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Interdisciplinary center of
Nanotechnologies and innovative Therapies with Radiations

{o treat cancer
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2 excellence centers of cancer research (Institute Gustave Roussy, Institute Curie)
>15 labs, 150 researchers

Multidisciplinary research, education, clinic
Workshops and events

Contact: Elodie.carpentier@universite-paris-saclay.fr

Coordinator : Sandrine Lacombe
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Radiotherapy : x-rays/y-rays traverse the body

50% of the patients
Non invasive but side effects and radioresistance

» New modalities to improve tumor targeting :
Ex: particle therapy, proton microbeams, FLASH (ultra
high dose rate), VHEE (Very High Energy Electrons),
Image guided RT ...

100 X-rays
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40 |- protons ——
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carbon ions tum
0 ‘ 1 '
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penetration depth in tissue (cm)
Prezado et al. 2013 4



Challenges

=» Increase RBE at the tumor

=» Decrease the total dose ad thus damage at the entrance of the track

How???

Lacombe & Scifoni, Cancer Nanotech.8:9 (2017) 5



Challenge

Improvement of RT with theranostic nanoparticles (NPs)

How to improve radiation effects at the tumor?
» Sensitization of cells to radiation (radiosensitization) with drugs

 Amplification of electron emision at the tumor
(radioenhancement)

* Improvement of diagnostic

How to induce radio-enhancement ( = improve e- emission) ?

» Bring high-Z elements at the tumor

Why nanoparticles (NPs) :

To bring multimodality with the same nanoagent to both
image/diagnose the tumor and increase RBE at tumor

=» theranostic = enhancement of radiation effect + medical imaging

Anselmo AC & Mitragotri S.. Nanoparticles in the clinic: An update.
Bioeng Transl Med. (2019)



Radioenhancement

Early stage - Nanoscale mechanisms Incident beam: photons, ions, e-

Time scale

Secondary e

1015 s NP electronic activation

1013 g NP relaxation
e e emission

10125
Production of radicals (ROS)
106 < * Water radicals
* Diffusion/reaction
10°s Y
=>» bio-damage
=>» Cell death

\ 4

Foley, Guo et al., Chem Comm (2005)
Kobayashi et al Mutation Research (2010)
Porcel et al Nanotechnology (2010)



How does radioenhancement work

Material: Incident beam: photons, ions, e-
* Good e-emitters: high Z compounds
Ex: Au (79), Gd (64), Hf (72), Fe (26) also Pt (78) Secondary e

Design:

* Metallic (AuNP) or oxides (HfO2) NPs Inorganic
macromolecules (AGuiX, MOFs..)

* Micelles able to carry Metal/oxide




Multomodality of NPs

v Rich surface chemistry :
* with high Z materials (ex: Au, Fe, Bi, Pt,)

Fluorescent dye

Receptor-ligand

* Contrast agents (ex: Gd for MRI)

L. Shell coating
e Radioisotopes (Zr for PET) =N
MRI contras

e drugs (ex: gemcitabin, ...) motif

* Fluorescent tags (optical microscopy) <%\< *

1 Therapeutic

v agent

Surface functional
group

et
4
4

Radionuclide

Active core

Wang R et al. Journal of Nanomaterials 2012
Rizzo L et al. Curr Opin Biotechnol 2013



Clinical trials NP in RT — example

Gadolinium based nanoagent - AGulX— (@NHTheraguix) — IV injection

T1-weighted
pre-AGulX

100
~+- Nanorad 15-30 mg/kg

80 —— Nanorad 75-100 mg/kg
S
— 60+
«
>
e 40+ . —
= T1-weighted g =
w ’

204 ‘

0 L) L} 1 ’
0 10 20 30 . /
Time (months)

Courtesy R. Berbecco (D.F hospital, Boston), O. Tillement (Lyon 1)

Verry et al., Radiotherapy and Oncology 2021
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Clinical trials NP in RT — example

- gold NPs — AuroShell (head & neck)

