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Summary

Inherited cardiomyopathies are a heterogeneous group of cardiac disease characterized by
functional and structural alteration of myocardium, representing the major cause of morbidity
and mortality over the past two decades. Recently, extensive genetic screenings have
highlighted the importance to expand our knowledge regarding the effects that specific
mutations cardiomyopathies-associated have on contractile functionality of the heart.
Therefore, focused and specific pharmacological treatments for cardiomyopathies are missing,
considering all the different clinical manifestations observed in the various forms of
cardiomyopathies, including hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy
(DCM), the two most widely represented forms of these cardiac diseases. In this context, human
pluripotent stem cells-derived cardiomyocytes (hiPSC-CMs) are a powerful model of study to
investigate the pathological mechanisms underlying these diseases, allowing to preserve the
genetic heritage of patient and then model satisfactorily inherited cardiomyopathies. Moreover,
hiPSC-CMs enable pharmacological in vitro testing and functional investigations, identifying
specific drug interventions to address the pathological alterations caused from specific
associated mutations. Despite this potentiality, electrophysiological and mechanical immaturity
of hiPSC-CMs represent a limitation on their use. In recent years, new methods to induce their
maturation were developed, including micropatterned substrates and engineered heart tissues
(EHTs), to promote cellular elongation and maturation. In particular, up of 60% of HCM cases
are caused from mutation occurring in B-myosin heavy chain (-MHC) and myosin-binding
protein C (MYBPC3). Then, in this work we used hiPSC-CMs to model HCM end DCM, by
using different hiPSC lines derived from patients carrying B-MHC and MYBPC3 mutations, to
investigate the main pathological characteristic associated to this disease. Also, we used four
different hiPSCs line derived from patients affected from dilated cardiomyopathy associated to
Duchenne Muscular Dystrophy (DMD), resulting in total absence of dystrophin. In the first part
of this work, we elucidated that specific micropatterned substrates with different stiffness could
strongly affect calcium handling and electrophysiological features of DMD cardiomyocytes in
comparison to control. In fact, the absence of full-length dystrophin in DMD patients induce
pathological modifications due the lack of interaction between intracellular environment and
extracellular matrix (ECM), resulting in calcium handling abnormalities and alterations in
sarcoplasmic reticulum (SR) re-uptake. Moreover, a deficit of diastolic calcium mobilization
occurs in dystrophin-deficient cardiomyocytes. Based on this evidence, EHTs were derived
from HCM and DMD lines, as previously described, to more closely mimic the physiological
myocardium. More in detail, we performed contractile force recording and action potential
evaluation by using a confocal microscope using HCM lines carrying c¢.772G>A variant in
MYBPC3 gene, highlighting an effect of this mutation on cross bridge cycling end contractile
properties of HCM-EHTs. In addition, we performed chronic treatment with Mavacamten, an
allosteric myosin inhibitor, on HCM-EHTs showing a significant decrease of contractile force
development in HCM-EHTs treated compared to basal. Moreover, we performed mechanical
evaluation, via calcium transient measurements and In Vitro Motility Assay (IVMA) on myosin
isolated from hiPSC-CMs carrying R403Q mutation, resulting in a particularly severe form of
HCM, showing calcium handling modification and impaired contractility in mutated
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cardiomyocytes compared to control. Therefore, in the second part of this work, we evaluated
DMD-EHTs derived from four patients, carrying mutation that result in total absence of full-
length dystrophin (Aexon 46-48, Aexon 50, Aexon 51, Aexon 49). Also, contractile force
measurements were performed on DMD-EHTs, demonstrated a reduction of active tension
exerted from DMD tissues in association to kinetics preserved. Finally, Dapagliflozin, a novel
type 2 sodium glucose cotransporter inhibitor, that act “off-label” bringing various beneficial
effects at cardiovascular level through effects still unknow. For these reasons, we performed
acute treatment with Dapagliflozin (1 and 5 uM) on DMD-EHTs and cardiomyocytes isolated
from human surgical samples, highlighting an increase of active tension in DMD-tissues treated
compared to untreated. Moreover, a reduction in action potential duration (APD) occur in HCM
cardiomyocytes compared to basal conditions. Overall, these results provide evidence that,
although there is different phenotypical manifestation in different inherited cardiomyopathies,
specific pathological mechanisms could be in common, including calcium handling and
electrophysiological alterations. These mechanisms can be exploited to performed specialized
patient-specific medicine, to improve the knowledge on these genetic disorders, establishing
the basis for ever more innovative pharmacological treatments.



Chapter 1



INTRODUCTION

1.1 Inherited cardiomyopathies

Cardiomyopathies are a class of heterogeneous cardiac disorder characterized by marked
structural and functional myocardium alterations. Cardiomyopathies remain currently the
main causes of morbidity and mortality in young people around the world, representing an
emerging health epidemic of the 21% century (Hariharan et al., 2011). The term
“cardiomyopathy” was first used in 1957 by Brigden, who described a group of uncommon,
non-coronary myocardial diseases (Brigden W. et al. 1957). Usually, cardiomyopathies have
been described as associated with heart failure, arrythmia and sudden cardiac death (SCD).
Recently, the detection of cardiomyopathies in patients has increased due the advances in
imaging techniques and clinical practice, although the majority of patients are still likely to be
undiagnosed or misdiagnosed. The American Heart Association introduced a classification in
two major categories: (I) primary cardiomyopathies, which can be genetic, acquired, or mixed
in aetiology, and are caused by cardiac disorders; (II) secondary cardiomyopathies, developed
as a result of various conditions, such as ischemia, infection, inflammation, stress or abuse of
toxic substances. Genetic cardiomyopathies may derive from specific chromosomal anomalies
resulting in cardiac dysfunction and are genetically heterogeneous, characterized by mutations
that may occur in multiple genes, including B-myosin heavy chain, cardiac myosin binding
protein C, troponin I and many others. Instead, the acquired forms involve non-genetic causes
that can affect myocardium, such as hypertension, coronary heart disease, heart valve disorders,
diabetes, alcohol and drug abuse or chemotherapy drugs. Finally, mixed cardiomyopathies may
derive from a combination of genetic and non-genetic alteration. However, despite the efforts
made to classify all the various cardiomyopathies, this classification system is imperfect and

overlaps often occur (Maron BJ et al., 2006).

Recently, based to functional and morphological features, a new classification for
cardiomyopathies was developed. According to this subdivision, cardiomyopathies are
classified in hypertrophic cardiomyopathy (HCM), the most common inherited
cardiomyopathy, dilated cardiomyopathy (DCM), one of the main causes of heart failure in the
young (Richardson P. et al., 1996), and restrictive cardiomyopathy (RCM), a rare heart-muscle
disease characterized by stiffness of ventricular wall that led diastolic dysfunction (Maron BJ

et al., 2006). Finally, arrhythmogenic ventricular cardiomyopathy (ARVC) is characterized by



the substitution of cardiac tissue with fibrofatty tissue, resulting in the development of

arrhythmia, especially in young patients (Maron BJ et al., 2006).
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Figure 1. Classification of cardiomyopathies. European Society of Cardiology. Cecchi F, Tomberli B, Olivotto L.
Clinical and molecular classification of cardiomyopathies, Global Cardiology Science and Practice 2012:4
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Table 1. Hypertrophic cardiomyopathy.

FAMILIAL Unknown gene

Sarcomeric protein disease £ myosin heavy chain, Cardiac myosin binding protein C Cardiac troponin |,
T and C, a-tropomyosin, Essential myosin light chain, Regulatory myosin light chain,
Cardiac actin, a- myosin heavy chain, Titin

Glycogen storage diseases (e.g. GSD || (Pompe’s disease); GSD Il (Forbes' disease),
AMP kinase (WPW, HCM, conduction disease)

Lysosomal storage diseases (e g Anderson-Fabry disease, Hurler's syndrome)

Disorders of Fatty Acid Metabolism Carnitine, Phosphorylase B kinase deficiency

Mitochondrial cytopathies (e.g. MELAS, MERFF, LHON)

Syndromic HCM Noonan's syndrome, LEOPARD syndrome, Friedreich's ataxia,
Beckwith-Wiedermann syndrome; Swyer’s syndrome (pure gonadal dysgenesis)

Other: Muscle LIM protein Phospholamban promoter Familial Amyloid

NON-FAMILIAL
Obesity; Infants of diabetic mothers; Athletic training; Amyloid (AL / prealbumin)

Table 2. Dilated cardiomyopathy.

FAMILIAL, unknown gene
Sarcomeric protein mutations {see HCM)
Z band : Cypher/Zasp, Muscle LIM protein, TCAP
Cytoskeletal genes: Dystrophin, Desmin, Metavinculin, Sarcoglycan complex, CRYAE, Epicardin
Nuclear membrane: Lamin A/C, Emerin
Mildly dilated CM
Intercalated disc protein mutations (see ARVC)
Mitochondrial cytopathy

NON FAMILIAL
Myocarditis (infective/toxic/immune)
Kawasaki disease
Eosinophilic (Churg Strauss syndrome)
Viral persistence
Drugs, Pregnancy, Endocrine
Nutritional: thiamine, carniting, selenium, hypophosphataemia, hypocalcemia.
Alcohol
Tachycardiomyopathy



http://dx.doi.org/10.5339/gcsp.2012.4

Table 3. Restrictive cardiomyopathy.

FAMILIAL, unknown gene
Sarcomeric protein mutations: Troponin | (RCM +/— HCM), Essential myosin light chain
Familial Amyloidosis Transthyretin (RCM + neuropathy)
Apolipoprotein (RCM + nephropathy)
Desminopathy
Pseuxanthoma elasticum
Haemochromatosis
Anderson-Fabry disease
Glycogen storage disease
Endomyocardial fibrosis (Familial) (Fusion FIP1-like-1 / PDGFRA genes)

MNON FAMILIAL
Amyloid (AL/prealbumin)
Scleroderma
Endomyocardial fibrosis
Hypereosinophilic syndrome, |diopathic chromosomal cause
Drugs: serotonin, methysergide, ergotamine, mercurial agents, busulfan, anthracyclines
Carcinoid heart disease, Metastatic cancers, Radiation

Table 4. Arrhythmogenic right ventricular cardiomyopathy.

FAMILIAL, unknown gene

Intercalated disc protein mutations: Plakogzlobin,
Desmoplakin
Plakophilin 2
Desmoglein 2
Desmocollin 2
Cardiac ryanodine receptor (RyR2)
Transforming growth factor-£3 (TGFS3)

NOMN FAMILIAL
Inflammation?

Table 5. Unclassified cardiomyopathies.

FAMILIAL unknown gene
Left ventricular non-compaction:
Barth Syndrome
Lamin AfC
ZASP
a-dystrobrevin
NON FAMILIAL
Takotsubo cardiomyopathy

Figure 2. Mutations associated to inherited cardiomyopathies. Cecchi, Tomberli & Olivotto. Global Cardiology

Science and Practice, 2012.

1.1.1 Hypertrophic Cardiomyopathy
Hypertrophic cardiomyopathy (HCM) is the most common inherited global heart disease, with
a prevalence of 1:200-1:500 in the general population. However, the prevalence of HCM has
been underestimated for years. In fact, the classic diagnostic techniques, such as the
echocardiogram, have a lower sensitivity than magnetic resonance imaging (MRI) (Maron B.J.
et al., 2012), and MRI has only recently been introduced in the standard medical practice for

the diagnostic workup of such patients. Moreover, HCM can remain asymptomatic or
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paucisymptomatic for a long time before to being diagnosed, thus delaying the diagnosis,
especially in young patients.

HCM is characterized by a very variable genetic expression and phenotypes and affects both
genders and many ethnic groups around the world (Maron BJ at al., 2022). The main evidence
of HCM is the abnormal thickening of the ventricular walls of myocardium, resulting in the
reduction of the internal cavities and impairing the contractile capacity of the heart. In
particular, HCM is defined by the presence of increased left ventricular (L'V) wall thickness; for
adults, >15 mm in one or more LV myocardial segments, that is not solely explained by
abnormal loading conditions (e.g. valve diseases or severe hypertension). This ventricular
thickening can further be classified as mild (13-15 mm) or extreme (> or = 30 mm) (Nistri S.
et al. 2006) (Iacopo Olivotto et al. 2003). Usually, this condition affects mainly the left ventricle
and only in rare cases also involves the right ventricle (Polakit Teekakirikul et al, 2019), with a
distribution of hypertrophy that is largely variable, affecting interventricular septum, apex or
mid-cavity of myocardium. The diagnosis of hypertrophic cardiomyopathy is based on
echocardiography (ECHO) or cardiac magnetic resonance (CMR). Classically, QRS complexes
with ST depression and severe T wave inversion occurs in HCM patients, although alteration
in the electrocardiographic exams may not be present at the debut of the disease (Hariharan R.
etal., 2011).

Moreover, HCM leads to specific cellular alteration and histological features, including
cardiomyocyte hypertrophy and disarray, triggering the onset of cardiac arrhythmias and
myocardial fibrosis, ultimately resulting in significant cardiac complications. The hypertrophy
is also frequently associated with left ventricular diastolic dysfunction. Patients affected by
HCM can present highly variable clinical manifestation that include exertional chest pain and
breathlessness, palpitations, dyspnea, asymptomatic murmur, syncope, culminating in sudden
cardiac death (SCD) (Hensley N. et al, 2015).

In addition, hypertrophic cardiomyopathy can be divided into two main subtypes:

o  Obstructive hypertrophic cardiomyopathy, that involves a severe impediment to blood

leakage from the left ventricle;

e Non-obstructive hypertrophic cardiomyopathy, where blood flow from the left ventricle

is only moderately reduced.
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Depending on the severity of the hypertrophy, HCM patients may also develop diastolic
dysfunction, myocardial ischaemia, or mitral regurgitation. Approximately, about two thirds of
patients (70-75%) affected by HCM will develop left ventricular (LV) outflow tract obstruction
(LVOTO). The development of the obstructive or non-obstructive form of hypertrophic
cardiomyopathy is determined from the presence of an important thickening extended also to
the interventricular septum. This condition is characterized by a partial obstruction in the left
ventricular blood outflow, causing hemodynamic adverse events, associated with acute heart
failure symptoms exacerbated by physical exertion (Ommen S.R. et al., 2020).

HCM has been defined primarily as a “disease of the sarcomere” (B. J. Maron, 2012, Semsarian
2012), counting more than 1500 mutations in 11 genes encoding fundamental proteins involved
in the function of the thin and thick filaments of the cardiac sarcomere. During the past two
decades, several genetic studies were performed to assess the pathogenesis of HCM, providing
new perspectives for the diagnosis, treatment and management of patients. In this contest, the
importance of gene defects in the aetiology of primary cardiomyopathies has been recognized.
To date, several genes were discovered as genetic causes for HCM, the majority of which
affecting the sarcomere, including the beta-myosin heavy chain, the myosin-binding protein C,
troponin I and T. In other cases, HCM is caused from different genetic disorders, such as
neuromuscular diseases (Friedreich ataxia), inherited metabolic disorders (Barth syndrome) or
genetic disease (Noonan syndrome). Moreover, non-sarcomere mutations occur in genes
encoding proteins of the Z-disk and calcium modulators have also been identified.

Typically, mutations that occur in sarcomere genes are single nucleotide substitutions, that
impact the sarcomere functionality exerting a dominant negative effect. The only exception is
represented by MYBPC3 mutations, which are mainly deletions or insertions that may result
into a truncated protein with an altered function, leading to absolute deficiency of MyBPC
protein, the so called “haploinsufficiency” (Marston et al., 2009).

Most HCM-related mutations ¢80%) are identified in the MYH?7 gene, located in locus 11p11.2,
and in the MYBPC3 gene, located in locus 14q11.2, providing instructions for the beta (B)-
myosin heavy chain and for cardiac myosin binding protein C (cardiac MyBP-C), respectively
(Maron BJ et al., 2013).

Moreover, TNNT2 gene mutations, encoding for cardiac muscle troponin T of thin filament,
represent 5-10% of cases encountered in association with HCM, and mutation in TNNT3 gene,
coding for troponin I represent 4-8% of cases. In addition, rare mutation in genes encoding for
regulatory myosin light chain (MYL2), essential myosin light chain (MYL3), a-tropomyosin
(TPM1) and a-cardiac actin (ACTC1) have also been described. Unfortunately, in 40-55% of
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HCM patients, the genes involved in the pathogenesis of this disease remain unidentified
(Marian AJ et al., 2017).

Several studies on patients subjected to sudden cardiac death (SCD) have shown that sarcomere
mutations associated with HCM favoured the presence of a myocardial structural remodelling,
leading a severe alteration of the microcirculation. This functional alteration may promote the
occurrence of ischemia and the onset of interstitial fibrosis in HCM myocardium (Maron MS

et al., 2009).

Hypertrophic
Cardiomyopathy

Figure 3. Morphological alteration of myocardium in hypertrophic cardiomyopathy (HCM).

At the molecular level, the excessive formation of actin-myosin cross-bridge in the sarcomere
during the systolic phase can drive an excessive cardiomyocyte energy consumption, leading
to the onset of hypertrophy and myocardial dysfunction (Edelberg JM et al., 2022).

Among the possible consequences of the energy depletion in HCM, one of the major issues is
the impairment of Ca®" reuptake to the sarcoplasmic reticulum, due to the extreme energy
requirements of the cardiac SERCA pump (He et al. 2007; Spindler et al. 1998). In addition,
elevated diastolic intracellular [Ca®"] and impaired function of other ion transporters could
make the myocardium vulnerable to arrhythmias. In fact, previous studies on patch clamp and
intracellular Ca**, performed on cardiomyocytes isolated from human surgical sample of HCM
patients, highlight an impairment of electromechanical profile of cardiomyocytes (Coppini et
al. 2013). In particular, HCM cardiomyocyte were more vulnerable compared with controls,
showing a prolongation of action potential (AP) in association with an increase of late Na*
(INaL) and Ca?" currents. Also, changes in potassium repolarizing currents were identified, in
particular the "Transient Outward" (I;o) and the "Inward rectifier" (Ix1) currents, determined by
areduced expression of the genes encoding the respective channels (Coppini et al. 2013). These
pathological modifications increase the probability of occurrence of "early after

depolarizations" (EADs), spontaneous depolarizations occurring during the plateau phase of the
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AP, associated with a reopening of Na" and Ca®" channels before the completion of
repolarization (Maron et al. 2006): EADs are considered among the main responsible for
ventricular arrhythmias in HCM (Yan et al., 2001). In addition, HCM cardiomyocytes showed
alterations in diastolic calcium concentration, with slowed down calcium transient kinetics and
increased intracellular ion concentrations. These observations suggest that HCM may lead to

marked changes in the excitation-contraction coupling mechanisms (Coppini et al. 2013).

Genetic defects causing HCM Morpho-functional remodelling Arrhythmic events
—
-
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Figure 4. Electromechanical remodelling in hypertrophic cardiomyopathy (HCM) cardiomyocytes. Sarcomere
mutations cause an increase in intracellular Ca’" that lead an increase of reactive oxygen species production,
resulting in the activation of Ca’*/calmodulin kinase II (CaMKII); increased phosphorylation of its downstream
targets (Ca** channel, ryanodine receptor, phospholamban, Na* channel) is responsible for the abnormalities

observed in HCM cardiomyocytes, including increased Inar.

1.1.2 Cardiomyocytes cellular physiology

Cardiac muscle fibres are comprised of distinct cellular units connected with each other through
specialized areas of interdigitating cellular membrane called “intercalated discs”, involving
adherent junctions, desmosomes and gap junctions, that allow the transmission of mechanical
force in a synchronous mode. Cardiomyocytes are surrounded by the sarcolemma and the
intracellular environment contains bundles of longitudinally arranged myofibrils with
characteristic striated appearance, formed by repeating sarcomeres. The sarcomere is the
fundamental structural and functional unit of cardiac muscle consisting of thick and thin
filaments (Figure 5), composed by myosin, myosin binding protein C, H and X and cardiac
actin, -tropomyosin, and troponins C, I, and T, respectively. Each sarcomere is constituted of
an A-band, localized where thick and thin filaments overlap, with a central M-line, comprising

thick filaments only. Moreover, I bands are localized at each side of the A band. Sarcomere
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scaffold is provided by the giant protein titin, spanning between the Z and the M lines,

representing the major determinant of the elastic properties of cardiac myofibrils.
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Figure 5. Sarcomere structure during muscle contraction.

In the myocardium, the force exerted by sarcomere is regulated by modification in beat
frequency, sarcomere length, intracellular calcium and phosphorylation of sarcomere protein,
such as troponin I, titin and myosin-binding protein C (Toepfer CN et al., 2016). When a
cardiomyocyte is required to exert a greater contraction force, there is an increase in the number
of myosin heads available for cross-bridge formation with actin, leading to increased ATP
consumption (Toepfer CN et al., 2016). An efficient myocardial performance depends on two
myosin conformations, super relaxed state (SRX), in which both ATP-binding domains are
sterically inhibited and unable to bind actin, and a disordered state (DRX), where only one
myosin head is available to hydrolyse ATP and interact with actin (Alamo L. et al., 2017). In
addition to these two main conformations, researchers have discovered a folded-back structural
state of myosin, which is termed “interacting-heads motif” (IHM), where the two-myosin sub
fragment 1 (S1) heads of myosin asymmetrically interact with one another and fold back onto
its sub fragment 2 (S2) tail (Woodhead et al., 2005; Zoghbi et al., 2008; Wendt et al., 1999)
(Fig. 6).

Hypertrophic cardiomyopathy mutations may disrupt the balance between the two-myosin
conformation, resulting in an alteration of cardiomyocyte contraction and metabolism,

increasing the risks of cause heart failure and atrial fibrillation. In fact, previous finding provide

15



evidence that HCM mutations, such as MYH7 and MYBPC3, may alter the distribution of

myosin states in the myocardium (Alamo L. et al., 2017).
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Figure 6. Schematic representation of the possible different functional states of myosin: actin-bound myosin, in
green, DRX state of myosin, in orange, and SRX state, in red. The SRX state of myosin could be due to either a

traditional IHM state or a non-IHM state (To lie or not to lie: super-relaxing with myosins, Nag S. et al., 2021)

1.1.3 The role of HCM mutations on myocardium function

In addition to the main components of thick and thin filaments, several other structural and
regulatory proteins are involved in the maintenance of sarcomere structure and function. The
most common mutations associated with HCM occurs in the myosin-binding protein C
(cMyBP-C) and B-myosin heavy chain (B-MHC), encoded by MYBP3 and MYH7 genes,
respectively.

In this thesis, we will focus on cMyBP3 and MYH7 mutations, to investigate the effect of these
alteration on the HCM pathogenesis.

Identified from Starr and Offer over 30 years ago, myosin-binding protein C (MyBP-C) is a
sarcomeric thick filament protein consisting of 1274 amino acid residues (149 kDa), interacting
with titin, myosin, and actin to regulate sarcomeric assembly (Barefield D. et al., 2009).

Encoding by distinct genes, three isoforms of MyBP-C exist: fast-skeletal, slow-skeletal and
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cardiac muscle-specific (Yamamoto K. at al., 1983), with the cardiac isoform being exclusively
expressed in the heart (Fougerousse F. et al., 1998).

MyBP-C is localized at level of sarcomere, transversally, in the C-zones of A bands and forms
transverse strips of~43 nm, consisting of immunoglobulin (IgC2-like) and fibronectin (FN3)
domains (Schlossarek S. et al.,, 2011). This protein interacts with multiple sarcomere
components through specific domains. The interaction with the S2 fragment of myosin is
mediated by the MyBP-C motif (Gruen M. et al., 1999); the interaction with the light
meromyosin (LMM) via the C10 domain (Gilbert R. et al., 1999) and the link with titin is
mediated by the C8—C10 domains (Freiburg A. et al., 1996). The precise organization of
cMyBP-C within the sarcomere is still not completely understood, although the most accredited
model is represented by the “trimeric collar” model (Winegrad S. et al., 1999). In this model,
the C5—C10 domains, localized in three staggered parallel cMyBP-C molecules, surround the
myosin filament. In fact, previous finding on isolated thick filaments suggests a role of cMyBP-
C in myosin filament assembly and stability (Koretz JF. Et al., 1979).

In myocardium contractility, the functional role of cMyBP-C is the maintenance of myosin
heads close to the thick filament backbone, acting as physical impediment and reducing the
probability of the acto-myosin cycle during diastole. In fact, the absence of cMyBP-C results
in left ventricular hypertrophy, cardiomyocytes disarray and diastolic function (Harris S.P. et
al., 2022). The cMyBP-C binding to the other sarcomere proteins is regulated by the
phosphorylation that occur on the M domain, containing three serine residues (S275, S284, and
S304), targeted by cAMP-dependent protein kinase (PKA) or other protein kinases (Hartzell
and Glass 1984); (Gautel et al. 1995). The main function of cMyBP-C is the regulation of cross-
bridge formation, alternating the phosphorylated to the dephosphorylated state: when cMyBP-
C is phosphorylated, induces a reduction of the interaction with thick filament heads, promoting
cross-bridge formation; instead, the de-phosphorylated state promotes the bind to myosin S2

and limit cross-bridge formation.
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Figure 7. Role of cMyBP-C in sarcomere structure.

Therefore, considering its important function in cardiac contractility, mutations of cMyBP-C
can greatly affect the functionality of the myocardium. In fact, hundreds of mutations in the
MyBPC3 gene are the leading causes of hypertrophic cardiomyopathy (Wang H. et al., 2010).
One of these pathogenic mutations, the ¢.772G>A has been reported as a pathological mutation
in HCM patients. This mutation is caused by a missense substitution of the ammino acid lysin
with a glutamic acid at position 258 (p. Glu258Lys, E258K), resulting in an exon skipping
mechanism that impair spicing process (Singer et al. 2019). E258K mutation occurs in the last
residue of the C1 IgC2 domain (L. Carrier et al. 1997), resulting in the weakening of the
interaction between the C1 domain of cMyBPC and the S2 segment of myosin (Govada et al.
2008). The ¢.772G>A: MYBPC3 mutation acts to a mechanism of protein haploindufficiency
as many MYBPC3 mutations in HCM. This results in a reduced regulation of myosin due to
the reduced interaction between cMyBPCs and myosins. Several studies highlighted that this
process may cause an acceleration of the contractile kinetics, increasing contraction force and
an increased probability of cross-bridge formation (De Lange et al. 2013). For these reasons,
HCM patient carrying E258K mutation show an important systolic dysfunction and a severe
disease progression (Gajendrarao et al. 2015).

