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Résumé

La délivrance intracytoplasmique de petites molécules hydrophiles et de génes
(ADN, ARN) est un défi majeur pour I’industrie pharmaceutique, puisque ces composés sont
incapables de franchir les membranes biologiques par eux-mémes. L’utilisation de
nanovecteurs lipidiques permet de surmonter les étapes d’instabilité sanguine du géne
thérapeutique, de pénétration cellulaire et d’échappement endosomal. Nous reportons dans
cette theése 1’¢laboration de nouveaux vecteurs lipidiques pH-sensibles, basés sur une bascule
moléculaire capable de changer de conformation et déstabiliser le nanovecteur aprés
protonation a pH acide, favorisant ainsi 1’échappement endosomal du fragile contenu

thérapeutique. Ce mécanisme de pH-sensibilité est non reporté dans la littérature jusqu’alors.

Dans un premier temps, 1’¢élaboration de lipides bascules pH-sensibles non-
cationiques destinés a la délivrance liposomale de principes actifs hydrophiles est reportée.
Ce premier travail introduit les lipides bascules, valide I’implication de la bascule
moléculaire pH-sensible et apporte une premicre preuve de concept in vitro de faisabilité.
Dans un second temps est introduit 1’utilisation de nouveaux lipides bascules cationiques
pH-sensibles pour la thérapie génique (délivrance in vitro et in vivo de siRNA), validant
encore une fois I'implication de la bascule moléculaire dans 1’efficacité de délivrance

intracytoplasmique des siRNA.

A T’issue de cette thése sont identifiés deux lipides bascules (2 et CSL3) capables
d’étre introduits dans des nanoparticules lipidiques pour la délivrance de drogues et de génes
respectivement. De telles formulations permettraient la délivrance intracytoplasmique de
composés hydrophiles thérapeutiques (drogues, génes) pour le traitement du cancer ou pour

des applications d’édition génomique.

Mots-clés : lipides, pH-sensibilité, bascule moléculaire, thérapie génique, liposomes,
nanoparticules lipidiques, échappement endosomal, délivrance de drogues, délivrance de

siRNA



Abstract

Intracytoplasmic delivery of small hydrophilic molecules and genes (DNA, RNA) is
a major challenge for the pharmaceutical industry, since these compounds are unable to cross
biological membranes by themselves. Use of lipid nanocarriers enables overcoming the
stages of blood instability of the therapeutic gene, cellular penetration, and endosomal
escape. In this thesis, we report the development of new pH-sensitive lipid carriers, based
on a molecular switch capable of changing its conformation upon protonation and
destabilizing the nanocarrier, thus favoring endosomal escape of the therapeutic content.

This pH-sensitivity mechanism has not been reported in the literature to date.

Firstly, we report the elaboration of non-cationic pH-sensitive switchable lipids for
liposomal delivery of hydrophilic active ingredients. This initial work introduces switchable
lipids, validates the involvement of the pH-sensitive molecular switch, and provides early
evidence of in vitro concept feasibility. Secondly, we present the use of pH-sensitive cationic
switchable lipids for gene therapy (siRNA delivery in vitro and in vivo), again validating the
involvement of the molecular switch in the effectiveness of intracytoplasmic delivery of

siRNA.

The two lead compounds identified during this thesis (2 and CSL3) can be included
into lipid nanoparticles for drug and gene delivery, respectively. Such formulations allow
intracytoplasmic delivery of therapeutic hydrophilic compounds (drugs, genes) and could be

used to treat diseases such as cancer or for genome editing applications.

Keywords : lipid, pH-sensitivity, molecular switch, gene therapy, liposomes, lipid

nanoparticles, endosomal escape, drug delivery, siRNA delivery
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Chapitre 1 : Introduction

Les nanotechnologies en thérapeutique humaine permettent de résoudre de nombreux
défis associés a I'utilisation de principes actifs « nus » : augmenter la faible solubilité
aqueuse de certains principes actifs, améliorer le ciblage actif, abaisser la toxicité
systémique, favoriser I’internalisation intracellulaire du principe actif, diminuer la
dégradation enzymatique du principe actif ou encore augmenter la faible demi-vie de
circulation de certains principes actifs. L’amélioration de ces propriétés permettent au final
une amélioration de la biodisponibilité de I’actif thérapeutique, et généralement une baisse
des effets secondaires pour le patient. La thérapie génique fait appel aux nanotechnologies

afin de véhiculer, protéger et adresser le géne thérapeutique.

Cela fait maintenant un demi-siécle que les nanotechnologies ont démontré leur
potentiel pour une utilisation en thérapeutique humaine. En 2015, il y avait 43 spécialités
« nanopharmaceutiques » sur le marché mondial.' Bien que leur utilisation soit encore
relativement marginale en clinique, la myriade d’essais cliniques actuels (8000 surtout aux
Etats-Unis et en Europe, dont 400 en phase III ou IV)* semble indiquer que leur
démocratisation arrive a grands pas. Il est estimé que le marché des nanotechnologies
appliquées aux thérapies humaines pesera 500 milliards de dollars US en 2019, d’aprés une

étude réalisée en 2015 par le cabinet BCCResearch.’

1.1 La thérapie génique : principes et état de ’art

Selon une étude publiée en 2015 par le cabinet RootsAnalysis, le marché associ¢ aux
nanotechnologies pour une utilisation en thérapie génique en thérapeutique humaine pesera
11 milliards de dollars US en 2025.* A ce jour, il existe deux spécialités pharmaceutiques
utilisant le principe de thérapie génique sur le marché mondial : la Gendicine®, une spécialité
pharmaceutique basée sur un vecteur adénoviral contenant le géne suppresseur de tumeur
p53 et commercialisé en Chine, et le Glybera®, lui aussi basé sur un vecteur adénoviral pour

le traitement du déficit en lipoprotéine lipase.’

Le principe de thérapie génique fut envisagé par Friedmann et Roblin en 1972. Ils
tirent I’hypothése que 1I’administration d’un « brin d’ADN exogéne » pourrait étre utilisé
pour remplacer la copie d’ADN défectueuse ou absente chez des patients atteints de

pathologies génétiques.’ De nos jours la thérapie génique n’est plus seulement réservée a



I’ADN puisque de nombreux types d’acides nucléiques peuvent avoir un effet thérapeutique

y . . , , oqe, e , . —9
(stratégie d’interférence, édition génomique...).”

Aujourd’hui, la thérapie génique est consideré comme étant I’un des sujets de
recherche les plus en vogue par les journaux scientifiques les plus influents (encore plus
depuis la démocratisation en 2013 de I’édition génomique CRISPR/Cas9).'”!' Les
investissements financiers de la part des grandes industries pharmaceutiques atteignent des
sommets sans précédents. A titre d’exemple, la « biotech » Moderna Therapeutics™, fondée
en 2011 a Cambrige (Massachusetts, USA) et spécialisée dans la délivrance de mRNA
thérapeutiques, est aujourd’hui valorisée a plus de 3 milliard de dollars US (battant tous les

records de rapidité de valorisation dans I’histoire de 1’industrie pharmaceutique).'*
1.1.1 Définition et essais cliniques historiques

1.1.1.1 Définition de la thérapie génique

Selon I’ « American Society of Gene and Cell Therapy », I’expression « thérapie
génique » rassemble sous un méme terme ’ensemble des méthodes de transfert d’acides
nucléiques exogenes dans la cellule ayants pour objectifs de modifier ou de contrdler
I’expression protéique, dans le but d’obtenir un effet thérapeutique.'® Cette définition assez

large permet de réunir sous un seul et méme terme plusieurs stratégies diverses.

L’idée phare de la thérapie génique est d’introduire dans la cellule, a I’aide d’un
vecteur, un brin d’acide nucléique exogene. La premiére application évidente est la
« supplémentation » d’un gene défectueux, en fournissant a la machinerie cellulaire une
copie fonctionnelle de ce méme géne.'"* Une seconde application consiste 2 moduler
I’expression de génes via I’administration de génes codants pour des protéines promotrices
ou inhibitrices de la syntheése de I’ADN, des facteurs de transcription de I’ADN ou encore
via Dutilisation de brins d’ARN interférents capables d’empécher I’expression d’un

316 Plys récemment, une troisiéme application basée sur le systéme Clustered

gene.
Regularly Interspersed Palindromic Repeats (CRISPR) et la protéine bactérienne Cas9
permet I’édition ou la correction « réelle » du génome.'” Ceci par opposition a la délivrance
d’ADN plasmidique ou d’ARN interférents qui ne modifie pas le génome en soit, mais

apporte une copie d’un géne de manicre transitoire dans la cellule.



1.1.1.2 Premiers essais cliniques historiques

Le premier essai clinique de thérapie génique sur I’homme fut réalisé en 1989 par
1’équipe du Pr. Rosenberg sur 5 patients atteints d’un mélanome avancé.'® Aujourd’hui, 2210
protocoles d’essais cliniques de thérapie génique sont recensés, dont 79 en phase III (soit
3,6%) — Figure 1.1."° Les premiers essais cliniques ont mis en exergue la faisabilité et le
grand potentiel de la thérapie génique. Deux essais cliniques historiques ayants eu des
conséquences dramatiques sur la santé de patients ont étés recensés ont étés menés dans les

années 2000, mettant a jour des risques non envisagés jusques la.

Phases of Gene Therapy Clinical Trials (WK/)

Phase | 58.1% (n=1283)
Phase I/Il 20.2% (n=446)
Phase Il 16.9% (n=374)
Phase II/lll 1% (n=23)
Phase Ill 3.6% (n=79)
Phase IV 0.1% (n=2)
Single subject 0.1% (n=3)

2000
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Figure 1.1 — Essais cliniques de thérapie génique recensés en 2015

Le premier de ces essais cliniques traitait le déficit en ornithine carbamyl transférase,
une maladie génétique du foie provoquant notamment des hyperammoniémies sévéres.” Il
fut mené en 1999. Un adolescent du nom de Jesse Gelsinger fut le 18°™ patient de I’étude a
recevoir un traitement de thérapie génique, basé sur un adénovirus atténué contenant le
cDNA de I’enzyme ornithine carbamyl transférase. Il recut la plus forte dose. Il décéda 4
jours apres le traitement, d’un syndrome de réponse inflammatoire systémique. Une patiente
de I’étude avait recu la méme dose du traitement, sans pour autant avoir présenté¢ de
symptomes comparables. Cette expérience pointe le risque éventuel li¢é a la réponse
immunitaire dirigée contre les vecteurs viraux mais également la grande variabilité
individuelle de la réponse thérapeutique. Il est également montré la limite des études
animales afin de prédire la réponse a I’administration systémique d’un vecteur viral chez

’homme.*!



Le second essai clinique notoire fut mené en 2001 sur 10 enfants atteints du syndrome
de déficit immunitaire combiné sévere, une maladie génétique liée a la déficience du gene
codant pour le récepteur de la y-cytokine, empéchant la différentiation des lymphocytes T et
Natural Killer (NK).** Le traitement consistait a réinjecter dans la moelle osseuse des
lymphocytes modifiés ex vivo par un vecteur de type rétroviral, contenant le geéne du
récepteur de la y-cytokine. Le traitement fut un succes pour 9 des 10 patients traités, qui ont
retrouvés un systéme immunitaire fonctionnel. Mais un peu plus de 3 ans apres le traitement,
5 enfants développerent une leucémie due a I’intégration génomique anarchique du gene
thérapeutique a proximité d’un promoteur oncogéne.”>* Cette expérience a permis de
prendre en compte les risques liés a une insertion non contrdlée d’un géne thérapeutique
dans le génome humain par un vecteur viral. Cet évenement a en partie renforcé I’intérét de
la communauté scientifique pour I’utilisation de vecteur non viraux mais surtout pour
I’utilisation de génes thérapeutiques non intégrables au génome (ADNp, siRNA, ARNm),
plus strs d’utilisation. Depuis 2014, la découverte et la démocratisation rapide de la
technique d’édition précise du génome CRISPR/Cas9 relance de nouveau le débat éthique

de 1’édition génomique en thérapie génique.”

1.1.2 Applications thérapeutiques

La thérapie génique peut étre envisagée pour traiter un trés grand nombre de
pathologies, aussi bien héréditaires que acquises. Actuellement, aucune stratégie de thérapie
génique (excepté CRISPR/Cas9 — voir section 1.1.3.4) ne vise a corriger de facon définitive
et terminale la mutation génomique responsable de la pathologie. La thérapie génique telle
que développée de nos jours est palliative et non pas curative. Il ne s’agit pour I’instant que
de donner une copie « saine » du geéne qui ne sera pas intégrée au génome, mais qui
sé¢journera transitoirement dans la machinerie cellulaire pour effectuer son action

thérapeutique.

La Figure 1.2 présente les différentes indications les plus reportées lors des essais
cliniques de thérapie génique."” La part belle est faite aux maladies acquises (cancer,
maladies cardiovasculaires et infectieuses, comptant pour environ 80% des études), tandis

que les maladies génétiques héréditaires ne comptent que pour environ 10% des études.



Indications Addressed by Gene Therapy Clinical Trials "\i"‘l

Cancer diseases 64% (n=1415)
Monogenic diseases 9.5% (n=209)
Cardiovascular diseases 7.9% (n=175)
Infectious diseases 7.9% (n=174)
Neurological diseases 1.9% (n=43)
Ocular diseases 1.4% (n=31)

Inlammatory diseases 0.6% (n=14)
Other diseases 2.1% (n=46)

Gene marking 2.3% (n=50)
Healthy volunteers 2.4% (n=53)
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Figure 1.2 — Indications des essais cliniques de thérapie génique recensés en 2015

1.1.2.1 Les maladies génétiques héréditaires

Sur le papier, toutes les maladies génétiques héréditaires peuvent étre soignées par la
thérapie génique. Il suffit pour cela de fournir a la cellule une copie saine du géne défectueux,
de corriger le geéne défectueux par édition génomique (CRISPR/Cas9) ou d’abaisser
I’expression d’un gene pathologique par stratégie d’interférence ARN. Mais cette si simple
théorie est compliquée a mettre réellement et efficacement en pratique, a cause de la grande
difficulté pour véhiculer et apporter aux bons tissus les fragiles geénes thérapeutiques en

quantité suffisante.

Le transfert d’acides nucléiques exogenes s’inscrit dans ce contexte comme une
alternative intéressante a la protéinothérapie pratiquée de nos jours, et il présente méme de

nombreux avantages par rapport a cette derniere :

e Une toxicité générale généralement plus faible qu’avec la protéinothérapie. A titre
d’exemple, on peut citer ’'utilisation de complexes GalNAc-siRNA anti-PCSK9
pour I’hypercholesterolémie familiale (actuellement en phase II chez Alnylam®
Pharmaceuticals).*® Cette stratégie est directement en concurrence avec les anticorps
anti-PCSK9, dont I’Evolocumab est le tout premier représentant mis sur le marché
en 2015. Les premiers essais cliniques de tolérabilité du GalNAc-siRNA reportent
seulement un faible taux d’effets secondaires mineurs (seulement aux doses

maximales excédant de plus de 50 fois la dose thérapeutique), une absence d’effets



secondaires majeurs et aucuns changements des paramétres biochimiques.”” A titre
de comparaison, 1I’Evolocumab, lors de 1’étude de tolérabilité de phase I, était
responsable de quelques effets secondaires sérieux (<1% des sujets traités), de
myosites courantes (inflammation des tissus musculaires) et de parametres

. . £, 28
biochimiques augmentés.

e [’absence de formation d’anticorps anti-protéine recombinante, souvent observée

. ) . . e . fei o 29
aprés plusieurs administrations répétées de protéinothérapie.

e Lapossibilité de faire exprimer une protéine intracellulaire (par exemple une enzyme
ou un facteur de transcription). La protéinothérapie reste en effet cantonnée a
’utilisation de protéines normalement secrétées par la cellule et qui n’ont pas

vocation a y pénétrer (par exemple des cytokines, des hormones ou des anticorps).*

e Une cinétique d’administration possiblement moins fréquente dans le cas de
I’administration sous-cutanée de conjugués GalNAc-siRNA (voir Tableau 1.1) pour
la délivrance aux hépatocytes. Par exemple, une injection sous cutanée est suffisante
pour obtenir un relargage controlé et une diminution de la protéine hépatique PCSK9
pendant 6 mois. Les protéines recombinantes de la protéinothérapie disposent
souvent d’une demi-vie plus courte in vivo, rendant impossible I’obtention d’une

cinétique de relargage trés prolongée.”’

Le Tableau 1.1 présente une liste non exhaustive des essais cliniques de thérapie
génique les plus avancés pour traiter des pathologies héréditaires. Il convient de noter que la
stratégie d’interférence (siRNA) visant le foie est quasi omni-présente dans cette catégorie
(I'utilisation d’ADNp est obsoléte pour cette application, 1’utilisation d’ARNm ne permet
qu’une expression transitoire de la protéine thérapeutique et la découverte de CRISPR/Cas9
est trop récente — voir section 1.1.3). Ceci est également di a la découverte en 2014 des
conjugués GalNAc-siRNA sous cutanés, capable de relarguer au foie de facon continue les
siRNA thérapeutiques (une injection permet le silencing de génes hépatiques pendant 6

mois).*®



Nom et .
Pathologie Vect‘eur de , \.70'1e . Or_gane Statut Ref
stratégie gene d’administration cible actuel
ALN-PCSsc oUe
Hypercholesterolémie ; ; ((:}(:11{\?/%2? Sous-cutanée Foie Phase II 26
familiale siRNA anti- X (hépatocytes)
PCSK9 siRNA
o ® Nanoparticule
Patlslrgn g[ lipidique
Neuropathie amyloide Revusiran (Patisiran”) et . .
familiale a la conjugué Intraveineuse ou Foie Phase III | %%
. siRNA anti- sous-cutanée hépatocytes
transthyrétine transthyrétine Ga}lNAc- (hépatocytes)
(TTR) SIRNA ®
(Revusiran™)
Fitusiran®
] ) Conjugué Foic
Hémophilie A siRNA anti- GalNAc- Sous-cutanée , Phase II 3
antithrombine siRNA (hépatocytes)
(AT)
Déficit congemtgl en | ARNm codant ARNm nus Aérosol o 35
Surfactant Protein B pour la modifiés ulmonaire Poumon Préclinique
du poumon (SP-B) protéine SP-B p

Tableau 1.1 — Liste non exhaustive d’essais cliniques de thérapie génique ciblant des pathologies héréditaires

1.1.2.2 Les maladies acquises

Les maladies acquises peuvent également étre traitées par thérapie génique. Il est
possible de favoriser ou inhiber I’expression d’un géne afin de moduler I’expression d’une
protéine et ainsi induire une réponse thérapeutique. Dans le cas du cancer, on peut par
exemple réaliser des stratégies thérapeutiques suicides pour anéantir les cellules
cancéreuses, en favorisant I’expression de génes apoptotiques ou suppresseurs de tumeurs

(par exemple p53)°° ou en utilisant des siRNA afin d’abaisser 1’expression de génes pro-

37,38

oncogeénes ou pro-angiogenes. Puisque les genes thérapeutiques doivent se rendre dans

le tissu cible de la maladie (notamment les organes profonds dans le cas de cancers), ces

pathologies nécessitent des systémes de nanovectorisation des oligonucléotides

thérapeutiques (voir section 1.2).



. . . \ Voie . Statut
Pathologie Stratégie Vecteur de géne d’administration Organe cible actuel Ref
VM-202
Accidents ADII\I{I; Cz;)tiimtf o Injection Organe
. patocy ADNp nu intramusculaire ischémique Phase 111 3
ischémiques Growth Factor locale (jambe, picds)
(HGF) favorisant s
I’angiogénése
Cancers du VM-206
sein, du ADNe codant pour Injection
; HER2 Adénovirus . ) . Tumeurs Phase II 40
pancréas et S intramusculaire
. (vaccination
ovariens . .
thérapeutique)
Cancer SGT-53 Liposome . Tumeurs 36
(tumeurs . Intraveineuse . Phase I
. ADNp p53 cationique solides
solides)
Cancer CALAA-01 Nanoparticule . Tumeurs 41
(tumeurs . . . Intraveineuse . Phase I
. siRNA anti-RRM2 polymérique solides
solides)
ALN-VSP02
Cancers 2 x siRNA (anti- Nanoparticule . . 4
hépatiques VEGF et anti- lipidique Intraveineuse Foie Phase I
KSP)
Ex-vivo
transfection des
lymphocytes o
sanguins avec Thérapie
Cancers deux ARNm ARNm nus + cellulaire Lymphocytes Préclinique | *
sanguins codants pour ¢lectroporation Transfection de sanguins q
I’anticorps anti- ARNM ex-vivo
CD3 et
I’interleukine 2
(IL-2)
ARNm codant Nanopaﬂl’cule
Cancers iy formée d’un . e 44
. pour la protéine Intraveineuse Prostate Préclinique
prostatiques complexe
PSA ou STEAP .
ARNm/protamine

Tableau 1.2 — Liste non exhaustive d’essais cliniques de thérapie génique ciblant des pathologies acquises

1.1.2.3 Vaccination et désensibilisation allergique

La vaccination ou la désensibilisation allergique est également possible avec la

thérapie génique, via ’utilisation d’ADNp ou d’ARNm codants pour 1’allergene a exprimer.

L’ARNm est particuliecrement adapté a la vaccination, en permettant non seulement

I’expression de 1’allérgene mais également I’immunostimulation nécessaire au processus de



vaccination, de part son importante immunogénicité intrinséque.* Il convient de noter que
pour cette application, il n’est pas forcément requis d’avoir recours a une méthode de
nanovectorisation de 1’oligonucléotide thérapeutique, puisqu’une simple injection
intradermale permet la traduction de [’allergéne et I’immunisation contre celui-ci.
Contrairement a une vaccination ou une désensibilisation classique, reposant sur
I’administration de 1’allergéne sous forme protéique, la vaccination génétique prévient toute
réaction secondaire (et possiblement analphylactique) qui pourrait résulter via la pré-
existence problématique d’IgE ciblant I’allergéne. Puisque seule I’information génétique de
’allergéne est ici administrée, la vaccination ARNm-médiée est plus sure que la vaccination

: A : 46
classique et peut étre aussi efficace.

Voie Statut

d’administration Organe cible Ref

Pathologie Stratégie Vecteur de géne actuel

Ex-vivo
transfection
des cellules
dendritiques
avec quatre ARNm nus + Transfection de Cellules Phase I 47

ARNm codants électroporation mRNA ex-vivo dendritiques
pour Tat, Rev,
Nef et Gag
(protéines
virales VIH)

SIDA

ARNm codants
pour les
principaux
allergenes

(nourriture, ARNm nus
pollens,
animaux,
champignons,
latex...)

Allergies
diverses

Injection Systéme

. . o Phase I/I1 48
intradermale immunitaire

ARNm codants

pour plusieurs Nanocomplexe Injection Systéme
antigénes ARNm/protamine intradermale immunitaire
grippaux

49

Grippe Préclinique

Tableau 1.3 — Liste non exhaustive d’essais cliniques de thérapie génique de vaccination ou désensibilisation

allergique
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1.1.3 Les différents types d’oligonucléotides thérapeutiques

La thérapie génique a tout d’abord été envisagée pour 1I’expression de protéines
thérapeutiques, via 1’utilisation d’ADNp ou de virus encapsulant de I’ADNc. Apres la
découverte de Iinterférence ARN en 1998, les chercheurs se sont tournés vers cette voie
pour ¢élaborer des stratégies thérapeutiques de thérapie génique. Plus simples a produire et
exempts d’interactions avec le génome (plus sirs), l’interférence ARN est encore
aujourd’hui I’approche de thérapie génique la plus étudiée par les laboratoires académiques
et la plus avancée dans les essais cliniques.’’ Depuis 2008-2010 et la démocratisation des
ARNm chimiquements modifiés et efficacement purifiés, un fort regain d’intérét pour la
délivrance d’ARNm est observé. Enfin, la découverte et ’adoption de la technique d’édition
génomique précise CRISPR/Cas9 en 2014'? laisse enfin entrevoir une thérapie génique non
plus palliative mais curative, via 1’édition en elle-méme de la mutation génomique

responsable de la maladie.

1.1.3.1 ADNp

Les plasmides sont utilisés tous les jours en industrie pour la production (bactéries,
levures ou cellules humaines immortelles) de protéines thérapeutiques (facteurs de
coagulation, érythropoiétine...). Dans un contexte de thérapie génique, il est nécéssaire de
délivrer dans la machinerie cellulaire le plasmide codant pour la protéine thérapeutique, c’est

a dire délivrer I’information génétique en lieu et place de la protéine en elle méme.

Structure

Un plasmide de DNA est une molécule d’ADN double brin circulaire codant pour
une protéine thérapeutique donnée. Un plasmide a une taille d’environ 2 a 100 kpb (la taille
varie en fonction de la taille de la protéine a exprimer).”> Un plasmide comporte (Figure

1.3):

e Une origine bactérienne de réplication, qui permet la production du plasmide

dans les bactéries (« ori »)

e Une cassette d’insertion de géne, ou est inseré I’ADN recombinant d’intérét
(« gfp »). Un fort promotteur viral placé avant le géne d’intérét, permettant
une expression forte de la protéine thérapeutique. Il est possible de choisir un

promotteur régulable ou spécifique d’un tissu donné.
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e Un géne de résistance a un antibiotique (« AmpR », qui permet la sélection
des bactéries ayant integré le plasmide avec succes. Seules les bactéries ayant
intégrées le plasmide disposent de ce geéne de résistance, et peuvent survivre

a la sélection opérée par I’antibiotique.

e Un géne rapporteur « lacZ » qui code pour I’enzyme -galactosidase. Ce géne
est rendu inactif lorsque I’insertion du gene « thérapeutique » (ici « gfp »)
dans le plasmide est un succes (coupage en deux de la séquence lacZ). Ceci
permet de s’assurer que le plasmide intégré dans la colonie bactérienne
comporte bien le géne d’intérét « gfp ». On s’assure de 1’absence du géne
lacZ avec I’ajout du substrat de I’enzyme B-galactosidase, qui colore en bleu
les colonies bactériennes qui auraient incorporé un plasmide contenant encore

le géne lacZ.

gfp

AmpR

/ Promoter
lacZa

or 1 Plac

Figure 1.3 — Représentation schématique d’un plasmide codant pour la protéine GFP
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Production

Les plasmides sont fabriqués en laboratoire grace a des méthodes de biologie
moléculaire. L’ADN recombinant codant pour une protéine thérapeutique donnée est tout
d’abord extrait des cellules mammiferes (clivé spécifiquement avec des endonucléases de
restriction) puis amplifi¢ par PCR. Cet ADN recombinant est ensuite inséré dans un plasmide
bactérien (emploi d’enzymes de restrictions spécifiques et de DNA ligases), formant ainsi
un plasmide recombinant. Ce plasmide recombinant est introduit dans des bactéries (le plus
souvent E. coli). Les bactéries ayant intégré le plasmide avec succes sont sélectionnées
(sélection avec un antibiotique dont la résistance est conferée par un géne présent sur le
plasmide recombinant) et autorisées a se multiplier. Les plasmides sont ensuites isolés et

purifiés.

Mécanisme d’action

\.Y4

= Electroporation

‘. 2290909008 | = 999909999999999999999900999
300000990! 11| m : '
Internalization Y
\ e8P - Cytoskeletal
< o
< o >
- - 'y ~* 3 Transcription
- -~ p: Factors
- > :

) Ce o R )‘ El“ldosomal\* a L AN
cess Escape L B (portine
—J ) Nuclear

Translation ‘ Import
\ . -

“ RNA Processing

" - ‘~ & Export c
Vow L N

o . Transcription 4 ’

Figure 1.4 — Schéma du mécanisme d’action d’un pDNA aprés internalisation cellulaire™
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Aprés administration (intraveineuse, sous-cutanée, intramusculaire), les ADNp
pénétrent la cellule (souvent aidés par un nanosystéme de vectorisation cationique — Figure
1.4). Cependant, I’injection intraveineuse hydrodynamique d’ ADNp nus (sans vectorisation)
peut déja permettre une expression protéique considérable (dans le foie notamment).”* Aprés
étre sorti de I’endosome (aidé par le nanovecteur cationique de transfection — voir section
1.2), ’ADNp emprunte le cytosquelette (réseau microtubulaire) afin de recruter par un
mécanisme encore inconnu des protéines d’import nucléaire (importines).” Une fois dans le
noyau, I’ADNp rentre dans la machinerie cellulaire de fagon classique : il est tout d’abord
transcrit en ARNm, qui est exporté¢ dans le cytoplasme pour traduction de la protéique

thérapeutique.

L’entrée dans le noyau est une barriére majeure pour les ADNp. Hors des phases de
division cellulaire, la membrane nucléaire est imperméable aux ADNp. L’efficacité de
transfection des ADNp est donc trés dépendante du cycle cellulaire, et de bonnes quantités
d’expressions protéiques ne sont obtenues que lorsque les cellules sont en pré-mitose (G2)

ou mitose (G2-M).”®

Avantages/Inconvénients

Avantages Inconvénients/Difficultées

Molécule de grosse taille (comparé a un siRNA, un ARNm ou un
sgRNA) pouvant poser des problémes pour obtenir des
nanovecteurs stables et de petite taille (< 100nm)°’

Peu chers, faciles a produire a
grande échelle

Stabilité de la molécule (double

brin de DNA circulaire Nécessité d’atteindre le noyau, I’efficacité de transfection est donc
relativement peu sensible aux trés dépendante du cycle cellulaire
DNAses)™

Expression protéique durable

; : Expression protéique tissulaire inhomogéne (voir ci-dessous
possible (> 30 jours)™ p proteiq géne ( )

Génotoxicité possible par insertions génomiques d’ADNp®

Immunogénicité intrinséque conférée par les séquences
Jo} , . \ . .1 .60
bactériennes nécessaire a la production du plasmide

Tableau 1.4 - Avantages et inconvénients de I’emploi d’ADNp en thérapie génique
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Exemple d’avancée récente

MmRNAg:p NU mRNAgp/micelle cationique

Non traité

pDNAgep U pDNAg:p/micelle cationique

Figure 1.5 — Vectorisation d’ADNp exprimant la GFP aux hépatocytes chez la souris (ADNp nu ou
nanoencapsulé dans des micelles cationiques).”’ 24h aprés injection intraveineuse, les coupes de foie sont

imagées par microscopie confocale.

Une publication de 2015 oppose I’ADNp au ARNm pour I’expression dans le foie
de la protéine modéle GFP.”” Les oligonucléotides sont délivrés nus ou nanoencapsulés
(micelles cationiques) par injection intraveineuse chez la souris. L utilisation d’ARNm nu
ne permet aucune expression protéique (A), comme anticipé (voir section 1.1.3.2). A
I’inverse, ’emploi d’ADNp nus (C) permet I’obtention d’une expression protéique, mais
non homogene (cellules en division cellulaires seulement). La nanovectorisation de I’ARNm
permet I’obtention d’une expression protéique homogene importante (B), tandis que la
nanovectorisation de I’ADNp n’arrive pas a rendre plus homogene 1’expression protéique

dans le tissu (D). Cette expérience montre bien les limites du pDNA pour une utilisation en
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protéinothérapie par thérapie génique. L’ADNp (nanovectorisé ou non) est dépendant du

cycle cellulaire pour passer la paroi nucléaire et €tre transcrit en ARNm.

1.1.3.2 ARNm

La premiére vague d’intérét pour la délivrance thérapeutique d’ARNm a eu lieu dans
les années 1980, avec I’avénement de la lipofection (transfection d’ARNm avec des
liposomes cationiques tel que le Lipofectin®, inventé a cette occasion).®’ Rapidement
abandonnés car considerés trop fragiles (trop rapidement sujet a la dégradation par les
RNAses endogenes), trop colteux a produire, trop immunogénes et occasionnants une
traduction protéique trop transitoire, ils furent laissés de coté au profit de I’ADNp et des
constructions virales/ADNc.*> Ce n’est que depuis 2008-2010 et la démocratisation des
modifications chimiques des nucléosides, apportant plus de stabilité et un abaissement
significatif de I'immunogénicité, que 1’intérét des ARNm pour une application thérapeutique
renait.®® I devient alors possible d’exprimer des concentrations thérapeutiques de protéines
in vivo.”” Depuis 2014 et la découverte de CRISPR/Cas9, I'utilisation d’ARNm codant pour
la protéine d’édition génomique Cas9 (voir section 1.1.3.4) redonne encore un regain

d’intérét pour la délivrance d’ARNm.*

Structure

Un ARNm est un long brin d’ARN de 700 a 6000 bases environ (selon la taille de la
protéine a exprimer). Le 5’Cap est une séquence obligatoire afin d’engager le processus de
traduction et afin de prévenir la dégradation du brin d’ARNm (Figure 1.6). La région non
traduite 5’UTR est une région placée en amont du codon d’initiation de la traduction. Cette
région permet 1’attachement du ribosome ainsi que la régulation de I’expression du géne.
Dans un contexte de thérapie génique, ou I’on désire une expression forte de la protéine
thérapeutique, on utilise en général un promoteur 5’UTR fort, tel que le promoteur
bactériophage T7. L’Open Reading Frame (ORF) est la région de ’ARNm qui encode
directement pour la protéine d’intérét. Cette région commence par un codon AUG
d’initiation de la traduction et se termine par un codon UAA, UAG ou UGA de fin de
traduction. La région non traduite 3’UTR permet encore une fois la régulation de
I’expression du gene via la fixation de protéines de régulation ou brins de miRNA. La queue
poly-adénosine poly(A), d’une longeur de 50 a 350 résidus adénosine, a un role dans le

transport de ’ARNm du noyau au cytoplasme, dans la protection contre la dégradation
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(fixation de protéines empechant 1’acceés aux exonucléases) et dans le recrutement du
ribosome pour la traduction protéique. Dans un contexte de thérapie génique, il est essentiel
pour obtenir une expression protéique efficace et durable d’avoir une queue poly(A) d’au

moins 120-150 résidus (Figure 1.7).%
Cap
5 AAAA
5"UTR ORF 3" UTR

Cap: coiffe 5’ ORF: « Open Reading Frame »
5’UTR: Région 5’ non traduite 3’UTR: Région 3’ non traduite

AAAA: queue poly-adénosine

Figure 1.6 — Structure d’un ARNm thérapeutique (New England Biolabs® Inc.)

80,000 -
=
>
= 60,000
<C
(<5
8
D
5 40,000 -
3
2
§ 20,000 —
0
- CAP + CAP - CAP + CAP
- Talil - Tail + Tail + Tail
HiScribe T7
ARCA mRNA Kit

Figure 1.7 — Figure démontrant I’importance de la présence du 5’Cap (CAP), de la queue poly-A (Tail), d’un
fort promoteur (T7) et d’un 5’Cap ARCA pour I’obtention d’une expression forte de la protéine d’intérét (New
England Biolabs® Inc.)

Production

Les brins d’ARNm thérapeutiques matures sont synthétisés par transcription
enzymatique in vitro a partir d’un brin d’ADN linéaire, lui méme obtenu a partir d’un

plasmide ADN circulaire sur lequel le géne codant pour la protéine d’intérét a été inséré.
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L’ARNm est ensuite produit grace a I’utilisation d’une enzyme ARN polymérase (en général
la T7 ARN polymérase) et de bases NTP’s (Figure 1.8). Cette transcription requiert la

présence en 5’ d’un promoteur T7.

T7 Promoter

5'uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu’g"
3 ] 5 O
/ -y
TAATACGACTCACTATAG DNA template
ATTATGCTGAGTGATATC
T7 Transcription
Run-off transcript
has the top strand 5 5
sequence. /ll\lllllllllllllIlIlllllllllllllIlIllllllllllllllllllllllllllllllllllllllllllllllll.llll
G RNA transcript

Figure 1.8 — Schéma illustrant la transcription d’ ARNm a partir du femplate ADN, via I’utilisation de I’enzyme

T7 ARN polymérase (New England Biolabs® Inc.)

Pendant la transcription, les brins d’ARNm obtenus sont « capés » avec un 5’Cap
ARCA (voir ci-apreés — modifications chimiques). Une queue poly(A) est ensuite ajoutée via
I’utilisation d’une polymérase poly(A) et d’ATP. Une étape de digestion des brins ADN

initiaux est également faite (via 1’utilisation d’enzymes DNAses).

Les courts brins d’ARN contaminants (< 200 pb) issu de toutes les étapes de synthese
de I’ARNm mature final sont en partie responsables de I’immunogénicité autrefois imputée
aux ARNm.*” Dans un contexte de vaccination, ceci peut étre désirable. Mais dans un
contexte de thérapie génique visant I’expression protéique thérapeutique, ceci est néfaste.
Depuis 2010 et grace notamment aux travaux de 1’équipe du Pr. K. Kariko, les ARNm
thérapeutiques sont purifiés par IP-RPLC (ion pairing reversed phase liquid
chromatography) sur colonnes polymériques hydrophobes a large taille de pores.’® Cette
nouvelle fagon de purifier les ARNm thérapeutiques est compatible avec une production a

grande échelle et est devenue le « gold-standard » de la purification finale des ARNm.”’

La production d’ARNm thérapeutiques en grande quantité est relativement peu
colteuse et maintenant bien controlée (grace aux nouvelles polymérases et a la purification
finale par IP-RPLC). Des entreprises telles que Moderna Therapeutics'™ (Etats-Unis) ou
CureVac (Allemagne) produisent des ARNm thérapeutiques a grande échelle pour leurs

essais cliniques.
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Mécanisme d’action

Dans la cellule, ’ARN pré-messager est transcrit dans le noyau cellulaire par les
ARN polymérases, a partir de I’ADN génomique (Figure 1.9). Aprés avoir subi les
modifications post-transcriptionnelles (épissage, 5° Caping et 3’ poly(A)), le brin d’ARNm
devient mature et peut étre adressé dans le cytoplasme cellulaire. Ici, il est pris en charge par
le ribosome pour la traduction protéique. La durée de vie cytoplasmique du brin d’ARNm
est déterminée par les séquences de régulation (5’UTR, 3’UTR et poly(A)) du brin, sur
lesquelles viennent se fixer des protéines ou des oligonucléotides de régulation (microRNA
ou siRNA). Le niveau et la durée d’expression de la protéine dépendra de la demie-vie de

I’ARNm dans le cytoplasme.

TNDINDIMNDIMN, AoN
. -
Y SN

SNERREE

N
<

’ Transcription

ARN pré-messager

T

( Epissage

ARNmM NRRRAAAL Dl (A
Coiffe WF s
P Traduction

%WMAMM

Ribosome

Figure 1.9 — Représentation schématique de la synthése et de la maturation d'un ARN messager dans une

cellule eucaryote

Dans un contexte de thérapie génique, des brins d’ARNm matures préts a étre traduits
en protéines thérapeutiques sont délivrés. Nul besoin d’atteindre le noyau pour bénéficier
d’une expression protéique puisque le mécanisme de traduction protéique se produit dans le

cytoplasme (contrairement a 1’utilisation d’ADNp).
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Modifications chimiques

Lorsque le Cap 5° endogéne « classique » (m’GpppG) est ajouté de fagon
enzymatique sur I’ARNm, une proportion significative est greffée a ’envers, rendant la
lecture par le ribosome impossible.”> L’utilisation d’un Cap ARCA (Anti Reverse Cap
Analogue) my”” °GpppG, qui s’introduit dans le bon sens a 100%, permet d’augmenter

significativement 1’efficacité de la traduction.®*®

L’utilisation de bases chimiquement modifiées telles que pseudouridine et 1-
methylpseudouridine permet de diminuer trés fortement I’immunogénicité intrinseque des
ARNmMm thérapeutiques et d’augmenter leur durée de vie, avec peu d’impact sur I’efficacité

de la traduction.”

L’optimisation des régions 5’UTR et 3’UTR permet d’influer sur la demie-vie de
I’ARNm. Les brins d’ARNm actuellements en essais cliniques incorporent des régions non-
codantes de la B-globine, permettant assez forte expression de la protéine d’intérét. Ces
régions non codantes ne sont pas encore entierement comprises par les scientifiques et des
¢tudes d’optimisation de ces séquences sont en cours afin d’augmenter encore la traduction

protéique ou de modifier la cinétique de la traduction.”’

De nombreuses optimisations de la séquence codante peuvent étre faites pour
augmenter 1’expression de la protéine thérapeutique. Par exemple, il est possible de
remplacer les codons rarements utilisés par des codons plus courants, ce qui induit un
meilleur recrutement de I’ARNt par le ribosome. L’on peut également modifier les codons
pour éviter 1’obtention de structures secondaires néfastes a la traduction. A titre d’exemple,
la société CureVac a breveté le remplacement des bases U en troisiéme position de codon
par les bases G ou C. Ceci permet une traduction protéique jusqu’a 5 fois plus élevée in

. 71
vivo.
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Avantages/Inconvénients

Avantages Inconvénients/Difficultées
Pas de risques d’intégration au génome Immunogénicité intrinséque (avantage dans le cas de la
(plus str d’utilisation quun ADNp) vaccination)

Permet 1’expression protéique dans toutes
les cellules (mitotiques ou non, Plus compliqué a produire qu’un siRNA ou un ADNp

contrairement aux ADNp)*’

Expression protéique transitoire. Avantage pour 1’édition génomique (expression de la protéine d’édition
génomique Cas9, voir section 1.1.3.4). Inconvénient pour expression protéique prolongée (environ 48h en
injection sous-cutanée, jusqu’a 7 jours en intramusculaire)

Possiblité de jouer sur la cinétique iy Pas encore op t.imisé’p our une utilisation autre
d’expression protéique en optimisant la qu 1mmunostlmulatlon—dependante tel que la vaccmat}on
séquence ou le mode/licu d’injec tion”? (ARNm en proie aux nombreuses RNAse_s extrapellulalres,

difficulté d’adressage du géne aux tissus cibles)

Possibilité d’expression paracrine de la

protéine d’intérét, permettant d’atteindre Requiert un systéme de nanovectorisation pour une
le cceur du tissus normalement non- indication autre que la vaccination (voir section ADNp
atteignable par le brin ARNm lui-méme 1.1.3.1)
(tumeurs)*’

Tableau 1.5 — Avantages et inconvénients de I’emploi d’ARNm en thérapie génique

Exemples d’avancées récentes

En 2016, le groupe de recherche du Pr. D.G. Anderson (Massachusetts Institute of
Technology) a mis au point un lipidoide cationique (OF-02) qui permet d’obtenir le
nanosystéme lipidique de délivrance d’ARNm le plus efficace a ce jour in vivo (Figure
1.10). Une seule injection d’ARNm (0,75 mg/kg) permet 1’obtention des concentrations
sanguines massives d’érythropoiétine (EPO), bien supérieures aux concentrations

, . . . , . . 7. 3
thérapeutiques qui seraient nécessaires pour faire du remplacement protéique.”’

HO
\( NH R
R HN )\
\’ N OH
R oH

R= X — —

Figure 1.10 — Structure chimique du lipidoide OF-02"
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En 2015, il a été¢ montré qu’une « simple » optimisation de séquence du brin d’ARNm
peut permettre d’obtenir une expression protéique (EPO) plus forte qu’avec I’emploi de
bases chimiquement modifiées (pseudouridine et 1-methylpseudouridine), tout en gardant le
caractére non-immunogene que confeérent habituellement ces modifications chimiques des
bases (Figure 1.11).** Ce travail démontre a quel point Ioptimisation de séquence des

ARNmMm thérapeutiques est importante et est un domaine de recherche a part entiere.
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—
<
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—
<
N
|

Unmod 1}

Unmod = ARNm dont la séquence a ét¢ optimisée mais sans bases chimiquement modifi¢es

¥ = ARNm de méme séquence optimisée, incorporant des bases pseudouridine conférant habituellement un niveau d’expression protéique

et une stabilité supérieur
D1, D2, D3 =jour 1, jour 2, jour 3

Figure 1.11 — Expression plasmatique de la protéine EPO chez la souris apres délivrance (nanovectorisation

lipidique) d’ARNm dont la séquence a été optimisée

1.1.3.3 siRNA

L’interférence  ARN permet d’élaborer des stratégies thérapeutiques via la
diminution de I’expression d’une cible protéique thérapeutique. Ce terme recouvre
I’utilisation de siRNA (petit ARN interférent) et de miRNA (micro ARN interférents). C’est
a ce jour le sous-domaine de thérapie génique le plus étudi¢ et le plus avancé

. 37,74
cliniquement.’””’

La stratégie repose sur I’administration thérapeutique d’un petit (< 30
nucléotides) d’ARN, capable de reconnaitre et de s hybrider spécifiquement avec les ARNm
codant pour la protéine a éteindre. Il est important de préciser que le mécanisme

d’interférence ARN est déja présent de facon endogéne dans les cellules eucaryotes
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(miRNA).” Nous ne développerons dans cette sous-partie que I’emploi de siRNA, qui sont
les plus utilisés en recherche et en clinique. Il convient juste de comprendre qu’il n’existe
pas de grandes différences fondamentales dans I’emploi d’un siRNA exogeéne ou un miRNA

\ o . 7. r 6
endogéne pour éteindre 1’expression d’une protéine donnée.’

Les siRNA sont généralement considérés comme non immunogenes (comparé a un
A . 8 . A
ADNp, un ARNm ou méme un miRNA).”””® Cette affirmation commence cependant a étre

. , 9
discutée.’

Structure

Un siRNA est un duplexe de deux brins d’ARN (Figure 1.12) de longueur comprise
entre 19 et 25 nt (le plus souvent 21 nt). Le double brin obtenu est plus résistant aux RNAses

qu’un ARN simple brin (type ARNm).

Double
overhang

Y Sense strand
Double Directed mRNA (passenger
overhang cleavage site strand)

Antisense strand
(guide strand)

Figure 1.12 — Structure schématique d’un siRNA

Production

Contrairement a la production dd’ADNp ou d’ARNm qui font appel a des techniques
enzymatiques ou a une production bactérienne, la production de siRNA est en général
réalisée par synthése chimique. Cette synthése est réalisée par un synthétiseur
d’oligonucléotides, sur un support solide. Chaque brin (21 nt) d’ARN est synthétisé
séparement. 21 bases phosphoramidites sont ajoutée une a une jusqu’a 1’obtention du brin
final. Celui-ci est chimiquement déprotégé et détaché de son support solide. Chaque brin est
purifié¢ par IP-RPLC (ion pairing reversed phase liquid chromatography). Les deux brins
sont hybridés dans un tampon aqueux (mélange équimolaire chauffé puis refroidi) pour

obtenir le produit final.
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La syntheése chimique de siRNA permet d’incorporer facilement sur le siRNA des
marqueurs fluorescents, un cholestérol ou un ligands conjugués (type GalNAc — voir ci-
aprés).”® La production chimique de siRNA est faisable & grande échelle, et de nombreux
laboratoires (tels que Alnylamg Pharmaceuticals, Cambridge, USA) produisent déja des

siRNA pour leurs essais cliniques.

Mécanisme d’action

Aprés internalisation cellulaire, le double brin de siRNA se retrouve dans le
cytoplasme (Figure 1.13). Ici, le siRNA est capté par le complexe RISC (RNA Induced
Silencing Complex) qui clive le brin sens du siRNA (via le recrutement de la sous-unité
AGO?2). Le complexe RISC/ARN,,iq. ainsi formé circule alors dans le cytoplasme, se lie aux
ARNm de séquence complémentaire et provoque I’interférence (silencing) du gene par
clivage de ’ARNm. Il est a noter que le complexe RISC/ARNg.iq. peut cliver de nombreux
ARNm dans la cellule (Ie complexe est recyclé). Le siRNA n’a donc pas besoin de traverser

la paroi nucléiare pour exercer son effet.

SIRNA Long dsRNA

YAYAY /\/\/\/\/\/\

Cytoplasm

J\/\/\/\/\/\

Vo
YAVAVY J\/\OJ\/\

AGO2

S

- . \
»./0‘/

RISC assembly

YAV /.\Q\;\/ /
Target mRNA recognitior

/N

Nature Reviews |

Figure 1.13 — Mécanisme d’action d’un siRNA dans la cellule eucaryote'®
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La durée de vie du complexe RISC/ARNgiqc présent dans la cellule permet d’obtenir
un effet thérapeutique durant 3 a 7 jours dans une lignée qui se divise rapidement, et plusieurs
semaines chez des cellules qui ne sont pas en division.** Aprés un certain temps, les
complexes RISC/RNA,i¢e sont dégradés et suffisament dilués pour étre en dessous de la

dose thérapeutique : une ré-administration est nécessaire.

Les siRNA peuvent générer des effets « off-target » qui sont compliqués a détecter.
Il est possible que le complexe RISC/ARN,,;,. s’apparie de fagcon non spécifique avec
certains motifs des régions 3’'UTR d’ARNm non-cibles, entrainant ainsi leur dégradation.®’
Des régions complémentaires courtes sont suffisantes pour obtenir ces appariement, et de
nombreux transcrits non-spécifiques peuvent donc étres affectés. Egalement, d’autres effets
« off-target » peuvent résulter de la réponse immunitaire innée induite par la présence du

vecteur ou du siRNA lui-méme.*

Modifications chimiques

De nombreuses modifications chimiques peuvent étre faites sur les nucléotides des
siRNA. L’optimisation des séquences et des modifications chimiques des siRNA sont un
domaine d’étude a part enticre (comme pour les ARNm thérapeutiques — voir section

1.1.3.2).%

L’utilisation de bases 2’OMe ou 2’F est courante pour conférer une résistance aux
RNAses endogénes (augmentation de la demie-vie plasmatique et intracellulaire du siRNA
— Figure 1.14 et Figure 1.15). On peut utiliser des liens phosphorothioates (au lieu des liens

phosphodiester classiques) pour augmenter la stabilité des brins vis a vis des RNAses.*

6 Base 6 Base
;O; ;O;

Cl) OH C[) OH

o=b-c- o=bfs]

ARN non modifi¢ ARN phosphorothioate

é Base 6 Base

(0]

0=p-0"

2'-O-Methyl ARN  2’-deoxy-2’-Fluoro ARN

Figure 1.14 — Schéma présentant les modifications chimiques des siRNA les plus souvent rencontrées®
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2) Sur10058-Me-33
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Figure 1.15 — Migration électrophorétique de siRNA apreés incubation dans du plasma de souris. Illustration
de la rapide dégradation des siRNA non modifiés chimiquement (ligne 1) par les RNAses plasmatiques (siRNA
dégradé en moins de 3 heures). Le siRNA incorporant des bases 2’0OMe (en gras souligné, ligne 2) permet une

stabilité plasmatique de plus de 24 heures.™

On ajoute en général une base adénine (A) ou uracil (U) en 5’ du brin guide, pour
augmenter 1’efficacité du complexe RISC/ARNguiq.. On évite 'utilisation de séquences

. . . . . 83
riches en GU, qui sont responsables d’immunostimulation.

