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Introduction Générale

Les tumeurs gliales

Les tumeurs gliales malignes, ou gliomes, sonttdeseurs primitives du systeme nerveux
central (SNC) dont l'incidence annuelle est en tame évolution [1]. Parmi elles, le
glioblastome, dérivé des astrocytes, est la foaraus agressive des gliomes et la plus grave
de l'adulte. Son incidence est estimée a 10,000/emux cas/an aux Etats-Unis et 74,000
cas/an dans le monde [2]. Sa prise en charge estuti@rement difficile en raison de sa

radiorésistance et de sa chimiorésistance, expitqerapartie le sombre pronostic.

Le traitement classique implique une résectionuchicale, lorsque possible, associée a une
radiothérapie et/ou une chimiothérapie adjuvanjel|® radiothérapie focalisée délivre 55 a
60 Gy en une trentaine de fractions selon la tdillerolume cible et la proximité des organes
a risques. La chimiothérapie de référence estrmzélomide (Témod§), agent alkylant
administré par voie orale de fagon concomitantagradiation cérébrale et pendant la période
post-radiothérapie. La chimiothérapie est souviemtde par la barriere hémato-encéphalique
(BHE), qui empéche le passage des molécules hyileepdans le tissu cérébral lorsqu’elles
sont administrées par voie systémique. L'éventaldpeutique s’en trouve ainsi restreint et
se limite aux anticancéreux lipophiles et a ceemimolécules hydrophiles qui peuvent
traverser la barriere hémato-encéphalique a falbsgs, occasionnant des effets secondaires
toxiques. Des techniques de modulation de pernitgapir ouverture transitoire de la BHE
aprées injection de solutions hyperosmotiques ogealits vasodilatateurs peuvent favoriser
significativement le passage de certains princigesfs dans le cerveau. Cependant, le
bénéfice apporté est minime comparé a la toxiétéegee par cette technique.

Le glioblastome est une tumeur infiltrante, avec aemtain nombre de cellules malignes
disséminées. Des biopsies réalisées en zone mapiggement saine, a plusieurs centimetres
de la tumeur visible en imagerie par résonance gtagre (IRM) permettent d’isoler des

cellules tumorales [4]. Malgré des techniques nehirargicales plus sdres, permettant des
exéreses larges, les patients rechutent quasirsgstiiement avec une reprise tumorale au

sein méme ou au voisinage immédiat du lit tumdrajure 1).
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Figure 1 : IRM d'un patient atteint de glioblastome. A: la tumeur apparait comme une région
hyperintense par rapport au tissu cérébral sain, B : I’hyposignal illustre la cavité post-résection, C : le
signal hyperintense proche de la cavité illustre la récurrence tumorale.

Ces gliomes sont constitués de cellules non seumferhautement proliférantes mais
eégalement exceptionnellement migrantes et posséldanbmbreuses altérations génétiques,

ce qui les rend tres résistantes aux thérapiegralitératives.

L'équipe développe depuis maintenant de nombreasages des systemes destinés a une
implantation locale par stéréotaxie [5, 6]. La algie stéréotaxique est une technique qui
permet de cibler avec une trés haute précisiogréifites régions a l'intérieur du cerveau. La
stéréotaxie traite le cerveau comme une carte gpbmgue, grace a un systeme de
coordonnées permettant une localisation en 3D.eQetthnique utilise un équipement de

repérage appelé " cadre stéréotaxique " fixé @éadu patient (Figure 2).

Figure 2 : Cadres de stéréotaxie.

Parmi les systémes développés, des résultats prélies encourageants ont été obtenus chez
’homme dans le traitement du glioblastome multifera l'issue de deux essais cliniques
réalisés au CHU d’Angers. Un essai de phase | & mur I'implantation stéréotaxique de

microsphéres de copolymeres d’acide lactique etojlyue (PLGA) chargées en 5-

2
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fluorouracile (5-FU) dans des gliomes profonds éraples, montrant la possibilité technique
du concept, I'absence de toxicité et la libératmrale prolongée du 5-FU [6, 7]. Un essai
randomisé multicentrique de phase Ilb a égaleméhtnéis en place avec implantation
peropératoire suivant une exérése complete du lgttbme [8]. Malgré de meilleures

médianes de survie pour le groupe chimio-radiogiérél5.2 mois) en comparaison avec le
groupe radiothérapie seule (12.3 mois), il n’a g@smontré de différence significative entre

ces deux groupes.

De plus, les microsphéres polyméres encapsulanagemt anticancéreux empéchent la
prolifération du glioblastome a proximité du foyemmitif, mais une récurrence a distance est
notée chez un certain nombre de patients. L’antrenvénient des microspheres de PLGA est
gu’elles sont totalement dégradées au bout de deiget le 5-FU n’est libérén situ que

pendant 20 jours. Pour pallier & ce probléme, désutentatives utilisant des polyméres se
dégradant plus lentemeirt vivo ont été réalisées. Des microsphéres de poly(niéémd

malonate 2.1.2) (PMM 2.1.2) ont éte formulées stées dans un modele de gliome chez le
rat [9]. Malgré des résultats de survie promettelers eétudes de biocompatibilité menées en

parallele, ont démontré une toxicité majeure depodygmeres [10].

En définitive, les vecteurs potentiellement intéeggs doivent respecter un cahier des charges
associant biocompatibilité et capacité a diffuseansdle parenchyme cérébral. Dans cette
perspective, ce travail de thése a consisté artbstaploi de nanovecteurs thérapeutiques
pour la thérapie des gliomes, en utilisant uneneldyie brevetée au laboratoire, celle des
nanocapsules lipidiques (LNC : lipid nanocapsuleSgs vecteurs, de part leur taille
nanometrique (20-100 nm) et leur structure lipigigqeont potentiellement capables de
diffuser au sein du SNC afin d’atteindre les celutlisséminées a I'origine des récurrences.
De plus, les LNC sont formulées grace a un procgggnal sans solvant organique utilisant
des excipients biocompatibles tous approuvés pgandal and Drug Administration (FDA).
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Les nanocapsules lipidiques (LNC)

La formulation de ces nanocapsules lipidiques remg une série d’inversions de phase
entre une émulsion huile dans eau (H/E) et une faruleau dans huile (E/H) suite a une
augmentation et une diminution de la températurendieu réactionnel [11] (Figure 3A). En

fonction des proportions de chaque constituant, zoee d’inversion de phase (ZIP) est
déterminée par suivi conductimétrique, permettamtcdnnaitre les températures cibles a
atteindre au cours des cycles. Une conductivité faéble (< 1¢ uS.cm') caractérise une

emulsion E/H, tandis qu’'une conductivité plus fdreeduit une émulsion H/E (Figure 3B). La

préparation est réalisée en deux étapes : la premadsiste a former une micro-émulsion, et
a déstructurer cette micro-émulsion pour formerl €. La deuxiéme étape consiste a figer
le systéeme, refroidi a une température de dilupogdéfinie, en le diluant dans un grand
volume d’eau froide. Cette technique permet d’oibtdes LNC sans recours a un solvant

organique et sans consommation importante d’énergie

A. B.

Lécithine

OH stéarate de PEG

Triglycérides

Eau

l NaCl B Eau
Chauffage © Huile
ZIP
e \
08 Conductivité

Refroidissement

Chauffage
*T°C

Dilution Fraction volumique

Salinite

Dilution Pression
Température
Nanocapsules

Figure 3. A : Représentation schématique des étapes de la formulation des nanocapsules

B : Mesure de la conductivité en fonction de la température
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Les LNC sont formulées a partir d'une phase hudedaine phase aqueuse et de tensioactifs
non ioniques. La phase huileuse qui constitue lardgeophile de la capsule est composé
d’'un mélange de triglycérides a chaines moyenneslga caprique et caprylique £Cig))
(Labrafa@CC) (Figure 4). Le tensioactif principal formantdaque est un dérivé fortement
polyéthoxylé, le Solut§l HS15 comportant du PEG 660 et de I'hydroxystéaiat®EG 660
dans des proportions 30/70. Une faible proportietédithine de soja contenant environ 70%
de phosphatidylcholine et 10% de phosphatidylétizamine (Lipoid® S75-3) est ajoutée en
tant que co-tensioactif pour rigidifier la coquea phase aqueuse contient du chlorure de
sodium (NacCl), celui-ci jouant un réle sur la temgtére d’inversion de phase (TIP). Quand
sa concentration est augmentée, la TIP diminue.n@escapsules lipidiques constituent des

particules biocompatibles et biodégradables.

%ﬂ PEG HS (Solutol®)
LeC|th|ne (Lipoid®)
|:| Triglycérides (Labrafac®)

Figure 4 . Structure des nanocapsules lipidiques (LNC).

Ces vecteurs hybrides entre les liposomes et leppaaticules polyméres présentent de
nombreux intéréts (Figure 5). Parmi eux, leur daracbiocompatible est un critére de choix
pour I'administration intracérébrale. Leur capaciténcapsuler des substances hydrophobes
actives est un atout majeur pour une visée thétmpeu De plus, leur échelle nanométrique
(20-100 nm) associée a leur dispersion monomodalmet d’envisager une administration

par convection enhanced delivery (CED).
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Procédé simple sans utilisation
de solvant organique
Méthode basse énergie [11]

Faible toxicité des composants

J

Echelle nanométrique [12]
Distribution monomodale

Particules lyophilisables [13] Particules furtives [14, 15]

Ve

Faible activation du
complément [9]

Inhibition de la
Glycoproteine P (P-gp) [16, 17] |

Ve

Solubilisation d’ anticancéreux
hydrophobes [18, 19]

Encapsulation de
radioéléments [20, 21]

50 nm

Fonctionnalisation avec
des anticorps [22]

:

Figure 5 : Avantage des LNC.

La CED est une approche relativement nouvellepdhiite par Bobo et leurs collaborateurs
en 1994, pour délivrer des substances activesldaresveau [23]. Elle permet la distribution

de fortes concentrations de drogues, et ceci daharges volumes tissulaires, tout en évitant
la toxicité systémique. Par cette technique, I'agpharmacologique est délivré par

convection et non par diffusion, ce qui permet ‘défranchir de paramétres tels que le poids
moléculaire de la substance active. Des systenmesdaux tels que des liposomes pégylés
[24], des nanoparticules [25], des micelles polyeadR6] et des dendrimeres [27] ont déja été
infusés en CED. Ces systemes colloidaux préselitaaintage de protéger les actifs et de
distribuer uniformément les drogues dans le pangnehcérébral tout en augmentant leur

temps de résidende situ.

Les complexes métalliques lipophiles

Ce travail de these s’inscrit dans une stratégsea@ant I'encapsulation de nouveaux actifs
dans les nanocapsules lipidiques et leur admitiistréntracérébrale par convection-enhanced
delivery pour la thérapie des gliomes. Dans cettespective, deux complexes métalliques
lipophiles ont été étudiés. Le premier d’entre esk un radioélément se présentant sous la

forme d’'un complexe hydrophobe de Rhénium-188 (feidy).
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Le Rhénium-188*¢%Re) présente I'avantage d'étre facilement dispenhlisqu’il est obtenu

a partir d’'un générateur. Sa demi-vie physique d&)16.9h est suffisamment longue pour
réaliser I'étape de formulation ainsi que son adstiation chez I'animal et suffisamment
bréve pour limiter les problémes liés a la raditgetion. De plus, le Rhenium-188 émet des
rayonnements gamma)(et beta moinsf¥), conférant a ce radioisotope des applications
diagnostiques et thérapeutiques. En effet, lesmagments3” étant tres radiotoxiques, ils
peuvent étre utilisés en thérapie. La formulatiorcdmplexe *Re(SCPh)(S,CPh) ='*Re-
SSS] [28] ainsi que son incorporation au sein dE€ I(**®*ReSSS-LNC) a déja fait I'objet
d’études préliminaires [20]. L'objectif de ce tridvest d’adapter la formulation des LNC a
des applications intracérébrales afin d’envisagenauveau radiopharmaceutique en tant que

vecteur pour la radiothérapie interne des gliomakns

ss

1‘7
S \ ___,.-S
f'--) Re = T

] -
Figure 6 : Structure du complexe de Rhenium-188 étudié

La deuxiéeme molécule étudiée appartient a la femdlks organométalliques dérivés d’un
métallocene a base de fer (Fe). Ces composés démwfifienrocifénes” sont des dérivés du
tamoxiféne ou l'un des groupements phényl est gubspar un groupement ferrocéne
[Fe(GsHs),] potentiellement cytotoxique (Figure 7). Parmi ogslécules, le ferrociphénol [2-
ferroceny-1,1-bis(4-hydroxyphényl)-but-1-éne (FOHI)] apparait comme la molécule la

plus active.
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Figure 7 : Structure des hydroxytamoxifene (OH-Tam), ferrocéne (Fc) et ferrociphenol (Fc-diOH).

Ces molécules ont été largement étudiées sur ddélesmn vitro de cancer du sein. Elles ont
montré un effet antiprolifératif important sur diégnées de cultures cellulaires hormono-
dépendantes (MCF7) ou non (MDA-MB231) [29]. Leufficgfcité est basée sur deux
oxydations intracellulaires successives qui voabdrd transformer le groupement ferrocéne
en ferrocenium entrainant le déplacement d’'un prqtoénolique. La deuxieme oxydation
implique la formation d'une quinone méthyde, haaeinioxique et capable d’interagir avec
des macromolécules comme le glutathion, 'ADN odaiees protéines pour aboutir a une

mort cellulaire par sénescence [30].

La premiere partie de cette thése est une revumdpidphique s'intéressant aux différents
types de nanovecteurs infusés en CED pour le mmaité de pathologies malignes de type
gliales. La seconde partie, organisée en troisitteapporte sur le travail expérimental qui a
été réalisé au cours de cette thése. Le premietegisse a |'évaluation thérapeutique des
1%8Re-SSS LNC administrées par CED dans un modéléiateeyoL chez le rat. Le deuxiéme
chapitre concerne la conception et I'évaluationldgimue de nanovecteurs lipidiques
encapsulant le ferrociphénol Fc-diOH, ainsi que sministratiorin vivo dans un modeéle de
gliome ectopique. Le troisieme et dernier chapdee ce travail portera sur I'évaluation
thérapeutique de I'association des LNC-Fc-diOH auee radiothérapie externe dans un
modélein vitro d’'une part, puis aprés administration par CED damsnodele orthotopique
chez le rat. Enfin, une discussion générale comenantensemble des résultats sous un
aspect plus global, en reprenant également dedtatdswui n’ont pas fait I'objet de

publication.
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Abstract

Primary brain tumors have a significant infiltraicapacity as their reappearance after
resection usually occurs within 2cm of the tumorrgita Local delivery method such as
Convection-Enhanced Delivery (CED) has been intceduto avoid this recurrence by
delivering active molecules via positive-pressurethmds. For an efficient infusion, the
distribution volume of the drug has to be optimizekile avoiding backflow, since this is
responsible for side effects and a reduction ofagbeutic efficacy. The encapsulation of the
drug infused in nanosized structures can be coreidevhich would lead to a reduction of
both toxicity of the treatment and infusion timeridg CED. In the present review, we will
firstly discuss the technical approach of CED widgard to catheter design and brain
characteristics; secondly, we will describe thedil nanocarrier in terms of size, surface
properties, and interaction with the extracellutaatrix for optimal diffusion in the brain

parenchyma. We also discuss pre-clinical and @dirapplications of this new method.

Keywords: brain tumor, convection-enhanced delivery, bamkfl distribution volume,

nanocarrier, anticancer treatment, real-time imggin
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1. Introduction

The incidence of primary central nervous systemansnPCNST) is increasing, especially in
the younger population as it represents the secanse of cancer death in adults less than 35
years of age. In the United States, about 1-2%efpbpulation is affected and consequently
suffer from profound and progressive mortality, easdenced from the 20,500 new brain
cancer cases and the 12,740 deaths estimated "h[2D0A French study has described an
incidence of 15.8/100,000 persons per year affeoyeCNST [2]. Among the brain tumors,
half originate from glial cells and are thus cléesl as gliomas, and more than three quarters
of all gliomas are astrocytomas. Astrocytomas cdtutsta heterogeneous group of tumors
that range from low grade to the most aggressiveblgstoma multiforme (GBM), based on
histopathological classification (from grade | ¥ WHO-Word Health Organisation). GBM
differs from the other cancers by its diffuse inwasof the surrounding normal tissue and its
recurrence after all forms of therapy. The ovearadldence of malignant glioma grade IIl and
IV (WHO) in industrialised nations is 5-11 new cager 100,000 people per year [3].

Conventional therapy includes surgical biopsy fathplogical diagnosis and if it is possible,
the first treatment is tumor resection, followedflgctioned external beam radiotherapy and
systemic or oral chemotherapy [4-6]. Despite thesaments, the prognosa patients with

glioblastoma has remained largely unchanged overlaist three decades. Stupp al.

described a median survival time of 14.6 monthspfatients treated with radiotherapy plus
temozolomide which is the reference chemotherapy,12.1 months with radiotherapy alone
[7, 8]. The difficulty with treating brain tumors the effective delivery of therapeutic agent to
the tumor as well as to infiltrate cells that acd¢ located in the tumor bed. If these outlying

tissues are not treated, the tumor will reappear.

Because of the presence of the blood brain bgBiBB), the failure of conventional systemic
drug delivery for gliomas has motivated more dirapproaches [9-11]. An alternative
treatment is the local administration of the agéoin a degradable or non-degradable

polymer delivery system implanted at the site ef disease [12, 13]. Although this technique
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presents some advantages such as sustained anoblledntdrug release, it is also

characterized by poor drug penetration and druggk$mited by the implant size.

Recently, it was shown that fluid convection, ekséled by maintaining a pressure gradient
during interstitial infusion, can supplement simpliéusion to enhance the distribution of
small and large molecules in brain and tumor tisstlds technique called Convection-
Enhanced Delivery (CED) was proposed and introdiigeresearchers from the US National
Institutes of Health (NIH) by the early 1990s tdivler drugs that would not cross the BBB
and that would be too large to diffuse effectivelser required distances [14]. In this case,
situ drug concentrations can be significantly greatesnt those achieved by systemic
administration [15, 16]. This technique allows theal delivery of a wide range of substances
like conventional chemotherapeutic agents [17-f8}noclonal antibodies [20, 21], targeted
toxins [22-24], other proteins [25], viruses [26],2and nanocarriers [28-30]. During the first
decade after the NIH researchers founded this acalymodel of drug distribution, the
results of several computer simulations that hadnbeonducted according to realistic

suppositions were also published, revealing engpogaresults [31].

For the effective functioning of CED, the activitfthe anticancer agent has to be considered
but the technical drug delivery approach appeatseta critical parameter. In fact, a uniform
distribution of a truly effective agent in tumorsiiwultimately influence the therapeutic
efficacy. This is the reason why experimental prot® have to take care of different

parameters proper to CED injection.

Moreover, properties of each infusate have to besidered. Nanocarriers like polymer and
lipid nanopatrticles, micelles, liposomes, and deners are often used to vehicle some drugs
that are very sensitive, toxic, or hydrophobicjroorder to target a specific organ [32]. Such
nanoparticulate systems have some inner propetigshave to be considered for optimal
convection delivery. This review aims at firstlysdussing, the technical approach of CED
with regard to the materials used and the modedstigated. Then the review will focus on
specific properties of the infusate limiting ousdlission to the use of non-viral nanocarriers
such as liposomes, nanoparticles, dendrimers andlles. Finally, animal and human trials

which deliver nanocarriers in CED for therapeupplaations will be explored.
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2. Technical approach of CED

2.1.CED Mechanism

Convection-enhanced delivery (CED) is a novel apghto deliver drugs into brain tissue
and is defined as the continuous injection of aapeutic fluid agent under positive pressure.
This recent technique using convection or ‘bulkwvlavas proposed to supplement simple
diffusion which characterizes local intracerebralivery by stereotactic injections (Figure 1).
Stereotaxy is the methodology involved in the thaeeensional localization of structures
within the brain, based on diagnostic image infdram and the use of stereotactic frame to
reach these points. Horsley and Clarke described fifst use of an apparatus for
neurophysiological animal experiments in 1906 amened their technique ‘stereotactic’
(Greek: stereo = three dimensional (3D), taxis =move toward) [33]. The first human
stereotactic apparatus was described 40 yearsbgt8piegel and Wycis [34]. A stereotactic
head frame is based on a 3D coordinate systemstmgspf three orthogonal planes, which
are related to external skull points. Stereotaxy ba used to approach deep-seated brain

lesions with a probe, a cannula or a high energiziog radiation beam [35].

Diffusion is defined as a type of passive transgordn-energy requiring) involving the
movement of small molecules from an area where #reyhighly concentrated to an area
where they are less concentrated. The diffusiom abmpound in a given tissue depends
mainly on 2 parameters: the free concentrationigraichnd the diffusivity of this compound
in the tissue. With the classic diffusion techniguegh molecular weight compounds
(neurotrophic factors, antibodies, growth fact@szymes) are not able to diffuse over large
distances and drug distribution is very limitedughreducing the treatment efficacy of
neurological disorders [36]. For example, 3 days loa necessary for an IgG to diffuse 1mm
from its delivery site. Moreover, small drugs wigmod diffusion characteristics can be
metabolized or quickly eliminated by capillariedueing their diffusion in surrounding
tissues [37, 38]. On the contrary, CED is powergdbllk flow kinetics which occur
secondary to pressure gradients. Convection, wbah be used to supplement diffusion,
relies on a simple pressure gradient, and is inu#g@ of molecular weight. In practice,

drugs are delivered continuousig a catheter connected to a syringe pump, thabliexg the
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distribution of large volumes of higiirug concentrations with minimum systemic toxicity
(Figure 1).

Infusion pump

Stereotactic head frame

Larae vd

A. B.

Small vd

Diffusion ‘ Convection
mletlrjwold M Enhanced

Delivery
Figure 1: Stereotactic injection in rat brain by classic diffusion method (A) versus convection
enhanced delivery (B). Infusate diffusivity is predominant in CED techniques as large volume of
distribution (Vd) can be achieved compared to those obtained after a classic diffusion method.

Rat coronal brain slides

During CED, backflow, diffusion and convection tagkace simultaneously (Figure 2). In
fact, before the elaboration of a pressure gradiéiet phenomenon of backflow (or leakage-
leakback) occurs along the cannula. This backflewléfined as a more or less voluminous
return of the infusate along the catheter, in aspacalized between the external surface of
the cannula and the brain environment [39]. Leakbaas two main but different causes.
First, it can be due to the cannula’s introduciimo the brain which forms a local injury thus
creating a local ‘empty’ space allowing backflowoMover, leakback can also be explained
by a more intrinsic property: hydrostatic pressassociated with the injection pushes back
the tissues allowing a local detachment from thediee This backflow can be minimized as
detailed below. The second phenomenon is the dffuand this is strictly dependent on a
concentration gradient on the one hand and on itifigsidity of the infusate in a specific
tissue on the other hand. Diffusion occurs all tinee, but is rigorously dependent on the
nature of the infusate. Finally, the agent is dstied within the interstitial spaces of the
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tissue by convection itself. The bulk flow, whick strictly dependent on the pressure
gradient, occurs throughout the establishment ef gtessure gradient. With regard to the
shape of drug distribution, the diffusion procesadls to a gradient of concentration which
decreases exponentially from the point of injectimwards surrounding tissues. The
convection process allows the obtention of a higleeicentration over a longer distance (with
reference to the point of injection); the concetidraprofile is constant during infusion and
decreases in an abrupt way at the end of the modagure 2). By using convection to
supplement simple diffusion, an enhanced distrdrutbf small and large molecules can be
obtained in the brain while achieving drug concattn greater than systemic levels [14].
High-flow microinfusion, like the CED technique fexfs the potential of treating much larger
volumes of brain tissue than is possible with |dewf delivery methods based on diffusion.
Morrison et al. showed that a 12-h high-flow microinfusion of asid@ed macromolecule

would provide 5 to 10-fold increases in volume ol@v-flow infusion, and provided total

treatment volumes superior to 10tf40].

A B. C. D.
the « Target » Backflow Diffusion Convection

= T 1 1 A [ww

Time

Figure 2 : Schematic representation of CED mechanism. A: identification of the target site with correct
placement of the catheter according to specific coordinates. B: Backflow (or leakage-leakback) is
defined like an upturn of the infusate along the catheter, in a space localised between the external
surface of the cannula and the brain environment and takes place before the elaboration of a pressure
gradient C: Diffusion occurs all the time but is rigorously dependent of the infusate nature. D:
Convection (or bulk flow) is strictly dependent on the pressure gradient and occurs during all the
establishment of the pressure gradient.
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Some experimental approaches can be consideretidw the distribution of an infusate in a
brain structure. Cheet al. compared the distribution and pressure profiletiobd after
CED of small molecular weight infusates (Mw = 57WY in pig animal models on the one
hand, and in low-concentration agarose gels usezkparimental models on the other hand
[41]. Even though agarose gels are inert, non-gpedfuhomogeneous and isotropic, the ratios
between distribution volumes (Vd) and infusate wads (Vi) were in the same range of order
and equivalent to 10 and 7.1 for 0.6% agarose meblpig brain, respectively. In addition, the
infusion pressure of the gel at this concentratuias typically close to that found in pig brain
(10-20mm Hg). They concluded that a 0.6% agarobe/ge a usefuin vitro model to mimic
the global behavior of real infusion in pig brairespecially when MR imaging was not
available. Linningeet al. went further and introduced an innovative mathé&ahtnethod to
calculate the impact of individual tissue propertten molecular transport in CED [31]. This
computer-aided methodology allows the reconstractbthe brain geometry for a specific
patient, and gives an estimation of heterogenepis®imopic transport properties by diffusion
tensor imaging (DTI) data. Finally, this techniguen predict the drug distribution based on
rigorous transport principles.

2.2.The key parameters

CED is a complex process that is governed by mamgrpeters. This review aimed at listing
the technical parameters directly linked to delvéry convection and especially to the

volume of distribution (Vd), and the control of thackflow mechanism.

2.2.1. Regions of the brain

The different regions of the brain are not equintlén terms of molecular transport
mechanism because of a distinct internal struct@ray matter is mainly composed of the
somas of neurons and glial cells. The effectivudiity in gray matter is almost the same in
all directions, and the transport in the gray mragequalified as isotropic (Figure 3). White
matter contains bundles of axons leading to th@peral nervous system. The permeability
of the white matter changes in accordance withctoral alignment and density of axonal

fibers. Hence, white matter diffusion is anisotoph wide spread of agents can be achieved
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in both white and gray matter, but white matteribith a greater ability to accommodate
infusate because it is more densely packed ané tedess extracellular space [14, 42, 43].
Because rat brains have very limited white mattethieir structure, this parameter would be
better studied in larger animal models like prirsatéogs and of course, in humans.

Skull

\ Dura mater (D)
Wi Arachnaid mater
rAm)
— Sukarachnaid
space (53)
= Pia mater (Pm)

Brain

White matter
«anisotropic »

Figure 3: Schematic representation of grey and white matter in human brain (A). Gray matter is
mainly composed by the somas of neurons and glial cells and the transport in the gray matter is
qualified of isotropic (B). White matter contains bundles of axons leading to the peripheral nervous
system and the diffusion in white matter is qualified of anisotropic. C (zoom of picture B): Caused by
backflow, the active infused by CED can be melt with circulating cerebrospinal fluid (CSF) in the
subarachnoid space (Ss). D: Representation of a section across the top of the skull, showing the
membranes and the cavity of the human brain including Dura mater (Dm), Arachnoid mater (Am),
Subarachnoid space (Ss) and Pia matter (Pm).

Moreover, most studies defining CED parameters Hasen carried out on normal brain
tissue and not in a tumor environment. Vastal. showed that distribution in a brain tumor
model was a parameter not to be ignored since stitiat fluid pressure is higher in
intracranial tumors [15] and may be responsibletfi@ asymmetric distribution of drugs in
glioma-bearing rats. Moreover, the presence of wede often observed in brain cancer, can
reduce the flow of the infused agent. When infusgd a tumor, which means into tissue
where the hydraulic conductivity and extracellui@ction may change radically, liposomes
are characterized by an irregular distribution witle presence of nanocarriers into the
encapsulated tumor margins [44]. Globally, thera liack of knowledge about the distribution

of infusate in the brain tumor environment.
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2.2.2. Catheter placement

Catheter placement is very important for severaboas and especially for preventing the
occurrence of backflow. Backflow can lead to theegding of the agent into regions of the
brain where it is not intended to be and, possililya diminution of the dose otherwise
needed within the target tissues. The problem @apasticularly acute in cortical infusions,
when backflow of the agent along the insertionkrand into the subarachnoid space can
occur, with the subsequent widespread distribut@nthe agent via the circulating
cerebrospinal fluid (CSF) (Figure 3). Raghawdral. described an example which illustrates
the leakage of an infused agent into the subaradhsmace via backflow into the catheter
during the infusion. A 0.85mm-diameter catheter weerted through a bur hole into Bm
Vivo pig brain to a depth of 14mm from the corticalface. A Gd-DTPA in water solution
(1:200) was infused at 5 ml/minute and three dinterad MR images were obtained to
analyze the dispersion of the Gd marker. Imageaiiodd after 32 minutes of infusion showed
evidence that the infused agent had mostly leaktedtihe subarachnoid space and was widely
dispersed along the contours of the cortex, whdrasdistribution into the white matter had
occurred [45]. Lidaet al. described this phenomenon with the infusion ofdl&in patients
with GBM. Leakage of the drug into the CSF was dbsd because of a bad catheter
location, and was responsible for side effects sashchemical meningitis [17]. Catheter
location is therefore highly important as it cans&acomplications.

Catheter placement also depends on the Vd of aestudfusate. Linningeet al. ask the
question: “which injection site is best for maximgs the drug distribution in a specific target
site without causing side effects and excessisudisstress damage?” To answer this, they
aimed at targeting the human caudate nucleus (uayer), and studied the final Vd at 4
weeks, for four different catheter locations: thalamus, the corpus callosum, the internal
capsule and the putamen, and for an infusion flate of 4uL/min (Figure 4) [31]. Results
showed that injections via the gray matter (thalsmmjection) yielded to a Vd of 80% in the
caudate nucleus because of the relatively shotardis between the injection site and the
target and because of an isotropic uniform strect@n the contrary, injections via white
matter tracts (the corpus callosum and the interapsule) impregnated the caudate at 72 and
60%, respectively. When injecting into anisotropiedia, the infusate travels long distances
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due to the higher permeability along white mattacts, resulting in more infusate loss and
consequently, less quantity available for diffusioio the target.

Cortex Caudate (Gm) Corpus callosum (Wm)
Thalamus
(Gm)
White matter
=Wm
Internal
Capsule
(Wm)
Gray matter
Putamen =Gm
(Gm)

Corpus callosum
(Wm)

Thalamus
Caudate/putamen

e (Gm)

Internal
Bregma - 0.80 mm capsule (Wm) Bregma - 2.30 mm

Figure 4 : Coronal brain section identifying the location of gray (Gm) and white matter (Wm) in humans
(A) and in rats (B).
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Although while white matter targets were requiredachieve high Vd levels, it was not
recommended to place the catheter in an anisotstpicture if the target was not located at
the cannula place. Finally, although it was quadifias a gray-matter structure, putamen
injections were worst because the studied targetived only 10% of the initial drug. This
can be explained by the larger distance betweemwbestructures and the presence of white

fibers between them.

