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Abstract Alterations in the DMD gene, which codes for the protein dystrophin, cause forms of dystrophinopathies such as
Duchenne muscular dystrophy, an X-linked disease. Cardiomyopathy linked to DMD mutations is becoming the leading
cause of death in patients with dystrophinopathy. Since phenotypic pathophysiological mechanisms are not fully under-
stood, the improvement and development of new disease models, considering their relative advantages and disadvantages,
is essential. The application of genetic engineering approaches on induced pluripotent stem cells, such as gene-editing
technology, enables the development of physiologically relevant human cell models for in vitro dystrophinopathy studies.
The combination of induced pluripotent stem cells-derived cardiovascular cell types and 3D bioprinting technologies hold
great promise for the study of dystrophin-linked cardiomyopathy. This combined approach enables the assessment of
responses to physical or chemical stimuli, and the influence of pharmaceutical approaches. The critical objective of in vitro
microphysiological systems is to more accurately reproduce the microenvironment observed in vivo. Ground-breaking
methodology involving the connection of multiple microphysiological systems comprised of different tissues would repre-
sent a move toward precision body-on-chip disease modelling could lead to a critical expansion in what is known about
inter-organ responses to disease and novel therapies that have the potential to replace animal models. In this review, we
will focus on the generation, development, and application of current cellular, animal, and potential for bio-printed mod-
els, in the study of the pathophysiological mechanisms underlying dystrophin-linked cardiomyopathy in the direction of
personalized medicine.
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1. Introduction

The absence, deficit, or alteration of the dystrophin protein leads to dys-

trophinopathy conditions characterized by degeneration of muscle tissue
and therefore progressive loss of strength and reduction of motor skills.
Duchenne muscular dystrophy (DMD) is a rare, genetic dystrophinop-
athy in which the sarcolemma dystrophin protein is completely absent.
This absence involves the manifestation of symptoms generally between
2 and 6years of age.'”> DMD mainly affects males with an estimated
prevalence of 1/3500-1/9300 live male births, with an early childhood
onset signified by delayed ambulation and overall development.
Untreated DMD children rarely attain the ability to run or jump.* High
levels of muscle protein creatine kinase, increased liver enzymes (AST
and ALT), but especially genetic testing, contribute to diagnosis and
good clinical management.

Alterations of the DMD gene, which codes for dystrophin and is lo-
cated on the X chromosome, cause two forms of dystrophinopathy:
DMD and Becker’s muscular dystrophy. DMD-linked cardiomyopathy
(DMD-CM) is currently the main cause of morbidity and mortality in
people with DMD mutations up to the third or fourth decade of life.
Some authors® have shown that the long-term clinical outcomes of heart
transplantation (HTx) in selected patients with dystrophinopathies are
similar to those of a matched cohort of transplanted idiopathic dilated
cardiomyopathy patients. However, in an era of donor shortage, there is
a reluctance to offer HTx to these patients who have a limited life expec-
tancy. The use of left ventricular assist devices has recently been
highlighted as an alternative therapeutic option to HTx.” Early diagnosis
of cardiac dysfunction is necessary to allow the therapeutic establish-
ment of various classes of drugs, such as corticosteroids, beta-blockers,

[ Complex organism
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ACE inhibitors, and mineralocorticoid diuretics, and new pharmacologi-
cal and surgical solutions in multimodal and cross-disciplinary care for
this patient group.2"® Novel functional genomic approaches, such as
Clustered Regularly Interspaced Short Palindromic Repeats associated
protein 9 (CRISPR-Cas9) gene targeting, are designed with the aim of in-
ducing the expression of a useful gene product by attempting to restore
dystrophin protein function and re-establish normal myocyte physiology.
Gene editing remains one of the methods with significant potential in re-
generative and precision medicine.

The pathogenesis of DMD-CM is not fully understood and the limita-
tions of animal models to exactly reproduce human muscle disease and
predict relevant clinical and therapeutic effects necessitate further re-
search in modelling DMD-CM. The generation of induced pluripotent
stem cells (iPSC) from DMD patients and their differentiation into cardi-
omyocytes (iPSC-CM) are recent strategies of extreme interest for
uncovering the pathological mechanisms of DMD-CM. In particular,
these novel approaches, combined with the field of genome editing, aim
to not only correct DMD mutations but also offer the possibility to study
the mechanisms underlying DMD-CM.M Additionally, the application of
genetic- and bio-engineering approaches to iPSC allows the generation
of physiologically relevant human tissue models for in vitro DMD studies.
For example, the adoption of 3D bioprinting technology grants the con-
trol of finer aspects, such as the cell positioning process, cell concentra-
tion, and the diameter of the printed cell constructs'? while also
supporting the creation of internal tissue lumen. The potential to obtain
3D models of DMD-CM is a promising element in the perspective of
unearthing new therapeutic strategies. The combination of iPSC with
bioengineering technologies, such as 3D bioprinting, represents a great
promise for the study of DMD-CM and for the future of personalized
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medicine. The Graphical abstract shows a schematized overview of state-
of-the-art tactics for DMD-CM modelling.

In this review, we will focus on the generation, development, and ap-
plication of current animal, cellular, and 3D bio-printed models to the
study of the pathophysiological mechanisms underlying DMD-CM.

