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1. INTRODUCTION
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1.1. Les tumeurs gliales malignes: epidémiologie,
pronostic et évolution.
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Avec 3000 nouveaux cas par an en France, le ghtiibtee représente la tumeur cérébrale
primitive la plus fréquente et son incidence neseafaugmenter. Son pronostic reste effroyable
avec une médiane de survie comprise entre 10 etoldmalgré un traitement complet associant
une chirurgie, dont la qualité est un facteur devisuimportant, la radiothérapie et la

chimiothérapie (1, 2).

La prise en charge des glioblastomes représenthallenge pour les neuro-oncologues.
Le glioblastome possede des propriétés infiltraeteprésente une nature hautement invasive
(Figure 1). La prise de contraste bordant la Iésimnorale a I'IRM ne constitue pas la limite de
cette tumeur. Les biopsies pratiquées plusieurtinceties au-dela des marges délimitées par

I'IRM, dans les zones macroscopiguement saineguetnt des cellules tumorales (3).

Infiltrationof high-grade astrocytoma into adjacent brain tissue
Preoperative situation

\fl mm

-\

&5

> 40 mm 20 - 40 mm 20 mm brain
from fumeor edge from tumeredge adjacent to tumor

1:1000 1:100 1:10 1:1 Ratio of mmor cells to
total cells

0.2 % 18 % 6% 92% Percen tage of umor
cell population

Figure 1 Représentation des propriétés infiltrantes desetus gliales de haut grade (en

situation pré-opératoire).

Cependant, I'expérience clinique va a I'enconteecds données. Malgré une résection
macroscopique la plus compléete possible, 90% dadivés surviennent dans un rayon de 2 cm
autour du site tumoral initial (4-7). Ainsi, ciblégs cellules tumorales résiduelles considérées

comme les plus agressives, tout en protégeargde tiérébral environnant constitue un objectif
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majeur. Toutefois, la fragilité du tissu cérébi@hsadjacent et la présence de la barriere hémato-
encéphalique (BHE) limitent les possibilités thémwaigues classiques qu’elles soient
chirurgicales, radiothérapiques ou chimiques.

Parallélement, l'escalade de doses requise pélishtion de la voie veineuse est

rapidement limitée par la toxicité systémique de'ehtraine (ex : thrombopénie et nitrosurées).

Ainsi, les stratégies d'utilisation locale d’ageritotoxiques au sein du SNC permettent

de s’affranchir de ces inconvénients.
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1.2. Les thérapies locales.
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L’histoire des thérapies locales a commencé pataptation du vieux concept de la
brachythérapie dans la prise en charge des tuncétgbrales. Initialement, des implants d’iode
radioactif pouvaient étre déposés au sein du phayeme cérébral. Cependant, aucune étude de
phase Il n'a vu le jour. Puis, des techniques paphistiquées ont vu le jour tel que le Gliasite

mais n'ont pas été développées par la suite (FR)ure

Figure 2: Brachythérapie adaptée aux tumeurs cérébrales feome d'implants d’iode
radioactif (A) ou de cathéter intracranien délitrale I'iode radioactive sous forme liquide

(Gliasite®) (B).
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D’autres voies ont été explorées pour I'adminigiralocale d’agents anticancéreux:

v L’injection directe intraparenchymateuse générant un gradient de pression (Photo 1).

Ce type d'injection entraine tres souvent la sumeed’un reflux du produit injecté vers la
surface. La concentration du principe actif finaggrnobtenue dans la cible est donc limitée. Ce

procédé n’est donc pas la technique de choix piojgdtion locale de solution.

Photo 1 Injection locale directe intra-parenchymateusetloéale a la seringue d’un soluté

en per opératoire.

v La_Convection-Enhanced Delivery (CED)permet de délivrer I'agent thérapeutique

pendant qu’est maintenu un gradient de pressiotintoat déterminé au préalable. Ce gradient
est imposé par une pompe osmotique. Il permet dietemér une pression interstitielle entrainant
une propagation («bulk flow») du produit injectés/ées espaces périvasculaires, au travers du

compartiment extracellulaire (8) (Photos 2A et@)gure 3).

16



Photos 2A et B: lllustration d’'un montage de Convection-Enhancedivieey en pratique
clinique. A: Implantation au sein du parenchymeébéal de cathéters. B: Montage reliant les

cathéters au systeme de pompe a l'aide de tubudtmeshes.

(2) (3)

l,

Pompe Harvard

Apparatus®
PHD 2000 Infusion

Cadre de stéréotaxie

Figure 3: Représentation d’'un montage de Convection-Enharigelivery en pratique

préclinique. Adaptation sur le cadre de stéréotduienatériel d’'injection relié a la pompe.

v La thérapie cellulaire, encore appelée biothérapie, implique des cellgéegtiquement

modifiées. Ces cellules ont acquis la propriété&ytehétiser des protéines anti-tumorales ou de
libérer des particules virales possédant un difatapeutique (9). Elles peuvent étre inoculées au
sein du parenchyme cérébral. Elle constitue uneoahp prometteuse mais qui est encore en

développement. Bien qu’elle représente une moddétéhérapie locale, elle ne permet pas, a

17



proprement parler, I'administration d’agent chimgqthérapeutique. Ainsi, méme s'il était

important de la mentionner, cette voie ne seraapasdée dans ce travail.

v Les implants polymériguespermettent une diffusion lente et contrélée dugip@ actif

au sein du tissu cérébral.
a. Les implants polymérigues

Les premiers implants utilisés en pradicclinigue datent des années 60. lls étaient
constitués d’'une simple éponge de gélatine imbidiérdoxan ou de méthotrexate. lls étaient
posés simplement dans la cavité opératoire (PhotDes neurochirurgiens japonais ont été les
premiers a utiliser de vrais implants polymériquesir traiter des tumeurs cérébrales. Dans
plusieurs études, ils ont travaillés avec des pehgm non biodégradables délivrant des
nitrosourées (ACNU), du 5-FU ou de l'adriamycinéd{{I2). Malheureusement, ces études

étaient juste des études pilotes et les auteurd pas pu conclure a leur efficacité.

Photo 3: Premiére application clinigue deéponges de gélatine imbibées d’agents

cytotoxiques: implantation intra-cavitaire d’'unenépe de gélatine en per-opératoire.

Récemment, des micro-technologies plus sophigguént été mises au point.
Maintenant, les implants utilisés sont la plupaibdBégradables. lls protégent I'agent

18



thérapeutique jusqu’a sa cible et permettent emsaat libération lente et contrélée. Le seul
implant polymérique qui a démontré son efficacit@tee les tumeurs gliales de haut grade dans
des essais de phase Ill est le Gliadel®. Il estpms@ d’'un copolymeére de la famille des
polyanhydrides contenant des molécules de p-cple®imolécules d’acide sébacique, liées par
une liaison covalente qui peut étre cassee paolygdr (Figure 4). Ainsi, I'eau constitue le seul
élément nécessaire a la dégradation de I'impladbet a la libération de la chimiothérapie. A
I'origine, ce copolymeére était destiné a I'industdu textile afin de remplacer le polyester. Il a
été rapidement abandonné du fait de cette «ingébilchimique le rendant facilement
dégradable. C’est aujourd’hui son point fort poom application en médecine. Il représente a ce
jour la seule formulation ayant obtenue une auttioa de mise sur le marché pour apposition (8
implants maximum) dans la cavité de résection apr&sese chirurgicale d’'un gliome malin,
gu’il soit nouvellement diagnostiqué ou pour ledigras en récidive lorsqu’une intervention

chirurgicale est possible (13-16) (Photo 4).

Photo 4: Implant de Gliadel®
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Polymer used in Gliadel [p(CPP:SA) 20:80)]

—" K -
M 3~-n Ay = 0—(CHgls— 00—, "] (CHalg-, 1O~
. . !
o o o| °
-2 80
1,3-bis{carboxyphenoxyjpropana Sabacic Acid

Figure 4: Formule chimique de l'acide poly (1,3-bis (carbplkgnoxy) propane-co-

sabacique (Polifeprosan®), polymere utilisé darfsraulation du Gliadel®.

b. Microsphéres

Bien que de nombreux systemes de libération atnidéveloppés et évalués sur des
modéles animaux, tres peu ont amené la mise ere mlassais cliniques de phase | (17).
Parallelement & ces implants monolithiques, I'lms&i646 a mis au point des microsphéres de
copolymeére d’acide lactique-co-acide glycoliquettdmt un antimétabolite radiosensibilisant, le
5-Fu (5-fluorouracilekur plus d’'un mois (18-26) (Schéma 1). La taillecds microparticules (1
a 1000 pm) permet de les injecter de facon préaiséme dans les zones cérébrales
fonctionnelles, sous la forme d’'une suspensionain ikevée ou par stéréotaxie sans léser le tissu
cérébral (18) (Photo 5). La faisabilité de I'impiation au niveau de la cavité de résection
chirurgicale a été démontrée par des études de= phhpour les glioblastomes opérables (27)
mais également au sein de la tumeur pour les tigr@rébrales profondes non opérables (28).
Une étude de phase IIb (microspheres de 5-Fu @s&soai la radiothérapie versus radiothérapie

seule) a démontré un bénéfice non statistiquenigmifisatif en termes de survie (27-28).
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Schéma 1l Cinétique de libération du 5-FU par les microspkée

Photo 5: Microsphéres de 5-FU en suspension.



Pour ces systémes polymeéres, |"efficacité dailmiothérapie libérée est réduite par une
diffusion limitée a partir des implants. lls favagnt I'obtention d’un index thérapeutique élevé

mais dans un volume tissulaire tumoral qui restétd (29).

Aussi, les outils thérapeutiques envisagés setdrguencore largement au caractere
échappatoire des gliomes, qui peut étre assoti@réssion élevée de protéines de survie telles
que la protéine Bcl-2, a I'expression de transpogd’efflux participant au phénomeéne de MDR
(résistance "multidrug”), ou a un coefficient deolifération abaissé pouvant notamment

entrainer une insensibilité a des doses d'irrahiatiférieures a 60 grays (30).

La récente expansion des nanotechnologies - dagisse de liposomes, de nanospheres
polymériques, de nanocapsules polymériques ou ratcyes lipidiques- associée aux progres
des méthodes stéréotaxiques d’administration i@térale de médicaments offre I'opportunité
d’améliorer lI'index thérapeutique des principedfadibérés. Le devenir du principe actif n’est
alors plus dépendant de ses propriétés intrinsegaésde celles de son vecteur. Parallelement,
il est protégé du reste de I'organisme jusqu’ails@ration, si possible a proximité de sa cible,

pour plus d'efficacité, de spécificité et de sééuiologique

C. Nanoparticules

Par une méthode d’émulsion par inversion de phase wtilisation de solvant organique,
I'Inserm U646 a récemment développé et breveté rdewcapsules lipidiques (LNC) (31)
(Figures 5A et B)Ces LNC, dont la taille peut étre ajustée de 20@Grim avec une distribution
monodispersesont capables de cibler le compartiment intracalleldes cellules cancéreuses de
gliomes et de servir de réservoir a partir duqeeit@tre libéré un agent anticancéreux tel que le
paclitaxel, tout en le rapprochant de sa cibleac#Hlulaire, la [-tubuline. De plus, une
interaction entre les LNC et des pompes d'efflugtd mise en évidence aboutissant a une
inhibition de la MDR dans les cellules de gliomeceitture et implantées chez I'animal. Il a été

établi que les LNC chargées en paclitaxel sont pftisaces que le paclitaxel sous une de ses
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formulations disponibles en clinique, le Takoén augmentant la mort des cellules cancéreuses

in vitro et en réduisant I'expansion tumorale des gliomgsdantées en sous-cutaimévivo (32).

Hiing

haating

=
B .
- g e
ﬁ
=|

sacpd {.

%m

Cosing
OEaian

Hanszgz b

| A

fnversion Phase Process

(Fretich patent n"0002688)

@CI;EG-HS (Solna®HS 15)

& Lecithin (Lipald®)
A Trigycetides (LabrafacT)

«  Hydrophobic drug
(Mile Red or P ackbaxe)

=0 m B

Figures 5A et B: Procédé de fabrication des nanocapsules lipidifLe€).
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Ces différents vecteurs et ces différentes tectmsiqd'implantation, résumés dans la
figure 6, font I'objet de nombreuses rechercheslpigues en vue de démontrer leur efficacité

mais eégalement dans le but d’adapter leur utibsadi la pratique clinique.

Up /" Up F 3

Figure 6. Représentation schématique des différents systedee thérapie locale et leur
diffusion. a: Implants monolithiques de Gliadel @; Injection de microspheres de 5-Fu; c:

Injection de substances en solution par CED.
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- Chimiothérapie locale dans les gliomes malins: de
I'injection a la seringue aux nanotechnologies.
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De nombreux arguments sont en faveur du développement de thérapies locales dans les
gliomes malins. Les simples injections d'antimitotiques dans la cavité opératoire ont laissé
place & des systémes sophistiqués de perfusion tissulaire, & des systémes polyméres ou
lipidiques & libération prolongée, macro-, puis microscopiques et maintenant nanormétr
ques. Mais comme pour tout médicament, les développements sont longs et peu ont atteint
le stade de la clinique.
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ABETRACT

Many arguments support the development of local therapies for malignant gliomas. Simple
injections of antimitotic agents into the surgical cavity has been replaced by more sophis
ticated systems. Tissues can be infused with complex prolonged-release polymeric orlipidic
svstems with macroscopic, microscopic and now even nanometric particles. But, as for any
drug, the developments of these new agents has been long and only very few reach the stage
of the dinic trials.
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1. Introduction comportement assez déroutant. Il est bien démontré que la

prise de contraste sur I'IEM est loin de représenter la vraie
Les gliomes malins, regroupant des entités aussi différentes limite de ces tumeurs hautement infiltrantes. Des biopsies
que le glioblastome, 'olipopdendrogliome anaplasique et les réalisées en zones macroscopiquement saines, plusieurs

oligoastrocytomes anaplasiques,
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des tumeurs au centimétres en dehors des limites IRM de la tumewur,
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permettent d'isoler des cellules tumorales (Sibergeld et
Chicoine, 1997). 1l est donc permis de se demander si le
gliome malin n'est pas une maladie globale du cerveau. ..
Paradoxalement, la simple observation clinique va a l'encon-
tre de ce caractere global de la maladie. En effet, le mode de
présentation des gliomes malins est généralement unifocal,
les disséminations sous-arachnoidiennes, méme aprés une
évolution prolongée, sont rares. De méme, les métastases
extraneurales sont exceptionnelles. Enfin, et c'est I'élément
d’observation le plus frappant, 90 % de ces tumeurs récidivent
dans les 2 cm du site de résection chirurgicale (Liang et al.,
1991 ; Wallner et al., 1989). On peut donc conclure que si le
gliome malin n'est pas une maladie locale, il se comporte
comme tel ouau moins comme une maladie locorégionale. Un
traitement local n'est done pas illogique.

Plusieurs arguments peuvent étre avancés en faveur d'un
traitement in situ des gliomes malins. Le premier est
carcinologique : la limitation de dose imposée en radio-
thérapie ne permet pas l'obtention d'un contrdle local. Une
administration in situ d’anticancéreux pourrait favoriser ce
controle local et donc augmenter le délai sans récidive et peut-
étre la survie globale. Les autres arguments sont d'ordre
pharmacologique. Une administration locale permet d'amé-
liorer l'index thérapeutique in situ, sans augmentation des
taux circulants et donc sans majoration de la toxicité
systémique. Ce point est particuliérement intéressant pour
les antimitotiques conventionnels dont la toxicité est essen-
tiellement hématologique, Cette absence de toxicité générale
autorise une administration longue et continue. Ce maintien
prolongé d'une concentration efficace est important, car un
grand nombre de substances exerce leur action a une phase
précise du cycle cellulaire. Aussi, l'absence de toxicité
systémique, qui, il faut l'avouer, se fait souvent au dépend
d'une toxicité nerveuse locale, permet d'associer ces théra-
peutiques locales aux thérapies systémiques.

Le dernier argument enfin, est représenté par la barriére
hématoencéphalique. Si cette barriere est généralement
altérée au niveau du centre de la tumeur, elle est intacte a
sa périphérie, 1a ol des cellules malignes ont migré dans le
tissu sain (Donelli et al,, 1992). L'administration locale est la
seule possible pour les grosses molécules (anticorps, pro-
téines, complexes oligonucléotidique), qui ne passent pas
cette barriére et parmi lesquelles se trouvent les derniers
médicaments développés contre les gliomes.

Cette revue se limitera 4 I'administration d'antimitotiques
conventionnels. Toutefois, il faut savoir qu'actuellement, de
nombreux produits issus des biothérapies, également admi-
nistrés localement, sont en essai de phase Ill, comme par
exemple molécules chiméres associant un ligand 4 une toxine
bactérienne ou adénovirus porteurs de géne tueur. Il est
d'ailleurs étonnant de constater que les modes d’administra-
tion ont peut évolué par rapport a la complexité des produits
administrés, et que les produits de thérapie génique les plus
sophistiqués sont encore administrés par une injection a la
seringue de 1 ml dans les parois de la cavité de résection.

Des méthodes plus sophistiquées d’administration locale
ont récemment vu le jour, comme la perfusion cérébrale par
convection-enhanced delivery (CED) et les systémes polymeéres a
libération prolongée. Si de nombreuses expérimentations
animales et autres essais cliniques ont été déja publiés,

l'administration locale intracérébrale en est encore a ses
débuts. En effet, les laboratoires développant cette approche
restent confrontés a des questions d'ordre pharmacologique
non complétement résolues. Parmi elles, on peut citer la
difficulté & appréhender la diffusion tissulaire in vivo chez
I'homme, ainsi que les questions récurrentes a propos des
doses a injecter (trés différentes des doses administrées par
voies parentérale et dont on ne sait pas vraiment encore s'il
faut les adapter au patient). L'évaluation clinique pose, elle
aussi, des questions méthodologiques nouvelles : comment
baser 'augmentation de dose des phases II ¢ Le groupe de
référence doit-il comporter un implant placebo ? Cela est-il
éthiquement acceptable ? Peut-on continuer a utiliser « 'inter-
valle libre sans progression » comme critére principal alors
que les thérapies locales modifient l'imagerie ? Bien d'autres
questions existent, aboutissant, dans les essais cliniques
publiés, a des imperfections méthodologiques liées & la
nouveauté et a la difficulté du théme abordé.

2. Administration par convection-enhanced
delivery

Les premiéres tentatives d'administration d'antimitotiques,
soit dans la tumeur, soitdans la cavité d'exérese, utilisaient un
cathéter dont l'extrémité était extériorisée. Des injections
répétées d’ACNU, de BCNU, de bléomycine, de methotrexate
ou de dérivés du platine ont été, ainsi, réalisées (Olivi et al,,
1993 ; Walter et al., 1995).

La mise en place d'un réservoir sous-cutané (réservoir
d'Ommaya) permettant des injections répétées tout en dimi-
nuant les risques infectieux a été le premier progrés apporté.
Des essals ont été, ainsi, réalisés avec de ['ACNU, de
I'adriamycine, de la bléomycine ou du methotrexate (MTX)
(Walter et al., 1995 ; Yamashima et al., 1990). Des pompes, elles
aussi implantées en sous-cutanée, ont parfois été utilisées
comme suit : pompes a débit continuy, fonctionnant avec du gaz
sous pression ou pompes programmables de type péristaltique.
Elles ont permis d'apporter du cisplatine, du 5-FU ou du
methotrexate dans les cavités opératoires (Damascelli et al,
1991 ; Nierenberg et al.,, 1991 ; Walter et al., 1995).

Toutes les études citées ci-dessus sont des rapports
préliminaires ou des études pilotes, réalisés sur un petit
nombre de patients, quelques foisun seul, et aucune conclusion
ne peut malheureusement en étre tirée. De plus, la pharma-
cocinétique de ces types d’administration a été peu étudiée.

Par rapport a ces injections, la convection-enhanced delivery,
développée en 1994 par Oldfield et al. (Bobo et al., 1994), est un
progrés réel pour l'administration dans le cerveau.

La méthode implique le positionnement d'un cathéter au
sein du tissu a perfuser. La molécule, diluée dans un fluide, est
délivrée grace a un gradient de pression. Ce gradient est
imposé par une pompe osmotique et permet de maintenir une
pression interstitielle entrainant une propagation (bulk flow)
du produit injecté vers les espaces périvasculaires, au travers
du compartiment extracellulaire (Bankiewicz et al.,, 2000). Le
volume de distribution peut s'étendre sur plusieurs centime-
tres, de facon homogéne, au-dela de la source, par opposition
aux injections intracérébrales simples pour lesquelles le
produit reste au mieux localisé au site d’injection ou au pire
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reflue (Bankiewicz et al., 2000 ; Krauze et al., 2005 ; Lieberman
et al., 1995). Le débit de perfusion ainsi que le volume de
solution a injecter peuvent &tre régulés contrairement aux
injections intracérébrales simples. Dans ce dernier cas, le
débit trop elevé estresponsable de lésions du parenchyme en
regard dusite d"injection et levolume a injecter doit &tre limiteé
pour des raisons de tolérance clinique. Lors de la CED, la
molécule peut gtre délivrée a des débits variant de 0,1 & 1 pl/
min sans risque de reflux et avec une tolérance satisfaisante
(Chen et al, 1999). Le volume infusé peut étre adapté comme
décrit dans 1'étude de Lonser dans lagquelle les primates
pouvaient recevoir, sous contrdle IRM, des perfusions intras-
triatales allant de 2880 i 5760 pl (Lonser et al., 2005).

De nombreux essais précliniques et cliniques de phases I-11
confirment la faisabilité etI'innocuité de la CED. Divers agents
ont pu étre, ainsi, introduits dans le parenchyme cérébral, et
ce, dans de multiples pathologies : l'amcytine C dans la
lencoencéphalopathie du sujet VIH positif (Levy et al., 2001) ;1e
vecteur viral AAVZ dans la maladie de Parkinson dans le cadre
d'essais sur la thérapie pénique (Bankiewicz et al., 2000), de
petites molecules comme le topotécan (Kaiser etal,, 2000) cule
pachitaxel (Lidar et al., 2004), des nanopartcules magnétiques,
des liposomes (Krauze et al, 2005) ou des manocapsules
hpidigues.

3. Systéemes polymeéres a libération prolongée

Préelude au développement des systemes polymeres, des
éponges de matériel hémostatique résorbables, imhibées
d'agent cytotoxigue comme le méthotrexate, la hléomycine,
ou le 5-FU ont été laissées en place dans la cavité opératoire
(Walter et al., 1995). L'absence de contrdle de la stabilité dela
molécule et de sa cinétique de ibération ont logiguement fait
abandonner cette approche.

Ce sont les systémes polymeéres a libération prolongée,
issus de la recherche en ingénierie pharmaceutique, gui ont
véritablement ouvert la voie aux thérapies locales. Ces
systémes sont basés sur l'emprisonnement de molécules
actives au sein d'un réseau polymeérique, qui va les ibérer de
facon contrdlée et prolongée par des phénomeénes de diffusion
et/ou percolation. Cette stratégie a &té décrite la premiére fois
en 1960 par Folkman et Long qui ont démontré, chez le chien,
gu'une piéce de siicone implantée dans le myocarde, pouvait
libérer de la digoxine (Folkman et Long, 1964). La libération
peut étre observée sur une période définie allant de quelques
jours d plusieurs mois. Le profil de cette libération peut aussi
Etre programmeé, et adapté a la situation. En théorie, toutes les
cinétiques peuvent étre obtenues, comme par exemple une
cinétigue de ibération d'ordre zéro, en plateau ou biphasique.
Les derniers systémes permettent méme de libérer une
maolécule, puis une autres aprés un deélai programmé. De
plus, lI'incorporation de la molécule dans un polymeére permet
de la protéger, apport important pour les molécules instables.

On distingue des systéemes monolithiques allant de
quelques milimétres & quelques centimétres et de forme
diverse (disque, tube, aiguille. . ), qui sont mis en place dansla
cavité opeémtoire lors de la crandotomie. Les systémes
polyméres particulaires ont une taille comprise entre 1 et
1000 pm. Cette petite taille autorise l'implantation dans le

tissu cérébral, en particulier par stéréotaxie (Menei et al,,
1994b). Bien qu'un grand nombre de polyméres naturels pu
synthétiques soient disponibles pour la formulation de ces
systémes, peu sont biocompatibles et souhaitables pour une
utilisation clinigue,

La premiére génération de ces systémes était monolithique
et composée de polymeéres non biodégradables comme I'EVAC
ou le silicone, ce qui &, bien sir, considérablement limité leur
utilisation {Langer, 1991 ; Tamargo et al, 1993). Actuellement,
les polymeéres biodégradables sont les phis développés en
médecine pour des raisons évidentes. Parmi eux, l'albumine
humaine ou bovine, la gélatine, le collagéne, I'alginate ou les
chitosans, dérivés de carapace de crustacés, ont été utilisés,
Mais les problémes actuels de prions et de sécurité sanitaire
ont stoppé leur utilisation. Les polymeéres synthétiques
comme les polyesters aliphatiques, puis les polyanhydrides,
sont actuellement les plus étadiés. Leur biodégradation,
provoquée par des phénoménes d'hydrolyse, débute en
présence d'eaw

La classe des polyesters aliphatiques comporte les poly-
alpha-hydroxyacides et les poly-epsilo-caprolactones. Les
poly-alpha-hydroxyacides sont constitués dunités d'acide
lactigue et d'acide glycolique. Quand les deux types de
monomeéres sont associés dans la méme chaine, on obtient
un copolymére poly-lactide-co-glycolide (PLGA). Les produits
de dégradation finale de cecopolyméresontl'eau etle CO,. Les
propriétés physicochimiques et la dégradation de ce copoly-
meére dépendent de plusieurs paramétres comme le ratio des
deux monomeres, le poids moléculaire du polymeére, l'index de
polydispersité, etc. Le profil de dégradation (de quelques
semaines & guelgues années) peut donc étre adapté & la
situation clinique. Les PLGA sont utilisés en chinigue humaine
depuis 30 ans en sous-cutanée. Leur parfaite biocompatibilité
avec le tissu cérébral a été établie (Menei et al., 1993). Le poly-
epsilo-caprolactone qui se dégrade beauvcoup plus lentement
est aussi biocompatible avec le tissu nerveux (Menei et al.,
1994a),

Les polyanhydrides sont d'utilisation plus récente en
thérapeutique. Leur biodégradabilité peut également étre
modulée {Wu et al, 1954). La biocompatibilité avec le tissu
cérébral du poly-1,3-bis (p-carboxyphenoxy) propane coacide
sébacique, cu PCPP: 5A, a été démontrée (Tamargo et al, 1989).

3.1 Implants monolithigues

Les premiers essais cliniques ont €té réalisés auJapon dans les
années 1980, avec des implants de silicone libérant du 5-FU
(Oda et al, 1982) et avec des aiguilles d'acide polyméthyl-
méthacrylique libérant de Ia mitomycine, de 'adriamycine, de
TACNU ou du 5-FU (Kubo et al., 199d4). Aucune conclusion ne
peut étre tirée de ces études en raison de I'hétérogénéité des
tumeurs traitées.

Le Gladel®™, développé dans les années 1980, a été le
premier a franchir toutes les phases de développement et
d'évaluation précliniques pour &tre agréé aux Etats-Uniseten
Europe, devenant pour linstant, le seul « médicament » de sa
catégorie

C'est un disque de 14 mm = 1 mm, constitué de copoly-
meére biodégradable, le poly-1,3-bis{p-carboxyphénoxy)pro-
pane-co-acide sébacique (ou PCPP : 54), libérant du BCNU au
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moins pendant 21 jours. Le BCWNU a été choisi, car c'est une
maolécule classiguement utilisée dans la prise en charge des
gliomes malins, mais qui présente une forte toxicité systé-
migue (hématologique et pulmonaire). Aprés un développe-
ment préclinique sur des modéles animaux (Brem et al,, 1994 ;
Grossman et al,, 1992), les premiers essais clinigues ont débuté
en 1989 chez des patients en récidive de tumeur gliale maligne.
Les disques sont apposés sur les parois de la cavité apres
exerése chirurgicale de la tumeur avec un maximum de huit
implants. Aprés une étude de phase I/1I (Brem et al., 1991), un
essai multicentrique randomisé a été réalisé sur 222 patients
en récidive de gliome malin, un bras recevant les implants
contenant du BCNU (62 mg maximum), I'autre bras recevant
des implants sans BCNU (Brem et al., 1995a). Une augmenta-
tion de la médiane de survie a été montrée chez les patients
ayant recu les implants contenant du BCNU et Ie Gliadel® a
obtenu I"AMM dans les récidives de gliomes malins au décours
de ce travail

Le Gliadel™ a ensuite été étudié dansles gliomes malins en
premiere intention, la mise en place des disques était alors
suivie d'une radiothérapie externe standard. Aprés une étude
pilote et une phase /Il (Brem et al., 1995b ; Valtonen et al,
19497}, une phase Il multicentrique a été conduite, montrantla
aussi un bénéfice de survie pour les patients traités (Westphal
et al, 2003). L'AMM a été étendue aux ghomes malins
nouvellement diapnostiqués, en association avec la radio-
thérapie.

D'autres études sont actuellement en cours, évaluant
l'association du Gliadel™ & d'autres thérapeutigues, en
particulier les nouvelles chimiothérapies systémigues comme
le témozolomide.

D'autres systémes polymeéres libérant d'autres molécules
ont été évalués chez I'animal en traitement intratumoral. Ces
systémes entraineront peut-gtre un jour la mise en place
d'essais cliniques. Parmi les molécules vectorisées les plus
intéressantes, il faut citer les antiangiogéniques (Sipos et
Brem, 2000), la camptothécine {Weingart et al., 1995}, le
cyclophosphamide (Judy et al., 1995), 'lUdR (Geze et al., 1999 ;
Yuan et al., 2001), la irapazamine (Yuan et al., 1999), le Taxol®
(Walter et al., 1994) ou les interférons et interleukines pour
I'immunothérapie (Wiranowska et al,, 1998).

3.2 Microparticules

Plusieurs types de microparticules ont été testés chez
Panimal, mais peu ont donné lieu & des essais clinigues.
Mous avons développé dans lelaboratoire des microspheéres de
PLGA, de 50 pm de diamétre, se dégradant en deux mois et
libérant du 5-FU sur plus d'un mois (Boisdron-Celle et Benoit,
1955). La taille de ces microparticules permet de les implanter
sous la forme dune suspension, a main levée ou par
stéréotaxie, sans léser le tissu cérébral (Menei et al, 1994b ;
Veziers et al., 2001). Le 5-FU a été choisi, caril ne franchit pasla
BHE, son activité antitumorale est aupmentée par une
administration prolongee, i n'est actif que sur les cellules
en division, il est peu neurctoxique et enfin, il constitue un
puissant radiosensibilisant.