2.2.3. Rate of infusion - Catheter size

The pressure gradient, which generates the comeentovement, is equal to the difference
between the skull pressure and the injection presdihe flow of injection is thus a critical

parameter to create convection, and it is known th# related to the resistance of the
considered tissues (gray and white matter). Findmgptimal infusion rate for CED has been
elusive because it is often limited by the develeptrof backflow along the cannula track. In
most cases, the optimal infusion rate is that whattbhws the delivery of the therapeutic
volume over the least amount of time without angoagted reflux. This optimum is also
dependent on the cannula size used. In generalhigher the infusion rate and catheter
diameter used, the greater the reflux induced.

To obtain effective convection in rodent modelg, itjection flow must be in the range of 0.5
to 5ul/min [14, 40]. Indeed, weaker flows limit tegtent of the distribution volume, whereas
too high a flow facilitates backflow. In additiothe use of superior flow levels is not
recommended as the generated hydrostatic pressame damage the tissues [46].
Consequently, the use of a 0.5ul/min rate of infass often described to carry out effective
CED in rodents [19, 27, 43, 47]. Krodit al. underlines that the infusion rate has to be
adjusted according to the model used [48]. Wheny #ditempted to establish a rat infusion
rate of 4uL/min as reported by Bobbal.in their study in cats [14], leakage up and ouhef
catheter occurred. Whereas injections took placghite matter for cats, the organisation of

the fibers in rat gray matter was characterizethbyeased resistance, inducing backflow.

In addition, the larger the catheter diameter, gheater the tissue resistivity and reflux
induction. Cheret al. showed that leakback associated with the smaitkestula (32 gauge)

was significantly smaller than that associated whig two larger cannulae: 28 and 22 gauge
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[49]. An increase in cannula diameter facilitatee formation of a low-resistance pathway
that follows the surface contours of the cannulauiBanet al. demonstrated that, at a fixed
flow rate, the backflow distance varies as the fitftins time of the outer diameter (OD) of
the catheter [50].

Moreover, volumetric inflow rates associated witttheter diameter must be carefully chosen
to avoid loss or bad distribution associated welckilows that reach the outer boundaries of
the target structure. In some studies using lowsiioin rates, the infusate is almost entirely
contained in the target (striatum) whereas at ratiesimes higher, there is significantly more
infusate outside the target [39, 49]. For examplth a 32-gauge catheter, confinement of the
infusate in the rat caudate (radius of 0.22 cmyireg a flow rate not greater than 0.5ul/min.
In fact, at this infusion rate, the backflow distans equivalent to 0.2cm whereas it is near
0.8cm for an infusion rate of 5ul/min. Moreovery fa 22-gauge catheter, the backflow
distance increases from 0.5 to 2cm for flow ratgsivalent to 0.5ul/min and 5ul/min,

respectively [39]. The significance of these obagons is that the selection of a too high a
flow rate into a gray matter target will lead tanihnished delivery and internal leakage to

nearby white matter regions and perhaps to extézakhge as well.

Others studies performed in human brains showetftinaa fixed infusate flow rate, the
smaller the catheter used, the greater the voludrdeswibution, due to higher velocities at the
tip [31]. Recent clinical trials using high infusidlow rates (3.8L/min) and large catheters
(1.4 and 2.5 mm OD) described MRI signal changethencatheter track after infusion in
patients due to reflux [51]. We can say, howevkat tas the volume of brain structure is
larger in humans, there is a much higher flexipiibncerning the infusion rates employed.
Recently, experimentators have increased the mfusate to SuL/min without any reflux

thanks to the use of an innovative cannula degigh [

2.2.4. Catheter design

The use of a reflux-free cannula in order to enbahe infusion rate of therapeutic agents by
CED has been described, thus reducing the duratfotreatment and, by the way, the
exposure of patients to high risk of infection mleseffects [46]. The design used in this study
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consisted of a 27-gauge cannula needle with gloddsed silica tubing attached to the CED
infusion system. This catheter allowed the deliveirynfusate (0.4%Trypan blue solution) at
a flow rate of 50ul/min without any reflux in agaeogel, and rodent and non-human primate
brains. But, if there was no leakage, high levélsmduced tissue damage appeared in animal

models when infusion rates were above 10ul/min.

Multiple-hole catheters are cannulae with 5-6 halka few millimeters (outer diameter) on
each side, separated at short distances. Studies dtewn that the use of this type of
catheters leads to high volumes of distribution tlu¢he distributed arrangement of outlet
ports [31]. On the contrary, by studying the impafct/d and pressure profiles with different
kinds of neurocatheters, Bauman al. showed a lack of flow predictability when using
multiport catheters [50]. They concluded that timepdest solution was to use catheters with a
single end port because thin-walled infusion ca&fsetmimic a point source and produce
repeatable and spherical symmetric volume of thistion of the infusate within the brain
material. Larger catheters or those with air trapipside produce irregularly-shaped volumes
of distribution and can exhibit complex pressurefigs during use. In addition, Kunwat

al. underlines the importance of priming the cannuédole insertion into brain. This
manipulation prevents air bubbles occurring at #ml of the catheter tip which can
significantly affect distribution and increase firebability of backflow [52].

Sealing the burr hole with bone wax during CED Isaf interests. Firstly, it can prevent
efflux of the drug used for glioma chemotherapyr frgtance, due to an efflux of paclitaxel
out of the cranium, some patients developed sidiectsf like severe skin necrosis [53].
Moreover, the effect of sealing the burr hole magréase the volume of distribution (Vd)
because sealing might increase the pressure ogptignoutflowing fluid which equals the
atmospheric pressure when the burr hole is unseliedlly, the bone wax can be used to fix
the catheters avoiding movement that can createe nadsruption in the tissue and

consequently, exacerbate leakage.

2.2.5. Brain ECM dilatation

The brain’s extra cellular matrix (ECM) is the caitdhrough which drugs and drug delivery
nanovectors must diffuse after crossing the BBRftar direct brain administration by CED.

If the surface of this brain ECM can be enhancée, volume of distribution may be
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increased. Neevest al. speculated that, like osmotic and hydraulic ddati enzymatic
degradation of the brain ECM could enhance theidigion of nanometric objects [54]. To
investigate the hydraulic dilation hypothesis, ti@gcted PBS prior to nanopatrticle infusion
(30 min before) and they showed that the distrdsutiolume was more than twice as large as
the distribution volume of the control group trehtey NP in PBS. However, it was difficult
to compare these two results as the total infusdahve was twice as high for the rats which
underwent hydraulic dilation. Furthermore, degramhatof hyaluronic acid by the co-
administration of hyaluronidase at 20,000U/ml-3Gntoefore the injection of NP resulted in
a 58% increase in the distribution volume of namtiglas. These results had to be taken with
care as the consequences of a hyaluronan depbatonot clearly known and especially in a
contact with brain tumor. These results showed Itoéih enzymatic treatment and dilatation

of the extracellular space could significantly emt&the transport of nano-objects.

2.2.6. Heart rate enhancement

In order to increase the distribution volume, ibgld be possible to enhance brain fluid
circulation by enhancing the level of this circidat Hadaczeket al. hypothesized that
infusate distribution is caused by brain fluid alation which is itself generated by arterial
pulsations [55]. They evaluated the Vd of 7.2nm ibevserum albumin (BSA), 65nm-
fluorescent liposomes and 25nm-adeno-associated 2ir(AAV2) in rat striata. Rats were
randomized in three groups: group H with high blgodssures and heart rates induced by
epinephrine, group L with low blood pressure andrheate induced by blood withdrawal,
and group N with no heart action. They found fitegt whatever the nature of the infusate,
the Vd was significantly higher for group H comphte group L and group N. Within this
group, the distribution of liposomes - which werer larger than AAV2 particles - was
comparable to that of BSA which means that theudiin was not size-dependent. The
affinity of AAV2 particles for their cellular recéqr heparin sulphate proteoglycan was very
high and can explain their lower diffusion levetsthese receptors are found in all neurons.
This conclusion was correlated to the study of Mgugt al. who used heparin-like co-
infusate to saturate receptors and in this wagniwance the distribution of AAV2 patrticles
[27].
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2.2.7. Volume and nature of the infusate

Vd determination in CED is a complex process whittiudes the intervention of many
parameters. However, when infusions are performeéal riegions of interest with adequate
materials, the Vd is characterized by a directdinelationship with Vi which represents the
volume infused. This information has been checkedifferent species such as cats [14], rats
[56], pigs [41], dogs [57], non-human primates [48], and humans [59, 60]. The
relationship between Vi and Vd is linear, but tlaia Vd/Vi is dependent on structural
properties of the tissue on the one hand, and cteaistics of the infusate on the other hand.
Heavy molecules like trophic factors or proteinfusie more slowly than small molecules
such as sucrose. For example, the volume of digioib (VVd) increased linearly with the
infusion volume (Vi) in the proportions of 6:1 (Xdj for **indium-labelled transferrin
(**n-Tf; Mw= 80,000) and in the proportion of 13:1rf3“C] sucrose (Mw=359) [14]. The
same conclusions were made by comparing the infasid Evans blue (Mw=960) with blue
dextran (Mw=2,000 000) [61].

In a word, the diffusivity of a defined infusatedspendent on technical parameters inherent
to cannula type/position, brain structure, and safe rate/volume; the different examples are
summarized in Table 1. Diffusivity is also depernden the nature of the materials infused,
the physicochemical properties of each infusatehawe considered in order to optimize the

diffusivity, especially when infusates are colldidgstems.
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Parameters Description Vd Backflow Ref

White matter High conductivity +++ [14, 42, 43]
Brain geography Gray matter Low conductivity S [48]

Tumor tissue Modified conductivity + [15, 44, 90]

Location Bad insertion + +++ [17, 45]
Catheter Distance to target Large distance + +++ [31]
placement

Distance to target Short distance +++ + [31]

Large < 28 gauge + +++ [48, 49]
Catheter size

Small = 32 gauge +++ + [48]

High 2 - 5ul/min (rodents) + +++ [39, 51]
Infusion rate .

Low < 0.5pl/min (rodents) ++ + [19, 27, 47]

Reflux-free Glued-in fused silica tubing  +++ + [46]

Multiple hole Irregularly shaped Vd + [31, 50]
Catheter design Single end port Spherical distribution +++ [50]

Bone wax fixed Increased pressure +++ + [53]

Primed cannula To prevent air bubbles +++ [52]
Infusion Volume Increased Vi Linear relationship Vd/ Vi +++ [14, 61]

Table 1: Technical parameters relevant to effective convection-enhanced delivery (CED) and their
impact on distribution volume (Vd) and occurrence of backflow. Vd and backflow are qualified as high
(+++), moderate (++) or low (+). Vd: distribution volume, Vi: infusate volume

3. The CED of nanocarriers

Nanocarriers are constructed systems that are meghsunanometer size (hm) and that can
carry multiple drugs [62], radionuclides [63] andimaging agents [64, 65]. Nanomaterials

for drug delivery include various architectural ides in terms of size, shape and materials.
The characteristics of each nanocarrier differtincture composition, drug-loading capacity,

ability to encapsulate hydrophobic or hydrophiliolectules, carrier stability and targeting

possibility. The nanocarrier family includes maimglymeric or lipid-based carriers such as
liposomes, nanoparticles (including nanospheresnandcapsules), micelles, and dendrimers
(Figure 5).
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Figure 5: Schematic structure of nanoparticules including nanospheres (A) and nanocapsules (B),
dendrimers (C), liposomes (D) and micelles (E) for drug delivery.

With drug delivery, the pharmacokinetic properteéghe drug will no longer depend on the
properties of the active molecule but on the plodiemical properties of the carrier. Thus,
nanoencapsulation offers many advantages such esptbtection of sensitive active
molecules againgh vivo degradation, the reduction of toxic side effectsch can occur
when drugs are administered in solution, bettergdpharmacokinetic behavior, and an
increase in patient comfort. Thanks to the posgbof grafting specific ligands to their
surface, nanocarriers can recognize specific tar{@]. Nanoparticles can also bypass
multidrug resistance (MDR) mechanisms by inhibitef§ux pumps such as P-glycoprotein
(P-gp), and optimizing the bioavailability of argticcer agents [67-69].

After CED injection, nanocarriers have to diffubernselves in extra cellular brain conduits.
Consequently, the size of these nanocarriers appedne a critical parameter for the delivery
of drugs into the brain. Nanocarriers that haveaay been injected by CED are liposomes
[44], nanoparticles [29, 47], dendrimers [30] ammlymeric micelles [70]. Liposomes are

artificial phospholipid vesicles varying in sizemn 50 to 1,000nm and even more, which can

be loaded witlsmalltherapeutic agents including drugs and genes, and heen considered
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as promising drug carriers since over three decaHgdrophilic drugs can be readily
entrapped within the aqueous interior of the vesicand neutral and hydrophobic molecules
can be carried within the hydrophobic bilayerst vesicles. Liposomes can provide stable
encapsulation and the delivery of a number of gaaeticancer drugs [71, 72]. Nanoparticles
are defined as solid colloidal particles rangingsipe from 10 to 1,000nm. They consist of
macromolecular materials or lipids in which thehaetprinciple (drug or biologically-active
material) is dissolved, entrapped, encapsulatedoand which the active principle is
adsorbed or attached [73, 74]. They are constitintegeneral from biodegradable and non-
biodegradable polymers, or from lipids. They carclassified into two groups according to
their inner structure, namely nanospheres and mgusobes [75, 76]. Dendrimers are
spherical, highly-branched polymers with a hierazahthree-dimensional structure [77].
They look treelike in their molecular architectusence they are built from repetitive
monomers with branching point units that are rdylie@dnnected around a template core [78].
Polymeric micelles are supramolecular assemblieangbhiphilic block copolymers with a
core-shell structure which maintains physical props characteristic of conventional
micelles, but with enhanced thermodynamic stabifit9]. All these nanocarriers, when
administered by CED, have a double applicatiorstlfir they can be used as a tracer to
monitor the infusion; secondly, they can be loadét antineoplasic agents for an anticancer

therapy approach.

3.1.Nanocarrier labelling

Nanocarriers can be labelled by incorporating akerarin the liposomal/nanoparticle
membrane and/or can be loaded by encapsulatingnafrker within their interior part (Figure
6). Such applications involve the use of histoladif80] or fluorescent markers [81, 82],
radiotracers [83-86], and MRI contrast agents 881,
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Figure 6: Schematic representation of a blank liposome (A), a loaded liposome (B) and a labelled
liposome (C). Loading implies an encapsulation of the marker in the aqueous part of the liposome,
whereas labelling means grafting or inclosing the marker in the shell structure.

A B.

3.1.1. Histological marker

For a histological analysis of liposome diffusidipposomes can be loaded via gold particles
which are histological markers that can be visealiin tissue sections [89]. Mamet al.
described a distribution study using liposomes doldith colloidal gold in the core and also
labelled with a hydrophobic fluorescent indicatoril-DS (1.1'-dioctadecyl-3,3,3’,3'-
tetramethylindocarbocyanine-5,5’-disulfonic acitMelecular Probes) which is a fluorescent,
stable lipid that can be incorporated into liposbm@embranes [90]. Results showed
comparable distribution patterns for the two maskeexcluding the possibility of a
distribution linked to fluorescent or colometric rker released from the liposomes. With the
same idea, Prussian blue staining was performedetoonstrate the micro-distribution of
maghemite nanoparticles @&&-MNP) infused by CED in rat striatum. With this rkar, it
was possible to visualize the nanoparticle eith&nacellularly or adjacent to the cell surface
[29].

3.1.2. Fluorescent labelling

In rodents, studies showed excellent distributiérdipmsomes containing fluorescent dyes
after CED into normal striatum, as well as into iamed brain tumor xenografts. Liposomes
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can be labelled and loaded with two kinds of flsoent marker in order to track diffusion io
of the vector in rodent brains [90, 91]. Liposomese labelled with Dil-DS and loaded with

water-soluble rhodamine B disulfonate in the agsepart [92]. The distribution of these

liposomes injected into the CNS was evaluated wattmparable results with the two types of
marker. This validated the fact that these two marlcharacterized the distribution of the
liposome itself since the distribution volumes oéef Dil-DS and free rhodamine occur in
very different proportions. In fact, the distribani of free Dil-DS was largely reduced,

equivalent to 23% of the liposomal Dil-DS becau$ea dendency towards aggregation and
membrane interactions. On the contrary, the impactf free rhodamine was much greater
(+220%) than rhodamine encapsulated in liposomausecof an easier diffusion of this small
water-soluble compound. These findings confirm itn@ortance of considering the tissue

affinity of the infusate when delivering therapewagents locally into the brain.

3.1.3. Radiomarkers

Liposomes can be formulated using radiolabelledddipsuch as iodinated benzamidine
phospholipids #1-BPE) [93] and cholesteryl hexadecyl eth&i-Chol). *H-Chol liposome

infused by CED with an increased flow rate from @ D.8uL/min, remained in the brain for
at least 2 days without the loss of a signal wret@aBPE liposomes rapidly lost their signal
in the brain with a 10h half-life. This double raldbelling indicates that liposome

components remained in the brain but underwentadizgion [84].

Our research team focuses on the use of lipid regpsates (LNC) which are formulated
without the use of organic solvents and are cheraetd by a core shell structure which is a
hybrid between polymer nanopatrticles and liposofiés These nanocarriers can be loaded
in their hydrophobic core with a lipophilic complgR(S;CPh)(S;CPh) = (R-SSS)] which
can be prepared with either technetiuffi"Tc) or rhenium {¥*Re), providing good stability
for labelling [83]. Moreover:®®Re-SSS LNC were obtained with a very high labellied
and allowed the determination of the brain residetimme of Rhenium-188 (Brainyg) after
CED administration [47]. LNC can also be labelledtheir shells after the post-insertion of
amphiphilic constructs like'*in-labelling DSPE-PEG-DTPA orf**1-DSPE-PEG-Bolton
Hunter [95].

33



Revue bibliographique

3.1.4. MRI markers

To perform magnetic resonance imaging (MRI), nam@a can be loaded with contrast
agents. These molecules are able to modify theitlotigal (T1) and transverse (T2)
relaxation times. The ability of a contrast agemtshorten T1 and T2 is defined as the
relaxivity, rn or r, respectively. In general, there are two classelRfcontrast agents. On
the one hand, there are agents that have a Joowratio and therefore generate positive
contrast in T1-weighted images. These positive reshtagents usually are paramagnetic
complexes of GHor Mn** ions [96, 97]. On the other hand, there are sigarpagnetic
contrast agents with a higirg ratio, which cause dark spots in T2- and T2*-we&ghmages
and are therefore referred to negative contrasttag&hese contrast agents are usually based
on iron oxide particles [98, 99]. The two kindsMR contrast agents were encapsulated in
nanocarriers for CED injection. As liposomes canldaded with hydrophilic molecules, it
was possible to formulate liposomes containing pagnetic agent such as Gadoteridol, a
chelated gadolinium (Gd). Saitt al. established a method for using MRI to monitor the
CED of liposomes in the brain in real time [100h€} concluded that, although histological
methods are much more sensitive, MRI monitoringvjgl® distribution patterns with precise
information and in real time. With this techniqtieey were able to see the difference between
the invasive properties of two tumor models in rstgh as the C6 and the 9L-2 glioma
models. In a word, MRI appears to be a real-timagmg technique to track the brain

delivery of liposomes [101].

Perlsteinet al. evaluated the distribution of maghemite nanopagic(FeOs-MNP) of
approximately 80nm average diameter, prepared byraéed nucleation and growth of thin
maghemite films onto appropriate nuclei [102]. Thesiperparamagnetic particles were
injected by CED in normal rat brain with differenscosities and evaluated regardless of their
diffusion properties [29]. The results showed ayvgood correlation between MRI and
fluorescent acquisitions after loading the@®eMNP with rhodamine, establishing the use of
MRI for reliable maghemite nanoparticle imaging. vleheless, superparamagnetic iron
particles are characterized by a very high seiisitte MR imaging [103]. Thus, iron signals
sometimes give excessive results, especially wioempared to histological findings. After
the CED administration of iron particles in rat ibfathe Vd measured by MRI was

overestimated by a factor of 0.38 compared to lugtocal methods [48].
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3.2.Nanocarrier physicochemical properties

In this chapter, we will focus on the parametefkigncing a nanocarrier’s aptitude to diffuse
to be diffused in brain parenchyma, depending air thize, charge, composition, surface

properties, and physicochemical characteristickth&lse data are resumed in Table 2.

Parameters Optimal conditions Explanation Ref
q 20-50nm . . .
Size (< 100nm) To diffuse in brain ECM [84, 104, 105]

Neutral or negative charge

Clibie Ex: PEG chains

To reduce non-specific binding  [84, 91, 108]

Steric coating
Ex: PEG, dextran, albumin

Slightly hyperosmolar

Surface coating To reduce binding to brain cells  [29, 84, 105]

Osmolarity ; 4 To increase ECM channel size  [54, 90]
Ex: mannitol, sucrose
. . Slightly viscous
Viscosity S [FEE. susimes To reduce backflow [29, 112]
Concentration I GOTEERLEL To block the binding sites [48, 84]

Ex: excess of nanocarriers
Use of co-infusates

Ex: heparin, bFGF, mannitol
Nanoencapsulation

Ex : LNC, liposomes

Tissue affinity To reduce specific binding sites  [27, 114, 115, 119]

Pharmacokinetic To enhance drug brain Ty, [29, 47, 91]

Table 2 : Physicochemical properties of nanosized structures and their influence on brain diffusivity.
ECM: extra cellular matrix, PEG: polyethylene glycol, bFGF: basic fibroblast growth factor; LNC: lipid
nanocapsules

3.2.1. Size

Many studies have focused on the optimum in sizenfnocarriers used in CED. The
conclusions are quite unanimous since the distabutolume of nanocarriers in rat striatum
is inversely proportional to the size of the paeticMackay et al. worked on the
physicochemical properties of liposomes in ordeoitimize post-CED diffusion [84]. They
concluded that ideal liposomes for CED should tss [lhan 100nm in diameter, because
above this size, liposomes are retained near tieeo$iinjection and are characterized by
restricted mobility. Studies on brain extracellulapace (ECS) gave more precise
informations: the ECS has been estimated at bet®8eand 64nm in diameter in normal rat
brain [104] which means that many vectors beyonghi®will be too large to transit normal

neocortical extra-cellular space. The size of s@ulgstyrene nanospheres administered by
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CED were also evaluated in rats in order to mirhie behavior of viral vectors [105]. The
conclusions were that the Vd of these nanocariierat striatum were about 9nirfor 20nm
nanospheres and about lfhrfor 100 and 200nm particles. Nevertheless, whea th
nanospheres were covered by albumin, the effecsizd was reduced. Indeed, albumin
coating can mask the hydrophobic structures optiigstyrene nanospheres, reducing the risk

of the eventual aggregation and binding to protairtee extracellular space.

3.2.2. Surface properties

Surface properties have a considerable impact@diffusivity of colloidal vectors especially
because of the presence of a steric coating. Polgete glycol (PEG) and dextran coating
significantly increase the distribution of lipososn@nd nanoparticles delivered by CED [29,
84]. Biocompatible polymers such as dextran and RiE&known to extend the systemic
circulation of such nanocarriers because they fogmtly reduce interactions with proteins
[106, 107]. Following CED infusions, these sameigeats may reduce the binding of
nanocarriers to brain cells, allowing a greatefudibn compared to those without any
coating. Surface charge has also been studied wongehe diffusivity of liposomes in the
rat brain. Mackayet al. observed that when liposomes were charged withestaaimounts of
positive charge (10% per Mole lipid), the distriloat of such liposomes was significantly
decreased compared to neutral nanocarriers (p €8)(84]. Cationic liposomes were found
adjacent to the needle tract because of non-spdwiiding to negatively-charged structures
in the brain parenchyma [108]. The diffusivity @tionic liposomes is a challenge as they are
used as vectors for gene delivery [109]. HoweMss, gegylation of these carriers enhanced
the distribution volume reducing tissue affinity gamonstrated above [91]. On the contrary,
negative charges have no effect on the diffusieftguch liposomes. Based on these findings,

a neutral or negative surface charge is requiredbtain a good diffusion [84].

3.2.3. Osmolarity

The use of mannitol has been described to incrédaseconvective effects of liposomes,
especially a few hours after infusion. The CED 6hrh-liposomes co-infused with 25%
mannitol produced an enhancement of the distributtom 52.5 + 2.1 to 78.5 £5.5 units

immediately after CED and was even more pronourafest 48h (34.8 £ 7.5 compared to
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13.5 + 3.2 units) [90]. This phenomenon was ex@gdiby the hyperosmotic power of
mannitol which may increase the size of channelshef interstitial space through which
liposomes could transit. Similarly, Neevex al. co-infused BSA-coated polystyrene
nanoparticles with 25% mannitol (Osmolarity = 1568 mOsmol/kg) in normal rat brain
and showed that the distribution was enhanced byta0% [54].

On the contrary, Cheat al. studied the influence of BSA solution osmolaritydarevealed
that there were no dramatic effects on the Vd whernBSA osmolarities varied between 145
and 450mOsmol/kg [105]. They, then, injected nahesps coated with BSA and studied the
Vd in rat striatum. They concluded that the disttibn of nanospheres coated with BSA was
not affected by osmolarity. But, they considereat the transport of such a small molecule as
BSA (7.2nm) was comparable to nanocarriers of aBoub 200nm in size. The diffusivity of
nanoparticles in porous media was reduced when awmedpto that of small molecules in
solution because of a combination of hydrodynamit steric factors [110, 111].

3.2.4. Viscosity

By increasing the viscosity of the infusate, Mar@bral. demonstrated that CED efficacy
could be enhanced [112]. In fact, a linear corretatvas found between Vd and viscosity. It
is easy to increase the viscosity of a nanocafoienulation by dissolving sugar or polymers
in the aqueous external phase of such a susperi&oisteinet al. increased the viscosity of
their nanoparticle suspension by incorporating RB®%) or sucrose and the results were
characterized by an improved distribution capab[9]. High viscosity of the infusate may
also reduce backflow, thus increasing the possibidf efficient convection. Moreover, the
efficient formation and extent of convection obtained by gshigh-viscosityinfusates
enables the coverage of larger volumes of disiohuh less time, thus reducing the time of
infusion and consequently the appearance of relaidd effects [113]. After the CED
injection of two formulations of carboplatin (4mdjnand carboplatin + sucrose (4mg/ml +
12%), Mardoret al. showed that not only the Vd was enhanced but #isocytotoxic
treatment effects measured by MRI (performed on Dagnd 4) [112]. This significant
correlation suggests that, by increasihg infusate viscosity, it is possible to signifitds

increase thefficiency of CED, and consequently improve théceffy of treatment.
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3.2.5. Concentration

Chenet al. showed that the concentration of the infusaterfdnpact on the calculated Vd,
nor on the global distribution of the infusate iraibs [49]. Indeed, when thEC-BSA
concentration increased from 25 to 50 and 100%c¢dtieesponding Vd were about 20.6+1.8,
21.5+2.6 and 19.6+2.7 minwhich means that the differences in concentratiichnot alter
the distribution pattern. They explained that tHenmistration of a pharmacological agent by
convection is based on the transport of a matémalugh the interstitial space which is not
dependent on concentration gradients as in diffusiethods. But the reality is more complex
and seems to be linked to the nature of the mé&tenéused. When infusion is carried out
with monocrystalline iron oxide nanocompounds (ME)NKTroll et al. concluded that
concentration was a principal parameter [48]. Eatahg which parameters between dosage,
volume and infusion time, may have the greatesuenice on increasing the Vd, they
evidenced a major impact of the dose effect. Byraasing the iron dose contained in
monocrystalline iron oxide nanocompounds (MIONs)ir5.3 to 26.5ug, the MRI calculated
Vd increased by 4.9- and 2.5-fold for infusion saté 0.2 and 1.2ul/min, respectively. The
overall effect of dosage, at these two differetggawas significant (P<0.001). It is especially
interesting to note that the Vd associated withegitdose was greatest with the lowest flow
rate tested because of the occurrence of backflow the higher rate. Even if
superparamagnetic iron particles are known to e@enate the signal, histological sections
confirmed the same Vd ratio for the different fotations tested. With the same idea in mind,
Mackay et al. demonstrated that when the liposome concentratvas increased, the
distribution volumes also increased. They postdldkat the liposome-engulfing cells could
be responsible for reducing the penetration ofdipoes into the brain. This process would
require particle adsorption, and the excess ofsbpwes was used to block the binding sites

reducing the adsorption of the nanocatrriers lefhglthe conduction pathway [84].

3.2.6. Brain affinity

The use of co-infusates (e.g. heparin, basic filibgrowth factor or mannitol) has been

widely described as reducing the affinity of inftesato the brain environment. Hamilteh

al. demonstrated the influence of receptor bindinghendistribution of trophic factors in the

CNS [114]. They showed that heparin co-infusiom#igantly enhanced the Vd of GDNF

and GDNF-homologous trophic factors, probably bydimg and blocking heparin-binding
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sites in the extracellular matrix. The same obderma were made to enhance the distribution
of viral particles such as adeno-associated viype B (AAV-2) particles [27]. Working on
the same vectors, Hadaczetkal. indicates that the simultaneous injection of bébioblast
growth factor (bFGF) with AAV-2-thymidine kinase @/-2-TK) can greatly enhance the
volume of transduced tissue, probably by way obmpetitive block of AAV-2-binding sites
within the striatum [115]. Similarly, heparan stéfaproteoglycans (HSPG) have been
identified as primary viral receptors [116] and kn@wn to be abundantly present on neurons
[117, 118]. The use of mannitol was described askihg the adeno-associated virus type 2
(rAAV) binding to HSPG thus facilitating the spreadl the virus [119]. For a nanosized
structure, a compromise had to be made between weatactions with brain ECM and
cellular interactions with tumor cells. Indeed, e one hand, interaction with brain ECM
has to be controlled for optimal distribution, loumt the other hand, the carrier loaded with its
anticancer agent has to play its ‘toxic’ rule tadicate the tumor. Most of the time, anticancer

agents have to penetrate the cells to be actitleearstargets are sub-cellular entities.

3.2.7. Pharmacokinetic behavior

Modification of drug pharmacokinetic behavior iseoof the many advantages linked to to
nanoencapsulation strategy [120]. For example,0S&tital. compared the distribution of
doxorubicin hydrochloride, which is a small, hydndig molecule, infused by CED, with a
pegylated liposomal formulation of doxorubicin (D6} [91]. The results showed that the
drug alone had poor tissue distribution and did cmter the entire tumor mass, whereas
liposomal formulations did. Due to the affinity fsee doxorubicin for cellular components,
the accumulation of free doxorubicin was foundéfiudar nuclei whereas most of the D&il
was found in the intercellular spaces.