More recently, our group found that the c.772G>A: MYBPC3 mutation, very frequent in the
cohort of the Careggi University-Hospital is founder-effect mutation in the Tuscany region as
releaved by patient haplotype analysis. In the cohort of 1098 HCM patients about 98 carriers of

the mutation showed a reduction of the occurrence of systolic dysfunction after the fifth-sixth
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decade of life. Four of these patients, all in the fifth decade of life showed preserved ejection
fraction but underwent myectomies to reduce obstructive symptoms. Left ventricular septal
tissue analysis showed a reduction of about 30% of the total cMyBPC suggesting that the
mutation acts through a mechanism of haploinsufficiency (Pioner et al., Circ res, 2023). Of
note, other MYBPC3 mutation were associated to protein haploinsufficiency. This result was
also confirmed in human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs)
generated from the same patients (Streczina et al., 2024). The functional consequences of the
mutation at sarcomere level were faster crossbridge cycling kinetics and impaired sarcomere
energetics (increase tension cost). However, the mutation leads to secondary remodelling
related to slower action potential and calcium transient duration likely counterbalancing the
primary effect at sarcomere level, which cause an apparent preserved twitch duration and

similar force but increasing the risk of arrhythmias (Pioner et al., Circ Res 2023).
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Figure 8. Functional data from isolated cardiomyocytes and intact trabeculae. A) Representative trace of action
potential and B) action potential duration at 90% of repolarization (APD90%,) from control cardiomyocytes N=7,
n=21) and ¢.772G>A cardiomyocytes (N=3, n=11), during stimulation at 0.5 and 1 Hz. C) RNA expression of
potassium current genes in hypertrophic cardiomyopathy (HCM) samples (N=3) relative to the 18S ribosomal
RNA), expressed as a fraction of control values (N=1, indicated with a grey line with confidence intervals in dotted
lines). D, Representative superimposed calcium transients from control and c.772G>A cardiomyocytes during
stimulation at 1Hz. E and F, Ca2+ transient decay duration (time from peak to 50% decay) and amplitude from
control cardiomyocytes (N=6, n=14) and c.772G>A cardiomyocytes (N=2, n=8), during stimulation at 0.5 and 1
Hz. G, Representative superimposed force twitches from control and c.772G>A intact trabeculae during
stimulation at 0.5 and 1 Hz (inset: twitch amplitude at 0.5 Hz) and (H and 1) twitch duration from stimulus to 50%
of relaxation by increasing of stimulation frequency (0.2, 0.5, 1, 2, and 2.5 Hz). Controls: N=9; n=1320;
¢.772G>A: n=7, N=3. E-H, *P.

In addition to cMyBP-C mutation, other alterations are involved in the pathogenesis of HCM,
with the onset of severe symptoms, involving myocardium hypercontractility (Sarkar et al.,
2020), impaired relaxation (Toepfer et al., 2020), elevated cardiac energy consumption,
diastolic dysfunction, arrhythmogenesis, and heart failure (Sarkar et al., 2020).

More than two decades ago, the R403Q mutation of cardiac myosin heavy-chain (MYH7) was
the first cardiomyopathy-causing mutation ever discovered. This mutation results in conversion
of a highly conserved arginine residue to a glutamine at position 403, located in the globular
head of myosin (subfragment 1, S1) (Geisterfer-Lowrance et al. 1990). R403Q -MYH?7 is
associated with a particularly malignant form of inherited hypertrophic cardiomyopathy. This
point mutation is localized in the S1 domain of the B-myosin heavy chain, the globular head of
myosin, responsible for the interaction with actin. Moreover, since S1 domain is localized at
the surface loop that directly interacts with actin, R403Q mutation can interfere with motor and
sarcomere function (Rayment et al. 1995; Volkmann et al. 2007). A model for the effect of the
R403Q mutation in B-cardiac myosin proposes that arginine 403 interacts with a tyrosine
residue on the B-strand, and a mutation at this site weakens the interaction of the CM-loop with
actin. In addition, several studies showed that this mutation is associated with an acceleration
of cross-bridge relaxation kinetics that can lead to an increase in the energetic cost of sarcomere

tension generation compared to healthy individuals (Belus et al. 2008).
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Figure 9. Cryoelectronic microscopy of cardiomyopathy loop at the actin-myosin interface. R403Q mutation is
located on the sub-fragment S1 of p-cardiac myosin gene, MYH?7, encoding for -myosin heavy chain (f-MyHC).
The CM-loop (in red) form an antiparallel p-strand that interact with actin (in gray).

Hypertrophic cardiomyopathy R403Q mutation in rabbit f-myosin reduces contractile function at the molecular

and myofibrillar levels, Lowey S. et al, 2018.

1.2 Dilated cardiomyopathy

Dilated cardiomyopathy (DCM) is a wide-range cardiac disorder characterized by an abnormal
enlargement of ventricular cavity, often associated with the onset of cardiac fibrosis and
myocardial dysfunction, in the absence of hypertensive or congenital cardiac disease.
Moreover, the thickness of left ventricular wall appears in normal range. DCM is defined as the
most common cause of heart failure, having an estimated prevalences of 1:2500 in the general
population with 5-7 cases per 100.000 individuals per year (Hershberger R.E. et al.,2013).

In DCM, the typical ventricular dilatation can promote systolic heart failure symptoms,
including arrhythmias, thromboembolic events, or cardiogenic shock. In addition, in DCM
patients, usually a lower ejection fraction occurs (D. Reichart et al., 2019). The left ventricular
remodelling caused from the dilation leads to pathophysiological modifications, including
impaired ventricular filling and an increased end-diastolic pressure. These changes may
promote higher venous pressure and an increase of circulating blood volume, resulting in
elevated ventricular wall stress (Alter P. et al., 2012). In addition, a dysfunction of ventricular
relaxation occurs, reducing the ventricular filling velocity and promoting arrhythmic events,
with the increase of myocardial oxygen demand and cardiotoxicity (Lewis J.F. et al., 1993).
These adaptations promote cardiomyocyte damage and a dramatic reduction of cardiac

performance (Weintraub R.G. et al, 2017).
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Figure 10. Dilated Cardiomyopathy induces a severe enlargement of left ventricular cavity, resulting in cardiac

impairment and heart failure.

To date, multiple DCM studies have reported alterations of the mechanical features of the
myocardium, including disruption of energy production, abnormal nuclear integrity, alteration
in force generation/transmission and ion channels modifications, pathological calcium
homoeostasis and calcium handling abnormalities (Towbin J.A. et al., 2002).

The symptoms associated with DCM are very heterogeneous and may appear at any age: most
patients receive diagnosis between 20 and 60 years of age, but affected children are not
uncommon (Weintraub RG et al., 2017). However, patients can remain asymptomatic for a long
time before receiving a diagnosis, especially in familial and idiopathic DCM.

The leading causes of dilated cardiomyopathy are heterogeneous and can be classified in
genetic and nongenetic. In particular, infectious and inflammatory diseases (myocarditis),
endocrine diseases, abuse of toxic substances have been described as leading nongenetic causes
of DCM. In fact, alcohol or drugs like cocaine or methamphetamine can trigger the occurrence
of this disease (Laonigro I. et al., 2019). Also, therapeutic drugs like anthracyclines may lead
to oxidative stress, altering cardiac mitochondria and ultimately causing DCM (Lipshultz S.E.
etal., 2013).

In about 35% of DCM patients, genetic mutations with autosomal dominant trait can be
identified. In the last decades, many advances have been made in the understanding of the
genetic basis of DCM. Starting from 1970s, several mutations have been identified in different
genes associated with DCM. Mainly, the mutations occur in genes associated with cytoskeleton,
sarcomere, as well as nuclear envelope proteins associated with the biomechanical coupling of
contractile elements (Reaichart D. et al., 2019). These specific alterations can lead to an

important impairment of cardiac contractility and a reduction of the wall elasticity during
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diastolic filling (Weintraub RG et al., 2017). Another symptom is represented by a dysbalanced
distribution of oxygen and nutrients, that may lead to cardiomyocyte death through necrosis,
the onset of cardiac fibrosis associated with scarring and a reduction of contractile performance
(Blechman 1. et al., 2014; Cirulli E.T. et al., 2010).

Up to 25% of DCM mutations occur in the TTN gene (Gerull B. et al., 2002), encoding for the
giant sarcomere protein titin; mutations in the LMNA gene, coding for the nuclear proteins
lamins A and C, are present in about 5% of cases of genetic DCM (Taylor MR et al., 2003).
Also, Phospholamban (PLN) and filamin C (FLNC) gene mutation and has been described with
a high prevalence and a variable phenotype (Haghighi K. Et al., 2006). Finally, Furthermore,
loss-of-function mutations associated with DCM have been described in the genes encoding for
desmin (DES), dystrophin (DMD), cardiac actin (ACTC), beta-myosin-heavy chain (MYH?7),
troponin T (TNNT2) and delta-sarcoglycan (SGCD).

TABLE 1 | Principal pathogenic gene mutations described in genetic DCM along with their clinical and cellular phenotype.

Gene Prevalence Clinical phenotype #hiPSC studies (References) Functional output

Titin (TT) 19-25% of familial Usually milder forms of DCM, with LV reverse 5 (Hinson et a

forms 11-18% of remodeling described after OMT. Can be Streckfuss-Bor

sporadic forms associated with tibial muscle dystrophy and Chop l:, /8
HCM (McNally and Mestroni, 2017). Truncating
variants are related to alterations in
mitochondrial function, increased interstitial
fibrosis and reduced hypertrophy, along with
increased ventricular arrhythmias at long-term
follow-up, with a similar survival and overall
cardiac function with respect to idiopathic DCM

l.. 2015: Contractile deficit

(Verdonschot et al., 2018).
Lamin A/C (LMNA) 5-6% of genetic Malignant DCM characterized by young onset, LMNA
DCM high penetrance, dysrhythmias (sinus node haploinsufficieny;
dysfunction, AF, atrioventricular node et al ani et al., 2019; conduction defects;
dysfunction, VT, VF, SCD), LV dysfunction and Shah et al., 2019) contractile defects

HF with reduced sunvival and frequent need for
HT. Cardiac conduction system disease usually
precedes the development of LV dilation and
dysfunction (Hasselberg et al., 2018).
B-Myosin heavy 3-4% of DCM Sarcomeric rare variant carriers show a more 2
chain (MYH7) rapid progression toward death or HT
compared to non-carriers, particularly after
50 years of age (Merlo et al., 2013).
Cardiac troponin T 3% of DCM Clinical and prognostic profiles depend on type
(TNNT2) of mutation: carriers of Arg92GIn mutation have
a worse prognosis than those with other
mutations in TNNTZ2 or other sarcomeric genes
(Ripoll-Vera et al., 2016).

Calcium handling
abnormalities;
contractile defects

Type V 2-3% of DCM Arrhythmias (commonly AF) and myocyte 1 (Moreau et al., 2018) Electrophysiological
voltage-gated dysfunction leading to progressive deterioration defects;
cardiac Na channel of LV systolic function (Bondue et al., 2018). Arrhythmias
(SCN5A) Overlapping phenotypes: LQT, Brugada.
RNA-binding 1-5% of DCM Malignant arrhythmic phenotype with high 3 Wyle Calcium handling
protein 20 (RBMZ20) frequency of AF and progressive HF (Ripoll-Vera Streckfuss .. 2017) abnormalities;

et al., 2016). contractile defects
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Desmaoplakin (DSF)

Dystrophin (DMD,
Xp21.1 locus 16)

a-Tropomyosin
(TPM1)

2% of DCM

<2% of genetic
DCM

1-2% of DCM

Associated with Carvajal syndrome (autosomal
recessive genetic disorder characterized by
woolly hair, striate palmoplantar keratoderma
and DCM). Additional phenotypic signs: dental
abnormalities and leukonychia. LV dilatation
usually asymptomatic at an early age. DCM
progresses rapidly, leading to HF or SCD in
adolescence (Yermakovich et al., 2018).
Associated with Duchenne and Becker
muscular dystrophy. Severe cardiac
involvement in Duchenne (milder and later
onset in Becker muscular dystrophy) with
supraventricular arrhythmias, atrio-ventricular
blocks and right bundle branch block,
progressive LV dysfunction and HF (Mestroni
et al., 2014).

Overlapping phenotypes: LVNC, HCM (MicNally
and Mestroni, 2017)

1{Ngetal., 2019)

20 (Dick et al., 2013; Guan et al,,
2014; Zatti et al., 2014; Linet al.,
2015; Macadangdang et al., 2015;
Japp et al., 2016; Nanni et al.,
2016; Young et al., 2016;
Kyrychenko et al., 2017; Zhang
etal., 2017; Long et al., 2018;
Caluori et al., 2019; Eisen et al.,
2019; Farini et al., 2019; Jelinkova

etal., 2019; Min et al., 2019; Pioner

etal., 2019a; Sato et al., 2019;
Tsurumi et al., 2019; Moretti et al.,
2020)

1 (Takasaki et al., 2018)

ACM

Calcium handling
abnormalities;
contractile defects

Sarcomere defects

Desmin (DES)

Filamin C (FLNC)

Metavinculin (VCL)

Phospholamban
(PLN)

a-/B-/3-
Sarcoglycan
(SGCA, SGCB,
SGCD)
a-cardiac actin
(ACTC1)

Cardiac troponin |
(TININI3)

Cardiac troponin C
(TNINCT)
Troponin
I-interacting kinase
(TININIBK)
a-actinin 2 (ACTN2)

BCL2-associated
athanogene 3
(BAG3)
a-B-crystallin
(CRYAB)
Titin-cap/telethonin
(TCAP)

Muscle LIM protein
(CSRP3)

Cardiac ankyrin
repeat protein
(ANKRDT)
Cipher/ZASP
(LDB3)

Nebulette (MEBL)

Emerin (EMD)

1-2% of DCM
(Taylor et al., 2007)

1% of DCM

1% of DCM

Rare (except for
Netherlands where
prevalence reaches
15% of DCM due
to R14del mutation
with founder effect)
(van der Zwaag
etal, 2012)

Rare

Rare

Rare

Rare

Rare

Rare

Rare

Rare
Rare
Rare

Rare

Rare

Rare

Rare

Malignant phenotype associated with

desminopathies and myaofibrillar myopathy. Can
cause a spectrum of phenotypes from skeletal

myopathy, mixed skeletal-cardiac disease
(“desmin-related myopathy”), and
cardiomyopathy (DCM as well as HCM or
RCM). DCM is typically preceded by skeletal
myopathy and can be associated with
conduction defects (Mestroni et al., 2014).

Cardiomyopathy associated with myofibrillar
myopathy and LVNC; high rate of ventricular

arrhythmias and SCD (particularly in truncating

variants) (Ader et al., 2019).
Can cause either DCM or HCM phenotype
(Vasile et al., 2006)

Early onset DCM with lethal ventricular
arrhythmias. Low QRS complex potentials and
decreased R wave amplitude, negative T waves
in left precordial leads (Hof et al., 2019). PLN
R14del mutation associated with high risk for
malignant arrhythmias and end-stage HF from
late adolescence, can cause either a DCM
phenotype or ARVC (Mestroni et al., 2014).

A milder phenotype is also reported (DeWWitt

et al., 2006).

Recessive mutations in 8-sarcoglycan linked to
limb girdle muscular dystrophy 2F, dominant
mutations in 8-sarcoglycan linked to DCM
(Campbell et al., 2016).

Familial atrial septal defect combined with a
late-onset DCM (Frank et al., 2019). Can be
associated with HCM and LVNC

Overlapping phenotype: HCM (McNally and
Mestroni, 2017).

QOverlapping phenotypes: LVNC, HCM (McNally
and Mestroni, 2017).

Conduction defect, AF (McNally and Mestroni,
2017).

QOverlapping phenotype: LVNC (McNally and
Mestroni, 2017).

Associated with myofibrillar myopathy (McNally
and Mestroni, 2017).

Associated with protein aggregation myopathy
(McNally and Mestroni, 2017).

Associated with limb-girdle muscular dystrophy
(McNally and Mestroni, 2017).

Overlapping phenotype: HCM (McNally and
Mestroni, 2017).

Associated with congenital heart disease
(McNally and Mestroni, 2017).

Overlapping phenotype: LVNC (McNally and
Mestroni, 2017).

Overlapping phenotypes: LVNC, HCM (McNally
and Mestroni, 2017).

Associated with Emery-Dreifuss muscular
dystrophy (McNally and Mestroni, 2017).

1 (Tse et al., 2013)

4 (Karakikes et al., 2015; Stilitano
et al., 2016; Ceholski et al., 2018;
Stroik et al., 2019)

7l

1 (Chang et al., 2018)

?

1 (Judge et al., 2017)

1 (Mitzelfelt et al., 2016)
?

1 (Lietal., 2019)

1 (Shimojima et al., 2017)

DES protein
aggregates

Electrophysiological
defects

Ca handling
abnormalities;
Contractile defects

Telomere
shortening

Disrupted myofibril;
Contractile deficit

Protein Aggregates;

cellular stress

Calcium handling
abnormalities

Calcium handling
abnormalities
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Gene Prevalence Clinical phenotype #hiPSC studies (References) Functional output

Sulfonylurea Rare Associated with AF, Osteochondrodysplasia ?
receptor 2A, (McNally and Mestroni, 2017).

component of

ATP-sensitive

potassium channel

(ABCC9)
Potassium channel Rare Associated with AF, LQT1, short QT1, Jervell 2
(KCNQ1) and Lange-Nielsen syndrome (McNally and

Mestroni, 2017).
HSP40 homolog, Rare Associated with 3-methylglutaconic aciduria, 1 (Rohani et al., 202 Mitochondrial
C19 (DNAJC19) type V (McNally and Mestroni, 2017). abnormalities
Tafazzin (TAZ/G4.5) Rare Assaociated with LVNC, Barth syndrome, Mitochondrial

endocardial fibroelastosis 2 (McNally and defects; contractile
Mestroni, 2017). defects

Figure 11. Principal pathogenic gene mutations described in genetic DCM along with their clinical and cellular
phenotype (Advances in stem cell modelling of dystrophin-associated disease: implications for the wider world of

dilated cardiomyopathy, Pioner et al., 2020, frontiers in physiology).

Cardiac magnetic resonance imaging (CMR) provides accurate assessment of ventricular
chamber size and wall thickness. Especially in patients with unclear echocardiographic
phenotypes, CMR can represent a valuable tool to provide a non-invasive tissue
characterization.

To date, pharmacological treatments of DCM involve the administration of ACE-inhibitors,
angiotensin receptor blockers (ARB), B-adrenoreceptor blockers (BB), aldosterone antagonists
and vasodilators, with an improvement in associated symptomatology and an increased patient

survival (Lakdawala et al, 2013).

1.2.1 Duchenne Muscular Dystrophy (DMD)

Duchenne Muscular Dystrophy (DMD) is a X-linked neuromuscular disease that causes a
progressive degeneration of skeletal and cardiac muscle. It is characterized by a gradual
muscular weakness and cardiovascular and respiratory complications. DMD 1is the most
prevalent neuromuscular disorder, affecting up to 1/3600 male births around the world (Chung
J. et al., 2015) and it is caused by a mutation in the Dystrophin gene (DMD gene), the largest
gene described in human, localized in the X chromosome and encoding for the protein
dystrophin, an “adsorber” protein involved in the protection of muscle fibres integrity during
contraction. Dystrophin is localized through the plasma membrane of myocytes and represent
one of the components of a large glycoprotein complex called dystrophin-associated
glycoprotein complex (DAGC), including other components like dystroglycan, sarcoglycan,
and neuronal nitric oxide synthase. DAGC is involved in several pathways, regulating
excitation-contraction coupling, mitochondrial function, Ca’>" homeostasis and gene expression.

Within the DAGC, dystrophin acts as a connection between the cytoskeleton and the
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extracellular matrix, reducing the mechanical stress exerted on the cellular membrane during

contraction.
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Figure 12. Clinical manifestation of Duchenne Muscular Dystrophy and role of dystrophin in the maintenance of

cardiomyocytes integrity

The DMD gene produces three full-length isoforms of dystrophin, starting from three
independent promoters, in brain, muscle, and Purkinje cerebellar neurons, but other isoforms
are generated by alternative splicing events. Moreover, dystrophin is a 427 kD protein folded
into specific distinct domains: an amino terminus domain, that contains the binding domain for
actin, a large rod-like domain composed of several “spectrin-like” repeats, a cysteine-rich
domain and the C-terminus, which binds the dystrophin-associated glycoprotein complex
(DAGC) (Ferlini et al., 2013).

Up of 65% of mutations associated with DMD are deletions, but in about 6%-10% of the cases
duplications may occur, interrupting the open reading frame of RNA (Ferlini A. et al., 2012).
All these mutations result in the total absence of dystrophin expression, that promote membrane
instability, myocyte damage and cardiac failure, causing an increase of cellular susceptibility
to injury and cardiomyocytes death. In addition, in DMD patients, the regenerative capability
of myofibers result impaired due to the persistent damages which satellite cells are subjected to
(Ogura I. et al., 2014).

The clinical manifestations occur early in the childhood, with progressive loss of walking
capacity, culminating in a complete loss of ambulation at age between 8 and 14 years. Cardiac
complications are present in up to 25% of DMD patients and involve the onset of arrhythmias

and a severe form of dilated cardiomyopathy (DCM), that strongly impair the cardiac function
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of these patients. Chronic respiratory insufficiency appears within the third decade of life and
represent the main causes of death for these patients (You E.M. et al., 2015).

The diagnosis of DMD usually is based on high levels of muscle protein creatine kinase (CK),
caused by progressive muscle damage to which they are subject, exceeding 10 times or even
100 times normal serum levels (Konagaya M. et al., 1986). The confirmation can be made with
a muscle biopsy or using appropriate genetic tests for the analysis of mutations in the DMD

gene.

1.2.2 Limitation for modelling Duchenne Muscular Dystrophy

To date, the knowledge of the main mechanisms of human diseases is crucial to provide new
and effective pharmacological treatments, but the lack of suitable experimental models and the
scarce availability of human surgical samples has strongly limited scientific and
pharmacological research. To date, the understanding of the genetic causes of heart disease is
significantly increase, but the development of models to study the pathogenetic mechanisms
remains poorly investigated. Functional studies were mainly limited to the use of animal models
which, however, present important limitations related species differences, electrophysiological
and mechanical behaviour. Several studies have been conducted to assess the suitability of a
variety of cell sources, including embryonic stem cells (ESCs) (Clements and Thomas, 2014)
and induced pluripotent stem cells (iPSCs) (Mathur et al., 2015). In this context, the study of
Duchenne Muscular Dystrophy (DMD) is limited by the absence of a valuable model of study
showing mechanical and electrophysiological parameters that can represent the features of adult
myocardium. Patient-derived induced pluripotent stem cells (hiPSCs) allow personalized
medicine, drug testing and in vitro modelling of several inherited disorders, maintaining the
genetic heritage of patient. Cardiomyocytes obtained from hiPSCs lines represent a unique tool
to investigate the main pathophysiological mechanisms related to early-stage alterations
underlying the progression of DMD cardiomyopathy. This represents a unique opportunity to
study dilated cardiomyopathy (DCM) associated to DMD, a disease that rarely require surgical
interventions, making it difficult to use human surgical samples. In fact, recent evidence show
that these cellular models may reflect characteristics that are getting closer to those of adult
myocardium, also in association to an increase of level of maturation, including the use of long-
term cultures combined with nanostructured surfaces (Pioner et al., 2019). Moreover, patient-
derived tissues may represent the final stage of disease, thus other model of study that may lead

the investigation of primary pathological mechanisms, induced by the absence of full-length
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dystrophin are required. These “early” mechanisms should be distinguished from secondary
process, resulting from the effect of neurohormonal stimulation, adverse cardiac remodelling,
or drugs intervention. For these reasons, since the first report of Yamanaka and Takahashi in
2006 (Takahashi and Yamanaka, 2006), cardiomyocytes obtained from hiPSCs, via
CRISPR7Cas9 or TALEN technique are the most relevant model for modelling human heart in

vitro.
1.3 Human induced pluripotent stem cells (hiPSCs)

The knowledge of the main mechanisms of human diseases is crucial for the development of
new and better pharmacological treatments, but the lack of suitable experimental models and
the scarce availability of human surgical samples has strongly limited scientific research, in
particular in the pharmacological field. To date, the understanding of the genetic causes of heart
disease is significantly increased, but the availability of models to study the underlying
pathogenetic mechanisms remains limited. In the cardiology field, functional studies are limited
by the use of animal models (in particular small rodents), which have important limitations
related with inter-species variability in the electrical and mechanical behaviour of cardiac
muscle. Several studies have been conducted to assess the suitability of a variety of cell sources,
including embryonic stem cells (ESCs) (Clements and Thomas, 2014) and induced pluripotent
stem cells (iPSCs) (Mathur et al., 2015). Human induced pluripotent stem cells (hiPSCs) can
overcome the limitations of human surgical samples and animal models, representing a valuable
tool to study several acquired and genetic cardiac diseases, including hypertrophic and dilated
cardiomyopathies. In fact, the possibility to induce the differentiation of hiPSCs into several
desired cell type, maintaining the genetic profile of patient, allows researchers to perform

patient-specific studies, heart regeneration and drug testing.

Induced pluripotent cell lines are obtained from terminally differentiated cell lines using
specific genetic editing techniques that allow the expression of specific transcription factors to
induce reprogramming of the differentiated cells into hiPSCs. From this “immature” stage it is
possible to generate the three different primary germ layers and, therefore, potentially all cell
types present in the human body (Mourad A. M. et al., 2021). The obtained cells present typical
self-renewal characteristics of stem cells, avoiding ethical problems related to the use of human
embryonic cells (ESCs). The generation of iPSCs began with the work of Dr. Yamanaka's group
(Takahashi and Yamanaka 2006) with the discovery of four reprogramming factor (Oct4, Sox2,

c-Myc, KlIf4) for the induction of an embryonic pluripotent state in somatic cells. Recently, the
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most commonly used method to induce the reprogramming into hiPSCs is the integration of the

four ““Yamanaka” factors into the genome by lentiviral or retroviral transduction (Novak et al.,

2019), but new and innovative techniques, including the CRISPR/Cas9 system, can be used

(Borestrom C. et al., 2018). However, to induce hiPSCs differentiation into a specific cell type

and exploit their full potential, reproducible and effective differentiation protocols are

fundamental. In most cases, in vitro differentiation summarizes the gradual stages of embryonic

development towards the cell type of interest.

Reprogramming of somatic cells into iPSCs can be performed using cells from different tissue

sources, including dermal fibroblasts, squamous urethral cells, monocytes, and keratinocytes

(Takahashi et al., 2007).

Fibroblasts. Because of their ease of growth, propagation and storage, this cell type has
been widely used for the derivation of pluripotent stem cells in vitro. Fibroblasts can be
obtained from skin biopsies or from other organs and are characterised by high stability.
However, the main problem related to their use is represented by the low percentage of
reprogramming efficiency (0.01-0.5%), from the long period of time that elapses from
the induction of the reprogramming factors to the obtaining of the pluripotent-cell
colonies, and from the invasiveness of the intervention (biopsy), if compared to the
procedures needed to collect other cellular types (Raab and al., 2014);

Squamous cells of the urethra. HIPSCs can also be derived from cells present in the
tubular system or lower urinary tract, including ureter, urethra, and bladder epithelium,
that spontaneously detach from the urothelium and can easily be found in the urine.
Starting from urine samples, following some washing and centrifugation steps, these
epithelial squamous cells can be easily cultured (Inoue et al., 2003). Their derivation
involves the use of a much less invasive process, and they are characterized by a good
efficiency of reprogramming, which is around 0,1-4% (Zhou et al., 2011). As a result,
these cells represent a good source of hiPSCs and can be used for in vitro studies (Inoue
et al., 2003). They can also be frozen without affecting their reprogramming efficiency,
which however may decrease after 5 freezing/thawing steps (Xue et al., 2013);
Keratinocytes. More recently, numerous studies have reported the use of keratinocytes
as a starting material for the production of hiPSCs (Raab et al., 2014), having a higher
rate of growth in culture (1-2 weeks) compared to fibroblasts (3-4 weeks). In this case,
several skin attachments can be used as sources, such as hair, beard hair and eyebrows.

