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Development of a Novel Carbon-ion Radiotherapy

for Pancreatic Cancer Using LET Optimization

(24L126)
flerk  @kes IDE s BRI

M. Shinoto, S. Yamada, H. Takiyama

Abstract

The aim of this study is to determine
the maximum tolerated dose of
carbon-ion radiotherapy (C-ion RT)
using the linear energy transfer (LET)
optimization and simultaneous
integrated boost (SIB) methods for
pancreatic cancer. In this study, the
dose levels were escalated in four steps
from 55.2 to 67.2 Gy (RBE) in 12

fractions. The incidence of adverse

events and the dose to the stomach and

duodenum were evaluated when

increasing the dose with a dose
averaged LET of 44 or higher. This
year, two patients were treated. After
C-ion RT there was no grade 2 or more
toxicity. In both cases, the stomach and
duodenum  doses were  within
constraints. Further dose escalation
will be performed in the future to

verify the safety of this treatment

method.



L. WEOHE Ny 777 v F

A (A 2 MRS B 0 | & 72 R
BEDL L IEIE TH 5, VIFRARE
AETH. B B v I3EE, APHEIC X
2 FAIEEISHIC S LT, X ViRt
O, REOD I VIaEE TV, Filie
[ H %\ i3 2 1Lk o /ATl %)
RERTIRBLE R T2 2L 234
BCdh 5, BIE. VIR <3
% ®E R E Tk 552 Gy
(RBE)/12 4331 & v 5 #it i oy &k 23 H
WHENTWS, THFE TOMENG
B % & o A EERL 1 AR IR O K fifF
LT BT, MR Z I L Rl
R b3z icky (2 FERATHIE
# 30%—63%) . EAFHAED A F23ME
BB EPRINTE T (2 FF4EAF

K 35%—53%), X O 75 5 IREKAER

btoldici3ReMe ML L X

JR Pt DIGFEREE % ] | X & 5 A

H%, bbb, HLE R SRS

S D o JA P AE B A~ o 2 2

DY L SIS~ OREMRIEZZ

A b &2z, OYERHEZED L

72 T R IRENE D BASE. @QFERLTHRD

D EWRFIE 2 oK IREY g Tk

DYFEEEZ B, TNE T, REH

R 7z o 7 E TS 2l LT, &

— 5 F BRI & BT,

ERPIC IR L C&A IR ' 23 ]

BECThLZEHRLTCE, $7/2. K

KRB A I VERIZE LET#2TH % 23,

R CTHwo a3 GEICIE, 43 LD

JEENE 2355 LET K5 o o CRERR X

N bITFTlEARWwE b, R E 23 HE

CTHoTHEENGD LET 23K <



BB LHAREERT LU

o e o TE 7, ZOMEIE. W

BHgESF Y (Bl oavio—ro

a3 H]Dav tr— Ly EE

THBEZLRRBLTWES, BERE

WO T E L C. EENTOMRE %

Winxe 3737 < LET D&

WL #fro 2 &ick v E LET sz

BEENICER T 2 2 LA TENIE, &

LET #t& L COREAL A Vo ARk

DRNR % I KIRFEIE S 5 R 3 K3

AlEL b ¢ EZ LN D,

AT D HEIE, ARSI 3 5 3R A

F VEBEIC B W LET i bik s

& UM EE A I BT & > TS

O LET BXUREZEMI 3 &

XY mENROmRILE HIES

LTHB, $bb [8] (REHE)

Davirae—rortbd, [E] G

H) ©av bt u—&{T )il iink

APHE Z BAFE L i O K e % il

THILEHRLET S,

2. EEEEF cltfEon T 3558

2021 FE XV EFREFGL., MEL

R 1HH 3 FETIFT ORI, #HiE

L L4 C BT 20D IEE % T

720 REFNC BT, BE DR R

Ziti7e L, TREMBY DIGHRZEE L 72,

Grade3 U FE0EELREEREREZRD

o7z,

3. SEEOMENE

WEFICH i &, K1 D& KGR

BARTEL. BL_L3-6L4ENRL

L <. sEHEmEERZ1T 5. ko



BHE YL Vie=102cc, Va=24cc,
V3p=6¢c, D,>46 Gy (RBE)) 12/l 2 <.
N D /N1 LET % 44keV/
m e 5 X SRR AT, E
SEREAMG IE H R AR o A EF RS T
» Y, CTCAEvV5.0 %\ CaHli % 17
7o

4. GSFPEDORFFERER & TS 3
SAEFEIIRE L v 41T 1l & B
L. M7 R TR L oo AEH]
DB EFEo T TEIEGIFGE 12 41
DEFRDIET Lz, FREL RNV 4ICE
WTh, MEGIREEZED I, 67.2
Gy/12 5y &I HESERLR L E T vz,
W5 DFEH] b & T Grade3 LA LD E
EARERRERD b - T, DIEH]
o 1ERFTHER S X O 1FEEFRIZ

ZNZN83%B LU 86%TH -7,

Gt ARFER D HERERR R & FH v 72 % it

af AR 2 T P ETH 5,

a. QST J%Pt/QST Hospital

* 1

BREL <L & Gy (RBE) | 1B & Gy (RBE) | /N FHLET keV/um
LRl 55.2 4.6 =44
L2 60.0 5.0 =44
L~RL3 64.8 5.4 =44
L4 67.2 5.6 =44

- WFFERCR—

s

(#2575

Shinoto M. et al. A phase I dose
escalation study of carbon-ion
radiotherapy for inoperable pancreatic
cancer,

APA/JPS/CAP/IAP 2024,

USA 2024. 12.9-12



BEERIEE SR D~ VT A A BREHEIZ K D LET Hil# BRI #ingeiE o BR %S
Development of LET-optimized multi-ion radiotherapy for bone and soft tissue sarcoma
( 23L134 )

3 AT

Reiko Imai

Abstract

Background and purpose

Previous analyses have shown that the local
control rate was lower in large-volume
sarcomas exceeding 500 cm?® treated with
carbon ion radiotherapy (1-3). While
increasing the total irradiation dose may
improve outcomes, dose-escalation trials in
2000 revealed that doses beyond the standard
704 Gy (RBE: Relative Biological
Effectiveness) led to more adverse events in
normal tissues. To enhance antitumor efficacy
without increasing the dose, we explored
alternative strategies. Matsumoto et al.
reported that in radiation-resistant sarcomas,
particularly chondrosarcomas, cases with a
minimum average Linear Energy Transfer
(LET) of 40 keV/um or higher showed better
local control than those with lower LET values
(4). These findings highlight the potential for
improving local control not by increasing
radiation dose in Gy, but by enhancing
radiation quality, measured in keV/pum.

Material and Methods:

A total of 52 patients with bone and soft tissue
tumors were treated in FY2024.

Result and conclusion

None were enrolled in the study due to various
reasons. Among the 52 patients, 23 had
chordomas and 7 were re-irradiation cases,
both outside the inclusion criteria. Six patients
had tumor volumes below 400 cm?, and five
were excluded due to large irradiation fields.
Notably, these five cases involved high-grade
sarcomas, which would otherwise be
considered ideal candidates. All data are
summarized in the table. As anticipated in the
previous fiscal year, the 14 cm gantry size
limitation in Treatment Room G has become a
significant clinical constraint. To address this,
we developed the LET patch irradiation
method, reviewed by the QA/QC Committee
in FY2024 and approved for clinical use.
From FY2025, we plan to accumulate clinical
cases using this method. As the technique is

not yet published, details are withheld in this

manuscript.

1, HEEWNENY I 7T TR
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Measuring cardiac dysfunction after carbon-ion radiotherapy for esophageal cancer using cardiac MRI and

developing new irradiation techniques
(24L135)
BIRTHL, AIM, BEET R, DNEET, EEOAL, ILHEL, BER, BELEE
Tetsuro Isozaki, Hitoshi Ishikawa, Noriko Manabe, Riwa Kishimoto, Takayuki Obata, Hiromi Sano, Shigeru Yamada,

Makoto Shinoto, Hirotoshi Takiyama

Abstract
With recent advances in cancer treatment, damage to the
heart caused by cancer treatment has become a problem. In
carbon-ion radiotherapy for esophageal cancer, there have
been no short-term adverse events of cardiac dysfunction,
but this is based on patients' self-reports and measurements
taken when symptoms occur. There are very few reports
focusing on the effects of carbon-ion radiotherapy on the
heart. In this study, we will use cardiac MRI to evaluate
damage to the heart objectively. In this way, we believe that
it will be possible to observe changes in the heart in
response to the dose of carbon-ion beams by comparing the
results of cardiac MRI with the dose distribution map of
the carbon-ion beam. Based on this knowledge, we believe
that it will be possible to establish an irradiation method
that avoids damage to the heart. This year, we established
a research team, obtained approval from the ethics
committee, and enrolled two patients. We will continue to
accumulate cases and continue our investigations.
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Prognostic factors in carbon ion radiotherapy for pancreatic cancer
(24L137)
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H. Kurosaki 2, S. Makoto 2, I. Tetsuro 2, H. Takiyama 2, Y. Yamaguchi 2, S. Yamada 2

Abstract

Carbon-ion radiotherapy (CIRT) offers superior
dose concentration and cytotoxic effects
compared to conventional X-ray radiotherapy,
enabling effective local control with minimal
damage to surrounding tissues. Since April 2022,
CIRT has been covered by insurance in Japan for
locally advanced pancreatic cancer based on its
demonstrated survival benefit. This study
retrospectively analyzed 72 patients with
pathologically confirmed, unresectable, locally
advanced pancreatic cancer treated with CIRT
(55.2 Gy/12 fractions) at our institution between
April 2022 and March 2024. Outcomes assessed
were overall survival (OS), local control (LC),
and progression-free survival (PFS), from the
start of CIRT. The median age was 71 years; 37
were male, and 35 female. Tumor location was
the pancreatic head in 22 cases and body/tail in
50. All patients completed treatment as planned.
Chemotherapy was administered before CIRT in
97.2% of cases. One-year OS, LC, and PFS rates
were 90.7%, 79.6%, and 53.8%, respectively.
Grade 3 gastrointestinal toxicity occurred in
2.8%, with no Grade 4 or higher non-
hematologic toxicity. CIRT remains a safe and
effective option for locally advanced pancreatic
cancer, demonstrating comparable outcomes to
previous reports even after the initiation of
insurance coverage.

1. AEDOEBENVITIIOUR

PRI T3 2 BHIAELFE, RIGN#fF T
LHME— DRI RIFEIEE ST D, L
L., FFEIM T 5 FEATTFRIT 20%I i
T, KL THRARBEO—DOTHD,
DT, IR B X EERAR S T L, B
WCEHEHIRICESIZRET 52 &b %<
FUIBRARE L LT SN D, ERLRRE
FRITENIRIZKT T 2 BN DN &b
BIBRAHEREE |2 )T D ARTRTAE & L CIRE
BRFE M T TE Iz, 2007 026 2012 4

11

F CUIBRARBESR I3 2 7 A 2 e ff
F R T-HIRE OB EEINEER 23 T,
PERD X BB TG AR AETH 7= K
P (55.2Gy/12 ) 2 LRI TE 5
Lol o ¥, 2 kv BIFARTEIRAL
FEOVREHU, 2022 4E 4 A L0 R T
FEL KT D ERL T RRIB R DS PR BRI, < a7z,

L L, ZORERETO 2 4T =R
1L 63%ICHEEY ., EHRDHUENRD LU
TW5, BIfE, TREZFIAFES° LET (linear
energy transfer) #cifl., ~/VF A 4 MGt
REDOHEIROBRBIZELY, X5 EE
TRRR AN ATRE L 72 0 . QST Pt TORG
IR HEITH TH D,

—J. BN THRARTHDLE 5 —DD
AL, mRERBEO Y 27 BNIEFITE DD
ETH D, JFFTRIERIC XY RPTHIE S #E R
EINTH., BFERIDEIET DR 2 E
WREARE D3RR RSB (LT 2 MER &
%, BEICEMBIRENEET 52 < OBREIC
Lo T, THRERET DDITEREE TH
D WDNZJRPT & HE LT HAEM T A~D
FHIXRENTH D, b OMEANIERE
T OB W e N A A~ —H—72 T
TR TE T, JREBMGATIC 2D &2 Tl
T DL, o T, IR REIEE &
B HHIET 5720, 2 bRk 5k
1T S VT BRITTFINOBR BRIG R 21T 5 7
HIREEAT 9 2 & DNBLIE D IR & 72 >
TWb, Lo, L) RxtgizEn<
5 WO EERIEZIT O RENTHONT
DFEEITAFTE L2\, ALFHEN T XTO
BEICHETH Db Tida . AbFRE
OMHEHEALFYIMG 6 » ABRELEL. A
M Z W E T LU E 9 & BERTRIEE O
DEHT DY AT BNEINT 5, {bFEEE
EHIRIMERE L T LE 5 Z &I &L - CERER
BOU AT ZHrCERVWEE, RFTTEE
NP RIERIZERR LIC WRRIZKH L TH
K HRRIBREITO X5 250 & ) R



R TWDONRBURTH D, HFIELE
JRPTIRIE DR 72N T o A& HT 7280
2, B e TR T, IREGHIREY AT
LDOBAENEFHE TH D,

Z 2T, AW CIEREEER R O T — 42
BRI L. BER T RBRER O T
BIER DR 13 L ORI 72 1R EE. 1RED
BAI VT RATHZEEZENET S,
KW 2 FEhn a5 Z L2k, ERRRIG
AT O REI %Gl L ONE Y im0 2 A
T OMHNIESIND,

2. SEEOHMEANE

AW OBRIERTIC & 720 . ENTHFITRHH
ENET AR RS I B VW T —
FEERAEC 2024 4F 10 AR ABREERZES
2 L DGR AT, F72. UMIN-CTR (2%
AT T,

UIFR R el (263 2 BRL RRIR TR 55.2
Gy/12 53E173 2022 -4 H X 0 {RERINE S 4,
PRI % OIEFIBHEIMZB VT, 2
ECLRISOEZMLR L, iR ERL R
I s ENKOLENTWD, BEEICHT
5 ERLFRIREIC BT 2 T % PRI O fF
MrEIT212H720 ., ET1LCDICESLMAE
BAFSVE N &R HAT 28 B S 6% QST
Belzds it 5. JRPETE TR (Xt 3 5 Bk
FHRIERE OUR IR FH % ORI EGREIZ DUV T
fiRAT 24T > 720

2022 4 4 A D5 2024 45 3 H £ TITYPE
THAKRZ W D15 & I 7= YIBRASHE Joy FT e T IE
FE Tkt L CHERLFRIRIR 2 i T L7 72 fl
Z % RN LT, R EIZ W T,
R A B L T DRI L VRS
L% v Y —AR— RIZTUBRARETH D =
EERMER L, BERFRIBEITRRE
55.2Gy/12 3 EICThafT L 7=, 3-SR B 1344
{35, Jpmfilinse, MEsAffR L L, &l
FRREBM B A RER E L, 20 A
FEHL O IL CTCAE v5.0 Z 4l L 7=,

3. SHEEOHMEMRLAENER

MBI 71 % (48-87 m%) . FME/AL
M2 37/35 B, BRI E I EEES AR RS « 22/50
B Th o7z, 2FITTERY OIGEETE
L7c, Bl i 16.4 20 H (6.3-32.3
MH) Thotz, BERFRIEHEBILERTIZ 70

12

Bl (97.2%) TILFIRIEN MG S LTz,
1 FERAEFER 1V RATHEER, 1 FE RS
HEIERITENEI 90.7%., 79.6%. 53.8%C
& > 7-(Fig. 1), Grade3 LA EDIEIMEEIEIC
DUWNTIE, Grade3 HALEIES: « HifLz 2 4
(2.8%) . Grade3 HEMN 8B 47 2 2 51 (2.8%)
2B 7=, Graded LL_EOIE Mg w1 1350
7o To, BIBRAEE R PTEI TR (XT3 5
BRI RGBT, PRERINE % & B & bk
LT W ERTH -T2,

S, BlEET—HINEEITHIE LD
2T % T HRIK IOV T O 21TV, %
DRE, WmXERE TEL TS,

50 -

100

Percent survival

0

0 12 24 36
Time from C-ion RT (months)
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Carbon lon Radiotherapy for Prostate Cancer
in Patients with a History of Surgery for Benign Prostatic Hyperplasia

(24L138)

e _b
- 1 - =1 [
A. Okato? , K. Kobayashi@ and H. IshikawaP

Abstract

Carbon-ion radiotherapy (CIRT) offers
excellent dose distribution and biological
effectiveness for localized prostate cancer, but
its safety in patients with prior benign prostatic
hyperplasia (BPH) surgery remains unclear.
This retrospective study evaluated 74 patients
who underwent CIRT after BPH surgery
between 2007 and 2023. Acute Grade >2
genitourinary (GU) adverse events occurred in
5.4% of patients. Late GU adverse events of
Grade >2 were observed in 8.2% of patients,
primarily presenting as hematuria. The median
time from surgery to CIRT was 8 years.
Multivariate analysis did not identify any
statistically significant risk factors for late Grade
>2 hematuria, although diabetes mellitus
showed a trend toward increased risk. The 5-
year biochemical recurrence-free survival
(bRFS) was 100% for low- and intermediate-
risk, and 88.6% for high-risk patients. These
findings suggest that CIRT is well tolerated even
in patients with surgically altered anatomy.
However, as the risk of severe GU adverse
events may be slightly increased, patients should
be adequately informed before treatment.
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Table 1. Frequency of Early/Late GU AE

GU AE grade 2 grade 3
Early 5.4% 0%
Late 6.8% 1.4%

Table 2. Risk Factors for >G1 Hematuria
Variable OR p-value

Interval BPH surgery to CIRT (0.872  0.028
Surgery (TURP vs. HOLEP)  8.664 0.044

Fig.1 5-year biochemical RFS
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Consideration of inter-fractional errors for the development of LET Adaptive Therapy
(24L139)
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Abstract

This study aims to develop next-generation
image-guided carbon-ion radiotherapy (IG-
CIRT) with Adaptive Therapy by optimizing
linear energy transfer (LET) distribution.
Carbon-ion beams offer superior precision
compared to other modalities, and IG-CIRT
using CT-based verification enables further
improvement in targeting accuracy. Daily
anatomical variations necessitate Adaptive
Therapy, where dose distributions are evaluated
and replanned when needed. Moreover, the
unique dynamic LET distribution in carbon-ion
therapy has not been fully elucidated in terms of
clinical impact.