2. Genetic and pathophysiological
underpinnings

The DMD gene is the largest known human gene spanning 2.4 Mb, which
produces a 14 Kb mRNA transcript from 79 exons. DMD encodes sev-
eral dystrophin isoforms present in striated and smooth muscle, brain,
retina, and kidney. Deletions represent the most common type of muta-
tion underlying DMD; other DMD mutations are insertions and point
mutations usually resulting in premature stop codons and the termina-
tion of dystrophin protein syn‘chesis.13 Due to the large size of introns,
splicing enhancers play a central role in dystrophin mMRNA maturation.
Consequently, effective antisense strategies, inducing exon skipping, use
splice junctions and/or exonic splicing enhancer sequences as therapeu-
tic targets.M'15 Dystrophin, together with the dystrophin-associated gly-
coprotein complex (DGC), offers structural support and stability to the
sarcolemma during muscle contraction by connecting the actin cytoskel-
eton to the extracellular matrix (ECM). In addition to sarcolemma stabili-
zation, the DGC is involved in gene expression related to muscle
activity. Mechanical stress in the heart of dystrophin-deficient mice upre-
gulates genes involved in the intracellular signalling of calcineurin, p38 mi-
togen kinase activated protein, and c-Jun N-terminal kinase, in addition
to the integrin-signalling pathway.'® The pathophysiological mechanisms
underlying DMD-CM are frequently represented by sarcolemma instabil-
ity, calcium dysregulation, reactive oxygen species (ROS) increasing, ni-
tric oxide deregulation, and fibrosis."” Multiple factors contribute to the
hallmarks of DMD-CM, i.e., contractile dysfunction and, death of cardio-
myocytes and myocardial fibrosis.

3. DMD modelling strategies

Several in vitro and in vivo animal models of DMD have been observed or
generated using gene editing strategies, such as CRISPR-Cas9, zinc finger
nucleases, somatic cell nuclear transfer (SCNT), and transcription activa-
tor-like effector nuclease (TALEN)."®2" These have advanced the un-
derstanding of the mechanisms underlying the onset and progression of
dystrophinopathies and are essential for testing the impact of new treat-
ment strategies on disease-specific pathophysiology and tissue function
loss. We will provide an overview of these models specifically concen-
trating on their suitability to design cardiac pathology and screen new
therapeutic strategies.

3.1 Non-mammalian

Caenorhabditis elegans, Drosophila melanogaster, and Danio rerio are the
three most commonly used non-mammalian models. They have a short
life cycle, generate large progeny size, and are genetically manipulable,
which make them excellent for screening several chemical compounds
of unknown function. Gieseler et al. and, more recently, Hewitt et al,
have used the C. elegans DMD model to identify new drug candidates
and validate drugs known for their ability to improve muscle strength in
DMD patients.”> ** Drosophila melanogaster DMD models share muscle

weakness and cardiac dysfunction comparable to DCM and morphologi-
cal changes in the wing vein.”>*’ Taghli-Lamallem et al** also showed
that the loss of functional dystrophin in Drosophila dys-deficient heart
leads to alterations in cardiac performance, such as an increase in heart
rate by shortening the diastolic intervals (relaxation phase) of the cardiac
cycle. The muscles of Da. rerio DMD mutants display serious histological
lesions (necrosis, inflammation, and fibrosis) that lead to premature
death similarly to DMD patients.”® These models are useful for further
studies as they yield excellent reproducibility because they are unaf-
fected by the inherent complexity and individual variation present in
mammalian models.

3.2 Mammalian

3.2.1 Murine
The mdx mouse, which is the most widely used model to study DMD, is
the outcome of a spontaneous mutation resulting in a stop codon in
exon 23 of the DMD gene.”” By 3 months of age mdx mice have altered
metabolic processing associated with increased oxygen consumption,
decreased cardiac efficiency, and increased cell membrane fragility.30
Heart-to-bodyweight ratios of 6-month-old mice suggest that the mdx
heart is hypertrophied compared to wild-type hearts. Severe dilated car-
diomyopathy and cardiac fibrosis occur in aged mdx mice (20-22 months
of age).*"*? However, the dystrophic phenotype of mdx mice is mild be-
cause dystrophin is replaced by the homologous protein utrophin.33 The
genetic elimination of utrophin in mdx mice generated a double-KO
model (mdx/utrn ") that has a more severe phenotype comparable to
the human disease characterized by growth retardation, weight loss, spi-
nal curvature, and premature death*>* More specifically, the mdx/utrn™’~
model presents skeletal and cardiac muscle degeneration that starts at
2 weeks from birth; however, the cardiac ventricular dilation is not com-
parable to humans.®

The identification of more than 7000 mutations in DMD patients
compelled the development of sequence-specific therapies, such as
exon-skipping and genome editing, but also raised the necessity for
more variety in the DMD mutations represented in murine models. The
mdx4cv and mdx52 mice are the first dystrophinopathy strains that har-
bour mutations in the major hotspot region located between exons 45
to 55 or 2 to 10, respectively and are used to test CRISPR-mediated
gene repair therapy.**® Additional humanized DMD mouse models
were generated, e.g, hDMDdel45/mdx and hDMDdel52/mdx generated
using CRISPR-Cas9 to remove a specific exon of the knock-in humanized
dystrophin gene.***' The hDMDdel45/mdx model backcrossed to
DBA/2) mouse presents histopathological features of DMD, such as
poor regeneration, atrophic muscle, elevated plasma creatine kinase lev-
els, and accumulation of fibrosis.*"*? The deletion of exon 52 in the
hDMDdel52/mdx model, leads to fibrosis, inflammation, degeneration,
and impaired muscle function similar to the mdx mouse. However, fur-
ther studies are needed to characterize skeletal and cardiac muscle per-
formance.*® Although the C57BL/105c¢Sn-DMD™®) (BL10-mdx) mouse
is among the most used murine DMD model, the disease phenotype is
much more attenuated than that of DMD patients. Therefore, a DMD
mouse model generated by crossing BL-10-mdx mice on a DBA/2| ge-
netic background, which exhibits a more severe dystrophic phenotype,
is becoming increasingly of interest as it has the potential to improve the
effectiveness of preclinical studies.*® In this strain, cardiac pathology is
characterized by accumulation of fibrosis and calcification at an earlier
age (10 weeks of age) compared to BL-10-mdx.**
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3.2.2 Rat

