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Résumeé

Le muscle strié squelettique posséde de grandes capacités de régénération grace a ses
cellules souches, les cellules satellites. Aprés une lésion, le processus de régénération
musculaire qui se met en place est finement régulé dans le temps et I'espace par le
microenvironnement, constitué de cellules avoisinantes mais également par des éléments de
la matrice extracellulaire (MEC). Cette derniére se compose de molécules structurales
comme les collagénes et de composants possédant un rble trophique comme les
glycosaminoglycanes (GAGs). La MEC musculaire est peu étudiée a cause d’'une
organisation tridimensionnelle complexe rendant son exploration difficile. Lors d’une lésion
avec perte de substance musculaire, la régénération est altérée, associée a une fibrose et
une inflammation chronique. Ce type de Iésion est fréquemment rencontré en traumatologie
mais survient également chez le blessé de guerre. Malgré un traitement optimal, une
invalidité fonctionnelle persiste chez ces patients. L’utilisation d’'un biomatériau décellularisé,
constitué de MEC pourrait fournir ce support physique et trophique faisant défaut dans ce
type de lésion.

Dans ce travail, nous avons entrepris I'établissement d'une MEC d’origine musculaire et
nous avons établi un protocole de décellularisation permettant d’obtenir un biomatériau
conservant l'architecture spécifique de la MEC musculaire avec une élimination de la
majorité des antigénes cellulaires afin d'éviter une réponse immunitaire délétére aprés
implantation. Néanmoins, le protocole retenu ne permet de conserver certaines molécules
trophiques d’intérét comme les GAGs.

Les « ReGeneRaTing Agent® (RGTA®) sont des mimétiques fonctionnels de ces GAGs,
utilisés en clinique pour améliorer la cicatrisation cutanée et cornéenne. Ces mimétiques
conservent une capacité de liaison aux facteurs de croissance avec une résistance aux
dégradations enzymatiques. Nous avons évalué l'utilisation de ces molécules au cours de la
réparation musculaire, dans un modeéle in vivo chez le rongeur. Nous avons réalisé une
analyse histologique précoce (8° jour de régénération) mettant en évidence une
augmentation du nombre de noyaux par myofibre en faveur d’'une augmentation de la fusion,
validée également in vitro sur des progéniteurs musculaires. Nous avons également observé
une augmentation du nombre de vaisseaux, suggérant une amélioration de I'angiogenése.
Le nombre de gouttelettes lipidiques, marqueur d’une mauvaise régénération, était en
diminution. L’exploration histologique plus tardive (28° jour de régénération) n’'a retrouvé que
'augmentation du nombre de vaisseaux en faveur d’'un effet durable sur I'angiogenése.

Ces RGTA® peuvent étre couplés aux biomatériaux et sont particuliérement résistants dans
un environnement inflammatoire pouvant étre rencontré dans les lésions avec perte de
substance musculaire. Des chimiokines et des facteurs de croissance pourront également
étre ajoutés au biomatériau matriciel afin de favoriser la migration des différents progéniteurs
nécessaires a une néoformation musculaire. L’efficacité thérapeutique de ces biomatériaux
optimisés nécessitera d’étre évaluée dans un modéle in vivo de perte de substance.

Mots-clés: régénération musculaire, matrice extracellulaire, glycosaminoglycanes,
biomatériau décellularisé
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Abstract

Skeletal muscle exhibits high capacity for regeneration after an injury that relies on resident
stem cells. Muscle regeneration is tightly regulated by both the immune response and other
resident cells, as well as by cues from the local extracellular matrix (ECM), contributing to a
coordinated repair process. Muscle ECM is a network of structural macromolecules with a
large majority of collagens and trophic molecules such as glycosaminoglycans (GAGs). In
the skeletal muscle tissue, ECM was overlooked due to its complex organization making
investigations difficult. Muscle regenerative ability can be overtaken in large muscle wasting,
such as in volumetric muscle loss (VML), leading to fibrosis formation and chronic
inflammation. This type of injury predominantly occurs in traumatology and in war-wounded
patients, with functional disability despite an optimal treatment. The use of biomaterials could
provide the biochemical and physical cues that are missing in this pathologic repair.

In this work we have focused on obtaining a biomaterial composed of skeletal muscle ECM.
We have tested several decellularization protocols both to preserve the three-dimensional
architecture of the muscle ECM and to completely remove cell components in order to avoid
a deleterious immune response after implantation. However, the protocol did not allow the
preservation of trophic molecules such as GAGs, in the scaffold.

“ReGenerating Agents” (RGTA®) are functionally analogous of GAGs with a crucial property
to resist enzymatic degradation. They function to restore a proper microenvironment for
tissue healing with already a clinical application in skin and corneal repair. We have explored
the effects of RGTA® in muscle regeneration using an in vivo model in mouse. At early time
of regeneration (day 8), we performed histologic analysis. We showed that regenerating
myofibers contained more nuclei in the treated animals, in favor of an increase of progenitor
fusion, which has been validated in vitro in myogenic cultures. The number of capillaries was
higher in favor of a better angiogenesis. Lipid droplets, a marker of impaired regeneration,
were reduced by RGTA® administration. At later time of regeneration (day 28), capillary
number was still improved in favor of a durable effect of RGTA® on angiogenesis.

RGTA® could be incorporated into biomaterials and are particularly resistant in an
inflammatory environment, such as that occurring after a VML injury. Chemokines and
growth factors could also be added in ECM-based scaffolds to promote the migration of
progenitors that are essential for myofiber neoformation. Therapeutic efficacy of these
optimized biomaterials will require to be evaluated in an in vivo model of VML.

Keywords: skeletal muscle regeneration, extracellular matrix, glycosaminoglycans,
decellularized biomaterial
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Introduction

I-A) Skeletal muscle extracellular matrix (ECM)
I-A-1) Skeletal muscle tissue

Skeletal muscle is predominantly composed of muscle fibers (myofibers) which are
large cells organized with nearly a parallel alignment, mainly along the longitudinal
axis'. Each fiber is a multinucleated cell, forming a syncytium with nuclei distributed
at the periphery (close to blood vessels?). Skeletal muscle has a longitudinal striated
appearance when observed in polarized light and in electron microscope with
alternating dark and light bands. They represent myofibrils composed of myosin
(thick filament-dark band) and actin (thin filament-light band) in repeated units termed
sarcomeres, which are the functional contractile element of the myofiber. Skeletal
muscle tissue (Figure 1) holds a specific three-dimensional architecture necessary to
maintain posture and to produce movement.

Myofibre

Basal lamina

Satellite
Cell

[ Caveolin 1/ ,, Myonucleus

Figure 1. A) Skeletal muscle structure and B) satellite cell localization®.
I-A-2) ECM is a dynamic component of the microenvironment

ECM forms a meshwork of macromolecules and smaller components?, filling the
extracellular space in tissues, but also acting as a major element of the stem cell
microenvironment. It can be divided in two parts, the basement membrane, a thin
layer of specific molecules, which forms an interface between cells and a more
diffuse interstitial matrix. ECM is highly conserved between species, composed of a
majority of fibrils, typically cross-linked and insoluble, making its study difficult. Over
previous decades, ECM was seen as an inert structural support and received little
attention. But advances in proteomics have provided a higher diversity of ECM
components, referred to as the "matrisome", which constitutes around 1% of the
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proteome in mammals*®. Initially focused on cancer microenvironment, these studies
have underscored the crucial role of ECM composition in cell behavior through both
physical and biochemical means (Figure 2).

Growth factor immobilization

Cell adhesion
ligands

Chemical functional
groups

i
SN

s
Structural %
features

Electrical
conductivity

Mechanical properties Degradability

Figure 2. ECM biochemical (in pink) and biophysical (in blue) properties’.

ECM mechanical characteristics (rigidity, deformability and porosity) provide crucial
information that can affect gene expression and modulate the fate of adjacent cells®
1% Matrix proteins contain multiple folded domains with diverse functions. Some bind
to cell receptors to mediate cell adhesion, to trigger cell polarity and to transduce
signals directly into cells. Other domains link soluble growth factors and regulate their
spatial distribution, creating a gradient of signaling molecules, as well as modifying
their activation and binding to cells'™"%. Fragments of ECM proteins can also be
released by proteolysis and provide alarm signals, intrinsic growth factors (also called
matrikines), or other regulators of angiogenesis''®. Furthermore, the interactions
between cells and matrices are reciprocal. ECM molecules are flexible and
mechanical tensions induced by the cells can uncover cryptic sites, which could have
a biological impact. It should be noted that ECM is not a static entity. It undergoes
modifications during development and across lifespan, providing a high adaptation to
diverse constrains™"", but is affected during disease'®. Remodeling involves cleaving
of ECM proteins by proteolytic enzymes such as matrix metalloproteinases (MMPs),
release of several molecules, as well as diverse mechanisms of cross-linking™.

Thus, ECM is now considered as a dynamic actor, involved in many developmental,
physiological and pathological processes, including cell proliferation, differentiation
and apoptosis, in addition to adhesion and cell migration®®®.

ECM is extremely specific of each tissue, adopting various shapes and rigidities'®.
For example, bone ECM is extremely rigid by its mineralization”® whereas ECM in
cornea is transparent with refractive properties?’. In skeletal muscle, ECM displays a
complzezx tri-dimensional architecture, particularly adapted to the specificities of this
tissue“”.
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I-A-3) The complex tri-dimensional organization of muscle ECM

The early morphological analysis of skeletal muscle®® has divided the interstitial
matrix into three levels of organization: the endomysium surrounding each myofiber
and its basement membrane, the perimysium gathering groups of muscle fibers into
bundles and the epimysium wrapping the whole muscle (Figure 3).

Perimysium

Tendon

Epimysium

Skeletal
muscle

Figure 3. Schematic organization of the muscle tissue®.

In the 1980s%°%8, detailed descriptions of muscle ECM by electronic microscopy
confirmed these demarcations. Briefly, endomysium was described as pentagonal
multi-sheets, composed by a loose and random framework of collagen fibers closely
related to basal membrane and connecting adjacent myofibers by perpendicular
fibrils. Perimysium also contains multiple layers, with larger ordered wavy collagen
networks as well as loose collagen fibrils without specific direction. At each extremity,
muscle connection ends by the myotendinous junction, a specialized structure
allowing the attachment and force transmission from myofiber to tendon, with
distinctive tendon finger-like processes inside the muscle tissue®.

The difficulty is defining which structures are assigned to either the perimysium or the
endomysium since two dimensional images do not allow a precise delimitation®’
(Figure 4). Interestingly, these ECM descriptions were made in various muscles from
different anatomic locations and species, with mainly quantitative difference between
muscles of different parts of the body, possibly reflecting specific functions™.
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Figure 4. Muscle after sodium hydroxide digestion observed by scanning electron micrographs
with A) transversal endomysium separated by g)erimysium structure at low magnification and
B) oblique endomysium at higher magnification "

A deeper understanding of ECM morphology was recently obtained using three-
dimensional reconstruction®>?* of serial immunolabelled sections, observed by
electron microscopy or confocal microscopy. This allowed a more precise
observation of each multiple-layered ECM, that is strongly interconnected with each
other, such as the epimysium, which is composed of very large and wavy collagen
fibers as observed in tendons®*.
Three-dimensional visualization also highlighted interactions with specific cells or
substructures. Indeed, perimysium includes different levels of organization with large
wavy fibers with well-defined orientation and collagen fibers between adjacent
myofibers, adhering to the myofiber plasma membrane (sarcolemma). These focal
domains or "perimysial junctional plates" co-localize with capillary branches. They
interact with specific myofiber regions characterized by an accumulation of
subsarcolemmal myonuclei and mitochondria®* (Figure 5). The function of such a
colocalization needs to be elucidated.

A B

Perimysial %\ M%{\\ %C
Collagen %\X\f ‘%@5( . >€. I myofiber
network wl\ 'M% \é w

perimysium

Plexus of = Intracellular] —_
subdomain

branches - = < myonuclei

e Subsarcolemmal
mitochondria

costameric mosaic

membrane

Perimysial
densification

Junctional
plate

—=—s— Sarcomere

5 um
Figure 5. Perimysium A) in scanning electron micrograph24 and B) model of its organization
with plexi branches adhering to myofiber surface displaying at its intracellular subdomain an
accumulation of nuclei and mitochondria®.
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Additionally, coupling immunolabelling with stretching applied on muscle samples
revealed that the large fibers become less wavy and realign towards the direction of
strain®*, probably playing a biomechanical role. The complexity of the myotendinous
junction (MTJ) was better visualized with deeper tendon protusions®, increasing
contact surface, crucial for transmitting longitudinal forces from muscle to tendon.

New tools will continue to improve our knowledge on ECM architecture as second
generation harmonic microscopy that provides more specific in-situ quantification of
fibrillar protein structures®>*. The use of strong fluorescent probes for pan—collagen
such as CNA35 (Collagen-binding Adhesion protein 35), allow a more precise
visualization of ECM fibers®”*® and their reorganization during muscle contractions,
essential for force transmission.

I-A-4) Muscle ECM biomechanical properties are crucial for force transmission

Skeletal muscle is a contractile tissue with the ability of sustaining recurring
mechanical loads. Muscle contraction is based on the formation of bridges between
the myosin and actin myofilaments, followed by the sliding of myosin filaments along
actin bundles. Sarcomeres get shorten (sliding filament theory®*) and contractile force
is regulated by optimal length of sarcomere*°.

Because ECM was initially viewed as an inert structural support, first descriptions of
its characteristics focused on its passive elasticity properties*' and resistance to
constraints*2. Force production was described as a direct transmission to conjunctive
tissue in series, through tendon via the MTJ. Morphological analyses have shown
multidirectional orientations of collagen fibers inside the muscle tissue®? and myofiber
terminations within the muscle, before reaching the MTJ%. Tensile forces can be
transferred laterally to the basement membrane, and then be integrated within the
muscle ECM before longitudinal transmission to the tendons. Thus, muscle
contraction is currently modeled by contractile elements in series with elastic
components in parallel**** (Figure 6).

Contractile
Element

(actin & myosin cross-bridges)

Series

Element
(tendon)

Force <= > Force

—— MWA——
Parallel
Element

(connective tissues)

Figure 6. Hill’s three-element model of muscle contraction®.

The anchorage of myofibers to ECM is another essential feature for force
transmission and also protects muscle fibers from over-extension. Myofilaments are
linked to the plasma membrane by specialized transmembrane complexes named
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“costameres™®, where force transmission is concentrated*’. Myofibers are anchored

to ECM through transmembrane receptors including the integrins and the dystrophin-
associated glycoprotein complex (DGC), a large association of membrane-
associated proteins*®. They both bridge the basement membrane to the cytoskeleton
contributing to force transmission.

Modifications in ECM composition or in ECM interactions with myofibers have severe
functional impacts by restricting active muscle contraction®.

I-A-5) Skeletal muscle ECM composition

Skeletal muscle ECM represents around 1-10% of the tissue weight and its
composition varies between muscles, especially in the perimysium®. This difference
is already present in early development®' and is not affected by the type of fiber (slow
or fast-twitch)®>. Despite this variabilty, ECM is composed of common
macromolecules, some of them acting as signaling and adhesive molecules, whereas

others are more structural (Figure 7).
Fibronectin
Fibroblast
Laminin
7 Integrin

Dystroglycasatellile Cell

Complex

Collagen
Reticular Lamina

Collagen VI

Basal Lamina
Collagen IV

Muscle Fiber Sarcolemma

085 °
............

Actin

Figure 7. Schematic skeletal muscle ECM®,
- Collagens family

Collagens are a heterogeneous family characterized by polypeptide chains organized
in a triple helix with the presence of recurring triplets®*®°. They are the major
structural proteins in skeletal muscle ECM®?°*° displaying various supramolecular
organization (Figure 8). In the basement membrane, as in other tissues, collagen IV
forms a branching network. Microfilaments of collagen VI anchor this basement
membrane to the endomysium®®. Fibrillar collagens are abundant, since epimysium
and endomysium are made by an almost equal amount of collagens | and Il whereas
collagen | is predominant in perimysium?*2%-°¢,

Multiplexins, such as Collagens XV and XVIII, harbor both structural features of
collagens and proteoglycans (PGs)°.
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Figure 8. Schematic representation of the supramolecular organization of collagensss.
- Proteoglycans family
o The complexity of proteoglycans

The muscle ECM contains various PGs, which consist of a core protein with one or
more chains of glycosaminoglycans (GAGs) covalently attached to it. PGs are
extremely heterogeneous, and are currently classified according to their
localization®*®°. PGs can be located extracellularly, pericellularly (corresponding to
the basement membrane zone), at the cell surface, or intracellularly (Figure 9).
Another way that PGs can be classified is by the main types of GAGs that they
harbor. PGs can be described as homogenous or heterogeneous (with multiple
subtypes of GAGs) containing various combinations for each that are dependent on
the tissue or the cell type that PG originates from. PGs are currently known to have
two main functions®®: a structural role in which interact with others components of
ECM, and biological purpose where the GAGs moieties play a main role
independently of the core protein.
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o Structure and function of glycosaminoglycans

GAGs are composed of linear polysaccharides chains containing specific repetitions
of an amino sugar® (e.g. N-acetylglucosamine or N-acetylgalactosamine) associated
with an uronic acid residue (D-glucuronic or iduronic acid), with Keratan sulfate being
the exception. Additionally, all except Hyaluronan have a sulfate ester located on the
disaccharide in various positions. Their constituents give rise to the different families
of GAGs (Figure 10). Due to their negative charges, these molecules retain water
conferring space-filling and lubrication functions. GAGs also participate in many
biological processes through interactions with various biomolecules.
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Figure 10. Structures of repeating disaccharides of glycosaminoglycans. Adapted from®.

Abbreviations: Gal, galactose; GIcA, glucuronic acid; IdoA, iduronic acid; GalNAc, N-acetylgalactosamine; and
GlIcNAc, N-acetylglucosamine.
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The characteristics of GAGs varies and are described below.

Hyaluronan is a high-molecular weight polymer and the only GAG without sulfation or
a covalently linked core protein. Its degradation is highly regulated, while its function
relies on the size of its chain. For example low weight fragments of hyaluronan are
known to lead to an inflammatory response®.

Others GAGs have structural modifications, such as sulfation, that give rise to
various subtypes of chondroitin sulfates (CS), illustrated in Figure 11.

Chondroitin sulfate A Chondroitin sulfate C

4s 4s 6S 6S
R s
Chondroitin sulfate E Chondiroitin sulfate D
4,65 4,65 6S 6S
O aelfudnlfudnn  OndelnLelinde
............................ -

GaINAcGch
] 34 ....... R=H, SO;H

Figure 11: Chondroitin sulfates classification according to the posmon(s) of sulfation®.

However, Heparan sulfate (HS) and heparin are the most complex due to the
variable in their disaccharide constituents, sulfation, and hydrophobic region. HS are
ubiquitous, and exhibit more acetylated glucosamine and fewer sulfates than
heparin® which is only secreted by mastocytes.

The HS family was particularly studied in skeletal muscle®®. HS chains comprise
around 50-200 disaccharides with variable modifications based on the originating
tissue and cell type. The HS chain contains three distinct domains categorized by
their degree of sulfation: the NA domains have contiguous N-acetylated disaccharide
units, the NS domains are highly N-sulfated, and the mix domains are a combination
of NA/NS domains (Figure 12).
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Figure 12: HS structure with enzymes involved in biosynthesis and modifications®.

PGs containing HS chains are termed heparan sulfate proteoglycans (HSPG). Their
structural diversity is due to a complex biosynthesis, which is initiated through a
tetrasaccharide on the protein core. HS chain polymerization is enzymatically
catalyzed by the exostosin (EXT) polymerase family. The modifications to HSPGs
are initiated by N-deacetylase/N-sulfotransferases (NDST) which replace the acetyl
group of glucosamine with an N-sulfate group. Others modifications including
epimerization, and gradual O-sulfation by sulfotransferases are performed
simultaneously (Figure 12). HSPGs are fineley regulated while the HSPG’s structure
dictates interactions with signaling molecules®’.

Indeed, GAGs have many biological functions as illustrated with HS (Figure 13).
They can sequester growth factors that can be released with the cleavage of GAG
chains by enzymes (heparanase) for cell signaling. They can also act as a co-
receptor or as an endocytic receptor that participates in its own clearance. They can
create a haptotactic (immobilized) gradient of signaling molecules, such as
chemokine C-X-C motif chemokine Ligand-12 (CXCL-12), involved in leukocyte or
progenitor cell recruitment®®. HSPGs can facilitate cell-ECM or cell-cell attachment,
and cell motility®®.
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Figure 13: The regulation of cell signaling pathways by HSPGs®'.

In skeletal muscle HSPGs are mainly found in the endomysium and the basal
membrane. In contrast, the perimysium is rich in dermatan/CS PGs™.

- Glycoproteins family

Many glycoproteins are present in the ECM. They allow ECM assembly and act as
linker molecules, between the basement membrane and sarcolemma. Some of their
domains promote outside-in or inside-out signaling and other domains bind growth
factors. Laminins are a family of multidomain glycoproteins forming an essential
network of the basement membrane (Figure 14). They interact with the collagen v
network, either directly or via other glycoproteins (nidogens) and perlecans’""2. In
adult muscle, the predominant laminin a2 chain is combined with both laminin 1 and
B2 chains forming laminin 211 (a2B1y1) and laminin 221 (a2bB2y1). Laminins are
localized all around the sarcolemma’”, but some of them may be concentrated at the
costameres*’. The laminin globular domains are linked to a-dystroglycan (a DGC
molecule) or integrin, creating crucial interactions for basement membrane formation,
force transmission and cell signaling*®"2.
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Figure 14. Laminin A) nomenclature’* and B) functional substructures’®.

Another key glycoprotein in skeletal muscle is fibronectin, a dimeric molecule with
multiple globular domains, forming an interstitial network with collagen VI”® and
binding integrins. Changes in the conformation of fibronectin can activate or
deactivate many cryptic binding sites’” (Figure 15).
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Figure 15. A) Multidomains of monomeric fibronectin and its binding sites’®. B) Conformation
modification of type lll module (number 10) by cell traction force after RGD binding. Adapted
from’®. Fn, fibronectin; FCell, cell traction force; RGD, tripeptide Arginine-Glycine-Aspartate;
FnCol, fibronectin type IV collagenase.

- Global composition of muscle ECM

Proteomic and bioinformatic analyses have more precisely defined the “matrisome*
which has turned out to be extremely complex®®®. It contains collagens,
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proteoglycans and glycoproteins grouped under the term “core matrisome”. A second
category was identified, the “matrisome associated” proteins, composed of ECM-
affiliated molecules, ECM-regulators such as MMPs and ECM-secreted factor such
as growth factors. In skeletal muscle, proteomic explorations of ECM are still
challenging because this tissue contains a high cell density, requiring ECM-
enrichment®® or decellularization methods®®. Interestingly, a first proteomic study®’
has identified several ECM-associated molecules in skeletal muscle. Table 1
summarizes ECM components found in skeletal muscle tissue, including ECM-
associated molecules, which are essential for signaling and maintaining ECM
organization. ECM-secreted molecules also include a variety of growth factors and
homologs as Bone Morphogenetic Proteins (BMPs) or TGFfBs, chemokines and
interleukins.

However, it should be underscored that the three-dimensional localization of each
component is still poorly explored because of current technical limitations. Although
expensive, clearing techniquesg“'85 allow the combination of three-dimensional
architecture exploration and the identification of molecule composition, and may
provide key information in healthy as well in regenerative or pathological muscle.
ECM is a very dynamic network with modifications throughout the lifespan. In
response to perturbation, ECM shows a high degree of adaptation including post-
translational modifications such stabilization of collagen fibrils by covalent cross-
linking by lysyl oxidases (LOX)?*®. ECM is also highly modified all during muscle
regeneration.
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ECM components Localization References
Collagen family
Collagen | Epimysium, perimysium, endomysium o687
Collagen Il Epimysium, endomysium o8
Collagen IV Basement membrane o256
Collagen V Epimysium, perimysium, endomysium 52,56
Collagen VI Between basement membrane and endomysium [***%*%]
Collagen VII Sparse *%
Collagen VIII Sparse [
Collagen IX Sparse in interstitial ECM ]
Collagen XI Sparse in interstitial ECM 91-93
Collagen XII (FACIT) Perimysium, (endomysium?) [37,94]
Collagen XlII (MACIT) Basement membrane and sarcolemma, NMJ [95]
Collagen XIV (FACIT) Perimysium, (endomysium?) [87]
Collagen XIX Sparse, in basement membrane? ]
Collagen XXIII Sparse in interstitial matrix [97,98]
Proteoglycans
Heparan sulfate proteoglycans
Collagen XVIII (Multiplexin) Basement membrane? 70
Perlecan Basement membrane, NMJ and sarcolemma 7%
Testican 1 (or SPOCK) NMJ 59
Chondroitin sulphate proteoglycans
w | Biglycan (also a SLRPG) Basement membrane and NMJ [
g Collagen XV (Multiplexin) Basement membrane [70]
£ Dermatan sulphate proteoglycans
|<_( Decorin (also a SLRPG) Basement membrane, endomysium and perimysium [70,101]
=
g Keratan sulfate proteoglycans
O | Fibromodulin (also a SLRPG) Between basement membrane and endomysium [70]
O | Lumican (also a SLRPG) Between basement membrane and endomysium [70]
Small leucine-rich proteoglycan (SLRPG)
Asporin Basement membrane, endomysium and perimysium? 102
Osteoglycin (or Mimecan) Unknown [1037105]
Hyaluronan (GAG without protein core) Epimysium, perimysium, endomysium [1%9]
Glycoproteins
- 72,107,108
Laminins Basement membrane and NMJ
Fibronectin Between basement membrane and endomysium, NMJ 19110
Elastin Epimysium, perimysium, endomysium °67
Nidogen (entactin) Basement membrane and NMJ m
Matrilin-2 Perimysium 112,1131
Tenascin-C Myotendinous junction [
Tenascin-X Endomysium and perimysium 15
Thrombospondins Endomysium and perimysium |
Periostin Sparse in interstitial matrix 118
Fibulin-1 and -2 Basement membrane 103&19]
Vitronectin Myotendinous junction? [120
Fibrillin-1 Unknown 'Y
LTBP-2 Interstitial matrix 122
Dermatopontin (or TRAMP) Sparse in perimysium 123,124]
SMOC-2 Unknown [
ECM affiliated proteins
Osteopontin Sparse in interstitial matrix 126'm]
w ] Annexins Sarcolemma [128]
b ,E Heparan sulfate proteoglycans
8 S Agrin NM)J stabilisation ]
|ﬂ__¢ E Glypican 1 In lipid raft domain anchored in sarcolemma [:Z]
< Y Syndecans In non- raft domain in sarcolemma [™]
= ECM secreted factors )
Angiopoietin 1 and 2 Endomysium? o
. . 132,133
Follistatin unknown [ ]

Table 1. ECM components of skeletal muscle.

Abbreviations: FACIT, fibril-associated collagens with interrupted triple helices; MACIT, membrane-associated

collagens with interrupted triple helices; NMJ, neuromuscular junction.
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I-B) Skeletal muscle regeneration
I-B-1) Muscle stem cells

Skeletal muscle is known for its high capacity of regeneration, relying on resident
stem cells termed satellite cells (or MuSCs, Muscle Stem Cells). These cells owe
their name to their location, between the cell membrane of myofibers and the basal
lamina (Figure 16).

Quiescent satellite cell (Pax 7+) between myofibers (immunostained by dystrophin) and the
basal lamina (immunostained by laminin)'*.

They constitute a heterogeneous population™®, indispensable for muscle
regeneration. Indeed, their absence impairs muscle regeneration*®'*” although other
interstitial stem cells with potential myogenic fate can participate anecdotally to
regeneration'®.

