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Abstract: Duchenne muscular dystrophy (DMD) is a lethal X-linked pathology due to lack of
dystrophin and characterized by progressive muscle degeneration, impaired locomotion and
premature death. The chronic presence of inflammatory cells, fibrosis and fat deposition are hallmarks
of DMD muscle tissue. Many different therapeutic approaches to DMD have been tested, including
cell-based and gene-based approaches, exon skipping, induction of expression of the dystrophin
paralogue, utrophin, and, most recently the application of the CASPR/Cas9 genome editing system.
However, corticosteroid treatment remains the gold standard therapy, even if corticosteroids have
shown multiple undesirable side effects. Sertoli cells (SeC) have long been known for their ability to
produce immunomodulatory and trophic factors, and have been used in a plethora of experimental
models of disease. Recently, microencapsulated porcine SeC (MC-SeC) injected intraperitoneally in
dystrophic mice produced morphological and functional benefits in muscles thanks to their release
into the circulation of anti-inflammatory factors and heregulin β1, a known inducer of utrophin
expression, thus opening a new avenue in the treatment of DMD. In order to stress the potentiality of
the use of MC-SeC in the treatment of DMD, here, we examine the principal therapeutic approaches
to DMD, and the properties of SeC (either nude or encapsulated into alginate-based microcapsules)
and their preclinical and clinical use. Finally, we discuss the potential and future development of this
latter approach.

Keywords: Duchenne muscular dystrophy; therapeutic approaches; Sertoli cell; muscle inflammation;
myopathies; encapsulation; biomaterials

1. Duchenne Muscular Dystrophy (DMD)

Duchenne muscular dystrophy (DMD) is the most common muscular dystrophy. Muscular
dystrophies are a group of inherited muscle diseases characterized by mutations in specific genes and
resulting in muscle degeneration, impaired locomotion and premature death [1,2]. DMD is an X-linked
recessive pathology caused by mutations in the dystrophin gene (DMD) usually resulting in the
complete absence of this protein. Dystrophin is an essential component of the dystrophin-associated
protein complex (DAPC) at the sarcolemma, a complex that ensures the structural and functional
integrity of the myofibers during contraction representing a mechanical link between the intracellular
cytoskeleton and the extracellular matrix. Absence of dystrophin or other components of the DAPC
compromises the integrity of the DAPC itself leading to a susceptibility of myofibers to degeneration
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during contraction and consequent progressive loss of muscle efficiency [1,2]. The muscle damage
subsequent to the absence of dystrophin determines massive infiltration of immune cells in muscle
tissue, and the chronic activation of signaling pathways implicated in the inflammatory response [3].
Indeed, muscles of DMD patients are characterized by a condition of chronic inflammation and
overexpression of inflammatory genes at the onset and during the progression of the pathology [3,4].
Moreover, as a consequence of continuous degeneration/regeneration cycles, during the progression
of the disease an exhaustion of the regenerative potential occurs in dystrophic muscles. As a result
of high demand for myogenesis and poor compensatory mechanisms, fibrous and fatty connective
tissue progressively overtake the functional myofibers culminating in progressive muscle wasting
and severely affecting skeletal muscle efficiency which ultimately results in premature death due to
cardiac and respiratory failure [2]. Interestingly, DMD shares several features with other conditions
characterized by loss of muscle mass and strength, specifically age-related sarcopenia [5] and
cancer-associated cachexia, a multifactorial syndrome affecting large part of cancer patients [6].
Systemic and muscle inflammation, oxidative stress, ultrastructural abnormalities, alteration of
the DAPC, and loss of muscle precursor cells are common hallmarks of DMD, sarcopenia and
cachexia [7–9], suggesting that common approaches could be thought of to treat these conditions.

1.1. Therapeutic Approaches to DMD

1.1.1. Corticosteroids

Due to the deleterious role of inflammation in dystrophic muscles, anti-inflammatory steroids still
represent the gold standard for the treatment of DMD, being able to improve the patients’ quality of
life [10,11]. Prednisone and deflazacort delay the loss of muscle strength and functionality, the loss of
ambulation, the onset of scoliosis, and respiratory and cardiac failure. However, besides their positive
role in inhibiting inflammatory pathways that cause muscle necrosis and fibrosis, corticosteroids
have shown limited activity and cause several adverse effects such as gain of weight, reduction
of bone mineral density, increased risk of bones fractures gastrointestinal irritation, skin fragility,
adrenal suppression, susceptibility to infections, metabolic disorders, hypertension, behavioural
changes, and cushingoid appearance [12–15]. Moreover, definitive evidence is lacking about the
role of corticosteroids on muscle regeneration [16], and glucocorticoids exert anti-myogenic effects
on myoblasts by inducing the expression of glucocorticoid-induced leucine zipper (GILZ) and its
newly identified isoform, long GILZ (L-GILZ) [17]. Recently, VBP15, an NF-κB inhibitor with high
glucocorticoid receptor specificity, has been designed to reduce the side effects typical of steroids.
In mdx mice, the oral administration of VBP15 resulted in improvement of the dystrophic phenotype,
with less adverse effects compared with prednisone [18].

