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INTRODUCTION GENERALE

1. Le mélanome

1.1. En quelques chiffres

Le cancer est une cause majeure de déces dans le monde, a 1’origine de 8,2 millions de déces en
2012, soit environ 13 % de la mortalité¢ mondiale (site de I’OMS, www.who.int). Avec environ 8 250
nouveaux cas estimés et 1 570 déces en France en 2010, le mélanome, cancer de la peau le plus
fréquent, se situe au neuvieme rang des cancers tous sexes confondus, et se place au onziéme rang
des cancers masculins et au neuvieéme rang des cancers féminins (site de I'INCA, http://www.e-
cancer.fr).

Parmi I’ensemble des cancers, le mélanome est celui qui montre la plus forte augmentation
d’incidence depuis ces trente dernieres années [1]. Une incidence mondiale qui a doublé en 15 ans et
qui est estimée en 2011 a 10,5 cas pour 100 000 hommes et 9,7 cas pour 100 000 femmes (Figure 1).
En 2010, une étude statistique américaine a montré que les cancers cutanés tels que le mélanome
touchaient majoritairement le type caucasien avec une incidence de 29 cas pour 100 000 caucasiens
contre 1 cas pour 100 000 non-caucasiens (Etude du National Cancer Institute). Cette étude a
¢galement démontré que, malgré un age médian des patients de 61 ans, le mélanome touche de fagon

non négligeable une population plus jeune (25-30 ans), voire adolescente.

Taux standardicé monde pour 100 000 personnes-annbes

1#50 1965 1590 1995 000 2005 am
prajections
ANNEE
Figure 1 : Incidence mondiale du mélanome en fonction du sexe des patients (issu du site

www.mélanome-patients.fr)
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1.2. Les facteurs de risque

Plusieurs facteurs de risque pour le mélanome sont aujourd’hui reconnus grace aux données
statistiques. On sait aujourd’hui que les personnes de type caucasien ont bien plus de risque que les
personnes avec une hyperpigmentation, car celle-ci leur offre un effet protecteur [2]. L’age et le
genre sont aussi des facteurs de risque de développement d’un mélanome. Si les femmes sont
préférentiellement touchées lorsqu’elles sont jeunes, les hommes ont, eux, 1,6 fois plus de risques
d’étre atteint de cette pathologie au cours de leur vie. Cependant, les deux facteurs principaux décrits

a ’heure actuelle sont les antécédents familiaux et les expositions aux ultra-violets (UV).

1.2.1.  Les antécédents familiaux

De nombreuses pathologies cancéreuses ont vu un lien de transmission entre les générations,
comme le cancer du sein avec la mutation du géne BRCA1 [3]. Pour le mélanome, une histoire
familiale avec une multiplication de cas de mélanome augmente le risque individuel de développer
cette maladie jusqu’a un facteur 3 a 6 [4]. Le risque est d’autant plus grand que le nombre de
membres affectés est important [5].

Le premier cas d’historique familial pour le mélanome fait I’objet d’un rapport écrit au début du
XIXeme siecle par un chirurgien britannique, William Norris [6]. Il faudra attendre le milieu du
XXeéme siecle, pour que soir réalisée la description du Syndrome « Familial Multiple Mole and
Melanoma » (FAMM) par Clark et Lynch [7, 8]. Ce syndrome familial est annoncé lorsque plusieurs
membres familiaux (au moins deux) de parenté proche (frére, soeur, oncle, tante) déclarent des
mélanomes ou des naevi dysplasiques (grain de beauté atypique).

Il existe aussi le Syndrome de Naevus Dysplasique (SND) caractérisé par la présence d’un
nombre important de grains de beauté (50-100 nevi) avec au moins 1’un d’entre ayant un diamétre
supérieur a § mm ou une forme atypique [9].

Récemment, les analyses génomiques ont mis en évidence les geénes impliqués dans Ie
développement du mélanome familial. Dans 20 a 40% de ces mélanomes, des mutations du gene
CDKNZ2A codant pour la protéine Cyclin-dependent Kinase 2a (CDK) ou pl6 ont été démontrées
[10]. De plus, le géne CDK4 [11], le géne du xeroderma pigmentosum [12], le géne du récepteur de
la melanocortin-1 (MCIR) [13] et le géne codant pour la protéine kinase B-Raf [14] ont tous montré

une relation avec les formes de mélanome familial (cf. Introduction, § 1.4.5).

1.2.2.  L’exposition solaire
Si les mécanismes de transformation des nevi en mélanomes malins sont aujourd’hui encore mal
définis, il apparait clairement que ’exposition aux radiations UV est le facteur environnemental

contribuant majoritairement a la formation de mélanome [15].
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Les radiations UV sont classées en deux catégories, les UVA et les UVB, selon leur longueur
d’onde. Les UV A ont une longueur d’onde comprise entre 320-400 nm, alors que les UVB se situent
entre 280-320 nm [16]. Alors que les UVA sont normalement superficiels avec une atteinte de
I’épiderme, les UVB, eux, peuvent atteindre une profondeur plus importante dans le derme de la
peau. Naturellement, les rayons solaires sont filtrés au niveau de I’atmosphere avec la couche
d’ozone. Cependant, les UV peuvent passer au travers ce filtre et sont alors responsables des coups
de soleil. Les expositions répétées a ces rayonnements et I’accumulation de brilures lors des coups
de soleil ont toutes deux une corrélation directe avec ’apparition de mélanome malin [17].

Pourquoi I’exposition aux UV favorise-elle 1’apparition de mélanome ? L’exposition importante
de la peau au soleil, conduisant a une exposition aux UVA et les UVB, s’accompagne d’altérations
de la structure de I’ADN, méme pour des doses inférieures a celles déclenchant des coups de soleil.
Les systémes cellulaires de réparation des dommages de I’ADN (cascade de signalisation induisant
Check1/2), qui ont en charge I’intégrité de I’ensemble des genes, peuvent étre saturés lors
d’expositions intenses et/ou répétées, ce qui a pour conséquence l’apparition de mutations
génétiques, voire le développement tumoral (Fiche prévention, Rayonnements ultraviolets et risques

de cancers, INCA) [18].

Si I’environnement naturel nous expose aux UVB, les UVA sont principalement utilisés pour les
cabines de bronzage dans les établissements esthétiques. Les UVA sont en effet connus pour
pénétrer plus profondément dans les tissus, contrairement aux UVB qui restent plus superficiels. Les
rayonnements UV A, donc, ont été historiquement percus comme moins susceptibles de causer des
coups de soleil nuisibles au niveau superficiel. Cependant, de récentes études ont désormais prouvé
une corrélation significative entre 1’utilisation des cabines UV et le risque de formation de mélanome
[19, 20]. Ce risque apparait d’autant plus important si I’utilisation des cabines est réguliere ; mais il
diminue avec I’age. Depuis 2009, l'exposition aux installations de bronzage artificiel est reconnue
comme cancérigeéne [21]. Avec une incidence record du mélanome, 1’Australie devrait &tre cette

année le premier pays a réglementer 1’utilisation des cabines de bronzage [2].
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Figure 2 : Message publicitaire représentant les cinq précautions avant et pendant une exposition au
soleil, extrait du site de ’'INCa
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1.2.3.  La prévention et le dépistage

La fagon la plus efficace d'atténuer le risque de développer un mélanome est de réduire
l'exposition aux UV. Une prévention accrue a ét¢ menée depuis la derniére décennie en collaboration
avec I’Institut National du Cancer (INCa). La prévention passe par la médiatisation de cing
précautions indispensables a prendre en cas d’exposition : éviter I’exposition entre 10h et 14h,
rechercher I’ombre, se protéger avec des vétements, des lunettes adaptées et un chapeau, renouveler
régulierement la créme solaire avec un indice adapté et prendre plus de précautions envers les
enfants et les adolescents (Figure 2).

D’ailleurs, comment fonctionne une créme solaire ? Leur mode d’action se base sur la capacité de
certaines molécules a arréter les UV. On distingue deux catégories de molécules : les filtres
minéraux ou les filtres chimiques. Les filtres minéraux vont agir comme des miroirs, se sont, entre
autres, les crémes a base d'oxyde de titane, de talc, ou encore d'oxyde de zinc. Les filtres chimiques,
quant a eux, fonctionnent comme la mélanine. Ils absorbent les UV en passant par un état
d’excitation, puis retourne a un état stable, pouvant ainsi recommencer un cycle. Les filtres
chimiques sont les molécules telles que les esters cinnamiques, les salicylates, les dérivés du
camphre, ou encore les benzophénones. Leurs propriétés leur permettent alors de stopper les UVA,
ou les UVB. Une meilleure protection sera donc apportée par un mélange de principes actifs.

L’un des challenges du traitement du mélanome consiste également a mettre en place des moyens
de dépistage précoce de la pathologie. Un mélanome localisé sera de trés bon pronostic, aprés une
simple ablation du grain de beauté, contrairement aux formes métastasées (cf. Introduction, § 1.3).
Pour cela, cinq criteres simples et facilement identifiables sont utilisés et communiqués au grand
public au sein des cabinets médicaux et a travers les spécialistes dermatologues, afin de différencier

et suspecter la présence d’un mélanome.

Ces signes sont résumés par le sigle ABCDE (Figure 3). Un mélanome présentera
préférentiellement :

» une Asymétrie : les Iésions du mélanome ne sont ni rondes, ni réguliérement ovales

» des Bords irréguliers : les contours des mélanomes sont festonnés, dentelés ou mal définis

» une Couleur inhomogéne : le mélanome comporte des dégradés marron, brun clair, roux,
blanc et/ou des zones bleu-noir

»un Diamétre supérieur a 6 mm : au-dessus de ce diameétre, les 1ésions sont hautement
suspectées d'étre des mélanomes

» une Evolution : se traduisant par une augmentation de taille, de volume, ou un changement

de couleur, ou de forme.
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Figure 3 : ABCDE du mélanome permettant d’évaluer la malignité d’un grain de beauté

La mise en évidence d’un ou plusieurs de ces signes doit alerter le patient a effectuer un examen
plus approfondi par un professionnel de santé. Si la suspicion persiste apreés examen visuel, une

biopsie sera réalisée afin de vérifier s’il s’agit d’'un mélanome malin.

1.3. Le développement et le pronostic des mélanomes
1.3.1. Développement et description pathologique
»  Le développement tumoral

Le mélanome est un cancer dérivant des mélanocytes, les cellules pigmentaires de notre peau,
situées entre le derme et I’épiderme. Paradoxalement, les mélanocytes permettent normalement la
protection contre les UV grace a la production de la mélanine, pigment a 1’origine de la couleur de la
peau et des cheveux. Dans le cas du mélanome, certaines de ces cellules pigmentaires dérivent d’un
neavus et proliférent jusqu’a la formation d’un mélanome in situ (Figure 4).

Le mélanome in situ est caractérisé par une phase d’extension horizontale toujours au niveau
superficiel du derme. Par définition, le mélanome in situ n’a pas atteint la membrane basale. Par
conséquent, il n’a pas acces aux vaisseaux sanguins, ni lymphatiques et n’a pas de risque de former
des métastases. Suite a cette premiére phase de prolifération, la croissance s’étend a la verticale et
progresse en profondeur dans le derme et I’hypoderme. Cette phase d’extension verticale donne lieu
a des lésions palpables. Plus la masse tumorale s’enfonce, plus il y a de risque qu’elle soit en contact
avec des vaisseaux lymphatiques ou sanguins et qu’elle provoque une dissémination des cellules
tumorales (Figure 4.). On distingue alors deux stades: les mélanomes loco-régionaux et les
mélanomes métastasés. Les ganglions lymphatiques proches du mélanome sont les premiers touchés
et forment les métastases en transit, caractéristiques des mélanomes loco-régionaux. Puis, les cellules
cancéreuses vont se propager vers d'autres tissus ou organes plus ¢loignés et ainsi former des
métastases a distance, caractéristiques des mélanomes de haut grade. Ces métastases a distance sont

fréquemment localisées sur la peau et dans les ganglions lymphatiques, mais on les retrouve
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également au niveau des poumons, du foie et du cerveau. Aujourd’hui, le pronostic des patients
diagnostiqués pour un mélanome métastatique est dramatique, avec une médiane de survie comprise

entre 2 et 10 mois et une survie a 5 ans de 5 a 10% [22, 23].

MELANOME IN SITU MELANOME INVASIF

épiderme
derme
L %w hypoderme ﬁ[,‘z’w
La tumeur reste au niveau de I'épiderme La tumeur franchit I'épiderme et

atteint le derme

MELANOME LOCO-REGIONAL MELANOME METASTATIQUE

Des mélanocytes cancéreux migrent Des métastases atteignent les
dans la circulation sanguine et organes profonds (foie, o0s...)
colonisent les ganglions proches de
la tumeur

Figure 4 : Développement du mélanome avec les différentes phases de progression (issu du site
www.melanome-patients.fr)

» Catégories histologiques

On classe les mélanomes selon cinq catégories histologiques basées sur la localisation et la
croissance : le mélanome superficiel extensif, le mélanome nodulaire, le lentigo malin, le mélanome
acral lentigineux et le mélanome desmoplastique. Cependant, la catégorie histologique du mélanome
n’influence pas majoritairement le pronostic du patient. Cela étant dit, certains types histologiques
sont plus susceptibles d'étre détectés a un stade avancé, ce qui affecte indirectement le pronostic
associé [2].

Le mélanome superficiel extensif correspond au type de mélanome le plus fréquent (60-70 % des
mélanomes). Il n'est pas nécessairement associé a I’exposition au soleil, et peut toucher tout tissu
dermique. Comme son nom l'indique, le mélanome superficiel extensif commence par une 1ésion
pigmentée qui va s’étendre de plus en plus, en restant superficielle. Avec le temps, ces mélanomes

peuvent envahir plus profondément le derme.
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Le mélanome nodulaire représente 15 a 30% de tous les mélanomes. Cette catégorie de
mélanome reste une exception par rapport au modele de croissance habituel : la phase de croissance
verticale est présente précocement dans le développement de la tumeur, augmentant le risque
d’atteinte des vaisseaux et donc du potentiel métastatique. Les mélanomes nodulaires sont
bourgeonnants tels des lésions papuleuses voir hémorragiques qui sont souvent de mauvais pronostic
en raison de 1’épaisseur de la tumeur (supérieure a la moyenne) et d’une ulcération fréquente.

Le lentigo malin ou mélanome de Dubreuilh (5-10 %) siége sur les zones photo-exposées (surtout
le visage avec une peau endommagée par le soleil), et touche particulierement les sujets de plus de
60 ans. Ce sous-type se présente comme une tache, sombre, avec une pigmentation variable, des
bords irréguliers et une lente évolution. Il n'est pas rare d’observer des lentigos malins devenir tres
grands avant le diagnostic car la lente progression de la 1ésion peut passer inapergue par le patient.
Dans l'ensemble, le pronostic des lentigos malins est meilleur que celui des autres sous-types
histologiques parce que la 1ésion est souvent superficielle, mais un retard dans la prise en charge peut
contrecarrer ce diagnostic favorable.

Le mélanome acral lentigineux siége, comme son nom l’indique, sur les extrémités. Cette
catégorie de mélanome se développe dans des endroits discrets tels que la paume de la main, la
plante des pieds, ou dans les zones sous-unguéales (sous les ongles des doigts et des orteils). Il ne
représente que 2 a 10% des mélanomes mais il reste le mélanome majoritaire chez les populations
asiatiques (45%) et les populations noires (70%) considérées comme les populations présumées a
faible risque. Le diagnostic est souvent tardif, avec des tumeurs de stade avancé, contribuant a un
mauvais pronostic. Le retard dans le diagnostic s’explique par une confusion de ces lésions avec de
simples hématomes sous-unguéaux.

Le mélanome desmoplastique est une catégorie rare de mélanome cutané. Décrit pour la premieére
fois par Conley en 1971, il ne représente que 1,7 a 4% des mélanomes [24]. Cliniquement, il se
présente comme une lésion amélanotique, le plus souvent dans la région de la téte et du cou. Ce type
de mélanome est associé aux fortes expositions solaires, et reste plus fréquent chez ’homme. Le
mélanome desmoplastique n’a pas le méme comportement que les autres types de mélanome. Ces
Iésions présentent un neurotropisme naturel, ce qui entraine des récidives locales dans la plupart des
cas, avec une diminution du risque de métastases ganglionnaires. Les analyses réalisées sur des
groupes de patients montrent que le taux de récidives locales est estimé a 50% et celui des
métastases ganglionnaires est inférieur a 10% [25]. Méme si le risque d’expansion du mélanome est

plus faible, la biopsie des chaines ganglionnaires reste une nécessité [26].
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1.3.2.  Les différents stades évolutifs du mélanome

Si le type histologique n’influence pas spécifiquement le pronostic du patient, les examens
médicaux effectués lors du diagnostic permettent de déterminer le stade du mélanome, c¢’est-a-dire,
d’évaluer I’étendue de la pathologie au moment des examens. Pour 1’évaluation, trois critéres sont
pris en compte : épaisseur et ulcération de la tumeur, atteinte ou non des ganglions lymphatiques, et
la présence ou non de métastases, permettant de définir le stade du cancer selon la classification
TNM. TNM signifie « tumeur, ganglions (node), métastases » selon la classification de 1’Union

Internationale contre le Cancer (UICC) et de « American Joint Committee on Cancer » (AJCC).

» Le parametre T

11 s’agit d’évaluer les caractéristiques de la tumeur primaire en prenant en compte I’épaisseur et
I’ulcération. L’insertion en profondeur dans le derme et I’hypoderme est associée a un risque de
propension. L’épaisseur de la tumeur donne donc une indication sur le degré d’extension de la
maladie au moment du diagnostic. De plus, ['ulcération en surface du mélanome est également un
important facteur de pronostic. Il s’agit de la destruction de I’épiderme en regard du mélanome, cette
ulcération étant visible au microscope, ou parfois a I’ceil nu. Les tumeurs de petites tailles et sans
ulcération sont notées en tumeur de classe I, ce sont les moins dangereuses (Tableau 1). Les tumeurs
de stade II désignent les mélanomes localisés de plus grande épaisseur ou avec ulcération mais pour

lesquels les ganglions lymphatiques ne sont pas atteints.

» Le parametre N

Il s’agit d’évaluer Patteinte des ganglions lymphatiques, en détectant la présence ou non de
métastases dites « en transit ». Les cellules cancéreuses qui circulent entre le mélanome primitif et
les ganglions lymphatiques les plus proches peuvent y former de nouvelles tumeurs cutanées ou sous
cutanées appelées métastases en transit. Elles démontrent une dissémination locale des cellules
tumorales et donc un danger plus important de développer des métastases. Ce developpement
correspond au stade III désignant les mélanomes qui, quelle que soit leur épaisseur, présentent un
envahissement locorégional avec une atteinte des ganglions lymphatiques ou la présence de

métastases « en transit » (Tableau 1).

» Le parametre M

Le parametre M s’intéresse a la présence ou non de métastases a distance. Les cellules
cancéreuses peuvent envahir d’autres organes que les ganglions lymphatiques et y développer des
métastases a distance. Les organes les plus souvent touchés par des métastases lors d’un mélanome

sont le poumon, le foie et le cerveau. Ces mélanomes sont classés en stade IV quelles que soient leur
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épaisseur et l’atteinte ganglionnaire. On parle aussi de mélanome métastatique (Tableau 1). La
connaissance du stade du mélanome au moment du diagnostic est déterminante pour adapter le

traitement.

Classe  Catégorie T Epaisseur de la tumeur Ulcération et indice mitotique
a : sans ulcération et mitose < 1/mm’
< . .
Tl < 1,00 mm b : avec ulcération et mitose > 1/mm?>
Stade I "
T2 1,01 - 2,00 a:sansu ce’ratl'on
b : avec ulcération
a : sans ulcération
T 2,01 -4 .
Stade 3 0 00 b : avec ulcération
1I - T,
T4 > 4,00 mm a:sans ulce’rat{on
b : avec ulcération
Catégorie N Nombre de ganglions Taille des nodules
sentinelles
N1 1 a : micrométastases
b : macrométastases
Stade a : micrométastases
111 N2 2-3 b : macrométastases
N3 - a: m1crome,tastases
b : macrométastases
Catégorie M Site des métastases Dosage LDH (sanguin)
M¢étastases cutanées, sous-
Mla cutanées et chaines Normal
Stade ganglionnaires
v Mlb Mc¢étastases pulmonaires Normal
Mic Metastflses 1ntes‘t1n'ales Normal & Elevé
Autres métastases a distance

Tableau 1 : Description des critéres permettant de classer les différents stades du mélanome (issu de
Dunki-Jacobs et al.,[2]). LDH : lactate deshydrogénase

1.3.3.  Les indicateurs pronostiques

Afin d’évaluer le degré de malignité du mélanome, plusieurs facteurs pronostiques sont observés,
en ordre d’importance : 1’épaisseur de la tumeur avec ’indice de Breslow, la présence d’ulcération,
I’indice mitotique (nombre de mitose/mm?), I’age du patient, la localisation de la tumeur primaire et
enfin le sexe du patient.

Développé dans les années 70 par Alexander Breslow, I’indice de Breslow est I’indicateur le plus
fiable aujourd’hui [27]. Cet indice permet une corrélation entre 1’épaisseur de la tumeur et la survie
des patients. Il consiste a mesurer verticalement, au micrometre oculaire, I'épaisseur depuis la
granuleuse de I'épiderme jusqu'a la cellule tumorale la plus profonde. Le risque de métastase peut

étre estimé de manicre reproductible a partir de la profondeur de l'invasion :
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» Faible épaisseur : épaisseur du mélanome inférieure a 0,76 mm = 0% de métastase
» Epaisseur intermédiaire : 0,76 a 1,5 mm = 30%

1,51 22,25 mm =33%

2,26 a 3 mm = 69%

» Epaisseur importante : supéricure a 3 mm = 84%

La présence d’ulcération représente également un facteur pronostic robuste [28, 29]. L ulcération
est définie cliniquement comme 1’absence d’épithélium intact autour du mélanome. La présence d’un
mélanome ulcéré est de mauvais pronostic comparativement aux mélanomes non-ulcérés, méme si le
patient a des métastases loco-régionales. L’agressivité tumorale associée a 1’ulcération est
aujourd’hui encore mal comprise [28]. Mais il semble que celle-ci soit en lien avec la capacité des
cellules tumorales a métastaser.

L’indice mitotique est un des facteurs les plus récemment décrits et joue un role capital dans le
pronostic des tumeurs ayant une faible épaisseur (indice de Breslow <lmm) [30]. Il est le seul
indicateur pour évaluer I’atteinte possible des ganglions lymphatiques aprés biopsie sur les tumeurs
de bas grade. Un indice mitotique faible (inférieur a 1 division/mm’) sera associé a un meilleur
pronostique.

Les autres indicateurs ont une importance moindre. On sait aujourd’hui que les patients 4gés ont
un risque accru de mortalité comparativement aux jeunes patients [31]. De plus, les tumeurs
primaires situées au niveau du tronc (téte, cou, torse, dos) sont de moins bon pronostic que les
tumeurs situées sur les membres [32]. Enfin, les femmes ont un meilleur pronostic que les hommes
pour des raisons encore inconnues a I’heure actuelle [33]. Le role des hormones apparait comme 1’un

des facteurs pouvant expliquer ces disparités [34].

1.4. Les traitements actuels

1.4.1. La chirurgie

La chirurgie est la premicre option envisagée. Cependant, elle reste une alternative curative
uniquement valable en cas de mélanomes in situ ou loco-régionaux. Systématiquement, lorsque cela
est possible, une ablation de la tumeur primaire est effectuée avec une marge chirurgicale de 1 cm
pour les tumeurs de plus de 2 mm d’épaisseur. On peut également effectuer une excision des chaines
lymphatiques ou ganglions sentinelles pour lesquels on suspecte ou on a démontré la présence de

meétastases en transit.
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1.4.2. La radiothérapie

La radiothérapie est un outil thérapeutique classiquement utilisé pour les patients atteints de
pathologies cancéreuses. Cependant, cette technique est aujourd’hui peu utilisée dans le cadre des
thérapies contre le mélanome. Une forte radiorésistance a été trés rapidement observée, limitant son
utilisation dans le cadre des thérapies pour le mélanome [35]. En effet, la nature radiorésistante des
cellules de mélanome peut s’expliquer par les mécanismes altérés lors des expositions aux
rayonnements UV, favorisant la survie [36].

Pourtant, elle reste préconisée chez les patients aprés excision de la tumeur primaire et des
ganglions lymphatiques ayant un risque modéré ou élevé de rechute locale. Le protocole prescrit,
dans ce cas, est un dosage de 6 a 9 Gy pour des sessions de 30 a 50 Gy au total. Cependant, si la
littérature démontre que ce traitement retarde la rechute, il n’améliore pas la survie des patients [37].

Elle est également utilisée en traitement palliatif lors d’apparition de métastases osseuses.

1.4.3.  La chimiothérapie

Les agents chimio-thérapeutiques restent, a I’heure actuelle, les agents les plus efficaces dans la
lutte anti-tumorale. Les premiéres chimiothérapies ont été effectuées dans les années 1940 avec un
dérivé azoté du gaz moutarde sur les leucémies, puis 1’utilisation du méthotréxate a permis d’obtenir
les premicres rémissions. Fortes de ce succes, de nombreuses autres substances, parfois naturelles
comme le paclitaxel provenant de 1’écorce d’if, ou la vinblastine extraite de la pervenche, ont été
recherchées pour leur propriété anti-cancéreuse au cours des décennies suivantes. Ces molécules
présentent différentes voies d’action comme [’alkylation de I’ADN ou [l’inhibition de la
polymérisation des microtubules, indispensables a la division cellulaire, et induisant fatalement la
mort cellulaire.

Le Melphalan, moutarde azotée, est encore utilisé en perfusion isolée dans le cadre de rechute du
mélanome, quand la dissémination est confinée a un membre supérieur ou inférieur (jambes, bras).
Ce concept permet de limiter la circulation de I’agent chimio-thérapeutique uniquement a la région
d’intérét. Le taux de réponse apres perfusion isolée peut aller jusqu’a 80% des patients avec 40 a
60% de réponse compléte [38, 39]. Cependant, la réponse peut étre tardive et souvent non durable
avec des rechutes dans les 9 a 21 mois suivant I’intervention. Lorsque la réponse est compléte, la
survie a 10 ans est de 49% alors que la survie a 5 ans pour les patients non répondeurs est seulement
de 7% [40].

Lorsque la présence de métastases est généralisée (intestin, poumon, foie, cerveau), la
chimiothérapie de référence aujourd’hui utilisée en clinique est la dacarbazine (DTIC, Déticene™),
seule ou en association selon le protocole DBDT (Dacarbazine, Cisplatine, BCNU, Tamoxiféne).

Bien que le mécanisme d’action exact de la dacarbazine ne soit pas connu, celle-ci agit possiblement

Resnier Pauline | Nano-vectorisation de siRNA via des nanocapsules lipidiques OO0 | 12



Introduction générale

en tant qu’agent alkylant. Inactive par elle-méme, elle est décomposée par N-déméthylation par les
microsomes hépatiques, et donne naissance a un ion méthyldiazonium, le diazométhane (I'agent
alkylant), et a un métabolite principal inactif [41]. D’autres hypotheses sur son mécanisme d’action
ont également été soulevées, incluant I’inhibition de la synthése de I’ADN, par son action en tant
qu’analogue de ’antipurine et par son interaction avec les groupes sulthydriles. La dacarbazine est
injectée par voie intraveineuse de 2,4 a 4,5 mg/kg/j pendant 4 a 5 jours en monothérapie, ou a raison
de 250 mg/m*/j en perfusion pendant 5 jours, toutes les 3 & 4 semaines, en polychimiothérapie.
Malheureusement, le taux maximal de réponse aux traitements chimio-thérapeutiques chez les
patients est de 1’ordre de 15% avec moins de 5% de réponse complete [41-43]. Les traitements

proposés par les chimiothérapies sont donc aujourd’hui largement insuftisantes.

1.4.4. Les immunostimulants

Historiquement, ['utilisation d’immunostimulants tels que 1’interféron (IF) o 2b, a été initiée dans
les années 80 pour les patients présentant un fort risque de rechute aprés chirurgie d’un mélanome
loco-régional. IIs sont administrés en perfusion intraveineuse a raison de 20 MIU/m?, 5 jours par
semaine pendant un mois, suivie d’un traitement sous-cutané¢ de 10 MIU/m? a raison de 3 fois par
semaine pendant 11 mois. L’essai clinique de Kirkwood et de ses collaborateurs démontre une
différence faible mais significative de la survie lorsque les patients atteints de mélanome de grade
IIB/III sont traités avec de fortes doses d’IFa2b [44]. Ce traitement est aujourd’hui approuvé par la
FDA pour les grades IIB/IIl. Cependant, ces fortes doses induisent de nombreux effets secondaires :
symptdmes grippaux, fatigue, malaise, anorexie, et potentiellement une atteinte hépatique.

Un deuxiéme immunostimulant est également approuvé par la FDA. De hautes doses
d’interleukine-2 (IL-2) sont préconisées en cas de mélanome métastasé (grade IV). Cependant,
seulement 6% des patients répondent a ce traitement et aucun bénéfice sur la survie n’est aujourd’hui

admis avec, tout comme pour I’IFa2b, de nombreux problémes de tolérance [45].

1.4.5.  Les thérapies ciblées

Durant la derni¢re décennie, de nombreux progres ont été faits dans la prise en charge des
mélanomes de haut grade (III/IV) avec le développement des thérapies ciblées. Dans ce cas, le
traitement s’attarde sur une anomalie des cellules cancéreuses ou du microenvironnement tumoral
afin de bloquer spécifiquement la prolifération cancéreuse.

On a longtemps supposé que I’absence de réponse immunitaire de I'hdte jouait un réle majeur
dans le développement du mélanome et la formation des métastases. La compréhension des
mécanismes induisant cette non-réponse ont permis de mettre a jour une nouvelle piste

thérapeutique. Le CTLA-4 (Cytotoxic T-Lymphocyte-associated antigen 4) est décrit comme le
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régulateur de I’inhibition des lymphocytes T [46]. Le développement de I’ipilimumab (Yervoy®),
anticorps monoclonal ciblant et bloquant le CTLA-4, a permis de promouvoir la réponse immunitaire
anti-tumorale [47, 48]. Un essai clinique de phase IIl a mis en évidence une augmentation de la
survie globale passant de 6,4 mois a 10,1 mois [49].

D’autres voies moléculaires sont connues pour jouer un role dans la progression tumorale telle
que la voie des MAP-Kinase (Mitogen-Activated Protein) avec la protéine B-Raf, associée au
syndrome familial comme vu précédemment (cf. Introduction, § 1.2.1). Des mutations de B-Raf sont
retrouvées dans 40 a 60 % des mélanomes cutanés, induisant une activation permanente de la voie
des MAP-Kinase [50]. Dans 90 % des cas, cette mutation correspond a une substitution d’une valine
en acide glutamique a la position 600 (V600E). Cette protéine B-Raf V60OE est spécifiquement
inhibée par I’anticorps monoclonal vémurafenib (Zelboraf®) [51]. La survie aprés 6 mois de
traitement est de 84% pour les patients recevant le vémurafenib contre 64% pour la dacarbazine,
avec un taux de réponse bien plus élevé (48% vs 5% pour la dacarbazine) [52]. En 2012, la FDA a
approuvé l'ipilimumab et le vémurafenib pour le traitement de mélanomes de stade IV. Bien que ces
deux médicaments aient apporté¢ 1’espoir de traiter une maladie historiquement réfractaire a une
thérapie systémique, il reste cependant encore beaucoup de chemin a parcourir. Méme si
l'ipilimumab a montré une amélioration significative de la survie globale, on observe un taux de
réponse de seulement 11%, similaire a celui obtenu avec la Dacarbazine. Inversement, le
vémurafenib présente un taux de réponse impressionnant, mais la durabilité de la réponse clinique
reste faible, avec une résistance acquise a ce médicament quasi-systématique chez les patients [53].

L’identification de nouvelles cibles moléculaires doit donc se poursuivre, ainsi que le
développement de nouveaux essais cliniques, afin d’évaluer la combinaison qui permettra de faire

progresser le traitement du mélanome de haut grade.
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2. L’amélioration des chimiothérapies

2.1. Le phénomeéne de résistance

A T’heure actuelle, les traitements chimiothérapeutiques échouent pour les hauts grades de
mélanome, ou mélanomes métastasés, avec un taux de réponse maximal évalué¢ a 16% avec la
dacarbazine. Une multitude d’agents chimiothérapeutiques ont été testés tels que la carmustine, la
vinblastine, seules ou en association, mais aucun bénéfice sur la survie n’a pu étre observé [54]. Dés
les années 1980, les expérimentations in vivo sur différents modeles tumoraux de mélanome
confirment la forte résistance du mélanome vis-a-vis des agents chimiothérapeutiques [55].

Cette résistance peut s’expliquer par le processus de cancérogéneése du mélanome (Figure 5).
Comme décrit précedemment, les rayonnements ou autres facteurs environnementaux induisent la
mutation de cetains genes. Dans un premier temps, des mutations fréquentes sont observées au
niveau du géne B-Raf impliqué dans la prolifération (cf. Introduction, § 2.1.2), au niveau du gene
p16™* impliqué dans la régulation des dommages a I’ADN et au niveau des génes impliqués dans
la régulation de I’apoptose (protéine p53), MITF (Microphthalmia-associated transcription factor),
N-Ras, ou encore Bcl-2. La littérature montre que durant cette premiére progression, la tendance va
vers une augmentation des signaux anti-apoptotiques (Bcl-2, Mcl-1 et Bcl-x;). Par la suite, des
mutations supplémentaires viennent s’ajouter avec le temps, touchant plus particulierement les voies

de signalisation de la prolifération et de la survie, ainsi qu’une diminution des signaux pro-

apoptotiques (Bad, Bax).

Normal Nevus Tumor Metastasis

i e HE
288 — 688 — e

B-RAFV600E PTEN APAF-1
p161NK4A P/3K/AKT . . p14AFIF . .
MITF mH2A p16/NKIA . '
N-RAS p53 o
BCL-2 .
> APOPTOSIS
Increased anti-apoptotic BCL-2 proteins Decreased pro-apoptotic BCL-2 proteins RESISTANT
(e.g., A1, BCL-2, BCL-xL, MCL-1) (e.g., BAD, BAX, BIM, BMF)

Figure 5 : Mécanisme de cancérogénése du mélanome (issu de Anvekar et al., 2011, Frontiers in oncology)

Cette résistance observée aux agents chimiothérapeutiques est donc principalement liée a un
dysfonctionnement du processus de mort cellulaire, qu’est ’apoptose, au sein des cellules de
mélanome [56, 57]. Ce dysfonctionnement s’explique par le déséquilibre de la balance entre les

acteurs favorisant ou inhibant 1’apoptose, avec une diminution des pro-apoptotiques et une
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augmentation des anti-apoptotiques. Par ailleurs, on observe également la présence de signaux
intenses de survie et de prolifération comme le montrent les mutations induites de B-Raf ou MITF.
Dans ce cas, les voies de signalisation des MAPkinases, de la PI3K (phosphoinositol 3 kinase) et du
facteur NF-kB sont généralement toutes impliquées. Ce sont les dérégulations de ces deux processus
majeurs, ’apoptose et la survie cellulaire, qui expliquent la forte chimiorésistance observée dans le

cadre du mélanome [58].

2.1.1.  L’apoptose et la chimiorésistance

Le processus d’apoptose est un processus complexe de régulation entre les acteurs pro et anti-
apoptotiques. Si la cancérogénése démontre I’action irrémédiable de certains de ces effecteurs
comme Bcl-2, de nombreuses autres perturbations de ce phénomeéne sont liées a la chimiorésistance.
On différencie deux voies d’action possibles de I’apoptose. La voie extrinséque est initiée par des
stimuli externes avec les récepteurs de mort tel que TRAIL (TNF-related apoptosis-induced ligand)
(Figure 6) [59]. La fixation du ligand, tel que le TNF-o (Tumor necrosis factor) ou le Fas ligand, sur
le récepteur induit ’activation de la caspase 8 ou 10. Il peut également conduire a I’activation des
protéines Bid et Bad (pro-apoptotiques a domaine BH3) reliant ainsi la seconde voie possible de
I’apoptose.

Cette seconde voie dite voie intrinséque de I’apoptose, est, quant a elle, induite par le régulateur
p53, apres des dommages de I’ADN ou un stress oxydatif important présent lors des rayonnements
UV, comme cité précédemment (Figure 6). En effet, par défaut, la protéine Bcl-2 ou ses homologues
(Mcl-1, Bel-xp) bloque I’action des protéines Bax ou Bak par la formation d’un complexe avec
celles-ci. Dans le cas d’un stress cellulaire, la protéine p53 favorise 1’action des protéines pro-
apoptotiques a domaine BH3 (Bim, Bad...) permettant de libérer Bax et/ou Bak. Ces molécules vont
alors se positionner a la membrane mitochondriale afin d’engendrer la libération du cytochrome C.
Une fois dans le cytoplasme, une cascade d’activation de protéine induit la formation de
I’apoptosome (complexe formé de molécules APAF-1 et de cytochrome C) menant a 1’activation des
caspases. En effet, les deux voies, intrinséques et extrinséques, se rejoignent alors par I’activation
commune de la voie des caspases avec la caspase 3 et 7, finalisant I’apoptose (Figure 5). De
nombreux effecteurs moléculaires entrent en jeu dans ces deux voies d’action, pouvant entrainer, a
chaque niveau de la cascade moléculaire, des dérégulations en faveur de I’inhibition du processus de

« suicide cellulaire » et de la chimiorésistance.
» Les récepteurs de mort

Les mélanomes sont trés immunoréactifs et résistent a l'attaque pro-apoptotique des cellules

immunes médiées par le granzyme et les ligands de mort par la voie extrinséque [60]. Les
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lymphocytes infiltrant les mélanomes ont montré une sécrétion importante de TNF-o, CD95L et
TRALIL afin de favoriser la mort de cellules tumorales par voie extrinséque [61-63], entrainant alors
une pression de sélection élevée pour les mélanomes a acquérir une résistance aux stimuli de mort
par ligands. Alors que la résistance par la voie du CD95 est principalement liée a sa propre
répression ou mutation, les phénomenes de résistance avec les TRAIL sont dus a la perte du
récepteur DR4 (Death receptor 4), a I’inactivation du récepteur DRS, ou encore a la diminution de

1I’O-glycolysation des récepteurs TRAIL [58, 64].

VOIE INTRINSEQUE ‘
VOIE EXTRINSEQUE

Stress cellulaire
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Figure 6 : Voie de signalisation et dérégulations des deux principales voies de ’apoptose dans le cas

du mélanome (inspiré de Riedl ef al., 2004)

» Les protéines de la famille Bcl-2
La voie intrinséque ou mitochondriale est fortement régie par la famille des protéines Bcl-2. Cette
voie est activée dans les cellules de mélanome en réponse a divers stimuli, y compris les signaux

extrinseques [65-67]. La famille de protéines Bcl-2 se compose de membres de la famille anti-et pro-
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apoptotique comprenant des protéines a multi-domaine (BH1 a BH4) (Bak, Bax, Bcl-2, Mcl-1) et les
protéines a domaine BH3 uniquement (Bad, Bim, Bid) [68]. Plusieurs protéines anti-apoptotiques, en
particulier, la protéine Bcl-2, Bel-x; et Mcl-1 sont fortement exprimées dans les mélanomes et dans
des lignées cellulaires de mélanome [69-71]. Un rapport élevé Bcl-2/Bax a été mis en corrélation
avec la résistance a l'apoptose via CD95 et celle induite par les céramides (médiateur lipidique) [65].
Si le role de Bcl-2 dans la survie cellulaire est aujourd’hui évident, son implication dans le
phénomeéne de résistance reste incertain avec une surexpression controversée dans les métastases
alors que celles de Bcl-x; et Mcl-1 augmentent [72]. Cependant, ’analyse de métastases exposées
aux traitements chimiothérapeutiques combinés a révélé un taux élevé de Bcl-2, comparativement
aux régions en régression aprés le traitement [73]. Cette observation fait donc le lien entre
I’expression de Bcl-2 et le phénomene de chimiorésistance observé dans le mélanome. Cette protéine

Bcl-2 sera décrite ultérieurement dans le cadre de ces travaux (cf. Introduction, § 2.2.1).

» Les caspases

Les caspases 8 et 10 ont un role essentiel dans la transduction du signal des récepteurs de mort
[58]. Ces deux caspases sont majoritairement surexprimées dans les mélanomes. Cependant, en cas
de résistance a la voie d’apoptose extrinséque, leur expression est inhibée [74]. De plus, les
régulateurs des caspases peuvent également étre bloqués par les protéines inhibitrices, comme
cFLIP, fréquemment exprimées dans les mélanomes et leurs métastases [75]. Cette surexpression
dans les mélanomes a été corrélée avec la résistance au processus d’apoptose extrinseéque alors que
leur inhibition provoque une sensibilisation a ce processus [76, 77].

Les deux voies apoptotiques se confondent alors au niveau des caspases effectrices, qui peuvent
étre régulées par des inhibiteurs de caspases (les cIAPs) [78]. Dans le mélanome, l'expression de la
survivine et des protéines livin/ML-IAP et X-IAP (X-linked IAP) a été mise en relation avec la
résistance aux chimiothérapies, ainsi que la progression tumorale et une baisse de la survie des
patients [79]. Une chimiosensibilité envers le carboplatine a pu étre obtenue apres 1’inhibition de X-

IAP lors d’expérimentations sur des modeles in vitro de mélanome [77, 80, 81].

2.1.2.  Survie, prolifération cellulaire et chimiorésistance

Le phénomeéne de résistance aux chimiothérapies est également étroitement li¢ aux grandes voies
de signalisation induites par I’activation des facteurs de croissance qui, invariablement, interagissent
avec le processus de survie cellulaire et de prolifération et donc défavorisent le processus
d’apoptose. Ces voies de signalisation sont la voie des MAPK (Mitogen activated protein kinase), la

voie de la PI3K-Akt et enfin celle du NF-kB (Figure 7).
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» Lavoie des MAPK

Cette voie de signalisation est activée par les récepteurs aux facteurs de croissance tels que
I’EGFR (Epidermal Growth Factor Receptor) avec une transduction du signal par les protéines GTP-
Ras. Ensuite, les protéines kinases Raf, MEK et ERK1/2 sont phosphorylées successivement,
amenant a l’activation de multiples facteurs de transcription [82, 83]. Dans les mélanomes,
I’activation constitutive de ERK1/2 est fréquemment observée, mais elle résulte de la mutation
activatrice de B-Raf (60% des cas) et de N-Ras (30% des cas) [50, 84]. Des connexions évidentes
ont ¢ét¢ mises en évidence entre les MAPK et le processus de survie cellulaire, entrainant une
chimiorésistance pour laquelle les membres de la famille Bcl-2 jouent un rdle essentiel comme
effecteur [85]. Les MAPK engendrent également une inhibition des protéines pro-apoptotiques telles
que Bim et Bad par phosphorylation, ou PUMA par régulation négative [86, 87] ainsi qu’une
stimulation des molécules anti-apoptotiques telles que Mcl-1 [88]. De plus, I'un des facteurs de
transcription initiés par les MAPK est MITF. Ce dernier posséde un réle primordial dans la

résistance a I’apoptose avec une sur-activation de Bcl-2 (anti-apoptotique) [89].
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Figure 7 : Voies de signalisation des MAP kinase, de la PI3K et de NF-kB impliquées dans la
prolifération et la survie cellulaire
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» Lavoie de la PI3K

La survie cellulaire est permise par I’activation de la PI3K entrainant la phosphorylation de la
protéine kinase B/Akt, puis 1’activation de la protéine mTOR (mammalian Target of Rapamycin)
[90]. Cette voie a été reliée a la chimiorésistance dans de multiples cancers [91]. La protéine Akt est
connue pour avoir des fonctions anti-apoptotiques par la phosphorylation de Bax, Bad et la caspase 9
[92-94], ainsi que des fonctions pro-apoptotiques par 1’inhibition des facteurs de transcription FoxO
et p53 [90]. La protéine mTOR joue également un rdle dans I’inhibition de I’autophagie et de
I’apoptose, favorisant la croissance tumorale ainsi que le phénomeéne de chimiorésistance [95-97].
L’activité anti-apoptotique présente dans les cellules de mélanome a pu étre reliée a I’inactivation de

Bad par Akt [98] ou au lien avec la voie de NF-kB et Akt [99].

» Lavoie de NF-kB

Les facteurs de transcription de la famille de NF-xB sont des hétéro ou homodimeres formés par
5 sous-unités : NF-kB1 (p50/p105), NF-xkB2 (p52/p100), RelA (p65), RelB et RecC [100]. Ces
différents dimeres sont retenus dans le cytoplasme par des interactions avec les inhibiteurs des NF-
kBs (I-xBs). L’activation et la translocation des diméres NF-xB vers le noyau s’effectue par la voie
canonique via les cytokines ou via l'activation induite par les lipopolysaccharides (LPS), démontrant
leur roéle dans I’immunité. La stimulation de la voie de signalisation induit une dégradation par les
voies de protéasome des [-kBs par le complexe de kinase [-kB (IKK), entrainant alors la
translocation nucléaire de NF-«B [101]. En paralléle a I’implication dans la réponse immunitaire, les
protéines NF-kB ont montré leur importance dans la progression tumorale, la formation de
métastases et la chimiorésistance [102, 103]. Leur action anti-apoptotique est associée a I’activation
des effecteurs anti-apoptotiques tels que les protéines IAP, c-FLIP et Bcl-xi. [104]. Un taux élevé des
IKK et des NF-xkB a ét¢ démontré dans les mélanomes impliquant une voie de signalisation
secondaire par une boucle de rétrocontrole entre les MAPK et les kinases induites par les NF-xB [99,
105]. L’activité anormalement forte de NF-kB dans le mélanome a été corrélée au phénomene de

chimio et radiorésistance [106-108].

2.2. Une thérapie ciblée pour chimio-sensibiliser

De plus en plus de thérapies sont aujourd’hui orientées sur le ciblage spécifique de ces
molécules impliquées dans le processus de cancérogénése et plus particulicrement celles liées aux
phénomenes de chimiorésistance. Deux protéines semblent aujourd’hui avoir un potentiel intéressant

pour aider les chimiothérapies a étre efficaces contre le mélanome : un effecteur direct de 1’apoptose
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(la protéine Bcl-2), et un effecteur indirect de la prolifération et la survie (la sous-unité alphal de la

pompe a sodium).

2.2.1. La protéine Bcl-2

La protéine Bcl-2 (B-cell lymphoma 2), découverte dans les années 1980, est une protéine de 26
kDA soit 239 acides aminés dont le gene est situé, chez 'homme, sur le chromosome 18 au locus
q21.33. Elle est le premier membre décrit d’une famille de protéines qui portera son nom, toutes
constituées de quatre domaines d’homologie, nommés BH1, BH2, BH3, BH4, ainsi que d’un
domaine transmembranaire (Figure 8) [109]. Grice a la présence de ces différents domaines
d’homologie, la protéine Bcl-2 a un rdle primordial dans 1’inhibition de ’apoptose via sa forte
affinité avec certaines protéines pro-apoptotiques. Localisée dans la membrane mitochondriale, Bel-
2 empéche I'homodimérisation de Bax, ou de Bak et de certaines autres protéines pro-apoptotiques

de la méme famille (Figure 8) [109].

Anti-Apoptotic
PN = Bcl-2, Bel-XL
Mcl-1, CED-9
Ol O )\ | B
Pro-Apoptotic

Bcl-Xs @ BH1 . BH3
H Bik, Bim . BH2 @ BH4
. Bad, Bid, EgI-1 ‘Transmembrane Domain

Figure 8 : Caractérisation structurale des membres de la famille Bcl-2

La protéine Bcl-2 a été premieérement relic¢e au processus de cancérogénése dans le lymphome a
cellules B, puis dans de nombreuses autres formes de cancer. Cette protéine primordiale dans le
phénomene d’apoptose est généralement surexprimée dans les métastases issues de mélanome par
rapport aux sites primaires de développement tumoral [110]. Cependant, certaines études paralléles
prouvent le contraire, avec une diminution de 1’expression de Bcl-2 au sein des métastases [72]. En
effet, plusieurs études montrent qu’une baisse de Bcl-2 est corrélée avec deux facteurs de pronostic :
I’augmentation de I’épaisseur de la tumeur et la présence de lactate déshydrogénase [72, 111].
Cependant, méme si le niveau de Bcl-2 seul ne suffit pas a étre un facteur pronostic fiable [112], son
taux sanguin ¢levé permet tout de méme de discriminer les patients atteints de mélanome et le
groupe controle [113].

