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Abstract

Duchenne Muscular Dystrophy (DMD) is an X-linked lethal muscle disorder, his incidence is
relatively common 1:5000 male births. DMD is caused by mutations in the DMD gene encoding
Dystrophin. Dystrophin is a crucial component of the dystrophin-associated glycoprotein
complex which has a structural function providing stability to skeletal muscle. Loss of
dystrophin leads to progressive muscle impairment and later-on DMD patients and ultimate to
cardio-respiratory failure, as no cure available.

Dystrophin deficient mdx-mice model show a mild phenotype and do not display the gradual
dramatic muscle loss observed in DMD patients (3). For this reason, a new model of DMD has
been developed. It is a rat model with a deletion of exon 52 in DMD gene (R-DMDdel52)
deletion that led to a complete loss-of-function of dystrophin.

The aim of this project is to obtain a comprehensive comparative pathophysiology analysis of
DMD human, mdx mice and R-DMDdel52 rats, and to find new histopathologic readout useful
for the follow up, but more important for the develop of new therapies strategies.

We analyzed 21 human quadriceps and deltoids muscle biopsies at the age of 1-7 years old
divided in 4 groups, according to age and compare it with Tibialis anterior (TA), of rats and

mice at different time points.

The markers of interest were fibrosis markers, inflammation markers, and muscle regeneration
capacity markers all of it represents the principal hallmarks of DMD those were used to
highlight similarity and/or differences between DMD human biopsies and rodent models, and
to describe the disease progression.

We mainly focalized our attention on better understand the muscle stem cell behavior in all the
samples. Studying Pax7+ Muscles stem cells (SC) and the regeneration process (eMyHC). We
described a reduction of regenerative capacities of the muscles over time in DMD humans as
well as in animal models, by quantifying the regenerating myofibers. Moreover, we firstly
demonstrated the acquisition of a senescence phenotype specifically in DMD SCs, by

evaluating the expression of senescence markers (p16, p21 and yH2AX).
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Indeed, in DMD patients and rats, a progressive exhaustion of stem cells has been observed
with an early acquisition of senescence traits. In contrast, mdx4cv mice, did not show

senescence markers, possibly explaining the milder phenotype of this model.
The ultimate goal of this project was to draw up histopathological guidelines necessary for the

follow up of the disease and useful for any clinical and therapeutic studies.
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Myopathologic readouts identification in dystrophinopathies trough
comparative analyses of human and animal models muscles

1.INTRODUCTION

1.1 Skeletal muscle

Skeletal muscle is the most abundant tissue of the human body, comprising approximately the
40% of total body mass. Skeletal muscle tissue is one of most dynamic and plastic tissues of
the human body and contains 50-75% of all body proteins, is mainly composed of water (75%),
proteins (20%) and other substances such as inorganic salt, fat, carbohydrates (5%) (Frontera
et al., 2015).

There are three types of muscles: skeletal and cardiac, also defined striated, and the smooth
muscle. Skeletal muscle is responsible for every voluntary and conscious action; the cardiac
muscle is involuntary and tridimensionally organized to form the heart. The heart pump the
blood throughout the body. The smooth muscles are contained in various organs such as blood
vessels, stomach, bladder, airways, uterus, they are involuntary or hormone-regulated and have
different macroscopic and microscopic organization compared to the striated ones (Webb C et
al., 2003).

The skeletal muscles can be viewed as a biomechanical device that convert chemical energy to
physical work. Their primary function is to generate strength and contract in order to support
locomotion, respiration, posture, and hearth functionality. Skeletal muscles are essential for
multiple functions, and they interact with various components such as nerves for impulse
transmission, and vasculature for optimal tissue oxygenation (Shandrin et al., 2017; Dumont et
al., 2015). From a metabolic perspective, the skeletal muscle contains a regulatory and
metabolic machinery regulating cellular homeostasis. With this respect, it has multiple roles
including the storage of amino-acids and carbohydrates, production of heat and the maintenance
of core temperature, contribution to basal metabolism, consumption of oxygen and ATP during

physical activity and exercise (Frontera et al., 2015).
1.1.1 Macroscopic and microscopic morphology of skeletal muscle

The skeletal muscle is composed by muscle cells also called myofibers, separated by different
layers of connective tissue. The epimysium is the outer layer surrounding the entire muscle; the

perimysium delimits each bundle of muscle fibers including blood vessels and nerves; and the
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endomysium surround each muscular fiber. Bundles of myofibers form the fascicle, bundles of
fascicle form the muscle tissue inside the above mentioned three concentric layers of fibrotic
tissue. The muscles are encapsulated by the extracellular matrix and supported by the
cytoskeletal networks (Mukund et al., 2019; Frontera et al., 2015).

a muscie fiber and
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Figure 1 Skeletal muscle structure: representation of the epimysium, the perimysium, and the endomysium
connective tissues, which surround muscle, fascicles and myofibers respectively. Enlargement of one sarcomere
and cross-sectional view of a sarcomere cut through in different locations. (Frontera et al., 2015)

The myofibers are syncytia composed by hundreds of post-mitotic nuclei sharing the same
cytoplasm that are generated by the fusion of myoblasts during development. Some myoblasts
do not fuse with the developmental myofibers but migrate in the space between the sarcolemma
and the basal lamina forming the skeletal muscle stem cells, also known as satellite cells (SCs).
Muscle SCs are able to differentiate upon muscle injury, contributing to muscle repair and
regeneration (Shandrin et al., 2017).
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A single muscle fiber has approximate dimensions of 100pum in diameter and 1cm in length,
with anatomic variation; each muscle fiber contains several myofibrils and it’s surrounded by
a cell membrane called sarcolemma. The cytoplasm is called sarcoplasm. The myofibers
sarcoplasm comprises thousands of myofibrils forming different striations. The two most
abundant myofilaments are actin and myosin and the represent approximately 70-80 % of the
total protein content of a single fiber. The ultrastructural analysis of the skeletal muscle allowed
to identify different bands and lines, constituting the sarcomere structure, which is the basic

contractile machinery of skeletal muscle.

Each sarcomere is formed by thick and thin filaments whose arrangement gives the sarcomere
a striated, band-like pattern. The sarcomere is the area between two Z lines (or Z disks) and
consist of overlapping arrays of thick (myosin) filaments and thin (actin) filaments. Running
through the center there is the | (isotropic) band (lighter area), comprising the thin filaments
connected by the nebulin to the Z band. Thick filaments are located at the center and are
connected by titin at the M line, that is placed in the middle of the sarcomere. Thin and thick
filaments are comprised in the area that includes the A (anisotropic) and the H bands (Martini
et al., 2012).

1.1.2 Muscle contraction

The contraction process is the result of the interaction between the thick and thin filaments of
each sarcomere. The thin filaments are composed by monomers of globular actin that
polymerize in filamentous actin. A complex of troponin and tropomyosin is associated with the
actines. Tropomyosin forms a long chain that covers the active sites, thus preventing the actin-
myosin interaction, while troponin is responsible for tropomyosin stabilization. Thick filaments
contain a double strand myosin chain twisting together, with an elongated tail and two globular
heads that are the binding site for the hydrolysis of ATP. Only one of the heads is always in
contact with actin any time (Mukund et al., 2019).

Structures involved in the contractions are the T tubule systems and the Neuromuscular
Junction. The T tubule system are invaginations of the sarcolemma that conducts the nerve
action potential from outside to the inside of the cell. The sarcoplasmic reticulum (SR), which
is responsible for the storage, release and uptake of calcium. The calcium is stored in terminal
cisternae, two terminal cisternae in close contact with T tubule (one on each side) giving rise to

the triad (Martini et al., 2012).
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The neuromuscular junction is a modified chemical synapse where the electrical signals are
conducted to the axon terminal (presynaptic region), where are located many vesicles
containing acetylcholine (Ach). On the other side there is the muscle motor plate. This
specialized multi-folded postsynaptic region contain the acetylcholine receptors (AChRS).
Between the presynaptic and postsynaptic areas there is a space called the synaptic cleft filled

with a specialized matrix known as synaptic basal lamina (Rodriguez Cruz et al., 2020).

The muscle contraction is activated when a neural signal created in the brain or in the spinal
cord starts. It is subordinated to the onset of electrical event that occurs within the sarcolemma.
The nervous impulse arrives by the NMJ at the triad structure where the calcium is stored,
activating depolarization activity (action potential), managed by sodium and potassium
channels (Exter et al., 2010).

Upon stimulation the Ach pool is released and binds the receptors on the postsynaptic
membrane of the sarcolemma; this is followed by an open of the ionic channels and a releasing
of sodium across the membrane, creating the action potential. Action potential triggers
depolarization of T tubule which is immediately followed by a large and fast release of calcium
from the sarcoplasmic reticulum, enough to trigger the contractile response of myofibrils. The
released calcium binds to the regulatory protein troponin C of the complex troponin-
tropomyosin, thus determining the displacement of the tropomyosin from the actin active sites
within the thin filaments. The exposure of these active sites allows the binding of the head of
the myosin molecule with actin. This event is corroborated by the presence of ATP. The ATPase
is located in the myosin head, which promotes the detachment of myosin from actin and the
formation of a new actin-myosin cross-bridge. The ATPase, in the myosin head, hydrolyzes the
ATP resulting in the release of chemical energy that is transformed into mechanical work during
the actin—myosin interaction. The end of the cycle is marked by the subsequent ADP release
that leads to the formation of a new acto-myosin rigor complex, which will be in turn
dissociated by ATP binding, thus starting a new cycle (Radak et al., 2018; Exter et al., 2010).
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Figure 2 Muscle contraction cycle. Action potential across T-tubule system realizing Ca++ ions. Ca++ ions bind
troponin which allow myosin-actin binds. Sliding of myosin-actin binds produce the muscle contraction and
require ATP (modified from Radak 2018).

1.1.3 Muscle fiber types

One important characteristic of skeletal muscle is its heterogeneity. In fact, it is composed of
fibers that owe variable biochemical, mechanical, and metabolic properties. These properties
were used to classify the fiber types. Nowadays the common identifier of muscle fiber types is
the contractile protein Myosin Heavy Chain (MyHC). MyHC is a molecular motor that converts
chemical energy into mechanical force and is indispensable for body movement and heart
contractility. MyHC presents a wide number of isoforms, is encoded by a multigene family and
differentially distributed in human muscles, and among different species in a tissue- and stage-

specific manner (Schiaffino et al., 2010; Galpin et al., 2012).
It exists two kinds of fibers, type 1 and type 2 fibers.

The type 1 or slow-twitch muscles rich in oxidative enzymes, mitochondria and myoglobin,
specialized in continuous activity. Muscles with a predominance of type 1 fibers are called red

muscles (Glancy et al., 2011).
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Type | or Slow Oxidative fibers express MyHC-B/slow isoform, encoded by MYH7 gene.
These fibers are rich in myoglobin and mitochondria, and they are characterized by slow
contractile properties and aerobic metabolism, high resistance to fatigue and low myosin
ATPase activity (Talbot et al., 2016).

Type 2 or fast-twitch muscles, identified as white muscles, specialized for phasic activity and

characterized by glycolytic metabolism.

Type lla or Fast Oxidative-Glycolitic fibers express MyHC-IIA isoform, encoded by MYH2
gene. These fibers presents both oxidative and glycolytic enzymes and they are characterized
by a fast-twitching phenotype, and an aerobic metabolism.

Type b or Fast Glycolytic or Fast Fatigable fibers express MyHC-11B isoform encoded by
MYH4 gene. These fibers are rich of glycolytic enzymes, low in myoglobin and mitochondria.
The metabolism of this fiber type is an anaerobic metabolism, typical of white muscles such as
diaphragm or EDL. They are characterized by short but intense contraction and high myosin

ATPase activity.

Type IIx or Fast Intermediate fibers: expressing the MyHC-11X isoform encoded by MYH1
gene. They share fast-twitching properties with other fast MyHC isoforms (2A and 2B) but
present an intermediate resistance to fatigue and higher contraction capacity (Talbot et al.,
2016).

This classification is representative for mammalian limbs fiber types. However, there are
several other muscle groups expressing different isoforms of MyHC. For example, there are
atypical muscles in head and neck such as Extraocular muscles, jaw and other neck muscles

that presents atypical muscle fibers (Schiaffino et al., 2011).

Embryonic MyHC encoded by MYH3 and fetal MyHC encoded by MYHS8 are expressed during

development and in regenerating muscle fibres (Tajsharghi et al., 2013).

Different muscles can have different predominance of fibers, reflecting the adaptation of the
muscle to different patterns, enabling the muscle to participate to different activities, depending
on the metabolic request. This property is called muscle plasticity or malleability (Schiaffino et
al., 2011).
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Further, the muscle responds to different stimuli: nervous, steroids, hormones, aging, inactivity
and the response to stimuli is fiber type specific. Recently it has been demonstrated that
myofibers of adult mice can also adapt their contractile and metabolic properties depending on
external stimuli, by activating or repressing a set of specific genes, such as the MYH genes (Dos
Santos et al., 2020).

1.1.4 Myogenesis

In vertebrate, during embryonic development, skeletal muscles of all body, except craniofacial
muscles, derived from the somite (Bismuth et al., 2010). Somites are metameric organizations
originating from the segmentation of the parassial mesoderm. The somites are subdivided in
three regions: the dermomyotome expressing Pax3, which subsequentially divides into
dermatome from which originate the cutaneous dermis; and myotome from which originate the
skeletal muscles of the body and the limbs; the third region is the sclerotome which contribute

to give rise to the cartilage of the spinal cord and ribs and the occipital region of the skull.

The muscles of the head are derived from paraxial mesoderm and prechordal mesoderm
(Buckingam et al., 2003).

Skeletal muscle development is a multistep process. Founder stem cells are specified and

progressively turned into muscle progenitor cells with a myogenic-specific commitment.

The first step is the migration and the delamination of progenitor cells, which co-express
transcriptional factors — paired box 3 and 7 (Pax3 and Pax7), the upstream regulators of the

myogenesis (Buckingam et al., 2015).

The delamination of dermomyotome is followed by a downregulation of Pax3 while progenitor
cells start expressing the myogenic regulatory factors (MRFs): Myf5, Mrf4 and/or MyoD giving
rise to the primary myotome formation. These factors are essential for skeletal muscle,
determining the skeletal muscle cell identity and are considered the gatekeepers for the

myogenesis (Tajbakhsh et al., 2009).

The last factor needed for the determination of skeletal muscle cell identity is Myogenin,
driving the terminal differentiation of muscle progenitor cells into mononucleated elongated

fibers expressing desmin and myosin (Relaix et al., 2006).
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Several regulatory genes are necessary for myogenesis (Tajbakhsh., 1997) that willl not be

discussed here.

—
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Figure 3 Muscles formation in the limbs, schematic representation with different stages and genes potentially
involved. NC, notochord; NT, neural tube; SE, surface ectoderm (modified from Buckingam et al 2003).

Only a fraction of myogenic progenitors terminally differentiates during primary myotome
formation. These myogenic progenitors are used as a scaffold for the successive waves of

myogenic cells formation, to sustain muscle growth during development (Relaix et al., 2006).

The primary myotome formation is followed by a cascade of specific myogenic waves in
successive distinct steps involving different types of myoblasts: embryonic and foetal

myoblasts and satellite cells (Biressi et al., 2007).

The myogenic mononucleated progenitors, expressing slow MyHC starts to fuse into myotubes
forming the secondary fibers. Secondary, the fibers are surrounded by primary fibers, but they
differentiate from the expression of MyHC, the secondary fibers express the fast MyHC isoform
(Hutcheson et al., 2009).

Subsequently, the muscle masses undergo very extensive growth in the foetal period and

postnatally. This expansion has been recently attributed to a population of muscle progenitor
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cells already present at the embryonic stage located in the central part of the dermomyotome.
These skeletal muscle progenitor cells coexpress Pax3 and Pax7, can differentiate into skeletal
muscle fibers during embryogenesis, and are present as a reserve cell population within the
growing muscle mass during prenatal and postnatal life (Tajbakhsh., 2009; Relaix., 2006;
Messina et al., 2009).

The third population of cells are known as satellite cells (SCs), are recognized only after the
formation of secondary fibers as mononucleated cells lying between basal lamina and
sarcolemma (Cossu et al., 2005). This population of cells contribute to the muscle mass
growing, after being activated by myogenic factors they undergo several cells division
producing mature fibers that fuse and forms new fibers. In the meanwhile, few of these cells
does not differentiate and return to quiescence in order to maintain the progenitor pool (Collins
et al., 2005).

1.1.5 Satellite cells and muscle regeneration

Skeletal muscle has the great ability to regenerate upon acute injury and chronic degeneration
in muscular dystrophies. This process is mainly managed by muscle satellite cells (SCs) which

are activated and then proliferate and differentiate (Frontera et al., 2015).

Satellite cells were described for the first time in 1961 by Alexander Mauro as “dormant
myoblast”. Discovered by electron microscopy for their atypical localization between the
sarcolemma and the basal lamina (Mauro et al., 1961). Lately described as population of small,
mononucleated cells with a heterochromatic nucleus surrounded by a small amount of
cytoplasm that constitutes around 2-10% of total muscle nuclei in adult skeletal muscle (Hawke
et al., 1985).

SCs, are characterized by an increased nuclei/cytoplasm ratio, a reduced organelle content, and
a small nucleus with an abundance of inactive chromatin and they are quiescent (GO0) in mature
skeletal muscle (Chargé et al., 2004; Schultz et al., 1978). In physiological conditions, SCs are
required for the postnatal muscle growth, and a decreasing in the numbers of SCs during aging
has been reported (Dumont et al., 2015; Chargé et al., 2004).

SCs are activated in response to injury, therefore these enter the cell cycle and proliferate. They
have the capability to migrate to damaged places where they differentiate into myoblast and

fuse to destroyed fibers or to each other to form de novo multinucleated myofibers. Importantly,
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as SCs are a type of adult stem cells they can both differentiate to generate muscle progenitors
indispensable for muscle repair, and self- renew and replicate themselves to maintain the SCs
pool. SCs can undergo symmetric division when two identical cells are generated or asymmetric

division giving rise to both myogenic progenitor cell and stem cell (Yin et al., 2013).

The main regulators of satellite cells physiology, and myogenic potential are transcriptional
factors — paired box 3 and 7 (Pax3, Pax7) and myogenic regulatory factors (MRFs). Their
sequential activation and repression are crucial for proper myogenesis (Le Grand et al., 2007).
Pax7 is a canonical marker expressed in both quiescent and activated (proliferating) SCs in
many species including human (Seale et al., 2000). Pax-3 (Pax-7 paralogue) plays important
role during embryonic myogenesis, however, in adult skeletal muscle is restricted to certain
type of muscles, for example, diaphragm. In contrast Pax7 is uniformly present in SCs from the
majority of muscle types (Relaix et al., 2006; Seale et al., 2000). Pax7 plays a pivotal role in
regulating SCs function, it induces satellite cells specification by regulating expression of some
MRFs (von Maltzahn., et al 2013).