- SPIONs & iron oxide (pancreas)

- hafnium oxide NPs- NBTXR3 (@Nanobiotix) - IT injection

Bonvalot et al, Lancet Oncol 2019
NBTXR3, a first-in-class radioenhancer hafnium oxide
nanoparticle, plus radiotherapy versus radiotherapy alone
in patients with locally advanced soft-tissue sarcoma
(Act.In.Sarc): a multicentre, phase 2-3, randomised,
controlled trial

‘ Towards multimodal treatment, image-guided RT, and personalization

Reviews: Anselmo. Bioeng. and transl. med. 2019
Smith et al Cancer Nanotechnoloy 2022, Gerken et al ChemRxiv. Cambridge 2023 11



Injection modalities

Intra tumoral injection:
-high concentration, high targeting
-but pain, no clearance, low repeatability

Intraveneous injection

- low pain, repeatability

- Tumor concentration by EPR effect

(Enhanced Permeability and Retention effet:

NP<20 nm)

» low concentration but clearance and low
toxicity

Healthy tissue

Blood vessel

Endothelial cells

.\ Blood vessel

Nanoparticle



1%t Proof of concept in vivo

200 kV x-rays combined with AuNPs (2004)

100
90 - /— 86% :
< 8 LT \ 7 AuNPs + RX Hainfeld et al., Phys Med Biol (2004)
s 70
o 60 - !
g 50 =—/—450% AuNPs + RX
*
a 21—\
30
20 - X—A—A—A—A—A A—(f—420%  X-rays
10 -
0 re==s=e 3o soes s—/—90%  AuNP
0 50 100 150 365

Days
Higher survival in the presence of AuNPs

» Radioenhancement : amplification of radiation effect

Note: also observed with high-Z molecules

Kobayashi, LeSech et al, Rad.Res. 2002 13



Proof of concept

Mechanism : photo-electric effect
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Proof of concept

Proof of concept with incident ions : 45 MeV proton beam combined with AuNPs, FeNPs

(A) ---#--- No treatment n=5
600 S ---O---- AUNP only n=5
73| —e—Proton alone;n=8;CTR 13% e- orion
T & —s— AuNP 100 mg/kg;n=8;CTR 38%
500 - ‘,.:F —&— AuNP 300 mg/kg;n=8;CTR 75%
l —#— FeNP 100 mg/kg;n=8;CTR 50%
— ;"qD" —&— FeNP 300 mg/kg;n=8;CTR 63%
£ 400 -+ l
E
: Y
5 300
o
>
S 200 L~
£ 1
S |
- L
. , .

Day after treatment

Decrease of the tumor volume in the presence of NPs

» NP radioenhancement effect with all types of incident radiation

Kim et al, Phys Med biol. 2012 15



Characteristics for NPs

Rich diversity in chemistry (@environmental impact, low cost)
Stable in water and biological buffers

Biocompatible & non toxic (in cells but also in the blood stream)
Small size: Compatible with IV (AGuiX: 4 nm)

Multimodal: Electron emitter, Contrast agent, drug carrier...
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Exemple of experimental roadmap for TH-NPs

Synthesis, characterization of NPs
in vitro (2D/3D) : Toxicity, localisation, and irradiation experiments
in vivo : pharmacokinetics, toxicity, and irradiation experiments

Prediction & modelisation/simulations: Quantification of nanoscale mechanisms
Clinical trial

Radiation Targets

source

5 )Nano-bioprobe
% M Elementary processes

Human cells N vi
e
Efficienc
Jf y localisation

Photons

17



Exemple : development of platinum NPs (PtNPs)

Why Pt NPs :
 Platinum: Z=78 a good e- emitter,
 acompound already known by physicians (Cis Pt: chemotherapy)

 Small~ 10 nm compatible with IV injection -»
 Biocompatibility, versatile, and adaptable to chemical functionalization

-» Functionalization with FDA approved PEG-(NH2),

18



Exemple : development of platinum NPs

Synthesis : one step process by water radiolysis

_ Patent: FR1900008 (in process for EU and US)
‘ig“c‘;’ma rays Salado-Leza et al. Nanotechnol Sci Appl. 2020
€ .lv » He (water radiolysis)
y, \ \ 3
® G / \ ‘@ =
— ‘:@ [Pt L @ e
stabilizer (J (5 / G @@ /
polymer ~ u @
® © /
PEG-(NH
( 2)2/ \ / Platinum nanoparticle
Platinumions Platinum atoms
Pt2* Pt?

