Chapter 16

Cardiac Telocyte-Derived Exosomes and Their
Possible Implications in Cardiovascular
Pathophysiology

Mirca Marini, Lidia Ibba-Manneschi, and Mirko Manetti

16.1 Introduction

Intercellular crosstalk is essential to survival and maintenance of tissue and organ
homeostasis within a multicellular system [1]. The communication between living
cells may occur by different modalities, which include either intercellular contacts,
such as adhesion molecules, gap junctions and nanotubes, or the exchange of a vari-
ety of cell-released factors including cytokines, growth factors and hormones acting
in an autocrine, paracrine, or endocrine manner [2].

Of note, an additional intercellular signaling mechanism that can act over both
short and long distances has recently emerged, based on the release and uptake of
membrane-bound vesicles which are referred to as extracellular vesicles (EVs)
[1-4]. These circular membrane fragments enriched for mRNAs, small, single-
stranded RNAs called microRNAs (miRNAs), long non-coding RNAs, proteins,
and bioactive lipids may be released by exocytosis from the intracellular endosomal
compartment or are formed by budding from the cell surface membrane [1-5].
Increasing evidence indicates that EVs may play important roles in a variety of
physiological processes, including stem cell self-renewal and differentiation, tissue
repair, immune surveillance and vascular homeostasis [2, 6, 7]. Furthermore, EVs
appear to be implicated in several pathologies, such as cancer, neurodegenerative,
cardiovascular, and metabolic disorders [1-3, 6, 7]. Nowadays, the importance of
EVs is further highlighted by the evidence that they can also be considered as dis-
ease biomarkers, as well as possible drug, vaccine, or gene vector delivery tools
with potential therapeutic applications [2, 3, 6-10]. Among the different types of
EVs, the term ‘exosomes’ specifically refers to nano-sized EVs deriving from the
endosomal compartment [3, 5, 6]. Exosomes are released and taken up by most cell
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types, thereby playing a pivotal role in the maintenance of tissue and organ homeo-
stasis via horizontal transfer of cargos between cells [3, 5, 6]. Thus, the properties
and roles of exosomes are now being increasingly investigated in a variety of physi-
ological and pathological settings, with a main focus on their possible diagnostic
and therapeutic utility in different conditions [1, 6, 9—-11].

In this context, EVs and, in particular, exosomes are being increasingly impli-
cated in multiple biological effects possibly exerted by a recently identified intersti-
tial (stromal) cell type known as telocytes (TCs) [2, 12]. TCs, firstly identified by
Popescu’s group in 2005 as interstitial Cajal-like cells and officially renamed in
2010, have been described in the stromal compartment of many organs in humans
and other vertebrates [13, 14]. As distinctive morphological features, TCs are char-
acterized by a small cell body from which extremely long and slender processes,
named telopodes (Tps), originate [13, 14]. The latter typically display a moniliform
silhouette conferred by the alternation of thin segments (podomers) and small dila-
tions (podoms) which accommodate caveolae, mitochondria and endoplasmic reticu-
lum cisternae [13, 14]. Within the stromal compartment, Tps make a three-dimensional
labyrinthine system establishing multiple intercellular communications by direct
homocellular and heterocellular junctions [14, 15]. Moreover, Tps may release dif-
ferent types of EVs either in vivo or in vitro suggesting that TCs may profoundly
influence the activity of neighboring cells by vesicular paracrine signals [2, 12].

In the heart, TCs have been reported to be ubiquitously distributed in the epicar-
dium, myocardial interstitium, endocardium and in cardiac valves, where they are
supposed to participate in the regulation of cardiac homeostasis and regeneration
[16-22]. TCs appear to be in close contact with virtually all cell types in the human
heart, such as cardiomyocytes, cardiac stem cells, blood capillaries, nerve endings
and other cells found in the stromal compartment [16, 23, 24]. Noteworthy, it has
been demonstrated that cardiac TCs are able to release at least three different types
of EVs, namely exosomes, ectosomes and the so-called multivesicular cargos [2,
12, 25]. Indeed, the heart seems characterized by a complex intercellular shuttle
mechanism which involves EV-mediated bidirectional paracrine signals either
between TCs and tissue-resident stem cells or between TCs and cardiomyocytes
[26]. In particular, TC-released exosomes, containing a cell-specific cargo of pro-
teins, lipids and nucleic acids, seem to play a pivotal role in the crosstalk between
TCs and other cardiac cells, thus making substantial contribution to cardiac physiol-
ogy and response to injury [26]. In addition, TCs have been proposed to guide or
‘nurse’ putative stem cells and cardiomyocyte progenitors within cardiac stem cell
niches [27, 28]. Of note, a number of studies have indicated that the TC interstitial
network is reduced and impaired during myocardial infarction either in humans or
in animal models [29]. Interestingly, there is also experimental evidence that trans-
plantation of cardiac TCs in the infarcted and border zones of the heart may be
effective in decreasing the infarction size and improving myocardial function [30].