De fagon intéressante, la surexpression de Bcl-2 a été mise en évidence aprés un traitement

chimiothérapeutique, démontrant ainsi son lien direct avec la chimiorésistance acquise des cellules
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de mélanome [73]. Dans ce cas, elle entraine une impossibilité du processus de mort cellulaire par
apoptose et ainsi une survie augmentée des cellules cancéreuses. Bel-2 a également montré une
implication dans 1’angiogénese en condition hypoxique avec l’activation d’un certain nombre de
métalloprotéases (MMP-2, MMP-7) ou avec I’augmentation de VEGF (Vascular Endothelial Growth
Factor) et de HIF-1 (Hypoxia-inducible factor 1) [114, 115].

2.2.2.  La sous-unité alpha 1 de la pompe a sodium Na/K ATPase

La pompe a sodium/potassium (Na'/K" ATPase, i.e. NaK) est une protéine transmembranaire
découverte dans les années 50 par un Danois, Jens Christian Skou, qui recevra le prix Nobel de
chimie en 1997 pour cette découverte majeure [116]. En effet, I’activité enzymatique de cette
protéine utilise 1'énergie issue de la dégradation de I'ATP (Adénosine TriPhosphate) en ADP
(Adénosine DiPhosphate) et phosphate inorganique, pour transporter des ions potassium (K) et
sodium (Na") contre leur gradient de concentration, afin de rétablir 1'équilibre. La protéine permet
d'échanger les ions Na" issus du milieu intracellulaire avec les ions K" issus du milieu extracellulaire
dans un rapport précis (3 Na'/2 K"). Cette pompe ionique joue un role essentiel dans le maintien du
potentiel de repos et le rétablissement de 1’équilibre initial apres le potentiel d’action observé

spécifiquement dans les cellules nerveuses, musculaires et cardiaques.

Espace extracellulaire

Membrane

Cytoplasme

Figure 9 : Structure de la pompe a sodium avec ses différentes sous-unités

Cette protéine transmembranaire est composée de trois sous-unités : alpha, béta et FXYD (ou
gamma) (Figure 9). La sous-unité béta, ou sous-unité chaperonne, est essentielle pour I’ancrage
correct de la protéine au niveau de la membrane plasmique. Elle permet également le recrutement et
I’interaction avec la sous-unité régulatrice FXYD (ou gamma). La sous-unité alpha est la sous-unité

la plus importante en terme de taille et de fonction. Elle comprend dix domaines transmembranaires
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formant un pore permettant la fonction de pompe ainsi que les sites de reconnaissance de I’ATP, des
ions Na' et K'. Pour chacune des sous-unités de cette protéine, différents isoformes tissu-dépendants
(3 pour la sous-unité alpha, 3 pour la béta et 7 pour la FXYD) ont été découverts et peuvent
s’associer indépendamment. Cette protéine est présente sur toutes les cellules de I’organisme mais on
la retrouve plus exprimée dans certains tissus tels que le cceur (potentialisation de la membrane), les
reins (échange d’ions), le cerveau ou encore la thyroide [117]. Les trois isoformes alpha (a1, a2, a3)
sont retrouvés au niveau cardiaque et au niveau cérébral [118, 119], alors que l’isoforme a2 est
exprimé dans les muscles et le couple d’isoformes a1/B1 se trouve, lui, majoritairement dans les
cellules endothéliales participant au maintien des jonctions serrées [120].

La sous-unité alpha 1 est, elle, exprimée seule dans les reins ou dans les poumons [119] et, en
association avec les autres isoformes, dans le cerveau ou dans le coeur. La localisation du gene se
situe au niveau du chromosome 1 (1p21) non loin de I’isoforme alpha 2, contrairement a I’isoforme
3 présent sur le chromosome 13 (19p13) [121]. Cette protéine présente un intérét inattendu en
thérapeutique anti-cancéreuse. En effet, des études épidémiologiques ont démontré que des patients
atteints de cancer du sein ou de la prostate survivaient plus longtemps s’ils étaient en parallele sous
digoxine (cardiotonique stéroidien constituant un inhibiteur chimique de la pompe a sodium), un
médicament qui est a [’heure actuelle prescrit pour les insuffisants cardiaques [122, 123]. De plus,
plusieurs travaux montrent une fonction ou une expression dérégulée de cette protéine dans diverses
pathologies cancéreuses, incluant les mélanomes métastatiques [124]. Des immuno-marquages ont
révélé la surexpression plus spécifique de la sous-unité alpha 1 au niveau des mélanomes, en
comparaison a des nevus bénins. La protéine est retrouvée surexprimée dans la moiti¢ des métastases
issues de mélanome, un résultat qui atteint méme plus de 70% pour les métastases cérébrales [124].
De plus, cette surexpression est également corrélée a I’index de Breslow décrit précédemment (cf.
Introduction, § 1.3.3).

Comment cette protéine impliquée dans I’osmorégulation intervient-elle dans le processus de
cancérogénése du mélanome ? Dans le cas des cellules cancéreuses, une partie du pool de la pompe a
sodium est en fait associée a un tout autre role. Cette protéine se retrouve recrutée au niveau des
cavéoles dans un signalosome permettant I’activation des voies moléculaires telles que Scr ou Ras,
impliquées classiquement dans la cancérogénese [125]. Les cellules cancéreuses profitent de la sous-
unité FXYD associée a la sous-unité alpha 1 pour activer les signaux d’autres récepteurs tels que le
récepteur a ’EGF (Epidermal Growth Factor), favorisant ainsi la prolifération, la survie et le
processus de métastase.

En effet, ce signalosome permet ’activation des MAPKinases, via le récepteur a ’EGF, amenant
finalement a 1’activation de c-myc par la voie des MAPK (Figure 7). Ce facteur de transcription, c-

myc, est largement décrit pour ses roles pro-cancérigenes induisant la prolifération (avec par
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exemple I’activation de CDK4), supprimant le processus de sénescence, et favorisant ainsi la
résistance aux chimiothérapies [126, 127]. L’activation du récepteur de I’EGF (Epidermal growth
factor) et la variation du taux de calcium intracellulaire vont également agir sur la voie NF-kB

favorisant d’autant plus la prolifération et le blocage de I’apoptose [128] (Figure 10).

Na/K ATPase
Alpha 1

l Mitochondrie
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1

1
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PROLIFERATION

Figure 10 : Schéma d’activation des voies impliquées par le recrutement de la pompe a sodium au niveau

du signalosome (a partir d’une figure issue de Prassas et al., Nature Reviews Drug Discovery, 2008).

2.3. Les voies d’action

L’inhibition de protéines peut étre réalisée selon différentes stratégies grace aux développements
de la chimie et de la biologie moléculaire. Si les anticorps ne s’appliquent qu’aux protéines
accessibles a la surface des cellules tumorales telles que le CTLA-4 (cf. Introduction, § 1.4.5), les
inhibiteurs chimiques spécifiques aux protéines d’intérét fleurissent et sont utilisés depuis quelques
années en cancérologie. Par ailleurs, la récente découverte des ARN interférents offre de nouvelles

possibilités d’influer sur I’expression d’une protéine cible.

Resnier Pauline | Nano-vectorisation de siRNA via des nanocapsules lipidiques OO0 | 24



Introduction générale

2.3.1.  Les inhibiteurs chimiques
» La protéine Bcl-2
Le ciblage de la protéine Bcl-2 a été envisagé par des inhibiteurs chimiques dits « BH3-
mimetics ». Ces molécules chimiques, par leur affinité avec Bcl-2, ont démontré un potentiel
intéressant en préclinique, avec une synergie observée en association avec les inhibiteurs du
protéasome (bortezomib) [129]. On dénombre actuellement 3 molécules en essais cliniques : AT-101

(Gossypol), GX15-070 (Obatoclax) et ABT-263.

Phase essai Nom
Nom Cancer Référence
clinique générique
AT-101 Leucémie, Poumon I 1I Gossypol [130]
GX15-070 Leucémie, Poumon /1 Obatoclax [129]
ABT-263 Tumeur solide, lymphome I Navitoclax [131]

Tableau 2 : Inhibiteurs chimiques ciblant la molécule Bcl-2 en essai clinique

La totalité des inhibiteurs de Bcl-2 a également la faculté de se lier avec d’autres protéines de la
méme famille que Bcl-2 telle que Mcl-1, Bel-x.. L’AT-101 est inhibiteur de Bcl-2 et de Mcl-1.
ABT-263 se lie avec une forte affinité aux protéines Bcl-2, Bcl-x;, et Bcl-w, et interagit plus
faiblement avec Mcl-1. Enfin, le GX15-070 est quant a lui capable de se lier au Bcl-2, Bcel-x;, Bel-w
et Mcl-1 [130]. En effet, les inhibiteurs chimiques de Bcl-2 n’offrent pas de spécificité exclusive
envers Bcl-2, entrainant des effets contradictoires comme avec 1’ABT-263. En effet, ce dernier
permet ’inhibition efficace de Bcl-2 et Bcl-x.. Cependant, une boucle de rétro-controle semble
entrainer I’activation de Mcl-1, limitant 1’effet anti-cancéreux souhaité. La concomitance avec un
inhibiteur de la voie PI3K permet de retrouver une efficacité significative [132].

Par ailleurs, si la phase I des essais cliniques concernant I’AT-101 a démontré une tolérance,
méme en concomitance avec 1’étoposide ou le cisplatine [133], I’essai clinique de phase I/II
concernant le GX15-070 associé au bortezomib chez des patients atteints de lymphome a montré une
tolérance mitigée [129]. Des effets indésirables ont été constatés comprenant somnolence (87%),
fatigue (61%), euphorie (57%) a des grades I/Il. Des effets de sévérité III/IV ont été observés
incluant des thrombopénies (21%), des anémies (13%) et des fatigues (13%). Pour le moment, aucun

inhibiteur de Bcl-2 n’a obtenu d’autorisation de mise sur le marché.
» La sous-unité alpha 1

L’inhibition de la sous-unité alpha 1 est également rendue possible par des inhibiteurs chimiques

tels que les stéroides cardiotoniques (ouabain, digoxin), aujourd’hui commercialisés dans le cadre
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d’une autorisation de mise sur le marché pour les patients atteints d’insuffisance cardiaque. Des
études menées avec des stéroides cardiotoniques ont montré que l'inhibition de la pompe a sodium
dans les cellules cancéreuses conduit a i) une désorganisation du cytosquelette via 1’actine, ii) une
perte du partenariat avec le signalosome compromettant ainsi sa signalisation et iii) I’induction de la
mort cellulaire par apoptose ou non-apoptotique telle que 1’autophagie ou par perméabilisation de la
membrane, méme dans des lignées dites multi-résistantes [134, 135].

Cependant, tout comme pour la protéine Bcl-2, les inhibiteurs chimiques aujourd’hui disponibles
ne permettent pas une spécificité limitée a une sous-unité. Ce manque de spécificité rend difficile le
développement de ces composés a des fins anti-tumorales en raison d’une cardiotoxicité potentielle

par le ciblage a la fois des sous-unités al, a2 et a3.

Malgré un nombre grandissant de molécules chimiques, seuls quelques essais cliniques ont été
menés en oncologie avec des résultats mitigés a ce jour et des toxicités non négligeables. Des essais
complémentaires sont encore actuellement en cours (www.clinicaltrials.gov). Par conséquent, une
autre alternative de ciblage de la pompe a sodium et de la protéine Bcl-2 doit étre envisagée pour une

application anti-cancéreuse.

2.3.2.  Les ARN interférents

La thérapie génique est une nouvelle alternative récemment étudiée permettant de contrdler ou de
modifier ’expression des genes et donc des protéines. Cette stratégie thérapeutique a été initiée dans
les années 80 avec le transfert de gene via I’utilisation de plasmide d’ADN. L’objectif était alors
d’insérer une nouvelle copie fonctionnelle du géne au niveau du génome natif des patients pour ainsi
corriger et produire la protéine qui se trouvait manquante ou défaillante. Dans ce cadre, la thérapie
génique est premiérement pensée pour des maladies monogéniques telles que la B-thalassémie [136].

L’application de la thérapie génique pour la pathologie cancéreuse va émerger avec la découverte
des petits ARN interférents (siRNA) a la fin des années 90. Fire met en évidence ce phénomeéne dans
des plantes, puis chez le nématode C.Elegans. Ces petits ARN, dits interférents, ont la capacité
d’interagir avec un ARN messager (ARNm) et d’inhiber ainsi leur traduction en protéine [137]. Ces
siRNA sont pris en charge dans le cytoplasme par I’endonucléase Dicer (Figure 11). La protéine
Ago2 s’ajoute pour former le complexe RISC (RNA induced silencing complex) et interagir avec
I’ARNm cible, entrainant son clivage et/ou sa dégradation [138]. Cette action inhibitrice s’avere
alors comme une alternative intéressante pour inhiber spécifiquement 1’expression d’oncogenes
intervenants dans le développement de pathologies cancéreuses.

Les siRNA offrent une stratégie de ciblage tres spécifique avec la sélection d’une séquence

personnalisée permettant de cibler une seule protéine telle que la sous-unité alpha 1 de la pompe a
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sodium ou la protéine Bcl-2. Un oligonucléotide antisens de 18 bases, I’Oblimersen®, ciblant la
protéine Bcl-2 a été développé a la fin des années 90. Son utilisation a démontré un effet de
sensibilisation du mélanome a la dacarbazine [139]. Un essai clinique a prouvé le bénéfice de la
combinaison de I’Oblimersen® avec la dacarbazine, entrainant une augmentation du taux de réponse
a 13,5 contre 7,5% avec la dacarbazine seule [140]. Derniérement, un essai clinique de phase I a
conduit a des résultats prometteurs concernant 1’utilisation de I’Oblimersen® en association avec le

témozolomide, pour le traitement des mélanomes métastasés [141].
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Figure 11 : Voie de signalisation des ARN interférents (issu de De Fougerolles ef al., Nature Reviews Drug

Discovery, 2007)

Le ciblage par siRNA de la sous-unité alpha 1 a, quant a lui, été initié récemment sur un modele
cellulaire de mélanome [124]. Les premiers résultats démontrent une efficacité du siRNA véhiculé
par des agents de transfection commerciaux a éteindre correctement la protéine cible.

Cependant, si ces molécules hydrophiles apparaissent comme un outil prometteur, elles ne
peuvent pas passer les barrieres biologiques telles que les membranes plasmiques. De plus, une
injection intraveineuse est impossible du fait de la présence de nucléases dans le compartiment
sanguin, entrainant une dégradation rapide de ces composés. Il devient donc indispensable de
véhiculer les siRNA avec des systémes novateurs permettant leur protection, le ciblage des cellules

tumorales, ainsi que le passage des membranes plasmiques.
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3. Les nanomédecines

3.1. Les objectifs des nanotechnologies et leurs applications

3.1.1.  Les différents types de nanomédecines

Les nanomédecines concernent I'application de la nanotechnologie a la recherche médicale et
notamment l'administration de médicaments sous forme de nanoparticules, objets a [’échelle
nanométrique (10 métres).

L'utilisation des nanotechnologies en pharmacologie a pour objectif, premi¢rement, de protéger
un principe actif contre une dégradation potentielle, et deuxiémement de modifier la distribution
naturelle de ce principe actif dans l'organisme. Il est alors théoriquement possible de diriger et
d'accumuler le principe actif sur le site d’action souhaité et de I'éloigner des sites indésirables afin de
limiter les effets secondaires. Les domaines d'application des nanomédecines en santé sont tres
variés. La cancérologie est un des domaines ou l'on trouve le plus d'applications du fait des
possibilités de vectorisation tumorale offertes par les nanoparticules.

Ces objets thérapeutiques de taille nanométrique sont divers et comprennent, entre autres, les
dendrimeres (A), les micelles (B), les liposomes (C), les nanoparticules (D, E), ou encore les

nanocapsules (F) (Figure 12).

ol

Figure 12 : Les différents types de vecteurs synthétiques. A : Dendriméres, B : Micelles, C : Liposomes, D :
Nanoparticules polymériques, E : SLN (Nanoparticules lipidiques solides), F : LNC (Nanocapsules Lipidiques)
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3.1.2.  Les applications des nanomédecines en cancérologie
» L’encapsulation des agents chimiothérapeutiques

Certaines molécules anticancéreuses sont extrémement lipophiles et leur administration chez le
patient nécessite 1’élaboration d’une forme galénique adaptée a leur injection dans la circulation
sanguine. Les nanomédecines font partie des formes galéniques qui permettent de modifier les
propriétés pharmaco-cinétiques de la molécule. Dans ce cas, ses propriétés de biodistribution et
d’élimination dépendent alors des propriétés de la nanoparticule.

Dans la gamme des nanoparticules approuvées par la FDA figurent, entre autres, les formes
liposomales de la doxorubicine avec Myocet® [142] et Caelyx®/Doxil® [143], les nanoparticules
d’albumine pour le paclitaxel (Abraxane®) ainsi que la solution micellaire de paclitaxel (Genexol-
PM). Un certain nombre de revues dans la littérature détaillent les propriétés et les applications

diverses de ces nanomédecines en chimiothérapie [144].

» L’encapsulation des ARN interférents

L’encapsulation de molécules hydrophiles telles que les acides nucléiques (ADN, siRNA) est
possible dans de nombreuses formes nanométriques par des procédés via des stratégies
d’encapsulation différentes, comparativement aux molécules lipophiles. La plupart des études,
aujourd’hui, développe des complexes basés sur les interactions de charges entre les acides
nucléiques chargés négativement et des polymeres ou lipides cationiques.

Un travail bibliographique est présenté a la suite de cette introduction et décrit les systémes
permettant de véhiculer et de protéger les siRNA (cf. Revue bibliographique). Par ailleurs, les
diverses modifications de surface ont été répertoriées selon les stratégies de ciblage des tumeurs
envisagées. Dans la seconde partie de cette revue, les différentes cibles moléculaires visées via des
siRNA en cancérologie et les résultats obtenus, sur des modeles pré-cliniques, sont exposés et

discutés.

3.2. Les nanomédecines et le mélanome

Certaines nanomédecines ont été développées et testées sur des modeles cellulaires ou
précliniques de mélanome [145]. La dacarbazine, notamment, a été encapsulée avec succes dans des
nanoparticules montrant des résultats prometteurs in vitro [146]. Cependant, 1’'un des exemples les
plus frappants concernant 1’amélioration des chimiothérapies reste le cas des molécules de la famille
des taxanes telles que le paclitaxel ou le docétaxel, encapsulés au sein de différents types de
nanomédecines. La conjugaison du paclitaxel avec 1’albumine est commercialisée pour le cancer du
sein depuis 2005 sous le nom d’Abraxane® [147]. Depuis, des essais cliniques sont menés sur des

patients atteints de mélanome avec 1’ Abraxane® seul ou en association avec d’autres actifs tels que
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le carboplatine ou des anti-angiogéniques. Cependant, trés peu de bénéfices ont été observés en
association avec le carboplatine avec une médiane a 11,1 mois contre 10,9 mois pour I’abraxane®
seul [148]. Le docétaxel a également fait 1’objet d’étude sur une possible nanoformulation a 1’aide de
polymeres de carbométhylcellulose modifiés démontrant d’ores et déja des résultats prometteurs sur
les rongeurs avec des effets secondaires diminués. La doxorubicine avec des nanoparticules de
fulleréne a également montré de premiers résultats satisfaisants en pré-clinique [149, 150]. A I’heure
actuelle, plusieurs formes de nanomédecines encapsulant des agents chimiothérapeutiques sont
actuellement en essais cliniques sur le mélanome (Tableau 3).

A ce jour, un seul essai clinique basé sur I’utilisation d’ARN interférents est en cours dans le
cadre de traitements de tumeurs solides telles que le mélanome (Tableau 3). Les siRNA, visant une
sous-unité M2 de la ribonucléotide réductase, sont encapsulés dans des nanoparticules de
cyclodextrines portant des ligands de ciblage de transferrine [50]. Cet essai de phase I a démontré la
bonne tolérance de ce type de nanomédecines, avec une extinction de la protéine cible au niveau

tumoral, apres injection chez plusieurs patients.

Molécule Formulation Phase Essai clinique

Phase 11
En association avec le Carboplatine et
Temozolomide ou Bevacuzimab

ABI-007 . . Phase 11
Abraxane Paclitaxel Albumine En association avec le Carboplatine [148]
®
Phase I
Seul
Phase 11
En association avec le Bevacuzimab
BIND-014 Docétaxel NanopartIl)(}:Su(l}es PLGA Phase I En cours
CALAA- siRNA Nanoparticules de Phase I [151]
01 RRM2 cyclodextrine seul

Tableau 3 : Récapitulatifs des essais cliniques utilisant des nanomédecines pour I’encapsulation de
chimiothérapie ou de siRNA dans le cadre d’un traitement contre le mélanome

3.3. Les nanocapsules lipidiques

Les nanocapsules lipidiques (LNC) sont des nanomédecines mises au point et brevetées par notre
unité au début des années 2000 [152]. Ces nanocapsules au cceur huileux et a la coque constituée
d’agents surfactants sont obtenues par un procédé d’inversion de phase dépendant de la température.

Ce procédé sans solvant demande peu d’énergie et permet une transposition d’échelle aisément
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envisageable par comparaison avec d’autres systémes. La structure de la nanocapsule est constituée
d’un ceeur de triglycérides a chaines moyennes (Labrafac®) autour duquel s’organisent un surfactant
hydrophile majoritaire & base de hydroxystéarate de polyéthyléne glycol (HS-PEG) (Kolliphor®
HS15) responsable de I’inversion de phase, et un surfactant lipophile composé principalement de
phosphatidylcholine (Iécithine, Lipoid®) qui participe a la rigidité de la coque. La taille de ces objets
est contrdlée par la proportion entre les différents constituants permettant I’obtention d’une gamme

variant de 20 a 100 nm [153] (Figure 13).

Kolliphor® 90°C
Lipoid®
Labrafac®
NaCl

O
Eau ZIP 75°CH Nanocansules linidiaues

- 2

Figure 13 : A : Schématisation du procédé de formulation des nanocapsules lipidiques (LNC) avec une
trempe (G) au niveau de la zone d’inversion de phase (ZIP), B : diagramme de phase permettant d’obtenir les
LNC (issu de Heurtault ez al., Pharm Res, 2002), C : Image des LNC par cryo-microscopie électronique.

La formulation est basée sur un procédé, dit d’inversion de phase d’émulsion, développé et
breveté en 2002 [152]. Il s’agit de réaliser, dans un premier temps, une émulsion huile dans eau
(H/E) a I’aide des différents constituants décrits précédemment. Cette émulsion est soumise a une
augmentation de température. Celle-ci induit alors un changement de la balance
hydrophilie/lipophilie (HLB) du HS-PEG. A ce moment, I’émulsion H/E devient alors émulsion E/H
en passant par une microémulsion peut se former dans la zone d’inversion de phase (ZIP) (Figure

13). Cette inversion de phase est mise en évidence par une chute de la conductivité a haute
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température. Plusieurs cycles de température sont ainsi réalisés entre 50 et 90°C. La derniere étape
comprend une trempe, c’est-a-dire une addition a I’aide d’un volume d’eau a 4°C, au niveau de la
zone d’inversion de phase afin de stabiliser et figer les nanocapsules lipidiques (LNC).
L’organisation des LNC offre la possibilit¢ de modifier leur surface, afin d’adapter le
comportement pharmacologique en fonction de la cible souhaitée. La modification de surface la plus
couramment utilisée dans le domaine des nanomédicines consiste a recouvrir les particules avec de
longues chaines de polyéthyléne glycol (PEG) par une méthode de post-insertion de phospholipides
pegylés dans la coque des LNC [154]. Cette couronne de PEG forme alors une barricre stérique
hydrophile limitant les phénoménes d’adsorption des protéines sériques du systeme immunitaire. Les
LNC dites pegylées ont alors un temps de circulation plasmatique prolongé et des études pré-
cliniques ont démontré leur capacité a délivrer des principes actifs au niveau d’une tumeur solide
[155]. Cette capacité d’accumulation dite de ciblage passif peut étre expliquée par le phénomene de
perméabilité accrue présent au niveau des endothéliums tumoraux, nommé effet EPR (Enhanced
Permeability and Retention effect) [156]. Un ciblage actif par I’intermédiaire de ligands spécifiques
reconnaissant des antigénes peut également &tre réalisé¢ a la surface des LNC [157]. Dans ce cas, le
greffage peut se faire, par exemple, a I’extrémité des phospholipides pegylés possédant des

groupements fonctionnels.

3.3.1. L’encapsulation de chimiothérapies

Les LNC ont permis, depuis leur création, 1’encapsulation avec succeés de différents principes
actifs anticancéreux tels que le paclitaxel [158], ou encore des ferrocifénes [159]. En effet, le cceur
huileux des LNC permet aisément I’encapsulation de ces molécules lipophiles.

Les ferrocifénes sont des molécules basées sur la synthése de molécules bio-organométalliques
dérivées du ferroceéne (Figure 14) [160]. Cette approche consiste a développer des dérivés
ferrocéniques de I’hydroxytamoxiféne, métabolite actif du tamoxiféne, en substituant un groupement
phényl par le ferrocene. Les molécules résultantes sont appelées ferrocifénes. Un certain nombre de
composés dérivés ont été synthétisés et ont démontré de faibles ICs, sur différentes lignées de
cancers du sein [161]. L’intérét de ces nouvelles molécules est leur effet cytotoxique inattendu sur
des modeles cellulaires résistants de cancer du sein (triple négatif par exemple). En effet, de récents
travaux ont montré la formation de dérivés réactifs de 1I’oxygene (ROS) apres incubation de dérivés
ferrocéniques [162]. La présence du groupement ferrocéne jouerait le role de catalyseur d’oxydation
intramoléculaire associé a une production de dérivés réactifs de ’oxygeéne induisant un effet

antiprolifératif et I’entrée en sénescence [163].
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Figure 14 : Structure chimique de deux dérivés organométalliques possédant un groupement
ferrocéne : le ferrociphenol (FcDiOH, gauche) et ’ansa-ferrociphenol (ansa-FcDiOH)
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OH

L’utilisation des dérivés organométalliques encapsulés au sein des LNC a fait [’objet de plusieurs
travaux de thése au sein de notre laboratoire [159, 164, 165]. Leur encapsulation est aujourd’hui
maitrisée et des essais sur les LNC chargées en ferrociféne ont montré des résultats satisfaisants dans
plusieurs modeles tumoraux et plus particulierement le glioblastome et le cancer du sein triple
négatif [166]. Ces différentes considérations laissent présager une activité potentiellement

prometteuse pour ce type de complexe dans le cadre de cellules dites « chimiorésistantes », telles que

les cellules issues de mélanome métastatique.

3.3.2. L’encapsulation d’acides nucléiques

Les premiers travaux basés sur les acides nucléiques avec les LNC ont permis 1’encapsulation
possible de plasmide d’ADN afin de développer une stratégie de thérapie génique [167]. Pour cela,
I’ADN est complexé a des lipides cationiques par des interactions €lectrostatiques menant a la
formation de complexes nommés lipoplexes qui sont ajoutés aux autres composants des LNC. Par
ailleurs, la température d’inversion de phase classiquement observée a 75°C est abaissée a 25°C par
I’utilisation de Plurol afin d’éviter la dégradation du plasmide [167].

Les travaux réalisés par le Dr. Marie Morille montrent le potentiel des LNC ADN pour permettre
une accumulation au niveau tumoral dans un modéle sous-cutané de gliome, mais il montre
¢galement la possibilité de transfecter efficacement in vivo [168, 169]. D’autres travaux de thése ont
permis d’étudier le potentiel thérapeutique de ce type de nanomédecines dans une stratégie de géne
suicide sur un mode¢le de gliome sous-cutané [170, 171]. Aux vues de ces résultats prometteurs,
’utilisation du procédé d’encapsulation de I’ADN est potentiellement applicable a 1’encapsulation
d’autres formes d’acides nucléiques tels que les siRNA comme nous allons le voir dans le premier

chapitre.
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4. Les objectifs de la thése

L’utilisation d’acides nucléiques tels que les siRNA représente aujourd’hui une alternative
innovante pour cibler et éteindre spécifiquement une protéine impliquée dans le processus tumoral
ainsi que dans les processus de chimiorésistance. Cependant, leur encapsulation au sein de
nanoparticules est indispensable pour envisager leur utilisation en pré-clinique et clinique. Mes
travaux de theése s’inscrivent donc premierement dans une optique de développement galénique de
nanocapsules lipidiques encapsulant les siRNA ciblant la protéine Bcl-2 et la sous-unité alpha 1.
Leur efficacité sur un mod¢le cellulaire de mélanome humain SK-Mel28, ainsi que sur un modéle

préclinique apres implantation sous-cutanée de ces mémes cellules tumorales a été évaluée.

Les objectifs principaux de ces travaux sont :
» le développement, la compréhension et I’optimisation de la formulation des LNC siRNA,
» 1’évaluation de leur efficacité a délivrer ce principe actif dans un modele de mélanome,
» Dlinitiation de stratégies de ciblage intelligent des mélanomes dans le but d’une
administration systémique,
» la co-encapsulation de siRNA et de molécules a fort potentiel anti-cancéreux telles que les
ferrocifénes au sein des LNC,

» 1’évaluation cellulaire et pré-clinique d’une stratégie de chimio-sensibilisation du mélanome.

Ce manuscrit rapporte les résultats obtenus lors de ces travaux et s’organise en trois chapitres.

Le premier chapitre s’intitule « Développement et caractérisation des LNC chargées en siRNA ».
Ce chapitre concerne les premiers travaux de formulation, 1’optimisation du procédé pour encapsuler
les siRNA et les résultats de caractérisation de ces nanomédicaments. La premiere publication décrit
le procédé de formulation ainsi que la méthode d’évaluation d’efficacité d’encapsulation des siRNA
(Publication n°1). Le second article présente les expériences menées pour optimiser la formulation
initiale grace a une caractérisation plus poussée du nanosystéme (Publication n°2). Suite a cela, une
demande de brevet a été déposée en septembre 2014.

Puis, le second chapitre « LNC de siRNA et ciblage tumoral », s’articule autour des travaux qui
ont porté sur le développement de plusieurs stratégies de ciblage tumoral. L’étude présente les
différentes modifications de surface testées ainsi que leur impact sur I’internalisation dans les
cellules tumorales, le comportement des LNC modifiées aprés injection intraveineuse ainsi que leur
potentiel de ciblage tumoral (Publication n°3).

Dans le dernier chapitre nommé « Evaluation du potentiel thérapeutique des LNC de siRNAy, les
travaux menés a visée thérapeutique grace a 1’utilisation concomitante de la thérapie génique via les

LNC et de chimiothérapies innovantes (ferrocifénes) sont présentés.
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Dans le but d’une administration systémique et intracellulaire, les acides nucléiques tels que les
siRNA nécessitent d’étre vectorisés afin de se voir protégés et de pouvoir traverser les membranes
biologiques. Ainsi, les ARN interférents, utilisés pour les essais d’extinction de geéne dans de
nombreux modeles cellulaires, sont classiquement mélangés a des lipides cationiques. Cependant,
leur injection in vivo est fortement compromise suite a la forte toxicité observée avec la plupart de
ces lipoplexes.

Depuis cette découverte, de nombreuses formulations ont vu le jour afin de complexer avec
succes les siRNA et rendre leur injection intraveineuse possible. Aujourd’hui, micelles, liposomes,
dendrimeéres, et nanoparticules ont montré leur potentiel a encapsuler/adsorber les siRNA. Leur
capacité a cibler le site tumoral a été évaluée dans de multiples stratégies incluant le ciblage passif
et/ou actif. Leur potentiel en cancérologie a été¢ étudié a 1’aide de diverses expérimentations
pharmacocinétiques et de biodistribution. Enfin, différentes protéines participant a différentes voies
de signalisation ont été ciblées via des siRNA pour réduire la progression tumorale. Les mécanismes
moléculaires généralement ciblés sont alors 1’apoptose, le cycle cellulaire ou encore I’angiogenese.

Un travail de recherche bibliographique a été entrepris, ici, afin de recenser les formulations
actuellement a I’étude dans le cadre d’une délivrance de siRNA par voie systémique appliquée a la
thérapie des pathologies cancéreuses. La premiere partie de ce travail s’est focalisée sur I’étude des
caractéristiques des formulations comprenant leur composition, leurs parametres physico-chimiques
et leur capacité a encapsuler les siRNA. Une deuxieme partie s’est consacrée aux stratégies de
ciblage tumoral développées pour ce type de nanomédecines. Enfin, la derniére partie a permis de
lister les différentes protéines ciblées a I’aide de siRNA sur des modeles animaux classiquement
utilisés en cancérologie.

Depuis la parution de cette revue bibliographique, les essais cliniques sur le CALAA-01 se
poursuivent. D’autres essais cliniques sur des formes nanoparticulaires pour la délivrance de siRNA
par voie intraveineuse dans le cadre de pathologies cancéreuses sont en cours, incluant I’Atu027 qui
correspond a des siRNA associés a une forme liposomale. De plus, cette année, un oligonucléotide
antisens a été approuvé par la FDA pour une injection systémique, dans le cadre de

I’hypercholestérolémie familiale.

Ce travail bibliographique a été publié en 2013 dans le journal Biomaterials.
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RNA interference currently offers new opportunities for gene therapy by the specific extinction of tar-
geted gene(s) in cancer diseases. However, the main challenge for nucleic acid delivery still remains its
efficacy through intravenous administration. Over the last decade, many delivery systems have been
developed and optimized to encapsulate siRNA and to specifically promote their delivery into tumor cells
and improve their pharmacokinetics for anti-cancer purposes. This review aims to sum up the potential
targets in numerous pathways and the properties of recently optimized siRNA synthetic nanomedicines
with their preclinical applications and efficacy. Future perspectives in cancer treatment are discussed
including promising concomitant treatment with chemotherapies or other siRNA. The outcomes in
human clinical trials are also presented.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The RNA interference (RNAi) mechanism was first discovered in
plants [1] and demonstrated in the roundworm Caenorhabditis
elegans after the microinjection of double-stranded RNA (dsRNA)
leading to a transitory high extinction of gene expression [2]. The
RNAI concept is based on the interaction of endogen micro-RNA
(miRNA) with messenger RNA (mRNA) thanks to the perfect
sequence homology observed between the strands [3]. Over the last
few years, many kinds of approaches have been created based on
the copy or use of this endogenous gene expression regulation
system including small hairpin RNA (shRNA; a single strand RNA
with a hairpin loop structure), DNA plasmid coding to shRNA, and
small-interference RNA (siRNA: a double strand RNA). These
structures are all integrated in the miRNA pathway and produce
effective gene expression inhibition. This paper will only focus on
the RNA form as siRNA (for more information on miRNA, shRNA, see

* Corresponding author. INSERM U1066, IBS —~ CHU, 4 Rue Larrey, 49933 Angers
Cedex 9, France. Tel.: +33 244 688 534; fax: +33 244 688 546.
E-mail address: catherine.passirani@univ-angers.fr (C. Passirani).

0142-9612/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.biomaterials.2013.04.060

review in the bibliography [4]). In the context of gene therapy
applied to cancers, siRNA acts as a loss-of-function strategy that can
inhibit virtually every single protein of interest expression
regardless to its localization within the cells contrary to antibodies
or tyrosine kinase inhibitors that respectively react only with sur-
face antigens and tyrosine kinase protein. These small entities aim
to modulate the expression of overexpressed or mutated genes
identified as a key hurdle. Moreover, thanks to this non-integration
in DNA, siRNA does not lead to genome modification, an important
parameter for regulatory and safety considerations.

Major hindrance to their clinical development in oncology re-
mains limited pharmacodynamic properties due notably to their
physicochemical properties. For these reasons, the association of
nucleic acid constructs with a multitude of delivery system [5].
These nanomedicines are necessary in order to protect and help
them to cross these natural barriers (see our previous review [6]).

To date, numerous proteins have been targeted by siRNA
embedded into non-viral delivery systems in cancer pathologies
based on cell cycle, apoptosis, proliferation and angiogenesis
pathway studies.

This review i) presents shortly the promising characteristics of
nanocarriers to bypass the obstacles of intravenous injection and to
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target specifically cancer cells and ii) sums up the current status of
preclinical and clinical studies conducted to date towards various
molecular targets in this systemic context. The perspectives and
opportunities to use siRNA delivery systems alone or in combina-
tion with other therapies are discussed.

2. SiRNA delivery systems

SiRNA interacts with cytoplasmic proteins, and in this way need
to be taken up by the cell. This mechanism includes the first
interaction with cell membrane, the penetration into classic
endosomal vesicle or other mechanisms, and finally the escape of
this vesicle to be delivered into the cytoplasm. Moreover, siRNA
cannot be injected in systemic circulation. In fact, these nucleic
acids are rapidly degraded by plasmatic nucleases. In consequence,
the encapsulation of siRNA into a delivery system is expected to
ameliorate their cell penetration, their delivery into cytoplasm after
their protection in blood, their half-life time and finally their spe-
cific delivery on tumor site.

2.1. SiRNA encapsulation

The encapsulation of hydrophilic drugs such as nucleic acids
and proteins has been already developed for numerous formulation
processes (Table 1). From the classic liposomes to new triblock mi-
celles, various encapsulation efficiencies have been obtained.
High yields (80%—95%) have been observed with various types of
liposomes based on cationic lipids as 1,2-DiOleoyl-3-Trimethyl-
Ammonium-Propane (DOTAP) [78], 0,0'-ditetradecanoyl-N-(=z-

trimethyl ammonio acetyl) diethanolamine chloride (DC-6—14) [9],
or cholesterol and their derivates as 33-[N-(N',N'-dimethylamino-
ethane) carbamoyl] cholesterol (DC—cholesterol) [10]. For nano-
particles, lower yield has been evaluated at 40% with calcium
phosphate particle formulation developed by Li et al. [11], however,
higher encapsulation efficiency has been observed for calcium
phosphate nanoparticle process developed by Pittella and coworkers
with 90% encapsulation yield [12]. For other nanoparticles, yields
comprised between 65% to more than 95% are described with delivery
system using natural lipids as lecithin [13,14], phosphatidylcholine
[15], dextran [ 16], chitosan [ 17] or modified cholesterol [ 18] (Table 1).
Contrary to liposomes and nanoparticles, complexes and micelles are
usually formed with one kind of molecules and the encapsulation
efficiency is depending in this case mainly on the lipid/siRNA charge
ratio. Complete siRNA interaction was obtained with simple PEI
complexes in association with polymer (glycol chitosan) [ 19] or pro-
tein (albumin) [20] and with copolymers as poly(2-(dimethylamino)
ethyl methacrylate) (polyDMEAMA) [21], PEG-SS-poly(Pasp-DET)
[22] or acetal-poly(ethylene oxide)-block-poly(e-caprolactone)
(acetal-PEO-b-PCL) [23].

However, if yields of encapsulation have been improved for each
delivery system, important variations are observed on encapsu-
lated doses of siRNA. While the majority of authors worked with
around 200 pg by formulation, large scales have been observed
from 50 ug [8.11,19] up to milligrams [15].

2.1.1. Cellular uptake
Nanocarrier proximity with cells can allow their passive pene-
tration into cytoplasm by different mechanisms (Fig. 1). Multitude of

Table 1
Compaosition and encapsulation efficacy of siRNA delivery systems.
Type Encapsulation Composition Encapsulation yield (%) Refs.
Liposome Entrapment DC—Chol, DOPE, DSPE—PEG, F'ab Her2 80 [10]
Entrapment DC-6-14, POPC, Chol, DOPE, DSPE-PEG 90 9]
Entrapment DOTAP, DOPE, Chol, PEG—C16Ceramide 90 171
Entrapment DNA, protamine, DOTAP, Chol, DSPE-PEG 95 18]
Entrapment PEG, lecithin, triglycerides, DOTAP, DOPE 65 [13]
Entrapment/matrix BHEM—Chol, mPEG—PLA 90 (18]
Entrapment Apolipoprotein A-1, Chol, CE, PC, Oligolysine =90 [15]
Entrapment Dextran thiol, Dextran stearylamine, PEG-thiol 95 (18]
Adsorption Chitosan, Plurol, Ammonium nitrate, PIBCA 90 [17]
Matrix CaP, DOTAP, Chol and DSPE—PEG, 40 [11]
Matrix CaP, PEG—Pasp{DET—Aco) 90 [12)
Matrix PEL, Tripalmitin, DSPE—PEG—folate, Chol, Lecithin 85 [14]
Complex Matrix PEL Glycol chitosan polymer 100 [19]
Matrix PEI, HSA 100 [20]
» a®
L
-
Micelle Adsorption poly(DMAEMA), mAB-SA 100 [21]
Adsorption PEG-55-Pasp (DET) 100 [22)
Adsorption Acetal-PEO-b-PCCL =90 23]

Abbreviations, DC—-Chol: 3-[N-{N',N'-dimethylaminoethane) carbamoyl| cholesterol; DOPE: dioleoylphosphatidylethanolamine; DSPE-PEG: 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine methoxy (polyethyleneglycol)-2000; Fab Her2: antibody fragment of human endothelium growth factor receptor; DC-6-14: 0,0'-ditetradecanoyl-N-
(z-trimethyl ammonio acetyl) diethanolamine chloride; POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; Chol: cholesterol; DOTAP: 1,2-DiOleoyl-3-
TrimethylAmmonium-Propane; PEG—C16Ceramide: polyethylene glycol-C16-ceramide; PEG: polyethylene glycol; BHEM—Chol: N,N-bis(2-hydroxyethyl)-N-methyl-N-(2-
cholesteryloxycarbonyl aminoethyl) ammonium bromide; mPEG-PLA: poly(ethylene-glycol)-b-poly(n.i-lactide); CE: cholesteryl oleate; PC: phosphatidylcholine; PEG-thiol:
polyethylene glycol-thiol; PIBCA: poly(iso-butyl-cyanoacrylate); CaP: calcium phosphate; PEG-Pasp(DET): poly(ethylene glycol)-SS-poly{N-|N-{2-aminoethyl}-2-
aminoethyl|aspartamide}; PEl: polyethyleneimine; HSA: human serum albumin; poly{DMAEMA): poly(2-(dimethylamino)ethyl methacrylate; mAB-SA: streptavidin-conju-
gated monoclonal antibody against CD22; acetal-PEO-b-PCCL: acetal-poly(ethylene oxide)-block-poly(e-caprolactone).
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Fig. 1. Intracellular trafficking of siRNA delivery systems. Internalization of delivery systems can be realized by several mechanisms as clathrin, caveole pathways or lipid rafts. Two
modalities are observed in this phenomenon, a receptor mediated endocytosis and a non-receptor mediated endocytosis. In all these cases, delivery systems are entrapped into
endosomal vesicles. These vesicles fuse with lysosome and inevitably lead to siRNA degradation. To avoid this, delivery systems need to escape the endosomal vesicles. Finally, siRNA

is delivered into the cytoplasm and produces their inhibitor effect.

endocytosis pathways is possible for delivery systems: clathrin-
mediated endocytosis, lipid raft or caveolae, phagocytosis and
macropinocytosis [24). For example, high-density lipoprotein
nanoparticles developed by Shahzad et al., showed efficient cellular
uptake with 80% favored by major lipid compounds [15]. However,
the global negative charge created by PEG and required for the
stealth properties of delivery systems for passive targeting can
prevent cellular uptake by charge repulsion of negative cell mem-
brane. This surface modification can consequently interfere with
efficient cellular siRNA delivery. Nonetheless, various pegylated
delivery systems have demonstrated their efficiency to entry into
cells even with PEG recovery. For example, two kinds of pegylated
nanoparticles developed respectively Guo et al. [25] and Yang
et al. [18] demonstrated a great cellular uptake with 60% and up
to 95% of penetrated cells thanks to cholic acid moiety and a
cholesterol derivates as N,N-bis(2-hydroxyethyl)-N-methyl-N-
(2-cholesteryloxycarbonyl aminoethyl) ammonium bromide
(BHEM—Chol) contained in shell structure. In addition, cationic lipid
(DOTAP and oligolysinoyl lipid) constitution of liposomal forms led
to a great cellular uptake with respectively more than 92% and 100%
of siRNA labeled cells [26,27]. A complete cellular uptake was also
obtained by poly(2-aminoethyl ethylene phosphate) (PPEEA)

cationic block of micelleplex on breast cancer cells [28]. A high
in vitro inhibition was obtained by these micelleplex with 75% of
mRNA and protein extinction [10,28]. Then, lipid composition or
positive charge is essential point to favor the cellular uptake of de-
livery system.

The most obvious mechanism for internalization occurs via re-
ceptors associated with the ligands used for the active targeting. In
this case, receptors mediate endocytosis induced by ligand fixation
and this leads to a facilitated internalization of siRNA delivery
system in cytoplasmic vesicles through clathrin pathway. For
example, in vitro transferrin and integrin targeting on respectively
polyplexe and lipoplexe surface resulted in 100% of cellular uptake
on mouse neuroblastoma and human glioblastoma cells [29,30].
Two micelle formulations modified with RGD peptide recognizing
the avf3 integrins showed a high cellular uptake in breast and
ovarian cancer cells, respectively evaluated at 60% and 70% [23,31].
Finally, endogen molecules as folate can also be used to favor
cellular uptake. Indeed, folate receptor expression was correlated
with tumor localisation as described recently by Meier et al., in
breast cancer [32]. Folate targeted siRNA nanoparticles penetrated
at up to 90% in prostate cancer cells and produced a reduction of
80% mRNA and protein level in vitro [14].
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2.1.2. Endosomal escape

After internalization, early endosomal vesicles are formed and
mature in late endosomes characterized by an acidic pH and the
presence of active enzymes to finally fuse with lysosome vesicles.
In these endosomes, the degradation of nanocarriers can be
initiated and nucleic acids destroyed by nucleases (Fig. 1).
Accordingly, endosomal escape is a critical step for an efficient
cytoplasmic siRNA delivery. Two principles have been already
advanced to explain the mechanism of endosomal escape by de-
livery systems [33]. Firstly, proton sponge effect or pH buffering
can be induced by the protonation of entrapped molecules in the
acidic pH medium and produces an important inflow of water and
ions as C1 and H ", resulting in an osmotic swelling allowing the
endosomal membrane rupture [34]. As PEG coating at the surface
of delivery systems is known to limit the cellular uptake as well as
the endosomal escape, new delivery systems have been developed
with the view to break down the PEG linker in endosomal vesicle
[34]. pH-sensitive linkers have been used in order to loss volun-
tary PEG chains and highlight the positive charges of polymers or
lipids which can promote this proton sponge effect. Effective
cytoplasmic localization was demonstrated by Wang et al., with
nanoparticles containing N-{1-aminoethyl)iminobis [N-(olei-
cyleysteinylhistinyl-1-aminoethyl)propionamide] (EHCO) [30].
This polymerizable surfactant EHCO is a pH-sensitive amphiphilic
molecule and its use induced a high endosomal membrane
disruption [35]. Poly-1-lysine nanocarriers have also been modi-
fied to ameliorate their endosomal escape capacity thanks to PEG
molecules coupled with cholic acid and a pH sensitive benzoic
imine linker. In acidic conditions, cleavage of this linker was
induced. In this way, toxic positive charges of poly-i-lysine became
directly in contact with endosomal membrane and conducted to
efficient disruption and the release of siRNA into the cytoplasm
[25]. PEG-b-poly(propyl methacrylate-co-methacrylic acid) (PEG-
b-P(PrMA-co-MAA)) polymers associated with PAMAM dendrimer
also proved their capacity to avoid the lysosome destruction, 3 h
after incubation [36]. The pH-responsive element was due to
protonation of carboxylate groups of MAA and induced the proton
sponge effect [37]. This protonation also caused the displacement
of PEG-b-P(PrMA-co-MAA) from the dendrimer complex involving
a second mechanism of membrane destabilization. Indeed,
cationic lipids, polymers or peptides can fuse with endosomal
membrane and perturb the bilayer organization thus causing pore
and disruption [38]. The use of DOPE, a zwitterionic co-lipid,
usually had led to this phenomenon. As an example, DOTAP/
DOPE/cholesterol liposomes induced a cytoplasmic localization of
siRNA confirmed by confocal microscopy analysis [39]. Association
of DOPE with DC-cholesterol also conduced to an efficient
endosomal escape [40]. Intracellular fluorescence was associated
to siRNA internalization of DC-cholesterol/DOPE immunolipo-
somes, 2 h after incubation on breast cancer cells and resulted in
95% of mRNA extinction [10]. Otherwise, cholesterol derivate,
BHEM~—Chol, also induced perturbation into cellforganelle mem-
branes [41] and its use in polymer nanoparticles led to cytoplasmic
accumulation and no colocalization with lysosomes evidenced by
microscopy analysis [18]. Polymers as PAsp(DET) provided an
excellent ability of endosomal destabilization through the
conformational change of flanking 12-diaminoethane pH-
sensitive moiety [42]. Indeed, calcium phosphate nanoparticles
surrounded by PAsp(DET) efficiently escaped the endosomal ves-
icles after 3 h and showed 80% of in vitro mRNA extinction [12].
Finally, Varkouhi and coworkers highlighted the potential of
peptides in the endosomal escape mechanism. Fusiogenic pep-
tides penetrated into phospholipid bilayers and created a pore
provoking swelling choc [33]. Only 2 h after incubation, sh-GALA
peptides combined to liposomes were localized in cytoplasm

and confirmed their capacity to fuse with endosomal membrane
and disrupt them [26]. In vitro mRNA extinction evaluated at 85%
was induced after 24 h incubation with this sh-GALA liposomes
[26]. Moreover, siRNA—peptide complexes developed by Canine
et al., showed a perinuclear localization, demonstrating once again
their efficient endosomal escape and in vitro protein extinction
evaluated at 95% [43].