Quiescent SCs do not express MRFs, which are sequentially expressed during myogenesis in
activated SCs, proliferating myoblasts, and mature myofibers (Le Grand et al., 2007). The
MRFs are: Myf5 (myogenic-factor 5), MyoD (myogenic determination factor), myogenin,
MRF4 (muscle regulatory factor) that are member of class 11 basic helix-loop-helix family of
transcription factors (Hernandez-Hernandez et al., 2017). Myf5 is the only MRF expressed by
quiescent MuSCs, which, when activated, start to express MyoD, while adult myoblasts
exspress MyoD and Myf5. Differentiation of myoblasts into mature fibers starts after the
downregulation of Pax genes and the upregulation of myogenin and MRF4 (Bentzinger et al.,
2012). Following several rounds of proliferation, myogenic cells exit the cell cycle, start to
differentiate, and begin to fuse to damaged myofibers or fuse to each other to form new
myofibers. Myogenic differentiation is an irreversible procedure driven by hierarchical gene
expression. Since the induction of MyoD or myogenin expression can induce MEF2 expression,
while overexpression of MEF2, in turn, increases MyoD expression and myoblast
differentiation (Yin et al., 201; Dumont et al., 2015).

Finally, newly formed myofibers are characterized by the expression of unique developmental

myosin isoforms such as embryonic myosin heavy chains (eMyHC), coded by the myosin
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heavy chain 3 (MYH3) and has centrally localized nuclei which is the main feature of

regenerating myofiber (Schiaffino et al., 2015).

The Skeletal muscle displays an extraordinary regenerative capacity. Whether the muscle injury
is inflicted by trauma of genetic defects, muscle regeneration follows three distinct and
overlapping phases: inflammation, tissue reconstruction, and tissue remodeling (Relaix et al.,
2015; Dumont et al., 2015; Baghdadi et al., 2018). The typical appearance of a muscle in
regeneration shows newly formed myofibers of small caliber and with centrally located

myonuclei within the regenerated muscle.

1.1.6 Skeletal muscles disorders: the muscular dystrophies

Disorders that affect the muscle tissue are termed myopathies, since they are determined by a
primitive structural or functional muscle defect that establishes a pathological condition. The

vast group of myopathies can be further classified as inherited and acquired (Gao et al., 2015).

The muscular dystrophies (MDs) are a clinically, biochemically and genetically heterogeneous
group of inherited degenerative disorders characterized by progressive muscle wasting and

weakness of variable distribution and severity (Malfatti et al., 2017).

Given the widespread of muscle tissue throughout the body, it is well sustained the presence of
several types of dystrophies which differ among them for the severity of muscle weakness,
degree of progression, inheritance type, age of onset, and selective muscle involvement (Gao
et al., 2015; Yiu et al., 2015).

Here we will focus on an early onset muscular dystrophy, the Duchenne Muscular Dystrophy
(DMD), which is caused by loss of function mutations in the gene encoding dystrophin (Duan
et al., 2021).

1.2 Duchenne muscular dystrophy

Duchenne muscular dystrophy (DMD, OMIM#310200) is a rare devasting chromosome X-
linked disease that affect approximately 1:5000 boys and 1:50000000 girls (Starosta A et al.,
2021). DMD is due to mutations in the DMD gene encoding Dystrophin, that prevent the

production of the muscle isoforms of dystrophin (Duan et al., 2021).
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DMD boys are diagnosed in childhood since they present a stereotyped presentation with
walking or climbing stairs difficulties, frequent falls, and the presence of Gower’s sign (patients
need to use the harms to stand up) (Birnkrant et al., 2018). Natural history studies showed that
DMD patients lose the ambulation at around 12 years of age becoming wheelchair bounded
(Blake et al., 2002). DMD is also associated with cognitive impairment, low 1Q score and
speech delay (Mirski et al., 2014). Successively the patients develop a severe muscular atrophy,
cardiomyopathy and around 20 years of age shows decreased respiratory functions needing
assisted ventilation. Finally, all these comorbidities lead to an inexorable decline with death in
their 20-40 years old (Duan et al., 2021). This scenario has changed than to the therapy with

steroids and codification of standard of care measures for respiratory and cardiac involvement.

1.2.1 DMD gene and its product: Dystrophin

DMD gene is one of the biggest gene in the human body, consisting of 2,4 million bases and
localized in the short arm of chromosome X (Xp21) (Keegan., 2020; Muntoni et al., 2003). The
coding sequence is made up of 79 exons spanning 14 kilobase pairs (Aartsma-Rus et al., 2006).
The TREAT_NMD DMD Global database has reported more than 7000 mutations within the
DMD gene. Most of them are large mutations (80%) including large (=1 exon) deletions (68%
of total mutations) and large (>1 exon) duplications (11% of total mutations) (Juan-Mateu et
al., 2015; Bladen et al., 2015). Small mutations including small deletions and duplication, and
splice site mutations accounted for 20% of total mutation. The database reported also nonsense
and missense point mutations <10% of all mutations. Importantly, the majority of described
mutations are found within two “hot spots” of the dystrophin gene, one located in the distal

region — exons 45-55 and in the proximal region — exons 2-20 (Nakamura et al., 2017).

The 93% of mutations are frameshift in the DMD gene and lead to a premature stop codon, with
a truncated and non-functional isoform of dystrophin, characterizing DMD phenotype (Ahn et
al., 1993).

In contrast in-frame mutations lead to the synthesis of a partially functional and internally
truncated protein for this reason are associated to a milder type of dystrophy such as the
Intermediate dystrophinopathies (IMD) or the Becker Muscular Dystrophy (BMD) (Aartsma-
Rus et al., 2006).

However, it must be taken in consideration that there are some exceptions: patients carrying

frame-shift deletion present a BMD phenotype, and patients with in-frame mutations are

PhD Doctoral thesis Nastasia Cardone 12



associated with DMD phenotype (Muntoni et al., 2003, Aartsma-Rus et al., 2017). This
inconsistence can be partially explained by the presence of alternative splicing of the DMD
gene or activation of additional translation start sites although it might be caused by others
phenomenon (Ferlini et al., 2013). Of note, patients carrying out-of-frame mutation (exon 45
deletion) may present a milder phenotype, due to spontaneous exon 44 skipping that restores
the reading frame and allow the production of some functional dystrophin protein (Prior et al.,
1997). Subsequent studies on the 44-45 exon skipping, in fact, has been performed and
confirmed the milder phenotype of the patients with an increasing in the number of dystrophin
positive fibers, suggesting that studies of the clinical trials for exon 44-45 skipping might be
useful (Anthony et al., 2014; Dwianingsih et al., 2014).

The dystrophin, product of DMD gene, is an enormous protein of 427kDa. It is localized at the
cytoplasmatic face of the sarcolemma and represent the most important member of the
dystrophin-associated protein complex (DAGC) (Gao et al., 2015).

Dystrophin has four main functional domains: 1. actin-binding amino-terminal domain, 2. Rod

domain, 3. cysteine-rich domain, 4. C-terminal domain (Koenig et al., 1998).

The N-terminal actin-binding domain (ABD1) contains 2 calponin homology domains (chl.;
ch2) and binds directly to F Actin linking dystrophin to the sarcolemmal actin network. ABD;

also binds dystrophin to the contractile apparatus in skeletal muscle cells (Stone et al., 2005).

The rod domain contains 24 spectrin repeats and collaborate to form a strong lateral connection
with actin filaments (ABD>). It mediates dystrophin interaction with microtubules, and it is

required for the organization of microtubule lattice in skeletal muscle cells (Prins et al., 2009).

The cysteine-rich domain (CRD) of dystrophin is formed by several domains: WW protein-
binding module found in several signaling and regulatory molecules, calcium-binding EF-hand
motifs (EF1 and EF2), and Zinc-finger domain (ZZ), which is responsible for binding with
transmembrane protein like calmodulin in a calcium-dependent manner (Rentschler et al.,
1999).

The Carboxy-terminal domain contain two polypeptides that fold into an a-helical coiled coils.
Coiled coils are common protein motifs involved in protein-protein interaction. Ct domain
provides binding sites for dystrobrevin and syntrophins, mediating their sarcolemma

localization (Sadoulet-Puccio et al., 1997).
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The dystrophin gene has at least eight promoters that give rise to different isoforms of different
molecular mass (Wein et al., 2014). Three full-length isoforms (427kDa) of dystrophin exist:
Dp427M muscles localized isoform, Dp427B localized in brain and Dp427P which is expressed
in the Purkinje cells. The transcription of these three isoforms is controlled by three different
promoters in the upstream localization of the first exon (Muntoni et al., 2003). The synthesis of
the shorter isoforms of dystrophin depends by internally localized promoters. Dp260 is the
retinal isoform (D’Souza et al., 1995); Dp140 is expressed in brain (Lidov et al., 1995); Dp116
is the Schwann cells isoform (Byers et al., 1993); Dp71 is characteristic of non-skeletal muscle
tissues (Hugnot et al., 1992); the shortest isoform is Dp40, a brain localized isoform derived
from alternative splicing of Dp71 isoform (Tozawa et al., 2012). However, a greater number of
isoforms may be expressed as a consequence of alternative splicing (Fletcher et al., 2013;
Feener et al., 1989).

1.2.2 Dystrophin-Associated Glycoprotein Complex (DAGC)

Dystrophin is a major structural element of the dystrophin-associated glycoprotein complex
(DAGC). The structure of the dystrophin protein preserves the integrity and stability of the
sarcolemma exerting a protective role against mechanical stress due to repeated contractions,
by creating a link between the subsarcolemmal cytoskeletal actin and the extracellular matrix
through the DAGC (Ervasti et al., 1993; Matsumura et al., 1994).

Together with dystrophin, dystroglycan is a central component of the DAGC. Dystroglycan is
encoded by DAG1 gene and is initially expressed as a single protein, then is cleaved into o-
dystroglycan and B-dystroglycan (Ibraghimov-Beskrovnaya et al., 1992). B-dystroglycan is a
transmembrane protein binding the cysteine-rich domain of dystrophin, moreover, is a regulator
of the cytoskeleton organization providing transduction through the extracellular matrix (Sotgia
et al 2000). The N-terminal end of B-dystroglycan interacts with the a-dystroglycan which is a
highly glycosylated peripheral membrane protein binding the basal lamina. These two subunits
are necessary for the stability and the linkage between cytoskeleton and ECM (Ervasti et al.,
1993).

Other components of DAGC are the sarcoglycans (SG). The main function of sarcoglycans is
to facilitate interactions between cytoskeleton and ECM. Those are a single-pass
transmembrane family and are divided in 4 subunits a-, -, y-, and & (Talts et al., 1999). The

sarcoglycans are tightly associated with sarcospan which is composed by four transmembrane
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domains. SG complex and sarcospan maintain mechanical stability of sarcolemma and
contribute to signal transduction (Gao et al., 2015). Mutations in genes encoding sarcoglycans
were identified in patients suffering from limb-girdle muscular dystrophies (LGMD) and
showed to be associated with cardiomyopathy. Mutation in one gene lead to deficiency of all
components of the SG complex (Nigro et al., 1996, Barresi et al., 2000).

The intracellular part of DAGC is composed by a-dystrobrevin, syntrophins, and nitric oxide
synthase (nNOS). Dystrobrevin links the other members of the complex with the cytoskeleton
interacting with dystrophin, syntrophinn. The crucial role of these interactions is the
transductions of stress signals, thus are expressed proteins such as the presence of nNOS,
kinase-3 (Noguchi et al., 1995; Brenman et al., 1996).

Syntrophins are scaffold proteins interacting with the other proteins of DAGC. The main role
is to connect the DAGC to the nitric oxide signaling (Brenman et al., 1996).

Mutations in any of these components cause inherited autosomal muscular dystrophies (Dalkilic
et al., 2003).
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Figure 4 Representation of Dystrophin -associated glycoprotein complex.
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1.2.3 Pathophysiology of Duchenne muscular dystrophy

Dystrophin has a structural role in the DAGC linking the internal cytoskeleton to the ECM. The
DAGC is destabilized when dystrophin is absent, resulting in the loss of the linkage and an
instability of the sarcolemma leading to cycles of degeneration/regeneration of myofibers
occurring within the muscle (Shahnoor et al., 2015). This membrane instability caused by the
lack of dystrophin also lead to contraction-induced damages with release of cytoplasmatic
contents. Consequently, there is an activation of the innate immune response recruiting MHC |
and 11, T and B cells, muscle necrosis, increased oxidative stress, fibrosis tissue replacement
and finally, loss of muscle functionality (Rosemberg et al., 2015). However, the
pathophysiology of the DMD is still somehow unclear and further studies are needed in order

to develop novel treatments.

1.2.3.1 Disruption of sarcolemma

DAGC disruption makes cells more susceptible to mechanical damage and may cause structural
defects in the plasma membrane such as subsarcolemmal lesions that lead to membrane and
permeability alterations (Mokri et al., 1975). Therefore, the intracellular content can easily leak
from destroyed myofibers and muscle enzymes such as Creatine Kinase (CK) (Rosalki et al.,
1989) or lactate dehydrogenase (LHD) (Ibrahim et al., 1981), and growth factors (D’Amore et
al., 1994; Kaye et al., 1996). Serum CK level are used as a diagnostic tool as their level are
greatly elevated in DMD affected boys and is often increased in DMD female carriers (Hoffman
et al., 1992). Although CK is a great marker to screen newborns (Mendell et al., 2013), it is not
appropriate to monitor disease progression or response to therapies because its level declines
considerably with age and might be also affected by exercises and other muscle injuries
(Hathout et al., 2016).

Serum proteins such as albumin and immunoglobulins, which are typically found in the blood,
are accumulated in damaged, necrotic myofibers (Amthor et al., 2004; Bradley et al., 1998).
Degenerating or necrotic myofibers are observed in muscle biopsies even before the onset of
clinical symptoms. Necrotic fibers are usually observed in clusters in both human samples and
animal models. Necrotic fibers are exposed to neutrophils and macrophages invasion and

undergo phagocytosis (Blake et al., 2002).

PhD Doctoral thesis Nastasia Cardone 16



1.2.3.2 Inflammation

Damage and necrosis of myofibers lead to activation of the innate immune system and excessive
inflammatory response. Dystrophic muscles are invaded by inflammatory cells such as
macrophages, lymphocytes, eosinophils. The chronic inflammation contributes to the
progression of the disease (Villalta et al., 2015).

Changes in sarcolemma permeability leads to the leak of cytoplasmatic contents which migrate
in the ECM triggering the immune response. These contents are for example nucleic acids or
heat shock proteins, known as damage/danger-associated molecular pattern (DAMP). DAMPs
bind the toll-like receptors (TLR) activating their pathway and activating NFKkB signaling. After
the activation of these inflammatory pathways the complement is activated accordingly, so
therefore an increasing of MHC class | and Il and the expression of cytokines, chemiokines,
growth and adhesion factors is observed in the muscle (Rosemberg et al., 2015; Henriques-Pons
et al., 2014; Chen et al., 2005).

In addition to macrophages and white cells, other inflammatory cells can contribute to the
progression of the disease inducing apoptosis through sarcolemmal interactions. Particularly
the T-helper (CD4+), cytotoxic (CD8+) and regulatory lymphocytes are found in skeletal
muscle of DMD (Spencer et al., 2001; Spencer et al., 1997).

1.2.3.3 Muscle regeneration

DMD is characterized by repeated cycles of degeneration and regeneration of myofibers
(Guiraud et al., 2019), but regenerative capacity of DMD muscles is impaired despite the high
number of SCs (Reimann et al., 2000).

The lack of dystrophin and the subsequent alterations in the DAGC impact also on the satellite
cells. SCs lose their polarity in the absence of dystrophin, this loss of polarity impact on kinetics
and cells proliferation. These lead to a number of abnormal asymmetric divisions. Lack of
asymmetric division leads to a loss of myogenic progenitor cells, impairing muscle regeneration
(Dumont et al., 2016, Keefe et al., 2015). Recent studies demonstrate that in the dystrophic
niche of SCs should be some signal that impact on the proliferation. Has been demonstrated
that once removed the SCs from the dystrophic niche, they start to proliferate like SCs derived

from healthy muscles (Boldrin et al., 2015; Meng et al., 2015). However it cannot be excluded
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the hypothesis of cell-autonomous defect present in DMD-mutant satellite cells, defect which

contributes to the pathogenesis of DMD (Dumont et al., 2016).

SCs could be also affected by inflammatory cells and factors, for example 1L10 secreted from
macrophages which stimulate cells proliferation (Villalta et al., 2009), TNFa activate SCs and
induces transition from G1 to S and has been demonstrated that IL6 induce SCs proliferation.
Macrophages play different roles in muscle repair according to their state of activation, once
activated produce reactive oxygen species, exhibit proinflammatory functions, and may
enhance both damage of dystrophin-deficient myofibers and myogenic cell proliferation
(Villalta et al., 2009, Desguerre et al., 2009).

Another hypothesis is the satellite cells exhaustion model. After subsequent cycles of
regeneration and degeneration the SCs results in progressive loss of their regenerative capacity,
a shortening of telomers and induced premature senescence (Decary et al., 2000).

1.2.3.4 Fibrosis

In physiological conditions, deposition of ECM is needed for supplying a scaffold for new
myofibers, however, the excessive secretion of collagen, elastin, fibronectin and
glycosaminoglycans induces the formation of non-functional, fibrotic tissue in skeletal muscle
as well as in the heart (Kharraz et al., 2014; Birnkrant et al., 2018). The main profibrotic factor
has been identified. It is the transforming growth factor-beta (TGF() (Biernacka et al., 2011).
TGFp increases expression of profibrotic genes such as collagen type | or connective tissue
growth factor (CTGF), the synthesis of matrix proteins, promoting ECM deposition (Leask et
al., 2004). Important levels of TGFf has been shown in plasma and skeletal muscle of DMD
patients, these levels were positively correlated with collagen deposition (Ishitobi et al., 2000;

Bernasconi et al., 1995).

In DMD the regenerative capacity will be loss during time and the muscle tissue is replaced
with fibrotic and adipose tissue (Deconinck N et al., 2007). One of the main sources of TGFf
are the inflammatory cells infiltrated in DMD muscles, like lymphocytes and macrophages (De
Paepe et al., 2013).

