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“Life is like riding a bicycle. To keep your balance, you must keep moving.”

Albert Einstein
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ABSTRACT

Myotonic dystrophy type 1 (DM1) is a genetic disorder of autosomal inheritance,
characterized by progressive myopathy, myotonia and multiorgan involvement.
This most common adult dystrophy is caused by an abnormal expansion of a
trinucleotide repeat located on the DMPK gene. Experimental evidences support
that pathogenesis of DM1 is caused by an RNA gain-of-function of the transcribed

RNA from these mutant repeats, altering activities of several splicing regulators.

Currently, no cure to treat the pathological mechanism of DMI1 has reached the
market. Although some molecules or nucleic acid-based strategies have been
proposed in a context of drug repurposing or gene therapy, important drawbacks
remain related to their effective delivery. To this end, nanomedicine represents a
suitable non-viral approach to provide long-term treatments with a safe and efficient

biodistribution profile.

Therefore, the research project of this thesis was to set up experimental therapeutic
strategies based on biocompatible nanocarriers to safely and efficiently deliver
therapeutic agents in muscle cells. In this purpose, two different therapeutic
strategies effective at different levels of the pathological mechanism of DM1 have
been investigated. Firstly, the encapsulation of a small molecule, pentamidine,
using hyaluronic acid-based nanocarriers has demonstrated an efficient
internalization in murine muscle cells and murine muscle fibers while reversing
pathological features in a DM1 cell model. Then, the investigations on lipid-based
nanoparticles as nucleic acid carriers for enabling nucleic acid delivery has
demonstrated the high efficiency of such nanosystems in murine and human muscle
cells. Finally, preliminary data showed the efficient association of an antisense
oligonucleotide sequence for treating the pathological mechanism of DM 1, holding

promises for further investigations in DM1 cell and animal models.

Overall, the present work may pave the way to novel strategies to tackle the unmet
therapeutic need in DM1 to halt the disease progression or even reverse the

consequences of the genetic damage.
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SOMMARIO

La distrofia miotonica di tipo 1 (DM1) ¢ una malattia genetica a trasmissione
autosomica, caratterizzata da miopatia progressiva, miotonia e coinvolgimento
multiorgano. Questa distrofia, la pit comune dall’eta adulta, ¢ causata da
un'espansione anomala di una ripetizione trinucleotidica situata sul gene DMPK.
Evidenze sperimentali supportano I’ipotesi che la patogenesi di DM1 sia causata da
gain-of-function dell'RNA trascritto da queste ripetizioni mutanti, alterando le

attivita di diversi regolatori di splicing.

Attualmente, nessuna cura per il trattamento del meccanismo patologico della DM1
¢ presente sul mercato. Sebbene alcune molecole o strategie basate sugli acidi
nucleici siano state proposte in un contesto di riutilizzo di farmaci o terapia genica,
rimangono importanti inconvenienti legati alla loro efficace somministrazione. A
tal fine, la nanomedicina rappresenta un approccio non virale idoneo per fornire

trattamenti a lungo termine con un profilo di biodistribuzione sicuro ed efficiente.

Quindi, il progetto di ricerca di questa tesi ¢ consistito nell’impostare strategie
terapeutiche sperimentali basate su nanocarrier biocompatibili per somministrare in
modo sicuro ed efficiente agenti terapeutici alle cellule muscolari. A questo scopo
sono state studiate due diverse strategie terapeutiche efficaci a diversi stadi del
meccanismo patologico del DM1. In primo luogo, l'incapsulamento di una piccola
molecola, la pentamidina, utilizzando nanocarrier a base di acido ialuronico ha
dimostrato un'efficiente internalizzazione nelle cellule muscolari murine e nelle
fibre muscolari murine e la capacita di ridurre le caratteristiche patologiche in un
modello cellulare DM1. Successivamente, studi su nanoparticelle a base lipidica
come vettori di acidi nucleici hanno dimostrato l'elevata efficienza di tali
nanosistemi nel trasporto di diversi tipi di acidi nucleici in cellule muscolari murine
e umane. Infine, dati preliminari hanno mostrato 1'efficiente associazione di una
sequenza oligonucleotidica antisenso per il trattamento del meccanismo patologico
della DMI1, aprendo promettenti prospettive per ulteriori indagini su modelli

cellulari e animali di DM1.

Nel complesso, il presente lavoro apre la strada a nuove strategie terapeutiche per
arrestare la progressione della DM1 o addirittura bloccare gli effetti delle sue

alterazioni genetiche.
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SOMMAIRE

La dystrophie myotonique de type 1 (DMI1) est une maladie génétique de
transmission autosomique, caractérisée par une myopathie progressive, une
myotonie et une atteinte de plusieurs organes. Cette dystrophie est causée par une
expansion anormale d'une répétition trinucléotidique située sur le gegne DMPK. La
pathogenese de la DM1 est causée par un gain de fonction de I'ARN transcrit a

partir de ces répétitions, modifiant les activités de plusieurs régulateurs d'épissage.

Actuellement, aucun remede pour traiter le mécanisme pathologique de la DM1
n'existe sur le marché. Bien que certaines molécules ou acides nucléiques aient été
proposées dans un contexte de repositionnement de médicaments ou de thérapie
génique, des inconvénients importants demeurent liés a leur délivrance. A cet effet,
la nanomédecine représente une approche non virale appropriée pour fournir des

traitements a long terme biocompatible avec une biodistribution appropriée.

Par conséquent, le projet de recherche de cette thése a porté sur la mise en place de
stratégies thérapeutiques expérimentales basées sur des nanoparticules
biocompatibles pour délivrer efficacement des agents thérapeutiques dans les
cellules musculaires. Dans ce but, deux stratégies thérapeutiques agissant a
différents niveaux du mécanisme pathologique de la DMI1 ont été étudiées. Tout
d’abord, l'encapsulation d'une petite molécule, la pentamidine, a l'aide de
nanoparticules a base d'acide hyaluronique a démontré une internalisation efficace
dans les cellules et fibres musculaires murines tout en améliorant une
caractéristique pathologique clé¢ dans un mod¢le cellulaire DM1. Ensuite, des
recherches sur les nanoparticules lipidiques en tant que vecteur pour permettre la
délivrance d'acide nucléique ont démontré la grande efficacité de ces nanosystémes
pour délivrer différents types d'acides nucléiques dans les cellules musculaires
murines et humaines. Enfin, des données préliminaires ont montré l'association
efficace d’un oligonucléotide antisens pour traiter le mécanisme pathologique de la
DMI1, qui s’avere prometteur pour de futures investigations dans des mode¢les

cellulaires et animaux de la DM1.

En conclusion, le présent travail ouvre la voie pour répondre au besoin
thérapeutique non satisfait de la DM, en vue d’en arréter sa progression ou méme

d'inverser les conséquences de ses dommages génétiques.
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INTRODUCTION

1. Myotonic Dystrophy type 1

1.1. State of the art

Myotonic dystrophy type 1 (DM1) is a progressive neuromuscular genetic disorder
of autosomal dominance inheritance (DM1; Steinert’s disease; OMIM #160900).
This most common adult form of muscular dystrophy (MD) initially reporting to
affect 1 in 8,000 people worldwide, have recently demonstrated a prevalence 5
times higher of 5 in 10,000 people'?. This complex multisystemic disease is
characterized with variable pathological phenotypes, onset ages and disease
severities. From very early descriptions of the disease, the clinical findings have
been categorized into 3 main phenotypes (mild, classic and severe)!. Moreover,
recent developments of registries and cohort studies achieved to better characterize
the variability of symptoms in populations and a recent study performed by the
French DM-scope registry has identified 5 overlapping subtypes in the broad
clinical spectrum of DM1 (late-onset, adult, juvenile, infantile and congenital)®.
These subtypes correlate with the different pathophysiology observed in this

complex multisystemic disease.

The core features of DMI1 are generalized skeletal muscle degeneration
characterized by severe weakness and muscle wasting!*°. Moreover, DM 1-affected
muscles express cardinal finding of myotonia, established by a slowing down of
muscle relaxation after a normal contraction. On the other hand, this systemic
disease potentially affects nearly every organ system including the cardiac,
respiratory, central nervous and endocrine system, digestive track, eyesight and the
reproductive organs. In mild phenotypes these biological dysfunctions are
correlated to cognitive problems, hypersomnia, anxiety and depression, very
disabling for patients. The involvement of the cardiac and respiratory systems in
more severe phenotypes ultimately lead to important cardiac conduction defects or
respiratory distress, resulting in shortened life span and arising as the most-common

cause of mortality in DM1.
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Although some symptoms of DM1 can be alleviated, there is currently no cure for
this disease. However, the recent understanding of the molecular pathological

mechanisms has allowed the investigation of diverse therapeutic approaches.

1.2. Molecular pathogenic mechanism

Over the last years, many progresses have been made in understanding the
pathophysiological mechanisms involved in DM1. The gene defect responsible for
this muscular dystrophy is due to an expansion of CTG trinucleotide repeats in the
3’ untranslated region of the dystrophia myotonia protein kinase (DMPK) gene®’.
This gene located on chromosome 19q13.3 codes for a myosin kinase expressed in
skeletal muscle®. Healthy patients have between 5 and 37 CTG repeats on this gene
whereas DM1 patients may express more than 2000 toxic repeats”'?. Globally, the
severity of the disease is correlated with this number of CTG repeats. These
abnormal CTG expansions are transcript into RNA containing CUG expansions,
accumulated in the cell nuclei as ribonuclear aggregates under the form of hairpin

structures and called foci'"'2.

Experimental evidences support that pathogenesis of DM is caused by an RNA
gain-of-function of the mutant CUG repeats altering expression of several RNA-
binding factors, including the muscleblind-like proteins (MBNLs), CUG triplet
repeat-RNA  binding protein 1 (CUGBPI1) and heterogeneous nuclear
ribonucleoprotein H (hnRNP H) proteins'*~'¢. The alteration of these RNA-binding
factors leads to the mis-regulation of DMPK RNA expression and several

alternative splicing.

One of the main molecular hallmarks of DMI is the sequestration of MBNLs
proteins, in particular MBNLI1, due to their high affinity for CUG expansions'’.
MBNLs proteins play predominant role as repressor and activator for terminal
muscle differentiation '®!°. Therefore, the sequestration of MBNLs proteins leads
to their functional loss, contributing significantly to DMI1 phenotypes and
responsible of characteristic features as myotonia and cataracts symptoms®’. On the
contrary, stress responses triggered by the toxic DMPK RNA induce the
stabilization of MBNL antagonists as CUGBP1 and hnRNPA1, resulting in an

overexpression of these alternative splicing regulators'>!-?2,
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Consequently, a growing number of changes in gene expression ensue from the
mutant DMPK transcripts as downstream effects, resulting in a complex and
variable disease. Taken together, understanding the molecular pathogenic
mechanism involved in DM1 pathology provides crucial knowledge to better

characterize this disease and for the development of suitable therapeutic strategies.

1.3. Actual therapeutic strategy pipelines

Nowadays, no disease-modifying therapies are available for DM1 patients, and
treatments are made to only alleviate some symptoms. Over the last recent years,
elucidating the mechanisms of DM1 pathogenesis have culminated in multiple
strategies development pipeline for treating DM12®. Numerous therapeutic
approaches related to small molecules, oligonucleotide-based therapies, gene
therapies and genome editing have been designed with the goal of specifically be
effective at different levels. These therapies targeting the transcriptional, post-
transcriptional or translational level have different mechanisms of action targeting
from specific clinical symptoms up to root cause disease events. General concepts

in therapeutic design strategy are detailed in Figure 7.

POTENTIAL IMPACT
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LEVEL = )
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CTG-containing CUG-containing MBNLI - CUG-binding Alternative splicing misregulation
DNA repeats RNA transcripts
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Small molecules Antisense oligonucleotides Small molecules Small molecules
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Genome engineering tools (dCas9)

TECHNICAL EASE OF INTERVENTION

Figure 1: Different steps in pathogenesis and the potential therapeutic targets in DM1.

Targeting protein expression has been the first studied approach as it is the easier
way. The most investigated strategy is to inhibit interactions between MBNLs
proteins and CUG repeats. In this purpose, a myriad of small molecules has been
tested through drug repurposing approach or using computational rational design®*

26 As for example, pentamidine, erythromycin or metformin have demonstrated
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their specificity and high affinity for ribonuclear foci, destabilizing the MBNL1-

CUG repeats accumulation and releasing MBNL127-,

Repurposed small
molecules represent actually the most candidates in clinical trials®'. On the other
hand, oligonucleotide-based therapies focused on steric blocking antisense
oligonucleotide (ASO) sequences have also demonstrated to compete with MBNL

proteins for CUG-repeats binding, relieving some DM1 features®>4.

Correcting mutations at the RNA level is more challenging but can have a higher
therapeutic impact than targeting only downstream effects. Various
oligonucleotide-based strategies have been investigated for post-transcriptional
knockdown of toxic RNA?333  The strategy that is furthest in clinical
development employs ribonuclease H (RNase H)-active ASOs’’. Antisense
oligonucleotides are specifically designed to bind to the targeted RNA by base
pairing. Once bound to the complementary site, this kind of ASO induce the RNA
cleavage through RNase-H enzyme degradation. This therapeutic strategy has
demonstrated in DM1 muscle cells and mice models to reduce the toxic CUG-
containing RNA transcripts and thereby some correlated downstream effects®® 0.
On the other hand, the clustered regularly interspaced short palindromic repeat
(CRISPR) associated to DNA protein endonuclease (CRISPR/Cas system), initially
design as genome engineering tool, has demonstrated an alternative approach by
directly targeting the single stranded DMPK RNA. In particular, RNA-targeting
nuclease-deficient Cas9 (dCas9) has been used to target and degrade DMPK CUG

repeats via a designed guide RNA (gRNA)*!42,

Correction strategies at the DNA level are also promising to treat the root cause of
the pathologic mechanism of DM1. Theoretically, targeting the earliest stage of a
disease should provide better therapeutic benefit since all associated downstream
effects are reversed. However, targeting CTG-containing DNA repeats remains the
most difficult and technically challenging approach®*>*. Some small molecules
as pentamidine have demonstrated not only a high affinity for CUG repeats
competing with MBNL1 sequestration, but also for CTG-containing DNA repeats
inhibiting its transcription into CUG-containing RNA transcripts**. On the other
hand, recent technical innovations have led to the emergence of powerful genome

engineering tools, as the CRISPR/Cas system, to perform sequence specific
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modifications in preselected genomic locations, providing a suitable method for
correcting the underlying genetic mutations in neuromuscular diseases *°. For DM,
different CRISPR/Cas9 strategies have been investigated to prevent the
transcription of DMPK CTG repeats*®%:

e Promoting excision of the expanded DMPK CTG repeats via dual
CRISPR/Cas9-mediated cleavage at either side of the CTG expansions* 2.

e Inserting a premature polyadenylation signal in the 3> UTR DMPK gene,
upstream of the CTG expansions, to induce premature termination of DMPK

RNA synthesis™.

¢ Inducing physically steric hindrance on the CTG expansion site using dCas9 to

block the RNA polymerase II progression during the DMPK RNA synthesis>*.

With these findings in mind, multiple strategies development pipelines have been
extensively evaluated as potential therapy to treat the complex pathology of DM1.
However, none of these strategies are currently approved for commercialization due
to some clinical limitations. A list of the different actual development pipelines in

pre-clinical and clinical investigations is given in Table /.
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Table 1: Different therapeutic drug development pipelines in pre-clinical and clinical studies for DM1.

Name and approach Company Actual stage of development | Source
Mexiletine Lupin Phase 3 (55]
Small molecule Pharmaceuticals NCT04700046
Metformin Tor Vergata Phase 3 [56]
Small molecule University of Rome EudraCT 2013-001732-21
Tideglusib AMO Pharma Phase 3 [57]
Small molecule NCT03692312
Erythromycin Osaka University Phase 2 (58]
Small molecule Hospital JPRN-jRCT2051190069
Pitolisant Harmony Phase 2 [59]
Small molecule Biosciences NCT04886518
ERX-963 Expansion Phase 1 [60]
Small molecule therapeutics NCT03959189
AOC 1001 Avidity Phase 1 (61]
Antibody conjugated-ASO Biosciences NCT05027269
Cugamycin The Scripps
Smill m)cl)lecule Research Inlzztute Pre-clinical [62]
Pafuramidine University of o
Small molecule Florida and Osaka Pre-clinical [30]
Mirtazapine Pompeu Fabra o
Small molecule University Pre-clinical [63]
Chloroquine University of o
Small molecule Valencia Pre-clinical [64]
ARTHEXx-01 , o
B Arthex Biotech Pre-clinical [65]
AT466 Audentes o
AAV-ASO Therapeutics Pre-clinical [66]
NT0200 NeuBase o
Peptide-ASO Therapeutics Pre-clinical [67]
ENZ-003 Enzema o
RNA endonuclease Biosciences Pre-clinical [68]
JM642 o .
Osaka University Pre-clinical [69]

Small molecule
CRISPR-Cas9

o Genethon Pre-clinical [51]
Gene editing
PGN-EDODMI PepGen Pre-clinical [70]
Peptide conjugated-ASO
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1.4. Limitations of the therapeutic approaches

Over the last recent years, several therapeutic approaches have been investigated to
target the underlying aetiology of DMI1, however all faced clinical limitations.
These diverse strategies offer various approaches from the treatment of downstream
effects, leading to the requirement of long-term administration (since their activity
will not leave a permanent mark in the genome), to the design of more challenging

tools for treating the earliest phase, in a potential one-dose administration.

The development of therapeutic approaches based on small molecules via
conventional medicinal chemistry have several advantages, including ease of
management and manufacturing, lower costs, high-throughput screening and the
opportunity of repositioning FDA-approved molecules to get to the clinic faster?®7!.
However, this approach is mainly focused on targeting downstream effects at the
splicing or protein level and not to treat the molecular pathologic cause of DM1?°.
Although some compounds as pentamidine or furamidine have demonstrated a
potential therapeutic impact at the transcriptional level of DMPK CTG repeats,
these compounds exhibited a substantial toxicity, leading to clinical trial failure’.

Taken together, long-term treatments and toxicity appear as compromising issues

for their medical use through conventional administration.

RNA therapeutics such as RNAi or oligonucleotide-based therapies are very
promising to inhibit MBNL1 sequestration or degrade DMPK CUG-containing
transcripts. However, one important drawback of this approach relies on the
effective delivery of such oligonucleotides”’*. Because of their natural occurring
negative charge and hydrophilic properties, naked oligonucleotides fail to diffuse
across cell membranes and escape from the endocytic pathway to engage
intracellularly their therapeutic role. Importantly, oligonucleotides are easily and
quickly degraded in serum by nucleases, limiting drastically their pharmacokinetic
profiles. Furthermore, membrane integrity of muscles from patients with DM1 is
no more permeable than in healthy patients, not offering an opportunistic
internalization way as in other neuromuscular diseases’”. To overcome these
limitations, the main strategies investigated over the recent years has been to

incorporate oligonucleotides into viral vectors’®’®. However, viral vectors as
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adeno-associated virus (AAV) have limited packaging capacity and induce
unwanted immune system response that may cause inflammation and organ failure
in severe cases. In addition, only a limited number of patients that do not harbors
pre-existing antibodies against viral vectors are eligible for these therapies,

representing a serious obstacle to their universal application’®%.

Eliminating DMPK CTG repeats in DNA using genome editing could eliminate the
pathogenesis of DMI1. However, potential off-target activities are -crucial
shortcomings in genome engineering tools as they could lead to lethal genetic
mutations that cause loss of gene function®!*2. Currently, researchers are in the race
of creating new gene-targeting techniques with negligible off-target effects for the
improvement of therapeutic gene editing or genome surgery®’. Another main
limitation of genome engineering tools relies on their effective delivery®**.
Because of the complex composition of genome editing tools, delivery vehicles are
required to ensure their protection and internalization across multiple physiological
barriers. The viral vectors represent the most used delivery strategies for this kind

of therapeutic approach®. However, the previously described drawbacks associated

to viral vectors dampen the clinical therapeutic potential of genome engineering.

Taken together, despite the various therapeutic approaches proposed for treating
DM1, several drawbacks are still mainly related to their safe and efficient delivery,

disabling their clinical use and leading to find substitute delivery strategies.
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2. Nanomedicine as non-viral delivery approach for DM1
treatment

An ideal therapeutic for DM1 must provide long-term effects, safe and efficient
biodistribution profile in affected cells while leading to the specific elimination of
the pathogenic repetitive transcripts. Currently, main interests are focused on
enhancing the pharmacokinetic and biodistribution profile in muscles of the
different therapeutic approaches. Despite improvements induced by viral vectors
many limitations are still present and alternative delivery strategies are from crucial
priority’>%, In this context, the recent advances and progresses in nanomedicine

have led to gain an interest for the use of this non-viral delivery approach.

2.1. State of the art

Nanotechnology has been defined as the “intentional design, characterization,
production, and applications of materials, structures, devices, and systems by
controlling their size and shape in the nanoscale range”®’. Because nanomaterials
can be engineered to have various functions, nanotechnology represents highly
useful device for medical applications. The field of nanomedicine benefit from the
properties and physical characteristics of nanocarriers applied in medicine for the
conception of contrast agents, diagnostic devices and drug-delivery vehicles®® 2.
Drug-delivery vehicles represent a suitable strategy to provide safe and efficient
delivery of therapeutic agents such as drug or nucleic acids. Through their
encapsulation or association to nanocarriers, therapeutic agents have lower

interactions with the extracellular milieu, offering a suitable protection to enzymatic

or environmental degradation®.

In particular, drug-delivery nanoparticles (NPs) are particularly interesting as
synthetic and non-viral therapeutic delivery approach®. Nanoparticles includes a
wide range of carriers such as polymeric®, lipid-based nanoparticles’®, mesoporous
silica®”, gold®®, dendrimers” and so on. The first clinical approved nanomedicine
was Doxil® in 1995 and led to the improvement of doxorubicin bioavailability and
circulation-time, enabling its use in clinical therapeutic applications!®. Since then,
more than 30 nanopharmaceuticals have been approved for diverse therapeutic

applications as cancer, anemia and infections (see Table 2)!°1:'%2. More recently, the
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nanomedicine field has demonstrated its crucial importance to provide therapeutic
and prophylactic approaches against emerging infection diseases, with the

development of nanoparticle-based mRNA vaccines against SARS-CoV-2103104,

Momentous advances have been brought to a range of diseases through the
interesting properties of non-viral nanocarriers. Several types of lipids, polymers
and other components have been investigated to provide biocompatible and
biodegradable properties, promising the minimum of accumulation, side-effects
and toxicity!®'. On the other hand, different strategies have been proposed to
provide stealth nanosystems reducing the adsorption of plasma proteins on the
surface and thereby the process of opsonization via the reticulo endothelial
system”. The strategies adopted, as the classic incorporation of PEG-components,
led to the formation of a hydrating layer at the NPs surface that hinders protein
adsorption, providing prolonged-circulating time in the blood system and enhanced
biodistribution!?®1%°_ Finally, the possibility to graft or label targeting moieties such
as ligands, antibodies or peptides onto nanoparticles provide a suitable way for
active targeting and enhanced the distribution in organ or cell targets''®!!!, Taken
together, nanomedicine offers several advantages to control the sustained release,
improve bioavailability and clearance-time while safely enhancing the

biodistribution in the target organs.

Considering the global impact of nanomedicine in the clinic, especially with their
booming success in mRNA vaccines, the field of NPs drug delivery is entering a
new phase, wherein nanocarriers for drug, gene and oligonucleotide delivery

approaches are just beginning to scratch the surface.
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Table 2: Clinically approved nanoparticles for therapies and diagnostics (modify from Anselmo et a

1-1()2)

Name and company Payload Application Approval
Liposomes
Diprivan .
. ] Propofol Anesthetics 1989
Fresenius Kabi
Doxil Doxorubici 1995
oxorubicin
Caelyx (Janssen) Cancer
DaunoXome ..
Daunorubicin Cancer 1996
Galen
Inflexal V ) )
Virus antigen Vaccine (Now discontinued) 1997
Crucell
AmBisome Amphotericin B Linfoct 1997
mphotericin
Gilead Sciences P Fungal infections
Myocet Doxorubici 2000
Teva UK 0oXorubicin Cancer
Visudyne Vert f | ) 5000
erteporfin
Bausch and Lomb p Macular degradation
Epaxal . . . . .
Inactivated virus Vaccine (Now discontinued) 2003
Crucell
Marqibo o
Vincristine Cancer 2012
Spectrum
MEPACT . .
o Mifamurtide Cancer 2009
Millenium
Onivyde MM-398 .
i Irinotecan Cancer 2015
Merrimack
VYXEOS CPX-351 Cytarabine/
. .. Cancer 2017
Jazz Pharmaceuticals daunorubicin
Lipid microspheres
Definity .
) ) Perflutren Imaging agent 2001
Lantheus Medical Imaging
Lipid nanoparticles
ONPATTRO Patisiran . L
RNAIi Amyloidosis 2018
Alnylam Pharmaceuticals
mRNA-1273 .
mRNA Vaccine 2020
Moderna
BNT162b2 .
mRNA Vaccine 2020
Pfizer-BioNTech
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Table 3: (continued)

Name and company Payload Application Approval
Phospholipid stabilized microbubble
SonoVue . .
) Hexafloride Imaging agent 2001
Bracco Imaging
Albumin-particles
Optison Perflut : 1997
erflutren
GE Healthcare " Imaging agent
Abraxane )
Paclitaxel Cancer 2005
Celgene
Iron-based particles
CosmoFer INFeD
Iron Iron-replacement 1992
Pharmacosmos
DexFerrum DexIron
Iron Iron-replacement 1996
American Regent
Feridex L.V. I i t
idex fron mag.mg agen 1996
AMAG (Now discontinued)
Ferrlecit
Iron Iron-replacement 1999
Sanofi
Venofer
] Iron Iron-replacement 2000
American Regent
Resovist I i t
Tron magihg agen 2001
Bayer Schering Pharma (Now discontinued)
Monofer
Iron Iron-replacement 2009
Pharmacosmos
Feraheme Rienso
Iron Iron-replacement 2009
AMAG Takeda
Injectafer Ferinject
; Iron Iron-replacement 2013
Vifor
Ferumoxtran-10 )
Iron Imaging agent 2013
AMAG
Diafer
Iron Iron-replacement 2013
Pharmacosmos
Oxide nanoparticles
NBTXR3 Hensify )
Oxide Cancer 2019
Nanobiotix
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2.2. Polymer and lipid-based nanoparticles

Over the last recent years, a wide variety of NPs have been proposed as nanocarriers
for biomedical use. All these types of NPs are classified among three main classes:
inorganic, polymeric and lipid-based NPs'%. This part focuses on the classes of
polymeric and lipid-based NPs that are the most used for therapeutic agent delivery

and represent the focus of the present work.

2.2.1. Polymeric nanoparticles

Polymeric NPs made from natural or synthetic polymers have received important
attention due to their stability and ease of manufacturing. Their synthesis from
various polymers allow for a wide variety of possible structures, surface chemistry
and characteristics correlated to various properties’>!'?. This tailor-made design
enables to achieve specific drug encapsulation, controlled drug release and organ-

specific localization.

Considerable researches have been made for polymeric NPs as drug-delivery
systems to deliver drugs as small molecules or stabilize labile molecules (e.g.,
proteins, peptides, or DNA) from degradation. These properties enable to improve
bioavailability, sustain release of drugs or solubilize drugs for systemic delivery

leading to an enhanced therapeutic index.

Different types of interaction may be responsible for nanoparticles formation. Thus,
polymeric NPs can be formulated through various techniques to enable precise

control of multiples NPs features. The most used formulation processes are

113 5

nanoprecipitation''3, ionic gelation'', polymerization''> and emulsification
(solvent displacement or diffusion)!'®!'”. More recently, the technological
advances and progresses has allowed the formulation of polymeric NPs by
microfluidic process to obtain outstanding reproducibility and controlled

assembly! 18119,

By modulating the composition and the formulation process, diverse structure of
polymeric NPs can be obtained!*®!?°, Nanospheres and nanocapsules are the most
common forms of polymeric NPs, characterized by a solid matrix system and a

vesicle surrounded by a polymeric shell respectively. Furthermore, other shapes of
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polymeric NPs can be obtained such as micelles, polymersomes and dendrimers.
Micelles and polymersomes are typically made of amphiphilic block copolymers
exhibiting both hydrophobic and hydrophilic areas whereas dendrimers are
hyperbranched polymers with complex three-dimensional architectures. These
various structures lead to variable drug delivery capabilities in which therapeutics
can be entrapped in the polymer matrix, encapsulated within the core or bound to
the surface, ensuring its protection and delivery. The different structures of the main
shapes of polymeric NPs are schematized in Erreur! Source du renvoi

introuvable..
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Figure 2: Schematic representation of the most common classes of polymeric nanoparticles

These conventional systems offer extensive biological advantages as they can be
designed to obtain biocompatible, biodegradable, non-immunogenic and non-toxic
nanosystems. The polymer of choice, as well as the products of its degradation,
needs to be nontoxic to induce a minor in vivo inflammatory response. Contrary to
synthetic polymers that are easier to produce, natural polymers from various origins
(microbial, vegetal or animal) confers interesting biological benefits and
biomimetic character®'>!, Among the most common natural polymers; chitosan!??,

124

gelatin'®, alginate'”* and hyaluronic acid (HA)'** have been the most widely

investigated for biomedical use as nanocarriers.

Interestingly, recent advances in synthesis of functionalized or stimuli-responsive
polymers allowed the innovative design of surface-functionalized or activation-
modulated polymeric NPs. Surface functionalization is made by various
modifications such as functionalization with peptides, proteins or antibodies,
obtained by absorption, covalently bounding or bio-conjugation'?®. These surface

modifications are mainly designed with the aim to improve the physiochemical
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properties and targeting performance of the nanosystems. On the other hand,
responsive-polymers are designed to achieve remote controlled release of the
therapeutic agent by various stimulus-induced response (physical, chemical,

biochemical or environmental)'!2.
2.2.1.1.  Hyaluronic acid

HA is a high molecular weight glycosaminoglycan formed by several identical
subunits (D-glucuronic acid and N-acetyl- D-glucosamine disaccharide linked
together by glycosidic bonds (see Figure 3). This natural polymer has been widely
use in the pharmaceutical field thanks to its biocompatibility, biodegradability, non-

125

toxicity, and non-immunogenicity properties ->. Moreover, HA is a component of

the extracellular matrix (ECM) that play essential physiological roles, especially in

organ structural stability and tissue organization.
[ OH OH |
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Figure 3: structure of HA monomer

One main advantage of HA as nanocarriers is that HA backbone itself can specifically
recognize and interact with different cell surface proteins: among them, the most
studied is CD44 receptor'?’. CD44 receptors are widely-distributed type 1
transmembrane glycoprotein that binds HA and are involved in cell proliferation,
adhesion, migration, hematopoiesis and lymphocyte activation. Moreover, it has
been widely described that CD44 are overexpressed in cancer cells and are crucial
modulator of early myogenesis!?*'?°. Thus, HA-CD44 interactions represent a
potential targeting way for increasing accumulation of associated drug in CD44-

expressing cells.

The strength of this natural polymer relies on his carboxylic group present in each

glucuronic unit which provide a high negatively charged character enabling

0

interactions with cationic polymers or molecules!*’. Such nanosystems are
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generally obtained through formation of self-assembling micelles, chemical

conjugation via cross-linking approaches or ionic gelation!3%!13!,

2.2.1.1.  Poly(L-arginine)

Poly(L-arginine) (PArg) is a peptide containing multiple arginine moieties that
carry positive charge through their guanidine group (see Figure 4). This positively
charged polymer belonging to the class of cell penetrating peptide (CPP). CPP are
short amino acid sequences that facilitate cellular intake and uptake of molecules'*?.
Most of these polymers are not cell type or tissue specific and most rely on the

interactions of the positively charged amino acids at physiological pH with the

negatively charged cell surface glycoproteins!®*!3*,
(@)
H
N H
H
n
j\ HCI
HNZ NH,

Figure 4: structure of PArg monomer

Beyond this cell penetrating properties, due to its polycationic nature, PArg is a
widely used component to build polyelectrolyte multilayers. PArg has been many
used as cross-linking of HA to form nanostructures through ionic gelation
technic!®. Thus, different surface charged particles may be obtained by modulating
the charge ratio PArg/HA. Previous work has demonstrated the ability of such

HA/PArg systems to associate platinum-based drugs or PTM!36-138,

Overall, polymeric NPs are suitable candidates for therapeutic agent delivery
through their interesting biological advantages, range of formulation process, as

well as for their targeting or controlled release abilities.
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2.2.2. Lipid-based nanoparticles

Two main families of lipid-based nanoparticles have been proposed: nanoemulsions
made essentially of lipids/phospholipids and liposomes/lipid-based nanoparticles
only composed of phospholipids.

2.2.2.1.  Lipid nanoparticles for hydrophobic drug delivery

Nanoemulsions are dispersion of two immiscible liquids stabilized using
appropriate surfactants. Over the last century, nanoemulsions have received great
attention in drug discovery through their capability to solubilize very hydrophobic
drugs that are hardly deliverable with conventional administration method. Thereby
it provides a pathway to drastically increase rate of drug dissolution and prolonged
half-life, subsequently enhancing systemic bioavailability. The composition
influences the structure of nanoemulsion and particularly regarding the core of the
nanoparticles. Lipid nanoemulsions are classically composed of a liquid core while
solid lipid nanoparticles (SLN) consist of a core of solid lipids, in which the
hydrophobic drug is embedded '*!*°. More recently, nanostructured lipid carriers
(NLC) have been designed as second-generation of SLN and are characterized by
a partially crystallized lipid matrix with a poorly ordered structure '*!:142. This blend
of solid and liquid lipids significantly enhances the drug loading capability and
physicochemical stability while reducing the risk of uncontrolled release during
storage '*3. The different structures of these different lipid nanoparticles are

schematized in the Figure 5.