Avantages/Inconvénients

Avantages Inconvénients/Difficultées

ers . . L . Lorsque non modifié, sensible aux RNAses
Facilité de production et de purification a grande échelle qu o

endogenes
Pas de recours a la production bactérienne, cellulaire ou « Off-target » possible si optimisation de
. . - i an8586
enzymatique pour la production séquence non réalisée™

Non immunogénicité commence a étre

Non immunogénes (comparé a un ADNp ou un ARNm . 79,81
g ( P p ) contestée’

Nul besoin d’atteindre le noyau, pas d’interaction avec le
génome

Petits oligonucléotides permettant 1’obtention de
nanovecteurs de taille inférieure a 100nm

Durée d’action relativement longue (< 10 jours) ou trés
longue (6 mois) dans le cas de conjugués-siRNA sous-
cutanés

Tableau 1.6 — Avantages et inconvénients de I’emploi de siRNA en thérapie génique
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Exemples d’avancées récentes

En 2014, le groupe de recherche du Pr. D.G. Anderson a mis au point le nanovecteur
lipidique de vectorisation de siRNA le plus efficace a ce jour in vivo (lipidoide cationique
cKK-E12 — Figure 1.16). La dose-efficace médiane (EDs) de cette formulation dans le
modele siRNA-FVII chez la souris (extinction du facteur de coagulation hépatique VII) est
de 0,002 mg/kg, soit une efficacité extrémement élevée pour la vectorisation de siRNA au
foie. La dose toxique de ce nanovecteur lipidique est plus de 100 fois plus forte que la dose

thérapeutique.”

= 15+
= cKK-E12
8 cKK-E12 /si Tie2
8) 10 - /si CD45
‘O
c
Q
K7
o 05+
> C12-200 98N12-5
"g si FVII si FVII
o cKK-E12
() :
X o0 siFVII
0.001 0.01 0.1 1.0 10

siRNA (mg/kg in mice)

Figure 1.16 — Courbe dose réponse du silencing du géne hépatique FVII chez la souris mediée par les
nanoparticules lipidiques 98N 12-5 (17" génération 1), C12-200 (2°™ génération) et cKK-E12 (3™ génération).

. . , ., . . . e . . . . 87
La concentration en FVII circulant est déterminée par essai colorimétrique 48h aprés injection intraveineuse.

En 2014, la compagnie Alnylam® Pharmaceuticals a développé le conjugué GalNAc-
siRNA (Figure 1.17).% Ce conjugué se compose d’un siRNA chimiquement modifié ciblant
par exemple le gene hépatocytaire PCSKO (traitement de 1’hypercholestérolémie) couplé de
facon covalente a un ligand de ciblage des hépatocytes : GalNAc, cible des récepteurs
asialoglycoproteine des hépatocytes. L ajout de cet agent de ciblage est compatible avec la

synthese chimique sur résine des brins de siRNA, donc facile a réaliser a grande échelle.

Injecté en sous-cutané, ces conjugués sont capables d’éteindre n’importe quel geéne
hépatocytaire pour des durées approchant les 6 mois.*® Leur facilité de production, leur mode
d’administration, leur trés faible toxicité et leur longue durée d’action sont autant de facteurs

qui laissent supposer que cette spécialité (ALN-PCSsc) pourrait €tre la premicre spécialité
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pharmaceutique d’interférence ARN sur le marché (actuellement en Phase I1).*” La seconde
génération de conjugués GalNAc-siRNA, encore plus efficaces, vient d’étre reportée dans

la littérature.”

ROV |

Ho (OH | o

HO 0 N\/\/N O OH
\/V\n/ o

AGHN T\
Ho OH \\\\Z ;

Ki/,;\yo\/\/\[rN\/\/Nm/\,o% \H/\/\/M
-y ¢ GalNAc ligand

HO O N/\/\N o
AcHN M

Figure 1.17 — Structure du conjugué GalNAc-siRNA de la société Alnylam® Pharmaceuticals.*®

1.1.3.4 CRISPR/Cas9

Le systeme d’édition génomique CRISPR/Cas9 est plus compliqué a appréhender
qu’une « simple » administration d’un seul oligonucléotide (comme pour I’ADNp, I’ARNm
ou siRNA). Cependant, il s’inscrit tout a fait dans le domaine de la « thérapie génique »
puisqu’il y a administration d’un ou plusieurs oligonucléotides (voir ci-dessous) et qu’il y a

édition du génome (donc du support génétique).”’

Il est possible de réaliser 3 types d’éditions génomiques (Figure 1.18) avec le
systtme CRISPR/Cas9 : la délétion, la modification d’un geéne ou une insertion d’une

séquence ADN exogene (ADN correcteur — voir ci-apres).
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Cleavage of Target DNA By Cas9

Deletion Modification

% Insertion i

Figure 1.18 — Les 3 éditions génomiques réalisables avec la technique CRISPR/Cas9 (Schéma Mirus” Bio
LLC)

Le systetme d’édition CRISPR/Cas9 est avant tout un outil de recherche in vitro
permettant [’édition rapide et précise des génomes de lignées cellulaires, plantes,
bactéries...”> Cependant, les travaux visant a utiliser cette technique pour une visée
thérapeutique (traitement des maladies génétiques héréditaires ou maladies acquises tel que
le cancer) commencent a arriver dans la littérature, avec des stratégies thérapeutiques tres
différentes (méthode de vectorisation, choix de I’édition génomique... — voir section

« exemple d’avancées récentes » ci-apres).

Le systeme CRISPR/Cas9 est considéré comme étant la plus grosse révolution en
biotechnologie depuis la PCR.” Les grandes espérances thérapeutiques et les énormes
retombées financiéres possibles avec cette technologie font qu’une intense guerre de brevets
oppose actuellement le MIT (Massachusetts, USA) et I’université de Berkeley (Californie,

USA) pour savoir qui récoltera les fruits de I’invention.”*

Composants du systeme CRISPR/Cas9

Pour réaliser une édition génétique, il convient de délivrer dans la cellule 1)
I’endonucléase « RNA-guidée » Cas9 et ii) I’oligonucléotide guide sgRNA (« single guide
RNA », environ 100 nt de long). Eventuellement, un oligonucléotide ADN correcteur peut
¢galement étre livré, si I’on veut insérer sa s€quence dans le génome (mécanisme « HDR »,

VOIr ci-apres).
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Pour une utilisation thérapeutique, il convient d’abord de choisir une méthode
d’administration de la protéine Cas9. On peut soit administrer la protéine elle méme par
injection intraveineuse, soit véhiculer I’ADNp ou ’ARNm codant pour la protéine (Figure
1.19). Ensuite, il convient de délivrer I’ARN guide (sgRNA) et ’ADN correcteur en cas

d’insertion génomque, via I’utilisation de nanovecteurs viraux ou non viraux.

Cas9 Delivery Methods

mRNA Protein

High Efficiency + ++ ++++
Low Cost b ++ e
Specificity + ++++ ++++

Figure 1.19 — Présentation des 3 stratégies possibles pour délivrer I’endonucléase d’édition génomique Cas9
(Schéma Mirus® Bio LLC)

De nombreuses stratégies thérapeutiques peuvent étre envisagées avec le systéme
CRISPR/Cas9, et certaines pouraient se montrer plus avantageuses que d’autres en fonction
du type d’édition que I’on souhaite, de la pathologie 4 traiter ou du tissu a cibler.”” On peut
par exemple choisir une stratégie entierement basé sur la thérapie génique, avec une
administration d’un ou de plusieurs nanovecteur(s) chimique(s) et/ou viral/viraux
encapsulant I’ARNm ou ADNp Cas9 ainsi que le sgRNA. On peut également administrer la
protéine recombinante Cas9 elle méme, puis les oligonucléotides sgRNA/ADN correcteur

avec un nanovecteur viral et/ou non viral.

Pour une utilisation d’édition génomique thérapeutique, la stratégie qui semble
émerger repose sur 1’utilisation d’ARNm codant pour la protéine Cas9. Cette stratégie a pour
intérét majeur une expression rapide et transitoire (48h) de la protéine d’édition génomique,

prévenant ainsi la présence trop longue de 1’endonucléase et les effets « off-target ».”’
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Enfin, il est possible de réaliser I’édition génomique in vivo (administration
intraveineuse des composants CRISPR/Cas9) ou ex-vivo (prélévement des cellules du

patient, édition génomique in vitro et ré-administration — Figure 1.20).

A

Direct delivery-based in vivo editing

CRISPR/Cas9
+ HR template

Figure 1.20 — Deux stratégies thérapeutiques d’édition génomique sont possibles : in vivo ou ex-vivo’®

Production

Aucune barriére technique ne s’oppose a la production industrielle a grande échelle
des composants de CRISPR/Cas9, toutes les techniques ayant déja été dévelopées pour la
délivrance d’ADNp, d’ARNm ou de siRNA thérapeutiques (voir sections ci-avant). La
production des sgRNA et de ’ADN correcteur (dans le cas d’une insertion) fait appel aux
mémes techniques de production que les siRNA (synthése chimique d’oligonucléotides sur
support solide). La production de la protéine recombinante Cas9 fait appel a des techniques
de production protéique classique (expression et production dans des bactéries, levures ou

lignées humaines immortelle) déja utilisé par 1’industrie pharmaceutique.

A ce jour, les deux barriéres majeures a I’utilisation en clinique du systéme
CRISPR/Cas9 sont les considérations €éthiques qu’apporte une édition du génome humain

ainsi que le manque de recul sur la technique.”® Le probléme des éditions génomiques « off-
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target » qui peuvent survenir avec la nucléase originale SpCas9 (Streptococcus pyogenes

Cas9) vient d’étre en grande partie résolus par la découverte des variants eSpCas9 et SpCas9-

HF1, qui ne provoquent plus aucuns effets « off-targets » détectables.

99,100

Mécanisme d’action

La protéine Cas9 (délivrée sous sa forme protéique ou exprimée via 1’utilisation d’un

nanovecteur/ADNp ou ARNm) et le sgRNA doivent étre tous les deux présents dans le

cytoplasme cellulaire. La protéine Cas9 se lie alors au sgRNA et devient alors active pour

aller cliver de fagon spécifique I’ADN génomique (a I’endroit ou la séquence du génome est

complémentaire avec celle du sgRNA). Deux mécanismes sont alors possibles (Figure 1.21)

En absence de brins ADN homologues, la coupure de I’ADN génomique est
réparée par le mécanisme NHEJ (« nonhomologous end joining »), qui est un
mécanisme de réparation génomique prone a I’erreur et qui cause des petites
insertions ou déletions (« indel ») pouvant étres délétéres pour le géne en
question. Dans le cadre de la thérapie génique, il est intéressant d’ainsi
« inactiver » un gene. Le mécanisme est alors analogue a une interférence
ARN, sauf que cette inactivation est cette fois ancrée de fagon définitive dans
le génome de 1’hote, et sera transmise aux cellules filles lors des divisions

cellulaires.

En présence d’un brin ADN correcteur, le mécanisme de réparation HDR
(« homology-directed repair ») peut étre mis en jeu, et permet 1’introduction
précise de la séquence ADN correctrice dans le génome. D’un point de vue
thérapie génique, ceci permet par exemple de corriger précisément une

mutation génétique héréditaire pathologique.
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Figure 1.21 — Schéma du mécanisme d’action du systéme CRISPR/Cas9, illustrant les deux mécanismes de

réparation de I’ADN génomique possible (NHEJ et HDR)

Modifications chimiques

Il est possible de modifier chimiquement le sgRNA en utilisant les méthodes
couramment utilisées en interférence ARN (voir section 1.1.3.3). A la clé, une augmentation
des performances de I’éditions génomique (augmentation de la durée de vie du sgRNA) et

une baisse des effets « off-target ».'"!

La protéine endonucléase Cas9 peut également étre modifi¢e. Cas9 étant une grosse
protéine de 160 kDa,'” des variants de plus faible poids moléculaire ont étés créés afin
d’autoriser la construction de vecteurs viraux capables d’encapsuler la construction
génétique dans son entiéreté. Egalement, de nombreuses optimisations de la protéine on étés
reportées, afin de réduire au maximum les éditions génomiques « off-target » (variants

eSpCas9 et SpCas9-HF 1, tout deux découvert en 2016).””'%
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Une alternative a I’emploi de la protéine Cas9 serait 1’utilisation de 1’endonucléase

% La protéine Cpfl est plus petite que Cas9,

analogue Cpfl, découverte en 2015.
possiblement plus efficace pour une insertion génomique via le mécanisme HDR (grace a
une coupure de I’ADN génomique cohésive et non pas franche comme Cas9) et ne requiert

qu’un sgRNA de 40 nt de long (contre 100 nt de long pour Cas9).'**

Avantages/Inconvénients

Avantages Inconvénients/Difficultées

Stratégie enfin currative et non plus palliative (contrairement a

1z . R 98
I'utilisation d’ADNp, de siRNA, d’ARNm...) Considérations éthiques

Edition contr6lée et précise du génome, possiblement sans e L pe
o . Détection des éditions « off-target »
éditions « off-target »avec la découverte des nouveaux difficile

variants de SpCas9°”'%
Permet toutes les stratégies de thérapie génique (expression Plus compliquée a délivrer qu’une
génique ainsi qu’ interférence) stratégie siRNA, pDNA ou mRNA

De nombreuses approches/stratégies possibles pour la
délivrance des composants du systéme CRISPR/Cas9

Les outils de production (a échelle industrielle) et de
nanovectorisation sont disponibles car ont déja été développés
pour la délivrance de siRNA/ARNm

Tableau 1.7 - Avantages et inconvénients de I’emploi de CRISPR/Cas9 en thérapie génique

Exemple d’avancées récentes

En 2015, Ann Ran ef al. ont utilisé un nanovecteur AAV (adéno-associated virus)
empaquetant la séquence codante de la protéine Cas9 ainsi que le sgRNA pour réaliser
I’inactivation génétique in vivo au foie du géne pro-cholesterol PCSK9 (chez la souris).'”
Une semaine apres une seule injection intraveineuse, plus de 40% des hépatocytes voient
leur génome édité (géne PCSKO inactivé), le taux de protéine PCSK9 sanguin diminue de

plus de 90% et le taux de cholesterol total sanguin diminue de 40% (Figure 1.22)
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Figure 1.22 — Suppression du géne PCSK9 des hépatocytes de souris in vivo avec la technique
CRISPR/Cas9.'” (A) Pourcentage des hépatocytes édités avec succés (Indel = « insertion/deletion ») aprés
injection intraveineuse du virus AAV. (B) Suivi des concentrations plasmatiques en protéine PCSK9. (C) Suivi

des concentrations plasmatiques en cholestérol total.

En 2016, Yin et al ont utilisé¢ une stratégie CRISPR/Cas9 hybride in vivo
nanoparticule lipidique pour véhiculer ’ARNm codant pour Cas9 et un AAV pour véhiculer
le sgRNA et un ADN correcteur.'® 1l s’agissait ici de réaliser une correction du génome
hépatocytaire pour traiter la tyrosinémie (maladie héréditaire causée par une mutation de
I’enzyme fumarylacétoacétate hydrolase) dans un modele murin. Apres une seule injection
intraveineuse, environ 6% des hépatocytes retrouvent une activité¢ fumarylacétoacétate
hydrolase restaurée et les souris survivent malgré le retrait dans leur nourriture du traitement

de la tyrosinémie héréditaire (prise orale quotidienne de nitisinone — Figure 1.23).
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Figure 1.23 — Traitement de la tyrosinémie chez la souris par insertion génomique d’un ADN correcteur via
une méthode CRISPR/Cas9 hybride (nanoparticule lipidique et AAV).'” (A) Pourcentage des hépatocytes
édités avec succeés 48h aprés injection. (B) Suivi du poids de souris suite a I’injection, traduisant la guérison

des animaux qui retrouvent une activité fumarylacétoacétate hydrolase partielle.
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1.1.4 Les principales barriéres physiologiques

Pour délivrer les oligonucléotides thérapeutiques (ADNp, ARNm, siRNA, sgRNA,
ADN correcteur) dans la machinerie cellulaire, le nanovecteur doit franchir de nombreuses
barric¢res physiologiques. De nombreuses stratégies de nanovectorisation ont étés élaborées
afin d’augmenter la biodisponibilité et I’efficacité de transfection (voir section 1.2). Un
schéma récapitulatif présentant les barrieres extracellulaires et intracellulaires est présenté

en Figure 1.24.'"

, Extracellular barriers \ ( Intracellular barriers

Early endosome
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Figure 1.24 — Représentation schématique des différentes barriéres s’opposant a la délivrance d’ADNp

. . 107
thérapeutique in vivo.

1.1.4.1 Les barriéres extracellulaires

e Une fois injectés, les nanovecteurs doivent éviter la filtration rénale, la
phagocytose mononucléaire, I’agrégation aux protéines plasmatiques et la
dégradation plasmatique. La demi-vie de circulation et donc la
biodisponibilité du vecteur dépendent majoritairement de ces facteurs.'®'%

Une des stratégies ¢élaborées pour augmenter le temps de circulation des

vecteurs synthétiques est de recouvrir leur surface de polyéthyléne-glycol
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(PEG) afin d’empécher I’adhésion aux protéines plasmatiques et de diminuer
a reconnaissance et 1’opsonisation par les cellules du systéme immunitaire.'"”
Il est essentiel d’adapter sa stratégie en fonction du tissu a cibler. Par
exemple, il n’est pas nécessaire de PEGyler massivement les nanovecteurs
pour réaliser une délivrance de geénes au foie, puisque le tropisme des
nanoparticules entre 60 et 120 nm de diameétre est suffisant pour cibler
I’organe. De plus, la PEGylation s’oppose a I’efficacité¢ de transfection
intrinseéque du vecteur, par inhibition de I’échappement endosomal (voir

"0 A T’inverse, si I’on souhaite atteindre une tumeur, il est

section 1.3.1).
nécessaire d’avoir la durée de vie de circulation plasmatique la plus élevée
possible, afin de favoriser I’accumulation passive (il faudra pour cela un

vecteur plus fortement PEGylé).>®

La taille des nanovecteurs est également importante. Pour éviter la filtration
rénale, il faut éviter 1’utilisation de nanovecteurs < 10 nm, car ceux-ci sont

111

massivement excrétés par le rein. ~ Pour cibler le poumon, on peut par

exemple ¢élaborer des vecteurs > 2000 nm, qui ont tendance a s’accumuler

"2 La taille optimale pour la

dans les capillaires pulmonaires (Figure 1.25).
délivrance aux tumeurs solides est le plus souvent comprise entre 40 et 60
nm.'"*'!* Cette taille est optimale pour favoriser la rétention tumorale, une
pénétration tumorale profonde, une internalisation cellulaire efficace et une
clairance tumorale faible. Il faut cependant bien noter que ces observations
sont le plus souvent tirées de modeles animaux porteurs de tumeurs modeles
(xénogreffes primaires et métastatiques), dont le développement structurel
tumoral n’est pas forcément analogue a celui des tumeurs humaines

, 115,116
réelles.” ™
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Figure 1.25 — La taille, la forme et la charge de surface des nanovecteurs dicte leur demie-vie de circulation

plasmatique et leur biodistribution.'”®

La charge apparente du nanovecteur (cationique, neutre ou anionique) ainsi
que sa nature (lipidique, polymérique, hybride) influe €galement sur sa
distribution. Les nanovecteurs cationiques (utilisés en thérapie génique pour
complexer les oligonucléotides thérapeutiques anioniques) sont par exemple
en proie a 1’opsonisation par les macrophages des poumons, du foie et de la
rate, ce qui peut étre un avantage ou un désavantage selon ’organe a cibler.'”®
Les nanoparticules présentant une charge de surface neutre ou anionique
adsorbent moins en leur surface les protéines plasmatiques que leurs
homologues cationiques (Figure 1.25). Ceci leur confére une meilleure
furtivité, et donc une demie-vie de circulation plus élevée.''” La PEGylation

. . . 109
est un moyen simple de masquer les charges de surface (voir ci-avant).

L’emploi d’agents de ciblage en surface de nanoparticules (transferrine,
anticorps, peptides, aptameéres...) permet de cibler plus spécifiquement
certains organes et d’augmenter la fraction de la dose délivrée avec succes a

118
la tumeur.

e Le nanovecteur doit ensuite traverser la matrice extracellulaire. Ici encore,
le dense maillage de polysaccharides et de protéines fibreuses ainsi que la
présence de cellules du systéme immunitaire s’opposent au déplacement du

119

nanovecteur vers la cellule.~ La pression intratumorale résultant de la
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vasculature interrompue, de la croissance cellulaire aggressive, de la fibrose,
de la dense matrice extracellulaire et de la circulation lymphatique perturbée

’ \ . 108
s’oppose également a I’accumulation de nanovecteurs dans les tumeurs.

Aprés extravasation a travers la matrice extracellulaire, les nanovecteurs
doivent étre internalisés par la cellule. Les nanovecteurs cationiques sont
mieux endocytés que leurs homologues neutres ou anioniques, de part leur
interaction avec les charges anioniques présentes en surface des cellules
(protéoglycanes extracellulaires).'”® Cette observation a donné lieu a
I’¢laboration de nanvecteurs sensibles au pH capables de se protoner dans un
environnement tumoral légérement acide (pH ~ 6,8) pour favoriser
Dinteraction avec les protéoglycanes."”'* L’emploi d’agents de ciblage en
surface des nanovecteurs (transferrine, acide folique, peptides
d’internalisation...) permet également d’augmenter 1’internalisation

cellulaire. %118

Il est en général constaté que I’endocytose cellulaire des nanovecteurs est

, qe s , . . . 123,124
médiée par les mécanismes de clathrin, caveolae et macropinocytose. =

Ces voies d’internalisation ménent en général a la dégradation endosomale

(voir section suivante 1.1.4.2).'*!2¢

1.1.4.2 Les barriéres intracellulaires

Apres internalisation cellulaire, le nanovecteur se retrouve dans 1’endosome
et subit le processus de dégradation et d’acidification endosomale.'”™ Le
vecteur doit donc étre capable de s’échapper de I’endosome, sous peine de
voir le fragile matériel thérapeutique dégradé rapidement par les protéases et
Iacidification (voir section 1.3.1).'° En thérapie génique, il est généralement
considéré que la séquestration endosomale est la principale barriere a la
délivrance efficace d’oligonucléotides thérapeutiques.'*’ La stratégie la plus
employée pour favoriser 1’échappement endosomal est 1’¢laboration de
formulations de nanovecteurs « pH-sensibles », qui profitent de
I’acidification pour déstabiliser ou fusionner avec I’endosome (voir section

1.3).1*%1%? Cette problématique est celle qui sera la plus majoritairement
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abordée dans cette theése, lors de 1’élaboration de notre nanovecteur lipidique
pH-sensible. La PEGylation des nanovecteurs, nécessaire pour augmenter la
demie-vie de circulation et stabiliser les nanoparticules (voir section 1.1.4.1),
s’oppose drastiquement a 1’échappement endosomal et donc a I’efficacité de
transfection. Ceci est dii a I’encombrement stérique diminuant les interactions
entre les nanoparticules et la paroi endosomale, prévenant ainsi les

. . . , . \ r 130
interactions de fusions nécessaires a I’échappement endosomal.

Dans le cytoplasme, le nanovecteur doit enfin décomplexer et relarguer les
oligonucléotides afin que ceux ci se rendent dans la machinerie cellulaire."
Les nanovecteurs cationiques utilisés en thérapie génique disposent d’une
forte affinité avec les oligonucléotides anioniques. Un exceés de charges
cationiques ou I’utilisation de groupements trop cationiques (ammonium
quaternaires ou amines primaires par exemple) peut mener a une innéficacité
de la dissociation vecteur-oligonucléotide, et a une baisse de I’efficacité de
transfection.">* Notons que les ADNp doivent encore se rendre dans le noyau
(passage de la membrane nucléaire, possible seulement lorsque la cellule est

en mitose — voir section 1.1.3.1)."%
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1.2 La vectorisation des oligonucléotides thérapeutiques

Comme nous 1’avons vu précédement, la thérapie génique repose sur 1’adressage
intracellulaire d’un oligonucléotide thérapeutique exogeéne. Ces oligonucléotides sont par
nature des macromolécules sensibles a la dégradation et hautement hydrophiles. Leur
incapacité a traverser les membranes lipidiques cellulaires les rends incapables de pénétrer
la cellule ou de s’échapper de I’endosome seuls."** La thérapie génique est donc dépendante
de I'utilisation de nanovecteur capables de contenir, protéger, véhiculer et relarguer les
oligonucléotides dans la machinerie cellulaire. Par souci de concision, cette présente thése
ne traitera que des nanovecteurs chimiques de thérapie génique.

s 1z . ’ SRR . 16,42,108,134
Un nanovecteur idéal doit présenter les caractéristiques suivantes " 7 :

e FEtre obtenu par un procédé reproductible, peu cotiteux et produit en quantité

suffisante.
e Etre stable pendant le stockage (forme liquide ou lyophilisée).

e Etre en mesure de protéger, transporter et livrer au bon tissu une grande

quantité d’oligonucléotides thérapeutiques.

e FEtre en mesure de délivrer les oligonucléotides de facon homogeéne dans le

tissu ciblé.

e Etre capable de livrer des quantités thérapeutiques d’oligonucléotides dans le

cytosol ou le noyau cellulaire (selon la stratégie thérapeutique employée).

e Etre en mesure d’entrainer une cinétique de production protéique (ou
d’interférence protéique) en accord avec la stratégie thérapeutique
(expression protéique longue avec un ADNp versus expression protéique

transitoire avec un ARNm par exemple).
e FEtre peu immunogéne afin de permettre des administrations répétées.

e Etre spécifique d’un tissu, d’un organe, d’un type de cellule donné afin de

limiter la délivrance non spécifique, la toxicité et les effets « off-target ».

Sur le plan médical, il existe deux approches différentes pour ’administration de

129

genes (Figure 1.26). ©” La premiére est la méthode de transfert de géne ex vivo. Les cellules
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malades du patient sont prélevées, transfectées avec le géne thérapeutique, éventuellement
multipliées in vitro puis ré-implantées chez I’individu. Cette approche est coliteuse, nécessite
du personnel et du matériel spécialisé et ne s’applique qu’aux tissus malades dont les cellules
sont prélevables (moelle osseuse, lymphocytes, cellules souches). La seconde approche
d’administration est un transfert de géne in vivo. Dans ce cas le géne thérapeutique et son
nanovecteur sont administrés directement chez le patient (injection intraveineuse, sous-
cutanée, intramusuculaire, locale, administration pulmonaire...). Aucune intervention

chirurgicale n’est nécessaire.

DIRECT DELIVERY CELL-BASED DELIVERY
ThefopethQ B R Thefopeuan
ransgene The therapeutic The therapeutic  Tfansgene
l fransgenels | fransgene s
packaged info a | = ¢ packaged Iinto a g .

delivery vehicle ' | *

X \ delivary vehicle an
such as a virus. . - such as a virus.
1
M C '

% S E
N DL e
DL
The thatapeutic
Target organ fransgene Is
...and Injected , [e.g., liver) Introduced Into a

<

into the patient. delivery cell such as
- a stém cell that is
often derived from
the patient.
The genelically modified
cells (e.g.. stem cells)
are multiplied in the
...and readministered labotatory.
to the patient.

Figure 1.26 — Modes d’administration de génes thérapeutiques : in vivo (direct delivery) et ex vivo (cell-based

delivery) — © Terese Winslow

Les plus grandes difficultées rencontrées en thérapie génique actuellement sont :

e [’homogénéité de transfection du tissu cible n’est pas optimale (par exemple
1’ ADNp qui ne transfecte efficacement que les cellules en mitose®’ ou encore

. o . s 7 . 45
la faible pénétration des tumeurs non-vascularisées et non-fenestrées)

e La séquestration endosomale qui survient apres internalisation cellulaire est
encore de nos jours une barriére qui s’oppose drastiquement a 1’efficacité de

. 16,124,12
transfection.'®!1?41%7
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e Réussir a cibler un autre organe que le foie, la rate ou les reins. Les
nanoparticules cationiques utilisées en thérapie génique ont un tropisme pour
le foie et la rate (nanoparticules 60-140 nm) ou le rein (micelles polymériques
< 20 nm) — voir section 1.1.4.1. Ceci est du au fait que ces organes sont
responsables de la clairance sanguine.'” Cibler d’autres organes tels que la
prostate, le pancréas, le cerveau ou les tumeurs et leurs métastases est

135

particulierement difficile. *> Il est possible d’utiliser des agents de ciblage

actif spécifique d’un tissu donné en surface du nanovecteur pour essayer

. o0 118,135,136
d’augmenter 1I’accumulation dans 1’organe cible. ™

e Réussir a obtenir une durée de circulation plasmatique suffisament longue
pour permettre une accumulation passive dans les tumeurs et métastases. Les
nanovecteurs de thérapie génique (notamment lipidiques) sont trop
cationiques et insuffisament PEGylés pour circuler efficacement plus d’une
heure dans la circulation sanguine (ils sont phagocytés par les monocytes ou
accumulés dans le foie).''""*” Des durées de circulation plus longues et une
bonne accumulation tumorale commencent a étre obtenues avec ’utilisation

de nanosystémes polymériques ou hybrides lipide-polymére.*™'*

1.2.1 Les vecteurs lipidiques

Si I’on excepte les vecteurs viraux, les vecteurs lipidiques sont les nanovecteurs de
thérapie génique les plus utilisés en essais cliniques a 1’heure actuelle.'’”” Ces derniers sont
I’objet de cette thése, et seront plus détaillés ci-aprés (section 1.3.2). Les nanovecteurs
lipidiques de thérapie génique utilisés de nos jours sont relativement peu toxiques et peu

138149 pour la délivrance de siRNA au foie chez la souris, les doses toxiques

immunogenes.
les plus faibles sont entre 20 et 100 fois supérieures a la dose thérapeutique efficace.””'*' La
méme chose est en général observée pour 1’édition génomique CRISPR/Cas9 au foie (coupes

histologiques, cytokines et enzymes hépatiques inchangées).'*

Les nanovecteurs lipidiques sont constitués d’un assemblage supramoléculaire de
lipides cationiques et co-lipides (non-toxiques car déja présent de fagon endogéne, par
exemple DOPE, DSPC, cholesterol) capables d’étre facilement déstabilisé¢ ou désolidarisé.

Les lipides utilisés sont métabolisables et sont en général peu ou pas bioaccumulables.'**'*
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Tres peu de nanovecteurs lipidiques cationiques de thérapie génique sont a ce jour
capables de circuler longtemps dans la circulation sanguine (demie-vie > 2 heures), afin de
bénéficier d’une importante accumulation tumorale passive. Seuls certains sytémes
hautement post-PEGylés (incubation des nanoparticules avec de fortes concentrations de
lipide-PEG) sont reportés comme étants circulants, mais leur efficacité de transfection in
vivo est plutdt faible a cause des fortes concentrations de PEG utilisées.'**'** Certains
systémes polymériques (voir section 1.2.2) et hybrides lipides-polymére (voir section 1.2.3)

sont quand a eux capables d’avoir une demie-vie plasmatique supérieure a 2 heures.

Les nanoparticules lipidiques regroupent sous un seul et méme terme les
« liposomes » (formulés par sonication ou extrusion, et présentant un cceur aqueux
hydrophile) et les plus récentes nanoparticules lipidiques solides (/ipid nanoparticles —
LNP). Ces derniéres sont formulées par mixage microfluidique et n’ont pas de cceur aqueux
(Figure 1.27). De nos jours en thérapie génique in vivo, les liposomes ont laissé leur place
aux nanoparticules lipidiques solides fabriquées par microfluidique. Cette nouvelle approche
permet la fabrication reproductible de nanoparticules lipidiques plus petite (< 100 nm, quand

les liposomes cationiques ont souvent une taille supérieure a 200 nm), dotées de bonnes

capacités de complexation des oligonucléotides thérapeutiques et dotées d’efficacités de
146-148

transfection supérieures in vivo.

Figure 1.27 — Observation en Cryo-TEM de liposomes classiques (POPC/Cholestérol) fabriqués par extrusion
(gauche) et de LNP cationiques DLinKC2-DMA/DSPC/Cholestérol/PEG-DMG fabriquées par microfluidique
(droite). On distingue la bicouche externe lipidique et le coeur aqueux des liposomes, tandis que les LNP

apparaissent solides et pleines.'*’
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1.2.2 Les vecteurs polymériques

Les nanovecteurs polymériques amphiphiles sont également trés utilisés en thérapie
génique. L’avantage des vecteurs polmériques est la relative facilit¢ d’obtention de
nanoparticules de taille inférieure a 100 nm et la possibilit¢ d’intégrer de multiples
fonctionnalités dans une seule molécule.””® Au début des années 2000, il fut considéré
’utilisation de poly-L-lysine (PLL) et de polyéthyléenimine (PEI) pour délivrer des
oligonucléotides thérapeutiques in vivo.”! Ces polyméres encapsulent efficacement les
oligonucléotides et disposent de capacités d’échappement endosomal notables. Ces
polymeéres hautements cationiques sont également connus pour étre toxiques, incapables de
circuler longtemps dans le sang pour s’accumuler de fagon préférentielle aux tumeurs (méme
lorsque copolymérisés avec du PEG) et dotés de capacités de transfections perfectibles in

. 152
vivo.

De nos jours, les nanovecteurs polymériques utilisent des copolymeéres plus avancés
pour réaliser la délivrance et la transfection efficace des geénes thérapeutiques. Ils sont en

général composés de :

e Un block polymérique cationique (PEI, PAMAM) permettant la

complexation avec les oligonucléotides anioniques.

e Un block polymérique hydrophile (PEG) permettant la stabilisation
colloidale du nanovecteur ainsi que 1’augmentation de la demie-vie de

circulation sanguine.

e Une composante hydrophobe (PLGA, PDPA, chaines alkyl) pour obtenir
I’amphiphilicité¢ globale nécessaire pour ’obtention d’une nanoparticule

polymérique a cceur hydrophobe.

A titre d’illustration, le plus récent polymére PEG-b-P(DPA-co-GMA-TEPA-C14)
développé par le laboratoire du Pr. Farokhzad pour la délivrance de siRNA pour le traitement
du cancer (longue circulation plasmatique et taille < 100 nm requise) dispose de la structure
suivante (Figure 1.28) : un block PEG hydrophile (bleu) couplé a un block hydrophobe
cationique compos¢ de poly(2-(diisopropylamino) ethylmethacrylate (PDPA - vert) et
tetraéthylénepentamine (TEPA) — C14 (rouge).'> Ce polymére a la particularité de voir sa

composante cationique (TEPA-C14) intégrée au sein de la partie centrale hydrophobe ainsi
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que d’avoir un comportement pH-sensible (la protonation de 1’unit¢ PDPA a pH endosomal

provoque la dissociation des nanoparticules).
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Figure 1.28 — Structure du polymére PEG-b-P(DPA-co-GMA-TEPA-C14) pour la délivrance de siRNA in

. 153
vivo

De multiples caractéristiques chimiques peuvent étres incorporées aux polymeéres.
On peut citer I’emploi de liaisons ester clivables ou de ponts disulfures réductibles,

permettant d’augmenter la biodégradabilité des polymeres et de conférer un comportement

154,155

pH-sensible. Il est également possible de faire varier 1’architecture polymérique

(Figure 1.29), ceci pouvant fortement influer sur la toxicité, la demie-vie de circulation et

I"efficacité de transfection.'>*'®

b. Branched polymers
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Figure 1.29 — Représentation schématique des différentes architectures polymériques pouvant étre utilisées en

r . S 159
thérapie génique.
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1.2.3 Les nanosystémes hybrides lipide-polymére

Ces dix derniéres années, les nanovecteurs hybrides lipide-polymeére ont fait leur
apparition en thérapie génique. Ces nanosystémes sont les plus prometteurs si I’on considere
la balance efficacité de transfection/temps de circulation sanguine.'® Ils exploitent d’une
part les excellentes capacités de transfection et la faible toxicité des nanoparticules lipidiques
et d’autre part la stabilité colloidale, I’efficace complexation et la bonne durée de circulation

. . o 161,162
sanguine des architectures polymériques.

La principale stratégie est d’utiliser une technique de formulation de nanovecteurs
par couches successives. Le cceur hydrophobe de la nanoparticule est formé en premier
(lipidoide cationique + oligonucléotides thérapeutiques). Ce coeur est ensuite mixé avec un
polymére hydrophobe (par exemple PLGA) pour conférer une forte solidit¢ a la
nanoparticule, empécher la déstabilisation des lipides et enfermer les oligonucléotides dans
le coeur hydrophobe du vecteur. Enfin, une couche externe composée de phospholipides et
de lipides-PEG est ajoutée en surface, garantissant une charge externe apparente quasi-nulle
(masquage des charges cationiques internes) et une longue durée de vie de circulation. Le
défi majeur a relever lors de la préparation de ces nanoparticules est de réussir a obtenir une
taille finale de particule inférieure a 100 nm.*® A titre d’illustration, le nanovecteur de ce

type développé par Shi ef al. en 2011 est présenté en Figure 1.30.

A\(vess DSPE-PEGM

02 Lecithin
o Polymer
@~ Cationic Lipid
v SiRNA

Figure 1.30 — Representation d’un nanovecteur hybride lipide-polymére a longue durée de circulation sanguine

' En ¢) sont présentées des microvésicules modéles présentant les différentes

pour la délivrance de siRNA.
couches formant le nanovecteur, observées par microscopie de fluorescence (rouge = lipide cationique ; bleu

= polymére PLGA ; vert = lipide-PEG).
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Cette premiére génération de systéme hybride lipide-polymére mesurait 200 nm.'” La
seconde génération reprend le méme principe mais [’utilisation d’un nouveau lipide
cationique permettant une meilleure complexation dans le coeur de la nanoparticule permet
I’obtention d’une taille finale inférieure a 100 nm.*® Cette seconde génération dispose d’une
demie-vie de circulation d’environ 8h, ce qui est trés élevé lorsque 'on sait que les
nanovecteurs (lipidiques et polymériques) cationiques PEGylés disposent d’une demie-vie

. . 38,110,11
de circulation en dessous de 2h. 311117

Un autre exemple récent de systeme hybride lipide-polymeére est 1’utilisation de
dendriméres biodégradables cationiques et leur formulation avec des co-lipides

164 Dans la

commerciaux (DSPC, cholesterol et DMG-PEG;o00) par mixage microfluidique.
librairie de dendrimeres utilisée dans cette étude, certains sont trés toxiques in vivo
(formulation 6A3-SC12) tandis que d’autres (formulation 5SA2-SC8) se sont montrés moins
toxiques (aucune toxicité détectée in vivo a 75 mg/kg) que les meilleurs lipidoides
cationiques actuels utilisés pour la délivrance de siRNA au foie (C12-200, cKK-E12 — voir
Figure 1.16). Dans cette étude, seule la meilleure formulation SA2-SC8 (efficace et non-
toxique) fut capable d’augmenter la survie des souris dans un modele de carcinome
hépatocellulaire (cancer aggressif ou le foie est trés fragilis¢ et ou I’utilisation de

nanovecteurs cationiques « classiques » aggrave significativement la maladie — Figure

1.31)",

l \ B = No treatment

Tumor-bearing mice
= 5A2-SC8 + CTR mimic *k

100 == siCTR alone :] s 100 — 5A2-SC8 + et-7g mimic
I_ —- 5A2-SC8 p=0.0040
S ~ eassci2 J* g
S 3
% 504 - % 50-
@ @
p =0.0347
1 |
ottt - - bt vy v d |
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Age (days)

Figure 1.31 — (A) Comparaison des courbes de survies des souris traitées avec 2 formulations lipide-
dendrimere différentes (siRNA contrdle négatif 3 mg/kg ; dendrimére 75 mg/kg). Seule la formulation SA2-
SC8 n’impacte par la survie des souris grace a sa non-toxicité. (B) Le traitement des souris porteuses de tumeurs
avec un miRNA (mimic /et-7g) encapsulé dans la formulation non-toxique SA2-SC8 permet d’augmenter

significativement la survie des souris.
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1.2.4 Les exosomes

Les exosomes sont des vésicules lipidiques de diamétre 20-100 nm qui sont produites
et excrétés par les cellules et présents dans tous les milieux biologiques (sang, urine, milieux

de cultures cellulaires...).'®’

Ces exosomes contiennent des protéines (récepteurs
transmembranaires et cytoplasmiques), des ARN (ARNm, miARN) et des débris cellulaires.
Bien qu’encore assez peu étudiés, ils semblent jouer un role dans la transmission de signaux
biologiques et dans le transfert d’oligonucléotides entre les cellules, afin de réguler des
processus biologiques.'® Il a été montré que les exosomes utilisent un mécanisme similaire
a celui des virus pour pénétrer dans la cellule. Grace a leurs excellentes capacités
d’adressage, de pénétration cellulaire et de stabilit¢ plasmatique, les exosomes sont par
définition d’excellents « nanovecteurs de transfection naturels », et ont étés exploités pour
la délivrance d’oligonucléotides thérapeutiques.'®” Les exosomes sont tout d’abord isolés
(par ultracentrifugation) a partir de sérum animal ou de milieux de cultures. Ils sont ensuite
purifiés, éventuellement modifiés (ajouts d’agents de ciblages) et chargés avec des
oligonucléotides thérapeutiques (ADNp, siRNA, miRNA).'®® Les exosomes ont pour
avantages majeurs d’avoir une clairance (hépatique, splénique et rénale) et une toxicité plus
faible que les nanovecteurs chimiques lipidiques ou polymériques.'®

A titre d’illustration, 1’équipe du Pr Wood a isolé des exosomes produits par des
cellules de moelle osseusse de souris pour délivrer des siRNA au cerveau (Figure 1.32a).'”°
Apres prélevement, les cellules sont transfectées in vitro afin de permettre 1’expression de la

protéine exosomale Lamp2b fusionnée avec le peptide d’adressage neuronal RVG.'"!

Apres
injection intraveineuse, ces exosomes sont capables de traverser la barriere hémato-
encéphalique pour éteindre efficacement le géne BACE! (traitement maladie d’Alzheimer)
au niveau central in vivo. La spécificité de la transfection au cerveau démontrée par 1’absence
de silencing du géne GAPDH dans les tissus autres que le cerveau est remarquable (Figure

1.32b).
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Figure 1.32 — (a) Schéma présentant la stratégie thérapeutique utilisée pour la délivrance de siRNA au niveau
central par des exosomes ciblés (ciblage actif RVG). (b) Mesure par gPCR de I’expression du géne ubiquitaire

GAPDH 48h aprés injection intraveineuse. On note la spécificité de la délivrance de siRNA anti-GAPDH (forte

. . . . : 170
transfection au cerveau et absence de transfection dans les autres tissus, excepté les reins).

1.2.5 Les systémes conjugués

De nombreux systémes conjugués de délivrance de siRNA sont reportés dans la
littérature.”* Ces systémes sont formés d’un oligonucléotide thérapeutique (trés souvent un
siRNA, pour raisons de facilit¢ de synthese, de purification et de cott) greffé de fagon
covalente a une autre entité tel qu’un cholestérol, une molécule lipidique'’?, un polymére'”,
un peptide' ™, un anticorps' >, un aptamére'’® ou une petite molécule de ciblage.*® Puisque
ces systémes n’offrent pas directement de protection physique de 1’oligonucléotide contre
les RNAses endogenes, ils ont majoritairement pu émerger grace a I’utilisation des
modifications chimiques des bases (amélioration de la résistance a la dégradation in vivo —

voir section 1.1.3.3).

Les premiers systemes conjugués « simples » de type siRNA-cholesterol ou siRNA-
lipide, bien qu’étudiés depuis le début des années 2000, n’ont pas vraiment rencontré leur
succes. Leur efficacité de transfection in vivo est bien souvent surplantée par les
nanovecteurs lipidiques ou polymériques.* D’autres systémes conjugués plus perfectionnés
sont par contre tres efficaces in vivo, et font déja 1’objet d’essais cliniques trés prometteurs.
Le systéme conjugué¢ GalNAc-siRNA de la compagnie Alnylam® Pharmaceuticals (déja

présenté en section 1.1.3.3) en est la parfaite illustration.*®

La compagnie Arrowhead Pharmaceuticals a dans son pipeline 3 candidats pour la
délivrance de siRNA, basés sur le systeme « Dynamic PolyConjugates », qui est un conjugué

siRNA-polymére (Figure 1.33).'” Le siRNA est conjugué par un groupement disulfure
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(permet la libération du siRNA une fois dans le cytosol) a un polymere cationique doté de
capacités déstabilisatrices de membranes (favorise 1’échappement endosomal — voir section
1.3.1). Ce polymere cationique est lui méme greffé a du PEG et a un agent de ciblage actif
(GalNAc pour la délivrance hépatique et anticorps anti-aVB3 pour le cancer colorectal'’’)
par des groupements pH-sensibles (clivés a pH endosomal pour permettre 1’échappement

endosomal du duo siRNA-polymére cationique).
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Figure 1.33 — Schéma du mécanisme d’action des conjugués « Dynamic PolyConjugates ».*'"

Le complexe
« siRNA-polymere cationique-PEG-ligand de ciblage » est tout d’abord endocyté. Dans 1’endosome, les liens
clivables pH-sensibles (en rouge) libérent les composants PEG et ligands de ciblage. Ceci permet au duo
polymere cationique-siRNA de s’échapper de I’endosome. Une fois dans le cytosol, le lien chimique disulfure

sensible au milieu réducteur (en bleu) libére pour de bon le siRNA thérapeutique.
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1.3 Les nanovecteurs lipidiques pH-sensibles en thérapie

génique

1.3.1 L’échappement endosomal

Une des problématiques principales a surmonter pour la délivrance d’acides
nucléiques thérapeutiques est la rapide dégradation endosomale qui survient aprés
internalisation cellulaire du nanovecteur (voir section 1.1.4.2). Alors que de nombreux virus
ont développé des systémes d’échappement endosomaux treés efficaces, la situation est
différente pour les vecteurs chimiques qui manquent par défaut de stratégies
d’échappement.'”® Par exemple, les adénovirus disposent de nombreuses protéines pH-
sensibles permettant la fusion avec I’endosome ou la destruction de sa membrane.'” Ceci
montre bien que d’importants effets bénéfiques sur I’efficacité de transfection peuvent étres
attendus si cette barriere physiologique est surmontée, et qu’il est important d’anticiper cette

problématique lors de 1’¢élaboration d’un vecteur de thérapie génique.

. -
Nanoparticle + T -
anoparticlie cargo l\--/

'\' T
- \Q j Endocytosis

'K\ Early endosome (pH 6.5)
\ea/ 5-10 min

Late endosome (pH 5.5-6.5)

=
- > P : 15-30 min

s f_\ Lysosome (pH 4.5-5.5)
‘\l 'y 30-90 min

Degradation of the therapeutic content

Figure 1.34 — Représentation schématique du chemin endosomal parcouru par le nanovecteur de thérapie

génique apres endocytose cellulaire (adapté de Andrianov et al.)180

Aprés internalisation cellulaire, les nanoparticules (et 1’oligonucléotide
thérapeutique) se retrouvent dans les endosomes précoces, qui sont des vacuoles
intracellulaires ayant un pH interne =~ 6,5-6,8 (Figure 1.34). Par maturation, ces endosomes

s’acidifient et deviennent des endosomes tardifs ayant un pH interne =~ 5,5-6,5. Ensuite,
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I’endosome fusionne avec les lysosomes, sortes d’organelles intracellulaires tardives ayant

un pH interne =~ 4,5-5,5, et qui contient de nombreuses enzymes digestives (protéases,

DNases, RNases...)."”® C’est a ce niveau qu’intervient la dégradation trés rapide (moins de

deux heures)

des brins d’acides nucléiques thérapeutiques.'® Ceci indique que toute

stratégie d’échappement de la voie endosomale doit pouvoir étre déclenchée et agir assez

rapidement pour empécher au maximum la destruction du matériel thérapeutique.

Il est

endosomaux :

report¢ dans la littérature trois principaux mécanismes d’échappement

Mécanisme fusion-indépendant (Figure 1.34A) : la déstabilisation du
nanovecteur induit le transfert de peptides dans la paroi endosomale,
entrainant sa déstabilisation par agglomération peptidique ou rupture de
phase lipidique (« carpet mechanism ») ou via la formation de pores
peptidiques (« barrel stave mechanism »). Ces mécanismes sont par exemple

e . r, 181
utilisés par les virus non-enveloppés.

Mécanisme de diffusion passive du contenu thérapeutique (Figure
1.34B) : la déstabilisation du nanovecteur permet le déversement de son
contenu thérapeutique (principe actif) dans ’endosome. Seule une diffusion
passive a travers la paroi endosomale permet ensuite d’atteindre le cytosol.
Ce mécanisme d’échappement endosomal n’est pas adapté a la thérapie
génique et aux drogues polaires hydrophiles, puisqu’ils sont incapables de

. C e g 182
traverser la paroi endosomale lipidique seuls.