2.2. SiRNA protection

2.2.1. Enzymatic protection

To deliver intravenously an intact and efficient siRNA to the
targeted cells in vivo, the protection of siRNA against plasmatic
enzymes as nucleases is the first necessary step to overcome after
systemic administration [44]. Naked siRNA is naturally completely
degraded in 30 min into the bloodstream after recognition by
plasmatic enzymes containing a double-stranded RNA binding
domain [45]. To evaluate this degradation in vitro, incubations with
serum or RNAse A at physiological temperature have been
commonly realized as an indicator of the protection level of siRNA
and in vivo evaluation of siRNA protection was realized by half-life
study after intravenous injections into rodents (Table 2).

PEI complexes based on PEI alone or on PEI coated with human
serum albumin (HSA) or atelocollagen resulted in in vitre and in vivo
protection evaluated at less than 1 h [20,46—48]. The commercial
form of PEI (JetPEI) provided the best protection with 2 h of siRNA
detection in vitro [49]. In fact, in vitro protein inhibition evaluated at
85% and 50% was provided by lipid substituted PEI complexes and
PEI-F25 LMW [28,50] and atelocollagen complex with more than
95% [14,48]. However, in vivo analysis highlighted the difficulty of
PEI complex to protect and carry siRNA with low transfection effi-
cacy estimated less than 50% and similar results were found with
atelocollagen complex [14,48]. An in vitro longer protection, up to
6 h, could be obtained with PEI when it was associated with glycol
chitosan and produced 80% of mRNA extinction [19]. Interestingly,

Table 2
Protection of siRNA by delivery systems.
Type Delivery system In vitro In vive Refs.
protection  protection
(h) (h)

Complexe Atelocollagen 1 No data |48]
PEI <1 No data |46.47]
PEI[HSA <] No data |20
JetPEI" 2 No data 149]
Glycol chitosan/PEI G No data [19]
nanoparticle
MPG-8 Peptide No data 5 |51)
based delivery

Micelle Polyion complex 4 No data |36]
micelle (PCIM)
PLL nanocarrier 48 No data 125]
Micelleplex No data 12 |28
Multifunctional micellar No data 24 23]
nanocarriers

Liposome Her2-PEG- 9 No data |10]
immunoliposome
Multifunctional 24 No data |26)
nano-device (MEND)
Lipidic particle No data -2 |7.54]
Pegylated cationic No data >9 155]
liposome
Wrapped lippsome -3 =6 |52]
Nanoparticle system 24 24 53]

Nanoparticle  Cyclodextrin nanoparticle 4 No data |56]

Dendrimer PPl dendrimer 48 72 |58]

PEL: polyethyleneimine; HSA: Human serum albumin; PLL: Poly-i-Lysine; PPI:
poly( propyleneimine).
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peptide-based delivery with MPG-8 peptide was tested in mice and
biofluorescence monitoring (BFI) of siRNA revealed a strong
detection until 5 h after intravenous injection [51].

The micellar organization is in majority composed by hydro-
phobic block core and hydrophilic block extensions with positive
charges siRNA can react with, being absorbed at this interface
(Fig. 2). In vitro minimal time of protection induced by micellar
systems estimated at 4 h, was obtained by polyion complex mi-
celles (PCIM) and a maximal time, around 48 h, was reported by
Guo et al., with PEG-SS-poly-i-lysine-cholic acid (PEG-SS-PLL-CA)
nanocarriers [25,36]. Furthermore, in vivo validation was realized
with two other micellar formulations. Micelleplex and multi-
functional micellar nanocarriers demonstrated a long protection
time of siRNA, respectively evaluated at 12 h and 24 h [23,28]. This
long protection time allows an effective extinction in vitro and
in vivo. In fact, dendrimers developed by Felber et al., inhibited 60%
of the specific mRNA and 50% of protein in vitro [36,47] and analysis
after intravenous injection into mice performed with siRNA poly-i1-
lysine micelles induced 60% of mRNA inhibition in tumor bearing
mice [25].

Liposomes generally entrap siRNA into their aqueous core sur-
rounded by a lipid bilayer shell (Fig. 2). In this case, degradation of
siRNA depends on the delivery system stability into the blood-
stream. Large variations have been observed between different
liposome formulations. In vitro analyses showed a protection of 3 h
and 9 h, respectively for wrapped liposomes [52], and multi-func-
tional nano-devices (MEND) [26], and maximal time of 24 h have
been obtained in some cases [10,53]. Moreover, with immunoli-
posomes, intravenous injections into mice were performed and
blood analyses showed siRNA presence for at least 2 h and until
24 h. Lipidic particles [7,54], wrapped liposomes [52] and pegylated
cationic liposomes [55] allowed an in vivo protection until 2 h, 6 h
and 9 h respectively. Moreover, this protection is illustrated by
extinction efficacy obtained with lipidic particle with extinction of
mRNA at 70% in vitro and 60% in vivo [7]. As for in vitro, nanoparticle
systems developed by Yagi et al., provided the longest protection
time (24 h) [53]. Then, the first siRNA delivery system used in
clinical test, i.e. cyclodextrin-containing polycations encapsulating
siRNA, showed 4 h of protection after in vitro incubation with
RNAse A [56]. Finally, poly(propyleneimine) [57] dendrimers of
siRNA were developed by Taratula et al. [58]. This system presented
the best protection times in vitro (48 h) with more than 70% of
mRNA extinction and in vivo (72 h).

2.2.2. Protection from immunity and natural clearance

Innate immune system is naturally developed to detect and
degrade extrinsic unknown objects as foreign delivery systems.
Specific organs as liver, spleen and kidneys play a crucial role in

R
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Fig. 2. Methods of siRNA complexation with delivery systems. The siRNA localization
into nanocarriers differs according to structure and organization of the delivery sys-
tem. SiRNA can be incorporated into matrix structure and allows a global repartition in
all volume of sphere (left). Second strategy consists to adsorb siRNA on surface of
delivery systems in low depth (middle scheme). Last organization concerns shell/core
structure observed for liposomes and some nanoparticles. In this case (right), siRNA is
restrained in the core compartment of the delivery system.

their pharmacokinetic behavior as part of the reticulo-endothelial
system (Fig. 3). In fact, the mononuclear phagocyte system (MPS)
mainly situated in liver, represents a monocyte/macrophage rich
zone that promotes filtration, capture and destruction of blood
components as cellular fragments, bacteria, aggregates and also
nano-objects [59]. Moreover, kidney by renal clearance mechanism
controls the elimination of these delivery systems [59]. Important
clearance appears when system diameter is less than 25 nm [60]
(Fig. 3). Delivery systems whom size is comprised between 50
and 250 nm, can largely limit their degradation or elimination by
these different mechanisms and increase their half-life in blood-
stream. To illustrate this, a large majority of nanocarriers already
developed for in vivo applications have their size comprised in this
interval (Table 3).

The surface charge of the delivery systems is also a critical
parameter to consider in order to obtain a suitable pharmacoki-
netic profile. Indeed, plasmatic proteins are negatively charged
and can consequently form some aggregates with positive charges.
These large complexes can be recognized by innate immune sys-
tem (complement proteins or macrophages). The bricks of the
complement are able to interact with plane surface and favor
macrophage recruitment [60,61]. The endocytosis by macrophages
can lead to the destruction of the delivery systems and thus siRNA.
By presenting neutral or slightly negative charge at the surface,
complement fixation and recognition by MPS can be avoided or
largely limited (Fig. 3). To illustrate this, nanoparticles can present
neutral or negative global charge, as mesoporous nanoparticles
developed by Tanaka et al., or lipoprotein nanoparticles of Shahzad
et al., (both with —3 mV) and LNCs with +7 mV of surface charge
[13,15,57]. For other nanoparticles cited in Table 3, PEG has been
added at the surface to create artificially a negative hydrophilic
and flexible ring which can hide and limit the effect of positive
charges of cationic lipids and/or polymers used for the complex-
ation of siRNA. Indeed, PEG is able to modify zeta potential of
nanoparticles thanks to dipole interactions with water [62]. In fact
nanoparticles developed respectively by Yang et al., and Susa et al.,
exhibited negative or neutral global charge thanks to this PEG
recovery [16,18]. PEI polymer provided the similar effect and led,
for example, to a negative charge of —21 mV for solid hybrid PEI
nanoparticles [14].

For micelles, copolymers like poly(DMAEMA) and PEO-b-PCL
induce generally a neutral profile [21,23]. Furthermore, micelles
can resort to pegylation in order to neutralize positive charge of
block copolymers. For example, PCIM with PEG ring, were charac-
terized by neutral zeta potential evaluated at +5 mV [36], and
micelleplex developed by Mao et al.,, had largely negative global
charge with a zeta potential of —21 mV [63].

Concerning peptide complexes, they present generally a slight
positive charge as observed for peptide-based nanoparticles, and
FDT nanocarriers with respectively +16 and +10 mV [43,51]. Same
results were obtained with glycol chitosan/PEI complexes (+10 mV)
[19] and other polymer complexes based on oligoethyleneimine
derivates (OEI-HD) (-6 mV) [29].

In the case of liposomes, pegylation is a necessary step to hide
the high level of positive charges due to cationic headgroups. Even
with PEG recovery, zeta potentials can stay highly positive as it is
the case for liposomes of polycation hyaluronic acid (LPH) [64], li-
posomes polycation DNA (LPD) [8,65], lipidic particles [7] and
pegylated cationic liposomes [55] characterized by a zeta potential
comprised between +11 and +48 mV (Table 3). Despite these
positive charges, lipidic particles and pegylated cationic liposomes
developed respectively by Wu et al., and Sonoke et al., allowed an
in vivo long time circulation and protection of siRNA explained by
an efficient steric repulsion due to the high flexibility and hydro-
philicity of PEG [62].
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Fig. 3. Optimal physicochemical parameters to bypass the hurdle of intravenous administration and obtain a tumor targeting. Physico-chemical parameters and surface modifi-
cations are crucial to obtain a suitable profile into blood and an efficient tumor targeting. Particle of size inferior to 20 nm and superior to 200 nm is rapidly eliminated by
respectively renal clearance and innate immune system (MPS). Intermediate size particles with positive charge surface are also rapidly recognized by the immune system and
eliminated. Negative surface allows a long circulating profile but repulsion interactions between them and cell membrane prevents their internalization and the efficient delivery of
siRNA into the cytoplasm. Nanocarriers with neutral surface are used to develop passive and active targeting. Enhanced permeability and retention (EPR) effect thanks to leaky
vasculature allows a passive targeting of tumor site. Finally, active strategy with specific ligand induces the internalization of delivery systems into cancer cells.

2.3. Tumor targeting

2.3.1. Passive targeting

The advantage of delivery systems is to favor cellular uptake and
target only tumor site and tumoral cells, in order to limit side ef-
fects and improve the therapeutic efficacy. Large fenestrations have
been described on vessels situated around the tumor and they are
associated with poor lymphatic drainage favoring the retention
[66]. All of this provokes the Enhanced Permeability and Retention
(EPR) effect demonstrated by Maeda et al., and leads to the devel-
opment of passive targeting strategy consisting in natural accu-
mulation in tumor site by long circulating or stealth delivery
systems [66] (Fig. 3).

Numerous siRNA liposomes recently demonstrated this tumoral
targeting. Neutral non-pegylated mesoporous silicon nanoparticles
developed by Tanaka et al., and liposomes developed by Halder
et al., have obtained a high tumor protein extinction superior at 80%
after systemic injection into mice and consequently proved the
accumulation of delivery system into tumor cells [57,67]. Passive
accumulation was also achieved after single intravenous injection
of fluorescent siRNA into pegylated LPD nanoparticles [68]. Cervical
mouse cancer was successfully passively targeted by pegylated
siRNA loaded lipid particles [7] and in vivo analysis highlighted an
effective extinction estimated at more than 95% [65,69] Recently,
novel pegylated cationic liposomes proved their efficacy to target
pulmonary metastatic melanoma [9]. Moreover, synthetic poly-
mers as PEl complex used by Grzelinski et al., allowed an efficient

passive targeting of glioblastoma xenograft [46]. Then, new poly-
mer, EHCO complexed with siRNA, was injected intravenously and
demonstrated tumor site accumulation with 65% of protein
extinction [29,30]. Micelleplex formed with triblock copolymer
promoted breast cancer accumulation 4 h after intravenous injec-
tion [28]. Finally, Alexa555 siRNA lipoprotein nanoparticles were
localized in ovarian tumor 48 h after a single intravenous admin-
istration 15].

Nonetheless, this strategy presents some limitations. EPR ef-
fect allows extravasation through inflammatory endothelium that
possesses large fenestrations but does not lead to an exclusive
cancerous cell targeting. Moreover, differential degree of vascu-
lature, angiogenesis as well as tumor type, maturity and host
environment, can play an important role in this EPR effect.
Consequently, active targeting could be a way to enhance delivery
system accumulation in desired tumor site and to help internal-
ization into tumor cells.

2.3.2. Active targeting

In parallel to a passive clustering, an active targeting is more and
more envisaged to enhance the preferential tumor accumulation
and avoid side toxic effect. This can be obtained by grafting at the
surface of the delivery system markers or ligands only expressed or
at least overexpressed in tumors (tumoral environment or tumoral
cells) (Fig. 3). For this purpose, chemical modifications on polymers
have allowed the fixation of many families of molecules as peptides,
antibodies and/or glucides (see Ref. [6]).
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Table 3
Physico-chemical characteristics of siRNA delivery systems.

Type Delivery system Diameter Zeta potential Refs.
[117] (mV)

Nanoparticle Mesoporous silicon particle 26 3 [57]
Lipoprotein nanoparticle 10 3 [15]
Lipid nanocapsule (LNC) 60 7 [13]
Dextran nanoparticle 105 02 [16]
PEG—PLA nanoparticle 196 17 [18]
Lipid — PEI hybrid 210 21 [14]
nanocarrier (LPN)

Micelle pH-responsive micelle 35 1 |121]
Multifunctional 103.4 4 123]
micellar nanocarrier
Polyion complex 50-100 5 136]
micelle (PCIM)

Micelleplex 47.7 -21 [63]

Complexe Peptide based nanoparticle  100—150 16 [51]
FDT 78 10 [43]
Glycol chitosan/PEl 350 10 [19]
nanoparticle
Polyplexes 155 =3 6 [29]

Dendrimer PPI dendrimer 101 = 43 Nodata [58]

Liposome Liposome polycation 170 11 |64]
hyaluronic acid (LPH)

Liposome polycation 114 25 18]
DNA (LPD)

Liposome polycation 197 31 165]
DNA (LPD) + NGR

Lipidic particle 179 41 7]
Pegylated cationic liposome 100 48 [55]

PEG—PLA: poly(ethylene-glycol)-b-poly(p.-lactide); PEl: polyethyleneimine; FDT:
fusiogenic peptide — DNA condensing and endosomolytic motif — targeting motif;
PPI: poly(propyleneimine).

Transferrin delivery system has demonstrated their efficacy to
target tumor cell as transferring conjugated OEI-HD polyplexes
with 85% of protein extinction in tumor cell after intravenous in-
jection [29,30] and transferrin cyclodextrin-based nanoparticles
with in vivo protein inhibition on murine model with a decrease
estimated at 55% [70].

Tumor homing peptides are able to react with different re-
ceptors as, for example, integrin receptors with RGD peptide. In
fact, Arg—Gly—Asp (RGD) motif is implicated in the fixation of
alpha V integrin proteins on their receptor overexpressed on tu-
moral vessels [71]. Recently, two micelle formulations modified
with RGD showed an efficient in vivo tumoral targeting in breast
and ovarian cancer cells [23,31]. In fact, RDG chitosan nano-
particles showed in vivo mRNA and protein extinction respectively
at 80% and 51% [31]. Moreover, in vivo experiments were also
performed with RGD liposome delivery systems and conduced to a
half-inhibition of protein expression in breast cancer cell bearing
mice [39]. Another example has been prepared with the Asn—Gly—
Arg (NGR) motif, discovered by phage display technology, that is
able to interact with aminopeptidase N receptor (or CD13) [72].
The expression of this receptor was correlated with cancerous
angiogenic property and cell mobility [73]. NGR liposomes were
used by Chen et al., to target actively tumor vessels in sarcoma
model and resulted in an efficient tumoral accumulation [65]. Ala—
Pro—Arg—Pro—Gly (APRPG) peptide targets angiogenesis vessels as
RGD and NGR [74,75] and was efficient on the surface of liposome
formulation to induce an active in vivo tumor accumulation in
colon tumor bearing mice [76]. Otherwise, peptide sequence iso-
lated from releasing protein as hormone can be used to target
specific cells or organs. For example, luteinizing hormono-
releasing hormone (LHRH) plays an important role in multiple
malignancies as cancer [77]. LHRH receptor has been described as
a potential target for various cancers as hormone-dependent
one [78]. A synthetic analog peptide was conjugated to siRNA

dendrimers and provided an efficient and selective tumoral accu-
mulation in ovarian cancer model [58].

In parallel, other molecules including for example poly-
unsaturated fatty acids, folic or, hyaluronic acids, can be used for
active targeting [79]. Hyaluronic acid participates in cell growth,
differentiation and migration [80] and is overexpressed in various
cancers [81,82]. Chen et al., used a strategy based on hyaluronic acid
grafted on pegylated liposomes and showed a preferential tumor
localisation in melanoma bearing mice [64].

Antibodies have also been used to target specific cell receptors.
Transferrin plays a major role in cell growth and its expression has
been correlated with cancer progression. Antibodies of transferrin
receptors have been largely used to target actively cancer cells
[83,84]. For example, Pirollo et al, grafted an anti-transferrin
antibody fragment on liposome to induce an active targeting of
prostate and/or pancreatic model, observed as soon as 20 min after
intravenous injection [85].

3. Current targets of siRNA in cancer therapy development

Good candidates for gene silencing in cancer therapy are legion
when considering in vitro demonstration and/or use that are
associated with anti-cancer effects. Few of them are nevertheless in
the pipelines of pharmaceutical companies. General concerns about
the targets to be considered for further drug development could
be 1) differential expression level between cancer vs non-cancerous
cells (generally overexpression in cancer cells; cancer type speci-
ficity should thus be considered as well as personalized medi-
cine), 2) genetic concerns, e.g. highlighting the target to be
associated with spontaneous cancer development in animal models
and viability of the knock out models to decrease risk of toxicity
(targeted delivery systems can be used to overcome, at least partly
this problem), 3) characterized and crucial roles in cancer devel-
opment, progression, resistance..., 4) multiple functionalities and/
or localizations (in particular intracellular proteins) that cannot be
inhibited by chemicals or reached by other therapeutic tools such
as antibodies, 5) cellular half-life: protein with very rapid turn-over
will increase the difficulty to develop a vector that can be admin-
istered in a practical point of view to obtain appropriate knock
down timelines.

In this section we considered the different targets/pathways for
which in vivo animal studies have been conducted successfully
(Fig. 4). Table 4 summarizes these studies with detailed formula-
tion, protocol and results.

3.1. Cell cycle

Cell cycle progression is strictly controlled as demonstrated in
1989 by Hartwell and Weinert by numerous effectors and check-
points [86]. Main effectors of cell cycle progression are cyclins and
cyclin-dependant kinases (cdk) such as cyclin B1-cdk1 complex
which is the main effector implicated in G2/M transition [87].
Numerous studies have proven the overexpression of cyclin B1 in
various cancers as oesophageal squamous cancer [88], non-small
lung cancer [89], renal cancer [90] and prostate adenocarcinoma
and was recently associated with a poor survival prognosis in breast
cancer [91]. Cyclin B1 siRNA inhibition strategy was employed in
prostate and lung cancer in vivo [51]. Eight intravenous injections of
10 pg siRNA complexed with peptide-based delivery systems to
mice produced a reduction of about 92% of the prostate tumoral
volume (Table 4). In a sub-cutaneous lung cancer model, tumor
reduction reached 70% and half of the animals treated presented
longer survival periods [51].

Polo-like-kinase 1 (Plk1) plays key roles during mitosis notably
in the activation of cyclin Bl—cdkl complex and anaphase-
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Fig. 4. Pathway targeting by siRNA delivery systems in cancer. Representation of siRNA targeted molecules used in preclinical studies to develop an anti-cancer treatment. Dox:
doxorubicin; Doce: docetaxel. Plk1: polo-like kinasel; MAD2: mitotic-arrest deficient 2; EphA2: receptor of ephrins; AKT 1/2/3: KLFisoforme of serin—threonin kinase; PKN3:
protein kinase N3; FAK: focal adhesion kinase; Bcl: B-cell lymphoma; Mcl-1: myeloid cell leukemia; VEGF: vascular endothelium growth factor; PAR-1: protease activated receptor
1; KLF-5: Kruppel-like factor 5; PLX1DC: plexin domain containing 1; HIF-12: hypoxia inducible factor 12: CA: ceramidase acid; MDM2: murine double minute 2; POSTN: periostin.

promoting complex/cyclosome (APC/C) for G2/M transition and
spindle assembly checkpoint respectively [92]. PIk1 is overex-
pressed in multiple cancer types, including melanoma [93], non-
small cell lung cancer [94], colorectal cancer [95], and breast can-
cer [96], with for some of them bad prognosis values. Inhibitions by
siRNA or chemical agents validated PIk1 as an interesting target to
combat cancer [97,98]. Two recent studies described Plk1 siRNA
delivery systems. Sun et al, developed a micelleplex that was
injected daily intravenously in sub-cutaneous breast tumor bearing
mice from twelve days after tumor implantation to the end of the
protocol at a siRNA concentration of 220 ug/kg. This treatment led
to 70% of tumoral volume reduction compared to control group
[28]. This protocol also demonstrated the recovery of effective
apoptotic pathways with activation of caspase 3. A second study
was realized on a breast organotypic tumor model. Treatment with
Plk1 siRNA in PEG—PLA nanoparticles led to a 75% tumor growth
inhibition after seven intravenous injections of 20 ug siRNA each
[18].

Other checkpoint effectors’ knock down could be useful to
combat cancer, e.g. mitotic-arrest deficient 2 protein (MAD2) which
is involved in the regulation of SAC [99]. MAD2, through seques-
tration of CDC20 into a complex, inhibits APC/C, maintains thereby
the sisters’ chromatids together till all chromosomes are bi-ori-
ented to each spindle pole on metaphase plate, in order to prevent

mis-segragation [100]. Liver cancer [101], lymphoma [102], lung
[103], colon carcinoma [104], express high levels of MAD2. This up-
regulation of this SAC regulator is associated with mitotic delay and
chromosome instability that finally contributes to hallmarks of
cancer as aneuploidy and genetic instability [10]. Knock down of
MAD?2 led to pro-apoptotic effects in osteasarcoma [105]. Kaestner
et al., administered PEl/anti MAD2 siRNA complex intravenously
MAD2 siRNA to sub-cutaneous colon carcinoma bearing mice. In-
jections of 10 ug of siRNA every two days during 14 days inhibited
tumor growth of 35% [69].

3.2. Proliferation pathways

Cancer cells are characterized by sustained proliferation
resulting from increased proliferative signals, decrease of negative
feed-back signals and replicative immortality acquisition [10].
Cancer cells produce or force their environment to produce
excessive growth factors as for example insulin growth factor (IGF),
or epidermal growth factor (EGF) [106] but can become indepen-
dent of these signals with mutations. Such external stimuli activate
intracellular cascades like the MAPK pathways or the phosphoi-
nositide-3-kinase (PI3K)/serin—threonin kinase AKT one, that
promotes proliferation, division and survival and were clearly
described in cancerogenesis mechanism [107]. EphA2 is a specific
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Table 4
Protocol based on siRNA delivery in cancer therapy.
Pathway SiRNA target Cancer model Tumoral Total Number of Day of Inhibition Other effects Refs.
cell injection dose (pg) injections injection of tumor
volume
Cell cycle Cyclin B Prostate s.C 80 8 DO-21 70%-92% 50% long survival I51)
Plk1 Breast 5.C 141 32 D12-44 70% Caspase 3 activation |28]
Orthotopic 140 7 D14-21 75% | 18]
MAD2 Colon s.C 70 7 Do-14 35% Increased apoptosis 169]
Proliferation EphA2 Ovarian i.p 5 1 D15 55% / 157]
AKT1 Prostate 5.C 600 5] DO-15 66% / [114]
AKT2 Prostate s.C 600 7 D016 89% | [114])
AKT3 Prostate 5.C 600 8 D017 57% I [114)
PKN3 Prostate Orthotopic 224 4 D1-4 60% 75% for metastasis [117)
FAK Ovarian ip 24-30 8-10 D7-31 ar 38 60% J 131]
Cell death and Bcl-2 Prostate 5.C 2000 10 D10-21 65% / |55]
Survival Bel-xL Prostate s.C 1200 12 D1-24 40% No inflammatory response [48]
Mcl-1 Breast 5.C 140 T D9-19 75% Maximal dose tested 127]
53 mg/kg — no toxicity
Survivin Prostate ¥ 14 2 D2 and D7 30% / |14]
Angiogenesis VEGF Prostate® 58 7000 : 4 50 mm — DO-18 53% No inflammatory response [25]
Prostate s.C 560 5 DO-28 87% No inflammatory response |144]
PAR-1 Melanoma 5.0 80 8 3-5mm — 7% / [168]
DO-D28
Melanoma meta  iv 100 10 DO-35 | Decreased metastase |168]
number (81%)
D31 Prostate Orthotopic 350 8 D35-49 65% / [117)
KLF-5 Lung carcinoma”  s.c 350 7 D2-8 60% / 153]
Prostate 5.C 1500 10 D7-16 48% Prolonged survival median [53]
PLX1DC Ovarian i.p 24-30 8-10 D7-31 or 38 87% Increased apoptose (35%), [31]
Oncogene protein E6/7 Renal® 5.C 120 3 D3-10 55% No synergic effect with 171
cisplatin
Renal® v 320 4 D1-11 / Prolonged median survival [7]
31D vs 21D
ret/PTC1 Fibroblast s.c 100 5 DO0-9 90% / 117]
EWS-FLIT Ewing sarcoma  iv 400 8 D1-24 80% No inflammatory response [70]
S§18-SSX  Synovial sarcoma s.c 1000 10 D3-28 83% / 152]
Other pathways Hypoxy HIF-1a Glioblastoma s.C 300 G D21-36 50% | |30]
Metabolism CA BT474 s.C 240 12 D10-22 75% Increased apoptosis, 163]
non-immunogenic
DNA repair  RecQL1 Colorectal meta  Spleen 500 10 D4-25 43% | |154)
Pancreatic meta  Spleen 250 10 D4-15 31% ! [154]
Lung s.C 400 8 D8-32 46% / [154]
Nuclear Ran Neuroblastoma®  s.c 150 3 D7-13 49% Increased apoptotic 129]
transport cell (12%), no hepatic
toxicity
Resistance  P-gp Breast” 5.C 160 4 D11-17 60% / 139]
Migration  Actine B HT-1080 8¢ 320 4 D11-D14 65% No inflammatory response [26]
SiRNA concomitance MDM2, Melanoma* iv 18 2 D8 and 9 30% No inflammatory response [64]
c-myc, VEGF
MDM2, Melanoma® iv 36 4 D10-18 / Increased survival 8]
c-mye, VEGF median + 6D, no
inflammatory response
Chemotherapy  Doxorubicin c-myc Colon s.C 72 3 D1-3 60% Increased apoptosis |65]
Concomitance Doxorubicin c-myc, VEGF Ovarian 5.C 72 3 - 57-60% Increased apoptosis, |68]
no inflammatory response
Docetaxel ~ POSTN Ovarian ip 24-30 §-10 D7-31 or 38 90% Increased apoptose (45%), [31]

decreased proliferation
(60%)

Plk1: Polo-like kinase1; MAD2: mitotic-arrest deficient 2; EphA2: receptor of ephrins; AKT 1/2/3: KLFisoforme of serin—threonin kinase; PKN3: protein kinase N3; FAK: focal
adhesion kinase; Bcl: B-cell lymphoma; Mcl-1: myeloid cell leukemia; VEGF: vascular endothelium growth factor; PAR-1: protease activated receptor 1; KLF-5: Kruppel-like
factor 5; PLX1DC: plexin domain containing 1; HIF-1a: hypoxia inducible factor 1a; CA: ceramidase acid; MDM2: murine double minute 2; POSTN: periostin.

* Murine cell model, s.c: sub-cutaneous injection, i.p: intraperitoneal injection, i.v: intravenous injection.

receptor of ephrins that takes function in cell—cell contact and cell
migration by activation of MAPK pathways promoting oncogenesis
and increased expression has been detected in numerous cancers
[108]. Inhibitions by RNAi technology proved the anti-cancer po-
tential of in vitro targeting and local in vive treatment respectively
in malignant mesothelioma and squamous carcinoma [109,110].
One study exposed some results on intravenous injection of min-
eral nanoparticles loaded with EphA2 siRNA [57]. A single injection,
two weeks after cell inoculation, was sufficient to lead to a 55%
decrease of tumoral volume.

Numerous cancers, as for example skin cancer [111] and prostate
cancer [112] have shown disregulation of PI3K/AKT pathways.
Many reviews have described oncogenic overexpression of AKT and
its roles in chemoresistance [113]. SiRNA knock down of three
different AKT isoforms was explored by Sasaki et al., in prostate
cancer model [114]. Atelocollagen was mixed with siRNA and
injected every three days during two weeks by intravenous in-
jections. All AKT isoforms siRNA conducted to an important
regression of tumoral volume, i.e. 66%, 89% and 57% for respectively
AKT1, AKT2 and AKT3 isoforms [114].
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Then, the PKN3 protein, named also PKNp, has been identified a
few years ago [115]. Leenders et al., demonstrated their interaction
with PI3K/AKT pathways and their antiproliferative effect on
prostate cell by shRNA extinction [116]. In vivo inhibition strategy
was realized with siRNA liposomal form [117]. Repetitive intrave-
nous injections were realized on mice bearing organotypic prostate
tumor and provided 60% of tumoral volume inhibition. Moreover,
metastatic process was highly inhibited with 75% of metastasis
number reduction [117].

Increased focal adhesion kinase [57] levels were reported in
prostate [118], and breast [119] as well as in glioma [120]. FAK can
be activated by integrins and is involved in multiple pathways
controlling proliferation, survival, cell migration and anoikis
resistance [121]. Its overexpression has been correlated with
increased invasion and migration of several metastatic tumor types
[122]. Inhibition of FAK protein has been obtained by different
strategies: competitive molecule (FIP200); tyrosine kinase in-
hibitors (TKI) (PF-228) or RNAi (siRNA) [123]. Chemical inhibitors
led to the regression of tumoral volume as demonstrated by Rob-
erts et al. [124]. Delivery systems based on chitosan nanoparticles
loaded with FAK siRNA, were developed for systemic treatment
[31]. Twice weekly injections of 4 ug siRNA allowed inhibiting 60%
of human ovarian tumor growth in nude mice.

3.3. Cell death and survival

Pathways involved in cell death and survival have important role
in cancer development [ 125]. Cancer cells display acquired or innate
cell death resistance mechanisms (to apoptosis or other cell death
pathways). Apoptosis regulation pathways form a very complex
molecular network with the two intrinsic and extrinsic classically
recognized triggering pathways [126]. Bcl-2 family proteins are
major molecular regulators of mitochondrial pathway leading to
apoptosis and clearly related with cancer progression [127]. Anti-
apoptotic bcl-2 family members as Bcl-2, Bcl-xL and Mcl-1, have
been shown to be overexpressed in cancer pathologies including
leukemia [128] and myeloma [129]. Then, poor survival was also
associated with these Bcl-2 members' up-regulation in hep-
atocarcinoma [130]. Moreover, chemotherapy resistance was early
associated with Bcl-2 and Bcl-xL high level expression, respectively
in gastric and breast cancer [131,132]. Intravenous injections of
vectorized siRNA targeting these three molecules were evaluated in
tumor bearing mice: Bcl-2 and Mcl-1 siRNA in pegylated cationic
liposomes [27,55], and Bcl-xL siRNA complexed with atelocollagen
[48]. In these studies, reduction of tumor growth reached 40%—65%.
Abnormal expression or overexpression of inhibitor of apoptosis
proteins (IAPs) as survivin that has been correlated with oncogenic
progression was reported in hepatocellular carcinoma [133], lung
cancer [134], and ovarian cancer [135]. In addition, numerous
studies have evidenced higher survivin expression during metas-
tasis development, such as in prostate cancer [136] and in poor
prognosis in meningioma [137]. Different survivin inhibition stra-
tegies resulted in marked antiproliferative effects in endometrial
and breast animal cancer models [138,139]. Solid lipid—PEI nano-
carriers were developed by Xue et al., to carry survivin siRNA [14]. A
low dose of siRNA, only 14 ug delivered in twice injections, was
sufficient to obtain 30% of tumoral volume regression.

3.4. Angiogenesis

Angiogenesis is an essential step for cancer development and
has thus been recognized as a hallmark of cancers [125]. Without
angiogenesis, cancer could not grow up to more than 2 mm of
diameter as firstly emphasized by ] Folkman. In this way, stopping
neoangiogenic mechanism could constitute a key strategy to inhibit

tumor growth [140]. However, numerous inhibitors have already
been developed to slow down angiogenesis such as antibodies and
TKI (sunitinib®, sorafenib®, axitinib®, and pazopanib®) but with
appearance of resistance siRNA could therefore provide an alter-
native strategy [141,142]. Vascular endothelium growth factors
(VEGFs and VEGFA in particular) are the most described secreted
molecules implicated in angiogenesis of human cancers [ 143]. Poly-
1-lysine nanocarriers of VEGF siRNA administered intravenously
reduced by 53% prostate sub-cutaneous tumors [25] while VEGF
siRNA micelles led to 87% volume reduction [144].

As controversies on the benefits of such anti-angiogenic thera-
pies arose recently, other angiogenic factors or markers could be
interesting alternatives like protease activated receptor 1 (PAR-1)
which is enrolled in thrombin regulation and whose expression is
correlated with angiogenesis in many cancer types [145] or platelet
endothelial cell adhesion molecule 1 (PECAM-1 or CD31) [146].
Both have been targeted in vivo by siRNA in melanoma and prostate
cancer models respectively. Reduction in tumor size and metasta-
ses has been obtained [147]. Finally, plexin domain containing 1
(PLXDC1) or TEM7 (tumor endothelial marker 7) is a protein
showing an overexpression in cancerous endothelium [148] and a
correlation with metastasis and poor prognosis [149]. Chitosan
nanoparticles were used to carry PLXDC1 siRNA in orthotopic mice
ovarian cancer model [31). Low final dose of siRNA (maximal 30 ug)
injected in 10 times was sufficient to produce a strong blockage of
tumoral growth with 87% of volume inhibition.

3.5. Other pathways

Hypoxia triggers angiogenesis via several cellular mediators
including the well-known HIF-12 transcription factor. Wang et al.,
developed multi-functional peptide-based carrier to deliver anti-
HIF-12 RNA that inhibited by 50% glioma tumor growth [30].

Kruppel-like factor 5 (KLF-5) is a transcriptional factor impli-
cated in the epithelial cell proliferation and consequently in
angiogenesis [150]. This protein was targeted by siRNA carried by
wrapped liposomes in two sub-cutaneous cancerous models [53]. A
total siRNA dose of 350 pg was injected intravenously in murine
lung carcinoma and a 60% of volume reduction was obtained.
Prostate model was also assessed in a KLF-5 inhibition therapy [53].
Ten injections of 150 ug siRNA were performed and decreased the
tumoral volume to 48%. Moreover, this inhibition demonstrated
their efficacy to prolong the survival median.

Furthermore, nucleo-cytoplasmic transport for signaling mole-
cules and transcription factors is controlled by protein complexes
situated at nucleus pore, including importin 2 and importin . Ran
GTPase is also implicated in this transport regulation and can
contribute to pathways of cell transformation facilitating tumor
progression [151]. Inhibition of Ran was assessed in sub-cutaneous
murine neuroblastoma and resulted in 49% of tumoral volume
regression with a single low dose of siRNA (150 ug) [29].

Considering the hallmarks of cancers as defined by Hanahan and
Weinberg, bioenergetic metabolism is attractive for new therapies.
Example is provided with the acid ceramidase (AC) that plays a key
role in cancer development through the enhanced conversion of
ceramide into the anti-apoptotic shingosine 1-phosphate [152]. A
breast cancer mice model was developed to evaluate the effect of
AC siRNA inhibition [63]. Results showed a strong inhibition with
75% of tumoral volume regression by using 240 ug of siRNA.

RecQL1, a human helicase, participates in DNA repair and the
maintenance of genome integrity. This protein is highly up-
regulated in rapidly growing cells including various kinds of can-
cers [153]. Pancreatic, lung and colorectal cancer models in mouse
have been treated respectively by intravenous injections of 250,
400, and 500 pg of RecQL1 siRNA entrapped into non-viral delivery
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systems [154]. These protocols induced alone 31%, 43% and 46% of
tumor growth inhibition for pancreatic, colorectal and lung cancers.
Finally, resistance mechanisms to chemotherapy include the over-
expression of ABC efflux pumps such as P-glycoprotein (P-gp) that
decrease intracellular chemotherapeutic agents like doxorubicin
[155]. Jiang et al., worked on the effect of P-gp siRNA on doxorubicin
resistant human breast cancer cells [39]. After treatment with P-gp
siRNA liposomes, tumoral volumes were reduced to 63% vs doxo-
rubicin alone (28%).

3.6. Virus and fusion oncogenes

As several cancer types can be induced by oncogenes from vi-
ruses, specific strategies can be developed to combat them. Exam-
ples are E6 and E7 oncogenes of human papilloma virus (HPV) that
have been inhibited by siRNA strategy in murine sub-cutaneous
renal carcinoma models [7] resulting in 55% of tumoral progression
blockage and prolonged survival median in a metastatic model.

Genetic changes as chromosome rearrangement can cause the
synthesis of abnormal fusion proteins. These later can turn out to be
oncogenic and then favor the proliferation and progression of tu-
mors. The ret/PTC1 fusion protein appears as a specific oncogene
rearrangement presented in thyroid cancers [156]. de Martimprey
et al,, developed a siRNA strategy on ret/PTC1 protein [157]. These
chitosan nanoparticles were able to strongly reduce the tumor size
with 90% of volume reduction. EWS-FLI1 is another chimeric gene
produced by abnormal chromosomal rearrangement, associated
with Ewing sarcoma and targeted to develop a new therapeutic
treatment [158,159]. The inhibition of EWS-FLI1 by siRNA was
conducted by Hu-Lieskovan and coworkers [70]. Cyclodextrin based
nanoparticles were injected 8 times until total siRNA dose of 400 pg
and proved an effective inhibition of tumoral progression with 80%
of tumoral volume reduction. Finally, targeting of SS18—SSX, a
fusion protein [160], described in synovial sarcoma by a consistent
chromosome translocation (X; 18) was tested by Takenaka et al., in
wrapped liposomes with repetitive intravenous injections. Their
protocol allowed a strong volume diminution estimated at 83% [52].

4. Perspectives
4.1. RNAI in clinics: introduction

To date, very few nucleotide-based drugs reached the market.
The first one was an antisense oligonucleotide from Isis Pharma-
ceuticals in 1998 to treat CMV retinitis (Formivirsen; Vitravene”)
but the company stopped it because of its very limited market. This
drug is the first proof that local delivery of RNAi-based treatment
can be envisaged. The aptamer Pegaptanib (Macugen®) is the sec-
ond example of nucleotide-based therapy approved by the FDA in
2004 for the acute macular degenerescence (AMD) with local
administration.

Despite more than 60 clinical trials conducted with antisense
oligonucleotides to combat cancer (clinicaltrials.gov) and 589
publications in pubmed database on “oligonucleotide and cancer”
in “clinical trials", (April 2013), no one reached the market. Among
the most promising ones, anti-Bcl-2 antisense (Oblimersen™) did
not get FDA approval after the phase Il randomized trial for chronic
lymphocytic leukemia [161] because of lack of efficacy in terms of
intent-to-treat survival benefits. Great hope has been placed in
siRNA that emerges now in clinical trials as detailed hereafter.

4.2, (Clinical trials

Pubmed references 31 publications related to “siRNA and can-
cer” in “clinical trials” (April 2013) but only few clinical trials (all in

phase I clinical status) are listed on clinicaltrials.gov for solid tumor
treatment. CALAA-O1 is an siRNA that reduced the expression of the
M2 ribonucleotide reductase subunit (R2) and was shown to
inhibit/reduce melanoma tumor growth in vivo in mice [162]. The
CALAA-01 siRNA was protected from nuclease degradation within
stabilized cyclodextrin-based nanoparticles targeted to tumor cells
via transferrin [163]. These nanoparticles were injected intrave-
nously in three patients and proved effective against tumor tissues
[164]. Nowadays, the Phase I trial is in progress on the safety and
the adapted dose of these siRNA nanoparticles.

A second non-viral siRNA delivery system, Atu027, is in its
prospective phase of clinical trials. As described before, this nano-
scale system has proved its in vitro and in vivo efficacy [117,147].
Moreover, these liposomes loaded with a PKN3 siRNA were injected
intravenously for 4 hin a single dose in 24 human patients. The first
results showed the good tolerance to Atu027 by patients [165].
Further studies will be conducted to determine the siRNA efficacy
in terms of anti-cancer effects.

Phase | trial with a liposome-carried EphA2 siRNA associated
with promising results in mice [57] has just started recruitment in
summer 2012. A dose of 450 ug/m? of siRNA into nanomedicines
will be injected intravenously twice weekly during 3 week cycles in
patients diagnosed with ovarian cancer. The aim of Phase I will be
the study of the safety of these siRNA—EphA2—-DOPC and their
maximal tolerated dose (MTD).

While these clinical trials were inconceivable ten years ago, they
are nowadays ongoing and showing good tolerance levels with no
evidence of side effects. Also encouraging results obtained with
concomitant treatment in cancer have thus suggested the possi-
bility to undertake personalized treatment in the future (early stage
diagnosis, tumor screening, siRNA pool specific for the patient...).

4.3. Concomitant treatments

The transitory effects of siRNA are adapted to chronic disease
[166] however, concomitant treatments allowed by the use of
synthetic delivery systems (different siRNA, chemo and radio-
therapy...) are necessary. The poor results obtained with single
siRNA delivery have encouraged the development of concomitant
strategies by combining several siRNA to target simultaneously
different pathways or to use single siRNA with other therapeutic
agents. For example, three siRNA were co-formulated in liposomes
by Huang et al. [8,64]. These siRNA targeted MDM2, c-myc and
VEGF proteins that were all implicated in the development of
cancerous pathologies. Two intravenous injections of 9 ug siRNA
were able to produce 30% volume regression in a mouse melanoma
metastasis model [64]. Moreover, double doses of siRNA increased
the survival median by 6 days corresponding to 30% compared to
the control group in the same cancer model [8].

Association and synergy between siRNA and other drugs could
potentially improve their therapeutic effect. SiRNA delivery sys-
tems have been already tested in association with classic chemo-
therapeutic agents. Multifunctional nanoparticles, transporting
siRNA and doxorubicin, were developed by Chen et al., to demon-
strate their effect [65,68]. A colon cancer model was used to test
this concomitant treatment based on doxorubicin and c-myc siRNA.
While siRNA or doxorubicin treatment alone led respectively to 35%
and 8% of inhibition contrary to siRNA associated with doxorubicin
that led to a 60% synergic volume regression [65]. Similar results
were obtained in a second study conducted with different siRNA
against c-myc and VEGF with or without chemotherapy [68].

Other chemotherapeutic agents have been tested in such com-
bination, e.g. docetaxel with periostin (POSTN) siRNA entrapped
into chitosan nanoparticles [31]. Periostin plays a significant role in
cell invasion, survival, and angiogenesis, leading to metastasis
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[167]. In an ovarian cancer model, injections of POSTN siRNA with
docetaxel increased tumoral regression (90% reduction in com-
parison to 70% and 50% regression when siRNA or docetaxel was
used alone) and decreased also significantly the number of tumoral
nodules [31].
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CHAPITRE I:
DEVELOPPEMENT ET CARACTERISATION
DES NANOCAPSULES LIPIDIQUES
CHARGEES EN SIRNA

L’utilisation des siRNA en thérapeutique apparait comme une alternative de plus en plus
intéressante afin de modifier I’expression de protéines impliquées dans des processus pathologiques.
Pour cela, leur encapsulation au sein d’un nanovecteur est indispensable du fait, premiérement, de la
présence de nucléases dans le plasma, et, deuxiémement, du caractére hydrophile des siRNA
empéchant leur passage a travers les membranes plasmiques. Le développement des nanocapsules
lipidiques offre donc la possibilité de i) protéger le principe actif, ii) favoriser son accumulation au
sein de la tumeur ainsi que iii) étre internalisé dans les cellules tumorales. Des travaux de théses
antérieurs se sont focalisé€s sur I’ADN et I’encapsulation de plasmide, démontrant ainsi le potentiel des
LNC a encapsuler ces molécules par I’utilisation de lipides cationiques. Cependant, si les siRNA
restent des acides nucléiques, la formulation développée pour 1°ADN appliquée telle quelle a ces
derniers n’a pas montré de résultats satisfaisants. Ce premier chapitre développe donc les différents
travaux de formulation galénique effectués sur les nanocapsules lipidiques qui nous ont permis
d’obtenir une encapsulation du siRNA au sein d’une nanomédecine stable.

La premiere publication fait état du procédé de formulation et de son adaptation nécessaire pour
encapsuler efficacement les siRNA. Ces travaux se focalisent également sur I’utilisation de différents
lipides ainsi que sur la mise au point d’une méthode de dosage du siRNA au spectrophotometre UV.

Les études de stabilité ainsi que d’optimisation du procédé se retrouvent dans la publication n°2.
L’objectif de ces nouveaux travaux a ¢été d’expliciter la structure des LNC siRNA ainsi que
d’améliorer le rendement, en faisant varier les différents constituants. Une caractérisation par
microscopie électronique a transmission cryogénique (Cryo-TEM) a permis de visualiser ces objets et
valider une méthode de purification efficace des LNC siRNA.

Enfin, la derniére partie de ce chapitre présente les formulations nous ayant permis d’améliorer

significativement la stabilité¢ de ces nano-objets et ayant fait I’objet d’une demande de brevet.

Ces travaux ont fait I'objet de deux publications acceptées, la premiere dans European Journal of

Pharmaceutics and Biopharmaceutics en 2012 et la seconde sous presse dans Biotechnology Journal en 2014.
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Several siRNA (small interfering RNA) therapeutics are undergoing clinical trials for cancer, respiratory
diseases or macular degeneration, but most are administrated locally. In order to overcome the different
barriers to attain an efficient siRNA action after systemic administration, nanocarriers able to carry and
protect siRNA are awaited. With this aim, we developed a new platform of siRNA lipid nanocapsules

(LNCs) using different cationic lipids, combining the properties of LNCs (siRNA protection and targeting)

Keywords:
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Formulation
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and lipoplexes (efficient siRNA delivery into the cell). The formulation was revealed to contain different
compartments. A siRNA quantification method based on UV spectroscopy was developed to locate and
quantify siRNA in each compartment. All in all, these novel siRNA LNCs presented sizes of about
55 nm with a neutral surface charge and siRNA encapsulation efficiencies up to 65% representing appro-
priate characteristics for systemic administration.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

siRNA is rapidly broken down by nucleases and other blood
components after intravenous administration. Moreover, between
the administration and action site, different barriers have to be
overcome. Therefore, different siRNA modifications and siRNA vec-
tors have already been described in the literature, with a view to
finding the “ideal” vector [1].

Lipid nanocapsules (LNCs), consisting of a lipid liquid core of tri-
glycerides and a rigid shell of lecithin and polyethylene glycol,
were developed in our laboratory [2]. The simple formulation pro-
cess is based on phase inversions of an emulsion. These LNCs were
recently modified to encapsulate DNA, complexed with cationic
lipids, forming lipoplexes. These DNA LNCs were efficient for
in vitro and in vivo transfection [3-5] in contrast to lipoplexes that
were only efficient in vitro.