19



Exemple : development of platinum NPs

Synthesis : one step process by water radiolysis
, Patent: FR1900008 (in process for EU and US)

2
‘g)zg:ma rays Salado-Leza et al. Nanotechnol Sci Appl. 2020
€ .lv » He (water radiolysis)
i &
/ o /
; & / O
® 7./ \ ‘@ _,
G s ‘ P l“)
o 9 U @
Stabilizer () P / W /
polymer b ‘\) P \)
@ © /
PEG-(NH
( 2)2/ \ / Platinum nanoparticle
Platinumions Platinum atoms
Pt2+ Pt?

+

Possible attachement of a fluorescent tag @ PEG-(NH2), : rhodamine

% PEG-
+ (NH,),

RhB

20



Exemple : development of platinum NPs

Synthesis : one step process by water radiolysis
, Patent: FR1900008 (in process for EU and US)

= .
‘Sozzzmma rays Salado-Leza et al. Nanotechnol Sci Appl. 2020
0
\ /e‘soh. , He (water radiolysis)
/ o /
; & / O
® 7./ \ ‘@ _,
G s ‘ P l“)
o 9 U @
Stabilizer () P / W /
polymer b ‘\) P \)
@ © /
PEG-(NH
( 2)2/ \ / Platinum nanoparticle
Platinumions Platinum atoms
Pt2+ Pt?

Possible attachement of a fluorescent tag @ PEG-(NH2), : rhodamine

" PEG-
One pot synthesis of High performance + (NH,)
2]2
Fast (1 step) RhB

Reproducible

Green (no solvent)

Low cost

Efficicient : 100% rate and solution ready -to-use in clinic

(sterilized by gamma radiation) .

VVVVYVYY



Exemple : development of platinum NPs

Characterization of PtNPs
Shape' TEM size: DLS

Yang, X. et al. Int. J. Mol. Sci. 2020
Salado-Leza D, Porcel E, et al. Nanotechnol Sci Appl. 2020 22



Exemple : development of platinum NPs

Cell uptake and Intracellular distribution in cells (2D)
Techniques: confocal microscopy, TEM, Nano-SIMS ...

Quantification by ICP MS (ex:5x10° NPs per cell)

confocal NanoSIMS

» radioenhancers are localized in the cytoplasm

23

Salado-Leza D et al. Nanotechnology, science and applications (2020).



Exemple : development of platinum NPs

Cell uptake and intracellular distribution of AGuiX NPs in 3D cell model to mimic the tumor

Quantifying nanotherapeutic penetration using a
hydrogel-based microsystem as a new 3D in vitro
platformt

Saba Goodarzi, 2@ Audrey Prunet,? Fabien Rossetti, {2/ Guillaume Bort, (22
Olivier Tillement, @2 Erika Porcel, @P Sandrine Lacombe,® Ting-Di Wu,®

Jean-Luc Guerquin-Kern, < Hélene Delanoé-Ayari, 92
Francois Lux {22¢ and Charlotte Riviere (2*2¢

» NPs can travel through the extra cellular
matrix

» then localize in the cytoplasm

» Same work in process with PtNPs (not yet
published)

S. Goodarzi et al Lab Chip, 2021. DOI:
10.1039/d11c00192b

Not published - confidential

AGuIX® “of
Nucgreen
Lysosome Depth: 0 pm

0.7
B Lysosome

0.2 Before washing
0.1 After washing

Pearson’s correlation Coefficient

) 10 20 30 40 50 60 70 100 pm
Depth (um)