Mécanisme fusion-dépendant (Figure 1.34C) : la déstabilisation du
nanovecteur provoque la fusion avec la paroi lipidique de I’endosome et
provoque le relargage du contenu thérapeutique dans le cytosol. Ce
mécanisme est par exemple utilisé par les virus enveloppés, dotés de protéines
de fusion (hémagglutinine, GP2, TM).'®! Les lipides capables de changement
de phases a pH acide (DOPE, voir section 1.3.2) utilisent aussi ce mécanisme

d’échappement endosomal par fusion.'®

La variation de pH (passage de pH sanguin = 7,4 a un pH = 5) qui survient pendant

le chemin endosomal est donc I’élément qui déclenche la stratégie d’échappement. De
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nombreuses stratégies d’élaboration de nanovecteurs chimiques (lipidiques, polymériques,
hybrides) de thérapie génique pH-sensibles, capables d’étre déstabilisés et/ou de fusionner
avec la paroi endosomale de maniere spécifique a pH endosomal (= 5-6), ont étés reportées

‘ y . 153,183,184
ces deux derniéres décennies. > "

Une rapide vue d’ensemble de ces stratégies est
présentée ci-apres. Seules les stratégies d’échappement endosomal pH-sensible de vecteurs

lipidiques ou hybrides lipide-polymeéres seront présentées.

1.3.2 Les différents mécanismes de pH-sensibilité des nanovecteurs
lipidiques en thérapie génique

Il est bien établi que I’échappement endosomal est ’une des sinon la majeure barriere
a franchir pour une délivrance de génes efficace.'® Il a par exemple été montré que seulement
~ 1-2% des siRNA délivrés par nanoparticule lipidique ou polymérique sont capables d’étres

1 r : 185,186
délivrés de ’endosome au cytosol cellulaire. ™

Dans un contexte de thérapie génique, il
est relativement ais¢ d’apprécier la résultante d’un échappement endosomal « réussi »
(microscopie de fluorescence ou mesure de I’efficacité de transfection finale) mais il est plus
compliqué d’étudier, d’observer et de comprendre ’intimité du mécanisme mis en jeu.'**'®’
Des études de microscopie confocale mettant en jeu des marqueurs FRET peuvent donner
des informations quant au désassemblage intracellulaire de la nanoparticule, mais ne peuvent

187,188

pas étre appliquées a haut débit. Jusqu’a maintenant les approches empiriques, essai-

erreur et combinatoires®’ (relation structure / efficacité de transfection in vitro ou in vivo)

186

ont dominé ce champ d’étude.”™ Peu de travaux récents traitent de la mécanistique de

I’échappement endosomal, et les préceptes découverts avant les années 2000 (par exemple

189

le « proton sponge effect » du polyméere PEI) ™ sont fortements discutés ou révelent de

. . Lo 190,191
nombreuses inconsistances expérimentales.

Dans cette section seront présentés les différents mécanismes de pH-sensibilité visant

a promouvoir 1’échappement endosomal des nanovecteurs lipidiques en thérapie génique.

1.3.2.1 Les lipides ionisables

L’une des premicres approches utilisées pour I’¢laboration de liposomes pH-
sensibles fut 1’utilisation de lipides (ou d’association de lipides) capables de changement de
phases lipidiques a pH acide. Le passage d’une phase lamellaire liposomale a une phase
hexagonale Hy; est capable de favoriser la fusion avec la paroi endosomale.'”> Ce mécanisme

n’est pas seulement réservé au phospholipide neutre DOPE mais également a [’utilisation
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d’associations de lipides cationique/anionique (DODAC/CHEMS, DOTMA/DOPS) ou

193

’utilisation du cholestérol comme co-lipide. ™~ L’utilisation de ces lipides en thérapie

génique in vivo n’est plus d’actualité, excepté la ré-utilisation récente de la DOPE pour la

3,194
73,194 o

délivrance d’ARNm au foie (augmentation drastique de 1’efficacité de transfection)
I’utilisation du cholestérol dans pratiquement toutes les formulations lipidiques pour la
délivrance de siRNA, ARNm ou encore sgRNA.'” De nouveaux lipides ionisables plus
efficaces ont étés découverts ces dernieres années, grace a des approches combinatoires
(Figure 1.35).”*”'*" Ces lipides ionisables disposent tous d’amines tertiaires conférant a la
nanoparticule lipidique un pK, apparent ~6,4. Il a ét¢ montré que cette caractéristique
moléculaire est un pré-requis obligatoire pour favoriser 1’échappement endosomal et

permettre la transfection efficace de siRNA in vivo.'”’
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Figure 1.35 — Structure de la DOPE et des lipides ionisables récemment découverts, ayant une valeur de pK,

7,127,141,196
apparent ~6,4.” """

1.3.2.2 Les lipides clivables

Une seconde approche pour 1’élaboration de nanovecteurs pH-sensibles est

I’utilisation de lipides clivables via hydrolyse acide. A pH endosomal, ces lipides sont
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hydrolysés et les parties hydrophiles et hydrophobes de la molécule sont séparées,
provoquant ainsi la déstabilisation des liposomes ainsi que la fusion avec la paroi
endosomale.'”’ Dans certains cas, c’est la téte hydrophile du lipide qui est clivée (Figure
1.36)'*® tandis que dans d’autres cas, la partie hydrophile clivable est composée d’une chaine
de PEG linéaire (Figure 1.37)."” Bien que permettant d’augmenter considérablement le
temps de circulation du vecteur, la couronne de PEG en surface du nanovecteur est néfaste
a I’échappement endosomal, a cause de la géne stérique qu’elle provoque.”” Le fait de lier
le lipide au PEG par une liaison clivable en milieu acide permet donc de profiter de la
présence du PEG dans la circulation sanguine et de s’en séparer dans 1’endosome, afin de

permettre la fusion du nanovecteur lipidique avec la paroi endosomale.

ke
g
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Figure 1.36 — Hydrolyse acide d’un lipide cationique pH-sensible (lien orthoester), libérant la partie

hydrophobe et la téte cationique hydrophile et provoquant ainsi la déstabilisation du nanovecteur dans

’endosome.””!

Dans tous les cas, la liaison chimique clivable du lipide doit étre soigneusement
élaborée afin d’étre stable 4 pH sanguin et fortement hydrolysée a pH endosomal.*”* Un des
principaux inconvénients inhérents a cette approche est que la cinétique d’hydrolyse acide

199,203
est souvent assez lente (> 8 heures)

, n’étant ainsi pas favorable a un rapide
¢chappement endosomal nécessaire pour éviter la dégradation du fragile matériel
thérapeutique (voir section 1.3.1). Egalement, il existe trés souvent une faible hydrolyse

résiduelle du lipide & pH 7,4, provoquant des problémes de stabilité des formulations.*****

Précisons que 1’emploi de lipides clivables pour la thérapie génique n’est pas
seulement réservé a I’hydrolyse acide visant a améliorer I’échappement endosomal. Des

203206 oy clivable par hydrolyse enzymatique™ peuvent

groupements réductibles (disulfure)
¢galement étres integrés dans la structure des lipides, favorisant ainsi une bonne
déstabilisation du nanovecteur une fois dans le milieu réducteur du cytoplasme (meilleure
dissociation de 1’oligonucléotide thérapeutique et meilleure métabolisation du

164,206
nanovecteur).
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Figure 1.37 — Schéma illustrant I’utilisation d’un lipide-PEG clivable via utilisation d’un lien vinyl ether. Ce

lipide résiste environ 2 jours a pH 7.4 et est clivé en environ 12 heures a pH 4,5.>"'

1.3.2.3 — Utilisation de peptides fusogénes pH-sensibles

Les peptides fusogénes pH-sensibles — aussi appelés « Cell-Penetrating Peptides »
(CPP) ou « Protein Transduction Domains » (PTD’s) — sont de courtes séquences d’acides
aminés cationiques (10-30 AA) capables de faciliter le transport de macromolécules a travers

s . 207,208
les membranes lipidiques cellulaires.””

Les CPP’s sont originellement les protéines
virales que les virus utilisent pour s’échapper de I’endosome. Le peptide TAT fut le premier
CPP isolé & partir du virus HIV-1°?, et de nombreux analogues synthétiques ont depuis été
développés (Tableau 1.8).>'**"' Ces derniéres années, de nombreuses études ont rapporté
I’utilisation de CPP pour la vectorisation d’oligonucléotides, de nanoparticules

polymériques et lipidiques ou de drogues hydrophiles.”"'

Plusieurs théories s’affrontent quand a 1’efficacité qu’ont les CPP a s’échapper de
I’endosome. Certains groupes mettent en avant le fait que des interactions hydrophobes et

¢lectrostatiques ont lieu entre la membrane endosomale et le CPP, provoquant la
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déstabilisation de 1’endosome.””’ D’autres groupes avancent ’hypothése de la pompe a
proton, c’est a dire I’hypothése de la rupture de I’endosome suite a une augmentation de

. . ., . . . 158
pression osmotique liée au pouvoir tampon des charges cationiques des CPP.

A titre d’exemple, la sous-unité HA-2 de I’hémagglutinine du virus influenza est un
CPP capable de réaliser un changement conformationnel a pH acide, dans le but d’exposer
en surface sa région N-terminale contenant une séquence d’acide aminés hydrophobes. Ceci
déclenche la fusion de la membrane virale avec la paroi endosomale, permettant le relargage
du contenu viral dans le cytosol cellulaire.*'* Cette sous-unité HA-2 a donné naissance a un
CPP synthétique nommé GALA, capable de passer d’une conformation « pelote aléatoire »
a une conformation « hélice-o. amphiphile » quand le pH passe de 7 a 5, favorisant ainsi
I’échappement endosomal.””> Ce CPP a été intégré dans des nanoparticule lipidiques pour la
délivrance de siRNA, ou il améliore I’efficacité de transfection par une meilleure

internalisation cellulaire et un meilleur échappement endosomal.*"*

Dans les nanoparticules lipidiques, 1’intégration de CPP dans de faibles proportions

1.2°7 Le principal

molaires (< 2 mol%) est suffisant pour favoriser I’échappement endosoma
inconvénient a I’emploi des CPP est leur coiit 4 cause de la synthése peptidique. Egalement,
il convient de noter que les CPP’s sont en réalité plus couramment utilisés pour augmenter
la pénétration cellulaire d’un nanovecteur que de maniére pH-sensible pour 1’échappement

207,215
endosomal.*®”

Peptides Origin Sequences Cargo types

Peptides deriving from protein transduction domains

Tat HIV-Tat protein PGRKKRRQRRPPQ Protein/peptide/siRNA/
liposome/nanoparticle

Penetratin Homeodomain RQIKIWFQNRRMKWKK peptide/siRNA/liposome

Transportan Galanin-mastoparan GWTLNSAGYLLGKINLKALAALAKKIL Protein/PNA/siRNA

VP-22 HSV-1 structural protein DAATATRGRSAASRPTERPRAPAR-SASRPRRPVD Protein

Amphipathic peptides

MPG HIV Gp41-5V40 NLS GALFLGFLGAAGSTMGAWSQPKKKRKV siRNA/ODN/plasmid

Pep-1 Trp-rich motif-SV40 NLS KETWWETWWTEWSQPKKKRKV Protein/peptide

MAP Chimeric KALAKALAKALA Small molecule/plasmid

SAP Proline-rich motif VRLPPPVRLPPPVRLPPP protein/peptide

PPTG1 Chimeric GLFRALLRLLRSLWRLLLRA Plasmid

Other cell-penetrating peptides: cationic peptides

Oligoarginine Chimeric Agr8 or Arg9 Protein/peptide/siRNA/ODN

hCT (9-32) Human calcitonin LGTYTQDFNKTFPQTAIGVGAP Protein/plasmid DNA

SynB Protegrin RGGRLSYSRRRFSTSTGR Doxorubicin

Pvec Murine VE-cadherin LLILRRRIRKQAHAHSK Protein/peptide

Tableau 1.8 — Présentation des principaux CPP utilisés dans les nanoparticules lipidiques et polymériques en

r . S 211
thérapie génique.
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1.3.2.4 Hybride lipide - polymere de surface pH-sensible

Il est possible d’utiliser une couronne polymérique pH-sensible pour conférer un caractére

pH-sensible a une nanoparticule hybride lipide-polymére. A pH endosomal, la couronne
olymérique en surface est déstabilisée et induit la déstabilisation de la nanoparticule et la

polymeriq P

fusion avec I’endosome.”'® Les hypothéses mécanistiques globalement reportées dans les

différentes études sont un processus de protonation, de « gonflement », de dégradation ou

de réarrangement conformationnel du polymére.'®*!

A titre d’illustration, Kono et al. ont récemment décrit I’utilisation de deux polymeéres
MGlu-HPG'® (Figure 1.38) et MGlu-Dex*'® qui, une fois greffés en surface de liposomes
composés d’un lipide cationique « TRX », conférent des capacités de déstabilisation, de
fusion et de relargage du contenu polaire dans le cytosol cellulaire. Bien que peu ¢lucidé, le
mécanisme de pH-sensibilité est rapide (moins de 30 min), permettant en théorie d’éviter la
dégradation lysosomale des brins d’acides nucléiques thérapeutiques. Il est & noter que ce
groupe de recherche a pour I’instant réalis¢ la vectorisation de protéines polaires
(ovalbumine) avec ces nanovecteurs liposomaux, mais qu’ils envisagent dans un futur
proche de réaliser des essais de délivrance de siRNA.
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Figure 1.38 — (A) Représentation schématique de la nanoparticule pH-sensible hybride lipide-polymeére
TRX/MGIu-HPG. Le polymere 3-methylglutarylated hyperbranched poly(glycidol) (MGlu-HPG) est
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complexé avec le lipide cationique TRX. (B) Présentation du relargage d’un fluorophore hydrophile pyranine
encapsulé dans la nanoparticule en fonction du pH (score de « leakage » apres 20 min a différents pH). Le
mécanisme pH-sensible fonctionne avec 0 mol% (carrés blancs), 10 mol% (triangles noirs), 20 mol% (ronds
noirs) ou 30 mol% (carrés noirs) de lipide cationique TRX. Les liposomes contrdle négatifs sans polymere

MGlu-HPG pH-sensible ne sont pas pH-sensibles (ronds blancs).

1.3.2.5 Autres approches d’échappement endosomal

La méthode de « Photochemical Internalisation » (PCI) est une approche qui utilise
un faisceau proche infrarouge et des molécules photosensibles (TPPS,, et AIPcS,, — Figure
1.39) qui présentent un tropisme pour les membranes plasmatiques et endosomales. Apres
internalisation, les nanoparticules lipidiques sont confinées dans les endosomes sans
possibilité d’échappement, jusqu’a 1’application du faisceau lumineux sur la cellule. Ceci
provoque ’activation des molécules photosensibles et la formation de dérivés réactifs de
I’oxygene, capables de briser les membranes endosomales et ainsi permettre le relargage des

2191 es inconvénients

brins d’acides nucléiques thérapeutiques dans le cytosol (Figure 1.40).
de cette méthode sont les effets secondaires des dérivés réactifs de 1I’oxygene qui sont formés
(effets mutageénes sur I’ADN génomique de la cellule) et I’impossibilité¢ d’application du

220

faisceau lumineux dans les tissus profonds.”” Le point fort de cette approche est la

possibilité de cibler spécifiquement un tissu grace a I’irradiation spécifique du tissu a traiter.

Il est a noter qu’il n’y a pas de mécanisme pH-sensible a proprement parler avec cette
technique, puisque le stimulus favorisant 1’échappement endosomal est 1’application du

faisceau lumineux. Les nanoparticules ne sont pas intrinséquement pH-sensibles.

TPPS,, AlPcS;,

Figure 1.39 — Structure chimique des agents photosensibilisants utilisés en « Photochemical Internalisation ».
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Figure 1.40 — Mécanisme de 1’échappement endosomal via « Photochemical Internalisation ». 0



1.4 Présentation du projet

1.4.1 Hypotheses de recherche

L’objectif de ce projet est le développement de nouveaux nanovecteurs lipidiques
cationiques pH-sensibles pour la vectorisation de siRNA. Ces formulations reposent sur un
mécanisme novateur de pH-sensibilité, a savoir sur ’utilisation d’un lipide bascule
cationique synthétique capable de changer de conformation a pH-endosomal (Figure 1.41).
La protonation du noyau pyridine central du lipide bascule (en rouge) qui intervient a pH
endosomal autorise la formation de liaisons hydrogenes avec les deux fonctions méthoxy. Il
en résulte un basculement (changement de conformation) de la molécule, provoquant au
passage la déstabilisation ou le réarrangement de la bicouche lipidique du liposome et un

processus d’échappement endosomal fusion-médié.

CHANGEMENT
CONFORMATIONNEL

DESTABILISATION DE LA BICOUCHE LIPIDIQUE

=1,30r5

. « Headgroup » non-cationique ou cationique

STABLE

Figure 1.41 — Schéma présentant le changement de conformation des lipides bascules en fonction du pH

(protonation du noyau pyridine central).

Nous formulons les hypothéses suivantes :

e Un lipide incorporant une bascule pH-sensible est capable de changer de

conformation a pH acide

e Un tel changement de conformation est capable de déstabiliser une

nanoparticule lipidique par la perturbation de I’arrangement lipidique et
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d’induire un potentiel fusogéne avec les membranes endosomales a pH acide

afin de favoriser I’échappement endosomal

Un tel mécanisme de changement de conformation du lipide bascule est
supposé instantané et donc compatible avec un échappement rapide de
I’endosome (prévenant ainsi la dégradation des oligonucléotides
thérapeutiques qui intervient rapidement apres internalisation cellulaire — voir

section 1.3.1)

Une telle nanoparticule pH-sensible serait dotée de capacités de transfections

efficaces et présenterait une bonne biocompatibilité

1.4.2 Objectifs spécifiques du projet

Les différents objectifs chronologiques de ce projet de recherche s’établissent de la

fagon suivante :

1.

Synthése et caractérisation de deux librairies de lipides bascules non-

cationiques et cationiques

Validation du changement de conformation des lipides en fonction du pH par

RMN

Formulation de nanoparticules lipidiques incluant les lipides bascules et
encapsulant un traceur hydrophile modele ou des siRNA, par extrusion

manuelle et mixage microfluidique

Vérification du comportement pH-sensible et de la livraison
intracytoplasmique de composés polaires (traceur hydrophile et siRNA) in
vitro par spectroscopie de fluorescence et microscopie de fluoresence sur

cellules HelLa

Evaluation de I’efficacité de transfection de siRNA in vitro sur lignées HelLa

et Huh7

Evaluation de la toxicité in vitro (cytotoxicité sur cellules HelLa,

hémocompatibilité sur globules rouges humains)
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7. Evaluation de la biodistribution par imagerie de fluorescence et de 1’efficacité
de transfection de siRNA in vivo dans le modele murin du facteur de

coagulation VII

1.4.3 Présentation des lipides bascules pH-sensibles

La structure des lipides bascules élaborés dans cette theése est inspirée des « pinces

2! Dans cette étude, les

moléculaires » reportées en 2010 par Leblond et al. (Figure 1.42).
auteurs utilisent une structure tri-cyclique pH-sensible (en noir) capable de changer de
conformation a pH acide. A pH neutre, les deux fonctions naphtalénes (en vert) sont capables
de lier une drogue hydrophobe (par interaction aromatique ©- m) tandis qu’a pH acide, le
changement de conformation provoque une levée de ces interactions et un relargage de la
drogue. Dans cette étude, les « pinces moléculaires » sont couplées sur un squelette

polymérique de PEG (en bleu).

A
Acidic pH
_—
—
. Neutral pH
B
Polymeric \O/PEGYPEG\O/
backbone HN, o
Acidic pH
Switching P
unit ’
—
Binding Neutral pH
unit

Figure 1.42 — Schéma des « pinces moléculaires » pH-sensibles capables de changer de conformation a pH

: 221
acide.

1.4.3.1 Lipides bascules non-cationiques (1° publication)

Dans cette publication, les lipides pH-sensibles ne seront pas directement destinés a
la délivrance de siRNA (absence de groupements cationiques permettants leur
encapsulation) mais a la délivrance de drogues pharmaceutiques hydrophiles ou lipophiles
dites « classiques ». Ce travail tiendra lieu de preuve de concept pour un lipide bascule

capable de changer de conformation a pH endosomal et capable de favoriser la délivrance
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intracytoplasmique d’un composé hautement hydrophile (par un processus d’échappement
endosomal). Ce lipide sera basé sur la structure tri-cyclique pH-sensible présentée ci-dessus
(Figure 1.42). Deux chaines lipidiques alkyl seront greffées en lieu et place des groupements
naphtalénes et différents groupements de téte en 4’ du cycle pyridine central seront étudiés.
Cette étude montrera la faisabilit¢ d’un tel lipide et son incorporation dans des
nanoparticules liposomales stables a pH sanguin et déstabilisées a pH endosomal. Il sera
présenté la synthése de la librairie de lipides bascules non-cationiques, la validation du
changement de conformation en fonction du pH par RMN, la formulation de liposomes pH-
sensibles encapsulant de la sulforhodamine B par extrusion manuelle, la validation du
caractére pH-sensible instantané des formulations et la délivrance intracytoplasmique de

sulforhodamine B in vitro sur cellules Hel a.

1.4.3.2 Lipides bascules cationiques (2" publication)

Dans une seconde étude sera présenté 1’utilisation de lipides bascules cationiques
pour la délivrance de siRNA. Cette étude exploitera les conclusions relatives aux relations
structures-activité des composés de la premicere étude pour présenter de nouvelles structures
chimiques cationiques, basées sur le lipide bascule le plus performant (compound 2 - voir
Figure 1.43). 1l sera présenté la synthése d’une librairie de lipides bascules cationiques, la
formulation de nanoparticules lipidiques encapsulant des siRNA par extrusion manuelle et
mixage microfluidique, 1’évaluation de I’efficacité de transfection de siRNA in vitro sur
cellules HeLa et Huh7, 1’évaluation de la délivrance intracytoplasmique de siRNA in vitro
sur cellules HeLa et 1’évaluation de la biodistribution et de ’efficacité de transfection in vivo

dans le modele murin du facteur de coagulation VII.

66



Compound 2 J/
™~

NON CATIONIQUE CATIONIQUE

|

Preuve de concept
siRNA delivery

Drug delivery

Figure 1.43 — Schéma présentant le passage d’une structure de lipide bascule pH-sensible non-cationique

(compound 2 — 1 publication) & une structure cationique permettant I’encapsulation et la délivrance de siRNA

(2™* publication).
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Chapitre 2 : Lipides Bascules : d’un Changement
Conformationnel a la Délivrance Intracytoplasmique pH-

sensible de Composés Hydrophiles

« Switchable Lipids: Conformational Change for Fast pH-Triggered Cytoplasmic Delivery »

Switch it on! The integration of pH-sensitive switchable
lipids (see picture) into poly(ethylene glycol)-coated
liposome formulations enabled the efficient cytoplasmic
delivery of polar compounds through an endosomal-
escape mechanism. The liposome formulations

containing the switchable lipids were stable at pH 7.4

and upon storage but instantly destabilized at endosomal

lipidic-bilayer destabilizatio pH values (pH 5_5_5)_

Abstract : We report the use of switchable lipids to improve the endosomal escape and
cytosolic delivery of cell-impermeable compounds. The system is based on a conformational
reorganization of the lipid structure upon acidification, as demonstrated by NMR spectroscopic
studies. When incorporated in a liposome formulation, the switchable lipids triggered bilayer
destabilization through fusion even in the presence of poly(ethylene glycol). We observed 88 %
release of sulforhodamine B in 15 min at pH 5, and the liposome formulations demonstrated
high stability at pH 7.4 for several months. By using sulforhodamine B as a model of a highly
polar drug, we demonstrated fast cytosolic delivery mediated by endosomal escape in HelLa

cells, and no toxicity.

Publi¢ comme article en Juillet 2015 : W. Viricel, A. Mbarek, J. Leblond, Switchable Lipids:
Conformational Change for Fast pH-Triggered Cytoplasmic Delivery, Angew. Chem. Int. Ed.
54 (2015) 12743—-12747. Reproduit avec la permission de John Wiley & Sons.
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2.1 Introduction

Precise intracellular delivery is essential for the bioactivity of many classes of bioactive
macromolecules, for example, anticancer drugs that must overcome cancer resistance
mechanisms or siRNA that must reach the cytosol of target cells.!"! Smart delivery systems
capitalize on local changes in the physiological environment to provide stimuli-responsive
properties and targeted drug delivery."”! In particular, pH-sensitive liposomes improve the
cytosolic delivery of drugs by supporting endosomal escape after endocytosis,”™ which to date

remains an obstacle to DNA delivery.¥

It is possible to introduce pH sensitivity by including hydrolyzable linkages within the
lipid structure.”! The main difficulty with this strategy is to achieve degradation within the time
scale of endosomal maturation, which is under 1 h.**®! Over the past decade, this issue has

fostered the development of fast-response escape strategies, including the addition of fusogenic

[8

eptides,” titratable polyanions,™ or charge-switching lipids™ to liposomes. Unfortunately,
pep poly g g lip p y

such strategies often fail in the presence of poly(ethylene glycol) (PEG), which is necessary to

[2b,10

improve circulation times."”>'”! Limited approaches consolidate fast-responding pH sensitivity

and PEGylation®*!! and thus show much promise for translation to the clinic.!*!
y p
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2.2 Experimental section

2.2.1 Materials and general methods

All solvents and reagents were obtained from Sigma-Aldrich (Oakville, ON, Canada),
Fisher Scientific (Ottawa, ON, Canada) and Oakwood Chemical (West Columbia, SC, USA).
Anhydrous tetrahydrofuran (THF) and dimethylformamide (DMF) were obtained from a Pure
Solv PS-400-6 System (Innovative Technology, Amesbury, MA, USA). DSPC (1,2-distearoyl-
sn-glycero-3-phosphocholine) and POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine)
were supplied by Avanti® Polar Lipids (Alabaster, AL, USA). DSPE-PEG000 (N-(carbonyl-
methoxypolyethyleneglycol 2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine, sodium
salt) was supplied by NOF America Corporation (White Plains, NY, USA). Sephadex G-50
(Medium) was purchased from GE Healthcare (Baie d’Urfe, QC, Canada). All solvents and
reagents were of analytical grade and were used as received. All liquid nuclear magnetic
resonance spectra were recorded on a Varian 400 WB spectrometer, using residual solvent peak
for calibration. High-resolution mass spectroscopy analysis has been performed by the Regional
Center for Mass Spectrometry of the University of Montréal. Column chromatography was
performed on SiliaFlash F60 40-63 pm (230-400 mesh) silica gel (Silicycle, Quebec City, QC,
Canada). Reactions were monitored by thin-layer chromatography using precoated silica gel or
LC-MS (Agilent Technologies, Mississauga, ON, Canada). All buffer preparations were
prepared using the Buffer Calculator designed by Rob Beynon (available online at
http://www.liv.ac.uk/buffers). All pH adjustments were made using a 9110DJWP double
junction microelectrode (Thermo Scientific, Waltham, MA, USA) and a pH-211 pH-meter
(Hanaa®, Woonsocket, R, USA). Human Red Blood Cells (HRBC) were obtained from
Innovative Research™ (Novi, MI, USA). HeLa cells (ATCC® CCL-2™) were kindly provided
by Pr. Marc Servant (University of Montréal) and were cultured in Eagle’s Minimum Essential
Medium (EMEM, ATCC" 30-2003™) supplemented with 10% Fetal Bovine Serum (FBS) and
100 units/mL Penicillin-Streptomycin (Life Technologies, Burlington, ON, Canada). Cells

were incubated at 37°C under a water-saturated atmosphere supplemented with 5% CO,.
2.2.2 Synthesis of the pH-sensitive switchable lipids

2.2.2.1 Synthesis of compound 11

In a 50 mL round-bottom flask was dissolved 2,6-dibromo-4-

(methoxycarbonyl)pyridine (996 mg / 3.38 mmol) and 5-bromo-2-methoxyphenylboronic acid
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(1638 mg / 7.09 mmol) in 12 mL of THF. Na,CO; (1074 mg / 10.13 mmol), previously
dissolved in 6 mL of distilled water, was added and the flask was purged three times with argon.
Pd(PPh3)4 (23.4 mg / 0.02 mmol) was added and the flask was purged three times again. The
mixture was stirred 72 hours at 60°C. The reaction was monitored by LC-MS until entire
consumption of the starting materials. The mixture was then diluted with water and extracted 3
times with dichloromethane (DCM). The organic layer was washed with brine, dried over
MgSO;4 and evaporated under vacuum. Trituration with 10 mL of ethanol/DCM (9:1) afforded
compound 11 as a white solid (1040 mg / 61 %). '"H NMR (400 MHz, CDCls) & (ppm) 3.89 (s,
6H), 3.99 (s, 3H), 6.90 (d, J = 9.0 Hz, 2H), 7.48 (dd, J, = 9.0 Hz, J, = 2.7 Hz, 2H), 8.00 (dd, J;
=2.7 Hz, I, = 1.2 Hz, 2H), 8.30 (s, 2H). °C NMR (100 MHz, CDCl3) & (ppm) 53.51, 56.78,
114.06, 114.35, 123.64, 131.15, 133.66, 134.69, 155.93, 157.15. Calc [M+H] = 505.95971 ;
Exp [M+H] = 505.95922 ; Error = - 0.96 ppm.

2.2.2.2 Synthesis of compound 12

Compound 11 (405 mg / 0.80 mmol) was dissolved in THF (30 mL) in a 100 mL round-bottom
flask. LiOH (134 mg / 3.19 mmol) previously dissolved in 20 mL of distilled water was added
and the mixture was stirred 2 hours at room temperature. THF was then removed under vacuum
and the mixture was diluted in water, neutralized with HCI 1N and extracted 3 times with DCM.
The organic layer was dried over MgSO, and concentrated under vacuum to give compound 12
as a yellow solid (410 mg / quantitative yield). '"H NMR (400 MHz, DMSO-d) & (ppm) 3.87
(s, 6H), 7.18 (d, J = 8.9 Hz, 2H), 7.61 (dd, J, = 8.9 Hz, J, = 2.6 Hz, 2H), 7.93 (s, 2H), 8.23 (s,
2H). *C NMR (100 MHz, DMSO-d) & (ppm) 56.64, 112.82, 115.07, 122.95, 129.93, 133.24,
133.44, 154.73, 156.69, 166.66. Calc [M+H] = 491.94406 ; Exp [M+H] = 491.94403 ; Error =
- 0.06 ppm.

2.2.2.3 Synthesis of compound 13

Compound 12 (832 mg / 1.69 mmol) was weighted in a 100 mL round-bottom flask
purged with argon. 5 mL of anhydrous THF, 20 mL of SOCI, and 1 drop of DMF (catalytic)
were added, and the mixture was stirred 2 hours at 80°C under reflux. Afterwards, the mixture
was evaporated under vacuum to obtain an oily orange crude. 80 mL of a cold saturated solution
of NaNj in water/acetone (1:1) was added in the flask and the mixture was vigorously stirred 3
hours at room temperature. The mixture was then diluted with water and extracted 3 times with

DCM. The slightly yellow organic phase was dried over MgSO4 and evaporated under vacuum
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in silico

pKapy, = 3.15

in silico in silico H in silico

pKapy, = 5.28 pKay, = 7.05 pKapy, = 5.19

12 : R=COCOH
13 : R=NH,
14 : R=N(CH3)2

15 : R=N(CH3),

FINAL YIELD

31% 42%* 21% 14%

Figure 2.1 - Synthesis pathway of the pH-sensitive switchable lipids

i) Pd(PPh3)4, Na,CO;, THF/H,0, 60°C, 72h ; ii) LiOH, THF/H,0, room temperature, 2h ; iii) SOCIl,, DMF.,, THF, 80°C, 2h ; iv) NaNj, acetone/H,0, room temperature, 3h ;
v) Toluene, 120°C, 1h followed by HCI/H,O, 65°C, overnight ; vi) ICH3;, NaH, THF/DMF, 80°C, 2h ; vii) 1-dodecyne, PdCIy(PPh;),, triphenylphosphine, TBAF, DMF/DIPA,
80°C, 16h ; viii) Pd/C, THF, room temperature, overnight. pKa,,, values were predicted using CSpKa™ software from ChemSilico LLC.
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to obtain the acyl azide intermediate as a waxy yellow crude. 80 mL of toluene was added and
the solution was refluxed 1 hour at 120°C to induce the Curtius rearrangement. Then, 20 mL of
distilled water and 1 mL of hydrochloric acid 37 % were added and the mixture was refluxed
at 65°C overnight. The mixture was evaporated under vacuum, slowly diluted with saturated
Na,COs and extracted 3 times with DCM. The organic layer was washed with brine, dried over
MgSO4 and evaporated under high vacuum to afford 13 as a brown solid (640 mg / 81 %). The
product was used in the next step without further purification since the purity of the product
observed by LC-MS was 90%. 'H NMR (400 MHz, CD;0D) & (ppm) 3.83 (s, 6H), 6.86 (s,
2H), 7.00 (d, J = 8.7 Hz, 2H), 7.46 (d, J = 8.7 Hz, 2H), 7.66 (s, 2H). °C NMR (100 MHz,
CDs0D) & (ppm) 54.98, 109.03, 112.23, 113.21, 121.92, 133.00, 154.26, 155.18, 156.26. Calc
[M+H] =462.96513 ; Exp [M+H] =462.96513 ; Error = 1.85 ppm.

2.2.2.4 Synthesis of compound 14

Compound 13 (155 mg/ 0.33 mmol) was weighted in a 100 mL round-bottom flask and
dissolved in 30 mL of anhydrous THF/DMF (1:1). The flask was purged 3 times with argon
and cooled with an ice bath. Sodium hydride (60 % dispersion in mineral oil, un-rinsed) was
added (60 mg/ 1.67 mmol) and the mixture was allowed to stir 10 minutes at 0°C. lodomethane
(237 mg / 1.67 mmol) was added and the mixture was allowed to stir for 10 more minutes at
0°C. The mixture was then refluxed 2 hours at 80°C. The mixture was carefully diluted with
water/saturated Na,CO; (1:1) and extracted 5 times with hexane. The organic layer was dried
over MgSO, and evaporated under vacuum. The crude product was purified by column
chromatography on silica gel (hexane/DCM/AcOEt, slow gradient from 100:0:0 to 20:40:40)
to get 14 as a yellow solid (130 mg / 79 %). "H NMR (400 MHz, CDCls) & (ppm) 3.07 (s, 6H),
3.84 (s, 6H), 6.86 (d, ] = 8.8 Hz, 2H), 6.93 (s, 2H), 7.42 (dd, J; = 8.8 Hz, J, = 2.6 Hz, 2H), 7.87
(s, 2H). >C NMR (100 MHz, CDCl3) § (ppm) 39.42, 56.05, 106.83, 113.31, 131.93, 133.87,
154.18, 154.51, 156.11. Calc [M+H] = 490.99643 ; Exp [M+H] = 490.99596 ; Error = 0.96

2.2.2.5 Synthesis of compound 15

Compound 14 (539 mg / 1.09 mmol) was weighted in a 20 mL microwave reaction vial.
I-dodecyne (546 mg / 3.28 mmol) and triphenylphosphine (86 mg / 0.33 mmol) were added.
Dried tetra-n-butylammonium fluoride (TBAF) (2004 mg / 7.67 mmol) was added (previously
dried under high vacuum from 1.0 M TBAF solution in THF), followed by 3 mL of anhydrous
DMF and 3 mL of diisopropylamine (DIPA). The reaction vial was purged 3 times with argon.
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PdCl,(PPh;3), was added (69 mg / 0.10 mmol), the vial was purged 3 times with argon and
sealed. The mixture was stirred 16 hours at 80°C. The mixture was then diluted with water and
extracted 3 times with DCM. The organic layer was dried over MgSOj4 and evaporated under
vacuum. The crude product was purified by column chromatography on silica gel
(hexane/AcOEt, gradient from 95:5 to 50:50) to get 15 as a brown oil (550 mg / 76 %). Purity
of the product observed in LC-MS was higher than 90%. The product was engaged in the

catalytic hydrogenation step without further purification or characterization.

2.2.2.6 Synthesis of compound 2

Compound 15 (550 mg / 0.83 mmol) was dissolved in 50 mL of THF, and the round-
bottom flask was purged 3 times with argon. Palladium (10 wt % Pd basis) on activated charcoal
(44 mg) was added and the flask was purged 3 times with hydrogen. The mixture was stirred
overnight at room temperature under a 1 atm hydrogen pressure. The mixture was then
evaporated under vacuum and purified by column chromatography on silica gel (DCM/MeOH,
gradient from 100:0 to 95:5) to get 2 as a slightly yellow wax (540 mg / 90 %). "H NMR (400
MHz, CDCls) 8 (ppm) 0.88 (t,J = 6.8 Hz, 6H), 1.18-1.37 (m, 36H), 1.62 (quin, J = 7.6 Hz, 4H),
2.60 (t, J = 7.8 Hz, 4H), 3.05 (s, 6H), 3.84 (s, 6H), 6.90 (d, J = 8.5 Hz, 2H), 6.99 (s, 2H), 7.13
(dd, J, = 8.5 Hz, J, = 2.3 Hz, 2H), 7.62 (s, 2H). °*C NMR (100 MHz, CDCl3) & (ppm) 14.11,
22.69,29.36,29.63, 31.62, 31.92, 35.12, 39.38, 56.01, 106.65, 111.61, 128.81, 130.59, 131.41,
135.25, 154.31, 155.03, 155.83. Calc [M+H] = 671.55101 ; Exp [M+H] = 671.55061 ; Error =
0.59 ppm.

2.2.2.7 Synthesis of compound 1

Compound 1 was synthesized from compound 12, following the procedures previously
described in sections 1.5 and 1.6. The final product obtained after column chromatography on
silica gel (DCM/MeOH, gradient from 100:0 to 80:20) was a white solid (108 mg / 50 %). 'H
NMR (400 MHz, CDCl5/CD;OD 1:1) 6 (ppm) 0.88 (t, J = 7.0 Hz, 6H), 1.17-1.36 (m, 36H),
1.67 (quin, J = 7.5 Hz, 4H), 2.65 (t,J = 7.5 Hz, 4H), 3.91 (s, 6H), 7.05 (d, J = 8.5 Hz, 2H), 7.26
(dd, J, = 8.5 Hz, J, = 2.3 Hz, 2H), 7.66 (s, 2H), 8.31 (s, 2H). °C NMR (100 MHz,
CDCIl3/CDsOD 1:1) & (ppm) 13.34, 22.43, 29.01, 29.40, 31.38, 31.74, 34.76, 55.22, 111.46,
122.73, 130.60, 130.80, 135.25, 155.38, 167.42. Calc [M+H] = 672.49864 ; Exp [M+H] =
672.49646 ; Error = - 3.24 ppm.
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2.2.2.8 Synthesis of compound 3

Compound 3 was synthesized from compound 13, following the procedures previously
described in sections 1.5 and 1.6. The final product obtained after column chromatography on
silica gel (DCM/MeOH, gradient from 100:0 to 80:20) was a white solid (140 mg / 42 %). 'H
NMR (400 MHz, CDCls) 6 (ppm) 0.88 (t, J = 7.0 Hz, 6H), 1.18-1.37 (m, 36H), 1.63 (quin, J =
7.5 Hz, 4H), 2.60 (t, ] = 7.6 Hz, 4H), 3.84 (s, 6H), 6.90 (d, J = 8.4 Hz, 2H), 7.04 (s, 2H), 7.14
(dd, I, = 8.4 Hz, J, = 1.6 Hz, 2H), 7.69 (s, 2H)."’C NMR (100 MHz, CDCls) & (ppm) 14.12,
22.69,29.43,29.65,31.63,31.93,35.12,55.93,109.44, 111.54, 129.18, 131.28, 135.35, 155.09.
Calc [M+H] = 643.51971 ; Exp [M+H] = 643.51923 ; Error = 0.74 ppm.

2.2.2.9 Final purification

Each switchable lipid was purified using a UV/MS Waters Autopurification System
before being used in formulation. The preparative column was a Waters SunFire™ C8 19x100
mm (5 pm particle size). Mobile phase A was composed of water + 0.1% formic acid and
mobile phase B was composed of MeOH/THF 80:20 + 0.1% formic acid. The flow rate was 25
mL/min. Sample solvent was MeOH/THF 90:10. The mobile phase gradient was: 0 min — 15
% B ; 8 min — 95 % B ; 12 min - 95 % B followed by a column re-equilibration time of 4 min.
The final degree of purity of the recovered product after evaporation and freeze-drying was >

98 % by LC-UV/MS.

2.2.3 Synthesis of the negative control switchable lipid (compound 4)

- N 7

S

N
iHe ) N BOH, " [ i i ) B
X > A + —> N/ —_— N/ —_— N/
» » 0 SRS SRS

Br N Br Br N Br
Br
Br Br ”
16 17

| | CizHos Ci2Has

4

CioHa4 CroHas pKa,, in silico = 5.19

Figure 2.2 - Synthesis pathway of the negative control non-switchable lipid (compound 4)
ICH;, NaH, DMF/THF 1:1, 80°C, 3h ; ii) Pd(PPhs)s;, Na,CO;, THF/H,0O, 65°C, 96h ; iii) 1-dodecyne,

PdCl,(PPhy),, triphenylphosphine, TBAF, DMF/DIPA, 80°C, 16h ; iv) Pd/C, THF, room temperature, overnight.

2.2.3.1 Synthesis of compound 16

2,6-dibromopyridin-4-amine (2.4 g / 9.53 mmol) was weighted in a 500 mL round-
bottom flask and dissolved in 200 mL of anhydrous THF/DMF (1:1). The flask was purged 3
times with argon and cooled with an ice bath. Sodium hydride (60 % dispersion in mineral oil,

un-rinsed) was slowly added (1.14 g / 47.6 mmol) and the mixture was allowed to stir 10
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minutes at 0°C. lodomethane (6.76 g / 47.6 mmol) was added and the mixture was allowed to
stir for 10 more minutes at 0°C. The mixture was then refluxed 3 hours at 80°C. The mixture
was carefully diluted with ~ 100 mL of water saturated with Na,COs (1:1) and extracted 5 times
with hexane. The organic layer was dried over MgSO, and evaporated under vacuum and high
vacuum overnight to yield 16 as a yellow solid (2.7 g / quantitative yield). Purity of the product
observed in LC-MS was higher than 95%. '"H NMR (400 MHz, CDCls) & (ppm) 2.98 (s, 6H),
6.59 (s, 2H). >C NMR (100 MHz, CDCl3) & (ppm) 39.46, 108.91, 140.77, 156.64. Calc [M+H]
=280.91067 ; Exp [M+H] = 280.91178 ; Error = 3.97 ppm.

2.2.3.2 Synthesis of compound 17

In a 100 mL round-bottom flask was dissolved compound 16 (1166 mg / 4.17 mmol)
and 3-bromophenylboronic acid (1673 mg / 8.33 mmol) in 12 mL of THF. Na,CO; (1766 mg /
16.7 mmol), previously dissolved in 8 mL of distilled water was added, and the flask was purged
three times with argon. Pd(PPhs)4 (28,9 mg / 0.025 mmol) was added and the flask was purged
three times again. The mixture was stirred for 4 days at 65°C. The reaction was monitored by
LC-MS to confirm entire consumption of the starting materials. The mixture was then diluted
with water and extracted 3 times with DCM. The organic layer was washed with brine, dried
over MgSO, and evaporated under vacuum. The crude product was dissolved in 4 mL of
MeOH/THF 80:20 and kept at room temperature overnight to allow recrystallization of the
product of interest. The white solid thus formed was filtered under vacuum to get 17 as a white
solid (798 mg / 44 %). Purity of the product observed in LC-MS was ~ 85%. The product was
engaged in the next step without further purification. "H NMR (400 MHz, CDCl3) § (ppm) 3.30
(s, 6H), 6.73 (s, 2H), 7.34 (t,J = 7.9 Hz, 2H), 7.61 (d, J = 8.0 Hz, 2H), 7.80 (d, ] = 7.8 Hz, 2H),
7.87 (s, 2H). °C NMR (100 MHz, CDCl3) & (ppm) 40.35, 104.98, 122.75, 127.43, 130.40,
131.03, 134.04, 152.27, 157.09. Calc [M+H] = 430.97530 ; Exp [M+H] = 430.97608 ; Error =
1.82 ppm.

2.2.3.3 Synthesis of compound 18

Compound 17 (165 mg / 0.38 mmol) was weighted in a 20 mL microwave reaction vial.
I-dodecyne (191 mg / 1.15 mmol) and triphenylphosphine (30 mg / 0.115 mmol) were added.
Dried tetra-n-butylammonium fluoride (700 mg / 2.67 mmol) was added (1.0 M TBAF solution
in THF, dried under high vacuum), followed by 2 mL of anhydrous DMF and 2 mL of
diisopropylamine. The reaction vial was purged 3 times with argon. PdCIl,(PPhs), was added

(24.1 mg / 0.034 mmol), the vial was purged 3 times with argon and sealed. The mixture was
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stirred 16 hours at 80°C. The mixture was then diluted with water and extracted 3 times with
DCM. The organic layer was dried over MgSO4 and evaporated under vacuum. The crude
product was purified by column chromatography on silica gel (hexane/AcOEt, gradient from
100:0 to 80:20) to get 18 as a brown 0il (99 mg / 43 %). The product was engaged in the catalytic

hydrogenation step without further purification or characterization.

2.2.3.4 Synthesis of compound 4

Compound 17 (99 mg / 0.164 mmol) was dissolved in 50 mL of anhydrous THF, and
the round-bottom flask was purged 3 times with argon. Palladium on activated charcoal 10%
wt (30 mg / 0.027 mmol) was added and the flask was purged 3 times with hydrogen. The
mixture was stirred overnight at room temperature under a 1 atm hydrogen pressure. The
mixture was evaporated under vacuum and the crude was passed through a short silica gel
column to remove the Pd/C (hexane/AcOEt 60:40). After evaporation of the solvents, the
product was purified by preparative HPLC on a Waters SunFire™ C8 19x100 mm (5 pm
particle size) column. Mobile phase A was composed of water + 0.1 % formic acid and mobile
phase B was composed of MeOH/THF 80:20 + 0.1 % formic acid. The flow rate was 25
mL/min. Sample solvent was MeOH/THF 80:20. The mobile phase gradient was: 0 min — 30
% B ; 7min —95 % B ; 10 min - 95 % B followed by a column re-equilibration time of 4 min.
After evaporation and freeze-drying of the collected fractions, the final product 4 was obtained
as a slightly yellow solid (87 mg / 87 %). The degree of purity of the product was > 98 % by
LC-UV/MS. '"H NMR (400 MHz, CDCl;) & (ppm) 0.89 (t, J = 7.0 Hz, 6H), 1.17-1.36 (m, 36H),
1.69 (quin, J = 7.4 Hz, 4H), 2.71 (t, ] = 7.8 Hz, 4H), 3.13 (s, 6H), 6.91 (s, 2H), 7.22 (d,J = 7.6
Hz, 2H), 7.38 (t, J = 7.6 Hz, 2H), 7.87 (d, J = 7.8 Hz, 2H), 7.90 (s, 2H). *C NMR (100 MHz,
CDCl) & (ppm) 14.12, 22.69, 29.36, 29.65, 31.61,31.93, 36.14, 39.52, 102.41, 124.60, 127.36,
128.30, 128.59, 140.84, 143.10, 155.84, 157.88. Calc [M+H] = 611.52988 ; Exp [M+H] =
611.53054 ; Error = 1.08 ppm.
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2.2.4 Synthesis of the switchable lipids S and 6
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Figure 2.3 - Synthesis pathway of the switchable lipids 5 and 6

i) Pd(PPh3),, Na,CO;, THF/H,0, 60°C, 72h ; ii) 1-decyne, PACl,(PPhy),, triphenylphosphine, TBAF, DMF/DIPA,
80°C, 16h ; iii) 1-tetradecyne, PACIy(PPh;),, triphenylphosphine, TBAF, DMF/DIPA, 80°C, 16h ; iv) Pd/C, THF,
room temperature, overnight.

Compound 16 was synthesized as described above. Compound 14 was synthesized as
described in the above sections, and was purified by column chromatography on silica gel

(hexane/DCM/ACcOEt, slow gradient from 100:0:0 to 20:40:40) to yield a yellow solid (56 %).

Compound 5 and 6 were synthesized following the procedures described in the above

sections, replacing the 1-dodecyne reagent with 1-decyne or 1-tetradecyne, respectively.

The final compound 5 obtained after column chromatography on silica gel
(DCM/MeOH, gradient from 100:0 to 95:5) was a slightly yellow wax solid. The overall yield
of this two-step synthesis was 80 %. "H NMR (400 MHz, CDCls) & (ppm) 0.87 (t, J = 7.0 Hz,
6H), 1.18-1.36 (m, 28H), 1.62 (quin, J = 7.4 Hz, 4H), 2.60 (t, J = 7.7 Hz, 4H), 3.07 (s, 6H), 3.84
(s, 6H), 6.90 (d, J = 8.4 Hz, 2H), 6.97 (s, 2H), 7.13 (dd, J, = 8.4 Hz, J, = 2.3 Hz, 2H), 7.61 (s, J
= 2.3 Hz, 2H). °C NMR (100 MHz, CDCls) & (ppm) 14.10, 22.68, 29.33, 29.35, 29.57, 29.64,
31.60,31.90, 35.10, 39.46, 56.03, 106.56, 111.64, 129.07, 131.35, 135.32, 154.50, 155.02. Calc
[M+H] =615.48841 ; Exp [M+H] = 615.48800 ; Error = - 0.65 ppm.

The final compound 6 obtained after column chromatography on silica gel
(DCM/MeOH, gradient from 100:0 to 95:5) was a slightly yellow wax solid. The overall yield
of this two-step synthesis was 65 %. "H NMR (400 MHz, CDCls) & (ppm) 0.86 (t, J = 6.9 Hz,
6H), 1.18-1.37 (m, 44H), 1.63 (quin, J = 7.5 Hz, 4H), 2.64 (t, 4H, J = 7.8 Hz), 3.39 (s, 6H), 3.94
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(s, 6H), 6.92 (s, 2H), 7.01 (d, 2H, J = 8.4 Hz), 7.32 (dd, J; = 8.4 Hz, J, = 2.0 Hz, 2H), 7.51 (s,
2H). °C NMR (100 MHz, CDCls) § (ppm) 14.09, 22.66, 29.33, 29.52, 29.63, 29.67, 31.59,
31.89, 34.91, 40.73, 56.40, 104.98, 112.19, 130.36, 132.90, 136.58, 154.98, 157.47. Calc
[M+H] =727.61361 ; Exp [M+H] = 727.61489 ; Error = 1.77 ppm.