In resting adult skeletal muscle, quiescent satellite cells are located close to
capillaries™® and express the paired-box transcription factor 7 (Pax7), a specific
marker for MuSCs in the muscle tissue'®'*'. After an injury, satellite cells are
activated and massively proliferate to generate myogenic progenitors (also called
myoblasts). Then, they differentiate in myocytes and fuse to form new myofibers,
whereas a subset of activated MuSCs returns to quiescence to replenish the muscle
stem cell pool, to face further injuries during lifetime.

MuSC fate is finely regulated, involving both intrinsic factors and extrinsic signals
produced by the neighboring cells (tissue resident and inflammatory cells).

- Intrinsic factors regulating MuSC fate

Myogenic regulatory factors (MRFs) are the main transcription factors regulating
MuSC fate, composed of four members (Myf5, MyoD1, Myogenin, and MRF4) with
overlapping functions.
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Figure 17. Myogenic regulatory factor expression during muscle regenerationm.

In resting condition, quiescent satellite cells display a variable expression of Myf5
protein®'*3. After activation, Myf5 level rises, still associated with Pax7 expression'*.
During proliferation, MyoD1 expression is induced'*® and is essential for cell
amplification, allowing commitment into myogenic differentiation. Then, some
progenitors turn off Pax7 expression and engage in differentiation program, by cell
cycle exit and expression of late MRFs, Myogenin and MRF4. These myocytes fuse
together or with preexisting myofibers to form new fibers. Other myoblasts switch off
MyoD1 expression while they maintain Pax7 to induce self-renewal and return to
quiescence to maintain the stem cell pool (Figure 17). The specific expression
patterns of Pax7 and Myod1 are used to distinguish between quiescent
(Pax7+/MyoD1-), activated (Pax7+/MyoD1+) and differentiated (Pax7-/MyoD1+)
MuSCs'.

- Extrinsic factors controlling satellite cell behavior

Extracellular signaling from myofibers and their microenvironment plays a major role
in the regulation of satellite cell behavior. The main growth factors'’ regulating
MuSC activation and proliferation are hepatocyte growth factor (HGF) which acts
synergistically with fibroblast growth factors (FGFs)'*® via Mitogen-Activated Protein
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Kinases/Extracellular signal-Regulated Kinases (MAPK/ERK) signaling pathway'*°.
Insulin-like Growth Factors (IGFs), Platelet-Derived Growth Factor (PDGF) and
Vascular Endothelial Growth Factor (VEGF)™" "™ are also implicated. These factors,
as well as several FGFs, are secreted by satellite cells’™"'2. Other pathways are
involved, such as nitric oxide (NO) and Notch, that decline after satellite cell
activation and increases later during proliferation>*">.

Migration of myogenic progenitors is essential during regeneration. The chemokine
CXCL-12 (or SDF-1, Stromal cell Derived Factor 1) and its receptor C-X-C
chemokine Receptor type 4 (CXCR-4)°®">° or growth factors such as HGF'*®"'%®  are
key players in myoblast mobilization.

Differentiation of progenitor cells is enhanced by growth factors stimulating also the
proliferation stage, such as IGFs™®'’ but by acting through variable local
concentration'® or interacting with various receptors such as Fibroblast Growth
Factor Receptor-4 (FGFR-4) transiently expressed during differentiation’®. On the
contrary, TGFpB signaling inhibits the differentiation step™” %% Whnts (Wingless/Int)
are secreted lipid-modified glycoproteins and the Wnt canonical pathway is involved
in the conversion from proliferation to differentiation’®’, with a switch from high Notch
expression to a high Wnt/B-catenin signaling.

Terminal differentiation consists in the fusion of myocytes together or with remaining
myofibers. It can be described in four main steps'®. First, cell adhesion to each
other, followed by lipid bilayer rearrangements (also described as hemifusion),
generation of a fusion pore, leading to the formation of a syncytium by lateral
expansion. Actin plays an essential role in this process by controlling membrane
protrusions'®®. Among several molecules involved in myogenic cell fusion, two
specific proteins were discovered on the surface of merging cells'®%%,
independently controlling the distinct steps of the process'®* (Figure 18), such as
Myomaker associated with cell membrane and Myomerger-Minion in contact with the
cytoskeleton'®®'%®  Phosphatidylserine is also involved, with a transient presence in
the extracellular sheet of the sarcolema'®’, enhancing the fusion process. The hemi

fusion step depends on extracellular components as well as annexins A1 and A5,
W\ Myomaker
N Myomerger Hemifusion Fusion pore
connections formation Syncytial
Myomaker-dependent Myomerger-dependent muscle cell
hemifusion competence - membrane stresses e : °
Vo ® o <

Differentiated Myocytes |

Transition to complete fusion

Figure 18. Myomaker and Myomerger act on two distinct steps of myogenic cell fusion'®.

I-B-2) Non-muscle cells are involved in muscle regeneration, partly through
soluble factors
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The response to injury and MuSC fate are highly regulated by both the immune
response and other resident cells, contributing to a coordinated process of muscle
regeneration (Figure 19).
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Figure 19. Paracrine signaling between MuSCs and other cells involved in muscle
regenerationmg. Abbreviations: M1 and M2, macrophages; FAPs, fibroadipogenic progenitors; MuSCs, muscle
stem cells; Tregs, regulatory T cells; ECs, endothelial cells; Apln, apelin; Postn, periostin; Osm, oncostatin M.

- Immune cells

Neutrophils are the first cells invading the injured area, generating a sterile
inflammatory environment by production of reactive oxygen species (ROS) and
proteolytic enzymes. These cells also produce cytokines'®'" such as Interferon y
(IFNy), Interleukin-13 (IL-1B) and Tumor Necrosis Factor a (TNFa). In association
with molecules released by necrotic cells, termed damage-associated molecular
patterns (DAMPs), they provide signaling molecules to recruit additional immune
cells.

Circulating monocytes infiltrate the injured muscle, attracted by chemokines such as
macrophage chemoattractant protein 1 (MCP-1, also called CCL-2)"*"2 and they
differentiate into macrophages, key actors of muscle regeneration. Indeed, their
absence impairs the regeneration process'’. Initially, macrophages hold a pro-
inflammatory profile and produce cytokines as IGF-I, IL-6, IL-13 and TNFa which
stimulate MuSC activation and proliferation'’*'"°. Then, by metabolic modifications at
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a specific timing'®'’, they skew to regenerative macrophages, which stimulate
differentiation via IGF-I and low level of TNFa'™*. They also release GDF-3, a growth
factor from the TGFB family recently identified as acting specifically on the fusion
step'’®. Other cells such as eosinophils'” and regulatory T cells'® also infiltrate the
damaged muscle but in limited number as compared with the massive monocyte
infiltrate.

- Endothelial cells

Myogenic progenitors and adjacent vessels display reciprocal interactions during
muscle regeneration'®’. After an injury, the number of endothelial cells peaks around
7 days post-injury (DPIl) and they promote proliferation then differentiation of
myogenic cells via growth factors (IGF-I and HGF)™°. More recently, a couple of
secreted molecules were also identified'®. Apelin increases MuSC proliferation and
differentiation while periostin acts on MuSC differentiation. Regenerative
macrophages orchestrate the coupling between myogenesis and angiogenesis via
the secretion of oncostatin M'®. Then, during the regenerative phase, periendothelial
cells (pericytes or smooth vascular cells) induce the return into MuSC quiescence via
Angiopoietin 1 SAng1)183. In addition, growth factors enhance muscle angiogenesis
such as FGFs'®, PDGF-BB and VEGF '®*'%

- Fibrogenic cells

Skeletal muscle tissue contains a heterogeneous population of fibro/adipogenic
precursors (FAPs), which shares some similarities with mesenchymal stromal cells
(MSCs). After an injury, FAPs rapidly expand with a maximum around 3 DPI and then
this population decreases to normal values around 7 DPI'®~"®° They provide an
optimal ECM production, and secrete signaling molecules for myogenic cells such as
IGF-1, IL-6 and Wnts'®". A reciprocal communication between FAPs and immune
cells also occurrs. Indeed, FAP number is regulated via apoptosis by TNFo derived
from inflammatory macrophages. During the regenerative phase, macrophages
stimulate FAP ECM secretion via TGFB'®®. In addition, IL-4 produced by eosinophils
prevents FAP conversion into adipocytes'’®. Fibroblasts produce ECM components
such as collagens and directly act on myogenic cell behavior'®. Via TGFp signaling,
they differentiate into myofibroblasts'™’ but their roles during physiological muscle
regeneration need further exploration. Fibroblast production of ECM could be
modulated by satellite cells via exosomes, as illustrated in a model of muscle
overload'®,

- Neural cells

Nerves are damaged during muscle injury despite a majority of mature motoneurons
survives at distal axotomy, in close contact with Schwann cells'®. Neurotrophic
factors can stimulate reinnervation such as IGF-Il produced by myotubes, which
enhances neurite growth and synapse formation'®*. FGF-5 is up-regulated after
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denervation and acts as an autocrine regulator of Schwann cells'®. Interestingly,

macrophage secretion may be essential since these cells are involved in the
regulation of Schwann cell maturation in a model of nerve injury'.

- m
iibior nsuron 'l! Satellite cells ‘

myonuclei

REGENERATION >

Injured fbers )DELLING/MATURATION >

Time post-injury | T T T T
o

2 days 4 days 15 days 2 months

Cellular Response

Relative # of Cells

Days Post Injury (DPI)

Figure 20. A) Muscle repair phases adapted from'”’. B) Cellular modifications during the first

two weeks of skeletal muscle regenerationmg. Abbreviations: M1 and M2, macrophages; FAPs,
fibroadipogenic progenitors; MuSCs, muscle stem cells; Tregs, regulatory T cells; ECs, endothelial cells.

Overall, skeletal muscle regeneration can be divided in four interrelated phases:
myofiber degeneration, acute inflammation, regenerative phase, and ECM
remodeling associated to muscle maturation (Figure 20A). The timing of cellular
modifications is well-described in myotoxin-induced lesions (Figure 20B) which allow
ad integrum regeneration by the conservation of ECM and vascularization'®. Indeed,
muscle regeneration needs specific structural and trophic cues to fully regenerate,
with events close to those occurring in muscle development. However, depending on
the type of injury’®®, muscle regeneration could be more or less effective due to
alterations in:

- the ECM structure,
- the inflammatory response,
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- the revascularization and reinnervation.
Therefore, modifications in this complex temporal and spatial process leads to fat
and fibrotic tissue deposition associated with muscle function impairment, that are
observed during aging and pathologic processes.

I-B-3) ECM modifications during muscle regeneration

Extrinsic signals play a key role in regulation of satellite cell behavior during muscle
regeneration. Many studies focused on soluble molecules secreted by cells involved
in the process. Physical and chemical signals provided by muscle ECM are also
essential to drive an optimal muscle repair (Figure 20). ECM composition and
stiffness sustain dynamic modifications with various transitional ECMs providing
specific spatial and temporal signaling during the myogenesis process®®. In addition,
ECM directly acts on cell behavior or by modifying activities of several biomolecules
and growth factors.
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Figure 20. The satellite cell niche”'.

- Dynamic modifications of ECM composition

Identification of the complexity of ECM composition is not yet completely reachable
notably their spatial distribution in skeletal muscle tissue. Therefore, current
explorations to understand the role of ECM composition during regeneration is mainly
based on in vivo identification of key ECM molecules at specific regeneration time
points by immunostaining'#®?%%2% or specific isolation from muscle samples®®.
These investigations are completed by quantitative Polymerase Chain Reaction
(qPCR) analysis on whole tissue®® or isolated MuSCs at different stages of the
myogenic process'® to speculate about what could be secreted. Another common
approach is to study a specific ECM component in in vitro analysis focused on MuSC
behavior?*#2%*2% including migration, proliferation and differentiation/fusion, that can
not always predict in vivo function. Therefore, it is completed with silencing or
overexpression in various in vivo rodent models of muscle regeneration’®.
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Several ECM molecules interact with each other and act in combination to modify cell
behavior during muscle regeneration. However, their exact biological functions are
not fully understood. We detail here the main advances for each component family.

o ldentified specific ECM molecules

The main fibrillar collagen in healthy muscle is collagen |, but after an injury there is
an increase of collagen Ill content around 5 DPI, that leads to an inversion of
collagen I/lll ratio, with a reduced value as compared with resting muscle®®. In
addition, neo-sg/nthesized collagen is initially stabilized by cross-link with embryonic
characteristic®®. Lastly, fibrillar collagens ratio and cross-link pattern gradually
returns to uninjured state within two months. Other collagens have specific actions in
muscle regeneration (Table 2) such as collagen VI involved in satellite cell self-
renewal®%2.

Collagen family Expression and function during muscle regeneration
Collagen | Enhances myoblast proliferation and migration in vitro®®”.

Collagen 11l Rapid increased expression at 5 DPI with transitory decrease of the I/lll collagen
E ratio®®”.
2
,°__¢ Collagen IV Increases myoblast adhesion and differentiation in vitro®®.
<
=
= Collagen V Notch-Collagen V-Calcitonin receptor to maintain quiescence of satellite cells™.
8

Collagen VI Self-renewal of satellite cells via modulation of the niche stiffness®*.

Collagen VIl Increases myoblast proliferation in vitro®®®.

Table 2. Collagens in skeletal muscle regeneration.

The most studied glycoproteins are fibronectin and laminins (Table 3). Fibronectin
has multiple actions in muscle regeneration depending on its spatio-temporal
distribution. Indeed, satellite cells can remodel their niche by transient and local
expression of fibronectin, promoting their symmetric expansion via non-canonical
Wnt signaling'®. This specific high expression is absent in aging, with alteration in
satellite cell function®®. During muscle maturation, myofibroblasts interact with
myotubes to deposit fibronectin on their sarcolemma, sufficient to trigger nuclei
towards the cell periphery by specific integrin interaction''®. It is important to
underline that conformation of fibronectin molecule affects its function®® and could
explain its various actions observed in vitro on myoblast fate.
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Glycoprotein family

Expression and function during muscle regeneration

CORE MATRISOME

Laminins

Fibronectin

Entactins (Nidogens)

Matrilin-2

Tenascins

Thrombospondins

R-spondin-1

Periostin

Vitronectin

Osteonectin (SPARC)

- Myoblast adhesion and migration on laminins 211 and 221 via o731 integrinm.

.. . . . . 211
- Laminin a5 expression increases during muscle regeneration” .

- Laminin 521 improves in vitro myoblast proliferation and myotube formation?'?.

- Ct terminal fragments of laminins 211, 332, 411 and 511 support self-renewal of

. 21
satellite cells®™,

- Self-renewal of satellite cells via Wnt7a/Fzd7 (as co-receptor of syndecan 4)'%.

- Increased expression at day 5 and decrease after 2 weeks (CTX injury)'®.

- Implied in local peripheral nuclear positioning”o.
214

- Improves myoblast fusion via collective migration favoring cell-cell alignment” ™.

- Promotes adherence of contractile myotubes in vitro®™.

- High levels of entactin-1 enhance myoblast proliferation. Expression of the
entactin-2 is induced during myogenic differentiation whereas entactin-1

expression decreases’'®.

- Combination of laminin/entactin on collagen | scaffold enhance myotube

formation®'’.

- Transiently up-regulated with induction of terminal myogenic differentiation?"®.

- Promotes neurite outgrowth, Schwann cell migration and NMJ formation'"2.

- Tenascins are expressed around regenerating myofibers in rodent®'%%.

- In newt, tenascin-C is present in transitional ECM in vivo and increases myoblast
proliferation and migration in vitro®",

- Initial increased expression during crush regeneration model??,

- Adhesion and migration of myoblast5223.

Regulation of Wnt signaling pathways and limits myogenic cell fusion?*,

- Increased expression at day 7 and decrease after 2 weeks (laceration injury) and
promotes fibroblast migration into injured muscle?®.

- Transiently up-regulated in regenerative phase after CTX injury, localized around
regenerating myofibers. Increased expression during myoblast differentiation®.

- Secreted by endothelial and myogenic progenitors to promote myogenic
differentiation/fusion and angiogenesis. It higher expression level is in FAPs'®,

- Regulated during muscle regeneration.
- Adsorbed vitronectin promotes myotubes formation of C2C12 muscle cell line?,

- Increases differentiation/fusion of C2C12. Modulates expression of their

mitochondrial proteins and some ECM components (collagen | and fibronectin)227

- SPARC overexpression decrease myogenic differentiation®?®.

Table 3. Glycoproteins in skeletal muscle regeneration.
Abbreviations: Wnt, Wingless/Int; Fzd,Frizzled; CTX, Cardiotoxin ; NMJ, neuromuscular junction
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PGs are essential for muscle regeneration, since inhibition of their synthesis impairs
myotube formation?°. However, they contain a ratio of various type of GAGs, with
specific localizations in muscle ECM and cell membrane. This complexity®® causes
additional difficulties to identify their specific action during muscle regeneration,

summarized in table 4.

Proteoglycan family

Expression and function during muscle regeneration

Proteoglycans
Heparan sulfate (HS)
proteoglycans
Perlecan

Chondroitin sulphate (CS)

proteoglycans
Biglycan (also a SLRPG)

- Transiently increased in muscle after barium chloride |njury
- Decreased expression during myogenic differentiation in vn‘ro

- Transiently up-regulated expressmn200 232

muscle differentiation and maturation®*?
- Participates to the clustering of acetylchollne receptors (AchR)

decreasing during skeletal

233

w
=
8 Versican Its cleavage by ADAMTS (A Disintegrin And Metalloproteinase W|th234
e Thrombospondin motifs) proteinase facilitates myogenic cell fusion
<
=
L Dermatan sulphate
O proteoglycans
o Decorin - Modulation of TGFp1 signaling235

(also a SLRPG) - Increases myoblast migration on collagen | via inhibition of TGFp2>*°

- Enhance myoblast prollferat|on in vitro by inhibition of myostatin
expression™" and act|V|ty %8,
Keratan sulfate proteoglycans
Fibromodulin - Involved in expression of collagen | and Myogenin V|a Ca influx®*®
(also a SLRPG) - Inhibition of myostatin during myoblast differentiation®*
Hyaluronan - Accumulates around necrotic fibers via Hgls1 (hyaluronan synthase 1) and
(GAG without protein core) during myogenic differentiation via Has 2!
ECM affiliated proteins
Heparan sulfate (HS)

o proteoglycans
= Agrin Participates to the clustering of AchR via HGF?*'.
<
(@]
3 Glypican 1 - Increased expression during dlfferentlatlon /n vitro**
2 - Can sequester FGF-2 in lipid raft domains®*
E - Required for HGF signaling to increase myoblast mlgratlon
8
o Syndecans - Overexpression of syndecan 1 |nh|b|ts differentiation via FGF-224>%%°.
= - Syndecan-3 mteracts with Notch®*’ and is down regulated during muscle
= differentiation®*®.

- Syndecan -4 increases satellite cell proliferation via FGF- 2?4 and

m|grat|on Its expression is down regulated during muscle
dlfferent|at|on o,

Table 4. Proteoglycans and GAGs in skeletal muscle regeneration.
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All families of GAGs, including their core protein®?2?°, can modulate growth
factors’®'*%2** signaling pathways'®®%*” and chemokines such as CXCL-12 to trigger

a more efficient myoblast adhesion and migration',

Another strategy is to investigate the ratio of different GAGs. It is known that the
HS/CS ratio changes during myogenesis since a higher amount of CS is maintained
for two months in an ischemic muscle regeneration®> model. Sulfation and chain size
also increased in HS and CS. This is associated with a modification in the binding of
growth factors, such as FGF-2, leading to an increase in biological activity®*®.
Specific modifications by extracellular HS 6-O-endosulfatases could enhance
myogenic differentiation by repressing FGF-2 signaling®®. Muscle differentiation®?%’
is also accompanied by a modification of HS localization, with a higher amount of
cell-associated HS?*’. In activated MuSCs these components, localized in the
sarcolemma, are mainly syndecans®®?*° and after muscle differentiation®®® are
mostly glypican 1 allowing for the sequestering of FGF-2 (Figure 22).
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Figure 22. A) The expression of syndecans but not glypican-1 is down-regulated during
skeletal muscle differentiation’’. B) Interactions of FGF-2 and syndecan-4 and glypican-1 %1,

Abbreviations: FGF-2, fibroblast growth factor 2; FGFR, fibroblast growth factor receptor; MAP kinase, mitogen-
activated protein kinase; P13 kinase, phosphatidylinositol 3-kinase; PKCa, protein kinase C a.

Other ECM affiliated proteins have a specific action on muscle regeneration as
osteopontin, a small glycoprotein, acting during early phase®?. Interestingly, this
molecule is secreted by multiple cells including myoblasts, with a dual effect in vitro
depending on its soluble or immobilized presentation'®®. Indeed, solubilized
osteopontin increases myoblast proliferation whereas coated-osteopontin stimulates
myoblast migration and myogenic fusion.

o Transiently remodeled ECMs
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During muscle regeneration, ECM is extensively remodelled, since degradation of
macromolecules is crucial for cell migration. Therefore, transient ECMs regulate
muscle regeneration although their specific role and full composition still need further
explorations. Key molecules, such as fibronectin, tenascin C and hyaluronan are
interesting candidates of transient ECMs, since they are the main components of the
blastema formation after amputation in amphibian®' and zebrafish?®* followed by ad
integrum skeletal muscle regeneration.

ECM remodeling requires proteinases (MMPs) that are secreted in latent form and
are converted to active form at specific timing by proteolytic activation cascade.
Tissue inhibitors of metalloproteinases (TIMPs) inactivate MMPs. During muscle
regeneration, MMP-9 is active during the inflammatory phase while active MMP-2
operates during regenerative phase.

Finally, even if ECM composition is modified during muscle regeneration, a given
component can modify cell fate depending on its specific timing and localization. For
instance, fibronectin'®'"% acts on both satellite cell niche and nuclei localization in
myotubes. In addition, various associations of ECM molecules have different cell
actions through specific integrins #2527,

- ECM as a physical support

Muscle ECM provides a physical support for migration and alignment of myogenic
cells during the formation of neomyofibers?®®. Injury models in which the basal lamina
is maintained display ad integrum muscle regeneration®®. Indeed, laminin and
collagen IV are maintained in toxic injury, these remaining ECM structure are called
“ghost fibers”?®27%2"1 By jn vivo imaging, fluorescent myoblasts are observed
migrating along these ghost fibers before fusing to replace the injured muscle. On the
contrary, neomyofibers are disorganized in the absence of basal lamina®® (Figure
23).
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Figure 23. Muscle regeneration sustained by A) ghost fibers maintained as a guide for
myogenic cell migration and formation of nascent myotubes. B) If the ghost fibers are
damaged, myogenic cells migrate to interstitial ECM along random migratory path causing
disorganized regenerated muscle”®,
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In addition, ECM stiffness has a proper function. Transitional ECM in amphibian
exhibits lower tissue stiffness, promoting migration and inhibition of terminal
differentiation of myoblasts®?’. Higher content in collagen Il and looser fibrillar
collagen®’? also promote migration. In vitro analysis have emphasized that substrate
stiffness close to that of the skeletal muscle tissue improves myogenic behavior®”>.
Therefore, an increase in ECM production during muscle regeneration provides
scaffolding for nascent myofibers. But in some cases, disorganized depositions are
deleterious since pathological accumulation of ECM impedes muscle repair and
mechanical function (Figure 24).
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Figure 24. ECM modification in A) acute and B) chronic muscle regeneration18.

I-B-4) Dysregulation leading to fibrosis

Fibrosis represents the advanced stage of several muscular diseases, mainly
dystrophies and myopathies?”*. The most investigated is Duchenne Muscular
Dystrophy (DMD), caused by mutation/deletion in the gene encoding for dystrophin
and leading to a severe form of childhood muscular dystrophy. Myofiber necrosis
results from continuous injuries and fibers are progressively replaced by a fibro-
adipose tissue?’®. The consequence is a gradual loss of muscle and severe
impairment of muscle function.

Fibrosis is observed in other organs and share common mechanisms corresponding
to an excess of ECM components associated to high levels of growth factors,
cytokines and proteolytic enzymes®. TGFB is the main pro-fibrotic molecule?®’®,
exhibiting complex signaling networks in multiple tissues?’” and acting in crosstalk
with Wnt pathway?’® and renin angiotensin system?’®. Myostatin, a member of TGFp

super family, is another key actor in skeletal muscle fibrosis?®.
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In healthy tissues, TGFp is stored inactive inside the ECM, binding to LTBP-4 (Latent
TGFB binding protein 4) and its activation requires the release of TGFp from this
complex'?’. TGFB acts via its receptor on target cells to activate SMAD (Small
Mothers Against Decapentaplegic) and non-canonical MAPK pathway (Figure 25) to
induce a fibrotic program with synthesis of several ECM components and positive
auto-feedback loop.
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Figure 25. Fibrotic signaling pathways in skeletal muscle. Adapted from?’
Dashed lines indicate indirect effects. Abbreviations: MSTN: myostatin; ACVR: activin type 2 receptor; AT1/2:
Angiotensin |l receptor type | and Il; ACE: angiotensin converting enzyme.

During fibrosis, ECM composition is modified with a major increase of collagen | or
collagen IV content®. Glycoprotein content is also enhanced such as fibronectin®?.
The CS/HS ratio is modified with a rise of decorin and biglycan in dystrophic
muscles®®, although decorin can act as an anti-TGFp and Connective-Tissue Growth
Factor (CTGF)284 The presence of osteopontin is also observed in inflammatory
areas®®. In addition, qualitative modifications occur with initial collagen crosslinking
by LOX enzymes (upregulated by TGFpB) whereas pyridinoline content is associated
with severe fibrosis®. Viscoelasticity is impaired®® leading to higher muscle stiffness
and muscle functional disabilities. Fibrosis also results from a reduced ECM
degradation®®” while modifications and disorganization of ECM can impair its
enzymatic degradation by MMPs. TIMPs are regulated by TGFf and their expression
is increased in muscle and plasma of DMD patients®®. However, some MMPs are
upregulated, especially those transiently activated during the inflammatory phase of
physiological muscle regeneration such as MMP-9%°, suspected to increase fibrosis.
Interestingly, some MMPs and ECM fragments are released from synthesis or
degradation and could be used as biomarkers®° (Table 5).
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Type of marker Related to process Application in muscle

C1M, C3M Collagen 1,3 degradation Inflammation in muscle tissue
PINP, CIM Collagen I synthesis, ECM remodeling Fibrosis
CAF Agrin fragmentation Functional disintegration in neuromuscular

junction, sarcopenia

Table 5. Peptides produced by specific cleavage of ECM with clinical relevance as potential
biomarkers for neuromuscular diseases. Adapted from>*.

At a cellular level, TGFB and stiff ECM induce the differentiation of various
progenitors into myofibroblasts, the main actors of fibrosis®®', leading to ECM
disorganization that in turn induces myofibroblast transformation (Figure 26). Chronic
elevation of TGFp is deleterious to myoblasts with induction of apoptosis®*? and their
differentiation into myofibroblasts®®®. In addition, the increase in ECM stiffness can
impair myogenic properties such as self-renewal®”® and proliferation®®*, with fibrotic
differentiation®°.
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Figure 26. Profibrotic feedback loop with myofibroblasts secreting ECM components and the
increase of ECM stiffness leading to more numerous myofibroblastszm. Abbreviations: PA,
Plasminogen activator; MMP, Metalloproteinase; TIMP, Tissue Inhibitors of Metalloproteinases; TGF,
transforming growth factor.

Fibrosis is characterized by a chronic inflammation with persistence of macrophages,
leading to FAP long-term survival since apoptosis signal from TNFa is disrupted by
TGFp present at the same time?*® (Figure 27).
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Figure 27. Interactions between macrophages and FAPs in skeletal muscle during A) acute
injury with sequential pro- and anti-inflammatory macrophages and transient expansion of
FAPs. B) In chronic injuries, inflammatory profile of macrophages is disturbed, with

simultaneous production of TNF and TGFB leading to FAP persistence and fibrosis>>°.
Abbreviations: FAP, fibro/adipogenic progenitor; TGF, transforming growth factor; TNF, tumor necrosis factor.