Another important contribution in muscle regeneration and muscle replacement with adipose
tissue and fibrotic tissue is given by the fibro-adipogenic progenitors (FAPS) (Joe et al., 2010).
FAPs are multipotential cells capable to give rise to both fibroblast and adipocytes. They

express factors such as interleukin-6 (IL6) and insulin-like growth factor-1 (IGF1) which could
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affect muscle regeneration, moreover FAPs can give rise to ectopic adipocytes which

accumulate in degenerating muscles (Uezumi et al., 2010; Heredia et al., 2013).

Fibrosis is one of the main hallmarks of DMD and has many negative consequences, impacts
on the muscle functionality, including heart, and reduces the number of myofibers potentially

target for therapies (Kharraz et al., 2014).

1.2.3.5 Angiogenesis and circulation

Dystrophin is not only expressed in muscle cells, but also in satellite cells and endothelial cells,
suggesting that a lack of dystrophin can impact on angiogenesis (Podkalicka et al., 2019).
Angiogenesis is the new formation of capillaries and vessels in the tissues, an efficient blood
circulation is needed for the correct functionality of muscle tissues since the vessels deliver
oxygen and various metabolites (Podkalicka et al., 2019). Firstly, Leinonen in 1979 and then
Miike et al in 1987 demonstrated abnormalities in blood vessels structure on DMD muscles
biopsies. The basement membrane was more than double in DMD compared to control, and
they showed an increase in the numbers and in the area of capillaries. Moreover, degenerating
capillaries were founded (Miike et al., 1987; Leinonen et al., 1979). In fact, later, elevated levels
of VEGF were found in DMD patients compared to controls, confirming anomalies in DMD

muscle angiogenesis (Saito et al., 2009).

Nitric oxide (NO) is a potent vasodilator and is found to be relevant in DMD pathophysiology
(Podkalicka et al., 2019). NO is produced by NO-syntase (n-NOS) which is a component of the
DAGC (Grozdanovic et al., 1999). In dystrophin deficient cells n-NOS lose his subsarcolemmal
anchorage leading to a reduction of his activity and expression followed by lower levels of NO.
This reduction may contribute to the progression of the dystrophic phenotype (Kasai et al.,
2004; Brenman et al., 1995). In absence of NO, during exercise, ischemia may occur in DMD

muscles due to the lack of oxygen (Sander et al., 1995; Crosbie et al., 2001).

A reduction in the expression of nNOS in muscles of DMD dystrophic patients has been found

compared to children with other myopathies (Sander et al., 2000).

NO is also founded to be implicated in myofiber differentiation (Lee et al., 1994), moreover
may act as an epigenetic regulator of the expression of n-NOS in DMD myofibers, impairing

the muscle development and regeneration (Colussi et al., 2009).
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Other processes and molecular pathways are identified to play an important role in the
progression of DMD phenotype such as oxidative stress, mitochondrial disfunction and
autophagy anomalies (De palma et al., 2012, Podkalicka et al., 2019).

1.2.4 Hystopathology of Duchenne muscular dystrophy

In 1868 Duchenne was following up a group of children with muscle weakness and hypertrophy
of some muscles. By performing a needle biopsy and analyzing the muscle tissue, he discovered
the proliferation of fibrotic tissue and the abnormal presence of adipose tissue (Duchenne et al.,
1868).

Muscle biopsy analysis enormously contributed to describe the morphologic phenotype of the
disease in the muscle, and to understand biological and molecular mechanism of the disease.
Analyzing in details muscle biopsies led the researchers to performing deeper analysis, thanks
to that, a lot of molecular mechanisms has been understood throughout years. Moreover, the
hallmarks of DMD have been founded by analyzing muscle biopsies and are nowadays the
target of multiple therapies, such as givinostat which target fibrosis and others (Dubowitz et al.,
2021).

Nowadays muscle biopsies for DMD are performed less than before, since the diagnosis of
DMD is molecular. The muscle biopsy is still mainly performed to discriminate Becker from
Duchenne, as in Becker muscles a percentage of dystrophin is still expressed (Dubowitz et al.,
2021). Nevertheless, a detailed analysis of a muscle biopsy is very important, because it gives
a lot of information about the disease, on the possible etiological steps of muscle alteration; the
finding of all the characteristic markers of the muscle disease (explained below) in the biopsy,
allows the clinicians to simplify the differential diagnosis of Duchenne muscular dystrophy,

therefore helps to direct in the right diagnostic screening step.

Importantly, clinical severity cannot be judge only by the grade of the pathology, but in the
meantime, a Becker cannot be discriminate from a Duchenne only referring to the muscle
biopsy, must be a combination of the two. However, the biopsy gives us information before the
manifestation of clinical signs, because pathological changes can be observed in DMD muscles

since early stages and even in utero (Merrick et al., 2009).

The classical histological features in DMD muscles can be appreciated with the Hematoxylin
& Eosine (H&E) staining. The blown Myopathologic phenotype consists of fibers size

variability with atrophic and hypertrophic fibers, so an heterogeneity in the size of the fibers
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can be appreciated. The smallest fibers can be the fibers in regeneration (described below).
Immature centrally nucleated fibers are observed representing the muscle regeneration, but also
fibers with sarcolemma internal nuclei are observed. Multiple internal nusclei fibers are not so
common in DMD and BMD rather than other myopathies, however their fibers can be also
found representing the splitting fibers and sometimes the necrotic fibers (Dubowitz et al., 2021).
Basophilic small mononucleated fibers are the regenerative ones which shows a prominent
central nucleus and are pale in the H&E staining. The newly formed fibers can be better detected
with Embryonic-Myosin Heavy chain (Myh3 gene) Immuno Fluorescence (IF), or Foethal-
Myosin Heavy chain IF. Usually, these fibers are expressed in the muscle in cluster and are the
fibers derived from the degenerative and regenerative cycles occurring in DMD muscles.
Unfortunately, the regenerative capacity will be loss during time (Deconinck et al., 2007; Taylor
et al., 1997; Ribeiro et al., 2018).

Another common myopathic feature is that the Myosin-Heavy chain expression in the muscles
has a predominance of Type | myosin slow fibers, because it has been reported that glycolytic
fast-twitch fibers (Type I1b) are preferentially affected by the disease, whereas oxidative Type
| fibers are almost spared (Webster et al., 1988; Yuasa et al., 2008).

There is a contingent of necrotic fibers, isolated or in clusters. In these necrotic spots phagocytes
and other inflammatory infiltrates are always presents. The necrotic fibers are pale in H&E and
Gomori staining, the necrosis is usually segmented, affecting firstly one part of the fiber that

will be later phagocyted entirely (Dubowitz et al., 2021).

Where there is necrosis, presence of infiltrated inflammatory infiltrates is always present.
Macrophages in myo-phagocytosis are those in greater number, but also T cells, basophils and
mast cells can be appreciated. In contrast Eosinophils and B cells are rare (Dubowitz et al.,
2021; Deconinck N et al., 2007; Bradley et al., 1972). Large round hypercontracted fiber can
be also observed, as a characteristic of other muscular dystrophies, they are intensively stained

and correspond to damaged fibers (Dubowitz et al., 2000).

It is well known that the fibrosis is one the main characteristics of DMD muscles, and the
deposition of fibrotic tissue increases with the progression of the disease (Peverelli et al., 2015).
The localization of fibrotic tissue is mainly endomysial, but it accumulates also in perimysium
(Nix et al., 2020). An old interesting study on muscle biopsies, where they tried to correlate

muscles parameters with clinical signs, shows that endomysial fibrosis is the only
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myopathologic parameter in human DMD significantly correlated with poor motor outcome

and age at ambulation loss (Desguerre et al., 2009).

Fat tissue substitution occur in DMD muscles after multiple cycles of degeneration, when the
muscle is not able to regenerate properly anymore, and is another histological finding that can
be seen with H&E staining in muscle biopsies. Other stainings such as Black Sudan, Bodipy
and Oil Red O can be used for a qualitative and semiquantitative analysis of fat-tissue
infiltration. Adipose tissue is usually observed in the perimysium but can be found in the
endomysium too, and the presence of fat tissue in the muscle increases with the progression of
the disease (Bayliss et al., 1972; Qiu et al., 2017; Mehlem et al., 2013; Dubowitz et al., 2021).
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Figure 5 H&E of DMD muscle biopsies: a) hypercontracted rounded damaged fibers (star), differences in the
morphology of fibers, endomysial fibrosis and perymisial fibrosis; Scale bar 200 um b) fibrosis, basophilic
contents (inflammatory infiltrated cells, arrows); Scale bar 100 xm c¢) muscle from an old patient, the muscle
structure is completely lost, the fibers are all damaged and heterogeneous in size and shape, wide areas of fibrotic
tissue, fat tissue substitution (black triangles). Scale bar 100 zm

Although nowadays the diagnosis of Duchenne is made by looking for the mutation in the gene,
the muscle biopsy is very important to see the expression of dystrophin and thus discriminate
Becker from Duchenne (Dubowitz et al., 2021). Dystrophin, as described above, is a very huge
protein and has four domains. As the position and the size of the mutation in the DMD gene
may vary, is essential to use the antibody which correspond to the right domain to avoid false
negatives. The monoclonal antibodies commonly used to recognize these different epitopes are:
DYS1 which is directed for the Rod-domain; DYS2 targeting the C-terminal and DY S3 directed
to the N-term domain. All the three antibodies are required for the diagnosis because, according
to the mutation, they can recognize the fibers which express dystrophin. For example, if the
mutation is localized in the Rod-domain only using DYS2 and DY S3 will be possible to see the

fibers expressing dystrophin.
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In addition is so important to perform a biopsy and to use these three antibodies when the
diagnosis is difficult. Since the DMD gene is very big, the mutation cannot be detected easily
with standard molecular techniques meanwhile the absence of dystrophin is easily detected with
IF, western blots or Immuno-Histo Chemistry (IHC). Sometimes the expression of dystrophin,
according to the domain, helps the clinician to direct for in-depth research of the mutation in
that portion of the gene (Dubowitz et al., 2021).

Characteristic of DMD muscle biopsies is the diffuse absence of dystrophin in the
subsarcolemmal localization, except of few fibers that express dystrophin in affected muscles
better defined as the so called ‘revertant fibers’ (Nix et al., 2020).

These fibers expressing dystrophin can be detected in some DMD cases and may result by the
restoring of the reading frame occurring with alternative splicing and the antibodies may detect
minor transcripts (Lu et al., 2000). The revertant fibers are usually lower in intensity compared
to healthy muscles, and not the entire length of the revertant fiber always express dystrophin
because only a focal part of the sarcolemma is revertant (Dubowitz et al., 2021). The
accumulation and the persistence of revertant fibers increase with age in DMD patients (Fanin
et al., 1995; Fanin et al., 1992).

Figure 6 Cluster of dystrophins revertant fibers in a DMD muscle. Revertant fibers (arrows) trace of dystrophin
(yellow triangle) Ab: Dysl. Scale bar 50 zm.
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Another marker used for the differential diagnosis of Duchenne muscular dystrophy on muscle
biopsies is the Utrophin which is the homologue of dystrophin also know, in fact, as
Dystrophin-related protein 1 (DRP-1). In physiological condition this protein is not expressed
in the muscle, the expression remain confined in the vessels. However, when there is a lack of
dystrophin, the utrophin is expressed in the subsarcolemmal face of the fiber. It is thought that
this occurs because could be a mechanism of the fiber to mediate the absence of dystrophin
(van der Bergen et al., 2015, Burton et al., 1999). So utrophin can be also used as a marker. No
correlation was found between the utrophin levels expressed in the muscles and the clinical and
histopathological phenotype (Taylor et al., 1997).

Moreover, recently has been observed that in DMD muscles compared to the healthy muscles
there is a higher presence of laminin and spectrin (Aarstma-Rus et al., 2019).

The density of capillaries in DMD muscle biopsies was observed and seems to be increased.
An increased number of capillaries has been found surrounding a myofiber, compared to control
muscles. Moreover, the basement membrane of capillaries in DMD muscles biopsies is thicker
compared to control muscles (Leinonen et al., 1979; Podkalicka et al., 2019). In other studies,
the numbers of capillaries remain unvariated in DMD muscles comparing with controls
(Desguerre et al., 2009).

1.2.5 Clinical features and diagnosis

Since DMD gene is located on chromosome Xp21, this disease typically affects only boys
which present only one X chromosome, whereas female carriers are often asymptomatic. DMD
affects 1 in 5000 boys worldwide (Starosta et al., 2021). First symptoms appear between 2-5
tears old such as progressive symmetrical weakness, proximal muscle and calf hypertrophy
(Reitter et al., 1996). Proximal lower limb and truncal weakness is seen and is followed by
upper limb and distal muscle weakness. DMD boys are not able to run and jump. The
progression is very fast, untreated DMD boys become wheelchair around 12 years old (Bushby
et al., 2012).

Some degrees of mental impairment are usual, about 20% of affected boys have an 1Q less than
70; verbal 1Q is more impaired than performance 1Q. Neuropsychiatric disorders are also

associated to DMD such as autism and obsessive-compulsive disorder (Hendriksen et al., 2008).
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Orthopedic complications are frequent: scoliosis is present in all non-treated boys and

progresses quickly after the loss of ambulation (Smith et al., 1999).

Lately cardiac and respiratory impairment are observed in DMD affected boys. Pneumonia
compounded by cardiac involvement is the most frequent cause of death, which happens in non-

treated patients during late teens or early 20s (Yiu et al., 2015).

Serum creatine kinase (CK) values are raised 50 to 200-fold above normal from birth in
Duchenne muscular dystrophy. CK level is, in fact, a sensitive biomarker for early detection of
DMD. Elevated CK level localizes the problem to the muscle and usually results in a referral
to a neurologist or neuromuscular specialist for definitive diagnosis, treatment and genetic

counselling (Ciafaloni et al., 2009).

For the diagnosis of DMD the most used tools are multiplex ligation-dependent probe
amplification (MLPA) assay or comparative genome hybridization array, both are able to
identify deletion and duplications. Other types of mutations can be detected using Next-
generation-Sequencing (NGS). (Tian et al., 2019 ; Aartsma-Rus et al., 2015 ; Wang et al., 2014;
Falzarano et al., 2015). Recently, whole exome sequencing (WES) is used to detect small
mutations in DMD patients. Moreover it turned out to be an excellent method to identify female
carriers of DMD (Zamani et al., 2022). Detecting DMD mutation with WES it allow also to
discriminate patients candidates for specific kind of treatments such as Ataluren (Luce et al
2018). However, when the mutation is difficult to find with the canonical molecular methods
and if the clinical diagnosis cannot be confirmed by genetic tests, the other only diagnostic
method is to perform a biopsy. The muscle biopsy firstly said to the clinician if the dystrophin
is expressed or not and the histological findings obtained by biopsies such as variations in fibre
size, necrosis, invasion by macrophages replacement by fat and connective tissue help the

clinician in concluding the diagnosis, giving precious information (Ciafaloni et al., 2009).

1.2.6 Therapeutic approaches

Unfortunately, there is still no treatment that slows the relentless progression of the disease and
that rescues the chronic defect, so the affected males generally die of respiratory or cardiac
problems by about age 20. The treatment commonly used to improve patients’ life span (but

only modestly its quality) regards the use of corticosteroids, mechanical ventilation, and surgery

PhD Doctoral thesis Nastasia Cardone 25



(Falzarano et al., 2015). However, in the last decades, some interesting and promising

therapeutic approaches were proposed.

1.2.6.1 Pharmacological therapy

The onset of muscle degeneration matches with the onset of muscle inflammation. Thus,
inhibiting the immune response in dystrophic muscle can delay the progression of muscular
dystrophy and prolong ambulation. For this reason, steroidal therapies such as prednisolone,
prednisone or deflazacort, are commonly prescribed for DMD patients and so far, are the only
pharmacological intervention to show efficacy in slowing the progression of the disease.
However, they are associated with side effects such as gastrointestinal symptoms, metabolic
and nutritional disorders, central and peripheral nervous system disturbances, and psychiatric
disorders (Manning et al., 2015; Matthews et al., 2016).

Recently a new anti-inflammatory steroidal drug with a favorable safety profile was described,
the vamolorone (Hoffman et al., 2019). Vamolorone efficacy is higher in DMD because it
targets dual nuclear receptors in a manner that simultaneously treats cardiac disease, by acting
as antagonist of Mineralcorticoids Receptor (MR) and chronic inflammation pathways by
acting as an anti-inflammatory inhibiting NF-kb pathway (Heier et al., 2019). This drug appears
to be better tolerated; boys treated with vamolorone showed less side-effects than a
corticosteroids standard of care in DMD (Smith et al., 2020).

Fibrosis is one of the most deleterious pathological features of DMD. Therefore, approaches to
counter extensive collagen deposition and enhanced expression of TGF-f are being studied. It
was shown that an inhibitor of collagen synthesis — halofuginone improves skeletal and cardiac
muscle function in mdx mice (Turgeman et al., 2008). The anticancer drug, tamoxifen, has been
shown to ameliorate dystrophy progression in mdx mice, among others through inhibition of
TGF-B (241) and is currently investigated in clinical trial (Nagy et al., 2019). A histon
deacetylase inhibitor (HDAC) drug known as givinostat significantly reduce fibrosis in mdx
mice (Consalvi et al., 2013). In biopsies collected from boys treated with givinostat was
observed an amelioration of the phenotype such as a decreasing of fibrosis and necrosis,
reduced tissue fatty replacement, increasing in fiber size. Overall, the drug was well tolerated
(Bettica et al., 2016). Recently was seen that givinostat act on a mitochondrial level, promoting

the biogenesis of mitochondrial as a metabolic remodeling agent (Giovarelli et al., 2021).
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1.2.6.2 Gene therapy

Currently several gene therapy strategies are under investigation. This kind of treatment is based
on the restoration of dystrophin expression including nonsense mutation read-through, exon
skipping, and CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9
(CRISPR-associated protein) method of gene editing (Loboda et al., 2020).

One approach to restore dystrophin is the nonsense mutation read through. Usable in
approximately 13% of affected boys carrying nonsense mutation. The used molecule for this
approach is Ataluren (PTC124) which modulate the translational machinery and allow selective
ribosomal readthrough of premature stop codon (PTC) during mRNA translation leading to the
expression of a functional protein (Welch et al., 2007).

Another interesting approach aiming restoration of dystrophin protein is the exon skipping
strategy. Exon skipping is considered one of the most promising gene editing approaches. It’s
based on the observation the in-frame mutation in BMD patients lead to production of a
truncated but functional protein, so it focuses on restoring the reading frame of dystrophin
MRNA using AONs (antisense oligonucleotide) (Aartsma-Rus et al., 2009). AONs are 15-30
nucleotides long fragments of RNA or DNA that specifically bind to and hide target exons from
the splicing machinery. To protect short molecules of RNA/DNA from degradation by endo

and exonucleases, AONs need to be chemically modified (Aartsma-Rus et al., 2010).

