Chapter 23

A Tale of Two Cells: Telocyte and Stem Cell
Unique Relationship

Zeinab M. El Maadawi

Abstract Telocytes have been identified as a distinctive type of interstitial cells and
have been recognized in most tissues and organs. Telocytes are characterized by
having extraordinary long cytoplasmic processes, telopodes, that extend to form
three-dimensional networks and commonly constitute specialized forms of cell-to-
cell junctions with other neighboring cells. Telocytes have been localized in the
stem cell niche of different organs such as the heart, lung, skeletal muscle, and skin.
Electron microscopy and electron tomography revealed a specialized link between
telocytes and stem cells that postulates a potential role for telocytes during tissue
regeneration and repair. In this review, the distribution of telocytes in different stem
cell niches will be explored, highlighting the intimate relationship between the two
types of cells and their possible functional relationship.

Telocyte (TC) is a newly described type of interstitial cells which is characterized
by having a small cell body and extremely long cytoplasmic prolongations that are
called telopodes. Each telopode is composed of alternating thin segments (podomers)
and dilated segments (podoms) [47].

Using electron microscopy (EM) is considered the ideal technique to identify
TCs in most tissues. Meanwhile, double-positive immunohistochemistry for CD34/
c-Kit (usually localized in TC cell body) or CD34/vimentin (localized in telopodes)
is designated as a reliable method for TC visualization [48]. More recently, the
emergence of cutting-edge technologies in subcellular three-dimensional (3D)
imaging, such as FIB-SEM tomography, has provided more evidence-based
approach for TC study with special emphasis on their relationships with neighbor-
ing cells [15].

Reviewing the literature establishes a growing body of evidence that TCs co-
localize with stem and progenitor cells in different organs such as the heart [24],
lungs [25], and skeletal muscles [53]. Furthermore, more emerging evidence has
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supported the notion of the potential role of TCs in tissue regeneration and/or repair
after injury ([36, 41, 64, 69, 76]).

Being the fundamental cells for tissue regeneration, different categories of stem
cells (SCs) have been identified in most adult human organs. However, resident SCs
cannot survive only by their capacity of self-renewal. Therefore, SCs are strongly
dependent on the microenvironment they live in each organ. Eventually, the term
“stem cell niche” refers to the well-organized minute tissue areas housing SCs
which ensure an appropriate microenvironment maintained with blood vessels,
nerve endings, extracellular matrix, and supporting interstitial cells [19]. Stem cell
niche commonly occurs at tissue intersections or transition zones, and it enables
SCs to have spatial and dynamic interaction with neighboring cells as well as with
remote cells through paracrine and endocrine signals [20].

Accordingly, several studies have confirmed the existence of TCs in SC niche
microenvironment in a variety of tissues and organs such as the heart [2], lungs
[51-53], skeletal muscle [6, 11, 64], skin [10], meninges and choroid plexus [54],
liver [68, 71], eye [38], and aorta [74].

Moreover, TCs were found to express SC markers like c-kit, Sca-1, and Oct 4 [6,
23, 63]. Although the expression of particular SC markers by TCs varied among
tissues, this finding suggests a major role of TCs in regeneration [14].

It seems prudent to indicate that no definite mechanism has been confirmed yet
to explain the direct or indirect interaction between SCs and TCs. Meanwhile, sev-
eral hypotheses have been proposed based on the morphological features of both
types of cells in the microenvironment. For example, [57] suggested direct cell-to-
cell signaling and close cross talk where TCs might provide antioxidant protective
effect to SCs [78]. Another regenerative role of TCs was attributed to their expres-
sion of VEGF and PDGFR-b, both in situ and in vitro, speculating their potential
effect in angiogenesis during tissue repair [51-53, 64].

Some investigators suggested a role of TCs in mesenchymal SC differentiation
[10], while others [57] argued that TCs could be a subpopulation of mesenchymal
SCs as they express some markers of stromal niche cells. In addition, TCs were
proposed to play an important role in cell signaling, hence controlling the microen-
vironment in normal and malignant tissues [28].