Nucgreen
Mitochondria ¥ Depth: 0 pm

07 E Mitochondria

» |
Depth: 25 pm Depth:|50 pm

- Before washing
= After washing

0 10 20 30 40 50 60 70
Depth (um)
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Exemple : development of platinum NPs

Radioenhancement : Irradiation by y rays & C® (SOBP: 400MeV/u) on Hela cells

Incubation : 0.5 mM Pt, 6h : (HIMAC-NIRS)
= Ve _ )
2 0.1- I U =
© elLa
[T ]
— S, + P(PEG NPs
2 .
g ]
77
0.01 - o=
: ;i/ll@
o 1 2 3 4 5 6 7

Dose (Gy)

» Enhancement of the effect of high energy photons and fast ions

Salado-Leza D et al. Nanotechnology, science and applications (2020). 25



Quantification of molecular scale effects ?




Prediction / simulations: hanoscale mechanisms

Quantification of nano-size damages (for simulations)

’.;,«)‘_’, molecular probe : DNA plasmids
2 > . . .
2 © pBr322 plasmid = Nano-biodosimeter
VAL
N
0.04 4 NP ° - 0.04
0.03 + - 0.03
o
E L]
8
Q 0.02- 4 0.02
8 . & Pure DNA
7 .o
O 0014 o Ser < 0.01
‘ . ‘ & -
0001 : NP+DMSO |40
0 5 10 150 200 250 300 350 400
Double strand break (DSB) Dose (Gray)
> 2 nm damage » Enhancement of lethal radiation effects (nanosize
damage)

» Major role of water radicals

Porcel et al Nanotechnology 21, 85103 (2010) Salado-Leza D et al. Nanotech science and appli. (2020).



@ Chemical step

l 1 1 . Stage 1: electron emission from NP
H,0
| 5 H:0,
H,0* , H,0", € o, Stage 2: water radiolysis
Dissociation (1.)/lon-molecule (2.)/Solvation(3.) f I

Recombination 1. 2. N 3, S o
Hzoz — OH.+OH. H3O e + H. 2

aq

RH Stage 3: production of bio-radicals
o~ @
DNA Lipids

\
>

Stage 4: peroxidation

o)
Chain < W
CHs RH .
j\ O 1 sy Fragmentation
o)

*
*
*
*
-
*
0
*
*
o
*

Genotoxic damage
DSBs
SSBs

.
»
03
»
*
03
.
-
03
‘e
03

WO -~
@@ — roor+o,
@+ “ —> ROOR

Termination

.. J. Schuemann et al Phys Med Biol 2020 DOI: 10.1088/1361-6560/ab9159. )8



Prediction / simulations: nanoscale mechanisms

’
_____

Effect of NPs at nanoscale:

» Confined nanodose deposition (« spikes »)

Local Dose [Gy]

» Able to induce nano-size damage
in biomolecules

» Cell death and other biological impacts

Mc Mahon et al Scientific Reports (2011) 29



Prediction / simulations: nanoscale mechanisms

PtNPs @ 150 MeV protons.
B 0.030 . : . . : , H (150 MeV) .
| t PINP (EC) ] g
o 0.025 WM
] PtNP (BP) | s o
E 0.020 (BP) - g 2 6
L. ] i _ £ 5
o : g %
= 0.015- Control (EC) % g 4
8 A" 5control (8P); £ £
o 0.010- R S - =
8 /"g"' Penp
0.005- i
’ :"'/@ ) 0.44 GdBNO
] Gee” ] ey €ne Contr
0.000 #—————————T T T — Y gy 36 o1
0 50 100 150 200 250 300 350 Vi,
Dose (Gy)

» Effect stronger at the end of the proton track
» Increase of the effect with higher Z

Schlathélter et al, Int. J. Nanomed. (2016)
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Qe? in vivo
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PtNP pharmacokinetic and biodistribution