We retrospectively analyzed patients with
bone and soft tissue tumors and cervical cancer
treated at QST Hospital, focusing on dose and
LET distribution changes when assuming bone-
based alignment only. In bone and soft tissue
tumors, no significant changes in target
coverage or rectal dose were observed, though
individual variations were noted. Similarly, in
cervical cancer patients, no significant
differences were found in target coverage, mean
doses, or LET parameters across GTV, rectum,
bladder, and sigmoid colon. However, some
cases showed notable variations, including a
maximum rectal LET increase of 17 keV/um.
These results suggest that while overall
variations are limited, individual risks of target
underdosage or increased dose to organs-at-risk
exist, underscoring the necessity for
personalized Adaptive Therapy strategies in
carbon-ion radiotherapy.
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TRIFGEHE] CT 2 LI-BE 2 5z, 1t
kOB REDHTHERE ZIT- 1256
FEE U CIRIR A 2 8 ORI E CTOH
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PCT ERERiRES7 M QACT ERERRESH

PCT LETd%%

e
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WEIRAR A SRS 5. GTV, E 5. FERE.
SIRAENG DR &, /MR &, KRR
TROFBUITRT, ERELTETITBWNT
HEZEZZRDIMN-T,

*1

Structure | &F PCTH#4E |PCTIRMRE |QACTFHE |QACTIRMERE |p-value
GTV MAHER Gy(RBE) 194 0.04 195 0.10]  0.194]
GTV )\ Gy (RBE) 19.0 0.13 189 0.18] 0314
GTV TA5iRM Gy (RBE) 193 0.03 193 0.04] 0815
L] MAHE Gy(RBE) 19.8 0.25 19.8 0.38]  0.893]
B M)\ Gy (RBE) 0.0 0.02 0.0 002 0374]
ER T Gy (RBE) 7.8 1.91 8.0 2.21] 0530
23 AW Gy(RBE) 19.8 0.27 19.7 0.17] 0.257]
23 )\ Gy (RBE) 23 1.89 22 185 o0.276]
23 T Gy (RBE) 104 1.88 102 173 0.162
STREER MAHE Gy(RBE) 19.7 0.17 198 0.28] 0.602
STRESR )\ Gy(RBE) 0.4 0.41 04 045 0234
SIkESE | TSI Gy (RBE) 103 3.97 105 4.14] 0601

RIZLET d 5343 CHEtAE 21TV, LETd 43
I T D, GV, B, B, SIREER D
PILET, #/BLET, R ARLETIEZ FRed 21K
T, ZTHHLETICBWTAEREEZRDAR
Mo T,

%% 2

Structure  [&F5 PCTRENE  [PCTIRARE [QACTTEE [QACTIRERE [p-value |
GTV HALET KeV/um 0.60 0.04 0.59 0.05| 0.508)
GTV HUJ\LET KeV/um 0.36 0.02 036 0.03] 1.000|
GTV TFH5LET KeV/um 0.43 0.02 0.42 0.03] 0.468|
R MALET KeV/um 093 0.04 094 0.10] 0.798|
R VLT KeV/um 0.00 0.00 0.00 0.00

R TLET KeV/um 043 0.06 0.46 0.07] 0.141

3 MALET KeV/um 0.61 0.05 0.66 0.12] 0359

BBt BI\LET KeV/um 0.13 0.07 0.14 0.06] 0374

3 TLET KeV/um 027 0.01 027 001 0621

SURESE  [WEALET KeV/um 101 0.13 1.00 0.08] 0654

SUKESE  [WVJ\LET KeV/um 0.05 0.08 0.06 0.08] 0.099)

SRESR | TISLET KeV/um 0.45 0.12 0.45 0.13]  1.000]

7272 L. JEBNC X - TIXEG O F KLETIC
BWT1Tkev/ umD AL ZZR8 5 70 FLETD

BACIERE S NS r— A DGO b vz,

A B E A B TR SR T 7T R Rk
QST ke
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RIS DIERE (239 % QST fmbiC 3 1 2 R FHUAE D AUE

Outcome of Carbon ion radiotherapy for pulmonary oligometastases from colorectal cancer at QST Hospital

(24L136)

e AT e

Abstract

The presence of recurrence after colorectal cancer
surgery is an important factor that determines the
prognosis. Currently, Carbon Iron Radiotherapy (CIRT)
is being used as an advanced medical treatment for lung
metastases from various cancers. It is expected to be
effective even for lung metastases of colorectal cancer,
which are generally considered to be radiation resistant.
In this study, we evaluated the outcomes of 55 cases of
postoperative colorectal cancer with lung metastases who
underwent CIRT as advanced medical treatment at our
facility from May 1997 to October 2022. The median
observation period was 29.5 months, and the treatment
outcomes were a 2-year survival rate of 67.4% and a 2-
year local control rate of 74.7%. In general, the most
frequent adverse event (AE) in lung radiation therapy is
radiation pneumonitis, but in our cases, no AEs related to
pneumonia of Grade 3 or higher in CTCAE (Version 5.0)
were observed, and good safety results were obtained.
These results are comparable to those of several previous
reports on stereotactic radiotherapy (SBRT). CIRT can
be performed safely and has relatively good therapeutic
outcomes. It is a minimally invasive local treatment

option for inoperable pulmonary metastases.

1. MROEWNENY I TZ7

KGRNEOBREOERIITFEZATET 2EEL
RAFTHD, fERlE, 7+0—7 v THIERBEE
NHERINFR T, EHRETHRATE 2HmELL
MMCHBHARNDREDNFET 5 ZEDBAREEZD
1. systemic chemotherapy #1735 Z & A —fxMITH

Yukiko Yamaguchi
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BB BRIAIER O FEBLIZ )T 72 BRIR A& 4 525k
Preclinical in-vivo experiments for developments of novel heavy-ion radiotherapy
(22J001)

FRBEF, TS,

FIIES, KEEER, AR, #mZETE, St REHIT. SR E,

TR, a)If=, alfEZ, BBz

T. Inaniwa, T. Shimokawa, K. Hiura, K. Mizushima, S. Tanaka, T. Masuda, K. Kasamatsu, H. Takei, S. Suzuki,
T. Sano, H. Ishikawa, Y. Iwata, T. Shirai

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.

1 MEOBEMENRY I TFT R

QST Tix., HHIFHEREEE CH 5 BT A AMFZERE
BV hO—EE LTIV TFA 4 UIRE
EOBRBENRED LN TWD, F 2 TILRERL
ST, U T AR BERRR, RA U E IR
FTICRBRO W - i 2 e e — o L
LTHWARETH D, Tz, TNLSMTY,
FLASH BRI FfiRiEk, BER it~ A 7 ot —
Vx)—, BRI Y v RERE, BRI TRT
— 7 BB Y BRI A OB e E
TRRIE DRFZEBIR A HED SN T WD, ABFZER
AL, B 70 mks B b - Hya R O F28L21h)
T, FERKRERERE LT, TR - Ty NED
/IR SEBREN) L 353 D G R 2 VN 7o BRL 1
PRIR EBR 2 FE0E L. T 5 OIRIEEO 2
EREMEIR P OB AT Z LA A ET D,

2 MEFEEFIFTIIELNTVWAIRER
AWFFEIL. 2022 EENS OHFFERETH 5,

2022 AEJE L, U U LER, RFBHR, RFER.
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25

Lo BEEROBIFE, TRIEFHE Y 7 N U = T OB
[1]. EGE RBE £T /L DEZR, IFRT —ZHIE.
PRI B OV, BRE AT RGEZE 21T > 72, 2023
FEREIL, ~ VT A L ERIEO A& MRS
DR PRI~ T A B RO R RS (SCCVIT)
ERBH LT~ 7 Ak LT 7 AR IR B,
Wi, 24 (7.5, 15, 22.5 Gy (RBE))
Z ST ERAT U ISR E NI 20 3 (tumor growth
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To7=, 2B, &TOEREERIT, RET
X QST JHBE AT & Okl DX BrigEm st
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Investigation of the Abscopal Effect and Its Mechanism in a Photon-Beam-Resistant
Tumor-Bearing Mouse Model Treated with Combined Heavy lon Irradiation and Immune

Checkpoint Inhibition (22J114)
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Y. Takahashi?, Katsuki?, .A Okuuchi?, Shuri Tsuda?, K. Minami?,
T Murakamib, T Takeshimac, K. OgawaP, M. Koizumi?

Abstract

Abscopal effects have attracted attention as a
promising strategy to elicit systemic antitumor immune
responses. We previously demonstrated that combining
radiation therapy with immune checkpoint inhibitors
(ICIs), particularly anti-CTLA-4 antibodies (C4), can
induce abscopal effects even in ICl-resistant
osteosarcoma and pancreatic ductal adenocarcinoma
(PDAC) mouse models.

In this study, we further investigated the underlying
mechanisms of carbon ion (C-ion) irradiation combined
with C4 in PDAC-bearing mice, with a particular focus
on changes in the tumor immune microenvironment.
Flow cytometric analysis revealed increased infiltration
of cytotoxic T lymphocytes (CTLs) and an elevated
CTL/Treg ratio in unirradiated tumors, maintained for up
to 19 days after treatment with high-dose C-ion (8.2 Gy
single fraction or 4.1 Gy x 3 fractions) plus C4,
regardless of fractionation. However, CTL infiltration
was enhanced only in the fractionated C-ion group. RNA
sequencing of unirradiated tumors from the 2.1 Gy x 3 +
C4 group revealed differential expression of several gene
sets compared with the 2.1 Gy X 3 group, including
upregulation of cytotoxicity-related genes, suggesting a
correlation with the observed abscopal responses.

Moreover, preliminary results from colony formation
assays using photon-resistant tumor cell lines indicate
that carbon ions may also encounter resistance in these
models, highlighting the need for additional therapeutic
strategies. Further studies are ongoing to identify key
gene signatures and immune modulatory mechanisms in
both wild-type and resistant tumor models.

1. MHEORWENY 7 7T TR

e HIT T E TR B A OIS Ok (7
T A AR ITEH L. BEBRIC & D EIRES
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INEREPHFIEGMEICE L L TV D 2 L. mfER
FHER R Gl Type-1 interferon 23 & FE (235 E S,
HRGIE DIEMAE DN BRI TWD Z & 2R
%0 R & 45 L C & 7= (Takahashi Y, et al. PLoS
One, 2017, Takahashi Y et al. Oncotarget, 2019,
Takenaka W, Takahashi Y, et al. Cancers. 2020) ,
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PHIVE DS CTLILMER S 4, EEREZHIET 5
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(Yamamoto J, Takahashi Y., et al. Cancers. 2022)
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FIY 9% 8.2 Gy DIRFMEHIEI RS L T8 Gy x 3 =D
ST FRBEHTAYS 5 4.1 Gy x 3 [0 R FHRIS &
O C4 P L7258 DRFT AT 7 2 a2 31}
EIRAT LT, ZORER. X & FERICRFTIHR L O
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LET R FRICEIBRHFAREBERERESEOEZBEL-ERMAR
High-LET Radiation for Radioresistant Glioma Therapy:
A Basic Research Investigation (24J147)

THIEZE ", BRLE .

EHARS EER. RERE. M RLEY

T. Shimokawa', S.Suzuki', T.Sano', A.Sumiyoshi? T.Morioka® L.Xie* M. Iiyama?

Abstract

Currently, irradiation methods are rapidly
developing due to advances in the technology. To
provide safe treatments, it is essential to acquire
data corresponding to the

biological new

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 of biological basic research for the
Quantum scalpel including LET painting irradiation,
we will 1) verify the molecular mechanisms of anti-
tumor effects by high LET (>80keV/um)
irradiation and 2) investigate the treatment of
refractory cancer by high LET (>80keV/um)
irradiation. This year, we compared dose and
quality effects between 2D and 3D cultures of
radioresistant glioma cells. In addition, we have

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
(24J148)

srlsnx ? AEr Y. FluE—

b

T. Funayama?, M. Suzuki?, R. HirayamaP

Abstract

We have previously performed experiments to
measure the radiation sensitivity of cultured
canine cancer cells using carbon beams of
HIMAC. However, there are significant
differences in the microenvironment conditions
in which the cells are placed between actual
cancer tissue and two-dimensional culture using
a culture flask. Therefore, it is necessary to
evaluate the sensitivity of heavy ion radiation
under culture conditions that more closely
resemble in vivo conditions for clinical
application. For this reason, we initiated a study
to evaluate the sensitivity of cells grown in three
dimensions to heavy ion radiation. In the
experiment, canine fibrosarcoma cells were
embedded in alginate gels and cultured as a
sample whose culture conditions were closer to
in vivo conditions. The samples were irradiated
with carbon beams and the effects of irradiation
were measured by colony formation assay. We
will continue to conduct experiments to measure
the sensitivity of three-dimensional cultured
samples using other canine cancer cell lines.
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EETEMEE 0T 2 BRI TR BN & EAIOF AT & 2 EAEFE (230152)

Basic research on heavy ion beam irradiation and drug combination for refractory cancer

Sei Sai'*, Hyun-Cheol Kang, Yu-Mei Kang, Eun-Ho Kim?, Masao Suzuki

WREMENY 7 7T TR
TR TRBHEN IR D X 6 70 2 ) ES0m# ISk
KA FBLT D701, Fii 7o FKAIDERE L
OIEM LN E THLHRETH D, MNE
OE)E ZMEL Tl HEERESED 2
& TR & FEPR S D PUE Al Paclitaxel
VAT IO IZ B2 & STV DAY,
R E ORI RATH S, 72,
s . R 72 & 123U TIE KRAS ZE B8 i
BEPE CRIZE S, FRICHERE Tk, 90%LL o
BETKRAS ZEDPHER SN TR, 20
1T IR IMEIZ B D > TW D 23, T4,
KRAS S A FERY & U725y TRERISR AN IS S
AU, TBROBIRIE A 2 T\ 5, FRLFH7
BFESIR T b o LRI LT 5700, #Ein
FTEROFELERE LT, &0 RA|
BN LN 735y FREHISE & D OF B DR
ZEBARE R BEND, A TIE, £
KRAS 28 BLys Bk 2 VT SRR, X HR
FRS E s TP Al ((Paclitaxel,
Nab—Paclitaxel %) CHTHL D THEM)HE
(Sotorasib) & OUFFHALE 21TV, HLSE
BRTlX. apoptosis <° autophagy & Dl
FERAE, DNA HHGEERE, FMfiRMEEe.
AR RE~ D BB S\ T AT
ZROCTHNT L, £ 728 ER CTlifhEx
8 SCID ~ 7 A % AW - BHIEE T 7 LI
T, FEEHEAEIIE], S DIy TRERIAE

BIZHOWTRRFET L, K0 AR 4 5
BT 2R FAN=AL%MAT L2 L% H
H&ET %,

SREDIFRANE

R FERRST & HUEA] Paclitaxel R KRAS 28
Foy FARRGEE & OPFAINC X 2 A VENTE
e~ DMIASEFHFEA W= A L& LT,
apoptosis, autophagy X angiogenesis [
B RBL L~V &g~z

S DR & TR R

1) #EatERSEAlG PANCL, MiaPaCa2 |Z%f
[ GNINE  CE A A 7
Paclitaxel & OOFHIALER ., MIBISER 5y
FAH=ALE LT, apoptosis BHHEEH
cleaved-PARP X
angiogenesis BI#EE ST HIFla <° VEGF 3§
Bl L X)L % western blotting £ K& OY
real-time PCR {EZ MW TG L, £ D
fiti R, PANC1 A CI AR SR B BRI K
% cleaved—caspase 3, cleaved-PARP F&EHi
FEITRO SRV, PTX R Nab-PTX &
ORI L VFERRBOLNT, —F
MiaPaCa2 AU TIL, SRFERMIT HIMIZ L D
cleaved-caspase 3, cleaved-PARP R Hii%H
TR B AY, PTX X° Nab-PTX & Ofif
M L DmITR 62 -7 (Fig 1),

cleaved-caspase 3,
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angiogenesis PHi# & (s 7B ELIZT OV T,
real-time PCR AT 24T o 7oAk, IRFEM & PTX
OOFHALEIC X v . PANCI MIfIZ3 1T 5 HIFla
VG fiFle DIBELD R SN2 B DD, VEGF BELE2A
Bl X8~ (Fig. 2 #, 2<0.05 compared to
Control), # L C. cell transwell invasion 7
B AETRMEELZMAFT LIZE 2 A, REMRE
PTX/Nab-PTX O FLLERIZ X v PANC1 fifiZ3s
T D IRTHRES B IS S s (Fig. 3),

[l

AS549
O
<
O O
& > @ F S
Caspase3 | gl e . s = ‘ 35 BARE l
Cleaved- - — 19 Cle:;eRdP-
Caspase3 | W 17
LC3B-II | — o-‘ 15 LC3B-II | i 3 o > |
p-actin .-“‘ a5 B-actin |....--| as

2) KRAS Z5 FLEEIRME MMM A549 (KRAS G128  ~ODOHEELHDLTETH D,

mutant), LU65(KRAS G12C mutant (ZxfL T, &

AL UL TRBEMRIBE & KRAS G12C BSR4 £ ®

BAICHETE D Sotorasib(S0T0) & DFF AL PTX/Nab-PTX & A& o7 R FAR M 1%
B . western blotting 7 v & A %47 > 7= 5. apoptosis 755 4 1 5 e M e 5E 4 20 SR AO I G iR
LU65 HHRLIZ 35T i 0 B G B b L. RMEZIKT W70, REMIE & sotorasib
cleaved-PARP FEBIFHE 3, Sotorasib L DHFH T  OOFHIZKRAS G12C 28 Bty Hi i apoptosis & A
S OIS, —J7. Ab49 #Hfia (KRAS G125 JEIZEE%E L7z,

IEH) 1T IR FAREE & Sotorasib & DOPFHB DA 1, =M - i1 2, Seoul Nat Univ., Korea
ERIMERITRO ootz (Figd), 4 3, Taipei Veterans General Hospital 4, Daegu

% MfREESE S 7 VR DAL DNA #B51E18  Catholic University, Korea
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[AEER K]
e B, B B¥, Kim Eun Ho, &K ¥, w0 1, LU\ ¥

IRZEHRRIEST & Paclitaxel/Nab—Paclitaxel & OGFHIC K 2 MBIz 53 2 #5250
55 61 [0] H AU IR S S AR RS, BERRFEER &% —, 2024-05-17

Sai Sei, Yumei Kang, Hyuncheol Kang, Suzuki Masao, Yamada Shigeru, Ishikawa Hitoshi
Superior effects of multi—ion beam irradiation in combination with KRAS inhibitors

on KRAS mutant lung cancer cells
% 83 vl H A FRFANMRE, TUNKFEESR H—NE, 2024-09-19

[RA 2 —FFK]

1.

g HERE, AHL gk, gk B, B2
P53-independent bystander cellular effects through secreted factor(s) between

carbon—ion irradiated tumor and non—irradiated normal cells

ARSI 25 67 RIRS, —MRAEHTEN A AU 2, 2024-09-25

gk HERE, AL ak, gk 5 A
Bystander effects via cell-to—cell communication between carbon—ion irradiated tumor

and unirradiated normal cells
55 83 [l B A ivii s, —MEEEAN B A es, 2024-09-21

oA HERE, R RSk, gR AR B2

PRFEA A IRES S ARIRE & IR IER MR O F v » 7P 7 g &I LI G
HARTEIC L D PB3 HHKAFIN AN A A2 2 B — o R

2 61 [ A AR BRI P2 AV R IR S, AWM EEN B A IR ¥ =,
2024-05-17
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ZRFTIEBICKDEN FIREE S AT LDIRET
Investigation of heavy particle radiation evaluation system using three-dimensional culture
(23J153)

— o b == me
pEEER L HIER AR 2E . TS ABS
K. Sato?, K. IgawaP ,N. Kiribayashi?, T. Shimokawa¢ and T. Hamano¢

Abstract

We developed a gelatin device with cell culture
wells in the center and medium supply wells on
both sides. Human umbilical vein endothelial
cells (HUVEC) were cultured in the gelatin
device, and a three-layer oral cancer model was
fabricated by layering a collagen-fibrin gel
containing human dermal fibroblasts (NHDF)
and HUVEC, followed by layering human oral
squamous cell carcinoma cells (HSC4). Last
year, the biological effects of heavy ion
irradiation on this 3D oral cancer model were
evaluated histomorphologically several days
after irradiation. In this year, we evaluated the
early biological effects of heavy ion irradiation
on the 3D oral cancer model using DNA damage.
The number of YH2AX foci in the nucleus, a
marker of DNA damage, increased with
increasing dose in all three cell types 1 hour after
heavy ion irradiation. In addition, it was shown
that HSC4 cells in the 3D co-culture model had
less DNA damage than in the case of monolayer
culture. In the future, we will evaluate the
changes in the culture supernatant of heavy ion
irradiation in the 3D oral cancer culture model.

