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ACRONYMS & ABBREVIATIONS

3D-CCMs: 3D cell collagen-based model
2PEF: 2 Photons Emission Fluorescence
2D: Two dimensional

AGuIX®: Activation-Guided Irradiation by X-ray, Gd-based nanoparticles
ATCC: American Type Culture Collection (non-profit organization)
Au: Gold

CDD: Complex DNA Damage

Cl: Combination index

CT: Computed Tomography

CV: Coefficient of Variation

Cy5: Cyanine 5

C®: Carbon ions

DEA: Dissociative Electron Attachement
DEF: Dose Enhancement Factor

DMEM: Dubelcco’s Modified Eagle Medium
DNA: Deoxyribonucleic acid

EBT: External Beam Therapy

ECM: Extracellular matrix

EDTA: Ethylenediaminetetraacetic acid
EPR : Enhanced Permeability Retention
FBS: Foetal Bovine Serum

FOV: Field of view

Gd: Gadolinium

Gem: Gemcitabin

GEMs: Genetically engineered models

GTV: Gross Tumor Volume



Gy: Gray
He?*: Helium ions

HDR: High Dose Rate

LET: Linear Energy Transfer

Linac: Linear Accelerator
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““Je suis de ceux qui pensent que la science est d’une grande beauté.
Un scientifique dans son laboratoire est non seulement un
technicien: il est aussi un enfant placé devant des phénoménes
naturels qui I'impressionnent comme des contes de fées”

Marie Curie (1867-1934),
Madame Curie, Eve Curie, éd. Gallimard (1938)
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1. MOTIVATION

Treatment of cancer is one of the greatest challenges of the 21°* century. Responsible for 1 in 6
deaths, cancer remains the second leading cause of mortality worldwide (Bray et al., 2018). Faced
with the growing number of cases, Europe has identified the fight against cancer as a public health
priority (Horizon program) (European commission, n.d.). In France, 382 000 patients were diagnosed
in 2018 (Defossez et al., 2019). Hopefully, the considerable improvements in understanding,
detection and treatment of the disease in recent years lead to the hope of a curable treatment for
the majority.

Surgery, radiation therapy and drug therapies (chemo-, hormone, immuno- or targeted therapies)
are the mainstream methods to treat cancer (Kwatra et al., 2013). These standard modalities are
used either alone or in combination, with the purpose to establish a personal treatment protocol as
a function of the cancer characteristics (location, type, stage).

Radiation treatments (RT) are based on the use of ionizing radiations to kill cancer cells and prevent
the progression and recurrence of tumors (Song et al., 2017). Currently, they occupy a major place
in clinical therapies as 50% of the cancerous patients are treated with RT, which represents in
France more than 190 000 people per year (Inca). RT includes internal and external radiotherapies.
For internal RT, radioactive sources are directly placed in contact with the patient tumor using
minimally invasive procedures such as direct infusion through a catheter (brachytherapy). On the
other hand, external beam radiotherapy (EBT) is conventionally delivered by high-energy photon
beams (6-25 MV), generated by linear electron accelerators, rotating around the patient.

Lack of tissue specificity remains the main disadvantage of the EBT. The radiation dose delivered to
the tumor volume is limited by the irradiation of the surrounding healthy tissues, which may cause
side effects due to collateral damage. Thus, the major challenge of the RT is to maximize the
"therapeutic ratio”, to increase the probability of tumor control while limiting the toxicity at the
organs at risk (OAR). Recently, innovative modalities such as volumetric modulated arc therapy
(VMAT) or stereotactic radiotherapy (SRT) have improved the radiation dose conformity. However,
dose escalation remains an important clinical challenge (Detappe., 2017). Conventional RT
treatments (based on photons) are also limited by the radioresistance of highly aggressive cancers.
In particular, hypoxic tumors - where the oxygen concentration is lower than 2.5 mmHg - are
associated with high probabilities of relapse and high risks of metastasis (Horsman and Overgaard,
2016; Thariat et al., 2018).

To improve the therapeutic index of treatments, novel strategies are needed to optimize tumor
targeting and fight against radioresistance.

Nanomedicine in particular has opened up new horizons. With sizes ranging from 1 to few hundred
nanometers, nano-objects accumulate preferentially in tumors exploiting the enhanced
permeability retention effect (EPR). High-atomic number (Z) nanoparticles (NPs) such as gold (Au),
Gadolinium (Gd) or Platinum (Pt) nanoagents have attracted much interest because of their
capacity to amplify radiation damage via the production of secondary electrons and oxidative
species (Kuncic and Lacombe, 2018). They are named “radio-enhancers”. These NPs may also act as
contrast agents, for magnetic resonance imaging (MRI) or computed tomography (CT). When the NPs
cumulate the two properties, they are qualified as "theranostic agents” (Song et al., 2017). Among
these theranostic agents, there is AGulX® (Activation and Guidance of Irradiation by X-rays), a sub-
5nm Gd-based NP developed by NH TherAguix company (Lyon, France).

Other nanomaterials are proposed as “drug delivery carriers”. In this case, the nanoagents are used
to transport fragile drugs to the tumor and protect them from degradation when traveling free in
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the body. This transportation method also prevents concentration of the drugs in healthy tissues,
thus reducing side effects (Lammers et al., 2008; Torchilin, 2012). Among these “nanocarriers”,
“cage”-like particles recently drew special attention for chemoradiotherapy applications (Song et
al., 2017). Recently, the group at ISMO, in collaboration with Ruxandra Gref, has shown that metal
organic frameworks (nanoMOFs) loaded with Gemcitabin (Gem) are able to amplify radiation effects
and also to bring the drug to the tumor. They are “multimodal agents”.

Beyond radiotherapy, improvement of advanced radiation therapies such as particle therapy,
remains a challenge. Charged particles beams (mainly protons and carbon ions of several hundred
MeV/amu) strongly improve the local control due to the ballistic property of ions : the radiation
dose deposition at the end of the track (Bragg peak) (Durante et al., 2017). As a result, the damage
induced behind the tumor is drastically reduced and healthy tissues are preserved. A second
advantage of charged particle beams, carbon beams in particular, is their high biological efficacy
compared to photons. These beams are used to treat radioresistant tumors for which conventional
treatments are not effective (Durante et al., 2017). A major drawback of this modality is the
damage induced in the tissues before the tumor. This limitation may be overcome by using
multimodal nanoagents to enhance the effects at the tumor and decrease the total dose given to
the patient, using radioenhancers and/or radiosensitizers.

The aim of my PhD was to evaluate two new strategies with a perspective of fast transfer from
bench to bedside. The first is the combination of AGuiX® nanoagents associated with radiotherapy
and brachytherapy, currently applied in clinic to treat locally advanced cervical cancers (LACC).
The second consists in the association of newly developed nanoMOFs with medical particle beams.
Monolayer (2D) cell cultures are currently used to rapidly test strategies and characterize biological
mechanisms. In this case, the role of the cell microenvironment in tumors is not considered both in
terms of their spatial organization and physiology (Duval et al., 2017; Lv et al., 2017). In particular,
the extracellular matrix (ECM) plays a crucial role in vivo and the absence of ECM distorts the
predictions of cell response to irradiation and nanogent exposure.

So, in this work, a 3D cell model has been optimized in terms of cell density and oxygen
concentration to evaluate the two treatment strategies with a system that better reproduces tumor
features than 2D cultures, while avoiding constraints of in vivo models.

2. OBJECTIVES

My work aimed to:

(i) optimize an in vitro model with best characteristics to reproduce tumor conditions and
adapted to the rapid evaluation of medical strategies;

(i1) help improve the efficiency of a therapeutic strategy currently applied in clinic based
on the association of Gd-based NPs and photonic radiation, by using the in vitro model
to fasten the analysis and prediction of the NPs effects;

(iii) evaluate the efficiency of the therapeutic strategy associating newly developed Gem-
loaded nanoMOFs and ion radiations, by using the in vitro model to fasten the selection
of such nanoagents for the scope of cancer therapy.

The manuscript is organized in five chapters. After this introduction focused on the motivation and
objectives of my work, the state-of-the-art positioning the work is presented (chapter 1). The
results of the work are presented in three chapters (chapters 2, 3 and 4) organized in articles
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already published or in preparation. The chapter 2 is the copy of my first paper accepted for
publication in Frontiers in Bioengineering and Biotechnology concerning the production and
characterization of the 3D model. The chapter 3 is the paper submitted to the journal Theranostics,
concerning the effects of AGulX® on the chemo and radiation protocol tested in clinic to treat
cervical tumors. The chapter 4 is the draft reporting the evaluation of the Gem-loaded nanoMOFs
combined with particle beam exposure. These chapters contain a heading and full paper
information (introduction, material and methods, results and conclusion). Final conclusions and
perspectives of my work are exposed in Chapter 5.

3. STATE-OF-THE-ART

3.1. Processes involved in the NPs’ activation

The processes involved in the interaction of ionizing radiations with biological matter, water in
particular, are well described elsewhere (Joiner and Van der Kogel, 2016, 2009; Tubiana et al.,
1986). Here, | focus on the processes induced or amplified by high-Z NPs. Note that the processes of
drug delivery, which are not related to the action of radiation, are not explained in this work.

The influence of high-Z NPs on radiation induced cell killing is strongly depends on the incident
radiation characteristics, including type and energy of the incident beam (W. B. Li et al., 2020).
This section aims at providing prerequisites to better describe the processes occurring at the
molecular and cellular scales observed in the presence of NPs. Radioenhancement effects are
commonly believed to impact the three following stages: physical, chemical and biological,
characterized by their timeline and their impact on the medium (Figure 1.1 - Processes involved in
the interaction of photons with matter as a function of the incident energy and the atomic number
of the target.

3.1.1. Physical stage

The physical stage consists in the interaction of the primary beam (incident photons or ions) and the
secondary particles (photons and electrons produced along the incident track) with the medium
containing the NPs. The primary processes include excitations (transfers of an electron to a more
energetic bound state) or ionizations (extractions of electrons from the atoms). They take place in
the 10"%-10"s range (Kuncic and Lacombe, 2018). The probability for these processes to occur
depends on the radiation type: photons or charged particles (ions and electrons).

a. Interactions of photons with high-Z NPs

Photon beams interact with NPs via absorption or diffusion (elastic, i.e. without energy transfer or
inelastic, i.e. with energy transfer).

In the context of the radiation therapy, high energy photons beams (6-25 MeV) are used. Incident
photons interact with the electrons of the target (photonuclear interactions neglected). In this
energy range, two interaction processes are predominant: the photoelectric effect (absorption) and
the Compton scattering (inelastic diffusion). The probability for these processes to occur is
determined by their cross section, o.
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As summarized in Figure 1.1, the photoelectric effect is the dominant interaction process for
incident beams of keV energies (typically up to ~500 keV) interacting with high-Z atoms (Z ~60-80
amu). For instance, this process is predominant when Gd-based NPs (yellow horizontal line) are
activated by preclinical irradiation with 220 kV X-rays. The Compton scattering becomes the most
probable for photon energies higher than 500 keV, for Z below 60-70 amu. For example, Compton
effect predominates when Gd-based NPs are coupled with a radiotherapy beam of 6 MV.
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Figure 1.1 - Processes involved in the interaction of photons with matter as a function of the
incident energy and the atomic number of the target (Gazis, 2019).

Photoelectric effect

The photoelectric effect consists in the complete absorption of an incident photon by an electron.
The transfer of energy results in the ejection of an electron, called photoelectron (secondary
electron) (Figure 1.2). This process occurs only if the energy of the photon (E,=hv) is greater than
the binding energy (W) of the electron in the target atom, which in turn gets ejected from the atom
with a kinetic energy T, = E, — W. In this energy range, the photons interact preferentially with
electrons of the deepest layer (inner shell).

The highest probability of interaction is observed for E,=W. It increases with the mass of the
targeted atom and decreases with the energy of the incident photon according to the relation : o
(cross-section) « (%)“ with n = 3-4 (Hubbell, 1971; Kuncic and Lacombe, 2018). The photoelectric
effect results in the production of a photoelectron and an ionized atom left in an excited state
(vacancy in the inner layer). The latter is promptly submitted to relaxation processes via
redistribution/rearrangement of electronic states (see section d).
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@
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Figure 1.2 - Photoelectric effect

Compton effect

The Compton scattering is the most important primary interaction in the energy range of photon-
based RT. It is the result of an interaction between a photon (Ey) and an electron located on an
outer shell of the target atom (Figure 1.3). Thus, because the electrons are viewed quasi-free, the
probability for Compton scattering (i.e. the electronic cross section) does not depend on Z but only
on the electron density (Khan, 2014). The cross section of the Compton effect depends on the
energy of the incident photon as shown by Klein and Nishina (Eq. 1) (Klein and Nishina, 1929).

1+a 2(1+a) In(1+2a)

In(14+2a) 1+3a
g = 27TT'ez (?[ ] + -

1+2a a 2a (1+2a)2)

Eq. 1

where r. is the classical electron radius given by re=e?/(mgc?)=2.819x10"> m.

The electron that has received part of the photon energy is ejected (recoil electron considered as
secondary electron) with an energy W. while the incident photon is deflected and its energy is
reduced to E4. The energy E4 of the scattered photon is given by the following equation:

E Eo Eq. 2
714 a(l —cosh) q-

Eo
moc?

where a = and mg is the rest mass of electron.

It is noteworthy to mention that, after Compton interaction, scattered photons may have energies
so that photoelectric effects are induced (Detappe, 2017).

Recoil (Compton) electron
(We = Ep-Eq)

Incident Photon
(Eo)

Scattered photon (E)

Figure 1.3 - Compton effect
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b. Interactions of high energy ions with high-Z NPs

The processes induced when ions interact with high-Z NPs are different than for photons. These
processes are schematized in Figure 1.4 below. Charged particles interact with NPs by Coulomb
interactions. At therapeutic energies (incident energy per nucleon > 1 MeV/uma), elastic
interactions with the atomic nuclei and radiative losses (bremsstrahlung) are minor.

Coulomb interactions

The cross section of Coulomb interactions between atomic charged particles beam and NPs depends
on the kinetic energy and charge of the incident beam, and on the impact parameter (Khan, 2014).
The probability of extracting electrons from the NP is the highest when the beam slows down in
matter and the ions have a kinetic energy comparable to the one of target electrons (Lacombe et
al., 2017). The emitted electrons have energy of several eV to a few tens of keV. However, on the
conditions of particle therapy, the probability (geometrical cross section) of direct interaction
between the incident ions and the NP is very low (~1072 to 10™*) (Walzlein et al., 2014).

Plasmons

Solov’yov and co-workers simulated that the interaction of the external electrical field produced by
the incident ion beam with NP free electrons (metals) may induce the collective oscillation of the
electron plasma (plasmon and collective 5d-electrons excitations) (Bolsa Ferruz, 2017; Surdutovich
and Solov’yov, 2017). However, the low probability to have direct interaction of incident ions with
NPs with the concentrations used, makes this process very unlikely, with a production of secondary
electrons of very low energy (secondary electrons of very low energy ~ some eV) (Haume et al.,
2018; Verkhovtsev et al., 2015b, 2015a).

10-15s — Physical step

Plasmon effect

lons beam q
° € g

Figure 1.4 - Physical interaction processes of NP with incident ions
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c. Interactions of electrons with high-Z NPs

Secondary electrons of several keV down to few eV are emitted due to the ionization induced by the
interaction of photons or ions with the medium. These electrons can in turn interact with matter.
As illustrated in Figure 1.5, electrons produced in the primary track or secondary electrons emitted
from a neighbouring NP can interact with the NP. These Coulomb interactions of secondary
electrons with the electrons of the medium can induce elastic or inelastic scattering.

By elastic scattering, secondary electrons conserve their energy E, but are strongly deviated. This
process is more important for low energy electrons (few hundred eV). The cross-section of elastic
scattering increases with Z of the medium and decreases with E, (Mehnaz et al., 2019).

By inelastic scattering, secondary electrons transfer partially their kinetic energy to electrons of the

medium. The probability of interaction is proportional to é Hence, the medium is ionized. The
0

incoming secondary electron is scattered and an electron is emitted, leaving a vacancy on the shell.

101°s — Physical step

Interaction with an e produced in the primary track

Figure 1.5 — Activation of NP by secondary electrons

Bremsstrahlung (mainly due to deflection by the electromagnetic field of the nucleus) can also
cause energy losses but the process is unlikely because secondary electrons have energies below
MeV.

d. De-excitation processes

The de-excitation of NPs after ionization by either photons or charged particles (ions, electrons),
results in the reorganization of the electronic shells to bring the system back to its fundamental
state.

The main processes involved in this relaxation are : fluorescence, Auger electron emission (Robley
Evan, 1956) and potentially, electron capture from the medium to the ionized NPs (Figure 1.7). The
relative importance of each process (fluorescent photon or Auger electron emission) depends on the
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target atomic number Z. In the case of K-shell vacancies, the fluorescence yield increase with the
atomic number of the target (Figure 1.6). However, for light elements (main constituents of the
biological systems), the Auger effect becomes dominant (Krause, 1979).

0.9 Auger — -

Fluorescence -----
0.8
0.7 r

0.6 |

Yield per shell vacancy
=
@31

o L-shell
(average)

0.1 | ‘

0 20 40 60 80 100 120

Atomic number (Z)

Figure 1.6 — Fluorescence and Auger yield for atoms with Z<120. (Krause, 1979)

The fluorescence photon emission (radiative process) is predominant when the vacancy is produced
in the K-shell. Auger electron emission (non-radiative process) which occurs after a vacancy is
induced in an inner shell other than the K-orbital.
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Figure 1.7 — De-excitation processes

Fluorescence processes

The energy of the emitted photon (E) is equal to the difference of energies between the binding
energy of the emitted electron from the K-shell orbital and the binding energy of the re-located
electron (from an upper shell, for instance L,) (Eq. 3).

E=WK—W|_2,3 Eqg. 3

10
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Auger processes

Auger process can take place when inner shells are ionized. The ionization of an inner shell is
followed by Auger de-excitation and emission of Auger electrons (Figure 1.7B). The energy of the
Auger electrons is also determined as follows (Eq. 4). In this example, the Auger electron is emitted
with a kinetic energy E:

E=Wk-Wu-Wys Eq. 4

Where Wy, Wi, and W, ; are the binding energies of the K, L, and L, ; electron shells
For high-Z compounds, Auger process dominates for shells above the K-shell.

The energy of the Auger electrons depends on the ionised atom and the involved layers. For
example, for gold (K alpha transition energy), Auger electrons can have energies of few hundred eV
and a range of about 10 nm in tissues (Kuncic and Lacombe, 2018). The energy dose deposition due
to this process is thus very localized in the immediate vicinity of the NP compared to the dose
deposition of the fluorescence photons that travel longer distances (several cm in tissue)
(Schuemann et al., 2016).

As introduced by McMahon, the modelling of the radioenhancement effect is explained as an
heterogeneous enhancement of the dose at nanoscopic scale, in the vicinity of the NPs (energy
spikes) or their aggregates (Figure 1.8). However, the chemical and biological consequences of
these local dose depositions are still under investigations (Poignant et al., 2020).

10000
1000

100
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X Position (nm)

Figure 1.8 - Simulation of the local dose deposition after 80 keV photons irradiation (2 Gy) of the
medium containing gadolinium NPs. (Extracted from Lux et al., 2015 according to the method
developed by McMahon et al., 2011)

Charge transfer

After ionization (such as after Auger cascade), atoms of the NPs are positively charged and can
capture electrons from surrounding molecules of the medium (H,0). This strong perturbation is
expected to rapidly induce electronic rearrangement in the close environment (Figure 1.9) (Stumpf
et al., 2016). This type of local electronic rearrangement has been proposed by Kuncic and
coworkers (Kuncic and Lacombe, 2018). Interestingly, this step begins to be taken into account in
the models that describe the physical stage (Schuemann et al., 2019).
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Figure 1.9 - Charge transfer on a positively charged NP

e. Stopping power and restricted Linear Energy Transfer

The charged particles beam is slowed down by these inelastic collisions with electrons of water
which account formost of the energy losses. In the context of medical applications, Bremsstrahlung
can be neglected.

Thus, the stopping power, S, defined as “the average energy dissipated by ionizing radiation in a
medium per unit path length of travel of the radiation in the medium” can be reduced to an

electronic stopping power, S¢j, defined by the Bethe and Bloch formula provided in Eq. 5 (ICRU,
2005):

Sel 1 dE 7% 7 fin <2mec2ﬁ22> g 5 C

=K _—— Eq. 5
B2 A I 277 q

Where K is a constant equal to 0.307 MeV.g'.cm?, z and Bc are the atomic number and the speed of
the incident ions (incident particles dependence), Z and A are the atomic number and relative
atomic mass of the target atom (medium dependence). | is the mean excitation potential, Y is the
Lorentz factor, 8 is a charge density correction and C/Z is shell correction needed for energy loss at
low energies (Berger et al., 1993).

2
The term % states that the stopping power increases when the charge of the ions increases or its
velocity decreases. The particles will lose more and more energy as they slow down, causing a sharp
dose deposition at the end of the track, called Bragg peak.

While the stopping power considers the total amount of the energy lost by a particle, regardless the
energy localization, the restricted linear energy transfer (LET) has been introduced as a concept to
describe the energy loss along the linear track (Schneider, 2020). It is expressed as:

dE
LET, = d—lA Eq. 6

where dE, is the mean energy lost by the charged particles due to electronic interactions in
traversing a distance dl, minus the mean sum of the kinetic energies greater than A of all the
electrons released by the charged particles (Seltzer et al., 2011). The variable A can be thought of
as a threshold where only particles with a kinetic energy < A are included in the LET. If no energy
cut off is imposed the unrestricted linear energy transfer, LET, is equal to Sg;.
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2

The LET can be approximated by the ratio ‘%, where z and v are the ion charge and speed
respectively. When the ions slow down, the LET increases, reflecting an increased ionizing density,
in the Bragg peak. In addition, because of their charge, carbon ions have LET higher than protons. In
general, low LET (0-10 keV/pm) are distinguished from high LET values (>10keV/um) (Marples,
2015). Note that these values of LET, commonly reported in the literature represent track average
LET and don’t take into account the fact that LET changes as the particle slows down and so is not
constant along the track (Baldacchino et al., 2019a). However, it allows to get order of magnitude
and compare different radiation types. In my PhD, | worked with two beams of different average
LETs, namely carbon ions of 290 MeV/amu, (LET of 50 keV/pm) and helium ions of 150 MeV/amu
(LET of 12 keV/pm).

3.1.2. Chemical stage

The living organisms are composed of water for more than 60%. Thus, incident radiations interact
with water molecules mainly, which leads to the production of secondary electrons and to the
excitation and ionization of water molecules along the track (water radiolysis). The consecutive
interaction of secondary electrons with water is also responsible for water radiolysis (Tubiana et al.,
1986). As a consequence, water molecules dissociate, which leads to the production of free radicals
and water byproducts (HO" in particular) in the 1072-10® s time frame (Figure 1.10 - Chemical step
leading to the production of radicals.

Another way of producing water radicals is the Dissociative Electron Attachment (DEA), namely the
attachment of low energy electrons (<25 eV) on water molecules. The result is a transient negative
ion of water molecule. This species may de-excite in two ways: either by self-detachment of the
electron or by dissociative detachment. The latter case leads to the production of hydrogen and
hydroxyl fragments (Simpson et al., 1998).

As shown above, the presence of NP may amplify the production of electrons. In addition, electron
capture from water molecules to positively charged NPs (see d) may increase water ionization.
Thus, the presence of NPs is expected to enhance the production yields of water radicals. These
free radicals have an unpaired electron, they are very unstable and highly reactive. The generation
of ROS is suggested to be a crucial step that may connect the physical effect to the biological
consequences (Schuemann et al., 2016).

Radical production

Figure 1.10 - Chemical step leading to the production of radicals
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Hydroxyl radical (HO®) is a key component of radioenhancement phenomenon because it is a
powerful oxidant (Schuemann et al., 2016; Usami et al., 2008). On the other hand, e ,qis a powerful
reductant. These species start to migrate in the biological medium after 10™'?s.

Reaction between radicals may occur, leading to the formation of more stable molecular species
such as H, or H,0,, known to be toxic.

In the particular case of incident ions beams, the LET has an influence in the competition between
the processes of formation and diffusion of the radicals. Indeed, when the LET increases, the spurs
(small clusters of nanometers size of excited and ionized molecules) can overlap along the
propagation axis of the incident beam. The formation of molecular species (H,, H,0,) is favoured
leading to a decrease of the yields of radicals species (Baldacchino et al., 2019a).

The presence of molecular oxygen dissolved in the biological environment plays a crucial role in the
induction of damages. Reactions with O, produce hydroperoxyl HO," and superoxide ion O," (see Eq.
7 and Eq. 8). These radicals are less oxidative than HO® but they may travel further. They are highly
cytotoxic.

0, +H* - HO; (R=1.2x101mol1LsT1) Eq. 7

0, +e3q = 035 (R=19x101 molLs7) Eq. 8

Some simulation tools as Geant 4-DNA were developed to study the radical effects. Unfortunately,
the Monte Carlo simulations ignore the effects of molecular oxygen. The community started
recently to include this step in the description of the elementary processes (Schuemann et al.,
2016).

3.1.3. Biological stage

The detrimental effect of radiation on DNA molecule or some other cellular components critical to
the survival of the cell (such as cellular membrane) are usually categorized as:

(i) direct effect - the primary radiation or secondary electrons directly interact with a biomolecule
such as cellular DNA or organelles.

(ii) indirect effect - a biomolecule is damaged by the free radicals produced through the ionization
and/or excitation of water molecules (solvent-mediated effects) (see section 3.1.2) (Tubiana et al.,
1986).

The indirect action constitutes the majority of radiation-induced cellular damage (Saha, 2013)
(Figure 1.11).
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> 1s — Biological step

Nano size perturbations
in the cytoplasm

Figure 1.11 - Biological damage induced in the cell cytoplasm, in the vicinity of the NP

Hydroxyl radicals (HO") produced during the radiolysis phase account for 60-90% of the amplification
of cell killing induced by high-Z compounds activated by high energy photons or ions (Usami et al.,
2008). It also induces an increase of nanosize lesions (Porcel et al., 2010; Schlatholter et al., 2016).
After its production, HO® undergo reactions with the main organic constituents (RH) of biological
systems (nucleic acids, proteins, lipids...).This leads to the production of carbon-centred radicals
(R*), which are highly reactive and short lived organic radical (Schuemann et al., 2016) (Eq. 9).

RH + OH®* - R*+ H,0 (R>2x101mol1Ls1) Eq. 9

Other water byproducts like H*or e can also lead to the creation of radical R*
Two reactions involving R*are in competition:

(i) Reaction of R* with oxidative species (Eq. 10):
R® reacting with O, yields peroxy radicals RO5.

R* 4+ 0, —» RO; Eq. 10

Peroxy radicals result in the “fixation” of the damage which is potentially lethal for cells (Chapman
et al., 1973; Schuemann et al., 2016). For example, peroxy radicals formed from DNA (RO with R
corresponding to a nucleic acid chain) induce unrepaired DNA damage (Rodriguez and Akman, 1998).
Peroxy radicals formed from unsaturated lipid (RO} with R corresponding to a lipidic chain) create
additional toxic substances of the peroxide family (ROOH an ROOR), which accumulate during
irradiation and increase the cytotoxicity (Sonntag, 1987).

(i1) Reaction of R* with radical reductant (Eq. 11):

R® can also be annihilated by electron donors (radical scavengers) which produce a protective effect
called “chemical repair”. For example, R* can react with glutathione, a sulfhydryl compound
abundantly present in cell, according to the Eq. 11.
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R*+ R'SH - RH + R'S Eq. 11

In hypoxic conditions, the role of O, in the radical cascade decreases. Reactions of R* with radical
reducing species dominate, explaining that the radiations induce less damage.

However, with high LET beams, the influence of O, concentration is reduced because O, can be
produced radiolytically in the ions track (Baldacchino et al., 2019b; Gervais et al., 2005). In
addition, the phenomenon of radical stabilization by O, has much less influence when the damage
produced is directly lethal (which is the case with high LET) (Baldacchino et al., 2019b; Chapman et
al., 1973). In addition, in the case of ions beam, the localized energy deposition result in an
increase of the complexity of DNA damage (Durante et al., 2017) and clustered DNA lesions, (also
called CDD for Complex DNA Damage or LMDS for Locally Multiply Damaged Sites). These damage
are more difficult to repair, leading to a higher biological efficiency of the treatment (Sage and
Shikazono, 2017).

The damaged biological molecules will modify the normal cellular metabolism leading either to a
faithful repair of the damage, or mutation, or death. The super production of ROS can disrupt the
cell by generating oxidative stress which can also lead to cell death (Migdal and Serres, 2011).

3.1.4. Summary
The cascade of early stage processes induced by interaction of radiations (photons, charged

particles) with the biological medium loaded with NPs (physical stage), consecutive chemical
reactions including water radiolysis and also contribution of molecular oxygen (chemical stage) and
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resulting biological damage (biological stage) are summarized in Figure 1.12.

Figure 1.12 - Cascade of processes taking place from the radiation interaction to the impact on the
biological system, in the presence of NP. Adapted from Baldacchino et al., 2019 and Tubiana et al.,
1986

Various experimental models have been used to disentangle the effects of NPs. Ultimately, they aim
to evaluate these strategies, predict and control their effects on patients.

From the simple to more complex model, one may recall the approach adopted so far. In silico
models were set up to study the impact of various parameters (e.g. radiation type, oxygen) on the
elementary processes (physical and chemical stages). In vitro models, mainly 2D cell cultures were
commonly used to characterize the NPs toxicity and internalization and predict their impact on
radiation-induced cell killing. In vivo experiments were performed to study the biodistribution of
NPs and the effect of this distribution on tumor release. Finally, very few clinical trials managed to
bring such a combined strategy to its end, e.g. to patient treatment. An overview of the
experiments and the preclinical models implemented today is exposed below.

3.2. Studies on the effects of NPs combined with radiations

This part aims at presenting how the preclinical models can be deployed to underpin the search for
therapeutic strategies using radiations and nanoagents. The standard process for clinical translation
is presented in (Figure 1.13). Currently, the pipeline is the following: (1) preliminary tests on 2D in-
vitro assays (2) efficacy tests and regulatory toxicity on animal models (3) clinical trials.

IN VITRO — MONOLAYER CELLS IN VIVO — ANIMALS MODELS IN VIVO - CLINICAL TRIALS

* Physicochemical mecanisms * Biodistribution ' * Overall safety profile

+ Cell biological pathways * Regulatory toxicity/pharmacokenetics 44\ = Treatment efficacy
* Cell toxicity/cell death pathways = Tumor uptake | /

* Radiosensiting efficacy + Clinical imaging

* Radiosensitizing efficacy

Figure 1.13 - Pipeline of a treatment evaluation: from bench to bedside

Here, we provide a state-of-the-art of the main advances and answers brought by each of the
models in the context of treatments associating NPs and radiations.

3.2.1. Invitro experiments

In vitro studies are needed to characterize cellular scale impact of NPs including cell toxicity,
uptake dynamics and radiation-induced cell survival.

The principle of radioenhancement was first demonstrated using metallic complexes to increase the
effects of high energy photons (Usami et al., 2005).
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Since, the potential of many other NPs has been demonstrated at the cellular scale. It is the case
for the Gd-based NPs that | used in my PhD work. The radiosensitizing effects of AGulX® on clinical
irradiator at 6 MV have been demonstrated in a number of cell lines including cervical carcinoma
(Lux et al., 2015), glioblastoma (Mowat et al., 2011), and pancreatic adenocarcinoma (Luchette et
al., 2014).

A first proof of efficiency was also provided by our group, which demonstrated that the addition of
AGuIX® also increases cell-killing when treated with carbon ion radiation (290 MeV/u, LET = 13
keV/um) (Porcel et al., 2014).

The microscopy studies based on monolayer cultures have also revealed the sites of action of the
NPs. Several studies published by our group have shown that the different metallic-based NPs (Gd,
Pt, Au) were found in the cytoplasm of the cells (Porcel et al., 2014; Sanchez et al., 2019;
Stefancikova et al., 2014) confirming that the primary mechanisms responsible for the enhancement
of cell-killing are initiated out of the nucleus.

It was also shown that the internalization biological pathways of the NP are cell line dependant
(Ivosev et al., 2020).

Monolayers cultures are essential tools to probe and better understand the physico-chemical
mecanisms exposed in section 3.1. Pioneer studies led by Usami and coworkers have demonstrated
at molecular and later at cellular scales (Usami et al., 2008), the importance of the production of
water radicals in the NP radiosensitization. The key role of molecular oxygen in the radiation
effects in the presence of AuNPs was also highlighted in our group (Bolsa Ferruz, 2017).

The biological impacts of NPs have also been studied using 2D cell cultures. In particular, they
allowed to demonstrate the important role of mitochondria in NP (Au) mediated radiosensititization
(Taggart et al., 2014) and the key role of oxidative stress on the response to radiation damage
(Butterworth, 2013).

3.2.2. Invivo experiments
Several combined treatment strategies have been evaluated in vivo.

In vivo studies allow to evaluate the treatment effectiveness on real bodies, for example to
determine the median survival time of the subject (life span) and/or the volume reduction. Hainfeld
and coworkers were the first to demonstrate that AuNPs prolongate the life of mice treated with
100 kV X-rays (Hainfeld et al., 2004). Since then, it has also been shown that the use of AGuIX®
combined with kV-beam (mean energy of 90 keV) leads to significant tumor growth suppression (~3-
fold decrease in tumor volume) and improves the mice overall survival (from 45 d to 85 d) (Dufort et
al., 2016). In the context of particle therapy, Kim and coworkers have first demonstrated the
effectiveness of high-Z NPs (gold or iron) to improve the performance of proton radiation (Kim et
al., 2012). They confirmed that the amplification of tumor regression and mice survival is related to
ROS production, which is in agreement with the in vitro studies.

On the one hand, in vivo studies are also used to characterize the NP biodistribution. Performed on
healthy animals, they aim at determining the behaviour of NPs in the body. For example,
concerning AGulX® which are injected intravenously, rapid tumor uptake was observed with long
retention time (up to 24h after injection). This result was attributed to an enhanced permeability
and retention (EPR) effect, reported for the first time in 1986 and observed with numerous NPs
(Bort et al., 2020; Matsumura and Maeda, 1986). For most of the small metallic NP, an elimination
of the NP by the kidneys was reported (Al Zaki et al., 2014; Lux et al., 2018). Studies on brain
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tumor-bearing animals showed the capacity of the NPs to cross the blood-brain barrier when the
blood brain barrier is damaged (Kotb et al., 2016; Le Duc et al., 2011).

On the other hand, in vivo studies allow to investigate theranostic properties of NPs. In 2013,
Hainfeld and coworkers showed that injection of AuNPs in mice enhance the contrast of CT images
(Hainfeld et al., 2013). Detappe observed that this is also the case with AGulX® complexed with
bismuth (Detappe et al., 2017). In line with these observations, Miladi and coworkers demonstrated
that AuNPs with Gd chelates can be monitored by MRI, improving delineation of tumor margins
(Miladi et al., 2015).

Last but not least, a follow up of the animal during the in vivo studies allows to control the
toxicities and ensures that no adverse clinical signs were observed during the treatment period. The
maximum tolerable dose was determined as a basis for clinical trials (Lux et al., 2018).

3.2.3. Clinical trials

Some clinical trials using a combination of high Z-NPs with radiations are being transferred to the
clinic. A review of the literature up to March 2020 shows that two NPs stood out for their use in
clinic in combination with radiotherapy (Scher et al., 2020). Phase 1/2 aims at studying the safety
and feasibility of the NP injection. The first objective is to identify the maximum tolerated dose
(determined as high a dose as possible without causing important toxicities). Phase 2/3 allows a
first evaluation the treatment response (treatment efficacy).

AGuIX® injected intravenously in bodies, were evaluated in six phase 1/2 clinical trials for the
treatment of brain metastasis and cervical cancer (Scher et al., 2020; Verry et al., 2020a). In the
first-in-man performed at Grenoble, a significant MRI signal enhancement was observed two hours
after AGuIX® iv injection for all types of brain metastases and all assessed dose (15 to 100 mg/kg)
(Bort et al., 2020; Lux et al., 2018). Interestingly, the enhancement of the signal increased with the
AGuIX® injected dose (Verry et al., 2020a). The theranostics properties of AGulX® were clearly
confirmed in human. AGuIX® (as NBTXR3) showed an absence of toxicity, with an overall safety
profile similar to the control arm. The first evaluation was very promising. Based on the data
currently available in the literature, no significant acute toxicity of NP combined with radiotherapy
was reported (Scher et al., 2020). All the results and observations made it possible to confidently
start the phase 2 clinical trials.