2.2.5 Synthesis of the switchable lipid 7

COOH COOH

C1oH21 CioH21

7
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Figure 2.4 - Synthesis pathway of the switchable lipid 7
i) 1-decyne, PACl,(PPhs),, triphenylphosphine, TBAF, DMF/DIPA, 80°C, 16h ; ii) Pd/C, THF, room temperature,
overnight.

Compound 12 was synthesized as described in the above sections. Compound 7 was
synthesized following the procedures described in the sections 1.5 and 1.6 of the above
supplementary materials, replacing the 1-dodecyne reagent with 1-decyne. The final product 7
obtained after column chromatography on silica gel (DCM/MeOH, gradient from 100:0 to
80:20) was a white solid. The overall yield of this two-step synthesis was 56 %. "H NMR (400
MHz, CDCls) 8 (ppm) 0.87 (t,J = 6.8 Hz, 6H), 1.18-1.37 (m, 28H), 1.63 (quin, J = 7.5 Hz, 4H),
2.62 (t,J =7.7 Hz, 4H), 3.90 (s, 6H), 6.95 (d, J = 8.6 Hz, 2H), 7.21 (dd, J; = 8.5 Hz, J, = 2.1
Hz, 2H), 7.77 (s, J = 2.0 Hz, 2H), 8.41 (s, 2H). ’C NMR (100 MHz, CDCl;) & (ppm) 14.09,
22.67,29.33,29.37, 29.55, 29.63, 31.64, 31.90, 35.10, 55.84, 111.45, 122.69, 131.29, 135.53,
155.33. Calc [M+H] = 616.43604 ; Exp [M+H] = 616.43650 ; Error = 0.75 ppm.
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2.2.6 Synthesis of octadecyl Rhodamine B (compound 19)

(Do (2

i)

0
L e > U
AN 0 SN AN 0 SN

) ol ) o

®
FFOI\
F o

19

Figure 2.5 - Synthesis pathway of octadecyl Rhodamine B (compound 19)

i) 1-bromooctadecane, Cs,COs;, DMF, 60°C, 20h.

Rhodamine B (400 mg / 0.84 mmol) was weighted in a 20 mL reaction vial. 1-
bromooctadecane (556 mg/ 1.67 mmol) was added, followed by Cs,CO3 (544 mg/ 1.67 mmol).
2 mL of DMF was added and the vial was sealed. The mixture was stirred 20 hours at 60°C.
The crude was then passed through a short silica gel column to remove the Cs,COs salt
(DCM/MeOH 95:5). The product was then purified on an Agilent 1260 preparative HPLC-UV.
The preparative column was an Agilent Zorbax SB-C18 21.2x100 mm (5 um particle size).
Mobile phase A was composed of water + 0.05 % trifluoroacetic acid and mobile phase B was
composed of MeOH + 0.05 % trifluoroacetic acid. The flow rate was 20 mL/min. Sample
solvent was MeOH. The mobile phase gradient was: 0 min — 30 % B ; 10 min — 95 % B ; 15
min 95 % B followed by a column re-equilibration time of 4 min. After evaporation and freeze-
drying of the collected fractions, the compound 19 (70 mg / 0.10 mmol) was obtained as a dark
purple solid (trifluoroacetate salt). The overall yield of the reaction is estimated to be 14 % by
HPLC-UV (220 nm). '"H NMR (400 MHz, CDCl3) § (ppm) 0.87 (t, J = 6.8 Hz, 3H), 1.11-1.28
(m, 30H), 1.32 (t, ] = 7.0 Hz, 12H), 1.40 (quin, J = 7.0 Hz, 2H), 3.60 (q, J = 7.3 Hz, 8H), 3.99
(t, J=6.6 Hz, 2H), 6.79 (d, J = 2.3 Hz, 1H), 6.81-6.84 (m, 3H), 7.06 (d, J = 9.3 Hz, 2H), 7.32
(dd, J; =7.7Hz, J,=0.9 Hz, 1H), 7.76 (dt, J; = 2.6 Hz, J, = 7.8 Hz, 2H), 8.28 (dd, J; = 7.8 Hz,
J,=1.1Hz, 1H). "C NMR (100 MHz, CDCls) 5 (ppm) 12.50, 14.09, 22.67,25.79, 28.29, 29.18,
29.34,29.44,29.58,31.90,46.00, 65.79,96.47,113.58, 113.94, 130.27, 131.23, 132.92, 133.38,
155.53, 157.80, 159.05, 160.44, 165.24. Calc [M+H] = 695.51462 ; Exp [M+H] = 695.51665 ;
Error = - 2.92 ppm.

2.2.7 NMR analysis of the pH-dependent conformational equilibrium

The pH-triggered conformational change of the switchable lipids 2, 3, 7 and 4 in a protic

organic medium (methanol-d,) was investigated by "H NMR spectroscopy. Modifications of
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the '"H NMR spectrum (400 MHz) of each switchable lipid was monitored during titration of
the solution with d-trifluoroacetic acid (d-TFA) or with the base 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU). Each lipid was dissolved (5 mM) in 600 pL of CD;0D in two NMR tubes. One
tube was used for acidic titration with d-TFA and the other one for basic titration with DBU.
Small amounts (2-20 pL) of acid or base (50 mM in CD;0D) were added into the solution and
the pH was adjusted in a 2 mL vial with a Thermo-Fisher 9110DJWP double junction
microelectrode. The pH meter usually gave a stable pH value within less than 1 minute. A 'H
NMR spectrum was acquired, the solution was transferred back in a 2 mL vial and the pH was
adjusted again for another NMR data acquisition. All spectra were processed and aligned using

the Bruker Topspin'" software. Spectra were calibrated on the methanol residual peak.

For ID-NOESY experiments, the switchable lipid 2 was dissolved (22 mM) in whether
800 nuL of CD3;0OD (pH = 7.6) or in 650 pL of CD;0OD + 150 puL of d-TFA 1M in CDs;OD (pH
< 3). 768 scans were acquired (400 MHz) for each tube, irradiating the Hjs,, proton of the

pyridine ring, using a generic relaxation time of 500 milliseconds.

2.2.8 Liposome preparation

Liposomes were prepared using freeze-thawing cycles, based on the procedure of
Monnard et al. Stock solutions (10-20 mg/mL) of pH-sensitive lipids and commercial lipids
were prepared in chloroform and stored at -80°C before use. The lipid stock solutions were
combined in a round-bottom microwave vial at the desired ratio (10 umol total lipid) and the
chloroform was removed under reduced pressure. The lipidic film thus obtained was dried
overnight under high vacuum to remove any residual solvent. The lipidic film was hydrated on
a vortex mixer with 1 mL of a 30 mM sulforhodamine B solution, buffered at pH 7.4 (5 mM
HEPES with ionic strength adjusted to 150 mM with NaCl) unless indicated otherwise. The
lipid suspension was then frozen into acetone/dry ice and melted in a water bath during 1 minute
at 65°C. This freeze-thawing cycle was repeated 10 times, and the liposome solution thus
obtained was extruded 11 times through a 200 nm polycarbonate membrane using a LiposoFast
manual extruder (Avestin Inc., Ottawa, ON, Canada) heated at 65°C. The liposome solution
was passed through a 1 x 20 cm Sephadex G-50 (Medium) column equilibrated in a pH 7.4
buffer (5 mM HEPES with ionic strength adjusted to 150 mM with NaCl) to remove any
unencapsulated sulforhodamine B. Liposome preparations (total final volume ~ 2 mL) were

stored in darkness at 4°C in 5 mL glass vials.
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2.2.9 Physiochemical characterization of liposomes

Total phospholipid concentration of each liposome formulation (post Sephadex G-50
column) was determined by a phosphorous content assay, based on the procedure of Bartlett.
The amount of switchable lipid incorporated in each formulation was quantified by HPLC-UV
(1260 Infinity, Agilent Technologies, Mississauga, ON, Canada), against a calibration curve of
switchable lipid (10-50 pg/mL; from chloroform stock solution). Liposome hydrodynamic
diameter and {-potential were measured at 25°C using a Malvern Zetasizer Nano ZS (Malvern,
Worcestershire, UK) using the automatic algorithm mode. Size measurements (reported in
intensity) were performed in a pH 7.4 buffer (5 mM HEPES with ionic strength adjusted to 150
mM with NaCl). {-potential measurements were done using the Smoluchowski model in a pH
7.4 buffer (5 mM HEPES and 5 mM NaCl), using a 0.4 mM total lipid concentration in the

cuvette. Experiments were run in triplicate or more.

2.2.10 Sulforhodamine B leakage assay

The release from liposomes was monitored by the increasing fluorescence of the
sulforhodamine B (Aexem 550/600, slits 5 nm) using a F-2710 Spectrophotometer (Hitachi High
Technologies America Inc., Schaumburg, IL, USA) equipped with a water circulated cell holder
with stirring. This fluorescent dye is self-quenched at high concentrations (> 20 mM), exhibits
a stable fluorescent behaviour over the pH range 3-10 and has already been used for leakage
assays from liposomes. Experiments were performed in a series of buffers with pH 9.5, 8.5, 7.4,
6.5 and 6.0 (5 mM HEPES with ionic strength adjusted to 150 mM with NaCl) and 5.5, 5.0,
4.5, 4.0 and 3.5 (50 mM acetic buffer with ionic strength adjusted to 150 mM with NaCl). In
magnetically stirred quartz cuvette containing the buffer was added a small aliquot of the
liposome preparation (< 60 pL) for a total volume of 3000 pL and a total lipid concentration of
0.05 mM in the cuvette. The fluorescence was monitored during 15 minutes and the liposomes
were permeated with 1.3 puL of pure octaethylene glycol monododecyl ether (C;2Eg) detergent
(0.8 mM final concentration in the cuvette) to obtain the 100% leakage fluorescent intensity.
Raw data were recorded continuously during the experiment. The percentage of leakage at a
given time ¢ was defined as:

o I, — 1,
% leakage, = | — | x 100
1100% - Io

where I, is the initial residual fluorescence intensity observed at pH = 9.5 when no

leakage occurs ; I100v is the maximal fluorescence intensity value obtained after addition of
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detergent C,Eg and /i is the fluorescence intensity value measured at a given time 7. All

experiments were performed at 37°C under medium stirring.

2.2.11 Lipid-mixing assay

The fusogenic potential of the liposomes was evaluated with an octadecyl Rhodamine
B (R18) lipid-mixing assay. R18 was incorporated into lipid membranes of pH-sensitive
liposomes at a self-quenched concentration of 6% mol. R18 labeled liposomes and unlabeled
POPC vesicles were prepared in a pH 7.4 buffer (HEPES 5 mM with ionic strength adjusted to
150 mM with NaCl) according to the procedure previously described. R18 labeled liposomes
incorporating the switchable lipid §, 2, 6, 4 or no pH-sensitive lipid were mixed with unlabeled
130 nm POPC vesicles, in a buffer at pH 7.4 (5 mM HEPES with ionic strength adjusted to 150
mM with NaCl) or at pH 5 (50 mM acetic buffer with ionic strength adjusted to 150 mM with
NaCl). In 3 mL of buffer containing unlabeled POPC vesicles (0.10 mM in the cuvette) were
added the labeled liposomes (0.01 mM in the cuvette). The increasing fluorescence of R18 was
monitored (Aexem 556/590, slits 5 nm) using a Hitachi F-2710 Spectrophotometer equipped with
a water circulated cell holder with stirring. All experiments were performed at 22°C under
medium stirring. After 15 minutes, 1.3 pL of pure octaethylene glycol monododecyl ether
(Ci12Eg) detergent (0.8 mM final concentration in the cuvette) was added to obtain the 100%
dequenched fluorescence intensity. Raw data were recorded continuously during the
experiment. The percentage of membrane fusion activity at a given time ¢ was defined as:

0 . It - Io
% fusion, = | —— ] x 100
1100% - Io

where /, is the initial fluorescence intensity observed immediately after addition of
labeled liposomes ; 1100 is the maximal fluorescence intensity value obtained after addition of
detergent C;,Eg and /; is the fluorescence intensity value measured at a given time ¢. Other molar

ratios of labeled/unlabeled liposomes were also studied.

2.2.12 Fluorescence microscopy imaging

Liposomal formulations loaded with sulforhodamine B used for microscopy
experiments were prepared as described above. Sulforhodamine B content of each formulation
was assayed against a sulforhodamine B calibration curve using a Hitachi F-2710

spectrophotometer.
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HeLa cells were routinely incubated 24 hours before imaging in 35 mm poly-d-lysine
coated glass dishes (MatTek Corporation, Ashland, MA, USA) at a density of 30 000 cells/dish.
Cells were then rinsed twice with Opti-MEM® and incubated 1, 2 or 4 hours with liposomal
formulations (diluted in Opti-MEM®/FBS 90:10). The total final concentration of entrapped
sulforhodamine B (in case of liposomal formulations) or free sulforhodamine B (negative
control) in the dish was 900 nM. Following incubation, cells were rinsed three times with Opti-
MEM® and stained 30 minutes at 37°C with a 100 nM LysoTracker” Blue DND-22 solution
(Life Technologies) to allow observation of the late endosomal/lysosomal compartments. Cells
were then rinsed three times (Opti-MEM") and immediately imaged in a phenol red-free culture

media (Opti-MEM" and FBS 90:10).

Imaging of HeLa cells was performed using an Olympus IX81 microscope equipped
with a Plan Apo N 60x 1.42 NA silicone objective (Olympus Canada Inc., Toronto, ON,
Canada) and a 12 bits Retiga-2000R CCD Camera (QImaging, Surrey, BC, Canada), using
MetaMorph Advanced software 7.8.9 (Molecular Devices, San Jose, CA, USA). LysoTracker®
Blue DND-22 was imaged using the DAPI channel (Aexem 372/456 — 300 ms exposure time)
and sulforhodamine B was observed using the TRITC channel (Aex/em 541/572 — 200 ms
exposure time). All fluorescence images were carefully exported with constant scaling and

range of greylevel for all experiments.

Colocalization quantification was performed using Fiji software (Ver. 2.0.0), equipped
with Coloc 2 plugin. The program was used to calculate Manders’ colocalization coefficients
(MCC). The results displayed are an average of 3 different pictures, containing at least 4 cells

each.

2.2.13 In vitro cytotoxicity and hemocompatibility studies

For cytotoxicity and hemocompatibility assays, blank liposomal preparations were
formulated in PBS pH 7.4 (Gibco® #10010-023), following the above-mentioned procedures.
Cytotoxicity was assessed using a resazurin-based cell viability test. HeLa cells were plated at
a density of 5000 cells/well in 96-well culture plates. After 24 hours of incubation, liposomal
formulations diluted in culture medium were added to obtain a final lipidic concentration
ranging from 0.01 to 500 uM. Cells were allowed to grow for an additional 48 hours. Cells
were then washed twice with Eagle’s minimal Essential Medium (EMEM), and 200 pL of fresh
culture medium were added in the wells. 20 pL of a freshly prepared resazurin solution (440

uM in PBS) were then added, and cells were incubated for 2 more hours. The absorbance of
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each well was measured at 570 and 600 nm using a Safire microplate reader (Tecan, Seestrasse,
Switzerland). Cellular viability was normalized relative to the negative control (cells treated

with PBS). Experiments were run in sixplicata.

In vitro hemolysis assay was performed to assess hemocompatibility of the same
liposomal formulations. Human red blood cells (HRBC) were rinsed twice with PBS and
diluted 1:20 in PBS 7.4 (Gibco®™ #10010-023). 450 uL of HRBC suspension was incubated with
50 puL of the liposomal formulation (appropriately diluted in PBS 7.4 for a final lipidic
concentration ranging from 1 to 1000 uM) during 45 minutes at 37°C in a Labnet Vortemp ™
56 (800 rpm). Tubes were then centrifuged at 6000g during 5 minutes and absorbance of each
test sample was measured at 540 nm (Varian Cary 100 Bio, Agilent Technologies, Mississauga,
ON, Canada) in order to determine the amount of hemoglobin released from the HRBC.
Intrinsic absorbances of liposomal formulations at the same concentration as tested were
subtracted. Results were expressed as a percentage of the positive control hemolysis (HRBC
incubated in Milli-Q® water). Negative control consisted of incubation of HRBC with PBS 7.4.

Experiments were run in triplicate.
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2.3 Results & Discussion

The switchable lipids reported herein function on the basis of a molecular switch.
Molecular switches are dynamic devices designed to change conformation in response to
stimuli, such as certain pH values, light, or ions.!"* Such systems have been largely explored
in sensing, but have only recently been considered for biological applications.!'*! We
previously reported a pH-responsive molecular tweezer able to bind and release a substrate
in a pH-dependent fashion.["”! In this study, we constructed lipidlike switches that can
integrate into the structure of liposomes (Figure 2.6A). It was hypothesized that, upon
protonation, hydrogen-bonding opportunities would favor a change in the relative
orientation of the hydrocarbon chains of the switchable lipids, which would disturb the lipid
packing of the liposomes, provoke the release of their cargo, and confer endosomal-escape
properties (Figure 2.6B). The aim of this study was to optimize a PEGylated liposomal
preparation to have fast-responding (< 30 min) lipidic-bilayer-destabilization properties and
endosomal-escape capabilities at acidic pH values (5-5.5)!'°!

blood pH value of 7.4.

while remaining stable at the

We introduced two alkyl chains on a di(methoxyphenyl)-pyridine pH-switchable unit
and added a polar headgroup at the para position to the pyridine N atom to obtain lipidlike
switches (see Figures 2.1 to 2.4 for structures and synthetic details and Table S2.1 for an
overview of the synthesized structures). In silico predictions indicated that the pKa value of
the pyridine ring was strongly dependent on the nature of the headgroup (Figure 2.6A).

Three headgroups were selected to cover a wide range of pKa,,, values.

The conformational change of lipid 2 was examined by 'H NMR titration (Figure
2.7). Lipid 4, a non-methoxylated derivative of lipid 2 that is unable to switch and lock its
conformation at acidic pH values, was also subjected to 'H NMR titration. In both cases,

protonation of the pyridine ring affected the H,_ atom, which was drastically deshielded

3py

when the pH value decreased. Similar behavior was also observed for switchable lipids 3

and its analogue with a COOH headgroup and C, H,, alkyl groups (see Figure S2.2), and

had been observed for the previously reported molecular tweezer.!'”

More notable is the behavior of the H_ atom. For the non- methoxylated lipid 4, the

H_ atom facing the pyridine nitrogen atom became shielded upon protonation of this nitrogen
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Figure 2.6 - Graphical representation of the liposomal pH-sensitive delivery system based on a conformational
switch. A) Protonation-induced conformational change of the pH-sensitive switchable lipids. B) Disruption of
the lipidic bilayer of the liposome upon acidification, leading to drug release and endosome destabilization.

DSPC = 1,2-dioctadecanoyl-sn-glycero-3-phosphocholine, DSPE-PEG,,,, = N-(carbonyl-

methoxypolyethylenegly- col 2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine.

atom (Figure 2.7B). Interestingly, this effect was not observed for the switchable lipid 2

C

(Figure 2.7A), thus suggesting that rotation about the C bond occurred to move

pyridine “~phenyl

the H, atom away from the NH" group and counterbalance the shielding effect. The
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Figure 2.7 - NMR titration experiments investigating the pH-dependent conformational change of A) the

switchable lipid 2 and B) its non- methoxylated counterpart 4.

conformational change of switchable lipid 2 was further confirmed by nuclear Overhauser
cross-relaxation spectroscopy (see Figure S2.3).

The switchable lipids 1-4 and two others with the headgroup N(CH,), and either
C,oH,, or C,,H,, chains were incorporated in liposomal preparations at 25, 50, or 75 mol %
along with the colipids DSPC and DSPE-PEG,,, (5 mol %). All liposome formulations

exhibited a hydrodynamic diameter below 200 nm. HPLC analysis of purified liposomes
confirmed the integration of 75-95 % of the switchable lipids into the liposome membrane

(see Table S2.4). With the exception of lipid 3, whose pKa, value is close to pH 7.4, all

preparations were stable for over 3 months when stored at 4°C.
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The disturbance properties of the switchable lipids were studied by monitoring the
pH-triggered release of the encapsulated sulforhodamine B dye. Total release was observed
within 5 min at pH 4.5 with 75 mol % of 2 (Figure 2.8A). The rate of release increased as
the pH value decreased and as the content of the switchable lipid in the formulation increased
(Figure 2.8A and 2.8B ; see also Figure S2.5). These fast kinetic results are common to
other systems based on a conformational change, such as carboxylated polymers and pH-
sensitive peptides,’™ " but contrast with those observed for hydrolyzable linkages, which
require hours to release their content.!®'"®! The contribution of the conformational change to
the destabilization of the liposomal bilayer was further confirmed by the removal of 2 from
the preparation or its replacement with 4, which abolished the release of sulforhodamine B

(Figure 2.8B).

Responsive release from liposomes incorporating 2 took place from pH 6.5 and was
observable over about 2 pH units (Figure 2.8C). Sigmoidal fitting of the pH- dependent

leakage profile allowed the estimation of a pKa,  value of 5.50, in agreement with the in

silico prediction of 5.28.

Structure—activity relationships revealed that other headgroups were less suitable for
endosomal escape: liposomes with lipid 1 (COOH headgroup) were unable to destabilize the
liposome bilayer even at pH 3.5 (see Figure S2.6), whereas liposomes with lipid 3 (NH,
headgroup) were unstable at pH 7.4 (see Table S2.4). Furthermore, no impact of the alkyl
chain was evidenced, since all preparations incorporating N,N-dimethyl-based switchable
lipids (C,,H,, alkyl groups; C,,H,s alkyl groups (lipid 2); C,,H,, alkyl groups) exhibited
similarly efficient and quick pH-triggered release (see Figure S2.7). These experiments
confirm the in silico predictions and suggest that the pKa value of the system can be tuned

by the nature of the headgroup, but not by the chain length.

The fusogenic properties of liposomes are usually restricted by the presence of
PEG.!'%*11 1 the present study, pH-triggered release occurred in the presence of DSPE—
PEG,,, (5 mol %). To better understand the release mechanism at play, we conducted lipid-
mixing assays with pH-sensitive liposomes containing the switchable lipid 2 labeled with
octadecyl rhodamine B (R18) and model unlabeled phospholipid vesicles (Figure 2.8D).['":
2% Dequenching, which is indicative of lipid mixing, occurred within minutes under acidic

conditions in the presence of lipid 2. In contrast, only limited dequenching was observed at
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pH 7.4 or when lipid 2 was removed or replaced with lipid 4. An increase in the ratio of
unlabeled liposomes favored interliposomal fusion and resulted in increased lipid mixing
(see Figure S2.8). These results confirm the fusogenic properties of switchable lipids and

their compatibility with PEG shielding, thus highlighting their high in vivo potential.
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Figure 2.8 - A) Kinetic profiles of sulforhodamine B release for the formulation incorporating the switchable
lipid 2 (75 mol %). B) Sulforhodamine B leakage from liposome preparations incorporating the switchable
lipid 2 (25-75 mol %), no switchable lipid, or the non-methoxylated switchable lipid 4 (50 mol %) after
incubation for 15 min under neutral or acidic conditions. C) Leakage from the liposomal formulation
incorporating the switchable lipid 2 (75 mol %) after incubation for 15 min at various pH values. D) R18 lipid-
mixing experiments with liposomal formulations incorporating the switchable lipid 2 (50 mol %), no

switchable lipid, or the non-methoxylated switchable lipid 4 (50 mol %) after incubation for 15 min under

neutral or acidic conditions.
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To verify our hypothesis of endosomal escape and cytosolic delivery, we used
fluorescence microscopy to investigate the intracellular trafficking observed with the pH-
sensitive delivery system. Sulforhodamine B was chosen as a hydrophilic model drug
because it retains its charges at endosomal pH values and is therefore unable to cross the
cytoplasmic and endosomal membranes on its own.?"V HeLa cells were incubated for 1, 2,
and 4h with liposomes incorporating the switchable lipid 2 (50 mol %) and loaded with
sulforhodamine B (Figure 2.9). After 1 h, a strong punctate colocalization of
sulforhodamine B and LysoTracker showed that the liposomes were internalized through the
endosomal pathway. A Manders colocalization coefficient (MCC) of 0.80 confirmed this
observation. After 2 and 4 h, cells showed both punctate and diffuse red fluorescence
throughout their cytoplasm, as evidenced by the significant drop in the MCC value (to 0.28
and 0.29, respectively). As a control, liposomes without 2 were unable to escape the
endosomal pathway, as the MCC value remained unchanged at the end of the 4 h incubation
period (see Figure S2.9B). Unsurprisingly, the incubation of cells with free sulforhodamine
B for 4 h resulted in the absence of red fluorescence (see Figure S2.9C): a reminder of the
critical need for active delivery for hydrophilic drugs. Altogether, these results confirm that
our delivery system based on a pH-triggered conformational change enables fast and

efficient endosomal escape.

In parallel, we examined the cytotoxicity of the pH-sensitive liposome formulation
on HeLa cells and its hemolytic activity on human red blood cells (see Figure S2.10). No
toxicity or hemolytic activity were observed up to a concentration of 500 uM, thus hinting

at the safety of this system for systemic injection.
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LYSOTRACKER® BLUE SULFORHODAMINE B

Figure 2.9 - Fluorescence microscopy images of HeLa cells after incubation for 1, 2, and 4 h with the pH-

sensitive formulation (switchable lipid 2, 50 mol%) loaded with sulforhodamine B. Scale bar: 20 pm.

115



2.4 Conclusion

In summary, a new pH-sensitive liposomal delivery system was developed by the use
of switchable lipids that change conformation upon endosomal acidification. The liposomes
quickly delivered a highly polar compound to the cytosol through efficient endosomal escape
and remained effective despite the presence of a PEG corona at their surface. Such lipids can
readily be included in existing liposomal formulations to enhance the intracytosolic

bioavailability of hydrophilic drugs and nucleic acids.
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2.7 Supporting Information

Table S2.1 - Summary of the synthesized switchable lipids

Name Headgroup Alkyl chains length  Methoxy moieties  Predicted pka,y," Comment

1 COOH Cl12 Yes 3.15

2 N,N-Dimethyl C12 Yes 5.28 Headgroup variation (affecting the pKa,,,)
3 NH, Cl12 Yes 7.05

Negative control lipid, unable to perform

4 N,N-Dimethyl C12 No 5.19 .
conformational change
5 N,N-Dimethyl €10 Yes 528  Alkyl chain length variation, fixed N,N-
S N.N-Dimethyl ~_  _Cl4 Yes .53 Dimethyl headgroup @ = -COOH, N(CH)y, -NH,
T coow .o oo Yes 38 ] Used for NMR studies n=1,30r5
1-3; 5-7 4

(a) pKa value of the central pyridine ring, predicted with the CSpKa™ software from ChemSilico LLC.

Seven lipids were synthesized, bearing various headgroups and chain lengths, to investigate structure-activity relationships. Compounds
1-3 presented carboxylic acid, N,N-dimethylamine and primary amine headgroups respectively, in order to tune the in silico predicted pKayy,
value of the central pyridine ring. This protonation triggers the conformational change of the switchable lipids. Compound 4 is a non-switchable
negative control lipid. It is unable to perform conformational change because of the removal of the two methoxy moieties. Compounds 5, 2 and
6 share the same N,N-Dimethyl headgroup, but differ in their alkyl chains length (respectively 10, 12 and 14 carbons). The compound 7, bearing
10 carbons in its alkyl chain, has better solubility in CD3OD than compound 1, bearing 12 carbons in its alkyl chain, and was therefore preferred

for NMR studies.



Figure S2.2 - 'HNMR titration experiments of the switchable lipids 3 (A) and 7 (B) in CD;OD upon

incremental additions of either acid or base (d-TFA or DBU)
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In panel A, 'HNMR titration of the switchable lipid 3, bearing NH, headgroup shows
that the Hs,, proton is deshielded in a sigmoidal fashion upon acidification. This was
attributed to the protonation of the pyridine, which moved electronic density away from the
aromatic ring. This observation is in accordance with our previously reported molecular
tweezer NMR studies. The jump of chemical shift took place over ~2 units of pH, which is
consistent with a protonation-induced conformational equilibrium. Performing sigmoidal
curve fitting, the pKa,,, value of the compound 3 is estimated to be 8.64. Nevertheless, pH
measurements were made in CD3;0D, and may not corroborate with pH values measured in
aqueous medium. Panel B shows the 'HNMR analysis of the pH-dependent conformational
change of the switchable lipid 7, bearing COOH as headgroup. For this experiment, the
compound 7 (10 carbons alkyl chains) was used in place of the compound 1 (12 carbons
alkyl chains) because of solubility issues in CD;OD. The first jump in chemical shift between
pH 7 and 5 was attributed to the protonation of the carboxyl group. The protonation of the
pyridine occurred below pH 3.5, which was unsuitable for endosomal delivery. Although no
real distinction can be done between the pKa,,, values of 3 and 2, these results tend to

confirm the overall ranking of pKa,,, values predicted in silico (see Table S2.1).



Figure S2.3 - ID-NOESY 'H experiments on the switchable lipid 2 (CD;0D)

. = - A

Humethoxy N
H methoxy

H3py O 7

1 s |

f—
—

T S H topen) Ci2Hos Ci2H2s

pH 7.6

[y — |

H methoxy

T T T r T T T T T
7 6 5 4 [ppm] -

The Hs,y proton of the switchable lipid 2 was irradiated to investigate its spatial proximity with other protons (Hmemoxy and H,). At pH

7.6 (Figure S2.3A), both Hyeimoxy and H, protons gave rise to a nuclear overhauser effect, meaning both protons could be in the close proximity



of Hspy proton. This suggested that free rotation around the aromatic bond allowed a dynamic equilibrium between the two conformations
(Hmethoxy and Hy, in cis or trans conformation). Below pH 3 (Figure S2.3B), the nuclear overhauser effect between Hspy and Humemoxy disappeared,
suggesting that only the cis conformation was observed. Logically, the nuclear overhauser effect between Hs,y and H, remains observable, as
they are still in close spatial proximity when the conformation is frozen at acidic pH. Rather than a conformational switch, this experiment
showed that the tricyclic structure allowed dynamic equilibrium between both conformations in methanol at pH 7.6, but froze its conformation
upon protonation of the pyridine. These observations were consistent with previous NMR studies of the tricyclic structure, showing the cis

conformation was prevalent when pyridine was protonated.
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Figure S2.4 - Physicochemical parameters of liposomal formulations used in this study

Linosome formulation Feeding Molar  Quantified amount of — Upon preparation After storage 3 months at 4°C
Ratio (%) switchable lipid® (%) (am) PdI Zeta potential (mV) Diameter (nm) PdI

2/DSPC/DSPE-PEG,, 25:70:5 234 124 + 1 0.22+0.01 581 127 £2 0.22+0.01
2/DSPC/DSPE-PEG,, 50:45:5 429 181+6 0.15+0.02 -13.8+2 174 £2 0.11 £0.01
2/DSPC/DSPE-PEG,, 75:20:5 555 169 = 18 0.11+0.03 -114+2 145+3 0.20+£0.02
5/DSPC/DSPE-PEG,, 75:20:5 64.4 187 +2 0.03+0.02 -126+1 180 £2 0.04 £0.02
6/DSPC/DSPE-PEG,, 75:20:5 57.9 148 + 14 0.20+0.02 -84 +x1 139+2 0.15+0.02
1/DSPC/DSPE-PEG,,,, 75:20:5 54.0 156 £ 6 0.09+£0.01 -16.1+1 164 £2 0.09 £0.02
3/DSPC/DSPE-PEG,, 75:20:5 Not done 124 = 1° 0.15+0.01* -104 +2° Unstable Unstable

4/DSPC/DSPE-PEG,, 50:45:5 42.6 180 £ 4 0.12+0.02 -169+2 1793 0.14 £0.02
DSPC/DSPE-PEG,, 95:5 N/A 109 £ 2 0.21+0.02 831 110+ 1 0.19+£0.02

(a) Liposome formulations containing the switchable lipid 3 (NH; headgroup) aggregated and spontaneously released the loaded sulforhodamine B in less than one week
of storage. (b) Quantification by HPLC-UV of the amount of switchable lipid successfully incorporated in the formulations.

Quantification of the switchable lipid incorporated into the liposome preparation revealed that not all the starting material was
successfully combined with the lipidic bilayers during formulation, especially with an initial loading ratio of 75 mol%. For the switchable lipid
2 (N,N-Dimethyl headgroup), a feeding ratio of 25, 50 and 75 mol% yielded a final molar ratio of 23.4, 42.9 and 55.5 respectively. This
observation is also true for the other switchable lipids, including the non-switchable lipid 4. This suggests that the switchable lipids may be too

hydrophobic to be entirely incorporated at molar ratios above 50 mol%, using DSPC and DSPE-PEG2o (5 mol%) as co-lipids.

All liposome formulations exhibited a hydrodynamic diameter below 200 nm and a slightly negative zeta potential. Stability experiments
realized over 3 months of storage at 4°C revealed no noticeable change of hydrodynamic diameter and polydispersity index for all formulations
except for liposomes prepared with the switchable lipid 3 (NH, headgroup). This formulation spontaneously aggregated and released all the

encapsulated sulforhodamine B in less than one week of storage at pH 7.4. This observation is consistent with the predicted pKayy, value of 7.05
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for this lipid and with its direct implication in the destabilization of the liposome and release of the entrapped content. All the other liposome

formulations were able to keep the sulforhodamine B dye encapsulated for at least 3 months.
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Figure S2.5 - Fluorescence kinetic profiles of sulforhodamine B release at pH 5 for pH-sensitive formulations

incorporating increasing amounts of switchable lipid 2 (N,N-Dimethyl headgroup)
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This figure shows the kinetic profiles of sulforhodamine B release from the
liposomal formulations incorporating 0, 25, 50 or 75 mol% of the switchable lipid 2 (N,N-
Dimethyl headgroup) at pH 5 (co-lipid is DSPC and 5 mol% of DSPE-PEG:g is included
in all preparations). t = 0 min corresponds to the addition of the liposome aliquot into the
cuvette. Curves were aligned with the I ooy intensity value at t = 19 min. t = 15 min
corresponds to the addition of C;,Eg detergent in the cuvette to release all the fluorescence.
These results show higher and faster release when the percentage of the switchable lipid 2

in the formulation increases.



Figure S2.6 - Sulforhodamine B leakage profile of liposomal formulations incorporating the switchable lipid
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This figure presents the leakage as function of pH for the liposome preparations
incorporating 75 mol% of the switchable lipid 1 (COOH headgroup — black line) or 2 (N,N-
Dimethyl headgroup — dotted line). Co-lipids are DSPC (20 mol%) and DSPE-PEGzg (5
mol%). Percentages of leakage are obtained after a 15-minute incubation in buffers at
different pH values. Data points represent mean + SD. Experiments were run in triplicate.

Adjusted r* > 0.995 for all non-linear sigmoidal fittings.

As anticipated from the in silico predictions (pKayy: = 3.15 — Table S2.1) and NMR
titration experiments (Figure S2.2B), the liposome formulation incorporating 75 mol% of
the switchable lipid 1 (COOH headgroup) did not show any significant pH-dependent release
properties. Even at pH 3.5, only 11% of the content was released, suggesting that the
switchable lipid 1 remains unprotonated and is therefore unable to destabilize the liposome
bilayer. On the contrary, the liposome formulation incorporating 75 mol% of the switchable
lipid 2 (N,NDimethyl headgroup — pKapyr = 5.28) showed strong pH-dependent release

properties.
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Figure S2.7 - Sulforhodamine B leakage profiles of liposomal formulations incorporating the N,N-Dimethyl-

based switchable lipids with variable alkyl chains length
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This figure presents the leakage as function of pH for liposome preparations
incorporating 75 mol% of either the switchable lipid 5 (10 carbons alkyl chains), 2 (12
carbons alkyl chains) and 6 (14 carbons alkyl chains). Co-lipids are DSPC (20 mol%) and
DSPE-PEGa00 (5 mol%). Percentages of leakage are obtained after a 15-minute incubation
in buffers at different pH values. Data points represent mean + SD. Experiments were run in

triplicate. Adjusted r* > 0.995 for all non-linear sigmoidal fittings.

All N,N-Dimethyl-based switchable lipids (5, 2 and 6) were able to trigger a
complete and pH-responsive release, meaning there is no significant influence of the chain
length on the pH-sensitive properties. This experiment confirms that the pKayy, of the
switchable lipids is tuned by the nature of the headgroup rather than the chains length, in
accordance with in silico predictions (Table S2.1). Also, this experiment shows that the
tricyclic switchable unit is able to overcome the strong hydrophobic interactions between
the alkyl chains and the octadecyl-based co-lipids. The length of the alkyl chains does not

impair the conformational switch.
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Figure S2.8 - R18 lipid-mixing assays of the N,N-Dimethyl-based switchable lipids
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This figure shows (A) R18 lipid-mixing assays at pH 7.4 and 5. Labeled liposomes
were made of switchable lipid/DSPC/R18/DSPE-PEG;0 50:39:6:5 mol%. The switchable
lipids used in this experiment are N,NDimethyl-based and the impact of their alkyl chains
length is studied (C10; C12; C14, respectively compound 5, 2 and 6). “No SL” represents
the negative control formulation without switchable lipid (DSPC/R18/DSPEPEG:gno
89:6:5). Unlabeled liposomes were made of POPC 100 mol%. The molar ratio of

labeled/unlabeled liposomes was 1:10. All percentages of dequenching were calculated at t



= 15 min after incubation. Bar charts are represented as the mean = SD. Experiments were

run in triplicate.

Panel (B) shows the influence of the molar ratio of labeled/unlabeled liposomes on
the lipid-mixing assay. The ratios studied were 1:2, 1:10 and 1:20 (0.01 mM of labeled
liposomes for 0.02, 0.10 or 0.20 mM of unlabeled liposomes in the cuvette).

Incubation of the pH-sensitive formulations based on the switchable lipids 5, 2 and
6 with empty POPC vesicles led to a 5- to 6- fold increase in fluorescence after 15 minutes
under weakly acidic conditions compared to the residual dequenching observed at pH 7.4
(Figure S2.8A). This fusion ability at acidic pH was attributed to the presence of switchable
lipids, since lipid mixing of two negative control formulations (no switchable lipid or non-
switchable lipid 4) generated less than 4% dequenching at either pH 7.4 or 5. Varying the
chain length of the switchable lipids did not change the general trend, as previously observed
during the leakage assays. Mixing labeled liposomes containing switchable lipids with
increasing concentrations of unlabeled POPC vesicles led to an enhancement of the R18
dequenching fluorescence (Figure S2.8B). This result is consistent with an interliposomal
fusion mechanism, as more dequenching occurs when more unlabeled liposomes are

available for mixing.
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Figure S2.9 - Fluorescence microscopy imaging of sulforhodamine B delivery on HeLa cells
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(A) 1, 2 and 4-hour incubations of HeLa cells with the pH-sensitive liposomal
formulation 2/DSPC/DSPEPEG;ggo (50:45:5). (B) 4-hour incubation of HeLa cells with the
pH-insensitive negative control formulation without switchable lipid (DSPC/DSPE-PEG:o
95:5). (C) 4-hour incubation of HeLa cells with free sulforhodamine B. (D) Colocalization
quantification between the LysoTracker® Blue and the sulforhodamine B channels, using the
Manders’ colocalization coefficient (MCC). HeLa cells were stained with LysoTracker”
Blue DND-22 (100 nM) during 30 minutes just before imaging. The incubation medium was
Opti-MEM®/FBS 90:10. The final concentration of sulforhodamine B in the dish was 900
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nM (encapsulated content). Bar = 20 pm. Bar charts are represented as the mean = SD of an
average of 3 different pictures, containing at least 4 cells each. ** = p<0.01 using a Student

1 test.

After a 1-hour incubation, the pH-sensitive liposomes are immediately taken up via
the endosomal pathway, as shown by the visible punctate colocalization and a MCC value
of 0.80 between the LysoTracker” Blue and the sulforhodamine B channels (Figure S2.9A
and S2.9D). 2 and 4-hour incubation period with the same pH-sensitive formulation led to
an efficient endosomal escape and cytoplasmic delivery of sulforhodamine B, as evidenced
by the significant drop of MCC value (0.28 and 0.29 respectively) and diffuse red

fluorescence in the cytosol.

4-hour incubation of HeLa cells with the pH-insensitive negative control
DSPC/DSPE-PEGag00 95:5 liposomal preparation showed a strong punctate colocalization
between the sulforhodamine B and the acidic compartments and a MCC value of 0.87,
confirming the lack of endosomal escape capabilities of this formulation (Figure S2.9B and

S2.9D).

4-hour incubation of HeLa cells with free sulforhodamine B resulted in the absence
of red fluorescence in both the endosomal pathway and cytoplasm, confirming the inability

of the sulforhodamine B to cross the cytoplasmic and endosomal membranes on its own

(Figure $2.9C).
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Figure S2.10 - /n vitro cell viability and hemocompatibility assays
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(A) Resazurin-based in vitro cell viability assay on HeLa cells. (B) In vitro
hemocompatibility assay performed on human red blood cells. Plain liposomes exhibited no
toxicity up to 500 uM, similarly to DSPC/DSPE-PEGy (95:5) liposomes. No hemolytic

activity was detected at the same concentrations, ensuring the safety of a systemic injection

of the formulation.
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Figure S2.11 - "HNMR and "CNMR spectrums of compound 1 (CDCl3/CD;0D)
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Figure S2.12 - "HNMR and "CNMR spectrums of compound 2 (CDCl;)
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Figure S2.13 - "HNMR and "CNMR spectrums of compound 3 (CDCl;)
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Figure S2.14 - "HNMR and "CNMR spectrums of compound 4 (CDCl;)
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Figure S2.15 - "HNMR and "CNMR spectrums of compound 5 (CDCl;)
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Figure S2.16 - 'HNMR and "CNMR spectrums of compound 6 (CDCl;)
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Figure S2.17 - "HNMR and "CNMR spectrums of compound 7 (CDCl;)
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Chapitre 3 : Lipides Bascules Cationiques : Bascule

Moléculaire pH-Sensible pour la Délivrance de siRNA

« Cationic Switchable Lipids: pH-Triggered Molecular Switch for siRNA Delivery »

H +
ENDOSOMAL
PROTONATION

CONFORMATIONAL
CHANGE

siRNA
DELIVERY Q\O

&

Abstract : siRNA delivery materials based on cationic switchable lipids are

demonstrated. A pH-sensitive molecular switch able to change its conformation upon
protonation at endosomal pH values is embedded into the structure of cationic lipidoid
materials, thus conferring endosomal escape properties. Leading material identified is able

to induce efficient gene knockdown both in vitro and in vivo.

Soumis au journal ACS Nano Letters le 6 Aout 2016 : W. Viricel, S. Poirier, A. Mbarek, G.
Mayer, J. Leblond, Cationic Switchable Lipids: pH-Triggered Molecular Switch for siRNA
Delivery.



3.1 Introduction

RNAI technology has demonstrated strong potential for therapeutics and is currently
showing impressive clinical progress.!'! Silencing gene expression may be used to treat
numerous diseases such as cancer'”, hereditary disorders” and infectious diseases.!"!
However, the strong hydrophilicity and anionic charge density of siRNA prevent their
passive diffusion across cell membranes. Systemic administration of siRNA therefore
requires the use of carriers able to encapsulate, protect and deliver the therapeutic cargo into
the cytoplasm of target cells. Despite the many efforts made to tailor nanocarriers in order
to overcome biological barriers, endosomal entrapment remains a major impediment to the

in vivo therapeutic efficacy of the delivery platforms developed in the last decade."!

One of the most clinically advanced delivery vehicles for siRNA therapeutics are

2] These siRNA delivery materials are principally composed of

lipid nanoparticles (LNP).
cationic lipids or “lipidoids”, identified through combinatorial synthesis and high throughput
screening.”) Structure-activity analysis of these libraries suggests that using one or more
tertiary amines as ionizable headgroups is essential to promoting endosomal escape and
mediating meaningful gene silencing.!”! At endosomal pH values, ionization of the tertiary
amine alters the hydrodynamic radius of the lipid headgroup and induces an inverted non-
bilayer structure, which is hypothesized to be responsible for destabilizing the endosomal
membrane.™ Nevertheless, recent quantitative studies using siRNA/LNP have shown that
only ~ 1-2% of siRNA is successfully delivered to the cytoplasm due to endosomal
entrapment or recycling to the extracellular space.”’ This observation highlights that
endosomal sequestration is still a major barrier to gene delivery and suggests that developing
lipid materials equipped with an efficient endosomal escape mechanism remains highly

relevant.

We recently reported the use of pH-dependent switchable lipids for drug delivery.!'”!

When incorporated into liposomes, the switchable lipids triggered a fast and effective
intracytoplasmic delivery of a hydrophilic cell-impermeable compound, via an endosomal
escape process. Upon protonation of the central pyridine, the conformation of the lipid
switches to favor intramolecular hydrogen-bonding, which changes the relative orientation
of the hydrocarbon chains of the molecule, disturbing the lipid packing of the nanoparticle
and prompting the release of its therapeutic cargo (Figure 3.1). This pH-sensitive

mechanism triggered complete drug release in less than 15 min and was not impacted by
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polyethylene-glycol coating. As such, these materials show great potential for gene delivery.
Therefore, we decided to develop an siRNA/LNP delivery platform based on such a pH-

triggered conformational switch.

H*

PROTONATION
conformational change

LIPID NANOPARTICLE DESTABILIZATION
LY A endosomal escape & siRNA delivery

LIPID STACKING

Figure 3.1 - Protonation-induced conformational change of the pH-sensitive cationic switchable lipids.
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3.2 Experimental section

3.2.1 Materials, general methods and cell culture

All solvents and reagents were obtained from Sigma-Aldrich (Oakville, ON,
Canada), Fisher Scientific (Ottawa, ON, Canada), Alfa Aesar (Ward Hill, MA, USA) and
Oakwood Chemical (West Columbia, SC, USA). Anhydrous tetrahydrofuran (THF) and
dimethylformamide (DMF) were obtained from a Pure Solv PS-400-6 System (Innovative
Technology, Amesbury, MA, USA). Cholesterol, DSPC (1,2-distearoyl-sn-glycero-3-
phosphocholine) and DSPE-PEG;gy (N-(carbonyl-methoxypolyethyleneglycol 2000)-1,2-
distearoyl-sn-glycero-3-phosphoethanolamine, sodium salt) were supplied by Avanti® Polar
Lipids  (Alabaster, AL, USA). DMG-PEGyyo (1,2-dimyristoyl-sn-glycerol,
methoxypolyethyleneglycol 2000) was purchased from NOF America Corporation (White
Plains, NY, USA). Chloroquine, genistein, chlorpromazine and resazurin sodium salt were
obtained from Sigma-Aldrich (Oakville, ON, Canada), 5-(N-Ethyl-N-isopropyl)-Amiloride
(EIPA) was obtained from Santa Cruz Biotechnology (Dallas, TX, USA), Pitstop 2™ was
obtained from Abcam® (Toronto, ON, Canada) and Bafilomycin A1 was obtained from Alfa
Aesar (Ward Hill, MA, USA). All solvents and reagents were of analytical grade and were
used as received. All liquid nuclear magnetic resonance spectra were recorded on a Varian
400 WB spectrometer, using residual solvent peak for calibration. High-resolution mass
spectroscopy analysis was performed by the Regional Center for Mass Spectrometry of the
University of Montréal. Chemical reactions were monitored by LC-MS (Infinity 1260 + MS
6120, Agilent Technologies, Mississauga, ON, Canada).

HeLa/GFP cells (GFP Reporter Stable Cell Line, Cell Biolabs Inc., San Diego, CA,
USA) and HeLa cells (CCL-2™, ATCC®, Manassas, VA, USA) were cultured in Eagle’s
Minimum Essential Medium (EMEM, cat #30-2003, ATCC®) supplemented with 10% Fetal
Bovine Serum (Gibco, Burlington, ON, Canada). Huh-7 cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, cat# 319-005-CL, Wisent, Montreal, QC, Canada)
supplemented with 10% Fetal Bovine Serum (Gibco). Cells were incubated at 37°C under a

water-saturated atmosphere supplemented with 5% CO,.
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3.2.2 Synthesis of the pH-sensitive cationic switchable lipids CSL1 and
CSL3

'!‘ r!‘ R N/\/N\ R N/\/N\
NH; i i) HNTS ) SN i) < N~ V) v) N N~
) o o o o
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Figure 3.2 — Synthesis pathway of the pH-sensitive cationic switchable lipids CSL1 and CSL3

i) NaH, THF, 80°C, 0.5h ; ii) ICH;3, NaH, THF, 40°C, 2h ; iii) 5-bromo-2-methoxyphenylboronic acid,
Pd(PPh;),, Na,CO;, THF/H,O, 80°C, 48h ; iv) 1-dodecyne, PdCl,(PPh;),, triphenylphosphine, TBAF,
DMEF/DIPA, 80°C, 16h ; v) H,, Pd/C, EtOH, room temperature, 4h.

3.2.2.1 Synthesis of compounds 1 & 2

In a 250 mL round-bottom flask previously purged with argon was added sodium
hydride (60% dispersion in mineral oil, un-rinsed) (926 mg / 27.6 mmol). Anhydrous THF
(130 mL) was added, and 2,6-dibromopyridin-4-amine (1736 mg / 6.89 mmol) was slowly
dissolved in the mixture. 2-iodo-N,N-dimethylethan-1-amine (iodide salt) (2253 mg / 6.89
mmol) was added, and the mixture was stirred 0.5 hours at 80°C under argon. The mixture
was then slowly quenched with MeOH, and dry loaded into column chromatography on
silica gel for purification (hexane/AcOEt, fast gradient from 100:0 to 0:100 ; DCM/MeOH,
gradient from 100:0 to 70:30) using a Teledyne Isco CombiFlash® purification system. The
final product 1 was obtained as a yellow solid (1386 mg / 62%) and the final product 2 was
obtained as a slightly orange solid (395 mg / 15%).