The association between LNCs and lipoplexes should combine
LNC properties (nucleic acid protection, prolonged circulation time,
possibility of active or passive targeting) with lipoplex properties
(internalisation in cells, permitting nucleic acid action). With this
in mind, the objective of this work was to develop siRNA LNCs
allowing efficient systemic siRNA administration. In this study,

* Corresponding author. Inserm U646, Université d’Angers, IBS-CHU, 4 rue Larrey,
49933 Angers Cedex 9, France. Tel.: +33 244 688534; fax: +33 244 688546.
E-mail address: catherine.passirani@univ-angers.fr (C. Passirani).

0939-6411/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejpb.2012.02.010

various ratios of different cationic lipids were used to formulate
siRNA LNCs, and the size, charge and payload characteristics of
these novel promising nanocarriers were assessed.

2. Materials and methods
2.1. SiRNA LNC formulation

Basic lipid nanocapsules (LNCs) were formulated, as described
before [2], by mixing 20% w/w Labrafac WL 1349 (caprylic-capric
acid triglycerides, Gatefossé SA, Saint-Priest, France), 1.5% w/w
Lipoid S75-3 (Lipoid GmbH, Ludwigshafen, Germany), 17% w/w Sol-
utol HS 15 (BASF, Ludwigshafen, Germany), 1.8% w/w NaCl (Prolabo,
Fontenay-sous-Bois, France) and 59.8% w/w water (obtained from a
Milli-Q system, Millipore, Paris, France) together under magnetic
stirring. Three temperature cycles between 60 and 95 °C were per-
formed to obtain phase inversions of the emulsion obtained after
mixing all the components. Then, a rapid cooling and dilution with
ice-cooled water (1:1.4) at the phase inversion temperature (PIT)
led to LNC formation.

To obtain siRNA LNCs, the water in the last step was replaced by
lipoplexes which were prepared by adding equal volumes of siRNA
(here a model siRNA targeted against PCSK9, (sense sequence:
GGAAGAUCAUAAUGGACAGATAT) Eurogenetec, Seraing, Belgium)
and liposomes in a defined charge ratio of cationic lipid charge
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versus anionic siRNA charge. NaCl was added during preparation to
obtain a final concentration of 0.15 M.

For liposome preparation, a cationic lipid DOSP (dioleylamine-
succinyl paromomycin) (synthesis previously described in [6]),
bis(guanidinium)-tris(2-aminoethyl)amine-cholesterol (BGTC)
(synthesis previously described in [7]) or DOTAP (1.2-dioleyl-3-
trimethylammoniumpropane) (Avanti“ Polar Lipids Inc., Alabaster,
AL, USA), solubilised in chloroform, was weighted in the ratio 1/1
(M/M), 3/2 (M/M) or 1/1 (M/M), respectively, with the neutral lipid
1.2-dioleyl-sn-glycero-3-phosphoethanolamine (DOPE) (Avanti®
Polar Lipids Inc., Alabaster, AL, USA) to obtain a final concentration
of 20 mM of cationic lipid charge, considering the number of lipid
charges per molecule (4 for DOSP, 2 for BGTC and 1 for DOTAP). After
chloroform evaporation under vacuum, deionised water was added
to hydrate the lipid film overnight at 4 °C which was sonicated the
next day.

DOSP micelles were prepared in the same way without the
addition of DOPE.

3. Characterisation
3.1. Size and zeta potential measurements

Size and zeta potential of siRNA LNCs were measured using a
Malvern Zetasizer” (Nano Series ZS, Malvern Instruments SA,
Worcestershire, UK) at 25 °C, in triplicate, after dilution in a ratio
of 1:100 with deionised water.

3.2. Agarose gel electrophoresis

To verify siRNA encapsulation in LNC, Triton® X100 (Sigma,
Saint-Quentin Fallavier, France) was added to destroy LNCs. Sam-
ples were mixed with OrangeBlue loading dye (Promega, Madison,
WI, USA) before deposition on 1% agarose gel containing ethidium
bromide (Sigma, Saint-Quentin Fallavier, France) and migration at
100V for 30 min.

3.3. siRNA LNC purification

Five hundred microlitre of siRNA LNC formulation was depos-
ited on a 1.5 x 40 cm Sepharose CL-4B column and were eluted
with HEPES buffer (pH 7.4). Fractions of 500 pl or 1 ml were col-
lected in glass tubes for further analysis; 100 pl of each fraction
was used for turbidity measurements and analysed at 580 nm.
PEG (polyethylene glycol) was quantified using 20 pl of each frac-
tion, which was mixed with 5 pl KI/l; and 180 pul H,0 milli-Q
before analysing at 492 nm using a Multiskan Ascent microplate
reader (Thermo Fisher Scientific Cergy-Pontoise, France). Size and
zeta potential measurements were taken as described above, and
siRNA was evidenced using gel electrophoresis experiments.

3.4. siRNA quantification

One volume of the formulation was mixed with three volumes
water (obtained from a Milli-Q-plus” system, Millipore, Paris,
France), six volumes 1 M NaOH and two volumes chloroform, vor-
texed and immediately centrifuged for 15 min at 20,000 g and 4 °C.
The aqueous phase, containing free siRNA and siRNA liberated
from lipoplexes outside LNCs, was removed and analysed with a
UV spectrophotometer (UVIKON 922, Kontron Instruments, Mu-
nich, Germany) at 260 nm. The volume removed for free siRNA
quantification was replaced by ethanol. Then two volumes water
and 10 volumes NaOH 1 M were added before vortexing and cen-
trifuged a second time for 15 min at 20,000 g and 4 °C. The aqueous
phase, containing the liberated siRNA from lipoplexes inside siRNA
LNCs, was removed and analysed as previously mentioned at
260 nm. To analyse free and encapsulated siRNA quantity in siRNA
LNCs, the same procedure was used using two volumes of formu-
lation and replacing water by 1 M NaOH. The first aqueous phase
contained free siRNA; the second aqueous phase contained siRNA
encapsulated in siRNA LNCs. The siRNA quantity was calculated
using a calibrating curve with different siRNA concentrations and
compared to the total siRNA amount encapsulated in theory in
siRNA LNCs. All samples were prepared in duplicate.

Table 1
Characteristics of siRNA lipoplexes used for siRNA LNC formulations.
Electrophoresis experiments Lipid CR Mean diameter (nm) Zone
posp 2 1818 B
2.5 1423 B
3 1858 B
- . e - 4 1122 B
5 605 C
DS TS 225 -3
DOSP/DOPE 2 2229 B
2.5 2026 B
5 234 C
BGTC/DOPE 25 1314 B
3 770 B
4 344 C
DOTAP/DOPE 25 1110 B
5 680 C
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Fig. 1. Purification of DOTAP/DOPE/siRNA LNC formulation (CR 2.5) on Sepharose columns.

4. Results and discussion
4.1. Lipoplex characterisation

The colloidal stability of lipoplexes was determined at different
charge ratios (CR = cationic lipid charge/siRNA charge (+/-)) for
various cationic lipids (DOSP, DOSP/DOPE, BGTC/DOPE and DO-
TAP/DOPE) using size, fluorescence and electrophoresis analysis
(Table 1). In the way as for DNA lipoplexes, three different zones
of colloidal stability A, B and C could be determined with specific
properties in each zone [8]. In summary, in zone A, the quantity of
cationic lipid is not sufficient to complex all nucleic acids, so they

are still detectable. In this zone, lipoplexes possess a small size
and a negative surface charge. In zone B, all nucleic acids are com-
plexed and are no longer detectable. The surface charge is neutral,
which leads to aggregation and an augmented size. This was the
case for all lipoplexes tested at CR 2 and 2.5, for DOSP/siRNA lipo-
plexes at CR 3 and 4 and for BGTC/DOPE/siRNA lipoplexes at CR 3.
They presented a size over the arbitrary value of 700 nm and only
a slight fluorescence in electrophoresis experiments. In zone C,
the quantity of cationic lipids is predominant, and thus, the surface
charge is positive leading to repulsion and smaller lipoplexes, which
was observed for all lipoplexes tested at the CR 5 and for BGTC/
DOPE/siRNA lipoplexes at CR 4. To encapsulate lipoplexes in the
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Fig. 2. Schematic representation of siRNA quantification. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

liquid lipid core of LNCs, lipoplexes of zone B and C were chosen as,
in zone B, the neutral surface charge, and the aggregation of lipo-
plexes suggests rather a lipophilic affinity; moreover, DNA lipoplex-
es of zone C were already encapsulated efficiently in LNCs.

5. siRNA LNC formulation and characterisation

Basic LNCs were developed by Heurtault et al. [2]. Their easy
formulation process and their good characterisation make these
nanocarriers attractive. To formulate them, the components were
mixed together, and temperature cycles around the phase inver-
sion temperature (PIT) were performed. In the last step, a large
quantity of water was added at the PIT of the last cycle, resulting
in the rapid cooling and dilution of the emulsion and the formation
of LNCs. The addition of lipoplexes in the cooling water at the end
of the formulation process contributed to siRNA LNC formulation
and had the advantage of avoiding their exposure to high temper-
atures during the formulation.

siRNA encapsulation in LNCs was checked using electrophoresis
experiments. As sometimes a low fluorescence band was visible,
indicating an incomplete complexation or encapsulation, purifica-
tion of siRNA LNCs DOTAP/DOPE CR 2.5 was performed on Sephar-
ose columns. This also made it possible to determine whether
siRNA was encapsulated in LNCs or simply complexed in lipoplex-
es. The collected fractions were then analysed by performing size
and zeta potential measurements, PEG quantification, turbidity
measurements and gel electrophoresis. The final result of these
analyses (Fig. 1) suggested the presence of five different compart-
ments in the formulation: (1) empty liposomes, (2) lipoplexes, (3)
siRNA LNCs, (4) empty LNCs and (5) free siRNA. In the first com-

Table 2

partment, empty liposomes were suspected as no PEG and no siR-
NAs were found and a size of about 850 nm was measured. In the
second compartment, the size diminished, siRNAs were detected,
the turbidity augmented and a slightly positive zeta potential
was measured, indicating the presence of DOTAP/DOPE lipoplexes
(CR 2.5). In the third compartment, PEG and siRNA were detected
with a size of about 100 nm, and a near neutral zeta potential
was measured, suggesting the presence of siRNA LNCs. In the
fourth compartment, PEG but no siRNA was detected, and sizes
about 50 nm and a slightly negative zeta potential were measured,
indicating empty LNCs and/or free PEG. In the last compartment,
no PEG was detected, but siRNAs were found, indicating free siRNA.

According to these results, our hypothesis is that siRNA can be
situated in 4 different compartments: in the second compartment
in lipoplexes outside LNCs; in the third compartment either (3a)
complexed with cationic lipids in LNCs or (3b) associated with
other components of the LNC formulation but dissociated from cat-
ionic lipids; or in the fifth compartment as free siRNA. To quantify
and locate siRNA in the formulation, a quantification method using
UV spectrometry analysis at 260 nm was developed (Fig. 2). Free
siRNA was quantified using a simple chloroform extraction to sep-
arate other constituents of the formulation which interfered during
UV spectroscopy analysis. siRNAs in lipoplexes outside LNCs were
quantified in the same way, but NaOH was added to dissociate
lipoplexes. siRNAs in LNCs were quantified using the “separated”
formulations (without free siRNA and/or without lipoplexes) by
addition of ethanol, to dissociate LNCs, and NaOH, to dissociate siR-
NAs from cationic lipids. To determine the siRNA quantity, calibrat-
ing curves for the different treatments were performed using
siRNA quantities between 0 and the maximal theoretical charge
in one volume siRNA LNC formulation (¢ = 0.25 g/l).

Afterwards, siRNA LNCs were formulated with different cationic
lipids, and their size, zeta potential and encapsulation efficiency
were determined (Table 2). The basic LNC formulation presented
a size of 55 nm with limited distribution indicated by a very low
polydispersity index (PDI) of 0.04 and a slightly negative zeta
potential of about —5 mV. The zeta potential of formulations pre-
pared by the novel process was comprised between 25 and
+25mV, and the encapsulation efficiencies in LNCs were situated
between 4% and 65%. Both varied in relation to the cationic lipids
used for lipoplex formation and the CR. The sizes were around
55 nm with a very low PDI with the exception of siRNA LNCs using
DOTAP/DOPE/siRNA lipoplexes. Indeed, at CR 2.5, they showed two
distinct populations of about 55 and 185 nm, and at CR 5, a size of
125 nm with the highest siRNA encapsulation efficiency at 65%.
These lipids and CR were also previously used for DNA encapsula-

Size, zeta potential measurements and encapsulation efficiency of siRNA LNC formulations.

LNC formulation Size (nm) PDI Zeta potential (mV)

Encapsulation efficiency (%)

Total siRNA found (%)

Basic LNC formulation 555+ 0.5 0.04+0.01 -52£05
LNC siRNA Compartment 1 SiLNC (3a + 3b)
Cationic lipids  CR [#] (5)siRNA  (2)Lpx  (3a%)siLNC  (3b?)siLNC
BGTC/DOPE A 55.30.1 0.13£0.03 1507 200 66+3 31 10+4 13£3 108+4
DOSP 2 51.6£0.2 0.07 £0,00 -2420.7 2zx1 9415 0 4+6 4+6 107 £7
25 60.4£1.0 0.10£0.02 1,101 89 7518 13%9 4z1 17£10 11714
5 528100 0.08 £ 0.00 241417 20£12 6513 11#1 30 14£1 126 +8
10.1£3.2
3.7+43
DOSP/DOPE 2 533102 0,03 £0.01 25719 4z1 808 812 T2 1510 759
25 59.7+0.5 0.09£0.01 -1.5+04 212 9110 212 520 7£2 88+2
5 61.4+0.3 0.15+0.03 78+09 12+4 73%1 11+4 3%0 155 105+6
DOTAP/DOPE 2.5 53.5+638 0.29+0.03 -03£05 73£19 1116 16£3 2719 1005
184.1+£284
5 1248+0.6 024£0.00 1.6+£03 0 341 204 45%5 652 797
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tion in DNA LNCs forming efficient nanocarriers for in vitro [3] and
in vivo [4] transfection. The size of DOTAP/DOPE siRNA LNCs (CR 5)
was similar to that of other promising siRNA vectors (100-
170 nm), with efficient transfection in vive after systemic adminis-
tration [9]. However, the first siRNA nanocarriers for systemic
administration that are in phase | clinical trials (CALAA-01 [10])
have sizes of about 70 nm. This corresponds to siRNA LNC formu-
lations containing the other lipids, but in contrast, they present
only half or lower encapsulation efficiencies.

In summary, we developed a new platform of siRNA LNCs show-
ing appropriate characteristics for systemic administration with
good encapsulation efficiencies and/or small sizes and neutral
surface charges. However, further investigations need now to be
carried out to test their transfection efficiency in vitro and in vivo
and to find a compromise between a small size and a high siRNA
payload.
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Abbreviation list

AAV: Associated adenoviruses

CMV: Cytomegalovirus

CR: Charge ratio

Cryo-TEM: Cryogenic transmission electron microscopy

DLS: Dynamic light scattering

DOPE: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

DOTAP: 1,2-dioleoyl-3- trimethylammoniumpropane

DSPE-PEG2000: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy  (polyethylene-
glycol)-2000

EDOPC: dioleoyl-sn-glycerol-3-ethylphosphocholine or O-ethyldioleoylphophatidylcholine

EE: Encapsulation efficiency

EtB: Ethidium bromide

LNC: Lipid nanocapsules

MTS: 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H tetrazolium
NHS: Normal human serum

OD: Optical density

PEG: Polyethylene glycol

PIT: Phase inversion temperature

siRNA: Small interfering RNA
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Abstract

SiRNA-mediated gene therapy is a promising strategy to temporarily inhibit the expression of proteins
implicated in carcinogenesis or chemotherapy resistance. Although intra-tumoral administration could
be envisaged, studies are currently focused on formulating nanomedicines for intravenous injection to
target the tumor site as well as metastases. The development of synthetic nanoparticles and liposomes
has advanced greatly during the last decade. The objective of this work consists in formulating and
optimizing the encapsulation of siRNA into lipid nanocapsules (LNCs) for efficient gene therapy on
melanoma cells. SIRNA LNCs were prepared from DOTAP/DOPE lipoplexes, and the siRNA dose
and lipid/siRNA charge ratio were assayed to improve the stability and encapsulation yield. Cryo-
TEM imaging of the siRNA lipoplexes and LNC morphology revealed a specific organization of the
siRNA DOTAP/DOPE lipoplexes as well as specific lipid microstructures. No cytotoxicity of the
siRNA LNCs against the melanoma SK-Mel28 cell line was observed at concentrations of up to 500
ng/mL. siRNA and in vitro siRNA transfection experiments, compared to oligofectamine,
demonstrated interesting target gene silence effects. Finally, complement activation assays confirmed
the feasibility of the PEGylation of siRNA LNCs as part of a passive targeting strategy for future

melanoma in vivo experiments and metastasis targeting.
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Nanomedicine, Cryo-TEM, drop tensiometer, stability, CH50
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Introduction

Gene therapy is a rapidly emerging field. Initial gene therapy strategies sought to increase the
expression of deficient genes in monogenic diseases by the efficient transfection of DNA plasmids. A
more recent gene therapy strategy aims to transiently inhibit the expression of a target gene in chronic
diseases such as cancer. In this strategy, the use of a small interfering RNA (siRNA) in place of a
DNA plasmid produces a partial or total extinction of messenger RNA (mRNA) and protein levels of
the targeted gene [1]. Proof of concept of siRNA action has been provided by commercial transfection
agents that can suppress the expression of proteins in vitro in tumor cell cultures, resulting in
decreased tumor cell proliferation [2, 3]. However, the application of this strategy is limited by the
ability to systemically inject these nucleic acids. In this way, our objectives were to obtain 1) high
encapsulation and stability of siRNA in the nanocarrier, ii) efficient protection from innate immune
system present in the blood and iii) improved uptake into the targeted cells with efficient transfection.

Initial studies involved viruses such as cytomegalovirus (CMV) or associated adenoviruses (AAV).
However, high costs, risks of genome rearrangement, possible crossing with natural viruses, and
inflammatory and immunogenic reactions have limited the use of these viral forms and encouraged the
development of non-viral carriers, such as synthetic nanoparticles. Over the last few years, some
nanomedicines have been formulated to efficiently encapsulate siRNA and deliver it into the blood
stream without degradation [4]. Nanoparticles and liposomes are the most-studied siRNA delivery
systems. Nanoparticles with an oily core and a monolayer shell are usually based on polymers such as
polyethylene glycol (PEG) and can protect nucleic acids from degradation by nucleases and cells of
the innate immune system [5-7]. Liposomes composed of bilayers of cationic charged lipid
components, such as cholesterol, DOTAP (1,2-dioleoyl-3- trimethylammoniumpropane), or DOPE
(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine), enable i) the fixation of siRNA by electrostatic
forces; ii) the interaction of siRNA with cell membranes and the improvement of cellular uptake; and
iii) the endosomal escape of the siRNA [8-10]. Polymers and lipids have frequently been employed in
tandem in the formulation of new siRNA delivery systems to combine the advantages of both
components, as in the siRNA lipid nanocapsules (siRNA LNCs) presented here.

Lipid nanocapsules (LNCs), which consist of a lipid liquid core of triglycerides and a rigid shell of
lecithin and PEG, were developed in our laboratory [11]. The simple formulation process is based on
the phase inversion of an emulsion. Firstly used to load DNA [12-15], these LNCs were recently
modified to encapsulate siRNA complexed with DOTAP/DOPE lipids, resulting in efficient
encapsulation of up to 60 % siRNA [16]. Transfection of U87MG glioma cells with these siRNA
LNCs resulted in inhibition of EGFR protein expression by 63 % [17]. In the present study, siRNA
LNCs were characterized by specific microscopic methods to provide insights into siRNA

organization and LNC structure. Moreover, the process was optimized to improve the siRNA payload
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and the stability of siRNA LNCs over time. The cytotoxicity of the siRNA LNCs was then assessed
against the SK-Mel28 human melanoma cell line. The final aim was to produce a partial or total
extinction of messenger RNA (mRNA) and protein levels of the targeted gene using siRNA LNCs. So,
the in vitro experiment about the ability of LNCs carrying siRNA to transfect cell and suppress protein
levels of the targeted gene was carried out. Finally, with the aim of designing stealth nanocarriers for
in vivo systemic administration, the addition of long PEG chains at the LNC surface was evaluated by

complement activation assays.

1. Materials and methods

1.1. Formulation of siRNA LNCs

1.1.1.  Liposomes and lipoplexes

For liposome preparation, the cationic lipid DOTAP (1,2-dioleoyl-3- trimethylammoniumpropane)
(Avanti® Polar Lipids Inc., Alabaster, AL, USA) dissolved in chloroform and combined at a 1:1 mole
ratio with the neutral lipid DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) (Avanti® Polar
Lipids Inc., Alabaster, AL, USA) to obtain a final concentration of 30 mM cationic lipid charge based
on the number of lipid charges per molecule, i.e., 1 for DOTAP. After evaporation of chloroform
under vacuum, deionized water was added to rehydrate the lipid film overnight at 4 °C. The lipid film
was then sonicated for 30 min.

Lipoplexes were formulated as a simple equivolume mixture of siRNA and liposomes. The
complexes were characterized by their charge ratio (CR) [17], i.e., the ratio between the positive

charges of the lipids and negative charges of the nucleic acids (+/- ratio), which ranged from 5 to 15.

1.1.2.  siRNA LNCs

LNCs were formulated as described previously [11] by combining 20.5 % w/w Labrafac WL 1349
(caprylic-capric acid triglycerides, Gatefossé S.A. Saint-Priest, France), 1.5 % w/w Lipoid S75-3
(Lipoid GmbH, Ludwigshafen, Germany), 16.9 % w/w Kolliphor® HS 15 (BASF, Ludwigshafen,
Germany), 1.8 % w/w NaCl (Prolabo, Fontenay-sous-Bois, France), and 59.8 % w/w water (obtained
from a Milli-Q system, Millipore, Paris, France) with magnetic stirring. The temperature was cycled
three times between 60 and 95 °C to produce phase inversions of the emulsion. Subsequent rapid
cooling and dilution with ice-cooled water after the last phase inversion temperature (PIT) led to the
formation of blank LNCs.

To obtain siRNA LNCs, the aqueous solution was replaced during the last temperature cycle with

lipoplexes, i.e., al subunit siRNA (sense sequence: 5’- GGGCAGUGUUUCAGGCUUATT -3’;
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antisense sequence: 5’- UUAGCCUGAAACACUGCCCTT -3°; Eurogentec, Seraing, Belgium),

complexed with cationic liposomes in a defined charge ratio, as described above.

1.2. Surface modification by post-insertion

The polymer used for post-insertion was 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethyleneglycol)-2000] (DSPE-mPEG2000) (Mean Molecular Weight (MMw = 2805
g/mol) (Avanti Polar Lipids, Inc., Alabaster, USA). This polymer was added to LNCs to obtain a final
concentration of 10 mM DSPE-mPEG2000. Pre-formed siRNA LNCs and DSPE-mPEG2000 were
co-incubated for 4 h at 37 °C. The mixture was vortexed every 15 min and then quenched in an ice

bath for 1 min.

1.3. Filtration and purification

After formulation and/or the DSPE-PEG2000 post-insertion, the LNCs were filtered with a 0.2 um
filter (Acrodisc PALL GHP, VWR, Radnor, USA) or purified using PD10 Sephadex columns
(Amersham Biosciences Europe, Orsay, France). Purifications were performed in water or with low
concentrations of sodium hydroxide (0.15 M) to disrupt the interaction between lipids and siRNA.
After this purification step, the salt concentration of the suspension was adjusted to a physiological

NaCl concentration (150 mM).

1.4. Characterization of siRNA LNCs

1.4.1.  Size and Zeta potential

The size and Zeta potential of the LNCs were measured by Dynamic Light Scattering (DLS) using
a Malvern Zetasizer® apparatus (Nano Series ZS, Malvern Instruments S.A., Worcestershire, UK) in
triplicate at 25 °C after dilution at a ratio of 1:200 in deionized water [18]. These parameters were

measured daily over the course of one month.

1.4.2.  Encapsulation efficiency (EE)

Qualitative ethidium bromide (EtB) electrophoresis detection: The EE and integrity of the siRNA
molecules after nanocapsule formulation and post-insertion were evaluated by EtB agarose gel
electrophoresis. Samples of LNC suspension equivalent to 2.5 pg of siRNA were tested with or
without Triton® X100 (Sigma, Saint-Quentin Fallavier, France), mixed with gel-loading solution

(Sigma, Saint-Quentin Fallavier, France) and loaded in each well of a 1 % agarose gel containing EtB
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(Sigma, Saint-Quentin Fallavier, France) [12]. Free siRNA (2.5 pg) in solution was used as a control.
The samples were migrated for 20 min at 125 V in a Tris—=EDTA buffer (Sigma, Saint-Quentin
Fallavier, France).

Quantitative UV detection: A spectrophotometric method based on recent work by David et al., (2012)
was used to evaluate the EE [16]. Briefly, siRNA LNCs were mixed with chloroform and water to
separate hydrophilic and lipophilic components, respectively. Sodium hydroxide was then added to
destabilize the lipoplexes, and finally, absolute ethanol was added to destroy the LNCs [16]. After two
centrifugation steps, four fractions were obtained: free siRNA, free lipoplexes (i.e., siRNA associated
with liposomes), siRNA encapsulated by LNCs, and lipoplexes encapsulated by LNCs. To determine
the concentration of siRNA, the optical density of each sample was determined in triplicate at 260 nm
(UV-2600, Shimadzu, Noisiel, France). The EE was measured every week for one month using these

two methods.

1.5. Cryogenic transmission electron microscopy (cryo-TEM) [19]

Specimens for cryo-TEM imaging were prepared using a cryo-plunge cryo-fixation device (Gatan,
Pleasanton USA) in which a drop of the aqueous suspension was deposited on a carbon-coated grid
(Ted Pella Inc., Redding, USA). The TEM grid was then prepared by blotting the drop containing the
specimen so that a thin liquid layer remained across the holes of the carbon support film. The liquid
film was vitrified by rapidly plunging the grid into liquid ethane cooled by liquid nitrogen. The
vitrified specimens were mounted in a Gatan 910 specimen holder (Gatan, Pleasanton, USA), which
was inserted into the microscope using a CT-3500-cryotransfer system (Gatan, Pleasanton, USA) and
cooled with liquid nitrogen. The TEM images were then obtained from specimens preserved in
vitreous ice and suspended across a hole in the supporting carbon substrate [20, 21]. The samples were
observed under low-dose conditions (<10 e-/A2), at -178 °C, using a JEM 1230 “Cryo” microscope
(Jeol, Akishima, Japan) operated at 80 kV and equipped with a LaB6 filament. All micrographs were
recorded on a Gatan 1.35Kx1.04Kx 12 bit ESS00W CCD camera.

1.6. Drop tensiometry

Oil-water interface (Labrafac®-water) behavior was measured using a drop tensiometer (Tracker,
ITConcept, Longessaigne, France) and a water drop containing different quantities of liposome,
lipoplex, or siRNA in bulk Labrafac® [22]. The quantities of liposome and lipoplex were calculated
based on the masses used in the formulation of the LNCs. The tested concentrations varied from 2 to
12 mg of lipid per gram of Labrafac®, and the observed lipid concentration in siRNA LNCs was

11.36 mg/g. A 5 pL (~12.5 mm?) rising drop of water, with or without liposomes or lipoplexes, was
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formed using an Exmire microsyringe and a gauge (Prolabo, Paris, France) in a glass vial filled with
an oily phase (Labrafac®). The axially symmetric shape (Laplacian profile) of the drop was analyzed
using a camera connected to a computer. From the analysis of the digital image and integration of the
drop profile according to the Laplace equation, the interfacial tension and surface area could be
simultaneously calculated and recorded in real time. The volume was controlled by a motor operating
the micro-syringe. To enable adsorption of liposomes and lipoplexes onto the interface, the drop was
equilibrated for 12 h (at 25 °C), with the surface area kept constant with the help of the syringe motor.

At the end of the equilibration time, the equilibrium surface tension was recorded.

1.7. Human SK-Mel28 melanoma cell culture

Human SK-Mel28 melanoma cell lines were obtained from ATCC (LGC Promochem, Molsheim,
France). The cell lines were grown in RPMI medium (Lonza, Verviers, Belgium) supplemented with
10 % fetal bovine serum (Lonza, Verviers, Belgium), 1 % antibiotics (10 units of penicillin, 10 mg of
streptomycin, and 25 pg of amphotericin B/mL; Sigma-Aldrich, St. Louis, USA), and 1 % non-
essential amino acids (Lonza). Cell lines were cultured according to ATCC protocol and maintained at

37 °C in a humidified atmosphere with 5 % CO?2.

1.8. Viability assay

Cells were seeded onto 24-well plates at a density of 5 x 10" cells/well and precultured overnight.
Before incubation, the medium was changed to a fresh medium without serum. The cells were treated
with blank or siRNA LNCs at siRNA concentrations of 50 to 500 mg/mL for 4 h. After removing the
LNCs, the cells were cultured for two days before determining the IC50. Cytotoxicity assays were
performed using MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2Htetrazolium) (Promega, Madison, USA). Each well contained 100 pL of MTS, and the plates were
incubated for 2.5 h at 37 °C in a humidified atmosphere with 5 % CO2. The OD was measured at 492
nm with a Multiskan Ascent (Labsystems, Fisher Scientific, Wilmington, USA).

1.9. Transfection experiments

SK-Mel28 cells were seeded onto 6-well plates at the density of 2 x 10° cells/well or in flask
(25cm2) with 5 x 10° cells/flask and pre-cultured overnight. Before transfection, the medium was
changed to a fresh one containing no serum. Different treatments (control, scramble siRNA LNCs and

alpha 1 siRNA LNCs) were incubated with cells and removed 8 h post-transfection. Positive control
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was realized with Oligofectamine® according to the manufacturer protocol with scramble and alpha 1

siRNA. Transfection was realized three days consecutively.

1.10. Western blot

After three transfections, total proteins were extracted from melanoma cells by scraping with a cell
lysis buffer (10 mmol/L Tris-Base, 1 mmol/L Na3O,, and 1 % SDS, pH 7.4) and stored at -20°C.
Twenty micrograms of proteins were resolved on 10% (v/v) SDS-PAGE gel and transferred to a
nitrocellulose membrane (0.45-um pore size) (Amersham GE Healthcare). Mouse anti-human Na/K
ATPase al (clone C464.6; Millipore) and mouse anti-human actine (Clone C4; Millipore), used as
loading controls, were diluted, respectively, at ratios of 1:1,000 and 1:5,000 according to the
manufacturer’s instructions and incubated over night at 4°C. A second mouse antibody (Dako) was
used at a dilution of 1:2,000. Detection (using LAS4000, GE HealthCare) was performed using

enhanced chemiluminescence (ECL; Fisher Scientific, Pierce).

1.11. RT-q-PCR

Total RNA of cells were extracted and purified using RNeasy Microkit (Qiagen, Courtaboeuf,
France), and treated with DNase (10 U DNase I/ug total RNA). RNA concentrations were determined
using a ND-2000 NanoDrop (Thermo Fisher Scientific, Wilmington, Delaware USA) and used for
normalization of the input RNA in the Reverse transcription. First strand ¢cDNA synthesis was
performed with a SuperScript'™ II Reverse Transcriptase (Invitrogen), in combination with random
hexamers, according to the manufacturer’s instructions. Following first-strand ¢cDNA synthesis,
c¢DNAs were purified (Qiaquick PCR purification kit, Qiagen, Courtaboeuf, France) and eluted in 40
uL RNAse free water (Gibco). 3ng of cDNA was mixed with Maxima'™ SYBR Green qPCR Master
Mix (Fermentas) and primer mix (0.3 pM) in a final volume of 10 pL. Amplification was carried out
on a LightCycler 480 (Roche) with a first denaturation step at 95°C for 10 min and 40 cycles of 95°C
for 15 s, 60°C for 30 s. After amplification, a melting curve of the products determined the specificity
of the primers for the targeted genes. A mean cycle threshold value (Cq) was obtained from 2
measurements for each cDNA. Specific gene expression was calculated using the 277

GAPDH as calibrator.

method using
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1.12. CHS50 assay

Complement consumption was assessed in normal human serum (NHS) (provided by the
Etablissement Frangais du Sang, Pays de la Loire - Angers, France) by measuring the residual
hemolytic capacity of the complement system after contact with LNCs. The final dilution of NHS in
the mixture was 1:4 (V/V), corresponding to 100 pL of NHS in 400 pL of reactive media. The amount
of serum required to lyse 50 % of a fixed number of sensitized sheep erythrocytes using rabbit anti-
sheep erythrocyte antibodies (CH50) was determined according to a procedure described elsewhere
[23]. Complement activation was first expressed as a function of the surface area of the LNCs to
compare different formulations. Nanoparticle surface areas were estimated using the equation: S = 3
m/rp, where S is the surface area [cm?], m is the weight [g] in 1 mL of suspension, r is the average
radius [cm] determined by DLS, and p is the volumetric mass [g/cm’] of the nanoparticles estimated at

1 g/em’.

2. Results and Discussion

2.1. siRNA LNC characterization

2.1.1.  Charge ratio and siRNA amount influence the stability of siRNA LNCs

LNCs were prepared with three different amounts of lipids/siRNA charge ratio (CR) (Figure 1). At
Day 0, all samples had an LNC size of approximately 110 nm with a polydispersity index (Pdl) of less
than 0.3 (Figure 1A). Over time, the size of the LNCs decreased depending on the amount of siRNA,
to a minimum size of 60 nm. The sizes were stabilized in 7 to 14 days for high and low amounts of
siRNA, respectively. A direct correlation between size and zeta potential was observed (Figure 1A).
While the size decreased, the zeta potential increased up to + 30 mV, confirming siRNA LNC
reorganization. Despite perturbation of size and zeta level, the yield was constant for 1 month,
indicating a strong interaction between the siRNA and LNCs (Figure 1E). Interestingly, the siRNA-
encapsulated yield differed depending on the amount siRNA introduced into the formulation (Figure
1F). Saturation of siRNA incorporation during the encapsulation process was not observed below 750
ug siRNA, leading to an estimated maximal encapsulation efficiency (EE) of 53 %, which corresponds
to 130 pg siRNA per mL of LNC suspension. Many formulations reported in the literature that have
been based on electrostatic interactions, such as with lipoplexes, have a yield greater than 90 %
complexation after electrophoresis or centrifugation [24, 25]. However, our siRNA LNC synthesis
more closely resembles the calcium phosphate (CaP) nucleic acid nanoparticle synthesis developed by
Zhang et al. This process includes a nanoencapsulation step for lipoplexes and leads to a yield of 55 %

(radioactive dosage with tritium), similar to our results [26].
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A positive CR greater than 3 has been used previously for complexation of siRNA and lipids [27].
In initial studies of siRNA LNC formulation, superior encapsulation was observed for DOTAP/DOPE
lipoplexes with a CR of 5 compared to those with a CR of 2.5 [16, 17]. In the present study, no
significant improvement of the EE and stability was observed for a CR of 10 (Figure 1B, 1F).
Unexpectedly, the highest CR tested (15) led to small nanocapsules of approximately 50 nm and no
encapsulation of siRNA (Figure 1B, 1F). At a high CR, the substantial excess of positive charges
seems to prevent efficient siRNA encapsulation. Consequently, the large size (100 nm) obtained at
Day 0 for lower CRs might indicate siRNA incorporation into LNCs. The quantities of siRNA and
liposomes used to formulate the LNCs appears to be a key factor in improving the stability and EE of
siRNA LNCs. Based on these results, a medium siRNA content of 375 pg and a low CR (5) were

selected for subsequent experiments.

2.1.2.  siRNA stability evaluation in function of manufacturing and storage conditions

Storage temperature is a key parameter in ensuring the stability of nanomedicines over time with
scale-up and industrialization. Temperatures of 25 and 37 °C were tested to predict the behavior of
siRNA LNCs at room and physiological conditions, respectively (Figure 1D). Our results
demonstrated the necessity of 4°C storage compared to room or physiological temperature to retain the
siRNA in the LNCs (Figure 1F). Room and physiological temperatures induced a rapid decrease in
LNC size, and electrophoresis studies revealed that siRNA delivery began 8 h after incubation and
was complete at 24 h at 37 °C (data not shown). In this case, the size reduction was associated with
siRNA delivery and demonstrated the reversibility of the electrostatic interactions between the siRNA
and LNCs. Thus, the siRNA LNCs were stored at 4 °C.

To avoid the possible denaturation of siRNA during the process, lipoplexes were added during the
third temperature cycle at the PIT, which corresponded to 75 °C which is the dilution temperature
typically used in the LNC formulation process. Lipoplexes were also introduced at lower
temperatures: at 40 °C, during the phase inversion at 75 °C, and at 4 °C with stirring, after the
completion of blank LNC formation. No major differences in physico-chemical characteristics or EE
levels were observed at the varying temperatures (Figure 1C, 1F), indicating that the encapsulation of
siRNA by LNCs is not dependent on the dilution temperature. This result suggests that lipoplexes can
interact with LNCs during and/or after complete LNC formation, indicating that lipoplexes are most
likely located within the shell, at the interface between the LNC core and water. Similarly,
Pitaksuteepong et al. also reported an interfacial localization of hydrophilic compounds when

introduced into a water-in-oil emulsion [28].
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Figure 1: Size (—) and zeta potential (

) of siRNA LNCs over time for different siRNA quantities
(A), charge ratios (B), temperatures of lipoplex addition (C), and storage temperatures (D). The
encapsulation efficiency (EE) was determined by UV spectroscopy and EtB electrophoresis of blank LNCs over
the course of 1 month (E), while the other parameters were tested after 1 month of storage (F). ND: non-

determined. Size and zeta measures were expressed as mean =+ standard deviation (n=3).
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2.2. siRNA LNC structure

2.2.1.  Tensiometry study evidence interfacial localization of siRNA

To explain LNC instability, surface tension studies were conducted at an oil-water interface.
siRNA, liposomes, and lipoplexes were diluted in a water drop introduced into bulk Labrafac® oil.
Application of siRNA alone only slightly modified the surface tension, even at the highest tested
concentration, which can be attributed to the hydrophilic structure of the siRNA (Figure 2A).
DOTAP/DOPE lipids strongly reduced surface tension due to their amphiphilic structures, which
feature polar heads and hydrophobic carbon chains. The lipoplexes had a stronger effect on surface
tension than did the liposomes, confirming the interaction of lipoplexes with the water/oil interface.
This phenomenon has also been described with another cationic lipid, EDOPC (O-ethyl-
dioleoylphosphatidylcholine), in association with DNA plasmids. The importance of the CR on
interfacial properties has been demonstrated previously [29]. The tensio-active profile of
EDOPC/DNA was obtained only at a high CR, i.e., 6, as opposed to 1, similar to that obtained here for
DOTAP/DOPE lipoplexes at a CR of 5, suggesting their interfacial position.

The siRNA LNCs were purified by passage through a PD10 column in water and again in NaOH
(0.15 M). NaOH was used to disrupt non-LNC-encapsulated lipoplexes potentially containing siRNA
by destabilizing electrostatic interactions [16]. After purification in water, the size, zeta potential, and
EE of the siRNA LNCs were unchanged, while the Pdl decreased by half. Taken together with the
results of the UV assay, these results confirmed the removal of non-encapsulated siRNA. After
purification with NaOH, the size of the siRNA LNCs decreased to 61 nm, while the surface charge
became negative and similar to that of blank LNCs (Figure 2B). In addition, the final encapsulation
was estimated at 21 %, versus 40 % without NaOH (Figure 2B). This result demonstrated that the
encapsulated lipoplexes were sensitive to NaOH treatment, supporting lipoplex incorporation into the
LNC shell. siRNA LNCs could be represented by a core-shell structure in which the tensio-active
properties of the lipoplexes enable incorporation of siRNA into the shell, as previously reported for

other siRNA delivery systems (Figure 2C) [30-32].

2.2.2.  Specific structure of siRNA LNCs observed by cryo-TEM

All components of the siRNA LNCs were examined by transmission electron microscopy using a
cryogenic stage (cryo-TEM) with vitreous samples to ensure optimal preservation of the hydrated
structures [19]. DOTAP/DOPE liposomes displayed the uni- or multilamellar structures classically
observed for liposomes, with diameters ranging from 100 to 1000 nm (Figure 3A) [33]. The siRNA
lipoplexes exhibited a typical “onion-like” structure, with large sizes up to a micrometer, confirming
the association of siRNA with cationic lipids via electrostatic interaction (Figure 3B, 3C) [34]. The

narrow size distribution and spherical structure of blank and siRNA LNCs were also evidenced
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(Figure 3D, 3E). This microscopy study confirmed the size range of the siRNA and blank LNCs

measured by DLS (approximately 100 nm and 50 nm, respectively). Lipid microstructures organized

as multilamellar structures similar to the lipoplex edifices were also observed in non-purified

suspensions of the sSiRNA LNCs (Figure 3F). These structures might contain non-LNC-encapsulated

siRNA, potentially explaining the observed EE of 40 %.
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Figure 2: A: Drop tensiometer analysis of DOTAP/DOPE liposomes (—), lipoplexes (...... ), and siRNA

(——) at different concentrations of DOTAP/DOPE in Labrafac (mg/g). B: Determination of siRNA

encapsulation by UV spectroscopy and DLS-determined physico-chemical parameters of siRNA LNCs at day 0,
after column purification, and after column purification in sodium hydroxide solution (0.15 M). C: Process for
siRNA LNC formulation by the phase inversion method, with schematic representation of liposome, lipoplexes,

and siRNA LNC organization. Surface tension, size and zeta measures were expressed as mean + standard

deviation (n=3).
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Figure 3: Cryo-TEM imaging of siRNA LNC components: DOTAP/DOPE liposomes at 30 mM+ (A),
lipoplexes (B, C), blank LNCs (D), siRNA LNCs (E), and lipid microstructures in the siRNA LNC suspension
(F). The siRNA LNC suspension was characterized before filtration (G), after filtration (H), and after
purification on a column (I). The corresponding physico-chemical characteristics are given in (J).
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2.2.3.  Elimination of lipid microstructures by purification method

As suggested in our previous studies of DNA LNCs [15], prior to in vivo administration, the
siRNA LNCs must be purified to eliminate non-encapsulated siRNA and, consequently, the lipid
microstructures observed by cryo-TEM. Two methods were tested: filtration at 0.2 pm and
purification with a Sephadex® column (Figure 3H, 3I). For siRNA LNCs at Day 0, we observed
classical physico-chemical parameters with an EE of approximately 40 % (Figure 3J). As described
previously, numerous lipid microstructures were observed in the LNC suspension by cryo-TEM
(Figure 3G). After filtration, no significant variation of the physico-chemical parameters was observed
compared to the suspension at Day 0, with the exception of a decrease in the PdI (Figure 3H). At low
blowback, analysis by cryo-TEM demonstrated that the large majority of lipid microstructures were
eliminated (Figure 3I). However, at high blowback, a few vesicles, smaller than 200 nm, passed
through the filter and were observed in the LNC suspension. The presence of these vesicles is related
to the extrusion method classically used to disrupt liposomes and obtain monodisperse populations
[35]. After column purification, electron microscopy analysis revealed that the siRNA LNCs remained
intact and that the lipid microstructures had been removed. The column system appears to be the most
effective method for the elimination of non-encapsulated siRNA retained in the lipid microstructures

for the purification of siRNA LNC suspensions for in vivo experiments.

2.3. In vitro assays

2.3.1.  Cytotoxicity evaluation and efficient transfection on melanoma cells

Alpha 1 subunit of sodium pump NaK ATPase is an essential part of protein complex allowing the
active transport of sodium and potassium ions to regulate the osmosis [36]. This protein has been
involved in cancerogenesis in melanoma by interaction with abnormal proliferation and survival via
MAPKinase pathway. Moreover, the inhibition of this protein by chemical inhibitor has shown
interestingly anticancerous effect with chemosensitivity [37]. However, this inhibitor appears as strong
cardiotoxic drug. In this context, siRNA LNCs could represent a promising tool to inhibit specifically
this alpha 1 subunit and promote the activity of subsequent chemotherapy in melanoma model.

The effects of blank and siRNA LNCs on cell viability were evaluated on human melanoma SK-
Mel28 cells. No cytotoxicity was observed after 4 h of incubation of siRNA LNCs with SK-Mel28,
whatever the kind of LNCs, even at a siRNA concentration of 500 ng/mL (equivalent to 32 nM),
corresponding to a LNC concentration of 0.6 mg/mL (Figure 4A). In contrast to chemical inhibitors,
inhibition by alpha 1 siRNA alone at 3 days after 4h transfection did not induce cell death in SK-
Mel28 cells as observed in Figure 4A [36]. Similarly, Karpova et al. (2010) observed no impact of
alpha 1 siRNA on viability four days even after 72 h transfection in neuroblastoma cells [38]. SIRNA

efficacy was validated with commercial transfection reagent Oligofectamine® inducing a total
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inhibition of targeted protein (Figure 4B/4C). Concerning siRNA LNCs, at low concentration
corresponding to a 150 ng/mL, protein and gene analysis confirmed the efficacy of siRNA LNCs to
induce partial inhibition of alpha 1 subunit after transfection on SK-Mel28 (30 % of mRNA inhibition
versus 70% with Oligofectamine®) (Figure 4B/4C).

Karpova et al. demonstrated the partial inhibition of mRNA with Lipofectamine® reagent in
neuroblastoma cells similarly to our result with LNCs. In their case, this inhibition was sufficient to
obtain significant result by studying the combination with antineoplasic drugs [38]. In literature, the
transfection efficiency of nanoparticles is usually comprised between 30% and total inhibition, in
function of cell models and transfection protocols [4]. In future works, siRNA LNCs could be
combined with dacarbazine or other anticancerous drugs. If necessary, the amount of siRNA could be

increased as described before and in vivo protocols adapted for a synergic effect.
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Figure 4: Efficient inhibition of alpha 1 subunit by siRNA LNCs without cytotoxicity on SK-Mel28. (A) No
difference was evidenced on cytotoxicity of blank LNCs (—), 75 °C siRNA LNCs (—), and 40 °C siRNA
LNCs (—) after evaluation of cell viability by MTS assay on human SK-Mel28 melanoma cell line until a
concentration at 500ng/mL. (B) The protein inhibition of alpha 1 subunit was confirmed by positive control
using oligofectamine® et also demonstrated using the LNCs: 1 SK-Mel28 cells, 2 Oligofectamine® with control
siRNA, 3 Oligofectamine® with alpha 1 siRNA, 4 control siRNA LNCs, and 5 alpha 1 siRNA LNCs. (C) Gene
analysis by RT-q-PCR showed the decrease of alpha 1 mRNA with Oligofectamine® and LNCs. Viability and
alpha 1 mRNA fold change were expressed as mean + standard error of the mean (SEM) (n=3).
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Figure 5: A: Physico-chemical parameters of two PEGylated LNC formulations (75 °C and 40 °C) before (left
column) and after (right column) purification. B: Activation profile of complement consumption evaluated by
CHS50 assay of different formulations: blank LNCs (—), 75 °C siRNA LNCs (—), 40 °C siRNA LNCs
(——), PEG 75 °C siRNA LNCs (— —), and PEG 40 °C siRNA LNCs (~ —). Percentage values were
expressed as mean + standard error of the mean (n=3).

2.3.2. PEGylation step induces low complement protein consumption

To enable long circulation time in the blood, LNCs were modified by the addition of long PEG
chain (2000 kDa) to create a hydrophilic ring around the LNCs by a post-insertion method described
elsewhere [12, 15]. Two formulations were tested, corresponding to lipoplex addition temperatures of
75 °C and 40 °C (Figure 5A). After PEGylation, the surface charge decreased to approximately -14
mV for both siRNA LNC formulations due to the presence of the negative PEG dipoles [39]. A higher
PdI was observed after PEGylation due to the presence of free PEG chains in the LNC suspensions.
Elimination of the free PEG chains by column purification reduced the PdI to less than 0.25, while
maintaining the negative surface charge and adequate EE of the siRNA LNCs (Figure 5A). Thus, this
PEGylation method, which was initially developed for DNA LNCs, is also suitable for siRNA LNCs.