While murine strains partially mimic the human disease due to their
small size and development of minor cardiac dysfunctions, the rat DMD
model is 10 times bigger and exhibits more complex and accurate motor
coordination compared to mdx mice. Dystrophin-deficient rats were
generated using TALEN and CRISPRs/Cas9 genetic approaches targeting
DMD exon 23 and exons 3 and/or 16 respectively.***® TALEN-mutated
DMD™ rats displayed severe skeletal muscle necrosis and regeneration
at early life stages and, at 7 months of age presented fibrosis and adipose
tissue infiltration that compromised motor activity. Further echocardio-
graphic analysis revealed left ventricular (LV) wall thinning and increased
ventricle diameter indicating a progressive dilated cz:1rdiomyopathy.46
DMD rats, generated using CRISPR-Cas9, showed cardiac dysfunctions
similar to DMD patients, e.g, by 10months of age CRISPR-Cas9-
mutated rats exhibited decreases in LV fractional shortening (LVFS) and

histological accumulation of fibrosis.*’*¢

3.2.3 Rabbit

Recently, Sui et al. generated a dystrophic rabbit model using CRISPR-
Cas9 target exon 51. DMD knockout rabbits exhibited the typical signs
of DMD, which included increased serum creatine kinase levels, muscle
inflammation, atrophy, necrosis, and fibrosis. Echocardiography also
highlighted a significant reduction in left ventricular ejection fraction and
LVFS at 4 months of age, which was caused by myocardial inflammation,
fibrosis, and fatty cell infiltration.*” Therefore, this study describes an ani-
mal model valid for preclinical DMD-CM studies.

3.2.4 Simian

To better understand DMD pathogenesis large animal models of DMD
have been generated. Chen et al. reported the production of a DMD
rhesus monkey model using CRISPR-Cas9 to introduce mutations in
exons 4 and 46 of the DMD gene. Muscle degeneration was evident in
this model at early disease stages compared to other models; however,
detailed assessments of cardiac tissue or heart functions were not per-
formed.>® Nevertheless, this model was recently used to evaluate the ef-
fect of tacrolimus on skeletal muscle transduction with Adeno
Associated Viral (AAV) vectors containing microdystrophin gene.>’

3.2.5 Canine

The golden retriever muscular dystrophy (GRMD) dog is characterized
by a spontaneous splice site mutation in the dystrophin gene. It displays a
clinical course and disease severity much more similar to humans than
mice models. The larger body size makes it an attractive means to assess
cardiac functions and validate gene therapy approaches.®*** However,
preclinical studies using canine models are limited due to the high costs
and the difficulty of establishing and maintaining the colonies. Despite
these drawbacks, several studies, performed on a very limited number of
young GRMD dogs, revealed similarities with human dystrophic cardio-
myopathy, such as electrocardiographic, echocardiographic, and
histopathologic abnormalities including observations from carrier
females.>*® A notable and most recent clinically relevant application of
the GRMD model by Guo et al>® provided a detailed characterization of
the GRMD cardiac phenotype as assessed by a longitudinal 2D echocar-
diography and cardiac magnetic resonance with late gadolinium enhance-
ment, which allowed semi-quantitative measurement of myocardial
fibrosis. The study revealed that EF and FS correlated with age, systolic
dysfunction began at 30—45 months of age, circumferential strain was a
better readout vs. EF for early disease detection, LV chamber dilation,

LV lateral wall lesions, and early occurring septal fibrosis. Most interest-
ingly, they developed a multi-parametric cardiac scoring system, which
uncovered the parallel decline of skeletal and cardiac muscle function.
This study provides the strongest evidence as to the suitability of the
GRMD model for preclinical therapeutic studies. Furthermore, the car-
diac scoring system, which is based on standardized myocardial segmen-
tation and nomenclature for tomographic cardiac imaging,*® will permit
the comparison with GRMD dogs in different locations, thus furthering
preclinical testing procedures and potential.

3.2.6 Porcine

Porcine models are critically relevant for translational research because
they share several similarities with humans in terms of body size and, or-
gan dimensions and functions. Klymiuk et al®! using gene-targeting tech-
nologies have generated a porcine DMD model by deleting exon 52 of
the DMD gene (DMD”®*°">2) a mutation frequently reported in humans.
The animals showed evidence of biochemical and histological hallmarks
of DMD, such as mobility impairment and severe myopathy. A significant
limitation of this DMD model lies in the fact that affected males do not
live to reproductive age, consequently maintaining a breeding colony is
impossible. However, a follow-up report from the same group detailed
the introduction of the same mutation into female cells followed by the
generation, via SCNT, of female pigs that produced male DMD piglets in
the first offspring.'® The DMD*®°"2 porcine model was also employed
for testing a CRISPR-Cas9-based therapeutic approach aimed at restor-

ing an intact DMD reading frame.®*

4.iPSC-CM

Cellular modelling aims to artificially reconstruct pathological condition
in a manageable and correctable external environment. Toward this aim,
iPSCs represent an unlimited source of cells from each early develop-
mental layer, i.e., endoderm, mesoderm, and ectoderm. Human dermal
fibroblasts were commonly used to derive human iPSC; however, there
are alternative cell sources that are easier to obtain, e.g., peripheral