1. AEDOBMENYITSOUR

b MEERIZEBWTE N CTOEYRERNEE
HTHLNMERREEN S 5, Ik, JF
EERERRER & U CEBREMY O MR A v
T-EBRN— IR TH D05, 5 3 FAREKRER
DEFETHRBICKT A Z 20, £ 2
T, EBREWICBIT LB E#EORE, H
—FEDO AT T D IRNERBE O FHLH
N Vo = E R 572012, B b
OAEHFEREZFH Lz koot My
FRET VAR LT, JERRRRRIC
BWT, EWERKR T2 BT 572012
RNBRES 2 Bifi L7~ /. IR e, O
72N AR oD FebE 3R T 3 A BEE A = IR IT
ETIVITKS B ERL IR X A FEHm
AT LEWESTH 2B ET S,
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2. FFEEETIZHBON TSR

AWER AL =R THEEET VICXHT D

HIMAC DA 7P ER M L CUL T %

Mt L7z,

O BIZF T A ADER . BEFF TN
A AQH YIRS E R T = v WA
NI = L 2R E L2 T
T TN RAEER LT,

@ ORENA=ZRITCEFEET VOER B
F T NA AT DRI N R
A (HUVEC) 8 AL T SE, £
O FIZ e GRS (NHDF) &
HUVEC 8 teao—4>F 7470
DIRGTZ NV EMESE, S5k FOfE
Fa BB /UMD (HSC3 % 7213 HSC4)
i S 3 EREEO DOPER A =IRIT
BT NVEER LT,

® OPENR A =RICE T IR 5 BRL 1
RIRET . WO ET LI LT, H
B8 ORI C, BE—Lba—A:
Bio) Z{X#RE (5 Gy). THEE (10 Gy).
EfRE (30 Gy) = M Lz (KM%
N=13),

@ OFES A =ZRTEEFRET VISR 5 HE
BB O RN - SR B RR E BRI O 72
3.7HBIZET VAR 4 %/ NTHRIVAT IV
7 & NIEIE CHEE L. HE 4&f4, SOX9 D
T YT X o TR B AR B 22
U, LS BRIEEIC L 0 3 L 7=,

3. SEEOHEANR

WEAEE )N 5 5] &t & HIED A =R ThE &R T

F UKD HIMAC D)) 582 At

AT o7,

® AENA =R ICTET VKT B BERLA
FRARGS © —IROCEF B ET VI LT, &
B Nk C, BE— LA a—R:
Bio) Z#{EARE (5 Gy). & (10 Gy).
EARE (30 Gy) = M Lz (KM%
N=13), HHFFRIX, 2024 47 A, 9 A
WZENZEN 1R, &R 2 K Th -7,



©® APENRA ZRITREEET VICKT HE
K- B O - IR 1 BER# 12, DNA 18
BRI & LTV R b yH2AX D5z
Yo U, ShHE S GBI L 0 R L
7= (K1),

4. SEEOMRERRLAERER

HUVEC - NHDF - HSC4 @ =¥ ikes L7~
EFIVAREE L, 2024 4F 9 HIZHRES0R1T
0 Gy. 5Gy. 10 Gy. 30 Gy Of & Tk 1
PR 28R A F2 0 L. WEAEFE R TX 22 0ho
7= DNA 8ISV TRt L 7=, 2 DY
PAZAES U Y S e e i Ry
Do DNA HEO~— T —THHEND y
H2AX ORIz ~d, BRLFRRIRE 1 I
%3\ T, 0 Gy Tlt y H2AX OFERIA A
SIS0 BEOBENINLE > CREkL
BN Lz, £, =wocdiERET v
N HSC4 I8\ Tk, HEEEOEA X
D DNA BIERN DR W LR ENT-, &
5. =wkordkEEE S LN O HUVEC 3
L OYNHDF 28\ T, HJgE:# O HSC4
L LT DNA HBENRD 72N LR S
iz (¥3),

SHOAE
MHOFHE TH - T255% FIFD ELISA (12
DWTE Lo ie, S%Omete Lz
VW, F7-. DNA HBEOFHEHIZ OV T, X

BROFER & DI BTV,

HSC4(3D=E 7 1)

HSC4 BifgHs %

10 ym

YH2A foci Nuclei

1 HSC4\Z331) % ERL RIS 1 BRf 4
D vy H2AX o Yy ﬂ“é L DFHI (30 Gy)
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Analysis of the Carbon ion irradiation sensitizing Effect of Proteasome Inhibitors
(23J154)

hE FXEFLH ILMCHKRK ®

#OLORB)N METN EERC

NI. NAKAJIMA, L. Ma, S. SUZUKI, T. HASEGAWA, T. SHIMOKAWA,

1. Abstract

This study investigated the sensitizing effect of
bortezomib, a proteasome inhibitor, on carbon-ion
irradiation. We found that bortezomib inhibited
DNA damage repair, decreased cell repopulation
carbon-ion irradiation in human

rates after

osteosarcoma U20S cells, and enhanced the
carbon-ion irradiation sensitivity of U20S cells. /n

C3H/He

cells

vivo  experiments  using mice

transplanted with LMS8 demonstrated

significant tumor growth suppression with
combined bortezomib and carbon-ion irradiation
treatment. The study also observed a trend
reduced

towards lung metastasis in the

combination-treated group. These findings
suggest that combining carbon beam therapy with
proteasome inhibitors may enhance therapeutic
efficacy in osteosarcoma treatment.

2. MMEDEM LNy 7 7T TR

A E 2 PR 1E L T 2 ARIEI S A, RS R
M i 1AL R O MIfSE 2 BEEL . o< D L
7- DNA B{EDSA[RECTH 2 72 DRI CTH v |
BAFFEDO—REmoT\WD, AT hE T,
MIFHLERIC X o TIRIEEIC U 72 fifias AR z2 v <
fm LET BRSE#R & XBRITH 3 2 EMIRE 2 it L <
& 720 IRIEHADS AN & B AR IR B AR IC 2w = —
TERGE I TR L 72 #Mlid Immediately plating) ©
. HEGEEA DAY & R U U RRES T I 2 L 1%
7520 o T2, W2 96 IFE MG USRI T ChEE L.
DNA {85 7 F VB I e T o 72 1R ICHES
# L 7R IEA 2 A #AE (Delayed plating) 13, X## -
PRFEFR I I T O M & B U U TE %
RL7eb DD, PRERBITIRIEIO 2 MR IS L <
b 2~ 3EDEEYIINRDY D o7z, 7o, PRFEM
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BASTIC X 2 DNAEHIZATM 2 x5 v Y 77—
+ RNF8 K- D itk TEE S 1. ATM [HEA
X U° RNF8 B E (siRNFS) 13, X BRI B
TE ORI R 235589 & 1172 (NI Nakajima et al.,
DNA Repair2020), 2t %5 v U % —+ RNF8 %,
DNA #E{EHEBDO e 2 P v 2 v s ka5 14k
L. DNA &EK¥ 53BP1 % DNA f&{5akfiric v »
N— T FEER RO, ZoavFF v —
+ RNF8 o # [HE T 2 KTk LT m
7TV —LHERSREE N TS, TRTT Y —
LPHEANZ, Tur Ty —nickbavFxrF oALs
VAT ONREET S L CHildNo e x5 v
% 78 & 2, 53BP1 @ DNA {5~ EMf 2
EIND, RHEMIC L 2 DNA BEOBEEICE T
b 53BP1 kR ICiBE X 15, DNA BERIKL R
— X —7T v+t A % \T Bortezomib Offfiid ® DNA
BE~DRE RT3 5 L Bortezomib ZLERIC X b |
fifgo NHE] SR EREICET Lz, chbo e
267 a7 T — LRHER] Bortezomib O R AR
ENR A S N 5 720 HIfESEER & B X
Y BEEE L 72,
2. EEEFICIBOh TR
~ 7 ZHEE AEMIE LM8 (2%} 3 % Bortezomib
D FRFEHIE AN & M B B X OB EERIC X o
THER L 72,
3. BENRYoMELH. B v —208EH
A et e

v b HskEAEME U20S % 24 B 7 a5 4 v
— LHZEH] Borteozomib & ik L, LET13~
70 kev/ p m DHRFER(290 Mev/n) % 0.5Gy~ 4 Gy
BAAT L. MR, WIRRIAOSE, S atieditaic X
% DNA #Effi~— 7 —#H. MTT 7 v &4 58X T




an = —JBRGEIC X 2 EFEE LT L 72,
B RSt

~ v ZAHRE AEMAL LM8 % C3H/He w7 %
DRI T ISR L 72, B 5 Hik, W4 24 K
fEAT & 30 ZrATIC Borteozomib # EFENFLS L,
Bic 1, 2, 5Gy D RFEHR(290 Mev/n, SOBP Hiily)
WG L 72, W2 2 Hig ISR Z L.
Bortezomib & ji& 3k o 95 14 SE I 00 2R 72 BEAT L
T2o F7-MRH 3GARIRIC~ Y R BRI X B, fifi~
D ISR %2 FHI L 72,
SEEOWIERE & ETRE R
70 kev/um 2 Gy DR % WG L 72 U20S % It
8 R[], 24 IRefilfzIclEE L PT ethic X o CHHATHE
1 % fi##T L 7=, Bortezomib WU X 2 MG EHH 0 22
{LILFED SN lnd > 72, AnnexinV HHIC X 2 ¥
HNESERET C 1%, 0.5Gy BRI IC X 2 Ha5T 12 1K
it D 7 R b — 2 A 2% Bortezomib JLHIC X - TH
BN L 7z, DNA &YW eI (y H2AX focus)
~® 53BP1 %z EsOt e tikic X o THI%ET
% L. 2 Gy AN THE I NS y H2AX focus
~® 53BP1 focus DfFTEH 2’ Bortezomib LI
Ik o THEREICHA L 72, y H2AX focus (318514 D
[ A2 IC X - T DNA BH T hiHk T % 25,
Bortezomib WU N TIIHFE L 72 y H2AX  focus %X
DHBICE hotz, Thbb, KEMMIC XS DNA
e DEE 23, Bortezomib IC X > CfHEXI N/, &
7 = w4 FRO U208 I RFEM % B L. PGSR
CMTT 7 v e A4 L) FER 2 HES 5 & 13,
30, 70 kev/um \» 3 ® LET B W T,
Bortezomib IZ X » THHIHEKIME T L7z, 20 =—
TERGEIC & 2 RBMER R D EFRAEIC L > Th,
Bortezomib 1 X % REFIGEIN RGO b7z,

C3H/He ~ v R~ v AHkE AEME LM8 %
KT L 7-)EE 7 v~y AEBRICHE VT, 1Gy
DR FEHIBE & Bortezomib fffffl~= 7 Ric BT,
Bortezomib JE# 5% & Hlk L CIEE GG A = IC
il nsz, B 3EMEZ. vV AMEES L OAF
FICEFRD 5N o7z, —F T, LM8 Dfffi~®
SEFS DS FHALERE CIR T 3 2 M 23 5 - 72,

b offifaEbs X UBYEBR O/ 2 S
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Comparison of Antitumor Immune Responses Induced

by Photon and Carbon lon Radiotherapy
(24J156)
RS mE
T. Takeshima

Abstract

Radiotherapy reduces tumor size not only by inducing
DNA damage and cell death but also by stimulating
antitumor immune responses. While such effects have
been well studied following conventional X-ray
irradiation, little is known about immune activation after
carbon-ion (C-ion) irradiation. This study aimed to
compare the contribution of cytotoxic T lymphocytes
(CTLs) to tumor control between X-ray and C-ion
treatments. Using B16-OVA tumor-bearing C57BL/6
mice, we irradiated tumors with X-rays (10-20 Gy) or C-
ions (5-10 Gy), with or without anti-CDS antibody to
deplete CTLs. Tumor growth curves showed faster
progression in CD8-depleted mice, indicating CTL
involvement in both modalities. Regression analysis
comparing radiation dose and tumor growth delay
revealed a greater CTL-dependent effect in C-ion—treated
mice than in X-ray—treated mice. These results were
reproducible in independent experiments. Our findings
suggest that carbon-ion radiotherapy induces stronger
CTL-mediated tumor suppression than X-ray therapy.
This information could guide the development of
optimized combinatorial immunotherapies tailored to

each radiation modality.

A) BMEORWE Ny I 759 F
FERRRIEHRIZ K > TG 3/ N~ 2 70 Bl
X, BGTRRAMESSIL O DNA 25 L, Milasts
HET LD THD, L LirFEO IR LUK
WFIEIZ Z 0 | U CHEIR L 7o Al R0 DALY
PHREINEZFEL, ERHRICHFGT L2 L b

HINTI7R > TET,

IRFZA A L ARIEHE (C-ion) [XIBTE O X #piGHe &
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TR e A AT 278, EDH%ITAR
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OFED C-ion ZMRH L7286, 758 SN D 0EiG
BORME, BRE, BBAA I TR EN XL R
RBNE D DITH B TR,

H LA ITEWVDRD b, ZEholi
SRR IR Bl 72 OF I S 881 o0 B F8 |2 603 % Wl
PR d 5, ABFZE TR~ 7 22 T, C-ion
FBEHC & - THHE S5 03 AR R A 72 AR ML S8 s
BEPE L, X BIBH % OGNS & kT 52 &
T, HEAE Z & ORIEIREDOREEZ I SN2 T 5
ZEEHEET S,

B) MEEF TCIZBLL TV SR
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LERET DT — 2B ELNT,

AREELZ OFRROFEM 2 HZET D720, [
D B16-OVA i~ 7 27 L& AW THERE

1To7,

C) BAxgyoEELE BN E—208E
FRES %821, C5TBL/6 ~ 7 ACBAE L=~ 7 A
JifiAs AAEREAK B16-OVA HERDIEFHR TH D, Z D
MR IZE T AR THDINET L7 I (OVA)
ZHBLLTEY . AR IS DT I L
TW5, BREHZIE 290 MeV/in DBHEA A #}
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carbon-ion radiotherapy utilizes cytotoxic T lymphocyte-mediated anti-tumor immunity for
shrinking tumors compared to X-ray therapy. Biochem Biophys Res Commun 2024 Jul
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Research for development of microsurgery by high-precision carbon-ion radiotherapy
(24J206)
AN e B B MR R, MDA RAEICE o EIREGE o FE AR SUI °
ILARZRE . HETE] %, Han Gyu Kang®, EHAATHC 2, BAHEUZ 2, HrMH=E 2,
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Hitoshi Ishikawa, Masaru Wakatsuki, Makoto Shinoto, Masato Higuchi, Takafumi Minamimoto,

Naruhiko Sahara, Takeharu Minamihisamatsu, Taiga Yamaya, Hideaki Tashima, Han Gyu Kang,

Chie Toramatsu, Toshiyuki Shirai, Nobuyuki Kanematsu, Shunsuke Yonai, Hideyuki Takei, Takashi

Shimokawa, Ryoichi Hirayama, Makoto Sakama, Kazutoshi Murata, Motohiro Hayashi

Abstract

Purpose: To establish microsurgery techniques for
treating benign and malignant diseases with microbeams
using carbon-ions.

Methods: Dose-volume analysis for comparison of y-
knife and carbon-ion RT (CIRT) for thalamus and
pituitary gland were performed. An accuracy of
irradiation doses using a 2-mm collimator were also
evaluated physically and biologically. Furthermore, we
tried to a new irradiation technique to improve a dose-
rate by a 2mm collimator.

Results:

1) The dose distributions were measured using 1 mm
and 2-mm collimator. The dose was not sufficiently
delivered at the peak depth with 1 mm collimator.

2) Offline PET measurement following irradiation of a
rat using the 2-mm collimator showed a clear trajectory
of the beam irradiated from the right-hand side and
stopped at the center of the brain.

3) The irradiation area was successfully visualized
using DSB markers. DSB markers could be clearly
observed even one week after irradiation.

Conclusion:

CIRT can be a useful radiotherapy for brain diseases
such as tremor and thalamic pain. Further experiments
can be performed in vivo to establish the microsurgery

by carbon-ions.
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Elucidation of the Mechanism of Tumor Reoxygenation by high-LET particle beams
(241315)

FRTRER 12, PAFERE o, AT 0 RIS, /NEIET A Filise—2
Akiko Uzawa ?, Rin Okabe ?, Akiko Imaizumi *°,
Sumitaka Hasegawa “, Takayuki Obata *, Ryoichi Hirayama *

Abstract

We investigated the change of hypoxic fraction in
tumor after neon ions. SCCVII cells were transplanted
into the right hind legs of syngeneic C3H/He male mice.
Neon-ions were accelerated by the HIMAC up to 400
MeV/n. Irradiation position was the center of a 6 cm
SOBP beams. The dose-averaged LET of Neon-ions was
approximately 93 keV/um. Neon-ions were delivered to
the tumors about 5-mm diameter. After 30 hours of both
X-ray and Neon-ion irradiations, tumor reoxygenation
was observed. Tumor reoxygenation was re-evaluated
using MRI (magnetic resonance imaging) techniques. As
a result, MRI results showed that reoxygenation occurred
30 hours after X-ray and Neon-ion irradiations. To
explain this mechanism from the perspective of oxygen
consumption rate, we investigated an experimental
system using cultured SCCVII cells. As a result, we
found that the oxygen consumption rate decreased
immediately after irradiation with neon-ions. It was
suggested that neon-ion beams may have induced a
decrease in the oxygen consumption rate of SCCVII cells,
thereby recovering the hypoxic state within the tumor.
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Neon ion (**Ne!'® ") charged particle beams manipulate
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Evaluation of cell death regulatory agents for protecting particle beam-irradiated mice
(23J327)

FREPI a0 Fykb BEZERI D A BIESL P F)IDEE b SUEE—b, PElth— e

Akinori Morita?, Bing Wang®, Takanori Katsubeb, Masahiro Murakamib,
Takashi ShimokawaP, Kouichi MaruyamaP®, Yuichi Nishiyama2
aTokushima University, PNational Institutes for Quantum Science and Technology

Abstract

We have discovered a new anti-inflammatory
compound, STA (pseudonym due to nondisclosure
agreements), with the aim of expanding the repertoire
of radioprotective agents. STA demonstrated a
superior protective effect against X-ray-induced
intestinal death in a mouse caudal half-body
irradiation (CHBI) study. Furthermore, STA showed
no protective effect in the CHBI study in mice lacking
Casp1/4, which is necessary to produce inflammatory
cytokines. This finding suggests that the
radioprotective effect of STA is Caspase-1/-4
dependent. In the CHBI study, X-rays were delivered
using a lead-shielded fixing apparatus to target the
mouse pelvic region. For the carbon beam irradiation
study, we adjusted the slit width to create an
irradiation field similar to the CHBI setup. Under the
irradiation conditions at the present slit width, the
STA-administered group was more sensitized to
carbon particle beams than the solvent-administered
group. Therefore, the slit width in CHBI was
investigated to identify the irradiation setting at which
acute rectal injury is induced.
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Cell killing effect of heavy ion track structure.
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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 beam course. MIA PaCa-2 cells were exposed to
either helium ions (1.2 MeV/u, 1.7 MeV/u), carbon ions
(1.8 MeV/u) or neon ions (1.8 MeV/u). 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*?/> with R and o,
respectively. We found that R was proportional to z*%/f?,
but ¢ was not. These results indicate that while DSB
induction by heavy ion near the Bragg peak is
proportional to the ion track structure parameter z*%/42,

cell inactivation does not solely depend on z*%//3.
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Cell killing effect of heavy ion track structure.
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Basic research for the development of new treatment of heart failure by cardiac irradiation
(23J204)

MEEE " TIEE® s ', mEasf - AhEE FHA—

Mari Amino'?, Takashi Shimokawa®, Wataru Nakabashi', Noboru Kawabe®, Sachie Tanaka®, Kiocihiro Yoshioka'

Abstract

Previously, we demonstrated that suppression of
sympathetic nerve sprouting using heavy ion
irradiation reduced the inducibility of ventricular
tachycardia/ventricular fibrillation (VT/VF) and
atrial fibrillation (AF) in aged, cholesterol-rich
rabbits prone to arrhythmias (Amino M,
Shimokawa T, Yoshioka K, et al. Circ J.
2023;87:1016-1026). This finding suggests that the
sympathetic denervation effects of heavy ion beams
may improve not only arrhythmias but also overall
cardiac function.