NPs composed of Hafnium oxide -NBTXR37 (Nanobiotix company, Paris, France), injected in tumors,
were used in three phase 1/2 trials on sarcoma, head and neck squamous cell carcinoma or liver
cancer and one phase 2/3 trial (Bonvalot et al., 2017). First evidence of superior efficacy of
radiotherapy in the presence of NP was demonstrated with NBTXR3 (Bonvalot et al., 2019). A phase
2/3 trial (randomized, multicentre and international) was conducted between 2015 and 2017 with
176 patients. The objective was to compare preoperative RT alone versus an investigational arm
involving intratumoral NBTXR3 injection prior to RT NBTXR3. The results show a significant
improvement in pathological complete response (16% vs 8%; p=0-044) and RO resection (84% vs 70%;
p=0-030) with NBTXR3 in comparison with radiotherapy alone (Scher et al., 2020; Vilotte et al.,
2019).

3.2.4. Summary
A myriad of experimental approaches were used across the research pipeline, from simple

reductionist models dedicated to evaluate the effects of NPs and their impact on cells, to complex
animal models for studying the biodistribution, pharmacokinetics and efficacy of the NP (Robertson
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et al., 2019). The use of preclinical models has considerably improved our knowledge of the NPs
effect and potential. Yet, the transfer to the clinic of two NPs only shows that other models are
needed to fasten the selection of products and protocols. New preclinical models are essential to
evaluate, simulate the impact of NPs with conditions that mimic at best biological conditions of
tumors.

3.3. Limitation of the 2D in vitro and in vivo models — Role of ECM on NPs and
radiation effects

3.3.1. 2D in vitro models

Most of the in vitro experiments are based on the use of two-dimensional (2D) cell culture, in which
the cells grow in monolayer onto a rigid planar surface. In this case, the extra cellular matrix (ECM)
is not reproduced. It’s a well-established method and a convenient culture mode allowing many
biological investigations. However, despite their accessibility and low cost, they do not faithfully
mimic in vivo tissue conditions (Achilli et al., 2012; Lazzari et al., 2017).

Simple spatial organization appears as a major drawback, resulting in a loss of tissue-specific
architecture. The predominance of the cell-surface attachment allows the adherent cells to spread,
which modifies their morphology and their behavior (Eke and Cordes, 2011). In addition, cells are
bathed in a standard cell culture medium whose composition differs from the one of the in vivo
microenvironment.

In these conditions, cells receive completely different environmental signals compared to native
tissues, causing radical modification in cell functions (Mirbagheri et al., 2019). In particular, cell
proliferation is faster than in vivo and differentiated capacities of stem cells are often reduced. 2D
culture also alters gene expression and activation of cell signaling pathways, compared to the in
vivo tumor tissues (Costa et al., 2016; Pinto et al., 2020). Moreover, due to uniform exposure of the
monolayer to culture medium, the cells tend to exhibit a synchronized cell cycle (Mirbagheri et al.,
2019).

Another failure of this model is the simulation of the oxygen environment. Monolayer cells have
direct access to molecular oxygen. In this case, mass transport and diffusion phenomena are too
simplistic and not representative of the various conditions encountered in the cytoarchitecture of
tissues.

In conclusion, although useful, fast and cheap, monolayer cultures are too simplistic which limits
obtaining accurate assessment of the biological performance of treatments (Table 1).

3.3.2. In vivo models

At the other end of the experimental continuum, animal models allow evaluation of the treatment
efficacy in living organisms.

As they are capable to reproduce tumor architecture (cell-cell interactions, presence of
microenvironment) with specific in vivo characteristics (vasculature, kidney clearance and
sometimes immune status...), mice models are believed to offer relevant predictive insights into
clinical outcomes when evaluating the efficacy of novel therapeutic strategies.
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Over 95% of the in vivo studies are conducted in mice (Vandamme, 2014). Mice included in the
treatment protocols can be xenografted or genetically engineered. On the one hand, Patient-
Derived Xenografts, called PDX, are based on the transfer of cancerous tissue (single-cell suspension
or tissue fragment) directly from a patient’s tumor into an immunodeficient mouse (Siolas and
Hannon, 2013). On the other hand, genetically engineered models (GEMs) are organisms in which
specific genes have been altered (added or ablated) to accurately recapitulate the genetic,
biochemical, and phenotypic features of specific human malignancies (Becher and Holland, 2006).

With either method, the development of animal models is costly and time consuming process, with
a development of progressively growing tumors which can take several months (Siolas and Hannon,
2013). Despite increased complexity compared to 2D cultures, animal models not accurately
reproduce human tumor. For example, because a limited number of genes is targeted, GEMs don’t
fully reflect the tumor heterogeneity (Jung et al., 2018; Richmond and Yingjun, 2008).

The influence of the murine environment is also important. For example, the stromal component of
xenograft is not of human origin, PDX are immune deficient mice or the rate of tumoral growth is
higher in mice than in human (Pinto et al., 2020). These biologic differences can partly explain the
inconsistency of the responses observed (efficiency, side-effects, metastatic progression,
interactions with immune system) between mice and humans (Brancato et al., 2020).

More obvious brackets are associated with animal models, such as ethical and financials constraints,
as well as the need for specialized equipment (animal facilities) and specialized personnel.

In conclusion, in vivo models are complex. Even if they do not completely reproduce the human
tumor microenvironment, they provide a 3D physiological context which allows more reliable
predictions of treatments. However, these models result from a long process (from animal creation
to follow-up after treatments) and require both facilities and specific skills (Table 1).

3.3.3. Summary: Towards a 3D model to fill the gap between 2D in vitro and in vivo
models

Translational research is essential to find new therapeutic strategies able to improve cancer
treatments. The development of preclinical models more representative of tumor reality than
monolayer cultures while overcoming certain in vivo constraints is a new challenge explored in this
work. Several studies have shown that the efficacy and toxicity of many treatments presented
differences according to the model used (2D or 3D) (Khaitan and Dwarakanath, 2006; Shield et al.,
2009; Zietarska et al., 2007).

ECM is commonly defined as the non-cellular component of tissue that provides both essential
structural and biochemical support for its cellular constituents (Qiu et al., 2017; Walker et al.,
2018). In vivo, ECM is composed of several high molecular weight proteins, proteoglycans, and
polysaccharides molecules self-arranged into fibers and networks (Vigier and Fulop, 2016). The
exact composition of the ECM surrounding the tumor depends on the tissues (Ferreira et al., 2018).
The matrix provides a structural support for the cells while acting as natural penetration barrier.
These mechanical framework allows a maintenance of the cell morphology (including cytoskeletal
organization and cell stiffness) similar to their in vivo behavior (Ghosh et al., 2007; Pedersen and
Swartz, 2005; Qiu et al., 2017). ECM can also serve as binding sites, controlling the adhesion and the
movement of cells (Walker et al., 2018).

ECM is also a physiologically active component with and through which cells can interact (cell-cell
and cell-ECM communications). It is involved in the transmission of biochemical signals and
communication pathways, participating in the regulation of numerous cell functions such as cell



22

Chapter 1 - Introduction

proliferation, differentiation and gene expression (Even-Ram and Yamada, 2005; Walker et al.,
2018). ECM can also regulate diffusion processes which occur in vivo (such as nutrients, oxygen,
CO,, waste, drug...).

In the context of an evaluation of treatments combining NP and radiations, the role of the ECM is
thus crucial.

Firstly, the presence of an ECM affects the response to nanoagents. It slows down the diffusion and
obstructs the free penetration of nanoagents through the whole mass. In this way, it better
reproduces the reduced tissue penetration observed in tumor after extravasation from the blood
vessels (Pratiwi et al., 2021).

Several studies have shown that in presence of collagen, the tissue resistance to macromolecule
transport is strongly affected, possibly by binding and stabilizing the glycosaminoglycan component
of the ECM (Goodman et al., 2007; Netti et al., 2000). Steric factors and electrostatic interactions
due to repulsion and binding to the ECM components also influence the nanoagents rate of
movement (Tchoryk et al., 2019a).

The internalization of NPs in a 3D architecture can also be modified compared to monolayer cells
(Figure 1.14). When cells are embedded in an ECM, their surface available for NP uptake is
increased compared with monolayer culture where cells adhere to the rigid plastic substrate. In
addition, the morphology of the cells, which differs between 2D and 3D cultures, is a parameter
that can also affect the internalisation pathways of NPs, and therefore their effect (Belli et al.,
2017b).

2D monolayer cells 3D cell model
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Figure 1.14 - Exposure to NPs of a 2D cell culture and a 3D model

Secondly, the presence of a matrix can also modify the response of cells to irradiation. ECM is
involved in modifications of intrinsic cellular mechanisms upon DNA damage cell such as repair
kinetics, cycle arrest induction or evasion of apoptosis. (Acheva et al., 2014; Asaithamby et al.,
2011; Langhans, 2018; Qiu et al., 2017). Adhesion between cells and ECM proteins is an important
factor known to modulate the response to radiations-based therapies (Langhans, 2018). Moreover,
the establishment of gradients (in particular oxygen level) can induce hypoxia, known to be a factor
of radioresistance.

Based on these considerations, there is an urgent need to evaluate the treatments combining NP
with medical beam with an in vitro model which restores a tumor microenvironment, in particular
the presence of an ECM. In this goal, in vitro 3D cell models have emerged. They allow rapid
experimental manipulations and testing of hypotheses, without ethical and financial constraints of
in vivo experiments. Experimentation process is faster and reproducible. 3D models bring in vitro
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experiments one stage closer to the in vivo application. If it’s not always an alternative, 3D cultures
may at least be a quick filter before embarking on in vivo studies.

However, despite the initial promise of such advanced in vitro models in drug screening, the use of
such models in the context of treatment combining radiations therapies and NP was poorly explored
(Neuer et al., 2020). Only recent works based on the 3D models focused on the effects of
photothermal or dynamic therapy (Darrigues et al., 2020; Mapanao et al., 2021; McCabe-Lankford et
al., 2018; Mohammad-Hadi et al., 2018; Yang et al., 2019). It constitutes the main objective of my
thesis.

3.4. Overview of the 3D preclinical models

Many advances have been made in recent year in cell biology, microfabrication techniques and
tissue engineering to enable the development of a wide variety of models. Some of them are
extremely complex and can be created from samples taken directly from the patient (such as
organoids).

Even if the vasculature and immune system lack, as they can be patients-derived, they may allow to
eliminate species differences that often impede interpretation of the preclinical outcomes (Fang
and Eglen, 2017). In recapitulating the complex features of the primary tumor, sometimes better
than animal models, they give a useful evaluation of efficacy and toxicity of drugs (Boghaert et al.,
2017; Brancato et al., 2020; Halfter et al., 2016).

They can be used as in vitro platform to rapidly estimate the potential of new nanoagents.

However, rapid assessment of treatment effectiveness and improved predictive capability open up
also new perspectives in the landscape of personalized medicine. For instance, predictive assays led
on 3D models could directly guide clinical therapeutic decisions after identification of the most
effective therapy (Halfter et al., 2016; Jeon and Cheong, 2019; Roy et al., 2017). This brings
possibilities of patient-specific biobank creation, used to perform drug screening or facilitate
treatment development (Kim et al., 2020).

Here, we provide an overview of the most commonly reported 3D cell models (Figure 1.15).

Monolayer cell cultures 3D cell models Animal models Clinical application

Spheroids Organoids  Hydrogels Organs-on-chips 3D Bioprintings

Figure 1.15 - Scheme representing the current preclinical models: 2D cell cultures, 3D cell models
and in vivo models
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3.4.1. Spheroids

Multicellular tumor spheroid (MCTS) are micro-sized self-assembled aggregates of cancer cells (co-
cultured or not) (Lazzari et al., 2017). They were introduced by Sutherland and coworkers in the
1970s to recapitulate the functional phenotype of human tumor cells and their responses to
radiotherapy (Sutherland RM, McCredie JA, 1971). The four main methods for creating spheroids, to
which we will compare our 3D model in Chapter I, are provided in the supplementary section 1.

MCTS formation is attributed to cell adhesion and/or cell differentiation.

Basically, cells are drawn closer to form loose aggregates due to ECM-integrin binding. Direct cell-
cell contact produced by initial aggregation results in upregulated cadherin expression which
accumulate at the membrane surface. Homophilic cadherin-cadherin binding generate a compaction
of cells into solid aggregates (i.e. spheroid) (Cui et al., 2017; Lin et al., 2006). Thus, the ECM in
spheroids is composed of proteins produced by cells during the formation of the culture.

The physiological communication and the signaling established allows to reproduce the main
features found in solid tumors in vivo such as: (i) cell-to-cell and cell-to-microenvironment
interactions (ii) reproduction of gradients inducing heterogeneous cell populations (proliferation
rates, oxygen, pH...) (iii) growth kinetics (iv) gene expression (v) drug resistance (Costa et al., 2016;
Lazzari et al., 2017).

The main limitations of these systems are the lack of reproducibility (depending on the method of
production) (Lazzari et al., 2017; Lin and Chang, 2008) and the difficulty to transfer sample (Benien
and Swami, 2014). These problems are blocking points for the irradiation experiment that we
conduct.

3.4.2. Organoids

Organoids, also termed “organ buds”, are advanced cellular model which represent a realistic
microanatomy (Fang and Eglen, 2017). An organoid is a collection of organ-specific cell types that
develops from stem cells or organ progenitors and self-organizes through cell sorting and spatially
restricted lineage commitment in a manner similar to in vivo (Fang and Eglen, 2017; Lancaster and
Knoblich, 2014). They can be created from patient biopsy or surgical section (tissue organoids) or
from pluripotent stem cells (stem cell organoids) (Ramani et al., 2018).

To be considered an organoid, the cell model must meet three criteria: (i) more than one cell type
of the organ modelled contained inside, (ii) organization similar to the organ itself, (iii) exhibition
of organ specific functions. Organoids have been successfully developed for multiple organs
including digestive (pancreas, liver, stomach, intestine) or cerebral models.

This model presents considerable advantages. It is a human model, patient-specific, and which
reflects the complexity of the tumor (cell type heterogeneity). However, it is not possible to
reproduce the vascularization processes. In addition, some organoids may lack key cell types found
in vivo or are not able to mimic later stages of organ development (such as neurogenesis). Thus, the
reproduction of vivo-like complexity and screening-compatible reproducibility stays still a technical
challenge (Fang and Eglen, 2017).
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3.4.3. Organs-on-chips

An organ-on-a-chip refers to a physiological organ biomimetic system built on a microfluidic chip
(Fang and Eglen, 2017; Wu et al., 2020). Key parameters including position, shape and function of
the cells in cultures can be precisely controlled using microfluidics. Chemical and physical
microenvironment can be also regulated such as concentration gradients, shear force or cell
patterning (Quan et al., 2020; Wu et al., 2020)

A wide range of organs- on-chips has already been developed including lung, liver, heart and
kidneys. This complex technology, which can recreate organ-level physical microenvironments,
tissue-tissue interfaces and vascular perfusion, is a powerful tool to study human biology. The
devices, still in development, are complex and significant variation and inconsistency are observed
between different manufacturers or users (Ingber, 2018). So, considering the equipment required,
this model was not selected for this work.

3.4.4. Three-Dimensional Bioprinting

3D bioprinting is a process of fabricating of biocompatible materials, living cells and supporting
components into complex 3D functional living tissues (Murphy and Atala, 2014; Vijayavenkataraman
et al., 2018). This technology is based on an accumulation layer-by-layer of biomaterials and cells,
which are spatially controlled during the entire printing process (Murphy and Atala, 2014). The
challenge is to reproduce the complex micro-architecture of ECM components and the multiple cells
types in sufficient resolution to recapitulate biological function (Ma et al., 2018). These are several
approaches to 3D bioprinting, including biomimicry, autonomous self-assembly and mini-tissue
building block (Murphy and Atala, 2014). The approach allows rapid printing of personalized
tissues/organs and co-culture ability. However, challenge remain associated with cell and material
requirement. The tissue maturation and functionality is not yet fully mastered (Fang and Eglen,
2017). Then, the overly complex process of creation and the expensive device prevent its use in our
work context.

3.4.5. Scaffolds and hydrogels

Scaffold-based models have emerged as a promising model since they reproduce the dynamic
interactions that occur in vivo between the cells of the tumor microenvironment and the
surrounding ECM. In particular, they mimic salient elements of the ECM, support cell adhesion and
protein sequestration (Caliari and Burdick, 2016). They can also trigger signaling events capable of
stimulating in vivo like morphology and gene expression (Chen et al., 2012; Ferreira et al., 2018).

In contrast to spheroids that produce their own ECM after a period of culture maintenance, scaffold-
based 3D models dispose of a pre-existing matrix (Caliari and Burdick, 2016; Costa et al., 2016;
Ferreira et al., 2018). Sometimes called hydrogels because of their capacity to retain significant
amount of water, these 3D network structures can be classified in two categories: the synthetic or
natural scaffolds (Catoira et al., 2019).

On the one hand, the synthetic hydrogels are based on the use of biocompatible polymeric materials
such as poly(ethylene glycol) (PEG).They present advantages of better stability, lower batch-to-
batch variability and higher mechanical properties than natural ones (Caliari and Burdick, 2016). On
the other hand, natural scaffolds mostly use natural compounds derived from ECM such as Matrigel
and collagen. Matrigel, a basement membrane-derived preparation extracted from mouse sarcoma
tumors, is widely used in cell studies while collagen is gaining widespread popularity due to its
abundance in the native ECM (Caliari and Burdick, 2016). It is it is the main structural protein of
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most hard and soft tissues, representing 25% by dry wet of total protein in vivo (Antoine et al.,
2014; Dong and Lv, 2016). Thereby, collagen exhibits strong biomimetic properties. Biocompatible,
biodegradable and non-toxic, it provides a native viscoelastic environment for embedded cells,
mimicking physiological conditions (Antoine et al., 2014; Caliari and Burdick, 2016; Catoira et al.,
2019; Curtin et al., 2018; Dong and Lv, 2016).

These 3D systems are easy to handle and fast to create. They can be kept in culture for several
weeks. They are highly reproducible and can be easily transferred.

However, the main drawbacks of the collagen-based models stay their properties that may vary
depending on parameters of fabrication (collagen source and batch-to batch variability, influence of
the temperature, pH and concentration on the polymerization process...). In addition, because of
the diffuse capacity of collagen, the diffusion gradients are low (nutrients, oxygen, other soluble
bioactive molecules ...) (Antoine et al., 2014; Sarem et al., 2019). Regarding our set of
specifications, these constraints do not appear as major obstacles. Experimental solutions may be
proposed to overcome these weaknesses.

3.4.6. Summary

To fill the gap and bring in vitro experiments one stage closer to the in vivo application, several 3D
cells models have emerged. These cultures circumvent the limitations imposed by 2D monolayer
cultures such as their inability to reproduce the tumor microenvironment. 3D models restore the
presence of an ECM and enhance the reliability and predictability of clinical efficacy while avoiding
ethical and financial constraints of animal experiments.

As summarized in Table 1 - Advantages and disadvantages of the preclinical models, many 3D cell
models exist, from the simplest to the most complicated, and none is perfect. The degree of
complexity and predictability seems to bear an inverse relationship (Khaitan and Dwarakanath,
2006). The more complex the model, the less straightforward it will be to dissect clear mechanisms
because of increased heterogeneity and diversity of signals. Therefore, it is necessary to balance
the inevitable trade-offs in selecting a model that fits research question (Robertson et al., 2019).
With regard to our experimental constraints (see our set of specifications at the beginning of
chapter 2), the hydrogel model seems to us the most compatible with our constraints.
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MODELS

ADVANTAGES

DISADVANTAGES

2D CULTURES

Easy handling

Fast replication
Long-term cultures
Low cost

Good reproductibility

Known characterization

Loss of tissue-specific architecture (flat and stretched morphology,

adhesion to the plastic substrate)
Loss cell-to-cell and cell-to matrix interactions
(influencing proliferation,

Loss of mechanical and biochemical cues

differentiation, gene expression)

Lack of vasculature (supporting nutrient and waste transport) and immune
system

Synchronization of cell cycles

Inaccurate assessment of the in vivo response

3D CULTURES

Microenvironmental features of human tissues
Cell-cell and cell-ECM interactions

Restoration of communication signaling pathways
Reproduction of a penetration barrier

Maintenance of cell morphology (including shape,

cytoskeletal organization and types of cell adhesion)

Restoration of biological functions (Gene Expression, Growth,
Motility, Differentiation)

Ability of co-culture

Doubling time representative of in vivo cells

Lack of vasculature (supporting nutrient and waste transport) and immune
system

Reproduction of static or short-term conditions
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Elimination of species differences
Rapid experimental manipulations

Reproducible experimentation

Spheroids Development of gradients (O,, nutrients, waste...) Not standardized methods

Heterogeneous cell populations Maintenance of cultures

Specific gene expression Difficulty to transfer the sample

Representation of drug resistance Non-uniform size (depending on the creation method)
Organoids Human organ development Need of stem cells or organ progenitors

Patient specific tumor

In vivo like complexity and cell heterogeneity

May lack key cell types

Difficulty to reach in vivo maturity
Limited availability

Variability in the production
Non-trivial analyses

Ethical restrictions (human tissue)

Hydrogels

R

Easy to use
Fast process of creation
High reproducibility of created samples

Applicability to microplates

Simplistic architecture
Limited reproduction of gradients
Low mechanical properties (lack of covalent cross- linking)

Batch-to-batch variability
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Enzymatic degradation allowing embedded cells liberation

Organs-on-chips Good reproducibility of the created samples Expensive devices
__l I.r- Structural and functional complexities of human organ Specific skills (microfluidics/microfabrication technics)
A Non-trivial analyses/Difficult to adapt
3D bioprinting Custom-made architecture (patient specific) Challenges with cells/materials
Presence of chemical and physical gradients Highly complex
High-throughput production Expensive devices
Rather fast process Non-trivial analyses/Difficult to adapt

Issues with tissue maturation

Conservation of the malignant phenotype and genotype Ethical constraints
Complexity and cell heterogeneity High experimental cost
IN VIVO In vivo characteristics (kidney clearance, tumor vasculature, | Specific installations and specialized skills

competent immune system for GEMs...)

— Long process (from animal creation to monitoring)/Mice availability

— * Influence of the murine microenvironment (PDX)

“ Aa

Bt Differences with human response (efficiency, side effects, progression...)

Tumor heterogeneity partly restored (GEMs)

Tumoral variability: frequency, latency, growth (GEMs)

Table 1 - Advantages and disadvantages of the preclinical models
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3.5. Summary of the state-of-the-art

The presence of NPs in cells coupled with irradiation induces processes at different scales (physical,
chemical and biological). The characterization of these mechanisms and their impact is an
important challenge to better predict and evaluate the efficacy of a new therapeutic strategy,
prior to clinical trials. Translational research, which aims at transforming a scientific concept into a
clinical application, requires new preclinical models adapted to the strategies based on the
combination of NPs with radiations.

2D are too simple because they don’t reproduce the influence of the native tumor
microenvironment. In vivo studies allow to capture the three dimensions of tumor architecture and
to reproduce important signaling dynamics that occur in patients (cell-cell and cells-to-ECM
interactions). They provide information on biodistribution and treatment efficacy, which is of great
interest for clinical transfer. However, they are expensive and time-consuming.

In this context, 3D cells models have been proposed to bring in vitro experiments on a stage closer
to the in vivo application, circumventing the barriers imposed by animal studies. In the field of
treatments combining NPs and radiations, the presence of an ECM impacts both the NP
internalization as well as the effectiveness of radiations.

Various models have been developed. Their choice is the result of a compromise between
reproducibility, predictability and ease to use.

Based on this state-of-the-art, we chose a 3D model adapted to our need. It will be presented in
the next chapter wich includes its production process and its complete characterization.
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1. INTRODUCTION

The previous chapter introduced the need to evaluate the effect of treatments with 3D cell models.
In view of the strengths and weaknesses of each model presented in the previous section, a set of
specifications regarding our experimental constraints has been established (Figure 2.1).

Compatible with studies on radiations and NP treatments

e

3D cell collagen-based model

(Hydrogel)

Fast to produce O, monitoring

Reproductible ‘l - Easy-to-handle

Figure 2.1 - Set of specifications for the 3D cell model optimized for the present studies

First, the degree of complexity must be acceptable. In addition, microscopy, toxicity and
irradiations experiments must be possible. Moreover, as for irradiation experiments, we irradiate
each sample with a different radiation dose, the reproducibility in the creation process appears as
a key parameter to be sure that the differences observed are treatment effects and not due to
inter-sample variability.

In addition, as we carry out ions beam irradiations at the NIRS in Chiba, the creation of the samples
must be fast (<1 week of preparation) and adaptable worldwide from universal equipments.
Hydrogels seem to meet all these criteria.

As presented in the previous chapter, the main criticisms associated with this type of model were a
batch-to-batch variability, low mechanical properties and limited gradient reproduction. To
overcome these limitations, we have chosen a 3D cell collagen-based model. This system is
commercially available (patented by Lonza™ company). The manufacturing process, based on a
system of absorbers, seems to us to partially address the problem relative to mechanical stress. All
the experiments of a same experiment will be carried out using the same batch of collagen to avoid
variability. Finally, a hypoxic chamber will be used to monitor the oxygen concentration in the
sample.

This chapter - copy of the paper recently published in Frontiers- includes a presentation of the
production and optimization protocol of the 3D cellular model, and a characterization of its
properties. It is compared to the monolayer cultures traditionally used in the evaluation of
treatments.
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2. ABSTRACT

2D cell cultures are commonly used to rapidly evaluate the therapeutic potential of various
treatments on living cells. However, the effects of the extracellular matrix (ECM) including the 3D
arrangement of cells and the complex physiology of native environment are missing, which makes
these models far from in vivo conditions. 3D cell models have emerged in preclinical studies to
simulate the impact of the ECM and partially bridge the gap between monolayer cultures and in
vivo tissues.

To date, the difficulty to handle the existing 3D models, the cost of their production and their poor
reproducibility have hindered their use. Here, we present a reproducible and commercially
available “3D cell collagen-based model” (3D-CCM) that allows to study the influence of the matrix
on nanoagent uptake and radiation effects. The cell density in these samples is homogeneous. The
oxygen concentration in the 3D-CCM is tunable, which opens the opportunity to investigate hypoxic
effects. In addition, thanks to the intrinsic properties of the collagen, the second harmonic imaging
microscopy may be used to probe the whole volume and visualize living cells in real-time. Thus, the
architecture and composition of 3D-CCMs as well as the impact of various therapeutic strategies on
cells embedded in the ECM is observed directly. Moreover, the disaggregation of the collagen
matrix allows recovering of cells without damaging them. It is a major advantage that makes
possible single cell analysis and quantification of treatment effects using clonogenic assay. In this
work, 3D-CCMs were used to evaluate the correlative efficacies of nanodrug exposure and medical
radiation on cells contained in a tumor like sample. A comparison with monolayer cell cultures was
performed showing the advantageous outcome and the higher potential of 3D-CCMs. This cheap and
easy to handle approach is more ethical than in vivo experiments, thus, giving a fast evaluation of
cellular responses to various treatments.

CHARACTERIZATION TREATMENTS ANALYSIS
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Figure 2.2 - Graphical abstract: 3D cell collagen-based model with tunable environment conditions
(oxygen concentration, nanodrug exposure, radiations)
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3. CORPUS

3.1. Introduction

In vitro cell models are commonly used to study the cause and progression of diseases, to predict
treatment effectiveness and to analyze drug-induced toxicities (Bell et al., 2016; Magdeldin et al.,
2014; Rayner et al., 2019). Monolayer cultures have led to numerous advances even if success at
the bench does not always translate into success at the bedside. Despite their accessibility and low
cost, the current 2D models do not faithfully mimic in vivo tissue conditions (Achilli et al., 2012;
Lazzari et al., 2017). Simple spatial organization appears to be a major drawback: the
predominance of the cell-surface attachment allows the cells to spread which modifies their
morphology and behavior (Eke and Cordes, 2011). In addition, in 2D cultures, cells are bathed in a
standard cell culture medium whose composition differs from that of the cellular
microenvironment. In vivo, cells are surrounded by a natural structure, the extracellular matrix
(ECM), which acts as a structural and biochemical support. The ECM, which is primarily composed of
water, proteins and polysaccharides, provides a mechanical framework that influences cell shape,
stiffness and adhesion (Ghosh et al., 2007; Pedersen and Swartz, 2005; Qiu et al., 2017). The ECM
also permits communication between cells via the transmission of biochemical signals and plays a
crucial role in the regulation of numerous cell functions such as proliferation, differentiation and
gene expression (Even-Ram and Yamada, 2005; Walker et al., 2018). These essential communication
pathways involving the ECM-cell and cell-cell interactions cannot be reproduced in 2D cultures.
Finally, in 2D monolayers cells have direct access to molecular oxygen. In this case, mass transport
and diffusion phenomena are too simplistic and not representative of the various conditions
encountered in the cytoarchitecture of native tissues.

In this perspective, 3D cell models have been developed to overcome the limitations of the current
2D models. Even if all aspects of the microenvironment cannot be fully captured such as
vascularization and circulation processes, reticuloendothelial and hepatic uptakes or local immune
repose, in vitro 3D models recreate numerous features of living cells. The presence of an ECM
makes the models more architecturally and physiologically relevant and allows a more realistic
evaluation of the cell response (Achilli et al., 2012; Benien and Swami, 2014; Costa et al., 2016; Cui
et al., 2017; Lazzari et al., 2017; Nath and Devi, 2016; Ryu et al., 2019). For instance, when cells
are irradiated in 2D and 3D models, substantial differences in the DNA damage response are
observed (Sedelnikova et al., 2007; Storch et al., 2010; Suzuki et al., 2010; Zhao et al., 2015),
specifically in cell cycle arrest (Topsch et al., 2007; Walenta and Mueller-Klieser, 2016) and repair
kinetics (Acheva et al., 2014; Asaithamby et al., 2011).

In the field of nanotoxicity, Belli and coworkers (Belli et al., 2017b) showed that monolayer
cultures are not fully suitable to study the NP internalization because the membrane area in
contact with NPs is smaller than for 3D cells. The adhesion of the cells to the plastic substrate
induces a reduction of the exposure area. In 3D, the surface of interaction is higher because only
the parts of cells contact cannot be exposed to NPs. Moreover, in the absence of ECM, NPs interact
directly with the cell membrane, which may modify their uptake. So, 3D-CCMs better reproduce the
microenvironment of NPs interacting with cells. Finally, drastic modifications in cytoskeletal
arrangement and cell membrane tension were observed in cells cultured in 2D models. This effect,
avoided in the case of 3D samples, strongly influences internalization pathways (Storch et al.,
2010).

There is therefore an undeniable interest to model nanoagents diffusion in the presence of the ECM
to better predict in vivo therapeutics behavior (Anderson et al., 2006; Gomez-Roman et al., 2016;
Leeman et al., 2002). Currently, two types of 3D cellular models have emerged: (i) scaffold-based
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3D models (i.e., hydrogels) and (ii) non-scaffold-based 3D models (i.e., spheroids)
(Chaicharoenaudomrung et al., 2019; Ferreira et al., 2018; Lazzari et al., 2017). In spheroids, ECM
is produced after a period of culture maintenance, whist scaffold-based 3D models dispose of a pre-
existing matrix (Caliari and Burdick, 2016; Costa et al., 2016; Ferreira et al., 2018). In this study,
collagen was used as matrix because of its biomimetic properties. Biocompatible, biodegradable
and non-toxic, it provides a native viscoelastic environment for embedded cells, mimicking
physiological conditions (Antoine et al., 2014; Caliari and Burdick, 2016; Catoira et al., 2019; Curtin
et al., 2018; Dong and Lv, 2016). The hydrogels produced are less fragile and easier to manipulate
than conventional spheroids (Achilli et al., 2012; Lin and Chang, 2008; Vadivelu et al., 2017). In the
present work, the robustness and the preparation reproducibility of commercial 3D cell collagen-
based models (3D-CCMs) were assessed. In this purpose, the structure and the size of the samples
were characterized as well as the viability and the metabolic activity of the cells. By tuning the
oxygen concentration in the environment, we probed the capacity of the sample to mimic hypoxia
tissues, such as found in highly lethal and radioresistant tumors (Hirayama et al., 2005; Jiang et al.,
2011; Wang et al., 2019). Finally, the performance of 3D-CCM as a tissue-mimicking model was
probed by studiying the cell uptake and toxicity of Gd-based NPs as well as NPs impact on radiation
effects on Hela cells.

3.2. Material and Methods

3.2.1. Sample preparation

This 3D model was first implemented using HeLa human cervical adenocarcinoma cells (ATCC® CCL-
2TM) and most of the experiments were performed with this immortalized cell line. For
comparison, primary dermal fibroblasts (ATCC® PCS-201-010TM) (human fibroblasts derived from
the foreskin of male African newborn with spindle-shaped morphology) were used for 3D-CCM
characterization and evaluation of the reproducibility. All the cells were purchased in 2016 from
ATCC® (ATCC France, Molsheim, France). Several ampoules containing cells at early passage were
then generated and frozen to have a stock. Hela cells were used until passage 25 and fibroblasts
until passage 15 before returning to stock.

a. Cell culture

Adherent cells were cultured in monolayer in complete medium composed of Dulbecco’s Modified
Eagle Medium supplemented with 10% fetal bovine serum, 1% penicillin and 1% streptomycin (Life
Technologies™). The cells were plated in T-75 flasks and maintained in an incubator at 37°C and 5%
CO,. Once cells were confluent, they were harvested using trypsin. Some cells were seeded on a
plastic substrate and maintained in monolayer conditions for experimental use in 2D models. The
remainder of the cells was collected to prepare 3D-CCMs according to the protocol described
below.

b. 3D-CCM production

3D-CCM was produced using a RAFT™ kit (Lonza®) according to the protocol distributed by the
manufacturer (Lonza, 2016).

First, the HelLa cell suspension obtained from the cell culture was centrifuged at 20°C for 7 min at
1100 rpm and resuspended to obtain an appropriate concentration of 2.4-2.6 x 10’ cells/ml, as
determined by a Luna (Logos Biosystems®) automated cell counter.
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This cell solution was homogeneously mixed with 10X Modified Eagle Medium, neutralizing solution
and 2 mg/ml rat-tail type | collagen solution (diluted in 0.6% acetic acid) to obtain a mixture of
cells embedded in collagen in the liquid phase with a dilution rate of 4.2%.

During this process, all liquids were maintained at 4°C and kept on ice to prevent unwanted
polymerization. To reduce uncertainty and batch-to-batch variability, all samples used in the same
experiment were prepared from the same solution.

A volume of 320 pl from this solution was dispensed into each well of a 96-well culture plate to
seed around ~350 000 cells per 3D-CCMs. After 15 min in the incubator, RAFT™ absorbers were
finally placed at room temperature on top of each well for 15 min to obtain the hydrogels.

Then, 200 pl of fresh complete medium was added to each well after collagen gel formation and
3D-CCMs were maintained in the incubator during 12 to 36 h prior to the experiment performed.

For model characterization purposes, 3D-CCMs were also prepared with human primary dermal
fibroblasts following exactly the same process. These samples were prepared with a cell suspension
at a concentration of 5.3 x 10° cells/ml to obtain 72 000 cells per 3D-CCM.

The production of this model is a rapid process (requiring approximately two hours) and a simple
procedure that can be developed in conventional biology laboratories.

3.2.2. Microscopy methods

Structural characterization of 3D-CCMs was performed using complementary microscopy
techniques. Fluorescence techniques (confocal and multiphoton microscopy) were used to image
3D-CCM, while transmission images allowed the visualization of cell morphology on living samples.

a. Confocal microscopy

Confocal images of 3D-CCMs were acquired with a LEICA SP5 confocal system. Cell nuclei and the
plasma membrane were stained for 30 min with a 1 pmol/L Hoescht 33342 solution (exc: 350
nm/em: 461 nm) (Thermo Fisher Scientific®) and Cell Mask™ Deep Red Actin tracking Stain
(Invitrogen™) respectively. Data acquisition was performed with a scan speed of 400 Hz. Field of
view (FOV) and pixel sizes used were reported in the legend of the figures. For each sample,
transmission images were captured together with the fluorescent images.

b. Multiphoton microscopy

Multiphoton microscopy was the method used to characterize the model structure. This technique
has an improved penetration depth within scattering samples relative to confocal microscopy. Thus,
3D images may be recorded along the full depth of the sample. Moreover, multiphoton microscopy
provides complementary modes of contrast, notably SHG, which allows specific imaging of fibrillary
collagen without any labeling. The combination of SHG and 2PEF thus enables the simultaneous
detection of the collagen of the 3D sample and the cell nuclei, without any cross-talk, which results
in the availability of multimodal z-stacks for further analysis (Strupler, 2008).