Apres des etudes précliniques (Menei et al,, 1995), une
premiére étude de phase I a été menée sur le glioblastome en
premigre intention en 1995 (Meneiet al., 1999). Aprés exérése

macroscopiquement compléte de la tumeur, les microsphéres
ont été implantées dans les parois de la cavité de résection
(dose totale de 32 et 132 mg de 5-FU). Laradiothérapie externe
standard (60 Gy fractionnés sur six semaines) a débuté dans
les sept jours suivant I'implantation, pour profiter de I'effet
radiosensibilisant. La tolérance a été satisfaisante, et les
etudes pharmacocinétiques ont montré guele 5-FU était libéré
localement pendant au moins un mois et que le passage dans
la circulation systémigque était faible et transitoire. Au vu de
ces résultats, une érde multicentrique randomisée de phase
Ilb {microsphéres associée d la radiothérapie versus radio-
thérapie seule) a été conduite, montrant un bénéfice sur la
survie et une faible toxicité (Menei et al., 2005). Une phase I
devrait voir le jour.

Parallélement, une étude de phase [ évaluant la tolérance
de I'implantation stéréotaxique des microsphéres libérant du
5-FU chez des patients dont la tumeur est considérée comme
inopérable (profonde ou en zone fonctionnelle) a été
concluante, confirmant la faisabilité de la technique (Menet
et -al,, 2004).

Cette implantation stéréotaxique intratumorale de micro-
spheres biodépmdables peut également &tre utilisée pour
administrer des molécules immunostimulantes comme I'L18
(Lagarce et al., 2006 ; Koennings et al., 2006).

3.3 Nanoparticules

En raison de leurs proprigtés physicochimiques et de leur
taille pouvant varier classiquement de 1 & 100 nm, les
nanosystéemes ou les nanoparticules peuvent interagir de
fagon unique avec les systémes biologiques. Selon les
orientations choisies, leurs conception, synthése et caracté-
risation demeurent des wravaux pionniers et les outils
développés encore largement perfectibles. Toutefois, les
études récentes ont déja pu démontrer l'intérét des nano-
technologies vis-d-vis des glioblastomes pour au moins deux
misgions locales essentielles, d'une part imagerie de ces
tumeurs intracérébrales et, d'autre part, 'administration
d'agents pharmacologiques. En ce gui concerne 1'imagerie
cérébrale, des nanosondes BM couplées ala fluorescencedans
le proche infrarouge ont révélé une affinité de capture par la
tmeur elle-méme (Veiseh et al., 2005 ; Trehin et al., 2006). Des
nanoparticules superparamagnétiques de polyacrylamide et
d'oxyde de fer ont également été développées et présentent
une capacité de rétention au niveau tmamoral (Moffat et al,
2003). Parallélement, afin de renforcer encore les spécificités
de ciblage et de reconnaissance des ghomes, des nanoparti-
cules, sur lesquelles sont fixées des séquences RGD [arginine-
glycine-acide aspartigque) cycliques, peuvent reconnaitre des
intégrines surexprimeées dans la tumeur (Montet et al., 2008).
De tels nanosystémes pourraient &tre utilisés dans le futur
proche pour de I'imagerie en temps réel, lors des résections de
tumeurs cérébrales, pour confrontation au diagnostic pré-
opératoire avec résolution cellulaire,

En ce qui concerne l'administration d'agents cytotoxiques
dans les glioblastomes, divers systémes colloidaux submi-
crometriques offrent 'oppartunité d'améliorer la biodistribu-
tion et lindex thérapeutique des principes actifs qu'ils
contiennent. Qu'il s'apisse de liposomes (Sells et al., 1987 ;
Rahman etal., 1990 ; Cowens et al., 1993 ; Gabizon etal,, 1954 ;

29



REVUE NEURGLOGIQUE 164 [2008) 547 -553% 551

Storm et al., 1958), de nanosphéres polymériques (Gref et al.,
1994, de nanocapsules polymérigues (Couvreur et al., 2002) ou
de nanoparticules lipidiques (Muller et Keck, 2004), le devenir
du principe actif n'est alors plus dépendant de ses propriétés
intrinseques, mais de celles de son vecteur. Parallélement, il
est protégé du reste de l'organisme jusqu'a sa libération, si
possible & proximité de sa cible, pour plus d'efficacité, de
specificité et de sécurité biologique.

A cet égard, en utilisant une méthode d'émulsion par
inversion de phase et en absence de l'utilisation de tout
solvant organique, I'Inserm Ue46 a récemment mis au point et
breveté des nanocapsules lipidiques (Heurtault et al., 2002).
Ces nanocapsules lipidiques (LNC), dont la taille peut étre
ajustée de 20 4 100 nm avec une distribution monodisperse,
sont capables de cibler le compartiment intracellulaire des
cellules de gliomes et peuvent servir de réservoirs a partir
desquels peut &tre libéré un agent anticancéreux tel que le
paclitaxel quiagit sur les microtubules (Garcion et al., 2006). De
maniére intéressante, il a été mis en évidence une interaction
entre les LNC et les pompes d'efflux, qui résulte en une
inhibition de la MDR dans les cellules de gliome en culture et
implantées chezl'animal (Garcion et al.,, 2006). Finalement, ila
été établi queles LNC chargées en paclitaxel sontplus efficaces
gue le paclitaxel dans sa formulation classiquement dispo-
nible en clinique (Taxol®), augmentant la mort des cellules
cancéreuses in vitro et réduisant l'expansion tumorale des
gliomes implantées en sous-cutané in vivo (Garcion et al.,
2006). Ces LNC semblent combiner les avantages spécifiques
de deux autres nanosystémes sensibilisateurs de cellules
cancéreuses « multi-substances résistantes » : dune part, ceux
de micelles de copolyméres blocs synthétiques qui présentent
une toxicité in vitro jusqu'a 1000 fois supérieure d celle du
principe actif non encapsulé et qui doit étre reliée a leur rapide
internalisation (Famaswamy et al., 1997 ; Batrakova et al.,
1999 ; Batrakova et al., 2003 ; Batrakova et al., 2004), et d"autre
part ceux des nanoparticules de poly-alkyl cyanoacrylate (Hu
et al., 1996 ; Soma et al,, 2000 ; Vauthier et al., 2003), avec la
possibilité de greffer des groupements de reconnaissance
moléculaire comme des peptides ou des anticorps afin de
renforcer un ciblage non seulementcellulaire, mais également
subcellulaire. En ce sens, il convient de souligner que les
caractéristiques de surface de ces nano-objets sont prépon-
dérantes. 5ides nanospheres de poly-hexad écyleyanoacrylate
revétues de polyéthyléneglycol sont capables de cibler des
cellules de gliomes chez le rat sans améliorer 1'évolution de la
maladie lorsque chargées en doxorubicine (Brigger et al., 2004),
des résultats opposés sont obtenus lorsgue sont utilisées des
nanoparticules chargées en doxombicine et recouvertes de
polysorbate (Steiniger et al., 2004).

Enfin, d'autres approches utilisant les nanotechnologies
sont en cours d'étude, en combinaison awvec la convection
enhanced delivery, comme l'utilisation des nanoliposomes
contenant du topotecan (inhibiteur de topoisomerase [ qui
ont permis l'obtention d'effets bénéfiques importants alors
gque le produit seul restait inefficace (Saito et al., 2006). La
thermothérapie utilisant des nanoparticules magnétiques est
également un nouveau concept de thérapie tumorale locale
basee sur le chauffage contrdlé de nanoparticules magnéti-
ques préalablement injectées (Flotkin et al., 2006). Enfin, la
thérapie par capture d'atome de boron au travers de composés

boronisés sélectivement internalisés dans les cellules cancé-
reuses grice i des nanosystémes est une voie supplémentaire
de recherche (Lu et al., 1997).

L'évolution de certains de ces nanosystémes pourrait
s'averer étre une étape essentielle dans le développement
de protocole thérapeutique dirigé contre le glioblastome en
clinigue.

4, Conclusion

Les thérapies locales des gliomes, qui en sont encore a leur
début, sont globalement mal comprises des oncologues et
souvent décriées. Elles ont pourtant un avenir, aux cotés des
thérapies systémigques. L'intérét que porte lindustrie phar-
maceutigue a ces nouvelles stratégies est la pour le confirmer.
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“In situ therapy for glioma: from polymeric devices to nanotechnologies”
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Chemotherapy for brain tumours is limited because of difficulty in achieving adequate
exposure to the tumour without systemic toxicity. Moreover, gliomas develop a
multidrug resistance (MDR). Methods for local sustained release of chemotherapeutic
agents by their incorporation into biodegradable polymers have been performed.
Biodegradable 1, 3-bis (2-chloroethyl)-1-nitrosourea (BCNU) wafers (Gliadel wafers)
prolong survival in patients with recurrent and newly diagnosed malignant glioma. We
have designed implantable biodegradable microspheres to provide the delivery of the
radiosensitizer 5-fluorouracil (5-FU) after patients underwent surgical resection of
malignant glioma or into inoperable brain tumors. But, the survival is not concurrently
longer with these materials, the diffusion from the implants is poor and there is no MDR
inhibition. By focusing on rat glioma, we have elucidated whether new lipid
nanocapsules (LNC) may improve anticancer hydrophobic drug bioavailability while also
overcoming multidrug resistance. Blank LNCs and LNCs loaded with the antineoplastic
agent paclitaxel are formulated by an emulsion inversion phase process. We have
demonstrated that convection-enhanced delivery (CED) improves their volume of
distribution. We have evaluated the radiosensitizing effect of paclitaxel-loaded LNC
(LNC-Px) managed by CED in 9L glioma. The rats have been randomized in 5 groups:
untreated, radiotherapy alone (RTE), CED/paclitaxel+RTE, CED/LNC-Px+RTE and
CED/ blank LNC+RTE. On day 60, 60% of the CED/LNC-Px+RTE group are still alive
against 40% in the CED/ blank LNC+RTE group, 30% in the CED/paclitaxel+RTE and
20 % in the radiotherapy alone group. These data may represent an important step
towards the development of new strategies against gliomas.

Key Words: Radiosensitization, Convection-Enhanced Delivery, Nanotechnologies,
Paclitaxel, Glioma.
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2. TRAVAUX PERSONNELS
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2.1. Présentation du travalil.
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L'utilisation de la radiothérapie postopératoist eonsidérée depuis longtemps comme
un standard dans la prise en charge du glioblastoomeme en témoignent 6 études randomisées
publiées entre 1976 et 1991 (33). L'étude du SGS€arfdinavian Glioblastoma Study Group),
incluant 118 patients, confirme I'importance deddiothérapie adjuvante avec une médiane de
survie de 21 semaines en cas de chirurgie seuleecdd semaines pour les patients irradiés
(34).

Ces dernieres années sont également marquéeamalidration de la survie grace a la
prescription d’une chimiothérapie face a une tuncguwébrale de mauvais pronostic. Cairncross
avait déja révélé, dans les années 90, la chinsdséte de certaines tumeurs gliales de haut
grade (35-38). Depuis, ce bénéfice a été évalué fmsu glioblastomes dans divers essais
randomisés. Le témozolomide, agent alkylant de 2¢ém&ration, administré par voie orale, a
clairement apporté un bénéfice sur la survie ert@mitant puis en adjuvant a la radiothérapie,
pour un total de 6 cycles, chez les patients pmstdwn glioblastome (2). Suite aux résultats de
cet essai international, le schéma de Stupp esindewn standard thérapeutique dans la prise en

charge des tumeurs gliales de grade IV (schéma 2).

Radicchimicthérapie Chimiothérapie de consolidati on
Concomitante (6 oycles)
Chirurgle 1 J42 cl Cz C3 C4 C5 8
R T A A
Témozolomide 75 mg/m*jour Témozolomide 150 mg/m?jour C1
puis 200 mgm* jour C2-C6
J1i.M2RTE 5 jours/ 28 jours

Schéma 2: Schéma thérapeutique (bras RTE+TMZ) évalué dassdierandomisé de phase

[l mené par TEORTC et le NCIC (Schéma de STUPR) (

37



Ainsi, les études précliniques visant a démontedficacité de nouvelles thérapies dans
la prise en charge du glioblastome nouvellemengraiatiqué ne peuvent s’affranchir de la
radiothérapie. De plus, compte-tenu des résultatisnos par Roger Stupp avec son schéma de
radio-chimiothérapie concomitante par témozoloméedu fait des difficultés d’acces des
tumeurs cérébrales par la chimiothérapie systémigoes avons orienté nos travaux pour tenter
d’améliorer la radiosensibilité des tumeurs gliadless un modele de gliome du rat par injection
locale de chimiothérapie encapsulée. Nous avohiséutiifférents outils récents allant des micro-
aux nanotechnologies et mis a profit la méthodajetition innovante qu’est la CED afin

d’optimiser nos résultats.
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2.2. Modele de radiothérapie encéphalique dans le
traitement du gliome 9L du rat.
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a. Présentation du travalil

Avant de débuter les études «thérapeutiques», avoss revu la littérature afin de
définir un protocole d'irradiation adapté au petitimal. Dans la littérature, il existe presque
autant de schémas possibles que d’études. Qualgsesnt été sélectionnés et critiqués afin de
nous aider a établir le protocole qui nous seml#gitus adapté. Les criteres importants a définir

étaient:

1. la dose par fraction

2. le nombre de fractions
3. I'étalement du traitement
4. le volume a irradier

5. l'appareil de traitement.

Nos exigences étaient:
1. nous permettre d'étudier une chimiothérapie donffitelité serait d’étre utilisée en
pratique clinigue de maniere concomitante.
Le schéma devait donc étre suffisamment étalé pouvoir mettre en évidence une éventuelle

radiosensibilisation.

2. permettre une certaine facilité dans les manipals.

Le schéma ne devait pas étre toxique pour leaetlefa mettre en place pour I'expérimentateur

et reproductible afin d’exploiter au mieux les Hésts des différents travaux.
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ABSTRACT

Purpose: Radiotherapy was shown to be effective on humasngiand consists of 30 fractions
of 2 Gy each for 67 weeks in the tumor volume witirgins. But in preclinical, many radiation
schedules are used. The main purpose of this waskta/ review a part of the literature and to
propose an external whole-brain irradiation (WB®tpcol for rat 9L glioma model.

Methods and Materials: 9L cells were implanted in the striatum of twengAdisher rats to
induce a brain tumor. On day 8, animals were ranzednin two groups: an untreated group and
an irradiated group with three fractions of 6 Gylay 8, 11 and 14. Survival and toxicities were
studied.

Results: Irradiated rats had significantly a longer survipE0.01). Any death happened
because of the treatment. Toxicities were increakethg the radiation period for weight and
hairs but there wasn’t either serious toxicity maoitly nor mortality. Moreover, anomalies
disappeared the week following the end of the {heuwtic schedule.

Conclusions: Delivering 18 Gy in 3 fractions of 6 Gy with milchaesthesia is safe, easy to

reproduce and could be used to conduct preclisicalies on glioma rat model.

Keywords: Glioma, Radiotherapy, glioma rat model, 9L, Rat.
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INTRODUCTION

Malignant glioma is the most frequently primitivealm tumor. Prognosis is extremely
poor with current standards of treatment. Mediasw¥ival is less than fifteen months with a
complete treatment associating surgery, radiotlyerg®RT) and chemotherapy ().
Temozolomide, a novel alkylating agent, has showdest activity against recurrent glioma. In
combination with radiotherapy in newly diagnosedigrds with glioblastoma, temozolomide
significantly prolongs survival. Radiotherapy reggets the mean part of the treatment (2-4). To
be efficient enough and not toxic, RT consists 0f fBactions of 2 Gy each, administered
Monday—Friday for 6—7 weeks (42 days) in the tumolume with margins. The schedule is
clearly defined (5). So, in preclinical studies abadjuvant therapies, radiation therapy can't be
bypass. Previously, we used a fractionated irremhiadielivering 36 grays in 9 fractions of 4
grays to treat C6 tumor bearing-rats (6). We fotimat brain radiotherapy for rat 9L-glioma-
which is the most common preclinical model usediasstandardized. Moreover, the schedules
described in literature are highly heterogeneowsbl@ 1) (6-13). To prove an interesting effect
of a concomitant treatment, the radiation theramtqzol must be well defined. After a review
of some studies published in literature, the ainthef work was to propose our brain irradiation
model for rats, closer to clinical practice, sadegmall animals and easy to reproduce in order to

study concomitant treatments.
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MATERIELS AND METHODS

All experiments have been conducted under goocerarental practices. All animal
handling have been carried out according to theofigan Community regulation and French
Ministry of Agriculture regulations.
1. Animals

20 females Fischer-344 rats were used for thisystGtiarles River, Cleon, France). Ten
weeks-old, they weighed 150 to 200 grammes. Theie meused in groups of 4 in cages in
conformity with the standards of the directivestioé Union European and dealt with by the
animal facilities of the Faculty of Medicine of Aexg, establishment approved according to the
law.
2. Tumor model

Rat 9L-glioma cells (European Collection of Corigeant Culture, n° 94110705,
Salisbury,U.K.) were cultivated in the “DMEM” mediu (“Dulbecco’'s Modified Eagle's
Medium”, Biowhittaker, Verviers, Belgium) added witl0% of foetal calf serum (FBS,
Biowhittaker) and of a mixture of antibiotics: peitlin (100 Ul/ml), streptomycin (0.1 mg/ml)
and amphothericin B (25 pg/ml) (ABS, Sigma, Sainteftin Fallavier, France). Cells were
maintained in a balanced wet atmosphere (37°C @5%). Animals were anesthetized with
an intraperitoneal injection of 0.75-1.5ml/kg okalution containing 2/3 ketamine (100mg/ml)
(Clorketanf, Vétoquinol, Lure, France) and 1/3 xylazine (20miy/(Rompur?, Bayer, Puteaux,
France). Rats were placed in a small-animal stexeotframe (Kopf Instruments, Phymep,
France). After shaving and skin disinfection, aitsalgincision of 2 cm was made to expose the
skull, followed by a burr hole 0.5 mm anterior &hadnm lateral from the bregma using a small
drill. After trypsinisation (trypsine/EDTA (Sigma)@nd resuspension in “EMEM” (“Eagle’s
Minimum Essential Medium”, Biowhittaker), 10ul 0039L-cells in suspension were implanted

5 mm deep in the right striatum (according to tliRos atlas) with a 10 ul -26G Hamilton
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syringe (Harvard Apparatus, Ulis, France). Afteituag 5 minutes, the needle was removed and
the wound was sutured with absorbable surgicabthrRats bearing 9L tumor were randomized
either in the “untreated” group (group A) or in thup irradiated by a whole-brain irradiation
(WBI) to a total dose of 18Gy (group B). The ratierapy started at day 8 after the tumor cell
implantation when the tumor size is 10-15 micrebt(14).

3. Radiotherapy protocol

Rats were irradiated using a 6-MV linear acceterébaturn 41 type, Varian Medical
Systems, Salt Lake City, USA) in the radiotherappattment. During irradiations, mild
anaesthesia by isoflurane (4.5% during 2 min the&n f@r the treatment) + O3L/min was
performed. Oxygen masks were connected by fourfamdrats were placed in a reproducible
way, in prone position on the linac couch with fagkkgnment. The WBI was delivered by one
photons beam (6 MV-energy, DSP 100 and 4Gy/ming fléld was 15 X 15 cm at source-axis
distance, 100 cm. The isocenter was in the midifrtee brain and the posterior limit of the field
corresponded to the line passing by the posteadrgs the 2 ears (Fig. 1).

A 15-mm thickness of equivalent tissue was laidhenrat’'s head in order to homogenize
the dose received in brain. The dose distributicas studied by the physic’s department.
Eighteen grays, given in 3 fractions of 6 grays eveelivered in 7 days in the isocenter
corresponding to the tumor (Fig. 2). The brain wagered by the 95%-isodose. The irradiation
started if there was any healing trouble (absdessmatoma...) and if rat general state allowed
it. After irradiation, animals were replaced in itheage. Control rats were also anesthetized

according to the irradiation’s schedule.

4. Animal observation
Rats were examined daily and staged for activitg avell-being according to a
classification developed in our animalery (data maivlished) (Table 2)Toxicities were noted.

Rats were weighed weeklRats too weak to feed and to stand (correspondirgjaige 2) were
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sacrificed (atmosphere saturated withZLQ'he day of euthanasia was recorded and usdwin t
survival analysis. All brains were removed and raacopically examined when possible. It was

noted if a tumor was found.

5. Statistics

Survivals were calculated from the day of the tunmoplantation and presented as
median and mean + SE (Standard Error). Increasiéeadpan (ILS) was calculated as follows:
(Mean of Survival Max- Mean Survival Min)/ Mean 8ftirvival Min x 100. Student t-test was
performed to compare means of survival. SPSS® soétwas used for that purpose and tests
were considered as significant with p values <OAYby rat surviving longer than 120 days was

regarded as a ‘long survivor'. The Kaplan-Meier Inoet was used to plot animal survival.
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RESULTS

1. Efficacy of the brain irradiation

The dosimetry planification is reported in figure The 95%-isodose curve covered all
the brain and 95% of the volume received 95% ofttitel dose. In the group A, two animals
died during anaesthesia induction, before the tucetis implantation. The brain was analyzed
macroscopically in 12 animals (six in group A andis group B). Degradation of brain in other
animals, due to oedema, didn’'t allow analysis. ther 12 animals, a voluminous tumor was
observed in their right striatum. On day 35, alrfrom group A died. Mean of survival of this
untreated group was 28.1 days + 1.3. For group @&mmof survival was 59.9 days + 8.2 (Table
3). The rate of long survivors in this group wa8@( rats / 10). The macroscopic examination
of their brain was normal with no sign of tumor iojection trail. So, we didn’'t perform
microscopic analysis. Rats treated with 18 Gy slibare increased mean survival time of 113%
when compared to controls. The result in surviraketwas significantly different compared to
the control group (p= 0.01) (Fig. 4).
2. Schedule toxicity

No rat, in any group, developed evident behavioan@malies before approximately four
days preceding death. Rats were either sacrifidedtage 2 to avoid suffering or died
spontaneously during the night (n=8). There werassaes with wound healing following the
procedureAll rats in group B developed complete but revdesi®VHO grade IIl) alopecia on
the surgical site during radiation therapy. It wasgersible during the 21 days following the last
day of irradiation. There was no healing problenmthat skull incision. During the radiation
therapy (d8-d14), the general behaviour was presewith no feeding trouble but the weight
increase wasn’'t as important as the one observe@t®in group A. For group A, values of the

weight noted during the first 14 days were the sémae those observed for twelve weeks old-
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rats. The mean increase of weight for the “untefatgoup was of 7.69% between d8 and d20
versus 2.47% for the irradiated group. The diffeeemvas significantp= 0.01). Previously,

mean time of survival of the untreated group béliich days, loss of weight would have been
noted for a significant number of rats in connattath neurological degradation related to the
tumor evolution. So, for group A, values of the g¥eiincrease after day 20 resulted from an
extrapolation starting from the weight increaseedaduring the first 14 days. Weight evolution
became not significantly different one week aftex €nd of radiation therapy (p=0.25) with an
increase of weight estimated at 3.79% for groupnd an increase of 6% for the group B. The
evolution of the weight graph for 2 groups durihg bbservation is reported on figure 5. We

didn’t find any other clinical disorder due to idration.
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DISCUSSION

Even though the one-fraction irradiation was welérated in literature, we decided to
use a fractionated protocol to irradiate rats. gsirfractionated radiotherapy is closer to clinical
practice and more adapted for a preclinical studgpecially for a daily concomitant
chemotherapy as Stupp defined it for human gliofdasin literature, the number of fractions
goes from 5 to 20 (Table 1) (6, 8, 9 and X)imit for a fractionated radiotherapy with small
animals could be the reproducibility concerning plosition. With three fractions, it is easier to
be reproducible and to assure a good quality ddtriment compared to more-fractionated
protocols. Rats have to be anesthetized and edlgatiane hemi-brain irradiation is required.
However, most of drugs used for anaesthesia hdeetefon blood brain pressure, which is
already high when a brain tumor grows or are kntavhe radioprotectant for the normal brain
parenchyma. Ketamine, which is usually used foreatleesia of rodents, induces a general
increase in cerebral blood flow at anaesthetic eotrations (15). Some authors published that
Pentobarbital protects against radiation-inducedatge to normal rat brain. Even though there
isn't conclusive evidence for either radioprotestioor significant improvement of
radiotherapeutic efficacy, in 9L rat brain tumordef pentobarbital could induce the selective
protection of normal brain (11, 13). In our modeiaesthesia with isoflurane is easy to use every
three days, is well tolerated by rats with a congéind immediate recovery after irradiation and
doesn't interfere with normal or brain tumor ce®me use Plexiglas stereotactic frames for rat
positioning and treat just one hemibrain. Previpusi our laboratory, we used a fractionated
radiotherapy in one hemibrain (6). We found that lemibrain irradiation isn’t good enough as

observed in figure 6. The volume of interest istdretovered when all the brain is treated
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because of the small size of a rat brain. Thedgrsim-Dose Volume (HDV) obtained for the
two modalities of treatment are represented inrégu

The dose to apply per fraction is uncertain totteeeat brain glioma. Our protocol was
selected based on the linear-quadratic formula w/fthof 10 for the tumor and/p of 3 for the
normal tissue. The effective biological dose fa ttormal tissue is 32 grays and 27 grays for the
tumor. These doses correspond to the dose recaivetinical practice for a whole brain
irradiation. We noted a mild and transitory toxaithich was quickly reversible after treatment.
9L cells are classified as a radioresistant cedl Bspecially compared to other rodent glioma cell
lines (16). Bencokova described a surviving fratiad 2 Gy (SF2) of 71.9% for 9L cells against
53.0 and 41.4% for C6 and F98 cell lines respelsti{@s). According to this, the dose to deliver
by fraction must be higher than 2 grays. The dasefraction in literature ranges from 2 to 40
grays (Table 1). For Kimler, the survival improverhées limited by the development of normal
tissue toxicity at high doses (11). Kim observedt tB5 Gy produced severe optic neuropathy
(17). In his study, he tested a single high doseadfation (ranging from 20 to 45 grays) with
radiosurgery in a limited volume. With all thesdajdecause the treatment must be efficient but
not toxic, we decided arbitrarily to deliver framts of 6 grays. Previously (18), we investigated
a radiation therapy schema in 3 fractionated do$es grays a weekn vitro on 9L cell lines
without and with concomitant chemotherapy. The Itesshowed that cell death was most
important as the number of fractions increased flono 3 and the profit was better for the
schemas associated with chemotherapy. For all dhdittons tested, the main benefit in cell
death was obtained after the first fraction (60-7&h death), and was slightly reduced after the
second and the third fraction. But the most impdrtbservation is that, the synergistic effect
between chemotherapy (CT) and RT was most visiliker ghe third fraction as cell death
increased from 5.3% to 38.2% for the cells treat@d RT alone versus CT + RT respectively.
After the third fraction, the cell percentage stllve was mainly due to the radioresistance

mechanism described above.
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Two rats lived more than 120 days. They were daedfand their brain was removed.
We couldn’t decide in favour of a technical probleloring the tumor cells implantation or a
complete response after irradiation.

This work doesn’t answer to a crucial questionhafrapy but it was made before studies
we conducted in our laboratory to study the efficie of local chemotherapy concomitant to
radiation therapy in 9L glioma (19). Another stugioved the reproducibility of the model
because we obtained the same results in the m@digtoup compared to the untreated group
(18). This radiation therapy protocol induces eorgfr tumor debulking and facilitates the
chemotherapy treatment.

There is a paucity of experimental data in literatwn rat radiobiology. Different
energies are used. Some worked with a dedicatediator for small animals in their laboratory.
This type of irradiator us€$’Cesium of°Cobalt source and delivers gamma-rays (9, 20, 81 an
22). As Lamproglou, even though his work was almaustnal brain (12), we decided to treat our
rats with linear accelerator used in clinical. Aaimrradiation could be difficult to manage
because of the availability of accelerators but #deantage is to deliver the same energy
compared to clinical practice. There would be athevantages to use a nonradioactive source
x-ray-producing irradiator such as avoiding theéasing number of radioprotection controls as
well as the potential source hazard, disposal epthcement even though the attempted efficacy

is the same whatever the radiation source chosen .
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CONCLUSION
Many models of radiation therapy for rat glioma awailable, with different schedules.
We describe a reproducible paradigm of fractionaseliotherapy for rat bearing a brain tumor,

with a good compromise between feasibility and &atagn to radiosensitization studies.
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LEGENDS

Fig. 1: Radiation therapy position.

Fig. 2: Therapeutic schedule.

Fig. 3: Dose distribution in the whole rat brain.

Fig. 4: Survival times (days) after tumor implantationvédeen plotted for “untreated

animals” (Group A) and “WBI (3 fractions of 6 Gydhimals (group B).

Fig. 5: Evolution of the weight median depending on tmhebservation according to the
group.

Fig. 6: Dose distribution in one hemibrain (A) and in thieole rat brain (B).

Fig. 7: Histogram-Dose Volume according to the treatmrentived. Green: hemibrain

irradiation. Red: whole brain irradiation.
Table 1: Studies using radiation therapy rat model in comatham with anticancer

therapeutic agents.

Table 2: Rats’ staging.
Table 3: Descriptive and statistical data from the survisaldy depending on groups of
treatment.
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Fig. 1: Radiation therapy position.

Rats were placed in a reproducible way, in prongtjpm, with laser alignment with gas mask

for anaesthesia with isoflurane. The whole-braiadiation was delivered by one photons beam
(6 MV-energy, DSP 100 and 4 Gy/min). Radiationdiglas 15 X 15 cm large. The posterior

limit of the field corresponded to the line passiog the posterior part of the 2 ears. An

equivalent tissue of 1.5 cm was laid on the ratlhaaorder to improve the dose distribution in

brain.
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Fig. 2: Therapeutic schedule. On Day 0, 9L-tumor cells werplanted in the rat brain with
intraperitoneal anaesthesia. Whole Brain Irradraf/Bl) began on Day 8 followed by 2 others
fractions (6 Gy/ fraction) on Day 11 and 14 witloflarane. Group A was untreated (control
group). Group B was the irradiated group.
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Fig. 3: Sagittal view of the dose distribution in the wdoht brain. On D and G are represented
two of the four rat brains treated. The 95%-isodns®e is yellow and covers the whole brains.
A 15-mm thickness of equivalent tissue was laidtenrats head (blue). The mean dose received

is 100% of the dose delivered.
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Weight curve evolution
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Fig. 4: Evolution of the weight median depending on timhelmservation according to the group.
Group A corresponded to the “untreated” group amodig B to the “WBI” group.
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Survival Curves
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Fig. 5: Survival times (days) after tumor implantation @deen plotted for “untreated animals”
(Group A) and “WBI (3 fractions of 6 Gy)” animalgrbup B). Fractions were delivered on days
8, 11 and 14 after tumor implantatiop=0.01).
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A : Hemibrain irradiation
(ET= Equivalent Tissue; yellow: 95%-isodose curve)

B : Whole brain irradiation
(ET=Equivalent tissue; yellow: 95%-isodose curve)

Fig. 6: Dose distribution in one hemibrain (A) and in thieole rat brain (B).
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Fig. 7: Histogram-Dose Volume according to the treatmeateived. Green: hemibrain
irradiation. Red: whole brain irradiation.
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TABLES

Studies Target Tumor Cell Total dose Number of Survival
line fractions

Roullin VG (6) HB C6 36 Gy 9 Complete response : 8%
Graf MR (7) WB T9 15 Gy 1 35 days (median)
Kimler BF (8) wWB oL 20 Gy 1 S

30 Gy 5 S
Kimler BF (9) wB oL 40-70 Gy 10-20 S
Kimler BF (10) WB oL 16 Gy 1 38.5 days (mean)
Kimler BF (11) wWB oL 16 Gy 1 S

24 Gy 1 S

32 Gy 1 S

40 Gy 1 S
Lamproglou | (12) wB - 30 Gy 10 -
Olson JJ (13) WB oL 30 Gy 1 29.7 days (mean)

WB: Whole brain / HB: Hemibrain / S: Significant

Table 1: Studies using radiation therapy rat model in comatdim with anticancer therapeutic
agents. Radiation therapy after intracranial tumooculation produced a significant

improvement.

