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ABREVIATIONS

A
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PREFACE

Du développement d’'un médicament jusqu’a son a#tan de mise sur le marché (AMM),

il se passe en général 10 a 15 ans et plusieutaimes de millions d’euros sont dépensés.
Cette période de développement peut étre diviséaumieurs phases, la phase préclinique,
dans laquelle le médicament est développé et dmaaté testée sur des cellulés Yitro) et

sur des animaugn vivo), puis les phases cliniques | a IV chez 'homman®la premiere
phase clinique, la tolérance du médicament et ¢abs d’'effets secondaires sont évaluées,
souvent sur des volontaires sains. En phase tlpse optimale et ses effets secondaires sont
déterminés sur un petit a moyen nombre de paterdst de montrer, en phase lll, l'intérét
du nouveau médicament par rapport a un traitemastaat ou un traitement placebo sur un
grand nombre de patients. Une fois cette phaseetihinée et le résultat satisfaisant, le
médicament peut obtenir ’TAMM, et la derniére phasesuivi a long terme (phase 1V) est
enclenchée. Malgré la multitude de médicaments ldgpés au sein des différents
laboratoires académiques, peu d’entre eux arrivexdranchir 'étape des essais cliniques et
encore moins nombreux sont ceux qui obtiendrontAM®.

Ce travalil de thése se situe en phase préclinijue des vecteurs développés ici entrera-t-il

un jour en phase clinique afin d’aboutir a de n@uwetraitements ?

13
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Introduction

1. La thérapie génique

Le principe de la thérapie génique consiste enrichiction de matériel génétique dans une
cellule cible afin d’obtenir un effet thérapeutiqueepuis le premier essai clinique de
Rosenberget al en 1989 [1], le nombre dessais cliniques dansmiende n'a cessé
d’augmenter (Figure 1). D’aprés le site de « Thermuf Gene Medicine — Gene Therapy
Clinical Trials Worldwide », 1714 essais cliniques thérapie génique étaient approuvés, en

cours ou complétés dans le monde en juin 2011.

LE l"\..'JIk"u
71
117
B9
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112
101
85
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108
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116
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L¥i
51
67
38
i
14 : s .y
3 Number ot Gene Therapy Clinical Trials

Approved Worldwide 1989 - 2010

141
The Journal of Gene Medicine; € 2011 John Wilsy and Sons Lid www.wiley.co_uk/ganmad/ dinico

Figure 1: Nombre d’essais cliniques approuvés par an eh®89 et 2010.

Source : http://www.abedia.com/wiley/years.php 062011

Au départ, I'objectif premier était de corriger dgénes défectueux impligués dans des
maladies génétiques héréditaires et nécessitattrtaction d’un géne a long-terme. Entre-

temps, le nombre d’indications a augmenté et la pdpandue est maintenant le cancer avec
presque 65% des essais cliniqgues concernés damsnide [2]. Ces travaux de thése se sont

focalisés sur deux types de cancers, le mélanoteegbme (voir §4).
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Introduction

Plusieurs approches ont été testées a travers ifiésedts essais cliniques : antigenes,
cytokines, facteurs de croissances, genes suigdepresseurs de tumeurs, siRNA, ADN et
d’autres encore. Nous nous sommes intéressés awddeniéres, basées sur I'utilisation des
SiRNA et de 'ADN plasmidique.

1.1. La vectorisation

Pour introduire ces acides nucléiques dans laleadible, plusieurs techniques différentes ont
été étudiées [3]. D'un c6té, il existe des méthopkgsiques qui provoquent des effets
uniquement locaux. Ce sont par exemple, I'électrajan qui est basée sur I'utilisation de
pulsations électriques ; la « gene gun » qui est sorte de pistolet permettant d’introduire
des particules de métaux lourds recouvertes denpl@asADN sous forte pression ; ou encore
la sonoration qui exploite les ultrasons afin dergabiliser la membrane cellulaire.

En parallele, des techniques de vectorisation selogpent permettant idéalement une
injection par voie systémique. Dans ce cadre, istexdeux grandes classes de vecteurs, les
vecteurs viraux et les vecteurs non-viraux. Cegides peuvent encore étre divisés en sous-
classes selon leur nature: vecteurs lipidiquescteves polymeéeres ou vecteurs
peptidiques/protéiques [4].

Dans les essais cliniques, la vectorisation utitigkes virus est majoritaire contrairement aux
vecteurs non-viraux (http://www.abedia.com/wileyti@s.php). L'avantage des vecteurs
viraux est leur capacité naturelle a introduirenlatériel génétiqgue dans la cellule hote. Par
contre, 'usage de virus, pouvant induire des réperimmunitaires indésirées, et notamment
des virus réplicatifs, nécessite des précautiongoitantes pour éviter un retour a la
pathogénicité, ce qui augmente leur colt de prasluctnais aussi le colt des essais cliniques
[5]. De plus, la taille des genes gu'’ils peuveangporter est limitée [6].

En revanche, les vecteurs non-viraux ne présemastces inconvénients et ont en plus
'avantage d'étre facilement formulés, ce qui dingnles colts de production [2, 7]. Par
ailleurs, ils peuvent étre aisément modifiés aércibler des cellules précises, en utilisant soit
des ligands spécifiques pour un ciblage actif, soitecouvrement de surface qui augmente la
furtivité pour un meilleur ciblage passif [8, 9].

Une administration par voie systémique a l'avantdgngendrer un effet thérapeutique
rapide et de ne pas étre limitée par la localisaties cellules cibles. De plus, dans le milieu

hospitalier, cette voie d’administration est pré&car elle peut étre facilement appliquée a
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tous les patients. Pour ces raisons, cette voidndfastration a été privilégiée durant ce
travail de these.
Par ailleurs, le vecteur doit posséder différeprepriétés pour permettre au géne de franchir
les nombreuses barriéres biologiques pouvant sempier, avant d’atteindre la cellule cible et
d’y effectuer son action (Figure 2). Les barriegefsanchir entre le site d’administration et le
site d’action, les outils pour développer un vecteudéal », tout comme des exemples de
vecteurs non viraux pour administrer des siRNA e systémique ont été décrits dans la
revue bibliographique réalisée en premiére paréetitese [4] et ne seront donc pas re-
détaillés ici. Nous rappellerons simplement briegetnquels sont les objectifs a atteindre
pour un vecteur « idéal » :

1) protéger le gene d’'une éventuelle dégradationggmniicléases présentes dans le flux

sanguin,

2) étre furtif afin d’éviter son élimination par lesdsgme immunitaire,

3) atteindre la cellule cible sélectionnée par unagblpassif ou actif,

4) étre internalisé dans la cellule,

5) délivrer l'acide nucléique intact dans la cellulénade permettre une action

thérapeutique.

P> T (_« Enzyme

Q Protéine
Acide

nucléique /
i

) "
Q Protection

- @ 3&4‘(%) !gﬁ’g’w;@Q} 7/ H

3 !
‘*(’ Q f(qu\(ﬂ /_j\ )b soe® (_)’JN(J(L N‘(A‘ C"J L

= SIRNA ?
000 /P ﬁmﬁ
2 99% an ) ~C
95’0 NN d 1%
Protéines Sali S
Action ADN Felivighce Internalisation

Figure 2 : Barriéres a franchir pour permettre I'action dasides nucléiques
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1.2. Les acides nucléiques

Deux types d’acides nucléiques ont été étudiéssiREIA et 'ADN plasmidique, tous deux
constitués de nucléotides ayant un poids moléeuldienviron 330 g/mol et portant une

charge négative due a un groupement phosphate.

Les siRNA
» Ce sont des petits ARN interférents double brin, mosés de 21 a 25 paires de bases,
capables de diminuer ou inhiber la synthese desjpres une fois dans le cytoplasme
de la cellule cible [10].
» Le mécanisme d’action et les limites du processusmé « interférence d’ARN »
sont décrits dans la revue bibliographique [4].
» La plupart des essais cliniques repose sur l'adimation de siRNA non vectorisé
pour applications locales comme dans le cas degé@nd#escence maculaire (MDA).
En complément de la revue bibliographique, le t@bl@ montre quels sont les quelques
vecteurs de siRNA non-viraux administrés par irdon intraveineuse qui sont actuellement

en essai clinigue. La description de ces vectestrglétaillée dans la revue bibliographique

[4].

No nom vecteur maladie P“?Se periode d'essai sponsor
clinique
1 | PRO-040201 | TKM-ApoB Hypercholestérolémie [ 06/09—01/10 | 1ekmifa Pharmacelticals
Corporation
2 At027 AtuPLEXes Hasmees Suiincs | 06/09 — 12/11 Silence Therapeutics AG
avancées
Stabilized : ;
3 CALAA-01 : Tumeurs solides | 05/08 - 03/12 Calando Pharmaceuticals
nanoparticles
. 03/09 — 08/11 .
4 ALN-VSP02 SNALPs Tumeurs solides 07/10 — 01/12 Alnylam Pharmaceuticals

Tableau 1: Essais cliniques utilisant des siRNA vectoraésninistrés par voie systémique (infusion en iv)
Source : clinicaltrials.gov 14/10/2011

L’ADN plasmidique
> |l est beaucoup plus grand et peut comporter emteecentaine et quelques milliers de
paires de bases [11].
» Il doit, contrairement aux SiRNA, atteindre le noyaellulaire pour utiliser la

machinerie cellulaire et exprimer la protéine copaele plasmide [11].
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» Ceux utilisés dans ces travaux de thése sont snpdie HSV-tk avec 4384 paires de
bases et le plasmide gWI? luciférase qui comporte 6732 paires de bases.

Dans le cadre de cette thése, le plasmide gWikciférase a été utilisé pour quantifier
I'efficacité de transfectionn vivo et comme plasmide modeéle dans le développemdat et
caractérisation physico-chimique des nouveaux uestADN formulés. L’efficacité de
transfection est déterminée en quantifiant la bhescence générée par I'oxydation du
substrat luciférine ajouté au moment de la quaatiibn. Cette oxydation se fait en présence
d’ATP et de I'enzyme luciférase qui est expriméeéaptransfection du plasmide et qui
catalyse cette réaction [12].
L’efficacité de traitement, en revanche, a étémétece en utilisant le plasmide HSV-tk suivi
d’'un traitement au ganciclovir (GCV) dans le cadh@gne approche par géne suicide ou en
anglais « gene directed enzyme prodrug therapyDE@ET) [13, 14]. Le GCV est une
prodrogue non-active et non-toxique. L'’enzyme H8Vp@uis d’autres phosphorylases, sont
nécessaires pour phosphoryler le GCV et I'activerGCV-triphosphate actif est un analogue
de nucléoside et inhibe I'action des polymérasedNADe qui conduit a la mort cellulaire
(Figure 3).

. Enzymes
endogenes Inhibe la

polymérase ADN

- mort cellulaire

Métabolite actif

HSV-tk = thymidine kinase du virus Herpes simplex
GCV = ganciclovir
P = phosphate

Figure 3 : Mécanisme d’action de I'approche par géne swedHSV-tk/GCV)

Cette approche utilisant des génes codant poueniegmes combinée avec des pro-drogues
n’est pas restreinte au systeme HSV-tk/GCV, ménee siouple est utilisé majoritairement.
Une multitude d’autres enzymes et de pro-droguégadement été étudiée dans la littérature
et testée dans différents essais cliniques. Darableau 2 sont présentés quelques essais

cliniques en cours, utilisant soit le couple HSMaKN soit PNP/Fludarabine (PNP =
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phosphorylase de nucléoside purine qui transforen8uldarabine en 2-fluoroadénine, son
métabolite actif). Il est a noter que I'approche gane suicide dans les essais cliniques se fait
en général en utilisant des vecteurs viraux, soles injectant directement, le plus souvent en

intratumoral, soit en modifiant des lymphocygasvivo

No nom vecteur Harla maladie p_h_ase periode d'essai sponsor
enzyme/prodrogue clinique
e Hematological
1 HSV-tk lymphocytes | Lymphocytes modifiés HSV-tk/GCV Maligrancies letll 07/02 —12/11 MolMed S.p.A.
Assistance Publique—
g | Doner WmBhOGHE | pormsreniee misainias HSV-t/GCV Hematological leth | 02110-12/12 |  Hopitauxde Paris
infusion Malignancies Université Paris 12 et
6
. . Great Ormond Street
g | DoNSr WMBROGHE | ornsreniee misainias HSV-t/GCV Haploidentical Stem | | i\ | 41/11_09/15 | Hospital for Children
infusion Cell transplantation
NHS Trus
Ad5.SSTR/TK - L . University of Alabama
4 RGD Adénovirus HSV-tk/GCV Cancer des ovaires 08/09 — 12/11 at Birmingham + NCI
Ady—y Henry Ford Health
5 CD/mutTKSR39rep- Adénovirus HSV-tk/GCV Cancer de la prostate Ihetll 12/07 - 12113 ry
System
ADP
. . . . Biotech Equity
6 FP253 Ovine atadénovirus PNP/Fludarabine Cancer de la prostate 03/08 — 12/12
Partners Pty Ltd
Cancer de la téte et
7 Ad/PNP Adénovirus PNP/Fludarabine ducau D2i1-ogrnz | PNFTherapeutics,
Tumeurs solides Inc.
avancées

Tableau 2: Essais cliniques a base de plasmide ADN utii$approche par géene suicide actuellement en
cours ou récemment terminés

Source : clinicaltrials.gov 14/10/2011

2. Les nanovecteurs étudiés

Au sein des laboratoires, Inserm U646 a Angersgerm U915 a Nantes, deux types de
vecteurs prometteurs ont été développés respedaivietes nanocapsules lipidiques (LNC) et
les systémes multimodulaires (MMS). Les deux sys&mont basés sur la formation de
lipoplexes (complexes entre lipides cationiquescides nucléiques) [15].

2.1. Les lipides cationiques

Un grand nombre de lipides cationiques a été dépéldp ce sujet et des stratégies de
synthese ainsi que des exemples de la littératume decrits dans la revue bibliographique
présentée en annexe [16].

Les lipides cationiques ont une structure commun@eut se diviser en trois domaines : une
téte polaire, une queue lipophile et un bras espagei relie les deux (Fig. 4). La partie

lipophile peut étre composée soit d'une ou de plusi chaines aliphatiques soit de
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cholestérol. La téte polaire peut porter une osiplurs charges positives, souvent sous forme
de fonctions amines, qui permettent d’interagircales phosphates des acides nucléiques,
chargés négativement, afin de former les lipoplexas bras espaceur a une influence
importante sur la stabilité et la biodégradabiitélipide.

bras téte

Queue lipophile :
espaceur polaire

Figure 4 : Structure schématique des lipides cationiques

Les lipides cationiques peuvent étre classés enephsscatégories, soit en fonction de leur
téte polaire (monocationiques, polycationiquesk &m fonction de leur queue lipophile
(dérivés du cholestérol ou possédant des chairessay aliphatiques). Pour ce travail de
these, trois lipides cationiques DOTAP (1,2-diolgytrimethylammoniumpropane), BGTC
(bis(guanidinium)-tris(2-aminoethyl)amine-cholestgr et DOSP (dioleylamine-succinyl-
paromomycine) (Fig. 5) ont été utilisés en présemcabsence d'un lipide neutre, le DOPE
(1,2-dioleyl-sn-glycero-3-phosphoethanolamine) (lB)g Le lipide DOTAP est composé d’un
groupement amine quaternaire en téte, portant urege positive, et deux chaines
aliphatiques insaturées constituant la partie Ijplep Ce lipide cationique a déja été
largement étudié pour la transfectimnvitro etin vivo [17, 18]. Le lipide BGTC comporte
deux charges positives sur des groupements de djuaniet une queue hydrophobe de
cholestérol. Le BGTC s’est avéré efficace pourdagfection d’ADN plasmidique [16, 19].
La téte polaire du lipide DOSP est un dérivé d'amipcoside portant quatre charges
positives. Son segment lipophile est constituéalexahaines aliphatiques. Pour ce lipide, les
interactions avec I’ADN sont moins importantes gabes entre siRNA et lipide cationique et
il s'est avéré plus efficace pour la transfectiom sIRNA. Cela est lié au fait que les
aminoglycosides sont utilisés comme antibiotiquedcg a leur interaction avec I'ARN
ribosomal bactérien [16, 20, 21]. Le lipide DOPE{ en lipide neutre, parfois aussi appelé
« helper lipid » car il facilite I'échappement esdmal grace a ses propriétés fusogéniques
[22, 23].
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Figure 6 : Structure du lipide neutre DOPE

2.2. Les lipoplexes

Pour la formation des lipoplexes, les lipides adtjoes en présence de DOPE ont été
préparés sous forme de liposomes, le lipide DOSRb=ence de DOPE sous forme de
micelles. Les liposomes ou micelles préparés antritlangés aux acides nucléiques ADN ou
siRNA, en présence de NaCl, pour former les lipogde Le rapport de charge (CR), défini
comme le rapport des charges positives apportéetepdipides sur les charges négatives
portées par l'acide nucléique [+/-], a une grandiguénce sur la stabilité colloidale des
lipoplexes. Celle-ci peut étre mise en évidencedearmesures de taille, de fluorescence et en
effectuant des électrophoreses a différents rapmtatcharge [24]. Le bromure d’éthidium
(BET) utilisé pour faire les mesures de fluoreseeetles électrophoreses est un intercalant
d’ADN. La fluorescence émise peut seulement étteatiée si le BET arrive a s’intercaler,
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cependant si I’ADN plasmidique est entierement dexgpar les lipides cationiques, le BET
n’arrive plus a l'atteindre et, en conséquenceunadluorescence ne peut plus étre détectée.
En général, trois zones distinctes peuvent étrerahiiées (Fig. 7). Dans la zone A, l'acide
nucléique n’'est pas encore entierement complexénaarque de lipide cationique. Cela se
manifeste par une petite taille, une fluoresceriegéé et une charge de surface négative.
Ensuite, en zone B, la quantité de lipide catioeiguid’acide nucléique est équivalente, ce qui
conduit a une charge de surface neutre et provagaeagrégation des complexes menant a
une taille élevée. La fluorescence en revanchéasste car I'acide nucléique est entierement
complexé. Dans la zone C, la quantité de lipideoajue est supérieure a la quantité d’acides
nucléiques provoquant une charge de surface pesilive répulsion des complexes et donc
une petite taille. La fluorescence est égalemessd@uisque I'acide nucléique est toujours
entierement complexé.

== Lipide cationique "
charge (+) du lipide

—/"_ ADN Rapport de charge =
— . charge (-) de 'ADN
a lipoplexe
Zone A Zone B Zone C
4 -y s -

AN

e o

k \_R' - —
Zone A B Cc
Rapport de charge faible intermédiaire éleve
Stabilité colloidale stable instable stable
taille petite grande petite
Charge de surface negative (prante d.e,la) positive
neutralite
Complexation de . \ R .
ADN incompléte compléte compléte

Figure 7: Propriétés des lipoplexes en fonction de leur mpge charge
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2.3. Les nanocapsules lipidiques classiques

Les nanocapsules lipidiques (LNC) classiques sanmisttuées d'un cceur liquide de
triglycérides et d’'une coque rigide composée dehiée et de chaines de polyéthylene glycol
(PEG). Le procédé de formulation est simple et lsasd’'inversion de phase d'une émulsion
[25] (figure 8). Apres avoir mélangé toutes lesstdnants, trois cycles de température autour
de la température d’inversion de phase (PIT) sffectés, tout en agitant la formulation.
Une grande quantité d'eau froide est ensuite agoutpidement, ce qui provoque un
refroidissement et une dilution de la formulatiompaboutir a la formation de LNC. La taille
des LNC peut étre modulée en ajustant la quangisédifférents constituants pour obtenir au
choix des LNC de 20, 50 ou 100nm.

L

——

Emulsion E/H | 95°C

(

|::> 3 cycles ) = Triglycérides

Lécithine

(73°C) (0°C . :
Constituants de LNC: ( ) LNC cla53|ques
Solutol (HSPEG/PEG) Ceeur liquide et coque rigide

Lipoid (l&cithine de soja) y
Labrafac (triglycérides) Emulsion H/E 600C

Nacl
Eau
- Température [°C]

Figure 8 : Procédé de formulation des nanocapsules lipidiu

2.4. Les nanocapsules lipidiques ADN

Précédemment, cette formulation de LNC classiqu#é anodifiée pour encapsuler de 'ADN
[26] en remplacant la lécithine par un autre lipitee Plurol, constitué de polyglycéryl-6-
dioléate (figure 9). La présence de ce nouveauldips’est avérée indispensable pour

'encapsulation de 'ADN et a entrainé une netmaidution de la température d’inversion de
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phase de 73°C a 28°C. L'ADN a été complexé avedipdesomes DOTAP/DOPE au rapport
de charge de 5 avant de les ajouter aux autredittamss et de poursuivre le procédé de
formulation classique. En utilisant les quantitéscdastituants menant a une formulation
classique de 50 nm, cette nouvelle formulation grtes aprés encapsulation des lipoplexes
d’ADN une taille d’environ 120 nm et un potentieéta positif d’environ 30mV. Un
recouvrement de la surface avec des longues chatnB&G (DSPE-PEG2000) augmente le
temps de circulation dans le sang et méne a dedsobg taille similaire, mais avec un
potentiel z&éta négatif (-17mV) di aux dipbles négajui se forment au sein des chaines de

PEG [27]. Ces LNC ADN se sont avérées efficaces poe transfectiomn vitro etin vivo

[28-30].
| | A

Emulsion E/H | 85°C

|::> 6 cycles

= TIP - q
U i * /
Constituants des LNC ADN:
Solutol (HSPEG/PEG) LNC ADN PEG

Plurol (polyglycéryl-6-dioleate) .
Labrafac (triglycérides) Emulsion H/E 1 5°C

NaCl
Lipoplexes (DOTAP/DOPE/ADN)
) Température [°C]

Figure 9: Procédé de formulation des LNC ADN (PEG)

2.5. Les systemes multimodulaires ADN

Les systéemes multimodulaires (MMS) ADN sont égaleineenstitués d’'une structure double,
avec un ceceur de lipoplexes et une couronne compisédabilisateurs stériques. Pour la
formulation de ces MMS ADN, un rapport de chargesdia zone B a été choisi, afin

d’obtenir des objets neutres. Comme une chargeudace neutre méne a l'agrégation des
complexes, I'ajout d’'un stabilisateur stériqueirdispensable pour obtenir une petite taille et
une stabilité colloidale des systemes permettaresiénjecter ensuite par voie systémique.
Les MMS ADN « classiques » sont constitués d'unsiplige luciférase et de liposomes
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BGTC/DOPE a un rapport de charge de 2 et d’'un gopdle a blocs, le F108, constitué
d’'unités de polyéthyléne et de polypropylene, aapoat polymére/ADN de 300 [31]. Pour la
formulation, les constituants sont simplement ngdanles uns avec les autres et laissés 20
mn a température ambiante, permettant aux MMS ADNeal&ormer (figure 10). Un ligand
galactose peut étre rajouté au stabilisateur se€iqu8 pour cibler les hépatocytes, formant

ainsi des GAL ADN MMS. Ces vecteurs se sont avéifésaeesin vitro [31]

Incubation
20 min, TA

) \ — AN
\ polymére S
liposomes $ @)

MMS ADN (GAL)

Figure 10: Formulation des MMS ADN (GAL)

3. L'imagerie sur I'animal entier

Afin d’analyser la distribution des vecteurs déygés apres injection systémique chez la
souris (injection intraveineuse dans la veine ck)dane sonde fluorescente émettant dans le
proche infrarouge, le DiD (1,1'-dioctadecyl-3,33tetraméthylindodicarbocyanine
perchlorate), a été encapsulée dans les diffékauteurs avant leur administration. Le DiD
n'étant pas soluble dans l'eau, il est encapsulés da phase huileuse ou lipophile des
vecteurs (le labrafac pour les LNC et le film lipjde pour les MMS), ce qui renforce ses
propriétés optiques [32]. A noter est que la quérte DiD et la quantité de lipide n’était pas
la méme pour les différents systemes et en conaégqua fluorescence n’est pas comparable
dans l'absolu pour les différents systemes (0.01dg/ DiD/injection avec un rapport
DiD/lipide de 1/100 pour les MMS et 0.04 g/l de Dipection avec un rapport DiD/lipide de
4/10 000 pour les LNC).

Ces vecteurs fluorescents ont été ensuite suivisiagerie par biofluorescenae vivo (BFI).
Cette technique rapide, simple et relativement ga@uiteuse est un processus non-invasif, ce
qui permet de réduire le nombre d’animaux utilig&3]. De plus, les différents vecteurs

peuvent étre suivis en fonction du temps sur le en@mmal, ce qui permet d’obtenir des
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informations plus détaillées. Pour cela, les sosdat anesthésiées par de lisoflurane et
introduites dans I'imageur qui est équipé d’'une &anj34] qui détecte la fluorescence. Pour
avoir une vue plus générale et pour mieux idemtiBs différents organes, les images sont
prises en vue latérale et en vue décubitus domBalecontre, I'imagerie par fluorescence n’est
pas une méthode réellement quantitative et dépessi du tissu étudié et de sa localisation
[35].

Le méme appareil peut servir également pour suiesgression de la luciférase dans
I'animal entier en utilisant I'imagerie par biolungéiscencén vivo (BLI). L'animal recoit une
injection de luciférine (en intrapéritonéal) enviroing minutes avant I'acquisition, puis il est
anesthésié et placé ensuite dans I'imageur. Lecipende la réaction chimique a déja été
décrit dans le paragraphe 1.1.2. au niveau deéseptation du plasmide gWI? luciférase.
Au cours de la these, cette imagerie BLI a étéostrtitiisée pour suivre la croissance

tumorale de cellules de mélanome exprimant conisknent la luciférase.

4. Les types de cancer étudiés

Deux types de cancer ont été etudiés pendant thétse utilisant des modeles sous cutanés

chez la souris, le mélanome et le gliome.

4.1. Le mélanome

Les mélanocytes qui se situent dans la peau ouldsuysux produisent de la mélanine et sont
a l'origine de leur pigmentation. Le paradoxe de cellules est que, d’une patrt, ils jouent un
réle important dans la prévention des cancers dpelu en protégeant I'épiderme des
radiations UV, mais d’autre part, ils sont égalenmestprécurseurs du mélanome, la forme la
plus agressive du cancer de la peau [36, 37]. langstic de mélanome dépend de
'avancement de la maladie et de la présence oudeomeétastases. Aprés un diagnostic
précoce, le mélanome est le plus souvent traifgraiquant la chirurgie (dans 80% des cas),
et le pronostic vital se situe alors entre 75 & survie a 10 ans ; mais, si le diagnostic est
trop tardif et qu’il y a présence de métastaseprdaostic devient assez sombre (entre 20 et
70% de survie en fonction du stade du mélanomegaiouveaux traitements efficaces ont

besoin d’étre développés [38, 39].
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Pour analyser la distribution des différents vetalans une situation qui ressemble le plus
possible a la situation chez 'homme, un modélaatdpique (dans le méme tissu, c’est-a-
dire la peau) de mélanome humain sur des sourie auété développé dans le laboratoire
Inserm U613 a Brest. Pour cela, des cellules hurealeemélanome (SK-Mel28) exprimant
constitutivement la luciférase ont été cultiveesmgtlantées en transdermique dans le flanc
droit des souris nude. Ces souris sont athymiquetin@nuent donc le rejet des cellules
tumorales implantées. Puis, la croissance tumaadé suivie en utilisant I'imagerie par

bioluminescenca vivo.

4.2. Le gliome

Les gliomes incluant les astrocytomes et les ghistolmes sont des tumeurs du cerveau qui,
malheureusement, ont un diagnostic trés peu faw({db]. Les gliomes de grade | et Il sont
en régle générale des astrocytomes bénins qui peétwe éliminés chirurgicalement. Pour
les tumeurs de grade I, la médiane de temps deesesst de 6 a 8 ans. Mais, si I'agressivité
atteint les grades lll (astrocytomes anaplasiqoasv (glioblastomes), ce temps se réduit a
seulement 2 & 3 ans (grade lll) voire moins [43 chirurgie devient de plus en plus difficile
car l'infiltration dans les tissus sains est trofarecée pour éliminer l'intégralité du tissu
tumoral sans abimer les parties saines du cerveaur ces gliomes de haut grade, le
traitement standard consiste a éliminer le plusisl tumoral possible puis d’effectuer une
radiothérapie et une chimiothérapie avec du ténooaiole [42, 43].

Afin d’étudier I'efficacité de nos traitements saamgoir besoin de chirurgie, un modéle de
gliome sous-cutané a été développé au laborataserrh U646 a Angers. Des cellules
humaines de gliome U87MG cultivées au laboratair@ smplantées en transdermique dans
le flanc droit de souris Swiss nudes. Ces souhnignaigues ont été choisies pour éviter le rejet
de la tumeur. Pour déterminer 'efficacité du eaient, le volume tumoral a été déterminé en
mesurant régulierement la longueur et la largedademeur, et par le calcul selon la formule

V = n/6*longueuf*largeur.
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5. Les objectifs de these

» Développer de nouveaux vecteurs pour administres dBRNA par voie systémique
En premier lieu, I'objectif de cette these étaitddeelopper de nouveaux vecteurs de siRNA,
en s’inspirant des vecteurs ADN existants. Dansbag unerevue bibliographique,
constituant la premiere partie de ce manuscritsgne les vecteurs non-viraux de la
littérature permettant d’administrer des siRNA paie systémique. La deuxiéme partie
(Conception et caractérisation débute par la description de LNC de siRNA obtsnae

partir de différents lipides cationiqueBublication No 1).

» Poursuivre la caractérisation des vecteurs ADN eaigs
Dans un deuxieme temps, nous avons mis au poirtogsage ADN permettant de mieux
caractériser nos vecteurs ADN, et développé de emuww systemes multimodulaires ADN a
I'aide du lipide cationigue DOSP. L'analyse de latdbution de ces vecteurs sur des souris
saines a été réalisée en imagerie par biofluorescafic de compléter leur caractérisation
(Publication No 2.

» Etudier I'efficacité de ces vecteurs ADN sur des aetes tumoraux de mélanome et
de gliome

Dans ce troisieme objectif, les LNC ADN ont ététdes sur un modele orthotopique de
meélanome, en étudiant leur distribution et leurcaffité dans une approche par géne suicide
(Publication No 3. Les DNA MMS, n’ayant encore jamais été testégiwo, ont d’abord été
étudiés sur un modéle de gliome en comparaisonlasddNC ADN (préalablement décrites
dans le modéle gliome par Morillet al. [29]. Puis, un traitement basé également sur
'approche par gene suicide, a été appliqué sun@me modele a partir des vecteurs les plus

prometteursRublication No 4).
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administration systémique
dans la littérature
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7

\° Peptides et protéines
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Une recherche bibliographique approfondie sur letsdg la délivrance de petits ARN a
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deuxieme partie, différents vecteurs non-virauksdts pour administrer des siRNA par voie

systémiquen vivo, décrits dans la littérature, sont présentés.
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ABSTRACT

To use siRNA (small interfering ribonucleic acide)y systemic administration, a delivery

system is often necessary to overcome barriersdagtvadministration and the target sites.
These delivery systems require different propetbtdse efficient. On the one hand, they have
to protect siRNA from degradation and/or inactivatiand, on the other hand, they have
themselves to be stable in blood and possess Istgadperties to avoid elimination and

degradation. Active and/or passive targeting shdwdlp the delivery system to reach the
desired cell type or tissue, to be internalised, @ndeliver sSiRNA to the cytoplasm so that
SsiRNA can act by RNA interference and inhibit protgynthesis.

This review presents an overview of different naalvdelivery systems, which have been
evaluated in vivo or entered in clinical trialstkva focus on their physicochemical properties
in order to help the development of new and effitisiRNA delivery systems, as the

therapeutic solutions of tomorrow.

Keywords: siRNA, delivery system, physicochemiocaperties, gene silencing
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1. INTRODUCTION

SIRNA (small interfering ribonucleic acids) can ibiithe gene expression of specific
proteins by a mechanism which is called RNA intexfiee (RNAI). This technology presents
a promising new approach and is on the rise sitscaiscovery in 1998. Delivery systems, of
various origins, can help siRNA to overcome basriter systemic administration to enhance
their efficacy.

Nanotechnology is a research field which has gamémt of interest over the last few years.
As nanosystems were developed to target druggrelift research teams have combined these
technologies to create nanosystems for sSiRNA delivehis area of research started about ten
years ago, and progress in this field is very rapidt only few systems have yet been
evaluatedn vivoor undergone clinical trials.

In this review different nanosystems will be prasenwith a focus on their physicochemical
properties. To develop a new therapy, the actioohaeism of the drug and the properties of
the system have to be examined. With this aim indniwe will first present the RNAI
mechanism with its advantages and limits and wiknt describe the different delivery
systems and their required properties to deliv&@Ng#l in an efficient manner to the
cytoplasm, the action site of SIRNA. Later, promdgi non-viral delivery systems have been
selected from the literature, and are presented galaith comparisons of their

physicochemical properties.

2. RNAINTERFERENCE

RNA interference (RNAI) is a natural mechanism ehg silencing conserved in plant and
mammalian cells. This process, related to norm&rae to protect the genome, inhibits
protein synthesis by targeting a specific messe®jh (MRNA) for degradation [1]. This
mechanism was first described in Petunia flowers9@0 and later named post-transcriptional
gene silencing. In 1998 Firet al. discovered RNAI in the nematode. Elegans[2] and
received the Nobel Prize in physiology or medicine2006 for their discovery. This
technology represents a promising new strategydfag target validation and the study of
functional genomics, but since its discovery, i ladso rapidly emerged as having promising

therapeutic potential for human diseases.
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2.1. The RNAI pathway

The RNAI pathway is located in the cytoplasm of de#l and can be divided into 2 phases:
the initiation phase (generation of effector molespyand the subsequent effector phase (the
actual RNAiI mechanism). There are two groups cgaéfr molecules: small interfering RNA
(siRNA), which are generally composed of 21 — 28leotides (nt) double-stranded RNA
(dsRNA) segments with two nucleotide 3’-overhangsd micro RNA (miRNA), which
generally consists of 22 nt dsSRNA segments. Thesiggion of SIRNA, on the one hand,
begins in the cytoplasm with the cleavage of losBMA by Dicer (a multidomain enzyme of
the RNase Ill family). The generation of miRNA, tre other hand, begins in the nucleus
where endogenously-encoded primary miRNA transer{ptri-miRNA) are processed into
precursor miRNA (pre-miRNA). Then pre-miRNA (witin anperfect stem-loop structure) is
transported in the cytoplasm where it is cleavedimer. In the effector phase, siRNA and
MiRNA are unwound and then assembled into RNA-iedusilencing complexes (RISC).
Activated RISC contain only single-stranded (amiss SiRNA or miRNA, guiding RISC to
its complementary target mMRNA. SiRNA generally Ipgsfect sequence complementarity
with its target messenger RNA (mRNA) and inducde-specific cleavage of the mRNA
(Fig. 1), contrary to miRNA which has typically imfect sequence complementarity which
leads to translational repression without mRNA ddgtion. The result of both pathways is
the inhibition of protein synthesis [3-8].

Initiation phase

T —@> Wiong
dsRNA DICER siRNA ce
assembly\ RISC

@ @D/ @)
T “ RISC activati
mRNA activation
mRNA degradation _—

Proteins

Effector phase

Figure 1: Mechanism of RNA interference by siRNA

This mechanism can be divided in 2 phases, thatioih phase (SiRNA production) and the effectoagh
(siRNA acts to induce gene silencing). SIRNA aredoiced from long dsRNA by cleavage of Dicer anchthe
assembled to RISC. The antisense siRNA strand guile complex to the target mMRNA where mRNA

degradation is initiated to inhibit protein syntises
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2.2. Strategies to trigger RNA interference

It is possible to exploit this native gene silemcipathway for regulating genes of interest.
There are three basic strategies to trigger RNAinftoduction of a DNA plasmid in the
nucleus of the target cell, 2. delivering precumsmlecules (dsRNA to generate siRNA, or
shRNA to generate miRNA) or 3. delivering synthetiBNA to the cytoplasm of the target
cells. The third strategy is a simple way to indpogent gene silencing with a transient effect,
whereas the two first strategies have the poteotibking stably introduced, for example by a
single treatment of viral vector-delivered shRNAge [9].

In this review, we will limit ourselves to the ttistrategy, the delivery of synthetic siRNA.
Advantages of this strategy include the relativefsy chemical synthesis of small RNA
molecules, the lower probability of nonspecific seffects, and the safety due to the fact that
siRNA delivery is based on non-viral transfer sigiés and siRNA cannot integrate into the
genome [3]. Furthermore, siRNA only needs to rethehcytoplasm of the cell, contrary to
DNA-based strategies which start in the nucleud,thay do not require the action of Dicer.
Limits of this strategy are their short half lifenfnodified, naked siRNA are rapidly degraded
by nucleases) and their difficulty to cross cellulmembranes due to their large molecular
weight (around 13kDa) and their negative phospbhtgges (around 40) [10]. These limits
can be reduced using a vector which can prote¢tAjRaugment their half-life time and help
to cross cellular membranes.