However, elimination routes for the nanocarriertused by CED may vary substantially
between formulations and need to be understooch Banocarrier infused by CED can be
characterized by a brain half-life which is definasl the time when half the quantity has
disappeared from the brain. For example, Maoktagl. described a brain half-life of about
9.9h for neutral pegylated liposomes and 15 minpfusitively-charged liposomes [84]. We
have previously shown that the elimination of lipinocapsules (LNC) loaded with a
hydrophobic complex of rhenium-188%Re-SSS) was significantly lower when compared to

a hydrophilic solution of rhenium-188 perrhenat&][4The CED infusion of Rhenium-188
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perrhenate solution revealed that more than 80%eklasnated in 12h and about 94% after
72h post CED®Re perrhenate brain half-life (braind was equivalent to 7h, and the
solution was mainly excreted by the kidneys as %901 the total excreted radioactivity was
recovered in urine. On the contrary, only 10% ofniam-188 encapsulated in LNC was
detected in urine and feces 72h post-CED infust8iRe-SSS LNC were found to be a
sustained residency system which constitutes arnaajeantage (1% elimination after 12h).
The lipophilic nature of LNC and their intracellulglioma location [121] leads to a long
radionuclide brain retention time allowing improveimor irradiation. Maghemite
nanoparticles (R©3:-MNP) were also characterized by a high time rasigle(tz brain =
10d), with about 10 to 20% remaining at Day 40 andtoxicity being observed up to 120
days after CED [29]. This long time residency wés aorrelated with an intracellular co-
localization or surface adsorption of theBgMNP as detected after Prussian blue staining.
If the infusion time surpasses the nanoparticlé&lifal it is impossible to deliver the particle
for large volumes without blocking the source afnghation. On the contrary, if it is possible
to increase the braimalf-life, particles can be infused for longer pels and achieve greater

volumes of distribution.

4. Survival studies and clinical trials

In the context of CED, nanocarriers can be usegeators to track infusion and/or as vectors
to treat solid tumors. As the results are differbatween species because of difference in
brain structure, we separated the results obtdnoaa rodent brains and larger brain models
including studies on non-human primate brains asgdTo conclude, a few comments have
been made for clinical trials involving the use ranocarriers. The main preclinical and

clinical studies involving the use of nanocarrigrfsised by CED are summarized in Table 3

(page 61).

4.1.Rodent models

Pegylated liposomal doxorubicin (Do%ilAlza Pharmaceuticals, Inc., Mountain View, CA;
CaelyX®, Schering-Plough, Inc., Kenilworth, NJ) and lipos daunorubicin (Daunoxorfie
Gilead, Inc., Foster City, CA) are approved asdiguoal formulations for clinical use [122-
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124]. Saitoet al. proved the concept feasibility of a co-infusion @dxil® and liposomes
loaded with gadolinium to provide direct evidenddhe drug Vd in tissue during CED [44].
The conclusions were that CED effectively distréguDoxil® liposomes in the tumor and the
surrounding normal brain tissue that contained siweatumor cells. The CED of DoXilinto
rodent brain tumors demonstrated that doxorubgiprésent in the tissue several weeks after

a single administration [125].

In terms of pure cancer therapy, a novel nanolip@ddormulation has been developed and
loaded with a campthotecin derivative, IrinotecailC®T-11, in order to use it in rodent brain
tumor models [126]. Following CED in rat brainse ttissue retention of nanoliposomal CPT-
11 (nLs-CPT-11) was greatly prolonged as compardtee drugs, with >20% of the injected
dose remaining at 12 days for all doses. Brainuéisgesidence was dose-dependent and
increased as the dose increased. At equivalentsddsain t, was 22-fold higher for
nanoliposomal CPT-11 than for free CPT-11, witheigns of toxicity, increasing the
tolerance of the molecule, more than 4-fold. Thealiae survival time of rats bearing 9L-2
glioma was largely increased for the group tredtgthe highest dose tested (1.6mg/rat) with
62.5% of the rats treated being long-term survierslO0 days) [28]. Although no great
difference was seen in low-dose free CPT-11 vemsugiose nLs-CPT-11, the fact that high-
dose nLs-CPT-11 could be used in the absence afirlgnbrain toxicity confirmed the
possibility of the direct clinical application ohis technology for the treatment of brain

tumors.

The same kinds of results were observed with npostimal Topotecan (nLs-TPT).
Topotecan is a water-soluble campthotecin derieatmat inhibits the topoisomerase | leading
to DNA damage in tumors. The analysis of brainugssevealed a dramatic improvement in
brain retention of nLs-TPT as compared to free dlrag the brain half-lifes were about 1.5
and 0.1 days, respectively. The study showed thatGED of nLs-TPT resulted in the
perivascular accumulation and consequent disrugifaimmor vessels suggesting a possible
antiangiogenic mechanism of liposomes loaded withemotherapeutic cargo. The CED of
nLs-TPT inhibited growth or completely eradicatedthotopic U87MG or U251MG
xenografts, whereas free drugs exerted almostfeoteft an equivalent dose of 10ug [127].
These liposomal formulations can be mixed in otdeenhance the effects of antineoplasic

molecules, because these three drugs (topotecaoteran and doxorubicin) decrease
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different key enzymes involved im vitro tumor cell replication. Topotecan and irinotecan
are topoisomerase | inhibitors whereas doxorubisitkknown to inhibit topoisomerase I,
enzymes involved in regulating DNA topology. Peggthliposomal doxorubicin (Doxi)
and nLs-TPT were first mixed and tested/itro andin vivoon U87MG glioma cell lines and
on corresponding tumor xenografts [128]. The rassiiowed a synergistic effect between the
two topoisomerase | inhibitors and a significanpiovement in survival time compared to
the control groups and to the groups treated wath drugs separately. These results were all
the more significant as the liposome treatment {@ake 10 days after cell inoculation, which

means that the tumor was an advanced tumor witbllastablished vasculature.

Doxil® and nLs-CPT11 were also mixed and evaluteditro andin vivo with respect of
toxicity, tissue half-life, and efficacy in U87MGd U251MG xenografts to learn about the
synergy of action of these two molecules [129]haligh the dose of DoXilused was 400-
fold lower than that of nLs-CPT11, their brain kales were similar and equivalent to 16.7
and 10.9 days, respectively. The synergy betweemvtb agents was only observed in one of
the two cell lines tested (U251MG cells), im vitro cell cycle profile as well ag vivo
survival xenografts studies: this may be due to theéuced growth of U251MG cells
compared to UB7MG and higher sensitivity to the atakicin and irinotecan combination.
Even so, a better liposome distribution was obskmmeU87MG xenografts when compared
to U251MG tumors characterized by the presencargkl necrotic areas. This means that the
growth of the cell lines used for implanted xendigravas a principal factor fon vivo

survival results.

Dendrimers are synthetic polymers with a well-dedirglobular structure. They are composed
of a core molecule, repeated units that have threeore functionalities, and reactive surface
groups. A fifth generation (G5) polyamidoamine démer containing methotrexate (MTX),
a folate antimetabolite-like anticancer agent cdlyelinked to cetuximab, a monoclonal
antibody was prepared and administered by CED tenwéth F98 gliomas [30]. Cetuximab
(Erbitux® or IMC-C225) was able to bind the epidermal grofettor receptor (EGFR) and
its mutant isoform (EGFRuVIII), frequently overexpsed in malignant gliomas [130-132].
The amount of the so-called C225-G5-MTX dendrimiteraCED was more than 5-fold
higher in EGFR-positive gliomas compared to receptgative tumors, which means that

there was direct interaction between the vectorthadylioma cells. Unfortunately, there was
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no impact on the median survival time as no sigaiit difference between the control group,
the group treated by the C225-G5-MTX dendrimer, tnedgroup treated by MTX alone, was
observed. This could be due to a loss of activitid X after the linkage of this antifolate

molecule to the dendrimer structure, altering th&eraction with dihydrofolate reductase
which is essential for a biological activity. Mokew, no investigation was carried out

concerning the diffusion of this carrier C225-G5-Kld@endrimer in the rat brain.

Dendrimers have also been used for boron neutrptuiea therapy (BNCT) [133, 134].
Briefly, BNCT is a binary radiation therapy modglihat brings together two components
that, when kept separate, have only minor effeatcalls. The first component is a stable
boron isotopefB) that can be concentrated in tumor cells by grafit onto dendrimers. The
second is a beam of low-energy neutrons that ped® in an unstable form which
instantaneously producesparticles fHe) and recoiling lithium nuclei’lli). These high,
linear-energy, transfer particles restrict theistdective effects to cells containingB. A
heavily-boronated polyamidoamine dendrimer was ¢balhy linked to cetuximab, and was
designed at BD-C225. This dendrimer was adminidtbygeCED in rats with a F98 tumor that
expressed the epidermal growth factor receptor @GFhese rats were also treated with an
intravenous injection of boronophenylalanine (IVAPdrug that has been used clinically for
BNCT of brain tumors. The survival data of ratsatesl by CED with BD-C225 following
BNCT +/- IV-BPA [135] gave significant results coamed to the irradiated and untreated
controls [136]. Indeed, the corresponding meangrgage increase in life span was 170% for
the combination versus 107% for CED of BD-C225 aland 52% for i.v. BPA alone. These
results indicate that the CED of BD-C225 plus IVABRas significantly different from the
IV- BPA alone group (p = 0.0002), and that the et#ihce between the groups that received
BD-C225 alone or in combination with BPA was algmgicant (p = 0.017).

Thanks to the high level of retention of lipid naapsules (LNC) in rat brains, conclusive
dose-dependent results were obtained with interadlotherapy using'®®Re-SSS LNC

administered by CED [47]. LNC with an equivalensd®f 8Gy constituted the most efficient
group treatment in terms of survival because a mghease in the median survival time of
80% was noted compared to the control group andusectwo rats from this group (33%)

were long-term survivors. CED injection at this ags seemed to be well tolerated since no
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side effects were observed except for a very sligtight loss observed over a few days after
treatment.

Micellar doxorubicin (DOX) infused by CED resultedprolonged median survival (36 days)
compared to free DOX (19.6 days; P=0.0173) andsbpmal DOX (16.6 days; P=0.0007) at

the same dose (0.2 mg/mL) in a 9L glioma model.[70]

4.2.Studies in large brain models

Differences have to be made between the diffusibtiposomes in rodents compared to
primate brains since the brain anatomy of eachiepés quite different. For example, it has
been underlined in section 1 (8 2.2.1) that theprion of white matter is much higher in
primate brains suggesting an easier diffusion. eee to consider such nanocarriers in
future clinical trials in the human brain, the position to a larger brain model is necessary.
As in rodent models, the injection of liposomesdead with fluorescent markers or with
paramagnetic agents has been performed in the hgonmaate brain [100]. A linear
correlation between infusion volume (Vi) and distition volume (Vd) was established with a
2:1 ratio between the volume of liposome infused #re distribution volume observed in
brains, and this occurred whatever the amount dblgaum encapsulated [137]. The co—
infusion of liposomes, fluorescently loaded withodamine, and liposomes encapsulating
gadoteridol, showed a perfect superposition of theages obtained by histological
acquisitions and magnetic resonance techniques. diéservation highlights MRI as a real-
time imaging technique in the treatment of braimdus, and to monitor the distribution of the
encapsulated drug. No toxicity was observed duaimg after the infusion of such liposomes

except for some minor tissue damage due to thepcesof the cannula.

In larger models like primate models, it was padgsib target different structures of the brain.
In their first study on the primate brain, Sagtoal. aimed at targeting corona radiata, putamen
and brainstem with a maximum of 100ul-liposome sidn; they described robust and
clearly-defined distribution of liposomal Gd in éaiofusion site [100]. Then, they injected a
fixed and considerable volume of liposomes (700 ipip each of these three regions to
investigate the regional difference in brain stuoet The results of all three infusion sites
showed a linear correlation between Vi and Vd vaittmaximum distribution observed in the

brainstem (Vd/Vi = 2.3) and a minimum for the pueaam(Vd/Vi = 1)[138]. Lonseet al.
44



Revue bibliographique

described a Vd/ Vi ratio of up to 8.7 in primataimstems with an infusion of albumin-bound

Gd, showing that not only the brain region hadeéabnsidered, but also the physicochemical
properties of the infusate [43]. The limited siZgpdmate putamen seems to restrict Vi and
was characterized by a leakage of liposomes otfti®ftructure. This leakage was correlated
with the perivascular transport of liposomes thioug CNS arteries [139]. These findings
suggest that every therapeutic agent infused iatanpen should be closely monitored for
distribution, since the possibility of side effedtereases greatly with leakage out of the
infusion site. Nevertheless, a principal advantag€ED is that liposomal distribution stops

immediately once the CED pumps are turned off.

In order to mimic a real intervention for human ibreumor patients, three consecutive
infusions of liposomes with an increased volumeirdfisate was performed in the same
region in a primate brain. No change in distribntweas noted after repeated infusions and the
linear relationship between Vi and Vd was also rta@ired in the brainstem and in the corona
radiata. After histological examinations of thehtigand left hemispheres, no modifications
were noted in both parts of the brain, suggestivag multiple injections appear to be a safe
and conceivable treatment approach.

In order to work in conditions very closed to hunmames, and as only a few data can be
collected concerning the distribution in tumor migdéhe next step will be the administration
of such nanocarriers in large models bearing tunideogys are able to generate spontaneous
brain tumors with an incidence near to that obsemmehumans. Moreover, canine tumors are
on the scale of human tumor patients with bioldgidaistological and molecular
characteristics very similar to those reported umhns [140-143]. For the first time,
Dickinson et al. investigated the infusion of liposome by CED ircanine model but in
healthy brains [57]. They injected a mixture oblgomes loaded with Gd and with CPT-11 as
a potential treatment strategy. The CED resultesbiust VVd in both gray and white matter,
with minimal adverse effects. Leakage was only oles® in one of the 11 infusions
performed and was mainly due to poor catheter piace. No adverse clinical effects were
associated with leaving the infusion cannutasitu, and second infusions were successful in
all cases. In brief, this study confirmed the ressobserved in rodents and primate studies on
normal brains. The next step will be the admintgiraof nanocarriers in spontaneous canine

tumors first, and in human glioma very shortly.
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4 .3. Clinical trials

The clinical trials randomized patients who hadlethi conventional therapy (surgery,
radiotherapy and/or chemotherapy) [144]. The fingrapeutic agent infused via CED for
malignant glioma was diphtheria toxin conjugatedtremsferring Tf-CRM2107 [145]. This

active agent belongs to the targeted toxin famihyolv is mostly composed of recombinant
polypeptides designed with two segments that reptea new class of agents with a high
specificity for tumor cells [146-148]. Others chial trials using CED reported in literature are
trials infusing anticancer drugs like paclitaxel7]1 or radioimmunotherapy drugs like

Cotar&, a**!-labelled chimeric monoclonal antibody [21].

Among the clinical trials described in the liten&twsing CED, only a few studies described
the use of drug-loaded nanocarriers. The concegent therapy has been investigated to
fight against malignant glioma and has been theal)f encapsulation in hanocarriers such
as liposomes. Reet al. studied the antitumor efficacy of a geneticallydified replication-
disabled Semliki forest virus vector (SFV) carryitige human interleukin 12 (IL-12) gene,
encapsulated in cationic liposomes (LSFV-IL12) [[L49irus encapsulation has several
advantages such as reduced recognition of the biyube immune system, virus protection
from anin vivo inactivation process and a prolongedsitu residency time. Unfortunately,
this study gave no therapeutic results and sefibledroviding the description of the phase I/l

clinical protocol.

Others studies have investigated the encapsulafi@nretrovirally mediated HSV-tk gene
transfer, which sensitizes tumor cells for ganaitldGCV) in liposomal structures [150,
151]. In this concept, the use of synthetic nhanoea has been investigated to avoid the use
of viral vectors because of easier preparatiomc bf immunogenicity and higher stability
over time. In fact, Vogest al. presented the results of a prospective phaseliiical study
using CED of an HSV-ik gene-bearing cationic liposomal vector (LIPO- H$%) and
systemic GCV for the treatment of GBM [152]. Theuks showed that the treatment was
tolerated with minor side effects indicating théetaand feasibility of this technique. Within
the 8 patients treated, two of them had a 50% temtuof tumor volume, whereas for the
others, only a focal effect was noted. Neverthelgss main critical aspect of this study was
that the monitoring of the CED injection by MRI wpsrformed after the injection of Gd-
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DTPA (550 Da, no charge) and not with the liposoreasapsulating Gd (180 + 20 nm,
negative charge) given that the distribution volusi&nown to be strictly dependent on the

physicochemical properties of the nanocarrier.

5. Conclusion

Local delivery of agents to brain tumors by ConimttEnhanced Delivery offers the
advantage of better drug distribution comparedtbeiostrategies only governed by diffusion.
Because this technique was also characterized dwppearance of side effects caused by
backflow along the catheter and drug leakage in-desired regions, the encapsulation of
active molecules within the concept of CED has heeastigated to overcome this problem.
The encapsulation of such a drug, a toxin, or a&gsrunder investigation on experimental
models rather than in clinical trials, but seembeovery promising for the treatment of brain
malignancies. In the context of solid brain tumdhg nanocarriers have to be characterized
by a high, drug-loading level to eradicate the tuared to be labelled with a contrast agent in
order to realize real-time imaging. In terms of@structure, the ideal nanocarrier would be
about 20 to 50nm in size, with a global neutrahegative charge, and shielded by a steric
coating made of PEG or dextran (Figure 7A). Thalfinfused suspension would be viscous,
hyperosmolar, with the eventual presence of cosaifel to saturate the binding sites along the
nanocarrier route (Figure 7B). It should be infusgdhigh concentrations especially for
carriers that have to target the intracellular cartrpent. The elimination route has to be
controlled in order to prevent the rapid eliminatlwy blood capillaries in a brain extracellular
matrix (Figure 7C). In a word, the objective foingsCED for drug delivery nanomaterials is
twofold: Firstly, thanks to specific structural perties, the nanocarrier has to diffuse into the
brain parenchyma in order to obtain an optimal na@uof distribution to cover tumor mass
and infiltrating cells. Secondly, the nanocarries o be internalized by cancer cells in order

to exert its cytotoxicity, mediated by anticancgeats.
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Figure 7 : Representation of the “ideal’ nanocarrier infused by CED. The ideal nanocarrier has to be
characterized by a high drug loading level to eradicate the tumor and labelled with contrast agent in
order to realize real time imaging. It should be about 20 to 50 nm in size, with a global neutral or
negative charge, and shielded by a steric coating made of PEG or dextrans (A). The final suspension
infused should be viscous, hyperosmolar, with eventually the presence of co-infusate to saturate the
binding sites along the nanocarrier route (B). It should be infused at high concentration and especially
for carriers that have to target the intracellular compartment. The elimination route has to be controlled
in order to prevent a rapid elimination by blood capillaries in brain extracellular matrix (C).
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Designation

Liposome

Lip/Gd/Dil-DS
Doxil ®

Liposome

Nanoliposomal-CPT-11
(nLs-CPT-11)
Nanoliposomal-TPT
(nLs-TPT)

nLs-TPT
Doxil ®

nLs-CPT-11
Doxil ®

Liposome
Liposome

Liposome

Dendrimer
(C225-G5-MTX)

Dendrimer
(BD-C225)

Polystyrene  Nanospheres
(NP and BSA-NP)

Maghemite
(Fe203 MNP)

nanoparticles
Lig)id nanocapsules
(*®Re-SSS LNC)

Cationic liposomes
(LIPO-HSV-1-Tk)

Active molecules

Gold particles
Dil-DS, Rhodamine
Gadodiamide

Dil-DS, Gadoteridol
Doxorubicin

51.BPE, °H-Chol,
DNA, DiD, DiO

Irinotecan
or CPT-11

Topotecan

Topotecan +
Doxorubicin

Irinotecan +
Doxorubicin

Gadoteridol
Dil-DS
Rhodamine

Gadoteridol
Rhodamine

Gadoteridol
Rhodamine
CPT-11

Methotrexate or
MTX

Boron

C-phenanthrene

Fe,03
Rhodamine

188Re_

HSV-1-tk

Animal
Model

Rats
Mice

Rats

Rats

Rats

Rats
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Significant results

First report of CED infusion of liposomes in CNS.

Labelled liposomes could be sensitively and specifically detected in CNS in tumor and
safe brains as in flank tumor models.

Distribution of Lip/Gd/Dil-DS and Lip/Gd + Doxil® covers the tumor mass and can be
monitored by MRI.

Description of the ideal properties for liposomes infused by CED: < 100nm, shielded
PEG, neutral or negative charge, infused as a high lipid concentration to saturate the
binding sites.

CED of Ls-CPT11 greatly prolonged tissue residence while reducing toxicity, resulting
in a highly effective treatment strategy in brain tumor models.

Ls-TPT produced a significant survival benefit on U87MG (P= 0.0002) and on
U251MG (P=0.0005) tumor models compared to controls.

The combination of these two topoisomerase inhibitors loaded liposomes gave
synergic effects on U87MG tumor models and median survival was significantly
enhanced compared to controls.

The synergy between the two agents was only observed in one of the two cell lines
tested (U251MG), in in vitro cell cycle profile as well as in vivo survival xenografts
studies.

CED of liposomes in primates was characterized by linear correlation of Vi/Vd in the
corona radiata, the putamen and the brain stem. In the putamen, leakage of
liposomes was correlated with the transport of carriers throughout CNS arteries.

This retrospective analysis showed that real-time imaging of GDL-loaded liposomes
was a reproducible and safe procedure for future clinical applications.

The CED of liposomal Gd/CPT-11 was associated with minimal adverse effects in a
large safe animal model. Real-time imaging allowed accurate Vd determination.
Canine models are interesting as they can spontaneously develop gliomas.

Whereas C225-G5-MTX dendrimer quantites after CED was more than 5-fold higher
in EGFR(+) gliomas compared to EGFR(-) tumors, there was no impact on median
survival compared to control groups.

The corresponding mean percentage increase in life span was 170% for the
combination BNCT of BD-C225 + BPAy versus 107% for CED of BD-C225 alone and
52% for i.v. BPA alone.

The Vd of nanospheres in rat striata was inversely proportional to the size of the
particle but when they were recovered by albumin, the effect of size was reduced.
The surface properties limited the diffusivity of the nanospheres.

By adding sucrose or PEG to MNPs, infusate viscosity was increased and distribution
volumes were greater. MRI showed that dextran-MNPs were able to penetrate the
cells which could explain the high brain T1/2 of 10 days.

When administered in LNC, ***Re tissue retention was greatly prolonged. Rat median
survival was significantly improved for the group treated with 8Gy
18Re-SSS LNC compared to the control groups.

The treatment was tolerated with minor side effects indicating the safety and
feasibility of this technique. Of the 8 patients treated, two of them had a 50%
reduction of tumor volume, whereas for the others, only a focal effect was noted.
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BD = boronated polyamidoamine dendrimer, BNCT = boron neutron capture therapy, BPA = boronophenylalanine, BSA = bovine serum albumine, C225 = cetuximab, CNS = central
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(Molecular probes), EGFR = epidermal growth factor, G5 = fifth generation of polyamidoamine dendrimer, HSV-1-tk = herpes simplex virus type-1 thymidine kinase, 125_BpPE =
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Chapitre 1

Radiothérapie interne par administration de nanocap  sules
lipidiqgues encapsulant un complexe de Rhénium-188 p our la

thérapie des gliomes

Les nanocapsules lipidiques encapsulant un compieaghile de Rhénium-188¢Re-SSS
LNC) ont été évaluées en tant que radiopharmaaeutmpur la radiothérapie interne des
gliomes malins. Cette étude vise a évaluer leucaité antitumorale aprés administration
locale par "convection enhanced delivery" (CED)sdan modéle de tumeur 9L chez le rat.
Ce chapitre décrit tout d’abord les modificatiompartées & la formulation dé¥Re-SSS
LNC initialement décrite par Ballatt al. dans I'optique d’'une application intracérébrale et
caractérise I'encapsulation du complexe radioaEtle évalue également l'intérét du vecteur
dans cette application en suivant I'élimination HiRe pour des rats traités par les
nanocapsules lipidiqgues ou par une solution aquelesg@errhénate d&®®Re, qui est la
substance directement €luée du générateur. Laticdtedu traceur est appréciée en
maintenant les animaux dans des cages a métabolmndant 72H apres injection.
L'efficacité du traitement est ensuite évaluéelganise en place d’'une étude de survie. Des
rats femelles Fisher sont traités par une injectinigque de®*®Re-SSS LNC en CED 6 jours
aprées l'implantation de la tumeur. Les rats sontloanisés dans différents groupes selon les
doses recues (12, 10, 8, et 3Gy) et comparés amieraux traités par une solution de
perrhénate d&*Re (4Gy), par une suspension de LNC blanches @s amimaux non traités.
Pendant toute la durée de I'étude, la toxicité dhitdment est évaluée par le suivi des
variations de poids des animaux. Enfin, ce traesihlue la toxicité locale d'une telle
administration par I'étude des animaux longs samis (médiane de survie > 100 jours) en

imagerie et en spectroscopie par résonance magaetiq
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Chapitre 1

ORIGINAL ARTICLE

""$Re-loaded lipid nanocapsules as a promising
radiopharmaceutical carrier for internal radiotherapy

of malignant gliomas

E. Allard « F. Hindre « C. Passirand « L. Lemaire «
M. Lepareur + M. Noiret+ P. Menel + J-P. Benoit

Recaved: 14 Movember 2007 / Accepied: 22 Jamoary 2008 [ Pablished onlime: 9 May 3008

i) Springer-Verhg H00E

Abstract

Purpose Lipid nenocapaules (LNC) entrapping lipophdlic
complexes of '**Re ("“*Re(S,CPh)L(S,CPh) ['**Re-888])
were investigated s a novel radiopharmacentical camier
for inemal radistion therspy of malignant gliomas, The
present study was designed to evaluste the efficacy of
intra-cercheal administration of "®Re-888 LNC by means
of convection-enhanced delivery (CED) on a 9L rat brain
s mosdel.

Mathods Ferale Fischer mi with 91 glioma werne treated
with a zingle injection of "*Re-855 LNC by CED Gdays
after cell implantstion Rafs were pat into random groups
socording @ the dose infused: 12, 10, 8 and 3Gy in
comparizon with blank LN C, perdenste splution (4G v) and
non-treafed animals. The radionuclide brain reention level
was evaluated by measuring "**Re elimination in facces and
wrine over 72h afier the CED mjection. The therapeutic
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B Agringyr

effect of **Re-S88 LNC was sssessed based on animal
survival.

Resulee CED of "®Re perhenate solution resulted in mpid
dreg clearance with a beain Ty of Th In contrast, when
administered in LMNC, ®*Fe tissue rention was greatly
prolonged, with only 10% of fhe injected dose being
gliminated at T2h Raf medisn survival was signdficantly
improved for fie group treated with $Gy "“Re-S55 LNC
compared i the control group and blank LNC-treated
amim@ls The imcresse in the median survival time was
about B0% compared i the control group; 33% of de
amimals wene long-term survivors, The dose of 8Gy proved
i be & very effective dose, between woxic (10-12Gy) and
ineflective (3—40y) doses.

Comcherions These findings show fhat CED of "*Re-loaded
LMNC iz a safe and potent snbi-mour sysiem for treating
mialignamt gliomas. Our dats ane fe fist o show the in vivo
efficacy of “*He intemal radiotherapy for the treament of
bezin mali gnamcy.

Keywords Lipid nanocapsules - "**Re- 91 glioma model -
oconvec tion-enhanoed delivery- MR

Tnitr odu ctiom

Malignant gliomas are still associated with a poor
prognosis despite advances in neurosurgery, radiotherapy
and chemotherapy [1] The median swvival time afier
tmour esoction, ecbernal besm iradistion and various
forma of chemotherspy atill lies in fe mnge of 12monts,
amd more than B0% of patients heve fatal local twmouwr
recummence [2] Among many attempts & fight this disesse,
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oonclusive results have ofen been ssociated with the wse
of radiotherapy, slone or in combination with chemother-
vy, Whereas classic mdiotherapy involves external sour-
ces of radistion, intemal tumowr mdichempy woes a
radinizotope that iz conjugated i & suitsble agent such &
an antibody, a peptide or a nenocarrier. Several nannacale
carriers | namoparticles, lipoasmes, water-soluble polymens,
micelles and dendrimers) have bozn developed for fhe
tarpeted delivery of dis guostic and therapentic cancer agents
[3]. These cariers can selectively tropet cancer sites amd
carry large payloads, thereby inproving cancer defection
amil therapy effectivenss. However, for therapeutic cancer
applications, only a few atempts of intemal radiotherapy
have been described fior the restment of malignant gliomas
[4, 5]. Among all the therspeutic radiophamaceuticals
used for mdionuclide imaging and therapy, ""Re & of
widespread interest due to its atvactive physical and
chemical properties [6] linked to its shost physical half-
life of 16.%h with 155keV gamma emiszions for imaging
and it 2 12MeY betn emizszion for therapy [7]. Further-
more, e availibiity of '"®Re from a generator at a
reasonable coat has incressed the clinical applications of
B3p alabelled radiophsrwaceuticals [R].

In a previous study, e formmulaion and hodistribution of
B3 g 1ahelled lipid nanocspaules (LNC) were sssesad [9].
WNeutral lipophilic conplexes chosen fior fheir affinity for
hydrophobic substates allowed the encapsulation of the
radipelement in the LNC lipid com as well a5 labelling
atahility [1{]. Prepared fiom a phase-inversion proces [11],
fhese LHNC are charscirised by a stable monodispemsal sime
distribution and 3 small dismetr in the mnge of 20 to 1 00nm
The present work hes focumed o fhe therapeutic application
of such "™Re(S{CPh)(%:CPh) complex (**Re-S85) LNC
m & 9L mmt gions model Convection-enhemced delivery
{CED) [12], a direct intra-cerehrsl drug delivery technique
fhat wses a bulk flow mechanism i distribue molecoles to
clinically significant wlumes of tisme, was ®ed to admin-
iser "®Re.858 [NC into rat beains, The aim of this work
was to £s the capacity of different "Re dose-loaded
manocapales iy aradicate tumours by studying the prolongad
aurvival time of 90 glivma-hearing ras in comparison with
the injection of "®Re perthenate solution and blank LN,

Materiak and wethods
Materials

Lipophilic Labrafse® CC {caprylic—capric acid triglyoer-
ides) was kindly provided by Gattefosse S_A. (Saint-Pried,
France). Lipoid® 575-3 (soybean lecithin at 9% of
phospha tidylcholing) and Soluinl® HS1S (2 mixtue of foe
polyethylene glycol 660 and polyethylme glycol 660

hydmxystesrate) wene 3 gift from Lipodd Gmbh {Lodwigs-
hafen, Gemmany) and BASF (Ludwigshafen, Gemmany],
reapectively. Nall, dichlomomethsne smd acetone wene
ohitminad from Prolabo {Fondensy-sous-tois, Pranee). Deion-
izad water waz obtsined from a Milli<) plus system
(Millipore, Paris, France).

Complex preparation

The lipophilic "**Re-855 [(Ainperfiohenzoato)dithiochen-
Foborivendwm I was prepared acconding to a previowsly
deseribed poces [9]. The mdiochemical purity {RCF) of
fie "®Re-955 complex was checked by fin-layer chroma-
igraphy as the ratio of migrated radiosctivity to total
radipactivity, Thin-layer chromamngraphy was camied out
using silica gel 80 Fgy alumina plates (Merck) and a
anlution of petolesm eterdichloromethane (64, wy) =
m elwnt (Rf 0.70). The deection was evalusted by a
phosphe-imager apparatus (Packard, Cyclone sinrage phosphor
Systeim).

Wanocapaule formmlation

The preparation of '“Re-858 LNC was based on a phase-
inversion process described by Heurmolt et al [11]. The
suspension was prepared by mixing all fe components
umider magnefic stirring (37 5mg Lipodd®, 423mg Solwinl®,
5l4mg Labrafac® 44.5mg Nal(l and 1,481mg deionised
water). Becanse of its procipifion in aqueous media, fee
"®Re-898 complex was fist extracted with dichloro-
methane (Iml) and then added i the other components of
fhe enmlzion. The organic solvent was then removed by
hesting & G0°FC for 15min Thee cycles of proghessive
heating amd cooling between B5%C and &0°C weme then
carried oot allowing the residus]l orgamic solvent to
evaporate, At TOPC and during the last cycle, an imeversible
shock was induced by dilution with cold deionised watr
(Ilml &t 2°C), leading to the formation of stmble nan-
capanles. Afterwands, slow magnetic stirring was applied to
fhe: suspenaion fior Smin.