The advantage of this procedure is to obtain iPSCs through a non-invasive and easy
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method. Moreover, keratinocytes have a significant reprogramming efficiency, (about
1-2%). However, the technique of isolation of keratinocytes is relatively laborious;

e Blood cells (monocytes). In this case, a distinction should be made between the use of
peripheral blood or blood from umbilical cord. In the first case, the isolation procedure
has two distinct modalities: it is possible to obtain iPSCs starting from the mobilization
of CD34+ cells (Loh et al., 2009), but it is an expensive and time-consuming procedure,
as well as painful for the patient. In this case, the isolation of hematopoietic stem cells,
which can then be cultured and reprogrammed into iPSCs, leads to the development of
cells that have very similar characteristics to those of other iPSCs lines obtained from
embryonic stem cells (Loh et al., 2009). Instead, a less invasive method to obtain iPSCs
from peripheral blood is represented by the isolation of specific mononucleate cells
from standard venous blood through a technique that exploits the gradient of density
and centrifugation (Ficoll density gradient technique), with an acceptable efficiency of
obtainment (Staerk et al., 2010). Several studies highlighted that the volume of a single
blood drop (10 ml) is sufficient to obtain the proper number of cells to simultaneously

carry out the reprogramming and serotyping procedures (Tan et al., 2014).

In the recent years, researchers have worked on the protocols to obtain cell cultures of
cardiomyocytes and to assess their ability to fully reproduce the characteristics of adult
cardiomyocytes, becoming valid study models for cardiomyopathies (Paul W. Burridge et al,
2014). Starting from hiPSCs, the procedure of obtaining functional cardiomyocytes involves
the activation and inhibition of particular molecular pathways, at specific stages of
cardiomyocyte development, in order to induce the genetic commitment of these cell lines,
inducing their differentiation towards cardiomyocytes. This process resembles the embryonic
stages of cardiac development, with the modulation of signaling pathways, such as BMP,
NODAL, FGF, and Wnt, inducing the commitment into mesoderm, cardiac precursors and

finally differentiated cardiomyocytes (Filipczyk et al. 2007).

The protocols recently used to induce cardiac differentiation exploit two main approaches: a
cardiac differentiation protocol on monolayers, where cells adhere to a culture substrate
consisting of ECM proteins (Laflamme et al., 2007; Palpant et al., 2015); an aggregation-based
method, where undifferentiated cells are aggregated to form 3D globular structures, such as

embryoid bodies (Zhang J, 2012) or engineered trabecula-like tissues.
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1.3.1 hiPSCs derived cardiomyocytes (hiPSCs-CMs) to model cardiomyopathies

hiPSCs obtained from somatic cells have the capability to maintain the specific genetic heritage
of the donor patients, representing a valuable tool to investigate cardiac diseases in vitro. In
particular, hiPSCs can be generated from patients carrying a specific mutation, generating an in
vitro model that recapitulates the background of the subject from which they are derived. In this
contest, hiPSC-CMs are an excellent resource for modelling inherited cardiomyopathies,
allowing researchers to explore early disease defects before the onset of clinical manifestations.
Several techniques can be used to induce specific mutations in hiPSC lines, including
CRISPR/Cas9, allowing the generation of patient-specific and isogenic cell lines, that resemble
the genetic background of donor patients with the exception of the mutation that caused the

disease.

Various research works involved the use of iPSC-based models to study inherited
cardiomyopathies, in particular HCM. Studies conducted on hiPSC-CMs derived from HCM
patients showed a higher rate of arrhythmogenic delayed after depolarizations in HCM
cardiomyocytes compared to controls, paralleled by abnormal Ca®* handling (Lan et al. 2013).
Other studies performed on hiPSC-CMs carrying MYH7 mutations shown of a prolongation of
action potential (AP) and up-regulation of Na+ and Ca2+ currents, the same alterations that
were observed in human cardiomyocytes obtained from HCM patients (Han et al. 2014; Coppini
et al. 2013). Instead, in hiPSC-CMs with mutations in MYBPC3 authors have highlighted
calcium handling alterations, associated with prolonged transient decay kinetics and elevated
diastolic calcium levels in the absence of structural abnormalities in HCM iPSC-CMs compared
with isogenic controls (Seeger et al. 2019). Moreover, altered force production was observed in
HCM hiPSCs-CMs, showing potential defect in sarcomerogenesis, leading an increase of
calcium sensitivity, disrupted crossbridge cycling and diastolic dysfunction (Birket et al. 2015).
Also, hiPSC-CMs were used to perform mechanical evaluations. Several studies have used
hiPSC-CMs to investigate dilated cardiomyopathy (DCM), showing an important decrease of
force production connected to the absence of full-length dystrophin (Bremner et al. 2022).
Moreover, it was also observed that DMD hiPSC-CMs showed no enhancement of Ca®* release
during maturation in culture, while calcium release tended to gradually increase in control cells
(Pioner J.M. et al. 2022); this was associated with a reduction of force generation in DMD cells

(Chang et al. 2021), high resting Ca" levels, mitochondrial damage and cell death.
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Cellular therapy for inherited cardiomyopathies
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Figure 13. Generation of induced pluripotent stem cells lines. Somatic cells were obtained from HCM, DCM
patients and healthy donor and reprogrammed into hiPSCs through Crispr/Cas9 technique. Viable cardiomyocytes
were differentiated from hiPSCs by using a specific differentiation protocol on monolayer and tested to perform

mechanical and electrophysiological evaluations.

1.3.2 Maturation strategies and limitations of induced pluripotent stem cell-derived

cardiomyocytes

Despite many advances made in the development of hiPSCs, several problems related to their
use remain unresolved. The main limitation is the evidence that different somatic cells used for
the hiPSCs derivation have different levels of reprogramming efficiency, variable culture
conditions and phenotypic instability. In addition, variability among different clones derived
from the same patient is also present, making it difficult to obtaining homogeneous cell
populations. In addition, the main limitation to the use of hiPSC-CMs as a model of cardiac
disease is the obtainment of a satisfying level of cardiomyocyte maturation, i.e. cells that
resemble the features of adult cardiomyocytes. In fact, hiPSC-CMs still have immature
structural and functional characteristics, in that they resemble fetal cardiomyocytes, including
the persistence of automatisms, the immature electrophysiological responses (Davis et al.,
2011), the fetal-like gene expression patterns (van den Berg et al., 2015) and the different size
and morphology.

Morphology
Since the sarcomere is the contractile machinery of cardiomyocytes and contains the essential
contractile components (actin and myosin), its assembly is fundamental for a correct function

of CMs (Willis M. S. et al, 2009). In comparison with adult human cardiomyocytes, hiPSC-
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CMs show disorganized sarcomeres stripes, they are mononucleate, exhibit a rounded or mildly
elongated shape, and show a total absence of T-tubules (Zhang et al, 2013). In contrast, adult
CMs are characterized by a significantly elongated rod-like shape, well-organized contractile
components, with evident T-tubules and a high density of Z-band and I-band stripes (Denning
C. et al., 2016, Ivashchenko C. Y. et al., 2013). Moreover, hiPSC-CMs contain partially
arranged myofibrils and have a short sarcomere lenght (1.6 um on average) (Wu P. et al., 2021).
In adult CMs, after cardiac troponin T staining (cTnT) and c¢Tnl, a highly organized sarcomere
structure is appreciable, comprising a-actin and 3-myosin heavy chain (B-MHC, MYH7 gene)),
with a higher expression of B-MHC as compared with a-MHC (MYHG6 gene) (Yang X. et al.,
2014). In addition, adult CMs express important structural and functional proteins, such as
cardiac titin (N2B), cTnl and sarcoplasmic reticulum ATPase (SERCA2); in contrast, hiPSC-
CMs show high levels of MYH6 and express a different N2A titin-subtype rather than N2B
(Denning C. et al., 2016).

Metabolism

In the first few months after human birth, cardiomyocytes continue to multiply and grow. As a
consequence of this process, an increase of ATP production is required, with the induction of
mitochondrial biogenesis and a metabolic conversion from the consumption of glucose and
lactic acid into B-oxidation of fatty acids, to induce the production of more energy (Goffart S.
et al., 2004). In adult cardiomyocytes, mitochondria account for 20-40% of the cell volume and
show oval and lamellar cristae to provide ATP for contraction and other important functions
(Scuderi G. J. Et al., 2017). However, in hiPSC-CMs, mitochondria are small and show the
absence of mitochondrial cristae, reflecting a deficit in the production of energy necessary for

the proper mechanical performance of cardiomyocytes.

Calcium Handling

In adult cardiomyocytes, intracellular Ca>* plays a fundamental role in several processes,
including metabolism, signalling, contraction and transcriptional regulation and represent one
of the trigger components of excitation-contraction coupling (E-C coupling). In this process,
depolarization propagating through the surface sarcolemma and T-tubules causes the opening
of voltage-gated L-type calcium channels (LTCCs) and the consequent entry of calcium into
the cell. As a result of the increase in the calcium cytosolic concentration, further calcium is
released from the sarcoplasmic reticulum (SR) through the ryanodine receptors (RyRs)

expressed on its membrane, via a process known as calcium-induced calcium-release (CIRC).
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At this point, Ca*" binds to troponin C, leading to myofilaments sliding and activating
cardiomyocyte contraction. To stop contraction, calcium is brought inside the SR through the
activity of the SERCA2a pump (SR Ca-ATPase) and simultaneously extruded from the cell by
the Na*-Ca®" exchanger of the sarcolemma. This whole process is hastened by the presence of
T-tubules, that comprise specialized structures connecting the LTCCs on the sarcolemma with
the RyRs of SR ("dyads™) (Bers D.M. et al., 2002). However, T-tubules are totally absent in
hiPSC-CMs, with a low expression of SERCA2a and a scarcely developed SR, resulting in a
complete dependence on sarcolemmal LTCCs to promote the increase of calcium concentration

that triggers contraction, with a very low E-C coupling gain (Veerman C. et al., 2017).

Electrophysiology

Action potential (AP) is the result of the well-timed opening and closing of multiple ion
channels on the cardiomyocytes membrane. During the phase 0, a rapid sodium influx (Ina)
occurs depolarizing the cell and promote the beginning of AP. Then, in initial repolarization
phase 1, the transient outward potassium current (1) is activated causing K™ outflow; during
phase 2, Ca?" (Ica, 1) enters inside the cell, counterbalanced by the slow K* currents (/krand
Ixs), thus inducing the plateau phase of AP, Finally, the inactivation of Ic,, 1 and the prominent
activation of K+ channels (/k: and Ixs) repolarize the membrane in phase 3 and Inward
rectification of the background K* channel (Ixi) helps to maintain the resting membrane
potential in Phase 4 (Drouin E. et al, 1998). In comparison with adult CMs, hiPSC-CMs are
characterized by a less negative maximum diastolic potential (MDP), slower kinetics of AP and
spontaneous beating, due to the reduced density of Iki and the expression of the pacemaker
current If (Lieu D. K. Et al., 2013).

Therefore, this evidence suggests the need to develop more efficient hiPSC-CMs maturation
protocols, stimulating maturation through specific methods, including nanostructured surfaces,
co-cultures with other cell types, electrical stimulation in vitro and generation of 3D structure,

that more closely can mimic the extracellular matrix features (Ribeiro et al., 2015).

1.3.3 Methods to increase hiPSC-CMs maturation in vitro

In recent years, several points of evidence in the literature highlighted successful protocols for
the differentiation of hiPSCs into cardiomyocytes (Burridge et al 2012). These hiPSC-CMs
show morphological and functional characteristics typical of human adult cardiomyocytes, such

as expression of sarcomeric proteins and ion channels, respond efficiently to the hormonal
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signalling, display mature-like action potentiasl and calcium transients (Zhu et al., 2009).
However, despite these promising initial results, there is much experimental evidence that
emphasizes the immaturity of cardiomyocytes derived from induced pluripotent stem cells,
compared to adult cardiomyocytes. Recent studies reported the possibility of inducing a more

efficient maturation of hiPSC-CMs, using a variety of methods (Lundy et al., 2013).

Long-term culture. In vivo cardiomyocytes require extremely long time to grow and reach a
phenotype that replicates that of adult human cardiomyocytes. Therefore, it has proved
necessary to develop more efficient in vitro differentiation techniques. For this purpose, an
effective in vitro hiPSC-CMs differentiation protocol of 120 days duration was developed
(Lundy et al., 2003). Such long-term cultures show slowed contraction kinetics, increased
calcium release and reuptake, associated with increased amplitude of action potentials,

indicating a progressive time-dependent increase in the maturation of hiPSC-CMs.

Patterning. In vivo cardiomyocytes are subjected to several physical stimuli, allowing their
elongation and the acquisition of their characteristic morphology, that may change the
alignment of sarcomeres (Bray et al., 2008). For these reasons, reproducing in vitro these
physical and mechanical stimuli can favour the maturation of cardiomyocytes; in fact, several
evidence highlighted that the plating of hiPSC-CMs on specific nanostructured substrates can
increases the organization and the cellular alignment (Wang et al., 2011; Heidi et al., 2009). In
addition, the pattern stiffness can modify the cellular maturation. In fact, the cardiomyocytes
organization changes greatly during development: collagen accumulation, for example, begins
during embryonic development and continues for several weeks after birth. This causes a
change in the rigidity of the heart extracellular matrix and affects different functions of the
myocardium. Therefore, it has been hypothesized that the growth of hiPSC-CMs on substrates
with different rigidity may affect cardiomyocyte maturation, leading to more mature

myofibrillary structure and increased intracellular calcium levels.

3D tissues. More recently, new advances in bioengineering allowed researchers to generate
specific three-dimensional (3D) constructs based on cardiomyocytes derived from hiPSCs.
These innovative systems can produce biochemical and physical stimuli that lead to mature
structural and functional properties of cardiomyocytes (Sacchetto C. et al., 2020). In fact,
several studies reported an increase of cardiomyocyte physiological and electrical function in

comparison with 2D cultures (Karbassi E. et al., 2020). To date, 3D tissues with different shape
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were developed, from spheroids and microtissues (for drug screening) to cardiac strips or rings

(to investigate mechanical properties).
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Figure 14. Excitation-contraction coupling (EC-coupling) in adult cardiomyocytes compared to induced

pluripotent stem cells derived cardiomyocytes.

1.3.4 Cellular patterning

Several studies suggested that abnormalities that occur in cardiomyocytes maturation may lead
to structural and functional cardiac alterations in inherited cardiomyopathies (Girolami et al.,
2022). In fact, cardiomyopathy-related mutations alter the function of cardiac cells, resulting in
pathological modifications that lead to cardiac impairment and heart failure in the adult heart

(Olivotto et al., 2009).

Cardiac differentiation from hiPSCs summarizes the changes occurring in myocardium during
the embryonic stage. However, since hiPSC-CMs show immature electrophysiological features,
in the early stage of differentiation, calcium diffusion in cardiomyocytes cytosol is slower
compared to the later stages of cardiac development (Lundy et al., 2013). Moreover, calcium
increase before the development of contractile apparatus and calcium handling alterations may

influence the electrical and mechanical function of mature cardiomyocytes (Pioner et al., 2020).

Another important aspect of cardiomyocyte maturation is their capacity to increase contraction
force in response to increased stiffness (Rodriguez et al., 2011; Ribeiro et al., 2015). In fact,
culture surfaces with a specific patterning may lead to an increase of cardiomyocytes
maturation, improving a rapid elongation, myofibril alignment and sarcomere length (Carson

et al., 2016). Previous findings highlighted that cardiomyocyte regulation of calcium
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homeostasis and cellular electrophysiology are improved on micropatterned surfaces (Pioner
et al., 2019). Moreover, changes of extracellular stiffness may occur in inherited
cardiomyopathies, mainly associated with the onset of myocardial fibrosis, resulting in

alteration on cardiomyocyte function.
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1.4 Electrophysiological evaluation during cardiomyocyte maturation

1.4.1 Calcium handling measurements

In a previous study, to evaluate the possible implications of cardiac fibrosis, we compared
hiPSC-CMs from a Duchenne Muscular Dystrophy (DMD) patient carrying a deletion of exon
50 in DMD gene (Guan et al., 2014) with a control line and an isogenic positive control line
created using CRISPR-Cas9 knocking out one exon of the DMD gene (¢.263delG) (Pioner et
al., 2019). Moreover, we tested the possible implications of different stiffness levels of the
extracellular matrix on cardiomyocyte development, by growing hiPSC-CMs on specific
micropatterned surfaces with different mechanical features and rigidity. In fact, the absence of
full-length dystrophin may directly affect the interaction of cardiomyocytes with the

extracellular environment and thus may influence cardiomyocytes maturation.

DMD and control-hiPSC-CMs were plated onto custom-made photopolymerized polyethylene
glycol-diacrylate (PEG-DA 100%) surfaces featuring an array of parallel micro-grooves 0.6 um
wide and 1.5 pm deep, with 1.4 um of space between adjacent lines (Pioner et al., 2019).
Cardiomyocyte calcium handling was compared at different stages of maturation (day 60, 75

and 90 p.d.) (Figure 15A).
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Figure 15. Changes of calcium transient amplitude during hiPSC-CM maturation. Calcium transients were
estimated at day 60, 75 and 90 post differentiation at 37°C, 1.8 mM [Ca2+]. (A) Representative CaT profiles at
day 60 and 90 and average CaT amplitude (Fluorescence Arbitrary Units, A.U.) of DMD-versus control-CMs at

day 60,75 and 90. (B) Sarcoplasmic reticulum (SR) contribution in calcium handling maturation was tested by a
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post rest potentiation protocol at multiple maturation time-points. (C) The post-rest potentiation of CaT amplitude
was estimated after a resting pause of 5 s, inserted in a regular train of stimulation at 2 Hz. (D) The potentiation
is expressed as the % of increase of the first post-rest CaT with respect of CaT pacing train before the pause (%).
Post rest potentiation of DMD-versus control-CMs is estimated at day 60 and day 90. Exponential curves with
Stirling’s approximation were used to show the variation of maturation in both groups. Control d60 N = 3, n =
336, d75 N=5n=251;d9ON =3, n =165 DMD d60N=3,n=193,d75N=4,n=292; d90N =4, n = 169.

Supporting information given in Supplementary Table S2. Oneway analysis of variance (ANOVA) with a Tukey
post-hoc test with statistical significance set at 17p < 0.01 versus time point; *p < 0.05 and **p 0.01 versus

control-CMs.

In control hiPSC-CMs, calcium transient (Ca-T) amplitude normally increases during
maturation, from day 60 to day 90 (Figure 15B). However, in DMD-hiPSC-CMs, Ca-T
amplitude was smaller compared to controls at day 60, with no further increase at later stage of
maturation (day 90).

In addition, to investigate the calcium storage in sarcoplasmic reticulum (SR), we performed a
post-rest potentiation protocol. In particular, cardiomyocytes were stimulated at high frequency
(2Hz) and, after a pause of 10 sec, an additional stimulus was imposed. The amplitude of post-
rest potentiation peak was compared to regular contraction during regular pacing (Figure.15C).
Control line shows a larger post-rest potentiation at d90 compared to the earlier stage of
maturation (d60), highlighting an increase in SR calcium storage. However, Ca-T amplitude of
post-rest peak was lower in DMD compared to control-hiPSC-CMs, with no significant

differences between d60 and d90 (figure 15D).

1.4.2 Evaluation of action potential and calcium transient Kinetics during cardiomyocyte

maturation

The kinetics of action potential and calcium transient can greatly affect cardiomyocyte’s
function, leading to changes in the contractile and electrophysiological properties of the
myocardium. To evaluate this aspect, cardiomyocytes were loaded with a voltage-sensitive dye

combined with a calcium-sensitive fluorescent dye (Fluovolt and Cal630, respectively).

In control and DMD-hiPSC-CMs, action potential duration (APD) significantly increases
during maturation (Figure 16B); instead, at day 75, APD in DMD cardiomyocytes was shorter
compared to control line, but not significant differences occurred at d90 in both lines (Figure
14B). Moreover, in both lines, APD at d75 did not show rate adaptation (2 Hz vs. 1 Hz

stimulation), albeit with a partial recovery at d90.
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In addition, calcium kinetics was evaluated at different time points of maturation. In control-
hiPSC-CMs, calcium transient kinetics became more rapid during maturation; similarly, DMD
cardiomyocytes showed time-dependent acceleration of calcium kinetics, in term of both
calcium rise kinetics (time to peak, TTP) and decay (time from peak 50%, RT50) (Figure 16.D).
However, in the DMD line, kinetics of calcium transient were significantly faster than control

line at all maturation time-points (Figure D)
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Figure 16. Changes of action potential and calcium transient kinetics during hiPSC-Cm maturation. Dual
recording of action potential and calcium transients was performed at day 60, 75 and 90 post differentiation at
37°C and external [Ca2+] = 1.8 mM on the softer substrate (PEG). (A) Superimposed action potential (AP) traces
of day 75 (Control d75 N = 2; n = 186; DMD d75 N = 2; n = 91) vs day 90 (Control N = 2; n = 119; DMD: d90
N = 2; n = 44) recorded by FluoVolt (B) 50% of action potential durations (APD50, ms) at 1 Hz are reported as
Mean = SEM. (C) Superimposed traces of calcium transients recorded by Cal630 at day 60, 75 and 90 (D) average
calcium transient (CaT) (difference of 50% of CaT decay and TTP, RT50, ms) are reported, during pacing at 1 Hz.
Control d60 N =3,n =336, d75 N=5n=251; d9ON =3, n =165 DMD d60ON =3, n=193, d75 N=4,n =

292, d90 N = 4, n = 169. One-way analysis of variance (ANOVA) with a Tukey post-hoc test with statistical

significance set at 71 p < 0.01 versus time point; *p < 0.05 and **p 0.01 versus control-CMs.

1.4.3 Evaluation of -adrenergic pathway activation with forskolin exposure

Normally, mature cardiomyocytes show a rapid and efficient response to the B-adrenergic
pathway activation. Indeed, in healthy mammals, heart rate and contractile force adapt as a

result of inotropic stimulation.
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Forskolin is a positive inotropic agent, that acts as activator of adenylate cyclase (AC) and leads
to a rise of the intracellular levels of cAMP, resulting in an increase of calcium transients and

contraction force.

To investigate the adaptation of hiPSC-CMs to the B-adrenergic response, we performed an
acute treatment with forskolin (FSK) on DMD and control cardiomyocytes. In both lines tested,
Ca-T amplitude increased by 30% after FSK incubation, compared to basal condition (Figure
17 C, D), suggesting a preserved positive inotropic response to catecholaminergic stimuli.
Moreover, after FSK treatment, RT50 hastened in both lines, highlight a positive lusitropic

response of these cardiomyocytes.
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Figure 17. Effects of forskolin on calcium transients. Calcium transients of the before and after forskolin addition
in day 60 control- and DMD-hiPSC-CMs. (A,B) Superimposed normalized traces of calcium transients recorded
in the control hiPSC-CMs line, before and after treatment with forskolin (FSK, light green controls, dark green
DMD), reported as the variation (%) compared with the basal condition. (C) Calcium transient amplitude is
reported, during pacing at 1 Hz, as the % variation related to the basal condition compared to the treatment with
FSK in DMD. (D) CaT decay (difference of 50% of CaT decay and TTP, RT50, ms) is reported, during pacing at

1 Hz, as the % variation related to the basal condition compared to the treatment with FSK in controls and DMD.

1.4.4 CaMKII and RyR2 phosphorylation

Calcium-calmodulin dependent protein kinase (CaMKII) is a key regulator of cardiac

electrophysiology, calcium balance, contraction, and transcription.
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To assess the presence of phosphorylation (p-) at specific sites of the ryanodine receptors
(RyR2), we used antibodies against p-RyR S2814 and p-RyR S2808, that are target sites of
CaMKII and PKA, respectively.

At the latest stage of cardiomyocyte maturation (d90), DMD-CMs showed a higher level of
phosphorylated CaMKII in comparison with control (Figure 18 A, B). In particular, in DMD-
CMs, CaMKII phosphorylation at site S2814 was significantly increased compared to control
line. Instead, RyR phosphorylation at the PKA site (S2808) showed no changes (Figure 18.C,
D). Since an increase in RyR2 phosphorylation is associated with an increase in the open

probability of the channel, this feature is often associated with SR calcium leakage during

diastole.
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Figure 18. Phosphorylation of RyR2 and CaMKIIo in hiPSC-CMs. Western blot (WBs) analysis of Ryanodine
receptors (RyR2) phosphorylation status and verification of CaMKII activity in day 90 DMD-vs Control-hiPSC
monolayers. (A) Representative WB of CaMKIId (B) and analysis normalized for total CaMKII. (C) Representative
WB analysis of (D) RyR2 sites of phosphorylation (phospho-specific anti Ser 2814 target of CaMKII and Ser 2808
target of PKA) normalized for GAPDH, *p < 0.05 in ANOVA DMD vs Controls N = 3 (differentiation runs) and n
= 2-5 (gel repetitions).

1.4.5 Evaluation of stiffness substrates on cardiomyocytes calcium handling

Changes in extracellular matrix (ECM) stiffness can greatly impact on cardiomyocyte
contractility. In fact, mechanical properties of ECM cause an adaptative response of
cardiomyocytes, leading to changes in cell specification and function (Nakayama et al., 2014)
During the pathogenesis of DCM associated to DMD, myocardial fibrosis causes an increase

in the rigidity of ECM, resulting in cardiomyocyte damage caused by the absence of dystrophin.

42



For this reason, DMD-hiPSC-CMs grown on stiffer diethyleneglycol (100% DEG) were
compared with cardiomyocytes cultivated on a softer substrate of polyethyleneglycol (100%

PEG) (Figure 19 A, B).
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Figure 19. Ca-transients in DMD-hiPSC-CMs grown on PEG vs DEG patterned substrates. (4) Time course of
media (mT mTeSR + suppl.;, A + B + C cardiac differentiation kit) and substrates (TC tissue plate; MP
micropatterned substrates). (B) S.E.M. image of Poly (ethylene glycol) diacrylate (PEG-DA)- and Di(ethylene
glycol) diacrylate (DEG-DA)-based substrates with micropatterned grooves. Scale bars 10 um. (C) Samples of
PEGDA and DEGDA for dynamical mechanical analysis (DMA) with 1% wt. The samples were clamped in tension
mode in a DMAS800 analyzer (Perkin Elmer). Samples were analyzed in strain-control mode, imposing a 0.020
mm strain with 1 Hz frequency, in the -20°C-120°C temperature range. The mechanical characterization was
repeated three times for PEGDA100 and DEGDAI100 samples. The value of the storage modulus at E' was obtained
by calculating the integral mean of the E'-T curve between 36°C and 38°C. Values are expressed as mean = SEM.
(D) The impact of substrate stiffness in normal control-CMs was tested for CaT amplitude on microgrooved
surfaces with increasing ratio of polyethyleneglycole (PEG) and dyethylenglycole (DEG) concentration and
polyurethane-based nanopatterned surfaces (PUA) at 37 °C at and external [Ca2+] = 1.8 mM. Representative
CaT profiles at day 60 and of CaT amplitude (Fluorescence Arbitrary Units, A.U.) of control-CMs under PEG (N
=3,n=336), PEG:DEG 75:25 (N=2; n = 150), 50:50 (N=2; n = 147), 25:75 (N=2; n = 150), DEG (N = 2;
n =50) and PUA (N = 2; n = 59). (E) Data were represented as a box (median [interquartile range]) and whisker
plots. 7p < 0.05, 11p < 0.01 versus control condition (PEG).