167
blood mononuclear cells.

iPSCs are generated through a process
known as ‘cellular reprogramming’, consisting of the forced expression
of specific transcription factors including Oct3/4, Sox2, Klf4, and c-Myc
or other combinations of transcription factors, such as Nanog and
Lin28.%>

The strategies used for iPSC myogenic differentiation are subdivided
into two approaches: transgenic (by forced expression of Pax7 or
MyoD) or non-transgenic (co-culture, embryoid bodies, small molecules,
and extracellular vesicles).***” DMD patients’ iPSC-derived cardiomyo-
cytes (iPSC-CM) have shown abnormalities consistent with DMD-CM
pathophysiology, proving an important means to in vitro model DMD-
CM, which can be utilized for mechanistic studies and drug screening.”®
2 However, the genetic and morphological characterization of iPSC-CM
revealed limitations regarding their state of relative functional and struc-
tural immaturity. In particular, questions to keep in mind concern the
morphological similarity with early foetal cardiomyocytes, the electro-
physiological characteristics, and the differences in contraction mecha-
nisms between iPSC-CM and adult cardiomyocytes.”®> To date, nine
different mutations in the DMD gene have been studied using iPSC-CM
models that involved the evaluation of myocardial cell damage markers
and Ca®* handling”* An example of particularly differential application
of iPSC-CM obtained from DMD patients is represented by the work of
Gartz et al. who demonstrated the cardioprotective effects of exosomes
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in the context of DMD-CM. Specifically, exosome-induced ROS de-
crease depended on the activation of MAPK, ERK1/2, and p38 signal-
ling”> and microRNA cargo.”® Electrophysiological studies represent
another intriguing application of iPSC-CM for modelling DMD-CM. Eisen
etal’” evaluated the cellular mechanisms underlying electrophysiological
abnormalities and cardiac arrhythmias in iPSC-CM from a DMD patient
and a symptomatic carrier female that displayed lower spontaneous fir-
ing rates, increased beat rate variability (female carrier only), arrhyth-
mias, and prolonged action potential duration, decreased pacemaker
channel density (male patient only) and increased L-type Ca*? current.
More recently, the use of iPSC-CM was employed to test novel mecha-
nisms underlying the development of DMD-CM.”® Indeed, the iPSC-CM
obtained by Kamdar et al. replicated the phenotype of increased arrhyth-
mias due to irregular calcium transients, which were exacerbated by the
addition of isoproterenol, a B-adrenergic agonist. They also demon-
strated that in vitro B-blocker treatment decreased the incidence of
arrhythmogenesis. Importantly, they also undertook a transcriptome
study that showed LV tissue samples and iPSC-CM isolated from DMD
patients shared similar dysregulated pathways. Although there are many
examples of the routine incorporation of iPSC-CM in DMD-CM model-
ling paradigms, the continued application of iPSC-CM in the fields of bone
fide high throughput drug screening and clinical translation of cell therapy
products for replacing damaged cardiomyocytes with corrective iPSC-
CM will require resolution of the many challenges within this field.””®!

Despite the expanding the repertoire of DMD models, the perfect
DMD model has not been developed yet. Nevertheless, each model
provides information that is useful both for basic research and preclinical
studies concerning DMD pathology. The current clinical and pre-clinical
studies of DMD-CM are summarized in Table 1. It is likely that a success-
ful new therapy will be the result of integrated studies conducted in dif-
ferent animal species and precision iPSC-based models.

5. Application of genetic engineering
approaches to DMD-CM

It is well known that different models have different purposes, including a
wide range of advantages and disadvantages, related to ethics and social
perceptions, costs, space, maintenance, phenotypic representation, and
suitability for the development of pre-clinical studies.®”#® We next turn
our attention to highlight how research garnered from preclinical DMD
models can be extrapolated and combined with ancillary technologies,
such as gene editing to aid the growth and further integration of genetic
engineering approaches within the DMD context.

5.1 CRISPR-Cas9 gene editing

The expansion and vigorous interest in CRISPR-Cas9 technology, as an
innovative genome modification system, lead to an increasing capacity
and versatility of gene sequence manipulation and potentially offers out-
standing therapeutic possibilities for cardiomyopathy.®® This technology
involves the co-ordinated activity of a Cas9 nuclease and a single guide
RNA molecule (sgRNA) that recognizes its genomic target through the
pairing of complementary bases between the 5’ end of the sgRNA se-
quence and a predefined DNA sequence (known as the Protospacer
and is destined to be the site of exchange of new donor DNA). Cas9
requires a short-recognized sequence called the Protospacer Adjacent
Motif for DNA cleavage. This method has the ability to target multiple
distinct genomic loci by co-expressing a single Cas9 protein with multiple
sgRNAs. One of its most interesting applications is the correction of

genetic mutations associated with hereditary diseases.”® Shimo et al®
removed DMD exons 51-57 in a human rhabdomyosarcoma cell line us-
ing the CRISPR-Cas9 system, which allowed, among other things, the
evaluation of a splice-switching oligonucleotide with the ability to target
most of the rare mutations reported for the DMD gene. In a recent
study, Jin et al®¢ demonstrated that CRISPR-Cas9 directed deletion of
mutant exon 23 (AEx23) with short palindromic repeats at regular inter-
vals and targeted integration mediated by a homology-directed repair
donor vector can correct dystrophin gene expression in iPSC, effectively
leading to successful virus-free DMD gene therapy. Additionally, com-
pared to packaging CRISPR-Cas9 DNA within viral vectors, delivery of
CRISPR-Cas9 as ribo nucleo proteins (RNP) would facilitate strong tar-
get cleavage and reduce adverse effects. However, since RNP are quickly
degraded, relative to DNA this approach requires a system to efficiently
package, protect, and deliver the RNP to target tissues e.g. combining
RNP with nanomaterials. Indeed, intramuscular injection of an RNP de-
livery system based on extracellular nanovesicle-mediated delivery
(nanoMEDIC) achieved over 90% exon skipping efficiency in DMD
patients’ iPSC-derived skeletal myocy‘ces.91