To determine the efficacy of PEGylation, in vitro CH50 tests evaluating complement protein
consumption were performed on blank, 75 °C siRNA, and 40 °C siRNA LNCs and on the PEGylated
form of both siRNA LNCs (Figure 5B). No activation of complement proteins was observed for
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siRNA alone (data not shown). The low activation profile of blank LNCs was previously ascribed to
their low negative surface charge. Compared to blank LNCs, positively charged surface of siRNA
LNCs led to a greater consumption of complement proteins, with a higher response for 75 °C siRNA
LNCs. The negative charge of the PEGylated forms led to reduced consumption for the PEGylated
siRNA LNCs compared to both non-PEGylated siRNA LNC formulations (75 °C and 40 °C). These
results confirm the integration of PEG on the siRNA LNC surface to produce “stealth” nanomedicines.
The addition of PEG is a classic surface modification employed to improve the lifetime of
nanomedicines in the blood [12, 40, 41]. In fact, the passive targeting of tumor sites via long-
circulating drug delivery systems can be obtained via the enhanced permeability and retention (EPR)

effect [42, 43].

3. Concluding remarks
The development of nanomedicine carriers for systemic administration of siRNA is a major

challenge. Lipid nanocapsules appear to be good candidates for siRNA delivery. This study confirmed
the impact of the relative quantities of siRNA and lipid as well as storage conditions on the physico-
chemical stability of siRNA LNCs. In addition, tensiometer analysis revealed the tensio-active
properties of lipoplexes and supported the hypothesis of lipoplex shell localization. Cryo-TEM
imaging validated the spherical structure of the siRNA LNCs as well as the removal by column
purification of lipid microstructures formed during the manufacture of the nanomedicine suspensions.
No cytotoxicity against SK-Mel28 melanoma cells was observed at siRNA concentrations as high as
500 ng/mL. At a concentration under the threshold of toxicity, an promising extinction of alpha 1
protein was obtained with LNCs. Finally, the low complement activation of siRNA LNCs was
demonstrated by CH50 assay. These results encourage the pursuit of in vitro and in vivo research to
enable the application of this nanotechnology for cancer chemotherapy by co-encapsulating siRNA

into the shell and a chemotherapeutic agent in the oily core.
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BREVET :
NANOCAPSULES LIPIDIQUES CHARGEES
EN SIRNA

Les LNC siRNA sont formulées en utilisant le procédé d’inversion de phase classiquement décrit
pour la formulation des LNC (premier brevet en 2000). Cette formulation est composée de Solutol®
(hydroxystéarate de polyéthyléne glycol, HS-PEG), Labrafac® (triglycérides), Lipoid® (lécithine), de
chlorure de sodium et d’eau. Pour permettre ’encapsulation des siRNA, ceux-ci sont tout d’abord
complexés a des lipides cationiques (DOTAP/DOPE) afin de former des lipoplexes. Ces lipoplexes
sont ajoutés a la formulation au niveau de la zone d’inversion de phase (ZIP) aprés trois cycles de
chauffage/refroidissement, ce procédé menant a la formation des LNC siRNA.

En réalisant ce procédé de formulation, les LNC chargées en siRNA montrent une stabilité tres
courte de I'ordre d’une semaine démontrant le caractére instable de la formulation de base pour
encapsuler ces molécules hydrophiles chargées négativement (siRNA) (Figure 15). Aux vues des
résultats détaillés dans ce premier chapitre, des essais complémentaires ont été réalisés. Les
modifications dans le procédé de formulation ont permis d’améliorer significativement la stabilité des
LNC siRNA sans altérer leur capacité d’encapsulation des siRNA (Figure 15). Suite a cette
découverte, une procédure de dépot de brevet a été initiée en collaboration avec la SATT Grand Ouest
(Société d’accélération du transfert technologique). La demande d’invention a été déposée en Janvier
2014 et le dépot de brevet a été effectué aupres de I'INPI (Institut national de la propriété

intellectuelle) au mois de septembre 2014.
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Figure 15 : Comparaison de la stabilité des LNC siRNA avant et aprés optimisation. Le suivi de la taille et
du potentiel zéta révele une amélioration de la stabilité passant de 7 jours a 3 mois.
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CHAPITRE II:
NANOCAPSULES LIPIDIQUES DE SIRNA ET
CIBLAGE TUMORAL

Les formulations nanoparticulaires permettent de modifier la biodistribution naturelle d’un principe
actif. En effet, une fois au sein du nanosysteéme, [’efficacité du principe actif dépend alors des
propriétés de la nanoparticule permettant, par exemple, aux siRNA de traverser les membranes

biologiques.

Le ciblage tumoral reste a I’heure actuelle un des grands challenges du monde des nanomédecines.
La compréhension du microenvironnement tumoral est indispensable pour adapter et développer
correctement les médicaments de demain. L’une des découvertes majeures des années 2000 est la mise
en évidence de I’effet EPR « Enhanced permeability and retention effect » par Maeda. En effet, la
présence d’un endothélium défectueux et lacunaire reli¢ a une angiogenése trop rapide ainsi qu’un
drainage lymphatique limité, permettent l’accumulation passive des nanoparticules circulant
longtemps dans le compartiment sanguin. Le mélanome ne déroge pas a la régle et le ciblage dit
« passif » a pu étre démontré a I’aide de nombreux vecteurs. Cependant, si une circulation prolongée
est permise par I’ajout de longues chaines de polyéthyléne glycol (PEG), leur présence limite voire
empéche fortement I’internalisation des nanocapsules au sein des cellules. 1l s’agit donc aujourd’hui
de développer de nouvelles alternatives efficaces combinant les avantages du ciblage passif sans les
inconvénients. Pour cela, de récentes stratégies de ciblage se basent sur des caractéristiques micro-
environnementales de la tumeur comme 1’hyperthermie, I’acidité, la présence d’enzyme... Ce ciblage
dit « intelligent » consiste a rendre les particules thermo ou pH-sensibles afin de favoriser la libération

du principe actif au site d’action souhaité.

L’objectif de ces travaux a été de concevoir différentes modifications de surface des LNC siRNA
telles que la pegylation ou I’ajout de peptide a leur surface. Puis, notre étude s’est focalisée sur
I’impact de ces différentes modifications de surface sur le procéd¢ d’internalisation et de libération du
siRNA au sein des cellules de mélanome. Enfin, des expérimentations animales ont été conduites dans
le but d’étudier également I’influence de ces recouvrements sur la biodistribution et le ciblage tumoral

dans un modé¢le de mélanome humain implanté en sous-cutané chez la souris nude.

Ces travaux ont donné lieu a une publication actuellement soumise dans Journal of Controlled Release
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Abbreviation list

BFI Biofluorescence imaging

DiD 1,1'-Dioctadecyl-3,3,3",3'-Tetramethylindodicarbocyanine Perchlorate
Dil 1,1'-Dioctadecyl-3,3,3",3'-Tetramethylindocarbocyanine Perchlorate
DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

DOTAP 1,2-dioleoyl-3- trimethylammoniumpropane

DSPE-PEG 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000]
DTT Dithiothréitol

FRET Fluorescence/Forster Resonance Energy Transfer

LV. Intravenous

LNCs Lipid nanocapsules

MalDSPE-PEG 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethyleneglycol)-2000]
siRNA Small interfering RNA

TE-PEG Tetraether-polyethylene glycol
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Abstract

Malignant melanoma is an aggressive tumor associated to the presence of local and/or distance
metastasis. The development of gene therapy by the use of small interfering RNA (siRNA) represents
a potential new treatment. However, a protection of siRNA, for example via its incorporation into a
nanomedicine, is necessary before injecting them into blood stream. In parallel to the passive targeting
usually obtained by pegylation, more and more studies aimed at developing “smart” nanomedicines to
deliver efficiently the drug into tumor sites and cells. In this work, siRNA-loaded lipid nanocapsules
(LNCs) were modified with DSPE-polyethylene glycol (DSPE-PEG), Tetraether-PEG (TE-PEQG),
and/or with a model Affitins with no specificity to melanoma tumors, a new high affinity protein, to
assay multiple targeting strategies on siRNA LNCs. The uptake of fluorescently labelled LNCs, the
nanocarrier integrity and the siRNA release were studied into SK-Mel28 melanoma by flow
cytometry, conventional confocal microscopy and confocal spectral imaging in a Forster Resonance
Energy Transfer (FRET) mode. SiRNA LNC detection after Human plasma incubation and after
intravenous injection were evaluated to compare the protection effect and the stealth properties after
surface modifications. Finally, the biodistribution of the different siRNA LNCs in healthy and
subcutaneous melanoma mice model was assessed by in vivo biofluorescence imaging (BFI), in order
to evaluate the tumor targeting. The insertion of DSPE-PEG induced a strong limitation of the
internalization into melanoma cells compared to TE-PEG. The two PEG polymers induced a great
plasma protection of siRNA but only DSPE-PEG led to stealth properties, even at low concentration
(5mM). The Affitin grafting by thiolation of DSPE-PEG was validated on siRNA LNCs. While
DSPE-PEG-Affitin LNCs were not detected in these tumors on subcutaneous melanoma model and
did not show unspecific accumulation in organs, DSPE-PEG and TE-PEG LNCs induced significant
intratumoral accumulation of modified LNCs. In conclusion, PEG LNC is a promising tool providing

an adaptable platform for multiple siRNA targeting strategies.

Keywords

Nanomedicine, melanoma, biofluorescence imaging, stealth properties, passive targeting, active

targeting, Affitin
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1. Introduction

Malignant melanoma is the most aggressive form of melanoma, causing 80% of death by cancer
over the world. Chemotherapy or immunotherapy still fails to cure the high stage of disease with local
or distance metastasis. In fact, the maximal response rate is obtained with dacarbazine, the reference
treatment, and is limited to 16% of patient. In this way, the use of small interfering RNA (siRNA)
could offer the opportunity to play on the expression of protein involved into melanoma resistance to
chemotherapy. As described in literature, siRNA can specifically interact with targeted mRNA by
RISC (RNA-induced silencing complex) pathways and transitory inhibit the production of protein into
cytoplasm [1]. However, this hydrophilic entity is not able to cross alone the cellular membrane.
Recently, new nanomedicines have been developed to complex and improve the passage of siRNA
through lipid biological membrane such as lipid nanocapsules (LNCs) [2].

In our previous works, LNC formulation, based on emulsion phase inversion, was adapted for
siRNA encapsulation via strong electrostatic interactions [3, 4]. Moreover, the transfection efficacy of
siRNA LNCs was demonstrated on glioma and melanoma cells with a significant inhibition of the
targeted protein in both cases [5].

In the aim of metastasis targeting, the intravenous injection of siRNA appears as an evident
administration way. In this case, the encapsulation of siRNA into LNCs should provide its 1)
protection against blood nucleases, ii) accumulation into tumor site and iii) penetration into
intracellular compartment. In this study, the surface of the LNCs was modified by pharmacokinetic
modulating moieties. The pegylation, i.e., the addition of long chains of polyethylene glycol (PEG),
has been known to play an important role in the efficacy of passive targeting strategy in solid tumor
models [6, 7]. This common polymer confers a long time circulation into blood, by limiting the
recognition and the massive destruction by innate immune system and then the elimination via the
liver. LNCs already showed their capacity to accumulate into tumor microenvironment characterized
by leaky junctions of the neovessels and a poor lymphatic drainage by EPR effect (Enhanced
Permeability and Retention Effect) [8]. DSPE-PEG (or 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000]) has been usually used in LNCs to
improve this passive targeting.

In parallel, emerging archaeal tetracther PEG (TE-PEG) molecules are able to form stable and
stealth liposomes [9, 10]. The TE natural lipid has shown strong stability in several conditions such as
high temperature, acidic pH and serum media [11]. This lipid, found in Archaea, has been studied for
potential application in drug/gene delivery system. It could be a promising candidate for LNC
pegylation.

In order to overcome the limits of passive targeting, more and more studies have worked on the

development of active targeting strategies by post-insertion of innovative pharmacokinetic modulating
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moieties to improve their half-life time, their targeting efficiency or stimuli-sensitivity, and then, their
intracellular delivery [12]. Ligands as sugars, peptides or antibodies grafted on nanomedicine surface
have been used to recognize specifically tumor antigen in a targeting strategy. Recently, archaeal
extremophilic proteins from the “7 kDa DNA-binding” family, such as Sac7d, were developed as
scaffold to derive small artificial binding proteins (Affitins) [13, 14]. Binders with high stability and
affinity have been isolated by associating the generation of combinatorial libraries of Sac7d variants of
the surface originally involved in the binding of DNA and selections against different targets [13-15].
Affitins appear as an alternative to the use of antibody.

In this study, surface modifications of siRNA LNCs were assessed with these innovative TE-PEG
polymers and an Affitin model in comparison to classic DSPE-PEG LNCs. Flow cytometry and
confocal fluorescence microscopy were used to determine the LNC capacity to deliver the siRNA into
cytoplasm. The LNC integrity after contact with SK-Mel28 human melanoma cells was evaluated by
fluorescence confocal spectral imaging (FCSI) using LNCs co-loaded with two fluorophores forming
a FRET couple (Dil/DiD) and fluorescently labelled siRNA (siRNA Alexa488). Moreover, the
protection against nucleases and blood behavior was determined by vitro and vivo experiments on
mice. Finally, biodistribution studies of modified siRNA LNCs on healthy and melanoma tumor graft
nude mice were performed to evaluate the elimination and then the tumor targeting potential of these

surface modified LNCs.

2. Materials and Methods

2.1. siRNA LNC formulation

2.1.1. Lipids and lipoplexes

For lipid preparation, the cationic lipid DOTAP (1,2-dioleoyl-3- trimethylammoniumpropane)
(Avanti® Polar Lipids Inc., Alabaster, AL, USA), solubilized in chloroform, was weighted at the ratio
1/1 (Mol/Mol) with the neutral lipid DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine)
(Avanti® Polar Lipids Inc., Alabaster, AL, USA) to obtain a final concentration of 30 mM of cationic
lipid charge, based on the number of lipid charges per molecule, i.e., 1 for DOTAP. After evaporation
of chloroform under vacuum, deionized water was added to rehydrate the lipid film overnight at 4 °C.
The lipid film was then sonicated for 30 min. Lipoplexes were formulated as a simple equivolume mix
of siRNA and lipids. The complexes were characterized by the charge ratio (CR), i.e., the ratio
between the positive charges of the lipids and negative charges of the nucleic acids (+/- ratio) fixed to

5 considering our previous results [3].
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2.1.2. siRNA LNCs

LNCs were formulated as described previously [16], by combining 20.5 % w/w Labrafac WL
1349 (caprylic-capric acid triglycerides, Gatefossé S.A. Saint-Priest, France), 1.5 % w/w Lipoid S75-3
(Lipoid GmbH, Ludwigshafen, Germany), 16.9 % w/w Kolliphor® HS 15 (BASF, Ludwigshafen,
Germany), 1.8 % w/w NaCl (Prolabo, Fontenay-sous-Bois, France), and 59.8 % w/w water (obtained
from a Milli-Q system, Millipore, Paris, France) with magnetic stirring. Three temperature cycles
between 60 and 95 °C were performed to obtain phase inversions of the emulsion. Subsequent rapid
cooling and dilution with ice-cooled water at the last phase inversion temperature (PIT) led to
formation of blank LNCs.

To obtain siRNA LNCs, the ice-cooled water introduced during the last temperature cycle, was
replaced by aqueous solution containing the lipoplexes. To formulate fluorescent siRNA LNCs, a
solution of DiD (1,1’-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate; em. = 644 nm;
exc. = 665 nm) or Dil (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate; em. = 549
nm; exc. = 565 nm) (Invitrogen, Cergy-Pontoise, France) in acetone at 25 mg/mL was prepared,
incorporated in Labrafac® and acetone was evaporated before use. In this study, the Na/K ATPase
alphal subunit siRNA (sense sequence: 5’- GGGCAGUGUUUCAGGCUAAJTAT -3’; antisens: 5°-
UUAGCCUGAAACACUGCCCATAT -3’; Eurogentec, Seraing, Belgium) was used. The coupling of
Alexa488 was realized during the synthesis of siRNA to obtain a fluorescent Alexa488 siRNA (em. =

488 nm; exc. = 524 nm, Eurogentec).

2.2. Purification and post-insertion of PEG polymers

Purifications were performed in water (obtained from a Milli-Q system, Millipore, Paris, France)
with PD10 Sephadex column (Amersham Biosciences Europe, Orsay, France) to remove the non-
encapsulated siRNA and lipoplexes [4]. At the end, the NaCl concentration was adjusted to
physiological concentration (150 mM).

The polymers used for post-insertion were 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethyleneglycol)-2000] (DSPE-PEG) (Mean Molecular Weight (MMw = 2805 g/mol),
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[ maleimide(polyethyleneglycol)-2000]
(malDSPE-PEG) (Mean Molecular Weight (MMw = 2942 g/mol) (Avanti Polar Lipids, Inc, Alabaster,
USA) and tetraether-[methoxy(polyethyleneglycol)-2000] (TE-PEG) (MMw = 3217 g/mol)
synthesized according to Barbeau et al., [11]. Polymers and siRNA LNCs were co-incubated 4h at 37

°C with final polymer concentration adjusted to 5 or 10 mM.

Resnier Pauline | Nano-vectorisation de siRNA via des nanocapsules lipidiques 080 || 105



Chapitre I

2.3. Affitin coupling on DSPE-PEG LNCs

The Affitins H4 used in this study is specific for chicken hen egg white lysozyme, and has been
described previously [15]. To allow coupling via thiol chemistry, a cysteine residue was added to C-
terminus of this Affitin by directed mutagenesis. The resulting Affitin (H4-Ct) was coupled to LNC
according to Bourseau et al., [17]. Briefly, a solution at 1 mg/mL (corresponding to 110 pM) of
Affitins was prepared in water and mixed with DTT (Dithiothreitol, Sigma-Aldrich), a small-molecule
redox reagent, at 0.012 mg/mL (corresponding to 80 pM) under stirring at room temperature during 1
h. Affitins with DTT were purified using PD10 Sephadex column (Amersham Biosciences Europe,
Orsay, France). PEGylated siRNA LNCs with 10 mM MalDSPE-PEG were mixed with purified
Affitins under stirring at room temperature overnight. DSPE-PEG-Affitin LNCs were purified by
CL4B sepharose column (Sigma Aldrich). The presence of LNCs was evidenced with turbidity lecture
at 580 nm and Affitins by microBCA test (Thermo Fisher, Waltham, MA, USA) according to the

manufacturer protocol.

24. Characterization of siRNA LNCs

2.4.1. Size and Zeta potential
The size and Zeta potential of LNCs were measured by using the Dynamic Light Scattering (DLS)
method using a Malvern Zetasizer® apparatus (Nano Series ZS, Malvern Instruments S.A.,

Worcestershire, UK) at 25 °C, in triplicate, after dilution at a ratio of 1:200 with deionized water [18].

2.4.2.  Encapsulation efficiency (EE)

A spectrophotometric method based on a work recently described by David et al., was used to
evaluate the EE [3]. Briefly, siRNA LNCs were mixed with chloroform and water to separate
hydrophilic and lipophilic components, respectively. Sodium hydroxide was added to destabilize
lipoplexes, and finally absolute ethanol was added to destroy the LNCs. After two centrifugations,
four fractions were obtained: free siRNA, free lipoplexes, encapsulated siRNA and encapsulated
lipoplexes into LNCs. To determine the concentration of siRNA, the optical density of each sample

was determined at 260 nm (UV-2600, Shimadzu, Noisiel, France) in triplicate conditions.

2.5. Cell culture

The SK-Mel28 human melanoma cell lines were grown in Roswell Park Memorial Institute

(RPMI) 1640 medium (Lonza, Verviers, Belgium) supplemented with 10 % fetal bovine serum
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(Lonza, Verviers, Belgium), 1 % antibiotics (10 units of penicillin, 10 mg of streptomycin, 25 pug of
amphotericin B/mL ; Sigma-Aldrich, Saint louis, USA) and 1 % non-essential amino acids (Lonza).
Cell lines were cultured according to ATCC protocol and maintained at 37 °C in a humidified

atmosphere with 5 % CO,.

2.6. Cellular uptake

2.6.1. Flow cytometry

Melanoma cells were seeded onto 6-well plates at the density of 50 x 10* cells/well and precultured
overnight. Before transfection, the medium was changed to a fresh medium without serum. The cells
were treated with double fluorescent siRNA LNCs (DiD and Alexa488 siRNA) at siRNA
concentration of 0.25 pg/mL for 4h to 48h. Immunostaining was performed to evaluate the
internalisation of LNCs and siRNA into SK-Mel28 cells. After kinetic point (4, 8, 24 et 28h), cells
were washed twice with PBS (Lonza) and incubation with trypan blue (Lonza) was performed during
1 min following by three PBS washing. Cell suspensions were fixed with PBS/Azide 0.02
%/Formaldehyde 1 %, protected from light and stored at 4 °C. Analyses were performed with a
FACScalibur flow cytometer (BD Bioscience, San José, USA) in collaboration with PACeM platform
(Angers).

2.6.2.  Fluorescence microscopy

Melanoma cells were seeded onto CC2 Labtek 4 chambers (Dominique Dutcher, France) at the
density of 50 x 10* cells/chamber and precultured overnight. Before transfection, the medium was
changed to a fresh medium without serum. The cells were treated with double fluorescent siRNA
LNCs (DiD and Alexa488 siRNA) at siRNA concentration of 0.25 pg/mL for 4h to 48h. To stop the
reaction, cells were incubated with solution of paraformaldehyde 4 % at 4 °C. Cells were then washed
twice with PBS 1X (Lonza) and incubation with DAPI (Sigma, Saint-Louis, MO, Etats-Unis) was
performed during 1 min following by three PBS washing. Cells were analyzed under a fluorescence

microscope (Axioscope® 2 optical, Zeiss, Le Pecq, Germany).

2.7. Fluorescence confocal spectral imaging (FCSI)

To follow the nanocarrier behavior in the presence of melanoma cells, siRNA-loaded LNCs were
formulated with three different fluorochromes. Two fluorescent probes, Dil and DiD were used
respectively as donor and acceptor partners to obtain a FRET (Fluorescence/Forster Resonance Energy

Transfer) signal. Dil (abs max at 550 nm, em max at ca 565 nm) was excited with a 488 nm line of a
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laser described below. With this excitation wavelength, the DiD fluorescence (abs max at 645 nm, em
max at ca 665 nm) can mainly result from FRET. To observe FRET, the LNCs were co-loaded with
Dil:DiD mixture at 2:1 molar ratio. In addition, the LNCs were loaded with siRNA conjugated to
Alexa488 fluorophore (exc at 488 nm; em max at 520 nm). Therefore, with the triple-labelled LNCs,
we excited simultaneously the Dil/DiD FRET couple and the green fluorescence of Alexa488 in order
to follow both the LNC integrity and the siRNA distribution.

SK-Mel28 cells were seeded onto CC2 Labtek 4 chambers (Dominique Dutcher, France) at the
density of 30 x 10° cells/chamber and precultured for 96 h. The medium was then replaced by a
suspension of triple-labelled siRNA LNCs in the culture medium at the concentration of 0.50 pg/mL
of siRNA and the cells incubated for 0.5, 3.5, 5, or 15 h at 37 °C/5% CO,. After the treatment, SK-
Mel28 cells were washed twice in HBSS supplemented with Ca®" and Mg*". Then the media chambers
were removed, some HBSS supplemented with Ca®" and Mg*" was added to keep the cells alive during
the fluorescence confocal spectral imaging (FCSI), and finally the cells were recovered by a lamella.

The FCSI measurements were carried out using a LabRam confocal microspectrometer (Horiba
Jobin Yvon, Villeneuve d’Ascq, France) equipped with an automated X—Y—Z scanning stage, a low
dispersion grating (300 grooves/mm) and an air-cooled CCD detector. The fluorescence spectra were
excited using a 488 nm line of an Ar+ laser (Melles Griot, France) and collected in a confocal mode,
through the 50x LWD objective (NA 0.5). For each cell analysis, an equatorial optical section (x—y
plane situated at half-thickness of the cell) was scanned with a step of 0.7 um that provided maps
containing typically =900 spectra. The cellular auto-fluorescence was completely neglected, because
of the absence of any significant fluorescence of the untreated cells under the conditions used (laser
power on the sample ca 5 uW, 0.03 s per spectrum). No sample photodegradation was observed.

Both acquisition and treatment of multispectral maps were performed with LabSpec software.
Subcellular LNC and siRNA distribution maps were established via analysis of both the intensity and
shape of intracellular fluorescence spectra. Briefly, each experimental spectrum was fitted using the
least-squares method to a sum of three reference spectra described below. The fitting errors were

below 5% (typically 2—4%).

2.8. Plasma protection

SiRNA, siRNA LNCs and surface modified formulations containing 30 pg siRNA were incubated
for different time intervals in 50% (v/v) Normal Human Serum (NHS) at 37 °C [19]. Following
incubation, samples were stored at -20 °C. Electrophoresis into 1 % (m/vol) agarose gels in TBE
buffer containing ethidium bromide (EtB) was performed at 125 V for 20 min and the resulting gels
were photographed under UV light.
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2.9. In vivo experiments

2.9.1.  Orthotopic mouse model of melanoma

Six- to eight-week-old female, nude NMRI mice (Elevage Janvier, France) were housed and
maintained at the SCAHU; they were processed in accordance with the Laboratory Animal Care
Guidelines (NIH Publication 85-23, revised 1985) and with the agreement of the national ethic
committee (national authorization N°01315.01, France). Tumor bearing mice were prepared by
injecting subcutaneously a suspension of 3 x 10° SK-Mel28 melanoma cells in 100 pl of RPMI
medium into the right flank of athymic nude NMRI mice (6-8 week-old females, 20-24 g).

2.9.2.  Determination of graphical half-life time

To determine the half-life of formulations, 150 pl of DiD fluorescent siRNA LNCs or surface
modified LNCs were administered by single intravenous injection into the tail vein of the healthy
mice. Blood samples were collected into heparin microtubes (Sarstedt, Marney, France), centrifuged
and plasma were stored at -20 °C. DiD fluorescence of samples was evaluated by Fluoroskan Ascent
(Labsystems, Fischer Scientific, Wilmington, USA). The DiD fluorescence of sample was compared
to range of fluorescent LNCs diluted into mice plasma. Graphical determination was used for the half-

life time, corresponding to the time where 50% of fluorescent LNCs where found in blood.

2.9.3. Biofluorescent imaging

Non-invasive fluorescent imaging (BFI) was performed 15min, 30min, 45min, 1 h, 3 h, 5 h, 8h, 24
h and 48 h post-injection, using the BFI system of the MaestroTM II (CRi, Woburn, USA) equipped
with cooled CCD camera and lipid crystal tunable filter (LCTF) and driven with the Maestro 2
software (Cambridge Research & Instrumentation, Inc, USA). Considering the fluorescent
characteristics of the DiD fluorescent tag used to follow the LNCs, wavelength spectrum choose is
from 600 to 700 nm. In parallel, the light beam was kept constant for each fluorescent measurement,
which was ideal with the ringlight, and epi-illumination. As the ringlight was always set at the same
height, the excitation energy on the sample would always be the same. Each mouse was anesthetized
with a 4% air-isofluran blend. Once placed in the acquisition chamber, the anesthesia of the mice was
maintained with a 2% air-isofluran mixture throughout the experiment as described above. With the
BFI system, the fluorescent acquisition time was 5 s. Animals were sacrificed at last time acquisition
(48h) and dissection of organs was performed to evaluate individually their fluorescence. All data
were analysed on Maestro II software to obtain the average fluorescence signal for each organ

(photon/sec/cm®). Ratio between autofluorescence of control organ (without injection of fluorescent
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LNCs) and fluorescence of organs receiving the different DiD LNCs were performed to compare all

formulations.

2.10.  Statistical analysis

Comparisons between all groups, supposed with normal distribution, were performed using a
classical analysis of variance (one-way ANOVA) followed by a Tukey’s post-hoc analysis. The
encapsulation efficiencies for modified LNCs and non-modified LNC were compared using a t-test.

Statistical significance was ascribed to a threshold p-value of 0.05.

LNCs 74 +4 0.05 +0.01 + 13 £6 3545
TE-PEG LNCs 74 £3 0.074 £0.04 +15+1 30 £5
5mM DSPE-PEG LNCs 85 +2 0.13 £0.05 -10+4 3344
10mM DSPE-PEG LNCs 94 +14 0.16 +£0.08 -16+4 36 £7
10mM DSPE-PEG Affitins LNCs 103 13 0.16 +£0.02 -16+4 36 £3

Table 1: Physico-chemical characterization and encapsulation yield of modified siRNA LNCs. LNCs are
incubated with 10mM of tetracther-polyethyleneglycol-2000 (TE-PEG) and 5 or 10mM of 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (DSPE-PEG). Grafting of the Affitins (110uM) is performed
on 10mM maleimideDSPE-PEG post-inserted LNCs. Results (n=3) are expressed as mean measure =+ standard deviation
(SD). No difference was demonstrated on encapsulation efficiency (EE) using ANOVA 1F, post-hoc Tukey.

3. Results

3.1. Surface modified LNCs

Formulation of siRNA LNCs led to nanoparticles measuring 75 nm and characterized by positive
charge (+ 13 mV) (Table 1). The post-insertion of TE-PEG, which structure is described in Table 2,
did not induce modifications compared to non-modified siRNA LNCs. With DSPE-PEG, described in
Table 2, at 5 and 10 mM concentrations, the size increased proportionally and the zeta potential
became negative (- 10 mV ; - 16 mV respectively). The presence of a maleimide group on DSPE-PEG
led to the same size than DSPE-PEG LNC one, but with a lower negative zeta potential (- 9 mV versus
-16 mV) (Data not shown). The incorporation of fluorescent probes as DiD, Dil and Alexa488 siRNA
did not modify the physico-chemical properties of sSiRNA LNCs (Data not shown).
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The Affitin was grafted on 10 mM malDSPE-PEG siRNA LNCs. Turbidity and protein detection
confirmed the efficient grafting of the Affitins on DSPE-PEG LNC surface, as obtained previously
with the grafting of an antibody by the same chemical reaction in Bourseau et al., [17]. The resulting
formulation had a larger size than 10 mM DSPE-PEG LNCs (103 and 94 nm, respectively), while the
other parameters did not change (Table 1).

All the different surface modified siRNA LNCs were monodispersed (PDI < 0.2) and the

encapsulation efficiency of siRNA was evaluated around 35 % in all cases.
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Table 2: Structure of TE-PEG and DSPE-PEG used for siRNA LNCs post-insertion. All polyethylene glycol
(PEG) polymer (Tetraether-[methoxy(polyethyleneglycol)-2000] (TE-PEG) and 1,2-distearoyl-sn-glycero-3-phospho
ethanolamine-N-[methoxy(polyethyleneglycol)-2000] (DSPE-PEG)) have same PEG length evaluated at 2000 kDa. Two
functional groups are used on DSPE-PEG such as methoxy (lane 2) and maleimide (lane 3) with thiol function for the
grafting of Affitins via cystein amino acid.

3.2. Behavior of FRET siRNA LNCs in SK-Mel28 cells

The mechanism of siRNA delivery by LNCs was studied on living melanoma cells by fluorescence
confocal multispectral imaging, FCSI (Figure 1). In order to follow both the LNC integrity and the
siRNA distribution, triple-labelled LNCs were generated by loading them with the Dil/DiD FRET
couple and with the siRNA-Alexa488 (see the experimental section). With a 488 nm excitation, both
the green Alexa488 fluorescence and the strong FRET of the Dil/DiD couple were recorded
simultaneously (black spectrum in Figure 1A: Igsonm/Issonm ratio 1.28). Once LNCs were completely
disintegrated, for instance by dissolving them in organic solvents, the FRET was lost and the DiD
emission band disappeared (Issonm/Issonm ratio decreased to 0.19, data not shown).

Using the above considerations, spectral analysis allowed us to distinguish the intracellular
situations corresponding to the three model spectra (Figure 1A) and to generate the corresponding

merged maps shown in pseudocolors (Figure 1B): i) the blue spectrum and the blue zones
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corresponded to 75% of the initial FRET; ii) the green spectrum and the green zones corresponded to
44% of FRET, and iii) the red spectrum and the red zones corresponded to free Alexa488-siRNAs, not
co-localized with Dil/DiD (0% FRET).

A
Alexa 488 100% FRET
75% FRET
44% FRET
Z Dil DiD 0% FRET

Intensity

T T T T T T T T T T T
500 550 600 650 700 750
‘Wavelength (nm)

10 pm
—_—

5 pm
—

Figure 1: Behavior of siRNA LNCs in SK-Mel28 cells over time as followed by fluorescence confocal
spectral imaging, FCSI. (A) Model spectra of triple-labelled control LNCs (100% FRET signal in black), partially
degraded LNCs (75% FRET signal in blue and 44% FRET signal in green) and Alexa 488-labeled siRNAs (0% FRET signal
in red). (B) Spectral maps (upper panel) and the spectral maps merged with the white light images of the cells (lower panel)
of different SK-Mel28 cells over time. The red color represents free siRNA (corresponding to the red spectrum) and the
green and blue colors represent the degraded LNCs (corresponding to the green and blue spectra respectively).
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The results showed that at 0.5 h of incubation time, LNCs were mostly observed at the cell
membrane and only few of them were found in the cytosol. Compared to the initial LNCs, a partial
FRET decrease was observed, to 75 % for the LNCs in the cell membranes and to 44 % in the cytosol
of cells (respectively blue and green spectra in Figure 1A and blue and green zones in Figure 1B).
Although the LNC degradation in membranes was not yet strong at 0.5 h, it gave rise to the
appearance of the free siRNA released from the LNCs as shown by the red zones found in the
membranes.

At 3.5 h, the cytosol of the cells was significantly enriched with LNCs, while most of the cytosolic
LNCs were strongly degraded (green zones). As a result of this degradation, a massive accumulation
of free siRNA released from LNCs (large red zones) was observed in the cytosol (Figure 1B). A
fraction of the less degraded LNCs (blue zones) was still observed mainly at the periphery membrane
of the cell. At 5 h, instead of the massive cytosolic staining of free siRNA commented at 3.5 h, one
observed the siRNA localization in numerous small zones distributed in the cytosol. The dissociation
of LNCs in cytosol led to the fact that blue zones became rare, even on membranes. At 15 h, only few
free siRNA (red spots) were observed in the cell, close to its periphery, while the fluorescence of Dil

released from the degraded LNCs was still readily detected in the large zones of cytosol.

3.3. Cellular uptake into melanoma cells

The internalization of LNCs and siRNA was evaluated after modification of LNC surface by
different PEG (5 mM DSPE-PEG, 10 mM DSPE-PEG, 10 mM TE-PEG, 10 mM DSPE-PEG-Affitins)
in comparison to non-modified LNCs by fluorescent microscopy and flow cytometry (Figure 2 and 3).
With microscopy, Alexa488 and DiD encapsulated into LNCs was evidenced in SK-Mel28 cells after
contact with LNCs and TE-PEGs. At the opposite, no signal was detected after incubation with LNC
DSPE-PEG formulations (5, 10 mM and DSPE-PEG-Affitins) (Figure 2). To evaluate the proportion
of positive cells, flow cytometry was realized and a quenching of Alexa488 was performed with
trypan blue to discriminate the adsorbed/internalized siRNA (Figure 3). The analysis confirmed the
large proportion of positive cells after incubation with non-modified and TE-PEG post-inserted LNCs
such as fluorescent microscopy (Figure 2 and 3B). After 4 h of contact, 90 % of cells were Alexa488
positive with non-modified and TE-PEG LNCs and the proportion was constant until 48 h. In this
case, the proportion of absorbed siRNA was limited to 20 % at 4 h and decreased over time to few
percent (Figure 3B). For DSPE-PEG LNC:s, flow cytometry proved the significant lower percentage of
cells that internalized the siRNA (lower than 10 %), even at low concentration in DSPE-PEG.
Moreover, compared to 10 mM DSPE-PEG LNCs, the presence of Affitin model, which has no
specificity for melanoma tumors, at the surface, did not change significantly the interaction of siRNA

LNCs with melanoma cells.

Resnier Pauline | Nano-vectorisation de siRNA via des nanocapsules lipidiques OO0 I 113



Chapitre 11

Nucleus LNCs siRNA
(DAPI) (DID) (Alexa488) Merge

Control

LNC

5mM
DSPE-PEG
LNC

10mM
DSPE-PEG
LNC

10mM DSPE-
PEG Affitins
LNC
10 mM

TE-PEG
LNC

Figure 2: Cellular uptake of siRNA LNCs in melanoma cells in function of surface modification. After two
days incubation, fluorescent microscopy was performed with siRNA LNCs on SK-Mel28 human melanoma cells. Cells are
fixed on Labtek slide and nucleus staining was performed with DAPI (blue). Double fluorescent probes are used to following
siRNA LNCs: lipophilic DiD (red) and Alexa488 siRNA (green). Analysis confirmed the internalization of siRNA LNCs
without surface modification or after post-insertion of TE-PEG. At the opposite, all DSPE-PEG LNCs showed no fluorescent
signal. Scale bar represents 100pm.
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Figure 3: Evaluation of siRNA positive cell by flow cytometry analysis over time thank to lipid
nanocapsules. (A) Dot plot analysis evidenced the large uptake of Alexa488 siRNA into melanoma cells for LNCs and TE-
PEG LNCs such as fluorescent microscopy. (B) Histograms analysis showed the difference between internalized and
adsorbed (hatchted part of barr) siRNA with trypan blue quenching. Data confirmed the large proportion of positive cells
with LNCs and TE-PEG LNC with low absorption phenomenon (>10%) contrary to 5 and 10 mM DSPE-PEG LNCs and 10
mM DSPE-PEG-Affitins LNCs at 48h. The mean percentage of fluorescent cells was compared to control cell without
fluorescence + standard error of mean SEM (n=3). Statistical analysis performed with ANOVA 1F, post-hoc Tukey,

##4p=0.001.

Resnier Pauline | Nano-vectorisation de siRNA via des nanocapsules lipidiques | 115



Chapitre I

34. Plasma protection and blood behavior

Protection of siRNA was evaluated after incubation with human plasma at physiological
temperature (Figure 4A). In control conditions with siRNA alone, a rapid degradation by plasmatic
nucleases was observed with large degradation at 30 min. Our lipid nanocapsules proved their efficacy
to protect the siRNA against nucleases for at less 8 h and longer times up to 24 h or 48 h for all
PEGylated LNCs (TE-PEG, 5 and 10 mM DSPE-PEG). The presence of Affitins on DSPE-PEG LNCs
did not modify the protection effect against nucleases.

Intravenous injection (i.v) of DiD fluorescent LNCs was performed in tail vein of mice. Blood
samples were collected over time to determine the behavior of modified LNCs (5 mM, 10 mM DSPE-
PEG, 10 mM TE-PEG, 10 mM DSPE-PEG-Affitins) (Figure 4B). Fluorescence analysis showed that
the most rapid elimination profile concerned the LNCs without surface modification. On the figure
4B, TE-PEG LNCs showed a similar profile than non-modified LNCs with a graphical half-life time
estimated at 2.5 h, but the elimination was slightly slower. For DSPE-PEG LNCs, the presence of this
PEG increased proportionally the graphical half-life time to 6 h and 10 h for 5 and 10 mM of DSPE-
PEG respectively. Concerning 10 mM DSPE-PEG-Affitins LNCs, the profile was intermediate with a
first part displaying a rapid elimination such as for non-modified LNCs, but a slow elimination such as

for 10 mM DSPE-PEG LNC:s. In this case, the graphical half-life time was estimated inferior to 4 h.

3.5. Biodistribution on healthy mice
Biofluorescence imaging on animals was realized with Maestro II to evaluate the biodistribution of

DiD siRNA LNCs with or without surface modification, after i.v. injection in healthy mice (Figure 5).
For siRNA LNC without modification, the maximal signal was obtained after 1 h injection. Non-
modified siRNA LNC injection induced a strong hepatic accumulation after 3 h and until 8 h (Figure
5A). The DSPE-PEG post-inserted LNCs showed an important liver localization from 5 h up to 24 h
for low concentration (5 mM) with a peak at 8 h. The high concentration of DSPE-PEG (10 mM) on
LNCs seemed to limit the liver accumulation and fluorescence signal was diffused in whole mice
(Figure 5A). However, after animal dissection at 48 h, results of organ fluorescence evidenced the
high level of fluorescence with 5 and 10 mM DSPE-PEG LNCs, especially in liver, spleen, kidneys
and bladder (Figure 5B). Surprisingly, very high fluorescence signal was observed in ovary with 5 and
10 mM DSPE-PEG LNCs. Otherwise, the grafting of Affitins at 10 mM DSPE-PEG LNCs modified
the biodistribution with liver accumulation contrary to 10 mM DSPE-PEG LNCs between 1 h until 24
h (Figure 5A). However, the global fluorescence signal of DSPE-PEG-Affitin LNC showed no
important retention in undesirable organs (Figure 5B). Concerning the TE-PEG siRNA LNCs,
biofluorescence imaging on mice and organs dissection demonstrated the accumulation into liver over

time with higher signal at 48 h (Figure 5). Moreover, the organ analysis confirmed also the high level
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of fluorescence into other organs such as spleen, kidney or bladder for all pegylated LNCs (5 mM, 10
mM DSPE-PEG and TE-PEG LNCs) (Figure 5B).
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Figure 4: Evaluation of plasmatic protection and blood behavior of siRNA LNCs with different surface
modifications. (A) UV light detection of siRNA thank to ethidium bromide (EtB) electrophoresis after incubation with
human plasma at 37°C showed the efficient nuclease protection of siRNA with pegylated LNCs. (B) Fluorescence analysis of
DiD siRNA LNCs after intravenous injection into tail vein of NMRI Nude mice (female, 6-8 week-old) evidenced the longer
plasma detection for pegylated LNCs (n=3).
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Figure 5: Evaluation of siRNA LNCs biodistribution after intravenous injection in healthy NRMI nude
female mice. (A) LNCs (yellow), 5mM DSPE-PEG LNCs (blue), 10mM DSPE-PEG LNCs (green), 10mM DSPE-PEG-
Affitin LNCs (violet) and 10mM TE-PEG LNCs (red), encapsulating a fluorescent tracer, DiD, were injected intravenously
in healthy mice (n=4) and vivo biofluorescence imaging (BFI) were taken at different times (15min, 30min, 1, 3, 5, 8, 24 and
48 hours after injection) from decubitus dorsal views to follow their biodistribution. BFI revealed over time the specific
biodistribution and the hepatic elimination of LNCs. (B) Two days after injection; biodistribution in organs was evaluated
proving the high liver accumulation for pegylated LNCs compared to LNCs and 10mM DSPE-PEG-Aftfitins LNCs which
was completely eliminated. PEG, polyethylene glycol; TE: tetracther, DSPE: 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000]. Mean fluorescence + Standard error of the mean (SEM).
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3.6. Biodistribution on subcutaneous melanoma mice model

Biofluorescence imaging was performed on mice after implantation of subcutaneous melanoma
model in right flank (Figure 6). In order to better visualize the tumor, animals were positioned on the
left flank, limiting however the visualization of the biodistribution in some of the other organs in
comparison to figure 5. Non-modified LNCs presented a spread repartition of fluorescence with liver
accumulation such as in healthy animals. However, no specific fluorescence signal was co-localized
with tumor site and fluorescence in organs at 48 h confirmed the important hepatic accumulation
(Figure 6B). Biofluorescence imaging of DSPE-PEG LNCs showed tumor targeting at early time (1 h
and 5 h, for 10 mM and 5 mM DSPE-PEG LNCs respectively) with co-localization at the tumor site.
The significant passive accumulation of siRNA LNCs modified with DSPE-PEG was confirmed by
tumor fluorescence at 48 h and evidenced also the absence of difference between the two PEG
concentrations (Figure 6). Moreover, DSPE-PEG LNC biodistribution in tumor bearing animals
showed similar profile than in healthy animals (Figure 6A). Concerning DSPE-PEG-Affitin LNCs, no
signal on tumor was observed by biofluorescence imaging and organ biodistribution evidenced the
large elimination of this formulation at 48 h compared to other forms such as in healthy animals
(Figure 6B). Finally, LNC modified with TE-PEG showed tumor localization later than DSPE-PEG
LNCs, 24 h after intravenous injection (Figure 6A). Interestingly, at 48 h, TE-PEG LNCs obtained the
higher fluorescence signal in tumor significantly different compared to non-modified and DSPE-PEG-

Affitin LNCs (Figure 6B).

4. Discussion

The mechanism of siRNA delivery with LNCs was studied on living melanoma cells by
fluorescence confocal multispectral imaging (FCSI). The loss of FRET should correlate with a partial
release of the dyes and/or nanocapsule degradation. These results showed that from short incubation
times (0.5 h) at 37 °C, LNCs seemed to be degraded by the contact with the cell membrane,
represented by a decrease of the DiD component of the FRET signal. This fact may be due to the
destructuration of LNCs by fusion at the cell membrane supported by DOTAP/DOPE lipids and
leading to the efficient cytoplasm delivery of the siRNAs. In fact, localization of fluorescence was
spread into the cytoplasm contrary to concentrated spots that can be observed after endocytosis
phenomenon such as with calcium phosphate particles developed recently by Xie et al., [20]. The
siRNA transfection seemed to reach a maximum at 3.5 h, where the siRNAs were stained over large
cytosolic regions. At 5 h, the siRNAs seemed to be dispatched in the whole cell and the fluorescence
signal decreased clearly at longer incubation times (15 h), indicating a release of siRNAs as the signal

was observed at the periphery of the cell. Same intracellular trafficking and kinetic was observed for
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Figure 6: Evaluation of siRNA LNCs biodistribution after intravenous injection in subcutaneous tumor
bearing NRMI nude female mice. (A) LNCs (yellow), 5mM DSPE-PEG LNCs (blue), 10mM DSPE-PEG LNCs
(green), 10mM DSPE-PEG-Affitin LNCs (violet) and 10mM TE-PEG LNCs (red), encapsulating a fluorescent tracer, DiD,
were injected intravenously in mice (n=4) and vivo biofluorescence imaging (BFI) were taken at different times (1, 8, 24 and
48 hours after injection) from lateral views to follow their biodistribution and the tumor targeting. BFI revealed over time the
specific tumor targeting in subcutaneous melanoma model for pegylated LNCs. (B) Two days after injection; biodistribution
in organs was evaluated proving the high liver accumulation for LNCs and TE-PEG LNCs compared to DSPE-PEG LNCs
and 10mM DSPE-PEG-Affitins LNCs. Fluorescence analysis in tumor demonstrated the best signal for TE-PEG and DSPE-
PEG LNCs. PEG, polyethylene glycol; TE: tetracther, DSPE: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethylene glycol)-2000]. Mean fluorescence + Standard error of the mean (SEM), ANOVA 1F, post-hoc Tukey, *p<0.05
and **p<0.01.
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calcium phosphate particles with maximal cytoplasmic loading 4 h after incubation [20]. Furthermore,
the mechanism of cellular uptake for blank LNCs (without drug encapsulation) was investigated by
Paillard et al., [21]. Interestingly, his result showed clearly that the internalization of blank LNCs
passed through energy dependent mechanism such as clathrin pathways or caveole to reach endosomes
into cells. Our study evidenced the difference of cellular uptake mechanism with siRNA LNCs in
comparison to blank LNCs: the siRNA-loaded nanocarriers seemed to interact more strongly with the
cellular membranes. This result could be explained by the siRNA loading, but also by the presence of
new excipient in sSiRNA LNC formulation corresponding to cationic DOTAP and zwiterrionic DOPE
lipids. These lipids have proved their interest in nanomedicine fields [2]. In fact, the fusiogenic
property of DOPE was demonstrated and attributed to its ability to undergo transition from bilayer to
inverted hexagonal structures at low pH, which are known to catalyze the fusion process with the
endosomal membrane [22, 23].

The surface modification of nanomedicines with innovative polymers represents an important
challenge to improve the tumor targeting after intravenous injection. In this work, various surface
coatings (PEG and Affitin protein grafting) were applied on siRNA LNCs and validated without
loading modifications. The pegylation was known to improve the half-life time of DNA LNCs and
same results were obtained here for siRNA LNCs [6]. However, the addition of DSPE-PEG induced
considerable limitation of in vitro cellular uptake avoiding the intracellular siRNA delivery. Actually,
this result could be explained by steric interactions between grafted chains and the cell membrane in
function of PEG concentration, length and conformation [21, 24, 25]. The comparison of two PEG
concentrations in biodistribution and tumor targeting potential evidenced the advantage of choosing
the lower tested concentration of PEG inducing a comparable fluorescence. A theoretical calculation
estimated that 5 mM led to a surface coating of 10 molecules/nm? or approximatively 3000 PEG
molecules/LNC [6].

