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Temporal structure of energy deposition institutCurie
in the conventional vs. FLASH modalities
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Temporal structure of energy deposition institutCurie
in the conventional vs. FLASH modalities

— 1
—~~
100 — ) g

: - 10
Q)
10 - J <100 ms - 1-4 ys 6 g
a5 o
1) (o))
3. e 16 =
s 2
e
Q g1 5
> | 104 ©
O &
I ©
0.01 .
g 4100 3
i 1-10 min ’ 8

0001 - = _ ]
F ﬂ ﬂ ﬂ ﬂ ﬂ ﬂ 110
CONV FLASH UHDR

The FLASH effect stems from a combination of high doses in a single,
short session at ultrahigh intra-pulse dose-rate (IPDR).
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SpeCifi Cation S institutCurie

LINAC “Kinétron” (1987)
3.9-5.1 MeV electrons
Triode electron gun
Thermoionic cathode

Pulse width 0.05 - 2.2 ys
Repeat frequency 0.1 - 200 Hz
Peak current 0.01 - 200 mA (whole emission lobe)
Dose per pulse 0.001 - 50 Gy

Maximum IPDR = 3 107 Gy.s™!
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Setu P institutCurie
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Setup

Other available dosimetric methods:
e Methyl viologen radical: submicrosecond, real-time optical detection
e Mallet-Cerenkov light : nanosecond, time-resolved dosimetrey

e Gafchromic EBT3 films (leucomalachite green)
e LiF pellets (thermoluminescence)

e Low dose-rate: Markus ionisation chamber
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Methyl viologen radical cation (N,0-HCOO") insmutgri)e

as a time-resolved dosimeter in water
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Mounting - Dose distribution with 4.5MeV electronsinsututgri)(e
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Radio-induced lung fibrosis in C57BL/6J mice  isitucurie
15 Gy in single dose (bilateral thorax irradiation)

Conventional dose-rate (CONV) Ultrahigh dose-rate (FLASH)

1 mGy/pulse 2 1 Gy/pulse
IPDR = 3 102 Gy/s IPDR = 107 Gy/s
» Beam-on time 5 min » Beam-on time < 100 ms

. 7

1h-2h-24h 8-16 - 24 - 32 - 36 weeks

Pneumonitis
Inflammation
TGF-p activation
Lung fibrosis

Apoptosis

Hair depigmentation
Skin necrosis
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Lung fibrosis - Histology

30 Gy FLASH
P

A Control 17 Gy CONV 17 Gy FLASH

No fibrosis after FLASH
irradiation at doses known

to trigger lung fibrosis in
C57BL/6J mice.

HES
8 weeks

HES
24 weeks

30 Gy FLASH is nearly

vy

institutCurie

equivalent to 17 Gy CONV o2

L] - - Lu QF

in terms of fibrogenesis Tg

(IPDR =107 Gy/s).

In the skin 30 Gy FLASH 5%

spares keratinocytes, : 1

not melanocytes B M e e o e B

(complete depigmen- ST ™ MM I I

tation without necrosis). M | ﬂ’_
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TGFB, blood capillaries... " W i g .
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Cure of tumor xenografts institutCurie

—=— Non-irradiated
—e—19.5 Gy.eq CONV
—=— Non-irradiated ——15 Gy FLASH

—e—17 Gy CONV 20 Gy FLASH
| ——17GyFLASH| 'HBICX'12A | ——25GyFLASH | ,HEP-Z

Relative tumor volume (RTV)

o 20 40 e 8 100 o 20 40 e 80 100
Day after treatment Day after treatment

FLASH is as efficient as CONV irradiation to cure tumors.

Full control of Hep-2 tumors without cutaneous lesions
after 25 Gy FLASH.
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Cure of tumor xenografts institutCurie

—=— Non-irradiated |

FLASH specifically spares normal tissue
from radio-induced complications
whilst preserving the antitumor efficiency

e Zlobinskaya et al. (2014) Radiat Res 181: 177-183.
 Diffenderfer et al. (2020) Int J Radiat Biol 106: 440-448.
e Montay-Gruel et al. (2020) Clin Cancer Res (in press).

e Levy et al. (2020) BiorXiv (in press).