5.2 Exon skipping

Exon skipping allows the restoration of the disrupted DMD reading
frame and therefore leads to the successful production of a shortened
but functional dystrophin protein.” Skipping exon-53, using anti-sense
oligonucleotides (ASO), is a promising therapy to correct the disruption
of the reading frame that the underlying DMD mutation disturbs and, in
turn, leads to the absence of the functional protein. Komaki et al® have
recently completed a phase | study based on the systemic administration
of a phosphorodiamidate morpholino oligomer (PMO) to induce the
exon-53 skipping in DMD. Also, of remarkable interest is exon-51 skip-
ping, which could interest a large portion of the DMD patient popula-
tion. Eteplirsen is a PMO designed to re-establish out-of-frame DMD
gene mutations and expression of a truncated dystrophin protein in
patients responsive to exon-51 skipping”* Antoury et al”® successfully
identified exon deletions in the DMD gene using extracellular mRNA
(exRNA) isolated from the urine of DMD patients. This approach is a
distinct advantage as traditionally the detection of the activity of ASO
therapy in DMD patients involves carrying out multiple muscle biopsies
to check the removal of the target exon from mRNA transcribed from
DMD and quantification of dystrophin protein production. Studying
exRNA in the urine of six DMD therapy-naive patients, they found gene-
specific deletion transcripts. Furthermore, exon-51 skipping activity after
treatment with Eteplirsen was also confirmed by this elegant non-
invasive ‘liquid biopsy’ which holds great promise for evaluating the tar-
get engagement efficacy of novel ASOs.” Restoring dystrophin expres-
sion by inhibiting DMD translation termination, induced by nonsense
mutations, is the principle on which read-through therapy rests. A Phase
1 study in patients with documented stop codon mutations receiving
gentamicin for 6 months, one of the first identified compounds with such
properties, showed increased dystrophin expression in some patients.96

5.3 Gene therapy

Gene therapy should lead to safe and long-term therapeutic effects.
However, limitations associated with delivery vectors are well known,
e.g. the need for high tropism to skeletal, diaphragmatic, and cardiac
muscles, which necessitates systemic delivery and high doses increasing
the potential for immune system activation.”” Therefore, it is still neces-
sary to undertake innovative multidisciplinary research to drive
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Table I Clinical, pre-clinical gene therapy studies and non-mammalian and mammalian models

Cl Therapy Start date No. patients Mechanism Phase/State
Gene therapies
Exon skipping NCT02255552 Exondys 51 (Eteplirsen) 2014 109 Skips exon 51 ll/Completed
NCT02500381 SRP-4053 2016 222 Skips exon 53; [1/Ongoing
SRP-4045 exon 45
NCT02667483 DS-5141b 2015 7 Skips exon 45 I-l/Ongoing
NCT02740972 NS-065/NCNP-01 2016 16 Skips exon 53 [l/Completed
Stop codon read NCT02369731 Translarna 2015 270 Reverses the Ongoing
through effects of non-
sense
mutations
AAV-mediated NCTO03333590 GALGT2 2017 6 Increases muscle  I-Il/Completed
therapies protein
production
NCT03769116 SRP-9001 2018 41 Introduces a gene 1//Ongoing
coding for mi-
cro-dystrophin
NCT03368742 SGT-001 2017 16 Introduces a gene |-l/Ongoing
coding for mi-
cro-dystrophin
NCT04281485 PF-06939926 2017 99 Produces a [1l/Ongoing
shorter version
of the dystro-
phin protein.
Gene therapy Authors Mechanism Pre-clinical study
CRISPR/Cas9 Kim et al**

Amoasii et al %384
Young et al*
Sui et al.*’

Min et al.>*

Shimo et al®®

Jinet al®é

Moretti et al.®
Current animal models
Non-mammalian models
Caenorhabditis elegans
Drosophila melanogaster
Zebrafish
Mammalian-models

mdx mouse

mdx/utrn™~ mouse
hDMDdel45/mdx mouse
hDMDdel52/mdx mouse
DBA/2) mouse

Dmd™ rat

DMD KO rabbit

DMD monkey

GRMD dog

DMDA®"2 porcine

Cytidine deaminase fused to catalytically inactive Cas9 introducing a point
mutation leading to a premature stop codon in the exon 20 of the DMD gene
Short palindromic/CRISPR/Cas9 repeats eliminating exon 50 or using a single
guide RNA that created reframing mutations and allowed skipping of exon 51
CRISPR deletion of exons 45-55 for the generation of humanized DMD mouse models
Dystrophic rabbit model generation by co-injection of Cas9 mRNA and sgRNA
targeting exon 51 into rabbit zygotes.
Correction of exon 44 deletion mutations by CRISPR-Cas9 gene editing in
cardiomyocytes obtained from patient-derived iPSC
CRISPR editing of exons 51-57 allowing the evaluation of a splice-switching oligonucleotide
CRISPR editing of exon 23 with short palindromic repeats at regular intervals
AAV6-Cas9-g51-mediated excision of exon 51
Phenotype