NB: Lamproglou worked on normal rat brains.

65



Stage S Stage 4 Stage 3 Stage 2 Stage 1
Motility MNormal Maormal + but  not | Reduced -
spontaneous
Stature Mormal Stooped + Stooped ++ Stooped +++| Dying
Filoerection | - +- +++ ++ +++
Eves Sharp Redness+ Redness ++ Eve Closed
secretions

Table 2: Rats staging (data not published).
Rats were examined daily and staged accordingeio thotility, stature, hairs and eyes. Rats

were weighed weekly. Rats too weak to feed andtdads(corresponding to stage 2) were
sacrificed.
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GROUPS Median of Mean time of Mean Long Maximal

survival (days) survival (days) ILS (%) term time of

+SE survivors survival

(days)

Group A « untreated » (n=8) 27 28.1+1.3 - 0 35
Group B « WBI » (n=10) 49.5 59.948.2 113 2 120

Table 3: Descriptive and statistical data from the survigdhdy depending on groups of

treatment. Group A: group control “untreated”; gedB: “Whole Brain Irradiation (WBI)” with
18 Gy (3 x 6 Gy).

Increase in life span (ILS) is calculated in congxar to the control group (%). SE means
“standard error”.
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- External irradiation models for intracranial 9liogna
studies.

Vinchon-Petit $ Jarnet D, Jadaud E, Feuvret L, Garcion
E and Menei P.

15" Annual Scientific Meeting of the Society of Neuro-
Oncology. November 18-21, 2010. Montreal. Canada.
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ABSTRACT

Purpose: Radiotherapy was shown to be effective on humarngiand consists of 30 fractions
of 2 Gy each for 67 weeks in the tumor volume witrgins. But in preclinical, many radiation
schedules are used. The main purpose of this waskta/ review a part of the literature and to

propose an external radiotherapy protocol for taj@ma model.

Methods and Materials: 9L cells were implanted in the striatum of twen#gAdisher rats to
induce a brain tumor. On day 8, animals were rangednin two groups: an untreated group and
an irradiated group with three fractions of 6 Gylay 8, 11 and 14. Survival and toxicities were

studied.

Results: Irradiated rats had significantly a longer survipkE0.01). Any death happened
because of the treatment. Toxicities were increakethg the radiation period for weight and
hairs but there wasn’t either serious toxicity mdity nor mortality. Moreover, anomalies

disappeared the week following the end of the fheuwtic schedule.

Conclusions: Delivering 18 Gy in 3 fractions of 6 Gy with milchaesthesia is safe, easy to

reproduce and could be used to conduct preclisicalies on glioma rat model.

Keywords: Glioma, Radiotherapy, glioma rat model, 9L, Rat.
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Tha Society for HeuroOncoony November 18-21, 2010 » Montreal, Canada
Dear Dr. Vinchon-Petit,
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glioma studies has been accepted forthe 2010 3NC meeting to be held in Montreal
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8129, or email to jan@soc-neuro-onc. org,
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Frogram Chair 4617 Birch Street

Bellaire, TX 7740156509
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b. Discussion

Notre travail ne répond pas a une question creiclardre thérapeutique. Il a favorisé la
mise en place d’'un schéma d’irradiation bien défina permis de mener a bien plusieurs études
ou l'objectif principal était de tester une moléxal visée radiosensibilisante. A chaque fois, les
résultats obtenus dans les bras «radio-chimiotiemmcomitante» ont pu étre comparés a ceux
obtenus dans le bras «radiothérapi€e qui n'est pas systématiquement le cas dansroe ge
d’études, méme dans celles publiées parfois damggaheles revues (39-40). Un point fort de ce
protocole est sa reproductibilité que nous avonsdrifier a I'occasion de plusieurs travaux
(articles n°3, 4, 5 et 6). Cette qualité de tragamest probablement liée au choix de
I'anesthésique. L’isoflurane est une drogue ansegh&e qui induit une sédation rapide et
rapidement réversible a l'arrét de I'exposition. P&s, elle ne majore pas la pression
intracranienne déja augmentée par la tumeur céeeboatrairement a d’autres anesthésiques
frequemment utilisés comme la kétamine (41). L'dmesie des rats est donc facilement
réalisable et permet un repositionnement fiable@'séance a l'autre. Certains auteurs utilisent
des boites de contention en plexiglas afin dergathir de toute anesthésie. Il nous a semblait
gue cette technique était moins précise car Ipaavait quand méme bouger pendant la séance.
Or un déplacement méme minime soit-il peut avoie imcidence directe sur la qualité du
traitement compte-tenu des petits volumes irradi&aitre point important de ce travail est que
nous avons choisi de traiter les rats avec un éatéur linéaire de type CLINAC et non avec un
projecteur de source radioactive portatif dédidoetit animal. Le type d’énergie utilisé est donc
le méme que celui utilisé en clinique avec des giasrde rendement bien connu. Cette
technique assure également une meilleure radiagirmtedes expérimentateurs.

Cependant, ce travail n'est qu'une étude préliménat d’autres expérimentations sont
nécessaires afin de renforcer lintérét scientdigde notre protocole. Nous avons realisé
guelques tests d'irradiatian vitro sur des cultures cellulaires afin d’observer @uslution en

fonction de la dose délivrée. Nous pourrions reghrerce travailn vivo sur plusieurs groupes de
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rats. Nous pourrions également comparer des schéveasdes fractionnements variables. Nous
avons également obtenu 20% de longs survivants agweir traité nos rats. Ce constat a été
rapporté dans d’autres études ou des tumeurs 9&gaement été traitées. Les cellules 9L sont
une lignée de cellules plutét radiosensibles (#2 contre, leur avantage est de former des
tumeurs facilement reproductibles et ainsi mesesabar bien délimitées. Les cellules F98 sont
a l'origine de tumeurs cérébrales invasives dongs pleprésentatives des tumeurs gliales
humaines (43). Mais ceci les rend difficilement gamables. Il n’existe pas de modéle parfait de
tumeur cérébrale chez le rat. Ainsi, dans ce typeathologie pour lequel le pronostic est
mauvais, les essais cliniques de phase | sont drapertance fondamentale.

Une fois cette étape préliminaire réalisée, nsamiga donc mis en place notre travail qui
visait a améliorer la radiosensibilité des glion®s et qui avait pour objectifs en termes de

thérapie locale:

1. étudier la biocompatibilité et l'efficacité des mnaispheres chargées en
doxorubicine ou irinotécan, synthétisées par Biguatibles© et validées
actuellement en pratique clinique dans la priselerrge des tumeurs hépatiques
primitives ou secondaires.

2. utiliser la méthode de CED, inconnue du laboratgoir I'injection locale
intracérébrale de nanotechnologies.

3. tester pour la premiére fois vivo le pouvoir radiosensibilisant des LNC de

paclitaxel mises au point dans le laboratoire.
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2.3. Utilisation des DC Beads® a visée

radiosensibilisante dans le traitement local des igimes
OL du rat.
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a. Présentation du travail

v" Les “DC Beads®”

Les microspheres testées dans ce travail peuuentcBargées de doxorubicine qui
appartient a la famille des inhibiteurs de la tigmmérase Il ou d’irinotécan, inhibiteur de la
topoisomérase | (Figure 7).

Les microsphéres qu’elles soient blanches, chargéedoxorubicine ou d'irinotécan,
sont produites par Biocompatibles UK Ltd (Farnhdw) a partir d'un hydrogel d’alcool
polyvinyle (PVA), biocompatible, qui a été modifiéar des groupes sulphonate qui permettent
une charge et une libération contrbélées des aggtasoxiques (Drug-eluting beads) (Photo 6).
Apres une administration intra-artérielle, les ragphéres stoppent le flux sanguin et liberent
localement, directement au sein de la tumeur, wse @¢ontrolée de cytotoxique (44-46). Les
microspheres blanches ont recu l'appellation “DCGad8®” en 2003. Les “DC Beads®” ont
obtenues 'AMM dans le traitement des tumeurs maléghypervascularisées. Lorsqu’elles sont
chargées de doxorubicine, elles sont indiquées leanaitement des tumeurs hépatiques qu’elles
soient primitives (carcinome hépatocellulaire (CHCkholangiocarcinomes, cancers
neuroendocrines) ou secondaires (métastases hégmjtit7-53). Les “DC Beads®” chargées
d’irinotécan sont en cours d’investigation pourtlaitement de patients atteints de cancer
colorectal métastatique (54-57). Elles vienneniargant d’étre testées dans la prise en charge

des tumeurs pancréatiques ou de la carcinose péai (58, 59).
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Figure 7: Procédé de chargement des microsphéeres en dociokeibi

(a): une solution de doxorubicine est obtenue pautad’eau stérile a de la poudre de
doxorubicine hypochloride.

(b): la solution saline est retirée par aspiratarflacon contenant les microspheres blanches.
(c) et (d): la solution de doxorubicine réhydragéemélangée aux microspheéres blanches.

(e): un temps de repos est observé pour le chargahes microsphéres en doxorucibine. Il est

fonction de la taille des microspheéres et de laceatration finale désirée des microsphéres en
doxorubicine.

(f): la solution de microsphéeres chargées en ddjoine est aspirée dans une seringue, prétes

a
I'emploi.
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Exemple de chargement des microsphéres (300-530qn doxorubicine a 1

Photo G

minute (a), 10 minutes (b) et 20 minutes (c).
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v" Doxorubicine et irinotécan dans la prise en chaegtumeurs gliales

Aujourd’hui, deux traitements ont obtenu 'AMM data prise en charge des patients
atteints de glioblastome nouvellement diagnostig@@ssociation radio-chimiothérapie
concomitante par témozolomide selon le schéma geopar Roger Stupp et le Gliadel® apposé
dans la cavité de résection chirurgicale en peraipige (2, 15). Il n'y a pas de standard
concernant la combinaison de ces deux traitemerntﬂaé“éligne chez les patients atteints de
glioblastomes et plusieurs études sont en cours.

Chez les patients atteints de glioblastome réaittivie pronostic est mauvais, avec une
médiane de survie de 3 a 6 mois. Il nexiste paprike en charge standard mais lorsqu’une
seconde intervention chirurgicale est possibleGtladel® peut étre implanté. La combinaison
bevacizumab + irinotécan a été étudiée dans plssessais de phase I. Ce traitement constitue
une nouvelle option actuellement trés prescritd-emce, car il existe peu d’alternatives (60).
Les résultats montrent une amélioration de la swsans récidive méme si la survie globale n’est
pas modifiée. La tolérance de l'association esterdgdlement marquée par la survenue
d’hypertension artérielle qui peut étre controlée pn traitement symptomatique. La survenue
d’'une protéinurie doit étre surveillée. L'irinotécavait déja démontré une certaine efficacité
contre les tumeurs gliales (61-63). Les résultdiermus dans les études I'associant avec le
bévacizumab et ceux observés en pratique clinigoédjenne renforce cette hypothese.

Il en est de méme pour la doxorubicine qui est onmdécule connue de longue date
maintenant. La doxorubicine appartient a la famdies anthracyclines (64). Elle bloque la
synthése de I'ADN et de I'ARN en inhibant la topminérase Il. Elle s’est révélée efficace
contre de nombreuses tumeurs malignes. Elle easel@mnhent prescrite dans les protocoles
traitant les leucémies lymphoides aigles, les hangs, le myélome multiple, les sarcomes, les
mésothéliomes, les tumeurs germinales de l'ovairelw testicule, les cancers du sein et les
neuroblastomes (65). Les essais cliniques utilisanloxorubicine par voie systémique ont

démontré une efficacité limitée de cette molécw@esde traitement des gliomes. De tres hautes
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doses de doxorubicine doivent étre utilisées pa o si I'on veut obtenir un bénéfice clinique
suffisant. Or ces doses se révelent étre tresuezi@e6, 67). Ce manque d’efficacité peut étre
expliqué par la présence de la BHE et des pompé#tua qui ne permettent pas I'obtention d’un
index thérapeutique suffisant au sein de la tumkarfaible liposolubilité et le haut poids
moléculaire de la doxorubicine empéchent son passag travers de la BHE (66-68).
Malheureusement, la doxorubicine s’était révélés prometteusan vitro contre les lignées
cellulaires gliales (69-71). Des études préclingqeserr des modeles animaux étaient méme
encourageantes (72-79). Il existe une étude clanigubliée récemment dans laquelle les
résultats étaient en faveur de I'utilisation ded@xorubicine par l'intermédiaire d’'un réservoir
d’Ommaya (80). Cinquante pour cent des patients ppasenté une réponse radiologique
objective. lls n'ont pas développé de toxicité mbagique ou générale. Ainsi, 'administration
intracérébrale de doxorubicine semble bien tolé€@ourrait étre efficace dans la prise en

charge des glioblastomes.

v" Rationnel du travail

Initialement, le travail nous a été proposé parcBmpatibles UK Ltd (Farnham, UK).
Riche de leur expérience dans les tumeurs hépatidlseont souhaité étudier I'impact de
I'utilisation des microsphéres de doxorubicine 'atribtécan dans la prise en charge des tumeurs
gliales de haut grade. Leur demande répondait i@ souhait de poursuivre nos investigations
dans le domaine de la radiosensibilisation par iimrapie locale encapsulée. Les

microsphéres de Biocompatibles© présentent plusiavantages:

1. Elles sont chargées en doxorubicine et irireotédont l'efficacité a déja été
prouvée dans la prise en charge des tumeurs gtiateme nous I'avons décrit précédemment.
De plus, ces molécules de chimiothérapie possédégalement des propriétés

radiosensiblisantes. Elles constituaient donc adebs candidates pour poursuivre nos travaux.
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2. Avant l'obtention de leur AMM, les microsphéresit fait I'objet d’études
précliniques in vitro et in vivo puis d’études dtjnes de phase I-1l et lll. Leur profil d’action et
leur tolérance sont donc bien connus.

3. Elles existent en différentes tailles variaet D0 & 700 um et en différentes

concentrations de principe actif. Leur applicatpmuvait étre transposée au petit animal (Figure

8).
Doxorubicin Sequestration Rates of Varying Sizes of DC Bead
Bead Size Doxorubicin Loading Time to =99%
Range (pm) (mg,/mL Beads) Loading (min}
100300 25 20
300-500 25 2]
500700 25 Q0
700-500 25 120
500700 5 20
500700 10 45
500700 375 3e0
500700 45 1440
Figure 8: Exemples de microsphéeres chargées en doxorubitspmnibles sur le marché

variant en taille et en concentration.

Néanmoins, malgré ses éléments, leur utilisatiansde cadre des tumeurs cérébrales

restait était innovante. Les résultats publiés gdémment nous ont uniquement permis de nous

affranchir des étapes de caractérisaitovitro.
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v Etapes préliminaires a I'utilisation intracérébrdés microsphéres chez le rat.

Nous avons da tester différentes méthodes de fatipa et d’injection des microsphéres
avant d’initier les études de biocompatibilité &dfficacité. Leur emploi devait étre compatible
avec une utilisation chez le petit animal.

Un résumé des différents protocoles testés esit dédessous.

Procédurede préparation des microspheres.

A l'aide d’'une seringue montée d’une aiguille agitpdiametre, il fallait retirer du flacon
de microsphéres le plus de solution salée possilds. microsphéres en suspension étaient
ensuite versées dans une seringue Hamilton avajgckion cérébrale. Cette manipulation était
assez dangereuse dans la mesure ou les microsptaisrd conditionnées dans leur flacon sous
vide. Il était donc difficile de retirer la soluticcalée compte-tenu de la pression sans se blesser
avec l'aiguille. Il existait aussi des risques amtamination avec les agents cytotoxiques. Ce
protocole de préparation n’était pas adapté auriehti&dié au petit animal.

Pour la deuxieme formulation, il fallait égalemeatirer du flacon de microsphéeres le
plus de solution salée possible. La solution pwemicrospheres était ensuite versée dans un
tube BD Falcon™ de 10 ml. Pour les injections icri@aiennes, la solution était ensuite aspirée
dans une seringue a tuberculine de 1cc tuberddéndall Monoject) a I'aide d’'une aiguille BD

hypodermique 0,6x 25 de 23 G.

Procédure d’'implantation stéréotaxique.

Nous avons testé différents types de micro-seasget d'aiguilles compatibles avec

I'implantation des microspheres mesurant de 100800
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* Seringues Hamilton
La premiere constatation était la différence ingoate en termes de concentration en
microspheres en fonction du systeme utilisé. Lesmgees Hamilton, habituellement employées
pour les injections intracraniennes chez le rat |(1:26G), n'aspiraient pas suffisamment la
solution trop épaisse et le diametre des aiguiiest trop petit (Photo 7). Ainsi, nous ne

prélevions pas une dose suffisante de microsplireso 8).

Photo 7: Seringue Hamilton classiqguement utilisée pouridgsctions intracraniennes chez

le rat.

Photo 8: Différences de concentrations en microspheres dalonéthode de prélevement
utilisée. Gauche: Deux gouttes de 10ul de soludmmicrosphéres provenant d’'une pipette avec
cbne jaune; Droite: Deux gouttes de 10 pl de smiutie microsphéres provenant d’'une seringue

Hamilton (21G).
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» Convection-enhanced delivery

Forts de notre expérience avec les nanocapsybédiglies, nous avons essayé la
technique de CED avec les microspheres afin d'évie reflux observés lors d’injection de
composants de taille importante. Brievement, letésge consiste en une seringue Kendall
Monoject 1 ml-23G connecté par un tube de polyétingyl(CoEXTM EPPVC tubing, Harvard
Apparatus, Les Ulis, France) a une deuxieme segi{gndall Monoject de 5 ml, montée sur
une pompe osmotique (PHD 2000 Infusion, Harvard akatus, Les Ulis, France). Les
connections étaient rendues étanches par I'apiplicde 2-hydroxyéthylméthacrylate (Photo 9).
Le débit d’injection était constant a 0.5ul/min.sLmicrospheres formaient des dépbts dans le

systeme et obstruaient les tubes. La CED n’a gase@nue pour I'injection des microspheres.

HARVARD

Photo 9 Montage de CED chez le rat pour les injectiomagraniennes.
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» Seringues a tuberculine (Kendall Monoject)

Nous avons donc utilisé une seringue de diamétieipportant que celui des seringues
Hamilton: une seringue a tuberculine de lcc (Kdniiinoject) montée d’'une aiguille BD
Hypodermique 0.6x25mm de 23G (Photo 10).

Avec ce matériel, nous avons di injecter 20 psalation et non 10 ul pour des raisons
de graduation de la seringue. Le volume de 20d4dja été injecté précédemment au laboratoire
lors des études portant sur les microspheres dg B5), et nous savions que cette dose était
bien tolérée. Nous avons donc gardé cette procédiimgection pour nos microsphéeres de

doxorubicine et d'irinotécan.

Photo 10: Injections intracraniennes des microsphéres blanclee Biocompatibles avec une
seringue a tuberculine Kendall Monoject de 1 ml therd’'une aiguille BD Hypodermique 0,6x

25mm de 23G.
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Nous avons commencé notre travail par une étudbiammmpatibilité et ce pour les
microsphéres non chargées ou blanches, les mi@&msplkde doxorubicine (appelées CM-BC1)
et les microspheres d'irinotécan (appelées CM-BGflisque leur comportement au sein du
parenchyme cérébral n’était pas connu.

Les cerveaux des rats de chaque groupe ont étgsé@maa plusieurs instants apres
I'injection de 20 ul de solution: a 8 jours, a 3imet a 6 mois. lls ont tous été analysés a la
recherche d’une réaction inflammatoire de rejet.

Une étude d’efficacité a été ensuite menée psuCM-BC1 et les CM-BC2.
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v Article n°5

- Local implantation of Doxorubicin Drug eluting 8as

in rat glioma.
Vinchon-Petit $ Jarnet D, Michalak S, Lewis A, Benoit
J-P and Menei PArticle soumis (International Journal of

Pharmaceutics).
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ABSTRACT

We evaluated the safety and the efficacy of DoxoinlDrug Eluting Beads “CM-BC1” when
used locally in a 9L glioma model. Twenty micragrof 1 mg/ml CM-BC1 (4ug/rat), 10 mg/mi
CM-BC1 (40ug/rat) or unloaded beads were injectatd the brain of 27 rats which was
analysed on day 8, month 3 or month 6. Then, &ftaor implantation, rats were treated locally:
(1) control group; (2) a group receiving 20 ul olaaded beads, (3) a group “3 x 6 Gy whole-
brain irradiation” (WBI), (4) a group receiving 30 of 1mg/ml CM-BC1 and (5) a group
receiving 20 ul of Img/ml CM-BC1 followed by a WHoth the unloaded beads and the lower
dose of 1 mg/ml CM-BC1 were well tolerated withewrly deaths in opposite to 10 mg/ml CM-
BC1. Medians of survival for the “1mg/ml CM-BC1” @ip and the combination group are
respectively 28.9 and 64.4 days. These results wigng@ficant compared to the “unloaded
beads” group. The rat's survival was not signifisanmproved in comparison with the
radiotherapy group. This preliminary evidence ssggethat 1mg/ml CM-BC1 could be
interesting for recurrent high-grade gliomas. Fertwork is necessary to improve this seducing

tool.

Keywords: Glioma, Radiotherapy, Concomitant therapy, DCdse&ocal chemotherapy,

Doxorubicin.
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1. INTRODUCTION

Malignant gliomas are the most commuges$ of primary central nervous system tumors
and have a growing incidence of 5-8/100 000 (Baueheal.,, 2007; Stupp R et al., 2005).
Regardless of methods of treatment, most of theserts recur locally. In an attempt to decrease
these local recurrences, recent efforts have fatosedesigning polymer devices that deliver
anti-tumor drugs into the resection surgical cavith\acroscopic non biodegradable devices and
more recently biodegradable wafers have been uselddal chemotherapy of brain tumors in
humans (Brem et al., 1995; Kubo et al., 1986; Qda.e1982; Valtonen et al., 1997; Westphal
et al., 2003; Westphal et al., 2006). Efficacyafdl chemotherapy with BCNU-wafers has been
previously demonstrated in patients with recurrglidblastoma and more recently in primary
malignant glioma (Brem et al., 1995; Westphal et2003; Westphal et al., 2006). But their size
(several centimetres) doesn’t allow a real intraduwal or intra-parenchymal implantation,
neither a stereotactic administration. Moreoveirtheeidence on survival is poor. Many other
drug delivery devices have been developed and atealun animal models (Krauze et al., 2007;
Kubo et al., 1986; Lesniak et al., 2005; Rousséaal.22009; Vauthier et al., 2003; Mu et al.,
2003; Bartoli et al., 1990; Menei et al., 1998¢vertheless, very few have come to clinical trial
(Menei et al., 2004; Menei et al., 2005a; Sapiralet2006). One potential strategy is to test
microparticles in suspension. Due to their sizéo(1000 um), they can be implanted easily in
discrete, precise and functional areas of the breimg needles as narrow as 21 gauge, without

causing damage to the surrounding tissue (Mersdi,2005b).

One such device that is currently thbject of widespread clinical investigations is a
drug delivery embolisation system produced fromi@dmpatible polyvinyl alcohol (PVA)
hydrogel known as DC Bead®, or LC Bead® in the UBAcompatibles, UK Ltd). This device
is indicated for the treatment of hypervasculardtsr(Aliberti et al., 2006; Aliberti et al., 2008;
Eyol et al., 2008; Malagari et al., 2008; Fiorengh al., 2007; Gonzalez et al., 2008; Lewis et

al., 2006a; Lewis et al., 2006b; Lewis et al., 200& Baere et al., 2008; Lencioni et al., 2008;
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Poon et al., 2007; Tang et al., 2008; Forster.e2800; Keese et al., 2009) and is being used to
treat both primary and metastatic liver cancer.silet of its use as a drug delivery embolisation
system, DC Bead has also been shown in preclimodlels to have the potential for treatment of
other tumors such as pancreatic cancer (Forstal.e2010) and peritoneal carcinomatosis
(Keese et al., 2009), by local direct injectiortlod microspheres. DC Bead microspheres studied
in this paper are produced from a biocompatiblgnaolyl alcohol (PVA) hydrogel that has been
modified with sulphonate groups for the controlledding and delivery of chemotherapeutic
drugs. DC Bead has been developed in order toatedivocal and sustained dose of drug direct
to the tumor over a protracted period of time, sthdccluding the feeding vessels of the tumor.
Because doxorubicin is known to be efficient agamain tumors, using doxorubicin-loaded DC
beads could be a new strategy to reduce glioman®l(Stan et al., 1999). The purpose of this
project was to study the long term biocompatibiéityd toxicity of doxorubicin-loaded DC beads
in the rat brain. We also evaluated the efficien€yloxorubicin-loaded beads on a rat glioma

model, alone or associated to a fractionated radidberapy.
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2. MATERIALS AND METHODS

2.1. Drug-eluting bead resuspension preparatio

Unloaded Beads (DC Bead) and Doxorabicaded Drug Eluting Beads (CM-
BC1) were provided by Biocompatibles UK Ltd, Sutre)K. A bead size range of 100-300 um
beads were used for these studies. All manipulatwere made in a special room dedicated to

cytotoxics handling under a fume extraction hood.

Two loading levels in the CM-BC1 wettedied: 1 mg/ml and 10 mg/ml CM-

BC1 provided lyophilized and sterile.

Beads were rehydrated in the vial. Fiwmutes after the addition of 1 ml of
sterile water, the mixture was decanted in a BOcétal™ 10 ml Conical Tube. The vial was
rinsed with 1 ml of sterile water and this was atittethe other 1 ml in the BD Falcon™ 10 ml
Conical Tube. Finally, the bead suspension was dwxigh 3ml 0.6% alginate solution, to reach
a final volume of 5 ml. The alginate used for surgp@en and viscosity increase was ultra-pure
Phycomer EO1 (CellMed AG, Alzenau, Germany) whishmannuronic acid rich and has a
molecular weight of approximately 800,000. For thigacranial injection, we had the solution

was drawn into a Kendall Monoject syringe with a BBpodermic 0,6x 25mm 23G- needle.

22. DC Beads brain biocompatibility and toxicity

DC Beads were analyzed for their biopatibility in brain parenchyma before
therapeutic studies. After intraperitoneal anesthds xylazine (Rompun, Bayer, Puteaux,
France) (10mg/kg) and ketamine (Clorkétam, Vétoojyiibure, France) (50mg/kg), rats were
placed in a small-animal stereotactic frame (Koptiuments, Phymep, France). After shaving
and skin disinfection, sagittal incision of 2 cmsnaade to expose the skull, followed by a burr
hole 0.5 mm anterior and 3 mm lateral from the bragising a small drill. Twenty microlitres of
beads resuspension were injected manually witheaofed,5 pl/min, 5 mm deep in right striatum

of 27 female Wistar rats (according to the Paxiaitas) with a Kendall Monoject syringe and a
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BD Hypodermic 0.6x 25 23G-needle . After a finalitagf 5 min, the needle was removed and

the wound was sutured.

Groups were as follows: (1) a unloadedds group (control group) € 9); (2) a
1 mg/ml CM-BC1 groupr( = 9); (3) a 10 mg/ml CM-BC1 groum € 9). Rats were examined

daily. Three animals were scheduled to be sacdfiegmosphere saturated with §Git each

time point, on day 8, month 3, and month 6. Thenbnas surgically removed, fixed, dehydrated
and paraffin embedded. Standard staining (hematoayld eosin (H&E)), Perls coloration (for
siderophages staining), Lugol Blue staining (for efim) and Kossa staining (for

microcalcifications) were performed. The immunobistemistry (IHC) stains were used are
shown in table 1. The histology was reported ireacdptive manner, in particular to evaluate
the successful implantation of the beads, the iocdtdistribution of the beads in the brain and

the brain tissue reaction.

2. 3. Tumor cell line

Rat 9L-glioma cells (European Collection of Conosat Culture, n°
94110705, Salisbury, U.K.) were cultivated in tieMEM” medium (“Dulbecco's Modified
Eagle's Medium”, Biowhittaker, Verviers, Belgiungded with 10% of foetal calf serum (FBS,
Biowhittaker) and of a mixture of antibiotics: peitlin (100 Ul/ml), streptomycin (0.1 mg/ml)
and amphothericin B (25 pg/ml) (ABS, Sigma, Sainte@in Fallavier, France). Cells were
maintained in a balanced wet atmosphere (37 °CCGDd5%). Cells were ready to be used to
induce a brain tumor, after trypsinisation (trypBIDTA (Sigma)) and resuspension in “EMEM”

(“Eagle’s Minimum Essential Medium”, Biowhittaker).

2. 4. Animals and intracranial tumamplantation

Female Fischer-F344 rats were obtained fronarled River Laboratories
France (L'Arbresle, France). Ten weeks-old, theygimed 150 to 200g. They were housed in

groups of 4 in cages in conformity with the standaof the directives of the Union European
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and dealt with by the animal facilities of the Hagwf Medicine of Angers, establishment

approved according to the law.

Ten microlitres of 103 9kHs suspension were implanted by stereotactic
conditions with a 10 pl -26G Hamilton syringe (Ham Apparatus, Ulis, France) into the right

striatal region of the rat brain as describe aldovéeads implantation.

