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Abstract

Telocytes (TCs) are a distinct type of interstitial cells characterized by a small cell body and extremely long and thin telopodes (Tps). The pres-
ence of TCs has been documented in many tissues and organs (go to http://www.telocytes.com). Functionally, TCs form a three-dimensional
(3D) interstitial network by homocellular and heterocellular communication and are involved in the maintenance of tissue homeostasis. As
important interstitial cells to guide or nurse putative stem and progenitor cells in stem cell niches in a spectrum of tissues and organs, TCs con-
tribute to tissue repair and regeneration. This review focuses on the latest progresses regarding TCs in the repair and regeneration of different
tissues and organs, including heart, lung, skeletal muscle, skin, meninges and choroid plexus, eye, liver, uterus and urinary system. By target-
ing TCs alone or in tandem with stem cells, we might promote regeneration and prevent the evolution to irreversible tissue damage. Exploring
pharmacological or non-pharmacological methods to enhance the growth of TCs would be a novel therapeutic strategy besides exogenous
transplantation for many diseased disorders.
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History of telocyte identification

Telocytes (TCs), a novel type of interstitial cells, was firstly
described in 2010 by Popescu’s group as a case of serendipity
[1]. Although TCs have been described between 2005 and 2009
by Popescu’s group as interstitial Cajal-like cells (ICLC), they are
completely distinct from ‘interstitial cells of Cajal’ (ICC) in ultra-
structures, immunochemical features, and gene and protein pro-
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files [1-7]. To avoid further confusion with ICC, Popescu’s
group renamed ICLC with ‘TELOCYTE’ by using the Greek affix
‘telos’ according to the unique feature of TCs that clearly distin-
guishes them from all other interstitial cell types: a small cell
body and extremely long and thin prolongations termed ‘TELO-
PODES’ [1].
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Electron microscopic features of TCs

Cells with telopodes (Tps) is the shortest definition of TCs [1]. To
date, the golden standard for the identification of TCs is transmission
electron microscopy [8] (Fig. 1). The cell body of TCs has a nucleus
which occupies about 25% of the cell volume, surrounded by a small
quantity of cytoplasm containing mitochondria, small Golgi complex,
rough and smooth endoplasmic reticulum and cytoskeletal elements.
The shape of TCs could be piriform, spindle or triangular, depending
on the number of their prolongations ‘Tps’. Tps (normally 1 to 5 for
one cell body) are extremely long (tens to hundreds of pm measured
by electron microscopy) and thin (below 0.2 um under resolving
power of light microscopy), with moniliform aspect (alternation of
thin segments termed podomers and small dilations termed podoms
accommodating mitochondria, endoplasmic reticulum and caveolae)
[1]. Because of the typical cellular prolongations of TCs, sequenced
concatenation of electron microscopy images are preferable to better
reflect the ultrastructural feature of TCs and Tps (Fig. 2). Interest-
ingly, three-dimensional (3D) imaging of human cardiac TCs has
recently been shown by focused ion beam-scanning electron micros-
copy (FIB-SEM) and 3D reconstruction of a human cardiac TC indi-
cated a ribbon-like conformation for Tps and podoms were observed
to be bulged from the podomer plane [9] (Fig. 3). Of note, the FIB-
SEM is currently the most accurate, new and powerful technique
used in describing TCs [9].