DMD-hiPSC-CMs showed a reduction in Ca-T amplitude on both substrates. Instead, in control

line, kinetics of Ca-T decay was significantly accelerated in cardiomyocytes cultivated on 100%
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DEG substrates compared with those grown on the softer pattern, and Ca-T amplitude increased
(Fig. 17E). Moreover, DMD-hiPSC-CMs exhibited no significant changes in Ca-T kinetics
while varying the rigidity of substrates (Figures 20. A, B).

Finally, to investigate SR calcium content, cardiomyocytes were subjected to caffeine-evoked
Ca-Ts (Figures 20. C, D). In fact, caffeine can open RyR channel located on SR, spilling SR

content in the cytosol, leading a direct measure of calcium SR content of cardiomyocytes.

In control-hiPSC-CMs, caffeine Ca-T amplitude was similar independently of stiffness
substrates (Figure 20.D). Moreover, caffeine Ca-T decay kinetics (tau, s') was faster in control
cardiomyocytes grown on stiffer pattern, highlighting an increase of capability of intracellular
calcium removal via sodium-calcium exchanger. Instead, caffeine-calcium transient amplitude
was significantly increased in DMD-CMs grown on DEG substrates compared to PEG pattern.

Also, the decay kinetics (tau, s™!) of caffeine transients was slower in DMD compared to

controls.
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Figure 20. Impact of substrate stiffness on calcium transient amplitude and duration. To evaluate the impact of
substrate stiffness on loss of full-length dystrophin, DMD- and control-CMs were compared for CaTl amplitude
and caffeine-evoked CaT on softer (PEG)- versus stiffer (DEG)-microgrooved surfaces (MPs) at 37°C at and
external [Ca2+] = 1.8 mM.(A) Representative CaT profiles at day 60 and of CaT amplitude (Fluorescence
Arbitrary Units, A.U.) and RT50 of CaT decay (ms) of DMD-versus control-CMs under softer or stiffer MPs. (B)
Data are reported in box plots report controlversus DMD-CaT amplitude and RT50 (ms) on both softer or stiffer

44



substrates (PEG: Control N =3, n = 336; DMD N =5, n =251, DEG: Control N =2, n =50, DMD N =3, n =
67). (C) Caffeine-induced CaTs (quick exposure to 10 mM Caffeine) after a series of 2 Hz paced CaTs. (D) Average
of caffeineinduced CaT amplitude (Fluorescence Arbitrary Units, A.U.) was measured by localized caffeine
exposure after steady-state calcium transients at 2 Hz prior. Caffeine transient CaT amplitude (CaTA CAFF/CaTA
2 Hz ratio) and decay (t, s—1) of DMD- and control-hiPSC-CMs were compared on both PEG (softer) and DEG
(stiffer) substrates. (PEG: Control N =2, n=83; DMD N = 2, n = 46, DEG: Control N =2, n = 23; DMD N =
2, n = 21). Data were represented as a box (median [interquartile range]) and whisker plots.. One-way analysis
of variance (ANOVA) with a Tukey post-hoc test with statistical significance set at *p < 0.05 and **p < 0.01 versus

control and 11p < 0.01 versus internal substrate condition.

These results reveal a possible reduction in the capability of intracellular calcium extrusion in
cardiomyocytes affected by dystrophin deficiency, associated with diastolic calcium anomalies.
In fact, several mechanisms can lead to the onset of ventricular arrhythmias in patients affected
by DMD, including conduction abnormalities, myocardial fibrosis and fatty replacement of
cardiac tissue (Frankel and Rosser, 1976; Fayssoil et al., 2017; Pioner et al., 2020). Although
patients usually develop cardiac symptoms in association with overt cardiomyopathy, it is
important to investigate the cardiac muscle alterations occurring during the early stages of
disease progression. For this reason, our results highlight the occurrence of electrophysiological
changes that can presumably be identified during cardiac differentiation, in association with
pathological processes that lead to disease progression, including the increase of myocardial

fibrosis.

1.4.6 Engineered heart tissue (EHTs)

In vivo cardiomyocytes are continuously subject to a mechanical stress that is cyclically
induced by the physiological cell contraction. Therefore, the use of specific 3D scaffolds is
useful to reproduce this process, allowing a higher degree of maturation in vitro and the
possibility to perform mechanical and functional measurements. A three-dimensional model
was first described by Eschenhagen and colleagues and was obtained using neonatal or
embryonic rat and chicken cardiomyocytes (Eschenhagen et al. 1997; Zimmermann et al. 2000).
These innovative models, known as engineered heart tissues (EHTs), represent a new approach
to reproduce the morphological and functional features of the myocardium, by using a 3D
scaffold in which cardiomyocytes can be incorporated. More specifically, this method uses a

3D scaffold generated through an enzymatic reaction mediated by thrombin, that create a
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hydrogel of fibrin from monomeric fibrinogen, fibrin forms an elongated trabecual-like tissue
between two flexible silicon pillars. The cardiomyocytes differentiated from induced
pluripotent stem cells are then incorporated inside the forming tissue, giving it the capability to
beat after few days in culture. Moreover, the tissue is formed between two flexible silicon
pillars, that exert a continuous mechanical stress on the growing beating tissue, promoting cell
distribution, maturation and orientation along the major axis. In addition, during maturation,
EHTs were maintained in culture for a long period (60 days p.d.) with a medium (RPMI)

supplemented with aprotinin to prevent proteolytic degradation of fibrin.

Due to their intrinsic characteristics, EHTs represent a good model to investigate inherited
cardiomyopathies, allowing researchers to measure the contraction force changes that occur,
such as active tension, relaxation kinetics and pacemaker activity. In fact, contractile tension
can be calculated by optically tracking the deflection of the flexible post (Schaaf et al. 2011)
(Ruan et al. 2016). The advantage of this method is the possibility to obtain a 3D model with
an advanced stage of maturity to study several diseases, performing drug tests and functional
measurements. In this field, growing evidence is present in the literature on the use of EHTs to
investigate different cardiac diseases, including channelopathies, hypertrophic cardiomyopathy
and dilated cardiomyopathy (Streckfuss-Bomeke et al. 2017) (John T. Hinson et al. 2015).
Moreover, several studies highlighted that EHTs treated with physiological and
pharmacological compounds acting on the electrophysiological features of cardiomyocytes,
exhibit a very similar response as compared with native human cardiac tissue (Mannhardt et al.
2016). Moreover, other authors showed an increment of in vitro maturation of EHTs subject to
electrical and mechanical stimulation, leading an organized cellular disposition, physiological
sarcomere length and increase of electrophysiological functionality (Ronaldson-Bouchard et al.
2018). Then, despite the level of maturation achieved is not yet at the same level of the adult
heart, this model remains a powerful tool to explore the mechanisms underlying
cardiomyopathies, to perform pharmacological tests and lay the basis for personalized

therapies.
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Figure 21. Strategies to improve cardiomyocytes maturation: engineered heart tissues generation.

1.5 Towards precision medicine and preclinical testing using hiPSC-

cardiomyocytes

Inherited cardiomyopathies are among the most common cause of morbidity and mortality

in young people worldwide. Cardiac alterations associated with cardiomyopathies include

electrical, myocardial and structural impairment secondary to specific mutations that occur

in contractile proteins. The management and diagnosis of the different categories of

inherited cardiac diseases is greatly varied, depending on symptoms severity, disease

progression and patient-specific risk stratification. Clinical manifestations

cardiomyopathies are heterogeneous and include dyspnoea, palpitations, dizziness and

syncope, culminating in heart failure or sudden cardiac death (SCD). Classic

pharmacological strategies involve the use of a combination of drugs to minimize

symptoms, including B-blockers, calcium antagonists, oral anticoagulants, diuretics or

ACE-inhibitors. Although classical therapies may treat efficiently cardiomyopathy-

associated symptoms and acute complications, no current drugs or surgical interventions

can affect the pathophysiological mechanisms underlying this disorder. Considerable

progresses have been made in the development of new and innovative pharmacological

compounds to be used as valuable treatment options to treat inherited cardiomyopathies.

Moreover, the majority of mutations associated with cardiomyopathies impair the

contractile proteins of sarcomere, including troponin I or T, myosin or titin. For these

reasons, pharmacological treatment targeting sarcomere proteins may provide a useful tool

to alter the pathophysiology of inherited cardiomyopathies. Therefore, pharmacological
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treatments and clinical targets change with the evolving natural history of the disease, in
relation to different pathological manifestation depending on each patient. In fact, genetic
testing of familial screening has highlighted a very early stage in HCM pathogenesis
(Stage I), characterized from individuals carrying HCM malignant mutations but not yet
showing the associated pathological phenotype. However, in the stage II,
hypercontractility appears with a fully expressed hypertrophic phenotype in absence to
fibrotic replacement. In this specific stage, the most common cause of symptoms is
represented by left ventricular tract obstruction (LVOTO). Whit the progression of the
disease, the stage III is characterized from dangerous remodelling, including left
ventricular fibrosis, worsening diastolic and systolic functionality and ejection fraction
(EF) of 50-65%. Finally, in the late stage of disease (stage IV) patients manifest severe
left ventricular systolic dysfunction with EF < 50% (Argiro A. et al., 2023). In each of
these stages, pharmacological targets differ and consequently also the therapeutic

approaches (Figure 22).
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Figure 22. Different specific stage of hypertrophic cardiomyopathy and Stage-specific pharmacological

treatments (Stage-specific therapy for hypertrophic cardiomyopathy, Argiro A. et al., 2023).
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HCM, may lead to a pathological increase of sarcomere force, specific myosin inhibitors may
address myocardial hypercontractility, restoring the normal energetic cost of contraction. As a
member of the myosin-inhibitors class, mavacamten (MYK-461) reduces sarcomere
contractility in hypertrophic cardiomyopathy (HCM), targeting cardiac myosin and stabilizing
the SRX conformation of myosin (Anderson R. et al., 2018). This compound exerts an allosteric
inhibition of myosin, the major force-producing protein in cardiac muscle (Zampieri M et al.,
2021). Moreover, in vivo preclinical studies on cardiomyocytes obtained from rodent models
of HCM, the treatment with Mavacamten reduced fractional shortening, cardiac fibrosis and
cardiomyocytes disarray, associated with no changes in Ca®" transients (Green E. M. et al.,
2016; De Rio C. L. et al., 2017). During the conversion from weakly to strongly bound
conformation of myosin, MYK-461 determines a consistent reduction in the number of myosin
heads available for interaction with actin. Mavacamten causes a decrease of ATPase activity,
resulting in a reduction of the general force exerted by sarcomere, that result from the product
of single force generated by each single myosin head (Teekakirikul P. et al., 2010). Also, the
positive effect of MYK-461 was evaluated in mouse cardiac strips (Awinda P. et al., 2020) and
human samples (Sewanan L. et al., 2021), resulting in the increase of ADP release rate from
myosin. Therefore, in the phase IIl MAVERICK-HCM trial (Ho C. et al., 2020), Mavacamten
has shown promising effects on the majority of patient enrolled; moreover, the phase III
EXPLORER-HCM trial highlighted that mavacamten treatment significantly reduced left
ventricular mass and wall thickness, with no modifications of markers of cardiac fibrosis, as
compared with placebo (Saberi S et al., 2021). In addition, other functional alterations may be
considered as valuable targets for the pharmacological treatment of inherited cardiomyopathies.
Electrophysiological defects associated with changes in specific current densities cause action
potential (AP) alterations, culminating in arrhythmic events in obstructive HCM (oHCM)
patients. The electrical alterations of HCM myocytes result into an impaired cardiac function
in HCM patients. Several lines of evidence showed that late sodium current (Ina-1) is enhanced
in HCM (Coppini R. et al.,, 2013), highlighting a possible target for pharmacological
intervention. This is the case of ranolazine, an anti-anginal drug that acts by inhibiting the late
sodium current (Ina-L) (Antzelevitch C. et al., 2004), decreasing intracellular Na* concentration
which, in turn, promotes the activity of NCX exchanger and decreases intracellular calcium
concentration, ameliorating diastolic function and normalizing cellular electrical function.

Indeed, in human HCM cardiomyocytes ranolazine improved diastolic function and reduced

49



arrhythmic triggers (Coppini R. et al., 2013). Therapeutic targets for medical therapy are rapidly
evolving. In fact, novel pharmacological approaches include the use of “off-label” drugs,
showing beneficial effects outside of their main mechanism of action. In this context, a class of
SGLT?2 inhibitors, called gliflozins, have demonstrated to act as cardioprotective agents,
although the underlying mechanisms are still unclear. Dapagliflozin may reduce the risk of
hospitalization and heart failure complications in patients affected by type 2 diabetes. Starting
from these promising results, the randomized clinical trial DAPA-HF (Dapagliflozin and
Prevention of Adverse Outcomes in Heart Failure) have highlighted the efficacy of SLGT2
inhibitors also in patients affected by heart failure and reduced ejection fraction, regardless of
the presence or absence of diabetes. In conclusion, innovative pharmacological approaches
based on new molecular targets, such as late current inhibition, metabolic modulation or myosin
inhibition, potentially provide an improvement in the quality of life of patients with inherited
cardiomyopathies, resulting in a reduction of clinical complications and a milder disease

progression (McMurray JJV et al., 2019).
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2 AIM OF THE THESIS

Inherited cardiomyopathies are congenital disorders of the myocardium, accounting for the
main cause of sudden death in young individuals worldwide. Familial hypertrophic
cardiomyopathy (HCM) and dilated cardiomyopathy (DCM) associated with Duchenne
Muscular Dystrophy (DMD) are caused from several mutations occurring in specific genes
associated with cardiomyocyte contraction. To date, pharmacological strategies to manage
patients with inherited cardiomyopathies are focused on minimizing the symptoms associated
with the progression of cardiac impairment, such as dyspnoea, palpitations, heart failure, as
well as on the prevention of arrhythmogenic events, which can culminate in sudden cardiac
death (SCD). Currently, a number of drugs are administrated for the treatment of inherited
cardiomyopathies. The typical approach to the treatment of cardiomyopathy patients involves
the use of of B-blockers, calcium antagonists or antiarrhythmic agents and, in the most severe
cases, the implantation of a defibrillator, a surgical operations or cardiac transplantation. In this
context, the development of novel and innovative pharmacological treatments is fundamental
to address patient-specific therapies, in terms of personalized medicine based on the specific
molecular mechanisms that are altered in different forms of inherited cardiomyopathies. In
particular, cardiomyopathies are caused from several mutations occurring in different genes,
mainly encoding for sarcomere proteins. The most common mutations associated with HCM
are located in the myosin-binding protein C (cMyBP-C) and -myosin heavy chain (3-MHC),
encoded by MYBPC3 and MYH?7 genes, respectively, and causing a particularly severe form
of hypertrophic cardiomyopathy. On the other hand, DMD is caused from truncated mutations
located in DMD gene (A exons 46-48; A exon 50; A exon 51), resulting in the total absence of
dystrophin in males and leading to the increase of mechanical stress exerted on cardiomyocytes
and skeletal muscle cells during contraction.

In this thesis, we will investigate the specific mutations associated with HCM and DMD, to
evaluate their mechanical and -electrophysiological effects on cardiomyocytes. The
development of induced pluripotent stem cells (hiPSCs) represents a useful tool to study the
main pathological mechanisms underlying inherited cardiomyopathies. In fact, the possibility
to obtain hiPSCs from HCM and DMD patients and to perform their differentiation into
cardiomyocytes, represents an innovative platform for the in vitro study of these two inherited

cardiac disorders. We derived 3D engineered heart tissues (EHTs), suitable models to achieve
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an increased cardiomyocyte maturation, allowing us to perform mechanical evaluations of
cardiac muscle contraction.
The main goal of this study was to use of hiPSC-CMs as a model to study inherited
cardiomyopathies, using cardiomyocytes derived from patient specific hiPSCs, obtained from
the following patients:
=  HCM patients carrying a mutation in:
e (Cardiac myosin binding protein C (MYBPC3);
e [-myosin heavy chain (B-MHC);

= DMD patients carrying a mutation in:
e Aexons 46-48 (DMD gene);
e Acexon 50 (DMD gene);
e Aexon 51 (DMD gene).

To improve the immature phenotype of induced pluripotent stem cells-derived cardiomyocytes,
we used different experimental approaches. A previous study from our group (Pioner et al.,
2022) highlighted an increase of intracellular calcium handling maturation in cardiomyocytes
derived from DMD-hiPSCs, achieved by using a long-term culture in association with culture

substrates with different stiffness (PEG and DEG).

Engineered heart tissue to model hypertrophic cardiomyopathy. Induced pluripotent stem
cells derived engineered heart tissues were used to investigate the cellular mechanisms leading
to the progression of HCM. In particular, we performed mechanical recordings of EHTs
contraction in auxotonic conditions, starting from lines carrying the MYBPC3:c.772G>A, to
investigate changes occurring during cardiomyocyte maturation. Moreover, at a later-stage of
EHT maturation, we evaluated contraction in isometric conditions, to assess active tension and
twitch kinetics.

Pharmacological treatments. In addition, we performed a long-term treatment with a novel
allosteric myosin inhibitor, Mavacamten, in clinical use for the treatment of symptomatic
obstructive HCM patients (Olivotto 1. et al., 2020), using mutated and isogenic-corrected
hiPSC-EHTs. Finally, to assess HCM-specific electrophysiological modifications, we carried
out simultaneous measurements of action potentials and calcium transients, by using two

specific fluorescent dyes and a confocal microscope (Fluovolt, Cal630).
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Mechanical evaluation of R403Q-hiPSCs-CMs. hiPSC-CMs carrying a R403Q mutation
(heterozygous and homozygous), a pathological substitution in f-myosin heavy chain (B-
MHC), were used to perform shortening and calcium transient evaluations, thought optical
measurements (lonOptix system) associated with calcium fluorescent dye incubation (FURA-
2). Moreover, we tested pathological HCM-alterations via functional recordings at different
calcium concentrations and stimulation frequencies, to evaluate the changes that occur in
relation to different frequencies and calcium concentrations. In addition, since the R403Q
mutation occurs in one of the most important contractile proteins, resulting in contractile
impairment, evaluation of actin-myosin sliding (In Vitro Motility Assay, IVMA) was performed

at a later-stage of cardiomyocyte maturation.

Induced pluripotent stem cell- derived cardiomyocytes and skeletal cellular muscle cells to
model Duchenne Muscular Dystrophy. In the second part of this thesis, we focused on the
characterization of Duchenne Muscular Dystrophy, a neurodegenerative disorder that leads to
progressive muscle weakness, often associated with a severe form of dilated cardiomyopathy,
which represents the main cause of death in these patients. To investigate the mechanical
impairment of DMD-cardiomyocytes, we used engineered heart tissues derived from different
male DMD patients carrying deletions in the DMD gene (A exons 46-48; A exon 50; A exon
51), all resulting in total absence of dystrophin. On each EHTs, we performed twitch contraction
recordings at specific time points and a later-stage of maturation ¢ day 60). Furthermore,
electrophysiological evaluations were performed by using fluorescent dyes, to investigate
action potential and calcium transient modifications.

In addition, to better understand how pathological changes occurring in early stages of cellular
development may alter cellular function in skeletal muscle cells, a specific differentiation
protocol was used to obtained viable myotubes starting from DMD- and control- hiPSCs.
Initially, at each phase of differentiation, we performed immunofluorescence acquisitions to
evaluate the expression of specific differentiation markers (Pax7, MyoD, MyoG, MHC). Once
the myotubes were obtained, we carried out calcium transient evaluations under acetylcholine
stimulation, by using a fluorescent dye for calcium ion (Cal520).

Pharmacological treatment. The lack of dystrophin leads to an important cellular impairment,
associated with an increase of mechanical stress on the membrane of cardiomyocytes during
contraction, resulting in calcium handling alterations and cellular death. Starting from this

evidence, we performed a treatment with a Poloxamer 188 (P188), a copolymer that is capable
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of intercalating between the membrane phospholipids, leading to membrane structural repair.
Long-term treatment was performed for 20 days in culture on DMD-hiPSC-CMs, to investigate
the effect of this drug on the contractile capacity of dystrophin deficiency cardiomyocytes.

Moreover, preliminary results show promising effect of Dapagliflozin on EHTs derived from
DMD hiPSC lines, but more evidence is required. In addition, since several electrophysiological
alterations may occur in DMD cardiomyocytes, we performed acute treatment on DMD-EHTs
with Ranolazine, an anti-anginal drug that acts by inhibiting late sodium current (Ina-L),

potentially mitigating the ionic imbalance associated with this disorder.

Acute treatment of cardiomyocytes isolated to human ventricular surgical samples derived
from HCM and aortic stenosis patients. Gliflozins have been recently demonstrated to
ameliorate cardiovascular function through a pleiotropic mechanism. In particular,
Dapagliflozin was shown to reduce the risk of hospitalization in heart failure patients, also in
the presence of preserved ejection fraction (DAPA-HF; DELIVER) and was recently introduced
in all international HF guidelines (McDonagh T.A. et al., 2023). The molecular mechanisms
underlying these beneficial effects are still not entirely known, and likely involve some direct
effects on cardiac cells, probably mediated by different molecular targets. Starting from this
evidence, we performed an acute treatment with Dapagliflozin on cardiomyocytes isolated from
human surgical biopsies (provide from Careggi hospital), derived from HCM and aortic stenosis
patients at two different concentrations (1 and 5 uM). We performed patch clamp measurements
to evaluate the effects of the drug on the electrophysiological features of action potential (AP),

in particular on its duration (APD), as well as on late sodium currents (Ina-L).

Several mutations lead to the pathogenesis of inherited cardiomyopathies, including
hypertrophic and dilated cardiomyopathy. The knowledge of the molecular effect of these
pathological alterations possibly leads to a better understanding of disease progression,
allowing the development of mutation-specific therapeutical approach. Therefore, the use of
hiPSC-EHTs may provide a good model to investigate early-stage modifications that occur
during cardiomyocytes development, before the onset of symptoms. Moreover, despite
inherited cardiomyopathies can often evolve into different pathological phenotypes, some
mechanisms may be in common, thus pharmacological interventions can be inserted into
different pathological contexts. In fact, several pharmacological compounds, including
gliflozins, may act transversally on different cardiovascular disorders, providing the basis for

personalized medicine and patient specific interventions.

55



56

Chapter 3



MATERIALS AND METHODS

3.1 Induced pluripotent stem cell lines generation

Patient-derived somatic cells and stem cell lines generation. Urine-derived cells from a healthy
donor and DMD patients were reprogramming into hiPSC lines (UC3-4 Al), by using a
lentiviral vector carrying Oct3/4, Sox2, Klf4 and c-Myc. In particular, we used cell lines derived
from DMD patient carrying a deletion of the exon 50 located on DMD gene (UC72039,
DMDAS0), compared with a control donor (UC3-4) (Guan et al., 2014) and its isogenic
(positive control) cell line (c.263delG, UC1015-6), generated from the donor line using the
Crispr/Cas9 technique to delete the 5’ of Exon 1 in DMD gene (Pioner et al., 2020).

In addition, using blood mononuclear cells (PBMCs) extracted from the peripheral blood of 2
additional DMD patients, we generated other 2 different patient-derived Duchenne lines,
DMDICI11 and DMD3Cl, carrying mutations in exon 46-48 and in exon 51, respectively.
PBMCs were isolated at Careggi University Hospital (Florence, Italy) from patient blood
samples using a specific density gradient centrifugation method (Ficoll). A solution containing
sodium diatrizoate, polysaccharides, and water, at a density of 1.08 g/ml, was blended with
equal volume of whole blood diluted in PBS and centrifugated for 40 minutes at 400-500 x g.
The resulting PBMCs ring was collected at 2 x 106 cell/ml in a solution with 20% dimethyl
sulfoxide (DMSO) and 90% Fetal Bovine Serum (FBS) (Life Technologies) and placed inside
a freezing container (Nalgene Mr. Frosty) at -80°C, overnight, to allow progressive gradual
cooling. The following day, cells were moved to liquid nitrogen and shipped to the University
of Washington at Seattle for reprogramming. The newly generated hiPSCs lines had been
previously characterized for the absence of the full-length dystrophin (Dp427) (Guan et al.,
2014; Macadangdang et al., 2015; Pioner et al., 2020; Bremner et al., 2022). Mutated lines were
compared with control lines (WTC11, UC3-4), derived from healthy donors.

In addition, PBMCs obtained from patients with hypertrophic cardiomyopathy carrying the
MYBPC3 ¢.772G>A mutation were also shipped to the University of Washington for
reprogramming through the CytoTune®-1PS 2.0 Sendai Reprogramming Kit (Gibco), followed
by quality control tests on newly generated iPSCs colonies (karyotyping, citometry for
pluripotency markers). The hiPSC lines we used to perform studies on HCM include the WT-
C11 line engineered by Dr. Bruce Conklin (The Gladstone Institute), the ID3 hiPSC line
(AOUC-HCM4 with the MYBPC3-c.772G>A mutation) and the corrected ID3 isogenic

negative-control line (obtained from the ID3 HCM line after correction of the mutation).
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Moreover, during my fellowship to the University of Washington with professor Regnier group
(Bioengineered department, University of Washington, Seattle, USA), I used two different
HCM lines, R403Q-Het and R403Q-Homo lines, carrying a cardiac myosin-heavy chain
(MYH?7) point mutation of Arg*® to glutamine (R403Q) (Volkmann et al., 2005), edited using
the CRISPR/Cas9 method, in comparison with isogenic control (MYH7-WT), to investigate the

main mechanical characteristics underlying HCM due to myosin mutations.