25. Therapeutic protocol

On day 6 after tumeli€implantation, rats were assigned into 5 expenital
groups and 20 ul of beads suspension were injeatedrding the same coordinates as the 9L
cells. Groups were as follows: (1) control gromp=(8); (2) a group receiving one injection of
unloaded beads (= 7), (3) a group only irradiated by a whole-branmadiation (WBI) with a
total dose of 18Gy, (4) a chemotherapy group, végione injection of 1mg/ml CM-BC1 and
(5) a chemotherapy plus radiotherapy group, reegivbne injection of 1mg/ml CM-BC1
followed by WBI for a total dose of 18Gy. GroupsaAd 5 received 4 pg of doxorubicin.

Radiotherapy was administered on days 8, 11 and &dimals in groups 3 and 5.
2.6. Animal observation

Rats were examined daily and stagedadbivity and well-being according to a
classification developed in our animal facilitieata not published). Rats too weak to feed and
to stand (corresponding to stage 2) were sacrifitbd day of euthanasia was recorded and used

in the survival analysis. Rats were weighed weekly.
2.7. Statistics

Survival was calculatednfrthe day of the tumor implantation and presented a
median and mean + SE (Standard Error). The studiEst comparing combination treatment
groups was performed. SPSS® software was usedhddpurpose and tests were considered as
significant with p values <0.05. Any rat survivitapnger than 120 days was regarded as a ‘long

survivor'. The Kaplan-Meier method was used to ploimal survival.
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3. RESULTS

3.1. Biocompatibility and safety of Bkanplantation in the brain

The rat brains were evaluated for brain tisseactions as a result of the
implantation. For the “unloaded control beads” grothere was no unexpected mortality.
Clinical staging and weight curves were normal dtiranimals until sacrifice. There was no
issue with wound healing following the procedurer the 9 rats analyzed, the pack of beads was
localized in the striatum. It is important to ndbat in all the slides, some beads were displaced
from their implantation site during the slicing, twisometimes a tearing of the surrounding
tissue, probably due to the difference in conststelbetween brain tissues and beads. Their
location was still perfectly visible as a round amell limited hole in the tissue. No beads were
in the subarachnoidian space. The beads appeatgd],r@and stained similar to basophile
material (H&E staining), striated by the effecttbé microtome knife. This is a sign of a hard
material (these soft, hydrated beads become delegdduring the tissue fixing process). There
are no signs of deformation, degradation or vazatbhn of the beads over time (Fig. 1A). The
striking point is the total lack of a foreign borBaction around the beads on H&E staining (Fig.
1B). Immunohistochemistry showed a very weak, noeesic, astrocytic reaction due to the
implantation. This lack of strong astrocytic reanti supports the supposition that the
biocompatibility of the material in the brain isoetent. There was no lymphocytic infiltration,
nor demyelinisation. Neuronal markers showed hgatiburons and neuronal fibers in close

proximity to the beads.

For the “1 mg/ml CM-BC1” group, ratxetved 4 ug of doxorubicin per dose of beads.
All rats presented a good neurological and gerstete before sacrifice. Animals were sacrificed
at day 8, month 3 and month 6. There was no issttewound healing in any of these rats.
There was no evidence of necrosis or haemorrhagaypof the macroscopic examinations. It is
important to note that for all the sections, astfa control beads, some beads were displaced

from their implantation site during the slicing,a@im, with some tearing of the surrounding tissue
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on occasion, due to brain tissue and bead diffeenitheir localization was still perfectly visible
as a round and well limited hole in the tissue. Dhads (or their localization) were exactly in
the predefined target in the middle of the striafommost animals. They were localized slightly
more medially in the striatum for one animal, openithe lateral ventricle, without
hydrocephaly. In one animal, one bead was obsewwetthe cortical point of injection. Except
for this one, there were no beads in the subaradiamospace in any of the observed slides. The
beads appeared exactly as the unloaded controlsbeawind, stained similarly to basophile
material (H&E staining) and striated by the effettthe microtome knife. On H&E staining,
there was a moderate cell reaction with a modendisanmatory reaction in two animals (one at
month 3, one at month 6). There was no cell lossremanomaly of brain architecture in any of

the observed animals (Fig.2).

For the “10 mg/ml CM-BC1” group, ratsceived 40 pg of doxorubicin per dose of
beads. On day 5, neurological condition of two sdtgted to deteriorate. Those two rats died
spontaneously: one on day 9 and one on day 21 &siwwere found dead in the morning and
histological examination was not possible). Sesa were too weak to feed and to stand (stage
2) and were sacrificed 21 days after the bead im@leon according to the protocol. The 10th rat
was still alive at 3 months and was sacrificed &diog to the protocol. There was no issue with
wound healing. Moderate oedema was evident ins] nataddition to significant necrosis with
haemorrhage at the level of the injection site iatmlthe adjacent cortex. For the 8 rats analyzed,
beads were observed in the middle of the striatur® animals. No beads were visible in two
animals, one because slicing problems and anothebaply due to unsuccessful bead
implantation. As for the group 1, some beads weésplaced from the implantation site during
the slicing, with sometimes a tearing of the sunding tissue, probably due to the difference in
consistency between brain tissues and beads. Tdualization was still perfectly visible as a
round and well limited hole in the tissue. For eethassessed, microscopic examination showed

significant oedema, necrosis (sometimes calcifigdlh calcifications confirmed by a Kossa
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staining), and haemorrhage around the 10 mg/ml GDA-BThis necrosis was surrounded by a
marked cell reaction (macrophages, with some T hyoegtes), confirmed by Perls reaction, and
neoangiogenesis, indicated by proliferation of abrad microvessels with an enlarged wall. The
brain tissue around this cell reaction was vacedlgFig.3). For all the animals, GFAP IHC
staining showed a lack of astrocytes in contach whe beads and an astrocytic reaction in the
surrounding area. Neurofilament, NeuN and synaptsiph immunostaining showed the
disappearance of neurons and axons in a large amoeand the implantation site, indicating
massive neuronal death. For rat 10 which wasatie and sacrificed at month 3, macroscopic
and microscopic examinations showed the lack otifeprobably due to a technical problem

during the implantation procedure.

3. 2. Combined effects of chemotqmr and radiotherapy

After the biocompatibility studyrats were randomized in only five
experimental groups. We decided not to use 10 mgGMHBC1 because of their brain toxicity.
All non-treated rats died before d35, with a mediad mean survival of 27 and 28.1 days (Fig.
4 and Table 2). Similar survival was observed inmafs that received unloaded control beads,
with all animals dying by day 31p(= 0.16 versus control). Animals receiving WBI haxl
extended survival compared to groups 1 and 2, svithedian survival of 49.5 days. There were

2 long term survivors in this group.

Animals in group 4 (1 mg/ml CM-BC1) diked by day 33, with a median survival of 28
days. The survival was not significantly differdram untreated animals. When 1 mg/ml CM-
BC1 was combined with WBI (group 5), there wasgmiicant increase in median survival (53
days) compared to unloaded beads or CM-BC1 alonéhi$ group there were two long term
survivors. The association gives the best mediasunfival compared to the “WBI” group with
64.4 days versus 59.9 days. Unfortunately, thieidifice is not significant. We noted that in the

combined group, there were early deaths. Somealiatisbefore the untreated animal and 30% of
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the animals died before the first rats died in “WBtoup. Survival curves for all groups were

obtained by Kaplan-Meier Method, including longwsuor animals (Fig. 4).
4. DISCUSSION

DC Bead microspheres have been paatigulstudied as anticancer agents against
hepatic tumors (Aliberti et al., 2008; de Baereaket 2008; Eyol et al., 2008; Gonzalez et al.,
2008; Lencioni et al., 2008; Lewis et al., 2006aws et al., 2006b; Malagatri et al., 2008; Poon
et al., 2007). The incorporation of doxorubicintims device was performed to enhance the
cytotoxicity of this type of molecule when admimistd locally. Its direct administration could
improve the efficiency of the chemotherapeutic &gas the slow release of the drug allows a
prolonged contact between tumor and chemotherapagént. In preliminary studies, levels of
doxorubicin were still retained even at 90 dayswiseet al., 2006a; Lewis et al., 2007). DC
Beads present advantages compared to the othérsgees designed for direct instillation into
the tumor bed such as wafer implants, conjugatedperticles, liposome encapsulated drug, or
intratumoral infusion with Ommaya reservoir. Fiysthere have been already more than 10,000
procedures carried out with this doxorubicin beathlination in the treatment of liver tumors,
demonstrating their safety, and also a Phase tlamamsed control trial which shows lower side
effects and benefits for advanced patients (Lameteal., 2010). Second, there have been a
number of pharmacokinetic studies which demonsttaeeaelease of dox into the bloodstream is
very low compared to the traditional treatments alsb preclinical work which demonstrates
the release of drug occurs over many weeks (Namailr,e2010). Doxorubicin beads have been
well characterisedh vitro with respect to drug loading and elution kinetarwl effects on the
physical attributes of the beads related to catldetkvery. This data could have been interesting
for a sustained release during all the radiati@napy time for a concomitant effect. If other drug
delivery devices have been developed and evaluatadimal models, very few are supported
by so encouraging data. In our study, 10 mg/ml C&tRtotal dose 40 ug of doxorubicin per

rat) were highly clinically toxic. The lower dosé d mg/ml CM-BC1 (total dose of 4 pg of
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doxorubicin per rat) was well tolerated with nolgateaths. In one publication describing local
therapy in a rat glioma model, doxorubicin was kdih polyanhydride polymers (PCPP-SA).
PCPP-SA were prepared using the mix-melt methodr(la& et al., 2005. 2005). It was found
that the doses of 1mg, 700ug and 500ug of doxarulvere toxic, whereas 300ug was well
tolerated. The type of toxicity observed was thmeas in our study, namely necrosis and
oedema. It is important to note that this polyantdgpolymer allows a slow release of the drug:
1% loaded polymer released 6.5% of drug over 200haand 10% loaded polymer released
21% of drug over 200 hours. This release, slowan tthat obtained with the DC-beads, could
explain the differences in term of tolerance ovéfietent dose ranges. While the in vitro potency
of doxorubicin is remarkable and its current intmas in treating peripheral tumors have

proven efficacious, doxorubicin is highly toxic apieksents a very narrow therapeutic window.

The other purpose of this study waadsess the anti-tumor activity, in terms of sunviva
benefit, of administration of drug-eluting beadsats bearing a cerebrally implanted syngeneic
glioblastoma 9L. The potential added effect of oluierapy was also evaluated. In terms of
survival, the control groups (untreated and unldaokads) median survival was as expected for
this animal model in the laboratory (27 and 25 dagspectively), with a small standard error of
the mean confirming the quality and reproducibibfythe model. Although the 9L gliosarcoma
iIs not a perfect model of human glioma becauss less invasive, we used it because of its
ability to create very similar sized tumors. CM-B@lLug/rat) in combination with radiotherapy
significantly increased the median survival, conegatio the chemotherapy alone group and there
were two long survivors for this group. Howevewds not significantly different, in comparison
with the radiotherapy alone group. The major figdof this work is that doxorubicin beads,
administered in combination with external beam di@don, resulted in a significant
enhancement in median survival time compared to ctiemotherapy groupp£0.02). The
association gives the best median of survival, emmpared to the “WBI” group with 64.4 days

versus 59.9 days even though this result is noifgignt.
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This work gives interesting preliminamsults because the behaviour of beads in rat
brain was unknown until now. In this study, doxdoif-loaded beads were mixed with a
solution of ultra-pure high molecular weight algmaAlginate, a viscous polymer derived from
brown algae, is an established compound in manmédical and nutritional applications. Due
to alginate’s biocompatibility and simple gelatinith divalent cations such as €ait is widely
used for cell immobilization and encapsulation. Mg the alginate with the beads prior to
intracerebral implantation was performed in ordeminimize displacement of the beads. As we
observed in biocompatibility studies, we havedittlack flow with this technique since only a
few beads can be observed in the subarachnoid gpacew animals. A pilot study by Brinker
et al reported on the investigation of DC Bead with dwoiacin or irinotecan in a B4TCa rat
glioma model (Blates et al., 2010). While both drugere efficacious in treating the tumor,
doxorubicin was shown to be far more toxic thanatecan and the method of microsphere

implantation was also not readily translatable ihi@ clinic.

Our work demonstrates that DC Beadswaet tolerated in rat brain and can be easily
used in patients when combined with the alginateiezaFurther work is now necessary to
improve this concept for better preclinical resuN8e have the opportunity to change the
concentration of the loaded therapeutic agent ointoease their volume of distribution for
example. Others drugs could also be an option Isec&C Beads can be loaded with other
interesting therapeutic agents, such as irinotet@mtecan and mitoxantrone (Lewis et al.,
2009). They have shown the same safety and ef@igien patients for hepatic tumors and

irinotecan can be efficient against glioma cellsiéBet al., 2008).
5. CONCLUSION

This preclinical evidence suggests thaig/ml CM-BC1 may be easily used to treat
high-grade malignant brain tumors. Our data repteshe first demonstration of the

compatibility between these compounds and rat pramnd potentially indicate a therapeutic
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option for this class of tumors which often prespriblems of accessibility and therapeutic

resistance.
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LEGENDS
Table 1: Immunohistochemistry stains

Table 2 Descriptive and statistical data from the surkistudy depending on groups of

treatment.

Fig. 1A: Unloaded beads in rat right striatum on day 8 (H&&ning x 40).
Fig. 1B: Unloaded beads in rat right striatum on month éufNlstaining x 2.5).
Fig. 2: 1 mg/ml CM-BCL1 in rat right striatum on month 6 (E&taining x 20).
Fig. 3: 10 mg/ml CM-BCL1 in rat right striatum on day 21 (& 20).

Fig. 4: Survival Curves were obtained by Kaplan-Meier Moeth
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Table(s)

1-Vinchon
Antibodies anti- | Company Clone Dilution Staining
CDhs Dako Foly L0G T Iymphocytes
GFAP Dalko Mono B2 ano Astrocytes
Meu T Zymed Mono AG0 L0G Neuwropal bodies
Nenrofilament hionosan MMono2F11 2% Axeons
Synaptophysine | Biogenex Mono SnpB3 200 Newrons and  theis

AXO00s

a) GFAP: Glial fituillary acidic protein

Table 1: Immunchistochemistry stains
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2 Vinchon

GROUPS (n) Range | Median of | Mean time of | Mean | Long term
{days) | survival smwival LT SUIVIVOLS
(days) (days) (*a)
=5E

Group « control » (n=8) 2435 27.0 28.1£1.33 - 0
Group naloaded beads » (r=T) 2431 250 25.7=092 - 0
Group «WEBIx (r=10) 33-120 403 39.0=1 83 133 2
Group «lmg/ml CM-BC1 w»| 246-33 280 280=0193 124 0
(F=10}

Group «lmg'ml CM-BCI+WBI» | 21-120 33.0 64.4=11.62 1331 2
(F=10}

Table 2: Descriptive and statistical data from the swvival study depending on groups of

treatment. Group 1: group “control™; group 2: “unloaded beads™; group 3: “WEI (whole brain

irradiation)”™; group 4: “1lmgiml CM-BCL” and group 5 “lmg/m] CM-BC1 + WEI” of 18 Gy

(3=6 Gv).

Increase in survival time (ILT) is calculated in comparizon to the “unloaded beads™ group

Yo} SE means “Standasd Error™.
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Figure(zs)

Fig. 1A: Unloaded beads in rat right striatum on day 8 (H&E staining x 400

a: Unloaded beads. b: Respected neuronal nuclens.

Fig. 1B: Unloaded beads in rat right striatum on month § (Neu staindng 2 2.3).

a: Unloaded beads. b: Respected neuronal nuclens.
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Figure(s)

Fig. 3: 10 mg/m] CM-BC] in rat vight strintam on day 21 (HES x 200,

a: 10 mgfml CMW-BCI1; b: Necrosis; ¢ Vacuolisation of brain tizsue;

d: Necangiogenesis (Wwith aboormal vessels).
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Figure(s)

Overall suryival curves
100 {Kaplan Meier Method)

g
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— Unloaded beads — 1 maiml-CM-BC1
— Untreated group — 1 mg/ml-CM-BEC1 + WEI
WEBIlgroup

Fig. 4: Swvival Corves were obtained by Kaplan-heier Method.
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INTRODUCTION

Malignant gliomas are the most commoeon types of primary central nervous
system tumors and have a growing incidence of 3-8/100 000 (1; 2). Regardless of methods of
treatment, most of these fpmors recur locally. In an attempt to decrease these local
recurrences, recent efforts have focused on designing polymer devices that deliver anti-tumor
drugs into the surgical resection cavity. Efficacy of local chemotherapy with BCIWNU-wafers
has been previously demonstrated in pafients with recurrent glioblastoma and in primary
malignant glioma (3-8). The limitation of these implants 1s their size (several centimetres),
which dees not allow a real iwnfra-tumoral or intra-parenchymal implantation, neither a
sterectactic administration. Microparticles in suspension, due to their size (1 to 1000 pm), can
be easily implanted by these techmiques in fonctional areas of the brain, withowt causing
damage to the snrrovnding tissue (9. Many microparticular ding delivery devices have been
developed and evalvated in amimal models (10-17). Nevertheless, very few have come to
clinical frial {18-20). One such device that 1z currently the subject of widespread clinical
investigations iz a diug delivery embolisation system produced from a biocompatible
polyvinyl alcohol (PVA) hydrogel known as DC Bead™, or LC Bead™ in the TJSA
(Biocompatibles, UK Lid). This device is indicated for the treatment of hypervascular tnmors
(21-30) and 15 bemng nsed to treat both primary and metastatic liver cancer. Cutside of its use
as a diug delivery embolization system, DC Bead™ has also been shown in preclinical
models to have the potential for treatment of other tumors such as pancreatic cancer (31) and
peritoneal carcinomatosis (32, by local direct injection of the microspheres. A pilot study by
Brinker &f al reported on the investigation of DC Bead with doxombicin or Irinotecan in a
BATCa rat gliema model (33). While both drugs were efficacions in freating the tumor,

doxorubicin was shown to be far more toxic than irinotecan and the method of microsphers
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implantation was also not readily franslatable into the clinic. We have most recently reported
on a complimentary study to this BATCa model, m which we evalnated the safety and the
efficacy of an encapsulated chemotherapy formulation “CM-BC-17 locally implanted in a 91
glioma model in combination with wheole-brain radiation (34). In this study, CM-BC-1
consists of PVA hydrogel miecrospheres (DC Bead) preleaded with doxerubicin and
suspended i an alginate viscostty-modifyving solufion to allow it to be delivered directly
wntratumorally. Two doxoibicin loading levels in the CM-BC1 were studied: 1 mg/ml and 10
mg/ml CM-BC1. The lower dose of 1 mg/ml CM-BC1 was well tolerated but 10 mg/ml CM-
BC1 showed zome toxic effects. Combination of lmg/ml-Doxerubicin beads and whele brain
uradiation (WBI) wmproved swvival in comparison with the chemotherapy procedure
(p=0.02). Unfortunately, the difference was not significant between the WEBI group and the

combination grong.

Thizs new wotk ammed to find a diug that was "less toxic" than the dozorubicin effect
and more efficient. Irinotecan Elnfing Beads are alzo uwnder mvestigation for the treatment of
patients with metastatic colesectal cancer (27-30). Pursuing the work began with Ch-BC1
and by considering the unpressive rates of response with irinotecan alone or in combination
with bevaciznmab in several phase I studies, the vse of the locally-implanted CM-BC2 (PVA
hydrogel beads preloaded with mnotecan and suspended in an alginate delivery solution)
could be a new strategy to reduce glioma velume (35-37). We studied the long term
biocompatibility and toxicity of CM-BC2 in the rat bram and we evaluated the efficiency of

CM-BC?2 on a rat glioma model, alone or with WEIL
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MATERTALS AND METHODS

1. Drug-eluting bead resuspension preparation

Unloaded Beads (DC Bead) and preloaded Innotecan Dimg Eluting Beads were
provided by Biocompatibles UK Ltd, Surrey, UK. A bead size range of 100-300 pm were
used for these studies. All manipulations were made 10 a special room dedicated to cytotoxics
handling under a fume extraction hood.

One irinotecan loading level in the preloaded beads was provided for this
study: 100 mg/ml, provided lyvophilized and sterile in a vial ready for mizing with the alginate
solution just prior to use to form the final bead suspension formulation, CM-BC-2.

Beads were rehydrated in the vial Five minwtes after the addition of 1 ml of
sterile water, the mixture was decanted in a BD Falecon™ [0 ml Conical Tube. The vial was
rinsed with 1 ml of sterile water and this was added to the other 1 ml in the BD Falcon™ 10
ml conical fube. Finally, the bead suspension was nuxed with 3ml 0.6% alginate solution, to
reach a final volume of 5 ml- the CM-BC-2 formmlation. The alginate wsed for suspension and
viscosity increase was wltta-pure Phycomer EQO1 (Cellhvled AG. Alzenau, Germany) which is
manmuronic acid rich and has a molecular weight of approximately 800,000, For the
intracranial injection, the solution was drawn into a lec syringe (Kendall Monoject) with a

BD Hypodermic 0.6x 25mm 23G- neadle.

2. CM-BC2 brain biocompatibility and toxicity
CM-BC2 was analyzed for ifs biocompatibility in brain parenchyma before
therapeutic stndies. Twenty mucrelitres of bead resuspension were injected into the right

striatum of 18 female Wistar sats. After infraperitoneal anesthesia by xylazine (Rompun,
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Baver, Puteaux, France) (10 mg'kg) and ketamine (Cloikétam, Vétoquinel, Luse, France)
(50mg/kg). rats were placed in a small-animal stereotactic frame (Kopf Instruments, Phymep,
France). After shaving and skin disinfection, sagittal incision of 2 cm was made to expose the
skull, followed by a buwr hole 0.5 mm anterior and 3 mm lateral from the bregma using a
small drill Suspensions were injected 5 mim deep in the striatum (according to the Paxinos
atlas) with a lec syiinge (Kendall Monoject) and a BD Hypodermic 0.6x 25 23G-needle.
A fter a final wait of 5 min, the needle was removed and the wonnd was sutored.

Groups were as follows: (1) an unloaded beads group (contrel group) (r = 9)
and (2} a 100 mg/ml CM-BC? group (n = 9). Rats were examined daily. Three animals were
scheduled to be sacrificed (atmosphere saturated with CO2) at each time point, on day 8,
month 3 and month 6. The brain was suwgically removed, fixed, dehydrated and paraffin
embedded. Standard staming (hematoxyln and eosin (H&E)), Perls coloration (for
siderophages staining), Luogol Blue staining (for myelin) and Kossa staining  (for
microcaleifications) were performed. The immunchistochemistry (IHC) stains were nsed are
shown in table 1. The histology was reported in a descriptive manner, in particular to evaluate
the successful implantation of the beads, the location / distribution of the beads 1n the bram

and the brain tissue reaction.

3, Tummor cell line

Fat 9L-glioma cells (Ewopean Collection of Concealment Culture, n®
94110705, Salisbury, UK.} were cultivated in the “DMENM" medivm (“Dulbecco's Modified
Eagle's Medium™, Biowhittaker, Verviers, Belgium) added with 10% of foetal calf semm
(FBS, Biowhittaker) and of a mixture of antibiotics: penicillin (100 Ul'ml), streptomyein (0.1
mg/ml) and amphothericin B (25 pg'ml) (ABS, Sigma, Saint Quentin Fallavier, France). Cells

were maintained in a balanced wet atmosphere (37 °C and COq 5%). Cells were ready to be
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used to induce a brain tumor, affer trypsinisation (trypsinEDTA (Sigma)) and resuspension in

“EMEM™ (“Eagle’s Minimum Eszential Medinm”, Biowhittalzer).

4. Animals and intracranial tumor implantation

Female Fischer-F344 rats were obtained from Charles River Laboratories
France (L' Arbresle, France). Ten weeks-old, they weighed 130 to 200z, They were housed m
groups of 4 1 cages in conformity with the standards of the directives of the Unton Enropean
and dealt with by the animal facilities of the Faculty of Medicine of Angers, establishment
approved according to the law.

Ten microliters of 107 9L-cells suspension were implanted by stereotactic
conditions with a 10 pl -26G Hamilton syringe (Hatvard Apparatus, Ulis, France) into the

right striatal region of the rat brain as describe above for beads inplantation.

5. Therapeutic protocol

On day 6 after tnmor cells implantation, rats were assigned into 5 experimental
groups and 20 pl of beads suspension were injected according the same coordinates as the 9L
cells. Gronps were as follows: (1) control group (n = 8); (2) a group receiving one injection of
unleaded beads (r = 7). (3} a group only treated with a whole-brain srradiation (WEBI) to a
total dose of 18 Gy, (4) a chemotherapy group, receiving one injection of 100 mg/ml CM-
BC? and (3) a chemotherapy plus radictherapy group, receiving one mjection of 100 mg/ml
CM-BC2 followed by WEI (18 Gv). Groups 4 and 5 received a total dose of 400 pg of
irinotecan. Radiotherapy was administered on days 8, 11 and 14 to animals in groups 3 and 3.

6. Animal observation
Fats were examined daily and staged for activity and well-being according to a

classification developed 10 cur animal facilities (data not published). Rats too weak to feed
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and to stand (corresponding to stage 2) were sacrificed. The day of euthanasia was recorded
and used in the survival analysis. Rats were weighed weekly.
7. Statistics

Survival was calculated from the day of the fumeor implantation and presented
as mecian and mean = SE (Standard Error). The Kaplan-Meier method was vsed to plot
animal survival and the Log rank test fo compare survivals, Student t-test was performed to
compare means of swvival. SPSSE software was used for that puwpose and tests were
considered as significant with p valves <1005, Any rat surviving longer than 120 days was

regarded as a “long swavivor’.
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EESULTS

1. Biocompatibility and safety of brain implantation of CM-BC-2

The rat brains were evaluated for brain tissue reactions as a result of the mmplantation.
For the “wnleaded beads™ group, there was no wnexpected mortality. Clinical staging and
weight curves were normal for all animals vntil zacrifice. There was no issue with wound
healing following the procedure. For the 9 rafs analyzed, the pack of beads was localized 1n
the striatum. It 1s important to note that m all the slides, some beads were displaced from their
implantation site during the sectionmng, with sometines a tearing of the surrounding tissue,
probably due to the difference in consistency between brain tissues and beads. Their location
was sfill perfectly visible as a round and well limited hele 1 the tissue. No beads were in the
subarachneoidian space 10 any of the observed shides. The beads appeared round, and stained
sumilar to basophile matenal (H&E staining), striated by the effect of the mucrotome knife,
which 15 a sign of a hard material (these soft. hydrated beads become dehydrated doring the
tissue fixing process). There was no deformation, degradation or vacuolization of the beads
over time (Fig. 1A). The striking point was the total lack of a foreign body reaction around
the beads on H&E staining (Fig. 1B). Immunchistochemistry showed a very weak, non-
specific, astrocyfic reaction due to the implantation. There was no lymphocytic infiltration,
nor demyelinisation. Newronal markers showed healthy neurons and newronal fibers in close
proximity to the beads.

For the “100 mg/ml CM-BC2" group. rats received 400 ng of irinotecan per dose of
beads. No clinical toxicity was observed. Nine animals were sacrificed according to the
planned schedule at day 8 (n=3), meonth 3 (0=3) and meonth 6 (n=3). Mo brains showed

macroscopic necrosis of macroscopic cedema (Fig. 2). For the Q rats analyzed, beads were
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observed in the striatum; in the middle of the striatum for § animals, and in the anterior part of
the striatom for 1 animal As for the other group, some beads were displaced from the
implantation site duiing the slicing, again, with some tearing of the surrounding tissue on
occasion, due to brain tissue and bead consistency differences. Their localization was still
perfectly visible as a round and well limited hole in the tiszue. The beads (or their
localization) were mw the siriatum for all animals. In twe anunals, beads were observed in the
subarachneoidian space due to a backflow. As before, the beads appear tound, stained similarly
to basophile material (H&E staining) and striated by the effect of the microtome knife. There
was no deformation, degradation or vacuclization of the beads over time, at least vntil &
months. The beads had the same appearance and stability as the unloaded control beads. At
d8, a weak inflammatory reaction was observed around the beads, with macrophages and
some lymphocytes. At 3 and & months, a moderate inflammatory reaction with some
maciophages and siderophages was found (Fig. 3). There was a thin vacuolization of the brain

tissue arovnnd the beads in one animal at month 3.

2. Combined effects of chemotherapy and radiotherapy

After the results obtained with the biocompatibility study, rats were randomized in
five experimental groups. All non-treated rats died before d35, with a median and mean
smvival of 27 and 28.1 days (Fig. 4 and Table 2). Similar survival was observed in anunals
that received unloaded delivery beads, with all animals dying by day 31 (p = 0.16 versus
contrel). Animals in group 3 (100 mg'ml CM-BC2) all died by day 41, with a median survival
of 33 days. The survival was significantly different from untreated animals or those recerving
unleaded control beads (respectively p=0.03 and p=0.003). When 100 mg'ml CM-BC2 was
combined with radiotherapy (gronp 4), there was a significant increase in median swrvival (58

days) compared to unloaded beads (p=0.0006) or CM-BC2 alene (p=0.002). Combination of
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100mg/ml CM-BC2 and WEI alsc improved survival with better median and mean survival
times (58 and 60.8 days respectively) compared to the radiation therapy group (49.3 and 59.9
days respectively) although this result is not statistically significant. Survival curves for all

groups were obtained by Kaplan-Meier Method (Fig. 4).
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DISCUSSION

The purposze of this study was to assess the anti-lomer activity, i terms of smavival
Lenefit, of admunisirafion of diup-eluting beads m rats bearng a cerebrally-implanted
syngeneic glichlastoma 91, The potential added effect of tadintherapy was also evaluaied. In
terms of survival, the conirol proups (vntreated and vnloaded beads) median survival was as
expecied for this ammal model in the laboratory (27 and 23 days, tespectively), with a small
sfandard ervor of the mean confiiming the gquality and reproducibility of the model
Fractionated radiotherapy significantly increased the survaval with a median survival of 49.5
days, 1o accordance with all the clinical literature (35, 39). There was no statistical difference
Lefween the wnireated group and the unloaded-beads treated group. This zesult confirms the
safety of the Leads as we demonsirated it in the first pari of the worke Ch-BC2 (400 pgfrat)
increased the median survival significantly, compared to the vnloaded beads {(p=0.003) (Fig.
5). This 15 consistent wiil the findings of Brinker ef ol (33} who also observed a statistically
sigmificant mwereaze m swvival for Innotecan Dhmg Eluting Bead 10 fhe BA4TCa rat glioma
model. There ate seme addifional data in literature concerning local admindstration of
trinotecan. The meost significant comes fom the group of KS Bankiewicz, which dewveloped
CPT-11-pancliposcmes (40-42). It is interesting to point cut that we cbtain the same results
as Banliewicz with a lower dose of irinotecan This group demenstrated that, in the rat,
convection enhanced delivery of free CPT-11 induces severe neuroioxicify at 400 pgirat.
When administrated in nanocapsules, howesrer, there was no toxicity at auy dose tested (60 pg
to 1600 pgfrat). These daia are in accordance with owr results with 400 pg frat aond ndicate
that we cowld consider using a higher dose of frinotecan beads. In another rat glioma model

(UB7 zenopraft). ihis group demonsirated that a sinple convection enbanced deliversy of
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nancliposemal CPT-11 at 16800 pg/ rat improved median sutvival compared to blank
nancliposcme or free ding.

