Shimokawa?, Alisa Kobayashi?, Walter Tinganelli!

1. GSI Helmholtz Centre for Heavy Ion research, Darmstadt Germany
2. National Institutes for Quantum Science and Technology, Chiba Japan

The experiment was conducted under the
number HJ107. The contact person was Prof.
Takashi Shimokawa.

Abstract

Background Circulating tumor cells (CTCs)
are key mediators of metastasis, yet their
response to radiotherapy remains poorly
understood. While radiation reduces primary
tumor burden, its effects on CTC dynamics and
the underlying molecular programs are unclear.
In particular, whether X-rays and heavy ions
differentially modulate tumor-intrinsic
programs controlling CTC release remains an
open question.

Objective The objective of the experiment was
to investigate whether carbon ion radiation has
a different impact on the metastatic cascade and
CTC generation compared to X-rays.

Methods C3H mice bearing murine
osteosarcoma tumors were irradiated with 4 Gy
of '2C carbon ions. Primary tumors, CTCs and
metastasis were isolated 1, 7 and 19 days after
irradiation.

Results Carbon ion irradiation led to smaller
tumors and a different tumor growth dynamic
compared to non-irradiated controls, and was
able to reduce the CTC numbers beyond the
effect of tumor shrinkage. Blood samples,
tumors and organs were isolated from the
animals for further analysis.

Conclusion Carbon ion radiation has an effect
on the tumor cells resulting in lower CTC
numbers. To further elucidate this mechanism,
we will do a molecular analysis on the collected
samples, conduct the X-ray arm of the study to
compare both irradiation modalities.

Activities

C3H mice were inoculated with 10° LM8-GFP-
Puro osteosarcoma cells in the right posterior
limbs and irradiated with 4 Gy of carbon ions
(primary energy = 290 MeV/u) in the middle of
the Spread-out Bragg Peak (LET =50 keV/pum).
Subsequently the animals were sacrificed 1 day,
7 days and 19 days after irradiation. The
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primary tumors, blood, lungs, spleens, kidneys
and livers of the animals were extracted.

The CTCs were isolated as described before by
culturing the blood in DMEM containing 0.5
mM EDTA preventing the clotting of the blood,
so viable tumor cells in the blood could attach
to the cell flasks and be cultured'. The colonies
were counted 10 days after the blood isolation.
Furthermore, 50% of the primary tumor and 50%
of the lungs were dissociated and cultivated to
generate metastatic and primary derived cell
lines, which can be accurately compared with
the cultured CTCs.

Results

The molecular analysis of the primary material
and the X-ray arm of the study have not been
conducted yet. Therefore, the results are now
limited to the CTC numbers and the tumor
growth results of the carbon ion irradiation at
the QST.

We enumerated the CTC numbers based on the
clonogenic isolation of CTCs and could show
that carbon irradiation with 4 Gy led to a
decrease of CTCs. When correcting for the
tumor shrinkage effect the irradiation had on the
primary tumors with an analysis of covariance
(ANCOVA), we found that the reduction of
CTCs was exceeding the effect attributable to
the radiation induced tumor shrinkage.

Future Plans

We will conduct a comparative X-ray
experiment at GSI (Germany) to investigate
whether X-rays have a similar effect on CTC
counts as carbon-ion irradiation.

Furthermore, we will evaluate whether X-rays
have a differential effect on the transcriptome
and proteome of primary tumors, CTCs and
metastasis.