Objective: This study aims to explore whether
low-dose heavy ion beams can induce myocardial
reprogramming, thereby contributing to cardiac
functional recovery.

1.We will evaluate the cardioprotective effect of
heavy ion beams in an Adriamycin (ADR)-induced
heart failure model by analyzing changes in
myocardial escape enzyme levels, myocardial
electrical delay potentials, and cardiac function.
Cardiac function will be assessed through
echocardiographic evaluation of left ventricular
contractility and diastolic performance.

2.To investigate underlying molecular mechanisms,
we will analyze gene expression profiles and
histological changes in myocardial tissue
post-irradiation. These analyses will clarify the
cellular and molecular biological responses to
low-dose heavy ion exposure and their potential
role in cardiac recovery.
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Study of DNA damage induced by heavy ion beam for searching radioprotector candidates
(241413)

REGSAC ° IMAER—BR °, FLzE—°

Katsunori Yogo?, Ken-ichiro MatsumotoP, Ryoichi HirayamaP

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 finding the
effective radioprotector in addition to methionine,
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
employed reagents A (unpublished data). Radiation
is known to cause injury to normal tissue by
triggering DNA damage in cells. Thus, this study
investigated =~ whether  reagents A affects
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 pPBR322 plasmid DNA mixed with NPs
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 obtained preliminary results
that reagents A showed protective effects on
carbon-ion-induced DNA damage. These findings
imply that reagents A have good potentials as
radioprotectors preventing DNA damages in normal
tissues in carbon ion therapy.
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Figure 1. Damage yields for plasmid DNA
irradiated with carbon ion 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

69

Fraction of supercoiled plasmid

Fraction of linear plasmid

B LT, BV I ATF A =0 OIREN R IIATF A
SN2 UL YNV NN ER=2tayi & a8 {9k FloX 7
wWEHEZ6ND,

REEORE RIL, v BIEH CLEL N (Fig.2),
y BRFEFED DNA HIEICH LT, B/ AFFH =
DORFEN RIIATF A = [RIFEE THY | TR
REOLEIVGRED RN RENLZ R TS
T AN, FRFEOEVICID  (RHER R
BEWRHLO)N, SRITFEEOHREITOTE
TH5b,

5. £&8H

AFEFEIL, SeMet DR BRIRFEN RITHL T,
FORL T HRE v BRIRE OFE R A LL# 95720 D 5
BRaAT oz, BRI HRE v SR D DNA 51
XL T, SeMet NRENRA R TIREILERDE
DD ARENRERE T DT —HEGDIENTE,
BB/ R RER DO &5 2 Hid,

1 g - T . T
i (o]
© (o]
< o
(o]
© O
<
o
v
0.1 I © 0.17 mM SeMet v m
[ O 0.17 mM Met ]
.V Control
! . ] . 1
0 5 10
Dose (Gy)
T T T T T
0.20 - < 0.17 mM SeMet .
O 0.17 mM Met v
¥V Control
0.15 v -
v
0.10 - -
v
0.05 |- v .
g 8 o 3 |
o
0.00 v 8 -
] . ] . ]
0 5 10

Dose (Gy)
Figure 2. Damage yields for plasmid DNA
irradiated with gamma rays 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
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Study on the structure of DNA damage induced by heavy ion beam and the structure of track ends
(22J433)
FEFRECRS o, JRARE 0, BEREERR °, FIRFIEH °, BEACES ¢, SFlise— ¢
Toshiaki Nakano ?, Ken Akamatsu ?, Naoya Shikazono ?, Masaoki Kohzaki b Takeshi Hiromoto ¢,

Ryoichi Hirayama ¢

Abstracts

Ionizing radiation induces clustered DNA damage, which
is challenging to repair. This study investigated the repair
pathways of X-ray (low-LET) and Fe-ion (high-LET)
radiation-induced clustered DNA damage in human TK6
cells using atomic force microscopy (AFM) visualization.
We categorized lesions into simple base damage clusters
(BDCs), complex BDCs, and complex double-strand
breaks (DSBs). AFM imaging revealed that base excision
repair (BER)is essential for repairing simple BDCs,
while nucleotide excision repair (NER) also contributes to
complex BDC removal. Notably, NER-deficient cells
accumulated complex BDCs, underscoring its critical role
in processing these lesions. Complex DSBs, strongly
associated with radiation lethality, were primarily repaired
by homologous recombination (HR), with minimal
contribution from nonhomologous end joining (NHEJ).
While X-ray-induced complex DSBs were repaired
within 18 hours, Fe-ion-induced complex DSBs persisted,
highlighting the difficulty of repairing densely clustered
lesions. A transient increase in complex DSBs at 1 hour
post-irradiation suggests that some BDCs are converted
into DSBs by DNA glycosylases. Clonogenic survival
assays showed that HR- and NHEJ-deficient cells were
highly sensitive to Fe-ion radiation. Interestingly, BER
single-knockout cells exhibited greater
radiosensitivity than wild-type cells, while BER double-
knockout cells showed a similar survival rate to wild-type,
suggesting the accumulation of toxic repair intermediates.
These findings provide insights into clustered DNA
damage repair mechanisms, emphasizing the therapeutic
potential and risks of high-LET radiation. Understanding
repair  pathway = modulation  could aid in
optimizing radiation therapy strategies.

Background and objectives of the experiment

Heavy-ion therapy, a type of radiation cancer treatment
using carbon ions and other heavy particles, is recognized
as an advanced and highly effective approach due to its
superior physical and biological properties. Unlike
conventional X-ray or proton therapy, heavy-ion radiation
delivers a highly localized dose to the tumor, enabling
precise targeting of cancer cells while minimizing damage
to surrounding healthy tissues. Additionally, it exhibits a
higher relative biological effectiveness (RBE) compared to
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photon-based radiotherapy, inducing more complex and
difficult-to-repair DNA damage, which enhances cancer
cell lethality. Previous studies indicate that heavy-ion
irradiation generates clustered DNA damage, including
single-strand breaks (SSBs), double-strand breaks (DSBs),
and base modifications. These lesions are significantly
more challenging for cellular repair systems than those
caused by conventional low-linear energy transfer (LET)
radiation. Among them, DSBs are considered the most
severe, as their improper repair can lead to chromosomal
aberrations, mutations, and ultimately cell death. When
cancer cells sustain irreparable DSBs, they undergo
apoptosis, mitotic catastrophe, or necrosis, leading to
therapeutic success. However, despite its effectiveness,
heavy-ion therapy does not always achieve complete tumor
eradication, as some cancer cells exhibit resistance to
radiation-induced cell death. This resistance may stem
from the repair of specific DNA lesions, particularly
complex DSBs with additional base modifications at their
ends. If successfully repaired by endogenous DNA repair
mechanisms, these lesions may reduce the overall efficacy
of the treatment. While multiple pathways, including
nonhomologous end joining (NHEJ) and homologous
recombination (HR), contribute to DSB repair, the
mechanisms governing the processing of complex DSBs
with additional base damage remain poorly understood.

Summary of the previous year

Established of Direct observation of individual DNA
damages

To elucidate these mechanisms in detail, it is essential to
analyze individual DNA lesions separately. Therefore, we
established a method for the direct observation of DNA
damage. In this approach, DNA was extracted from
irradiated human lymphoblastoid (TK6) cells and treated
with DNA glycosylases (hOGG1, hNTH1) to cleave sites
containing damaged bases. To specifically label abasic
sites (AP sites) where bases had been excised, we used an
aldehyde-reactive probe (ARP). The DNA samples were
then digested with restriction enzymes to obtain fragments
suitable for atomic force microscopy (AFM) observation.
This process generated both damaged and undamaged
DNA fragments. To selectively isolate the damaged DNA
fragments, we employed magnetic beads coated with
avidin, which strongly binds to ARP-labeled sites. This
allowed the enrichment of DNA fragments containing



lesions. Finally, the purified DNA fragments were
visualized using AFM. By quantitatively comparing these
results, we successfully identified different types of
radiation-induced DNA damage. Using this method under
various experimental conditions, we examined which types
of DNA lesions are repaired by specific repair pathways,
enabling the molecular-level analysis of individual DNA
damage events (1-3).

Clustered DNA Damage Induced by X-rays and Fe-ion
Beams.

Atomic force microscopy (AFM) analysis revealed that
Fe-ion beams induced a higher proportion of complex
DNA lesions compared to X-rays. Complex base damage
clusters (BDCs) and complex double-strand breaks (DSBs)
were significantly more frequent in Fe-ion-irradiated cells,
indicating that high-LET radiation generates structurally
challenging damage. Although the total number of lesions
per base pair was lower for Fe-ion beams than X-rays, the
proportion of complex damage was higher, suggesting a
greater biological impact (4).

Activities and results in FY 2024

Repair Kinetics of Clustered DNA Damage

To identify the repair pathways responsible for
processing complex DSBs, genetically modified human
TK6 cell lines deficient in either NHEJ or HR—the two
primary DSB repair pathways—were employed. The
repair kinetics of high-complexity DSBs in these mutant
cells were analyzed, revealing that DSBs containing base
damage were significantly more difficult to repair than
simple DSBs. Furthermore, in NHEJ-deficient mutant cells
(Figure 1, red line), the repair rate of complex DSBs was
comparable to that observed in wild-type cells (Figure 1,
black line), indicating that NHEJ does not play a major role
in repairing these lesions. In contrast, in HR-deficient
mutant cells (Figure 1, blue line), the repair process was
markedly delayed, demonstrating that high-complexity
DSBs containing base damage are predominantly repaired
via homologous recombination (HR). These findings
provide direct evidence that repair resistant DSBs are
defined by the presence of base damage at the DNA termini
and that these DSBs cannot be efficiently processed by
NHEIJ but require the more complex HR pathway for repair.
This study represents a significant advancement in the
understanding of the mechanisms governing the repair of
severe DNA damage. By elucidating the repair dynamics
of complex DSBs at the nanoscale level, novel insights into
how heavy-ion radiation induces cellular damage and
ultimately leads to cell death are provided. Furthermore,
this knowledge is highly relevant for optimizing heavy-ion
cancer therapy, as it highlights the potential for therapeutic
intervention by targeting the repair of lethal DNA damage.
The finding that HR primarily repairs repair resistant
complex DSBs has significant implications for cancer
therapy. In heavy-ion radiation therapy, targeted radiation
induces DNA damage in cancer cells, ultimately leading to
their elimination. By developing HR inhibitors and
combining them with heavy-ion therapy, it may be possible
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to suppress the DNA repair capacity of cancer cells,
thereby increasing the number of cancer cells undergoing
cell death and further enhancing the treatment’s efficacy.
This represents a novel approach to improving cancer
treatment outcomes by specifically targeting cancer cell
survival mechanisms. Moving forward, this technology is
expected to have broader applications in the medical field,
contributing to the development of safer and more
effective heavy-ion radiation therapy (5).

HR deficient cell

0.8 - 67%
06 -

04 NHE) deficient cell 41%

Repair ratio of complex DSB

0.2

0.0

0 tl': 1'0 1’5 2'0
Post-incubation (H)

Figure 1 Fraction of Complex DSB remaining in DNA repair-
deficient TK6 cells post incubation with Fe-ion beams.

Contribution of Different DNA Repair Pathways
Using DNA repair-deficient cell lines, we identified the
key pathways involved in clustered DNA damage repair

(5):

BER-deficient cells (hOGG17, hNTHI1"): Delayed
repair of isolated BD and simple BDCs, with a lower
conversion rate to DSBs, suggesting that BER prevents
DSB formation.

NER-deficient cells (XPA™): Accumulated unrepaired
simple and complex BDCs, indicating a role in processing
clustered base damage, but no effect on DSB repair.

HR-deficient cells (MRE117): Showed delayed repair
of complex DSBs, with 76% of Fe-ion-induced complex
DSBs remaining unrepaired after 18 hours, confirming that
HR is the primary repair pathway.

NHEJ-deficient cells (DNA-PKes™): No significant
impact on complex DSB repair, suggesting that HR, rather
than NHEJ, repairs these lesions.
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Effect of heavy ion beam exposure to the genome stability in stem cells
(22J444)

emunE’ FLE—

b

M. Shimada?, and R. Hirayama®

Abstract

Stem cells and pluripotent stem cells have
unique molecular mechanisms to maintain
undifferentiated state. Although, it is thought
that genome maintenance systems such as DNA
repair, and chromosome segregation are
regulated to prevent chromosome aberrations in
stem cells, details of its’s molecular mechanisms
remain unclear. In this study, we aimed to
identify the difference of radiation response
between high LET irradiation and low LET
irradiation in stem cells.
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Dimethyl sulfoxide attenuates ionizing radiation-induced
centrosome overduplication and multipolar cell division
in human-induced pluripotent stem cells

Mikio Shimada (35{F:3#) , Ryoichi Hirayama, and
Yoshihisa Matsumoto

Radiation Research, 2024, Oct 1;202(4):719-725. doi:
10.1667/RADE-24-00069.1.
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Abstract

Radiotherapy with high linear energy transfer (LET)
radiation (e.g. carbon ions) is more lethal than
corresponding doses of low LET radiation types (e.g. x-
rays). However, it is not clearly understood how DNA
double-strand breaks (DSBs) caused by high LET radiation
are processed in mammalian cells. Elucidating how
radiotherapy-induced DSBs are processed in human cells
would help improve therapeutic approaches. Cells
sometimes repair DNA damage at the expense of DNA
mutation accumulation. We aim to monitor DNA repair
pathways that cope with radiotherapy-induced DSBs by
determining unique DNA mutation signatures enriched
after low and high LET irradiation.

1. Research objectives and background

DNA polymerase 6 (POLQ) is a key factor for theta-
mediated end-joining (TMEJ) and is a distinctive DNA
polymerase characterized by two unique activities. POLQ
is capable of performing translesion DNA synthesis (TLS)
across AP sites and Tg, and microhomology-mediated end-
joining (MME]J) (Fig. 1). These two activities are suitable
for the end-joining of complex DSBs, POLQ is able to
bypass the DNA damage of complex DSBs while
performing MME]J (7). Indeed, POLQ"- human cells were
hypersensitive to high LET radiation, which can cause
complex DSBs (/).

In addition to TMEJ, cells utilize other pathways for
DSB including non-homologous end-joining
(NHEJ) and homologous recombination (HR). Since base
damage near DSBs of complex DSBs inhibits end-joining,
most complex DSBs are likely to be repaired after
removing DSB-proximal DNA damage by DNA end
resection (2-5). This explains why the effect of HR
deficiency in the repair of high LET-induced DSBs was
greater than that observed for low LET-induced DSBs (6,
7). However, the differential contribution of the TMEJ,
NHEJ and HR pathways to the repair of high LET-induced
DSBs remains to be determined.

repair,

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-
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induced DSBs. Since POLQ introduces mutations during
end-joining (&), 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

High LET radiation

5 M _‘t«\:r
complexDSB'
Cl s o
& resection
\Aﬁ“»;
\;‘-,

%hﬁ : AP site, Tg etc
Figure 1. POLQ is able to process complex DSBs with two
unique characteristics. POLQ is capable of performing
translesion DNA synthesis (TLS) across AP sites and Tg, and
microhomology-mediated end-joining (MMEJ).

radiation therapy upon POLQ inhibition.

2. Previous research results

Contribution of different DSB repair pathways in
defense against low and high LET-induced DNA
damage

To compare the role of TMEJ with other DSB repair
pathways in response to low and high LET-induced DNA
damage, we used CRISPR/Cas9 to knock out the essential
non-homologous end joining (NHEJ) gene LIG4 and RNA
interference (RNAi) to knock down the essential
homologous recombination (HR) gene BRCA2. The
calculation of RBE values confirmed that cells deficient
in TMEJ or HR were more sensitive to higher LET
radiation (Fe-ion > C-ion > x-ray), while NHEJ-deficient
cells exhibited similar sensitivity to both low and high
LET radiation (note: This is an initial observation
supported by one or two biological replicates.).

Library preparation and whole-genome sequencing
(WGS)

Human osteosarcoma U20S cell lines deficient in NHEJ,
TMEJ, or HR were irradiated by 1 or 2 Gy of x-rays, carbon



ions or iron ions. Irradiated cells were harvested and plated
at a density of 100-10,000 cells/ 150 mm dish. After at least
14 days incubation, at least 3 colonies were isolated with
glass cloning cylinders and transferred to 6-well plates for
further expansion. Genomic DNA were extracted and
library preparation were performed with MGIEasy FS

DNA library prep kit (MGI) according to the
manufacturer’s instructions. The DNA library was
. . . @ -
Low or High LET (2Gy) e Dilute and plate cells

48 hr incubation
+ on 150mm dishes
Cryopreservation

@ N TER ' §

Wy

"

~2 weaks incubation
&clone isolation

Extract ganomic DNA Whole Genoma Sequencing

Figure 2. Whole genome sequence analysis of low and high
LET-irradiated cells. Graphical scheme of sample
preparation for whole genome sequencing.

sequenced using DNBSEQ-T7. Sequence depths were
approximately 40x for all samples (Fig. 2).

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

POLQ- (NHEJ activity)

LIG4 (TMEJ activity)

Merohamology g (59)

Figure 3. Whole genome sequence analysis of x-ray or
carbon ion irradiated cells. Numbers of mutation with
indicated deletion and microhomology length, colored with
their proportion except 1 or 2 bp deletions shown in bold
numbers. The results for x-rays are shown above in red, while
those for C-ions are shown below in blue.

We irradiated the WT and DSB repair-deficient cells,
isolating at least 3 colonies per cell line for WGS analysis.
Our initial observations of all deletions induced by x-ray or
C-ion irradiation revealed that 1-2 bp deletions constitute
the predominant population among all deletions. Since the
loss of a few base pairs can result from various processes
such as replication stress or base excision repair, no
significant difference was observed in the 1-2 bp deletions
between POLQ-/- and LIG4-/- cells (Fig. 3).
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We next analyzed the deletions from each sample based on
deletion size and microhomology length. Two distinct
groups of deletions emerged: short deletions (<50 bp) and
long deletions (>150 bp). Notably, long deletions
associated with 3-6 bp microhomology were prominent in
C-ion-irradiated LIG4™" cells, where TME] is active (Fig.
3). In contrast, short deletions overlapping with 1-2 bp
microhomology were enriched in C-ion-irradiated POLQ™"
cells (Fig. 3). Identifying these mutation patterns may
serve as a valuable diagnostic tool for pinpointing cancers
that are highly responsive to high LET radiation therapy
upon TMEJ or NHEJ inhibition.

3. Research plans for this year

We obtained preliminary data from the 2024 experiments.
However, isolating cell lines following high LET
irradiation proved challenging. While colonies did form
after irradiation, some ceased growing shortly thereafter,
making it difficult to isolate a single colony for WGS. To
improve this process, we plan to modify our methodology.
For example, by using an induction medium to stabilize
the cell culture post-irradiation or by reducing the
irradiation dose to increase the likelihood of establishing
viable cell lines for WGS. In addition, the results
described here represent an initial observation based on
one or two biological replicates. We plan to conduct at
least three independent experiments to validate and
confirm these findings.