Sequential 3D acquisitions were performed with a commercial multiphoton microscope (TriM Scope
II, LaVision BioTec) equipped with two ultrafast oscillators (Mai Tai HP DeepSee, A = 690-1040 nm,
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Spectra Physics and Insight DeepSee, A = 690-1300 nm, Spectra Physics) and a low magnification
and high NA microscope objective (25x 1.05NA, XLPLN25XWMP2, Olympus).

Collagen was imaged using second harmonic imaging microscopy derived from a nonlinear optic
effect termed second harmonic generation (SHG). The signal is generated by a beam of the Insight
DeepSee laser set at A = 1150 nm. The SHG scattered light centered approximately 575 nm was
detected by a photomultiplier tube placed in transmission (H7422-40, Hamamatsu) and separated
from the laser light by a dichroic mirror (Di02-R635, Semrock) and an interference filter (FF02-575-
25, Semrock).

Cell nuclei were mapped by two-photon excitation microscopy. Two-photon fluorescence (2PEF)
was generated by the fluorophore Hoescht 33342 when irradiated by the laser beam from the
MaiTai set at A = 830 nm after 30 min of staining with a 1 pmol/L Hoescht 33342 solution (Thermo
Fisher Scientific©). The signals were collected in epidetection mode by a photomultiplier tube
(H6780-01, Hamamatsu) and separated from the laser light by a dichroic mirror (T695lpxr, Chroma)
and an interference filter (FF01-450-70 or FF01-460-80, Semrock). Data acquisition was performed
on a 350 pym square field of view with a pixel size of 0.192 ym and an acquisition frequency of 400
Hz. Images were captured with a z-step of 1 pm.

c. Image processing

Two parameters were investigated to determine the reproducibility of the production method:
sample thickness and cell distribution. The volume and shape of 3D models are known to be sources
of variability that can lead to different treatment responses (Zanoni et al., 2016). Thus, size
uniformity is a key parameter that was evaluated from sample thickness measurements. This
parameter was calculated from the acquired SHG stacks according to the determination of a z-
range containing a detectable collagen signal.

In parallel, we developed a Python code (V. 3.7) to analyze the cell distribution inside 3D-CCMs.
Our program is open-access, available online on Zenodo (DOI: 10.5281/zenodo.3814365) and
described in detail in the Supplementary Materials. Briefly, each 2PEF image stacks were
thresholded to create binary images. The small areas (< 3 pixel x 3 pixel) were removed from the
binary image and all cell nuclei contained in the stack were detected and isolated. Their three-
dimensional position was determined using a centroid function. Finally, the minimum distance
between two nuclei was calculated for the entire population of nuclei contained within 3D-CCMs.

3.2.3. Cell activity in 3D-CCM

a. Cell viability

The viability was evaluated 28h after sample creation to determine the fate of cells embedded in
the matrix. To extract cells from 3D-CCMs, samples were washed with 1X PBS and disaggregated in
1 mg/ml collagenase purchased from Clostridium histolyticum (Sigma-Aldrich®). After 30 min at
37°C, the collagenase was inactivated with complete medium and ethylenediaminetetraacetic acid
solution (EDTA, Sigma-Aldrich®). Cells were stained with trypan blue and counted with a Luna
automatic cell counter (Logos Biosystems®) which provides total, live and dead cells numbers, and
so the cell viability. Viability study was performed 28 h after the 3D-CCM creation.
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b. Cell plating efficiency

Cell plating efficiency (PE) was determined for each type of culture. For the 3D culturing, this was
performed after cells recovering according to the protocol described in paragraph a. In both cases,
cells were plated in 100 mm diameter Petri dishes (Thermo Fisher) to obtain a density of 100
surviving cells per dish. The PE determined were 37% + 11% (n=8) for the cells extracted from the
3D cell culture and 61% + 3% (n=2) for the cells from the monolayer culture.

c. Cell proliferation assay

The metabolic activity of the cells was examined using a MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide)) assay. In this goal, 3D-CCMs were prepared to obtain ~50 000
cells/sample. 3D-CCMs were successively exposed in a 96-well plate to 125 pl of tetrazolium dye
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide and incubated at 37°C for 4 h.
Then, 125 pl of lysis buffer were added to dissolve the formazan crystals. Cellular viability and
proliferation were measured at three time points after the sample creation: 12 h (Day 0), 33 h (Day
1) and 57 h (Day 2). Absorbance, proportional to the number of living and metabolically active
cells, was quantified using a Glomax® Microplate reader (Promega®) (absorbance 560nm) and
compared to the absorbance of a negative control treated with 200 pl of a 500 pmol/L toxic
solution of menadione for 4h.

3.2.4. Oxygen tunability in 3D-CCM

The oxygen concentration in 3D-CCMs was tuned using the hypoxia workstation Hypoxylab™ (Oxford
Optronix®) where the concentration in oxygen (pO;) and in carbon dioxide (pCO,) as well as the
temperature and the humidity can be set. Before adding the cell models, each well of a 96-well
plate was filled with 320 pl of supplemented medium and maintained in the hypoxic workstation
overnight to reach the level of the chosen O, pressure. 3D-CCMs were then transferred to the wells
inside the hypoxic device. The p0O, in 3D-CCMs was measured using the in situ sensor Oxylite™
(Oxford Optronic®), which provides real-time information. A minimum of ten samples was
considered for each measurement. A comparison with 2D was performed by measuring the pO,
value inside 5 flasks of monolayer cultures with 3 measurements for each. For each value, the
conversion from mmHg to %0, was carried out according to the Eq 12:

mmHg O
%0, = [ g 0,]

Eq. 12
[atmospheric pressure in mmHg]/100 q

3.2.5. Nanoagent monitoring in 3D-CCM

3D-CCMs were used to study the migration, uptake and toxicity of nanoagents. Gd-based NPs called
AGuUIX®, which are currently being tested in the clinic and were provided by NH TherAguix (Lyon,
France) were considered here. AGulX®, composed of a polysiloxane matrix and Gd chelates, have a
hydrodynamic diameter of 5 nm and a negative surface charge (Lux et al., 2018). They can be
tagged with a Cyanine 5.5 fluorescent marker (AGulX®-Cy5.5) for microscopy experiments (Bridot et
al., 2007; Louis et al., 2005). In this study, all the concentrations of AGulX® are expressed in the
concentration of Gd*, i.e., 1 mmol/L of Gd, which corresponds to 0.1 mmol/L of NPs.


https://en.wikipedia.org/wiki/Phenyl
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a. Internalization monitoring

The localization of nanoagents in 3D-CCMs was monitored by confocal microscopy according to the
methodology described in section a. From this perspective, the samples were prepared according to
the protocol described in section 3.2.1. Briefly, 240 pl of 1 mmol/L AGulX®-Cy5.5 was used to
expose ~350 000 HelLa cells/sample to the agents over 4 h. NPs emission was detected on a 655-740
nm spectral range upon excitation at 633 nm.

b. Uptake monitoring

The mass of Gd contained in the samples was determined at the Ultra Trace Analyses Aquitaine
(UT2A) Technological Center, Pau, France, using an Agilent 7800 ICP-MS (Agilent Technologies®).
The objective was to determine the relative amount of AGulX® that was internalized by the cells
and the amount of AGuIX® that was trapped in the collagen. In this goal, six samples containing
cells and collagen (3D-CCMs) were prepared. All samples were incubated in 240 pl of 1 mmol/L
AGuIX® solution for 4 h. The composition of the collagen-based model allowed for sample
disaggregation according to the protocol given in section 3.2.3, aa, in order to extract the cells and
make a dosage of the Gd contained inside. Details of the uptake calculation are given in
Supplementary Material section 5.2.

3.2.6. Cell response to radiation treatment in 3D-CCM

3D-CCMs were used to perform a clonogenic assay to evaluate treatment-induced cell death.
However, sample disaggregation methodology could also be used to predict the efficacy of
chemotherapy (Alberts, 1980; Liu et al., 2020), drugs (Law et al., 2020) or photothermal therapy
(Zhang et al., 2019). Specifically, we investigated in this work the effect of AGuIX® on cellular
damage induced by gamma irradiation.

Sample preparation. For each irradiation experiment, fourteen 3D samples were prepared 36 h
before irradiation according to the protocol described in section b. AGulX® were added to 3D-CCMs
18 h before irradiation at a concentration of 0.5 mmol/L in Gd. This concentration is known to be
non-toxic to the cells (Lux et al., 2011; Porcel et al., 2014).

Irradiation. Irradiation was performed under atmospheric conditions with a 662 keV Cesium ("*’Cs)
gamma source located at Institut Curie, Orsay (GSR-D1, RadeXp).

Clonogenic assay. Samples were then disaggregated according to the protocol given in section
3.2.6. For each irradiation dose, three Petri dishes were prepared. Cells were then incubated for 15
days before fixation and staining in a solution of 50% methanol/50% methylene blue. Colonies
consisting of at least 50 cells were counted. The survival fractions (SFs) were determined as the
number of colonies counted divided by the product of the plating efficiency (PE) with the cell
seeding.

Statistical analysis. A statistical analysis of the colony formation assay results was performed with
the software package CFAssay for R (R Core Team, R: A Language and Environment for Statistical
Computing, 2014). The F-test was performed based on the maximum likelihood (ML) method, which
was described in 2015 by Braselmann and colleagues (Braselmann et al., 2015). The complete
statistical analysis is provided in the Supplementary Materials, section 5.3.
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3.3. Results and discussion

3.3.1. Structural characterization

a. Sample thickness

3D-CCMs produced in 96-well plates have uniform radial size of 6.9 mm corresponding to the well
diameter. However, due to the vertical compression exerted by the absorbers during the
production process (see section b), a variability in the z direction was expected.

The sample thickness was measured using the SHG collagen signal of each sample stack. The
average thickness obtained on seven samples was 122 ym + 4 ym, as shown in Figure 2.3 - (A)
Thickness of 3D-CCMs composed of Hela cells (n=7), (B) Comparison of the coefficient of variation
(CV) obtained from the 3D-CCM thickness measurements (blue dashed line) with the CVs reported in
the literature for spheroids of uniform sizes obtained by different methods: pellet culture (in pink),
microwell arrays (in green), microfluidic devices (in red), hanging drop method (in black) or other
(in yellow). The use of variation bars instead of square points illustrates the dependency of the CV
to different parameters (cell seeding density, size of the well). The coefficient of variation (CV)
(%), defined as the standard deviation divided by the mean height, was equal to 3.2%. This
parameter was directly used to characterize the reproducibility of the sample preparation and
compared with the values of the literature. A quantitative comparison of CV obtained with 3D-CCMs
and the ones reported in different studies is illustrated in Figure 2.3 - (A) Thickness of 3D-CCMs
composed of Hela cells (n=7), (B) Comparison of the coefficient of variation (CV) obtained from the
3D-CCM thickness measurements (blue dashed line) with the CVs reported in the literature for
spheroids of uniform sizes obtained by different methods: pellet culture (in pink), microwell arrays
(in green), microfluidic devices (in red), hanging drop method (in black) or other (in yellow). The
use of variation bars instead of square points illustrates the dependency of the CV to different
parameters (cell seeding density, size of the well) (Chen et al., 2016; Gong et al., 2015; Kang et
al., 2015; Kwak et al., 2018; Sarkar et al., 2018; Shi et al., 2018; Thakuri et al., 2019; Zanoni et
al., 2016).

Among the methods used to produce spheroids, three of them resulted in spheroid size uniformity:
the pellet culture method, the hanging drop method and the spheroid preparation using
microfluidic devices (Achilli et al., 2012; Benien and Swami, 2014; Cui et al., 2017; Lin and Chang,
2008). Zanoni and colleagues estimated the equivalent mean diameter of many of these spheroids
and their associated standard deviations (Zanoni et al., 2016). The pellet culture method gives the
best results in terms of size uniformity. With a spheroid diameter of 880 pm, the standard deviation
of 21 um leads to a CV of 2.4%. However, this approach is often neglected because its yield is low,
the shear stress induces damage and the spheroids are difficult to manipulate (Achilli et al., 2012;
Lazzari et al., 2017; Lin and Chang, 2008). With the hanging drop method, the variability is much
higher than the one obtained for 3D-CCM: the standard deviation is 95 pm for a diameter of 359 pm
(CV=26.5%) (Zanoni et al., 2016). The use of patterned surfaces and microfluidics systems is an
attractive strategy despite the tedious transfer of the created samples and the cost of the
equipment (Lazzari et al., 2017). The samples generated in a controlled environment, present a
uniform size which depends on the size of the wells (Kang et al., 2015; Lee et al., 2018) or on the
initial cell seeding density (Chen et al., 2016; Gong et al., 2015; Kwak et al., 2018; Sarkar et al.,
2018). The CV depends on these parameters as illustrated in Figure 2.3B.
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For a concentration similar to ours (i.e 1x10° cells/ml), Kwak and coworkers obtained a CV of 22%
(Kwak et al., 2018). So, the 3D-CCM CV is one of the lowest, which shows that the model is one of
the most reproducible systems.
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Figure 2.3 - (A) Thickness of 3D-CCMs composed of Hela cells (n=7), (B) Comparison of the
coefficient of variation (CV) obtained from the 3D-CCM thickness measurements (blue dashed line)
with the CVs reported in the literature for spheroids of uniform sizes obtained by different
methods: pellet culture (in pink), microwell arrays (in green), microfluidic devices (in red),
hanging drop method (in black) or other (in yellow). The use of variation bars instead of square
points illustrates the dependency of the CV to different parameters (cell seeding density, size of
the well). References given in the figure correspond to : [43] (Zanoni et al., 2016), [54] (Shi et
al., 2018), [55] (Thakuri et al., 2019), [56] (Kang et al., 2015), [57] (Gong et al., 2015), [58]
(Kwak et al., 2018), [59] (Sarkar et al., 2018) and [60] (Chen et al., 2016).

b. Cell morphology and distribution in 3D-CCM

The impact of cell morphology on the cell culture is shown in Figure 2.4 with HelLa cells cultivated
in 2D (Figure A) and in 3D-CCM (Figure B). In the 3D model, the size of the cell was found smaller
and its shape more spherical than in 2D cultures (Belli et al., 2017b). The cell morphology in 3D-
CCMs represents better the morphology of cells in tissues (Le et al., 2016). This effect of the
culture conditions on the cell shape is explained by the presence of ECM, which exerts constraints
on the cytoplasm, influences cell spreading and regulates tissue organization and cell fate (Muncie
and Weaver, 2019). A cytoskeletal modification is induced in 2D cultures due to substrate adhesion.
Note that a modification of morphology may induce a loss of polarity, which, in turn, may impact
growth factor receptors and proliferation pathways (Belli et al., 2017b; Duval et al., 2017; Yamada
and Cukierman, 2007).
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Figure 2.4 - HelLa cells morphology in (A) 2D culture and (B) 3D cell collagen-based model. Nuclei
and plasma membrane are stained in blue and green respectively. Images (A) and (B) were
obtained by confocal microscopy (Respective FOV of 82 ym x 84 pm and 123 pym x 83 pym and
respective pixel size side of 0.186 pm or 0.312 pum).

The characterization of the cell distribution on the sample is also a key issue to reproduce at best
the spatial organization of cells in tissues. For Hela cells, the concentration of 2.4-2.6 x 10’
cells/ml (see section b) was optimal to get a tight and homogeneous cell distribution. For
comparison, we investigated the cell distribution with fibroblasts. In the latter case, a lower cell
density was used to compensate the size difference between the two types of cells. As shown in the
2PEF/SHG images, Hela and fibroblasts cells presented the same homogeneous cell distribution in
3D-CCM. The images obtained with HelLa are shown only Figure 2.5(A). The number of nuclei
obtained in each case, extracted from SHG/2PEF stack measurements, is plotted in Figure 2.5(B)
and Figure 2.5(C).
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Figure 2.5 - (A) 2PEF/SHG images of Hela nuclei (in blue) embedded in the fibrillary collagen
matrix (in green) (FOV of 350 pm x 350 um, pixel size of 0.192 um side), (B) Number of nuclei as
a function of depth for Hela in 3D-CCMs (n=3, sample 1 in red, sample 2 in blue, sample 3 in
green), (C) Number of nuclei as a function of depth for fibroblasts in 3D-CCMs (n=3, sample 1 in
grey, sample 2 in purple, sample 3 in yellow)

These data show that the cells were evenly distributed along the z-axis and did not fall in the
bottom of the sample despite gravity. As expected, more nuclei were found with Hela cells because
of the higher density used in this experiment.

The minimum distance between two nuclei was calculated to characterize the cell distribution in
the 3D model (x-y-z directions). The median values of the minimum distances obtained from three
different samples are reported in the Figure 2.6. These values vary from 14.3 pm to 15.3 pm with a
standard deviation of 0.5 pym (~3.3%) for HelLa, and from 21.5 pm to 23.0 ym with a standard
deviation of 0.8 pym (~3.7%) for the fibroblasts.

These values are consistent with that reported in the literature. Internuclear distances of 4 - 30 ym
are reported for the tibialis anterior muscle in mice (Stroud et al., 2017). Another study based on
hematoxylin and eosin (H&E)-stained images of mouse brain showed that the internuclear distance
is lower than 25 pym (Li et al., 2018). In 2017, Yi and coworkers (Yi et al., 2017) reported a method
of automatic extraction of cell nuclei from H&E-stained images of human lung tumors in which the
order of magnitude of the nucleus-nucleus distance is approximately 10 pm. This distance
distribution between nuclei shows that cells are homogeneously distributed in 3D-CCMs, thus
faithfully mimicking the distribution of cells in tissues.
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Figure 2.6 - Minimum distance between two nuclei as a function of depth for 3D-CCMs composed
of (A) Hela cells (B) Fibroblasts (n=3)

3.3.2. Cell activity

As shown in Figure 2.7, a viability higher than 90%, with an average value close to 93%, was
observed for all the samples. It indicates that cells stayed alive in 3D cultures for several days. This
is confirmed, for instance, by the cell division process observed in the confocal image (Figure 2.4)
acquired 48h after the sample preparation.

In parallel, a MTT assay was performed to assess the mitochondrial activity of the cells embedded
in the collagen matrix as function of the time after the 3D-CCMs creation. As illustrated in Figure
2.7, the results (in green) were compared to a negative control (in red) composed of dead cells. A
strong mitochondrial activity was observed. It proves that the cell metabolism is not impacted even
after 57 hours in 3D-CCM. The activity increase attests of the ability of the cells to proliferate.
Between the first and the second day (i.e. 11h), the cellular metabolic activity increased by more
than 30%. Between the 2nd and the 3rd day, it remained stable, which reflects a slow-down of the
cell proliferation. This finding agrees with the literature where a reduced proliferation is observed
for a variety of cell lines in 3D cultures (Adcock, 2015; Maria et al., 2011).
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Figure 2.7 - (A) Cell viability in 3D-CCMs measured 28 h after model creation. (B) Evolution of the
mitochondrial activity in 3D-CCMs (in green) quantified by MTT assay as function of the time in the
sample. The negative control is shown (in red)

3.3.3. Oxygen control

The oxygen concentration in 3D-CCMs was tuned so as to mimic various tissue environments. In 2D
samples, the cells are typically maintained in incubators to reproduce normoxic conditions in a
controlled atmosphere of 37°C, 5% CO,, and 21%-160 mmHg O,,

In this condition, pO, is close to 143 mmHg + 2 mmHg (19.4% + 0.2%). In healthy tissues, pO, is of
the order of 50 mmHg (Wion et al., 2008). In 3D-CCMs, pO, measured after one night in the
incubator (37°C, 5% CO,, 21% O,) is 112 mmHg + 12 mmHg (14.7% + 1.5%).

This value is close to pO, observed in physiological conditions (i.e. 100 mmHg (13.5%) in body lung
alveoli (McKeown, 2014)). The pO, depletion observed in 3D cultures is attributed to the O,
consumption by the cells and not to reduced oxygen diffusion in the matrix (Cheema et al., 2012;
Ehsan and George, 2013; Sarem et al., 2019).

Moreover, pO, was determined using T-25 flasks for 2D samples and 96 wells plates for 3D-CCMs.
Differences of depth from the medium surface, medium volume and cell density are expected to
affect pO, (Oze et al., 2012; Place et al., 2017; Zhang et al., 2016).

We investigated the oxygen control in 3D-CCMs incubated in different atmospheres. Exposure of 3D
samples to a controlled atmosphere containing 18 mmHg of oxygen (2.3%) allowed to artificially
reproduce the oxygenation conditions in tumors. We also found that pO, increased with the time of
exposure of 3D-CCM to hypoxic conditions. pO, varied from 0.6 + 0.3 mmHg after 1 h exposure, to
1.3 + 1.4 mmHg after 3 h and to 5.6 + 2.3 mmHg after 5 h. Values below 8 mmHg (1%) are
associated to a “pathological hypoxia” (McKeown, 2014). Figure 2.8 summarizes the pO, values
measured in 2D and 3D cultures in Hela cells exposed to different oxygen conditions (normoxic and
hypoxic). They are compared to values reported in the literature for various tissues.
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Figure 2.8 - pO, measured in 3D and 2D samples (red bold bar) (n=10). It is compared to pO,
reported in the literature (McKeown, 2014) for tumoral (square) and healthy tissues (circle), such
as pancreas (blue), cervix (green), head & neck (black), prostate (orange) and breast (pink). For
the values reported from literature, an error bar was represented when several studies were
considered.

This experiment demonstrated that 3D-CCM is fully adapted to study the impact of treatments on
cells growing in hypoxic tissues such as tumors.

3.3.4. Evaluation of drugs/nanoagents uptake in living cells

The cellular uptake of AGuIX® in Hela cells embedded in 3D-CCMs was followed using confocal
microscopy (Figure 2.9). The images show the NPs infiltration in the collagen matrix (Figure 2.9B)
and cells (Figure 2.9C) after incubation with 0.5 mmol/L AGuIX® for 18 h. We observe that the NPs
are homogenously distributed in the collagen matrix. Although the collagen is a natural barrier that
hampers the transport of nanoagents (Belli et al., 2017a) and limits the internalization of nano-
objects (Costa et al., 2016; Fallica et al., 2012), we found AGuIX® aggregates in cells, in the
cytoplasm exclusively. No NPs were observed in the nucleus, as already reported in 2D cultures
(Figure 2.9A) (Porcel et al., 2014; Stefancikova et al., 2014).
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Figure 2.9 - Confocal microscopy images of Hela cells exposed to AGuIX® in (A) a 2D culture
(FOV of 110 pm x 101 ym, pixel size of 0.229 ym side) and (B,C) 3D-CCMs (FOV of 140 um x 140
pm and 41 uym x 41pm, pixel size of 0.273 ym and 0.080 pm side). Each image results from
superimposition of the transmission and fluorescence images. Nuclei and NPs are labelled in blue
and red respectively. The black holes correspond to cells (absence of collagen).

The quantification of nanoagents internalized in cells and trapped in the collagen was performed by
ICP-MS. In this perspective, 3D-CCMs were disaggregated. The results are presented in Table 2.
Quantification of AGulX® determined by ICP-MS. This measurement indicates that, in these
conditions of incubation (see 3.2.5), 1.2 x 10" NPs penetrated in 3D-CCMs, from which 5.9 x 10"
were internalized in the cells (20 times less). It corresponds to internalizations close to 0.1% of NPs
in 3D-CCMs and 0.004% in the cells. This result is in agreement with the microscopy observations
presented above.

Table 2. Quantification of AGUIX® determined by ICP-MS.

COLLAGEN + CELLS CELLS
@@Q%% @@
RO ™ @®®
Mass of Gd (ug)/sample 0.031 + 0.005 0.002 + 0.001
NPs (#)/sample 1.2 E+13 5.9 E+11
Concentration of Gd per cell (pmol/L per cell) - 0.056
Uptake/sample (%) 0.1 0.004

This experiment confirms that 3D-CCM is suitable for investigating nanoagents uptake in tissue-
mimicking samples. In particular, it demonstrates that, at even low amounts, AGulX® diffuses
through the collagen and is partially engulfed in cells embedded in the matrix.

3.3.5. Quantification of radiation effect on cell survival

The robustness of 3D-CCMs to study external treatments effects on cells was evaluated by
investigating the effects of gamma rays on cell survival and, also, the influence of nanoagents on
the radiotoxicity. In this perspective, the samples were disaggregated after the irradiation to
proceed with clonogenic assay analysis. This method is the gold standard of radiobiology to quantify
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the effect of radiation on cell death and proliferative loss. The survival curves are presented in
Figure 2.10.
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Figure 2.10 - Survival fractions of Hela cells irradiated in 2D culture (dashed curve/empty
triangles) and in 3D-CCMs (solid curve/solid triangles). The influence of AGuUIX® on radiotoxicity
was investigated using 3D-CCMs (red curve). The theoretical uncertainties (area) were determined
according to the standard deviations of the a« and g parameters. F-statistical tests, based on the
maximum likelihood method (see details in Supplementary Materials, 5.3), were performed to
compare 2D and 3D models, and, models with or without AGuIX®. The differences were significant
with a p value of 1.099 e-07 (p< 0.05) and 0.03 (p< 0.05)

The cell response function was simulated using a linear quadratic law, where « is associated with
the contribution of the directly lethal lesions induced in the cell and g with the accumulation of
additive sublethal lesions (Tubiana et al., 1986). The parameters of the theoretical fits are given in
Table 3.

Table 3. Calculated radiobiological coefficients.

SF(D) = e~@D+BDH) | (Gy™) B (Gy?) a/B (Gy) R? SERycy(%) | DEFi
Control 2D 0.31 £0.03 | 0.05 +0.01 7 0.99 N.A N.A
Control 3D 0.48 + 0.03 | 0.03 +0.01 16 >0.99 N.A N.A
AGuIX® 3D 0.60 + 0.03 | 0.02 + 0.01 30 >0.99 16 1.09

a. Comparison of the results obtained in 2D and 3D models

The 2D culture is the primary reference model used in radiobiology. Thus, we first compared the
results obtained in 2D culture and 3D-CCM. The experimental data have been adjusted with a linear
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quadratic model. The survival fraction (SF) of the cells irradiated in 2D cultures decreased
exponentially with increasing irradiation doses, which corresponds to previous studies (Porcel et
al., 2014; Stefancikova et al., 2014). We show here that a similar trend is observed for cells
irradiated in 3D-CCMs. a is close to 0.48 Gy for the 3D culture and 0.31 Gy for the 2D culture. It
demonstrates that the directly lethal damage induced by radiation are more important for cells
embedded in 3D-CCM. On the contrary, the B value is constant (0.05 Gy?) in the two cases. In total,
the a/pB ratio, a parameter that is representative of the cell radiosensitivity, is about two times
higher for cells in collagen.

This result is different from other studies where cells in 3D models (spheroids for instance)
generally present a higher resistance to radiations (Doctor et al., 2020). Contrary, it is consistent
with results published on the irradiation of cervical carcinoma cells incorporated in hydrogels based
on collagen I, where the effect of radiation was found higher in 3D than in 2D models (Topsch et
al., 2007; Walenta and Mueller-Klieser, 2016). This observation can be attributed to difference in
cell cycle between 2D and 3D cultures. In 3D cultures in particular, the radiosensitivity of cells is
higher because the cells stay in a prolonged arrest in the G2/M-phase, the most sensitive to
radiations. In addition, the doubling time of cells in 3D samples (61.2 h) is three times higher than
the doubling time cells in 2D monolayers (17.3 h). Thus, the number of colonies counted in the
clonogenic assay (min 50 cells) may be underestimated for the 3D cultures.

b. Application of 3D-CCM to the evaluation of NPs induced amplification of
radiation effects

3D-CCM was used to evaluate the influence of nanoagents on radiation effects. We investigated the
response of the Hela cells treated with AGulX® and by radiation. As shown in Figure 2.10 - Survival
fractions of Hela cells irradiated in 2D culture (dashed curve/empty triangles) and in 3D-CCMs
(solid curve/solid triangles). The influence of AGuUIX® on radiotoxicity was investigated using 3D-
CCMs (red curve). The theoretical uncertainties (area) were determined according to the standard
deviations of the a and g parameters. F-statistical tests, based on the maximum likelihood method
(see details in Supplementary Materials, 5.3), were performed to compare 2D and 3D models, and,
models with or without AGuIX®. The differences were significant with a p value of 1.099 e-07 (p<
0.05) and 0.03 (p< 0.05), the decrease in cell survival was stronger in the presence of AGuIX®. It
demonstrates that the exposure to NPs of cells embedded in 3D-CCMs amplifies efficiently radiation
effects.

The amplification efficiency of NPs is commonly quantified using two parameters, namely the
radiation Sensitizer Enhancement Ratio (SER) and the Dose Enhancement Factor (DEF). Their
calculation is detailed in the Supplementary Materials. As reported in Table 3, the survival fraction
at 2 Gy was reduced by 16% for cells incubated with AGulX® in 3D-CCMs. Interestingly, the induction
of directly lethal damage (a value) increased in the presence of NPs.

These results demonstrate, for the first time in a tissue-like model, that AGulX® improve the quality
of radiotherapy treatments.

3.4. Conclusion

This work demonstrates the advantage of the 3D cytoarchitecture and collagen-based cell model to
investigate the impact of various cell treatments. The production of 3D-CCMs, mimicking the
microenvironment of cells in tissues, requires minimal material. It is a rapid and robust method
which is adaptable to several cell lines.
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We found that the preparation of the samples is highly reproducible. The size of the models is
constant and the distribution of cells is homogeneous. Thanks to the optical properties of the
collagen matrix, label free multiphotonic microscopy can be used to characterize the samples and
monitor the internalization of agents (such as Gd-based NPs) in living cells. Another major
advantage of the model is that the oxygen concentration may be tuned so as to reflect various
architectures and physiologies of tissues

Many tests, frequently used with monolayer cultures, remain directly applicable to the 3D cultures
such as metabolic activity assays (MTT). Furthermore, the cells are easily and rapidly recovered by
disaggregation of 3D-CCMs. Thus, the impact of various treatments on cells may be evaluated using
single cell experiments. As an example, we successfully addressed the toxicity of external agents
(Gadolinium-baseds) and the effect of radiation treatment on cancer cells in this tissue-like
sample.

In summary, 3D-CCM is an advantageous in vitro model that may be applied to rapidly assess the
effect of novel therapies in conditions more realistic than 2D cell cultures. This promising model
brings in vitro experiments one stage closer to the in vivo application, without ethical and financial
constraints of animal experiments.
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5. SUPPLEMENTARY MATERIALS

5.1. Segmentation and analysis of nuclei

The analysis was performed using Python 3.7, whose code and data are available online on Zenodo
(DOI: 10.5281/zenodo.3814365). Cell nuclei were distinguished using a threshold method. Due to
absorption and scattering, the excitation intensity decreases with depth. Thus, stack images
present different intensity statistics. This variation was considered with an adaptive threshold t,
which linearly varies with the ¢ standard deviation of individual image stacks (t = a*oc + b) (Figure
2.11). The slope of this linear threshold was approximately 1 and its intercept was taken around
the median value of the global image.
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Adaptability of threshold
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Figure 2.11 - Varying the threshold with imaging depth. Green, orange and blue curves
respectively indicate the median of the image at each stack, the sum of the median and the
standard deviation, and the adaptive threshold. In this example, the threshold was 1.0*std_dev +
535.

Before application of the threshold, each stack was smoothed by a local median filter. Once the 3D
binary image was generated with this adaptive threshold, a binary opening operation was
performed to erase small erroneous spots and to maintain wide cell-related parts. Then, the
measure.label function from skimage distinguished individual nuclei in three dimensions, based on
the binary image (Figure 2.12).

Figure 2.12 - Example of the clustering of individual cells in 2D: (A) Cell image at a fixed stack,
(B) Resulting clustering image where each color indicates a different cell

For each nuclei cluster, we then extracted the size, centroid and global intensity parameters. The
distance between each nucleus centroid was calculated to extract the nucleus-nucleus minimum
distance using the nearest neighbor python algorithm. The global workflow is described in Figure
2.13.
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Figure 2.13 - Global Python code workflow. The adaptive threshold is applied to generate a 3D
binary image. This image is cleaned via an opening, and parameters are extracted for individual
regions. After a final filtering of outliers, plots and histograms are generated.

5.2. Uptake calculation

The number of NPs per sample was calculated from the mass value using the Eq. 13:

NPs Mgqg- NA

= Eq. 13
sample  n.Mgq. (atomsgq/NP) E

where mgqis the mass of Gd in pg determined after ICP-MS, n is the number of samples (n=3
because we prepared 3 samples per condition (see section 3.2.5)), N,is Avogadro’s number equal to
6.02x10% mol™", M4 is the Gd molar mass equal to 157.25 g.mol™, and (atomsgy/NP) represents the
number of Gd atoms per NP, i.e., 10 for the AGulIX®.

To calculate the uptake, we determined Nyps, the quantity of NPs available during the 4 h of
incubation given by the equation Eq. 14:

NNPs — Cincub-Vincub -NA Eq. 14
(atomsgq/NP)

where C;,cup is the incubation concentration of NPs equal to 1.1073 mol.L-1 (see section 3.2.5) and
VincubiS the incubation volume, i.e., 240 pl according to the protocol given in section 3.2.5. The
uptake is determined by the ratio of Eq. 13/Eq. 14.
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5.3. Clonogenic assay

Statistical test. A test for the comparison of cell survival curves was performed using the package
CFAssay implemented in R software. Colony numbers are discrete values following the Poisson
distribution. The maximum-likelihood (ML) method was chosen and the R-function glm (generalized
linear model) was used. The workflow of this open access package is divided into three steps: (1)
data input and double-check, (2) separate calculation of cell survival curves for each of the two
conditions, (3) comparison test of the curves for the two experiments. (Braselmann, 2019;
Braselmann et al., 2015)

First, the survival curves of the two conditions (with and without NPs) were independently plotted
using the cellsurvLQfit function, and plating efficiencies were fitted as intercepts. The ML method
gives the a and B values (that we compared with those given by Origin) and the dispersion
parameter (d.p) (see Figure 2.14 - Survival curves and radiobiological coefficients determined from
the CFAssay program (R software.

- a(Gy™) B (Gy?) d.p

Control | 0.45+0.05 | 0.04 + 0.01 1.97

005

Survival fraction

AGuIX® | 0.63 +0.05 | 0.01 £ 0.01 1.50

002

. Control
271 NP

T T T
o 1 2 3 4

Dose (Gy)

Figure 2.14 - Survival curves and radiobiological coefficients determined from the CFAssay
program (R software) rather than Origin program (Table 3)

The dispersion parameter was compared with the value of 9.00, which corresponds to 3 Poisson
standard deviations, and shows low variability in the data. The function cellsurvLQdiff was used to
compare the control and the AGulX® fits using the ANOVA F-test. This statistical test is composed of
two models. Model 1 corresponds to the null hypothesis, which is the hypothesis to reject (i.e.,
“There is no difference between the two fits”). The curve is fitted to the total cell survival.
Parameters a and B are independent of the two curves for 2D and 3D, while for model 2, the curves
are fitted separately. The F value obtained after the F-test was 3.93 with a p value of 0.030
(p>0.05). This p-value, which is the probability that the difference between the residual data
scatter of model 1 compared with that of model 2 occurs by chance, indicates a significant
difference.

Efficiency. The efficiency of AGuiX® to amplify gamma radiation was calculated using two
indicators obtained from the survival curves. The radiation sensitizer enhancement ratio (SER) is
indicative of the radiation effect induced by the presence of AGulX®. This parameter is defined at a
dose point, specifically 2 Gy, which is the reference dose/fraction in conventional radiotherapy
treatments.



Chapter 2 - 3D-CCMs characterization

SFS — SFY

Eqg. 15
SF§

where SF§and SFNare the survival fractions at the D dose for the control sample and the sample
incubated with AGuIX®.

The dose enhancement factor (DEF) is the ratio between the radiation dose needed to achieve a
certain survival fraction in the control,D; and the radiation dose needed to obtain the same
biological effect in the presence of AGuIX®, D). This indicator is commonly calculated for 10% of
SF.

o

DSF
NP

DSF

DEFgg = Eq. 16
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1. INTRODUCTION

As shown in the previous chapter, 3D-CCM is a reliable and reproducible tool. The present chapter
illustrates an application of the 3D-CCM in a clinical context. The framework of this study is a phase 1
clinical trial combining radiations to Gadolinium-based NPs (AGulX® NPs), applied to patients with locally
advanced cervical cancer (LACC).