1.1.2. Cell Therapy

Two main cell types can be used to obtain new myofibers with functional dystrophin in DMD
patients: satellite cells (myoblasts) isolated from healthy donors or genetically modified cells coming
from the DMD patients themselves [19]. Once injected in mdx mice, an animal model of DMD,
muscle precursor cells fuse with pre-existing or regenerating myofibers leading to dystrophin-positive
fibers and partially restoring the muscle defect [20]. Consequently, a small number of DMD patients
were injected intramuscularly with dystrophin-positive myoblasts, re-establishing the expression of
dystrophin but without significant improvement in muscle morphology and functionality. This is
because of the low survival and migration of injected myoblasts, and the immune rejection of
transplanted cells [21]. Among the most innovative cell therapies is transplantation of mesoangioblasts,
which are multipotent mesenchymal cells isolated from muscle vasculature. Mesoangioblasts can
differentiate into myoblasts, and migrate to the surrounding damaged myofibers. Golden retriever
muscular dystrophy (GRMD) dogs injected intra-arterially with mesoangioblasts isolated from healthy
dogs showed expression of dystrophin in muscle tissue, and improved muscle morphology and
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functionality [19,22]. Unfortunately, injection of mesoangioblasts in DMD patients has demonstrated
only minimal efficacy so far [23].

Another promising therapeutic tool is represented by the use of iPSC (induced pluripotent
stem cells). Intramuscular transplantation of skeletal myogenic progenitors derived from human iPSC
in dystrophic mice translated into appearance of dystrophin-positive myofibers and amelioration of
muscle function [24], and miRNA cocktails promoting the myogenic potential of human mesodermal
iPSC-derived progenitors have been recently defined [25].

1.1.3. Gene Therapy

Approaches to DMD extensively under study are represented by therapeutic intervention aimed
at the delivery of a gene codifying for a functional dystrophin. Due to the very large dimension
of the DMD gene (2.4 Mb and 79 exons, corresponding to about 0.1% of the human genome) [26],
it is impossible to find a recombinant adeno-associated virus (rAAV) fitting with it. AAV vectors
carried mini- or micro-dystrophins (i.e., different reduced parts of the DMD gene that still result
in functional forms of the protein) have been used to treat animal models of DMD and DMD
patients [19,27]. AAV vectors carrying minigenes have been injected in mdx mice and GRMD dogs
demonstrating the efficient therapeutic effects of this treatment [28–30]. However, a phase I clinical
trial using AAV-mini-dystrophin revealed only limited dystrophin expression and irrelevant muscle
improvements due to the potential presence of AAV-neutralizing antibodies already present in humans,
and the immune response against non-self-dystrophin [31], which requires this kind of approach be
accompanied by immunosuppressive therapy.

1.1.4. Exon Skipping

More than 83% of the DMD patients, with deletions duplications or small mutations in the
DMD gene could be treated with an exon skipping approach [32]. This therapy aims at restoring the
dystrophin expression thanks to the possibility to skip the exon bearing the mutation, thus producing
a shorter but functional protein. Antisense oligonucleotides (AONs) are the molecules used to obtain
exon skipping. These AONs are composed of 20–30 nucleotides, specifically designed to match the
pre-mRNA sequence to skip the DMD exon with the mutation, thus leading to truncated transcripts
that are translated into functional proteins [11]. Phosphorothioate oligonucleotides (PS, Drisapersen)
and morpholino phosphorodiamidate oligomers (PMO, Eteplirsen) are useful for patients carrying the
mutation in exon 51; they can be injected locally or delivered systemically [33]. During phase II and III
clinical trials, Drisapersen has not shown the expected results, and it is now under investigation in
younger patients [19,34]. Instead, patients treated with Eteplirsen revealed an increased number of
dystrophin-positive myofibers compared with placebo-treated patients, and improvement in functional
tests [35] so that the US FDA accelerated the approval of this drug on September 2016. Eteplirsen has
been used with good results also in patients carrying mutations in exon 53 in Japan [36]. However,
the use of AONs have some aspects to be improved, such as the poor tissue uptake and the relative low
rescue of dystrophin expression. Recently, tricyclo-DNA (tcDNA) has been tested in two different DMD
mouse models inducing the restoration of dystrophin expression in several tissues, and improvement
of respiratory and cardiac functions [37,38].