4. Research results and discussion

WGS analysis revealed that high LET radiation induces
long deletions (>150 bp) overlapping with 3-6 bp
microhomology more in LIG4"" cells, and short deletions
(<50 bp) with shorter microhomology more in POLQ™
cells, which could serve as diagnostic tools for monitoring
end-joining activity and detecting cancers dependent on
TMEJ or NHEJ for survival.
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Research achievements for 2024 year

(1) Publications

1. Detection of Chromatid Break and Micronucleus Formation Induced by Low- and High-LET
Irradiation. Geunil Yi, Takata K. Methods Molecular Biology, 2025, in press.

2. Measurement of DNA Polymerase and Microhomology-Mediated End-Joining Activities by
Gel Electrophoresis and smFRET Techniques. Yubin Sung, Chanwoo Kim, Hajin Kim, Kei-
ichi Takata. Methods Molecular Biology, 2025, in press.

(2) Proceedings

N/A

(3) Meetings

1. Kei-ichi Takata. The tolerance of DNA damage by human mus308 homologs, POLQ and
HELQ, 7" DNA polymerases meeting, Warsaw, Poland 8/2024 (oral presentation)

2. Kei-ichi Takata. DNA repair mechanisms affecting sensitivity to high-LET radiation, 2nd
Radiation Medical Science Future Innovation Symposium, DIRAMS, Kijan, South Korea 3/2025
(invited)

3. Kei-ichi Takata. DNA helicase HELQ facilitates fork reversal in response to leading strand
gaps, DNA Replication Gaps, Cancer and Disease, Daejeon, South Korea, 4/2025 (oral
presentation)

(4) Others

1. Kei-ichi Takata. Understanding Cancer Resistance Mechanisms to High-LET Radiation
Therapy, Seoul National University Cancer Research Institute Tuesday Seminar, Seoul, South
Korea 4/2025 (Seminar)

2. Dunbayev Y, Chen YJ, Lee EA, Mukherjee A, Vasquez KM, Chi P, Takata K. HELQ-mediated fork
reversal is triggered by DNA replication blockage on leading-strands and causes MRE11-dependent
DNA degradation in the absence of BRCA2 or FANCD?2. Nucleic Acids Res., in revision.

(5) MS/PhD thesis

1. Dulguun Baasan. Quantitative fluorescent assay system to monitor DNA polymerase theta
(Pol 8)-mediated end-joining, 5/2024 (MS thesis, Advisor: Kei-ichi Takata)

2. Valencia Trisna Kim Fortuna. Investigation of the Molecular Mechanism of DNA

Polymerase Theta through Protein-Protein Interactions, 5/2024 (MS thesis, Advisor: Kei-ichi
Takata)
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Biological effects through bystander effects between heavy-ion irradiated tumor and unirradiated

normal cells.

(24J447)
BAHEME, EE

M. Suzuki,

We have been studying cellular effects using
normal/tumor cells irradiated with different ion species,
such as helium, carbon, oxygen, and neon ions, and LETs
for the quantum scalpel of the QST project. Our final goal
is to find radio-biological effects of multi-ion irradiations
for realizing efficient irradiation conditions both
maximum kill against tumor cells and minimum side
effects, such as secondary carcinogenesis, against normal
tissue to identify the best way for multi-ion radiotherapy.

Communication of signaling events between heavy-
ion irradiated tumor and unirradiated normal cells is one
of the major concerns for radiotherapy. Human lung
adenocarcinoma cells and human glioblastoma cells were
irradiated with heavy ions. Then unirradiated normal
human fibroblasts were co-cultured with the irradiated
tumor cells in presence or absence of a gap-junction
inhibitor using the transwell permeable support system.
Cell death, which was detected a colony-forming assay,
and gene mutation at hypoxanthine guanine
phosphoribosyltransferase (HPRT) locus were observed
in unirradiated co-cultured normal cells in absence of the
inhibitor. However, no biological effects were induced in
presence of the inhibitor. The preliminary results
suggested that the bystander cellular effects were induced
in the unirradiated cells through gap-junction-mediated
cell-to-cell communication.
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Basic biological research on chronically hypoxic cells using particle beams
(24J468)

FiLFE— 2 NREE 0 FEXR . BJIMER > EER . 8 RE  BERTF . SHRE
b fRERE . INEEIERR ¢ RAIME ¢
Ryoichi Hirayama?, Gaiya Koizumi*®, Taisei Mamiya®, Kana Jitsukawa?, Rin Okabe?, Cuihua Liu?,
Akiko Uzawa?, Shigeo Yoshida®, Atsushi Ito®, Teruaki Konishi?, 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 DNA repair-deficient cells. CHO cells were
cultured in 1% hypoxia for two days prior to irradiation,
irradiated with carbon-ion beams (14 keV/um) under 1%
hypoxic condition, and then cultured under 1% hypoxic
condition.

The effect of hypoxia during colony formation did not
have a significant impact on cell survival.
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PIFHRICKD DNA EELRATEGZHEBBDO D FLANILTOEN
Molecular analysis of ion beam—induced DNA damage and mutations.
(24J472)

WEB—B . REM . EHKEAHK . FTIEE
K. Shimizu®, T. Shimokawa®

Y. Matuo?, Y. Izumi®,

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 (290 MeV/u, LET: 13 keV/ 2 m)
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
NHE]J suppresses mutagenesis caused by particle ion
beam irradiation.

In a 2024 study, the canl” mutants are isolated
from the L-Canavanine plates were cultured, and
chromosomal DNA was isolated. The sequence of
the entire CANI gene region (1773 bp) was
examined for base alterations in RAD" and ku7(0r
(NHElJ-inactive) strains. Carbon ion beams induced
deletion mutations in the RAD" strain, whereas
substitution mutations in the Ku70 strain. This is
thought to be related to the fact that the Ku70 strain
uses homologous recombination repair rather than
nonhomologous end-joining repair to repair DNA
double-strand breaks. "Hot spots" where mutations
likely occur at the same position were identified in
the RAD" strain. There is not enough data on
sequence analysis of the Ku7( strain, so we plan to
continue experiments in the future.
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[1] Y. Matuo, et al, Mutation Research, 810,
45-51 (2018).
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R IRFERINC L 2 RADHER L O ku70- ¥R T CANI {5 1 COZER
RAD " Ku70
Type of mutation Number Percentage(%) Number Percentage (%)
Base substitution
Transversions

GCtoT:A 2 6.3 0 0.0

G:C to C:G 1 3.1 1 14.3

AT to C:G 1 3.1 0 0.0

AT to T:A 1 3.1 3 42.9

Transitions

G:.C to AT 0 0.0 2 28.6

AT to G:C 3 9.4 0 0.0

Deletions 18 56.3 2 28.6

Insertions 6 8.8 0 0.0

Total 32 100.0 7 100.0
RAD" Strain, Carbon ion beams (290MeV, LET:13keV/wum)
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Development of a Fundamental Research Platform Based on Ion Beam Mutagenesis
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Abstract

Radiation is a known mutagen and has long been
used in the field of breeding. As a result, it has
succeeded in producing valuable breeds from different
organisms and species. lon beam is expected to
become more effective tool for the breeding, because it
has unique biological characters such as induction of
mutations with wide spectrum. However, the use of ion
beam for breeding is still limited.

The principle aim of this project is developing ion-
beam breeding to become a commonly-accepted
method. We organized a collaborative system with
breeding researchers to share the basic results of
biological effects of heavy ion beams. This year, ten
collaborative groups have joined this project and we
have irradiated 47 samples including seeds, pollen,

grafts and microbes.
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Development of cultivar identification method and plant breeding using heavily

ion-beams.
(23J503)
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T. Matsuyama?, M. Otagiri?, K. Furukawa® and T. Shimokawa®

Abstract

Mutation induction by ion-beam
irradiation is a general-purpose technique used
for plant breeding because it has a high LET.
On the other hand, some of irradiated plants are
phenotypically indistinguishable but have the
mutations in their genomic DNA. We will
use them and demonstrate the development of
‘DNA  marks’

especially in vegetative crops.

for cultivar identification,
The following
steps allow for mutated cultivar identification
and may apply to cultivar identification of
various crops after ion-beam irradiation: 1) The
of stable
morphological characteristics. 2) Detection

of DNA mutations by modified random

investigation and  selection

arbitrary primed PCR in non-cording regions;
repeated
In the present study, we

for example, sequences  Or
retrotransposons.
have applied to citrus for cultivar identification

and mutation breeding.
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Generation of Mutants Tolerant to Nutrient—stress with Heavy lons
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Abstract

Many important mechanism of plant has been
elucidated using transgenic plants and mutants in the
research area of plant nutrition. We also have produced the
transgenic plants tolerant to Fe-deficiency or Ni-excess.
However, mutants are more useful because they are
applicable to the cultivation in the field soon. In addition,
more useful mutants are required to clarify the detailed
mechanism of plant as for plant nutrition.

To further enhance iron deficiency tolerance in
a previously isolated rice mutant line derived from seeds
irradiated with Ne400 300 Gy, we conducted a second
round of mutagenesis using both seed and seedling
irradiation on the iron deficiency-tolerant mutant. Seeds
from the next generation were harvested, and iron
deficiency tolerance was evaluated. As a result, we
identified mutant lines derived from seed irradiation that
exhibited higher tolerance to iron deficiency than the
original mutant line.
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Abstract

High LET particle beams are known to cause
complex double-strand breaks and induce mutations
such as deletions at high frequency. Because of these
properties, heavy particle beams are expected to be
utilized in mutagenesis and breeding research. We
have demonstrated the effectiveness of the use of
heavy particle beams in breeding over the past 10 years
as part of the J501 project.

Currently, environmental pollution and resource
depletion caused by plastics and other materials are
getting worse. Thus, in 10 to 20 years, human life will
not be possible without low-cost, low-impact recycling
of such pollutants. Therefore, this project aims to
isolate useful functional microorganisms living in
nature and breed them using heavy particle beams,
with the ultimate goal to create functional
microorganisms that can be used at the industrial level.

The project started in the latter half of FY 2024,
and one irradiation was conducted in the previous

fiscal year. Cultivation is currently ongoing.
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Annual Report for
“Investigation of heavy ion stimulated Colomb nanoradiator on amyloid
protein-magnetite aggregation in neurodegenerative disease ”
(22J137)
Jong-Ki Kim, Toshiaki Kokubo, Alexander Zaboronik and Tsuyoshi Hamano

Abstract

Insoluble iron deposits often exist as iron oxide
nanoparticles in protein aggregates, impaired ferritin, or
activated microglia and have been implicated as major
causes of neuroinflammation in Alzheimer’s disease.
However, no crucial evidence has been reported to support
the therapeutic effects of current iron chelators on the
deposition of various molecular forms of insoluble iron.
We investigated the therapeutic effect of carbon ion
stimulation (CIS) via a transmission beam on insoluble
iron deposits, iron inclusion bodies, and the associated
biological response in SxFAD AD mouse brains.
Compared with no treatment, CIS dose-dependently
induced a 33-60% reduction in the amount of ferrous-
containing iron species and amyloid plaque and activated
iron-laden microglia as associated inclusion bodies in the
brains of AD mice. CIS induced considerable
neuroinflammation downregulation and, conversely, anti-
inflammatory upregulation, which was associated with
improved memory and enhanced hippocampal
neurogenesis. In conclusion, our results suggest that the
effective degradation of insoluble iron deposits in
combination with pathogenic inclusion bodies promotes
AD-modifying properties and offers a potential CIS
treatment option for AD.

1. Background and objectives

Protein binding renders magnetite in a redox-active
reduced state, which produces toxicity to iron
depositprotein aggregates. The interaction of the AP
protein with ferritin induces the release of ferrous
magnetite from ferritin and the formation of pathogenic
ferritin, which contains ferrous magnetite-amyloid-
ferritin aggregates. Microglial activation is triggered by
direct glial uptake of pathogenic ferritin or AP plaque

infiltrating microglia, which can contain ferrous magnetite.

An inflammatory cascade catalyzes microglial ferroptosis,
ferroptosis-mediated neuronal or astrocyte loss, and the
induction of neurotoxic reactive astrocytes. This
subsequently stimulates multiple signaling pathways to
induce tauopathy and generate additional reactive oxygen
species (ROS) and cytokines, resulting in the spread of
oxidative damage in Alzheimer’s disease (AD). The
significance of nanoparticles for insoluble iron deposition
in terms of potential therapeutic application has not been
well recognized in the medical field. We propose that
redox-active iron oxide deposits, involved in the
neuroinflammatory response and can exist in the form of
insoluble protein aggregates, pathogenic ferritin
aggregates, or iron-laden microglia. Furthermore, if not
eliminated, redox-active iron deposits are continuously
neurotoxic further neuronal damage. The present study
explored whether disrupting redox-toxic iron deposits and
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protein aggregates by carbon beam transmission
influenced the neuroinflammatory response in an AD
mouse model via neuroinflammation induction.

2. Methods
2.1 Animals and study design

Animal study was designed following ARRIVE
guidelines. Two mouse cohorts of different ages were
created at the time of irradiation. The first cohort of mice
(4 months cohort, nWT =5, n5XxFAD = 15, and irradiated
at the age of 4 months) was used to evaluate the disruption
of iron deposits and inclusion bodies after CIS as a
potential preventative treatment for early-stage of AD.
The second cohort of mice (10 months cohort, n\WT = 10,
nS5xFAD = 11) was irradiated at the age of 10 months and
sacrificed before the behavioral task at the age of
11months, one month after CIS to evaluate the
immunohistology and inflammatory response while
curing pathological burdens and improving cognitive
function for relatively late stage of AD.
2.2 CIS treatment
CIS was performed at HIMAC (Chiba, Japan). Mice were
anesthetized prior to CIS treatment by an intraperitoneal
injection of 10 mL/kg of a ketamine + xylazine mixture
(100 mg/kg and 10 mg/kg in saline, respectively), placed
on a sample holder for whole-brain irradiation, and
irradiated with a transmitted beam of pristine carbon with
a collimator. The control group was not treated. The whole
brain was irradiated via carbon beam transmission with a
pristine Bragg peak behind the head, as shown in Fig. 1.
The irradiation energy was 400 MeV, sufficiently high to
transmit through the mouse head.

Brain

|
Carbon | BPD: 10-20 Gy

Ton
fluence

Plateau dose
2-4 Gy

Magnetite A fibril )
Depth

Figure 1. Schematic diagram of carbon ion stimulation treatment
with a pristine Bragg peak behind the brain of a carbon
transmission beam; the Bragg peak was placed outside the brain
by a high-energy carbon beam compared with the depth of the
mouse head (left panel). Low-energy electron (LEE) emission
occurs as a dose enhancement factor from CIS-treated magnetite
(Fe304) in AD protein aggregates or activated microglia via
Auger cascades and the interatomic Coulomb decay path.

2.3 Histological analysis

Disruption of iron deposition and the A plaque burden in



the CIS-treated mice were determined via histochemical
analysis of four different tissue sections, with Turnbull
staining for ferrous cations (Fe2+) or with modified
Highman’s Congo Red staining for amyloid plaques.

2.4 Behavioral task

The NOR test was performed 3 days prior to CIS and 1
month after treatment. The amount of time spent exploring
the new object was used as an index of memory
recognition and was calculated as the difference in the
ability of the mouse to distinguish between objects.

2.5 Western blot analysis and immunohistochemistry

Neuroinflammatory response and neurogenesis were
examined by Western blot and DCX
immunohistochemistry analysis, respectively.

3. Results

3.1 CIS-depleted iron deposition and inclusion bodies
Turnbull staining analysis demonstrated various features
ofiron deposition in SxFAD mice, suggesting the presence
of intraplaque iron foci, ferritin, and microglial iron, as
indicated in Fig. 2A. A dose-dependent reduction in iron
deposition was detected in CIS-treated 5xFAD mice
compared with untreated control mice, as shown in Fig.
2A and B.

A W.untreat B

Tumbull

@?‘%&z Sl Reird

Fig 2. Results of Turnbull (A,B) and Congo red (C,D) staining
of CIS-treated AD mice showing a reduction in the number and
size of Turnbull-positive iron deposits (amyloid plaque + ferritin
+ microglia) and AP plaques in a dose-dependent manner.

3.2 CIS-induced neuroinflammation downregulation
CIS may also alleviate neuroinflammation (decreased Iba-
I, GFAP, in Fig. 4.) by directly affecting
pathophysiological mechanisms at the stage of activated
microglia by targeting microglial iron. We evaluated the
impact of CIS on the microglia-driven inflammatory
response to determine the role of iron deposition in
neuroinflammation in AD. The levels of TNF-a and IL-1f,
cytokines typically released from proinflammatory
microglia (with the M1 phenotype), were greater in
untreated AD mice than in WT control mice and were
greatly lower (p <0.01) in CIS-treated AD mice, as shown
in Fig. 5. Furthermore, the cytokine TGF-B, which is
typically released from anti-inflammatory microglia (with
the M2 phenotype), was increased 1 month later in treated
AD mice compared with untreated AD mice (p < 0.05).

4. Discussions
Brain inflammation occurs before neurodegeneration
during AD pathogenesis, and targeting inflammatory
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Fig. 3. Results of electrophoretic running (A) and Western blot
analyses for hAPP (B) and B-secretase (C); GFAP for reactive
astrocytes (D); lba-1 for activated microglia (E). All the
decreases in inflammatory response factors (D,E) correlated
with the reduction in amyloid pathology (B,C) after CIS
treatment, suggesting CIS-driven depletion of iron deposition
and associated inclusion bodies, such as amyloid plaques
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Fig. 4. Results of Neurogenesis and Ferroptosis According to the
Western blot (A: electrophoretic examination, B: GPX4, C: DCX)
and [HC (D: DCX + cell counting, E: IHC microscopic view)
analyses for the various groups. DCX, a marker of adult
neurogenesis, was markedly lower in 5XFAD AD mice than in
WT control mice and was restored in CIS-treated mice (p < 0.05).
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mechanisms may reverse the process of disease
progression. CIS treatment reversed neurotoxic insoluble
iron deposition and the iron-bound plaque matrix of AP
plaques or pathogenic ferritin. WB data of Iba-1 depletion
at 4 Gy suggest implicit disruption of microglial iron
deposition. Moreover, Turnbull counting analysis contains
intraplaque iron plus microglial iron deposition foci,
suggesting dose-dependent depletion of iron deposition.
For a given dose, the amount of iron deposition may
determine the CIS-driven microglial fate, in either
potential alteration of inflammatory phenotype as a still
viable cell or depletion. Inflammatory response cascades
are activated upon iron deposition in pathogenic lesions,
as evidenced by the correlated increase in the expression
of'lba-1, GPX4, and GFAP shown in Fig. 3, and microglia-
driven neuroinflammation has been regarded as a major
cause or a bridge for the spread of neuronal damage and
cognitive impairment. CIS treatment depleted these
molecular forms of protein-bound iron, as shown in Figs.
2 and 3. Thus, its therapeutic effects potentially occur at
multiple stages of neuroinflammatory cascades. The
enhanced hippocampal neurogenesis and correlated NOR
task-based memory improvements indicated a neurogenic
effect of CIS treatment, which may be ascribed either to
crosstalk between neurogenic signals and downregulated
AB-related deposition39 or to CIS-driven induction of the
anti-inflammatory effect. In conclusion, CIS treatment
promoted memory improvement through the modulation
of neuroinflammation, a noninvasive, disease-modifying,
and nonpharmacologic option for treating AD.
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Investigation of the efficacy and molecular mechanisms of heavy ion beams for malignant
tumors including refractory cancers resistant to radiation and anticancer drugs. (22J150)

,b s = = d Peis KA
BRAE " k=S . FLR— . EREy . 2E5AH
K. Sekihara??, H. Himuro¢, R. Hirayamad, T. Sasada¢, D. Hoshino?