In fact, increasing evidence reveals that TCs actively contribute to the coordina-
tion of cell signaling in SC microenvironment either through direct intercellular
junctions or via shed vesicles that exert a paracrine effect [3, 26, 40].

In the following sections, tissue-specific localization of TCs in SC niche will be
explored with special reference to the unique relationship between the two types of
cells as evidenced by previous reports.

23.1 Telocytes in Cardiac Stem Cell Niche

TCs have been vigorously studied as a distinct type of cells in the heart interstitium [24,
27,47, 60, 62]. More recently, 3D imaging using FIB-SEM tomography has added new
evidence to the identification of cardiac TCs [15].
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TCs were described as 3D network in the myocardium among cardiomyocytes,
blood capillaries, nerve endings, and immune system cells [2, 3, 15]. In addition,
telocytes were clearly identified under the pericardium in close association with
cardiac SCs and progenitor cells (Fig. 23.1) [24].

Fig. 23.1 (a) Electron
microscopy of the
subepicardial SC niche in
the mouse showing the
presence of putative
cardiac stem cells (CSC),
isolated or in small groups,
cardiomyocyte progenitors
(CMP), and cells with
intermediate features
(CSC-CMP). All these
cells are placed in a loose
extracellular matrix. (b)
Higher magnification from
area marked in (a) with a
dotted square. The CMP
have characteristic
leptofibrils (arrow) and are
closely assisted by telocyte
processes (TCp) which
contain few dense granules
(asterisk) suggesting
paracrine signaling. CM
cardiomyocyte, macro
macrophage, coll collagen
fibers (Courtesy with
permission from
Gherghiceanu and Popescu
[24])
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The human myocardium is characterized by its extremely low ability to regener-
ate due to its limited number of cardiac SCs (0.01-1 %). Meanwhile, the number of
cardiac TCs (0.5-1 %) exceeds that of cardiac SCs. Although TCs still represent a
minute portion of human cardiac interstitial cells, their extremely long and exten-
sive telopodes allow them to occupy more surface area that forms 3D reticulum
probably for supporting other cells [55].

The exceptional relationship between cardiac TCs and SCs was best described as
“tandem” where both types of cells integrate in a structural and functional manner
[14, 24, 26]. Given such relationship, TCs were nominated to provide support for
cardiac SCs [24, 26], guide cardiac progenitor cells [2, 50], and enhance neoangio-
genesis [41, 76].

Different types of heterocellular junctions were described in adult murine and
human heart tissue [25, 26] that have been localized between TCs in one side and
cardiac SCs, cardiomyocytes, and other interstitial cells in the other side. The reported
distance between junction cell membranes was 10-20 nm that goes well with transfer
of macromolecules [26]. TCs and cardiomyocytes revealed electron-dense nanocon-
tacts [25], while the junctions between TCs and cardiac SCs were described as stro-
mal synapse or adherent junctions [26]. TCs were found also to have point and/or
planar contacts with endothelial cells, pericytes, Schwann cells, and other interstitial
cells such as fibroblasts, macrophages, and mast cells [26].

Similar types of junctions were described between cocultured cardiac TCs and
SCs where cells exhibited heterocellular adherens junctions as well as nonclassical
junctions such as the puncta adherentia (Fig. 23.2) and stromal synapses. The stro-
mal synapse formed between TCs and SCs was frequently associated with small
electron-dense structures (15 nm in length) that connect the two opposing cell mem-
branes (Fig. 23.3) [56].

Such intimate cross-cellular relationships in situ and in vitro might help cardiac
SCs to proliferate and differentiate refuting the hypothesis of a solitary role of SCs
during cardiac regeneration [55]. Thus, the lack of such nursing role of TCs was
proposed to explain the failure of solely engrafted cardiac SCs to survive in the
microenvironment of injured myocardium [56].