FLASH is as efficient as CONV irradiation to cure tumors.

Full control of Hep-2 tumors without cutaneous lesions
after 25 Gy FLASH.
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The sparing effect of FLASH
operates in all normal tissues

Organ (species)

Lung (mouse)

Publications

Favaudon et al. (2014) Sci Transl Med 6: 245ra93
Fouillade et al. (2020) Clin Cancer Res 26: 1497

Outcomes

Inflammation / Fibrosis
Stem cells / Senescence

Brain (mouse)

Montay-Gruel et al. (2017) Radiother Oncol 124: 365
Simmons et al. (2019) Radiother Oncol 139: 4
Alaghband et al. (2020) Cancers 12: 1671
Montay-Gruel et al. (2020) Radiat Res 194 (online)

Neural stem cells / Cognition
Cognition

Neural inflammation / Cognition
Astrogliosis / Cognition

Gut (mouse)

Diffenderfer et al. (2020) Int J Radiat Oncol Biol Phys 106: 440
Soto et al. (2020) Radiat Res (online)
Levy et al. (2020) bioRxciv (online)

Crypt stem cells / Function
Crypt stem cells / Function
Crypt stem cells / Function

Skin (mouse)

Skin (pig)

Favaudon et al. (2014) Sci Transl Med 6: 245ra93
Soto et al. (2020) Radiat Res (online)
Vozenin et al. (2019) Clin Cancer Res 25: 35

Depigmentation / Ulceration
Ulceration / Regeneration
Ulceration / Regeneration

Bone marrow (mouse)

Chabi et al. (2020) Int J Radiat Oncol Biol Phys (online)

Hematopoiesis / Stem cells

Zebra fish embryos

Beyreuther et al. (2019) Radiother Oncol 139: 46

Embryo development

Normal human cells
in vitro

Buonnano et al. (2019) Radiother Oncol 139: 51
Fouillade et al. (2020) Clin Cancer Res 26: 1497

Radio-induced senescence
DNA damage, clonogenicity

Nasal planum (cats)

Vozenin et al. (2019) Clin Cancer Res 25: 35

Cure of spontaneous carcinoma

Skin (humans)

Bourhis et al. (2019) Radiother Oncol 139: 18

Treatment of a first patient
with FLASH-RT
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CLINICAL CANCER RESEARCH | TRANSLATIONAL CANCER MECHANISMS AND THERAPY institutCurie
FLASH Irradiation Spares Lung Progenitor Cells and ®
Limits the Incidence of Radio-induced Senescence G

Charles Fouillade', Sandra Curras-Alonso™?, Lorena Giuranno®, Eddy Quelennec', Sophie Heinrich™*,
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» FLASH elicits less early foci of 53BP1 than CONV in normal cells only.
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» FLASH spares normal human lung stem cells in vitro
from radio-induced cell death
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> sc-RNAseq allows identifying the nature and localisation of progenitor cells
in irradiated mouse lung evolving to fibrosis.

® Nl © CONV eFLASH

Endothelial

Interstitial -

"~ Monocytes

AT2cells  AT1 cells

UMAP2

Alveolar
macrophages

B cells

SMC
Pericytes
R Fibroblasts
: Col14at+ .-

Fibroblasts
Col13a1+

0
UMAP1
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> sc-RNAseq allows identifying the nature and localisation of progenitor cells
in irradiated mouse lung evolving to fibrosis.

Tgfb1 Egr1

NI CONV FLASH CONV FLASH NI CONV FLASH

Interstitial macrophages Monocytes AT2 cells
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» FLASH spares irradiated lung from radio-induced senescence and lowers
the expression of pro-inflammatory factors (SA-B-galactosidase assay).