Abstract

In this study, we evaluate the efficacy of carbon ion
radiotherapy (CIRT) against radiation- and drug-resistant
cancers such as cervical adenocarcinoma and anaplastic
thyroid cancer (ATC). In both two- and three-dimensional
models, carbon ion (C-ion) irradiation shows significant
anti-tumor effects compared to conventional X-ray and
cisplatin treatments, possibly due to its ability to
overcome hypoxia. In addition, C-ion irradiation is shown
to be highly effective against ATC, inducing cell cycle
arrest and apoptosis, and inhibiting cell migration and
invasion more effectively than X-ray. The research also
explores the novel relationship between the gut
microbiome and CIRT, suggesting that modifying gut
bacteria in mouse models may enhance the antitumor
effects of the therapy. These findings provide insights into
improving cancer treatment strategies, potentially paving
the way for improved clinical outcomes through a deeper
understanding of the mechanisms of CIRT and its
interaction with the gut microbiome.

1. MROBMENVITIIUR

1-1. 2 ETIT, BRI R DRI & o
FHERTEERR 2 E T i K & OO X 2 iR
FERN R OMFFEICEL Y fLA T 7=, Lo LB SEED
RS A2 BUR AR AR SN A S 13 b2 O R 1 4K
PitkZ R L, JRIRNEE L SnCnb, TOFENE L
T, IBEEGUE A2 AT 5 08 AL o B 50K e 4
72 EOEBEMUNREORENE Z bivh, TR
IR HEPUME 2 7R 308 AU PR B 5 T
WCHDINAMBLIZKH L THLETH D & oL 7
INTWD, I CTARETIL, BITEBRRE L I
T B EHRRE L O AN 2 R0 A
(X595 R RRIRIR O AMEZ BEE L. &S FE3EY)
L L OEBIERZBRET 5 & & bic, X BRI &
ol % 2 & TEILS DD A DTSRRI 4y Tk
PR A R BRE L,

1-2. IBINAE RS 1L, SRERBICERE L, F7-8kx 72
DNIAEREDENRICEE L TWAH Z ENHHLTE T
W5 BRI BB & ORIV RIB STV 5,
ERLFRREIL, EETUROKNEZRTZ EIck D

U 9072 OIRIEILIZBI 595 2 L ERI S 5 725,

Z L IBNMIE R L OBEICOWTIE, RS
TV, Frexid, 2R FETID, XHBRIGHE L IGH
W & OFHIZ OV TRFZ 37O Tn5, 4l
BN E AT T L& FV, TR R
BIZOWTHHEITH 2 & T, B ERIGROLH
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RO LEBEORIER E, BR~E D7 2% HaEn
MAEELELEBE LT,

2. EEETIIBON TSR

2-1. 14RH TIE, X8R, RFEMHR, JLo3AHK (CDDP)
DFHRNZONT, TERMNB AN BN TWD 2 Rtk
# (2D) BL O3 woiks#E (3D) 1B W T, b b
B SHER AR DS AMIEAR (HeLa, HCA-1) % FVCREAM L
7o 2D B3R Tl X, FEHR. CDDP & b ICH&E -
HEEGFOICHRAFEREZ D S E7208.3D A7 =
oA REF#ETSHE X #E CDDP IZZ ARG L7
DIRFBIL 2D L RIZEOFIEGEREZ R LTz, £
BILRIEN Z SR FERRIL CDDP & X BofHH L v
HLEWEWI ZELRAHLE BRI B O
8 ) 3IDEEETIIARA 7 = A RNEIKEREIZ /D
72, X MR & IR BRSO R OBENBA Ul
DINERBERTHD EBE LT, 2 FH THDHEFE
ETIE, IEFITHRDATH DN, EEMESE O H
THIPEN A & WO CEMEEE O & O EEMEEE O O
L OTH D HAIRIRRIIACDS /TR D X LR
FRORBEZTM L=, b FERRIERSEAIEE 6
fii (TTA1,TTA2,KTAl, 8305¢c, OCUT2,OCUT4) % H
W TRFERRF L O Rg & LT XAROHUES2h 5
BRI L7z, an=—BlKET vEA 2770 L =
A IRFERRT X BROK) 3 5 OHIEE R 23T 5
Z Wb o T, FIETRBEIZ XY | G2 arrest B
FOT7 R =2 (B2 TTA2 BELONOCUTS) OF
HOAEERS X ONREIRE A S0, b
DHFITXHR L el U CORBRIFSF THEIZRE )
STc, THUHND, HFURBRR LD ATk D16
B W TCER RO EH CTHIE R AREMEN S D =
LERRB I CERE ),

22, JEBEBMET L & L THW S MIfEE (Lewis lung
carcinoma; LLC) (2B L T, colony formation assay %
vy RBE 234 1.8 Th D & B Lz, HAEH
(vancomycin, metronidazole) % V7= BN 6 A
YU AETIVEARR Lo, #E L VM DNA A8
L, T-RFLP (Terminal Restriction Fragment Length
Polymorphism) 5% JHVN, PNl B w5 O fif T 2 S i
L7, PUAERIBGREICIWT, FERGREE i L,
BV 23 R 5 UL BBV 0D /S & — o MBI B
o TNWDHZ EEMER LIz, Lo T, BNHIEDR
BA G 2TV E LTHYE THD Z L0
BNz, BRMEEEET VB L UOHRREET IV



FNENIZEBNT, R4 7Gy FH - 15Gy MRS %
I U, FERRSTRE & RS CEF 6 BE (GEMRES - 7Gy IR
#t + 15Gy FREEE - IR S ZE D A« BN
+7Gy Has - BN S + 15Gy FREHRE) CHUIESS
hRw et Uic, BB OHER & ik Lz &
A, BN WZE T T VB W TR R o 1Y
R AR T,

3. SEEOHEAR

3-1. In vitro EER TEH SN/-H5 K28 in vivo ¥ 7 AE
THAUTHHBETE 509 0 &3Hli L7, BRAF ¥
KR TH D TTAL 3 KU BRAF V600OE A HBEETH 5
8305¢ 5 LY OCUT4 #iifil 2 BALB/c nu/nu < 7 A D
TRERBES R FICBHEICBE L, A~ T A Z U
i Uiz, TERE S-S L, fREMR 5 Gy % R
L. 1B A7 L7,

3-2. BNMEKZEET VICBIT 5, B TR0
TGN R DIETRIZ DWW T, HEMEDOERZ 1T > 7o,

Fo. BNMIEZEZ LR ET 2720, HLAEH
L LT, 77 LGRS LT T ARMERE ORI
IS AERT % & 912, vancomycin & metronidazole %
PR L7/ R & LT, HUEG R OHRATRD T
%, EDH, EDOIEANT L 2 RN ~DFEEN

£V PUEGR ORI T 5 D0z iH i 5720,

vancomycin B metronidazole B, i 3K H
IRF 2 LEH ARG L 72,

4. SEEOHAERREMEHTER

4-1. Fe W  BRAF BpA: 0K & L C TTAL #lld %2 . BRAF
V600E Z5 B kR & LT 8305¢ #7%#R L. BALB/c nu/nu
~ 7 AD TR R FIcBE L., ERA~T 2%
ERLU 7=, B S BB Ioxh L, JERREEE, 01
R (BRAF FHEHA Dabrafenib 30 mg/kg + MEK [
&5l Trametinib 0.6 mg/kg) FE, X #% 10 Gy FREHEE,
X M7 TREROSEOFRE, RSB 5 Gy FRERE, fRE
R TREREROFHBE DR 6 BEAZFRE L. HUEER
RAEHEBRR LZ, TTAl A~ T AIZBWCE
BARFE OHERS & Ll L7 fE R, X #R 10 Gy, 70 142
AOSERE IR R & e L CHEZITRO b v h
S 72 X7 T RO SEOF B C 1o T IR 15 2 f
HlTHAER & o To, IRFHRIFTEER X OURFE R+
S FEEREFABXIZIERIZ O RE R L, AEIC
JEIEEH Gl 2 7 L 72, — 5, 8305c A~ U Xk
WCTEBARBOMB Z I L- & 2 A, X MR
WCHIESHE A IE LT, F7. O RS EER
K OX B+ FAERSEOF I BE CIXIRIERAE 28 H H £
TIXIE & A CEBEEEEZ RO RN T2, ZD%
B \HEBARE NN L C & 7=, Z AU SRARH M
OHBLERIB L TWDHAREMENRH D, Tz, RFEH

MRS F K ONR R M4 FARRYIEOFRE IS BV T,

X0 R OBUESE R BIE S 7=, BRAF ZROA
MR FEAROPUESE IR EBERH D0 E D M E
BT 5720 . 0CUT4 R A~ 7 ZTBWT b FEEED
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Advanced multiomic analysis of DNA Damage, Metabolic, and
Immunotherapeutic Inhibitors with Heavy-lon Radiotherapy
(23J155)

DK Ebner? and T Shimokawa®

Abstract

Previously, a robust analysis of hTERT-RPEI
(normal tissue) and U20S (human osteosarcoma)
response to CIRT dose, LET, and combinatorial
treatment with DNA repair inhibition was performed. We
hypothesized that DDRi would synergize with high LET.
Uniquely, though at moderate LET (20-50 keV/um) some
synergy was noted, at high LET (70+ keV/um), no
synergy was seen. We thus hypothesized that high LET

radiotherapy independently overcomes homologous
recombination. Our subsequent efforts involved
evaluating  different methods and targets for

knockdown/inhibition of the homologous recombination
pathway in vitro to begin mechanistic understanding.

Simultaneously, previous data demonstrated that
murine osteosarcoma, when treated with high LET
radiotherapy, demonstrated a systemic, anti-metastatic
response. This was hypothesized to be due to DNA repair
overwhelm with subsequent immunologic response.
Local, regional, and distant tissue samples were taken
from mice and are undergoing transcriptomic analysis.

Lastly, prior data has demonstrated that immune
response generation may be tied to metabolic signals
(such as mitochondrial DNA) in addition to nuclear
effect. Preliminary data with XRT demonstrated
significant metabolic adaptation in vivo. We aim to
expand our scope of multiomic research to study cellular
response to high LET radiotherapy more broadly, with
these experiments incorporated into our April 2025
beamtime.

Background / Objectives / Activities

Briefly, we initially endeavored to understand the
response of stromally dense tumors and corresponding
high epithelial to mesenchymal transition patterns in
response to CIRT, with a hypothesis that EMT underlay
tumoral radioresistance and that this may be overcome in
an LET-dependent manner. Our laboratory at Mayo
Clinic collaborates with Dr Robert Mutter, who
specializes in novel DNA repair inhibitors for synergistic
clinical treatment. Data from our laboratory suggests that
high-LET radiotherapy particularly stresses homologous
recombination (HR), and consequently we hypothesize
that HR inhibitors may represent a key opportunity for
synergistic treatment response. This was included as one
potential avenue to generate treatment synergy and
overcome mesenchymal radioresistance. Dr Shimokawa
has previously used murine osteosarcoma as a model of
treatment resistance and metastasis (LMS8), and in
concert with this prior work, osteosarcoma was chosen as
our model of study in concert with hTERT-RPEI, a
normal tissue model. Our prior work at Mayo Clinic has
suggested that these synergistic experiments potentiate
enhanced systemic response to tumor and given prior
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work from QST (ie. Dr Hagiwara’s study of clinical
pancreas cancer and suggestion of a threshold effect in
local disease control above approximately 50 keV/um),
we anticipated that these synergistic treatments would be
maximized using high-LET CIRT.

Our initial experiment generated over 400 samples
for multiomic analysis at Mayo Clinic, including treated
cell pellet and media. Our prior data submitted
hTERT-RPE! samples exposed to XRT, entrance and
Bragg Peak proton, and 20 keV/um CIRT (Brookhaven)
samples to phosphoproteomic analysis. Consequently, we
submitted an initial cohort of these high-LET
hTERT-RPE1 samples to phosphoproteomic analysis.
Multiple pathways of interest emerged, principal of
which is that key actors in homologous recombination
(ATM, ATR, a high-fidelity DNA repair pathway)
appeared enriched in an LET-dependent manner.
Subsequently, we aimed to study these in hTERT-RPE1
and osteosarcoma cell lines with their corresponding
inhibitors to explore synergistic treatment.
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Curiously, this was not the case. Figure A (U20S, a
well-studied human osteosarcoma) and Figure B (LM8,
highly  metastatic = murine  osteosarcoma)  both
demonstrate cell lines treated in vitro with low and high
LET CIRT with cotreatment with ATM (not shown) or
ATR inhibitors. Minimal synergistic response was seen.
However, olaparib, a PARP inhibitor, demonstrated
significant treatment amplification at both low and high
levels of LET.

Notably, clinical osteosarcoma is unique in that up to
50% of clinical samples have been demonstrated to show
aberrations within the homologous recombination
pathway, suggesting a potential biomarker for synergistic
treatment. With subsequent beamtimes the above effect
was validated using BO1 (a RADSI inhibitor, a key
effector of HR), siRNA inhibition of RAD51, and U20S
BRCA1-/- cell lines, all of which demonstrated similar
effects with high LET CIRT.

As such, our current hypothesis is that this effect is
replicable in vivo, wherein high-LET radiotherapy is
independently saturating HR and creating a targetable
phenotype which some have described as a “BRCAness”
phenotype. Much like BRCA-mutated breast cancer, we
anticipate that high-LET radiotherapy induces a



sensitivity to alternative DNA repair targeting, offering
an opportunity for therapeutic synergy and enhanced
tumor control. To better understand this, we will expand
these evaluations in vivo. We are establishing an LM8
RADS51-/- model to use as “HR-deficient” osteosarcoma
model phenotype. Our aim is to identify the sensitivity of
this HR-deficient models to differing forms of
radiotherapy, and then evaluate whether high-LET
radiotherapy can induce this HR-deficient phenotype
independently in HR-proficient cells. We hypothesize
that 70+ keV/um can achieve this therapeutic conversion,
the resulting phenotype is targetable using olaparib, and
that collectively this will yield improved immune
signaling and systemic disease response in a way
amplifiable using immune checkpoint inhibition. This
experiment is ongoing.

Dr Shimokawa’s prior data and publications have
demonstrated that LMS8 murine osteosarcoma
demonstrates an apparent antimetastatic effect when
treated with CIRT. Incorporating this into our
preliminary data above, we hypothesize that this induced
aberration in DNA repair may potentiate enhanced
immune response. To establish a foundation for further
understanding of this, we employed QST’s
well-established abscopal model, inoculating LM8 into
bilateral mouse flanks. One flank tumor was irradiated,
and the mice monitored for 3 weeks for subsequent
tumor metastatic development in comparison with
unirradiated control animals. After sacrifice, unirradiated
tumor, irradiated tumor, and associated lymph node and
lung metastasis samples were collected and submitted for
transcriptomic analysis; we are awaiting these results.
We hypothesize this will provide a framework for
understanding the cellular changes developing within
osteosarcoma as it acquires metastatic potential, and how
CIRT modifies this to galvanize the observed
antimetastatic effect. This will further inform subsequent
planned experiments employing the aforementioned
LM8 RADS5I1-/- model in comparison with wild-type,
with and without DNA repair inhibition, and with and
without immune checkpoint inhibition, as we develop a
translational model for synergistic induction of systemic
treatment response to local radiotherapy in this treatment
resistant disease. This work has been funded by the
Particle Therapy Cooperative Group (PTCOG) as well as
Sarcoma Foundation of America. We are further in
discussions with QST Hospital to assist in clinical trial
sample analysis with eye toward translating these
findings to patients at QST and other CIRT centers.

Finally, increased interest in the literature has been
looking at the radiotherapeutic effects not only on
nuclear DNA, but more broadly at cellular metabolism
(see: UPenn’s work evaluating metabolic response to
FLASH radiotherapy, recent works identifying
immunogenic  signals tied to  mitochondrial
function/DNA, etc.). An advantage of the multiomic
approach is that our broad capture of data provides
opportunity for metabolic analysis as well. Reanalysis of
this data has demonstrated key metabolic pathway
alterations:  phospholipid and inositol phosphate
metabolism is uniquely shifted in CIRT compared to
XRT and PBT, suggesting membrane signaling and
structure  disruption; meanwhile selenoamino acid
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metabolism is modified in CIRT, suggesting a unique
pattern of oxidative stress response. Interestingly,
glucose metabolism is downregulated in both CIRT and
XRT, though not proton radiotherapy. Dr Ebner has
partnered with Taro Hitosugi PhD (formerly UTokyo,
now Associate Professor Mayo Clinic), a world expert in
cancer cell metabolism and developer of an auto-eluting
radiolabeled metabolic implant method for mice, to
better understand the broad metabolic effects seen with
radiotherapy. Preliminary analysis of XRT samples in
April 2025 have demonstrated significant shifts in
systemic metabolic patterns; we intend to explore these
in proton and carbon-ion as well, hypothesizing that
metabolic shifts may serve as unique signals serviceable
as biomarkers for anticipated therapeutic effect, novel
avenues of synergistic treatment, or that metabolic
changes hidden from nuclear-DNA-focused analyses
may represent the mechanistic “missing link” between
the observed immune response in CIRT,

We were honored to be further awarded upcoming
beamtime in April 2025 and are committed to continuing
to build our collaborative translational research portfolio
between Mayo Clinic ant QST. We eagerly await the
advancement of these preliminary data and look forward
to verifying and completing these findings for
subsequent manuscript submission in the 2025-2026
cycle.

“Mayo Clinic, previously QST, "QST



Manuscripts describing the above are forthcoming. These data are scheduled to be initially presented at:
- Particle Therapy Cooperative Group 2025 Annual Meeting

The following organizations have provided grant support to this project:

- Particle Therapy Cooperative Group
- Sarcoma Foundation of America

115



Heavy ion minibeam radiation therapy: safety and efficacy studies
(241207)
Angela Corvino!, Ryoichi Hirayama?, Akiko Uzawa?, Cristele Gilbert', Takashi Shimokawa?,
and Yolanda Prezado'

Abstract

Heavy ions, such as neon, hold great promise
for treating hypoxic tumors but their clinical use
was discontinued due to important side effects.
We have evaluated the safety of NeMBRT in
abdominal irradiations, using mouse gut crypt

survival as the endpoint. Moreover, we
investigated the impact of NeMBRT on
hematopoiesis.

1. Background

Heavy ions, such as neon, hold great promise for
treating hypoxic tumors due to their beneficial
oxygen enhancement ratio. However, their
clinical use was discontinued due to important
side effects 1. Combining neon with minibeam
radiotherapy (NeMBRT) significantly reduces
skin toxicity 2 while maintaining tumor
selective damage 3. NeMBRT has not yet been
tested on deeply seated organs, which may be
affected by respiratory motion, such as the
intestine. We evaluated the safety of NeMBRT
in abdominal irradiations, using mouse gut crypt

survival as the endpoint. Moreover, we
investigated the impact of NeMBRT on
hematopoiesis.

2. Methods

Concerning abdominal response experiment,
The whole abdominal region of 8-week-old
female C3H/He mice was irradiated with either
NeMBRT or neon broad beam (BB)
radiotherapy at the same average dose of 10 Gy.
We irradiated 10 animals per group. A custom-
made brass collimator was used to deliver a
single array of planar mini-beams (MB) with
lateral dimensions of 1 mm x 25 mm and a
center-to-center distance of 4 mm in the
intestinal region. This resulted in peak doses of
~36 Gy and valley doses of ~0.9 Gy. Three days
after irradiation, the jejunums of the mice were
harvested and fixed in formalin zinc.
Morphological changes were investigated using
hematoxylin-eosin-saffron ~ (HES) staining.
Chromogenic IHC expression of Ki-67 in the
jejunums was also evaluated for all the studied
groups. For bone marrow response, the hind
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limb of 8-week-old female C3H/He mice was
irradiated with either NeMBRT or neon broad
beam (BB) radiotherapy at the same average
dose of 10 Gy. We irradiated 10 animals per
group. The dose was prescribed at the center of
the limb, which corresponded to ~ 38 mm depth
in water.