Briefly, these NPs are composed of ten gadolinium cyclic chelates covalently grafted on an inorganic
polysiloxane matrix. As shown in the previous chapter, AGulX® NPs increase the interaction cross-section
due to their high-Z material composition. It results in a local increase of the dose deposition in the vicinity
of the NPs. In addition, the gadolinium is a contrast agent for MRI. MRI is the modality of reference for soft
tissue visualization and allows to capture in a non-irradiating way micro-scale tumor features and
functional properties of tissues with high spatial resolution. The high longitudinal relaxativity of AGuIX®
allows for better contrast properties than gadolinium chelates currently used in clinic (Detappe, 2017). MR
images and in particular T2-weighted sequences are usually merged to CT scan for radiotherapy treatment
planning of cervical cancers.

This work aims at providing the inputs required in the Treatment Planning Systems (TPS) to take into
account the biological effects induced by the NPs. In this perspective, a calibration methodology was
developed to determine the AGuIX® concentration at the voxel scale based on patient’ MRIs.

The 3D-CCMs were used to quantify the biological effect of the combined treatments. As presented in
Figure 3.1, these data will be implemented in the TPS to take into account the presence of NPs as proposed
by two groups (Bruiningk et al., 2020; van Leeuwen et al., 2017).

== Provided by the clinical trial Nanoenhanced image-guided RT % + a&
=P Objectives of the work
== Perspectives of the work 1 In vitro 1
Model 3D-CCMs i Patients !“\
Survival ¥ NP
Output . |E
utpu Fractions B concentrations
I"""""_1_____________________________'"':
I | Radiobiological . !
TPS ! DEF Physical dose Q |
! Effect @ Y !
i Biologically weighted equivalent dose |

Figure 3.1 - Contribution of the study in the framework of nanoenhanced image-guided RT
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2. ABSTRACT

The present study reports about MRI tumor diagnostic in a phase 1 clinical trial of treatments combining
radiations and Gd-based NPs (AGulX®) applied to patients with locally advanced cervical cancer. It includes
a method to quantify the nanoparticle uptake in patient tumors after intravenous injection using MR
images. For this purpose, a calibration curve was established, which gives the T; absolute signal as a
function of the AGulX® concentration in tumor.

In a second step, the influence of AGuIX® on the treatment effect was investigated using a 3D cell collagen-
based model, which recapitulate the structural architecture and microenvironmental features of tumor, in
particular by the presence of an extracellular matrix. The capacity of these nanoagents to amplify the
effects produced by a medical radiotherapy beam (6MV) or a brachytherapy source ('*Ir) was then
evaluated. We found that the AGuIX® enhance the effects of the X-rays by ~15% at 1.8 Gy and those of the
brachytherapy by ~30% at 5.25 Gy.

To continue the translation to the clinic of NPs-based radiotherapy, the development of new software tools
able to calculate the dose in presence of NPs is needed. This work aims to provide the inputs required in
the treatment planning system (TPS) to take into account the biological effect of the NPs on radiation dose
distribution.

3. CORPUS

3.1. Introduction

Cervical cancer remains a major cause of mortality among women worldwide, with a 5-year overall survival
ranging from 93% to 15%, according to the International Federation of Gynecology and Obstetrics (FIGO)
stage (Kawamoto and Macura, 2016). Cisplatin-based concomittant chemoradiation followed by
uterovaginal brachytherapy is the standard of care for locally advanced cervical cancer (LACC) (Haie-Meder
et al., 2005; Mittal et al., 2018). Despite the dose escalation permitted by the recent implementation of
image-guided treatments, the risk of local relapse is still significant (Castelnau-Marchand et al., 2015).

The administration of sub-10nm theranostic nanoagents able to accumulate in the tumor via enhanced
permeability and retention (EPR) effect has been shown to offer new perspectives in cancer diagnosis and
therapy (Lacombe et al., 2017; Popovic et al., 2010).

In this context, sub-5nm diameter AGuIX® (NH TherAguiX, Lyon, France) based on Gd chelates have been
developed. On the one hand, AGuIX® act as contrast agents and improve MRI tumor diagnosis. On the other
hand, thanks to their high Z materials composition, they increase locally the energy deposited by the
incident radiation (Hubbell, 1999). As a consequence, the emission of short-range electrons enhances the
water radical production and the formation of radical oxygen species (ROS) in nanovolumes (Lux et al.,
2018) which are responsible for cell death (Kuncic and Lacombe, 2018). Thus, in the presence of NPs, a
better therapeutic index is achieved increasing the local tumor control without majoring toxicities to
healthy tissues (Tran et al., 2016).

Since their development about ten years ago, these Gd-based nanoagents led to convincing preclinical
results (Bort et al., 2020). The first evaluation of the theranostic properties of AGuIX® in clinic was
conducted in a phase 1 clinical trial involving 15 patients with multiple brain metastases (Verry et al.,
2020b).
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If the clinical benefits of the treatment are still being assessed, the MRIs of patient brains clearly
confirmed accumulation and retention of the NPs in the tumors (Bort et al., 2020). A second clinical trial
named NANOCOL started at Gustave Roussy in 2018 for patients suffering of LACC (NCT03308604). The
treatment protocol is described in Figure 3.2Figure 3.2 - Overview of the NANOCOL protocol (“AGulX
Gadolinium-based Nanoparticles in Combination With Chemoradiation and Brachytherapy (NANOCOL),”
n.d.).

The first step consists in treating the tumor by external beam therapy (EBT) using a modulated intensity
technique delivering 45 Gy in 5 weeks (1.8 Gy per fraction). Intravenous cisplatin 40 mg/m? is weekly
administered, in concomitance with the EBT (5 cycles in total). An integrated boost of 55-57.5 Gy is added
for patients with a macroscopic lymph node. In a second step, a treatment by image-guided brachytherapy
of 15 Gy is applied.

During the treatment, patients undergo three AGulX® intravenous injections at D, and Dy, of the EBT and at
Dy of the brachytherapy session. The first dose level is 30 mg/kg body weight. Acquisitions of MR images are
performed at four time points including the beginning of the treatment, before any NPs injections (MRI 1)
and after each NP injection (MRI 2, 3 and 4).

A weekly biological monitoring is carried out during the treatment course and a clinical follow-up is
planned 6 weeks after the end of the treatment.

Do D11 . D2 Do
External radiotherapy Brachytherapy Follow-up
45 Gy / 25 fx 15 Gy (biological report, MRI, clinical examination...)

Week
(W)

Wil We o Ws ) Wa ) W
|.|.|‘|.|.|

Chemotherapy (cisplatine)

Figure 3.2 - Overview of the NANOCOL protocol

Safety and tolerability of escalating doses of AGulX® used in combination with radiation and cisplatin are
currently being evaluated (Lux et al., 2018). However, the quantity of NPs localized in the tumor after
intravenous injections and the evaluation of the effect of NPs on radiation treatments are missing.
Therefore, the present work aims at developing a method to determine the AGuIX® concentration in the
tumor based on MR images of patients and evaluating the impact of AGulX® on radiation effects using a 3D
cell collagen-based model (3D-CCM) treated in the same conditions than in clinic.

3.2. Materials and methods

3.2.1. Workflow of the present study
The workflow of this work is represented in Figure 3.3.Figure 3.3 - Workflow of the present study

In a first step, an MR phantom was developped (step 1) to perform T, measurements in the presence of NPs.
This phantom was used to establish the calibration curve of T, absolute signal as a function of the NPs
concentration (step 2). From the patients’ MR images (and T, values), mean concentrations of AGulX® in the
Gross Tumor Volume (GTV) were determined (step 3) using the calibration. In the next step (step 4), 3D-
CCMs were prepared so that the quantity of AGulX® in the model correspond to the NP concentration found
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in the tumors of patients.3D-CCMs were then irradiated with the conditions used in the clinical EBT and
brachytherapy (step 5). The biological effect of the AGuIX® was evaluated using clonogenic assay to
establish survival curves (step 6).

@ MR Phantom 3%%8
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OCaIibration curve T|1¥
T c

eConcentration in patient’s GTV 8 ;,’,'
N

QConcentration inthe 3D-CCM .
N

© 3D models irradiations OZBQ
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. . sF
@Radioenhancement evaluation ED

Figure 3.3 - Workflow of the present study: from the patient MRI to the AGUIX® effect

3.2.2. Nanoparticle quantification in the patients

Our study is based on the MRI obtained for the 4 recruited patients of the trial. The first three were
injected with 30 mg/kg of NPs while the 4™ received a higher dose of 50 mg/kg. The MR acquisitions were
performed using a 1.5 T MR scanner (Optima MR450w 1.5 T GE MR scanner, General Electric, Boston, MA,
USA).

Each serie was composed at least of:

(i) a Variable Flip Angle (VFA) sequence allowing the determination voxel by voxel of the T, values based on
the linear regression of Eq. 17 (Cheng and Wright, 2006):

5@ =e_T—T1R S(a) +M (1—e_T—T1R) Eq. 17
sin(a) tan(a) 0 '

where the MR signal S was acquired for different flip angles a = 2, 3, 5, 7, 15, 20, 35°; a field of view (FOV)
= 240 mm; fixed values of Repetition Time (TR) / Echo Time (TE) = 8.2 / 4.2 ms; a pixel spacing of 1.0 mm
x 1.0 mm and a slice thickness of 5 mm.

(ii) a T,-weighted anatomical sequence (T, Propeller performed) with TR / TE = 11472.3 / 78.4 msec; a
pixel spacing of 0.7 mm x 0.7 mm and a slice thickness of 3 mm.
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a. Calibration curve

The calibration curve was built using the Eurospin TO5 phantom (Eurospin TO5, Diagnostic Sonar,
Livingston, Scotland) composed of 10 syringes filled with 5 ml of AGuIX® solution. Assuming that the
patients are mainly composed of water, the calibration was performed diluting NPs in water. The
concentrations in Gd, [Gd**], were chosen as follows: 1 mM; 0.75 mM; 0.5 mM; 0.25 mM; 0.15 mM; 0.1 mM;
0.05 mM; 0.015 mM; 0.005 mM and 0 mM. These concentrations were validated by an ICP-MS quantification
of the Gd amount in the AGuIX® mother solution. Note that all the concentration of the paper will be
expressed in Gd concentration (1 mmol/L of Gd is approximately equal to 0.1 mmol/L of AGulX®).

VFA acquisitions of the phantom were performed using the same acquisition parameters as detailed above.
The Olea Sphere® software version 3.0 (Olea Sphere, Olea Medical, La Ciotat, France) was used to deduce
T, maps. For each syringe, 4 circular 2D region of interest (ROI) of 191.6 mm? each were drawn. Mean
values of T; and their standard deviations were extracted from each ROI. Experimental points were
modelled by a theoretical fit using a least squares method.

A mean value of the AGulX® relaxativity, ry, calculated using the Eq. 18 (Fries et al., 2014), was obtained
using the data (concentration [Gd**] and T;) obtained for each insert containing a NP concentration
between 0.05mM and 1TmM,

AQ/Ty) 1 1 !
_ _ _ Eq. 18
1 [Gd3*T] [Gd3H] (T1,post T1,pre) !

b. Determination of the NP concentration

The first images of the patients were acquired before the injection of the AGulX® to determine the baseline
T, in the GTV (GTV MR 1). The three other MR sequences were acquired after AGulX® injection at Dy and Dy,
after the start of the radiotherapy treatment (GTV MR 2 and GTV MR 3) and the first day of the
brachytherapy treatment (GTV MR 4).

On each patient’s MRI series, a physician defined the GTV. Contours were delineated on the T,-weighted
sequence; then reported on the T, maps. For each MRI time point, mean T, and its associated standard
deviation was extracted to determine the absolute T, signal evolution during the treatment course.

Mean concentrations of AGulX® in the GTV (GTV MR 2 and 3) were deduced using the calibration curve and
were corrected by subtracting the AGuIX® concentration evaluated on baseline images (GTV MR 1).
Following method exposed above, biodistribution was investigated for each patient. In this goal, mean
AGuIX® concentrations were determined in the bladder and in a circular ROl located in healthy fat tissues in
the vicinity of the tumor volume. However, the quantification of the AGulX® amount at time point 4 was
not performed because of the presence of an inflated balloon urinary catheter placed in the patient's
bladder during brachytherapy.

The mean NPs concentrations in the GTV obtained using the calibration curve (Method 1) were compared
with an analytical method reported by Verry and coworkers (Method 2) (Verry et al., 2016). This latter
gives the mean concentration of Gd** in the GTV (in mM) function to the relaxation times (in ms) before
(T1,pre) and after (T4 post) AGuIX® injection. ry is the relaxivity per Gd** of AGulX® at 1.5 T (equal to 11.4 mM°
'.s™") (Fries et al., 2015). The equation is provided in Eq. 19.

1000 1 1
[6d**] = ——(——~
rp T1,post Tl,pré

) Eq. 19
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Then, the distributions of the T, values of the patients' GTV were established. The 95" percentile (highest
5% AGuIX® concentrations of the GTV) were determined using the calibration curve. These maximal
concentrations, corrected of the T, tissues baseline, were considered to further evaluate the
radioenhancement effect due to the NPs.

3.2.3. Preparation and characterization of 3D-CCMs

a. Production of 3D-CCMs

3D-CCMs were prepared from Hela cervical cancer cells cultured in a monolayer in complete medium
composed of Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine serum, 1% penicillin
and 1% streptomycin (Life Technologies™). The samples were produced in a 96 wells plate using a RAFT™
kit (Lonza®) according to the protocol presented in our previous study (Maury et al., n.d.). Each 3D-CCM
was a cylinder of 6.9 mm thickness and 122 ym + 4 ym diameter where ~350 000 HeLa cells were embedded
in a collagen | matrix. To reduce uncertainty and batch-to-batch variability, all samples of the same
experiment were prepared from the same solution.

b. AGulIX® exposure

3D-CCMs were incubated with 240 pL of AGulX®. Two conditions of NPs incubation were selected (0.5
mmol/L - 4h and 0.5 mmol/L - 24h) as leading to the closest to the maximal concentrations measured in
the patients’ tumors. Two different dosages were performed (i) in the whole samples (3D-CCMs) composed
of cells embedded in collagen (ii) in the cells extracted from the 3D-CCMs after digestion of the collagen
matrix. Analyses were performed at the Ultra Trace Analyses Aquitaine (UT2A) Technological Center, Pau,
France, using an Agilent 7800 ICP-MS technology (Agilent Technologies®).

Finally, AGulX® were localized in the 3D-CCMs using a LEICA SP5 confocal microscopy. In this aim, AGuiX®
were labeled with Cy5.5 fluorescent tag (exc: 633 nm/em: 655-740 nm) and cell nuclei were stained for 30
minutes with a 1 pmol/L Hoescht 33342 solution (exc: 350 nm/em: 461 nm) (Thermo Fisher Scientific®).

3.2.4. Irradiation protocols of the 3D-CCMs

3D-CCMs were irradiated in a phantom reproducing the patient geometry as represented in Figure 3.4. The
phantom was composed of 15 cm water equivalent plates of 30 cm x 30 cm, in which is placed a 1.5 cm
thick bolus of density 1.05 (Bolusil®, Kerjean Biotechnologies) containing the plastic tubes with the 3D-CCMs
samples to irradiate. The phantom was scanned with the clinical protocol used for pelvis treatment (120
kV, pixel spacing of 1 mm x 1 mm, slice thickness of 2 mm) using a Siemens Sensation Open Syngo 2014A CT
scanner (Siemens, Munich, Germany).

The EBT dose distribution planning was realized with the Raystation v.6 Treatment Planning System (TPS)
(Raysearch Laboratories, Stockholm, Sweden). Irradiation doses from 1 to 6 Gy (1 Gy step) were delivered
by a Novalis TX (Varian, Palo Alto, CA, USA) linear accelerator, using a 6 MV Volumetric Modulated Arc
Therapy (VMAT). Each plan was composed of a single arc. Irradiation delivery was optimized to make dose
as homogeneous as possible in the tube containing the sample. At least 95% of the prescribed dose was
delivered to 95% of the volume.

Brachytherapy treatment planning was prepared using the Oncentra Brachytherapy version 4.6 TPS (Elekta,
Stockholm, Sweden). Considering the irradiation time needed in brachytherapy (up to 240 s to deliver 1 Gy
depending on the source activity) the effect of NP was investigated at 24h incubation time only.
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Irradiations from 1.25 to 5 Gy (step of 1.25 Gy) were performed using a MicroSelectron Digital projector
(microSelectron Digital, Stockholm, Sweden) loaded with an 'Ir source (E = 316 keV, 80%), whose
reference air kerma rate was between 29.408 and 16.380 mGy.m?/h depending on the experiment date.
Two catheters including each 15 source positions were used to obtain a homogenous dose in the sample.
High Dose Rate (HDR) brachytherapy was preferred to make irradiation times compatible with cell lifetime.
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Figure 3.4 - (A) Experimental setups for EBT (upper image) and HDR (lower image) showing the
irradiation of the 3D-CCM by these two modalities (sample surrounded by red dotted line). The sample
was placed in a bolus and centered in the phantom using positioning lasers (red dotted lines). Dose
distributions and dose volume histograms (DVH) for (B) EBT and (C) HDR. Irradiation of the 3D-CCM was
performed delivering at least 95% of the prescribed dose to 99% of the sample

3.2.5. Clonogenic assay

After treatment, the cells were recovered to evaluate the survival fractions (SFs) using a clonogenic assay.
The 3D-CCMs were disaggregated in 1 mg/mL collagenase from Clostridium histolyticum (Sigma-Aldrich®)
following the protocol given in 3.2.3. For each irradiation dose (see 3.2.4), cells were plated in triplicate
into 100 mm diameter Petri dishes (Thermo Fisher) at a density of 100 surviving cells per dish. After 15 days
of incubation, cells were fixed and stained with 1% crystal violet in 10% ethanol dye solution. The SFs were
determined as the number of counted colonies divided by the number of seeded cells. The results were
normalized with SF at 0 Gy. The cell response as a function of radiation doses was simulated using the
linear quadratic model (LQ) (Eq. 20):

SF(D) = e~(@D+pD?) Eq. 20

where the parameter a is attributed to the induction of directly lethal damages and B to the additive sub-
lethal lesions leading to cell death.

A statistical analysis of the clonogenic assay results was performed with the CFAssay package included in
the R software (R Core Team (2020), R: A Language and Environment for Statistical Computing, R
Foundation for Statistical Computing, Vienna, Austria, https://www.R-project.org). The F-test based on the
maximum likelihood (ML) method was performed to compare the cell survival curves in the presence of NPs
with the control one and conclude about the significance of the results (Braselmann, 2019). The efficiency
of AGulX® was quantified by two parameters, namely the radiation Sensitizer Enhancement Ratio (SER) and
the Dose Enhancement Factor (DEF). The SER, defined at a dose point D, reflects the radioamplification
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effect due to the presence of NPs while the DEF evaluates the dose reduction leading to the same survival
fraction with NPs than without.

3.3. Results

3.3.1. Calibration curve of T, as function of AGuIX® concentration

The Figure 3.5 Figure 3.5 - Calibration curvepresents the calibration curve of the measured T, (called ‘y’)
as a function of the NP concentration (called ‘x’). The equation of the plot is given in equation 21. y is
expressed in ms, x in mM.

1

y= Eq. 21
0.0112x + 9.7264.10~4
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Figure 3.5 - Calibration curve of T; measured with the VFA sequence as a function of the AGUIX®
concentration in the phantom syringes. Experimental points are represented in black and the fit
corresponds to the red dotted line.

3.3.2. Determination of AGulX® concentrations used in clinic

Figure 3.6 illustrates T2-PROPELLER sequences corresponding to Patient 4 before and after NP injection
obtained the first day of radiotherapy treatment course.
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Figure 3.6 - MR images (T2-PROPELLER) of the GTV (red line) of Patient 4 acquired (A) without injection
of AGUIX® (at D, of the treatment-P4/T1) and (B) after 30 mg/kg AGUIX® injection (at Dy of the

radiotherapy-P4/T2)

For each patient, mean absolute T1 was determined in the GTV as well as in healthy fat tissues close to the

GTV and in bladder, as shown in Figure 3.7.
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Figure 3.7 - Evolution of the tumor volume (reductions of 53%, 37%, 75% and 91% between MRI 1 and 4
for the patients 1, 2, 3 and 4 respectively) (A) and T; value in healthy fat tissues (B), in the bladder (C)
and in the GTV (D), at each time point, for the 4 patients included in the clinical trial (blue, orange, green
and red). Patients 1, 2, 3 have received an injection of 30 mg/kg while a dose of 50 mg/kg was delivered

to patient 4.
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A significant reduction of the tumor volume was observed during treatment course (Figure 3.7A). For
patients 3 and 4, decreases of 75% and 91% were observed between start of the EBT treatment and the first
brachytherapy session leading to volumes inferior to 10 cm?® before brachytherapy. This tumor reduction
makes it difficult to analyze NPs uptake in the GTV at time point 4. The tumor size is expected to affect
the AGuiX® concentration in the GTV, so the values from MRI 4 were disregarded and the mean absolute T,
signals determined after EBT only were plotted.

The Figure 3.7B presents the variation of the mean T, value measured in the peritumoral fat tissues on each
MRI. The evolution of the mean T, was almost constant, with a value around 680 ms for patient 2 and 770
ms for patient 1, 3, 4. For each patient, the difference between the mean T, value obtained after AGulX®
injection (MR 2, 3, 4) and the value evaluated without NP (MRI 1) was around 2 to 3%. It indicates that the
mean NP concentration in healthy tissues was lower than 3.1 + 42 pymol/L for the entire duration of the
treatment.

Figure 3.7C shows that, for each patient, a decrease in the T; value was observed in the bladder at the MR
2 and MR 3 time points. Table 5 shows that a mean NP concentration between 0 and 62 pmol/L was found
in the bladder.

Figure 3.7D presents the mean T, signal obtained in patients’ GTV at time points 1, 2 and 3. For each
patient, a decrease in the mean T, value was observed on MRI 2 and 3 compared to MRI 1. As expected, the
mean T, value obtained in the GTV MRI 1 was not equal to 0. Measurements taken in the cervix on the MRI 1
(without NPs injection) showed that the organ’s T; (T1,cervixs mri 1 = 709 = 57 ms) was not equal to T,
measured in water with the VFA sequence (T1,wra = 970 £ 105 ms), leading to a relative difference of 37%.
The Table 4 presents the translation of mean T; values into mean NP concentrations corrected of this
tissues baseline. A significant uptake of AGulX® between 8.4 (Patient 4, MR 2) and 16.0 ymol/L (Patient 1,
MR 3) was found in the GTV (Table 4, column 2, Method 1).

All tumors have internalized NPs, however an inter-patients variation was noticed, with a difference
between the mean NP concentrations in the GTV which can reach 31% at the MR 2 time point and 53% at
the MR 3 time point.

For a same patient, the mean T, measured in GTV after the two AGuIX® injections performed during the
EBT (GTV MRI 2 and GTV MRI 3) was relatively stable (Figure 3.7D). Indeed, the mean NP concentrations in
the tumor at MRI 2 and MRI 3 do not differ by more than 3 pmol/L, suggesting, for each patient, a
comparable accumulation of AGuiX® in the GTV at D, and Dy.

For comparison, the mean NP concentration obtained in the patients’ GTV calculated using the analytical
method is given in Table 4, column 3 (Method 2). The relative differences between the values obtained by
the two methods are reported in column 4. A good agreement, lower than 2%, was observed. Besides,
AGuIX® relaxativity value, ry, calculated from the calibration curve data was found equal to 11.3 + 0.7 mM’
s, in accordance with the value of 11.4 mM™.s™" defined in a previous study (Fries et al., 2015).
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Table 4. Mean AGUIX® concentration in patients’ GTV corrected of the baselines. The values were
determined from MRI 2 and 3 (performed during EBT, after NP injection) according to the two different

methods. Relative difference is reported (column 4)

GTV Mean concentrations corrected of the concentration tissues baseline (umol/L)
Difference

Timepoint | Patient Method 1 Method 2 (%)
1 12.4 £ 53.2 12.2 £52.3 -0

2 12.0 £ 21.0 11.8 £ 36.9 2

MRI 2 3 9.2 £33.8 9.0 + 33.2 2
4 8.6 £33.2 8.4+32.6 2

1 16.3 £ 46.0 15.9 £ 45.2 -0

2 9.1 + 33.1 8.9+325 2

MRI 3 3 9.8 +33.6 9.6 + 33.0 2
4 7.7 +34.4 7.5+ 33.8 2

Table 5. Mean AGUIX® concentration in patients’ bladder corrected of the baselines. The values were
determined from MRI 2 and 3 (performed during EBT, after NP injection) according to the two different

methods. Relative difference is reported (column 4)

Bladder Mean concentrations corrected of the concentration tissues baseline (umol/L)
Difference

Timepoint | Patient Method 1 Method 2 (%)
1 45.6 + 174.7 447 + 171.7 2

2 34.7 £ 46.9 34.0 + 46.0 2

MRI 2 3 26.7 £ 37.9 26.1 +37.2 2
4 7.0 £ 60.0 6.9 + 58.9 2

1 28.7 £ 42.3 28.1 £ 41.6 2

2 51.3 £ 39.5 50.3 + 38.8 2

MRI 3 3 61.7 £+ 47.3 60.4 + 46.5 2
4 0.3 +46.3 0.3+45.5 2

The maximum concentrations calculated in the GTV from the T, distribution are presented in Figure 3.8B.

These concentrations range from 63 (Patient n°2, MRI 3) to 128 pmol/L (Patient n°1, MRI 2).




Chapter 3 - AGulX combined with radiotherapy

A 1.0 1.0
0.8 0.8
(0] (0]
(v} (v}
S 0.6 3 0.6
c c
=i =i
o o
G 04 S04
0.2 0.2
005 . 0.05 fomccmee
0.0 . i : 0.0 . ‘ .
0 200 400 600 800 1000 1200 300 400 500 600 700 800 900 1000
T1 values in the GTV T1 values in the GTV
_, 200
%‘ mmm Patient 1
B £ 175 - e Patient 2
< B Patient 3
g 150 A EEm Patient 4
2
© 125 -
-
=
Y 100 4
c
S
a 75 A
=
© -
2 50
-
(v}
9 25
[
G
&)

3 2
MRI Timepoints

Figure 3.8 - (A) Gaussian distributions of T; values measured in the GTV for the Patient 2 at the time
points MR 2 and MR 3. (B) Maximum AGuiX® concentrations in patient’s GTV

A quantification of the amount of AGuIX® internalized in the tumor was successfully performed and shows
that the uptake in the GTV is significant.

3.3.3. Preparation of AGulX® loaded 3D HeLa cells models

To rapidly evaluate the effect of NPs on radiotoxicity, 3D-CCMs were developed to reproduce at best the
cell environment of tumor loaded with AGulX®. The two incubation conditions (0.5 mmol/L for 4 or 24h)
were used to reproduce the 5% maximum AGuIX® concentrations found in the patient’s GTV.

Confocal microscopy images presented in

Figure 3.9 A illustrate the NP distribution in a 3D-CCM. This experiment shows that AGulX® penetrate and
diffuse homogeneously in collagen I. This indicates that the nanoagents are able to travel through the
extracellular matrix, a major finding that explains distribution of AGuIX® into tumor volumes as shown
before. The cell nuclei are labeled in blue and the black zones delineate the cell cytoplasm. AGuIX®
penetrate as aggregates inside the cells, in the cytoplasm exclusively, as shown before for 2D cell cultures
(Porcel et al., 2014; Stefancikova et al., 2014).

The total amount of AGulX® contained in the sample and in cells, determined by ICP-MS, is reported in the
table of Figure 3.9 B.
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The AGuIX® concentration in the 3D-CCM is close to 135-170 pmol/L which corresponds to ~ 4E+13 NPs per
sample. The AGuIX® concentration internalized in cells is below 500 nmol/L, corresponding to ~1E+7 NPs
per cell.

The amount of NPs in the 3D-CCM varies as a function of the incubation time. An increase of 25% was found
in the 3D-CCM for an incubation varying from 4 to 24 h. In the same time, an increase of approximately
130% was observed for the quantity of Gd in the cells. Thus, increasing the incubation time strongly
improves the migration of NPs in the matrix before to reach the cells.

A
3D-CCM Nanoparticles per sample | Gd concentration (umol/L)
4h 3.71 E+13 135.22 .
24h 4.47 E+13 170.07 D +25%
CELLS Nanoparticles per cell Gd concentration (nmol/L)
B 4h 7.70 E+06 153.55 > +130%
24h 1.77 E+07 310.57

Figure 3.9 - (A) Confocal images of 3D-CCMs treated with 0.5 mmol/L AGuUIX® for 24 h. Cells are
identified as black holes in the collagen matrix, their nuclei are labeled in blue and AGuIX® in red. (B) ICP-
MS dosages of Gd in the samples (in green) or in cells extracted from the samples (in blue) for the two
incubation times (4h or 24h).

3.3.4. Evaluation of the AGulX® effect on the radiotoxicity

The effect of AGulX® at concentrations in the sample as used in clinic, was evaluated by clonogenic assay
(see Section 3.2.5). The survival curves of HelLa cells extracted from 3D-CCM after incubation or not with
AGuIX® and treatment by two different irradiation conditions (see Section Irradiation protocols of the 3D-
CCMs3.2.3, b), are presented in Figure 3.10.
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Figure 3.10 - Survival curves obtained after irradiation of HelLa cells in 3D-CCM treated by (A) EBT (B)
HDR with and without NPs. Results of the F-test were F=3.003 (p value of 0.08) for MV+4h NPs, F=6.42
(p value of 0.007) for MV+24h-NPs and F=9.16 (p value of for 0.001) kV+24h NPs. (C) Radiobiological
parameters extracted from the LQ model fit and DEF value. (D) Evaluation of the combined treatments
(SER values) for the three irradiation conditions.

a. Effect on EBT radiation

The cell survival curve shows a linear quadratic dose-dependent decrease of the survival fraction (see
Figure 3.10). The presence of NPs induces an amplification of cell killing for the two conditions of
incubation with higher significance for the 24h incubation (p value of 0.007 rather than 0.08). In the
presence of NPs, the a value increases by 30% while B tends to decrease, showing an amplification of the
directly lethal damage specifically.

At 1.8 Gy, which is the dose per fraction delivered during the MV-treatment in clinic, the AGulX® enhanced
the effect of radiations by 14% and 16% for the 4h and 24h conditions respectively. A stronger effect is
observed at 4 Gy with SERs of 18.3 and 23.0% for the respective conditions.

In summary, compared to radiotherapy alone, the addition of AGulX® allows to obtain a cell survival of 10%
with a radiation dose reduced by 9% (for 24h incubation).

b. Effect of NPs on brachytherapy

As for EBT, the cell survival curve shows a linear quadratic dose-dependent decrease of the survival
fraction and an enhancement effect of the brachytherapy treatment is observed in the presence of AGuIX®
(F value of 9.16 - p value of 0.001). As for EBT, we note a tendency of a value to increase (from 0.12 to
0.23) while B is constant (around 0.06-0.07). For doses of 1 and 2 Gy, SER values are equal to those
obtained with EBT, 10 and 17% respectively. The values increase with the irradiation dose. For a dose of
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5.25 Gy, which is a dose per fraction commonly delivered in HDR brachytherapy, the enhancement can
reach 30%. Under the same incubation conditions (0.5 mmol/L for 24 h), from 3 Gy onwards, the effects
obtained in brachytherapy are greater than those obtained in EBT (+4% at 4 Gy, +7% at 5 Gy). The alpha
value is lower in brachytherapy than in EBT (0.23 instead of 0.44) but the beta is higher (0.06 instead of
0.04), suggesting that the difference of effects observed is caused by a higher accumulation of sublethal
damage.

3.4. Discussion

This paper presents a quantification method of magnetic AGulX® in patient’s GTV based on T, mapping of
MRI diagnostics and a method to evaluate the effect of the NPs on the radiation efficacy.

We found that, after NP injections mean AGulX® concentrations in the patient's GTV are comprised between
7.6 and 16.0 pmol/L. A significant quantity of NPs was found in the bladder (up to almost 4 times higher
than in the GTV) suggesting an excretion of nanoagents by the urine and a passage in the systemic
circulation, as previously reported (Bort et al., 2020; Lux et al., 2018). After NP injection, no significant
increase in the mean NP concentration was observed in healthy peripheral tissues. These findings supports
that AGulIX® is deposited in the tumor exclusively, without any leakage in the surrounding tissues.

Our results are in line with a recent study performed on patients’ brain metastasis, where the mean AGulX®
in the tumor was found between 8 and 63 pmol/L after NP injection of 100 mg/kg (Verry et al., 2020b). Our
values are also in agreement with the mean NP concentrations of 13 pmol/L obtained by Verry and workers
in rat glioma 24h after AGulX® injection. Note that Verry and coworkers determined the mean AGuIX®
concentrations in the GTV using an analytical method. We attempted to use the same method to determine
the NPs concentrations from the patients’ MR images.

An agreement better than 2% was found, validating our method and values of AGulX® concentrations.

The calibration curve method is more fastidious than the analytical method but it is more universal. It can
be applied if the theoretical value of relaxativity r; is not tabulated. Indeed, the value of r; is defined for
each contrast agent and depends on the physicochemical properties of the compound and of the magnetic
fields of the MRI instrument (Fries et al., 2014). However, the measurements performed to establish the
calibration curve allowed us to verify that the value of relaxativity obtained in this work is close to the
theoretical one (Fries et al., 2015, 2014).

In a second part, we demonstrated that 3D-CCM can be used to study the diffusion and effect of NPs in a
tumor-like environment using concentrations close to the maximum ones found in clinic. This experiment
shows that AGuIX® enter and diffuse in the collagen | and penetrate in cells with concentrations 1000 times
lower than in the matrix.

The effect of AGulX®on the radiotoxicity of two types of radiations, EBT and brachytherapy, was evaluated
with this model. Radiobiological parameters that we have extracted from the survival curves are in
agreement with other studies on cervical cancer tumors (Chow et al., 2019). From experimental data
obtained after EBT, Chapman and Nahum reported a values of 0.35 + 0.21 Gy (0.32 + 0.04 Gy in our
study) and B value of 0.06 Gy? (0.06 + 0.01 Gy?) (Chapman and Nahum, 2015; West et al., 1993). The
radiobiological data presented in this paper for brachytherapy (a = 0.12 + 0.07 Gy and B = 0.07 + 0.02)
also corroborate the results reported by Roberts and coworkers (a = 0.13 + 0.07 Gy'") after brachytherapy
trials for stage | and Il cervix carcinoma (Rangarajan et al., 2004). For both EBT and brachytherapy, we
observe a larger contribution of the a parameter (i.e. complex lethal damage).

Despite the low NP concentration in cells (150-300 nmol/L), a significant enhancement of radiation effects
was observed for EBT and brachytherapy. EBT irradiation of the 3D-CCMs leading to a SER at 2 Gy of 15-17%
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is in agreement with previously published results after "*'Cs irradiation (662 keV) where a SER of 16% was
obtained (Maury et al, 2019). The statistical tests highlight that the 24h AGuIX® incubation condition leads
to a significant effect. In addition, a significant radioenhancement effect, which increase with the
irradiation dose, was observed also in brachytherapy in presence of NPs. For a dose of 5.25 Gy, used in the
schema of the HDR treatments, a radioenhancement of 30% was observed (Albuquerque et al., 2019). As
expected, a greater or equal SER was systematically observed for the 192Ir irradiation compared to the 6
MV. This is attributed to the contribution of photoelectric process which is higher for the keV range
incident energy of the brachytherapy.Erreur ! Source du renvoi introuvable.

Thus, we demonstrated that there is a great interest of injecting NPs both during radio and brachytherapy
treatments. Besides, due to a long retention time, it has been shown that AGulX® are still detectable in
pancreatic, lung and breast tumors 24h after intravenous injection (Lux et al., 2018). This ensures a
radioenhancement effect of the NPs during the treatment (at least at DO/D1 and D11/D12 of the EBT and at
D0/D1 of the brachytherapy).