Wanocapaule ¢harse terisstion

LMC were snalysed for their size distribufion using a
Malvern Zemzizer® Nano Serie DTS 1060 (Malvem
Instruments 5.4, Worcestershire, UK). The complex
formation yield was determined with & gamma counder
(Packard Auip-Gamma 5000 series) according i Eg. 1,
and encapsulste rate was esfimated aceording & Eg. 2.
Before injection, '*Re-88% LNC were dialysed with
deipnised water at room temperature under magnetic
stiring. Following thiz, dislysste ssmples were collecied
and countad to determine & dialysis recovery as shown in

) fpeiegwr
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Eq. 3. As reforred & the starting perrhenste sctivity,
lahelling yield was calcolated by Eq. 4.

Complex formation yield (%) (1)
_ '#Rg— 888 complex activity

" starting perrhenate solution activity

LM suspemsdon sl vity

Encapaulation rade (%) = TR, — s ::H'uil.:.rx]m

(2)

Dialysis recovery (%] (3

__ LNC suspension activity after dialysis

" LNC suspensien activity before dialysiz

= 10

= 1D

Laheling yield (%)

_ LNC suspension activity afier dislysis 100 4)
= starting perhenate solution activity [

Animal shudy
Animal and anaestheris

Syngeneic Fischer F344 fomale mi weighing 150175z wene
obtained from Charles River Lahoratories Prance (L' Ashresle,
France). All experiments wene performed oo 18- i 1 l-week-
old female Fisher i, The animals wene snascfetized with an
intraperitoneal injection of 0.75-135mlkg of a solution
containing /3 ketamine 1 0dmg/ml) {Clorketam®, Viinquinoel,
Luwe, Framce) and 13 xyazine (20mg/ml; Rompun™, Bayer,
Putesus:, Framoe). Animal care was camied oot in strict
aceoniance i fe Prench Ministy of Agrcolre regalstions.

Coll cultvre and coll implantation

Rat glipgsrcoma 91 cells were obtained from fe Europesan
Collection of Cell Culiwre (Salishury, TE, no. 941 10705).
The cells wee gown & ITCS5% OOy in Dulbecon's
mdified Eagle medivm with glocose snd L-glotsmine
(BioWhittaker, Verviers, Belgiom) contsining 10% foetal
calf serum (FCS; BioWhittaker) and 1% antibiotic and
antimycotic solotion (Sigma, Saint-Cuentin Fallavier,
France). A coltured tomour monolayer was detsched with
trypain-efhylenediamine tetraacetic acid, washed twice with
Eagle's minimal essential medm without FCS or anti-
hiotics, counded smd re-suspendad iy the finsl comeentration
desired. For intra-cranisl implantation, 10yl of 1070 9L cell
aEpension wene injectad into the mt stristom &t 3 flow mie
of 2pl/min using a 10-p] syringe (Hamilion™ glass syringe
T series BN} with a 324G needle (Hamiltm®). For that
punpeae, mEs wene immobilised in 2 stereotawic head frame

B Ariager

{Lab Swndsrd Semomxic; Stoelting, Chicago, IL). A
sagittsl incizion was made through the skin, and a burr
hole was drilled into the slull with a twis deill. The
cannila conrdinates were lmim posterior from the bregma,
3o latersl from fhe sagittal spture snd Somn below e
dura {with the nekor bar set at Onm). The needle was left
in place for an additionsl Smin to avoid expolsion of e
suspension from e beain during emoval of the syringe,
which was withdrawn very slowly (0. 5mm/min].

Converion-enhanced delivery procediire

O dayty, G0 offe LNC suspension was injecied by CED at
fhe coondinaies of the nmow celle Infisims were performed
&t fhe depdh of Smm from the brain surface using 2 10-pl
Hamilion™ syringe with a 32-G neadle. This syinge was
connected toa 1-pl Hamilinn 224G syringe contsining the
product (Harvard Apparams, Les Ulis, France) through a
cannuls (CoExTM PETFVC twhing, Harvard Apparats), CED
was performed with an esmotic pung FHD 2,000 infusion
(Harvard Apparams) by controlling & 0.5 wlfmin e for 2h,

Fuh-grviips

The rats weswed with ®*Re853 LNC were put into four
ramibom sub-groups and meceived rhenivm activity equdvalent
i L1 {group 1: o = 5; 3Gy), 2.8 (group 2: 0 = & BGy), 3.7
{group 3 n = 4; 10Gy) and 44MBq (group 4 0 = 4 120Gy,
respectively, Growp 5 received 60pl of “*Re perhenste
aplution equivalent to | SMBqg {r = 4; 4Gy). Group & received
blank LMNC {r = T), and rats of group 7 {control group) did mot
receive restiment by CED on dayh ot were sneesthetized
with the same proton] companed o fue rats whoe uderwent 2
CED infusion {n = 8). After reatment, rats from groups 4 and
5 were maintsined in metabolism cages for T2h and were fad
ad libitem, Urine and feeces were collecied every 12h and
meaared with & gamms counter (Packsrd Avi-Ganmna
5,000 series) o evaluse "*Re elimination. Doses delivered
i tumnurs wene estimaind  acconding to By, 5:
A% Egny % 0.5% =T
dxF = 2

where 4 = "*Re activity delivered to each rat, Ep_, = mean
enirgy, T = plysical half-life (16.9h) and J and V= density
sl volume of fhe rradisted organ. The irmadisted organ was
considerad i be a sphere with 2 radins equivalent to "Re
emge of bet paricles in tisse ("**Re Ro. = 10.15mm) [7]
and with a density of 1.

D=

(5)

MRT and "H-magnetic resonance spectroscopy

MRI wam performed with a Broker Avance DRX 300
(Germrany) apparates equipped with a vertical superw ide-
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Tahle | Phrysico-chemical — _ — -
charaderstics of blank and 3dmam Polydisparsity  Complex Encapsalation  Thial ysis Lahelling
®Re 355 LNC particl index formation yidd e (%) recovery  yield (%)
size (mm) ) ()
Plank LNC 557417 008420003 - - - -
Whpe.288 5554005 O.20E4L0051 774 967 Q9R% 719
LHC

hore magnet of TT. Rapid qualitive T2-weighted images
were obtsimed using rEpid acguisiion with relacsbion en-
hancement (RARE) seguence (TR = 2, (0ms; mean echo
time {Tem) = 31.Tms, RARE factor = & POV = 3 = Jom;
matrix 128 « 128; nine contiguous dices of lmm, eight
acquisitions). Magnetic reapnance spectoscopy (MRS) was
performed using a PRESS sequence with water suppression
and cardiac triggering (Rapid Biomed GubH, Germany). "H
gpectra wene scquired with fee following paramesss TRY
TE= 15041 lms; NEX = | 28; vowel size 2Tl (3 = 3 = 3mm).

Statistical analysis

The Kaplan—heier medeod wis used i plot animal suevival.
Statistical sigmi ficance was caloulated using the log-rank test
(Mantel Cox Test). StatView software vermion 50 (SAS
Institute) was uwsed for that pumpose, and tests wene
conzidered as significant with p valoes of less than 0U0S.
The different treament groups were conpand in tems of
survival time, incresse in survival time (I8Tocss%),
maximal survival time and long-temm survivors.

Results
Complex and nemocspaule ¢harse terisstion

B3R ¢85 complexes were obfined with satisfacinry RCFE.
Phyzico-chemical propenties of the LNC are given in

Table I Descripiive and siatistical data from e adicthenpy stady

Tabe 1. In the poporions described, blank LHNC wene
obtined with a mean size of 55.7 + 1.Tnm with a good
polydispersity index (P1 < 0.1). "'Re-888 LNC were
measured st 555 + 11.5mn, but an incresse in pol ydisper-
sity index (1 = 0.20) was observed. Messurement of LNC
mean particle sive before snd after CED infision show ed
fhat there was no size modification (data not shown). ®Re
complex formation yield was around TE%. Encapsulation of
the "Re complex inkp LNC was very efficient (96.7%).
Radiolsbelling occumed during LNC formulation with
importsnt yields (98.35%) after elimination of "Re
perrhenate, which was not incorporated into the complex
by dialysis. "*Re-S88 LNC were obmined with a finsl
bhelling yield of 73.9%.

Internal radiotherspy study

Diescriptive and smtistical dats from the mdioferspy stody
are sumimarised in Table 2. Bas were considered & long-
femmn survivors if they survived wp to 1(0days afier tomour
implantation (four times e medisn survival of non-treated
rats). As shown in Fig. 1, all snmals of dwe conirol group
died due to twmowr progression by day2?, snd medisn
aurvival was only 25days. Rats of group 6, which received
a1 CED infusion of blank LMNC, died within 33days poat-
implantation, and the median survival was 26dsys. Thene
was o significant di fference betw oo these two groups (g >
0U05). The experiments estshlished fat st medisn swrvival
was improved significantdy for group 3, which was treated

Median sarvival BT madion &) Maomal servival dam  p valees vemms  p valoes versas
time {days) tme days) Vi VOrs comniral blmk LT
112Gy "R358 LNC 275 10 =100 1 03210 03305
210Gy "PRe-88% LNC ZRS 14 =100 1 00294 02386
3 &Gy "Re-S333LNC 450 &0 =100 z 00003 0.0010
4 3Gy '"™Re-SS3LNC 2RO [l 13 ] 077 04558
5 4Gy "Re pembemate 235 ] 6 ] L1575 L0
& Bk LNC 260 4 13 0 01729 -
7 Covdol=mo weaimeni 250 - bl 0 - 017

The mareases in median swrvival Gme (B Trwgen™h) ase caloalited i comparison o the condrol group. Sarvival data were amalysed ming e log-
mnk test Mantel-Cox tesi), which was comsidered as significent when e p valoes were less than 005

) ppciogw
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1[:01—: -8 "“Fe-088 LNC 12 Gy *
] —— "Fg-058 LNG 100Gy
@ —v— "“Re-S88 LNC B Gy "
T —— "“Aa-888 LNC 3 Gy
— A —i— "Ra 4ay
£ eod —C—  Biank LG
5 —=—  Control
# 40
o ]
04 KT T T T T * T T "1
@M 40 B 60 TO BD BO A

Days after 9L call Implarbation
Fig. | Graph of Kapln-Meis suvival oorve associaied with seament
of mt bearing 91 ghcma with single CED infiasion of blank LNC, "™
355 LNC or '™Re pestenaie. On day 6, mis wes Srated with 12 Gy
"WPe-288 LNC (n=d =5, 10 Gy "™Re838 LN =& -X-),
EGy ™RS558 LNC (n—%~¥ =} 3 Gy """Re-855 LNC fu=5; -0~ ],
4 Gy ""Re pemhemate (u—d;-4-} blek LNC (v=T. -0} or =
memmend (A= 8 -m- ). Four ms jeneeinks) wee loegiemn menvnors
100 Says)

with BGy "**fe-898 LNC compared with group & {blank
LNC) and the control group (no restment; & = (U010 and
p = 00003, respectively). Animals treated with BGy
'8 [p.898 LNC showed excellent survival wih two of
s rats surviving beyond dayl(l, a median swreival of
45days and an increase in the medisn suevival time
(I8 T sl of B0 compared to the control group. At de
highest dose of "®Re activity (12Gy; group 1), 50% of he
treated rats died after treatment, and median srvival was
only 275days. In spite of the presence of one long-Emm
mrvivor in this group, comparizons with group & or 7 wene
not significant e = 0.32). At the equivalent dose of 100Gy,
trestment with "*Re-83% LNC resulied in median survival
of 28 Sdays with one long-term survivor and an IST_ .

Fig. 1 '"™Re elmimation mea-
smed in wine and faecss by a
gamma connter doring T2 bafler
CED infiasion of '™ Re perdion-
ae and "™ Re-855 LNC in 9L
ghoma bearing mts & doys post-
9L cell implastasion {a). Repas-
for perdmate sohation ()
md "®Re535 LNC i)

188 R sliminadon{%)

that relapeed i 14%. Mo significant difference was observed
with the group treated with blank LNC (¢ = 0.2386),
wheress a slight significant difference was noted for this
group conganed to the control goup (p = 0U0294). Rats in
group 4 treaed with 3Gy "PRe-858 LNC died within
Jidays post-implantstion; their median swrvival was
28 Ddays with an IST_ e of 12%. A significant difference
was only observed with fhe confrol group (¢ = 00277,
wheress the significance was not shown with rats treated
with blank LNC infigion (p = 04858). Group 5 treated
with ""Re perrhenate solution gave no positive resulss in
erms of survival ime becanse fwe median survival time
was shouwt 23 5days, snd no significant diffirence was
observed with rats from the control group (e = 0L1575).

To msess "PRe eliminafion, urine amd feces in two
groups {groups 4 and 5) were collected and messured. CED
infision of '®Re perrhenate solufion revesled that mome
than 0% was eliminated in 12h and about 94% after T2h
post-CED (Fig. 2a). Bhendium beain half-dissppesrsnce time
{brain Ty) was equivalent i Th, and "®Re perrhenste was
mainly excreted by the kidneys a 99.4% of e total
exoreted radioactivity was recovered in wrine (Fig. 2b). On
the contrary, only 10% of "®Re encapaulated in TNC was
detected in wrine and fasces T2h post-CED infusion
Among the 100 eliminated, LNC was mainly excneted in
urine (T5.8%; Fig. 2c).

Internal radiotherapy side effocts

Two of the four rat infised with the highest dose of "**Re-
888 LNC (12Gy) died on day7, which was lday post-
tresfment. The two other mts showed clinical signs of
woxicity including lethargy and a significant weight loss of
25% by dayl® (Fig. 3). None of e other animak that
underw ent CED of 10, & or 3Gy ""Re-888 LNC died post-

%4 mlimibst e
o BEEZ2E8E

% alimin o
o B & BB
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weatment., A slight weight loss of 3.5% and 4.3% was
observed for the two goups treated with 10 and BGy
HiRe.888 LNC, respectively, up © dayl?. However, a
very quick revival of weight was detected for the group
rreated with BGy '*%Re.888 LNC from dayl? and up to
day30. Wo weight loss was observed for fhe groups treated
with e lowest "o doses, Le. 3Gy ®*Re-888 LNC and
4Gy "*Re perthenate solution.

Tumour proliferation was evalmted by MRI images In
vive MREI images were assessed at daylé (10days post-
CED) on one rat of the conirol group vesus one rat treaied
with 106Gy "**Re-858 LNC (Fig. 4). T2-weighted images of
fhe non-treated rat showed s hyper-intense signal on e
right strintem caused by wmour tisue (Fig. 4a) On e
contrary, images taken on the rat treated by internal
radiotherapy showed a hypo-inense signal probably due
o the CED infision of "*Re-898 LNC (Fig. 4b).

Late side effects wene alao followed by MRI and by *H-
MRS (Fig. 5). Images mken on day 83 revealed that the rat
trested by internal radiotherspy presented a lesion localised
in the right brain, mainly n fe stristum but which slso
affected the ventricle {Fig. 5a). This lesion was &till present
on days 100 snd 140 (Fig. Sb—). "H-MRS performed on
day 100 revesled that spectrsl data for N-acetylspartae
(MAA), creatine (Cr) snd choline wene different in the right
and left sriata In fact, dhe stristom affecied by the lesion
was characterised by a docrease in NAA and Cr associamd
with fhe presence of lactaie (Fig. 5d).

DHsc usslon

The development of an in-house "* W/ ** Re-generator has
greafly incressed the use of '""Re for wresting various
dizesmes [13] Many new mdiophsrmacenticals labelled
with "®He have been developed, and some of them are
currently wsed in clinical trials Among different carmiors,
LNC labelled with a pophilic complex of ®*Re ('**Re-
885) can be obtmined with high vield snd satisfactory RCP
[9]. This stady investigawd the thempeutic poential of fhis

Fig. } Evolmtion of weight
measmements during 30 days
after 9L imocal ation in mis that
moaved '®ReS35 LNC or
15 parhenate sobmion for
imtermal radiodheragy

200 7
180
1&0 7

140

Rat weight (g)

120

carrier finr the treament of malignant brain tumours, Doe to
the presence of the blood-hrain barrier (BBB), which
restricts the delivery of sysemically administered apent,
in siln adminisiration was camied oot using a direct ntra-
cranial drg delivery wechnique, CED [14]. This techndigque,
introduced in 1994 2= 3 method to circunovent the BEB and
enfunce the distribution of therspentic agents by local
administration, represents & promising echnigoee fior heain
tumour ferspy [15]

The incorpomation of "**Re complexes in LNC did not
change the size of fe particles. Only the polydispersity
indiex was slightly enhamced (PI=0.X8) which represents a
higher degree of heerogeneity bot remained still inferior to
03, This cam be explained by the presence of the lipophilic
588 complexes, which were reguired for 3pe insertion
inside the LNC core. "*Re-888 LNC could be obiained
with a very high lahelling vield. Thiz result was expected
the incorporation of lpophilic molecules during the LNC
formulabion process generslly led to high encapsulstion
efficiency whatever the radionuclide wsed [16, 17]. Thess
rabes are shove those obtained in lipesome formulations in
which fhe radionuclides are generally post-inserted [18, 19].
In addition, sgents direcily infised int the brain in a2 small
violume canmnot readily dispese from their nfusion site [207;
thiz is the easm why CED infusion was usad to adminizter
the nanocapanles MacKay et al studied the diffenent
parameers thet cm influence e disribotion of lipoaomes
in the brain [21] Based wpon these findings, the ideal
namoparticle for CED would be less fan 100 nm in
diameter, have a neutrsl or negative surface charge and
would need a targeting ligand to adhere i a target cell. To
minimize the dose fraction that could be scavenged by
perivasculsr cells, mainly perivascular macroplages, nEamn-
particles should be shiglded by polyethylene glycol (FEG)
and infised at 2 high totsl lipid concentration. Our LNC,
oaded with a "®Re neutral complex, have 3 mean particle
aize of 55 nm, se mainly composed of lipids and are
covered by a soft layer formed by FEG. They can be
conjugated with de OX26 antibody, which binds hem to
transferrin rocepines that are over-cxpressad both on heain

—&— 12 Gy 1B8Re-9ES LNC
—o—10/Gy 1BERe-SES LNC
—— B Gy 189A-E3E LNC

—a— 3Gy 185Fa-555 LG

--4g--- 4 3y 1E85A0 partherale

100

T
]

Timre post BL inooulation [darys)

T
i2

T
18 24
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Fig. 4 TI-weighted axial magnedic resomance images of a nom-ireatsd
ot @)t day 06 after 9L imcculation compared widh a kagtam
mrviver rat which received 10 Gy "Re855 LNC at day 16 (b}

cerehral endothelial cells and on glioma cells [22]
Furthermore, Garcion et al showed dat LNC were able to
penetrate niracellular companments of gloma cells by
interacting with cholesterpl-rich microdomains [23]. Such
charmacteristics confer ideal properties to LNC to be
administered by CED in the rat brain.

To obtin a therapeutic effect, the elimnation of fhe
radionuclides deposad by CED in the brain must be 23 slow
a5 possible. Because perrhenate { **Re0]) i e chemical
form of ""Re, which iz obtsined from fe "3y/HiR,
generstor by clufion with physiological saline, ™ Re0;
infusion in Fisher rat braing was conpared © 9 Re.588

Fig. 8 Tl-waghted axial mag-
metic meomance images of one
long 4= swrvivor rat Sat ne-
ceived 10 Gy """Re-355 LNC az
days B3, 100 and 140, respec-
tively, fir &, band ¢ d regre
ml:t']-[-ﬂﬂ'&qrm
malised ai day 100 Sigmal -
termities of oeatime (O,
Kacety] sspastate (NAA) and
Lactage (Fac) wer compared
between affected swriasam (i) and
safe sriatam (i) 4 eegresenis
the difference between the two

LNC. While it has been largely dezcribed that perrhenate is
rapidly excreted wia the whinsry bladder following an
intravenss injection [24], nothing was known shoot the
aliminstion of sch a solution following brain adminisirs -
tion. A largely significant difference betwesn a CED
infusion of perhenate and of "*Re-S88 LNC was
ohzerved. Fighty percent of "*Re in solutien was elimi-
mated after 12 hin accordamee with findings by Knapp et al
[13] with 7% of free perrhenate in prine excretions afier
12 h following an TV injection. ®*Re-858 LNC were found
i be a sstsined residency @ystemn, which constitotes a
major advantage | 1% of eliminstion afier 12 h). Like Noble
et a. who showed fwat the meapaubtion of CPT-11 in
liposome resulied in at least |96-fold prolngation of
msidence time in brain tsaee conpared & free CPT-11
[25], we demonstrated dat the lipophilic nature of LNC led
te & long mdionuclide bmin meimtion tme allowing
imprnved tumonr irradistion,

The intemal mdivierapy sudy by CED adminisiration
of "®Re-888 LNC was carriad out on & welkimown 9L mt
bemin tmnour mede]l [26] The inocolation of 9L cells
wagally reanlts in 100% twmowr whe with univested Fisher
344 ratz with a medisn survival between 20 and 30 deys
after tomoor inocolation [27]. In ouwr shudy, neither e
anagsthetic pmceodure nor de injection of blank THC

specia
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significanty modified the growdh or lehality of e 9L
gliomas, zince the median survival ime was 25 and 26 days
for the unirested and fhe blank LNC groups, reapactively.
This was confirmed by MRI images where a twmour lesion
iz vizgible in a non-trested rmat on day 16, As shown by
onarbourg et al, 9L twmour growih & exponential sinos
i tumour lesion volume is between 17+10 and 167+
19 pl between days 14 and 24 [28]. The medisn survival of
the group treated by a CED infusion of '"®Re perrhenaie
anlution was in fe same enge 55 none of the s sarvived
beyond 26 days, The hydrophilic nawre of this solution
provoked a very rapid eliminstion from the brain, which
made tumour eradicstion inpoazible. Similsr resalts wene
found by Vavea et al. for the adminisration of "4C-scmose,
& amall water-apluble compound in RG-2 st gliomas, after
CED infusion with less than 3% of the administered dose
atill present after | h in either the tumour or in surmounding
hemin tissuwes [29].

On fhe contrary, thanks to the high retention of LNC in
rat braing, conclusive dose-dependent results wene obinined
with intermal radiothespy by "“*Re-858 LNC. Toxicity was
observed with the highest sodied doses, especially for
12 Gy "®Re.898 LNC. In fact, 50% of e mts died 1 day
post-treatment, and 3 significant weight loss was observed
for fhe two rats left, combined with other signs of oxicity
like lethsrgy, passivity and poor grooming. Despite dwe
presence of a long-term surviver within this group, an
internal rradistion dose of 12 Gy can be considered as a
inxic dose. For the inkrmediste dose of 100Gy, results wene
mitigated. A significant difference in median survival time
was observed conpared to fe control goup bot mot with
the group that received blank LMC. The incresse in e
median sEvival time of 14% and the presence of one long-
e survivor make this dossge midway between e
effective and towic doses. LMC with sn equivalent dose of
8 Gy constituted the most efficient group trestment n terms
of survival bocause & high increase in e medisn survival
time of %% was noted conpared to the control group and
bocanse two rats from this group (33%) were long-Emm
awrvivore CED injection &t this dosage seemad i be well
ilerated since mo side effects wene obsrved except a very
alight weight lss observed in the few days afier treatment
For fhe smaller dose equivalent i 3 Gy, intemnal radiother-
apy with “*Re-588 LNC had no effect on survival fime.
This dosage was considered to be ineffectine.

A comparson between ouwr tochnigue and extemnal eam
radiotherapy (XRT) iz difficult zince the schemes of
iradisfion for many stdies sre very vaned and ofien
manciaied with chemofwrapy [30-32]. The main theonetical
advantage of internal radionuclide therspy with "**Re-595
LNC is that radistion can be delivered selectively to sub-
climical tmours and metssmaes fhat are too small to be

imaged snd thereby cannot be treated by surgical excision of
local XRT.

However, despite obvious benefits noed with internal
radiofherapy, side efects in mE were observed in the labier
phase of fe smdy. Magnetic reapnance images carriad out on
one long-4erm survivor treated with 10 Gy "®Re-858 LNC
revealed lesions mainly contsined in fwe right siriamm,
which was obvicusly not related & tomouwr tizaee as it was
sfill present on day 140 of the sindy. The hisiloge nabune of
the lesion was not identified but was linked to radistion
injury. In fact, a decresse of the signal intensity for NAA and
Cr with an increase of the lactate signal has ofien been
describad in caes of radistion injury [33, 34]. In an sbie ot
o inprove the therspentic ratie, e delivery of “*Re-885
LHC in multiple fractions separaed in time may impoove
efficacy by decressing late effects on critical normal
structunes, while maintsining a high adistion dose distribuo-
tion within wmoor tisswe, In e of dosimetric evahistion,
a mome detsiled sidy et may consider these parameters
should be pursped. To mimic clinical practice and becanse
nulti-therspy might be a solution in the fight against
gliomas, chemofwrapy coold be included since LNC can
be laded with radicsensitive snfi-cancer dregs such =
etoposide or paclitae] [17, 23, 35].
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Chapitre 2

Conception et évaluation biologigue de nanocapsules lipidiques
encapsulant un agent anticancéreux organomeétallique pour le

traitement local des gliomes.

Ce chapitre décrit la conception de nanovectey&litjues encapsulant un complexe
métallique lipophile dérivé du tamoxiféne et durdeene : le Fc-diOH. Lors de la mise au
point initiale du procédé de formulation des napscées lipidiques, une étude systématique
a mis en évidence la zone de faisabilité des LNCusudiagramme ternaire eau / huile /
tensioactif. En modifiant les proportions de cesmeg constituants, il est possible de
formuler des objets micellaires. Puisque trés lipiep la molécule Fc-diOH a donc été
encapsulée dans ces deux types de nanovectediguigs qui ont été caractérisés en terme de
taille, charge et rendement d’encapsulation. Legoege des nanovecteurs lipidiques avec un
marqueur fluoré hydrophobe (Nile Red) nous a pewfigésaluer le devenir de ces vecteurs
dans la cellule par des techniques de cytométridiude et microscopie confocale. Ces
nanovecteurs encapsulant Fc-diOH ainsi que lesaulgg non encapsulées ont fait I'objet de
tests de cytotoxicitén vitro mettant en parallele des cellules cancéreusest pdavoir de
division, les cellules 9L, et des cellules au paude division faible voire nul, mimant le
comportement de cellules saines, les astrocytefin,Eres nanovecteurs ont été administrés
par injection intratumorale chez le rat dans un é@de gliome ectopique. L’appréciation de
I'efficacité des traitements est évaluée par estonales volumes tumoraux a J10, J16, J22 et
J30 apres inoculation des tumeurs et mesure desemagnorales en fin d’étude (J30), aprés

sacrifice des animaux.
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At hist ony Ferrocery] diphenod Gmooifen derrative (Fodi0H) & one of the most actve moleoles of 3 new dass of
Eeceivd [E April 03 coganometalic drugs, showing o vibe antiprofiferative effects on both hormone-dependent and
ooed 12 ay 2008 independent brest cancer cefis. For the first time, Fo-di0H was te=sted on 2 51 ghoma moded aoconding o
Auriliahls: roing T ot TR ten encapsniation srategies: pid nanocapsues (L4C) and swollen micelles. L9 showed a higher drog
rep—r loading capadity bexaare of a birgeroily corein thair stroctune and were able o be up Gken by ghomacdk
“IH“W'- The large ameamt of FEC presant a2 the micell ar interbos preventsd imenction with optoplicm membran e
Oigamans Gl compait wiich led to 2 Jow lewed of micefle cell nptake and no bological activity O the comtmry, FodiOH optostatic
(Cell e zilijmmmnu!#hm.nﬁhhwmdmmﬁMmmﬂSﬂl?rlfmw
Dy detvery tmu#m.w-hddwdmdhmhﬁﬂmnmmﬂlhaﬂq
S 1t Peadde cells, confentng a functiomal specifidiy of this compound on tumour cells. Finally, Fo-di0H LY treatment
was able o lower Significamtly both tumoar mass and volume evolution afler S-cedl iImplamtation into rak

which evidenced for the first time the ia vivo efficacy of this new idnd of oganometalic compound.
€ 20 08 Bloawier BV, .H.Irﬂl:ﬂnu!
L Introduwction Taking into scount that g liomas are ER-negative |8-10 ], the maderae

Gl omas. e the mast comimon type of primary bran iimours The
perogmadis for patients with gioblestoms, the most &g predsve type of
beasin malgnancy, ha s remained | angely unchanged over the Lt thaes
diecades R shudies give & medien survival time of 146 months far
patiens irested with radiotherapy plus emazolomide, which i the
relerance chematherapy, and 12 montts with radistherapy slone
|1 Oleardy, new and efective therapies are despar st by swabed.