TC immunohistochemistry

Although TCs are positive to certain tested markers such as c-kit/
CD117, vimentin, CD34 and VEGF, the positivity to these markers
varies among different organs and tissues [10] (Table 1). In human
myometrium, some TCs are c-kit positive [11] and some only CD34
positive but c-kit negative [12], while some of the c-kit positive TCs
express also CD34 [13]. In human urinary tract, TCs are vimentin
positive, but CD34, c-kit and VEGF negative [14]. Meanwhile, TCs have
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Fig. 1 Representative electron microscopy image of a telocyte. A telo-
cyte (TC) with at least three prolongations with several ‘beads’ along
telopodes (Tps) is digitally coloured in blue. SMC: smooth muscle cell;
N: Nuclei. Original magnification x6800. Reproduced with permission
from [8].
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region-dependent immunohistochemical profiles in the urinary tract
according to their different positivity to caveolin-1, oestrogen receptor
(ER) and progesterone receptor (PR), which indicates that each region
might contain its own subpopulation of TCs [14]. Telocytes share
some common markers with other types of cells, e.g. endothelial cells,
which express CD34 [15], fibroblasts, positive to vimentin [16] and
stem cells, known for c-kit [17], thus it is important to discriminate
between TCs and these cells in tissues and cell cultures. For example,
primary culture of cardiac TCs and fibroblasts demonstrated that TCs
had different immunohistochemical features from fibroblasts. Cardiac
TCs were positive for CD34 and c-kit, CD34 and vimentin, and CD34
and PDGFR-B, while fibroblasts were only positive for vimentin and
PDGFR-B [18]. In addition, TCs have been found different from peri-
cytes in both ultrastructures and immunophenotypes [18-20]. Cardiac
TCs in primary culture were CD34 positive and o-SMA weak positive
while pericytes were CD34 negative but o-SMA positive [18]. Besides,
the positivity of TCs to PDGFR-a: in the human gastrointestinal tract
should not be overlooked [21]. More recently, it has been reported

Fig. 2 Three sequenced electron microscopy images of a telocyte. A
telocyte (TC) with typical long and thin telopode (Tp) extending from
the cell body; scale bars: 2 um. Courtesy of Dr. LM. Popescu, Depart-
ment of Ultrastructural Pathology, Victor Babes National Institute of
Pathology, Bucharest, Romania.

© 2015 The Authors.
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Fig. 3 Three-dimensional (3D) reconstruction of a cardiac telocyte.
(A and B) automated segmentation of a stack containing a telocyte (TC)
with a long (20 ml), narrow (0.2-1 ml) and flat telepode (referred to
Tp2 here). The right side of A shows X-Y-Z slice projections; scale bars:
2 ml. Reproduced with permission from [9].

that podoplanin (D2-40) could be a complementary effective TC immu-
nohistochemical marker in urinary bladder [22]. Actually, not a single
specific immunomarker allows unequivocal identification of TCs. How-
ever, it is currently considered that the double positive labelling for
CD34/PDGFR-o. and CD34/vimentin (for Tps) is appropriate for the
identification of TCs [7]. Therefore, immunolabelling, especially dou-
ble-immunolabelling, remains a useful tool for discrimination between
TCs and other cells, as well as for semi-quantitative data analysis.

Distribution of TCs

Since their identification in 2010, TCs have been found existing in fish,
reptiles, mammals and humans, and have been identified in the inter-

© 2015 The Authors.
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stitial compartment of many tissues and organs, including heart (myo-
cardium [23, 24], epicardium [15], endocardium [25], heart valves
[26]), vasculature [27-29], pleura [30], lungs and trachea [31-33],
placenta [16], skeletal muscle [19, 34, 35], oesophagus [36, 37],
intestine [38-40], urinary system [14, 41, 42], nervous system [43-
45], pancreas [46, 47], parotid glands [48], prostate [49], uterus [11—
13, 50-53], skin [54, 55], eye [56], liver [57] and bone marrow [58].
Also, TCs have been identified among smooth muscle fibres and in the
lamina propria of different structures and organs [11-14, 38, 39, 41].