3.1.1 Cardiac differentiation from induced pluripotent stem cells

Induced pluripotent stem cells were expanded in serum-free conditions and maintained in
culture in mTeSR medium (StemCell Technologies) on a Corning® Matrigel hESC-Qualified
Matrix (StemCell Technologies), at 37°C with 5% CO2. After achieving of 70-80% confluence
in hiPSC colonies, in order to induce cardiac differentiation, we performed a differentiation
protocol on monolayer using a specific Cardiomyocyte Differentiation Kit (Life Technologies).
During this process, hiPSC colonies were chemically dissociated with Tryple 1X (Life
Technologies) and incubated for 5 minutes, at 37°C, to obtain single cells. After dissociation,
cells were collected and centrifugated at 200 x g for 4 minutes and pellet was resuspended in a
solution containing m-TeSR medium with the addition of supplement and ROCK inhibitor (Y-
27632 StemCell Technologies), to minimize cellular death. Then, cells were seeded in each well
of a 24-well plate at cell density (90.000-100.000 cells/well, depending on the optimal cell
density of each cell line). The medium was changed the following day to remove ROCK
inhibitor and, when cells showed ~70% of confluency (~2 days after dissociation), the medium
was replaced with Cardiomyocyte Differentiation Medium A (day O of the differentiation
protocol). Two days later, Medium A was replaced with Cardiomyocyte Differentiation Medium
B (day 2 of the differentiation protocol); after a further 2 days the medium was replaced with
Cardiomyocyte Maintenance Differentiation Medium C (day 4), which was subsequently
changed every 2 days, until spontaneous beating appear (approximately at day 8-10 of
differentiation). On day 12 from cardiac induction, Medium C was replaced with RPMI medium
supplemented with B-27 (Life Technologies). Cardiomyocytes differentiated from induced
pluripotent stem cells (hiPSC-CMs) can be cultured until day 12-15 for dissociation and/or

cryopreservation or kept in culture to perform long-term differentiation.

Moreover, several differentiation protocols are used to induce cardiac differentiation from

hiPSCs. A particularly efficient protocol, as differentiation protocol I used in University of
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Washington, include the use of specific factors to induce cardiomyocytes specification. In
particular hiPSCs lines were growth until the achievement of confluence ¢75 %) and detached
by using versene solution supplemented with Rock Inhibitor (Y-27632, StemCell
Technologies). After determining the right cellular density (75.000/100.000) cells were plated
on Corning® Matrigel coated dishes (StemCell Technologies) and after 24 hours medium was
replaced with m-TesR medium supplemented with Chiron 99021 (1 uM) and incubated
overnight at 37°C, 5% COaz. The day after, Chiron concentration was increased to 4 uM in a
RPMI medium containing bovine serum albumin (BSA) and ascorbic acid (this medium is
designed as RBS medium); after 2 days, medium was replaced with RBA supplemented with
WNT C-59° (2 uM). At day 4, medium was replaced with RBA medium without WNT C-59”
and after other two days, medium was aspirate and replaced with RPMI supplemented with
insulin (RPMI supplement, B-27). Initial beating is usually observed between days 6-7 but can
be observed later. After the obtainment of viable cardiomyocytes, a specific purification
protocol was performed. Medium was replaced with DMEM medium without glucose plus
lactate (4 mM), using the capacity of cardiomyocytes to use lactate rather than glucose, leading

the elimination of possible undifferentiated cells.

Cardiomyocyte Differentiation
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Figure 23. Cardiomyocytes differentiation protocol on monolayer. Starting from hiPSCs, cardiac induction was
induced through the addition of three different differentiation medium (medium A+B+C). Around day 11-14 post

differentiation, spontaneous beating appears.
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Figure 24. Optical acquisition (EVOS) of cardiomyocytes differentiated from induced pluripotent stem cells (day
15 p.d., 4X of magnification).

3.1.2 Single cells plating

Around day 20 post differentiation (p.d.), cardiomyocytes obtained from induced pluripotent
stem cells were detached from each well and seeded on glass slides to perform single cells
studies. In particular, cells were dissociated with Tryple 1X and incubated for 10-15 minutes.
After incubation, cells suspension was diluted into RPMI medium supplemented with FBS
(50% RPMI, 50% FBS) to stop Tryple activity and centrifuged at 1000 rpm for 5 minutes at
room temperature. Pellet was resuspended in a solution containing RPMI medium, 10% FBS

and ROCK inhibitor and plated on Matrigel-coated glass slides.
3.1.3 Plating on PDMS stamps

To increase distribution and allow the optimal cellular alignment, hiPSC-CMs were plated on
specific matrigel-coating PDMS (polydimethylsiloxane) molds, with previously formed
parallel grooves with 15 um spacing. After an appropriate sterilization with ethanol 100%, we
performed the transfer of matrigel disks onto the circular grooved PDMS cover glasses through
the formation of a” sandwich”; we then affixed a specific weight (~ 50g) on the top of the
sandwich for 5-10 minutes to allow the moulding of the Matrigel surface, and stored it in the
fridge. The following day, cardiomyocytes were washed with PBS 1X, dissociated in single
cells with a solution of tripsin-EDTA and incubated at 37°C for 3 minutes. Then, cells were
diluted in a solution of DMEM/F12 supplemented with 20% of FBS and centrifuged at 1000
rpm for 5 minutes at room temperature. Pellet was resuspended in RPMI/B27 plus ROCK
Inhibitor (1:1000) and gently plated on Matrigel-coated grooved PDMS cover-glasses at a

density of 1.500.000c/ml. Finally, we verified the alignment and spaceing of cardiomyocytes.
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As shown in figure 25, the spacing is optimal to perform single cell measurements and this

plating procedure provides an increased degree of cardiomyocyte maturation.

Figure 25. Induced pluripotent stem cells derived cardiomyocytes plated on Matrigel PDMS stamps.

3.1.4 Cellular Shortening and calcium fluorescent recording (FURA-2)

Single hiPSC-CMs were used to perform shortening and calcium transient acquisition
measurements through an lonOptix system, featuring a video-microscopy setup to measure the
degree of cardiomyocyte shortening during contraction, as well as intracellular Ca-fluxes.
Mature cardiomyocytes (day 30 p.d.) derived from hiPSCs were incubated at 37°C with Fura-
2 at 0.15 uM for 15 minutes in a Tyrode Solution containing (in mM): MgSo4.7H20 1.2, KCI
3.7, NaCl 138, KH2PO4 1.2, HEPES 10, Glucose 5. Then, solution was replaced with fresh
Tyrode solution without Fura-2, where cells were left for 12 minutes before starting
measurements. Cells were maintained at 37°C and perfused in continuous with Tyrode solution
with increasing calcium concentration (in mM) (0.8, 1 and 1.8) and pacing stimuli at different
frequencies (0.5, 1, 1.5 and 2 Hz). For stimulation, voltage was set at 20 V and pulse waveform
duration was set at 4.0 ms. Shortening acquisition was carried out with an objective

magnification of 40X. Recordings were analysed with lonWizard Software.

Figure 26. Experimental chamber for the measurements of cell fractional shortening and calcium fluorescence

under imposed external pacing in a perfused Tyrode solution at constant temperature of 37°C.
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3.1.5 Mechanical evaluation of contractile proteins

Mpyosin isolation from hiPSC-CMs. At a later stage of maturation (day 50 p.d.), myosin was
extracted from hiPSC-CMs to perform in vitro motility assays (IVMA). Initially, cells were
washed with PBS 1x, dissociated with trispin-EDTA for 4 minutes and diluted with
DMEM/F12, supplemented with 10% of FBS. After a spinning of 1000 rpm for 5 minutes, cold
extraction buffer (KCl 0.3 M, Imidazole 1.15 M, NasP>07 10 mM, MgCl> 1 mM and DTT 2
mM) was added to cellular suspension and solution was gently mixed in ice for 20 minutes.
Then, cells were centrifuged with TLA 120.2 rotor at 75.000 rpm for 1h at 4°C to remove
residuals and actin. Subsequently, cells were moved in a solution containing 3ml of water and
DTT 0.1 M and left on ice for > 1h to allow myosin precipitation. Finally, we performed an
extra round of centrifugation with TLA 100.4 rotor at 4°C and the resulting pellet was finally
resuspended with Buffer C (KCI 0.6 M, MgCl, 2 mM, DTT 5 mM, Imidazole 10 mM, pH 7.4).
The extracted myosin is then quantified with spectrophotometer to calculate the optimal

concentration to be used during the assay.

In Vitro Motility Assay (IVMA). To prepare the In Vitro Motility Assay chamber, coverslips
were washed with ethanol and a solution of 0.1% of nitrocellulose was prepared. Initially,
22X60 mm coverslips (VWR Scientific) were rinsed with ddH>O and we coated the middle half
of each coverslip with 0.1% of nitrocellulose. After a complete drying, the assay chamber was
created by using two -2 mm-wide strips mounted 2 mm apart in the nitrocellulose-covered area,

parallel to the long axis. Then, we placed an 18 mm coverslip (Corning) on the strips.

To perform IVMA, myosin was added onto nitrocellulose coverslip for 1 min and washed with
bovine serum albumin (BSA) (0.5 mg/ml) in motility buffer to block unspecific sites.
Immediately, unlabelled actin was used to block rigor heads and incubate for 30 sec. Then, to
release filaments of actin from functional myosin heads, MgATP in motility buffer was added,
leading the block of only “rigor” heads, followed by rinsing with motility buffer to remove the
excess of MgATP. Finally, Phalloidin rhodamine-labelled F-actin was added to coverslip for 30
s and rinsed with motility buffer. IVMA was performed at 37 °C, in motility buffer with ImM
MgATP, 0.5% methylcellulose and oxygen scavengers (3 mg/ml glucose, 0.1 mg/ml glucose
oxidase, 0.18 mg/ml catalase). Actin sliding was observed using a fluorescent inverted
microscope and motility data were recorded and digitized for analysis, thought a software that
allow a characterization of the entire field without bias, determining mean velocity via a

Gaussian analysis.
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Figure 27. In Vitro Motility Assay technique. Nitrocellulose-covered chamber with myosin preparation, fluorescent

actin, and ATP.

3.2 Engineered heart tissues (EHTs) generation

Engineered heart tissues (EHTs) were generated from hiPSC-CMs following a previously
described protocol (Weinberger F. et al., 2017). Agarose casting moulds were formed in a 24-
well tissue culture plate using 2% agarose (Life Technologies) dissolved in PBS 1X and the
solution was heated to dissolve the agarose powder. Agarose moulds were generated by
inserting Teflon spacers (EHT Technologies GmbH) in the wells; after agarose solidification
(~10 min), Teflon spacers were removed and silicone PDMS racks (EHT Technologies GmbH)
were positioned in the middle of each agarose well. At day 15 post cardiac induction, starting
from beating monolayers, cardiomyocytes were washed with PBS 1X and dissociated with
Tryple for 10 minutes at 37°C. Then, the cell suspension was moved into a centrifuge tube
containing RPMI/B27 medium and FBS (50% RPMI, 50% FBS) and centrifuged at 1000 rpm
for 5 min. HIPSC-CMs were resuspended in RPMI/B27 medium supplemented with 10% of
FBS and ROCK inhibitor (1:1000).

Each EHT were generated with 100ul of mixed solution, consisting of 1 x 10° cells in
RPMI/B27, 5 mg/ml of fibrinogen derived from bovine plasma (Sigma-Aldrich) and 3 U/mL
of Thrombin (Sigma-Aldrich). The mixed solution of fibrinogen and thrombin was pipetting
into the agarose mould and incubated for 80 min at 37°C, 5% CO2, to allow fibrin tissue
polymerization. Subsequently, each well was covered with a small amount of RPMI/B27
(300uL) and incubated for 10 minutes to easily remove the tissue from the agarose stamps.

Finally, the PDMS structure were carefully removed from the wells and transferred to wells
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containing the EHT-medium, consisting of the RPMI plus B27 with insulin, 10% FBS, as well

as 33pg/ml Aprotinin (Sigma-Aldrich) to minimize proteolytic degradation. The following day,

the medium was replaced with RPMI/B27 supplemented with Aprotinin without FBS. Usually,

engineered heart tissues start spontaneous beating around day 3-4 after tissue formation.
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Figure 28. Agarose casting mold preparation. A) Teflon spacer to perform agarose casting molds and a silicone

PDMS rack. B) Generation of agarose casting molds and pillar insertion (Mannhardt et al., 2017); C) EHTs

generation from hiPSC-CMs and chronic in vitro treatment.
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3.2.1 Spontaneous auxotonic recordings

Spontaneous auxotonic tension and beating frequency were regularly measured at specific time
points during maturation (from day 20 to 50 p.d.) by optical tracking of the flexible post
deflection at 10x of magnification (Olympus) using an Evos FL2 auto system (20 second
recordings at 33 frames/sec) (Life Technologies). The system was associated with an on-stage
incubator connected to a BenchPro 2100 Plasmid Purification System (Invitrogen) that allow
the maintenance of culture condition of 37°C, 5% CO.. Measurements were performed in the
RPMI/B27 culture medium with ~0.4mM of Ca**. The relationship between the deflection of
the individual pillars and force is 0.28 uN/um. Tension was analyzed using a customized

Labview analysis program and tissue cross-sectional area was calculated assuming an elliptical

cross section (A= /4 x width x thickness) for force normalization.

EHTs formation protocol

Spontaneous recording during maturation

~=

EHT Cellimaging system (EVOS)

Figure 29. Spontaneous auxotonic measurements by recording of flexible pillars deflection during EHTs

maturation.

3.2.2 Isometric force measurements

At a later stage of maturation (day 50 p.d.), EHTs were detached from the silicon pillars and
immediately transferred into Krebs/Henseleit solution, containing (in mM) 119 NacCl, 4.7 KCI,
2.5 CaCl2, 1.2 MgS04, 1.2 KH2PO4, 25 NaHCO3 with the addition of BDM (20mM). Then,
the EHT was mounted between a force transducer (KG7A, Scientific Instruments Heidelberg,
Germany) and a motor (Aurora Scientific Inc. Aurora, Canada), controlled by a custom

Labview (National Instruments, Austin, Texas) program. Tissue dimensions (length and width)
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were determined using a stereomicroscope with a calibrated reticule in the eyepiece and then
tissue length was slowly increased in approximately 3% strain increments, while passive force
was continuously recorded. The tissues were perfused with Krebs/Henseleit solution, without
BDM, at pH 7.4 with 95%02:5%CO2. Isometric force was recorded at 35+2°C and EHTs were
stimulated at increasing pacing rates (from 0.2 to 2.5 Hz). Moreover, measurements were
performed at different Ca>" concentrations (0.5, 0.8, 1, 1.2, 1.8, 2, 3 and 4mM). Isometric force
was recorded via custom LabView software and was calculated using the same cross-sectional

area as for the spontaneous recording.

Lenght measurements Force recording apparatus

Figure 30. Isometric contractions recording. Images of mounting the EHT between a force transducer and a

motor arm and width and length measurements before recordings.

3.2.3 Action potential and calcium transient evaluation by using a confocal microscope

At day 50 post cardiac induction, EHTs were incubated with two specific fluorescent dyes for
membrane voltage and calcium (Fluovolt and Cal630, respectively) in Tyrode Solution,
containing (in mM) 5 HEPES, 10 Glucose, 140 NaCl, 5.4 KCl, 1.2 MgCl,, 1.8 CaCl, (pH =
7.3) supplemented with 10uM blebbistatin, Time of incubation was for 40 minutes. After this
time, Tyrode buffer was replaced with fresh solution without dyes and mounted on a cellular
stage of a confocal microscope (NikonEclipse T:2) supplemented with a multicolor light LED
source. The EHTs were stimulated at difference frequencies (0.1, 1, 2 Hz) and maintained in

perfusion with Tyrode solution at a controlled temperature of 37°C.
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Figure 31. Representative image of induced pluripotent stem cells derived engineered heart tissue (hiPSC-EHTs)

loaded with a fluorescent day (Fluovolt) by using a confocal microscope.

3.3 Cardiomyocytes isolation from human surgical samples

Starting from human surgical samples from the atria and ventriculles of selected patients who
underwent cardiac surgery, viable cardiomyocytes were obtained using a combination of
enzymatic and mechanic digestion, as described before (Coppini et al. Circulation 2013). In
particular, cardiac tissue was cut into small pieces ( Imm?) in a cardioplegic solution,
containing (in mM) KH>PO4 50, MgSO4 8, HEPES 10, Adenosine 5, Glucose 140, Mannitol
100 and Taurine 10. After cutting, the tissue was rinsed with Ca®" -free dissociation buffer
(HEPES 1o mM, Glucose 10 mM, taurine 20 mM, pyruvate 5 mM, NaCl 120 mM, KH,PO4 1.2
mM, KCl 10 mM, MgCl:1.2 mM, pH 7.2). Enzymatic digestion was performed using
collagenase Type V and protease Type XXIV (Sigma) at 0.4 mg/ml and 0.2 mg/ml, respectively,
for extracellular matrix degradation, in association with a mechanical digestion, using a custom-
made apparatus. Subsequently, the tissue was subjected to additional digestion cycles with
collagenase, to allow the release of single cardiomyocytes. During digestion, the buffer
containing cardiomyocytes was collected at the end of each cycle and the enzyme action was
stopped with an equal volume of KB solution (glucose 20 mM, creatine 5 mM, taurine 5 mM,
EGTA 0.5 mM, succinic acid 5 mM, K>-ATP 2mM, pyruvic acid 5 mM, B-hydroxybutyric acid
5 mM, KCI1 85 mM, KoHPO4 7H20 SmM).
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Figure 32. Viable cardiomyocytes isolation from human surgical samples. Cardiac tissue is divided into small

pieces and fibrotic and fat tissues were removed.

Then, a small amount of cellular suspension was observed under microscope to evaluate the
number and morphology of obtained cardiomyocytes, that should be as follows: rod-shaped,
presence of visible stripes, well-defined cellular edges, absence of visible vacuolization or
inclusions, absence of spontaneous beating. Once we obtained viable cardiomyocytes, the
cellular suspension derived from all cycles of digestion was centrifuged at 700 x g for 5 minutes
and pellet was resuspended in a Ca-free Tyrode solution supplemented with 1 mg/ml albumin
and 0.1 mM CaCl. Finally, cardiomyocytes were gradually adapted at physiological calcium
concentration by gradually adding CaCl, until we reached a final concentration of 0.6 mM. At
this point, cardiomyocytes can be used to perform functional measurements, such as patch

clamp and calcium fluorescence recordings.

Figure 33. Enzymatic and mechanical digestion to obtain viable cardiomyocytes. Cardiomyocytes were obtained

using a custom-made tritur with a solution of collagenase and protease.

3.3.1 Electrophysiological evaluation using patch clamp measurements

Cardiomyocytes isolated from human surgical samples of interventricular septum of patients

affected from hypertrophic cardiomyopathy (HCM) were used to perform patch clamp
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measurements, aiming to characterize the electrophysiological alterations in the presence of
cardiomyopathies. Using a custom-made six-way perfusion system, we tested the acute effects
of different compounds at different concentrations on the same cardiomyocytes, in comparison
with the basal condition. With regards to electrophysiological measurements, isolated cells were
placed on a cellular stage maintained at a temperature of 35+2 °C to perform current-clamp and
voltage-clamp recordings aimed at evaluating the characteristics of action potentials,
transmembrane currents, and intracellular calcium. Action potentials (APs) were measured
using the perforated-patch configuration (amphotericin-B method). APs were activated with

short depolarizing stimuli, and data were analysed using the Clampfit Software.

Figure 34. Schematic representation of isolating procedure to obtain viable cardiomyocytes and patch-clamp
measurements. A) Ventricular cardiac tissue derived from surgical myectomy. B) Cutting of cardiac tissue and

fibrotic and fat tissues removal. C) Mechanical and enzymatic digestion. D) Patch-clamp measurements.

3.4 Skeletal muscle differentiation from human induced pluripotent stem cells (hiPSCs)

Human induced pluripotent stem cells were obtained by reprogramming monocytes derived
from a healthy donor and from a Duchenne patient carrying a deletion of exon 46-48, resulting
in total absence of dystrophin (DMDI1C11; AExon46-48). When hiPSCs reached 80% of
confluence in culture, they were dissociated with ACCUTASE and incubated for 5 min at 37°C.
Then, cellular suspension was dilute in Skeletal Muscle Induction medium 1 (SKM-01) and
centrifugated at 1200 rpm for 4 minutes. Pellet was resuspended in SKM-01 medium and cells
were plated at density of 20.000 cells/dish, to start the differentiation towards skeletal muscle
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cells. To obtain 90% of confluency, the skeletal muscle precursors were detached with trypsin
and incubated for 5 minutes; cells were diluted in KO-DMEM supplemented with 10% of KO-
Serum and centrifuged for 4 minutes at 1200 rpm. Cells obtained were plated in a mw-24
(10.000 cell per dish) in Skeletal Muscle Myoblasts medium (SKM-02). Cells were then
cultured until 90% of confluence, when skeletal precursors became myoblasts. To induce the
conversion from myoblasts to myotubes, the SKM-02 medium was replaced with Skeletal

Muscle Myotube medium 3 (SKM-03).

At each phase of differentiation, skeletal muscle precursors, myoblasts and myotubes, cells
were detached and fixed with paraformaldehyde (PFA) at 4% to perform immunofluorescence
staining for the main markers of each stage of differentiation (Pax7, MyoD, Miogenin, MHC).
In addition, at the later stage of maturation ¢ day 30 p.d.), calcium transient evaluation was
performed by using a specific fluorescent dye (Cal520), to evaluate the calcium handling of

both lines tested, under acetylcholine stimulation.
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Figure 35. Schematic representation of skeletal muscle differentiation protocol in vitro. Differentiation was

performed in SKM-01/SKM-02/SKM-03 medium, and skeletal muscle cells were kept in culture at 37°C, 5% CO:.
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Chapter 4



RESULTS

4.1 Modelling Hypertrophic cardiomyopathy using Engineered Heart Tissue (EHTS)

Hypertrophic cardiomyopathy (HCM) is commonly associated with an important sarcomere
dysfunction, leading to cardiac muscle hypercontractility and specific myocardial impairment.
In a normal heart, the actin-myosin interaction involves less than 10% of all myosin heads
(Spudich JA et al., 2014), while the remaining heads are in a super relaxed state conformation
where ATP-binding domains are sterically inhibited and unable to bind actin. In this view, HCM
mutations lead to an increased number of active myosin heads involved in each cardiac cycle,
increasing cardiac actin-myosin interaction, leading to increased energy consumption and
hypercontractility.

To date, appropriate and specific pharmacological treatments for HCM are not available. In
fact, current strategies provide for reducing arrhythmia occurrence, managing atrial fibrillation
and improving left ventricular filling, by using beta-blockers and diuretics (Elliott P.M et al.,
2014). Since cardiomyocyte hypercontractility represents a suitable target for HCM treatment,
Mavacamtem, a novel first-in-class cardiac myosin inhibitor, may reverse the fundamental
abnormalities of HCM myocardium (Zampieri M. et al., 2021). In a phase III clinical trial on
patients with obstructive hypertrophic cardiomyopathy (Olivotto 1. et al., 2020), Mavacamtem
demonstrated efficacy in mitigating left ventricular outflow tract obstruction, improved the
exercise capacity of patients, their NYHA functional class, and their health status. Moreover,
the phase I MAVERICK-HCM trial showed improved indexes of cardiac function in HCM
patients without obstruction (Ho CY et al., 2020)

4.1.1 MYBPC3 mutation associated with hypertrophic cardiomyopathy

Most of the mutations involved in the pathogenesis of HCM affect sarcomere and at least 80%
of familial HCM is caused by mutation in two contractile proteins: myosin-binding protein C
(MYBPC3) and myosin heavy chain (MYH7). MYBPC3 gene was the first mutation described
as a cause of dilated cardiomyopathy, restrictive cardiomyopathy and left ventricular non-
compaction (Hershberger RE et al., 2010; Yuan et al., 2017), MyBPC maintains the sarcomere
integrity through interaction with actin, myosin, and titin (Flavigny J et al., 2003). Mutations in
MYBPC3 gene lead an acceleration of cross-bridge kinetics, increasing energetic cost of
contraction. Also, electrophysiological modifications, such as slower action potentials and

prolonged calcium transients, occur in HCM patients carrying MYBPC3 mutation (Pioner et
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al., 2023). In particular, somatic cells from a patient carrying the MYBPC3: ¢.772G>A variant
(p.Glu258Lys, E258K) have been used to derive a induced pluripotent stem cells (iPSCs) line.
Since induced pluripotent stem cells derived cardiomyocytes (hiPSC-CMs) are capable to
mimic cardiomyocytes at a developmental stage (Marchiano’ et al., 2019), the use of hiPSC-
CMs can be predictive to model modifications that occurs in a very early stage of the disease,
when overt cardiac abnormalities are still absent. In addition, to better understand the role of
this particular sarcomere mutation on cellular contractility, engineered heart tissues (EHTSs)
were derived from the MYBPC3: ¢.772G>A line. An isogenic line derived from Crispr/Cas9
technique was used as control. Initially, to evaluate the effects of mavacamtem on sarcomere
function in HCM, we performed an acute exposure of the ¢.772G>A line to the drug, followed
by a long-term treatment for 20 days in culture. To analyse the pathological changes occurring
during cardiac development, we performed an evaluation of auxotonic contractions at specific
time points of maturation in EHTs (days 25, 30, 35, 40, 45, 50), through video-microscopy
recordings of the deflection of the flexible silicon pillars attached to the muscles. Analysis of
spontaneous contractions of EHTs was performed during culture in RPMI/B27 medium at 37°C,

5% CO., with and without Mavacamten (0.3 and 0.75 uM).
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Figure 36. Chronic treatment with Mavacamten. Chronic treatment of EHTs from day 40 to day 60 p.d. Analysis
of spontaneous contractions of EHTs was performed during culture with and without Mavacamten by optical

tracking of flexible pillar deflection. EHTs were kept in culture in RPMI/B27 medium at 37°C, 5% CO;

Recordings of spontaneous auxotonic twitches highlighted that Mavacamtem treatment
determined a partial reduction of contractile force at 0.3uM, while the higher concentration
(0.75uM) was sufficient to completely abolish spontaneous contractions. Furthermore, as a
result of wash-out protocols, tension slowly recovered reaching pre-treatment levels. In
addition, at a later stage of maturation (day 50), EHTs were detached from the pillars and
mounted on a custom-made apparatus to perform measurements of tension and contraction
kinetics in isometric conditions. EHTs were subjected to pacing stimuli at specific frequencies
(0.2-0.5-1-1.5-2 Hz) and were exposed to different extracellular calcium concentrations (0.5 -
1.8 - 4 mM). Measurements were performed with a continuous perfusion with Krebs-Henselheit

solution at 37C.

Our results show that long-term treatment with Mavacamtem (0,75uM) induces a significant
reduction in isometric twitch force in HCM lines and control. In addition, Mavacamten induces
an acceleration of twitch contraction and relaxationin mutated EHTSs, but no effects on kinetics

were observed in control muscles.
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Figure 37. Isometric measurements of active tension. Mechanical recordings of HCM-EHTs at day 60 p.d
Analysis of spontaneous contractions of EHTs was performed during culture with and without Mavacamten by

optical tracking of flexible pillar deflection. EHTs were kept in culture in RPMI/B27 medium at 37°C, 5% CO..