This review summarizes the recent research findings on cardiac TCs and their
EVs. We first provide an overview of the general features of TCs, including their
morphological traits and immunophenotypes, intercellular signaling mechanisms
and possible functional roles. Thereafter, we describe the distribution of TCs in the
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cardiac stromal compartment and the emerging role of cardiac TCs as intercellular
communicators via the release of different EVs with particular focus on exosomes.
Finally, the involvement of TCs in cardiovascular diseases and the potential utility
of TC-derived exosomes in cardiac regeneration and repair are discussed.

16.2 General Characteristics of Telocytes

16.2.1 Morphological Features and Immunophenotypes
of Telocytes

TCs are a novel type of stromal cells widely distributed in the interstitium of many
tissues and organs [14, 31]. The shortest possible definition of TCs is ‘cells with
Tps’ [14]. In fact, TCs display unique ultrastructural features characterized by a
small piriform-, spindle- or triangular-shaped cell body (9-15 pm) giving rise to a
variable number of extremely long (10-1000 pm) and thin prolongations which
have been named Tps and distinguish them from ‘classical’ stromal cells, such as
fibroblasts [13, 14, 32]. The cellular nucleus occupies about 25% of the cell body
and contains clusters of heterochromatin attached to the nuclear envelope, while the
surrounding scarce cytoplasm accommodates mitochondria, endoplasmic reticulum
and Golgi apparatus. The Tps display an uneven caliber (mostly below 0.2 pm under
light microscopy, and about 0.1-0.5 pm under transmission electron microscopy)
with a distinctive moniliform appearance due to the alternation of thin segments
(podomers) (~80 nm) and small dilated portions (podoms) (250-300 nm) contain-
ing mitochondria, endoplasmic reticulum cisternae and caveolae [14, 32]. In the
interstitial space, Tps are typically organized to form a three-dimension labyrinthine
network and establish multiple intercellular communications either between TCs
through homocelullar junctions or between TCs and other cell types through hetero-
cellular junctions [14, 15, 32]. Moreover, TCs and their Tps can release different
types of EVs, which act as important transporters involved in intercellular signaling,
including the transfer of genetic material consisting mainly of miRNAs [2, 12, 33].

Electron microscopy is commonly considered the gold standard method to iden-
tify TCs [14]. However, double immunolabeling for CD34 and c-kit/CD117, vimen-
tin, platelet-derived growth factor receptor (PDGFR)-o or PDGFR-f may help in
distinguishing TCs from other stromal cells under light microscopy [14, 26, 32].
Even if TCs do not display a unique antigenic profile, CD34 and PDGFR- are cur-
rently regarded as the most suitable markers for their in situ identification by immu-
nohistochemistry [14]. In fact, coexpression of CD34 and PDGFR-a has been
extensively found in TCs from different tissues and organs [14, 34, 35]. However,
there is also increasing evidence that the immunophenotypical features of TCs may
vary among different organs/systems and that TC subtypes characterized by the
expression of different markers may even coexist within the same organ [36, 37]. For
instance, TCs may exhibit either CD34, PDGFR-a or c-kit/CD117 in some organs,
such as the heart, while they are CD34/PDGFR-a double-positive and c-kit-negative
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in others, such as the gastrointestinal tract [34, 35, 38]. A growing number of studies
also indicate that TCs display gene expression and proteomic profiles and miRNA
signatures that are rather different from those of ‘classical’ fibroblasts [14, 39—-43].

16.2.2 Telocytes as Intercellular Communicators: Telocyte’s
Contacts and Telocyte-Derived Extracellular Vesicles

In a variety of either cavitary or non-cavitary organs, TCs make a three-dimensional
interstitial network which consists of their long Tps establishing either homocellu-
lar contacts between Tps or heterocellular contacts with other neighboring cell
types, such as tissue-specific parenchymal cells, vessels, nerve endings, stem/pro-
genitor cells, and other stromal cells including fibroblasts and immunoreactive cells
like macrophages and mast cells [14, 15].