1.1.5. Induction of Utrophin Expression

Due to the high degree of sequence identity, utrophin is a paralogue of dystrophin, able to
associate with members of the DAPC [26,39]. Thus, induction of utrophin expression is an investigated
therapeutic approach to DMD. Dystrophin and utrophin show different expression patterns in healthy
adult muscle fibers, with dystrophin being present along the entire sarcolemma and utrophin being
confined to the myotendineous and the neuromuscular junctions (NMJs) [40,41]. However, high levels
of utrophin are found at the sarcolemma during muscle development and muscle regeneration [42].



J. Funct. Morphol. Kinesiol. 2017, 2, 47 4 of 18

SMT C1100 (2-arylbenzoxazole[5-(ethyl sulfonyl)-2-(naphthalen-2-yl)benzo(d)oxazole)] is a small
molecule able to upregulate utrophin mRNA and protein after oral administration. The use of
SMT C1100 translated into improvement of muscle morphology and functionality, with utrophin
detected also in heart and diaphragm in mdx mice [43]. A phase I clinical trial showed that SMT
C1100 is safe and well tolerated [44]. Neuregulin 1/heregulin beta 1 (NRG1/HRGβ1) is a factor that
controls the expression of utrophin at the NMJ, through the interaction with erbB/HER receptor
and the utrophin A promoter, after GABPα/β activation by the ERK pathway [45]. Repeated
intraperitoneal (i.p.) injections of HRGβ1 translated into an increment of utrophin expression in
myofibers, with concomitant improvement of muscle morphology in mdx mice [46].

1.1.6. Alternative Approaches

A number of molecules are under investigation, characterized by different mechanisms of action.
Givinostat, an inhibitor of the histone deacetylase (HDAC) characterized by anti-inflammatory,
anti-angiogenic and antineoplastic features, has been tested in mdx mice resulting in slowdown
of pathology progression and improvement of muscle morphology in terms of increment of myofiber
cross-sectional area and reduction of fibrosis and adipose tissue deposition [47,48]. Givinostat is
currently in a phase II clinical trial to evaluate its safety and tolerability.

Tadalafil and Sildenafil are two phosphodiesterase-5 (PDE5) inhibitors able to induce relaxation
of vascular smooth muscle cells, by increasing the levels of cyclic guanosine monophosphate (cGMP).
The administration of Tadalafil or Sildenafil resulted in beneficial effects in mdx mice and DMD
patients [19,49,50]. Unfortunately, disappointing results came out on February 2016 from the phase III
trial of Tadalafil, due to failure to prove evidence for efficacy in slowing the decline in the walking
ability of DMD boys.

Halofuginone (HT-100) is a molecule that reduces the fibrotic tissue deposition induced by
TGF-β. Treatment with halofuginone translated into reduction of muscle fibrosis and amelioration
of respiratory and cardiac functions in old mdx mice. Halofuginone also acts directly on muscle cells
promoting fusion into myotubes in both normal and dystrophic conditions [51].

The benzoquinone, Idebenone (Catena/Raxone) stimulates both mitochondrial electron reflux
and cellular energy production and inhibits lipid peroxidation [52]. Mdx mice treated with Idebenone
were characterized by improvement of cardiac functions and exercise performance. In a phase II
clinical trial, Idebenone showed positive effects on functional cardiac and respiratory parameters in
DMD patients [52]. A phase III clinical trial showed reduction of loss of respiratory functions in DMD
patients, even in the absence of glucocorticoid treatment [53,54].

Aminoglycosides (a group of drugs used in Gram-negative bacterial infections) might restore
dystrophin expression, introducing a nucleotide sequence at the aminoacyl transfer RNA acceptor site
and binding the decoding site of ribosomal RNA, which leads to the expression of a full-length
functional dystrophin protein [55]. Because of the several disadvantages of aminoglycosides
(i.e., high dosages and the renal and oto-toxicity), other molecules have been developed with the same
activity but fewer side effects [11]. One of these molecules is Ataluren (Translarna, former PTC124),
a nonaminoglycoside without antibacterial activity [11]. The expression of dystrophin is upregulated
in skeletal muscles (including diaphragm) and hearth of mdx mice treated with Ataluren [56,57].
Two doses of Ataluren in patients with nonsense mutation were demonstrated efficacious and well
tolerated during a phase IIb clinical trial [58]. Instead, the results obtained from a phase III clinical
trial were not statistically significant, even if none of the Ataluren-treated group needed a wheelchair
during the study, contrary to the placebo group in which four patients lost ambulation [59].