4.1.2 Fluorescent evaluation of action potential by using confocal microscope

To assess the effect of long-term treatment with Mavacamten on HCM-EHTs, on the same
tissue, we performed a fluorescent evaluation of action potential, by using a specific fluorescent
dye able to work as a voltage indicator (Fluovolt). In particular, we compared untreated with

treated HCM-EHTs and, through a confocal miscroscope, we perform action potential (AP)

measurements.
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Figure 38. Action potential recording using FluoVolt as a voltage indicator. Untreated EHTs were compared with
those treated with Mava (0.3uM) for action potential at 50% of duration (APD50, ms). Measurements were
performed at 1Hz at 37°C in Tyrode solution with 1.8mM of extracellular calcium and Blebbistatin 5uM.
(Untreated N=3 n=22; Mava 0.3 uM N=6 n=125; Mava 0.75 uM N=2 n=26)
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4.2 R403Q mutation: mechanical alterations of myosin motility in hypertrophic

cardiomyopathy

Approximately 70% of all HCM cases are linked to single point mutations, including mutation
that occur in B-myosin heavy chain (MHC), resulting in myosin motor function alterations. One
of the most severe MHC mutations is the R403Q mutation, with 50% of the affected individuals
dying by 40 years of age in the first case series reported. To investigate the effect of the R403Q
mutation on the mechanical properties of myocardium, cardiomyocytes were differentiated
from induced pluripotent stem cells Crispr-Cas9 engineered to carrying R403Q mutation in
heterozygosis and homozygosis (Het-R403Q and Homo-R403Q, respectively), using a
differentiation protocol as previously described. Around d30 post cardiac induction, cellular
shortening, contraction time (time to 50% peak), relaxation time (time from peak to 50%
baseline) were measured through an automated video-based detection software (IonOptix,
USA). Contractility measurements were included when cardiomyocytes followed field
stimulation and spontaneous beating did not occur. In addition, on the same day of maturation
(day 50 p.d.), we performed a single molecule mechanical assay on cardiac myosin isolated

from hiPSC-CMs.

Shortening measurements. To evaluate how R403Q mutation can affect cardiomyocytes
contractility, we performed shortening and calcium fluorescence evaluation on long-term
cultures of hiPSC-CMs, carrying the R403Q mutation in heterozygosis or in homozygosis (Het-
R403Q and Homo-R403Q), respectively). Cardiomyocytes were perfused at 37 C, with Tyrode
solution supplemented with different calcium concentration (0.5mM-0.8mM-1mM-1.8mM)

under imposed stimuli at different frequencies (0.5Hz-1Hz-1.5Hz-2Hz).

Optical evaluations were performed in Tyrode solution perfusion at physiological calcium
concentration (1.8 mM) at 1 Hz stimulation rate and showed a marked decrease of cellular
shortening percentage (%) of Het-hiPSC-CMs and Homo-hiPSC-CMs in comparison with
control cardiomyocytes, associated with a more pronounced decrease in heterozygous
compared to homozygous and control cells (Figure 39.B). Moreover, twitch contraction
kinetics, in terms of time to peak 50% and time to 50% of relaxation, highlighted no significant
differences in both lines tested compared to control (Figure 39.C). In addition, at the same
experimental conditions and a field stimulation of 1 Hz, does not occur any significant

differences in both lines tested, compared to control (Figure 39.D).
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Figure 39. Shortening measurements using lonOptix evaluation. A) Representative traces of hiPSC derived
cardiomyocytes under imposed stimuli of (0.5, 1, 1.5 and 2 Hz). B) Het-hiPSC-CMs, Homo-hiPSC-CMs and ctrl-
hiPSC-CMs shortening evaluation. Recordings were performed at d50, in Tyrode solution supplemented with
CaCl, (1.8 mM) under imposed stimulus of 0.5 Hz. Cardiomyocytes were kept in culture in RPMI/B27 medium at

37°C, 5% CO:..
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Figure 40. Shortening measurements via lonOptix technique. Het-hiPSC-CMs, Homo-hiPSC-CMs and ctrl-
hiPSC-CMs shortening evaluation (shortening percentage, time to peak, time to 50% of relaxation). Recordings
were performed in Tyrode solution supplemented with CaCl, (1.8 mM), 37°C, under imposed stimulus of 1 Hz.
Het-hiPSC-CMs: N=3 n=7; Homo-hiPSC-CMs: N=4 n=12; ctrl-hiPSC-CMs: N=4 n=11.

Calcium transient evaluations. Calcium plays a fundamental role in cardiomyocytes function,
triggering excitation-contraction coupling and modulating several electrophysiological and
mechanical processes. Previous findings show evidence that contractile activity is dependent
on cytosolic Ca?" levels, with low concentrations (1-10 mM) of calcium that led mechanical
activation but inhibiting this process to high concentrations (> 10 mM) (Fabiato and Fabiato
1972; Fabiato 1983). To assess how HCM cardiomyocytes can adapt their mechanical activity
in relation to the variation in intracellular calcium concentration, we performed optical
evaluation (IonOptix, USA) by changing calcium concentrations in solution (0.5-0.8-1-1.8
mM). Measurements were performed on Het-hiPSC-CMs, Homo-hiPSC-CMs and control at
d50 p.d, in continuous perfusion with Tyrode solution and a different stimulation frequency

(0.5-1 Hz), as previously described.

IonOptix evaluation highlighted that cellular shortening (%) is lower in both mutated
cardiomyocytes compared to control, at 0.5 Hz of stimulation (Figure 41,B), but with an
increase in the shortening percentage of Homo-hiPSC-CMs in comparison to Het-hiPSC-CMs
and ctrl-hiPSC-CMs (Figure 41,C), at 1 Hz of field stimulation. This preliminary data may be
explained with the hypercontractility characteristic by f-myosin heavy chain mutation, such as

R403Q mutation.
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Figure 41. Shortening measurements via IonOptix tecnique. Het-hiPSC-CMs, Homo-hiPSC-CMs and ctri-
hiPSC-CMs shortening evaluation (%) Recordings were performed in Tyrode solution supplemented with different
calcium concentration (0.5-0.8-1-1.8 mM), 37°C, under imposed stimulus (0.5-1 Hz). A) Cardiomyocytes
shortening (%) at different calcium concentration under imposed stimulus of 0.5 Hz. B) Cardiomyocytes

shortening (%) at different calcium concentration under imposed stimulus of 1 Hz.

In addition to shortening evaluations, at the same day of maturation (d50), we performed
calcium transient measurements by using a ratiometric fluorescent dye for calcium (FURA-2).
Calcium transient kinetics evaluations highlighted a significant reduction in time to peak (ms)
and time to 50% of relaxation (ms) in homozygous and heterozygous cardiomyocytes compared
to control line, at 0.5 and 1 Hz of field stimulation (Figures 42.B). Moreover, the same trend

was maintained also for higher frequencies of stimulation (Figures 42.C).
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Figure 42. Calcium fluorescent measurements using FURA-2 fluorescent dye. Het-hiPSC-CMs, Homo-hiPSC-
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CMs and ctrl-hiPSC-CMs calcium transient evaluation (time to peak, time to 50% of relaxation). Recordings were
performed in Tyrode solution supplemented with CaCl; (1.8 mM), 37°C, under field stimulation. Het-hiPSC-CMs:
N=1 n=11; Homo-hiPSC-CMs: N=3 n=32; ctrl-hiPSC-CMs: N=3 n=49. A) Calcium transient kinetics recorded
under imposed stimulus of 0.5 Hz. B) Calcium transient kinetics recorded under imposed stimulus of 1 Hz. C)
Calcium transient kinetics recorded under imposed stimulus of 1.5 Hz. D) Calcium transient kinetics recorded

under imposed stimulus of 2 Hz.
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Ca™ transient amplitude (Fy,o/Fae)

Moreover, calcium handling evaluation by using FURA fluorescent dye on Het-hiPSC-CMs,
Homo-hiPSC-CMs and ctrl-hiPSC-CMs showed a significant reduction in calcium transient
amplitude in both mutated lines, compared to control line, at all stimulation frequencies tested
(0.5-1 Hz), highlight a possible alteration in calcium handling associated with the R403Q

mutation (Figure 43).
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Figure 43. Calcium fluorescent measurements using FURA-2 fluorescent dye. Het-hiPSC-CMs, Homo-hiPSC-
CMs and ctrl-hiPSC-CMs calcium transient amplitude evaluation. Recordings were performed in Tyrode solution
supplemented with CaCl; (1.8 mM), 37°C, under field stimulation. Het-hiPSC-CMs: N=1 n=11; Homo-hiPSC-
CMs: N=3 n=32; ctrl-hiPSC-CMs: N=3 n=49. A) Calcium transient amplitude recorded under imposed stimulus

of 0.5 Hz. B) Calcium transient amplitude recorded under imposed stimulus of 1 Hz.
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Fluorescent evaluation of sliding actin-myosin velocity: In Vitro Motility Assay (IVMA). In
Vitro Motility Assay (IVMA) technique provide a powerful tool to lead many important
fundamental observations about the mechanism of actin and myosin interaction. The IVMA
protocol allowed us to observe fluorescently labelled actin filaments gliding over a cover slip
that has been coated with myosin in the presence of ATP. The actin-myosin movement is
captured with a sensitive video camera and velocity is estimated using a specific analysis
software. Moreover, the rate of movement of actin results independent of the concentration of
myosin or on the length of the actin filament, then the movement occur at the peak velocity

when the threshold of myosin density is achieved.

Figure 44. Representative image of sliding actin-myosin recording using In Vitro Motility Assay performed via

fluorescent microscope, in presence of photo labelled actin.
Several studies show evidence that R403Q mutation can increase cross-bridge relaxation
kinetics, in association with an increase of energetic cost of sarcomere tension generation,

representing one of the causes of hypertrophic cardiomyopathy (Belus et al Circ res 2009).

To investigate the effects of R403Q mutation in cross-bridge formation and on actin-myosin
kinetics, we performed IVMA on myosin isolated from mutated hiPSC-CMs (Het R403Q,
Homo R403Q), in comparison with control. At day 50 p.d. we applied a specific myosin
extraction protocol, obtaining myosin from each lines tested (Het R403Q, Homo R403Q and
Ctrl) and performed IVMA in presence of 100% ATP (2mM) and 50% ATP/ADP (1mM ATP,
ImM ADP).

Our results highlight an evident reduction in filament velocity (um/s) in moving non-erratic
filaments in mutated lines, when 50% ATP was applied, in comparison with 100% ATP (Figure
45, B). Moreover, Het R403Q myosin showed a reduction of sliding velocity in comparison

with the control line.
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Figure 45. In Vitro Motility Assay fluorescent evaluation. Myosin was extracted from Het-hiPSC-CMs, Homo-
hiPSC-CMs and ctrl-hiPSC-CMs at day 50 after cardiac induction. Measurements were performed at 37°C, with
a fluorescent microscope equipped with a sensitive camera. Het-hiPSC-CMs: N=2 n=6; Homo-hiPSC-CMs: N=2
n=06, ctrl-hiPSC-CMs: N=2 n=4. A) Sliding velocity of moving filaments B) Sliding velocity of moving non-erratic
filaments. [Myo] Het R4030= 0.43 mg/ml; 0.63 mg/ml. [Myo] Homo R403Q= 0.37 mg/ml; 0.59 mg/ml. [Myo]
Ctrl= 0.20 mg/ml; 0.47 mg/ml.
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4.3 Electrophysiological evaluation of surgical human samples derived from HCM and

aortic stenosis

Despite the advance in new therapies, cardiovascular disease remains the largest cause of illness
and death worldwide. One considered a rare inherited cardiac disease, hypertrophic
cardiomyopathy (HCM) is one of the most common heart diseases, with an incidence of 1:500
in the general population and characterized by cardiac dysfunction and heart failure (Maron B.
J. Et al., 2022). Effective pharmacological interventions have significantly reduced HCM
mortality and morbidity and include the use of angiotensin-converting enzyme inhibitors,
angiotensin II receptor blockers, diuretics and beta blockers.

In the recent years, sodium-glucose cotransporter-2 inhibitors (SGLT2-Is), known as gliflozins,
first identified as anti-diabetic medication, were introduced as “off-label” use for the treatment
of cardiovascular events. The mechanisms underlying the cardioprotective effects of SGLT2-Is
are still unclear, but a role in the activation of anti-inflammatory and oxidative stress pathways
has been proposed (Tomasoni D. et al., 2019). To date, clinical trials highlight a possible key
role of dapagliflozin in cardiac electrophysiology. In fact, recent clinical evidence from a post-
hoc analysis of the Dapagliflozin effect on cardiovascular events (DECLARE-TIMI 58)
demonstrated a reduction of relative risk of atrial fibrillation, reducing heart failure (HF) and
hospitalization, even in non-diabetic patients with HF (EMPEROR-Reduced trial).

Starting from this evidence, we tested Dapagliflozin on cardiomyocytes isolated from surgical
biopsies derived from patients undergoing myectomies affected by HCM and aortic stenosis
(Careggi University Hospital, Florence). Aortic stenosis a classic example of secondary
hypertrophy, caused by a reduction of aortic valve opening capability representing an
obstruction to the physiological outflow of blood between the left ventricle and the aorta during
systole, resulting in loss of pressure and heart failure symptoms.

To investigate the effect of Dapagliflozin on the myocardium electrophysiological profile,
cardiomyocytes were isolated from surgical samples of the interventricular septum extracted
from patients with HCM or aortic stenosis. To obtain single cells, we used a mechanical and
enzymatic digestion, as previously described (Coppini et al, Circulation 2013). Subsequently,
we performed acute treatment with Dapagliflozin at two different concentrations: 1 pM, very
similar to the concentrations obtained in the plasma of patients during clinical use, and 10 uM,
to assess potential cardiotoxic effects of this drug. During treatment, cardiomyocytes were
perfused with Tyrode solution and maintained at 37°C. Action potentials were recorded in

current clamp configuration at different frequencies (0.2, 0.5, 1 Hz).
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Patch clamp measurements in HCM cells highlighted a significant reduction of action potential
duration at 90%, compared to basal, at all stimulation frequencies tested (0.2-0.5-1 Hz).
Moreover, this decrease was more pronounced with the increase of stimulation frequency and
with the increase of drug concentration (1 uM vs 10 uM), showing a possible and dose-
dependent and frequency-dependent effect (Figure 45). Moreover, the same effect has been
observed on action potential duration at 90% in cardiomyocytes isolated from surgical samples

of patients with aortic stenosis (Figure 46).
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Figure 46. Effect of Dapagliflozin on action potential kinetics of ventricular cardiomyocytes isolated from
hypertrophic cardiomyopathy surgical samples: current clamp configuration. A) Action potential duration at
90% repolarization (APD90%) recorded during stimulation at 0.2Hz, 0.5Hz and 1Hz in human ventricular
cardiomyocytes isolated from hypertrophic cardiomyopathy (HCM) surgical samples. B) Superimposed
representative action potential traces recorded in human ventricular cardiomyocytes isolated from hypertrophic
cardiomyopathy (HCM) surgical samples during stimulation at 0.2hz, before drug exposure (black traces) and
during exposure to different Dapagliflozin at the concentration of 1 uM (light green traces) and 10 uM (dark green
traces). C) Superimposed representative action potential traces recorded in human ventricular cardiomyocytes
isolated from hypertrophic cardiomyopathy (HCM) surgical samples during stimulation at 0.5Hz, before drug
exposure (black traces) and during exposure to different Dapagliflozin at the concentration of 1 uM (light green
traces) and 10 uM (dark green traces). D) Superimposed representative action potential traces recorded in human
ventricular cardiomyocytes isolated from hypertrophic cardiomyopathy (HCM) surgical samples during

stimulation at 0.2hz, before drug exposure (black traces) and during exposure to different Dapagliflozin at the
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concentration of 1 uM (light green traces) and 10 uM (dark green traces). Mean = SEM from 8 patients (20
cardiomyocytes). * *=p<0.01
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Figure 47. Effect of Dapagliflozin on action potential kinetics of ventricular cardiomyocytes isolated from aortic
stenosis surgical samples: current clamp configuration. A) Action potential duration at 90% repolarization
(APD90%) recorded during stimulation at 0.2Hz, 0.5Hz and 1Hz in human ventricular cardiomyocytes isolated
from aortic stenosis (AOS) surgical samples. B) Superimposed representative action potential traces recorded in
human ventricular cardiomyocytes isolated from aortic stenosis (AOS) surgical samples during stimulation at
0.2hz, before drug exposure (black traces) and during exposure to different Dapagliflozin at the concentration of
1 uM (light green traces) and 10 uM (dark green traces). C) Superimposed representative action potential traces
recorded in human ventricular cardiomyocytes isolated from aortic stenosis (AOS) surgical samples during
stimulation at 0.5hz, before drug exposure (black traces) and during exposure to different Dapagliflozin at the
concentration of 1 uM (light green traces) and 10 uM (dark green traces). D) Superimposed representative action
potential traces recorded in human ventricular cardiomyocytes isolated from aortic stenosis (A0OS) surgical
samples during stimulation at 0.2hz, before drug exposure (black traces) and during exposure to different
Dapagliflozin at the concentration of 1 uM (light green traces) and 10 uM (dark green traces). Mean + SEM from
8 patients (20 cardiomyocytes). * *=p<0.01

Moreover, acute treatment with dapagliflozin does not show any significant differences in
maximum rise slope of action potentials measured in ventricular cardiomyocytes isolated from

oHCM and aortic stenosis surgical samples, compared to the baseline conditions (Figure 47).

86



Then, these results highlight that cardioprotective effect of Dapagliflozin is explained on the
action potential, via the reduction of action potential duration (APD). Moreover, this reduction,
in association to the absence of effect on the peak sodium current, even at high concentration

(10 uM), may induce a decrease of arrhythmic events occurrence.
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Figure 48. Effect of Dapagliflozin on action potential kinetics of ventricular cardiomyocytes isolated from
hypertrophic cardiomyopathy and aortic stenosis surgical samples: current clamp configuration. A) Maximum
upstroke speed of action potential recorded in ventricular cardiomyocytes from oHCM patients at 0.2Hz, 0.5 and
1Hz, before and after exposure to different Dapagliflozin concentrations (1 uM and 10 uM). Mean + SEM from 8
patients (20 cardiomyocytes). NS= Not Significant. B) Maximum upstroke speed of action potential recorded in
ventricular cardiomyocytes from AOS patients at 0.2Hz, 0.5 and 1Hz, before and after exposure to different
Dapagliflozin concentrations (1 uM and 10 uM). Mean + SEM from 6 patients (20 cardiomyocytes). NS= Not
Significant.
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4.4 Engineered heart tissue to modelling dilated cardiomyopathy associated to Duchenne

muscular dystrophy

Idiopathic dilated cardiomyopathy (DCM) represents one of the most common causes of heart
failure worldwide, with an estimated prevalence of 40 cases per 100.000 individuals in the
general population. Clinically, DCM is manifested as an abnormal dilatation of ventricular
chambers, often associated with cardiac dysfunction and sudden cardiac death (SCD) in young
subjects, representing a leading indication for cardiac transplantation (K. Lakdawala et al.,
2023) or implantation of implantable cardioverter-defibrillators (ICDs). DCM may be a
consequence of several types of inherited myopathies, including Duchenne Muscular
Dystrophy (DMD). DMD is a neuromuscular disorder affecting 1:3500 male individuals
(Romitti PA et al., 2015), manifesting with progressive loss of muscles mass and function
associated with fatal outcome within the third decade of life. Cardiac and respiratory
complications remain the main cause of death in DMD patients. Genetically, DMD is caused
by mutations in the gene encoding for dystrophin, a regulatory protein involved in the protection
of sarcolemma from mechanical stress occurring during contraction. As a result, cardiomyocyte
membrane-fragility occurs, causing ruptures that allow extracellular Ca to enter muscle cells,

culminating in myocardial damage and cellular death (Sun C. et al., 2019).

Initially, to evaluate the main mechanisms underlying dilated cardiomyopathy associated with
Duchenne Muscular dystrophy, we derived engineered heart tissue (EHTs) from

cardiomyocytes differentiated from three different Duchenne hiPSC lines:

4.4.1 A exons 46-48 (DMD1-c11), derived from a eighteen-years old patient with heart
failure (LVEF=29%) and implanted defibrillator;

4.4.2 A exon 50 (UC-72039), carrying a deletion of exon 50 resulting in total absence of
dystrophin (Guan X., Stem Cell Res, 2013; Pioner JM, Cardiovasc Res., 2019);

4.4.3 A exon 51 (DMD3), derived from a seventeen-year old patient with a sever cardiac

impairment and manifested dilated cardiomyopathy.

We performed measurements of tension by contraction of flexible pillars, at specific time points,
to assess the mechanical proprieties of mutated lines, in comparison with the control line,

derived from a healthy donor.

Our results highlight that tension increased during maturation in the control line; however, this

increase was less pronounced in DMD lines at the same days of maturation (Figure 49.A).
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Moreover, spontaneous beating frequencies tended to decrease with the progression of

maturation in both lines tested (Figure 49.B).
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Figure 49. Auxotonic spontaneous recording of frequency and tension in DMD-EHTs (Aexon 46-48, Aexon 49-
50, dexon 50 and control) from day 25 to day 50. 37°C, RPMI Medium, [Ca’"] 0.4mM. One-way analysis of
variance (ANOVA) with a Tukey post-hoc test was used to compare the different time points. * p < 0.05 and ** p
< 0.01. A) Spontaneous recording of tension (mN/mm?) measured at different time points of EHTs maturations, B)

spontaneous frequency (Hz) of EHTS contraction during maturation.

In addition, we performed an evaluation of active tension in isometric conditions at a later-stage
of maturation (d50), under field stimulation at 1Hz. These results highlighted a significant
reduction of active tension in DMD lines (A exons 46-48, A exon 50, A exon 51), compared to
controls (figure 50). Moreover, twitch duration does not change significantly in all lines tested

(Figure 51).

3.0+ [N Cortral1
B Control2
& ] aExon 4548
E 2.5 | AExons0
E [ JaExon51
- ] 2Exon48-50
2 204 .
E *
-
= 154 *
N ]
£ 'E 104 - Mean controls
5 2 ;
% g 054 B R D Eohb Mean DMD
— =
N_ r\/ ‘6 0.0 4
© e — <
200 ms o

1Hz

89



Figure 50. Active tension measurements in isometric conditions of DMD-hiPSC-CMs compared to control. /A

exons 46-48, A exon 50, A exon 51, compared to ctrl. Stimulation pacing 1Hz, 1.8mM [Ca®"].
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Figure 51. Twitch duration to 50% of relaxation on DMD-EHTs compared to control. Different frequencies of
stimulation (1Hz, 1,5Hz, 2Hz, 1.8mM [Ca’"].

4.4.1 Chronic treatment with Poloxamer 188 (P188)

To date, pharmacological interventions to treat DMD are focused on optimizing muscle growth
and reducing muscle inflammation by using corticosteroids, ventilatory support with positive
pressure ventilation and cardioprotective treatments (general HF treatment with ACE-inhibitors
and beta-blockers), to improve survival. However, these treatments have several limitations and
adverse effects, and fail to delay the progression of the disease. Nowadays, novel therapeutic
strategies have been proposed for the treatment of DMD, including gene therapy to restore
dystrophin production (Konieczny P. et al., 2013), mechanisms focused on restoring the
integrity of membrane (Malik V. et al., 2012) and strategies to enhance muscle regeneration
(Motohashi M. et al., 2014). In terms of increasing membrane stability, a valid approach may
be the use of compounds that repair membrane damage in DMD cardiomyocytes during
contraction. In fact, the triblock copolymer class of membrane-interacting compounds called
poloxamers or pluronics, have shown promising results in numerous biological applications,
such us lysis detergents (Krylova O. et al., 2004), drugs delivery adjuvants and membrane
stabilizers (Yasuda S. et al., 2004). Poloxamers are non-ionic amphiphiles molecules consisting
of a linear structure formed by a hydrophobic core of polypropylene oxide (PPO) elongated on
both sides with two hydrophilic chains of polyethylene oxide (PEO). The hydrophobic region
is able to insert inside specific membrane areas with reduced tension, such as damaged areas of
the sarcolemma in DMD cells (Cai C. et al., 2009). Poloxamer 188 (P188), with a molecular
weight of 8400 and a PPO/PEO ratio of 0.20, is the most widely studied copolymer. Previous
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finding from Yasuda et colleagues (Yasuda S. et al., 2004) highlighted that acute treatment with
P188 in isolated myocytes from dystrophic mdx mice restored membrane function though the

block of anormal calcium entry through the sarcolemma.

To evaluate the effects of Poloxamer 188 on the mechanical proprieties of DMD hiPSC lines,
we performed chronic treatment with Img/ml of P188 for 20 days in culture. During P188
exposure, recording carried out on DMD-EHTSs in auxotonic conditions showed an increase in

tension in treated EHTs compared to untreated muscles (figure 52).
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Figure 52. Auxotonic spontaneous contraction of treated with P188 (1mg/ml) versus untreated DMD-EHTs
from day 30 to day 50 of maturation. Measurements were performed at 37°C, 5%CO,in RPMI+B27 medium
containing ~[Ca’*] 0.4mM.

Furthermore, at day 50 post differentiation (p.d.), EHTs were detached from the pillars, and we
measured active tension through a force transducer, in isometric conditions. Recordings were
performed in a Krebs-Henselheit solution supplemented with different extracellular calcium
concentration (0.5mM, 1.8mM, 4mM). Our results show a significant increase of active tension
at all calcium concentrations in treated DMD-EHTs, compared to untreated DMD muscles

(Figure 53).
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Figure 53. A) Representative traces of tension of treated versus untreated DMD-EHTs. 37°C, day 50 p.d., Krebs

solution B) Measurements of active tension performed at different calcium concentrations (0.5mM, 1.8mM, 4mM).

4.4.2 Evaluation of Ranolazine acute treatment on DMD engineered heart tissues (DMD-

EHTs)

Electrophysiological abnormalities are caused from changes occurring in specific current
density cause action potential (AP) alterations, culminating in arrhythmic events in obstructive
HCM (oHCM) patients. Moreover, several evidence showed that late sodium current (Ina-r)
result enhanced in HCM (Coppini R. et al., 2013), resulting in a possible target to
pharmacological interventions. This is the case of ranolazine, an anti-anginal drug that act
inhibiting the late sodium current (Ina-.L) (Antzelevitch C. et al., 2004). The increase of Ina-L
current density lead Na™ overload which, in turn, decreases intracellular calcium concentration
and promotes the activity of NCX exchanger, with the increment of exchange of intracellular
Na" with extracellular Ca®", worsening calcium overload. These electrical alterations result in
an impaired cardiac function in HCM patients. Moreover, Ranolazine has shown to improve
diastolic function in vitro, reducing arrhythmic events occurrence in impaired cardiomyocytes
(Coppini R. et al., 2013). In addition, several studies highlight a safe and affective role of
Ranolazine to the treatment of fibrosis developed from patients affected by non-ischemic
dilated cardiomyopathy (Vizzardi E. et al., 2013; Poglajen G. et al, 2016). In fact, DCM
myocardium is vulnerable to electrical instability, including re-entry mechanism, caused from
the onset of fibrotic tissue and low left ventricle ejection fraction. Based on this evidence, we
perform acute-treatment with ranolazine (10 pM) on DMD-EHTs at later stage of maturation

(day 50) at high calcium concentration (4 mM).
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Figure 54. Acute treatment with Ranolazine (10 uM) in isometric conditions and high calcium concentration
(4 mM). A) Relative active tension (% vs basal) of EHT-DMD measured at day 50 p.d. and representative trace.
B) Relative twitch duration (% vs basal). EHTs were measured in isometric conditions at 37°C in the Krebs-
Henselheit solution with 4mM of [Ca’"] under imposed pacing. One-way analysis of variance (ANOVA) with a
Tukey post-hoc test was used to compare the different time points. * p < 0.05 and **p < 0.01. (N=4)

One of the most accredited hypotheses is the possible effect of Ranolazine on calcium overload.
In fact, previous studies suggest a role of this drug in a mitigation of calcium overload, often
associated to dilated cardiomyopathy (DCM). Moreover, another additional effect of
Ranolazine is the modulation of NCX exchanger activity, leading an additional calcium removal
from citosol of DMD cardiomyocytes. Our results showed that, after acute treatment with
Ranolazine, active tension and twitch duration (%) of DMD-EHTs result decrease in
comparison to control (Figure 54), highlight a possible additional effect of this drug on the

weakness capacity of contraction machinery of DMD impaired cardiomyocytes.
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4.5 Gliflozins: a new potential pharmacological treatment for inherited cardiomyopathies

Sodium-glucose cotransporter 2 (SGLT2) inhibitors (SGLT2-Is), known as gliflozins, represent
anovel class of oral drugs, currently used for the treatment of type 2 diabetes and heart failure.
To date, SGLT2 inhibitors are associated with an increase of glycaemic control and reduction
in body mass and blood pressure.