The grafting of Affitins at the LNC surface, a small artificial binding protein, which is a potent tool
for specific recognition of molecules with high affinity, modified the behavior of LNCs as already
observed for nanomedicines modified with peptides [21, 26]. As a first step toward active targeting
with LNCs, we wanted to study if a model Affitins, i.e. without any affinity for a melanoma
biomarker, had intrinsic properties compatible with our goals. In our work, the Affitins did not alter
the plasma protection of siRNA in 10 mM DSPE-PEG LNCs. Moreover, Affitin presence on LNCs
was associated to the lowest fluorescence signals observed 48 h after injection, confirming the rapid
elimination and the absence of accumulation in undesirable organs in healthy and melanoma bearing
mice. Ten mM DSPE-PEG-Affitin LNCs induced, at early times, a higher hepatic accumulation than
for the 10 mM DSPE-PEG LNCs, probably caused by the recognition of the peptide by the Kupffer
cells. In addition, the low fluorescence signal in tumor with 10 mM DSPE-PEG-Affitin LNCs could

be related to two causes: i) the absence of expected passive targeting despite the presence of the
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DSPE-PEG, and ii) the absence of active target for this control Affitin used in this work. A study of
Rangger et al., showed the necessity to study the balance between pegylation and ligand grafting to
achieve an efficient and optimized targeting [21]. In conclusion, these results highlight one of the most
challenging problems in the targeted delivery of nanoparticles which is to develop high-quality
formulations that can give rise to more specific accumulation of nanoparticles in tumors than in other
tissues [27].

Finally, the tetraether-PEG (TE-PEG) appears as an innovative solution to replace DSPE-PEG lipid
nanocapsules with low influence on cellular uptake and a good plasma protection compared to non-
modified LNCs. This archaeal lipid is known to improve the stability of liposomes [11]. Interestingly,
TE-PEG LNCs had a short half-life time in blood, but biodistribution profile evidenced their liver and
higher tumor accumulation over time. These results are at once interesting, concerning the tumor
accumulation and surprising, as the liver accumulation is very late. This efficacy could be explained
by a different PEG conformation at LNC surface or different TE interaction with LNC reinforcing the
shell. Beyond classic surface modifications of nanomedicines that give longevity in blood stream,
some efforts have been recently directed towards developing “smart” nanocarriers [12, 28]. Smart
nanomedicines consisted in designing stimuli-sensitive drug delivery system in response to various
internal micro-environments such as acidic pH, hyperthermia, or external signal, as magnetism or
ultrasound [12]. This TE-PEG appears as a good candidate to create smart targeting with a pH
sensitive link adapted to melanoma acidic microenvironment [10, 29]. Affitins display a high stability
for acidic pHs [13], and future works should test efficiency of TE-PEG-Affitin formulations using

specific Affitins for a melanoma biomarker.

5. Conclusion

Lipid nanocapsules (LNCs) previously demonstrated their capacity to encapsulate efficiently
siRNAs. In this study, FRET experiments proved the efficient, time-dependent delivery of free siRNA
to the cytosol of human melanoma cells thanks to strong interaction/fusion of LNCs within the cellular
membranes. In addition, different surface modifications with PEG chains were assessed on LNCs.
While the tested DSPE-PEG LNCs were not able to penetrate into cell, experiments showed the
efficient internalization of siRNA and LNCs with TE-PEG LNCs and non-modified LNCs. The
biodistribution on melanoma mice model showed the better tumor targeting for pegylated LNCs at 48
h and specifically for TE-PEG LNCs. Moreover, this TE-PEG, recently modified thanks to the
addition of pH sensitive link between the PEG and TE molecule, could represent an innovative smart
nanomedicine. Finally, the results obtained with an Affitin are encouraging as its presence on LNCs
did not induce undesirable side effect. It remains to study if the use of a melanoma specific Affitin

combined with an optimized balance of DSPE or TE-PEG/Affitin will allow efficient active targeting.
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CHAPITRE I11:

EVALUATION DU POTENTIEL
THERAPEUTIQUE DES NANOCAPSULES
LIPIDIQUES DE SIRNA

La thérapie génique est une stratégie apparue en clinique au milieu des années 90 avec les premiers
essais sur les bébés bulles et autres maladies dites monogéniques. La découverte des ARN interférents,
permettant une régulation négative de I’expression des genes, a alors ouvert de nouvelles perspectives,
notamment dans le traitement des pathologies cancéreuses.

Le mélanome métastatique, cancer de la peau de stade IV, est une des formes les plus réfractaires
aux traitements chimio-thérapeutiques actuels. Ces résistances peuvent s’expliquer par une incapacité
des cellules tumorales & mourir due a un blocage du mécanisme de mort cellulaire qu’est 1’apoptose.
Des études ont démontré que diverses protéines, impliquées dans le processus d’apoptose, étaient
surexprimées dans les mélanomes. Le ciblage de la protéine anti-apoptotique Bcl-2 peut donc se
révéler comme un choix judicieux pour un ciblage via les siRNA.

Si I’inhibition de Bcl-2 permet de rétablir la balance entre les signaux pro et anti-apoptotiques, elle
n’entraine pas systématiquement la cellule dans un processus de mort cellulaire. En revanche,
I’association avec des agents chimio-thérapeutiques pourrait étre 1’élément déclencheur d’un processus
de mort cellulaire. De plus en plus d’études combinent donc les siRNA avec des agents chimio-
thérapeutiques afin d’améliorer I’effet de ces agents par synergie.

L’objectif de ces derniers travaux de these a été d’utiliser des LNC chargées avec un siRNA ciblant
la protéine Bcl-2 afin de démontrer son potentiel antiprolifératif sur le mélanome. Par ailleurs, une
association avec de nouvelles molécules anticancéreuses, les ferrocifénes, a été testée avec les LNC
siRNA Bcl-2. Des études de co-encapsulation ont été réalisées afin d’étendre les possibilités d’action
de ce type de nanomédecines. Enfin, les expérimentations animales ont été effectuées sur un modele

de mélanome humain implanté en sous-cutané chez la souris Nude.

Ces travaux n’ont pas encore été soumis, des manipulations sont en cours pour compléter la partie de co-

traitement chez la souris.
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Abstract

Metastatic melanoma has been described as a high resistance cancer against most chemotherapeutic
agents with a best response rate for 16% of patients with dacarbazine. Molecular analysis evidenced
the role of apoptosis in resistance of melanoma and especially of the key regulator, Bcl-2. In addition,
new metal based drugs, ferrocen derivatives (ferrocifens), showed interesting anticancer potential in
resistant cancer model such as triple negative breast cancer. The objective of this study was to
combine the two strategies by the use of siRNA for Bel-2 inhibition and ferrocen-based drug as new
potential anticancer agent encapsulated together into lipid nanocapsules (LNCs). The co-encapsulation
of siRNA and two ferrocifens (ferrociphenol (FcDiOH) or ansa-ferrociphenol (ansa-FcDiOH)) was
assessed into LNCs. The cytotoxicity of ferrocifens and specific extinction of Bcl-2 thanks to siRNA
were tested on human melanoma cells after individual encapsulation into LNCs. Cell model and
subcutaneous model of melanoma implanted in nude mice were assessed with Bcl-2 siRNA LNCs and
ferrocifen LNCs as well as with the combination of ferrocifen and Bcl-2 siRNA in the same LNCs.

The co-encapsulation of each ferrocifen with siRNA was successfully performed and even led to a
better encapsulation of siRNA. Experiments on human melanoma cells confirmed the gene extinction
of Bcl-2 thanks to LNCs and the ferrocifen anticancer property. Concomitant assays on melanoma
cells confirmed the potential of Bcl-2 and ansa-FcDiOH association. Subcutaneous melanoma model
was reduced using Bcl-2 LNCs and also with ansa-FcDiOH LNCs but the association of both
components into the same nanocapsules did not induce any synergic effect after repeated intravenous
injections on one week. LNCs appeared as a promising tool for the co-encapsulation of a metal-based
drug and siRNA. Each component showing a reduction of the tumor, a co-encapsulated LNC injection
followed by ansa-FcDiOH LNC injection over a longer time should be envisaged in order to evaluate

the synergic potential of these nanomedicines.

Keywords

Gene therapy, metal based drug, SK-Mel28, nanoparticles, passive targeting, bio-organometallic
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1. Introduction

Malignant melanoma has been the leading cause of death from skin cancer with a 5-year survival
rate of less than 10 % [1]. Unfortunately, dacarbazine (DTIC), the FDA approved chemotherapeutic
treatment for metastatic melanoma has been known to induce a low response rate (16%) [2]. Since
2011, two targeted therapies, vemurafenib and ipilumimab, which correspond to B-Raf inhibitor and
CTLA-4 blocking antibody respectively, have been also evaluated on melanoma patients. However,
resistance phenomenon was rapidly described for B-Raf inhibitor with recurrence of metastasis and
CTLA-4 showed low response rate as DTIC [3, 4], with a survival median inferior to 13 months. The
challenge of melanoma therapy consists in bypassing the high resistance phenomenon limiting or
avoiding completely the efficacy of chemotherapy.

The low effect of anticancer drugs was explained by the intrinsic resistance to apoptosis, one of the
important hallmarks of cancer, and especially in melanoma [5, 6]. This cell death mechanism is
controlled by pro-apoptotic (Bax, Bak) and anti-apoptotic members (Bcl-2, Bcl-x;, Mcl-1) [7]. Bel-2
(B-cell lymphoma 2) is a key regulator in apoptosis pathways blocking the effective oligomerization
of Bax and Bak, and thus protecting against cell death [8]. Molecular analysis evidenced the up-
regulation of Bcl-2 in melanoma metastasis and this high level was associated to chemoresistance [9,
10]. Interestingly, overexpression of Bcl-2 has been correlated with poor prognosis and short survival
[9, 11, 12].

Bcl-2 inhibition was early assessed by antisense oligonucleotide (Oblimersen®) in cancer
application and especially in melanoma [13]. While Oblimersen® increased apoptosis in melanoma
xenografts and improved their sensitivity to dacarbazine [14-15], the clinical trials did not prove
significant difference on patient survival revealing the disillusion [16]. This failure can be explained
by 1) the use of antisens oligonucleotide that now could be replaced by powerfull tool such as siRNA
to modulate specifically the expression of Bcl-2 protein, and ii) the absence of adaptable nanocarriers
improving the tumor targeting and then limiting side effect after intravenous administration.

Nowadays, innovative nanomedicines can improve the bioavailability of encapsulated drugs such
as anticancer drugs, or nucleic acids [17]. Lipid nanocapsules (LNCs), nanomedicines based on
emulsion phase inversion, were adapted recently for small interfering RNA (siRNA) encapsulation
providing specific gene extinction. They showed efficient targeting of subcutaneous melanoma cells
after intravenous injection [18]. In addition, these nanoparticles have an oily core suitable for the
encapsulation and the delivery of lipophilic drugs such as anticancer compounds [19].

Metal based drug represents a promising family of compounds for cancer application and
especially ferrocen based drugs (ferrocifens) [20]. These bio-organometallic molecules are defined as
active molecules that contain at least one carbon directly bound to a metal or metalloid. In ferrocifens,

the metal studied is iron (Fe), and the metallocen derivative is ferrocen [n5-Fe(CsHs),] chemically
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grafted on a polyphenolic skeleton, resulting as ferrocenyl phenol derivatives [21]. Ferrocifens have
been successfully encapsulated into LNCs and demonstrated interesting anticancer property on
resistant cancer such as triple negative breast and glioma cancer model [22].

The association of Bcl-2 siRNA and a new anticancer drug as ferrocifen compounds represent a
new opportunity for melanoma treatment. For this, two different ferrocifens were used corresponding
to ferrociphenol (FcDiOH) and ansa-ferrociphenol (ansa-FcDiOH). The objective of this work
consisted in developing lipid nanocapsules as nanomedicines for an new and efficient double
application, i.e., gene therapy with siRNA and anticancer drug delivery with ferrocifens. The efficacy
of LNCs to deliver Bcl-2 siRNA and ferrocifens was tested on human SK-Mel28 melanoma cells.
Finally, subcutaneous melanoma model implanted in nude mice was used to study their in vivo

anticancer properties and possible synergic effects.

2. Material and Methods

2.1. Chemical materials

Ferrociphenol (FcDiOH) and ansa-ferrociphenol (ansa-FcDiOH) were prepared by a McMurry
cross-coupling reaction as previously described (Table 1) [23]. The lipophilic Labrafac® WL1349
(caprylic-capric acid triglycerides) was purchased from Gattefosse S.A. (Saint-Priest, France),
Solutol® HS15 (a mixture of free polyethylene glycol 660 and polyethylene glycol 660
hydroxystearate) by BASF (Ludwigshafen, Germany), Lipoid® S75-3 (corresponding to soybean
lecithin at 69% of phosphatidylcholine) by Lipoid Gmbh (Ludwigshafen, Germany) and NaCl by
Prolabo (Fontenay-sous-bois, France). Deionized water was acquired from a Milli-Q plus system
(Millipore, Paris, France).

1,2-DiStearoyl-sn-glycero-3-PhosphoEthanolamine-N-[ methoxy-(polyethyleneglycol)-2000]
(DSPE-PEG) (Mean Molecular Weight (MMW) = 2805 g/mol), cationic lipid as 1,2-dioleoyl-3-
trimethylammoniumpropane (DOTAP) and zwitterionic lipid as 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) were purchased from Avanti Polar Lipids (Alabaster, USA). In this
study, the siRNA  sequence  targeting Bcl-2  protein  (sens  sequence:  5°-
GUGAUGAAGUACAUCCAUUATAT-3’; antisens: 5°’- AAUGGAUGUACUUCAUCACATAT-3’)
and scramble sequence as control (sense sequence: 5’-UCUACGAGGCACGAGACUUdTAT-3’;
antisens: 5’-AACUCUCGUGCCUCGUAGAJdTAT-3’) were purchased from Eurogentec (Seraing,
Belgium).
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Ferrociphenol (FcDiOH) Ansa-ferrociphenol (ansa-FcDiOH)

>
Fe

=

Table 1: Chemical structure of two ferrocifens: ferrociphenol (FcDiOH) and ansa-ferrociphenol (ansa-
FcDiOH). Chemical structure evidenced the presence of a characteristic ferrocen group in these two derivatives.

OH
OH

2.1.1.  siRNA LNCs

siRNA LNCs were prepared according to a phase inversion method as previously described [25].
Briefly, the preparation process involved 2 steps. Step I consisted of mixing all the excipients
(Kolliphor® HS15 (17.2% w/w), Labrafac® (20.8% w/w), NaCl (1.8% w/w), Lipoid® S75-3 (1.5 %
w/w) and water (60.2% w/w) under magnetic stirring and heating from room temperature to 90 °C.
Three cycles of progressive cooling and heating between 90 and 60 °C were then carried out. Step 11
was an irreversible shock induced by rapid dilution with water (33% (v/v)) applied to the mixture at
70-72 °C. Slow magnetic stirring was then applied to the suspension for 5 min. For siRNA
encapsulation, lipoplexes in aqueous solution, described above, were introduced during step II as

developed in our previous works [18, 26].

2.1.2.  Ferrocifen LNCs

Ferrocifen LNCs were prepared according to a phase inversion method as previously described
[25]. Ferrocifen compounds (FcdiOH and ansa-FcDiOH), as solid powders, were added at step I with
other excipients in order to obtain a final concentration of 6 mg/mL (2% w/w) [22]. The drugs were

solubilized during the heating step and ultimately encapsulated over the last cooling step.

2.1.3.  Ferrocifen-siRNA LNCs
Ferrocifen-siRNA LNCs were formulated by combining the processes of ferrocifen and siRNA
encapsulation. For this, ferrocifen powder was added at step I with all excipients and temperature

cycles were performed between 60°C to 90°C. The siRNAs, complexed with lipids in aqueous
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solution, were introduced during the step Il inducing the irreversible shock in order to formulate the

Ferrocifen-siRNA LNCs.

2.2. Purification and post-insertion with DSPE-PEG

Purifications were performed in water (obtained from a Milli-Q system, Millipore, Paris, France)
with PD10 Sephadex column (Amersham Biosciences Europe, Orsay, France) to remove the non-
encapsulated siRNA and lipoplexes [18]. The NaCl concentration was adjusted after this purification
to physiological concentration (150 mM). The post-insertion of 1,2- distearoyl — sn — glycerol — 3 —
phosphoethanolamine —N- [methoxy(polyethyleneglycol)-2000] (DSPE-PEG) (Mean Molecular
Weight (MMw = 2805 g/mol) was performed by incubation of LNCs at 37 °C during 4h with final
PEG polymer concentration at 5 mM.

2.3. Characterization of siRNA LNCs

2.3.1.  Size and Zeta potential
The size and Zeta potential of LNCs were measured by using the Dynamic Light Scattering (DLS)
method using a Malvern Zetasizer® apparatus (Nano Series ZS, Malvern Instruments S.A.,

Worcestershire, UK) at 25 °C, in triplicate, after dilution at a ratio of 1:200 with deionized water [27].

2.3.2.  Encapsulation efficiency

siRNA quantification - A spectrophotometric method based on a work recently described by David
et al., (2012) was used to evaluate the encapsulation efficiency (EE) [24]. Briefly, siRNA LNCs were
mixed with chloroform and water to separate hydrophilic and lipophilic components, respectively.
Sodium hydroxide was added to destabilize lipoplexes, and finally absolute ethanol was added to
destroy the LNCs. After two centrifugations, four fractions were obtained: free siRNA, free
lipoplexes, encapsulated siRNA and encapsulated lipoplexes into LNCs. To determine the
concentration of siRNA, the optical density of each sample was determined at 260 nm (UV-2600,
Shimadzu, Noisiel, France) in triplicate conditions.

Ferrocifen quantification - The determination of the ferrocifen loading into LNCs was achieved by
spectrophotometry at 254 nm after dissolving 10 pL of LNCs into 5 mL of methanol (Fisher chemical)
before and after LNC filtration on 0.2um filter (GHP Pall, Acrodisc, VWR international, Fontenay-
sous-bois, France). The calibration curve, ranged from 10 uM to 100 pM, was also prepared in

methanol.
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24. SK-Mel28 melanoma cell culture

The SK-Mel28 human melanoma cell line was grown in Roswell Park Memorial Institute (RPMI)
1640 medium (Lonza, Verviers, Belgium) supplemented with 10 % fetal bovine serum (Lonza,
Verviers, Belgium), 1 % antibiotics (10 units of penicillin, 10 mg of streptomycin, 25 pg of
amphotericin B/mL ; Sigma-Aldrich, Saint louis, USA) and 1 % non-essential amino acids (Lonza).
Cell lines were cultured according to ATCC protocol and maintained at 37 °C in a humidified

atmosphere with 5 % CO,.

2.5. Western blot

After transfections or vivo experiments, total proteins were extracted from melanoma cells by
scraping with a cell lysis buffer (10 mmol/L Tris-Base, 1 mmol/L Na304, and 1 % SDS, pH 7.4) and
stored at -20°C, or melanoma tumor were grinded with Ultra-turrax (Ika imlab, Lille, France) in same
buffer lysis. Twenty micrograms of proteins were resolved on 10% (v/v) SDS-PAGE gel and
transferred to a nitrocellulose membrane (0.45-pum pore size) (Amersham GE Healthcare). Mouse anti-
human Bcl-2 (ab694, Abcam) and mouse anti-human actine (Clone C4; Millipore), used as loading
controls, were diluted, respectively, at ratios of 1:500 and 1:5,000 according to the manufacturer’s
instructions and incubated over night at 4°C. A second mouse antibody (Dako) was used at a dilution
of 1:2,000. Detection (using LAS4000, GE HealthCare) was performed using enhanced

chemoluminescence (ECL; Fisher Scientific, Pierce).

2.6. RT-q-PCR

Total RNA of cells were extracted and purified using RNeasy Microkit (Qiagen, Courtaboeuf,
France), and treated with DNase (10 U DNase I/ug total RNA). RNA concentrations were determined
using a ND-2000 NanoDrop (Thermo Fisher Scientific, Wilmington, Delaware USA) and used for
normalization of the input RNA in the Reverse transcription. First strand cDNA synthesis was
performed with a SuperScript™ II Reverse Transcriptase (Invitrogen), in combination with random
hexamers, according to the manufacturer’s instructions. Following first-strand ¢cDNA synthesis,
cDNAs were purified (Qiaquick PCR purification kit, Qiagen, Courtaboeuf, France) and eluted in 40
uL RNAse free water (Gibco). 3ng of cDNA was mixed with Maxima™ SYBR Green qPCR Master
Mix (Fermentas) and primer mix (0.3 pM) in a final volume of 10 pL. Amplification was carried out
on a LightCycler 480 (Roche) with a first denaturation step at 95°C for 10 min and 40 cycles of 95°C
for 15 s, 60°C for 30 s. After amplification, a melting curve of the products determined the specificity

of the primers for the targeted genes. A mean cycle threshold value (Cq) was obtained from 2
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measurements for each cDNA. Specific gene expression was calculated using the 2 **“" method using

GAPDH as calibrator.

2.7. Determination of cell viability

Melanoma cells were seeded onto 24-well plates at a density of 5 x10” cells/well and pre-cultured
overnight. Dose dependent transfection was realized as described above to determine the ICs, and cells
were subsequently cultured during two days. Cytotoxicity assays were performed using MTS (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2Htetrazolium) (Promega,
Madison, USA). For this, 100 pL of MTS/well were disposed and plates were incubated 2.5 h a 37 °C
in a humidified atmosphere with 5 % CO,. The OD was evaluated by Mutliskan Ascent (Labsystems,
Fisher Scientific, Wilmington, USA) at 492 nm.

2.8. Orthotopic mouse model of melanoma

Six- to eight-week-old female, nude NMRI mice (Elevage Janvier, France) were housed and
maintained at the SCAHU; they were processed in accordance with the Laboratory Animal Care
Guidelines (NIH Publication 85-23, revised 1985) and with the agreement of the national ethic
committee (authorization N°01315.01, 12/2013, France). Tumor bearing mice were prepared by
injecting subcutaneously a suspension of 3 x 10° SK-Mel28 melanoma cells in 100 ul of PBS 1X into
the right flank of mice (20-24 g). After three weeks of tumoral growth, treatments (PBS, blank LNCs,
ferrociphenol-LNCs, siRNA LNCs) were applied intravenously with daily injections during one or
three weeks. To determine the tumor volume, each mouse was monitored at the indicated time by
measurement of tumor size and tumor volume was estimated using the formula: V=

6/m*length*width’.

2.9. ALAT—ASAT determination

Blood samples were collected from the lateral saphenous vein from animals receiving no injections
(n=4), siRNA LNCs (n = 8), and PEG siRNA LNCs (n = 8). Blood was collected before and day 2, 4
and 9 after LNC injections on different animals (two per condition per day) to prevent a too great loss
of blood, and were collected in Microvette collection tubes (Sarstedt, Numbrecht, Germany).
Afterwards, the samples were centrifuged for 2 minutes at 10,000 g at 4 °C and the plasma removed
for further analysis. ALAT and ASAT values were determined using a Selectra-E (Elitech, Signes,

France).
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2.10.  Statistical analysis

Comparisons between all groups, supposed with normal distribution, were performed using a
classical analysis of variance (one-way ANOVA) followed by a Tukey’s post-hoc analysis. Statistical

significance was ascribed to a threshold p-value of 0.05.

3. Results

3.1. Description of LNCs and co-encapsulation

The size of LNCs was not significantly modified by the encapsulation of all tested drugs (Table 2).
At the opposite, the zeta potential was influenced in function of encapsulated drugs. Contrary to
negative blank and ferrocifen LNCs, the cationic lipid used for siRNA binding induced a positive
charge of LNCs. Concerning the encapsulation, siRNA and the two ferrocifen drugs alone were
efficiently encapsulated individually such as in our previous works [18, 22]. The formulation led to an
encapsulation efficiency of siRNA evaluated at 35 % and more than 90% for ferrociphenol (FcDiOH)
and ansa-ferrociphenol (ansa-FcDiOH) (Table 2). Interestingly, the co-encapsulation of siRNA and
ferrocifens induced a significant higher encapsulation efficiency of siRNA (Table 1). However, this

co-encapsulation induced slightly, but significant, lower encapsulation of ferrocifens.

Formulation Size (nm) PDI Zeta (mV) siRNA EE (%) Fc EE (%)
Blank LNCs 77 £2 0.08 £0.01 -T7£2 / /
siRNA LNCs 74 +4 0.05 +0.01 +13 £2 3545 /
FcDiOH LNCs 65 +2 0.07 +£0.01 -4 +1 / 92 £2
ansa LNCs 64 +4 0.05+0.01 -442 / 96 +1
si+FcDiOH LNCs 65 +1 0.04 +£0.01 +15£15 63 £5 * 82 £5 *
si+ansa LNCs 69 £5 0.11+0.03 +11+13 49 £12 * 85 £7 *

Table 2: Physico-chemical characterization and encapsulation yield of siRNA LNCs, each ferrocifen LNCs
and their co-encapsulated forms. All lipid nanocapsules (LNCs) led to monodispersed nanomedicines with
size ranging between 60 and 80 nm. SiRNA encapsulation conducted to a positive zeta potential, contrary to

blank and ferrocifen encapsulation into LNCs. Interestingly, the co-encapsulation of siRNA and ferrocifen
induced a significant higher siRNA encapsulation. Results are expressed as mean measure + standard deviation
(SD) (n=3). Statistical analysis, to compare the co-encapsulation form to single encapsulation, was performed
using a t-test, *p=0.05. FcDiOH: ferrociphenol, ansa-FcDiOH: ansa-ferrociphenol, LNCs: lipid nanocapsules.
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3.2. Extinction of Bcel-2

The extinction of Bcl-2 protein was tested using siRNA tools. The transfection efficacy of LNCs
was compared to a commercial agent one (Oligofectamine®) (Figure 1). Protein and gene analysis
evidenced the similar inhibition of Bcl-2 protein with Oligofectamine® and siRNA LNCs (50% vs
45%) with a mRNA level significantly reduced compared to control conditions (45 % vs 0 %,
respectively) (Figure 1).
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Figure 1: Protein and gene extinction of Bcl-2 by siRNA lipid nanocapsules. Bcl-2 expression was tested by
western blot (A) and RT-q-PCR analysis (B). 1: Cells, 2: Oligofectamine® siRNA scramble, 3:
Oligofectamine® siRNA Bcl-2, 4: scramble siRNA LNCs; 5: Bel-2 siRNA LNCs. mRNA levels are expressed
as mean measure =+ standard error of the mean (SEM) (n=3). Statistical analysis was performed by ANOVA IF,
post-hoc Tukey, ** p<0.01, *p<0.05.

3.3. Ferrocifen activity on melanoma cells

The action of FcDiOH and ansa-FcDiOH was tested and compared to reference chemotherapy used
for metastatic melanoma, dacarbazine (DTIC). Human SK-Mel28 melanoma cells showed resistance
to DTIC, even at high concentration (superior to 100 pg/mL) (Figure 2). FcDiOH and ansa-FcDiOH
compounds showed significantly high cytotoxicity compared to DTIC on melanoma cells, with an ICs,
estimated at 1.3 pg/mL and 0.5 pg/mL respectively (corresponding to 3 uM and 1.2 uM) (Figure 2).

Interestingly, the best efficacy was evidenced on melanoma cells with ansa-FcDiOH. Encapsulated
forms of FcDiOH and ansa-FcDiOH into LNCs presented the same toxicity profiles than free drugs,

evidencing the capacity of LNCs to deliver ferrocifens into melanoma cells.
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Figure 2: Cytotoxicity of free and LNC-encapsulated ferrocifens on human melanoma cell line Sk-Mel28.
(A) Free FcDiOH (yellow dotted line) and ansa-FcDiOH (yellow line) solubilized in organic solvent showed significant
toxicity on melanoma cell line compared to reference chemotherapy (DTIC, solubilized in water) (green line). Ansa-FcDiOH
had the lower ICs, values estimated at 1 pM (compared to 3uM for FcDiOH). (B) Encapsulated FcDiOH (yellow dotted line)
and ansa-FcDiOH (yellow line) into lipid nanocapsules (LNCs) induced a significant specific toxicity compared to blank
LNCs (blue line). Percentage of cell viability was expressed as mean percentage + standard error of the mean (SEM) (n=3).
Statistical analysis compared to control condition (DTIC or blank LNCs) was performed by ANOVA post-hoc Tukey,
*H%p<0.001, **p<0.01, *p<0.05. DTIC: dacarbazine, FcDiOH: ferrociphenol, ansa-FcDiOH: ansa-ferrociphenol.

34. Chemo-sensitization of melanoma cells

The combination of Bcl-2 siRNA and ferrocifens was assessed on human melanoma cells in order
to study a possible synergic effect (Figure 3). The association of Bcl-2 siRNA was assessed with
DTIC, FcDiOH and ansa-FcDiOH. The transfection of Bcl-2 LNCs siRNA did not induce strong
toxicity such as scramble and blank LNCs (79 % versus 89 % and 94 %). The combination of Bcl-2
siRNA with DTIC or FcDiOH did not show any synergic effect. Finally, the concomitant treatment
with Bcl-2 siRNA and ansa-FcDiOH conducted to important cytotoxicity compared to individual
treatment (46 % versus 79 % for Bcl-2 and 90 % for ansa-FcDiOH), demonstrating a significant

synergic effect compared to control conditions.

3.5. Bcl-2 siRNA treatment on tumor growth

Three weeks after cell implantation, repeated intravenous injections of siRNA LNCs were
performed in tail vein of nude mice during 5 days (1 IV/day) corresponding to 0.75 mg/kg/day of
siRNA/day. No toxicity was observed on mice during all experiment protocols. Control group
(without treatment, n=10) was compared to blank LNCs (n=10), control siRNA LNCs (n=8) and Bcl-2
siRNA LNCs (n=8) (Figure 4A). Evaluation of tumor volume evidenced the absence of effect using
blank and control siRNA LNCs compared to Bel-2 LNCs inducing 30 % of volume reduction.
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Figure 3: Association of siRNA LNCs with reference chemotherapy or ferrocifens on melanoma cell line.
Control, blank, control siRNA and Bcl-2 siRNA LNCs were associated to chemotherapeutic drugs such as DTIC (green),
FcDiOH (yellow, striped), and ansa-FcDiOH (yellow) to evidence a possible additive or synergic effect of concomitant
treatment. Results showed the potential of synergic association of Bel-2 with ansa-FcDiOH. Percentage of cell viability was
expressed as mean percentage + standard error of the mean (SEM) (n=1). Statistical analysis was performed by ANOVA 1F
post-hoc Tukey, *** p=0.001, **p=0.01. DTIC: dacarbazine, FcDiOH: ferrociphenol, ansa-FcDiOH: ansa-ferrociphenol.

Finally, the dissection of the tumor at D21 confirmed their lower mass for the group that received
the Bcl-2 siRNA LNCs (-32 % compared to control group and -28 % compared to scramble and blank
LNCs) (Figure 4B). Extraction of proteins in tumor at D5 and D21 was performed to study the vivo
transfection efficacy of siRNA LNCs. While any inhibition was observed at D21 (data not shown), at
early time (Day 6), after repeated intravenous injections of Bcl-2 siRNA LNCs, the specific inhibition
was evidenced on one half of the animals (Figure 4C) demonstrating the potential in vivo transfection

efficacy of siRNA LNCs after intravenous injections.

3.6. Ferrocifen treatment on tumor growth

Ferrocifens were tested on subcutaneous melanoma model induced in nude mice. Repeated
intravenous injections were performed during three weeks (1 IV/day, 5 days consecutively, 3 weeks).
FcDiOH LNCs (n=8) and ansa-FcDiOH LNCs (n=8) at 45 mg/kg were compared to control groups
(n=10) and positive control (n=10) with single i.p. injection of DTIC at 100 mg/kg (Figure 5A).
Tumor volume analysis demonstrated the efficacy of ansa-FcDiOH LNCs to reduce the progression
contrary to FcDiOH LNCs and control group estimated at -30% and -38%, respectively. Interestingly,
ansa-FcDiOH LNCs showed superior efficacy to DTIC confirmed by tumor mass analysis with a

reduction of 36% vs 27% respectively (Figure 5B).
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Figure 4: Tumor progression after repeated intravenous injections of siRNA LNCs in nude mice. (A)
Evaluation of subcutaneous melanoma progression was performed with estimation of tumoral volume over time after
treatment. Lipid nanocapsules with Bcl-2 siRNA (red line) proved a reduction of at less 30 % of tumor volume compared to
control conditions (black line), blank LNCs (blue line) and control siRNA LNCs (blue dotted line). (B) Tumors were
dissected and weighted at D21 after treatment and tumor mass analysis confirmed the reduction of 25% for animal receiving
the Bcel-2 siRNA LNCs compared to other control groups. (C) Protein analysis was performed on tumor at D6 illustrating the
heterogeneity of Bcl-2 response in melanoma tumor (n=4). Bcl-2 inhibition was proved in one-half of the animal receiving
the Bcl-2 siRNA LNCs. Tumor volumes and mass were expressed as mean values + standard error of the mean (SEM) (n=8).

3.7. Concomitant treatment on tumor growth

Ansa-FcDiOH and siRNA co-encapsulated into LNCs were tested on subcutaneous melanoma
model induced in nude mice. Repeated intravenous injections were performed during one week (1
IV/day, 5 days consecutively) (Figure 6). However, the reduction effect was comparable to ansa-
FcDiOH alone one. In conclusion, the co-encapsulated LNCs did not improve the efficacy of each

component (ansa-FcDiOH and Bcl-2 siRNA alone).
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Figure 5: Tumor progression after repeated
intravenous injections of ferrocifens
encapsulated into LNCs in nude mice. (A)
Evaluation of subcutaneous melanoma
progression was performed with estimation of
tumoral volume over time after treatment.
DTIC (green line) and lipid nanocapsules with
ansa-FcDiOH (yellow line) proved a reduction
of tumor volume compared to control
conditions (black line), blank LNCs (blue line)
and FcDiOH LNCs (yellow dashed line). (B)
Tumor were dissected and weighted at D21

after treatment and tumor mass analysis confirmed the reduction of 30% for animal receiving the ansa-FcDiOH
LNCs and 20% for animals receiving DTIC (i.p. injection) compared to control group. Tumor volumes and mass
were expressed as mean values =+ standard error of the mean (SEM) (n=8).

3.8. Hepatotoxicity of repeated IV of LNCs

To determine the hepatotoxicity of siRNA LNCs comparatively to blank LNCs after repeated

injections (D1-D5), blood samples were collected regularly during the observation period (DO, D2,

D4, D9) and the enzyme activity of alanine aminotransferase (ALAT) and aspartate aminotransferase

(ASAT) were quantified (Figure 7). For control group (without injections), ALAT and ASAT showed

a basal constant level around 55 U/L. For each group receiving LNCs, ASAT and ALAT values
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showed a slight increase corresponding to a maximum of 90 U/L between D2 and D4. At D9, basal

level was recovered for all conditions.
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Figure 6: Impact of ansa-FcDiOH and Bcl-2 siRNA co-encapsulated LNCs on subcutaneous melanoma
model. Evaluation of subcutaneous melanoma progression was performed with estimation of tumoral volume over time after
treatment: control (black line), Bcl-2 siRNA LNCs (red line), ansa-FcDiOH LNCs (yellow line) and ansa-Bcl-2 LNCs (violet

line). Tumor volumes were expressed as mean values + standard error of the mean (SEM) (n=8).
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Figure 7: Evaluation of hepatotoxicity with ALAT/ASAT enzymatic quantification after repeated
intravenous injections of LNCs in mice. Blood samples of animals receiving no injection (control, black line), blank
LNCs (blue line), and siRNA LNCs (red line) were collected DO, D2, D4 and D9 during the observation period to analyze the
hepatotoxicity of these sSiRNA LNCs, represented by ALAT (A) and ASAT values (B) (n =2 for untreated animals and n = 4
for treated animals). ALAT: alanine aminotransferase; ASAT: aspartate aminotransferase; LNCs: lipid nanocapsule.
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4. Discussion

Non-specific distribution and resistance mechanism cause many limitations that may result in
reduced effectiveness of the chemotherapeutic agents in cancer treatment such as melanoma [28, 29].
Combination therapy has been recommended due to its advantage of increased efficacy by additive or
synergic possible effects [30]. The down-regulation of gene by the use of siRNA has emerged as one
of the most promising strategy for anticancer therapy [29]. However, their biological instability in
blood stream involved their encapsulation into nanomedicines [17]. The encapsulation of siRNA, in
order to have an efficient cellular and tumor delivery of nucleic acids, represents an important
challenge in cancer research [31]. Previous work on siRNA LNCs demonstrated the efficient
encapsulation and the interfacial localization of siRNA into LNCs by interaction with DOTAP/DOPE
lipids and evidenced, by imaging, an efficient melanoma targeting [18]. In parallel, considering the
poor water soluble property of ferrocifens, LNCs represented a suitable drug delivery system for this
kind of drugs thanks to its oily core [32]. As shown in table 2, LNCs appeared as a promising
nanomedicine for the co-encapsulation of poor soluble ferrocifens and hydrophilic siRNA, with a
significant higher siRNA encapsulation. This better encapsulation efficiency could be explained by
hypothetic interactions between ferrocifens and DOTAP/DOPE lipids boosting the siRNA entrapment.

Moreover, Bel-2 siRNA LNCs in melanoma cells induced significant gene extinction comparable
to commercial agent one at low siRNA concentrations. It was also comparable to block copolymer or
cationic micelle ones described in the literature (16 nM vs 25 nM or 50 nM respectively) [31, 33].
However, the effect on apoptosis was not verified in our work, but similar study on siRNA Bcl-2
transfection thanks to PEG coated lipoplexes, demonstrated the increase rate of apoptotic cells after
Bcl-2 extinction in colorectal cancer cells [34]. DTIC showed no in vitro cytotoxic effect compared to
ferrocifen and the association of Bel-2 siRNA LNCs with DTIC on melanoma cells did not induce any
interesting additive effect either. Then, the experiments in nude mice confirmed the absence of
synergy of DTIC with Bcl-2 siRNA LNCs on subcutaneous melanoma model (data not shown).
Similarly, the addition of Oblimersen® (Bcl-2 antisens oligonucleotide) with DTIC did not improve
the overall survival or progression-free survival and increased the side effects in patients with
advanced melanoma [16].

In this way, as shown in figure 2, the in vitro assay with new promising ferrocifens evidenced
interesting anti-proliferative effect on melanoma cell line. The concentration, which inhibits the cell
growth at 50% (ICs), was evaluated respectively at 1 uM and 3 uM for ansa-FcDiOH and FcDiOH,
demonstrating the better efficiency of ansa-FcDiOH on melanoma. This last compound was also
demonstrated as the most efficient derivative in breast cancer cell line and evidenced comparable 1Cs
values [22]. For the first time, the association of ferrocifen with siRNA therapy was tested, showing in

vitro interesting additive cytotoxicity with ansa-FcDiOH contrary to FcDiOH. The benefit of
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ferrocifen and Bcl-2 siRNA association could be explained by an action on mitochondrial stress. In
fact, Bcl-2 inhibition results in the oligomerization of pro-apoptotic proteins (Bax/Bad) in order to
induce the release of cytochrome C to mitochondria. Moreover, recent study showed that ferrocifen
action induced the production of reactive oxygen species in breast cancer cells [35]. Thus, these two
molecules are able to interact directly on mitochondrial metabolism and could promote a synergic
effect under this way.

For in vivo experiments, formulations were post-inserted with long chains of PEG to ensure a
melanoma passive targeting after intravenous targeting. According to our results on melanoma
targeting, the optimal PEG concentration of 5 mM has been determined in function of tumor
accumulation [36]. This surface modification confers stealth properties to siRNA LNCs allowing a
passive targeting strategy. Repeated injections of Bcl-2 siRNA LNCs, described in figure 4, induced a
promising reduction of melanoma tumor growth compared to control conditions. However, the
variation of Bcl-2 extinction, evidenced by protein analysis of tumor at D5, could explain the tendency
(and a non significant effect) observed. Thus, this in vivo transfection result could be improved: i) by
increasing the amount of delivered siRNA with optimization of the encapsulation process [18], and ii)
by a higher targeting efficiency with active or smart targeting strategies for specific melanoma cell
uptake [36].

Considering the biodistribution profile, liver appeared as the major organ for LNC elimination.
Hepatotoxicity is one of the major issues encountered with many nanomedicines due to capitation by
liver [37]. ALAT and ASAT quantification revealed no significant increased level even with repeated
intravenous injections of siRNA LNCs, demonstrating the absence of hepatotoxicity. For comparison,
a single injection of DNA LNCs induced higher level of ALAT and ASAT (max 160 U/L versus 90
U/L) [38]. These results evidenced the good tolerance of siRNA LNCs, even after multiple injections.

Otherwise, Bcl-2 targeting is nowadays controversial as explained by recent clinical trials [16]. In
fact, apoptosis pathways represent a complex protein-protein network regulated by numerous anti and
pro-apoptotic members, leading to deficiency apoptosis in melanoma [39, 40]. Recent publications
evidenced the fact that inhibiting proteins (i.e. Bcl-2) could promote the expression of other anti-
apoptotic members (Mcl-1, Al, Bcl-x) to replace Bcl-2 and ensure the survival of melanoma cells
[41]. The perspective of this work could consist in associating a multiple apoptosis targeting such as
Bcl-2, Bel-xp or Mcl-1 to improve the sensitivity to chemotherapy. For this, the solution could be the
combination of different siRNA or microRNA (miRNA). In fact, a single miRNA can, contrary to
siRNA, inhibit different protein synthesis [42]. In the recent years, it has become evident that miRNAs

play an important role in cancer, including melanoma [43].
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5. Conclusion

The association of chemotherapy and gene therapy has appeared as a promising opportunity to
improve the efficacy of chemotherapy on melanoma. The objectives of this work were to develop
efficient nanomedicines for the co-delivery of Bcl-2 siRNA and ferrocifens in melanoma treatment.
The co-encapsulation was efficiently performed thanks to lipid nanocapsules (LNCs) with efficient
gene therapy and anti-proliferative effect on SK-Mel28 melanoma cell line. /n vitro chemosensitive
effect of Bcl-2 siRNA was confirmed in association with ansa-FcDiOH. Subcutaneous human
melanoma bearing mice received Bcl-2 siRNA LNCs or ansa-FcDiOH LNCs inducing an interesting
reduction of tumor volume of 25 % and 30 % respectively. In conclusion, the combination of Bcl-2
siRNA and innovative ansa-FcDiOH anticancer drug encapsulation together into LNCs can appear as

a future promising alternative treatment for melanoma.
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1. Genése des travaux

Le cancer se caractérise par 1’acquisition de propriétés biologiques spécifiques qui sont a 1’origine
de la complexité de cette pathologie telles le maintien des signaux de prolifération, la possibilité
illimitée de division, la résistance aux processus de mort cellulaire, I’induction de ’angiogenése,
I’échappement aux génes suppresseurs de tumeur et enfin la capacité de migration et d’invasion
menant a la formation de métastases [1]. Le mélanome, forme la plus courante du cancer de la peau,
répond a toutes les caractéristiques du développement tumoral via I’apparition progressive de
mutations touchant ces différentes voies moléculaires comme décrit précédemment (cf. Introduction,
§2.1), et plus particulierement la résistance aux processus de mort cellulaire qu’est I’apoptose [2].

La dégénérescence de ce programme dit de «suicide cellulaire » est primordiale dans le
développement du mélanome. En effet, la peau, soumise aux rayonnements UV, connait de
nombreuses mutations provoquées par des expositions répétées et/ou intenses. Dans ce cas, la cellule
enclenche un processus de réparation de I’ADN afin d’effacer la mutation acquise. Cependant, si la
mutation n’est pas réparée, la cellule déclenche alors normalement le processus d’apoptose via le géne
suppresseur de tumeur p53 [2, 3]. Certaines cellules de la peau court-circuitent alors ce processus et
conservent la mutation entrainant alors une dérive potentiellement tumorale allant vers un mélanome.
Cette autonomie spontanément acquise entraine une résistance importante envers les traitements
chimiothérapeutiques actuellement disponibles en clinique [2].

11 s’agit donc aujourd’hui de lever cette résistance par I’intermédiaire de nouvelles thérapies afin de
rétablir le processus de mort cellulaire. Si les inhibiteurs chimiques restent un challenge au niveau de
leur conception, de nouveaux outils, tels que les petits ARN interférents (siRNA), sont désormais
disponibles pour moduler aisément 1’expression de protéines spécifiques. Cependant, le défi consiste
alors a transporter jusqu’au site souhaité ces siRNA sensibles aux nucléases plasmatiques et
incapables de franchir seuls les membranes biologiques.

Les nanomédecines répondent alors a la nécessité de protéger et de diriger spécifiquement les
siRNA vers le(s) site(s) tumoral(aux) comme la revue bibliographique détaillée en amont a pu le
montrer (cf. revue bibliographique) [4]. Les nanocapsules lipidiques (LNC) développées au sein du
laboratoire ont pu précédemment démontrer leur capacité pour encapsuler des plasmides d’ADN dans
le cadre des travaux de theése du Dr. Arnaud Vonarbourg [5]. Cette thématique a ensuite été poursuivie
par le Dr. Marie Morille. Ses travaux se sont orientés sur l’utilisation des LNC ADN post-insérées

avec de longues chaines de polyéthyléne glycol (PEG), via I'utilisation de deux types de polymeres
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amphiphiles : le DSPE-PEG et le copolymeére F108 [6]. La pegylation des LNC ADN a permis
l'obtention d'un vecteur furtif capable de s'accumuler de maniere significative au niveau des tissus
tumoraux, grace a un effet EPR (Enhanced permeability and retention) et d’engendrer une transfection
sur un modele luciférase [7]. Suite a cette preuve de concept sur les LNC ADN, les travaux suivants
réalisés par le Dr. Stephanie David, se sont focalisés sur le développement d’une stratégie
thérapeutique en utilisant les LNC ADN en cancérologie. La stratégie du géne suicide a ¢été
développée sur un modele sous-cutané de gliome montrant des résultats intéressants [8]. De plus, le
ciblage passif des LNC ADN a été démontré dans un modele sous-cutané de mélanome. Enfin, la
derniere partie des expérimentations a laquelle j’ai participé dans le cadre de mon master 2 s’est
concentrée sur I’adaptation des LNC ADN pour I’encapsulation d’une seconde forme d’acide

nucléique que sont les siRNA [9].

Mes travaux de these se sont donc intégrés, dans la continuité des travaux cités ci-dessus, selon
trois problématiques principales :

» La premiére problématique s’est inscrite dans la poursuite des travaux de formulation initiés
par le Dr. Stephanie David. L’objectif est alors de comprendre la formulation des LNC siRNA
afin d’optimiser I’encapsulation des siRNA et d’améliorer la stabilité de telles nanomédecines
pour une transposition clinique.

» La seconde partie étudie les différentes stratégies de ciblage possibles dans un modeéle de
mélanome sous-cutané. Les études se sont orientées vers 1’impact des modifications de surface
des LNC siRNA sur I’internalisation au niveau cellulaire, ainsi que sur I’accumulation au
niveau du site tumoral aprés injection intraveineuse.

» Enfin, la troisiéme problématique concerne les possibilités thérapeutiques des LNC siRNA via
le ciblage de la protéine Bcl-2. Les LNC siRNA ont été testées en association ou non avec des
chimiothérapies innovantes que sont les ferrocifénes sur un modele animal de mélanome sous-

cutané.

2. Formulation et optimisation du procédé

2.1. L’encapsulation des siRNA

Aujourd’hui, de nombreuses formulations sont développées pour délivrer par voie intraveineuse les
siRNA telles que les dendrimeres, les micelles, les liposomes, les nanoparticules a base de lipides
et/ou de polymeres [10, 11]. Si les structures et les composants changent, la littérature s’accorde sur
des propriétés communes indispensables aux nanomédecines pour 1’encapsulation et la libération des
siRNA par injection systémique. Le premier critére concerne la taille : elle doit étre comprise entre 20
et 100 nm permettant de limiter une clairance rénale trop rapide, ainsi que la reconnaissance par le

systeme immunitaire (cellules de Kupffer). Le second critére est la charge de surface des particules qui
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doit idéalement étre proche de la neutralité afin d’éviter les phénoménes d’agrégations avec les
protéines sanguines. Enfin, le dernier critére concerne la nécessité de développer un ciblage spécifique
du site tumoral (cf. Revue bibliographique, § 2.3).

Au vu des propriétés hydrophiles des siRNA, leur encapsulation reste limitante et nécessite un
développement de nanomédecines appropriées et une optimisation des procédés. A I’heure actuelle,
I’encapsulation des siRNA passe principalement par [’utilisation de polymeéres ou de lipides
cationiques permettant la formation d’interactions électrostatiques avec les siRNA anioniques [4]. 11
ne s’agit donc pas a proprement dit « d’encapsulation », mais plutét d’adsorption des siRNA a la
surface de micelles ou de liposomes cationiques [4]. Dans ce cas, la complexation consiste a effectuer
un simple mélange entre les formulations et les siRNA. Différentes techniques d’adsorption des
siRNA ou microRNA (miRNA) ont été mises au point sur les nanocapsules lipidiques (LNC) en
réalisant préalablement un recouvrement avec du chitosan ou avec des peptides cationiques [12, 13].
Cela permet, en effet, d’obtenir avec succes une adsorption du matériel génétique a la surface des
LNC. A contrario, la surface étant déja modifiée pour adsorber les siRNA, elle n’est plus enti¢rement
disponible pour effectuer des modifications de surface en vue d’un ciblage passif, actif ou intelligent

par injection intraveineuse.