In particular, the homocellular contacts may be of several types and are formed
by either simple appositions of the plasma membranes of contiguous TCs or by
complex junctional areas accomplishing mechanical functions or allowing func-
tional intercellular exchanges [15]. Junctional complexes with a mechanical func-
tion can be found in all the TCs and, since they resemble various types of the
adherens junctions, have been named ‘puncta adhaerentia minima’ and ‘processus
adhaerens’, which usually connect the overlapping Tps, and ‘recessus adhaerens’ or
‘manubria adhaerentia’ having a cuff-like appearance [15]. Instead, junctional com-
plexes that functionally allow intercellular exchanges and signaling are mostly rep-
resented by gap junctions. Heterocellular contacts between TCs and other cell types
consist mainly of minute junctions (e.g. point contacts, nanocontacts and planar
contacts) typically with an inter-membrane distance of 10-30 nm, but more often by
variably extended simple apposition of the contiguous TC plasma membranes [15].

Furthermore, increasing evidence indicates that TCs may participate in intercel-
lular signaling through the release of a variety of EVs which regulate multiple neigh-
boring cell functions [2, 12]. In fact, EVs are currently regarded as a new important
way of communication for either short- or long-distance intercellular signaling
events. EVs, characterized by a lipid bilayer membrane, carry a rich cargo of various
bioactive materials including DNAs, RNAs, proteins, and lipids that are released
into the extracellular space during both physiological and pathological processes [3,
5,7, 44]. These EVs can interact with different cell types by ligand-receptor interac-
tions, membrane fusion, and subsequent internalization via receptor-mediated endo-
cytosis or macropinocytosis [44]. According to the classification criteria based on
biogenesis mechanisms, different types of EVs can be distinguished, namely exo-
somes, ectosomes (also known as shedding microvesicles, microparticles or plasma
membrane-derived vesicles), apoptotic bodies as well as a recently described novel
EV type termed multivesicular cargos [1-3, 5, 7, 12, 25, 44].

Among the aforementioned EV subtypes, exosomes have been most extensively
studied and characterized in recent years. These nano-sized vesicles are originated
from the fusion of the plasma membrane with the multivesicular bodies, which are
large cytoplasmic endosomal structures characterized by multiple intraluminal
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vesicles [1, 3, 5, 6, 44]. In fact, multivesicular bodies can either traffic to lysosomes
for degradation or, alternatively, to the plasma membrane where, upon fusion, they
may release their contents into the surrounding extracellular space. Once released into
the extracellular space by exocytosis, the multivesicular body-derived vesicles are
referred to as ‘exosomes’ [1, 3, 5, 6]. These exosomes, released into tissue interstitial
spaces and bodily fluids, appear as multiple homogenous vesicles of around 30—150 nm
in diameter containing numerous macromolecules including mRNAs, miRNAs, long
non-coding RNAs, cytokines, chemokines, growth factors and various endosomal
proteins such as tetraspanins (e.g. CD9, CD63, CD81), ALG-2 interacting protein X
(Alix), tumour susceptibility gene 101 (TSG101), and annexin A5 (ANXAS), which
are commonly used as markers for exosomal identification [1, 3, 5, 6, 12].

Unlike exosomes, ectosomes are small EV's with a diameter of about 50-1000 nm
which originate directly from the plasma membrane by outward budding [1, 2, 5, 7,
44]. The molecular composition of ectosomes is still poorly characterized, although
they seem to contain matrix metalloproteinases, glycoproteins (e.g. GPIb, GPIIb—
[ITa and P-selectin), and integrins (e.g. Mac-1), depending on the ectosome-releasing
cell type. Apoptotic bodies are instead heterogeneous vesicles (50 nm—5 pm) released
upon programmed cell death via outward blebbing of the cell membrane [1, 2].
Finally, multivesicular cargos (0.4—1 pm) are large EVs which contain tightly packed
endomembrane-bound smaller vesicles and have been recently reported to be secreted
by cardiac TCs [2, 12, 25, 33]. Under transmission electron microscopy, multivesicu-
lar cargos appear frequently clustered in the subplasmallemal space of TCs, bulging
from the plasma membrane of either the cell body or Tps, and released in an envelope
formed by the plasma membrane [25]. The subsequent disruption of this envelope
results in the release of individual or grouped small vesicles into the extracellular
space [25]. Consistent with these electron microscopy observations, a peculiar struc-
ture with a cup-shaped or ellipsoid morphology, usually containing between 60 and
500 tightly packed endomembrane vesicles of varying shapes and dimensions, has
been highlighted for multivesicular cargos by electron tomography [25].