I-C) Challenging treatment for volumetric muscle loss (VML) injuries
I-C-1) Severe limb injuries

“Every day, 16,000 people die from injuries, and several thousand more are injured,
many of them with permanent sequelae. Injuries account for 16% of the global
burden of disease” (WHO Guidelines for essential trauma care)?*’.

- Limb injuries are extremely frequent in general traumatology

The maijority of trauma-induced death and disability is overwhelmingly caused by
road traffic crashes®®®?%. Indeed, road injuries are still increasing®™ and WHO
estimates they will become the third leading cause of “Disability Adjusted Life Years
loss” in 2020°°'. Moreover, extremity injuries are frequently observed in this type of
road trauma®®? but they also occur during practice of extreme sports*®. Natural
disasters are another prominent cause of casualties presenting with a high proportion
of open fractures®® associated with large soft tissue wounds and specific
infections®%,
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In most cases, patients are polytraumatized and need intensive care in order to
receive massive blood transfusion, correction of ionic and clotting troubles, or
mechanical ventilation®®. Definitive tissue repair strategies require a patient stable
enough and are realized after multiple debridement, until wounds are
macroscopically clean®® (Figure 28). Soft-tissue injuries are extremely frequent in
these patients but without specific treatment, often limited to a delayed soft-
tissue coverage by specific surgery (flaps technic) to prevent infection and enhance

bone healing®®.

Conservative OTDC 6 hours Non-conservative OTDC

Débridement Wound-care TF Temporary distal amputation with
Revascularization Fasciotomy delayed primary closure

Local progression 7 days
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Figure 28. Management of severe limb injuries3°9.
Abbreviations: OTDC, orthopedic trauma damage control; TF, temporary fixation.

- Limb injuries are also observed in military trauma wounds

War injuries lead to high rate of physical disabilities (more than 10% after civil wars in
African countries®'°).

In current conflicts, improvised explosive devices have become extremely
frequent®'’®'?. The resulting blast-related injuries are due to direct or indirect
mechanisms>'%3"® (Figure 29) and these lesions are complex with important tissue
destruction and contamination. Conversely, gunshot-injury incidence decreases®'"*'*
but they lead to an increasing proportion of open fractures.
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Figure 29. Blast-related injuries®'.

The protection of both the trunk and the head has been improved, but the limbs are
unprotected, leading to one or multiple extremity lesions®'"'®. Furthermore, efficient
medical care and rapid evacuation toward a field hospital have increased the overall
survival of injured soldiers, who often suffer from multiple and complex lesions that
were formerly lethal®'’. Medical interventions are gradually sequenced. During initial
care, the emergency is to control haemorrhage by efficient and easy technics. When
evacuated, the injured soldier is treated by surgeons according to the principles of
damage-control*'®3"° with an aggressive debridement of soft-tissues, vascular
shunting and fracture stabilization®*°. Therefore, disabling limb lesions represent 50-
70% of military WOUﬂd3311’314'316'317’321_323.

In many countries, the civilian population is increasingly subjected to blast*'? or
gunshot®**-related injury due to the terrorist threat or mass shootings. Most victims
sustain musculoskeletal injuries as well, the majority in extremities and 40% of

survivors will not be able to return to their pre-injury occupations®?°.

These limb injuries have in common to concern young people, leading to a high rate
of disability, without specific and efficient treatment for soft tissue lesions. Current
orthopedic strategies attempt to preserve the limb integrity but amputation is
necessary in 10-20% of cases>'*3%3%" gt initial time or later after
failure of limb salvage attempts. Consequently, these extremity injuries have a high

medical cost with long inpatient stays and frequent re-hospitalization®'¢:322:328,
I-C-2) VML injuries

VML injury is defined by a sudden removal of skeletal muscle mass overwhelming its
capacity of regeneration. The term describes not only the initial mechanical muscle
loss but also the evolution of the remaining muscle tissue (Figure 30).
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Figure 30. Patient with open fracture at right lower extremity. A) Anteroposterior radiography at

initial care with external fixator then, B) after bone healing with C) lateral radiography. Adapted
from®®. Arrows illustrate VML evolution in the quadricep muscle.

- Epidemiology of VML

Traumatic VML can be a direct consequence of the injury or occurs after surgical
care with multiple debridement and fasciotomy®*°**'. No precise threshold of muscle
loss defines this pathologic process, which depends on muscle size and localization
(more severe in transverse-oriented injuries). However, it is usually observed for
losses above 20% of the initial muscle volume, despite being observable from 10%.

The clinical consequence is muscle weakness and chronic disability®*?,

In traumatology, VML has long been underestimated and was not always noticed
because no specific therapy and follow up were available. VML could be frequent
since only 50 to 70 % of patients return to duty after major trauma®**=%*_ In addition,
the difficulty in quantifying VML may increase its underestimation. Indeed, smaller
disabilities induced by VML, that do not categorize patients as invalid, may hinder
muscle function. Complex fractures repair with the use of various technics as fixator
and/or biomaterial, but disabilities may persist because skeletal muscle condition is
altered>33%.

Muscle impairment is also among the most common disabilities found in injured
soldiers. In a cohort of war-injured®®, a disability rate of 65% due to VML was
observed after orthopaedic treatment and of around 10% in general war injuries.
Indeed, more than 80% of open fractures present soft tissue defects, where muscle
wound can result from initial lacerations or debridement of necrotic tissue.
Consequently, VML is extremely frequent after open fractures.

Beside the trauma context, VML has also been described after surgical removal of
muscle tumor-like extremity soft tissue sarcoma. It is observed in young patients with
rhabdomyosarcoma®® as well as in older patients**®**" with an impaired muscle
function, where age-related sarcopenia and chronic diseases already combine to
foster muscle deconditioning.

- Physiopathology of VML

Several VML models have been investigated in preclinical studies, mainly in limb
muscles of rodent or swine, confirming that the process of muscle regeneration is
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overwhelmed. Three weeks following VML, only moderate myofiber formation is
observed, without reaching a healthy muscle-like recovery®*? even after six
months®*.

Another notable observation is the onset of a persistent and major muscle deficit,
larger than could be predicted from the initial lesion volume (Figure 31).
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Figure 31. Regression analysis of force deficit after a VML (after 1-4 months) relative to the
initial muscle loss. Adapted from®'.

For example, a volumetric loss (mainly transversal) as little as 10% of total muscle
mass, can lead to a 60% decrease in muscle force. A complete loss of muscle
strength could be observed despite one third of muscle mass remaining. This
functional deficit is observed even after strength normalization to muscle weight®*2. In
addition to regeneration impairment, VML relies on functional alterations in the
remaining muscle.
Several hypotheses have been put forward to explain these observations:

- repartition of the mechanical strain from a large muscle section to a more

restricted one,
- loss of essential signals such as innervation or vascularization,
- deleterious inflammatory mediators originating from the lesion site.

A rodent model highlighted an axotomy of 80% of the motoneurons three weeks post
injury>*2. Then, denervation could alter the remaining muscle by several mechanisms
such as atrophy®** or capillaries loss**°. A persistent and extremely detrimental
inflammatory response has been described, leading to chronic fibrosis and fat
deposition®***¢. After VML, a set of genes®*?**®3% are durably upregulated (more
than 2 months), particularly in pathways related to inflammation and ECM
remodelling, such as Transforming Growth Factor § (TGFB) and Wnt. Persistent
infiltration of immune cells (mainly macrophages with mixed pro/anti-inflammatory
phenotype®*®) and chronic fibrosis are observed in most animal models, even after
therapeutic interventions such as debridement®*®. The functional consequence is a
higher muscle stiffness due to higher collagen content with an increase in the
collagen I/lll ratio. Overall, because of functional alterations associated to fibrosis,
the volume of residual musculature does not reflect its functionality.
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Clinical case reports are limited but have provided some valuable data on the specific
pathologic processes involved in VML**', but their precise participation in VML
pathological process need further explorations. Patients with VML also display a 20-
30% of peripheral nerve injury®®. Histologic explorations found a prolonged
inflammatory cell infiltration and a chronic fibrosis, as well as myofibers with durable
centrally located nuclei®*'**? in the remaining muscle, suggesting chronic alterations
and/or denervation. In a case report, muscle rigidity appears to restrict torque
production®*?. In addition, the length—tension relationship is also impaired, possibly
by a reduced optimal sarcomere length, highlighted by a functional deficit variable
depending on angle joint®*,

Finally, the pathologic elements involved can be schematically described as:

- Local loss of essential actors of regeneration, cell elements as satellite cells,
or topographical cues such as “ghost fibers” shaped by basal
membrane/endomysium?®®, or gradients of signaling and chemo-attractive
molecules.

- Functional overload in remnant muscle with persistence of non-resolving
inflammation, leading to chronic fibrosis which compromises muscle force
transmission (Figure 32).
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Figure 32. VML model as a feedback loop of inflammation and fibrosis>*>.

Further explorations are necessary to dissect the complexity of VML physiopathology
and especially to investigate the dysregulation in resident stem cells and other actors
involved in muscle regeneration, such as macrophages and fibrogenic cells, that
have been pointed out in aging or dystrophies. Composition of the fibrous tissue also
needs to be further analyzed because other ECM modifications could occur during
fibrosis, even at the basal membrane level®”.

I-C-3) Current therapies for patients with VML injury

Soft tissue wounds are frequently contaminated, causing a delayed closure and
multiple scar revision, sometimes very distant from the initial lesion (until 10
years>®"). The initial muscle loss is surgically filled with fasciocutaneous or muscle
flaps, with their own vasculature, requiring specific surgery®*****° (Table 6). However,
their utilization can be limited by multiple and large sites to cover, leading to donor
site morbidity®>>*. Even after a muscle tissue engraftment, these strategies will not
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achieve muscle strength restoration®*® but could participate in ameliorating bone

356
repair™>°.
Free flap Pedicled flap
Large size Small size
Donor-site outwith the Donor-site close to the
injured extremity injury

Donor-site in a hidden area  Donor-site in visually
exposed area
Good blood flow Minimum blood flow
Low rate of flap failure in
the upper limb

Long operation time Short operation time
Surgeon must be

experienced in

microsurgery
Specialised infrastructure

(microscope etc.)

necessary

Table 6. Free flaps versus pedicled flaps®®.

Physical rehabilitation is also frequently delayed for VML patients and particularly
complex for those displaying multiple severe injuries with other tissue damage as
neural lesion. There is a physiologic limit in muscle strength gain; physical therapies
will optimize the utilization of the remaining musculature to improve the quality of life
by restoring some functional autonomy (Figure 33). However, functional deficits
persist?29:334.351:352.357.3%8 404 will keep on declining with time®*°, especially when the
remaining muscle displays secondary injuries due to mechanical overload.

Despite an improvement in limb salvage, full functional recovery cannot be reached
in patients displaying severe disabilities and pain, sometimes leading to secondary
amputation allowing utilization of efficient orthosis®®.
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Figure 33. Treatment of war-wounded in French military hospital.
Adapted from French military staff source of images.

Overall, VML are heterogeneous and complex injuries leading to an impaired muscle
regeneration although skeletal muscle owns high capacities of regeneration.

I-D) Regenerative medicine: a new hope for patients with VML

Regenerative medicine aims at replacing defective tissues or organs in order to
restore physiological functions. Since VML shows no recovery, the aim of developing
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a regenerative therapy approach is to restore elements of the lacking muscle. The
hypothesis is that biomaterial engraftment, associated or not with stem cells, will
provide the missing physical support and trophic cues, to promote de novo myofiber
regeneration. However, advances in VML knowledge are more in favor of multiple
therapeutic targets to improve in parallel the remaining muscle displaying chronic
fibrosis and inflammation®"***. In the present thesis, we will focus on the first
therapeutic axis, i.e. the use of an optimal biomaterial for VML.

I-D-1) Biomaterial strategies for VML injuries

A biomaterial can be used to modify the form of a tissue or to replace it. To achieve
this, scaffolds provide mechanical and trophic cues to attract or/and modify the
behavior of endogenous cells and can also be used to transport exogenous cells or
bioactive molecules®'. A biomaterial can be composed of either natural components
or synthetic molecules, sometimes both. It must be biocompatible, and in most
cases, bioresorbable. Implanted biomaterials induce an initial immune response and
in some deleterious cases, can lead to chronic inflammation also called host “foreign
body reaction”*®2. Briefly (Figure 34), neutrophils invade the implant area, followed by
macrophages which fuse to form foreign body giant cells. These cells release
cytokines and growth factors, leading to fibroblast proliferation and a fibrous
encapsulation around the implant®®.
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Figure 34. Different phases of the formation of foreign body reaction®®.

This inflammatory response mainly depends on the biomaterial composition.
Biomaterial physical and chemical properties can be more or less controlled
depending on:

- its chemical composition,

- its structure as pore size and uniformity,

- its mechanical properties as viscoelasticity and stiffness,

- its biological interaction, between cells and the biomaterial.
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Considering VML, biomaterial could serve as a surrogate for one or more of the
missing components essential for muscle regeneration and for recreating de novo
muscle tissue that could be integrated to the remaining host musculature (Figure 35).

Scaffold

Figure 35. Biomaterial strategy for VML injury: recruitment of endogenous myogenic cells and
favorable host immunologic responses post-implantation®®’.

More importantly, scaffold should be able to attract satellite cells from the
surrounding healthy muscle to induce adequate spatiotemporal events leading to
muscle regeneration. It should also provide an efficient vascularization to avoid the
formation of a necrotic core. For skeletal muscle applications, biomaterials of
interest®® are summarized in Table 7 and we will detail some of them, specially
decellularized scaffolds which are the main goal of the present thesis.

I Scaffold Materials for Skeletal Muscle Reconstruction I

—‘ Naturally Occurring Materials H Hybrid Materials |<—'| Synthetic Materials '—
[

ECM Scaffolds: Configurations: e

- Urinary Bladder
— -Small Intestine
- Skeletal Muscle
- Dermis

Individual Components:
-Laminin
-Collagen
-Fibrin
-Hyaluronic Acid
-Alginate
-Chitosan
-Gelatin

Configurations:
- Single layer sheet
- Multilaminate sheet
- Powder
- ‘Powder Pillow’
- Tubular shapes
- Hydrogel
-Whole organ

- Encapsulated fibers /
meshes in a hydrogel

- Electrospin / electrospray
composites

-Thin coatings

-Polypropylene

- Poly(lactic acid)

- Poly(glycolic acid)

- Poly(e-caprolactone)
- Polyurethanes

- Polyethylene glycol

Configurations:
-Woven / Knitted meshes
-Foams
- Hydrogels
- Electrospun scaffolds

Table 7. Biomaterials investigated for skeletal muscle applications. Adapted from>®.

I-D-2) Synthetic biomaterials

The advantage of synthetic components is to obtain a reproducible biomaterial with a
precise characterization of its physical and chemical properties. Meshes of
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polypropylene are commonly used for hernia repair’® and were described as an

“inert” biomaterial despite they induce a localized foreign body response®®. A variety
of biodegradable biomaterials were evaluated to improve skeletal muscle formation in
vitro®®. A few of them were implanted in in vivo VML models*”°. For example,
polyesters such as poly(lactic acid)*”" already have clinical authorization with a

porous configuration allowing cell adhesion and vascularization. Polyurethane
polymers®’? have also interesting properties with controlled stiffness and the capacity
to be conjugated with bioactive compounds and growth factors.

These biomaterials display various configurations. Hydrogels hold viscoelastic
properties close to native tissues and can be organized in precise shape and size

while delivering cells and bioactive molecules. Interestingly, electrospinning can
373

provide nanofibrous scaffolds®® promoting myogenic cell alignment in vitro.

Figure 36. Biomaterials obtained by 3D bioprinting composed of A) chitin nanofibril scaffold®*

with B) structural characterization by scanning electron microscopy and C) unidirectional
aligned PEG-Fibrinogen hydrogel with representation of fiber arrangement375.

Overall, synthetic biomaterials are most often robust, may be useful for some
applications in skeletal muscle tissue, which is exposed to high mechanical
constraints. Currently, complex forms of synthetic biomaterials are starting to be
produced, especially with the use of bioprinting®”*>® (Figure 36). But, as compared
with native ECM scaffolds, these synthetic biomaterials hold less complexity in their
composition and three-dimensional architecture. They also trigger foreign body
reaction after implantation®®*. We therefore focused our work on natural biomaterials.

I-D-3) Natural biomaterials

Utilization of natural components for biomaterials is now developed to recreate the
proper microenvironment of tissues.

- Biomaterials composed of natural components

Some biomaterials are obtained with purified proteins or polysaccharides. The main
52



ECM protein used is collagen | due to its easy isolation and modification. Xenogeneic
collagen implantations have been used for years with a few severe complications
despite some allergies could occur®’’. Also, fibrin mesh is interesting because its
stiffness is close to that of skeletal muscle®’®. Polysaccharides, such as alginate®”® or
hyaluronic acid®® are also explored, often mixed with other materials to enhance
their mechanical properties.

Alginate

Figure 37. Biomaterials structure by scanning electron microscopy such as A) collagen381, B)

fibrin®®” and C) alginate®® hydrogels.

The utilization of natural polymers improves cell interactions and adhesion but they
lack three-dimensional architecture (Figure 37) and adequate mechanical strength.
To obtain a scaffold closer to tissue complexity, decellularized scaffolds have
emerged and seem the most promising.

- Decellularized biomaterials

Decellularized ECM-based biomaterials are derived from whole tissue from which
cellular components are removed, maintaining only structural and functional ECM
molecules. As compared with synthetic or single natural components, decellularized
biomaterials hold the complexity of specific biological cues (such as cell adhesion
sites), mechanical properties closer to the native tissues, intact vascular network®*
and a better host integration after implantation®°.

Therefore, they have several advantages for VML therapy because of the conserved
native ECM composition and architecture, and even more if they are obtained from
skeletal muscle maintaining its tissue-specific ECM (Figure 38).
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Figure 38. Microarchitecture of different decellularized tissues by scanning electron
microscopy®.

There are several decellularization procedures, leading to different types of
biomaterials.

o Multiple decellularization process

Decellularization consists in lysing cells and removing their debris. Multiple steps and
agents can be used in various combinations depending on the future use and the
tissue source. Therefore, the optimal protocol for a specific use should be
established. The most popular methods are illustrated by categories in Table 8.

Briefly, physical treatments such as freezing-thawing are used to break down cells
and minimize the use of chemical agents such as detergent or digestion enzymes.
Most ECM-scaffolds are non-cross-linked in order to be biodegraded and avoid
chronic inflammation®’. Chemical remnants can be toxic and necessitate multiple
washes for their elimination. Then, the last step for a complete process is sterilization
which involves gamma irradiation or chemical agents such as peracetic acid.

Each step could damage ECM, especially chemical agents, thus short time
administration is preferable. Decellularization processes depend on the density and
the volume of the tissue or organ. Harsh processes are effective but they denature
ECM molecules. Therefore, the ideal protocol is a balance between cell removal and
key ECM component conservation, but any protocol inevitably removes or alters the
desired molecules and the native architecture.
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Decellularization methods

| a |

Physical ‘ Chemical ‘ Enzymatics
Fzﬁ:ie' Alkaline and acid solutions: acetic acid, peracetic acid (PAA), Proteases:
B cycles hydrochloric acid, sulfuric acid and ammonium hydroxide — trypsin and
- dispases
Direct -1 Hypotonic solutions: deionized water and 1.5 M KCI — .
pressure — - Esterases:
| phospholipas
—1 Nonionic detergents: Triton X-100 £ g A2 £
| Osmosis
lonic detergents: sodium dodecyl sulfate (SDS), sodium
-1 deoxycholate and Triton X-200 Nucleases:
[ ] — DNase and
— Sonication RNase
Zwitterionic detergents: 3-[(3-
| cholamidopropyl)dimethylammonio]-1-propanesulfonate -
CHAPS, sulfobetaine-10-SB-10 and SB-16
™ Perfusion
Chelating agents: ethylenediaminetetraacetic acid (EDTA)
ﬂ and ethylene glycol tetraacetic acid (EGTA)
| Agitation
Antibiotic solutions: penicillin, streptomycin and
-1 amphotericin B
Immersion
msglr:ﬁirg:;al Protease inhibitors: phenylmethylsulfonylfluoride (PMSF),
aprotonin and leupeptin
—1 Organic solvent: tri(n-butyl)phosphate (TBP) ‘
Drug Discovery Today

Table 8. Decellularization methods®®.

o Characterization of decellularized biomaterial

Because both tissues and decellularization processes are heterogeneous, scaffold
characterization is essential because variable compositions and structures could
have an impact after in vivo implantation. There is no consensus about which biologic
components must be monitored and it depends mainly on the application and tissue
of origin. They can be subdivided in two categories:

- Unwanted components, which may be due to uncomplete cell removal and may
trigger undesirable immune response. The validation is based on residual DNA
amount and size with thresholds below 50 ng per mg of dry ECM and less than 200
base pairs (bp)**°. Some components, which stimulate acute inflammatory response,
need to be investigated such as cell-based antigen and endotoxins (e.g.
Lipopolysaccharide, LPS) that could be found within biomaterial without living
bacteria. Toxic remnants due to the decellularization process could also be
deleterious and are also quantified®®.

- The conservation of key ECM components maintaining their specific spatial
distribution and structure. ECM is composed of hundreds of molecules but the most
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frequently explored in decellularized scaffolds are collagens, elastin, GAGs and
growth factors. Less common investigations include mechanical strength (mainly
elastic modulus) and in vitro interaction with intrinsic abilities to promote cell
adhesion and growth.

o Commercially available decellularized biomaterial

Xenogeneic tissues are already used for clinical applications. Most of them are
derived from swine tissues such as urinary bladder matrix (UBM) and small intestinal
submucosa (SIS) and are prepared with physical methods with few chemical
intervention®®”. Their main utilizations are surgical reinforcement of soft tissues®®"
and managements of various wounds®®.

Figure 39. Variable configurations of most used decellularized scaffolds such as A) sheet and
B) powder pillow devices®®. Abluminal surface by SEM of C) SIS scaffold and D) UBM
scaffold>®. Scale bar represents 10 pum.

However, their three-dimensional architectures, and probably their compositions, are
extremely different from that of skeletal muscle ECM (Figure 39).

I-E) ECM-based therapy for skeletal muscle injuries

Biomaterial-based intervention is a field of matrix-based regenerative therapy aiming
at recreating extracellular structures participating in cell behavior through mechanical
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and biochemical properties®*, and at modifying the local kinetics of released growth
factors or enzymes. Such a rationale has led to the development of components such

as GAG mimetics®®°3%.

I-F-1) Decellurized scaffolds in VML

ECM-biomaterials derived from several sources and species have already been
investigated in different models of VML and in a small cohort of patients. We will
focus here on extremity lesions.

- Non-muscle ECM based scaffold

Preclinical studies were performed in models of VML, investigating several species
(rodents®*?%97%  caning®®*4% and swine*®“%") and injuries (isolated, rarely multiple
sites with bone defect’’®). The ECM used are mainly commercial acellular
biomaterials (UBM and SIS). Only one study has obtained a complete regeneration
after SIS-scaffold implantation in canine musculo-tendinous injury. However the
study has no control group and the muscle neoformation was strikingly tardive at 6
months after 3 months of fibrosis scar*®. Other studies display slight improvements
in muscle function whereas histologic explorations show only few isolated muscle
cells inside a fibrotic tissue®**3974014% " Gimjlar observations are made in a larger
animal model (swine), where no functional improvement are reported after SIS and

UBM scaffold implantation®®®.

In patients, one longitudinal clinical cohort®®'**? and several case reports are
published®?°4% A first clinical observation was conducted on VML in quadriceps
receiving a multi-layer of SIS-scaffold followed by a rehabilitation performed one
month after the surgery. Four months later, the patient had functional improvements
associated with de novo soft tissue in imaging but no histological exploration was
performed to confirm muscle neoformation®”®. The same team followed a cohort with
functional and histological explorations for the first five patients®®'. All of them
displayed at least 25% loss of muscle mass or function. During surgery, they
benefited from fibrosis debridement and an UBM scaffold implantation, with
rehabilitation starting at 48h. Six months post-surgery, medical imaging showed
dense tissues. However, histological analyses found only isolated myofibers with
central nuclei associated with perivascular cells. Functional improvement was
obtained for three patients. A second publication of the same cohort enriched to
thirteen patients®*? treated with various commercial scaffolds (UBM, SIS, scaffold
with a dermal origin). Half of the patients had improved strength but again, with a
poor histological improvement and final scar aspect (Figure 40).

57



A B

Pre-op

28 weeks
after ECM implantation
V/ ‘

Figure 40. Injury site of patient with VML in quadriceps A) after 18 months of the initial lesion
without ECM scaffold and B) at 7 months post-ECM implantation®®.

Overall, the use non-muscle ECM biomaterials displays encouraging results with
functional improvements and the recruitment of perivascular stromal cells despite few
muscle neoformation. Complexity of spatiotemporal events occurring in muscle
regeneration is not obtained after implantation of these biomaterials. ECM scaffolds
derived from skeletal muscle may be more suitable for reconstructive tissue
remodeling than non-specific tissue sources.

- Muscle-based ECM

A variety of muscle-derived ECM preparations were evaluated?®®343:384:399.401-403,409-

1 because the process is more challenging due the cell density, without the
possibility to use physical procedure. However, the three-dimensional architecture of
skeletal muscle is rarely maintained until recently®4400403,

Muscle ECM-based scaffold implantation were performed in various VML models. In
limb injuries performed in rodents®*33%7:399402 5r sWine?®, the mean muscle loss was
20-30% of various muscles such as Tibialis anterior (TA)*397:399402 " g adriceps*®®
and gastrocnemius*®®4%". At early (1 week*’") and later time (until 6 months®*®) of
histological evaluation, few myofibers were observed, close to the remaining
musculature, with various levels of organization and maturity, mainly misaligned and
surrounded by fibrosis (Table 9). Functional improvements observed could be due to
fibrosis since isolated myofibers are not sufficient to provide strength. Interestingly,
muscle ECM scaffold prevented the degradation of the remaining muscle tissue.
Collectively, decellularized biomaterials partially restore muscle function, with
variability due to different sources of scaffold and decellularization processes (Table
9).
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VML Model VML Size Species  Therapy Primary Histological Outcome

Gastrocnemius N/A Dogs Porcine SIS Myofiber regeneration throughout defect area
Gastrocnemius ~225 mg Rats Rat mECM Limited ingrowth of myofibers

Rat mECM + MSCs Improved but limited myofiber regeneration
Quadriceps N/A Human Porcine SIS N/A : CT showed unknown tissue deposition
Latissimus dorsi ~ ~ 25 mg Mice Porcine BAM + MDCs Desmin+ cells throughout defect & fibrosis

Porcine BAM Fibrosis & diminished myofiber regeneration
Quadriceps 4x4x3mm Mice Porcine SIS Fibrosis & small islands of myofibers
Tibialis anterior 10x7x3 mm Rats Rat mECM Fibrosis with limited muscle regeneration

Rat mECM + MSCs Fibrosis with limited muscle regeneration
Tibialis anterior 10x7x3 mm Rats Rat Minced Muscle Grafts Myofiber regeneration throughout defect area
Quadriceps ~75% loss Mice Porcine UBM Fibrosis & limited ingrowth of muscle fibers
Lower Extremity N/A Human Porcine UBM Fibrosis & small islands of myofibers
Tibialis Anterior  10x7x3 mm Rat Rat Minced Muscle Grafts Myofiber regeneration throughout defect area

Rat Muscle Scaffold Fibrosis throughout defect area

Table 9. Main studies of VML repair with ECM scaffolds in 2014. Adapted from*'%.

Abbreviations: mECM, muscle ECM; UBM, urinary bladder matrix; SIS, small intestine submucosa; MSC,
mesenchymal stem cell; CT, computed tomography; BAM, bladder acellular matrix; MDCs, muscle-derived cells.