Tarnedlen, a member of the Selective Estrogen Receptor Maod-
ulsder (SERM) mily, has been widely wsed in the trestment of
estrogen receptar (ERexpressing bresst cncer |2-4] Because
antitwmour effiects have been predaminendy observed in patients
with ER-positive tumours, it i generslly scoepted that the primary
sction of hydroy tamas ifen, it sctivemetabolite, is meadisted through
Inhdtidan of the ER pathaay. But, i hos previmesly been shown that
same ER-negafive cancers slso respond to tamoxiln [5.5] which
fesnd that the maleculs can be sotive hecsise of an BR=i
antitumaur mechanim that hes not yet been clearly ldentifisd 7]

* Comaigamding amrbor Univesind f Aage s, Asgers, F-49000, Frasce, Tel. +33 341
735853 fax: + 33 M1 TS5
Fomond ackfress. jean- ple s e besinBandy angers i (J-F Besolr)

DIEE-1853 - sor Boal maer © 2005 Bievbe BNV, A sghe maoved,
it 0004 i f e 0L 5 027

benefloial effed of tammdien ing sl neoplems has been Bnked to 2n
ER- indlepe ndent & mdsmour mechanism. For the irestrment of patients
with fecurfent malignant gHomas, oanly triss wming high-doss
tammdien slone o in @mbination with other cyinbmde agents have
demaonsirated positive results [11-13] As 2 onssquene, SERM
reresent & promiing therspy for gliomas if their sntiumour aativity
can be i rrpreved

Previously, a patentislly cytatosic maiety, lemocens, was Inmipo-
raied inwo the tamocifen skelston |14 A series af these molecules,
call e argsnometal lic tamifen de rivatives by analogy, was pre pafed
amdl thelr eytotmic effects wene studied, Initislly on bresst cell Dines

|:|5.JE] Iy modilying vanious structrsl speds of the Emoasnyl
derivatives, one of the mast effsctive compounds to dae in terms af

eytotnadcity is the lemocen diphenal compound Fe-di0H (Fig. 1 L This
compond shiwed high levels of in vitro antiproliferative saivity
spainat hoth hormone-depandent (MOF7, Kx= 07 pM) and indepen-
dent (MDA-MB231, I =05 (M) bresst eancer el Hnes | 15] and has
become the stndared to which the saivity of novel organometallic
anticancer drugs cn be compared The abserved antipraliferative
effert of these malecdes can be divided into two actions: ant-
aestrogenic in ER+ ) cells and eytotnxie in both ER(+ ) and BU=) olls.
The efflcacy of these drugs has been relae d o an sctivation pathvey
which invalves the in wira axidation of the ferrocene and phenol
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i o parameters will be changed: the amours of Fo-di0H in trighycerides
el {'_é { LTE and 4% {wiws)) and the valume of cod vater for LNC dilufion (70
\_‘,’e—f AT L sl 45K wjv) lor diug lasding of 1| mglg (DB wiw dry weight) and

i Er o 65 miglg (2% wiw dry weight) respecively
LoF 4 o E"+E - e}:} To fiartm swillen micelles, Sahutod™ HS15 (54275 wiw). Labrafac™
: L{(,r\uﬂ\ it B (ST [wLNaCl [ 1755 wijw) and vaer Q9T w[w)were mised and the
Same flenw chart vas applied s previously deseribed To

OH-Tamaxfen FoiTaoene Famoocryl diphenol comgeound

ai-Tam = SwrdOH

Fig. L Chemical orenulizs o byt yea ot | O4-Tasm, fesracee (| a2 feroceyt-
L0 b4 oy sy} s 1 el eyl igh g [ e AI0H]

Nmctiom |1718] These organometallic tamoxiien denvatives could
have &n enormoud imped on medicine, in particulss in the trestme
of cancer [19]. As demonstrated by Rosenbergs discovery of daplatin
|20 which revahithonized the trestment af testhoul or cane ¢ org ano-
metallic complexed can be & powerfil wespon & it our sgents
1}

In the present study, the aitumoursl efficacy of Fe-diOH was
tesied on glioma cella As this produd is very hydrophobic, snd since
iits can impede its potenti al biological sivity [22)
we airmed af developing a new way to sdiminister this moleaile. Two
sirategies were (mvestigated: a ferroceny] dipheno! compouned was
encapsulsted in lipid nanocapsules (LNC) for one strategy and in
swnllen micefles for snather, sronding to an organic solvent-free
proces recendly developed in our laboratory [23] These lipid
namnocantien obtained by & bnw-snergy emulsfication method were
charsrterised by the absence of organic salvent in their form ulstion
They presentsd a low panicle sire. ranging fram 10 to 20 nm b
swolien micelles and from 20 to 100 nm for LNC, with & nasow
palydispersity size and the capacity to carry lipophilic molecules
Taking indd sccount these various sdvantages, Fe-diOH-losded
namacartien were deve loped and tesied on glioma culture cells and
ot & subautaneniis Gl-rat ghioma madel

2. Materiaks and metods

2.1, Materials

Ferroaenyl diphenal mmpound { 2-ferrocenyl-1.1 -big 4- yd reny phe-
l\j'_:l-lll.l-lntl'!_:l nammed FodiDH vwes prepared by McbMurry coupling
[24] hs pufity wias assessed by HPLC NMR and elemental anabysia
Hiyel eyt cucifien, Ferfocene and Nile Red were supplied by Sigme-
Alerich (Ssint-Quentin Fallwise Franes) The lipaphilic Labrstee® OC
{caprylic-capric scid trighpcenides) was kindly provided by Ganefosse
SA (Ssim-Priest, France) Lipoid™ 575-3 (soyhean ledthin &t 69% of
phosphatidyl chaling) snd Salutal™ HS1S (5 mixsre of free palysihy-
fene glyend 660 and polyetiylens ghycol G50 ydnospaesrats ) were 2
gilt fram Lipokl Grbh (Ludv gehaien, Germany) and BASF (Ludwig-
shalen, Cermany), respectively. Nadl, aenne, sthanal snd etrshydro-
Turane (THF) were abtainsd fom Prolsbo (Fantenay-sous-bais, France)
Deionised water was obtalnel from a Milli-Q plus system (Millipare,
Parig, France)

232, Preparation o f Fe-di0H-loaded nanarar e

Lipid nanocxitiers were prepared scenfding 1o & previoushy
describesd ariginal process |23 | In arder to abtain INC Saluted™ HS15
{07 wj ). Lol ™ 15 wijow). Lasboraline™ | 20 wi'we ) MOl {1755 ww)
sl veabesr (59,7 S v ) wissre maidoed and hested under megnetic s8 ming
o 85 % Thres cycles of progresshve heating and conling betwe en85
anel 60 “C wene then carried out and follvwed by an irreversible shack
indluiead by dilution with 2 “C delonised water (45 ar 7O wv) sdded ta
the mibture &t 70-75 “C To formulste FediOH-dnsded INC. two

lormulate Fo-diOH-losded micedles 1 mgjfg (24T wiw dry weightl
the amount of Fe-i0H in trighcerides was & quivalent to 34% (wiw)
andl the valume of dilutian was shoat L2 (wive

Flunrescent lipld nanocsr riers were obtsined by using Nile Red_ a
hydlrophobic Muorescent marker, previously dissobved in sceone at
2 pigiyl The resulting Nile Red solution wis incarposated in the
trighpceride phase at 50:50 (w/w) and the scelnne wis evaporged
before e Fluoresent LNC and micelles wers then prepared 2
deseribed shove

23, Claractenizatian of the nanocarmiers

231 Pardde sire and refa poental

The nanocarriers were analysed for their size snd charge
distribaion using & Mak enn Zetis zer™ Nano Seris 0TS 1060 (M alvern
Imtruments 54 Warestershire, K] The nanocarriars were diluted
1108 (viv) In delonised water in ander bo endufe a convendsm
soattered intemity on the deaor

232, INC drug papload and e palabion sfficisncy

Becniss of the orange calour of the anfimncer drug, the Fe-di0H
payiosd wias determined by spectrophatometry &t 450 nm alter
dissabving INC and swallen micelles in solvent mistures 25 descrihed
bkt As the water sohubility of Fo-di0H was inderior to G001 pg jed 1T
the product wid nit entrapped in nanocarniers, drug precipitation
ocour red and the precipitat auld be retsned bya illier. Cansaquentiy. &
partof the farmmlstion af e ach hatch wes filtrated using 2 Minissn™ 01 -
pm fillier (Samnchis) Theee samples of aach batch of Fe-diOH-loaded
nanocsiers (itrated and non-filirated ) were prepasd by dissobving
250 g af nanocsr riers in2 25 ml of 22767 11 (vvjv | s ione THEFwater
solution. Quantifleation v schleved by comparing the abenrhency of
ferroceny] derivative ssmples b & cdibration curve made with blank
nanocarriers and Fo-HOH ethanol THFfwater solufion. Mesn dmug
panlosd (milligrams of drg per gram of LNC dispersion or mios Lar
sahition) and encapsul o on eficiens (1) were caleul sed

24, Cell experimenis

241 Call ot lnire

Rat 9L gliosarcoma cefls were obtained fom the Buropean
Callegion of Cell Culture (Salisbury, UK, N S107051 Purified
newhorn faf primary astrocyies were obiained by the mechanicsl
dissodation method fom cultures of cerebral mrex =5 originad ly
described [25) The celld were grown &t 37 “CAE OO2 in Dulbecco
modified Eagle medium (OMBM) with ghicose snd |-glinamine
(BioWhittaker, Verviers, Belgium) contining 10T dbetal call semm
(FCS) (Mo hinsker) and 1% antiblote and sntimyamtic solution
{Sigma, Saint-Quentin Falliwies France)

242, Obeervation of nanocarmier inlemalzation by onfical images
9L cell were plated st 10 jml an 24-well plates covered wilh
14 frm microscape @ver glisdes conted with & sohitian of 5 pgimi in
PES af poly-d-lysine hydrobromide mal wt 20000-150000 |Sigma,
Saifd-Cuentin Fallwder, Fane) After 48 h of culbture, the culture
medium vwas removed and changed to & serim-free medium
contsining S0% DMEM, 50K Har's FI2 and N1 @mplement. At Day
3, the meadium was tatally remaved and the cell were inaubated e
2 h witha medium containing the medium alane &2 5 negativecontral,
Muarescent INC 1: 1000 o (luorescent micsiles 1: 1000 The cells weare
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theen waes hied twice with Hanks balsnee d sait solution (HES S, BioWhit-
taker) and fixed with 4% parsformakdehyde in PBS for 15 min at 4 “°C
They were washed fhiee times with HBSS, the cover gligses were
e miovied and finally mounted on dides in glycerol/PBS 1:1. The cells
andl fluorescent nanocariers were observed by confocal microscopy
(O rexpus light mierascape Fluoview FU 300 Liser Seanning Confocsl
Iireuegi g S ystermy, Par 2, Frane | wiith & heelium -argon Liser (A 543 nm,
Aam: 572 nmL. The marphal ogy of the 9L ek was shown by Nomarsky
COMrast.

243 Quantifimtion of nanocanrier interna lisation by flow gitometry

A BD FACSCalitur Muores cent- sctivated llow cytom eter and the BD
Cl buiess t 3 iftware | B Bt s, L Pt e Cllasie, Frasnce ) woesre iged
to perfonm flow cytometry analysis_Nile Red- losded micelles (1 /1000)
and Kile Red-loaded INC( 11000 ) were incubasted with 9L gliomacells
in & serum-free medivm contsimng SO0X DMBM, 50X Ham's F12
(BioWhittaker) and N1 complement (Sigma) After 2 h of incubation,
the removal of the sttached nanocarriers was sccomplished by
wiashing the cells three #mes with HESS The cells were then detached
by trypsinisastion. After centrifugation, they were resuspended in a
0.0 (wjv) Trypan Bue salution in HBSS to quench the extrace lhulsr
Muorescence. thus enabling the detenmination of the ksdion that was
sctually internalised_ The trested ssmples were sulsequently washed
twice, and analysed by flow cybometry in at lexst iriplicate experi-
ments, with 10000 cells being messured in esch sample. Far
quardification snalyss, no trestment (91 &Ik ) was considerad to be
the 100% of luorescende intemity.

24.4 In vitro cell viabdlisy

The cells wiere first pated ot 107 coli4jmi on 24-we il plates for 48 h
in DMBM containdng 10% FCS and 1% antibioti of antirmyeotic and then
tre st ol wiith incresd ng ennie rirati ons of various preparations. To test
the impaa of the drug slone (non-encapsul ated ) on cells, salvent like
ethanol (for Fe-di0H amd OH-Tam) and scetone (for Fe) were wed to
solubilise the drugs The dmugs in solution were prepared at a
concentration of 01 M and & dilution of 1:1000 in culture madium
wia resfised to oltain the higher conentraion tested on cells
{ W00 pmodfl). To test drugs encapsulated in micelles ar in INC at this
concentration, a dilution of 1: 235 was nealised in aultune medium, Far
thee athers concentrations, 1: 10 cascade dilusion was perfor med_Blank
LNC and micelles were tested a5 control s and withthe same exd plent
concentration than that nesded for Fe-diDH ones. The cells were
incubated at 37 “C/SX CO; for 96 h Therealier cell visbility was
determined by the MTT test scrording to the procedure desoribed by
M s mann | 26 Briedly, 40pl of MTT solufion at 5 mg/mi in PBS 1 was
sdlded o enchwell, and the plates were incubsted at 37 *C far 4 h The
medium was removed and 200 pl of scid-isopropans]l 0L06 N was
adldded to esch well and mixed thoroughly to completely dissolve the
dark blue orystals_The aptical demity valies were mesdure d st 580 nm
using a muitiwelscanning spectrophatometer (Multiskan Ascent,
Labaystems SA, Cergy-pontaise, Frane) Two independent repetition
experiments are conducted, esch with a lexst 6 repested 2o mples

25, Animal study

251, Animals and anoesthesa

Syngensic Ficher F344 female rats weighing 160- 175 g were
olbtsined from Charles Biver Laborstories Franoe (CArbre de. France)
Al experiments were peformed on 10 to 11-wesk old female Fisher
rais. The snimals were manipulsted under Bofllursneoxygen -
thesia Animal care was provided in stria sccordance to the French
Ministry of Agricul ture regulsfions.

252 Tumour and nanacantisr i mgkan i gon
A cultured tumour monalsyer wes detached with iy pin-ethylens
dismine tetrasetic sdd, washed twice with EMBEM without FCS ar

antibiotics, omunie d, and resis pended to the final concentration detined.
For tum s grewih analysis, animals received suboutsneous injections
{8:2) &l 1.5%10% a1 eells i e the right thigh. On Day 6 after eellinjeaion,
raits ineplanted wiith 9L cells were treste d by anintrstumoural (L) single
injedion (400 pl) of different trestments. Group 1 was injeded with
iy siokogi el 4 sline {contral : n= 7 snimab ) Group 2 received blank LNC
[1=7 smmsh) Croup 3 recived FodiDH-losded mieiles 1 mgig
(2.5 mgfkg; 0 =8 ammals), Group 4 received FediDH-losded LNC 1 mglg
(25 mgikg: n= 8 ammals) and Group S ws ine sed with Fe-diDH- asded
LNC &t & higher dose of 65 mg/g (162 mgkg: n=5 animas) The length
and width of esch mmowr wene regullarly messured using a digital
caliper, and tumour volume waes estimated with the mathem aticsl
ellipasid foromla givenin By (1)L At the end ofthe atudy (Day 30), the
rata were sacrifioed and the weight of each mimour wees evahaied.

Valume(V) - (1,6} x width[l) » lengthiL) m

25, Statishical analysz

For in witro cell survival tests, statistics and snalysis of the
Similarity Facior 2 were employed to evidence significant curve
profibes (2<50 was onsidered to be significand) The statistical
significance lor the in v study was determined lbor asch ex periment
betwesn groups by 2 Suudent [-test (P<005 was @nsidersd to be
significant).

3. Resulis amd discussion
3.1, Preparabion and charadenisation of Fo-di0H- laaded nanacanriers

By i xing Fe-di OH with excipients at well-charscterised concentra-
tions described by a ternary disgram |23 and by applying the phase
imersion process, lipid nanocspiul es snd swolien micelles loaded with
Fe=di0H where abitai ned_ LNC | aaded with the anflcncer drug presented
& very narrow size between 447 and 517 nm, depending on the dug
paylosd, and were monodi spersed (P1<015) (Tabile 1) Fe-diDH- asded
LNC wiere also charscterided in terma of surfae charge Zeta potentisl
values ranged fom = 100 o =115 my. The physicochemicd
wiere very similar i the previously-studied standasnd blank LNC|27.28 )
Indeead, becmise of the presence of PEG dipales in their shells, 50 nm
Ilank LN have & low zeta patentisl of approximatedy = 10 mV |29] The
presence of fhe scl ve drug did not affect the zeta potent sl value which
mears fhat the entrapment of Fo-diDH was very effident. Due to the

Table 1
Mean pamicle sEe, polydipreiny infer, and 2ot poweial wabees of te difeesr
Batncattier Baulaions

Mo, particle  Palydispersiy Tema

s (mew]  (PON) pomessial
— — — m
Lipid Bankt LAC (n=3] 50702 D0& 0009 - 0041
mamocapadie s{INC]  Fo-di0H-LNC SL7:02 LIME0003  —IL5:E5
05 mgjg(n=3}
FediH-LHC SLI:0E OO £0006  —ILI:LE
I mglg (=3}
FediH-LHC #7208 OO L0008 —W5ELO
E5 mgig(a=3}
Bl Beed-LHC S50 OO0ET£00E -7+l
(n=3}
Sveliee Bk mmielles .00 00 L0035  -19:23
Esicedles [a=3}
B.2:03 00008 -18:03
I gl (=3}
Bl B Miceiles  E2S9¢04 009 L0002 -27:08
(n=3}
Mol et wheme mnade i priglicares (=] amd mosies veese expessed a mean
walees + smaedand deviagion (3]
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Tabde 2
Emcapasiazinn ey of F-diDH in b Sl samocanier S msiarings (=3}

Exp iy bt {mglg] !-ﬂl-l-i--!i--vm

e LN 05 gy, 08 t0.02

Fe-dBHNG | mglg LE 002 ul: L7
Fe-dBOHANC 5 gy £43 +007 WL
Fo-diH-Micelles | gl L7 +004 1HI+35

= ol gt F ¥ ¥

muearly nepgligitde 3ahubilityof & erocemd compound inwater and its high
sahubility in trighwerides | Labratee™), it wes pessibie to resch hgh drug
ol g levels, up 10 6.5 mg of Fe-dd0H per gram ol LNC suspension (7%
wijwi dry welght) Like many hydrophobic dmigs [30-32) Fo-diDH ws
woell-encapiulsted in LNC with & high encpsulstion sffidency shave
OEE (Tahle 21

Due to & low quantty of triglycenides present in swallen micelles
andl becsuse af the Bmit of solulllity For Fe-ciOH in tighesrides, it
wizs only passibile o obtain miceiles with a drug load equivalent to
1 mgfg (0. 24% wifw dry weight) Neverntheles, they were olialned
writh the same sire and zets potential &5 blank micelles (Tabie 1) The
Fe-dilH-loaded miceles were charscterised by a very small particle
she 132203 nim, the same x4 lor blank ones (130201 nm) and
e e & weery wiealk ne gative charge with values & round =2 mv, The
Incorporation of Fe-diDH In swallen micelles was very efifiective, &
demonatrated by the high encapsaulstion efficiency and the stability of
thee Zets potentis] (Tabled | amd 2)

332, Cell line experiments

321, Nano aarrier cell upin ke

The internafiastion of fpd nanocarfiers in ghoma cells was
investigaed by confocal microscogy and flow oyiometry after the
farmul stion of Nile Red (NRHosded LNC and miceliss A4 their sire
and charge messuremens were very similer @ those of blank
namacartiers (Tabde 1) NR-lasded LNC and micelles were mnsidensd
to mimic the behsviour of nanocanters sntrapping the sntlcsnoss
drug Chsntitative delhuler uptake by FACS anadysis (Fig. 2) and images
taken after the incubation af fuorescent nanocarriers with 9L cells
(Fig. 3) showed that there was & significant diference betwesn the
Wi nanocarfiens in terms of cell uptake Fig 24 shows that LNC were
rapidly taken up by 91 eedis_ Cell fluonescence intensity | nore xed & am
100 for cells slone (control) to 35447 lor cells incubaied with MR-
LMC {Fig 2B) As se=n in Fig. 34, all the Muane seende waes Found i ngide
thie eelll, wihile av oiding the mickeus, demanatrating sn uptake of the
nanocapsules. This uptake coild be attrilnted to the imerastions
st en S0 nmm LNC andd dholedte ral-sich microdomain & previously
olmerved |33 On the mntrary, & very wesk level of lluorescence wis
olmerved after the incubation of Nile Red-loaded mi o les with9Lcells
which means that anly & lew micelled sre sble to penstrate the calls
(Fig. 30 Cytometry results conflemed that Muonescent mioelie were
taken up by 9L cells ot reuch lowesr fevels than LNC (205.2%) (Fig. 281
Dunn et sl investigsted the sffsct of an incresed surlsce density of
PEC with constant chain length, on the upake of pegylated
namopartides by non-parencinrmal liver cells_ The intersction of the
particles with cells was shown to decresse &% the sufsce demity of
PEC increaded |34 The surlsctant barmier in swollsn micelles was
more than 7 fmes higher in proponion o those used for LNC
Tarmud stinns for the wme diug losd So, wheres micelles are smaller
than LNC., the pressnce of high density PEC costing certalnly
derrexed interaction with cells and could be responsible of the low
internali fon of swollen mdeeliss in 91 glioma cells This phenom-
enaf had alnesdy been deseribed by athers groups. [n Bet, when the
concentration of Sohutal™ HS15 was shave its OMC (0BT wjv ) the

amount of michicine taken up into rat hepaincytes, s well 24 i
uptake velodty, were significantly decrexed |35) This phenomenon
wikd explained by &h inhibition of colchidne iranpan either due to
direct interaction ar the transport site or due o alteration of
rme b ane grapentie in the presence of Salutal™ HE15 micelles.

322, Cell viahdlity

F=c (H wias tested dnvitre ina survival ey on 90 glioma cell and
on newbarn rd smrocyte primery cultures. Ferroene (Fo) and
hydreagtamoifien (0H-Tam ) which are the main maleades of the Fe-
i strucnns, were so Ested Mo bl ellscr was observed for the
ethanolj setane sohitions wsed to solubdiise drugs in salution {data not
shown ). Ghoma cdl cultirne shidies reveslsd that & distinet snd Large
disce g in cancer cell vishility coubd be schieved with Fe-di0H,
contrary (o OH-Tam and Fe (Fig AL The I for Fe=H0OH was showr
05 vl wihere s OH-Tamwies il insctive st ihis concendration range
{ICay= 35 ML Similar resuits had airaady been found in MOA-MBIZ]
cells which are clagsified 25 B =) breast cancer cell Hnes, sdnce the Ko
Tar e rocemy tamion il dervative snd OH-Tamwers shout 05 pM | 36)
anl 34 pM respeively | 3738 | Tam acilen, the reference molecul e ofthe
SERM lamily, i whell lenawon to act through its inhild §on of B Howe ver,
it huirt by areancly et o hued thst vhee stk o of tam axifien toquinaids
i a2 remgnised pathway of atomdcly 39400 As glioma el are
clastified a4 ER=) cell lines [9 ] the moderste efea of tamoxdienon 9L
cedls can be attribated to it acidant sctivity. Fur therm one. femmocens was
taitally insc veon 9L cell4 The sarme reail hes slresdy besn obse rved an

50 - |
ang -
oL pells
O MR-rricels
MA-LMC
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EEEE
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Flissirercairis intnnsity ()

Fig . Bvabssine of Mie Ral-batel meocarser optam by 90 cells ater 3 b of
b s [ - copilisings; (4] mgressecs Ty fondecaece [nmeiny (FL2-H)
3 Bamcnlion of thet sl of enllacte d el e o commrel (& coll), Nl Bt
It ool (B eicile] amal il B oo LNC (MR L), Tha percenta gl
i B s By e e (X} £ Mo £ (9L
oolfs] s comsidesed a 0K of B "Il bot mar thoee Is 3
shgificans diff o B s BB g MR LN i R el [P =007 (A=3]
= e Pl — Stdent {3,

78



Chapitre 2

150 E siord e ol ) o of Coneroiled Refinee 00 (2000) ME-153

LNGC-MF

Micalles-MNA

Fig 3 Coadfneg | gt of O ool e 30 of Bl i vt Sioss o LN (LNC-ME) (A} amd Soce o mdealles | Rl e MR (2] b s s oo B 4 e i e

i a i iy OO, iy e B
an&gﬁuﬁ:lﬂ
wﬂlulwu-nlMlmﬂ'aiwnﬁnﬂﬁnﬂmp-nlhﬂml

Iy .

ER(+ ) el BR{-) beesst el lines |15 even thaugh it showed 2ame
antitumour patental, though at high ancentrafions (10~ M), when
oxddired into the farmoeenbhum ion [41] The fao that Fe-80H showed
cythirba e sriigy ot nndh lowes mnaentrations than OH-Tam $uggeats
that the Fegroup has 2 robe in the obaerved oot ic effea. The easier
oxkdation of ferrocens in mmparson to phenal, makes the oddative
metshalism of lerroceny | derivative s extier, and consequently lasds to
betier antiprallferative sctivity. A< shown in Fg. 48 in astrocyte odls
which are skow- or non-dividing ella, Fe-diDH at equivalent doses to
thas e adkded to glioma el s demonstrated 2l argely reduced level of cell
teieity (Igy= 50 pd) equivalent to OH-Tam, wheress lerrocens Wi
charadtersed overall by a total shsence of cytotoccity. These results
indicate that Fe-d#0H i takic to beain mumour cdbs with a high potentisl
for el dividian, and hanmibess towands heslthy calls

1Tl survi vl curves we re it stgndficantly difisrent between Fe-dioH
In sahution snd Fe-diTH-loaded LNC, showing that the scivity of the
drug wes totally remversd in vire after encpsulstion (Flg 4C)
Marerver, Fo-i0H-loaded LNC demonstrated cytotmde sctivity an 9L
cells 150-fakd higher than bank LNC. Taking into scoount fhe cytatoic
mechaniam of Esrrocenyl ol eoiles propdosed by Hil Latd e al |17], theese
resailts sugpest that LNC improved intraceliular bicsvall shility of Fo-
O Indesd, it wan demanstrated that upon electrochemical omddation
of the lemocene group, & pamial positive charge 14 impanted o the
hydrencyl group of the maleaile, thie sd difying the protan, which muy
thien be e iy a betracesd by hasi c species ke DNA, glutathione [GSH)L o
peroteing, andy present inthe intraceihler vmpar ment na sulsequent
sepond oddstive atep, quinone methide i formed, and s sdivaied for
nucisaphilic atteck by sulphur and nitrogen donor groups fram
blamalecules witch may lesd to cell death. Furthermane, an sdvars-
geois effect was found for Fe-di0H wiven in conteet with trocytes
(Fig- AL Iy Faet, FeotlOH in solutdon o entr apped |in LNC, wes found to

i e ] oty ot gt s Tt Bl et Py i i, B A, 3y s vt e s il the ol vl
iz e B oy, eyl e Dl o It et v e ot el e e el chows, o Pl B Bocadisd e s

e much lesd oytotods an atrocytes drpaned G0 ancer cslls. The
higher cytatasic efisct of Fodd0H loaded LNC in glioma dis than in
i ocytes ooull be triggensd by exsier socessibiling of the |rracethila
wgetmmgiﬂ division. Ad ditianally, srocyies sre @nsidersd toplay
rale in the defence of the braln againdt resctive mogen
:pﬁ(m;ﬁzLMnkmmmmmnwm
anition i ants, e specisl G SH, than other brain call typresliks neuson snd
oligndendrocytes [4G3-45] As CSH may be & patersisl target of the
lerrocenyl temadfen dervatives, it cn explain the recuced ool death of
Fe=diOH on strocytes. The higher ototaxic efect of Fe-diDHH asded
LNC &en gliosma cedl than on xstrodyies cannot be explained by incressed
endocytmis during cell division, since LNC uptake B quantitatively
equivalent in the two types of cells (A Paillerd et sl unpublished
olservation) Consequently, Fe-di0H can be considerad x2 & cytoitatic
anticancer mabacube Fom an invire oncentrason af ©5- 06 ph
The results abtained with Fo-G0H-loaded micedles were difenent
(Fig. 4E-FL Firsfly the sdivity of Fe-di0H in salution wees not recovensd
after ita encaxpsulstion in swollen micsli=s Moreowver, there wes no
signdficant diference hetwesen blank snd Fe-cf OH-loaded micellss on 9L
cell survival percertages, which mesns that the abserved bod dty ws
red ade] o the nanocarrier and not 1o the srticancer dnug The toxid tyof
dwollen micellss was @rminly dus to the presence of excipiens,
e pecilal by seria ctant molecul e like Solual ™ In G, the use of Sokmol™
HE15 in phameceticsl preparations for invitro sppl ation: shidd be
ocondidered with aare. Woadeock et al studied the taxicity of di Ferer
surfsctants on el and their capatdl ity to reve re multidnig resstane
[MOR) |46] Canerming Salutal™ HE15, they canchided that 213 af the
100 cells (MOR-dervative of uman beuksemis cell line) wens lysed
wihen incubated fior anly 1 with thispal yetha ylsted sobubilising sgent
& encenifat ans equivalent to 12 100 (wv)and 1 were hsediy 1:10
{wivi Deapie dower mncentrafion of Schotal™ HS15 in aur mieiies
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(OITE), tosd ity an 9L glioma cells ves nated e blank miosiies siter
2 hofincuhason. in sddition, swollsn miceiles wene found @0 be toie on
Teaditny cells 25 vl 2 on canceroslls a8 the iy, wasabout 5 pMon bodh
cell types (Fig AF) The cytatasic saivity of Fe-diDH on 9L decressed
dramatically when it was encpaulsted in micelle which confirms that
swin flen micell= s were poorly intemnd sed in 9L @lls

23, In vive sudy

A 9L subcutanemis gHioma model vas ussd to evahate the efficsy of
Fe~B0H LNC and micedles After tumenurs had developed to ahow
100 mnr, we performed mmparative elficssy snudies by dividing
animals into five groups acconding to the meatrment they recsived Rats
were sepambed in random samples in & way bo mimmiz weight and
turm our sz i Berences among the groups. Rak of the contral snd LNC

groups were characerised by avery quick progression of Rumaur valume
witich resched 2500 and 2000 mm” by Doy 30 respectively, (Fg 51 0n
the aontrary, Fe-cl OH-lasded LNC signiflcently e
(P=005) which means that the otoimtic ativity of Fe-G0H was
preserved in v indead, rats trested with a single injection ol LNC at an
equivalent dose of 25 mgfky presented tumors three times s maller
{700 mam® at Dy 30) than the anes trestsd by bank LNC (Fig SA)L In
contraat, rats trested by Fo-diDH-losded micelles with the same
anficancer dig dise had mumolrs tha grew very quickly and reached
1600’ by the end of the study. These in vive das can be Hinked to the
condhusdorns made showt nanocarrier uptake in 90 cells &4 an intrat-
mairal frestment with Re-di0H-loaded miceliss was legd effective than
Femi0H-Instded LNC injection. Similacdy, tumoer growth seessed by
tumne mads & the end of the s idy showed tha the mesn o mes
had significantly decressed fam 11 to 0.6 g for 1 mg fg losded swallsn
rrikcelles ane INC, respectively (Fig. 5B
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Meverthelesd, no deses Bect was evidenced x5 rats treated with Fe-
diDH-loasded LNC &t an equivaslerg dose of 162 mgikg (65 mg g load)
had 4 tumowr gfowth dimilsr to LNC ones at an equivslen dose of
2.5 mgfkg (1 mgji load) The spstematic diminution of sive olmerved
far 6.5 mg fg losded LNC (447 nm 2 oppased to 513 ar 51.7 am for
1 mgle amd 05 mgfg respectively, see Table 1) could be due to an
it amal ecul o das0d ation betwieen Fe-diDH molecides o this con-
centration whichcould explasin the shaence of dose sffea. Moreover, a
s of Fe-di OH oxidative saivity during the solubilising step wing
ubtrsomind ar during the LNC formul stion is not impossible. The
phienal functiondol two nesdhy moke oleseould resct iogether laading
o the imaval lehility of the pattem i mocene=- (=C-phenal required far
imternal electron- iramsfer The proedion of these phenol function by
grafeingan scetate chain inonder to makea prodmg, so that hydrolysis
takes place in sy, should sl ow prolonged sctivity of Fe-diDH-losded
LNC. Wark on this protection i in progress. Finally, it i also pasdhle
that the musinmom effedive dote was slresdy reschad with 1 mglg
loaded LNC (DEB4% wijw dry weight) bt that, & intrasimoursl
almindsiration does not permit to tarpet ol the disseminated cells, &
unigue injection may nat be sufficien to provide the rght dose at the
right time_Extenaive research is still required to optimise adminsrs-
i ooneditions for & Fective tumour neduction in rats.

. Coviwc v odies

In this work we simed 1 comparing two lipid nanocsrm ers
produced by a similer process and compesad with the same exciplents

Chapitre 2

E Mo et . rormal of Conroiled Refese 130 (Z000) ME- 153

in order to enhance the blosvailability of ferrocenyl tamodien
derlvative (Fe-diDH) bn & 9L suboitaneous tumow madel Lipd
nanocspsules exhibited grest sdvantsges compared bo swallen
micelles Quantitatively, LINC were bemter internafised by glioma
cancer il compared to micelles; they were less toxic to healthy
cell in culture and they could be lasded by hydraphabie molecules
with high drug losding leve s Fo- i OH-lasded LNC shewed i rterasting
cytodoxic efech on 9L glloma cells with an ICx equivalent to 0.6 pM,
andl funthermore, this organometaliic compoind was not active on
el brain cells ina concentration cange < 10 pbd Promising in whe
resilts were obtsined after Infr stumoursl 4.6 sdmindstration of this
mew drug-carmier & it dramaticslly reduced the fummir mass snd
£ lioma vahime.
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Chapitre 3

Effet synergique de I'administration locale de ferr ociphénol et de la

radiothérapie externe dans un modele intracérébral de gliome 9L.