16.2.3 Potential Roles of Telocytes

According to the distinctive morphological features, distribution and intercellular
communications of the three-dimensional network-building Tps either in normal or
in diseased tissues, multiple potential biological functions have been suggested for
the TCs [14, 26, 29]. It is commonly believed that TCs may be functionally commit-
ted to the maintenance of local tissue homeostasis, as well as the regulation of tissue
differentiation and renewal by short- and long-distance intercellular crosstalk mech-
anisms [14, 26, 29]. In particular, it has been proposed that during organ morpho-
genesis TCs might act as inductors and regulators of cell differentiation due to their
capability to release paracrine molecular signals and to structurally build the three-
dimensional scaffold driving parenchymal organization, while in the adulthood,
these cells might behave as mesenchymal stromal cells with stemness properties and
the potential to differentiate toward different mature cell types [14, 16, 21, 26, 45].
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TCs have also been proposed to participate in immunomodulation and immunosur-
veillance, and possibly in the regulation of the activity of neighboring stromal cells,
such as fibroblasts [29]. Moreover, TCs might be essential for the maintenance, pro-
liferation, differentiation, maturation and guidance of the local stem/progenitor cells
found within the niches of various organs, eventually stimulating and sustaining
tissue regenerative and reparative processes [14, 26, 28]. Interestingly, increasing
evidence also suggests that TCs may be involved in different pathologies including
cancers, liver fibrosis, systemic sclerosis, inflammatory bowel diseases, and cardio-
vascular diseases [29, 45-52]. Therefore, currently there is growing research interest
on the possible applications of TCs in regenerative medicine [26, 53].

16.3 Cardiac Telocytes and Their Extracellular Vesicles

The cardiac stroma plays a fundamental role in the building and maintenance of the
normal heart architecture, as well as in any changes occurring in a variety of cardiac
diseases [16]. Numerous electron microscopy studies have demonstrated that the
heart contains typical TCs (Fig. 16.1) which are found in the epicardium, myocar-
dial interstitium, endocardium, and cardiac valves [16-24]. Noteworthy, TCs were
also identified in epicardial stem cell niches, where they appear located in close
relationship with tissue-resident stem cells and putative cardiomyocyte progenitors,
possibly contributing to form an interstitial scaffold which supports cardiomyocyte
precursors during their self-renewal process and differentiation into new mature
cardiomyocytes [27, 28]. During heart morphogenesis, TCs may even guide the
process of cardiac tissue compaction from the embryonic myocardial trabeculae
[16, 21, 54]. In addition, considering that cardiac TCs and epicardial progenitor
cells share the expression of some stemness markers (e.g. c-kit/CD117), it has also

Fig. 16.1 Representative scanning electron micrograph of monkey left ventricular myocardium.
The image shows a typical telocyte located across the cardiomyocytes. The three-dimensional
view reveals close interconnections of the telocyte body and telopodes with cardiomyocytes and
blood capillaries (Reproduced with permission from Kostin and Popescu [19])
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been suggested that TCs might represent a subpopulation of progenitor cells which
could therefore be directly implicated in cardiac development and regenerative pro-
cesses [21, 53]. Of note, it also appears that both TCs and tissue-resident stem cells
are decreased in the adult heart compared with newborns, which might contribute to
the reduced cardiac regenerative capacity during aging [26, 55]. A recent experi-
mental study in mice also reported that the number of cardiac TCs was significantly
increased following physical exercise training, which is consistent with the evi-
dence that exercise-induced cardiac growth is an important way to promote cardiac
regeneration and repair [56].