Special attention has been drawn to the epicardium as a novel source of cardiac
SCs [7]. Cardiac TCs and SC niche in the subepicardial region were shown to express
common surface markers such as PDGFR-b and c-kit (Popescu et al. 2010, [8, 73,
79]). This finding argued for proposing cardiac TCs per se as a subpopulation of epi-
cardium-derived progenitor cells [2]. Another postulation was attributed to the possi-
bility that TCs might be a potential source of cardiac mesenchymal cells [17].
Accordingly, cardiac TCs were similar to bone marrow-derived SCs in being positive
for mesenchymal marker CD29 and negative for hematopoietic marker CD45 [5].

Reviewing literature, in vitro and in vivo studies revealed the possible modulat-
ing effect of cardiac TCs on cardiac development and repair [2, 21, 24]. In vitro
studies demonstrated that cardiac TCs embrace cell populations of growing cardio-
myocytes supporting the proposed nursing role [2]. A tissue-engineered heart model
demonstrated networks of TCs with their telopodes communicating with growing
cardiomyocytes through junctions and shed vesicles [80]. Interestingly, studies on
zebra fish revealed that, upon myocardial regeneration following amputation of the
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Fig. 23.2 (a) Transmission electron microscopy images of TC-CSC culture after 48 h shows a
telopode (Tp) in close contact with a cardiac stem cell (CSC). (b—d) Marked areas from image A
are shown at higher magnification in the corresponding panels. A planar contact (stromal synapse)
between TC and CSC can be seen associated with a number of electron-dense structures (arrows).
A puncta adherentia junction (arrowhead) is visible between TC and CSC in image (c¢). Cp coated
pit (Courtesy with permission from Popescu et al. [56])
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Fig. 23.3 Transmission electron microscopy shows similar intercellular connections (plain stro-
mal synapses) between telocytes (TC) and cardiac stem cells (CSC) in culture (a) and in tissue (b).
Telopodes (Tp) connect with a cardiac stem cell (CSC) through small electron-dense structures
(arrows). Endo endothelial cell, P pericyte, N nerve ending, CM cardiomyocyte (Courtesy with
permission from Popescu et al. [56])

ventricular apex, reorganized TCs with their telopodes were recognized in large
number in close association with growing cardiomyocytes [32, 51].

In vivo transplantation of cardiac TCs in experimental rat model of myocardial
infarction was found to decrease the size of infarction and to enhance myocardial
function [75, 76]. Such improvement was attributed to the potential ability of TCs
to promote angiogenesis and to reduce fibrosis following heart injury [4, 75, 76].
Another study revealed an improvement of myocardial infarction after transplanta-
tion of human iPS-derived mesenchymal SCs with specific networked arrangement
of TCs in the interstitial space of infarction [42].

Thus, TCs might be critically involved in the integration of heterocellular com-
munications that is crucial for proliferation, differentiation, and maturation of
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myocardial progenitor cells [4, 66]. Therefore, preconditioning of transplanted
cardiac SCs with TCs should be considered as an alternative modality to regenerate
cardiomyocyte instead of monocellular therapy protocols.

23.2 Telocytes in Skeletal Muscle Stem Cell Niche

The skeletal muscle is well known of its extraordinary capacity to regenerate after
injury. Satellite cells are the primary cells involved in skeletal muscle regeneration
and are found in specific satellite cell niche [33]. However, other non-satellite pro-
genitor cell niche can be recognized in which other precursor cells exist such as
bone marrow-derived cells and pericytes [16, 18, 34, 43].

It is worth mentioning that TCs have been well recognized in human adult skel-
etal muscle [51-53] where they closely communicate via telopodes with cells in
both satellite cell niche and non-satellite progenitor cell niche suggesting a potential
role for their proliferation and differentiation [6, 51-53].

TCs were found to constitute a 3D network in the interstitial tissue of skeletal
muscle where they locate very close to blood capillaries, nerve fibers, myocytes,
and satellite cells [6, 51-53]. Intimate contacts between TCs and both types of resi-
dent muscle SCs, which is satellite (Fig. 23.4) and non-satellite (Fig. 23.5), were
clearly identified where telopodes were found in their vicinity [53]. Heterocellular
junctions were also identified between TCs and the progenitor neighboring cells
with shed vesicles and exosomes [4, 53].