Myostatin is a negative regulator of skeletal muscle growth, and animals lacking myostatin
are characterized by increased muscle mass [60]. Consequently, blockade of myostatin activity is
under investigation as a potential therapy for muscle degenerative diseases. Dystrophic mice lacking
myostatin or treated with an anti-myostatin blocking antibody showed increment of muscle mass and
muscle strength, together with reduced fibrosis [61,62]. A phase II clinical trial is currently ongoing
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to analyze the pharmacokinetics and pharmacodynamics of Domagrozumab, a monoclonal antibody
that binds myostatin, in pediatric DMD patients since a previous study revealed an increment of
muscle mass in SCID (severe combined immunodeficiency) mice and healthy monkeys treated with
this neutralizing antibody [63,64].

Recently, an AAV-based strategy has been developed to deliver (in mdx mice) the CRISPR/Cas9
genome editing system, in which the Cas9 nuclease cleaves DNA sequences targeted by a guide
RNA [65] to remove the mutated exon 23 from the Dmd gene. This promising approach resulted in
partial recovery of skeletal and cardiac muscle functionality, biochemistry and force, and generated a
pool of endogenously corrected myogenic precursors in mdx muscles [66,67].

The different approaches used so far to counteract the DMD symptoms or correct the DMD
mutations have revealed intrinsic limitations: rAAV are unable to accommodate the full-length
DMD gene, and their use is accompanied with viral toxicity, immune response and limited persistence
of the transgene expression; myoblast transplantation and stem cell therapy have shown low
efficiency due to precocious death and scarce homing of the injected cells; and, AONs require
repeated administrations. Moreover, most of the proposed approaches require immunosuppression
in order to protect the foreign material used from the host immune system attack. For these
reasons, the investigation in the DMD field is still active, and some authors encourage combinatorial
approaches [68].

The mechanisms of action, the effects, and the trial status of these alternative approaches are
listed in Table 1.

Table 1. Mechanisms of action and effects of alternative approaches of Section 1.1.6.

Approach Mechanism of Action Positive Effects Side
Effects/Limitations Clinical Trial Refs.

Givinostat
(HDAC

inhibitor)

Not completely
clarified in

DMD.Downregulation
of myostatin due to

increased expression
of follistatin

Improved muscle
morphology and

increase in myofiber
size in mdx mice and

DMD patients.

Platelet reduction,
gastrointestinal
adverse effects.

Phase II ongoing [47,48,69]

Tadalafil and
Sildenafil

(PDE5
inhibitors)

Increased levels of
cGMP inducing
vasodilatation.

Prevention of
exercise-induced

ischemia, injury and
fatigue in mdx mice.

Headache, fall,
upper respiratory

tract infection,
gastrointestinal
adverse effects.

Phase III failed in
protecting versus

ambulatory decline
[19,49,50,70]

Halofuginone
(HT-100) Anti-fibrotic agent Reduction of fibrotic

tissue deposition

No serious adverse
effects reported for

low doses

Phase II suspended
for death of a

patient receiving
high doses

[51,71]

Idebenone
(Catena/Raxone)

Antioxidant inducing
mitochondrial electron

reflux and cellular
energy production;
inhibition of lipid

peroxidation

Improved cardiac and
muscle functionality in

mdx mice; improved
respiratory function in

DMD patients

Nasopharyngitis,
headache and mild

diarrhoea

Phase III
completed [52–54]

Ataluren
(Translarna,

PTC124)

Premature stop
codons readthrough

Restoration of
dystrophin expression

in mdx mice

No severe adverse
effects reported.

Specific for
nonsense
mutations

Phase III
completed [55–59]

Domagrozumab
(Human

anti-myostatin
mAb)

Blockade of
myostatin activity

Increment in muscle
mass and strength in

mdx mice and
healthy subject

Headache, fatigue,
upper respiratory

tract infections,
and muscle

spasms.

Phase II recruiting [60–64,72]

CRISPR/Cas9

Cleavage of specific
DNA sequences to

remove the
mutated exon

Improved skeletal and
cardiac muscle

morphology and
functionality in

mdx mice

Mutation-dependent.
No adverse effects

reported
Preclinical [65–67,73]
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2. Sertoli Cells