Ce chapitre décrit I'effet de la radiothérapie exéesur la molécule Fc-diOH encapsulée dans
les nanocapsules lipidiques sur un modéle de glidiméd_es cellules 9L subissent différents
types de traitements et la survie cellulaire eatu@e en réalisant un test au MTT (bromure de
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazmn). Le premier protocole associe a J1 une
radiothérapie a différentes doses (5 a 40 Gy) & ane chimiothérapie avec des LNC-Fc-
diOH 1umol/L, tandis que le second délivre la cloitinérapie préalablement a lirradiation.
Les cellules 9L sont traitées par des concentrateyoissantes en LNC-Fc-diOH (de 0.01 a
1umol/L) et irradiées avec des doses croissantemdinthérapie (de 2 a 40 Gy) afin de
déterminer les doses létales 50s()Cde chimiothérapie et radiothérapie seules. Cegslo
vont permettre de déterminer, dans des conditiongtro, si l'interaction thérapeutique est
synergique ou simplement supra-additive. Enfin,chapitre présente I'administration des
LNC-Fc-diOH dans un modéle de gliome orthotopigae f[convection enhanced delivery”
(CED). Afin d’augmenter les volumes de distributibout en diminuant le reflux, les
viscosités des formulations de LNC ont été augnesnp@r ajout de sucrose en phase externe.
Apres avoir veérifié I'innocuité du disaccharide das cellules en culture, les rats ont été
infusés avec des formulations de LNC-Fc-diOH ou Li@nches 6 jours apres implantation
de la tumeur 9L. Les rats ont ensuite subi troeés de radiothérapie de 6Gy chacune sur
I'encéphalein toto a J8, J11 et J14. L'efficacité du traitement estuée appréciée par des

études de survie.
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Abstract

Purpose: The goal of the present study was to evaluate ffieaey of a new organometallic
drug, ferrociphenol (Fc-diOH) in combination witkternal radiotherapy in intracerebral 9L
glioma model. Previously, we reported that Fc-di@dHuld be encapsulated in lipid
nanocapsules (LNC) with high drug loading compatiith in vivo applications. The
cytostatic activity of Fc-diOH-LNC was shown to bery effective on 9L glioma cells (kg=
0.6pM) and harmless towards healthy cells. Here, tested the hypothesis that the
combination of external radiotherapy with Fc-diObluldl potentiate the action of this drug,

conferring a synergistic effect.

Experimental Design:9L cells were treated with increasing concentraiohFc-diOH-LNC
(from 0.01 to 1pmol/L) and irradiated with a risidgse of radiotherapy (from 2 to 40 Gy).
The MTT test was used to investigate the cytotdyxiof the combination treatmerit vivo
assessment of synergistic activity was evaluatetheynoculation of 9L cells in Fisher rats.
Chemotherapy with Fc-diOH-LNC (0.36mg/rat) was auistered by means of convection
enhanced delivery (CED), and the treatment wasvi@t by three irradiations of 6 Gy doses
at Day 8, 11, 14 (total dose = 18 Gy). The therdpeaffect was assessed based on animal

survival.

Results: In vitro evaluations evidenced that a combined treatmetit e-diOH-LNC and
irradiations showed synergistic antitumor activity 9L glioma cells. Combining cerebral
irradiation with CED of Fc-diOH-LNC led to a sigi@ént longer survivaln vivo and the
existence of long term survivors compared to FcHHONC treated animals (p<0.0001) and
to the group treated with blank LNC + radiothergpy 0.032).

Conclusions: The synergistic effect between ferrociphenol-loadipdi nanocapsules and
radiotherapy may be due to a closely oxidativetimtahip. Radiations may initiate the
oxidation of Fc-diOH phenol moiety into a quinonethide structure strongly cytotoxic for
the tumor cells. Upon these considerations, Fc-diDIC appear to be an efficient

radiosensitive anticancer drug delivery system.
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Introduction

Even with aggressive multi-modality treatment gigas, the life expectancy of patients with
glioblastoma multiforme (GBM), the most aggresgwvienary brain tumor, is a bit more than
1 vyear after diagnosis. Surgery and radiotherapyh wioncomitant and adjuvant
temozolomide, a novel oral alkylating agent, is 8tandard therapy regimen for newly
diagnosed GBM. Patients treated with radiotherapys gemozolomide show a median
survival time of 14.6 months versus 12.1 monthdwédiotherapy alone after surgery [1].
This moderate result underlines the critical rdielemotherapy, the utility of which is very
often controversial [2]. In an attempt to overcothe limitations of systemic delivery of
anticancer drugs aimed at brain targeting, espgdigcause of the presence of the Blood
brain barrier (BBB), several methods of regionalivdey have been developed [3, 4].
Convection enhanced delivery (CED) was introducethe early nineties as a technique to
enhance drug distribution, especially comparedtall delivery methods based on diffusion
[5, 6]. Many anticancer drugs have been investdyaieCED like nitrosoureas - BCNU and
ACNU [7, 8], paclitaxel [9], topotecan [10], cagatin [11] and gemcitabine [12]. But many
problems relating to local CNS toxicity, short drtigsue retention and heterogeneous
distribution within tumors were reported. To circuent these problems, some drugs have
been encapsulated in nanocarriers and infused Hy. Q¥&anoencapsulation offers many
advantages, such as protection of the active spemducing both the interaction with the
brain extra cellular matrix (ECM) [13] and brairxicity [14], a better drug distribution [15]
and a higher brain half-life [16, 17]. In this cext, our group focused on the administration
and study of the infusion of lipid nanocapsules @Nn rat brain by CED. These lipid
nanocarriers obtained by a low-energy emulsificatieethod are characterized by the absence
of organic solvent in their formulation [18]. Theyesent ideal characteristics for CED
infusion such as a low particle size < 100 nm,abgl negative charge, and are shielded by a
PEG steric coating (Allaret al, review submitted). Moreover, LNC can be loadedhwi
lipophilic molecules such as many anticancer difigs 20], radionuclides [21] and contrast
agents. In the field of GBM therapy, hydrophobiomdrganometallic compounds were
encapsulated in LNC and investigated as a new clafssactive molecules [22].
Bioorganometallic molecules are defined as actiedepules that contain at least one carbon

directly bound to a metal or metalloid. The metateed here is iron (Fe) and the metallocene
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derivative is ferrocenenf-Fe(GHs),] chemically grafted on a polyphenolic skeleton.eTh
resulting molecules are ferrocenyl phenols compeuhdt we called “ferrocifen”. They were
first studied on breast cancer ckiles where they showed dual effects: an antiestriag
effect on estrogen receptor positive cell lines argytotoxic effect on hormone independent
cell lines [23, 24]. These compounds are thoughbdosusceptible to an oxidation of the
ferrocenyl antenna to give intracellular quinonethides that are cytotoxic via interaction
with the nucleophiles present in the cell, such ghstathione [25]. We previously
demonstrated that LNC could be loaded with theofmmnyl diphenol molecule called
“ferrociphenol” (Fc-diOH) with high drug loadingJels and that LNC were an ideal cargo to
solubilise and infuse this drug, which is totalhsoluble in water [22]. Fc-diOH-LNC were
cytotoxic on 9L glioma cells (I = 0.6uM) and harmless on healthy brain cells u@ to
concentration range of 10uM. Promisiimgvivo results were also obtained after intratumoral
administration of this new drug-carrier in a sulacigous injected 9L model as it dramatically
reduced the tumor mass and glioma volume.

In the present study, we first evaluated the sysgcgeffect between radiotherapy and Fc-
diOH activity after its nanoencapsulation, on 9lle culture. Then, a combined treatment
using CED of Fc-diOH-LNC with external beam radertipy was evaluated on 9L glioma-
bearing rats.

88



Chapitre 3

Materials and methods

Materials

Ferrocenyl diphenol compound (2-ferrocenyl-1,1-bisydroxyphenyl)-but-1-ene) named Fc-
diOH was prepared by a McMurry coupling reaction [26heTlipophilic Labrafac CC
(caprylic-capric acid triglycerides) was kindly prded by Gattefosse S.A. (Saint-Priest,
France). Lipoid S75-3 (soybean lecithin at 69% of phosphatidylicigland Solutdl HS15

(a mixture of free polyethylene glycol 660 and mahylene glycol 660 hydroxystearate) were
a gift from Lipoid Gmbh (Ludwigshafen, Germany) aBASF (Ludwigshafen, Germany),
respectively. NaCl was obtained from Prolabo (Foayesous-bois, France). Deionized water
was acquired from a Milli-Q plus system (MilliporBaris, France) and sterile water from

Cooper (Melun, France). Sucrose was obtained fra@rckMKGaA (Darmstadt, Germany).

Preparation of Fc-diOH-LNC

Lipid nanocapsules were prepared according to @qusly described original process [18].
In order to obtain LNC, SolutdlHS15 (17% w/w), Lipoid (1.5% w/w), Labrafa¢ (20%
w/w), NaCl (1.75% wi/w) and water (59.75% w/w) wenexed and heated under magnetic
stirring up to 85°C. Three cycles of progressivatimg and cooling between 85 and 60°C
were then carried out and followed by an irrevdeshock induced by dilution with 2°C
deionised water added to the mixture at 70-75°Cformulate Fc-diOH-LNC, a first step
consisted in dissolving the anticancer drug inlydgrides (Labrafdd) using ultrasound
during 1.5 hours. Two parameters were varied: theumt of Fc-diOH in triglycerides (1.7%
and 4% (w/w)) and the volume of cold water for LMiGution (70% and 28.5% v/v) to obtain
drug loadings of 1mg/g (0.84% w/w dry weight) andmeg/g (2% w/w dry weight)
respectively. Fom vivo applications, sucrose (20% w/w) was dissolvechandqueous phase

of the LNC suspension after formulation.

89



Chapitre 3

LNC physicochemical properties

LNC were analyzed for their size and charge distiim using a Malvern ZetasiZeNano
Serie DTS 1060 (Malvern Instruments S.A., Worcestee, UK). LNC were diluted 1:60
(v/v) in deionised water in order to ensure a coismt scattered intensity on the detector.
The viscosities of the solutions were measured@irtemperature using Schott Gerate AVS
400 Model automatic viscometer (Oswald viscosimetBach value was reported as an

average of five measurements + standard deviation.

Tumor cell line

Rat 9L gliosarcoma cells were obtained from theogaan Collection of Cell Culture
(Salisbury, UK, N°94110705). The cells were growr8a°C/5% CQin Dulbecco modified
eagle medium (DMEM) with glucose and L-glutamindo(®hittaker, Verviers, Belgium)
containing 10% foetal calf serum (FCS) (BioWhittgkand 1% antibiotic and antimycotic

solution (Sigma, Saint-Quentin Fallavier, France).

Irradiation

Radiotherapy was conducted with a linear accelef@tinac®, Varian Medical Systems, Salt
Lake City, USA). The irradiations were delivereddne beam with energy of 6 MV and with
an adapted field according to the material irragtlatForin vitro irradiations, cells were
irradiated at room temperature as a single expdsudeses of photon of 2, 5, 6, 10, 20, and
40Gy or in 3 fractions of 6 Gy spaced in time. Forimal irradiations, fractionated
radiotherapy consisted of 18 Gy given in 3 fractiah 6 Gy over 2 weeks, on Day 8, 11 and
14. The dose rate for the irradiation was 4 Gy/amd four rats were irradiated at a time. The
animals were anesthetized before irradiation untigiht sedation (isoflurane/oxygen
anesthesia 3%/3l mim and placed on the Cliniccouch in prone position with laser

alignment.
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Cell protocol

The 9L cells were plated on 24-well plates in DMEMnNtaining 10% FCS and 1%
antibiotic/antimycotic solutions and then treateithwncreasing concentrations of LNC-Fc-
diOH chemotherapy (CT) and external radiotherapyl)(Rccording to three different

protocols described below.

Protocol RT+CT versus CT+RT

The 9L cells were plated on 24-well plates for 240,000 cells/well. At Day 1, cells were
irradiated with 5 to 40 Gy or treated with Fc-di@MNC 1umol/L. At Day 2, irradiated cells
at Day 1 were treated with Fc-diOH-LNC 1pmol/L (fmreol 1) and cells treated with CT
were irradiated with 5 to 40 Gy (protocol 2). MTirgival test was then performed 96 h after
(Day 6).

Combined effect protocol

9L cells were plated at 3,000 cells/well at DayA@Day 2, they were treated with increasing
concentrations of Fc-diOH-LNC from 0.01 to 1 pmolAt Day 3, cells were irradiated with
2, 6, 10, 20 or 40 Gy and MTT was performed 96kratfDay 7). The synergy of the
combined treatment was assessed using isobolognatyses [27]. To that, the Kg values,
l.e. the Fc-diOH concentrations and the irradiatoiose at which 50% of the 9L cells
survived, were determined. To establish thegy Malues for CT alone, cells were incubated
with increasing concentrations of Fc-diOH from Q.0 100umol/L. For the evaluation of

the IGp in RT alone, cells were irradiated at 5, 10, 20 40 Gy in a single fraction.

Multi-irradiation protocol

9L cells were plated at 500 cells/well at Day @ated with increasing concentrations of Fc-
diOH-LNC from 0.01 to 1pmol/L at Day 4 and irragidtwith 3 fractions of 6 Gy at Day 5, 8
and 11. MTT survival test was performed at Day 15.
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MTT survival test

After 96h within any treatment, cell survival pentage was estimated by the MTT survival
test. 40ul of MTT solution at 5mg/ml in PBS weredad to each well, and the plates were
incubated at 37°C for 4h. The medium was removet 200! of acid—isopropanol 0.06N
was added to each well and mixed to completelyotlissthe dark blue crystals. The optical
density values (OD) were measured at 580nm for bltensity and at 750 nm for turbidity
using a multiwell-scanning spectrophotometer (Midin Ascent, Labsystems SA, Cergy-
pontoise, France). The maximal absorbance wasmigted by incubating cells with free
media and was considered as 100% survival (@E). Cell survival percentage was
estimated according to equation (1). Each experim@&s conducted 2 times with at least 6
repeated samples.
OD 580 nm — OD 750 nm
(2) Cell survival (%) = x 100
ODontrot 580 Nm — Olbntro 750 NM

Animals and intracranial xenograft technique

Syngeneic Fischer F344 female rats weighing 16@;M86re obtained from Charles River
Laboratories France (L'Arbresle, France). All expents were performed on 10 to 11-week
old female Fisher rats. The animals were anesttbtigith an intraperitoneal injection of
0.75-1.5ml/kg of a solution containing 2/3 ketamii®0mg/ml) (Clorketarf, Vétoquinol,
Lure, France) and 1/3 xylazine (20mg/ml) (RompuBayer, Puteaux, France). Animal care
was carried out in strict accordance with Frencmidry of Agriculture regulations. A 9L
tumor monolayer was detached with trypsin-ethylémadhe tetraacetic acid, washed twice
with EMEM (Eagle’s Minimal Essential Medium) withbo&CS or antibiotics, counted and
resuspended to the final concentration desiredirff@cranial implantation, 10 microliters of
1,000 9L cell suspension were injected into thestaatum at a flow rate of 2ul per minute
using a 10pl syringe (Hamiltdrglass syringe 700 series RN) with a 32G needlen(ttian”).

For that purpose, rats were immobilized in a stewdo head frame (Lab Standard
Stereotaxic; Stoelting, Chicago, IL). A sagittatision was made through the skin and a burr
hole was drilled into the skull with a twist drilThe cannula coordinates were 1mm posterior

from the bregma, 3mm lateral from the sagittal sutand 5mm below the dura (with the
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incisor bar set at Omm). The needle was left ircgléor 5 additional minutes to avoid
expulsion of the suspension from the brain durieghaval of the syringe, which was

withdrawn very slowly (0.5mm per minute).

Convection Enhanced Delivery

On Day 6, 60ul of the LNC suspensions were injebe@ED at the coordinates of the tumor
cells. Infusions were performed at the depth of 5fmom the brain surface using a 10ul
Hamiltor® syringe with a 32G needle. This syringe was cotetedo a 100p| Hamilton
syringe 22G containing the product (Harvard Appasat.es Ulis, France) through a cannula
(CoEXTM PE/PVC tubing, Harvard apparatus, Les Wignce). CED was performed with an
osmotic pump PHD 2,000 infusion (Harvard Apparatess Ulis, France) by controlling a
0.5ul/min rate for two hours. Thirty nine rats wllth tumor cells were randomized into four
experimental groups. The groups were as followscébtrol group without CED but with the
same anesthetized schenme=(9); (2) a CED group, receiving CED of Fc-diOH-CN+
sucrose) at a dose of 0.36 mg/mat=(8); (3) a radiotherapy group, receiving CED tarik-
LNC (+ sucrose) followed by whole-brain radiatiana total dose of 18Gy (3x 6Gy) € 10),
(4) a CED plus radiotherapy group, receiving CEDFofdiOH-LNC (+ sucrose) at a dose of
0.36 mg/rat, followed by whole-brain radiation ttogal dose of 18Gyn(= 12).

Statistical analysis

Data fromin vitro experiments are presented as mean + SD and istt&halysis between
groups was conducted with the two-tailed Studetdst-(p<0.05 was considered to be
significant). The Kaplan-Meier method was used tot panimal survival. Statistical
significance was calculated using the log-rank (&&antel-Cox Test). StatView software
version 5.0 (SAS institute Inc.) was used for tpatpose and tests were considered as
significant with p values <0.05. The different treant groups were compared in terms of
median and mean survival time (days), increasaumivgl time (ISThedian @nd 1SThean %),

and long term survivors (%).
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RESULTS

LNC formulation and cytotoxicity

As shown in previous works [22], Fc-diOH-LNC pressha very narrow size between 45.3
and 48.7nm, depending on the drug payload, and meredispersed (P 0.1) (Table 1).
The presence of sucrose in the LNC suspension aquatase did not affect the size as there
was no significant change in size measurements. @aential values were equivalent from -
9.4 to -10.5mV for all the suspensions. On the @yt viscosity increased from 4.4 = 0.1 to
8.7 + 0.2 mrVs with the presence of the disaccharide in thenftation. The presence of
sucrose had no toxic effect on cells vitro as there was no significant difference in
cytotoxicity between blank and Fc-diOH-LNC with without sucrose (Figure 1). Moreover,
a dose effect for Fc-diOH could be observed afterencapsulation, as 9L cell survival

percentage was 45-50% for Fc-diOH-LNC 1mg/g and@ér 6.5mg/g loaded nanocapsules.

Mean Polydispersity Zeta

. . . . Viscosity
particle size | index potential (mmZ. s )
(nm) (PDI) (mV) '
Blank LNC 48.7+05 0.063 +0.012 94+0.2 44+0.1
Blank LNC + sucrose 476 +0.1 0.048 + 0.009 -95+1.1 8.7+0.2
Fc-diOH LNC 1mg/g 46.3+0.7 0.050 + 0.009 -9.6 +3.9 -
Fc-diOH LNC 6.5mg/g 453+25 0.074 +0.039 -10.5+1.0 | -
FC-diOH LNC 6.5mg/g | 55491 0.103 +0.074 10011 -

+ sucrose

Table 1. Physicochemical characteristics of blank and Fc-diOH-LNC.
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120

@ without sucrose @ with sucrose
100

80 -

60 -

40 |

Cell survival (%)

20 A

Blank LNC Fc-diOH-LNC 1mg/g Fc-diOH-LNC 6,5mg/g
Treatment
Figure 1: Cell survival test after treatment with Fc-diOH-loaded and blank LNC with or without sucrose

in external phase. Blank LNC, Fc-diOH-LNC 1mg/g and Fc-diOH-LNC 6.5mg/g were diluted in culture
medium with the same dilution factor (1/ 2.350).

Combined effects of chemotherapy and radiotherapy

Two distinct protocols combining chemotherapy aadiatherapy were performed on 9L
cells. One group of cells was treated with radiatpg followed by chemotherapy with Fc-
diOH-LNC (protocol 1= RT+ CT) and another groupeaiwed the chemotherapy before the
RT regimen (protocol 2= CT+RT) (Figure 2a). Firsttgll survival percentage decreased with
the increasing dose of radiotherapy for all coodii tested (Figure 2b). For the first protocol
tested (RT+CT), the percentage of cell survivalreased from 34% to 6% for 5 and 40 Gy,
respectively. For the protocol 2: CT+RT, cell sualipercentages decreased from 8 to 2% for
the cells irradiated between 5 and 40 Gy, respelgtivihe difference in cell viability was
shown to be significant between radiotherapy alme protocol 1 but was also significant for
protocol 1: RT+CT versus protocol 2: CT+RT (p<0.083% the treatment was more efficient
when cells were first treated by chemotherapystéopiential utilization of Fc-diOH treatment

followed by RT was selected for the following skesli
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9L seeding
40,000 cells/well
l MTT test
—D
Day O Day 1 Day 2 Day 6
1 = RT+CT : 5-40 Gy Irradiation + Fc-diOH-LNC 1 umol/L
2 = CT+RT : Fc-diOH-LNC 1 pmol/L + 5-40 Gy Irradiation
b 100
' @ RT+CT O CT+RT
80
g 60 -
g
S 40 |-
%]
K]
© 20 |-
0
5 10 20 40
Dose (Gy)

Figure 2: Cell survival percentage of 9L cells according to 2 distinct protocols: radiotherapy +
chemotherapy (RT+CT: protocol 1) versus chemotherapy + radiotherapy (CT+RT: protocol 2).
Chemotherapy was a treatment with Fc-diOH-LNC 1mg/g at 1umol/L and Radiotherapy was a single
irradiation at 5, 10, 20 and 40 Gy. * means p<0.05

Synergistic effects

To determine if the chemotherapy-radiotherapy aaton with Fc-diOH and external beam
photon irradiation was an additive or a synergistifect, isobologram analysis was
performed. Cells were plated at Day O, treated witlteasing concentrations of Fc-diOH-
LNC at Day 2 and irradiated 24h after by 2, 6, 20,and 40 Gy (Figure 3a). Median effect
doses (IG values) calculated from this experiment were 0.dllimfor Fc-diOH-LNC and
about 7.4Gy for irradiation therapy (Figure 3b-the combination of Fc-diOH treatment
with radiotherapy of 2 and 6Gy allowed the deteation of 1G, values whereas irradiations
with 10, 20 and 40 Gy without chemotherapy alwaggegcell survival percentage lesser than
50% (Figure 3b). The I values were about 0.15 pmol/L and 0.01 pmol/LXd8y and 6
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Gy, respectively. As these values divided by thgo I@ere under the dash line of the

isobologram (Figure 3d), this result indicated aesygistic effect between the two treatments.

a.
9L seeding Irradiation
3,000 cells/well 2-6-10-20-40 Gy
l l MTT test
—U
Day 0 Day 2 Day 3 Day 7
Fc-diOH-LNC c
b. 0.01t0 1 uM :
120 a 0Gy 120
100 —o—20y 100
—%—6Gy .
80 —A— DGy S 80-
—6—200Gy IS
O —— o .\ —e— 400Gy g 60 -
40 3 40 -
o
20 @ O 20
O T 0 T T T 1
0 0,01 0,1 1 0 10 20 30 40
0.4uM 7.5 Gy
Fc-diOH concentration (umol/L) Dose (Gy)
d.

[RT] /1C50 [RT]

0 0,5 1
[Fc-diOH] / 1C50 [Fe-dioH]

Figure 3: Synergistic effect of cell death by Fc-diOH-LNC and radiotherapy in 9L glioma cells. Cells
were treated according to the protocol detailed in (a). Cell survival percentage of 9L cells treated with
CT (from 0.01 to 1uM) + RT (from 2 to 40 Gy) were expressed in (b). ICso for CT alone (RT= 0Gy) was
equivalent to 0.4 uM (b) and ICsq for RT (CT= OuM) was about 7.5 Gy (c). Synergy was determined
between the two treatments as seen in the isobologram analysis (points below dotted line) (d).
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Multi-irradiation

Cultured monolayers of 9L cells were treated withréasing concentrations of Fc-diOH-
LNC followed by three irradiations doses leadingatbnal dose of 6, 12 and 18 Gy (Figure
4a). Cell survival percentage was calculated gfteforming the MTT survival test (Figure
4b). These results showed that cell death is dyrgebportional to Fc-diOH concentration.
Moreover, cell survival percentage decreased Vhighrepetitive irradiations as 23.9%, 6.1%,
3.2% and 1.9% of the cells were still alive aftetreatment with 1uM Fc-diOH-LNC,

followed by 0, 1, 2 and 3 irradiations, respectvgligure 4b).

a.
9L seeding Irradiation n°L Irradiation n2 Irradiation n3
6Gy 6Gy 6Gy
l l l l MTHeSt
—
Day O Day4 Day5 Day 8 Day 11 Day 15
Fc-diOH-LNC
0.01to 1 uM
b. 120

100

80

60

40

% Cell survival

20

Fc-diOH concentration (uMol/L)

Figure 4: 9L cell viability after a chemotherapy treatment with Fc-diOH-LNC followed by a multi-
irradiation scheme of 3x6 Gy. Multi irradiation protocol is detailed in (a). (b) represents the cell survival
percentage after treatment with Fc-diOH-loaded LNC at concentrations between 0.01 and 1yM and
followed by a total dose of RT of 0, 6, 12 and 18 Gy (MTT assay).
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The effect of cell death was predominant afterfitse¢ irradiation whatever the chemotherapy
scheme as shown in Table 2, which is another reptaBon of the same results. For a
chemotherapy treatment without radiotherapy, osditd percentage increased up to 76.1% for
a single treatment with Fc-diOH-LNC 1umol/L. Thergentages of cell death spread from
61.4 to 74.4% between 0 and 6 Gy, decreased frabt8348.4% for the second irradiation
(6-12 Gy) and finished between 5.3 to 38.2% forlést irradiation (12-18Gy). After the third
irradiation, the cell death percentage was muchdridor the cells treated with the highest
dose of Fc-diOH especially compared to the grougedls only treated with radiotherapy
(38.2% versus 5.3%).

No irradiation 1 irradiation 2 irradiations | 3 irradiations
oGy 6Gy 12Gy 18Gy

0 uM 0 61,4 444 5,3

0,01pM 1,3 62,8 41,7 12,6

0,1 um 14,7 71,8 33,0 23,2

1uM 76,1 74,4 48,4 38,2

Table 2: Percentages of cell death after 0, 1, 2, and 3 irradiations of 6Gy according to the dose of
chemotherapy received by 9L cells (from 0 to 1 pmol/L).

Survival study

9L tumor bearing rats were treated either by a GRPBction of Fc-diOH-LNC 6.5mg/g
(0.36mg/rat), a CED injection of blank LNC followéd irradiation with 3 fractions of 6 Gy
over 7 days (total dose = 18 Gy) or a CED injectiatin LNC-Fc-diOH 6.5mg/g (0.36mg/rat)
followed by local irradiation (Figure 5a). A conttrgroup without CED injection but
undergoing the same anesthetized scheme was a$ormped. All non treated rats died
within 27 days with a median and mean survival ®fdays (Figure 5b and Table 3). There
was no increase in life time for the rats which evenly treated with chemotherapy as this
group had a median survival time of 23 days (pX61 vs control). Rats treated with a CED
injection of blank LNC followed by 18Gy irradiaticshowed an increased median survival
time of 32% when compared to controls. The resuwltsurvival time was significantly

different compared to the control group (p < 0.0001
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a.

9L tumor Irradiation n°L Irradiation n2  Irradiation n3
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Days after 9L cell implantation

Figure 5: Representation of the chemoradiotherapy protocol applied on 9L glioma-bearing rats (a).
Kaplan-Meier survival curves for 9L glioma bearing rats after CED of Fc-diOH-LNC and external
radiotherapy 3x6 Gy (b). Survival times in days after tumor implantation have been plotted for
untreated animals (-o-), CED of Fc-diOH-LNC 0.36mg/rat alone (-e-), irradiation 18Gy (three fractions
of 6Gy) in combination with CED of blank LNC (-0-), and irradiation 18Gy in combination with CED of
Fc-diOH-LNC 0.36mg/rat (-¥-). Fc-diOH was administrated on Day 6 and X-ray dose fractions were
delivered on Days 8, 11 and 14 after tumor implantation. * means p<0.05.

Combination of Fc-diOH and RT further improved sual as the median and mean survival
time were equivalent to 37 and 53 days, respegtivithe experiments established that rat
median survival was improved significantly for thggoup compared to control group
(p<0.0001) but also compared to the group treatid lank LNC + RT (p = 0.0328). In
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addition, 2/12 rats (16.7%) in the Fc-diOH + RT ywowere long term survivors which

enhanced the mean increased survival time (IST) U©5.2% compared to control (Table 3).

Treatment n Survival time (days) Increase life time (%)
Range Median Mean + SE Long. term IST IST
survivors median mean
Fc-diOH-LNC 8 21-27 23.0 23221 0 0 0
Blank LNC +
radiotherapy 10 29-44 33.0 34.2+4.9 0 32 36.8
Fc-diOH-LNC+
radiotherapy 12 32-100 37.0 51.3+25.9 16.7 48 105.2
Control 9 23-27 25.0 25.0+1.2 0 - -

Table 3: Descriptive and statistical data from the survival study with Fc-diOH chemotherapy and
external radiotherapy of 18Gy (3x6 Gy).

Note: n is the number of animals per group. The increases in median and mean survival time (IST yegian
and ISTean) are calculated in comparison to the control group (%).

