gubotech

1 Institut de
[OARRONAX] <c) CanIcLe‘rologle T %2@1\2
(0 de I'Ouest

sleglquas at Blstechnalogias

| UI'IIC&nEEF PAYS DE LA LOIRE

Bilan du projet FLASHMOD

Etude pluridisciplinaire des mécanismes de la
radiothérapie Flash a Arronax

Sophie Chiavassa

Assemblée Générale GAR Mi2B — 9-11 octobre 2024



FLASHMOD - financement PCSI (36 + 6 mois - fin juin 2024) s moem ' InSEFM

La science pour la santé
From science to health

Collaboration with:

* Université de Namur
* Université de Louvain
* Société IBA «—*

(bo

PRISMA team (Physics of Radiation
Interactions with Matter and Applications)
Manon EVIN

Arnaud GUERTIN

Vincent METIVIER

‘ % ° ®
Quentin MOUCHARD PR S~ - e . Lpzi
Shom . LPCy, Qe

Ferid HADDAD [ ALY ARRONAX J >
Charbel KOUMEIR Simulation GATE/Geant4-DNA

Freddy POIRIER Lydia MAIGNE
Giovanna FOIS

Hoang Tran

Medical physics
Sophie CHIAVASSA (PRISMA)

(1 Institut de

Radiochemistry team c) Cancérologie

Guillaume BLAIN ) Grégory DELPON (PRISMA
Emeline CRAFF (0 de"Ouest Dap?m(}a/e VILLOIN((3 :
Sarra TERFAS @cancer PAYS DE LA LOIRE Arthur BONGRAND (NEXT)
Johan VANDENBORRE
Vincent FIEGEL o Radiobiology

e @ Mathieu CHOCRY

> )(4[3 Vincent POTIRON

Gaélle SAADE

Stéphane SUPIOT



Gontexte Main goals of the FLASHMOD project
Time (s)
PHYSICAL Step
s lonizations and excitations
Avancer dans la compréhension des mécanismes du Flash PHYSIOCHEMICAL Step
Molecular dissociations
10%
Heterogeneous CHEMICAL Step
L . ., 204 Reactions and diffusions
Relever les défis techniques liés au Flash
Homogeneous CHEMICAL Step
1 Reactions and diffusions
3600 DNA repair and enzymatic reactions
BIOLOGICAL Step
LET, 02, ROS, biological effect, ... v Cellular and tissue response
. Montay-Gruel,P., et al. (2019). DOI: 10.1073/pnas.1901777116
Multidisciplinary team around the ARRONAX cyclotron
Dose rates
* CONV: ~0.1Gy/s
Extracted Maximal Range in LET at plateau
particles  energy (MeV) water (cm) entrance (keV/pm)
H' 70 4,08
He?! 70 0,34 11 «  UHDR:

Up to several hundred of kGy/s

Favaudon et al. Science Translational Medecine 2014, Vozenin et al. Clinical Cancer Research 2018, Vozenin et al. Clinical Oncology 2019
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http://dx.doi.org/10.1073/pnas.1901777116
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Physique

ARRONAX preclinical irradiation line

Poirier et al. 2019

Beam creation
Energy and temporal

Beam shaping
Lateral and distal homogeneity,
field size and geometry

Sample or animal
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Dose absorbée normalisée

Cyclotron —

Physique

Beam creation
Energy and temporal
structure

ARRONAX preclinical irradiation line

Bongrand et al. Cancers 2021
Evin et al. Phys. Med 2024
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Physique ARRONAX preclinical irradiation line

Beam shaping
Lateral and distal homogeneity,
field size and geometry

Beam creation
Energy and temporal
structure

Sample or animal

Mouchard et al. FRPT 2022 positioning and targeting

Villoing et al. Med. Phys. 2022
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Physique

ARRONAX preclinical irradiation line

Beam creation
Energy and temporal
structure

Beam shaping
Lateral and distal homogeneity,
field size and geometry

Sample or animal
positioning and targeting

Beam

monitoring Applications

lonization chamber

Cyclotron —

Kapton
exit window

100 pm Tungsten foil

Optimisation du ciblage des souris

Carbon table
+ heating system

Anaesthetic
gas flow

Week prior to irradiation

Ridge filter for l

SOPB (optional) Collimator

Impact de la respiration
en Flash sur MOBY

Radiochromic
Photomultipliers film

Opaque cavities
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Innovative dosimetry
through radiation emitted by the
irradiated medium

Evin et al. Phys. Med. 2024




Biologie

Manip préliminaire (2s/c): premiéres souris a ARRONAX (nov. 2023)