Solid lipid
nanoparticles (SLN)
:\\@\mmﬂ% , @\\m«mm% é@mmm "
S Z S A S A @ Surfactant
£ 5 £ 5 £ 5
'S 3 = = S = Lipid liquid
< & < & T S Solid liquid
%, N\ 7 N\ %y, N\
MO Uy Uy
Nanoemulsion Nanostructured lipid
carriers (NLC)

Figure 5: Schematic representation of the different structures of lipid nanoemulsion

On the other hand, lipid-based nanoparticles like liposomes are mainly composed

of phospholipids. This kind of lipid nanoparticles have emerged across the
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pharmaceutical industry as promising vehicles to deliver a variety of therapeutics.
Among them, liposomes are the first nanomedicine that have been successfully
translated to clinical application with the FDA approval of the liposomal form of
Doxorubicin (Doxil®) in 1995 %!, Nowadays, a relevant number of liposomal
drugs have been approved and applied to medical practice for cancer therapy, fungal
diseases, analgesics or even viral vaccines '*1%. This well studied class of drug
carriers is characterized by the presence of a self-assembled lipid bilayer enclosing
an interior aqueous compartment 4714 With their ability to encapsulate and deliver
hydrophobic and hydrophilic drugs in the lipid bilayer and aqueous compartment
respectively, liposomes provide a versatile platform for the treatment of a variety

of diseases.
2.2.2.2.  Lipid nanoparticles for gene delivery

Progress in understanding of the genetics of cellular pathogenesis has made possible
therapeutic targeting of numerous genes involved in human diseases, opening the
way to gene and oligonucleotide-based therapy '**-153. Over the last years, lipid-
based nanoparticles have demonstrated their efficiency to overcome the limitations
related to the cellular delivery of nucleic acids. Furthermore, contrary to viral
vectors that are the most currently used vector for nucleic acids delivery, lipid-based
nanoparticles have higher packaging capacity and are designed to be safe without

inducing immune response .

Recent achievements carried out on lipid
nanoparticles enabling gene therapy with the approval of treatment for rare disease
as Onpattro® and the development of mRNA-vaccines during Sars-Cov-2
pandemic highlights the fast-growing interest for this promising field 93104154,
Lipid nanoparticles offer numerous advantages for nucleic acid delivery including

modularity, ease of formulation, large payload capacity and low cytotoxicity and

immunogenicity.

Owing to the modularity of the lipid composition, many lipid nanoparticles have
been proposed for delivery of different types of nucleic acid '#%!33156, To this end,
several innovative lipids have been developed and are categorized into: cationic
lipid, helper lipid, ionizable lipid and gene lipid-conjugates. An overview of the

different lipids commonly used is given in the Figure 6.
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Figure 6: Brief overview of the different categories of lipids and their most commonly used
molecules for the development of lipid nanoparticles.
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e Cationic lipid: Cationic lipids typically feature a positively permanent
charged head group followed by hydrophobic tails of varying structure
157,158 This kind of lipids are useful to condense and deliver anionic nucleic
acids through electrostatic interactions. By modulating the ratio of cationic
lipids and nucleic acids (namely defined as N/P ratio in which N correspond
to the number of moles of amine groups and P of phosphate groups),

efficiency of the nanosystems may be modulated.

e Helper lipid: Helper lipids are typically included to provide particle stability
and delivery efficiency °>1%°. Through their cone-shape geometry, these
lipids cause destabilization of the endosomal membrane by favoring the
formation of non-bilayer hexagonal II phase, promoting cytoplasmic

delivery of nucleic acids.

e Jonizable lipid: lonizable lipids are neutral lipids at physiological pH that
became protonated and thereby positively charged at acidic pH 1162, These
characteristics promote nucleic acid association, extending circulation time
after administration while enhancing endosomal escape and cytoplasmic

cargo release through the fusion/disruption with the endosomal membrane.

e Lipid-conjugates: Different types of others lipids are commonly used in
combination to the ones presented above. Neutral phospholipids and
cholesterol have been mainly described in the composition of lipid
nanoparticles for their contributions to the structural integrity and rigidity
and phase transition behavior, ensuring appropriate encapsulation of the
payload and stability over time '9. PEG-lipids are another important
component that plays several roles '®#165 Their hydrophilic-hydrophobic
structure represents a steric barrier preventing binding of plasma proteins
and thereby their rapid clearance by the reticuloendothelial system.
Furthermore, PEG-lipids are interesting for particle size and stability

properties as they confer steric repulsion between nanoparticles.

Aside from their interesting modularity through their wide possible composition,
one of the main advantages of lipid nanoparticles is their ease of manufacturing.

Solvent diffusion is the most used technic that consist in solubilizing lipids in
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ethanol and further disperse the lipid in solution in an aqueous phase to cause the
precipitation of lipid molecules, which lead to the formation of the nanoparticles
166~ Nowadays, microfluidic technic represents the most appropriate method to
obtain lipid nanoparticles through solvent diffusion 7. The fast and efficient
mixing of the organic and aqueous phase leads to a rapid production of
nanoparticles while ensuring a robust and high reproducibility. Furthermore, the
physico-chemical properties can be easily modulated through the different

microfluidic parameters including speed workflow and organic-aqueous phase

ratio.

Lipid nanoparticles associated with nucleic acids are characterized by typical and
characterizable structures '®*'7°. Two main different types of structures are
observed for these self-assembled particles, including lipid nanoparticles with
nanostructured cores and multilamellar particles (Figure 7). Lipid nanoparticles with
nanostructured cores exhibit an inverted hexagonal structure in which nucleic acids
are both adsorbed on the surface and entrapped into aqueous compartment present
in the particle core '""!72. On the other hand, multilamellar particles (often named

as lipoplexes) are composed of concentric lamellae alternating lipid bilayers and

nucleic acid monolayer condensed between them 73174,
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Figure 7: Schematic representation of the suggested structure of lipid nanoparticles nucleic acid
carriers: lipid nanoparticles with nanostructured core and multilamellar lipid nanoparticles.

Overall, lipid-based nanoparticles represent promising and suitable type of
nanoparticles to condense, deliver and intracellularly release different types of

nucleic acids through their high modularity.
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3. Aim of the work

The aim of this thesis is to design nanomedicine as non-viral delivery approach for
the treatment of DM1. Therefore, this research project focused on two different
therapeutic strategies that act at different levels of the pathological mechanism of
DMI1: i) inhibition of MBNLI1 sequestration through the delivery of a small
molecule and ii) degradation of DMPK CUG-containing transcripts via nucleic acid

delivery.

The first strategy adopted was focused on the design and characterization of HA
and PArg based nanoparticles (HA-PArg NPs) for the encapsulation of a small
molecule, the pentamidine (PTM). Based on previous results obtained and among
the scientific literature, PTM has been chosen in a context of drug repurposing to
reverse the splicing defects associated in DM1. The biocompatibility, intracellular
internalization and fate in C2C12 murine skeletal muscle cells and explanted
murine skeletal muscle of HA-PArg NPs was studied. Finally, the therapeutic
efficiency of PTM-loaded HA-PArg NPs has been tested in a DM1 cell model,
established by inducing CTG expansion on the DMPK gene of C2C12 cells.

Motivated by the potential of a gene-therapy-based approach to promote targeted,
efficient and long-term treatments for genetic disease, the second strategy adopted
in this project was focused on the development of nucleic acid delivery using lipid-
based nanoparticles. In this work the efficiency of lipid nanoparticles to deliver
different types of nucleic acids such as pDNA, mRNA and siRNA was investigated
in C2C12 muscle cells using green fluorescent protein (GFP) protein as reported

gene, paving the way for the delivery of therapeutic sequences.

For both strategies, the following methodology has been adopted to succeed in the

different objectives:

- Step 1: Based on the literature, screening of the active agent to select the

most suitable nanomedicine strategy.

- Step 2: Development and optimization of the nanomedicine associated with
the active agent and characterization of the nanosystems obtained in terms

of physico-chemical properties, encapsulation efficiency, morphology and
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stability. The objective of this step was to determine the nanocarriers that

suit the most to be tested in vitro.

- Step 3: In vitro evaluation of nanomedicine in cultured skeletal muscle cell
lines to assess the toxicity, internalization rate and/or mechanism,
intracellular fate and therapeutic efficacy. This crucial step was required to
determine the most efficient and suitable nanosystems that could be tested

in vivo.

- Step 4: Ex vivo or in vivo testing of nanomedicine in healthy mice to assess
the biodistribution of the nanosystems from the perspective of determining
the most promising nanocarriers to be tested for therapeutic efficacy in mice

model of DM1.

In conclusion, the different strategies and approaches adopted together with a
pertinent step-by-step methodology aim to provide biocompatible delivery system
able to administrate therapeutic agents to halt progression or even reverse the
consequences of the genetic damage of DM, from the perspective to tackle the

unmet clinical need.
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The main goal of this research project is to provide and investigate nanocarriers as
efficient drug and gene delivery approach in skeletal muscle. To this end, results

obtained have been divided in 5 chapters.

The first chapter contains two bibliographic studies. The first study is a brief review
on the contribution of transmission and scanning electron microscopy to the
characterization of nanoparticles in the biological environment, in particular to the
study of their interactions with cell and tissue components. Moreover, the
advantages and limits of ultrastructural techniques to evaluate the suitability of
nanocarriers as drug-delivery systems were discussed. This review has been
published in the journal “Microscopie”. The second study is an extensive review of
the different nanosystems described in literature for MDs treatment. It focuses on
nanomedicine approaches able to deliver small chemical molecules and nucleic
acids to target the most common MDs. Then, the challenge related to in vitro and
in vivo testing in appropriate animal models are discussed. Finally, a critical view in
future developments of nanomedicine for MDs is provided. This review has been

published in the journal “Pharmaceutics”.

The second chapter of this thesis is focused on the repurposing of PTM as DM1
treatment and follow on from previous work by our research groups to associate
PTM to HA-based NPs'?’. The resulting selected formulation gave raise to NPs of
about 200 nm, negatively charged and with polydispersity index lower than 0.1.
Furthermore, this nanosystem demonstrated to efficiently associate PTM with an
encapsulation efficiency up to 80 % and with a loading efficiency of 15 %. This
study aims to investigate HA-PArg NPs as nanocarriers for PTM delivery in murine
skeletal muscle cells and organs. This work has been submitted in the journal
“Nanomedicine: Nanotechnology, Biology and Medicine” and is actually under

review.
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The third chapter describes the innovative application of the Alcian blue staining, a
long-established histochemical method for detecting glycosaminoglycans in tissue
sections, applied to HA-based NPs. This original application was performed to
overcame the problem of weak electron density from HA-based NPs and allows
their visualization at both light and transmission electron microscope. This
technique has been described in a technical note published in the “European Journal
of Histochemistry”, and the detailed experimental protocol of the Alcian blue
staining has been accepted for publication in the volume “Histochemistry of Single
Molecules: Methods and Protocols, as of the Second Edition” that will appear in
the book series “Methods in Molecular Biology” by Springer. This paper is

currently in press.

The fourth chapter of this project is related to the optimization of LNP to deliver
different types of nucleic acids in murine skeletal muscle cells. This high
optimization process was performed in the objective to load a DM1 therapeutic
nucleic acid sequence in LNP. These results are based on preliminary data by our
groups for another purpose, that selected the LNP composition for mRNA delivery.
In this chapter, different types and molecular weights of nucleic acid were
associated to LNP and tested for modulating protein expression in order to open the
range of possibilities to several gene therapy strategies for DM1. A scientific

publication is actually on preparation regarding the results obtained in this chapter.

Finally, the last chapter presents the preliminary data related to the delivery of a
DMI therapeutic ASO sequence, using the previously optimized LNP system. The
objective of this investigation is to provide a suitable nanosystem to be tested in

vitro and in vivo in DM1 cell and animal models.
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SUMMARY

Nowadays the use of nanomaterials has led a growing interest in biomedical application as drug delivery
systems for the treatment and the diagnosis of different pathelogies. Different analytical techniques have
been applied to characterise nanoparticles in the biological environment. However, in the attempt to
describe in detail the interaction of NPs with the living systems and to detect the possible occurrence of
cell damage or death, electron microscopies proved to be especially suitable and actually are irreplaceable
techniques thanks to their image resolution at the nanoscale. In this review article, the attention will first
be focused on the influence of nanoparticles features on their interaction with tissues and cells; then, the
advantages and limits of transmission and scanning electron microscopy to evaluate the suitability of
nanovectors as drug-delivery systems will be discussed.
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Introduction

Nowadays the use of nanomaterials has led a growing
interest in biomedical application as drug delivery systems
for the treatrment and the diagnosis of different pathologies.
The delivery of therapeutic agents through nanoparticles
represents an attractive option in the attempt i) to protect the
therapeutics from enzymatic degradation, ii) to tune the
biodistribution and targeting after systemic administration,
iii) to preleng the drug circulation, and iv) to reduce the gys-
temic toxicity of therapeutics.

According to the European Commission, “nanomaterial™
means “a natural, incidental or manufactured material con-
taining particles, in an unbound state or as an aggregate or as
an agglomerate and where, for 50% or more of the particles
in the number size distribution, one or more external dimen-
sions is in the size range 1 nm - 100 nm” (httpe/ec europa.en/
environment/chemicals/manctech/fag/definition en.htm).

Due to their small size, nanoparticles (NPs) should -at
least in principle- easily enter the tissues and cells, but the
biomedical impact they have on in vitre and in vive systems
are closely related to their physicochemical properties (Lin
et al., 2014). When nanomaterials, particularly NPs, are
injected inte a live organism, they come into contact with a
complex physiclogical environment (the biclogical fluids,
tissues, intercellular matrix and cells) (Kettiger ef al., 2013),
the interaction with the biological components depending on
the nature of the NPs such as their chemical composition,
size/size distribution, shape and surface properties. To enter
a cell, NPs must contact with the plasma membrane, and the
mode of uptake and intracellular interaction with specific
organelles ig crucial to make a drug-delivery system bio-
compatible and effective. On the other hand, the structural
and molecular features of the cells also affect the efficiency
of NP uptake.

Ditferent analytical techniques have been applied to
study NPs especially as drug-delivery systems (Figure 1).
However, in the attempt to describe in detail the interaction
of NPg with the living systems and to detect the possible
ocowrrence of cell damage or death, electron microscopies
proved to be especially suitable and actually are irreplace-
able techniques thanks to their image resolution at the
nanoscale (Reifarth ef al., 2018).

[n this review article, the attention will first be focused
on the geometrical and surface properties of nanovectors
that are especially important for their capability to interact
with tissues and cells; then, the advantages and limits of
mansmisgion and scanning electron microscopy (TEM and
SEM, respectively) to evaluate the suitability of nanovectors
as drug-delivery systems will be discussed.

Influence of nanoparticle size, shape and
surface properties on their interaction
with the biological environment

The size strongly influences the impact NPs have on liv-
ing organisms. Half“time circulation, tissue biodistribution,
interactions/uptake at the cellular level, and intracellular
trafficking/removal are all parameters that are affected by
the particle size (Duan and Li, 2013; Kettiger ef al., 2013).

Regarding NP delivery in the whole organism, previous
studies have demonstrated that afler systemic administration
small NPs (10-20 nm) are able to eagily pass through the thin
endothelial junction reaching different organs and tissues
(Duan and Li, 2013). Small NPs are alse characterized by a
faster renal clearance in comparisen to the bigger ones; for
very large NPs (=1 pm) the clearance should alse be fast, but
they tend to more easily aggregate inside the bloed vessel
causing a mechanical retention by capillaries with a low dis-
tribution into tissus. Based on these considerations, NPs
having a size between 20 and 100 nm are considered as the
more suitable in terms of circulation time, biedistribution
and clearance (Choi ef af., 2007).

At the cellular level, the NPs size has a great impact on
the mechanisms of uptake and cell internalization. Normally,
only lipid-scluble NPs presenting a size lower than 30 nm
are able to directly cross the cellular membrane (Kettler ef
al., 2014), whereas the uptake of bigger NPs often occurs
through active, energy-dependent processes. The main
mechanizsms of uptake in eukaryotic cells are endocytosis
(often receptor-mediated), pinocytesis and phagocytosis. [n
general, NPs having a size <100 nm can enter by pinocytotic
pathways, whereas NPs with a size range between 120-150
nm principally enter by receptor-mediated endocytosis; NPs
ranging 250 nm to 3 pm have heen shown to mainly enter by
phagocytosis (Foroozandeh and Aziz, 2018). The size of
NPs not only influences the uptake mechanism but also
affects its efficiency. Works in the literature demonstrated
that the concentration of saturation as well as the uptake
efficiency of NPs having a diameter around 50 nm are higher
than the ones of larger NPs (Soppimath e af., 2001;
Mailénder and Landfester, 2009; Kumari and Yadav, 2011).
It is however worth recalling that the uptake of NPs is also
largely dependent on the cell type (Adjei ef af., 2014).

From the biological point of view, NP shape may affect
the circulation time, biodistribution, targeting efficiency, cell
internalization and intracellular fate (Champion and
Mitragotri, 2006, Geng ef al., 2007; Gratton et al, 2008;
Muro et ai., 2008). Regarding the circulation life, NP shape
may significantly influence the phagocytotic process by
macrophagic cells: it has already been shown that NP3 with
one elongated axis have a longer circulation time being less
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prone to be phagocytosed by macrophages (Duan and Li,
2013). Moreover, concerning the circulation profile, non-
spherical shapes influence NPs in vive distribution in target
organs such as spleen (Devarajan ef af, 2010), lung
(Decuzzi et al., 2010) and tumour tissues (Christian ef af.,
2009). On the other hand, i» vitro studies demonstrated that
round NPs more eagily enter the cells compared to the rod-
shaped ones (Wilhelm et /., 2003; Limbach ef al., 2005).

Several studies i vifro and @ vive have also underlined
the importance of the NP surface properties regarding the
interaction with the anionic cell membrane, the cellular
uptake and the intracellular behaviour.

Following cellular uptake, NPs interact with the intracel-
lular milieu (cytoselic component and organelles), and their
intracellular diswibution and location (in the cytoplasm or
the nucleus) are crucial for their functional effects.
Depending on their chemical composition, NPs may target
cytoplasmic organelles (such as the mitochondria, the Golgi
complex or the endeplagmic reticulum) or enter the nucleus.
For instance, the physicochemical characteristics of the NP
surface influence the penetration through the mitochondrial

PARTICLE SIZE

Dynamic light scattering (DLS)
+  Transmission electron microscopy (TEM)
*  Scanning electron microscopy (SEM)

+  Scanning tunneling microscopy (STM)

. Atomic force microscopy (AFM)
Nuclear magnetic resonance (NMR)

DISPERSION

. Transmission electron microscopy (TEM)
*+  Scanning electron microscopy (SEM)

+  Atomic force microscopy (AFM)

membrane (Adjei ef al, 2014). An intranuclear localization
is required when the drug or genetic material the nanocarrier
is loaded with must interact with the nuclear chromatin, but
the penetraticn into the nucleus is strongly dependent on the
dimension of the drug-loaded NPs (it is to be taken into
account that molecular complexes smaller than 45 kDa are
able to easily penetrate the nuclear envelope whereas the
nuclear pore complexes are responsible for the wansport of
larger macromolecular complexes) (Adam ef al, 1990
Hagstrem ef af., 1997; Hillaireau and Couvreur, 2009).

Electron microscopy is the most adequa-
te approach for visualizing NP-cell inter-
actions

To wvisnalize the uptake, intracellular distribution and
degradation/release of NPs, appropriate microscopy tech-
niqueg are used (Figure 1). Both light and electron
microscopy may be exploited to characterize the cellular fate
and perfermance of NPs (Costanzo ef al., 2017).

PARTICLE SHAPE

Scanning electron microscopy (SEM)
- Transmission electron microscopy (TEM)
*  Scanning tunneling microscopy (STM)
+  Atomic force microscopy (AFM)

. UV-visible measurements

Raman spectroscopy

PARTICLE SURFACE

Zeta potential

Atomic force microscopy (AFM)
Infrared spectroscopy (IR)

Mass spectrometry (MS)

Figure 1. Techniques commonly used for the characterization of nanomaterials.
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Conventional and confocal fluorescence microscopy
allow to locate properly labelled nanoconstructs at the sur-
face or inside the cells (Costanzo ef af., 2016), and super-resolution
microscopy promises to be adequate for tracking them at the
subcellular level (Jin ef ai., 2018; Shang ef al., 2018); how-
ever, TEM and SEM, thanks to their much higher resolution,
are the techniques of choice to investigate nanostructured
materials inside the cells at the nanoscale.

SEM, as a surface imaging technique, 18 a powerful and
popular appreach te acquire information on the size, shape
and surface morphology of nanomaterials (Lin ef al., 2014),
as well as to elucidate the interaction of NPs with the plasma
membrane: as a consequence of its great depth of focus,
SEM provides detailed three-dimensional topographic
images of the cell surface, thus being particularly appropri-
ate to get nsight inte the mechanisms of NP mternalization.
Besides the morphological evidence, SEM may alse allow to
collect information on the chemical composition through the
analysis of the element-specific X-ray emission (Hall et al.,
2007; Wang and Lee, 2008): this would sspecially be ugeful
to discriminate the simultanecus presence at the cell surface
of NPs with different metal components.

Analyzing the cell surface by SEM usually needs to
dehydrate the biological samples and make the surface con-
ductive, by coating with a thin metallic layer: as a negative
aspect of this procedure, alteration of the plasmalemmal
structures (such as microvilli or caveclae) or shrinkage of
the NPs may cccur (Bootz ef 4f., 2004). [t is however worth
recalling that the possibility exists to operate at low voltage
with environmental SEM (ESEM): thanks to a partial vac-
uum, high humidity level and a lower energetic beam, this
instrument allows obtaining reasonably good images of still
partially hydrated biological samples in the absence of con-
ductive ceoating (Perez-Arantegui and Mulvey, 2005).
Nonetheless, this method engenders a lower resolution
imaging (Oatley ef al., 1966). Another drawback of SEM for
NP investigation is that image pixels are collected one by
one by scanning the sample surface, which leads to a leng
exposure time to the electron beam that may cause degrada-
tion of beam-sensitive NPs (Klang ef al., 2013).

TEM is the most exploited tool for characterizing nano-
materials as it provides images at higher spatial reselution
than SEM, from the micrometer level up to the sub-nano-
metric or atomic level.

First, TEM can be used to characterize newly synthetized
nanomaterials: cbserving dispersed NPs on formvar-coated
grids it is possible to acquire information on the size, size
distribution and shape of the nanoconstructs as well as on
the interparticle interaction (aggregation or dispersion).
When coupled with the appropriate analytical techniques
through the electron interaction with the sample, TEM can

abil

algo supply data on the chemical composition of nanomate-
riale (Kettiger ef al., 2013).

In thin sections of resin-embedded samples the internal
NP morpheology may be investigated (Kola-Mustapha,
2019), while freeze-fracture techniques are suitable to eluci-
date the inner organization, crystallinity and granularity of
NPs (in fact, the sample is vitrified by rapid freezing and
then fractured, thus adequately preserving the native state)
(Kuntsche ef ai., 2011). This latter technique is alse appro-
priate to observe the physico-chemical medifications of the
nanovectors upen drug incorporation.

However, the most significant application of TEM in the
field of nanobiclogy is for investigating the behavior of NPs
while interacting with cells. By SEM, the NP interaction
with the plasma membrane can be observed, but the cellular
uptake and the intracellular dynamics of the nancconstructs
may be more accurately described using TEM on thin sec-
ticns, by taking static snapshots of the events occurring
within a tissue or a cell at different times upon NP adminis-
tration (Figure 2).

These investigations at the cellular level are crucial, ence
a new synthetized nanomaterial is characterized physice-
chemically, in order to understand its effects and possible
toxicity (Klang ef al., 2013).

[ndeed, TEM provides images in situ of the biological
mechanisms responsible for the internalization and eventual
interaction of NPs with specific organelles.

The chemical nature of the nanosystems is responsible
for their uptake as single particles or multi-particulate aggre-
gates; furthermore, in the literature detailed ultrastructural
reports were published demonstrating how NPs of different
composition enter the cells, either associated with intracellu-
lar vesicles following the endocytic or phagocytic process or
ccowring free in the cytosol (Park ef o/, 2006; Grant and
Denaldson, 2009; Martens ef af., 2014; Venkatachalam ef
al., 2015, Costanzo ef al., 2016, Wong ef al, 2017,
Guglielmi ef al., 2019). When endocytosed, NPs generally
follow the lysosomal pathway, while when free in the
cytogol, they may interact with (and eventually penetrate)
organelles such as the mitochondria or the nucleus. In the
former case, NP degradation by the lyscsomal enzymes is
likely to occur, although ultrastructural evidence has some-
times been provided for the mechanism of endosomal escape
(Hillaireau and Couvreur, 2009, Martens ef al., 2014; Wong
et al., 2017, Foroozandeh and Aziz, 2018, Guglielmi ef al.,
2019), by which a membrane-bounded NP may exit the
organelle to be released in the cytosel. On the other hand,
cytosolic NP may re-enter the endo-lysesomal pathway
through autephagic processes (Costanzo ef al., 2016).

Thus, depending on their chemical and physical proper-
ties NPs may interact with intracellular organelles and
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underge rupture and degradation by completely different 2016). In addition, it is weorth reminding that the same
and often peculiar ways that obviously affect the intracellu-  nanoconstruct may differently behave (as for the uptake and
lar release (and the action) of the loaded drugs (Malatesta,  degradation) in cells of different origin.

Figure 2. Interactions between different NPs and cultured cells analysed at TEM. Liposomes: a) Several liposomes enter the cell appar-
ently without endocytotic process and occur free in the cytoplasm; note their loose filamentous periphery. b) Electron dense fine gran-
ular material (arrow) occur in the cytosol in close proximity to liposomes and lipid droplets (Is; scale bars: 500 nm. Polymeric
nanoparticles: a) Two NPs occurs at the cell periphery: one a ing to the cell surface (arrowhead), the other freely distributed in the
cytosol (arrow). b) A NP is enclosed in an endosome (arrow), Scale Eam 200 nm. Mesoporous silica nanoparticlesx a) Large aggregates
of NPs occur at the cell surface (asterisks); small clusters of NPs are visible inside the cytoplasm, even inside nuclear invaginations
(arrows); the arrowhead indicates the detail showed in b. b) A NP cluster is internalised vi# phagocytosis by the extrusion of pseudopo-
dia (arrows). ¢) Small clusters of NPs enter the cells by endocytosis (arrows). Scale bars: a) ; pmy b,c) 500 nm. Adapted from Costanzo
et al., Eur | Histochem 2016560:2640.
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Concluding remarks

Nanccoenstructs for biomedical applications are synthe-
sized starting from biccompatible compounds and tested to
confirm their low cytotoxicity. This is obviously correct but
the ever growing experimental evidence demonstrates that to
validate a nanovector of whatever nature as an efficient
drug-delivery systemn it is necessary to exhaustively know
how it behaves once inside the target cell.

Te track NP presence, dynamic relocation and ultimate
disposal, imaging techniques are needed: among them, elec-
tron microscopies are undoubtedly the most appropriate and
versatile tools.

They surely have important drawbacks: the procedures
for sample preparation are often complicated and time-con-
suming, the application of histochernical methods to chemi-
cally characterize the specimens are much trickier than in
light micrescopy, and the need to operate in the vacuum
makes the artefactual dehydration and coeating/embedding
mandatory. However, despite these limits, SEM and espe-
cially TEM will remains unreplaceable for nanomedical
research alse in the years to come.

Acknowledgments

M.R. is a PhD student in receipt of a fellowship from the
INVITE project of the University of Verona, (PhD
Programme in Nanoscience and Advanced Technologies).
This project has received funding from the European
Union’s Horizon 2020 Research and [nnovation Programme
under the Marie Sklodowska-Curie grant agreement No.
754345.

References

Adam SA, Marr RS, Gerace L. Nuclear protein import in
permeabilized mammalian cells requires soluble cyto-
plasmic factors. J Cell Biel 1980;111:807-16.

Adjei IM, Sharma B, Labhasetwar V. Nanoparticles: cellular
uptake and cytotoxicity. Adv Exp Med Bicl
2014;811:73-91.

Beotz A, Vogel V, Schubert D, Kreuter J. Comparison of
scanning EM, dynamic light scattering and analytical
ultracentrifugation for the sizing of poly(butyl cyano-
acrylate) nanoparticles. Eur J Pharm Biopharm
2004;57:369-75.

Champion JA, Mitragotri S. Role of target geometry in phago-
cytosiz. Proc Natl Acad Sci USA 2006;103:4930-4.

Chei HS, Liu W, Misra P, Tanaka E, Zimmer JP, Ipe BI, et
al. Renal clearance of quantum dots. Nat Biotechnoel

13

2007:25:1165-70.

Christian DA, Cai §, Garbuzenko OB, Harada T, Minke T,
Discher DE. Flexible filaments for in vive imaging and
delivery: persistent circulation of filomicelles opens the
dosage window for sustained tumor shrinkage. Mol
Pharm 2009:6:1343-52.

Costanzo M, Carton F, Marengo A, Berlier G, Stella B,
Arpicco S, et al. Fluorescence and electron microscopy
to wvisualize the intracellular fate of nanoparticles for
drug delivery. Eur J Histochem 201 6;60:2640.

Costanzo M, Carton F, Malatesta M. Microscopy techniques
in nanomedical research. Microscopie 2017;27:66-71.

Decuzzi P, Godin B, Tanaka T, Lee SY, Chiappini C, Lin X,
et al. Size and shape effects in the biedistribution of
intravascularly injected particles. T Control Release
2010;14:320-7.

Devarajan PV, Jindal AB, Patil RR, Mulla F, Gaikwad RV,
Samad A. Particle shape: a new design parameter for
pasgive targeting in splenotropic drug delivery. J Pharm
Sci 2010,9%:2576-81.

Duan X, Li Y. Physicochemical characteristics of nanoparti-
cles affect circulation, biedistribution, cellular internal-
ization, and wafficking. Small 2013;%:1521-32.

Foroozandeh P, Aziz AA. Insight inte cellular uptake and
intracellular trafficking of nanoparticles. Nanoscale Res
Lett 2018;13:339.

Geng Y, Dalhaimer P, Cai S, Tsai R, Tewari M, Minko T, et
al. Shape effects of filaments versus spherical particles in
flow and drug delivery. Nat Nanotechnol 2007;2:24G-55.

Grant BD, Donaldson JG. Pathways and mechanisms of
endocytic  recycling. Nat Rev Mol Cell Biel
2009;10:597-608.

Gratton SE, Ropp PA, Pohlhaus PD, Luft JC, Madden V],
Napier ME et al. The effect of particle design on cellular
internalization pathways. Proc Natl Acad Sci USA
2008:105:11613-8.

Guglielmi V, Carton F, Vattemi G, Arpicee S, Stella B,
Berlier G, et al. Uptake and intracellular distribution of
different types of nanoparticles in primary human
mycblasts and myoetubes. [nt J Pharm 2019;560:347-56.

Hagstrom JE, Ludtke JJ, Bassik MC, Sebestayén MG, Adam
SA, Wolff JA. Nuclear import of DNA in digitonin-per-
meabilized cells. T Cell Sci 1997;110:2323-31.

Hall 1B, Dobrovelskaia MA, Patri AK, McNeil SE.
Characterization of nanoparticles for therapeutics.
Nanomedicine 2007;2:789-803.

Hillaireau H, Couvreur P. Nanocarriers’ entry inte the cell:
relevance te drug delivery. Cell Mol Life Sci
2009:66:2873-06.

Jin D, Xi P, Wang B, Zhang L, Enderlein J, van Oijen AM.
Nanoparticles for super-reselution microscopy and sin-

March 2018  microscopie

62



Results — Chapter 1

SCIENTIFIC ARTICLES

gle-molecule tracking. Nat Methods 2018;15:415-23.

Kettiger H1, Schipanski A, Wick P, Huwyler J. Enginsered
nanomaterial uptake and tissue distribution: from cell to
organism. Int J Nanomedicing 2013:8:3255-69.

Kettler K, Veliman K, van de Meent D, van Wezel A,
Hendriks AJ. Cellular uptake of nanoparticles as deter-
mined by particle properties, experimental conditions,
and cell type. Enviren Texicel Chem 2014;33:481-92.

Klang V, Valenta C, Matsko NB. Electron microscopy of
pharmaceutical systems. Micron 2013;44:45-74.

Keola-Mustapha AT. Microscopy of nanomaterial for drug
delivery. In: Shyam SM, Shivendu R, Nandita D,
Raghvendra M, Sabu T. Characterization and biology of
nanomaterials for drug delivery: nanoscience and nan-
otechnology in drug delivery. Amsterdam: Elsevier;
2015. pp. 265-80.

Kuwmari A, Yadav SK. Cellular interactions of therapeutical-
ly delivered nanoparticles. Expert Opin Drug Deliv
2011;8:141-51.

Kuntsche J, Horst JC, Bunjes H. Cryogenic transmission
electron micrescopy (crye-TEM) for studying the mor-
phelegy of colleidal drug delivery systems. Int J Pharm
2011:417:120-37.

Limbach LK, Li Y, Grass RN, Brunner TJ, Hintermann MA,
Muller M, et al. Oxide nanoparticle uptake in human
hing fibroblasts: effects of particle size, agglomeration,
and diffusion at low concentrations. Enviren Sci Technol
2005,;35:9370-6.

Lin PC, Lin S5, Wang PC, Sridhar R. Techniques for physic-
ochemical characterization of nancmaterials. Biotechnol
Adv 2014;32:711-26.

Mailénder V, Landfester K. Interaction of nanoparticles with
cells. Biomacromolecules 2009;10:237%-400.

Malatesta M. Transmission electron micrescopy for
nanomedicine: novel applications for leng-established
techniques. BEur T Histochem 2016;60:2751.