At present, cardiac TCs are clearly the best ex vivo, in vitro and in vivo charac-
terized TCs. In the adult heart, TCs display immunopositivity for different markers,
such as CD34, c-kit/CD117 (Fig. 16.2), vimentin, PDGFR-a or PDGFR-f [26, 30,
35, 38]. Moreover, cardiac TCs in primary culture have been reported to express the
embryonic stem cell marker Nanog and the myocardial stem cell marker Sca-1, sug-
gesting that these cells may possess pluripotent properties [26, 38]. In addition,
cardiac TCs exhibit a distinctive miRNA signature that further differentiates them
from other interstitial cells. In particular, at variance with cardiac fibroblasts, car-
diac TCs do not express miR-193, which has been shown to repress the expression
of c-kit/CD117 [42]. Interestingly, this seems consistent with the evidence that car-
diac TCs display c-kit/CD117 immunopositivity either ex vivo or in vitro [30, 38,
42]. Furthermore, miRNAs which are usually expressed by cardiomyocytes and
other muscle cells (e.g. miR-133a, miR-208a) are undetectable in cardiac TCs [42].
Cultured cardiac TCs also behave differently from fibroblasts in terms of adherence,
spreading, and extension of their cell prolongations when seeded on various matrix
proteins [57]. Overall, these data clearly support the notion that TCs are a unique
type of cardiac interstitial cells definitely distinct from ‘classical’ fibroblasts [58].

Although it appears that TCs represent a small fraction of interstitial cells in the
human heart, their very long and convoluted Tps form a dynamic and extensive
three-dimensional network within the cardiac stroma [24, 53, 55]. In addition to
transmission electron microscopy studies, three-dimensional reconstruction of car-
diac TCs has been recently performed by focused ion beam scanning electron
microscopy (FIB-SEM) tomography, which confirmed that these cells have very
long, slender and flattened (ribbon-like) Tps, with humps along their length due to
the presence of podoms [59]. FIB-SEM tomography also highlighted that TCs make
a network in the cardiac interstitium through wide adherens junctions connecting
Tps [59]. Moreover, TCs build a supportive network in the myocardial interstitium
and may communicate with the surrounding cells, namely cardiomyocytes, stem/
progenitor cells, blood vessels, nerve endings, fibroblasts and immune cells
(Fig. 16.3) [26, 55]. In particular, heterocellular connections between Tps and car-
diomyocytes consist mainly of small point junctions with electron-dense nanocon-
tacts, presumably forming a ‘functional unit’ which might help in mediating the
electrical coupling of cardiomyocytes [26, 60—62]. Consistent with the well-
documented spatial relationship between TCs and stem cell niches in cardiac tissue,
different types of junctions have also been observed between cardiac TCs and car-
diac stem cells in vitro [27, 28, 63].
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Fig. 16.2 Identification of rat cardiac telocytes in culture. (a) Primary culture of isolated cardiac
telocytes reveals that under phase-contrast microscopy cardiac telocytes display piriform/spindle/
triangular cell bodies and very long and slender telopodes formed by the alternation of small
dilated segments (podoms, arrows) and thin segments (podomers, dotted line arrows). (b) Cardiac
telocytes with unique morphology are c-kit+ and CD34+ (Adapted with permission from Zhao
et al. [30])
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Fig. 16.3 (a—c) Representative transmission electron micrographs of human atrial interstitium. (a,
b) General views of human atrial interstitium showing the distribution of telocytes and their telo-
podes. (¢) A telopode is enfolding a putative stem cell with very few mitochondria and numerous
ribosomes in the cytoplasm. 7C telocyte, Tp telopode, CM cardiomyocyte, E endothelial cell, P
pericyte, N nerve ending, pSC putative stem cell, coll collagen (Adapted with permission from
Popescu et al. [55])