“ C‘NV HHDR
so0um

Intestin 15Gy
Protons 68MeV
(plateau)

Ctl

Tunel

S5MA

100 um

Nouvelle manip souris (10 s/c) (25 sept. 2024): impact du Flash sur le systéme vasculaire tumoral

Diffenderfer et al. 2020, Ruan et al. 2021, Evans et al. 2022, Bel et al. 2024
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Biologie

Vozenin et al. Clin Oncol 2019, Montay-Gruel et al. PNAS 2019, Pawelke et al. Radiother Oncol 2021, Karsch et al. Radiother Oncol, 2022, Horst et al.
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live imaging

Length (pm)

UHDR-PT and He2+ protect zebrafish development

Slide from V. Potiron, Webinar FRPT2024

Saade et al. Adv Rad Onc 2022
Ganham et al. Radiother Oncol 2023
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UHDR-PT effects 2-6h post IR

vessel analysis
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Radiother Oncol 2024
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Slide from V. Potiron, Webinar FRPT2024

Biologie acute effect on blood vessels

i irradiation live imaging vessel analysis 28 hpf — irradiation culture until 72 hpf live imaging vessel analysis
72 hpf e > ( o,
‘ = i L —— b LA : = - . _—-‘-’ e st eipne, T i
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CTL

. effect of radiotherapy given at 28 hpf
PT-UHDD
mCherry Merge control 30 Gy Conv PT 30 Gy UHDR PT

28 Gy

> Vai déis f ‘< = radiorési » Blocage de I'angiogenése
aisseaux déja formés = radiorésistants > Pas deffet du débit

» Pas d’effet du débit
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. . Slide from V. Potiron, Webinar FRPT2024
Biologie
UHDR-PT induces vascular gene expression in 28 hpf zebrafish Effects of UHDR-PT on VE-cadherin in vitro
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Biologie

Jansen et al. Radiother Oncol 2022, Grilj et al. Radiother Oncol 2024

Effects of UHDR-PT on vascular genes are not recapitulated in vitro
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Chimie

Effet UHDR des I'étape chimique dans l'eau ?

» Hypothese des recombinaisons radicalaires différentes liées au débit de dose

® CONV 0.25 Gy/s

-]
L

= FLASH 50 Gy/s

~d
M

X FLASH 100 Gy/s

A FLASH 500 Gy/s

Blain G et al. Radiation Research, 2022

* Moins de H,0, produit en UHDR Vs. CONV

=61
=2 1 R Pl * Confirmation de Montay-Gruel et al. PNAS 2019  (électrons 500Gy/s)
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€aq + HO® — HO™

H,0, + ez, — HO" +HO~

k =3.0x10° L mol's?
) mot=s Dose rate (Gy.s?)

k=1.1x101°L molts1?

Kusumoto et al. RSC advanced 2020, Labarbe et al. Radiotherapy and Oncology 2020, Kusumoto et al, Radiation Research 2024, Pastina et al. The Journal of Physical Chemistry 2001
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Chimie Effet UHDR des I'étape chimique dans I'eau ?

» Exploration de la structure temporelle des faisceaux

Etude multifaisceaux Variation de la durée inter-faisceaux

30Gy UHDR, 68MeV protons, 20s entre les faisceaux: 1x30Gy, 2x15Gy, 3x10Gy ...

10x3Gy

9.0E-06 UHDR 1x30Gy UHDR 4x7,5Gy

8 OE.06 | *_ CONV 30Gy U H D D

--------------------------------- o T —. “«>
l 8,00E-06 DR=0,2Gy/s DR=6 000 Gy/s durée inter-pulse variable

o~  7.0E-06 [ }
T R, S .
3 _ﬁ-_—+"" R? =0.9598 < 7,006-06 @ 208
€ 6.0£06 [ % - 12% 3
= - -17% s
= V17, 1% 5 J
O, 5.0E06 | % ~24% 2 cooe0s @
£ )
= -34% ® CONV

4.0E-06 | 5,00E-06 145“.5

® UHDR
@ FLASH 4 beams various interbeam time
3-0E_06 1 1 1 1 1 1 1 1 1 1 J .:.::;:E o6 ® CONY
0 1 2 3 4 5 6 7 8 9 10 11 FLASH single beam
Number of beams 3 00€-06
0 20 40 60 B0 100 120

DIT (ms)

> impact du Flash \« nombre de faisceaux /

dose par faisceau
> Effet Flash retrouvé avec durée inter-faisceau faible

Evin M et al. ESTRO 2023

Sorensen et al. IROBP 2024



Chimie Effet UHDR des I'étape chimique dans I'eau ?