Another limit is the induction of non-specific sidd#fects and the activation of an innate
immune response. RIG-I like receptors (RLR) as RI@tinoic acid-inducible gene 1) or
MDA5 (melanoma differentiation-associated antigenabyl Toll-like Receptors (TLR) as
TLR3, TLR7, TLR8 and TLR9 are involved in viral daic acid recognition. RIG-I and
MDA5 are cytosolic helicases and essential for g viral infection whereas TLR3,
TLR7, TLR8 and TLR9 are located in the endosomatmim@ane and largely dispensable for
effective antiviral defence. These receptors setsm able to recognize synthetic siRNA.
Different studies showed, that a well-defined molac structure, like 5’ triphosphate, rather
than a specific sequence motif could be the adivaf these receptors and induce an
interferon (IFN) response [11]. Marque$ al showed also in their study [12], that the
structure of siRNA (siRNA with blunt ends or withn2 3’ overhang) but also the length of
the siRNA (23 — 27 nt) had an influence on thevation of an IFN response. SIRNA with 2-
nt 3’ overhang and short sequences (23 nt) hadinésence and should be favoured when

using synthetic SIRNA to minimize these non-speafde effects.
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3. SIRNA ADMINISTRATION AND DELIVERY SYSTEMS

The first point to think of when developing a drdglivery system for siRNA is whether
systemic or local administration is needed. Thigsien depends on the disease and the target
tissue or cell localisation. The advantages oflladaninistration are firstly, that only a simple
formulation is needed which leads to an easier prtialu and administration, and secondly,
that lower doses are required, which limits intliatar (concentration-dependent) immune
responses. But this technique is limited to tisghasare sufficiently accessible, such as skin,
lung or muscle [3,4]. In parallel, the principle adtage for systemic administration is the
rapid action and biodistribution but also the widage of application. Moreover in the clinic
many diseases require intravenous (i.v.) or intiggreeal (i.p.) injection treatment regiments.
For this reason, we chose to focus on systemicradtration by i.v. injection.

The biggest challenge in the use of siRNA-basedhthes by systemic administration is the
difficulty of siRNA delivery. To help siRNA reaché cytoplasm of the target cell, where
they can become effective and induce gene silendiiffigrent delivery systems have been
developed. They can be classified into two mairugso viral and non-viral delivery systems.
Viral delivery systems are mostly used to delivéiMplasmids or precursor molecules to
induce RNAI, whereas synthetic siRNA-delivery moremmonly occurs by non-viral
delivery systems. Both groups of delivery systemeehheir advantages and disadvantages.
Actually, there are five groups of viral deliveryssems used for RNAI (Retrovirus,
Lentivirus, Adenovirus, Adeno-Associated-Virus (AA\and Baculovirus) (reviewed in Li et
al. [13]). High transduction efficacy, due to the indr& ability of viruses to transport genetic
material into cells, is one of their advantageousperties [14]. But the potential of
mutagenicity or oncogenesis, several host immusgoreses, and the high cost of production
limit their application [10]. For these reasondfatent kinds of non-viral siRNA delivery
systems have been tested to avoid viral vectorsegfample, the injection of chemically-
stabilised or modified RNA, encapsulating siRNA microparticles, nanoparticles or
liposomes, binding siRNA to cationic or other pautate carriers).

This review will focus on the delivery of synthe§tRNA with non-viral delivery systems, in
particular, on nanosystems. Nanoparticles used ag delivery vehicles are generally <
100nm in at least one dimension, and consist démiht biodegradable materials such as

natural or synthetic polymers, lipids, or metalS][1
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4. NON-VIRAL NANOSYSTEM PROPERTIES

To deliver siRNA into the cytoplasm after systenaidministration, the chosen delivery
system has to possess different properties toflogeet; this is the subject of this section.

4.1. SiRNA protection

After systemic administration, naked siRNA (admirated without vectors) are rapidly
degraded by serum and tissue nucleases, excretd¢ldevkidney, or taken up by macrophages
of the mononuclear phagocyte system (MPS). The ezprence is that they do not have
enough time to reach the target and/or to perfdreir tftunction and so, gene silencing is
ineffective. There are different possibilities tooleng their circulation time in the
bloodstream and to protect siRNA from eliminationdainactivation (by enzymatic or
chemical degradation). SIRNA can be chemically rhedi(for example by phosphodiester
modification [16,17] or 2’-sugar modification [18]) or bioconjugated (for example with
lipids at one or both strands of siRNA [20]) (reved in De Paulaet al. [5]). These
modifications can protect siRNA from eliminationdamactivation but do not necessarily
augment the efficacy of gene silencingvivo. Another possibility is to use a synthetic vector
that should be inert (for example complexation wdétionic lipids or polymers, or
encapsulation into lipid particles (see below)).dAidnal properties like stealth or targeting

properties allow the enhancement of gene sileneffigacy and will also be described.
4.2. Stability and stealth properties

Effective gene silencing requires vector stabilagainst degradation or disassembly in blood
[21]) and stealth properties (to be undetectablenlagrophages) for the vector; the surface
charge of the vector is an important parametentsstability. In vitro, a positive surface
charge is advantageous for effective siRNA delivégcause it facilitates binding to
negatively-charged cell membranes and inducesupédlke [22]. Foiin vivo applications, a
positive surface charge is rather a handicap becaisractions with negatively charged
serum proteins such as serum albumin, lipoproteinigG proteins, can inhibit cell uptake.
Indeed Zelphatet al.[23] showed that non-specific interactions betweationic lipids and
serum proteins lead to neutralisation of the pasitharges and/or an increase in size, and
cause aggregation of the neutralised complexes. diterge neutralisation diminishes
interaction with cell membranes, size increase reslube internalisation efficacy, and the

aggregates can cause lung embolism [24]. Additipnakrum albumin may act as a steric
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barrier and inhibit endosomal destabilisation andiBNA release. Another important point
is that cationic complexes can activate the comepignsystem, which lead to opsonisation
and sequestration in Kupffer cells in the liver J[28Vhen organs of the mononuclear
phagocyte system (MPS) (spleen, liver ...) are tadjetectors can be used without surface
modification. In contrast, if the target is outsithe MPS, “stealth” nanocarriers are needed
[25]. To limit these interactions with charged serpmnoteins, the surface charge can be
masked by covering the vector with hydrophilic pobrs (such as (poly)ethylene glycol
(PEG), (poly)hydroxylpropyl methacrylamide (pHPMA) (poly)vinyl pyrrolidine (PVP))
[26] which form a dense, hydrophilic network arouth@ vector and limit hydrophobic or
electrostatic interaction with the extracellulardiugn. The result is a longer circulation time
by avoiding MPS-uptake [27] and a vector with digbiand stealth properties. Another
possibility is to use vectors with a near-neuttaface charge [24,28].

Vector size is another important parameter to dmrsio avoid MPS-uptake. To avoid
embolism, particles should be less than 1lum whey #Hre administered by intravenous

injection, but to escape MPS-uptake, the particdeneters should be less than 100nm [29].

4.3. Targeting

Once the delivery system is in the bloodstreammust reach the target cell or tissue. When
the targeted cell or tissue is a tumour and/ortextan the MPS, in general, targeting ligands
are unnecessary. For cells located in the MPS, aophages and complement system
activation will lead to an accumulation of the gehy system in the MPS. For tumour cells
outside the MPS, passive targeting can be achidyedhe enhanced permeability and
retention effect (EPR). This effect is based ondh&racteristics of tumour vasculation which
is usually not found in normal vascular tissue. Seheharacteristics include having high
vascular density due to extensive angiogenesignsite permeability induced by various
vascular mediators, a defective vascular architectamd impaired lymphatic clearance from
the interstitial spaces of tumour tissues [30]. cbserve this EPR effect, delivery systems
have to be larger than 40kDa with a long plasmélhalbecause smaller molecules usually
return to blood circulation without retention [3Hnpd it takes at least six hours for drugs in
circulation to exert the EPR effect [30].

For targets other than tumours or MPS, differepesyof ligands can be used (glyosylated
molecules, peptides, proteins or antibodies) depgndn the location and/or cell/tissue
properties in an active-targeting strategy. Asiblogprotein receptors (ASGPR) are tissue-
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specific receptors which are specific for hepatesydnd are expressed on their surface. To
target these receptors the vector has to be cowsregdlactose- or lactose-terminated ligands
[32]. Mannose receptors and mannose-related rasegte tissue specific for macrophages or
dendritic cells and recognise mannose as ligan@ssierrin receptors or folate receptors are
tissue-unspecific receptors because they are sechlon different cell types, but they are
over-expressed on many tumour cells. So, if theiaito reach tumour cells, transferrin or
folate can be the best ligands [33]. Other ligafmstumour cells are peptides with an
arginine-glycine-aspartic acid (RGD) motif. Thesgahds bind to integrins which are
heterodimeric cell adhesion receptors and are egpceon activated endothelial cells in
tumour vasculature [34]. Antibodies or antibodygfreents can also be used as ligands [35-
37]. The major problems with antibodies are thenhigst and the need of mammalian cells
for their production. Antibody fragments (Fab, BB¢Fv), in contrast, can be prepared in
bacteria or by the proteolytic digestion of intantibodies. The advantages of these fragments
are that interactions with non-targeted cells aguced (no Fc domains which bind to Fc
receptors in normal tissues), the potential fasuespenetration is enhanced and, economical
production without mammalian cells is possible [3Bhese ligands are often fixed on PEG
chains which facilitate the binding between thewdel/ system and the receptor, situated at

the target cell surface, and can help to interadhe vector with the siRNA.
4.4. Cellular uptake

When the delivery system has reached the targktste@NA has to be internalised into the
cell to reach the cytoplasm. Not all the interralen mechanisms are well understood but
there is evidence that endocytosis plays a majer fidie term endocytosis includes different
pathways as the “classic” clathrin-coated pit pathwhe caveolar pathway, one or more non-
caveolar, clathrin-independent pathways (CLIC patywphagocytosis or macropinocytosis
(reviewed in Khalilet al.[39] and Juliancet al.[40]). Rejmanet al showed that the size and
nature of the delivery system influence the intesaion mechanism. In their first study [41],
they used fluorescent latex particles of well-defisezes, instead of DNA lipoplexes that are
impossible to obtain in a homogenous way, and rfagpcytic B16 cells. An immediately
internalisation at 37°C for approx. 3h with abou®b@ccumulation after 30 minutes were
observed for particles up to 200nm in the perirarckegion, whereas particles of 500nm in
diameter showed a significant accumulation after 2 h in the periphery of the cells. There
was no uptake of 1,000nm particles. They also shaWwat particles up to 200nm in diameter
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were internalised by clathrin-mediated endocytediereas particles with a diameter larger
than 200nm entered by a caveola-dependent pathideese results demonstrated that the
particle size had an influence on the duratiorhefihternalisation process, the internalisation
mechanism, and the target location in the celedntrast, Spagnoet al [42] did not observe

a difference in gene silencing when they used wdiffe sizes of siRNA-lipoplexes (50 —
100nm or 200 — 600nn vitro. In their second study, Rejmai al. [43] demonstrated that
DOTAP lipoplexes were internalised by clathrin-nsdd endocytosis, wheras PEI
polyplexes were internalised by clathrin- and caaenkdiated endocytosis, but only the
caveola-mediated pathway was effective for trarngfeovith the polyplexes. Rather than a
size effect, these differences in transfectiorcedficy could be explained by the difference in

releasing nucleic acid from the different systems.
4.5. SiRNA delivery and action

After initial uptake, the delivery system is oftéransported in a variety of low pH
endomembrane compartments (early endosome, lateseméo lysosome) to be degraded
[44]. To reach the cytoplasm, the delivery systemaf least the siRNA) has to escape from
the endosome. In the literature, different hypotess are described for DNA-lipo- or
polyplexes but how this escape take course inIdast#l remains unclear. The first escape
mechanism concerns lipoplexes and occurs by memlatastbilisation [45-46]. In this
hypothesis the complex is internalised via an eooh@ whose membrane is then
destabilised. The result is a flip-flop of aniotids, from the endosomal membrane, which
move from the cytoplasmic side to the cationicdgin the complexes, and release the DNA
into the cytoplasm. Another mechanism concernsekes (with ionisable amine groups)
and is named the “proton sponge effect” [47]. Thpslymers can buffer the acidic pH in
endosomes, which causes the ATPase (a pH-reguketimgme in the endosomal membrane)
to transport more protons in the endosome to réfaetdesired pH. The consequence is an
influx of counterions (Cl-), osmotic swelling anohdlly rupture of endosomal membranes;
this facilitates the release of polyplexes (or eigcclcid) into the cytoplasm. The polymers
that possess an intrinsic endosomolytic activitp eéther be the main component of the
vector (for example, PEI or lipopolyamines) or cae added to the vector as an
endosomolytic agent (for example, DOPE, chloroquore fusogenic peptides). These
polymers are also called “helper lipids” and thean amprove transfection efficiency of
lipoplexes. The most used are cholesterol and DO&Ethey have both advantages and
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drawbacks. DOPE for example decreases the poséleetrical surface potential and
destabilises the liposomes but this can result ggregation and lose of transfection
efficiency, whereas cholesterol slightly increages does not affect) the electrical surface
potential [48].

In summary (also see Figure 2), the “ideal” vedtas to protect the siRNA, be stable in the
blood, and possess stealth and targeting propetteseach the target cell or tissue. The
delivery system then has to be internalised in®déll, the siRNA has to be released in a
reversible manner to conserve its activity in tii@sol, and the gene silencing pathway has to
be activated. Compromises have to be found to dputle best-acting vector as we will see

in the following section discussing different exigtvectors.
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Figure 2: Required properties to form an efficient siRNA delivery system.

An efficient delivery system protects siRNA agaimggradation, elimination, non-specific distribatiand
tissue barricades. Stability and stealth properdfabe delivery system can be achieved by surfaecdification

(for example recovering the surface with PEG). Btver siRNA to a specific cell type or tissue, teivery
system can be recovered by ligands as galactasesférrin, antibodies or peptides. The size ofdbkvery
systems should be as small as possible (betweeran2D 100nm) and the system should contain an
endosomolytical agent (such as DOPE) or constituaith endosomolytical activity (such as PEI) fdficgent

cell uptake and siRNA delivery. Once the siRNAiigef in the cytoplasm, it can act by the RNAI pathwa
(described in Figure 1).
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5. DELIVERY SYSTEMS FOR SYSTEMIC ADMINISTRATION

Several types of synthetic vectors have been ilgaget for gene silencing application. This
review will focus on non-viral delivery systems feystemic administration by intravenous
injection described in the literature. The differekelivery systems can be divided into lipid

systems, polymer systems, and peptides or prot@mksare summarised in Table 1.
5.1. Lipid systems

Lipid systems typically contain a cationic or fusag lipid, a PEG-lipid and a neutral co-
lipid. They can be cationic or neutral liposomescontain natural lipids and are generally
called lipoplexes. Complexes and nanoparticlesgareerally less than 100nm to avoid renal
excretion and being taken up by cells. Once inselés, the inclusion of fusogenic lipids
and/or pH-sensitive peptides in siRNA delivery sys$ is thought to help destabilising

endosomal membranes to facilitate their releasetivé cytosol.
5.1.1. Neutral liposomes

Neutral liposomes, for example based on dioleytgig-phosphatidylcholine (DOPC), have
been successfully used to deliver siRWAvivo. Landenet al. mixed DOPC and siRNA
(SIRNA/DOPC = 1:10 (w/w)) in the presence of exdessary butanol and then added Tween
20 (Tween 20: siRNA/DOPC = 1:19) [49]. The incomaed amount of SIRNA was estimated
to be around 65% and the stability of these lipos®mas at least 4 weeks (stored at -20°C).
These DOPC liposomes were effective delivery ageatspared to cationic DOTAP (1,2-
Dioleoyl-3-trimethylammonium-propane) liposomesthwa 10-fold improvement in siRNA-
delivery, or to naked siRNA (delivery without a &g with a 30-fold improvement. Landen
et al. worked in this study with an orthotopin vivo model of advanced ovarian cancer
(female athymic nude mice + HeyA8 or SKOV3ipl cellBhe over-expression of EphA2, a
tyrosine kinase receptor which can also functionaasoncoprotein, in ovarian cancer is
associated with poor clinical outcome [50] and gieical studies showed that down-
regulation reduces tumourigenicity [51]. For themson Landeet al. chose treatments with
formulated anti-EphA2-siRNA, paclitaxel (an apprdvehemotherapeutic for ovarian cancer)
plus formulated control siRNA, and paclitaxel pléermulated anti-EphA2-siRNA (as
combination therapy) twice weekly for 4 weeks. Thdseatments were all effective in
reducing tumour size but combination therapy hadost results with 86% to 91% reduction

compared to a treatment with formulated controlNsdRalone or 67% to 82% reduction
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compared with non-specific SIRNA-DOPC and paclitadeeatment with formulated anti-
EphA2-siRNA alone diminished also tumour growth pamed with the control siRNA-
DOPC alone in both cell lines (HeyA8 cells 35%, SK3ip1 cells 50%). Additionally, both
groups tested with EphA2-targeting siRNA-DOPC shiwabout 50% reduction of EphA2
expression compared with control SIRNA-DOPC or oargiRNA-DOPC plus paclitaxel and
significant reduction of microvessel density in thenour (52% with EphA2-targeting siRNA
alone and 74% with combination therapy). No tolesitwere observed during the study. The
problem of this formulation is that it is not tigsapecific. As a consequence, the right choice
of the target gene, down-regulated by siRNA, isyverportant, and the target gene should
not be crucial for the function of normal cells.

A more complex formulation was successfully used cygnomolgus monkeys, targeting
apolipoprotein B (apoB). The liposomes were comgosef distearoyl-glycero-
phosphatidylcholine (DSPC), dilinoleyloxy-dimethgninopropane (DLInDMA), methoxy-
polyethyleneglycol-carbamoyl-dimyristyloxy-propylame (PEG-c-DMA), and cholesterol.
These liposomes complexed with siRNA are calledblstanucleic acid lipid particles
(SNALP). Different studies have been carried ouhwiese complexes [52-54].
Zimmermannet al [52] used these particles on cynomolgus monké&gs preliminary tests
on mice. They chose apoB as an endogenous geret #ang potential therapeutic target for
hypercholesterolemia. Their SNALP had a size betw&gand 83nm, a polydispersity range
of 0.09 — 0.15, and encapsulation efficiencies betw92 and 97%. The results showed that
the silencing effect of SNALP-formulated siRNA repented more than a 100-fold
improvement in potency compared with systemic adstration of cholesterol-conjugated
SiApoB. In their study, Zimmermanet al treated cynomolgus monkeys with two different
doses (1 and 2.5mg/kg SNALP-formulated siApoB) sirgle injection and observed a clear
and statistically significant dose-dependent geleesng effect on cynomolgus liver ApoB
MRNA. The mRNA levels were reduced by 68+12% fa bwer dose and about 90+12%
for the higher dose consistent across the livefliodays (reduction of 91+15% for the higher
dose at Day 11). A significant reduction of PlasiypmB, serum cholesterol, and LDL levels
(low density lipoprotein particle containing ApoRjas also observed in this period, with a
maximal reduction of 62+5.5% for cholesterol and®% for LDL at Day 11 for the higher
dose. In contrast, HDL levels (high density lipdeio particles without ApoB) showed no
significant changes during this period. No toxiatyoff-target effects were noted on animals
during this study. This study demonstrated a smec#pid and lasting gene silencing effect
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on mMRNA and protein levels in the liver of non-humprimates (no ApoB silencing
expressed in the jejunum) for 11 days but the regetmme (time required to return to pre-
dose levels) was not determined.

Morrisseyet al. used these SNALP to target the hepatitis B viHiB\) and used stabilised
siRNA targeted to the HBV RNA [54]. They prepared/A.P with a mean particle size of
140+12nm, a polydispersity of 0.11+0.02, and anapsalation efficiency of 93%+3%. The
modifications on siRNA increased siRNA vivo stability, formulated modified siRNA had a
plasma half-life of 6.5h, and avoided undesirablenuno-stimulatory properties and toxicity
of unmodified siRNA. Morissegt al.used a model of HBV replication to evaluate ithgivo
efficacy of modified siIRNA-SNALP complexes at a dasf 3 mg/kg/day for 3 consecutive
days and then weekly for 5 weeks. They showedttieatHBYV serum titers were reduced by
an average of 0.85 lgg(statistically equivalent over 6 weeks), and obsérreduced toxic
and immuno-stimulatory side effects likely due aavér doses and reduced dosing frequency
as used in previous reports [20,55].

Judgeet al. [53] also chose apoB and used SNALPs in their exats as the delivery
vehicle. Firstly, they showed that only minimal 2Methyl (2’0OMe) modifications within
one strand of the duplex were sufficient to avaie immuno-stimulatory activity of siRNA.
Then they administered encapsulated (2’0OMe-modifia@pB siRNA intravenously to
BALB/c mice at a concentration of 5mg/kg/day fod&ys to deliver the siRNA to the liver as
Morisseyet al had shown previously [54]. The results showecefiective delivery of the
siRNA payload to the target organ, in this caselitre. Comparison of 2’0OMe siRNA and
unmodified siRNA resulted in equivaleim vivo potency with about 82% reduction of apoB
MRNA in the liver, 75% reduction of serum apoB &t®o reduction of serum cholesterol,
but 2°OMe siRNA avoided the immuno-toxicity (IfeNproduction) and other off-target
effects (body weight loss, mild deterioration imgeal body condition) associated with the
systemic administration of unmodified siRNA.

Other neutral liposomes were prepared with diophgsphatidylethanolamine (DOPE) and
galactosyl-C4-cholesterol (Gal-C4-Chol). These ctrres permitted an improvement of
siRNA plasma-circulation-time and limited renal Bxton, in comparison to naked siRNA. A
characteristic of these liposomes is to targetrliparenchymal cells. This effect was
confirmed in mice, even following intravenous adrsiration. Satoet al. [32] mixed
Galactose-C4-Cholesterol with DOPE at a molar rati@:2 in 5% dextrose solution before
complexing these liposomes with siRNA at a cham@or(-/+) of 1:2.3 for cell-selective
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delivery. They obtained siRNA complexes with a deen of 75.3+5.8nm and a zeta potential
of 35.8+1.8mV and suggested that the complexes vagneed by electrostatic interactions.
Sato et al. used siRNA against Ubcl3, an ubiquiyoegpressed endogenous gene, and
administered galactosylated liposomes/siRNA congdeRy intravenous injection in male
ICR mice. They observed an efficacy delivery togpahymal liver cells compared to cationic
liposomes (DC-Chol/DOPE) and a reduction of UbcEBeayin liver by over 60%. Their
galactosylated liposome/siRNA complexes providedoae-dependent effect from 0.18 to
0.36nmol/g with the most liver-selctive effectsGal8nmol/g without inducing hepatitis or
interferon (IFN) responses.

Peeret al, developed liposome-bas@dintegrin-targeted, stabilised nanoparticlpd-{sNP)

to deliver siRNA by systemic administration [56hdse nanoparticles had a liposomal core
of phosphatidylcholine (PC), dipalmitoylphosphatetiifanolamine (DPPE) and cholesterol
(Chol) at molar ratios of 3:1:1 (PC:DPPE:Chol) amad a size of about 80nm. These
liposomes were first recovered by high-weight hyahan (HA) which was covalently linked
to DPPE to form stabilised nanoparticles (sSNP) eomonoclonal antibody (mAb FIB504)
against3; integrins was coupled to HA by an amine-couplingtimod to obtairg;I-tsNP. To
load these particles with siRNA, the particles wWgaphilised and rehydrated with a SIRNA-
protamine solution, developed before [37] (see Wglavhich was pre-incubated for 30 min.
at RT to form a complex and had a 1:5 siRNA:protaitio. In their study [56], Peet al.
chose to target Cyclin D1 (CyD1) in an experimemtelddel of intestinal inflammation to
explore the role of leukocyte-expressed CyD1 inphthogenesis of inflammation and the
ability to use CyD1 as a target. Cyclin D1 is a kegulating molecule which is implicated in
cell proliferation and is upregulated in colon bpltal and immune cells in inflammatory
bowel diseases. They showed that these nanocarwéls high cargo capacity, protected
siRNA from degradation, allowed highly efficientratellular delivery (due to the antibodies
on their surface), and thus silence genes effigienivo at low doses (2.5mg/kg) with low

off-target effects and toxicity.
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Results

Lipid systems SiRNA target Dose and administration intervall Animal model _ ) Ref.
(Gene silencing)
86 — 91% Reduction of tumour growth wit
) _ orthotopic model of advanceq combination therapy (siRNA-liposomes ar[d
DOPC liposomes EphA2 ﬁiﬂiogéﬁg.ztigﬁstﬁclf(ﬁ:erﬂf Sfc}rvz\{ev?/zeell(ﬁser ovarian cancer in female paclitaxel). Landenet al.
| ! Y athymic nude mice 35 — 50% Reduction of tumour growth wit
siRNA-liposomes alone.
Dose-dependend silencing of ApoB mRNA
(about 90% for the 2.5mg/kg dose). Zimmermann
SNALP apoB 1 or 2.5mg/kg SNALP siApoB cynomolgus monkeys | Significant reduction in ApoB protein, serufn et al
cholesterol (62%) and LDL (82%) (24h - 1]L '
days).
bolus 3mg/kg formulated HBV263M o L )
SNALP HBV (modified) loading doses: days 1, 2, 3 of week 1 female CD-1 mice Specific dose—deg?_gs’(:nd reduction in HBY Morl:lseyet
maintenance doses: day 1 of weeks 2, 3,4 and|5 ’ ’
. . Potent silencing of ApoB mRNA (82%).
SNALP apoB (modified) 5 mgrkg lipid enggﬁss:éitt?\fies&IstA once a day foy 3 Balb/C mice Significant reduction in serum apoB (74%j) Judgeet al.
Y and cholesterol (52%).
. . . Over 60% inhibition of endogenous Ubcl$
Gal-C4-Chol/DOPE liposomes Ubc-13 0.18nmol siRNA/18ul/g male ICR mice gene expression in liver. Satoet al.
CyD1 . C57BL/6 mice with DSS- High efficient intracellular delivery at low
B7-I-tsNP (protamine conjugate) 2,5mg/kg SiRNA at days 0, 2, 4, and 6 induced colitis doses with low off target effects and toxicity. Peeret al.
. . . Potent induction of both type I and Il
DOTAP liposomes TLR-4 50pg/mouse daily for 2 or 3 days female C5/Mhice interferon response and activation of STATL. Maet al.
3mg/kg complexed or modified hybrid siRNA 3 tinjes
over 24h or tumour xenoarafts in female Silencing of target gene (virtually eliminatidn
scL-HoKC HER-2 (modified) 3 times weekly 3mg/kg (days 0-15), 2mg/kg (days athvmic rg1ude mice of HER-2), downstream components andq Pirollo et al.
15-21), and 1.5mg/kg (days 21-33) scL-HoKC Y significant tumor growth inhibition.
complexed modified hybrid siRNA
A _ 7.5mg/kg/day of SIRNA, human breast tumour xenogrgft o A .
CCLA-based cationic liposomes| c-raf twice per day for 5 days model in SCID mice 73% tumour growth inhibition. Chiest al.
Complete cure of CIA (with carrier DNA).
. ’ 10pg siRNAt 10pg cDNA when clinical signs of . ) Inhibition (50-70%) of articular and system|c
RPR209120/DOPE liposomes TNF-a arthritis appeared 3 times weekly for 3 weeks DBA/L mice with CIA TNFa secretion, decrease in the levels of I_é(houryet al.
and MCP-1.
DDAB/cholesterol liposomes caveolin-1 0.4 - 1.3mglkg SIRNA male CD1 mice | Selective reduction of caveolin-1 expressipnMiyawaki et
P 4~ 1.omgikg by about 90% within 96h. al.
. B SiRNA/LIC-101 (10mg/kg) 2x 5 day cycles of daily model of liver metastasis in o .
LIC-101 bcl-2 (human) injections (day 6-10 and day 13-17) male BALB/G mice 75% tumour growth reduction. Yameb al.
) 4 consecutive daily i.v. injections of 1.88mg/kg3c immune-deficient male Target-specific gene silencing on mRNA apd
AWPLEX PTEN, CD31, Tie2 Hsd:NMRI-nu/nu mice protein level (CD31 and Tie2). Santelet al.

siRNA and 14.5mg/kg lipid
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Accumulation in liver (over 90%).
Reversible, long-duration gene silencing

LNPO1 Factor VII bolus injection (5mg/kg) C57BL/6 mice without loss of activity following repeated Akinc et al.
administration.
) o ) ) ) Results
Polymer systems SiRNA target Dose and administratio n intervall Animal model _ ) Ref.
(Gene silencing)
. . . bone metastatic tumour modé¢l Efficient 'inhibition' of metastgtic tumou_r Takeshiteet
Atelocollagen complexes EZH2, pl1@ 50pg siRNA on days 3, 6 and 9 postinoculatio in male athymic nude mice growth in bon(_e tissues (no increase in al.
luminescence).
. . iver metastatic mouse model |n
Atelocollagen complexes PLK-1 25ug siRNA for 10 consecutive days from day 1 Djflspecific pathogen-free BALB/§ Long-lasting inhibition of tumour growth. Kawagh al.
transplantation .
nu/numice
Reduced EWS-FLI1 expression and tumopr
. L . murine model of metastatic growth inhibition. Hu-Lieskovan
CDP complexes EWS-FLI1 2.5mg/kg single injection on 2or 3 consa@idays Ewing's sarcoma Prevention of tumour cell engraftment ang) ot al.
slowed tumour growth.
Selective tumour uptake, siRNA sequenceg-
) ) 40pg siRNA per mouse in RPP-nanoplexes every 3female nude mice with N2A specific inhibition of protein expression | Schiffelerset
RGD-PEG-PEI complexes VEGFR2 days neuroblastoma xenografts within the tumor and inhibition of both al.
tumour angiogenesis and growth rate.
. xenograft tumour model of | Reduction of VEGF expression (about 86%)
PEC VEGF (siRNA-PEG) 1.5nmol of formulated SgNA on day 0, 4, 10, 18 mprostate cancer cells in femaleInhibition of intratoumoral neovascularisatipn Kim et al.
BALB/c mice and tumour growth in a drastic manner.
_ ) ) . o _ Results
Peptides and proteins SiRNA target PDose and adminis  tration intervall Animal model _ ) Ref.
(Gene silencing)
Balb/c mice Specific gene silencing within the brain and
RVG-9R JEV (envelope gene) 50ug siRNA daily injection4adays . robust protection against fatal viral Kumaret al.
NOD/SCID mice o .
encephalitis (80% survival).
80pg siRNA on days 0, 1 and 3 after tumor xenograft tumour model in Significant tumour growth reduction of
F105-P c-myc, VEGF, MDM2 implantation female C57/BL6 mice envelope—expl;isrs:)rﬁssubcutaneous B1g4 Songetal.
. i - SCID mice on a CB17 In vivo proof of principle for the effective
AL-57-PF luciferase 6nmol Cy3-siRNA 5 days after tumour étign background systemic SiRNA delivery. Peeret al.
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5.1.2. Cationic liposomes

Although these results are promising, cationic lggnes are more commonly usedvitro for
siRNA delivery. Cationic liposomes have in commdreit net positive charge which
facilitates both complex formation with the polyamic nucleic acid and interaction with the
negatively-charged cell membrane.

DOTAP (1,2-Dioleoyl-3-trimethylammonium-propane) as cationic lipid which is widely
used for liposome formulation. This cationic lipgleither used alone to condense siRNA or
with a neutral lipid, such as cholesterol or DOREprm liposomes.

Ma et al. used DOTAP liposomes which are composed of DOAA® cholesterol in a 55:45
molar ratio [57]. In their study they showed thatienic lipid/siRNA complexes induced both
type | and type Il Interferon (IFN) responses ahdttthese complexes activated STAT1
(signal transducer and activator of transcriptipnThey administered TLR4-siRNA (specific
to mouse toll-like receptor 4, which plays a raiegpathogen recognition and activates innate
immunity) complexed with the liposomes with a cleargtio (+/-) of 4:1 in 5% dextrose into
mice by tail-vein injection. They observed a potemtnune response with drastic increases of
serum IFNe. and IFNy whereas after injection of DOTAP liposomes alon@aked siRNA
(without liposomes), only low levels of serum IFNm measured. But they showed also that
the activation of the IFN response was not assediatith the choice of siRNA because
administration of three other siRNA (ET-1, IRAK-M Bcl-2) or single-stranded RNA (sense
or anti-sense strand of ET-1-siRNA) complexed WX®TAP liposomes, also induced a
potent IFN response. DOTAP/siRNA complexes alsongiba drastic activation of STAT1
(which is involved in IFN signalling) compared t&RBIA alone or DOTAP liposomes alone.
No TNF-u response was observed with the DOTAP/SIRNA conmgdexsiRNA alone or
DOTAP liposomes alone. This study showed the pitendxicity of these carriers and
suggests caution in data interpretation, but thisvely system could serve as immuno-
stimulatory agent for immunotherapy.

Another way to prepare liposomes containing DOTaBiform DOTAP/DOPE liposomes in
a 1:1 ratio, recover the surface with an anti-TiRgke-chain antibody fragment (TfRscFv)
and encapsulate siRNA. Pirollet al named these liposomes nanoimmunoliposome
complexes (scL complex). In their study [35], thmgpared the cationic liposomes using the
ethanol injection method and included MPB-DOMENtaleimido-phenylbutyrate-DOPE) at
5 molar percent of total lipids to allow conjugatiof the TfRscFv and the peptide HoKC (a
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synthetic pH-sensitive histidylated oligolysinesumed to aid endosomal escape) when scL-
HoKC complexes were formed. Both particles scL aod-HoKC were quite uniform and
had an average size of about 100nm. The experimasres made with a 19-mer blunt-ended
SiRNA sense DNA/antisense RNA hybrid analogue (lyBiRNA) and a modified hybrid
siRNA where O-methyl constituents were incorporaitedhe central region of the sense
strand with DNA flanks of the hybrid siRNA agaiftdER-2 (modified hybrid siRNA). In a
previous study [58], the size of TfRscFv-liposomBMNA (scL-siRNA) complexes (with a
control modified hybrid siRNA) was 211 + 18nm ahey showed enhanced tumour delivery
and specificity for both primary and metastaticaas of various types including prostate,
pancreatic and breast. In the later study [35],curs were induced in female athymic nude
mice by s.c. inoculation with different cell typdsuman pancreatic (PANC-1) and breast
(MDA-MB-435) cancer cells, human lung (H157) andococarcinoma (H630) cells). They
concluded, that the systemic delivery of modifigthrid siRNA by the nanoimmunoliposome
complex could efficiently silence the HER-2 gendrt(ally elimination) and affect
components in multiple signal-transduction pathwéigs example phosphatidylinositol 3-
kinase/AKT and RAS/mitogen-activated protein king®dAPK) pathways) leading to
apoptosis in the tumour and even at low dosesifiitial SiRNA dose was 3mg/kg, which
was decreased on Day 15 to 2mg/kg and on Day 215tng/kg), the efficient and targeted
delivery of siRNA to the tumour via the nanoimmupokome resulted in an increased
response to conventional chemotherapy with drantatour-growth inhibition.

Over time, the cationic lipid DOTAP has been repthby other cationic lipids to increase
transfection efficiency. Chieet al, for example, developed cationic cardiolipin-aigaie
(CCLA)-based cationic liposomes, which are compasie@CLA:DOPE at a molar ratio of
1:2 [59]. These liposomes were efficient to traos®RNA in vitro andin vivo and had a
lower toxicity rate than the DOTAP-basedvivo GeneSHUTTLE® (commercially available
liposomes). The authors used c-raf siRNA and showmat the treatment of c-raf
SiIRNA/CCLA-based liposome complex exhibited 73% owmgrowth inhibition as compared
to free c-raf sSiIRNA group, 8 days after the initi@atment.