TCs in the skeletal muscle were postulated to have proliferative and angio-
genic capabilities based on their expression of proliferative marker Ki67, pluri-
potency marker Oct4, and vascular proliferation marker VEGF [6]. In vitro
studies demonstrated better differentiation capacity of skeletal muscle-derived
SCs into adipocytes, chondrocytes, and osteoblasts when cocultured with TCs,
a finding that reinforces the potential role of TCs in tissue regeneration and
repair [6].

23.3 Telocytes in Liver Growth and Regeneration

As many other solid organs, TCs in the liver have been clearly identified by both
transmission electron microscopy and double immunofluorescent staining for CD34
with c-kit/CD117, vimentin, or PDGFR-a/b [71]. TCs were localized in the space of
Disse, in close proximity with hepatocytes, putative stem/progenitor cells, and
endothelial cells (Fig. 23.6) [71].

The liver is characterized by its remarkable ability to regenerate after exposure to
traumatic or ischemic injury [31]. Such regenerative capacity is attributed to the
proliferation of hepatocytes and, in severe injuries, the activation and differentiation
of hepatic stem/progenitor cells [69].
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Fig. 23.4 Transmission electron micrographs show TC with Tps, podoms, and podomeres in
between muscle fibers. Note the typical appearance of satellite cells. TCs (digitally blue colored)
are positioned in the close vicinity of satellite cells. Two ultrastructural features are remarkable:
the close spatial relationships of Tps with satellite cells and the fact that these Tps release shed
vesicles (purple arrows). This may indicate that a transfer of chemical information flows from TC
to satellite cells (Courtesy with permission from Popescu et al. [53])

Some studies have evaluated the involvement of TCs in posttraumatic regenera-
tion and physiological growth of the liver. The possible role of TCs in liver regenera-
tion has been investigated using a mouse model of partial hepatectomy [68]. It was
reported that the peak activity of hepatocyte proliferation was recorded after the first
2 days of partial hepatectomy followed by another, yet lower, peak after the third day
that was concurrently associated with an elevation of both TCs and CK19-positive
hepatic SCs [68]. These findings suggested an exclusive relationship between TCs
and other progenitor cells involved in liver regeneration. TCs might contribute to the
control of proliferating hepatocytes and/or the differentiating stem cells [4].

Furthermore, an important insinuation of TCs was postulated in pregnancy-
induced hepatic proliferation [69]. The two peaks of hepatocyte proliferation during
pregnancy in mice correlated with an increase in CD34/PDGFR-a positive TCs
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Fig. 23.5 Electron micrographs of human skeletal muscle show a TC (blue colored), which
extends its Tps indicated by red arrows around a striated cell, in fact a (putative) progenitor cell.
Note: the tandem TC—progenitor cell making a non-satellite (resident) progenitor stem cell niche.
Inset: higher magnification of the progenitor cell shows incompletely differentiated features: unor-
ganized myofilaments (mf), glycogen deposits (Gly), prominent Golgi complex (G). N nucleus, nc
nucleolus (Courtesy with permission from Popescu et al. [53])

[69]. Further molecular mechanisms need to be investigated to explain the hepatic
adaption in pregnancy with possible enrollment of TCs.

It is speculated that TCs contribute in liver regeneration through direct intercel-
lular junctions or paracrine effect via shed vesicles [69]. However, further evidence
is required to determine the functional relationship between TCs and other cells in
the liver.
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Fig. 23.6 Electron microscope images showing the ultrastructure of the liver (mice). (a) Telocytes
(TCs) with telopodes (Tps) in the space of Disse (D) between endothelial cells (E) and hepatocytes
(H). Note the upper telopode (Tp) which is more than 20 pm long. (b) Higher magnification of the field
inside the rectangle in (a). Note in between the TC and hepatocytes (H) the presence of a putative stem
cell (pSC) which has the features of a young cell (progenitor cell?); ER endoplasmic reticulum, N
nucleus. (¢) A TC with at least three Tps; H hepatocyte, m mitochondria. (d) A TC with a heterochro-
matic nucleus (V) at a higher magnification; (e) endothelial cell; RBC red blood cell; H hepatocyte, m
mitochondria, Tp telopodes; scale bar = 5 pM (Courtesy with permission from Xiao et al. 2013)

23.4 Telocytes and Skin Stem Cells

The skin is characterized by its astonishing competency to regenerate featuring it as
an ideal model for studying SCs [29]. Multiple locations for SC niche have been
recognized in the skin including the bulge of the hair follicle, dermal papillae, and
perivascular spaces [22, 70].