1: 'H NMR (400 MHz, CDCl3) & (ppm) 2.22 (s, 6H), 2.52 (t, J = 5.7 Hz, 2H), 3.08 (q, J; =
6.2 Hz, J, = 5.0 Hz, 2H), 6.56 (s, 2H). °C NMR (100 MHz, CDCl;) & (ppm) 39.49, 44.86,
56.68, 109.92, 140.60, 156.02. Calc [M+H] = 321.95490 ; Exp [M+H] = 321.95555 ; Error
=-2.01 ppm.

2 : '"H NMR (400 MHz, CDCls) & (ppm) 2.25 (s, 12H), 2.42 (t, J= 7.2 Hz, 4H), 3.37 (t, J =
7.2 Hz, 4H), 6.58 (s, 2H). °C NMR (100 MHz, CDCl5) & (ppm) 45.80, 49.22, 55.91, 108.80,
141.06, 155.22. Calc [M+H] =393.02840 ; Exp [M+H] =393.02934 ; Error = - 2.41 ppm.
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3.2.2.2 Synthesis of compound 3

In a 250 mL round-bottom flask previously purged with argon was added sodium
hydride (60% dispersion in mineral oil, un-rinsed) (654 mg / 19.5 mmol). Anhydrous THF
(50 mL) was added, and 1 (786 mg / 2.43 mmol) was added in the mixture. Methyl iodide
was added (449 mg / 3.16 mmol). The mixture was stirred at 40°C and was carefully
monitored by LC-MS until entire consumption of the starting material (~ 2h). The mixture
was then slowly quenched with MeOH, filtered (0.20 pm PTFE filter) and dry loaded into
column chromatography on silica gel for purification (hexane/AcOEt, fast gradient from
100:0 to 0:100; DCM/MeOH, gradient from 100:0 to 80:20) using a Teledyne Isco
CombiFlash® purification system. The final product 3 was obtained as a yellow oil (640 mg
/ 78%). "H NMR (400 MHz, CD;0D) & (ppm) 2.30 (s, 6H), 2.49 (t, J = 7.4 Hz, 2H), 2.99 (s,
3H), 3.49 (t, J = 7.3 Hz, 2H), 6.77 (s, 2H). >C NMR (100 MHz, CD;OD) & (ppm) 37.19,
44.41, 49.10, 54.80, 108.68, 140.19, 156.34. Calc [M+H] = 335.97055 ; Exp [M+H] =
335.97180 ; Error = - 3.71 ppm.

3.2.2.3 Synthesis of compound 4

In a 50 mL round-bottom flask was dissolved 2 (127 mg / 0.32 mmol) and 5-bromo-
2-methoxyphenylboronic acid (170 mg / 0.74 mmol) in 4 mL of THF. Na,COs (137 mg /
1.29 mmol), previously dissolved in 4 mL of distilled water, was added and the flask was
purged three times with argon. Pd(PPhs)4 (3.7 mg / 0.003 mmol) was added and the flask
was purged three times again. The mixture was stirred 48 hours at 80°C. The reaction was
monitored by LC-MS until entire consumption of the starting materials. The mixture was
then diluted with saturated Na,COj; and extracted 3 times with dichloromethane (DCM). The
organic layer was dried over MgSO,4 and evaporated under vacuum. The final product was
purified by reverse phase preparative HPLC on an Agilent Zorbax PrepHT Eclipse XDB-
C18 21.2x150mm (5um) column. Mobile phase A was composed of water + 0.1% formic
acid and mobile phase B was composed of MeOH + 0.1% formic acid. The mobile phase
gradient was: 0 min — 15 % B ; 6 min — 80 % B ; 12 min - 80 % B followed by a column re-
equilibration time of 4 min. Compound 4 was obtained as a white solid (58 mg / 30%). 'H
NMR (400 MHz, CDs;0D) & (ppm) 2.48 (s, 12H), 2.79 (t, J = 6.5 Hz, 4H), 3.67 (t, /= 6.5
Hz, 4H), 3.86 (s, 6H), 6.97 (s, 2H), 7.05 (d, J = 8.9 Hz, 2H), 7.50 (dd, J; = 8.9 Hz, J, = 2.6
Hz, 2H), 7.73 (d, J = 2.6 Hz, 2H). °C NMR (100 MHz, CD;OD) & (ppm) 44.14, 55.21,
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56.08,107.00, 112.41, 113.35, 130.81, 132.32, 133.06, 152.55, 154.18, 156.23. Calc [M+H]
=605.11213 ; Exp [M+H] = 605.11451 ; Error = - 3.93 ppm.

3.2.2.4 Synthesis of compound 5

In a 100 mL round-bottom flask was dissolved 3 (694 mg /2.06 mmol) and 5-bromo-
2-methoxyphenylboronic acid (1189 mg / 5.15 mmol) in 6 mL of THF. Na,COs (873 mg /
8.24 mmol), previously dissolved in 6 mL of distilled water, was added and the flask was
purged three times with argon. Pd(PPhs)4 (23.8 mg / 0.021 mmol) was added and the flask
was purged three times again. The mixture was stirred 48 hours at 80°C. The reaction was
monitored by LC-MS until entire consumption of the starting materials. The mixture was
then diluted with saturated Na,COj; and extracted 3 times with dichloromethane (DCM). The
organic layer was dried over MgSO,4 and evaporated under vacuum. The final product was
purified using a Teledyne Isco CombiFlash® purification system equipped with a 30 grams
reversed-phase C18 HP Gold column. Mobile phase A was composed of water + 0.1%
formic acid and mobile phase B was composed of MeOH + 0.1% formic acid. The mobile
phase gradient was: 0 min—20 % B ; 15 min— 90 % B followed by a column re-equilibration
time of 4-5 CV. Compound 5 was obtained as a white solid (492 mg / 47%). "H NMR (400
MHz, CDs;0D) 6 (ppm) 2.35 (s, 6H), 2.62 (t, J = 7.2 Hz, 2H), 3.07 (s, 3H), 3.59 (t, /= 7.3
Hz, 2H), 3.84 (s, 6H), 6.94 (s, 2H), 7.02 (d, J = 8.8 Hz, 2H), 7.48 (dd, J; = 8.8 Hz, J, =2.5
Hz, 2H), 7.70 (d, J = 2.5 Hz, 2H). °C NMR (100 MHz, CD;0D) & (ppm) 37.09, 44.29,
48.82,54.84,55.17,106.68, 112.36, 113.35, 130.40, 132.39, 133.07, 153.30, 154.21, 156.25.
Calc [M+H] = 548.05428 ; Exp [M+H] = 548.05574 ; Error = - 2.66 ppm.

3.2.2.5 Synthesis of compound CSL1

Compound 4 (80 mg / 0.132 mmol) was weighted in a 20 mL microwave reaction
vial. 1-dodecyne (66 mg / 0.40 mmol) and triphenylphosphine (10.4 mg / 0.04 mmol) were
added. Dried tetra-n-butylammonium fluoride (TBAF) (241 mg / 0.92 mmol) was added
(previously dried under high vacuum from 1.0 M TBAF solution in THF), followed by 2 mL
of anhydrous DMF and 2 mL of diisopropylamine (DIPA). The reaction vial was purged 3
times with argon. PdCI,(PPhs), was added (8.3 mg/ 0.01 mmol), the vial was purged 3 times
with argon and sealed. The mixture was stirred 16 hours at 80°C. The mixture was then
diluted with saturated Na,COs and extracted 3 times with DCM. The organic layer was dried

over MgSO, and evaporated under vacuum. The crude product was purified by column

147



chromatography on silica gel (DCM/MeOH, gradient from 100:0 to 70:30) using a Teledyne
Isco CombiFlash® purification system. The product was then dissolved in EtOH in a 100 mL
round-bottom flask. Palladium (10 wt %Pd basis) on activated charcoal (40 mg) was added
and the flask was purged 3 times with hydrogen. The mixture was then stirred 4 hours at
room temperature under a 1 atm hydrogen pressure. The solution was then filtered on a PTFE
filter (0.20 um) to remove the catalyst, and the organic phase was evaporated under vacuum.
The final product was purified by reverse phase preparative HPLC on an Agilent Zorbax
PrepHT Eclipse XDB-C8 21.2x100mm (5um) column. Mobile phase A was composed of
water + 0.1% formic acid and mobile phase B was composed of MeOH + 0.1% formic acid.
The mobile phase gradient was: 0 min — 30 % B ; 10 min — 95 % B ; 12 min - 95 % B
followed by a column re-equilibration time of 4 min. Compound CSL1 was obtained as a
white solid (40 mg / 38%). 'H NMR (400 MHz, CDCl3) § (ppm) 0.87 (t, J = 6.6 Hz, 6H),
1.19-1.38 (m, 36H), 1.62 (quint, J = 7.4 Hz, 4H), 2.34 (s, 12H), 2.58-2.63 (m, 8H), 3.53 (t,
J=17.4 Hz, 4H), 3.84 (s, 6H), 6.89 (d, J = 8.4 Hz, 2H), 7.00 (s, 2H), 7.12 (dd, J; = 8.4 Hz,
J> = 2.3 Hz, 2H), 7.67 (d, J = 2.3 Hz, 2H). °C NMR (100 MHz, CDCl;) & (ppm) 14.10,
22.68,29.35-29.68, 29.70, 31.62, 35.12,45.57, 48.61, 55.91, 56.06, 106.39, 111.42, 128.91,
130.19, 131.43, 135.30, 152.10, 154.96, 155.89. Calc [M+H] = 785.6667 ; Exp [M+H] =
785.66949 ; Error = - 3.54 ppm.

3.2.2.6 Synthesis of compound CSL3

Compound 5 (228 mg / 0.42 mmol) was weighted in a 20 mL microwave reaction
vial. 1-dodecyne (207 mg / 1.25 mmol) and triphenylphosphine (33.7 mg / 0.125 mmol)
were added. Dried tetra-n-butylammonium fluoride (TBAF) (760 mg / 2.91 mmol) was
added (previously dried under high vacuum from 1.0 M TBAF solution in THF), followed
by 2 mL of anhydrous DMF and 2 mL of diisopropylamine (DIPA). The reaction vial was
purged 3 times with argon. PdCIy(PPh;s), was added (26 mg / 0.037 mmol), the vial was
purged 3 times with argon and sealed. The mixture was stirred 16 hours at 80°C. The mixture
was then diluted with saturated Na,COj3 and extracted 3 times with DCM. The organic layer
was dried over MgSO4 and evaporated under vacuum. The crude product was purified by
column chromatography on silica gel (DCM/MeOH, gradient from 100:0 to 90:10) using a
Teledyne Isco CombiFlash® purification system. The product was then dissolved in EtOH
in a 100 mL round-bottom flask. Palladium (10 wt %Pd basis) on activated charcoal (50 mg)

was added and the flask was purged 3 times with hydrogen. The mixture was then stirred 4
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hours at room temperature under a 1 atm hydrogen pressure. The solution was then filtered
on a PTFE filter (0.20 um) to remove the catalyst, and the organic phase was evaporated
under vacuum. The final product was purified by reverse phase preparative HPLC on an
Agilent Zorbax PrepHT Eclipse XDB-C8 21.2x100mm (5pm) column. Mobile phase A was
composed of water + 0.1% formic acid and mobile phase B was composed of MeOH + 0.1%
formic acid. The mobile phase gradient was: 0 min — 30 % B ; 10 min — 95 % B ; 12 min -
95 % B followed by a column re-equilibration time of 4 min. Compound CSL3 was obtained
as a slightly yellow wax (134 mg / 44%). '"H NMR (400 MHz, CDCls) & (ppm) 0.87 (t, J =
6.4 Hz, 6H), 1.20-1.37 (m, 36H), 1.59 (quint, J = 7.4 Hz, 4H), 2.52 (s, 6H), 2.60 (t, J= 7.5
Hz, 4H), 2.88 (t,J=7.5 Hz, 2H), 3.16 (s, 3H), 3.77 (t, J=7.5 Hz, 2H), 3.86 (s, 6H), 6.93 (d,
J=8.4 Hz, 2H), 6.99 (s, 2H), 7.20 (dd, J, = 8.4 Hz, J, = 2.2 Hz, 2H), 7.57 (d, J = 2.2 Hz,
2H). >C NMR (100 MHz, CDCls) § (ppm) 14.10, 22.67, 29.34-29.63, 29.67, 31.59, 35.00,
38.51, 44.35, 48.72, 54.47, 56.05, 106.12, 111.70, 126.16, 130.52, 131.05, 135.77, 153.41,
154.55, 154.92. Calc [M+H] = 728.60886 ; Exp [M+H] = 728.61108 ; Error = - 3.06 ppm.

3.2.3 Synthesis of the pH-sensitive cationic switchable lipid CSL2
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Figure 3.3 - Synthesis pathway of the pH-sensitive cationic switchable lipid CSL2

i) NaH, DMF, room temperature, 3h ; ii) Boc,O, DCM, room temperature, 2h ; iii) ICH;, NaH, DMF, 40°C,
3h ; iv) 5-bromo-2-methoxyphenylboronic acid, Pd(PPhs),, Na,CO;, THF/H,0, 80°C, 48h ; v) 1-dodecyne,
PdCl,(PPhs),, triphenylphosphine, TBAF, DMF/DIPA, 80°C, 16h ; vi) H,, Pd/C, EtOH, room temperature,

overnight ; vii) HCI 4M, dioxane, room temperature, 2h.
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3.2.3.1 Synthesis of compound 6

Ethylenediamine (640 mg / 10.64 mmol) was added dropwise to a suspension of
sodium hydride (60% dispersion in mineral oil, un-rinsed) (255 mg / 10.64 mmol) in
anhydrous DMF (20 mL). 2,6-dibromo-4-nitro-pyridine (2 g / 7.10 mmol) was introduced
by small amounts. The mixture was stirred at room temperature for 3 hours, then carefully
quenched with MeOH, washed with saturated Na,CO; and extracted with AcOEt. The
organic layer was dried over MgSO, and concentrated to afford a brown oil. The crude was
purified by chromatography on silica gel (DCM/MeOH, gradient from 100:0 to 80:20) using
a Teledyne Isco CombiFlash® purification system to afford 6 (628 mg / 30%) as an orange
oil. '"H NMR (400 MHz, CD;0D) § (ppm) 2.80 (t, J = 7.0 Hz, 2H), 3.18 (t, J = 7.0 Hz, 2H),
6.70 (s, 2H). >C NMR (100 MHz, CD;0D) & (ppm) 40.81, 45.12, 110.61, 141.29, 158.69.
Calc [M+H] = 293.92360 ; Exp [M+H] = 293.92232 ; Error = - 4.37 ppm.

3.2.3.2 Synthesis of compound 7

To a solution of 6 (1.5 g/ 5.08 mmol) in DCM (25 mL) was slowly added Boc,O
(1.33 g / 6.10 mmol). The medium was stirred at room temperature during 2h and then
washed with saturated Na,COs. The organic layer was decanted and the aqueous layer was
extracted twice with DCM. The combined organic layers were dried over MgSO4 and
concentrated under reduced pressure to afford a brown oil. The crude was purified by
chromatography on silica gel (hexane/AcOEt, gradient from 100:0 to 0:100) using a
Teledyne Isco CombiFlash® purification system to afford 7 (1.6 g / 79%) as an orange oil.
'H NMR (400 MHz, CDCls) & (ppm) 1.44 (s, 9H), 3.20 (m, 2H), 3.38 (m, 2H), 4.92 (t, J =
2.4 Hz, 1H), 5.54 (br, 1H), 6.54 (s, 2H). >C NMR (100 MHz, CDCl3) & (ppm) 28.26, 39.58,
44.65, 80.43, 109.69, 140.66, 156.24, 157.40. Calc [M+H] = 393.97603 ; Exp [M+H] =
393.9778S5 ; Error = 4.6 ppm.

3.2.3.3 Synthesis of compound 8

To a solution of 7 (1.2 g, 3.04 mmol) in anhydrous DMF (10 mL) was added sodium
hydride (60% dispersion in mineral oil, un-rinsed) (153 mg / 4.56 mmol) and methyl iodide
(863 mg, 6.08 mmol). The mixture was stirred at 40°C and was monitored by LC-MS until
entire consumption of the starting material (~ 3h). The mixture was then slowly quenched
with MeOH, washed with water and extracted with DCM. The crude was dry loaded into

column chromatography on silica gel for purification (hexane/AcOEt, gradient from 100:0
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to 0:100) using a Teledyne Isco CombiFlash® purification system to afford 8 (907 mg / 73%)
as an orange solid. 'H NMR (400 MHz, CDCl;) & (ppm) 1.42 (s, 9H), 2.97 (s, 3H), 3.29 (m,
2H), 3.47 (m, 2H), 4.70 (br, 1H), 6.65 (s, 2H). °*C NMR (100 MHz, CDCl;) & (ppm) 25.76,
35.30, 48.64, 77.40, 106.30, 138.46, 153.49, 153.72. Calc [M+H] =407.99168 ; Exp [M+H]
=407.99221 ; Error = 1.3 ppm.

3.2.3.4 Synthesis of compound 9

In a 50 mL round-bottom flask was dissolved 8 (240 mg / 0.59 mmol) and 5-bromo-
2-methoxyphenylboronic acid (340 mg / 1.47 mmol) in 5 mL of THF. Na,COs (249 mg /
2.35 mmol), previously dissolved in 5 mL of distilled water, was added and the flask was
purged three times with argon. Pd(PPhs)4 (8.2 mg / 0.012 mmol) was added and the flask
was purged three times again. The mixture was stirred 48 hours at 80°C. The reaction was
monitored by LC-MS until entire consumption of the starting materials. The mixture was
then diluted with saturated Na,COj; and extracted 3 times with dichloromethane (DCM). The
organic layer was dried over MgSO,4 and evaporated under vacuum. The crude was dry
loaded into column chromatography on silica gel for purification (hexane/AcOEt, gradient
from 100:0 to 0:100) using a Teledyne Isco CombiFlash® purification system to afford 9
(179 mg / 49%) as an orange solid. '"H NMR (400 MHz, CDCls) & (ppm) 1.37 (s, 9H), 3.09
(s, 3H), 3.38 (m, 2H), 3.60 (m, 2H), 3.85 (s, 6H), 4.79 (br, 1H), 6.86 (d, J = 8.7 Hz, 2H),
6.95 (s, 2H), 7.44 (dd, J, = 8.7 Hz, J, = 2.5 Hz, 2H), 7.84 (d, J= 2.5 Hz, 2H). >*C NMR (100
MHz, CDCls) & (ppm) 28.37, 38.31, 51.25, 56.22, 79.42, 106.69, 113.22, 113.29, 131.01,
132.44,133.75,153.62, 156.11, 164.74. Calc [M+H] =620.07541 ; Exp [M+H] = 620.07685
; Error = 2.3 ppm.

3.2.3.5 Synthesis of compound 10

Compound 9 (270 mg / 0.34 mmol) was weighted in a 20 mL microwave reaction
vial. 1-dodecyne (113 mg/ 1.30 mmol) and triphenylphosphine (20 mg / 0.078 mmol) were
added. Dried tetra-n-butylammonium fluoride (TBAF) (355 mg / 2.60 mmol) was added
(previously dried under high vacuum from 1.0 M TBAF solution in THF), followed by 1 mL
of anhydrous DMF and 1 mL of diisopropylamine (DIPA). The reaction vial was purged 3
times with argon. PdCl,(PPhs), was added (21 mg / 0.030 mmol), the vial was purged 3
times with argon and sealed. The mixture was stirred 16 hours at 80°C. The mixture was

then diluted with saturated Na,COs and extracted 3 times with DCM. The organic layer was
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dried over MgSO4 and evaporated under vacuum. The crude product was purified by column
chromatography on silica gel (hexane/AcOEt, gradient from 100:0 to 0:100) using a
Teledyne Isco CombiFlash® purification system to afford 10 (141 mg/ 41%) as a yellow oil.
'H NMR (400 MHz, CDCl;) & (ppm) 0.87 (t, J = 6.8 Hz, 6H), 1.16-1.34 (m, 28H), 1.35-1.50
(m, 13H), 1.58 (quint, J = 7.6 Hz, 4H), 2.37 (t, J = 7.2 Hz, 4H), 3.05 (s, 3H), 3.36 (m, 2H),
3.54 (m, 2H), 3.84 (s, 6H), 4.69 (br, 1H), 6.88 (d, J = 8.6 Hz, 2H), 6.92 (s, 2H), 7.35 (dd, J;
= 8.6 Hz, J, = 2.4 Hz, 2H), 7.80 (d, J = 2.4 Hz, 2H). >C NMR (100 MHz, CDCl3) & (ppm)
14.10, 19.45, 22.67, 28.27, 28.91-29.60, 31.89, 38.08, 38.21, 51.00, 55.80, 80.36, 88.83,
106.55, 111.27, 116.60, 130.66, 132.44, 134.66, 155.42, 156.32. Calc [M+H] = 792.56738 ;
Exp [M+H] = 792.5681 ; Error = 0.91 ppm.

3.2.3.6 Synthesis of compound CSL2

Compound 10 (141 mg / 0.179 mmol) was dissolved in EtOH in a 100 mL round-
bottom flask. Palladium (10 wt %Pd basis) on activated charcoal (50 mg) was added and the
flask was purged 3 times with hydrogen. The mixture was then stirred 4 hours at room
temperature under a 1 atm hydrogen pressure. The solution was then filtered on a PTFE filter
(0.20 um) to remove the catalyst, and the organic phase was evaporated under vacuum. The
oily crude was dissolved in 4M HCI in dioxane (2 mL) and was stirred 2 hours at room
temperature. The mixture was then slowly diluted with saturated Na,COs and extracted 3
times with DCM. The organic layer was dried over MgSO,4 and evaporated under vacuum.
The final product was purified by reverse phase preparative HPLC on an Agilent Zorbax
PrepHT Eclipse XDB-C8 21.2x100mm (5um) column. Mobile phase A was composed of
water + 0.1% formic acid and mobile phase B was composed of MeOH + 0.1% formic acid.
The mobile phase gradient was: 0 min — 30 % B ; 10 min — 95 % B ; 12 min - 95 % B
followed by a column re-equilibration time of 4 min. Compound CSL2 was obtained as a
white waxy solid (80 mg / 64%). '"H NMR (400 MHz, CDCls) & (ppm) 0.87 (t, J =7.0 Hz,
6H), 1.18-1.37 (m, 36H), 1.59 (quint, J = 7.5 Hz, 4H), 2.59 (t, /= 7.8 Hz, 4H), 3.10 (s, 3H),
3.71 (m, 2H), 3.82 (s, 6H), 6.89 (d, J = 8.4 Hz, 2H), 7.04 (s, 2H), 7.14 (dd, J; = 8.4 Hz, J, =
2.3 Hz, 2H), 7.63 (d, J = 2.3 Hz, 2H). °C NMR (100 MHz, CDCl;) & (ppm) 14.11, 22.68,
29.35-29.69, 31.62, 31.91, 35.06, 38.51, 56.00, 106.31, 111.64, 127.87, 129.80, 131.14,
135.60, 154.23, 154.30, 154.96. Calc [M+H] = 700.57756 ; Exp [M+H] = 700.57702 ; Error
=-0.8 ppm.
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3.2.4 Synthesis of the negative control cationic switchable lipid CSL4
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Figure 3.4 — Synthesis pathway of the negative control cationic switchable lipid CSL4

i) 3-bromophenylboronic acid, Pd(PPh;),, Na,CO;, THF/H,0, 80°C, 24h ; ii) 1-dodecyne, PdCIly(PPh;),,
triphenylphosphine, TBAF, DMF/DIPA, 80°C, 16h ; iii) H,, Pd/C, EtOH, room temperature, 4h.

3.2.4.1 Synthesis of compound 11

In a 50 mL round-bottom flask was dissolved 3 (171 mg / 0.51 mmol) and 3-
bromophenylboronic acid (234 mg / 1.17 mmol) in 4 mL of THF. Na,CO; (215 mg / 2.03
mmol), previously dissolved in 4 mL of distilled water, was added and the flask was purged
three times with argon. Pd(PPhs)4 (6.0 mg / 0.005 mmol) was added and the flask was purged
three times again. The mixture was stirred 24 hours at 80°C. The reaction was monitored by
LC-MS until entire consumption of the starting materials. The mixture was then diluted with
saturated Na,COs and extracted 3 times with dichloromethane (DCM). The organic layer
was dried over MgSO4 and evaporated under vacuum. The final product was purified by
reverse phase preparative HPLC on an Agilent Zorbax PrepHT Eclipse XDB-CI18
21.2x150mm (5um) column. Mobile phase A was composed of water + 0.1% formic acid
and mobile phase B was composed of MeOH + 0.1% formic acid. The mobile phase gradient
was: 0 min — 15 % B ; 6 min — 80 % B ; 12 min - 80 % B followed by a column re-
equilibration time of 4 min. Compound 4 was obtained as a slightly yellow waxy solid (139
mg / 56%). '"H NMR (400 MHz, CD;0D) & (ppm) 2.80 (s, 6H), 3.03 (s, 3H), 3.15 (t, J=2.3
Hz, 2H), 3.78 (t, J = 2.3 Hz, 2H), 6.92 (s, 2H), 7.33 (t, /= 7.7 Hz, 2H), 7.52 (d, /= 7.6 Hz,
2H), 7.95 (d, J = 7.7 Hz, 2H), 8.19 (s, 2H). *C NMR (100 MHz, CD;0D) & (ppm) 38.13,
43.68,47.46,54.19,104.01, 123.58, 126.98, 131.04, 131.30, 132.77, 143.14, 156.30, 156.93.
Calc [M+H] =488.03315 ; Exp [M+H] = 488.03532 ; Error = 4.4 ppm.
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3.2.4.2 Synthesis of compound CSL4

Compound 11 (139 mg / 0.28 mmol) was weighted in a 10 mL microwave reaction
vial. 1-dodecyne (139 mg / 0.83 mmol) and triphenylphosphine (22 mg / 0.083 mmol) were
added. Dried tetra-n-butylammonium fluoride (TBAF) (509 mg / 1.95 mmol) was added
(previously dried under high vacuum from 1.0 M TBAF solution in THF), followed by 1 mL
of anhydrous DMF and 1 mL of diisopropylamine (DIPA). The reaction vial was purged 3
times with argon. PdCl,(PPhs), was added (17 mg / 0.025 mmol), the vial was purged 3
times with argon and sealed. The mixture was stirred 16 hours at 80°C. The mixture was
then diluted with saturated Na,COs and extracted 3 times with DCM. The organic layer was
dried over MgSO4 and evaporated under vacuum. The crude product was purified by column
chromatography on silica gel (DCM/MeOH, gradient from 100:0 to 90:10) using a Teledyne
Isco CombiFlash® purification system. The product was then dissolved in EtOH in a 100 mL
round-bottom flask. Palladium (10 wt %Pd basis) on activated charcoal (50 mg) was added
and the flask was purged 3 times with hydrogen. The mixture was then stirred 4 hours at
room temperature under a 1 atm hydrogen pressure. The solution was then filtered on a PTFE
filter (0.20 um) to remove the catalyst, and the organic phase was evaporated under vacuum.
The final product was purified by reverse phase preparative HPLC on an Agilent Zorbax
PrepHT Eclipse XDB-C8 21.2x100mm (5um) column. Mobile phase A was composed of
water + 0.1% formic acid and mobile phase B was composed of MeOH + 0.1% formic acid.
The mobile phase gradient was: 0 min — 30 % B ; 10 min — 95 % B ; 12 min - 95 % B
followed by a column re-equilibration time of 4 min. Compound CSL4 was obtained as a
colorless oil (45 mg / 24%). '"H NMR (400 MHz, CDCl;) & (ppm) 0.88 (t, J = 6.6 Hz, 6H),
1.20-1.42 (m, 36H), 1.68 (quint, J = 7.5 Hz, 4H), 2.51 (s, 6H), 2.71 (t,J = 7.5 Hz, 4H), 2.80
(t,J=17.5Hz, 2H), 3.13 (s, 3H), 3.75 (t, /= 7.6 Hz, 2H), 6.92 (s, 2H), 7.22 (d, J = 7.6 Hz,
2H), 7.38 (t, J = 7.6 Hz, 2H), 7.86 (d, J = 7.6 Hz, 2H), 7.90 (s, 2H). °*C NMR (100 MHz,
CDCl) 6 (ppm) 14.12, 22.69, 29.36-29.69, 31.60, 31.92, 36.13, 38.15, 44.47, 48.56, 54.62,
102.27, 124.57, 127.35, 128.36, 128.76, 140.52, 143.18, 154.62, 158.16, 167.15. Calc
[M+H] = 668.58773 ; Exp [M+H] = 668.58994 ; Error = 3.31 ppm.
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3.2.5 Lipid nanoparticle preparation by manual extrusion

Lipid nanoparticles for in vitro studies were prepared by manual extrusion, using
cationic switchable lipids (CSL), DSPC, cholesterol and DSPE-PEG at a molar ratio of
50:10:37.5:2.5 respectively. For in vivo experiments, lipid nanoparticles were prepared using
microfluidic mixing (further detailed below). Stock solutions (20-40 mg/mL) of cationic
switchable lipids and commercial co-lipids were prepared in ethanol and stored at -80°C
before use. The lipid stock solutions were combined in a 5 mL round-bottom flask at the
desired molar ratio, and the ethanol was removed under reduced pressure. The lipidic film
thus obtained was dried overnight under high vacuum to remove any residual solvent. The
lipidic film was hydrated on a vortex mixer with 1 mL of sterile 5% dextrose in water. The
lipid suspension was then subjected to stepwise extrusions through polycarbonate
membranes (200 and 100 nm — 9 passages per membrane) using a LiposoFast manual
extruder (Avestin Inc., Ottawa, ON, Canada) heated at 60°C. Lipid nanoparticle preparations
were stored in darkness at 4°C in microcentrifuge tubes. The cationic switchable lipid
amount present in each preparation was quantified via HPLC-UV/MS (1260 Infinity, Agilent
Technologies) against a calibration curve of cationic switchable lipid (25-150 pg/mL; from

ethanol stock solution).

3.2.6 siRNA complexation and encapsulation efficiency

Stock solutions of lipid nanoparticle (made by manual extrusion) and siRNA were
diluted in sterile 5% dextrose at appropriate concentrations, depending upon the lipid
nitrogen/siRNA phosphate (N/P) ratio desired (unless indicated otherwise, a N/P ratio value
of 4 was used for all the experiments). siRNA solution was added to the lipid nanoparticle
solution, followed by brief vortexing. Complexation was then realized during 15 minutes at

50°C under vigorous vortexing (1200rpm) in a Labnet Vortemp' ™ 56.

For quantification of the encapsulation efficiency, lipid nanoparticles and siRNA
were prepared for a final siRNA concentration of 100 nM. A SYBR® Gold (Thermo
Scientific) assay was used to quantify the siRNA encapsulation efficiency of the
formulations. After complexation (15 minutes, 50°C, vigorous vortexing), the solutions were
centrifuged at 20 000g for 30 minutes. Unencapsulated free siRNA in the supernatant was
quantified against a calibration curve of siRNA (2-100 nM), using the SYBR® Gold
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fluorescent dye (Aexem = 495/537) and a Safire microplate reader (Tecan, Seestrasse,

Switzerland). siRNA encapsulation efficiency (%) was calculated as follow:

100 (nM) — siRNA concentration in the supernatant (nM)
X

100
100 (nM)

EE (%) =

3.2.7 Physicochemical characterization of lipid nanoparticles

Hydrodynamic diameter and C-potential of lipid nanoparticles/siRNA complexes
were measured at 20°C by Dynamic Light Scattering using a Malvern Zetasizer Nano ZS
(Malvern, Worcestershire, UK), using the automatic algorithm mode. For size
measurements, lipid nanoparticles and siRNA were complexed together (260 nM final
siRNA; 200 pL final volume) in 5% dextrose as described above. Complexes were then
diluted with 800 uL Opti-MEM®, equilibrated for 20 minutes at 20°C and measured. Size
measurements are reported using the Z-Average value. (-potential measurements were
realized at 20°C using the Smoluchowski model. Lipid nanoparticles and siRNA are
complexed together (260 nM final siRNA; 200 pL final volume) in 5% dextrose as described
previously. Complexes are then diluted with 800 uL dextrose 5%, equilibrated 15 minutes

at 20°C and measured. Experiments were run in triplicate or more.

3.2.8 In vitro siRNA transfection assays

The RNAI induced silencing capabilities of each cationic switchable lipid was
investigated in a HeLa/GFP model. Lipid nanoparticles (made by manual extrusion) and
anti-GFP siRNA were complexed (N/P ratio of 4) as described above (for a final siRNA
concentration/well of 1-60 nM) and were diluted in Opti-MEM® (250 pL). This reverse
transfection media (300 uL) was put in the well (12-well plates), and 1 mL of cell suspension
in complete culture media (EMEM/FBS 90:10) was added for a final concentration of 40
000 cells/well. Cells were then incubated for 72 hours. After incubation, cells were rinsed
with PBS, trypsinized and suspended in FACS buffer (95% PBS, 5% FBS, 1.0 mM EDTA)
for immediate analysis on a FACSCalibur™ flow cytometer (BD Biosciences, San Jose, CA,
USA). GFP expression for each replicate (mean fluorescent intensity; FlowJo software
vX.0.7, Ashland, OR, USA) was calculated relative to the control samples that did not
receive any siRNA treatment. Negative control included cells that were treated with naked

anti-GFP siRNA (60 nM). Positive control included cells that were treated with
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Lipofectamine® RNAIMAX (Thermo Scientific) according to the manufacturer’s reverse
transfection protocol (1 pL reagent/well; 60 nM siRNA/well). All experiments were realized

in triplicate.

The RNAI silencing capabilities of the formulations made by microfluidic mixing
(aimed for in vivo siRNA delivery) was assayed in HeLa/GFP (anti-GFP siRNA) and Huh-
7 cells (anti-PCSK9 siRNA), using the same protocol. Transfection efficiency was assayed
by either flow cytometry or western blotting after a 48 hour (HeLa/GFP) or 72 hour (Huh-

7) incubation period.

3.2.9 In vitro cytotoxicity assay

Cytotoxicity of the lipid nanoparticle (made by manual extrusion) on HeLa/GFP cells
was assessed using a resazurin-based cell viability assay (AlamarBlue®). The transfection
procedure was strictly identical to that presented above (N/P ratio of 4, 1-60 nM final siRNA
concentration/well), but the assay was carefully scaled down from 12-well plates to 96-well
plates, according to the growth area of the wells (3000 cells/well, 200 pL final volume/well).
After 72 hours of incubation, cells were washed with PBS, and 200 puL of fresh culture
medium was added into the wells (EMEM/FBS 90:10). 20 pL of a freshly prepared resazurin
solution (440 uM in PBS) were then added, and cells were incubated for 2 hours. The
absorbance of each well was measured at 570 and 600 nm using a Safire microplate reader
(Tecan). Cellular viability was normalized relative to the negative control (cells treated with

dextrose 5%). Experiments were run in sixplicata.

3.2.10 Intracytoplasmic delivery of siRNA

Live-cell fluorescence microscopy was used to image the intracytoplasmic delivery
of siRNA-Alexa647 (Qiagen) following transfection with the CSL3-based formulation
(CSL3/DSPC/cholesterol/DSPE-PEGzp09 50:10:37.5:2.5 mol% - made by manual
extrusion). HeLa cells were routinely incubated 24 hours before imaging in 35 mm poly-d-
lysine coated glass dishes (MatTek Corporation, Ashland, MA, USA) at a density of 40 000
cells/dish. siRNA were complexed with lipid nanoparticles (N/P ratio of 4) in 5% dextrose
as described previously (70 pL final volume). Complexes were then diluted with 346 pL
Opti-MEM™ and 1384 pL of complete culture media (Opti-MEM®/FBS 90:10), for a final
siRNA concentration of 50 nM. Cells were then incubated 10 minutes, 1 hour or 2 hours

with the lipid nanoparticles. After incubation, cells were rinsed four times with Opti-
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MEM®/FBS 90:10 and were immediately imaged in a phenol red-free culture media (Opti-
MEM®/FBS 90:10). Imaging of HeLa cells was performed using an Olympus IX81
fluorescent microscope equipped with a Plan Apo N 60X 1.42 NA silicone objective
(Olympus Canada Inc., Toronto, ON, Canada) and a 12 bits Retiga-2000R CCD Camera
(QImaging, Surrey, BC, Canada), using MetaMorph Advanced software 7.8.9 (Molecular
Devices, San Jose, CA, USA). siRNA-Alexa647 was imaged using the Cy5 channel (Aexem
649/666). All fluorescence images were carefully exported with constant scaling and range

of greylevel. Experiment was realized in triplicate.

3.2.11 Endosomal entrapment of the CSL4-based formulation

Live-cell fluorescence microscopy was used to compare the intracellular fate
following endocytosis of the CSL3-based (pH-sensitive) and the CSL4-based (negative
control) lipid nanoparticles formulations (CSL/DSPC/cholesterol/DSPE-PEG2go
50:10:37.5:2.5 mol% - made by manual extrusion). HeLa cells were routinely incubated 24
hours before imaging in 35 mm poly-d-lysine coated glass dishes (MatTek Corporation) at
a density of 40 000 cells/dish. siRNA-Alexa647 (Qiagen) were complexed with lipid
nanoparticles (N/P ratio of 4) in 5% dextrose as described previously (70 pL final volume).
Complexes were then diluted with 346 pL Opti-MEM® and 1384 pL of complete culture
media (Opti-MEM®/FBS 90:10), for a final siRNA concentration of 50 nM. Cells were then
incubated 16 hours with the lipid nanoparticles. After incubation, cells were rinsed twice
with Opti-MEM®/FBS 90:10 and were stained with Hoechst 33342 (5 min, 2 pg/mL,
Sigma). Cells were rinsed twice with Opti-MEM®/FBS 90:10 and were immediately imaged
in a phenol red-free culture media (Opti-MEM®/FBS 90:10). Alternatively, cells were
exposed to 500 uM chloroquine during the last hour of the 16-hour incubation period (CSL4-
based formulation). Imaging of HeLa cells was performed using an Olympus I[X81
fluorescent microscope equipped with a UPlanSApo 100X 1.40 NA silicone objective
(Olympus Canada Inc.) and a 12 bits Retiga-2000R CCD Camera (QImaging), using
MetaMorph Advanced software 7.8.9 (Molecular Devices). Hoechst 33342 was imaged
using the DAPI channel (Acxem 350/470) and siRNA-Alexa647 was imaged using the Cy5
channel (Aexem 649/666). All fluorescence images were carefully exported with constant

scaling and range of greylevel. Experiment was realized in triplicate.

Comparison of the cellular uptake of the CSL3 and CSL4-based formulations over

the 16-hour incubation period was assayed by flow cytometry. HeLa cells were seeded in
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12-well plates (100 000 cells/well) and allowed to attach overnight. The next day, lipid
nanoparticles (25 pL in dextrose 5%) and siRNA-Alexa488 (25 uL in dextrose 5%) were
complexed in dextrose 5% (N/P ratio of 4; siRNA concentration 25 nM/well) and were
diluted in Opti-MEM® (250 pL) and 1 mL of complete culture media (EMEM/FBS 90:10).
The solution was then transferred onto the cells (1300 pL final volume/well) and the plate
was incubated for 16 hours. After incubation, cells were rinsed three times with EMEM/FBS
90:10, one time with PBS, trypsinized and suspended in FACS buffer (95% PBS, 5% FBS,
1.0 mM EDTA) for immediate analysis via flow cytometry. Experiment was realized in

triplicate.

3.2.12 Lipid-mixing assay

The fusogenic potential of the CSL3/siRNA and CSL4/siRNA lipid nanoparticles
was evaluated with an octadecyl Rhodamine B (R18) lipid-mixing assay. R18 was
incorporated into the lipid nanoparticles at a self-quenched concentration of 6 mol%.
Unlabeled 130 nm POPC vesicles were prepared in 5% dextrose using the manual extrusion
method previously described (9 passages through a 200 nm polycarbonate membrane). R18
labeled lipid nanoparticles (CSL/DSPC/cholesterol/DSPE-PEG2000/R18 50:10:31.5:2.5:6
mol% - made by manual extrusion) were complexed with anti-GFP siRNA as described
above (N/P ratio of 4, in 5% dextrose). These labeled lipid nanoparticles were mixed with
unlabeled POPC vesicles in a buffer at pH 7.4 (5 mM HEPES with ionic strength adjusted
to 150 mM with NaCl) or at pH 5 (50 mM acetic buffer with ionic strength adjusted to 150
mM with NaCl), as described below.

In 3000 pL of buffer containing unlabeled POPC vesicles (100 uM total lipid content
in the cuvette) were added the labeled lipid nanoparticles/siRNA (50 pL volume; 10 uM
total lipid content in the cuvette). The increasing fluorescence of R18 was monitored (Aexem
556/590, slits 5 nm) using a Hitachi F-2710 Spectrophotometer equipped with a water
circulated cell holder with stirring. All experiments were performed at 20°C under medium
stirring. After 15 minutes, 4 uL of pure octaethylene glycol monododecyl ether (Sigma)
detergent (2.5 mM final concentration in the cuvette) was added to obtain the 100%
dequenched fluorescence intensity. Raw data were recorded continuously during the

experiment. The percentage of membrane fusion activity at a given time ¢ was defined as:
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, Iy — 1,
% fusion; = | ———] x 100
L1009 — 1o
where /, is the initial fluorescence intensity observed immediately after addition of
labeled lipid nanoparticles; 71009 is the maximal fluorescence intensity value obtained after
addition of detergent and /; is the fluorescence intensity value measured at a given time z.

Experiments were realized in triplicate.

3.2.13 Inhibition of GFP knockdown with Bafilomycin A1l

In this experiment, HeLa/GFP cells were transfected with the CSL3-based lipid
nanoparticles formulation (CSL3/DSPC/cholesterol/DSPE-PEG;gg0 50:10:37.5:2.5 mol% -
made by manual extrusion) in the presence or absence of Bafilomycin A1, a known inhibitor
of vacuolar H" ATPases. HeLa/GFP cells were seeded in 12-well plates (40 000 cells/well)
and allowed to attach overnight. The next day, cells were rinsed with Opti-MEM® and pre-
incubated 30 minutes with Bafilomycin A1 (600 nM/well, diluted in Opti-MEM®™) before
incubation with lipid nanoparticles. Lipid nanoparticles and anti-GFP siRNA were
complexed (N/P ratio of 4) as described above (for a final siRNA concentration of 10 and
25 nM/well). They were then diluted with Opti-MEM®, containing Bafilomycin A1 for a
final concentration of 600 nM/well. Residual DMSO in the assay was 0.06% v/v (treated
cells and negative control). Cells were then incubated for 4 hours with the lipid
nanoparticles. After incubation, cells were rinsed twice with Opti-MEM® and 1 mL of
complete culture media (EMEM/FBS 90:10 — with or without 600 nM Bafilomycin A1) was
added. Cells were then incubated for 44 hours. After incubation, cells were rinsed with PBS,
trypsinized and suspended in FACS buffer (95% PBS, 5% FBS, 1.0 mM EDTA) for
immediate analysis via flow cytometry. GFP expression for each replicate (mean fluorescent
intensity) was calculated relative to the control samples that did not receive any siRNA

treatment. Experiments were realized in triplicate.

Comparison of the cellular uptake of the CSL3-based formulation in the presence or
absence of Bafilomycin Al over the 4-hour incubation period was assayed by flow
cytometry. HeLa cells were seeded in 12-well plates (100 000 cells/well) and allowed to
attach overnight. The next day, cells were rinsed with Opti-MEM® and pre-incubated 30
minutes with Bafilomycin A1 (600 nM/well, diluted in Opti-MEM®) before incubation with
lipid nanoparticles. Lipid nanoparticles (25 pL in dextrose 5%) and siRNA-Alexa488 (25
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pL in dextrose 5%) were complexed in dextrose 5% (N/P ratio of 4; siRNA concentration
25 nM/well) and were diluted with Opti-MEM", containing Bafilomycin Al for a final
concentration of 600 nM/well. This solution was then transferred onto the cells (1300 pL
final volume/well) and the plate was incubated for 4 hours. After incubation, cells were
rinsed three times with EMEM/FBS 90:10, one time with PBS, trypsinized and suspended
in FACS buffer (95% PBS, 5% FBS, 1.0 mM EDTA) for immediate analysis via flow

cytometry. Experiments were realized in triplicate.

3.2.14 Uptake inhibition by flow cytometry

HeLa cells were incubated with siRNA-Alexa488 packaged with the CSL3-based
lipid nanoparticles formulation (CSL3/DSPC/cholesterol/DSPE-PEGjp 50:10:37.5:2.5
mol% - made by manual extrusion) in the presence or absence of endocytosis inhibitors.
Inhibitors were used as follows: chlorpromazine (clathrin mediated endocytosis inhibitor)
10 pg/mL; genistein (caveolae mediated endocytosis inhibitor) 200 pM; Pitstop 2™
(clathrin and caveolae mediated endocytosis inhibitor) 20 pM; EIPA (macropinocytosis
inhibitor) 50 uM. Residual DMSO in the assay was 0.2% v/v (treated cells and negative
control). HeLa cells were seeded in 12-well plates (100 000 cells/well) and allowed to attach
overnight. The next day, cells were rinsed with Opti-MEM® and pre-incubated 15 minutes
with endocytosis inhibitors (diluted in Opti-MEM®™) before incubation with lipid
nanoparticles. Lipid nanoparticles and siRNA-Alexa488 were complexed in dextrose 5%
(N/P ratio of 4; siRNA concentration 25 nM/well) and were diluted in Opti-MEM®. The
solution was then transferred onto the cells (1300 pL final volume/well) and the plate was
incubated for 1 or 6 hours. After incubation, cells were rinsed three times with Opti-
MEM®/FBS 90:10, one time with PBS, trypsinized and suspended in FACS buffer (95%
PBS, 5% FBS, 1.0 mM EDTA) for immediate analysis via flow cytometry. Experiments

were realized in triplicate.

Uptake inhibition was also confirmed by live-cell fluorescence microscopy. HeLa
cells were routinely incubated 24 hours before imaging in 35 mm poly-d-lysine coated glass
dishes (MatTek Corporation) at a density of 40 000 cells/dish. The next day, cells were rinsed
with Opti-MEM® and pre-incubated 15 minutes with endocytosis inhibitors (diluted in Opti-
MEM®) before incubation with lipid nanoparticles. siRNA-Alexa647 were complexed with
lipid nanoparticles (N/P ratio of 4) as described previously (70 pL final volume). Complexes
were then diluted with Opti-MEM® for a final siRNA concentration of 25 nM/dish. Cells
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were then incubated 1 hour with the lipid nanoparticles. After incubation, cells were rinsed
twice with Opti-MEM®/FBS 90:10 and were stained with Hoechst 33342 (5 min, 2 pg/mL,
Sigma). Cells were rinsed twice with Opti-MEM®/FBS 90:10 and were immediately imaged
in a phenol red-free culture media (Opti-MEM"/FBS 90:10). Imaging of HeLa cells was
performed using an Olympus IX81 fluorescent microscope equipped with a Plan Apo N 60X
1.42 NA silicone objective (Olympus Canada Inc.) and a 12 bits Retiga-2000R CCD Camera
(QImaging), using MetaMorph Advanced software 7.8.9 (Molecular Devices). Hoechst
33342 was imaged using the DAPI channel (Aexem 350/470) and siRNA-Alexa647 was
imaged using the Cy5 channel (Aexem 649/666). All fluorescence images were carefully
exported with constant scaling and range of greylevel. Experiments were realized in

triplicate.

3.2.15 Lipid nanoparticle preparation by microfluidic mixing

Lipid nanoparticles were prepared using a Nanoassemblr™ microfluidic instrument
with herringbone rapid mixing features (Precision Nanosystems, Vancouver, BC, Canada).
Cationic switchable lipids, DSPC, cholesterol and DMG-PEGz¢ were solubilized in ethanol
at a molar ratio of 50:10:37.5:2.5. siRNA was diluted in 25 mM sodium acetate buffer pH
4.0. The siRNA/total lipid mass ratio was ~0.06, corresponding to a N/P ratio of 4. The two
solutions were mixed at a flow rate of 12 mL/min, at a siRNA solution/lipid solution ratio
of 3:1. Total volume of a batch is typically 2 mL (1.5 mL siRNA solution mixed with 0.5
mL of lipid solution). Nanoparticles were then dialyzed against saline (NaCl 0.9%) using
Pur-A-Lyzer ™ Maxi dialysis tubes MWCO 12-14 kDa (Sigma). If needed, nanoparticles
were concentrated using Amicon Ultra-0.5 30K centrifugal filters device (EMD Millipore,
Etobicoke, ON, Canada). Nanoparticles were then sterile filtered using a 0.2um
polyethersulfone 13 mm syringe filter (Pall Corporation, Mississauga, ON, Canada) and
stored at 4°C until use. The siRNA encapsulation efficiency was quantified using a
Ribogreen RNA quantitation assay (Thermo Scientific). Nanoparticle size was measured by

Dynamic Light Scattering in saline (0.9% NaCl) at 20°C as previously described.

The final siRNA concentration was determined via ion-pairing reversed phase liquid
chromatography. siRNA were analyzed using a Waters XTerra® MS Cig column
(2.1x50mm, 2.5 pum particle size) at 60°C on an Agilent 1100 HPLC system, with UV
detection at 260 nm. Mobile phase A was 95% 0.1M triethylamine ammonium acetate

(TEAA) pH 7.0 and 5% acetonitrile. Mobile phase B was 80% 0.1M TEAA pH 7.0 and 20%
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acetonitrile. The gradient changes from 0% to 70% mobile phase B for 12 min with a flow
rate of 0.4 mL/min. Injection volume was 6 pL. Calibration curves of siRNA duplex usually
ranges from 20 to 100 pg/mL. Before analysis, an aliquot of the lipid nanoparticle
formulation was diluted with 200 mM TEAA pH 7.0 + 2% (v/v) Ci2Eg detergent to liberate
encapsulated siRNA.