DISCUSSION

Polyphenols have a variety of biological activitieganging from anti-aging or anticancer
activities, to the lowering of blood cholesteroldéés and bone strength improvement [28, 29].
Among synthetic phenol compounds, ferrocenyl dighestructures have been particularly
studied as anticancer agents [30]. The incorparaiicthe organometallic group ferrocene in
small organic phenols was performed to enhancecyt@oxicity of this type of molecule
[26]. Within all these molecules called “ferrocifnthe most active examples contained the
2-ferrocenyl-1-phenyl-but-1-ene motif [31] and thepresentative of this class was the 2-
ferrocenyl-1,1-bis(4-hydroxyphenyl)-but-1-ene compd called ferrociphenol (Fc-diOH).
Nevertheless, this ferrociphenol compound is ndficsently soluble in water to allow its
direct administration. Drug delivery systems outaaypfrom micelle, liposome, cyclodextrin,
or nanoparticle technology have emerged as prorhisefutions to allow anin vivo
administration of this molecule. Recently, the Fotd compound was encapsulated in PEG-
PLA nanopatrticles [32], in methylatefl cyclodextrins (MeB3-CD) [33] and in lipid
nanocapsules LNC [22], thus improving its bioauallty without losing its biological

activity.
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In this study, Fc-diOH was encapsulated in LNCwai different drug loadings and testied
vitro on 9L cell lines. The Fc-diOH encapsulation wasmgal as LNC size and zeta potential
values were not affected by the presence of thanangetallic molecule. Moreover, a dose
effect was evidencenh vitro on 9L cell lines as toxicity was more than 10 tniegher for
Fc-diOH-LNC 6.5mg/g versus Fc-diOH-LNC 1mg/g. Irpevious study, promisinm vivo
results were obtained after intratumoral adminigira of this drug carrier in a 9L
subcutaneous glioma model but no dose effect wasodstrated between the two drug
loading formulations [22]. Many of these drugs ymdienols in general- show promising
resultsin vitro but are characterized by a poor bioavailabilitaimmal models. Therefore an
urgent issue in the development of polyphenolsrdEancer agents is to find strategies to
increase their bioavailability. To potentiate thati@n of the drug, and in a context of multi-
therapy, Fc-diOH was associated with external beaadiation. The radiosensitization
effects of Fc-diOH-LNC were first studied vitro on 9L cell cultures. Notably, a higher toxic
dose-enhancement ratio was revealed for the chemagt (CT)-radiotherapy (RT) protocol
in comparison with the RT-CT procedure. A radiog@isg effect of Fc-diOH can explain
the enhanced efficacy of the combined treatmeoummodel as better results were observed
when Fc-diOH was administered before radiother#fgg. not always the case as some drugs
are more sensitive after irradiation because thaipit enzymes involved in DNA repair for
example [34]. Moreover, the treatment combinationtRT showed synergy and not only
additive effects. It means that a real cooperaticeurred between the two treatments possibly
due to a chemical mechanism. The process respenfgblcytotoxicity by Fc-diOH is not
clearly understood but seems to be connected tdotingation of an intracellular cytotoxic
substance in mild oxidizing conditions (Figure ®riefly, due to an electron transfer
phenomenon, the ferrocene unit can be oxidized @oodenium which after some
rearrangements generates a quinone methide [25% dlinone methide, which is an
alkylating molecule, may react with GSH, DNA andteins leading to cell death. This
transformation can only occur with a particulaustural motif, where the ferrocenyl group is
located on carbon 2 of the but-1-ene group, thenghgroup resides on carbon 1, and a

conjugatedt-system exists between the ferrocenyl and phemuipgg (Figure 6) [31].
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Figure 6 : Proposed mechanism for Fc-diOH cytotoxicity based on electron-transfer studies. Irradiation
by the generation of reactive oxygen species (ROS) can form hydrogen peroxide (H,O,). H,O, which
is a strong oxidizing molecule can boost the oxidation of ferrocene in ferrocenium which after
rearrangement generates a quinone methide strongly cytotoxic. This substance may interact with
intracellular sub-units like GSH, DNA or proteins leading to cell death.

This includes the role of the ferrocene moiety msndramolecular oxidation antenna but the
origin of this oxidative effect has not yet beehyfelucidated. We can imagine that radiation
can prime the oxidative process, thus enhancindakieity of the drug because radiation is
known to both enhance the reactive oxygen spe&€xS| production and reduce the GSH
level [35]. Moreover, as an indirect effect, irraiiibns are known to produce free radicals
originating from water radiolysis. In the preserafeoxygen, highly oxidising radicals are

created which interact with various compounds tonfdwydrogen peroxide @®,), a very

strong oxidising molecule (Figure 6).
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Fractionated external-beam radiotherapy is thedstahtreatment for the management of
malignant gliomas [36]. For a similar total dodee biological efficiency varies according to
the total number of sessions (fractionation), tlksedper session and the total duration of
treatment. In our study, we investigated a radiatpg scheme in 3 fractioned doses of 6 Gray
a week and the impact of this scheme was firstietiid vitro on 9L cell lines. The results
showed that cell toxicity was all the more impottas the number of doses increased from 1
to 3 and the profit was better for the schemesaatsa with Fc-diOH-LNC chemotherapy.
For all the conditions tested, the main benefitc@ll toxicity was obtained after the first
irradiation (60-75% cell death), and was slightsduced after the second and the third
irradiation. But the most important observationthst, the synergistic effect between Fc-
diOH-LNC and RT was most visible after the thincdiation as toxicity increased from 5.3%
to 38.2% for the cells treated with RT alone verGiist RT respectively (Fc-diOH-LNC with
the highest dose tested). After the third irradiatithe percentage of cells still alive was
mainly due to a radioresistance mechanism. Ind@edgells are classified as a radioresistant
cell line especially compared to other rodent ghoecell lines. Bencokovat al. described a
surviving fraction at 2Gy (SF2) of 71.9% for 9L lsehgainst 53.0 and 41.4% for C6 and F98
cell lines respectively [37]. This radioresistaseems to be connected to a high expression of

BRCAL, a protein involved in the repair of dama@edA.

The main objective of this work was to confirm tlesults obtained imitro in an intracranial

in vivo model. For that, Fc-diOH-loaded LNC with the highelose entrapped (i.e. 0.36
mg/rat) were administered in 9L glioma bearing tatconvection enhanced delivery (CED)
and then followed by an external radiotherapy d&y.8The major finding of this work is that
Fc-diOH administered by CED in combination with exxial beam irradiation, resulted in a
significant enhancement in median survival time pamed to the chemotherapy group
(p<0.0001) and also compared to the rats treatedlagk LNC followed by the same
irradiation protocol (p<0.05). Radiation therapykisown to be an effective postoperative
treatment as it increases the survival time forepés compared to surgery alone [38, 39]. But
after high doses of radiotherapy, radiation injsiaee often described [40]. In rodent models,
toxicity was related to high doses superior to 2@@g delivered in a single fraction [41]. In
this study, the total dose was delivered in 3 fomst of 6Gy to enhance the efficacy of

radiations and also to reduce the side effects.
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Moreover, many clinical trials addressing the role@djuvant chemotherapy yielded negative
or inconclusive results [2]. In the group of inErewo rats were long term survivors as they
survived up to 100 days, which certainly involvegotal eradication of the tumor. No
enhancement of survival curves was noted for tleimrtreated with chemotherapy alone
(p>0.05 vs control), whereas in the subcutaneoudeindreatment with Fc-diOH-LNC had
demonstrated its efficacy in reducing tumor mask\aiume [22]. Nonetheless, other studies
described a low chemosensibility of 9L cells to atlet compounds like cisplatin in
intracranial models [42]. Results obtainedvitro or in subcutaneous models for malignant
glioma were not shown to be very valuable for peedg therapeutic efficacy [43]. Indeed, as
the natural environment of a glioma (i.e. the brasrof great influence on the response of the
tumor to certain agents, orthotopic animal modedy tne essential for preclinical evaluation
of novel therapies, especially for a combinaticgréipy. The IST median of 32% observed for
the group radiotherapy compared to the controlwas mainly due to the curative effect of

irradiation.

In addition, as LNC can be ideally infused by CEpatial cooperation could be achieved
leading to an optimal diffusion of Fc-diOH in ratigtum thanks to its LNC encapsulation.
LNC were found to be a sustained residency systaimhaallowed the retention of the active
agent in rat brain [16] which is necessary for ioyad tumor eradication. Because in our last
study, the active species was a radioelement (Rhe&B8) acting through irradiation, the
distribution of the nanocarrier had not been optedi [16]. In the present work and in an
attempt to improve the volume of distribution (Va@)crose was dissolved in the external
phase of the LNC suspension. Thus, the viscosityinereased twofold with the presence of
sucrose in the formulation. Sucrose was shown tedpetoxic for 9L cells in culture and was
used to enhance the viscosity of the infusate. |[femdy described [44, 45], high viscosity of

the infusate may reduce backflow, thus increasidg V

Moreover, Fc-diOH appears to be a good candidateCteD infusion for several reasons.
Whereas chemotherapy agents infused by CED havduped favorable therapeutic
outcomes, brain damage caused by the extensivédigin of highly cytotoxic agents have
been described [10]. Hence, good candidates for @dbDinistration into brain tumors would

ideally be the agents that show the highest passitdrapeutic index against tumor cells over
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healthy neuronal cells. In our previous study, KaHILNC showed cytostatic activitin
vitro on 9L brain tumor cells (I = 0.6uM) while remaining harmless towards healthy
astrocytes. Moreover, because it was possibleachr@igh drug loading levels, up to 6.5mg
of Fc-diOH per gram of LNC suspension (2% w/w dmight), the ferrociphenol formulation

is adapted tan vivo brain applications.

This preclinical evidence suggests that combiniagiation therapy with the Fc-diOH
chemotherapeutic agent may benefit to patients gh-grade malignant brain tumoGur
data represent the first demonstration of a synbegween these organometallic compounds
and an external beam RT, and potentially indicatdhexapeutic option for this class of

molecules which often suffer from problems of biaidability.
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Discussion Générale

Les thérapies locales des gliomes offrent 'avamtegnsidérable de s’affranchir du passage
de la barriere hémato-encéphalique (BHE) qui linstaivent la pénétration des agents
cytotoxiques dans le cerveau, tout en minimisasiteliéets systémiques. La distribution des
principes actifs (PA) se fait soit via des systérmpelymeres implantés localement, soit via
une perfusion cérébrale par Convection Enhancedvédgl (CED) [1, 2]. Les systéemes
polyméres type implants monolithiques (Glidjedu microparticules libérent leurs molécules
actives par diffusion seule ou par diffusion-éraside maniére plus ou moins prolongée [3].
L’inconvénient de ces systémes est une faibleibligton tissulaire des cytotoxiques car leur
diffusion est fonction d’'un gradient de concentmati De plus, ceci impose d'utiliser des
polyméres biocompatibles et biodégradables et déder les profils de libération des PA.
lls présentent néanmoins lI'avantage d’étre faiblgnmevasifs. Les techniques de CED offrent
la possibilité de s’affranchir du gradient de carcation puisque les PA sont cette fois-ci
délivrés grace a un gradient de pression [4, 5].m&thode implique dans ce cas le
positionnement d’un cathéter ou d’'une aiguille ain snéme du tissu a perfuser. Elle est, de
ce fait, plus invasive mais permet d’obtenir dekines de distribution (Vd) beaucoup plus

larges, et d’administrer des quantités de PA baguptus importantes.

Dans ce contexte, I'objectif de ce travail a étécdenbiner 'administration par CED a
'apport des nanotechnologies. Cette combinaisoratégjique associant perfusion et
nanovecteur n’a été introduite que trés récemmardgpe les premiéres études décrivant
l'infusion de liposomes datent de 2004 [6]. En eftée part leur échelle nanométrique, les
nanovecteurs peuvent étre administrés en CED atieno de larges Vd et ainsi couvrir tout
'environnement tumoral. Le devenir des moléculesisées, dans ce cas, va dépendre des
propriétés intrinseques du vecteur et non de latanbe elle-méme. Le vecteur va constituer
un systéme réservoir permettant une protection adendlécule active et une meilleure
rétention dans le cerveau. Parmi ces nouveauxmsgst@anoparticulaires, les nanocapsules
lipidiques (LNC) sont des systémes biocompatibles wgutilisent que des excipients
approuvés par la FDA. lls possédent également pmoi# d’encapsuler des substances

lipophiles, comme des complexes métalliques, audeieur cceur lipidique.
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Ce travail de these s'’inscrit dans une optiqueaibgutique, utilisant les LNC en tant que
vecteurs d’anticancéreux et de radioéléments @otinérapie localisée des gliomes. L'objectif
de ce travail vise a éradiquer des tumeurs gliaggantées chez le rat. Nous avons choisi de
tester et encapsuler deux types de complexes mgéatsllipophiles dont les applications n’en
sont encore gu’'a un stade préclinique. Comme laonité@jdes molécules actuellement en
recherche et développement, ces complexes métdligant tres insolubles dans Il'eau. lIs
nécessitent donc une étape de formulation, powa@oles administrer dans I'organisme. Le
premier actif étudié est un complexe de Rhénium-18&utement souffré
[***Re(SCPh)(S,CPh) =!*Re-SSS] qui sera utilisé en tant que radioélémmettéur” pour

la radiothérapie interne. Les seconds types de lex@p sont des dérivés du tamoxiféne sur
lesquels a été greffé un groupement ferrocene e Bon nomme par analogie
« ferrocifénes ». Le mécanisme réactionnel de aagaules, bien qu’encore non clairement
identifié, semble basé sur deux oxydations inttal@es successives. La premiére
transforme F& en F&" et est suivie par le déplacement d’un proton phgue ; la deuxiéme
implique la formation d'une quinone méthyde, haaehtoxique et capable d’interagir avec
des macromolécules comme I'ADN ou des protéinesr pboutir a la mort cellulaire [7].
Dans un contexte de multi-thérapie, I'objectif esissi d’envisager différents schémas de

chimio-radiothérapie ou la radiothérapie sera adtrige de facon interne ou externe.

Conception des LNC, vecteurs de substances actives

Les LNC ont la capacité d’encapsuler en leur capidique des molécules lipophiles et
amphiphiles. C’est le cas en patrticulier de l'ifpne [8], I'amiodarone [8], et divers agents
anticancéreux, comme le paclitaxel [8], I'étopodi@ou un anticancéreux de la famille des
tripentones [9]. Toutes ces molécules ont conserveéactivité malgreé les étapes de chauffage
inhérentes au procédé de préparation. Les LNC pgmteussi I'encapsulation de complexes
lipophiles radiomarqués. Une étude préalable aépstr I'encapsulation de complexes
marqués au Technétiunt{Tc) et au Rhénium'{®Re) dans des LNC natives et a montré une

encapsulation sans modification de taille ainsugumportant rendement de marquage [10].
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L’application intracérébrale

Les nanocapsules lipidiques ont une taille nandamqmétr modulable en fonction de la
proportion des excipients entrant dans leur fortmda[ll]. Le tensioactif polyéthoxylé
formant la coque (Solut8) ainsi que les triglycérides formant le cceur (ladac®) sont les
composés agissant le plus sur la taille des LN@ssifuement, les proportions utilisées
permettent de préparer des nanocapsules de 20y 30@nm de diameétre. Dans ce travail,
nous avons choisi de formuler des objets de 50 oun geux raisons principales. D’une part,
les nano-objets d’'une telle taille sont adaptés@ application intracérébrale en CED. En
effet, apres administration, les LNC vont devoiffutier au travers du compartiment
extracellulaire. Cet espace extracellulaire a égemment estimé entre 35 et 64 nm de
diamétre chez un rat sain [12]. D’autre part, leucdipidique des LNC de 50 nm est
suffisamment important pour pouvoir solubiliser d&%, permettant ainsi d’obtenir des taux
d’encapsulation élevés. Puisque les volumes diigec sont limités en injection
intracérébrale pour des raisons de tolérance dinides LNC doivent encapsuler un
maximum de PA dans un volume final minimal. Danssonci d’optimisation, nous avons
donc fait varier deux parameétres : la quantité AesBlubilisé dans le Labraf@ainsi que la
concentration des LNC par l'intermédiaire du voludieau de trempe ajouté a la fin du
procédé. Dans ce travail, le volume de trempe aééhédit a 2 ml (28.5% v/v), au lieu des 12.5
ml (70% v/v) utilisés dans la formulation initiadécrite par Heurtault al[11].

Le complexe de Rhénium-188

En premier lieu, nous avons adapté la formulaties lINC encapsulant le complexe'8&Re
(**®*Re-SSS-LNC) initialement décrite par Ballett al [10] & I'administration intracérébrale
par CED. L'objectif a été ensuite de formuler dé§C_encapsulant des activités croissantes
de radioactivité (mesurées en Bequerel=Bq) permtetia délivrer une gamme de doses
croissantes (mesurées en Gray=Gy). Dans ce casntdes activités du perrhénate’f&Re
obtenues a la sortie du générateur qui vont inflaetes activités encapsulées dans les LNC.
Une fois formé, le complexe est solubilisé dans phase dichlorométhane (@El,), puis
meélangé aux divers excipients de la formulatione @tape d’évaporation est nécessaire pour
éliminer le solvant avant de réaliser les 3 cyadeschauffage-refroidissement entre 85 et
60°C. L’inconvénient majeur de cette formulatioh wse réintroduction de solvant organique
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dans une technique qui cherche a s’en affrancl@pe@dant, la température élevée atteinte

lors des étapes de chauffage devrait permettré&weggoration totale de ce solvant.

Les mesures de taille réalisées sur ces vecteunsrend que la présence du complexe ne
déstabilise pas la capsule puisque les taillesglobalement inchangées par rapport aux LNC
blanches. De plus, la dialyse, comme la chromaptggead’'exclusion stérique sur colonne
PD10 ne viennent pas déstructurer cet assemblageréFl). Les indices de polydispersité
(PI) obtenus sont tous inférieurs a 0.25, témoigmumne distribution monomodale. Cette
technique de formulation présente le considéraamtage d’étre rapide, ce qui est un atout
majeur quand on cherche a formuler un radioélément la demi-vie est de 16.9 heures. Le
rendement de marquage final est de 73.9%, la né@jdes pertes se produisant lors de la

formation du complexe a partir du perrhénate élugé&hérateur (77.6%).
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Figure 1 : Distribution de taille des LNC encapsulant le complexe de '®°Re effectuée par

spectroscopie de corrélation de photons, aprés formulation (—), aprés dialyse (—) et aprés colonne
d’exclusion stérique (—).

Les ferrocifenes

Parmi les molécules organométalliques de la fardidle ferrocifenes, nous avons testé quatre
molécules (Figure 2). La premiere molécule estier@bcényl-1,1-bis(4-hydroxyphényl)-but-
1-ene que I'on nommera ferrociphénol (Fc-diOH). dexconde est le complexe DP1 ou les
deux groupements cyclopentadienes sont liés dmfaegvalente a la structure diphénolique.
Enfin, les deux dernieres molécules Fc-diAC et AL sont des prodrogues de la molécule
Fc-diOH qui protégent les fonctions phénoligues cavdeurs chaines d’'acides gras,
respectivement acétate (C2) et palmitate (C16)r Btre actives, ces molécules nécessitent

une hydrolyse de cette chaine afin de libérer laction phénol nécessaire au transfert
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d’électron. Les prodrogues présentent 'avantagtrel’plus hydrophobes et sont supposées
plus solubles dans la phase triglycérique (Labf&fac

\__
. \ - P A
o Fe j Fe \=< (CHZ) CH,
& \OH OH =¥ o Ny D‘<
o)
A Fc-diOH B. DP1 C. Fc-dIAC D. Fc-diPAL

Figure 2 : Formules développées des 4 molécules testées de la famille des ferrocifénes A : Fc-diOH,
B : DP1, C: Fc-diAC et D : Fc-diPAL.

Toutes ces drogues ont fait I'objet d’'une encapguiadans les LNC a de faibles taux de
charge (1mg PA/ g LNC) et ont été testées a diftésedilutions sur des lignées cellulaires de
gliosarcome de rat 9L (Figure 3). Un test MTT pettarg de quantifier le nombre de cellules
vivantes apres traitement a été effectué pour aaqudition, et a permis de déterminer les

ICs0 de chaque composé, c'est-a-dire les concentratjonghibent la survie de 50% des
cellules.

—— LNC Fc-diOH

—A— LNC DP1

LNC Fc-diAC

—— LNC Fc-diPAL

Survie cellulaire (%)

LNC blanches

0,01 0.1 1 10 100
Ferrociféne (umol/L)

Figure 3 : Courbe de survie des 9L apres traitement avec des LNC encapsulant 4 molécules de la
famille des ferrocifénes.
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Malgré une activité cytostatique importante g€ 0.35uM), la molécule DP1, la moins
soluble des 4 dans le Labrafame permet pas d’obtenir les forts taux de chamehaités
pour une administratiom vivo. Fc-diPAL présente une activité cytostatique téuite sur
les cellules tumorales 9L puisque Is§>se situe autour de 20puM. Ceci peut s’expliquer par
une absence d’hydrolyse de la chaine palmitateitro rendant impossible le transfert
d’électron. En revanche, I'hydrolyse est facilisdé@c une chaine d’acides gras plus courte (en
C2) puisque Fc-diAc présente une valeur ghl@on significativement différente de celle de
Fc-diOH, autour de 0.6puM. Pour la suite des testatro, nous avons choisi de concentrer
nos investigations sur le diphénol Fc-diOH que Ii@mommera ferrociphénol. En effet, cette
molécule est jusqu’alors considérée comme la pitiseades molécules de cette famille sur
des lignées de cancer du sein hormono-dépendaviteb7) ou non (MDA-MB231) [13].
Elle est trés soluble dans le Labréface qui facilite trés largement son encapsulatians

les LNC. Fc-diOH peut étre dissout dans la phaseposée de triglycérides jusqu’a 40mg/g
en utilisant les ultras-sons pour acceélérer sasgtale dissolution. Ainsi, il est donc possible
de formuler des lots de LNC-Fc-diOH jusqu’a uneamriration de 6.5mg/g (2% w/w poids
sec). Les rendements d’encapsulation sont treg&lpuisqu’ils sont tous supérieurs a 98%
pour des taux d’encapsulation allant de 0.5 a @Hnies tailles, PDI et potentiels zeta étant
inchangés par rapport aux LNC blanches, on pewidérer que le PA encapsulé se retrouve

bien au cceur de la capsule.

Les tests de cytotoxicité@ vitro ont été réalisés sur un modele de cellules glialegant en
parallele des cellules cancéreuses a fort pouwodidsion, les cellules 9L, et des cellules au
pouvoir de division faible voire nul, mimant le cpartement de cellules saines, les
astrocytes. Les molécules testées ont été adndessseules, c'est-a-dire dissoutes dans un
solvant organique, ou aprés leur encapsulation BsnkNC. Administrée seule, la molécule
Fc-diOH a montré une activité cytostatique maje(i€s,= 0.5uM) sur les cellules
cancéreuses de gliome, notamment par rapport aaxiime qui est la molécule de référence
du squelette ferrociféne, alors gu’aucune actioiigtee n’est observée pour le ferrocéne seul
(chapitre 2). En revanche, sur les astrocytes, iBétdprésente une activité toxique tres
réduite puisque I'lG est autour de 50uM. Ceci signifie que la molédtdediOH agit sur le
cycle de division cellulaire et ne va générer uetabxique que sur des cellules en division,

comme les cellules cancéreuses.
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De plus, l'activité du ferrociphénol est consenag@és son encapsulation dans les LNC
puisque les profils de survie cellulaire pour lalécale encapsulée ou non ne sont pas
significativement différents. Cependant, l'activid@ la molécule n’est pas majorée aprés
encapsulation comme peut I'étre I'activité d’autegents anticancéreux comme le paclitaxel
[14]. En effet, la présence de I'agent tensioadtifutol® en surface des LNC a été corrélée a
une inhibition de la glycoprotéine P (P-gp) a Kme de nombreux phénomeénes de
multirésistance (MDR) en cancérologie. Ceci signdue la molécule Fc-diOH n’est pas un
substrat de la P-gp. Par ailleurs, de méme que pUPA administré seul, les LNC
encapsulant Fc-diOH présentent une activité cyiqtex 100 fois réduite sur les astrocytes,
comparable a celle obtenue avec des LNC blancletoxicité observée dans ce cas est non
spécifique et liee au vecteur lui-méme. En conolusi’encapsulation dans les LNC semble

étre un bon moyen d’administrer ce PA tout en cxase son activité cytostatique.

Intérét du systeme LNC dans la thérapie locale des  gliomes

Les 2 complexes lipophiles métalliques d'intérésasoir le'**Re-SSS ainsi que le Fc-diOH
peuvent étre facilement encapsulés dans les LN&St inaintenant important de s’intéresser a
I'intérét du vecteur nanocapsule lipidique danseapplication.

Un vecteur adapté a la Convection Enhanced Delivery (CED)

La technique de CED va nous permettre d’injectevolime plus important (60ul) que ce
gu'’il est possible de faire avec une injection danpar stéréotaxie (10ul). Les volumes de
distribution obtenus devraient également étre bmguqlus importants que ce qu’il est
possible d’obtenir en injection simple. Au laboregpcette technique a été mise au point par
S. Petitet al (publication en cours). Elle utilise un pousserggre qui va ainsi délivrer le
produit sous un effet de gradient de pression.fls§ion des LNC est réalisée grace a une
seringue de 32 gauges a une vitesse de 0.5uL/muotape2h pour éviter tout type de reflux
(Figure 4).
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Figure 4 : Systeme d’injection par CED. L'ensemble du dispositif comprend : la pompe Harvard PHD
2,000 (1), le cadre de stéréotaxie (2), la seringue Hamilton 100ul 22G contenant les LNC (3), la
tubulure externe en PE/PVC (4), la seringue d'injection 10uL (5) et l'aiguille 32G implantée dans le
striatum du rat (6).

D’aprés la bibliographie (Cf revue), nous avonsdkitgu’il existe des criteres de choix pour
infuser un nanovecteur donné en CED. En effetetgeur idéal a une taille comprise entre 20
et 50 nm, une charge négative ou neutre avec &epcé de molécules de recouvrement a sa
surface du type polyéthyléne glycol (PEG), dextoanalbumine. La suspension finale est
concentrée, légérement visqueuse et légérementrdsypelaire, avec éventuellement la
présence de co-infusats qui ont pour but de salesesites de fixation des nanovecteurs sur
leur trajet d’infusion. Ces systémes colloidaux yesi encapsuler des substances actives

et/ou des agents de contraste pour IRM afin dése¥aln suivi en temps réel.

Les LNC utilisées dans cette étude présentenulsapl de ces critéres et parmi eux, une taille
de 50-55 nm, une charge négative autour de -10n&/mesence d’'une brosse de PEG 660 a
leur surface. Dans notre application, les LNC dgt @oncentrées, par réduction du volume
d'eau de trempe. De part la présence de NaCl danforimulation, les formulations
concentrées sont légéerement hyperosmolaires (788 t1Osm/kg). De plus, il est possible
d’augmenter la viscosité des solutions par ajout sderose en phase externe, apres

formulation. Les formulations passent ainsi d'uisewesité de 4.4 + 0.1 & 8.7+ 0.2 fim
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De plus, les LNC ont la capacité d’encapsuler demiagnétite Fg, (Chaponet al,
publication en coursjjui est un agent superparamagnétique utilisé pesraghplications en
IRM. Des infusions en CED de LNC encapsulant cetnaguperparamagnétique ont été
réalisées afin d’évaluer le volume de distributismite a une telle injection. Les IRM
effectuées apres la CED, réalisée a J6 sur tr@gpaateurs d’'une tumeur 9L (implantée a JO),
montrent que la région du striatum est largemermdrégnée par les LNC (Figure 5). Les
images montrent que les LNC diffusent largementsdenstriatum et au-dela de la zone
tumorale (Figure 6A-B). La distribution du PA estdoicoup plus importante que celle
observée lors de I'implantation striatale de mipte@ses encapsulant une substance active
(Figure 6C). En effet, des études préliminairedigéas au laboratoire ont montré que I'agent
antimétabolite 5-FU se distribuait de facon limiens le cerveau, avec un maximum de

3mm autour du site d’'implantation des micropheiés.

Figure 5 : Images pondérées T2* post-CED (J6) de LNC encapsulant de la magnétite dans le striatum
d’un rat porteur d’'une tumeur 9L implantée a JO.
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Tumeur 9L i ® Nanocapsule Mictrospheres

Figure 6 : Image pondérée T2 d’'une tumeur 9L & J5 (1 jour avant traitement) (A), images pondérées
T2* de LNC-magnétite 30 min aprés leur infusion en CED (B) et de microsphéres-magnétite 2 jours
apres leur implantation par stéréotaxie (C) (d’aprés Lemaire et al. [16]).

Une meilleure rétention in situ

En paralléle de la CED réalisée avec les LNC clewgér®®Re-SSS, les rats ont été infusés
avec du perrhénate d&Re (®ReQ;) qui est la substance directement éluée du géngrat
Les rats post-CED ont été placés dans une cagdabotiéme pour suivre I'élimination du
Rhénium-188, que ce soit sous forme de complexapsnité dans les LNC ou sous forme de
perrhénate. Aprés injection de la solution de pardte de®®Re, on observe une clairance
rapide du traceur avec une demi-vie cérébrale déFrdgire 7). 80% de la dose se retrouve
éliminée apres 12h post CED, contre 2% pour le ¢exep Apres 72h, 94% de l'activité du
1%8Re sous forme de perrhénate se retrouve éliminé lda urines majoritairement (99.4%).
Au contraire, une rétention prolongée est obselwésgue celui-ci est complexé a l'intérieur

des LNC, 90% de la dose restant aprés 72h.
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Figure 7 : Elimination du 1%Re dans les urines et les feces mesurée par un compteur gamma 72h

apres l'administration en CED de 60ul de LNC ou perrhénate de 8 Re chez un rat porteur d'une
tumeur de type 9L.
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Les LNC permettent donc la rétention du radioélénresitu, nécessaire pour une irradiation
des cellules tumorales. Ces résultats montrent bietérét du systtme LNC dans cette

application d’administration intracérébrale.

Un vecteur internalisant

Lors de la mise au point initiale du procédé, umnel€ systématique a mis en évidence la zone
de faisabilité des LNC sur un diagramme ternaine /dlauile / tensioactif péegylé (Figure 8).
Les LNC sont obtenues pour des quantités compeisige 10 et 40% de tensioactif, entre 35
et 80% d’eau et entre 10 et 25% d’huile. De plasisdune autre phase du diagramme, il est
possible de former des objets micellaires. Pourgiemtités comprises entre 60 et 90% de
tensioactif, entre 25 et 40% d’eau et 5% d’huile,forme ce que I'on appelle des micelles
gonflées car elles contiennent une faible proportie triglycérides en leur centre, au contact

des parties apolaires des tensioactifs.

Micelles
op LNC |

L] Mo structure

o S0nm

T &0 0 100

Huile

Figure 8 : Diagramme ternaire permettant de définir la zone de faisabilité des LNC (Ob) et des
micelles (o) en fonction des quantités respectives d'eau, d’huile et de tensioactif pégylé. D’aprées
Heurtault et al [11].

Afin d’évaluer l'intérét des LNC dans cette applioa, et dans I'objectif de solubiliser cette
molécule lipophile, Fc-diOH a fait I'objet d’une @psulation dans des LNC et dans des
micelles de Solut§l Comme dans le cas des LNC, les rendements d'suledion se sont

avéres tres élevés pour les micelles encapsuladidtd. Le premier avantage des LNC par
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rapport aux micelles est leur plus importante propo d’huile permettant de solubiliser les
PA jusqu’a 6.5mg/g. Ainsi, les taux d’encapsulatatteints avec les LNC sont beaucoup plus
importants que ceux atteints avec les micelleslgesf(1mg/g au maximum). De plus, de part
leur trés forte proportion de Solufplles micelles gonflées sont beaucoup plus toxigaes
des condition# vitro (Figure 9).
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Figure 9 : Survie cellulaire des cellules 9L apres traitement par des nanovecteurs non chargés : LNC
et micelles gonflées pour des concentrations en matiére seche comprise entre 0.01 et 200 mmol/L.

Enfin, I'activité de la molécule Fc-diOH n’est pastrouvée apres encapsulation dans les

micelles, alors qu’elle est inchangée lorsque cetéene molécule est encapsulée dans les
LNC (chapitre 2).

Le marquage des nanovecteurs lipidiques par unt digené hydrophobe (Nile Red) nous a
permis d’aller plus loin et d’envisager le devedé& ces vecteurs dans la cellule. Par des
techniques de cytométrie de flux et de microscopigocale, nous avons pu conclure que les
LNC étaient majoritairement internalisées dansckdhiles de gliome 9L, contrairement aux
micelles (Figure 10). Les chaines de PEG présesnietres forte densité a la surface des
micelles empéchent certainement linternalisatia aks vecteurs dans la cellule. Ceci
pourrait expliquer en partie le fait qu’il n'y gitas de différence de survie cellulaire apres

traitement des cellules par des micelles blancheges micelles encapsulant Fc-diOH.
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Figure 10 : Internalisation des nanovecteurs dans les cellules de gliome 9L. A: résultats de
cytométrie de flux. Superposition des acquisitions en Nomarsky et en fluorescence pour les cellules 9L
incubées avec des micelles de Nile Red (B) et avec des LNC-Nile red (C).