VML necessitates a biomaterial from which skeletal muscle regeneration may be
initiated. Advances in muscle ECM knowledge will allow identifying key components,
which are essential to preserve or to obtain an optimal biomaterial, in addition to the
structure supporting correct alignment of the neomyofibers.

I-E-2) ReGeneraTive Agent® (RGTA®) components
- Synthetic GAG mimetics

GAGs, composed of linear polysaccharide chains containing repeats of
disaccharides, participate in many biological processes through interactions with
various biomolecules (described in Part |-A-5). GAG mimetics include various
polymeric molecules that mimic their capacities to interact with signalin
molecules*’®. Some natural mimetics exist such as Chitosan*'* and Fucoidan*'®.
However, the use of synthetic molecules is preferred over natural ones as they
provide a more homogenous constitution which reduces variability.

The main synthetic components are poly/oligosaccharides (RGTA®), polypeptides,
and polymers*'® with functional residues, such as sulfate groups, attached.

The current components of RGTA® are composed of a dextran polymer, harboring
uniform sulfated and carboxymethylated groups*'’. Some forms of RGTA® are
clinical-grade molecules generated under Good Manufacturing Practices (GMP) with
the two main molecules OTR-4120 (Figure 40) and OTR-4131 containing an
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additional acetyl group*'”. This confers higher affinity to signaling molecules such as
FGF-2 and CXCL-12*'® (ref). They also have distinct effects on different cell types
while OTR-4131 has more efficient action on proliferation of endothelial*'®, and

stromal*?°, and hematopoietic progenitor cells*?".
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OTR4120 composition : A<1%, B=32%, C=0%, and D=67%
Figure 40. General structure of OTR-4120""".

- Molecular mechanisms of action of RGTA®

RGTA® act as HS mimetics*?**®, close to heparin but without anticoagulant
activity*** except at high doses. Growth factors known to interact with HS are termed
Heparin-Binding Growth Factors (HBGFs) and include molecules such as FGFs,
VEGF, CXCL-12 (SDF-1) or TGFp (Table10). Therefore, RGTA® stabilize and protect

some of these factors from enzymatic degradation*?.

Cell/matrix Coagulation/fibrinolysis Lipolysis Inflammation Growth factors and

interactions morphogens

laminin antithrombin lipoprotein cytokines (IL-2, IL-7, IL- FGFs and FGF receptors

fibronectin heparin cofactor II lipase 8) HGEF; scatter factor

vitronectin tissue factor pathway hepatic chemokines (e.g., MIP-1B, VEGF

thrombospondin  inhibitor lipase SDF-1, etc.) TGF-B

tenascin thrombin ApoE TNF-a BMPs

various collagens protein C inhibitor ApoB L and P selectins hedgehogs, hedgehog

amyloid proteins TPA and PAI-1 ApoA-V  extracellular superoxide  interaction proteins
dismutase Wnats

microbial adhesins

Table 10. Main proteins binding to sulfated GAGs™®,

RGTA® possess mechanical properties and are resistant to glycanase, while they
inhibit other enzymes degrading matrix components such as neutrophil elastase*?°,
plasmin*?” or heparanase*?®. RGTA® are well tolerated, they can be administrated by

both local and systemic injections.
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- RGTA®in tissue repair

RGTA® has shown promising repair properties with few side effects*** in various

models of tissue repair such as: skin®*®%**° bone**'*  tendon***, and
periodontitis*****®. In addition, RGTA® is currently being evaluated for clinical
applications for wound healing®®” and corneal repair**®***° via local administration.
RGTA® action is dose-dependent in a bell-shaped curve manner. It is hypothesized
that an excess of RGTA® outcompetes growth factor receptor for growth factors
binding. The complex is then eliminated into the bloodstream***#41422 explaining the
decrease in potency of higher dosages. RGTA® likely interacts with VEGF, as the
improvement of angiogenesis is a recurrent effect seen in diverse models of tissue
repairt30432,

- RGTA® in skeletal muscle repair

In skeletal muscle repair, RGTA® have thus far only been explored in the acute
phase of several preclinical models, making the distinction between inflammatory
factors adsorption and regeneration-enhancing properties somewhat difficult.

In studies utilizing crush®**?=**¢ and ischemic lesions®>**’ of rat hind limbs, RGTA®
were always injected immediately after injury. In these studies, the action of the
RGTA® proved to be independent from the way it was administrated (intramuscular
versus systemic injection)**®. After a single RGTA® administration, these different
studies observed an acceleration in muscle regeneration. The size and number of
new myofibers increased, their maturation was faster®**>*** and there was an
improvement in innervation**3. In addition, RGTA® induced a decrease in fibrosis and
protected myofibers against degeneration**’. Only one study used clinical grade
RGTA® in a preclinical model of muscle injury®®® and showed a higher number of
nuclei in myofibers. In all models, an improvement in muscle angiogenesis®>>442447
was also seen, along with a local increase of proangiogenic factors (VEGF) in their

tissue samples®®.

RGTA® also acts as an enzymatic inhibitor, with an observed decrease in calpain
activity during muscle regeneration that was confirmed in myogenic progenitors cell
cultures**®**®_In vitro studies that used myogenic cell lines or rat primary cells
showed that the effects of RGTA® were also dose-dependent with efficient
concentrations promoting both cell growth and fusion®>"#48449_ |ts effect on myogenic
proliferation was mainly driven through potentiating FGF-2**°, while its biological
action on fusion was associated to calcium mobilization and calpain activity**®.

While encouraging, these results need furthers investigations to elucidate the
treatment window and mechanism of action of RGTA® on the various cell types that
are involved in muscle regeneration.
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Aim of the study

Skeletal muscle has a high capacity for regeneration. However large muscle wasting,
as in VML, can overtake this ability, leading to fibrosis and chronic inflammation. This
pathologic process has recently received particular attention due to recent military
conflicts where a high rate of extremities lesions occurred, leading to invalidity in this
young population.

Complementary to physical rehabilitation, a regenerative medicine approach focuses
on reaching a better recovery. The most promising strategy is the use of biomaterial
to attract local progenitors while providing physical and trophic cues to reactivate a
process of muscle repair in a fibrotic environment. Intensive researches are focused
on synthetic biomaterials as well as on natural ECM-based decellularized scaffolds
obtained from various tissue sources. The use of skeletal muscle-derived ECM is an
interesting approach since it contains specific trophic molecules of the target tissue
and exhibits its three-dimensional architecture, if can be maintained.

To provide an optimal muscle ECM-based biomaterial, the present thesis work has
investigated two complementary directions. Indeed, decellularization might remove
some trophic molecules necessary for a proper muscle regeneration, in addition to
mechanical properties and preservation of a guiding shape. Therefore, we have
investigated the role of key ECM components such as glycosaminoglycans (often lost
during the decellularization process) in muscle regeneration.

The current work has 2 experimental parts:

- PART | investigates the obtention of a biomaterial composed of skeletal
muscle ECM. We compared several decellularization techniques, by
analyzing the efficiency of removal of cellular components and the
maintenance of their three-dimensional architecture.

- PART Il investigates the effects of RGTA® on muscle regeneration in a

myotoxin-injured rodent model, completed with in vitro analysis on primary
myogenic cells.
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Results

Part I- Decellularized muscle ECM for a future therapeutic use in VML model

The direct in vivo grafting of xenogeneic or allogeneic muscle tissue is mainly
hampered by the local reaction triggered by both antigenic signals and the presence
of DAMPs such as DNA. The decellularization protocols described in the literature
consist in chemical, physical and enzymatic associations, aiming at lysing cells and
removing or denaturating the components that trigger the immune response.

We conducted a series of experiments comparing and improving established
protocols of decellularization. Our outcomes included both the preservation of muscle
specific tridimensional architecture and trophic ECM components as well as a
decrease in putative deleterious cell-derived signals.

MATERIALS AND METHODS
- Skeletal muscle samples

Female Wistar rats were housed 2 per cage, in a room with regulated temperature
and light-dark cycle (22°C and 12h light: 12 h dark). They were maintained on a
standard diet with water and food ad libitum, with environmental enrichment in
compliance with French and European recommendations. Investigators were certified
for experimental surgery and the local ethical committee have validated the protocol.
They were euthanized with sodium pentobarbital overdose (150 mg.kg™) by
intraperitoneal injection and Plantaris and TA muscles were gathered. Muscles were
either directly snap-frozen in liquid nitrogen for control condition or were
decellularized in accordance with the selected protocol.

- Decellularization processes

Skeletal muscle contains a high cellular density with a specific ECM three-
dimensional organization. Define an adequate protocol to obtain a biomaterial useful
in VML will require simultaneously the elimination of cell residues and the
preservation of ECM (structure and key components). Therefore, we have explored
four different decellularization strategies, based on preexisting protocols used in
skeletal muscle tissue®*>4149241  However one method without enzymatic and
detergent step*’" was rapidly inappropriate to thick tissues (data not shown). Then,
we focused on three main methods (corresponding to the first decellularization
analysis) followed by the improvement of the most promising one (corresponding to
the second and third decellularization analyses).
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o First decellularization with three different methods

For this first evaluation, Plantaris and TA muscles were used owing to their difference
in size, weight and pennation®**4*".

- SDS protocol*®

This protocol evaluated a powerful ionic detergent, SDS (#L3771, Sigma-Aldrich), to
solubilize cell and nuclear membranes in addition to denature proteins. However,
SDS was described as being responsible for disrupting the ultrastructure or removing
GAGs and growth factors. Briefly, this single-step protocol was rapid and extremely
easy, involving only SDS detergent*®?. After being harvested, muscles were
immersed in a 1% SDS solution under constant agitation during 24-48 h until cellular
elements were removed and muscles became transparent. ECM scaffolds were then
rinsed 3 times in PBS for a total time of 30 min.

- Trypsin-Triton protocol**?

For this protocol, we chose a non-ionic detergent, Triton X-100 (#T79284, Sigma-
Aldrich), to remove cells by disrupting lipid—lipid and lipid—protein interactions, while
leaving protein-protein links intact. However, Triton could lead to a mild disruption of
ultrastructure and removal of GAGs (to a lower extent than SDS). Consequently, we
combined it with trypsin to reduce overall duration and limit GAG removal. This
protocol included multiple steps®***°? with freezing and osmotic shock for cell lysis,
enzymatic digestion and detergent for cell removal. Muscles were directly frozen at -
20°C for one day then immersed in ultrapure water during 72h at 4°C. Next, an
enzymatic digestion was performed by trypsin 0.15% (m/v) in DMEM at 37°C during
1h, the enzyme was then neutralized with 10% (v/v) fetal bovine serum (FBS) in
DMEM overnight at 4°C. Thereafter, muscles were soaked in 3% (v/v) Triton X-100
solution (diluted in PBS) at 4°C under constant agitation until muscles became clear
(2 changes per week). Finally, ECM scaffolds were rinsed in ultrapure water during 3
days with daily changing.

- Chloroform-SDS protocol*""

This 3-step protocol*®’ used osmotic shock for cell lysis, chloroform to remove lipids
and SDS detergent for cell removal. After being harvested, muscles were dipped in
ultrapure water during 24h at 4°C. Thereafter, muscles were soaked in a chloroform
solution under constant agitation during 4 or 5 days followed by rinse with ultrapure
water. Muscles were then immersed in SDS 2% (v/v) (diluted in PBS) solution under
constant agitation until muscles became translucent with the solution being changed
twice a week. Finally, the ECM scaffolds obtained were rinsed in ultrapure water
during 5 days with daily changing.

o Second decellularization with variable digestion time and detergent

We have used only TA muscles in order to focus on a future utilization in VML injury
model.
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- Trypsin-SDS protocol and Trypsin-Triton/NH3 protocol
Fascia and tendons were discarded to facilitate the decellularization process.
Muscles were frozen at -80°C for at least 1 day. A maximum of three muscles were
pooled together in tubes and soaked in ultra-pure water (25 mL for 1 g muscle) for 3
days, under constant agitation at 4°C. Water was changed daily. Samples were next
immersed in 10 mL of 0.15% trypsin EDTA (diluted in PBS, #11560626, Gibco) at
37°C in a shaking bath (EDTA, by chelating divalent cations, is hypothesized to
improve the disruption of cell-ECM adhesion).
Depending on the protocol, trypsin digestion was performed during 30 min, 45 min or
60 min. Trypsin was then neutralized with 10% (v/v) FBS-DMEM overnight, shaking
at4°C.
Thereafter, muscles were soaked in detergent (25 mL for 1 g muscle):
« For the trypsin-SDS protocol in SDS 1% (diluted in cold ultra-pure water)
« For the trypsin-Triton/NH3 protocol in Triton X-100 0.3% with ammoniac
(NH3) 2% (diluted in cold ultra-pure water). Ammoniac was combined with
Triton X-100 to decrease its concentration. Indeed, base agents catalyze
hydrolytic degradation and cleave collagen fibrils with crosslink disruption
but may eliminate growth factors*®®,
The samples were placed at 4°C with constant agitation for 4 to 5 days and the
solution was changed daily. Muscles were subsequently rinsed with ultra-pure water
(25 mL for 1 g muscle) for 2 days (changed once a day), under constant agitation at
4°C. Thereafter, samples were immersed in PBS for 1 day and stored at -20°C.

o Third decellularization to determine detergent

Fascia and tendons of TA muscles were discarded and muscles were frozen at -80°C
for at least 1 day. A maximum of three muscles were pooled together in tubes and
soaked in cold ultra-pure water (25 mL for 1 g muscle, changed once a day) for 3
days, under constant agitation at 4°C. Next, samples were immersed in 10 mL of
0.15% trypsin EDTA (diluted in PBS) at 37°C in a shaking bath during 45 min.
Trypsin was then neutralized with 10% FBS-DMEM overnight, shaking at 4°C.
Muscles were subsequently soaked in each protocol-specific detergent:

- for Trypsin-SDS-DNAse protocol, in an adequate volume (25 mL for 1 g muscle)
of SDS 1% (diluted in cold ultra-pure water). Tubes were shaken at 4°C for 4 or 5
days and solution changed once a day. Then, samples were incubated with DNase |
(1 kU.mL™; #04716728001, Roche) at 37°C for 2 h.

- for Trypsin-Chloroform-Triton/NH3 protocol, in chloroform solution during 5 days
followed by an immersion in an adequate volume (25 mL for 1 g muscle) of 0.3%
Triton X-100-2% NH3 (diluted in cold ultra-pure water), under agitation at 4°C for 4 or
5 days (solution changed daily).

Thereafter, for both protocols, the ECM scaffolds obtained were rinsed under
agitation at 4°C, with ultra-pure water for 2 days followed by PBS for 1 day and then,
stored at -20°C.
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- Histological analysis

o Histological staining

ECM scaffolds were embedded in cryomatrix, frozen in liquid nitrogen and kept at -
20°C until analysis (Figure 41).

ECM scaffold

Cryomatrix

Figure 41. ECM scaffold preparation for histological analyses.

Cryosections (8um) of muscle ECM scaffolds and muscles were performed
transversally, at -19°C. The following histochemical stainings were performed:

- Hemalun-Phloxine-Saffron (HPS): briefly, the different steps were fixation by
alcohol with ether, Mayer's Hematoxylin staining, washed in distilled water, Phloxine
staining, dehydration with alcohol (70%, 95% and 100%), Saffron staining, washed in
alcohol, clearing with Histosol and slides were mounted with Eukitt®. HPS allowed
the vizualisation of saffron-stained ECM structures as well as any remaining muscle
cells, nuclei and cytoplasm adsorbing Hemalun and Erythrosin, respectively.

- Masson’s trichrome staining: slides were stained with Mayer's Hematoxylin,
washed in distilled water, then dyed with Ponceau Fuchsin solution. To improve
collagen staining, samples were differentiated in Phosphomolybdic acid solution,
counterstained with Light Green and rinsed twice with acetic acid solution. Next,
slides were dehydrated very quickly in Alcohol (70%, 95% and 100%), then cleared
in Histosol and slides mounted in Eukitt. This staining was performed to more
precisely visualize collagenous fibers in tissue sections.

- Alcian Blue staining: briefly, slides were soaked in Mayer's Hematoxylin, rinsed
with distilled water, then immersed in Lithium carbonate and washed with distilled
water. Then, they were stained with a solution of Alcian Blue (1%) and Acetic acid
(1%). Next, samples were differentiated in Phosphomolybdic acid solution and
counterstained with Nuclear fast red (0.02%). Slides were dehydrated in Alcohol
(70%, 95% and 100%) followed by a clearing in Histosol and mounted in Eukitt. This
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staining aims at visualizing GAGs within samples. For some slides, Alcian Blue
staining was performed after a treatment by nitrous acid to remove heparan sulfates.

All slides were entirely scanned by an AxioScan Z1 (Zeiss, Oberkochen, Germany).
Endomysium size was determined using ImagedJ software with a minimum of 200
measurements per scaffold.

o Immunofluorescence analysis

Cryosections were permeabilized in 0.5% (v/v) Triton X-100 and non-specific staining
blocked with 2% bovine serum albumin (w/v) (A-3059, Sigma-Aldrich) in PBS for 1
hour. Slides were then labeled with antibodies directed against Laminins (#11575,
Abcam), Dystrophin (#ab3149, Abcam), Collagen | (#AB755P, Millipore) or Collagen
Il #7778, Abcam) and revealed with FITC-conjugated secondary antibody (#711-
095-152, Jackson). Nuclei were labeled with Hoechst 33342 ((#FP41387A,
Interchim) before mounting slides in Fluoromount (#FP483331, Interchim). For each
sample, randomly chosen fields among the whole cryosection were recorded with a
Leica GmbH DMIG000 microscope (Leica Microsystems, Germany) at 10X of
magnification.

- Quantitation of remaining DNA in ECM scaffold and non-decellularized muscle

o DNA extraction

Total DNA was extracted with DNA DNeasy Blood and Tissue Kit (#69504, Qiagen)
according to manufacturer’s protocol. Briefly, 25 mg of samples are cut into small
pieces and digested with proteinase K at 56°C under agitation during 1-3 h. All
lysates were dropped onto the DNeasy Mini spin column and rinsed according to the
protocol. Then, DNA was eluted in 50 yL water. In last dosage, muscle scaffolds
were lyophilized before DNA extraction, to quantify remaining DNA under the same
conditions as those establishing standards threshold in decellularized biomaterial®®°.

o DNA quantification

- By spectrophotometer (Nanodrop): DNA concentration was initially measured
with a micro-volume spectrophotometer (absorbance at 260nm) but the accuracy of
the DNA quantification was not appropriate for small amount of DNA obtained in
ECM scaffold.

- By fluorometry (Qubit 2.0 Fluorometer, Invitrogen): DNA concentration was
quantified using the Qubit double-stranded (ds) DNA Broad-Range assay
(Invitrogen). The dosage technic is highly selective for dsDNA and the measure is
accurate for low concentrations (from 100 pg/uL to 1 mg/uL). Samples and DNA
standards were diluted in buffer and 1-10 uL were deposited onto the Qubit®, which
automatically provided the final DNA concentration.
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o Electrophoresis to visualize large DNA fragments

Agarose gel electrophoresis is the most effective way of separating DNA fragments
of various sizes. Gels were prepared with TBE 1X buffer for a final concentration of
1% agarose. DNA samples were stained with Syber Safe and blue loading dye,
with a 1:10 (1 Syber: 10 loading) dilution. DNA ladder of 1000 base pair were
included for dsDNA quantification. Agarose gels were then run at 100 volts during 2h
and visualized using an UV camera.

- Electrophoresis of Myosin Heavy Chains

Myosin heavy chains (MHC) represent the majority (80%) of skeletal muscle proteins.
MHC content was investigated by a specific SDS-PAGE electrophoresis***. Briefly,
frozen muscles were minced with scissors in a buffer solution (0.3 M NaCl, 0.1 M
NaH2PO4, 0.05 M Na2HPO4, 0.01 M Na4P207, 1 mM MgCI2-6H20, 10 mM EDTA,
and 1.4 mM 2B-mercaptoethanol, pH = 6.5). After incubation for 24h at 4 °C, samples
were entirely digested and the supernatant mixture was then diluted % in glycerol.
Extracts were stored at =20 °C until use or were diluted to 1/10° (extracts from whole
muscles were diluted to 1/1000°). Electrophoresis was performed using a Mini
Protean Il system (BioRad, Marne-la-Coquette, France) with 8% and 4% acrylamide-
bis (50:1) separating and stacking gels, respectively, containing 0.4% sodium
dodecyl sulfate (SDS). Samples were denatured with the SDS incubation medium
according to the method of Laemmli. Gels were run at constant voltage (72 V) at
+4°C for 31 h and then silver stained. The MHC protein isoform bands were scanned
and quantified using a densitometer GS 800 driven by Quantify One 4.6.1 (BioRad).

- Quantification of GAGs

GAGs were measured with the Blyscan™ assay (Biocolor), a quantitative dye-
binding method for sulfated GAGs, according to the manufacturer’s instructions.
Briefly, 25 mg of sample were digested by proteinase K at 50°C during 24h under
agitation. Sulfated GAGs were precipitated by adding 1,9-dimethylene blue, then
sediments were resolved by using a provided dissociation buffer and their
absorbance was measured at 620 nm using a plate reader.

- Proteomic analysis

o Whole muscle ECM scaffold

The protein extraction protocol relies on a publication by Li about proteomic analysis
of decellularized tissues®. Briefly, muscle ECM scaffolds were immersed in SDT
solution (4 % SDS, 0.1 M Tris-HCI at pH 7.6 and 0.1 M dithiothreitol) and manually
ground with a Potter on ice. Samples were then heated at 95 °C for 7 min and
sonicated on ice for 3x10 min, followed by an ultracentrifugation (150,000 Q).
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Proteins from the supernatant were precipitated overnight (-20 °C) in cold
acetone/methanol (8:1). After centrifugation (10,000 g for 30 min), proteins were
solubilized with Laemmli solution (BioRad) and separated by a short SDS-PAGE to
remove contaminants (acrylamide/bis-acrylamide 8%, 120V, 5 min, preformed wells
in agarose 2%, no stacking gel). After Coomassie colloidal staining, the unique band
of the total protein sample was in-gel digested by trypsin before identification in
nanoscale liquid chromatography coupled to tandem mass spectrometry (nanoLC-
MS/MS).

o Ground ECM scaffold

Muscle ECM scaffolds were difficult to solubilize, therefore we included additional
steps where ECM was ground and denatured*®?, to improve its identification. Briefly,
after freezing, muscles were finely sliced before undergoing the formerly described
Trypsin-Triton/NH3 protocol. Next, ECM scaffolds were Iyophilized before
cryogrinding followed by a urea-denaturation step. Finally, urea was removed by
dialysis and samples were lyophilized a second time before storage at -20°C. For this
second proteomic analysis, we used the protocol recommended by the Matrisome
project 20%°° where extraction was performed in Laemmli buffer 3X (with 100mM of
dithiothreitol) and before trypsin digestion, samples were precipitated with
Acetone/methanol solution.

- Statistical analyses

Results are expressed as means + SEM. Statistical analyses were undertaken with
Prism software (version 6.0h for Mac). Data were explored with a parametric two-way
ANOVA and post-hoc test (Tukey's multiple comparison test) were performed except
in cases of two protocol groups where the Mann-Whitney test was used. R (3.4.1)
and Rstudio (1.0.153) software’s were used for a three-way permutation ANOVA
followed by one-way permutation ANOVA. An a-error of 0.05 per sub-figure was used
to set a threshold of significance.

RESULTS
- R-I-1) Comparison of three different decellularization methods

We first compared 3 methods differing widely in duration and mechanisms (Figure
42).
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SDS 1% Freezing -20°C Ultrapure water +4°C
Protocol SDS 1%
Protocol duration: 2-4 days Ultrapure water +4°C Chloroform
Trypsin 0,15% - 60min SDS 2%
Triton X100 3% Ultrapure water +4°C
Protocol Trypsin-Triton 3% Protocol Chloroform-SDS 2%
Protocol duration: 2-3 weeks Protocol duration: 4-6 weeks

Figure 42. Evaluation of three different decellularization methods.

One protocol involved only the strongly ionic detergent SDS. A second protocol
involved cell lysis through freezing and osmotic lysis, protein degradation by trypsin
and solubilization of remnants in the non-ionic surfactant Triton X-100. A last one,
involved osmotic lysis, lipid solubilization in chloroform followed with ionic detergent
by SDS. TA and Plantaris muscles were used.

o Macroscopic aspect of ECM scaffolds (Figure 43)

Tibialis anterior Plantaris

(Rat) Tibialis anterior |

(Rat)

After decellularization

Protocol SDS 1% Protocol Trypsin-Triton 3% Protocol Chloroform-SDS 2%

Figure 43. Macroscopic aspect of ECM scaffolds. lllustrations of A) transparent ECM scaffolds after
complete decellularization (protocols SDS and Trypsin-Triton) and B) modification of muscle rigidity
after chloroform bath (protocol Chlorofrom-SDS).
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In the SDS protocol, the ECM scaffolds became transparent but appeared dilated as
compared with non-decellularized muscles. In the Trypsin-Triton protocol, the ECM
scaffolds were softer without size modification. In the chloroform-SDS protocol, after
chloroform soaking, the ECM scaffolds were less soft and became rigid.

o Altered three-dimensional architecture in all protocols

Hematoxylin-Phloxine-saffron (HPS) staining allows the description of two major
cell structures, the cytoplasm and nucleus, by their adsorption of eosin, and hemalun
respectively. For each protocol, we observed a cell loss in ECM scaffolds as
compared with whole muscles (Figure 44A). ECM proteins were colored in light pink
and saffron. In SDS protocol, the perimysium appeared intact while the endomysium
was lost (Figure 39B). Nevertheless, it was conserved in Trypsin-Triton protocol
despite being structurally deteriorated (Figure 44C), probably due to endomysium
fragility during cryosections. Conversely, Chloroform-SDS protocol maintained
endomysium but at the cost of a thickening (Figure 44D).
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Figure 44. Hematoxylin-Phloxine-saffron (HPS) staining. A) Plantaris muscles were compared with
ECM scaffolds obtained from TA and Plantaris muscles by B) SDS protocol, C) Trypsin-Triton protocol
and D) Chloroform-SDS protocol. Arrowheads show perimysium and arrows indicate endomysium.

Scale bars represent 200 um in whole scaffold and 50 um in zoom area.

Masson’s trichrome staining allows to visualize collagens in light green and muscle
cells in red as it can be seen in the Plantaris used as a control (Figure 45A).
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Figure 45. ECM structure in Masson Trichrome staining. A) Plantaris muscles were compared with
ECM scaffolds obtained from TA and Plantaris muscles by B) SDS protocol, C) Trypsin-Triton protocol
and D) Chloroform-SDS protocol. Arrowheads show perimysium and arrows indicate endomysium.
Scale bar represent 200 um in whole scaffold and 50 um in zoom area.
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ECM scaffolds were stained in light green as expected, despite a proportion staining
in red-brown. We confirmed the results obtained with HPS staining, with a complete
cell removal. Endomysium was lost in SDS protocol (Figure 45B) whereas it was
maintained in the two other protocols but smashed by cryosections in Trypsin-Triton
protocol (Figure 45C) and thickened in Chloroform-SDS protocol (Figure 45D).
Indeed, Cross-Sectional Area (CSA) of virtual endomysium displayed a major
decrease, particularly in Plantaris ECM (99,67um?) as compared to whole muscle
(892 um?).