Cellular junctions of TCs and their
functional implications

Multiple electron microscopy techniques, including transmission elec-
tron microscopy, electron tomography, SEM, FIB-SEM, have demon-
strated that TCs have their ‘strategic’ locations in tissues [1]. Telocytes
can be connected with each other via homocellular junctions through
their Tps, or be in close vicinity of blood vessels, nerve endings and
many other cells (for example in heart, including cardiomyocytes, stem
cells, fibroblasts and immunoreactive cells) via heterocellular junctions
[59]. By homo- and heterocellular junctions, TCs can form an intersti-
tial 3D network. Therefore, TCs are critically involved in intercellular
signalling via paracrine and/or juxtacrine secretion of small molecules,
or via shed extracellular vesicles which send important macromole-
cules (e.g. RNAs, proteins or microRNAs) to neighbouring cells in nor-
mal and diseased states [30, 60, 61]. Three types of extracellular
vesicles have been identified in the proximity of cardiac TCs in culture
using electron microscopy, including exosomes (45 + 8 nm in diame-
ter), ectosomes (128 + 28 nm in diameter) and multivesicular cargos
(1 & 0.4 um in diameter) [61] (Fig. 4). A case in point is that when
TCs are transfected with microRNA-21 mimics labelled with Cy5, the
recipient cells will become Cy5 positive after incubation with the condi-
tioned medium from TCs, indicating that vesicles are released with mi-
croRNAs from TCs [62]. Moreover, intestinal TCs display a
phagocytic-like property termed endocytosis, which enables them-
selves to uptake small particles [63]. By these properties, TCs may be
able to affect or control the activity of the surrounding cells.

Increasing evidence indicated that TCs might be implicated in tis-
sue homeostasis and development [24, 64, 65], as well as in the path-
ogenesis of some disorders [66-75]. Besides, owing to their close
relationship with stem cells and/or progenitor cells in multiple tissues
such as heart, lung, skeletal muscle, skin, meninges and choroid
plexus, eye and liver, TCs are also supposed to potentially contribute
to tissue repair/regeneration [32, 34, 35, 43, 54, 56, 59, 75-78]. A dee-
per understanding of how TCs communicate with other cells and take
effect in signalling pathway during tissue repair/regeneration will be
useful to identify novel therapeutic strategies in regenerative medicine.

TCs in tissue repair/regeneration

Although the tempting idea of using stem cells and progenitor cells
with regenerative potential has been hailed for many years as a
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Table 1 TC immunohistochemistry in different organs and tissues

Tissues and organs TC markers

References

Heart

Lungs and trachea
Skeletal muscle
Skin c-kit, CD34, vimentin
Meninges and choroid plexus c-kit
Gastrointestinal system
Uterus

Urinary system

c-kit, CD34, vimentin, PDGFR-B
c-kit, CD34, vimentin, PDGFR-B, Sca-1, VEGF
c-kit, vimentin, PDGFR-B, VEGF, caveolin-1

c-kit, CD34, vimentin, PDGFR-o,, PDGFR-B
c-kit, CD34, vimentin, PDGFR-o,, connexin43
c-kit, CD34, vimentin, caveolin-1, podoplanin (D2-40)

15, 18, 24, 26, 60, 101, 102
31, 32, 107

19, 34, 35

54, 74, 75

43

21,57, 78

11-13, 50, 52

14, 22, 42, 82

promising cell-based therapeutic strategy for tissue repair/regenera-
tion, its actual therapeutic activity is far from satisfactory [79]. One of
the most important challenges is to establish a well-organized micro-
environment which ensures the survival, distribution and regenerative
potential of the injected stem cells [80]. Stem cell niches are small
areas housing stem cells which contain other constructive elements,
including interstitial supporting cells, extracellular matrix proteins,
blood vessels and neural inputs [81]. Growing evidence has indicated
that TCs could be located in stem cell niches in a spectrum of organs
and tissues, and form a complex interstitial network with resident
stem cells, blood vessels, nerve endings and other interstitial compo-
nents, thus might importantly contribute to tissue repair and regener-
ation [32, 34, 35, 43, 52, 54, 56, 59, 75-78, 82]. The following
content of this review will focus on the latest progresses of the poten-
tial involvement of TCs in tissue repair and regeneration in heart, lung,
skeletal muscle, skin, meninges and choroid plexus, eye, liver, uterus
and urinary system.