Conventional treatments of huwman newly diagnosed brain tumors involve a
systematical radictherapentic procedure (2, 38 and 39%. We also evaluated the interest of the
infratumoral administration of CM-BC2 asscciated to a fractionated radiation therapy.
Irinotecan stabilizes a DIMNA-topoisomerase I cleaveable complex and acts as a good
radiosensitizer (43)). Combination of 100 mg/ml CM-BC2 and WBI further improved survival
with betfer median and mean survival fimes (38 and 60.8 days respectively) compared to the
WEI group (49.5 and 39.9 days respectively). One weakness of the study 1s that it wounld have
benefitted if it were conducted with more rats i each gronp. Indeed, this sesult probably is
not statistically significant becanse of the small number of animals per groups. However, it is
clear that local chemotherapy uvsing CM-BC2 gives an inerease of 10 days more life
expectancy to rats which were also irradiated.

The behavionr of our beads in rat brain was voknown even though this drug-device
combination has been evalvated in a oumber of preclinical models that demonstrate the
concept of high local delivetry of the dirug combined with lower systemic expeosure. We also
evalvate the biocompatibility and foxicity of these chemotherapy-leaded beads, after
implantation into rat brain, by apalyzing the clinical status of the rats, the macroscopic
appearance of the bramn, and the histological impact of the beads on the bram tissue. Other
than this PVA hydrogel system, polyanhydride polymers (PCPP-5A) were prepared using the
mix-melt method m one publication on local therapy m a rat glioma model (40} It is
important to note that this polyanhydride peolymer allows a slow release of the dmg: 1%
loaded polyvmer released 6.5% of diug owver 200 hours, and 10% loaded polyimer seleased 21%
of drug over 200 hours. This release, slower than that obtained with the CM-BC2, could

explain the differences in term of tolerance owver different dose ranges. Othersise, CMW-BC2
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(total doze 400 pg of winotecan) were well tolerated with no clinical foxicity or lustological
toxicity. The lack of strong astrocytic reaction supports the supposition that the
biocompatibility of the material in the brain iz excellent. DC Bead microspheres are produced
from a biocompatible pelyvinyl alechol (PVA) hydrogel that has been modified with
sulphonate groups for the contrelled loading and delivery of chemotherapentic drugs (43-47).
D Bead occludes the blood flow to the target tissue and delivers a local and sustained dose
of dieg direct to the tumor. DC Bead received CE (Ewropean Conformity) mark approval in
2003 and can be loaded with doxosubicin ot irinotecan amongst other agents (48). In this
study, irinotecan-loaded beads were mixed with a solution of alginate. Alginate, a viscous
polymer derived from brown algae, 13 an established compound in many biomedical and
nutiitional applications. Due to alginate’s biocompatibility and simple gelation with divalent
cations such as Ca’, it is widely uzed for cell immobilization and encapsulation. Mixing the
alginate with the beads prior to 1ntracerebral implantation was performed m order to mimimize
displacement of the beads. As we cobserved i biccompatibility stndies, we have little back
flow with this technique since only a few beads can be observed in the subarachnoid space in
a few animals, and the teaction to the bead suspension demonstrates the excellent
biocompatibility of both beads and carrier.

This preclinical evidence suggests that 100 mg/ml innotecan-loaded beads are of
considerable interest for patients with high-grade malignant brain tumors. The safety and

efficacy for CM-BC2 in the rat model support a move to clinical studies in patients for a

phase 1 trial.
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1-Vinchen

Anfibodiez anti- Company Clone Dilution Staining
o3 Dako Paolv 100 T lympheoeytes
GFAR® Dakeo Mono 6F2 S0 Asirocytas
Wan W Zrmad Mono As0 100 Wenronal bodias
MNaurodlamant Monosan Mono2F11 120 Anons
Swmaptophorsine Biogensx Mono SupBS 200 Wewrons and  their

EXOLS

a) GFAP: Glial fibrillary acidic protein

Table 1: Inenmmeolustochemisiry stains
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GROUFES (u) Bange Medizn of hezn time of Maan Loxng terme
{days) smvival swvival (davs) | ILT (5%) SUTVIVOTS
idzw=) =5E
Group « control » (m=8) 2433 2740 281133 - 0
Growp samloaded baads » {(n=7) 2431 2340 257092 - 4]
Growp «WBE: (=10} 33-120 495 399285 133 2
Group «100 ma/ml CHI-BC2 » (1=5) 1741 3340 33.6=1.85 3l 0
Growp « 100 meiml CM-BCI + WEBI» | 41-93 384 A0.6=0.37 137 0
(=t)

Table 2: Descriptive and statistical data from the survival study depending on groups of
treatment. Group 1: group “control”™; group 2: “nnleaded beads™; group 3: “WEI (whole brain
uradiation)”™; group 4 Y100 mgml CM-BC2" and group 5: 100 mg/m] CAM-BC2 followed
by WEBI" of 18 Gy (3 x 6 Gy).

Increase 1n smrvival time (ILT) 15 calculated i comparison to the “wnloaded beads™ group

(%), SE means “Standard Eiror™.
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Fiz. 1A: Unloaded bezds 1= rat 132t shiamm on month 6 (HEE = 200,

a: Unloaded beads. b: Fespected neurcnal miclens

Fiz. 1B: Unloaded beads in rat right soiatume o monch & (HE&E x 2,50

a: Unloaded baads. b: Stiamm
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Fiz, 2: Bramn macroscopic exammation of 100 mz'mi CHM-BC2 on meonth &, Eat’s climeal state was gocd wmil
the dzv of sac1afice. For every 13t macroscopic examination was noireal without kaereornhase or oedema.

a: Cortex. b: shiztume. o 100mmsfm] CR-BC2,
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Fiz. 3: 100 mz/m! CAM-BC2 microscopic examination on M6 (HEE x 2.5).

a: 100mg/ral Ch-BC2. b: Expected striatum.
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Abstract:
Purpose: The main purpose of this study was to evaluate the safety and the efficacy of a local
encapsulated chemotherapy (Irinotecan Drug Eluting Beads “CM-BC2"), usually used to treat hepatic
tumors, in a 9L glioma model with or without irradiation.

Experimental Design : After brain injection of 100 mg/ml CM-BC2 (400 ug total dose of irinotecan) or
unloaded beads, macroscopic and microscopic anomalies in the brain parenchyma were researched in
18 rats sacrificed on day 8, months 3 and 6. For therapeutic protocol, after tumor cells implantation, rats

were treated locally as follows: (1) control group; (2) a group receiving unloaded beads, (3) a group

whole-brain irradiation (WBI), (4) a group receiving 100 mg/ml CM-BC2 and (5) a group receiving 100

mg/ml CM-BC2 followed by a whole-brain irradiation (WBI).

Results: Both the unloaded beads and the 100 mg/ml CM-BC2 were well tolerated with no early deaths.
Combination of 100 mg/ml CM-BC2 and WBI further improved survival with median and mean survival
times of 58 and 60.8 days respectively. Notably, a higher median of survival was observed for the
chemotherapy-radiotherapy protocol in comparison with the chemotherapy procedure (p=0.002).
Conclusions: 100mg/ml CM-BC2 showed minimal toxicity to normal brain parenchyma and had show
some effect on survival in the 9L glioma model. The combination of chemotherapy and radiation therapy
was well tolerated. This preclinical evidence suggests that combining radiation therapy with 100mg/ml
irinotecan-loaded beads may benefit patients with high-grade malignant brain tumors and supports a
move to clinical studies.

Disclosures & Release (Complete)
*. My presentation will NOT include discussion of investigational or off-label use of a product.

*. | agree my presentation will follow the guidelines stated above.
*. | agree to statement above

Educational Objectives (Complete)

* Educational Objective 1
: 7. Use advances in pharmacology, experimental therapeutics, and radiobiology to improve future

therapies for patients with CNS tumor.
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b. Discussion

Nous avons limité notre volume d’injection a 20 plous ne pouvons injecter des
quantités supérieures en intracranien direct saxmoser les rats a des complications
neurologiques. De plus, le volume tumoral traité @galement restreint puisque la taille
tumorale a J6 est estimée a environ 15 pl. Cesédmnpeuvent peut-étre expliquer nos résultats

modestes en termes de radiosensibilisation.

v" CM-BC1 ou microsphéres de doxorubicine

La doxorubicine est une drogue d’'une efficacithaesuable mais qui a déja montré
gu’elle pouvait étre toxique. Les toxicités rappes sont essentiellement neurologiques et
cardiaques lorsqu’elle est utilisée par voie sygiam

C’est d'ailleurs pour une meilleure tolérance ges formes liposomales ont vu le jour.
Lesniak et al. ont testé I'une d'entre elles, uym@re polyanhydride (PCPP-SA) implanté
localement pour s’affranchir de toute toxicité gysique. Tout comme nous, ils ont expérimenté
des implants présentant différentes concentratiiendoxorubicine et tout comme nous, ce sont
les polymeres les moins chargés qui se sont réeglfieux tolérés. lls ont également retrouvé
des hémorragies et de la nécrose dans les cerdesusats appartenant aux groupes ayant recu
des doses de doxorubicine plus élevée (Photo Idjmni dans notre étude, la réponse étant

malheureusement corrélée a la dose, les implasatadéns chargés sont moins efficaces.

144



bY

Photo 11 Nécrose cérébrale observée chez nos rats traiéésles CM-BC1l a la

concentration de 10 mg/ml.

Nos rats traités avec les CM-BC1 a 1 mg/ml de dabicine recevaient donc 4 pg de
doxorubicine apres formulation des solutions mixéebalginate du fait du phénoméne de
dilution. En effet, lors de la reconstitution deslalution de microspheres avant injection, a 1 ml
de microsphéres, sont ajoutés 2 ml d’eau stérierat d’alginate. Lesniak a démontré dans des
travaux plus anciens guo’vitro, a la concentration de 50 ng/ml de doxorubicibeeli au moins
97,5% des cellules 9L étaient inhibées a J5 (8&% dnnées sont en accord avec nos résultats.
L'implantation locale de CM-BC1 a 1 mg/ml augmesignificativement la survie des rats
comparés a ceux traités par microspheres blangr@s0@). Ainsi, le fait de ne pas obtenir de
différence significative entre I'association radioimiothérapie et la radiothérapie seule n’est

pas lié a I'absence d'efficacité des CM-BC1 maima absence de radiosensibilisation.
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Ainsi, les CM-BC1 n’étaient pas faciles a maniarfdit de leur toxicité potentielle lié a
la doxorubicine et notre objectif, qui est d’améiola radiosensibilité du gliome n’était pas

atteint. Nous avons alors focalisé nos effortdessimicrosphéres d’irinotécan ou CM-BC2.

v" CM-BC2 ou microsphéres d'irinotécan

Les microsphéeres blanches et les microspheres CRI-®aient quant a elles trés bien
tolérées sans réaction neurologique histologiquelioique. De plus, le groupe traité par CM-
BC2 seul présentait une survie tres significativeinaigmentée par rapport au groupe traité par
microspheres blancheg=0,003). Ces résultats sont intéressants si 'oiges@ ce qui se prescrit
en pratique clinique. L’'association «bévacizumalrimotécan» n’est pas indiqué dans les
glioblastomes nouvellement diagnostiqués maisderta récidive, une fois la radiothérapie déja
réalisée. Méme si notre objectif initial était liéde de la radiosensibilité des CM-BC2, ces
données sont néanmoins encourageantes compteedeaurgrofil de tolérance.

Une étude pilote a été menée par Brinker et at dee mémes microspheres de
doxorubicine et d’irinotecan sur un modele B4T@agtiome du rat (82). Alors que les 2 types
de microsphéres étaient efficaces sur la tumewr, niécrospheres de doxorubicine étaient
beaucoup trop toxiques et la méthode d’injectios aEcrospheres n’était pas transposable en
clinique.

Pour notre part, nous avons utilisé une formutationtenant de I'alginate. Son avantage
était de modifier la viscosité de la solution effaeliter son injection en évitant les reflux végis
surface du cortex cérébral. Nous avons égalemgtténdes volumes plus importants sans Iéser
le parenchyme cérébral des rats injectés.

Ces différents éléments nous ont permis de prégeddia mise en place d’'une étude de
phase | et une demande d'autorisation est en @upss de 'EMA (European Medicines

Agency).
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Si cette donnée est encourageante, les autrebatésobtenus ne constituent pas une
finalité. Pour ces systémes polymeéres, [|efficacdé I'administration directe de la
chimiothérapie est trés certainement réduite pa diffusion limitée a partir des implants
aboutissant a un index thérapeutique élevé mais darvolume tissulaire tumoral limité. De
plus, plus les connaissances sur les modificatimamoléculaires présentées par les gliomes
s'affinent, plus il est frustrant de ne pouvoirégrer ces données dans la prise en charge
thérapeutique active des patients comme c'estsi@aaexemple pourles tumeurs gliales de bas
rade dont la chimiosensibilit¢é dépend de la présede la délétion 1p 19g. Les outils
thérapeutiques envisagés se heurtent encore lanj@mearactere échappatoire des gliomes, qui
peut étre associé a I'expression élevée de pratéiresurvie telles que la protéine Bcl-2, a
I'expression de transporteurs d'efflux participaati phénomeéene de MDR (résistance
"multidrug”), ou a un coefficient de prolifération abaissé @it notamment entrainer une

insensibilité a des doses d’irradiation inférieuae®0 grays.
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2.4. Les nanocapsules lipidiques dans la prise en
charge locale des tumeurs gliales 9L du rat.

148



a. Présentation du travalil

L'utilisation de la CED évite la survenue d'un lef le long du trajet favorisé par
I'aiguille et ce de par la pression positive perarge et continue qu’elle génére. Cette notion
prend toute son importance pour l'injection de ipatés nanométriques encore plus soumises
aux contraintes de pression de par leur petitéetgiie les macromolécules. De nombreuses
molécules, habituellement utilisées en oncologieiqiie par voie systémique, ont déja été
introduites en injection locale par CED. Parmi lle témozolomide (83), le topotécan (84), le
cisplatine (85). Trois études ont été réalisées avepaclitaxel libre. L'étude de Poppetl al
étudiait par FET (O-(2-[18F] fluoroéthyl)-L Tyrosh PET (positron emission tomography) les
effets d'une CED de paclitaxel chez des patiertsirdas de glioblastome récurrent (86). Deux
patients étaient décédés de complications locattsbanois aprés le traitement. Six patients sur
8 présentaient une stabilité temporaire de leuadialsuivie d’'une progression mais située a
distance de la CED pour 5 patients sur 6 dans k43 mois suivant la CED. Un patient était
toujours en bon état neurologique a la fin de kude soit 10 mois aprées la CED. La 2eme
étude, I'étude de Mardoet al. , était également focalisée sur la validation d'unéthode
d’'imagerie pour le suivi de patients traités paDCd#e paclitaxel (87). La DWIRM (diffusion-
weighted IRM) permettait de suivre les modificaigarenchymateuses cérébrales imposées par
la CED de paclitaxel. Différents types de réponsetraitement avaient été observés sans
conclusion véritable sur I'efficacité de ce typetdatement. La 3éme et derniére étude, celle de
Lidar et al., était une étude de phase I/ll sur 15 patienttieps de glioblastome récurrent (88).
Le taux de réponse était de 73%. L'absence de turégit confirmée par réintervention
chirurgicale chez cing patients. Ainsi, cing patsesur 15 présentaient une réponse compléete et
six une réponse patrtielle.

Outre son activité cytotoxique directe contredelules gliales, le paclitaxel constitue un
bon radiosensibilisant. Il s’associe a la B-tulmjliprincipal composant des microtubules et

favorise leur polymérisation. Une fois quils sostabilisés, il empéche ensuite leur
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dépolymérisation. La cellule est alors bloguée basp G2M, phase la plus radiosensible du
cycle cellulaire (Laboratoires Bristol-Myers SquittB94). Cependant, en solution, il présente
trois limites principales. Premiérement, il péndailement la BHE et atteint difficilement le
systéme nerveux central (89). Secondairement,siséxe un effet dose et temps-dépendant (90)
et troisiemement, il est le substrat de la P-gpaitres transporteurs d’efflux qui empéchent son
action cytotoxique (91) (Figure 9). Ces divers éaétn ont justifié I'étude de sa vectorisation.

Il a été établi que les LNC chargées en paclitarat plus efficaces que le paclitaxel en
augmentant la mort des cellules cancéreirsastro et en réduisant I'expansion tumorale des
gliomes implantées en sous-cutamé&ivo (32). Ces données n’'ont jamais été confirmgaagvo
sur des tumeurs gliales implantées en intra-cérdbeabut de cette étude était donc de travailler
dans les conditions rencontrées en pratique clnigu la tumeur cérébrale interagit avec son

micro-environnement.

Px-loaded LNC

Cholesterol rich
microdomains
(e.g. rafts)

Cholesterol rich
microdomains (caveolae)

Caveolin

» Px
Intracellular
Extracellular space
space
multidrug resistant
Figure 9: lllutrations des propriétés des LNC, notammemiénomeéne anti-MDR.
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Abstract The objective of the present study was to
investigate the interest of convection-enhanced delivery
(CED) for the administration of a nanocarrier-based
radiosensitizing chemotherapy in the rat brain. Pursuing on
newly developed lipid nanocapsules (LNC) that can be
internalised within brain tumour cells, we studied their
intracerebral distribution when labelled with fluorescent
Nile red (NR). As paclitaxel (Px) represents an interesting
radiosensitiser, we also evaluated the potential radiosensi-
tising effects of Px-loaded LNC administered through CED
in the 9L intracranial rat glioblastoma model. The distri-
bution study demonstrated that CED injection of NR-loa-
ded LNC (NR-LNC) improved significantly the volume of
distribution of NR when matched with simple injection (by
about 150 fold). It also reveals that the LNC perfusion of a
whole tumour forming area inside the CNS (6 days after
implantation of 10° 9L cells) is achievable through CED
injection, whilst preserving the ability of LNC to reach the
intracellular space of encountered tumour cells. Having
established an animal model of encephalic irradiation close
to the clinic (18 Gray in three fractions of six Gray at days
8. 11 and 14 after 9L cell implantation) we proved the
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feasibility of the combination of CED for the administra-
tion of drug-loaded LNC with external beam therapy.
Although a single CED injection of Px-LNC at low Px dose
(375 ng/kg of bodyweight) gave the best median survival
(twice that of untreated controls), it underlines the need for
optimisation. Hence, the possibility of grafting recognition
moieties onto the LNC surface combined to their bio-
compatibility must be beneficial.

Keywords Nanotechnology - Nanomedicine -
Nanoparticle uptake - Brain drug delivery -
Paclitaxel bioavailability - Radiochemotherapy

Introduction

The treatment of glioblastoma, a primary malignant tumour
of the brain, remains one of the most challenging cancer
problems, as no curative treatment has vet been found [1].
Conventional therapeutic procedures focus on surgical
resection combined with adjuvant radiochemotherapy.
However, despite constant refinements in these techniques,
tumour recutrences are common and patients continue to
die. So far, the best survival results have been obtained by
the use of temozolomide combined with external beam
radiotherapy [2]. Hence, most currently-available antigli-
oma therapies have less-than-optimal usefulness, mainly
owing to delivery problems to the tumour, including sys-
temic toxicity and crossing the blood-brain barrier (BEB)
[3]. Although curing glioblastoma will likely depend on the
discovery of an anticancer entity that will destroy all
cancer cells or make them sensitive to destruction, new
therapy will also require innovative methods of drug
delivery to reach effective doses on infiltrative cancer cells

& Springer
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and to reduce side effects. Thus, direct administration into
the brain parenchyma of locally implanted drug delivery
systems emerges as an interesting alternative to overcome
these concems [4]. It may also present the advantage of
preventing drug degradation before it would have reached
its expected molecular target in the brain.

Among innovative domains, nanotechnology may pro-
vide the opportunity to shape new brain-implantable nano-
objects for improved efficacy, specificity and biological
safety [5-7]. As such, we have recently developed lipid
nanocapsules (LNC) that were shown to increase antican-
cer hydrophobic drug efficacy while also targeting glioma
cell intracellular compartments and improving drug bio-
availability through inhibition of multidrug resistance
phenomena [8, 9].

Pursuing this work and by considering drug bioavail-
ability issues together with conventional treatments of
human brain tumours that systematically involve a radio-
therapeutic procedure, the objective of the present study
was to evaluate the interest of the intratumoural adminis-
tration of a new nanomedicine-based radiosensitising che-
motherapy. Firstly, since convection-enhanced delivery
(CED), which is a novel regional method that allows the
distribution of substances throughout the interstitium via
positive-pressure infusion, has been shown to enhance the
volume of distribution (Vd) of administered compounds
[10], we investigated its benefit and relevance for the
administration of LNC in the rat brain. Secondly, as Pac-
litaxel (Px) represents a remarkable radiosensitiser, acting
on the G2-M phase of cell division [11], we evaluated the
potential radiosensitising effects of Px-loaded LNC
administered through CED in the 9L intracranial Fischer
rat glioblastoma model.

Materials and methods
Animals

Seventy-four syngeneic F344 Fischer female rats (Charles
River, Cléon, France) weighing 150-200 g were used for
this study. They were kept in standard animal facilities
with free access to food and water. All experiments were
conducted under good experimental practices according to
the European Commission and to the French Ministry of
Agriculture regulations.

Tumour model

9L glioma cells (European Collection of Cell Cultures,
Salisbury, UK) were grown at 5% CO» and 37°C in
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Dulbecco modified Eagle medium containing glucose,
L-glutamine, 10% foetal bovine serum (Biowhittaker,
Verviers, Belgium) and 1% antibiotic and antimycotic
solution (Sigma, Saint-Quentin Fallavier, France). For
twmour induction, 9L cells were trypsinised by trypsine/
EDTA (Sigma), washed and resuspended at 107 cells in
10 ul Eagle minimum essential medium (Biowhittaker)
before surgical stereotaxic implantation.

Formulation and characterization of the nanocarriers

Fifty nm-diameter LNC (Fig. 1A) were synthesized by
using a previously described phase inversion-based process
that follows the formation of an oil/water microemulsion
containing an oily fatty phase (triglycerides: Labrafac™), a
non-ionic hydrophilic surfactant (polyethylene glycol hy-
droxystearate: Solutol™ HS15) and a lipophilic surfactant
(lecithins: Lipoid®) [9]. Briefly, Solutol® HS15 (external
shell), Lipoid® (intemal shell), Labrafac® (lipid core),
NaCl and water (846, 75, 1029, 89, 2975 mg, respectively)
were mixed and heated under magnetic stirring up to 85°C.
Three cycles of progressive heating and cooling in between
85 and 60°C were then carried out and followed by an
irreversible shock induced by dilution with 12.5 ml of 0°C
deionised water added to the mixture at 70°C.

For fluorescent labelling of LNC, Nile red (NR, Sigma)
was used as described previously [12]. Briefly, NR was
dissolved in acetone at 1%o (w/w) and resulting solution
incorporated in the triglyceride phase (Labrafac™) at 1/10
(w/w) before formulation. A BD FACSAria™ fluorescent-
activated particle sorter and the BD FACSDiva™ software
(BD Biosciences, Le Pont de Claix, France) were used to
determine the efficiency of the LNC labelling.

For the formulation of Px-loaded LNC, 20 mg of Px was
first solubilised in a solution of 206 mg ethanol, 206 mg
dichloromethane and 10 mg cholesterol. Solutol® HS15,
I_.ipo'id""-g, Labrafac®, NaCl and water were then added to
this solution and the formulation of Px-loaded LNC per-
formed according to the above procedure with the evapo-
ration of dichloromethane and ethanol during the process.
The Px encapsulation rate was determined after the sepa-
ration of LNC from the supernatant using Centrisart C30
microcentrifuge filters (Sartorius, Goettingen, Germany).
The measurement of the concentration was carried out in
triplicate in the supernatant by HPLC and lead to an
encapsulation rate of 93.0 £ 3.1% according to the initial
amount of drug added.

LNC were analysed for size and charge distribution
using a Malvern Zetasizer™ Nano Serie DTS 1060 (Mal-
vern Instruments S.A., Worcestershire, UK.). They were
diluted 1/100 (v/v) in deionised water in order to assure
a convenient scatter intensity on the detector. All
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Fig. 1 In vitro characterisation
of the uptake of NR-stined
LNC by 9L glioma cells.

A Schematic representation of
drug-loaded LNC. B Molecular
structure of NR. C Fluerescent-
activated particle sorting of
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Table 1 LNC physicochemical characteristics Cellular analysis of Nile red-loaded LNC (NR-LNC)
LNC type Size (nm) Zew potental (mV) uptake by flow cytometry
Blank-LNC 508 £ 01 —4.02 + 071 A BD FACSCalibur fluorescent-activated flow cytometer
NR-LNC 512429 =251 4+ 048 and the BD CellQuest software (BD biosciences) were used
Px-LNC 339 4+ 0.6 =395 + 051 as previously described [12]. To discriminate between cell-

nanocarriers (loaded or not) presented a monomodal par-
ticle size distribution around 50 nm with a narrow distri-
bution (polydispersity index < 0.3) (Table 1).

association and actual internalisation, the removal of
attached LNC was carried out by using a solution of acetic
acid and NaCl. Extracellular fluorescence was quenched by
the addition of Trypan Blue, the non-quenched fraction
thus representing internalised NR-LNC [13].
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Confocal laser scanning microscopy

Confocal microscopy was performed as previously
described [12] and images acquired by using an Olympus
Fluoview FU 300 confocal microscope imaging system
(Paris, France).

Preparation of Px solutions

Free Px solutions were prepared from a commercial 6 mg/ml
solution (Taxol""-g, Bristol-board Myers Squibb) to obtain a
final concentration of 1.25 mg/ml (identical to the one in
Px-LNC).

Surgical procedures

Rats were anaesthetised 1P with 10 mg/kg xylazine
{(Rompun) and 50 mg/kg ketamine (Clorketam) before
being placed in a Kopf stereotaxic frame (Harvard Appa-
ratus, Les Ulis, France). After shaving, disinfection and
sagittal incision of the cranial skin, a burr hole was made in
the skull at 0.5 mm anterior and 3 mm lateral from the
Bregma using a small drill. Suspensions were then injected
at 5 mm below the dura in the right striatum according to
the Paxinos atlas. The needle was afterwards removed
cautiously before the wound was sutured.

CED

CED was carried out using a final volume of 60 pl. Briefly,
the system consisted of a 10 ul—32 gauges (32G) Hamil-
ton®™ syringe (Harvard Apparatus) or a 500 pl—29G Om-
nican”™ 50 syringe (Braun, Boulogne, France) connected by
a polyethylene Co-Ex"™ PEPVC tube to a Hamilton™ Syr-
inge of 100 pl mounted onto a PHD 2000 programmable
infusion pump (all from Harvard Apparatus). Connections
were secured with 2-hydroxyethylmethacrylate and the
system was checked for leak before use. A 0.5 pl/min
constant infusion rate was applied.

Study design
LNC distribution study

One of the major advantages of CED on simple injection
resides in improving volumes of distribution, as a result of
which it is also possible to increase the volume of infusion
without affecting the integrity of brain parenchyma and the
efficacy of infusion. Thus, considering the theoretical
maximum volume that can be infused through each tech-
nique the final volumes of infusion used in the present study
were different between the bolus- [14] and CED-injected
animals [15]. Although most of a rat striatum can be perfuse
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with CED with 20 ul macromolecules in solution such as
albumin [16], convection, diffusion and distribution of lar-
ger nanoparticle entities in suspension are expected to differ
[17]. Hence, several CED studies have used higher infusion
volumes for liposomes [ 18] or prolonged CED with dextran
[19]. Thus, together with consideration of the drug dose that
can be reached in the efficacy study, a volume of infusion of
60 ulon 2 h was chosen for CED injection of 50 nim LNC.
Rats were randomly assigned to four groups with five to six
rats per group. Two groups received a simple intracranial
stereotaxic injection (SI) of fluorescent LNC (10 pl) with
either a 26G needle (SI-26G) or a 32G needle (S1-29G); two
groups received a CED injection of 60 plof fluorescent LNC
with either a 29G needle (CED-29G) or a 32G needle (CED-
32G). All rats were killed by CO; inhalation on Day 1. The
brains were surgically removed, snap-frozen in liquid
nitrogen-chilled isopentane and stored at —80°C. Frontal
cryosections (14 um) throughout the whole injection site
were performed using a Cryocut 3000 (Leica, Rueil-Mal-
maison, France). The resulting slides were kept at —20°C
betore processing. They were then allowed to dry for 30 min
at room temperature, fixed in 4% paraformaldehyde and
stained with 1/1000 DAPI (Sigma) in PBS for 10 min.
Finally, they were washed 3 times with PBS before
mounting in 1/1 (v/v) PBS/Dako Cytomation fluorescent
mounting medium (Trappes, France). All slides were
examined under an Axioskop-2 Zeiss fluorescence micro-
scope (Le Peck, France). Images were acquired through a
Photometrics CoolSNAP ES camera equipped with a
Qlmaging CRI Micro Color 2 RGB Liquid Crystal filter and
by using the MetaVue ™ imaging system (all from Roper
Scientific, Evry, France). The images were then analysed
using the Image J software (NIH, USA). The apparent vol-
ume of distribution (Vd) for each rat according to the type of
injection was calculated after extrapolation of the maximum
surface area labelled by NR on overall brain tissue slices.
The length (L) and the width (1) of the fluorescent zone were
automatically measured after manual contouring and the Vd
was estimated according to the mathematical ellipsoid for-
mula: /6 x L x 1°. The statistical significance between
groups was determined by ANOVA and Kruskal-Wallis
tests for mean comparison by pairs.