Khoury et al. prepared cationic liposomes containing the catidipid RPR209120 (2-(3-
[Bis-(3-amino-propyl)-amino]-propylamino)-N-ditettacylcarbamoylmethyl-acetamide) and
DOPE in a molar ratio of 1:1 which they complexé@tiex with siRNA alone or with a mix of
siRNA and plasmid DNA (carrier DNA) to stabiliseetipoplexes at a charge ratio (+/-) of
6:1 [60]. The complexes formed small compactediglagt and had a positive charge density
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(about 30mV). Intravenous administration of flumest non-targeting control siRNA alone,
complexed with the liposomes (SiRNA-liposomes) omplexed with carrier DNA and
liposomes (siRNA/carrier DNA-liposomes), showed ttmost of the fluorescence was
detected in blood regardless of the formulation et uptake and the distribution in the
different organs varied with the formulation. Thkiofescence uptake by organs for
siRNA/carrier DNA-liposomes showed a 10-fold in@eaompared with siRNA alone and a
2-fold increase compared with siRNA-liposomes. Tdistribution analysis showed for
siRNA/carrier DNA-liposomes that nearly one thirfitbe siRNA were in liver, lungs, and
spleen, respectively and only very low siRNA weoairfd in the brain (5%). For siRNA-
liposomes, almost the half of the siRNA dosis wasfl in the liver, the rest in lung, spleen
and brain in almost equal parts whereas for siRlMAe about half of the dosis was found
both in the lungs and in the brain, respectivelg anly 3% in the liver. To investigate the
therapeutic potential of their system, the authusesd siRNA against TNFTumour necrosis
factora, a cytokine involved in rheumatoid arthritis (RANd a model of mice with collagen-
induced arthritis (CIA). The experiments showed tstemic treatment with RPR209120-
targeted siRNA against TNNHnduced a significant reduction in disease incigeand clinical
scores by reduction of TNFsecretion in blood and knee tissue. Addition afiea DNA to
the formulation increased the effect further, faample knee tissue TNFsecretion was
inhibited by 50-60% for siRNA alone or for sSiRNAsbsomes, versus 75% for siRNA/carrier
DNA-liposomes.

Other cationic liposome-siRNA complexes were usgdliyawaki et al in their experiments
[61]. These liposomes were composed of 50% DDABnéihyl-dioctadecyl-ammonium
bromide) and 50% cholesterol (mol/mol) with a ratfosiRNA to liposome of 1:5 (wt/vol).
To explore the role of caveoline-1 (a scaffold amedulatory protein) in regulating lung
vascular permeability mouse caveoline-1 siRNA wdmiaistered by tail-vein injection in
male CD1 mice. The cationic liposome-siRNA comptexdownregulated caveoline-1
expression in a concentration- (0.4 — 1.3 mg/kgdl &me-dependent manner (maximal
suppression between 72h and 144h post-injectionfalhdecovery at 168h after siRNA
administration). Contrary to caveolin-1 knock-outcen with constant caveoline-1 down-
regulation, this system had the advantage thatweasdarrier function could be studied
during both down-regulation and recovery phases. griesence of caveolin-1 is a sign for
caveolae whose primary function in vascular enda@theells is to mediate the active process
of endocytosis and transcytosis. Miyawaki al. showed that caveolin-1 is an essential
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requirement for caveolar biogenesis and that cavdolplays a key role as a negative
regulator of interendothelial junction (IEJ) perrb#igy in vivo.

Yano et al. used 2-O-(2-dimethylaminoethyl)-carbamoyl-1,3-@leylglycerol and egg
phosphatidylcholine to form their liposomes namelC-001 [62]. They charged these
liposomes with synthetic siRNA (specific for thenman bcl-2 oncogene) in a ratio of
oligonucleotide to LIC-101 of 1:16 (w/w). 10mg/k§tbese complexes were administered by
I.v. bolus injection to mice bearing A549 (humanducancer) liver metastasis in two, 5-day
cycles of daily injections (Day 6-17). 21 days aftee end of the treatment, the average liver
weight of siRNA-treated mice was 1.77+0.12g comgai@ 2.35+0.28g for control mice
which correspond to a strong antitumour activityaiat 75%) in the liver metastasis model.
Santelet al. used AtuFECTOL1p(L-arginyl-2,3L-diaminopropionic acidN-palmityl-N-oleyl-
amide trihydrochloride, a cationic lipid with a hig-charged head group), DPhyPE (1,2-
diphytanoylsnglycero-3-phosphoethanolamine, a neutral helperspinalipid) and DSPE-
PEG (-(carbonyl-methoxypolyethyleneglycol-2000)-1,2-detoylsnglycero-3-phospho-
ethanolamine sodium salt) at a molar ratio of 5A/4@hich they mixed with AtuRNAI (blunt,
19-mer, double-stranded RNA oligonucleotides sisdul by alternating 2’OMe modifications
on both strands) to form siRNA-lipoplexes [63]. TheiRNA-lipoplexes had a size of
117.8nm and a zeta potential of 46.4mV. 1 mol% SPEB-PEG 2,000 in the siRNA lipoplex
formulation was sufficient to reduce unspecificitogide effectsn vivo without a severe loss
in RNAI efficacy in vitro. To perform a biodistribution analysis, a singlesel of Cy3
fluorescently-labeled siRNA, either formulated &MNA-lipoplexes or unformulated (SIRNA
alone), was injected into immune-competent mica.\ayinjection. This analysis revealed a
predominant uptake of siRNA into endothelial cellspughout the body, after the systemic
administration of these siRNA-lipoplexes. In costranaked siRNA were not targeted to any
cell type of analysed tissue, most likely due tstant renal excretion. To correlate SIRNA
uptake and distribution with the efficacy of RNAiwude mice were treated with four,
consecutive daily i.v. injections with three targpecific SIRNA-lipoplexes (against CD31,
Tie2, both only expressed in endothelial cellsP@EN, ubiquitously expressed in all cell
types). This experiment showed target-specific €iRNA"®%- and siRNAP*lipoplexes)
gene silencing on mRNA and protein levels in thecutar endothelium (of lung, heart and
liver) of the mouse.

Akinc et al developed lipidoid-siRNA formulations [64]. Lipdls are lipid-like molecules,

synthesised by a one-step synthetic scheme (cdejwgilition of alkyl-acrylates or alkyl-
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acrylamides to primary or secondary amines). Threpted a large library of lipidoids (over
1,200 structurally diverse lipidoids) to find a nesifective delivery system [65]. Their
optimised delivery system (LNPO1) contains thedigpd 98N »-5(1), cholesterol, PEG-lipid
(MPEGgorC14) in a molar ratio of 42:48:10 and siRNA inogat lipid:siRNA ratio of 7.5:1
(wt:wt). These particles had a size of roughly 8&®nm and a nearly neutral surface charge
of about 3 mV. This formulation was stable for @adt 5 months at 4, 25 and 37°C, and
increased the siRNA;4 in serum from about 15 minutes (unformulated, mally
chemically-modified siRNA) to over 24 hours (LNPOih) vitro. Biodistribution analysis
showed that LNPO1 (3 mg/kg siRNA) rapidly distriésitprimarily to the liver (over 90% at
1h) and the spleen (95% of the administered doseagaumulated in the liver and spleen)
but only 0.5% of LNPO1 was found in the lungs at This study also demonstrated that
LNPO1 can be administrated repeatedly with equaivo efficacy over extended time periods
because three cycles of bolus injection of 5SmgiRIN#& against Factor VII, formulated with
LNPO1, in C57BL/6 mice showed no significant change silencing profiles compared to
one bolus injection. Furthermore, repeated admatish showed no observable negative

effects on mice.
5.2. Polymer systems

Different cationic polymers can also be used. Tbay be divided into two groups: natural
polymers (such as chitosan or atelocollagen), amuthstic polymers (such as
polyethyleneimine (PEI), poly(L-lysine) (PLL) or widrimers). For siRNA vectorisation, only

a few polymers have been used compared to DNA risatmn.
5.2.1. Natural polymers

Atelocollagen is one of these natural polymerslelives from collagen-type | and is purified
by pepsin-treatment. For this reason, it is lessumogenic but conserves its biodegradability
and its biocompatibility.

Takeshitaet al prepared their siRNA/atelocollagen complexes lyimg equal volumes of
atelocollagen and siRNA solution [66]. To evalu#ltese complexes vivo, they used a
model of bone metastatic mice. Systemic injectiothee complexes delivered siRNA in an
efficient manner into tumours, retained them fdorger period than siRNA alone in these
sites, and inhibited gene expression in a spectianner (80-90% inhibition of
bioluminescene in the whole body). They identifledH2 and p11@ as possible targets for
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growth inhibition of bone metastasis and showed thavas possible to administer these
siRNA/atelocollagen complexes without inducing mmmiune response (as IFdNer I1L-12).
Kawataet al also used these siRNA/atelocollagen complexeswith PLK-1 siRNA in a
murine liver metastasis model of lung cancer [#1]K-1 is a polo-like kinase, belonging to
the family of serine/threonine kinases and is @lufr cell division. The over-expression of
PLK-1 is often found in cancerous tissues and atipescorrelation with the survival of
cancer patients has been reported [68]. In theidystKawataet al showed a significant
tumour growth inhibition in the liver, without ent@ng the innate immunity, even 70 days
after the beginning of the 10 day-treatment whiatidates a long-lasting inhibition of tumour
growth.

Another natural polymer is cyclodextrin, a cyclicigolsaccharide composed of glucose
monomers which exists in different forms. Hu-Lies&oet al. used a delivery system, based
on B-cyclodextrin containing polycations (CDP) [33]. $himidazole-modified CDP was first
mixed with an adamantane-PEkfw (AD-PEG) conjugate at a molar ratio of 1:1 ABCD
and then added to a transferrin-modified AD-PEG {RBG-transferrin), at a 1:1,000 AD-
PEG-transferrin:AD-PEG (w/w) ratio to target tragrsin receptors. Afterwards the mixture
was added to an equal volume of siRNA at a chatie of 3:1 (+/-) and an aqueous glucose
solution to obtain a final polyplex formulation 5% (w/v) glucose (D5W). For their study,
they utilized TC71 cells, which express high levelsransferrin receptors, in a metastatic
murine model for the Ewing’s family of tumours (EF-They demonstrated on the one hand,
that their targeted multicomponent systems deltvesi®NA (siEFBP2 against EWS-FLI1,
which plays a significant role in tumourigenesiseiT) to the established tumours, reduced
EWS-FLI1 expression and inhibited tumour growth #oto 3 days after three consecutive
daily injections. On the other hand, when thesepleres were given twice weekly, starting
on the same day as tumour cell injection, the tunoelli engraftment was prevented. Only
20% of the mice showed tumour growth compared tAD0% in control mice and tumour
growth slowed when tumours did develop. Nontargemaplexes only delayed tumour cell
engraftment but did not influence tumour growtheraThese CDP-containing delivery
systems were safe and induced low immunogenicigalee no interferon response was

observed, even when siRNA with known immuno-stirtarlamotifs was used.
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5.2.2. Synthetic polymers

Polyethyleneimine (PEI) is the synthetic polymerstnstudied for nucleic acid delivery and is
considered as the most effective for gene transfecthe efficiency depends on its structure
and molecular weight, the amine/phosphate (N/B) @dtthe complexes, and the quantity of
complexed nucleic acids.

Schiffelerset al. prepared pegylated PEI-based polymers with oromtlRGD (Arg-Gly-
Asp) peptides coupled at the distal PEG extrem|Bd$. To form complexes, equal volumes
of aqueous solutions of cationic polymer (RGD-PH&-HRPP) or PEG-PEI (PP) with PEI
(P) in a 1:1 molar ratio) and nucleic acids wergadiin a N/P ratio of 2:1. They showed that
PEI-nanoplexes without ligands had a size betweénat2l 170nm and aggregated in less
than 24h. After coupling with a ligand (PEG alonewath RGD-peptide), the size of the
nanoplexes diminished (between 70 and 100nm) aedsthbility increased as particles
remained unchanged for 9 days. The zeta poterifal @ghanged when ligands were added
from 35+x4mV without ligands to 5 or 6mV with ligamdThese vectors complexed with
siRNA were administered by intravenous injection established neuroblastoma N2A
tumours in nude mice. These complexes permittetherone hand, to target the tumour by
interaction between the RGD-peptide and the intsgon neo-vascular endothelial cells.
FITC-siRNA alone was rapidly cleared and FITC-siRMAP-nanoplexes accumulated in the
liver and lung but not in tumour tissue, whereas®RRnoplexes accumulated in the tumour
and only to a poor extend in the liver and lungs.tke other hand, RPP nanoplexes permitted
a modification of protein expression by the tumour specific way and inhibited tumour
growth and tumour angiogenesis when using siRNAnaY&EGF R2 (Vascular endothelial
growth factor receptor-2).

Kim et al developed polyelectrolyte complex (PEC) miceNesich contained synthetic
SsiRNA-PEG conjugates and PEI in a N/P ratio of @8] These spherical PEC micelles with
a core-shell structure had a size of 50 — 80nmaahgdrodynamic diameter of 98.7+5.1nm.
Kim et al used siRNA against VEGF (a critical regulatotwhour-induced angiogenesis) to
compare the efficacy of their PEC micelles with rhlseRNA and siRNA/PEI complexes.
Intravenous injections through the tail vein inema&graft tumour model of prostate cancer in
female nude mice were realized. The siRNA-PEG/PEC Rnicelles reduced the VEGF
expression in a more effective manner than siRNA/B&mplexes (86.4+3.6% against
43.0+14.6%, compared to no-treatment control) deedasiRNA which had no effect on

VEGF expression. The treatment inhibited intraturabuneovascularisation and tumour
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growth in a drastic manner without apparent criticgotoxicity during the experimental

period.
5.3. Peptides and proteins

The third category of delivery systems concerndigep and proteins which are also able to
deliver siRNAin vivo.

Kumaret al used a short peptide derived from rabies virysagirotein (RVG) to enable the
transvascular delivery of siRNA to the brain [7B)VG enables viral entry into neuronal cells
via specific interactions with the nicotinic acetybline receptor (AchR). The RGV peptide
was synthesised, purified and biotinylated at thebaxy terminus to add nine arginine
residues. This peptide (RVG-9R) was then mixed wiRNA in 5% glucose (in a molar ratio
peptide:siRNA of 10:1) to form RVG-9R/siRNA compbsx Kumaret al. showed that the
intravenous injection of these RVG-9R/siRNA comg@exallowed specific gene silencing of
exogenous genes like GFP (green fluorescent pjoteinGFP transgenic mice and
endogenous genes like SOD1 (Cu-Zn superoxide dasaut) in wild-type Balb/c mice. GFP
silencing and SOD1 siRNA were only detected in tin@in and not in the liver or spleen,
which demonstrated specific targeting to the brang neither inflammatory cytokines nor an
anti-peptide antibody response were induced afjgeated administration. A possible use of
these complexes is the treatment of viral encefhélecause after intravenous administration
of RVG-9R/siFVE complexes (SiRNA targeting Japanese encephaiitiss (JEV)), about
80% of the infected mice survived whereas untreatee, mice treated with control SIRNA,
or mice treated with control peptide/siP\d died within 10 days.

Songet al developed a protamine-antibody fusion proteidebver siRNA [36]. The fusion
protein (F105-P) consisted of a Fab antibody fragnagrected against the HIV-1 envelope
(eny (F105) and protamine and was mixed with siRNAirgfac-myc, MDM2 or VEGF,
(oncogenes which enhance proliferation) alone ocambination at a molar ratio of 6:1
(siRNA:F105-P). These complexes were injected wanausly in syngeneic C57/BL6 mice
with subcutaneously injected gp160-B16 cells. Thimour model withenvexpressing cells
was utilized due to the non-existence of a good moosdel for HIV. L.v. injection of FITC-
labeled siRNA complexed with F105-P resulted incefpedelivery, 30% uptake in gpl160
B16 cells but no uptake in gp16B16 cells, and significantly reduction in tumouowth
compared to naked siRNA.
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Peeret al developed other antibody-protamine fusion pratdilL-57-PF) [37]. Their goal
was to deliver siRNA specifically to activated leaktes in order to minimise potential
immunosuppressive effects on bystander lymphocysdk.leukocytes express integrin
lymphocyte function-associated antigen-1 (LFA-1)hieta mediates adhesion to other
immune cells on their surface. LFA-1 exists in tdifierent conformations, one low-affinity
non-adhesive form, which is found on non-activdsdkocytes, and one high-affinity (HA)
adhesive form, which is found on activated leukesytAL-57-PF is composed of AL-57
single-chain variable region fragments (scFv) aratgmine fragments and binds selectively
to the HA-LFA-1 whereas TS1/22-PF, a control ardyprotamine fusion protein, binds
equally well to the HA and low-affinity forms of 1&1. SCID mice were engrafted with
K562 cells to stably express human wild-type LFAWYT) or HA-LFA-1, because the
antibodies did not recognise the murine form of EEAThen Cy3-SiRNA was mixed in a 5:1
molar ratio with the fusion protein and injectedravienously in the tail vein of these mice.
This experiment provideih vivo proof of the principle and showed that TS1/22-Pkveeed
SiRNA selectively to LFA-1 expressing cells (WT &fA-LFA-1) and that AL-57-PF
delivered siRNA only to the HA-LFA-1, without indung an IFN response or activating
lymphocytes.

6. CONCLUSION

In this section the properties of the different raysbems, summarised in Table 2 are
discussed.
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Stability and stealth

- SsiRNA protection . Targeting Cellular uptake
Lipid properties
Components Ref.
systems Charge Surface Ligand Target [Size (nm) Helper lipid
(mV) | modification 9 9 periip
30-fold improvement over nakg not
DOPC liposomes | DOPC, Tween 20 SiRNA measured - - tumour not measurgd - Lanetes.
Cholesterol, DSPC, PEG- 38min in mice, not Zimmermanret
SNALP cDMA, DLinDMA 72min in cynomolus monkeys] measured| PEG(2000)-cDMA liver 77-83 cholesterol al.
in vivo:
naked siRNA: 2 min
Cholesterol, DSPC, PEG- | chemically modified siRNA: 0.8 not
SNALP cDMA, DLinDMA stabilized siRNA + SNALP: 6.5 measured| PEG(2000)-cDMA liver 141 £ 14 cholesterol Morrissey al.
in vitro (37°C):
naked siRNA: < 4h
Cholesterol, DSPC, PEG- unmodified siRNA + SNALP: > not
SNALP cDMA, DLinDMA 24h measured| PEG(2000)-cDMA liver 100 - 130 cholesterol Judgeal.
in vitro: naked siRNA < 4h
formulated siRNA > 30h
Gal-C4- in vivo: naked siRNA: 5min
Chol/DOPE Gal-C4-Cholesterol, DOPE formulated siRNA: 60min 35.8+1.4 - galactose  iive 75.3+5.8 DOPE Sat al.
PC, DPPE, Chol, HA, mAb | B7-I-tsNP protected siRNA fron] not
B7-I-tsNP FIB504 degradation measured - mAb FIB504 colon 80 cholesterol ea.
not lung and
DOTAP liposomeq DOTAP + cholesterol not tested measured - - spleen - cholesterol Met al.
DOTAP, DOPE, TfRscFv, not about 100
scL-HoKC HoKC not tested measured - TfR scFV | tumour 211 +18 DOPE, HoKC Pirollet al.
CCLA-based cationic cardiolipin analogug not
cationic liposomeg (CCLA), DOPE not tested measured - - tumour 110 - 120 DOPE Cheeal.
RPR209120/DOPERPR209120 + DOPE not tested 30 - - knee not meagure DOPE Khounet al.
not Miyawaki-
DDAB/cholesterol] DDAB + cholesterol not tested measured - - lung not measured cholesterol Shimizuet al.
2-O-(2-diethylaminoethyl)-
carbamoyl-1,3-0O-
dioleylglycerol, not liver
LIC-101 egg phosphatidylcholine not tested measured - - metastasis not measured - Yaal.
AtuFECTO1, DPhyPE, DSPH- no gene silencing with naked vascular
AtuPLEX PEG SiRNA 46.4 DSPE-PEG(200d - endothelium 117.8 DPhyPE Sangelal.
lipioid 98N12-5(1), Chol, increased serum half-life from
LNPO1 mPEG-C14 15min to over 24in vitro 2-4 mPEG(2000)-C14 - liver 50 - 60 cholesterol Akinc et al.
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Stability and stealth .
y . Targeting Cellular uptake
Polymer . . properties
Components SIRNA protection - Ref.
systems Charge Surface . . Endosomolytic
P Ligand Target [Size (nm)
(mV) | modification agent
Atelocollagen more efficient delivery into not
complexes atelocollagen tumours than siRNAs alone | measured - - tumour not measurgd - Takeshitd.
Atelocollagen not
complexes atelocollagen - measured - - tumour not measured - Kawhatd
CDP + AD-PEG + AD-PEG- not Hu-Lieskovanret
CDP Tf protection for at least 72h measured AD-PEG(5000)| AD-PEG-T|f tumour not measyred - al.
tumour
RGD-PEG-PEI RGD-PEG-PEI in vitro: formulated siRNAL2h 6 PEG RGD vasculature 90 PEI Schiffelees al.
over 48h in serum conditioned not
PEC PEI medium measured PEG(5000) - tumour 50 - 80 PEI I€inal.
Stability and st ealth .
. Y . Targeting Cellular uptake
Peptides and . . properties
; Components SIRNA protection - Ref.
proteins Charge Surface . . Endosomolytic
e Ligand Target [Size (nm)
(mV) | modification agent
in vitro: formulated siRNA at not
RVG-9R RVG-9R peptide least partly stable for up to 8h] measured - RVG-9R brain (CNS) not measured - Kugnat.
not
F105-P F105, protamine not tested measured - F105 tumour not measured - S
AL-57-scFv, protamine not lung
AL-57-PF fragment not tested measured AL-57-scFV leukocytes not measured - Peeal.

Abreviations (Components):

Table 2 Components and delivery properties of the re

vikgi®NA delivery nanosystems

DOPC. dioleyl-glycero-phosphatidylcholineDSPC distearoyl-glycero-phosphatidylcholinePEG-c-DMA  methoxy-polyethyleneglycol-carbamoyl-dimyristylepropylamine, DLinDMA:  dilinoleyloxy-dimethyl-

aminopropaneGal-C4-Chol galactosyl-C4-cholesterddOPE dioleyl-phosphatidylethanolaminBC: phosphatidylcholineDPPE: dipalmitoylphosphatidylethanolamin€hol: cholesterolHA: hyaluronanmAbFIB504:

monoclonal antibody againgt integrins,DOTAP. 1,2-Dioleoyl-3-trimethylammonium-propane, TfRscRnti-transferrin receptor single-chain antibodggiment,HoKC: pH-sensitive histidylated oligolysin€CLA

cationic cardiolipin-analogueRPR209120 2-(3-[Bis-(3-amino-propyl)-amino]-propylamino)-titetradecylcarbamoylmethyl-acetamideDAB: dimethyldioctadecylammonium bromidatuFECTO1 B-L-arginyl-2,34-

diaminopropionic acidN-palmityl-N-oleyl-amide trihydrochloridePphyPE 1,2-diphytanoyknglycero-3-phosphoethanolaminBSPE-PEG N-(carbonyl-methoxypolyethyleneglycol-2000)-1,2-destoylsn-glycero-3-

phospho-ethanolamine sodium s@DP: -cyclodextrin containing polycation8D-PEG adamantane-PEg, AD-PEG-TTf transferrin-modified AD-PEGREI: polyethyleneimineRVG-9R rabies virus glycoprotein with

nine arginine residueb 105 Fab antibody fragment directed against HIV-1 éopwe €nV), AL-57-PF leukocyte-targeted antibody-protamine conjugate
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The first point of comparison is siRNA protectioAs seen above, siRNA have to be
protected from degradation and/or inactivation bsus and tissue nucleases, phagocytes of
the MPS or the kidneys. SIRNA inclusion in a deljveystem can improve their elimination
half-life. This point is well documented for the ligery system SNALP. For example
Morissey et al showed that naked siRNA had an elimination h#gdf-bf about 2 min.;
Chemical modifications of siRNA can prolong thislfHde (0.8h or 49 minutes), but
stabilised siRNA formulated with their delivery sgis1 SNALP achieved an elimination half-
life of 6.5 hours in mice [54]. Zimmermaet al also worked with SNALPs, but formulated
them with unmodified siRNA. They measured an elimiorahalf-life in mice of 38 min. and
in cynomolgus monkeys of 72 min. [52]. Other delwsystems like RGD-PEG-PEI or RVG-
9R were only testedn vitro and exposed a prolonged stability of siRNA. Foheot
nanosystems, the stability of siRNA with or withaidlivery system was not tested or not
documented in the literature cited here.

The second point is stability and stealth propsridé the vector. The criteria for these
properties are the surface modification and thegehaf the delivery system. As described
previously, the charge density of the differentteex plays an important role in siRNA
delivery to avoid aggregation, complement activatamncytotoxic effects. The different
systems are either neutral (neutral liposomes WI@PC, SNALPs ...) or positive charged
systems (liposomes with cationic lipids, ateloag#ia, cyclodextrins ...). To describe the
charge density, the zeta potential of the differegstems is measured, but very few
information was given. LNPO1 and RGD-PEG-PEI hadear neutral zeta potential which
certainly limited the interactions with serum ping improved their stability in the blood and
prolonged their circulation half-lives. Gal-C4-CHoDPE and AtuPLEX have greater
positive potentials (35.8 and 46.6mV) which can raegt the interactions with serum
proteins, but can also facilitate the binding tgatéevze charged cell membranes. For the other
delivery systems, no comparison can be made absuypoint due to the lack of information.
Surface modifications of the vectors, for example dovering with PEG, also have an
influence on siRNA delivery. Only some systems @reered by PEG (SNALPs, AtuPLEX,
LNPO1, RGD-PEG-PEI, PEC and CDP). These surfaceifioaiibns increase the stealth
properties of the delivery systems and can thegjong circulation time in blood. But
having PEG on the surface can also interfere viighendosomolytical activity of the vector

and inhibit the disruption of the endosomal membraependent on the acyl chain length of
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the lipid anchor and the molecular weight of theGPoiety (2000 and 5000 are used in the
reviewed systems) [71].

Another surface modification is the covery with @fie ligands which allow specific tissues
or organs to be targeted. The different liganddusethe reviewed systems are galactose
(Gal-C4-Chol/DOPE liposomes), transferrin (CDP)Y] &GD peptide (PEI-based liposomes).
Another way to target is to use one of the comptmas an antibody, an antibody fragment or
peptide p7-I-tsNP, scl-HOKC, RVG-9R, F105-P, AL-57-PF). Thigand is chosen in
function of the target cell to deliver the siRNAarspecific manner. For example galactose is
chosen to target the liver parenchymal cells, teans to target tumour cells and RGD targets
the tumour vasculature. Antibodies or antibody ifinegts can be designed to target cells
which express one specific antigen as for AL-57aPiich targeted only activated leukocytes.
This can be a way to augment the selectivity olegalencing, to reduce off-target effects and
to reduce toxicity [37]. Most of the nanosystemsheut ligands target the liver or tumour
tissue which is easier accessible by systemic adtration than other tissues due to passive
targeting and the EPR effect.

On the one hand, the cellular uptake is dependanthe size of the delivery system. As
mentioned before, the delivery system should nogfeater than 200nm to obtain a rapid
internalisation, but to avoid uptake by the MPS, thaeosystems should have a size smaller
than 100nm. The size of the discussed deliveryesystis on a nanoscale level and varies
from about 50 to 200nm. As for the surface change all authors measured or published the
size of their delivery systems, but most of theteys, for which we have this information,
had a size around 100nm and met the mentionediarittompromises have to be done
between a small size and including components tanaagthe specificity and efficacy of the
delivery. For example, Pirollet al. [58] had particles with a size of about 200nm phiypa
due to the ligand (TfR scFV) and the endosomoli/peptide HOKC.

On the other hand, escape from the endosome isvatsoimportant for delivering siRNA
into the cell. Aimost all the reviewed lipid deliyesystems used a helper lipid like DOPE or
cholesterol to help siRNA to escape from the end@sdtar polymer systems, PEI is used as
a main component in the formulation when an enda$giim agent is used. As described
before, DOPE acts by destabilising the endosomatimanes, whereas PEI uses the “proton-
sponge” effect.

The last point is siRNA action which is charactedisas a result of gene silencing. All the
reviewed delivery systems delivered their sSiRNAha target cell and gene silencing occured

65



Revue bibliographique

in all cases but to a different extent. The airtoisilence the target gene without inducing an
immune response (except for immunotherapy) andowttifor as low as possible) off-target
effects. For this, the delivery systems alone ghdo¢ as inert as possible, but other
parameters, such as the siRNA used, the dosehanrtes of administration, can also have
an influence to achieve this aim. In the reviewedlies, SiRNA was used in different forms,
such as unmodified siRNA (for example Landsnal. [49], Zimmermanret al. [52], ...),
modified siRNA (Morisseyet al. [54], Judgeet al [53] Kim etal. [69] Peeret al [56]),
hybrid siRNA (Pirolloet al. [35,58]) or siRNA combined with carrier DNA (Khouet al
[60]). Depending on the delivery system used, suddifications can be useful to reduce
unwanted side effects and/or enhance gene silentimg siRNA dose should be as low as
possible and in the reviewed cases, the dose disiNaried between 0.1 and 7.5 mg/kg/day.
In the presented studies, different administrattoades were used. Some studies were
realized with a single injection, others applied §iIRNA once a day but on different days
(consecutive or not), but there were also studiés two or three injections per day which
could permit to diminish the doses per injection.

Other points of comparison are the siRNA target thiedanimal models. Luciferase and GFP-
siRNA are often used to proof the principle or hmw transfection efficiency. In function of
the aim of the study, different SIRNA and diseas&lets were used but will not be discussed

as they do not concern physicochemical properties.

7. PERSPECTIVES

The aim of developing non-viral nanosystems forteaysc siRNA delivery is to use this
system for human therapy in the future. The prbat the system is efficiem vivo is one
condition to enter in clinical trials. Many of tlceirrent clinical trials for sSiRNA therapies are
for local administration and/or for the use of néike modified siRNA, but only few delivery
systems for systemic administration of siRNA hamteeed clinical trials. The only ones are
at the beginning (Phase ) to evaluate their safetgafe dose range, and to identify side
effects. Among the delivery systems for systemimiadstration in clinical trials are the
cyclodextrin-based transferrin-receptor targetechoparticles CALAA-01 from Calando
Pharmaceuticals and Atu027 from Silence Therape#t@®, which are AtuPLEXes. Both are
actually in Phase | clinical trials for solid tunmresuAlnylam Pharmaceuticals has developed
ALN-VSP which contains SNALPs as a delivery syst@mkmira’s lipid-based nanoparticle

technology) and has also entered Phase | climieds t
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The reason of the limited number of siRNA deliveggtems in clinical trials is certainly the
complexity of the approach. It is easier to adneri;maked or modified siRNA than to

develop an efficient, reproducible and safe deliveystem which has to undergo the same
regulatory guidelines as the drug itself.
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SiRNA LNCs — a novel platform of lipid nanocapsules f  or systemic siRNA
administration
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. Use of different cationic lipids
A to form lipoplexes with siRNA
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Size: between 50 and 60nm
Zeta potential: neutral
Encapsulation efficiency: up to 65%

—> Appropriate characteristics for
systemic administration

En s’inspirant des vecteurs déja existants au &dbwe a Angers et en appliquant les
connaissances acquises par la recherche bibliaguehdes nouveaux vecteurs siRNA ont
éte développés et sont présentés dans cette peepuélication de résultats. Ces siRNA
LNCs sont constituées de différents lipides catjoas et présentent des propriétés permettant
de les utiliser pour une administration par voistésique. Une analyse approfondie de ces
formulations a mise en évidence différents compuaatits pouvant contenir les siRNA. Pour
une meilleure caractérisation, une méethode de dgatibn a été mise en place afin de

localiser et déterminer la quantité de siRNA ddmgcie compartiment.

76



Conception et caractérisation

SIRNA LNCS — A NOVEL PLATFORM OF LIPID NANOCAPSULES
FOR SYSTEMIC SIRNA ADMINISTRATION

Stephanie David"®, Pauline Resnie?®, Alexis Guillot*”, Bruno Pitard®, Jean-Pierre

Benoit*®, Catherine Passirant®

®LUNAM Université — Ingénierie de la Vectorisatioarficulaire, F-49933 Angers, France
PINSERM U646 — Université d’Angers, 4 rue Larrey4¥933 Angers, France
‘INSERM UMR915 — Université de Nantes, 8 quai MosepE-44000 Nantes, France

*Corresponding author:

C. Passirani:

Inserm U646, IBS-CHU, 4 rue Larrey, 49933 Angerdg&e9, France

Tel.: +33 244 688534, Fax: +33 244 688546, E-ntailherine.passirani@univ-angers.fr;

ABSTRACT

Several siRNA therapeutics are undergoing clintdals for cancer, respiratory diseases or
macular degeneration, but most are administrateallyodn order to overcome the different
barriers to attain an efficient SIRNA action afsgsstemic administration, nanocarriers able to
carry and protect siRNA are expected. In this aie,developed a new platform of siRNA
LNCs using different cationic lipids, combining tpeoperties of lipid nanocapsules (SIRNA
protection and targeting) and lipoplexes (efficiecnRNA delivery into the cell). The
formulation revealed to contain different compamiise A siRNA quantification method
based on UV spectroscopy was developed to locaisé quantify siRNA in each
compartment. All in all, these novel siRNA LNCs geated sizes about 55 nm with a neutral
surface charge and siRNA encapsulation efficiencigesto 65% representing appropriate
characteristics for systemic administration.

Keywords: nanocarrier, lipoplexes, formulation, siRNA quaisation, cationic lipids
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INTRODUCTION

SIRNA, are rapidly degraded by nucleases and dikmyd components after intravenous
administration. Moreover, between administration aciibn site, different barriers have to be
overcome. Therefore, different sSiRNA modificatiomsd siRNA vectors have been already
described in the literature, in the aim to find tiieal” vector [1].

Lipid nanocapsules (LNCs) were developed in ouotatory, consisting of a lipid liquid core
of triglycerides and a rigid shell of lecithin amublyethylene glycol [2]. The simple
formulation process is based on phase inversiomamulsion. These LNCs were recently
modified to encapsulate DNA, complexed with catohpids, forming lipoplexes. These
DNA LNCs were efficient foin vitro andin vivo transfection [3-5] in contrast to lipoplexes
which were only efficienin vitro.

The association of LNCs and lipoplexes should combiNC properties (nucleic acid
protection, prolonged circulation time, possibildactive or passive targeting) with lipoplex
properties (internalisation in cells, permittingcheic acid action). This in mind, the objective
of this work was to develop siRNA LNCs allowingiefént systemic siRNA administration.
In this study, various ratios of different catiomigids were used to formulate SIRNA LNCs
and the size, charge and payload characteristiteese novel promising nanocarriers were

assessed.

MATERIALS AND METHODS
SiRNA LNC formulation

Basic lipid Nanocapsules (LNC) were formulated,dascribed before [2], by mixing 20%

w/w Labrafac WL 1349 (caprylic-capric acid triglymes, Gatefossé S.A. Saint-Priest,
France), 1.5% wi/w Lipoid S75-3 (Lipoid GmbH, Ludwsigfen, Germany), 17% w/w Solutol
HS 15 (BASF, Ludwigshafen, Germany), 1.8% w/w NgBtolabo, Fontenay-sous-Bois,
France) and 59.8% w/w water (obtained from a Mjllisystem, Millipore, Paris, France)
together under magnetic stirring. Three temperatyeles between 60 and 95°C were
performed to obtain phase inversions of the emnulsibtained after mixing all the

components. Then a rapid cooling and dilution waé cooled water (1:1.4) at the phase

inversion temperature (PIT) led to LNC formation.
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To obtain siRNA LNCs, the water in the last stepswaplaced by lipoplexes which were
prepared by adding equal volumes of siRNA (herecdehsiRNA targeted against PCSK9,
(sense sequence: GGAAGAUCAUAAUGGACAGATdT) EurogenetSeraing, Belgium)
and liposomes in a defined charge ratio of catiipid charge versus anionic siRNA charge.
NaCl was added during preparation, to obtain d finacentration of 0,15M.

For liposome preparation, a cationic lipid DOSPolglylamin-succinyl paromomycin)
(synthesis previously described in [6]), BGTC (bisgnidinium)-tris(2-aminoethyl)amine-
cholesterol) (synthesis previously described in ) [7or DOTAP (1.2-dioleyl-3-
trimethylammoniumpropane) (Avanti® Polar Lipids Iln8labaster, AL, USA), solubilised in
chloroform, was weighted in the ratio 1/1 (M/M)23M/M) or 1/1 (M/M) respectively with
the neutral lipid DOPE (1.2-dioleyl-sn-glycero-3-gpboethanolamine) (Avanti® Polar
Lipids Inc., Alabaster, AL, USA) to obtain a finebncentration of 20 mM of cationic lipid
charge, considering the number of lipid chargesnpaecule (4 for DOSP, 2 for BGTC and 1
for DOTAP). After chloroform evaporation under vaou, deionised water was added to
hydrate the lipid film over night at 4°C which wssnicated the next day.

DOSP micelles were prepared in the same way wittiheuaddition of DOPE.

Characterisation
Size and zeta potential measurements

Size and zeta potential of sSiRNA LNCs were measwsdg a Malvern Zetasizer® (Nano
Series ZS, Malvern Instruments S.A., Worcestershif) at 25°C, in triplicate, after
dilution in a ratio of 1:100 with deionised water.