Laminins are the main molecules of basal membrane (Figure 46A). We used a pan-
laminin polyclonal antibody to investigate its preservation after decellularization as
well as the specific three-dimensional architecture of basal membrane. Laminins
were present in ECM scaffolds of each protocol and basal membrane architecture
were identical to native endomysium, showing a disorganization in the SDS protocol
(Figure 46B), apparently fragile and altered in Trypsin-Triton protocol (Figure 46C)
and thickened in Chloroform-SDS protocol (Figure 46D).
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Laminin FITC

Plantaris

Protocol SDS 1%

Laminin FITC

ECM Plantaris ECM Tibialis

Protocol Trypsin-Triton 3%

Laminin FITC

ECM Plantaris
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ECM Plantaris

ECM Tibialis

Figure 46. Laminin immunostaining to visualize basement membrane. Laminin signal and
basement membrane structure of A) Plantaris muscles were compared with ECM scaffolds (from TA
and Plantaris) obtained by B) SDS protocol, C) Trypsin-Triton protocol and D) Chloroform-SDS

protocol. Arrows indicate basement membrane with a maintained 3D structure. Scale bars represent
100 um.
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o Efficient decellularization except for SDS

DNA content

Residual DNA content was investigated with two complementary techniques. First,
we used Hoechst labeling to visualize DNA with a fluorescence microscope. As
expected, nuclei were localized at the periphery of myofibers (Figure 47A). In SDS
and Trypsin-Triton protocols no signal could be observed (data not shown) whereas
in Chloroform-SDS protocol spots of fluorescence appeared compatible with the
presence of DNA nuclei remnants (Figure 47B).

Hoechst 33342

Plantaris

342

Hoechst 33

ECM Plantaris ECM Tibialis

Figure 47. Hoechst labelling to visualize residual nuclei. A) Plantaris muscles were compared with
B) ECM scaffolds obtained with Chloroform-SDS protocol (from TA and Plantaris). Scale bars
represent 100 um.

We then performed DNA extraction and quantified the amount of residual DNA by
spectrometry at 260 nm (Figure 48).
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Figure 48. Residual DNA quantified by spectrometry. DNA extraction was performed from ECM
scaffolds (n=6) and Plantaris muscle (n=14). Parametric two-way ANOVA with post-hoc test (Tukey's
multiple comparisons test) were performed and * represent p<0.05.

In whole muscles (Plantaris), we obtained an average DNA content of 820 ng per mg
of muscle. For ECM scaffolds of Plantaris and TA, in SDS protocol the average DNA
content was 124 ng per mg of sample. In Trypsin-Triton protocol, the average value
was 99 ng of DNA per mg of sample. The smaller amount was found for Chloroform-
SDS protocol with an average DNA amount of 36 ng per mg of sample. There was a
significant difference between SDS and Chloroform- SDS protocols (p=0.018) but no
difference between ECM scaffolds from TA and those from Plantaris (p=0.337). The
presence of large DNA fragments in ECM scaffolds was further investigated by
electrophoresis in a 1% agarose gel and Plantaris muscles were used as a control

(Figure 49).

SDS 1% Trypsin-Triton 3% Chloroform-SDS 2%

Plantaris

ECM Plantaris  ECM Tibialis ~ ECM Plantaris  ECM Tibialis ECM Plantaris ECM Tibialis
ko h et A

Figure 49. Migration of DNA fragments in electrophoresis. DNA was extracted from Plantaris
muscle (n=4) and ECM scaffolds (n=3 per condition) and migration was performed in 1% agarose gel
to explore large DNA fragments. Arrows indicate large DNA fragments.
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DNA electrophoresis results were in accordance with DNA quantification. In SDS
protocol as in whole muscles, we observed large DNA fragments whereas we
obtained only faint smears in Chloroform-SDS protocol. In Trypsin-Triton protocol,
most samples yielded only trace smears, while one sample showed large DNA
fragments.

Cytoplasmic and membrane proteins

To evaluate residual cellular protein content, we performed MHC electrophoresis
because MHC represent the majority of cytosolic proteins in skeletal muscle (figure
50).

SDS 1% Trypsin-Triton 3% Chloroform-SDS 2%

ECM Tibialis  ECM Plantaris Plantaris Tibialis Tibialis

ECM Plantaris Plantaris Tibialis Tibialis  gcMTibialis  ECM Plantaris P1antaris Tibialis

s l

Figure 50. Analysis of myosin heavy chain (MHC) by specific electrophoresis. For each protocol,
extracts of ECM scaffolds (n=2 or 4) and whole muscles (n=1 or 2) have migrated 31 h in
electrophoresis (SDS gel) before silver staining. Arrows indicate lighter proteins also present.

For each protocol, we observed no MHC as compared with Plantaris and TA
muscles. However, lighter proteins were also present specially in SDS protocol. In
addition, we explored by immunofluorescence the presence of dystrophin, a major
membrane protein of skeletal muscle for ECM anchoring. For each protocol, no
fluorescent signal was obtained (data not shown).

o GAGs were lost during the Trypsin-Triton protocol

We quantified GAG content in ECM with Blyscan™ assay, a quantitative dye-
binding method for sulfated GAGs with absorbance measured at 620 nm by a plate
reader (Figure 51).
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Figure 51. GAG quantification by Blyscan™ assay. For each protocol, extracts of ECM scaffolds
(n=6) and whole muscles (n=6) were used to quantify total GAGs content by a dye-binding method
with signal measured at 620 nm. Parametric two-way ANOVA with post-hoc test (Tukey's multiple
comparisons test) were performed and ** represent p<0,01.

We obtained an average value of 0.08 ug per mg of sample for whole muscles. For
SDS and Chloroform-SDS protocols we quantified an average amount of 0.46 ug per
mg of sample, higher than in the whole muscle because the concentration of GAGs is
relative to the sample weight, much lighter in ECM scaffolds as compared to
muscles. However for Trypsin-Triton protocol we found a drastic GAG loss
(p<0.0001), with an average amount of 0.01ug per mg of sample. There was no
significant difference between ECM scaffolds from TA than those from Plantaris.

In addition, we performed a specific staining with Alcian Blue to visualize the
presence of GAGs on ECM scaffolds. In whole muscle cryosections it was not
interpretable because of an alteration of muscle cells by the staining. For ECM
scaffolds, the results were in accordance with the Blyscan™ assay, with blue staining
in favor of GAGs for SDS (Figure 52A) and Chloroform-SDS protocols (Figure 52C)
whereas a major decrease in signal were observed on slides from the Trypsin-Triton
protocol (Figure 52B).
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Figure 52. Alcian Blue staining to visualize the presence of GAGs. This staining was performed
only on ECM scaffolds (from TA and Plantaris) obtained by A) SDS protocol, B) Trypsin-Triton protocol
and C) Chloroform-SDS protocol. Whole muscle cryosections were altered by the pH of the process
(data not shown). Arrows indicate area with absence of GAGs staining. Scale bars represent 200 um
in whole scaffold and 50 um in zoom area.

To sum up, using SDS protocol we obtained an efficient decellularization, a
preservation of GAG content but at the cost of an altered three-dimensional
architecture, as evidenced by the loss of endomysium.

For Chloroform-SDS protocol, the decellularization was also effective while
maintaining GAG content and endomysium. However, the latter was extremely
thickened, which could be a difficulty for future neomyofiber formation.

Trypsin-Triton protocol allowed to efficiently decellularize samples while conserving
an intact, although fragile, endomysium with a drastic GAG loss.

We chose to focus on maintaining three-dimensional architecture, and therefore
decided to improve the Trypsin-Triton protocol.
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- R-I-2) Improvement of the Trypsin-Triton protocol by modulating enzymatic
timing and detergent choice to enhance GAG content

To minimize the denaturation due to the protocol, we decreased the time of trypsin
digestion. Because ECM scaffolds from SDS protocols retained GAGs, we also
compared the use of SDS and we combined a basic chemical agent ammoniac
(NH3) with Triton X-100 to decrease its concentration ten-time (Figure 53). Bases
solubilize cytoplasmic components of cells, disrupt nucleic acids, and tend to
denature proteins. On the other hand, there is a need to strike a delicate balance
because basic agents can catalyze hydrolytic degradation, leading to the complete
elimination of growth factors from the ECM and cleavage of collagen fibrils with
disruption of collagen crosslinks.

Freezing-20°C

l

Ultrapure water +4°C

l

Trypsin 0,15%

/\

SDS 1% | Triton X100 0,3% /NH3 2%

-30min
-45 min
- 60 min

14 day

Trypsin-SDS 1% Trypsin-Triton 0,3%/NH3 2%
Protocol duration: 12 days rot ration: 14 days

1 ¥ Protocol durat

Figure 53. Modifications of the protocol maintaining ECM structure to enhance GAG content.
Various digestion times and two detergents were investigated.

o Preservation of the three-dimensional architecture

For each protocol, HPS staining allowed to visualize cell loss (Figures 54-55).

In Trypsin-SDS protocol, we found a thin endomysium (Figure 54A) a better
conservation was found in Trypsin-Triton/NH3 protocol without deterioration during
cryosections (Figure 55A). The same observations were made with Masson
trichrome staining on ECM scaffolds from Trypsin-SDS protocol, where light green
are observed (Figure 54B). On the contrary, in Trypsin-Triton/NH3 protocol ECM
exhibited a mix of brown-green staining (Figure 55B).
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Protocol Trypsin-SDS 1%

Trypsin 30’ Trypsin 45’ Trypsin 60’

HPS staining

Trypsin 30" Trypsin 45 Trypsin 60’

Masson’s Trichrome staining

Figure 54. A) Hematoxylin-Phloxine-saffron (HPS) and B) Masson’s trichrome staining. ECM
scaffolds from TA muscle obtained in Trypsin-SDS protocols with three different times of enzymatic
digestion were analyzed. Arrowheads show perimysium and arrows indicate endomysium. Scale bars
represent 200 um in whole scaffold and 50 um in zoom area.
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Protocol Trypsin-Triton 0,3%/NH3 2%

Trypsin 30 Trypsin 45’ Trypsin 60’

HPS staining

Masson’s Trichrome staining

Figure 55. A) Hematoxylin-Phloxine-saffron (HPS) and B) Masson’s trichrome staining. HPS
were undertaken for all ECM scaffolds from TA muscle by Trypsin-Triton/NH3 protocol. Masson
trichrome staining was only performed for ECM scaffolds obtained with 45 min of enzymatic digestion
to confirm the endomysium structure. Arrowheads show perimysium and arrows indicate endomysium.
Scale bar represent 200 um in whole scaffold and 50 um in zoom area.

Basal membranes were visualized by laminin immuno-staining (Figures 56-57).
Laminin architecture appeared more deteriorated in Trypsin-SDS protocol (Figure
56A) than after the Trypsin-Triton procedure (Figure 56A). Collagen | and Il
architecture was also more structured in ECM scaffold from Trypsin-Triton/NH3
protocol, especially with 45 min of digestion (Figures 57B-C) when compared with
Trypsin-SDS protocol (Figures 56B-C).
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Protocol Trypsin-SDS 1%

Trypsin 30" Trypsin 45’ Trypsin 60’

Laminin

Collagen |

B
[

Figure 56. Investigation of ECM structure and composition (Trypsin-SDS protocols). A) Laminin
immunostaining was performed. Arrows visualize basement membrane. B) Collagen | and C) collagen
[l immunostaining investigated endomysium and perimysium. Scale bars represent 100 pm.

Collagen Il

Protocol Trypsin-Triton 0,3%/NH3 2%
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Laminin

Collagen |
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¢

Figure 57. Investigation of ECM structure and composition (Trypsin-Triton/NH3 protocols).

A) Laminin immunostaining was performed. Arrows visualize basement membrane. B) Collagen | and
C) collagen Il immunostaining to visualize basement membrane. Collagen | and Il immunostaining
investigated endomysium and perimysium. Scale bars represent 100 um.
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o Decellularization with persistent large DNA fragment with SDS as a detergent

We quantified residual DNA content after extraction from ECM scaffolds by
spectrometric and fluorometer quantification (Figure 58).
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Figure 58. Fluorometer and spectrometry quantification of residual DNA content. DNA was
extracted from all ECM scaffolds (n=3) with comparison of different digestion times and two
detergents. Three-way permutation ANOVA followed by one-way permutation ANOVA per detergent
level was performed.

All protocols with SDS had a lower average value (p=0.002) by fluorometry, with
residual DNA at 48.4 ng per mg of sample. In Triton/NH3 protocol, the mean DNA
content was 70.9 ng per mg of sample. Current recommendations for decellularized
scaffold applications in clinic are a residual DNA below 50 ng per mg of dry sample.
Only ECM scaffolds from all protocols with SDS were below the standard threshold,
however samples were not lyophilized, leading to an underestimation of residual
DNA. Indeed, after a final Iyophilizing step, these scaffolds displayed an average
value of 140.3 ng DNA per mg of dry sample.

The DNA electrophoresis (Figure 59) showed large fragments of DNA.
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Trypsin 30 min Trypsin 45 min Trypsin 60 min

SDS Triton/NH3 SDS Triton/NH3 SDS Triton/NH3

Figure 59. Migration of DNA fragments in electrophoresis. DNA was extracted from all ECM

scaffolds (n=3 per condition) and migration was conducted in 1% agarose gel to explore large DNA
fragments. Arrows indicate large DNA fragments.

o Evaluation of GAGs

We measured GAGs in ECM scaffolds by Blyscan™ assay (Figure 60). For all ECM
scaffolds from Trypsin-SDS protocols, we quantified an average 4.1ug of GAGs (per

mg of sample) whereas in Trypsin-Triton/NH3 protocols, we observed a complete
loss of GAGs (p<0.0001).
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Figure 60. GAG quantification by Blyscan™ assay. For each protocol, extracts of ECM scaffolds

(n=6) were used to quantify total GAGs content by a dye-binding method with signal measured at 620
nm. Parametric two-way ANOVA was performed.
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In addition, an Alcian Blue staining was performed to confirm the absence of GAGs
in part of ECM scaffolds. For ECM scaffolds from SDS protocols, we observed a
homogeneous blue color staining (Figure 61A) whereas for in Triton/NH3 protocol,
we observed no blue (Figure 61B), thereby confirming Blyscan™ results, and
indicating GAG loss regardless of enzymatic digestion time.

Protocol Trypsin-SDS 1%
A Trypsin 45’ Trypsin 60’
Trypsin 30°
£
= g
© .
w
v !
3 " =
[aa] =
c
©
2
<T
B Protocol Trypsin-Triton 0,3%/NH3 2%
Trypsin 45 Trypsin 60"
Trypsin 30 / ‘
an
£
=
5
w
[}
32
3
=
©
3
<<

Figure 61. Alcian Blue staining to visualize presence of GAGs. The staining was performed on all
ECM scaffolds for A) Trypsin-SDS protocols and B) Trypsin-Triton/NH3. Arrows indicate area with
absence of GAGs staining. Scale bars represent 200 um in whole scaffold and 50 um in zoom area.
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Nevertheless, DNA is known to be one of a false positive cause for these both
techniques of GAG evaluation. Consequently, we cannot exclude that results
obtained in ECM scaffolds from SDS protocols were overestimated by the presence
of remaining large fragments of DNA.

To conclude, we obtained a more preserved endomysium architecture using
Triton/NH3 as a detergent. Decellularizations were efficient, even with the shortest
digestion time, with no myofiber presence in histological staining or large DNA
fragment despite dosages of residual DNA remaining above recommendations.
GAGs were still absent despite a decrease of enzymatic digestion duration. Each
protocol using SDS displayed large DNA fragments which are known to be highly
immunogenic.

- R-I-3) Detergent choice to preserve the endomysium structure

To maintain GAGs in ECM scaffolds, we tried to further improve the decellularization
process (Figure 62).
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Ultrapure water +4°C
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DNAse Triton X100 0,3% /NH3 2%

Trypsin-SDS-DNAse Trypsin-Chlorofrom-Triton/NH3
Protocol duration: 10 day Protocol duration: 25 days

Figure 62. Protocol modification to determinate detergent choice. In order to preserve GAGs,
chloroform was added before Triton/NH3 detergent. To avoid large DNA fragment, DNAse was added
after SDS detergent.

For each protocol, we decreased trypsin digestion time to 45 min. We also included a
chloroform soaking step in the Triton/NH3 protocol. Utilization of SDS seems to
sustain GAGs, therefore we added a last step with DNAse to remove large fragments
of DNA, that could be immunogenic and responsible for an overestimation of GAG
content.
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o A preserved three-dimensional architecture with efficient decellularization

In the SDS-DNAse protocol (Figure 63A), endomysium could be visualized with
Masson trichrome staining, but a finer and more homogeneous conservation of its
architecture was reached with Chloroform-Triton/NH3 protocol (Figure 63B). Cell
removal was achieved with both protocols.

A Trypsin-SDS-DNAse
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Figure 63. ECM structure in Masson Trichrome staining. ECM scaffolds obtained from A) Trypsin-
SDS-DNAse and B) Trypsin-Chloroform-Triton/NH3 protocols were analyzed. Arrowheads show

perimysium and arrows indicate endomysium. Scale bars represent 200 um in whole scaffold and 50
pm in zoom area.
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Residual DNA was quantified by fluorometry and was negative in the SDS-DNAse
protocol (Figure 64A).
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Figure 64. Investigation of residual DNA. DNA was extracted from ECM scaffolds (n=3 per
condition). A) Fluorometer quantification of residual DNA and B) Migration of DNA fragments in
electrophoresis (1% agarose gel) was realized.

In Chloroform-Triton/NH3 protocol, residual DNA was quantified at an average of
192.2 ng per mg of sample, almost 3-fold more than previous Triton/NH3 protocol
without chloroform. Trace of fluorescent nuclei were also noticeable in Hoechst
labelling for this protocol (Figure 65).

Figure 65. Hoechst immunolabelling to visualize residual nuclei. Hoechst labelling was performed
in cryosections of ECM scaffolds for both protocols. Scale bars represent 100 um.
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However, it should be noted that we were unable to detect any large DNA fragment
in electrophoresis for both protocols (Figure 64B).

o Trophic molecules including GAGs

Dosage of GAGs by Blyscan™ technique found an average of 0.66ug of GAGs per
mg of sample with the Chloroform-Triton protocol and a trend towards a lower value
with the SDS-DNAse protocol, at 0.43ug of GAGs per mg of ECM scaffold (Figure
66).
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Figure 66. GAG quantification by Blyscan™ assay. For each protocol, extracts of ECM scaffolds
(n=6) were used to quantify total GAG content by a dye-binding method with signal measured at 620
nm. Mann-Whitney test was performed.

Alcian blue staining was subsequently performed and in Chloroform-Triton/NH3
protocol, we observed few regions with blue staining (Figure 67C), confirming
Blyscan™ results. For ECM scaffold from SDS DNAse, usual Alcian blue staining
was also realized to confirm the presence of HS (Figure 67A) by comparing with the
nitrous acid treated slides (Figure 67B), in favor of HS presence in some histological
regions.
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Figure 67. Alcian Blue staining to visualize presence of GAGs. A) For SDS DNAse protocol, some
slides were pretreated by B) nitrous acid to degrade heparan sulfate (HS) in order to confirm their
presence by comparing GAG coloration with usual staining. C) Only Alcian Blue staining was
performed on ECM scaffolds from Trypsin-Chloroform-Triton/NH3. Arrows indicate area with absence
of GAGs staining. Scale bars represent 200 um in whole scaffold and 50 um in zoom area.
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To definitively conclude on the choice of decellularization process, we retained
Trypsin-Triton/NH3 protocol. The rationale behind this was the hypothesis that spatial
organization of ECM could be essential for a future biomaterial in VML injury, but also
that GAGs are hardly sustained in decellularization protocols. Therefore, we focused
on obtaining the most conserved three-dimensional architecture.

- R-I-5) Proteomic analysis of decellularized muscle scaffolds

To get a better insight in ECM composition after Trypsin-Triton/NH3 decellularization
protocol, we chose a hypothesis-free technique sequentially involving liquid
chromatographic separation of solubilized molecules, followed by electrospray
ionization and mass spectrometry based on the time of flight of released peptides
(nanoLC-MS/MS). This technic relies on our ability to solubilize the targeted
molecules, and we accordingly sought to optimize the post-decellularization protocol
using the range of detected known ECM molecules with nanoLC-MS/MS as main
criteria.

o Three-dimensional ECM scaffold

Raw ECM scaffolds were extremely elastic and were difficult to slice. Elasticity was
not lost on ice, making manual grinding inefficient. Chemical solubilization by
isoelectric focusing (IEF) solution was not sufficient to denature and solubilize ECM
so we finally used a solution containing SDS (Solution SDT) using recommendations
of the Matrisome project. After a brief migration in SDS-PAGE, one band was
detected. lIts isolation was followed by trypsin digestion before identification in
nanoLC-MS/MS. This first proteomic analysis only yielded the detection of Collagens
I and VI among known ECM molecules (Figure 68).
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Figure 68. Proteomic analysis of ECM scaffold. ECM scaffold was manually ground, precipitated in
acetone/methanol, solubilized with Laemmli solution and separated by a short SDS-PAGE. Then, the
unique band was digested by trypsin before identification in nanoLC-MS/MS.

Conversely, despite an apparently efficient microscopic cell removal, it should be
highlighted that we still found traces of intracellular molecules such as myofilaments
(actin and myosin) or mitochondrial components as citrate synthase, but also
membrane bound molecules such as integrins.

o Ground ECM scaffold

To further optimize molecule identification, we used a complementary process with a
slicing step prior to perform the decellularization protocol. This was followed by
cryogrinding and denaturation with urea to solubilize ECM molecules included in
decellularized scaffolds. In parallel, we also improved proteomic process using
recommendations of the Matrisome project®®**°. We realized preliminary cryogrinding
tests and this step appeared to be pivotal in increasing the range of detected ECM
molecules. NanoLC-MS/MS uncovered more molecules, mostly belonging to the core
matrisome, such as collagens (I, 1V, VI, XXV) and two glycoproteins, Fibrillin 1 and
Cartilage intermediate layer 2 (Figure 69). However, by adding more handling steps,
samples appeared to be contaminated with human keratins, possibly leading to the
underestimation of poorly represented molecules.
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Figure 69. Proteomic analysis of ground muscle ECM. Pre-treatment were realized to enhance
solubilisation of ECM components (n=4). Before decellularization, muscles were sliced. Then,
decellularized muscle fragments were cryoground and denaturated. Ground muscle ECM were
precipitated in acetone/methanol, solubilized with Laemmli solution, separated by SDS-PAGE and
then digested by trypsin. Identification of ECM molecules was performed by nanoLC-MS/MS (data
shown are obtained with optimal grinding condition).

With an improvement of ECM solubilization by grinding/denaturation, we have
obtained an enhancement of detected ECM molecules. In our proteomic analysis, we
have highlighted some elements belonging to the core matrisome, such as collagens
(I, IV, VI, XXV) and two glycoproteins, Fibrillin 1 and Cartilage intermediate layer 2.
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DISCUSSION

Skeletal muscle is a high cellular content tissue with a specific three-dimensional
organization. Maintaining its ECM microarchitecture in a biomaterial can be crucial
for a future application in VML injury, to drive progenitor migration and spatial
alignment of neoformed myofibers. For a future implantation, ECM-based biomaterial
need to be biocompatible, requiring an adequate cell removal to avoid endogenous
molecules (DAMPs and antigens) leading to deleterious immune response.
Therefore, we focused our work on ECM structure preservation since some trophic
molecules such as GAGs could be added in a second phase after transplantation. In
addition, the majority of muscle ECM-based scaffolds published so far exhibited
showed no preserved, or non-investigated three-dimension integrity*°°.

To explore different strategies, we have investigated four distinct decellularization
protocols. Then, we chose to retain a protocol which combines physical-enzymatic-
detergent step allowing maintaining ECM microstructure but to the detriment of GAG
content, that hardly preserved during decellularization. However, homogeneous
delivery of decellularizing agents instead of immersion procedure could be beneficial,
as discussed in more detail below. Though not exhaustive, characterization of
scaffolds will allow us to identify which element of structure and/or component could
be essential for improving muscle regeneration without inadequate immune
response.

- New technics to optimize decellularization

Obtaining an optimal balance between the elimination of cell residues and the
preservation of ECM relies on fine duration and concentration of enzymatic/chemical
agent treatment. Another strategy to avoid deleterious effect on ECM of
enzymatic/chemical agents is to develop decellularization protocols avoiding these
steps such as the combination of actin depolarization agent and ionic bath-DNAse.
Unfortunately this process is mainly efficient on thin tissues*!" or muscle slices*”’.
Thus, when we used this protocol on rat TA (data not shown), we did not obtained a
correct cell removal (as observed in another study*®®), or a satisfying ECM structure
and composition, with GAG loss. Interestingly, another team has also elaborated a
process without enzymatic step, which preserves microarchitecture and GAG content
of nerve ECM, by favoring cell detachment with an apoptotic agent**. The generated
apoptotic bodies avoid the release of intracellular components and are eliminated
without using chemical clearance.

For a long time, decellularization processes were mainly custom-made, increasing
procedure variability. However, some of these procedures can be automatized
now*®. Indeed, automatization is mainly achievable by vascular perfusion technics,
which provide a more delicate and homogenous agent delivery, minimizing ECM
damage as well as considerably accelerating the process®®®. However, the
vasculature is not easily accessible in small skeletal muscle samples, therefore we
used an immersion method. Nevertheless, studies have developed interesting
approaches such as the use of needle directly perforating the muscle**® or harvesting
all the limb to perfuse distant muscle by iliac artery*®>. Moreover, vascular access is
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particularly relevant to larger samples for clinical translation since it was realized in
an arm originating from animals (rodent and primate)*®® and even human®*. They
have obtained ECM-based scaffolds using mainly SDS or a mix with short
administration of Triton X-100, leading to conservation of the vascular network>®,
muscle ECM structure and composition, including GAG content®®*4¢°.

- Persistence of undesirable cellular components

Various decellularized ECM-based biomaterials are commonly used for various
clinical applications. However there is not yet a definitive consensus®'*¢" on
unwanted cellular residues that should be measured or explorated to predict an
absence of deleterious immune response after implantation. DNA content is one of
the most investigated parameter with a standard threshold proposed at less than 50
ng per mg of dry sample®® and size below 200 bp*°® because large DNA fragments
are suspected to be more immunogenic*®?. We have obtained ECM-scaffolds holding
higher DNA content, around 450 ng per mg of dry ECM, but nonetheless without
large fragment. Studies using muscle ECM-based scaffolds have also obtained DNA
quantification above this limit (150 to 350 ng per mg of dry ECM)3*460463 These
measurements are not always reported to a dry weight, leading to an
underestimation. Moreover, DNA thresholds do not foresee a future immune
response since in vitro activation of immune cells could be described with smaller
DNA fragments*®*, whereas clinically used biomaterials such as SIS or UBM
scaffolds contain higher DNA*® levels. The choice of the detergent determines
residual DNA as well, but we have recurrently obtained higher DNA amount with SDS
utilization despites studies have made the opposite observation“®®. Solvents could
also have an impact while nuclei fragments seem to be trapped in ECM with
chloroform. The addition of a DNAse step allowed us to efficiently eliminate DNA
without alteration of ECM. This step could be applied if limited residual DNA in ECM-
scaffolds would turn out to be detrimental after implantation.

Other DAMPs or cell antigens can potentially persist after decellularization. The most
investigated are the major histocompatibility complex-l and for xenogeneic
transplantation, the galactose alpha1,3 galactose (a-gal) epitope expressed in rodent
and pig tissues*®” but absent in humans, who own natural antibodies*®®. We have
chosen to explore the most abundant proteins present in myofibers (myosin heavy
chains) and dystrophin localized in the sarcolemma. They were absent in the majority
of our biomaterials. An apparent discrepancy exists between the identification of
several myosins in proteomic analysis and their absence in specific electrophoresis.
However, the proteomic approach used for this study is strictly qualitative and may
identify proteins that are present at low level. Therefore, it is not possible to
extrapolate their immunogenicity. This is the case for other intracellular proteins
identified, such as SERCA. In addition, we cannot avoid traces of residual cells
except with harsh processes, deleterious for ECM structure and composition. It
should be noted that clinical-grade SIS scaffolds contain many DAMPs and antigens
such as DNA** and o-gal epitope*”®, without immune rejection in patients*®4"",
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- Maintenance of skeletal muscle ECM specificities
o Sufficient retention of ECM molecules

GAG content decreases on a time-dependent manner during the decellularization
processes, notably o-sulfated GAGs*’%. They are particularly sensitive to detergent
and SDS has maintained them more efficiently as compared with Triton X-100 that
completely eliminated them. But protocols using SDS triggered higher DNA that
could act as a false positive, majoring the results in Blyscan ™ measurement or
Alcian Blue staining. We have also evaluated main fibrillar collagens of skeletal
muscle. Collagen | is maintained in ECM-scaffolds but collagen Il displays weaker
signals in immunofluorescence staining and is absent in proteomic analysis. It could
be due to a higher susceptibility to decellularization process or a lower solubilization
in proteomic preparation, preventing its identification.