HS-PEG

Triglycérides

Phospholipides

SiRNA

Figure 16 : Représentation schématique des LNC siRNA. Les nanocapsules lipidiques sont formées d’un
ceeur huileux (triglycérides) avec une coque d’hydroxystéarate de polyéthyléne glycol (HS-PEG) et de
phospholipides incluant la lécithine ainsi que le DOTAP/DOPE. Les siRNA se positionnent au niveau de la
coque grace a des interactions ¢lectrostatiques avec les phospholipides.
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Au vu de cette importante limitation, 1’adaptation du procédé de formulation pour encapsuler les
siRNA est indispensable afin d’élargir les applications des LNC siRNA. Pour cela, I'usage de
lipoplexes apparait comme une alternative innovante et prometteuse pour la complexation des siRNA
avec les LNC (cf. Chapitre 1). Les études de tensiométrie démontrent un positionnement des
lipoplexes de siRNA a I’interface entre I’huile et 1’eau, qui pourrait, comme les stratégies d’adsorption
décrites précédemment, les rendre accessibles aux nucléases et limiter les possibilités de modifications
de surface (Figure 16). Pourtant, les études menées par la suite ont prouvé que les acides nucléiques
sont tout de méme protéges des nucléases et que les modifications de surface diverses n’entachent en
rien I’encapsulation du siRNA (cf. Chapitre 2). On peut supposer qu’avec une premicre association
avec les lipides cationiques, les siRNA sont amenés a proximité du cceur des nanocapsules, au sein
méme de la coque et non a la surface de la coque comme ce qui est observé par adsorption. Dans ce
cas, les chaines de polyéthyléne glycol (660 kDa), constituant la coque primaire des LNCs, agissent
comme un manteau hydrophile protecteur, empéchant ainsi 1’acceés aux siRNA. Contrairement a
I’adsorption avec le chitosan ou avec les peptides, la formulation des LNC siRNA se fait en une seule
étape et rend alors la surface des nanocapsules disponible pour différentes stratégies de ciblage.

Par ailleurs, cette organisation particuliere laisse le cceur huileux des LNC disponible pour
I’encapsulation d’autres molécules thérapeutiques. Un nombre grandissant d’études fait part de
I’utilisation de nanomédecines pour I’encapsulation simultanée de siRNA et d’agent anti-cancéreux
[14]. Dans la majorité des cas, la chimiothérapie utilisée est la doxorubicine [14]. Plusieurs études
démontrent des effets synergiques obtenus in vitro et in vivo avec un siRNA ciblant la protéine Bcl-2
[15-17]. Nos travaux mettent en évidence une nouvelle utilisation d’un siRNA Bcl-2 avec la co-
encapsulation possible avec des agents anticancéreux tels que les composés organométalliques au sein
des LNC (cf. Chapitre 3). Par ailleurs, ces expériences de co-encapsulation démontrent également que
la présence de ferrocifénes améliore 1’efficacité d’encapsulation des siRNA pour les deux dérivés
utilisés. Cette amélioration de 1’encapsulation du siRNA reste aujourd’hui mal comprise. On peut
supposer que la présence des composés organométalliques favorise I’intégration des lipides a la coque
des LNC et ainsi I’attraction du siRNA.

Les LNC pourraient donc encapsuler simultanément différents agents chimiothérapeutiques, ainsi
que des siRNA, qui théoriquement peuvent cibler toutes les protéines du vivant, offrant alors un

champ illimité de possibilités et d’applications.

2.2. Dépot de brevet et industrialisation

La recherche et ’approfondissement des connaissances sur la structure et le comportement des
systémes nanoparticulaires permet de mieux les comprendre et ainsi de les améliorer. Le procédé de

formulation des LNC fait I’objet d’une protection sous brevet depuis 2000 (FR2805761 (A1l)) [18]).
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Depuis ce premier brevet, huit autres brevets sur les LNC ont été déposés (www.inpi.fr). Par ailleurs,
les LNC siRNA ont fait I’objet d’un travail important de formulation.

En effet, suite aux premiers travaux de formulation effectués par le Dr Stephanie David, les LNC
siRNA permettent une encapsulation efficace de siRNA, mais les ¢tudes de stabilité démontrent une
perturbation du systéme aprés une semaine de conservation a 4°C. Grace a diverses modifications du
procédé de formulation, une amélioration considérable de la stabilité a pu étre obtenue lors de ces
travaux donnant lieu au dépdt d’un brevet (cf. Chapitre 1). Les démarches en collaboration avec la
SATT Ouest Valorisation (Société d'accélération du transfert de technologie) ont débuté au printemps
de cette année et le dépot du brevet a eu lieu cet automne. L’exploitation des brevets concernant les
LNC est détenue par la Start-up Carlina Technologies basée a Angers. Une valorisation sera donc

possible si les études réalis€es a I’avenir montrent le potentiel des LNC siRNA.

3. Preuve de concept

Le développement de ces nanomédecines a pour but de permettre et d’aider le passage des siRNA a
travers les barrieres biologiques telles que les membranes cellulaires afin d’atteindre le cytoplasme,
passage indispensable a I’efficacité des siRNA ou, de fagon plus complexe, les endothéliums pour

accéder au site tumoral.

3.1. L’internalisation des siRNA

L’internalisation des siRNA au sein du cytoplasme est une preuve de concept essentielle. Les
travaux ici réalisés ont prouvé, via 1’utilisation de techniques de microscopie confocale utilisant le
FRET, que les LNC sont capables de délivrer les siRNA au niveau du cytoplasme des cellules
tumorales issues de mélanome humain (cf. chapitre 2). De fagon surprenante, ces analyses ont montré
un comportement tres différent du comportement initialement observé par Paillard et al., avec les LNC
non chargées [19]. En effet, les différences entre les deux procédés de formulation semblent engendrer
des voies d’internalisation diamétralement opposées. Des phénomenes d’endocytose ont été
premierement décrits impliquant les voies des cavéoles et des clathrines [19]. Ces mécanismes
entrainent alors une accumulation dans les vésicules d’endocytose, puis dans les lysosomes. Ce
phénomene est classiquement décrit dans la littérature avec les différentes nanoparticules et pose
d’ailleurs la problématique de 1I’échappement endosomal afin d’éviter la dégradation des siRNA [4,
20]. Les LNC siRNA, quant a elles, semblent directement fusionner avec la membrane plasmique et
ainsi échapper a la problématique des lysosomes. Cependant, des études complémentaires doivent
démontrer la non-colocalisation avec les vésicules d’endocytose ou les lysosomes, afin d’affirmer que
les voies d’entrée sont totalement dissociées. Cette interaction membranaire peut étre due a la présence

supplémentaire de lipides cationiques et zwitterioniques nécessaire a la formulation des LNC siRNA.
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En effet, ces lipides sont classiquement décrits pour avoir des comportements fusiogéniques avec la
membrane [21].

Par ailleurs, les LNC siRNA modifiées en surface avec le tetraéther de polyéthylene glycol (TE-
PEG) ont montré une internalisation importante du siRNA au sein des cellules de mélanome
contrairement aux autres formes de LNC siRNA pegylées (cf. Chapitre 2). Ces LNC modifiées
empreintent-elles la voie d’internalisation des LNC siRNA ou des LNC non chargées ? Cette
modification améliore-t-elle [’efficacité de transfection ? Les réponses a ces questions sont
indispensables pour évaluer si la modification de surface avec les TE-PEG est réellement intéressante.
Cependant, on peut déja penser que la présence des PEG risque de modifier le processus de prise en
charge des LNC a la surface des cellules et limiter ’effet de fusion possible induit par les lipides

cationiques contenus dans la coque.

3.2. Le ciblage tumoral

Le ciblage tumoral aprés injection intraveineuse reste aujourd’hui un challenge pour une
application des nanomédecines en cancérologie lors d’atteinte métastatique. Si les premieres
générations de nanomédecines sans modification de surface entrainent une dégradation par le systéme
immunitaire et une accumulation hépatique, la seconde génération, pegylée en surface, permet une
furtivité accrue et une accumulation passive au niveau tumoral [4]. A des fins de ciblage passif,
I’utilisation du polyéthylene glycol (PEG) est aujourd’hui largement décrite [22].

Les travaux détaillés dans le chapitre 2 montrent I’importance et ’influence du PEG sur la
biodistribution des LNC siRNA chez les animaux sains et dans un modele sous-cutané de mélanome
humain implanté chez la souris immunodéficiente. L’influence de la concentration, ainsi que de la
longueur des chaines de PEG sur le profil de biodistribution des nanomédecines a été largement
étudiée dans la littérature [23, 24]. Cependant, peu d’études se sont attardées sur I’importance de la
molécule d’ancrage du PEG a la surface des nanoparticules. Pourtant, la comparaison avec le TE-PEG
et le DSPE-PEG met en évidence des différences essentielles sur la biodistribution des LNC siRNA.

Les LNC modifiées avec le DSPE-PEG ont été largement utilisées au sein du laboratoire dans
diverses applications [6, 25]. Leur étude a démontré un ciblage passif efficace dans différents modeles
cancéreux tels que le gliome et le mélanome [6, 26]. La présence de DSPE-PEG a la surface des LNC
permet d’obtenir un temps de circulation prolongé dans le temps. Au bout de 48 h, une localisation
dans les organes d’élimination tels que le foie, la rate, les reins et la vessie est observée. Alors que les
études in vitro démontrent que le DSPE-PEG empéche I’internalisation des LNC au sein des cellules,
I’expérimentation in vivo prouve une accumulation favorisée des LNC DSPE-PEG comparativement
aux LNC non modifiées au niveau du site tumoral. On peut alors imaginer que les LNC pegylées
s’accumulent plus facilement au niveau du site tumoral grace a leur propriété de furtivité. Une fois

arrivées dans le stroma tumoral, les chaines de PEG présentes sur les LNC pourraient étre dégradées
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dans la matrice extracellulaire favorisant ainsi le passage des LNC au niveau des membranes
cellulaires.

De fagon surprenante, une localisation au niveau des ovaires des LNC DSPE-PEG ouvre des
possibilités intéressantes dans le cadre de la pathologie cancéreuse correspondante. Ce ciblage
spécifique des LNC DSPE-PEG reste aujourd’hui peu connu et mal-caractérisé. Par ailleurs, si la
circulation prolongée des nanomédecines pegylées limite 1’accumulation hépatique ou encore les
effets sur la myélosuppression, on observe pour ces formes une accumulation non souhaitée au niveau
de la peau (cf. chapitre 2) [27]. De maniere similaire, des études cliniques ont montré que le Doxyl®
(liposome pegylé de doxorubicine) entraine I’apparition d’un syndrome main-pied (érythrodysthésie
palmo-plantaire), limitant son utilisation [28].

Contrairement au DSPE-PEG, les LNC contenant le TE-PEG semblent posséder un profil de
biodistribution bien distinct. Pourtant, les premicres analyses physico-chimiques montrent que la post-
insertion de TE-PEG ne modifie pas la taille, la monodispersité, ni la charge des LNC siRNA. La
question de I’efficacité de post-insertion s’est alors posée. Pour cela, des analyses de chromatographie
sur couche mince ont été réalisées au laboratoire et ont révélé la présence du TE-PEG avec les LNC
siRNA apres purification. Cependant, la quantification du PEG reste impossible via ces techniques et
le dosage par d’autres méthodes tels que ’'HPLC ou ULPC reste aujourd’hui complexe a mettre en
place. De fagon assez surprenante, les LNC TE-PEG possédent a la fois des propriétés similaires aux
LNC non-modifiées mais également aux LNC DSPE-PEG. On montre, par exemple, que les LNC TE-
PEG permettent une protection prolongée du siRNA contre les nucléases tout comme les LNC DSPE-
PEG (cf. Chapitre 2, Figure 4). Pourtant, les analyses de temps de demi-vie mettent en évidence un
comportement sanguin proche des LNC non-modifiées avec une élimination rapide. Cependant, les
résultats d’expérimentation animale montrent 1’intérét de ces nouvelles molécules caractérisées par
une accumulation hépatique tres retardée (48 h), ce qui permet de favoriser I’accumulation tumorale.
Ce polymere, développé a Rennes par le groupe du Pr. Thierry Benvegnu, est issu d’une archée et a
premierement été utilisé pour ses propriétés de rigidité des liposomes, puis afin de les rendre furtifs
[29]. Par ailleurs, des études récentes de cette équipe ont permis d’insérer un lien pH sensible entre la
partie tetraéther et la chaine de PEG, révélant un potentiel bien plus grand d’application pour ce type
de polymere [30]. Cette collaboration a donc débuté dans le but de pouvoir, a fortiori, développer une
stratégie dite de « ciblage intelligent » avec les LNC siRNA [31]. En effet, les mélanomes, comme de
nombreux types cancéreux, possédent un microenvironnement tumoral légérement acide, pouvant
justifier de I'utilisation de ce type de stimuli [32].

Enfin, le greffage d’affitine a été réalisé avec succes sur les LNC siRNA suivant le protocole
développé par Bourseau-Guilmain [33]. Ces séquences peptidiques, synthétisées a Nantes par le
groupe du Dr. Frédéric Pecorari, permettent de reconnaitre avec une affinité similaire aux anticorps
des antigénes spécifiques [34]. L’objectif consiste a déterminer I’impact des affitines sur la

biodistribution et le ciblage passif des LNC siRNA, avec dans un premier temps des affitines dites
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« contrdles » (pas de spécificité antigénique particuliere pour le mélanome). Comme observé dans la
littérature avec d’autres formes peptidiques, les résultats concernant les LNC affitines démontrent une
reconnaissance facilitée des LNC par le systéme immunitaire, menant a une ¢limination hépatique (cf.
chapitre 2) [35]. Par ailleurs, aucune accumulation spécifique dans les organes ni effets secondaires
n’ont été mis en évidence. Il s’agit dorénavant de réaliser des affitines reconnaissant des antigenes
pertinents pour le ciblage du mélanome. La superfamille de protéines MAGE (Melanoma Antigen
Genes) est spécialement exprimée par un nombre réduit de cellules saines (cellules germinales), et de
facon intéressante, on la retrouve fréquemment exprimée au niveau des tumeurs telles que le
mélanome [36]. D’autres molécules que les MAGE sont spécifiquement retrouvées surexprimées au
niveau des mélanomes telles que le récepteur a la mélanocortine [37]. Ces molécules apparaissent
comme des candidats potentiellement intéressants pour viser spécifiquement le mélanome a I’aide des

affitines.

3.3. Validation via un modéle « luciférase »

Afin de démontrer la possibilité d’une transfection in vivo, un modele de cellules tumorales SK-
Mel28 a été modifié afin d’exprimer la luciférase. La luciférase est une enzyme naturellement présente
chez le ver luisant. En effet, cette enzyme contrdle I’oxydation de la luciférine en oxyluciférine. Cette
derniere est capable alors d’émettre des photons détectables par des caméras, c’est ce que 1’on nomme
la bioluminescence. Ces cellules SK-Mel28 Luct, sont donc capables apres injection de luciférine
d’émettre des photons. Apres implantation en sous-cutané, la tumeur peut donc étre visualisée par
imagerie de bioluminescence.

En collaboration avec le Pr. Tristan Montier de Brest, des expérimentations, non présentées dans
les parties précédentes, utilisant ce modele « luciférase » ont été réalisées. Afin d’évaluer I’efficacité
des LNC a véhiculer les siRNA, des injections répétées de LNC, encapsulant des siRNA ciblant la
luciférase, sont réalisées par voie intraveineuse. Les formulations sans modification et aprés post-
insertion de DSPE-PEG sont comparées et le signal de bioluminescence, issu des mélanomes sous-
cutanés, est alors suivi au cours du temps. Malheureusement, I’analyse de la bioluminescence ne
montre pas d’extinction du signal de bioluminescence malgré 1’injection des LNC siRNA (Figure 17).

Comment expliquer ce résultat ? En effet, les expérimentations in vitro réalisées au préalable
montrent pourtant une extinction de 1’expression de la luciférase (Figure 18). Cependant, 1’expression
forcée de protéines telle que la luciférase par I’intégration de plasmide d’ADN entraine une expression
trés forte. On peut imaginer que la quantité de siRNA injectée n’a pas suffi a engendrer une baisse
significative d’ARNm pour entrainer une baisse du signal de luminescence. De plus, le volume
tumoral n’est pas corrélé avec le signal de bioluminescence obtenu. Ceci entraine une forte
hétérogénéité inter individus entre les volumes tumoraux et le signal de bioluminescence qui rendent

I’établissement des groupes trés complexe. A 1’heure actuelle, peu d’études utilisent Ia
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bioluminescence in vivo avec les siRNA. Mais deux études ont d’ores et déja démontré une
stabilisation du signal de bioluminescence apres injection intraveineuse de nanomédecines, telles que
des dendrimeéres ou du polyéthyléne imine (PEI), encapsulant un siRNA luciférase [38, 39]. Ces

études mettent en évidence la réelle nécessité d’améliorer le ciblage des LNC siRNA.
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Figure 17 : Suivi du signal de bioluminescence issu de cellules de mélanome sous-cutané au cours du
temps. A gauche, les graphiques montrent I’évolution du signal de bioluminescence par comparaison au signal de
bioluminescence obtenu a J1 apres injection intraveineuse de LNC siRNA avec ou sans pegylation. A droite, on observe le
signal de bioluminescence des tumeurs extraites a J10 en fonction des groupes correspondant aux contrdles (aucune injection
- noir), LNC blanches (sans siRNA - bleu), LNC siRNA Controle (jaune), LNC siRNA Luciférase (rouge).

Cependant, 1’utilisation d’un tel modele ouvre d’autres opportunités. Ces cellules exprimant la
luciférase peuvent étre en effet localisées par leur signal de bioluminescence. Une injection
intraveineuse de ces cellules devrait permettre ’établissement d’un modele métastasé représentant
alors un modele s’approchant de la réalité clinique [26]. Des ¢tudes de ciblage des sites métastatiques
sur un modele luciférase sont indispensables afin d’améliorer et tester de maniere fiable les différentes

stratégies développées a I’avenir.

4. Application en oncologie

Le cancer est une cause majeure de déces a travers le monde. Le mélanome, cancer de la peau le
plus fréquent, reste aujourd’hui une pathologie problématique avec une absence de traitements
efficaces. De nouvelles thérapies telles que la thérapie génique apparaissent comme des alternatives

prometteuses afin de favoriser la sensibilité aux chimiothérapies.
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Figure 18 : Expérience d’extinction de la luciférase exprimée par des cellules de mélanome humain
transformeées. Les cellules tumorales, n’ayant recu aucun traitement, sont comparées a la transfection d’un
siRNA luciférase a I’aide d’Oligofectamine® (vert) ou de nanocapsules lipidiques (LNC, jaune). Les signaux de
bioluminescence obtenus sont exprimés selon la moyenne des échantillons + 1’écart type standard (n=1).

4.1. La thérapie génique
4.1.1. La sous-unité alpha 1 et chimiosensibilité

La sous-unité alpha 1 de la pompe a sodium est un élément cellulaire clé¢ permettant le maintien et
la régulation de 1I’osmose via le contréle des échanges d’ions Na' et K au sein des cellules [40]. Les
inhibiteurs chimiques de cette pompe, déja sur le marché, ont montré une activité anticancéreuse
intéressante [41]. Cependant, leur forte cardiotoxicité a nécessité la recherche d’autres alternatives
pour cibler plus spécifiquement la sous-unité alpha 1 [42].

L’utilisation des LNC siRNA a permis d’inhiber de fagon spécifique la sous-unité alpha 1 sur les
cellules de mélanome sans engendrer de toxicité particuliere (cf. Chapitre 1). Des études
complémentaires, non présentées précédemment, ont été réalisées avec un siRNA ciblant la sous-unité
alpha 1. En effet, I’association de ce ciblage est testée in vifro en concomitance avec différentes
chimiothérapies (Figure 19). Les essais avec la chimiothérapie de référence (dacarbazine, DTIC, vert)
ne montrent pas d’effet bénéfique avec une réduction de la viabilité non significative de 30 % contre
20 % pour les traitements non associés. Par contre, son association avec les composés
organométalliques a montré des résultats intéressants (Figure 19). L’association avec le ferrociphénol
(FcDiOH, orange) entraine une diminution de la viabilité cellulaire de 50 % contrairement aux
traitements seuls qui induisent une baisse de 10 a 20 %. L’ansa-ferrociphénol (ansa-FcDiOH, jaune)
montre les résultats les plus prometteurs avec une diminution de plus de 60 % de la viabilité en
employant une dose plus faible d’agents anticancéreux. Comment expliquer ce résultat ? On peut
supposer un effet combiné sur la régulation de 1’osmose. En effet, le mécanisme supposé d’action des

ferrocifénes se base sur la formation de dérivés réactifs de I’oxygeéne (ROS) [43].
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Figure 19 : Impact de I’association des nanocapsules lipidiques chargées en siRNA et de différentes
chimiothérapies sur des cellules issues de mélanome humain. Les résultats démontrent une action cytotoxique
lorsque le siRNA ciblant la sous-unité de la pompe a sodium est associé a des composés organométalliques tels que le
ferrociphénol (FcDiOH, orange) et I’ansa-ferrociphénol (ansa-FcDiOH, jaune). A contrario, I’association avec la dacarbazine
(DTIC, vert) n’entraine pas de cytotoxicité. Les pourcentages de cellules viables sont exprimés selon la moyenne des
¢échantillons + I’écart type standard (n=3).

Par ailleurs, I’action du siRNA prive la cellule de la régulation du flux d’ions Na/K [42].
L’association des deux traitements pourrait entrainer un stress oxydatif plus important menant a la
cytotoxicité. Une seconde hypothése pourrait étre formulée concernant une action possible sur le cycle
cellulaire. En effet, I’inhibition de la sous-unité alpha 1 doit empécher la transduction du signalosome
favorisant la prolifération (c-myc) [42, 44]. De plus, I’action de I’ansa-ferrociphenol pourrait
également perturber le cycle cellulaire impliquant un arrét en phase GO/G1 [45, 46]. Des études
complémentaires seront nécessaires afin de déterminer le mode d’action induit par I’association de ces

deux molécules.
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Figure 20 : Impact du ciblage de la sous-unité alpha 1 de la pompe a sodium via des LNC siRNA sur un
modéle de mélanome sous-cutané. (A gauche) La progression du volume tumoral est réalisée en fonction des différents
traitements : contrdle (aucune injection, noir), LNC blanches (bleu), LNC siRNA contrdle (jaune) et LNC siRNA alpha 1
(vert). (A droite) Comparaison des masses tumorales en fonction des traitements réalisés. Les résultats démontrent I’absence
d’effet du ciblage de la pompe a sodium sur le développement du mélanome sous-cutané. Les valeurs sont exprimées selon la
moyenne des échantillons + I’écart type standard (n=8).
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Au vu de ces résultats prometteurs, des expérimentations chez la souris NMRI Nude apres
implantation en sous-cutané de cellules de mélanome humain (SK-Mel28) ont également été conduites
(Figure 20). Cependant, I’injection de LNC siRNA alpha 1 n’engendre aucune modification sur la
progression du mélanome sous-cutané, un résultat en corrélation avec les observations in vitro.

Par ailleurs, 1’association du siRNA alpha 1 avec la dacarbazine, ainsi qu’avec les deux composés
organométalliques décrits précédemment, a été testée sur le méme modele de mélanome sous-cutané.
L’association avec la dacarbazine chez 1’animal a confirmé les résultats obtenus in vitro. De fagon
intéressante, la concomitance n’a pas empéché ’action de la dacarbazine, mais aucun effet additif ou
synergique n’a pu étre observé. De plus, ’association du siRNA alpha 1 avec les deux dérivés
ferrocéniques n’a montré aucune réduction préférentielle de la tumeur, résultat confirmé par

I’obtention de masses tumorales identiques a celles du groupe contrdle correspondant.

4.1.2. La protéine Bcl-2

La protéine Bcl-2 est un acteur clé dans le processus de mort cellulaire qu’est 1’apoptose [47]. Les
LNC siRNA ont montré leur efficacité a délivrer le siRNA Bcl-2 avec une inhibition de la progression
tumorale de 30 % en comparaison avec le groupe contrdle (cf. Chapitre 3). L’efficacité du ciblage de
la protéine Bcl-2 a été largement décrite pour le mélanome par de nombreuses études [48]. Plusieurs
essais cliniques avec un oligonucléotide antisens (Oblimersen®) ont été menés sur des patients atteints
de mélanome métastasé [49]. Cependant, les études parues récemment semblent montrer que le
bénéfice de 1’oligonucléotide antisens sont limités [50] malgré une association avec la dacarbazine.
En effet, les premicres études in vitro démontrent la nécessité de combiner 1’Oblimersen® avec des
lipides cationiques pour permettre une transfection efficace des cellules tumorales [51]. Or, les
expérimentations pré-cliniques et cliniques ne font pas référence a 1’utilisation d’agents de transfection
comme les lipides, 1’oligonucléotide étant directement injecté en intrapéritonéale chez la souris ou en
intraveineux chez I’homme [50, 51]. La limitation de son effet en clinique pourrait peut-&tre
s’expliquer par ’absence d’un vecteur efficace pour I’internalisation. D’autres vecteurs encapsulant
des siRNA ciblant la protéine Bcl-2 sont actuellement a 1’étude dans d’autres modeles de cancer tels
que des nanoparticules a base de silice [52], des liposomes cationiques [53], des nanoparticules
polymériques a base de polyéthyléne imine [17] ou encore des lipoplexes [54].

Finalement, D’effet mitigé des stratégies de ciblage de Bcl-2 peut également s’expliquer par la
régulation complexe du processus d’apoptose [55]. L’inhibition de la protéine Bcl-2 par le siRNA
peut, en effet, étre masquée ou compensée par la surexpression d’autres membres anti-apoptotiques
tels que Mcl-1 ou Bcl-x [55]. L’utilisation de plusieurs siRNA serait une option a envisager afin
d’améliorer I’effet pro-apoptotique. Des perspectives a plus long terme pourraient concerner
I’utilisation de microARN (miRNA). Ces séquences, semblables aux siRNA, sont endogénes et ont la

capacité, contrairement aux siRNA, d’interagir sur plusieurs cibles [56]. Une étude plus approfondie
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des différents miRNA impliqués dans la régulation de 1’apoptose fournirait de nouveaux outils pour
moduler plus efficacement I’expression de plusieurs protéines pro-apoptotiques.

Par ailleurs, ’association de chimiothérapies semble indispensable pour optimiser 1’inhibition de
Bcel-2 [14]. Les LNC siRNA Bcl-2 ont été combinées avec trois traitements anticancereux différents
(cf. chapitre 3). Cependant, les travaux de concomitance avec la dacarbazine et avec le ferrociphénol
n’ont pas mis a jour d’effet additif ou synergique entre les différentes associations. Des résultats
encourageants ont été obtenus avec 1’ansa-ferrociphénol (ansa-FcDiOH), mais la durée de traitement
ne semblait pas adaptée. Un effet de courte durée (7 jours) a pu étre observé avec une stabilisation de
la croissance tumorale (cf. chapitre 3). Cependant, des ’arrét du traitement, la progression a repris son
cours. Des études sont actuellement en cours afin de tester a nouveau l’association de ces deux
composés sous un nouveau protocole comprenant une semaine d’injections de LNC siRNA Bcl-2-
FcDiOH suivie de deux semaines de traitement avec les LNC FcDiOH.

Ces premicres expérimentations chez [’animal soulévent la problématique du protocole
expérimental. En effet, 1’association de plusieurs traitements nécessite la mise au point et
I’optimisation du protocole d’injections. Dans un but de sensibilisation, nous pensons qu’il est
nécessaire de débuter par le traitement contenant le siRNA, puis de continuer avec la chimiothérapie.
Cependant, la littérature montre qu’il n’existe pas de protocole expérimental universel [4, 14]. Une
étude approfondie du protocole adéquat est indispensable pour améliorer I’efficacité des traitements

concomitants.

4.2. Les composés organométalliques

Les composés organométalliques tels que les ferrocifénes représentent une classe novatrice de
molécules pouvant apporter de nouvelles réponses pour les cancers dits résistants [45]. Leur efficacité
a d’ores et déja été démontrée sur un modele de cellules tumorales issues de cancer du sein triple
négatif [45]. Les études in vitro réalisées sur les cellules de mélanome humain montrent un effet
cytotoxique li¢ aux ferrocifénes trés intéressant en comparaison avec la dacarbazine (cf. Chapitre 3).
Cependant, seul 1’ansa-ferrociphénol montre une activité antiproliférative sur le modéle sous-cutané
de mélanome, confirmant ainsi la cytotoxicité plus élevée de ce dérivé par rapport aux autres dérives
ferrocéniques [46].

L’efficacité¢ de ces composés sur les cellules de mélanome peut s’expliquer par un mécanisme
d’action ne dépendant pas de [’apoptose. En effet, de récents travaux montrent que les ferrocifénes
favorisent la production de ROS au sein des cellules créant ainsi un stress oxydatif [43]. Ces composés
apparaissent donc comme une alternative aux traitements actuels. Cependant, la solubilité réduite des
ferrocifénes oblige le développement de formulation pour une injection intraveineuse. Les
nanocapsules lipidiques (LNC) ont démontré leur capacité a encapsuler ce type de molécules avec

succes [57]. Des ¢études antérieures ont montré des effets de radiosensibilisation des LNCs de
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ferrociphénol avec des complexes lipophiles de rhénium pour le traitement du glioblastome (tumeur
du systeme nerveux central) [58]. L’application de ces dérivés organométalliques semble donc
prometteuse et de multiples études complémentaires s’imposent afin de découvrir et comprendre le

mécanisme lié a leur propriété antiproliférative.

5. Un avenir en clinique ?

Les nanomédecines, ou vecteurs non viraux, semblent aujourd’hui apporter des réponses
satisfaisantes pour I’encapsulation et la délivrance de siRNA par voie systémique. Qu’en est-il de leur
développement au niveau clinique ? En 2010, le résultat du premier essai clinique utilisant un vecteur
polymérique encapsulant un siRNA est publié [59]. Les travaux mettent en évidence une bonne
tolérance du systeme. Depuis, cinqg nouveaux essais cliniques sont actuellement en cours
(www.clinicaltrials. gov). Et si les LNC siRNA devaient arriver demain en clinique, quel budget cela
représenterait-il pour soigner un patient ? Il est assez difficile d’évaluer le colt global d’une telle
thérapie. Par extrapolation par rapport aux expérimentations précliniques réalisées ici, le colt du
traitement, comprenant uniquement les excipients et les molécules nécessaires a la réalisation de la
formulation, représenterait déja un budget de 17 500 € pour un patient soigné pendant une semaine.
Par comparaison, le colt moyen aujourd’hui des chimiothérapies est évalué a quelques milliers
d’euros pour une cure compléte (Rapport de 2010, du Service d’évaluation Médico-économique et
santé publique, Haute autorité de la Santé). Les nouvelles thérapies sont sans doute des thérapies
extrémement colteuses, un parametre essentiel, qui conditionnera le développement de telles
stratégies en clinique.

Par ailleurs, quel recul avons-nous sur la tolérance de ces nanomédecines ? La toxicité de ces
particules représente a I’heure actuelle une part des enjeux importants afin d’évaluer la faisabilité des
nanomédecines en clinique [60]. L’encapsulation des siRNA passe principalement par des molécules
cationiques (polymeres ou lipides) connues pour leur toxicité [61]. De plus, I’inhibition transitoire a la
base du systéme d’ARN interférent demande le plus souvent des ré-injections, pouvant alors créer une
toxicité cumulée [62]. Les injections systémiques présentent le plus fort risque de toxicité due a une
accessibilité a la plupart des organes vitaux et une possible accumulation comme dans le foie [60].
Dans notre étude, les analyses sur les enzymes ALAT et ASAT montrent, qu’apres plusieurs injections
de LNC siRNA, le taux augmente mais ne dépasse jamais plus de deux fois le niveau basal (cf.
Chapitre 3). Ces nanocapsules lipidiques apparaissent donc comme trés peu toxiques (hépatotoxicité).
Par ailleurs, aucune mortalité n’a été observée, ni méme de perte de poids supérieure a 5%, méme
aprés 1 a 3 semaines d’injection intraveineuse. Cependant, d’autres problémes de toxicité peuvent
émerger via I’utilisation des siRNA. En effet, ces séquences nucléotidiques peuvent étre reconnues par
les TLR (Tool-like Receptor) et les activer, favorisant ainsi I’initiation d’une réponse inflammatoire

[63]. Pour le moment, aucun probléme majeur de toxicité n’est a déplorer au vu des premiers essais
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cliniques utilisant des siRNA. Pourtant, les recherches sur la nanotoxicité restent primordiales afin

d’assurer le développement de nouvelles alternatives viables.
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CONCLUSION & PERSPECTIVES

Ces travaux de thése ont premierement permis le développement d’une formulation stable et
efficace pour la délivrance de siRNA au sein de cellules tumorales, telles que les cellules issues de
mélanome humain (Figure bilan 21). Ces études ont permis d’approfondir la compréhension d’un tel
systéme et ainsi appréhender les interactions présentes entre les siRNA et les nanocapsules lipidiques
(LNC). Cette formulation améliorée a donné lieu a un dépot de brevet durant le mois de septembre

2014 afin de protéger cette invention innovante.

En ce qui concerne les travaux sur le ciblage tumoral, ils rappellent I’intérét du ciblage passif pour
le mélanome a I’aide de LNC pegylées. Cependant, la partie lipophile du polymere, qui permet
I’ancrage de PEG au niveau de la coque des LNC, semble jouer un role important dans I’interaction
avec les cellules mais également sur la biodistribution et le ciblage tumoral. Il apparait donc
aujourd’hui essentiel d’étudier ce phénomene plus en détail afin de comprendre les mécanismes qui
engendrent ces différences de comportement. Par ailleurs, le greffage des affitines a été initié lors de
ce projet de these. Il s’agit maintenant de développer des affitines spécifiques qui pourront avoir une
attractivité et un intérét pour le ciblage actif du mélanome primaire, mais également pour les sites

métastatiques.

La comparaison de deux cibles protéiques distinctes : la protéine anti-apoptotique Bel-2 et la sous-
unité alpha 1 de la pompe a sodium, a permis d’étudier deux stratégies d’action sur la résistance du
mélanome. Les résultats d’expérimentation animale mettent en évidence un effet antiprolifératif
intéressant avec le ciblage de Bcl-2, contrairement au ciblage de la sous-unité alpha 1. La chimio-
sensibilité a été étudiée avec la chimiothérapie de référence prescrite actuellement (dacarbazine) ainsi
qu’avec une nouvelle catégorie d’agents anticancéreux que sont les molécules organométalliques (les
ferrocifénes). Les résultats obtenus in vitro ont montré des effets cytostatiques prometteurs et
encourageants concernant les traitements concomitants. Cependant, le bénéfice in vivo n’a pas été a la
hauteur des espérances avec la nécessité de s’attarder a I’avenir sur la mise au point du protocole
d’injections. De nouvelles expérimentations pourront étre conduites avec un fractionnement différent

des traitements afin d’optimiser I’effet des thérapies.
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DEVELOPPEMENT DES NANOCAPSULES NANOCAPSULES LIPIDIQUES DE SIRNA EVALUATION THERAPEUTIQUE DES
LIPIDIQUES CHARGEES EN SIRNA ET CIBLAGE TUMORAL NANOCAPSULES LIPIDIQUES DE SIRNA
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Figure 21 : Représentation schématique bilan des travaux de thése

Finalement, la preuve de concept sur la co-encapsulation de chimiothérapie et la capacité des LNC
a éteindre un gene au niveau tumoral aprés injection intraveineuse démontrent 1’étendue des
possibilités concernant ’utilisation des LNC comme co-vecteur d’acides nucléiques et d’agents anti-
cancéreux. Un nombre illimité de combinaisons est alors imaginable et applicable a tout type de

cellules cancéreuses pour lesquelles les LNC présentent une affinité.
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Abstract

Many strategies have been developed to deliver chemotherapeutic agents into the brain, especially
to treat gliomas. Among them, nanostructures have appeared like new promising drug carriers thanks
to their small size (<1pm) and generally lipid components that should improve the passage of the
blood brain barrier (BBB). Firstly, local strategies by stereotaxy like bolus injection and convection
enhanced delivery (CED) have the advantage to bypass the hurdle of BBB. However, these techniques
are invasive and repeated administrations are excluded. On the other hand, nanoparticles, thanks to
their stability in bloodstream and their long-circulating properties, have been developed for
intravenous strategies by passive or active targeting. The passive strategy permits to target tumour
thanks to the increased permeability of tumour vessels while the active strategy uses ligands that
promote directly the interaction with cancer cells or indirectly facilitate the passage through the BBB.
More recently, these nanostructures have appeared to be an efficient solution to deliver DNA or
siRNA for gene therapy.

Abbreviations

G: Generation

CBTRUS: Central brain tumors registry of the United States
BBB: Blood-brain barrier

MNPs: Magnetic nanoparticles

SPIONS: Superparamagnetic iron oxide nanoparticles
PLA: Polylactide

PLGA : Polylactide-co-glycolide

SLNs: Solid lipid nanoparticles

LNCs: Lipid nanocapsules

PEG: Polyethylene glycol

CED: Convection enhanced delivery

TAA: Tumor associated antigen

EGFR: Epidermal growth factor receptor

EPR: Enhanced permeability retention effect
TF: Transferrin

MAN: P-aminophenyl-oa-D-manopyroside
NGR: Asn-Gly-Arg

RGD: Arg-Gly-Asp

IL-13: Interleukin 13

GLUT1: Glucose transporter 1

TGEFp: Transforming growth factor

TNFa: Tumor necrosis factor o

TRAIL: TNF-related-apoptosis-inducing-ligand

Resnier Pauline | Nano-vectorisation de siRNA via des nanocapsules lipidiques X889 | 177



Annexe

Key terms — définition

>

>

Blood-brain barrier (BBB) is a specific structure observed in the brain; it regulates exchanges

with the bloodstream and homeostasis.

Systemic strategy consists in delivering therapeutic agents from the bloodstream after
intravenous or intraperitoneal injection.

Local strategy consists in injecting directly therapeutic agents into the tumour area. In the case
of gliomas, this injection is executed into the brain by stereotaxy.

Convection-enhanced delivery (CED) is a local technique allowing the display, via a constant

pressure gradient, of greater volumes of distribution than by stereotaxy bolus.
Enhanced Permeability and Retention (EPR) effect is a destabilisation of the vessel
endothelium that causes the decrease of cell junction and the increase of the vessel

permeability. This phenomenon is observed on vessels that are close to a tumour site.
Passive targeting is a concept of “natural” accumulation in tumour area based on the long
circulating property of nanoparticles and on the EPR effect.

Active targeting is a concept that consists in functionalising nanoparticles with ligands to

specifically target tumour cells or to guide carriers to the tumour site.

Key facts of nanocarriers in brain tumor therapy

>

Drug-loaded nanocarriers hold great promise in the field of brain tumour therapy. They enable
the control of drug characteristics such as solubility, vascular circulation time, and specific
site-targeted delivery.

Four principal types of nanocarriers are developed for brain tumour treatment: dendrimers,
micelles, liposomes and nanoparticles that can be magnetic, polymer or lipid/polymer.
Nanocarriers are divided in generations (G) that characterise their stabilised structure (G1),
stealth (G2) or targeting (G3) properties. Stabilised nanocarriers (G1) provide controlled drug
release but necessitate a local injection. Stealth nanocarriers (G2) escape the immune system
recognition which enhances their longevity in the blood and their accumulation into the
tumour via the EPR effect, leading to passive targeting. Functionalized nanocarriers (G3)
enable active targeting based on the attachment of ligands at the surface of the carrier to bind
specifically on over-expressed receptors of tumour cells or organs.

Systemic (intravenous or intraperitoneal) and direct (stereotaxic bolus or CED) delivery to
brain tumours have been used to administer drug-loaded nanocarriers.

Gene-loaded nanocarriers are recently developed to increase or decrease the expression of a
target gene and are opening a new field of research in glioma therapy.

Summary points

>

>

Glioblastomas, more frequent primary brain tumours, still have a poor prognostic as the
median survival rarely exceeds 1 year.

The ineffectiveness of chemotherapy in glioblastomas is not linked to drug potency but mainly
to the presence of BBB and the poor penetration of drug into the tumour. Drug-loaded
nanocarriers such as dendrimers, micelles, liposomes and nanoparticles are able to protect
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drugs and improve their biodistribution and therapeutic index and represent a new hope for
brain treatment.

» Local delivery strategies of drug-loaded nanocarriers to brain tumour (stereotaxy bolus and
CED) showed promising results because they have the advantage to bypass the BBB and to
deliver high concentrations of drugs. However, they are not adaptable for repeated injections
and for personalisation of patient treatment.

» Systemic delivery of drug-loaded nanocarriers offers the advantage to be non invasive and to
allow repeated injections over short periods. The development of stealth and functionalized
nanocarriers to allow passive and active targeting in brain tumour respectively holds great
promise for systemic delivery approaches.

» The gene therapy of brain tumour is more recent but first in vivo results with gene-loaded
nanocarriers are promising and demonstrate the therapeutic potential of this strategy for brain
cancer disease.

1. Introduction

1.1. Brain tumours

Primary brain tumours include tumours of the brain parenchyma, meninges, cranial nerves, and
other intracranial structures (such as the pituitary and pineal glands). The most common and malignant
primary brain tumours are Grade IV astrocytomas, called glioblastomas, which are characterised by
the aggressive invasion and diffuse infiltration of tumor cells into the surrounding brain tissue.
According to CBTRUS (Central Brain Tumor Registry of the United States), glioblastomas accounted
for about 20% of the estimated 44,500 new primary brain tumours diagnosed in the United States in
2005. The conventional therapy of glioblastomas consists of surgery followed by fractionated
radiotherapy with concomitant and adjuvant chemotherapy with temozolomide (Stupp et al., 2009).
Despite this treatment, glioblastomas generally recur at the site of initial treatment. Median survival is
around 16 months and less than 10% of patients survive for more than five years.

Numerous chemotherapeutic drugs affecting cell division or DNA synthesis have been tested to
improve the prognosis of glioblastomas (Muldoon ef al., 2007). However, the ineffectiveness of these
drugs for the treatment of brain tumours is generally not linked to drug potency, but mainly to three
hurdles:

1) The presence of the blood-brain barrier (BBB) which regulates central nervous system
homeostasis and controls the delivery of molecules in the brain (Figure 1). This restriction is carried
out by endothelial cell-tight junctions, which are characterised by an absence of fenestration and a
reduction of pinocytotic vesicles. In addition, the BBB is composed of specific anatomical elements
that also limit this passage of, for example, astrocytic end-feet, pericytes and extracellular matrices.
Furthermore, this normal barrier has an efflux activity due to the presence of effective efflux
transporters on surface cells (Deeken ez al., 2007).

2) Diffusion in the brain parenchyma is very weak, partially due to the high level of intercellular
fluid pressure in tumours. Targeting tumour cells infiltrating the brain tissue surrounding the tumour is
consequently rather difficult which leads to frequent GB recurrence.

3) The brain tissue is highly sensitive, so only limited doses of therapeutic agents can be employed.
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1.2. Applications to area of health and disease

Many strategies have emerged to overcome these three obstacles. Among these, nanotechnology
has been developed to protect drugs and improve their biodistribution and therapeutic index. These
non-viral carriers can ideally offer optimal, controlled release and specific targeting that could limit
unwanted side effects on healthy cells and deliver a therapeutic concentration of drugs only to
cancerous cells. Chemotherapy is already a major point to treat cancer. The use of drug-loaded
nanocarriers is expected to ameliorate the prognostic of patients hoping a curative treatment.

2. Nanocarriers

Nanocarriers regroup some models of nanostructures recognisable by their organization, size and
lipid or polymer components. They are divided in generations (G) that characterise their stabilised
structure (G1), stealth (G2) or targeting (G3) properties (Figure 2). The principal nanocarriers
described for the treatment of gliomas are dendrimers, micelles, liposomes and different types of
nanoparticles.
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Figure 1: Schematic representation of the blood-brain barrier (A: longitudinal and B: transversal). In the
brain, tight junctions bind endothelial cells; they are surrounded by pericytes and basal membrane. Moreover,
end-feet of astrocytes create a second layer that surrounds basal membrane, increases te non-permeability of the
BBB and allows neuron protection.
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o~ PEG

€ ligand

Figure 2: Representation of nanocarrier generations (G). A: G1, B: G2 and C: G3. Nanocarriers are
classified into three generations (G). The first generation (G1) corresponds to vectors stabilised with surfactant
for drug encapsulation. G2 corresponds to stealth nanoparticles; they have long-circulating properties and can be
used for systemic delivery. G3 are nanocarriers functionalised with ligands to target specifically tumour cells or
organs.

2.1. Dendrimers

Dendrimers are hierarchical, highly-branched polymers that form a spherical three-dimension
structure. These “macromolecules” are built with the repetitive assembly of a unique monomer around
a core. This confers a narrow degree of polydispersity and low nanometer range size. The number of
layers represents the generation of a dendrimer (Figure 3A). Sizes are less than 4-5 nm for earlier
generations (G0-GS5) and more than 10 nm for most complex dendrimers (G9-G10). This specific
shape can react with nanoscopic reagents like drugs as well as with DNA or antibodies, and form
stable complexes. These very small sizes allow an improved passage through natural barriers, this
being an essential point for systemic injection for the brain. Moreover, dendrimers are characterised
by multivalency that confers a high capacity of reaction with all surfaces in a “molecular Velcro”
behaviour (Nanjwade et al., 2009). Dendrimers are often considered like “proteins” because they can
adopt a “native” or “denatured” conformation depending on polarity, ionic strength and pH of the
solvent.

2.2, Polymer micelles

Block copolymers that have amphiphilic properties can spontaneously form polymer micelles in
aqueous media with a size of between 50 and 100 nm (Figure 3B). These are characterised by a core-
shell structure whose core serves as a nanocontainer for hydrophobic drugs as anticancer drugs.
Micelles provide a good alternative for poor water-soluble drugs but also for gene or siRNA thanks to
electrostatic interactions. Advantages of micelles are an easy process of fabrication, efficient drug
loading and a fairly narrow size distribution. They also present good thermodynamic stability in
physiological solution that induces slow dissociation and controlled drug release (Nishiyama and
Kataoka, 2006).
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Figure 3: Representation of various nanostructures used in brain tumor therapy. Four different types of
nanocarriers are mainly developed in brain tumour therapy: (A) dendrimer: highly-branched polymers; (B)
micelle: diblock polymers auto-assembled; (C) liposome: bilayer of phospholipids forming a liquid aqueous
core; (D) nanoparticles: polymer shell that can contain magnetic core (left), or solid polymer core (right); (E)
solid lipid nanoparticle: polymer and lipid shell surrounding a solid lipid core; and (F) lipid nanocapsule:
polymer and lipid shell surrounding a liquid lipid core.

2.3. Liposomes

Liposomes are nanocarriers whose structure is similar to the lipid membrane of cells (figure 3C)
(Ulrich, 2002). They are composed of amphiphilic molecules, found in biological membranes (like
phospholipids, cholesterol, sphingomyelin...) that spontaneously assemble into bilayers due to their
poor solubility and their configuration. Liposomes are divided into two major sub-groups:
multilamellar vesicles (0.1 to 10 pm) and unilamellar ones. Small unilamellar vesicles are less than
100 nm in size; large ones are from 100 nm to 500 nm and giant ones are around 1 um. Hydrophobic
and hydrophilic drugs can be encapsulated simultaneously or singly inside liposomes. This property
allows lipoplexes to be created, due to electrostatic interaction between nucleic acids (DNA or siRNA)
and lipids. Under pathological conditions, such as in malignant tumours, liposomes (< 100 nm) can
passively pass through the lipid membrane by fusion or by receptor-mediated endocytosis. Thanks to
their size, hydrophobic and hydrophilic character, biocompatibility, biodegradability, low toxicity and
immunogenicity, liposomes are promising systems for drug delivery.