Martens TF, Remaut K, Demeester J, De Smedt S,
Brasckmans K. Intracellular delivery of nanomaterials:
how to catch endosomal escape in the act. Nano Today
2014;%:344-64.

Mure S, Gamacho C, Champion JA, Leferovich T, Gajewski
C, Schuchman EH, et al. Contrel of endothelial targeting

microscopie Adarch 2019

and intracellular delivery of therapeutic enzymes by
modulating the gize and shape of [CAM-1-targeted carri-
ers. Mol Ther 2008;16:1450-8.

Oatley CW, Nixon WC, Pease RFW. Scanning EM. In:
Marton L, Editor. Advances in electronics and electron
physics. Amsterdam: Elsevier; 1966. pp. 181-247.

Park M, Salgado IM, QOstroff L, Helten TD, Robingon CG,
Harris KM, et al. Plasticity-induced growth of dendritic
spines by exocytic tratficking from recyclmg endo-
somes. Neuron 2006;52:817-30.

Perez-Arantegui J, Mulvey T. Electron microscopy. In:
Worsfold P, Townshend A, Poole C, Editors.
Encyclopedia of analytical science. Amsterdam:
Elsevier; 2005. pp 114-24.

Reifarth M, Hoeppener S, Schubert US. Uptake and intracel-
lular fate of engineered nanoparticles in mammalian
cells: capabilities and limitations of transmission elec-
fron microscopy-polymer-based nanoparticles. Adv
Mater 2018;30.

Shang L, Gac P, Wang H, Popescu R, Gerthsen D, Nienhaus
GU. Protein-based fluerescent nanoparticles for super-
resolution STED imaging of live cells. Chem Sci
2017:8:23%96-400.

Soppimath KS, Aminabhavi TM, Kulkarni AR, Rudzinski
WE. Bicdegradable polymeric nanoparticles as drug
delivery devices. J Contrel Release 2001,;70:1-20.

Venkatachalam K, Wong CO, Zhu MX. Therole of TRPMLs
in endolysosomal trafficking and function. Cell Calcium
2015;58:48-56.

Wang ZL, Lee JL. Electron microscopy techniques for imag-
ing and analysis of nanoparticles. In: Rajiv K, Mittal KL,
Editors. Developments in surface contamination and
cleaning. Amsterdam: Elsevier; 2008. pp. 396-408.

Wilhelm C, Billotey C, Roger I, Pons JN, Bacri JC, Gazeau
F. Intracellular uptake of anionic superparamagnetic
nanoparticles ag a function of their surface coating.
Biomaterials 2003;24:1001-11.

Wong CO, Gregory S, Hu H, Chao Y, Sepilveda VE, He Y,
et al. Lysosomal degradation is required for sustained
phagocytosis of bacteria by macrophages. Cell Host
Microbe 2017;21:719-30.

14

63



Results — Chapter 1

64



Results — Chapter 1

Nanomedicine for gene delivery and drug repurposing in
the treatment of muscular dystrophies

1 Andreana, M. Repellin, F. Carton, D. Kryza, S. Briangon, B. Chazaud, R.
Mounier, S. Arpicco, M. Malatesta, B. Stella, G. Lollo

Pharmaceutics (2021)

65



Results — Chapter 1

66



pharmaceutics

by

Review

Nanomedicine for Gene Delivery and Drug Repurposing in the
Treatment of Muscular Dystrophies

Ilaria Andreana 1'2”‘, Mathieu Repellin 1'3'+, Flavia Carton 3'4'1', David Kryza L3 Stéphanie Brian¢on 10,
Bénédicte Chazaud *(, Rémi Mounier é, Silvia Arpicco 2, Manuela Malatesta (), Barbara Stella 2-*

and Giovanna Lollo 1-#

check for

updates
Citation: Andreana, [; Repellin, M.;
Carton, F.; Kryza, D.; Briangen, S.;
Chazaud, B.; Mounier, R.; Arpicco, 5.
Malatesta, M.; Stella, B.; etal.
Nanomedicine for Gene Delivery and
Drug Repurposing in the Treatment
of Muscular Dystrophies.
Pharmaceufics 2021, 13, 278. https://
doi.org/10.3390/ pharmaceutics
13020278

Academic Editor: Avi Domb

Received: 29 December 2020
Accepted: 14 February 2021
Published: 19 February 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/ licenses/ by /

4.0/).

Laboratoire d’Automatique, de Génie des Procédés et de Génie Pharmaceutique, Université Claude Bernard
Lyon 1, CNRS UMR 5007, 43 bd 11 Novembre 1918, 69622 Villeurbanne, France;
ilaria.andreana@unito.it (I.A.); mathieu.repellin@univr.it (M.R.); david kryza@univ-lyonl.fr (.K.);
stephanie briancon@univ-lyonl.fr (5.B.)
Department of Drug Sdence and Technology, University of Turin, Via P. Giuria 9, 10125 Torino, Italy;
silvia.arpicco@unito.it
Department of Neurosdences, Biomedicine and Movement Sciences, Anatomy and Histology Section,
University of Verona, Strada Le Grazie 8, 37134 Verona, Italy; flavia.carton@uniupo.it (F.C.);
manuela.malatesta@univr.it (M.M.)
B Department of Health Sciences, University of Eastern Piedmont, Via Solaroli 17, 28100 Novara, Italy
Hospices Civils de Lyon, 69437 Lyon, France
& Institut NeuroMyoGeéne, University of Lyon, INSERM U1217, CNRS UMR 5310, 8 Avenue Rockefeller,
69008 Lyon, France; benedicte.chazaud@inserm.fr (B.C.); remi.mounier@inserm.fr (R.M.)
*  Correspondence: barbara.stella@unito it (B.5.); giovanna lollo@univ-lyonl.fr {(G.L.);
Tel.: +39-011-670-66-60 (B.S.); +33-0-4-72-44-85-84 (G.L.)
+ These authors contributed equally to this work.

Abstract: Muscular Dystrophies (MDs) are a group of rare inherited genetic muscular pathologies
encompassing a variety of clinical phenotypes, gene mutations and mechanisms of disease. MDs
undergo progressive skeletal muscle degeneration causing severe health problems that lead to poor
life quality, disability and premature death. There are no available therapies to counteract the causes
of these diseases and conventional treatments are administered only to mitigate symptoms. Recent
understanding on the pathogenetic mechanisms allowed the development of novel therapeutic strate-
gies based on gene therapy, genome editing CRISPR/Cas9 and drug repurposing approaches. Despite
the therapeutic potential of these treatments, once the actives are administered, their instability, sus-
ceptibility to degradation and toxicity limit their applications. In this frame, the design of delivery
strategies based on nanomedicines holds great promise for MD treatments. This review focuses on
nanomedicine approaches able to encapsulate therapeutic agents such as small chemical molecules
and oligonucleotides to target the most common MDs such as Duchenne Muscular Dystrophy and
the Myotonic Dystrophies. The challenge related to in vitro and in vivo testing of nanosystems in
appropriate animal models is also addressed. Finally, the most promising nanomedicine-based strate-
gies are highlighted and a critical view in future developments of nanomedicine for neuromuscular
diseases is provided.

Keywords: nanoparticles; Duchenne Muscular Dystrophy; myotonic dystrophy; antisense oligonu-
cleotides; small molecules; CRISPR/Cas?

1. Introduction

Muscular dystrophies (MDs) are a group of chronic inherited genetic diseases, with a
worldwide estimated prevalence of 19.8-25.1 per 100,000 persons [1,2]. These multi-organ
diseases mainly affect muscles, especially skeletal muscles, which undergo a progressive
degeneration causing severe health problems that lead to poor life quality, loss of indepen-
dence, disability and premature death [3,4]. Among the various types of MDs described
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so far, the most commons are the Duchenne Muscular Dystrophy (DMD) and Myotonic
Dystrophies (DMs) [2,3,5].

Currently, no therapies are available to counteract the pathogenic causes of these dis-
eases, and conventional treatments based on immunosuppressants such as corticosteroids
or anti-inflammatory treatments are aimed to only mitigate symptoms [6-10]. Although
corticosteroids are considered as the “gold standard” to preserve muscle strength in MDs,
especially in DMD, their long-term administration is associated with serious adverse effects
such as leg cedema, glaucoma, depression, hypertension, hyperglycaemia, osteoporosis,
osteonecrosis and fractures [11-13]. Medical devices such as pacemaker, respiratory as-
sistance or wheelchairs, rehabilitative therapy and as a last resort surgery are also widely
used in the management of MDs patients [14-16]. Altogether, these approaches represent
the current restricted therapies and methods approved to reduce pain and improve the
quality of life. Recently, a variety of possible therapeutic strategies have been proposed
such as repurposing US Food and Drug Administration (FDA)-approved molecules for the
treatment of other diseases or developing novel gene therapy for exon-skipping strategy
or genome editing [17-22]. However, due to their rapid clearance or associated adverse
effects, further refinements are required to enter clinics.

Over the last several years, drug delivery nanosystems, referred to as nanomedicine,
have been extensively explored for the development of more effective and safer treatments
with main applications in cancers [23-26], central nervous system-related discrders [27-29]
and immune diseases [30-32]. More recently, nanomedicine has also been investigated for
the treatment of viral infections [33] such as the lately approved Moderna’s and Pfizer’s
Covid-19 nanoparticle-based vaccines [34-37]. In cancer therapy, nanomedicine holds po-
tential to improve current treatments by reducing side effects of chemotherapeutic agents.
Moreover, combination approaches and immunomodulation strategies have been success-
fully developed to boost their performances [38-40]. Nevertheless, only 15 nanoparticle-
based cancer therapies have received clinical approval and entered the market, such as the
recent liposomal Onivyde® and Vyxeos® formulations [41,42].

Currently, novel nanomedicines are optimized for the treatment of skeletal muscle
pathologies like MDs. However, multiple biological and pharmaceutical barriers challenge
nanomedicine delivery to skeletal muscles. Biological barriers are embodied by the complex
architecture of the skeletal muscle, which encompasses the skeletal muscle parenchyma
itself, connective tissue, blood vessels and nerves. One of the main hurdles for delivery
to skeletal muscles lies in the presence of the dense extracellular matrix (ECM), which
accounts for 1 to 10% of the muscle mass [43—45]. Mostly made of fibrous-forming proteins
(collagens, glycoproteins, proteoglycans and glycosaminoglycans) it hampers nanopar-
ticles (NPs) penetration by retaining them in the ECM via electrostatic and mechanical
interactions [46,47].

Pharmaceutical barriers encompass formulation and associated aspects related to
scaling up of nanomedicine products. Recently, formulation techniques based on scal-
ahle processes have heen developed to allow transposition of nanomedicine to industrial
settings [48-50].

In addition to these barriers, an important requirement is that NPs have to be biccom-
patible to prevent additional muscle degeneration of severely injured skeletal muscles. For
instance, sarcolemma membrane of DMD patients is severely affected and therefore more
susceptible to damage by any treatment [51].

The present review aims at highlighting the major advances in the nanomedicine-
based strategies for treating MDs. We reviewed the most recent approaches to treat
MDs focused on oligenuclectides or antisense oligonucleotides, and small molecules and
how nanocarriers have been designed to deliver them to muscle cells. In addition, the
genome editing CRISPR/ Cas? system is also described. Finally, future perspectives for
nanomedicine optimisation are presented.
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2. Muscular Dystrophies Characterised by Gene Alteration

Most common MDs are represented by the two well-known DMD and DMs [1,3,4].
These two types of dystrophies are caused by diverse gene mutations and lead to different
molecular pathogenesis, as illustrated in Figure 1.

Myotonic Dystrophies Duchenne Muscular Dystrophy

DNA toxic expansion
DMI1: (CTG)n
DM2: (CCTGn

DNA \ /|
Dystrophin gene

DNA U e

DMi: DMPK gene Transcription
DM2: CNBP gene
l'l’nnscripﬂon Exon Intron
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) { 1| DMI:(CUGH
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Figure 1. Schematic representation of the pathogenesis of both Myotonic Dystrophies and Duchenne Muscular Dystrophy.
(DM1: Myotonic Dystrophy type 1; DM2: Myotonic Dystrophy type 2.)

2.1. Duchenne Muscular Dystrephy

DMD is the most common form of MD characterised by progressive muscle degenera-
tion and weakness, firstly affecting proximal muscles. This X-linked recessive rare disorder
appears essentially in males with a worldwide prevalence of one in 5000 boys in early
childhood and the clinical signs are not revealed at birth [52]. In most cases, the diagnosis
is established around four years old, when the first symptoms start to appear. The disease
progression is fast and the patients completely lose their motor functions around 10 years
old. DMD patients develop also important cardiac and respiratory complications that
generally manifest around 10 years old and are prevalent in most patients by 20 years
old [53].
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DMD is caused by mutations in the dystrophin gene (DMD gene) located on chromo-
some Xp21.2 that codes for the dystrophin protein through its 79 exons [54]. Dystrophin
protein is essential for muscle homeostasis: it is localised on the plasma membrane of car-
diac and skeletal muscles (sarcolemmay), connecting the cytoskeleton to the ECM through
the dystroglycan complex (DGC) and stabilising the muscle fibre during contraction. Lack
of dystrophin induces severe muscle weakness, inflammation and wasting, described
as cardinal signs of DMD. Diverse mutations on DMD gene have been reported world-
wide [55]. Over the years, DMD gene has been characterised, identifying which mutations
lead to a severe DMD phenotype [56,57]. Of DMI cases, 60-70% are caused by large
deletions of ene or more exons. Point mutations affect 15-30% of DMD patients, and there
are smaller changes that do not involve an entire exon. Among them, nonsense mutations
cause a premature stop in the gene which results in reduced dystrophin production or no
production at all. Duplications affect only 10% of DMD patients and can occur throughout
all 79 exons of the dystrophin gene. Understanding the nature of mutations improves the
identification of therapeutic approaches able to rescue genetic mutations [58,59].

2.2. Myotonic Dystrophies (Type 1 and 2)

Myotonic dystrophies (DMs) are genetic disorders of autosomal dominance inheri-
tance and represent the second most common form of MDs in adulthood [60,61]. These
multisystemic diseases cause progressive dysfunctions of multiple organs and tissues (e.g.,
muscle tissues, skin, endocrine system, ocular system, central nervous system) among
which skeletal muscle is the most severely affected tissue [5]. Muscle damages are char-
acterised by progressive myopathy, muscle weakness, and progressive myotonia which
is defined as a slow-down of muscle relaxation after a normal contraction. Most serious
features concern the cardiopulmonary system and can lead to premature death, amounting
to 70% of deaths [62].

Two distinct forms of DM caused by similar mutations are identified: i) IM1, also
named Steinert disease (OMIM 160900), which is the most common and severe form; and
ii) DM2, termed proximal myotonic myopathy (OMIM 602668). These DMs are caused
by pathological expansions of small DNA sequences regarding two different genes [63].
DM is due to a (CTG)n expansion in the 3' UTR region of the DMPK gene, while DM2
is caused by a (CCTG)n expansion in the first intron of the ZNF9/CNBP gene. Mutant
(CTG)n and (CCTG)n expansions are highly unstable, leading to different repeat sizes
constantly generated and increasing when transmitted from one generation to the next [64].
These mutant DNA expansions are transcribed into (CUG)n and {CCUG)n mutant RNA
expansions for DM1 and DM2, respectively, aggregated in the nucleus in specific hairpin
structures that are called nuclear foci [65].

The most accepted pathogenic hypothesis for DMs is an RNA-gain-of-function due to
mutant RNA expansions that alter RNA-binding splicing regulators [66]. As illustrated in
Figure 1, the main molecular hallmark of DMs is the sequestration of Muscleblind protein
(MBNL), resulting in a local reduction of these protein levels [67]. It is responsible for
several symptoms depending on the DM type and repeat size range, such as myotonia,
muscle weakness, cardiac arrhythmia, diabetes, cataracts, male hypogonadism, cognitive
disorders and hypersomnia [68]. Other splicing factors are mis-regulated in DMs, such
as the up-regulation of CUGBP1 [63] and hnRNP H protein [69,70]. Understanding the
molecular pathogenic mechanism helped the development and identification of diverse
therapeutic approaches such as the reduction of toxic RNA levels [71,72], the prevention of
the MBNL protein sequestration, or the inhibition of the signalling pathway that leads to
CUGBP1 up-regulation [73-75].

3. Targets and How to Reach Them: DNA and RNA

MDs are genetic disorders caused by localised mutations of DNA. Such DNA mu-
tations result in a lack of dystrophin protein in DMD and an alteration of the protein
production in DMs (Figure 1) [57,76]. No curative therapies are available to treat the
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pathogenic causes, and the identification of new therapeutic approaches to target genetic
mutations is urgently needed [10]. The most recent strategies to counteract MDs concern
gene therapy and repurposing of drugs, as summarised in Table 1. In order to reach the
target and achieve therapeutic effect, active agents must attain skeletal muscle tissue. A
representation of their localisation is reported in Figure 2.

Table 1. Therapeutic strategies for the treatment of MDs (DMD, Duchenne Muscular Dystrophy; DM, Myotonic Dystrophy;
ASQ, antisense oligonucleotide; CRISPR, clustered regularly interspaced short palindromic repeats).

Development

Approach Active Agent Target Pathology Limitations Phase Reference
FDA approved
Etelprisen Rapid degradation by {Clin. Trial [77]
exonuclease NCT02255552)
Antisense mRNA DMD Low cellular uptake
oligonucleotides Drisaperse Activation of immune (g}];ase,[giﬂl [78,79]
311 n. Tria 78,
systemInflammatory effects NCT01254019)
cEt ASO CUG/CCUG2® DM Preclinical studies  [80,81]
Higher accumulation in
proliferating cells than in fully b . -
Not approved DNA DMD difforentiated colls Preclinical studies  [82-85]
CRISPR/Cas9 Bepilidapradicion
Uncompleted repair of protein
Not approved CTG=F DNA DM expression Preclinical studies [86]
Low transfection efficiency
. y Non-sense oy
BRI mutations on DMD i Preclinical studies  [S7-89]
antibiotics Nephrotoxicity
mRNA
Non-sense EMA approved
Ataluren mutations on DMD High dosage required {Clin, Trial [90,91]
Small molecules mRNA NCTO01826487)
Pentamidine CUGSP RNA DM DR bienicty Preclinical studies  [18,92]
Off-label use
itsizgdioye sl CTG*P DNA DM Off-label use Preclinical studies  [23-95]
E‘tYﬂ'OIIIJCIIl
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Figure 2, Organization of the skeletal muscle tissue and the target-tissue related to the class of
experimental molecules (ASO, antisense oligonucleotide; CRISPR, clustered regularly interspaced

short palindromic repeats).
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3.1. Gene Therapy and Genome Editing for MDs

Gene therapy aims at targeting gene mutations. Genetic strategy and genome editing
offer the advantage of a durahle and possibly curative approach. They aimed at improving
patient’s quality of life by i) reducing the administration frequency, thus increasing their
compliance to the treatment [97,98], and ii) providing a personalised therapy for the
correction of genetic mutations [99].

Application of gene therapy in muscle pathologies is performed by exon-skipping [58]
and CRISPR/Cas9 system [59] Exon-skipping is based on the use small of pieces of mod-
ified oligenucleotides, termed antisense oligonucleotides (ASOs), which recognise and
bind specific sequences of mRNA [58,100]. ASOs exert their activity in the nucleus by:
(i) blocking protein maturation and splicing alteration of pre-mRNA, (ii) degrading tar-
geted RNA by RNase H-enzyme and reducing mRNA level [101]. Despite their promising
features, drawbacks related to ASO’s instability, limited distribution to all diseased tissues,
rapid body clearance and difficulties of cellular internalisation have been described [102].
To overcome these issues, chemical modifications on ASO chemical structure have been
studied. Several ASO drugs were modified using the phosphorothicate backbone modi-
fication where one of the non-bridging oxygen atoms of the phosphodiester linkage was
replaced with sulphur. This modification increased the half-life of ASOs [103] and reduced
their degradation by exonucleases [104]. However, ASO-based therapies present potential
toxicities such as the off-target RNA hybridisation and the possibility to alter protein
expression [105]. In addition, they can be recognised by the immune system, inducing
proinflammatory effects [106].

In DMD patients affected by an out-of-frame mutation of DMD gene, ASO therapy
can restore the reading frame of mRNA leading to the expression of a partially functional
dystrophin protein [107]. Eteplirsen was approved in 2016 by the FDA as the first anti-
sense therapy for DMD. Eteplirsen is a 30-nucleotide phosphorodiamidate morpholino
(FMQ) ASO that resulted in an increased dystrophin production in all patients treated by
weekly intravenous (I.V.) infusion for at least 24 weeks [77]. Drisapersen, a 2’-O-methyl-
phosphorothioate ASQ, is another exon-skipping therapy for DMD in clinical development.
Phase 3 study (DMD114044; NCT01254019) evaluated the efficacy of drisapersen after
subcutaneous (5.C.) injection. The six-minute walk distance (6MWD) was the primary
endpoint considered, and no differences were reported between placebo and treated pa-
tients. Data analysis considering secondary endpoints such as the North Star Ambulatory
Assessment (NSAA), 4-stair climb ascent velocity and 10-metre walk/run velocity, showed
lack of statistical significance due to the greater data variability and subgroup heterogeneity.
However, statistically significant results were obtained in the young patients treated in the
early stage of the pathology [78]. Further studies were focused on the preclinical optimisa-
tion of drisapersen, testing its efficacy on young and older DMD mouse model, mdx. This
mouse model is characterised by an induced nonsense point mutation in the dystrophin
gene, which leads to a loss of functional protein expression [108]. Preclinical investigation
showed a comparable efficiency of exon-skipping mechanism in young and older mice, but
functional and physical improvement was only reported for treated young mice, meaning
that the stage of pathology is relevant for treatment efficacy. In vivo studies highlighted
that an early intervention with drisapersen led to functional benefits despite the low level
of dystrophin restoration. In addition, the application of drisapersen was also limited
by the reported side effects at the injection site and mostly proteinuria, which increased
al-microglobulin levels [79]. Although ASQO therapy and exon-skipping reached important
outcomes, their applicability is limited to patients affected by out-of-frame mutation and
requires continuous administrations throughout the lifetime of the patients [109,110].

ASQO therapy is also reported for the treatment of DM where it targets and neutralises
toxic CUG/CCUG*?P RNAs which sequestrate splicing factors [111]. Although there is
no approved ASO therapy for DMI, in vitro and in vivo results are promising [112-114].
It has been reported that ASOs containing 2'- 4'- constrained ethyl (cEt) modifications
can be employed to target DMPK genes and substantially reduce CUG®P RNA nuclear

72



Pharmaceutics 2021, 13, 278

7of32

foci in patient-derived DM1 myoblasts [80]. Klein et al. developed an arginine rich Pipéa
cell-penetrating peptide-conjugated PMO ASO to overcome the poor distribution of ASOs
in skeletal muscle. Pipaé-conjugated ASQ directed against CUG**P allowed an effective
concentration of ASOs in muscle fibres recovering MBNL1-dependent splicing defects [81].

In contrast to ASO therapy, genome editing induces a permanent correction of
gene mutation [115]. Initially, engineered zinc finger nucleases (ZFNs) and transcription
activator-like effector (TALENs) have been used to permanently remove splicing sequences
in DMD gene and to restore dystrophin expression [116,117]. Recently, Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) in association with specific DNA endonu-
clease protein called Cas9, targeting DNA sequencing, has been investigated to restore
the genetic mutation [118-120]. Cas9 nuclease requires a single guide RINA (sgRNA) to
form a complex with DNA by recognition with a defined 20 bp DNA sequence, known as
protospacer. The protospacer sequence is immediately followed by a short sequence called
protospacer-adjacent motif (PAM), needed by Cas9 for DNA cleavage and for genome
editing to start [121].

Promising results of CRISPR/Cas? in MD treatment were reported. Dystrephin
recovery by CRISPR/Cas? system was observed in a new DMD mouse model characterised
by a lacking exon 44 of the dystrophin gene, one of the hotspot regions for DMD gene
mutation. In this study, Cas9 and sgRNA, the main gene editing components, were encoded
by adeno-associated viruses serotype 9 (AAVs). The ratio between AAVs encoding for Cas?
and for sgRNA had an important effect on gene correction. Higher level of sgRNA ensured
higher Cas9 activity, which increased dystrophin restoration due to long-lasting presence
of sgRNA that allows continuous editing in myofibers. Combination of optimized sgRNA
and AAV vectors for delivery increased long-term correction of dystrophin mutation in
mice [82]. AAV9 have been already associated to CRISPR/Cas9 system for dystrophin
recovery in a deltaBE50-MD canine model of DMD, which leads to loss of exon 50. An
sgRINA was optimised to target a region adjacent to the exon 51 splice acceptor site, and it
resulted in high frequency of reframing events. Dystrophin protein expression was restored
to 60% by intramuscular {1.M.) injection of AAV9-Cas9 and AAVs-sgRNA-51 [83]. Besides,
CRISPR/Cas9 ability to target repeated DNA sequences also provides a possible strategy in
DM therapy [122]. Dastidar et al. evaluated CRISPR /Cas9 activity, delivered through viral
vector to excise CTG repeats in DM1 patient-derived cells, leading to the normalisation of
DMPK gene expression and the degradation of toxic RNAs. The study demonstrated the
potential application of CRISPR/Cas® excision in trinucleotides repeat expansion up to
1200 repeats [88].

Genome editing by CRISPR /Cas9 strategy requires an efficient delivery system. AAV
are used most often and have a low cargo capacity as compared with other viral vectors,
requiring a high AAV dose to deliver sgRNA for gene reprogramming in vivo [21], increas-
ing the risk of immunogenicity [123]. Traditional genome editing based on CRISPR/Cas9
technologies introduces double-stranded (ds) DNA breaks at a target locus as the first step
to gene correction. However, the potential applications of Cas9 nucleases are limited in
part by their reliance on DNA breaks, which could cause deletions, insertions or chromoso-
mal rearrangements. Due to recent advances, CRISPR /Cas9-associated base editing (BE)
approaches have emerged. These strategies do not require a dsDNA backbone but mediate
the direct conversion of base pairs, advancing the treatment of genetic disorders associated
with single nucleotide mutations [124,125]. Cytosine and adenine base-editors are the most
used tools to exert mutation transition (Cytosine {C) > Thymine (T} and Adenine (A) >
Guanine (G)), guided by a new CRISPR/Cas? system which targets the non-edited DNA
strand [126]. Ryu et al. demonstrated the application of BE in DMD treatment, using a dual
trans-splicing AAV to deliver adenine base editors {ABE). ABE treatments achieve a precise
A-to-G base mutation, restoring dystrophin expression in 17% of myofibers, following LM.
into tibialis anterior in mdx mice [127]. Moreover, due to increased interest in BE, non-viral
vectors are under investigation to replace viral constructs as delivery systems [21]. Jiang
et al. demonstrated a successful delivery of ABE using lipid nanoparticles in Tyrosinemia
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I mice, correcting the gene mutation and showing the promise of the BE approach [128].
Despite the far-reaching capabilities of the BE strategy, a major limitation of this technique
has been the ahility to generate precise edits beyond the allowed transition mutations.
Anzalone et al. described a new genome editing strategy called prime editing. This search-
and-replace technology directly writes new genetic information into targeted DNA using
a catalytically impaired Cas fused to an engineered reverse transcriptase enzyme, and a
prime editing guide RNA (pegRNA) able to recognise and bind the target site [129]. This
technology with its simplicity and precision holds great promise for the correction of point
mutation in human genetic disorders.

3.2. Drug Repurposing

Another current approach in MD treatment is drug repurposing, a strategy for identi-
fying new applications for approved or investigational drugs that are outside the scope of
the original medical indication. Drug repurposing has promising expectations regarding
efficacy, safety, cost and translation to the clinical setting. This is because repurposed
drugs have been already studied in preclinical models and humans for safety assessments.
Moreover, in many cases the formulation aspects are already developed [130].

In order to select the right candidate in a repurposing strategy, a systematic approach
that combines computational techniques and experimental studies is required. Com-
putational approaches are based on data-analysis {gene expression, chemical structure,
genotype or proteomic data, or electronic health records (EHRs)), to validate the repurpos-
ing hypothesis. Experimental approaches are also required to identify target interactions
and efficacy in appropriate models [131]. Table 1 lists the most common drugs used for
repurposing strategies in DMD and DM.

About 10% of DMD patients present a nonsense mutation, which induces a prema-
ture stop codon in dystrophin mRNA leading to non-functional protein [132-134]. Some
compounds are able to bind the stop codon, forcing the translational machinery to incorpo-
rate amino acids into the assembling protein, overcoming the stop signal and obtaining a
functional protein [87]. Restoration of dystrophin protein was studied using gentamicin,
an aminoglycoside antibiotic made of a mixture of major and minor aminoglycoside com-
ponents [88]. Barton-Davis et al. demonstrated the possibility of treating DMD nonsense
mutation using gentamicin. The drug was administered by 5.C. injection to mdx mice at dif-
ferent dosages to identify the optimal dose to restore the full-length dystrophin [87,89]. To
determine the efficacy on the suppression of premature stop codon in mdx mice, evaluation
of dystrophin protection against contraction-induced damage was examined. The number
of damaged fibres was reduced in treated mdx mice, as compared with wild type mice.
Prolonged use of gentamicin implicates nephrotoxicity, limiting the long-term administra-
tion required for genetic diseases [135]. To address toxicily issues, new aminoglycosides
and non-aminoglycosides were explored. Friesen et al. demonstrated the efficacy and
greater read through-safety window than other compounds, of a minor gentamicin com-
ponent called gentamicin X2, which shows a lower toxicity than gentamicin [136]. From
the evaluation of neuromast toxicity {cytotoxic concentration, CC50), as a substitute for
ototoxicity, CC50 of gentamicin X2 was significantly reduced compared to gentamicin.
Minor component X2 has great potential for clinical utility in treating genetic diseases
caused by nonsense mutations. Among non-aminoglycoside compounds, ataluren is a
novel, orally administered, synthetic molecule that suppresses nonsense mutation in a
way similar to aminoglycosides and increases dystrophin production [90]. Data from a
phase I1I trial did not show improvement in 6MWD of treated patients, but less physical
deterioration was demonstrated for patients receiving ataluren than for those receiving
placebo. Results reported in this trial confirmed the clinical benefit of ataluren in terms of
preservation of muscle function in DMD patients [91]. Further studies should evaluate the
long-term benefits the drug.
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In DM, the toxic foci made of CUG /CCUG®P RNA aggregates are able to sequestrate
MBNL1 splicing factor, thus altering the protein expression [61]. As an example, pentami-
dine, furamidine and erythromycin can inhibit the sequestration of splicing factors such
as MBNLI1 by CUG®P RNA sequence. Docking analyses are useful to predict the binding
conformation of small melecules to appropriate binding sites. They have been reported for
rational screens of moelecules that might selectively bind CUG structures and consequently
improve biclogical activity in DM1 models [137].

Recently, pentamidine, a diamine compound that FDA approved for the treatment of
trypanosomiasis and leishmaniasis infections [138], has heen proposed for MD treatment
and its efficacy was evaluated in vitro and in vivo. Pentamidine treatment reduced CUG*P
RNA level and rescued mis-splicing events in HeLa DM transfected cells, which expressed
960 interrupted CUG repeats. The number of nuclear foci was reduced by 21% [139]. The
efficacy of pentamidine treatment was evaluated on DM1 mouse model HSAM™ (human
skeletal actin long repeat length) that expresses ~250 CUG repeats into the final exon of
human skeletal actin [18]. Pentamidine was administered by intraperitoneal (I.P.) injec-
tion and the correction of chloride-1 and Sercal mRNA mis-splicing was essayed. The
treatment partially reversed mis-splicing events. In vivo studies highlighted a narrow
dosage window for pentamidine which cannot be used over 30 mg/kg twice a day. To over-
come dosage toxicity, chemical modifications were performed to enhance the specificity
to CUG*P RNA and to reduce the dosage. Based on the chemical backbone of pentami-
dine, other drugs showing chemical similarities were selected. Furamidine is a diamine
compound that rescues the mis-splicing events in vitro and in vivo models [92]. In HSALR
mice, furamidine increased MNBLI functional expression by inhibiting transcription of
CTG®® DNA and by disrupting the MNBL-CUG®®P complex [93]. Compared to pentami-
dine, furamidine presented the lowest number of off-target gene expression changes [94].
In combination with erythromycin, furamidine enhanced the effects on MNBL-CUG*P
complex disruption, reducing nuclear foci presence in patient-derived DM1 cells, without
specific toxic effects [95]. Considering the reduction of MBNL1 in DM1 affected cells,
small molecules improve the pathological condition by overexpression of splicing factors.
For example, ISOX and vorinostat were tested in normal and DM fibroblasts, increasing
MBNLI1 expression and revealing positive effects on DM1 models [96].

Globally, repurposing of small molecules for the treatment of DM requires extensive
investigation concerning their off-label use and the need of novel approaches to define
their therapeutic potential for a different disease.

4. New Treatments based on Nanocarriers as Alternative Strategies to Facilitate
Skeletal Muscle Targeting

Over the last years, the application of nanomedicine as a promising innovative ap-
proach to treat different pathologies such as MDs has been investigated. The architectural
and structural complexities of skeletal muscles challenge nanomedicine delivery, especially
due to the important presence of ECM [45,140]. To restrict interactions with ECM, adminis-
tration of NPs by LV. appears as a potential strategy for targeting skeletal muscle. The dense
blood capillary network of skeletal muscles increases NP’s access to muscle fibres [141,142].
However, once in the blood circulation, NFs can be rapidly cleared through the mononu-
clear phagocyte system via opsonisation or complexation with plasma proteins [143-146].
Physical and chemical instability [147,148], immunogenicity [149,150] or premature degra-
dation [151] are other limiting factors that might interfere with NPs delivery.