3.2.16 Biodistribution and ex-vivo imaging in mice

All procedures used in animal studies were approved by the Comité de Déontologie
de ’Expérimentation sur les Animaux (CDEA — Animal Care and Ethical Committee) of the
University of Montreal and were consistent with local, state and federal regulations. Mice
were maintained at the animal facilities of the Institute for Research in Immunology and
Cancer (IRIC) at the University of Montreal, and were housed under standard conditions.
Food and water were provided ad /libitum. Animals were acclimated to the animal facility
for at least one week before experiments. Prior to injection, lipid nanoparticles formulations
were diluted with saline (NaCl 0.9%) at siRNA concentrations such that each mouse was

administered a dose of 10uL/g body-weight.

8 weeks old male CD-1 mice (Charles River, Saint-Constant, QC, Canada) were
injected intravenously via the tail vein with CSL3-based lipid nanoparticles
(CSL3/DSPC/cholesterol/DMG-PEGzpp0 50:10:37.5:2.5 mol% - made by microfluidic
mixing) formulated with siRNA labeled with Cy5 on the sense strand, unformulated free
siRNA-Cy5 or saline at a siRNA dose of 1.5 mg/kg. 4-hour post injection, mice were
euthanized by CO, inhalation and organs (brain, lungs, heart, liver, spleen, kidneys) were
immediately harvested and imaged using a Optix MX3 optical imaging system (Advanced
Research Technologies, Montreal, QC, Canada). Data was processed using the OptiView®
software from Advanced Research Technologies. Normalized photon counts (fluorescence

intensity) was normalized by wet mass of organs. Experiment were realized in triplicate.

3.2.17 In vivo Factor VII silencing in mice

Prior to injection, lipid nanoparticles formulations (CSL/DSPC/cholesterol/DMG-
PEG2000 50:10:37.5:2.5 mol% - made by microfluidic mixing) were diluted with saline (NaCl
0.9%) at siRNA concentrations such that each mouse was administered a dose of 10uL/g
body-weight. 6 to 8-weeks old female C57BL/6 mice (Charles River, Saint-Constant, QC,

Canada) received tail vein intravenous injection of saline (negative control, n=6) or LNP
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containing anti-Factor VII siRNA (n=4). After 48h, mice were euthanized and blood was
collected via intracardiac sampling on citrate tubes. Serum was separated from whole blood
using serum separation tubes (Becton Dickinson, Franklin Lakes, NJ, USA) and residual
serum FVII levels were determined using the Biophen VII chromogenic assay (Aniara, West
Chester, OH, USA) according to manufacturer’s protocol. A standard curve was constructed
using samples from saline-injected mice (pooled plasma, n=6) and relative Factor VII

expression was determined by comparing treated groups to the standard curve.

164



3.3 Results & Discussion

The switchable lipid structure was used as a starting point for the design of cationic
switchable lipids (CSL). The tricyclic pH-sensitive unit was maintained while various
cationic headgroups on the 4’ position of the central pyridine ring were introduced (Figure
3.5A). In silico predictions of pKa,,, were used to select the headgroup structure since it
previously appeared as a major determinant of in vitro behaviour.!"” Among the molecules
synthesized in this study, only 4-dialkylaminopyridine derived-CSL presented an in silico
pKa,,: value close to the endosomal pH value (~5-6), which is required to trigger the desired

conformational switch within the endosomes.

CSL1 CSL2 CSL3 CSL4
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? Co-lipids
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-1 Lipid-PE . e
Ipid-PEGun, microfluidic mixing

é§° SiRNA

Figure 3.5 - (A) Overview of the chemical structures of the cationic switchable lipids. CSL4 is a negative
control lipid, non-methoxylated counterpart of CSL3, unable to change its conformation upon protonation. (B)

Hypothetical schematic representation of lipid nanoparticle/siRNA.

Four different CSL were synthesized (Figures 3.2 to 3.4), all containing two alkyl
chains of 12 carbons (Figure 3.5A). Lipid chain lengths of 10 to 13 carbons has been
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reported as an advantageous specification for efficient siRNA delivery in vivo.''! We have
already demonstrated that this chain length is compatible with the pH-triggered
conformational change of the switchable lipids and effectively promotes liposome bilayer
destabilization.!"” Three different cationic headgroups were incorporated on the CSL:
double-dimethylamine headgroup (CSL1), mono primary amine headgroup (CSL2) or mono
dimethylamine headgroup (CSL3). CSL4 is the non-switchable counterpart of CSL3, used
as anegative control lipid. The removal of the two methoxy moieties prevents intramolecular
hydrogen bonding with the protonated pyridine, thus preventing conformational switch and
LNP destabilization (Figure S3.1). When relevant, CSL3-based LNP was compared to the
negative control CSL4-based LNP in order to confirm the involvement of the pH-sensitive
conformational switch. LNP incorporating either one of the four CSL materials were
formulated with DSPC, cholesterol and DSPE-PEGp0 as co-lipids (respectively
50:10:37.5:2.5 mol%). A hypothetical representation of the LNP is presented in Figure
3.5B. At a nitrogen/phosphate molar ratio of 4 which was used for all experiments, manual
extrusion yielded LNP exhibiting a hydrodynamic diameter ~150 nm (Figure S3.2A and
S3.2B). The siRNA encapsulation efficiency was determined to be 85-95% for all CSL,
using a SYBR™ Gold quantification assay (Figure $3.2D).

The siRNA transfection efficiency of CSL was evaluated in vitro in a HeLa/GFP
model, using Lipofectamine® RNAIMAX as a positive control. Mono-substituted CSL2 and
CSL3-based nanoparticles showed remarkable dose-responding knockdown efficiencies,
whereas di-substituted CSL1 was unable to mediate siRNA delivery (Figure 3.6A). One
may hypothesize that the two dimethylamine cationic groups of CSLI impair the
conformational switch. Either steric hindrance or intramolecular hydrogen bonds between
dimethylamine groups and methoxy moieties might stabilize the lipid stacking conformation
and prevent the rotation of the two lipid arms of CSL1. In addition, it has been reported that
too many or too strong (e.g. quaternary amines) cationic headgroups can significantly
impede the cytosolic release of the siRNA payload from the cationic lipid.!"*! Interestingly,
the negative control CSL4 did not show any significant transfection efficiency, suggesting
that the knockdown observed with CSL2 and CSL3 could be attributed to the pH-sensitive
conformational switch. No significant cytotoxicity was detected for all the CSL materials at

the conditions evaluated, using a resazurin-based cell viability assay (Figure 3.6A).
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Time course delivery of intracytoplasmic Alexa647-siRNA delivery was assayed by
live-cell fluorescence microscopy on HeLa cells, using the top performing material CSL3
(Figure 3.6B). After only 1 hour, diffuse fluorescence was obvious, confirming the escape
of the siRNA payload from the endocytic pathway. At the two-hour time point, the entire
cytoplasms were stained with intense diffuse fluorescence. Unsurprisingly, no
internalization of naked Alexa647-siRNA was observed after a two-hour incubation in the
same conditions (Figure S3.3). These results confirmed the efficient uptake and fast
cytoplasmic delivery of siRNA encapsulated within the CSL3-based LNP, a prerequisite for

mediating potent siRNA delivery.!"?!
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Figure 3.6 - (A) In vitro knockdown of GFP and viability assays on HeLa cells with formulated LNP. HeLa
cells stably expressing GFP were treated with GFP targeting siRNA formulated LNP (CSL, DSPC, cholesterol
and DSPE-PEGj at a molar ratio of 50:10:37.5:2.5 respectively). RNAIMAX (Lipofectamine® RNAIMAX
reagent — 60 nM), free siRNA (60 nM) and untreated cells were used as control experiments. Gene knockdown
was assayed by flow cytometry after 72h incubation (n = 3). (B) Live-cell fluorescence imaging of HeLa cells
following 10min, 1h or 2h incubation of CSL3/siRNA-Alexa647 nanoparticles. The concentration of labelled
siRNA is 50 nM. DIC = Differential Interference Contrast. Scale bar =20 pm.

To further confirm the importance of the CSL conformational change in the
endosomal escape process, we compared the cellular trafficking of CSL3 and CSL4-based
LNP encapsulating Alexa647-siRNA. After 16 hours of incubation, live-cell fluorescent
microscopy revealed that the CSL4 negative control formulation was mainly entrapped

within the endosomes (punctate fluorescence — Figure 3.7A). Disruption of the endosomal

compartments by addition of chloroquine, a potent endosomolytic agent,"' yielded diffuse
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cytoplasmic fluorescence. This confirmed that endosomal entrapment was the limiting
barrier to siRNA cytoplasmic delivery for CSL4-based formulation (Figure 3.7B).
Comparatively, the CSL3-based formulation was able to mediate endosomal escape and
intracytoplasmic delivery of Alexa647-siRNA (diffuse fluorescence through the entire cells
— Figure 3.7C). During this assay, nearly identical cellular uptake profiles were observed
for the two formulations, as assayed by flow cytometry (Figure 3.7D). This suggests that
the superior transfection efficiency observed with CSL3 is due to improved endosomal

escape following its pH-induced conformational switch (Figure 3.6A).
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Figure 3.7 - Live-cell fluorescence imaging of HeLa cells following 16h incubation of (A) CSL4/siRNA LNP
without chloroquine; (B) CSL4/siRNA LNP with chloroquine during the last hour of incubation and (C)
CSL3/siRNA LNP without chloroquine. LNP are composed of CSL, DSPC, cholesterol and DSPE-PEG; at
a molar ratio of 50:10:37.5:2.5 respectively, and encapsulate siRNA-Alexa647 (final concentration 50 nM).
Red fluorescence: siRNA-Alexa647. Blue fluorescence: nuclei stained with Hoechst 33342. Scale bar = 10
pm. (D) Flow cytometry uptake profiles of the CSL3/siRNA-Alexa488 and CSL4/siRNA-Alexa488
formulations (n = 3). (E) Lipid-mixing experiments using R18 incorporated into the CSL3/siRNA and
CSL4/siRNA formulations, after incubation with empty phospholipid vesicles for 15 min under neutral or

acidic conditions (n = 3).

Endosomal escape of nanocarriers has been suggested to occur through either fusion,

active transport, disruption or lysis of the endosomes.”™ We conducted lipid-mixing assays
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with octadecyl rhodamine B (R18) labelled LNP and model unlabeled phospholipid vesicles
(Figure 3.7E).!"""I R18 dequenching, which is indicative of lipid mixing and thus fusogenic
ability, occurred within minutes under acidic conditions with CSL3-based LNP. In contrast,
CSL4-based LNP did not mediate significant fusogenic activities at acidic pH. No significant
dequenching was observed for either formulation at neutral pH. This confirmed that fusion
ability is involved in the endosomal escape mechanism of CSL3, as previously reported for

other switchable lipids.!'"

The pH of endosomes and lysosomes is controlled by acidification via vacuolar
ATPases. These membrane-bound proton pumps can be inhibited using Bafilomycin Al
(Baf A1), thus blocking endosome acidification.!"*) We therefore hypothesized that Baf A1
could hinder the mechanism of CSL3-based LNP.I' Compared to control cells transfected
without Baf A1, Baf Al-treated cells showed a complete loss of GFP knockdown (Figure
3.8A). Here again, we checked that Baf Al did not significantly impact CSL3/siRNA
cellular uptake (Figure 3.8B). Therefore, we confirmed that the CSL3-based formulation
requires the acidification of the endosomes to trigger its conformational switch and

endosomal escape, thus ensuring its transfection efficiency.

Several cellular entry pathways can result in endocytic confinement of siRNA, such
as clathrin, caveolae or macropinocytosis.[%] In order to better understand the cellular entry
of the LNP, flow cytometry uptake assays of CSL3/siRNA-Alexa488 were performed on
HeLa cells, in the presence of chemical inhibitors of endocytosis (Figure 3.8C). Without
inhibition, an efficient and homogenous siRNA delivery was observed (Figure S3.4).
However, strong uptake inhibition was observed in the presence of caveolae and clathrin
inhibitors. It was previously reported that the main uptake mechanism of LNP/siRNA in
HeLa cells and hepatocytes is the clathrin-induced macropinocytosis, starting after 2 hours
of incubation. This macropinocytosis allows the bulk of the LNP into the cells and is mainly
responsible for the gene silencing activity.''” In our case, the macropinocytosis pathway
(blocked using ethylisopropylamiloride — EIPA) did not seem significantly involved in LNP
entry, despite a 6-hour incubation period. It appears that CSL3-based LNP were actively
endocytosed via the clathrin and caveolae pathways. These findings were also confirmed by

live-cell fluorescence microscopy (Figure 3.8D).
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Figure 3.8 - (A) In vitro knockdown experiments on HeLa/GFP cells using CSL3/siRNA nanoparticles, in the
presence or absence of Bafilomycin Al (600 nM). Cells were incubated for 4h with the nanoparticles and
knockdown was assayed after a 48h incubation period (n = 3). (B) Flow cytometry uptake profiles after a 4h
incubation period of the cells with the CSL3/siRNA-Alexa488 nanoparticles in the presence or absence of
Bafilomycin Al (n = 3). (C) Alexa488 fluorescence uptake (flow cytometry) in HeLa cells following
CSL3/siRNA-Alexa488 treatment in the presence of small molecules inhibiting clathrin (Chlorpromazine — 10
pg/mL), caveolae (Genistein — 200 pM), clathrin/caveolae (Pitstop 2 — 20 pM) or macropinocytosis (EIPA —
50 uM) endocytic pathways. (D) Representative images of cells treated 1 hour with CSL3/siRNA-Alexa647
nanoparticles without inhibitor, with EIPA or with Pitstop 2. Scale bar = 40 pm.

CSL3 and CSL4 LNP/siRNA were then assessed for their in vivo potential to deliver
systemically a siRNA targeting the liver-secreted coagulation factor VIL!""™ LNP were
prepared using microfluidic mixing since this technique leads to optimized LNP and is an

easily scalable process!'™. The use of a microfluidic mixing device for LNP/siRNA assembly
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allowed us to reach the critical size needed to achieve efficient delivery to the hepatocytes
via the 100150 nm-sized endothelial fenestrae of the mouse liver..'"”) The C18-anchored
DSPE-PEGy lipid was also replaced with shorter C14-anchored DMG-PEG3q, as it has
been reported that a shorter aliphatic anchor in the PEG-lipid yields greater hepatic gene
silencing.*” As presented in Figure 3.9A, the hydrodynamic diameter of the LNP was
around 70-90 nm as measured by dynamic light scattering and siRNA encapsulation
efficiencies measured with a Ribogreen® fluorescent assay were 93%, which is similar to
LNP obtained by manual extrusion (Figure S5D, Supporting Information). CSL3-based LNP
made by microfluidic mixing showed efficient dose-responding siRNA delivery in the
HeLa/GFP model and still outperformed the negative control CSL4-based LNP (Figure
3.9B). These results demonstrate that the pH-triggered mechanism of CSL3 is not altered
either by the formulation technique or by the nature of the lipid-PEG. The gene silencing
efficacy of the CSL3-based LNP was also confirmed in a hepatocyte cell line (Huh-7),
targeting the therapeutic target PCSK9 protein.*"! Total knockdown of PCSK9 and pro-
PCSK9 proteins, as well as subsequent loss of PCSK9-induced LDLR degradation,**!
demonstrate the efficient transfection ability of CSL3-based LNP with a siRNA dose as low
as 10 nM (Figure 3.9C).

Ex-vivo fluorescence imaging studies were performed to assess the biodistribution of
the CSL3-based formulation after systemic administration in male CD1 mice. CSL3/siRNA-
CyS5 formulation was injected at siRNA dose of 1.5 mg/kg. Whole-organ images (Figure
3.9D) and fluorescence intensity normalized by wet-mass of organs (Figure S3.5) indicated
that naked siRNA accumulate mainly in the kidneys, suggesting rapid renal clearance. On
the other hand, a significant accumulation of siRNA was observed in the liver with the CSL3
nanoparticles. Although this important liver accumulation of siRNA is a prerequisite for
hepatocyte gene knockdown, it is not sufficient by itself, as it was shown that some LNP can

accumulate in the liver without mediating hepatocyte gene silencing.!"2**!

In vivo Factor VII silencing efficiency of the CSL3-based formulations was
compared to that of the CSL4-based formulation (Figure 3.9E). CSL3-based LNP were
found to demonstrate a dose-response knockdown, resulting in significant silencing efficacy
(~50% silencing) at 1 mg/kg. At the same dose, negative control CSL4-based LNP were
unable to mediate any silencing activity. These results confirm the crucial role of the pH-

sensitive conformational change of CSL3 in the in vivo transfection efficacy, in agreement
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with the in vitro results. The in vivo silencing efficacy of the CSL3 LNP may be further

[6¢.20] . by

improved by lowering the molar percentage of DMG-PEG; in the formulation
using combinatorial approaches to enhance the potency of the CSL3 lipid structure (currently

under investigation in our labs).
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Figure 3.9 - (A) Particle size distribution and siRNA encapsulation efficiencies of CSL3 and CSL4-based LNP
(CSL, DSPC, cholesterol and DMG-PEG;09 at a molar ratio of 50:10:37.5:2.5 respectively) prepared by
microfluidic mixing. (B) In vitro GFP knockdown on HeLa/GFP cell with the CSL3 and CSL4-based LNP.
RNAIMAX (Lipofectamine” RNAIMAX reagent — 60 nM) and untreated cells were used as control
experiments. Gene knockdown was assayed by flow cytometry after a 48h incubation period (n = 3). (C) In
vitro PCSK9 knockdown on human hepatocyte cell line (Huh-7) with the CSL3-based LNP. Knockdown of
PCSK9 and LDLR levels were assayed 72h post-transfection by Western-blotting (n = 3). (D) Biodistribution
of CSL3-based LNP formulated with siRNA-Cy5 (1.5 mg/kg). Organs were harvested 4 hours post-injection
and ex-vivo imaged (n = 3). (E) In vivo silencing of liver Factor VII with the CSL3 and CSL4 formulations.
Female C57BL/6 mice were intravenously injected with formulations and the percent reduction on Factor VII

levels in serum was quantified 48h post-injection (n = 4).
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3.4 Conclusion

In conclusion, were report the synthesis, in vitro and in vivo efficacy, and properties
of cationic switchable lipids. This proof of concept study shows that this new class of lipid
materials based on a pH-triggered conformational switch is suitable for efficient in vitro and
in vivo siRNA delivery. Altogether, our results demonstrate that the pH-sensitive
conformational switch plays a key role in the outstanding properties of CSL3-based
materials, owing to its ability to promote endosomal escape. We believe that stimulus-

4] molecular switches have unique properties that may lead

responsive (ionic, redox, light)
to significant innovations in the design of lipidoid materials in the field of gene delivery. In
future studies, we plan to evaluate these siRNA delivery materials in a murine metastatic

breast cancer model.
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3.7 Supporting Information

Scheme S3.1 - Protonation induced conformational change of the cationic switchable lipids CSL3 and CSL4

(negative control lipid)

pKapyr = 5.39

[CSL3 +H]*

INTRAMOLECULAR HYDROGEN BONDING

CSL3 CONFORMATIONAL CHANGE
|
N\

J

pKapy, = 5.22

csL4 [CSL4 + H]*
M0 P EONDING POSSIBILITIES
NO CONFORMATIONAL CHANGE

(A) Upon protonation of the central pyridine ring in the cationic switchable lipid

CSL3, the formation of intramolecular hydrogen bonding between the protonated nitrogen
and the two methoxy moieties leads the conformation to freeze, destabilizing the lipid
nanoparticle and provoking endosomal escape. (B) The negative control cationic lipid CSL4
lacks the two methoxy moieties required to perform intramolecular hydrogen bonding with
the protonated pyridine, and is therefore unable to freeze its conformation at endosomal pH
values. Note that the pKa,,, values of the central pyridine ring of these two lipids are similar

(5.39 and 5.22), as predicted in silico (CSpKa™ software, ChemSilico LLC.).
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Figure S3.2 - Physicochemical characterisation of LNP/siRNA complexes made by manual extrusion

Polydispersity Index
o
N

o

O

300
I csL1
B csL2
250 Il CsL3
’E‘ [ csL4
< 200
g
[5)
§
8 150
(o]
(o))
c
E 100
50
NosiRNA  N/P 1 N/P 2 N/P 4 N/P 6 N/P 8
60
n
501 e
40 T

I CsL1
[l CsL2
Il CsL3
[ cst4

N/P 8

Zeta Potential (mV)

-10

- CsL1
-20 / = csL2
-30 -+ CSL3

}/ “¥- CSL4

siRNA Entrapment Efficiency (%)

NosiRNA  N/P1 N/P 2 N/P 4 N/P 6 N/P 8

[ cst4

N/P 8

Physicochemical characterisation of the lipid nanoparticles encapsulating anti-GFP

siRNA at different lipid nitrogen/siRNA phosphate (N/P) ratios. Lipid nanoparticles were

prepared using cationic switchable lipids, DSPC, cholesterol and DSPE-PEGq at a molar

ratio of 50:10:37.5:2.5 respectively. Size (A) and polydispersity index (B) of the lipid

nanoparticles/siRNA complexes were measured by dynamic light scattering in Opti-MEM®.

Zeta potential (C) of lipid nanoparticles/siRNA complexes were measured in dextrose 5%.

siRNA encapsulation efficiency (D) were measured using a SYBR® Gold fluorescence

assay.




Figure S3.3 - CSL3/siRNA-Alexa647 and free siRNA-Alexa647 delivery on HeLa cells

CSL3/siRNA-Alexat47 Free siRNA-Alexa647

2-hour incubation of HeLa cells with CSL3/siRNA-Alexa647 LNP (CSL3, DSPC,
cholesterol and DSPE-PEGyy at a molar ratio of 50:10:37.5:2.5 respectively — made by
manual extrusion) or free siRNA-Alexa647. Final siRNA-Alexa647 concentration in the

dish is 50 nM. Representative pictures are shown. Scale bar is 20 M.
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Figure S3.4 - Flow cytometry profiles of uptake studies with endocytosis inhibitors
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Representative flow cytometry profiles of cell uptake (1-hour incubation (green) or

6-hour

incubation (blue)) of the

CSL3-based

lipid nanoparticles

formulation

(CSL3/DSPC/cholesterol/DSPE-PEGyg0 50:10:37.5:2.5 mol% - made by manual extrusion)

encapsulating siRNA-Alexa488 (25 nM/well), in the presence or absence of endocytosis

inhibitors. HeLa cells were used for this study. Clathrin (Chlorpromazine — 10 pg/mL),

caveolae (Genistein — 200 pM), clathrin/caveolae (Pitstop 2 — 20 uM) or macropinocytosis

(EIPA — 50 pM) endocytic pathways were inhibited. Experiment was realised in triplicate.
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Figure S3.5 - Quantification of biodistribution of siRNA-Cy5 encapsulated into CSL3 LNP
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biodistribution. siRNA-Cy5 were encapsulated into CSL3 LNP
(CSL3/DSPC/cholesterol/DMG-PEGjp00 50:10:37.5:2.5 mol% - made by microfluidic
mixing). Organs were harvested and imaged 4 hours after tail vein injection at a siRNA-Cy5

dose of 1.5 mg/kg. Experiment was realized in triplicate.
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Table S3.6 - siRNA sequences used in this study

siRNA Sense strand Antisense strand Modification Origin
siRNA . . Dharmacon (cat# P-
GFP Not provided Not provided None 002048-01-20)
. i s Qiagen AllStars Negative
SIRNA Not provided Not provided 37-Alexa Fluor 647 on the Control siRNA (cat#
Alexa647 sense strand
1027287)
. i s Qiagen AllStars Negative
SIRNA Not provided Not provided 37-Alexa Fluor 488 on the Control siRNA (cat#
Alexa488 sense strand
1027284)
siRNA- 5’-Cy5 on the sense Dharmacon (siGENOME
Cv5 5’-Cy5-UAGCGACUAAACACAUCAAUU-3’ 5’-UUGAUGUGUUUAGUCGCUAUU-3’ y strand Non-Targeting Control
Y siRNA)
;lég\IKAg 5’-GeccuGGAGuuuAuucGGAAdT*dT-3’ 5’-UUCCGAAuUAAACUCcAGGCAT*dT-3’ None Dharmacon
siRNA | 5’-GGAfUfCAfUfCIUfCAAGIUfCfUTUAFCAT*dT- | 5’-GfUAAGAfCIUfUGAGAfUGAfUfCfCdT*dT-
FVII 3 3 None Dharmacon

2’-OMe modified nucleotides are in lower case. 2°-F modified nucleotides are denoted by “f””. Phosphorothioate linkages are represented

by asterisks.




Figure S3.7 - '"HNMR and “CNMR spectrums of compound CSL1
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Figure S3.8 - 'HNMR and “CNMR spectrums of compound CSL2
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Figure $3.9 - '"HNMR and “CNMR spectrums of compound CSL3
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Figure $3.10 - '"HNMR and "CNMR spectrums of compound CSL4
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Chapitre 4 : Discussion et perspectives

4.1 Synthése chimique des lipides bascules

Les deux composés les plus prometteurs identifiés durant ces travaux de thése sont
les lipides bascules 2 (non-cationique) et CSL3 (cationique) présentés en Figure 4.1. Ces
deux lipides sont ceux qui se sont révélés les plus efficaces en terme de comportement pH-
sensible, d’échappement endosomal et d’efficacité (délivrance intracytoplasmique de

sulforhodamine B in vitro pour 2 et délivrance de siRNA in vitro et in vivo pour CSL3).

CSL3

Figure 4.1 — Structure chimique des lipides bascules 2 (non-cationique) et CSL3 (cationique)

Le composé 2 est synthétisé en 4 étapes a partir de produits commerciaux, avec un
rendement global final de 42%. Les réactions de double-couplages de Suzuki et Sonogashira
(respectivement couplage des deux cycles bromoanisole et couplage des deux chaines alkyl)
furent les plus difficiles a optimiser. L’impact du solvant, de la nature de la base, de la
température et du catalyseur ont étés investigués pour maximiser les rendements. Les
purifications successives sont simples et peu onéreuses (chromatographie flash en phase
normale). D’un point de vue de mise a 1’échelle industrielle, cette voie de synthése ne

poserait a priori pas d’obstacles particuliers.

Le composé CSL3 est synthétisé en 5 étapes a partir de produits commerciaux, avec
un rendement global final de 10%. A cause de la composante cationique des composés,

empéchant une séparation efficace en phase normale des produits secondaires mono- ou tri-



couplés (réactions de Suzuki et Sonogashira), deux purifications en phases inverses (HPLC
préparative sur colonne C8) sont nécessaires. La synthése du lipide bascule cationique 2 est
donc plus exigeante méme si rien ne s’oppose a une mise a I’échelle industrielle. A titre de
comparaison, les meilleurs lipidoides cationiques actuels (C12-200, cKK-E12, DLin-MC3-
DMA, YSK05)" se synthétisent en moins de 3 étapes, avec des rendements globaux finaux

> 50% et sans faire appel a une purification en phase inverse.

Avec le recul, il aurait été préférable de réaliser une approche combinatoire pour
identifier le lipide bascule cationique le plus efficace en terme de transfection de siRNA in
vivo (2" publication). Au lieu de faire varier les tétes cationiques (la téte N,N-Diméthyl du
lipide CSL3 étant la plus efficace selon la littérature)’, il aurait certainement été préférable
de modifier la nature des chaines lipidiques (pouvant avoir un impact majeur sur 1’efficacité
de transfection) et de réaliser le screening d’efficacité de ces formulations in vivo dans le
modele du FVII (1 mg/kg). Les manipulations in vitro (microscopie, mécanistique) et la
synthese du lipide contrdle négatif (sans groupements méthoxy) auraient étés réalisées dans
un second temps, apres identification du lead compound doté de la meilleure efficacité de
délivrance de siRNA in vivo. Il faut noter que ce scénario aurait été plus cotliteux (achat de

grandes quantités de siRNA-FVII et frais d’animalerie).
4.2 Formulation des nanoparticules

4.2.1 Encapsulation de siRNA

Comme vu dans la seconde publication, le lipide bascule cationique CSL3 dispose
d’excellentes capacités d’encapsulation de siRNA, quel que soit le mode de préparation
choisi (extrusion manuelle ou mixage microfluidique). Le lipide bascule 2 n’est pas en soi
dédi¢ a la délivrance de genes, mais il a permis d’introduire et de valider I’hypothése d’une

1 ere

bascule moléculaire pH-sensible (17" publication). I convient en effet de préciser que le
groupement de téte N,N-Diméthylamine du composé 2 ne se protone pas a des valeurs de
pH physiologiques (observé en prédictions in silico). Ceci indique que le lipide 2 est a priori
non-cationique et donc incapable d’encapsuler des oligonucléotides anioniques. Nous avons
quand méme décidé de tester les capacités d’encapsulation de siRNA du lipide 2, et de les
comparer au lipide bascule cationique CSL3 (Figure 4.2). Les formulations lipidiques
utilisées lors de cet essai sont : lipide bascule 2 ou CSL3/DSPC/Cholestérol/DSPE-PEG2g0

(50:10:37,5:2,5 mol%). Les nanoparticules sont formulées par extrusion manuelle dans du
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dextrose 5% et 1’efficacité d’encapsulation est déterminée avec le réactif SYBR® Gold de

Thermo Scientific (voir 2" publication).

A 100 4 B
90 -
3 20
c; 80 — CSL3 N/P=4
% ol T . | Compound 2 \
8 154
o 60 :
“E ~
S 50 2
£ 2 101
£ 40 i)
< c
Lu _
30 1
= 20+
10
O LR | L T "'}"'I T T
0 L 1 10 100 1000 10000
N/P 1 N/P 2 N/P 4 N/P 6 N/P 8 Size (d. nm)

Il Compound 2 (no cationic headgroup)
] CSL3 (N,N-Dimethyl cationic headgroup)

Figure 4.2 — (A) Comparaison de I’efficacité d’encapsulation de siRNA du lipide bascule non-cationique 2 et
de son homologue cationique CSL3. (B) Mesure de taille des nanoparticules (Z-Average, DLS) réalisée apres
encapsulation des siRNA par les deux formulations (15 minutes d’incubation).

On peut constater que la formulation « non-cationique » 2 est capable d’encapsuler
des siRNA (environ 65% d’efficacité d’encapsulation a N/P=4), de fagon moins prononcée
et efficace que la formulation cationique CSL3, mais suffisante pour des applications in vitro
et in vivo éventuelles. A titre d’illustration, cKK-E12 (le lipidoide cationique le plus
performant in vivo a ce jour) dispose d’une efficacité d’encapsulation d’environ 65%.” Cette
capacité est certainement due a une protonation partielle de la pyridine du composé 2. En
revanche pour cette formulation 2, I’efficacité d’encapsulation se fait aux dépens d’une
augmentation significative de tailles des nanoparticules (> 350 nm), rendant de nombreuses
utilisations in vivo impossibles. Il faudrait essayer de formuler le lipide bascule 2 en

microfluidique pour voir si ce probléme d’augmentation de taille pourrait étre corrigé.

En prenant en compte les résultats actuels, nous considérons que le lipide bascule 2
serait plutot dédi¢ a la délivrance liposomale pH-sensible de petites molécules
thérapeutiques hydrophiles (gemcitabine, doxorubicine, cisplatin, 5-fluorouracile, acide
folinique...) ou méme hydrophobes (paclitaxel, irinotécan, méthotrexate...). Il a été constaté
dans la premicre publication que I’efficacité d’encapsulation de sulforhodamine B diminuait

lorsque le pourcentage du lipide bascule 2 augmentait dans la formulation. Ceci laisse
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supposer qu’une balance entre efficacité d’encapsulation et potentiel pH-sensible devra étre

trouvée.

Le lipide bascule CSL3 permettrait quant a lui la vectorisation d’oligonucléotides

thérapeutiques (siRNA, ARNm, ADNp).

4.2.2 Les différentes techniques de formulation

I1 a été montré que le lipide bascule non-cationique 2 peut étre formulé par extrusion
manuelle (1 publication, encapsulation de sulforhodamine B) et par mixage microfluidique
(résultats préliminaires, voir section 4.5.1). Le lipide bascule cationique CSL3 peut quant a
lui étre formulé avec les deux techniques (2" publication). Cette versatilité est un point fort
mais peut devenir génante lorsqu’il s’agit de caractériser et d’étudier le mécanisme de pH-
sensibilité des lipides bascules (voir section 4.4). En effet, selon le mode de préparation et
la formulation lipidique choisie, 1’aspect final des nanoparticules est différent (voir section
1.2.1). Les avantages et inconvénients de chaque technique de formulation sont présentés
dans le Tableau 4.1. Les particules faites par extrusion manuelle sont vraisemblablement
des liposomes ayant une bicouche lipidique ordonnée tandis que le mixage microfluidique
donne plutét des nanoparticules lipidiques solides (sans bicouches ordonnées). Des

expériences de cryo-microscopie électronique sont en cours afin de tenter de confirmer ces

hypotheses.

Avantages Inconvénients

e Permet de formuler les * Peu reproductible, taille des
nanoparticules lipidiques vides et de | nanoparticules supérieure a 150nm.
co-incuber avec les siRNA avant * Pertes de lipides sur
utilisation. Versatilité et économie de | ’extrudeur, pouvant modifier les
principes actifs (siRNA). | proportions  lipidiques de Ia
formulation finale.
Extrusion * Impossible de réaliser la
manuelle complexation des siRNA a forte
concentration (précipitation des
formulations), rendant impossible
I’utilisation in vivo.

* Augmentation de taille des
nanoparticules apres complexation
du siRNA.

190



Mixage
microfluidique

* Facilit¢t de mise a [’échelle
industrielle, facilit¢  d’utilisation,
reproductibilité.

+ Taille des nanoparticules
inférieure 2 100 nm apres dialyse.

« Pas de modification des
différentes proportions de lipides dans
la formulations finale (pas de pertes de
lipides).

* Nécessité de formuler en méme
temps les lipides et les siRNA.
Consommation de principe actif
plus élevée (siRNA)

* Appareillage plus dispendieux.

Tableau 4.1 — Avantages et inconvénients des deux techniques de formulation de nanoparticules lipidiques

utilisées dans cette thése.

En théorie, les deux techniques permettent I’encapsulation de petites molécules

hydrophiles, hydrophobes et d’oligonucléotides. La formulation lipidique doit par contre étre

soigneusement choisie en fonction de ['utilisation prévue (lipide cationique pour les

oligonucléotides, co-lipides « rigides » a hautes température de transition type DSPC pour

encapsuler et retenir des petits composés hydrophiles comme la sulforhodamine B, présence

ou non de cholestérol pour améliorer I’encapsulation des drogues et empécher leur fuite).”

remalate
de formulation

. _: . Caractéristiques

Livraison au foie

de la formulation

Cancer

Figure 4.3 — Schéma récapitulant ’influence des parameétres de formulation sur les caractéristiques et sur

I’application thérapeutique des nanoparticules lipidiques.
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Le pourcentage molaire de lipide-PEG et sa nature (ancrage lipidique C14 ou C18 et
longueur du PEQG) influe sur la physico-chimie de la nanoparticule obtenue (taille, potentiel
zeta, stabilité¢)’, sur sa pharmacocinétique (plus longue circulation avec un C18-PEGaggo
qu’avec un C14-PEGag0)® ainsi que 1’efficacité de transfection.” Une balance est & trouver

entre formulation, durée de circulation et application thérapeutique (Figure 4.3)."
4.3 Autres applications in vitro de CSL3

4.3.1 Transfections sur lignées cellulaires cancéreuses

L’efficacité de délivrance de siRNA du lipide bascule cationique CSL3 a été évaluée
sur plusieurs lignées cellulaires cancéreuses (A549, HeLa, MCF7 — Figure 4.4). Un siRNA
anti-survivin (protéine anti-apoptose pro-cancer)'' est ainsi livré avec la formulation
lipidique CSL3/DSPC/Cholestérol/DSPE-PEG;p00 (50:10:37,5:2,5 mol% - formulée par

extrusion manuelle) et D’efficacité de transfection est déterminée aprés 48h par PCR

quantitative.
5
5 120%
@ B A549
S 100%- 1 Hela
3 % 3 MCF7
<zf. 80%-
o
€ 60%-
[
>
S 40%-
-
o 20%
A
3
et
% 0%
o NT 10nM  20nM  40nM LF 40 nM

Figure 4.4 — Efficacité de délivrance de siRNA anti-survivin in vitro de la formulation lipidique CSL3 sur trois
lignées cancéreuses. LF = Lipofectamine” RNAIMAX (Thermo Scientific).

La formulation CSL3 se montre trés efficace sur les trois lignées cancéreuses, battant
systématiquement le réactif commercial de référence. Ces résultats préliminaires semblent
confirmer les excellentes performances de transfection in vitro de la formulation et
permettent d’envisager une éventuelle application thérapeutique anti-cancer (voir section

4.52.1).
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4.3.2 Délivrance d’ARN double brin synthétique poly(I:C) a des cellules

d’épithélium bronchique

Le poly(I:C) est un analogue d’ARN double brin viral de haut poid moléculaire (1,5-
8 kb), capable de provoquer une réponse immunitaire antivirale de type IRF3/IFN-f3 dans le
cytoplasme et une réponse inflammatoire de type IL-8 dans 1’endosome.'* Pour le traitement
de maladies chroniques respiratoires, la stimulation IRF3/IFN-f est bénéfique pour traiter
les exacerbations inflammatoires chroniques chez les patiens atteints d’asthme ou de fibrose
kystique tandis que la réponse inflammatoire IL-8 n’est pas souhaitée, afin de ne pas

aggraver I’inflammation chronique du patient."

Larry C. Lands et Nurlan Dauletbaev, des collaborateur de 1’université McGill, ont
montré que la vectorisation liposomale de poly(I:C) permet de favoriser la réponse positive
IRF3/IFN-B tout en minimisant la réponse néfaste IL-8."> L’hypothése avancée par les
auteurs étant que le liposome permet I’échappement endosomal du poly(I:C), maximisant
ainsi la stimulation cytoplasmique IRF3/IFN-B et minimisant ainsi la stimulation
endosomale IL-8. 4 contrario, le poly(I:C) délivré nu s’accumule dans les endosomes et

provoque une forte stimulation IL-8 néfaste (Figure 4.5).

liposome-encapsulated pure
poly(l:C) poly(I:C)

cytosol

mitochondrion

N
jei - T A
Y C)
@ TRIF
\» IRF3 ‘ﬁKB
MAVS @ (6)

b >
Y/A\Y/A\N/\\"/\ Y/ \\/)\"/\\"/)\"i

IFN-B IL-8

nucleus

Figure 4.5 — Schéma présentant les différentes cascades de signalisation apres stimulation de la cellule par du

poly(I:C) nu ou encapsulé dans des liposomes."* Le poly(I:C) nu s’accumule dans les endosomes et provoque
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majoritairement la voie inflammatoire néfaste I1L-8, par activation d’un récepteur endosomal inconnu activant
la voie NF-kB/IL-8. Le poly(I:C) délivré avec un liposome doté de capacité d’échappement endosomal permet

de favoriser I’activation de la voie cytoplasmique bénéfique IRF3/IFN-f.

Des essais préliminaires de délivrance de poly(I:C) in vitro ont été réalisés avec nos
liposomes pH-sensible ~ CSL3
(CSL3/DSPC/cholestérol/DSPE-PEG2g00 50:10:37,5:2,5 mol% - extrusion manuelle). Les

cationiques basés sur le lipide bascule
essais de transfections de poly(I:C) ont étés réalisés sur deux lignées cellulaires d’épithélium
bronchique humain (16HBE140- et CFBE410-) et sur une lignée 16HBE140- cultivée a
I’interface eau/air (cellules différenciées, tres difficile a transfecter). Le liposome cationique

commercial LyoVec™ (Invivogen) est utilisé pour comparaison (Figure 4.6).

16HBE140- CFBE410- 16HBE140-
IFN-8 mRNA IFN-8 mRNA IFN-8 mRNA
-@- poly(l:C) LyoVec™ -@- poly(l:C) LyoVec™ -®- poly(I:C) LyoVec™
-©- poly(I:C) CSL3 -©- poly(l:C) CSL3 -©- poly(l:C) CSL3
30 1200 10
0 25 @ 1000 2 8
3 3
2 2 2 800 2 &
© 15 © 600 o .
5 10 o 400 -
£ 5 2 200 s 2
o4 0g g T 0 0~ T T ’
0 2 4 6 8 0 2 4 6 8 0 2 4 6
time, hours time, hours time, hours
IFN-A1 mRNA IFN-A1 mRNA IFN-A1 mRNA
-@ poly(l:C) LyoVec™ -® poly(l:C) LyoVec™ -@- poly(l:C) LyoVec™
-©- poly(I:C) CSL3 -©- poly(l:C) CSL3 -©- poly(l:C) CSL3
30 1200 10
o 25 » 1000 o g
3 2 3 8w 3
E 15 © 600 o 6
© ‘s —
o 10 o 400 5 4
2 5 £ 200 S 2
o= - 0 ol3 . 0 . :
0 2 ] ‘:1 6 8 0 2 4 6 8 0 3 4 6 8
ime, hours time, hours time, hours
Cellules immergées Cellules différenciées
(interface eau/air)

Figure 4.6 — Cinétique d’induction des geénes antiviraux IFN-f3 et IFN-A suite a la délivrance de poly(I:C) avec
les formulations liposomales CSL3 et LyoVec™. L’expression des génes est suivie par gPCR.

La formulation CSL3 est capable d’induire une forte induction des génes IFN-f et
IFN-A dans les lignées 16HBE140- et CFBE410- (respectivement ~20 fois et ~600-1000 fois
par rapport au niveau basal). Dans la lignée différenciée cultivée a ’interface eau/air,
I’induction de ces mémes geénes est de ’ordre de ~6-10 fois. Le liposome commercial
LyoVec™, en comparaison, est incapable de transfecter efficacement le poly(I:C) sur tous

les types cellulaires, différenciés ou non.
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Ces résulats préliminaires démontrent que la délivrance d’un long oligonucléotide de
type ARN est possible avec notre lipide cationique CSL3 (pré-requis pour la délivrance
d’ARNm). Il est supposé que les bonnes capacités d’internalisation (Figure 4.7) et
d’échappement endosomal conférées par notre liposome permettent de maximiser
I’induction des geénes antiviraux (délivrance de poly(I:C) dans le cytoplasme). D’autres
expériences sont en cours afin d’étudier 1’échappement endosomal et les voies

d’internalisations mises en jeu lors de la transfection de poly(I:C).

basal 15 min 30 min 60 min

Figure 4.7 — Cinétique d’internalisation des liposomes CSL3/poly(I:C) marqués (0,5 mol% de DSPE-

rhodamine B) sur la lignée CFBE410- immergée. Bleu = Hoechst 33342. Rouge = liposomes marqués.

4.4 Discussion sur la mécanistique de la bascule pH-sensible

4.4.1 Discussion générale

Nous considérons que les lipides 2 et CSL3 sont dotés d’un mécanisme de pH-
sensibilité conféré par le changement de conformation de la molécule qui intervient a pH
acide. Nous avons en effet observé que le lipide bascule 2 est capable de changer de
conformation avec le pH (études RMN, 1 publication). Ensuite, nous avons vu que les
liposomes incorporants 2 sont capables de relarguer leur contenu hydrophile
(sulforhodamine B) a pH acide et que le lipide CSL3 est capable de livrer des siRNA dans
le cytoplasme cellulaire et que les lipides 2 et CSL3 sont dotés de capacités fusogenes a pH
acide (R18-mixing assay). Egalement, le retrait des deux fonctions méthoxy pour chacun de
ces deux lipides bascules (lipides contréles négatifs 4 et CSL4) provoque la perte du
comportement pH-sensible (perte de la fuite de sulforhodamine, perte du comportement
fusogéne et perte de I’efficacité de transfection par séquestration endosomale). Tous ces
résultats tendent a prouver notre hypothése d’un changement de conformation du lipide

bascule entrainant un relargage intracytoplasmique par échappement endosomal.
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Trois mécanismes différents ont étés proposés pour 1I’échappement endosomal des
liposomes pH-sensibles : 1) la déstabilisation de la membrane endosomale via la formation
de pores transitoires, 2) la déstabilisation du liposome lui-méme et la diffusion de son
contenu a travers la membrane endosomale, 3) la fusion entre la bicouche liposomale et la
membrane endosomale, conduisant au relargage du contenu dans le cytosol.'* Nos résultats
tendent a montrer que les lipides bascules sont capables de déstabiliser une bicouche
lipidique (relargage de sulforhodamine B encapsulée) et de fusionner avec une vésicule
lipidique vide (R18-mixing assay). Cela favoriserait I’hypothése impliquant un contact avec

la paroi endosomale (hypotheses 1 et 3 ci-dessus).

Plus étonnant encore, il semblerait que les liposomes pH-sensibles basés sur le lipide
bascule 2 soient dotés de capacités de relargage de leur contenu et de fusion malgré

I’incorporation dans la formulation de 5 mol% de DSPE-PEG,,,. Une telle quantité de PEG

dans une formulation liposomale cause en général une inhibition totale des capacités de
fusion lors d’essais de « lipid-mixing » et cause une inhibition des capacités d’échappement
endosomal.">'® Ceci est expliqué par le fait que I’incorporation de PEG dans la formulation
liposomale améliore considérablement la stabilité colloidale et provoque habituellement une
géne stérique majeure empéchant I’interaction entre les membranes lipidiques du

1
nanovecteur et de ’endosome. '’

I1 faut noter qu’a ce stade, il nous est impossible de conclure quant au mécanisme
réel de déstabilisation et de fusion conféré par le changement conformationnel des lipides
bascules. Plusieurs hypothéses peuvent étre formulées quant a la résultante qui intervient

apres changement de conformation des lipides bascules :

e Il peut se produire une rupture de phase (ou transition de phase hétérogene) entre les
lipides bascules et les co-lipides (DSPC et/ou cholestérol) en surface de la bicouche
lipidique du liposome.'® Il y aurait alors des zones trés fortement chargées en lipides
bascules et des zones trés chargées en co-lipides, ceci créant un déséquilibre et une

instabilité majeure, autorisant ainsi la déstabilisation globale du nanovecteur.

e Il est possible qu’il se produise I’ouverture de pores transitoires en surface du
liposome suite au déclenchement des lipides bascules (autorisant ainsi la fuite de
sulforhodamine B)."” Ce comportement serait alors analogue a celui de certains «

Cell Penetrating Peptides » capables de former des pores hélicoidaux transitoires.”
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e Il est possible que suite au déclenchement des lipides bascules, un certain
pourcentage d’entre eux soit expulsé et transmis aux membranes lipidiques
environnantes (membrane endosomale), autorisant ainsi la déstabilisation de cette
nouvelle membrane (mécanisme de flip-flop, ou d’échanges de lipides). Le lipide
bascule, une fois expuls¢ dans le milieu, jouerait le role de « surfactant

déstabilisant ».>!

Les deux méthodes de fabrication utilisées dans les études présentées (extrusion
manuelle et mixage microfluidique) ainsi que le choix des co-lipides influent fortement sur
la morphologie finale de la nanoparticule lipidique, et donc certainement sur la mécanistique
du comportement pH-sensible, de la déstabilisation du nanovecteur et de 1’échappement
endosomal. Il y a fort a parier que les nanoparticules de la premiere publication (lipide
bascule 2 avec DSPC en co-lipide) sont des liposomes unilamellaires a bicouche lipidique
ordonnée. Dans la seconde étude (lipides bascules cationiques avec DSPC/cholestérol en co-
lipides et interactions ioniques entre lipides cationiques et siRNA anioniques), les
nanoparticules sont trés certainement de type « solides pleines » lorsqu’elles sont formulées
en microfluidique.*” Il est en revanche difficile de conclure quant a leur nature lorsque cette
méme formulation est fabriquée par extrusion manuelle. Des études de cryo-microscopie

¢lectronique sont en cours pour étudier et confirmer la morphologie des nanoparticules.

4.4.2 Etude du mécanisme pH-sensible

Plusieurs expériences pourraient étre réalisées afin de mieux étudier et comprendre
le mécanisme de pH-sensibilit¢ qui intervient au niveau de la bicouche lipidique du
nanovecteur suite au changement de conformation du lipide bascule. Dans un premier temps
et par souci de simplicité, il faudrait réaliser ces essais sur des liposomes multilamellaires
non extrudés avec seulement la DSPC en co-lipide. Il faudrait garder a I’esprit que les
conclusions tirées sur ce modele ne s’appliqueraient pas forcément aux nanoparticules
lipidiques solides formulées en microfluidique et incorporant un fort pourcentage molaire

de cholestérol.

4.4.2.1 Small Angle X-ray Scattering (SAXS)

La diffusion des rayons X aux petits angles (SAXS) permet d’observer des motifs
structuraux des biomatériaux (compris entre 5 et 100 nm).> Les motifs répétés formés par

I’alternance de bicouche phospholipidiques pourraient étre observés a pH neutre et
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possiblement modifiés ou annulés deés que le lipide bascule change de conformation et
désorganise les motifs (pH acide). A titre d’illustration, la Figure 4.8A présente un profil
SAXS classique de liposomes composés de 1-stearoyl-2-oleoyl-sn-glycero-3-phospho-L-
serine (SOPS), ou les 3 pics observés traduisent une organisation de phase lamellaire des
lipides. De cette figure peut étre extrait un profil de densité electronique (Figure 4.8B) qui
permet d’analyser les distances entre chaque bicouche lipidique, la longueur de
I’arrangement des chaines alkyl et d’observer tout autre réarrangement majeur de phases
lipidiques (passage en phases hexagonales par exemple). Il faudrait réaliser ce type
d’acquisition sur nos liposomes pH-sensibles (lipide bascule 2/DSPC 50:50 mol% par
exemple) a pH neutre et a pH acidifié. L’idée serait de voir I'impact du changement de
conformation du lipide bascule 2 sur les profil SAXS (changement de phases,
raccourcissement de la longueur de 1’arrangement des chaines alkyl, perte totale de

signal...).