The first drug to treat DMD based on exon skipping technology is eteplirsen (PMO) which was
conditionally approved by FDA in 2016. Eteplirsen is for patients carrying the mutation
between exon 50 and 52, because induce exon 51 skipping, which are approximately 14%
(Aartsma-Rus et al., 2017). Other molecules of the same family (PMO) are golodirsen and
vitolarsen inducing the exon 53 skipping, both approved by FDA in 2020 (Heo et al., 2020;
Roshmi et al., 2019). Exon skipping approach may be used to treat around 80% of patients.
However, it would require usage of precisely designed sequence to treat each subgroup of
patients, moreover the treatment shows to have limited efficacy and is long-life required
administration (Charleston et al., 2018; Cirak et al., 2011).

A strategy that seems to be more efficacious and safer is the gene editing concerning CRISPR-
Cas9 (clustered regularly interspaced short palindromic repeat/CRISPR- associated
nuclease/helicase) system (Amoasii et al., 2018). This system couples a single guide RNAs

(sgRNAs) and Cas9 protein — endonuclease which is able to cleave and correct DNA (Chemello
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et al., 2020). Interestingly, it was shown that restoration of only 4-15% of dystrophin present in

healthy counterparts can ameliorate dystrophic phenotype in mice (van Putten et al., 2014).

There are also trials aiming at the restoration of dystrophin expression by transfer of its full-
length cDNA. Gene replacement is exerted by using recombinant Adenovirus-associated virus
(AAV-9) vectors as a system of delivery, which displays preferential tropism for muscle tissue.
However, the capacity of AAV vectors, a vehicle for gene therapy, is limited to ~5 kb (Harper
et al., 2002).

Therefore, strategies leading to miniaturization of dystrophin expression cassettes have been
established. This led to the development of mini- and micro-dystrophins constructs (Li et al.,
2006; Ramos et al., 2019). Numerous studies performed so far showed different efficacy of
such treatments, however, some of them revealed significant clinical improvement in treated
patients (Mendell et al., 2020). Despite seems to be promising there are some limitations
overcoming, because AAV is an immunogenic vector and patients may develop the cytotoxic
T cell-mediated immune response against AAV and against mini and micro dystrophin
(Mendell et al., 2010).

1.3 Duchenne animal models

To date there are more than 60 different models generated to better understand the mechanism
of DMD pathogenesis, some of them highlight the main features and hallmark of the disease
while others are more useful to test new therapeutic strategies. Non-mammalian and
mammalian models have been developed, despite each of it has limitations these where helpful

in providing precious information about the disease (McGreevy et al., 2015).

1.3.1 Non-mammalian models

The advantage of non-mammalian model is their physiologic simplicity which allow to better
understand some mechanism, and the ease of genetic manipulation that gives us the potential
to quickly create models and follow their development in a short period of time. Dystrophin has
been seen to be a highly conserved gene, and its homologs has been found in vertebrates and
invertebrates such as Drosophila melanogaster, Caenorhabditis elegans and Zebrafish (Collins
et al., 2013).
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The Drosophila melanogaster it is relevant because its DAGC contains the major components
presents in the mammalian. Moreover, is cheap, very fast to generate with large number of
progeny and is simple in the morphology. Drosophila is very useful to study degenerative
muscle diseases because their muscles lack of stem cells allowing to differentiate phenotypes
that result directly from degeneration from those that result from failure of regeneration
(Kreipke et al., 2017). Drosophila was very useful to understand the molecular mechanisms
behind Duchenne muscular dystrophy like the connection of DAGC and dystrophin (Plantié et
al., 2015). Several isoforms of drosophila’s dystrophin are homologous to the human’s
dystrophin. Full-length dystrophin deletion mutants of drosophila showed an age-dependent
muscle degeneration and a loss of muscle integrity (Potikanond et al., 2018). In later stages has

been seen a developing of cardiac impairment in Dys mutants flyes (Plantie et al., 2015).

Caenorhabditis elegans. Are high-throughput models due to their speed in reproduction and
easy to genetically manipulate. The affected nematodes have a widespread degeneration of the
muscle, but their muscles are completely different from the mammalian ones, because their
fibers do not fuse and do not regenerate. Despite this, mutations in their homologue dys-1 lead
to progressive muscle degeneration. Indeed, these models are used to test molecules that act
against degeneration (Gaud et al., 2004). Has also been used to study calcium channel signaling,
demonstrating that dystrophin plays an important role in the transmission of muscle tension and

membrane stiffness (Zhan et al., 2014).

Danio rerio better known as Zebrafish have abundant skeletal muscle and express orthologues
of most DAGC proteins with a similar localization as in mammals, and more important in
human. (Berger et al., 2010). Dystrophin-deficient zebrafish develop the main hallmarks of the
disease such as degeneration/regeneration, necrosis, inflammation; fibrosis, variation in fiber
size and activation of SCs. They have been used to study exon skipping therapies. With these
studies has been demonstrated that 20-30% of normal dystrophin could be enough to rescue a

severe phenotype (Berger et al., 2012).

1.3.2 Rodent models
1.3.2.1 The Mdx mouse

The mdx mouse is the classical biochemical and genetic mouse model of DMD. It was

discovered in 1984 in a colony of C57BL/10ScSn mice based on the increased levels of CK in
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serum and histological evidence of myopathy. The mutation occurs spontaneously, it is a point
mutation (C toT) in exon 23 of dystrophin gene resulting in a premature stop codon, thus mdx
mouse has no detectable dystrophin (Bulfield et al., 1984). This model is well characterized,
and similarly to DMD patients exhibit fibrosis, massive inflammation and necrosis, variability
in fiber size, and cycle of degeneration and regeneration. However, the phenotype is much
milder compared to DMD patient’s phenotype (Stedman et al., 1991). In mdx models the
progression of the disease is not like the one of the DMD patients despite the lack of dystrophin.
More importantly mdx mice do not develop cardiac failure, show the first signs of fibrosis in
heart appear at 17 months old, and the most affected muscle is the diaphragm (Quinlan et al.,
2004). Moreover, the lifespan of these mice is decreased only of a 25% vs 75% decrease in
human (McGreevy et al., 2015). From another line of mice C57BL/10 which has a common
origin with C57BL/6 line, were generated alternative genetic variants of mdx models (Imet al.,
1996). The mdx2® has a point mutation in the intron 42, on a splice site acceptor, while mdx*¥
carry a point mutation in the splice site acceptor of intron 65, in this model also other isoform
of dystrophin are impaired in fact shows cognitive impairment and ocular problems (Li et al.,
2008; Vaillend et al., 1999). Mdx**¥ has a point mutation in exon 53 which lead to a premature
stop codon, and mdx®® has a point mutation as well, resulting in a new splice site in exon 10,
both of these models show a mild phenotype, and compared to mdx they exhibit more revertant
dystrophin fibers, (see above) (Danko et al., 1992). Other genetic models has been developed.
One is the mouse with mutations affecting other isoforms of dystrophin such as mdx52 (deletion
of exon 52) Dmd-null and mdx®f®®° their use was important to better understand the other
dystrophin isoforms (Araki et al., 1997; Echigoya et al., 2013; Wertz et al., 1998).

1.3.2.2 Double knockout mice (dko)

Several double knockout mice have been generated trying to humanize the phenotype
(McGreevy et al., 2015). Has been shown that the expression of utrophin (Dystrophin
homologue) in mdx skeletal muscles is significantly elevated, which could explain the mild
phenotype, indeed mice lacking both dystrophin and utrophin were created by crossing mdx and
utrophin-knockout mice (Deconinck et al., 1997). The protective role of utrophin in mdx mice
is revealed in these mice and phenotypically they are the most comparable to the human DMD
condition, the symptoms start very early and progress over time. These animals also develop
cardiopathy and cardiac fibrosis at the age of 8-10 weeks and die prematurely because of

respiratory failure at around 20 weeks of age (Grady et al., 1997; Chun et al., 2012). Another
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model developed for study the compensatory effects to the absence of dystrophin is the dko for
dystrophin and integrin. Confirming that integrin may partially compensate the muscle
degeneration since this model die very early (24-27 days after birth) of cardiorespiratory failure
(Guo et al., 2006). To study regeneration and differentiation of the skeletal muscle in DMD a
model lacking dystrophin and MyoD was developed (Megeney et al., 1999). The interaction
between cytoskeleton and ECM were studied in dko mice for laminin and desmin (McGreevy
et al., 2015). Although these models were useful to better understand many different aspects of
the disease, the carried mutation that does not occur in nature, making the data difficult to
compare and to interpretate.

A very interesting model has been generated based on the observation that in DMD patients the
cardiomyocytes have shorter telomeres, approximately 50% shorter than healthy subjects,
suggesting that in DMD there is a premature aging of some muscles. Since mice have longer
telomeres than humans this can be the reason why they present a milder phenotype (Yucel et
al., 2018). Therefore, mdx mice with shorter telomeres has been generated (mdx*®/mTG®?),

and indeed these animals present a more severe phenotype (Sacco et al., 2010).

Mice models are the most widely used animals because of their many advantages, such as cost,
small size, easy to handle and maintain, easy to breed. However, they have limitations, the most

important is the partial disease modelization/recapitulation.
1.3.2.3 Rat models

Two different rat model have been created in two different laboratories in 2014. One was
generated with CRISPR/Cas to induce deletion either in exon 3 e/o 16 (Nakamura et al., 2014),
the other was generated utilizing transcription activator-like effector nucleases (TALEN) to
induce a point mutation which result in stop codon in exon 23, as was previously found in
mouse (Larcher et al., 2014). These animals show a phenotype consistent with DMD disease
displaying myonecrosis, cicle of degeneration and regeneration, fatty infiltration, progressive
muscle weakness (Nakamura et al., 2014; Leiden et al., 2014). Moreover, these models develop
cardiac impairment with fibrosis and dilated cardiomyopathy, for this reason they are
considered to be a better model than mdx. (Larcher et al., 2014; Camacho et al., 2016). Despite
the DMD-like phenotype, the models developed by Nakamura et al exhibited too much
variability among individuals, with large variation in severity, to limit its usefulness in

translational research (Nakamura et al., 2014).
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A new rat model of DMD with a deletion of exon 52, has been recently developed in our lab
(Taglietti et al., submitted). The rat was developed by injecting the Cas9/sgRNA constructs in
Sprague dawley zygotes. These rats show a complete absence of dystrophin with rare revertant
fibers and an absence of B-dystroglycan. Muscle atrophy and decreased muscle strength was
observed. High level of CK has been measured in an early time point and then decreased. The
respiratory function was impaired, and the diaphragm is severely affected from 3-weeks old,
showing wide areas of fibrotic deposition, necrosis, inflammatory infiltrates, fiber size
heterogeneity exacerbating with age. The diaphragm is the most affected organ; however, the
severity of the phenotype was showed also in the limb muscles where has been observed
atrophy of the fibers and deposition of fibrotic tissue increasing over time. Fat tissue infiltration,
high presence of inflammatory cells and significant heterogeneity of fiber size in limb muscles
has been also observed, confirming the severity of the phenotype and the widely compromised

skeletal muscle.

The heart start to be compromised at 3-months old, showing fibrosis and ECG changes
worsening over time. The lifespan of these animals was dramatic reduced, the survival was
within 10 to 14 months of life (Taglietti et al., submitted).

1.3.3 Mammalian large models

Characterization and studies on larger DMD model could contribute to the advancement in
better understand the pathology. Large model may bridge the gap between human and mice and

might greatly contribute to the developing of new therapies strategy.

1.3.3.1 Golden Retriever Muscular Dystrophy (GRMD)
To date around 20 canine muscular dystrophy dogs have been described; Point mutations in

dystrophin gene have been found in Cavalier King, Charles spaniel, Golden retriever |,
Rottweiler and others, which most of them are case reports (McGreevy et al., 2015). The
GRMDs currently are the most widely used colonies, described by Cooper and Kornegay, they
harbor a splice site mutation in intron 6 of DMD gene which occurs in the skipping of exon 7
and a stop codon in exon 8 (Cooper et al., 1988; Kornegay et al., 1988; Sharp et al., 1978).
These dogs recapitulate a similar disease progression to that of DMD patients, with intolerance
to exercise at 2-3 months, muscle weakness and atrophy, abnormal weight, dysphagia, fibrosis,
cardiomyopathy and reduced lifespan (Nakamura et al., 2011). Although the mutation for all

the dogs is the same, a variation in the phenotype has been described; this variability can be due
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to genetic modifiers such as Osteopontin (SPP1) and Latent Transforming Growth Factor 3
Binding Protein 4 (LTBP4) (Bello et al., 2019; Kornegay et al., 2017). Moreover, the phenotype
of the dogs remains consistent with the phenotype of the patients for a period of around 6-10
months, and then diverge due to the stabilization of diseases in dogs (Kornegay et al 2017).
Canine models are useful in pre-clinical research in the developing on new treatment strategies,
in particular gene therapies and also to optimize approaches for viral delivery (Amoasii et al.,
2018; Kornegay et al., 2010; Le Guiner et al., 2014; Le Guiner et al., 2017).

1.3.3.2 Other models

Interestingly, other large animal models have been founded. Dystrophic cats with large
deletions on the promoter of the full-length dystrophin has been identified (Carpenter et al.,
1989). These cats show lack of dystrophin, progressive muscle degeneration and regeneration,
hypertrophy of the tongue, neck and shoulders, megaesophagus and kidney failure (Nakamura
et al., 2001). These cats are not used in research due to their short lifespan and to the different
phenotype (Selshy et al., 2015).

Pig genome has been shown to be three more time similar to human than is the mouse one
(Wernersson et al., 2013), moreover the anatomical size of pigs is more comparable with
humans, in particular the anatomy and the physiology of the heart (Crick et al., 1998); for these
reasons porcine models have been also generated. Leading a deletion of exon 52 they show
progressive muscle weakness, cardiac arrythmia and consequently shorter lifespan (Klymiuk et
al., 2013; Moretti et al., 2020). These models are used to study exon-skipping drugs, and other
therapy approaches (Klymiuk et al., 2016). Recently has been discovered that gene editing
mitigates the phenotype of porcine models (Moretti et al., 2020). However, these models are
difficult to breed and maintain (Klymiuk et al., 2016).

Recently a DMD monkey model was also generated with CRISPR/Cas9 in rhesus monkey. The
Cas9 vectors have been designed to target exon 4 and/or exon 46 producing monkey models

lacking dystrophin, however these models are still not well characterized (Chen et al., 2015).
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2. AIM OF THE STUDY

To perform a comprehensive comparative and molecular phenotyping of DMD Human
biopsies, mdx mice biopsies and R-DMDdel52 samples and to provide a unique longitudinal
pathophysiological analysis of DMD disease progression. Indeed, comparative analysis will be
performed between human, mdx and R-DMDdel52 samples to investigate the progression of
DMD in patients and in our model.

We will characterize the principal hallmarks of Duchenne muscular dystrophy in human
biopsies, as inflammation, fibrosis, muscle regeneration capacity and fatty infiltration.

We will also characterize muscle stem cell behaviour in human biopsies and models samples.

The expected results may help to obtain histopathological outcome measures to be taken in
consideration for the development of future clinical trial with different therapeutic approaches

and may also be useful to draw up histopathological guidelines necessary for the follow up.

The ultimate goal of this project is to better understand the stem-cell-driven muscle
regeneration, that is lost in context of DMD, and from the application of this knowledge on

innovative stem-cell-targeted therapies.
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3. MATERIALS AND METHODS

3.1 Patients

All human samples were obtained from patients who had signed informed consent form in
accordance with the guidelines of the Ethics Committee of the Istituto Giannina Gaslini
(Genova, Italy), and of the Henry Mondor Hospital (Creteil, France) including experimental

protocols for muscle biopsies.

Muscular biopsies were collected from 17 boys with genetically confirmed diagnosis of DMD,
at age range from 0 to 8 years (Tablel). Additionally, muscular biopsies were collected from 3
boys with genetically confirmed BMD, at the age of 3 to 16 years (Table 2). Twenty-four 24

histologically normal muscle tissues were considered as control (Table 3).

The muscles were collected and frozen in isopentane, cooled by liquid nitrogen and stored at -
80° until processed. Then, tissues were sectioned at 7 um of thickness on Super Frost Plus slides
(Thermo scientific, 10149870) using cryostat (Leica CM3050S; Leica Biosystems), air-dried,
and kept at -80°C for further staining.
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Table 1 Clinical data of DMD patients

N°id Biopsy | Age at biopsy [ Sex | Diagnosis [ Muscle Mutation Serum CKat | First clinical sign Loss of Cognitive | Steroids
ambulation
biopsy (years) (years) |impairment| Treatment
P2405 2,6 years M DMD | Quadriceps del 20-44 28206 30 months 11 yes yes
P2419 10 months M DMD | Quadriceps na 10117 X X X na
P2454 6 years M DMD | Quadriceps del 12-16 26430 4 years 13 no yes
P2456 11 months M DMD | Quadriceps del 51-54 49450 3 years walking no yes
P2475 5,10 years M DMD | Quadriceps del 49-50 10386 18 months walking yes yes
P2492 3 months M DMD | Quadriceps del 48-54 11681 3 years X no yes
P2493 18 months M DMD | Quadriceps del 48-52 20538 2 years walking yes yes
P2496 5 years M DMD | Quadriceps del 46-47 21458 4 years walking no yes
P2500 9 years M DMD | Quadriceps p.lle585Phefs*22 15196 7 years walking no no
P2512 6 years M DMD | Quadriceps del 44 29660 5 years 10 no yes
P2545 7 years M DMD | Quadriceps del 10-43 14286 4 years walking no yes
P2583 3,6 years M DMD | Quadriceps €.9953 9954delAG, 18767 3 years walking no yes
p.Glu3318Valfs*15

P2589 3 years M DMD | Quadriceps dup 50 14768 3 years walking no yes
P2619 8 years M DMD | Quadriceps del 49-52 7392 7 years walking yes no
P2639 4 years M DMD | Quadriceps del 44 28830 2 years X X X

P744193 8 M DMD Deltoid €.3427C>T, p.GIn1143* 9400 retard moteur 3 no no X

P713567 8 M DMD Deltoid dup2 7395 retard moteur 3 no no X
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Table 2 Clinical data of Beckers patients

intolérance effort
élévation CPK 15y

N°id Biopsy | Age at biopsy Sex | Diagnosis Muscle Mutation Serum CK at | First clinical sign Loss of Cognitive Steroids
ambulation
biopsy (years) (years) impairment | Treatment
P2468 3,1 years M BMD Quadriceps del 52-53 4103 5 years n yes no
P758702 12 M BMD Deltoid ¢.5154+1G>A 1000 elevation fortuite n no X
des CK
/intolérence effort
P760934 16 M BMD Deltoid del45-47 5354 Becker, n no X
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Table 3 Clinical data of control patients

N°id Biopsy Age at biopsy Sex Diagnosis
P2549 2 years F encefalopathy
P2585 6 years M congenital myasthenia
P2613 14 years M ataxia
P2631 1 years M encefalopathy
P2652 5 years F krabbe
P2657 9 years F arthrogryposis
P2721 5 years F laxity
P2771 1 years M encefalopathy
P2772 1 years F Ondine syndrome
P763295 1 years M myop cong NEB
P769250 3 years M -
P771543 2 years M -
P564811 9 years F =
P639789 8 years M myop cong ryrl
P640321 7 years M -
P754733 5 years M RPM délétion de 11 Mb sur
le chromosome 12
(12921.19.21.3)
P773335 7 years M -
P769973 7 years M -
P567000 1 years M RPM mutation de novo du
gene KAT6A
P574835 1 years F sd HHE décédée
P550400 4 years F retard acquisitions atrophie
cérébelleuse
P601121 5 years M =
P633654 5 years M deficit des ceintures
P639789 8 years M -

3.2 Animal models

All animal procedures and experiments were performed in accordance with national and
European legislation regarding the in vivo research and with the Directive of the European
Parliament and of the Council 2010/63/EU of 22 September 2010 on protection of animals used
for scientific purposes. Animals were handled and protocols were approved by ethics committee

at the French Ministry (APAFIS #25606-202005311746599).
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As a rat model, Sprague Dawley rats with the deletion of exon 52 within the dystrophin gene
(RatDMDdel52), developed in our lab (Taglietti et al submitted) and control rats (WT) at
different time points: 3 — 6 — 12 months old were used. Mdx*® mice and control mice (WT) at
C57BL background, at different time points 2 — 6 — 12 — 17 — 20 months old, were analyzed.
Animals were kept in specific-pathogen-free (SPF) facility with water and food available ad
libitum under controlled temperature (around 23°C), humidity (around 55+10%) and 12h light
12h dark cycles.