Short life cycle, readily genetically malleable
Muscle weakness, cardiac dysfunction

Histological lesions (necrosis, inflammation and fibrosis), premature death

Dilated cardiomyopathy, cardiac fibrosis in aged/stressed mice

Skeletal and cardiac muscle degeneration, severe phenotype

Dystrophic phenotype, poor regeneration, atrophic muscle

Fibrosis, inflammation, degeneration and regeneration and impaired muscle function
Severe dystrophic phenotype, cardiac fibrosis and calcification

Adipose tissue infiltration, reduction of motor activity, dilated cardiomyopathy
Myocardial inflammation, fibrosis and fatty cell infiltration

Muscle degeneration at the early stage of disease

Clinical course and disease severity similar to DMD patients

Mobility impairment and severe myopathy

lllustration of some genetic engineering applications in modelling DMD-related cardiomyopathy and cardiac phenotypes characterizing mammalian and non-mammalian models.
AAV, adeno-associated virus; Cl, ClinicalTraials.gov Identifier; CRISPR, clustered regularly interspaced short palindromic repeats; DMD, Duchenne muscular dystrophy; GRMD,

golden retriever muscular dystrophy.
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continued advances in gene therapy aimed at ameliorating the life expec-
tancy of patients affected by DMD. Indeed, a recent study reported by
Sarcar et al”® used a genome-wide in silico data mining approach to de-
tect novel robust and evolutionarily conserved muscle-specific transcrip-
tional cis-regulatory modules (CRMs) which outperformed previously
reported promoters of micro-dystrophin expression in therapeutic vali-
dation experiments in SCID/mdx mice.

6. Potential of advanced bio-
engineered techniques to model
DMD

Traditional approaches to modelling muscular dystrophies

very limited compared to the physiological and multicellular complexity
103-106

99102 Lemain

of biological human tissues where multiple dynamic forces oper-
ate to produce critical factors that regulate cell differentiation and, tissue
development and function.'” For example, the plastic or glass substrates
used in standard 2D cell-culture practice hinder the maturation of com-
plex cellular structures, such as thick muscle syncytia, displaying co-
ordinated electrical activity and contractile forces approaching ~10 mN.
Nevertheless, in vitro model systems still represent the fundamental sci-
entific research tool. Therefore, optimizing the in vitro recapitulation of
complex micro-environmental processes of native tissues is the most im-
portant challenge to expand the limited capacity to model multifaceted

. . ) 108,109
diseases and screen innovative drugs.

6.1 Multidimensional modelling
Using multidimensional recapitulation of the native tissues (e.g. by incor-
porating cellular heterogeneity, ECM components and, electrical and

M0112 increased

mechanical forces) supports extended culture times,
protein content,'"® cell/tissue maturation levels'""""™* and disease reca-
pitulation ability.™® Technology from the industrial manufacturing fields
(e.g. printing, materials chemistry, fluidics, and microfabrication) has
been transferred to basic biological research to overcome some impor-
tant limitations of conventional 2D modelling. Indeed, several tissue-like
constructs have already been generated through this combination of
approaches, such as cartilage,''® cornea,'"” bone,"® heart,"® brain,""”

120,121 and muscles.1 22,123

vascular networks,
6.2 Printing dimensionality

The most popular technical variations in the bioprinting context are
based on the principles of inkjet, laser-assisted, extrusion, stereolithogra-
phy, acoustic, and magnetic technologies (Figure 1).""*'*~128 A thorough
description of these technologies is beyond the scope of this review and
so the reader is referred to ancillary literature regarding their cardiac
applications.”””"® In relation to modelling DMD-CM, Macadangdang
et al"™ were able to manufacture anisotropically nanofabricated
substrata (ANFS) with a nanotopographic surface, which mimicked ECM
organization, for the culture of healthy donors’ and DMD patients’ iPSC-
CM. Culture of iPSC-CM on the biomimetic nanotopographic ANFS
aided the stratification of disease phenotype in DMD patients’ iPSC-CM
which was attributed to a blunted cellular response to the topographic
cues provided by the ANFS. In follow-up, experiments involving the
long-term culture of DMD iPSC-CM on the same ANFS biomimetic
nanotopographic surfaces revealed greater hypertrophic responses in
DMD iPSC-CM compared with healthy iPSC-CM.2" The authors

suggested that the absence of full-length dystrophin was less able to
self-organize without strong external topographical cues and was conse-
quently more susceptible to disorganization under stress. Intriguingly this
deficit could be linked to decreased signalling of yes-associated protein
(YAP), which is already known to be downregulated in DMD patients’
skeletal muscle,*? indeed Yasutake et al.'*> recently determined that al-
tered YAP activity, caused by impaired actin dynamics, reduced the pro-
liferation of DMD iPSC-CM.