Besides intercellular contacts, paracrine signaling also plays an important role in
the crosstalk between different cardiac cells, contributing substantially to cardiac
physiology, responses to injury, regeneration and repair [26]. One pivotal compo-
nent of this paracrine signaling machinery is represented by different specialized
subtypes of EVs, such as exosomes and shedding microvesicles [2, 12, 26]. Indeed,
growing evidence indicates that both types of EVs may function as shuttles to trans-
locate genetic material (e.g. mRNAs and miRNAs) between cells over a long dis-
tance thereby modulating the gene expression and phenotype of the recipient cells
[2, 12, 26]. In particular, recent studies demonstrated the importance of exosome-
encased miRNAs in multiple intercellular communications within the cardiovascu-
lar system [6]. This specific exchange mechanism may be of crucial importance in
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cardiac tissue regeneration and remodeling [6, 11, 26]. For instance, it has been
shown that post-mytotic cardiomyocytes are capable to deliver miRNAs to cardiac
stem cells promoting their differentiation [64]. Moreover, stem cell-derived exo-
somes contain cardioprotective enzymes, which may exert beneficial effects on car-
diomyocytes as demonstrated in a rat model of myocardial infarction and reperfusion
[6, 65]. Noteworthy, it also appears that different types of TC-released EVs may act
as important transporters for paracrine molecular signal exchange between cardiac
TCs and cardiomyocytes or tissue-resident progenitor cells [25, 26, 33]. Using
transmission electron microscopy and electron tomography, it could be demon-
strated that cardiac TCs in culture release at least three different types of EVs,
namely exosomes released from intracellular endosomes, ectosomes budding
directly from the plasma membrane, and multivesicular cargos, these latter contain-
ing tightly packaged endomembrane-bound vesicles (Fig. 16.4) [25]. Electron
tomography further highlighted that such endomembrane vesicles are released into
the extracellular space as a cargo enclosed by plasma membranes [25]. These differ-
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Fig. 16.4 (a) Schematic representation of the three types of extracellular vesicles released by
cardiac telocytes, namely exosomes, ectosomes and multivesicular cargos. (b—d) Electron micros-
copy of cardiac telocytes in culture demonstrates: (b) the presence of numerous intraluminal vesi-
cles (small arrows) in two multivesicular bodies, precursors of exosomes; (¢) the ectosome budding
(arrow) from the plasma membrane of a telopode; (d) a multivesicular cargo emerging (arrow)
from a telopode. TC telocyte, Tp telopode, mvb multivesicular bodies, m mitochondria, er endo-
plasmic reticulum, r ribosome (Adapted with permission from Fertig et al. [25])



16 Cardiac Telocyte-Derived Exosomes in Cardiovascular Pathophysiology 247

Fig. 16.5 Cardiac 5]
telocytes and stem cells e -; @ X
exchange microRNAs by Telocytes

extracellular vesicles T\ Stem
(Reproduced with
permission from Cismasiu
and Popescu [33])

MicroRNA e
Extracellular vesicles ()

ent types of EVs, which are also released in situ by TCs within the cardiac tissue,
likely represent an essential component of the intercellular signaling machinery of
cardiac TCs and may be directly involved in the complex physiological and regen-
erative mechanisms of the heart [26]. Of note, in vitro studies have shown that the
secretome of myocardial TCs may modulate the activity and increase the self-
renewal capacity of cardiac stem cells [41]. Using fluorescent labeling of cells and
EVs with calcein and Cy5-miR-21 oligos, it could be demonstrated that cardiac TCs
deliver EVs loaded with miRNAs to cardiac stem cells [33]. Similarly, cardiac stem
cells were found to deliver miRNA-loaded EVs to TCs, suggesting the existence of
a reciprocal (bidirectional) post-transcriptional signaling between cardiac TCs and
stem cells (Fig. 16.5) [33]. Collectively, the aforementioned observations support
the notion that cardiac TCs may exert an epigenetic control over stem and progeni-
tor cells, thus contributing to the regulation of post-natal cardiac tissue homeostasis
and renewal. Depending of the specific types of miRNAs delivered by EVs, cardiac
TCs might contribute substantially to the local balance between quiescent and pro-
liferative states of stem cells, as well as between self-renewal and differentiation of
putative cardiomyocyte progenitors [26, 33].

16.4 Telocytes in Cardiovascular Diseases

The infarcted myocardium experiences a loss of cardiomyocytes via ischemia-
induced necrosis and apoptosis followed by neoangiogenesis and fibrotic changes,
resulting into pathological tissue remodeling and, eventually, end-stage organ fail-
ure [26]. Recently, it has been demonstrated that the number of myocardial TCs is
also dramatically decreased during heart failure due to dilated, ischemic or inflam-
matory cardiomyopathy [29, 66]. In particular, in the failing human heart TCs
exhibit several ultrastructural degenerative changes culminating into apoptotic cell
death [66]. It was also shown that the composition of the extracellular matrix may
substantially influence the distribution of TCs within the cardiac interstitium [66].
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Indeed, in fibrotic areas of the failing myocardium which were characterized by the
deposition of tightly packed collagen fibers, the TCs and Tps were severely reduced
or even almost completely undetectable. Moreover, the few remaining TCs exhib-
ited a variety of ultrastructural alterations, such as cytoplasmic vacuolization and
shrinkage/shortening of the Tps along with the loss of the typical Tp labyrinthine
arrangement [66]. On the contrary, in interstitial areas rich in amorphous material,
TCs were more numerous and displayed typical morphological features and organi-
zation of Tps. As further evidenced by semiquantitative analysis, the number of
cardiac TCs and Tps was negatively correlated to the amount of mature fibrillar
collagens [66]. Therefore, the interstitial distribution of TCs and Tps appear to
closely reflect any quantitative and qualitative changes in the extracellular matrix
composition of the failing human myocardium. Of note, TCs might also be involved
in the formation of cardiac amyloid deposits in patients with long-standing atrial
fibrillation [67]. In particular, Tps were found to intimately surround the amyloid
deposits, likely in the attempt to prevent their expansion in the adjacent areas of the
cardiac interstitium [67].