Finally, we will integrate these results with the
data from several in vitro experiments.
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BEHFRIENVRBERICE I NESOR L EFRABESERMIRICET S
AR (25HI112)
Basic biological research on the antitumor effect and the reduction of normal tissue
damage by special fractionated heavy particle beam irradiation (HJ112)

Meked. TuE—P SwEmC. B 2xP jmmes P mameeP
M. Qjima?, R. Hirayama®, M. Kohzakic, C. Liub, T. AibaP and Y. Sakamotob

Abstract

Microbeam radiation therapy (MRT) has
attracted attention as a novel radiotherapy
technique that can suppress tumor growth while
minimizing damage to surrounding normal
tissues. In MRT, high-dose microbeams with
widths of several tens of micrometers are
delivered at intervals of several hundred
micrometers, producing alternating peak and
valley dose regions. Although X-ray MRT has
shown promising results in animal studies, its
application to deep-seated tumors is limited due
to dose attenuation in tissue. Heavy-ion beams,
which exhibit a Bragg peak and high beam
directionality, may overcome this limitation. In
this study, the biological effects of heavy-ion
MRT were investigated using breast cancer as a
model. Human normal mammary epithelial cells
(HME-hTERT) and human breast cancer cells
(MCF-7-GFP) were irradiated with 290 MeV/n
SOBP carbon ions (LET = 80 keV/um) under
uniform irradiation and grid (“sudare”)
irradiation conditions. DNA double-strand
breaks and micronucleus formation were
analyzed to evaluate cellular responses to
heavy-ion microbeam irradiation.
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Heavy ion minibeam radiation therapy: safety and efficacy studies (25HJ203)

Ramon Handerson Gomes Teles', Loris Roncali!, Ryoichi Hirayama?, Cuihua Liu?, Toshiki

Aiba?,

Yuki Sakamoto?, Yolanda Prezado'

Abstract

Heavy ion radiotherapy holds promise as a
therapeutic intervention due to its unique
physical properties, which translate into
biological effects, such as a lower oxygen
enhancement ratio. This characteristic
suggests it may be suitable for treating
radioresistant tumors. However, patients
have experienced severe side effects, leading
to its discontinuation in clinical settings.
With the emergence of new technologies,
there is potential to harness the unique
benefits of heavy ions by combining them
with techniques like minibeam radiotherapy.
Therefore, our objective was to investigate
the effects of Neon Minibeam Radiotherapy
(NeMBRT) on tumor development while
also preserving the well-being of a tumor-
bearing mouse model.

Background and objectives of the
experiment

Cancer is the leading cause of death
that
approximately 70% of oncologic patients

worldwide, and it is estimated
receive radiotherapy. To improve their
efficacy, one possibility is the use of heavy
ions, such as Neon beams, which exhibit
superior biological effectiveness and a lower
oxygen enhancement ratio', associated with
minibeam therapy, which consists of spatial
dose modulation by arrays of millimetric
beamlets. These beam characteristics have
been shown to improve tolerance of healthy
tissue while maintaining at least the same
effectiveness as conventional radiotherapy
in tumor control®. Currently, radiotherapy is
a standard treatment for different types of
cancer, such as squamous-cell carcinoma, in

which patients who are not surgical

73

candidates are eligible to receive this
treatment’. Due to significant side effects
observed in patients who have undergone
heavy ion radiotherapy in the past, along
with a lack of studies demonstrating its
mechanisms of action and long-term safety,
there is limited consensus on guidelines for
its application to other cancer types that may
benefit from this advanced treatment.
Therefore, our objective was to evaluate the
effects of NeMBRT in a murine model of
squamous-cell carcinoma by assessing
animal wellness, tumor volume, and protein
expression seven days after irradiation.

Materials and methods

Approximately 1x10° SCCVII cells/10ul
medium were intramuscularly injected into
the right hind leg of 5-6-week-old female
Che/He mice (n = 10/group). 11 days later,
irradiation was performed on the tumors
using NeMBRT or Ne-broad beam, while
control animals were submitted to anesthesia
to mimic handling-stress conditions, but
without irradiation. A custom-made brass
collimator was used to deliver a single array
of  planar with
dimensions of Immx25mm and a center-to-

mini-beams lateral
center distance of 4mm. The prescribed dose
in the NeMBRT condition was 105 Gy, while
20 Gy in the Broad Beam. Over 7 days,
animal weight, tumor volume, and wellness
state were recorded. Then, animals were
euthanized via cervical dislocation, and
further
immunohistochemistry analysis to assess the