Efficacy study

Rats were randomly assigned to five groups and implanted
with 9L tumour cells. Group A was the untreated group.
Group B was the ‘radiotherapy only’ group. Groups C, D
and E were the ‘radio-chemotherapy™ groups in which
60 ul of chemotherapy was delivered by CED on day 6
after tumour cell implantation. Rats from Group C received
free Px at the dose of 375 pg/kg of bodyweight; rats from
Group D received Px-loaded LNC (same Px dose) and rats
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from Group E received blank LNC. Anaesthesias was
maintained in each group. Rats were irradiated in the
Radiotherapy Department using a Saturn 41 linear accel-
erator. Under deep anaesthesia by using 4.5% isoflurane for
2 min, then at 2% combined with 3 1/min O, the rats were
installed in ventral decubitus with head and body lined up
for the lasers. The brain irradiation was delivered by two
photon beams, parallel and opposed, at 6MV -energy, with
DSP 100 and a flow of 4 Gy/min. The size of the field was
15 = 15 cm. The posterior limit of the field corresponded
to the line passing between the posterior part of the two
ears. A bolus of 1.5 ¢m was laid out on the surface of the
rat’s head in order to homogenise the amount received on
the brain surface. 18 Gy in three fractions of 6 Gy were
delivered. The irradiation began in the absence of scarring
trouble (e.g. abscess, contusion) and fine general health.
After irradiation, the animals were replaced in their cage
under the same conditions. They were examined daily. Rats
too weak to feed and to stand, thus presenting clinical signs
of twmnour progression, were killed and their brain removed
for analysis. Medians survival rates were calculated from
the day of the tumour implantation. The survival curves
were obtained by the Kaplan-Meier method. The com-
parison of these curves used the Log-rank or Mantel-Cox
test. Rats that survived up to 106 days were regarded as
long-term survivors.

Results
LNC monitoring in 9L glioma cells

Among drug delivery systems, nanocarriers may offer the
opportunity to be intermalised in non-phagocytic eukaryotic
cells as a result of their small size. To explore such
behaviour on 9L rat glioma cells, LNC (Fig. 1A) were
loaded with the fluorescent hydrophobic compound NR
(Fig. 1B). Fluorescent-activated particle sorting at 488 nm

Fig. 2 Confocal laser scanning
microscopy images of 9L cells
after 2 h incubation with NR-
LNC (A-C conuol cell; D-F
treated cell; A, D Nile red
fluorescence; B, E Nomarsky:
C. F merged pictures)

showed a noticeable increase in the Gaussian distribution
of LNC numbers around a high fluorescent intensity
median after NR incorporation, thus demonstrating an
efficient LNC labelling (Fig. 1C). NR-LNC uptake by 9L
glioma cells was then followed by fluorescent-activated
flow cytometry (Fig. 1D). As size exclusion followed by
HPLC quantification demonstrated that 96% of the NR
used was encapsulated within the LNC and since free NR
cannot be transferred on its own to the 9L cells during the
2 h incubation period [12], NR uptake by 9L glioma cells,
when using NR-LNC, can be quoted as actual LNC uptake.
An examination of cells before [LNC (—)] and after 2 h
incubation with NR-LNC [LNC (+)] revealed a marked
increase in cell fluorescence intensity, thus demonstrating
LNC uptake (Fig. 1D). These data were confirmed by
confocal experiments showing strong NR labelling in 9L
cell perinuclear and cytoplasmic areas which avoided the
nucleus (Fig. 2).

On the use of CED for the administration of LNC
within the CNS

Classical stereotaxic injections of drugs within the brain
are often limited by the volume injected as well as by a
poor tissue penetration, thus resulting in small Vd and
weak local doses [20]. As CED has been shown to improve
the delivery of agents in the CNS to large volumes of tissue
[10]. we evaluated the interest of this minimally invasive
surgical technique for the intracerebral administration of
LNC. Dealing with the possibility to increase infusion
volumes, we compared in healthy animals [normal brain
tissue] the use of classical simple injection (SI) with 10 pl
injected in 5 min to that of CED with 60 ul injected in 2 h.
We also put side by side the use of two distinct needles:
26G and 32G for SI and 29G and 32G for CED. On the
basis of our work on cell cultuwre demonstrating that the
hydrophobic dye NR can be considered as a witness of
LNC distribution, we used NR-LNC for intracerebral
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implantation and NR fluorescence as a proportional indi-
cator of areas occupied by LNC in brain slices. For con-
sistency. analyses were carried out 24 h after the injection
of NR-LNC (a time sufficient for potential interactions of
LNC with CN5S cells and short enough to give a repre-
sentative idea of the infusion). With S1-26G. fluorescence
microscopy analysis revealed a back leakage in the cortex
and the corpus callosum along the needle path (Fig. 3). Of
the five rats tested. two presented a small NR-labelled area
around the injection site whereas no fluorescence was
detected in the striata of the three others. Interestingly, with
SI-32G the outflow was prevented (Fig. 3). In rats that
were injected with CED-29G or CED-32G a satisfactory
tolerance was proven with no post-injection neurological
deficit or deterioration of the general health. Microscope

Fig. 3 Representative brain Cortex
sections seen under fluorescence
microscopy to detect the
distribution of NR within the rat
brain parenchyma at 24 h after
intrastriatal stereotaxic
implantation of NR-LNC
through classical simple
injection (S1-26G and SI-32G)
or CED (CED-29G and CED-
320G). Conventional direct
injections of 50 nm-LNC
resulted in limited distribution
with a high back flow level to the
cortical surface (51-26G). CED-
326G significantly enhanced
LNC distribution with no back
leakage and good homogeneity

CED-29G SI-32G S1-26G

CED-32G
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slide analysis demonstrated that CED significantly
improved the dispersal of NR throughout the brain paren-
chyma in comparison to classical stereotaxic injection
(Fig. 3). Brain slices from CED injected rats also presented
the characteristic gradients of convection and diffusion and
a better NR homogeneity around the injection site (Fig. 3).
No major differences were found between CED-29G or
CED-32G. except for the presence of a weak fluorescence
at the cortex surface when using a 29G needle, which was
not however combined with any staining along the needle
path (Fig. 3). To quantify NR-LNC distribution within the
brain parenchyma, computer slide analysis was performed.
Our data presented on Fig. 4 demonstrated a strong
improvement of the Vd when using CED versus classical
direct administration. On average. CED enhanced the Vd

Striatum

Corpus callosum
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Fig. 4 Calculated NR Vd by measurement of NR-fluorescent
surfaces at 24 h after NR-LNC injection. Statistics: £ indicate the
FP-value obtained from Kruskal-Wallis ANOVA; NS, non-significant

from 0.01 £ 0.02 and 0.065 £ 0.07 mm* with S1-26G and
SE32G, respectively. to 1.53 £ .41 and 1.44 £+ 1.79 mm’®
with CED-29G and CED-32G, respectively. This repre-
sented a  153-fold improvement with CED-29G
(P < 0.006) and 144-fold improvement with CED-32G
(P < 0.009) on the standard stereotaxic injection that we
initially used (SI-26G). By eliminating apparent outliers
that may create a bias (one from the CED-29G group and
two from the CED 32G group, Fig. 4), differences on
standard injection were reduced to 115-fold and 36-fold
respectively. They were, however, still found significant
(P < (0.009 and P < 0.03 respectively) confirming that the
enhanced distribution cannot be attributed only to apparent
outliers.

To turther study the interest of CED for the intracranial
administration of LNC in the case of glioma treatment
(tumour-bearing rats). NR distribution from NR-LNC was
also followed on a discernible brain tumour. Thus, 6 days
after implantation of 10° 9L cells within the striata of
Fischer rats, NR-LNC were injected through CED-32G at
the same stereotaxic coordinates. Our data showed that, at
24 h after injection, NR distribution (in red) fully over-
lapped with the area of twmour progression (cell nucleus/
DAPI in blue) (Fig. SA-D). Interestingly, at higher mag-
nification, NR was found to be associated with a cyto-
plasmic area avoiding the nucleus of 9L cells in a similar
fashion to that of isolated cultured cells (Fig. SE).

Efficacy of Px-loaded LNC administered
intrammourally by CED in the intracranial 9L Fischer
rat glioma model

Considering the major significance of radiotherapeutic
protocols in the treatment of human glioblastoma [2] and
the two main sets of data reported above: firstly, that LNC
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Fig. 5 NR diffusion exemplified on representative section of the rat
striatum at 24 h afier an intra-tumoural implantation of NR-LNC. A
DAPI staining illustrating the shape of a 6 day old 9L tumour (initial
implantation of 10* cells). B Higher magnification of the DAFI]
staining corresponding to the squared area in A, C Corresponding NR
staining. D Merged images. Note the NR fluorescence covering the
whole tumour forming area and, at higher magnification, its particular
localisation within the cytoplasm of single cells (12)

reach the intracellular space of 9L glioma cells and sec-
ondly, that CED dramatically improved LNC distribution
within the brain parenchyma, we sought to evaluate the
impact of an LNC-based radiosensitising chemotherapy
administered through CED for the treatment of the 9L
intracranial rat glioma model.

For chemotherapy, the hydrophobic compound Px
emerged as a good candidate (Fig. 6A). Px is a good ra-
diosensitiser |11] that induces mitotic block at the meta-
phase/anaphase transition and induces apoptosis [21]. It is
poorly soluble in agueous solution and it weakly crosses

dependent [24] and it constitutes the substrate of the MDR-
1 efflux pumps which prevent its cytotoxic action [25]. As
we previously demonstrated a role for LNC in the
augmentation of Px efficacy through improvement of its

) .
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Table 2 Median survival and long-term survivors for each siudied
oroup

Groups (#) Median survival Long survivors

(days) (=106 days)
Group A (8) 26 4+ 38 (W8
Group B (10) 44 L §2* 210
Group C (10) S0 4 19.53% 010
Group D (10) 34 L 14.8% /10
Group E (9) 47 4 22.8* 149
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Fig. 6 Lfficacy of a nanotechnology-based mdiosensitising chemo-
therapy. A Molecular structure of Px. B Kaplan—Meier survival
curves. Animals with wmours were randomly divided into five
croups: A untreated, B mdiotherapy only, € CED with Px and
radiotherapy, D CED with Px-loaded LNC and radiotherapy and E
CED with unloaded LNC and radiotherapy. Survival curves were
established by the Kaplan—Meier method and statstically compared
using the Log-rank or Mantel-Cox test (see Table 2)

cellular bioavailability, notably ascribed to the inhibition of

the multidrug resistance phenomena [8], Px was selected.

For the different animal groups a systematic clinical
tollow up-was performed. No clinical toxicity symptoms,
including skin necrosis, and no neurological or general
changes were observed after treatment, especially after the
CED injection of Px-loaded LNC. Radiotherapy starned for
all the rats on day 8, thus 2 days after CED injection. Not
scar disorder delayed the radiotherapy schedule. All rats
lost weight just after the end of the radiotherapy schedule
but they all recovered their initial weight after a few days.
In all cases animals died from their tumour except one rat
trom group C (free Px) who suffered from neurclogical
deficit and died precociously by day 23 with no evidence of
macroscopic tumour in the brain tissue. In all other cascs,
in which animals were killed after presenting clinical signs
of tumour progression, analysis of brain tissue showed no
evidence of necrosis within the mmour or within the CNS,
notably for the rats receiving the CED of Px-loaded LNC.

Data from the efficacy study are summarised on Kaplan—
Meier curves (Fig. 6B). The median survival and long-term
survivors (=106 days) of the different groups are indicated
in Table 2. Although a significant benefit of radiotherapy
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A, untreated: B, radiotherapy only: C. CED with Px and radiotherapy :
D, CED with Px-loaded LNC and radiotherapy and E, CED with
unloaded LNC and radictherapy

Statistics: * F < (005 (Log Rank or Mantel-Cox test)

was observed. only small effects of the different concomi-
tant radiosensitising chemotherapies were superposed. Rats
from the control group (group A) presented a median sur-
vival of 26 + 3.8 days. When radiotherapy was given alone
(group B), the median survival was 44 £ 8.2 days. When
CED with Px-loaded LNC was applied (group D) the median
survival reached 54 + 14.8 days, representing a two-fold
increase when compared to the untreated group (P < (0.01)
that was, however, not statistically different from radio-
therapy alone (P = 0.05). At last, long-term survivors were
observed in three groups only: radiotherapy alone (group B),
radiotherapy combined with Px-loaded LNC ({group D) and
radiotherapy combined with blank LNC (group E).

Discussion

The present study demonstrates for the first time that LNC
can be efficiently intused into large volumes of rat brain by
CED. It also reveals that LNC perfusion of a whole
tumour-forming area inside the CNS is achievable through
CED injection whilst preserving the ability of LNC to
reach the intracellular space of encountered cells. Although
our data attest to the feasibility of the combination of
external beam therapy with CED, for the administration of
drug-loaded LNC, the use of Px within the nanocarriers
emphasises, however, the need for optimisation.

Efficacy of CED technique for LNC injection

While CED proved to be useful for the administration of
small molecules or macromolecules in solution within the
brain of animals or humans [10, 26], records relating its
convenience for the administration of colloidal suspen-
sions arc barely emerging. Thus, the CED injection of
liposomes was studied for therapeutic or imaging purposes
with some success as exemplified by irinotecan [27],
pegylated doxorubicin [28], topotecan [29], DNA [30],
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adenovirus [31] and gadolinium [17. 32]. However, apart
from those liposome focused efforts and a study using a
model of polystyrene nanospheres [33], our current
investigation represents a primary examination of the
diffusion behaviour of nanosystem-based suspensions in
solid tissues following CED and at least the first CED
brain diffusion study using LNC. The poor distribution of
lipophilic drugs could be partly explained by characternis-
tics of the drug itself. In contrast, lipophilic drug distri-
bution became strongly dependent on the characteristics of
the carrier when loaded in LNC. Thus, while numerous
preclinical studies have demonstrated the efficacy of CED-
based local chemotherapy without monitoring the drug
distribution [34, 35], our work emphasises the importance
of verifying the diffusion of nanoparticle encapsulated
drugs within the targeted tissue even when a very prom-
ising delivery system is used. At flow rates greater than
I ul/min. backtlow of CED-infused solutions up the out-
side of the needle shaft has been reported [15]. Backflow
reduces control over drug delivery because infused solu-
tions can flow out of the brain or into highly permeable
white matter tracts surrounding the infusion site. The
separation between tissue and needle that allows backtlow
can be controlled by adjusting the flow rate and the size of
the needle [36]. Although it is conceivable that pressure
increases with a reduction of the needle size, our data
reveal, however, that the smallest needles (32G) are likely
to be less harmful to the tissue and give the best intra-
cranial injection results. This was observed not only for
CED-injected LNC suspensions (which fully avoid back
leakage) but also with classical stereotaxic injections.
Such findings could be ascribed to the nature of the col-
loidal suspensions that appear to be subjected to pressure
constraints distinet from those affecting small molecules
or macromolecules in solution [18]. As we learned from
liposomes that charge and surface pegylation rather than
size affect Vd following CED [29], it is tempting to
speculate that the weak charge surface of LNC as well as
their embedment by a soft layer form of PEG 660 chains
result in a sufficiently low affinity for extracellular matrix
components as well as cell surfaces, compatible with a
good and homogeneous diffusion. However, LNC diffu-
sion through CED would have to be re-evaluated each
time they are modified (e.g. after peptide or antibody
grafting) but also each time the incorporated drug would
have changed the surface properties of the nanocarrier. In
line with this, we previously indicated that all lipophilic
components of LNC were mainly hidden by the PEG
steric barrier of the PEG-HS at the LNC interface |37].
The fact that the zeta potential for blank-, NR- and Px-
LNC remains slightly negative (Table 1) is in favour of
similar diffusion behaviours in the brain parenchyma for
all those particles. Thus, when encapsulated in LNC, the

topographic distribution of Px (not easily detectable per
se) must be comparable to the one observed for NR.

Our diffusion work proved that CED allows the injec-
tion of large volumes of LNC suspension (60 ul) with
minimal tissue change beyond the site of injection and a
satisfactory tolerance. In comparison to classical stereo-
taxic administration, it significantly improves the Vd with
no back leakage and good homogeneity. Apparent volumes
of distribution are not only multiplied by a factor 6 as
expected due to the improvement of the volume injected,
but rather by a factor 144. As we previously demonstrated
that NR could not penetrate glioma cells on its own [8], the
fact that it was incorporated inside most of the cells from
the discernible tumour mass supports the notion that LNC
preserve their uptake characteristics after CED injection.
This also indicated that all tumour tissue was infused with
LNC at the beginning of the radiochemotherapeutic treat-
ment investigated. Hence, the administration of LNC
through CED within the brain may overcome limitations of
traditional treatment for brain tumours caused by the large
tumour size and the difficulty of delivering therapeutics
into their often dense and heterogencous tissue [38].

Efficacy and safety of local chemotherapy combined
to radiotherapy

The delivery of efficient therapeutic agents to the brain is a
major challenge and CED constitutes for this purpose an
attractive weapon. Thus, many molecules, usually used
systematically in clinical oncology have already been
introduced locally by CED injection within the brain:
temozolomide [34], topotecan [39], cisplatin [40]. Px has
also been combined to CED for investigation in patients
but those studies were also largely cormrelated with a lack of
convection, poor tumour response, leakage of the con-
vected drug and treatment-associated complications [41,
42]. As clinical investigations are not performed until there
is evidence of efficacy without inordinate toxicity. the poor
results of those previous CED trials using Px may have
dampened enthusiasm for its use in the upfront setting
despite its obvious utility as a radiosensitizing agent.
Hence. although the interest of a combination of local
chemotherapy with radiotherapy seems undeniable for
glioblastoma to enhance cffectiveness without increasing
total radiation exposure, no study excepted the present
preclinical one relates the possible combination of the use
of CED for Px injection to external beam therapy.

The advantages of a brain implantation of Px-loaded
nanoparticles include bypassing the blood-brain barrier,
minimising systemic toxicity, protecting encapsulated Px
from surrounding media and obtaining high and sustained
concentrations of the drug at the tumour site with only one
injection during the whole duration of the radiation
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treatment. Our present in vivo work demonstrates that
Px-loaded LNC could be safely and effectively used at
initial presentation in combination with external beam
radiation therapy. However, no benefit of ‘radio-chemo-
therapy’ on ‘radiotherapy only’ is observed. These data
contrast with recent in vitro work using Px-loaded PLGA-
nanoparticles for radiosensitisation of tumour cells distinct
from glioma [43] They are, however, reminiscent of radio-
chemotherapeutic clinical experiments on human glioma in
which Px was infused intravenously and did not signifi-
cantly improve survival rates obtained with radiotherapy
alone [44-46]. Thus, although the feasibility and the
interest of the new technology used in our study are con-
firmed, there is a need for optimisation. While the bio-
logical activity of Px was improved by a factor of 100 on
9L cells in vitro with the LNC formulation [8], the dose
of Px administered in the present work remains weak
(0.375 mg/kg of bodyweight). This contrasts with doses
used with microspheres or implants usually close to 2 mg/
kg of bodyweight [47]. Moreover, as LNC have been found
to inhibit in the short tenm the biological activity of efflux
pumps interacting with Px [8], possible long-term feed-
back-up regulation of those transporters may occur in vivo,
as recently proven when chemotherapy was combined with
radiotherapy [48]. Finally, it should be stressed that clinical
protocols have to be strongly inspired from the current
advances made in the comprehension of what brain cancer
really is. The recent hypothesis that tumourigenicity is
conferred by a rare subpopulation of cancer cells, the ‘brain
tumour stem cells” [49] and the fact that hypoxia inhibits
Px-induced apoptosis [50] should all be taken into account
for more specific and reliable strategies. To address these
concerns, one has to consider that LNC are not inert enti-
ties but real interactive ‘nano-cargo’. Thus, for CED opti-
misation, the possibility of grafting molecular recognition
moieties (e.g. antibodies, peptides. aptamers) onto their
surface to reach specific cells or biomolecular components
|51] combined to their biocompatible nature (no use of
organic solvents) is of considerable interest.
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Malignant gliomas areaVastating tumours from central nervous systemcaseal with poc
prognosis. Although usual treatment includes syrgdren possible followed by external be
therapy, new biomedical strategies capable to addlecal invasion are highly requir
Convectionenhanced delivery (CED) is a novel regional mettwat allows distribution «
substances throughout the interstitium via posifikessure infusion. Thus, the objective ol
present study was to investigate its potentialr@stiefor the intratumaral administration of
nanotechnologyased radiosensitizing chemotherapy in the rastl#rpursuing on new
developed biocompatible lipid nanocapsules (LNG} tan improve efficacy of encapsule
drug together with revert multidrug resistance 2), we have studied their intracere
diffusion through CED when fluorescentgbeled with the hydrophobic compound Nile
At 24 hours after injection, microscope slide asaydemonstrated that CED allows
injection of important volumes of LNGuspension (60 uL) with a satisfactory tolerana
comparison to classical stereotactic administratiommproves significantly the distributi
volume (144fold) with no back leakage and good homogeneitgo8dly, as paclitaxel may
an interesting radiosensitizer acting on K82zhase of cell division, we evaluated the potée
radiosensitizing effects of paclitaxeladed LNC administered through CED in the
intracranial rat glioblastoma model. Animals witlnmours were randomly divided in fi
groups: untreated, radiotherapy only, CED with pagkl and radiotherapy, CED w
paclitaxelfoaded LNC and radiotherapy and CED with unloadé&dCLand radiotherap
Survival curves were established by the Kaplan-Meyethod and statistically comparedngs
the Log Rank test. We have established an animdehaf encephalic irradiation close fr
the clinic. Although the “CED with paclitaxédaded LNC” group had the best mediar
survival of 54 days (twice more than the untreapexip), the additionfa free or encapsulat
local chemotherapy did not improve significantlye tsurvival. While CED constitutes
attractive weapon against glioblastoma, the LNCcephremains perfectible.
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2. Garcion, E., Lamprecht, A., Heurtault, B., Pailla#d, Aubert-Pouessel, A., Denizot, B., Menei, &d Benoit, J. |
A new generation of anticancer, drug-loaded, cddbvectors reverses multidrug resistance in gliamzreduces
tumor progression in rats. Mol Cancer Ther, 5: 17702, 2006.

164



La technique de la CED et le schéma de radioti@eaméphalique du rat ont été utilisés
dans d'autres études menées au laboratoire notardarel'article qui suit auquel j'ai collaboré.
Il est une autre illustration de tentative d'amdlimn de la radiosensibilisation des tumeurs

gliales de haut grade par agent thérapeutique salgaet implanté localement.
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Xenogralt

Emilic Allaed,! Delphine Jarnet® Anne Vessicres.” Sandrine Vinchon-Petit,™ Gérard Jaowen,”

Jean-Picrre Beooit.! and Catherine Passirani™

Meceived July 24, 20008 acoprad Odtaber 27, 003, publiched online November 12, 2008

FPumrove The goal of the resent stuly wag b evalisie the elficsey of 2 new oganomeiallic dog,
Termspligna {Fe-drOHY), oo ooaslanstion with externs radotherapy i intracemlboal 90 glicans e,
W lestitad e hypothess thal the combbnstion of external sdiotlerapy with Fe-ditE coubd pesteniiaie
e action of o drug.

Methoas 9L eells were tresled with FodiQH-LNCS { T (00T 1o Tpanel L) and iradiaied with axiemal
raciotiarapy {froan 2 o 4 Gyl Mo v amesmanl was evaluaied by the mocuwlation of 91 e2lk in Figher
ralia et hierapy wilh Fe-GDH-LMNCS {0340 mgfrat) was acminagte red by mems of convection-enlanosd
chalivery (CED, aad fhe teatment was Tollooved by three inadistions of 6 Gy dosas {loial dose=15 Gy,
fearfre dooviter avalustions evidenced that 2 ooodbinzd trestinenl With Fe-hOH-LNCs and arradistions
showed synergistic antitwmer 2oy on 9L cells Cranbaning cerebral irradiztion with CED of Fe-di OH-
LHCs Jadd b asigmificamily Jomger swrvival and the exrilenes of loag-lerm survivons consparéd 1o Fe-«iOH-
LHCE-treated anmaah (<0001 2md 1o e groags rested wiath blank LNCa+radiothazygy (o=00079).
Carnclinion. The syneggsic ellecl batwean fapociphend-losdad LHO and radiotherapy was dus oa
clogely oxdative relatioslop. Upon these congiderstions, FeditH-LNCs appear 1o be an ellicient

radicaemsi live abcancer drug delivery sysiem.

KEY WORIMN: convestion-enlianead delivany gliona; irms lipid nanocapailes; radiollemapy

INTRODUCTION

Even with aggresdve multi-maodality treatment strategics,
the life cxpectancy of patients with glioblastoma multifarme
{GBEM), the most agemessiae primary brain tumaor, is only slightly
lonper than 1 year after diagnosis. Surgery and radiotherapy
with concomitant and adjwrant temozolomide, a nwowcl oral
alkylating apent, i the stapdard therapy regimen for newly
diagnesed GBM. Paticnts treated with radiotherapy plus
temozolomides show a8 median survival time of 14L% months
versis 12,1 months with radiotherapy alone after surgery {1).
This moderate result underlines the crtical role of chemao-
therapy, the utility of which & very often contraversal (2). Inan
attempt to overcome the limitations of systemic delivery of
anticarcer drugs aimed at brain targcting, especinlly becawse of
the presenee of the hlood brain barrier (BBB), several methods
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of regional delivery have been developed (34). Convection-
cihanced delivery (CED ) waos introduced in the carly ninctics &
a tochnique to enhance drug distribution, especially compared
to local delivery meethods based on diffusion (56). Many
antizancer drugs have been investigated in CED (78], but many
problems relating to local CMS toxicity, short drog tksue
retention and heteropeneous distribution within tumors wens
reparted. To circumyvent these problems, some drugs have been
cncapsulated in nancocarriers and infused by CELD. Mano-
crcapsulation offers many advantages, such as protection of
the active specics, reducing both the interaction with the bmin
cxtra-cellular matriz (ECK) [9) and brain toxizity {100, a better
dmag distribution (111 and a langer bmin half-life (12,13). Inthis
context, aur group foased on the adminktration and study of
the infusion of lipid narocapsules (LMCs) in rat brain by CED.
These lipid nanoearders presented ideal characteristics for CED
infudon, such as a low particle size < 100 nm, and a global
nepative charge, and they are shiclded by a palyethylene glyenl
[PEAF] steric conting {14). Maorcover, LENCs can be loaded with
many lipophilic drues, as well as amphiphilic molecules, and
appear like a new platform fornanomedicine {13). In the ficld of
GBM therapy, hydrophobie bicorganometallic compounds
were encapsulated in LNCs and investignted as a new class of
actve molecules [16). In this context, we deal with a doal
innovation. Bioomanometallic molocules are defned as active
malecules that contain at least one carbon directly hound toa
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Synerpistic Effect of Fe-diQOH LNC and Radiothempy

metal ar metalloid. The metal stisdied here & iron {Fe], and the
metallocene derivative & fermooene [':]'?-F-:[C_:Hg]gj chemically
srafted ona polyphenolic skeleton. The resulting molecules arc
ferrocenyl phenol compounds that we called “ferrocifen” They
werne first shsdied an breast cancer oell lines, where they showed
dual effects: an antiestropenic effect on estropen meceptor
positive ccll lines and a cytotoxic offect on hormone
independant ccll lines {17,18). These compounds are thought
to be susceptible to an oxidation of the fermeeny] antenna to
give intmccllular quinone methides that ame cytotoxic via
intermction with the mucleophiles present in the eell {1%). We
previowsly demonstrated that LMCs eould be boaded with the
ferrocenyl diphenol maolecule called *ferrociphenal” (Fe-diCH)
with high drug-loading levek and that LNCs werean idealcatpo
to solubilise and infuse thi drug, which is totally inzsoluble in
water. Mareaover, lipid nanocapsules exhibited great advantages
comparad toswallen micelles, produced bya similar prosess and
compased of higher quantities of surfactant {14). fr vira, Fe-
diCH-LMCs were eytotoxic on 9L glioma cells [T g=0.06pM).
Promising in vive resulls were alo obtained after intratomaoral
sdministration of this new dmg carder in a subcutancous
injected 9L glioma model, as it dramatically redused the tumor
mass and glioma volume. Moreover, theeytostatic activity of Fe-
diCH-LMNCs was confirmed on an orthatopic glioma meodz] hat
wasvery modest (20]. Inthe present study, we first evalpated the
activity of Fe-diCH-LNCs associated with mdiotherapy, on 9L
ocllz in culture. Then, a comhined treatment using CED of Fe-
JiCH-LMNCs with external beam radictherapy was evaluated on
YL pliomn-beanne rats.

MATERIALS AND METHODS
Muaterials

Fermrocenyl diphenal compournd (2-ferocenyl-1,1-his{4-
hydmxyphenyll-but-1-ene) nomed Fe-diOH was prepared by
a MeMury coupling reaction (21). The lipophilic Labrafac
CC {eapryliccapric acid triglyeerides) was kindly provided by
Gattefosse S.A. [Saint-Priest, France). Lipoid® 575-3 (s0¥7-
bean lecithin at 9% of phosphatidylcholine] and Solutol®
HEI5 {a mixture of free polyethylene gheol S8 and poly-
cthylene glyeal &8 hydromystearate) were a gift from Lipoid
Gmbh [Ludwigshafen, Grermany] and BASE [Ludwigshafen,
{rormany], respoctively.

Preparation of Fe-didH-LMNCs

Lipid nanocapsules were prepared according to aour
previously described prcedure (16). Briefly, Solutalis HS15
(17T% wiw), Lipoid® (1L.5% wiw), LabmfacE (20% wiw],
MaCl {1.75% whan] and water {(59.75% whw] were mized and
heated under magnetic stirring up to 85°C. Three cyeles of
progressive heating and conling between 8570 and 807 were
then carricd out and followed by a dilntion with 2%C
deionised water added to the mixture at W-757C. Tao
formulate Fe-dildH-L.MCs, a first step consisted in disolving
the anticancer drug in triglyoerides (Labrafacd®) wsing ultm-
sound duting 1.5 k. Two parameters were varied: the amount
of Fe-diCOH in triglyeerides (1.7% and 4% {waz]] and the
volume of cold water for LM dilution {70% and 28.5% wv)]
to obtain dmg loadings of 1 mefp (0.84% whw dry weight) and
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65 mee (2% wiw dry weight], respectively. For e vive
applications combined with radiotherapy, sucrose {20% whw)
wis dissolved in the aqueons phase of the LMC suspersion
after formulation.

LMNC Physicochemical Pmoperfies

LMCs were analyzed for their size and charge distribu-
tion wing a hMalvem Zetasizer® Mann Scrics TTSE 0G0
[Maleern Instruments 5.4, Worcestershire, TIER] LMCs were
diluoted 1:60 {vA7] in deionised water in order to cnsure &
comvenient scattered intenaty on the detectar. The visoositices
of the suspendons were measuned at room tem perature using
Schott Gerdite AV S AKX Model automatic viscometer [Cswald
viscosimeter). Each value was reported as an average of five
measumments standard deviation.

Tumor Cell Line

F.at 9L plicsarcoma aclk were obtained from the Eura-
pean Collection of Cell Culture {Salisbury, TR, M&841 10705,
The cells were grown at 3T7C5% OOy in Dalbecen modificd
cagle medium (DMEM) with glucose and L-plutaming
(BioWhittaker, Verviers, Belgium) containing 10%: foctal calf
scram (FOCS) (BioWhittaker) and 1% antibiatic and anti-
mycotic solution [(Sigma, Saint-Cuentin Fallavicr, France).