As the dystrophin gene is located on chromosome X, only males were used for the experiments.
Genotyping of animals was performed by polymerase chain reaction (PCR) on DNA isolated

from tails or ears.

The euthanasia procedure was performed in accordance with the national and European
community guidelines. Rats were anaesthetized by injection with Euthasol which is a
pentobarbital based lethal solution at concentration of 100 ul per 100g and sacrificed by cardiac

puncture, while mice were sacrificed by cervical dislocation.

3.3 Histopathological analyses

For the histopathological characterization of muscles frozen sections of 7 um was used. Tibialis
anterior (TA) for rats and mice and Quadriceps or Deltoids for human muscles biopsies were

analyzed.

3.3.1 Hematoxilin & eosin

Slides were defrosted for around 20 min at room temperature (RT). The slides were dipped in
Mayer’s hematoxylin (Sigma-Aldrich) for 3 min, rinse in deionized water, and dipped in lithium
carbonate solution for 3 seconds (sec), followed by the incubation in eosin for 30 sec. Then
slides were washed in distilled water and dehydrated through increasing concentration of
ethanol (EtOH): 50%, 70%, 95%, 100%. In the last step, slides were mounted with Eurokitt

after being dipped in xylene. Images were taken with an Axio microscope with brightfield light.
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3.3.2 Sirius Red

Sirius red staining was used to calculate the percentage of fibrotic area in muscle tissue. Slides
were defrosted for 20 min at RT and dipped in 90% EtOH for 2 min prior to beginning the
staining. The samples were incubated for 25 min in picro-sirius red solution (Sigma-Aldrich)
and then extensively washed in water and dehydrated in 100% EtOH. After the clear in xylene,
slides were mounted with Eurokitt. For calculate the percentage of fibrotic area, a Macro was
used (Macro-Chazaud_Collagen). Images were taken with Axio microscope. with brightfield
light and with a fluorescent light to calculate the fibrotic area with the macro.

3.3.3 Bodipy

The fat tissue infiltration has been calculated with the bodipy staining which stains the
adipocytes present between the fibers. Slides were defrosted at RT for 20 min and hydrates in
PBS1X for 5 min. Permeabilization was done in 0,5% Triton for 5 min and then blocked in
10% bovine serum albumin (BSA) for 30 min. After washes in PBS 1X, slides were incubated
with rabbit anti-laminin (1:800; L9393Sigma-Aldrich) primary antibody for 1 hour (h) at 37°C.
After 3x5” washes in 1X PBS the slides were incubated with goat anti-rabbit Alexa Fluor 555
secondary antibody (1:500) and with bodipy (1:500; Invitrogen D3922) for 45 min at 37°C
degrees. Nuclei were stained with Hoechst (Sigma-Aldrich B2261), followed by mounting the
slides with fluorescence mounting medium (Dako). The percentage of fat infiltration area was
calculated with the Macro (Macro-Chazaud_Collagen) and normalized on the total area of the
section. The bodipy is calculated as the percentage of area stained in green (Adipose tissue) on

the total area of the muscle section.

3.3.4 Immunofluorescence stainings

For the evaluation of the regenerating fibers (positive for embryonic myosin heavy chain,
eMHC) and dystrophin, sections were defrosted, hydrated, permeabilized with 0,5% Triton, and
blocked in 10% BSA for 30 min at RT. Subsequently, primary antibodies: mouse anti-eMHC
(1:400; clone: F1.652; sc-53091, Santa Cruz), mouse anti-dystrophin (1:20, DYS2-CE; DYS1-
CE; DYS3-CE; Leica), rabbit anti-laminin (1:400; Sigma-Aldrich, L9393) were added to
1%BSA and applied for overnight (O/N) incubation at 4°C. Next, after repetitive washes, slides
were incubated with Alexa Fluor secondary antibodies 1:500. Nuclei were stained with Hoechst

(Sigma-Aldrich B2261), followed by mounting the slides with fluorescence mounting medium
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(Dako). Images were acquired using a fluorescent microscope and analysed in ImageJ software.
The number of the eMHC and dystrophin positive fibers was counted on the whole muscle
section and normalized to the total number of fibers and then expressed in percentage.

For the analysis on muscle satellite cells (MuSCs), slides were defrosted 20 mins at RT,
rehydrated for 5 min in PBS 1X and then fixed with 4% PFA in PBS 1X for 10 min at 4°C.
After washes in PBS 1X, slides were placed in cold acetone: methanol (1:1) solution for 6 min
at -20°C and then incubated with blocking solution - 10% BSA for 1h RT. Primary antibodies
were added to 1% BSA and incubated O/N) at 4°C. The following primary antibodies were
used: mouse anti-Pax7 (1:100 Santa Cruz Biotechnology, sc-81648), rabbit anti-ki67 (Abcam,
sp6 abl6667), mouse anti-pl6 (Abcam Anti-CDKN2A/pl16INK4a, Abl108349), p2l
(Thermofisher, bs-10129R) and yH2AX (Abcam, ab11174). After repetitive washes, slides
were incubated with Alexa fluor secondary antibodies for 45min at 37°C. Laminin staining was
performed after the secondary antibody incubation, for 1h at 37°C using a conjugated antibody
(NB300-144AF647). Nuclei were counterstained with Hoechst (Sigma-Aldrich, B2261)
followed by mounting the slides with fluorescence mounting medium (Dako). Images were
acquired using a LSM800 confocal and analysed in ImageJ software. The number of Pax7
positive cells and the double positive (Pax7*-P16* for example) was counted in at least ten
acquisition per sample and normalized to total amount of fibers and was estimated by counting

the colocalization of Pax7* with other markers and nuclei.

The inflammatory cells were stained with CD45 (CD45 positive) marker which stains all the
inflammatory cells, calculated manually and normalized on the total area of the section
expressed in mm?. To check the number of capillaries (CD31 and isolectine positive), and the
number of fibro-adipogenic progenitors (FAPs, PDGFRa positive cells), slides were defrosted
for 20 min at RT and rehydrated for 5 min in PBS then were fixed in 4% PFA 1X for 10 min at
4°C. After washes sections were permeabilized with 0,5% Triton and blocked with 10% BSA
for 30 min at RT. Mouse anti-PDFRA (1:100 Invitrogen PA5-16571), rat anti-CD31 (1:100
Dako JC70A) for mice and humans and mouse anti-I1solectine (Alexa647 132450) for rats. CD31
and isolectin are used to highlight endothelial cells allowing the counting the number of
capillaries. Only the vessels with a caliber less than 5um large were considered capillaries and
normalized on the area of the section. CD45 (BD biosciences 555843) for rats and Humans and
(Novus NB110-93609) for mice, were incubated O/N at 4°C. After repetitive washes, slides

were incubated with Alexa fluor secondary antibodies for 45min at 37°C. Nuclei were
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counterstained with Hoechst (Sigma-Aldrich, B2261) followed by mounting the slides with
fluorescence mounting medium (Dako). Images were acquired using a LSM800 confocal and
analyzed in ImageJ software. CD45 and PDGFRA positive cells were counted in at least 10
acquisition and normalized to the area of tissue; CD31 and Isolectine were used to count the
capillaries. Results were normalized to total number of fibers.

Cross-sectional area (CSA) and centrally nucleated fibers were counted based on
immunofluorescent staining of laminin and Hoechst described above. Centrally nucleated fibers
were manually counted and CSA of fibers as well as the mean fiber area was evaluated with a
Macro developed in Relaix Lab Université Paris-est (UPEC).

3.4 Functional studies

3.4.1 Treadmill test

To assess muscle functionality and performance the treadmill test was performed by 8 degrees
downhill run following acclimatization period of 5 days from 0 speed in day 1 and increasing
the speed during the following days. Before the test mice were warmed up for 3 minutes at 5
m/min. For the exhaustion treadmill test, mice ran on the treadmill starting from a speed of 8
m/min for 2 minutes, 11 m/min for 2 minutes, 14 m/min for 2 minutes and the speed was
increased every two minutes of 3m/min to a final speed of 35 m/min. The test was ended when
animals meet the criterion for exhaustion defined by the incapability of the mice to remain on
the treadmill belt despite stimulation by electrical padding of gentle touching. Treadmill was

performed on 20-months-old mice and 6-months-old rats.

For rats a similar protocol was used, with acclimatation of 5 days and the exhaustion protocol
was followed as previously described. Rats used for performing these experiments were 6
months old rats 4DMD and 2WT.

Treadmill experiments were performed using the Exter-3/6 treadmill (Columbus Instruments).

3.4.2 Forelimb grip strength test
Forelimb grip strength was assessed using a grip strength meter (GSM) with a straight pull bar

according to the published protocols with modifications (Aartsma-Rus A et al 2014). Briefly,
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the animals were gently held by the tail allowing them to grasp the grid using forelimbs.
Afterward, mice and rats were moved horizontally toward the bar and pulled back until the grip
was released. The measurements were repeated 5 times with a one-minute break in between.
The results were calculated as an average from 5 measurements, normalized to body weight,
and expressed as N/kg BW. Mice and rats used for these experiments were the same used for
the treadmill.

3.4.3 Whole body plethysmography

Whole body plethysmography was used to assess respiratory flow in unrestrained
unanesthetized mice and rats, thus allowing us to assess the activity of the diaphragm and how
much it is affected, as previously described with modifications (Gosselin et al 2003). Animals
(8mdx, 4 C57WT 20 months old mice and 4RDMDdel52 and 5WT 6 months old rats) were
introduced into a “free moving” plethysmograph chamber with constant temperature (22+ 2 C)
and humidity (50 = 10%), but different volume for mice (around 450 mL) and rats (around 650
mL). The device was calibrated according to manufacturer instructions prior to all data
collection installments. Following acclimatation and settling period (around 10 min), a 20 min
were recorded; baseline recording was performed in normoxia. Results were analyzed using

emka i0OX.2 software (Emka Techonologies, Paris)

Respiratory rate (RR), tidal volume (TV), peak inspiratory flow (PIF), minute volume (MV),
and peak expiratory flow (PEF), expiratory time (Te), relaxation time (RT), were recorded and
analyzed. Then average values were calculated around one per minute for each serial 10 min.
Bronchoconstriction was estimated by the Enhanced Respiratory Pause (Penh) index calculated
by the formula Penh = (Te/RT) PEF/PIF. RR, TV Te were normalized to body mass (g).

All the functional experiments were performed in a semi-dark room around 6 PM.

3.5 Statistical analysis

Data are presented as mean + SD and analyzed with the unpaired two-tailed Student’s t-test to
determine differences between two groups. Correlation tests were done using Pearson

coefficient of correlation. When comparing two groups with non-normal distribution, Mann-
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Whitney test was used. Results were considered statistically significant at p value < 0,05*.

GraphPad Prism 9.0 was used for graphs and statistical analysis
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4. RESULTS

4.1Histopathological markers

4.1.1 Fibrosis, internalized nuclei, fiber size and morphology

The DMD patients has been divided in four groups according to age, the percentage of
centrally nucleated fibers was 9,43 £5,72 in DMD and 3,16 +0,90 in controls (CTR) at 1-2 years
old with no statistically significant difference between CTR and DMD p=0,3; 8,74 +4,15 in
DMD patients and 0,00 £0,00 in CTR at 3-4 years old and no statistically significant differences
p=0,53; 12,70 +4,03 in DMD patients and 0,18 +0,13 in CTR at 5-6 years old and this two
group were different p=0,02 * ; 9,86 +3,23 in DMD and 0,00 +0,00 in controls patients with
more than 7 years old with differences between the two groups p=0,02* (Fig 10 D). The number

of fibers with internalized nuclei does not follow a trend over time, with a constant amount.

In BMD patients, the average of the percentage of fibers with internalized nuclei was 7,43 +4,44
compared to the controls in which was 0,00 +0,00 but no statistically significance difference
was found p=0,16 (Fig 7 D).

In order to evaluate fibrotic changes over time Sirius red staining has been performed on
quadriceps of patients and controls. The red stained area represents the proportion of collagen
which indicates fibrosis (Fig 7 A)

At 1-2 years old the average of the percentage of fibrotic area was 22,65 +4,05 in CTR and
32,74 £2,28 in DMDs with no statistically significant difference p=0,055; at 3-4 years old the
percentage of fibrotic area was 11,31 £3,61 in CTR and 30,27 £2,91 in DMDs patients with a
significative difference p=0,015%*; in 5-6 years old patients was 25,28 +1,06 compared with the
controls 14,20 +2,07 and the difference was significant p=0;0032 **; finally, in patients and
controls with more than 7 years old was 32,69 +2,44 and 10,00 +1,42 respectively and
p<0,0001**** (Fig 7 D). In Becker patients the percentage of fibrosis was less than DMDs
patients but was also different compared to controls, BMDs 19,94 +5 and CTR 7,10 +0,37
p=0,03* (Fig 7 E).
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Figure 7 Dystrophic phenotype of Human DMD and BMD Patients quadriceps compared to age matched
histologically normal controls. (A) H&E and Sirius red-stained transverse section of quadriceps biopsies. The
scale bar is 20um. (B) Quantification of Sirius Red staining in DMD patients and controls quadriceps divided in
four groups according to age. (C) Quantification of Sirius red area in Becker patients (BMD) and age matched
controls. (D) Percentage of centrally nucleated fibers on the total amount of fibers in DMD patients and controls
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quadriceps divided in four groups according to age. (E) Percentage of centrally nucleated fibers on the total
amount of fibers in BMD patients and age matched controls. The data are presented as mean +SEM; * p<0,05
Student’s t-test (B-C-D-E). (G) CSA Cross Sectional Area of fibers expressed in micrometers square. Violin plots
showing the fibers caliber of the quadriceps of each patient. The data are presented as median and quartiles of
the total amount of the fibers.

It was not observed a proper increase in the percentage of fibrotic area in DMDs patients over
time (Fig 7 D).

In Fig 7 F. is showed the cross-sectional area of the fibers, indicating their size in the quadriceps
of patients at different time points. In an early stage the fibers of the controls are much more
smaller than DMDs fibers which are more heterogeneous p<0,0001****, In older time points
is observed that an important part of the fibers is smaller compared to controls, but there is also
a small number of very big fibers, the fiber size heterogeneity is higher in DMDs patients
compared to controls, and for all the time points the differences were statistically significant
with a p value p<0,0001**** (Fig 7 F). Regarding BMDs fiber size there was more variable
among individuals, in one patient the fiber were heterogenous, in another one normal fibers
were presents, in any case the difference between BMDs and controls was significant
p<0,0001****(Fig 7 G).

The internalized nuclei, the fibrotic tissue, the morphology of fiber size and inflammation are

showed in the H&E staining at different time points in Fig 7 A.

The percentage of centrally nucleated fibers, indicating the number of regenerative fibers was
27,36 +1,86 at 3 months, 30,43 +1,36 at 6 months 21,97 +£1,42 at 12 months old, for the DMD
rats and 1,013 £0,79 for 3 months old WT, 0,00 + 0,00 for 6 months old WT and 0,00 + 0,00
for 12 months WT. The differences between WT and DMD rats were statistically significant in
all the time points with a p value of p=0,0001 *** at 2 and 12 months old and p<0,0001**** at
6 months old (Fig 8 B.). The number of fibers with internalized nuclei counting did not follow

a trend, it remains high with aging in DMD rats.

In order to evaluate fibrotic changes over time Sirius red staining has been performed on
Tibialis Anterior muscles, the red stained area represents the proportion of collagen which
indicates fibrosis (Fig 8 A). At 3 months old the average of the percentage of fibrotic area was
4,16 +0,22 in WT rats and 8,28 +0,69 in DMD rats and the significance was p=0,0073**; at 6
months old 4,41 +0,64 in WT rats and 10,17 +0,65 in DMD rats p=0,0033**; at 12 months old
9,166 +0,35 in WT rats and 23,80 +0,046 in DMD rats with a significance of p<0,0001****(Fig

8 C). The percentage of fibrotic area increases over time in dystrophic rats (Fig 8 C).
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In Fig 8 D. is showed the cross-sectional area of the fibers, indicating the size of them in the
Tibialis Anterior at different time points. Since 3 months old there are significative differences
between DMD and WT rats fibers size in which the size of the DMD are much more smaller
and less heterogeneous than WT and is seen the same in older animals the p value for all of
them 3,6,12 months old is p<0,0001****(Fig 8 D).