» Lien H,0, > e, <> 0,

Mesure de I’ e7,, en direct sous le faisceau de protons = Thése de Sarra Terfas (Subatech, G. Blain)

Protons 67.4 MeV
Débit = 240 kGy/s
Durée du pulse = 2us
Dose = 0,48Gy/pulse

moD

mOD : optical density x103

3.0

(a)

25

20
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(b) =
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Sous argon :
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e
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Modélisation

i BATE

Proton Energy: 67.5 +/- 0.35 MeV

Xy:Z

009257
0.002

0.0015
0,001

0.0005

0.0005
0001
0.0015
-0.002
0.0025 4
0.

L ; o0y 0002 e
0.Bgs o
%63 oy P 0.001

PhaseSpace around the target box

Modélisation radiochimique du Flash avec GATE/Geant4-DNA

Water radiolysis simulationina 3 pm
water box using Geant4-DNA physics-
lists and chemistry

Collaboration between LPCA and ICO

Absorbed dose (Gy)

ARRONAX beamline simulation using GATE 9 — from macro to micro scale

o o

> Présentation de Daeun Kwon ce matin

Nouvelle approche pour la modélisation du
débit dans Geant4-DNA

Tuan et al. Modeling water radiolysis with Geant4-DNA: Impact of the temporal structure of the irradiation
pulse under oxygen conditionsarXiv 2024

6 GeanT4

/A SIMULATION TOOLKIT

2.5
Aerated Deaerated (0.0003%)
% 20 H,0 H,0
S — HpUy == MUy
=
e exp o exp

g 15 -0
=
2
=]
E 1.0
4]
=
g
& 05 ¢

0.0 . - , . -

10-12 107° 1076 1073 1 103

Time (s)
From Fois et al. Med. Phys. 2024
a) b)

electrons electrons

Water
Water

—_—
—_—
- “

Figure 1: 1 MeV electron beam irradiation. Simulation volume: water cube (in blue). a):
Infinite (= instantaneous) single-pulse irradiation: all incident electrons are shot
simultaneously as a parallel beam onto the volume until the total absorbed dose is reached.
b): « Time-structured » single-pulse irradiation. The sequence of irradiation can be changed
by the user. At is the delay time between two successive electrons within a beam irradiation.
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Conclusion et perspectives

Physique
Environnement permettant les études a tous les débits en protons et ions hélium
Irradiations possibles dans le plateau, pic de Bragg, SOBP
Maitrise de la dose délivrée, du débit, de la durée des pulses, ...
modélisation GATE de la ligne = dosimétrie dans les cibles complexes .

" PATF

) J

- T

Effet Flash obtenu sur différents modeéles in vivo (ZF, souris)
Effet vasculaire du Flash: péricytes (ZF), jonction intercellulaire endothéliale (ZF et in vitro)

Simulation of a lateral proton

Pas d’effet Flash sur les vaisseaux déja formés et I'angiogenése s e B

Pas d’effet Flash sur I'activation des génes vasculaire in vitro PR e el A

Chimie
Baisse de H,0, dans I'eau en Flash
réle de I’ e-,, démontré
Impact de la dose par faisceau et de l'intervalle entre 2 faisceaux
- Confirmation de la théorie de la recombinaison radicalaire

Modélisation
Comparaison modele/expérimental en débit conventionnel pour différentes conditions (02, pH)



Conclusion et perspectives

Développements dosimétriques

Dosimétrie in vivo par mesure du spectre d’émission Bremsstrahlung

{ NP2 e
> \ A 3 %
4 VA ! N
. <1 1 2
’ N e 3t 2

X-rays / PMT charge

Axe motrorisé Blindage (Pb)

— 33.5-41.5 MeV
26 -35 MeV
3.5-18.8 MeV (PB)

PMT-profiler ‘ Diarlnonni‘ PEPITES
(Nicola André, Robin Molle) (C. Thiebaux)
PEPITES

Diamonds detectors

Evin et al. EXRS 2024

Développement d’un dispositif hypoxique pour étude cellulaire

Chaudhary et al. Research Square 2021

Energy (keV)

at the exit window

* Etude du Flash a différents TEL (Tinganelli et al. FRPT 2023)
Collaboration avec le Ganil (Carbone) F. Chevalier
Utilisation du faisceau Hélium sur cellules en hypoxie

* Etude du remodelage vasculaire tumoral en Flash chez la souris

* Mesure d’autres espéces radiochimiques (02°-, ...)
* Mesure indirecte de I’ e-,, (Collaboration avec Q. Raffy)