2.1. Sertoli Cells: Multiple Roles for a Single Cell Type

Sertoli cells (SeC) are the most abundant cells of the seminiferous tubules in the testis, where
they protect the developing germ cells from the immune system attack by creating a physical barrier
(the blood–testis barrier, BTB) made of adjacent SeC linked with tight junctions, which isolates the
lumen of seminiferous tubules from the interstitial fluid. In addition, SeC secrete many trophic
and maturative factors indispensable for the growth and differentiation of germ cells, as well as
immunomodulatory factors that further contribute to create an immuneprivileged environment
in the testis (Table 2) [74,75]. The latter is necessary to avoid auto-immune responses against the
developing germ cells, which express novel molecules on their surface potentially recognized as
foreign by the immune system. The immuneprivileged feature of the testis was first discovered
in 1767, when John Hunter transplanted rooster testes into the abdominal cavity of a hen, and he found
that they maintained their normal structure over time [76]. Several studies have demonstrated that
SeC are the most relevant cell type of the testis that can protect testicular allogeneic and xenogeneic
grafts from immune rejection, even if transplanted outside the BTB, thus confirming that humoral
besides mechanic processes are involved in the immuneprivileged status of the testes [75,77,78].
Evidence that SeC are primarily responsible for the successful survival and function of transplanted
tissues was provided when SeC were co-transplanted with allogeneic Langerhans islets, showing
that SeC were able to protect islets from rejection in the absence of immunosuppression [79]. Later,
several experiments confirmed the ability of SeC to protect from immune destruction allogeneic
and xenogeneic pancreatic islets [80,81], and other tissues, including xenogeneic adrenal chromaffin
cells [82], allogeneic dopaminergic neurons [83], allogeneic and xenogeneic skin grafts [81,84],
and allogeneic heart grafts [85]. The ability of SeC to protect xenogeneic pancreatic islets from rejection
was demonstrated also in human patients, in a controversial study with respect to ethical issues.
Pancreatic islets were inserted together with neonatal porcine SeC in a porous chamber and placed
subcutaneously in the anterior abdominal wall of young diabetic patients, without immunosuppressive
treatment. The patients did not show any complications in a 7-years follow-up, and a half of the
grafted patients significantly diminished their insulin doses [86,87].

Table 2. List of the major factors secreted by SeC.

Growth Factors/Cytokines Immunomodulatory Factors Maturative Factors/Hormones

BDNF (Brain Derived Neurotrophic Factor) and
GDNF (Glial cell-Derived Neurotrophic Factor) Activin A Activins/Inhibins

bFGF (basic Fibroblast Growth Factor) Clusterin Dhh (Desert hedgehog)

EGF (Epidermal Growth Factor) Complement cascade inhibitors Estrogens

HRG (Heregulin)-β1 FasL (Fas Ligand) KL/SCF (Kit Ligand/Stem Cell Factor)

hSCSGF (human Sertoli Cell Secreted
Growth Factor) IDO (Indolamine 2,3-Dioxygenase) MIS/AMH (Müllerian Inhibiting

Substance/Anti Müllerian Hormone)

IFN (Interferon)-γ IL-2 suppressor factors

IGF (Insulin-like Growth Factor)-I and -II JAG1 (soluble JAGGED1) Antiapoptotic factors

IL (Interleukin)-1 and -6 MIF (Macrophages Inhibitor Factor) BCL-w

NT (Neurotrophin)-3 Serpins (serine protease inhibitors)

PDGF (Platelet Derived Growth Factor) TGF-β

SGP (Sulfated Glycoprotein-1/Prosaposin) Transferrin

TGF (Transforming Growth Factor)-α and -β

VEGF (Vascular Endothelial Growth Factor)

Finally, SeC have been employed in different experimental models of diseases to take advantage
of their release of trophic and anti-inflammatory factors (Table 2). SeC have been implanted into the
central nervous system of animal models of Parkinson’s disease, Huntington’s disease and amyotrophic
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lateral sclerosis, where they provided protection of the surrounding tissue through local release of
trophic and antiinflammatory molecules [82,88,89].