Bulge SCs express specific markers such as nestin [35]. However, they can pro-
liferate and differentiate only after receiving signals from specialized neighboring
cells in the stroma which is known as the “bulge activation hypothesis” [65].

As per other organs and tissues, electron microscopy and immunofluorescence
confirmed the presence of TCs in human dermis [10, 58]. TCs were found to border
a round cluster of bulge SCs with apparently two types of TCs/SCs contacts, point
and planar contacts, forming atypical heterocellular junctions [10].

Interestingly, studying scleroderma skin samples revealed that TCs were found
to decrease in areas of SC niches [39]. In addition, SCs could not be observed in the
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perivascular space in diffuse cutaneous scleroderma [39]. The depletion of TCs
might be implicated to the impaired reparative and regenerative function of the skin
in cases of scleroderma [39]. Nevertheless, TCs were also found to be reduced in
organs other than the skin of systemic scleroderma patients such as the myocar-
dium, lung, and stomach [40]. The pattern of TC distribution in the skin augments
the hypothesis that TCs are “nursing cells” where they may interact with resident
cells in SC niche through indirect (chemical) and/or direct (junctional) contacts
[10].

23.5 Telocytes and Stem Cells in the Lung and Respiratory
Passages

TCs have been described in the human and mouse respiratory tree including alveo-
lar ducts as well as terminal and respiratory bronchioles [52]. The tandem of TC—
SC was clearly demonstrated in subepithelial niches of the bronchioles particularly
at the bronchoalveolar junction. Using electron tomography, telopodes were found
to connect with SCs via bridging nanostructures [52].

The direct connection between TCs and resident lung SCs through nanocontacts,
shed vesicles, and exosomes [52] postulates a major supporting, cell guiding, and
communicating role of TCs [51].

In order to specifically identify the genes that regulate lung TCs, the genetic
profile of murine lung TCs was vigorously studied and compared to mesenchymal
SCs and fibroblasts [77]. At least 46 genes were found to be functionally connected
in TCs, mesenchymal SCs, and fibroblasts [77]. Consequently, multiple functional
roles have been implicated for lung TCs including tissue development and regenera-
tion, remodeling of the extracellular matrix, and neovascularization with special
emphasis on their potential effect on keeping the integrity of vascular basement
membrane [77]. TCs usually locate in close vicinity of small blood vessels and
express angiogenesis markers such as VEGF and NO [41].

In addition, lung TCs were found to express pluripotency marker Oct4, which is
usually expressed in embryonic SCs (Fig. 23.7), a finding that urged the supposition
that TCs could be a subpopulation of SCs [23].

23.6 Telocytes and Stem Cell Niche in the Eye

The limbus (corneoscleral junction) was described to host a rich SC niche [44, 59]
that is essential for corneal regeneration [46]. TCs and SCs have been co-localized
at the perivascular spaces of the limbus and the stroma of the iris (Fig. 23.8) among
nerve endings. Heterocellular direct membranous junctions have been identified
between TCs and SCs in the form of nanocontacts and planar contacts [38].
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Fig. 23.7 Isolated lung Oct4-GFPpos cells that were maintained in culture for 5 days. Cells were
sorted based on GFP fluorescence and kept in culture at 37 °C in MEM medium. (a—c) Bright-field
images show cells with a fusiform telocyte-like shape with thin prolongations (asterisks). Examples
are provided for cells having one (a), two (b), or three (c¢) cell prolongations (telopodes) with a
particular shape resembling a string of beads (arrows in ¢). (d) Co-expression of Oct4 and vimen-
tin in telocytes. (e) Co-staining of telocytes with Oct4 and PDGFR-a. Note that telocytes do not
express PDGFR-o; bar=50 pm (Courtesy with permission from Galiger et al. [23])