Glucose transporters are part of a protein family consisting of four members, encoding from the
SLC-5 gene. The two main members of this family are represented by the sodium/glucose
carrier proteins SGLT-1 and SGLT-2, which are expressed in the kidneys, having a crucial role
in renal glucose resorption and intestinal glucose absorption. In this contest, SGLT-2 inhibitors
act by blocking glucose reabsorption in the renal proximal convoluted tubule, through the
inhibition of SGLT-2 transporter, which is responsible for approximately 90% of renal glucose
reabsorption. In addition, several studies show that SGLT2-Is may reduce the renal threshold
for glucose excretion from 10 mmol/L (180 mg/dL) to 2.2 mmol/L (40 mg/dL) (De Fonzo R.A:
et al., 2013). This mechanism promotes a consequent increase of urinary glucose elimination
under normal plasma glucose concentrations, leading to a reduction of blood glucose levels and
improving body sensitivity to insulin (Merovci A. et al., 2015). The ancestor of SGLT inhibitors,
Phlorizin, was discovered in 1835 starting from the apple tree root and its benefits on glycosuria
was identified just a century later (Chasis H. et al., 1933). To date, several other compounds
have been derived, including dapagliflozin, canagliflozin, empagliflozin, ertugliflozin,
ipragliflozin, sotagliflozin, remogliflozin etabonate, luseogliflozin, and tofogliflozin. Despite
the large number of SGLT2-Is developed, only dapagliflozin, canagliflozin, empagliflozin and

ertugliflozin have been approved for clinical use in type 2 diabetes patients in Europe.
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Figure 55. Anti-hyperglycemic mechanism of SGLT2 Inhibitor (SGLT2i). Normally, glucose and Na* can be
efficiently reabsorbed at the site of the proximal convoluted tubule to maintain glucose homeostasis. After SGLT2i
treatment, reabsorption will be inhibited, thereby leading to diuresis and natriuresis.

(New insights and advances of sodium-glucose cotransporter 2 inhibitors in heart failure, Yang X et al., 2022

frontiers in neurology).

In addition to their hypoglycemic effect, SGLT2-Is may prevent renal damage and
cardiovascular events, including heart failure. These unexpected effects of cardiovascular
protection have led to an increase in scientific interest and to significant changes in the
treatment guidelines for heart failure. In fact, in several cardiovascular trials, SGLT2-Is have
shown to improve cardiovascular and renal outcomes, such as the reduction of risk of
cardiovascular death or heart failure progression (Salvatore T. et al., 2022). In particular, in a
large, randomized, placebo-controlled trial, EMPA-REG-OUTCOME, the SGLT2 inhibitor
empagliflozin have shown marked cardiovascular benefits and improved survival.
Subsequently, focused studies were conducted on heart failure patients recruited regardless of
the presence or absence of diabetes. In the international, multicentre, parallel group, event-
driven, randomized, double-blind, placebo-controlled study DAPA-HF (J.J.V. McMurray et al.
2019), dapagliflozin was tested on patients with heart failure and reduced ejection fraction
(HFrEF); treated patients showed a reduction of the risk of cardiovascular death and worsening

heart failure (HF). In addition, in the phase III trial DELIVER, researchers observed that the
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effects of gliflozins were not changed by the initial FE value, with promising outcome on
cardiovascular events and hospitalization in patients with heart failure with slightly reduced or
preserved ejection fraction (EF), compared to placebo.

Currently, the guidelines of the American Heart Association, suggest the use of gliflozins for
the treatment of chronic heart failure with reduced, moderately reduced or preserved ejection
fraction, with a Class IIA recommendation and evidence of level B. Moreover, the results
obtained in the DELIVER trial could induce a review of the recommendation levels and provide
further guidance on the guidelines, in favour of a wider use of gliflozins in clinical practice.
Therefore, dapagliflozin and empaglioflozin are currently approved for the baseline therapy of
heart failure in the EU and USA, while sotagliflozin is approved for heart failure treatment only
in the USA.

To evaluate the effects of gliflozins on inherited dilated cardiomyopathy, we performed acute
treatment procedures in DMD-EHTs. Force evaluations were carried out on EHTs resulting
from our DMD-hiPSC-line carrying a deletion of Exon 51 (AExon51) resulting in the total
absence of dystrophin. The measurements were performed under isometric conditions, at day
50 of maturation, in continuous perfusion with Krebs-Henselheit solution, at 37 °C and at
different stimulation frequencies (1-1.5-2 Hz). In addition, EHTs were subjected to an acute
perfusion with 1 uM and 5 uM Dapagliflozin, to assess the effects of this drug on force
generation and contraction kinetics.

Our preliminary results show a reduction in the duration of contraction recorded at 90% of the
relaxation phase, an effect that became progressively larger with the increase of stimulation
frequency and of drug, concentration, highlighting a possible interaction of Dapagliflozin with
the myocardium contraction kinetics (Figure 56.B). In addition, relative active tension increases
after treatment with the drug, at both concentrations tested (Figure 56. A), suggesting a possible
mechanism of action of this drug to increase the contraction force of cardiomyocytes, which is

extremely reduced in dystrophin-deficiency cardiomyocytes.
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Figure 56. Acute treatment with Dapagliflozin (1 and 5 uM) in isometric conditions. A) Relative active tension
(% vs basal) measured at day 50 p.d. and representative trace (DMD-EHTs, AExon51). B) Twitch duration to 90%
of relaxation at different frequencies (1-1.5-2 Hz) recording on DMD-EHTSs (AExon51) untreated compared to
treated (Dapagliflozin 1uM and 5uM). EHTs were measured in isometric conditions at 37°C in the Krebs-
Henselheit solution with 4mM of [Ca’"] under imposed pacing. One-way analysis of variance (ANOVA) with a
Tukey post-hoc test was used to compare the different time points. * p < 0.05 and **p < 0.01. (N=3).

4.6 Simultaneous measurements of action potential and calcium transient by fluorescent

recordings

During each cardiac cycle, action potential (AP) leads the modifications that occur in
transmembrane electrical potential in cardiomyocytes, depending on time- or voltage-
dependent changes in several channels, exchangers or pumps. After isometric measurements,
on the same EHTs we performed simultaneous acquisition of AP and Ca?" transient, through a
confocal microscope. To evaluate the electrophysiological characteristics of AP in relation to
pathological modification that occur in dilated cardiomyopathy associated to Duchenne
Muscular Dystrophy, at later stage of maturation (day 60) we incubated each EHTs with two
specific fluorescent dyes targeting membrane voltage and calcium (Fluovolt and Cal630,

respectively).
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Preliminary data of confocal acquisitions of AP and calcium transient kinetics showed no

significant differences in DMD-EHTSs, in comparison to control (Figure 57).
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Figure 57. Simultaneous recording of action potential 50% (action potential duration, APD50, ms) and calcium
transient kinetics (time to 50% of CaT decay, ms). Measurements were performed at 37°C, in Tyrode solution

supplemented with blebbistatin (10 uM) (control N=3; DMD=7).
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Figure 58. Measurements of action potential kinetics after acute treatment with Dapagliflozin (1 and 5 uM). Time
to 50% of relaxation (ms) recorded on DMD-EHTS treated compared to untreated. Measurements were performed
at 37°C, in Tyrode solution supplemented with blebbistatin (10 uM) (untreated N=4 n=23; Dapa 1 uM N=1I n=42;
Dapa 5 uM N=2 n=42).
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4.7 Induced pluripotent stem cells derived skeletal muscles as model to study skeletal

muscle disease in Duchenne Muscular Dystrophy

The absence of dystrophin in Duchenne Muscular Dystrophy (DMD) leads to the onset of
membrane fragility in muscle fibres, culminating with muscle damage, muscle weakness and
cellular death. In DMD, muscle regeneration is compromised due to the degeneration of
myocytes associated with the depletion of satellite cells pool (Lu et al., 2014). In fact, loss of
dystrophin results into an alteration of polarity and abnormal differentiation of satellite cells
(Dumont et al., 2015), leading to an impairment of the capacity to replace muscle fibres and to

the substitution of healthy tissue with fibrotic tissue (Alvarez et al., 2002).

Skeletal myogenesis occurs early during the first stage of embryonic development, after
gastrulation, and continues in mammals, until the end of postnatal growth. The transition from
muscle precursor to multinucleated muscle fibres is associated with a significant change in the
synthesis and accumulation of specific proteins. During the specification phase, intra- and
extracellular events progressively restrict the fate of mesodermal cells, increasing their
capability to respond to paracrine signals. Initially, specific paracrine factors induce myoblasts
to synthesize proteins that lead the formation of muscle fibres, including MyoD (Maroto M. et
al.,, 1997). As long as growth factors are present, especially FGFs, myoblasts are able to
proliferate without differentiation (Buckingham and Rigby, 2014). Instead, when FGFs are
exhausted, the myoblasts exit the cell cycle, and proliferation ends. During differentiation, the
second phase of skeletal muscle formation, an increase of synthesis of myofibrillary proteins is
observed, including skeletal muscle actin, heavy and light chains of myosin, muscle isoforms
of tropomyosin and troponin. In addition, activity of intracellular enzymes increases, such as
muscle creatine phosphokinase and glycogen phosphorylase, de novo synthesis of

acetylcholinesterase and acetylcholine receptor.

The final stage is the fusion of myoblasts in myotubes, in which myoblasts get longer and
metabolic modifications occur. before melting, myoblasts lengthen and undergo metabolic
changes, including an increase in the number of mitochondria and sarcoplasmic reticulum
development. When myoblasts become able to melt, another myogenic protein, myogenin,
becomes active; in addition, MyoD and Myf5 act in specifying muscle cells, while myogenin
acts on the differentiation. When myoblasts enter the differentiating pathway, indicated by the
activation of myogenin and the irreversible arrest of the cell cycle, phenotypic differentiation

begins, indicated by the synthesis of contractile proteins such as the heavy chain of myosin
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(MHC) and the formation of the syncytial myotube. Then, during the final stage of myogenesis
the maturation of the muscle fibre occurs and the myotubes become excitable and able to
contract spontaneously. Finally, muscle fibres acquire acetylcholine (Ach) sensitivity through
the expression of the specific receptor (AchR). In more detail, AchR appears early in
myogenesis: it is present in myoblasts in small quantities and strongly increase during
maturation. In fact, Ach is a specific neurotransmitter of skeletal muscle cell, resulting in the

activation of all biochemical and metabolic changes that lead to muscle contraction.

To study the role of the absence of dystrophin on the skeletal muscle development, induced
pluripotent stem cells represent a valid tool, for their capability to differentiate into any cell
type. In fact, human pluripotent stem cell-derived muscle models show great potential for
translational research, displaying structural and functional properties of native human tissue
and allowing disease modelling and drug screening. HiPSCs can be differentiated towards
skeletal muscle, as shown previously. Compared with other techniques, the recapitulation of
skeletal muscle development in vitro with various molecules allow hiPSCs to differentiate into
skeletal muscles, mimicking the process of in vivo development. In particular, starting from
undifferentiated pluripotent stem cells (indicating as day 0), we use a differentiation protocol
on monolayer to lead to the activation of undifferentiated stem-cell precursors, bringing them
towards the state of activated satellite cells, characterized by the expression of the typical
marker for this phenotype (PAX7+). Subsequently, satellite cells were committed toward
myoblasts, the embryonic muscle cells from which the muscle fibres derive. Subsequently,
myoblasts combine with each other to form elongated multi-nucleate structures called
myotubes. To assess the expression of specific skeletal muscle proteins, characteristic of each
phase of skeletal differentiation, that is, satellite cells, myoblasts and myotubes (Pax7, MyoD,
MyoG and MHC, respectively), immunohistochemistry was performed at specific time points
of the differentiation protocol. In particular, we used two hiPSC lines: a DMD line,
reprogrammed from a patient affected by Duchenne muscular dystrophy (AExon 46-48,
DMDI1C11), compared with a control line, derived from a healthy donor (WTC11). In addition,
to evaluate how dystrophin mutations can affect skeletal muscle cells function, around day 30
of differentiation, myotubes were subjected to calcium transient evaluation. More in detail, cells
were incubated with a specific fluorescent dye to evaluate intracellular calcium variation
(Cal520) and subjected to acetylcholine-mediated activation and to its competitive antagonist
hexamethonium. Cells were perfused continuously with Tyrode solution containing 1.8 mM of

CaCly, at 37°C, supplemented with acetylcholine (10uM) or hexamethonium (1mM).
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4.7.1 Evaluation of specific differentiation markers for immunofluorescence staining of

skeletal cells muscles

Evaluation of Pax7 expression in Duchenne skeletal and control muscle precursors. Skeletal
regeneration is attributed to satellite cells, muscular stem cells located below the basal lamina
of each muscular fibre, characterized by the high expression of the transcription factor Pax7. In
particular, skeletal precursors were fixed in 4% Parafolmaldehyde (PFA) at day 10 post
differentiation (p.d.) and marked for Pax7, to assess the level of expression of this specific

marker of the early stage of differentiation (Figure 59).

WICl11

DMDICI11 DMDICI1

Figure 59. Myogenic precursors differentiated from induced pluripotent stem cells (DMDICI11 and WTCI11)

Pax7+.

Evaluation of MyoD and MyoG expression in Duchenne myoblasts and control. To
investigate the obtainment of myoblasts from skeletal precursors, we performed
immunostaining for MyoD and MyoG, two specific transcriptional factors of the second stage

of skeletal muscle differentiation (Figure 60).
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Figure 60. Differentiated myoblasts from induced DMDI1C11 pluripotent stem cells and positive control for MyoD
and, at day 20 post differentiation.
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Figure 61. Immunofluorescent evaluation of early skeletal muscle differentiation markers (MyoG, MyoD) in

DMD-hiPSCs-skeletal muscle compared to control.

Evaluation of MHC expression in Duchenne myoblasts and control

In the last stage of skeletal muscular cells differentiation, elongated myotubes were obtained
from both lines tested (DMD vs Control). To investigate the efficiency of maturation, we
marked the skeletal muscular cells with an antibody targeting myosin heavy chain (MHC)
(Figure 62). Immunostaining investigation showed an increase of cells amount expressed MHC

in DMD-line compared to control.
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Figure 62. Differentiated myoblasts from induced DMDI1CI 1 pluripotent stem cells and positive control for MHC
at day 28 post differentiation.

4.7.2 Calcium transient measurements of DMD-myotubes and control

In addition, to evaluate how dystrophin mutations can affect skeletal muscle cells functionality,
around day 30 of differentiation, myotubes were subjected to calcium transient evaluation.
More in detail, cells were incubated with a specific fluorescent dye to evaluate intracellular
calcium variation (Cal520) and subjected to acetylcholine activation and its competitive
antagonist hexamethonium. Cells were perfused in continue with TYRODE solution with 1.8

mM of CaCly, at 37°C, supplemented with acetylcoline (10nM) or hexamentonium (1mM).
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Figure 63. Electrophysiological evaluation of DMD line, compared to control. Calcium transient evaluation to
acetylcholine stimulation of induced pluripotent stem cells derived myotubes (DMDI1CI11 vs WTCI1) (day 30 p.d.).
Measurements of amplitude and calcium transient kinetics (time to 50% of relaxation). Representative traces of
calcium transient of DMDICI1 and control line. 37°C, Tyrode solution, [Ca’'] 1.8mM. One-way analysis of

variance (ANOVA) with a Tukey post-hoc test was used to compare the different time points. * p < 0.05 and ** p
< 0.0l
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Figure 64. Evaluation of percentage of inhibition to examentonium (%) and percentage of response to
acetylcholine (%) of DMDICI1 line and control. 37°C, Tyrode solution, [Ca®'] 1.8mM. One-way analysis of

variance (ANOVA) with a Tukey post-hoc test was used to compare the different time points. * p < 0.05 and ** p
<0.01.

4.7.3 Morphological evaluation

Evaluation of morphological characteristics has been used in the past to identify pathological
cell populations, test compound or study disease mechanisms (Scheeder et al., 2018; Ziegler et
al., 2021). Besides dystrophin mutations represent the main cause of DMD, other pathological
factors, including inflammation and impaired regeneration are involved. In particular, the lack
of dystrophin leads to mechanical stress, causing an increase in Ca®" intracellular concentration
and, consequently, alteration of calcium handling and the structure of sarcolemma (Petrof, B.J.
et al., 1993). Fibre size variation is one of the most prominent features in dystrophic muscles.
Studies performed on mdx-mouse fibres, provide evidence that, during the first 4 weeks, fibres

tended to be smaller and show branching that is not observed in control fibres (Duddy V. et al.,
2015).

To investigate changes that occur in morphological features of skeletal muscle fibres during

DMD pathogenesis, mature myotubes were visualized on a confocal microscope after staining
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with the membrane dye Anneps (in red). Measurements were performed using a software (NIS
Element AR Software). More in detail, myotubes differentiated from induced pluripotent stem
cells mutated (A exons 46-48, DMD1C11) and control (WTC11), at day 28 post-differentiation,
were marked with a fluorescent membrane dye (ANEPPS) and displayed to a confocal
microscope for morphology and cell size assessments. Our result showed morphological
changes in DMD lines compared to control, resulting in increased degree of branching in DMD

myotubes, at the same day of maturation (day 30 p.d.) (Figure 65).
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Figure 65. Morphological evaluation of DMD-hiPSC-CMs compared to control line. A) Representative image
of ANNEPS-marked myotubes derived from control line; B) Representative image of ANNEPS-marked myotubes
derived from DMD patient. C) Measurements of cardiomyocytes length (um), area (um?) and major axis-minor
axis ratio, to evaluate the eventual morphological changes that occur in the pathogenesis of DCM associated to

DMD. Later-stage of skeletal muscle maturation (day 30 post differentiation, p.d.).
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Discussion

5.1 Modelling hypertrophic cardiomyopathy using Engineered Heart Tissues (EHTs)

Mutations occurring in MYBPC3 gene are the leading cause of hypertrophic cardiomyopathy
(HCM), characterized by left ventricular hypertrophy and hyperdynamic contraction (B. J.
Maron 2002, 2004). One of the most dangerous manifestations of HCM is represented by
ventricular arrhythmias, that potentially lead to sudden cardiac death (SCD). Several lines of
evidence suggest that these electrophysiological alterations depend on functional modifications
occurring at the level of cardiomyocytes. The identification of specific cellular target could help
to mitigate the progression of HCM, relieve the severity of symptoms and allow personalized
therapy. To date, pharmacological treatment for HCM includes the administration of negative
inotropic or antiarrhythmic agents, such as non-dihydropyridine calcium channel blockers,
disopyramide or -blockers. In addition, molecular dysregulation associated to HCM-mutation
may cause an important increase of energy consumption, leading to an alteration of the
metabolic cost of contraction and the typical HCM hypercontractile phenotype. Therefore, the
use of specific pharmacological agents targeting contractile proteins can be a valid strategy to
normalize this pathological alteration. Recently, Mavacamten, an allosteric reversible myosin
inhibitor, was approved by the FDA (Food and Drug Administration) for the treatment of
patients with symptomatic obstructive hypertrophic cardiomyopathy (oHCM). Mavacamten
modulates the number of myosin heads available for interaction with actin and reduces the
probability of cross-bridge formation. Previous findings have demonstrated that Mavacamten
can ameliorate the dynamic left ventricular outflow tract (LVOT) obstruction, improve cardiac
filling pressure and reduce exertional symptoms in obstructive patients (placebo-controlled
phase III EXPLORER-HCM clinical trial, Olivotto I. at al., 2020). Electrophysiological
measurements in HCM cardiomyocytes highlighted the occurrence of calcium handling
impairment. In fact, calcium concentration increases as a consequence of mutations occurring
in sarcomere proteins, likely representing the first pathological modification that occur in HCM
myocardium (Coppini R. et al., 2018). In fact, the majority of HCM mutations determine an
increase of myofilament calcium sensitivity, resulting in an increase of ATP consumption
(Ashrafian et al., 2011). More in detail, the increase of myofilament calcium sensitivity leads
to a slower release of calcium from troponin C, prolonging the decay of calcium transients and
determining an increased diastolic intracellular calcium (Baudenbacher et al., 2008). Moreover,
due to the ATP depletion caused by the inefficient sarcomeres, there is a reduction of the

sarcoplasmic reticulum Ca*" ATPase (SERCA) activity (Ashrafian et al., 2003), aggravating
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Ca-overload. In addition, HCM cardiomyocytes show abnormalities in action potential duration
(APD) and ion current in association with the aforementioned alterations of intracellular

calcium handling (Coppini et al., 2013; Ferrantini et al., 2018).

In several studies, researchers have previously investigated the effect of Mavacamten in vitro
by using hiPSC-CMs (Halas et al. 2022; Sewanan, Shen, and Campbell 2021). In this study,
to understand the mechanism whereby Mavacamten acts for the prevention of upstream
arrhythmogenic substrates, we used patient-specific hiPSC-CMs that can recapitulate
mechanisms associated to the pre-hypertrophic stages of the disease. More in detail, EHTs were
generated starting from hiPSC lines derived from an HCM patient carrying a
MYBPC3:¢c.772G>A mutation, and were analysed in comparison with the isogenic CRISPR-
Cas9 isogenic control line (c.ID3) (Pioner JM et al. 2023). EHTs were maintained in culture
until day 50 post cardiac induction and measured in isometric conditions, through a force-length
recording apparatus, under field stimulation at different frequencies. To investigate the effect
of chronic treatment with Mavacamten, we tested HCM-EHTs (ID3 and ¢.ID3) exposed to two
different drug concentrations (0.3 uM and 0.75 uM), compared with DMSO treatment as

control.

Initially, we tested the effect of Mavacamten during EHT maturation. The exposure of Mava in
the culture medium for 30 days led to a partial contractile force reduction at 0.3 uM and a
complete abolishment of spontaneous twitches at 0.75 pM. However, at the later stage of
maturation, Mavacamten was washed-out from culture medium for a few days, resulting in an
increase of the spontaneous force produced by the EHTs. In addition, in isometric conditions,
mutant EHTs and control showed a lower active tension compared to untreated EHTs, likely
caused from an impairment of maturation due the reduction of contractility, as a result of
prolonged Mavacamten effect. In addition, the hastening of contraction kinetics observed
between treated and untreated EHTs could indicate an effect of drug on calcium handling in

addition to its effects on cross-bridge formation.

5.2 R403Q mutation: mechanical alterations of myosin motility in hypertrophic
cardiomyopathy

The first identified mutation associated to hypertrophic cardiomyopathy (HCM) resulted in a
point mutation of arginine to glutamine (R403Q) in the human B-myosin heavy chain (MHC),
causing a particularly malignant form of HCM (Geisterfer-Lowrance AA, et al., 1990). Previous

studies performed on R403Q myosin, isolated from biopsies of patients, highlighted a strong
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decrease in myosin motor function, supporting the idea that LV hypertrophy in HCM is a
compensatory response of the myocardium to specific pathological triggers. Researchers
showed controversial results while studying cardiomyocyte shortening and while performing in
vitro motility assays using samples from different R403Q models. In fact, a mouse transgenic
line carrying the R403Q mutation in a-MHC showed an increase of ATPase activity and actin
motility at IVMAs. However, the B-isoform is predominant in large mammals and the two
isoforms have very different kinetic behaviour, so additional investigations are needed. In
particular, Lowey and colleagues have reported a significant reduction in sliding actin motility
on beta-myosin isolated from R403Q rabbits and single R403Q myofibrils showed diminished
force kinetics and force (Lowey S. et al., 2018). Overall, this evidence led to the hypothesis that
this loss-of-function is likely the cause triggering the occurrence of cardiac hypertrophy. On the
other hand, different studies highlighted a 30-40% of increase in actin filament velocity in
R403Q-p myosin, compared to controls. Considering these conflicting results, we investigated
the mechanical features of R403Q mutation using induced pluripotent stem cells derived
cardiomyocytes (hiPSC-CMs), carrying R403Q mutation in heterozygosis (Het-hiPSC-CMs)
and homozygosis (Homo-hiPSC-CMs), compared to control. We evaluated cardiomyocyte
contractility, in term of shortening and calcium transient amplitude and kinetics, using the
calcium fluorescent dye FURA-2, under field stimulation at different frequencies and at
different calcium concentration. Considering contractile function analysis, the “lonOptix”

technique allowed us to record cell- shortening via edge detection using a microscope camera.

Our results showed a reduction in shortening (%) in both mutated lines compared to controls,
associated with no significant differences in twitch kinetics. Moreover, since alterations in
calcium handling represent the main cause contributing to mechanical dysfunction in HCM
failing hearts, we performed calcium transient measurements using fluorescent calcium dyes,
while varying the extracellular calcium concentration. In fact, at low frequencies of stimulation
(0.5 Hz), we highlighted an increase in the percentage of shortening in all lines tested (Het,
Homo, ctrl), especially during the switch from low to high calcium concentration (from 0.5 mM
to 1.8 mM). In addition, despite cardiomyocytes from the control and the Homo lines increase
in shortening % while increasing external [Ca] in the mutant heterozygous line no significant
increment was observed. Instead, at high stimulation rates of stimulation, the homozygous line
shows an increased shortening % compared to the other lines tested. In fact, although the HCM-
mutation affects mainly the sarcomere proteins, it is possible that the pathological phenotypes
observed are determined by secondary effects on calcium handling in R403Q cardiomyocytes.