tumor collected for

immune infiltration (ongoing).
Results

Our results indicated that the animals did not
experience weight loss over the one-week



follow-up period. However, significant
differences were observed in tumor volume.
In the group,

consistently increased, while irradiation was

control tumor volume
found to slow its progression. Broad Beam
treatment demonstrated a notably superior
effect in controlling tumor growth compared
to NeMBRT. It is important to mention that
previous experiments by our group showed
that the animals exhibited severe distress
signals and secondary complications related
to inflammation which

necessitated the application of humane

and pain,
endpoints. In contrast, animals receiving
NeMBRT showed no signs of distress or
associated radiation-tissue damage.
Furthermore, NeMBRT was effective in
decreasing tumor volume and maintaining
stability. Finally, in vivo dosimetry
measurements revealed a peak dose of 39.2
+ 0.5 Gy and a valley dose of 0.94 + 0.05 Gy
for NeMBRT, while the Broad Beam

condition had a peak dose of 19.6 = 1 Gy.

Weight Variation Post-Irradiation
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Figure 1. Panel showing the animal weight
variation (superior) and tumor volume
variation post-irradiation (inferior).
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Summary of the previous year(s), if the
experiment is a consecutive one

This builds upon the
investigation conducted by our team in

experiment

previous years, where we observed sparing
effects on healthy tissues, specifically in the
intestines, skin, and bone marrow viability
(2024-J07). With the addition of a minibeam
collimator to Neon irradiation, which
successfully spares healthy tissue, we have
advanced to studying its effects on tumors,
and as presented in this report, we have
obtained promising results, which will
prompt us to proceed with experiments
under hypoxic conditions (FY2026). This is
a key condition in radioresistance, and heavy
ions demonstrate their greatest efficacy in
such environments due to a lower oxygen
enhancement ratio.

References

(1) Gonzalez-Vegas, R., et al

Synchroton-based infrared
the
biomolecular response of healthy

microspectroscopy  unveils
and tumour cell lines to neon
minibeam radiation therapy. Analyst,
2025, 150, 342.

(2) Prezado, Y., et al. Proton minibeam
radiation therapy:
alternative for brain re-irradiations.

a promising

Radiatherapy and Oncology 209
(2025) 110980.

(3) Wysong, A. Squamous-Cell
Carcinoma of the Skin. N Engl J
Med 2023;388:2262-73.

1 Center for Research in Molecular Medicine and
Chronic Diseases (CiMUS), Av. Barcelona, 15782,
Santiago de Compostela, Spain

2 Department of Charged Particle Therapy Research,
QST Hospital, National Institute for Quantum Science
and Technology (QST), Chiba, Japan



|\

MRME—E
25H]J203 PREZADO Ydanda

75



Radioamplification effect of nanoparticles study on 3D cell models (25HJ402)
E. Porcel?, F. Feghali?, F. Savina?, C. Liu®, T. Aiba®, Y. Sakamoto®, R. Hirayama®, and S. Lacombe?

1. Abstract

Increase of radiation effect in tumor whilst
preserving healthy tissue located at the entrance of
the track is an important challenge in particle
therapy. Nanoparticles (NPs) are good candidates
to achieve this goal, thanks to their preferential
accumulation in cancer cells and their electronic
emission.

However, the presence of hypoxic cells in the
tumor is a main cause of radioresistance which can
lead to relapse, metastasis and treatment failure.

2. Introduction — objectives

During the last decade, the efficiency of the
treatment protocol based on the combination of
nanoparticles (NPs) with radiations has been
demonstrated. Clinical trials have proved the
efficiency of this approach using nanoagents such
as gold, hafnium dioxide and gadolinium based
nanoagents developed by companies (Nanobiotix,
France for NBTXR3; NH-Theraguix, France for
AGulX). They have shown that the treatment by
NPs using IT injection (for NBTXR3) or IV injection
(for AGuiX) amplifies the effects of radiations.
These professionals have demonstrated that the
addition of these NPs improves the conventional
radiotherapy but so far, very little has been done
using particle beams as incident radiation.