By securing a strategic 3D networked position in the eye among blood vessels,
nerve endings, and other stromal cells such as SCs, melanocytes, and macrophages,
TCs reinforce their highly proposed cell nursing role [38]. TCs might be able to
influence other neighboring cells via short-distance signals through direct contacts,
exosomes, and shed vesicles [1]. Meanwhile, their extremely long telopodes could
exert a long-distance macromolecular signaling effect through which transfer of
proteins, membrane receptors, and mRNAs occurs [37, 45]. Moreover, a specific
modulatory effect [61] as well as guiding role of TCs [49] has been proposed in the
immune system. Nevertheless, TCs per se could be an integral part of the mesenchy-
mal SC niche [9, 38]. Eventually, TCs are candidates that pave the way for SC
migration during tissue regeneration of the eye [38] and might be a promising new
treatment modality for degenerative eye diseases.
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Fig. 23.8 Transmission electron microscopy images of epithelial (a) and stromal (b, ¢) stem cell
(SC) niches in the mouse eye. (a) Basal SC is sited on the basement membrane of limbus epithe-
lium. A telopode (Tpl) runs parallel with the basement membrane, and a gap junction (arrow-
heads) connects it with another one (Tp2; higher magnification in inset). (b, ¢) Stem cells in the
stromal SC niches located in the corneoscleral junction. Direct contacts (arrowheads) between a
Tp and the SC are visible in (b). TC telocytes, Tp telopodes, Fb fibroblast, n nerve endings, L
lumen of an arteriole. Scale bars: (a) — 2 pm; inset — 0.1 pm; (b) — 1 pm; (¢) — 5 pm (Courtesy with
permission from Luesma et al. [38])

23.7 Telocytes and Hematopoietic Stem Cells in the Spleen

The spleen is one of the frequently reported sites for extramedullary hematopoiesis
in adults [72]. Putative hematopoietic SCs have been identified adjacent to the sinu-
soidal endothelium of the spleen where they constitute SC niche that ensures a
hypoxic environment sufficient for maintaining hematopoietic SC growth and pro-
liferation [30].
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The presence, characteristics, and distribution of TCs in the spleen have been
recently reported [13]. TCs exhibited similar ultrastructural morphology to that
described in other organs where they connected via their telopodes with leukocytes
and red blood corpuscles in the red pulp of the spleen [13]. Moreover, splenic TCs
formed a 3D network by their telopodes when cultured in vitro anchored by hetero-
and homocellular junctions [13].

After 3 days of culture, splenic TCs formed circle-like structures in which their
telopodes extended to support the circumference of these circles [13]. Double-
labeling immunofluorescence revealed positive immuno-expression of vimentin
with CD34, nanog, and Sca-1; however, splenic TCs were negative for c-kit [13].

Therefore, the expression of pluripotent SC marker nanog [12] and hematopoietic
progenitor markers CD34 and Sca-1 [67] in splenic TCs suggests some role in regen-
eration [13]. Eventually, TCs were suggested to contribute in the control of splenic
hematopoietic cell niche via signal transmission [13].

23.8 Summary and Conclusions

Morphological features and the characteristic distribution of TCs in SC niche
remain the only current indicator that supports a structural relationship between the
two types of cells. Therefore, more function-oriented studies need to be done in the
future to prove a dual biological and structural liaison during migration, prolifera-
tion, and differentiation of SCs.

Moreover, genetic and proteomic analysis of TCs in different organs would clar-
ify the functional relationship with other neighboring cells including SCs. The use
of 3D culture techniques and lab-on-chip technology with microfluidic systems can
help provide the ideal microenvironment in which TCs could effectively contribute
to tissue repair and regeneration. In addition, coculture of SCs and TCs and the use
of dual cell therapy protocols would enhance the proposed beneficiary effects in
regenerative medicine.

Given the aforementioned techniques would make it possible to answer an open
question about the exact nature of TC—SC tandem and whether TCs are a specific
form of mesenchymal/progenitor SCs.
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