Radiolabelling of PtNPs with 39Zr for PET imaging

PET/CT

%
&8

‘

|

% o
g8

¢

N %/\/\Nuz PtNF-PA-DFO

MzN’\/\ /-\/\ 4
PtNF-PA 5C"‘<
PET/CT
(PNF-PEG-NH,) w
2 " u,u/\/\% H, — 3 microscopy
»
o
" l—L'-NH,

PtNF-PA-RhB PtNF-PA-RhB-DFO PtNF-PA-RhB-DFO(%°Zr)

SCN ., « Rhodamine B isothiocyanate SCN—< p-NCS-Bz-DFO
D-8 D-1 DO DO D1 D2 o5 o6 ) ‘1(
(0Oh) (1h —4h) (24h) (48h) N v
I I I I PtNF-PA-DFO(*°Zr)

-
}............................... I I I I ........I I
PINF-DFO & © © © © ©
PNF-RhB-DFO o o
Injection of PET/CT Histological examination Histological examination
PtNF-897r Autoradiography

Autoradiography

Ex-vivo biodistribution Ex-vivo biodistribution

Yang et al, Nanomedicine NMB (2022) 32



NP pharmacokinetic and biodistribution of PtNP

In vivo Biodistribution of 8°Zr-PtNP in B16F10 tumor model o41p/cc
ih 4h 24h 48h 120h 144h 10

Yang et al, Nanomedicine NMB (2022) 33
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NP pharmacokinetic and biodistribution of PtNP

In vivo Biodistribution of 8°Zr-PtNP in B16F10 tumor model
ih

1h
4 h
24 nh
48 h
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144 h

Yang et al, Nanomedicine NMB (2022)
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NP pharmacokinetic and biodistribution of PtNP

In vivo Biodistribution of 8°Zr-PtNP in B16F10 tumor model o41p/cc

%IDIcc Uptake in Organ

1h 4h 24h

48h

120h

| B 1h
50- B 4h
| 24 h
48 h ()
40- -
[T)
| 120 h 2
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30+ =
| o
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20- -
0
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1 i 'Ill 1y
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Yang et al, Nanomedicine NMB (2022)
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Interaction of PtNPs with blood proteins

15 T N T v T g T Y T

——HSA -
—— Pt NPs-HSA 1:30

——PtNPs-HSA 1:15 |
—— Pt NPs-HSA 1:7.5 .
—— Pt NPs-HSA 1:1

10

H N\ %/\/‘Nu
5

PtNF-PA -10 -4 T T T T T T T T T
(PtNF-PEG-NH,) 180 200 220 240 260

Wavelength (nm)

Figure 5. SRCD spectra of HSA alone and Pt NPs-HSA complex at Pt NPs:HSA molar
ratios of 1:30, 1:15 and 1:7.5 and 1:1, respectively at pH=7.4, 37 °C.

1.0 - » No interaction of NPs with blood proteins (CD)
S o0s] -
=
)
5 06- 1 . : . :
5 _ » but light interaction at high concentration of 1:1
[ ]
2 041 o PtNPsHSA=1:30 . (temperature scan)
o) e PtNPs:HSA=1:15
= e PtNPs:HSA=1:7.5
02 e PtNPs:HSA=1:1 i

20 30 40 50 60 70 80 90 100
Temperature(°C)

figure 7. Thermal denaturation curves of pure HSA and the Pt NPs-HSA complex at
lifferent ratios (Pt NPs:HSA = 1:30, 1:15, 1:7.5, and 1:1) monitored at 192 nm.