Agarose gel electrophoresis

To verify siRNA encapsulation in LNC, Triton® X10(Bigma, Saint-Quentin Fallavier,
France) was added to destroy LNCs. Samples werednwith OrangeBlue loading dye
(Promega, Madison, WI, USA) before deposition on a@arose gel containing ethidium

bromide (Sigma, Saint-Quentin Fallavier, France) mngration at 100 V for 30 minutes.
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SIRNA LNC purification

500ul of SIRNA LNC Formulation were deposited orl.® x 40 cm Sepharose CL-4B
column and were eluted with HEPES buffer (pH 7Bjactions of 500ul or 1ml were
collected in glass tubes for further analysis. 108fueach fraction was used for turbidity
measurements and analysed at 580 nm. PEG wasfegdhoging 20ul of each fraction which
was mixed with 5ul KIA and 180l HO milli-Q before analysing at 492 nm using a
Multiskan Ascent microplate reader (Thermo Fisheetific Cergy-Pontoise, France). Size
and zeta potential measurements were performedessrided above and siRNA were

evidenced using gel electrophoresis experiments.

SIRNA quantification

One volume of the formulation was mixed with thxedumes water (obtained from a Milli-
Q-plus® system, Millipore, Paris, France), six voks 1M NaOH and two volumes
chloroform, vortexed and immediately centrifugea itd min at 20000 g and 4°C. The
agueous phase, containing free siRNA and siRNArdileel from lipoplexes outside LNCs,
was removed and analysed with a UV spectrophotom@i®/IKON 922, Kontron
Instruments, Munich, Germany) at 260 nm. The volumenoved for free SIRNA
guantification was replaced by ethanol, and twaunms water and 10 volumes NaOH 1M
were added before vortexing and centrifuged a setiom& for 15 min at 20000 g and 4°C.
The aqueous phase, containing the liberated siRbiA fipoplexes inside siRNA LNCs, was
removed and analysed as previously at 260 nm. Blyse free and encapsulated siRNA
guantity in siRNA LNCs, the same procedure was ussthg two volumes of formulation
and replacing water by 1M NaOH. The first aqueduase contained free siRNA; the second
agueous phase contained siRNA encapsulated in siRNBs. The siRNA quantity was
calculated using a calibrating curve with differefRNA concentrations and compared to the
total sSiRNA amount encapsulated in theory in SIRNACs. All samples were prepared in

duplicate.
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RESULTS AND DISCUSSION
Lipoplex characterisation

The colloidal stability of lipoplexes was deterndnat different charge ratios (CR = cationic
lipid charge/siRNA charge (+/-)) for various cationiipids (DOSP, DOSP/DOPE,
BGTC/DOPE and DOTAP/DOPE) using size, fluoresceaod electrophoresis analysis
(table 1). Similar to DNA lipoplexes, three diffatezones of colloidal stability A, B and C
could be determined with specific properties inheaone [8]. In summary, in zone A the
guantity of cationic lipid is not sufficient to cquex all nucleic acids, so they are still
detectable. In this zone, lipoplexes possess d simaland a negative surface charge. In zone
B, all nucleic acids are complexed and are no lodgéectable. The surface charge is neutral,
which leads to aggregation and an augmented slas.Was the case for all lipoplexes tested
at CR 2 and 2.5, for DOSP/siRNA lipoplexes at CRn8l 4, and for BGTC/DOPE/siRNA
lipoplexes at CR 3. They presented a size oveathitrary value of 700 nm and only a slight
fluorescence in electrophoresis experiments. In zZ8nehe quantity of cationic lipids is
predominant and thus the surface charge is posigegling to repulsion and smaller
lipoplexes which was observed for all lipoplexesstéd at the CR 5 and for
BGTC/DOPE/sIRNA lipoplexes at CR 4. To encapsul@@plexes in the liquid lipid core of
LNCs, lipoplexes of zone B and C were chosen aie B the neutral surface charge and
the aggregation of lipoplexes suggest rather a hpiepaffinity, and DNA lipoplexes of zone

C were already encapsulated efficiently in LNCs.
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Table 1: Characteristics of SiIRNA lipopolexes ukadsiRNA LNC formulations
SiRNA LNC formulation and characterisation

Basic LNCs were developed by Heurtaeiltal [2]. Their easy formulation process and their
good characterisation make these nanocarriercigaTo formulate them, the components
were mixed together and temperature cycles arobaedohase inversion temperature (PIT)
were performed. In the last step, an important qiyaot water was added at the PIT of the
last cycle, resulting in the rapid cooling and tidn of the emulsion and the formation of
LNCs. The addition of lipoplexes in the cooling emtat the end of the formulation process,
contributed to siRNA LNC formulations and broughé tadvantage to avoid their exposition
to high temperature during the formulation.

SIRNA encapsulation in LNCs was checked using sdptioresis experiments. As sometimes
a low fluorescence band was visible, indicatingremomplete complexation or encapsulation,
and to determine whether siRNA were encapsulated NI€s or simply complexed in
lipoplexes, a purification of siRNA LNCs DOTAP/DOPER 2.5 was performed on
sepharose columns. The collected fractions wera #Hralysed performing size and zeta
potential measurements, PEG quantification, tutpidieasurements and gel electrophoresis.
The final result of these analyses (figure 1) sstgge the presence of 5 different
compartments in the formulation: (1) empty lipossm@) lipoplexes, (3) siRNA LNCs, (4)
empty LNCs and (5) free siRNA. In the first compaeht, empty liposomes were suspected

as no PEG and no siRNA were found and a size afts8@0 nm was measured. In the second
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compartment the size diminished, siRNA were detgcthe turbidity augmented and a
slightly positive zeta potential was measured iating the presence of DOTAP/DOPE
lipoplexes (CR 2.5). In the third compartment PE@ &iRNA were detected with a size
about 100 nm and a near neutral zeta potential werasured, suggesting the presence of
SsiRNA LNCs. In the fourth compartment PEG but ieNA were detected and sizes about 50
nm and a slightly negative zeta potential were mness indicating empty LNCs and/or free
HS-PEG. In the last compartment, no PEG was detebig siRNA were found, indicating
free SIRNA.
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Figure 1: Purification of DOTAP/DOPE/siRNA LNC foutation (CR 2.5) on sepharose columns

According to the previous results, our hypothesithat sSiRNA can be situated in 4 different
compartments: in the second compartment in lipgdexutside LNCs; in the third
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compartment either (3a) complexed with cationicdigpin LNCs or (3b) associated to other
components of the LNC formulation but dissociateainf cationic lipids; or in the fifth
compartment as free siRNA. To quantify and localzi@NA in the formulation, a
guantification method using UV spectrometry analysi 260 nm was developed (Figure 2).
Free siRNA was quantified using a simple chlorofoexrtraction to separate other
constituents of the formulation which interfered Wl spectroscopy analysis. SIRNA in
lipoplexes outside LNCs were quantified in the samag but NaOH was added to dissociate
lipoplexes. SIRNA in LNCs were quantified using tiseparated” formulations (without free
siRNA and/or without lipoplexes) by addition of atiol, to dissociate LNCs, and NaOH, to
dissociate siRNAs from cationic lipids. To determthe siRNA quantity, calibrating curves
for the different treatments were performed usiigN#&\ quantities between Oug and the
maximal theoretical charge in one volume siRNA Lfg@nulation (c = 0.25 g/l) .

. )
. ®
freesiRNA |77 o
Chloroform \ p wE
extraction -
+ EtOH encapsulated
+H,0 siRNA
o
(
free
Chloroform \ lipopiaxes
extraction
+ NaCH e N
+ EtOH > encapsulated
+ NaOH ) { lipoplexes ]

Figure 2: Schematic representation of SiRNA quanatifon

Afterwards, siRNA LNCs were formulated with diffetecationic lipids and their size, zeta
potential and encapsulation efficiency were deteedi(table 2). The basic LNC formulation
presented a size of 55 nm with a small distribufrficated by a very low polydispersity
index (PDI) of 0.04 and a slightly negative zetaeptial of about -5 mV. The zeta potential
of formulations prepared by the novel process wasprised between -25 and +25 mV and
the encapsulation efficiencies in LNCs were sitdatetween 4 and 65%. Both varied in
function of the cationic lipids used for lipoplearmation and the CR. The sizes were around
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55 nm with a very low PDI with exception of SIRNANCs using DOTAP/DOPE/siRNA
lipoplexes. Indeed, at CR 2.5, they showed 2 dispopulations of about 55 and 185 nm and
at CR 5, a size of 125 nm with the highest siRNAagsulation efficiency of 65%. These
lipids and CR were also previously used for DNA apsulation in DNA LNCs forming
efficient nanocarriers fan vitro [3] andin vivo [4] transfection. The size of DOTAP/DOPE
siRNA LNCs (CR 5) was similar to other promisin@&BiA vector one (100 — 170 nm), with
efficient transfectionin vivo after systemic administration [9]. However, thestfisSiRNA
nanocarriers for systemic administration whichiarphase | clinical trials (CALAA-01 [10])
have sizes about 70 nm. This corresponds to siRN& formulations containing the other

lipids but, in contrast, they present only halfawer encapsulation efficiencies.

LNC formulation Sl PDI e A e
[nm] [mV] . .
Encapsulation efficiency [%]
basic LNC formulation 55.5+/-0.5 | 0.04+/-0.01 5.2+-05 Total
siRNA
LNC siRNA . . Compartment . found [%]
Size PDI Zeta potential siLNC
Lo [nm] [mV] 5 2 3a’ 3b2 | (3a+3b)
+ -]
Eationicliplds ) ER [+ SiRNA Ipx SiLNC | siLNC
BGTC/DOPE 2.5 55.3+/-0.1 | 0.13+/-0.03 15+-07 204/-0 | 66+-3 | 3+-1 | 10+-4 | 13+/-3 108+/- 4
2 51.6+/-0.2 | 0.07+/-0,00 2.4+/-07 2+/-1 94 +/-5 0 4416 | 4+/.86 107 +-7
HOSE 2.5 60.4+/-1.0 | 0.10+/-0.02 4,1+/-041 8+-9 | 754118 | 13419 | 4+i1 | 174110 | 117 +/-14
24.14/-17
5 52.8+/-0.0 | 0.08+/-0.00 104 +/- 3.2 20+/-12 | 65+-13 | 11 +/1 | 3+-0 | 14+/-1 126+/-8
3.7+-43
2 53.3+/-0.2 | 0,03+/-0.01 257 +/-1.9 4+/-1 80+/-8 | 8+/-12 | 7+-2 | 15+/-10 75+/-9
DOSP/DOPE 2.5 59.7+/-0.5 | 0.09+/-0.01 1.5+/-0.4 2+4/-2 91+/-0 | 2+/-2 | 5+-0 | 7+~2 88+/-2
5 61.4+/-0.3 | 0.15+/-0.03 7.8+/-09 12+/-4 | 7341 | M+-4 | 3+-0 | 15+-5 105+/- 6
53.5+/- 6.8

2.5 18414/ 28.4 | 0-29+-0.03 0.3+/-05 0 73+/-19 | 11+/-16 | 16+-3 | 27+/-19 | 100+/-5

DOTAP/DOPE
5 124.8+/-0.6 | 0.24+/-0.00 1.6+/-03 0 34+/-1 | 20+/-4 | 45+/-5 | 65+/-2 79 +-7

! siRNA encapsulated in LNCs complexed with catidipicls 2 siRNA encapsulated in LNCs dissociated from catitipids

Table 2: Size, zeta potential measurements angsuledion efficiency of sSiRNA LNC formulations

In summary, we developed a new platform of siRNA AN showing appropriate

characteristics for systemic administration wittogencapsulation efficiencies and/or small
sizes and neutral surface charges. However, funtivestigations need now to be carried out
to test their transfection efficieney vitro andin vivo and to find a compromise between a

small size and a high siRNA payload.
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Publication No 2

DNA nanocarriers for systemic administration — char acterization and in
vivo bioimaging in healthy mice

David S., Passirani C., Carmoy N., Morille M., Bérd#., Montier T. and Pitard B.
Molecular Therapy — soumis

Various distribution profiles in
function of the nanovector
composition

Repeated administration:
DNA MMS DOSP: ok
PEG DNA LNCs: rapid clearance

DNA nanovectors based on
lipoplexes with different lipids
and charge ratios

En paralléle, la caractérisation des vecteurs ADBtéaapprofondie. Des nouveaux MMS

ADN utilisant le lipide cationique DOSP ont été aaerisés et le taux d’encapsulation

d’ADN dans les LNC ADN quantifie pour la premiérei§ en se basant sur le dosage de
SsiRNA, développé dans la publication précédentes hanovecteurs ADN ont été ensuite
injectés dans des souris saines par voie systéraigeer profil de biodistribution analysé en

utilisant I'imagerie par fluorescenge vivo. De plus, les effets d’'une injection répétée des
deux systemes les plus furtifs, les LNC ADN PEGstMMS ADN DOSP ont été étudies.
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ABSTRACT

Nucleic acids such as DNA molecules often needligetg vehicle for efficient action after
systemic administration. In this aim, we presemetfferent DNA nanocarriers consisting of
new multimodular systems (MMS), containing the aait lipid dioleylamine succinyl
paromomycin (DNA MMS DOSP), or bis (guanidiniumercholesterol (DNA MMS
BGTC), and DNA lipid nanocapsules (DNA LNCs). Aditargeting of hepatocytes using
galactose as ligand for DNA MMS (GAL DNA MMS) andigsive targeting using PEG
coating for DNA LNCs (PEG DNA LNCs) should improtee properties of these DNA
nanocarriers. All systems were characterized vigsigb-chemical methods and the DNA
payload of DNA LNCs was quantified for the firsinte. Afterwards, their biodistribution in
healthy mice was analysed after encapsulationfloioaescent dye vian vivo biofluorescence
imaging, revealing various distribution profilespg@ding on the cationic lipid used and their
surface characteristics. The lipid BGTC and tharid) galactose provided an accumulation in
the liver, DNA LNCs showed a brought distributiorofile but a rapid elimination and the
lipid DOSP and the coating with PEG exposed a pg®dncirculation in the bloodstream.
Furthermore, the two vectors with the best prolangeculation profile were administered
twice in healthy mice revealing that the new vestbNA MMS DOSP showed no toxicity
and the same distribution profile for both injec8prtontrary to PEG DNA LNCs which
showed a rapid clearance after the second injed@stainly due to the accelerated blood
clearance (ABC) phenomenon.

Keywords:
Lipid nanocapsules, multimodular systems, repeaggtninistration, targeting, ABC

phenomenon
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INTRODUCTION

Gene therapy is an emerging technology that aimpdomanent or transient correction of a
gene defect by intracellular delivery of nucleiddad1]. Gene defects can either arise during
the cell division processes or be due to extergants (such as UV or other radiations,
chemical substances ...). The introduction of a pilddDNA encoding the native form of the
gene can be a way to conquer these gene defecteakés plasmid DNA is quickly degraded
by blood nucleases and expose in general no rel¢harapeutic effects when administered
systemically [1], vectors are necessary to carrypasmid DNA into the cell nucleus. In
general, as any drug, gene transfer complexes maach its intended site of action to induce
therapeutic effects but this can be compromiseautjint unspecific interactions, especially if
they are frequently re-administrated. Consequemihg basic challenge for non-viral gene
therapy is to develop an approach that deliveresatteutic gene into selected cells. In this
aim, two different types of promising nanocarriersre developed in our laboratories, lipid
nanocapsules (DNA LNCs) and multimodular systeniSAIMMS). DNA LNCs consist of a
lipophilic lipid core, containing a mixture of thgerides and polyglyceryl-6 dioleate
surrounded by a shell composed of free polyethyigpeol (PEG) and hydroxystearate-PEG
(HS-PEG) [2]. To encapsulate hydrophilic DNA in thgophilic lipid core, the first step
consists of complexing the anionic DNA with catiotipids, to form lipoplexes which are
then introduced in the formulation process of DNNGQs, based on phase-inversions of an
emulsion [3]. DNA LNCs encapsulating a luciferasadiog plasmid DNA proved their
transfection efficacyn vitro [4] and, after surface-coating with DSPE-Bgfgchains forming
PEG DNA LNCs, prolonged circulation in the blooddainansfection efficacyn vivo in a
tumour model [5, 6]. DNA MMS also exhibit a duatustture, a core composed of lipoplexes
and an external corona of steric stabilizers cap#dblcarry ligands for active targeting. The
first developed DNA MMS consisted of the cholesteadetivate BGTC (bis-guanidinium-
tren-cholesterol) as cationic lipid, the plasmiddluciferase and the steric stabilizer F108
(a block copolymer of PEO and PPO), with or withgalactose as ligand. They were already
testedin vitro on primary hepatocytes [7] and demonstrated a ifepecansfection for
galactosylated DNA MMS due to the recognition ofe thgalactose ligands by

asialoglycoprotein receptors, present on hepatecyte

90



Conception et caractérisation

With the aim to develop new efficient non-viral DNanocarriers, new MMS containing the
aminoglycoside derivate DOSP (dioleyl succinyl pamomgcin) were developed and
compared to the already vitro tested DNA MMS BGTC. In parallel, the DNA payload
DNA LNCs was for the first time quantified and Itiead. Afterwards, both DNA MMs, in
presence and absence of galactose, as well as INGs land PEG DNA LNCs were injected
for the first time via intravenous injection in fibg mice and their different biodistribution
and kinetic were explored, via non-invasiire vivo biofluorescence imaging (BFI) [8].
Finally, PEG DNA LNCs and DNA MMS DOSP, the DNA mmarriers with the longest
circulation time, were tested for a repeated adstraiion as, in a future therapeutic

application multiple injections can be envisagedarprove the effect of the plasmid DNA.

RESULTS
DNA nanocarrier characterisation
DNA MMS DOSP — new multimodular systems for systemic administration

Similar to DNA MMS BGTC, new DNA MMS containing theationic lipid DOSP were
developed. They could be recovered by galactoserder to target the asialoglycoprotein
receptors in a future application directed to thierl To determine their colloidal stability [9],
electrophoresis experiments (figure la), size nreasents (figure 1b) and fluorescence
measurements (data not shown) of lipoplexes DOSPHEIDNA were performed at different
charge ratios (CR), defined as ratio of catiorpadlicharge to anionic nucleic acid charge (+/-
) [10]. Three zones of colloidal stability A (CR%, B (CR 2 — 5) and C (CR > 5) were
determined with a complete complexation of the @wchcids at CR> 2 indicated by low
fluorescence intensities in electrophoresis expamishand fluorescence measurements (data
not shown). As consequence, the CR 2 was chosehipbplexes at this CR had an increased
size and were colloidal instable. To prevent tleggregation due to their neutral surface
charge, the polymer F108 was added to reduce @ftigi their size (final size about 100 - 130
nm, figure 1c). Additionally, for all F108/DNA rai$ tested, no fluorescence signal was
detected in electrophoresis experiments indicatiagdissociation of the lipoplexes (figure
1d). In view of these results and in accordanc®MA MMS BGTC, the F108/DNA and
F108-gal/DNA ratio of 300 (w/w) was chosen.
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Figure 1: Development of DNA MMS DOSP
Electrophoresis experiments (1a) and size measusn{géb) were performed at different charge ratds
DOSP/DOPE/ADN lipoplexes to determine their colldidtability. Size measurements (1c) and electrmsis
experiments (1d) of DOSP/DOPE/ADN lipoplexes at ZRith different polymer/DNA ratios were performed
to determine the quantity of polymer used for DNAME DOSP.
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DNA LNCs — quantification of the DNA payload

To check DNA complexation (lipoplexes) or encapsata(DNA LNCs) and to confirm that
the purification and post-insertion process did madify the DNA encapsulation in PEG
DNA LNCs, gel electrophoresis experiments wereqgrered. When LNCs were intact, only
very low fluorescence signals were detected foh lgpes of LNCs, indicating neither a loss
of DNA nor liberation of DNA from DNA LNCs (fig. 2aIn contrast, after LNC destruction
with Triton, an intense fluorescence signal waseoled in both cases. Afterwards, the DNA
localisation (lipoplexes versus LNCs) was determinsing a newly developed quantitative
method based on chloroform extraction and subsedurspectroscopy analysis at 260nm.
Our hypothesis is that DNA could be potentiallydti®ed in four different compartments of
the formulation (fig. 2b): (1) free DNA moleculg2) DNA molecules in lipoplexes outside
LNCs, (3) lipoplexes encapsulated in LNCs, and#)A molecules encapsulated in LNCs
dissociated from cationic lipids. The DNA quantion, before purification or postinsertion
(table 1), revealed about 16% free DNA moleculesresponding to a small line of
fluorescence at gel electrophoresis experimentyytadf®o in lipoplexes outside DNA LNCs
and up to 21% of DNA encapsulated in LNCs, whetbasmajor part was dissociated from
cationic lipids (21% versus 1%). The experimentatermined encapsulation efficiency in
LNCs, when the formulation weight was also consderwas about 23% and the
experimental DNA payload about 0.07% compared ¢athieoretical DNA payload of 0.29%.
To eliminate free DNA, DNA LNCs were purified bylgdaromatography before coating with

PEG and use fan vivo experiments.

a2 DNALNC PEG DNA LNC

——
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Figure 2: DNA Quantification in DNA LNCs
2a) Electrophoresis experiments were performedhtck DNA encapsulation in DNA LNCs and PEG DNA
LNCs. 2b) Schematic representation of the DNA lizedion in the DNA LNC formulation (1) as free DNA)

in lipoplexes outside LNCs, (3) in lipoplexes irsidNCs or (4) in LNCs dissociated from cationiddip

Table1:
1 2 3 4 DNA in LNCs DNA Entrapment
- a o -
Free DNA [%] Free lipoplexes l?ncapsulated Encapsulated [%] payload efficiency
[%] lipoplexes [%] DNA [%] (3+4) [%] [%]
Formulation1 0 85 +/-4 1+-1 15 +/-6 16 +/-4 0.05 +/-0.01 16 +-5
Formulation 2 21 +-20 56 +/-34 6+-8 21+-21 26 +/- 14 0.09 +/-0.06 31+/-20
Formulation 3 27 +-5 53 +/-1 0 21+4-4 21+/-4 0.07 +/-0.02 23+4-5
Mean 16 +/-14 65 +/-18 1+/-2 21 +-5 21+4/-5 0.07 +/-0.02 23 +-7

®Experimental DNA payload [%] calculated as w (DNALINCs)/ w (DNA LNCs) * 100

PEntrapment efficiency calculated as experimentalAlidyload/ theoretical DNA payload

Table 1 DNA quantification in three different formulatiohsfore purification and postinsertion with DSPE-
PEG

Physico-chemical characterisation of the different DNA nanocarriers

The lipoplex composition used for DNA LNCs, PEG DNACs, DNA MMS BGTC, GAL
DNA MMS BGTC and the new developed DNA MMS DOSP &wL DNA MMS DOSP,
as well as the polymer/DNA ratios used forvivo experiments were listed in Table 2. The
plasmid luciferase was chosen in a first time as ehd&cause it can be quantified quite
easily. Before using these DNA nanocarriersifiovivo experiments, they were characterized
by size and zeta potential measurements (tablBIYA LNCs had a size of 114 nm with a
PDI of 0.3 and a positive zeta potential of +27 n®vating the surface with DSPE-Pk6a
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resulted in a size of 132 nm and a negative zetengiat of -17 mV due to dipolar
interactions of PEG with water as previously ddseti[11]. DNA MMS showed sizes of 150
nm (BGTC) and 200 nm (DOSP) with a polydispersitggax (PDI) of 0.4. The addition of
galactose resulted in sizes of 300 nm (BGTC), wisah good accordance to previous results
[7], and 150 nm (DOSP) with a PDI of 0.5 and ung®hneutral zeta potentials.

DNA nanocarrier specifications
DNA LNC PEG DNA DNA MMS GAL DNA DNA MMS GAL DNA
LNC BGTC MMS BGTC DOSP MMS DOSP

Lipoplex composition
Plasmid: pgWIZ-luciférase
Lipids for lipoplexes: DOTAP/DOPE BGTC/DOPE DOSP/DOPE
Charge ratio <] 2

Polymer composition
Polymer: DSPE- F108 F108-gal F108 F108-gal

PEGZDOO
Ratio polymer/DNA - 70 (wiw) 300 (wfw)
Physico-chemical characteristics

Size [nm] 114 +/- 25 132 +/-3 150 +/-32 | 298 +/-171 198 +/- 57 152 +/- 58
PDI 0.3 0.3 04 0.5 0.4 0.5
Zeta potential [mV] 27 +/-12 -17 +/-4 3+/-2 -2 +-1 0 2+/-0

Table 2 Characteristics of the different DNA nanocarriers

In vivo biofluorescence imaging in healthy animals
Biodistribution after one systemic administration

For in vivo experiments, nude mice were chosen to avoid hdoflaorescence, facilitate
observations byn vivo biofluorescence imaging (BFI) [12] and to comptre results with
previously obtained ones on different tumour mod@s 6, 13]. To follow the DNA
nanocarriers via BFI, the fluorescent dye DiD (amefrared fluorophore used to avoid the
autofluorescence wave length emitted by animals) evecapsulated and images taken 1, 3, 5
and 24h after systemic administration (Fig 3) tedal and decubitus dorsal views. The DNA
MMS BGTC and GAL DNA MMS BGTC were rapidly accumtdd in the liver. This
accumulation persisted during the whole observaienod whereas the addition of the ligand
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showed a more specific accumulation in the livagior, starting at 1h after intravenous
administration. DNA MMS DOSP showed an accumulatiothe urinary system and in the
lungs during the whole observation period. TheseADhanocarriers showed also an
accumulation in the liver, but in a lesser extemant for DNA MMS BGTC and an
augmentation at 24h. The addition of galactosentigato these systems also provides an
accentuated accumulation in the liver with lessuaudation in the urinary system and the
lungs than for DNA MMS DOSP. However, DNA MMS DOS$Bd an increased circulation
time compared to the other DNA MMS tested, as #isoence in the whole body could still
be observed 24h after administration. DNA LNCs shbdva large distribution 1h after
intravenous administration, but were rapidly elinigthby the urinary system. The addition of
long DSPE-PEG chains augmented the circulation timi# 5h after administration with a
large distribution in the whole body. However, 2ater their administration no fluorescence

was detected indicating the elimination of thesseays.

96



Conception et caractérisation

DMA varctor

digtrihiitinn

/
[y
=

w
=

wu
=

Sowgt 8 =g, I B i |
" . AV e U 4
[y e g |
B e | | | S S———
E———— e e 0 |
Y . T 2. wius Mo o |
el BT LA S T Ta .
O O S | O . S | 00 VD W
[ E— | [T SO—— | o s
o —E———————————
DNA MMS T N 2 1N Ldiaaas Il Lo o |
_ A e . /ME S| BT T
BGTC GAL -\_n- s . e @ Taa
i T
T B [

| o | e I e |
et I . == 1l e |
e if LENV.. L FATEE P |
[ R =

e
s
!5

PEG DNA LNC

Max

Fluorescence intensity

Min

Figure 3: BFI of the different DNA nanocarriers administgnéa i.v. injection in healthy animals at diffeten
times
DNA MMS BGTC, GAL DNA MMS BGTC, DNA MMS DOSP, GAL DA MMS DOSP, DNA LNCs and
PEG DNA LNCs encapsulating a fluorescent traceD,Divere injected i.v. in healthy mice and BFI image
were taken at different times (1h, 3h, 5h and 2dér anjection) from decubitus dorsal (first linahd lateral

(second line) views to follow their biodistribution
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Biodistribution after repeated administration

As the repeated administration of these systemsdcdoelenvisaged in a treatment context
(chronic disease), the two systems with the longestlation profile (PEG DNA LNCs and
DNA MMS DOSP) were followed via BFI after two intt@nous injections administered in
the time interval of one week (Fig. 4). Imagesld first injection were already described in
the previous section. After the second injectionDHNA MMS DOSP, the biodistribution
profile was similar to the first one, represented & prolonged circulation time and an
accumulation in the urinary system and in the luAge accumulation in the liver seemed
more important after the second injection, but aeigted also with time and was maximal at
24h after the second injection. The biodistributpoofile for the PEG DNA LNCs after the
second injection showed a reduced circulation tme a profile similar to DNA LNCs with a
large distribution in the whole body one hour a#idministration. In contrast, an augmented
accumulation in the lungs after the second injecémd an important intolerance of PEG
DNA LNCs after the second injection were observed.
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Figure 4: BFI of DNA nanocatrriers in healthy animals aftepeated systemic administration
PEG DNA LNCs and DNA MMS DOSP encapsulating theoffescent dye DiD were injected twice
intravenously in healthy animals with a time intref 1 week between administrations and BFI imagegse
taken at different times (1h, 3h, 5h and 24h afimech injection and one day before the second inje¢0h))

from decubitus dorsal (first line) and lateral (@ad line) views to follow their biodistribution.
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Hepatotoxicity of PEG DNA LNCs and DNA MMS DOSP

To determine the hepatotoxicity of PEG DNA LNCs @&dA MMS DOSP, blood samples
were collected regularly during the observationiquerand the enzyme activity of ALAT
(alanine aminotransferase) and ASAT (aspartate d@raimsferase) were quantified (Fig. 5)
indicating a hepato-toxicity when both ALAT valuspecific to the liver, and ASAT values,
also found in other organs and tissues, were autpuieRor the group receiving PEG DNA
LNCs, ASAT and ALAT values showed a slight augmeata24h after the first injection.
These values augmented another time, but in lestamt, 24h after the second injection.
However, these values are near to the values autafar the control group (without
nanocarrier injection). ASAT and ALAT values for thace receiving DNA MMS DOSP,
showed nearly the same profile as the ASAT and AlLvdlues for the control group

indicating no hepato-toxicity of these DNA MMS.

180
160 -
140 Y
120

100 A

Activity [UA]

180

First injection Time [h] Second injection

Figure 5: ALAT and ASAT quantification to determine hepateitity of PEG DNA LNCs and DNA MMS
DOSP
Blood samples of animals receiving no injectiomfcol, diamonds), PEG DNA LNCs (triangles) or DNAWS
DOSP (circles) were collected once a day duringotervation period, starting 1h before the in@tiof the
DNA nanocarriers, to analyse hepatotoxicity of eh&NA nanocarriers, represented by ALAT (continuous

lines) and ASAT values (dashed lines).
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_Fluc_>r_esc_ence accumulation and luciferase quantification in different organs 24h after

i.v. injection

Twenty four hours after the last administratiorDMA nanocarriers (two administrations for
PEG DNA LNCs and DNA MMS DOSP, one administratiam DNA LNCs, DNA MMS
BGTC, GAL DNA MMS BGTC and GAL DNA MMS DOSP, and najection for the
control group), animals were sacrificed and therigcence localisation was determined in
different organs (liver, lungs, kidneys, spleen dwrt) to confirm BF images as BFI is
affected by tissue depth [8] (figure 6). For all RNanocarriers, the major intensity was
observed in the liver, followed by some fluores@eircthe lungs and almost no fluorescence
intensity in the heart, the spleen and the kidné&ysnice receiving the two injections, the
luciferase expression was also quantified but dedetew luciferase expression (less than 2

RLU/mg proteins) (data not shown).
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Figure 6: BFI of DNA nanocarriers in different organs 24teathe last systemic administration
Animals were sacrificed 24h after the last injectiof DNA nanocarriers and the fluorescence intgnisit(1)
liver, (2) lungs, (3 and 4) kidneys, (5) heart d6) spleen measured via BFI. All images were takéh the
same settings. (a) control animals receiving neciipn, (b) animals receiving one DNA MMS BGTC ictjen
(left) or one GAL DNA MMS BGT injection (right), {canimals receiving two DNA MMS DOSP injections
(left) or one GAL DNA MMS DOSP injection (right)d] animals receiving one DNA LNC injection (left) o
two PEG DNA LNC injections (right)

DISCUSSION

New MMS containing the lipids DOSP/DOPE were depelb showing comparable physico-
chemical characteristics as the previously desdribdA MMS BGTC. In parallel, the DNA
encapsulation efficiency in LNCs of about 23% waardgiiied and localised for the first time
using a method based on chloroform extraction gedtsoscopy analysis. The major part of
DNA encapsulated in LNCs was dissociated from catidipids, certainly due to a
rearrangement of the different lipids around thele@ioacids during the formulation process,
as lipoplexes with an initial size of about 400nmrgvencapsulated in DNA LNCs presenting
a size about 100nm [2]. However, a big part of DWAs still complexed in lipoplexes
outside DNA LNCs which remained in the formulatiemen after the purification step,

realized to eliminate the excess of free componesghey both present similar sizes. This
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was also confirmed by electrophoresis analysis, sdosimilar fluorescence intensities for
DNA LNCs (before the purification step) and PEG DNAICs (after purification step)
(Figure 2A). Most of these (PEG) DNA LNCs and DNAV, developed in our laboratories,
presented appropriated characteristics for systannanistration.

In vivo biofluorescence imaging (BFI), a fast, simple aelhtively low-cost technique [14]
was used to determine the biodistribution profdéthe DNA nanocarriers in healthy mice. In
this aim, the fluorescent tracer, DID, which is sotuble in water and is known to be prone to
aggregation and auto-quenching in aqueous buffé], [lvas encapsulated in DNA
nanocarriers, which mimicked an “organic like” ma&di and thus improved its optical
properties. However, the fluorescence intensitgas an absolutely quantitative method and
depends on the tissue and its localisation [16jtheumore, the quantity of DiD was not equal
in all systems, but quantities in DNA MMS with thdferent lipids and ligands were equal,
so they could be compared on the one side, andtijgarin DNA LNCs and PEG DNA
LNCs on the other side, were also equal and cduld also be compared with each other.
Each DNA nanocarrier showed a specific biodistidout profile in function of its
composition. DNA MMS composed of the cationic li@&TC had a short circulation time
and accumulated preferentially in the liver whil&l®» MMS composed of the cationic lipid
DOSP favoured prolonged circulation time. The additof the ligand galactose to both
systems accentuated their accumulation in the.lilleis phenomenon is certainly due to the
asialoglycoprotein receptor (ASGP-R) situated opalecytes which recognizes terminal
galactose-bearing asialoglycoproteins and favohes dpecific internalisation of galactose
containing systems [7, 17, 18]. DNA LNCs had a éadistribution but a short circulation
time which could be increased by coating with DSHES chains, as was also seen

previously on different tumour models [5, 6, 13].

Afterwards, the systems DNA MMS DOSP and PEG DNAQs\which had the longest
circulation times were chosen for a repeated aditmation on healthy animals. DNA MMS
DOSP showed no hepatotoxicity and similar biodisition profiles for both injections,
contrary to PEG DNA LNCs which were rapidly elimied and showed an augmented
intolerance on healthy mice after the second igacMice presented signs of paralysis of the
extremities and difficulty to breath, typical oBhock response, to the point of rapid mortality
within 10 to 30 minutes after injection of someraals. This could be due to the accelerated
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blood clearance (ABC) phenomenon of the PEGylatediezs in combination of their
immunogenic payload (plasmid DNA) and the use bfmaiic (nude) mice. This phenomenon
has already been reported in the literature [19B21 Js still not fully elucidated. Two distinct
phases can be determined in this phenomenon [22(1)3The induction phase following the
first injection, where liposomes or in our case PESA LNCs bind and crosslink surface
immunoglobulin on PEG-reactive B-cells [24], indugithe production of anti-PEG IgM and
(2) the effectuation phase following the secon@atipn, where on the one hand, the DNA
payload is internalised followed by B-cell stimwalgt pathway activation, such as TLR 9 [25]
and on the other hand accessory cells are indacprbtiuce cytokines, independent of T cell
help [25-27] followed by the rapid clearance & PEGylated carriers from the bloodstream,
mainly by Kupffer cells in the liver. The severacgons observed here, including the death
of some mice, could be due to the non-regulatiothefimmune response due to the use of
nude (athymic) mice [21, 28, 29], but the regulatisn complex and need further

investigations to be fully understood.