ECM scaffolds such as SIS maintain endogenous growth factors as highlighted by
ELISA measurement*>** but we did not investigate them because most growth
factors are bound to the GAGs. Despite the fact that a study on skeletal ECM with
steps quite similar to the ones we used found VEGF and IGF-1**®, our proteomic
study identified no growth factor. In addition, other groups have decellularized
porcine muscle using physical step and detergents, leading to a decrease in GAG
content but maintaining several growth factors, as shown by multiplex cytokine kits
and growth factors ELISA kits*'°.

Because muscle ECM composition is not fully identified, using a proteomic approach
allowed us to have a large overview of matrisome and associated molecules
contained within the ECM scaffolds. Investigating ECM composition by proteomic
remains very challenging®®?, frequently leading to incomplete identifications
because ECM components are highly hydrophobic and protease resistant. So results
are biased towards a better detection of the components that are easier to digest.
Thus, ECM proteomics necessitates more stringent protocols as illustrated by an
improvement of ECM identification with grinding/denaturation to enhance
solubilization. We also used the protocol recommended by the matrisome project*>®
which is the most used and efficient for ECM proteomic. Indeed, contrary to the first
proteomic characterization of UBM*’®, this method has identified more than 500
proteins q7uantitatively represented by 78 % of matrisome and associated
molecules*’’, mainly collagens and glycoproteins, proteoglycans and secreted
factors. Some cellular residues such as actin, desmin or hemoglobin were also
present.

o Muscle ECM architecture

Detergent/solvent had a strong impact on muscle ECM architecture conservation.
SDS led to a poorly conserved structure as compared with Triton X-100. Chloroform
maintained ECM microarchitecture but at the cost of a thickened and size reduced
endomysium, that could impair myofiber formation. In the definitive protocol, we
maintained muscle ECM microarchitecture, specially endomysium and basal lamina,
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where progenitors could potentially migrate. Scaffolds with a conserved ECM
structure have allowed the formation of properly aligned myotubes*® by in vitro
recellularization. However, there are few explorations focusing on the impact of ECM
structure on muscle tissue formation in VML models.

In synthetic materials, the three-dimensional structure strongly influences cell
behavior such as macrophage polarization and fibrosis*’. A few studies have studied
this parameter on decellularized scaffolds, although their pore size had an impact on
cell infiltration*”® and repopulation*®. ECM stiffness is another parameter acting on
cell fate and decellularized scaffolds have mechanical characteristics close to those
of original tissues, although long decellularization processes could increase
stiffness*®®4"241 The use of trypsin in decellularization process could alter
mechanical behavior of ECM-based biomaterials with less waviness or modified
alignment of collagen fibers. This can however be mitigated by short duration or low
trypsin concentration (less than 0.5%) as we performed*®%.

- Necessary in vivo explorations

Concerning ECM based-biomaterials, there is an important variety in the source of
tissue, specie, age that may influence the final ECM composition that will have an
impact on host response, especially the immune response. Therefore, implantation
investigations often focus on the immune response and the repair process. Before
initiating any in vivo investigations, some in vitro analysis can be beneficial to
preselect more promising repair conditions and anticipate some deleterious host
response.

o Preliminary in vitro analysis

Macrophages play a key role in host response after scaffold implantation and most
investigations performed in vitro focused on their adhesion and inflammatory status.
Solubilized fragments of ECM (custom-made or from commercial scaffolds) induce a
regenerative polarization of macrophages*®® despite skeletal muscle ECM leads to a
more mixed profile*®®. Whether this is due to ECM composition or decellularization
process remains unclear and more studies are needed*’’. Interestingly, our selected
protocol maintained collagen VI which efficiently supports macrophage migration, as
compared with collagen 1*®*. We also highlighted a preferential adhesion of
macrophages on collagen VI by realizing a screening of multiple combinations of
ECM components (Micromatrix™, data not shown).

In vitro analysis can trace cell colonization of biomaterial™" as well as ECM effects
on myogenic progenitors and others cell involved in muscle regeneration.
Conditioned-media from macrophages in contact with SIS-ECM fragments, enhance
migration and differentiation of a myogenic cell line*®®. Ground ECM obtained using
process close to ours were tested on myoblast culture and showed an increase of
their proliferation®*®%°?. Specific biomaterial degradation can be investigated by
enzymatic digestion and biological activity of ECM fragments can be explored such

as small peptides from SIS that are chemoattractants for endothelial cells*®®.

|403
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However, some caution needs to be taken about cell effects of ECM fragments while
they act in a dose-dependent manner and depend on the tissue.

Therefore, to explore the complexity of host responses but also evaluate its
capacities on muscle repair and particularly in pathologic conditions such as VML
injury, in vivo explorations will be necessary.

o In vivo explorations

The knowledge of the host response to decellularized biomaterials comes from in
vivo explorations mainly performed with non-muscle ECM scaffolds. However, we will
focus here on muscle ECM-based scaffolds. All synthetic scaffolds lead to foreign
body response whereas decellularized biomaterials provide a more “constructive
remodeling response”. This is illustrated by observations from clinical applications in
abdominal wall repair, even if ECM biomaterials have not shown their clinical
superiority*®’. Macrophages are major players. They harbor a high ratio of
regenerative/inflammatory markers early after biomaterial implantation*’’. The
immune response also involves the adaptive immune response, as illustrated by
biomaterial implantation in subcutaneous or in VML injury, showing that regenerative
macrophages are dependent on Th2 cells, through an IL4-dependent pathway*?®.
Some deleterious characteristics, such as crosslinking (avoiding ECM degradation)
or incomplete decellularization, lead to an inflammatory host response*®® therefore,
we used no crosslinking procedure and focus on a complete cell removal.

The chronic activation of macrophages could lead to an excessive ECM production
and deposition by fibroblasts leading to fibrosis, frequently observed after their
implantation in VML injury. Finally, a better understanding of both the innate and
adaptive immune responses towards the biomaterials we developed will be helpful to
promote efficient repair. Indeed, we can make the hypothesis that recapitulating the
proper inflammatory timing found in muscle regeneration, such as a fine-regulated
inflammatory phase, could be beneficial, with a growing interest on neutrophils,

suspected to have immunomodulatory properties*®.

Before using biomaterial directly into VML injury, some subcutaneous explorations
can provide information on the host response, its vascularization and the rarely
obtained ectopic muscle formation**'. Incomplete decellularization impairs tissue
neoformation*®. Studies have investigated muscle ECM biomaterials obtained with
protocols similar to ours®*® leading to muscle fibrosis and few formation of myofibers
in the periphery of the biomaterials.

Therefore, it is obvious that the ECM-based strategy needs improvements.
Maintaining the three-dimensional structure as close as the native tissue is a major
point in our work. However, in light of recently published studies, we think that further
amelioration is necessary. The migration of progenitors in the ECM seems to be a
major limiting factor and needs to be improved. Promoting the recruitment of
myogenic and other cells involved in muscle regeneration, such as endothelial cells
and immune cells, is necessary to induce efficient muscle regeneration. Adding
trophic molecules such as GAGs and chemokines and/or growth factors could be
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useful. We found that GAGs are difficult to maintain together with 3D structure and
sufficient decellularization. They are key components of the ECM and major actors in
numerous regenerating or repair processes. Commercially available GAGs are
proposed to improve tissue repair. In order to understand their importance in skeletal
muscle repair, we studied RGTA®, which are clinical grade mimetics. We investigated
the effects of GAG administration in a model of muscle regeneration.
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Part Il- Exploration of RGTA® administration in skeletal muscle regeneration

GAGs are major components in ECM and their roles in various tissue repair models
have been reported. They are mainly proposed to both stabilize and protect growth
factors within the regenerating tissue. In this part of our work, the aim was to study
the benefits of the administration of clinical grade GAG mimetic (RGTA®) on skeletal
muscle regeneration. To do so, we used both in-vitro and in-vivo models. Cardiotoxin
injury model was used because it is extremely reproducible and well characterized.

MATERIALS AND METHODS
- Skeletal muscle injury

Male C57/BlI6 mice were bred in compliance with French and European
recommendations. Investigators are certified for animal experimentation and the
protocol was validated by the ethics committee. A preliminary study included mice
aged of 18 weeks in average. A second study was performed with animals of 8
weeks of age. Mice were anesthetized with isoflurane and muscle injury was induced
by injection of 50uL cardiotoxin (CTX, 12 yM, Latoxan) in each TA muscle.

-  GAG mimetic treatment

The GAG mimetic ([OTR-4131], OTR3 Company, Paris, France) is a synthetic
dextran polymer comparable to heparin, differing by its lower acetyl group ratio*'”. To
evaluate its effect, [OTR-4131] solution was injected into regenerating muscle at day
3 after cardiotoxin injection. A preliminary study was performed to choose the most
appropriate dose, based on previous rat studies®*>**?**’ and muscles were analyzed
at 8 days post-injury (DPI). Tested doses ranged from 0.01 to 1ug of RGTA® by
muscle, in a constant volume of 10 uL. According to the results obtained, in the
second study, we have injected [OTR-4131] at a concentration of 100 pg.mL
(corresponding to 1ug per muscle). The control group received a 10 pL saline
injection.

- Histological analysis

At 8 and 28 DPI, regenerating muscles were harvested, weighed, snap-frozen in
nitrogen chilled isopentane and kept at -80°C until analysis. Muscle cryosections
were performed (10 um thickness). Then, they were used for hemalun eosin (HE)
staining to confirm an entire regeneration process in muscle, allowing to eliminate
muscles not correctly injected with CTX. Briefly, the different steps were Mayer
Hematoxylin staining, washed in water, then slides were transferred to bluing solution
(lithium carbonate) followed by eosin staining, dehydration with alcohol (70 and
100%), clearing with xylene and finally slides were mounted with Eukitt®.
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Sudan black staining was performed to highlight lipid droplets. Slides were fixed with
Ethanol 70% and then immersed in a buffered Sudan Black B solution. After water
rinse, slides were counterstained with Mayer Hematoxylin, washed in water and
mounted with Fluoromount-G Mounting Medium (# FP-483331, Interchim). The entire
muscle section was scanned with Axio Scan. Z1 (Zeiss) at 20X of magnification
connected to a 3 CCD HV-F 2025 color camera (Hitachi). Stained area was
quantified by image J and represented by a percentage of the entire muscle section
area.

For the CSA analysis, cryosections were labeled with antibodies directed against
Laminin (#L9393, Sigma-Aldrich) and revealed with FITC—conjugated secondary
antibody. Pictures covering the whole muscle cryosection were recorded with a
Timelapse (Zeiss) at 10X magnification. CSA was determined using ImageJ
software*® (see Annex 1). The whole muscle section was analyzed.

For angiogenesis exploration, antibodies directed against CD31 (Abcam), and
Laminin (#L9393, Sigma-Aldrich) revealed with Cy3- and FITC-conjugated antibodies
respectively (Jackson Immunoresearch Inc) were used. Nuclei were labeled with
Hoechst (Sigma-Aldrich). This immunolabelling was also used to quantify the number
of nuclei per fiber.

For ECM compartment exploration, antibodies used were directed against Collagen |
revealed with Cy3-conjugated antibodies. This labelling was combined to a necrosis
fiber evaluation by using FITC-conjugated antibodies anti-mice immunoglobulin G
(IgG) to detect agglomerates of immunoglobulins caught in necrotic fibers.

For macrophage exploration, antibodies against F4-80 (#ab6640, Abcam) were
revealed with Cy3-conjugated antibodies and nuclei were labeled with Hoechst
33342 (#B2261, Sigma-Aldrich).

Fibroblastic cells were analyzed with antibodies against PDGFRa (#AF1062, R&D
Systems) revealed with Cy3-conjugated antibodies.

For satellite cell analysis, fresh cryosections were fixed and permeabilized with 100%
methanol at -20°C. After three washes in PBS, slides were sequentially incubated at
90°C for 5 min in two baths of citric acid (10 mM, pH 6) for antigen unmasking. After
an additional wash step, muscle cryosections were saturated with 4% Bovine Serum
Albumin (BSA) in PBS at room temperature. Slides were then incubated with
antibodies directed against Pax7 (Hybridoma bank), Ki67 (#ab15580, Abcam) and
MyoD (#sc-31942, Santa Cruz) overnight at +4°C in 2% BSA. Secondary Cy3-
conjugated antibodies were used to reveal Ki67 labelling and biotin (#BA-2000,
Vector) followed by DTAF-conjugated streptavidin (#PN IM0307, Beckman Coulter)
to amplify Pax7 labelling. Nuclei were visualized with Hoechst 33342 (#B2261,
Sigma-Aldrich).

Pictures were recorded with an Axio Imager.Z1 (Zeiss) at 20X of magnification
connected to a CoolSNAP Myo CCD Camera (Photometrics). For each analysis, 10
randomly chosen fields were counted. For cell analysis, excepted PDGFRa IF, the
number of cells was manually counted and expressed as number per mm?. PDGFRa
staining and Collagen | staining were analyzed as a percentage of staining area.
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- Myoblast culture

Muscle stem cells (MuSCs) were extracted from mouse muscle hind limbs from 1 to
5 weeks of age (male or female) animals. Muscles were carefully dissected and
gently minced with scissors. Then, they were digested several times with protease
(#P8811, Sigma-Aldrich) at 37°C. Next, supernatants were passed through a 100-uym
cell strainer and MuSCs were collected by centrifugation at 2000 rpm for 5 min. They
were initially seeded at low density (200 to 500 cells per well) in 12 well plates coated
with gelatin (#G1393, Sigma-Aldrich) for amplification in proliferation medium
[DMEM/F12 (#11524436, Gibco), 20% Fetal Bovine Serum (#10270106, Gibco) and
2% Ultroser™ G serum substitute (#15950-017, Pall Inc)].

To study proliferation, MuSCs were seeded at 3000 cells.cm™ in proliferating medium
with or without [OTR4131].

To study differentiation, MuSCs were seeded at 30000 cells.cm™ in proliferating
medium for 6 h then switched to differentiation medium [DMEM/F12, 2% horse serum
(#11520516, Gibco)] containing or not [OTR-4131].

For in vitro assay, [OTR-4131] was initially used over a dose range of 1 to 50 uL.mL""
and compared with saline solution.

- MuSC labeling

Cells were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100 (in
PBS) at room temperature.

For proliferating exploration, Ki67 staining (#ab15580, Abcam) was performed
associated with nuclei labeling by Hoechst. In vitro fluorescent immunolabelling were
recorded with a Zeiss Observer Z1 microscope connected to a Coolsnap HQ.
(Photometrics) camera at 20X magnification. Ki67 positive cells were quantified
manually using ImageJ software and expressed as a % of total cells.

For differentiation experiments, Phalloidin staining (Sigma-Aldrich) was used to
labeling actin in cells associated with nuclei labeling by Hoechst. Immunolabelling
images were obtained with a Zeiss Observer Z1 microscope at 10X magnification
and for each condition, 6 randomly chosen fields were counted. The number of
labeled nuclei per cells was determined manually using Imaged software and
expressed as a percentage of total nuclei. Fusion index was calculated as the
number of nuclei within myotubes divided by the total number of nuclei.

- Statistical analyses

Results are expressed as means + SEM. Statistical analyses were undertaken with
Prism software (version 6.0h for Mac). For the prestudy, Kruskal-Wallis and post-
hoc test (Dunn's multiple comparisons test) were performed. For the main study, 8
DPI data were explored with a parametric two-way ANOVA whereas 28 DPI data
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were analyzed with Mann-Whitney test. For in vitro data, Wilcoxon matched-pairs
signed ranks test was used. An a-error of 0.05 per sub-figure was used to set a
threshold of significance.

RESULTS
R-1I-1The selection of optimal RGTA® dose

In order to determine the dose effect of RGTA® on several parameters relevant to
regeneration, we tested five RGTA® doses ranging from 0.01 to 1ug per muscle,
injected locally at 3 DPI (Figure 70).

RGTA" or Saline solution  Muscle harvesting
Cardiotoxin 0,01lug-1ug
| | | .
| | | g
Day 0 Day 3 Day 8

Figure 70. Protocol used to determinate RGTA® optimal dose. At day 0, CTX was injected in both
TA muscles. Then, RGTA® (5 increasing doses) or saline solution (control condition) was injected in
TA 3 DPI. Muscles were analyzed at 8 DPI.

At 8 DPI, TA muscles were weighted, tissue architecture evaluated by HE staining,
CSA and nuclei per myofiber quantified after laminin and Hoechst
immunofluorescence respectively. The highest dose of RGTA® (i.e. 1 ug per muscle)
yielded a mean of relative muscle weight to body mass ratio at 0.148 % versus
0.132 % for control muscles (Figure 71A). A Kruskal-Wallis test searching for a dose-
effect was not significant (p=0.24), whereas the relationship between muscle weight
and RGTA® dose was linear (linear regression with p=0.025 and 95%CI slope:
0.0018-0.024), with a significant increase in mass when enhancing the dose,
probably due to the osmotic effect of the molecule. The number of nuclei per fiber
was significantly different depending on RGTA® dose (p=0.02). With the 1ug dose,
the number of nuclei per fiber tended to be higher (p=0.075, Figure 71B) with a mean
at 1.97 versus 1.62 in the control group. The mean CSA (Figure 71C) was
significantly different for the lowest RGTA™ dose (i.e. 0.01 pg per muscle) with a
mean value at 743.4 um? as compared with 517.5 um? in control muscles (p=0.016)
whereas for the highest dose, the mean CSA was at 764.4 um? (p=0.16).
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Figure 71. Effects of increasing dose of RGTA® on skeletal muscle regeneration. Muscles were
injected with saline solution (n=3 mice, 1 muscle correctly injected per animal) or RGTA® (5 increasing
doses, n=2 or 3 mice per condition, 1 or 2 muscles per animal) and were analyzed at 8 DPI. A) ratio of
TA mass per body mass; B) Number of nuclei per fiber and C) mean of myofiber cross-sectional area
were analyzed. Kruskal-Wallis and post-hoc test (Dunn's multiple comparisons test) were performed. *
represents p<0.05.

In HE staining, the 1ug dose RGTA® yielded visually less necrosis and inflammatory
infiltrate than saline condition (Figure 72A). Necrosis was quantitated in muscle
cryosections stained with HE for the two extreme dosages (control and 1ug). The
highest RGTA® dose led to a decrease in the number of necrotic fibers with a mean
of 35.5 necrotic fibers per total muscle after RGTA® administration versus 87.3 fibers
in control muscles (Figure 72B, p=0.024). The mean number of fibers was not
different between muscle treated with 1 ug of RGTA® (2 320 fibers per muscle
section) and muscles receiving saline condition versus (2 592 fibers, p>0.99).
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Figure 72. Effects of RGTA® on during skeletal muscle regeneration. Necrotic myofibers were
analyzed at 8 DPI in TA injected with saline solution (n=3 mice,1 muscle correctly injected per animal)
or with the higher dose of RGTA® (n=3 mice, 1 or 2 muscles per animal). A) Hematoxylin—eosin
staining of TA muscles and B) Number of necrotic fibers per muscle section were analyzed. Mann-
Whitney test was performed.

We therefore chose to conduct subsequent experiments using 1 yg per muscle as
the most promising dose based mainly on 2 parameters: a decrease in the number of
necrotic fibers and the number of nuclei per fiber tended to be higher but with no
significant modification of the mean CSA.

- R-lI-2) Accelerated muscle regeneration after RGTA® administration

We undertook a more exhaustive histological analysis on muscles treated from the
preliminary study with the 1ug dose or saline solution. We explored different
parameters of muscle regeneration including the myogenic, angiogenic and
connective compartments. These first results were termed as the first experiment.
The same protocol (Figure 73) comparing only 1ug to saline was performed on a
second group of animals and labelled the second experiment. All the histological
analyses were examined at 8 DPI.
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Figure 73. Protocol used to evaluate RGTA® in early phase of muscle regeneration (experiment
2). At day 0, CTX was injected in both TA muscles. Then, RGTA® (n=3 mice) or saline solution (n=3
mice) was injected in TA 3 days after injury. Muscles were analyzed at 8 DPI.

o Slight enhancement of TA relative weight associated with an increase in the
number of nuclei per myofiber with RGTA® treatment

Relative muscle weight increased slightly after RGTA® administration (p=0.099,
Figure 74A). The number of myofibers per muscle section remained unchanged
(p=0.6149, Figure 74B) in the second experiment.

The fiber CSA, quantified on the whole muscle section (Figures 74C-D), was not
significantly influenced by RGTA® (p=0.548). Compared with the first experiment,
younger animals (i.e. second experiment) had a higher CSA value (p=0.031),
however there was no difference between saline and RGTA® groups (969.4 and
953.4 um? respectively).
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Figure 74. Effects of RGTA® on size and number of myofibers. TA muscles injected with saline
solution (n=3 mice per experiment, 1 or 2 muscles per animal) or RGTA® (n=3 mice per experiment, 1
or 2 muscles per animal) were analyzed at 8 DPI. A) Ratio of TA mass per body mass, B) Number of
nuclei per fiber, C) mean of myofiber CSA and D) its distribution were performed. Parametric two-way
ANOVA was performed.

However the mean number of nuclei per fiber was increased in RGTA®-treated
muscle (p=0.04), with a more pronounced effect in the first experiment (Figure 75A).
The nuclei distribution was slightly shifted towards more nuclei per fiber (Figure 75B)
with RGTA® administration in both experiments.
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Figure 75. Effects of RGTA® on nuclei content in myofibers. TA muscles injected with saline
solution (n=3 mice per experiment, 1 or 2 muscles per animal) or RGTA® (n=3 mice per experiment, 1
or 2 muscles per animal) were examined at 8 DPI. A) Number of nuclei per fiber and B) nuclei
distribution per fiber were analyzed. Parametric two-way ANOVA was performed.

o A more efficient capillarization in RGTA® treated-muscle

We analyzed CD31 as a marker of endothelial cells. The capillaries per fiber ratio
(C/F) per field was also quantified using a laminin staining. The two-way
ANOVA have highlighted a significant interaction (p=0.043) between the two
independent variables (C/F and experiment number), which did not allow to conclude
on a global effect of RGTA® on angiogenesis. Therefore, for this parameter, a post-
hoc test (Mann-Whitney test) was performed for each experiment. We highlighted in
the first experiment a higher C/F after RGTA® administration, in favor of a more
efficient muscle capillarization (Figure 76) with a mean of C/F at 2.1 in RGTA®
condition versus 1.38 in control muscles (p=0.024).
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Figure 76. Effects of RGTA® on muscle capillarization. TA muscles were injected with saline
solution (n=3 mice per experiment, 1 or 2 muscles per animal) or RGTA® (n=3 mice per experiment, 1
or 2 muscles per animal) were analyzed at 8 DPI. Capillaries per fiber ratio were measured and scale
bar represent 30um. Parametric two-way ANOVA and post-hoc test (Mann-Whitney test) were
performed.

o A greater quality of regeneration with decreased lipid droplets

Lipid droplets are a marker of an impaired muscle regeneration. They can be stained
by Sudan Black and the black pixels were quantified on the entire muscle section.
RGTA® treatment was associated with a reduction in lipid droplet content in favor of a
better muscle regeneration (p=0.0497, Figure 77). In the first experiment, RGTA®-
treated muscles displayed a mean area covered by lipid droplets of 0.08 % versus
0.09% in saline treated muscles. In the second experiment, younger mice had a
higher area of lipid droplets at 0.12 % in muscles after RGTA® treatment and 0.29 %
in muscle after saline injection.
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Figure 77. Effects of RGTA® on muscle adiposis. TA muscles were injected with saline solution
(n=3 mice per experiment, 1 or 2 muscles per animal) or RGTA® (n=3 mice per experiment, 1 or 2
muscles per animal) were analyzed at 8 DPI. Quantification of lipid droplets was performed by Sudan
black staining as a percentage of the total area. Scale bars represent 100um. Parametric two-way
ANOVA was performed.
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o Slight decrease of PDGFRa positive cells with no change in collagen | content

The quantitation of the amount of collagen |, the main structural collagen of skeletal
muscle showed no difference attributable to the RGTA® treatment (p=0.272; Figure
78A). However, muscles from younger animals contained less collagen | with a mean
total area of 17.22% in control condition of the second experiment versus 26.13% in
control condition of the first experiment (p=0.0002). Fibroblastic PDGFRa positive
cells sent prolonged cytoplasmic extension between myofibers and tended to be less
present in muscles treated with RGTA®, especially in young animals with mean of
total area at 1.67% versus 3.91% in control muscles (p=0.0792; Figure 78B).
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Figure 78. Effects of RGTA® on Collagen | and fibroblastic cells. TA muscles injected with saline
solution (n=3 mice per experiment, 1 or 2 muscles per animal) or RGTA® (n=3 mice per experiment, 1
or 2 muscles per animal) were analyzed at 8 DPI. A) Collagen | was quantified as a percentage of the
total area. B) Quantification of fibroblastic cells was performed by PDGFRa staining as a percentage
of the total area. Scale bars represent 30um. Parametric two-way ANOVA was performed.

o No change in the number of F4-80 positive cells and variable effect on
necrosis

We analyzed the number of necrotic cells by taking advantage of their affinity for
untargeted 1gGs. No effect of RGTA® on necrosis clearance (Figure 79) could be
observed, partly due to the discrepancy in control groups necrosis between the two
experiments. Highly necrotic regions were found in the first experiment (5.3% of total
fibers) while almost no necrosis was found in young animals of the second
experiment (mean at 0.14% of total fibers).
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Figure 79. Effects of RGTA® on necrosis. TA muscles injected with saline solution (n=3 per
experiment, 1 or 2 muscles per animal) or RGTA® (n=3 per experiment, 1 or 2 muscles per animal)
were analyzed at 8 DPI. Necrotic myofibers were quantified as a percentage of total myofibers.

Parametric two-way ANOVA was performed.

Macrophages were labeled with F4-80 antibodies. No effect of RGTA® on
macrophage number could be detected (p=0.4; Figure 80) in the first experlment with
a mean at 724 cells per mm? in control muscles versus 637 cells per mm? in muscles

after RGTA® administration.
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Figure 80. Effects of RGTA® on macrophage cells (experiment 1). TA muscles injected with saline
solution (n=3 mice, 1 muscle per animal) or RGTA® (n=3 mice, 1 muscle per anlmal) were analyzed at
8 DPI. Number of macrophages was quantified by F4/80positive cells per mm?Z. Scale bars represent

30um. Mann-Whitney test was performed.
o No variation in satellite cell number and their proliferation

Satellite cells were identified by Pax7 immunostaining. After an injury, activated
satellite cells express Ki67 while proliferating. The majority will differentiate and fuse
to form new myofibers, while the rest will return to quiescence (characterized as
Pax7positive Ki67negative cells). RGTA® administration did not affect the number of
satellite cells with a mean of 0.27 Pax7 positive cells per fiber for RGTA® group and
at 0.23 cells per fiber for the control group (Figure 81A). Similarly, the proportion of
proliferative satellite cells remained unaffected with a mean at 22.98% in muscles

after RGTA® treatment versus 26.77% in control condition (Figure 81B).
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Figure 81. Effects of RGTA® on satellite cells (experiment 1). TA muscles injected with saline
solution (n=2 mice, 1 muscle correctly injected per animal) or RGTA® (n=3 mice, 1 or 2 muscles per
animal) were analyzed at 8 DPI. A) Number of satellite cells was quantified as pax7 positive cells per
fiber. B) Proliferative satellite cells (Ki67 Pax7") were analyzed as a percentage of total satellite cells.
Scale bar represent 30um. Mann-Whitney test was performed.