The internalized nuclei, the fibrotic tissue, the morphology of fiber size, inflammation and
necrosis are showed in the H&E staining at different time points in Fig 8 A.
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Figure 8 Dystrophic phenotype of DMD rats Tibialis Anterior compared to age matched WT, the dystrophic
pathology increases with age. (A) H&E and Sirius red stained transverse section of Tibialis Anterior of rats. Scale
bar is 20um. (B) Percentage of centrally nucleated fibers on the total amount of fibers at different time points. (C)
The fibrotic area increases with age. Percentage of Sirius red area on the total area of the section in WT and DMD
rats at different time point. The data are presented as mean # SEM; * p<0,05 Student’s t-test (B-C). (D) CSA
Cross Sectional Area of fibers expressed in micrometers square. Violin plots showing the fibers caliber of the
tibialis anterior of each animal. The data are presented as median and quartiles of the total amount of the fibers.
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In mdx*® mice the percentage of centrally nucleated fibers was 48,70 +4,60 at 2 months, 75,88
+3,74 at 6 months 58,41 +7,81 at 12 months old, 55,16 +7,11 for the mdx**’ mice and 2,53
+1,30 for 2 months old WT, 0,43 £ 0,006 for 6 months old WT and 1,84 + 1,090 for 12 months
WT and 6,98 +2,87 for 17 months old WT. The differences between WT and mdx“®’ mice were
statistically significant in all the time points with a p value of p=0,0007 *** at 2 months,
p<0,0001**** gt 6 months, p=0,0020 ** at 12 months old and p=0,0033** at 17 months old
(Fig 9 B.). The quantification of fibers with internalized nuclei does not follow a trend over

time.

In order to evaluate fibrotic changes over time Sirius red staining has been performed on
Tibialis Anterior muscles, the red stained area represents the proportion of collagen which
indicates fibrosis (Fig 9 A). At 2 months old the average of the percentage of fibrotic area was
3,96 +0,66 in WT mice and 10,71 +2,25 in mdx*®V mice and the significance was p=0,04*; at 6
months old 6,05 +0,63 in WT mice and 8,73 +0,55 in mdx*® mice p=0,02*; at 12 months old
7,03 +0,34 in WT mice and 12,55 +1,63 in mdx*®’ mice with a significance of p=0,03*; at 17
months old 5,13 +1,47 in WT mice and 12,62 +1,87 in mdx*® mice (Fig 9 C). Is not observed
an increase in the percentage of fibrotic area in DMD mouse models over time it remains quite
stable (Fig 9 C).

In Fig 9 D. is showed the cross-sectional area of the fibers, indicating their size in the Tibialis
Anterior at different time points. At 2 months old there were differences between mdx“*®¥ and
WT mice fibers size but were not significant, the mdx fibers are slightly more heterogeneous
than WT. Meanwhile at 6, 12 and 17 months old the fiber size of the mdx is smaller and less
heterogeneous than WT with a significance of p<0,0001****(Fig 9 D).

The internalized nuclei, the fibrotic tissue, the morphology of fiber size, inflammation and

necrosis are showed in the H&E staining at different time points in Fig 9 A.
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Figure 9 Dystrophic phenotype of mdx*® Tibialis Anterior compared to age matched WT, the dystrophic pathology
increases with age. (A) H&E and Sirius red-stained transverse section of Tibialis Anterior of mice. Scale bar is
20um. (B) Percentage of centrally nucleated fibers on the total amount of fibers at different time points. (C) The
fibrotic area increases with age. Percentage of Sirius red area on the total area of the section in WT and
mdx*“mice at different time point. The data are presented as mean +SEM; * p<0,05 Student'’s t-test (B-C). (D)
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CSA Cross Sectional Area of fibers expressed in micrometers square. Violin plots showing the fibers caliber of the
tibialis anterior of each animal. The data are presented as median and quartiles of the total amount of the fibers.

4.1.2 Fat tissue infiltration, inflammation, vessels and Fibro Adipogenic
Progenitors (FAPS)

Variability is widely present in DMDs, however fat tissue infiltration increases progressively
with aging p=0,02*, indeed in early stage patients (1-2 years old) the amount of fat tissue
infiltration is near to zero 0,35 +0,05 like in the control samples 0,11 +0,05 and in patients with
more than 7 years the values are 0,23 +0,13 in controls and 4,19 +1,52 in DMD. The mean of
fat tissue area in percentage for the others time points is: 3-4 years old 0,19 +0,08 in controls
and 2,86 +2,34 in DMD; 5-6 years old 0,43 +0,25 in controls and 1,66 +0,98 in DMD (Fig 10
F).

Becker patients does not show fat tissue infiltration 0,23 +0,06 the mean is even lower that the

controls one 0,31 +0,12 (Fig 10 G).

In DMD rats is showed a significative increase of fat tissue infiltration in the muscle over time,
starting from 3 months old to 12. At 3 months old the mean of the fatty area was 1,73 +0,33
compared with the WT in which was 0,129 +0,06 p=0,0099**; 6 months old DMD rats 2,36
40,24 and WT 0,08 +0,011 p=0,0077***; 12 months old DMD rats 6,94 +0,88 and WT 0,54
+0,11 p=0,0019** (Fig 10 B).

Mdx mice showed a milder increase of adipose tissue with aging and it is present more
variability compared to the rats. The mean of the fatty area in mice was 0,03 +0,006 in WT
mice 2 months old and 0,05 +0,019 in 2mo mdx; 0,02 +0,006 and 0,065 +0,03 in WT and mdx
6 months mice respectively; at 12 months old 0,02 +0,01 in WT and 0,092 +0,05 in mdx; finally
at 17 months old in WT 0,44 +0,018 and in mdx 0,108 +0,03(Fig 10 D).
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Figure 10 Fat tissue infiltration increase over time in Duchenne muscular dystrophy models and patients. (A-C-
E) Bodipy staining representation in Tibialis Anterior of rats and mice at 12 months old and relatives WT A-C and
of quadriceps collected from patients and control of 4 years of age. Laminin is white, Bodipy area is the green
stained area and in blue are stained the nuclei with Hoechst. Scale bar is 20um. (B-D-F) Percentage of bodipy
stained area on the total area of the section in DMD rats, mdx mice, WT, DMD patients and controls at different
time points. (G) Percentage of bodipy stained area on the total area of the section in Becker patients and age
matched controls. The data are presented as mean #SEM; * p<0,05 Student s t-test

With CD45 we observed in DMDs an increase of inflammation infiltrates only after 7 years

old, probably related to the variability between patients, reason why the Standard Error Mean
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(SEM) is elevated. The media of values calculating the number of inflammatory cells is 12,68
+ 4,99 and 84,99 +29,56 in CTR and DMDs patients of 1-2 years old, respectively p=0,05*;
18,16 +4,51 and 85,77 £37,44 in controls and DMDs patients of 3-4 years old respectively;
21,91 5,97 and 101,4 +37,45 in Controls patients and DMDs patients of 5-6 years old
respectively; 4,56 +2,02 and 140,9 £11,27 in Controls patients and DMDs patients with more
than 7 years old respectively p<0,0001**** (Fig 11 F)

In BMDs the inflammation was higher comparing to the controls but was lower comparing with

DMDs: 2,50 +1,65 in controls and 18,15 +10,70 in BMDs (Fig 11 G).
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Figure 11 Inflammatory cells in duchenne muscles. (A-C) Rapresentation of CD45/Laminin staining on Tibialis
anterior of DMD rats mdx mice and relatives WT at 6 months old. CD45 cells are stained in red. In green is
stained Laminin and in blue are visible the nuclei stained with Hoechst. Scale bar is 20um. (B-D-F) Number of
CD45 positive cells on the total area, expressed in mm2, of the section in DMD Rats, mdx mice WT, DMD patients
and controls at different time points. The data are presented as mean # SEM; * p<0,05 Student’s t-test (E)
Rapresentation of CD45/Laminin staining on quadriceps of a patient and a control at 4 years old. In green is
stained Laminin and in blue are visible the nuclei stained with Hoechst. Scale bar is 20 zm.(G) Number of CD45
positive cells on the total area expressed in mm?, of quadriceps and deltoid of becker patients and age matched
controls. The data are presented as mean #+SEM

In DMD rats we observed a decrease in the inflammatory infiltrates over time, meanwhile in
mice is showed an increase in the number of inflammatory cells in the muscle during the

progression of the disease. At 3 months old in rats is well known that there is a peak of
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inflammation (Taglietti et al., submitted), indeed the media of values calculating the number of
inflammatory cells at 3 mo was 43,82 +5,97 in DMD rats and non represented in WT
p=0,0018**. At 6 months the inflammation decreases to 15,06 +3,2 cells per mm? in DMD
p=0,013* and compared to 6 months WT 1,24 +0,63 p=0,014*; at 12 months the number of
inflammatory cells keep decreasing 7,50 +2,16 in DMD p=0,0046** and compared to12 months
WT 0,62 +0,62 p=0,038* (Fig 11 B).

On the counterpart, in mdx mice was observed an increase of inflammation with aging. At 2
months old the mean of the inflammatory cells number in mdx muscle is 29,35 45,29, at 6
months is 69,26 +3,1 p=0,0029** ; at 12 113,9 +24,12 p=0,026* and at 17 months old the
inflammation remains high 101 +20,68 p=0,02*; comparing mdx with age matched WT
important differences were observed as well: 2 months WT 4,30+1,03 p=0,0097**; 6 months
WT 1,17 +0,67 p<0,0001****; 12 months WT 15,65 +9,15 p=0,019* and 17 months WT 12,52
+9,59 p=0,017* (Fig 11 D).

Another point to understand was if there were any anomalies in the number of vessels in
Duchenne muscular dystrophy, for this reason, staining with CD31 in mice and humans’
samples was performed and isolectine has been used to detect capillaries on rats (Fig 12 A-C-
E).

No changes and no alteration were observed in the number of vessels in both models and in
human samples. The number of vessels seems to remain unchanged during the progression of

the disease and as well in comparison with the controls.

In DMDs samples the number of vessels was at 1-2 years old 0,78 +0,5 in DMD and 0,16
40,015 in controls, at 3-4 years old 0,71 +0,13 in DMD and 0,35 0,10 in controls; at 5-6 years
old 0,66 +0,05 in DMD and 0,40 0,14 in controls; after 7 ears old 0,78 +£0,13 in DMD and
0,64 +0,10 in controls (Fig 12 F).

In BMDs patients 0,70 +0,11 and in controls 0,94 +0,42 (Fig 12 G).

The number of vessels in TA of models was 1,46 +0,03 and 1,19 +0,09 in WT and DMD 3
months old rats respectively; 1,40 +0,03 and 1,35 £0,23 in WT and DMD 6 months old rats
respectively; 1,88 +0,03 and 1,44 +0,09 in WT and DMD 12 months rats respectively (Fig 12
B). 2,12 £0,20 and 2,14 +0,15 in 2 months old WT and mdx mice respectively, 1,70 +0,11 and

2,31 0,09 in 6 months old WT and mdx mice respectively; 1,18 +0,15 and 2,21 +0,06 in 12
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months old WT and mdx mice respectively; 2,21 0,06 and 2,03 £0,2 in 17 months old WT and
mdx mice respectively (Fig 12 D).
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Figure 12 Capillaries in Duchenne muscles. (A) Isolectine/Laminin co-staining in Tibialis Anterior of 6 months
old DMD rat and WT. Scale bar is 20um. (B) Quantification of capillaries in Tibialis Anterior of DMD and WT
rats at different time points. (C) CD31/Laminin co-staining in Tibialis Anterior of 6 months old mdx and WT
mouse. Scale bar is 20um. (D) Quantification of capillaries in Tibialis Anterior of mdx and WT mice at different
time points. (E) CD31/Laminin co-staining in quadriceps of 6 years old DMD patients and control. Scale bar is
20um. (F) Quantification of capillaries in quadriceps and deltoids of DMD patient’s samples and control samples
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at different time points. (G) Quantification of capillaries in quadriceps and deltoids of Becker patient’s samples
and control samples. The data are presented as mean #+SEM * p<0,05 Student’s t-test.

To check the number of how many Fibro Adipogenic Progenitors (FAPs) muscle PDGFRa has
been used as a marker. In Fig 13 A and C is showed a progressive increase over time of the
number of FAPs in the muscle of Duchenne models, instead in DMD patients the number of
FAPs remain stable in all the analyzed stages of the disease, the variability between individuals

is constant (Fig 13 E).
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Figure 13 Fibro Adipogenic Progenitos (FAPs) in Duchenne muscles. (A-C) Representation of PDGFR a/Laminin
staining on Tibialis anterior of DMD rats mdx mice and relatives WT at 6 months old. FAPs are stained in red. In
green is stained Laminin and in blue are visible the nuclei stained with Hoechst. Scale bar is 20um. (B-D-F)
Number of PDGFR« positive cells on the total area, expressed in mm2, of the section in DMD Rats, mdx mice
WT, DMD patients and controls at different time points. The data are presented as mean # SEM; * p<0,05
Student’s t-test (E) Representation of PDGFR «/Laminin staining on quadriceps of a patient and a control at 4
years old. FAPs are stained in red, in green is stained Laminin and in blue are visible the nuclei stained with
Hoechst. Scale bar is 20um.(G) Number of PDGFR« positive cells on the total area expressed in mm?, of
quadriceps and deltoid of Becker patients and age matched controls. The data are presented as mean +SEM

There was variability between DMDs, anyhow the number of FAPs in the muscle was higher
compared to control muscle. At 1-2 years old the medium values were 15,96 +1,14 in controls
and 37,13 +4,91 in DMD p=0,018*; at 3-4 years old 16,45 +1,30 in controls and 35,66 +7,12
in DMD; at 5-6 years old 16,72 +1,33 in controls and 31,93 £3,98 in DMD p=0,022*; in patients
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with more than 7 years old 16,68 +1,64 for the controls and 39,13 £6,28 in DMD p=0,0086**
(Fig 13 F).

In Becker patients (24,67 +4,59) the number of FAPs was higher than the controls (15,58 +1,63)
(Fig 13 G).

The number of FAPs (red stained cells) was calculated manually and the medium values of the
analyzed groups were: 3 months old rats 8,28 +0,97 in WT and 44,66 +7,58 in DMD
p=0,0089**; 6 months old 6,49 +1,95 in WT and 25,63 +2,39 in DMD p=0,0035**; In 12
months old rats 0,00 +0,00 in WT rats and 193,7 +44,39 in DMD p=0,01*. The difference

between 3- and 6-months old rat was significant with a p value of p=0,019* and between 3- and
12-months old p=0,029* (Fig 13 B).

In mouse model as mentioned before is observed an increase: between 6- and 17-months old
p<0,0001***; between 6- and 12-months old p=0,0014** and between 12- and 17-months old
p=0,0009 ***, Comparing the mdx with the controls the values obtained were: 7,35 +1,21 in
WT and 12,17 0,64 in mdx 6 months old mice p=0,02*; 7,35+1,21 in WT and 24,56 +1,45 in
mdx 12 months old mice p=0,0008***; 15,00 +1,46 in WT and 37,59 +0,33 mdx 17 months
old mice p=0,0001***(Fig 13 D).

4.1.3 Dystrophin

Revertant fibers are fibers in which dystrophin expression is spontaneously restored despite the

absence of Dystrophin.

In patients at 1-2 years old the percentage of revertant fibers was 0,00% +0,00; at 3-4 years old
0,017% +0,02; 5-6 years 0,18% +0,29 and >7 years old the percentage was increate to 2,8%
+3,44 (Fig 14 F).

In rats, since 3 months of age was observed the 1,8% +0,49 of revertant fibers. Their number
increase with aging with 2,8% +0,41 at 6 months, and 5,47% +1,26 at 12 months old. (Fig 14
A, B).

In mice the revertant fibers were approximately absent in all the time points. At 2 months were
not detected, at 6 months 0,1 £0,022, at 12 months 0,04% +0,00 and at 17 months 0,33% 0,03
(Fig 14 C, D). The WT were taken as positive controls in which the expression of dystrophin

was always 100% +0,00 in both models and controls patients (Fig 14 A-D).
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Figure 14 Dystrophin and dystrophin revertant fibers increase during the progression of the disease. (A-C)
Representation of the expression of dystrophin in Rats (A) and mice (C) in Tibialis Anterior muscle at different
time points. DYS-2 detecting Rod-domain has been used. Scale bar 20um. (B-D-F) Quantification of the positive
fibers of dystrophin at different time points in Tibialis Anterior of animal models with age matched Wild Types,
and in DMD patients with relative age matched histologically normal control muscles. Dystrophin positive fibers
are expressed in percentage and normalized on the total number of fibers. The data are presented as percentage
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on the total and £SD. (E) Representation of the expression of dystrophin in Quadriceps of DMD patients divided
in groups according to age and age matched controls. DYS-2 detecting Rod-domain has been used.

4.2 Muscular Stem cells behavior

4.2.1 Regenerative capacity of Muscle fibers
We observed, a decrease in the number of regenerative fibers over time, during the progression
of the disease in both models as well as in patients (Fig 15).

In WT and controls patient’s muscles, no regenerative fibers were presents (Fig 15). In Becker
patients muscles a little number of regenerative fibers is presents and in one patient are

completely absent (Fig 15 G).

4.2.2 Activations and presence of Muscular satellite cells

In DMDs muscles SCs are slightly increased comparing to the controls and after 7 years old are
significantly higher compared to the control p=0,002***. Furthermore, among DMD as well as
among controls was observed an individual-to-individual variability. The mean values obtained
counting satellite cells in human samples were 4,62 +0,96 in controls and 17,27 +10,40 in DMD
1-2 years old; 12,24 +7,79 in controls and 17,88 +2,88 in DMD 3-4 years old; 6,48 +1,43 in
controls and 19,23 +5,89 in DMD 5-6 years old and finally after 7 years old 8,065 +1,32 in
controls and 24,08 +1,24 in DMD (Fig 16 B). In BMDs and controls patients the number of
satellite cells in the muscle was the same and always variability between individuals was

present; 7,44 +0,79 in controls and 10,21 +3,8 in Becker (Fig 16 C).

In rats was observed an increase in the number of satellite cells in DMD muscle compared to
WT muscle, however there is a slight decrease in the number of Pax7 positive cells during the

progression of the disease.