In addition, long-term administration is required to cure chronic disorders such as
MDs, which makes biocompatibility and biodegradability of the nanosystems impor-
tant requirements [152]. NPs should persist long enough to reverse muscle damages
without involving any additional muscle degeneration, before undergoing gradual degra-
dation [51,153]. Therefore, their design has to be optimised to associate or encapsulate
active compounds and to deliver them to skeletal muscles. As illustrated in Figure 3,
various NPs structures have been described [154]. RNA- and DNA-based nanocarriers
are obtained via electrostatic and hydrophobic-hydrophobic interactions with polymers or
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lipids [155-157]. In the case of delivery of the small molecules, their chemical properties,
such as their molecular size, structure and n-octanol-water partition coefficient have an
impact on the selection criteria for nanocarrier strategy [158,159]. Interestingly, synthetic
nanocarriers interacting by electrostatic and hydrophobic-hydrophobic interactions have
been demonstrated to deliver complex CRISPR /Cas9 systems under various forms such as
DNA, mRNA or ribonucleoproteins [160-162].
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Figure 3. Work flow for the design of innovative nanomedicine and therapeutic readout. (ASOs,
antisense oligonucleotides; CRISPR, clustered regularly interspaced short palindromic repeats).

As illustrated in Figure 3, many experimental molecules and macromolecules have
been selected as candidates for MD therapies, and a wide range of nanocarriers has allowed
their delivery to skeletal muscles, promoting in most of the cases their therapeutic potential.

The present section aims at highlighting nanosystermns used for DMD and DM applica-
tions that reached preclinical studies. An overview of the various described nanosystems

is reported in Table 2.
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Table 2. Recapitulative table of the diverse described nanosystems tested in vive for treating MDs (PEL polyethylen-

imine; PEG, polyethylene glycol; PLGA, poly(lactic-ce-glycolic acid); PMMA, poly(methyl methacrylate); NIPAM, N-
isopropylacrylamide; PEA, poly(ethylene adipate); PLys, poly(l-lysine); PPE-EA, poly(2-amincethyl propylene phosphate);
PAMAM-OH, hydroxyl-terminated poly{(amidoamine); DMPC, L-a-dimyristoylphosphatidylcholine; (C12(EC)23), poly-
oxyethylene(23) lauryl ether; NPs, nanoparticles; ASO, antisense cligonuclectide; PMO, phosphorodiamidate morpholino

oligomer; GA, glatiramer acetate; CRISPR, clustered regularly interspaced short palindromic repeats; I.M., intramuscular

injection; 1.V, intravenous injection; [.P., intraperitoneal).

Class of
Nanocarriers

Nanocarrier
Composition

Muscle
Pathology

Loaded
Molecules

Therapeutic
Target

Mouse
Model

Advantages and Limitations

Admin.
Route

Ref.

PEI-PEG

DMD

2'-OMe ASO

Dystrophin
pre-mRNA

mdx

{+) high dystrophin-positive
fibers increased
(+) long term residual efficacy
over 6 weeks
{(-) low general transfection
effidency

LM.

[163]

PEI-
PEG/PLGA

DMD

2-OMe ASO

Dystrophin
pre-mRNA

mdx

(-) no improvement
compated to PEI-PEG-ASC

LM.

[164]

PEL-Pluronic®

DMD

PMO ASO

Dystrophin
pre-mRNA

mdx

{+) dystrophin-positive fibers
increased up to 4-fold after
IM.

{+) dystrophin-positive fibers
increased up to 3-fold in all
skeletal muscles after L.V.
(+) dystrophin-positive fibers
increased up to 5-fold in heart
after LV.

(+) low muscle tissue, liver
and kidney toxicity
(-) mild general transfection
efficiency

IM./LV.

[165]

DMD

2/-OMe ASO

Dystrophin
pre-mRNA

mdx

{+) dystrophin-positive fibers
increased up to 10-fold

LM.

[166]

PEG-
polycaprolactone
PEG-
(polylactic
acid)

Polymeric

DMD

PMO ASO

Dystrophin
pre-mRNA

mdx

(+) dystrophin-positive fibers
increased up to 3-fold
(+) low muscle tissue toxicity
(-) mild general transfection
efficiency

LM.

[167]

PMMA

DMD

2-OMe ASO

Dystrophin
pre-mRNA

mdx

{+) dystrophin-positive fibers
increased up to 7-fold
(-} slow biodegradability

LP.

[168]

PMMA /NIPAM

DMD

2-OMe ASO

Dystrophin
pre-mRNA

mdx

{+) dystrophin-positive fibers
increased up to 4-fold
{(+) body-wide dystrophin
restoration after LV,

{+) exon-skipping level
enhanced up to 20-fold
(+) long term residual efficacy
over 90 days

LP./LV.

[159,
170]

DMD

2-OMe ASO

Dystrophin
pre-mRNA

mdx

{+) dystrophin-positive fibers
increased up to 3-10-fold

LM.

[171]

PEA

DMD

PMO ASO

Dystrophin
pre-mRNA

mdx

(+) dystrophin-positive fibers
increased up to 3-fold
after LM.

(+) body-wide
dystrophin-positive fibers
increased up to 3-fold
after LV.

LM./LV.

[171]

Muscle
atrophy/
DMD

pDNA

Cell nucleus

mdx

(+) transfection efficiency
enhanced up to 6-fold

[172]

PLys-PEG

Muscle
atrophy

pDNA

Cell nucleus

Balb/c

(+) transfection efficdency
enhanced up to 10-fold

LV.

[173]
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Table 2. Cont.
Class of Nanocarrier Musde Loaded Therapeutic  Mouse Advant nd Limitation Admin. Ref
Nanocarriers Composition Pathology Molecules Target Model anlages 4 AUORS Route e
(+) transfection efficiency
Muscle enhanced up to 13-fold
PPE-EA attophy pDNA Cellnucleus  Balb/c (+) long term residual efficacy LM. [174]
over 14 days
Muscle .
Atelocollagen  atrophy/ SiRNA Cytoplasm  mdx (+) higher mass muscle IM./LV. [175]
DMD increase
g Muscle Angiotensin (+} higher anti-atrophic
PAMAM-OH atrophy -7 Cytoplasm Balb/c offects LP. [176]
(+) dystrophin-positive fibers
Dystrophin increased up to 1.5-fold
PEG-bubble DMD PMO ASO pre-mRNA mebx {+) exon-skipping level M. (7]
liposomes enhanced up to 5-fold
Clenl IR {+) increased expression of
DM1 FMO ASO pre-mRNA HSA Clenl protein up to 1.4-fold LM. (78]
Nanolipoden- MyoD and - {(+) slight mass muscle
drosomes DMD GA Cytoplasm SW-1 increase LM. [179]
{+) lower inflammatory
Nanoliposomes DMD Glucocorticoide Cell nucleus mdx induced response LV. [180]
P (+) lower bone catabolic
Lipidic
effects
Hybrid (+) dystrophin-positive fibers
liposomes . . increased up to 4-fold
DMPC and DMD Gentamicin Ribosomes mdx (+) lower ototoxicity and LR [181]
(C12(EO)23) nephrotoxicity
(+) high musde strength
Perfluorocarbon DMD Rapamycin mTORCL mdx increase LV. [182]
pamy complex (+) high cardiac contractile o
performance increase
Dystrophin . .
Lipid NPs DMD CRISPR/ Cas9 DNA Abx4q ~ (+)dystrophin expression IM.  [183]
restored up to 5%
sequence
Dystrophin . .
Inorganic Gold DMD CRISPR/ Cas9 DNA mdx (+} HDR in the dystrophin IM.  [184]
sequence gene enhanced up to 18-fold

4.1, Antisense Oligonucleotides

ASO-based therapy is a powerful tool for inducing post-transcriptional modifications
and thereby regulating target genes. There are several classes of ASOs for therapeutic
purposes which differ from their phosphate backbone and ribose sugar group modifica-
tions [185]. Most ASOs used for DMD and DM are 2/O-methyl (2'O-Me), phosphorothioate
(P5) ASO and PMO oligomer modified ASOs. Depending on their chemistry, different
strategies can be obtained to modulate gene expression.

The phosphodiester and phosphorothioate internucleotide linkages confer a highly
negative charge to PS or 2’O-Me ASOs. Hence, the most common approach to incorporate
such A5Cs into NPs remains to form stable complexes with cationic polymers or lipids.
Polyplexes have been currently used for this purpose [186]. Poly(ethylene imine) (PEL) was
one of the first cationic polymers explored for gene therapy because of its efficient binding
association to nucleic acids and good transfection efficiency [187]. Nonetheless, the high
positive surface potential results in significant toxicity, especially for in vivo skeletal muscle
delivery, due to interactions with many biolegical components. To reduce the surface poten-
tial, poly(ethylene glycol) (PEG) has been added to the formulation [188,189]. Lulz’s group
developed PEI-PEG NPs obtained by the complexation of 2'O-Me ASOs with a cationic
copolymer of PEI and PEG, to restore dystrophin expression in mdx mice [163,190,191].
PEI was conjugated to nonionic linear PEG to provide NPs with a steric shield, greatly
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improving their biocompatibility. PEI-PEG-ASOs were shown to locally improve the levels
of dystrophin expression up to 20% of normal dystrophin expression in WT animals after
LM. injection without eliciting toxicity. However, cationic PEI-PEG showed poor muscle
distribution, evidenced by large untransfected areas in muscles, due to the nanoparticle
entrapment into the ECM by non-specific binding [163].

In line with Lutz’s group, Sirsi et al. proposed a strategy to shield the positive
charges of PE[-PEG-ASQ polyplexes by encapsulating them into PLGA nanospheres [164].
In vitro release studies in physiclogical medium showed a low PEI-PEG-ASO release from
PLGA nanospheres. Such slow release was correlated to the Mw of PLGA; high PLGA
Mw (72 kDa) impaired complex release, while lower PLGA Mw (17 kDa) reached 66.5%
release over 26 days. This different release span could be ascribed to the kinetic rate of
hydrolysis of PLGA. However, in vivo studies in #mdx mouse following .M. injection of
free or PLGA (17 kDa) encapsulated PEI-PEG-ASOs showed that dystrophin expression
was not improved, probably related to an incomplete ASO release of PEI-PEG-ASOs from
PLGA. Despite this lack of dystrophin expression, polyplexes encapsulation through PLGA
nanospheres appears to be an efficient sustained delivery strategy of interest for treating
chronic diseases.

Wang et al. designed PEI conjugated with Pluronic® polycarbamates (PCM) to deliver
2/0-Me ASOs in mdx mice [166]. After LM. administration, PEI-PCM NPs showed a local
increased number of dystrophin-positive fibres up to three-eight fold, superior to ASO
alone or unmodified ASO-PEI NPs. The addition of the carbamate hydrophobic groups
contributed to ASO complexation to the NPs and enhanced transfection efficiency. 2'0O-Me
AS0s were also complexed using poly(ester-amine) (PEA), a constructed polymer obtained
from PEI conjugated with Pluronic®. This polyplex demonstrated an efficacy similar to
that of PCM with a number of dystrophin-positive fibres up to 310 fold higher than ASO
alone [171].

Cationic polymethylmethacrylate (PMMA) NPs are other promising systems intended
for nucleic acids delivery [192]. Rimessi et al. proved that cationic PMMA (named T1 NPs)
complexed with 2'O-Me PS ASOs, administered by LP. injection, restored dystrophin ex-
pression in body-wide striated muscles of mdx mice [168]. Dystrophin appeared expressed
at moderate levels on the membrane of myofibers of the diaphragm, gastrocnemius and
quadriceps and was restored at lower levels on the membrane of cardiomyocytes, showing
the wide muscle distribution of T1 NPs. However, FMMA NPs are slowly degradable
and might form small aggregates at high concentration in blood circulation, limiting their
clinical use [192]. Based on these results, Ferlini et al. designed PMMA /N-isopropil-
acrylamide+ (NIPAM) NPs (ZMZ NPs) to improve the potential of PMMA-based NP's [169].
PMMA core was shielded with NIPAM cationic copolymer and used to bind and convey
2'0O-Me PS ASOs to mdx mice following L. administration. ZM2-AS0s NPs induced
efficient and widespread dystrophin restoration at low dose of A5Os in both striated and
smooth muscles, with a dystrophin expression up to 40% of muscle fibres and an exon-
skipping level up to 20% after seven days. Moreover, these nanocarriers showed long-term
residual efficacy over 90 days, demonstrating their potential as gene delivery systems for
ASQ delivery [170].

Other non-ribose modified ASOs less frequently used for MDs applications are PMO.
These ASQ modifications are aimed at increasing their nuclease resistance and mRNA
binding efficacy, but provide poor cellular uptake and rapid blood clearance related to the
uncharged nature conferred by the morpholino rings [193,194]. In contrast to negatively
charged ASQOs, the use of cationic entities as a delivery vehicle is not suitable with this
well-established ASO delivery strategy. For efficient delivery of these neutral oligonu-
cleotide analogues, lipophilic interactions through PMO and hydrophobic carriers are
privileged [195]. Kim et al. showed, as proof of concept, the potential of non-ionic PEG-
polycaprolactone and PEG-(polylactic acid) polymersomes for the LM. administration of
PMO for DMD application into medx mice [167]. The polymersomes successfully enhanced
dystrophin expression in the entire muscle length increasing three-fold the number of
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dystrophin-positive fibres as compared with free-PMO. Furthermore, these degradable car-
riers were biocompatible upon injection in the muscle, showing long-circulating properties
with an improvement of dystrophin expression over three weeks after a single injection.

Wang et al. proved previously described PCM NPs for PMO delivery in mdx mice to be
a strategy for DMD therapy [165]. Hydrophobic region of the carbamate groups enabled the
formation of ASO-PUCM carriers. These NPs dramatically improved dystrophin expression
in muscles after LM. injections with up to 57% of dystrophin-positive fibres, four-fold
superior to A5Q alone. After LV. administration, up to 15% of myofibers were dystrophin-
positive, resulting in a transfection efficiency 3-fold superior to ASC alone. In heart muscle,
PCMs demonstrated an improvement of dystrophin-positive cardiomyocytes up to 5-fold
superior, nevertheless leading to only 5% of dystrophin-positive cells. Hydrophobic PCM
NPFPs showed high toxicity, whereas more hydrophilic FCM NPs were found ineffective to
deliver PMO, emphasising the importance of a polymer’s hydrophobic and hydrophilic
balance to improve charge-neutral PMO delivery.

Amphiphilic PEA NPs previously described for 2’-OMe ASO complexation, also
proved to be efficient in delivering PMOs for DMD application in mdx mice [171]. PEA-
PMOs induced three-fold more dystrophin positive myoefibers than PMOs alone after
both ILM. and [.V. injection, with the widespread presence of dystrophin-positive fibres in
diaphragm, hiceps and heart after systemic delivery.

Other works demonstrated that bubble liposomes combined with ultrasound exposure
are an effective tool to enhance the delivery of PMOs in both HSALR and mdx mice for
DM and DMD applications, respectively. The interesting transfection efficiency properties
of these liposomes containing ultrasound imaging gas rely on their ability to cavitate
under ultrasound exposure. This combination produces transient pores in cell membranes,
enabling the direct entry of the therapeutic compeounds into the cytoplasm without in-
volvement of the endosomal pathway [196,197]. Koebis et al., demonstrated that bubble
liposomes-PMO LM. delivered in HSA™ mice locally improved the alternative splicing of
the chloride channel 1 (Clenl) gene, downregulating the high Clenl protein level in DM
muscles and thereby enhancing one of the multiple DM features [178]. To our knowledge,
this is the only study on ASO delivery using nanomedicine for DM applications that has
been tested in vivo. Negishi et al. showed the potency of identical bubble liposomes
to deliver PMO for DMD application [177]. This combination of bubble liposomes and
PMOs, followed by ultrasound exposure, locally restored dystrophin expression in mdx
mice muscles with an exon 23-skipping improvement to less than two times and a number
of dystrophin positive fibres ~five-fold superior as compared with FPMO alone. Thus, the
co-administration of bubble liposomes combined with ultrasound exposure may provide
an effective non-invasive method for PMO therapy.

Overall, to effectively deliver ASOs in skeletal muscle, nanomedicine is a fundamental
tool to ensure protection from degradation while improving both tissue and intracellular
uptake. The equilibrium of the degree of hydrophobicity, Mw and charge potential is the
key to ensure an optimum compromise between stable complex formation, efficiency and
tissue compatibility. With regard to all studies presented above, nanomedicine has achieved
encouraging improvement of ASO’s efficiency with special attention to skeletal muscles.
Furthermore, systemic administration has showed promising results on the body-wide
carrier distribution into skeletal, smooth and also cardiac muscles.

4.2. Oligonucleotides

RINA and DNA-based therapeutics are efficient and versatile strategies to regulate
gene expression, making this class of drugs attractive for a variety of applications. Similar
to negatively charged ASOs, strategies for oligonucleotides delivery are mainly based on
electrostatic interactions [198-201].

Kinouchi et al. used atelocollagen (ATCOL) to condense a siRNA downregulating
myostatin, a negative regulator of skeletal muscle growth [175]. ATCOL is a highly purified
collagen chosen for its biocompatibility with skeletal muscle, as collagen occurs naturally
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as one of its principal components [43]. Moreover, it has been reported that ATCOL
displays low in vivo immunogenicity and toxicity [202,203]. ATCOL-siRNA NPs markedly
decreased the protein levels of myostatin and thereby increased muscle mass within two
weeks after a single LM. injection in mdx mice. The authors also demonstrated the potential
of systemic ATCOL-siRINA delivery to repress myostatin expression, inducing muscle
hypertrophy in normal mice.

Poly(2-aminoethyl propylene phosphate) (FPE-EA) polymer has also demonstrated
good potential for pDNA delivery to the muscle tissue in healthy Balb /c mice [204]. The
high PPE-EA molecular weight ensures suitable hydrolytic stahility of the PPFE-EA/pDNA
complexes. Furthermore, the cleavage of the PPE-EA phosphoester bond in physiclogical
conditions gives this polymer interesting biodegradability properties. In vivo gene transfer
efficiency was evaluated using LacZ, coding for 3-galactosidase, as a model gene. After LM.
injection, PPE-EA/pDNA demonstrated a significantly higher and delayed -galactosidase
expression in muscles, up to 17-fold superior to DNA alone, highlighting the great potential
of PPE-EA polymer as muscle gene delivery [174].

Itaka et al. designed PEG-poly(L-lysine) (PEG-PLys)/pDNA NPs-mediated gene
delivery systems for skeletal muscle in order to find novel strategies to inhibit tumour
growth through the extensive capillary network wrapped around the muscle fibres [173].
The authors designed PEG-PLys to reconcile DNA binding affinity within cationic PLys
core, and tolerance under physiologic conditions through the electrically neutral shell of
PEG [205]. The transgene expression efficacy in the skeletal muscle of healthy Balb/c mice
was evaluated using pDNA encoding luciferase and GFF, as a model gene. After injection
into the blood stream of murine muscle limbs, PEG-FLys/pDNA induced a luciferase
expression up to 10-fold higher than pDNA alone in the injected muscle over 25 days.
Moreover, PEG-PLys/pDINA promoted an increased number of fluorescent-positive muscle
fibres compared to pDINA alone, a better time-dependent profile of transgene expression
without any overt signs of toxicity. Thus, PEG-PLys NPs provide prolonged transgene
expression in skeletal muscle, which is promising for the field of muscle pathologies.

Hyperbranched poly(ester amine)s (demonstrated an efficient PEAs) obtained from
chemical modifications of PET also demonstrated interesting properties as pDNA delivery
carriers in C2C12 murine muscle cells and mdx mice [172]. The authors cross-linked
low-molecular-weight PEI polymers to raise a dispersed positive charge density into the
core and enhanced gene transfection efficiency while reducing PEI associated cytotoxicity.
These biodegradable NPs effectively condensed a pDNA coding for GFP and showed a low
in vitro cytotoxicity on muscle cells. FEAs/pDNA complexes in vitro transfection with
up to 87% of fluorescent-positive C2C12 muscle cells, suggesting a transfection efficiency
2-3-fold higher than that of cells transfected with PEI/ pDNA. Finally, these nanosystems
also proved to have good potential for muscle gene delivery, showing a suhstantial increase
in fluorescent-positive muscle fibres after LM. administration.

In a way similar to ASOs, the main strategies adopted to deliver oligonucleotides into
skeletal muscle rely on the use of materials ensuring electrostatic and hydrophobic interac-
tions. Finding a compromise between hydrophobic and charge degree is crucial in gene
delivery to ensure carriers stability and great transfection efficiency while sustaining high
tissue integrity. Although these studies have been presented as promising proof-of-concept
for skeletal muscle delivery, further investigations using oligonucleotides designed for
treating MDs could warrant the use of such nanocarriers to critically cure affected muscles.

4.3. Small Molecules

Drug repurposing is an effective strategy to reuse existing licensed drugs for novel
medical indication while reducing development time, costs and minimising risk of fail-
ure [112,206]. In addition, nanomedicine has been used to enhance therapeutic potential of
drugs with restricted pharmacological profile and encompass toxicity limitations and poor
availability [207-210].
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One of the first small molecules encapsulated for MD applications was gentamicin, to
enhance its poor delivery profile to the muscle tissue and to decrease its toxicity [120,181]. In
order to overcome these drawbacks, Yukihara et al. encapsulated gentamicin inte liposomes
made of phosphatidylcholine or phosphocholine and PEG. Efficient accumulation of these
nanosystems in the cytoplasm and cytoplasmic membranes of myofibers after L.P. injection
was ohserved. Gentamicin-loaded liposomes increased the percentage of dystrophin
positive myofibers up to 7.7% compared to 2.4% for gentamicin alone and were able to
suppress the drug related ototoxicity and nephrotoxicity. However, despite the positive
features of liposomes, which led to an enhanced pharmacological profile of gentamicin,
this small molecule is candidate for only nonsense DMD mutations, thus restricting its
clinical potential only to a narrow population of DMD patients [211].

Regulating downregulated myogenic recovery factors such as Myogenic differen-
tiation 1 (MyoD) appears to be a good strategy to restore muscle differentiation and
regeneration [212]. For this purpose, Afzal et al. designed nanolipodendrosomes loaded
with synthetised MyoD and glatiramer acetate (GA), a synthetic drug that increases the
level of anti-inflammatory cytokines [17¢]. The results demonstrated that these loaded
nanosystems significantly improved muscle mass of lower-limbs in healthy SW-1 mice
after LM. injection, while no improvement was observed in the other muscles. Authors
suggested that further research would warrant the use of nanolipodendrosomes loaded
with these two candidate drugs to ameliorate muscle regeneration.

Bibee et al. developed lipid NPs of perfluorocarbon (PFC) to deliver rapamycin [182],
an immunosuppressant and anti-inflammatory agent that proved to restore defective
autophagy mechanism in mdx mice, associated with many side effects [213]. The main
advantage of PFC NPs is their exceedingly good stability in blood, as they were origi-
nally developed as a blood substitute [214,215]. After systemic injection, nanocarriers
were able to rescue a correct autophagy flux in mdx mice, thus improving both skeletal
muscle strength and cardiac contractile performance. On the other hand, no equivalent
improvement was achieved with conventional oral rapamycin administration delivered
at a concentration even 10-fold superior, corresponding to the pharmacological doses.
Furthermore, these muscle performance improvements were observed in young or adult
wild-type mice as well as in aged mice, demonstrating the broad efficiency of this therapy.
Clinically, potential deleterious consequences of rapamycin could be mitigated by the lower
required dose administration of rapamycin once loaded into PFC NPs.

Lowering the severe side effects associated with chronic glucocorticosteroid admin-
istration has been investigated by Turjeman et al., encapsulating methylprednisclone
hemisuccinate (MPS) into PEGylated nanoliposomes (NSSL) [180]. These smaller lipo-
somes (80 nm) benefit from the inflamed tissues’ unique vascular abnormality, achieving
muscle passive targeting and accumulation into the inflamed tissue [216,217]. NSSL/MPS
were mostly internalised into the diaphragm of young #udx mice after LV. injection, due to
the multiple tissue damages occurring in this organ at this stage, resulting in NPs leakage
from capillaries. A significant decrease of TGF-31 protein level was observed in serum, as
a result of protective effects against inflammation. NS5L/MPS significantly ameliorated
osteoporosis in elderly mdx mice, whereas MPS alone further increased bone catabolic
effects, increasing DMD phenotype. Finally, differences in NS5L/MPS treatment doses
showed diverse muscle benefits: lower doses demonstrating advantages in terms of muscle
strength, whereas higher doses showing benefits in terms of mobility.

Marquez-Miranda et al. developed hydroxyl-terminated poly(amidoamine) (PAMAM-
COH) dendrimer as a carrier for angiotensin (1-7), an anti-atrophic bicactive heptapeptide
highly beneficial in the treatment of skeletal muscle pathologies [176]. PAMAM-OH den-
drimers were used to increase angiotensin (1-7) short half-life, hydrolytic stability and poor
systemic distribution. To observe the anti-atrophic effect of angiotensin (1-7), the authors
unilaterally immobilised lower hind limbs of normal mice for 14 days. Loaded nanosys-
tems demonstrated the ability to restore muscle strength and recover fibres diameter of
immobilised limbs to levels similar to non-immobilised limbs after I.P. administration,
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whereas angiotensin (1-7) alone did not induce any recovery. Moreover, bone micro-
architectural structure in elderly mdx mice was less damaged over 58 weeks of NSSL-MPS
administration compared to mice treated with MPS. Altogether, these findings highlight the
potency of PAMAM-COTH /angiotensin (1-7) nanocarriers as an efficient general treatment
of dystrophies for mitigating muscle atrophy.

Many therapeutic approaches have been explored through the screening of small
molecules to reverse pathological consequences of MDs. Despite several advantages
including lower costs, ease of therapy management and faster development process, small
molecules are intended only to target downstream effects at the splicing or protein level
and not to correct mutations at the DNA or RNA levels. In the studies presented above,
nanomedicine has allowed for an increase in the therapeutic impact of experimental small
molecules or well-known effective molecules, while significantly decreasing potential
deleterious side effects.

4.4, CRISPR/Cus9 System

CRISFR/Cas9 system is a recent and powerful genome editing tool of great interest
to treat genetic disorders such as DMD and DM [100,218]. The delivery of Cas9/sgRNA
ribonucleoprotein complexes via non-viral delivery systems has been investigated to boost
its clinical applications [219,220]. Challenges rely principally on the large size of Cas9
protein and the difficulty to prevent ribonucleoprotein complexes from degrading during
the entire formulation and delivery process [183]. Lee et al. used gold NPs (GNP) to
develop innovative carriers for the delivery of the entire CRISPR/Cas? system {named
CRISPR-Gold) to restore dystrophin expression by inducing in vivo homologous directed
repair (HDR) in mdx mice [184]. Authors selected GNP as they can be easily coated with a
densely packed layer of DNA and can be internalised by a variety of cell types [221,222].
To obtain complex CRISPR-Gold, the authors coated GNP with a thiol-terminated DNA to
efficiently hybridize thicl-terminated donor DNA and trigger its rapid release once into the
cytoplasm by disulfide-bond cleavage. Cas9 protein/sgRINA was then adsorbed onto the
NPs, then finally covered with PAsp(DET) endosomal disruptive polymer. CRISPR-Gold
demonstrated the ability to efficiently deliver in vitro and in vivo both the protein and the
nucleic acid of the CRISPR/Cas? system, through their affinity with the GNP coating of
packed layer DNA. Injected simultaneously with cardiotoxin to induce further muscle
damage, CRISPR-Gold revealed in mdx mice an HDR efficiency up to 18 times higher
than CRISPR /Cas9 system itself with 5.4% restoration of the dystrophin gene. Moreover,
cryosections of CRISPR-Gold-injected muscles showed a robust dystrophin expression
nearly similar to that of wild-type mice muscle and reduced levels of muscle fibrosis, a sign
of better tissue health. CRISPR-Gold delivered under clinically relevant conditions (without
cardiotoxin) were shown to enhance animal strength and agility in mdx mice with HDR
efficiency of 1% in the dystrophin gene and minimal off-target genomic damage. Finally,
this work evidenced the absence of a broad immune response that could be potentially
induced by the Cas? bacterial protein, suggesting the possible safety of multiple injections
of CRISPR-Gold. In conclusion, the authors designed NPs able to bind all CRISPR/Cas9
components but also to intracellularly deliver them through endosomal disruptive and
disulphide reduction mechanisms. Complex and innovative CRISFR-Gold has the potential
to regenerate wild-type dystrophin to a fully functional level, appearing as a promising
treatment for genetic diseases such as DMD.

Recently, Wei et al. efficiently delivered Cas9/sgRINA ribonucleoprotein complexes to
muscle, brain, liver and lungs using lipid NPs [183]. By adjusting the molecular components
and ratios of lipids, the authors achieved tissue-specific gene editing in liver and lungs
of healthy mice C57BL /6] after systemic injection. More interestingly, these nanosystems
were evaluated in AEx44 DMD mice and were proven to restore dystrophin expression up
to ~5% after M. administration.

To our knowledge, NFs here presented are the only CRISPR/Cas9 delivery systems
using non-viral NPs that have been described for MD applications. Although CRISPR/Cas9

83



Results — Chapter 1

Pharmaceutics 2021, 13, 278

18 of 32

is currently one of the most efficient tools for genome editing, non-viral delivery strategies
are needed to improve precise gene correction.

5. Limitations In In Vitro and In Vivo Testing of Novel Treatments

The evaluation of nanomedicine behaviour in appropriate in vitro and in vivo models
able to mimic physiology and phenotypes of MDs is an important requirement for their
clinical translation. For preliminary studies and screening of different drugs, in vitro
and ex vivo models based on immortalised or mutant human and animal cells, muscle
preservation systems or tissue engineered constructs have been set-up as alternatives to
rare patient cells. In addition, different animal models have been also set up to provide
accurate in vivo MDD models. An overview of the common used in vitro, ex vivo or in vivo
models for testing novel MD treatments is provided in Figure 4.
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Figure 4. Strategies and accurate models to explore MD treatments. Broad in vitro, ex vivo and
in vivo MD) models to promote the translation of nanomedicine-based therapies (MD, muscular
dystrophies; X-MET, ex vivo-vascularized muscle engineered tissue).

In vitro studies provide a unique preliminary resource to clarify the potential risk
of NPs administration [223]. Primary cells are the most representative cell model for
studying the molecular hallmarks of these pathologies as they are directly isolated from
the patient’s tissue [224]. However, their use is limited by the poor availability of muscle
tissue due to the small samples collected by biopsy and the limited proliferative capacity
of the satellite cells isolated from the explanted fissue [225-229]. To overcome these
limitations, different strategies have been proposed. Genetic mutation characteristics of the
pathology can be exogenously introduced into immortalised cell lines such as HelLa, C2C12
myoblasts or induced pluripotent stem cells (iPS). Even if these experimental models do not
reproduce the entire genomic context, these transfected cells express the main features of
the pathogenic mechanism, providing a cell-based model for studying the splicing defects
of MDs [18,86,230]. Another approach consists in the immortalisation of primary muscle
cells by reducing their replicative senescence with the use of telomere shortening, inhibiting
the dominant p16 pathway [223,231-233]. Skin fibroblasts from patient skin biopsies can
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also differentiate into multinucleated myotubes by inducing the myogenic regulator factor
MyoD [223,224,234,235]. However, these 2D monolayer cultures inaccurately representing
in vitro tissue cells and cellular response to therapeutic treatments might be erroneous
due to the unnatural microenvironment [236,237]. In this context, 3D culture systems have
gained increasing interest as they are able to provide accurate models of organs or tissue
physiclogy and associated disorders. However, they are not exempt from limitations, such
as lack of nutrients and oxygen distribution, and accumulation of wastes into the core of 3D
culture [236,238,239]. Diverse biomimetic engineered muscle constructs, such as scaffold or
organoid cell culture, have demonstrated structural and functional characteristics similar to
native muscle, mimicking the tissue complexity [240-242]. These skeletal muscle organoids
offer an attractive alternative to preliminary in vivo studies for disease modelling and
in vitro drug screening.

Ex-vivo models have also reproduced accurate natural environment models for broad
applications, overcoming 3D cell culture challenges related to heterogeneous oxygen,
nutrient and metabolic waste distribution [237,243-245]. One possible approach for muscle
investigations is culturing skeletal muscle explants as intact muscle fibres {myofibers) or
intact muscles, preserving cell /tissue architecture and its relationship with the surrounding
anatomical structures [246]. Moreover, fluid dynamic systems may improve the organ
preservation, overcoming the loss of vasculature function by mimicking the physiological
flow for nutrient supply and catabolite withdrawal, thus supporting the metabolic activity
of the explanted tissues [243,247]. Recently, Carton et al. demonstrated the great benefit in
terms of structural preservation obtained by maintaining explanted seleus murine muscle
in a bioreactor under dynamic conditions [248]. The progressive structural deterioration
of the muscle tissue was markedly slowed, prolonging its preservation up to two days.
This innovative system allows experimental testing on the living organism with positive
ethical impact, overcoming animal injuries related to therapeutic trial. Bioengineered three-
dimensional vascularised skeletal muscle tissue (named X-MET) has also been developed by
Carosio et al., using heterogeneous primary cell populations such as myoblasts, fibroblasts
and endothelial cells [249]. This vascularised ex-vivo system closely mimicking the cellular
complexity of the muscle tissue showed biomechanical properties and activity similar
to adult skeletal muscles. Furthermore, X-MET transplanted into damaged muscle has
demonstrated interesting properties to restore muscle functionality.