* Lien entre Chimie et Biologie
milieu différent de I'eau (Collaboration avec J. Seco)
H202 dans les cellules (Collaboration avec P. Vidi)
Etude multifaisceau sur cellules en hypoxie

* Poursuite de la collaboration G4-DNA (L. Maigne et H. Tran) 19
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* A Monte Carlo Determination of Dose and Range Uncertainties for Preclinical Studies with a Proton Beam. Bongrand et al, Cancers 2021

*  Ultrahigh-Dose-Rate Proton Irradiation Elicits Reduced Toxicity in Zebrafish Embryos. Saade et al, Adv Rad Onc 2022

= Proton Irradiations at Ultra-High Dose Rate vs. Conventional Dose Rate: Strong Impact on Hydrogen Peroxide Yield. Blain G et al, Radiat Res 2022

*  Technical note: Proton beam dosimetry at ultra-high dose rates (FLASH): Evaluation of GAFchromic™ (EBT3, EBT-XD) and OrthoChromic (OC-1) film
performances. Villoing D et al, Med Phys 2022

*  Methodology for small animals targeted irradiations at conventional and ultra-high dose rates 65 MeV proton beam. Evin M et al, Phys Med 2024

= Moaonte Carlo simulations of microdosimetry and radiolytic species production at long time post proton irradiation using GATE and Geant4-DNA. Fois et al,
Med Phys 2024

»  First evidence of in vivo effect of FLASH radiotherapy with helium ions in zebrafish embryos. Ghannam et al, radiotherapy and Oncology 2023

» Validation of the proton FLASH effect in a zebrafish model: a mechanistic study. Bogaerts et al, under review

LP2i

Bordeaux
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Contexte

FLASH Radiotherapy: Ultra-High Dose Rate (UHDR, > 40Gy/s)

O First « official » FLASH-RT paper in 2014

Science -
Translational
S Medicine
SCIENCE
TRANSLATIONAL
MEDICINE

Volume 6 | Issue 245
July 2014

U FLASH effect observed on mice ol
. Lung protection from radiation-induced fibrosis TR S

1 No loss of anti-tumor efficiency
1 4.5 MeV electrons

(1 Institut de
©) Cancérologie
© de ’'Ouest
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RESEARCH ARTICLE RADIATION TOXICITY

Ultrahigh dose-rate FLASH irradiation increases the dif-
ferential response between normal and tumor tissue in

mice

VINCENT FAVAUDON , LAURA CAPLIER, VIRGINIE MONCEAL, FREDERIC POUZOULET, MANO SAYARATH, CHARLES FOUILLADE. MARIE-FRANCE POUPON, ISABEL BRITO,

PHILIPPE HUPE. JEAN BOURHIS, JANET HALL JEAN-JACQUES FONTAINE. AND MARIE-CATHERINE VOZENIN fewer Authors Info & Affiliations

SCIENCE TRANSLATIONAL MEDICINE - 16 Jul 2014 - Vol 6, lssue 245 - p. 245ra93 - DO 10.1126/scitrans med 3008973
17-Gy CONV 17-Gy FLASH
Control 4.5 MeV el. 4.5 MeV el.

o, 4
A

e

w55

MT
24 weeks

50 pm
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Contexte

FLASH Radiotherapy: Ultra-High Dose Rate (UHDR, > 40Gy/s)

O First « official » FLASH-RT paper in 2014

Science
Transl.atlonal

SCIENCE
TRANSLATIONAL
MEDICINE

Volume 6 | Issue 245
July 2014

RESEARCH ARTICLE | RADIATION TOXICITY f ¥ in @ % =

Ultrahigh dose-rate FLASH irradiation increases the dif-

ferential response between normal and tumor tissue in
mice

VINCENT FAVAUDON , LAURA CAPLIER, VIRGINIE MONCEAL, FREDERIC POUZOULET, MANO SAYARATH, CHARLES FOUILLADE. MARIE-FRANCE POUPON, ISABEL BRITO,

PHILIFPE HUPE. JEAN BOURHIS, JANET HALL JEAN-JACOUES FONTAINE. AND MARIE-CATHERINE VOZENIN fewer Authors Info & Affiliations

SCIENCE TRANSLATIONAL MEDICINE - 16 Jul 2014 - Vol 6. lssue 245 - p. 245ra93 - DOl 10.1126/scitranslmed 3008973

J FLASH effect observed on mice

| Lung protection from radiation-induced fibrosis
1 | No loss of anti-tumor efficiency

Increase in

J 4.5 MeV electrons
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