In rats muscles the mean percentage of the number of satellite cells was 9,47 +1,44 in WT and
19,66 £3,68 in DMD months old; 6,95 +0,91 in WT and 11,06+0,22 in DMD 6 months old rats
p=0,04* and in 12 months old rats was 6,14+0,40 in WT and 10 +0,22 in DMD p=0,005** (Fig
17 B).
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Figure 15 Regenerative capacity of muscle fibers in Duchenne muscular dystrophy. (A-C) Representation of the
co-staining eMHC/Laminin in transverse sections of Tibialis Anterior in DMD rats and mdx mice at different time
points with age matched WT. Scale bar 20um. (B-D-F) Quantification of eMHC positive cells, expressed in
percentage, in Tibialis Anterioir of models at different time point and in human muscles in groups divided
according to age. The data are presented as mean and #SD. * p<0,05 Student’s t-test. (E) Representation of the
co-staining eMHC/Laminin in transverse sections of quadriceps collected from DMD and control patient, divided
in groups according to age. (G) Quantification of eMHC positive cells, expressed in percentage, in Becker patients
and age matched controls. The data are presented as mean and #SD. * p<0,05 Student s t-test.
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Figure 16 Muscular satellite cells in Duchenne muscles and their activation. (A)Representation of a co-staining
with PAX7-KI167 on Quadriceps of a 6-year-old patients and age matched control. Pax7 positive cells are green
and Ki67 positive cells highlighted in red, in blue are stained the nuclei. Scale bar 20.m.(B) Quantification of the
total number of Pax7 positive cells normalized on the total number of fibers in Quadriceps of DMD and control
patients divided in groups according to age. The data are presented as mean #SEM; * p<0,05 Student’s t-test (C)
Quantification of actives satellite cells on the total number of satellite cells in the muscle of DMD patients and
controls divided in groups according to age. The data are presented as percentage #SD. * p<0,05 Student’s t-test.
(D) Quantification of the total number of Pax7 positive cells normalized on the area of the section in Quadriceps
of Becker and control patients. The data are presented as mean #SEM. (E) Quantification of actives satellite cells
on the total number of satellite cells in the muscle of Becker patients and controls. The data are presented as

percentage #SD.
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Figure 17 Muscular satellite cells in Duchenne muscles and their activation. (A) Representation of a co-staining
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PhD Doctoral thesis Nastasia Cardone

62



green, Pax7 positive cells are white and Ki67 positive cells are red, in blue are stained the nuclei. Scale bar
20um.(B) Quantification of the total number of Pax7 positive cells normalized on the total number of fibers in
Tibialis Anterior of DMD rats and WT at different time points. The data are presented as mean +SEM; * p<0,05
Student’s t-test (C) Quantification of actives satellite cells on the total number of satellite cells in the muscle of
DMD rats and WT rats at different time points. The data are presented as percentage #SD. (D) Representation of
a co-staining with PAX7-KI67 on a Tibialis Anterior in 6 months old mdx mouse and WT. Pax7 positive cells are
white and Ki67 positive cells highlighted in purple, in blue are stained the nuclei. Scale bar 20um.(E)
Quantification of the total number of Pax7 positive cells normalized on the total number of fibers in Tibialis
Anterior of mdx mice and WT at different time points. The data are presented as mean #SEM; * p<0,05 Student’s
t-test (F) Quantification of actives satellite cells on the total number of satellite cells in the muscle of mdx mice
and WT mice at different time points. The data are presented as percentage #SD.

In mdx mice muscles the number of satellite cells was not different comparing it with WT
muscles, but a decrease was observed from 6 months old mice to 17 months old mice p=0,01*.

The mean values obtained counting the Pax7 positive cells in mice were 7,06 +0,55 in WT and
6,06 £1,79 in mdx 2 months old animals; 3,84 +0,44 in WT and 5,64+0,84 in mdx 6 months
old animals; 3,70+0,21 in WT and 3,47 £0,37 in mdx 12 months old animals; 4,13 £0,2 and 3,1
40,19 in 17 months old animals with a significative difference p=0,02* (Fig 17 E).

The activation of satellite cells was assessed with the co-staining Pax7-Ki67, in which only the
double positive cells were counted as activated and normalized on the total number of satellite
cells presents in the section. In animal models was observed a decrease in the number of active
satellite cells during the progression of the disease. In rats the decrease is progressive till 12
months of age (Fig 17C), while in mice the active satellite cells start to decrease in a later time
point, at 17 months of age (Fig 1 F). In human muscles the variability is constant, and a small
number of satellite cells is always activated in all the stages of the disease. (Fig 16 C). Active
satellites cells were also found in Becker muscles and again the variability between individuals

was also noticed (Fig 16 E).

4.2.3 Satellite cells senescence
To see if the satellite cells were acquiring a senescent phenotype different co-staining with Pax7

and senescence markers have been performed. The chosen senescence markers where P16,
Histon2AX (H2AX) and P21. Only the double positive cells were taken into account and
considered senescent, then were normalized on the total number of Pax7 positive cells of the

section and expressed in percentage.

The analysis which has been done in DMDs, BMDs and CTR muscles showed again an

important variability among individuals. However, showed in Fig 21 A the expression of P16
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in satellite cells increases with aging in DMD muscles. Furthermore, in the control the
expression of P16 is about 1-2% which is lower than DMD.

The expression of H2AX did not follow a trend over time, but as is showed in Fig 18 B the
expression of this marker in SCs of DMD muscles was always higher compared to the controls.
These findings are completely different for P21 expression which in Human sample was highly
variable because is expressed in controls as well as in DMD muscle without important
differences (Fig 18 C). In Fig 21 D are showed the trends of the three markers over time
confirming that only P16 increase during the progression of the disease, instead P21 and H2AX
remain in the same range. In the muscles of Becker patients, the numbers of senescent satellites
cells seem to be higher compared with the controls, in-fact the three markers are more expressed
in BMD compared to the WT (Fig 18 E-F-G).
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Figure 18 Muscular satellite cells acquire a senescent phenotype during the progression of the disease. (A)
Quantification of satellite cells expressing P16 on the total number of satellite cells in muscles of DMD patients
and controls divided in groups according to age. (B)Quantification of satellite cells expressing H2AX on the total
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number of satellite cells in the muscle of DMD patients and controls divided in groups according to age. (C)
Quantification of satellite cells expressing P21 on the total number of satellite cells in the muscle of DMD patients
and controls divided in groups according to age. The data are presented as percentage #SD. * p<0,05 Student’s
t-test. (D) Trend of senescent satellite cells number in the muscle of DMD patients and controls divided in groups
according to age. The data are presented as mean. (E) Quantification of satellite cells expressing P16 on the total
number of satellite cells in muscles of Becker patients and controls. (F) Quantification of satellite cells expressing
H2AX on the total number of satellite cells in the muscle of Becker patients and controls. (G) Quantification of
satellite cells expressing P21 on the total number of satellite cells in the muscle of Becker patients and controls.
The data are presented as percentage #SD.

In DMD rat muscles, interestingly, was observed a significant progressive increase in the
number of senescent satellite cells with aging. In Fig 19 is showed the increase of the three
markers during the progression of the disease.
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Figure 19 Muscular satellite cells acquire a senescent phenotype during the progression of the disease. (A)
Quantification of satellite cells expressing P16 on the total number of satellite cells in Tibialis Anterior of DMD
rats and WT rats at different time points. (B)Quantification of satellite cells expressing H2AX on the total number
of satellite cells in Tibialis Anterior of DMD rats and WT rats at different time points. (C) Quantification of satellite
cells expressing P21 on the total number of satellite cells in Tibialis Anterior of DMD rats and WT rats at different
time points. The data are presented as percentage #SD. * p<0,05 Student’s t-test. (D) Trend of senescent satellite
cells number in Tibialis Anterior of DMD and WT rats over time. The data are presented as mean.

In mdx model the satellite cells acquire a senescent phenotype as well, but in an older time
point. The SCs of the mouse starts to express senescent marker from 17 months old. H2AX and

P21 increasing is higher than the P16 one at 17 months old which expression is very low, around
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1% (Fig 20). However progressive increase in senescent satellite cells over time of the three
markers was observed also in mdx model muscles while were absent in WT (Fig 20 D).
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Figure 20 Muscular satellite cells acquire a senescent phenotype during the progression of the disease. (A)
Quantification of satellite cells expressing P16 on the total number of satellite cells in Tibialis Anterior of mdx
and WT mice at different time points. (B)Quantification of satellite cells expressing H2AX on the total number of
satellite cells in Tibialis Anterior of mdx and WT mice at different time points. (C) Quantification of satellite cells
expressing P21 on the total number of satellite cells in Tibialis Anterior of mdx and WT mice at different time
points. The data are presented as percentage #SD. * p<0,05 Student’s t-test. (D) Trend of senescent satellite cells
number in Tibialis Anterior of mdx and WT mice over time. The data are presented as mean.

4.3Functional studies

4.3.1 Whole body Plethysmography

Plethysmography is an often used and reliable technique to assess the diaphragms’ function
(Huang et al., 2011; Nelson et al., 2011). In order to evaluate respiratory functions and to
compare the diaphragm impairment, of the two models with age-matched WT different

parameters has been measured (Fig. 21).
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Figure 21 Respiratory dysfunction in Rats DMDdel52 and mdx*® mice. The respiratory function of models and
age-matched wild type was monitored by whole-body plethysmography, in which the animals were free to move
around within an enclosed space. (A-F) Tidal Volume of Rats (6 months) (A) and mice (20 months) (F) normalized
on body weight; (B-G) Frequency of breath measured breaths per minute (bpm); (C-H) Minute Volume measured
in ml on seconds. (D-1) Time of expiration (E-L) Penh index, used to measure the bronchoconstriction of the
models and the WT. The data are presented as mean + SEM; * p<0,05 Student’s t-test.
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In rats the total (tidal volume TV) volume inspired was higher in WT compared to DMD with
a p value p=0,03 *; in mice no significative difference was observed between the tidal volume
of mdx*® and WT (Fig 21 A-F). The frequency of breaths measured breaths per minute was
much higher in DMD rats compared to age matched WT p=0,02, no difference was found in
the frequency between mdx4cv and their relative controls (Fig 21 B-G). Despite differences in
TV and F in DMD rats and WT, no difference was observed in the MV (minute volume) as well
as in mice (Fig 21 C-H).

Expiration time (TE) and Penh index are mostly used to measure the elasticity of the diaphragm
which become thick and rigid due to fibrosis and scar tissue, and also to evaluate the strength
and the lesser extend of intercostal muscles. The time of expiration in WT rats was longer than
in DMD rats with a p value of p=0,04 *. In mice no differences were found between madx4cv
and WT’s TE (Fig 21 D-I).

Regarding the Penh index, is the index used to assess respiratory function and broncho-
constriction; the higher is the more are respiratory functions impaired. It is significantly
elevated in DMD rats p=0,0014 compared to WT, but a slightly non-significative increase was

observed in mdx4cv compared to WT.

4.3.2 Treadmill and Forelimb strength grip test

The results of the treadmill and the grip strength tests are showed in Fig. 22. Treadmill was
used to assess dystrophic state, the protocol until exhaustion was used. In Figure 22 (A-B) are
shown the cm on second routes by models and WT and dystrophic rats get exhausted way before
mdx mice with a p value of p=0,0001****, moreover also the differences between DMD rats
and age-matched WT are significative with a p value of p=0,0001****, Regarding mice instead

there are no differences in the exhaustion and in the distance routes between mdx4cv and WT.

The strength of forelimb muscles was assessed with the grip test, in rats the DMD strength was
lower compared to WT p=0,0077** and as expected the DMD rats seems to be weaker than
mice; notwithstanding, a significative difference in the strength of mdx*® mice was observed

comparing to WT p=0;03*.
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Figure 22 Functional assessment and exercise capacity of mdx mice and DMD rats. (A.) Treadmill exhaustion
protocol of rats. Distance routes is shown in cm/sec, each steps represent an animal; (B.) Treadmill exhaustion
protocol of mice. Distance routes is shown in cm/sec, each steps represent an animal; (C-D) Grip test. The strength
is expressed in Newton (N) and normalized on body weight. (C.) Rats (D.) Mice. The data are presented as mean
#SEM; * p<0,05 Student’s t-test.

4.4 Correlation studies

Correlation studies has been also performed with Pearson r coefficient calculation. No
correlation was found between regenerative fibers and FAPs, except for the mice in which a
negative correlation was discovered r=0,90 p=0,0009*** meaning that to the increase of Faps
correspond a decrease of regenerative fibers, however in rats and humans a negative correlation
was discovered between regenerative fibers and fibrosis r=0,50 p=0,035* in Human and r=0,87
p=0,0020** in rats.

No correlation was found between regenerative fibers and Ki67 positive stem cells.

In patients no correlation was found between Ck levels and fibrosis. An interesting correlation
was found in patients between the number of vessels and the number of active SCs r=0,90
p<0,007**

PhD Doctoral thesis Nastasia Cardone 69



5. DISCUSSION

Duchenne muscular dystrophy (DMD) is an X-linked, genetic disease affecting 1:5000 males
worldwide. DMD is a progressive, muscle-wasting disorder associated with wheelchair
confinement around 15 years of age, and premature death around the age of 30 due to
cardiorespiratory failure (Duan et al., 2021). Numerous of DMD animal models have been
developed including porcine, canine and rhesus monkey models (Kornegay et al., 2017; Chen
et al., 2015; Selsby et al., 2015). However, most early preclinical works were conducted on
mdx mice that exhibit only a mild DMD pathological phenotype compared to human (Bulfirld
et al., 1984; Chamberlain et al., 2007).

In our lab a new rat model of DMD has been developed (R-DMDdel52) with a deletion in the
hot spot area of exons 45-55 where the majority of human mutations are occurring (Nakamura
et al., 2017) (Taglietti et al., submitted). To evaluate the translational potential of our new
generated R-DMDdel52 rats and the well-described mdx*> mouse model (McGreevy et al.,
2015), we decided to perform a comparison study of these two animal models highlighting the
constant and reproducible elements in common between human samples and model muscles.
The protein restore of dystrophin alone is not enough to have improvements in the prognosis of
the disease. Starting from human muscles we decided to identify parameters in models which
better recapitulate the human disease that can be useful for pre-clinical trial and moreover useful

to better understand the mechanisms behind DMD.

5.1 Analysis of histopathological markers showed variability among human
DMD biopsies and confirmed the more severe phenotype of R-DMDdel52
rats

It is well known that Duchenne muscles undergo changes during the progression of the disease
with degenerative-regenerative cycles (Blake et al., 2002), followed by accumulation of
fibrosis, alterations in fiber size and morphology, diffuse atrophy, inflammation, necrosis, and
fat tissue infiltration (Duan et al., 2021).

Affected boys appear clinically normal at birth; indeed, signs and symptoms usually become
apparent around 4-5 years old, when the disease is diagnosed. However due the variability of

phenotype, which may depend on the mutation, or on environment or treatment, the signs and
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symptoms could appear in the early childhood around 1-2 years old (Guiraud et al., 2015;
Mendell et al., 2012).

Disease progression in mdx is less severe than in patients. In adult mdx, fibrosis develops
extensively only in the diaphragm muscle and never reaches the severity of human disease
(Carnwath et al., 1987; Ardite et al., 2012). Keeping in mind the milder phenotype of the other
mdx skeletal muscles compared to diaphragm, we decided to use for our comparative analysis
the well characterized tibialis anterior muscle. Indeed, the available human biopsies are from
limbs skeletal muscle, so to be able to perform a proper comparison between human and animal

models we believed that TA muscles will be more appropriate.

The histopathological changes occurring during the progression of Duchenne muscular
dystrophy, were analyzed in both dystrophic rats and mice at different time points and in DMDs
and BMDs patients muscle samples divided in cohorts according to age.

A normal muscle is composed of fibres that are uniform in size, and polygonal in shape, while
DMD muscle present variable degrees of atrophy, hypertrophy and an increased myofiber size
variation (Blake et al., 2002). In mdx mice variation in size of the fibers appears in adulthood
(10 months old) (Ben Larbi et al., 2021), and in DMD patients the signs are usually visible at
4-5 years old (Guiraud et al., 2015).

In humans the heterogeneity in the myofiber size and in shape is visible by H&E staining. The
changes are evident at 4-year-old on, as described by Girauld et al. (Girauld et al., 2015).
However, differences in the calibre of fibers were found also in younger patients, in which the
control fibers result to be bigger (Duddy et al., 2015). In our cohort of DMD patients we also
observed a greater number of fibers with a reduced calibre compared to controls, confirming
the myofiber atrophy of DMD muscles (Duan et al., 2021). Importantly, compared to animal
models, human muscle samples showed a higher variability. The variability between samples
was also found in BMDs that develop a milder dystrophic phenotype than DMDs (Waldrop et
al., 2019). The high heterogeneity in fiber size quantified in each BMD biopsy, combined with
the low number of available samples, limited the analysis we can conduct on these samples.
Indeed, the variability is too high to be able to drive any conclusion. Identifying the bases of
such variability in both DMD and BMD samples is relevant for patient counselling, prognosis,
stratification in trials, and identification of therapeutic targets. Numerous studies have been
already conducted to elucidate the causes of this variability. For example, it has been seen that

the type of mutation could influence the severity of the disease (Zatz et al., 2014; Winnard et
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al., 1995; Wang et al., 2017; Muntoni et al., 1994; Aartsma-Rus et al., 2006). Indeed, patients
carrying isolated deletion of exon 45 of DMD gene show a milder phenotype compared to what
observed for other type of mutations (Pane et al., 2014; van den Bergen et al., 2014,
Dwianingsih et al., 2014). In our cohort, patients present different mutations, and this could
explain the high variability observed. The disease severity could also differ among patients with
different socio-economic conditions and environmental factors (Hufton et al., 2017).
Unfortunately, these data are often very difficult to obtain, limiting a better stratification of the
patients.

Finally, mutations in different genes have been associated with variability of the phenotype in
Duchenne muscular dystrophy, recently reviewed by Bello (Bello et al., 2019). For example,
mutation in SPP1, LTBP4, CD40 and THBS1 genes, implicated in inflammatory pathways, play
a role in influencing DMD severity (Bello et al., 2019). In the future, it would be useful to
perform further genomic analysis with the aim to identify novel disease-related genes and

correlate them with the muscle phenotype.

Regarding DMD rat and mouse animal models, we observed lower variability among each
individual and that myofiber morphological alterations in calibre are significantly different in
mdx mice compared to WT after 2 months of age, while in DMD rats these alterations appear
earlier. Also, we observed that the number of centrally nucleated fibers does not correlate with
the pathology progression in both rat and mouse DMD animal models, as well as in patients,
only a slight decrease was observed in the samples of higher age animals and patients. Centrally
nucleated fiber represents the fibers that underwent cycles of degeneration/regeneration (Narita
et al., 1999). Although without a clear trend, the number of fibers with internalized nuclei is
significantly higher in DMD samples (both from rats/mice and human) compared to
WT/controls, suggesting that regenerative and degenerative cycles are occurring in DMD

muscles independently of phenotype and age.