To further investigate therapeutic efficacy, in vive testing remains the most repre-
sentative means of study for understanding the complex cellular and tissue mechanisms’
interactions [250,251]. Over the last years, various animal models of MDs have contributed
to clarifying the molecular phenotypes involved in these pathologies and investigating
drug screening [252-254]. Several DM animal models have been developed by reproduc-
ing the deficient dystrophin expression. As previously reported, the mdx mouse (BL10-mdx)
is the most commonly used DMD animal model and is characterised by the presence
of a stop codon located in exon 23 that leads to loss of full-length dystrophin whereas
smaller isoforms are still expressed [89,255]. Recently, D2-mdx mouse models issued from a
different genetic background (DBA2/]) have demonstrated a more pronounced phenotype
closer to patients [256]. Furthermore, Desguerre et al. described a model of chronic me-
chanical muscle injury to trigger muscle fibrosis at the same time of dystrophin-deficiency
expression in mdx hindlimb muscle [257]. DMD canine model (¢cDMD, GRMD) also car-
ries dystrophin deficit and expresses clinical phenolypes more severely than mulx mouse,
better aligning with the progressive course of DMD and thereby better translating to hu-
mans [252,258,259]. Two zebrafish dystrophin mutants, sapje and sapje-like (sapc/100),
carry a mutation in the dystrophin gene, which results in a premature stop codon, thus
mimicking muscle dysfunction with a severe phenotype [260,261]. Other less common
DMD animal models include Caenorhabditis elegans, Drosophila melanogaster, feline, rat and
pig models [252].

Regarding DM, animal models have been developed by reproducing CUG expansion,
MBNL-deficient or CELF-overexpressing phenotypes. Two main mouse models are com-
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monly used for the study of DMI and DM2: DMSXL mice, carrying ~ 1000-1800 CTG
repeats with multisystemic transgene expression, and HSAIR mice that express human
skeletal actin (HSA) transcripts containing ~ 250 trinucleotide repeats within the 3’ DMPK
UTR with skeletal muscle transgene expression [262,263]. These murine models reproduce
the DM1 and DM2 pathogenesis similarly to the human phenotype [264-268]. Two ze-
brafish models of MBNL loss of function, typical of DM, have been generated to study the
pathological aspects that characterise skeletal and heart muscles in DM [269,270]. Other
transgenic animals, such as Caenorfizbditis elegans and Drosophila melanogaster have also
been engineered to mimic some characteristics of DM phenotypes [252,262].

Although no animal model is able to completely recapitulate the aspects of the mul-
tisystemic phenotypes typical of MDs, their use is required to provide critical in-depth
assessment of proof-of-principle concept studies and preclinical experiments. The actual
growing interest and knowledge for development of in vitro and ex vivo alternatives to re-
duce clinical animal experimentation could warrant novel and better methods for assisting
in assessment of MDs therapy.

6. Future Perspectives

The recent understanding of the pathogenic mechanisms of MDs highlights the urgent
need of new and more effective treatments [20,100]. Nanomedicine demonstrated to
enhance the therapeutic potential of gene therapy and drug repurposing approaches. As
an example, pentamidine-loaded nanomedicines were used to explore the activity of the
drug, not only as an anti-leishmaniasis agent but also as an anticancer agent to reduce
drug associated toxicity, such as its severe nephrotoxicity [271,272]. Ongoing investigations
are aimed at demonstrating the efficacy of this novel formulation to treat DMI (study
in progress).

New therapeutic approaches needed a continuous administration throughout pa-
tient’s life, making the biocompatibility and biodegradability of delivery systems a crucial
feature to preserve skeletal muscle from additional alterations. As presented in this review,
the main advantages of nanosystems rely on their physico-chemical properties, namely
composition, size and surface potential that can be modulated to avoid nanocarrier toxicity,
and to load specific actives and deliver them in a target site.

To disclose the potential of nanomedicine application to MDs treatment, the gap
between in vitro and in vivo testing has to be filled. In addition, to understand the fate
of nanosystems once administered to MDs mice, biodistribution studies need to be ad-
dressed. To date, only a few investigations reported NPs biodistribution into skeletal
muscles through different administration routes as .V, LP. and .M. (tibialis anterior and
gastrocnemius muscles) [173,273,274]. After systemic administration, NFs spread into
tissues through blood systemic circulation, then, extravasate into the ECM before reaching
muscle fibres. It has been suggested that the dense blood capillary network wrapping
skeletal myofibers could be favourable toe NPs accumulation and distribution following
LV. injection [196]. Hydrodynamic injection is also known to facilitate gene delivery by
transient enhancement of the plasma membrane’s permeability [142,275,276]. However,
the applied pressure due to the hindrance of the blood flow might cause cedema and
inflammation, restricting the translation of this technique to clinic [277].

Overcoming the ECM harrier remains another important goal to improve NPs distri-
bution in skeletal muscle fibres. Surface engineered nanosystems have been designed to
actively promote the interaction between nanosystems and cells [278]. The high specificity
of antibodies for their corresponding antigen provides a selective and potent approach
for therapeutic NPs targeting [279]. As an example, the murine monoclonal antibody
(3E10}, capable of binding the surface of muscle cells, has been reported to improve ac-
tive targeting [280,281]. However, no scientific studies on antibody-functionalised NPs
have been conducted for skeletal muscle targeting so far. More commonly used, short
peptides sequences {e.g., ASSLNIA or SKTFNTHPQSTT) have proved promising as NPs

functionalization for specific lissue-targeting [282-284]. Several examples of peptides
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targeting muscle cells have been reported [285-287] and association to nanosystems may
lead to improved selectivity of NPs for skeletal muscle. Polymeric nanosystems have been
functionalised with active targeting agents that preferentially bind active molecules or
receptors expressed on the surface of muscle cells. Active targeting-dependent uptake
has been demonstrated using PLGA nanocarriers functionalised with a muscle-homing
peptide M12 [288]. Biodistribution studies revealed a preferential accumulation of targeted
NPs in skeletal muscle cells in mdx mice, compared to untargeted nanocarriers, increasing
the accumulation of polymeric NPs and enhancing therapeutic efficacy [274].

As presented in this review, nanomedicine holds promise for the development of
efficient and safe MD treatments. With the rise in biologic products development, there
is an increasing interest for effective biocompatible delivery systems that can be better
suited for biclogics leading to more effective therapeutic strategies. Further development
of nanomedicine in this area is expected to result from complementary expertise in differ-
ent research fields. Indeed, a multi-disciplinary study in drug discovery, nanomedicine,
biotechnology, biology and medicine is key to providing valid and reliable strategies that
can offer unprecedented opportunities to MD patients.
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Abstract
In a context of drug repurposing, pentamidine (PTM), an FDA-approved antiparasitic

drug, has been proposed to reverse the splicing defects associated in myotonic dystrophy
type 1 (DM1). However, clinical use of PTM is hinder by substantial toxicity, leading to
find alternative delivery strategies. In this work we proposed hyaluronic acid-based
nanoparticles as a novel encapsulation strategy to efficiently deliver PTM to skeletal
muscles cells. In vitro studies on C2C12 myoblasts and myotubes showed an efficient
nanoparticles internalization with minimal toxicity. More interestingly, our findings
evidenced for the first time the endosomal escape of hyaluronic acid-based nanocarriers.
Ex vivo studies showed an efficient nanoparticles internalization within skeletal muscle
fibers. Finally, the therapeutic efficacy of PTM-loaded nanosystems to reduce the number
of nuclear foci has been demonstrated in a novel DM1 in vitro model. So far, current data
demonstrated the potency of hyaluronic acid-based nanosystems as efficient nanocarrier

for delivering PTM into skeletal muscle and mitigate DM1 pathology.

Keywords: nanoparticles, biomaterials, C2C12 cells, muscular dystrophies, DM1 cell

model

1. Introduction

Myotonic dystrophies (DM) are dominantly-inherited genetic disorders characterized by
progressive myopathy, myotonia and multiorgan involvement, leading to possibly
premature death'. Two distinct forms of DM have been identified, among which
Myotonic Dystrophy type 1 (DMI1) is the most common and severe form
(OMIM:160900), with an estimated prevalence of 1/8000%>. The most accredited
molecular pathological mechanism relies on the abnormal CTG expansion located in the
3’ untranslated region of the DMPK (dystrophia myotonia protein kinase) gene®*. This
mutant (CTG), DNA is transcribed into (CUG), RNA, forming hairpin structures
accumulating as nuclear foci. It is well documented that these nuclear foci are associated
with a strong mis-regulation of splicing factors®’. This deregulation is triggered by two
leading biological events: on one hand the sequestration and loss-of-function of
Muscleblind-like (MBNL) proteins, in particular Muscleblind-like 1 (MBNLT); on the
other hand an up-regulation of CUG RNA-binding protein Elav-Like Family Member 1
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(CELF1)*'°, The resulting effects on RNA alterations and protein metabolism lead to the

multiple features of this complex multisystemic disease.

No therapeutic treatment is presently available for treating DM1 and conventional
approaches are applied to mitigate symptoms; however, various therapeutic strategies are
currently under development!'!. In particular, one current approach to faster and safer drug
development phase is drug repurposing, aiming to identify new therapeutic purposes of
existing drugs'? as in the case of pentamidine (PTM). PTM, an FDA-approved
antiparasitic drug currently used to treat patients with Trypanosomiasis, Leishmaniasis
and Pneumocystis infections, has been proposed as potential anticancer agent and more
recently as experimental DM1 treatment'*>~!>. PTM demonstrated to significantly reduce
the formation of nuclear foci in experimental models, eluding MBNL1 sequestration and,
consequently, reversing some splicing defects.'* However, PTM manifested a narrow
window of efficacy due to substantial toxicity at the potentially effective doses'*!¢. In
this context, the recent advent of nanotechnology led to the development of novel
therapeutic approaches with a higher safety profile. Nanomedicine enhances therapeutic
potential of drugs with restricted pharmacological profile while overcoming their poor
availability!”!8. The use of nanocarriers improve the internalization of associated drug
while decreasing the effective doses required to exert the therapeutic activity and side-

effects associated.

We recently designed hyaluronic acid-based nanoparticles (HA-PArg NPs) as carriers to
successfully associate PTM !°. Hyaluronic acid (HA) and poly(L-arginine) (PArg) have
been selected as biocompatibles and biodegradables materials for developing HA-PArg
NPs. Moreover, HA is an essential component of the extracellular and pericellular
matrixes that plays a significant role in regulating muscle cell behavior during repair and
regeneration via interaction with CD44 receptors®’. CD44 receptors are widely-
distributed type 1 transmembrane glycoprotein that binds HA and are involved in cell
proliferation, adhesion, migration, hematopoiesis and lymphocyte activation. Although
different isoforms of CD44 have been identified and are overexpressed by cancer cells
and macrophages, CD44 have been investigated on myoblasts and myotubes as crucial
modulator of early myogenesis. Therefore, interactions between HA and CD44 receptors
represents an effective strategy for increasing accumulation of associated drug at the

pathological site. Complementary, PArg was used to crosslink HA and form
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nanoparticles, while maximizing the amount of associated PTM. Moreover, this cationic
poly(aminoacid) belonging to the cell-penetrating peptide polymers is able to improve

intracellular delivery of therapeutic agents®!.

In the present work, we focused on the potential of HA-PArg NPs as safe and efficient
nanocarriers for PTM delivery to skeletal muscle. To this aim, i) HA-PArg NPs
biocompatibility, cellular uptake, intracellular distribution and fate have been
investigated on cycling (myoblasts) and terminally differentiated non-cycling (myotubes)
C2C12 cells, a spontaneously immortalized mouse myoblast cell line commonly used to
mimic skeletal muscle in vitro ; ii) HA-PArg NPs biodistribution and targeting efficiency
have been evaluated in explanted murine soleus muscle maintained in vitro under fluid
dynamic conditions; iii) the therapeutic efficacy of PTM loaded HA-PArg NPs has been
tested in C2C12 cell line transfected with human (CTG), DNA, as a DM1 cell model.

2. Materials and Methods

2.1. Materials

Sodium hyaluronate (weight-average molar mass, Mw=3.9x10* g-mol™ ") was purchased
from Lifecore Biomedical (Minnesota, USA). Poly(L-arginine) (Mw=5.9x10° g-mol ")
was provided by Polypeptide Therapeutic Solutions (Valencia, Spain). Fluoresceinamine,
PTM and anti-rat CD44 monoclonal antibody (clone IM7, all isoforms) was obtained
from Sigma-Aldrich (Saint-Quentin-Fallavier, France). Cyanine5 amine was purchased
from Lumiprobe (Maryland, USA). Bafilomycin Al was provided by MedChemExpress
(NJ, USA). Alcian Blue 8GX, Mannitol, MTT reagent and PKH26 Red Fluorescent Cell
Linker was obtained from Sigma-Aldrich (Milan, Italy). Anti-rabbit EEA1 (clone
C45B10, #3288) and anti-mouse Rab7 antibody (clone E9O7E, #95746) was provided by
Cell Signaling technology inc (Danvers, Massachusetts, USA).

2.2. HA-PArg NPs preparation and physico-chemical characterization

2.2.1. Blank, fluorescent and PTM-loaded NPs preparation

HA-PArg NPs were prepared by polyelectrolyte complexation'®. Briefly, to obtain blank
nanoparticles, 0.5 mL of sodium hyaluronate solution prepared at 7 mg.mL"! were added
to 0.5 mL of PArg solution at 0.53 mg.mL"! and left, under magnetic stirring for 30 min.

Fluorescent HA-PArg NPs used for imaging study were prepared replacing 20 % w/w of
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sodium hyaluronate by fluoresceinamine-hyaluronate (HA-FITC) or cyanine5 (HA-cy5).
HA-FITC and HA-cy5 were synthetized based on method described by Gomez-Gaete et
al?? and Fudala et al>>. PTM-loaded NPs were obtained by the same process, adding 0.5
mL of PTM to 1.5 mg.mL™"! of PArg solution before mixing with HA. Also freeze-dried

NPs were prepared according to the protocol previously established!.
2.2.2. Physico-chemical characterization of nanoparticles

NPs size distribution and surface electrical charge were measured using Malvern
Zetasizer® Nano ZS (Malvern Instruments S.A, Worcestershire, UK). Hydrodynamic
diameter and polydispersity index (PdI) were measured by Dynamic Light Scattering
(DLS) using the cumulants method. Analyses were carried out at 25 °C with an angle of
detection of 173°. Zeta potential ({) was determined by electrophoresis technique. All
samples were diluted to 0.4 mg.mL™" in KCI 1 mM and analyses were performed in

triplicate.

Colloidal stability was investigated by differential scanning calorimetry (DSC) analysis
using a Nano DSC (TA Instruments, New Castle, DE). For this purpose, freeze-dried HA-
PArg NPs and PTM-loaded NPs were resuspended at the concentration of 20 mg.mL™" in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 5 % (v/v) fetal bovine
serum (FBS), 1 % (w/v) Glutamine, 0.5 % (v/v) Amphotericin B, 100 units/mL of
Penicillin-Streptomycin (Gibco, MA, USA). Dialyzed PTM-loaded NPs purified from the
non-encapsulated PTM were obtained by overnight dialysis (14,000 Da MW cut off
membranes, Sigma-Aldrich, Milan, Italy) against water. Then, suspensions were
supplemented with 5 % of mannitol before being freeze-dried as described above and
resuspended in the same cell culture medium. All samples were degassed beforehand
under vacuum and ultrasonic conditions for 10 min. 700 pL of each sample were loaded
in the sample cell, while the same volume of reference medium was loaded in the
reference one and DSC analysis were carried out on a temperature range of 18 to 90 °C
at a rate of 2 °C.min"'; cell pressure was maintained at a constant value of 3 Atm along

the whole experiment.

Data were collected by the Nano DSCRun 4.7.1 software and analyzed by the
NanoAnalyze 3.11.0 software (TA Instruments, New Castle, DE).
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2.3. HA-PArg NPs administration to healthy myoblasts and myotubes
2.3.1. Cell culture

C2C12 myoblasts (an immortalized murine muscle cell line purchased from ATCC®
CRL-1772) were cultured under humidified atmosphere with 5 % CO; at 37 °C, in 75 cm?
plastic flasks using Dulbecco’s modified Eagle medium, supplemented with 10 % (v/v)
fetal bovine serum (FBS), 1 % (w/v) Glutamine, 0.5 % (v/v) Amphotericin B, 100
units/mL of Penicillin-Streptomycin (Gibco). For myoblasts, cells were trypsinized
(0.25% trypsin with 0.05 % EDTA in PBS) when sub-confluent, seeded at the required
concentrations (see below) and incubated for 24 h before NPs treatment. To induce
differentiation into myotubes, myoblasts were trypsinized, seeded at the appropriate
concentration and grown at 80 % confluence; then, the growth medium was shifted to a
differentiation medium with 1 % FBS for 6 days. Therefore, myotubes were treated with
NPs after 6 days of differentiation. All experiments were performed in cells below
passage 10. During NPs or PTM treatment, FBS was reduced to 5 % (v/v) to limit any

possible NPs aggregation®*%.

2.3.2. Cytotoxicity assays

The cytotoxicity of HA-PArg NPs, PTM-loaded NPs and PTM on myoblasts and
myotubes was evaluated by MTT assay. MTT assay is an indicator of cell metabolism
and the reduction in absorbance value is related to a loss of oxidoreductase enzyme
activity due to the toxicity of the treatment?. Cells were seeded in flat-bottom 96-well
plates (2 x 10° cells/well); four wells for each condition were seeded. Myoblasts and
myotubes were treated with different PTM concentrations (1 to 120 uM) either as PTM
solubilized in the medium (stock solution prepared in milli-Q water) or loaded into the
PTM-loaded NPs; in parallel, some cell samples were exposed to the equivalent
corresponding HA-PArg NPs (4 to 428 pg.mL™). Untreated cell samples were used as
control. Cells were treated for 2 h, then some samples were evaluated for cell cytotoxicity,
while others were given fresh medium and further grown until 24 or 48 h. This procedure
allowed to avoid cytotoxic effects due to the non-internalized NPs in the medium. At each
incubation time, the medium was replaced by 100 uL of MTT solution (0.5 mg.mL™! in
medium) and incubated for 3 h at 37 °C in a cell incubator. Then, MTT solution was

removed and formazan crystals were dissolved in 100 uL of DMSO. The absorbance was
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measured at 570 nm using a ChroMate 4300 ELISA microplate reader (Awareness
Technology Inc, Palm City, FL, USA). Statistical significance (p < 0.05) was determined
using one-way ANOVA followed by Kruskal-Wallis test.

2.3.3. Uptake, intracellular distribution and fate of NPs

The uptake, intracellular distribution and fate of HA-PArg NPs in both myoblasts and
myotubes were investigated by confocal fluorescence microscopy (CFM) and
transmission electron microscopy (TEM). Cells were seeded onto glass coverslips (12
mm in diameter) in 24-multiwell plate (6 x 10° cells/well). Both myoblasts and myotubes
were treated with either HA-PArg-FITC NPs or HA-PArg NPs for CFM and TEM,
respectively. Cells were incubated with NPs for 2, 24 and 48 h and then processed for

microscopy analyses.

For CFM, cells were fixed with 4 % (v/v) paraformaldehyde in PBS, pH 7.4 for 30 min
at room temperature. Cell cytoplasm was stained with 0.4 % Trypan blue (Gibco, Monza,
Italy) in water for 30 s, while cell nuclei were counterstained with Hoechst 33342 (1:1000
in PBS) for 5 min; then samples were mounted in a mixture of PBS/glycerol (1:1).
Imaging was performed by a Leica TCS SP5 AOBS system (Leica microsystem Italia)
using a 40X objective with for fluorescence excitation, a diode laser at 405 nm for
Hoechst 33342, an Ar laser at 488 nm for FITC and a He/Ne laser at 543 nm for Trypan
blue.

For TEM, cells were fixed with 2.5 % (v/v) glutaraldehyde and 2 % (v/v)
paraformaldehyde in 0.1 M phosphate buffered, pH 7.4, for 2 h at 4 °C, post-fixed with
1.5% potassium ferrocyanide and 1% osmium tetroxide for 1 h, dehydrated with acetone
and embedded in Epon resin. In order to preserve the spatial relationships between cells
and NPs, both myoblasts and myotubes were processed for TEM as monolayers?’.
Ultrathin sections were observed in a Philips Morgagni transmission electron microscope
(FEI Company Italia Srl, Milan, Italy) operating at 80 kV and equipped with a Megaview

IT camera for digital image acquisition.

All images were processed using Paint Shop Pro software (JASC Software Inc., MN,
USA).
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2.3.4. Endocytic internalization pathway

Endocytic uptake pathway of HA-PArg NPs was investigated by immunofluorescence
analyses. Cells were plated as described for CFM conditions, then treated for 5 min with
HA-PArg NPs fluorescently labelled using HA-cy5 in order to obtain a potent
fluorescence signal and fixed as for CFM analysis. Cells were stained for early and late
endosomes and CD44 receptors using EEA1, Rab7 and CD44 primary antibody,
respectively (1:100). Cell samples were washed and incubated with complementary
Alexa-fluor 488-conjugated secondary antibody (1:1000) and DAPI (stock at 20 mM
diluted 1:2000) for 1 h at room temperature. Imaging was performed by a Zeiss LSM800
confocal laser scanning microscope (Carl Zeiss AG, Oberkochen, Germany) using a 63X
objective (Plan-Apochromat 63x/1.40 oil DIC M27) with for fluorescence excitation, a
diode laser at 405 nm for DAPI, a diode laser at 488 nm for Alexa fluor 488 and a diode
laser at 640nm for HA-cyS5.

2.3.5. Endosomal escape

In order to investigate the effect of the acidic endosomal environment on the physico-
chemical properties of HA-PArg NPs, freeze-dried HA-PArg NPs were resuspended in 1
mM HEPES buffer adjusted at different pH values, from 3 to 7.4 with hydrochloric acid.
NPs size and surface charge were measured using a Malvern Zetasizer® Nano ZS as
previously described. Then, NPs intracellular uptake was studied in presence of
bafilomycin Al, a specific potent inhibitor of vacuolar-type H+-ATPases responsible of
endosomal acidification?®. Myoblasts were seeded as for the intracellular distribution
study and were pre-incubated with 1 uM bafilomycin Al for 1 h. For CFM, myoblasts
were incubated with PKH26 Red Fluorescent Cell Linker to stain the plasma membrane
and then treated with HA-PArg-FITC NPs and 1 uM of bafilomycin A1l for 30 min; this
procedure allows the identification of endosomes containing NPs thanks to the
overlapping of the two fluorophores®®**. For TEM, myoblasts were treated with HA-PArg
NPs and 1 uM of bafilomycin Al for 2 and 24 h. Cells were fixed and processed as
previously described for CFM and TEM. In addition, some samples were submitted to
the critical-electrolyte-concentration Alcian Blue method to unequivocally detect at TEM
the HA-PArg NPs internalized in the cells.>! Briefly, cells were fixed with 3 % (v/v)
glutaraldehyde in PBS pH 7 for 30 min at room temperature, stained with 1 % (w/v)
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Alcian blue 8GX in 3 % (v/v) acetic acid for 2 h at room temperature, post-fixed with 1

% osmium tetroxide for 1 h at room temperature, dehydrated and embedded in resin.

2.4. Biodistribution and targeting efficacy of HA-PArg NPs in skeletal muscle
For the biodistribution and targeting studies, soleus muscles were isolated and excised
from healthy 3-month-old male Balb/c mice sacrified with an overdose of CO; and then
proceeding with cervical dislocation in the frame of a research project approved by the
Italian Ministry of Health (protocol code: ZA/14/18). Fluorescent HA-PArg-FITC NPs
not diluted (5 pL at 3770 pg.mL!) were administered to the muscles, positioned in a
horizontal plane immediately after the explantation, by inserting horizontally a Hamilton
microsyringe into the distal extremity, as shown in figure 7A. Muscles were then
maintained under fluid dynamic conditions in a LiveFlow bioreactor (IV-Tech,
Massarosa, LU, Italy) kept in an incubator at 37 °C in a CO> humidified atmosphere for
3, 6 and 24 h. The culture medium was composed of medium 199 (Gibco) supplemented
with 25 mM NaHCO3, 5.5 mM glucose, 2.54 mM CaCl, (Merk, Kenilworth, NJ, USA),
0.6 nM insulin (Sigma-Aldrich, St. Louis, MO, USA), 0.1 % BSA (Gibco), 200 uU/mL
penicillin-streptomycin (Gibco) and 0.5% Amphotericin B (Gibco). After incubation, the
muscles were cryofixed in isopentane, embedded in OCT and 5 pm-thick sections were
collected in a cryostat. Cryosections were hydrated in PBS, stained with Trypan Blue
(1:10 in PBS) for 20 s and Hoechst 33342 (1:2000 in PBS) for 5 min, and mounted in a
mixture of PBS/glycerol (1:1). Samples were observed with an Olympus BX51
microscope (Olympus Italia Srl, Milan, Italy), equipped with a 100 W mercury lamp
(Olympus Italia Srl).

2.5. Efficacy assays of PTM-loaded NPs in cells transfected with human (CTG)n

expansion
2.5.1. Cell transfection

C2C12 cells were transfected with fef inducible bidirectional plasmids expressing GFP in
one direction and in the other a human DMPK genomic segment, containing exons 11-15
with either 0 (pBltetDMPKSGFP, Addgene #96903, used as control) or 960
(pBlItetDT960GFP, Addgene #80419), interrupted CTG repeats located in exon 15. This
system was generated by Lee et al*? and allows the fet inducible concomitant expression

of GFP and CTG repeats from the same promoter so that CTG expressing clones might

113



Results — Chapter 2

be identified by green fluorescence after doxycycline administration. Cells were grown
in Dulbecco’s modified Eagle medium, supplemented with 10 % (v/v) FBS and 1 % (w/v)
Glutamine. C2C12 were first transfected with 1 pg of pTet-On Advanced Vector
(Clontech, Mountain View, CA, USA), carrying the inducible mammalian expression
system and a neomycin resistance marker, using Transfex™ reagent (ATCC#CRL-1772,
Sesto San Giovanni, MI, Italy), according to manufacturer’s instructions. Forty-eight h
later, transfected cells were selected with 400 pg.mL' G418 (Clontech). Then stable
clones were co-transfected with 1 pg of pTK-Hyg Vector (Clontech), carrying an
hygromycin resistance marker, and 1 pg of either pBItetDMPKSGFP or
pBlItetDT960GFP, expressing GFP and modeling a wide range of CTG repeats expression
level. Two-days later, transfected cells were selected with 200 pg.mL™! hygromycin B
(Clontech). Transfected cells were maintained in medium with both 200 pg.mL™! G418
and hygromycin B and gene transcription was activated by adding 1 pg.mL™! of

doxycycline (Clontech) for 48 h.
2.5.2. Efficacy assays

PTM-loaded NPs efficacy was tested on established C2C12 (CTG)oeo transfected cell line.
Cells were seeded onto glass coverslips (12 mm in diameter) in 24-multiwell plate (5 x
10° cells/well) and incubated for 48 h to allow gene transcription. C2C12 (CTG)ogo Were
treated for 24 and 48 h with 10 or 30 uM of PTM either as PTM solubilized in medium
(stock solution prepared in milli-Q water) or loaded into the PTM-loaded NPs. Untreated
cells were used as cell control. At each incubation time point, cells were fixed with 4 %
(v/v) paraformaldehyde in PBS for 15 min at 4 °C and then post-fixed in ethanol for 30
min at -20°C. Slides were first incubated with primary anti-MBNL1 antibody 3A4 (Santa-
Cruz Biotechnology, Dallas, USA) at a dilution 1:20 in PBS containing 0.1 % BSA and
0.05 % Tween20, overnight at 4 °C. Afterward, slides were incubated with secondary
Cy3-labeled goat anti-mouse IgG antibody (Jackson Laboratories, PA, USA) diluted
1:100 in PBS for 1 h at room temperature, stained for DNA with Hoechst (33342) at a
dilution 1:10000 for 3 min and mounted in PBS/glycerol (1:1). Samples were observed
with the Olympus BX51 microscope as specified above. For each sample, the number of
nuclear foci by nucleus were manually counted for 500 GFP positive cells, testifying the
effective cell transfection. Statistical significance was determined using two-tailed

Student t tests.
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3. Results

3.1. NPs preparation, characterization and stability

HA-PArg NPs were obtained by polyelectrolyte complexation of negatively charged HA
and positively charged PArg using the ionic gelation technique!***. NPs showed a mean
diameter around 200 nm and a polydispersity index lower than 0.1, indicating that the
particles obtained were homogeneous and monodispersed. The surface potential of the
NPs was negative (about -35 mV) due to the carboxylic groups of HA exposed on the
surface. Moreover, these nanocarriers were able to associate PTM in a high amount (80
%). The presence of HA-FITC and HA-cy5 did not affect the physico-chemical properties

of the system, fluorescently labelled NPs showed similar size and zeta potential values.

Colloidal stability of HA-PArg NPs and PTM-loaded NPs in cell culture medium was
assessed using DSC analysis to determine their behavior in complex biological
environment (supplementary figure 1). DSC thermographs of HA-PArg NPs showed no
thermal change of the systems until 50 °C if compared with the reference medium,
followed by two slightly endothermic inflections probably associated with a structural
rearrangement inside the nanosystems. DSC curves of PTM demonstrated an important
exothermic peak at 33 °C whereas once loaded into NPs this important exothermic change
was shifted at 37 °C. To elucidate if the thermic change observed for PTM-loaded NPs
was due to the amount of PTM not encapsulated or due to a destabilization of the
nanosystems, PTM-loaded NPs were dialyzed overnight to remove excess of PTM. DSC
thermograph of dialyzed PTM-loaded NPs demonstrated no exothermic peak but only the
slight inflections after 50 °C correlated to the nanosystems. The absence of exothermic
peak after dialysis can explain that this peak was related to the non-encapsulated PTM

present in solution or poorly associate with the external NPs surface.
3.2. HA-PArg NPs administration to healthy myoblasts and myotubes
3.2.1. Cytotoxicity

Results of myoblasts and myotubes viability studies are reported in figure 1. In myoblasts
at all time points (2h, 24h and 48h), HA-PArg NPs presented an overall higher
biocompatibility compared to PTM-loaded NPs, while no significant difference was

observed between PTM-loaded NPs and PTM solution. At the highest concentration
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tested, 120 uM of PTM, both drug alone or drug-loaded NPs strongly reduced cell
viability. Myoblasts treated with HA-PArg NPs and PTM-loaded NPs showed a cell
viability above 75 % until 48 h at a concentration of 107 and 36 ug.mL"' respectively. In
myotubes, cytotoxicity of PTM-loaded NPs was significantly higher compared to PTM
at all time points studies. HA-PArg NPs and PTM-loaded NPs were cytocompatibles
(viability above 75 %) with myotubes treated for 48 h at a concentration of 107 pg.uL.
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Fig. 1. Cytotoxicity values measured by MTT assay in C2C12 myoblasts (A-C) and
myotubes (D-F) treated with HA-PArg NPs, PTM-Loaded NPs and PTM after 2 h (A, D),
24 h (B, E) and 48 h (C, F) treatments. Box-plots show the mean value + SE values of

triplicates. *p < 0.05 as compared to the control.
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3.2.2. Uptake, intracellular distribution and fate

Internalization and intracellular fate of HA-PArg NPs were investigated at CFM and TEM
analysis. CFM observations showed that HA-PArg NPs occurred in myoblasts after 2 h
incubation, they were preferentially distributed in the peripheral cytoplasmic region and
appeared as single small fluorescing spots (figure 2A). After 24 and 48 h, the amount of
internalized HA-PArg NPs accumulated in the perinuclear region, the NPs appearing as
large fluorescing clusters (figure 2B). In myotubes, the uptake and intracellular
distribution of HA-PArg NPs showed the same pattern as in myoblasts; however, the
amount of internalized NPs was smaller in comparison to myoblasts and never appeared

as large clusters (figure 2C, D).

TEM observations confirmed the presence of HA-PArg NPs after a 2 h incubation: they
were found to adhere to the cell surface and to be internalized via endocytosis (figure
3A). However, only a few NPs were observed inside endosomes (figure 3B), while many
NPs were found to escape endosomes (figure 3C). Most NPs occurred free in the cytosol
(figure 3D), although some NPs were partially surrounded by a dual membrane indicating
autophagic processes (figure 3E). After 24 h, many HA-PArg NPs accumulated in the
cytosol in the perinuclear region (figure 3F) and often showed a larger size in comparison
to NPs observed after 2 h incubation. In some myoblasts, HA-PArg NPs accumulated in
huge amounts and some of them were found to bud from the cell surface (figure 4A).
After 48 h, myoblasts showed the same features as after 24 h (not shown). In myotubes,
HA-PArg NPs underwent endocytosis and endosomal escape similarly to myoblasts; NPs
were found to distribute along the myofibrils bundles (figure 4B) and no large clusters

were ever observed.

HA-PArg NPs were never found inside cell nuclei. Moreover, no cell organelle damage

or alteration was observed in both myoblasts and myotubes.
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Fig. 2. CFM analysis of myoblasts (A,B) and myotubes (C,D) treated with HA-PArg-
FITC NPs for 2 h (A,C) and 24 h (B,D). Cell cytoplasm were stained for Trypan blue and
cell nuclei were counterstained for Hoechst 33342. Note the lower internalization in

myotubes. Bars, 20 um.
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Fig. 3. Transmission electron micrographs of C2C12 myoblasts treated with HA-PArg
NPs. (A-E) After 2 h, NPs (asterisks) were found to adhere to the cell surface, entering
via endocytic process (A), occur inside endosomes (B) and escape from endosomes (C),
thus accumulating free in the cytosol (D). (E) A free NP (asterisk) is partially enclosed
by autophagic dual membranes (thin arrows). (F) After 24 h, clusters of large HA-Parg
NPs (stars) accumulated in the cytoplasm; however, the cellular components were well
preserved. n, nucleus; g, Golgi complex; m, mitochondria; r, rough endoplasmic

reticulum; s, smooth endoplasmic reticulum. Bars, 200 nm.
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Fig. 4. Transmission electron micrographs of C2C12 myoblasts and myotubes treated
with HA-PArg NPs. (A) A myoblast containing large clusters HA-PArg NPs (stars). The
inset is a high magnification of the framed area showing a HA-PArg NP budding from
the cell surface (arrowhead). (B) A myotube show many HA-PArg NPs (asterisks)
occurring free in the cytosol, especially along the myofibrils bundles (f). n, nucleus; m,

mitochondria; s, smooth endoplasmic reticulum. Bars, 1 um (A); 200 nm (B and inset).
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3.2.3. Endocytic uptake pathway

To further elucidate the NPs endocytic pathway, we investigate the intracellular
distribution of HA-PArg-cy5 NPs into diverse vesicles (figure 5). CFM optical sections
showed a quite immediate internalization of HA-PArg NPs, with an intracellular
distribution of NPs in early and late endosomes after only 5 min incubation time. More
interestingly, HA-PArg NPs were highly localized inside CD44-labelled vesicles
demonstrating the importance of CD44 receptors in the NPs uptake.