The pathophysiological consequences of the TC reduction and loss in the failing
human heart are not completely understood, but it has been proposed that such a
severe impairment of the TC interstitial network could largely contribute to the
disruption of the normal three-dimensional myocardial organization and complex
intercellular signaling mechanisms [29, 66]. Besides building a supportive struc-
tural network within the myocardial stroma, in the adult heart TCs have also been
detected in the cardiogenic niches, where they establish close communications and
may exchange paracrine signals through EVs with the tissue-resident stem cells
possibly acting as nursing and guiding cells [27, 28, 33]. Therefore, the extensive
damage and reduction of TCs occurring in the failing heart may profoundly hamper
the TC ability to maintain stem cell niches with consequent impairment and loss of
the pool of cardiac stem cells and putative cardiomyocyte progenitors [29]. Of note,
experimental studies in a rat model of myocardial infarction showed that TCs were
strongly reduced in fibrotic zones of the myocardium, while exogenous transplanta-
tion of cardiac TCs in the infarcted and border zones effectively decreased the
infarction size with significant improvement of post-infarcted cardiac function [30,
68]. Histological analyses further revealed that a reconstruction of the stromal net-
work of TCs paralleled by an impressive reduction in tissue fibrosis occurred in the
exogenous TC-injected myocardium [30, 68]. The aforementioned beneficial effects
could also depend on the ability of transplanted cardiac TCs to promote the expan-
sion, recruitment and differentiation of local cardiomyocyte progenitors [26, 30,
68]. In another study, transplantation of human induced pluripotent stem cell-
derived mesenchymal stem cells was able to reduce myocardial infarction improv-
ing cardiac function in mice, and this positive effect was accompanied by the
rebuilding of the interstitial network of TCs within the infarcted myocardium [69].
Interestingly, TCs may also behave as key players in neoangiogenesis after experi-
mental acute myocardial infarction [70]. In fact, it was demonstrated that TCs are
markedly increased in the border zone of the infarcted myocardium during the post-
infarction neoangiogenesis phase, with multiple Tps exhibiting numerous close
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intercellular connections either with pre-existing or neoformed microvessels [70].
Besides such physical contacts, TCs may presumably contribute to neoangiognesis
through paracrine secretion of proangiogenic factors, including VEGF, NOS2 and
several proangiogenic miRNAs (e.g. let-7e, 10a, 21, 27b, 100, 126-3p, 130a, 143,
155, and 503) [70].

Overall, the currently available experimental data support the possible therapeu-
tic application of exogenous TC transplantation in the treatment of cardiac diseases.
Nevertheless, further preclinical in vivo studies and the use of in vitro cardiac tissue
engineering will help to better decipher the specific roles exerted by TCs during
cardiac repair and regenerative processes [53, 62]. In this context, it is worth men-
tioning that a recent study highlighted the importance of TCs in the architectural
organization of three-dimensional engineered heart tissue [71]. Indeed, electron
microscopy revealed that typical TCs surrounded and contacted the cardiomyocytes
with their long Tps exhibiting cardiomyocyte nursing properties during the con-
struction of engineered heart tissue. Thus, engineered heart tissues may represent a
very useful model system to clarify the specific functions of TCs during cardiac
morphogenesis and post-injury regeneration [71].