For the long circulating systems, PEG DNA LNCs @&§A MMS DOSP, no luciferase
expression could be detected 24h after the lasttion in any organ although fluorescence
was observed in the liver. This could suggest dinadctive or passive targeting is necessary as
no specific accumulation was observed in healthiynals contrary to the tumour model
studies with PEG DNA LNCs [5, 6, 13]. For PEG DNAICs, an important point for the
absence of luciferase expression is certainly #pedrclearance of these DNA nanocarriers
after the second injection due to the ABC phenomek®r the future, there are different
possibilities to diminish this immunogenic respobgeconsidering the time interval between
the different injections [20, 30], the lipid comftemn of the PEG component [20, 31], the
sequence of the pDNA [21] and/or the animals [X&du

In summary, we presented here various DNA nanaarfor systemic administration with
appropriate physico-chemical properties and diffef@odistribution profiles depending on
their lipid and surface composition. These DNA rearders represent a promising tool for
various applications as tumour targeting or hepaéotargeting. Furthermore, this platform

can easily be complemented using other lipids aridfands.
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MATERIALS AND METHODS
DNA nanocarrier preparations

All DNA nanocarriers used were based on lipoplefaaation prepared by adding equal
volumes of DNA plasmid (pgWI?'-luciferase (Gene Therapy systems, Inc., San Di€do,
USA)) and liposomes in a defined charge ratio dfoc&c lipid charge and anionic DNA
charge to obtain a final DNA concentration of 0gZbfor DNA MMS or 0.825 g/l for DNA
LNCs. NaCl was added during preparation, to obtairfinal concentration of 0.15M.
Lipoplexes were incubated for 20min at room temjueea before use. For liposome
preparation a cationic lipid DOSP (dioleylamin-sagt paromomycin) (synthesis previously
described in [32]), BGTC (bis(guanidinium)-tris(2imoethyl)amine-cholesterol) (synthesis
previously described in [33]) or DOTAP (1.2-diole8Atrimethylammoniumpropane)
(Avanti® Polar Lipids Inc., Alabaster, AL, USA) wageighted with the neutral lipid DOPE
(1.2-dioleyl-sn-glycero-3-phosphoethanolamine) (At@® Polar Lipids Inc., Alabaster, AL,
USA) in the ratio 1/1, 3/2 or 1/1 (M/M) respectiyeb obtain a final concentration of 20 mM
of cationic lipid charge (considering the number pafsitive charges per molecule: 4 for
DOSP, 2 for BGTC and 1 for DOTAP), and solubiligeahloroform. Then chloroform was
evaporated under vacuum to obtain a homogen lijpidwhich was hydrated with deionised
water over night at 4°C. The next day, liposomesevgonicated and size measurement was
performed before use. To prepare DNA MMS for BFI,1-Hioctadecyl-3,3,3’,3"-
tetramethylindodicarbocyanine perchlorate (DiD, ent44 nm; exc. = 665 nm) (Invitrogen,
Cergy-Pontoise, France) was added to the lipidsr pipid film preparation and the steric
stabilizers F108 (80% poly(ethylene oxide), MW 1@6@enerously provided by BASF) or
F108-gal (synthesis previously described in [7]yevedded to DOSP/DOPE or BGTC/DOPE
liposomes prior lipoplex preparation. To obtain ofiescent DNA LNCs for BFI,
DOTAP/DOPE/DNA lipoplexes (CR = 5), corresponding/8.9 % (w/w) were added to 9.9
% (w/w) lipophilic Labrafac® WL 1349 (Gatefossé S.Saint-Priest, France) mixed with
DiD as described in [34], 3.9 % (w/w) oleic Plurol®olyglyceryl-6 dioleate) which was
kindly provided by Gatefossé S.A. (Saint-Priestarfee), 1.4 % (w/w) NaCl (Prolabo,
Fontenay-sous-Bois, France), and 5.9 % (w/w) StutblS-15 (BASF, Ludwigshafen,
Germany) [3]. Briefly, after mixing all the compaonts, temperature-cycles around the phase-
inversion-temperature (PIT) were performed undegme#ic stirring. Afterwards, ice cooled

water (obtained from a Milli-Q-plus® system, Millipgy Paris, France) was added (in a ratio
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1:1.96) to dilute the obtained microemulsion ancnfd.NCs. To eliminate free components,
DNA LNCs were purified, using PD10 Sephadex colurfda®iersham Biosciences Europe,
Orsay, France), ultrafiltrated with MilliporeAmicon®ltra-15 centrifugal filter devices
(Millipore, St Quentin-Yvelines, France) and thé-sand LNC-concentration were readjusted
afterwards to obtain a physiologic concentration M&Cl (150mM) and the initial
concentration of LNCs (152 g/l) [2]. PEG DNA LNCsthlva final polymer concentration of
10mM were obtained by a post-insertion process hwkmnsisted of mixing purified DNA
LNCs with DSPE-mPE&g (1,2-DiStearoyl-sn-glycero-3-PhosphoEthanolamine-N
[methoxy (polyethylene glycol)-2000], Mean Moleaul/eight (MMW) = 2,805 g/mol,
Avanti Polar Lipids, Inc, Alabaster, USA), and antubation for 4 h at 30 °C by vortexing

every 15 minutes [5].

DNA nanocarrier characterisation
Size and zeta potential measurements

Size measurements for DNA MMS DOSP developmentrdest in the first section of the
results were performed using a Malvern ZetasizerHE)O (Malvern Instruments S.A.,
Worcestershire, UK) with a dilution of 4:100 in BM NaCl. Size and zeta potential
measurements for DNA nanocarrier characterisati@rewperformed using a Malvern
Zetasizer® (Nano Series ZS, Malvern Instruments.,.S\WWorcestershire, UK) at 25 °C, in
triplicate after dilution in a ratio of 1:100 witkeionised water for DNA LNCs or in a ratio of
4:100 with 0.15M NaCl for DNA MMS DOSP.

Agarose gel electrophoresis

Sample preparation for electrophoresis experimemtghe aim of DNA MMS DOSP
development, described in the first section ofrémilts, was performed by mixing complexes
with Orange Blue loading dye (Promega, Madison, M8A). In contrast, sample preparation
for electrophoresis experiments with (PEG) DNA LN@smulations was performed as
previously described [2]. Briefly, a treatment wilhiton® X100 (Sigma, Saint-Quentin
Fallavier, France) was performed to destroy a velwhLNCs equivalent to 0.2 pg of DNA
and samples with or without treatment were mixethwel-loading solution (Sigma, Saint-
Quentin Fallavier, France). The prepared sample® wWen in both cases deposited on 1%
agarose gel containing ethidium bromide (SigmantSQuentin Fallavier, France) to migrate
about 30 min, at 100 V.
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DNA quantification in DNA LNCs

To analyse the free and encapsulated DNA quamtifyNA LNCs, a volume of DNA LNCs
was mixed with four volumes water (obtained fromlidli-Q-plus® system, Millipore, Paris,
France) and one volume chloroform, vortexed and eaiately centrifuged for 15 min at
12600 rpm at 4°C. The aqueous phase, containieghifA, was removed and analysed with
a UV spectrophotometer (UVIKON 922, Kontron Insteemts, Munic, Germany) at 260 nm.
The volume removed for quantifying the free DNA waplaced by ethanol (absolut), to
liberate the DNA encapsulated in DNA LNCs, and 6Buutes water were added before
vortexing and immediately centrifuging a secondetifar 15 min at 12600 rpm at 4°C. The
aqueous phase, containing the liberated DNA fronANCs, was removed and analysed as
previously with a UV spectrophotometer (UVIKON 92Rpntron Instruments, Munic,
Germany) at 260 nm. To analyse the DNA quantity glemxed with cationic lipids inside or
outside the DNA LNCs, the same procedure was Usddyater was replaced by 1M NaOH
to dissociate lipoplexes. The first aqueous phas¢ained the DNA liberated from lipoplexes
outside of DNA LNCs; the second aqueous phase itmutathe DNA liberated from
lipoplexes inside DNA LNCs. The DNA quantity waslazdated using a calibrating curve
with different DNA concentrations and comparedtie total DNA amount encapsulated in
theory in DNA LNCs.

In vivo experiments
DNA nanocarrier administration

Six- to nine-week-old female, nude SWISS mice (@&saRiver, France) were housed and
maintained at the University animal facility; theyere processed in accordance with the
Laboratory Animal Care Guidelines (NIH Publicati@-23, revised 1985) and with the
agreement of the regional veterinary services (aisidion FR; 29-024). The different
nanocarriers were injected at volumes of 150ul0dFA LNCs and PEG DNA LNCs, and
200ul for DNA MMS, by intravenous injection intoethail vein of mice. Animals receiving
PEG DNA LNCs and DNA MMS DOSP were injected twicghwa time interval of 1 week

between the two injections. Animals were sacrifi2dl after the last intravenous injection.
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In vivo biofluorescence imaging

To follow the biodistribution of the different naravders, non-invasive fluorescent imaging
(BFI) was performed 1, 3, 5, and 24 h post-injec&s described before [David, melanoma].
Briefly, the BFI system of the NightOWL Il (BerthtblTechnologies, Germany) equipped
with cooled, slow-scan CCD camera and driven wht@ WinLight 32 software (Berthold

Technology, Germany) was used and the 590 nm ¢xeitand 655 nm emission filters

selected. Each mouse was anaesthetised with igoflluring the acquisition time (3 seconds
for one fluorescent acquisition). The fluoresceghal was then overlaid on a picture of each

mouse.

Fluorescence and luciferase quantification in different organs

24h after the last DNA nanocarrier injection anisnalere sacrificed and the organs heart,
lungs, spleen, liver and kidneys dissected. Ordeora animals receiving no or one DNA
nanocarrier injection and organs from half of tmnaals receiving two DNA nanocarrier
injections were immediately placed in the BFI-systend biofluorescence images were taken
using the same settings as with the whole anin@xigans from the other half of the animals
receiving two injections were placed in tubes WahB 1x (Passive Lysis Buffer, Promega)
and shred with the gentleMACS Dissociator for lese quantification. Tubes were
centrifuged for 10min at 1150g at 4°C and the upggease transferred in Eppendorf tubes.
After another centrifugation of 10 min at 20000gta€, 25ul of the upper phase was placed,
in triplicate, in a white 96 well plate and the gtiication with the luciferin reagent
(Promega) was performed with the MLX luminometeatel reader (Dynex, Guyancourt,

France).

ALAT — ASAT determination

Blood samples were collected from the lateral sapbe vein as described in [35] from
animals receiving no injections, PEG DNA LNCs an®iAd MMS DOSP. Blood was
collected once a day during the analysing perioditiarent animals to prevent too important
blood loss and collected in Microvette® collectitubes (Sarstedt, Numbrecht, Germany).
Afterwards the samples were centrifuged for 2 mib@d00g at 4°C and the plasma removed
for further analysis. ALAT- and ASAT- values weretérmined using a Selectra-E (Elitech,

Signes, France).
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Une fois les vecteurs ADN caractérisés, les LNC ABINes LNC ADN PEG, ont été injectés
par voie systémique sur un modele orthotopique élamome. L'imagerie par fluorescenoe
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étudié la biodistribution de nos vecteurs sur ce élegdun premier traitement utilisant une

approche par géne suicide a été effectué.
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ABSTRACT

The biodistribution of intravenously injected DNApitd nanocapsules (DNA LNCs),
encapsulating pHSV-tk, was analysedibyivo imaging on an orthotopic melanoma mouse
model and by a subsequent treatment with gancrcl@®ICV), using the gene-directed
enzyme prodrug therapy (GDEPT) approach. Lumindseealanoma cells, implanted
subcutaneously in the right flank of the mice, akal us to follow tumour growth and tumour
localisation within vivo bioluminescence imaging (BLI). In parallel, DNA O8 or PEG
DNA LNCs (DNA LNCs recovered with PEfmg encapsulating a fluorescent probe, DiD,
allowed us to follow their biodistribution witm vivo biofluorescence imaging (BFI). The
BF-images confirmed a prolonged circulation-time REEG DNA LNCs as was previously
observed on an ectotopic model of glioma; comparigdth BL-images evidenced the
colocalisation of PEG DNA LNCs and melanoma celdter these promising results,
treatment with PEG DNA LNCs and GCV on a few ansnahs performed and the treatment
efficacy measured by BLI. The first results shoviashour growth reduction tendency and,
once optimised, this therapy strategy could becamew option for melanoma treatment.

Key words:
skin cancer, DNA LNCs, real-time imaging, pHSV-tlangiclovir, intravenous injection
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INTRODUCTION

In homeostatic conditions, melanocytes produce mnelaand thus contribute to the
pigmentation of skin and hair, protect the skinnfrdlamage by ultraviolet radiation, and
prevent skin cancer (Lin and Fisher, 2007). Buythee also precursors of melanoma, the
most deadly form of skin cancer, following mutasaof critical growth regulatory genes, the
production of autocrine growth factors, and/or alosadhesion receptors (Gray-Schogder
al., 2007). The primary site of melanoma is the skirt, other pigmented tissues, such as the
eyes or the intestine, can also be at the origimelanoma. The tumour-specific, 10-year
survival for melanoma is 75-85% when diagnosedrasgpy tumours without any evidence
of metastasis, but melanoma metastasis dramatieallyces this percentage to 20 — 70%, this
being dependent on the metastasis type (Gairlag, 2010). If diagnosed early, local surgical
resection can cure melanoma in 80% of cases, ¢gntwametastatic melanoma which is
largely refractory to existing therapies (Tawbi &tfichmagadda, 2009).

For these reasons, new therapies need to be dedelgmd gene therapy, which is an
emerging field in cancer treatment, representsomizing option. Gene therapy can be used
with the aim of treating the tumour (destructive raggh) or with the aim of reverting its
malignant phenotype (corrective approach). One turr@atment possibility is the ‘gene
suicide’ approach, also called gene-directed enzyredrug therapy (GDEPT). This
approach is based on the delivery of a gene wlode<x for an enzyme, and is able to convert
a nontoxic prodrug into a cytotoxic metabolite (@uer and Guerry, 1998, Portsmoethal,
2007). The first proof-of principle of GDEPT was adeawith the enzyme HSV-tk (Herpes
simplex thymidine kinase) and the prodrug gancicl¢@CV) (Moolten, 1986), which is still
widely used in clinical and experimental applicaion different tumour models (Portsmouth
et al, 2007). The efficacy of this concept was for exbBrghown in 2004 in a randomised
controlled study on patients with operable primaryecurrent malignant glioma and allowed
a significant increase in patient survival time (¥éeks in the treated group compared to 39
weeks in the control group) (Immonei al, 2004). To transfer a gene effectively, different
parameters, such as the administration route,ethgthh of gene expression time, the animal
model and/or the need of a delivery vehicle, havbd fixed. Local administration does not
necessarily need a delivery vehicle and low dosesisually required; however, the targeted
tissue has to be accessible to use this admingstrabute. Systemic administration allows
accessibility to the different tissues and hasatleantage of rapid action and of allowing
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repeated administration but it needs a deliveryiokehn order to be effective. Moreover, in
clinical applications, many diseases require intnaus (i.v.) or intraperitoneal (i.p.) injection
treatment regimens. Delivery vehicles for systeadministration can be classified into two
main groups: viral and non-viral delivery systekhough viral vectors are very effective in
terms of gene delivery and expression, the majawhdacks are their potential risk associated
with replication-competent viruses, immunogenieitd high cost (Chowdhury, 2009, Collins
et al, 2008, Jin and Ye, 2007). Non-viral vectors do stoaw these drawbacks; they present
the advantages of being able to carry large insertsto be easily formulated (Jin and Ye,
2007, Kreisset al, 1999, Morilleet al, 2008); they can also be adapted to passive oreact
tumour targeting (Huynkt al, 2010, Kanget al, 2010, Wagneet al, 2004).

In recent literature, nanocarriers (lipid or polyineised in various treatment strategies,
carrying different agents such as plasmids, sSiRRBN or pharmacological inhibitors, and
applied by several different administration rouf{@gravenous, intratumoural, topical...),
have been shown to increase melanoma cell deliaedytreatment efficacy (De Campet
al., 2010, Stonet al, 2009, Weiss and Aplin, 2010, Zheagal, 2009).

Lipid nanocapsules (LNCs) developed in our labagatbleurtaultet al, 2002) have already
been shown to be efficient for vitro andin vivo transfection (Morille, Montieet al, 2009),
(Morille et al, 2010). The formulation process of LNCs requiregher organic solvents nor
high energy, and is based on the phase-inversimpdrature (PIT) method. It consists of
using non-ionic polyethoxylated surfactants to alldwe phase inversion of an emulsion
(Shinoda K. and Saito, 1968, Shinoda Kozo and Sdi8%9) and the application of a
temperature-cycle treatment around the PIT to obsanall sizes with a low polydispersity
index (PDI) (Antonet al, 2007). A sudden cooling and dilution of the mieraulsion at the
PIT leads to the obtention of LNCs, which consisa dipid, liquid core of triglycerides, and a
rigid shell of lecithin and short chains of poly(gene glycol) (PEGsy (Heurtaultet al,
2002). This formulation process allows fragile nooles such as nucleic acids to be
encapsulated. To encapsulate hydrophilic DNA inlipiel core, DNA was complexed with
cationic lipids prior to encapsulation (Vonarbowtgal, 2009). As already observed (Morille,
Montier et al, 2009, Vonarbourgt al, 2009), the encapsulation of these lipoplexes Ishou
provide an efficient loss of toxicity allowing highdoses to be injected vivo. Furthermore,

in order to enhance stealth properties of DNA LNEEG was used (see the review of Huynh
et al. (Huynhet al, 2010) describing the advantages and drawbackki®fpolymer). The
coating of the DNA-LNC surface with longer PEG c¢isa{PEGgog improved nanocapsuia
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vivo circulation time on a mouse model of subcutangeugécted glioma cells (Morille,
Montier et al, 2009)

In this study, non-viral LNCs were used to delipétSV-tk in melanoma tumour cells after
IV injection into mice. Considering the melanomacenmodel, somkic+ human melanoma
cells were engrafted on nude mice. Thus, the Isatdin and the growth of the tumours could
be followed by luminescence. Once the tumours vestablished, the biodistribution and
localisation of intravenously-injected DNA LNCs tinis orthotopic melanoma mouse model
were traced vian vivo fluorescence imaging. Bioluminescence and fluaese images were
then compared in order to localise DNA LNCs verB&G DNA LNCs, and a treatment with
ganciclovir (GCV) was carried out in order to ek the efficiency of the gene suicide

approach.

MATERIALS AND METHODS
Preparation of nanocarriers
Liposomes and lipoplexes

Solutions of DOTAP (1.2-DiOleoyl-3-TrimethylAmmomuPropane) and DOPE (1.2-
DiOleyl-sn-glycero-3-PhosphoEthanolamine) in chform (20mg/ml) (Avanti Polar Lipids,
Inc, Alabaster, USA) were first dried by an evapioraprocess under vacuum and the formed
lipid film was then hydrated with deionized wataeo night at 4 °C. The next day, liposomes
were sonicated for 20 minutes and lipoplexes werepgred. For their preparation,
DOTAP/DOPE (1/1, M/M) liposomes were mixed with 660 of HSV-tk encoding plasmid
(PORF-TKACPG ; InvivoGen ; 4.35kb) at a charge ratio of B)(#h 150 mM NacCl.

DNA-loaded lipid nanocapsules (DNA LNCs)

LNCs were composed of lipophilic Labrafac® WL 134Gatefossé S.A., Saint-Priest,
France), a mixture of caprylic and capric acidlyagrides, oleic Plurol® (Polyglyceryl-6
dioleate) which was kindly provided by Gatefoss&. $Saint-Priest, France), NaCl (Prolabo,
Fontenay-sous-Bois, France), water (obtained fraviliaQ-plus® system, Millipore, Paris,
France) and Solutol® HS-15 (30 % of free polyethglglycol 660 and 70 % of polyethylene
glycol 660 hydroxystearate (HS-PEG)) (BASF, Ludwigien, Germany). The formulation
process is based on phase-inversions of a micregnuldescribed by Heurtauét al.
(Heurtaultet al, 2002). Briefly, all the components, in a well idefl ratio (3.9 % of oleic
Plurol® (w/w), 5.9 % of Solutol® (w/w), 9.9 % of baafac® (w/w), 78.9 % of water (w/w)
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and 1.4 % of NaCl), were mixed together under magrstirring and temperature cycles
around the phase-inversion-temperature (PIT) wertbpmed. In the last step, cold water was
added (in a ratio 1:1.96) to dilute the emulsion daadform the LNCs. To formulate
fluorescent DNA LNCs, lipoplexes were added instefathe formulation water (Vonarbourg
et al, 2009), and a mixture of 1,1-dioctadecyl-3,3,3t&ramethylindodicarbocyanine
perchlorate (DID, em. = 644 nm; exc. = 665 nm) (irmgen, Cergy-Pontoise, France) and
Labrafac® replaced Labrafac® alone. To obtain therafac® - DIiD mixture, a solution of
DiD in acetone at 0.6% (w/w) was prepared, incaaped in Labrafac® in a ratio of 1:10

(w/w) and acetone was evaporated before use (Geetial, 2006).
Preparation of coated nanocapsules by post-insertion

Coated nanocapsules were prepared as previoustyilukxs (Morille, Montieret al, 2009).
Briefly, fluorescent DNA LNCs were purified aftendir formulation, using PD10 Sephadex
columns (Amersham Biosciences Europe, Orsay, Fjaiicecompensate for the dilution of
our formulation and the desalting effect causedhiy purification step, an ultrafiltration step
was performed with MilliporeAmicon® Ultra-15 ceritrgal filter devices (Millipore, St
Quentin-Yvelines, France) and the salt- and LNCeeottration were readjusted afterwards to
obtain a physiologic concentration of NaCl (150mad the initial concentration of LNCs
(152 g/l). These purified fluorescent DNA LNCs wehen mixed with 1,2-DiStearoyl-sn-
glycero-3-PhosphoEthanolamine-N-[methoxy(polyethgiglycol)-2000] (DSPE-mPESGy)
(Mean Molecular Weight (MMW) = 2,805 g/mol) (AvarRblar Lipids, Inc, Alabaster, USA)
to obtain a final polymer concentration of 10mM €eTiixture was incubated for 4 h at 30 °C

and vortexed every 15 minutes.
Characterisation of nanocarriers
Physicochemical characteristics of DNA LNCs

Coated and non-coated fluorescent DNA LNCs wereradterised using a Malvern
Zetasizer® (Nano Series ZS, Malvern Instruments ..SWorcestershire, UK). The
formulation was diluted in a 1:100 ratio with deisedl water and size and zeta potential
measurements were performed with the same sampkb &C. All measurements were

performed in triplicate and with similar conductivvalues.
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Agarose gel electrophoresis

The encapsulation and integrity of the DNA molesubldter the process of nanocapsule
formulation and post-insertion, were evaluated bgrase gel electrophoresis as described
previously (Vonarbourgt al, 2009). Briefly, a treatment with Triton® X100 {fana, Saint-
Quentin Fallavier, France) was performed to destneyl. NCs. A volume of LNCs equivalent
to 0.2 ug of DNA before and after this treatmenswaxed with gel-loading solution (Sigma,
Saint-Quentin Fallavier, France) and depositedachewell of 1% agarose gel containing
ethidium bromide (Sigma, Saint-Quentin Fallaviegriee). The migration time was about 30
min, at 100 V.

In vivo fluorescence and bioluminescence imaging
Orthotopic mouse model of melanoma

Six- to nine-week-old female, nude NMRI mice (Elggalanvier, France) were housed and
maintained at the University animal facility; theyere processed in accordance with the
Laboratory Animal Care Guidelines (NIH Publicati®-23, revised 1985) and with the
agreement of the regional veterinary services (aigiimon FR; 29-024).

Tumour bearing mice were prepared by injecting stdreously a suspension of 3%18K-
Mel28 Luc+ melanoma cells (n°HTB-72-ATCC) in 100 ul of PBS %o the right flank of
athymic nude NMRImice (6-week-old females, 20-24 g). The SK-Mel28 tiee had
previously been transfected with a plasmid encotlieguciferase, and bearing the resistance
gene to the neomycine (pTG11033; Transgene; 9.€kijer neomycine pressure, one clone
was selected due to its high and stable expresditutiferase and its proliferative capacities.
Thus, the stable luminescence of these cells atlothe localisation and growth of the
tumours to be measured. Concerning immunohistabgicalyses, tumours were PS100+, Ag
HMB45+ and Ag melan-A+. All these criteria indicdt¢éhe malignity and the melanomic
nature of the tumours.

Three weeks after tumour implantation, 150ul of DNNCs or PEG DNA LNCs were

administered by intravenous injection into the ¥ain of the mice.
In vivo bioluminescence imaging

In order to follow the tumour cell growth of theclterase-expressing melanoma cells, non-
invasive bioluminescence imaging (BLI) was perfodnadter 19 days, immediately before

injection of the nanoparticles, and 24 h and 4®s$tqnjection.
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Mice to be imaged first received an intraperitonegction of highly-purified synthetic D-
luciferin (4 mg in 20QuL of water; Interchim, France). Five minutes latde animals were
anaesthetised with a 4% air-isofluorane blend aatht@ined with a 2% air-isofluran mixture
through a nose cone. Ten minutes after luciferijection, luminescence images were
acquired using am vivo imaging system (NightOWL II; Berthold Technologi€sermany)
and associated software (WinLight 32; Berthold, iamy) with a binning of 8*8 and
exposure time of 4 minutes. Luminescence images Wen superimposed onto still images
of each mouse. The signals were quantified withenregions of interest in units of photons

per second.
In vivo biofluorescence imaging

Non-invasive fluorescent imaging (BFI) was perfodrieh, 3 h, 5 h, 24 h and 48 h post-
injection, using the BFI system of the NightOWL (Berthold Technologies, Germany)
equipped with cooled, slow-scan CCD camera andedriwith the WinLight 32 software
(Berthold Technology , Germany). Considering thgoifescent characteristics of the DiD
fluorescent tag used to localise the nanopartithes590 nm excitation and 655 nm emission
filters were selected. In parallel, the light beavas kept constant for each fluorescent
measurement, which was ideal with the ringlighti-iggmination. As the ringlight was
always set at the same height, the excitation emangite sample would always be the same.
Each mouse was anaesthetised with a 4 % air-isoflotend. Once placed in the acquisition
chamber, the anaesthesia of the mice was maintaida 2 % air-isofluran mixture
throughout the experiment as described above. Whth BFI system, the fluorescent
acquisition time was 3 seconds and the fluoressigmial was then overlaid on a picture of

each mouse.

Treatment with ganciclovir (GCV)

To evaluate the treatment efficacy, nude NMRI mige=10) bearing subcutaneous
melanomas were prepared as described above. Fielesvadter tumour implantation, 150ul
PEG DNA LNCs were administrated by intravenousadtiggn and the mice were treated twice
a day with 150ul ganciclovir [Concentration 50 mb/m Invivogen] for 4 days.

Bioluminescence imaging was performed once a d&yllmv and quantify tumour growth as
described above. The control group (n=5) was pegpan the same way for tumour

establishment, but received no treatment.
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RESULTS AND DISCUSSION
Preparation and characterization of DNA LNCs

DNA LNCs encapsulating the fluorescent probe Dild #me plasmid HSV-tk were prepared,
purified and then half of the formulation was caemwith DSPE-PE&q chains by post-
insertion. Afterwards, agarose gel electrophoresigperiments were performed and
demonstrated the encapsulation of the HSV-tk pldgfable 1). The first lane shows LNCs
without treatment. As very low fluorescence is blisj we consider that the major part of the
plasmid is encapsulated. The second lane shows LWNi@s a treatment of Triton to
destabilise the LNCs and hence liberate the entatpsuplasmid. Here, the fluorescence
indicates that the plasmid is intact since only drgtinct line is visible and corresponds to
that of the plasmid alone (data not shown). The pammson of both electrophoresis gels
shows no influence of the post-insertion procestherDNA encapsulation, since the plasmid
is well encapsulated before and after post-insertithese results also evidence that our
original encapsulation method of lipoplexes in LNE€walid for different kinds of plasmids.
Indeed, this HSV-tk coding plasmid has been endafei for the first time in LNCs and
shows similar characteristics to DNA LNCs encapsulp a luciferase-coding plasmid
(Vonarbourget al, 2009).

Both types of LNCs were then characterised by amm zeta potential measurements (Table
1). DNA LNCs are small particles with a size of &, and a low polydispersity index of
0.18. This result of PDI, inferior to 0.3 indicatasnarrow size distribution of the system.
The plasmid HSV-tk is complexed with cationic lipigisor to encapsulation which results in
positively-charged DNA LNCs with a zeta potential4o31 mV. After post-insertion with
DSPE-PEGy, size measurements of PEG DNA LNCs showed a sligitease in size of
about 6 nm. An almost doubling of the polydispgrsidex (0.34) was observed, proving the
real insertion of some long chains of PEG at tivéase of the nanocapsules. In contrast, the
zeta potential diminished by 37 mV from positive near-neutral particles, as previously
observed (Morille, Montieret al, 2009). These results can be explained by the tfeat
DSPE-PEGyy chains carry negative, dipolar charges (Vonarbcetrgl, 2005) and are
thereby able to mask the positive surface chargestathe encapsulation of the positively-
charged lipoplexes. The positive surface charg®NA-LNCs before post-insertion could
help to interact with negatively-charged cell meamas and lead to better internalisation and

transfection effectsn vitro as shown, for example, on Hela, H1299 or HEKZD&ells
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(Morille, Passiraniet al, 2009, Morilleet al, 2010). However, positive surface charge can
also interact with negatively-charged proteins e tolood and dramatically reduce the
circulation time in blood in comparison to PEG DMACs (Morille, Montieret al, 2009). In
conclusion, the coating by longer PEG chains yldmall pegylated neutral particles and
thus optimised the characteristics of the PEG DNANCE required for intravenous
administration (Violaet al, 2010, Vonarbourgt al, 2006).

HSV-tk DiD LNCs DNA LNCs PEG DNA LNCs
Size 90 nm 96 nm
Polydispersity 0.18 0.34

index

Zeta potential 31 mV S mVv

Table 1 Size and zeta potential of DNA LNCs and PEG DNAQs encapsulating the plasmid HSV-tk and the
fluorescent probe DiD. Agarose gel electrophorsbimsws the fluorescence of DNA LNCs or PEG DNA LNCs
before (first lane) and after (second lane) destraavith Triton.

The melanoma mouse model

Luciferase-expressing melanoma cells were injestdstutaneously into the right flank of
nude mice and, as the tumour growth was quite dgégreous, the groups were drawn by
chance. After tumour establishment, the tumoursewissected and histological analysis was
carried out on fresh tumours in the anatomopathcdbgervice of the academical hospital
(CHU) of Brest. There, the tumours were soakedufieiped formalin solution before their
inclusion in paraffin. For standard examinationyr8 slices were prepared and coloured with
hematoxyline-eosin-safran (HES). For immunohistogical analysis, 5 pum slices were
prepared and deposited on glass slides. After raliga of the probes, they were tagged with
anti-PS100 antibodies (a marker of various celesypmelanocytes, nerve cells, sweat cells,
etc), anti-HMB45 antibodies, anti-Melan-A antibagliénarker of melanocytes) and Ki67
(cell proliferation marker). These analyses wergi@d out on several tumours.

In standard histology, a tumoural infiltration, cbnged of cells presenting various atypical
characteristics such as nuclei with voluminous @eicl and infiltrating the muscles in certain

areas, was observed (see Fig.1l). In immunohistocia¢ranalysis, positive labelling, to a
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greater or lesser extent, of the protein S100ataat of the antigen HMB45 and Melan-A, was
observed (see Fig. 1). All these criteria were cdibfgawith the diagnosis of malignant

tumours of melanocytic origin.

Melan-A (x200) HMB45 (x200)

Fig. 1: Immunohistochemical analysis of melanoma. Stantte@atment with hematoxyline-eosin-safran (HES)
allows differentiating the tumour cells from otheglls. Treatment with PS100 antibody (PS100), Mdélan

antibody or HMB45 antibody, evidences the maligiitfhe melanoma tumours.

Following the biodistribution of DNA LNCs by in viv o fluorescence imaging

The formulated DNA LNCs and PEG DNA LNCs were ingek three weeks after cell
injection by intravenous injection in the tail veahthe mice. Biofluorescence imaging (BFI)
was performed at different times after LNC admmnaison (1 h, 3 h, 5 h, 24 h, and 48 h) to
follow the tissue distribution of LNCs thanks to tecapsulated NIR fluorescent probe DiD
(see Figure 2). BFl is a fast, simple and low-eonsthod, and allows the number of sacrificed
animals to be reduced, since it can be carriedouitving animals at different times, but it is
not an absolutely quantitative method as the abisorg@nd diffusion of the visible light

depends on the tissues (Goutagéml, 2010). The NIR dye DiD has usually been used to

125



Efficacité des nanovecteurs

follow the biodistribution of labelled molecules @anocapsules, since the dye is not
fluorescent in aqueous media, and the fluoresagnalkcannot come from free DIiD (Texier
et al, 2009). Images were taken from lateral and deushdbrsal views to obtain a general
view of the biodistribution, and to better identitye organs and subjacent tissues which are
more or less visible by BFI, depending on the pasit

Images of mice which received DNA LNCs showed darige fluorescence signal in the right
flank, where the tumour cells had been graftedowelr fluorescent signal was observed in
the liver and uterus/ovaries, and persisted foy arfiew hours. Indeed, it was hardly visible 5
h after LNC injection, whereas an intense fluoressggnal persisted in the right flank and,
was still visible 48 h after LNC administration. dges of mice that received PEG DNA
LNCs revealed an intense fluorescent signal irlitleg, the right flank, and the uterus/ovaries
which was still visible 48 h after LNC injectionhiB is in concordance with the fact, that
these tissues are highly vascular, have a highedegir microcirculation, and are sufficiently
present at the body surface. However, contrariig¢dltiorescent signal of DNA LNCs, which
presented a maximum at 1h after LNC administratgod diminished with time, the
fluorescent signal of PEG DNA LNCs was relativadwlat 1h after LNC administration and
then increased with a maximum at 3h and 5h afteC ladministration. The fluorescent signal
seems to be more important for PEG DNA LNCs thanObrA LNCs. In conclusion, the
circulation time of PEG DNA LNCs is prolonged comgxh to that of DNA LNCs since
intense fluorescence signals are obtained up tb g8st-PEG DNA-LNC-injection. Even if
the tumour was different (glioma versus melanoragimilar phenomenon has already been
observed as a direct consequence of pegylationddketeal, 2000, Morille, Montieret al,
2009).
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Fig. 2 Biofluorescence images (BFI) at different timeteafnjection of DNA LNCs and PEG DNA LNCs in a
mouse model of melanoma following the biodistribatiof the injected vectors. Images represent oneseo
after injection of DNA LNCs and PEG DNA LNCs (firand second two lines of images respectively) r@dte
and decubitus dorsal views of the mice) at 1 h, 3, 24 h and 48 h.

Following the tumour cells by in vivo bioluminescen ce imaging and
comparison of BLI and BFI images

In parallel, tumour establishment and growth weskoied by in vivo bioluminescence
imaging (BLI) and BL- and BF-images were comparedshown in Figure 3, to look more
closely at the localisation of the LNCs versus ltheferase-expressing melanoma cells. BLI
is based on the production of light from living ifecase cells due to a chemical reaction
between the substrate luciferin, injected intrapegally before imaging, and ATP. This light
is then captured externally by a cooled, charge-Heaugevice (CDD) camera (Hardy al,
2001). The advantages of BLI are, as BFI, the sgitgiof the technology, the cost-effective
instrumentation, the simple procedure and the ®ggmt reduction in the number of
sacrificed animals (Rodat al, 2009). The location and growth of luciferase esging
melanoma cells can be monitored in real-time amdiointrast to BFI, quantified as photons
per second. BL-images clearly show the locatiofuoiferase-expressing melanoma cells in
the right flank of the mice and quantification bketluciferase expression showed a mean

12

~N



Efficacité des nanovecteurs

luciferase expression of 3,3X18 4,0x10 photons/second before LNC injection for the group
of mice that received DNA LNCs (n=4) and 5,1%#08,2x18 photons/second for the mice
receiving the PEG DNA LNCs (n=4).

As seen in the previous section, PEG DNA LNCs hadodonged circulation time compared
to DNA LNCs, and provoked an intense fluoresceghai in the whole body at 5 h, and a
more specific localisation in the tumours at 24Ahcomparison of the BF-images and BL-
images showed a clear colocalisation of lucifergaressing melanoma cells and fluorescent
LNCs at 24 h after LNC administration. These obagons confirm that DNA LNCs and
PEG DNA LNCs attain the tumour site after intravenadministration via passive targeting,
probably due to the enhanced permeability and tieteEPR) effect, which is known to be
due to the combination of the leaky tumour vascwtatand the low lymphatic drainage
observed in the tumours in comparison to the hedldsues (Maed&t al, 2000, Maeda,
2001).
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Fig. 3: BF-images at 5h and 24h after LNC injection andiBlages at 24h of 3 mice injected with DNA LNCs
and PEG DNA LNCs by intravenous injection. BF-imagdow LNC distribution and BL-images melanoma

cell localisation.