Moreover, the use of single cardiomyocytes plated on specific PDMS substrates, as previously
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described, allowed us to evaluate the effects of the R403Q mutation on calcium handling. The
evaluation of R403Q cardiomyocytes calcium transient was performed using FURA-2, under
field stimulation. In the mutated lines (Het and Homo-hiPSC-CMs), calcium transient kinetics
was slower in comparison to controls, especially at low stimulation rates (0.5 and 1 Hz). Also,
calcium transient amplitude is decreased in mutated cardiomyocytes compared to the control
line. The degree of Ca’" reuptake into the sarcoplasmic reticulum greatly affects
cardiomyocytes relaxation kinetics. Therefore, the delayed transient decay kinetics exhibited
by both mutated lines, can reflect a delayed rate of calcium reuptake into SR. Moreover, the
reduction of calcium amplitude occurring in the R403Q mutation in heterozygosis and
homozygosis suggests a reduction in the amount of calcium mobilized during cardiomyocyte
contraction. Overall, these observations are all consistent with important calcium handling
defects caused by the R403Q mutation, resulting in diastolic dysfunction, commonly associated

with hypertrophic cardiomyopathy.

Previous studies investigating the function of B-MHC of R403Q cardiomyocytes and control
suggested that mutated myosin act as a “poison protein”, resulting in sarcomere disarray that
led to the onset of a compensatory cardiac hypertrophy (Straceski et al., 1994; Marian et al.,
1995). The functional impact of R403Q mutation has been examined in different models,
including myosin backbones (Sweeney et al., 1994), smooth muscle (Yamashita et al., 2000)
and human cardiac biopsies or antibody-purified proteins from slow-skeletal muscle biopsies
(Cuda et al., 1993). These studies suggest that significant myosin dysfunctions are the main
cause of this pathological process; these include a decrease in the actin-binding as measured
with the actin-activated ATPase assay, decreased ATPase activity (Sweeney et al., 1994; Sata
and Ikebe, 1996), decreased velocity of shortening and force/stiffness ratio (Lankford et al.,
1995). At the molecular level, despite in vitro motility assay performed on R403Q have
highlighted a reduction in actin filament velocity (Cuda et al., 1993, 1997; Sweeney et al.,
1994), additional evidence showed an increase in actin filament velocity in R403Q mutants
compared to controls, highlighting that the increase in the non-erratic movement of filaments
is associated with the hypercontractility caused by myosin impairment. Indeed, an increase in
the affinity of mutated myosin for actin is observed, leading to a greater resistance of actin
filaments during the relaxation phase of contraction. Then, these pathological alterations may
result in a functional disorder at the level of myosin-actin interface, resulting in myocardial
diastolic dysfunction. In fact, these results support the hypothesis that R403Q mutation leads to
a decrease in motor function of myosin, inducing the onset of hypertrophy as a compensatory

pathological response.
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5.3 Electrophysiological evaluation of surgical human samples derived from HCM and
aortic stenosis patients

Pharmacological intervention of hypertrophic cardiomyopathy (HCM) is limited by the wide
variety of symptoms, such as shortness of breath, chest pain, fatigue, heart failure and the onset
of arrhythmic events that may culminate in sudden cardiac death (SCD). Moreover, HCM is
characterized by several structural alteration, including left ventricular hypertrophy, myocardial
fibrosis, ischemia, and abnormalities in functional cardiomyocytes profile. In particular, several
electrophysiological alterations are associated to HCM, especially an increase of diastolic
calcium, NCX pump alteration, a reduced expression of SERCA, prolongation of calcium
transient decay and increase of CaMKII activity. The most common clinical interventions are
focused on the symptoms mitigation and include angiotensin II receptor blockers, calcium
inhibitors or B-blockers treatment. Recently, gliflozins, and more specifically Dapagliflozin, a
sodium-glucose cotransporter-2 inhibitors (SGLT2-Is) have been indicated as a possible
effective compound to treat HCM, showing to ameliorate the relative risk of atrial fibrillation,
reducing heart failure (HF) and risk of hospitalization in HF patients (EMPEROR-Reduced
trial). The specific mechanism of action through which Dapagliflozin may produce
cardioprotective effects is still unclear, then we perform acute treatment on cardiomyocytes
isolated from human surgical biopsies derived from HCM and aortic stenosis (AoS) patients, at
two different concentrations (1 and 10 pM). Our results showed a reduction of action potential
duration (APD) in both group of patients, more strongly in HCM, likely due to the higher degree
of hypertrophy occurring in this disease that led marked changes in the myocardium
electrophysiological profile. Moreover, the significative reduction in APD, observed in failure
cardiomyocytes, underlies a probably effect of Dapagliflozin on late sodium current (Ina.L), that
result increased in the pathogenesis of HCM. In addition, this drug does not affect the initial
phase of action potential and then the peak sodium current, that is crucial to the initial phase of
action potential. In fact, the modulation of this specific current may lead the onset of lethal
arrhythmic events, potentially bringing the patient to cardiac death. Despite other investigations
are needed, these findings represent a step forward in understanding the mechanisms underlying
the cardioprotective effects of gliflozins, that have already shown to induce clinical benefits not

only in diabetic patients but also in non-diabetic patients suffering from heart failure.
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5.4 Engineered heart tissue to modelling dilated cardiomyopathy associated to Duchenne

muscular dystrophy

Cardiac and striated muscle are constantly subjected to a mechanical stress derived from
cellular contraction. Full-length dystrophin (Dp427) is a fundamental component of a big
network that covers the majority of the cytoplasmic surface of the plasma membrane, promoting
membrane integrity and acting as shock absorber and favouring the direct transferring of
mechanical force from the extracellular matrix to the cytoskeleton (Rahimov and Kunkel 2013).
The direct consequences of the absence of dystrophin in cardiomyocytes are calcium handling
alterations, with mechanisms that remain unclear. Two main hypothesis underlying calcium
abnormalities in DMD have been proposed: membrane damage caused by an increase of
phospholipid bilayer fragility (Carson et al. 2016) or altered ion channel function associated
with the dysregulation of the dystrophin glycoprotein complex (DGC) (Zhan et al. 2014). Over
the years, several research has been conducted on DMD animal models, such as the mdx mouse.
Unfortunately, these models show important differences when compared with human patients,
including different beating rate, electrophysiological and mechanical discrepancies. For these
reasons, the development of cell reprogramming techniques and the consequent derivation of
induced pluripotent stem cells (hiPSCs) represents a valuable tool to investigate genetic
disorder. Due the fundamental role of dystrophin in cellular integrity, it is not surprising that its
absence is associated with changes in the expression of different proteins and abnormal calcium
handling caused by excessive and unregulated extracellular influx (Fong. P. Y. et al., 1990).
Moreover, other authors have investigated the molecular features of excitation-contraction
coupling (ECC) in DMD hiPSC-CMs (Jelinkova S. et al., 2020), finding a lower differentiation
efficiency in DMD cardiomyocytes and lower rates of calcium transient rise/decay, supporting
the idea that dystrophin deficiency causes ECC abnormalities via calcium handling alterations.
In addition, Pesl and colleagues found a weaker contraction force in DMD hiPSC-CMs in

comparison to control (Pesl M. et al., 2014).

In this study, we performed a basal characterization of a patient specific DMD line (A exon 50)
(Pioner et al. 2020), compared to control, exploring the differences occurring during maturation
in both lines related to changes in substrates stiffness. In particular, we tested the
electrophysiological activity of mutated and control lines, in term of calcium transient and
action potential evaluation. Recent studies provide evidence of a lower level of actin
cytoskeleton turnover, when cardiomyocytes are grown on micropatterned substrates
(Macadangdang et al. 2015). Moreover, previous findings reported that the lack of full-length

dystrophin determines a reduction of Ca-T kinetics with an important contractility impairment
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(Pioner et al., 2019). In this study, the electro-mechanical evaluation of mature DMD hiPSC-
CMs evidenced the occurrence of contractile cardiac dysfunction. In fact, calcium transient
evaluation was performed at different time points of maturation (60, 75, 90 days post cardiac
differentiation) on two custom-made substrates with different stiffness, i.e. PEG and DEG
micropatterned surfaces. DMD-line grown on PEG substrates showed lower calcium amplitude
and a reduction of post-rest potentiation, in comparison to controls, highlighting a reduced
amount of calcium stored into the sarcoplasmic reticulum (SR). Moreover, the same results
were confirmed through the caffein-evoked Ca-T, highlighting a significant reduction in SR-
calcium content, compared to controls. Also, previous studies have demonstrated an impairment
of calcium release via the RyR in DMD disease (Fauconnier et al. 2010; Bellinger et al. 2009.
We identified an increased CAMKII activity and phosphorylation state of RyR at phosphor-site
S2814 in the mutated line, linked to a higher RyR open probability and, as a consequence, to
increased diastolic calcium leakage from the SR (Meyer et al. 2021). Moreover, several
studies highlighted that the expression profile of B1 and 2 -adrenergic receptors (AR) in
hiPSC-CMs have a strong time-dependent increase (G. Jung et al. 2016). In fact, we tested [3-
adrenergic pathway in DMD-hiPSC-CMs, using forskolin (FSK), an adenylylcyclase activator,
to minimize issues related to different AR expression or reduced AMPc levelsdue the activity
of phosphodiesterases (PDEs) (Giannetti et al. 2021) and to investigate the downstream
pathway. Our results show that forskolin can increase the calcium transient amplitude in both
lines tested (DMD and control), indicating a preserved positive ionotropic mechanism. In
addition, the preserved phosphorylation at RyR S2808 site confirmed no alterations of PKA

targets.

To evaluate the electrophysiological features associated to DMD-related cardiomyopathy, we
incubated cells with a combination of a voltage-sensitive and a calcium fluorescent dye,
performing simultaneous recordings of action potentials (AP) and calcium transients. We
observed a similar AP profile in the DMD line compared to controls. Moreover, at later stages
of maturation, both lines showed a longer plateau phase, compared to early stages. These
findings confirm previous observations showing no electrophysiological abnormalities of
action potentials in the DMD disease (Jelinkova et al. 2020). Instead, calcium transient
evaluation highlights a faster Ca-T decay in the DMD line at day 90, compared to control,
reflecting an alteration of calcium recovery mechanisms. In addition, control line shows a
gradual increase of Ca-T amplitude during maturation; in DMD cardiomyocytes, however, no

significant changes of ca-transient amplitude occur at day 90, suggesting an impairment of
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systolic calcium release. Overall, these results could be explained by a poor maturation of SR
in the DMD line that can lead to a reduction of calcium storage, causing the absence of Ca-T

increase during maturation.

In addition, cardiomyocytes cultivated on stiffer nanopatterned substrates (100% DEG-DA)
show functional differences in comparison to those grown on compliant surfaces (PEG-DA). In
particular, with the increase of substrates stiffness, we observed a significant increase of Ca-T
amplitude in the control line, associated with a smaller increase in mutated cardiomyocytes in
the same conditions. Caffeine-induced Ca-T, on stiffer substrates, became slower in DMD line
compared to control, indicating a possible reduction in the extrusion of calcium in mutated
cardiomyocytes. These results could be explained by a reduction in the function of the NCX
exchanger, associated with an increase of RyR open probability, leading to the increase of
intracellular calcium levels that can induce the onset of dangerous cellular arrhythmias in DMD

cardiomyocytes.

Overall, these results confirm that calcium handling dysregulation is one of the main
mechanisms underlying DMD cardiomyocytes impairment, occurring during maturation.
Moreover, the stiffness of extracellular matrix (EMC) determines cellular activity, and cardiac
tissue regulation, promoting proliferation, migration or differentiation (Engler et al. 2006;
Carson et al., 2016). Cellular adhesion of cardiomyocytes to ECM is largely mediated by
integrins, linked to the dystroglycan complex, connecting cytoskeleton to the extracellular
environmental. Although the pathogenesis of DMD dilated cardiomyopathy is still not fully
understood, several studies support the idea that the absence of dystrophin leads to the
disruption of the dystroglycan complex, inducing sarcolemma damage in DMD
cardiomyocytes. As a consequence, the resulting membrane fragility may lead to adaptative
mechanisms, including inflammatory response and cardiomyocyte death, ultimately leading to
the progressive substitution of healthy cardiac tissue with fibrotic tissue. This pathological
remodelling causes an increase of extracellular matrix stiffness, leading to a further loss of
force, owing to the scarce adaptability of DMD cells to changing substrate stiffness. In fact, our
results highlight a reduced capacity to induce an efficient calcium extrusion, leading to a

potential impairment in the adaptation of DMD cardiomyocytes to changes of matrix stiffness.

Moreover, electrophysiological evaluation of DMD cardiomyocytes compared to control
showed that cell maturation is strongly influenced by the extracellular environmental. In

particular, substrates with low and high stiffness can provide different levels of external stimuli,
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influencing the force of contraction (Querceto et al. 2022). Despite the great potential of
nanopatterned surfaces, in vitro models that more closely mimic the physiological features of
native cardiac tissue are needed. To date, to evaluate the mechanical properties of mutated
cardiomyocytes in relation to changes occurring in extracellular matrix, several 3D models have
been developed, including cardiac spheroids, microtissues and cardiac chambers or rings
(Beauchamp et al., 2015; Shum et al., 2017; Thavandiran et al., 2020; Tiburcy et al., 2014;
Williams et al., 2020). In this context, engineered heart tissues (EHTs) may replicate the ECM
characteristics, with different stiffness degrees, and greatly increase maturation of hiPSC-CMs
in vitro. In fact, cardiomyocytes were incorporated into a 3D scaffold of fibrin and the tension
exerted from pillars on the contraction of growing tissue led to an increase of cellular maturation
properties. Moreover, several studies provide evidence that EHTs induce cardiomyocytes
alignment and a physiological distribution of cells into the tissue, replicating the composition
of native cardiac tissue. Therefore, we generated engineered heart tissues from different hiPSC
lines (A exons 46-48, A exon 50, A exon 51) and we kept them in culture until later stages of
maturation (day 60). Auxotonic measurements through the detection of flexible pillars
movement were performed at specific time points of EHTs maturation (days 25-30-35-40-45-
50), allowing the investigation of cardiomyocytes maturation degree, in term of spontaneous
beating frequency and tension exerted during in vitro maturation. Control hiPSC-CMs highlight
a gradual reduction in spontaneous beating frequencies from early (day 25) to later (day 50)
stages of maturation; however, DMD-EHTs does not show any significant decrease of
spontaneous beating. In addition, active tension is significant increased during maturation in
the control line, but in DMD cardiomyocytes this increase does not occur, underlying a possible
cardiac developmental impairment in DMD cardiomyocytes. Moreover, all the DMD lines
tested show an important reduction of active tension in isometric condition compared to control,

confirming the occurrence of ECC alterations in dystrophin deficient cardiomyocytes.

The inability to handle mechanical stress exerted during contraction is a direct consequence of
the absence of the “absorber” protein dystrophin, showing a reduced compliance and an
increase in the susceptibility of myocytes to stretch-mediated calcium overload, inducing
cellular death (Yasuda S. et al., 2005). Improving membrane stability is a possible therapeutic
approach to DMD treatment. In fact, poloxamer 188 (P188) is a compound that is known to
stabilize cell membrane (Ballas S. K. et al., 2004). Indeed, it is a non-ionic triblock co-polymer
capable of inserting into phospholipid monolayers, resulting in repair damaged membrane.

Based on these properties, we performed a long-term treatment with P188 on DMD-EHTs, for
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20 days in culture (1 mg/ml). During chronic administration, measurements of auxotonic
contraction show an increment of tension in DMD-EHTs treated, compared to untreated.
Moreover, the exerted tension is maintained at high levels also at later stages of maturation. We
also performed isometric recordings of force contraction in isometric conditions in DMD-EHTs
treated with P188, compared to untreated muscles. Our results confirm that the chronic
treatment with P188 led an increase of active tension, in comparison with the basal condition,

at each calcium concentration tested (0.5 mM, 1.8 mM, 4 mM).

In conclusion, the effects of full-length dystrophin deficiency appear in the early phases of
cardiac development and likely before cardiac tissue formation (Jelinkova et al. 2019).
Cardiovascular symptoms, including ventricular arrhythmias, conduction abnormalities,
fibrosis and fatty replacement of cardiac tissue may strongly impact the quality of life of
patients affected by DMD. In addition, the cellular death caused by mutations in the dystrophin
gene lead to the typical muscle weakness characterizing DMD patients. In this context, our
strategy using cardiomyocytes differentiated from DMD-hiPSCs allowed us to investigate the

adaptative alterations that occur in cardiomyocytes during the very early stages of development.

5.5 Induced pluripotent stem cells derived skeletal muscles as model to study skeletal

muscle disease in Duchenne Muscular Dystrophy

Several studies have demonstrated the occurrence of a persistent increase of intracellular
calcium concentration in skeletal muscle from DMD models undergoing mechanical stress. In
fact, Jockusch and colleagues have highlighted a lower stress resistance in DMD and mdx
myotubes, compared to control, associated to a dramatic calcium content increase (Menke A. et
al., 1995) (Hopf F.W. Et al., 1996). To investigate potential differences occurring in calcium
handling in DMD skeletal myocytes compared to control, we performed calcium fluorescent
evaluation used a DMD-hiPSC line obtained from a patient carrying a mutation in DMD gene,
resulting in the total absence of dystrophin (Aexon 46-48). The stimulation was provided via
acetylcholine administration and measurements were performed at later stage of myotubes
maturation (day 30 p.d.). Our results showed a significant increase of calcium transient
amplitude in mutated myotubes compared to control, highlighting a potential connection
between the calcium overload occurring in DMD myocytes and the absence of dystrophin.
Moreover, calcium transient kinetics, in term of time to 50% of relaxation phase, is accelerated
in DMD myotubes, compared to control. Overall, these pathological modifications may lead a
global alteration in the contraction machinery of myocytes, as result of the increase of

mechanical stress and the consequent changes of the E-C coupling machinery. Also, time to
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response to acetylcholine (Ach) is an indicator of the maturation degree reached from hiPSC
derived myotubes. The interaction between acetylcholine and its receptor causes an increase of
sarcolemmal permeability to multiple ions, including sodium and potassium, leading to a partial
membrane depolarization. Action potential is therefore generated and is quickly transferred
inside the myocytes through T-tubules, resulting in the direct activation sarcoplasmic RyR
through DHPR-voltage sensors and thus to a marked increase of cytosolic calcium
concentration, triggering fiber contraction. The reduction of the time to response to Ach of
DMD myotubes may be caused by a maturation impairment occurring in DMD skeletal muscle
cells. In addition, morphological variation of skeletal muscle fibres is common in DMD
myocytes. In particular, in accordance with previous studies (Duddy W. et al., 2015), DMD
myocytes appeared more elongated and thinner at the same day of maturation, compared to
controls. More in detail, morphological evaluations performed after staining with a fluorescent
dye that interact with myocytes membrane (Anneps) highlighted an increase in cellular length
and a reduction in area of DMD myotubes, associated with an increase of cellular ramifications
(major axis/minor axis > 1) compared to the control cells, which instead appears more rounded.
These modifications could be a direct consequence of the absence of dystrophin in DMD
skeletal muscle cells, that may alter the structure of cellular membrane, through mechanisms

that likely occur during myocyte maturation.
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Conclusions

In the last two decades, inherited cardiomyopathies are the major cause of mortality in young
adult (Lee C.S. et al., 2014), representing the leading causes of heart disease in all age group.
A novel classification of cardiomyopathies was recently developed, involving five forms of
disease, where hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy (DCM) are
the most common forms in the general population (Maron B.J. et al., 2006). The clinical
manifestation, diagnosis and management of patients vary greatly, considering the
heterogeneity and the late onset of associated symptoms. In fact, clinical manifestation involve
palpitation, panting, heart failure and ventricular arrhythmias, that can lead to sudden cardiac
death (SCD). Considering the manifestation of even very serious symptoms, an early diagnosis
may prevent severe events and potentially ameliorate the progression of disease, increasing
patient quality of life. To date, an improvement in the understanding of pathological events
underlying inherited cardiomyopathies has occurred thanks to the advances in genetic,
pharmacological, and imaging fields (Teekakirikul P. et al., 2013). As previously described, the
discovery of the first cardiomyopathy-associated mutations, more than 20 years ago, has
clarified that HCM is a “sarcomere” disorder, linked to several mutations that occur in proteins
of the contractile apparatus of cardiomyocytes. In the majority of cases, the HCM pathogenesis
is genetic, caused for one fourth to one third of all disease cases of mutations occurring in
MYH?7 and MYBPC3 genes, encoding for f-myosin heavy chain (-MHC) and cardiac myosin-
binding protein C (cMyBP-C). In vivo evaluation using murine models have showed an increase
in contractility and calcium sensitivity in mutated myofilaments (Redwood C.S. et al., 1999).
Moreover, structural and functional alterations trigger the onset of cardiac hypertrophy,
contributing to diastolic dysfunction characteristic of this disease. In particular, calcium
handling abnormalities occur in HCM, due the increment of sarcoplasmic calcium
concentration during diastole (Knollmann BC, et al., 2003) and potentially inducing arrhythmic
events (Huke S. et al., 2010). Therefore, mutation in myosin or cMyBP-C have the effect to
increase the affinity of troponin C for calcium, resulting in an increment of calcium sensitivity
(Robinson P. et al., 2007). Therefore, additional cross bridges between thick and thin filaments
occur, worsening calcium abnormalities in HCM cardiomyocytes. In fact, the increase affinity
of “calcium buffering” protein troponin C has as effect calcium concentration rise during
diastole (Kataoka A. et al., 2007). In addition, since cross-bridge cycle accounts for about 70%

of ATP consumption in cardiomyocytes, hypercontractility alter cellular energetic balance,
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reducing other time-consuming cardiomyocytes activity, including membrane transporter and

ion pump such as SERCA, the sarcoplasmic reticulum calcium ATPase.

On the other hand, various advances were made in the study of dilated cardiomyopathy,
especially in the knowledge of the genetics of familial DCM (Cahill TJ et al., 2013). DCM
represent the main leading cause of sudden cardiac death (SCD) and heart failure (HF), affecting
indistinctly young and adult worldwide. The inherited form of DCM derived from mutations
occurring in genes encoding proteins of sarcomere, cytoskeleton, or sarcolemma. Moreover, a
particularly severe form of DCM is associated to Duchenne Muscular Dystrophy (DMD), due
the absence of dystrophin, a fundamental protein that act as mechanical stress adsorber,
resulting in an increase in membrane damage of cardiomyocytes. Among the possible disease-
causing mechanisms, alterations in intracellular calcium levels have been proposed. In fact,
several studies reported the pathological increase in cytosolic calcium and influx from the
external environment (Turner et al., 1988). In addition, dystrophin deficiency affects also
skeletal muscles, via alteration of structural and functional processes, including susceptibility
to membrane damage and branched morphology (Chan and Head, 2011). Also, the increase of
membrane fragility leads the abnormal calcium influx that exacerbated muscle fibres damage.
Overall, these pathological modifications determine a calcium cycle defects, resulting in Ca*"
accumulation inside the cytosol. In this context, calcium dysregulation appears as a pathological
mechanism in common with different form of inherited cardiomyopathies, despite this cardiac
disorder show very different phenotypes. Then, a better understanding in molecular
mechanisms underlying calcium handling alterations may provide the development of novel
potential therapeutical targets for HCM and DCM. In this study, the use of induced pluripotent
stem cells derived cardiomyocytes (hiPSC-CMs) and the subsequent derivation of engineered
heart tissues (EHTs) have provided a useful tool to investigate electrophysiological and
contractile alterations in HCM and DCM patients, overcoming the limitations associated to
scarce maturation degree of hiPSC-CMs and allowing acute and chronic pharmacological
treatments. Currently, there is no curative treatment for HCM or DCM, but the identification of
specific targets implicated in the pathogenesis of inherited cardiomyopathies has raised
expectations for new form of treatment, including “off-label” compounds that could help to
mitigate symptoms associated to these diseases. In this context, novel drugs have been tested
for their use in cardiomyopathies. Mavacamten (MYK-461), an allosteric myosin modulator
has shown to attenuate hypercontractility in HCM cardiomyocytes (MyoKardia

NCTO02329184), enhancing calcium uptake by sarcoplasmic reticulum and restoring
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intracellular calcium homeostasis. In fact, as previously described, chronic treatment with
Mavacamten on HCM-EHTs highlighted a reduction of tension exerted during maturation, with
a restoration after “wash-out” protocol, in which drug was eliminated from culture medium.
Also, in isometric conditions, the decrease of active tension and contraction kinetics hastened
has confirmed the effect of Mavacamten on HCM hypercontractility. Therefore, evaluation of
HCM cardiomyocytes carrying R403Q mutation has demonstrated a slight reduction of
shortening percentage, a significative reduction of contraction kinetics and calcium transient
amplitude, in mutated cardiomyocytes compared to control. These results could be explained
with the electrophysiological alteration of R403Q mutation on calcium handling balance of

impaired cardiomyocytes.

Moreover, DCM is one of the most common cardiac disorders, usually associated to heart
failure, calcium handling abnormalities and the onset of myocardial fibrosis. The functional
characterization of DMD-hiPSC-EHTs highlighted a reduction of active tension exerted from
dystrophin-deficiency tissues, according to previous evidence. Poloxamer 188 (P188), a
copolymer novel compound, has showed to overcome this pathological reduction of active
tension in DMD-EHTs. Also, Ranolazine, currently approved for angina or myocardial
ischemia, has recently been shown to induce a shortening of action potential duration, reducing
arrhythmic events through the inhibition of late sodium current (Ina-L) (Coppini et al., 2013). In
fact, acute treatment with Ranolazine showed a reduction of active tension in DMD-EHTs,
probably worsening the weakness associated to Duchenne. In this context, novel type 2 glucose
transporter inhibitors (SGLT2), Gliflozins, showed promising effect on cardiomyocytes isolated
from HCM patients, reducing action potential duration (ADP) and preserved maximum
upstroke speed, highlighted promising effect and pharmacological safety. Also, in DMD-
hiPSC-EHTs, acute treatment with Dapagliflozin (1 and 5 uM) showed a significant increase
of active tension compared to basal condition and a reduction of action potential kinetics. Then,
gliflozins could represent a potential innovative pharmacological approach to ameliorate the
pathological alteration occurring in HCM and DCM patients. In addition, calcium transient
evaluation performed on skeletal muscle cells differentiated from DMD-hiPSCs, showed
significative differences between mutated and control line, in term of increase of calcium

transient amplitude and accelerated calcium kinetics.

Then, since inherited cardiomyopathies represent the most common cardiovascular issues,
affecting millions of people around the world, the extensive knowledge of mutations underlying

these diseases could represent a fundamental step forward in clinical practices and
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pharmacological therapies. Inherited cardiomyopathies are known to induce cardiac
dysfunction and heart failure, culminating in sudden cardiac death. Therefore, molecular effects
of pathological modification occurring in inherited cardiomyopathies may provide the basis to
the development of patient-specific therapeutical approaches, resulting in sarcomere and
sarcolemma mutations responsible for cardiac and skeletal mechanical alteration. Although the
genotype-phenotype correlation is expressed through different mechanisms, impaired calcium
handling and cardiomyocytes contractile alterations are common mechanisms, representing
possible targets in pharmacological novel treatment of these cardiac disorders. Therefore, the
early investigation of the genetic defects allows to undertake clinical interventions, including
management of patient and pharmacological treatment, reducing risk of incurring in arrhythmic

events potentially resulting in sudden cardiac death.
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