24. Nanoparticles

Nanoparticles regroup two types of nanocarriers that differ in their intern organisation: nanospheres
that are characterised by a matrix structure; and nanocapsules that have a vesicular structure with an
inner core surrounded by a shell. This shell can be composed of polymer and/or lipid with various
proportions and sizes from 10 nm and 200-500 nm. Nanoparticles are very interesting because they are
characterised by their physical stability due to the presence of polymers, good protection of
incorporated, labile drugs from degradation, and good release control.
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2.4.1. Magnetic nanoparticles

In this case, the shell surrounds a magnetic core. MNPs have traditionally been used for disease
imaging, but recent advances have opened the door for drug delivery. This group includes metallic,
bimetallic and superparamagnetic iron oxide nanoparticles (SPIONs). The latter are widely favoured
because they have an inoffensive toxicity profile and a reactive surface. SPIONs are mainly made with
magnetite (Fe;O4) and maghemite (Fe,O;), which form the magnetic core usually surrounded by
polymer components to enhance their biocompatibility (Figure 3D). These nanoparticles are not only
used for their chemical stability, but also for their possibilities in the use of targeted drug delivery. In
fact, the particular physiochemical profile of SPIONs can provide specific targeting, as with
Combidex®, used for imaging of lymph node metastasis (Harisinghani ez a/., 2003).

2.4.2. Polymer nanoparticles

Polymer nanoparticles are usually formulated using hydrophobic synthetic polymers or copolymers
such as polylactide/polyglycolide (PLA, PLGA), polyacrylates, polycaprolactones or natural polymers
such as albumin, gelatin, alginate, collagen, and chitosan.... (Figure 3D). PLA and PLGA have been
the most investigated nanoparticles for drug delivery (Langer, 1997). The degradation of these
polymers can be altered by changing the block copolymer composition and molecular weight. Hence,
the release of an encapsulated therapeutic agent can be adjusted to last from days to months. Polymer
nanoparticles are mainly formulated using emulsion/solvent evaporation or solvent-displacement
techniques (Jain, 2000). Using these methods, a variety of therapeutic agents including low molecular
weight lipophilic or hydrophilic drugs and high molecular weight DNA or antisense oligonucleotides
can be encapsulated (Prabha and Labhasetwar, 2004).

2.4.3. Lipid nanocarriers

Solid lipid nanoparticles (SLNs) represent an alternative colloidal matrix carrier system with a
solid lipid core inside which the hydrophobic drug is dispersed or dissolved (Figure 3E). The whole is
surrounded by a monolayer of phospholipids and polymers (Brioschi et al., 2009). They have a size
around 100 nm. High drug loading, good stability and reproducibility characterise SLNs. Moreover,
controlled release of the therapeutic agent can be achieved for up to several weeks in the case of
specific formulations.

Lipid nanocapsules (LNCs), like SLNs, are built by combining the use of poly(ethylene glycol)
(PEG) and lipid monolayer in the shell (Figure 3F) in order to surround and stabilise an oily liquid
core. This core can encapsulate lipophilic drugs. LNCs have the same advantages as SLNs: good
stability, good protection and control of drug delivery. Moreover, the use of solutol® in their
composition inhibits drug efflux pumps which actively remove chemotherapeutic drugs from the brain
(Huynh ef al., 2009). SLNs and LNCs present some advantages for drug delivery because they are
formulated without organic solvents, are well tolerated, are biodegradable (depending on polymer
used) and possess a high degree of availability for targeting thanks to their high level stability.
SLN/LNC systems can represent an innovative way to administer molecules into the brain as well as
intravenously.

3. Nanocarriers in brain tumour therapy

Chemotherapy is usually essential to obtain cancer remission. Nanotechnology constitutes a new
strategy to deliver chemotherapy into the brain and consequently to improve treatment. It can also be
used for immunotherapy or radiotherapy. Systemic or local delivery to the brain has been used to
administer these drug-loaded nanocarriers and various approaches have been evaluated for their
selective targeting of brain tumours.
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3.1. Local delivery (see examples and references in Table 1)

In order to avoid systemic side effects, local injections of chemotherapeutic agents can be
performed using two different methods. The first method is the stereotaxy bolus which generates a
simple diffusion of the drugs into the brain (Figure 4A). Several assays with drug-loaded nanocarriers
have shown promising results in brain tumour therapy. However, a major problem is the slow
movement of nanocarriers within the brain due to limited diffusion coefficients and back-flow of the
injection because of the closely-packed arrangement of cells in both the grey and white matter
microenvironments (Nicholson et al., 1998).

To overcome these problems, a second stereotatic technique called CED (convection enhanced
delivery) has emerged (Figure 4B). This method is based on the convection of a fluid by maintaining a
pressure gradient during interstitial infusion, achieving a greater dose and volume of distribution
compared to diffusion alone. Passive CED has been the subject of many studies in the field of
nanotechnology in combination with a multitude of molecules including ferrocifen, doxorubicin,
topotecan, and synthetic retinoid Am80. Radiotherapy by passive targeting has also been tested by
CED.

Different approaches of active CED have emerged such as the functionalisation of the drug-loaded
nanocarrier surface with ligands or antibodies to specifically target the tumour endothelium and
tumour associated antigens (TAAs). Currently, most tests are based on the use of antibodies against
the TAA epidermal growth factor receptor (EGFR) or its mutant EGFRVIII which is expressed in 25%
of glioblastomas but not in the normal brain. Another approach of active targeting is the use of stem
cells as cellular carriers for nanoparticles, knowing the specific tropism of these cells for brain
tumours (Roger et al., in press). Roger et al. (2010) showed that polylactide nanoparticles and LNCs
could be efficiently internalised into mesenchymal stem cells without cell viability and differentiation
being affected. Furthermore, these nanoparticle-loaded cells were able to migrate towards an
experimental human glioma model and their therapeutic effect was evidenced in vitro and in vivo
(unpublished results). All these local strategies showed promising results; however, they do not
provide practical solutions to everyday life nor the possibility of adjustment and adaptation for each
patient.

B Convection enhanced
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Figure 4: Schematic representation of nanocarrier local delivery approaches. Local injection is performed
by: (A) stereotaxy bolus that consists of simple diffusion in the brain parenchyma, and induces a weak volume of
distribution (Vp); (B) stereotaxy-convection enhanced delivery (CED) that consists in delivering a large volume
of solution by the application of a constant pressure gradient, inducing a large Vp,.
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. loaded injection . targeting cell
nanocarriers targeting result ref
molecule method molecule model
) ) diminution of the tumor size Lopez et al.,
platinum NPs / bolus passive / rat C6
and volume 2010
BCNU Kang et al.,
PLA NPs . bolus active transferin rat C6  significantly prolonged survival
(Carmustine) 2009
Allard et al.,
LNCs ferrocifen CED passive / rat 9L significantly prolonged survival 2009
human
. o . o . Kikuchi et al.,
PEG liposomes  doxorubicine CED passive / U87MG  significantly prolonged survival 2008
+ U251
liposomes (no . human o ) Grahn et al.,
topotecan CED passive / significantly prolonged survival
PEG) US7MG 2009
polymer o . o ) Inoue et al.,
) doxorubicin CED passive / rat 9L significantly prolonged survival
micelles 2009
Polymer synthetic human Yokosawa et
CED passive / significantly prolonged survival
micelles retinoid Am80 US7MG al., 2010
ferrocifen + Allard et al.,
LNCs . CED passive / rat 9L  significantly prolonged survival
radiotherapy 2010
paclitaxel + Vinchon-Petit
LNCs ) CED passive / rat 9L significantly prolonged survival
radiotherapy etal., 2010
mAb EGFR
dendrimers methotrexate CED active ) rat F98  significantly prolonged survival Wau et al., 2006
(cetuximab)
boronated
) bolus and ) o . Yang et al.,
dendrimers active EGF rat F98  significantly prolonged survival
CED 2009
(PAMAM)
mAb EGFR
boronated ) and EGFRVIII Yanget al,,
/ CED active rat F98  significantly prolonged survival
dendrimers (cetuximab + 2009
L3A4)
human
mAb U87MG
Hadjipanayis
MNPs / CED active EGFRvIII (mutant speicific targeting
etal., 2010
(L8A4) EGFR
vIII)

Table 1: Local delivery of nanocarriers in experimental glioma models. NPs: Nanoparticles; PLA:
Polylactide; BCNU: 1,3-bis(2-chloroethyl)-1 nitrosourea; LNCs: Lipid nanocapsules; CED: Convection
enhanced delivery; PEG: Polyethylene glycol; mAb: Monoclonal antibody; EGF: Epidermal growth factor;
EGFR: EGF receptor; PANAM: poly(amidoamine); MNPs: Magnetic NPs.
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3.2. Systemic delivery (see examples and references in Table 2)

The greatest advantages of using systemic, drug-loaded nanocarrier delivery are their non-invasive
nature and the possibility to allow repeated injections over short periods. The most commonly used
method for systemic administration of nanocarriers into the body is the intravenous route. After
intravenous injection, the nanocarriers are very quickly eliminated from the bloodstream due to the
activation of the immune system by these foreign particles. The phagocytic mechanism of the
mononuclear phagocyte system cells is the first cause advanced for this phenomenon. To improve
half-life of nanoparticles in blood, stealth nanoparticles (generation 2) have been developed according
to different parameters such as size, zeta potential, and surface modification with hydrophilic PEG
(Vonarbourg et al., 2006). The improvement of the half-life allows passive targeting of a tumour via
the phenomenon of EPR (enhanced permeability and retention) (Maeda ef al., 2000) (Figure 5A). The
occurrence of this phenomenon at the tumour area is due to the organisation, structure and properties
of neoangionenesis tumour vessels, these being more permeable than conventional vessels. In
addition, cancer cells are constantly growing and therefore more readily accept the entry of molecules
or external structures as nanocarriers. Finally, there is a lack of lymphatic drainage in tumoural
environment. This causes a "natural” accumulation of nanostructures in tumours.

Liposomes, micelles and nanoparticles were used for passive targeting, which led to significantly
prolonged survival of C6 glioma bearing rats. To improve passive targeting, “semi-active” strategies
were used. For example, the addition of surfactants such as polysorbate 80 in the formulation of
nanoparticles is known to allow receptor-mediated endocytosis by the brain capillary endothelial cells
after absorption of apolipoproteins B and E. In a number of rat studies, polysorbate 80-nanocarriers
carrying doxorubicine, gemcitabine, or indomethacin crossed the BBB and reached therapeutic areas
in the brain, thereby extending survival in glioma models. In another strategy, superparamagnetic
nanoparticles, which can be concentrated within the tumour tissue by local application of an external
magnetic field, have been also developed and thereby allow non-targeted tissue and organs to remain
unaffected.

As with local strategy, active targeting strategies consisting of grafting specific molecules onto the
surface of nanoparticles to transport drug-loaded nanocarriers across the BBB and then target brain
gliomas have also been explored (Figure 5B). Transferrin (TF) ligand that binds to the TF receptor,
which is over-expressed on the brain capillary endothelium and on the surface of proliferating brain
tumour cells, has been tested (Figure 6). The functionalisation of nanocarriers with an RGD sequence;
peptides containing the Asn-Gly-Arg (NGR) motif, p-aminophenyl-a-D-manno-pyranoside (MAN) or
interleukin-13 (IL-13) has also been performed (Figure 6). RGD sequences facilitate interaction
between drug delivery nanocarriers and some integrins such as integrin avb3, widely over-expressed
on tumoural neovasculature and glioma cells. The motif NGR links to aminopeptidase N (CD13), a
membrane-spanning molecule, over-expressed on tumour cells and most tumour endothelial cells.
MAN has a specific affinity to the glucose transporter GLUT1, which is mainly expressed in the
luminal surface of the brain capillaries and the choroid plexus.

These strategies have shown promising results in experimental glioma models; however, the major
difficulty remains in knowing cell surface markers able to specifically target the BBB and tumour
cells. At present, no unique glioma-specific antigen has been discovered due to the intra-tumoural
heterogeneity and the inter-patient variability. However, despite these difficulties, the intravenous
route remains a vital challenge for non-invasive administration and particularly for repeated
administration for cancerous diseases in the brain.
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loaded injection targeting cell
nanocarriers targeting result ref
molecule method molecule model
liposomes arsenic trioxide iv passive / rat C6  survival significantly prolonged  Zhao et al., 2008
polymer human Kuroda et al.,
SN-38 iv passive survival significantly prolonged
micelles U87MG 2010
o ) ) rat . o Gelperina et al.,
PLGA NPs doxorubicin iv passive survival significantly prolonged
101/8 2010
CBSA NPs aclaturin iv passive / rat C6  survival significantly prolonged Lu et al., 2007
polysorbate o ) semi- polysorbate- rat . o Steiniger et al.,
doxorubicin iv ) survival significantly prolonged
NPs active 80 101/8 2004
polysorbate o ) semi- polysorbate- rat survival significantly prolonged ~ Hekmatara et al.,
doxorubicin iv ) o .
NPs active 80 101/8 and antiangiogenic effect 2009
o ) semi- polysorbate- rat . o Ambruosi et al.,
PBCA NPs doxorubicin iv ) survival significantly prolonged
active 80 101/8 2006
o ) semi- polysorbate- . o
PBCA NPs gemcitabin iv ) rat C6  survival significantly prolonged Wang et al., 2009
active 80
) . ) semi- polysorbate- . o Bernardi et al.,
nanocapsules  indomethacin ip ) rat C6  survival significantly prolonged
active 80 2009
Superparamag ) ) semi- ) . o
) paclitaxel v ) magnetism  rat C6  survival significantly prolonged  Zhao et al., 2010
netic NPs active
Liposomes epirubucin iv active TF rat C6  survival significantly prolonged  Tian et al., 2010
PEG-DPSE ] ] _ S
) paclitaxel v active NGR rat C6 inhibition of tumoral growth Zhao et al., 2010
micelles
PEG-DPSE ) ) ) human ) o
) paclitaxel iv active RGD survival significantly prolonged ~ Zhan et al., 2010
micelles U8TMG
liposomes o . ) . o )
(PEG) daunorubicin iv active MANand TF  ratC6  survival significantly prolonged  Ying et al, 2009
) survival significantly prolonged
liposomes o . . human o Madhankumar et
doxorubicin ip active IL-1 compare to doxorubicin
(PEG) U8S7MG al., 2009
liposome without IL-13

Table 2: Systemic delivery of nanocarriers in experimental glioma models. SN-38: active drug of irinotecan;
PLGA: Polylactide-polyglycolide, CBSA: cationic bovine serum albumin; NPs: Nanoparticles; PBCA:
Polybutylcyanoacrylate; LNCs: Lipid nanocapsules; TF: Transferrin, PEG: polyethylene glycol; PEG-DSPE:
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000]; NGR: Asn-Gly-Arg;

RGD: Arg-Gly-Asp; MAN: p--aminophenyl-a-D-manopyroside; IL-13: Interleukin-13.
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Figure 5: Passive and active targeting of nanocarriers in brain tumour. (A) Passive targeting is based on the
longevity of the nanocarrier in the blood and its accumulation in the tumour site via the EPR effect. (B) Active
targeting is based on the functionalisation of the nanocarrier with ligands that bind to tumour-associated antigens
over-expressed on tumour cells.
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Antibodies EGFR
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Figure 6: Representation of ligands used to functionalise nanocarriers to target specifically brain tumour
cells. Four types of ligands are mainly used in brain tumour therapy: monoclonal antobodies [anti-EGFR
(epidermal growth factor receptor) and anti-EGFRvIII (EGFR variant III)], proteins [transferrin, chlorotoxin,
EGF and interleukin-13 (IL-13)], peptides [RGD (Arg-Gly-Asp) and NGR (Asn-Gly-Arg)] and polysaccharide
[Man (p-aminophenyl-a-D-manopyroside)]

4. Future strategies of treatment (Table 3)

Now, after almost 40 years of research, nanoparticles have become a real platform for
chemotherapy. However, chemotherapy may not be sufficient to induce glioma remission. Many
studies have been working on combining various treatments (chemotherapy, radiotherapy and/or
immunotherapy). For example, Allard ef al. (2010) recently studied the association of radiotherapy
with chemotherapy encapsulated in lipid nanocapsules, showing a synergistic effect on survival.

Over the last decade, gene therapy has undergone considerable expansion with improved knowledge
of the genome and also with the discovery of siRNA. Gene therapy involves inserting a fragment of
RNA or DNA into the cell that can directly/indirectly modify the expression of a target gene.
Strategies consist of increasing the expression of a gene with the insertion of a new copy, or by
inhibiting the expression of a gene with the insertion of siRNA. Due to renal filtration, nuclease
degradation, and a poor cellular uptake, the encapsulation of these hydrophilic molecules is necessary
to consider their use in vivo. As most nanoparticles have a predominantly hydrophobic solid or liquid
core, the combination of nucleic acids with hydrophobic forms has necessitated the development of
appropriate formulations. A possible association within liposomes has been largely developed: indeed,
cationic lipids used for liposome formulation can react with the negative charge of nucleic acids and
form stable complexes called lipoplexes. In addition, they have a good cellular uptake. Gupta et al.,
(2007) demonstrated this transfection ability in nude mice that received U87 human glioma cells. An
alternative form was developed by Morille et al., (2010) and consisted of the encapsulation of
lipoplexes within lipid nanocapsules. They showed long-circulating properties and accumulation by
EPR effect in sub-cutaneous U87MG glioma model after intravenous injection. Moreover, examples
of active targeting were realised by grafting TF or chlorotoxin. This latter agent is commonly used for
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labelling property, but in this case, chlorotoxin modified nanoparticles showed an improved cellular
uptake and high gene expression.

Several studies worked on diminution of the expression of target gene, using nanocarriers
delivering EGFR siRNA and EGFR as well as transforming growth factor beta (TGFb) antisense
oligonucleotides, and showed promising results in experimental animal glioma models. In fact, EGFR
gene is often over-expressed in cancer cells like glioblastoma, and consequently conducts to high
proliferative capacity and aggressive form. TGFb is an anti-inflammatory factor that causes an
immunosuppression and promotes tumoural development. In parallel, some studies worked on
increasing the expression of target gene by using nanocarriers delivering therapeutic DNA encoding
tumor necrosis factor alpha (TNFa) or TNF-related-apoptosis-inducing-ligand (TRAIL). TRAIL is
involved in the phenomenon of “extrinsic” apoptosis pathway and can bypass the block of intrinsic
apoptosis. TNFa is a pleiotropic inflammatory cytokine that promotes the immune response.

In conclusion, gene therapy for cancer represents a new therapeutic possibility in the context of
brain tumours, and is gaining more and more interest due to recent successes achieved in vivo.

loaded injection targeting
nanocarriers targeting model result ref
molecule method molecule
. stereotaxy ) TAT human o
liposomes GFP (ADN) active ) good transfection in vivo Gupta et al., 2007
bolus peptide  U87MG
human
LNCs DNA iv passive / tumoural accumulation in vivo ~ Morille et al., 2010
U87MG
) ) chlorotoxi DNA delivery in tumor and o
MNPs DNA (GFP) v active rat C6 ) ) Kievit et al., 2010
n highly expression
human
siRNA Agrawal et al.,
dendriworms CED passive / primary  inhibition of EGFR by siRNA
(EGFR) 2009
GBM
antisens )
) . . ) . o Schneider et al.,
PBCA NPs oligonucleotid ip passive / rat F98  survival significantly prolonged 2008
(TGFp)
folated antisens
stereotaxy o
PAMAM oligonucleotid bol passive / rat C6  survival significantly prolonged ~ Kang et al., 2010
olus
dendrimers e (EGFR)
CBSA-PEG  plasmid pORF-
iv passive / rat C6 inhibition of tumor growth Lu et al., 2006
NPs hTRAIL
polypropyleni human transfection in vivo in A431 and
mine TNFa iv active TF T98G et antiproliferative capacity in Koppu et al., 2010
dendrimers A431 T98G

Table 3: Preclinical studies on gene, siRNA or antisens oligonucleotide delivery with nanocarriers in brain
tumour therapy. GFP: Green fluorescence protein; TAT peptide: Transactivator of transcription peptide; LNC: Lipid
nanocapsules; PEIL: Polyethylene Imine; ODN: Oligodeoxynucleotide; TF: Transferrin; MNPs: Magnetic nanoparticles;

EGFR: Epidermal growth factor receptor; CED: Convection enhanced delivery; PBCA: poly(a-butyl-cyanoacrylate); TGFf:
Transforming growth factor 8; GBM: Glioblastomas; PANAM: poly(amidoamine); CBSA: Cationic bovine serum, PEG:

Polyethylene glycol, TNFa: Tumor necrosis factor a; TRAIL: TNF-related-apoptosis-inducing-ligand.
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Glioma are the most common malignant tumors of the central nervous system and remain associated with
poor prognosis, despite the combination of chemotherapy and radiotherapy. EGFR targeting represents an
interesting strategy to treat glioma. Indeed, a high level of endothelial growth factor receptors expression
(EGFR), involved in the malignancy of the tumor, has been observed in glioma. Our strategy consisted
in using EGFR siRNA entrapped into lipid nanocapsules (LNCs) via cationic liposomes. In vitro analyses
on U87MG human glioma cells were performed to evaluate firstly the capacity of LNCs to efficiently
deliver the siRNA and secondly the effect of EGFR siRNA targeting on US87MG proliferation. Then, the
Beaiistusar complement protein consumption was evaluated by CH50 assays to verify the suitability of the siRNA
Gene therapy LNCs for systemic administration. The EGFR siRNA LNCs exhibited an adequate size lower than 150 nm as
CH50 well as a neutral surface charge. The IC50 profile together with the 63% of protein extinction demonstrated
US7MG the significant action of EGFR siRNA LNCs compared to scrambled LNCs. Dose and time-dependent survival
assays showed a decrease of U87MG growth evaluated at 38%. Finally, low complement consumption
demonstrated the suitability of EGFR siRNA LNCs for intravenous injection. In conclusion, EGFR siRNA
LNCs demonstrated their capacity to efficiently encapsulate and deliver siRNA into US87MG human glioma
cells, and will therefore be usable in the future for in vivo evaluation.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Malignant brain tumors are often associated with poor prog-
nosis. The low survival median, of only 15 months in the case
of glioblastoma (GBM), despite the use of surgery, chemotherapy
with temozolomide (Temodal®) and radiotherapy, has encour-
aged research for new treatment (Stupp and Roila, 2009). GBM
are the most aggressive form of malignant brain tumors, and are
characterized by a high infiltration capacity in healthy brain tis-
sue leading to difficult tumor resection. The endothelial growth
factor receptor (EGFR) has been described as an oncogene in
many types of cancer, including GBM (Yang et al., 2012). The
over-expression and/or amplification of EGFR protein, described
in half-primary GBM cases, has been associated with abnormal

* Corresponding author at: INSERM U1066, 1BS-CHU, 4 rue Larrey, 49933 Angers
Cedex 9, France. Tel.: +33 244 688 534; fax: +33 244 688 546.
E-mail address: catherine.passirani@univ-angers.fr (C. Passirani).

0378-5173/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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proliferation and a chemo/radioresistance phenomenon (Hatanpaa
et al., 2010; Watanabe et al., 1996). To combat this drug resistance,
various inhibitors of EGFR, such as antibodies (Cetuximab®) and
more recently tyrosine kinase inhibitors (TKI) (Gefitinib®), have
been developed and tested in numerous in vitro and in vivo models.
These studies have proved the relevance of EGFR targeting in GBM
with anti-proliferative properties. Moreover, its impact on glioma
stem cells was also demonstrated recently (Geoerger et al., 2008;
Jinet al,, 2013). However, despite numerous clinical trials, none of
these inhibitors have been approved yet for clinical glioma treat-
ment(Joshietal., 2012; Tayloretal.,2012; Thiessenet al,,2010). The
low efficiency of these candidate drugs could be explained by the
specific biological environment in GBM. In fact, a resistance mecha-
nism against antibodies or TKI usually appears in the form of variant
protein expression, rendering the therapeutic approach ineffective.
To prevent this phenomenon, the RNAi mechanism could represent
a new opportunity thanks to the use of specific siRNA tools that
do not depend on protein interaction, 3D conformation, or protein
variants (Fire et al., 1998). Indeed, the siRNA used in this study was
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described as naturally acting through the micro RNA pathway to
inhibit proteins like EGFR (Michiue et al., 2009).

Systemic delivery to the brain remains a challenge due to the
presence of the blood brain barrier (BBB) that strongly limits the
exchanges between blood and neuronal cells. Chemical or thera-
peutic agents (such as TKI, antibodies, and siRNA) cannot cross, or
only partially, this membrane by passive transport (Wang et al.,
2012). For this reason, the development of synthetic carriers rep-
resents a great opportunity to ameliorate the passage through the
BBB, especially for hydrophilic drugs. Thanks to specific targeting,
nanomedicines could improve biodistribution into the brain after
systemic injection by (i) the passive strategy with enhanced perme-
ability and retention (EPR) effect (Maeda, 2001); (ii) by the active
strategy with ligand grafting on the surface of the delivery system,
such as transferrin (Beduneau et al., 2008).

Considering the systemic nucleic acid transport, nanocarriers
are necessary to protect them from the blood compartment. In fact,
nucleases and the immune system can rapidly degrade siRNA. The
delivery systems can enhance the half-life of siRNA into blood and
favor their accumulation into targeted organs (Morille et al., 2010).
Numerous nanomedicines have been developed to encapsulate
siRNA, such as liposomes, micelles, and dendrimers. The majority
of these systems were made of a mixture of cationic polymers and
lipid components entrapping siRNA thanks to electrostatic inter-
actions. Lipid nanocapsules (LNCs) consisting of a lipid liquid core
of triglycerides and a rigid shell of lecithin and polyethylene gly-
col, have been developed in our laboratory (Heurtault et al., 2002).
The simple formulation process is based on phase-inversion of an
emulsion. These LNCs have recently been modified to encapsulate
DNA, complexed with cationic lipids forming lipoplexes, and have
shown efficient in vitro and in vivo effects in different animal mod-
els (David et al., 2012a,b; Morille et al., 2011). In our recent work,
these delivery systems were adapted to siRNA encapsulation (David
et al., 2012c). We tested these siRNA LNCs on glioma cells in order
to prove the efficient delivery of siRNA into the cytoplasm and the
effect of EGFR inhibition by siRNA on U87MG human glioma cells.

2. Materials and methods
2.1. SiRNA LNC formulation

Lipid nanocapsules (LNCs) were formulated, as described
before (Heurtault et al., 2002), by mixing 20%, w/w Labrafac WL
1349 (caprylic-capric acid triglycerides, Gatefossé S.A. Saint-Priest,
France), 1.5%, w/w Lipoid S75-3 (Lipoid GmbH, Ludwigshafen,
Germany), 17%, w/w Kolliphor®™ HS 15 (BASF, Ludwigshafen,
Germany), 1.8%, w/w NaCl (Prolabo, Fontenay-sous-Bois, France)
and 59.8%, w/w water (obtained from a Milli-Q system, Millipore,
Paris, France) together under magnetic stirring. Briefly, three tem-
perature cycles between 60 and 95 C were performed to obtain
phase inversions of the emulsion. A subsequent rapid cooling and
dilution with ice cooled water (1:1.4) at the phase-inversion tem-
perature (PIT) led to blank LNC formation.

To obtain siRNA LNCs, the water in the last step was
replaced by lipoplexes, ie. siRNA as EGFR siRNA (sense
sequence: 5-CACAGUGGAGCGAAUUCCU-3'; Eurogentec, Seraing,
Belgium) and control (scrambled) siRNA (sense sequence:
5'-UCUACGAGGCACGAGACUU-3'; Eurogentec, Seraing, Belgium)
complexed with cationic liposomes in a defined charge ratio of
cationic lipid charge versus anionic siRNA charge (+ ratio). Dur-
ing this work, liposome LNCs, i.e. LNCs with liposome introduction
at the last step without siRNA, were also used as control vehicle.

For liposome preparation, a cationic lipid DOTAP (1.2-dioleyl-3-
trimethylammoniumpropane) (Avanti® Polar Lipids Inc., Alabaster,
AL, USA), solubilized in chloroform, was weighted in the ratio

1/1 (M/M) with the neutral lipid DOPE (1.2-dioleyl-sn-glycero-3-
phosphoethanolamine) (Avanti® Polar Lipids Inc., Alabaster, AL,
USA) to obtain a final concentration of 30 mM of cationic lipid
charge, considering the number of lipid charges per molecule (1
for DOTAP). After chloroform evaporation under vacuum, deion-
ized water was added to hydrate the lipid film over night at 4 C
which was sonicated the day after.

2.2. Characterization

The size and Zeta potential of LNCs were measured by the
Dynamic Light Scattering (DLS) method using a Malvern Zetasizer™
apparatus (Nano Series ZS, Malvern Instruments S.A., Worcester-
shire, UK) at 25 °C, in triplicate, after dilution in a ratio of 1:200
with deionized water.

Moreover, a spectrophotometric method, based on work
recently described by David et al. (2012c), was used to evaluate
the encapsulation efficiency. Briefly, siRNA LNCs were mixed with
chloroform and water to separate respectively hydrophilic and
lipophilic components, sodium hydroxide to destabilize lipoplexes
and absolute ethanol to destroy LNCs. After multiple centrifu-
gations, four compartments were obtained: free siRNA, free
lipoplexes (i.e. siRNA associated with liposomes), encapsulated
siRNA and encapsulated lipoplexes into LNCs. To determine the
concentration of siRNA, the optical density (Morille et al.) of each
sample were determined at 260 nm by UV spectrophotometer (UV-
2600, Shimadzu, Noisiel, France) in triplicate conditions. These
physico-chemical parameters (size, charge surface and encapsu-
lation) were characterized after formulation and 1 month later to
study their stability.

2.3. Cell culture

Human glioma cell line US7MG and human macrophage/
monocyte THP-1 were obtained from ATCC. US7MG cells were
grown in Minimum Essential Medium Eagle (Lonza, Verviers,
Belgium) supplemented with 10% of fetal bovine serum (Lonza,
Verviers, Belgium), 1% of antibiotics (10 units of penicillin, 10mg
of streptomycin, 25 pg of amphotericin B/mL; Sigma-Aldrich, Saint
Louis, USA), 1% of non-essential amino acids (Lonza) and 1% of
sodium pyruvate (Lonza). THP-1 macrophages were grown in
Roswell Park Memorial Institute (RPMI) 1640 medium (Lonza)
supplemented with adapted substrates as described in the ATCC
protocol. Cell lines were cultured according to the ATCC proto-
col and maintained at 37 C in a humidified atmosphere with 5%
CO5. THP-1 cell adherence and differentiation into 24-well plates
was allowed by medium supplemented with 100 mM phorbol 12-
myristate 13-acetate (PMA, Sigma, Saint-Quentin Fallavier, France)
for 48 h.

2.4. Transfection

US7MG cells were seeded onto 24-well plates at the density of
5 x 107 cells/well and precultured overnight. Before transfection,
the medium was changed to a fresh one containing no serum. Treat-
ment with different LNCs (blank, liposome, scrambled and EGFR
siRNA) were realized at a final dose of 37.5-300 ng siRNA/well and
removed 4 h post-transfection. These cells were subsequently cul-
tured for an additional time and the medium was removed every
two days.

2.5. Flow cytometry
Immunostaining was performed to evaluate the expression of

membranous EGFR protein. For this, 96 h after transfection, cells
were seeded in 96-well plate, washed twice with PBS (lonza), and
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incubated with primary antibodies (EGFR or isotype) for 1 hat4 C.
After a second wash with PBS/fetal calf serum/azide 0.02%, sec-
ondary antibody coupled with FITC (polyclonal goat antimouse
Ig/FITC, goat F(ab2'), Dako, Trappes, France) was incubated for
30min at 4 C and washed. Cell suspensions were fixed with
PBS/azide 0.02%/formaldehyde 1%, protected from light and con-
served at 4 C. Analyses were performed with a FACScalibur flow
cytometer (BD Bioscience, San José, USA) in collaboration with
SCCAN platform (Angers).

2.6. Survival assay

Glioma cells and macrophages were seeded onto 24-well plates
at adensity of 5 x 10* cells/well and pre-cultured overnight or 48 h
for THP-1. Dose-dependent transfection was realized as described
above to determine the ICspand cells were subsequently cul-
tured for two days. Cytotoxicity assays were performed using
MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2Htetrazolium) (Promega, Madison, USA). For
this, 100 p.L of MTS/well were disposed and plates were incubated
2.5-4h at 37 Cin a humidified atmosphere with 5% CO,. The OD
at 492 nm was evaluated by Mutliskan Ascent (Labsystems, Fisher
Scientific, Wilmington, USA).

2.7. Proliferation study

Glioma cells were seeded onto 24-well plates at a density of
5 x 104 cells/well and pre-cultured overnight. A time-dependent
transfection with the low dose (10 ng) was realized and cells were
subsequently cultured for ten days and the medium was removed
every two days. To evaluate the progression of the glioma cells,
sphere formation was followed every day. For this, scores were
defined: 0 corresponding to the absence of a sphere in a well,
1: irregular apparition of small spheres, 2: regular distribution of
small spheres, 3: regular medium spheres, 4: regular large spheres.
The cells were photographed at day 10 after treatment. Moreover,
every twoday, cells were suspended by trypsin (0.5 g porcin trypsin,
0.2 g EDTA; Sigma, Saint Louis, USA), and two washes were realized
with PBS. Analyses with trypan blue staining was used to count the
number of cells per well.

2.8. Complement test

Complement consumption was assessed in normal human
serum (NHS) (provided by the Etablissement Francais du Sang,
CHU, Angers, France) by measuring the residual hemolytic capac-
ity of the complement system after contact with LNCs. The final
dilution of NHS in the mixture was 1:4 (V/V) corresponding to
100 L of NHS into 400 L of reactive media. The technique con-
sisted in determining the amount of serum able to lyse 50% of a
fixed number of sensitized sheep erythrocytes with rabbit anti-
sheep erythrocyte antibodies (CH50), according to the procedure
described by Vonarbourg et al. (2009 ). Complement activation was
first expressed as a function of the surface area in order to compare
different formulations. Nanoparticle surface areas were estimated
using the equation: S=3m/rp, where S is the surface area [cm?], m
is the weight [g] in 1 mL of suspension, r is the average radius [cm]
determined by DLS, and p is the volumetric mass [g/cm?] of the
nanoparticles estimated at 100 g/cm?>.

2.9. Statistical analyses

Comparisons between the treated cells of all groups were
performed either using a classical analysis of variance (one-way

ANOVA) followed by a Scheffe's post hoc analysis. Statistical signif-
icance was ascribed to a threshold p-value of 0.05.

3. Results
3.1. siRNA LNC formulation

3.1.1. Size and Zeta potential

The size and Zeta potential of siRNA LNCs were determined
using a Nanosizer apparatus. Measurements were realized 1 day
after formulation and 1 month after storage at 4 C to evaluate
the physico-chemical stability of siRNA LNCs (Table 1). Blank LNCs
exhibited a stable size, narrow distribution around 60 nm and a
negative Zeta potential estimated at —5 mV over a 1 month period.
Liposome LNCs showed a decreasing evolution in size and an
increasing surface charge after 1 month at 4 "C. The Zeta potential
was largely positive due to cationic lipids and their polydispersity
index (Pdl) that decreased strongly with time from 0.26 to 0.05.
Concerning the two different lipoplexe CR used to obtain siRNA
LNCs, an influence was observed with an increase of size after for-
mulation with 90nm and 122 nm respectively for CR of 2.5 and
5 compared to blank LNCs (56 nm). Moreover, this parameter was
associated toa high Pdl just inferior to 0.3 (limit of monodispersity).
As observed with time for liposome LNCs, siRNA LNCs presented
a high reduction of size and Pdl with a gain of Zeta potential
(Table 1).

3.1.2. Encapsulation efficiency

An adapted method based on UV spectroscopy was used to eval-
uate the encapsulation efficiency of siRNA into LNCs. Briefly; four
compartments of siRNA localization (free siRNA, free lipoplexes,
encapsulated siRNA and encapsulated lipoplexes) were separated
using an easy chloroform extraction as described above. Analy-
ses of EGFR siRNA LNC encapsulation efficiency were performed,
in a similar way as for size, one day and 1 month after formula-
tion (Table 1). The encapsulation was estimated at 29% and 40%
for respectively CR 2.5 and 5. The stability of encapsulated doses
was confirmed for both CR 1 month after formulation. The major-
ity of encapsulated siRNA was associated with liposomes. However,
a non-negligible part of siRNA was not associated with lipo-
some but was still encapsulated into LNCs as previously observed.
According to their size, Zeta potential and encapsulation stabil-
ity, one day-old EGFR siRNA LNCs were used in the following
experiments.

3.2. Analysis of efficient transfection in vitro

Four days after EGFR siRNA LNC treatment, the EGFR pro-
tein level was evaluated by flow cytometry (Fig. 1). No protein
extinction was observed with siRNA alone in opposition to what
was observed with siRNA associated with a commercial trans-
fection agent (ICAfectin®, Invitrogen, Saint Aubin, France) which
resulted in a 55% of inhibition with a low dose of siRNA (37.5ng)
(Fig. 1). Liposome and scrambled LNCs showed no difference of
EGFR expression compared to non-treated cells. Moreover, CR 2.5
LNCs had no effect on UB7MG EGFR expression until 300 ng, the
maximal dose (Fig. 1A). CR 5 LNCs demonstrated a dose-dependent
response with a maximal inhibition estimated at 63%, equivalent to
the positive control result (Fig. 1B). Consequently, CR 5 LNCs were
chosen to perform in vitro assays.

3.3. Determination of ICsp
The cytotoxicity of EGFR siRNA LNCs was performed on two

cell lines: U87MG glioma and THP-1 human cells in differentiated
macrophages. EGFR siRNA had only a little impact on U87MG cell
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Table 1
Characterization of EGFR siRNA LNCs.
Type of LNCs Liposome type and CR Date Size (nm) Pdl Zeta(mV) Encapsulation yield (%)
DOTAP/DOPE 2.5 1 day 80+ 1 0.22 + 0,01 %1 2919
" . 1 month 56+ 1 0.09 £ 0.02 +24+5 24+3
ECERMRMALNDE DOTAP/DOPE 5 1 day 12241 0.26 + 0.01 i 40212
1 month 70£1 0.06 + 0.01 +26+ 1 427
2 DOTAP/DOPE 5 1 day 102 = 10 0.26 + 0.01 +5 42 )
Lippsosne INCy 1 month 58+ 2 0.05 + 0.01 #3442 |
| 1 day 56+ 1 0,04 + 0,01 6+ 1 /
Blank LNCs 1 month 60 + 2 0.03 + 0.01 S+1 |

CR: charge ratio, Pdl: polydispersity index (monodispersity: Pdl<0.3).

viability, with a low ICsp evaluated at 40ng (Fig. 2). This effect
was considered specific since the survival of differentiated THP-
1 cells was not affected by the EGFR siRNA. Toxicity of liposome
and scrambled LNCs was observed at 250 and 80ng on US7MG
(Fig. 2A) and 70 and 120ng on THP-1 cells respectively (Fig. 2B).
Following these results, a dose of 10ng siRNA corresponding to
0.1 mg/mL of LNCs was chosen to study the growth progression
for 10 days as it led to cytotoxicity (30%) compared to control
conditions.
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Fig. 1. Expression of EGFR protein by flow cytometry analyses after treatment with
two CR of EGFR siRNA LNCs. These analyses by flow cytometry of EGFR levels
were realized four days after treatment with increasing doses comprised between
37.5 ng and 300 ng of siRNA per well. The EGFR protein level was expressed in func-
tion of non-treated cells. (A) Analyses of DOTAP/DOPE CR 2.5 LNCs. (B) Analyses
of DOTAP/DOPE CR 5 LNCs. Statistical analyses ANOVA one way post hoc Scheffe,
“*p=0.001.

3.4. Proliferation impact

After 10 days, pictures of US7MG cells were taken (Fig. 3A). The
apparition of spheres into wells was recorded as described above
in the cell proliferation study. A different organization of US7MG
cells was evidenced between non-treated cells (a), cells treated
with liposome LNCs (b) and scrambled LNCs (¢) compared to cells
that received EGFR siRNA LNCs (d) (Fig. 3A). EGFR siRNA LNCs
significantly decreased the formation of U87MG spheres from Days
6 to 10 (Fig. 3B). Liposome and scrambled LNCs followed the same
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Fig. 2. Determination of ICsgvalues of EGFR siRNA LNCs on human glioma cells
(US7MG)(A) and differentiated macrophages (THP-1) (B). (A) EGFR siRNA into LNCs
(=% ) had an impact on US7MG viability with 1Csp estimated lower than 40 ng
of siRNA compared to control conditions with IC50 superior at 80ng (liposome
— =i~ - and scrambled siRNA LNCs *-4#- ). (B) On macrophages, EGFR siRNA
LNCs did not madify the cell viability.
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Fig. 3. (A) Pictures of US7MG realized 10 days after treatment with a low dose of LNCs. Large spheres were observed on US7MG culture (a), and after 4 h incubation with
liposome LNCs (b), and scrambled LNCs (c) contrary to the treatment with EGFR siRNA LNCs (d). (B) Impact of EGFR siRNA LNCs on U87MG spheroid formation. Spheroid

formation was significantly inhibited by EGFR siRNA (B ) from Days 6 to 10. Liposome ((1) and scrambled (®) LNCs p

d the same behavior as non-treated cells (H ).

Statistical analyses ANOVA one way post hoc Scheffe, *p=0.05, “p=0.01 and **'p=0.001.

progression as non-treated cells with maximal index obtained at
day 10 (Fig. 3B). To confirm this result, a determination of cell
numbers was realized in parallel. EGFR LNC treatment presented
a significant difference with all controls at day 10 (Fig. 4). On the
final day, a difference above 30% was evidenced between EGFR
siRNA LNCs and all control LNCs.

3.5. Complement activation

The diameter of nanoparticles was controlled by a classical
method before performing CH50 assays (Fig. 5). The analysis of

complement proteins activation was performed on liposomes,
lipoplexes, blank LNCs, liposome LNCs, and EGFR siRNA LNCs to
compare their behavior in contact with human serum (Fig. 5).
No activation of complement proteins was evidenced with siRNA
alone (data not shown). The very low activation profile of blank
LNCs was already described due to negative surface charge and a
size of around 60 nm (Morille et al.,, 2010). In opposition to LNCs,
positively-charged surface delivery system such as liposome and
lipoplexes led to a high consumption of complement proteins with
higher profile for lipoplexes. Thanks to the neutral charge of our
device, intermediate consumption was evidenced for loaded LNCs
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Fig. 4. Evolution of US7MG cellular proliferation after one treatment with 10 ng of
EGFR siRNA LNCs. This dose allowed a decrease of cell numbers with EGFR siRNA
LNCs [~ ) compared to other treatments such as liposome LNCs (— B —)and
scrambled siRNA LNCs («« 4+« ) from Day 5 to Day 10. A significant difference with
non-treated cells (—l— ) was evidenced on Day 10. Statistical analyses ANOVA
one way post hoc Scheffe, “'p=0.01.

(liposome and siRNA), which were close to the blank LNC profile
until 400-500 cm?.

4. Discussion

In this study, we developed a specific delivery system targeting
EGFR protein by using an RNAi mechanism for glioma therapy. This
nanomedicine consists of the association of DOTAP/DOPE siRNA
cationic lipoplexes and lipid nanocapsules (LNCs) to combine (i) the
efficient electrostatic interaction of lipids and siRNA, (ii) the high
transfection capacity of cationic lipids and (iii) the systemic deliv-
ery of nanocapsules thanks to their stealth property (Vonarbourg

MRy == I
P seay ‘

Delivery system
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et al., 2009). DOTAP and DOPE lipids have been commonly used as
transfection agents and as components in nucleic acid delivery sys-
tems (Resnier et al., 2013). In this work, two different charge ratios
(2.5 and 5)were studied to follow their impact on siRNA LNC formu-
lation. These two formulations presented a size inferior to 150 nm, a
neutral Zeta potential and an encapsulation stability adequate for a
long circulating profile. However, measures realized 1 month later
highlighted the change of physicochemical properties of siRNA
LNCs over time. Size diminution and surface charge increases could
signify that LNCs were reorganized in positive smaller particles,
possibly due to the large amount of cationic tensio-active molecules
(Lecithin, DOTAP and DOPE). This point could also explain the dif-
ference of size between siRNA LNCs CR 2.5 and 5. Twice as many
lipids were introduced into the CR 5 formulation compared to CR
2.5, which could lead to larger nanoparticles. Despite this phe-
nomenon, the encapsulated part of siRNA was unchanged and the
high CR was more interesting because it led to higher encapsulation
efficiency, estimated at 40% of initial quantity of siRNA, which cor-
responds to a concentration of 100 g of encapsulated siRNA per
mL of LNCs (=300 mg of LNCs).

The protein inhibition study confirmed the benefit of using this
high charge ratio during our formulation. Indeed, it resulted in
an extinction of membranous EGFR evaluated at 63%. This high
extinction percentage was most likely due to our nanomedicine
composition. Indeed, lipid components of siRNA LNCs, i.e., cationic
lipids and lecithin, could promote the passage through cell mem-
branes by their hydrophilic polar heads. The slightly positive
surface charge of siRNA LNCs is expected to favor the electrostatic
interactions between nanocapsules and cell membrane to facilitate
theirinternalization. In fact, LNCs are known to be well-internalized
by cancer cells, especially for the larger ones (100 nm) by multiple,
non-receptor-dependent internalization pathways such asclathrin,
endocytosis and cavoelae pathways (Paillard et al.,, 2010). Finally,
a major role of these lipids in endosomal escape has already been
demonstrated, especially for DOTAP and DOPE lipids involved in
two well-known mechanisms: the proton sponge effect and mem-
brane destabilization (Cardarelli et al., 2012; Varkouhi et al., 2011).
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Fig. 5. Evaluation of complement protein consumption by lipoplexes, liposomes and LNCs. Liposomes (= “# = ) and lipoplexes (-#
compared to LNC formulations. Blank LNCs (== ) were characterized by a low activation profile and loaded forms (liposome LNCs = I = and EGFR siRNA LNCs =)

presented an intermediate profile.
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Combined with the initial properties of LNCs concerning theirendo-
somal escape capacities, these lipids could favor this phenomenon
(Paillard et al., 2010).

In the literature, the inhibition of EGFR in glioma models was
assessed by shRNA form, another RNAi strategy. ShRNAs corre-
spond to an intermediate form before mature siRNA is formed, and
are characterized by a hairpin loop structure. However, shRNAs
are not stable, so their use is generally replaced by a DNA plas-
mid encoding for these shRNAs. The siRNA LNCs showed a similar
extinction of EGFR protein as the shRNA EGFR used in combination
with classic transfection agents (Inaba et al., 2011). PAMAM den-
drimers, used for shRNA plasmid transfection, showed after 48 h
transfection an inhibition of EGFR lower than siRNA LNCs on glioma
cells (35% versus 63%) (Han et al., 2010). Moreover, cell prolifera-
tion was significantly reduced by our siRNA EGFR LNCs after only
10 days of treatment. Electroporation of shRNA plasmid resulted
to similar results with a 40% of cell density decrease after 6 days.
However this transfection methodology, i.e. electroporation, is not
translatable to clinical situations.

The benefit of LNCs is their possible use for intravenous injection
as we validated their capacity to protect siRNA from complement
opsonisation by CH50 assay. In fact, the low activation profile
obtained in complement activation experiments confirmed the
possible capacity of siRNA LNCs to circulate a long time in blood.
This result can be explained by the benefit of the nanocapsule shell
that hides the positive charges of the lipids thanks to weak links
with negative PEG dipoles (Vonarbourg et al., 2005), thereby con-
ferring stealth property to our LNCs in opposition to lipoplexes. This
great enhancement in the behavior of our LNCs is more likely due
to the presence of PEG chains at the surface of LNCs, as demon-
strated in our previous works on DNA LNCs (David et al., 2012a). To
evaluate this, in vivo experiments should be realized to define the
half-life time and biodistribution of siRNA LNCs in a murine glioma
model.

Interestingly, EGFR expression has also been described to be
involved in chemo and radioresistance phenomena (Watanabe
etal., 1996). For this, the potential of combinatory treatments could
be assessed like Chen and co-workers did with doxorubicin and c-
myc siRNA (Chen et al., 2010). In the future, the impact of siRNA
EGFR inhibition on sensitization of classic chemotherapeutic agent
or radiation could be studied in vitre and in vivo.

5. Conclusion

Our lipid nanocapsules (LNCs) were created 10 years ago by
an easy process formulation and have now been fully character-
ized. Moreover, previous studies have demonstrated the possibility
to encapsulate hydrophilic nucleic acids into these systems. Here,
our first aim consisted of the study of the impact of CR used
and the stability depending on EGFR siRNA LNC physico-chemical
parameters. Analyses of protein levels allowed us to conclude
on the promising delivery of siRNA into the cytoplasm by LNCs
thanks to the high degree of inhibition observed. The potential
of EGFR siRNA targeting to combat glioma progression was evi-
denced on cell growth and U8B7MG sphere development. Finally,
stealth properties evaluated by CH50 assay, confirmed for EGFR
SiRNA LNCs, the possibility of future treatment to combat glioma
cell proliferation alone or as an adjuvant treatment by systemic
injection.
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