Intravenous administration of PEG DNA LNCs and subs  equent treatment with
ganciclovir

After these promising results of colocalisationP&8G DNA LNCs and luciferase-expressing
melanoma cells, the following step of the experimesas based on ganciclovir (GCV)
treatment in order to evaluate if the tumour celse transfected with the PEG DNA LNCs
and if it could influence the tumour size. The geneide approach, also called gene-directed
enzyme prodrug therapy (GDEPT), is based on thedaottion of a gene, in our case, the
gene for the herpes simplex virus encoding thyneidimase (HSV-tklia the PEG DNA
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LNCs, which will sensitise the tumour cells to thebsequently-delivered GCV. To do this,
HSV-tk converts the inert prodrug GCV into the eetitriphosphorylated GCV (GCVTP)
which will act as a chain terminator after incomgayn into the DNA of dividing cells
(Altaner, 2008, Gutzmer and Guerry, 1998, Portsimetial, 2007).

Nude NMRI mice, bearing subcutaneous melanoma, celtgived one intravenous injection
of PEG DNA LNCs and a GCV treatment twice a day4falays. This time period was chosen
because the transfected tumour cells will inevitate with the GCV treatment and therefore
limit the time period of the therapeutic effect.nfour establishment was followed lyvivo
bioluminescence imaging as in the previous experimmand the PEG DNA LNCs followed
viain vivo fluorescent imaging.

To see the treatment efficacyy vivo bioluminescence imaging of luciferase-expressing
melanoma cells was performed once a day duringréa@ment period, and 2 days after; the
evolution of the luciferase-expression was quaedifas photons/second (Figure 4). On Day 1,
the luciferase-expression diminished slightly fdrthe mice. Afterwards, until Day 3, the
luciferase-expression increased with time. In treug of mice treated with LNCs and GCV,
the increase seems to be lower than in the cogtmlp. At Day 4, a significant difference
appears between the two groups with a decreaseitdase expression for the treated group.
This difference seems to accentuate two days after treatment period. However,
considering the standard deviations certainly @uthé heterogeneity of the tumour growth,
another set of experiments including a large nunob@nimals with similar tumour volumes
needs to be carried out to confirm or not thisdpeutic effect. Moreover, another group of
control mice receiving only PEG DNA LNCs withoutzCV treatment could be of interest,
to evaluate the potential of a possible anti-tuneftect due to LNCs. A group receiving only
GCV was realized but was not different from thetoaingroup (data not shown) confirming
that GCV is only a prodrug and necessitates thegmee of HSV-tk to be active.

In the literature, the gene-suicide therapy is rofssociated with a bystander effect. This
bystander effect can either be direct on nearldg celdistant, by the induction of an immune
response by natural killer cells or T-cells (Altan2008). Although this bystander effect is a
possibility, it is conditioned by the viability ¢iie transfected cells. If these cells are killed too
early, the bystander effect based on the transisytols GVC-monophosphate by passive
diffusion or through gap junctions will be limite@iherefore, an important factor to take into
account could be the time between the LNC admatistn and the GCV treatment. Here, the
GCV treatment was given 8h after the LNC injectibat a GCV administration one or two

130



Efficacité des nanovecteurs

days after the LNC treatment did not show any tneat efficacy (data not shown). Another
possibility to augment the treatment efficacy cobkl the repeated administration of PEG
DNA LNCs after the gene-suicide effect.

Finally, as the passive tumour targeting by PEG EN@s clearly demonstrated here, we
plan now to test these formulations on a metastatic+ tumour mouse, increasing the
number of experimental and control animals. In dastatic melanoma mouse model, a
systemic administration of the treatment would ghly required and, in such conditions,
PEG LNCs could represent a new promising approach.

it

Luciferase expression evolution (BLl)
[10f photons/sec]

-15
Time [days]

Fig. 4: Treatment efficacy of PEG DNA LNCs, encapsulatingiasmid coding for HSV-tk, in combination with
GCV of melanoma bearing mice in comparison to nmia bearing mice without LNC administration and
treatment (control, n = 5). Mice were treated wotte injection of PEG DNA LNCs at day 0 and aftergar
twice a day for 4 days with GCV (n = 10) by intrapmneal injection.

CONCLUSION

LNCs are promising non-viral gene delivery systdmsause they are well characterised, easy
to formulate, adaptive to the targeted tissue aw Ipreviously proved to be efficient in term

of transfection. Here, our first aim was to stutlg tapacity of LNCs to target specifically a
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melanoma tumour engrafted on a mouse model, edlyecidoen PEG motifs were
incorporated into the formulation, after IV injeantiin order to benefit of the perturbations of
the stromal micro-vascularity and the EPR effed. éAsecond goal, we were interested to
know if tumour cells were well transfected and cobé led to death whereas the PEG DNA
LNCs were colocalised into the tumours.

Usingin vivo Bioluminescence and Biofluorescence imaging sysiehe images showed on
the one hand, prolonged circulation time of DNA LdNCbated with long PEG chains after
I.v. injection compared to non-coated DNA LNCs, amdthe other hand, for the first time,
colocalisation of nanocapsules and luciferase-esgimmg melanoma cells in mice for both
types of DNA LNCs tested. These results confirmiee previous results obtained on an
ectopic glioma mouse model but showed also thdidit)saon an orthotopic melanoma mouse
model.

Then, the treatment during 4 days with gancicldeltowing the transfection of pHSV-tk
carried out by PEG DNA LNCs showed, from day 3,imteresting decrease of photons
emitted by thduc+ tumours, reflecting probably the transfection aing cells and the action
of GCV. These results are encouraging, even ih&rrexperiments have to be carried out to

confirm this conclusion.

ACKNOWLEDGEMENTS

The authors would like to thank Marie Morille (Imse U646, Angers, France) for her help
and experience in the (PEG) DNA LNC formulation dhd experimental setting as well as
the platform SynNanoVect. This work is supportedgognts from Région Pays de la Loire
(CIMATH), Biogenouest, Région Bretagne, Ligue cerlr cancer 29 and Canceropole Grand

Ouest.

132



Efficacité des nanovecteurs

REFERENCES

Altaner, C., 2008, Prodrug cancer gene therapy, Cancer Lett, 270, (2), 191-201.

Anton, N., Gayet, P., Benoit, J. P. and Saulnier, P., 2007, Nano-emulsions and nanocapsules by the
PIT method: an investigation on the role of the temperature cycling on the emulsion phase
inversion, Int J Pharm, 344, (1-2), 44-52.

Chowdhury, E. H., 2009, Nuclear targeting of viral and non-viral DNA, Expert Opin Drug Deliv, 6, (7),
697-703.

Collins, S. A., Guinn, B. A., Harrison, P. T., Scallan, M. F., O'Sullivan, G. C. and Tangney, M., 2008,
Viral vectors in cancer immunotherapy: which vector for which strategy?, Curr Gene Ther,
8, (2), 66-78.

de Campos, V. E., Teixeira, C. A., da Veiga, V. F., Ricci, E., Jr. and Holandino, C., 2010, L-tyrosine-
loaded nanoparticles increase the antitumoral activity of direct electric current in a
metastatic melanoma cell model, Int J Nanomedicine, 5, 961-971.

Garbe, C., Peris, K., Hauschild, A., Saiag, P., Middleton, M., Spatz, A., Grob, J. J., Malvehy, J.,
Newton-Bishop, J., Stratigos, A., Pehamberger, H. and Eggermont, A., 2010, Diagnosis and
treatment of melanoma: European consensus-based interdisciplinary guideline, Eur J
Cancer, 46, (2), 270-283.

Garcion, E., Lamprecht, A., Heurtault, B., Paillard, A., Aubert-Pouessel, A., Denizot, B., Menei, P.
and Benoit, J. P., 2006, A new generation of anticancer, drug-loaded, colloidal vectors
reverses multidrug resistance in glioma and reduces tumor progression in rats, Mol Cancer
Ther, 5, (7), 1710-1722.

Goutayer, M., Dufort, S., Josserand, V., Royere, A., Heinrich, E., Vinet, F., Bibette, J., Coll, J. L. and
Texier, I., 2010, Tumor targeting of functionalized lipid nanoparticles: assessment by in vivo
fluorescence imaging, Eur J Pharm Biopharm, 75, (2), 137-147.

Gray-Schopfer, V., Wellbrock, C. and Marais, R., 2007, Melanoma biology and new targeted
therapy, Nature, 445, (7130), 851-857.

Gutzmer, R. and Guerry, D. t., 1998, Gene therapy for melanoma in humans, Hematol Oncol Clin
North Am, 12, (3), 519-538.

Hardy, J., Edinger, M., Bachmann, M. H., Negrin, R. S., Fathman, C. G. and Contag, C. H., 2001,
Bioluminescence imaging of lymphocyte trafficking in vivo, Exp Hematol, 29, (12), 1353-
1360.

Heurtault, B., Saulnier, P., Pech, B., Proust, J. E. and Benoit, J. P., 2002, A novel phase inversion-
based process for the preparation of lipid nanocarriers, Pharm Res, 19, (6), 875-880.

Huynh, N. T., Roger, E., Lautram, N., Benoit, J. P. and Passirani, C., 2010, The rise and rise of stealth
nanocarriers for cancer therapy: passive versus active targeting, Nanomedicine (Lond), 5,
(9), 1415-1433.

Immonen, A., Vapalahti, M., Tyynela, K., Hurskainen, H., Sandmair, A., Vanninen, R., Langford, G.,
Murray, N. and Yla-Herttuala, S., 2004, AdvHSV-tk gene therapy with intravenous

133



Efficacité des nanovecteurs

ganciclovir improves survival in human malignant glioma: a randomised, controlled study,
Mol Ther, 10, (5), 967-972.

Jin, S. and Ye, K., 2007, Nanoparticle-mediated drug delivery and gene therapy, Biotechnol Prog,
23, (1), 32-41.

Kang, J. H., Toita, R. and Katayama, Y., 2010, Bio and nanotechnological strategies for tumor-
targeted gene therapy, Biotechnol Adv, 28, (6), 757-763.

Kreiss, P., Cameron, B., Rangara, R., Mailhe, P., Aguerre-Charriol, O., Airiau, M., Scherman, D.,
Crouzet, J. and Pitard, B., 1999, Plasmid DNA size does not affect the physicochemical
properties of lipoplexes but modulates gene transfer efficiency, Nucleic Acids Res, 27, (19),
3792-3798.

Lin, J. Y. and Fisher, D. E., 2007, Melanocyte biology and skin pigmentation, Nature, 445, (7130),
843-850.

Maeda, H., Wuy, J., Sawa, T., Matsumura, Y. and Hori, K., 2000, Tumor vascular permeability and the
EPR effect in macromolecular therapeutics: a review, J Control Release, 65, (1-2), 271-284.

Maeda, H., 2001, The enhanced permeability and retention (EPR) effect in tumor vasculature: the
key role of tumor-selective macromolecular drug targeting, Adv Enzyme Regul, 41, 189-
207.

Moolten, F. L., 1986, Tumor chemosensitivity conferred by inserted herpes thymidine kinase genes:
paradigm for a prospective cancer control strategy, Cancer Res, 46, (10), 5276-5281.

Morille, M., Passirani, C., Vonarbourg, A., Clavreul, A. and Benoit, J. P., 2008, Progress in
developing cationic vectors for non-viral systemic gene therapy against cancer,
Biomaterials, 29, (24-25), 3477-3496.

Morille, M., Montier, T., Legras, P., Carmoy, N., Brodin, P., Pitard, B., Benoit, J. P. and Passirani, C.,
2009, Long-circulating DNA lipid nanocapsules as new vector for passive tumor targeting,
Biomaterials, 31, (2), 321-329.

Morille, M., Passirani, C., Letrou-Bonneval, E., Benoit, J. P. and Pitard, B., 2009, Galactosylated DNA
lipid nanocapsules for efficient hepatocyte targeting, Int J Pharm, 379, (2), 293-300.

Morille, M., Passirani, C., Dufort, S., Bastiat, G., Pitard, B., Coll, J. L. and Benoit, J. P., 2010, Tumor
transfection after systemic injection of DNA lipid nanocapsules, Biomaterials, .

Portsmouth, D., Hlavaty, J. and Renner, M., 2007, Suicide genes for cancer therapy, Mol Aspects
Med, 28, (1), 4-41.

Roda, A., Guardigli, M., Michelini, E. and Mirasoli, M., 2009, Bioluminescence in analytical
chemistry and in vivo imaging, TrAC Trends in Analytical Chemistry, 28, (3), 307-322.

Shinoda, K. and Saito, H., 1968, The effect of temperature on the phase equilibria and the types of
dispersions of the ternary system composed of water, cyclohexane, and nonionic
surfactant, Journal of Colloid and Interface Science, 26, (1), 70-74.

Shinoda, K. and Saito, H., 1969, The Stability of O/W type emulsions as functions of temperature
and the HLB of emulsifiers: The emulsification by PIT-method, Journal of Colloid and
Interface Science, 30, (2), 258-263.

134



Efficacité des nanovecteurs

Stone, G. W., Barzee, S., Snarsky, V., Santucci, C., Tran, B., Langer, R., Zugates, G. T., Anderson, D.
G. and Kornbluth, R. S., 2009, Nanoparticle-delivered multimeric soluble CD40L DNA
combined with Toll-Like Receptor agonists as a treatment for melanoma, PLoS One, 4, (10),
e7334.

Tawbi, H. and Nimmagadda, N., 2009, Targeted therapy in melanoma, Biologics, 3, 475-484.

Texier, l., Goutayer, M., Silva, A. D., Guyon, L., Djaker, N., Josserand, V., Neumann, E., Bibette, J.
and Vinet, F., 2009, Cyanine-loaded lipid nanoparticles for improved in vivo fluorescence
imaging, Journal of Biomedical Optics, 14, (5), 054005.

Viola, J. R., El-Andaloussi, S., Oprea, Il and Smith, C. I., 2010, Non-viral nanovectors for gene
delivery: factors that govern successful therapeutics, Expert Opin Drug Deliv, 7, (6), 721-
735.

Vonarbourg, A., Saulnier, P., Passirani, C. and Benoit, J. P., 2005, Electrokinetic properties of
noncharged lipid nanocapsules: influence of the dipolar distribution at the interface,
Electrophoresis, 26, (11), 2066-2075.

Vonarbourg, A., Passirani, C., Saulnier, P. and Benoit, J. P., 2006, Parameters influencing the
stealthiness of colloidal drug delivery systems, Biomaterials, 27, (24), 4356-4373.

Vonarbourg, A., Passirani, C., Desigaux, L., Allard, E., Saulnier, P., Lambert, O., Benoit, J. P. and
Pitard, B., 2009, The encapsulation of DNA molecules within biomimetic lipid
nanocapsules, Biomaterials, 30, (18), 3197-3204.

Wagner, E., Kircheis, R. and Walker, G. F., 2004, Targeted nucleic acid delivery into tumors: new
avenues for cancer therapy, Biomed Pharmacother, 58, (3), 152-161.

Weiss, M. B. and Aplin, A. E., 2010, Paying "particle" attention to novel melanoma treatment
strategies, J Invest Dermatol, 130, (12), 2699-2701.

Zheng, D,, Li, X., Xu, H., Ly, X, Huy, Y. and Fan, W., 2009, Study on docetaxel-loaded nanoparticles
with high antitumor efficacy against malignant melanoma, Acta Biochim Biophys Sin
(Shanghai), 41, (7), 578-587.

135



Efficacité des nanovecteurs

Publication No 4

Treatment efficacy of DNA lipid nanocapsules and DN A multimodular

systems after systemic administration in a human gl ioma model

David S., Montier T., Carmoy N., Clavreul A., Pdd., Benoit JP. and Passirani C.
Gene Therapy— soumis

In vivo Colocalisation of DNA

biofluorescence MMS DOSP (-GAL)
imaging

and glioma cells

DNA nanovectors based on
lipoplexes with different lipids
and charge ratios

// ?\f \\ Tumour growth
/ W o) Tumour size duction for DNA
J * % reduction for
NN » | measurement MMS DOSP-GAL and
v =330mm? PEG DNA LNCs
B,

Cette derniére partie est consacrée a l'applicaties vecteurs ADN, caractérisés sur des
souris saines en premiere partie de these, suradgelermurin de gliome. Dans un premier
temps, les profils de biodistribution des diffésemecteurs sur ce modéle ont été déterminés
en utilisant I'imagerie par fluorescentcevivo. Ensuite, les vecteurs montrant une capacité a
aller dans la tumeur ont été choisis pour effecturetraitement utilisant I'approche par géne

suicide.
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ABSTRACT

We previously developed different DNA nanocarrignssystemic administration. DNA lipid
nanocapsules coated or not with long polyethyléteQ) chains (PEG DNA LNCs or DNA
LNCs, respectively) and different multimodular gmst (MMS), containing either the
cationic lipid BGTC (bis(guanidinium)-tren-cholesiy (DNA MMS BGTC) or DOSP
(dioleylamine succinyl paromomycine) (DNA MMS DOSHhe ligand galactose can be
added to both types of DNA MMS for active targetiogming GAL DNA MMS BGTC or
GAL DNA MMS DOSP respectively. The biodistributiqerofiles of these intravenously
administrated systems delivering a plasmid DNA wathuciferase cassette, on an ectopic
human U87MG glioma model in nude mice, were simttarthose observed on healthy
animals and varied in function of their compositioDNA MMS BGTC and the
galactosylated DNA MMS accumulated preferentiatiythe liver, DNA LNCs had a brought
distribution profile but were rapidly eliminated eieas DNA MMS DOSP and PEG DNA
LNCs showed a prolonged circulation profile. Furthere, PEG DNA LNCs and GAL DNA
MMS DOSP showed a specific accumulation and soro#ehase expression in the tumour
tissue. Systemic treatment with these promising Digkocarriers on this glioma model
using a plasmid encoding the herpes simplex vitugnidine kinase (HSV-tk) and a
subsequent ganciclovir (GCV) treatment showed aturgrowth reduction compared to non-
treated mice cohort. These results are in goodrdance with those obtained previously with
PEG DNA LNCs on a human melanoma mouse model agidigint the potential use of GAL
DNA MMS DOSP and PEG DNA LNCs as future therapeutit glioma and other cancer

diseases.

Key words:
Gene therapy, GDEPTh vivo biofluorescene imaging, DNA MMS DOSP GAL, PEG DNA

LNCs, systemic administration
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INTRODUCTION

Malignant gliomas are highly aggressive primaryledrain tumours with poor prognosis [1].
The most aggressive form is the glioblastoma nuultif, characterized by its diffuse invasion
of the surrounding normal tissue and its recurreftar all form of therapy [2]. The standard
treatment is maximal safe surgical resection fodwby radiotherapy and temozolomide
chemotherapy which improves the median overalligalvup to five years in some cases [3].
However, most patients will still die of their dese and the development of new improved
treatments shall be given priority.

One option is the combination of herpes simplexis/ithymidine kinase (HSV-tk) with the
prodrug ganciclovir (GCV), known as gene directedyene prodrug therapy (GDEPT) [4, 5].
This therapy was already shown to be efficient drepts with operable primary or recurrent
malignant glioma. An increase in patient survivale of 71 weeks compared to 39 weeks in
the control group could be attained by local HSVatkministration after tumour resection
using adenovirus [6]. The major drawbacks of visugsed as gene delivery vectors are their
potential risk, associated with replication-compéteruses, immunogenicity and high cost
[7-9]. For this reason non-viral delivery agentvéndeen developed which do not present
these drawbacks and present furthermore the adyemta be able to carry large inserts and
to be easily modifiable for active or passive térge[10-12].

Previously, different non-viral DNA nanocarriers reedeveloped in our laboratories. DNA
lipid nanocapsules (DNA LNCs), encapsulating DNpoflexes in their liquid lipid core,
proved their transfection efficiency vitro. PEG DNA LNCs (coated DNA LNCs with
DSPE-PEGyyg) demonstrated their transfection efficienayvivo using a luciferase coding
plasmid on a tumour model (HBR in nude mice) [13-15]. DNA multimodular systems
containing the cationic lipid BGTC (DNA MMS BGTC)were developed by Letrou-
Bonneval et al.[16] and demonstrated a specifiosfiection in primary hepatocytes after a
coating with galactose (GAL DNA MMS BGTC). PrevibysDNA MMS based on the
cationic lipid DOSP were developed and the biottistron profiles of all these different
DNA nanocarriers after systemic administration oalttg mice were analysed, revealing an
accumulation in the liver for DNA MMS BGTC and getlese bearing DNA MMS and a
prolonged circulation time for DNA MMS DOSP [17].o8h formulations were based on
lipoplexes (complexes of DNA with a cationic lipidhd had a dual core-shell (LNCs) or
core-corona structure (MMS). Our strategy was te different DNA nanocarriers to
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administer HSV-tk via systemic administration oneagtopic human U87MG glioma model in

nude mice followed by a GCV treatment. In a finshd, biodistribution of the systemic

administrated DNA nanocarriers, encapsulating arélscent dye and a luciferase coding
plasmid DNA, was followed via the non-invasiire vivo biofluorescence imaging and the
luciferase expression in different organs and tuntmsue was assessed. Afterwards, DNA
nanocarriers showing the best tumour targeting whosen to administer the HSV-tk/lGCV

treatment in the human glioma model and to evalutteefficiency in tumour growth

reduction.

MATERIALS AND METHODS
Preparation of nanocarriers
Plasmids, lipids for liposome preparation and steric stabilisers

The pGWIZM-luciferase DNA plasmid (Gene Therapy systems,, I8an Diego, CA USA)
was used for DNA nanocarrier characterisation, istatution analysis and luciferase
guantification and the pORF-TKEpG DNA plasmid (InvivoGen; Toulouse, France) was
used for treatment using the GDEPT. The cationgdé DOSP (dioleylamin-succinyl
paromomycin) (synthesis previously described in))[Ehd BGTC (bis(guanidinium)-tris(2-
aminoethyl)amine-cholesterol) (synthesis previowstgcribed in [19]) were used for DNA
MMS preparation and the cationic lipid DOTAP (1.2ldyl-3-trimethylammoniumpropane)
(Avanti® Polar Lipids Inc., Alabaster, AL, USA) f@NA LNC preparation. All lipids were
combined with the neutral lipid DOPE (1.2-dioleyl-glycero-3-phosphoethanolamine)
(Avanti® Polar Lipids Inc., Alabaster, AL, USA). €hpolymer F108 (80% poly(ethylene
oxide), MW 14600) was generously provided by BASHKd ahe galactosylated form

synthesised as described in [16].

Preparation of liposomes

Liposomes were composed of a cationic lipid (DOBBTC or DOTAP) in addition to the
neutral helper lipid DOPE in the ratio 1/1 (M/MY23M/M) or 1/1 (M/M) respectively. The
different lipids solubilised in chloroform were whited to obtain a final concentration of 20
mM of cationic lipid charge, considering the numieérlipid charges per molecule (4 for
DOSP, 2 for BGTC and 1 for DOTAP). Then chlorofowas evaporated under vacuum to
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obtain a homogen lipid film which was hydrated wdionised water over night at 4°C. The

next day liposomes were sonicated and size measutexas performed before use.

Preparation of DNA multimodular systems

To prepare multimodular systems (MMS), equal volsmka mixture composed of the steric
stabilizer (F108 or F108-gal), liposomes (BGTC/DOBEDOSP/DOPE), and water was
added to a mixture composed of plasmid DNA, NaClaater to obtain final concentrations
of 0.25¢g/l DNA and 0.15M NacCl, with a charge rafid-) of 2 and a polymer/DNA ratio of

300 (w/w). MMS were incubated for 20 min at roomngeerature before use.

Preparation of (PEG) DNA LNCs

DNA LNCs were prepared as previously described.[B8efly, LNCs were composed of 9.9
% (w/w) lipophilic Labrafac® WL 1349 (Gatefossé S.Saint-Priest, France), 3.9 % (w/w)
oleic Plurol® (Polyglyceryl-6 dioleate) which waslliy provided by Gatefossé S.A. (Saint-
Priest, France), 1.4 % (w/w) NaCl (Prolabo, Fonyesaus-Bois, France), 78.9 % (w/w)
water (obtained from a Milli-Q-plus® system, Millipgy Paris, France) and 5.9 % (w/w)
Solutol® HS-15 (BASF, Ludwigshafen, Germany). Lifgoges containing the plasmid coding
for luciferase or for HSV-tk and DOTAP/DOPE liposesnin a charge ratio (+/-) of 5 were
added instead of the formulation water. Fovivo biofluorescence imaging, the near-infrared
fluorescent dye 1,1-dioctadecyl-3,3,3’,3'-tetrammdindodicarbocyanine perchlorate (DiD,
em. = 644 nm; exc. = 665 nm) (Invitrogen, Cergyt8me, France) was mixed previously
with Labrafac® as described in [21]. The formulatiprocess was based on the phase
inversion of a microemulsion [22]. Briefly, afterixing all the components, temperature-
cycles around the phase-inversion-temperature (WEFe performed under magnetic stirring.
Afterwards, cold water (in a ratio 1:1.96) was atide dilute the microemulsion and form
DNA LNCs.

DNA LNCs were then passed on PD10 Sephadex colfAamersham Biosciences Europe,
Orsay, France), ultrafiltrated with MilliporeAmicon®ltra-15 centrifugal filter devices
(Millipore, St Quentin-Yvelines, France) and thé-sand LNC-concentration were readjusted
afterwards to obtain a physiologic concentration M&CI (150mM) and the initial
concentration of LNCs (152 g/l).
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Half of these purified DNA LNCs were then mixed Hhvitl,2-DiStearoyl-sn-glycero-3-
PhosphoEthanolamine-N-[methoxy(polyethylenegly@ilp0] (DSPE-mPEg&o) (Mean

Molecular Weight (MMW) = 2,805 g/mol) (Avanti Poldripids, Inc, Alabaster, USA),
incubated for 4 h at 30 °C and vortexed every 1butes to obtain PEG DNA LNCs with a

final polymer concentration of 10mM.

Physico-chemical characterisation of DNA nanocarrie rs

Coated and non-coated DNA LNCs were diluted witlowised water in a ratio of 1:100 and
the different DNA MMS with 0.15M NacCl in a ratio df100 before measuring their size and
zeta potential with a Malvern Zetasizer® (Nano &erZS, Malvern Instruments S.A,,
Worcestershire, UK) at 25 °C. All measurements weeeformed in triplicate and with

similar conductivity values.

In vivo experiments
Ectopic human glioma model in nude mice

Six- to nine-week-old female, nude SWISS mice (@&EsaRiver, France) were housed and
maintained at the University animal facility; theyere processed in accordance with the
Laboratory Animal Care Guidelines (NIH Publicati®-23, revised 1985) and with the
agreement of the regional veterinary services (aigiimon FR; 29-024).

Tumour bearing mice were prepared by injecting stéyeeously a suspension of 1%10
U87MG glioblastoma-astrocytoma cells (n°HTB-14-ATAEQ 100 ul of HBBS into the right
flank of athymic nude SWISBiice (6-week-old females, 20-24 g). Three weeksr aétmour
implantation, 150ul of DNA LNCs or PEG DNA LNCs @00ul of DNA MMS were
administered by intravenous injection into the tain of the mice. Animals were sacrificed

24h after intravenous injection.

In vivo biofluorescence imaging

Non-invasive biofluorescent imaging (BFI) was penfed as described before [15], at 1, 3, 5,
and 24 h post-injection, using the BFI system & RightOWL Il (Berthold Technologies,
Germany). Briefly, the WinLight 32 software (Berttiolechnologies, Germany) was used,

the 590 nm excitation and 655 nm emission filtemrenvselected and each mouse was
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anaesthetised with isofluran during the acquisi{®seconds for one fluorescent acquisition).

The fluorescent signal was then overlaid on a pectiirrach mouse.

Luciferase quantification

Organs from the sacrificed animals were placediloes with PLB 1x (Passive Lysis Buffer,
Promega) and shaked with the gentleMACS Dissocidtobes were centrifuged for 10 min
at 1150 g at 4°C and the upper phase transferre@ppendorf tubes. After another
centrifugation of 10 min at 20000 g at 4°C, 25uthed upper phase is placed, in triplicate, in a
white 96 well plate and the quantification with toeiferin reagent (Promega) is performed

with the MLX luminometer plate reader (Dynex, Gugaurt, France).

Treatment efficacy of DNA nanocarriers

Nude Swiss mice bearing s.c. glioma cells in tgatrflank were prepared as described in the
previous section. Animals were weighted and tundiorensions were measured regularly.
Tumour volume was calculated using the formuBtlengtf*width. Mice were distributed

in different groups in function of their tumour vohe, to obtain randomized homogen groups
with a tumour volume of 330 +/- 90 mirat the beginning of the treatment. Mice received o
intravenous injection in the tail vein of 150ul PBBIA LNCs or 200ul GAL DNA MMS
DOSP, encapsulating a plasmid encoding the Herpepl&x Virus thymidine kinase (HSV-
tk) followed by a subsequent treatment twice a fdayour days with 150ul i.p. Ganciclovir
(20 mg/ml; InvivoGen, Toulouse, France), correspogdo 65 mg/kg. Control mice received
no treatment, GCV alone, LNCs without DNA alone XA nanocarriers without GCV
treatment. Mice were sacrificed at day 11 aftertbginning of the treatment.

Statistical significance of various vector and tme@nt combinations were analysed by
Student's test (n < 30). P < 0.05 was considered stati$yisadnificant (two-tailed test).

RESULTS AND DISCUSSION
DNA nanocarrier presentation

In this study, six different DNA nanocarriers, piasly developed in our laboratories, were
used; two types of LNCs (DNA LNCs and PEG DNA LNGsd four types of MMS using
either the cationic lipid BGTC (DNA MMS BGTC, GAL A MMS BGTC) or DOSP
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(DNA MMS DOSP, GAL DNA MMS DOSP). The physico-charai properties of these
DNA nanocarriers are presented on table 1. Themmewended physico-chemical properties
for an “ideal” nanocarrier administrated via sysiemjection are a size between 50 and 200
nm, a neutral surface charge and the possibilitiatget a specific cell via active or passive
targeting. In this aim, DNA LNCs were recovered BYBSPE-PEGyy to prolong the
circulation time, necessary for passive targeting @ mask the positive surface charges due
to the cationic lipid used for DNA complexation. BNMMS had already neutral surface
charges due to their composition and the liganddase was used for an active targeting of
asialoglycoproteinreceptors on hepatocytes. Howether addition of galactose on DNA
MMS BGT augmented the size above 200 nm. The pbydiemical properties of these
DNA nanocarriers indicate that compromises will haweebe done to obtain efficient

nanocarriers.

. e . Physico-chemical
Lipoplex composition Surface coating characteristics
S : Ratio - Zeta
CTitl?;m Plgilrzld r;?c?ﬁi] Polymer | polymer/DNA [Snli]e] potential
P [wiw] [mV]
DNA LNC - - 114 +/-25 | 27 +/-12
DOTAP 5
PEG DNA LNC PEG.g00 70 132 +/-3 | 17 +-3
DNA MMS BGTC F108 150 +/-32 | -3+/-2
BeTC | PIWIZ-
luciferase L
GAL DNA MMS F108 508 +/-171 | -2 +/-1
BGTC galactose
2 300
DNA MMS DOSP F108 198 +/- 57 0
GAL DNA MMS POSP F108
DOSP galactose w5 | 248

Table 1: Specifications of the different DNA naaoier

In vivo fluorescence imaging of DNA nanocarriers

To analyse the biodistribution profiles using nawmasivein vivo biofluorescence imaging
(BFI) a fluorescent dye, DIiD, was encapsulatedendifferent DNA nanocarriers. Afterwards
these fluorescent DNA nanocarriers were adminidter@ systemic administration on a
glioma model consisting of human U87MG cells impéahin the right flank of nude mice.

As previously observed on healthy animals, the ibtatution profiles of the DNA
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nanocarriers also varied in function of their ligimimposition and their surface coating in this
tumour model [17]. The biodistribution of DNA LNCshowing a broad distribution 1h after
administration and a rapid elimination afterwams] PEG DNA LNCs, showing a prolonged
circulation time compared to DNA LNC with a tumaacumulation for both LNC types was
already reported by Morillet al in the same model [20]. DNA MMS containing théi@aic
lipid BGTC accumulated preferentially in the livexs indicated by a fluorescence signal
persisting during the whole observation periodhis brgan with both types of DNA MMS
BGTC. DNA MMS containing the cationic lipid DOSP chan augmented circulation time
comparable with PEG DNA LNCs one demonstrated bingense fluorescence signal in the
whole body along the observation period. The aoldibf galactose as a ligand accentuated
the accumulation in the liver for both types of DNVMS, certainly due to the active
targeting via asialoglycoprotein receptors presenhepatocytes [16, 23, 24], but also in the

tumour region for the long circulating DNA MMS DOSP
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Time DNA vector distribution after systemic administration
Type (BFI1)
of MMS 1h 5h 24 h

DNA MMS
BGTC

GAL DNA
MMS BGTC

DNA MMS

Min  Fluorescence intensity Max

GAL DNA
MMS DOSP

Figure 1: In vivo biofluorescence images of DNA MMS BGTC and DNA MND®SP with and without the
ligand galactose at 1h, 5h and 24h after intravenopction. One mouse per group is representeld, lmthe

lateral and in the decubitus-dorsal view.
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Quantification of luciferase expression in differen t organs

Twenty-four hours after administration of the sikaetent DNA nanocarriers, encapsulating a
luciferase coding plasmid DNA, animals were sapedi and luciferase expression was
guantified in different organs and tissues. In kigrieeart and lungs, no significant luciferase
expression could be detected for all DNA MMS andsHBENA LNCs and only low luciferase
expression for DNA LNCs (data not shown). For DNAMIE BGTC with and without
galactose, luciferase expression could neitherdamtified in tumour, in liver nor in spleen.
However, there is a luciferase expression followiragsfection with DNA MMS DOSP in
presence and absence of galactose and DNA LNCs awithithout surface coating with
PEGyooo located in tumour, liver and spleen (Figure 2)mpared to non-treated animals
(control). GAL DNA MMS DOSP demonstrated also aiflei@se expression in the tumour
without any luciferase expression in liver and spleThe presence of the ligand galactose
seems to promote accumulation and transfectiomiefity, as DNA MMS DOSP did not
show any luciferase expression although tumour aaotatran was observed via vivo
biofluorescence imaging. This could probably bel@xed as lectins, such as galactin-1 [25],
a galactose-specific lectin correlating with thadg of malignancy, are highly expressed in
human gliomas [26, 27]. DNA LNCs achieved low lecdse expression in the tumour, but
some luciferase expression in liver and spleen. BB LNCs in return, showed lower
luciferase expression in spleen and liver as DNACENbut higher luciferase expression in

the tumour.
1200,00 +
1000,00 -
800,00 - M Control - without injection
= DNA LNC
600,00 -
= PEG DNA LNC
400,00 - B DNA MMS DOSP
= DNA MMS DOSP GAL
200,00 -
0'00 ll 1) _i g j__-_; . | 23 ﬁi -

tumour liver spleen

Figure 2: Quantification of luciferase expression in diffat organs (spleen and liver) and in the tumour 24h
after intravenous injection of different DNA nanadars (DNA LNCs, PEG DNA LNCs, DNA MMS DOSP
with and without the ligand galactose and contratemwithout injections, n = 8 for control mice anidce
receiving DNA MMS and n = 6 for DNA LNCs and PEG BNINCSs).
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Treatment efficacy of PEG DNA LNC and GAL DNAMMS D OSP

Due to their tumour accumulation capacity, PEG DNACs and GAL DNA MMS DOSP
were selected and used in a GDEPT approach [4]istongsin transfection of HSV-tk in
tumour cells (group TPDL and TGDMD respectivelygliie 3). This enzyme activates the
prodrug ganciclovir (GCV) via phosphorylation, whit return will act as chain terminator
after incorporation into the DNA of dividing (tumqueells [4, 5]. An important bystander
effect was described in the literature using thigraach on glioma cells allowing the
reduction of HSV-tk/GCV doses as, in certain casas; 10% of the tumour cells have to be
transfected [28-30].

Five different control groups were analysed in ortte assess the efficacy of these DNA
nanocarriers: (1) no treatment (CN), (2) GCV treaitmalone (T), (3) PEG LNCs without
DNA and without GCV treatment (PL), (4) PEG DNA LE@ithout GCV treatment (PDL)
and (5) GAL DNA MMS DOSP without GCV treatment (G} The results obtained in
our study with this approach are in good agreemeétit the results obtained via vivo
biofluorescence imaging and luciferase quantifaratanalysis. Indeed, PEG DNA LNCs
which accumulated in the tumour, had there the dsgluciferase expression and were the
most efficient vector using the GDEPT approach waitsignificant tumour growth reduction
starting at day 2 (p = 0.05 for day 2 and 0.01thar following days). This result is also in
concordance with previous results obtained on aanwgha mouse model where treatment
efficacy compared to non-treated mice was showdagt4 after LNC administration [15].
This accumulation and expression of PEG DNA LNCghatumour region is certainly due to
the passive targeting mechanism linked to the erddhmpermeability and retention (EPR)
effect, well documented in the literature [31, 3Zhis EPR effect is due to the “leaky”,
tortuous and heterogeneous tumour vessels withgpes between 100nm and almost 1 pm
depending on the anatomic tumour location and tungpawth [12], which results in the
enhanced retention of particles such as stealthcaaners. GAL DNA MMS DOSP also
accumulated in the tumour tissue, but had a loweifdrase expression in this tissue
compared to PEG DNA LNCs and showed therefore alkwer treatment efficacy (p = 0.1
for days 9, 10 and 11). Treatment of animals wibMdan absence of any DNA nanocarrier
also reduced tumour growth in a non-significant nearas well as GAL DNA MMS DOSP
without GCV treatment. PEG DNA LNCs without the G@¢atment in contrast reduced the
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tumour growth in a comparable level to GAL DNA MM30SP. However, PEG LNCs
without DNA and without GCV treatment did not reduttmour growth indicating that the
tumour growth reduction comes from the GCV andh@ DNA (in combination with the
different nanocarriers). A cytotoxic effect of GGlone was also observed in the literature
especially at higher doses [33-35]. Seen the heteemus tumour growth of this glioma
model, more animals in each group and an earleatritent beginning could probably

improve the difference in tumour growth betweentteatment and control groups.