The NeMBRT dose distributions was
characterized by peak doses of ~36 Gy and
valley doses of ~1 Gy.

3. Results

3.1. Abdominal irradiations

The NeMBRT-induced intestinal changes were
regional and less severe compared to those
observed in the BB group (see Figure 1). HES
staining showed that the BB group had
significantly higher crypt death than the MB
group. In the CTL group, all crypts exhibited Ki-
67 positivity, indicating normal proliferation
(see Fig 2). In the MB group, crypts directly
traversed by the minibeams lacked Ki-67
staining, whereas adjacent crypts retained
proliferative activity, suggesting regionalized
crypt damage with preserved proliferation in
non-irradiated areas. In contrast, the broad beam
(BB) group exhibited a complete loss of Ki-67
signal, indicating widespread crypt damage and
a severe impairment of intestinal proliferation.
These findings suggest that NeMBRT induces
highly localized crypt injury while sparing
surrounding tissue, potentially promoting better
intestinal repair compared to BB irradiation.

Fig 1. Mice jejunum histology in HES staining.
Representative transverse sections of the jejunum are
shown for the control (CTL), BB, and MB groups. The
scale bar represents 200 pm.
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Fig 2. Bone Marrow Cell Viability Assay. The graph
displays the percentage of bone marrow cell viability,
with data normalized to the control group. Statistical
analysis was performed using one-way ANOVA.
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“The identification of miRNA-17 and miR-214 as Carbon-ion
radiosensitizer on osteosarcoma”

(22J307)
EUN HO KIM', WONSUCK LEE', AKIKO UZAWA?, SE| SAI?

Abstract

Osteosarcoma (OS), a common primary bone tumor,
poses challenges in treatment efficacy due to radiation
resistance. This study explores the potential of
microRNA-205  (miR-205) in  influencing OS
radiosensitivity. The research shows that miR-205
suppression decreases radiation-induced growth arrest,
while its overexpression enhances radiosensitivity,
reducing cell viability and inhibiting proliferation.
Combining miR-205 with high linear energy transfer

(LET) carbon ion beam irradiation significantly
decreases OS cell viability, induces apoptosis, and
activates DNA damage, suggesting a promising

therapeutic approach. The study also delves into the
impact of miR-205 on OS cell migration and invasion,
revealing its synergistic effect with carbon ion beam in
blocking the progress of tumor. It is noteworthy that
these findings suggest on miR-205's crucial role in
modulating OS response to carbon ion beam, thus
showing possibilities for targeted therapies and
emphasizing the potential of combining microRNA
manipulation with advanced carbon ion beam modalities
in order to improve OS treatment outcomes.

Background and objectives of the experiment
Osteosarcoma (OS), primarily affecting adolescents and
young adults, is among the most frequently occurring
primary bone tumors. It arises from primitive
transformed cells that exhibit osteoblastic differentiation
and produce malignant osteoid tissue. Genetic changes as
well as dysfunction of oncogenes or tumor suppressors
have been demonstrated to be tightly associated with the
development and progression.

Therefore, understanding the molecular mechanisms in
OS would benefit for the development of novel
therapeutic targets or candidates for OS. Although the
therapeutic option of OS is determined by the appearance
of the tumor, the location, stage and many other factors,
radiotherapy(RT) is still one of the main choices in the
treatment for OS alone or in combination with surgery
and/or chemotherapy.

MicroRNAs (miRs), a class of 18-25 nucleotides in
length non-coding RNAs, can suppress gene expression
via directly binding to the 3’-untranslational region
(UTR) of their target mRNAs, thus leading to mRNA
degradation and translation repression. Through negative
mediation of their target genes, miRs play a key role in a
variety of cellular biological processes, including cell
survival, proliferation, differentiation, apoptosis,
autophagy, metabolism, and motility. Moreover, as many
oncogenes or tumor suppressors are also targets of miRs,
various miRs have been implicated in tumorigenesis and
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malignant progression of human cancers including OS.
For instance, miR-143 inhibits OS metastasis by
targeting  matrix  metalloprotease-13  expression.
miR-199a-3p is downregulated in human OS and has
suppressive effects on OS cell proliferation and
migration. miR-205 generally acts as a tumor suppressor
in a variety of human cancers. It is downregulated in
prostate carcinoma and inhibits key oncogenic pathways
including mitogen-activated protein kinase (MAPK) and
androgen receptor (AR) signaling pathways. miR-205 is
downregulated in renal cell carcinoma, and inhibits
proliferation, migration, and invasion, and induces
apoptosis of renal cell carcinoma cells. However, the
expression profile and regulatory mechanism of miR-205
in OS still remains to be fully uncovered. So we
investigated the effectiveness of this miR-205 in OS and
its effect on radiation sensitivity when combined with
high LET carbon ion beam.

Summary of previous year

After confirming the radiosensitization efficacy of C-ion
and miR214, the effect of miR214 was minimal.
Therefore, we conducted research on another target, miR
205, based on references. miR-205 enhances the
response of OS cells to radiation therapy, particularly
carbon ion beam irradiation. It shows that miR214
increases cell sensitivity to C-ion, reduces cell viability
and proliferation, and promotes apoptosis. And miR-205
combined C-ion treatment activates autophagy and DNA
Damage in OS cells.

Activities and results in FY2024

Carbon ion beam in combination with miR-205
mimic decreases OS cell viability and migration.

The investigation of miR-205 effects on osteosarcoma
(OS) cell radiosensitivity included cell viability tests
performed according to the Methods section. After
24-hour exposure to the miR-205 mimic, the OS cells
received carbon ion beam irradiation, X-ray treatment, or
both sequential treatments. The pretreatment of cells with
miR-205 resulted in important diminished cell
proliferation rates after 72 hours of radiation exposure
(Figure 1A,B) and showed the potential of miR-205 to
increase OS cell radiosensitivity.

We then analyzed the migratory behaviours of OS cells
under single or combined X-ray and carbon ion beam
exposure with miR-205. Cell migration toward wound
sites showed inhibition when cells had irradiation
treatment independently or when cells had treatment with
miR-205 exclusively (Figure2). When irradiation was
combined with miR-205, it produced an enhanced effect
in preventing cell migration. X-rays, together with



carbon ion beams, decreased the migratory properties of
cells with migration asssay. The inhibition of tumour cell
migration reached its peak when miR-205 treatment was
combined with irradiation therapy through 50 keV/pm
carbon ion beam exposures because of their synergistic
interaction.

Figl. Effect of carbon ion beam irradiation plus
miR-205 mimic on OS cell proliferation. (A, B) U20S
and MG63 cells were exposed to miR-205 for 24 h or 48
h and/or indicated dose of pretreated carbon ion beam for
cell counting (A), the MTT assay (B). *P <0.05, **P <
0.01, ***P < 0.001. (C) 3D colony cultures of OS cells
treated as indicated. (D) The sensitivity of U20S and
MG®63 cells treated with carbon ion beam irradiation plus
miR-205 was measured via a colony formation assay.

*P <0.05, **P <0.01, ***P < 0.001.
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Fig2. Effect of combinatorial treatment with carbon
ion beam irradiation plus miR-205 on the migration
of OS cells. A, B. Tumor cell migration was assessed
using a Transwell chamber assay. *P < 0.05, **P < 0.01,
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***P <0.001, bar = 500 pm

miR-205 combined C-ion treatment activates autophagy
and DNA Damage in OS cells

Western blot analysis assessed autophagy-related
markers as a means to study the tumour-suppressing
connection between combined miR-205 and carbon ion
beam treatment. The results showed that autophagy
markers LC3-1I and Atg7 showed elevated expression
following combined treatment when compared to the
control group, as shown in Figure 4A. To elucidate the
involvement of DNA damage in miR-205 -induced
radiosensitization, we analyzed the formation of YH2AX.
miR-205 treatment alone only slightly increased YH2AX
expression, but markedly increased the effects of y-rays
and carbon ion beams on YH2AX. Notably, yH2AX foci
formation by 2 GyE carbon ion irradiation was greater
than, that caused by 2 Gy X-ray irradiation either with or
without miR-205 treatment. The data shows that
miR-205 treatment with carbon ion irradiation activates
autophagy at higher levels than either therapy used
separately, which supports a possible therapeutic
mechanism.
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Fig3. OS cells were treated with carbon ion beam
irradiation plus miR-205 mimic and western blotting
was performed using the antibodies indicated for
different timepoints.

Our study provides comprehensive evidence of the
significant role of miR-205 in modulating the
radiosensitivity of OS cells, particularly when combined
with high LET carbon ion beam irradiation. The
observed effects on cell viability, apoptosis induction,
DNA damage, and migration underscore the potential of
miR-205 as a therapeutic target to improve the outcomes
of Cion beam therapy in osteosarcoma. Further
elucidation of the specific molecular pathways
influenced by miR-205 in these processes is crucial for
the development of targeted therapeutic strategies in OS
treatment. As we advance our understanding of the
molecular intricacies involved, the translational potential
of miR-205 modulation in enhancing the efficacy of Cion
beam radiation therapy holds promise for improving
clinical outcomes in osteosarcoma patients.

"Department of Biochemistry, School of Medicine,
Daegu Catholic University, 33 17-gil, Duryugongwon-ro,
Nam-gu, Daegu 42472, Korea.

“Department of Charged Particle Therapy Research,
QST Hospital, QST
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Molecular mechanism of heavy ions overcoming radiation resistance of p53
mutant cancer cells(23J348)

C-X. Di?, Q. Li%, B. Wang®, T. Katsube®

Abstract

With the rapid development of p53-targeted therapy in the
field of tumor radiosensitization, the regulatory role of
p53 mutation status in radiation sensitivity has been
widely demonstrated. However, research on the
synergistic effects of high-LET carbon ion irradiation
combined with p53-targeting drug APR-246 remains
relatively scarce. In this study, we found that carbon ion
irradiation significantly enhanced the radiosensitivity of
p53 wild-type cells, while p53-mutant cells exhibited
marked resistance. Through combination treatment with

APR-246, we enhanced

proliferation inhibition, more pronounced DNA synthesis

observed  significantly
blockade, and higher levels of apoptosis in p53-mutant
cervical cancer C33A cells. Notably, the combined
treatment markedly increased y-H2AX foci formation,
suggesting that APR-246 may enhance radiosensitivity by
restoring the transcriptional regulatory function of mutant
p53 and interfering with the DNA damage repair system.
This study is the first to reveal the synergistic mechanism
between high-LET carbon ions and p53-targeted drugs,
providing new theoretical foundations for optimizing p53
status-based precision radiotherapy strategies. These
findings

may open new avenues for improving

radiotherapy efficacy in p5S3-mutant tumors.

1 Background and objectives

Since Marie Curie discovered radium and the application
of X-ray in medicine in 1898, radiation has been used to
directly kill cancer cells or cause DNA damage leading to
the death of tumor cells [1, 2]. It has been reported that
almost 70% of cancer patients require radiotherapy
currently [3]. Despite the innovation and improvement of
radiotherapy technology, including accuracy, treatment
quality and survival rate, many patients still develop
radioresistance [4]. Several studies have identified
mutated genes in tumor cells, which may be associated
with the development of radioresistance. Among these

genes, mutation of TP53 is the main driver of increased
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resistance to radiotherapy [5]. As an important tumor
suppressor gene in human body, the protein encoded by
TP53 is a transcription factor, which controls cell cycle,
DNA replication and uncontrolled cell division during
tumor growth [6]. However, when p53 is mutated, it loses
its ability to suppress tumors, promotes tumorigenesis,
and affects tumor sensitivity to radiation during
radiotherapy [7, 8]. Unfortenately, mutation of TP53 is
found in over 50% of cancers (Fig. 1) [9]. Many studies
have reported that p53 gene mutant cancer cells are more
resistant to radiation, which is one of the primary reasons
for the failure of conventional radiotherapy. While the
radiation resistance of cancer cells increases due to
dysregulation of the apoptotic mechanism resulting from
p53 deficiency for low LET radiation, high LET heavy ion
radiation can still induce apoptosis of p53-deficient cells,
indicating an unknown activation of p53-independent
apoptosis mechanism.

Considering the radiation resistance of cancer tissue,
which leads to the failure of conventional radiotherapy,
this study aims to build on the existing research into heavy
ion beam cancer therapy. It will precisely calculate the
radioresistance of p53 gene mutations in cancer cells with
different biological characteristics, taking advantage of
the physical properties of heavy ions and the biophysics
of their interactions with organisms. This study will also
elucidate the apoptosis and molecular mechanism of
radiation resistance independent of p53, clarify the
regularity and biological significance of DNA damage and
repair of p53 mutant cancer cells induced by heavy ion
irradiation, and provide a scientific basis for researching
scheme or measures to improve the curative effect of
heavy ion beam therapy,. The findings will be applied to
the clinical trial and treatment of heavy ion beam therapy

and serve the whole society.
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2 Activities and results

This study investigated the effects of carbon ion
irradiation on cellular radiosensitivity based on p53
status. The results demonstrated that p53-mutant cells
exhibited significant radiation resistance, whereas p53
wild-type cells were more sensitive to radiation (Fig 1).
These findings are consistent with previous studies,
confirming the crucial role of p53 as a key tumor
suppressor in regulating DNA damage response
induced by radiation. To enhance the therapeutic
efficacy against p53-mutant tumor cells, we explored a
combined strategy of carbon ion irradiation with the
targeted therapeutic drug APR-246. APR-246 is a
small-molecule compound that specifically binds to
mutant p53 protein and restores its wild-type
conformation and function. Experimental results
showed that the combination of carbon ion irradiation
and APR-246 significantly enhanced the inhibitory
effect on the proliferation of p53-mutant cervical

cancer cells (C33A) compared to irradiation alone (Fig

2). EAU incorporation assays further confirmed that the
combined treatment more effectively blocked DNA
synthesis than irradiation alone (Fig 3), suggesting that
APR-246 may enhance cellular sensitivity to radiation-
induced replication stress by restoring p53 function.
Flow cytometry analysis revealed that the combination
therapy induced a significantly higher apoptosis rate
than irradiation alone (Fig 4), indicating a synergistic
pro-apoptotic effect between the two treatment
modalities. Notably, immunofluorescence staining
demonstrated a marked increase in y-H2AX foci
formation in the combination treatment group (Fig 5).
As a biomarker of DNA double-strand breaks, the
elevated expression of y-H2A X not only confirmed that
carbon ion irradiation induces more complex DNA
damage but also suggested that APR-246 may enhance
radiosensitivity through the following mechanisms: (1)
restoring the transcriptional regulatory function of
mutant p53, thereby promoting pro-apoptotic gene
expression, and (2) interfering with the normal
operation of the DNA damage repair system.This study
is the first to demonstrate the synergistic anti-tumor
effect of carbon ion radiotherapy combined with a p53-
targeting drug in pS53-mutant cervical cancer cells,
providing important experimental evidence for clinical

translation.
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Fig.1 Cancer cells with p53 gene mutations more resistant to
radiation.C33A cells: harbor p53 mutations;HeLa cells: exhibit
low p53 expression due to HPV-18 positivity; SiHa cells:
possess wild-type p53.
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Fig.2 Heavy ion irradiation combined with APR-246, a drug that
targets p5S3 mutations can inhibit C33A cell growth.
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Fig.3 Compared to heavy ion irradiation alone, irradiation of

combined APR-246 inhibited DNA synthesis in C33A cells.
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Fig.4 Heavy ion irradiation combined with APR-246 induced

more apoptosis than irradiation alone in C33A cells.
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The Functional Role and Underlying Mechanism of Heavy Ions in Overcoming

the Radioresistance of Quiescent Cancer Cells (23J349)

J. Si%, J-H. Zhang?, L. Gan?, C. Sun?, C-X. Di%, H. Zhang®, B. Wangb, T. Katsube®

Abstract

Radio-resistance is a major contributor to radiotherapy
failure and poor prognosis in cancer patients. Quiescent
cells are considered a major cause of cancer radio-
resistance. As a novel strategy for cancer therapy, heavy-
ion radiotherapy has drawn more and more attention.
However, the potential molecular mechanisms to
overcome the radio-resistance of quiescent tumor cells
using carbon-ion beams are not fully understood. We
found that that quiescent MCF-7 cells have strong radio-
resistance. Carbon ion irradiation induced a number of
53BP1 and y-H2AX foci, increasing the expression of
apoptotic genes, indicating that carbon-ion radiation
efficiently eradicate quiescent MCF-7 cells by inducing
complex DNA damage. This study provides support of
basic data and reasonable molecular mechanism
explanation for technical measures to further improve the
effect of radiotherapy for breast cancer, which is
conducive to the further promotion and development of
carbon ion beam radiotherapy technology and benefits

human health.

1 Background and objectives

Quiescent cells are considered as a major cause of cancer
radio-resistance due to their larger hypoxic fraction and
greater repair ability. Cellular quiescence refers to a
dormant but reversible state in which cell cycle entry and
proliferation are prevented. Three distinct treatment
strategies to target quiescent cancer cells have been
suggested: (i) to keep quiescent cancer cells permanently
"asleep”, (i1) reactivate quiescent cancer cells and increase
their sensitivity to chemotherapy and RT, and (iii) directly
eradicate quiescent cancer cells. However, current
researches mainly focus on the use of pharmacological
agents to maintain, awaken or kill quiescent cancer cells,
with extremely limited therapeutic effects.

Heavy-ion RT has become an increasingly valid treatment
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option due to its advantageous dose profile and radio-
biologic effects compared with conventional RT. Unlike
low-linear energy transfer (LET) ionizing radiation (IR),
which induces less complex DNA damage, high-LET IR
causes more extensive damage, and often has fatal
biological consequences. However, the functional role and
potential molecular mechanisms of overcoming radio-
resistance of quiescent tumor cells using carbon-ion
beams are currently not fully understood.

Given little previous research on this question, in this
study, we researched on the DNA damage and apoptotic
of proliferating and quiescent breast cancer cells exposed
to carbon ion irradiation, aimingto investigate the
biological  function and underlying molecular
mechanisms of heavy ions in overcoming radio-resistance
of quiescent cancer cells.

2 Activities and results

The principal biological effect of RT is to rapidly erase
tumour cells by inducing DNA damage beyond the
cellular capacity to repair. Data from agarose gel
electrophoresis showed that DNA damage in proliferating
cells increased to maximum within 0.5 h after carbon ion
irradiation, with an approximate 2.62-fold increase in
carbon ions compared to the control group. Moreover, the
DNA damage reached peak levels at 1 h post irradiation in
quiescent cells, specifically, ~2.09-fold higher, relative to
the control group (Fig. 1).

Next, we monitored the formation of phosphorylated
H2AX at Ser 139 (y-H2AX) foci and p53-binding protein
1 (53BP1) foci up to 24 h after exposure to carbon ion
irradiation (Fig. 2). With application of carbon-ion beams,
peak levels of y-H2AX foci in proliferating and quiescent
cells were observed at 0.5 h and 1 h, respectively.
Similarly, peak levels of 53BP1 foci in proliferating and
quiescent cells were observed at 1 h and 4 h, respectively.
The foci induced by carbon ions was still present 24 h after

irradiation. These results further proved that quiescent



MCEF-7 cells have stronger radio-resistance compared to
proliferating MCF-7 cells, high-LET carbon-ion radiation
causes more serious DNA damage with slower repair
kinetics in quiescent cells.

To confirm the underlying mechanism of IR-induced
apoptosis, the expression of apoptosis-related proteins
were investigated. In quiescent cells, carbon ions
irradiation increased the expression levels of P53, PUMA,
and the BAX/BCL-2 ratio. Our observations suggest that
carbon ion exposure eradicates dormant cells through
activating the  mitochondrial-dependent  apoptosis
pathway (Fig. 3), thus improving the radio-sensitivity of

quiescent cancer cells.