Yang et al. J. Pharmaceutical Sc. 2024



% Towards personalized treatments
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Towards NPs with synergetic effects

NanoMOFs (Metal Organic Framework) loaded with Gemcitabine

A . 6L B
3 s o .Gemcilabine-S'-monophosphat&
i, (Gem-MP)}
Lol et LAY Radioenhancer (Fe)
A7 el MY AN + transporter of Gem (radiosensitizer)
FH £ SEAS “(\
=k e L= ARG
? 10° , — - 10°
CHEMMEDCHEM
0" < 4 107
| Control
o* 4 1whanoMOFs
] Gem-MP
el o Y #em-MP loaded nanoMOFs

Li et al ChemMedChem 2020 38



Towards personalized treatment protocols

Theranostic : NP quantification in tumors and RT

Nanocol: Phase | clinical trial -advanced cervical cancers

o IV injections of Gd based NPs (AGuiX)
o MRI follow-up and NP quantification
o RT & brachytherapy

MRI at t=0
MRI at +4h

External radiotherapy
45 Gy / 25 fx

Maury et al Front. Bioeng. Biotechnol., 2021

MRI

Brachytherapy
15 Gy

GUSTAVE/

ROUSSY

cccccccccc

GRAND PARIS

MRl MRl MRI ...

Follow-up
(biological report, MRI...)

us
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Towards personalized treatment protocols

Theranostic : NP quantification in tumors and RT

T - : ez /\
Nanocol: Phase | clinical trial -advanced cervical cancers

o IV injections of Gd based NPs (AGuiX)
o MRI follow-up and NP quantification
o RT & brachytherapy

MRI at t=0
MRI at +4h

External radiotherapy Brachytherapy Follow-up

45 Gy / 25 fx 15 Gy (biological report, MRI...)

In parallel : in vitro evaluation of radioenhancement effect
AGuiX in cells (2D & organoids) + radiation effects

» Prediction of radioenhancement for each patient based on MRI images

Maury et al Front. Bioeng. Biotechnol., 2021

40



Perspectives
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Perspectives: multimodal Al for personalized medicine

« A Vision of patient-centric precision medicine 2030 »
(Talk Inst. Gustave Roussy, U. Paris Saclay, 2024)

Individualization of treatments based on genetic & molecular characteristics rather

V. Subbiah, MD, Chief, Early phase development,
Sarah Cannon Research Institute, Nashville, US



Summary & perspectives

Where we are:

v" NP-driven theranostic strategies already in clinic
v" New NPs in progress but:

 Need more NPs to improve tumor targeting and clearance, and offer a large
panel of properties to physicians/med phys.,

* Need new IT models and tools (simulations, Al..)
* Multidisplinary collaborations with chemists
v" Some spin-off but need of higher interest of big pharma and other industrials

Pegylated surface

@ ionizir biocompatibility { %
radia = :
2 £ J 2
A . < R

| &g e

ROS 3 :
0 e
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oxygen transport
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Summary & perspectives

Where we are:

v" NP-driven theranostic strategies already in clinic
v" New NPs in progress but:

 Need more NPs to improve tumor targeting and clearance, and offer a large
panel of properties to physicians/med phys.,

* Need new IT models and tools (simulations, Al..)
v' Some spin-off but need of higher interest of big pharma and other industrials

What's next :
Effect of NPs with new radiation modalities (UHDR/FLASH, microbeams etc)

Clinical trials with new NPs

Development of models/simulations/Al to predict, control and personalize

Pegylated surface

W ionizi biocompatibility
radiat Y
oy A \ 5
CA 2 % N\
ROS 2 ‘
o \
@ Perfluorinated core h & y

oxygen transport
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CHALLENGES

radiation

From fundamental
to
the clinic

MANY
OPPORTUNITIES

45



Contact:

NanoTheRad

Previous group members:

Pauline Maury

Marta Bolsa-Ferruz

Xiaomin YANG Our team:

Daniela Salado Sandrine Lacombe
Charles Bapaume Erika Porcel
Collaborations Farah Savina

R. Hirayama (NIRS, HIMAC, Chiba, Japan) Foutina Feghali

C. Truillet (BIOMAPS, France)

E. Gravel, E. Doris (CEA, France)
H. Remita, R. Gref, L. Catala (Univ. Paris Saclay Orsay, France)
O. Tillement, F. Lux (LPCML, Lyon, France)

Ch. Robert (IGR, France)

A. Szczeszak (AMU, Poland)
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