1200 -

1000 - -- CN
=T

56ty | -4-PL

* -@- PDL

--k- GDMD
600 -

—&—TPDL

—4—TGDMD
400 -

Tumour velume augmentation [%]

200 -

Time [days]

Figure 3: Treatment efficacy was determined by measuringdh#ur volume once a day from the treatment
day and during 11 days. It was represented in aatatien of tumor volume in % of tumor volume at day
(animals receiving no GCV dashed lines (n = 3)yra$ receiving GCV continuous lines (n = 3 for GCV
treatment (T) alone and n = 6 for DNA nanocarrigimanistration), negative control (without injectjofCN, T)
squares, GAL DNA MMS DOSP triangles (GDMD, TGDMMEG DNA LNCs circles (PDL, TPDL), PEG
LNCs without DNA (PL) diamonds), (*significant f@N and TPDL with p = 0.01 starting at day 3).

CONCLUSION

The biodistribution, transfection and treatmenticaify of new DNA nanocarriers on an
ectopic glioma mouse model after systemic admatisin were studied here. The results
obtained in this study are showing a promising pidé&for PEG DNA LNCs and GAL DNA

MMS DOSP as future therapeutics in glioma or ottzarcer diseases.
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Discussion

Administrer des siRNA ou de I'ADN plasmidique pasier systémique dans le cadre d’'une
thérapie génique nécessite, a quelques rares extepirés l'utilisation de vecteurs afin
d’obtenir un effet thérapeutique suffisant. Lesteacs non-viraux utilisés dans ce but doivent
franchir de multiples barriéres entre le site d’adstration et le site d’action avant de
permettre I'action des acides nucléiques [1]. Damint de vue des caractéristiques physico-
chimiques, ces vecteurs doivent idéalement présente

» une petite taille,

» une charge de surface proche de la neutralité,

» un recouvrement permettant d’augmenter leur fuéjvi

>

un ciblage (actif ou passif) pour atteindre lauwelkible.

A partir de ces caractéristiques, l'objectif detedhése a été de développer de nouveaux
vecteurs pour I'administration de siRNA par voiestgynique au sein des deux laboratoires
Inserm U646 a Angers et Inserm U915 a Nantes. Eallpke, la caractérisation des vecteurs
ADN débutée lors de theses précédentes (Arnaudrionay, 2006 et Marie Morille, 2009) a
été amenée jusqu’'a des premiers essais d’'applicdliérapeutique chez l'animal, afin
d’éprouver leur efficacitén vivo.

Les formulations siRNA

Le procédé de formulation des LNC de siRNA (LNC N/ est basé sur la formulation
classique des nanocapsules lipidiques, développdeartaultet al [2]. Les siRNA sont

d’'abord complexés avec des lipides cationiques p&tme encapsulés dans les LNC.
Contrairement a ce qui se passe lors de I'encajmuld’ADN, seul I'ajout des lipoplexes en

fin de formulation, dans I'eau de trempe, a permédoutir a une encapsulation des siRNA.

Les avantages de ce nouveau procédé de formulatitn s
> simplicité
> rapidité
» faible énergie thermique : les lipoplexes et dasxcdiRNA, ne subissent pas de cycles
de températures et sont ajoutés a 73°C en ayantemmgérature proche de 0°C,
évitant une dégradation potentielle
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Par ailleurs, I'ajout des lipoplexes dans I'eautdgnpe permet de ne pas modifier la zone
d’inversion de phase et de la maintenir bien vesibe qui donne lieu a des formulations tres

reproductibles, malgré un changement de manipuléeart-types de 1 a 2 nm tableau 3).

Formulation 1 Formulation 2 Formulation 3 Formulation 4 Farmulation 5
BGTC/DOPE 2,5 DOPS 2 DOSE 2,5 DOSP/DOPE 2 DOSP/DOPE 2,5
Manipulateur 1 54,2 53,8 59,8 52,8 58,9
Manipulateur 2 5573 51,6 60,4 54,3 59,7
Manipulateur 3 52.8 = 56,0 55,0 60,46
Moyenne 541+/-13 52,7+/-1,6 58,7 +f-24 54,0+/-1,1 59,7+/-0,8

Tableau 3: Tailles des formulations réalisées par 3 margpelirs différents

Une analyse approfondie de cette nouvelle formutatnontre que I'encapsulation des siRNA
dans les LNC n’est pas compléte et que cing conmnpamts différents peuvent étre distingués
(figure 11) :
(1) des liposomes vides
(2) des lipoplexes a I'extérieur des LNC
(3) des LNC siRNA
a. comportant des siRNA complexés au sein des lip@slex
b. comportant des siRNA dissociés des lipides cati@sdgiormant initialement
les lipoplexes
(4) des LNC vides
(5) des siRNA libres

Figure 11: Les différents compartiments de la formulatiovid_siRNA
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Différents lipides cationiques avec plusieurs rafgpde charge vis-a-vis des siRNA (CR) ont

été utilisés (tableau 4).

Lipide cationique | BGTC/DOPE DOSP DOSP/DOPE DOTAP/DOPE
CR [+/-] 2,5 2 2,5 5 2 2,5 5 2,5 5
Taille [nm] 553+/-01 | 5164-02 | 604+-10 | 528+-00 | 5334-02 | 5974-05 | 61L,4+-03 1?:'; :; 28;‘ 124,8+/-06
PDI 0,13+/-0,03 | 007+/-000 | 010+/-002 | 0,184/-0,00 | 0,03+/-001 | 009+-001 | 015+/-0,03 | 029+/-003 | 024+/-0,00
24,14/-1,7
Potentiel zeta [mV] 1,5+/-0,7 -2,4+/-0,7 -1,1+/-0,1 10,1 +/-3,2 -25,7+/-1,9 -1,5+/-0,4 7,8+/-0,9 -0,3+/-0,5 1,6+/-0,3
-3,7+/-4,3
Tauxd e”[f,/a]ps“'at"’” 13+/-3 44/-6 17 +-20 144/-1 154/- 10 74-2 154/-5 274/-19 65+4/-2

Tableau 4: Caractéristiques des différents LNC siRNA dgveés

Comme les caractéristiques des LNC siRNA sontgreshes de celles des LNC blanches, le
développement d’'un dosage siRNA a été une étapiatericar cela permettait de prouver la
présence de siRNA dans les LNCs. En effet, I'égttorese seule ne permet pas de
distinguer les siRNA complexés au sein des lipogdegn dehors des LNC et les siRNA
encapsulés a l'intérieur des LNCs.
Le dosage de siRNA utilise :

» des extractions au chloroforme pour séparer ledlAiRes autres composés de la

formulation,

» de la soude pour dissocier les lipoplexes,

» de I'éthanol pour casser les LNC

» un dosage par spectrophotométrie UV a 260 nm pasgrdes acides nucléiques.
Le taux de siRNA dans chaque fraction est enswteut® en utilisant les gammes étalon
appropriées. Sur 'ensemble des formulations, tnouge un taux de siRNA total entre 75 et
125%. Cette marge d’erreur est probablement duesaedeurs de manipulations, suite a
l'utilisation de tres petites quantités permettaidconomiser le matériel et a la faible
sensibilité du spectrophotometre.
Le dosage des siRNA a révélé des taux d’encapsmolatilant jusqu’a 65% pour la
formulation utilisant les lipoplexes DOTAP/DOPE eapport de charge de 5, mais cette
formulation présente une taille supérieure auxesuformulations. Cette augmentation de
taille apres encapsulation de lipoplexes a aussiobservée pour la formulation des LNC
ADN, utilisant également ces lipides et ce CR,airpait étre liée a la nature des lipoplexes.

Le lipide DOTAP possede une seule charge positrenmlécule comparé aux autres lipides
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utilisés qui en posseédent 2 (BGTC) ou 4 (DOSP)ndanlieu a des lipoplexes de taille plus
elevée. En effet, la taille des lipoplexes DOTAPREXIRNA au CR 5 est de 680 nm
comparé a 234 nm (DOSP/DOPE/siRNA CR 5) et 344 B@AT(C/DOPE/siRNA CR 4)
(tableau 1, publication No 2). Méme si un réarramget des lipides a lieu systématiguement
durant la formulation puisqu’en final les LNC siRNoht des tailles inférieures a celles des
lipoplexes, la nature et la quantité de lipide aratjue ont sdrement leur influence. La
structure exacte des LNC siRNA n’est pas encoremewenmais ce dosage est un premier
indice permettant de localiser et de quantifiesi®NA dans la formulation.

Les formulations ADN

En paralléle, la caractérisation des vecteurs ABMetbppés préecédemment a été poursuivie.

Le tableau 5 récapitule les caractéristiques pbysiimiques des différentes formulations.

MMS ADN MMS ADN MMS ADN MMS ADN LNC ADN LNC ADN
BGTC BGTC GAL DOSP DOSP GAL PEG
Taille [nm] 150+/-32 298+/-171 198 +/- 57 152 +/- 58 114+/-25 132 +/-3
PDI 0,4 0,5 0,4 0,5 03 0,3
Potentiel zeta [mV] 34/-2 241 0 24/-0 27 +/- 12 -17+/-4

Tableau 5 :Caractéristiques des différents nanovecteurs d’ADN

Le systéme MMS ADN BGTC (GAL)

Le systeme MMS ADN BGTC a été développé et carmédén vitro par Emilie Letrou-
Bonnevalet al [3]. Dans ses travaux, elle montrait une accutioriaspécifique des MMS
ADN BGTC portant le ligand galactose dans des lugy#es primairesn vitro. Cette
internalisation est reliée aux récepteurs aux a@gitoprotéines (ASGPR) exprimés par les
hépatocytes et capables d'interagir avec le galagmwésent a la surface des MMS ADN
BGTC GAL [3-5]. Nous avons pu confirmer ces rédslia vivo sur des animaux sains
(publication No 2) et des animaux porteurs de tusiéuublication No 3 et 4). L'imagerie par
fluorescence a révélé une accumulation spécifiqgeM®S ADN BGTC dans le foie qui
s’accentue avec la présence de galactose a leflacsuPar contre, aucune présence de ces

vecteurs dans le tissu tumoral n'a pu étre déte@ée vecteurs, notamment en présence de
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galactose, sont donc destinés a cibler spécifiqnetes hépatocytes plutét que les cellules
cancéreuses (en dehors du cancer du foie). Datesaique, des expériences sur des souris
saines utilisant ces vecteurs et un ADN plasmidicpaant pour I'érythropoiétine (EPO) ont
été menées (études non publiées). Le but était uiantpr I'expression d’EPO en mettant en
evidence une augmentation du taux d’hématocritesunéeune fois par semaine, suite a trois
injections en intraveineuse une fois par semairgtenéthode de détection, pourtant plus
sensible qu’'un dosage luciférase et mesurant darsamg indirectement I'expression de
'EPO n’a pas montré de changement du taux d’hécniééo/en moyenne 43% avant injection
et durant la période d’observation). En revanche umection intramusculaire avec un
contrdle positif a induit une augmentation d’héngate importante de 71%, 5 semaines aprés
la premiére injection.
Ces résultats amenent a se poser plusieurs question
» Est-ce que I'accumulation de ces systemes dansi¢edbservée en imagerie par
fluorescence est bien une accumulation dans lestd@ges ou plutdt une capture par
les macrophages et donc une accumulation dans alletes Kupffer ? L’ajout de
galactose pourrait éventuellement accentuer cafieure en diminuant la furtivité de
ces systemes.
» Si I'accumulation est bien dans les hépatocytdsceegue 'ADN plasmidique est en
quantité suffisante et encore suffisamment intact gccomplir son action ?

» L’ADN plasmidique atteint-il son site d’action, te@yau cellulaire ?

Le systeme MMS ADN DOSP (GAL)

Ces nouveaux vecteurs MMS ADN DOSP possédent uite @& peu plus grande que les
MMS ADN BGTC, par contre l'ajout de galactose seenlliminuer leur taille qui se
rapproche alors de celle des MMS ADN BGTC. Celarmouétre du a la nature du lipide
cationique, le DOSP (poids moléculaire de 1672 ¢/etct charges positives) qui est une
molécule plus grosse que le BGTC (poids moléculd&&16 g/mol et 2 charges positives) et
forme des MMS ADN plus grand. Le galactose (poidslétulaire 180 g/mol), fixé de
maniére covalente au stabilisateur stérique F10&$pmoléculaire 14600 g/mol), pourrait
par contre s’intercaler plus facilement entre ledéoules de DOSP que celle de BGTC et, en

conséquence, diminuer la taille des particulesralas (figure 12).
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Apres injection par voie systémique dans des saaiizes, le profil de distribution a montré
un temps de circulation prolongé par rapport aux IADN BGTC sans accumulation dans
un organe spécifiqgue. Cette circulation prolongéesda sang est probablement due a la
présence du F108, utilisé comme stabilisateurggtérpour les MMS ADN contenant, comme
le PEG, des unités d’oxyde éthylene (80% de pdiy{éhe oxyde), PEQ-PRy-PEQ; [3]).
L’association de ce polymere aux lipoplexes DOSH?B(ADN engendre probablement une
conformation des chaines d'oxyde d’éthyléne plugrassante qu’avec les lipoplexes
BGTC/DOPE/ADN, permettant d’éviter une accumulatitams le foie (figure 12). L'ajout de
galactose a la surface a entrainé une accumulgpiécifique dans le foie comparable a celle
obtenue avec les MMS ADN BGTC GAL et certainememge | aux interactions
galactose/ASGPR [3-5].

Bicouche de lipides Bicouche de lipides

. e F1084?_jm M Mk o <—— F108-gal "2]1"0

BGTC/DOPE BGTC/DOPE
AAAAAA ®rag @-og
MMS ADN BGTC MMS ADN BGTC GAL
MW S A0 "] Pt
e 9 ¢ == F108gal Loy
ALA A Bicouche de lipides 3
vV'V¥ DOSP"DOEE Bicouche de lipides
&7 & @ DOSP/DOPE
i, e e =

MMS ADN DOSP MMS ADN DOSP GAL

Figure 12: Schéma de la structure des MMS ADN BGTC GALMSEM\DN DOSP GAL
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En présence d'une tumeur implantée en sous-cutangrofil de biodistribution de ces
vecteurs est modifié et une accumulation dansitiumoral a été démontri@evivo sur un
modéle de gliome. Une certaine expression de las&dans la tumeur a également pu étre
détectée, mais seulement pour les systemes péetgatactose a leur surface. Le traitement
utilisant I'approche par gene suicide avec ce syst®MS ADN DOSP GAL a montré une
baisse de croissance tumorale intéressante, maisiguuificative a partir du Jour 9 apres le
début du traitement. D’une part, I'effet EPR («@mted permeability and retention effect »)
[6, 7] joue certainement un rble pour amener letewes dans le tissu tumoral, comme c’est
le cas pour les MMS ADN avec et sans galactoses ragirésence de galactose a leur surface
semble étre importante pour obtenir une transfectidoaela peut étre relié soit a une
internalisation spécifique, due au galactose quiégente une source d’énergie importante et
qui pourrait se fixer a des lectines comme par gterau galectin-1 [8], surexprimé sur les
cellules de gliome [9, 10], soit a leur taille, aqst plus petite en présence du galactose. Le
mécanisme exact, menant a une accumulation de ¢eN@®AS ADN DOSP dans la tumeur,
reste encore a élucider. Pour compléter cette gtudraitement a des temps plus précoces et
des groupes avec un plus grand nombre d’animauraideny étre effectués et pourraient
accentuer cette baisse de croissance tumoralerésafiats obtenus pendant ces travaux de
these indiquent que ces systemes pourraient élisesitdans le traitement de cancers, méme
en utilisant des injections répétées puisqu’unebioinjection sur souris saines n'a révélé

aucune toxicité et aucune modification du profildilgribution (publication No 2).

Le systeme LNC ADN (PEG)

Les LNC ADN (PEG) ont déja été caractérisgesitro etin vivo auparavant ; par contre, la
localisation exacte et la quantité d’ADN plasmidicereeapsulé dans les LNC n’avaient pas
encore été déterminées. Pour cette raison, le daagloppé pour quantifier et localiser les
siRNA dans les formulations de LNC siRNA a été aédamwur les LNC ADN. Ce dosage a
révélé un rendement d’encapsulation d’environ 23%cajuasiment la totalité d’ADN sous
forme dissociée des lipides cationiques utilisas @ formation des lipoplexes. En revanche
environ 65% d’ADN plasmidique restent complexéssddas lipoplexes mais, a I'extérieur
des LNC. Ces lipoplexes ne sont certainement patetoent éliminés durant les étapes de
purification ou de post-insertion de PEG, commeadéeclent les électrophoréses réalisées

(figure 2a, publication no 2).
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Les gquestions qui se posent maintenant sont :
> Le dosage de lipoplexes (libres) est-il fiable asbude, par exemple, est-elle capable
de déstabiliser les LNC ADN pour libérer de 'ADMgmidique ?
Contrairement aux LNC siRNA, les LNC ADN ne contient pas de lipoid, ce qui rend les
LNC ADN plus souples comparativement aux LNC siRNA. soude ajoutée en quantité
importante pourrait fragiliser plus facilement leNC ADN et provoquer un relargage de
I’ADN, ce qui conduirait a un taux de lipoplexebrés plus élevé qu’en réalité. Il est a noter
également que le dosage des lipoplexes se fait @x éapes. Dans la premiere étape, on
dose d’abord les lipoplexes libres en dehors de€ lgdis, dans la deuxieme étape, les
lipoplexes encapsulés dans les LNC. Quasiment ausDN complexé aux lipides
cationiques n’a pu étre détecté dans les dosagjgledt 1, publication No 2), ce qui pourrait
également étre dd au fait que tout 'ADN a déjaliéré lors de la premiere étape.
> Si le dosage est fiable, est-ce que les lipopledepourraient pas s'associer d’'une
manieére ou d'une autre aux LNC ADN empéchant leépasation sur colonne de
sépharose, ou lors de I'étape de concentratiorastila colonne ?
Cette hypothése reste a tester.

Une administration systémique de ces LNC ADN ersgmée et absence de longues chaines
de PEG confirment la circulation prolongée des LAION PEG et I'accumulation des deux
types de LNC dans les tumeurs sous-cutanées dagliDe plus, I'accumulation dans des
tumeurs de mélanome a été déemontrée (publicatioB)Ncertainement reliée a I'effet EPR
[6, 7].

Un traitement utilisant I'approche par géne suicidemontré une baisse de croissance
tumorale significative a partir du jour 2 pour l@aele de gliome et du jour 4 pour le modéle
de mélanome, comparativement aux animaux non<rditée répétition de ce traitement avec
un nombre plus important d’animaux, de maniéere picoce et en débutant a un volume
tumoral précis pourrait peut-étre encore accerteeeffet. Un traitement avec les LNC ADN
PEG sans GCV montre également une baisse de aroéssaportante mais non-significative,
contrairement a un traitement avec les LNC PEG A& et sans GCV. Cette réduction de
croissance tumorale pourrait étre liee a une ttxidies lipoplexes libres. Il est a noter
également que les caractéristiques physico-chimiqles 2 types de LNC ne sont pas

identiques : les LNC PEG possedent une taille dfenv50 nm avec un potentiel zéta
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légerement négatif, les LNC ADN PEG une taille diemv 130 nm avec un potentiel zéta de
-17 mV.

Enfin, un autre moyen d’augmenter l'efficacité paitrétre de réaliser des administrations
répétées. En revanche, dans le cas des LNC ADNupgeprécautions devraient étre prises
afin de ne pas avoir un effet inverse di au phémenABC (« accelerated blood clearance
phenomenon ») (Figure 13) déja observé dans éditire [11-13]. Ce phénomene est di au
fait que les LNC ADN PEG activent les cellules Bactives au PEG, induisant une
production d’IgM anti-PEG [14-16]. Aprés une deur&injection au bout d’une semaine, le
systeme immunitaire reconnait ces LNC ADN PEG, dgskines sont produites et les LNC
ADN PEG sont éliminées rapidement, majoritairenpantles cellules de Kupffer [16-19]. De
plus, comme ces vecteurs contiennent un ADN plagpedimmunogéne, d’autres chemins
de signalisation comme celui du « Toll-like récepte (TLR) 9 sont activés [18] et le fait
d'utiliser des souris athymiques ne permet pas somris de réguler correctement ces
réactions immunitaires, menant a des réeactiongeg\wduvant aller jusqu’a la mortalité [13,
20, 21].

Accelerated blood clearance (ABC) phenomenon

5

(
(

\

ﬁ:’remiére injection\
//"'*"‘:.\\Js \
Phase d’induction
LNC ADN PEG se fixent a des cellules B réactives au PEG

- Production de IgM anti-PEG

I Temps =1 semaine

f

Phase d’effectuation
D’autres cellules accessoires sont induites
a produire des cytokines (indépendant des cellules T)
& Elimination rapide, majoritairement par des cellules de Kupffer

a + Internalisation du plasmide ADN immunogéne 3
- Activation de chemins de signalisation stimulé par les cellules B
L (TLR9)
+ régulation de cette réaction immunitaire mangquante
{souris athymiques)
9 - Reéactions sevéres et mortalité des souris A

Figure 13: Problémes rencontrés aprés une injection répdeeNC ADN PEG
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Pour éviter ce phénomene et les réactions sévdrssnes, plusieurs points seront a
considérer a l'avenir :

» Utiliser un autre type de PEG pour recouvrir lesawecteurs.
Ce point est difficilement réalisable pour les LMDN, mais pourrait étre pris en compte
pour les LNC siRNA qui, a priori, risquent de mamttes mémes effets. Dans la littérature,
différents polymeres (PEG-S-DMG = PEG-dimyristoytgrol ou PVP = poly(N-vinyl-2-
pyrrolidone)) ont été utilisés pour diminuer outérice phénomeéene ABC [12, 22].

» Changer l'intervalle de temps entre les deux inpest
Effectivement, Judget al ont déterminé une concentration maximale d’IgMi-BEG 7
jours apres la premiére injection qui persistasgjuiau jour 14 et une production d’anti-IgG
entre 20 et 28 jours [12, 23]. Lors de nos travaeixthese, ce phénoméne a également pu étre
observé, une deuxiéme injection 48h apres la premi& montrant aucune réaction des souris
et un profil de distribution similaire pour les denjections alors qu’une injection 2 semaines
apres la premiere a induit une forte mortalité stagis.

» Ultiliser un ADN plasmidique moins immunogéne.
Les motifs induisant I'activation des chemins dgnalisation comme TLR 9 sont les motifs
CpG. Donc, l'utilisation d’'un plasmide sans cestsi€CpG devrait diminuer la réaction
immunitaire [13].

» Ultiliser d’autres types de souris pouvant réguésr i@actions immunitaires.
Dans le cadre d’'une étude sur un modele tumorgbpoe sera également difficile a réaliser
car ces souris sont utilisées pour éviter le rdgg cellules tumorales. Cependant, il est a
prendre en compte étant donné que, dans la littéatles effets beaucoup plus séveres ont
été observés sur des souris athymiques ayant regecfions de liposomes contenant du PEG
comparé a des souris non-athymiques. Une implicatimterleukine 10 dans la régulation de
cette réponse immunitaire a été suggérée, maietamsme exact de cette régulation reste a
élucider [13, 20, 21].
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Conclusion et perspectives

L’objectif de cette these était de développer dmsomecteurs pour I'administration d’acides

nucléiques par voie systémique.

En résumé cette thése a apporté :

» Des nouvelles formulations LNC siRNA
Ces nouvelles formulations LNC siRNA ont été déppkes avec des taux d’encapsulation
et/ou des caractéristigues de vecteurs intéressaois une administration par voie
systémique. En paralléle, le dosage de siRNA a igeda déterminer la localisation des
siRNA dans la formulation et le taux de siRNA prés#ans les différents compartiments.
Par la suite, il faudra essayer d’augmenter I'endapisn des siRNA dans les LNC en
diminuant la proportion de lipoplexes libres, coo8r leur caractérisation et tester ces

nouvelles formulation® vitro etin vivo.

» Des informations supplémentaires sur les vecteuiBMdéveloppés précédemment
Le dosage développé pour caractériser les LNC siM£ adapté pour les LNC ADN PEG.
Le taux d’encapsulation dans les LNC s’est avéré glus faible (environ 20 — 25%) que
pour les formulations siRNA. En revanche, une grgpaitie de 'ADN est complexée dans
des lipoplexes, en dehors des LNC. Le dosage déwea perfectionné, par exemple en
diminuant la quantité de soude pour élucider |¢ d@ savoir pourquoi ces lipoplexes ne
peuvent pas étre éliminés, malgré la purificatices profils de biodistribution sur des souris
saines ont été déterminés pour les MMS ADN, temtigggravant uniquemeint vitro, et pour
les LNC ADN avec ou sans recouvrement de PEG,tdéfasn vitro etin vivo sur un modeéle
de gliome. Les profils de distribution se sont agédifférents pour chaque type de vecteur,
ouvrant des possibilités d’utilisations variéess Leanovecteurs ADN contenant le lipide
cationique BGTC et/ou des ligands galactose adartface montrent une accumulation dans
le foie. Les LNC ADN montrent une distribution diensemble de I'animal dés 1h apres
injection, mais sont rapidement éliminés. Par @tds nanovecteurs contenant soit le lipide
cationique DOSP, soit un recouvrement de surfaitisautt des longues chaines de PEG ont
montré une circulation prolongée dans le sang.elzarnche, I'utilisation de chaines de DSPE-
PEGooo pour le recouvrement provoque une éliminationdapt une intolérance des souris
apres une deuxieme injection. Pour la suite, dis@rmtéressant d’étudier précisément si, allant

dans le foie, les vecteurs se dirigent vers lesatoéptes ou sont plutbt éliminés par le
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systeme immunitaire via les cellules de Kupfferaldie part, I'expérience d’injection répétée
des LNC ADN PEG devra étre renouvelée, en utilisdaris un premier temps un ADN

plasmidique CpG-free et/ou en choisissant un anteevalle de temps entre les injections.

» Des premiers résultats en utilisant les nanovecte kDN sur des souris portant

différents modeles de cancer

L’administration systémique des nanovecteurs ADN des souris portant des cellules
tumorales humaines en sous-cutané, montre dedspdefibiodistribution similaires a ceux
obtenus dans les souris saines. Les nanovectaunslés avec le lipide cationique BGTC ne
montrent pas d’accumulation dans la tumeur, caeimraént aux nanovecteurs formulés avec
le lipide cationique DOSP ou les LNC ADN avec oansseecouvrement de PEG. Les LNC
ADN PEG et les GAL MMS ADN DOSP donnent les taugx@ression de luciférase les plus
élevés. Le traitement utilisant I'approche de geueide (HSV-tk/GCV) avec ces vecteurs
entrainent une diminution de la croissance tumomparativement aux souris non-traitées.
Cette diminution de croissance tumorale pour [e<CLADN PEG est similaire entre le
modele de gliome et le modele de mélanome. Ayamtepsur peu d’animaux avec une
croissance tumorale tres hétérogene, il seraitessant de confirmer ces résultats avec un

plus grand nombre d’animaux, apres une injectian @olume tumoral précis et plus précoce.
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Abstract Synthetic gene delivery systems represent an
attractive alternative to viral vectors for DNA transfection.
Cationic lipids are one of the most widely used non-viral
vectors for the delivery of DNA into cultured cells and are
easily synthesized, leading to a large variety of well-
characterized molecules. This review discusses strategies
for the design of efficient cationic lipids that overcome the
critical barriers of in vitro transfection. A particular focus
is placed on natural hydrophilic headgroups and lipophilic
tails that have been used to synthesize biocompatible and
non-toxic cationic lipids. We also present chemical fea-
tures that have been investigated to enhance the ransfec-
tion efficiency of cationic lipids by promoting the escape of
lipoplexes from the endosomal compartment and DNA
release from DNA-liposome complexes. Transfection effi-
ciency studies using these strategies are likely to improve
the understanding of the mechanism of cationic lipid-
mediated gene delivery and to help the rational design of
novel cationic lipids.
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Abbreviations

BCAT

BGSC

BGTC
CDAN

CHDTAEA

DCAT

DC-Chol

DLED
DMEKD

DOGS
DOGSDS0O
DOPC
DOPE
DOSN
DOSP
DOST
DOTAP
DOTMA

DPPES

O-(2R-1,2-di-0(1"Z9'Z-
octadecadienyl }-glycerol)-3-N-{bis-2-
aminoethyl )-carbamate
Bis-guanidinium-spermidine-
cholesterol
Bis-guanidinium-tren-cholesterol
N’—ch-::lesterylcxycarbonyi—l?—
diazanonane-1,9-diamine

Cholesteryl hemidithiodiglycol vl
tris(aminoethyljamine
G—(I.Z-di—()—(‘J’Z-ocmdecenyi]—
glycerol }-3-N-(bis-2-aminoethyl }-
carbamate

3[-[N-(N', N'-Dimethylaminoethyl)
carbamovljcholesterol

0.7 -Dilauryl N-lysylaspartate
0.0'-Dimyristyl N-lysylaspartate
Dioleylglycerol
Dioctadecylamidoglycylspermine
(Transfectam™)
1.2-Dioleoyl-sn-glycero-3-succinyl-2-
hydroxyethyl disulfide ormithine
1.2-Dioleoyl-sn-glycero-3-
phosphocholine
1.2-Dioleoyl-sn-glyvcerol-3-
phosphoethanolamine

Dioleyl succinyl ethylthioneomycin
Dioleyl succinyl paromomycin
Dioleyl succinyl tobramycin
1.2-Dioleoyl-3-trimethy lammoniopropane
N-[1-(2.3-Dioleyloxy)propyl]-N.N.N-
trimethylammonium chloride
Di-palmitoyl
phosphatidylethanolamidospermine
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DS(9-yne )PE Difoctadec-9-ynoyl )phosphatidyl

ethanolamine

EDOPC 1 .2-Dioleoyl-sn-3-ethylphosphocholine

FRET Fluorescence resonance energy transfer

KanaCapChol Cholesteryl caproyl kanamycin

KanaChol 3p-[6"-kanamycin-carbamoyl]
cholesterol

KanaSucDODA  Dioctadecyl succinyl kanamycin

KanaSucDOLA  Dioleyl succinyl kanamycin

TGKC 3B-16"-(1,3 3" -Triguanidino)
kanamycin-carbamoyl] cholesterol

TGKSucDODA  Triguanidinium  dioctadecyl succinyl
kanamycin

Introduction

Gene transfer involves the delivery of mucleic acids to
targeted cells and their subsequent expression. The intro-
duction of DNA sequences that correspond to a functional
gene, or intertere with the functioning of a cellular gene, is
being actively investigated for the treatment of both
inherited and acquired diseases (Mulligan 1993; Anderson
199%). As naked DNA alone does not promote high levels
of gene expression, the success of such a strategy requires
the use of efficient gene delivery vectors. Ideally, DNA
delivery systems should (1) be safe, nontoxic, nonimmu-
nogenic and well tolerated. (2) contain and protect nucleic
acids in small particles, (3) interact with the cellular
membrane and penetrate the target cell, (4) enable the
intracellular trafficking of DNA to reach the nucleus and
(5) permit biological activity by transgene expression.
Viral vectors, although very efficient, have several
limitations including immunogenicity, toxicity and safety
issues. in addition to large-scale production and quality-
control costs. Thus, the development of non-viral alterna-
tives has focused extensive research that has led to the
emergence of two main synthetic vector categories: caf-
ionic polymers and cationic lipids. The self-assembled,
nanometric complexes resulting from the electrostatic
interactions between the negative phosphate groups of
DNA and the positive charges of cationic lipids and cat-
ionic polymers are called lipoplexes and polyplexes,
respectively (Felgner et al. 1997). Cationic lipids are
amphiphilic molecules composed of a hydrophobic moiety
(i.e. cholesterol, saturated or unsaturated alkyl chains)
covalently linked via a spacer to-a cationic headgroup.
Polar hydrophilic headgroups include quaternary ammo-
nium salts, primary, secondary and terfiary amine groups.
amidinium. salts and miscellaneous cationic headgroups.
The linkers that connect hydrophobic and hydrophilic
moieties are commonly composed of ether, ester, amide,

& Springer

carbamate and other labile bonds. Cationic lipids can be
synthesized easily. using versatile chemical strategies that
allow the modification of each constituent moiety. to pro-
duce a large variety of extensively characterized mole-
cules. Thus, the structure—activity relationships of
numerous series of cationic lipids have been investigated to
elucidate the chemical requirements for efficient gene
transfer (Wiethott and Middaugh 2003; Niculescu-Duvaz
et al. 2003). The polar hydrophilic headgroups enable the
condensation of nucleic acids by electrostatic interactions
with the negatively charged phosphate groups of the DNA,
whereas the hydrophobic moieties help to maintain the
self-aggregating lipid organization, such as the bilayer
membrane, by co-operative intermolecular binding. The
resulting lipoplexes present a heterogeneous size and
supramolecular structure, depending on their composition.
The physicochemical properties, on the macroscopic and
the microscopic length scale. of supramolecular assemblies
formed by lipoplexes are important parameters that govern
transtection efficiency (Pitard 2002: Barteau et al. 2008).
On the macroscopic length scale, DNA complexation and
the size of lipoplexes are two essential physicochemical
properties for efficient gene transfection. On the micro-
scopic length scale. electron microscopy techniques allow
the precise elucidation of the structural charactenstics of
the condensed structures of lipoplexes formed with various
cationic lipids. Imaging of lipoplex structures by cryo-
transmission electron microscopy (TEM) and small-angle
X-ray scattering (SAXS) revealed that most of these cat-
ionic lipid/DNA complexes were organized as lamellar
structures with DNA entrapped between the lamellae of
aggregated multilamellar structures of cationic lipids.

Although the mechanism underlying cationic lipid-
mediated transfection i1s not yet clearly established,
understanding of the lipoplex characteristics involved in in
vitro gene delivery has increased. In this review, we will
focus on cationic lipids that have been used for in vitro
gene transtection, with the particular aim to give a general
overview of natural compounds that have been used as
polar headgroups or hydrophobic domains for the design of
cationic lipids. We will also discuss chemical features that
have been evaluated to enhance the transtection efficiency
of cationic lipids.

Natural lipid from plasma membrane

Since the breakthrough in lipid-mediated transtection that
occurred with the development of the monocationic lipid
N'-[1-{2,3-dioleyloxy) propyl]-N,N,N-rimethylammonium
chloride (DOTMA) 1 (Felgner et al. 1987), the multivalent
cationic lipid dioctadecylamidoglycylspermine (DOGS) 2
(Behr et al. 1989) and the cationic cholestercl derivative
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Fig. 1 Stucture of cationic
lipids DOTMA. DOGS and |
DC-<Chol

WY
“

3B-|N-(N',N'-dimethylaminoethyl) carbamoyl] cholesterol
(DC-Chol) 3 (Gao and Huang 1991), which were reported
to deliver DNA efficiently into cells (Fig. 1), a large
number of new synthetic cationic lipids have been char-
acterized for their transtfection efficiencies in a wide range
of cell lines. Because toxicity and biocompatibility are
considered to be critical factors that govern transfection
efficiency, the use of natral compounds known for their
safety has been actively investigated for the design of new
biocompatible and non-toxic cationic lipids for DNA
delivery. Table 1 summarizes the various approaches
which have been followed to overcome some of the gene
transfer barriers by wvsing natural compounds. For the
hydrophobic moieties of cationic lipids several natural
lipids have been used including phospholipids, cholesterol
and bipolar lipids from archeabacteria.