Des essais préliminaires ont étés réalisés en collaboration avec 'université de
Sherbrooke, sur des liposomes extrudés composés de 2/DSPC/DSPE-PEGagg (50:45:5
mol%). Aucun signal SAXS ne fit observé, méme a pH neutre. Avec le recul, il aurait
certainement fallu répéter ces expériences sur des liposomes non extrudés (I’acquisition d’un
signal SAXS pour des liposomes extrudés requiert I’emploi d’un synchrotron comme source
de rayons X)**, sans présence de lipide-PEG dans la formulation et 4 des concentrations plus

¢levées pour se donner une meilleure chance d’acquérir un signal.
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Figure 4.8 — (A) Profil SAXS a 3 pics caractéristique d’un arrangement liposomal en phases lamellaires
(liposomes composés de 1-stearoyl-2-oleoyl-sn-glycero-3-phospho-L-serine).** (B) Représentation

schématique d’un profil de densité électronique de liposome.”
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4.4.2.2 RMN en milieu solide

La RMN a I’¢état solide permet d’étudier I’arrangement structurel des bicouches
lipidiques (changements de phases lipidiques) et leur état (cristallin, gel, fluide). Il est
possible de suivre les atomes de phosphore du co-lipide (DSPC) par RMN du *'P.* Cette
expérience donne des informations quand a 1’arrangement des groupements polaires des

tétes des phospholipides (Figure 4.9).
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Figure 4.9 — Etude de I’organisations de phase des phospholipides par RMN du solide (*'P).

Il est également possible de formuler les liposomes avec un phospholipide
commercial (DSPC) ayant des chaines alkyl deutérées (*H) et de faire de la RMN du
deutérium (Figure 4.10). Cette expérience donne des informations quand a 1’arrangement
des chaines alkyl hydrophobes des lipides (mouvement des chaines alkyl, rigidit¢ de la

membrane, épaisseur de I’arrangement des chaines alkyl).*®
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Figure 4.10 — Etude par RMN du solide du deutérium des chaines alkyl d’un phospholipide deutéré formulé

en liposomes multilamellaires.
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Des essais préliminaires de RMN du *'P ont étés réalisés en collaboration avec le Pr.
Isabelle Marcotte de I’Université du Québec a Montréal (UQAM). La formulation lipidique
était composée de lipide bascule 2 et de DMPC (50:50 mol%), formulée a pH neutre puis
acidifiée avec HCI pour obtenir un pH ~3-4 (Figure 4.11). A pH neutre (bleu) est observé
I’empreinte classique d’un arrangement lipidique en bicouche lamellaires (voir Figure
4.9A). Apres acidification (rouge), un pic autour de 0 ppm est observé, traduisant
I’apparition de micelles dans le milieu (voir Figure 4.9C). Il semblerait que la présence de
ces micelles soit due a la dégradation du lipide DMPC en milieu acide (estérification),
puisque I’analyse similaire d’une formulation contrdle composée a 100% de DMPC présente
¢galement I’apparition du méme pic de micelles a pH acide (données non montrées). Si I’on
néglige ce pic a 0 ppm, aucune différence n’est observée dans les spectres *'P entre pH neutre

et pH acide.

Il faudrait réaliser des essais de RMN du deutérium avec le co-lipide DSPC deuteré
(Figure 4.10) pour tenter d’observer le comportement des chaines alkyl (atomes “H de la
DSPC) au lieu du *'P afin de tenter de voir une différence entre les 2 valeurs de pH. Des
essais préliminaires avaient étés réalisés avec le lipide bascule non pH-sensible 1 (téte
COOH) et DMPC deutérée (50:50 mol%). Une empreinte classique d’arrangement
lamellaire avait été obtenue (Figure 4.10), mais aucune différence dans le spectre n’avait
été détectée entre pH neutre et pH acide (données non montrées). Cette absence de
différences est certainement due a I’emploi du lipide bascule 1 non pH-sensible (pas de
changement de conformation avec [’abaissement du pH). Il faudrait ré-essayer cette

manipulation avec le lipide bascule pH-sensible 2 et de la DSPC deutérée.
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Figure 4.11 — Spectre RMN du solide (*'P) obtenu avec la formulation multilamellaire (non extrudée) lipide

bascule 2/DMPC (50:50 mol%).
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Dans tous les cas, ces résultats préliminaires de RMN du solide ne semblent pour
I’instant pas donner d’informations structurelles différentes entre pH neutre et pH acide (pas
de changement de phase observée en RMN du *'P). Il y aurait plus de chances d’observer
des différences plus subtiles en RMN du deutérium, mais il faudrait refaire les expériences
avec le lipide bascule 2. Il faudra également prendre en compte 1’éventuelle dégradation du
phospholipide qui intervient a pH acide (apparition de micelles dans le milieu) dans les

manipulations.

4.4.2.3 Microscopie €électronique aprés cryofracture

Des études d’observation des liposomomes (extrudés ou non) pourraient étre
réalisées par microscopie €électronique apres cryofracture (congélation rapide, tranchage et
fixation avec de 1’or sous vide) dans ’espoir d’observer des changements morphologiques
(craquelures, bourgeonnements ou agrégations des liposomes) ou des changements de
phases lipidiques entre pH neutre et pH acide. Encore une fois, il faudrait commencer par

¢tudier une formulation composée du lipide bascule 2 et de DSPC (50:50 mol%).

Figure 4.12 — Observation en microscopie électronique aprés cryofracture de liposomes extrudés (gauche)’’ et

de liposomes multilamellaires (phase lipidique lamellaire) non extrudés (droite).*®

4.5 Perspectives futures

4.5.1 Délivrance de principes actifs anticancéreux hydrophiles avec le

lipide bascule pH-sensible 2

Une formulation liposomale pH-sensible composée de ~40 mol% de lipide bascule
2, ~35 mol% de DSPC, 20 mol% de cholestérol et ~5 mol% de DSPE-PEG2q pourrait étre
utilisée pour des applications anticancer. Les principes actifs délivrés pourraient étre
hydrophiles (gemcitabine, doxorubicine, cisplatin, 5-fluorouracile, acide folinique —

encapsulé dans le cceur aqueux du liposome) ou hydrophobes (paclitaxel, irinotécan,
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méthotrexate — encapsulé dans la bicouche lipidique hydrophobe du liposome). Le mixage
microfluidique serait la méthode utilisée pour formuler les nanoparticules, permettant ainsi
d’atteindre des tailles de liposomes < 100 nm via un procédé simple et facile a mettre a
I’échelle. Il est anticipé que de tels liposomes seraient dotés d’une durée de circulation
longue (analogue a celle du Doxil®, soit > 48h), permettant une accumulation passive aux
tissus tumoraux (effet EPR). Le potentiel pH-sensible des liposomes serait exploité pour
favoriser 1’échappement endosomal suite a I’internalisation cellulaire ainsi que pour
relarguer la drogue spécifiquement dans I’environnement tumoral légérement plus acide (pH

~6,5) que le pH sanguin.”

A cause du caractere pH-sensible des liposomes incorporants le lipide bascule 2 (une
exposition quelques minutes a pH ~5 étant suffisante pour relarguer une partie du contenu)’,
il n’est a priori pas possible dans notre cas d’utiliser une méthode active de loading comme
un gradient transmembranaire de pH (citrate ou ammonium sulfate).’’ Des essais de
formulation préliminaires ont étés réalisés par mixage microfluidique (formulation lipidique
2/DSPC/cholestérol/DSPE-PEG2g09 40:35:20:5) pour tenter d’encapsuler de fagon passive le
traceur hautement hydrophile sulforhodamine B. Les liposomes obtenus aprés purification
sur colonne Sephadex™ G-50 (retrait de 1’éthanol et de la sulforhodamine B non-
encapsulée) ont une taille d’environ 85 nm, mais 1’efficacité d’encapsulation était inférieure
a 10 %, ne permettant pas d’atteindre une concentration finale en principe actif assez ¢levée
pour une utilisation in vivo. En effet, la concentration finale en sulforhodamine B était
d’environ 50-100 pg/mL, ce qui est trop peu pour injecter in vivo une dose de 5-7,5 mg/kg
de principe actif pour une application anticancer (une concentration finale en principe actif
de 500 pg/mL permet d’injecter une souris a 5 mg/kg avec un volume d’injection de

10uL/g).

Différentes stratégies pourraient étre employées pour essayer d’encapsuler plus
efficacement des composés hydrophiles dans la formulation (Figure 4.13). La premicre
serait de jouer avec la solubilité de la drogue en fonction du pH. A titre d’exemple, il est
possible de déprotoner et d’encapsuler efficacement la doxorubicine ou tout autre composé
basique contenant une amine primaire en milieu alcalin (pH ~10).** La cisplatine, a cause de
sa faible solubilit¢ aqueuse a 20°C, pourrait étre encapsulée dans des proportions

satisfaisantes pour une utilisation in vivo si elle est incorporée dans la phase organique lors
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de la formulation par mixage microfluidique.”® La seconde stratégie serait ’élaboration et

I’encapsulation de prodrogues hydrophiles contenant une composante hydrophobe (chaine
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Figure 4.13 — Représentation schématique des deux stratégies envisagées pour délivrer des drogues
anticancéreuses hydrophiles avec des nanoparticules lipidiques pH-sensibles basées sur le lipide bascule 2.

alkyl, cholestérol...) permettant une encapsulation efficace.”® Plusieurs exemples sont
présentés en Figure 4.14. Ces prodrogues seraient incorporées dans la phase organique avec
les lipides lors de la formulation. Un ratio massique prodrogue/lipides de ~0,1-0,2 serait
essay¢é en premicre intention. Egalement, il pourrait étre envisagé d’encapsuler deux
prodrogues synergiques dans la méme formulation (par exemple cisplatine et gemcitabine,

4 35
pour le cancer de la prostate ou du pancréas).

D’un point de vue formulation, il est possible de modifier la nature de la phase
organique (éthanol, méthanol, DMSO, DMF, THF...), le ratio massique drogue/lipides et de
jouer sur la composition lipidique (pourcentage molaire de lipide bascule 2 et de cholestérol)
pour obtenir une efficacité d’encapsulation et une capacité de chargement satisfaisantes pour

une utilisation in vivo.
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Figure 4.14 — Schéma présentant des prodrogues hydrophobes de composés hydrophiles (cisplatine™,

capecitabine34, gemcitabine”) dans le but d’améliorer leur efficacité d’encapsulation.

4.5.2 Vectorisation d’oligonucléotides thérapeutiques avec le lipide

bascule pH-sensible CSL3

4.5.2.1 Délivrance de siRNA anti-survivin pour le traitement du cancer

Une formulation composée du lipide bascule cationique pH-sensible CSL3, de
DSPC, de cholestérol et de DSPE-PEGsgg (50:10:35:5 mol% - formulé par mixage
microfluidique) pourrait étre utilisée pour délivrer un siRNA anti-survivin (protéine anti-
apoptose pro-cancer) dans un modele murin portant des xénogreffes MCF-7 orthotopiques
de cancer du sein. Des essais de transfection préliminaires in vitro ont déja étés réalisés (voir
Figure 4.3). L un des défis majeurs serait d’obtenir un temps de circulation sanguine assez
long (t12 > 2 h) pour avoir le temps de s’accumuler dans la tumeur. Dans cette optique, un
fort pourcentage molaire de PEG de haute densité (5 mol% de DSPE-PEGsgq) serait utilisé.
Une étude d’imagerie de fluorescence ex-vivo (détection de siRNA-Cy5) sur souris porteuses
de xénogreffe orthotopique MCF-7 est planifiée. En cas de détection d’un signal de
fluorescence significatif (présence de siRNA-Cy5) dans la tumeur par rapport aux groupes
controles négatifs siRNA nus et saline, une étude d’efficacité sera réalisée sur ce méme
modele murin. Le suivi du diametre de la tumeur aprés 4 injections tous les 2 jours de
LNP/siRNA a la dose de 3 mg/kg pourra étre réalisé, en co-traitement ou non avec un agent

anticancéreux (doxorubicine, cisplatine).
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4.5.2.2 Screening d’efficacité de vectorisation d’ARNm in vitro et in vivo

Une autre application de thérapie génique pour le lipide bascule CSL3 serait la
vectorisation in vivo d’ARNm. Il a ét¢ montré que I’efficacité de transfection d’ARNm in
vivo est trés dépendante de la structure du lipidoide cationique utilisé®®, et particuliérement
de la nature des chaines lipidiques (longueur et insaturations).”” Il faudrait certainement
modifier la structure chimique de CSL3 ou du lipide bascule 2 par une approche de chimie
combinatoire pour espérer obtenir un nanovecteur ayant une efficacité de transfection
d’ARNm optimale. Une vue d’ensemble d’une librairie de plusieurs lipides bascules
cationiques en présentée en Figure 4.15. Une premicre étape serait de réaliser un screening
in vitro d’efficacité de vectorisation d’ARNm codant pour la GFP sur cellules HeLa ou
Huh7, en quantifiant I’efficacité de transfection par cytométrie en flux. Une seconde étape
serait le screening in vivo de la vectorisation d’un ARNm codant pour 1’érythropoiétine
(EPO) humaine chez la souris, par injection de LNP/ARNm-EPO 0,75 mg/kg et
quantification 6h post-injection de la concentration plasmatique d’EPO par ELISA.* Dans
cette ¢tude serait utilisée la formulation lipidique suivante : lipide bascule
cationique/DOPE/cholestérol/DMG-PEGagg (35:16:46,5:2,5).*° Les nanoparticules seraient

formulées par mixage microfluidique.

La formulation la plus efficace pourrait étre utilisée pour la vectorisation au foie
d’ARNm codant pour la protéine d’édition génomique Cas9 (pour cette application, une
expression transitoire par délivrance d’ARNm est préférable par rapport a une expression

plus « soutenue » par ADNp ou délivrance virale — voir Tableau 1.5)."'
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CSL3

Figure 4.15 — Proposition d’une librairie de lipides bascules basés sur CSL3 ou 2 pour réaliser un screening

in vivo de vectorisation d’ARNm.

4.5.2.3 Vectorisation de miRNA pour le traitement du rétinoblastome

Le rétinoblastome est une tumeur maligne de la rétine qui touche majoritairement les
jeunes enfants. Une stratégie novatrice pour traiter cette maladie serait la délivrance dans la
tumeur oculaire de miRNA initialements sécrétés par les lymphocytes T, capables d’induire
I’apoptose des cellules tumorales.*” Le nanovecteur lipidique basé sur le lipide bascule
CSL3 pourrait permettre la délivrance intracytoplasmique de miRNA aprés injection
intravitréenne. Des résultats préliminaires encourageants ont étés obtenus avec le groupe de

recherche du Pr. Pierre Hardy, du CHU Sainte-Justine de Montréal (Figure 4.16).
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Figure 4.16 — (A) Internalisation de siRNA-Alexa488 délivré aux cellules de rétinoblastome humain Y79 avec
la formulation CSL3/DSPC/cholestérol/DSPE-PEG;g (50:10:37,5:2,5 mol%). La détection s’effectue par
cytométrie en flux. (B) Détection de la présence de nanoparticules CSL3 (marquées avec le fluorophore DilC )
dans les tumeurs oculaires apres injection intravitréenne chez le lapin porteur d’un modéle de tumeur de

rétinoblastome humain (cellules Y79).

Des essais d’internalisation in vitro ont montrés que les nanoparticules lipidiques
CSL3 ¢étaient capables de livrer un siRNA-Alexa488 dans des cellules Y79 de
rétinoblastome humain. Aprés injection intravitréenne de nanoparticules CSL3 vides
fluorescentes dans un modele in vivo de lapin porteur de rétinoblastome, on observe une
accumulation spécifique dans la tumeur. Aucune toxicité majeure n’a été détectée chez les
lapins. De futurs essais d’efficacité de transfection de miRNA in vitro et in vivo, ainsi qu’une

¢tude d’efficacité in vivo pourront étre faits.
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Chapitre 5 : Conclusion

Dans cette these est reporté le développement de nouveaux nanovecteurs lipidiques
pH-sensibles pour la vectorisation de principes actifs et de genes. Ces formulations reposent
sur |’utilisation de lipides bascules présentants un mécanisme novateur de pH-sensibilité,
basé sur une bascule moléculaire capable de réaliser un changement conformationnel a pH
acide. Il a été montré que de tels lipides peuvent étres incorporés dans des nanoparticules
lipidiques et sont capables de favoriser I’échappement endosomal du contenu thérapeutique

hydrophile, contournant ainsi la barriére physiologique de la séquestration endosomale.

Le lipide bascule non-cationique 2 a été formulé dans une formulation liposomale
destinée a la délivrance de principes actifs hydrophiles incapables de traverser les
membranes cellulaires ou de s’échapper de I’endosome. Il a été€ montré que cette formulation
permet la délivrance intracytoplasmique de sulforhodamine B, traceur hautement
hydrophile, par un processus d’échappement endosomal. Cette premicre étude a permis
d’introduire ce novueau concept de pH-sensibilité et d’échappement endosomal entrainés

par une bascule moléculaire.

Le lipide bascule cationique CSL3 a été formulé dans des nanoparticules lipidiques
pour la délivrance de siRNA, geénes hydrophiles sujets a la séquestration endosomale. Les
¢tudes de transfection in vitro ont montrées que cette formulation rivalise avec les réactifs
commerciaux en termes d’efficacité et de cytotoxicité. Des études mécanistiques in vitro ont
montrés I’implication de la bascule moléculaire pH-sensible dans I’échappement endosomal
et I’efficacité de transfection. Enfin, des études in vivo ont montrées que cette formulation

était capable de délivrer un siRNA au foie avec succes.

Les lipides bascules développés durant cette thése pourraient avoir de nombreuses
applications thérapeutiques, telles que la vectorisation de petites molécules thérapeutiques
hydrophiles anticancéreuses (gemcitabine, doxorubicine, cisplatine, 5-fluorouracile...) ou

de genes thérapeutiques (siRNA, ARNm, édition génomique).



Annexe 1 : Article « Cationic Switchable Lipids: pH-
Triggered Molecular Switch for siRNA Delivery », publié
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A pH-sensitive molecular switch able to change its conformation

upon pi ion at end | pH values is embedded into the
structure of cationic lipidoid materials, thus conferring endosomal
escape properties. Iy of the f ional switch in

the endosomal escape process was confirmed and leading
material identified was able to induce efficient gene knockdown
both in vitro and in vivo. The lipid nanoparticles reported here are
promising for therapeutic applications and this work could serve
as a template for future design of stimulus-responsive (ionic,
redox, light) molecular switch for drug and gene delivery.

RNAi technology has demonstrated strong potential for
therapeutics and is currently showing impressive clinical
progress.l'z Silencing gene expression may be used to treat
numerous diseases such as cancer,"5 hereditary disorders®
and infectious diseases.” However, the strong hydrophilicity
and anionic charge density of siRNA prevent their passive
diffusion across cell membranes. Systemic administration of
siRNA therefore requires the use of carriers able to
encapsulate, protect and deliver the therapeutic cargo into the
cytoplasm of target cells. Despite the many efforts made to
tailor nanocarriers in order to overcome biological barriers,
endosomal entrapment remains a major impediment to the in
vivo therapeutic efficacy of the delivery platforms developed
in the last decade.®

One of the most clinically advanced delivery vehicles for
siRNA therapeutics are lipid nanoparticles (LNF’).1 These siRNA
delivery materials are principally composed of cationic lipids or
“lipidoids”, identified through combinatorial synthesis and
high throughput screening.H‘ Structure-activity analysis of
these libraries suggests that using one or more tertiary amines
as ionizable headgroups is essential to promoting endosomal
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endosomal pH values, ionization of the tertiary amine alters
the hydrodynamic radius of the lipid headgroup and induces
an inverted non-bilayer structure, which is hypothesized to be
responsible for destabilizing the endosomal membrane.”
Nevertheless, recent quantitative studies using siRNA/LNP
have shown that only ~1-2% of siRNA is successfully delivered
to the cytoplasm due to endosomal entrapment or recycling to
the extracellular space.“'15 This observation highlights that
endosomal sequestration is still a major barrier to gene
delivery and suggests that developing lipid materials equipped
with an efficient endosomal escape mechanism remains highly
relevant.

We recently reported the use of pH-dependent switchable
lipids for drug delivery.16 When incorporated into liposomes,
the switchable lipids triggered a fast and effective
intracytoplasmic delivery of a hydrophilic cell-impermeable
compound, via an endosomal escape process. Upon
protonation of the central pyridine, the conformation of the
lipid switches to favor intramolecular hydrogen-bonding,
which changes the relative orientation of the hydrocarbon
chains of the molecule, disturbing the lipid packing of the
nanoparticle and prompting the release of its therapeutic
cargo (Fig. 1A). This pH-sensitive mechanism triggered
complete drug release in less than 15 min and was not
impacted by polyethylene-glycol coating. As such, these
materials show great potential for gene delivery. Therefore,
we decided to develop an siRNA/LNP delivery platform based
on such a pH-triggered conformational switch.

The switchable lipid structure was used as a starting point
for the design of cationic switchable lipids (CSL). The tricyclic
pH-sensitive unit was maintained while various cationic
headgroups on the 4’ position of the central pyridine ring were
introduced (Fig. 1B). In silico predictions of pKa,,, were used to
select the headgroup structure since it previously appeared as
a major determinant of in vitro behaviour.’® Among the
molecules  synthesized in  this study, only 4-
dialkylaminopyridine derived-CSL presented an in silico pKap,,
value close to the endosomal pH value (~5-6), which is
required to trigger the desired conformational switch within
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Fig. 1 (A) Protonation-induced conformational change of the pH-sensitive cationic
switchable lipids. (B) Overview of the chemical structures of the cationic switchable
lipids. CSL4 is a negative control lipid, non-methoxylated counterpart of CSL3, unable to
change its conformation upon pr (© ical schematic i
of lipid nanoparticle/siRNA.

the endosomes.

Four different CSL were synthesized (Fig. S1-S3), all
containing two alkyl chains of 12 carbons (Fig 1B). Lipid chain
lengths of 10 to 13 carbons has been reported as an
advantageous specification for efficient siRNA delivery in
vivo.*”*® We have already demonstrated that this chain length
is compatible with the pH-triggered conformational change of
the switchable lipids and effectively promotes liposome bilayer
destabilization.’® Three different cationic headgroups were
incorporated on the CSL: double-dimethylamine headgroup
(CSL1), mono primary amine headgroup (CSL2) or mono
dimethylamine headgroup (CSL3). CSL4 is the non-switchable
counterpart of CSL3, used as a negative control lipid. The
removal of the two methoxy moieties prevents intramolecular
hydrogen bonding with the protonated pyridine, thus
preventing conformational switch and LNP destabilization (Fig.
S4). When relevant, CSL3-based LNP was compared to the

2| J. Name., 2012, 00, 1-3

negative control CSL4-based LNP in order to confirmothe
involvement of the pH-sensitive confoffR4atiBARTOsWAtERWSINP
incorporating either one of the four CSL materials were
formulated with DSPC, cholesterol and DSPE-PEG,pq as co-
lipids (respectively 50:10:37.5:2.5 mol%). A hypothetical
representation of a LNP is presented in Fig. 1C. At a
nitrogen/phosphate molar ratio of 4 which was used for all
experiments, manual extrusion yielded LNP exhibiting a
hydrodynamic diameter ~150 nm (Fig. S5A and S5B). The siRNA
encapsulation efficiency was determined to be 85-95% for all
CSL, using a SYBR® Gold fluorescence assay (Fig. S5D).

The siRNA transfection efficiency of CSL was evaluated in
vitro in a HelLa/GFP model, using Lipofectamine® RNAIMAX as
a positive control (Fig. 2A and Fig. $6). Mono-substituted CSL2
and CSL3-based nanoparticles showed remarkable dose-
responding knockdown efficiencies, whereas di-substituted
CSL1 was unable to mediate siRNA delivery. One may
hypothesize that the two dimethylamine cationic groups of
CSL1 impair the conformational switch. Either steric hindrance
or intramolecular hydrogen bonds between dimethylamine
groups and methoxy moieties might stabilize the lipid stacking
conformation and prevent the rotation of the two lipid arms of
CSL1. In addition, it has been reported that too many or too
strong (e.g. quaternary amines) cationic headgroups can
significantly impede the cytosolic release of the siRNA payload
from the cationic Iipid.m’z1 Interestingly, the negative control
CSL4 did not show any significant transfection efficiency,
suggesting that the knockdown observed with CSL2 and CSL3
could be attributed to the pH-sensitive conformational switch.
No significant cytotoxicity was detected for all the CSL
materials at the conditions evaluated, using a resazurin-based
cell viability assay (Fig. 2A).

Time course delivery of intracytoplasmic Alexa647-siRNA
delivery was assayed by live-cell fluorescence microscopy on
Hela cells, using the top performing material CSL3 (Fig. 2B).
After only 1 hour, diffuse fluorescence was obvious, confirming
the escape of the siRNA payload from the endocytic pathway.
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Fig. 2 (A) In vitro knockdown of GFP and viability assays on HeLa cells with formulated
LNP. Hela cells stably expressing GFP were treated with GFP targeting SiRNA
formulated LNP (CSL, DSPC, cholesterol and DSPE-PEGyo at a molar ratio of
50:10:37.5:2.5 respectively). RNAIMAX (Lipofectamine” RNAIMAX reagent — 60 nM),
free SIRNA (60 nM) and untreated cells were used as control experiments. Gene
knockdown was assayed by flow cytometry after 72h incubation (n = 3). (B) Live-cell
fluorescence imaging of HeLa cells following 10min, 1 or 2h incubation of CSL3/siRNA-
Alexa647 LNP. The concentration of labelled SIRNA is 50 nM. Scale bar = 20 um.
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At the two-hour time point, the entire cytoplasms were
stained with intense diffuse fluorescence. Unsurprisingly, no
internalization of naked Alexa647-siRNA was observed after a
two-hour incubation in the same conditions (Fig. S7). These
results confirmed the efficient uptake and fast cytoplasmic
delivery of siRNA encapsulated within the CSL3-based LNP, a
prerequisite for mediating potent siRNA delivery,u’z3

To further confirm the importance of the CSL
conformational change in the endosomal escape process, we
compared the cellular trafficking of CSL3 and CSL4-based LNP
encapsulating Alexa647-siRNA. After 16 hours of incubation,
live-cell fluorescent microscopy revealed that the CSL4
negative control formulation was mainly entrapped within the
endosomes (punctate fluorescence — Fig. 3A). Disruption of the
endosomal compartments by addition of chloroquine, a potent
endosomolytic agent,u'25 yielded diffuse cytoplasmic
fluorescence. This confirmed that endosomal entrapment was
the limiting barrier to siRNA cytoplasmic delivery for CSL4-
based formulation (Fig. 3B). Comparatively, the CSL3-based
formulation was able to mediate endosomal escape and
intracytoplasmic  delivery of  Alexa647-siRNA  (diffuse
fluorescence through the entire cells — Fig. 3C). During this
assay, nearly identical cellular uptake profiles were observed
for the two formulations, as assayed by flow cytometry (Fig.
3D). This suggests that the superior transfection efficiency
observed with CSL3 is due to improved endosomal escape
following its pH-induced conformational switch (Fig. 2A).

Endosomal escape of nanocarriers has been suggested to
occur through either fusion, active transport, disruption or
lysis of the endosomes.’® We conducted lipid-mixing assays
with octadecyl rhodamine B (R18) labelled LNP and model
unlabeled phospholipid vesicles (Fig. :’;E).ls'26

R18 dequenching,
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Fig. 3 Live-cell fluorescence imaging of Hela cells following 16h incubation of (A)
C5L4/sIRNA LNP without chloroquine; (B) CSL4/SIRNA LNP with chloroquine during the
last hour of incubation and (C) CSL3/siRNA LNP without chloroquine. LNP are composed
of CSL, DSPC, cholesterol and DSPE-PEGyq at a molar ratio of 50:10:37.5:2.5
respectively, and encapsulate SiRNA-Alexa647 (final concentration 50 nM). Red
fluorescence: sIRNA-Alexa647. Blue fluorescence: nuclei stained with Hoechst 33342.
Scale bar = 10 um. (D) Flow cytometry uptake profiles of the CSL3/siRNA-Alexad88 and
CSL4/siRNA-Alexad88 formulations (n = 3). (E) Lipid-mixing experiments using R18
incorporated into the CSL3/sIRNA and CSL4/siIRNA formulations, after incubation with
empty phospholipid vesicles for 15 min under neutral or acidic conditions (n = 3).
Statistical analysis performed with two-tailed Student’s t-test: *p<0.01; ***p<0.0001.
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which is indicative of lipid mixing and thus fusogenig; ahility,
occurred within minutes under acidic EGhdRIBHS/ Witk0EsL8L
based LNP. In contrast, CSL4-based LNP did not mediate major
fusogenic activities at acidic pH. No significant dequenching
was observed for either formulation at neutral pH. This
confirmed that fusion ability is involved in the endosomal
escape mechanism of CSL3, as previously reported for other
switchable Iipids.15

The pH of endosomes and lysosomes is controlled by
acidification via vacuolar ATPases. These membrane-bound
proton pumps can be inhibited using Bafilomycin Al (Baf A1),
thus blocking endosome acidification.”> We therefore
hypothesized that Baf Al could hinder the mechanism of CSL3-
based LNP.”’ Compared to control cells transfected without
Baf A1, Baf Al-treated cells showed a complete loss of GFP
knockdown (Fig. 4A). Here again, we checked that Baf Al did
not significantly impact CSL3/siRNA cellular uptake (Fig. 4B).
Therefore, we confirmed that the CSL3-based formulation
requires the acidification of the endosomes to trigger its
conformational switch and endosomal escape, thus ensuring
its transfection efficiency.
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Fig. 4 (A) In vitro knockdown experiments on Hela/GFP cells using CSL3/siRNA LNP, in
the presence or absence of Baf A1 (600 nM). Cells were incubated for 4h with the LNP.
Knockdown was assayed after a 48h incubation period (n = 3). (B) Flow cytometry
uptake profiles after a 4h incubation period of the cells with the CSL3/siRNA-Alexad88
LNP in the presence or absence of Baf A1 (n = 3). (C) Alexad88 fluorescence uptake
(flow cytometry) in Hela cells following CSL3/siRNA-Alexad88 treatment in the
presence of small molecules inhibiting clathrin (Chlorpromazine — 10 ug/mL), caveolae
(Genistein — 200 M), clathrin/caveolae (Pitstop 2 — 20 uM) or macropinocytosis (EIPA
- 50 uM) endocytic pathways. (D) Representative images of cells treated 1 hour with
CSL3/sIRNA-Alexa647 LNP without inhibitor, with EIPA or with Pitstop 2. Scale bar = 40
um. Statistical analysis performed with two-tailed Student’s t-test: ns. p>0.05; *p<0.05;
*+%p<0.001.
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Several cellular entry pathways can result in endocytic
confinement of siRNA, such as clathrin, caveolae or
macropinocytosis.15 In order to better understand the cellular
entry of the LNP, flow cytometry uptake assays of CSL3/siRNA-
Alexa488 were performed on Hela cells, in the presence of
chemical inhibitors of endocytosis (Fig. 4C). Without inhibition,
an efficient and homogenous siRNA delivery was observed
(Fig. S8). However, strong uptake inhibition was observed in
the presence of clathrin and caveolae inhibitors. It was
previously reported that the main uptake mechanism of
LNP/siRNA in Hela cells and hepatocytes is the clathrin-
induced macropinocytosis, starting after 2 hours of incubation.
This macropinocytosis allows the bulk of the LNP into the cells
and is mainly responsible for the gene silencing activity,g'Zg In
our case, the macropinocytosis pathway (blocked using
ethylisopropylamiloride — EIPA) did not seem significantly
involved in LNP entry, despite a 6-hour incubation period. It
appears that CSL3-based LNP were actively endocytosed via
the clathrin and/or caveolae pathways. These findings were
also confirmed by live-cell fluorescence microscopy (Fig. 4D).

CSL3 and CSL4 LNP/siRNA were then assessed for their in
vivo potential to systemically deliver a siRNA targeting the
liver-secreted coagulation factor VILY LNP were prepared
using microfluidic mixing since this technique leads to
optimized LNP and is an easily scalable process.zg’30 The use of
a microfluidic mixing device for LNP/siRNA assembly allowed
us to reach the critical size needed to achieve efficient delivery
to the hepatocytes via the 100-150 nm-sized endothelial
fenestrae of the mouse liver.** The C18-anchored DSPE-
PEGyp00 lipid was also replaced with shorter Cl4-anchored
DMG-PEGqgp, as it has been reported that a shorter aliphatic
anchor in the PEG-lipid yields greater hepatic gene silencing.23
As presented in Fig. 5A, the hydrodynamic diameter of the LNP
was around 70-90 nm as measured by dynamic light scattering
and siRNA encapsulation efficiencies measured with a
Ribogreen® fluorescent assay were 93%, which is similar to
LNP obtained by manual extrusion (Fig. S5D). LNP size
remained stable for more than one week in PBS, ensuring
colloidal stability before injection (Fig. S9). CSL3-based LNP
made by microfluidic mixing showed efficient dose-responding
siRNA delivery in the HeLa/GFP model and still outperformed
the negative control CSL4-based LNP (Fig. 5B). These results
demonstrate that the pH-triggered mechanism of CSL3 is not
altered either by the formulation technique or by the nature of
the lipid-PEG. The gene silencing efficacy of the CSL3-based
LNP was also confirmed in a hepatocyte cell line (Huh-7),
targeting the therapeutic target PCSK9 protein.34 Total
knockdown of PCSK9 and pro-PCSK9 proteins, as well as
subsequent loss of PCSK9-induced LDLR degradation,35
demonstrate the efficient transfection ability of CSL3-based
LNP with a siRNA dose as low as 10 nM (Fig. 5C).

Ex-vivo fluorescence imaging studies were performed to
assess the biodistribution of the CSL3-based formulation after
systemic administration in male CD1 mice. CSL3/siRNA-Cy5
formulation was injected at siRNA dose of 1.5 mg/kg. Whole-
organ images (Fig. 5D) and fluorescence intensity normalized
by wet-mass of organs (Fig. S10) indicated that naked siRNA
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Fig. 5 (A) Particle size di and siRNA of €513 and
CSld-based LNP (CSL, DSPC, cholesterol and DMG-PEGyg at a molar ratio of
50:10:37.5:2.5 r prepared by mixing. (B) In vitro GFP
knockdown on Hela/GFP cell with the CSL3 and CSL4-based LNP. RNAIMAX
(Lipofectamine” RNAIMAX reagent — 60 nM) and untreated cells were used as control
experiments. Gene knockdown was assayed by flow cytometry after a 48h incubation
period (n = 3). (C) In vitro PCSK9 knockdown on human hepatocyte cell line (Huh-7)
with the CSL3-based LNP. Knockdown of PCSK9 and LDLR levels were assayed 72h post-
transfection by Western-blotting (n = 3). (D) Biodistribution of CSL3-based LNP
formulated with siRNA-Cy5 (1.5 mg/kg). Organs were harvested 4 hours post-injection
and ex-vivo imaged (n = 3). (E) In vivo silencing of liver Factor VIl with the CSL3 and CSL4
formulations. Female C57BL/6 mice were intravenously injected with formulations and
the percent reduction on Factor VIl levels in serum was quantified 48h post-injection (n
= 4). Statistical analysis performed with two-tailed Student’s t-test: ns. p>0.05;
*%*p<0.001.

accumulate mainly in the kidneys, suggesting rapid renal
clearance. On the other hand, a significant accumulation of
siRNA was observed in the liver with the CSL3 nanoparticles.
Although this tropism was attributed to the LNP formulation,
the fluorescence in the kidneys remained high and suggested
free circulating siRNA. This could be attributed either to
residual siRNA in the formulation or to partial instability of LNP
upon intravenous injection, as suggested by a serum stability
study (Fig. S9). Although the important liver accumulation of
siRNA is a prerequisite for hepatocyte gene knockdown, it is
not sufficient by itself, as it was shown that some LNP can
accumulate in the liver without mediating hepatocyte gene
silencingAZD’36

In vivo Factor VIl silencing efficiency of the CSL3-based
formulations was compared to that of the CSL4-based
formulation (Fig. 5E). CSL3-based LNP were found to
demonstrate a dose-response knockdown, resulting in
significant silencing efficacy (~50% silencing) at 1 mg/kg. At the
same dose, negative control CSL4-based LNP were unable to
mediate any silencing activity. These results confirm the crucial
role of the pH-sensitive conformational change of CSL3 in the
in vivo transfection efficacy, in agreement with the in vitro
results. The in vivo silencing efficacy of the CSL3 LNP may be
further improved by lowering the molar percentage of DMG-
PEGjp0 in the formulation®™® or by using combinatorial
approaches to enhance the potency of the CSL3 lipid structure

This journal is © The Royal Society of Chemistry 20xx
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as well as the blood stability of the LNP (currently under
investigation).

Conclusions

In summary, we report the synthesis, in vitro and in vivo
efficacy, and properties of cationic switchable lipids. This proof
of concept study shows that this new class of lipid materials
based on a pH-triggered conformational switch is suitable for
efficient siRNA delivery. Altogether, our results demonstrate
that the pH-sensitive conformational switch plays a key role in
the properties of CSL3-based materials, owing to its ability to
promote endosomal escape. We believe that stimulus-
responsive (ionic, redox, Iight)37 molecular switches have
unique properties that may lead to significant innovations in
the design of lipidoid materials in the field of gene and drug
delivery. In future studies, we plan to evaluate these siRNA
delivery materials in a murine metastatic breast cancer model.
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Scheme S1. Synthesis pathway of the cationic switchable lipids CSL1 and CSL3

B N e Br

4:R = CH,CH,N(CH3), CSL1: R = CH,CH,N(CH3),
| | 5:R=CH, CSL3:R=CH,

B N e

2(15%)
i) NaH, THF, 80°C, 0.5h ; ii) ICHs;, NaH, THF, 40°C, 2h ; iii) 5-bromo-2-methoxyphenylboronic acid, Pd(PPhs),,
Na,CO;, THF/H,0, 80°C, 48h ; iv) 1-dodecyne, PACly(PPh;),, PPh;, TBAF, DMF/DIPA, 80°C, 16h ; v) H,, Pd/C,
EtOH, room temperature, 4h.

The synthesis and characterization of the compounds are further detailed below.

Scheme S2. Synthesis pathway of the cationic switchable lipid CSL2

NO, ; e NH2 i N~ NHBoG i Sy NHBoG
‘ N PR —— i SN — ‘ B —_— ‘ X
Br’ N/ Br Br N, Br Br N/ Br Br N/ Br
6 7 8
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i) NaH, DMF, room temperature, 3h ; ii) Boc,0, DCM, room temperature, 2h ; iii) ICHs;, NaH, DMF, 40°C, 3h ; iv)
5-bromo-2-methoxyphenylboronic acid, Pd(PPhs),, Na,CO;, THF/H,0, 80°C, 48h ; v) 1-dodecyne, PdCl,(PPhs),,
PPh;, TBAF, DMF/DIPA, 80°C, 16h ; vi) H,, Pd/C, EtOH, room temperature, 16h ; vii) HCl 4M, dioxane, room
temperature, 2h.

The synthesis and characterization of the compounds are further detailed below.



Scheme S3. Synthesis pathway of the negative control cationic lipid CSL4
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i) 3-bromophenylboronic acid, Pd(PPhs);, Na,COs;, THF/H,0, 80°C, 24h ; ii) 1-dodecyne, PdCl,(PPhs),, PPh;,
TBAF, DMF/DIPA, 80°C, 16h ; iii) H,, Pd/C, EtOH, room temperature, 4h.

The synthesis and characterization of the compounds are further detailed below.

Scheme S4. Protonation induced conformational change of the cationic switchable lipids

CSL3 and CSL4 (negative control lipid)

pKagy = 5.39

[CSL3 +H]*

INTRAMOLECULAR HYDROGEN BONDING

CSsL3 CONFORMATIONAL CHANGE

pKap,, = 5.22

csL4 [CSL4 + H]*
NO INTRAMOLECULAR HYDROGEN
BONDING POSSIBILITIES

NO CONFORMATIONAL CHANGE

(A) Upon protonation of the central pyridine ring in the cationic switchable lipid CSL3, the formation of
intramolecular hydrogen bonding between the protonated nitrogen and the two methoxy moieties leads the
conformation to freeze, destabilizing the lipid nanoparticle and provoking endosomal escape. This behavior
was observed in a previous work.! (B) The negative control cationic lipid CSL4 lacks the two methoxy moieties
required to perform intramolecular hydrogen bonding with the protonated pyridine, and is therefore unable to
freeze its conformation at endosomal pH values. Note that the pKay,, values of the central pyridine ring of

these two lipids are similar (5.39 and 5.22), as predicted in silico (CSpKaTM software, ChemSilico LLC.).



Figure S5. Physicochemical characterisation of LNP/siRNA complexes made by manual

extrusion
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Physicochemical characterisation of the lipid nanoparticles encapsulating anti-GFP siRNA at different lipid
nitrogen/siRNA phosphate (N/P) ratios. Lipid nanoparticles were prepared using cationic switchable lipids,
DSPC, cholesterol and DSPE-PEG,qq0 at @ molar ratio of 50:10:37.5:2.5 respectively. Size (A) and polydispersity
index (B) of the lipid nanoparticles/siRNA complexes were measured by dynamic light scattering in Opti-MEMu.
Zeta potential (C) of lipid nanoparticles/siRNA complexes were measured in dextrose 5%. siRNA encapsulation

efficiency (D) was measured using a SYBR Gold fluorescence assay.

Figure S6. Forward transfection on HeLa/GFP cells with CSL3 and CSL4 LNP

] 10 nM siRNA Il 25nMsiRNA

ns
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Forward transfection on Hela/GFP cells with CSL3 and CSL4-based LNP (CSL, DSPC, cholesterol and DSPE-
PEGj000 at @ molar ratio of 50:10:37.5:2.5 respectively — made by manual extrusion). Gene knockdown was
assayed by flow cytometry after a 48h incubation period (n = 3). Statistical analysis performed with two-tailed
Student’s t-test: ns. p>0.05; ***p<0.001.

Forward transfection was realized to make sure that transfection efficiency of CSL3 and CSL4 LNP remains

similar, regardless of the chosen transfection method (reverse or forward transfection).
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Figure S8. Flow cytometry profiles of uptake studies with endocytosis inhibitors
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Figure S9. Stability study of CSL3 LNP made by microfluidic mixing
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CSL3 LNP (CSL3/DSPC/cholesterol/DMG-PEGyp 50:10:37.5:2.5 mol% - made by microfluidic mixing) were
incubated in PBS buffer containing 0% (A), 10% (B) or 50% (C) FBS.

Upon storage in PBS at +4°C, CSL3-based LNP are stable for >7 days. When incubated in buffer containing 10%
FBS, LNP remain stable for 10h at 37°C. Nevertheless, aggregation occurs at the 10-hour and 1-hour time point
in 10% and 50% FBS respectively. This partial serum instability could result in the premature release of siRNA in
the blood stream following intravenous injection, explaining the relatively high fluorescent signal observed in

the kidneys in the biodistribution study (see Figure S10).
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Figure $10. Quantification of biodistribution of siRNA-Cy5 encapsulated into CSL3 LNP
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Quantification (photon counts normalized by organ wet mass) of siRNA-Cy5 biodistribution. siRNA-Cy5 were
encapsulated into CSL3 LNP (CSL3/DSPC/cholesterol/DMG-PEG;qg 50:10:37.5:2.5 mol% - made by microfluidic
mixing). Organs were harvested and imaged 4 hours after tail vein injection at a siRNA-Cy5 dose of 1.5 mg/kg.
Experiment was realized in triplicate. Statistical analysis performed with two-tailed Student’s t-test: ns. p>0.05;

*p<0.05; **p<0.01.
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Figure S12. "HNMR and *CNMR spectrums of compound CSL1
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. , Qiagen AllStars Negative
>_MM”_M2 Not provided Not provided 3 >_mMmm”_mMom_‘%MMQo: the Control siRNA (cat#
1027287)
SiRNA- . . 3’-Alexa Fluor 488 on the Qiagen >__m,wm_‘m Negative
Alexadss Not provided Not provided sense strand Control siRNA (cat#
1027284)
SIRNA- Dharmacon (siGENOME
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Figure S14. "HNMR and >*CNMR spectrums of compound CSL3

Figure $13. "HNMR and *CNMR spectrums of compound CSL2
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Figure S15. "HNMR and *CNMR spectrums of compound CSL4
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Materials, general methods and cell culture

All solvents and reagents were obtained from Sigma-Aldrich (Oakville, ON, Canada), Fisher Scientific (Ottawa,
ON, Canada), Alfa Aesar (Ward Hill, MA, USA) and Oakwood Chemical (West Columbia, SC, USA). Anhydrous
tetrahydrofuran (THF) and dimethylformamide (DMF) were obtained from a Pure Solv PS-400-6 System
(Innovative Technology, Amesbury, MA, USA). Cholesterol, DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine)
and DSPE-PEG ;000 (N-(carbonyl-methoxypolyethyleneglycol 2000)-1,2-distearoyl-sn-glycero-3-
phosphoethanolamine, sodium salt) were supplied by Avanti’ Polar Lipids (Alabaster, AL, USA). DMG-PEG;g00
(1,2-dimyristoyl-sn-glycerol, methoxypolyethyleneglycol 2000) was purchased from NOF America Corporation
(White Plains, NY, USA). Chloroquine, genistein, chlorpromazine and resazurin sodium salt were obtained from
Sigma-Aldrich (Oakville, ON, Canada), 5-(N-Ethyl-N-isopropyl)-Amiloride (EIPA) was obtained from Santa Cruz
Biotechnology (Dallas, TX, USA), Pitstop 2™ was obtained from Abcam’ (Toronto, ON, Canada) and Bafilomycin
A1l was obtained from Alfa Aesar (Ward Hill, MA, USA). All solvents and reagents were of analytical grade and
were used as received. All liquid nuclear magnetic resonance spectra were recorded on a Varian 400 WB
spectrometer, using residual solvent peak for calibration. High-resolution mass spectroscopy analysis was

performed by the Regional Center for Mass Spectrometry of the University of Montréal. Chemical reactions

were monitored by LC-MS (Infinity 1260 + MS 6120, Agilent Technologies, Mississauga, ON, Canada).

Hela/GFP cells (GFP Reporter Stable Cell Line, Cell Biolabs Inc., San Diego, CA, USA) and Hela cells (CCL-ZTM,
ATCCE, Manassas, VA, USA) were cultured in Eagle’s Minimum Essential Medium (EMEM, cat #30-2003, ATCCE)
supplemented with 10% Fetal Bovine Serum (Gibco, Burlington, ON, Canada). Huh-7 cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, cat# 319-005-CL, Wisent, Montreal, QC, Canada) supplemented
with 10% Fetal Bovine Serum (Gibco). Cells were incubated at 37°C under a water-saturated atmosphere

supplemented with 5% CO,.

Statistical analyses were performed using Prism’ 6 (GraphPad Software, La Jolla, CA, USA).

21



Synthesis of the pH-sensitive cationic switchable lipids CSL1 and CSL3

1.1 Synthesis of compounds 1 & 2

In a 250 mL round-bottom flask previously purged with argon was added sodium hydride (60% dispersion in
mineral oil, un-rinsed) (926 mg / 27.6 mmol). Anhydrous THF (130 mL) was added, and 2,6-dibromopyridin-4-
amine* (1736 mg / 6.89 mmol) was slowly dissolved in the mixture. 2-iodo-N,N-dimethylethan-1-amine (iodide
salt)5 (2253 mg / 6.89 mmol) was added and the mixture was stirred 0.5 hours at 80°C under argon. The
mixture was then slowly quenched with MeOH, and dry loaded into column chromatography on silica gel for
purification (hexane/AcOEt, fast gradient from 100:0 to 0:100 ; DCM/MeOH, gradient from 100:0 to 70:30)
using a Teledyne Isco CombiFlash” purification system. The final product 1 was obtained as a yellow solid (1386
mg / 62%) and the final product 2 was obtained as a slightly orange solid (395 mg / 15%).

1:'H NMR (400 MHz, CDCl3) 6 (ppm) 2.22 (s, 6H), 2.52 (t, J = 5.7 Hz, 2H), 3.08 (q, J; = 6.2 Hz, J, = 5.0 Hz, 2H),
6.56 (s, 2H). °C NMR (100 MHz, CDCl;) & (ppm) 39.49, 44.86, 56.68, 109.92, 140.60, 156.02. Calc [M+H] =
321.95490 ; Exp [M+H] = 321.95555 ; Error = - 2.01 ppm.

2 : 'H NMR (400 MHz, CDCl) & (ppm) 2.25 (s, 12H), 2.42 (t, J = 7.2 Hz, 4H), 3.37 (t, J = 7.2 Hz, 4H), 6.58 (s, 2H).
C NMR (100 MHz, CDCl3) & (ppm) 45.80, 49.22, 55.91, 108.80, 141.06, 155.22. Calc [M+H] = 393.02840 ; Exp

[M+H] = 393.02934 ; Error = - 2.41 ppm.

1.2 Synthesis of compound 3

In a 250 mL round-bottom flask previously purged with argon was added sodium hydride (60% dispersion in
mineral oil, un-rinsed) (654 mg / 19.5 mmol). Anhydrous THF (50 mL) was added, and 1 (786 mg / 2.43 mmol)
was added to the mixture. Methyl iodide was added (449 mg / 3.16 mmol). The reaction was stirred at 40°C
and was carefully monitored by LC-MS until entire consumption of the starting material (~ 2h). The mixture was
then slowly quenched with MeOH, filtered (0.20 um PTFE filter) and dry loaded into column chromatography
on silica gel for purification (hexane/AcOEt, fast gradient from 100:0 to 0:100; DCM/MeOH, gradient from

100:0 to 80:20) using a Teledyne Isco CombiFlash” purification system. The final product 3 was obtained as a
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yellow oil (640 mg / 78%). "H NMR (400 MHz, CD30D) & (ppm) 2.30 (s, 6H), 2.49 (t, J = 7.4 Hz, 2H), 2.99 (s, 3H),
3.49 (t, J = 7.3 Hz, 2H), 6.77 (s, 2H). °C NMR (100 MHz, CD;0D) & (ppm) 37.19, 44.41, 49.10, 54.80, 108.68,

140.19, 156.34. Calc [M+H] = 335.97055 ; Exp [M+H] = 335.97180 ; Error = - 3.71 ppm.