As already discussed, human sample variability reduces the statistical power of different
histological analysis and quantifications for a small sample size. Indeed, due to this high
variability, we were not able to appreciate an increase in fibrotic deposition with age in DMD
human samples. On the other hands, the increase of fibrosis was clearly observed in DMD rats,
while mdx muscles do not present a clear trend, as previously reported (Lefaucheur et al., 1995;
Ben-Larbi et al., 2020). Interestingly, fat tissue infiltration increases in both animal models as
well as in DMD patients over time, confirming previously data showing that the fat replacement
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occurs late in the disease in a progressive way (Collins et al., 2003; Blake et al., 2002). To
notice, mdx4cv muscles present only a very low percentage of fat tissue and at later stages (20
moths of age) as also showed by Ben-Larby in a cohort of mdx*®’ mice (Ben-Larbi et al., 2020).
Both fibrosis and fat infiltration were also assessed in Becker patients in which no significance
differences were observed compared to controls. Indeed, BMDs showed a mild muscle

phenotype compared with DMD samples.

5.2 Dystrophin “revertant fibers” increase over time
Duchenne muscles are characterized by the absence of dystrophin protein expression, excepting

some fibers that can present some level of dystrophin expression. These fibers are called
“revertant fibers” (Shahnoor et al., 2018). In our analyses we observed than in the first stages
of the disease in DMDs patients were not presents revertant fibers which start to be expressed

after 7 years old, when the worsening of the disease is progressing.

In animals carrying a null mutation in dystrophin gene, the presence of revertant fibers is rarely
occurring, and it increases with age (Lu et al., 2000). In our study, we reported a low percentage
of dystrophin-positive fibers in mdx, while this percentage was higher in DMD rats and it also

increases with age, reaching a percentage of circa 5%.

In literature, it is widely reported the notion that up to 50% of DMD patients presents revertant
fibers in a percentage from 1 to 6% (Hoffman et al., 1987; Nicholson et al., 1989; Nicholson et
al., 1990). Interestingly, there is a positive correlation between percentage of revertant fibers

and the age or the progression of the disease (Fanin et al., 1992; Fanin et al .,1995).

We also observed an increase over time in presence of fibers expressing dystrophin which is

consistent with the data previously cited.

Taking into account all these considerations, we can conclude that the expression pattern of

dystrophin-revertant fibers is more similar between DMD patients and our rat than mdx mice.

What is fascinating, it is that the molecular mechanisms at the base of the expression of
dystrophin ina DMD context are still unclear. Some hypotheses have been proposed as sporadic
alternative splicing events able to skip the mutation in the DMD gene or newly generated
mutations, occurring upon repetitive cycles of regeneration and able to correct the native
mutation (Crawford et al., 2001; McGreevy et al., 2015). Our future aim is to increase the

number of DMD patients, to be able to utilise other techniques to quantify dystrophin

PhD Doctoral thesis Nastasia Cardone 73



expression. We could, indeed, verify if there is a correlation between Dystrophin levels and

disease progression or severity.

5.3 Analyses of the behaviour of muscular satellite cells highlight their
exhaustion and the acquisition of senescence traits in DMD muscles

In patients with Duchenne muscular dystrophy, it is reported an impaired muscle regeneration
(Verhaart et al., 2019). The ability to regenerate muscle rely on muscle-specific stem cells
(MuSCs), also called satellite cells, which after muscle tissue damage activate and proliferate
to create a pool of myoblasts, able to differentiate in newly generated myofibers (Yin et al.,
2013). To elucidate the extent of muscle regeneration in our DMD animal models and in DMD
human biopsies we firstly quantified the number of regenerating myofibers over time. Our
analysis showed a decrease in the number of new formed fibers with the progression of the
disease in both animal models and also in DMD patients. These data are in agreement with
previous studies conducted on another DMD rat model (Sugihara et al., 2020) and on mdx mice
(vanPutten et al., 2019; Giraud et al., 2019).

Since satellite cells are responsible of muscle regeneration (Mauro et al., 1961; Dumont et al
2011; Boldrin et al., 2015), we decided to quantify the number of satellite cells in all our
samples, to understand if the decline in muscle regeneration is due to a loss of the pool of these

stem cells.

In DMD human muscles, is usually described an increase in the number of satellite cells (Maier
et al., 1999; Ishimoto et al., 1983) followed by alteration in differentiation (Kottlors et al.,
2010). Surprisingly in our patients we observed a slight decrease in the number of satellite cells
and alterations in their activation. These data could explain the decline observed along time in

muscle regeneration.

Conflicting data have been obtained regarding changes in the number of satellite cells in DMD
samples compared to controls, making hard to drive precise conclusions (Ben-Larbi et al., 2019;
Luz et al., 2002; Jasmin et al., 1984). In our study, we observed that the total number of satellite
cells was not diminishing over time in R-DMDdel52 rats, and it was higher compared to WT.
However, the activation of satellite cells is dropping starting from 3 months of age, correlating
with the lower number of regenerating myofibers. Also, in mdx mice the total number of SCs

was stable over time, with a decrease in their activation potential starting around 17 months old.
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The higher activation capacity of mdx SCs compared to DMD rats could explain the mild
phenotype of mdx mice. This hypothesis is strengthened by a previous study of Sacco et al.
(Sacco et al., 2010) in which it has been demonstrated that the milder mdx phenotype is
worsened if the satellite cells have shortened telomeres and thus a compromised regenerative

capacity.

All together this data suggest that SC play a key role in DMD progression and that they may
have crucial therapeutic implications for an effective DMD treatment.

Recently it has been showed that in an another DMD rat model, muscles satellite cells express
senescent markers (Sugihara et al., 2020), hence we decided to explore whether this event
occurred in mice and humans in addition to rats. The senescence markers we decided to
investigate are p16, p21 and the phosphorylation of the histone variant H2AX. These are all
well know senescence markers with p16 and p21 playing a role in cell cycle arrest, while the
gamma H2AX marks DNA damage that triggers the entry into senescence (Sharma et al., 2012,
Teramoto et al., 2021).

Mdx satellite cells started to express H2AX and P21 around 17 months of age and as slight
expression of P16 is observed. On the counterpart these senescent markers, P21, P16 and H2AX
were already observable in DMDdel52 rats SCs at 3 months of age and increased over time.
Also, in DMD patients we observed an increased number of SCs expressing P16, and H2AX

compared to control, while the expression of P21 was variable.

Senescence is involved in the progression of various diseases such as atherosclerosis (Childs et
al., 2016), hepatic steatosis (Ogrodnick et al., 2017), diabetes and others (Schafer et al., 2017).
The hypothesis is that senescent stem cells could be involved in the severity of Duchenne
phenotype, impinging on muscle regeneration. Senolytic drugs has been tested on DMD rats,
showing an improvement of muscle function and regeneration but the continuous activation of
SC could lead to the development of rhabdomyosarcoma (Teramoto et al., 2021; Karimian et
al., 2016; Sugihara et al., 2020). R-DMDdel52 better than mdx thanks to the early SC
senescence phenotype could be useful to further elucidate the biological significance of stem
cell senescence in DMD and to test new therapies that could modulate these aspects, favouring

the maintenance of muscle regeneration over time.
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5.3.1 Inflammation and FAPs could play a role in influencing satellite cell
behaviour and phenotype of DMD muscles

Alteration in satellite cell number and activation might be determined by extrinsic factors
constituting the muscle stem cell niche or microenvironment. Indeed, malfunction of geriatric
satellite cells was linked to the niche factors and rescued after being exposed to a young milieu
or serum (Carlson et al., 2005; Conboy et al., 2005; Brack 2007). In DMD, extracellular matrix
(ECM) proteins that form the fibrosis might influence the regeneration capacity of SCs
(Carlson et al., 1989; Zacks et al., 1982); indeed, we found a negative correlation between the
number of eMHC positive fibers and fibrosis.

Skeletal muscle mesenchymal progenitors also known as Fibro-adipogenic progenitors (FAPS)
are the cells mainly responsible of the secretion of ECM proteins constituting the fibrosis in
skeletal muscle (Judson et al., 2017; Joe et al., 2010). FAPs have been also associated with the
pathogenesis of Duchenne muscular dystrophy in mdx, because they contribute to the
perivascular cardiac fibrosis, exerting they fibro-genic action via transforming growth factor-
Bl (TGF-B1) (Uezumi et al., 2014; leronimakis et al., 2013). Herein we showed a high number
of FAPs in DMD rats skeletal muscle with increase with age, although the increased number of
FAPs compared to WT was not striking in mdx mice as it was for DMD rats and humans. This

could explain the different severity of the fibrotic phenotype between the two models.

Recently it has been discovered that TGF-f is associated with senescence phenotype (Tominaga
et al., 2019), and senescent cells not only cease the cell cycle but also secrete cytokines as TGF-
B (Coppe et al., 2010). Given the large presence of FAPs in DMD rat muscles, we might also
speculate that stem cell senescence may somehow depend on this signalling. Thus, giving a
dual role to the action of TGF-B in stimulating fibrosis production and in inducing cell

senescence.

High expression of TGF-B1 has been detected also in DMD patients (DePaepe et al., 2013) and
correlate with the severity of the phenotype (Song et al., 2017). This corroborates the hypothesis
that TGF-B1could be involved in the worsening of the phenotype and in the senescence of cells.
Fitting with this concept, the application of losartan, drug counteracting TGF-B1 activity, to

mdx mice has been shown to ameliorate differentiation and muscle regeneration with a
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reduction of fibrosis (Cohn et al., 2007). We suggest that further studies are needed to better

understand the correlation between TGF-1 and DMD pathological and molecular mechanisms.

Moreover, inflammatory cells, mainly macrophages, are another source of TGF-B1 (DePaepe
et al., 2013). A previous study on rats, demonstrated a high number of CD45+ cells in rat
skeletal muscle, and improvements in the phenotype after anti-CD45 antibody treatment
(Ouisse et al., 2019). Inflammatory infiltrates are highly presents in R-DMDdel52 at 3 months,
followed by a decrease in their number with the disease progression. While in mdx mice we
observed a constant increase in the number of inflammatory cells. We could explain the
decrease in CD45+ cells observed in DMD rats after 3 months of age by the fact that the skeletal
muscles begin to be replaced by fibrotic and fat tissue, leading to a decrease in the contraction
activity of the muscle, and in the myonecrosis that recruits the inflammatory cells. On the other
part, in mdx mice the muscles are less affected. Also, several studies have demonstrated that
immunity cells could ameliorate lesions in the muscle. Training induces inflammation in
muscles (Gordon et al., 2012), and in trained muscles the transcription of genes involved in the
switch from pro- to an anti- inflammatory macrophage has been observed (Gordon et al., 2012).
For example, NF-KB-binding activity, that promotes pro-inflammatory gene expression, has
been found downregulated in muscles following adaptation to exercise (Xin et al., 2014). On
the other side, up-regulation of the chemokine CCL2, which is the monocyte recruiter, may
enhance processes involved in muscle repair (Hubal et al., 2008; Deyle et al., 2016). Further
studies are necessary to elucidate the expression of these chemokines in mdx muscles and to
understand if the presence of the inflammatory cells could play a role in softening the severity

of the disease.

It is important also to emphasize that the sequence and timing of muscle inflammation phases
are critical for muscle regeneration (Chazaud et al., 2016). All the subsequent phases of
inflammation are parts of the recovery process occurring after injury. Indeed, prolonged
presence of pro-inflammatory macrophages in dystrophic muscles (Ben Larbi et al., 2021),
contribute to the establishment of chronic inflammation and fibrosis with a consequent

regeneration impairment (Yahiaoui et al., 2008).

Also, chronic inflammation may play a role in inducing senescence. Indeed, senescence can be
induced by several genotoxic stressors and damaging stimuli such as DNA damage, and
oxidative stress (Pole et al., 2016; Hernandez et al., 2018). Persistent inflammation in Duchenne

muscles leads to chronic damage resulting in accumulation of oxidative stress (Terril et al.,
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2016). Progressive increase in oxidative stress levels have been found in Duchenne patient
muscles (Petrillo et al., 2017).

Oxidative stress is characterised by the formation of free radicals that damage important
biological molecules. These are therefore considered to be highly dangerous particles, as nitric
oxide (NO) (Jones 2008). NO is a gaseous molecule secreted by endothelial cells when
vasodilatation is needed in capillaries (Robbins et al., 1997). NO is also produced by the
muscular enzyme, NO synthase (n-NOS), which normally binds proteins belonging to
dystrophin complex. Lack of dystrophin lead to a delocalization of n-NOS floating in the
cytoplasm with alterations in its functions (Brenman et al., 1995; Crosbie et al., 2002). During
exercise when oxygen is needed, muscle ischemia may occur in Duchenne muscle (Sander et
al., 2000), and NO may be involved in misregulation of the vascular supply (Crosbie et al.,
2001). However, we did not observe any alterations in the number of vessels in Duchenne
muscles, but we show an interesting correlation between the number of vessels and the number
of activated satellite cells. This reinforces the knowledge of an existing cross-talk between
vascular niche and SCs (Verma et al., 2018) and it is in line with previous studies that have
shown that an higher vascular density is increasing SC number in mdx mice (Matsakas et., al
2013; Verma et al., 2010). Altogether this data suggests that in DMD muscles there are not

major vascular alteration and that vessels can have a pro-myogenic influence on the muscles.

5.4 Functionals studies showed more severe phenotype of R-DMDdel52 rats
compared to milder phenotype of mdx*®’ mice

We decided to perform muscle functional studies on the two models with the aim to compare

the muscle strength and respiratory capacity.

To assess skeletal muscle performance in vivo, we measured both muscle strength and

endurance of performing respectively the forelimb grip test and the treadmill until exhaustion.

The grip test highlighted loss of strength in both animal models in comparison with the
respective 6 months WT controls. However, the decreased muscle strength observed in 6 and
20 mdx months old mdx mice was less strikingly than the one observed in R-DMDdel52 rats.
Also, the decrease in the maximal force applied by R-DMDdel52 rats was bigger than those
observed in another DMD rat model (Larcher et al., 2014).
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Regarding the treadmill test, different protocols have been already used to analyse the
consequences of exercise in mdx animals, and often the differences between 20 months old
mdx and age-matched WT were not significant, confirming the mild phenotype of these models
(Radley-Crabb et al., 2011; Zelikovich et al., 2019; Capogrosso et al., 2017).

In agreement with these previous publications, treadmill test conducted on 20-month-old mdx
mice compared with aged-matched controls, did not reveal any differences between the two
groups. On the other side much younger R-DMD-del52 rats (6 months) were unable to run as
the same extent of WT rats showing a strong impairment in exercise capacity and advanced

muscle weakness.

Duchenne muscular dystrophy is associated with respiratory impairments, which lead to the
need of ventilators (Gozal et al., 1999). Decreasing of respiratory functions in DMD patients is
progressive (Gayraud et al., 2010, LoMauro et al., 2010) and they are a consequence of
abdominal, diaphragm and intercostal muscle weakness (LoMauro et al., 2018; Ishizaki et al.,
2008). In adult (20 months old) mdx mice the respiratory capacity was compromised with
increased respiratory rate and a decreased total inspired volume. Moreover, it has been
demonstrated that double knockout (mdx/Sgcg 7~ and mdx/utrn*) mice showed a worse
impairment of respiratory functions compared to mdx mice demonstrating the existence of
compensatory effects in mdx mice that attenuate the severity of the disease (Roberts et al., 2014;
Huang et al., 2011). Burns et al. assessed the respiratory capacity in mdx mice during
hypercapnic hypoxia showing that mdx mice preserve the ventilatory capacity, which
demonstrate again the mild respiratory impairment in those mice despite the weakness of the
diaphragm which is the most severely affected muscle in mdx mice (Ishizaki et al., 2008; Burns
et al., 2019). Whole body plethysmography performed on 20 months old mdx and 6 months old
R-DMDdel52 rats show that DMD rats develop a wider respiratory impairment compared with
mdx mice. Tidal volume (TV) and time of expiration, main indicators of muscle elasticity, were
found to be significantly decreased in R-DMDdel52 rats comparing to WT, but not in mdx mice
that showed only a slight decrease in the TV. This could suggest that the diaphragm of rats
together with abdominal, and intercostal muscles is weaker and more affected than the one of

mdx mice.

Another parameter used to assess respiratory impairments is the Penh (enhanced pause), that

reflects respiratory functions and bronchoconstriction (Burns et al., 2019). We observed a high
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increase of Penh in R-DMDdel52 rats compared with WT littermates, while its increase in mdx

mice was less evident.

Another important point confirming the severity of disease in R-DMDdel52 rats is the
significantly reduced lifespan. It is well known that mdx mice have a normal lifespan (McGeevy
et al., 2015). While the DMD rats did not survive beyond 14 months of age, while the life
expectancy of WT rats is around 24 months old. This strongly corroborates the evidence of the

milder phenotype of the mdx mice.

With these functional results combined with life expectancy we can assert the milder phenotype
of the mdx mice compared to the newly developed DMD rats which shows a much more severe
phenotype, with reduced exercise capacity as well reduced respiratory functions. Since
corticosteroid treatment is proven to delay respiratory impairment in DMD patients with
extended life expectancy (Machado et al., 2012), through molecular mechanisms not fully
understood, we suggest that R-DMDdel52 could be a good model to further elucidate these

aspects.
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6. CONCLUSIONS

Results obtained in this thesis showed the severe dystrophic phenotype of a new generated
DMD rat model (R-DMDdel52) and confirmed the mild phenotype observed in mdx mice.
Indeed, R-DMDdel52 rats showed an earlier and progressive deterioration of muscle
morphology and function culminating in a more exacerbated phenotype compared to mdx mice.
Indeed, mdx mice reach the severity observed in R-DMDdel52 rats only at advanced age (more
than 17 months). Regarding the human biopsies we have collected and used in this study, the
variability of phenotype developed by each DMD patient is sometimes too high to be able to
drive clear conclusions. This variability may depend on a multitude of factors, such as genetic
mutations, or epigenetic. Although the hard interpretation of the data obtained from human
samples, our study reveals that R-DMDdel52 rat model recapitulates the major hallmarks of the
human disease better than mdx4cv mice and could be used as a valuable and reliable model for
DMD. Moreover, it can be considered as a preclinical model for the study of safety and
efficiency for future novel DMD therapies. Also, R-DMDdel52 rats can be used for further
studies to better elucidate the mechanisms behind the pathogenesis of Duchenne muscular

dystrophy.

Another important conclusion highlighted by our study is the importance of muscle stem cells
in the progression of Duchenne muscular dystrophy. We demonstrated that they become
senescent, in the animal models as well as in humans, and this might explain the inability to
repair the tissue damage occurred with the DMD. Thus, we suggest that stem cell senescence

could be a crucial target for the development of future treatments.

At this point, we can speculate that niche extrinsic factors might be involved in the
dysregulated behaviour occurring in satellite cells, rather than an intrinsic defects of satellite
cells. Indeed, in mdx4cv mice with a milder muscle phenotype, the senescence of SCs is
occurring much later during the progression of the disease. Thus, the role of inflammatory
pathways as well as of fibrotic deposition in influencing the entry of SCs into a senescence state

need to be deeper studied, as follow-up of our study.
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