HA-PArg NPs (Cyanine 5) Vesicles (Alexa Fluor 488) Merge

CD44

Fig. 5. CFM analysis of the intracellular localization of HA-PArg-cy5 NPs into diverse
vesicles in C2C12 myoblasts. After 5 min incubation, HA-PArg NPs (red fluorescent
signal) were co-localizing with early/late endosomes and CD44 vesicles (green

fluorescent signal). Bars, 10 um.
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3.2.4. Endosomal acidification inhibition

Acidic environment demonstrated to influence the surface charge of NPs without
affecting their size and distribution (supplementary figure 2). Zeta potential analysis
showed a surface charge of HA-PArg NPs around -40 mV at physiological pH and
decreased over -10 mV at pH = 3.

At CFM, myoblasts untreated with bafilomycin A1 showed a fluorescent HA-PArg-FITC
NPs distribution both inside endosomes (yellow signal due to the overlapping of the green
NPs and the red endosomes signals) and free into the cytosol (green signal) (figure 6A),
whereas in myoblasts treated with bafilomycin Al the yellow signal was prevalent,

demonstrating that NPs were localized mainly inside endosomes (figure 6B).

TEM observations demonstrated the presence of many NPs inside endosomes after 2 h,
while NPs escaping endosomes or occurring free in the cytosol were quite rare (figure
6C). After 24 h, large vacuoles (secondary lysosomes) containing heterogeneous
materials accumulated in the cytoplasm; among this material, many roundish structures
reminiscent of small NPs were observed (figure 6D). Alcian blue staining specific for HA
was found in most of these roundish structures, demonstrating that they were HA-PArg
NPs remnants; some spread HA staining was also observed inside the secondary

lysosomes.
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Fig. 6. CFM and TEM analysis of C2C12 myoblasts treated with HA-PArg NPs and
bafilomycin Al. (A) CFM optical sections of myoblasts treated with HA-PArg-FITC NPs
(B) and co-treated with bafilomycin A1. Note the higher number of green spots (free NPs)
in A. Bars, 10 pum. (C, D) Transmission electron micrographs of myoblasts co-treated
with HA-PArg NPs and bafilomycin Al. (C) A NPs (asterisks) inside an endosome
(inset). Numerous secondary lysosomes containing NP remnants (stars) accumulate in the
cytoplasm. (D) Alcian Blue staining reveals NP remnants still containing HA inside a
secondary lysosome (arrow); other NP remnants are weakly or not labelled (asterisks).

HA signal is also scattered inside the lysosomes. Bars, 200 nm.
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3.3. Biodistribution and targeting efficacy of HA-PArg NPs in skeletal muscle

Biodistribution and targeting efficacy of HA-PArg NPs were evaluated in explanted
murine skeletal muscles maintained in vitro in a fluid dynamic system able to

34 Conventional fluorescence microscopy

considerably improve organ preservation
demonstrated the presence of HA-PArg-FITC NPs into murine soleus muscles at both
short and long incubation time. After 3 h of incubation, HA-PArg-FITC NPs were found
exclusively inside muscle sections collected at the middle of the muscle, corresponding
to the area where they were injected (figure 7A). Despite their huge entrapment into the
connective tissue, NPs were found slightly internalized inside myofibers already after this
short incubation time (figure 7B). After 24 h, NPs were found internalized in higher
amount inside myofibers, while the level of NPs entrapped in the connective tissue
drastically decreased due to phagocytic activity of macrophages (figure 7C). Moreover,

NPs were found to be homogeneously distributed along the entire soleus muscle, even in

muscle sections collected at the extremity of the belly.

Proximal

K.

Fig. 7. HA-PArg NPs biodistribution into skeletal muscle. (A) Representative schema of
fluorescent HA-PArg-FITC NPs administration method into murine soleus muscle. (B,
C) Conventional fluorescent cross sections images of murine soleus muscle treated with
HA-PArg-FITC NPs and maintained under fluid dynamic conditions for 3 h (B) and 24 h
(C). Note the phagocyte that internalized some HA-PArg-FITC NPs occurring in the

extracellular matrix (C, inset). Bars, 25 pum; 5 pm (inset)
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3.4. Efficacy assays of PTM-loaded NPs in cells transfected with human
(CTG)n expansion
To establish a stable cell line modeling DM1 pathology, C2C12 were transfected with
plasmid containing either 0 or 960 CUG repeats and demonstrated a high but incomplete
transfection efficiency rate, resulting in a cell population composed of transfected cell
clones (expressing GFP) or untransfected ones. Transfected C2C12 cells containing 960
CUG repeats accumulated MBNLI in nuclear foci, whereas cells containing 0 CUG
repeats (data not shown) or untransfected cells showed a diffuse nuclear MBNLI1
distribution (figure 8A). Detailed results of the quantitative evaluation of nuclear foci are
reported in figure 8B, C. In summary, both PTM concentrations tested induced a
significant reduction in the number of nuclear foci, with some differences depending on
the administration method (as PTM-loaded NPs or PTM as-in) and the incubation time
(24 or 48 h). After 24 h, untreated C2C12 (CUG)960 showed up to 6 nuclear foci per cell
nucleus while the majority of cells contained 1-2 foci per cell. C2C12 (CUG)9s0 treated
with PTM-Loaded NPs showed up to 4 foci per nucleus while a large number of cells did
not contain foci. No statistically significant difference was observed for cells treated with
10 or 30 uM PTM-Loaded NPs. As for C2C12 (CUG)oeo treated with PTM as-in, no
statistical difference in number of foci was found with PTM-loaded NPs for the
concentration of 10 uM (although the tendency to the reduction of foci was more evident
in cells treated with NPs); conversely, the reduction was significantly stronger in cells
treated with PTM-loaded NPs 30 uM. Statistical comparisons of PTM-loaded NPs 10 uM
vs PTM-loaded NPs 30 uM or PTM as-in 10 uM vs PTM as-in 10 pM did not give

significant difference (figure supplementary 3).

After 48 h, results were generally similar to those found after 24 h. However, PTM-loaded
NPs induced a stronger reduction in number of foci in comparison to PTM as-in at both
the drug concentrations tested and statistical comparisons of PTM-loaded NPs 10 uM vs
PTM-loaded NPs 30 uM revealed a significantly stronger reduction of foci in cells treated

with the higher drug concentration.
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Fig. 8. PTM-Loaded NPs efficacy on C2C12 (CUG)eso transfected cells. (A)

Conventional fluorescence images of C2C12 myoblasts, the untransfected one does not

express GFP, while the myoblast transfected with 960 interrupted CTG repeats plasmid

expresses GFP and nuclear foci. (B) Dot-plots of the nuclear foci distribution and (C)

box-plots of the total number of foci in C2C12 (CUG)9s0 myoblasts untreated, treated

with PTM-loaded NPs or PTM for 24 h and 48 h (n = 500).
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4. Discussion

The aim of the present work was to repurpose PTM using HA-PArg NPs to treat skeletal
muscle cells affected by DM1. HA-PArg NPs were studied for their safety and
intracellular fate in cultured myoblast and myotubes, for their biodistribution in the whole

muscle and, finally, for their efficacy in PTM delivery to a DM1 in vitro model.

In order to identify the most suitable conditions to treat muscle cells, HA-PArg NPs were
tested for their toxicity in myoblasts and myotubes at increasing concentrations. MTT
assays revealed that HA-PArg NPs are well tolerated by myoblasts and myotubes up to
48 h, while PTM-loaded NPs were tolerated on myoblasts only until the concentration of
36 pg.mL!. Globally, HA-PArg NPs and PTM-loaded NPs showed a higher toxicity on
myoblasts than on myotubes, especially for the highest concentrations. This discrepancy
is likely related to the different cytokinetic and metabolic features of the two cell types*’:
myoblasts are actively cycling cells which undergo mitosis about every 20 h, thus
implying a high metabolic rate’>, whereas, due to their terminal differentiation, myotubes
are non-cycling cells*® and most of their metabolic activity is devoted to the preservation

of the contractile apparatus®”-®,

The determination of safe HA-PArg NPs concentration was crucial to allow the
investigation of their internalization extent and pathway, together with their intracellular
fate. Accordingly, the microscopical analysis (at CFM and TEM) revealed that HA-PArg
NPs enter rapidly both myoblasts and myotubes by endocytosis. CFM analysis
demonstrated that CD44 receptors play a key role in the internalization of HA-PArg NPs,
suggesting CD44-mediated endocytosis as one possible preferentially endocytic route in
the uptake of HA-PArg NPs***°, Moreover, the lower amount of HA-binding CD44
receptors on the surface of differentiated cells may explain the less efficient

internalization of HA-PArg NPs into myotubes?*#!:42,

In addition, once in the cytoplasm, HA-PArg NPs rapidly escape endosomes as
demonstrated by the lack of overlapping between NPs and endosomes fluorescence as
well as by the frequent ultrastructural observation of NPs protruding from endosomes.
Although some free NPs re-enter the lytic pathway by autophagic activity, the large
majority escape digestion (as demonstrated by the scarce residual bodies) and occur free

in the cytosol for long time, frequently showing an increase in size, maybe due to
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hydration or fusion processes (as suggested by TEM observations). It can be therefore
inferred that the ability to escape the lysosomal pathway is the primary cause for the
intracellular accumulation of large amounts of free HA-PArg NPs, which undergo
extrusion in overloaded cells. Interestingly, even in cells containing a great quantity of
NPs, no evident sign of organelle damage was observed at TEM, supporting the notion
of the biocompatibility of these nanocarriers'®. It is worth noting that HA-PArg NPs have
never been found inside cell nuclei, even in the cycling myoblasts, avoiding the
unpredictable long-term risks of interactions between nanomaterials and nucleic acids or
nuclear factors. Therefore, although in a comparative in vitro study muscle cells proved
to be much more sensitive to NPs than other cell types*, our results demonstrate that HA-

PArg NPs may be safely administered to muscle cells.

Understanding the diverse steps of the intracellular fate of a nanocarrier is of paramount
importance in order to plan a therapeutic strategy; in this view, the ability of HA-PArg
NPs to escape endosomes was thoroughly studied. To date, a scientific explanation for
the endosomal escape process has been provided only for cationic nanocarriers based on
the “proton sponge effect”*, but this is not applicable to the anionic HA-PArg NPs. Our
findings demonstrated that the inhibition of vacuolar-type H'-ATPases responsible for
endosomal acidification lead to a drastic decrease in NPs endosomal escape and cytosolic
NPs accumulation, while many secondary lysosomes containing heterogeneous material
appeared in the cytoplasm. The Alcian blue staining®!' was crucial to identify therein HA-
PArg NPs remnants and the HA released due to the enzymatic degradation. These data
provide unequivocal evidence that the intravacuolar acidification arising from the gradual
maturation of endosomes plays a key role in the escape of this nanocarrier. Thereby, we
hypothesized that buffering effect is responsible for HA protonation, decreasing HA and
PArg interactions within HA-PArg NPs. This effect promotes the fusion of the cationic
PArg with the organelle membrane, causing the rupture of the endosomal barriers and
leading to the escape of HA-PArg NPs into the cytosol. In fact, arginine rich peptides
considered as cell-penetrating peptides has demonstrated to enhance intracellular delivery
of arginine-coated polymeric NPs**7. So far, this work is one of the first to evidence

buffering effect on negative polymeric NPs.

Interestingly, HA-PArg NPs proved to efficiently enter not only cultured muscle cells,

but also myofibers in the whole skeletal muscle. This is an essential feature in view of a
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therapeutic application since skeletal muscles are complex organs made of elongated
contractile cells (myofibers) and quiescent resident stem cells (satellite cells) join together
by vascularized connective sheaths. HA-PArg NPs proved to be successfully internalized
by myofibers in the whole muscle. Fluorescent HA-PArg-FITC NPs were injected into
explanted skeletal muscle maintained in vitro under fluid dynamic conditions mimicking
the physiological environment, thus ensuring controlled experimental conditions and
excellent functional and structural preservation®*. The microscopy analysis of HA-PArg
NPs distribution revealed that these nanocarriers spread within the whole muscle in a few
hours, rapidly enter the myofibers and are efficiently removed from the connective tissue
by macrophages (as a further evidence of the optimal preservation of the explanted
organ). HA-PArg NPs can be therefore envisaged as nanocarriers suitable for i.m.

administration.

The therapeutic efficacy of PTM-loaded NPs was evaluated in C2C12 myoblasts
transfected with human (CTG), DNA, in order to obtain an in vitro model expressing
DM1 pathological phenotype. Transfected C2C12 myoblasts have been already used to

study DM1 pathogenic mechanisms*3*’

as well as to test experimental therapeutic
approaches>’. Transfected C2C12 myoblasts were treated for 24 and 48 h with either 10
or 30 uM PTM, administered as PTM-loaded NPs or as-in, then the number of nuclear
foci was assessed in 500 cells per sample. Nuclear RNA foci as well as Muscleblind-like
protein 1 sequestration are molecular pathology hallmarks of DM1°!, and the number of
foci has been widely used as a parameter to monitor the effects of therapeutic drugs'*32-2
>, Both PTM concentrations induced a significant reduction in the number of foci with
respect to control after both 24 h and 48 h. Interestingly, in cells treated with 10 uM PTM,
PTM-loaded NPs and PTM as-in induced a similar effect after 24h, but after 48 h the
reduction was significantly higher in cells incubated with NPs; in cells treated with 30
uM PTM, the PTM-loaded NPs proved to be more efficient in reducing the number of
foci at both 24 and 48 h. It is likely that the therapeutic advantage of PTM-loaded NPs
relies on their high uptake into myoblasts and sustained release of PTM in the cytosol
after escaping the lytic pathway. Moreover, by comparing the efficacy of the two PTM

concentrations in reducing the number of nuclear foci, it is evident that, after 48 h, NPs

are more efficient when loaded with 30 uM PTM, whereas no difference occur in samples
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treated with PTM as-in. This could be related again to the ability of internalized NPs to

protect the drug from enzymatic degradation and progressively release it into the cell.

5. Conclusions

Our results demonstrate that the HA-PArg NPs are stable and biocompatible system that
can be used for both cycling myoblasts and non-cycling myotubes: they enter the
intracellular environment by endocytosis, undergo endosomal escape and accumulate in
the cytosol without inducing microscopically detectable cytological alterations. Although
the differentiation stage affects the uptake efficiency, nanocarriers are well internalized
also by myofibers when injected into the whole skeletal muscle and, as a further
advantage, the NPs entrapped in the connective tissue are physiologically removed by
macrophages thus reducing the risk of inflammatory events. Moreover, when loaded with
PTM, HA-PArg NPs are able to significantly reduce the number of nuclear foci in a DM1
cell model. All these features make these nanocarriers potential candidates for delivering
therapeutic agents in vivo for treating muscle cells in DM1. The results obtained herein
using an established muscle cell line provide the experimental background for further
studies to test these nanocarriers in DM1 animal models, to evaluate their efficacy in a
living organism and define the most appropriate administration dose and route. Exploring
the potential of nanotechnology to cure non-renewing cells affected by genetic diseases
as DM represents a new challenge but, using appropriate experimental models and
taking into account the multiple physicochemical interactions between nanocarriers and
biological environment, this research field may offer novel responses to the needs of

patients presently destined to disability and premature death.
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Supplementary figure 2: Zeta potential evolution of HA-PArg NPs in 1 mM HEPES

buffer adjusted to different pH values (mean + SE, n = 2)

1 tests 240 48h

CTRL vs Loaded-NPs 10 uM p=0.001 p=0.001
CTRL vs Loaded-NPs 30 uM p=0.001 p=0.001
CTRL vs PTM 10 pM p <0001 p=0.001
CTRL vs PTM 30 pM p=0001 p=0.001
Loaded-NPs 10 pM vs PTM 10 pM p=0.147 p=0.005
Loaded-NPs 30 pM vs PTM 30 pM p=0035 p < 0.001
PTM-Loaded NPs 10 pM vs PTM-Loaded NPs 30 uM p=0212 p=0.022
PTM 10 pM vs PTM 30 pM p=03356 p=0858

Supplementary figure 3: Results of statistical comparisons (t-test) of the number of foci

in C2C12 (CUG)960 myoblasts untreated, treated with PTM-loaded NPs or PTM.
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Abstract

The main step in the assessment of
nanomaterial safety and suitability for
biomedical use is the location and the
dynamic tracking of nanoparticles (NPs)
ingide cells or tissues. To precisely investi-
gate the uptake mechanisms and intracellu-
lar fate of NPs, transmission electron
mmicroscopy 18 the technique of choice; how-
ever, the detection of NPs may sometimes
be problematic. In fact, while NPs contain-
ing strongly electron dense (eg metald
components do not require specific detec-
tion methods at the ultrastructural level,
organic NPs are hardly detectable in the
intracellular environment due to their intrin-
sic moderate electron density. In this study,
the critical-electrolyte-concentration Alcian
Blue method set up by Schofield e7 ol in
1875 was applied to track hyaluronic-acid-
based NPs in muscle cells ir wvitro. This
long-established histochemical method
proved to be a powerful tool allowing to
identify not only whole NPs while entering
cells and moving into the cytoplasm, but
also their remnants following lysosomal
degradation and extrusion.

Intreduction

During the last two decades, a massive
number of nanoparticles (NPs) have been
developed with an increasing interest
towards biomedical applications.
Innovative nanoparticulate systems have
been investipated as eg dmug carriers,
hyperthermia-inducing tools, contrast
agents, blosensors, sorting systems, scaffold
components.1? As an obvious conse-
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quence, extensive in vitro and in vive tests
have been applied to assess the suitability of
the nanosystems for their use in the biolog-
ical media and thelr functional efficacy. To
assess their toxicological profile, NPs are
commenly visualised and tracked inside
cells or tissues by conventional or confocal
fluorescence microscopy using fluorescent
markers.* To precisely investigate the
uptalke mechanisms and intracellular fate of
NPs, transmission electron microscopy
(TEM) is the technique of choice, although
the detection of NPs may sometimes be
problematic. NPs containing strongly elec-
tron dense components (e.g., iron, silver,
gold, silica) do not require specific detec-
tion methods,’*!¥ while fluorescently-
labelled nanoconstructs with intrinsic mod-
erate electron density (e.g., lipid- or poly-
mer-based NPs) can be made easily recog-
nizable by applying techniques of
diaminobenzidine (DAB) photo-
oxidation.!*? However, this latter tech-
nique is not applicable to all fluorophores
since the success of the reaction depends on
the capability of the fluorescent agent to
generate reactive oxygen species in their
excited state; moreover, its application is
unfruitful in the presence of fluorescent
background or autofluorescent sample com-
ponents.

Thanks to its high water-binding capac-
ity, blocompartibility and degradability, and
non-immunegenicity, hyaluronic acid (HA)
is of a great interest in the development of
nanoconstructs for a wide variety of
biomedical applications, from molecular
imaging to targeted drug delivery?#

In the frame of a study aimed at devel-
oping novel bliocompatible HA-nanocarri-
ers,!! we observed that these HA-based NPs
exhibit a homopeneous and weak electron-
density that makes them hardly detectable
in the intracellular milien; unfortunately, the
cell types used in our experiments (C2C12
immortalized murine muscle cells) showed
a strong {ntrinsic autofluorescence that pre-
vented to apply DAB photo-oxidation to
locate fluorescently-labelled HA-NPs at
TEM. We then decided to find an alternative
detection method to track the internalization
and intracellular traffic of these NPs at the
ultrastructural level.

So far, the critical-electrolyte-concentra-
fion technique applied to the Alcian Blue
(AB) staining is a long-established histo-
chernical method to reveal glycosaminogly-
cans in tissue slices.” In 1975, Schofield and
coll?s used this histochemically specific
technique to localize and discriminate carti-
lage mucopolysaccharides at TEM; they also
improved the Scoft and Dorling’s technique
demonstrating that the use of low concentra-
tions of AB after fixation resulted in a similar
staining pattern as after the original tech-
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nique (that required the sample fixation and
staining be simultanecusly performed). In
addition, this post-fixatlon procedure
enhanced dye staining by allowing its pene-
fration in the whole sample thickness, where-
as in the simultaneous fixation-staining
method the reaction was confined to the sam-
ple periphery. The staining consisted in elec-
{ron dense fine granules that did not mask the
cellular structural components.

Based on the data present in the litera-
fure, we investigated an innovative applica-
tion of the AR method staining: we original-
ly applied the critical-electrolyte-concentra-
tion AB method set up by Schofield e¢ @l %
to unequivocally detect HA-based NPs
administered to cultured cells which has
been never tested before.

Materials and Methods

HA-NPs were prepared by polyelec-
trolyte complexation, mixing HA (Lifecore
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Biomedical, Chaska, MN, USA} and poly-
arginine (PArg) (Polypeptide therapeutic
solutions, Valencia, Spain} with a molar
ratio HA/PArg of 5.77.1 To obtain fluores-
cent HA-NPs, 10% of the HA was conjugat-
ed with fluoresceinamine (Sigma-Aldrich,
Saint Louis, MA, USA) as previously
described.?® Dynamic light scattering was
used to characterized HA-NPs in terms of
hydrodynamic diameter, polydispersity
index (PDI} and Zeta potential (), using
Zetasizer Nano ZS (Malvern Instruments
Limited, Malvern, UK}).

C2C12 myoblasts (an immortalized
murine cell line purchased from ATCC®
CRL-1772) were cultured in 75 cm? plastic
flasks using Dulbecco’s modified Eagle
medium, supplemented with 10% (v/v)
FBS, 1% (w/v) Glutamine, 0.5% (v/v}
Amphotericin B, 100 units/mL of Penicillin-
Streptomycin (Gibco, Waltham, MA, USA}
and incubated at 37°C with 5% CO,. Cells
were trypsinized in 0.05% EDTA in PBS
and seeded onto glass coverslips (12 mm in
diameter) in 24-multiwell (6x10° cells per
well). Twenty-four hours after seeding, the
cells were treated with 107 pg/mL of either
HA-NPs or fluorescent NPs for TEM and
bright field/fluorescence microscopy,
respectively. During the treatment the per-
centage of FBS was reduced to 5% (v/v} in
order to avoid NPs aggregation. Briefly,
cells were administered the HA-NPs for 2 h,
then the medium was removed and some
samples were immediately fixed (see
below) while others were given fresh medi-
um without NPs for further 22 h before
being fixed. These experimental conditions
were selected based on previous experi-
ments on cultured muscle cells?, since by
this procedure the NPs that had not been
uptaken by cells were removed from the
medium, and it was possible to follow the
intracellular fate of the HA-NPs internalised
during the 2-h-incubation only. This avoids
possible cell overloading for long post-incu-
bation times, and limits the interference of a
medium possibly modified by the presence
of non-internalised NPs and/or the low FBS
concentration (it is worth recalling that
C2C12 myoblasts may differentiate into
myotubes when FBS concentration is main-
tained low for long times®®}. Untreated cell
samples were used as control.

For bright field and fluorescence
microscopy, control cells and cells treated
with fluorescent HA-NPs were fixed with
4% (v/v) paraformaldehyde in PBS, pH 7.4
for 30 min at room temperature. Cells were
stained with 1% (w/v} Alcian blue 8GX
(Sigma, Saint Louis, MO, USA} in 3 %
(v/v} acetic acid for 2 h at room tempera-
ture, and differentiated in tap water;?® the
cells were counterstained with Nuclear fast
red (Bio-Optica, Milan, Ttaly) for 5 min at
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room temperature, dehydrated through an
ascending series of ethanol, cleared in
xylene and finally mounted in Entellan
(Merck Millipore). The samples were
observed with an Olympus BX51 (Olympus
Ttalia Srl, Milan, Italy} microscope using a
60x objective either under bright field con-
ditions or in fluorescence (100 W mercury
lamp) using a 450480 nm exitation filter,
500 nm dichroic mirror, and 515 nm barrier
filter. Images were recorded with an
QICAM Fast 1394 digital camera
(QImaging, Surrey, BC, Canada} and pro-

\enress

cessed using Image-Pro Plus 7.0 software
{Media Cybemetics Inc., Rockville, MD,
USA).

Fluorescent HA-NPs were also stained
in suspension: briefly, 100 uL of AR solu-
tion were mixed with an equal volume of
NPs solution for 2 h at room temperature. A
drop of suspension of these AB-stained HA-
NPs was placed onto a glass slide under a
coverslip, and observed at the microscope,
under the same conditions as above.

For TEM, control cells and cells treated
with HA-NPs were fixed with 3% (v/v} glu-

b
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Figure 1. Fluoresceinamine-labelled HA-NPs in suspension as observed at conventional

fluorescence microscopy {a) and bright field microscopy
a.ger 24 h incubation with fluoresceinamine-labelled HA-NDPs: the

A C2C12 myoblast

after staining with AB (b). ¢,d)

fluorescent signal of NPs {(c) mostly overlaps AB staining (d) (encircled areas). Note the
high intracellular fluorescence background in {c}. Scale bars: 10 pm.

[European Joumal of Histochemistry 2019; 63:3086]

Figure 2. Transmission electron micrographs of C2C12 myoblasts, conventional ultra-
structural morphology: a HA-NP (arrow) adheres to the cell surface (a) and residual bod-
ies (asterisks) accumulate in the cytoplasm and sometimes bud from the cell surface

{arrowhead) (b). Scale bars: 200 nm.
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taraldehyde in PBS pH 7 for 30 min at room
temperature, treated with AR as for light
microscopy,” post-fixed with 1% OsO, for
1 h at room temperature, dehydrated with
acetone and embedded n Epon resin as pre-
vipusly described.® As a control of staining
specificity, some samples were processed as
above described but, before AR treatment,
the cells were incubated with 1 mg/ml of
hyaluronidase (Sigma H33506) in normal
saline for 1h at room temperature. Ultrathin
sections were observed without lead stain-
ing in a Philips Morgagni transmission elec-
tron microscope (FEI Company Italia Srl,
Milan, Italy) operating at B0 kV and
equipped with a Megaview II camera for
digital image acquisition. The images were
processed using Imape-Pro Plus 7.0 soft-
ware (Media Cybemetics Ine., Silver
Spring, MD, USA).

Results and Discussion

HA-NPs showed a hydrodynamic size
of 200 nm, a low PDI <0.1, and negative
potential ranging from -24 to -18 mV.

After AB staining in suspension, fluo-
rescent HA-NPs (Figure 1a) appeared as
blue dots at bright field microscopy (Figure
1b). Similarly, after NPs internalization in
cultured cells, fluorescent HA-NPs
appeared as bright green areas or spots
(Figure 1c), while they appeared as blue
clusters at bright fleld microscopy (Figure
1d). The overlapping of the blue staining
with the green fluorescence signal demon-
strated the specificity of the AB reaction for
HA-NPs (Figure 1c,d). However, some AB-
stained NPs did not match fluorescent NPs:
this could be due to combined effect of the
cell anto-fluorescence and the release of
fluoresceinamine from NPs undergoing
enzymatic degradation, which lowers NPs
brightness, and the fluorescent signal occur-
ring in the intracellular milieu, which masks
NPs fluorescence. As for cell fluorescence,
it should be underlined that C2CI2
myoblasts show an intrinsic green anto-fluo-
rescence that appeared to be increased after
incubation with fluoresceinamine-labelled
HA-NPs (not shown), thus supporting the
hypothesis of the fluoresceinamine spread-
ing following NPs degradation.

At TEM, the AB staining appeared as an
irregular gramular electron dense product, as
Schofield e¢ @l observed in cartilage sam-
ples.® In cells treated with HA-NPs, the AB
staining was found on roundish structures
with a moderate electron density corre-
sponding to the NPs observed in unstained
samples (Figure 2a) and 1o the size evaluat-
ed by dynamic light scatterng. Stained NPs
were observed adhering to the cell surface
and inside invaginations of the plasma

OPEN 8 ACCESS
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membrane (Fipure 3 ab). This evidence of
the very early events in the NP uptake pro-
cess was obtained thanks to the procedure
of embedding cells as monolayers?®, which
allows an optimal preservation of the spatial
relationships between NPs and the plasma
membrane. The AR staining was observed
on intracellular NPs occurring either inside
endosomes (Figure 3¢) or free in the cytosol
(Figure 3d). The occurrence of NPs free in
the cytosol likely facilitates the release of
fluorescent molecules, thus increasing the
intracellular background visible at fluores-
cence microscopy.

The high concentration of HA in our
NPs certainly promoted their intense AB-

positivity at TEM. However, some AR
staining was also clearly wisible in large
roundish structures (300 to 600 nm in diam-
eter) occurring as clusters in the cytoplasm
(Figure 3e), according to what observed in
unstained sarnples (Figure 2b). We hypothesize
that they represent NP residual bodies. In
these residual bodies AB staining was pref-
erentially located at the periphery, suggest-
ing a compartmentalization of HA. To con-
firm the high sensitivity of AR staining at
the ultrastructural level, the presence of HA
was still recognizable as AB-positivity even
when the residual bodies were found to be
extruded from the cell (Figure 3f), probably
due to NPs overloading.

Figure 3. Transmission electron micrographs of C2C12 myoblasts after AB staining, a,b)

The eleciron dense, granular reaction product occurs in HA-NDPs {arrows) adhe to the
cell surface, ¢) Three AB-stained HA-NPs are enclosed inside endosomes (arrr(;:v%leads),
just beneath the cell surface. d} A HA-NP free in the cytosol {open arrow} is clearly rec-
ognizable in the intracellular milieun. e} Residual bodies containing HA (asterisks} aceu-
mulate in the cytoplasm {e} and are extruded from the cell {f}. Scale bars: 200 nm.

Figure 4. Sample treated with hyaluronidase as AB staining control: note the absence of
any specitic staining, especially in the residual bodies (asterisks). Scale bar: 200 nm.

[European Journal of Histochemistry 2019; 63:3086]
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No granular electron dense product was
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Because of the copyright rules, only the summary of the manuscript can be reported

in this thesis.

Summary

Investigating at transmission electron microscopy the intracellular trafficking of
hyaluronic acid-based nanoparticles remains a challenge due to their intrinsic weak
electron density. Here we describe a simple protocol to stain hyaluronic acid that
allows visualization of hyaluronic acid-based nanoparticles inside cells at both light
and electron microscopy. By applying the critical-electrolyte-concentration Alcian
blue method, these nanoparticles were observed as blue dots at bright field
microscopy or filled with fine electron dense precipitates at transmission electron

microscopy.
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CHAPTER 4

Lipid-based nanoparticles to modulate protein expression
through DNA/RNA tools: a proof-of-concept for treating
muscular dystrophies
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Abstract

Muscular dystrophies (MDs) are genetically inherited degenerative disorders with
unmet clinical needs. Despite gene and oligonucleotides-based therapies are
providing important technological promises in treating the underlying aetiology of
genetic diseases, the requirement of sophisticated delivery carriers is from crucial

priority to clinically implement these approaches. Recent achievements carried out
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using lipid-based nanoparticles (LNP) for enabling nucleic acids delivery
highlighted the suitability and effectiveness of this groundbreaking approach for
cancer and vaccines applications. Synthetic systems based on non-viral carriers
offers several advantages compared to the current viral vector strategies,
overcoming the restricted efficiency associated to viral vectors while avoiding any
immunotoxicity. Although the widespread effectiveness of LNP to deliver different
DNA or RNA species have been already demonstrated, LNP composition is often
modified according to the nucleic acid. In the present investigations, we provided a
unique LNP composition to deliver a broad spectrum of nucleic acid as pDNA,
mRNA and siRNA for modulating protein expression in muscle cells. Based on our
recent patent, nanosystems were optimized to provide the most appropriate
complexation of the diverse nucleic acids. /n vitro studies demonstrated that our
LNP efficiently deliver nucleic acids inducing or interfering with eGFP expression,
in both C2C12 murine proliferative myoblasts and differentiated myotubes.
Interesting transfection efficiency was also demonstrated in a human immortalized
muscle cell line. So far, our investigations provide a rational design of LNP
platform for delivering small and large nucleic acids payloads that open the range

of possibilities to gene therapy strategies for the treatment of MDs.

Keywords: gene therapy, non-viral vectors, nucleic acids, GFP

pPDNA-LNP siRNA-LNP

mRNA-LNP
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1. Introduction

Muscular dystrophies (MDs), as the most commons Duchenne Muscular Dystrophy
(DMD) or Myotonic Dystrophy (DM), are genetically inherited degenerative
disorders sharing clinical features of progressive muscle wasting and weakness'.
There are many types of MDs characterized with variable phenotypes and onset
ages, correlated to different specific pathophysiology and causing from disability
to shortened span life in the most acute forms. The overall combined pooled
prevalence of MDs was recently estimated to 16 per 100,000, thus demonstrating

the extent of MDs in the current human pathologies’

. As for most of the genetic
diseases, actual conventional treatment approaches are enough to alleviate some

symptoms but do not alter genetic mutations at the root cause of the MDs.