* Institute of Modern Physics, Chinese Academy of Sciences, China

® National Institutes for Quantum Science and Technology, Japan
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Fig.1 Analysis of intensity of DNA dispersion from the origin
over time. The density of DNA dispersion observed in non-
treated cells was set to a ratio of 1. CTR: control; CIR: carbon

ion.
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Fig.2 Confocal microscopy views of MCF-7 cells with y-H2AX
and 53BP1 foci formation after carbon-ion irradiation over the

respective time-courses. CTR: control; CIR: carbon ion.
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Fig.3 Effects of carbon-ion irradiation on expression levels of
apoptosis-relative regulators in proliferating and quiescent
MCF-7 cells. Actin was used as a loading control. P:

proliferation; Q: quiescence; CIR: carbon ion.
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Mechanism study on much efficient induction of tumor cell death by heavy ion

irradiation: the role of NADPH oxidase-mediated mitochondrial vicious cycle
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Abstract
Mitochondria are a major source of reactive oxygen
species (ROS) and are also the target of cellular ROS.
Our data showed that after 4 Gy of carbon ion radiation
of HepG2 cells, the NADPH oxidase membrane subunit
gp91 was not involved in enzyme activation through
increased expression; however, the subunit p47 was
involved in activation by being translocated to the
membrane. Carbon ion radiation decreased the
mitochondrial membrane potential (MMP) of HepG2
cells, increasing mitochondrial DNA damage and
inducing cell death. Pretreatment with APO (an NADPH
oxidase inhibitor) effectively prevented the MMP
decrease, mitochondrial DNA damage, and cell death
induced by radiation. However, these protective effects
were not observed with APO treatment after irradiation
exposure. These data demonstrated that NADPH oxidase
activation was an initiator in mitochondrial damage.
Once mitochondria entered the feed-forward cycle, cell
fate was no longer controlled by NADPH oxidase. Only
antioxidants that targeted mitochondria such as MitoQ
could break the cycle and release cells from death.
Activated NADPH

feed-forward cycle of mitochondria and this is a possible

oxidase might induce the
mechanism for cancer cell death induced by heavy ion
irradiation.

1 Background and objectives

Mitochondrial dysfunction is characterized by high ROS
production and breakdown of the membrane potential,
and is often associated with mitochondrial DNA
(mtDNA) damage. A recent hypothesis about the
relationship between ROS and mtDNA damage called
the vicious cycle hypothesis. The location of mtDNA is
close to the site of ROS production, making it highly

vulnerable to oxidative damage. The accumulation of
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mutations induced by oxidative damage is a possible
contributor to mitochondrial dysfunction. Dysfunctional
more ROS,

feed-forward loop in which ROS-mediated oxidative

mitochondria produce establishing a
damage to mitochondria results in more ROS generation.
Therefore, mitochondria can be as a therapeutic target in
cancer.

The catalytic center of NADPH oxidase is the integral
membrane protein gp91. During activation in response to
agonists, the cytoplasmic subunit p47 of NADPH
oxidase ranslocate to the membrane and associate with
gp91. This translocation process results in oxidase
activation, catalyzing the transfer of electrons from
NADPH to molecular oxygen, generating O,". In this
study, we researched on the killing effects of carbon ion
beams on cancer cells from mitochondrial damage
induced by NADPH oxidase.

2 Activities and results

NADPH oxidase activity increased significantly 30 min
after 4 Gy carbon ion radiation of HepG2 cells (Fig. 1A).
We used immunofluorescence staining of membrane
proteins and flow cytometry to find a distinct
accumulation of p47 on the membrane compared with
control (Fig. 1B). These results indicated that radiation
induced NADPH oxidase activation by p47 translocation.
Pretreatment with 100 mM APO for 30 min followed by
4Gy carbon ion exposure might block p47 translocation
to inhibit NADPH oxidase activation. PCR was used to
quantify carbon ion radiation-induced mtDNA damage of
HepG2 cells. ROS was estimated fluorimetrically. Fig.
2A-B showed mtDNA damage and ROS level were both
increased at 20 min postirradiation. Pretreatment with
APO effectively prevented mtDNA damage and the
sharp increase in ROS induced by radiation. However,

the protective effects were not observed after treatment



with APO at 20 min postirradiation. These data
demonstrated that NADPH oxidase activation was an
initiator in mitochondrial damage. Confocal was used to
visualize the intracellular colocalization of MitoSOX and
MitoTracker. As seen in Fig. 3A, 4 Gy carbon ion
radiation resulted in enhanced mitochondrial superoxide
generation compared to untreated controls. The signal
intensity of 8-OHdG positive cells increased 24 h after
reperfusion, with most immunoreactivity in the
perinuclear region of the cytoplasm (Fig. 3B). The
8-OHdG content was higher in the mitochondrial than
the nuclear fraction. Thus, mitochondria were the major

source of ROS after radiation in HepG2 cells.
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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
AGuIX). 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 effect in
normoxic conditions.

3. Methodology

3.1 Nanoparticles (NPs)

Platinum containing NPs were synthesized in
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France with a radiolytic method patented by the
team. The basic composition of the NPs consists of
a platinum core covered by a PolyEthylenGlycol
shell. The biocompatible coating is used to stabilize
and functionalize the NPs. Some NPs are
functionalized with a fluorescent dye (rhodamine)
to perform confocal microscopy in order to monitor
the internalization NPs in the spheroids

3.2 Cell culture and incubation

Hela (human cervical 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, yH2AX and Ki67
assays.

3.3 Irradiation

Irradiations by C®" ions (E=290 MeV uma, Spread
Out Bragg Peak=6cm) 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.
For yH2AX and Ki67 assays, spheroids were fixed
and transported to France for staining and analysis.

3.5 Imaging

Localisation experiments of NP in spheroids were
performed using confocal imaging These
experiments were performed in France.

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 .
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.

We observed a significant radioamplifying effet of
these NPs. The Sensitizing Enhancement Ratio
(SER) is about 30 % at 2 Gy.

Hela Spheraoids Hela - Carbon

® withoutNPs

1_0!] <

® withNPs

SF

102 4

T
o] 1 2 3 4 5
Dose (Gray)

Figure | : Survival fractions of Hela spheroids
irradiated with carbon with (red) or without (black)
platinum NPs.

The yH2AX staining images of Hela spheroids (+/-
NPs) at different time points (0 to 16h) after an
irradiation of 3 Gy with carbon ions are shown in
Figure Il. The preliminary analysis showed no
impact in DNA damage induction.

Freg

NPs

Figure Il : yH2AX staining images of Hela spheroids
(+/- NPs) at different time points (0 to 16h) after an
irradiation of 3 Gy with carbon ions.

The yH2AX staining images of Hela spheroids (+/-
NPs) at different time points (0 to 72h) after an
irradiation of 3 Gy with carbon ions are shown in
Figure Ill. The analysis is still in progress.
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72h

Figure Ill : Ki67 staining images of Hela spheroids
(+/- NPs) at different time points (0 to 16h) after an
irradiation of 3 Gy with carbon ions.

Figure IV: localization of platinum NP in tumoral
cells using confocal imaging

NPs are capable to penetrate the spheroid and to
locate in the cytoplasm, far from the nucleus (see
Figure IV).

5. Conclusions and Perspectives

We have shown that platinum NPs are able to
amplify the effect of carbon ions. The NPs are
internalize by the tumoral cells inside the spheroid.
They are clearly localized in the cytoplasm
confirming the action site of these NPs. Indeed, no
significant effect in DNA damage was found. This
result is very important to predict the effect of NPs
in tumors.

The next step is to use different types and quality
radiations such as helium ions.

2 |nstitut des Sciences Moléculaires d’Orsay (ISMO),
CNRS, Univ. Paris-Saclay, F-91405 Orsay (France),

b Department of Charged Particle Therapy Research,
National Institutes for Quantum Science and
Technology, 4-9-1 Anagawa, Inage-ku, Chiba (Japan)



Radioamplification effect of nanoparticles study on 3D cell models (241428)
E. Porcel
List of Publications

1. Synergistic effect of Gemcitabin-loaded metal organic frameworks nanoparticles with particle
therapy. Pauline Maury, Ryoichi Hirayama, Xue Li, Pierre Mahou, Marie-Claire Schanne-Klein, Sandrine
Lacombe, Ruxandra Gref, Erika Porcel.

International Journal of Pharmaceutics, 124721 (2024).

2. Human Serum Albumin in the presence of Small Platinum Nanoparticles. Xiaomin Yang, Erika
Porcel, Laurent Marichal, Cesar Gonzalez-Vargas, Amine Khitous, Danicla Salado-Leza, Xue Li,
Jean-Philippe Renault, Serge Pin, Hynd Remita, Frank Wien, Sandrine Lacombe.

Journal of Pharmaceutical Sciences 113 (6), 1645-1652 (2024).

3. Theragnostic Gadolinium-Based Nanoparticles Safely Augment X-ray Radiation Effects in Patients
with Cervical Cancer. Cyrus Chargari, Pauline Maury, Matthieu Texier, Catherine Genestie, Philippe
Morice, Sophie Bockel, Sébastien Gouy, Mouhamadou Ba, Samir Achkar, Frangois Lux, Olivier
Tillement, Sandrine Dufort, Géraldine LE Duc, Olivier Debeaumont, Christophe Massard, Amandine
Maulard, Erika Porcel, Ratislav Bahleda, Samy Ammari, Daphné Morel, Sophie Espenel, Patricia Pautier,
Charlotte Robert, Eric Deutsch. ACS nano 18 (26), 16516-16529 (2024)

4. Tumor-Targeted Perfluorinated Micelles as Efficient Theranostic Agents Combining Positron
Emission Tomography and Radiosensitization. Sophia Godel-Pastre, Erika Porcel, Guillaume Pinna,
Marie Vandamme, Caroline Denis, Claire Leterrier, Eric Doris, Charles Truillet, Edmond Gravel. ACS
Applied Materials & Interfaces 16 (17), 21557-21570 (2024)

135



136



2025-05-16
2024 47 £ HIMAC FE[FIF A MF7E a5

BERE S A, WA

241126 e LET feid b ik & O T R R 36 A A L RRTR I O F R TE 1% BH 7% 3

231134 A HALT  BHGHEEICKT A~ LT A A U BREEIC X B LET fl40 8k 7 7
BB IRIE D B3

241135  BEIEFETER O MR & F U 72 BB (kT 2 BRL RRIE R R O D RE R 9
G & S5 R B A B 2

241136 [ ABE  KEGFENTROA Y T T 5 QST EbL s 381F 5 kL F-HRE 21

s PR D kAR

241137 BIGZZE BRI D R FRREIRIC BT D T 1% TR O fiF e 11

241138 [ HfE "R RRAEIAE TR IE O & 5 Rii ST R 14

24L139  FTHFIME (X 2 BRRRIBE O E & et 17

(7 FRE)



2024 £ HIMAC
PP e
227001  FREEH
227114  EiELE
227137  KIM Jong
Ki
24J146  Safavi—
Naeini,
Mitra
24J147 P&
247148  SFili&ik
22J150  BEJFEFNLE
23J152  {EHE
23J153  JRINF{E
23J154 B A6
%
23J155  Ebner
Daniel
Keith
247156 ik Byl
23J204  FH P A —
JEliS
24J206 A=
24J207  Prezado
Yolanda
227307  Eun Ho
Kim
247315 iz —
237327  FRMHBHML
24J345 Li Qiang
247347  /NPEFERE
237348 Di Cuixia
237349  Jing Si
237350  Sun Chao
24J413  AEETOAC
247428  PORCEL
Erika
22J433  HEFEEGE
22J444  BMEH
23J446  Takata

Kei—ichi

SRR e R — L
RS

B R RRE R O KB 7)1 72 B PR RTEh ) S5k

HF R ERIRBE~ U ATV E W mE T = v 7R A
N A & B FOFHER D 7 7 A 2 LB & F OVERIS T OREt
Tnvestigation of Carbon Ton Stimulation (CIS) treatment on iron
deposit in Alzheimer tau cell and synuclein Lewy Bodies in
Parkinson Disease model

Evaluation of a Prototype System for Prompt Gamma Detection
and Neutron Capture Discrimination in NCEPT

i1 LET R8T & 2 BRI D 1 iR & B 48 L 7 JEEERTSE
%#ﬂ%%ﬁ%%ﬁ>/ufEH@0>E&§Tf%ﬂ¥”‘@tﬁ¢®?”

VRS OBER. FLos AANCIRPUIE 2R TR A E e) 132
HRLFHROA FPETS L OV 118 O i B

BB PERRIZ A3 D BRI RS & SRAIOF S X 2 2T g
SIRTEHERRIZ K D BRI R & A T A O RRET

T T Y — LERORFHE RSN

Advanced multiomic analysis of DNA Damage and Immunotherapeutic
Inhibitors with Heavy—Ion Radiotherapy

HeF-H & BRIARRO T 50285 O Pk
BRI T ARTB RN IRTE IR O B 76

RIS LD ERERE T A RRRE (v 7t —r =V —) HEilfH
% & SYERIZ B3 DA

Heavy ion minibeam radiation therapy: safety and efficacy
studies

The identification of miRNA-17 and miR-214 as Carbon-ion
radiosensitizer on osteosarcoma

i LET RIF-HRIZ K 2 NS5 Al R b O i

AR SERIAE AN K DRI HRBH N R D~ 7 ZfER L ~L T ORRET
Study on the mechanism of ferroptosis induced by high-LET
carbon ions in human hepatocellular carcinoma cells

7Ty =D ER A A A B oA R 7R
R ELHESN R DI 5L

Ton specific biological effect on cell inactivation of
heavy ion near the Bragg peak

Molecular mechanism of heavy ions overcoming radiation
resistance of pb3 mutant cancer cells

The Functional Role and Underlying Mechanism of Heavy lons in
Overcoming the Radioresistance of Quiescent Cancer Cells
Mechanism study on much efficient induction of tumor cell death
by heavy ion irradiation: the role of NADPH oxidase—mediated
mitochondrial vicious cycle

FRFHRFERE O DNA HBEBZFEEE LT 2/ BBL 0T 2/ Bkl
RO FRBA R DR

Radioamplification effect of nanoparticles study on 3D cell
models

TR TREEATEIC L0 A U 5D mEMENE DNA IS OBEEEE ORI &
R~ P

BRI ABRUC K DD 7 ) DN EME~ DR

Mutational signatures induced by high LET radiation

2025-05-16

WEEN—Y

33
37
110
40
43
46
113
48
63
51
116
119
54
57
A

A LD

PRFER
60

123
127

130

68
133
71

75
78



2025-05-16
2024 4% HIMAC 3 [RF] AR — &

FEHE HGE LA W ES—T
24J447  SERHERE BRI FRRPRET S AU & IERRE AR DN A A H U SR E N L 82
7o AW sh S iR ]
24J468  ELFE— BRI TRRIBEZ IR D IKERSE AW B T D ST 85
24J472 KRB —  ERITHRIC X D DNA B1E & ZEIRAE BEE R HEAE D 4y 1 L UL T OENT 88
BR
24J501  FIEE A A=A K DEY M~ BB A Z R Uz ZEiEirse > 91
VAN e NOY £
23J503 ALt EDRL RIS K DAY SRR & 2SR BRI B9 D AFSE 95
24J505 @G ERE HA AU E— AR K DREA ML AMMERY OEH 98
%
24J507  F)IEZE  EHbE B LA RKEY OB FHE 101

(42 FE)



2024 4EE HIMAC J:[FIF] A ZE e — %

pissinins)
22H005
241095
231138
231189

241212
231248

241262

231285

22H358

230377

241380

231387

221409

221414

221426

241437

241443

241445

241446

2411455

2211461

221462

221465
221466
221467
231473
230474
230475
231476

230479

EFIIIFJ

Uy ik
BTRTS 2
LI EH,

SFRFVE
HHEE K

George
Stuart P

2 FEOR
A ZRE

RAFFY
Quentin

Ploc
Ondre]j

RN
4

& 1
OB

Hajdas
Wojciech
B

Rosenfeld
Anatoly B
hn&e

PNEERLE
A Z
SN

Benton
Eric R
Safavi
Naeini
Mitra

i

A HAREA
/NARIERL
JEWRELE
Berger
Thomas
Davis
Scott C
Dong Hai
Zhang

PN

AR

R HRIG R IBEHE T B3 2 e A IRF 7
MA%¥%%A®E4ﬁV®%@ B4 2 wH5E

" TR R SR IS HR IS LW LW EE S & = F o 7T
JVDWEST.

Toward a new concept for detection threshold and etching—models
suited to track detectors with high registration sensitivity”
N E A GBI EH S D EA ATk DI
IO TR T8RS K DT ) A Ar — )L & BB 45 B A R e i
25 D JE B

Measurement of Isotopic Light Ion Cross Sections with a Nuclear
Fragment Spectrometer

LR I K 2 BTSSRI 31T 2 Bl S BB PRI R & AR Bk
PED[FE

TR HRIBHE A A — 2 Z D2 D OpenPET BB B 2 HF

%

Dose-rate effects with accelerated ions: Experimental
investigation and Simulation of water and biomolecules
radiolysis

Novel Space Dosimetry System for the Czech Satellite in the
Cislunar Environment

R = L =12 BT BIEHSOR A 1 = X L OWF5E
L—— m@4ﬁ/%r&ﬁ@kw@mﬁgizwﬁﬂxxybm
A —H DB

SiC MOSFET Do LA X M S o a0 E

Tests of Heavy Ion Telescopes for JUICE and other future
missions of ESA

IRFEARIG LIZIBEPICAERT 2 7Y —F Lot & & DKk
fiRAT

In-Field and Out-of-Field Dose Profile from Therapeutic Hadron
Therapy Beams

NG VR 1Z DO A DOWFFE

HAT 7T 4 TR X D EWE OWHEr5E

OB E 7 F2BR CRE & DT MR R OB FEIEA I = X LD
it B

e TR BRI 2 7D 87 S8R 38 (A A (H 2R D A4

Atmospheric lonizing Radiation Detector Development

Evaluation of a prototype system for prompt gamma detection
and neutron capture discrimination in NCEPT

7 ARSI AR T A > I ORI

KIFREE A A RGBS O Wr i FER MG & IR AR PR SR

B = o —Z2FH LKAz 31 5 ERLF-HR AR Al B b O A7
TRV — S fERE 2 D R REE R TREER H 2R D BRFE

Human Space Exploration - The Radiation risks and novel new
detector developments

Radiation Effects Testing Electronic Components for Space

Cross sections for charge pickup reaction of heavy ions on

2025-05-16

HEHE~—
139
170
161
173

164
207

153
142
< UH
A LD

FRFER
210

<N
A LD
Py ARFETR
213
156
183
150
177
195
189
221
198

224

186
201
147

167
227

bk
231

234



2024 4E % HIMAC (7R FHRF iR —

R

231487

241488

241489

241490

241491

241492

HIEE

e fERE
Garcia
Alia
Rubén
Kim
Sunghwan
M
,f[:PEﬂ\/#

Sihver
Lembit
FINARFIIR

RS

elemental targets at Himac energies

R O TR BRI A 72 B RS A 2 0
FRRRERIG A 7 = R IR

U ar =g RRHEROEA 42 B — AT DIRE

High—energy heavy ions and their interaction with matter for
enhanced radiation effects testing of space and accelerator
electronics

Calibrations of Advanced Particle dosimeter and Spectrometer
for Heavy lons in Space Radiation

HEEARHR b O TR SR~ O W AT T2

(36 #RE)

2025-05-16
BB

159

237

SR

bR

bR

157