En définitif, les LNC diffusent tres largement dales parenchyme cérébral, peuvent
encapsuler des substances actives avec de haulsnrents, permettent la rétention des
substances actives situ et sont rapidement internalisées dans les cellliiess ces critéres

conferent aux LNC des propriétés intéressanteslpdbgrapie locale des gliomes.

Les évaluations in vivo

Les systémes nanoparticulaires que sont les LN@psuatant le complexe d&Re ainsi que
les LNC et micelles encapsulant Fc-diOH ont fasbjet d’explorationn vivo. Les modéles
de gliome utilisés dans cette étude reposent syedtion de cellules tumorales 9L soit en

sous-cutané (injection ectopique), soit dans leear (injection orthotopique).

Le gliome sous-cutané

Le modele de gliome sous-cutané présente I'avandagsuivre facilement I'évolution du
volume tumoral, alors que ce méme suivi dans leveser implique de réaliser des
explorations en IRM. De plus, le modéle de glionstopique permet I'administration de

volumes de LNC (donc des doses de PA) beaucoupmlstants que ce gu'il est possible
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de faire en injection intracérébrale. Dans notretquole expérimental, les traitements sont
administrés a J6, a raison d’'un volume de 400ubkaja’une injection en CED équivaut a un
volume de 60pL. Le résultats confirment les donmédsnuesn vitro pour une part. En effet,

la croissance tumorale des rats traités par desllescencapsulant Fc-diOH est importante et
non significativement différente de celles des gesutémoins ayant recu une injection de
LNC blanches ou de sérum physiologique (Figure Pbur une dose équivalente de PA
(2.5mg/rat), I'effet de réduction tumorale est né@jen utilisant des nanocapsules lipidiques
en tant que vecteur de Fc-diOH. Ce résultat s'gupliprobablement par I'internalisation trés

largement supérieure des LNC comparées aux micelles

En revanche, l'effet-dose attendu entre un traiténawec des LNC formulées a 1mg/g et
celles a 6.5mg/g n’est pas obsemé&ivo. Une perte d’activité de la molécule pour des taux
de charge trés importants (comme ceux a 6.5mg/gjraib étre due a des intéractions
hydrophobes intermoléculaires. Cependant, des exyés de survie cellulaire par test MTT
ont démenti cette hypothese. En effet, la toxieisé largement majorée sur des cellules
recevant un traitement avec LNC-Fc-diOH 6.5mg/g parativement a la dose de 1mg/g,
confirmant une activité de la molécule (Cf chap 3).

Par ailleurs, la protection des fonctions -OH, ap par la prodrogue Fc-diAC n’a pas
entrainé d’amélioration. Due & une forte solubitigéla prodrogue dans le Labrafad est
possible de formuler des LNC trés concentrées (jasd.6.4mg/g) mais celles-ci sont
malheureusement instables, et ce dés J7 pour udssétéalisées a température ambiante. Le
PA se désolvate de la phase triglycérique et seuet sous forme de précipité a I'extérieur
des LNC (Figure 12). Ce phénoméne est aussi obgewéles formulations plus faiblement
concentrées (TE=1.2mg/g) mais pour des stabilités anois. Ces problemes d’instabilité
pourraient expliquer les résultats non concluabtermusin vivo sur les modéles ectopiques a
forte concentration (Figure 11). Finalement, |dé&ldnce de concentration en ferrociphénol
n'est peut étre pas assez importante entre lesyfufations testées pour avoir un effevivo,

la dose de 1mg/g ayant déja largement freiné lagmoce tumorale.
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Figure 11 : Suivi du volume tumoral des tumeurs 9L implantées en sous-cutané chez un rat Fischer

ayant recu différents types de traitements (* p<0.05 significativement différent pas rapport au groupe
témoins : sérum physiologique et LNC blanches).

Figure 12 : lllustration de l'instabilité des formulations de LNC encapsulant la prodrogue Fc-diAc, dés
J7 pour les formulations trés concentrées (A) et a partir de J30 pour les formulations de basses

concentrations (B).

Nos résultats sont intéressants puisque ce somirégsiers qui montrent une efficacité de
cette famille de molécules dans des explorationsvo, les polyphénols souffrant en général
d'un probleme de biodisponibilité dans des modeesmaux. Cela met en évidence
'importance du vecteur LNC puisqu’il permet d’admsitrer des PA trés hydrophobes qui ne

peuvent pas étre administrés tels quels, augmeaitasitcette biodisponibilité. Cependant, les
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résultats obtenus sur un modéievitro comme sur un modele de gliome ectopique ne sont
pas directement transposables a un modele de glamthetopique [17, 18]. En effet, les
tumeurs implantées en sous-cutané sont trés largamguées [6] et sont moins hypoxiques
gue les tumeurs cérébrales. De plus, la localisatiocerveau, isolée du reste de I'organisme

par la présence de la BHE, confére une spécifigtigraphique aux tumeurs cérébrales.

L’administration intracérébrale par CED

Les 4 molécules de la famille des ferrocifenesfait'objet d’administrations en CED dans
un modele de gliome 9L chez le rat Fischer. Lesetuns sont implantées & JO au niveau du
striatum de chaque rat a raison de 1,000 cellalestrles traitements sont administrés a J6 a
raison de 60ul de LNC. L'efficacité de ces traitemseest évaluée par une étude de survie des
animaux et par la détermination des médianes eenmm®s de survie. Les premiers résultats
ont montré une absence d’efficacité des ferrocgeil effet, la survie des animaux ayant
recu une CED de LNC chargées n’est pas signifieatent différente de celle des rats ayant
recus des LNC blanches, et ce, avec les 4 molécglesles que soient les doses testées
(Figure 13).

100

80
N —&— LNC blanches

% —m— LNC Fc-diOH (0.18 mg/rat)
; 60 LNC DP1 (0.38 mg/rat)

5 —V¥— LNC Fc-diAC (0.98 mg/rat)
2 —@— LNC Fc-diPAL (0.10 mg/rat)
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Figure 13 : Courbe de Kaplan-Meier évaluant la survie des animaux traités en CED par des LNC
blanches et des LNC encapsulant Fc-diOH, DP1, Fc-diAC et Fc-diPAL.
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De la méme maniére que pour le gliome sous-cutaméffet-dose a été réalisée avec la
molécule Fc-diOH. Puisque dans ce cas, le volurimgedtion est limité pour des raisons de
pression intracranienne, deux parametres ont és#égj : les volumes d’injection (10 a 60 pL)
et la concentration de Fc-diOH injectée (type denfdation). Le premier groupe de rats a été
traité par des LNC-FcdiOH pour un TE de 0.5 mg/g §téréotaxie simple (V= 10ul soit
0.005mg/rat). Le deuxiéme groupe a recu une imegtiar CED de LNC encapsulant Fc-
diOH pour un TE de 6.5 mg/g (V= 30uL soit 0.18mt)/e le troisieme groupe est traité par
une CED de Labraf&csolubilisant Fc-diOH & 40mg/g (V= 60pl soit 2.5/nad).

A.
100
Stéréotaxie Fc-diOH-LNC 0.5mg/g
(0.005 mg/rat)
80 — v CED LNC-Fc-diOH 6.5mglg
2 : (0.18 mg/rat)
g 60 —e— CED Labrafac Fc-diOH 40mg/g
g (2.5 mg/rat)
2 —m— Témoins
T 404
=
c J
©
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o+ 77—
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B. C.
100 + 100 A
Stéréotaxie LNC-Fc-diOH
804 (0.005 mg/rat) 804 )
—v— CED LNC-Fc-diOH —e— Labrafac Fc-diOH (2.5mg/rat)
(0.18 mg/rat) 60 Le}brafac
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—4@— CED LNC blanches
40+ —m— Témoins 40
20 20+
0 T T T T T T T T T T 0 T LI T T T T T T T T T T T T T T T T T N
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

Figure 14 : Courbes de Kaplan-Meier des rats porteurs de gliome 9L, traités avec la molécule Fc-
diOH par simple stéréotaxie ou CED suivant différents dosages ; 5, 180 et 2500 pg/rat (A). B et C
représentent les courbes de survie de rat traités avec Fc-diOH véhiculé par les LNC (B) ou le
Labrafac® (C) comparativement aux courbes de leurs témoins respectifs.
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Les résultats de I'étude de survie montrent qudfefecytostatique de Fc-diOH est
proportionnel a la dose puisque les moyennes deesdes rats traités passent de 24.1, a 26.1
puis a 39.6 jours pour des doses de 0.005, 0.285etng/rat respectivement (Figure 14A).
Cependant, pour les rats traités avec les LNC eutap Fc-diOH en stéréotaxie simple ou
en CED, les moyennes de survie de sont pas sigtinfeanent différentes comparées aux
groupes traités avec les vecteurs blancs (p = 8.@d3 = 0.5336 ; Logrank test) (Figure
14B). En revanche, la différence devient signifieasi 'on compare le groupe de rats traités
avec Fc-diOH dissout dans le Labréfax celui traité avec du Labrafaseul (p < 0.0001)
(Figure 14C). La molécule Fc-diOH confirme bien santivité cytostatiquén vivo dans un
modele de gliome orthotopique lorsque la dose iégest suffisante. La présence d’'un rat
long-survivant est méme observée (médiane de senli@0 jours). Cependant, il faut noter
que linjection du Labrafdt semble toxique pour le parenchyme cérébral pousiglrs
raisons. En effet, les rats ayant subi une infudieh.abrafal seul ont une médiane de survie
plus courte que les rats non traités (21.5 verSup@rs). De plus les images IRM réalisées
sur le rat long-survivant permettent de détecterptasence des triglycérides par un
hypersignal, et ce, jusqu’a J100 (Figure 15). Cpéisistance du Labrafaaccompagné de
signes cliniques de |éthargie est une preuve derabiocompatibilité de ce produit.

Figure 15 : IRM réalisée sur le rat long-survivant traité par 60uL de Fc-diOH solubilisé dans du
Labrafac® & J42 (A), J58 (B) et J100 (C).

Les LNC encapsulant un complexe #&Re ¢%*Re-SSS LNC) ont été évaluées en tant que
radiopharmaceutiques pour la radiothérapie intetee gliomes malins. Des rats femelles
Fisher ont été traités par une unique injection*fi@e-SSS LNC en CED 6 jours aprés
implantation de la tumeur 9L. Les rats ont été aanidés dans différents groupes selon les

doses recues équivalentes a 12, 10, 8, et 3 Gguhae de ces animaux a €té comparée a
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celle obtenue pour des rats non traités ou desaaninnfusés en CED avec une solution
aqueuse de perrhénate t8Re (4Gy) ou des LNC blanches. Pour le groupe dey8l&
médiane de survie est augmentée de 80% par ragp@moupe contrble et 33% des animaux
sont considérés comme long-survivants (Figure IL&)dose de 8 Gy est donc une dose
efficace, intermédiaire entre des doses toxiqu€sl@l Gy) ou inefficaces (3-4 Gy). En
conclusion de cette étude, ce vecteur s'averaigtradiopharmaceutique tres prometteur pour

le traitement des tumeurs gliales par radiothéragpézne.

100 p—&—9 —m— "™Re-SSS LNC 12 Gy
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Figure 16 : Courbes de Kaplan-Meier des rats porteurs de gliome 9L, traités par injection
intracérébrale de '®Re-SSS LNC pour des doses de 12Gy, 10Gy, 8Gy et 3Gy. Les médianes de
survie sont comparées a celles de rats non traités (témoins) ou ayant recu une CED de LNC blanches
ou de perrhenate de **Re 4Gy ( * p<0.05).

La technique présente toutefois quelques limitesque, malgré la présence de long-
survivants, des seéquelles neurologiques sont obsgmshez certains rats. La spectroscopie par
RMN, réalisée au niveau du striatum atteint (drat) du striatum sain (gauche) nous
renseigne sur la biochimie du tissu cérébral. Het,eélle nous révéle une décroissance du
taux de N-acétyl-aspartate (NAA) et de créatinecauge augmentation de lactate. Le NAA
étant un marqueur de la viabilité neuronale et rigatine un marqueur du métabolisme
énergétique cellulaire, leur diminution témoigneurd souffrance cellulaire avérée [19].
L’apparition d’'un pic de lactate témoigne de coiotis d’ischémie cérébrale. Ces
perturbations biochimiques sont tres largement iddcrcomme des conséquences de la
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radiothérapie externe [20, 21]. L'apparition de effets est aussi liée au modele animal
utilisé. Puisque le radioélémetifRe a un diameétre de pénétration tissulaire de 1Mab

[22], ses rayonnements vont malheureusement colaviguasi-totalité du cerveau des rats
Fischer utilisés pour cette étude et, ainsi, touches parties saines. Méme si le protocole
expérimental reste perfectible, ces données santptemiéres a déemontrer ['efficacité

thérapeutique de ce radioélément pour la radiopiéiaterne des gliomes.

Les protocoles de chimio-radiothérapie

Parallelement a I'action radiopharmaceutique atiendin effet de potentialisation pourrait
également apparaitre par combinaison des deux tigpesmplexes lipophiles, les molécules
organomeétalliques pouvant voir leur efficacité aegtée par I'action du radionucléide. C’est
ce que nous avons voulu tester en réalisant une C&bbinant les deux types de
nanocapsules. Le facteur limitant étant le voluniejettion (V=60pl), le '**Re a été
concentré dans les LNC en utilisant des activités €levées en perrhénate permettant
d’obtenir la dose optimisée de 8Gy. De plus, coniigiget antitumoral du ferrociphénol
semble étre dépendant de la dose, les LNC ontogtgentrées au maximum en modifiant la
seconde étape de formulation. Afin de figer le &yst, et aprés la réalisation des trois cycles
de montée et descente en température, les LNCpsamgées dans un bain de glace. Cette
technique nous permet de nous affranchir du voldemé&empe qui dilue les échantillons, et
autorise la formation de LNC avec un TE de 8.5m@gtte modification de formulation
permet d’obtenir une dose de 0.42mg de Fc-diOhdatr un volume de 50ul. Les CED sont
ensuite réalisées avec des formulations mélandé€qritde LNC encapsulant le radioélément

avec 50ul de LNC encapsulant I'agent anticancé(eEuwrulations mixtes).
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Figure 17 : Courbes de Kaplan-Meier des rats porteurs de gliome 9L, traités par injection
intracérébrale en CED de LNC blanches, LNC-'*Re 8Gy, LNC FcdiOH 8.5mg/g ou un mélange de
LNC FcdiOH et LNC ***Re aux mémes doses.

Les résultats montrent que la survie des animaités par les formulations mixtes n’est pas
améliorée par rapport au groupe traité 8Re-LNC 8Gy puisque les médianes de survie
sont de 31 et 45 jours respectivement (Figure Dé)plus, les LNC sans ajout du volume
d’eau de trempe apparaissent toxiques pour le playeme cérébral puisque les rats traités par
ces formulations meurent avec une médiane de sdevl jours, donc plus courte que pour
les rats non traités (médiane = 25j). Les hypothgssrmettant d’expliquer ces résultats
négatifs s’orientent tout d’abord vers des probkenwe formulations. En effet, la
concentration des 2.8MB(q (correspondant a la des@Gl) dans 10uL de LNC est élevée et
peut étre a l'origine d’un relarguage du complerestdes nanocapsules. De plus, I'absence
de volume de trempe rend les formulations trés ilogmeolaires, ce qui peut expliquer leur
toxicité vis-a-vis des cellules. D’autre part, ddieptique d’'une potentialisation de I'action
du ferrociphénol, les rayonnements doivent avos pie®priétés oxydantes puisque I'action
cytostatigue de la molécule Fc-diOH est liée a wandgfert d’électrons permettant la
transformation du groupement ferrocéne en ferrardrii7]. Or, la radioactivité béta moins
(B) s'accompagnant de I'émission d'un électron et dhtineutrino électronique, n’est pas
qualifiée d’oxydante. Ainsi, le radioélémefitRe ne permet pas de potentialiser I'action du
diphénol Fc-diOH.
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Enfin, si 'on combine I'action du ferrociphénoles/de la radiothérapie externe, c'est-a-dire a
une source d'irradiation située a I'extérieur dmnimal, les résultats sont plus probants. Les
premieres expériencen vitro sur cellules 9L ont montré un effet prépondéramng la
radiothérapie est délivrée aprés la chimiothéragiociant LNC et Fc-diOH. De plus, cette
association n'est pas seulement une résultanteeffess additifs de la radio et de la
chimiothérapie, mais apparait comme "synergique"quai signifie qu’il existe une réelle
coopération entre la molécule et les radiationsefit, les rayonnements, dans ce cas, sont
des radiations ionisantes non chargées que l'onmrphotons X, obtenues a partir
d’accélérateur de particules et provenant du régemment des électrons du cortége
électronique du métal source. En présence d'oxygeee radiations peuvent créer des
radicaux a fort pouvoir oxydant entrainant la fotiora d'eau oxygénée, particulierement
oxydante. Cela permettrait d’engager le processydatif a I'origine de la formation de la

quinone méthyde, entrainant la sénescence accélésazllules.

Cette association synergique a ensuite fait I'otdjahe explorationin vivo. Dans l'idée de
s’approcher au maximum de ce qui est réalisé eiqak, la radiothérapie a été effectuée en
plusieurs séances. En effet, pour une méme doale,tdefficacité biologique est différente
selon la dose administrée par séance, le nomlakdetséances (fractionnement) et la durée
du traitement (étalement). La dose totale déliciémsie est de 18Gy, réalisée en 3 séances de
6Gy chacune, réparties sur une semaine (J8-J11-124TED a base de LNC-Fc-diOH
6.5mg/g est réalisée a J6, soit 2 jours avantdanjgre séance de radiothérapie. L'intérét de
cette triple irradiation a été démonire vitro puisque l'effet de mort, apres la troisieme
irradiation, est évalué a 40% pour les cellulesnayacu la chimio au préalable contre
seulement 5% pour les cellules seulement irradi@éis. d’'optimiser la convection, les
formulations de LNC ont vu leur viscosité Iégéremangmentée par lI'ajout de sucrose en
phase externe. L'ajout du disaccharide s’est amére toxique sur les cellules en culture.
L’ajout de sucrose est décrit dans la littératusarpaugmenter la viscosité des suspensions
colloidales, réduisant les risques de reflux enamgant ainsi les volumes de distribution [23,
24].
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Figure 18 : Courbes de Kaplan-Meier des rats porteurs de gliome 9L, traités par une chimiothérapie
de LNC-Fc-diOH 6.5mg/rat (0.36mg.rat), une radiothérapie comprenant une CED de LNC blanches
suivie de 3 séances d'irradiation a 6Gy (dose totale = 18Gy) ou une chimio-radiothérapie associant les
deux types de traitements (*p<0.05).

Les résultats de cette expérimentation chez I'anhimmantrent que la relation entre Fc-diOH et
les rayonnements X est bien une relation synergiire effet, comme observé dans les
précédentes injections, il 'y a aucun effet/ivo de la molécule seule injectée en CED et la
présence de sucrose n'améliore pas cet effet @iglB). En revanche, le groupe
radiothérapie, qui a également recu une CED de bNf@ches, voit sa médiane de survie
augmentée a 33 jours. Le bénéfice de la radiotieécdgssique dans le traitement des tumeurs
gliales a montré son intérét dans de nombreuseg£{@5-28], et ce depuis plusieurs années.
En parallele, le groupe de rats traités par chirathethérapie a une médiane de survie de 37
jours avec la présence de deux rats long-survivabeste médiane est significativement
différente de celle du groupe traité par une CEDLNE-Fc-diOH seule (p<0.0001), mais
surtout significativement différente de celle doupe traité par radiothérapie seule (p<0.05).
Ce résultat confere au ferrociphénol des propridéémolécule radio-sensibilisante. C’est un
résultat majeur dans la mesure ou les gliomesammius pour étre des tumeurs hypoxiques
tres agressives [29] et le modéle murin 9L, compadéautres modeles animaux, fortement

radiorésistant [30].
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En définitif, la survie des animaux est réellemefiective pour deux types de traitements
testés pour lesquels les LNC sont administréesqarection-enhanced delivery. Le premier
est une radiothérapie interne a l'aide de LNC esakamt le complexe d&°Re pour une dose

de 8Gy. Le second est un traitement par chimiosthdrapie a I'aide de LNC encapsulant Fc-
diOH pour une dose de 0.36 mg, suivi d’'une radia@hi& externe externe de 3x6Gy. Si on ne
compare que les données chiffrées des médianesyeinmes de survie, les résultats les plus
probants semblent étre obtenus par la radiothérapéene (Tableau 1). Cependant, les
groupes d’animaux variant du simple ou double : (£8Re) versus n=12 (Fc-diOH), les

résultats sont difficilement comparables.

. Temps de survie Accroissement temps survie
Traitement n (jours) (%)
Gamme Médiane Moyenne ang ATS ATS
+DS survivants | médiane moyenne
188
Reésgi LNC 6 | 32-100 45.0 59.3 + 32 333 80 137.2
LNC FcdiOH 0.36mg

+ radioT 3x6 Gy 12 32-100 37.0 51.3+25.9 16.7 48 105.2

Témoins 9 23-27 25.0 25.0+1.2 0 - -

Tableau 1 : Tableau descriptif des données statistiques concernant les études de survie donnant lieu
a I'existence de longs survivants : radiothérapie interne de 1%Re-SSS-LNC 8 Gy, et chimiothérapie de
LNC-Fc-diOH 0.36mg suivie d’une radiothérapie externe délivrant 3x6 Gy.

De plus, si une administration intracérébrale d&rfiRim-188 s’est avérée toxique pour le
parenchyme cérébral, il reste a évaluer la toxis@ traitement local de ferrociphénol ainsi
gue celle de la radiothérapie externe. Le schémadlethérapie externe a été choisi comme
le plus fidéle, en équivalent de dose, au traitdmaenventionnel des tumeurs cérébrales. Le
fractionnement (3 séances de 6Gy) permet d’obteniffet différentiel entre les tissus sains
et la tumeur, plus marqué que pour une fractiogumi En effet I'irradiation engendre chez
toute cellule, qu’elle soit saine ou cancéreuss,ldsions sub-létales de I'’ADN, c’est-a-dire
des Iésions qui peuvent étre réparées par des mamainternes. Entre deux irradiations, les
tissus sains ont une plus grande capacité de rattauet de prolifération que les populations

tumorales. Le fractionnement exploite ce phénonguié amplifie, créant un différentiel
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favorable qui doit aboutir au terme de lirradiatjca la destruction compléte des cellules
cancéreuses. Des effets toxiques de la radioteémierne sont décrits dans la littérature

mais pour des doses délivrées en une seule feigpétieures a 20 Gy [31].

Enfin, il est tres difficile de mettre en parall€les résultats avec ceux d’autres études utilisant
divers agents néoplasiques associés a la radipteéexterne, dans la mesure ou les
protocoles expérimentaux sont tous trés différehiss variations sont nombreuses et
proviennent de différentes sources : type de esdl(®L, F98, C6, U87, U251...), nombre de
cellules implantées (500 a 500,000), jour de tnadtet (J5 a J14), dose totale d’irradiation
(18-32Gy), et nombre de séances (1 a 9) [17, 32-36]
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Conclusion et Perspectives

Les LNC représentent un vecteur idéal pour I'adstiation locale par CED de complexes
métalliques lipophiles dans le traitement des tumeliales malignes. Les images réalisées
en IRM, suite a l'injection de LNC encapsulant adegdes de fer, montrent que les LNC
diffusent largement dans le striatum et au-deldladeone tumorale. De plus, les LNC
permettent I'encapsulation de molécules lipophélesc de forts rendements d’encapsulation
proches de 100%. Cette encapsulation permet damvidager une administratiam vivo de
ces molécules qui ne sont solubles que dans desngslorganiques non injectables. Les LNC
encapsulant le complexe lipophile de Rhenium-18&p#ent une rétention de I'émettelir

au niveau local et une éradication complete deid@etr, pour une dose optimisée de 8Gy.
L’activité du complexe Fc-diOH est conservée amasapsulation dans les LNC et s’avere
majeure sur les cellules de gliome 9L {4€ 0.6uM) alors qu’elle est trés réduite sur des
astrocytes (Igg= 60uM). De plus, les LNC sont quantitativementeinglisées dans les
cellules 9L, et entrainent une réduction du voluomoral dans un modeéle de gliome sous
cutané. Cette réduction peut aller jusqu’a une iéafidn totale de la tumeur lorsque
'administration des LNC-Fc-diOH en CED est suidi@ne radiothérapie externe. En effet,
'association entre le complexe et les photons Xuege association synergique conférant a

Fc-diOH des propriétés de molécule radiosensiliesa

Toutefois, ces protocoles restent perfectibles etndmbreuses améliorations restent a
envisager. Dans l'optique d’améliorer I'efficacii@érapeutique, la lyophilisation qui a déja
éte réalisée sur les nanocapsules lipidiques Einpttrait d’'augmenter la quantité de LNC
injectée, et donc la dose de produit administréelybophilisation est également en faveur
d’'une meilleure conservation des formulations etndtrait d’obtenir des suspensions a
reconstituer extemporanément. Cependant, elle siéed'sjout d'un cryprotecteur en phase
externe dont I'innocuité reste a confirmer une tdsinistrée dans le parenchyme cérébral.
Dans l'optique d’augmenter la dose injectée, ilagepeut étre judicieux d’envisager des
multi-injections en CED. De plus, puisqu’il existee étroite corrélation entre I'activité du
complexe Fc-diOH et la radiothérapie externe, au ¢'une administration néo-adjvuvante, il
serait intéressant d’envisager une administrationcemitante a la radiothérapie. Cette
association pourrait également étre suivie par gseEonde administration de la
chimiothérapie, comme ce qui se fait aujourd’hui @dmique avec I'administration du

témozolomide (Témodd)[2].
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Dans le cas de la radiothérapie interne a I'aideldd¢C encapsulant [¥®Re, les perspectives
sont de tester d’autres modes d’administrationaddamment des multi-injections. Afin de
réduire les effets secondaires, la dose de 8Gyraibuétre fractionnée en plusieurs
administrations et les volumes d’injection en CERupaient étre diminués minimisant ainsi
les irradiations du tissu sain.

De maniere a augmenter la spécificité des LNC pemicellules cancéreuses, les perspectives
seraient également d’injecter en CED une nanopsetide troisieme génération. Des travaux
récents ont montré la possibilité de greffer deofacovalente des anticorps monoclonaux
OX26 et des fragments issus de ce méme anticofpssudrface des LNC, formant ainsi des
immunonanocapsules [3]. Ces anticorps permettertihlage du récepteur a la transferrine
de rat, surexprimé au niveau de la BHE [4] maisiaag niveau des cellules a forte activité
mitotigue comme les cellules de gliome. Le rayorcderbure des particules jouant un réle
prépondérant sur les capacités de greffage, ceitie @ été réalisée sur des LNC natives de
100 nm. Par conséquent, il faudrait adapter laneiclgie de greffage a des LNC de 50 nm
afin de conserver une bonne diffusion en CED.

Enfin, il serait intéressant de travailler sur wrtra modele que le modele 9L. La lignée
cellulaire de gliosarcome de rat 9L a été obtenparéir d’'une tumeur initialement chimio-
induite par la N-méthyl nitroso-urée chez le rather 344 [5]. C’est un modele syngénique
tres agressif avec une croissance tres rapideniéils dont I'histopathologie et le potentiel
invasif est souvent non-conforme a ceux des gliomesains. Dans cette optique, il pourrait
étre intéressant de travailler sur des modélescesgades cellules de gliome humain a des

animaux immunodéprimeés (athymiques ou génétiquemenifiés) [7].

En conclusion, ce travail de thése a permis d’'aepldes stratégies trés récemment décrites
en testant le pouvoir thérapeutique de nouvellbstances actives issues de la recherche. I
offre un espoir dans le traitement des tumeursleglianalignes qui, aujourd’hui, restent

malheureusement de trés mauvais pronostic.
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Résumé

Ce travail de these a pour objectif le traitementl des gliomes malins via I'administration
de nanocapsules lipidiques (LNC) par convectionaanbd delivery (CED). Deux types de
complexes métalliques lipophiles aux propriétésapéutiques ont été encapsulés au sein des
LNC. Le premier est un complexe radioactif de Rb#mil88 et le second, un agent
anticancéreux dérivé du tamoxiféne et du ferrockngerrociphénol (Fc-diOH). Les LNC de
18Re permettent une rétention de I'émettguau niveau local et une éradication compléte de
la tumeur est possible pour une dose de 8Gy puiS®de des animaux sont de longs
survivants. Cette dose optimisée s’est révéléelgteedose efficace, intermédiaire entre des
doses toxiques (10-12 Gy) ou inefficaces (3-4 Ggs LNC-Fc-diOH présentent des taux
d’encapsulation élevés, et sont quantitativemetarmalisées dans les cellules 9L. De plus,
I'activité du ferrociphénol est conservée aprésapsalation et se réveéle trés efficace sur des
cellules de gliome 9L (16=0.6uM). En revanche, I'activité est trés réduitelss astrocytes,
cellules au potentiel de division quasiment nuladtion intratumorale des LNC-Fc-diOH
dans un modéle de gliome sous-cutané entraine @dhetion significative des masses et
volumes tumorauxDe plus, I'association entre le ferrociphénol & photons X est une
association synergique conférant a Fc-diOH desrjg@i@is de molécule radio-sensibilisante.
La médiane de survie du groupe traité par une CEDLNC-Fc-diOH suivie d'une
radiothérapie externe de 18Gy (3x6Gy) augmenteBée gar rapport au groupe contrdle avec
la présence de 17% de longs survivants.

Mots clés: Gliome, Nanocapsule lipidique, Rhénium-188, Envection-enhanced delivery

Abstract

The aim of this work is the use of lipid nanocapsulLNC) infused by convection-enhanced
delivery (CED) for the local delivery of brain tumso For therapeutic applications, LNC were
loaded with two lipophilic metal-based complexebeTirst one is a lipophilic complex of
Rhenium 188 ¥®Re-SSS) which is investigated as a novel radiopheeutical carrier for
internal radiation therapy of malignant glioma. T8exond one is an anticancer drug with a
ferrocene grafted on a tamoxifen skeleton and dafierrociphenol (Fc-diOH). When
administered in LNC*®*Re tissue retention was greatly prolonged, and dcaurhdicate
tumors for an optimal dose of 8Gy as 33% of thenaits were long-term survivors. The dose
of 8 Gy proved to be a very effective dose, betwteait (10-12 Gy) and ineffective (3-4 Gy)
ones. Fc-diOH-LNC showed many advantages sucthaghadrug loading capacity, and were
able to be up-taken by glioma cells. Fc-diOH cybst activity was conserved after its
encapsulation in LNC and was very effective on $ibrga cells as the I§ was about
0.6uM. Interestingly, Fc-diOH-loaded LNC showed ltwxicity levels when in contact with
astrocytes which are slowly or non divided braifiscd-c-diOH LNC treatment was able to
lower significantly both tumour mass and volume letton after 9L-cell implantation.
Moreoever, the relationship between Fc-diOH-LNC aXdrradiations was synergistic.
Combining an external irradiation of 18Gy (3x6 Gwith CED of Fc-diOH-LNC increased
the median survival time from 48% compared to tbetol group and 17% of the animals
were long-terms survivors.

Keywords: Glioma, Lipid nanocapsules, Rhenium-188, Ironn@ction-enhanced delivery