Irradiatiomn

Fadiotherapy was conducted with a lincar accelemtar
{Clinne®, Varian Medical Systems, Salt Lake City, TTEA). The
irmdiations were delivered by one beam with enerpy of & MV
and with an adapted ficld according to the material irradiated.
Far in virra irradistions, cells were irradiated at room
temperatune a5 a single exposure to doses of photon of 1, 5,
&, 100, 20, and A0 Gy or in 3 fractiors of & Gy spaced in time.
For animal irradiations, fractionated radiothempy consitod
of 18 Gy given in 3 fractions of & Gy over 2 weeks, on Day 5,
Il and 14. The dose rate for the imadin tion was 4 Gyfmin and
four rats were irradiated at a time. The animals were
ancsthetized before irmdintion under licht sedation {isoflur-
ancfoxypen anacsthesia 3%/3] min” ") and placed an the
Clinae® covchin prone position with laser alignment.

Cell Protocnl

The 9L cclls were plated on 24-well plates in DMEM
containing 10% FOC3 and 1% antibiotic/Aantimycotic solutions
and then treated with increasing concentrations of Fe-dildH-
LMC chematherapy (CT) and external radiothempy {RT)
according to three different protocals described below

Protocn]l RT+CT werspy CT+RT

The 9L cclk were plated an 24-well plates for 24 hoat
AQ000 eellsfwell. At Day 1, cellk were irradiated with 5 to
A Gy or treated with Fe-diOH-LMCs | pmoll. At Day 2,
irmdiated cells at [Day | were treated with Fe-diH-LMCs
| pmolfL [protocol 1), and celk treated with OT were
irmdiated with 5 to 40 Gy (protocal 2). MTT sureval test
wias then performed 96 h after (Day &),
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Comhbined Effect Pmtocol

9L celk were plated at 30060 ccllsascll at Dray (0 At Day 2,
they were treated with increasing concentrations of Fe-ditH-
EMCs from (0] to | preoFE. At Day 3, cells were irmdinted with
2,6, 10, 200rAld Gy, and MTT was performed 96h after (Day T
The synerpy of the combined treatment was msessed wsing
tobologram analysis {22). To that, the [Cg; values, ie. the Fe-
diCH concentrations and the imadiation dose at which 50% of
the 9L cclls survived, were determined. Ta estahlih the s
values for CT alone, cclls were incubated with increasing,
concentrations of Fe-diGH from U] to 100 emal/L. For the
cvaluationof the [Ty in BT alone, cells were irradiated at 5§, 103
2l and 400Gy in a single fraction.

Multi Iradiation Frotocol

9L ool weome plated at SO0 cellsfwell at Day 0, treated
with increasing concentrations of Fe-diQH-LMWC: from (1] to
| ol at Day 4 and imadinted with 3 fractions of & Gy at
Day 5, & and |1, MTT survival test was performeed at Day 15.

MTT Survival Test

After % h within any treatment, ocll survival percentage
wis estimated by the MTTsurvival test. A0 pl of MTT solation
at 5 mg/ml in PBS were added to cach well, and the plates
were incubated at 37°C for 4 h. The mediom was remdneed
ard 2060 ] of acid-isopropanal (LGN was added to each well
and mixed to completely dissalve the dark blue erystals. The
optical density values (O were measured at 580 nm for
Hlue intensity and at 750 nm for turbidity vsing 8 maltiwell-
scanning spectrophotometer {Multkkan Asoent, Labsystems
SA, Cerpy-pontoise, France). The maxineal absorhanes was
determined by incubating cells with free media and was
corsidered as 100% survival (O pea). Cell survival per-
contape was estimated according to Eq. {1). Each experiment
wis conducted two times with at least six repeated samples.

O 580 nm — OD 750 nm

106
ODoocmct SA0 NI — DD omte 750 1M

(1

Cell survival( %)=

Aninels and Intracranial Xenopgraft Tedinique

Synpencic Fischer F344 female mts weighing 160-180 g
were ohtiined from Charles Eiver Laboratories France
(L'Arbresle, France). All experiments wene performed on 10
to ll-week old female Fisher mts. The animals were anes-
thetized with an intmperitoneal injection of (.75-15 mlkg of a
solution containine 23 ketamine (1) meml) {Clorketam®,

Alard er al.

Vétoquinol, Lure, France) and 138 xylazine (20 mp‘ml)
[Fompurds, Bayer, Poteaux, Franee]. Animal care was carricd
out in strict accordance with French Ministry of Agriculture
regulations. A YL tumaor monalayer was detached with trypsin-
ethylenedinmine tetraacetic acid, washed twice with EMEM
(Eagle's Minimal Essentin]l Medium) without FOCS or anti-
biotics, counted and msuspended to the final concentration
desired. For intracranial implantation, 10 micraliters of 10080
9L cell suspension were injected into the rat striatum at a flow
rate of 2 il per minute vsing a 10 k] syinge {Hamilton®® plass
syringe 700 serics BN with o 320G needle (Hamilton®). Far
that purpese, rats were immohilized in a stercotaxic head
frame [Lab Standard Stercotaxic; Stoclting, Chicapo, IL]. A
sagittal incision was made through the skin, and a burr holz
was drilled into the skull with a twist drill The cannula
coorinates were | mm posterior from the bregma, 3 mm
lateral from the sagittal suture and 5 mm below the dura {with
the incisor bar set at dmm). The noedle was left in place for s
additional mimutes to avoid expulsion of the suspension from
the brain during remaoval of the syringe, which was withdrawn
very shoowly (L5 mmy por minate ).

Convectinn-Enhaneed Delivery

O Day 6, &l of the LNC suspersions wene injected by
CED at the coordinates of the tumor celk. Infusions wene
performed at the depth of 5 mm from the brain surface vsing a
L0l Hamiltar® syringe with a 320G needle. This syringe was
connected to a 1 Hamilton syringe 220 containing the
product (Harvard Apparatos, Les Uls, Franoe] through a
canmila [CoBExTM PE/PVC tubing, Harvard appamatus, Les
Ulis, France). CEDYwas performed with an oamotic pump PHD
106} infudon (Harvard Aopparatos, Les Ulis, France] hy
contralling a (5 lfmin mte for 2 h. Sikty-two rats with 9L
tumaor aclk were randomized into five acpeimentsal groups. The
groups were as follows: {1) cantrol group without CEE but with
the same anesthetized scheme (r=%];, 2] CED group of blank
LMCs, {3) CED group receiving CER of Fe-diGH-LMCs ata
dose of .36 mp/mat (n=48), (1) radiotherapy group recciving
CEDof hlank LMCs followed by whale-brain radiation toa total
dose of 18 Gy {3x 6 Gy) (r=10), (5] CED phs radiotherapy
grouprecciving CED of Fe-diOH-LMNCs at a dose of (.36 mefmt
followed by whole-bmin radiation to a total dose of 18 Gy
(r=19). For the rats treated with radiotherapy (with or without
chemaotherapy], sucrose wis added to the formulations.

Statistical Analysis

Dxata from ik vitko experiments are proscnted asmean =350,
and statistical analysis between groups was conducted with the
two-tailed Student t-test (p<(U5 was considencd to be signif-
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Synerpistic Bifeet of Fe-diQH LMNC and Radinthempy
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cant). The Kaplan-Meicr method was used to plot animal
survival, Statistizal sicnificance wasealenlated wsing the log-rank
test {Mantel-Cax Test). StatView software verdon 50 {SAS
fnstitute Inc] was uvsed for that purposc, and tosts wore
congdered = significant with p values =005 The diffcrent
treatment grups wers compared in terms of median surdraal
time {dmyz), increase in surdval time (5T, e, %), and longs
tom survivars | 5.

£

RESULTS
LNC Formulatinn and Cytotoxddty

As shownin previows work (18], R-2i0H-LMCs presented
avery namaw sizehetween A5.3 and A48T nm, deperding on the
drug payload, and were monodispersed (POE=0011) {Tablz I). In
appodtion to what was observed with mare lipophilic drops
containing acctyl or palmitay] chains as protecting grups (200,
ncither reerystallization nor phascscparation wasatscnad. The
presence af sucmsc in the LMNC suspersion agueos phase did
not affect the sze, as there was no significant changs in size
measurements. Zeta potentinl valoes weme cquivalent from —8.4
to =105 mV farall the ;uspensions. On the contrary, viscosty
increased fram 442001 to 87202 mm®5 with the prescnce of
thedisaecharide in the formulntion. The prescnecofsucmose had
na toxic effect an oclls in vika, as there was no significant
differenos in eytotoxizity hetecen blank and Fe-diCH-LMCs
with ar without sucmse (Fig. 1). Morcover, a dosc offect for Fe-
di0H could be absered after its encapsulation, as 9L ocll
survival was of 45-50% for 1 mefe strenpth Fe-diDH-LMNCs and
4-6% for .5 mefe londed nonocapaales.

Combined Effects of Chemntherapy and Radiotherapy

Two distinct protoccls combining chematherapy and
radiotherapy were performed on 9L celk. Cne proup of eclk
was treated with mdiotherapy fallowed by cheomotherapy
with Fo-diGH-LMNCs {protocal 1=RT=LCT), and anather
group reacived the chemotherapy hefore the BT regimen

a.
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40,000 calizwel
| MTT test
) U
—l’
Day D Day 1 Dey 2 Dy 8
1 = AT+CT : E-40 Gy Imedlalion + Fo-dIOH-LMOS 1 pmaliL
2 = CT+AT : Fo-diDH-LMCs 1 pmaliL +6-40 Gy I recdation
k.
=
e
=
=]
=
]
)
=
)
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Dose [Gy)
Fig. 2. el awrvival perceiage of 91 calls seaading 1o 1w diliesl jredoats radisliespy+
cliamsleragy (KT protees] 1) veme cliaooliery+radistlempy (O R proloss] 20
Clieascdlicrpy wad 2 fraslsait Wil Fe-bOH-LNC 1 aaeb sl Tunsed'l, el Badidienspy wada
anigls imliatioay st 5, 20, 20 @ &0 Gy (% a2 <005, Sudent’s ries
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(protocol 2=CT+ET) (Fig. 2a). First, coll survival percentage
decreased with the increasing dose of radiotherapy for
all corditions tested (Fig. 2h) For the fist protocal tested
[BET=CT), the pereentage of ocll survival deercascd from
34% ta &% for 5 oand A0 Gy, respectively. For protoeol 2,
CT=RT, cell survival perecntapges decreased from 8% to 2%
for the cells irradinted between 5 and A Gy, respectively. The
difference in ecll vinbility was shown to be significant between
radiotherapy alone and protocol 1 but was ako sgnificant for
protocal 1, BET=CT, veraer pratocol 2, CT=RT, (p<i5). As
the treatment was more cfficient when oclk were first treated
by chemotherapy, the sequential utilization of Fe-diQH
treatment followed by BT was sclected for the following
studies.

Synergistic Effects

To determine if the chemotherapy-radiotherapy associa-
tion with Fe-diCH and external beam phaton iradiation was
an additive or a sypergistic offect, isobolopram analysiz was
performed. Celk were plated at Day O, treated with increas-

Allard er .

ing conoentrations of Fe-diCH-LMNCs at Day 2 and imadiated
24 h after by 2, 6, 10, 20 and A0 Gy (Fig. 3a). Median effect
deses (ICx valoes) calenlated from this experiment were
A ol for Fe-diChH-LMCs and about 7.5 Gy for irradi-
ation - therapy (Fig. 3b—c). The combination of Fe-diOH
treatment with radiotherapy of 2 and & Gy alowed the
determinntion of [0, values whercas irmdiations with [0, 20
and Al Gy without chemotherapy abways gave cell survival
pereentage less than 50% (Fig. 3b). The I, values were
abouat U15 pmal and 0001 pmolVL. for 2 Gy and & Gy,
reapectively. As these valoes, divided by the 1055 were under
the dash line of the isobologram (Fig. 34), this result indicated
a synerpitic effect between the two troatments,

Multi-Irradiation

Cultured monolayers of 9L cclls were treated with
increasing concentrations of Fe-diOH-LMCs followed by
three imadiations doscs leading to 4 fnal dosc of 6, 12 and
& Gy {Fie. 4a). Cell survival pereentage was calulated after
performing the MTT sarvival test (Fig. 4b). These results
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Synergistic Effect of Fe-liOOH LNC and Radinthempy
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showed that ecll death iz dincctly propottional to Fe-diOH
concentration. Momover, cell survival percentage decreased
with the repetitive irradintions as 33.9%, &1%, 321% and
| 8% of the cells were still alive after a treatment with 1phd
Fo-diOH-LMWCs, followed Wy O, |, 2 and 3 irradiations,
reapectively {Fig. 4Ab). By calkulation, the effect of ocll death
was shown to be predominant after the Arst irradiatiomn,
whatever the chemotherapy scheme. For a chemaotherapy
treatment without radiotherapy, ccll death percentage
increased up to T61% for a single treatment with Fe-diCH-
LMCs 1 pmaoll. The pereentages of cell death spread from
HlA o T4.4% between O and & Gy, deencased from 33.0% to
A8A% for the seeond irradintion (612 Gy) and Anished
hetween 5.3% to 35.2% for the last irrndiation {12-18 Goy).
After the third irradiation, the cell death percentape was
much higher for the celk treated with the highest dose of Fe-
diC3H, especially compared to the group of celk only treated
with mdiatherapy (38.2% vermes 5.3%).

Burvival Study

9L tumar-bearing rats were tmeated either by a CED
injection af &5 mep strength Fe-diOH-LMNCs {36 mefrat], a
CED injection of unloaded LMNCs, a CELY injection of Blank
LHCs followed by irradiation with 3 fractions of & Gy over
T days (tatal dose=14 Gy) ar a CED injection with 5 mp/s
grength Fe-QidH-LMNCs (346 meat) followed by local
irradiation {Fig. 5a). & contral group without CED injection
but underpoing the same ancsthetized scheme was also
preformed. All non-treated mts died within 27 days with a
median survival of 25 days (Fig. 5b and Tahle I1). Among
them, the injection of the unloaded carrier gave a median

survival time of 25 days, and all the animals died within
30 days. As shown in previos study, there was a slight
inemease in life time for the rats that were only treated with
chematherapy (20). Fats treated with a CEDR injection of
blank LMCs followed by &Gy irradiation showed an
increascd median survival time of 32% when compared to
contrals. The result in survival time was ggnifcantly different
compared to the contml group (p<(.01 ). Combination of
Fe-di*H and ET further improved survival as the median
survival time was equivalent to A0 days. The cxperiments
established that rat median survival was improved signifi-
cantly for this groop comparcd to contral groups and to
chematherapy group (p<(.0KE] ] but ako compared to the
group treated with blank LNCs= BT (p=0L007%). In addition,
2 rats [105%) in the Fe-diQH BT group were long-term
survivors {Tahle TE).

DISCUSSI0N

Folyphenok hawe a varicty of hiological activities, mnging
from anti-aging or anticancer activitics to lowering blood
cholesterml levels and improving bone strength {23.24). Among
synthetic phenal compounds, ferrocenyl diphenal structunes have
been parbzularly studied as antieancer apents (25). The incompo-
ration of the orpanometallic group ferrocene in small organic
phenols was performed to enhance the oytotosicity of this type of
malecule (2] ). Withinall these molecoles called “ferrocifons,” the
mest active cxamples contained the 2-ferroceny]-1-phenyl-but-1-
ene maotif (26), and the represcentative of this class was the 2-
ferroeenyl-1,1-his{ A-hedressyphenyd -bot-1-ere compound called
ferrociphenol (Fe-ditOH). Mevertheless, this ferrociphenal come-
pound & not sufficiently soluble in water to allow its direct
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administration. Fecently, the Re-diCH compound was cncapsu-
Iated in PEG-PLA manoparticles {27), in methylated & oyclo-
dextring [ Me-p-C0¥) (28] and in lipid nanocapsules (16), thus
allowing its i Wro adminitmtion.

In this stedy, Fe-dif*H was encapsulated in LMCs at twa
different drug loadings and tested frst @ virse on 9L cell lincs.
The Fe-diOH encapsulation was optimal, as LNC size and
zeta patential values were not affected by the prescnoe of
the organometallic molecule. Morcover, a dose effect was

cvidenced in wira on 90 ccll lincs, as toxicity was mone than
10 times higher for 6.5 mefe srength Fe-diOH-LMNCs versue
| mp/r strenpth Fe-diQH-LMCs In a previous study, promis-
ing in viva results were obtained after intratunvoral admin-
istration of this drup carrier in a 90 subcutancons glioma
madel, but mo dose effect was demorstmted bebween the two
drug loading formulations (14). Many of these drops—
polyphenaols in peneral—show promiing results in vite but
are characterized by a poor bioavailahility in animal models.

alde IL Desteriplive amed slstistical data oo Uie swmaval study with Fe-diOH eliemotlerspy amd extlarnal radiotherapy of 18 Gy (330 Gy)
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Synerpistic Effect of Fe-difH LNC and Radiothempy

To potentiate the action of the drug, Fe-diOH was
msocinted with extemal beam irradintion. The radicsensitiza-
tinn effects of Fe-ditdH-LMCs were first studied i witm an 9L
cell cultures. Motably, a higher toxic dose-enhancement ratio
wias revealed for the chemotherapy {CT)-radiothempy {ET)
protocal in companson with the BT-CT procedure. A radio-
senatizing offect of Fe-diOH can explain the enhanced efficacy
af the combined treatment in our modzl, as better resules wers
observed when Fe-3iOH was administered before radiotherapy.
Marcover, the treatment combination CT+ BT showed synergy
and notonly additive effects. Irradiations are knoem to produoce
froe radicals originating from water radiolyss. Inthe presenoe of
axyEen, highly oidising radicak are created which interact with
variouns compounds to form hydrapen peroxide (HaCa), a very
srone axididng molecuke (Fig. 61 Thus, dus to an electran
transfer phenomenon, the ferrocecne unit can be oxidized to
ferrocenium, which after some rcarmnpgements gencerates a
quinone methide {19). This quinone methide, which is an
dlkylating molecule, may roact with GSH, DNA and proteins
leading to ccll death (Fig. &).

Fractionated external-beam radintherapy & the standard
treatmant for the management of malignant gliomas (29). For a
amilar total dose, the hiological efficiency varics according to
the total numberaf sessons {fractionation), the dose per seasion
and the total dumation of treatment. Enour study, we investigated
a radiotherapy scheme in three fractioned doses of & Gy a weelk,
and theimpact of thisscheme was At studied in viro on 9L cell
limcs. The results showed that cell toxicity was all the more
important as the number of doses increased from one to three,
and the proft was better for the schemes associated with Fe-
JiCH-LMWC chemothempy. For all the conditions tested, the
main benefit in cell toxicity was obtaincd after the At
irradiation ($0-75% ccll death) and was slightly reduced after
the second and the third imadiation. But the most important
observation is that the synommistic effect between: Fe-diCH-
LM and BT was most visble after the thidd imadiation, as
toecicity increasced from 53% to 35.2% for the cclls treated with

= Fg-diQH

AOS production

'\\ Interoction with GSH
DHA, prot=ina
H Q&%

3

ET alone verses CT= BT, respeetively (Fe-diOH-LMCs with the
hiehest dose tested). After the third irradiation, the pereontape
of cells still alive was mainly doe to o radioresistance
mechaniam. Indeed, 9L cellk are classified as a0 mdioresistant
ccll ling, espocially compared to other rodent glioma ocll lincs.
Bencokova eral described a samdaving fraction at 2 Gog (SF2) of
T1.9% for 9L celk apainst 5306 and 41.4% for 06 and FE ccll
lines, mespectively {30). This radionesistance scems to be
connected toa high expresdon of BRCAL a protein involved
in the repair of damaged TN A,

The main abjective of this work was to confirmethe results
abtained in wira in an intracranial in wive model. Far that, Fe-
didH-loaded LMCs with the highest dose entrapped {i.c.
036 mefrat) were administered in 9L glioma-bearing rats by
conmvection-cnhanced delivery {(CEDX and then followed by an
external mdintherapy of 18 Gy The major finding of this work &
that Fo-ditdH administered by CEDY in comhination with
cxternal beam imadintion resulted in a significant enhancement
in meedian survival time compared to the chemaotherapy group
[(p=0f¥KIl] and ako compared to the rats treated by blank
LMCs fallowed by the same jrradiation protoool (p-=(05).
Fadiation therapy is known to be an effective postoperative
treatment, asit incroascs the survival time for paticnts compared
to surgery alone (31,32). In the group of interest, two rats were
lonp-term survivors, as they survived up to LX) days, which
cortainly invahlves o total eradicatinn of the tumaor.

As shown in previows stody, the IST median increased
from &% for the group treated with chemotherapy alone (260].
In this study, we showed that the assodiation chemotherapy
with Fe-diQH-LMN{s and mdiotherapy was beneficial becamse
the 3T medinn increased frome 80% vermes 32% for the group
only treated with radiotherapy. In the present waork and in an
atterapt to improve the volume of distribution (Vd), sucrose
was dissalved in the external phase of the LMC suspension.
Thus, the viscosty was increased twofold with the presence of
aucrose in the formulation. Sucrose was shown to be non-
toxiz for 9L oclls in culture and was wsed to enhanoe the

F=
@ @ quinorea methidz

Irodiatian

Fig. & Propogsed medmoan for FediOH evtoloricly basad on elaclron-lander gludiag.
Lrrachztion by the generstion of reaclive oxyeen species (BOS) cam form hiwdrogen peroxids
(HAn) HAY,, wiich © & strong omdoting molseule, co boot e omidstion of lermooans
fermpeemiimn, which, aller reamangeneml, paemies 3 qunoae aethide sireagly evlotosie Thi
gubdlance sy miersel Wil mirscellilas sulb-mits Ike GEH, DMA o prod2in leadmg b el desile
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viseasity of the infisate. As almady deseribed (3334), hirh
vieosity af the infiusate may redooe backflow, thus increasing
.

Cur data mepresent the first demonstration of a syneroy
between these orpanometallic compounds and an cxternal
beam BT, and potentially indicate a therapoutic option for
thiz class of malecoles which often suffer from problems of
hioavailahilitye
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b. Discussion

Notre étude est la premiere basée, d'une part,lesysouvoir radiosensibilisant du
paclitaxel injecté en intracérébral et d’autre paur la vectorisation par nanoparticules de cet
agent, in vivo, par CED dans la prise en chargglidblastome. Le groupe ayant bénéficié d’'une
CED de paclitaxel présente le temps moyen de sueviglus élevé devant le groupe «LNC
paclitaxel + RTE». L'introduction de cette chimiéthapie locale sous forme libre permet une
augmentation de survie de 92% par rapport a I'alssde traitement mais surtout on observe une
augmentation de 12% de la survie par rapport aupgraradiothérapie seule». Le paclitaxel en
solution confirme donc son pouvoir radiosensibilisat sa bonne tolérance dans la prise en
charge du glioblastome. Il pourrait étre intéress#n comparer cette efficacité avec d'autres
drogues elles aussi liposubles dont I'action asitéie par I'utilisation de la voie IV ou méme
avec des agents qui, méme s'ils pénétrent la BHiSsqment une courbe de réponse
thérapeutique fortement dose-dépendante tels g@enlezolomide par exemple'utilisation de
témozolomide administré par CED a fait I'objet dtuétude par Heimberger sur un modeéle de
tumeurs xénogreffées de type D54 (83). Ce traitérpemmettait 'amélioration de la survie
(p<0,001) avec rémissions clinique et histologiquenpléte. Cependant, les réserves émises
dans cet article concernaient le défaut de sotébde la drogue employée. L’'encapsulation
pourrait combler ce déficit. De plus, compte teeu’dffet additif du témozolomide associé a la
radiothérapie (92), il pourrait constituer un meill candidat pour notre étude.

En effet bien que le groupe “CED avec LNC de paclitaxel’ serite la meilleure
médiane de survie avec 54 jours (deux fois plusaglie du groupe non traité), le fait d’injecter
localement, en intratumoral, du paclitaxel encapsuaméliore pas significativement la survie.
Alors que la CED constitue une arme attractive darlatte contre le glioblastome, le concept

des LNC demeure perfectible.

Un des intéréts du procédé de formulation des IESCgu’il n'implique pas I'utilisation

d’'un solvant organique. Cependant, la faible sdibébau sein du Labrafac® CC des principes
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actifs, pourtant hydrophobes, tels que le paclitar&a pas permis de s’affranchir de son
utilisation. Le choix des solvants utilisés a étié én fonction, d’une part, des caractéristigues d
solubilité des principes actifs considérés et, tiapart, des caractéristiques toxicologiques des
solvants considérés. De plus, la possibilité d'éation des solvants par évaporation lors de la
fabrication des LNC, notamment lors des cycleshdmiffage, a été prise en compte. L'éthanol a
permis ainsi de formuler des nanocapsules faibléroleargées en paclitaxel (0.1% ; m/m) et
pour des charges supérieures (1-2% ; m/m), I'atii; de cholestérol et d'un co-solvant, le
dichlorométhane, a été nécessaire. Pour les nasdesap chargées, les résultats de leur
caractérisation montrent que I'emploi de solvantganiques n’a pas altéré le processus
d’inversion de phases. Il semble également queléaance cérébrale des LNC ne soit pas remise
en question. Les LNC de paclitaxel n’entrainent uauaéficit général ou neurologique

comparées aux LNC blanches.

Les LNC blanches sont responsables d'une augnmmmtade survie de 81%,
probablement par leur capacité a interagir avecplmmpes a efflux et a priver les cellules
tumorales d’'un de leur mécanisme de résistanceré&edtats confirment ceux obtenus par les
étudesin vitro. Mais méme si les LNC permettent la libérationtdert prolongée d'agents
cytotoxiquesin vitro, il nous manque des donnéesvivo sur leur fonctionnement. Nous avons
observé que les LNC sont internalisées au seinogiopartiment intra-cellulaire des cellules
tumorales (Photo 12). Elles se retrouvent donerdroit ou le paclitaxel, une fois libéré, pourra
atteindre facilement sa cible que sont les micnaedbdu fuseau mitotique. Ainsi, ce n'est pas le

lieu qui ne convient pas mais peut-étre davantagktique de libération du paclitaxel.
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Photo 12:  LNC fluorescentes chargées en Nile Red localisgesein des cellules striatales

des rats injectés par CED.

Nous avons démontré précédemment que 10% de éaddgogaclitaxel contenue dans les
LNC est relarguée sur 21 jours. Ainsi, malgré largité importante de LNC injectée sur le site
tumoral grace a la CED, la concentration de pa@itabtenue ne semble pas suffisante pour étre
efficace. Il est difficile de connaitre la posolegixacte nécessaire en injection locale puisque
cette voie d’administration n’est pas utilisée euntine. Les seules données dont nous disposons

sont celles concernant la voie intra-veineuse.

La difficulté technologique rencontrée pour isdies LNC nous a empéchés de calculer
les véritables taux d’encapsulation des differ@niiscipes actifs étudiés. Cependant, le calcul du

rendement de récupération pour le paclitaxel eatactére fortement hydrophobe de cet agent
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laissent supposer gu'il est encapsulé en totalitésein des LNC. La capacité de charge en
paclitaxel des LNC par rapport a d’autres typeveldeurs est intéressante. Il a été possible de
formuler des LNC chargées jusqu'a 1 et 2 % en m@ssd.7 a 1.4 % en moles) par rapport aux
constituants lipidiques soit une quantité totalel@ea 20 mg de paclitaxel par préparation (i.e.
11.7 a 23.4 umol) avec une concentration final@ de4 mg/ml de paclitaxel dans la suspension
de LNC. Ces résultats sont a comparer avec ceuenobt avec d’autres systemes
nanoparticulaires chargés en paclitaxel tels que denocapsules et des liposomes de
concentration 0.6 a 1 mg/ml (93). Une facon deepdé manque d’efficacité de nos LNC serait
d’augmenter davantage la concentration de paclitakeapsulée. Malheureusement, il est

difficile d’améliorer ce parameétre sans interféaeec la stabilité des LNC.

Certaines formulations de liposomes ont permisbt@oir des vecteurs de charges
molaires de 3 % en paclitaxel supérieures a celidsnues avec les LNC. Certains auteurs ont
cependant réussi a incorporer dans des nanosptiéseproportions massiques de paclitaxel
largement supérieures a celles obtenue avec les(BM)C Cependant, ces préparations semblent
posséder soit une toxicité potentielle importargeit étre responsable lors des études de
libération in vitro de phénoméne de burst non négligeable (94). Avdise, une phase de
libération initiale plus lente observée avec learghs les plus fortes en principe actif (LNC
formulées avec une charge en paclitaxel de 1 % acdepa celle formulées avec une charge de
0.1%) peut étre observée et serait due a un phérméja observé et modélisé (95). Ces
auteurs proposent I'hypothése de cristallisation phincipe actif au sein du vecteur
nanoparticulaire lorsqu’il est présent en quantit@ortante. Parallélement, d’autres systéemes
nanoparticulaires ayant des propriétés proches LdS, notamment en ce qui concerne
I'inhibition de la MDR, ont été développés maismt'gamais été testés en CED ni en association
avec la radiothérapie: micelles de copolymeressbynthétiques (96) et nanoparticules de poly

(alkyl cyanoacrylate) (97).
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3. CONCLUSION FINALE
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Le concept de thérapie locale est séduisant dapsde en charge des tumeurs gliales de
haut grade. Il permet d’outrepasser la BHE et @pistun index thérapeutique élevé au niveau
du site tumoral initial, la ou se développerontriasdives.

Le gliadel® est le premier implant polymérique &ethir TAMM dans le traitement des
glioblastomes nouvellement diagnostiqués ou réaits. Il libére de la carmustine de fagon
progressive et contrblée.

Cependant, son influence sur la survie reste ntedgssa tolérance n’est pas parfaite. Il
peut étre responsable de nécrose symptomatiqupluBesa conformation empéche la diffusion
intratumorale du principe actif puisqu’il n’est qpposé dans la cavité opératoire.

D’autres vecteurs administrés par injection irdrébrale ont été développés et testés
chez I'animal. D’autres agents cytotoxiques onta¥aués.

Déja connues dans la prise en charge des tumépgtifues primitives ou secondaires,
les microspheres de doxorubicine (1 mg/ml) et wdtécan (100 mg/ml) produites par
Biocompatibles sont bien tolérées une fois injectd®ns le parenchyme cérébral. Méme si leur
effet radiosensibilisant n’a pas été a la hauteuralque nous espérions, nous avons noté que les
microsphéres d’irinotécan amélioraient trés sigativement la survie des rats traités par rapport
aux rats contrdles. Ces résultats ont permis adBipatibles de prétendre a la mise en place
d’une étude clinique de phase I. La constitutiorddssier destiné a 'EMA est en cours.