In a study published last year, Sisin et al (Sisin et al., 2019) reported the potential of bismuth oxide NPs
used as radiosensitizers in combination with cisplatin during brachytherapy treatments. They obtained a
SER between 1.67-0.77 with 2D cell monolayers (to be compared to 1.22 in the present study with Hela
cells cultured in 3D). They suggested a synergic effect between cisplatin and Bismuth NPs, which - if
verified for AGuIX®, could be of great interest because the standard of care for cervix cancer includes 5
cures of cisplatin (see Figure 3.2 - Overview of the NANOCOL )

3.5. Conclusion

In this paper, we reported a robust method based on T1-mapping from VFA sequences allowing an
evaluation of the concentration of NPs accumulated in the GTV of patients treated for a cervix cancer in
the NANOCOL clinical trial. MR signal enhancement in presence of NPs was observed in the tumor
specifically. Mean AGulX® concentration inside was determined and validated thanks to an independent
method of quantification. In radiotherapy as in brachytherapy, we demonstrated that a very low quantity of
AGuIX® in the tumoral cells (150-300 nmol/L in the tumoral cells, resulting from a local concentration of
100-150 pmol/L in 3D-CCM after sample incubation with 500 umol/L NP concentration) was sufficient to
induce a significant radiosensitizing effect (15-17% at 2 Gy). Thus, the accurate delineation of target
volumes made possible by a strong MR contrast and promising radiobiological responses obtained in the
presence of NPs promote a strategy of dose escalation by boosting or dose painting, allowing adaptable and
personalized treatments. Even if follow-up studies are still expected to prove the clinical outcomes on
patients, this work constitutes an additional step toward the development of a nanoenhanced image-guided
radiotherapy. As a perspective, new technologies coupling an MRI with a Linac will provide daily treatment
guidance, enabling adaptive radiotherapy, i.e. treatment plan personalization based on MR images and NP
concentration of the day.
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1. INTRODUCTION

In the previous chapter, the 3D-CCMs were applied to help improve the treatment based on radiotherapy
combined with AGuIX®, currently evaluated in clinic.

In this chapter, the same preclinical model was used to probe a highly innovative strategy: the association
of new nanoagents, the Gemcitabin-loaded nanoMOFs, with particle beam radiation. The aim was to
evaluate the potential of these nanoagents developped in our laboratory by Ruxandra Gref.

In this drug development process, 3D cellular models reproducing the structural architecture and
microenvironmental features of tumors, have rapidly emerged as relevant in vitro platform for new
therapies screening. The presence of the ECM allows a more realistic evaluation of the cell response to
both irradiation and nanoagents exposure.
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2. CORPUS

2.1. Introduction

The combination of chemotherapy with radiations treatments, called chemoradiation, is the standard of
care for many solid cancers (Pauwels et al., 2003; Song et al., 2017). In comparison with other therapeutic
alternatives, this strategy exhibits clinical benefits, such as organ preservation and tumoral control
(Seiwert et al., 2007). The cytotoxic effects induced by the drug and the radiation together, produced at
the tumor site, increase the therapeutic ratio (Seiwert et al., 2007). In addition, the spatial cooperation
between the locoregional action of the radiotherapy and the systemic properties of the chemotherapy
reduces the risk of metastasis (Gordon Steel and Peckham, 1979). The synergistic effects reported by the
different studies are mainly attributed to the sensitization effects of cells by the antitumor agent.
Gemcitabin (Gem) is an efficient radiosensitizer already used in clinic which exerts its cytotoxic effect by
targeting DNA (Carmichael et al., 1995). The anticancer nucleoside analog Gem is a prodrug which needs to
be converted by cellular kinases into the pharmacologically active triphosphate form. However, in some
cases, this intracellular conversion is not efficient leading to drug resistance and systemic toxicity. The
direct administration of the phosphorylated form of Gem is hampered by its poor stability in biological
media, low intracellular penetration and low tissue tissue specificity (Bouffard et al., 1993).

A promising approach was recently proposed by Gref and coworkers to improve the stability and the tumor
transportation of Gem to the tumor. It consists in encapsulating the active form of Gem, Gem-
monophosphate (GemMP) in highly porous hybrid metal-organic nanoparticles (nanoMOFs) (Rodriguez-Ruiz
et al., 2015). These biodegradable (Li et al., 2017) and biocompatible (Baati et al., 2013) nanoparticles
protect the drug against degradation and significantly improve drug delivery in tumor cells. As a major
advantage, the iron-based composition of the nanoMOFs allows them to act as enhancers of radiation
effects (X. Li et al., 2020a). Besides, these paramagnetic nanoparticles may be used as contrast agents
monitored by MRI (Horcajada et al., 2010).

The group already reported the efficiency of GemMP-loaded nanoMOFs to improve the effect of radiations.
Experiments were conducted with 2D cell cultures Hela cancer cells in normoxic conditions. An 80%
increase of cell killing was observed when gamma radiation (Cs-137, energy = 662 keV (y)) was used (X. Li
et al., 2020a). This increase was among the strongest ever reported for tumor treatment with gamma
irradiation and nanoparticles.

However, gamma rays are not used in external radiotherapy. Based on our strong proof of concept, this
work aims to go steps beyond by addressing the important challenge to investigate the potential of GemMP-
loaded nanoMOFs with a medically relevant radiation modality and a cell environment better
representative of the tumor reality than monolayer normoxic cultures.

In tumors, cells interact with and through an extracellular matrix (ECM), which acts as a structural and
biochemical support. It was shown that this natural barrier limits the penetration and the accumulation of
nanoagents in solid tumors after extravasation from the blood vessels and, also, it may influence the cell
response to irradiation (Jain, 1997). Thus, the ECM often compromises the antitumor efficiency of the
treatments (Magzoub et al., 2008; Minchinton and Tannock, 2006; Pratiwi et al., 2021; Steichen et al.,
2013; Tchoryk et al., 2019b).

In addition, most of radioresistant tumors are hypoxic (oxygen concentration below 1%) (McKeown, 2014).
This specificity is associated to poor treatment outcomes, high probability of relapse and increased risks of
metastases (Brown and Wilson, 2004; Vaupel and Mayer, 2007). Thus, oxygen concentration in monolayer
cultures was monitored to work in challenging hypoxic conditions and a realistic 3D tumor model was
proposed to mimic the tumor environment.
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In the present work, the properties of GemMP-loaded nanoMOFs were evaluated using an advanced
treatment modality, the particle therapy (also called hadrontherapy). This technique, based on the use of
high energy charged particles (carbon or helium ions of MeV/amu), allows to enhance tumor targeting and
local control compared to conventional radiotherapy. The advantage of ions compared to photons stems
from their property to deposit their maximum energy at the end of the track (Bragg peak). In operating
conditions, the Bragg peak is widened to create a spread- out Bragg peak (SOBP) which covers the total
volume of the tumor (Durante et al., 2017). As a result, the damage induced behind the tumor is close to
zero and the surrounding healthy tissues can be spared (Porcel et al., 2014) (see supplementary section,
Figure 1). Compared to photons, charged particle beams also have a higher biological effectiveness. They
induce more complex DNA damages, result in multiple damage sites or clustered DNA lesions, which
increases cell killing in the tumor (Durante et al., 2017; Durante and Cucinotta, 2008; Hagiwara et al.,
2019, 2017; Lorat et al., 2015; Sage and Shikazono, 2017). These advantageous properties are exploited in
the present work by proposing a combination of this type of beams with GemMP-loaded nanoMOFs.

The effect of GemMP-loaded nanoMOFs was measured in vitro in different conditions of oxygen
concentration and cell environment. First, the impact of oxygen on GemMP-loaded nanoMOFs effects was
evaluated on 2D Hela cell cultures (normoxic and hypoxic conditions). Then, a comparison of the effects
produced on cells in 2D cultures or embedded in a collagen | matrix was conducted. This in vitro model,
newly developed in the field of radiation studies, mimics the influence of a microenvironment and disrupts
the cells’ response both to nanoagents and irradiation (Goodman et al., 2007; Magzoub et al., 2008;
Minchinton and Tannock, 2006; Netti et al., 2000; Steichen et al., 2013; Tchoryk et al., 2019b). Thus, the
influence of these two factors, ECM and oxygen concentration were investigated.

2.2. Materials

2.2.1. NanoMOFs Synthesis and Gemcitabin incorporation

Synthesis of iron trimesate MIL-100(Fe) nanoMOFs (MIL stands for Material of Institute Lavoisier) is
performed by microwave-assisted solvent-free “green” hydrothermal techniques as previously described (X.
Li et al., 2020). Briefly, a mixture of iron chloride (8.97 mmol) and trimesic acid (4.02 mmol) in 20 mL of
deionized water was placed in Pyrex reactors and heated for 6 min at 130 °C under stirring. The applied
power was 1600 Watts (Mars-5, CEM, US). The reactors were cooled in ice bath and the synthesized
nanoMOFs were recovered by centrifugation (10000 g, 15 minutes) and were purified by washing with
absolute EtOH six times to remove the residual non-reacted trimesic acid. The nanoMOFs were stored in
EtOH until final use. Their average hydrodynamic mean diameter was 220 + 25 nm and 200 + 64 nm,
determined according to dynamic light scattering (DLS) (Nano-ZS, Zetasizer Nano series, Malvern
Instruments, UK) or NP tracking analysis (NTA) (Nanosight, Malvern Instruments, UK) respectively. The BET
(Brunauer-Emmett-Teller) surface area reached 1680 + 90 m2/g and the nanoMOFs possessed a crystalline
structure in agreement with previous studies.

GemMP was loaded in nanoMOFs at GemMP:nanoMOFs weight ratio of 1:10. GemMP was quantified by HPLC
(Agilent 1100, USA) using a previously described method (X. Li et al., 2020).

Encapsulation efficacy (EE) was calculated as:

Encapsulated Drug (mg)

EE (%) = X 100 Eq. 22

Initial Drug (mg)

where “encapsulated drug” represents the amount (mg) of drug incorporated in the nanoMOFs and “initial
drug” represents the amount (mg) of drug used in the preparation procedure. The drug loading (DL) was
calculated as.
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0.\ — Encapsulated Drug (mg)
DL (/0) - Initial Drug (mg) x 100 Eq. 23

Mother solutions of 2 mg/mL of nanoMOFs and 100 pg/mL of Gemcitabin were used for toxicity,
quantification and irradiation experiments. For microscopy studies, the nanoMOFs (0.5 mg/mL) were
labelled with the fluorescent tags Rhodamine B or Alexa 568. A two steps procedure was used: (i) the
nanoMOFs were incubated overnight with the fluorescent dye (weight ratio of 1:10) and (ii) the free
fluorophores were eliminated by successive water washing.

2.2.2. Cell cultures

The experiments were performed with the human cervical adenocarcinoma cell line (HelLa), purchased from
ATCC® in 2016 (ATCC France, Molsheim, France) or RIKEN BRC in 2015 (RIKEN BRC Japan, Tsukuba-shi,
Japan). Cells were cultivated in Dulbecco’s Modified Eagle Medium (DMEM) or Minimum Essential Medium
Eagle (E-MEM) supplemented with 10% heat-inactivated foetal bovine serum (FBS), 1%
penicillin/streptomycin (P/S) and 1% L-glutamine (Life Technologies).

2D experiments were performed from monolayer cultures of Hela cultured in flasks while 3D-CCMs were
prepared by embedding ~350 000 HelLa cells in a collagen | matrix using a commercially available system
(RAFT™ 3D cell culture kit, Lonza, Basel, Switzerland).

As detailed in a previous study (Maury et al., n.d.), 3D-CCMs were prepared by mixing a cell suspension of
2.4-2.6 cells/mL with 10X MEM, neutralizing solution and 2mg/mL rat-tail type | collagen solution. 320 pL of
the final solution were dispensed in each 96 well plate and kept in the incubator for 15 min. RAFT™
absorbers were finally disposed on top of each well for 15 min.

2.3. Methods

2.3.1. Characterization of the nanoMOFs toxicity

In a previous study performed on monolayer cultures (X. Li et al., 2020), it was shown that a concentration
of 17 pg/ml unloaded nanoMOFs was not toxic for cells incubated for 6h (>95% cell viability). As expected,
the Gem, used free or incorporated in the nanoMOFs, induced a cytotoxic effect killing 50% of cells at
concentration of 1.7 pg/ml.

On this basis, the same concentration of nanoMOFs (17 pg/mL) was chosen in the present study but
concentration of GemMP was lowered to 0.85 pg/ml to reduce its toxicity.

Monolayer cells were incubated with these concentrations for 6h while 3D-CCMs were incubated during 18h
to allow homogeneous migration of the agents in the matrix. 2D toxicity studies were performed using a
clonogenic assay (see section 2.3.4 for detailed protocol). For the cells embedded in the 3D-CCMs, the
toxicity of GemMP-loaded nanoMOFs used at the same concentration than in the experiments with 2D
cultures (i.e. 17 yg/mL of nanoMOFs loaded with 0.85 pg/mL of GemMP) were determined using MTT test.

In this purpose, 3D-CCMs were exposed to 125 L of tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide in a 96-well plate at 37°C for 4 h. Then, 125 pL of lysis buffer was added to
dissolve the formazan crystals. The proportion of living and metabolically active cells, was quantified from
the absorbance measured with a Glomax® Microplate reader (Promega®) (absorbance 560 nm). A sample
consisting of 3D-CCM incubated with a volume of water equivalent to the volume of GemMP-loaded
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nanoMOFs was used as positive control. A sample composed of 3D-CCM treated for 4h with 200 pL of
menadione (500 pmol/L) was used as negative control.

2.3.2. Characterization of the nanoMOFs localization by fluorescence microscopy

The localization of the nanoagents in cells was characterized using two techniques, namely confocal
microscopy and multiphotons microscopy for the 2D and 3D samples, respectively.

a. Confocal microscopy protocol (for the 2D cultures)

Monolayer living cells incubated with nanoMOFs labelled with Rhodamine for 6h were imaged on sterile
glass slides using a LEICA SP5 confocal system according to the protocol described in our previous study (X.
Li et al., 2020). Briefly, the images were acquired at 514 nm excitation wavelength, in the 560 to 600 nm
range of emission. During the acquisition, the temperature was kept at 37°C and the CO, was regulated at
5%.

b. Multiphoton microscopy protocol (for the 3D samples)

Multiphoton microscopy (2PEF) was used to study the nanoMOFs migration in 3D-CCMs. 3D-CCMs were
incubated with nanoMOFs-Alexa 568 in the conditions specified above (i.e. 17 pg/mL nanoMOFs
concentration, 18h incubation time). After PBS washing, nuclei were stained for 20 min with 1 pmol/L
Hoescht 33342 solution. Multimodal z-stacks images were recorded with a commercial multiphoton
microscope (TriM Scope Il, LaVision BioTec) allowing sequential 3D acquisitions.

Collagen of the 3D-CCMs was imaged without any labelling using a nonlinear optic effect which is the
second harmonic generation (SHG). This signal was generated by a beam of the Insight DeepSee laser set at
A = 1140 nm. The SHG scattered light centered approximately 560 nm was detected by a photomultiplier
tube placed in transmission (H7422-40, Hamamatsu) and separated from the laser light by a dichroic mirror
(Di02-R635, Semrock) and an interference filter (FF02-575-25, Semrock). Cell nuclei and nanoMOFs were
imaged by 2PEF. After excitation by a laser beam at A = 830 nm, the signal of the nuclei or nanoMOFs were
respectively collected in epidetection mode by a photomultiplier tube (H6780-01 Hamamatsu) and
separated from the laser light by a dichroic mirror (T695lpxr, Chroma) and an interference filter (FFO1-450-
70/FF01-466-40 (nuclei) or FF01-607-70 (nanoMOFs) - Semrock). Data acquisition was performed on a 350
pm square field of view with a pixel size of 0.192 pm and an acquisition frequency of 400 Hz. Images were
captured with a z-step of 1 pm.

2.3.3. Quantification of the nanoMOFs in the samples

A method to quantify the nanoMOFs concentration in cells of 2D cultures is described elsewhere (X. Li et
al., 2020a). Briefly, the intracellular amount of nanoMOFs was determined using a method based on iron
staining with potassium ferrocyanide (Wuttke et al., 2015). Although reliable, this method is time-
consuming as it requires the establishment of a calibration curve.

The quantification of the nanoMOFs concentrations contained in (i) entire 3D-CCM and (ii) in the cells
extracted from the 3D-CCM, was performed by faster method, the Inductively Coupled Plasma-Mass
Spectroscopy (ICP-MS) (UT2A - Technological Center, Pau, France). To collect the cells from the 3D-CCMs,
an addition step of enzymatic degradation with 1 mg/ml collagenase from Clostridium histolyticum (Sigma-
Aldrich©) was needed (Maury et al., 2019).
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2.3.4. Irradiation experiments

a. Preparation of 2D samples to study the influence of oxygen influence on
irradiation effects

Approximately 200 000 cells per sample were prepared onto 3.8 cm glass dishes 24h prior to irradiation.
The cells were incubated 6h before irradiation with the agents at respective concentrations in the solution
(17 pg/mL nanoMOFs, 0.85 pg/mL GemMP and 17 pg/mL of nanoMOFs containing 0.85 pg/mL of
Gemcitabin). After 5h, the volume of the medium was reduced from 3 ml down to 0.9 mL. For the
experiments performed with hypoxic conditions (setup environment composed of 0.5% O,, 95% N, and 5%
CO,), the samples were disposed 1h prior to irradiation in a gas chamber flushed with a mixture of
N,/CO,/air of 950/50/25 mL/min respectively to reach the required oxygen concentration. For normoxic
conditions, the dishes were placed in the radiation chamber under atmospheric conditions (20% O,, 78% N;)
30 min before irradiation.

b. Preparation of 3D samples to study the influence of the matrix on irradiation

3D-CCMs were prepared in 96 wells plates 24h before irradiation (see 2.2.2) 18h before irradiation, 3D-
CCMs were put in contact with solution of free drug or nanoMOF formulation containing equivalent amounts
of GemMP and empty nanoMOFs as controls. Incubation concentrations were the same as for 2D
experiments (i.e. 17 pg/mL nanoMOFs, 0.85 pg/ml GemMP and 17 pg/mL of nanoMOFs containing 0.85
pg/mL of GemMP). Samples were incubated at 37°C until irradiation. Just before irradiation, these
solutions were replaced by fresh cell culture medium. After irradiation, the cells were extracted from the
3D-CCM matrix using 1 mg/mL collagenase as indicated in a previous study (Maury et al., 2019).

c. Irradiations

The irradiations were performed using passive beam delivery systems at HIMAC (Heavy lon Medial
Accelerator in Chiba) in Chiba, Japan (Porcel et al., 2014) (Porcel et al., 2014). Two 10 cm diameter beams
of different LET were used: a beam of carbon ions C® (primary energy = 290 MeV/u, LET = approximately
50 keV/pm) and a beam of helium ions He?* (primary energy = 150 MeV/u, LET = approximately 12
keV/um). Dishes were irradiated vertically and one by one, at the center of a 6 cm-SOBP with a dose rate
of approximately 3 Gy/min.

d. Analysis by clonogenic assay

The effects of radiation combined with nanoagents was analyzed by clonogenic assay as described
elsewhere (Tubiana et al., 1986). Briefly, harvested cells were seeded in Petri dishes to determine the
ability of cells to proliferate and form colonies. For each condition, cell survival curves were established
and simulated with a linear-quadratic model (LQ) as commonly used (Tubiana et al., 1986).

e. Statistical tests and quantitative parameters of analysis

Statistical test

Statistical tests were performed using the CFAssay package included in the R software (R Core Team (2020),
R: A Language and Environment for Statistical Computing, R Foundation for Statistical Computing, Vienna,
Austria, https://www.R-project.org) (Braselmann, 2019; Braselmann et al., 2015). These F-tests, based on



https://www.r-project.org/

82

Chapter 4 -Gem-loaded nanoMOFs combined with hadrontherapy

a maximum likelihood (ML) method, allow to conclude about the significance of the difference observed (i)
between the cell survival curve of the control and those obtained in the presence of nanoagent (nanoMOFs,
Gem or Gem-loaded nanoMOFs) (ii) between the curves with nanoMOFs alone or loaded with Gem.
Statistical analysis was applied from the experimental points and significance of the p values was indicated
on the survival curve as follows: 0 “***’, 0.001 “**’, 0.01 “**, 0.05 “.”, 0.1 “ ¢, 1.

Quantitative parameters for analysis

Efficiencies of combined strategies were quantified using the radiation Sensitizing Enhancement Ratio
(SER)(Eq. 24). This parameter is defined at a specific dose point and is indicative of the radiation effect
induced by the presence of nanoagents.

SF§ — SFp
SERD(%) = % Eq. 24
D

where SF§ and SFRare the survival fractions at the D dose for the control sample and the sample incubated
with nanoagents.

In the first part of the work that deals with oxygen influence on the combination effect, hypoxia induced
radioresistance was quantified by the oxygen enhancement ratio (OER). It is defined by the Eq. 25 as the

ratio between the dose of radiation needed when oxygen concentration is reduced (i.e. Dflf,‘}’)oxic, here with
p0,=0.5%) and the radiation dose required in fully oxygenated conditions (i.e. Dii‘;moxic, with p0,~20%) to

produce the same level of biological effect (here SF=10%). OER is related to indirect effects and thus to the
quality of the beam (LET dependency).

SFo

hypoxic
SFo
normoxic

OER = Eqg. 25

Isobologram analysis

In addition, to characterize the effects produced by the combination of the radiations with Gem-loaded
nanoMOFs, an isologram analysis was performed using the software CompuSyn (Chou and Martin, 2005). This
method, introduced by Chou-Talalay (Chou, 2010; Chou and Talalay, 1984; Leonard et al., 1996) is based on
a combination index (Cl) approach. The value of the Cl, calculated according to the theorem defines
antagonism (CI>1.0), additive effect (CI=1.0) or synergism (CI<1.0) (Huang et al., 2019)(Eq. 26).

_ D (D)

‘= 00: T 0,

Eqg. 26

(Dy)1 and (Dy), are the doses for radiations (1) and Gem-loaded nanoMOFs (2) used alone that give a
fraction affected (F,) of x% while D; and D, are the doses used in combination that reproduce this same
cytotoxic effect. Values of (D), and (D), are extracted from the median-effect equation of Chou (Eq.27).

Fa

1
Dy = Dp,. (1_Fa)m Eq. 27

Where D, is the median-effect dose.
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D, (more precisely—m.log(D,,)) is obtained from the intercept of the dose effect plot (linearization of the
Fa
1-F,

Fa
1-F,

1
Dx= Dpy. (—)m 5 which is y = log(—2-) function to x = m.log(D)). m is the slope (kinetic order) of

the curve.
In this study, the cell fractions affected by increasing doses of (i) nanoagents alone (ii) radiation alone and
(iii) nanoagents combined with radiation were implemented in the program. Consequently, calculated

values of the different parameters required for analysis were provided by the software and plots were
automatically generated, allowing a simple graphical interpretation.

2.4. Results
2.4.1. NanoMOFs synthesis and characterization, GemMP incorporation

The nanoMOFs possess a porous structure with oxocentered Fe(lll) trimers connected by trimesate (1,3,5-
benzene tricarboxylate) linkers (Figure 4.1)

A

Trimesic acid

SZ¥-

Iron trimer Supertetrahedra Large window

nanoMOF

Figure 4.1- (A) Schematic representation of the nanoMOF assembly from iron trimers and trimesate
organic linkers, forming supertetrahedra that further assemble into porous nanoparticles. The anticancer
drug GemMP can cross the large windows of around 9& and fill the nanoMOF pores by interacting with the
iron sites. (B) Typical TEM images of nanoMOFs empty (upper) and loaded with 5% GemMP (lower).

The nanoMOFs present an homogenous size, with mean hydrodynamic diameters of 220 + 25 nm, BET
surface area of 1680 + 90 m?/g. GemMP was incorporated by coordination with the accessible unsaturated
sites of Fe trimers, EE close to 100%, DL of 10 wt% ensuring a loading of these frameworks without size
modification (220 + 25 nm & 226 + 28 nm before and after GemMP encapsulation). Encapsulated drug is
released to the target by progressive degradation of nanoMOFs by the phosphates contained in the
biological medium, where a strong coordination is created with the phosphate groups of GemMP (X. Li et
al., 2020a; Rodriguez-Ruiz et al., 2015). By using tritiated GemMP it was demonstrated that it could not
penetrate inside PANC-1 cancer cells, in reason of its hydrophilic character (Rodriguez-Ruiz et al., 2015).
Indeed, less than 0.7% of the free drug was found inside the cells after 5h incubation, whereas more than
6% of the nanoMOF-incorporated drug was in the cells after only 1h incubation. However, 5h after
incubation with the cells, the drug amount was reduced to 3.3% and it was hypothesized that at longer
incubation times, the released drug can be substantially effluxed out. In a nutshell these studies
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highlighted that : i) GemMP is unable to bypass cell membranes; ii) nanoMOFs carry the drug efficiently
inside cancer cells; iii) the released drug inside the cells might be effluxed out.

2.4.2. Toxicity of nanoagents

a. Toxicities for cells cultivated in 2D monolayers

In presence of nanoMOFs (17 pg/ mL), the toxicity is not significant (> 95% cell viability). On the other
hand, as shown in the Table 6, the toxicities of GemMP free or GemMP incorporated in nanoMOFs were
found very similar for equivalent concentrations. In particular, an equivalent GemMP concentration of ~ 1.7
pg/ mL leads to cytotoxic effect killing around 50-55%. These results agree with our previous experiments
(X. Li et al., 2020). A lower equivalent GemMP concentration (i.e. 0.42 pg/mL) reduces cytotoxicity by
about 30%.

Then, an intermediate equivalent GemMP concentration of ~ 0.85 pg/ mL leads to cytotoxicity of 26% for
the free GemMP and 22% for GemMP-loaded nanoMOFs. It is this concentration (-~ 0.85 pg/mL) that we
chose for the irradiation study to reduce the drug's toxicity while maintaining a significant effect on cells.

Table 6. Comparison of the survival fractions obtained in presence of Gem free or 5% Gem loaded
nanoMOFs.

Concentration in Gem SF for Gem free SF for 5% Gem-loaded nanoMOFs
0.42 pg/ml 83% + 15% 85% + 8%
0.83 pg/ml 74% + 15% 78% + 8%
1.70 pg/ml 50% + 7% 55% + 4%

b. Toxicities in cells embedded in 3D-CCMs

Results of the MTT assay performed on 3D-CCM with these conditions (0.85 pg/mL of GemMP in 17 pg/mL of
nanoMOFs) are presented in Figure 4.2 - (A) Localisation of 17 pg/ml nanoMOFs incubated a- in monolayer
cultures for 6h or b-c-d- in 3D-CCMs for 18h. NanoMOFs are labelled in red, collagen is green and nuclei are
blue. b- and c- images represent the same area in the sample : b is the merged image (SHG+2PEF) while c
represents the nanoparticle channel in 2PEF exclusively An acquisition in the z-depth of the area framed in
orange was performed. Images extracted from the stack are given in d-. SHG images were captured with a
pixel size of 0.192 pm, an acquisition frequency of 400 Hz and a z-step of 1 pm. (B) Evaluation of the
cytoxicity of nanoMOFs loaded with Gemcitabin based on the mitochondrial activity measurement of cells
contained in 3D-CCM (in black) compared to positive (green) and negative (red) controls. (C) Quantification
of nanoMOFs amount in 3D-CCM and cells after an incubation of the samples with 17ug/ml nanoMOFs for
18h. Mitochondrial activity of cells incubated with GemMP-loaded nanoMOFs (in black) was found identical
to that of the control cells (in green). Results are significantly differ from the negative control (in red) and
show that the drug-loaded nanoMOFs are not toxic for cells cultured in 3D.

2.4.3. Localization of nanoMOFs

In order to avoid interfering with the entrapped GemMP drug, nanoMOFs were surface-labelled with
rhodamine B as previously described (X. Li et al., 2020). The label was not detached under incubation in
cell culture media
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a. Localisation in cells cultivated in 2D monolayer

Confocal images of nanoMOFs surface-labelled with rhodamine B internalized in 2D cells are presented in
Figure 4.2 - (A) Localisation of 17 pg/ml nanoMOFs incubated a- in monolayer cultures for 6h or b-c-d- in
3D-CCMs for 18h. NanoMOFs are labelled in red, collagen is green and nuclei are blue. b- and c- images
represent the same area in the sample : b is the merged image (SHG+2PEF) while c represents the
nanoparticle channel in 2PEF exclusively An acquisition in the z-depth of the area framed in orange was
performed. Images extracted from the stack are given in d-. SHG images were captured with a pixel size of
0.192 pm, an acquisition frequency of 400 Hz and a z-step of 1 pm. (B) Evaluation of the cytoxicity of
nanoMOFs loaded with Gemcitabin based on the mitochondrial activity measurement of cells contained in
3D-CCM (in black) compared to positive (green) and negative (red) controls. (C) Quantification of nanoMOFs
amount in 3D-CCM and cells after an incubation of the samples with 17ug/ml nanoMOFs for 18h. NanoMOFs
were found in the cytoplasm exclusively and not in the nuclei. This result is in line with our previous
observation (X. Li et al., 2020).

b. Localisation in cells embedded in 3D-CCMs

SHG microscopy images of nanoMOFs internalized in 3D-CCMs are presented in Figure 3. For the first time,
we observed that nanoMOFs can penetrate through the collagen of 3D-CCM. After 18h, they have infiltrated
the entire sample depth and are homogeneously distributed in the matrix. The nanoMOFs signal in the
matrix is much weaker than in the cells (where the nanoMOFs were internalized in aggregates). It explains
that we don’t distinguish nanoMOFs in the matrix on the merged images b and d.

As demonstrated in the case of 2D monolayers, the nanoMOFs penetrate in the cells and localize in the
cytoplasm but not in the nuclei (X. Li et al., 2020a). Besides, the images show the presence of
nanoparticles clusters in the cytoplasm, suggesting internalisation in the cells by endocytic process. This
internalization pathway is frequently reported for nanoparticles of this size (~200 nm) (Foroozandeh and
Aziz, 2018; Manzanares and Cefa, 2020).

2.4.4. Quantification of nanoMOFs

The quantification of nhanoMOFs in 2D monolayers cultures was performed in a previous study (X. Li et al.,
2020a). In this work, we quantified nanoMOFs in 3D-CCMs.

The ICP-MS results show that the natural concentration of iron is close to 0.09 pg in a 3D-CCM composed of
295 680 cells. The amount of iron contained in 3D-CCM after 18h incubation with nanoMOFs was almost 5
times higher than in the control (i.e. 0.42 pg of iron for 3D-CCMs containing 295 680 cells embedded in
collagen). It indicates that 0.33 pg of iron penetrated into 3D-CCM, which corresponds to 1.70 pg
nanoMOFs. As the sample was incubated with 240 pl of 17 pg/mL nanoMOFs, after 18h the uptake of
nanoMOFs in the 3D-CCM was 42%.

The mean quantity of iron found per cell (after disaggregation of 3D-CCM) was close to 0.37 pg
(corresponding to 1.92 pg nanoMOFs). Thus, 0.57 pg of nanoMOFs were uptaken by the cells in 3D-CCM
namely 14% of the nanoagents available during incubation. Regarding the uptake in cells and in the sample,
it clearly appears that most of the nanoMOFs were trapped in the collagen matrix. However, the quantity
found in cells which represents 1/3 of the nanoagents contained in the sample confirms microscopy results,
proving the ability of nanoMOFs to pass through the matrix and reach cells (Figure 4.2 - (A) Localisation of
17 pg/ml nanoMOFs incubated a- in monolayer cultures for 6h or b-c-d- in 3D-CCMs for 18h. NanoMOFs are
labelled in red, collagen is green and nuclei are blue. b- and c¢- images represent the same area in the
sample : b is the merged image (SHG+2PEF) while c represents the nanoparticle channel in 2PEF exclusively
An acquisition in the z-depth of the area framed in orange was performed. Images extracted from the stack
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are given in d-. SHG images were captured with a pixel size of 0.192 ym, an acquisition frequency of 400 Hz
and a z-step of 1 ym. (B) Evaluation of the cytoxicity of nanoMOFs loaded with Gemcitabin based on the
mitochondrial activity measurement of cells contained in 3D-CCM (in black) compared to positive (green)
and negative (red) controls. (C) Quantification of nanoMOFs amount in 3D-CCM and cells after an incubation
of the samples with 17pg/ml nanoMOFs for 18h.
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Figure 4.2 - (A) Localisation of 17 pg/ml nanoMOFs incubated a- in monolayer cultures for 6h or b-c-d- in
3D-CCMs for 18h. NanoMOFs are labelled in red, collagen is green and nuclei are blue. b- and c- images
represent the same area in the sample : b is the merged image (SHG+2PEF) while c represents the
nanoparticle channel in 2PEF exclusively An acquisition in the z-depth of the area framed in orange was
performed. Images extracted from the stack are given in d-. SHG images were captured with a pixel size
of 0.192 um, an acquisition frequency of 400 Hz and a z-step of 1 um. (B) Evaluation of the cytoxicity of
nanoMOFs loaded with Gemcitabin based on the mitochondrial activity measurement of cells contained in
3D-CCM (in black) compared to positive (green) and negative (red) controls. (C) Quantification of
nanoMOFs amount in 3D-CCM and cells after an incubation of the samples with 17ug/ml nanoMOFs for 18h

2.4.5. Impact of nanoMOFs, Gemcitabin and Gem-loaded nanoMOFs on radiation effects:
comparison of normoxic and hypoxic conditions (in 2D cell cultures)

a. Carbon ion irradiation

The survival curves obtained by the exposition of monolayer culture with 290 MeV carbon ions (6 cm SOBP)
beam (LET = 50 keV/pm) are presented in Figure 4.3A.

Both under normoxic (pO; = 20%) and hypoxic conditions (pO, = 0.5%), the results were constant with and
without nanoMOFs. These nanoagents are not radio-enhancer. Contrary to what was observed with y-
irradiation (X. Li et al., 2020a). On the other hand, the cell response to irradiation was strongly affected
when cells were incubated with GemMP or GemMP-loaded nanoMOFs.
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The survival curves presented in Figure 4.3 show that the carbon irradiation was amplified when combined
with a radiosensitizer (GemMP or GemMP-loaded nanoMOFs). The same efficiency was observed for the two
oxygenation conditions. SER values are reported in the histograms of Figure 4.3B for the different
irradiation conditions. The presence of GemMP (free or loaded in nanoMOFs) increases the carbon radiation
effect by ~50% at 2 Gy, both in hypoxic and normoxic conditions. The amplification efficiency increases
with the irradiation dose. However, the encapsulation of GemMP in nanoMOFs doesn’t play a major role on
its amplification property (difference not significant between the two curves, GemMP and GemMP-loaded
nanoMOFs).

In addition, for a same agent (GemMP in red or GemMP-loaded nanoMOFs in black), the comparison
between normoxic and hypoxic conditions demonstrates that the SER does not depend on the oxygenation
conditions when radiosensitizer was used. The oxygen concentration at the time of irradiation does not
seem to influence the effectiveness of the combination. A decrease of the OER values was observed in the
presence of drug. While a value of 1.4 was calculated for the control, the OER decreases to 1.3 for GemMP
and 1.2 for GemMP-loaded nanoMOFs. To understand the origin of the radiosensitizing effect observed in
presence of drug, radiobiological parameters values extracted from the survival curves were reported in a
table Figure 4.3C. For Gem free or Gem-loaded MOFs, increases of a and B values were observed regardless
the oxygen concentration meaning that their presence induces both an amplification of directly lethal
damage and sublethal lesions.

To investigate the nature of the effects produced by the combination of carbon irradiation with these
nanoagents a median-effect plot Figure 4.3C was built using the methodology provided in the section e.
This graphical analysis allows to obtain the doses of treatment (irradiation, GemMP or MG) which gives
alone a SF of 50%. D,, values were reported in the table and used for the Cl calculations. For GemMP and
GemMP-loaded nanoMOFs, Cl were systematically lower or equal to 1. This analysis, performed for
normoxic conditions, shows that the combination leads to synergistic effects (i) whatever the dose of
irradiation when GemMP-loaded nanoMOFs were used (ii) for doses superior to 1 Gy in presence of free
GemMP. As the effects produced in hypoxic conditions are similar to the normoxic ones, it seems
reasonable to assume that synergism is also verified when oxygenation concentration is reduced to 0.5%.
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Figure 4.3 - (A) Survival curves obtained with carbon ion irradiation in normoxic (left) and hypoxic (right)
conditions. The control is labelled in pink and the response of the cells incubated with nanoMOFs, free Gem
or GemMP-loaded nanoMOFs is represented in blue, red or black respectively. The p values between the
control and the SF curves with GemMP or GemMP-loaded nanoMOFs is < 0.001 (***). The p value
between the curve of the GemMP and the curve of the GemMP-loaded nanoMOFs is < 0.1 (.). (B) Analysis
parameters extracted from the survival curves. Top: Radiobiological parameters values (a in Gy and B in
Gy™2). Below: Quantification of the radiosensitizing effect induced by the presence of free GemMP (G) or
GemMP-loaded nanoMOFs (MG), in normoxic (smooth) and hypoxic (hatching) conditions. SER values were
calculated for irradiation doses of 2, 4 and 6 Gy.