The team develops multimodal NPs which, amplify
radiation effects at the tumour and are also able to
improve medical imaging diagnostic. This strategy
aims at developing image-guided particle therapy
at term.

In collaboration with R. Hirayama, the group
studied the impact of platinum NPs using carbon
ions beams (SOBP mode) on 3D models. The
spheroid models made with tumoral cells (Hela)
were optimized in France. A protocol has been
developed to be able to build survival curves after
irradiating the models in presence of NPs. We
found that platinum NPs penetrate the spheroid
cells and localize in the cytoplasm. They are very
efficient to enhance the radiation effects.

3. Methodology

3.1 Nanoparticles (NPs)

Platinum containing NPs were synthesized in
France with a radiolytic method patented by the
team. The basic composition of the NPs consists of

76

a platinum core covered by a PolyEthylenGlycol
(PEG) shell. The biocompatible coating is used to
stabilize and functionalize the NPs. 2 types of NPs
were obtained (Figure I) : i) platinum NPs coated
with PEGon and (Pt-PEG-OH) resulting in 3nm in
diameter spherical shaped NPs ii) platinum NPs
coated with PEGm2)2 (Pt-PEG-(NH,)>) resulting in
16nm in diameter nanoflower shaped NPs.

" Pt-PEG-OH Pt-PEG-(NH,),

Figure | : TEM images of Pt-NPs

3.2 Cell culture and incubation

Hela (human cervical cancer) and BxPC3 (human
pancreas cancer) were used. A cell solution is
dispensed into each well of a 96-well
conical-bottom plate, treated with a coating to
prevent cell adhesion (Corning, microplates
system). This encourages cell aggregation, resulting
in the formation of a three-dimensional spheroid
whose diameter increases with the time the cells
are cultured in the well. Spheroids were
maintained in 5% CO, incubator at 37°C. For 12h
before irradiation, spheroids were treated with
NPs. The combined effect of radiation and NPs on
cells was quantified by clonogenic.

3.3 Irradiation

Irradiations by C®" ions (E=290 MeV uma™, Spread
Out Bragg Peak=6cm) and He?* (E=150 MeV uma’,
Spread Out Bragg Peak=6cm) ions were performed
at QST (Chiba, Japan). The doses ranged from 0 up
to 5Gy.

3.4 Analysis
To characterize the type of lesions amplified by the
NPs, the survival fraction (SF) curves were
simulated with a linear quadratic law:
SF (D) = exp —(aD+BD?)
D is the dose of irradiation.
4. Results and discussions
The survival curves of NPs-free Hela spheroids




(control) and Hela spheroids loaded with NPs
(incubation time of 12h) irradiated by carbon ions
are presented in Figure I.

The cell survival fraction decreases exponentially
with the increase of the radiation dose. We found
that the NPs can enhance the radiation effect. It
confirms previous results obtained in France with
X-rays.

3
..... @)

Pt-PEG-OH Pt-PEG-(NH,),

Figure Il : Survival fractions of BxPC3 spheroids
irradiated with C®, incubated with (orange or red)
or without (black) platinum NPs.

Hela Spheroids Hela - Carbon

100 o withoutkes
withips.

3 3
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Pt-PEG-OH Pt-PEG-(NH,)

Figure Il : Survival fractions of Hela spheroids
irradiated with C®, incubated with (green or red) or
without (black) platinum NPs.
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e Control
= Pt-PEG-(NH:): NPs

o 1

EIRE IR ) z 3 H
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Hela spheroids BxPC3 spheroids

Figure Il : Survival fractions of Hela and BxPC3
spheroids irradiated with He?, incubated with (red)
or without (black) platinum Pt-PEG-(NH,), NPs.

We observed a significant radioamplifying effect of
the two types of NPs on both cell lines when the
C® was used. The Sensitizing Enhancement Ratio
(SER) was between 25 and 40 % at 2 Gy.