Over the last years, the improved understanding of the pathogenesis of MDs
allowed the development of innovative nucleic acids-based therapeutic strategies™*.
Success story of such therapeutic strategies for treating neuromuscular disease is
substantiated with the recent FDA and commercially approved Zolgensma® for
SMA treatment, that proved to deliver a new working gene using AAV-vectors to
restore SMN protein levels in motoneurons®. Another suitable example is the
antisense oligonucleotide splicing modulator Spinraza® to restore protein reading
frame of SMN in motoneurons. Thereby, deliver of DNA and RNA species is a
promising strategy to modulate protein expression in affected skeletal muscle cells

in MDs pathologies.

Although several DNA and RNA strategies open the possibilities to many potential
therapeutic approaches, important drawbacks rely on their effective delivery®’.
Because of their natural occurring negative charge and hydrophilic properties,
naked oligonucleotides fail to diffuse across cell membranes and are easily and
quickly degraded in serum by nucleases, limiting drastically their pharmacokinetic
profiles. To overcome these limitations, delivery vectors are crucial to provide long-

term effects with a safe and efficient biodistribution profile.

In this context, lipid-based nanoparticles (LNP) have demonstrated their efficiency

in nucleic acid delivery, notably with the recent booming success in development

8-10

of mRNA-vaccines®'". This non-viral delivery approach provides an ideal
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alternative to the most commonly used adenovirus or AAV viral vectors associated
to limited packaging capacity, unwanted immune system response and potential

failure in patients harboring pre-existing antibodies'' 3.

Overall, many
experimental studies have demonstrated the effective delivery of pPDNA, mRNA or
siRNA through distinct LNP composition, specially correlated to the cationic or
ionizable lipid incorporated into the formulation. Although LNP enabling gene
therapy has been widely explored for cancer and more recently for vaccines

applications, this field remains poorly investigated for MDs.

The successful treatment of complex MDs will likely require the efficient delivery
of different nucleic acid strategies to treat the different affected cells involved.
Although many organs or functions as the central nervous system, cardiac or
respiratory systems may be involved according to the type of MD and the stage of
the disease, skeletal muscle damages represent the main common characteristic
clinical features to MDs. To this end, it is essential to treat proliferative myoblasts
involved in muscle regeneration but also non-renewing differentiated myotubes
forming the basic unit of skeletal muscle. In the present investigation, a unique LNP
composition made of lipidic-polymeric hybrid LNP was studied for efficient
delivery of different nucleic acids in muscle cells, focusing on pPDNA, mRNA and
siRNA. The aim was to open perspectives for a broad range of nucleic acid
therapeutic strategies for treating MDs. As proof-of-concept to modulate protein
expression in muscle cells, nucleic acids were selected to induce or interfere with
eGFP expression. To this end, nanosystems were characterized and optimized to
obtain appropriate physico-chemical properties while providing the highest nucleic
acid complexation efficiency. The most suitable nanosystems were then tested on
C2C12 murine skeletal muscle myoblasts and myotubes. Finally, as more
representative cell model in the purpose of treating MDs, the efficiency of mRNA-

LNP was also demonstrated in human immortalized cell line.
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2. Materials and methods
2.1. Materials

pCAGIG was purchased from Addgene (Massachusetts, USA, plasmid #11159).
EZ CapTM Cy5 eGFP mRNA was provided by Trilink Biotechnologies (Texas,
USA). siRNA interfering with eGFP expression was provided from Eurogentec
(Seraing, France). Sodium hyaluronate (HA, weight-average molar mass,
Mw=3.9x104 g-mol—1) was obtained from Lifecore Biomedical (Minnesota,
USA). HEPES buffer pH 5.5 and Live/dead was purchased from Sigma-Aldrich

(Saint-Quentin-Fallavier, France).

2.2. Nanoparticles formulation and characterization
2.2.1. Lipid nanoparticle preparation and complexation with nucleic acids

Lipid-nanoparticles (LNP) were prepared as described in the patent FR2112931.
Fluorescent LNP were obtained by adding a Rhodamine-fluorescently labelled lipid
to the lipid mixture (2% of the total lipids amount). Different oligonucleotides were
complexed LNP: pCAGIG (pDNA) coding for the enhanced green fluorescent
protein (eGFP), EZ CapTM Cy5 eGFP mRNA (mRNA-eGFP-cy5) coding for
eGFP expression and labelled with cyanine5 and a siRNA interfering with eGFP
expression. Complexation was performed by mixing an equal volume of LNP with
an adequate quantity of DNA or RNA, to obtain lipoplexes at different
nitrogen/phosphate ratio defined as N/P ratio. Lipoplexes were finally coated with

HA.

2.2.2. Physico-chemical characterization of complexes

Particle size distribution and surface electrical charge were measured using
Malvern Zetasizer® Nano ZS (Malvern Instruments S.A, Worcestershire, UK).
Hydrodynamic diameter and polydispersity index (PdI) were measured by Dynamic
Light Scattering (DLS) using the cumulants method and carried out at 25 °C with
an angle of detection of 173°. Zeta potential ({) was determined by electrophoresis
technique. All samples were diluted in NaCl 1 mM and analyses were performed in

triplicate.
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LNP morphology was assessed by cryogenic transmission electron microscopy
(cryo-TEM). Briefly, 3.5 pL of formulation was added on a LC300-CU LACET
grid and plunge-frozen using a Vitrobot (Thermoscientific) to generate vitreous ice.
Samples were stored in liquid nitrogen and imaged with a JEM-1400Flash electron
microscope operating at 120 kV.

Association efficiency of DNA and RNA was determined using Sybr Green® gel
agarose electrophoresis. Samples were diluted in HEPES buffer to a final DNA and
RNA amount of 0.2 ng. After addition of RNA gel loading dye, samples were then
run on 1 % (w/v) agarose gel for 30 min at 80 V. The DNA and RNA bands were

visualized and imaged using the Gel Doc™ EZ imager (Bio-Rad).

2.3. Nanoparticles administration to healthy murine myoblasts and

myotubes
2.3.1. Cell culture

C2C12 myoblasts (ATCC® CRL-1772) were cultured under humidified
atmosphere with 5 % CO; at 37 °C, in 75 cm? plastic flasks using Dulbecco’s
modified Eagle medium (DMEM) GlutaMax (Gibco), supplemented with 10 %
(v/v) fetal bovine serum (FBS), 100 units/mL of Penicillin-Streptomycin. To induce
differentiation into myotubes, the myogenic induction medium was replaced with
myogenic differentiation medium composed of DMEM GlutaMax, supplemented
with 1 % (v/v) fetal horse serum (FHS) and 100 units/mL of Penicillin-
Streptomycin (Gibco) for 6 days.

For myoblasts and myotubes plating, cells were trypsined (0.5% trypsin with 0.05
% EDTA in PBS) when sub-confluent, and seeded at 10.000 and 30.000 cells/cm?

respectively.

2.3.2. pDNA-, mRNA- and siRNA-nanoparticles transfection efficiency

and viability assays

Specific protocols have been set up to optimize in vitro transfection efficiency in

myoblasts and myotubes using pPDNA, mRNA and siRNA-LNP.

For transfection efficiency study in myoblasts, cells were seeded in flat-bottom 12-

well plates. The induction of eGFP was carried out using pPDNA and mRNA. For
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pDNA treatments, cells were incubated with 5, 7.5 and 10 ug of pDNA associated
to LNP at a N/P ratio of 1.5 and 2 during 24 h. Then the medium was removed and
replaced with fresh one, while the transfection efficiency was measured after 48 h.
For mRNA treatments, myoblasts were treated with 1 and 3 pg of mRNA associated
to LNP at a N/P ratio of 1.5 and 2 for 2 h. Then, the medium was removed and
replaced with fresh one, while transfection efficiency was assessed after 24 h. To
inhibit eGFP expression, cells were treated with 0.5, 1 and 2 pg of siRNA associated
to LNP at a N/P ratio of 10 for 2 h. Then, medium was replaced and cells were
incubated with 1 pg of mRNA associated to LNP at a N/P ratio of 1.5 for 2 h. The
medium was finally replaced with fresh one, while the transfection efficiency was
measured after 24 h. Viromer mRNA (Lipocalyx®) and Jet-Prime was used as
mRNA and siRNA/pDNA transfection control respectively, according to the
manufacturer’s instructions. After end-incubation time, cell media were collected
and cells were trypsined with Trypsin-EDTA (0.5 %, Gibco). Cell supernatant
media and corresponding detached cells were mixed and stained with a Fixable
Live/Dead Violet solution for cell viability assessment. Data were acquired with a
BD LSR 2 flow cytometer and eGFP expression and cell viability were
analyzed using FlowJo software. Statistical analyses were determined with
GraphPad Prism v8.1 software.

For transfection efficiency study in myotubes, cells were cultured onto 4-
compartements Labtek culture chamber. For mRNA treatments, myotubes were
treated with 0.5 pg of mRNA associated to LNP at a N/P ratio of 1.5. While, in the
case of siRNA treatments, cells were treated firstly with 0.25, 0.5 and 1 pg of
siRNA associated to LNP at a N/P ratio of 10, followed by 0.5 pg of mRNA
associated to LNP at a N/P ratio of 1.5. All treatments were incubated during 2 h,
then the medium was removed and replaced with fresh one, while transfection
efficiency was assessed after 24 h incubation. Samples were mounted in
Fluoromount mouting medium (Invitrogen) and imaged with a Leica DM400 B
using a 40X objective. For each sample, the number of eGFP+ myotubes were

manually counted for 100 fibers.
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2.3.3. pDNA-, mRNA- and siRNA-nanoparticles internalization efficiency

in myoblasts

For internalization efficiency study, myoblasts were seeded in flat-bottom 12-well
plates. The internalization of the nanocarriers was assessed using fluorescent LNP.
Myoblasts were then treated with 5 ug of pDNA associated to LNP at a N/P ratio
of 1.5, 1 ng of mRNA associated to LNP at a N/P ratio of 1.5 or 1 pg of siRNA
associated to LNP at a N/P ratio of 10. Internalization efficiency was assessed after
2, 4, 24 and 48 h of incubation. Samples were incubated with treatments for 2 h,
then medium was removed and replaced with fresh one. After each time point, cells
were washed, trypsined with Trypsin-EDTA (0.5 %, Gibco) and stained with a
Fixable Live/Dead Violet solution for cell viability assessment. Data were acquired
with a BD LSR 2 flow cytometer and data were analyzed using FlowJo software.

Statistical analyses were determined with GraphPad Prism v8.1 software.

2.3.4. Uptake and intracellular distribution of LNP in myoblasts and

myotubes

For microscopy confocal analysis, myoblasts were seeded onto glass coverslips (12
mm in diameter) in 24-multiwell plate and myotubes were cultured onto 4-
compartements Labtek culture chamber. Myoblasts were treated with 1 pg mRNA
associated to LNP at a N/P ratio of 1.5 and myotubes were treated with 0.5 pg of
mRNA associated to LNP at a N/P ratio of 1.5. Cells were treated for 30 min, 2 and
24 h and then samples were fixed with 4 % (v/v) paraformaldehyde in PBS, for 15
min at room temperature. Cell cytoplasm was stained with Phalloidin-Atto 488
(Sigma) diluted 1:20 in PBS for 1 h at room temperature, while cell nuclei were
counterstained with DAPI (stock at 20 mM diluted 1:2000) for 1 h at room
temperature. Samples were finally mounted in Fluoromount mounting medium
(Invitrogen) and imaging was performed by a Zeiss LSM800 confocal laser
scanning microscope (Carl Zeiss AG, Oberkochen, Germany) using a 63X

objective.
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2.4. Nanoparticles administration to immortalized human skeletal muscle

cells
2.4.1. Cell culture

Human immortalized myoblasts cell line (AB1167c4) was obtained from the
MyoBank (Insitute of Myology, Paris, France). Myoblasts were cultured under
humidified atmosphere with 5 % CO2 at 37 °C in DMEM GlutaMax (Gibco),
supplemented with 20 % (v/v) FBS, 25 pg/mL of fetuin (Sigma-Aldrich), 5 pg/mL
of insulin (Gibco), 0.2 pg/mL of dexamethasone (Sigma-Aldrich), 0.5 ng/mL of
Fibroblast Growth Factor, 5 ng/mL of Epidermal Growth Factor and 0.1 % (v/v) of
gentamicin (Gibco). To induce differentiation into myotubes, the myogenic
induction medium was replaced with myogenic differentiation medium composed

of DMEM GlutaMax, 1 % of gentamicin and 10 pg/mL of insulin.

For myoblasts and myotubes plating, cells were seeded in 96-well plate precoated
with Collagen I (Thermo Fischer Scientific) at a concentration of 30,000 and

100,000 cells/cm? respectively.

2.4.2. mRNA-transfection efficiency and cell confluence

Transfection efficiency study in myoblasts and myotubes was evaluated after
treatment with 0.1, 0.25 and 0.5 pug of mRNA associated to LNP at a N/P ratio of
1.5 and 2. Plates were incubated and imaged for 48 h at 37 °C in an Incucyte Zoom
time lapse microscopy system (Sartorius). Phase images and green fluorescence
images were obtained each 6 hours. Image processing algorithms were applied
using Incucyte software to assess the percentage of cells expressing eGFP and the

percentage of cell confluence.

3. Results

3.1. Characterization of pDNA, mRNA and siRNA-LNP
3.1.1. LNP preparation and physico-chemical properties

LNP were prepared according to the patent FR2112931. The hydrodynamic

diameter was around 30 nm, with a PdI lower than 0.3 (data not shown). The surface
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potential of the LNP was positive, with a value of zeta potential ({ potential) of
around +30 mV. Similar results were obtained for fluorescent LNP, demonstrating
that the incorporation of PE-Rhodamine into LNP does not affect the physico-
chemical properties of LNP.

3.1.2. Nucleic acid complexation to LNP and physico-chemical

characterization

Complexation of LNP with nucleic acids were performed varying lipids:nucleic
acids ratio, defined as N/P ratio and corresponding to the positive to negative charge
ratio. This parameter is one of the most important for the development of carriers
for nucleic acids delivery as it influence the charge of complexes, the association
efficiency and more importantly the transfection efficiency'*'®. As shown in figure
1, N/P ratio was varied from 1.5 to 4 for higher molecular weight nucleic acids as
pDNA and mRNA, and from 2 to 10 for smaller nucleic acids as siRNA. The
hydrodynamic diameter of pDNA-LNP, mRNA-LNP and siRNA-LNP at different
N/P ratios were relatively similar with a size around 200 nm and a low
polydispersity index lower than 0.2. Furthermore, { potential of these different
complexes were comparable, with a negative value around -20 mV. This negative
surface potential of LNP is related to the surface coating of HA acting as a stealth
shield covering the cationic charge of uncoated LNP. HA has been proposed as
alternative to PEGylation to provide enhanced stability and avoid rapid clearance
through the reticulo-endothelial system after administration, while overcoming any
potential immune responses triggered from PEG molecules!”!®. The physico-
chemical characterization of the different complexes obtained with pDNA, mRNA
or siRNA demonstrate that the type of nucleic acid and the different N/P ratios

tested did not have impact on the size, PdI and { potential of the nanosystems.
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Figure 1: Physico-chemical properties and association efficiency of LNP complexed with pDNA,
mRNA or siRNA at different N/P ratio. Physico-chemical characterization of complexes was
investigated by DLS to assess the hydrodynamic diameter (A) and { potential (B) of each complex.
DNA and RNA retardation assays of the different complexes was used to assess the association
efficiency of LNP with pDNA and siRNA (C).

3.1.3. Association efficiency of nucleic acid for the different LNP-nucleic

acid complexes

Electrophoretic assay was performed to assess the complexation of the nucleic acids
with LNP at the different N/P ratios. Figure 1C showed that for pPDNA-LNP, pDNA
from pDNA-LNP samples was retained compared to pDNA free in solution,
demonstrating that pDNA was efficiently complexed with LNP for N/P ratios of
1.5,2, 3 and 4. This complexation was stronger at higher N/P ratios as demonstrated
by the decrease in the band intensities. Similar results were obtained for mRNA-
LNP that demonstrated an efficient complexation for N/P ratios of 1.5 to 4 (data not
shown). For siRNA-LNP, siRNA was not efficiently complexed with LNP at N/P
ratios from 2 to 8 as showed by the presence of RNA bands similar to the one of
siRNA free in solution. However, at a N/P ratio of 10, electrophoretic assay show
that siRNA was retained, demonstrating the efficient complexation of siRNA to
LNP. Heparin displacement assay was conduct on siRNA-LNP at a N/P ratio of 10
(heparin/siRNA (w/w) ratio of 25) in order to release RNA from LNP and confirm

that the absence of siRNA band is due to its complexation and not its degradation
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(data not shown). Results obtained demonstrated the presence of a siRNA band
similar to siRNA free in solution after heparin displacement assay, proving that at

a N/P ratio of 10, siRNA is efficiently complexed with LNP and not degraded.

Based on these results regarding the efficiency of the LNP to complex different
nucleic acids, we selected for further investigations the N/P ratios 1.5 and 2 for

pDNA-LNP and mRNA-LNP and the N/P ratio of 10 for siRNA-LNP.

3.1.4. Morphology of the different LNP-nucleic acid complexes

Morphological study was investigated at Cryo-TEM as it is the most powerful way
to observe nanostructures in a frozen-hydrated state representative of their natural

state in solution®.

pPDNA-LNP mRNA-LNP siRNA-LNP

Figure 2: Cryo-TEM images of pDNA-LNP and mRNA-LNP at a N/P ratio of 1.5 and siRNA-LNP
at a N/P ratio of 10. Bars: 200 pm.

As showed by Cryo-TEM images (figure 2), the formation of typical multilamellar
particle structures have been obtained for pDNA-LNP, mRNA-LNP and siRNA-
LNP. These structures are formed from the rearrangement of the LNP due to the
strong electrostatic interactions between cationic lipids and negatively charged
nucleic acids. Regarding pDNA-LNP and mRNA-LNP, it seems that complexes are
made of several small multilamellar vesicles whereas siRNA-LNP appears as the
resultant of isolated larger multilamellar vesicles. This slight difference may be
explained by the lower size of siRNA compared to pDNA and mRNA, helping for

better reorganization during complexation.
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3.2. In vitro assays on C2C12 murine muscle myoblasts and myotubes

3.2.1. Internalization efficiency of pDNA-LNP, mRNA-LNP and siRNA-
LNP

Investigating the internalization rate and kinetics of LNP is primordial to assess the
percentage of cells that internalized LNP over time and to approximatively estimate
the delay in DNA incorporation and RNA translation or inhibition. To this end, PE-
Rhodamine lipid was incorporated into the composition of the LNP to fluorescently
labelled the particles and the percentage of C2C12 myoblasts with fluorescent LNP

was investigated at flow cytometry analyses (figure 3).
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Figure 3: Internalization efficiency of pPDNA-LNP and mRNA-LNP at a N/P ratio of 1.5 and siRNA-
LNP at a N/P ratio of 10 in C2C12 murine myoblasts after 2, 4, 24 and 48 h treatment.

As showed in figure 3, similar internalization rates were obtained for pPDNA-LNP,
mRNA-LNP and siRNA-LNP. Flow cytometry analysis showed for all complexes
a quick and highly efficient internalization into C2C12 myoblasts, with nearly all
the cells positives to the rhodamine signal after only 2 h of incubation. This
internalization rate was kept constant up to 48 h, meaning that the different

complexes were not totally expulsed or degraded from the cells.
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3.2.2. Transfection efficiency and cytotoxicity assays of pDNA-LNP and
mRNA-LNP

The efficiency of LNP to enter and intracellularly deliver pDNA or mRNA was
firstly investigated in myoblasts. To this end, eGFP was used as reporter protein to
monitor DNA and RNA transfection efficiency by assessing the percentage of
myoblasts expressing eGFP at flow cytometry. As positive control to verified DNA
and RNA integrity, commercial transfection agents for pDNA and mRNA
transfection were used (Jet-Prime® and Viromer® respectively). Following
preliminary assays to investigate the kinetic of transfection of pDNA-LNP and
mRNA-LNP and determine the incubation time required to reach the maximum of
eGFP expression, the assessment of transfection efficiency was performed after 48

h for pPDNA-LNP and 24 h for mRNA-LNP.

Regarding pDNA-LNP, data showed a dose and N/P dependent transfection
efficiency profile (figure 4, A). The transfection efficiency of pDNA-LNP at N/P
1.5 was almost two times higher compared to pDNA-LNP at N/P 2 for all
concentrations tested. Furthermore, data demonstrated an efficient transfection
efficiency of pPDNA-LNP comparable to the commercial agent, with up to 60 % of
cells expressing eGFP when treated with 10 nug of pDNA associated to LNP.
Interestingly, the increase in pDNA treatment (from 5 to 10 pg) only induced a
slightly enhancement in the transfection efficiency. The cells treated with pDNA
did not show any sign of transfection, with a percentage similar to untreated cells.
Regarding the transfection efficiency of mRNA-LNP, the same trend observed with
pDNA was obtained (figure 4, B). However, no differences were observed between
mRNA-LNP at N/P 1.5 and 2. Also in this case, data showed a highly efficient
transfection efficiency comparable to the Viromer® commercial agent, with up to
90 % of myoblasts expressing eGFP when treated with 3 ug of mRNA associated
to LNP. As expected, myoblasts treated with only mRNA did not show any sign of

transfection.
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Figure 4: Transfection efficiency and cell viability of pDNA-LNP and mRNA-LNP in C2C12
myoblasts and myotubes. Flow cytometry analyses of C2C12 myoblasts treated with pDNA-LNP
(A) and mRNA-LNP (B) to assess the transfection efficiency. Live/dead violet assays of C2C12
myoblasts treated with pPDNA-LNP (C) and mRNA-LNP (D) to investigate the cell viability.
Transfection efficiency of C2C12 myotubes treated for 48h with 10 pg of pDNA-LNP and for 24h
with 0.5 pg of mMRNA-LNP at a N/P ratio of 1.5 (E). The transfection efficiency was determined at
fluorescence microscopy for 100 fibers counted. Conventional fluorescence microscopy images of
C2C12 myotubes one day after treatment with pDNA-LNP and mRNA-LNP at N/P ratio of 1.5.
Bars: 30 pm. (F).

To investigate the cytotoxicity induced by the different complexes at the different
N/P ratios, a live/dead viability assay was performed. Data showed that cells
incubated with pDNA-LNP expressed a decreased in cell viability compared to that
of the control, in a similarly trend of the Jet-Prime® commercial agent (figure 4,

C). This decrease in cell viability may be correlated to the 24-h incubation time
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with pDNA-LNP and shorter incubation-time may enhance the cell viability
without altering the transfection efficiency. Regarding myoblasts treated with
mRNA-LNP, only a slight decreased in cell viability was observed compared to that
of the control with up to 90 % of living cells for all conditions, whereas the
Viromer® induced a decreased in cell viability around 80 % (figure 4, D). This
higher cell viability compared to pDNA-LNP may be explained by the reduced time
of incubation with the mRNA-LNP (2 h).

Based on the results obtained, pPDNA-LNP at a N/P ratio of 1.5 that demonstrating
a higher transfection efficiency were selected to be proved on myotubes. For
mRNA-LNP, although the N/P ratios of 1.5 and 2 demonstrated a similar
transfection efficiency, the lower N/P ratio was selected as it corresponds to the

formulation with the higher mass concentration of RNA.

The transfection efficiency of pDNA-LNP and mRNA-LNP on myotubes was
determined by manual counting of the number of eGFP positive myotubes as these
long fibers cannot be analyzed by flow cytometry. Regarding pDNA-LNP, any
overt sign of transfection was observed in myotubes, even at the highest dose tested
on myoblasts. Moreover, no transfection was also observed for pPDNA transfected
with the commercial agent, triggering also cell toxicity visualized by the
detachment of some myotubes. On the other hand, mRNA-LNP demonstrated a
high transfection efficiency on myotubes, with up to 80 % of cells expressing eGFP
and without inducing any overt signs of toxicity. This high efficiency was also
obtained with only 0.5 pg of mRNA associated to LNP, demonstrating the efficacy
of LNP to deliver mRNA. Interestingly, myotubes were find to preferentially

express eGFP compared to not-differentiated myoblasts present on the sample.

3.2.3. Intracellular release of mRNA-LNP

The intracellular distribution of LNP and the intracellular release of the nucleic
acids in myoblasts and myotubes were investigated at confocal fluorescence
microscopy using fluorescent LNP. Confocal fluorescence microscopy analyses
demonstrated a rapid and efficient internalization of mRNA-LNP in a time
dependent manner both in myoblasts and myotubes. Regarding myoblasts, many

particles were found internalized in the cytosol after only 30 min of incubation
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(figure 5, A). After 24 h incubation time, LNP were mainly distributed in the
perinuclear region without entering the cell nucleus (figure 5, C). Further
investigations carried out in immunofluorescence demonstrated that LNP were not
accumulated either in the endoplasmic reticulum, nuclear lamins or Golgi apparatus
(data not shown). Regarding myotubes, mRNA-LNP were observed mainly
localized on the cell membrane after 30 min incubation, indicating an
internalization process relatively slower in myotubes than myoblasts (figure 5, E).
Confocal fluorescence images demonstrated an efficient internalization of mRNA-
LNP after long-incubation time, with many particles found distributed in the cytosol
(figure 5, F). Similar distribution pattern in myoblasts and myotubes was also

observed for pPDNA-LNP and siRNA-LNP using fluorescent LNP (data not shown).

I Fluorescent LNP [l mRNA-eGFP-cy5 [l mRNA-eGFP-cy5-LNP [ Actin [_] Nucleus

Figure 5: Intracellular distribution of mRNA-LNP and release profile of mRNA in C2C12 myoblasts
and myotubes. Confocal fluorescence microscopy analyses of myoblasts (A-C) and myotubes (D-
E) treated with 1 pg of mRNA-LNP at a N/P ratio of 1.5 for 30 min (A, D), 2 h (B) and 24 h (C, E).
Actin filaments were stained with Phalloidin-Atto-488 and cell nuclei were counterstained with
DAPI. Intracellular release of mRNA from LNP was assessed through the colocalization of the LNP
and mRNA fluorescent signals. Bars: 10 pm.

To investigate the intracellular release profile of nucleic acids from LNP, mRNA-

LNP were selected as mRNA is labelled with cyanineS5. To this end, a colocalization
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study was performed to infer the overlap of red signal from LNP and blue signal
from mRNA, giving rise to a pink signal. Confocal fluorescence images
demonstrated in myoblasts a rapid release of mRNA from LNP, with a partial
colocalization of mRNA and LNP after 30 min incubation (figure 5, A). After 2 h
incubation, almost no colocalization was observed indicating a total release of
mRNA from LNP (figure 5, B). Furthermore, the signal of mRNA was nearly absent
for cells treated with mRNA-LNP for 24 h, as mRNA has been probably translated
in eGFP protein by the cells (figure 5, C). For myotubes, data showed that mRNA
and LNP were entirely colocalized during the internalization phase at 30 min
incubation time (figure 5, E). After 24 h incubation time, mRNA was totally
released from LNP and a decrease in mRNA signal was observed as in myoblasts

(figure 5, F).

3.2.4. Transfection efficiency and cytotoxicity assays of siRNA-LNP

The transfection efficiency of siRNA-LNP in myoblasts and myotubes was
assessed using an siRNA inhibiting eGFP protein expression. In order to study the
efficiency of siRNA-LNP to silence eGFP protein, eGFP expression was induced
using mRNA-LNP as it has demonstrated high transfection efficiency in both
myoblasts and myotubes. Preliminary assays demonstrated that highest transfection
efficiency rates were obtained when cells were firstly treated with siRNA-LNP,
followed with mRNA-LNP incubation. Regarding myoblasts, transfection
efficiency was investigated using flow cytometry. Data showed a high transfection
efficiency of siRNA-LNP in myoblasts with a dose-dependent profile (figure 6, A).
Less than 30 % of cells were expressing eGFP for cells treated with 2 pg of siRNA
associated to LNP (at a N/P ratio of 10) and 1 pg of mRNA-LNP at a N/P ratio of
1.5, whereas 70 % of cells not treated with siRNA-LNP were expressing eGFP. On
the other hand, myoblasts treated with siRNA using Jet-prime® as commercial
agent showed to decrease the percentage of cells expressing eGFP only to a value
of 50%. Moreover, live/dead assays carried out at flow cytometry demonstrated a
totally safe transfection of siRNA using LNP (figure 6, B). Taken together, these
results prove an efficiency almost two times higher of LNP than Jet-Prime® to

transfect siRNA in myoblasts without inducing cell toxicity.
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For myotubes, transfection efficiency of siRNA-LNP was determined by manual
counting of the number of GFP positive myotubes as these long fibers cannot be
analyzed by flow cytometry. Data showed the same pattern than in myoblasts. Less
than 20 % of myotubes were expressing eGFP after treatment with 1 pg of siRNA-
LNP at a N/P ratio of 10 and 0.5 ug of mRNA-LNP at a N/P ratio of 1.5, whereas
up to 80 % of cells not treated with siRNA-LNP were expressing eGFP (figure 6,
C). Hence, these investigations demonstrate to decrease almost by four the
percentage of myotubes expressing eGFP without inducing any overt sign of cell

toxicity (figure 6, D).
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Figure 6: Transfection efficiency and cell viability of siRNA-LNP in C2C12 myoblasts and
myotubes. Flow cytometry analyses of C2C12 myoblasts treated with 0.5, 1 and 2 pg of siRNA-
LNP at a N/P ratio of 10 before induction of eGFP with 1 ug of mRNA-LNP at a N/P ratio of 1.5 to
assess the transfection efficiency (A) and the cell viability (B) 24 h later. Transfection efficiency of
C2C12 myotubes treated for 24 h with 0.25, 0.5 and 1 pg of siRNA-LNP at a N/P ratio of 10 before
induction of eGFP with 0.5 ug of mRNA-LNP at a N/P ratio of 1.5, determined at fluorescence
microscopy for 100 fibers counted. Conventional fluorescence microscopy images of C2C12
myotubes treated with 0.5 pg of mRNA-LNP at a N/P ratio of 1.5 with and without siRNA treatment
with 0.25 pg of siRNA-LNP at a N/P ratio of 10. Bars: 20 um. (D).

3.3. In vitro assays on immortalized human skeletal muscle cells

Within the framework of treating muscular dystrophies, human skeletal muscle
cells appear as a representative healthy cell model. For this purpose, the efficiency

of LNP to deliver mRNA was assessed in immortalized human skeletal myoblasts
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using Incucyte time-lapse analyses. After treatment with 0.1, 0.25 and 0.5 pg of
mRNA-LNP at a N/P ratio of 1.5 and 2, data showed a high transfection efficiency
of mMRNA-LNP in a time-dependent manner. The expression of eGFP started after
6 h incubation and the maximum of eGFP positive cells were obtained followed 24
h incubation. These percentage of cells expressing eGFP were relatively constant
until 48 h incubation. In comparison to C2C12 murine muscle cells, mRNA-LNP
at a N/P ratio of 2 demonstrate a slight lower transfection efficiency than mRNA-
LNP at a N/P ratio of 1.5. The highest transfection efficiency was obtained for
myoblasts treated with 0.5 pg of mRNA-LNP at a N/P ratio of 1.5, with up to 75 %
of cells expressing eGFP. Lipofectamine2000® used as commercial agent to
transfect mRNA and thus as positive control, demonstrated a faster transfection
efficiency with almost all cells expressing eGFP after 6 h incubation and starting to

decrease after 48 h.

CJ Oh 0= 6h BW 12h B 18h EE 24h EE 48h [ Oh O3 6h BN 12h W 18h WM 24h WM 48h
100 100
o 804 » 80+
3 T
+ 60 . 60
g £
O 404 O 404
s S .
& 204 X 204
0 T 0 T
> O N} (oY
a'?’?@ '190 ‘:‘9 q‘?\}% \QQ & '190 @‘}Q q‘,:’\} \QQ
o &
& mRNA-LNP N/P 1.5 & mRNA-LNP N/P 2
- >
C D
] Oh 3 6h B 12h EE 18h HE 24h EE 48h ] Oh =3 6h B3 12h BE 18h HE 24h EE 48h
120+ B 120 .
_ 100 ] . 100 1
E,, 80- ? BU—-
3 0 3 60
2 404 2 404
Q J 8 o
© 204 204
0 Ll 0- | L
) ) o » S
0.5@5 & o o¥ o9 & - o° R
8 & Q' il © & o © ©
o® &
&° MRNA-LNP N/P 1.5 & mRNA-LNP N/P 2
& o

Figure 7: Transfection efficiency and cell viability of mRNA-LNP in immortalized human skeletal
muscle myoblasts. Incucyte time-lapse analyses of immortalized human skeletal myoblasts treated
with 0.1, 0.25 and 0.5 pg of mRNA-LNP at N/P 1.5 and 2 to assess the transfection efficiency (A-
B) and cell viability (C-D).

176



Results — Chapter 4

In the meanwhile, the toxicity of the different complexes was assessed by
normalizing the percentage of cell confluence with the one of the untreated controls.
Overall, no cell toxicity was demonstrated for all mRNA-LNP complexes and even
a slightly higher cell viability was observed compared to the control. Only
Lipofectamine2000® presented a decrease in cell viability up to 80 % after 48 h

incubation.

4. Discussion

The objective of this present study was to investigate the efficiency of selected LNP
to efficiently deliver different DNA and RNA species in proliferative myoblasts
and differentiated myotubes. To this end, pPDNA, mRNA and siRNA nucleic acid

sequences were selected to induce or interfere with eGFP expression.

In this study, DNA and RNA species were complexed to our recently patented LNP
formulation. By varying the N/P ratio, high as small molecular weight nucleic acids
were efficiently complexed to LNP. Low N/P ratio around 1.5 was sufficient and
suitable to complexation of large nucleic acids such as pPDNA or mRNA whereas
higher N/P ratio around 10 was required to complex small nucleic acid as siRNA.
Although no significant differences were observed regarding the morphology of the
different systems, they all demonstrated an internal architecture composed of
concentric lamellae alternating lipid bilayers and nucleic acid monolayer condensed
between them. Such structures have been widely reported for nucleic acids
complexed to cationic LNP and proved to be suitable for nucleic acid stability as it

promotes better protection from degradation by nucleases®! 3.