(C) Isolobologram analysis performed in normoxic conditions and graphical representation giving the
values of Dm for carbon irradiation (C), GemMP (G) and GemMP-loaded nanoMOFs (MG) taken alone.
Combination Index values are reported showing additive (CI=1.0) or synergistic effect (CI<1.0)
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b. Helium ion irradiation

The survival curves obtained by the exposition of monolayer culture with 150 MeV helium ions (6 cm SOBP)
beam (LET=12 keV/pm) are presented in Figure 4.4 - (A) Survival curves obtained with helium ions
irradiation in normoxic (left) and hypoxic (right) conditions. Control is labelled in pink and the response of
the cells incubated with nanoMOFs, free Gem or Gem-loaded nanoMOFs is blue, red or black respectively.
The p values between the control and the SF curves with GemMP or GemMP-loaded nanoMOF are < 0.001
(***). The p value between the curves with GemMP and GemMP-loaded nanoMOFs is < 0.05 (*) for normoxic
and < 0.1 (.) for hypoxic conditions. (B) Analysis parameters extracted from the survival curves. Top:
Radiobiological parameters values (a in Gy and B in Gy?). Below: Quantification of the radiosensitizing
effect induced by the presence of free Gem or Gem-loaded nanoMOFs, in normoxic (smooth) and hypoxic
(hatching) conditions. SER values were calculated for irradiation doses of 2, 4 and 6 Gy and DEF for a
survival fraction of 10%. (C) Isolobologramm analysis for normoxic conditions and graphical representation
giving the values of Dm. Combination Index values are reported showing additive (Cl=1.0) or synergistic
effect (Cl<1.0).

Similarly to carbon ions irradiation, nanoMOFs are not radio-enhancer. However, the high potential of
GemMP to sensitize cells was demonstrated once again, even when the cells were hypoxic (Figure 4.4Figure
4.4 - (A) Survival curves obtained with helium ions irradiation in normoxic (left) and hypoxic (right)
conditions. Control is labelled in pink and the response of the cells incubated with nanoMOFs, free Gem or
Gem-loaded nanoMOFs is blue, red or black respectively. The p values between the control and the SF
curves with GemMP or GemMP-loaded nanoMOF are < 0.001 (***). The p value between the curves with
GemMP and GemMP-loaded nanoMOFs is < 0.05 (*) for normoxic and < 0.1 (.) for hypoxic conditions. (B)
Analysis parameters extracted from the survival curves. Top: Radiobiological parameters values (a in Gy
and B in Gy?). Below: Quantification of the radiosensitizing effect induced by the presence of free Gem or
Gem-loaded nanoMOFs, in normoxic (smooth) and hypoxic (hatching) conditions. SER values were calculated
for irradiation doses of 2, 4 and 6 Gy and DEF for a survival fraction of 10%. (C) Isolobologramm analysis for
normoxic conditions and graphical representation giving the values of Dm. Combination Index values are
reported showing additive (Cl=1.0) or synergistic effect (Cl<1.0) A). the SERs obtained in the presence of
nanoMOFs tend to be higher than those obtained with free Gem but statistical tests show that
encapsulation does not bring really significant interest (Figure 4.4 B). Radioenhancement effects reported
with helium irradiation are a bit lower than for carbon but Gem-loaded nanoMOFs continues to induce
considerable effects whatever the oxygenation conditions: + ~45% at 2 Gy, ~ 82% at 4 Gy and ~ 95% at 6 Gy.

As previously observed, the tendency of the OER to decrease reveals that the presence of drug allows a
reduction of the oxygen influence on the treatment effectiveness. Interstingly, isobologramm analysis
(Figure 4.4Figure 4.4 C) that when the LET of the beam is lower, the irradiation dose needed to reach
synergistic effects is higher (2 Gy rather than 1 Gy for the Gem and 1 Gy at least for Gem loaded
nanoMOFs).
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Figure 4.4 - (A) Survival curves obtained with helium ions irradiation in normoxic (left) and hypoxic
(right) conditions. Control is labelled in pink and the response of the cells incubated with nanoMOFs, free
Gem or Gem-loaded nanoMOFs is blue, red or black respectively. The p values between the control and the
SF curves with GemMP or GemMP-loaded nanoMOF are < 0.001 (***). The p value between the curves
with GemMP and GemMP-loaded nanoMOFs is < 0.05 (*) for normoxic and < 0.1 (.) for hypoxic
conditions. (B) Analysis parameters extracted from the survival curves. Top: Radiobiological parameters
values (a in Gy* and B in Gy?). Below: Quantification of the radiosensitizing effect induced by the
presence of free Gem or Gem-loaded nanoMOFs, in normoxic (smooth) and hypoxic (hatching) conditions.
SER values were calculated for irradiation doses of 2, 4 and 6 Gy and DEF for a survival fraction of 10%.
(C) Isolobologramm analysis for normoxic conditions and graphical representation giving the values of
Dm. Combination Index values are reported showing additive (CI=1.0) or synergistic effect (CI<1.0)

2.4.6. Impact of nanoMOFs, GemMP and GemMP-loaded nanoMOFs on radiation effects:
impact of the matrix (3D cell cultures)

The presence of a cell microenvironment can also affect the diffusion of nanoagents in tissues and thus
their impact. The proposed combined strategy has therefore been tested on 3D-CCMs.
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Irradiations were performed on the 3D-CCMs with Carbon and Helium ions beams (in normoxic conditions).

Survival curves presented in Figure 4.5 show that for a same condition (control, GemMP, nanoMOFs or
GemMP-loaded nanoMOFs), the cell survival was systematically lower in the case of carbon rather than
helium irradiation, confirming an influence of the beam LET on radiotoxicity.

In line with the 2D experiments, the presence of nanoMOFs doesn’t impact radiation effects for the two
irradiation beams. The values of a and B reported in Figure 4.5B are not significantly different for the
nanoMOFs and the control.

In the presence of a matrix, GemMP (free or encapsulated) exhibits strong radiosensitizing behaviour.
Interestingly, for the two irradiation beams, the survival curves obtained with free GemMP (red) and
GemMP-loaded nanoMOFs (black) are significantly different (p values of 1e-4 (carbon) and 3e-4 (helium)). It
indicates that the effect of GemMP when it is encapsulated, is higher than for the GemMP free. This result
is different from the one observed with monolayer cultures (see sections 2.4.5, parts a and b). As
represented in Figure 4.5 C, for an irradiation dose of 2 Gy, the SER values obtained with GemMP-loaded
nanoMOFs were 3 times higher than with GemMP free (from 17% to 59% with carbon ions; from 15 to 42%
with helium ions).

Then, as presented in the Figure 4.5 B, the presence of GemMP-loaded nanoMOFs is associated to an
increase of the a value compared to the control (x2 for carbon, x1.6 for helium). Contrary to the 2D case
the B value remains relatively stable. Thus, the presence of GemMP-loaded nanoMOFs in 3D-CCM induces an
increase of the directly lethal damage.
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Figure 4.5 - (A) Survival fractions of Hela cells extracted from 3D-CCMs irradiated with carbon ions (left)
and helium ions (right), in the presence of nanoMOFs (blue), free GemMP (red) and GemMP loaded
nanoMOFs (black). p values between the control curve and the curves established in the presence of
GemMP or GemMP loaded nanoMOFs were 2e-4 (***) and 4e-10 (***) for carbon ions irradiation and (*)
and (***) with helium ions irradiation. The p values between the two curves in the presence of Gem
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(GemMP and GemMP loaded nanoMOFs) is <0.001(***) (B) Radiobiological parameters (a in Gy and B in
Gy2). (C) Quantification of the enhancement effects (SER) of carbon ions (black and dark red) and helium
ions (gray and light red) beams induced by the presence of Gem (red) or Gem-loaded nanoMOFs (black
and gray).

2.5. Discussion

This study evaluates the efficiency of a strategy based on the use of GemMP-loaded nanoMOFs. Due to
accessible unsaturated metal sites of Fe trimers, a strong coordination is created with the phosphate
groups of GemMP, ensuring a loading of these frameworks without size modification. Encapsulated GemMP
is then released to the target after a progressive degradation of nanoMOFs by the phosphates contained in
the biological medium. We showed that these nanoparticles are able to penetrate cancer cells both in
monolayer cultures but also in cells embedded in collagen matrix. Clusters of nanoMOFs are found in the
cytoplasm, suggesting internalisation in the cells by endocytic process. This internalization pathway is
frequently reported for nanoparticles of this size (~200 nm) (Foroozandeh and Aziz, 2018; Manzanares and
Cena, 2020). Numerous functions of the nanoparticles are expected to influence cellular uptake and
penetration in tumor such as size, surface charge, surface properties, shape, chemical composition (Pratiwi
et al., 2021; Tchoryk et al., 2019b). In particular, for pH ~ 7, the nanoMOFs exhibit a negative zeta
potential (X. Li et al., 2020b). The surface charge of the nanoMOFs could have hindered their diffusion by
inducing repulsive electrostatic forces with the cell surface or the ECM (Meng et al., 2016). However,
nanoMOFs succeeded in penetrating through the matrix. These results are of great interest for a potential
future clinical application, limiting the risk of poor in vivo penetration which often results in poor
performance of therapies (Magzoub et al., 2008; Minchinton and Tannock, 2006).

In this perspective, the first objective of this study was to investigate the effect of oxygen on the efficacy
of the ion beams to kill cancer cells in the presence of GemMP-loaded nanoMOFs. For this, irradiations were
performed with carbon and helium ions beams in two oxygenation conditions (pO, = 0.5% and p0,=20%).
Thus, will be discussed in the following section: (i) the effects of oxygen on irradiation alone (performed on
monolayer cells in the absence of nanoagents) (ii) the effects of oxygen and beam type on the
radioenhancement effect induced when GemMP-loaded nanoMOFs were used.

The second objective was to study the efficacy of GemMP-loaded nanoMOFs to kill cancer cells embedded
inside a more realistic 3D model comprising an extracellular matrix.

2.5.1. Molecular processes induced by irradiation

a. Oxygen effect on irradiation

The interaction of radiation with biological medium (mainly composed of water molecules) leads to the
production of OH’, H*, H" and secondary electrons along the track (Baldacchino and Katsumura, 2010). Due
to its high reaction rate, damage are commonly attributed to the hydroxyl radical, OH", which induce
formation of unstable species in DNA (DNA") and in the cytoplasm (R*) (Chapman et al., 1973). In addition,
reactions of OH" clusters or electrons spurs with biomolecules can also lead to complex lesions (DNA: and
R:) (Bolsa Ferruz, 2017). In normoxic conditions, the molecular oxygen O, can scavenge reducing primary
species to form superoxide radicals 0;~ known to be very reactive towards biological components (DNA* and
R*), causing many toxicities (Baldacchino et al., 2019b).

In addition, O, can directly react with DNA® and R" and fix radicals defects by the formation of oxidized
molecules species (ROO® and DNA-OO"), making the cell damages permanent and non-reparable (Scifoni et
al., 2013; Sonntag, 1987). When O, concentration is reduced (hypoxic conditions), the probability to fix the
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damage on biomolecules decreases, and the competitive interaction of biomolecule radicals with radical-
reducing species results in “chemical repair” (Furusawa et al., 2000).

These oxygen effects are observable on the control curves obtained with monolayer cultures under carbon
and helium irradiation depending on the O, concentration tuned in cells. OER values (see section 2.3.4, part
e) obtained for the controls irradiated in carbon (Figure A) or helium (Figure B) are in agreement with the
data obtained by Monte Carlo studies (Figure C). With a p0,=0.5%, similar to our experimental conditions,
OER for carbon (LET ~50 keV/pm) and helium (LET ~12keV/um) irradiations calculated by simulations were
1.6 and 1.7 close to our values of 1.4 + 0.02 and 1.6 + 0.01 . Moreover, under the same conditions of
oxygenation, previous irradiations performed to HIMAC with carbon ions had led to an OER value of 1.3 (1.4
in this study), showing the reliability of the data that we obtained (Scifoni et al., 2013).
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Figure 4.6 - Survival curves for controls and cells treated by (A) carbon ions and (B) helium ions using
monolayer cultures under normoxic (p0O,=20%, in red) and hypoxic (p0,=0.5%, in blue) conditions. (C)
OER reported by Scifoni et al (Scifoni et al., 2013).

b. Radiations LET effect

As expected, we observed that the cell survival was systematically lower after carbon (50 keV/pm) than
helium irradiation (12 keV/um) (data shown in the Supplementary). In this study, a LET effect was observed
on the cell survival curves of the controls whatever the experimental conditions (2D normoxic, 2D hypoxic,
3D). This can be explained by the ionizing density and therefore the localized energy deposition produced
by high LET beams. On the one hand, they induce more complex DNA damage. On the other hand, they can
also generate clusters of multiple DNA lesions (Sage and Shikazono, 2017).

c. Effect of the LET on the OER

Interestingly, this hypoxia induced radioresistance quantified by the OER depends on the radiation type:
OER for helium (1.6) is higher than for carbon (1.4) (Figure 5C). When LET increases too much, the oxygen
fixation mechanisms plays a minor role (OER tends to 1) because of the presence of too severe damage that
the cells cannot repair (Hirayama et al., 2009). In addition, the track density effect induces a drop in the
yields of the radicals generated since they recombine into molecular species (LaVerne, 2000). Thus, the
component of indirect damage is drastically reduced, as well as the consequent dependence on oxygen
concentration (Scifoni et al., 2013). From a medical point of view, it is therefore interesting to treat
hypoxic tumors with heavy ion beams such as carbon ions in order to exploit the relative biological
effectiveness and the OER of carbon ions. However, helium beams ions allow to reduce the dose deposition
distal to the tumor compared to carbon ions and also open up new perspectives for online monitoring
(Mazzucconi et al., 2018; Volz et al., 2020). Mixed treatment plans based on the combined use of carbon
and helium ions appear particularly promising (Graeff et al., 2018).
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d. Benefits of Gem encapsulation/ 2D vs 3D effects

While the radiosensitization experiments carried out in 2D showed similar efficiencies between the free
GemMP and the GemMP encapsulated in nanoMOFs, a major difference was observed in 3D. When MOFs
were loaded, a significantly higher radiosensitivity was observed. In the presence of extracellular matrix,
mass transport and diffusion phenomena are more complex than with 2D cells. Collagen hampers the
diffusion of nanoagents and encapsulation of the drug becomes of great interest to better transport the
Gem to the cells. The encapsulation of the GemMP in the nanoMOFs allows to increase the cell penetration.
The free GemMP is a hydrophilic molecule that struggles to cross the cell barrier, especially when
interactions occur between the drug and the extracellular matrix. For this reason, our study focuses more
on the combination of radiation with GemMP-loaded nanoMOFs.

During the transition from 2D to 3D, the incubation concentration was kept constant but the incubation
time was increased (from 6h to 18h) to allow time for the nanoparticles to penetrate through the matrix.
Whereas previous study has shown that monolayer cells incubated with 17pg/mL during 6h internalized
around 8 pg nanoMOFs/cell (corresponding to 1.5 pg Fe/cell (X. Li et al., 2020)), a lower quantity was
found in the 3D-CCMs (0.4 pg Fe/cell). However, this low uptake is sufficient to induce considerable
radioamplifier effects, as described in the section 2.4.5.

2.5.2. Mechanisms induced in presence of GemMP

a. Reduction of oxygen effect

The presence of GemMP-loaded nanoMOFs during irradiation produce additional cell lethal damages to that
described below. In this paper, we have demonstrated that synergistic effects can be observed when the
drug is combined with hadrons beams. Whatever the oxygenation conditions, the radiosensitizing effect at
2 Gy exceeds 40% with 150MeV- He** and 50% with 290MeV-C®* beams.

For carbon and helium ions, the lack of oxygen effect was reduced with presence of GemMP-loaded
nanoMOFs. Comparison between Figure 4.6 and 4.7 highlights a reduction of the OER from 1.4 + 0.02 to 1.2
+ 0.02 for carbon and 1.6 + 0.01 to 1.3 + 0.02 for helium, making of GemMP loaded nanoMOFs an excellent
candidate to eradicate hypoxic tumors.
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Figure 4.7 — Survival curves for controls and cells treated by (A) carbon ions and (B) helium ions using
monolayer cultures incubated with Gem-loaded nanoMOFs (0.85 pg/ml in 17 pg/ml) under normoxic
(p0O,=20%, in red) and hypoxic (p0O,=0.5%, in blue) conditions.

b. Combination efficiencies depending on the beam

As expected and introduced in section 2.4.5, a LET effect on the survival of cells incubated with GemMP-
loaded nanoMOFs was observed whatever the experimental conditions (data shown in the Supplementary).
The combination with carbon ions is the most lethal, at least 30% more efficient at 2 Gy than helium ions.
However, the effects produced with a combination based on helium beam remain considerable. Allowing
online monitoring, helium ions induce a strong radiosensitizing effect which make the clinical use of mixed
treatment plans particularly appropriate.

c. Mechanisms of nanoMOFs effects

As observed in the tables of section 2.4.5 (a and b) and summarized in Supplementary, section 3.3, the
addition of Gem-loaded nanoMOFs induce a significant increase of the a values (average amplification of
the a value of 1.6). An increase of the B can be observed, but only when the irradiation is performed on
normoxic 2D cells (carbon or helium ions). This illustrates that in the presence of Gem, directly lethal DNA
damages are multiplied. An increase of sublethal lesions may occur, partly attributed to oxygen effect and
damage fixation described above. This confirms the high radiosensitizing potential of the GemMP that
targets DNA. Several mechanisms of action reported in the literature could be involved: (i) inhibitions of
DNA synthesis and post radiation damage repair (ii) incorporation into DNA as fraudulent base making the
defect significantly more difficult to repair (iii) interference in the cell cycle imposing a block in the most
radiosensible phase (Herscher et al., 1999; Seiwert et al., 2007; Shewach and Lawrence, 1996).

2.6. Conclusions

The therapeutic strategy proposed in this study aims at combining hadrontherapy and chemotherapy to
fight cancer. Synergistic effects between ions irradiation with GemMP-loaded nanoMOFs were demonstrated
using monolayer cancerous cells. Higher efficiency was obtained when carbon was used rather than helium
ions beams, highlighting a TEL effect on the radioamplifier potential of the combination. However, high
radiosensitizing properties of the GemMP-loaded nanoMOFs were observed whatever the oxygenation
conditions of the cells. In the presence of the drug, directly lethal damage to DNA were drastically
increased, leading to significantly higher cytotoxicity even in hypoxic environment.

In addition, 3D cell models, more representative of the tissues reality than 2D cell cultures, were
introduced to study the nanoagents diffusion through the extracellular matrix and evaluate the combination
effectiveness in the presence of a microenvironment. For this, non-toxic concentrations of GemMP-loaded
nanoMOFs were used. First, as illustrated by the fluorescence microscopy results, we demonstrated that
nanoMOFs were able to penetrate through the ECM to reach the cells. Then, ICP MS analyses showed that a
very small amount of nanoMOFs (in the order of pg/cell in iron) was sufficient to induce a considerable
radioamplifying effect.

While the experiments performed with monolayer cultures did not show any benefit in the GemMP
encapsulation, the results of the 3D-CCMs irradiations demonstrated that the benefits of loading drug
becomes undeniable in presence of a matrix in which 42% of the drug nanocarriers efficiently diffused.
Improving the drug delivery, GemMP-loaded nanoMOFs led to greater effects than free GemMP. Although no
amplifying effect of nanoMOFs alone was observed, this type of hybrid material acts as an efficient
nanocarrier (entrapping the drug with almost 100% efficiency) endowed with intrinsic properties as contrast
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agent. The theranostic properties of the versatile GemMP-loaded nanoMOFs make them a promising
candidate to eradicate tumoral cells. Finally, the synergistic effects observed between chemotherapy and
hadrontherapy and the reduction of the oxygen effect that occur in the presence of the drug open up new
perspectives. In particular, this promising multimodal approach could be a potential solution for the
treatments of hypoxic tumors that still remain therapeutic failures.

3. Supplementary data

3.1. Hadrontherapy

When the ratios of peak to plateau (a/b) are compared while
considering biological effect, the carbon beam has the largest value.
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3.2. Dependance of the LET

Chapter 4 -Gem-loaded nanoMOFs combined with hadrontherapy

0.1

& 001

0,001

" 2D Normoxic B

0.1
th 0.014

0.001 4

y .
20 Hypoxic] C

0.1
% 0014

0,001 -

T
3D

0
o
3
o+
S
el
n

Dose (Gy)

2 4 6

Dose (Gy)

2 4
Dose (Gy)

2D Normoxic E

2D Hypoxic F

0.1

& 001

0,001

3D

DN

T T
2 4 6 0

Dose (Gy)

T T T
2 4 6

Dose (Gy)

T T
8 10

Dose (Gy)

Figure 4.8 - Survival curves for the controls (from A to C) and for cells incubated with Gem-loaded
nanoMOFs (from D to E) and treated by carbon ions (dark purple and black curves) and helium ions (light
pink and grey curves). Three experimental conditions are presented: irradiations of monolayer cells in
normoxia (A-D), irradiation of monolayer cells in hypoxia (B-E) and irradiation of 3D-CCMs (C-F)

3.3. Summary of the radiobiological values

Beam Experimental conditions ac (Gy™) ame (Gy™) B¢ (Gy?) Bumc (Gy?)

2D, pO, = 20% 0.65 + 0.05 0.93+0.09 | 0.07 +0.01 0.14 + 0.02

Carbon 2D, pO; = 0.5% 0.51 + 0.04 0.84+0.20 | 0.03 +0.01 0.07 + 0.02
3D, pO, ~ 14.5% 0.62 + 0.09 1.13+0.18 | 0.12 +0.02 0.08 + 0.05

2D, pO, = 20% 0.69 + 0.10 0.71 £0.16 | 0.02 + 0.02 0.15 + 0.04

Helium 2D, pO, = 0.5% 0.42 + 0.06 0.72£0.08 | 0.01 +0.01 0.03 + 0.01
3D, pO, ~ 14.5% 0.41 £ 0.09 0.69 + 0.05 | 0.09 +0.02 0.09 + 0.01

Table 7. Radiobiological values extracted from the cell survival curves for the control (C) and Gem loaded
nanoMOFs (MG) depending on the experimental conditions (beam, cell cytoarchitecture, oxygenation
conditions). The values in bold are those for the difference between the control and MG are significant
taking into account the standard deviation of each of the parameters
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CHAPTER 5. CONCLUSIONS &
PERSPECTIVES

“Tout ce que tu feras sera dérisoire, mais il
est essentiel que tu le fasses”

Gandhi - Philosophe indien
(1869-1948)

Arbre de vie, Kenya, Yann Arthus-Bertrand, 2007
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1. GENERAL CONCLUSIONS

The aim of my PhD thesis was to evaluate the efficacy of innovative strategies based on NP to treat cancer.
The first consists in the association of photons with Gd-based NPs, a protocol which is currently evaluated
in clinic. The second is based on the combination of newly developed nanoagents composed of nanoMOFs
loaded with drugs - the Gemcitabin - with particle beam radiation (hadrontherapy).

For this purpose, a 3D cellular model, commercialized by Lonza®, has been optimized for the purpose of
these studies. This collagen-based hydrogel contains an extracellular matrix, which is a key parameter to
reproduce the microenvironment of cells in tumor and the cell-cell and cell-matrix interactions. Its method
of preparation has been established to ensure reproducibility of the size and cell distribution. As a result, it
was found that the coefficient of variation between 3D-CCMs is 3.2% only. Moreover, the intercellular
distance of 15 pym fitted with the spatial organization of cells in tumors. Easy-to-handle, it was proved to
be compatible with microscopy observations, allowing the observation of the NP migration in the
extracellular matrix and internalization in cells. In addition, this 3D model allowed the recovery of the cells
to measure cell survival after treatments. Last but not least, the oxygen concentration in the 3D-CCMs was
successfully monitored, enabling the reproduction of hypoxic conditions as encountered in radioresistant
tumors.

The efficacy of treatments combining Gd nanoparticles (AGuiX®) with radio- (6 MV-X rays) or brachy- (380
keV-Y rays) photon beams has been successfully evaluated. In the framework of the first-in-man NANOCOL
clinical trial, a method to quantify in-vivo the NP uptake in patients’ tumors using MRI T1 mapping has been
developed. Based on the images of four patients included in the clinical trial, 3D models mimicking the
observed NP concentrations were produced. The results show that, even if a low quantity of AGulX® was
observed in tumor cells (150-300 pmol/L), significant enhancement effects (~15% for 1.8 Gy of X-rays and
~30% for 5.25 Gy of brachytherapy) were achieved.

The quantification of NPs in tumours using MRI and the results of radiation effects are important
prerequisites to establish new dosimetric approaches and simulate dose distributions in the presence of
NPs. Although the clinical benefits on patients are still being assessed, this work provides an additional
building block for the clinic translation of nanoenhanced radiations treatments, opening new perspectives
in the development of adaptive and personalized treatments. This case study demonstrated the relevance
of 3D-CCM to be used as a new approach to consolidate clinical studies.

3D-CCMs were also successfully used to evaluate the potential of new therapeutics in the early stage of
their development. A major output of my work was to evaluate the combination associating Gemcitabin-
loaded nanoMOFs with hadrontherapy. This work highlighted the huge potential of these agents to enhance
radiation effects, namely ~55% for carbon ions and ~45% for helium ions at 2 Gy, both under normoxic and
hypoxic conditions. Thanks to the 3D-CCMs models, it was established that the nanoMOFs penetrate in the
extracellular matrix and accumulate in the cells. This important finding validates the ability of the agents
to migrate in the tumor after extravation from blood vessel, an important property to ensure the best
antitumor efficacy. We have also demonstrated that, in the presence of the ECM, the effect of the
encapsulated Gemcitabin was higher than for the free agent. These experiments confirm the key role of
the nanocages in reducing interactions between the molecule and the ECM. Finally, the model can act as a
filter to eliminate inefficient agents before launching tests based on complex and expensive systems (such
as small animals).

Finally, my work demonstrated that NP effects and combined treatments may be rapidly characterized and
quantified using the 3D model specially optimized for the purpose. This tool and related protocol may be
used to either accompany a clinical trial in predicting the effect of treatments on patients, or contribute to
the development of new agents and innovative combinations with alternative radiations such as ions. It thus
contributes to prepare the clinical translation of nanoenhanced radiation treatments.
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2. PERSPECTIVES

During my PhD work, the efficacy of treatments combining radiations to nanoparticles has been evaluated
using different cell models (2D/3D), irradiation beams (Y-rays, X-rays, C®, He’") nanoparticles (Gd,
nanoMOFs) and oxygenation conditions (hypoxic, normoxic). These experiments and associated outputs
(DEF, SER) have contributed to feed a database that can be exploited in two different ways for biological
effects prediction of new molecules/experimental conditions (Figure 5.1).

In a more conventional way, experimental observations can be used to adapt the Nanoparticle-Local Effect
Model (LEM) approach proposed by Lin et al. in 2015 to take into account (1) the real geometry of cells, (2)
the NP-internalization way, (3) the NP concentration inside the cell, (4) the oxygenation degree. This
perspective is in accordance with a previous work already performed in collaboration with IGR during the
IRS NanoTheRad in which a realistic cell model has been developed based on the GATE/Geant4 simulation
tool. On this topic, a challenge will be to model chemical species production in presence of NP and to
introduce oxygen concentration as an input parameter.

In parallel, new tools of prediction such as artificial intelligence develop rapidly. In this perspective, the
data obtained in this work will be used as inputs for the development of regression machine learning
models whose aim to determine biological enhancing factors. Complementary data will be needed to feed
the database with other variables such as the beam parameters (type, energy, LET...), the nanoagents
properties (type, size, cell uptake) and the characteristics of the biological target (cell line, oxygen
concentration).

These perspectives are of foremost importance to accurately account for the NP effects in dose
calculations of on-going clinical trials.

Experimental Database

NANOPARTICLE BIOLOGICAL MODEL

-Type of NP (Gd, MOFs...)
-Size & Shape

-NP localization '
BEAM i
-NP concentration i

E -Type of beam (X-Rays, ions)
: -Energy
; -0, concentration -Geometry
i BIOLOGICAL EFFECT :
V E -Dose enhancement factor E ~ 7

-Type of model (2D, 3D)

) Inputs
-Cell line

Inputs

________________________________________________________________

- BIOLOGICAL EFFECT BIOLOGICAL EFFECT -
-Dose enhancement factor -Dose enhancement factor E
& |
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Figure 5.1 - Perspectives: simulation, prediction, validation.
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SUPPLEMENTARY SECTION

1. Supplementary informations

Different techniques to generate spheroids are currently available. The 4 main methods (to which we
refered in Chapter Il) are presented here:

Liquid overlay & Low adhesion plates Hanging drop \
B
Agitation based approaches \ Micro/Nano patterned surfaces
[ E'E l PRI 38
THle e

Figure 1.1 - Preclinical model: from bench to bedside

1.1. Liquid overlay & Low adhesion plates

The first technic is based on the use of surface covered with a thin film of inert substrates preventing cell
attachment and promoting self-aggregation of cells into spheroids (Fang and Eglen, 2017; Nath and Devi,
2016). However, the size of formed spheroids was variable (Lin and Chang, 2008). Recently, ultralow
attachment plates which contain individual wells with a layer of hydrophilic polymer on their surface have
been proposed (Chaicharoenaudomrung et al., 2019). The key advantage of this approach is to form,
propagate, and assay the spheroids within the same plate.

1.2. Hanging drop method

This method uses the surface tension to hang a droplet of cell suspension on the underside of a culture dish
lid (Lazzari et al., 2017). Rapid aggregation is induced by the gravity which drive cell accumulation at the
tip of the drop. Spheroids created present a uniform-size but this method has many disadvantages including
a limited volume that does not provide enough nutrient for a long-term culture and a risky sample transfer
(Nath and Devi, 2016).
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1.3. Agitation-based approaches

The third approach uses a bioreactor (e.g., spinner flask, rotational culture systems, microgravity
bioreactor) to drive cells to self-aggregate into spheroids under dynamic culture condition avoiding their
attachment to the container wall (Fang and Eglen, 2017). This method allows a large-scale production and
a long-term culture but the spheroids created lack of uniformity in size and number of cells. In addition
their transfer into different supports are mandatory before any further assay (Lazzari et al., 2017; Nath and
Devi, 2016).

The pellet culture method uses centrifugal force to concentrate cells to the bottom of the tube (Achilli et
al., 2012; Ryu et al., 2019). Aggregation is induced by the contact of the single cells at the bottom of the
tube. This method is simple and rapid to perform, can create large diameter spheroids but the shear stress
from centrifugation that can damage cells (Achilli et al., 2012).

1.4. Micro-/nano patterned surfaces

The fourth approach is to use micro-/nano-patterned surfaces as the scaffolds to control cell adhesion and
migration. This method uses nanoscale scaffolds imprinted onto a flat substrate for the selection of
appropriate patterns and adhesive properties for a variety of cell type (Fang and Eglen, 2017). Arrays of
microwells or microfluidics systems containing various micro-sized chambers can also be used (Lazzari et
al., 2017). These systems allow a creation of samples of homogenous shape, size and cell composition.
However, the retrieve of the sample is difficult. This micro/nano technologies require also specific setups
and device fabrication, which are expensive equipments (Benien and Swami, 2014; Lazzari et al., 2017).
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2. Supplementary results

During my PhD work, additional results were obtained. In particular, the efficacy of a treatment combining
Gd nanoparticles with a carbon ions beam was evaluated. We found that the presence of AGulX® enhance
the effects of carbon ions of 15% at 2 Gy.
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Figure 6.1 - Survival curves obtained after irradiation of cells in 3D-CCM treated by 290 MeV C®* with
(black) or without (pink) AGUIX® NPs (incubation of 3D-CCM at 0.5 mmol/L for 18h)

Based on this proof of concept on 3D model and in line with the promising preclinical and clinical results
obtained in France with AGulX® NPs (biodistribution, toxicity, pharmacokinetics), in vivo experiments on
xenografts mice had to be carried out. This work was the subject of a JSPS Grant (Summer Program 2020),

cancelled due to COVID crisis.

3. Published papers
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Abstract: Ultrasmall polyaminocarboxylate-coated gold nanoparticles (NPs), Au@DTDTPA and
Au@TADOTAGA, that have been recently developed exhibit a promising potential for image-guided
radiotherapy. In order to render the radiosensitizing effect of these gold nanoparticles even more
efficient, the study of their localization in cells is required to better understand the relation between
the radiosensitizing properties of the agents and their localization in cells and in tumors. To achieve
this goal, post-functionalization of Au@DTDTPA nanoparticles by near-infrared (NIF) organic dyes
(aminated derivative of cyanine 5, Cy5-NH;) was performed. The immobilization of organic Cy5-NH,
dyes onto the gold nanoparticles confers to these radiosensitizers fluorescence properties which can be
exploited for monitoring their internalization in cancerous cells, for determining their localization in
cells by fluorescence microscopy (a common and powerful imaging tool in biology), and for following
up on their accumulation in tumors after intravenous injection.

Keywords: gold nanoparticles; radiosensitization; fluorescence imaging

1. Introduction

Among the numerous biomedical applications with gold nanoparticles (NPs) under consideration,
the use as radiosensitizing agents for image-guided radiotherapy appears very promising, in particular
in the case of ultrasmall gold nanoparticles (core diameter <3 nm) [1-6]. Radiotherapy, which is
one of the three main treatments of cancer (applied alone or in combination with surgery and/or
chemotherapy), consists of the eradication of cancerous cells using ionizing radiation (X- or y-ray).
Although it is commonly applied to treat a large range of cancers, radiotherapy is limited by a lack
of selectivity that results from a behavior of normal and cancerous cells that is too similar when
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they are exposed to ionizing radiation. The chemical composition of normal and cancerous cells
is too close to generate a difference in the X-ray absorption. In order to improve selectivity of the
radiotherapy to be used, and therefore its efficacy, it has been proposed to exploit the local dose
-enhancement induced by the interaction between nanoparticles containing elements with a high
atomic number (Z) and the X-ray photons [1-6]. Nanoparticles are more suited than molecules
because the biodistribution of nanoparticles is better controlled and each nanoparticle contains a
larger amount of high-Z elements than molecules do (10-10° vs. <10) [7-14]. As a result, the
accumulation of the radiosensitizing nanoparticles in the tumor should favor the absorption of
the ionizing radiation in a solid tumor. Such a preferential absorption will induce a cascade of
physical and chemical reactions, which leads to a localized production of highly reactive species
(radicals) [7,9]. The latter can generate lethal damage to cells. Such a strategy has been recently
proven to be efficient for inhibiting tumor growth and sparing surrounding healthy tissues when
irradiation was performed after the administration of gold-, platinum-, gadolinium-, or bismuth-based
nanoparticles [4-6,10,11,15-21]. McMahon et al. demonstrated that ultrasmall gold nanoparticles
are more efficient than large nanoparticles for enhancing the dose effect [7]. This conclusion is very
interesting since nanoparticles with a hydrodynamic diameter of <10 nm can be removed from the body
by renal clearance, which is a prerequisite to the in vivo application of non-biodegradable nanoparticles
(such as gold nanoparticles) [22,23]. Besides the radiosensitizing effect, the ability to absorb X-ray
photons can be exploited for monitoring the accumulation of the nanoparticles and therefore guiding
the therapy [1-3]. The most opportune moment for inducing the irradiation can indeed be determined
on the basis of data collected by X-ray imaging. However, X-ray imaging is probably not the most
appropriate imaging modality for guiding radiotherapy owing to its low sensitivity and ionizing
character. In order to overcome the limitations of X-ray imaging, gadolinium, indium, or technetium
chelate-coated gold nanoparticles (Au@DTDTPA and Au@TADOTAGA) have been developed [24-30].
These nanoparticles are composed of an ultrasmall gold core (2 to 3 nm) encapsulated in a shell of
linear (DTDTPA) or macrocyclic (TADOTAGA) polyaminocarboxylate ligands (Scheme 1).
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Scheme 1. General structures of dithiolated derivative of diethylenetriaminepentaacetic acid (DTDTPA)
and 1,4,7,10-tetraazacyclododecan-1-glutaric acid-4,7,10-triacetic acid functionalized by thioctic acid
(TADOTAGA).