To sum up explorations at 8 DPI, relative muscle weight tended to increase after
RGTA® administration, with a higher number of nuclei per fiber, more pronounced in
the experiment 1 (older animals) but without modification of the number of myofibers
or the mean CSA of myofibers.

The capillaries per fiber ratio was increased in RGTA® group (only in experiment 1) in
favor of a more efficient muscle capillarization, associated with a reduction of lipid
droplets indicating a higher quality of muscle regeneration.

The number of Fibroblastic PDGFRa positive cells tended to be lower than in control
group, especially in experiment 2 (younger animals) where Collagen | content was
decreased (as compared with experiment 1) but without modification by RGTA®
treatment.

Macrophage and satellite cell numbers were not affected by RGTA® administration.

- R-lI-3) RGTA® administration has a long-term effect on angiogenesis

We performed a histological analysis at a later time-point of regeneration, at 28 DPI
(Figure 82) focusing on parameters improved at D8.
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Figure 82. Protocol used to evaluate RGTA® in tardive phase of muscle regeneration. At day 0,
CTX was injected in both TA muscles. Then, RGTA® (n=5) or saline solution (n=5) was injected in TA
3 DPI. Muscles were analyzed at 28 DPI.

The macroscopic observation of HE staining confirmed that muscles were correctly
injected by cardiotoxin because central nuclei were observed in most muscle fibers
(Figure 83A). Relative TA weights were not significantly different despite a trend
towards lighter muscles in the RGTA® group (p=0.075; figure 83B) with a mean at
0.217 % of body weight versus 0.2319 % in RGTA®and control groups respectively.
In addition, the number of myofibers remained unchanged after RGTA® treatment
(p=0.97; Figure 83C) with a mean 525 fibers per mm? in RGTA® and 523 per mm? in
saline injected muscles. Myofiber size was unaffected (p=0.912; Figure 83D) with a
mean CSA of 1375 um? in RGTA® versus 1355 um? in control group.

The C/F ratio remained higher in RGTA® treated muscles, compatible with long-term
effect on angiogenesis (p=0.043; Figure 83E) with a mean C/F of 1.84 after RGTA®
administration versus 1.51 in control group.

Conversely, no effect on lipid droplets content was observed at this late time point
(p=0.63; figure 83F) with a mean total area occupied by lipid droplets at 0.084% in
RGTA® versus 0.133% in control muscles.
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Figure 83. Effects of RGTA® on tardive phase of skeletal muscle regeneration. TA muscles
injected with saline solution (n=5 mice, 2 muscles per animal) or RGTA® (n=5 mice, 1 or 2 muscles
per animal) were analyzed at 28 DPI. A) Hematoxgllin—eosin staining of TA muscle B) ratio of TA mass
per body mass, C) Number of myofibers per mm~® D) mean of myofibers CSA E) Capillaries per fiber
ratio and F) Quantification of lipid droplets by Sudan black staining as a percentage of the total area
were analyzed. Mann-Whitney test was performed.
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Analyses at 28 DPI have highlighted a slight decrease in relative muscle weight after
RGTA® administration, without modification of the number of myofibers or the
myofiber CSA.

The capillaries per fiber ratio remained higher in RGTA® group, in favor of a long-
term beneficial action on muscle capillarization without, prolonged effect on lipid
droplets inside the muscle.

- R-11-4) In vitro explorations on the cellular effects of RGTA®

We performed in vitro analyses to dissect the effect of RGTA® on cells involved in
muscle regeneration and particularly those where we have observed an
enhancement in vivo.

o Myoblast proliferation is decreased by a specific dose of RGTA®

Primary mouse myoblasts (n=5 mice) were seeded at 3000 cell.cm? and RGTA® was
added in the proliferation medium at 10 pyg.mL™" (figure 84A). Proliferation was then
quantified by Ki67 immunolabelling performed at 24h of culture. Myoblast
proliferation decreased significantly when cultured with GAG mimetic during 24h
(p=0.031; figure 84B) with a mean of Ki67 positive cells representing 65.2% of total
cells with RGTA® versus 80.2% in control conditions.
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Figure 84. Effects of RGTA® on myoblast proliferation. A) Protocol used for the analysis of
myoblasts proliferation b(g/ Ki67 labelling performed after 24 h of culture in proliferating medium
containing or not RGTA™ (n= 5 different myoblast cultures). B) Proliferation was measured as a
percentage of Ki67 positive cells. Wilcoxon test was performed.
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o Myogenic progenitor fusion is enhanced by RGTA®

Mouse myogenic progenitors (n=3 donor mice) were used to study their
differentiation/fusion in culture. Myoblasts were first seeded in proliferation medium,
requisite for an efficient cell adhesion. After 6h, this medium was removed and
replaced by differentiation medium with or without RGTA® component at 1, 10 and 50
ug.mL™ (Figure 85A). For all three primary cultures, we observed an acceleration of
myotube formation. They contained more nuclei (Figure 85B), suggesting an
increase in cell-merging as quantified by the fusion index. The effect was more
heterogeneous for the 1 ug.mL" dose (data not shown). For the 10 ug.mL"dose,
mean fusion index was slightly increased, 41.53 versus 29.1 in control condition
(p=0.125, figure 85C). Conversely, for a higher dose (i.e. 50 pg.mL™"), the fusion
index decreased (-8.5%) as compared with control condition.
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Figure 85. Effects of RGTA® on myoblast differentiation/fusion. A) Protocol used for myoblast
differentiation/fusion by Phalloidin and Hoechst labelling performed after 2 or 3 days of culture in
differentiation medium containing or not RGTA® (n= 3 different myoblast cultures). B) The fusion index
was calculated as the number of nuclei within myotubes divided by the total humber of nuclei. C)
Nuclei distribution per myotube as a percentage of total cell population. Wilcoxon test was performed.

To sum up in vitro explorations, the presence of RGTA® in cell culture stimulated
fusion of myogenic progenitors, in accordance with in vivo analysis. We observed a
bell-shaped curve effect with a tendency to enhancement for the 10 pg.mL™" dose,
whereas the 50 ug.mL™" dose decreased the fusion index.

This specific RGTA® dose of 10 pg.mL'1 has also an opposite effect on early phase of
proliferation, with a significant decreased expression of Ki67 in myoblasts.
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DISCUSSION

Our investigations focused on a clinical grade heparan sulfate mimetic having
already yielded beneficial effects on several murine models of muscle injury (crush
and ischemic lesions) where muscle injury and RGTA® injection are performed
simultaneously®>>#42-44447 ‘Here we studied the effect of this therapeutic with an in-
situ administration at 3 DPI in a cardiotoxin injury model, a more realistic time-point
for clinical use while primary care is rarely initiated immediately after a muscle injury.
Our results support an accelerated myogenesis with RGTA® administration with a
long-lasting effect on angiogenesis.

- Adequate RGTA® dose

RGTA® has a dose-dependent effect on tissue repair with a bell-shaped curve*?? and
previous pharmacokinetic studies found a durable accumulation of the compound
mainly at injured sites**®, suggesting that a single injection could be optimal. We
therefore undertook a dose effect study relying on a single administration.

The dose range of RGTA® explored was chosen based on previous studies in rat
hindlimb muscle regeneration (extensor digitorum longus and soleus muscles),
where RGTA® was i Jected between 100 to 1 ug (corresponding to 500 to 5 ng per
mg of muscle)®*>*24% "In our study using a smaller rodent model, we downscaled
this range to explore 0 01 up to 1pg (27 to 2.7 ng per mg per muscle) on early (8
DPI) histological parameters.

For subsequent experiments, we chose the dose of 1 ug per muscle, after observing
an improvement of several parameters such as nuclei number per fiber and
macroscopic aspect on HE staining (specially necrosis amount).

Administration of the tested molecule at the time of lesion induction is not
translatable to the clinical practice, therefore we have chosen an in-situ
administration at 3 DPI. Timing administration is also a useful tool in dissecting the
effects of broadly acting and long-lasting molecules on the complex repair process
following muscle injury. Indeed, timing further allowed to eliminate a potentially purely
anti-inflammatory and pro-survival effect of the molecule in this well characterized
injury model.

255,442-444 447

- RGTA?® in toxic model of muscle regeneration

Heparan sulfate are known to interact with CTX molecules by increasing their cell
penetration****%*, However, we performed the RGTA® injection after the necrosis and
inflammatory phases generated by CTX, avoiding interference with injury timing and
intensity. Our data show an initial (at 8 DPI), slight increase in treated muscle weight,
caught up by untreated muscles by 28 DPI. There was no change in the total number
of myofibers or their size (no modification of CSA). However, nuclei number per
myofiber is enhanced suggesting a positive effect of RGTA®on myogenic progenitors
on their terminal differentiation and/or fusion.
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We have analyzed other actors involved in muscle regeneration. The number of
PDGFRa positive cells that are fibroblastic cells, tended to be reduced compared to
control group, especially in younger animals, but without modification of Collagen |
content in RGTA™ group. Lipid droplets, a marker of an impaired regeneration, were
decreased in RGTA®-treated muscles, in favor of an improvement in repair.
Conversely, no clear change in necrosis clearance was found, despite a discrepancy
between the 2 experiments.

Finally, administration of GAG mimetics also led to higher capillaries per fiber ratio,
supporting a more efficient muscle capillarization, and this effect persisted at 28 DPI.

Taken together, these results are supportive of an accelerated myogenic process
following RGTA® administration, yielding persistent histological benefit with a
necessity to confirm their functional impact by assessment of muscle strength.

We performed our experiments on animals of various ages in experiments 1 and 2,
possibly introducing some variability. To validate the results, an extra-cohort of mice
is on-going (8-week old).

- RGTA?® in other models of muscle regeneration

Several studies have consistently shown beneficial effects of GAGs, and particularly
HS mimetics on skeletal muscle regeneration. To our knowledge, only one study
used a clinical grade RGTA® in a preclinical model of muscle injury®>. In an ischemic
model of injury immediately followed by RGTA® administration, Chevalier et al,
observed an improved angiogenesis and an increased number of myonuclei. Our
study allows to confirm that a delayed treatment of RGTA® maintains these benefits.
In contrast with previous results?®****244’ we have not observed an increase in the
size and number of myofibers. Fiber necrosis was lower in muscles treated by
RGTA® but we observed a high heterogeneity between the two groups making
difficult to conclude. In addition, we have not explored RGTA® action on muscle cell
survival during the inflammatory phase, that could be responsible for the reduction of
necrosis observed in previous studies. Although we have not explored innervation,
we have performed an exhaustive analysis of the different actors involved in
myogenesis. By comparing our results with the literature, the more robust effects of
RGTA® were an improvement of angiogenesis and fusion of myogenic progenitors.
We have also confirmed these observations on myogenic progenitors in in vitro
experiments.

- In vitro analysis of RGTA® effects on myogenic cells

We have performed in vitro analysis in primary cultures of murine myoblasts where
we observed an increase in the fusion index after RGTA® administration with a bell-
shaped curve. The proliferation was inhibited by the optimal dose for
differentiation/fusion. However, other studies have underscored an increase in
differentiation and of proliferation**® (maximal for dose as 1ug.mL") with a bell-
shaped dose response, by RGTA® or other type of GAG mimetics**®*?’. Interestingly,
in vitro explorations have shown that RGTA® could protect VEGF from
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degradation*”®. Angiogenesis has also been explored: RGTA® triggers an
enhancement of vessels in chicken embryo chorioallantoic membrane assay*®.
RGTA® also potentiated VEGF to induce proliferation and migration of human
umbilical vein endothelial cells. Therefore using an in vitro model exploring the

coupling myogenesis/angiogenesis'® in presence of RGTA® will be informative.
- Mechanisms of action

RGTA® are clinical-grade molecules, close to heparin but devoid of anticoagulant
activity*®*. These HS mimetics are composed of functional groups without toxic
activity*'” and are obtained by a process respecting GMPs. RGTA® could have
several intricate effects on tissue repair.

These compounds, as natural HS, hold a strong binding capacity for signaling factors
providing stability and protection against enzymatic degradation*?®. Growth factors
known to interact with HS include molecule such as FGF, VEGF, CXCL-12 or TGF.
Because we have observed an increase in differentiation/fusion of myogenic
progenitors using a dose inhibiting their proliferation, we can hypothesize that RGTA®
act by protecting growth factors necessary for differentiation while inactivating factors
involved in myogenic proliferation and/or known to decrease differentiation such as
TGFB. RGTA® likely interacts with VEGF, as improvement of angiogenesis is a
recurrent effect in diverse models of tissue repair**®**? with a higher amount of VEGF
found in tissue samples after treatment®®®. This effect was confirmed by an in vivo

Matrigel plug assay, leading to an increase of VEGF-induced angiogenesis*®.

In addition, other polysaccharide GAG mimetics such as malic acid*®® or fucoidan*'®,
improve muscle regeneration and share the capacity of linking HBGFs, emphasizing
the importance of their interactions with growth factors.

RGTA® also act as an enzymatic inhibitor with a decrease in calpain activity during
muscle regeneration, which was confirmed in myogenic progenitor culture***44.
Finally, RGTA® could facilitate natural ECM reorganization but we have only explored
collagen | content at the early phase of regeneration so far, and this important aspect
would require further studies.

Because RGTA® are HS mimetics, their benefit could confirm the role of HS in
muscle regeneration, probably by interaction with growth factors. In addition, several
RGTA® components can be used differing by their size, charges and conformation
necessitating establishing which is the most optimal for a specific application,
together with optimal timing and dosage.
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Perspectives

an optimized biomaterial for VML injury

Numerous teams have investigated the promising use of decellularized scaffolds for
treating VML injuries. However, these current data have highlighted that ECM
biomaterials alone do not allow full muscle regeneration and especially they are not
sufficient to efficiently attract progenitors that would rebuild the tissue. As a result, a
fibrotic tissue often develops, remodeling the scaffold while a limited number of
muscle fibers are found in periphery. Therefore, it is now obvious that important
optimization is needed in ECM-based scaffold strategies. Teams have developed
cumulated approaches with cells owning myogenic potential incorporated inside
scaffolds*®®. But because skeletal muscle owns high regenerative capacities, we
focused on an optimized biomaterial that could induce endogenous cell migration
avoiding an additional complex cell-based therapy.

Some key facts should be underlined in ECM-biomaterial approaches. First, muscle
ECM scaffolds have been investigated in preclinical studies in optimal conditions
since muscle injury and implantation were always concomitant. Therefore, the
activation of muscle progenitors or endothelial cells and the recruitment of circulating
monocytes at the injury site are optimal. However, in a clinical perspective, such
conditions are not conceivable since implantation can be performed only months
after the initial injury, occurring in a fibrotic environment. Second the clinical
interventions were performed with non-muscle ECM from animal models, therefore
the 3D structure was rarely conserved or characterized.

Currently, biological activity and mechanical properties of decellularized biomaterials
are still under exploration, necessitating a better characterization of its composition
and microarchitecture to ameliorate their applications in tissue repair. However, some
crucial points have emerged that we have tried to maintain using our decellularization
protocol. Indeed, we focused on an efficient removal of major immunogenic cell
components and the conservation of the three-dimensional structure, which could be
a key point for efficient de novo muscle fiber creation. But even if the 3D structure is
essential to improve myogenic progenitor migration, it seems insufficient to obtain a
complete muscle regeneration in VML injury models*®®. So, we propose that major
improvements in muscle ECM scaffolds are necessary and could be performed by
enriching the ECM-based biomaterials with key molecules.

Hybrid biomaterials are an attractive strategy since they combine synthetic and
natural biomaterials or yield an enrichment of trophic molecules such as GAG and/or
growth factors. Despite our investigations, we have not found effective protocol
maintaining both endogenous GAGs and microarchitecture of the scaffolds. Yet, our
results together with previous reports show that providing GAG mimetic during
muscle regeneration improves myogenesis and angiogenesis. Therefore, enriching
decellularized scaffolds with GAG mimetics could be a very interesting option to
improve their trophic effects on muscle repair. Heparin, the oldest anticoagulant
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clinically used, is a naturally highly sulfated GAG®®, chemically close to HS and their
mimetics such as RGTA®. It has been widely used in combination with various
biomaterials in human, providing useful clinical and pharmacological data. Heparin-
based biomaterials are found in devices such as hemodialysis catheters or coronary
stents to avoid thrombus formation®'. Therefore heparin was added in scaffold
surface, sometimes conjugated with chemokines such as CXCL-12, leading to an in
situ endothelialization by progenitor mobilization®"?. Even decellularized tissues can
be thrombogenic leading to graft failure®®, therefore some aortic valve were coated
with heparin to improve their hemocompatibility and self-endothelialization®**. Since
heparin is a HS with several negative charges it can be coupled by electrostatic
interaction or covalent liaison such as Michael addition®*®. Growth factors activity is
known to be dependent on their spatial distribution. Therefore ECM scaffolds can be
a platform for their delivery and could be conjugated with HS leading to a more
prolonged release*’®. For the same reason than heparin, GAG mimetics such as
fucoidan®® or RGTA®™Y were physically adsorbed on some prostheses in
combination with growth factors. The advantage to replace heparin is to decrease a
potential hemorrhagic effect and heparin-induced thrombocytopenia. CXCL-12 is a
chemokine particularly studied in angiogenesis®® and inflammation®®, also driving
the migration of other cells including myoblasts®'®. In decellularized aortic valve
implantation, heparin coating enriched with CXCL-12 led to and efficient endothelial
cell colonization of the scaffold. Therefore, to improve the recruitment of the cells
necessary for an efficient muscle regeneration, we propose that it could be useful to
couple the ECM-scaffold with chemoattractant such as CXCL-12 and RGTA®, which
already improve myogenesis and angiogenesis.

Finally, VML lesion induces a fibrotic environment in remaining skeletal muscle that
can progressively lead to ECM accumulation and stiffening, creating an autonomous
feedback loop. Therefore, the implantation of ECM scaffold in such an environment
leads to non-optimal response as illustrated in the clinical cohort. Because ECM
modifications of remaining tissue can persist even after debridement, it could be an
obstacle to a future biomaterial implantation. Currently, no preclinical implantation of
muscle-ECM was performed in a scar muscle tissue, i.e. weeks after the initial VML.
In addition, how and by which mechanisms the fibrotic environment could impair the
biomaterial efficiency is unknown. This is an important point that needs to be
investigated because transplantation in human cannot be performed before all
injuries (bone, skin) are healed and stabilized. Therefore, further optimization of the
biomaterials is necessary, as well as additional treatments, probably targeting the
fibrotic elements®'".
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Abstract

regenerating muscle.

Adult skeletal muscle is capable of complete regeneration after an acute injury. The main parameter studied to
assess muscle regeneration efficacy is the cross-sectional area (CSA) of the myofibers as myofiber size correlates
with muscle force. CSA analysis can be time-consuming and may trigger variability in the results when performed
manually. This is why programs were developed to completely automate the analysis of the CSA, such as SMASH,
MyoVision, or Muscle] softwares. Although these softwares are efficient to measure CSA on normal or hypertrophic/
atrophic muscle, they fail to efficiently measure CSA on regenerating muscles. We developed Open-CSAM, an
Image) macro, to perform a high throughput semi-automated analysis of CSA on skeletal muscle from various
experimental conditions. The macro allows the experimenter to adjust the analysis and correct the mistakes done
by the automation, which is not possible with fully automated programs. We showed that Open-CSAM was more
accurate to measure CSA in regenerating and dystrophic muscles as compared with SMASH, MyoVision, and
Muscle) softwares and that the inter-experimenter variability was negligible. We also showed that, to obtain a
representative CSA measurement, it was necessary to analyze the whole muscle section and not randomly selected
pictures, a process that was easily and accurately be performed using Open-CSAM. To conclude, we show here an
easy and experimenter-controlled tool to measure CSA in muscles from any experimental condition, including

Background

Skeletal muscle is capable of complete regeneration after
an acute injury [1]. Skeletal muscle integrity is usually
assessed by histological analyses, consisting of staining
and/or immunofluorescent labeling of various cellular or
molecular structural components of the tissue. Among
these analyses, myofiber cross-sectional area (CSA) is
widely used because it reflects the regenerative capacity
of the muscle, i.e., the formation of new myofibers from
the activation, proliferation, differentiation, and fusion of
muscle stem cells [1]. CSA measurement is usually per-
formed after immunofluorescent staining of laminin, a
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component of the basal lamina surrounding each myofi-
ber, or of dystrophin that is located at the inside face of
the sarcolemma.

Analysis methods range from manual quantification to
programs showing various levels of automation. Manual
quantification is potentially the most accurate method as
the experimenter keeps total control over the myofibers
being analyzed. However, the manual procedure is highly
time-consuming and may present variability between
experimenters. This is why automated programs were
developed to limit the experimenter input and save time
[2-7]. For example, SMASH [7] is a semi-automated
open source MATLAB script allowing the assessment of
several parameters, including CSA. MyoVision, a Win-
dows program [2], was developed to fully automate the
quantification process. This program combines several

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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algorithms that were previously used separately in other
programs, thus reducing the errors in the fiber identifi-
cation and leading to a more accurate CSA measure-
ment compared to SMASH on uninjured muscle [2].
Recently, Muscle], a fully automated plug-in in Image]
described the fully automated quantification of various
skeletal muscle parameters, including CSA [8].

Most of the automated softwares were tested on nor-
mal muscle or under conditions triggering atrophy/
hypertrophy. In this context, the shape of the myofibers
keeps polygonal and angular, myofibers keeping their
contact with each other. On the contrary, regenerating
muscle is characterized by the presence of round-shaped
regenerating myofibers of highly variable size that, for
the smallest ones, do not regularly contact surrounding
fibers. Thus, variable myofiber shape, size, and extrafiber
space characterize the regenerating muscle, rendering
the automated quantification more difficult.

Here, we present a semi-automated CSA quantifica-
tion method for skeletal muscle images applicable on
any type of muscle and under any condition, including
early and late regenerating muscle and dystrophic
muscle. This method, named Open-CSAM (for Open
[free]-Cross Sectional Area Measurement), is based on
an Image] macro designed to automatically quantify
CSA on immunofluorescent picture of the whole skeletal
muscle section. It also includes some level of flexibility
for the experimenter, allowing manual correction of the
mistakes made by the automation. Moreover, it allows
the analysis of the size of the myofibers on the whole
muscle section, which we show here to be necessary to
obtain an accurate measurement.

Methods

Animals and tissue preparation

C57BL/6 and mdx mice were used according to the
French legislation. All experiments were performed on
mice between 8- and 12-week-old, except for old mice,
which were 2-year-old. In injury experiments, Tibialis
Anterior (TA) muscles were injected with 50 pl of cardi-
otoxin (Latoxan) at 12 uM as previously described [9].
Fibrotic dystrophic mice (Fib-mdx) were generated as
previously described [10] and mice were analyzed
1 week after the last injuries. TA muscles were
mounted on pieces of cork and fixed with tragacanth
gum. Then, they were frozen in isopentane cooled by
liquid nitrogen and further stored at — 80 °C. TA mus-
cles were sectioned thanks to a cryomicrotome
(CM3050s, Leica), and the thickness of cryosection was
8 to 10 pm. The slides were then stored at — 80 °C until
immunostaining. TA muscles showing more than 15%
of uninjured area (i.e., without centrally located nuclei),
indicating that CTX did not spread into the entire
muscle, were excluded from the study.
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Immunofluorescence

Slides were dried for 10min at room temperature.
Muscle cryosections were encircled with a hydrophobic
pen (Dako) and were incubated with PBS containing
Triton 0.5% for 10 min and then washed three times
with PBS. They were incubated with BSA 2% for 1h at
room temperature and then incubated overnight with a
rabbit anti-laminin antibody (1:200, L9393, Sigma-Al-
drich) at 4°C in a moist chamber. Slides were washed
three times with PBS and incubated with FITC-conju-
gated donkey anti-rabbit secondary antibody (1:200;
711-095-152, Jackson Laboratories) at 37 °C for 45 min.
Sections were soaked for 10s in Hoechst solution H
33342 (1:1000, B2261, Sigma-Aldrich) and were washed
once with PBS before mounting with antifading Fluoro-
mount G medium (FP-483331, Interchim). Slides were
stored at 4°C protected from light until picture
acquisition.

Image acquisition and quantification
As much as possible, the various conditions to be
compared (e.g, WT vs. KO, normal vs. dystrophic
muscle) should be recorded in similar conditions (micro-
scope, magnification, exposure time, binning). For
Open-CSAM validation and comparison with other
softwares, at least 10 images were acquired manually at
x 20 of magnification on an Axio Imager.Z1 microscope
(Zeiss) connected to a CoolSNAP MYO CCD camera
(photometrics) using MetaMorph Software (molecular
devices). For whole cryosection analysis, slides were
automatically scanned at x 10 of magnification using an
Axio Observer.Z1 (Zeiss) connected to a CoolSNAP
HQ2 CCD Camera (photometrics). The image of the
whole cryosection was automatically reconstituted in
MetaMorph Software. Open-CSAM was able to analyze
images up to 110 Mo in 8 bit or 220 Mo in 16 bit. In
case the final picture was too big to be analyzed at once
because of limitation of Image] capacities, the picture
was split into several parts (two to four) for the auto-
mated analysis. Between 2000 and 4000 fibers were
analyzed in a few seconds. Open-CSAM workflow is
presented in Fig. 1. The detailed macro code and expla-
nations of the various functions are given in
Additional file 1: Figure S1. If necessary, at the end of
the automated measurement, manual correction is
performed using ImageJ. The selection tools in the ROI
Manager were used to remove “false” myofibers created
by the automation, and the “Freehand selections” tool
was used for hand-drawing “lacking” myofibers missed
by the automation. These tools were used for full
manual quantification. A tutorial is provided in
Additional file 2: Figure S2.

MyoVision and Muscle] analyses were performed as
described [2, 8]. SMASH analysis was implemented with
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1. Open original image -
Laminin staining

3. Open fonction +
Fill holes

5. CSA Measure of
entire myofibers

2. Threshold "Huang" -
Binarization

4. Selection of
entire myofibers

6. Overlay for visual
checking

Fig. 1 Open-CSAM workflow. Step 1: When the macro starts, a window automatically opens to select the image to be analyzed (here muscle
cryosections immunostained for laminin). Step 2: Open-CSAM applies the ImageJ threshold “Huang” on the image. Huang threshold was chosen
by empiric assays. Threshold application allows image binarization. Step 3: open function allows to adjust the myofiber contours. Myofibers are
filled by the function “fill holes.” Step 4: Only the entire myofibers are selected to be analyzed. Other selected parameters as circularity and the
size are used to avoid the inclusion of too many false myofibers. Step 5: The area of the selected myofibers is measured. Step 6: At the end of
the measurement, all the region of interests (ROI, here the myofibers) are automatically superimposed for visual checking. It is then possible to
manually delete or add new myofibers. Bars = 25 um

a segmentation filter set to 11 [7]. This was empirically
determined by testing values between 5 and 12 and visu-
ally inspecting the results. For MuscleAnalyzer analysis,
the TIFF pipeline was tested following recommendations
provided in the tutorial video [11]. Several threshold
values were tested from 1 to 0.955 with no difference on

Table 1 Recommended size and circularity thresholds
Size threshold

Muscle type Circularity threshold

o D [ 2 - 4

the results. In all analyses, the applied size filter was the 0 (young and old) 00 WS o 0
same as the one used for Open-CSAM (Table 1). D8 50 um” then adjust 04
D14 100 um? then adjust’ 04

Statistical analyses

All images were acquired from at least two independent
TA muscles per experimental condition and at least five
randomly selected images per muscle were analyzed.