2.2. The Immunomodulatory Properties of SeC

SeC inhibit the humoral and T-cell response thanks to their ability to secrete factors that block T
lymphocyte proliferation and interleukin (IL)-2 production [90,91]. Moreover, FASL (CD95L) expressed
on SeC might interact with the FAS receptor (CD95) on the T cell surface, inducing apoptosis of
lymphocytes [92]. The immunomodulation exerted by SeC has been ascribed to the activity of
tolerogenic factors, such as TGF-β and IDO (indoleamine 2,3-dioxygenase), a tryptophan-metabolizing
enzyme. Suarez-Pinzon et al. showed that TGF-β secretion by SeC is necessary for islet graft survival
when co-transplanted in NOD (non-obese diabetic) mice. TGF-β secreted by SeC might modulate
T cell phenotype favoring their differentiation into a tolerogenic Th2 phenotype [93]. Injection (i.p.)
of SeC in NOD mice partially reversed the pathology with the recovery of β cell function thanks
to restoration of the systemic immune tolerance through a TGF-β/IDO-dependent mechanism that
led to emergence of regulatory T cells (Tregs) [94]. Moreover, it has been demonstrated that TGF-β
with IL-10 and activin-A, released by SeC, contribute to modulate the immune cell response in the
testis, stimulating immune cells involved in the tolerogenic response, such as M2 (anti-inflammatory)
macrophages, and Th2 and Treg cells [95]. Accordingly, most macrophages located in the testis show
an M2 phenotype [96]. Recently, a soluble form of JAGGED1 (JAG1), which induces the generation of
Treg cells, has been reported to be secreted by SeC [97]. Additional contribution to immune protection
comes from the secretion by SeC of complement and inhibitors of granzyme, a cytolytic molecule
released by cytotoxic T cells [98,99]. Interestingly, SeC are also able to respond to virus and bacteria,
eliciting an inflammatory response. Indeed, they express toll-like receptors, whose activation in SeC
induces the release of proinflammatory cytokines and chemokines [100].

2.3. The Encapsulation Chance

The preclinical use of SeC has been improved with the introduction of the encapsulation procedure.
Microcapsules are spherical particles with size varying between 50 and 2 mm characterized by a cut-off
permeability that allows the passage of oxygen, nutrients, therapeutic protein products, waste products
and other molecules, including soluble factors released from the encapsulated cells themselves [101].
The biomaterial the microcapsules are made of has to be potentially invisible to the host immune system
in order to prevent immune reactions, and should protect the capsule content as long as possible.

The research in the diabetes field has been particularly active at exploring the most efficacious
biomaterials into which to encapsulate the insulin-producing pancreatic β cells, and in 1980s Lim
and Sun showed efficacy of transplanted microencapsulated insulae for the treatment of diabetic
mice [102]. Many biomaterials, including agarose, poly-cations (poly-L-lysine, poly-L-ornithine),
poly-ethilen-glycole and alginate, have been tested so far to ensure the best immune-invisibility and
long-lasting viability of the entrapped cells, together with a suitable capsule cut-off [103].

In particular, alginate has been studied enough to be defined safe for human applications [104–106].
Alginate is a linear anionic polysaccharide, distributed widely in the cell wall of brown algae and
some bacteria [101,107]. It is composed of two types of uronic acids, β-D-mannuronic acid (M) and
α-L-guluronic acid (G) (1,4)-linked to form blocks of consecutive G residues, consecutive M residues,
and alternating M and G residues. The physical and chemical properties depend on G/M ratio,
sequence, G-block length, and molecular weight (Figure 1).

Alginate is totally biocompatible and can exist in the form of a hydrogel. Different bivalent
cations that bind alginate might be used to obtain the gel, with barium being the most used since it
forms stronger gels with reduced permeability due to its high affinity to alginate [108,109]. The ability
of alginate to chelate bivalent cations is linked to the G/M ratio. High G/M ratios lead to zig-zag
structures that allow cations to insert inside perfect niches resulting in a more stable bond of alginate
with cations, higher resistance, unvarying porosity and long-lasting durability. Ions belonging to the
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second group of the Mendeleev’s periodic table share the ability to ligate alginate. Barium alginate
microcapsules are mechanically stable and easy to obtain, with a procedure that is substantially
independent of the type of cells to be encapsulated [101,110].
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Figure 1. Chemical structure of β-D-mannuronic acid (M) and α-L-guluronic acid (G).

Alginate-based microcapsules have shown long durability in terms of survival of the entrapped
cells and have been used in rodents, dogs and monkeys [111–114]. Moreover, alginate-based
microcapsules containing human pancreatic islets have been employed in clinical trials in which they
were transplanted i.p. in non-immunosuppressed type-1 diabetic patients [104,105,115]. The procedure
proved safe and painless, and no adverse effects were reported.