1.3 Synthesis of compound 4

In a 50 mL round-bottom flask was dissolved 2 (127 mg / 0.32 mmol) and 5-bromo-2-methoxyphenylboronic
acid (170 mg/ 0.74 mmol) in 4 mL of THF. Na,CO; (137 mg/ 1.29 mmol), previously dissolved in 4 mL of
distilled water, was added and the flask was purged three times with argon. Pd(PPhs), (3.7 mg / 0.003 mmol)
was added and the flask was purged three times again. The mixture was stirred 48 hours at 80°C. The reaction
was monitored by LC-MS until entire consumption of the starting materials. The mixture was then diluted with
saturated Na,COs and extracted 3 times with dichloromethane (DCM). The organic layer was dried over MgSO,
and evaporated under vacuum. The crude product was purified by reverse phase preparative HPLC on an
Agilent Zorbax PrepHT Eclipse XDB-C18 21.2x150mm (5um) column. Mobile phase A was composed of water +
0.1% formic acid and mobile phase B was composed of MeOH + 0.1% formic acid. The mobile phase gradient
was: 0 min — 15 % B ; 6 min — 80 % B ; 12 min - 80 % B followed by a column re-equilibration time of 4 min.
Compound 4 was obtained as a white solid (58 mg / 30%). "H NMR (400 MHz, CD;0D) & (ppm) 2.48 (s, 12H),
2.79 (t, J = 6.5 Hz, 4H), 3.67 (t, J = 6.5 Hz, 4H), 3.86 (s, 6H), 6.97 (s, 2H), 7.05 (d, J = 8.9 Hz, 2H), 7.50 (dd, J; = 8.9
Hz, J, = 2.6 Hz, 2H), 7.73 (d, J = 2.6 Hz, 2H). >C NMR (100 MHz, CD;0D) & (ppm) 44.14, 55.21, 56.08, 107.00,
112.41, 113.35, 130.81, 132.32, 133.06, 152.55, 154.18, 156.23. Calc [M+H] = 605.11213 ; Exp [M+H] =

605.11451 ; Error = - 3.93 ppm.

1.4 Synthesis of compound 5

In a 100 mL round-bottom flask was dissolved 3 (694 mg / 2.06 mmol) and 5-bromo-2-methoxyphenylboronic
acid (1189 mg/ 5.15 mmol) in 6 mL of THF. Na,COs (873 mg/ 8.24 mmol), previously dissolved in 6 mL of
distilled water, was added and the flask was purged three times with argon. Pd(PPhs), (23.8 mg / 0.021 mmol)
was added and the flask was purged three times again. The mixture was stirred 48 hours at 80°C. The reaction

was monitored by LC-MS until entire consumption of the starting materials. The mixture was then diluted with
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saturated Na,CO3 and extracted 3 times with dichloromethane (DCM). The organic layer was dried over MgSO,
and evaporated under vacuum. The final product was purified using a Teledyne Isco CombiFlash” purification
system equipped with a 30 grams reversed-phase C18 HP Gold column. Mobile phase A was composed of
water + 0.1% formic acid and mobile phase B was composed of MeOH + 0.1% formic acid. The mobile phase
gradient was: 0 min — 20 % B ; 15 min — 90 % B followed by a column re-equilibration time of 4-5 CV.
Compound 5 was obtained as a white solid (492 mg / 47%). 'H NMR (400 MHz, CDs0D) 6 (ppm) 2.35 (s, 6H),
2.62 (t,J = 7.2 Hz, 2H), 3.07 (s, 3H), 3.59 (t, J = 7.3 Hz, 2H), 3.84 (s, 6H), 6.94 (s, 2H), 7.02 (d, J = 8.8 Hz, 2H), 7.48
(dd, J; = 8.8 Hz, J, = 2.5 Hz, 2H), 7.70 (d, J = 2.5 Hz, 2H). *C NMR (100 MHz, CD;0D) & (ppm) 37.09, 44.29, 48.82,
54.84,55.17, 106.68, 112.36, 113.35, 130.40, 132.39, 133.07, 153.30, 154.21, 156.25. Calc [M+H] = 548.05428 ;

Exp [M+H] = 548.05574 ; Error = - 2.66 ppm.

1.5 Synthesis of compound CSL1

Compound 4 (80 mg / 0.132 mmol) was weighted in a 20 mL microwave reaction vial. 1-dodecyne (66 mg / 0.40
mmol) and PPh; (10.4 mg / 0.04 mmol) were added. Dried tetra-n-butylammonium fluoride (TBAF) (241 mg /
0.92 mmol) was added (previously dried under high vacuum from 1.0 M TBAF solution in THF), followed by 2
mL of anhydrous DMF and 2 mL of diisopropylamine (DIPA). The reaction vial was purged 3 times with argon.
PdCly(PPhs), was added (8.3 mg / 0.01 mmol), the vial was purged 3 times with argon and sealed. The mixture
was stirred 16 hours at 80°C. The mixture was then diluted with saturated Na,COs3 and extracted 3 times with
DCM. The organic layer was dried over MgS0O,4 and evaporated under vacuum. The crude product was purified
by column chromatography on silica gel (DCM/MeOH, gradient from 100:0 to 70:30) using a Teledyne Isco
CombiFlash” purification system. The product was then dissolved in EtOH in a 100 mL round-bottom flask.
Palladium (10 wt %Pd basis) on activated charcoal (40 mg) was added and the flask was purged 3 times with
hydrogen. The mixture was then stirred for 4 hours at room temperature under 1 atm hydrogen pressure. The
solution was then filtered on a PTFE filter (0.20 pm) to remove the catalyst, and the organic phase was
evaporated under vacuum. The final product was purified by reverse phase preparative HPLC on an Agilent
Zorbax PrepHT Eclipse XDB-C8 21.2x100mm (5um) column. Mobile phase A was composed of water + 0.1%
formic acid and mobile phase B was composed of MeOH + 0.1% formic acid. The mobile phase gradient was: 0

min — 30 % B ; 10 min — 95 % B ; 12 min - 95 % B followed by a column re-equilibration time of 4 min.
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Compound CSL1 was obtained as a white solid (40 mg / 38%). "H NMR (400 MHz, CDCl3) & (ppm) 0.87 (t, J = 6.6
Hz, 6H), 1.19-1.38 (m, 36H), 1.62 (quint, J = 7.4 Hz, 4H), 2.34 (s, 12H), 2.58-2.63 (m, 8H), 3.53 (t, J = 7.4 Hz, 4H),
3.84 (s, 6H), 6.89 (d, J = 8.4 Hz, 2H), 7.00 (s, 2H), 7.12 (dd, J, = 8.4 Hz, J, = 2.3 Hz, 2H), 7.67 (d, J = 2.3 Hz, 2H).C
NMR (100 MHz, CDCl3) & (ppm) 14.10, 22.68, 29.35-29.68, 29.70, 31.62, 35.12, 45.57, 48.61, 55.91, 56.06,
106.39, 111.42, 128.91, 130.19, 131.43, 135.30, 152.10, 154.96, 155.89. Calc [M+H] = 785.6667 ; Exp [M+H] =

785.66949 ; Error = - 3.54 ppm.

1.6 Synthesis of compound CSL3

Compound 5 (228 mg / 0.42 mmol) was weighted in a 20 mL microwave reaction vial. 1-dodecyne (207 mg /
1.25 mmol) and PPh; (33.7 mg / 0.125 mmol) were added. Dried tetra-n-butylammonium fluoride (TBAF) (760
mg / 2.91 mmol) was added (previously dried under high vacuum from 1.0 M TBAF solution in THF), followed
by 2 mL of anhydrous DMF and 2 mL of diisopropylamine (DIPA). The reaction vial was purged 3 times with
argon. PdCl,(PPhs), was added (26 mg / 0.037 mmol), the vial was purged 3 times with argon and sealed. The
mixture was stirred 16 hours at 80°C. The mixture was then diluted with saturated Na,COs; and extracted 3
times with DCM. The organic layer was dried over MgSO, and evaporated under vacuum. The crude product
was purified by column chromatography on silica gel (DCM/MeOH, gradient from 100:0 to 90:10) using a
Teledyne Isco CombiFlash” purification system. The product was then dissolved in EtOH in a 100 mL round-
bottom flask. Palladium (10 wt %Pd basis) on activated charcoal (50 mg) was added and the flask was purged 3
times with hydrogen. The mixture was then stirred 4 hours at room temperature under a 1 atm hydrogen
pressure. The solution was then filtered on a PTFE filter (0.20 um) to remove the catalyst, and the organic
phase was evaporated under vacuum. The final product was purified by reverse phase preparative HPLC on an
Agilent Zorbax PrepHT Eclipse XDB-C8 21.2x100mm (5um) column. Mobile phase A was composed of water +
0.1% formic acid and mobile phase B was composed of MeOH + 0.1% formic acid. The mobile phase gradient
was: 0 min —30 % B ; 10 min — 95 % B ; 12 min - 95 % B followed by a column re-equilibration time of 4 min.
Compound CSL3 was obtained as a slightly yellow wax (134 mg / 44%). "H NMR (400 MHz, CDCl3) § (ppm) 0.87
(t,J = 6.4 Hz, 6H), 1.20-1.37 (m, 36H), 1.59 (quint, J = 7.4 Hz, 4H), 2.52 (s, 6H), 2.60 (t, J = 7.5 Hz, 4H), 2.88 (t, / =
7.5 Hz, 2H), 3.16 (s, 3H), 3.77 (t, J = 7.5 Hz, 2H), 3.86 (s, 6H), 6.93 (d, J = 8.4 Hz, 2H), 6.99 (s, 2H), 7.20 (dd, J, =

8.4 Hz, J, = 2.2 Hz, 2H), 7.57 (d, J = 2.2 Hz, 2H)."*C NMR (100 MHz, CDCl3) & (ppm) 14.10, 22.67, 29.34-29.63,
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29.67, 31.59, 35.00, 38.51, 44.35, 48.72, 54.47, 56.05, 106.12, 111.70, 126.16, 130.52, 131.05, 135.77, 153.41,

154.55, 154.92. Calc [M+H] = 728.60886 ; Exp [M+H] = 728.61108 ; Error = - 3.06 ppm.

Synthesis of the pH-sensitive cationic switchable lipid CSL2

2.1 Synthesis of compound 6

Ethylenediamine (640 mg / 10.64 mmol) was added dropwise to a suspension of sodium hydride (60%
dispersion in mineral oil, un-rinsed) (255 mg / 10.64 mmol) in anhydrous DMF (20 mL). 2,6-dibromo-4-nitro-
pyridineE (2 g / 7.10 mmol) was introduced by small amounts. The mixture was stirred at room temperature for
3 hours, then carefully quenched with MeOH, washed with saturated Na,CO; and extracted with AcOEt. The
organic layer was dried over MgSO, and concentrated to afford a brown oil. The crude was purified by
chromatography on silica gel (DCM/MeOH, gradient from 100:0 to 80:20) using a Teledyne Isco CombiFlash”
purification system to afford 6 (628 mg / 30%) as an orange oil. "H NMR (400 MHz, CD30D) & (ppm) 2.80 (t, J =
7.0 Hz, 2H), 3.18 (t, J = 7.0 Hz, 2H), 6.70 (s, 2H). *C NMR (100 MHz, CD;OD) & (ppm) 40.81, 45.12, 110.61,

141.29, 158.69. Calc [M+H] = 293.92360 ; Exp [M+H] = 293.92232 ; Error = - 4.37 ppm.

2.2 Synthesis of compound 7

To a solution of 6 (1.5 g / 5.08 mmol) in DCM (25 mL) was slowly added Boc,0 (1.33 g / 6.10 mmol). The
medium was stirred at room temperature during 2h and then washed with saturated Na,COs. The organic layer
was decanted and the aqueous layer was extracted twice with DCM. The combined organic layers were dried
over MgSO, and concentrated under reduced pressure to afford a brown oil. The crude was purified by
chromatography on silica gel (hexane/AcOEt, gradient from 100:0 to 0:100) using a Teledyne Isco CombiFlash”
purification system to afford 7 (1.6 g / 79%) as an orange oil. ’H NMR (400 MHz, CDCl3) 6 (ppm) 1.44 (s, 9H),
3.20 (m, 2H), 3.38 (m, 2H), 4.92 (t, J = 2.4 Hz, 1H), 5.54 (br, 1H), 6.54 (s, 2H). **C NMR (100 MHz, CDCl3) & (ppm)
28.26, 39.58, 44.65, 80.43, 109.69, 140.66, 156.24, 157.40. Calc [M+H] = 393.97603 ; Exp [M+H] = 393.97785 ;

Error = 4.6 ppm.

26

2.3 Synthesis of compound 8

To a solution of 7 (1.2 g, 3.04 mmol) in anhydrous DMF (10 mL) was added sodium hydride (60% dispersion in
mineral oil, un-rinsed) (153 mg / 4.56 mmol) and methyl iodide (863 mg, 6.08 mmol). The mixture was stirred
at 40°C and was monitored by LC-MS until entire consumption of the starting material (~ 3h). The mixture was
then slowly quenched with MeOH, washed with water and extracted with DCM. The crude was dry loaded into
column chromatography on silica gel for purification (hexane/AcOEt, gradient from 100:0 to 0:100) using a
Teledyne Isco CombiFlash” purification system to afford 8 (907 mg / 73%) as an orange solid. "H NMR (400 MHz,
CDCls) & (ppm) 1.42 (s, 9H), 2.97 (s, 3H), 3.29 (m, 2H), 3.47 (m, 2H), 4.70 (br, 1H), 6.65 (s, 2H). °C NMR (100
MHz, CDCl3) & (ppm) 25.76, 35.30, 48.64, 77.40, 106.30, 138.46, 153.49, 153.72. Calc [M+H] = 407.99168 ; Exp

[M+H] = 407.99221 ; Error = 1.3 ppm.

2.4 Synthesis of compound 9

In a 50 mL round-bottom flask was dissolved 8 (240 mg / 0.59 mmol) and 5-bromo-2-methoxyphenylboronic
acid (340 mg/ 1.47 mmol) in 5 mL of THF. Na,CO; (249 mg/ 2.35 mmol), previously dissolved in 5 mL of
distilled water, was added and the flask was purged three times with argon. Pd(PPhs), (8.2 mg / 0.012 mmol)
was added and the flask was purged three times again. The mixture was stirred 48 hours at 80°C. The reaction
was monitored by LC-MS until entire consumption of the starting materials. The mixture was then diluted with
saturated Na,COs and extracted 3 times with dichloromethane (DCM). The organic layer was dried over MgSO,
and evaporated under vacuum. The crude was dry loaded into column chromatography on silica gel for
purification (hexane/AcOEt, gradient from 100:0 to 0:100) using a Teledyne Isco CombiFlash” purification
system to afford 9 (179 mg / 49%) as an orange solid. "H NMR (400 MHz, CDCl3) 6 (ppm) 1.37 (s, 9H), 3.09 (s,
3H), 3.38 (m, 2H), 3.60 (m, 2H), 3.85 (s, 6H), 4.79 (br, 1H), 6.86 (d, J = 8.7 Hz, 2H), 6.95 (s, 2H), 7.44 (dd, J; = 8.7
Hz, J, = 2.5 Hz, 2H), 7.84 (d, J = 2.5 Hz, 2H). *C NMR (100 MHz, CDCls) 6 (ppm) 28.37, 38.31, 51.25, 56.22, 79.42,
106.69, 113.22, 113.29, 131.01, 132.44, 133.75, 153.62, 156.11, 164.74. Calc [M+H] = 620.07541 ; Exp [M+H] =

620.07685 ; Error = 2.3 ppm.
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2.5 Synthesis of compound 10

Compound 9 (270 mg / 0.34 mmol) was weighted in a 20 mL microwave reaction vial. 1-dodecyne (113 mg /
1.30 mmol) and PPh; (20 mg / 0.078 mmol) were added. Dried tetra-n-butylammonium fluoride (TBAF) (355 mg
/ 2.60 mmol) was added (previously dried under high vacuum from 1.0 M TBAF solution in THF), followed by 1
mL of anhydrous DMF and 1 mL of diisopropylamine (DIPA). The reaction vial was purged 3 times with argon.
PdCl,(PPhs), was added (21 mg / 0.030 mmol), the vial was purged 3 times with argon and sealed. The mixture
was stirred 16 hours at 80°C. The mixture was then diluted with saturated Na,CO; and extracted 3 times with
DCM. The organic layer was dried over MgSO, and evaporated under vacuum. The crude product was purified
by column chromatography on silica gel (hexane/AcOEt, gradient from 100:0 to 0:100) using a Teledyne Isco
CombiFlash” purification system to afford 10 (141 mg / 41%) as a yellow oil. "M NMR (400 MHz, CDCl;) & (ppm)
0.87 (t, J = 6.8 Hz, 6H), 1.16-1.34 (m, 28H), 1.35-1.50 (m, 13H), 1.58 (quint, J = 7.6 Hz, 4H), 2.37 (t, J = 7.2 Hz,
4H), 3.05 (s, 3H), 3.36 (m, 2H), 3.54 (m, 2H), 3.84 (s, 6H), 4.69 (br, 1H), 6.88 (d, J = 8.6 Hz, 2H), 6.92 (s, 2H), 7.35
(dd, J; = 8.6 Hz, J, = 2.4 Hz, 2H), 7.80 (d, J = 2.4 Hz, 2H). **C NMR (100 MHz, CDCl3) § (ppm) 14.10, 19.45, 22.67,
28.27, 28.91-29.60, 31.89, 38.08, 38.21, 51.00, 55.80, 80.36, 88.83, 106.55, 111.27, 116.60, 130.66, 132.44,

134.66, 155.42, 156.32. Calc [M+H] = 792.56738 ; Exp [M+H] = 792.5681 ; Error = 0.91 ppm.

2.6 Synthesis of compound CSL2

Compound 10 (141 mg / 0.179 mmol) was dissolved in EtOH in a 100 mL round-bottom flask. Palladium (10 wt
%Pd basis) on activated charcoal (50 mg) was added and the flask was purged 3 times with hydrogen. The
mixture was then stirred 4 hours at room temperature under a 1 atm hydrogen pressure. The solution was
then filtered on a PTFE filter (0.20 um) to remove the catalyst, and the organic phase was evaporated under
vacuum. The oily crude was dissolved in 4M HCl in dioxane (2 mL) and was stirred 2 hours at room
temperature. The mixture was then slowly diluted with saturated Na,CO; and extracted 3 times with DCM. The
organic layer was dried over MgSO, and evaporated under vacuum. The final product was purified by reverse
phase preparative HPLC on an Agilent Zorbax PrepHT Eclipse XDB-C8 21.2x100mm (5um) column. Mobile phase
A was composed of water + 0.1% formic acid and mobile phase B was composed of MeOH + 0.1% formic acid.

The mobile phase gradient was: 0 min — 30 % B ; 10 min — 95 % B ; 12 min - 95 % B followed by a column re-
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equilibration time of 4 min. Compound CSL2 was obtained as a white waxy solid (80 mg / 64%). 'H NMR (400
MHz, CDCl;) & (ppm) 0.87 (t, J =7.0 Hz, 6H), 1.18-1.37 (m, 36H), 1.59 (quint, J = 7.5 Hz, 4H), 2.59 (t, J = 7.8 Hz,
4H), 3.10 (s, 3H), 3.71 (m, 2H), 3.82 (s, 6H), 6.89 (d, J = 8.4 Hz, 2H), 7.04 (s, 2H), 7.14 (dd, J, = 8.4 Hz, J, = 2.3 Hz,
2H), 7.63 (d, J = 2.3 Hz, 2H). >C NMR (100 MHz, CDCl3) & (ppm) 14.11, 22.68, 29.35-29.69, 31.62, 31.91, 35.06,
38.51, 56.00, 106.31, 111.64, 127.87, 129.80, 131.14, 135.60, 154.23, 154.30, 154.96. Calc [M+H] = 700.57756 ;

Exp [M+H] = 700.57702 ; Error = - 0.8 ppm.

Synthesis of the negative control cationic lipid CSL4

3.1 Synthesis of compound 11

In a 50 mL round-bottom flask was dissolved 3 (171 mg / 0.51 mmol) and 3-bromophenylboronic acid (234 mg /
1.17 mmol) in 4 mL of THF. Na,COs (215 mg/ 2.03 mmol), previously dissolved in 4 mL of distilled water, was
added and the flask was purged three times with argon. Pd(PPh;), (6.0 mg / 0.005 mmol) was added and the
flask was purged three times again. The mixture was stirred 24 hours at 80°C. The reaction was monitored by
LC-MS until entire consumption of the starting materials. The mixture was then diluted with saturated Na,CO3
and extracted 3 times with dichloromethane (DCM). The organic layer was dried over MgSO, and evaporated
under vacuum. The final product was purified by reverse phase preparative HPLC on an Agilent Zorbax PrepHT
Eclipse XDB-C18 21.2x150mm (5pm) column. Mobile phase A was composed of water + 0.1% formic acid and
mobile phase B was composed of MeOH + 0.1% formic acid. The mobile phase gradient was: 0 min—15% B ; 6
min —80 % B ; 12 min - 80 % B followed by a column re-equilibration time of 4 min. Compound 4 was obtained
as a slightly yellow waxy solid (139 mg / 56%). "H NMR (400 MHz, CD30D) & (ppm) 2.80 (s, 6H), 3.03 (s, 3H),
3.15(t, J = 2.3 Hz, 2H), 3.78 (t, J = 2.3 Hz, 2H), 6.92 (s, 2H), 7.33 (t, J = 7.7 Hz, 2H), 7.52 (d, J = 7.6 Hz, 2H), 7.95
(d, J = 7.7 Hz, 2H), 8.19 (s, 2H). **C NMR (100 MHz, CD;0D) & (ppm) 38.13, 43.68, 47.46, 54.19, 104.01, 123.58,
126.98, 131.04, 131.30, 132.77, 143.14, 156.30, 156.93. Calc [M+H] = 488.03315 ; Exp [M+H] = 488.03532 ;

Error = 4.4 ppm.
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3.2 Synthesis of compound CSL4

Compound 11 (139 mg / 0.28 mmol) was weighted in a 10 mL microwave reaction vial. 1-dodecyne (139 mg /
0.83 mmol) and PPhs (22 mg / 0.083 mmol) were added. Dried tetra-n-butylammonium fluoride (TBAF) (509 mg
/ 1.95 mmol) was added (previously dried under high vacuum from 1.0 M TBAF solution in THF), followed by 1
mL of anhydrous DMF and 1 mL of diisopropylamine (DIPA). The reaction vial was purged 3 times with argon.
PdCl,(PPhs), was added (17 mg / 0.025 mmol), the vial was purged 3 times with argon and sealed. The mixture
was stirred 16 hours at 80°C. The mixture was then diluted with saturated Na,CO; and extracted 3 times with
DCM. The organic layer was dried over MgSO, and evaporated under vacuum. The crude product was purified
by column chromatography on silica gel (DCM/MeOH, gradient from 100:0 to 90:10) using a Teledyne Isco
CombiFlash” purification system. The product was then dissolved in EtOH in a 100 mL round-bottom flask.
Palladium (10 wt %Pd basis) on activated charcoal (50 mg) was added and the flask was purged 3 times with
hydrogen. The mixture was then stirred 4 hours at room temperature under a 1 atm hydrogen pressure. The
solution was then filtered on a PTFE filter (0.20 um) to remove the catalyst, and the organic phase was
evaporated under vacuum. The final product was purified by reverse phase preparative HPLC on an Agilent
Zorbax PrepHT Eclipse XDB-C8 21.2x100mm (5um) column. Mobile phase A was composed of water + 0.1%
formic acid and mobile phase B was composed of MeOH + 0.1% formic acid. The mobile phase gradient was: 0
min — 30 % B ; 10 min — 95 % B ; 12 min - 95 % B followed by a column re-equilibration time of 4 min.
Compound CSL4 was obtained as a colorless oil (45 mg / 24%). "H NMR (400 MHz, CDCl3) & (ppm) 0.88 (t,J = 6.6
Hz, 6H), 1.20-1.42 (m, 36H), 1.68 (quint, J = 7.5 Hz, 4H), 2.51 (s, 6H), 2.71 (t, J = 7.5 Hz, 4H), 2.80 (t, J = 7.5 Hz,
2H), 3.13 (s, 3H), 3.75 (t, J = 7.6 Hz, 2H), 6.92 (s, 2H), 7.22 (d, J = 7.6 Hz, 2H), 7.38 (t, J = 7.6 Hz, 2H), 7.86 (d, J =
7.6 Hz, 2H), 7.90 (s, 2H). °C NMR (100 MHz, CDCl5) & (ppm) 14.12, 22.69, 29.36-29.69, 31.60, 31.92, 36.13,
38.15, 44.47, 48.56, 54.62, 102.27, 124.57, 127.35, 128.36, 128.76, 140.52, 143.18, 154.62, 158.16, 167.15. Calc

[M+H] = 668.58773 ; Exp [M+H] = 668.58994 ; Error = 3.31 ppm.
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Lipid nanoparticle preparation by manual extrusion

Lipid nanoparticles for in vitro studies were prepared by manual extrusion, using cationic switchable lipids
(CSL), DSPC, cholesterol and DSPE-PEG,o at a molar ratio of 50:10:37.5:2.5 respectively. For in vivo
experiments, lipid nanoparticles were prepared using microfluidic mixing (further detailed below). Stock
solutions (20-40 mg/mL) of cationic switchable lipids and commercial co-lipids were prepared in ethanol and
stored at -80°C before use. The lipid stock solutions were combined in a 5 mL round-bottom flask at the desired
molar ratio, and the ethanol was removed under reduced pressure. The lipidic film thus obtained was dried
overnight under high vacuum to remove any residual solvent. The lipidic film was hydrated on a vortex mixer
with 1 mL of sterile 5% dextrose in water. The lipid suspension was then subjected to stepwise extrusions
through polycarbonate membranes (200 and 100 nm — 9 passages per membrane) using a LiposoFast manual
extruder (Avestin Inc., Ottawa, ON, Canada) heated at 60°C. The cationic switchable lipid amount present in
each preparation was quantified via HPLC-UV/MS (1260 Infinity, Agilent Technologies) against a calibration

curve of cationic switchable lipid (25-250 ug/mL; from ethanol stock solution).
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siRNA complexation and encapsulation efficiency

Stock solutions of lipid nanoparticle (made by manual extrusion) and siRNA were diluted in sterile 5% dextrose
at appropriate concentrations, depending upon the lipid nitrogen/siRNA phosphate (N/P) ratio desired (unless
indicated otherwise, a N/P ratio value of 4 was used for all the experiments). siRNA solution was added to the
lipid nanoparticle solution, followed by brief vortexing. Complexation was then realized during 15 minutes at
50°C under vigorous vortexing (1200rpm) in a Labnet VortempwI 56.

For quantification of the encapsulation efficiency, lipid nanoparticles and siRNA were prepared for a final siRNA
concentration of 100 nM. A SYBR™ Gold (Thermo Scientific) assay was used to quantify the siRNA encapsulation
efficiency of the formulations. After complexation (15 minutes, 50°C, vigorous vortexing), the solutions were
centrifuged at 20 000g for 30 minutes. Unencapsulated free siRNA in the supernatant was quantified against a
calibration curve of siRNA (2-100 nM), using the SYBR® Gold fluorescent dye (Aexrem = 495/537) and a Safire
microplate reader (Tecan, Seestrasse, Switzerland). siRNA encapsulation efficiency (%) was calculated as

follows:

100 (nM) — siRNA concentration in the supernatant (nM)
x

EE (%) = 100 (nM)

100
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Physicochemical characterization of lipid nanoparticles

Hydrodynamic diameter and -potential of lipid nanoparticles/siRNA complexes were measured at 20°C by
Dynamic Light Scattering using a Malvern Zetasizer Nano ZS (Malvern, Worcestershire, UK), using the automatic
algorithm mode. For size measurements, lipid nanoparticles and siRNA were complexed together (260 nM final
SiRNA; 200 pL final volume) in 5% dextrose as described above. Complexes were then diluted with 800 pL Opti-
MEME, equilibrated for 20 minutes at 20°C and measured. Size measurements are reported using the Z-
Average value. Z-potential measurements were realized at 20°C using the Smoluchowski model. Lipid
nanoparticles and siRNA are complexed together (260 nM final siRNA; 200 pL final volume) in 5% dextrose as
described previously. Complexes are then diluted with 800 pL dextrose 5%, equilibrated 15 minutes at 20°C

and measured. Experiments were run in triplicate or more.
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In vitro siRNA transfection assays

The RNAI induced silencing capabilities of each cationic switchable lipid was investigated in a HeLa/GFP model.
Lipid nanoparticles (made by manual extrusion) and anti-GFP siRNA were complexed (N/P ratio of 4) as
described above (for a final siRNA concentration/well of 1-60 nM) and were diluted in Opti-MEM@ (250 pL). This
reverse transfection media (300 pL) was put in the well (12-well plates), and 1 mL of cell suspension in
complete culture media (EMEM/FBS 90:10) was added for a final concentration of 40 000 cells/well. Cells were
then incubated for 72 hours. After incubation, cells were rinsed with PBS, trypsinized and suspended in FACS
buffer (95% PBS, 5% FBS, 1.0 mM EDTA) for immediate analysis on a FACSCalibur™ flow cytometer (BD
Biosciences, San Jose, CA, USA). GFP expression for each replicate (mean fluorescent intensity; FlowJo software
vX.0.7, Ashland, OR, USA) was calculated relative to the control samples that did not receive any siRNA
treatment. Negative control included cells that were treated with naked anti-GFP siRNA (60 nM). Positive
control included cells that were treated with Lipofectamineu RNAIMAX (Thermo Scientific) according to the
manufacturer’s reverse transfection protocol (1 pL reagent/well; 60 nM siRNA/well). All experiments were

realized in triplicate.

The RNAI silencing capabilities of the formulations made by microfluidic mixing (aimed for in vivo siRNA
delivery) was assayed in Hela/GFP (anti-GFP siRNA) and Huh-7 cells (anti-PCSK9 siRNA), using the same
protocol. Transfection efficiency was assayed by either flow cytometry or western blo'(ting7 after a 48 hour

(HeLa/GFP) or 72 hour (Huh-7) incubation period.

Forward transfection was also realized to make sure that transfection efficiency of CSL3 and CSL4 lipid
nanoparticles remains similar, regardless of the chosen transfection method. HeLa/GFP cells were seeded in
12-well plates (40 000 cells/well) and allowed to attach overnight. The next day, cells were incubated in Opti-
MEM" for 4 hours with lipid nanoparticles (made by manual extrusion) or Lipofectaminen RNAIMAX (1 pL
reagent/well; 25 nM siRNA/well). After incubation, cells were rinsed with Opti-MEMe and 1 mL of complete
culture media (EMEM/FBS 90:10) was added. Cells were then incubated for 44 hours. After incubation, cells

were rinsed with PBS, trypsinized and suspended in FACS buffer for immediate analysis via flow cytometry.

34

In vitro cytotoxicity assay

Cytotoxicity of the lipid nanoparticles (made by manual extrusion) on Hela/GFP cells was assessed using a
resazurin-based cell viability assay (AIamarBIuem). The transfection procedure was strictly identical to that
presented above (N/P ratio of 4, 1-60 nM final siRNA concentration/well), but the assay was carefully scaled
down from 12-well plates to 96-well plates, according to the growth area of the wells (3000 cells/well, 200 pL
final volume/well). After 72 hours of incubation, cells were washed with PBS, and 200 uL of fresh culture
medium was added into the wells (EMEM/FBS 90:10). 20 uL of a freshly prepared resazurin solution (440 uM in
PBS) were then added, and cells were incubated for 2 hours. The absorbance of each well was measured at 570
and 600 nm using a Safire microplate reader (Tecan). Cellular viability was normalized relative to the negative

control (cells treated with dextrose 5%). Experiments were run in sixplicata.
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Intracytoplasmic delivery of siRNA

Live-cell fluorescence microscopy was used to image the intracytoplasmic delivery of siRNA-Alexa647 (Qiagen)
following transfection with the CSL3-based formulation (CSL3/DSPC/cholesterol/DSPE-PEGyp0 50:10:37.5:2.5
mol% - made by manual extrusion). Hela cells were routinely incubated 24 hours before imaging in 35 mm
poly-d-lysine coated glass dishes (MatTek Corporation, Ashland, MA, USA) at a density of 40 000 cells/dish.
siRNA were complexed with lipid nanoparticles (N/P ratio of 4) in 5% dextrose as described previously (70 pL
final volume). Complexes were then diluted with 346 pL Opti—MEMw and 1384 pL of complete culture media
(Opti-MEMo/FBS 90:10), for a final siRNA concentration of 50 nM. Cells were then incubated 10 minutes, 1 hour
or 2 hours with the lipid nanoparticles. After incubation, cells were rinsed four times with Opti-MEMD/FBS
90:10 and were immediately imaged in a phenol red-free culture media (Opti-MEMm/FBS 90:10). Imaging of
Hela cells was performed using an Olympus IX81 fluorescent microscope equipped with a Plan Apo N 60X 1.42
NA silicone objective (Olympus Canada Inc., Toronto, ON, Canada) and a 12 bits Retiga-2000R CCD Camera
(Qlmaging, Surrey, BC, Canada), using MetaMorph Advanced software 7.8.9 (Molecular Devices, San Jose, CA,
USA). siRNA-Alexa647 was imaged using the Cy5 channel (Aeyem 649/666). All fluorescence images were

carefully exported with constant scaling and range of greylevel. Experiment was realized in triplicate.
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Endosomal entrapment of the CSL4-based formulation

Live-cell fluorescence microscopy was used to compare the intracellular fate following endocytosis of the CSL3-
based (pH-sensitive) and the CSL4-based (negative control) lipid nanoparticles formulations
(CSL/DSPC/cholesterol/DSPE-PEGyp0 50:10:37.5:2.5 mol% - made by manual extrusion). Hela cells were
routinely incubated 24 hours before imaging in 35 mm poly-d-lysine coated glass dishes (MatTek Corporation)
at a density of 40 000 cells/dish. siRNA-Alexa647 (Qiagen) were complexed with lipid nanoparticles (N/P ratio
of 4) in 5% dextrose as described previously (70 pL final volume). Complexes were then diluted with 346 pL
Opti-MEME and 1384 pL of complete culture media (Opti-MEMu/FBS 90:10), for a final siRNA concentration of
50 nM. Cells were then incubated 16 hours with the lipid nanoparticles. After incubation, cells were rinsed
twice with Opti-MEM’/FBS 90:10 and were stained with Hoechst 33342 (5 min, 2 pg/mL, Sigma). Cells were
rinsed twice with Opti-MEMm/FBS 90:10 and were immediately imaged in a phenol red-free culture media
(Opti—MEMN/FBS 90:10). Alternatively, cells were exposed to 500 uM chloroquine during the last hour of the
16-hour incubation period (CSL4-based formulation). Imaging of Hela cells was performed using an Olympus
1X81 fluorescent microscope equipped with a UPlanSApo 100X 1.40 NA silicone objective (Olympus Canada
Inc.) and a 12 bits Retiga-2000R CCD Camera (Qlmaging), using MetaMorph Advanced software 7.8.9
(Molecular Devices). Hoechst 33342 was imaged using the DAPI channel (Aex/em 350/470) and siRNA-Alexa647
was imaged using the Cy5 channel (Aeyem 649/666). All fluorescence images were carefully exported with

constant scaling and range of greylevel. Experiment was realized in triplicate.

Comparison of the cellular uptake of the CSL3 and CSL4-based formulations over the 16-hour incubation period
was assayed by flow cytometry. Hela cells were seeded in 12-well plates (100 000 cells/well) and allowed to
attach overnight. The next day, lipid nanoparticles (25 pL in dextrose 5%) and siRNA-Alexa488 (25 L in
dextrose 5%) were complexed in dextrose 5% (N/P ratio of 4; siRNA concentration 25 nM/well) and were
diluted in Opti-MEME (250 pL) and 1 mL of complete culture media (EMEM/FBS 90:10). The solution was then
transferred onto the cells (1300 pL final volume/well) and the plate was incubated for 16 hours. After
incubation, cells were rinsed three times with EMEM/FBS 90:10, once with PBS, trypsinized and suspended in
FACS buffer (95% PBS, 5% FBS, 1.0 mM EDTA) for immediate analysis via flow cytometry. Experiment was

realized in triplicate.
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Lipid-mixing assay

The fusogenic potential of the CSL3/siRNA and CSL4/siRNA lipid nanoparticles was evaluated with an octadecyl
Rhodamine B (R18) lipid-mixing assay.l'8 R18 was incorporated into the lipid nanoparticles at a self-quenched
concentration of 6 mol%. Unlabeled 130 nm POPC vesicles were prepared in 5% dextrose using the manual
extrusion method previously described (9 passages through a 200 nm polycarbonate membrane). R18 labeled
lipid nanoparticles (CSL/DSPC/cholesterol/DSPE-PEG,p00/R18 50:10:31.5:2.5:6 mol% - made by manual
extrusion) were complexed with anti-GFP siRNA as described above (N/P ratio of 4, in 5% dextrose). These
labeled lipid nanoparticles were mixed with unlabeled POPC vesicles in a buffer at pH 7.4 (5 mM HEPES with
ionic strength adjusted to 150 mM with NaCl) or at pH 5 (50 mM acetic buffer with ionic strength adjusted to
150 mM with NaCl), as described below.

In 3000 pL of buffer containing unlabeled POPC vesicles (100 uM total lipid content in the cuvette) were added
the labeled lipid nanoparticles/siRNA (50 pL volume; 10 uM total lipid content in the cuvette). The increasing
fluorescence of R18 was monitored (Aex/em 556/590, slits 5 nm) using a Hitachi F-2710 Spectrophotometer
equipped with a water circulated cell holder with stirring. All experiments were performed at 20°C under
medium stirring. After 15 minutes, 4 L of pure octaethylene glycol monododecyl ether (Sigma) detergent (2.5
mM final concentration in the cuvette) was added to obtain the 100% dequenched fluorescence intensity. Raw
data were recorded continuously during the experiment. The percentage of membrane fusion activity at a
given time t was defined as:

0 . _ I —1,
% fusion, = | ——— | x 100
1100% - Ia

where I, is the initial fluorescence intensity observed immediately after addition of labeled lipid nanoparticles;
l100% is the maximal fluorescence intensity value obtained after addition of detergent and I is the fluorescence

intensity value measured at a given time t. Experiments were realized in triplicate.
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Inhibition of GFP knockdown with Bafilomycin A1

In this experiment, Hela/GFP cells were transfected with the CSL3-based lipid nanoparticles formulation
(CSL3/DSPC/cholesterol/DSPE-PEGygo 50:10:37.5:2.5 mol% - made by manual extrusion) in the presence or
absence of Bafilomycin A1, a known inhibitor of vacuolar H* ATPases. Hela/GFP cells were seeded in 12-well
plates (40 000 cells/well) and allowed to attach overnight. The next day, cells were rinsed with Opti-MEMm and
pre-incubated 30 minutes with Bafilomycin A1 (600 nM/well, diluted in Opti—MEM”) before incubation with
lipid nanoparticles. Lipid nanoparticles and anti-GFP siRNA were complexed (N/P ratio of 4) as described above
(for a final siRNA concentration of 10 and 25 nM/well). They were then diluted with Opti-MEMQ, containing
Bafilomycin Al for a final concentration of 600 nM/well. Residual DMSO in the assay was 0.06% v/v (treated
cells and negative control). Cells were then incubated for 4 hours with the lipid nanoparticles. After incubation,
cells were rinsed twice with Opti»MEMm and 1 mL of complete culture media (EMEM/FBS 90:10 — with or
without 600 nM Bafilomycin Al) was added. Cells were then incubated for 44 hours. After incubation, cells
were rinsed with PBS, trypsinized and suspended in FACS buffer (95% PBS, 5% FBS, 1.0 mM EDTA) for
immediate analysis via flow cytometry. GFP expression for each replicate (mean fluorescent intensity) was
calculated relative to the control samples that did not receive any siRNA treatment. Experiments were realized

in triplicate.

Comparison of the cellular uptake of the CSL3-based formulation in the presence or absence of Bafilomycin A1
over the 4-hour incubation period was assayed by flow cytometry. Hela cells were seeded in 12-well plates
(100 000 cells/well) and allowed to attach overnight. The next day, cells were rinsed with Opti—MEMm and pre-
incubated 30 minutes with Bafilomycin A1 (600 nM/well, diluted in Opti-MEMQ) before incubation with lipid
nanoparticles. Lipid nanoparticles (25 pL in dextrose 5%) and siRNA-Alexa488 (25 pL in dextrose 5%) were
complexed in dextrose 5% (N/P ratio of 4; siRNA concentration 25 nM/well) and were diluted with Opti-MEM”,
containing Bafilomycin A1 for a final concentration of 600 nM/well. This solution was then transferred onto the
cells (1300 pL final volume/well) and the plate was incubated for 4 hours. After incubation, cells were rinsed
three times with EMEM/FBS 90:10, one time with PBS, trypsinized and suspended in FACS buffer (95% PBS, 5%

FBS, 1.0 mM EDTA) for immediate analysis via flow cytometry. Experiments were realized in triplicate.
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Uptake inhibition by flow cytometry

Hela cells were incubated with siRNA-Alexa488 packaged with the CSL3-based lipid nanoparticles formulation
(CSL3/DSPC/cholesterol/DSPE-PEG,qq 50:10:37.5:2.5 mol% - made by manual extrusion) in the presence or
absence of endocytosis inhibitors. Inhibitors were used as follows: chlorpromazine (clathrin mediated
endocytosis inhibitor) 10 ug/mLE'w; genistein (caveolae mediated endocytosis inhibitor) 200 uM“; Pitstop ™
(clathrin and caveolae mediated endocytosis inhibitor) 20 uMu; EIPA (macropinocytosis inhibitor) 50 uM.13
Discrimination of the clathrin and caveolae uptake pathways was not intended, because of the rather
12,14,15

questionable specificity of the pharmacological endocytosis inhibitors between these two pathways.

Residual DMSO in the assay was 0.2% v/v (treated cells and negative control).

Hela cells were seeded in 12-well plates (100 000 cells/well) and allowed to attach overnight. The next day,
cells were rinsed with Opti-MEMm and pre-incubated 15 minutes with endocytosis inhibitors (diluted in Opti-
MEMQ) before incubation with lipid nanoparticles. Lipid nanoparticles and siRNA-Alexa488 were complexed in
dextrose 5% (N/P ratio of 4; siRNA concentration 25 nM/well) and were diluted in Opti»MEMm. The solution was
then transferred onto the cells (1300 pL final volume/well) and the plate was incubated for 1 or 6 hours. After
incubation, cells were rinsed three times with Opti-MEMm/FBS 90:10, once with PBS, trypsinized and suspended
in FACS buffer (95% PBS, 5% FBS, 1.0 mM EDTA) for immediate analysis via flow cytometry. Experiments were

realized in triplicate.

Uptake inhibition was also confirmed by live-cell fluorescence microscopy. Hela cells were routinely incubated
24 hours before imaging in 35 mm poly-d-lysine coated glass dishes (MatTek Corporation) at a density of 40
000 cells/dish. The next day, cells were rinsed with Opti-MEMm and pre-incubated 15 minutes with endocytosis
inhibitors (diluted in Opti—MEM”) before incubation with lipid nanoparticles. siRNA-Alexa647 were complexed
with lipid nanoparticles (N/P ratio of 4) as described previously (70 pL final volume). Complexes were then
diluted with Opti-MEMm for a final siRNA concentration of 25 nM/dish. Cells were then incubated 1 hour with
the lipid nanoparticles. After incubation, cells were rinsed twice with Opti-MEMH/FBS 90:10 and were stained
with Hoechst 33342 (5 min, 2 pg/mL, Sigma). Cells were rinsed twice with Opti-MEMm/FBS 90:10 and were
immediately imaged in a phenol red-free culture media (Opti—MEM”/FBS 90:10). Imaging of Hela cells was

performed using an Olympus IX81 fluorescent microscope equipped with a Plan Apo N 60X 1.42 NA silicone
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objective (Olympus Canada Inc.) and a 12 bits Retiga-2000R CCD Camera (Qlmaging), using MetaMorph
Advanced software 7.8.9 (Molecular Devices). Hoechst 33342 was imaged using the DAPI channel (Aey/em
350/470) and siRNA-Alexa647 was imaged using the Cy5 channel (Aexem 649/666). All fluorescence images were

carefully exported with constant scaling and range of greylevel. Experiments were realized in triplicate.
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Lipid nanoparticle preparation by microfluidic mixing

16,17 . ™
, using a Nanoassemblr

Lipid nanoparticles were prepared according to previously reported procedures
microfluidic instrument with herringbone rapid mixing features (Precision Nanosystems, Vancouver, BC,
Canada). Cationic switchable lipids, DSPC, cholesterol and DMG-PEG,qq Were solubilized in ethanol at a molar
ratio of 50:10:37.5:2.5. siRNA was diluted in 25 mM sodium acetate buffer pH 4.0. The siRNA/total lipid mass
ratio was ~0.06, corresponding to a N/P ratio of 4. The two solutions were mixed at a flow rate of 12 mL/min,
at a siRNA solution/lipid solution ratio of 3:1. Total volume of a batch is typically 2 mL (1.5 mL siRNA solution
mixed with 0.5 mL of lipid solution). Nanoparticles were then dialyzed against saline (NaCl 0.9%) using Pur-A-
LyzerTM Maxi dialysis tubes MWCO 12-14 kDa (Sigma). If needed, nanoparticles were concentrated using
Amicon Ultra-0.5 30K centrifugal filters device (EMD Millipore, Etobicoke, ON, Canada). Nanoparticles were
then sterile filtered using a 0.2um polyethersulfone 13 mm syringe filter (Pall Corporation, Mississauga, ON,
Canada) and stored at 4°C until use. The siRNA encapsulation efficiency was quantified using a Ribogreen RNA

quantitation assay (Thermo Scientific).’® Nanoparticle size was measured by Dynamic Light Scattering in saline

(0.9% NacCl) at 20°C as previously described.

The final siRNA concentration was determined via ion-pairing reversed phase liquid chromatography, according
to a previously reported procedure.19 siRNA were analyzed using a Waters XTerra” MS Cyg column (2.1x50mm,
2.5 pm particle size) at 60°C on an Agilent 1100 HPLC system, with UV detection at 260 nm. Mobile phase A
was 95% 0.1M triethylamine ammonium acetate (TEAA) pH 7.0 and 5% acetonitrile. Mobile phase B was 80%
0.1M TEAA pH 7.0 and 20% acetonitrile. The gradient changes from 0% to 70% mobile phase B for 12 min with
a flow rate of 0.4 mL/min. Injection volume was 6 L. Calibration curves of siRNA duplex usually ranges from 20
to 100 pg/mL. Before analysis, an aliquot of the lipid nanoparticle formulation was diluted with 200 mM TEAA

pH 7.0 + 2% (v/v) Cy,Eq detergent to liberate encapsulated siRNA.
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Biodistribution and ex-vivo imaging in mice

All procedures used in animal studies were approved by the Comité de Déontologie de I'Expérimentation sur
les Animaux (CDEA — Animal Care and Ethical Committee) of the University of Montreal and were consistent
with local, state and federal regulations. Mice were maintained at the animal facilities of the Institute for
Research in Immunology and Cancer (IRIC) at the University of Montreal, and were housed under standard
conditions. Food and water were provided ad libitum. Animals were acclimated to the animal facility for at
least one week before experiments. Prior to injection, lipid nanoparticles formulations were diluted with saline

(NaCl 0.9%) at siRNA concentrations such that each mouse was administered a dose of 10pL/g body-weight.

8-week-old male CD-1 mice (Charles River, Saint-Constant, QC, Canada) were injected intravenously via the tail
vein with CSL3-based lipid nanoparticles (CSL3/DSPC/cholesterol/DMG-PEG;q0 50:10:37.5:2.5 mol% - made by
microfluidic mixing) formulated with siRNA labeled with Cy5 on the sense strand, unformulated free siRNA-Cy5
or saline at a siRNA dose of 1.5 mg/kg. 4-hour post injection, mice were euthanized by CO, inhalation and
organs (brain, lungs, heart, liver, spleen, kidneys) were immediately harvested and imaged using a Optix MX3
optical imaging system (Advanced Research Technologies, Montreal, QC, Canada). Data was processed using
the OptiViews software from Advanced Research Technologies. Normalized photon counts (fluorescence

intensity) was normalized by wet mass of organs. Experiments were realized in triplicate.
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Serum stability study

This study was conducted as previously described by Zhou et al® In order to estimate the stability of CSL3-
based LNP (CSL3/DSPC/cholesterol/DMG-PEGy0 50:10:37.5:2.5 mol% - made by microfluidic mixing) in the
presence of plasma, DLS measurements of LNP/siRNA incubated into PBS, PBS/FBS 90:10 or PBS/FBS 50:50
(v/v) were realized using a Malvern Zetasizer Nano ZS (thermostated at 37°C, automatic algorithm mode). For
the storage stability study in PBS, LNP were kept at +4°C between each measurement. Experiments were

realized in triplicate.
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In vivo Factor VII silencing in mice

Prior to injection, lipid nanoparticles formulations (CSL/DSPC/cholesterol/DMG-PEG;q 50:10:37.5:2.5 mol% -
made by microfluidic mixing) were diluted with saline (NaCl 0.9%) at siRNA concentrations such that each
mouse was administered a dose of 10uL/g body-weight. 6 to 8-weeks old female C57BL/6 mice (Charles River,
Saint-Constant, QC, Canada) received tail vein intravenous injection of saline (negative control, n=6) or LNP
containing anti-Factor VII siRNA (n=4). After 48h, mice were euthanized and blood was collected via
intracardiac sampling on citrate tubes. Serum was separated from whole blood using serum separation tubes
(Becton Dickinson, Franklin Lakes, NJ, USA) and residual serum FVII levels were determined using the Biophen
VIl chromogenic assay (Aniara, West Chester, OH, USA) according to manufacturer’s protocol. A standard curve
was constructed using samples from saline-injected mice (pooled plasma, n=6) and relative Factor VII

expression was determined by comparing treated groups to the standard curve.
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