Cationic lipids derived from natural phospholipids

Phospholipids constitite major components of biological
membranes and are widely uvsed in lipoplex formulations.
These natural lipids have also been converted into cationic
derivatives, either by chemical modification or the syn-
thesis of phospholipid analogues. For instance, the poly-
cationic di-palmitoyl phosphatidylethanolamidospermine
(DPPES) 4 (Behr et al. [1989) with a spermine polar
headgroup and the quaternary ammonium 1.2-dioleoyl-sn-
3-ethylphosphocholine (EDOPC) 5 (Rosenzweig et al.
2000} are two representative cationic lipids that were
inspired by natural phospholipids (Fig. 2). The synthesis of
analogues with chemical similarity to cell membrane
phospholipids. namely phosphonate and phosphoramidate
derivatives characterized by the absence of the glycerol
moiety and alkyl chains directly bonded to the phosphorus
atom, has also been described (representative examples
6 and 7, Fig. 2). Several structural modifications were
performed including variations of the hydrophobic chain
length (Le Bolc'h et al. 1995; Floch et al. 1998),
the structure of the linker and of the polar head group
{(Lamarche et al. 2007; Mevel et al. 2007). An interest-
mg structural modification was the substimtion of the
trimethylammonium  polar head group by either a

rf\/mvwv
L T P WP P N

DOGS 2

I e e P e e e
ﬁvﬁwm

DOTMA 1

| 0|
fN'n_/-"‘N"'l"‘O
H

DC-Chol 3

trimethylphosphonium or a trimethylarsonium, to decrease
the toxicity of the cationic lipids (Floch et al. 2000; Guenin
et al. 2000); Picquet et al. 2005). The rationale for this was
based on a previous study that had used a similar strategy
(Stekar et al. 1995) and on the fact that trimethylarsonium
groups have been found in natural phospholipids (arse-
nocholine) from marine organisms (Junk et al. 1990). Thus,
the replacement of a trimethylammonium polar head group
by either a trimethylphosphonium or a trimethylarsonium
eftectively led to the development of cationic phospholipid
analogues that were less toxic and showed higher trans-
fection efficiencies up to 20-fold higher than their trime-
thylammonium counterparts (Montier et al. 2003).

Cationic lipids derived from cholesterol

Cholesterol is a natural compound that provides rigidity of
cellular membranes and better stability of lipoplexes.
Several cationic cholesterol derivatives have been synihe-
sized, mainly using the hydroxyl group in position 3 to
anchor the linker and the polar headgroup. Most of these
cationic lipids are amine-containing compounds, with
DNA interactions dependent on the protonation of ammo-
nium groups. For instance, DC-Chol 3 (Fig. 1) is one of the
members of the monovalent cholesterol derivatives family
(Gao and Huang 1991) and cholesterylspermidine 8
(Moradpour et al. 1996) and the polyamine lipid GL6T 9
(Lee et al. 1996) are multivalent cholesterol vectors for
gene transter (Fig. 2). In this category of lipids GL67 have
been used to express Cystic fibrosis transmembrane con-
ductance regulator in human clinical trials.

Cationic lipids derived from archaeal lipids

Archaea are a group of prokaryote microorganisms that
were first detected in harsh environments like volcanic hot
springs. but are now known to be widely distributed in
nature (DeLong [998). Their biochemistry is notably dif-
ferent from that of other life-forms (De Rosa et al. 1986)
and archaeal membrane lipids have unique structure char-
acteristics such as ether linkages and saturated isopranyl
units (Koga and Morii 2007). The ether linkages provide a
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Tahle 1 Summary of the various approaches which have been fol-
lowed to overcome some of the gene transfer barriers by using natural
compounds

Gene transfer Strategy References
barriers
Particle formation  Phospholipids ~ Behr et al. (1989)
fmd ‘:‘:"I“ja-lf Rosenzweig et al. (2000)
RE o Mevel et al. (2007)
Cholesterol Gao and Huarg (1991)
derivatives Moradpour et al. (1996)
Lee et al. (1996)
Archaeal lipids Benvegnu et al. (2005)
Montier et-al. (2008)
DNA Polyamines Behr et al. {1989)

complexation Pitard et al. (1997)
Turek et al. (20007

Amino acids Byk et al. (1998)

derivalives  Heves et al. (2002)
Kumar et al. (20013)
Kim et al. (2004)
Ohata et al. (2008)
Guanidinium Vigneron et al. (1996)
functions

Pitard et al. (2001)
Aminoglycoside Belmont et al. (3002)
derivatives  Sainlos et al. (2003)

Desigaux et al. (2007)

Endosomal Fusogenic lipids Boussif et al. (2001)
escape Gaucheron et al. (2001)
Fletcher et al. {2006)
Cytoplasm Disulfide Tang and Hughes (1998,
delivery reduction 1990y
Byk et al. (2000
Wetzer et al. (2001)
Kumar and Chavdhuri (2004)
Bajaj et al. (2008)
Endosomal escape  Ortho ester Zhu et al. (2000
.'lndl q-mplzsm functions By and Nantz {2004)
Aliisn Chen et al. (2007)
Vinyl ether Boomer and Thompson
functions (1999)
Boomer et al. (2002)
Acylhydrazone  Aissaoui et al. (2004)
functions

high chemical and enzymatic stability and the branching
methyl groups improve membrane fluidity. Moreover,
bipolar archaeal lipids span the membrane from one side to
the other constituting a single-layer membrane with a
higher degree of physical ngidity than bilayer membranes.
These features have been applied to design archaeal bipolar
lipid analogues for lipoplex mediated gene delivery

@ Springer

(Benvegnu et al. 2005: Brard et al. 2007). The dicationic
glycine betaine-based tetracther GRcat 10 (Fig. 3) m
combination with 1,2-dioleoyl-sn-glycerol-3-phosphoetha-
nolamine (DOPE), showed half of Lipofectamine trans-
fection efficiency. while lipoplex formulations of MMIg
11 (Gilot et al. 2002) and the neutral archaeal derivative
GR 12 led to in vitro fransfection efficiency similar to
Lipofectamine (Rethore et al. 2007). These results dem-
onstrated that archaeal bipolar lipids can promote DNA
delivery, either as helper lipids or as cationic vectors, and
constituie a promising class of bic-inspired gene delivery
svstems (Montier et al. 2008).

Natural polar hydrophilic headgroups

The structural features of positively charged headgroups
that interact with negatively charged phosphates of nucleic
acids strongly impact on the transfection efficiency of
cationic lipids. Therefore, the use of natural compounds
including polyamine, amino acids and ammmoglycoside as
pelar headgroups in cationic lipids has been studied to
promoie DNA interaction and biocompatibility.

Cationic lipids derived from natural polyamines

Spermine is a natural polyamine found in eukaryotic cells.
This molecule exists in a polycationic form at physiologi-
cal pH and is likely to associate with nucleic acids. The
lipid DOGS 2 (Fig. 1) was the first-reported spermine
derivative that led to efficient DNA delivery into cells
(Behr et al. 1989). A structure—activity relationship study
of geometrically differing polyamines as cationic head-
groups (Fig. 4) revealed that the linear spermine derivative
RPR120535 13 displayed up to 18-fold higher transfection
efficiency in HelLa cells compared with the T-shaped
RPRI260% 14 or the globular and branched spermine
analogues 15 and 16 (Pitard et al. 1997: Byk et al. 1998;
Turek et al. 2000). This cationic lipid 13 was also found to
possess a transfection efficiency similar to the commer-
cially available Transfectam™ (DOGS 2) and Lipofect-
amine ™ in four different cell lines (NIH3T3. 3LL mouse
Lewis lung carcinoma, Caco-2 human colon carcinoma and
primary rabbit smooth muscle cells). The interesting
properties of this linear shaped spermine dervative 13
might result from a high steric flexibility of the polyamine
linked to the lipid by one of its extremities, allowing a
constructive interaction with DNA.

Amino acid-based cationic lipids

Amino acids have been described either as linkers or
headgroups for the design of cationic lipids for DNA
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Fig. 3 Structure of archaeal
lipid analogpes and MMI8
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delivery. For instance, the spermine headgroup in 13 is
linked to the dialkyl hydrophobic chain via a glycine
(Fig. 4). The replacement of this neutral amino acid by a
positively charged arginine or lysine (cationic lipids 17 and
18, Fig. 5) increased the net positive charge of the vector
and resulted in slightly decreased transfection efficiency. In
contrast, the introduction of glutamic acid reduced the
overall cationic charge available for DNA binding, without
a loss in transfection activity (Byk et al. 1998). These
results underlined the fact that increasing the net charge of
the cationic headgroup is not necessarily beneficial for
DNA delivery.

The introduction of a single histidine residue as a polar
headgroup in cationic amphiphiles has been reported to
confer endosome-disrupting characteristics that enhance
gene transfer (Kumar et al. 2003). Indeed, the membrane
tusion activity of the histidylated cationic lipid 20 (Fig. 5),

~
EDOPC §
0.0 =
I N L
H
4

as measured by fluorescence resonance energy transfer
(FRET) experiments, was induced at pH 5.0 or 6.0,
supporting the endosome-fusion property of the histidine-
containing lipid 20 in the acidic environment of endo-
somes. The transfection efficiency of DNA complexed with
lipid 20 lipoplexes compared with FuGENE™% and DC-
Chol 3 lipoplexes was similar in A549, 293T3 and Hela
cell lines and up to 100-fold higher m Hep(G2 cells (Kumar
et al. 2003).

Novel amino acid-based cationic lipids incorporating
lysine, histidine or arginine as the polar headgroup have
been synthesized and tested for their transfection efficien-
cies (Heyes et al. 2002; Kim et al. 2(X)4; Obata et al. 2008).
The diether lipids 21 and 22, with C,> alkyl chains and a
lysine or an arginine headgroup (Fig. 5). were found to
promote gene transfection up to tenfold higher than
DC-Chol 3/DOPE lipoplexes. The formulations containing
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Fig. 5 Amino acid based cationic lipids

the histidinylated diether lipid 23 achieved a threefold
increase in fransfection efficiency compared with the con-
trol (Heves et al. 2002). The lysine-containing cationic
lipids O.0'-dimyristyl N-lysylaspartate (DMKD) 24 and
0. -dilauryl N-lysylaspartate (DLKD) 25 with, respec-
tively, €, and C, alkyl chains, were reported to be more
efficient in transtecting 293 and BI6BL6 cell lines than
1.2-dioleoyl-3-trimethylammoniopropane (DOTAP). con-
trary to the C,; and C,z derivatives (Kim et al. 2004).
Moreover. the lysine- and arginine-type lipids 26a— and
27a—¢, having a glutamate backbone, exhibited higher gene
expression efficiencies than Lipofectmninel(IJ'[JTM. and
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this effect tended to increase with shorter alkyl chains.
Lipoplexes containing the hisudinylated lipids 28a—b pro-
duced no detectable levels of gene expression (Obata et al.
2008).

Taken together. these observations suggest that the
transtection efficiency obtained with cationic lipids con-
taining amino acid-based headgroups is higher using lysine
and arginine than with histidine, despite the endosome-
disrupting characteristics of histidine. A putative explana-
tion may be inferred from the physicochemical properties
of the lipoplexes: indeed lysine and arginine derivatives 26
and 27 formed unilamellar vesicles, whereas the histidine-
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Fig. 6 Stucture of his
puanidinium-cholesterol
derivatives BGSC 29 and
BGTC 30

szn_,

HN BGsC 28

type lipid 28 formed a tube-like structure (Obata et al.
2008). In addition, gene expression seems to be enhanced
by decreasing the length of the hydrophobic chain, irre-
spective of the linker backbone.

The strength of the electrostatic interactions between
nucleic acids and cationic lipids that lead to DNA compac-
tion mostly depends on the protonation state of ammonium
groups and, consequently. relies on pH. The highly basic
guanidinium function found in arginine amino acid residues
remains protonated over a wide range of pHs, leading to
DNA binding that is less sensitive to pH variations. Its
binding to the DNA phosphate anions proceeds through a
structural organization involving characteristic pairs of
parallel hydrogen bonds (Cotton et al. 1973): the guanidi-
nium group can also interact with nucleic acids via hydrogen
bonds and plays a key role in DN A-binding proteins. These
tavorable features of the guanidinium function underlie its
use as a headgroup in the development of a novel class of
cationic cholesterol denvatives for DNA delivery. Bis-gua-
nidinium-spermidine-cholesterol (BGSC) 29 and bis-gua-
nidinium-tren-cholesterol (BGTC) 30 (Fig. 6) were the first
two guanidinium-containing cationic lipids to be reported
and tested for transfection (Vigneron et al. 1996). Both
BGTC 3 and BGSC 29 showed higher transfection effi-
ciencies than Lipofectin'™ (DOTMA/DOPE, 1/1,w/w) in
several mammalian cell lines when formulated as liposomes
with DOPE. Moreover, BGTC 30 used alone as a micellar
solution was found to promote efficient in vitro transtection,
but to alesserextent than its liposome formulation (Vigneron
et al. 1996; Oudrhiri et al. 1997; Pitard et al. 19949, 2001).
These results highlight the point that cationic lipids charac-
terized by headgroups composed of guanidinium functions
represent an attractive option for gene delivery.

Aminoglycoside-derived cationic lipids

Aminoglycoside antibiotics constitute a large family of
natural polycationic compounds that are widely used for the
treatment of gram-negative infections (Umezawa and
Hooper 1982). Most of aminoglycosides are naturally syn-
thesized by Actinobacteria (e.g., streptomyces) and they
exhibit their antibacterial activity by selective binding to the
ribosomal RNA of bacteria, which disrupts protein bio-
synthesis (Mingeot-Leclercq et al. 1999). Aminoglycosides
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are known to interact with A-form nucleic acids, especially
the major groove of double-stranded RNA (Moazed and
Noller 1957; Ogle et al. 2001 ). and their interactions with
DNA have been reported to be weaker but sufficient to
protect against nuclease activity. Structurally, aminogly-
cosides usually comprise a 2-deoxy-streptamine moiety that
is monosubstituted (e.z.. neamine), 4.5-disubstimuted (e.g.,
neomycin) or 4.6 disubstituted (e.g., kanamycin) with
amino sugars via a glycosidic linkage, and they carry up to
six amino groups, which are mosily protonated at physio-
logical pH (Dorman et al. 1976; Botto and Coxon 1983;
Szilagyl et al. 1993). Thus, aminoglycosides provide a
versatile polycationic framework that has been used for the
design of novel cationic lipids for DNA delivery.

A senes of kanamycin A-derived cationic lipids con-
taining various spacers and lipophilic moieties has been
synthesized (Sainlos et al. 2003) and their transfection
efficiencies have been investigated (Belmont et al. 2002;
Sainlos et al. 2005). The cholesterol-containing cationic
lipid 3f-[6'-kanamycin-carbamoyl] cholesterol (KanaChol)
31 (Fig. 7) mediated efficient in vitro gene delivery in
several mammalian cell lines, when formulated alone as
micelles. The addition of DOPE into the cationic lipid
formulation led to a higher transfection efficiency and
decreased cytotoxicity (Belmont et al. 2002). The intro-
duction of a spacer arm between kanamycin and choles-
terol resulted in an increase in the mean molecular area and
more-fluid lipidic layers that globally improved transfec-
tion efficiency; indeed cholesteryl caproyl kanamycin
(KanaCapChol) 32 showed up to tenfold increased trans-
fection activity compared with KanaChol 31 in Hela,
HEK293 and 3T3 cells (Samlos et al. 2005). Kanamycin A-
based cationic lipids with aliphatic hydrophobic moieties
have also been synthesized and evaluated for DNA deliv-
ery in HeLa and 16HBE cells. Dioleyl succinyl kanamycin
(KanaSucDOLA) 33 with unsaturated oleyl chains showed
a higher transfection efficiency than dioctadecyl succinyl
kanamycin (KanaSucDODA) 34 with saturated aliphatic
chains, whether formulated with or without DOPE. A
putative explanation arises from the enhancement of the
layer Hudity induced by unsaturation that may give fuso-
genic activity to KanaSucDOLA 33 (Sainlos et al. 2005).
The guanidinylated aminoglycosides 38-[6'-(1.3.3"-trigua-
nidino)kanamycin-carbamoyl| cholesterol (TGKC) 35 and
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Fig. 7 Stucture of aminoglycoside-based cationic lipids
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triguanidinium dioctadecyl seccinyl kanamycin (TGK-
SucDODA) 36 were less efficient tor gene delivery than
their respective amino counterparts KanaChol 31 and
KanaSucDODA 34. This lower transtection activity may
originate from a decreased endosomal escape of lipoplexes,
caused by a lower buffering capacity of fully guanidiny-
lated aminoglycosides (Belmont et al. 2002; Sainlos et al.
2005). It is noteworthy that aliphatic chain derivatives
appeared to be more efficient than KanaChol 31, irre-
spective of the formulation and the nature of the functional
groups present in the aminoglycoside-based headgroup.

Aminoglycoside-based cationic aliphatic lipids for DNA
transfer were also reported to promote efficient sIRNA
delivery and specific RNA interference into cells (Desig-
aux et al. 2007). Liposomes of such lipidic aminoglycoside
derivatives, mixed with siRNA, exhibited various mor-
phologies depending of the type of aminoglycoside
KanaSucDOLA 33 and dioleyl succinyl tobramycin
(DOST) 38 (Fig. 7) are characterized by a 4,6-disubstituted
2-deoxystreptamine (4,6-DDS) ring and formed concentric
multilamellar (“onion-like™) structures consisting of a
regular packing of lipid bilayers and siRNA molecules,
very similar to those obtained with BGTC 30 liposomes.
On the contrary, dioleyl succinyl ethylthioneomycin
(DOSN) 37 and dicleyl succinyl paromomycin (DOSP) 39
containing a 4.5-disubstituted 2-deoxystreptamine (4.5-
DDS) ring formed smaller lipoplexes of a much more
irregular structure, composed of stacks of alternating lipid
bilayers and siRNA with ordered microdomains, charac-
terized by flat, fingerprint-like repetitions. The most active
cationic lipid/siRNA complexes for gene silencing were
obtained with 45-DDS aminoglycoside derivatives. In
engineered cells expressing GFP, DOSN 37 and DOSP 39,
formulated as liposomes and complexed with GFP-target-
ing siRNA, effected a minimal residual GFP expression of
less than 10% compared with control siRNA-transtected
cells and untranstected cells. Identical results were
obtained in RNA interference experiments of an endoge-
nous gene in various human cell lines (d2GFP, Hel.a and
HEK293 cells) with complexes of DOSP 39 and siRNA
targeting the endogenous lamin A/C expression. In trans-
tected cells, only very low amounts of lamin A/C mRNA
were detected by real-time quantitative RT-PCR, as com-
pared with the amount detected in cells transfected with
control sIRNA (Desigaux et al. 2007). The evaluation of
the cytotoxicity of aminoglycoside derivatives/siRNA
complexes in the three different cells lines clearly showed
that the viability of the transfected cells was not affected.

Altogether, these results demonstrate that aminoglyco-
side-based lipidic derivatives constitute a highly versatile
and powertul class of cationic lipids that display a
remarkably high efficiency for non-viral-mediated gene
delivery and siRNA-based gene knockdown.

The contribution of organic chemistry to enhanced
transtection efficiency

Escaping endosome by using fusogenic lipid strategy

Once internalized in the cell, lipoplexes must overcome
several additional steps to effect efficient gene expression,
and ultimately DNA molecules must be decomplexed from
cationic lipids in order to be active because lipoplexes
micro-injected into the nuclear compartment does not
allow gene expression. As lipoplexes are generally thought
to enter cells through a non-specific endocytosis mecha-
nism (Gao and Huang 1995; Miller 1998; Alssaoui et al.
2002), their escape from the endosomal compartment is
required to avoid lysosomal degradation of the DNA (El
QOuahabi et al. 1997: Noguchi et al. [998). Introduction of
the natural phospholipid DOPE 40 (Fig. 8) in lipoplex
formulations has been shown to provide a higher trans-
fection efficiency in the case of many cationic lipid sys-
tems. This effect is possibly due to the fusogenic properties
of DOPE that are attributed to its ability to undergo a
transition from a lamellar to a hexagonal phase (Farhood
et al. 1995; Hui et al. 1996). The resulting hexagonal
complexes are more likely to fuse with the endosomal
membrane, which may increase the subsequent disruption
of this membrane and, thus, facilitate DNA release into the
cytoplasm.

Several structural modifications of the helper lipid
DOPE have been investigated to increase the transfection
efficiency of liposome formulations. Partially fluorinated
analogs of DOPE were thought to display a higher
tendency to promote the transition from the lamellar to
the hexagonal phase, due to their more pronounced cone-
shape geometry compared to DOPE. For example, the
fluorinated  glycerophosphoethanclamine  helper  lipid
[FBEN1][CI6]OPE 41 (Fig. 8) led to up to 90-fold higher
transfection efficiency in A549 cells when formulated with
the lipopolyamine pcTG9 42 in HEPES compared to
tormulation containing DOPE (Boussif et al. 2001).
However lipoplexes of pcTG9), DOGS or DOTAP with
this fluorinated colipid formulated in 5% glucose resulted
in comparable transfection efficiencies to those obtained
with control DOPE lipoplexes (Gaucheron et al. 2001).
Substitution of the double bond in the oleoyl fatty acid
chain of DOPE with an acetylenic bond has also been
investigated (Fletcher et al. 2006). The more phase-stable
dialkynoyl analogue of DOPE, di(octadec-9-ynoyl) phos-
phatidylethanolamine (DS(9-yne)PE) 43 (Fig. 8), allowed
for a reduction of the amount of the cationic lipid
N'-cholesteryloxycarbonyl-3,7-diazanonane- 1.9-diamine
(CDAN) 44 in lipoplex formulations with a cationic
lipid/helper lipid molar ratio from I/1 to /10, without
apparent loss in transfection activity in Panc-1 cell line.
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Fig. 8 Structure of helper lipids and cationic lipids pcTGM) and CDAN

Nevertheless, DOPE. |.2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC) and cholesterol still represent the most
used helper lipids in lipoplex-mediated transfection (Far-
hood et al. 1995; Hu et al. 1996; Pedroso de Lima et al.
2001: Zhang and Anchordogquy 2004: Majeti et al. 2005)
and the development of new colipids that enhance gene
delivery remains highly challenging.

Release of DNA in cyioplasm by intracellular disulfide
reduction strategy

Another critical step to overcome, in order to achieve
efficient transfection 1s the release of DNA molecules from

DNA-cationic lipid lipoplexes. To ensure the intracellular
collapse of the lipid-DNA complex, a rationale based on a
reductive, environment-sensitive chemical function has
been developed. The synthesis of disulfide bond-bearing.
divalent cationic lipids that can undergo reduction by intra-
cellular glutathione has been reported (Tang and Hughes
1998, 1999). These lipids (Fig. 9}, namely cholesteryl
hemidithiodiglycolvl tris{aminoethyl Jamine (CHDTAEA)
45 and 1.2-dioleoyl-sm-glycero-3-succinyl-2-hydroxyethyl
disulfide ornithine (DOGSDSO) 46, showed, respec-
tively. up to 7- and 50-fold higher transtection efficiencies
in several cell lines compared with their non-disulfide
analogues.
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Fig. 9 Reducible cationic lipids
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A structure—efficiency relationship study of reduction-
sensitive lipopolyamines that contain a disulfide bond at
various positions in the backbone of the lipids has also
been published (Byk et al. 2000; Wetzer et al. 2(X)1). The
insertion of the disulfide bond inside ope lipid chain
(Fig. 9. lipids 47 and 48) resulted m up to 1000-fold
increased transfection efficiency compared with the non-
disulfide lipid (Wetzer et al. 2001). In contrast, the intro-
duction of the disulfide bond between the polyamine and
the lipid (RPR128522 4Y9) led to a total loss of transfection
efficiency, probably due to a higher reduction kinetic,
implying an early release of DNA (Byk et al. 2000).
Another example of a cationic lipid that contains a disulfide
bond inside the linker (Fig. 9, lipid 30) also showed an
extremely poor transfection activity compared with the
non-disulfide control lipid (Kumar and Chaudhuri 2004},
Electrophoric gel retardation and DNase 1 sensitivity
experiments supported the hypothesis that the inefhicient
transtection activities of the disulfide bond containing
lipoplexes 30 originated in part from the high degradation
sensitivity of the lipoplexes by cellular DNase I. Recently,
a series of thiocholesterol-derived gemini cationic lipids
possessing hydrophobic flexible (Fig. 9, lipid 31), hydro-
phobic rigid (lipid 52) and hydrophilic flexible (lipid 53)
spacers were synthesized (Bajaj et al. 2008). The trans-
fection efficiencies of the liposomal formulations were
found to be dependent upon the cell line used, however the
disulfide bond influence was not evaluated by comparison
with the non-disulfide counterparts.

Several groups have also investigated the use of disul-
fide bonds to develop monomolecular particles by the
dimerization of a thiol-containing, cationic detergent,
entrapping only one DNA molecule per lipoplex (Blessing
et al. 1998 Ouyang et al. 2000; Dauty et al. 2001: Fabio
et al. 2005). The strategy relies on the ability of the cationic
detergent to condense DNA into discrete particles that can
consist of a single nucleic acid molecule. The particles are
then “‘frozen™ by oxidation of the thiol function that led to
disulfide lipids on the template DNA (Blessing et al. 1998).
The resulting small, monomolecular lipoplexes are stable
in physiological conditions, have a negative zeta potential,
but are not able to promote efficient transtection in cultmred
cells unless a large excess of detergent is present (Dauty
et al. 2001) or they are mixed with a cationic vector
{(Ouyang et al. 2000). In these latter cases. reduction of the
disulfide bond may occur inside the cell, leading to DNA
release from DNA-liposome complexes. However such an
effect has not yet been proven.

Fig. 10 General mechanism of Ry OR Ry
ortho esters hydrolysis ‘?;_DR, _H L ROH + E..
-]

In conclusion. the disulfide reduction strategy is likely to
promote the release of DNA from DNA-liposome com-
plexes. leading to greater transfection activity. Neverthe-
less, such disulfide bond-containing cationic lipids must be
designed carefully in order to avoid early lipoplex disso-
clation and/or degradation.

Escaping endosomes by using pH-sensifive strategy

In the cationic lipid-mediated transfection process. the
endocytosis of lipoplexes i1s a cellular pathway character-
ized by a significant drop in pH. The medium of early
endosomes at physiological pH. is progressively acidified
to pH 6.5-6.0 in the late endosome, finally reaching pH 5.0
in the lysosome, where extensive degradation takes place
(Mukherjee et al. 1997; Wiethoff and Middaugh 2003).
The introduction of acid-labile groups into cationic lipids
to form pH-sensitive lipoplexes represenis an attractive
strategy to enhance transfection efficiency because the
decrease of pH in the endosome promotes the hydrolysis of
the catonic lipid, leading to endosome disruption and
concomitant DNA release from the lipoplex.

Ortho esters are one of the most acid-sensitive func-
tional groups described in the literature (Cordes and Bull
1974; Deslongchamps et al. 2000) and polyortho esters
have shown excellent biocompatibility for controlled drug
release (Heller et al. 2002). The hydrolysis of an ortho ester
starts with the rapid, acid-catalyzed cleavage of two alkoxy
groups followed by the slower cleavage of the third alkoxy
group that relies on the hydrolysis of an ester bond
(Fig. 10).

Several ortho ester-containing cationic lipids have been
synthesized and characterized for their susceptibility to
undergo hydrolysis under mild acid conditions (Zhu et al.
2000); By and Nantz 20(4; Chen et al. 2007). For instance,
ortho ester lipid 54 (Fig. 11) underwent complete hydro-
lysis within 12 h after exposure to.a pH 4.5 buffer solution
at 38°C and its transtection efficiency in NIH 3T3 cells was
up to tenfold higher than DOTAP and DC-Chol 3 (Zhu
et al. 2000). A putative explanation of this improvement in
transfection efficiency may lie in the detergent’s behavior,
induced by the hydrolysis product of 54, a single amphi-
philic alkyl chain, that is speculated to aid the escape of
DNA from endosomes. The cyclic ortho ester lipid 61
(Fig. 11) also showed a significantly higher trunsfection
efficiency than DOTAP in CV-1 and HTB-129 cells (Chen
et al. 2007). In this case, two concomitant effects are
thought to promptly destabilize the endosome membrane,
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the acid-catalyzed cleavage of the cationic head groups that
caused the aggregation of the lipoplexes and the generated
conelike lipid dioleylglycerol (DOG) that favored the tor-
mation of the fusogenic hexagonal phase.

The use of an acid-sensitive vinyl ether linkage between
the headgroup and the hydrocarbon side chains has been
reported for a diplasmenyl lipid derivative (Boomer and
Thompson [999; Boomer et al. 2002). The hydrolysis
pathway of the cationic lipid O-(2R-1.2-di-O-(1'"Z.9"Z-0c-
tadecadienyl}-glycerol)-3-N-(bis-2-aminoethyl)-carbamate
(BCAT) 62 involves the protonation of the vinyl ether
f-carbon as the rate determining step, followed by the
addition of water to the infermediate carbocation. The
formed hemiacetal is then decomposed to generate a fatty
aldehyde and a single chain cationic lipid fragment
(Fig. 12, lyso-BCAT 63) that undergoes hydrolysis fol-
lowing the same pathway (Boomer et al. 2(X)2). Transfec-
tion experiments revealed that the acid-sensitive cationic
lipid BCAT 62 exhibited luciferase expression levels five
to eight times greater than the acid-insensitive control lipid
0-(1,2-di-0-(9"Z-octadecenyl)-glycerol)- 3-N-( bis-2-ami-
noethyl -carbamate (DCAT) 64, in four cells lines, without
significant differences in the amount of DNA being
delivered. These results strongly support the pH-sensitive

@ Springer

strategy using vinyl ether linkage to enhance transfection
etficiency.

The acid-sensitive acylhydrazone function has shown
successtul applications in drug delivery (Mueller et al.
1990; Kaneko et al. 1991: Kratz et al. 1997: Rodrigues
et al. 1999} and has recently been applied to lipoplex-
mediated gene delivery. The synthesis, characterization
and transfection efficiency of a series of four cationic lipids
incorporating an acylhydrazone linker between a guanidi-
nium-based headgroup and a steroid hydrophobic moiety
was reported (Aissaouni et al. 2004). The saturated steroid
derivatives 65 and 66 (Fig. 13) were found to hydrolyze at
a faster rate than the corresponding unsaturated lipids 67
and 68. which contain a double bond conjugated to the
C=N hydrazone double bond that provides a higher sta-
bility of the cationic lipids. Moreover, the saturated lipids
63 and 66 were unable fully to condense DNA even at high
lipid/DNA charge ratios and to promote gene delivery,
contrary to the unsaturated cholest-4-enone derivatives 67
and 68. These results highlight the fact that the acid sen-
sitivity of an acylhydrazone bond must be adjusted to
promote efficient gene transfection.

The design of acid-labile cationic lipids to enhance
transfection efficiency is highly versatile. The use of
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Fig. 13 Acylhydrazone containing guanidinium-based lipids

different hydrophilic headgroups, lipophilic tails and link-
age configurations with acid-sensitive functional groups
such as ortho esters, vinyl ethers or acylhydrazones, pro-
vides lipids with different hydrolysis kinetics and hydro-
lysis products of different membrane-destabilizing
properties. Further development will focus on improving
knowledge of structure—activity relationships and on the
investigation of other sensitive functional groups.

Conclusion

Cationic lipid-mediated DNA delivery is a powerful
alternative to the use of viral vectors and has prompted
extensive research that has resulted m the synthesis of
hundreds of molecules. Evaluation of the structure-activ-
ity relationships of numerous series of cationic lipids has
allowed for the clear identification of the important
parameters that govern in vitro transfection efficiency.
However. despite having widely used for more than 10
vears for in vitro transfection applications, the use of these
molecules has not yet been translated to application in
humans because of low in vivo transfection efficiencies
and some toxicity issues. Therefore, there is-a need to
identify new cationic lipid structures. The strategies for
the design of these synthetic vectors are now more
rational, based on a better understanding of the critical
barriers that lipoplexes must overcome, from DNA com-
plexation to transgene expression. The synthesis of bio-
compatible and non-toxic cationic lipids can be achieved
using natural compounds, known for their safety. Natural
hydrophilic headgroups (e.g.. aminoglycosides, amino
acids, polyamines) and lipophilic tails derived from
compaonents of biological membranes (e.g., phospholipids,
cholesterol, archaeal bipolar lipids) constitute a large pool

of building blocks for the design of bio-inspired cationic
lipids for gene delivery. Once cafionic ipd/DNA lipo-
plexes are internalized in the cell, several strategies have
been developed to enhance transfection efficiency by for
instance, promoting the escape of lipoplexes from the
endosomal comparment and the release of DNA from
cationic lipid/DNA lipoplexes. The addition of fusogenic
lipids into the cationic lipid formulation is thought to
enhance endosomal membrane disruption, which generally
leads to higher transfection efficiencies. The use of a
disulfide bond, a reductive, environment-sensitive chemi-
cal function, may improve transfection efficiency. how-
ever this strategy requires the careful design of cationic
lipids to avoid early lipoplex dissociation and/or DNA
degradation. The versatile use of acid-sensitive functional
groups in the design of cationic lipids provides synthetic
vectors with different properties that are likely to promote
transfection efficiency. In the future, the combination of
these strategies may result in the development of sophis-
ticated and versatile systems containing multiple compo-
nents. The specific characteristics of each component will
help to overcome each critical barrier encountered during
transfection, such as toxicity, endosomal escape and DNA
release from lipoplexes. Such multi-modular synthetic
vectors will be specifically designed for particular targets
and will constitufe serious alternatives to viral vectors for
gene therapy applications.
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Résumé

Deux différents types de vecteurs, les nanocapsijediques (LNC) et les systemes
multimodulaires (MMS) ont été développés pour l'atistration par voie systémique de
deux types d’acides nucléiques, I'’ADN et les p&tiN a interférence (siRNA). Ces vecteurs
sont formulés a base de complexes d’acides nudsgiquide lipides cationiques (lipoplexes)
qui ont été soit encapsulés au cceur des LNC,eamurerts de stabilisateurs stériques afin de
former des MMS. Une partie du travail a consisti&eelopper des vecteurs de siRNA et a les
caractériser par des méthodes physico-chimiquedoBgetion du lipide cationique utilise,
jusqu'a 65% de siRNA ont pu étre encapsulés damss UNC, en présentant des
caractéristiques appropriées pour une administrg@orvoie systémique. La seconde partie a
consisté a approfondir la caractérisation des vestd’ADN et & analyser leur profil de
distribution en utilisant de lI'imagerie par fluocesicein viva Chez la souris saine, les
vecteurs d’ADN ont présenté des profils de biothstion spécifiques a leur composition. Sur
deux modeles tumoraux (gliome sous-cutané et mélapoes vecteurs ayant un temps de
circulation prolongé ont également montré une calisation intéressante avec les cellules
tumorales. Afin de mettre en évidence l'efficad&ces vecteurs, un plasmide codant pour la
tymidine kinase du virus herpes simplex (HSV-tkgta encapsulé et administré. Puis un
traitement par le ganciclovir (GCV) basé sur I'apgre par gene suicide a été effectué. Les
premiers résultats sont concluants, montrant uissd®dale croissance tumorale aprés quelques
jours de traitement aussi bien dans le modéle idengl que dans celui du mélanome. Ces
résultats indiquent que ces outils sont promettpats une variété d’applications en thérapie
génique.

Mots clés : Thérapie génique, LNC, MMS, siRNA, ADN, imageriarpbiofluorescence,
HSV-tk/GCV, mélanome, gliome

Abstract

Two different types of nanocarriers, lipid nanoadps (LNC) and multimodular systems
(MMS) were developed for systemic administrationwb types of nucleic acids, DNA and
small interfering RNA (SiRNA). These nanocarriers hased on complexes between nucleic
acids and cationic lipids (lipoplexes) which werther encapsulated in LNC or coated with
steric stabilizers to form MMS. One part of thistwaonsisted in the development of SiRNA
nanocarriers and in their characterisation usingsigloychemical methods. In function of the
cationic lipid, up to 65% of siRNA could be encalpsed in LNC and presented appropriate
characteristics for systemic administration. Theosd part consisted in the advanced
characterisation of DNA nanocarriers and the amabfsheir biodistribution profiles usirig
vivo biofluorescence imaging. In healthy animals, tifeeent DNA nanocarriers presented
various distribution profiles in function of theomposition. On two tumour mouse models
(glioma and melanoma), the DNA nanocarriers présgna prolonged circulation time
showed also colocalisation with tumour cells. Talewnce their efficacy, a plasmid coding for
herpes simplex virus thymidine kinase (HSV-tk) wasapsulated and administered, followed
by a treatment of ganciclovir (GCV) using the gelvected enzyme prodrug therapy. The
first results are promising, and showed a tumowwtn reduction after several days
compared to non-treated animals. In conclusion,réselts suggest that these nanocarriers
could present a promising tool for various applaad in gene therapy.

Keywords:Gene therapy, LNC, MMS, siRNA, DNA vivo biofluorescence imaging, HSV-
tk/GCV, melanoma, glioma