Nos LNC sont produites par inversion de phasecavg@nt étre chargées avec différents
produits. Nous avons démontré une tendance a I'aotation de la survie des rats en faveur des
LNC de paclitaxel en association avec la radioghéré&+10 jours par rapport au groupe irradié
seul). Bien que les résultats soient non signifisde concept des LNC est séduisant notamment
lorsqu’il est couplé a la CED qui permet l'injecatiintracérébrale de volumes significativement
plus importants avec une tolérance satisfaisanteloB8 souhaite exploiter au maximum

I'ensemble de ses ressources, il reste maintengptiraiser les connaissances sur ce vecteur afin
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avec notamment possibilité d'adressage subcekuktiamélioration de la cinétique de libération
du principe actif.

Quoigu’il en soit, compte-tenu des résultats ob$ean clinique, 'amélioration de nos
outils de thérapie locale ne pourra se faire samaitticipation des thérapies ciblées dont le chef
de file en neuro-oncologie est le bévacizumabolrpit étre intéressant d’étudier I'association
de microsphéres d'irinotécan injectées localementdua bévacizumab introduit par voie
systémigue. Ce schéma permettrait-il I'amélioratitas résultats obtenus actuellement avec la
combinaison de ces deux molécules par voie gérfeRlesque le bénéfice de ce traitement
semble lié en grande partie au bévacizumab, I'emgidol’irinotécan sous forme encapsulée
pourrait peut-étre renforcer sa propre action.

Tout comme des efforts sont faits pour affiner rmmnaissances sur la biologie
moléculaire des tumeurs gliales de haut, des sffawht essentiels dans I'amélioration de nos
outils de traitement. L’amélioration du pronostiesdgliomes passe aussi par la multiplication

des armes thérapeutiques guelles soient localegstémiques.

182



4. REFERENCES
BIBLIOGRAPHIQUES

183



. Bauchet L, Rigau V, Mathieu-Daudé Het al French brain tumor data bank:

Methodology and first results on 10 000 cases.urdancol. 2007 Sep; 84(2):189-99.

. Stupp R, Mason WP, van den Bent M, al Radiotherapy plus concomitant and

adjuvant temozolomide for glioblastoma. N Engl JAVi2005 Mar 10; 352(10):987-96.

. Giese A, Bjerkvig R, Berens MIet al Cost of migration: invasion of malignant gliomas
and implications for treatment. J Clin Oncol. 2@Q& 15; 21(8):1624-36.

. Liang BC, Thornon AF Jr, Sandler HMit al et al. Malignant astrocytomas: focal
recurrence after focal external beam radiationagmer J Neurosurg. 1991 Oct; 75(4):
559-563.

. Wallner KE, Galicich JH, Krol Get al. Patterns of failure following treatment for
glioblastoma mltiforme and anaplastic astrocytoma.J Radiat Oncol Biol Phys. 1989
Jun; 16(6): 1405-09.

. Pirzkall A, Li X, Oh J,et al. 3D MRSI for resected high-grade gliomas before finor
extent according to metabolic activity in relatimmMRI. Int J Radiat Oncol Biol Phys.
2004 May 1; 59(1): 126-37.

. Laprie A, Catalaa I, Cassol Et al Proton magnetic resonance spectroscopic imaging i
newly diagnosed glioblastoma: predictive valuethar site of postradiotherapy relapse in
a prospective longitudinal study. Int J Radiat Qrigiol Phys. 2008 Mar 1; 70(3): 773-
81.

. Bobo RH, Laske DW, Akbasak Aget al. Convection-enhanced delivery of
macromolecules in the brain. Proc Natl Acad Sci A. 3994 Mar 15; 91(6): 2076-80.

. Bankiewicz KS, Eberling JL, Kohutnicka Mgt al Convection-enhanced delivery of

AAV vector in parkinsonian monkeys; in vivo detecti of gene expression and

184



restoration of dopaminergic function using pro-dygproach. Exp Neurol. 2000 Jul,
164(1): 2-14.

10.Diemath HE. Local use of cytostatic drugs followirgmoval of glioblastomas. Wien
Klin Wochenschr. 1987 Oct 9; 99(19):674-6.

11. Heppner F, Diemath HE. Local chemotherapy of btamors. Acta Neurochir (Wien).
1963 Aug 6; 11:287-93.

12.Diemath HE. Perspectives in international neurosiyrg neurosurgery in Austria.
Neurosurgery. 1981 Nov; 9(5):604-5.

13.Brem H, Piantadosi S, Burger P&, al Placebo-controlled trial of safety and efficady o
intraoperative controlled delivery by biodegradaldelymers of chemotherapy for
recurrent gliomas. Lancet. 1995 Apr 22; 345(894608-1012.

14.Valtonen S, Timonen U, Toivanen Bt al Interstitial chemotherapy with carmustine-
loaded polymers for high-grade gliomas: a randodhizdouble-blind study.
Neurosurgery. 1997 Jul; 41(1):44-8; discussion 48-9

15.Westphal M, Hilt DC, Bortey Eget al A phase 3 trial of local chemotherapy with
biodegradable carmustine (BCNU) wafers (Gliadel esgf in patients with primary

malignant glioma. Neuro-oncol. 2003 Apr; 5(2): 7@-8

16.Westphal M, Ram Z, Riddle Wt al Gliadel wafer in initial surgery for malignant
glioma: long-term follow-up of a multicenter conteal trial. Acta Neurochir. 2006 Mar;

148(3):269-75; discussion 275.

17.Menei P, Montero-Menei C, Venier M@t al. Drug delivery into the brain using poly

(lactide-co-glycolide) microspheres. Expert Opiu@Deliv. 2005 Mar; 2(2): 363-76.

18.Menei P, Capelle L, Guyotat &t al. Local and sustained delivery of 5-fluorouracdrfr
biodegradable microspheres for the radiosensitizadf malignant glioma: a randomized

phase Il trial. Neurosurgery. 2005 Feb; 56(2):248i8cussion 242-8.

185



19.Boisdron-Celle M, Menei P, Benoit JP. Preparatiomd acharacterization of 5-
fluorouracil-loaded microparticles as biodegradasafgicancer drug carriers. J Pharm

Pharmacol. 1995 Feb; 47(2), 108-14.

20.Fournier E, Passirani C, Vonarbourg &,al Therapeutic efficacy study of novel 5-FU-
loaded PMM 2.1.2-based microspheres on C6 gliontal Pharm. 2003 Dec 11; 268(1-

2):31-5.

21.Lemaire L, Roullin VG, Franconi Fet al Therapeutic efficacy of 5-fluorouracil-loaded
microspheres on rat glioma: a magnetic resonanegiimg study. NMR Biomed. 2001

Oct; 14(6):360-6.

22.Menei P, Boisdron-Celle M, Croué Aet al Effect of stereotactic implantation of
biodegradable 5-fluorouracil-loaded microspherekdalthy and C6 glioma-bearing rats.

Neurosurgery. 1996 Jul; 39(1):117-23; discussiod+4.2

23.Roullin VG, Deverre JR, Lemaire ket al Anti-Cancer Drug Diffusion Within Rat Brain
Tissue: An Experimental Study Using [3H]-Fluorourdmaded PLGA Microspheres.

Eur J Pharm Biopharm. 2002 May; 53: 293-299.

24.Roullin VG, Lemaire L, Venier-Junienne M@t al Release kinetics of 5-fluorouracil-
loaded microspheres on an experimental rat glioArgicancer Res. 2003 Jan-Feb;

23(1A):21-5.

25.Roullin VG, Mege M, Lemaire Let al. Use of 5-fluorouracil loaded microspheres: in
vivo efficient radiosensitization and increasedecuate on an experimental glioma.

Pharm Res. 2004 Sep; 21(9):1558-63.

186



26.Veziers J, Lesourd M, Jollivet Ggt al Analysis of brain biocompatibility of drug
releasing biodegradable microspheres by scannidgransmission electron microscopy.
J Neurosurg. 2001 Sep; 95(3), 489-94.

27.Menei P, Jadaud E, Faisant Mt al Stereotaxic implantation of 5-FU releasing

microspheres in malignant glioma. Cancer. 200415a1.00(2): 405-10.

28.Menei P, Capelle L, Guyotat &t al Local and sustained delivery of 5-fluorouracarfr
biodegradable microspheres for the radiosensitizadf malignant glioma: a randomized

phase Il trial. Neurosurgery. 2005 Feb; 56(2):248i8cussion 242-8.

29.Kroin JS, Penn RD. Intracerebral chemotherapy: mhranicroinfusion of cisplatin.
Neurosurgery. 1982 Mar; 10(3):349-54.
30.Nakai E, Park K, Yawata Tet al Enhanced MDR1 expression and chemoresistance of

cancer stem cells derived from glioblastoma. Catroerst. 2009 Nov; 27(9):901-8.

31.Heurtault B, Saulnier P, Pech Bt al A novel phase inversion-based process for the
preparation of lipid nanocarriers. Pharm Res. 2002 19(6): 875-80.

32.Garcion E, Lamprecht A, Heurtaultd al A new generation of anticancer, drug-loaded,
colloidal vectors reverses multidrug resistancglioma and reduces tumor progression

in rats. Mol Cancer Ther. 2006 Jul; 5(7): 1710-22.

33.Laperriere N, Zuraw L, Cairncross G; Cancer Caréafdm Practice Guidelines Initiative
Neuro-Oncology Disease Site Group: Radiotherapy rfewly diagnosed malignant

glioma in adults: a systematic review. Radiothec@n2002 Sep; 64(3): 259-73.

34.Kristiansen K, Hagen S, Kollevold &t al Combined modality therapy of operated
astrocytomas grade lll and IV. Confirmation of tredue of postoperative irradiation and
lack of potentiation of bleomycin on survival timeeprospective multicenter trial of the

Scandinavian Glioblastoma Study Group. Cancer. F2#i15; 47(4): 649-52.

187



35.Cairncross G, Macdonald D, Ludwin Sgt al Chemotherapy for anaplastic
oligodendroglioma. National Cancer Institute of @aa Clinical Trials Group. J Clin
Oncol. 1994 Oct; 12(10):2013-21.
36.Cairncross G, Berkey B, Shaw &, al Phase lll trial of chemotherapy plus radiotherapy
compared with radiotherapy alone for pure and miaedplastic oligodendroglioma:
Intergroup Radiation Therapy Oncology Group TridD2. J Clin Oncol. 2006 Jun 20;
24(18): 2707-14.
37.Van den Bent MJ, Carpentier AF, Brandes AAal. Adjuvant procarbazine, lomustine,
and vincristine improve progression-free survivait mot overall survival in newly
diagnosed anaplastic oligodendrogliomas and oligpagomas: a randomized European
Organisation for Research and Treatment of Canlease lll trial. J Clin Oncol. 2006
Jun 20; 24(18): 2715-22.
38.Van den Bent MJ, Taphoorn MJ, Brandes Aét al. Phase Il study of first-line
chemotherapy with temozolomide in recurrent oligatteglial tumors: the European
Organization for Research and Treatment of CancainBrumor Group Study 26971. J
Clin Oncol. 2003 Jul 1; 21(13): 2525-8.
39.Rousseau J, Barth RF, FernandezeiMal Efficacy of intracerebral delivery of cisplatin
in combination with photon irradiation for treatmei brain tumors. J Neurooncol. 2009
Dec 11.
40.Biston MC, Joubert A, Adam Jfet al. Cure of Fisher rats bearing radioresistant F98
glioma treated with cis-platinum and irradiatedhwitonochromatic synchrotron X-rays.
Cancer Res. 2004 Apr 1; 64(7):2317-23.
41.Himmelseher S, Durieux ME. Revising a dogma: keteior patients with neurological

injury? Anesth Analg. 2005 Aug; 101(2):524-34.

188



42.Franko AJ, Koch CJ, Boisvert DP. Distribution of smmnidazole adducts in 9L
gliosarcoma tumors and spheroids: implications deygen distribution. Cancer Res.
1992 Jul 15; 52(14):3831-7.

43.Barth RF, Kaur B. Rat brain tumor models in expemtal neuro-oncology: the C6, 9L,
T9, RG2, F98, BT4C, RT-2 and CNS-1 gliomas. J Nencol. 2009 Sep; 94(3):299-312.

44.Lewis AL, Gonzalez MV, Lloyd AWet al DC bead: in vitro characterization of a drug-
delivery device for transarterial chemoembolizatidnVasc Interv Radiol. 2006 Feb;

17:335-42.

45.Lewis AL, Taylor RR, Hall Bt al Pharmacokinetic and safety study of Doxorubicin-
eluting Beads in a porcine model of hepatic artemmbolization. J Vasc Interv Radiol.

2006 Aug; 17(8):1335-43.

46.Lewis AL, Gonzalez MV, Leppard SVt al Doxorubicin eluting beads - 1: effects of
drug loading on bead characteristics and drugibligton. J Mater Sci Mater Med. 2007

Sep; 18(9):1691-9.

47.Keese M, Gasimova L, Schwenke K, Yagublu V, Shangdissner R, Lewis A, Samel
S, L6hr M. Doxorubicin and Mitoxantrone Drug EludirBeads for the treatment of
experimental peritoneal carcinomatosis in colodecéacer. Int. J. Cancer. 2009 Jun 1,

124(11), 2701-2708.

48.Aliberti C, Benea G, Tilli M,et al. Chemoembolization (TACE) of Unresectable
Intrahepatic Cholangiocarcinoma with Slow-Releas@xdubicin-Eluting Beads:
Preliminary Results. Cardiovasc Intervent RadifD& Sep-Oct; 31(5):883-8.

49. Malagari K, Chatzimichael K, Alexopoulou Et al Transarterial chemoembolization of
unresectable hepatocellular carcinoma with drugirgjuoeads: results of an open-label

study of 62 patients. Cardiovasc Intervent Radio08 Mar-Apr; 31(2):269-80.

189



50.de Baere T, Deschamps F, TeriitheaweCal Transarterial chemoembolization of liver
metastases from well differentiated gastroenterogatic endocrine tumors with
doxorubicin-eluting beads: preliminary results. Js¥ Interv Radiol. 2008 Jun;
19(6):855-61.

51.Lencioni R, Crocetti L, Petruzzi Pet al Doxorubicin-eluting bead-enhanced
radiofrequency ablation of hepatocellular carcinoapilot clinical study. J Hepatol.
2008 Aug; 49(2):217-22.

52.Poon RT, Tso WK, Pang RWkt al A phase I/ll trial of chemoembolization for
hepatocellular carcinoma using a novel intra-aaterdrug-eluting bead. Clin
Gastroenterol Hepatol. 2007 Sep; 5(9):1100-8.

53.Gonzalez MV, Tang Y, Phillips G&t al Doxorubicin eluting beads-2: methods for
evaluating drug elution and in-vitro: in-vivo colaBon. J Mater Sci Mater Med. 2008
Feb; 19(2):767-75.

54. Aliberti C, Tilli M, Benea G,et al Trans-arterial chemoembolization (TACE) of liver
metastases from colorectal cancer suing irinotetating beads: preliminar results.
Anticancer Res. 2006; 26 (5B): 3793-5.

55.Eyol E, Boleij A, Taylor RRet al. Chemoembolisation of rat colorectal liver metasta
with drug eluting beads loaded with irinotecan axarubicin. Clin Exp Metastasis.
2008; 25(3):273-82.

56.Fiorentini G, Aliberti C, Turrisi Get al Intraarterial hepatic chemoembolization of liver
metastases from colorectal cancer adopting irioteduting beads: results of a phase I
clinical study. In Vivo. 2007 Nov-Dec; 21(6):1085.

57.Tang Y, Czuczman PR, Chung Sat, al Preservation of the active lactone form of
irinotecan using drug eluting beads for the treatinod colorectal cancer metastases. J

Control Release. 2008 Apr 7; 127(1):70-8.

190



58.Forster REJ, Small SA, Tang ¥t al Comparison of DC Bead-Irinotecan and DC Bead-
Topotecan Drug Eluting Beads for use in locorediaitag delivery to treat pancreatic

cancer, J. Mater. Sci.: Mater Med, in press, 2010.

59.Keese M, Gasimova L, Schwenke &, al Doxorubicin and Mitoxantrone Drug Eluting
Beads for the treatment of experimental peritomaatinomatosis in colorectal cancer.

Int. J. Cancer. 2009; 124(11), 2701-2708.

60.Buie LW, Valgus J. Bevacizumab: A Treatment Option Recurrent Glioblastoma

Multiforme. Ann Pharmacother. 2008 Oct; 42(10): 6-48).

61.Zuniga RM, Torcuator R, Jain Rt al Efficacy, safety and patterns of response and
recurrence in patients with recurrent high-gradengas treated with bevacizumab plus

irinotecan. J Neurooncol. 2009 Feb; 91(3):329-36.

62.Vredenburgh JJ, Desjardins A, Reardon [@A,al Experience with irinotecan for the

treatment of malignant glioma. Neuro Oncol. 2008;RAe.(1):80-91.

63.Feun L, Savaraj N. Topoisomerase | inhibitors fag treatment of brain tumors. Expert

Rev Anticancer Ther. 2008 May; 8(5):707-16.

64.Benjamin RS. Pharmacokinetics of doxorubicin (NX31127) in patients with sarcomas.

Cancer Chemother Rep. 1974; 58(2):271-273.

65.Benjamin RS, Riggs CE Jr, Bachur NR. Pharmacoligsetand metabolism of

doxorubicin in man. Clin Pharmacol Ther.1973; 1442-600.

66.Merker PC, Lewis MR, Walker MDet al Neurotoxicity of doxorubicin (doxorubicin)
perfused through the cerebrospinal fluid spaceshefrhesus monkey. Toxicol Appl

Pharmacol. 1978; 44(1):191-205.

191



67.Neuwelt EA, Pagel M, Barnett Rt al Pharmacology and toxicity of intracarotid
doxorubicin administration following osmotic bloddain barrier modification. Cancer

Res. 1981, 41 (11 Pt 1):4466-4470.

68.Ohnishi T, Tamai I, Sakanaka Kt al. In vivo and in vitro evidence for ATP-dependency
of P-glycoprotein-mediated efflux of doxorubicin #ite bloodbrain barrier. Biochem

Pharmacol 1995; 49(10):1541-1544.

69.Abe T, Hasegawa S, Taniguchi Kt al Possible involvement of multidrug-resistance-
associated protein (MRP) gene expression in speatandrug resistance to vincristine,

etoposide and doxorubicin in human glioma cellsJI€ancer. 1994; 58(6):860—864.

70.Darling JL, Thomas DG. Response of short-term ce#tulerived from human malignant
glioma to aziridinylbenzoquinone, etoposide andattakicin: an in vitro phase Il trial.

Anticancer Drugs. 2001; 12(9):753-760.

71.Stan AC, Casares S, Radu &,al Doxorubicin-induced cell death in highly invasive

human gliomas. Anticancer Res. 1999; 19(2A):941--950

72.Lin R, Shi Ng L, Wang CH. In vitro study of antica@r drug doxorubicin in PLGA-

based microparticles. Biomaterials. 2005 Jul; 26:62176-85.

73.Mamot C, Drummond DC, Greiser gt al. Epidermal growth factor receptor (EGFR)-
targeted immunoliposomes mediate specific and iefficdrug delivery to EGFR- and

EGFRUVIII overexpressing tumor cells. Cancer Re9320un 15; 63(12):3154-61.

74.Muldoon LL, Neuwelt EA. BR96-DOX immunoconjugatedating of chemotherapy in

brain tumor models. J Neurooncol. 2003 Oct; 65@)62.

192



75.Pavillard V, Kherfellah D, Richard &t al Effects of the combination of camptothecin
and doxorubicin or etoposide on rat glioma celld eamptothecin-resistant variants. Br J

Cancer. 2001 Sep 28; 85(7):1077— 1083.

76.Saito R, Bringas JR, McKnight TRt al. Distribution of liposomes into brain and rat
brain tumor models by convection-enhanced delineopitored with magnetic resonance

imaging. Cancer Res. 2004; 64(7): 2572-2579.

77.Saul JM, Annapragada A, Natarajan J&t al Controlled targeting of liposomal
doxorubicin via the folate receptor in vitro. J @ohRelease. 2003 Sep 19; 92 (1-2):49—-

67.

78.Stan AC, Casares S, Radu &,al Doxorubicin-induced cell death in highly invasive

human gliomas. Anticancer Res. 1999 Mar-Apr; 19(2A)—950.

79. Steiniger SC, Kreuter J, Khalansky A& ,al Chemotherapy of glioblastoma in rats using

doxorubicin-loaded nanoparticles. Int J Cancer420@y 1; 109(5):759—-767.

80.Voulgaris S, Partheni M, Karamouzis k&, al. Intratumoral doxorubicin in patients with

malignant brain gliomas. Am J Clin Oncol. 2002 F25(1):60—64.

81.Lesniak MS, Upadhyay U, Goodwin &d al. Local delivery of doxorubicin for the
treatment of malignant brain tumors in rats. Anmimer Res. 2005 Nov-Dec;

25(6B):3825-31. Erratum in: Anticancer Res. 2006-Bab; 26(1a):445.

82.Blates S, Freund I, Lewis AL, Nolte I, Brinker T.okKorubicin and Irinotecan Drug-
eluting Beads for treatment of glioma: a pilot sudya rat model. J. Mater. Sci.: Mater

Med, in press, 2010.

193



83.Heimberger AB, Archer GE, McLendon REet al Temozolomide delivered by
intracerebral microinfusion is safe and efficaciagginst malignant gliomas in rats. Clin
Cancer Res. 2000 Oct; 6(10):4148-53.

84.Kaiser MG, Parsa AT, Fine Rlet al Tissue distribution and antitumor activity of
topotecan delivered by intracerebral clysis in tagleoma model. Neurosurgery. 2000
Dec; 47(6):1391-8; discussion 1398-9.

85.Kroin JS, Penn RD. Intracerebral chemotherapy: mhranicroinfusion of cisplatin.
Neurosurgery. 1982 Mar; 10(3):349-54.

86.Popperl G, Goldbrunner R, Gildehaus Efal. O-(2-[18F]fluoroethyl)-L-tyrosine PET
for monitoring the effects of convection-enhancetivery of paclitaxel in patients with
recurrent glioblastoma. Eur J Nucl Med Mol Imagi@g05 Sep; 32(9):1018-25.

87.Mardor Y, Roth Y, Lidar Z.et al. Monitoring response to convection-enhanced taxol
delivery in brain tumor patients using diffusionigl#ed magnetic resonance imaging.
Cancer Res. 2001 Jul 1; 61(13):4971-3.

88.Lidar Z, Mardor Y, Jonas Tet al Convection-enhanced delivery of paclitaxel foe th
treatment of recurrent malignant glioma: a phaHeclihical study. J Neurosurg. 2004
Mar; 100(3):472-9.

89.Glantz MJ, Choy H, Kearns CMgt al Paclitaxel disposition in plasma and central
nervous systems of humans and rats with brain tsindoNatl Cancer Inst. 1995 Jul 19;
87(14):1077-81.

90.Cahan MA, Walter KA, Colvin OMet al Cytotoxicity of taxol in vitro against human
and rat malignant brain tumors. Cancer ChemotharrR&col. 1994 Apr 15; 33(5):441-4.

91.Altinoz MA, Bilir A, Del Maestro RF et al Noscapine and diltiazem augment taxol and
radiation-induced S-phase arrest and clonogenithdef C6 glioma in vitro. Surg

Neurol. 2006 May; 65(5):478-84; discussion 485.

194



92.Chalmers AJ, Ruff EM, Martindale Gt al Cytotoxic effects of temozolomide and
radiation are additive- and schedule-dependent] Radiat Oncol Biol Phys. 2009 Dec
1;75(5):1511-9.

93.Bartoli MH, Boitard M, Fessi Het al In vitro and in vivo antitumoral activity of fresnd
encapsulated taxol. J Microencapsul. 1990 Apr-J(@y; 191-7.

94.Mu L, Feng SS. PLGA/TPGS nanopatrticles for contalielease of paclitaxel: effects of
the emulsifier and drug loading ratio. Pharm R€@93?Nov; 20(11): 1864-72.

95. Polakovic M, Gorner T, Gref Ret al. Lidocaine loaded biodegradable nanospheres. Il.
Modelling of drug release. J Control Release. 189§ 5; 60(2-3): 169-77.

96.Batrakova EV, Li S, Elmquist WFet al Mechanism of sensitization of MDR cancer
cells by Pluronic block copolymers: Selective egedgpletion. Br J Cancer. 2001 Dec
14; 85(12): 1987-97.

97.Vauthier C, Dubernet C, Chauvierre € al Drug delivery to resistant tumors: the
potential of poly (alkylcyanoacrylate) nanopart&clel Control Release. 2003 Dec 5;

93(2): 151-60.

195



5. LEGENDES

196



FIGURES

Figure 1. Représentation des propriétés infiltrantes desetus gliales de haut grade (en
situation pré-opératoire).

Figure 2: Brachythérapie adaptée aux tumeurs cérébrales feooe d'implants d’iode
radioactif ou de cathéter intracranien délivrant ldede radioactive sous forme liquide

(Gliasite®).

Figure 3: Représentation d’un montage de Convection-Enhardelivery en pratique

préclinique. Adaptation sur le cadre de stéréotdmienatériel d’injection relié a la pompe.

Figure 4. Formule chimique de l'acide poly (1,3-bis (carbokgpoxy) propane-co-

sabacique (Polifeprosan®), polymére utilisé darfsraulation du Gliadel®.

Figures 5A et B: Procédé de fabrication des nanocapsules lipidi{LI¢€).

Figure 6: Représentation schématique des différents systairethérapie locale et leur
diffusion. a: Implants monolithiques de Gliadel ®; Injection de microsphéres de 5-Fu; c:
Injection de substances en solution par CED.

Figure 7: Procédé de chargement des microsphéres en dogiokibi

Figure 8: Exemples de microspheres chargées en doxorubitigpmnibles sur le marché
variant en taille et en concentration.

Figure 9: lllutrations des propriétés des LNC, notammemtiénomene anti-MDR.
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PHOTOS

Photo 1: Injection locale directe intra-parenchymateuse lm@té a la seringue d’'un soluté

en per opératoire.

Photos 2A et B: lllustration d’'un montage de Convection-Enhancedivieey en pratique
clinique. A: Implantation au sein du parenchymeébéal de cathéters. B: Montage reliant les

cathéters au systeme de pompe a l'aide de tubudtmaeshes.

Photo 3: Premiéres applications cliniques déponges de gélatine imbibées d’agents

cytotoxiques.

Photo 4: Implant de Gliadel®.
Photo 5: Microsphéres de 5-FU en suspension.
Photo 6 Exemple de chargement des microspheres (300-590qn doxorubicine a 1

minute (a), 10 minutes (b) et 20 minutes (c).

Photo 7: Seringue Hamilton classiquement utilisée pouridgsctions intracraniennes chez
le rat.
Photo 8: Différences de concentrations en microsphéres dalonéthode de prélevement

utilisée. Gauche: Deux gouttes de 10ul de soludmmicrosphéres provenant d’une pipette avec
cbne jaune; Droite: Deux gouttes de 10 ul de smiutie microsphéres provenant d’une seringue
Hamilton (21G).

Photo 9 Montage de CED chez le rat pour les injectiomisagraniennes.

Photo 10:  Injections intracraniennes des microsphéres blandbeBiocompatibles avec une
seringue a tuberculine Kendall Monoject de 1 ml téerd’'une aiguille BD Hypodermique 0,6x

25mm de 23G.
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Photo 11 Nécrose cérébrale observée chez nos rats traptgsles CM-BC1l a la

concentration de 10 mg/ml.

Photo 12:  LNC fluorescentes chargées en Nile Red localisgesein des cellules striatales

des rats injectés par CED.
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SCHEMAS

Schéma 1l Cinétique de libération du 5-FU par les microspkée

Schéma 2: Schéma thérapeutique (bras RTE+TMZ) évalué dassdierandomisé de phase

[l mené par TEORTC et le NCIC (Schéma de STUPR) (
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RESUME

Une des difficultés rencontrées lors de I'admiaitihn d’agents thérapeutiques au sein du
parenchyme cérébral peut étre résolue par ['utiiea de nouvelles formes galéniques
implantables. Nous montrons dans ce travail la digatibilité dans le cerveau de rat des
microsphéeres synthétisées par Biocompatibles faeife injectées par stéréotaxie et chargées en
doxorubicine (1mg/ml) (CM-BC1) ou en irinotécan Qb@g/ml) (CM-BC2). Nous avons ensuite
rapporté 'efficacité des CM-BC2 sur le gliome 9iL cht avec une amélioration significative de
la survie par rapport aux groupes non traité otétggar microspheres blanches. La combinaison
des traitements n'améliore pas significativemersiuievie par rapport a la radiothérapie seule. La
récente expansion des nanotechnologies associégragxés des méthodes mini-invasives
d’administration intracérébrale de médicamentseoffopportunité d’améliorer ces résultats.
Nous avons étudi€, toujours sur lemodele 9L, lteféeliosensibilisant du paclitaxel, injecté en
intratumoral par Convection-Enhanced Delivery (CE&) vectorisé par des nanocapsules
lipidiques (LNC) développées par le laboratoiree4andance a I'augmentation se profile en
faveur des LNC de paclitaxel qui permettent I'olitam de la meilleure médiane de survie (+10
jours par rapport au groupe irradié seul). Bien dee résultats soient non significatifs,
I'association d’une chimiothérapie locale a la otldérapie est intéressante. Il reste maintenant a
optimiser les connaissances sur ce vecteur aveenmoént possibilité d’adressage subcellulaire
et amélioration de la cinétique de libération dingpe actif.

Mots Clés :
Irinotécan, Doxorubicine, Paclitaxel, microspheremocapsules, gliome, radiosensibilisation.

Difficulties in drug administration in the CNS cdme resolved by the use of new polymeric
devices. This work demonstrates that beads load#d dexorubicin (1mg/ml) (CM-BC1) or
with irinotecan (100mg/ml) (CM-BC2) and developeg Biocompatible are safe when
implanted in rat brain by stereotaxy. CM-BC2 arkcefnt on 9L rat glioma with a significant
improvement of survival compared to the untreated anloaded beads groups. But the
combination of treatments isn’t as good as attechptampared to the radiation therapy. The
development of nanotechnology-based chemotherapyimprove these results. Pursuing on
newly developed biocompatible lipid nanocapsuletNG) that can improve efficacy of
encapsulated drug together with revert multidrugistance, we evaluated the potential
radiosensitizing effects of paclitaxel-loaded LNG@manistered through CED in the 9L
intracranial rat glioblastoma model. Although tHgED with paclitaxel-loaded LNC” group had
the best median of survival of 54 days (twice nmibi@n the untreated group), the addition of a
free or encapsulated local chemotherapy did notorgsignificantly the survival. While CED
constitutes an attractive weapon against gliobhaatahe LNC concept remains perfectible with
improvement of the sustained release or subcellaigeting.

Keys Words:
Irinotecan, Doxorubicin, Paclitaxel, beads, nanscégs, glioma, radiosensitization.
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