When the He?" ions were used, we observed a
radioamplifying effect only on BxPC3 spheroids.
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5. Conclusions and Perspectives
We have shown that platinum NPs are able to
amplify the effect of carbon ions on BxPC3 and
Hela spheroids. The NPs were not able to amplify
the effect of Helium ions in both cell lines showing
multiparametric dependency and complexity of the
radioamplifying effect. The NPs are internalize by
the tumoral cells inside the spheroid. They are
clearly localized in the cytoplasm. It would be
interesting to investigate the specific action sites of
the NP inside the cytoplasm and to compare them
between the two cell lines.
These results are very important to predict the
effect of NPs in tumors.
The next step is to study the in-vivo effects of the
platinum NPs.

a Institut des Sciences Moléculaires d’Orsay (ISMO), CNRS, Univ.
Paris-Saclay, F-91405 Orsay (France),

b Department of Charged Particle Therapy Research, QST Hospital,
National Institutes for Quantum Science and Technology (QST), 4-9-1
Anagawa, Inage-ku, Chiba 263-8555, Japan
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Molecular analysis of ion beam—induced DNA damage and mutations.
(25HJ408)
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Abstract

Our research group has been studying ion

beam-induced mutation of the budding yeast, S288c

(RAD"), as a model of eukaryote cells. Yeast cells
were grown in a YPD medium and irradiated with
carbon ion beams with doses of 50 - 200 Gy at
HIMAC-QST, Japan. We examined the survival rate
and mutagenesis rate of ku70 strain, which are
nonhomologous end joining repair (NHEJ) deficient
by irradiation with carbon ion beams. The survival
rate of yeast lacking NHEJ was similar to that of the
wild strain. This result indicates that NHEJ is not
important for yeast cell survival. In contrast, our
results suggest that NHEJ suppresses mutagenesis
caused by particle ion beam irradiation.

In a 2025 study, the canl- mutants are isolated
from the L-Canavanine plates were cultured, and
chromosomal DNA was isolated. The sequence of
the entire CAN1 gene region was examined for base

alterations in RAD" and ku70 (NHEJ-inactive) strains.

It was shown that deletion mutations primarily
occurred in the RAD' strain, while substitution
mutations primarily occurred in the ku70 strain.
This relates to the fact that the ku70 strain uses
homologous

recombination repair instead of

non-homologous end-joining repair for DNA
double-strand break repair. Moreover, the mutation
localization at the same base were observed in the
RAD" strain.
mutations were induced were shown to be different
in the RAD" and ku70" strains.

pathways may result in different mutation positions

In addition, the positions where

Different repair

induced by irradiated carbon ion beam.
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D, 24J472 FRETIL, HIEERKS. cerevisiae)
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FRIBEHC X D AEASh R ORIZE, FrHIIEESTEER
FOGHRERARRICRE T2 A T = X L OfFEHD
72N, [RFEMIRENC X DRI D URA3
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Table 1 Mutations in the CANI gene in RAD" and ku70 strains induced by carbon ion irradiation.

RAD™
Number Percentage[%]

kurzo
Number Percentage[ %]

Transversion

G:.Cto T:A 0 0.0 1 4.8

G:Cto C:G 1 9.1 3 14.3

A:T to C:G 3 27.3 0 0.0

A:T to T:A 2 18.2 6 28.6

Transition

G:Cto A:T 2 18.2 5 23.8

A:T to G:C 0 0.0 3 14.3

Deletion/Insertion 3 27.3 3 14.3
(A) Total 11 100.0 21 100.0
+0 +100 4200 4300  +400  +500 4600  +700  +800 4900  +1000 +1100 +1200 +1300 +1400 +1500 +1600 +1700
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(B)

+0 +100

T T T T T T T T T T T O T T T e T T
NN I N (N N N N N N N N N O N

A AA A A A AA A
AA AA

A A
A A Substitution mutation
A Deletion Insertion
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Figure 1 Mutation spectrum. (A)RAD" strain, (B)ku70 strain
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