D28 (young and old)
Fib-mdx

150 um? then adjust’ 04
50 pm? 04

“If too many small myofibers are missed, progressively decrease the size
threshold by testing on 2-3 representative pictures
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The Student ¢ test, two-way ANOVA, or Spearman cor-
relation test were used for statistical analyses. P < 0.05
was considered significant.

Results

Open-CSAM is more accurate than previously described
softwares

In order to test the accuracy of Open-CSAM, its
performance was compared with a fully manual
quantification, a semi-automated software (SMASH),
as well as two fully automated softwares: MyoVision
and Muscle] (Fig. 2). We analyzed TA muscle from
various conditions, including uninjured muscle,
regenerating muscle at several time points after
acute injury (D8 and DI14) in young and old mice,
and a model of fibrotic dystrophy (Fib-mdx). Quanti-
fication was performed on cryosections immuno-
fluorescently labeled with anti-laminin antibody,
which labels the myofiber basal lamina. Immunola-
beling against dystrophin or sarcolemal proteins was
not used as this precludes the analysis in dystrophies
where these proteins are lacking or altered. As previ-
ously described [2], MyoVision produced significantly
higher mean CSA values as compared with manual
quantification (Fig. 2a, between 4.3 and 47.7%
increase depending on the experimental condition).
Mean CSA values obtained with Muscle] were simi-
lar to the manual quantification for uninjured young
as well as 14 and 28days post-injury muscles.
However, it gave higher mean CSA values in 8 days
post-injury regenerating muscles, old muscles (unin-
jured and 28days post-injury), and dystrophic
muscles (Fig. 2a, between 3.2 and 19.4% increase).
Mean CSA values obtained with SMASH were very
close to the manual quantification in uninjured old
and young 8- and 28-days post-injury muscles.
However, SMASH produced higher mean CSA values
in uninjured muscles (young and old) (+3 and + 1%,
respectively), and lower mean CSA values in 14 days
post-injury muscles (-4%) (Fig. 2a). On the other
hand, Open-CSAM without manual correction gave
mean CSA values close to those obtained manually,
with a slight underestimation (between 2 and 7.3%
decrease as compared with manual quantification),
except in Fib-mdx muscles where it was slightly
overestimated (+4.4%) (Fig. 2a). This was explained
by the fact that Open-CSAM measured the area
inside the basal lamina staining, which corresponds
to the true area of the myofiber. With manual quan-
tification, the experimenter tends to draw the limits
of the myofibers more on the laminin staining, thus
including a small part of the basal lamina, therefore
slightly overestimating the myofiber area (Fig. 2a). In
the case of Fib-mdx muscle, the overestimation by
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Open-CSAM was explained by an oversight of small myofi-
bers (see below). During the revision process of this manu-
script, MuscleAnalyzer, a customized pipeline within the
CellProfiler program allowing fully automated CSA meas-
urement, was released [11]. We tested this pipeline on the
same samples as above (Additional file 3: Figure S3). As it
strongly overestimated mean CSA as compared with man-
ual quantification (between 38.4% and 254.8% increase
depending on the condition), this software was not consid-
ered for further analysis.

Despite an increased CSA value obtained using
MyoVision, the correlation between MyoVision and
manual quantification for each picture was strong in
uninjured muscles (young and old mice), as well as
14 and 28days post-injury regenerating muscles
(Fig. 2b and Additional file 4: Figure S4A, R*>0.95),
suggesting that in these conditions, CSA overesti-
mation by MyoVision was similar on all the pictures
and did not introduce a specific bias. On the contrary,
the correlation was much lower on muscles at 8 days
post-injury, 28 days post-injury in old mice and in fibrotic
muscles (Fig. 2b and Additional file 4: Figure S4A, R* < 0.89),
which represent conditions exhibiting smaller myofi-
bers and/or defects in regeneration. Similarly, overall
correlation between Muscle] and manual quantifica-
tion was very strong in uninjured muscles (young and
old mice, Fig. 2b and Additional file 4: Figure S4A,
R?>0.97). Although this correlation was lower on
young 8days and old 28 days post-injury as well as
on fibrotic muscles, it was better than MyoVision. Fi-
nally, correlation was lower with Muscle] than with
MyoVision for the 14 and 28 days post-injury condi-
tions. Correlation between SMASH and manual quan-
tification was strong in uninjured young muscles
(Fig. 2b, R*=0.97). However, correlation was less
good when compared with MyoVision and Muscle] in
28 days post-injury muscles (young and old mice,
Additional file 4: Figure S4A, R*=0.8352 for young
and 0.9278 for old). For all other conditions, SMASH
accuracy compared with manual quantification was
intermediate between that of MyoVision and of
Muscle] (Additional file 4: Figure S4A, 0.8489 < R <
0.9364). These data indicate that the differences
observed between manual quantification and MyoVi-
sion, Muscle], or SMASH are condition-dependent,
thus introducing a bias. We then used Open-CSAM,
first without applying any manual correction. The
correlation between Open-CSAM and manual quanti-
fication was better or equivalent to that of MyoVision,
Muscle], or SMASH in all the analyzed experimental
conditions (Fig. 2b and Additional file 4: Figure S4A,
R®>0.9454). This suggests that Open-CSAM perform-
ance was more consistent through the various experi-
mental conditions.
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Fig. 2 Open-CSAM comparison with MyoVision, MuscleJ, and SMASH softwares. The same pictures were analyzed either by manual measurement
or using Open-CSAM (with or without manual correction), MyoVision, MuscleJ, or SMASH softwares. a Mean cross-section area (CSA) obtained on
various Tibialis Anterior (TA) muscles. Muscles were isolated from 8- to 12-week-old mice uninjured (DO) or 8 days (D8), 14 days (D14), and 28 days
(D28) post-cardiotoxin (CTX) injury, from 2-year-old mice uninjured (DO old) or 28 days post-CTX injury (D28 old) and from dystrophic fibrotic
mice (Fib-mdx). Results are mean + SEM of 10 images from 2 muscles (Fib-mdx), 20 images from 2 muscles (D0 and DO old), 30 images from 3
muscles (D28 and D28 old), 40 images from 4 muscles (D8), and 45 images from 4 muscles (D14). b Correlation between manual measurement (X
axis) and Open-CSAM (without manual correction), MyoVision, MuscleJ, or SMASH (Y axis) measurements performed on the same images used in
a. Fach dot represents a picture. The dotted line represents the identity line. ¢ Representative images measured manually, by Open-CSAM (before
and after correction), MyoVision, MusclelJ, or SMASH softwares. Red fibers were false myofibers identified by the softwares, and green fibers were
myofibers not considered by the Open-CSAM software and manually drawn. Lacking myofibers using MyoVision, Musclel, or SMASH softwares are
shown by red asterisks. d Distribution of the CSA obtained with the six methods using the Fib-mdx samples used in a. Results are mean + SEM of
10 images from 2 muscles (Fib-mdx). White bar =25 um. *p < 0.05, **p < 0.01, and ***p < 0.001 as compared with manual quantification
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Manual correction is necessary for best accuracy

Figure 2c shows two examples of quantification per-
formed on a single image from an uninjured muscle (left
panel) and a dystrophic fibrotic muscle (right panel). In
the uninjured muscle picture, Open-CSAM and Muscle]
identified two false myofibers (red lines), which were
manually removed with Open-CSAM (Open-CSAM cor-
rected). On the other hand, MyoVision missed two myo-
fibers (red asterisks) while SMASH both identified three
false myofibers and missed two myofibers. However, as
the myofiber size was quite homogeneous in this picture,
this did not really impact the calculated CSA value. In
the fibrotic muscle picture (Fig. 2c, right panel),
Open-CSAM identified 7 false myofibers (red lines) and
missed 16 myofibers that were manually corrected after-
wards (green lines). MyoVision missed 33 myofibers (red
asterisks) and identified 1 false fiber, which could be
excluded by size filter in MyoVision software (red line),
inducing a 29% artificial increase in CSA, as compared
with manual quantification. Similarly, Muscle] identified 7
false myofibers (red lines) and missed 14 fibers (red aster-
isks), leading to a 12.3% increase as compared with man-
ual quantification. Finally, SMASH missed 14 myofibers
and misidentified 9 fibers, leading to an 8.2% decrease of
mean CSA compared to manual quantification. The distri-
bution of the myofiber CSA in Fib-mdx muscles (same
samples as in Fig. 2a) clearly showed that MyoVision and
Muscle], and to a lower extent, Open-CSAM, preferen-
tially missed the small myofibers (<500 pmz) (Fig. 2d),
thus artificially overestimating the mean CSA. On the
contrary, SMASH overestimated the proportion of small
myofibers. Taken together, these results show that Open-
CSAM accuracy is more consistent as compared with
other softwares through various experimental conditions.
However, despite its performance, manual correction is
necessary for best accuracy. Open-CSAM was designed to
enable easy manual correction, allowing the user to directly
draw missing fibers and delete the false ones at the same
time in Image] (Additional file 2: Figure S2). As shown in
Additional file 4: Figure S4B, manual correction applied to
Open-CSAM improved the measurement accuracy in all
conditions (R*>0.97) except in old mice 28 days post-in-
jury (R*=0.9665 before and 0.962 after correction). In
Fib-mdx muscle, this was associated with a conver-
gence of the overall myofiber size distribution towards
the distribution obtained with manual quantification
(Fig. 2d), notably with a better consideration of small
myofibers (< 500 um?).

Whole section analysis is necessary for best accuracy

CSA analysis is usually performed on a subset of images
randomly taken throughout the muscle section. Depending
on the experimenter, the number of images and thus the
number of analyzed myofibers can be variable. Moreover,

Page 6 of 12

within the same muscle, myofiber size can be quite hetero-
geneous and a bias can be introduced depending on the
choice of the pictures. Figure 3a shows an example of an
entire reconstituted muscle picture. We measured CSA on
individual images, calculated the mean CSA on several
subsets of images, and compared the results with the CSA
obtained on the whole section. When the measurement
was made only using a subset of pictures, the myofiber
CSA differed from 5 to 28% to that measured on the whole
muscle (Fig. 3b). We particularly observed that CSA was
overestimated when the left half of the muscle was mea-
sured, that corresponded in this example to the peripheral
part of the muscle where regeneration is ended. Inversely,
measuring the right part of the muscle, here corresponding
to smaller regenerating myofibers localized at the center of
the muscle, underestimated CSA value. Thus, because TA
regeneration after a toxic injury is a centripetal process that
ends first at the periphery of the muscle, the whole muscle
section should be analyzed when measuring CSA of regen-
erating muscle in order to obtain an unbiased picture of
the process. Moreover, as in diseased muscle, foci of fiber
damage or remodeling can occur anywhere, analyzing the
whole section also insures an accurate measurement in this
context.

Use of Open-CSAM is robust among users

In a whole muscle section, the number of manual correc-
tions can be variable depending on the quality of the
muscle section and of the immunostaining. Considering a
high quality of both, we found that the amount of false
plus lacking fibers, which needed to be manually removed
or re-drawn, ranged from 5% in non-damaged muscles to
10 to 25% in damaged muscles (Fig. 4a). As the manual
corrections after Open-CSAM analysis can represent up
to 25% of the myofibers, thus potentially introducing vari-
ability among users, we tested the robustness of this
method. To do so, three independent experimenters ana-
lyzed the same image taken from an adult TA muscle 28
days post-CTX injury, where the majority of the muscle
has fully regenerated and some central areas are still
regenerating (Fig. 4b, c). This muscle was chosen because
of the high number of required manual corrections. Using
a 100 um?® size filter and a 0.4 circularity threshold (see
Additional file 1: Figure S1 and Table 1), Open-CSAM
identified 3757 fibers (Fig. 4c, left images), resulting in a
CSA of 1566.8 um? (Fig. 4b, left). As shown in Fig. 4c, two
areas showed a large number of fibers missed by Open-
CSAM. The first area (blue box) was composed of fibers
showing a high variability in size where Open-CSAM
missed mainly very small fibers. The second area (red box)
was composed of medium- to large-sized fibers but with a
lower laminin staining intensity. In this area, Open-CSAM
failed to identify most of the fibers. Depending on the user,
50 to 145 false fibers were deleted and 860 to 1019 fibers
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Fig. 3 Whole muscle analysis by Open-CSAM. a Whole reconstitution of a laminin-stained cryosection of a TA muscle 28 days post-CTX injury (30
pictures were automatically recorded and assembled by MetaMorph software). The position of each individual image is highlighted by the red
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were manually added (Fig. 4b, right). Despite this variability
in the number of manual corrections performed by each
user, the corrected CSA reached 1454, 1437, and 1456 pm?,
meaning that variability between users was below 1%.
Altogether, these results show that despite the manual cor-
rections required by Open-CSAM, there is no bias intro-
duced by the experimenter.

Open-CSAM is an accurate tool for whole muscle CSA
analysis in regenerating muscle

As we showed that CSA quantification with Open-CSAM
was highly accurate on individual images in various

experimental conditions and that whole muscle analysis
was necessary, we tested its performance on several whole
muscle images and compared it to fully automated quanti-
fication by MyoVision and Muscle], as well as to SMASH.
We analyzed whole muscle images from young uninjured,
8 days post-injury and 28 days post-injury mice (Fig. 5 and
Additional file 5: Figure S5). As we showed for x20
individual pictures in uninjured muscle (Fig. 2), MyoVi-
sion, Muscle], and SMASH modestly overestimated the
CSA as compared with corrected Open-CSAM (Fig. 5a, +
11.7%, + 16.5%, and + 13.9%, respectively) (Fig. 5a). On the
same muscle, manual correction had negligible impact on
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Fig. 4 Manual corrections after Open-CSAM analysis. a Percentage of false myofibers detected (black histograms) and missed myofibers (white
histograms) by Open-CSAM that needed manual correction for TA muscles from young and old uninjured mice as well as from 3 muscles analyzed 14
days post-CTX injury. b, € Open-CSAM analysis of a TA muscle 28 days post-CTX injury. b CSA (left graph) and number of fibers manually corrected (right
graph) after analysis by Open-CSAM by three different users (each color represents a single user). ¢ Whole image of the TA muscle analyzed in b showing
myofibers (yellow) detected by Open-CSAM before (left panel) and after (right panel) manual correction. Blue and red boxes represent zoom-in examples
of two specific areas that needed extensive manual correction. White bar = 250 um
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CSA obtained by Open-CSAM, highlighting its high
performance on uninjured whole muscle section
(Fig. 5a, -1.1% before correction). Corroborating
this observation, CSA distribution was identical for

Open-CSAM before and after correction (Fig. 5d).
On the contrary, MyoVision, Muscle], and SMASH
overlooked small fibers (<1000 pmz) and overesti-

mated bigger fibers (>3000um?). In the D8
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Fig. 5 Comparison of Open-CSAM, MyoVision, Musclel, and SMASH CSA quantification on whole muscle sections. CSA was measured using
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condition, where small fibers represent an important
part of the whole muscle section area and the D28
condition, where small myofibers are still concentrated
in specific areas (see Fig. 4), MyoVision (+24 and +
32.1%, respectively), Muscle] (+71.2 and +92.3%, re-
spectively), and SMASH (+ 22 and 26.8%, respectively)
accounted for a much higher CSA than Open-CSAM.
This is mainly due to the non-detection of the small
myofibers (Fig. 5d) and, in the case of Muscle], to the
merging of several myofibers into one (Additional file 5:
Figure S5B, Fig. 5b). Again, correction in Open-CSAM
induced a negligible change in CSA measurement on
day 8 post-injury muscle (Fig. 5a, + 0.3% before correc-
tion). Finally, manual correction of Open-CSAM in
day 28 post-injury muscle corrected a slight underesti-
mation of small fibers (Fig. 5d), leading to an artificial
increase in CSA (Fig. 5a, + 7.8% before correction).

The main defect of Open-CSAM is the time of ex-
perimenter that is required for the complete imple-
mentation of CSA measurement. Although running
Open-CSAM macro in Image] took less than 1 min
(even for the whole muscle pictures), which was fas-
ter compared to other softwares (4 to 10 min for
Muscle], 5 to 17 min for SMASH, and 166 to 340 min
for MyoVision), the post-automation manual correc-
tions lasted between 10 and 60 min in the examples
provided (Fig. 5c, Additional file 5: Figure S5). How-
ever, those corrections are required for achieving a
full analysis of the whole muscle in order to provide
an accurate CSA value. Taken together, these results
show that Open-CSAM is a highly accurate tool to
measure myofiber CSA on whole muscle section im-
ages from different experimental conditions, including
regenerating muscle.
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Discussion

Histology is the gold standard technique to assess some
characteristics of skeletal muscle. Measurement of myofi-
ber CSA is classically used as a parameter of normal and
pathological skeletal muscle regeneration after labeling
with anti-laminin or anti-dystrophin antibodies. However,
there are various strategies to analyze images and CSA
measurement that can give highly heterogeneous results.
On the one hand, manual quantification, consisting in
manually drawing the myofiber contour to measure the
area, is extremely time-consuming and potentially variable
between experimenters as it is meticulousness-dependent.
According to our experience, it takes about 1h to draw
1000 fibers. On the other hand, automated programs that
were developed to reduce the impact of the experimenter,
and to save time, give satisfactory results in uninjured
muscle [2-8] but fail to be accurate in regenerating
muscle.

Among the recent described softwares are SMASH,
MyoVision, and Muscle]. SMASH is a MATLAB applica-
tion which is also available as a free Windows program
(SMASH Stand Alone). MyoVision is a program operating
in Windows environment whereas Muscle] is a macro
working in Image] program (Table 2). They were devel-
oped to automate, with various levels of flexibility, the
quantification of several muscle parameters including fiber
number, CSA, myonuclei number and fiber type distribu-
tion. As previously described [2], MyoVision showed a
significant CSA overestimation as compared with manual
quantification. This could be explained by the stronger
overlapping of MyoVision outlines with the laminin stain-
ing (Fig. 2c), thus integrating a part of the basal lamina
into the myofiber area. Despite this overestimation of the
mean CSA as compared with manual quantification,
MyoVision performed accurately on isolated images from

Table 2 Comparison of software characteristics
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uninjured muscles. However, regenerating, old and dys-
trophic muscles are characterized by high myofiber size
heterogeneity. In this context, MyoVision measurement
was still good at day 14 and 28 after injury, ie. at time
points when regenerating myofibers are already formed. On
the contrary, correlation with manual estimation was much
lower in muscles at 8 days post-injury in young mice, at 28
days post-injury in old mice and in muscles of dystrophic
fibrotic mice. These three conditions are characterized by a
lower mean CSA and the presence of high numbers of very
small myofibers, which are not considered by MyoVision,
thus overestimating the mean CSA. Muscle] software was
efficient in measuring mean CSA in individual x 20 pictures
from uninjured young as well as 14 and 28 days post-injury
muscles. However, it measured higher mean CSA values in
8 days post-injury regenerating muscles, old muscles (unin-
jured and 28 days post-injury) and dystrophic muscles, even
though the values were closer to manual quantification
than that calculated by MyoVision. Here again, this was
due to an oversight of small myofibers. Finally, SMASH
showed high accuracy in uninjured young muscles. For the
other conditions, even though mean CSA was relatively
close to manual quantification, the accuracy was very vari-
able between images, leading to overestimation of small
myofibers in Fib-mdx (Fig. 2d) and oversight of these same
small fibers in regenerating muscles (Fig. 5d), making it not
reliable to analyze and compare various conditions.

In order to provide a tool usable in various biological
conditions, we developed Open-CSAM, an Image] macro
allowing the automatic measurement of CSA with the
possibility for the experimenter to apply manual correc-
tions afterwards. CSA values obtained with Open-CSAM
were very close to the values obtained manually in all
tested conditions. Generally, Open-CSAM omitted only
few myofibers in muscles containing small fibers

Program Software base OS Minimal configuration tested Manual correction
PC MAC
Open-CSAM  Image) Mac OS/ Windows 10-Intel core i3 CPU ~ Mac OS 10.12/Intel core Yes—during the analysis
plugin Windows 550 3.2 GHz-4 Go RAM i3-3.2 GHz/12 Go RAM = Draw/delete Image) tools
MyoVision  Windows Windows Windows 10-Intel core i3 CPU Not applicable No
application 550 3.2 GHz-4 Go RAM (single
image analysis)/Windows 7-Intel
core i5 vpro 3.1 GHz/16 Go RAM
(whole muscle analysis)
Muscle] Image) Mac OS/ Windows 10-Intel core i3 CPU ~ Mac OS 10.13/Intel core Yes—after the analysis
plugin Windows 550 3.2 GHz-4 Go RAM i5-2.7 GHz/16 Go RAM  =>» Open picture
= Import ROI file on the picture
= Draw/delete ImageJ tools
SMASH Windows Windows Windows 10-Intel core i3 CPU Not applicable Yes—during the analysis
Stand application 550 3.2 GHz-4 Go RAM - Step 1 draw—uvalidate
Alone = Step 2 delete—validate

(cumbersome: small screen, no back
and forth allowed between steps 1 and 2)
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(regenerating muscle, old muscle, dystrophic muscles).
Then, lacking myofibers are easily manually drawn and
incorporated into the analysis using Image], which is not
possible using the fully automated softwares. The main
drawback of Open-CSAM is that it identifies some false
myofibers in the interstitial space between myofibers, not-
ably when this space is large in early regenerating and
fibrotic muscles. This issue can be overcome by increasing
the size and the circularity thresholds but this also
increases the risk of omitting real myofibers. Because it is
faster to delete false myofibers than manually drawing
lacking myofibers, we recommend to keep thresholds as
low as possible to reduce the number of lacking myofibers.
We therefore provided starting thresholds for the different
conditions we have tested, that have to be adjusted
depending on the specific experiment (Table 1). According
to our experience, the false fibers identified by Open-
CSAM represented less than 5% of the total fibers in all
the muscles we have analyzed so far.

CSA measurement is usually performed on a subset of
images randomly taken throughout the muscle section.
However, myofiber size is quite heterogeneous within
the same muscle, and we showed that considering only a
part of the muscle section led to the introduction of bias
depending on the image selection, potentially hiding a
relevant phenotype or artificially creating a non-relevant
one. Of note, image acquisition and reconstitution of the
whole muscle section is automatically performed, saving
time, as compared with manually recording random
pictures. Then, Open-CSAM is capable of measuring the
myofiber CSA on the whole section in a few seconds.
Depending on the size of the image, it may be necessary
to split it in two or four parts. This may be also useful
when the laminin labeling intensity is not homogenous
on the entire section since Open-CSAM may omit faint
labeled areas.

When measuring CSA on whole muscle section pictures,
using uninjured or 8-day and 28-day regenerating muscles,
we found that Open-CSAM (including the manual
post-automation corrections) was the most accurate way to
measure myofiber CSA. Muscle] program was efficient at
implementing CSA from uninjured muscle (still with over-
estimated values) but failed to accurately measure myofiber
CSA of regenerating muscle, due to failure to detect small
fibers and to merging of several myofibers into one. Even
though Muscle] was built as a ready-to-use toolbox to avoid
experimenter intervention, post-automation corrections are
possible. Indeed, the user may generate a file containing the
ROIs analyzed that can be imported back into Image] to
perform manual corrections in a similar way as Open-
CSAM. However, given its poor performance on whole
regenerating muscle section as compared with Open-
CSAM, the amount of manual corrections and thus the
time spent would be not competitive towards Open-CSAM
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measurement. SMASH and MyoVision gave similar results,
as they moderately overestimated mean CSA in uninjured
muscle, an overestimation that was amplified in 8-day and
28-day regenerating muscles which contain a higher pro-
portion of small rounded-shape myofibers. MyoVision was
very slow in implementing the analysis of the whole muscle
images (between 166 and 340 min), making it not competi-
tive towards manual measurement. Moreover, it does not
allow manual correction. SMASH was faster (between 5
and 17 min), and it was designed to allow the user to per-
form manual corrections during the analysis. However, the
correction process has several drawbacks. First, the applica-
tion cannot be displayed into full screen, which makes in-
convenient to easily detect the myofiber delimitations.
Second, after the segmentation, the correction process is
composed of 2 sequential steps. The first step allows to
manually split merged fibers or draw the missed ones.
After validation of the drawing, the second step allows
manual deletion of the false fibers identified by the pro-
gram. Unfortunately, at this point, it is not possible any-
more to come back to correct merged or missed fibers
that would have appeared after the second step. Given this
lack of flexibility, performing manual correction in
Open-CSAM is much easier and faster.

According to our experience with Open-CSAM, the
amount of manual corrections required after the automatic
measurement depends on the status of the muscle, the
quality of the cryosection, and the quality of the immunola-
beling. We recommend performing a new cryosection and/
or labeling rather than trying to analyze poor quality im-
ages. Typically, if we consider a high-quality image, the ana-
lysis of an uninjured TA lasts less than 15 min to process
2000 to 3000 myofibers. In the worst condition we experi-
enced, processing of a regenerating TA can last from 15
min to 1h for the experimenter to obtain an accurate
measurement of myofiber CSA (as compared with 1 h per
1000 fibers in the case of a full manual quantification, thus
2-3h per muscle). Moreover, we showed that despite the
relatively high level of manual correction required for some
muscles, the difference in corrected CSA obtained by inde-
pendent experimenters was negligible (less than 1%),
highlighting the robustness of this method.

Conclusion

The use of Open-CSAM program on whole muscle
sections is a powerful strategy to measure myofiber CSA of
muscles from various experimental conditions in an easy,
highly accurate, and reproducible way, providing values
very close to the absolute values. This user-friendly (tutorial
in Additional file 2: Figure S2) method is semi-automated
and therefore requires the commitment of the experi-
menter (who is still the best expert to define what a myofi-
ber is), allowing the most accurate CSA measurement of
regenerating muscle so far.
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Additional files

Additional file 1: Figure S1. Macro to be run for the implementation
of Open-CSAM program (left) and related explanations of the functions
(right column). (PDF 31 kb)

Additional file 2: Figure S2. Tutorial for the use of Open-CSAM.
(PDF 785 kb)

Additional file 3: Figure S3. The same pictures as in Fig. 2 were analyzed
either by manual measurement or using MuscleAnalyzer. The mean CSA
obtained with the two methods is shown. **p < 0.001 as compared with

manual quantification by two-way ANOVA analysis. (PDF 80 kb)

Additional file 4: Figure S4. Mean CSA was measured manually and
with Open-CSAM, MyoVision, Musclel, or SMASH softwares on the same
samples as described in Fig. 2a. Muscles were isolated from 8- to 12-
week-old mice 8 days (D8), 14 days (D14), and 28 days (D28) post-CTX
injury, from uninjured (DO old) or 28 days post-CTX injury (D28 old) 2-
year-old mice. A The correlation between manual measurement (X axis)
and Open-CSAM (without manual correction), MyoVision, MuscleJ, or
SMASH (Y axis) measurements is presented. B Correlation between
manual measurement (X axis) and Open-CSAM (Y axis) before and after
manual correction. Each dot represents a picture. The dotted line
represents the identity line. (PDF 833 kb)

Additional file 5: Figure S5. CSA was measured using Open-CSAM,
MyoVision, MuscleJ, or SMASH softwares on whole TA muscle images
obtained from uninjured (D0) or 8 days (D8) and 28 days (D28) post-CTX
injury. A Pictures showing the myofibers (yellow shapes except for
SMASH which is in gray) detected by Open-CSAM, MyoVision, SMASH,
and MuscleJ. The white dotted lines show where the images were split
for Open-CSAM and MyoVision analysis. B Red boxes represent zoom-in
examples of specific areas obtained by Muscle). Red asterisks show
examples of group of myofibers that are merged. White bar = 250 um.

(PDF 12792 kb)

Abbreviations
CSA: Cross-sectional area; CTX: Cardiotoxin; Fib-mdx: Fibrotic dystrophic mice;
ROI: Region of interest; TA: Tibialis anterior
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