As previously mentioned, the derivation of iPSC represented the big-
gest step towards precision medicine, giving the possibility to develop
specific models that took the patient, disease, and genetic background
into account. Therefore, the combination of bioprinting with iPSC is the
most futuristic and promising prospect in the field of biomedical
research.’>*13

6.3 Other potential 3D platforms

6.3.1 Engineered heart tissues

The generation of iPSC in 3D in vitro systems will enable a better study
of DMD-CM, allowing the evaluation of responses to mechanical, electri-
cal, chemical stimuli, and the development of new potential pharmaceuti-
cal approaches. The limited ability to characterize parameters, such as
contractile force due to random orientation of iPSC-CMin 2 D cultures,
represents a defect in single-cell assays of iPSC-CM analyses. Engineered
heart tissues (EHT) are formed by combining cardiomyocytes (and
sometimes other cardiovascular cell types) with aqueous extracellular
matrices (e.g. collagen, fibrin, and other heterogeneous mixtures) which
are transferred to casting moulds."*® Following a short period of culture
(usually 1 week), the cells spontaneously undergo differentiation matura-
tion, fusion, and assemble within and remodel the 3D matrix.
Subsequent mechanical stimulation further enhances the morphological,
functional, and mechanical properties of EHT"® that makes them vastly
superior cardiac disease models and even tissue replacement ther-
apy."® 7 Therefore, the human EHT format might be employed in
conjunction with numerous in vitro analytical instruments or gene ther-
apy techniques, such as calcium measurements, electrophysiology, and
adeno-associated virus transduction.'*'

Indeed, Long et al.'® used the EHT paradigm with healthy, DMD, and
iPSC-CM  co-cultures with non-
matched healthy foreskin fibroblasts. Contractile dysfunction was readily
detected in DMD EHTs compared to healthy and edited EHTSs, which
showed normal force of contraction and maximal inotropic capacity.

genome-edited corrected-DMD

Intriguingly, the group also elegantly tackled the ‘therapeutic efficiency’
issue (i.e. what is the optimum percentage of corrected iPSC-CM
needed to ameliorate the cardiac phenotype), by carefully titrating the
percentages of corrected-DMD iPSC-CM that determined between 30
and 50% mosaic dystrophin expression was needed to partially or maxi-
mally restore normal contractile phenotype. Critically this is comparable
to results observed in vivo experiments.142 Therefore, it is conceivable
that the pathological features of DMD-CM might be shaped with high fi-
delity using this 3D platform."*Figure 2 shows a schematic representa-
tion of the application of 3D bioprinting using iPSC-CM, as a tool for
personalized medicine and cardiac disease modelling of DMD patients’
pathophysiology. However, the potential of these technologies has not
yet been fully realized. Consequently, the future perspective must aim to
include the implementation of biochemical and molecular biology studies
performed using these advanced 3D models.
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A inkjet bioprinting B extrusion-based bioprinting C

4,4

+

plezoelectric
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laser-assisted bioprinting

pulsed laser

-
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D stereolithography bioprinting

bioink

photomask

light peojection system

E acoustic bioprinting

V
F magnetic bioprinting

magnetic levitation

Figure | 3D bioprinting approaches. (A) Inkjet bioprinting generates drops of low viscous bioink containing viable cells through thermal or piezoelec-
tric actuators. (B) Extrusion bioprinting consists of a pneumatic, screw, or pistons-based method that allows the deposition of continuous filaments of
high viscous hydrogel. (C) Laser-assisted bioprinting uses an exciting, pulsed laser source, which vaporizes the energy-absorbing layer in contact with the
liquid or gelatinous bioink pre-solution, inducing the expulsion of cell-laden droplets layer. (D) Stereolithography is a projection bioprinting method,
which employs a light projector to crosslink, plane-by-plane, photosensitive bioinks. (E) Acoustic bioprinting generates acoustic waves at the air-bioink in-
terface inducing the bioink drops formation. (F) Magnetic bioprinting employs magnetic or paramagnetic bioadditives that facilitate the aggregation of the

cells and their spatial organization following predefined patterns.

6.4 Aiming toward high throughput scale

6.4.1 Organoids

The development of novel drugs for the treatment of human diseases is
one of the most expensive and time-consuming research processes.
Therefore, the development of widely reproducible platforms of ad-
vanced cellular technology that recapitulate the complexity of human tis-
sues in vitro currently represents one of the most difficult challenges. In
the last decade, the organoid model has assumed an increasingly central
role in efficiently recreating physiological and pathophysiological condi-
tions in vitro."** Organoids are tissue-like cellular aggregates with hetero-
geneous composition, which can self-organize by recapitulating the
microenvironment and cell-matrix interactions, thus exhibiting complex
physiological as well as pathological functions. To date, the methodolo-
gies developed for the generation of organoids are numerous and con-
tinuously updated to obtain organ-specific systems that can mimic the
liver,"* brain,"* prostate,’* small intestine,"® and extend to recreating

149 and of direct relevance to this review,

the tumour microenvironment
the myocardium150 including the recapitulation of genetic cardiomyopa-
thy.">" The huge methodological facilitation represented by the use of
the patient-specific iPSC differentiated into all the different cell lineages
DMD-CM (e.g. cardiomyocytes, endothelial cells,
cardiac fibroblasts, and immune cells) and combined with selected ge-
netic- or bio-engineered strategies, could be used to provide a coherent

and efficient method to study the contribution of any cardiac cell type,

involved in

matrix material or additional factors in pathological DMD cardiac dy-

. 152
namics and to test new drugs.

6.4.2 3D microfabrication

Despite their success and potential, single organoid models fail to effec-
tively reproduce the complex inter-organ interactions that occur physio-
logically. Microfabrication is an expanding technology used to manipulate
miniature organs housed in a chip-like device that is advantageous to
build truly holistic in vitro models of human physiology and disease.
Indeed, modularity, 3D capability and construction adaptability of differ-
ent complex organ modelling systems make these small organ-on-chip
models excellent candidates for drug and toxicity screening.