The ability of our pPDNA-LNP, mRNA-LNP and siRNA-LNP to efficiently enter
cells were evaluated in C2C12 murine cells, a well-characterized and commonly
used skeletal muscle cell line**. Our combined flow cytometry analyses and
confocal fluorescence microscopy provided crucial information about the uptake
and internalization kinetic of our nanosystems. Firstly, all nanosystems
demonstrated a high internalization efficiency in C2C12 myoblasts with nearly all
cells containing nanosystems in only 2 h incubation and for up to 48 h. This long

intracellular resident time means that nanosystems are not totally expulsed from
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cells and as suggested in the literature, lipids of LNP have been probably exchanged
with the cells once intracellularly released into the cytosol as for extracellular
vesicles®?%. Confocal fluorescence analyses demonstrated that nanosystems were
rapidly internalized in both myoblasts and myotubes with a cytoplasmic
accumulation without entering the cell nucleus. Moreover, intracellular release of
mRNA from LNP investigated through a colocalization study showed the
intracellular time-dependent release profile of mRNA for both cell types. This high
intracellular release of the nucleic acid content is crucial to unveil the therapeutic

potential of nucleic acids?’.

The transfection efficiency of the different nanosystems were firstly investigated in
myoblasts, that are usually easier to transfect than myotubes due to their cellular
proliferation rate’®?. As expected, our investigations showed a faster protein
expression for mMRNA-LNP and siRNA-LNP than pDNA-LNP due to their different
intracellular gene transfer processes>>!. The transfection efficiency of pDNA-LNP
and mRNA-LNP to induce eGFP expression was comparable to the commercial
transfection agent with up to 60 and 90 % of GFP+ cells respectively. To study the
inhibition of eGFP protein expression, myoblasts were firstly treated with siRNA-
LNP before inducing protein expression using mRNA-LNP. This sequential order
of treatment was essential to interfere with eGFP expression immediately when
eGFP-coding mRNA was intracellularly released. Our results showed a transfection
efficiency two times superior at the commercial transfection agent was obtained.
Moreover, our nanosystems did not induce toxicity, except for pPDNA-LNP that
showed a decrease in cell viability due to the long-time incubation of particles with

cells.

More interestingly, the same experiments were also performed on myotubes. This
is an essential feature for therapeutic application since skeletal muscles are complex
organs made of elongated contractile cells (myofibers) and quiescent resident stem
cells (satellite cells)**3*. Despite the high internalization of pPDNA-LNP, any overt
signs of transfection were visualized in mature myotubes. This phenomenon can be
explained through the higher dimension of pDNA compared to the cell pores and
through the cell differentiation stage**. As pDNA must reach the cell nucleus to

express the protein of interest, pDNA transfection is more challenging into
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differentiated cells even if pDNA is correctly delivered intracellularly®. In fact,
non-proliferent cells do not process cell division, a crucial step in which cells
undergo breakdown and reformation of the nuclear envelope, offering an
opportunistic way for pDNA to enter the cell nucleus*®. On the contrary, mRNA-
LNP and siRNA-LNP demonstrated a high transfection efficiency at even low
administered doses, without inducing any over signs of toxicity. These findings are
highly promising considering that differentiated myotubes are hard to transfect and
that current approach employ the widely controverted electroporation technic®’~°.
Although other types of carriers as PLGA, mesoporous and liposomes reported a

4041 our LNP showed to efficiently enter

lower uptake capability in myotubes
myotubes and deliver nucleic acid content. Thereby, our findings hold promise to
cure the non-renewing differentiated cells forming the basic unit of skeletal

muscles.

Finally, mRNA-LNP were tested in a human immortalized muscle cell lines as more
representative healthy cell model in a view of treating muscular dystrophies. Our
investigations demonstrated a high transfection efficiency of mRNA-LNP in
myoblasts, with up to 80 % of cells expressing eGFP, as in murine muscle
myoblasts. Therefore, these encouraging results in human cells proved fruitful to
be tested in different established human cell model of MDs expressing the etiology,

and the pathophysiological progression®? 4,

5. Conclusion

The present investigations demonstrate the suitability of our LNP to deliver pDNA,
mRNA and siRNA into both cycling myoblasts and non-cycling myotubes. The
high internalization rate and high ability to transfect nucleic acids for inducing or
inhibiting eGFP expression, together with the interesting intracellular nucleic acid
payload release, demonstrate the efficiency of our LNP as carriers for enabling gene
delivery in muscle cells. Thus, exploring the potential of such nanosystems promise
to cure not only regenerating muscle cells but also non-renewing affected cells. In
summary, the results obtained herein using eGFP protein as reporter gene in healthy

murine and human muscle cell lines provide the experimental background for
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further studies, to prove the efficacy of our LNP to deliver therapeutic nucleic acid
sequences in muscular disease-like cell and animal models. Whereas most currently
described LNP aim to deliver one type of nucleic acid, our LNP have been
leveraged for more broadly nucleic acid applications and have demonstrated to
efficiently bind and deliver different DNA and RNA species into muscle cells.
Thereby, this promising approach provides a universal platform technology for
delivering small as large nucleic acid payloads and open the range of possibilities

to several gene therapy strategies for treating neuromuscular diseases.
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CHAPTER 5

Antisense oligonucleotide delivery using lipid
nanoparticles to reverse the splicing defects in DM1

Preliminary data
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1. Aim of the work

The last part of this PhD thesis was dedicated to the association of a therapeutic nucleic
acid sequence for treating DM1 with the previously developed LNP. To this end, an
RNAse H-active ASO described in the literature has been selected®. This sequence has
been generated to specifically bind the toxic CUG-repeats of the mutant DMPK RNA and
induce their cleavage through RNAse-H enzyme degradation. Therapeutic efficacy assays
carried out in vitro in a DM1 cell model demonstrated the efficiency of this gapmer (using
Lipofectamine2000 as commercial transfection agent) to disrupt up to 80 % of ribonuclear
foci. However, these promising in vitro results were compromised by a limited in vivo
therapeutic efficiency when administered by intramuscular injection using
electroporation. Furthermore, some signs of toxicity were evidenced on muscle
histological analyses. Possible reasons related to these in vivo limitations include low
efficiency and toxic effects of the electroporation delivery strategy that may be not
clinically conceivable. For this purpose, LNP appears as a suitable strategy to overcome
these issues. Thus, ASO association to LNP was firstly optimized and nanosystems were
characterized in terms of physico-chemical properties. Then, intracellular distribution and
release of ASO from LNP were investigated in healthy C2C12 myoblasts and myotubes.
Finally, the in vivo biodistribution of the LNP and ASO in healthy mice was investigated
using an innovative association of complementary radiolabeling and fluorescent imaging
techniques. Therefore, radiolabeled LNP were monitored and quantified using
NanoSPECT/CT™ and gamma counter analysis whereas ASO was monitored using
fluorescent imaging in vivo system. Overall, the objective of this work was to provide a

suitable nanosystem to be tested in vitro and in vivo in DM1 cell and animal models.

2. Material and methods

2.1. Lipid-nanoparticles preparation

Materials and methods related to the formulation of LNP and fluorescent-LNP were
identical to the ones described in the chapter 4. To radiolabel particles, DTPA-LNP were
prepared to complex !!'In. To this end, 0.5% mol/mol of PE-DTPA was added to the lipid

solution prior microfluidic mixing.
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2.2. ASO complexation to LNP

The present ASO sequence has been manufactured as described by Lee et al®:
AGCAGCAGCAGCAG. This ASO sequence was made of phosphorothioate nucleotides
and the 3 cap ending nucleotides were made of 2’0O-Methoxyethyl nucleotides.
Furthermore, to obtain a fluorescently labelled ASO sequence, a cyanine 5 were added
on the 5’-terminaison. Complexation was performed by mixing an equal volume of LNP
with an adequate quantity of ASO, to obtain lipoplexes at N/P ratios of 2, 4, 8 and 10.
Lipoplexes were finally coated with HA.

2.3. Physico-chemical characterization of ASO-LNP
Nanosystems were characterized as previously described in chapter 4.
2.4. Intracellular distribution and intracellular release of ASO from LNP

C2C12 murine myoblasts and myotubes were cultured as previously described in chapter
4. The intracellular distribution and release of ASO from LNP were investigated at
fluorescent microscopy confocal imaging using fluorescently-labelled LNP. For
microscopy confocal analysis, myoblasts were seeded onto 12 mm-glass coverslips in 24-
multiwell plates at the density of 10,000 cells/well whereas to obtain myotubes, myoblasts
were seeded onto 4-compartements Labtek culture chamber at the density of 40,000
cells/well and induced for differentiation for 6 days. Myoblasts were treated with 1 pg of
ASO associated to LNP at a N/P ratio of 10 for 30 min, 2 and 24 h and myotubes for 2
and 48 h. For long-incubation time points, cells were incubated with treatments for 2 h
and were then given fresh medium. After each time point, cells were fixed with 4 % (v/v)
paraformaldehyde in PBS, for 15 min at room temperature. Cell cytoplasm was stained
with Phalloidin-Atto 488 (Sigma) diluted 1:20 in PBS for 1 h at room temperature, while
cell nuclei were counterstained with DAPI (stock at 20 mM diluted 1:2000) for 1 h at
room temperature. Samples were finally mounted in Fluoromount mouting medium
(Invitrogen) and imaging was performed by a Zeiss LSM800 confocal laser scanning

microscope (Carl Zeiss AG, Oberkochen, Germany) using a 63X objective.
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2.5. Invivo biodistribution of ASO-fluorescently labelled associated to
radiolabeled LNP

All animal experiments were approved by the local animal ethics of University Claude
Bernard Lyon 1 and mice were bred according to French and European regulations
(authorization number 30771). Experiments were conducted on C57BL/6J female at 8-10

weeks of age obtained from Charles River® (Saint-Germain-Nuelles, France).

Surface radiolabeling of liposomes was carried out by incubation 4.17 pmol (500 pL) of
liposomes with 85.8 MBq (100 pL) of !''In at 60 °C for 30 minutes. This led to an amount
of radioactivity of 20.58 GBg/mmol. Radiolabeling efficiency was assessed by instant
thin layer chromatography on silica-gel strips (iTLC-SG, Biodex Medical Systems,
Shirley, USA) using HEPES 100 mM pH 5.5 as mobile phase and determined
radiochemical purity was over 97 %. Lipoplexes were prepared at a N/P ratio of 10.
Briefly, 1.25 pmol (150 pL) of radiolabeled liposomes (0.63 pmol of DOTAP) were
incubated at room temperature with 0.2 nmol of ASO, (equivalent to 0.244 umol of

phosphate), for 30 minutes. Then, a solution of HA was added to complexes.

Formulations were intravenously (i.v.) injected to mice under anesthesia with 3% of
isoflurane. Mice received an injection of around 4 MBq '!'In chelated to DTPA LNP.
Mice were randomly divided in three groups: 30 min, 2, 6 and 24 h. At each time points,
mice were firstly imaged at NanoSPECT/CT™ in vivo animal imager (Bioscan Inc.,
Washington D.C, USA) and at fluorescent imaging in vivo system composed of light-
tight chamber with a back-thinned CCD-cooled camera ORCAIIBT-512G (Deutschland
GmbH, Herrsching am Ammersee, Germany). Then, at each time points, mice were
sacrificed by cervical dislocation and tissues and organs were harvested for ex vivo
fluorescent imaging and gamma quantification. Ex vivo images were analyzed using the
Wasabi software 1.5 (Hamamatsu Photonics Deutschland GmbH, Herrsching am
Ammersee, Germany) and ex vivo quantification of organ radioactivity was carried out

with a Wizard 3” gamma counter (Perkin Elmer, Waltham USA).
3. Results
3.1. Physico-chemical characterization of ASO-LNP

As performed for pPDNA-LNP, mRNA-LNP and siRNA-LNP, the complexation of ASO
with LNP was performed varying the N/P ratio. As shown in Figure 8, the hydrodynamic
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diameter of ASO-LNP at N/P ratios from 2 to 10 were relatively similar with a size around

160 nm, a polydispersity index lower than 0.2 and a negative { potential around -30 mV.
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Figure 8: Physico-chemical properties and association efficiency of ASO complexed with LNP at different
N/P ratio. Physico-chemical characterization of complexes was investigated by DLS to assess the
hydrodynamic diameter (A) and £ potential (B) of each complex. DNA retardation assay of the different
complexes was used to assess the association efficiency of ASO with LNP (C). Cryo-TEM images of ASO-
LNO at a N/P ratio of 10. Bars: 100 pm.

Electrophoretic assays were performed to assess the complexation of ASO with LNP at
these different N/P ratios. Figure 6C showed that ASO was not efficiently complexed
with LNP at N/P ratios from 2 to 8, as showed by the presence of ASO band similar to
the one of ASO free in solution, but demonstrated an efficient complexation of ASO with
LNP at a N/P ratio of 10. The morphology of ASO-LNP at a N/P ratio of 10 was
investigated at Cryo-TEM. Figure 6D showed an identic internal architecture than
siRNA-LNP, with the formation of multilamellar vesicles composed of concentric
lamellae alternating lipid bilayers and nucleic acid monolayer.

Based on the results obtained, ASO-LNP at a N/P ratio of 10 was selected for further

investigations.
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3.2. Intracellular distribution and intracellular release of ASO from LNP

The intracellular distribution of LNP and the intracellular release of fluorescent ASO in
myoblasts and myotubes were investigated at confocal fluorescence microscopy using

fluorescent LNP (see Figure 9).

I Fluorescent LNP I ASO-cy5 I ASO-cy5-LNP [ Actin [ 1 Nucleus

Figure 9: Intracellular distribution of ASO-LNP and release profile of ASO in C2C12 myoblasts and
myotubes. Confocal fluorescence microscopy analyses of myoblasts (A-C) and myotubes (D-E) treated
with 1 pg of ASO-LNP at a N/P ratio of 10 for 30 min (A, D), 2 h (B) and 24 h (C, E). Actin filaments were
stained with Phalloidin-Atto-488 and cell nuclei were counterstained with DAPI. Intracellular release of
ASO from LNP was assessed through the colocalization of the LNP and ASO fluorescent signals. Bars: 10
pm.

Confocal images demonstrated a rapid and efficient internalization of ASO-LNP in both
myoblasts and myotubes. Regarding myoblasts, many ASO-LNP were found to be
internalized in the cytosol after only 30 min of incubation and ASO was found entirely
associated to LNP. After 2 and 24h, particles were found accumulated in higher amount
and distributed in the perinuclear region without entering the nucleus. Moreover, ASO

was highly released in the cytoplasm after already 2 h incubation time. Regarding
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myotubes, a high internalization efficiency with a similar trend was also observed. After
30 min incubation, ASO was found entering myotubes together with LNP whereas after
24 h incubation ASO was totally released in the cytoplasm. Despite this nucleic acid
cannot provide easily visual control of transfection as for GFP expression, the
intracellular distribution and release profile of ASO-LNP hold promises to efficiently
delivered ASO in both myoblasts and myotubes.

3.3. Invivo biodistribution of ASO-LNP

To determine the organ selectivity of our ASO-LNP after i.v. administration, a
biodistribution study was performed using innovative association of complementary
radiolabeling and fluorescent imaging techniques. Radiolabeled LNP were monitored and
quantified using NanoSPECT/CT™ and gamma counter analysis whereas ASO was
monitored using fluorescent imaging in vivo system. Mice were injected with fluorescent-
labelled ASO and !!'In-labelled LNP at a N/P ratio of 10 with a dose corresponding to
about 6 MBq and 2.5 pg of ASO. Imaging and quantification were performed at 30 min,

2, 6 and 24 h after administration.

30 min 2h 6h 24 h

max

l min

Figure 10: MicroSPECT/CT (A) and fluorescent (B) in vivo imaging of C57BL/6J mice injected with ASO
associated to '''In-LNP at a N/P ratio of 10 after 30 min, 2, 6 and 24 h.
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Regarding in vivo imaging, clear images were obtained for all time points, with a visual
mostly particle accumulation in the spleen and the liver (Figure 70). At 30 min, ASO-LNP
were also find in lower amount in the bladder, resulting from natural urinary excretion.
Also, MicroSPECT/CT imaging showed the slight presence of LNP in the lungs after 30

min and 2 h, that was eliminated over-time.

To determine the organ selectivity of our ASO-LNP, radiolabeled quantification and
fluorescence semi-quantitative analysis were investigated for each animal organ (Figure
11). The amount of radioactivity of !'In-LNP was quantified with a gamma counter and
normalized and presented as a percentage of injected dose per gram of tissue (%/ID/g),
while the intensity of ASO was semi-quantified and normalized and presented as a
percentage of intensity per surface area.

Gamma counting and fluorescence intensity analyses demonstrated slight difference in
the biodistribution profile of ASO and LNP. Quantitative biodistribution of '''In-LNP
demonstrated a majority splenic accumulation with around 65 % of the ID/g and liver
accumulation of about 20 % of the ID/g. These distributions were constant under 24 h.
ASO-LNP were also slightly distributed in the lungs with around 15 % of the ID/g at 6 h,
that was decreased to 6 % after 24 h, meaning that particles were not accumulated in the
lungs. The different muscles collected (heart, diaphragm, tibialis, gastrocnemius, soleus
and extensor digitorum longus (EDL) did not showed particles distributed among them.
Fluorescence semi-quantitative imaging demonstrated a high percentage of ASO taken
up by the reticuloendothelial system with a similar intensity signal per surface area in the
liver and spleen. Interestingly, fluorescence biodistribution showed a similar profile in
the mice kidneys, that was not observed for ''"LNP. The distribution in liver, spleen and
kidneys were constant under 24 h. Finally, ASO was also distributed in the lungs within

30 min and were progressively eliminated at 24 h.
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Figure 11: Quantitative biodistribution of ''In-LNP (A) and semi-quantitative biodistribution of ASO (B)
at 30 min, 2, 6 and 24 h after i.v. injection in C57B/6J mice expressed as percentage of injected dose per
gram of tissue and percentage of intensity per surface area respectively (n=3 mice per goup).

4. Discussion

The objective of this work was to efficiently associate a therapeutic ASO sequence to our
LNP in order to provide an oligonucleotide-based therapy for treating DM1.

Physico-chemical characterization of ASO associated to LNP at different N/P ratios
demonstrated that ASO was efficiently complexed only at a N/P ratio of 10. This
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observation is in line with the N/P ratio required to complex siRNA (see chapter 4),
demonstrating that a higher amount of cationic charge is needed for the complexation of
small nucleic acids. Hydrodynamic diameter, zeta potential and morphology were similar
to the properties of siRNA-LNP as they have almost a similar size of nucleic acid
sequence (14 and 20 bases respectively).

The intracellular distribution and release of ASO from LNP investigated at confocal
microscopy showed a time-dependent internalization and release profile in murine
myoblasts and myotubes. Our investigations demonstrated that nanosystems were rapidly
internalized in both myoblasts and myotubes with a cytoplasmic accumulation without
entering the cell nucleus. Moreover, ASO was efficiently released over time in the
intracellular milieu, holding promise to unveil the therapeutic potential of this nucleic
acid!”.

Finally, biodistribution studies were performed to investigate the organ selectivity of
ASO-LNP an innovative association of complementary radiolabeling and fluorescent
imaging techniques to assess the distribution of LNP and ASO, respectively, after i.v.
administration. Globally, a high percentage of LNP and ASO were taken up by the
reticuloendothelial system. This organ selectivity has been mainly proved to be dictated
by the surface charge and the chemical composition of LNP'7¢"178 In fact, Kranz et al.
showed how negatively charged lipoplexes were mainly accumulated in the spleen!”’.
Thus, our findings of specific accumulation of the negatively charged ASO-LNP in the
spleen is in line with other scientific works. Interestingly, fluorescence signal of ASO
were observed distributed in the kidneys whereas no '''In-LNP were quantified in these
organs. Owing to the dimensions of LNP and ASO, it is highly possible that a part of
ASO was released from LNP after i.v. administration and cleared from the blood
circulation by urinary excretion. Indeed, preferential accumulation of ASO in the kidneys
has been mainly reported! -1,

Main limitation in this study relies on the poor distribution of ASO-LNP in muscle tissue.
This marginal distribution profile may be related to two essential parameters. Firstly,
healthy animals do not express the same phenotypes of disease-like models such as
inflammation, fibrosis, altered physiological barriers or other features that can lead to an
opportunistic internalization way. Another main parameter that should be investigate to

obtain a higher distribution in muscles is the administration route. Different
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administration route has been employed for in vivo LNP injection and has demonstrated

181-183

different organ selectivity Regarding muscular pathology applications,

intramuscular (i.m.) injections remains the most studied administration route**!81-184.185,
However, this administration route remains more as a local treatment, and may injure a
muscle that is already atrophied and have difficulty to regenerate.

Overall, although i.v. injection did not demonstrate a high distribution of ASO-LNP in
muscles, we can suppose that repeated safe administration may enhance the distribution
in muscles while providing long-term effects. In fact, compared to viral vectors, LNP
have low in vivo immunogenicity that allows repeated administration'®*. Further in vivo
biodistribution studies of ASO-LNP should be performed in DM1 mice model using

different administration routes to determine the most suitable conditions for ASO delivery

in muscles and pave the way to therapeutic applications.
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The overall goal of this interdisciplinary research project was aimed to provide
novel drug and gene delivery platforms using nanomedicine for treating skeletal
muscle disorders in DM1. Despite the recent breakthrough of nanomedicine to treat
different diseases, poor attention has been paid to muscular dystrophies and in
particular to DM 1. Nowadays, a crucial lack of effective therapy is clearly identified
and nanomedicine is a suitable solution to the administration of experimental
molecules that face in vivo marginal benefits due to limitation of toxicity and/or
distribution. To this end, this research project has been focused on two different
main axes: encapsulation of PTM in a context of drug repurposing and development

of gene and oligonucleotide delivery nanosystems.

To achieve in these different approaches, a step-by-step methodology has been
adopted. After screening in the literature of the therapeutic compounds to
incorporate in nanocarriers, the resultant nanosystems have been optimized in terms
of physico-chemical properties to provide suitable NPs. Then, main investigations
have been carried out in vitro in cultured skeletal muscle cell lines. These in vitro
studies are essential to assess the toxicity, internalization pathway, intracellular
distribution and fate, release of the payload content and therapeutic efficacy. Our
investigations have been performed on muscle cells at diverse differentiation stage:
myoblasts and myotubes. Myoblasts are actively cycling cells acting in regenerating
muscle whereas myotubes are terminally differentiated cells that form the basic unit
of the skeletal muscle tissue'®®. Thus, the in vitro assessments were crucial to
establish the therapeutic strategy that may be employed to treat either the stem cell
population or the differentiated muscle fibers. Finally, the most promising
nanosystems have been investigated for ex vivo or in vivo biodistribution in healthy
models for the further perspectives to be tested for therapeutic efficacy in mice

model of DM1.
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The first milestone of this research project was devoted to the repurposing of
PTM, an FDA-approved antiparasitic drug that demonstrated therapeutic efficacy
in vitro to reverse some splicing features of DM12"72. Although PTM was not
clinically investigated due to substantial toxicity at the potentially effective doses,
nanomedicine appears as suitable to increase PTM internalization and reduce the
required doses. The aim of this work was to deliver PTM to skeletal muscle cells
using nanosystems essentially made of HA. This natural polysaccharide was
selected for its natural origin as important component of the extracellular matrix,
thus ensuring to be non-immunogenic, highly biocompatible and
biodegradable!>>1¥7:188 'HA has been widely explored in nanomedicine, especially
because the specific binding of HA for CD44 receptors prove fruitful for anticancer
targeting'¥1°°. Owing to the expression of CD44 receptors also in myoblasts and
myotubes as crucial modulator of early myogenesis'?’, CD44 receptors represents
an effective strategy for increasing accumulation of HA-PArg NPs and the
associated drug at the pathological site.

Previous work has demonstrated the suitability of HA to associate PTM!*’. The
present investigations highlighted the effectiveness of HA-NPs to deliver PTM in
C2C12 murine myoblasts and myotubes. The cytotoxicity study was an important
requirement to demonstrate the biocompatibility of these nanosystems and also to
determine the most suitable concentration of HA-PArg NPs for the further studies.
HA-PArg NPs were not toxic on myoblasts and myotubes and once loaded with
PTM, nanosystems were less tolerated. This slightly lower biocompatibility was
related to the toxicity of PTM that showed a similar cytotoxicity profil.
Microscopical analysis demonstrated the high internalization efficiency of HA-
PArg NPs in myoblasts and myotubes, highlighting the key role of CD44 receptors
in the uptake of the nanocarriers. Furthermore, our investigations provide
unequivocal evidence that HA is sensitive to the intravacuolar acidification arising
from the gradual maturation of endosomes and promote the endosomal-escape
process of the NPs. In fact, our observations lead to the conclusions that buffering
effect is responsible for HA protonation, decreasing the interaction of HA with
PArg that thereby promote fusion with the endosomal membrane. Although

buffering effect for cationic nanocarriers has been widely demonstrated, this work
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is one of the first to evidence buffering effect on negative polymeric NPs. In the
purpose to have informations regarding the biodistribution of HA-PArg NPs in
complex biological matrix, a fluid dynamic system to maintain ex vivo soleus
muscle was used!'®!. This system was ideal to use organs and tissues explanted from
untreated animals that were destined to be discarded, matching properly with the
principles of the 3Rs. Such biological investigations are crucial since skeletal
muscle is a complex organ made of myofibers and satellite cells joined together by
vascularized connective tissues. HA-PArg NPs were found to diffuse in the whole
muscle in a few hours but were mainly entrapped in the connective tissue. However,
at long incubation times, NPs were efficiently internalized in the myofibers whereas
the extracellular NPs were removed by macrophages. Finally, we set-up a novel
DM1 cell model to demonstrated the therapeutic efficacy of PTM-Loaded NPs.
This cellular model represented an ideal alternative to cell from DM1 patients that
are rare and difficult to maintain in vitro due to their pathological phenotype. HA-
PArg NPs demonstrated a high therapeutic efficiency, halving the number of
nuclear foci with a safety concentration of only 10 uM of PTM loaded into HA-
PArg NPs, whereas PTM as-in showed a lower efficiency. It is likely that the
therapeutic advantage of PTM-loaded NPs relies on their high uptake into
myoblasts and sustained release of PTM in the cytosol. In conclusion, all these
encouraging results taken together highlighted the potency of our PTM-loaded NPs
nanosystems as efficient and biocompatible nanocarrier for delivering PTM into

skeletal muscle and mitigate DM1 pathology.

Motivated by the promises of a gene-therapy-based strategy to promote
targeted, efficient and long-term treatments for genetic disease, the second
approach adopted in this project was focused on the development of nucleic
acid delivery using LNP. As different nucleic acid-based strategy may be
employed to modify DMPK gene expression, disrupt DNA CTG or RNA CUG
expansion repeats, our investigations aimed to study the effectiveness of our LNP
to deliver different types and molecular weight nucleic acids as pPDNA, mRNA and
siRNA. Indeed, delivery of different types of nucleic acids enable to adopt different
therapeutic strategies. Although the widespread effectiveness of LNP to deliver
different DNA or RNA species have been already demonstrated, distinct LNP
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compositions are often used according to the nucleic acid to be delivered. As proof-
of-concept, our investigations firstly focused on acid nucleic sequences to modulate
protein expression in skeletal muscle cells by inducing or interfering with eGFP
expression.

The results obtained demonstrated the suitability of our LNP to associate each type
of nucleic acid. Changing only the N/P ratio enables to efficiently complex large as
small nucleic acids. Interestingly, incorporation of DNA or RNA did not modify
the physico-chemical properties of the nanosystems. Although an efficient
complexation is an important parameter, it does not mean that the system will
transfect efficiently nucleic acids into cells. In fact, some cationic polymers or
polypeptides as polyethyleneimine or poly-L-lysine have been widely used for gene
delivery but despite their highly efficient ability to associate nucleic acids, complex
biological barriers at the cellular level (cellular entry, escape from the lysosomal
pathway, intracellular trafficking and release) restrict their transgene expression
efficacy'”?.

The recent booming success of mRNA-vaccines highlighted the potency of LNP to
transfect RNA into cells. The present investigations are in line with the promises of
this delivery approach. Our LNP showed to efficiently deliver pPDNA, mRNA and
siRNA through a unique composition of the vector. Regarding pDNA and mRNA,
similar transfection efficiency to commercial transfection agent were obtained in
myoblasts: this is promising for clinical translation as the commercial transfection
agents are unsuitable for in vivo administration. Regarding myotubes, only mRNA-
LNP demonstrated to be efficient, as pDNA did not succeed to enter cell nucleus in
differentiated cells that do not undergo cell division, even if pDNA is correctly
released into the cytoplasm. For silencing GFP expression using siRNA, our
investigations demonstrated a high transfection efficiency on both myoblasts and
myotubes, even more efficient that the commercial transfection agent.

Taken together, these promising results demonstrate the effectiveness of our LNP
composition to deliver different types of nucleic acids and highlight specially the
potential of our mRNA-LNP and siRNA-LNP to treat myoblasts and myotubes.
Thus, the potential of such nanosystems promises to cure not only regenerating

muscle cells but also non-renewing affected cells. Although no therapeutic strategy
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is focused on mRNA for treating DM, such systems appear as very promising and
may be suitable for other muscular dystrophies with protein expression deficiency
as for DMD. On the contrary, siRNA-based therapeutic strategies are studied to
inhibit DMPK gene expression and the downstream toxic CUG-containing RNA.

Motivated by the effectiveness of our LNP to deliver nucleic acids to control
GFP expression, we further investigated the association of a therapeutic
nucleic acid sequence in the purpose to treat the DM1 pathological mechanism.
To this end, an RNAse H-active ASO sequence described in the literature to induce
cleavage of the CUG-repeats RNA has been selected. This sequence was suitable
to be repurposed for nanomedicine application as the authors demonstrated
marginal in vivo benefits correlated to the electroporation delivery strategy. The
complexation of this ASO sequence with our LNP was highly efficient at an N/P
ratio of 10 as for siRNA. The necessity of a high N/P ratio to complex an ASO is
consistent with siRNA association as their molecular weight are nearly similar. Our
preliminary in vitro results highlighted the ability of our vector to intracellularly
release ASO in healthy murine myoblasts and myotubes. Once intracellularly
released from LNP, some ASO were also interestingly found to locate into the
nucleus, whereas LNP were only distributed into the cytosol. This observation holds
promise to cleave CUG-repeats from DMPK RNA that is retained into the nucleus
and thereby decreased the number of pathological nuclear foci in DM1 in vitro
models.

The preliminary in vivo results have been obtained on healthy animals to
investigated the biodistribution of LNP and release of ASO through i.v. injection.
In vivo results demonstrated a high distribution of LNP into the liver and the spleen
as typically described for LNP. The combined radiolabeling and fluorescent
imaging techniques demonstrated that after administration, a part of ASO were
probably dissociated and eliminated by the kidneys whereas the other part followed
the same distribution pattern than LNP. Despite the lack of distribution of
nanosystems in investigated muscles, two main critical points must be taken in mind
to discuss about the efficiency of these nanosystems. Firstly, different
administration routes as i.m. injection may be considered to investigate the

biodistribution of a nanosystem for skeletal delivery. Secondly, investigation of
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biodistribution in DM1 mice model, which presents altered barriers and thereby
opportunistic internalization ways, may change the biodistribution profile of the

nanosystems.

Future perspectives on this research project will be focused on the therapeutic
assays of ASO-LNP. A scientific collaboration with laboratories expert in DM1 cell
and animal models has been established and will allow to investigate the in vitro

and in vivo therapeutic efficiency and biodistribution in suitable models.

This collaborative work will be crucial to provide the necessary complementary
expertise from different research fields, while fostering a creative environment to
find solutions for the possible drawbacks and helping to reach the expected goals.
The promising results obtained in this research work and the current research
perspectives allow foreseeing that, in near future, a therapeutic for DM1 will

hopefully be available.
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The diverse works carried out during this PhD thesis has been valorized in different
ways, through the publication of scientific articles, the filing of a patent and oral or

poster presentation at scientific congresses.

Looking through the literature of the topic of this thesis, it appears clearly that no
scientific review was presenting the advantage of nanomedicine for muscular
dystrophies treatment and not even describing the few different nanosystems
studied until now. To this end, we published a scientific review in Pharmaceutics
journal on the different nanosystems described in preclinical studies for the most
common neuromuscular dystrophies: DMD and DMI1. Another review was
published on Microscopie journal to highlight the electron microscopy techniques

that may be employed to characterize nanoparticles in biological environment.

Regarding the different results obtained, one experimental work has been submitted
to the journal of Nanomedicine: nanotechnology, biology and medicine and is
currently under review, and a second one is in preparation. A histological staining
technique has been published through two diverse ways: as a technical note in the
European Journal of Histochemistry and as protocol in the book chapter

Histochemistry of Single Molecules: Methods and Protocols, Second Edition.

Looking at the promising results obtained with LNP to deliver nucleic acids in

muscle cells, one patent has been filed (FR 2112931).

Finally, the different results obtained during this PhD has been presented in

international scientific congresses:

- Unified congress of the society GEI SIBSC-SII, Italy (poster communication)
- 14th Multinational Congress on Microscopy 2019, Italy (oral communication)

- CRS BeneLux & France Early Career Scientist Meeting 2021, on-line (short
communication talk — Best pitch presentation award)

- CRS 2021 Virtual Annual Meeting, on-line (oral communication)

- Multinational Congress on Microscopy 2021, on-line (oral communication)
- SFNano 2021, France (oral communication)

- CRS Local Chapters Meeting 2022, Germany (short communication talk)

- ESCDD 2022, Netherlands (poster presentation)
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