16.5 The Potential Utility of Telocyte-Derived Exosomes
in Cardiac Homeostasis, Regeneration and Repair

Exosomes seem to play a preferential role in the paracrine crosstalk between differ-
ent cardiac cells, making substantial contribution to cardiac physiology, response to
injury, regeneration and repair [6, 11, 26]. Therefore, exosomes are now being
increasingly investigated for their possible diagnostic and therapeutic use in cardio-
vascular diseases [6, 11, 26, 72]. Interestingly, intramyocardial delivery of stem
cell-derived exosomes resulted in the reduction of cardiomyocyte apoptosis and
fibrosis, stimulated neoangiogenesis, and ameliorated cardiac function after experi-
mental myocardial infarction [73-76]. In this experimental setting, the cardiopro-
tective effects of exosomes were mostly ascribed to their enriched content in a
variety of angiogenic and anti-apoptotic miRNAs [73, 74].

Besides tissue-resident stem cell-derived exosomes, either electron microscopy
or electron tomography studies provided direct evidence that cardiac TCs are an
additional important source of exosomes within the heart microenvironment [25,
26, 33]. As already mentioned, increased numbers of cardiac TCs were observed in
the proangiogenic phase of the post-infarcted heart, with numerous secreted exo-
somes being detectable around the TC cell bodies and Tps [70]. Of note, TC-derived
exosomes bear a cocktail of molecular signals (e.g. proangiogenic miRNAs) which
may regulate the activity of neighboring vascular endothelial cells with consequent
promotion of angiogenesis via an epigenetic paracrine mechanism [70]. In vitro
studies further suggest that cardiac TCs could influence mesenchymal stem cell
functions via exosomes [33, 41]. Considering that intramyocardial injection of car-
diac TCs showed therapeutic utility in reducing the infarction size and myocardial
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fibrosis in rodent models, further research is required to elucidate the possible
implication of TC-secreted exosomes in cardiac response to injury [30, 68]. An in-
depth molecular characterization of cardiac TC-derived exosomes will also be of
fundamental importance to decipher the TC paracrine machinery and its possible
targeting in cardiovascular diseases. Anticipating a new avenue for potential thera-
peutic applications, TC-derived exosomes could be employed in the not-too-distant
future as novel therapeutic nanovectors to deliver specific biological signals that
may foster cardiomyocyte survival, cardiac neovascularization, and tissue-resident
progenitor cell activation/differentiation to promote myocardial regeneration and
repair [26, 72, 77].

16.6 Conclusions and Future Perspectives

Growing evidence supports a pivotal role of TCs in cardiac pathophysiology [16,
26, 29, 47]. Among cardiac interstitial cells, TCs appear to possess the unique abil-
ity to organize a proper three-dimensional scaffold consisting of their cell bodies
and very long and convoluted Tps, and stimulate the growth and differentiation of
putative cardiomyocyte progenitors to build the complex multicellular architecture
of the heart [16, 21]. In fact, due to their close spatial relationship and intimate con-
nections with other cell types, TCs are seen as ‘connecting cells’ mostly specialized
to orchestrate the intercellular signaling mechanisms that constitute the basis for
either a proper heart development or the maintenance of cardiac homeostasis in
post-natal life [16, 21, 26]. In this context, recent studies have highlighted that mul-
tiple paracrine signaling effects possibly exerted by TCs in the adult heart largely
depend on the secretion of EVs and, in particular, exosomes [2, 25, 26, 33, 41]. On
the basis of the current knowledge, it is believed that the exogenous transplantation
of TCs or the delivery of TC-derived exosomes might have great potential as future
therapeutic strategies to foster cardiac regeneration and repair [26, 30, 33, 41, 68].
Given their biophysical properties, among the various types of EVs exosomes are
particularly easy to isolate and their mRNA, miRNA and protein contents can be
easily manipulated for therapeutic purposes [6]. Therefore, the possible use of exo-
somes, either natural exosomes or exosome-mimetic nanovesicles, as carriers/vec-
tors of biological or synthetic therapeutics might be a promising strategy to allow
efficient delivery of drugs across different physiological barriers to specific target
cells [6]. Interestingly, beneficial effects of stem cell-derived exosomes for ischemic
myocardial tissue regeneration and repair have already been reported in different
preclinical studies [6, 78, 79]. As far as cardiac TCs are concerned, the specific
molecular cargo of their exosomes and the mechanisms that promote their secretion
still require a thorough characterization. The exact biodistribution of cardiac
TC-derived exosomes also remains to be established. Finally, whether the manipu-
lation of cardiac TC-released exosomes might represent a novel therapeutic strategy
to counteract heart failure and other cardiovascular diseases will need to be compre-
hensively addressed in future translational studies.
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