2.4. Pre-Clinical Studies Using Microencapsulated SeC

SeC entrapped into alginate-based microcapsules (MC-SeC) (Figure 2) have been tested in
several experimental models of disease. Injection (i.p.) of microcapsules containing rat SeC together
with rat pancreatic islets in induced diabetic mice resulted in prolongation of normoglycemia [116].
SeC co-encapsulated with human hepatocyte HepG2 cells were i.p.-injected in rats with acute hepatic
failure in order to protect HepG2 cells from immune reaction, prolonging the survival of the treated
animals [117]. MC-SeC have been injected i.p. in a mouse model of type-1 diabetes, resulting in
successful diabetes prevention and reversion in the absence of additional β cells or insulin therapy,
through a TGF-β/IDO-mediated restoration of the systemic tolerance and induction of neogenesis of
β cells [94,118]. Injection (i.p.) of MC-SeC protected allogeneic skin graft from immune destruction
in rats; the treated animals showed an increased presence of Tregs compared to animal injected with
empty microcapsules (E-MC) [119]. A single i.p. injection of MC-SeC promoted body growth in a
mouse model of the human Laron syndrome (dwarfism), characterized by mutations in GHR (growth
hormone receptor) and reduced production of IGF-1, via the release into the circulation of IGF-1
by SeC. Interestingly, SeC-derived IGF-1 remained detectable in the serum of the treated mice up to
one year after injection [113]. Similarly, a single i.p. injection of MC-SeC in an experimental model of
Huntington’s disease resulted in longer survival and improved muscle functionality of the treated
animals [120].
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MC-SeC have also been tested in mammals. Obese rhesus macaques with spontaneous type-2
diabetes injected i.p. with a single dose of porcine MC-SeC showed reduction of plasma glucose and B
lymphocytes together with absence of rejection and adverse effects at six months from injection [121].

2.5. Use of MC-SeC in DMD

Recently, we obtained encouraging results by treating dystrophic, mdx mice with a single i.p.
injection of MC-SeC in the absence of any immunosuppressive regimen. SeC were purified from
testis of SPF White Large piglet and entrapped into clinical grade alginate-based microcapsules with
an M/G ratio of 1.093 and an average diameter of about 600 µm. We transplanted mdx mice in the
acute phase of the pathology (four weeks of age) with an equivalent amount of 1.0 × 106 SeC/g
body weight, and evaluated the effects in comparison with age-matched mdx mice injected with
empty microcapsules (E-MC) [114]. Three weeks after the injection, the treated animals exhibited
amelioration of muscle morphology in terms of reduction of infiltrating inflammatory cells (especially,
macrophages), fibrosis and myofiber necrosis. This was accompanied by functional recovery and
increased resistance to exercise-induced muscle damage. Interestingly, a single i.p. injection of porcine
MC-SeC in acute mdx mice resulted in benefits detectable even in long-term (5 months) analysis.
Diaphragm, which is the muscle that accumulates damage over time in the mdx model, showed
reduced necrosis, inflammation and fibrosis, and reduced fat deposition in treated animals compared
with control mice [114]. The i.p. injection of MC-SeC had similar positive effects even on muscles of
chronic (12 months of age) mdx mice, and resulted protective against muscle necrosis and inflammation
in presymptomatic (two weeks of age) animals [122].

Although an antiinflammatory effect exerted by SeC was to be expected based on the peculiarities
of this cell type, an additional and unexpected induction of utrophin expression in muscle tissue
after i.p. injection of MC-SeC was found. The expression of utrophin was induced by SeC-released
porcine heregulin β1, which from the peritoneal cavity was able to reach each muscle through the
circulation [114]. The mechanism of action and the effects of i.p. injection of MC-SeC in mdx mice are
summarized in Table 3.

Table 3. Effects of a single i.p. injection of MC-SeC in DMD animals.

Approach Mechanism of Action Positive Effects Side Effects Clinical Trial Refs.

MC-SeC

A cocktail of
antiinflammatory and

trophic factors secreted
by SeC reaches muscle

tissue from the
peritoneal cavity.

Induction of utrophin
expression via

SeC-released HRGβ1

Reduction of muscle
inflammation, necrosis

and fibrosis.
Increased expression

of utrophin.
Improved muscle
morphology and

functionality; incr eased
resistance to

exercise-induced
muscle damage

No side effects
observed Preclinical [114,122]

3. Conclusions and Remarks

DMD is the most common muscular dystrophy, affecting one in 3600–5000 male live births
worldwide [123]. In DMD the lack of dystrophin leads to progressive muscle degeneration, which
creates a condition of chronic inflammation that in turn hampers compensatory mechanisms and
favors the accumulation of fibrous and adipose tissues [3]. Despite the huge effort to find a cure,
corticosteroids remain the gold standard therapy for DMD patients, since the numerous approaches
investigated so far have shown several limitations, with most of them requiring a concomitant
immunosuppressive treatment.

Immunosuppression achieved with specific drugs (such as, corticosteroids, calcineurin inhibitors
and m-TOR inhibitors) represents a condition difficult to manage because of the severe side effects
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of the used drugs, including frequent infections, especially in life-long treatments. Consequently,
over the past years many studies have aimed at finding alternative therapeutic approaches to treat or
cure DMD pathology [11].