NI ) CONV FLASH

Mmp2 mRNA relative expression

Serpinet mRNA relative expression

Cdkn2a mRNA relative expression

Bgal+ cluster per section
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Increasing the partial pressure of oxygen institutCurie
abolishes the FLASH effect in mouse brain

Experimental
Publication Outcome
Montay-Gruel (2019) Proc Natl Acad Sci USA 116: 10943 Cognition / Inflammation
Simmons et al. (2019) Radiother Oncol 139: 4 Cognition / Dendritic spines
Computational

Publication Model

Spitz et al. (2019) Radiother Oncol 139: 23
Pratx et al. (2019) Int J Radiat Oncol Biol Phys 105: 190
Petersson et al. (2020) Int J Radiat Oncol Biol Phys 107: 539

Abolfath et al. (2019) Med Phys (in press)

Oxygen depletion

Labarbe et al. (2020) Radiother Oncol (in press) Radical recombination

MDAnderson
‘Ganeer Center

G Stanford INDIANA UNIVERSITY
(ba University SCHOOL OF MEDICINE

LLR, December 14", 2020
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Nucleic acids, proteins institutCurie
Small molecule acceptors
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Nucleic acids, proteins institutCurie
Small molecule acceptors
0,—0,*
Buffering substances
Superoxide dismutase, catalase RH
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Nucleic acids, proteins

Small molecule acceptors
0,—0,*

Buffering substances

Superoxide dismutase, catalase RH
H30+ H2 HzOz eaq' H* °OH — -14
\, Y ] t _10 S
H.
H,0
o R*
H,0
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Nucleic acids, proteins institutCurie
Small molecule acceptors
0,—0,*
Buffering substances
Superoxide dismutase, catalase RH €—
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H30+ H2 HzOz eaq' H* °*OH
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l H,0
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/> XS*
k XSH

Self-rearrangement (truncation)

t,2=5ms
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Nucleic acids, proteins institutCurie
Small molecule acceptors
0,—0,*
Buffering substances
Superoxide dismutase, catalase RH €—

. : £ s

H30+ H2 HzOz eaq' H* °*OH

\ k XSH

H.

H,0
l R. —
H,0 o | :
2 Self-rearrangement (truncation)

ROO*

t,,=1-10 s
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Nucleic acids, proteins

Small molecule acceptors
0,—0,°*
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Fragmentation

Alteration of the dynamics
of lipid rafts

Activation of sphingo-
myelinase —p Ceramide

Dimerization or disproportionation

Tandem lesions
Chromosome breaks — Aneuploidy - Mutations
Cell death



Nucleic acids, proteins institutCuﬁe
Small molecule acceptors
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A physicochemical model of reaction kinetics supports peroxyl radical
recombination as the main determinant of the FLASH effect

0-P-0

(e}

In Rudi Labarbe?, Lucian Hotoiu **, Julie Barbier , Vincent Favaudon ™’ fon

“Jon Beam Applications S A (IBA), Louvainda-Neuve, Belgium; ® Institut Curie, Inserm U 1021 -CNRS UMR 3347, University Paris-Saclay, PSL Research University, Centre Universitaire, bhf the dynamics
Orsay Cedex, France 3

ca, \ - .
IsoprostanesJ \\ Activation of sphingo-

myelinase —p Ceramide

HoN
1 - a\ ;\
(o]

b”“k
0 HHDT DHDT [ R*+R* ———> Dimerization or dlsproportlonatlon
5O oM o P Ro0" ARo0 ROOR + O '
ROO" + ° +
° b Chain || —> 2 :
HO termination l ROO*+R* ———> ROOR ]
! Y g ROO' +XSH —> ROOH + XS°*

Tandem lesions
Chromosome breaks — Aneuploidy - Mutations
Cell death



D

Radiat Environ Biophys (2011) 50:253-263 institutCurie

DOI 10.1007/s00411-011-0353-1

ORIGINAL PAPER

Dose rate effect on micronuclei induction in human blood
lymphocytes exposed to single pulse and multiple pulses
of electrons

Santhosh Acharya - N. N. Bhat - Praveen Joseph -
Ganesh Sanjeev * B. Sreedevi * Y. Narayana

Cytokinesis block for precise determination of acentric chromosomes
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The micronucleus frequency institutCurie
decreases in inverse ratio to the IPDR
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Drawn from Acharya et al. (2011) Radiat Environ Biophys 50: 253-263.
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Institutions involved in FLASH studies (2020) institut(%
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Industrial projects - IORT intitutCurie

" It & It
\ o
Sordina IORT (It) Stanford (CA)
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Industrial projects - Protons and VHEE institutCurie

// Z
Protontherapy (IBA)

Very High Energy Electrons
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