The production of microphysiological organs-on-chip began with pho-
tolithography for the creation of the desired substrate, where an elasto-
biocompatible,
polydimethylsiloxane (PDMS),
copy that was sealed on a slide, forming closed-loop channels.
Perfusion of the platform with culture medium allowed the simulation of
blood flow-induced shear stress on myocardial tissue making this model
potentially useful for studying biomimetic signals on cardiac function. In
addition, electrical stimulation and cell anisotropy remain two important
factors for the fabrication of heart-on-a-chip devices. Indeed, Grosberg
et al printed microcontact patterns of fibronectin on a deformable
PDMS film, creating the muscle thin film (MTF) technique. Rat primary

meric non-toxic, and low-cost material, called
153

was poured, thus creating a positive
154-158
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\-latumllon

IPSC-CM

iPSC-CM
3D Bioprinting

Figure 2 3D bioprinting application using iPSC-CM in cell therapy and cardiac disease modelling. Representative scheme of cell isolation, characteriza-
tion, and differentiation of iPSC-CM; the use of 3D bioprinting techniques aimed at modelling cardiomyopathies and cell therapy in DMD is schematized.
This figure was created with an adapted image from BioRender.com (2021) , and using the images developed by the group of the Unit of Vascular Biology
and Regenerative Medicine, Centro Cardiologico Monzino-IRCCS and the Microfluidics and Biomimetic Microsystems Laboratory, Politecnico di Milano,
Milan, Italy. DMD, Duchenne muscular dystrophy; iPSC, induced pluripotent stem cells; iPSC-CM, iPSC-derived cardio myocytes.

neonatal ventricular cardiomyocytes were seeded into the MTF plat-
forms and electrically stimulated by platinum electrodes.”” This study
showed that stimulation increased cellular alignment, differentiation, and
function of EHT making this model ideal for evaluating pharmacological
intervention on the contractile function of multiple cardiac micro-tis-
sues. 01T Afterward, Xiao et al.'®? designed a perfusable cardiac micro-
tissue with a poly (tetrafluoroethylene) microtube to induce
cardiomyocyte alignment and stretching along with the shape of the tube
that also developed spontaneous beating and, sarcomeric troponin-T
and connexin-43 expression. In the context of DMD, skeletal muscle
myoblasts from DMD patients were used to create a DMD tongue-on-
chip microphysiological device that illustrated the failure of DMD skele-
tal myoblasts to develop an equivalent level of contractile strength as
seen for healthy myoblasts, a deficit that the authors attributed to the in-
ability of DMD skeletal myoblasts to respond to extracellular cues for
adaptive growth and remodelling.99 Although these microphysiological
models are useful for representing tissue-specific phenotypic disease fea-
tures, they also require the incorporation of other factors in order to il-
lustrate the cooperative nature of human organ systems. Recently, new
technology was developed by integrating hepatic and cardiac tissue in a
precise and reproducible manner by bioprinting, which are then housed
in modular perfusable devices connected to a lung module via an immo-
bilized semi-porous cell-laden membrane, thus effectively creating an
air-liquid interface. Each organ model was created with native human tis-
sue-derived-cell types, with similar relative proportions and ECM-based
supporting bio-inks or -materials. This three-organ microphysiological
system was used to reveal inter-organ responses to drugs (epinephrine
and propranolol, used to assess the metabolic capabilities of the liver
module and the downstream reduced impact on the cardiac module)
and toxic agents (bleomycin, an anti-cancer drug known to cause lung

fibrosis and inflammation).’®® Despite the revolutionary effectiveness of
multi-organ microphysiological systems in the closest approximation to
real human organ-system activity, in low-cost drug discovery and drug
trials, as well as improved toxicity screenings, there are still some limita-
tions to address. In particular, the most urgent need is to miniaturize the
system to produce a cost-effective and operator-friendly pre-clinical sys-
tem suitable for high-throughput applications, e.g., complex pharmacoki-
netic studies.

Furthermore, such tandem organ-on-chip systems generated with
cells from diverse healthy donors or patients with a particular genetic
profile, such as a DMD mutation, would provide test platforms that bet-
ter represent heterogeneity in the human population, thereby improving
overall drug development process.

7. Concluding considerations and
future perspectives

The approaches presented in this review might provide the basis for
implementing upcoming therapeutic strategies for DMD patients. The
advent of iPSC technology largely solved problems regarding ethical
issues, high production costs, and immune rejection related to other
cell-therapy approaches; however, challenges remain for the clinical de-
velopment of iPSC-based treatments. Promisingly, recent studies based
on iPSC-CM have contributed to the identification of specific myocardial
disease mechanisms relevant to the pathogenesis of DMD-CM, repre-
senting new potential therapeutic targets and a powerful means to un-
derstand the consequences of various DMD mutations, potentially
encompassing multiple organ systems.'®* Understanding the multi-organ
mechanisms underlying DMD-CM is essential for improving the
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prognosis, management, and treatment of cardiac implications not only
in the male population, which is more represented, but also in the female

carrier population who also can present with HF or be predisposed to

risks during pregnemcy.165

Using iPSC in tissue bioengineering and modelling of multifactorial
diseases is constantly evolving. A crucial long-term goal of micro-
physiological systems (organ-on-chips) will be to reproduce the inter-
communication between organ systems, which is steadily becoming
more essential to understand human disease, including cardiovascular
diseases, and treatment responses in a whole-body context, i.e., 4D
multi-organ systems or body-on-chip comprised of heart, lung, and
liver. 163166 |f fully realized a future could be imagined where it is achiev-
able to completely replace animal models with precision theranostic
patients-on-chip systems. This will require further pioneering proof-of-
concept studies to holistically recreate, with sufficient resolution for
both disease-modelling and clinical impact, the in vivo complexities that
render DMD-CM truly manifest.
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