One of the most recent approaches is centered on the peculiarities of SeC, which have
a physiological role in protecting the developing germ cells through the production of
immunomodulatory factors, and in favoring germ cell maturation thanks to the secretion of trophic
factors [75,78]. Purified SPF porcine SeC were encapsulated and injected into the peritoneal cavity
of mdx mice. The encapsulation procedure has the advantage of confining the cells to a restricted
three-dimensional space, avoiding their spreading throughout the host body, thus overcoming a big
obstacle relative to the safety of allo- and xeno-engraftments in humans. When injected in a confined
body region, such as the peritoneal cavity, the microcapsules can potentially be retrieved if unexpected
adverse effects arise.

We chose alginate as a well-established biocompatible agent. However, it has been reported
that alginate can attract immune cells, such as macrophages and neutrophils, over time leading to
deposition of fibrotic scar tissue that hampers the functionality of the capsule in-out exchange and
reduces the viability of the entrapped cells. This unfavorable event is not found when SeC are the
encapsulated cell type because of their continuous release of immunomodulatory factors, making the
injected capsules freely floating, morphologically intact, and without fibrotic tissue overgrowth even
after months from injection [114].

Data obtained from the engraftment of MC-SeC in mdx mice revealed that MC-SeC act as a
micro-biofactory that secrete anti-inflammatory/immunomodulatory factors and trophic factors,
especially heregulin β1, thus contributing to the amelioration of muscle morphology and performance
by at least a dual mechanism: the activation of a positive anti-inflammatory loop leading to reduction of
necrosis, fibrosis and adipose tissue deposition; and the induction of utrophin expression functionally
mimicking the lacking dystrophin (Figure 3). Additional trophic factors known to be secreted by
SeC may also concur to the amelioration of dystrophic muscle morphology. As an example, it has
been demonstrated that SeC secrete IGF-1 [113], which has an essential role in muscle growth during
development and regeneration [124] suggesting a possible involvement of IGF-1 in improving muscle
regeneration in MC-SeC-treated dystrophic mice (Figure 3).

Thus, at the basis of the beneficial effects of the treatment with MC-SeC there is the production by
SeC of a cocktail of factors rather than a single factor, that makes this treatment the equivalent of a
combinatorial approach in which anti-inflammatory and trophic factors are mixed together and act
towards the same target by affecting different molecular and cellular hallmarks of the pathology.

Another important aspect of the use of MC-SeC is that, unlike several approaches to DMD that
are mutation-specific (e.g., exon skipping approaches) it represents a universal approach, potentially
applicable to the entire cohort of DMD patients.

These intriguing results have opened a new avenue in the treatment of DMD. Future investigation
should evaluate the correct dosage of MC-SeC (i.e., by establishing the minimum efficacious dose),
the specific mechanism through which SeC restrain inflammation (e.g., by using utrophin-deficient
mdx/Utrn−/− mice), and the immunomodulatory rather than immunosuppressive role of SeC
treatment (e.g., by investigating the effects of i.p. injection of MC-SeC in experimental models of
infection and cancer). In the case of positive results, and after validation in mammals, the i.p. injection
of MC-SeC might become a concrete approach to counteract muscle inflammation and induce utrophin
expression in muscles of DMD patients and, potentially, patients suffering from other myopathies
characterized by muscle inflammation or immune disorders, such as autoimmune myositis.
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Figure 3. Diagram of the effects exerted by MC-SeC once injected i.p. into mdx mice. From inside
the microcapsules, SeC release immunomodulatory factors that reduce muscle inflammation thus
reducing necrosis of the myofibers, and fibrous and adipose tissue deposition. This is also favored
by secretion by SeC of heregulin β1 and subsequent heregulin β1-dependent induction of utrophin
expression. Moreover, additional SeC-derived trophic factors (such as IGF-1) might concur to improve
muscle regeneration and the recovery of muscle performance, which in turn reduces local inflammation.
Straight green arrows and boxes indicate secretion by MC-SeC and point to the effects of the secreted
factors; orange boxes and arrows highlight the beneficial effects ignited by secreted factors.
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AAV Adeno-associated virus
AON Antisense oligonucleotide
BTB Blood-testis barrier
DAPC Dystrophin-associated protein complex
DMD Duchenne muscular dystrophy
E-MC Empty microcapsules
GRMD Golden retriever muscular dystrophy
HDAC Histone deacetylase
HRGβ1 Heregulin β 1
IDO Indoleamine 2,3-dioxygenase
IGF-1 Insulin-like growth factor 1
iPSC Induced pluripotent stem cells
MC-SeC Microencapsulated Sertoli cells
NMJ Neuromuscular junction
NOD Non-obese diabetic
NRG1 Neuregulin 1
PDE5 Phosphodiesterase 5
SeC Sertoli cells
SPF Specific-pathogens free
TGF-β Transforming growth factor β
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