These ligands are dithiolated derivatives of diethylenetriaminepentaacetic acid (DTPA) and
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) chelators that are well known for
their ability to form highly stable complexes with gadolinium and indium ions [31]. As a result,
Au@DTDTPA and Au@TADOTAGA nanoparticles behave as positive contrast agents for magnetic
resonance imaging (MRI) and as radiotracers for nuclear imaging (planar scintigraphy and single-photon
emission computed tomography (SPECT)) when they are labeled by gadolinium and technetium ions,
respectively (Scheme 2) [25-29]. The data collected from SPECT (highly sensitive) and MRI (high
spatial resolution) showed that these nanoparticles freely circulate after intravenous injection (i.e., no
accumulation in healthy tissue) and are relatively quickly cleared renally and that a small fraction of
them is temporary retained in the solid tumor [28,29]. On the basis of the images, a temporal window
for the radiotherapeutic treatment was determined for an optimal exploitation of the radiosensitizing
effect of the gold nanoparticles present in the solid tumor. When rats bearing a 9L gliosarcoma (9LGS,
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a brain tumor) in the right hemisphere of the brain are irradiated 5-10 min after intravenous injection
of Au@DTDTPA(Gd) or Au@TADOTAGA(GA), the life span of these diseased animals is increased by
a factor 5 in comparison to non-treated animals and by a factor 2 in comparison to animals treated only
by radiotherapy (Scheme 2) [28,29].
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Scheme 2. Illustration of Au@DTDTPA nanoparticles, properties, and applications. (a) Schematic
representation of Au@DTDTPA nanoparticles. Behavior of Au@DTDTPA nanoparticles after
intravenous injection into rats without a tumor (b,c) and with 9L gliosarcoma in the brain (d) as
(b) contrast agent for X-ray imaging, (c) radiotracer for scintigraphy (after immobilization of PMTe jons
in the organic DTDTPA shell), (d) positive contrast agent for MRI (after immobilization of gadolinium
ions in the organic DTDTPA shell), and (e) efficient radiosensitizer for improving the survival of 9L
gliosarcoma-bearing rats (tumor in the right hemisphere of the brain). NT, no treatment (no nanoparticle,
no irradiation); MRT, only radiotherapy; MRT 5'pi, radiotherapy 5 min after intravenous injection of
Au@DTDTPA(Gd) nanoparticles.

Although X-ray imaging, MRI, and SPECT are powerful imaging modalities which provide
complementary meaningful information on the distribution of these gold nanoparticles in vivo, they
are not suited for cell imaging. However, an improvement of the radiosensitizing efficiency of
Au@DTDTPA nanoparticles requires a better comprehension of the impact of gold nanoparticles
on cells when treated by radiation. This implies collecting information on the localization of the
nanoparticles in the cells. This can be achieved by using fluorescence imaging. In this perspective, the
functionalization of Au@DTDTPA nanoparticles by the aminated derivative of cyanine-5 (Cy5-NH,),
which is a near-infrared (NIR) organic dye, is a crucial issue since the immobilization of fluorescent
molecules onto gold nanoparticles will allow a visualization by fluorescence microscopy (a common
and efficient technique for imaging cells) and also in vivo follow-up by fluorescence imaging (a
powerful tool for preclinical studies) [32].

In this manuscript, we report on the modification of the radiosensitizing gold nanoparticles
(Au@DTDTPA) with aminated NIR organic dyes (Cy5-NH;) and on their follow-up both in cells and
in a living organism by fluorescence imaging.
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2. Results and Discussion

2.1. Synthesis of Fluorescent Gold Nanoparticles

Since each DTDTPA contains three carboxylic acid groups, the latter can be used as a grafting site
for the covalent immobilization of the aminated derivative of Cy5 (Cy5-NHy). The functionalization of
Au@DTDTPA nanoparticles by Cy5-NH, was therefore based on the formation of amide bonds, which
results from the condensation between carboxylic acid and amine functions (Scheme 3).

Au@DTDTPA

NH,

Au@DTDTPA-Cy5

Scheme 3. Functionalization of Au@DTDTPA with Cy5-NH,.

This reaction performed in aqueous media was promoted by
N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) and N-hydroxysuccinimide (NHS) [33].
After purification of the colloid by dialysis against an acid aqueous solution, transmission electron
microscopy (TEM) experiments show that the reaction with Cy5-NH, does not induce, as expected,
any change in the morphology and core diameter of the Au@DTDTPA nanoparticles (Figure 1).
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Figure 1. Transmission electron micrographs at different magnifications of (a,b) Au@DTDTPA and
(c,d) Au@DTDTPA-Cy5 nanoparticles.

Before and after the reaction, the core diameter was in the range of 2 to 3 nm. Despite the variation
of pH imposed by the NHS ester chemistry (pH 5 for the activation step of COOH moieties and pH
7.5 for the grafting of Cy5-NH;), no agglomeration was observed. Such a behavior confirms the
great colloidal stability of Au@DTDTPA nanoparticles for pH >3, which is mainly ensured by the
electrostatic repulsion between charged nanoparticles. Au@DTDTPA nanoparticles exhibit a global
positive charge for pH <3 and are negatively charged for pH >3 as reflected by the evolution of zeta
potential as a function of pH (Figure 2). The pH dependent-charge of Au@DTDTPA nanoparticles
can be explained by the nature of DTDTPA ligands anchored onto the gold core. DTDTPA is a
polyaminocarboxylate derivative bearing three carboxylic acid (COOH/COO™) and three tertiary amine
(R1RyR3NH*/R1RyR3N) groups. At low pH, the global positive charge of Au@DTDTPA nanoparticles
stems from the predominance of protonated groups (COOH and R;R,R3NH™), whereas the negative
charge of Au@DTDTPA nanoparticles observed for pH >3 is the consequence of the release of protons
from the COOH and RjR;R3NH* groups which yields COO™ and RiRyR3N. After reaction with
Cy5-NH,, the evolution of zeta potential as a function of pH is similar to the one observed for
non-functionalized Au@DTDTPA nanoparticles (Figure 2). However, the point of zero charge (pzc) is
shifted to higher pH after the grafting reaction (from 2.3 to 4, Figure 2).
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Figure 2. Zeta potential of Au@DTDTPA (black circles) and Au@DTDTPA-Cy5 (red triangles) as a
function of pH.
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This shift can be attributed to the grafting of the NIR organic dyes which provide additional
positive charges to the nanoparticles (Scheme 3). Despite the pzc shift, the great colloidal stability of
Au@DTDTPA nanoparticles is preserved after the reaction with Cy5-NH; in a large range around
the physiological pH as reflected by the strongly negative values of zeta potential for pH >5.
Another difference is revealed by UV-visible and luminescence spectra (Figures 3 and 4). UV-visible
spectra provide useful information on the size, the polydispersity, and the colloidal stability of gold
nanoparticles. Gold nanoparticles with a core size larger than 5 nm are characterized by a strong
absorption band assigned to the plasmon resonance phenomenon [34].
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Figure 3. UV-visible spectra of aqueous suspensions containing Au@DTDTPA (black curve) and
Au@DTDTPA-Cy5 (red curve) and of aqueous solution of Cy5-NH, (blue curve).
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Figure 4. Emission spectra of aqueous suspensions containing Au@DTDTPA (blue curve) and
Au@DTDTPA-Cy5 (red curve) (Aexc = 646 nm). Inset: emission spectrum of the aqueous suspension
containing Au@DTDTPA.

The position and the shape of the plasmon band depend on the size, the morphology, and
the environment of the nanoparticles. However, this band is not observed for the Au@DTDTPA
nanoparticles whose absorption spectra display a decrease of absorbance with a slight shoulder
between 500 and 550 nm (Figure 3). The shape of the absorbance curve of Au@DTDTPA
nanoparticles is characteristic of gold nanoparticles with core size <5 nm and confirms the data
of TEM experiments [35-37]. The plasmon band is also not present in the absorption spectrum of
Au@DTDTPA-Cy5, but two bands centered at 602 nm and 648 nm appear (Figure 3). In comparison
to the UV-visible spectrum of Cy5, these bands can be attributed to the presence of Cy5 on the gold
nanoparticles. It must be pointed out that a slight shift is observed when Cy5 is grafted onto the gold
core (10 nm). As expected, the functionalization of Au@DTDTPA nanoparticles by Cy5-NH, renders
the gold colloid fluorescent. After excitation at 646 nm, the photoluminescence spectrum displays an
emission band centered at 669 nm (658 nm for free Cy5-NH,), which is not visible on the spectrum of
gold nanoparticles before the reaction (Figure 4).



Int. ]. Mol. Sci. 2019, 20, 4618 7 of 17

The immobilization of Cy5 onto Au@DTDTPA nanoparticles is accompanied by a decrease in
fluorescence lifetime (from 1.2 ns to 1.0 ns). When grafted to the gold nanoparticles, the fluorescence
lifetime of Cy5 remains constant and different to the one of free Cy5 for at least 48 h. Such a difference
indicates that there is no release of the organic dyes from Au@DTDTPA nanoparticles.

2.2. Internalization of the Au@DTDTPA-Cy5 Nanoparticles Monitored by Fluorescence Imaging

Owing to their small size (core diameter between 2 and 3 nm), the internalization of non-labeled
Au@DTDTPA nanoparticles (i.e., without modification with organic dyes) is not easy to monitor
with optical microscopy. High-angle annular dark-field scanning transmission electron microscopy
(HAADEF-STEM) was therefore used to characterize the intracellular localization of non-labeled
Au@DTDTPA in U87 MG cells with high resolution (<10 nm). This technique uses the high atomic
number of gold (Z = 79) to its advantage, compared with the elements from organic matter (H, C, N, O,
P, S). Indeed, the images result from the electrons that cross the sample and are scattered at angles
depending on the Z-numbers of the target atoms. Because the electrons are detected with an annular
detector placed at variable height, the collection angle is set so that the contrast between elements
of different Z is the maximum. To see the gold nanoparticles (Au@DTDTPA), a high-angle annular
detector was used to obtain the signal of this high-Z element (white in the images). Several images
were done in different cells and a signal corresponding to Au@DTDTPA was found in them, always
in the cytoplasm. Images of U87 MG cells loaded with non-labeled Au@DTDTPA nanoparticles are
shown in Figure 5. In the circle of Figure 5A, we can see a bright white zone in the cytoplasm of
the cell, corresponding to the presence of the high-Z element. The zooms presented in Figure 5B,C
show that this signal comes from small (<10 nm) high-Z particles located together in the cytoplasm.
Their size determined from the HAADF-STEM images is slightly larger than the size of Au@DTDTPA
nanoparticles measured from the TEM ones (about 5 nm in diameter vs. 2 or 3 nm) (Figure 5D). The
difference (which remains moderate) can be explained by the lack of clarity at high magnification in
HAADEF-STEM images; this renders the measurements less accurate.

The fluorescence of the gold nanoparticles conferred by the grafting of the organic dyes allows
monitoring their internalization in cells using less sophisticated means. After the incubation of
glioblastoma cells (U87 MG) with Au@DTDTPA-Cy5, the superimposition of optical transmission and
fluorescence images clearly reveals the presence of nanoparticles within the cytoplasm (Figure 6).

Although these gold nanoparticles exhibit a very reduced size, no fluorescence is detected in the
nucleus. The presence of gold nanoparticles was confirmed by inductively coupled plasma-optical
emission spectrometry (ICP-OES) analysis (Figure 7). Whatever the cells, the internalization increases
with the incubation time. However, the amount of internalized gold nanoparticles and the impact of
the functionalization of the gold nanoparticles by Cy5-NH, depend on the nature of the cells. The
amount of gold nanoparticles and the impact of the functionalization on the internalization are lower
in the case of HelLa cells than in the case of U87 MG cells. Even in the latter case, the impact of the
functionalization on the internalization remains relatively low (<30%).

To better localize the NP action sites within the cell, colocalization studies of NPs and organelles
were performed. In particular, the colocalization with mitochondria was measured using a fluorescent
tracker (MitoTracker Green) having no spectral overlap with Cy5-labeled gold nanoparticles. Figure 8
shows a cell containing trackers (green) and Au@DTDTPA-Cy5 nanoparticles (red) after 6 h of
incubation with the fluorescent gold nanoparticles.
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Figure 5. High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
images. (A) Overall view of U87 MG cells containing Au@DTDTPA. The circle indicates a bright object
containing atoms with a high atomic number that correspond to Au@DTDTPA. (B,C) High resolution
images of the area in the circle of image A. (D) Size distribution of the bright object in the area in the
circle of image A.

Figure 6. Confocal microscopy image of a glioblastoma cell (U87 MG) after 6 h of incubation with
Au@DTDTPA-Cy5 nanoparticles (red), [Au]incubation = 5 X 1074 mol. L1,



Int. ]. Mol. Sci. 2019, 20, 4618 9of17

24h

|

6

>

)

24h

6h

]

400,000 800,000 1,200,000
NpAu / living cells

o

6

b=

|
24 |——

b

24 h
e

6h

0 1,000,000 2,000,000 3,000,000

NpAu / living cells

Figure 7. Inductively coupled plasma-optical emission spectrometry (ICP-OES) analyses of (a) HeLa
and (b) U87 MG cells incubated with Au@DTDTPA (filled bars) and Au@DTDTPA-Cy5 (dashed bars)
nanoparticles for 6 and 24 h.

Figure 8. Fluorescence image obtained by confocal microscopy of U87 MG cell loaded with
Au@DTDTPA-Cy5 nanoparticles (red) in the presence of MitoTracker Green (green). Yellow reflects the
colocalization of fluorescent gold nanoparticles and mitochondria.

In addition to green and red zones, large yellow zones that correspond to regions where red and
green are both present can be observed (Figure 8). The apparition of yellow-colored zones reflects
therefore the colocalization of gold nanoparticles and mitochondria. The presence of radiosensitizing
nanoparticles in the vicinity of the mitochondria is an unexpected but very interesting result that may
explain the ability of these ultrasmall gold nanoparticles to improve the efficiency of radiotherapy.

Fluorescence imaging is not restricted to the observation of cells. This imaging modality is also a
powerful preclinical tool since it can be applied for monitoring the diffusion of fluorescent nanoparticles
in vitro in 3D cell culture and their biodistribution in animal models after intravenous injection [38,39].
Confocal microscopic images of U87 MG cells spheroid sections confirmed that Au@DTDTPA-Cy5
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nanoparticles are able to reach the center of 800 um diameter spheroids, highlighting the good diffusion
abilities for these nanoparticles. In parallel, when the spheroids were dissociated to provide a single-cell
suspension, a Cyb5 fluorescence signal was observed in the cytoplasm of U87 MG cells, thus confirming
the cellular uptake of Au@DTDTPA-Cy5 nanoparticles (Figure 9).

Figure 9. (a) Fluorescence imaging of a U87 MG cells spheroid section after 24 h exposure with
Au@DTDTPA-Cy5 nanoparticles. (b) Fluorescence imaging of U87 MG single cells obtained after
spheroid dissociation. Pink fluorescent signal corresponding to Cy5 was found in the cytoplasm, while
cell nuclei were labeled with Hoechst 33342 (blue fluorescent signal).

2.3. In Vivo Fluorescence Imaging

Furthermore, the post-functionalization of Au@DTDTPA by aminated Cy-5 NIR dyes open the
door to their in vivo follow-up by fluorescence imaging. The image acquired 30 min after intravenous
injection of the fluorescent Au@DTDTPA-Cy5 nanoparticles clearly shows a preferential accumulation
in the tumor which appears highly fluorescent in comparison to the rest of the body (Figure 10). Ex vivo
organ imaging shows an accumulation of Au@DTDTPA-Cy5 nanoparticles in kidneys and in the tumor,
whereas no signal was detected in the heart or spleen. This preliminary in vivo fluorescence imaging
study confirms, despite the surface modification, the safe behavior of these gold nanoparticles which
was previously revealed by MRI and SPECT [27,28]. These nanoparticles are indeed characterized by a
preferential accumulation in the tumor and also by renal clearance.

605

Figure 10. (a) Fluorescence imaging of a tumor-bearing mouse laid on its left flank after intravenous
injection of Au@DTDTPA-Cy5 nanoparticles. (b) Fluorescence imaging of ex vivo organs (heart (H),
kidney (K), spleen (S), and tumor (T)) after intravenous injection of Au@DTDTPA-Cy5 nanoparticles.

3. Materials and Methods

3.1. Au@DTDTPA Synthesis

The synthesis, based on the Brust method [40], consists of reducing a gold salt (HAuCl,-3H,O)
with NaBHjy in the presence of thiols (stabilizers) that, by adsorption on growing particles, ensures
control of the size and the colloidal stability. In this case, the chelator consists of a dithiolated derivative
of diethylenetriaminepentaacetic acid (DTPA), named DTDTPA. The synthesis and characterization of
the DTDTPA ligand has been described earlier [24,25].
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Tetrachloroauric acid trihydrate (HAuCly,3H,0O), sodium borohydride (NaBH,), acetic acid
(CH3COOH), hydrochloric acid, sodium hydroxide (NaOH), methanol, and other organic solvents
(reagent grade) were purchased from Aldrich (Sigma-Aldrich Chemie S.a.rl., Saint-Quentin
Fallavier, France).

For a typical preparation of gold nanoparticles, HAuCly-3H,O (200 mg, 51 x 1075 mol) was placed
in a 250 mL round-bottom flask and dissolved with methanol (60 mL). In another flask, DTDTPA
(256 mg, 50 x 10~ mol), water (40 mL), and acetic acid (2 mL) were mixed. This solution containing
DTDTPA was added to the gold salt solution under stirring. The mixture turned from yellow to orange.
NaBHjy (195 mg, 515 x 10~° mole) dissolved in water (13.2 mL) was added to the gold-DTDTPA
solution under stirring at room temperature. At the beginning of the NaBH, addition, the solution
first became dark brown then a black flocculate appeared. The vigorous stirring was maintained for
1 h before adding aqueous hydrochloric acid solution (2 mL, 1 M). After the partial removal of the
solvent under reduced pressure, the precipitate was retained on the polymer membrane and washed
thoroughly and successively with 0.1 M hydrochloric acid, water, and acetone. The resulting black
powder was dried (up to 200 mg of dry powder of Au@DTDTPA) and dispersed in aqueous solution
of sodium hydroxide (NaOH 0.01 M) to have a final concentration of 50 mM in gold.

3.2. Functionalization of Au@DTDTPA by NIR Organic Dye Cyanine-5-Amine (Cy5-NHj)

The preparation of the fluorescent-labelled nanoparticles (Au@DTDTPA-Cy5) was achieved by
grafting near-infrared (NIR) organic dye (cyanine 5 derivative) onto the organic shell (DTDTPA) of the
gold nanoparticles. Since the DTDTPA shell is rich in -COOH groups, aminated Cy5 (Cy5-NH,) was
chosen for the functionalization of the gold nanoparticles. The condensation between -COOH groups
of Au@DTDTPA nanoparticles and -NH; of Cy5-NH;, which is promoted by EDC and NHS, yields
amide function.

A solution of Au@DTDTPA (9 mL, 50 mM in gold) was adjusted to pH 5. For the activation of the
carboxylic groups, EDC (397 mg) and NHS (477 mg) in deionized water (6.48 mL) were added to the
colloid under stirring at room temperature. The agitation was maintained for 90 min. Afterward, the
pH of the solution was adjusted to pH 7.5 and Cy5-NH,; (4 mg) was added to the aqueous suspension
of Au@DTDTPA nanoparticles. The solution was stirred for 15 min at room temperature and for 12 h
at4°C.

After the reaction with Cy5-NH,, the nanoparticles were purified by dialysis against acidic
medium (pH 5, molecular weight cut-off (MWCO): 6 kDa). The dialysis bath was changed four times
(6,20, 26, and 40 h after the immersion of the dialysis tube in the acid aqueous solution) until it became
colorless. After the purification by dialysis, the gold nanoparticles were concentrated by centrifugation
using centrifugal concentrators (Vivaspin®, MWCO: 10 kDa) until a gold concentration of 50 mM.

3.3. Transmission Electron Microscopy

The size of the gold core was obtained from transmission electron microscopy (TEM) performed
with a JEOL 2010 FEG microscope at 200 kV (INSA, Lyon, France) and a JEOL JEM 2100F microscope
at 200 kV (ICB, Dijon, France). Drops of colloidal solutions were deposited on dedicated TEM carbon
grids and observed after natural drying at room temperature. The treatment of the images and the
determination of the size of the gold cores were achieved using Gatan DigitalMicrograph™ software
(3.10.01 for Gatan Microscopy Suite 1.5.1, Gatan, Pleasanton, CA, USA).

3.4. Measurements of C-Potential

The C-potential of the Au@DTDTPA and the Au@DTDTPA-Cy5 nanoparticles was directly
determined using a Nanosizer ZS equipped with a He-Ne (633 nm) laser from Malvern Instruments
at the Qualio Laboratory (Besangon, France). The colloids were diluted to obtain a concentration of
1 mM in gold (0.2 g Au/L), containing 0.01 M in NaCl and adjusted to the desired pH by the addition
of NaOH or HCI 1 M.
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3.5. Fluorescence Spectrometry

Fluorescence experiments were performed with a Fluorolog FL3-22 spectrometer (HORIBA Jobin
Yvon, Kyoto, Japan) using Instrument Control CT software (2.2.13, Keysight Technologies, Santa Rosa,
CA, USA), connected with the unit Spectra CQ. The wavelength of excitation was fixed at 646 nm and
the scan was performed from 656 to 800 nm. The solutions were previously diluted to obtain a final
concentration of 0.2 g Au/L and were analyzed in a standard quartz cuvette.

3.6. UV-Visible Spectrophotometry

UV-visible absorption spectra were recorded at room temperature using a SPECORD 210 (Analytic
Jena, Jena, Germany) and WinASPECT software (2.2.0.0, Analytic Jena, Jena, Germany). The samples
were previously diluted to a final concentration of 0.2 g Au/L and were analyzed in a standard quartz
cuvette. The scan was performed from 400 to 800 nm.

3.7. Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES)

The samples were mineralized in ultrapure aqua regia to a final concentration of at least 20 pg/L
in gold. An ICP-OES (710 ES Varian/Agilent, Santa Clara, CA, USA) with axial torch with a concentric
nebulizer and cyclonic spray chamber was used. The parameters fixed during measurement were as
follows: power of 1.2 kW with argon auxiliary of 1.5 L/min and nebulizer pressure of 200 kPa. The
emission lines used to measure the gold concentration were 267.594 nm, 242.794 nm, and 208.207 nm.
The efficacy of the atomization is about 60% for gold. An ionizing buffer was employed for the
measurements. The limit of detection of this technique is 20 pg/L.

3.8. Centrifugation

A Fisher Bioblock Scientific 2-16P centrifuge (Ilkirch, France) with a rotor 1251 was employed for
concentrating gold nanoparticles suspension after purification (dialysis). The colloids were placed in
the upper compartment of Vivaspin® flasks equipped with a membrane (MWCO: 5 or 10 kDa). The
centrifugations were performed at 238x g (1500 rpm).

3.9. Cell Culture

The HeLa cells (derived from cervical adenocarcinoma) and U87 MG cells (derived from
glioblastoma) were purchased from ATCC France Office (Molsheim, France). They were cultivated in
Dulbecco’s Modified Eagle Medium (DMEM) (Life Technologies, Carlsbad, CA, USA) supplemented
with 10% heat-inactivated fetal bovine serum (Sigma Aldrich, Saint-Louis, MO, USA), 100 U/mL
penicillin (Sigma Aldrich, Saint-Louis, MO, USA), 100 ug/mL streptomycin (Sigma Aldrich, Saint-Louis,
MO, USA), and 1% nonessential amino acids (Life Technologies, Carlsbad, CA, USA). Cells were
maintained in a 5% CO, incubator (Heracell®, ThermoFischer, Langenselbold, Germany) at 37 °C.

To favor the formation of spheroids, U87 MG single cells were seeded at 4 x 10* cells/mL in
T75 culture dishes, with a hydrophobic poly(2-hydroxyethyl methacrylate) coating that prevents cell
adhesion onto the bottom of the flask. Four days after seeding, the spheroids were transferred into a
spinner (Dutscher, Brumath, France) and kept in culture for growing for at least ten days after seeding.

At the time of the experiments, U87 MG cells spheroids were incubated with 5 x 107> M
Au@DTDTPA-Cy5 nanoparticles in 6-well plates for 24 h. The spheroids were rinsed twice with
Hank’s Balanced Salt Solution (HBSS) after exposure to nanoparticles. Then, half of the spheroids
were embedded into Tissue-Tek® O.C.T. compound (Sakura® Finetek, Staufen im Breisgau, Germany)
and frozen in isopentane/ liquid nitrogen to prevent ice crystal formation. Fifty-micrometer cryostat
sections were prepared, then fixed with formaldehyde 3.7%.

For the other half of the spheroids, enzymatic plus mechanical dissociation was performed
using trypsin-EDTA 0.05% and a 21-gauge syringe needle to obtain a single-cell suspension without
aggregates. Isolated cells were plated onto glass slides using cytocentrifugation. All slides (with
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spheroid sections or isolated cells) were then stained with Hoechst 33342, before observation with a
confocal microscope.

3.10. High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy (HAADF-STEM)

U87 cells were plated on glass coverslips. While attached, they were incubated with 1 mmol/L
of Au@DTDTPA for 1 h. The cells were then rinsed with PBS 1x and fixed in the mixture of 2.5 %
glutaraldehyde and 4% paraformaldehyde in PBS 1x. After rinsing the cells with PBS 1x and distilled
H,0O, they were dehydrated using ethanol in gradient concentrations until 100%. Next, the samples
were embedded in resin step by step using a mixture of ethanol with increasing concentrations of Epon
resin until 100%. After resin polymerization at 65 °C, the samples were cut using an ultramicrotome
into 150 nm thick slices deposited on copper grids. The observation was performed on the microscopy
platform IBiSA at the Institut Curie, Orsay, France with a Jeol 2200FS FEG electron microscope operating
at 200 kV, using the Inm probe and a camera length of 6 cm. Image] software (1.52a, National Institutes
of Health, USA) (https://imagej.nih.gov/ij/, last accessed on: 23 April 2018) enabled a statistical analysis
of internalized particles.

3.11. Confocal Microscopy

Confocal microscopy experiments were performed with a LEICA SP5 confocal system located at
the Centre de Photonique Bio-Medical (CPBM), University Paris-Sud (Orsay, France) in a controlled
chamber. The samples were kept at 37 °C and regulated in CO,. The U87 MG cells were incubated
with 0.5 mM of Au@DTDTPA-Cy5 for 6 h. Cyanine 5 was excited at 633 nm and the fluorescence
emission was detected in the 650-750 nm range. The images were processed with the freely available
Image] software.

For colocalization studies, the U87 MG cells were incubated for 12 h with 200 nM MitoTracker
Green (Invitrogen — Thermofisher Scientific, Waltham, MA USA). The trackers were washed out with
PBS 1x before incubation for 6 h with 1 mM of Au@DTDTPA-Cy5. Organic dye was excited at 633 nm
and the fluorescence emission was detected in the 650-750 nm range. The MitoTracker Green was
excited at 488 nm and the fluorescence emission was detected in the 505-600 nm range. Images were
recorded at three different depths (z-axis positions).

3.12. Animal Models

Animal studies were conducted using an approved protocol in accordance with the French ethics
committee of Champagne-Ardenne and the French research ministry (APAFIS# 4373_v1). Female
athymic BALB/c nu/nu mice were obtained from Charles River Laboratories (Ecully, France) at six
weeks of age. Breast cancer MDA-MB-231 was orthotopically injected (5 x 10° cells) into the fourth
mammary abdominal gland. Mice followed a special diet with an alfalfa-free diet (Envigo, Gannat,
France) to reduce auto-fluorescence. When tumors reached 200 mm?

4000 (PerkinElmer, Villebon-sur-Yvette, France).

, mice were imaged with FMT

3.13. In Vivo and Ex Vivo Fluorescence Imaging

For in vivo and ex vivo fluorescence experiments, 100 uL of Au@DTDTPA-Cy5 were injected
into the tail vein of anesthetized mice. Mice were imaged in the decubitus lateral position with an
FMT 4000 (PerkinElmer, Villebon-sur-Yvette, France) small animal scanner using a 635 nm excitation
wavelength and a 650-670 emission filter. Then, 3D trans-illumination acquisitions were performed
30 min post-injection. Images were captured and reconstructed using TrueQuant (v3.1) software
(PerkinElmer, Waltham, MA, USA).


https://imagej.nih.gov/ij/
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4. Conclusions

The presence of DTDTPA at the surface of gold nanoparticles plays a crucial role in the growth
control of the metallic core during the reduction of the gold salt by NaBHy, in the immobilization
of metal ions used for medical imaging (MRI and nuclear imaging), and in the colloidal stability
of the nanoparticles. This work demonstrates that DTDTPA ligands also act as grafting sites for
post-functionalization with aminated NIR dye owing to the COOH moieties (3 COOH per ligand). The
grafting of NIR Cy5-NH,; dye onto the DTDTPA organic shell confers efficient fluorescence properties
to the nanoparticles. This new development in nanoparticle design offers the possibility to monitor
internalization and localization in cells by fluorescence microscopy, as well as biodistribution in
small animals using fluorescence imaging. Although the internalization of non-labeled Au@DTDTPA
nanoparticles can be monitored by HAADF-STEM, the follow-up by fluorescence imaging appears
more attractive for at least two main reasons: (i) the fluorescence imaging is characterized by its ease of
implementation and (ii) in contrast to HAADEF-STEM, fluorescence imaging can be efficiently exploited
for in vivo study in real time.

The surface modification of Au@DTDTPA nanoparticles by NIR dyes exerts no (or only a little)
influence on their behavior in the presence of cells. The uptake (amount of gold nanoparticles
in cells) and internalization kinetics are almost the same for HeLa and U87 MG cells than those
observed for non-functionalized Au@DTDTPA nanoparticles. However, the fluorescence properties of
Au@DTDTPA-Cy5nanoparticles confer a crucial advantage for monitoring their fate after internalization
in cells. The experiments performed with MitoTracker Green reveal the presence of gold nanoparticles
in the vicinity of mitochondria. Knowing where the nanoparticles are constitutes a real advantage for
exploiting the radiosensitizing effect of gold nanoparticles. In a previous study, we demonstrated that
the most crucial factor for an efficient control of tumor growth is the localization of the radiosensitizers
(gadolinium-based nanoparticles) rather than their concentration [18].

The post-functionalization of Au@DTDTPA nanoparticles by NIR dyes exerts also no influence on
the biodistribution of the nanoparticles since the behavior after intravenous injection into tumor-bearing
mice is the same for Au@DTDTPA-Cy5 and Au@DTDTPA [27,28]. The preferential accumulation in
the tumor and the renal clearance are preserved after the post-functionalization. Although they rest on
paradoxical phenomenon, both characteristics (fumor accumulation and renal clearance) are essential
for therapeutic applications and, in peculiar, for radiosensitization [23]. The renal clearance allows the
removal of non-biodegradable radiosensitizer excess. The radiosensitization will therefore be restricted
to the tumor for better selectivity of the radiotherapy treatment.

In summary, the post-functionalization of Au@DTDTPA with NIR organic fluorophores (aminated
Cy-5) opens the perspective of investigating the relationship between sub-cellular localization, in vivo
biodistribution, and improvement of X-ray performances using these gold nanoparticles, a key step in
the design of more efficient nanotheranostic agents.
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Abbreviations

Au@DTDTPA gold nanoparticles coated by linear chelator

Au@DTDTPA-Cy5 gold nanoparticles coated by linear chelator and functionalized with cyanine 5
DTPA diethylenetriaminepentaacetic acid (linear chelator)

DTDTPA dithiolated derivative of diethylenetriaminepentaacetic acid
Au@TADOTAGA gold nanoparticles coated by macrocyclic chelator

DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
DOTAGA 1,4,7,10-tetraazacyclododecan-1-glutaric acid-4,7,10-triacetic acid
TADOTAGA DOTAGA functionalized by thioctic acid

Cy5-NH, aminated derivative of cyanine 5

V4 atomic number

vs. versus

MRI magnetic resonance imaging

SPECT single-photon emission computed-tomography

MRT microbeam radiation therapy

pi post-injection

EDC N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide

NHS N-hydroxysuccinimide

MWCO molecular weight cut-off

TEM transmission electron microscopy

uv ultraviolet

ICP-OES inductively coupled plasma-optical emission spectrometry
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radiochimie et chimie sous rayonnement
vivant et santé

Comprendre et améliorer les effets cliniques de la hadronthérapie

Résumé
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Abstract
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L'utilisation des faisceaux de particules chargées a amélioré a la fois la sélectivité et I'efficacité des traitements de
radiothérapie. Ceux-ci permettent de réduire les toxicités induites dans les organes sensibles, et d’autre part
d'augmenter le contréle local des tumeurs, notamment au niveau des tumeurs radiorésistantes. De meilleures
connaissances des effets du transfert d’énergie linéique (TEL), principalement au niveau du pic de Bragg, et de la
radiolyse de I'eau ont fait progresser cette méthode de traitement. Cependant, de nombreux verrous scientifiques
et techniques doivent encore étre levés pour aller vers des traitements de hadronthérapie plus personnalisés. Par
exemple, l'efficacité thérapeutique peut encore étre améliorée en associant l'utilisation de nanoparticules
métalliques a celle de rayonnements de TEL élevé. Les domaines de recherche concernés vont de la physique
des particules et la chimie fondamentale jusqu’aux essais cliniques, impliquant différentes communautés de
chercheurs a l'international.

Hadronthérapie, radiolyse de I’eau, rayonnement ionisant, électron, proton, particule alpha, ions lourds
accélérés, pic de Bragg, nanoparticules.

Understanding and improving the clinical effects of hadrontherapy

Charged particles beams allowed to improve targeting and effectiveness of radiotherapy treatments. On the one
hand, it reduces toxicities induced in the sensitive organs. On the other hand, it increases local control, in particular
of radioresistant cancers. Better knowledge of the effects of linear energy transfer (LET), particularly at the Bragg
peak, and of water radiolysis have advanced this treatment method. However, many scientific and technical
obstacles still need to be resolved to move towards personalized particle therapy (hadrontherapy) treatments.
For example, the effectiveness of treatments can be further improved by associating nanoparticles with elevated
LET radiations. The current research ranges from particles physics and fundamental chemistry to clinical trials
involving different research teams worldwide.

Water radiolysis, ionizing radiation, electrons, proton, alpha rays, swift heavy ions, Bragg peak,

nanoparticles.

Vers la personnalisation

L'effet des rayonnements, autres que les photons de haute
énergie X ou v, sur la matiére vivante a éveillé la curiosité
scientifique trés tot aprés la découverte, il y a plus d’un siécle,
de la radioactivité et de ses effets [1]. Ainsi, lorsque la matiére
vivante est la cible d’'une particule alpha, elle subit visible-
ment des dégats plus délétéres que ceux occasionnés par
une irradiation y [2-4]. Les étres vivants étant composés au
minimum de 70 % d’eau, la recherche s’est naturellement
orientée vers I'étude des effets des différents types de parti-
cules énergétiques sur l'eau, c'est-a-dire sur les effets du
transfert d’énergie linéique (TEL, voir encadré 1). Par définition,
le TEL caractérise I'énergie cédée a la matiére par unité de
longueur. La radiolyse de I'eau, processus physico-chimique
dont les recombinaisons primaires comme celle de deux
radicaux hydroxyle HO" en H,0, s'effectuent en moins d'une
s, est notamment caractérisée par des rendements radioly-
tiques différents lorsque I'on utilise des ions lourds a la place
de photons X ou v [5-6]. Les molécules biologiques telles que
les protéines, I’ADN, les membranes, ainsi que les processus
biochimiques sont susceptibles d'étre affectés par ces rayon-
nements. Les interactions peuvent étre directes si les parti-
cules passent a proximité de celles-ci, ou indirectes lorsque
les espéces radicalaires produites par la radiolyse de I'eau
réagissent avec ces molécules [7].

Les molécules biologiques endommagées vont modifier
transitoirement le métabolisme cellulaire normal, conduisant
soit a une réparation fidele des dégats, soit a une mutation
ou a la mort. Les espéces radicalaires de 'oxygéne (ERO, en
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Encadré 1

Le transfert d'énergie linéique

Le transfert d’énergie linéique (TEL), autrement appelé pouvoir
d'arrét, est le parametre qui décrit I'évolution de I'énergie E cédée
au milieu traversé sur une épaisseur x par une particule énergé-
tique*. Cette énergie cédée augmente sur le parcours de la particule
au cours des collisions élastiques ou inélastiques ou par effet
électrostatique. Le matériau se retrouve alors soit excité électroni-
quement, soit ionisé. Le TEL (= - dE/dx) régit donc le dépoét de la
dose au sein de la matiere traversée, le long de I'axe de propagation
de la particule ionisante ; il est exprimé en eV/nm ou en keV/um.
Le TEL peut étre calculé a partir de la relation de Bethe-Bloch [46].
Les photons X et y, méme énergétiques, sont absorbés par la
matiére selon une loi exponentielle régie par le processus d’absorp-
tion d’énergie. Ces particules ne sont pas arrétées par la matiere,
mais absorbées. Cette nuance fait qu'on ne parlera pas de TEL
pour les photons ; il concerne uniquement les particules chargées
comme les électrons, les protons, les hélions et plus générale-
ment les ions lourds, autrement appelés en physique des parti-
cules, les « hadrons », constitués de protons et de neutrons. Les
neutrons énergétiques interagissent directement avec les noyaux
atomiques ; on parlera alors de TEL nucléaire et cela naffecte pas
directement les ionisations, c'est-a-dire les états électroniques du
matériau.

*On parle ici d'énergie trés supérieure a I'énergie d'ionisation du matériau; souvent
les particules issues de fission d'isotopes radioactifs ont des énergies comprises entre
quelques keV et des MeV).

anglais ROS) produites peuvent perturber la cellule en engen-

drant un stress oxydant pouvant également mener a la mort
cellulaire.
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Tableau | - Quelques exemples de particules ionisantes ayant différentes origines (naturelle ou artificielle), des énergies variées, et avec pour conséquences des parcours différents dans I'eau

et des utilisations ou effets trés divers.

. Energie TEL moyen
. Origine de R , Parcours TRt 6l
Type de particules roduction maximale dans l'eau (m) Utilisation/Impact
- (MeV) (keV/um)
Tritium (H) 0,018 2,6 55x10°
Marquage moléculaire
. ) Soufre (3°S) 0,167 0,5 320x10°
Electron (e)
Accélérateur linéaire 22 0,2 2x1072 Rad.lc?theraple (tumeurs
superficielles, protocole flash)
Van de Graff 3 21 140x 10
Activation / Analyse
Protons (H™) Cyclotron 30 3,5 85x1073
Cyclotron 200 03 20x 1072 Protonthérapie (pic de Bragg)
210pg 53 136 38,9x10° Alpha immunothérapie
?I4p|_l|1a2+ Van de Graff 3 180 17x10°
(/" He™) Activation / Analyse
Cyclotron 10 92 110x 10
lons carbone (12C%%) Cyclotrons < 1000 30 5-10x 1073 Hadronthérapie (pic de Bragg)
’Li, noyau de recul VB+n->7Li+o 2,31 300 5-9x10° IEETIS I CC0
» oYy ’ neutron par le bore (BNCT)
Rayonngment > 100 = >1072 Interaction avec spationaute
Cocktail de GeiniEE
Partic+u!e.s (incluant Interaction laser de Radiolyse a trés haute
e etH" aions lourds) haute intensité/ 10-200 - >103 résolution temporelle ou
matiére a débit de dose extréme

La hadronthérapie est une technique de traitement du cancer
qui repose sur l'utilisation de faisceaux de particules chargées,
comme les protons et les ions carbone. Pour appliquer ces
rayonnements de TEL élevé a la radiothérapie, ou I'objectif est
déliminer les cellules tumorales a un stade ou elles sont
encore localisées, le médecin doit mettre en ceuvre une straté-
gie qui tient compte de multiples paramétres. Ceux-ci sont liés
a la cible mais aussi au rayonnement utilisé, choisi en fonction
des faisceaux disponibles dans chaque centre de radiothéra-
pie. La proximité d’organes sensibles, les mouvements respira-
toires et cardiaques, la faible oxygénation dans le volume
tumoral a traiter (appelée hypoxie) ainsi que la radiorésistance
due au métabolisme de certains types de tumeur sont autant
de paramétres critiques dont on peut maintenant tenir
compte. En utilisant un faisceau de particules bien maitrisé
dans I'espace, dans le temps ainsi qu’en énergie, il sera techni-
guement possible de bénéficier des apports de I'effet FLASH
[8]. Ces irradiations a trés haut débit de dose permettent de
délivrer la dose 600 a 2 000 fois plus rapidement qu’'avec les
irradiateurs actuels, ce qui a pour conséquence de limiter les
effets secondaires aux tissus sains [9]. Tous ces parametres
concourent a rendre la radiothérapie plus personnalisée et
plus prometteuse.

Nous allons décrire ici les caractéristiques des faisceaux de
particules de TEL élevé, les rendements radiolytiques des
entités produites et les conditions dans lesquelles ils sont utili-
sés en hadronthérapie. Enfin, nous présenterons la possibilité
d’amplifier encore leurs effets, notamment par I'addition de
nanoparticules métalliques dans la tumeur. Puis nous ferons
le point sur les défis a relever pour personnaliser la hadron-
thérapie du futur.
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Structure des dépots d’énergie dans I'eau liquide

Les rayonnements nucléaires énergétiques - c'est-a-dire
dépassant généralement le keV et souvent le MeV - peuvent
ioniser les matériaux comme l'eau. Ces rayonnements
peuvent étre issus de radioéléments, naturels ou artificiels,
dont on connait I'activité mais que I'on ne peut pas déclen-
cher, seulement a minima contréler. De plus, la chimie de
ces radioisotopes peut rendre complexe la compréhension
des mécanismes sous rayonnement [10]. Avec les accéléra-
teurs de particules mis au point par les ingénieurs au cours du
XX siécle, la chimie sous rayonnement a progressé trés vite
en permettant aux chercheurs d'analyser uniquement I'effet
de la particule sur la matiere [11]. Le tableau | donne quelques
exemples de ces particules, de leur énergie et de la fagcon dont
elles peuvent étre produites et utilisées. La valeur moyenne
du TEL est également reportée. Celui-ci caractérise notam-
ment la densité des ionisations des molécules rencontrées.
Ainsi, dans chaque pum3 d'eau traversé, les concentrations
de H,0" évoluent localement le long de I'axe de propagation
de la particule.

Ceci reflete la variation du TEL le long de la trace [12]:
plus le TEL est élevé, plus cette concentration est grande.
Ainsi, a TEL élevé, la variation de concentration initiale de
H,O" (dés le dépot d’énergie effectué en quelques 107165)
rend le systéme réactionnel trés hétérogene. A contrario,
a TEL faible (pour des électrons de 10 MeV par exemple),
les molécules ionisées sont réparties rapidement, en 10°s,
et de facon homogéne. Nous verrons que cela a des
répercussions importantes sur le devenir du processus de
radiolyse.
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Figure 1 - Simulation des dépdts d’énergie des ions carbone C** d’énergie variée et leur
parcours dans I'eau. La courbe en tirets est liée au parcours, alors que les courbes pleines

donnent la variation du TEL [13].

Les fins de traces des ions accélérés et pic de Bragg

En traversant la matiere, les particules chargées perdent leur
énergie cinétique par collisions successives avec les molécules
du milieu qu’elles rencontrent. En ralentissant, ces particules
cédent de plus en plus d’'énergie et, arrivées a la toute fin de
leur parcours, l'ultime dépot d'énergie est exacerbé : c'est le
pic de Bragg. La figure T montre ce phénomeéne bien connu
et qui peut étre reproduit par le calcul en utilisant la formule
de Bethe-Bloch (encadré 1 p. 76).

Comme les particules chargées sont freinées jusqu'a l'arrét, la
valeur de leur TEL est maximale au pic de Bragg. La littérature
donne généralement la valeur moyenne du TEL le long du
parcours, comme on peut le constater dans le tableau I [10].
Bien connaitre les processus chimiques de radiolyse en jeu
en fonction d'une valeur de TEL permettrait de tirer une loi
décrivant les concentrations des espéces chimiques en
fonction du TEL local, c'est-a-dire pour un point de la courbe
de pénétration de la particule et non plus seulement en
fonction du TEL moyen. Cependant, les concentrations locales
des espéces chimiques produites le long du parcours de la

particule ionisante doivent étre mesurées a des temps courts,
avant qu’elles naient eu le temps de trop diffuser et de réagir.
Cela suppose donc une technique d’analyse résolue spatiale-
ment et temporellement. Les résolutions nécessaires seraient
alors le micrometre pour la dimension spatiale, et la nano-
seconde pour la dimension temporelle [14]. On pourrait ainsi
distinguer les effets chimiques au pic de Bragg. Ceci est essen-
tiel pour des protons de haute énergie (200 MeV, tableau I) qui
possédent des TEL moyens comparables a ceux des électrons
ou des photons y, montrant notamment que la valeur du TEL
moyen n’est pas représentative des effets chimiques observés
ou recherchés au pic de Bragg [15]. La description des effets
du TEL sur le parcours d'une particule demeure donc un défi
de taille. Les expériences qui pourraient y étre associées
nécessitent d'une part des particules de plusieurs centaines
de MeV d'énergie pour avoir des parcours suffisants afin de
réaliser une détection le long de la trace d'ionisation, et
d'autre part générées sous forme d'impulsion tres breves (ns).
Il existe quelques essais de rapprochement entre les effets
chimiques et les valeurs de TEL, calculées sur des parcours
trés courts, mais en nombre encore insuffisants pour en tirer
une loi [15].

Rendements radiolytiques
des produits formés par radiolyse a TEL élevé

Les paramétres représentant les effets chimiques sont les
rendements radiolytiques primaires des espéces formées
ou recombinées, exprimés en molécule par 100 eV d'énergie
déposée (le systéme international donne une unité : mole J™')
[10]. Ces parametres sont largement décrits dans la littérature,
notamment pour la radiolysey de I'eau, «a TEL faible », et
leur détermination est rappelée dans ce numéro dans
I'article de F.Wang et coll. (voir p.23). Des valeurs de ces
rendements sont reportées dans le tableau ll. Pour les TEL
faibles, la distribution spatiale des especes chimiques devient
homogeéne en quelques dizaines de nanoseconde (107 s) par
agitation thermique (mouvement brownien) aprés l'interac-
tion physique des particules avec I'eau. Comme la densité
d'ionisation initiale est faible (i.e. TEL faible), les especes
chimiques (radicaux et molécules) interagissent peu pendant
leur diffusion et par conséquent, les rendements évoluent peu
jusqu’aux valeurs des rendements primaires. Il est possible
de définir pour les TEL plus élevés qui produisent initialement
des densités d'ionisation tres fortes, des rendements radioly-
tiques primaires différentiels sur le parcours de la particule
ionisante. Il n’existe que trop peu de mesures de ces rende-
ments différentiels [16]. Il serait pourtant fort utile de les

Tableau Il - Rendements radiolytiques des espéces issues de la radiolyse de I'eau soumise a deux types de particules, de TEL moyens différents.

Tracede 1 pm

Rendements primaires (umol/J)

Hz HzOz HO* H02./02.- e-aq H° H30+
essaim
} détail d'une grappe °
Trace d'un e d'ionisation de 2 nm de o
de TEL diamétre * 0,05 0,07 0,28 ~0 028 | 006 | 0,28
=0,27 eV/nm ®
o
Trace d'ion lourd

accéléré de TEL >0,15 > 0,09 <01 ~0,01 <0,10 - <0,10

> 100 eV/nm
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Encadré 2

Les méthodes de détermination des rendements
radiolytiques primaires et dépendant du temps

pour des particules de TEL élevé

Comme pour les TEL faibles, les mesures des rendements radioly-
tiques se font soit par mesure directe résolue en temps (radiolyse
pulsée avec des ions lourds [14], soit par mesure « post mortem »
lorsque des molécules stables peuvent étre analysées et dosées
par des techniques ayant un temps de réponse ou une mise en
ceuvre plus longue (chromatographie, spectrométrie de masse). En
général, ces derniéres ont une sensibilité plus poussée mais elles
nécessitent soit de connaitre le mécanisme chimique ayant conduit
a la formation de I'espece dosée, soit de simplifier le mécanisme
chimique en ajoutant des especes connues pour « capturer » préfé-
rentiellement des radicaux. La méthode de capture (en anglais
« scavenging ») relie la concentration (C) du capteur au temps (t) de
capture par la relation t = 1/kC, k étant la constante de vitesse de la
réaction de capture. Sa mise en ceuvre a permis de mettre en
évidence les recombinaisons radicalaires dans les traces d'ionisa-
tion [47]. Une fois que l'on peut mesurer la concentration d'une
espéce, on peut remonter a son rendement de formation primaire
(G) par la relation C=d x G, ou d est la dose. La pente a l'origine de
la fonction C =f(d) donne le rendement primaire G. Cette détermi-
nation est représentée dans la figure [30].

.
| Amplifiu Red 5210 M, N,O

| GNP Bnm 1nM
G-ratio : 22

10

Concentration (nmaol/L)

01
Dose (Gy)

0.0

Représentation graphique de la concentration de I'espéce formée Résorufine en fonction
de la dose en rayonnement alpha, menant a la détermination du rendement primaire :
pente a l'origine.

déterminer, notamment au pic de Bragg (voir encadré 2). La
description des effets se résume souvent a l'observation de
recombinaisons des radicaux libres qui voient leurs rende-
ments baisser. En contrepartie, on constate une augmentation
des rendements de H, et H,O,. Le rendement du radical
superoxyde HO,'/0," s’expliquerait, quant a lui, par la forte
densité d'ionisations qui permettrait des multi-ionisations de
molécules d'eau [15].

Application a la hadronthérapie

Efficacité balistique

Par rapport a la radiothérapie classique qui utilise des
rayons X, cette approche présente d'abord une efficacité
balistique [17-18]. Comme illustré en figure 2, pour les
photons, la dose maximum, qui correspond a l|'énergie
déposée en profondeur, est atteinte quelques centimetres
aprés la pénétration du faisceau dans le patient. La dose
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Figure 2 - Dose déposée dans le patient en fonction de la nature du rayonnement (faisceau
de photons en noir, faisceau de hadrons natif en vert, faisceau de hadrons étalé en bleu).

déposée dans le patient diminue ensuite progressivement
aprés ce maximum. Ce maximum se trouve bien avant
d‘atteindre la tumeur pour les tumeurs profondes, ce qui
montre que les tissus sains situés en amont de la tumeur sont
largement irradiés. D'autre part, le dépot de dose se poursuit
aprés la tumeur, ce qui fait que les tissus situés derriere recoi-
vent également une quantité non négligeable de rayonne-
ment. En revanche, le parcours en profondeur des particules
de haut TEL dans la matiére étant trés différent, il permet
d’'obtenir un traitement qui épouse mieux la forme de la
tumeur. D'une part, les faisceaux chargés pénétrent dans le
patient pratiquement sans diffusion [19] ; d’autre part, comme
introduit précédemment, le dép6t de dose en profondeur est
beaucoup plus ciblé et prend la forme du pic de Bragg. En
faisant varier I'énergie des particules et donc en superposant
successivement ces pics, il est possible d’obtenir un pic de
Bragg étalé (appelé SOBP: «spread out Bragg peak») afin
d'irradier toute la tumeur de fagon homogeéne.

En pratique, il existe deux méthodes pour réaliser cette
conformation du faisceau a la tumeur. La premiére est une
mise en forme passive. Le faisceau est fixe et produit avec une
énergie donnée, puis il est modifié par l'insertion d'éléments
sur son trajet (modulateur, diffuseurs, collimateur, compensa-
teurs...) qui vont permettre de couvrir tout le volume tumoral.
Cette méthode est la plus ancienne et la plus robuste. La
deuxiéme méthode est plus récente et repose sur une mise en
forme active du faisceau, qui permet de traiter des tumeurs
de différentes tailles sans interposer d'accessoires sur le trajet
du faisceau. Il s'agit d'un balayage actif (appelée PBS : « pencil
beam scanning ») oU, grace a un systéme électromagnétique,
le faisceau trés fin balaie latéralement toute la tumeur. Puis, en
faisant varier I'énergie du faisceau (et donc la position du pic
de Bragg), toutes les couches de la tumeur sont successive-
ment irradiées. Cette méthode est celle qui se développe le
plus car elle permet de délivrer des faisceaux d'intensité
modulée. Historiquement, le faisceau était horizontal et ne
permettait pas d’autre angle d'irradiation du patient. L'appari-
tion de bras isocentrique permet maintenant de choisir cet
angle d'irradiation librement de fagon similaire aux installa-
tions de radiothérapie classique.

Quelle que soit la méthode de délivrance du faisceau hadro-
nique, ce dépdt d’énergie ciblé induit une densité d'ionisa-
tions maximale dans les cellules cancéreuses a détruire
et permet d’épargner considérablement les tissus sains,
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notamment ceux qui se trouvent derriere la tumeur. De ce fait,
les effets secondaires généralement observés avec la radio-
thérapie, aigus ou tardifs, peuvent étre considérablement
réduits avec l'utilisation de faisceaux de haut TEL. La figure 3
présente la comparaison de deux traitements photons ou
protons pour un patient atteint d'une tumeur intracranienne
(tumeur supra-sellaire). Dans le cas des protons, on note que la
distribution de la dose est beaucoup plus adaptée au volume
tumoral, avec une réduction considérable de la dose délivrée
aux tissus sains, notamment l'isodose verte représentant 50 %
de la dose prescrite recouvre beaucoup plus de tissus sains
en traitement photons qu’en protons.

Efficacité biologique

Outre leur efficacité balistique, les particules de haut TEL
ont également une efficacité biologique supérieure a celle
des photons. Les dépdts d’énergie localisés dans le pic ont
pour conséquence une augmentation de la complexité
des dommages provoqués aux cellules tumorales, notam-
ment a leur ADN. Les Iésions multiples, qui sont produites et
regroupées localement sous forme de grappes [20-21] sont
difficilement réparables [22] et conduisent a une instabilité
génomique [23-24] augmentant la probabilité de mortalité
cellulaire [25] a I'origine de I'effet thérapeutique.

C'est pour rendre compte de la différence d'efficacité entre les
rayonnements a I'échelle cellulaire que I'efficacité biologique
relative (EBR) a été introduite (voir encadré 3). Selon la position
de la cellule cible par rapport au pic de Bragg (et selon les TEL
des particules la traversant), la capacité a induire la mort cellu-
laire est 1,1 a 3 fois supérieure pour les ions carbone que pour
les photons [26].

Pour les rayonnements photoniques, la quantité d'énergie
déposée n'est pas suffisante pour entrainer la mort et il faut
plusieurs trajectoires de faisceaux pour que la cellule
accumule les dommages et finisse par mourir. En revanche,
pour les ions, la quantité d'énergie déposée augmente et il
faut moins de trajectoires pour entrainer la létalité, ce qui se
traduit par une augmentation de I'EBR [27]. Une EBR maximale
est atteinte quand une seule trajectoire délivre en moyenne
assez d'énergie pour tuer la cellule. Les rayonnements a haut

Figure 3 - Comparaison de deux traitements : avec des photons (en haut) et avec des protons (en bas)
pour la méme tumeur supra-sellaire (crane) (publié avec I'aimable autorisation de I'Institut Curie,
Orsay (CPO)/L. de Marzi).
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TEL sont donc plus agressifs et permettent ainsi d'éradiquer
des tumeurs radiorésistantes pour lesquelles les traitements
classiques seraient inefficaces [22]. C'est notamment le cas
des tumeurs dites «hypoxiques» ou la concentration en
oxygene est faible (encadré 3), ce qui est un facteur d’échec
thérapeutique [28-29]. En effet, dans ce type de tumeur, les
faisceaux de photons ou de protons sont trois fois moins
efficaces. Cette diminution de I'efficacité est réduite a deux
lorsque des ions carbone sont utilisés et disparait quasiment
avec des ions encore plus lourds (comme I'argon). On pourrait
associer en partie ces différences au pouvoir de produire de
I'oxygéne moléculaire avec des TEL élevés a partir de la
production primaire du radical superoxyde O,"”, ou de |'eau
oxygénée. De plus, le phénoméne de stabilisation des
radicaux par O, a beaucoup moins d’influence des lors que
des dommages produits sont directement létaux, comme
en présence de rayonnement de TEL élevé [30-31].

Encadré 3

Efficacité biologique relative et effet oxygéne

L'efficacité biologique relative (EBR) d'un rayonnement a haut TEL
par rapport au rayonnement de référence (rayons X) se définit
comme le rapport des doses nécessaires pour produire un effet
biologique identique. Cet effet est en général un taux de survie
cellulaire égal a 10%. L'effet oxygéne est aussi appelé OER
(« oxygen enhancement ratio »). Il représente le ratio entre la dose
nécessaire pour atteindre une méme réponse biologique, que
I'on soit en présence ou en l'absence d’oxygene. Les particules de
haut TEL sont moins sensibles a I'effet oxygene.

Indications

La hadronthérapie présente donc des avantages indéniables.
Son efficacité balistique en fait une technique privilégiée pour
traiter les tumeurs situées a proximité directe d'organes
sensibles comme le tronc cérébral, les nerfs optiques ou la
moelle épiniére. Il s'agit également d’une technique de traite-
ment particulierement appropriée pour les cancers pédia-
triques car le volume de tissus sains irradiés et la dose totale
au patient sont diminués, ce qui limite les toxicités a long
terme et le risque de cancer secondaire [28]. D’autre part,
son efficacité biologique permet de traiter des tumeurs radio-
résistantes pour lesquelles le taux de récidives et d'échec
thérapeutique sont élevés.

A la fin 2018, 190 000 patients avaient été traités avec des
protons a travers le monde, 28 000 avec des ions carbone
et 3500 avec d’autres ions [32]. Le Japon et les Etats-Unis
restent les pays les mieux équipés méme si la hadronthérapie
se développe progressivement a travers le monde, comme
illustré en figure 4. En France, un troisiéme centre de traite-
ment a ouvert a Caen en 2018, aprés ceux de Nice (2016) et
Orsay (2010). Dans notre pays, seuls des traitements par
protons sont actuellement proposés, et les indications qui font
I'objet d’'un remboursement par l'assurance maladie sont
restreintes aux tumeurs primitives de I'ceil, chordomes et
chondrosarcomes de la base du crane et du rachis, ainsi qu’a
certaines tumeurs de l'enfant. Les autres indications sont
moins consensuelles et font encore I'objet de recherches et
de comparaisons [33].

Le principal frein au développement des traitements avec des
particules de haut TEL reste la taille et le colt des installations.
Les experts ont estimé le colt d'un investissement initial
pour un centre de protons entre 40 et 50 millions d’euros,
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Figure 4 - Installations de hadronthérapie dans le monde (carte établie d'aprés les données du PTCOG [32].

c'est-a-dire quatre fois supérieur a celui d'un centre de radio-
thérapie conventionnel [33]. Les écarts sont encore plus
importants lorsqu’il s'agit d’'une installation avec des ions
carbone.

Enjeux et recherches

La hadronthérapie fait a I'heure actuelle I'objet de nombreuses
recherches et développements.

Les interactions nucléaires qui peuvent se produire dans le
patient entre le faisceau d'ions (comme les ions carbone) et
les tissus biologiques induisent la production de particules
secondaires (protons, a...). Ceci se traduit par une queue
de fragmentation aprés le pic de Bragg (figure2) qui doit
étre prise en compte dans la planification du traitement du
patient. Cependant, la production de rayonnements secon-
daires suite a la fragmentation ouvre des possibilités majeures
dans le développement d'une thérapie guidée par I'image et
le contrdle des traitements [34]. L'amélioration de I'imagerie
clinique, qui est un des enjeux majeurs, est nécessaire pour
contréler la position du patient en temps réel et pouvoir
l'irradier de maniére précise. Les mouvements du patient,
gu'ils soient fortuits (mouvement involontaire) ou non (respi-
ration, battements cardiaques) provoquent un déplacement
de la cible qu'il faut gérer. Les irradiations FLASH, mention-
nées précédemment, permettraient de limiter les effets secon-
daires. La réduction de la taille des faisceaux d'irradiation,
avec notamment l'utilisation de faisceaux de protons submilli-
métriques (minibeams) dix fois plus petits que les faisceaux
cliniques actuels, permettrait de préserver davantage les
tissus sains tout en assurant un contréle tumoral équivalent
ou supérieur a la protonthérapie conventionnelle [35]. En
paralléle, l'intégration des données radiobiologiques (et
notamment de I'EBR) dans les modéles des systemes de
planification de traitement constitue une avancée. Enfin, le
développement de thérapies combinées, notamment avec
les nanoparticules, est un axe de recherche fondamental
visant a produire un effet différentiel entre la tumeur et les
tissus sains situés a proximité.
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L’effet des nanoparticules
comme agents théranostiques:
radio-amplification et imagerie

Lorsque les tumeurs sont trés résistantes, et notamment
lorsqu’elles sont trés hypoxiques, la hadronthérapie peut
ne pas suffire a les éradiquer. L'escalade de dose est limitée
par les tissus situés avant la tumeur qui recoivent une dose
non négligeable durant le traitement de la tumeur.

Ainsi, pour amplifier localement I'effet des radiations dans le
volume a traiter, une des approches consiste a enrichir les
cellules tumorales avec des nanoparticules (NP) constituées
d’atomes lourds. Ces composés de matériaux denses (or,
gadolinium, platine) sont suivis parimagerie car ils permettent
d’augmenter le contraste de la plupart des modalités de
diagnostic utilisées en clinique (scanner, IRM...). Le principe
radio-amplificateur de ces nanoparticules repose sur une
augmentation de I'émission électronique. Suite a leur activa-
tion par le rayonnement primaire ou le rayonnement secon-
daire issu d'ionisations préalables dans le milieu, une
désexcitation en cascade s’ensuit, entrainant I'émission de
photons de fluorescence et d'électrons secondaires autour
de la nanoparticule [36-37].

Une grande partie des électrons émis sont des électrons
Auger de basse énergie (< TkeV) [38] issus de la désexcitation
des atomes de la nanoparticule que le faisceau chargé avait
activée par interaction coulombienne. D’autres processus,
comme l'activation plasmonique, peuvent également contri-
buer a I'émission d’électrons de basse énergie [39]. Ces diffé-
rentes étapes constituent I'étape physique qui se produit
environ 1 femtoseconde apres l'interaction du faisceau dans
la matiére (figure 5).

Ces électrons vont interagir avec leur environnement
composé d'eau et induire la production de nombreux
radicaux. Les nanoparticules ayant perdu de nombreux
électrons restent fortement chargées positivement et vont
pouvoir également capturer des électrons des molécules
d’eau environnantes, entrainant leur dissociation et une
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Figure 5 - Déroulé des étapes et des phénomeénes intervenant suite a l'interaction d'un faisceau d’ions énergétiques sur une solution aqueuse contenant des nanoparticules métalliques.
La production locale de radicaux libres, autour des nanoparticules, est plus importante que dans le solvant seul. Les effets, notamment la radiosensibilisation de la cellule ciblée, sont alors

localement amplifiés.

production supplémentaire de radicaux. Ces espéces radica-
laires fortement réactives vont créer des dommages biolo-
giques multiples et donc complexes a réparer, dans un volume
de quelques nm3 autour de la nanoparticule. Par exemple,
la présence de NP de platine peut augmenter de 93 % certains
dommages moléculaires provoqués par une irradiation de
protons de 150 MeV [40]. La quantification de I'augmentation
de la production de radicaux en est encore a un stade tres
préliminaire, mais une étude récente a montré que l'irradia-
tion alpha d'une faible concentration de NP d'or produisait
une radiolyse supplémentaire, traduite par une surproduction
de radicaux hydroxyle et d’électrons [30]. Ceci corrobore
I'étude pionniére menée par Usami et coll. [41-42] qui visait
a démontrer le role majeur des radicaux de I'eau, et notam-
ment OH’, dans I'amplification des dommages biologiques
produits en présence de complexes de platine, sous irradia-
tion ionique. L'amplification des dommages par trace d'ions
était supérieure en fin de parcours, la ou le TEL était le plus
haut; une observation également rapportée par Schlathélter
etcoll. en 2016 [40]. Les nanoparticules métalliques sont locali-
sées dans le cytoplasme cellulaire et n‘ont jamais été obser-
vées dans le noyau [36, 43-44]. L'effet radio-amplificateur des
nanoparticules qui se traduit par une augmentation de la
mortalité cellulaire est donc initié dans le cytoplasme. Celui-ci
est induit par la production d’amas radicalaires capables de
provoquer des perturbations dans leur voisinage immédiat
et d'induire des dommages cellulaires complexes.

Des essais cliniques prometteurs

La physique des particules, la chimie sous rayonnement et la
biologie cellulaire partagent des objectifs communs. Parmi
ceux-ci se trouve |'objectif de faire progresser la médecine,
notamment dans la lutte contre le cancer, en améliorant la
qualité des soins apportés aux malades. La hadronthérapie,
qui repose sur des interactions a TEL élevé, se situe a l'interface
de ces domaines de recherche. Au cours des derniéres années,
des progrés considérables ont été accomplis, notamment
dans la compréhension des effets du rayonnement sur la
matiére ou dans I'analyse des mécanismes physico-chimiques
impliqués dans la radiolyse de I'eau. Cependant, il reste encore
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de nombreux défis, notamment dans la description des effets
du TEL le long du parcours des particules. Ceux-ci nécessitent
le développement de techniques d'analyse poussées, qui
soient résolues spatialement et temporellement, et requiérent
en outre des faisceaux de particules trés énergétiques. Les
efficacités balistique et biologique des hadrons expliquent le
développement a travers le monde d’installations cliniques
utilisant des protons ou des ions carbone. Ainsi, des dizaines
d’essais cliniques sont actuellement réalisés pour démontrer
selon les indications la supériorité de la hadronthérapie sur
les autres techniques de traitement par rayonnement [45].
En paralléle, les avancées réalisées en termes de délivrance de
la dose (thérapies FLASH et minibeams notamment) générent
de nombreux espoirs pour réduire les effets secondaires
du patient et augmenter le controle local des tumeurs. Les
thérapies combinées, basées sur l'utilisation de nanoparti-
cules métalliques, se développent dans cet objectif, comme
en témoignent les différents essais cliniques menés notam-
ment en France, entre autres a Grenoble (métastases
cérébrales) et a Villejuif (cancer du col de I'utérus).

Les auteurs remercient linitiative de Recherche Stratégique
NanoTheRad de I'Université Paris-Saclay.
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Résumé : Dans l'arsenal thérapeutique contre le
cancer, la radiothérapie (RT) occupe une place
majeure. Utilisée pour plus d'un patient sur deux,
cette stratégie reste limitée du fait des dommages
collatéraux qu’elle induit sur les tissus sains et de la
radiorésistance de certains cancers. Des stratégies
thérapeutiques alternatives plus performantes sont
donc nécessaires. Dans ce contexte, I'utilisation de
nanoagents capables d'amplifier I'effet de la RT a
été proposée. Leur couplage avec un faisceau d'ions
lourds, plus sélectif et plus efficace que les RX
conventionnels, constitue une solution aux
perspectives intéressantes pour améliorer les
traitements. Pour évaluer le potentiel de protocoles
anticancéreux, le recours a des modéles précliniques
est indispensable. A I'échelle /n vitro, les cultures
cellulaires monocouches sont traditionnellement
utilisées mais apparaissent dépassées car elles
échouent notamment a prédire l'effet du
microenvironnement cellulaire. Le but de ma thése
était d'évaluer l'efficacité de stratégies combinant
nanoparticules (NPs) et radiations en utilisant un
modele cellulaire optimisé dans ce but. Ce modéle
in vitro, établi en trois dimensions (3D) inclut une
matrice extracellulaire (ECM) a base de collagéne.
Un autre avantage majeur du systeme réside dans le
contréle de la concentration en oxygéne a l'intérieur
de I'échantillon, permettant de retrouver un niveau
similaire a celui des tumeurs normoxiques et
hypoxiques.

Jai dabord mis au point les méthodes
expérimentales permettant de préparer ce modele
de fagon reproductible puis une caractérisation a
été effectuée grace a des méthodes de microscopie
spécifiques. J'ai montré que des méthodes d'analyse
classiques peuvent étre employées pour étudier les
réponses cellulaires aux traitements. Ce modéle /n
vitro 3D a ensuite été utilisé avec succés dans le
cadre d'un essai clinique de traitement basé sur
I'utilisation de NPs de Gadolinium (AGuiX®)
combinées a de la radiothérapie externe (X - 6 MV)
et de la curiethérapie (Y - 380 keV).

Ces travaux montrent que ces NPs amplifient de
15% l'effet des RX (a 1.8 Gy) et de 30% l'effet des
Y (@ 525 Gy). La méthode développée pour
quantifier I'enrichissement des NPs dans les
tumeurs de patients a partir des images IRM, ainsi
que les fractions de survie cellulaire obtenues sont
des pré-requis importants au développement de
nouveaux outils dosimétriques capables de
calculer des distributions de dose en présence de
NPs. Une autre stratégie repose sur l'utilisation de
nouveaux agents multimodaux, congus pour
administrer des molécules actives de fagon ciblée
dans la tumeur. Dans le cadre de mes travaux, j'ai
évalué I'efficacité de nanoagents
organométalliques (MOFs), véritables « nanocages
» capables d'incorporer un agent anticancéreux
comme la Gemcitabin. Des modeéles cellulaires
classiques (2D) et optimisés (3D) ont été utilisés
pour évaluer |'efficacité de la combinaison de ces
agents avec des irradiations par faisceaux d'ions
carbone (290 MeV/uma) ou hélium (150
MeV/uma). Ces travaux ont permis de démontrer
I'efficacité de cette combinaison, méme en
conditions hypoxiques, avec une amplification a 2
Gy de 45% a 55% selon le faisceau utilisé.
L'utilisation du modele 3D a par ailleurs permis de
mettre en évidence la capacité de ces
nanoparticules a migrer au sein de 'ECM et a étre
internalisées par les cellules. Grace a ce travail, un
nouveau type de nanoagents permettant
d'améliorer les performances de la hadronthérapie
a été mis en exergue.

Ces travaux ont donc débouché sur I'optimisation
d'un modeéle /n vitro 3D dont les caractéristiques
permettent de prédire I'efficacité de traitements
combinés, dans des conditions plus proches de
celles des tumeurs tout en restant facile
d'utilisation et reproductible. Il peut ainsi étre
utilisé en parallele d'essais précliniques en vue
d'évaluer rapidement l'efficacité d'un traitement,
ou pour estimer le potentiel
nanoagents en développement.
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Title : Evaluation of therapeutic strategies based on radiations and nanoparticles using a 3D cell model
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Abstract : Radiotherapy (RT) plays a crucial role in
the therapeutic arsenal against cancer. Used for
more than 50% of patients, this strategy remains
limited due to the collateral damage induced on
healthy tissues and the radioresistance of some
cancers. Thus, the development of alternative
strategies of treatment remains a great challenge.

In this context, the use of nanoagents capable of
amplifying the effect of RT has been proposed. Their
combination with particle therapy, which is more
selective and more efficient than conventional XR, is
a promising solution for improving the
performances of cancer treatments. In this
perspective, preclinical models are essential to
evaluate the potential of new therapeutic strategies.
For a rapid and easy evaluation, monolayer cell
cultures are commonly used. These models, though,
appear outdated as they fail to predict the effects of
the cell environment.

Thereby, the goal of my thesis was to evaluate the
efficiency of strategies combining nanoparticles
(NPs) and radiations using a three-dimensional cell
model (3D) composed of an extracellular matrix
(ECM) able to better reproduce the
microenvironment and tumor features.

A major advantage of the system is the control of
the oxygen concentration inside the sample to
mimic the oxygenation level in tumors (normoxic
and hypoxic).

I first developed the experimental methods to
prepare this model and characterize it using specific
microscopy methods. Classical methods were
employed to quantify cell responses to treatments.
The 3D model was then successfully used to
evaluate a new protocol of treatment in parallel to a
clinical trial. The treatment consists in the addition
of Gadolinium-based NPs (AGuiX®) with external
radiation (X-rays - 6 MV) and brachytherapy (Y - 380
keV).

This work demonstrated the efficacy of NPs to
amplify the effect of X-rays by 15% (at 1.8 Gy) and
the effect of Y (at 5.25 Gy) by 30%. The method
that we have developed to quantify the
enrichment of NPs in the tumor from patients MR
images as well as radiobiological results obtained
are important prerequisites for the development
of new dosimetric tools capable of calculating
dose distributions in the presence of NPs. Another
strategy of treatment is based on the use of new
multimodal agents, designed to deliver and,
potentially, control the release of active molecules
in tumors. As part of my work, I have evaluated
the efficacy of organometallic nano-agents
(MOFs), "nanocages" capable of incorporating
anti-cancer agents such as Gemcitabin. Classical
2D and new 3D cell models were used to evaluate
the efficacy of these agents combined with carbon
ions (290 MeV/uma) or helium ions (150
MeV/uma) radiations. This work demonstrated the
efficacy under normoxic and hypoxic conditions,
with an amplification at 2 Gy of 45% to 55%
depending on the irradiation beam. Thanks to the
3D model, it was also established that these new
NPs migrate through the ECM and penetrate into
the cells. Finally, this work highlighted a new type
of nanoagent that improves the performances of
particle radiation treatment.

In summary, this work resulted in to the
production of a 3D /n wvitro model whose
characteristics allow predicting the effectiveness
of combined treatments under conditions closer
to those of tumors while remaining easy to use
and reproducible. It can be used in parallel with
preclinical trials to rapidly assess the efficacy of a
treatment or to estimate the potential of new
nanoagents.
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