Heart

Cardiac stem cells (CSC) and cardiomyocyte progenitors (CMP) are
appropriate sources for regenerative medicine strategies for cellular
cardiomyogenesis and neovascularization [79, 83-88]. By electron
microscopy, GSC, CMP, as well as the cells with intermediate features
between CSC and CMP were identified in epicardial stem cell niche
[76] (Fig. 5). All these cells with different ultrastructural features were
supposed to represent different stages of development and matura-
tion of a unique type of resident stem cell [76]. Noteworthy, TCs were
also identified in epicardial stem cell niche, in close contact with these
resident cardiomyocyte precursors, as well as blood capillaries, nerve
endings and other interstitial cells, thus might contribute to make a
supportive interstitial network for CSC and CMP to sustain a continu-
ous cardiac renewal process [76]. In addition, TCs also existed in
human heart valves and could form junctions with resident putative
stem (progenitor) cells [26]. Telocytes are regarded as important
interstitial cells to ‘nurse’ or ‘guide’ putative cardiomyocyte precur-
sors to differentiate and integrate into heart architecture [76, 89].
Recently, it has been reported that TCs and CSCs represent a small

1444

fraction of human cardiac interstitial cells in the range 0.5-1% and
0.1-0.5%, respectively. Furthermore, the number of cardiac TCs and
CSCs is decreased in adults versus newborns, which might be
responsible for reduced cardiac regenerative capacity with ageing
process [90]. Epicardium is considered as a novel source of cardiac
progenitor cells [91]. Given that cardiac TCs and epicardium-derived
progenitor cells (EDPC) express some common surface molecules
such as c-kit and PDGFR-p [15, 26, 60, 92], it should also take into
account that TCs might be a subpopulation of EDPC, which could be
critically involved in heart development and cardiac regeneration [64].

Cardiac TCs in primary culture is a useful tool to investigate cell
functions, including their roles in cardiac regeneration [18, 93]. Car-
diac TCs have stronger adherence and spreading ability of Tps when
seeded on fibronectin, and higher dynamics of Tp extension on colla-
gen |, indicating that different matrix proteins might impact TC behav-
iour in tissue regeneration [93-96]. The junctions between TCs and
cardiomyocytes are formed by small point contacts with electron-
dense nanocontacts [97]. The junctions between TCs and putative
cardiac stem or progenitor cells resemble either stromal synapse or
adhaerens junctions [59]. In addition, TCs could also form point and/
or planar contacts with endothelial cells, pericytes, Schwann cells, as
well as other interstitial cells (fibroblasts, mast cells or macrophages)
in the heart [59]. Thus, TCs are critically involved in the integration of
all these heterocellular communications which may be essential for
the proliferation, differentiation and maturation of myocardial precur-
sors into new cardiomyocytes [59].

Given that the potential of cardiac regeneration/repair significantly
affects the consequences of myocardial infarction (MI), stem cell
therapy was recognized as a prompting strategy for ischaemic cardio-
myopathy [98, 99]. The important involvement of TCs in neo-angio-
genesis after experimental acute MI has previously been documented
[100]. The number of TCs was markedly increased in the border zone
of MI during the neo-angiogenesis phase after MI, and ultrastructural-
ly, TCs have close connections with endothelial cells of preexisting
and neo-formed capillaries [100]. It has been supposed that TCs
might contribute to neo-angiogenesis via paracring secretion as
shown by their positivity to VEGF and NOS2 immunohistochemistry
staining [100]. Last but not least, several angiogenic microRNAs (let-
7e, 10a, 21, 27b, 100, 126-3p, 130a, 143, 155 and 503) are

© 2015 The Authors.
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Fig. 4 Telocytes secrete extracellular vesicles. Telocytes (TCs) secrete
exosomes (A), ectosomes (B), and multivesicular cargo (C). Tp: telo-
pode; mvb: multivesicular bodies; m: mitochondria; er: endoplasmic
reticulum; r: ribosome; scale bars: 0.5 um. Reproduced with permission
from [61].

expressed by isolated cardiac TCs [100]. In addition, decreased num-
ber of cardiac TCs during MI has been demonstrated, while simulta-
neous transplantation of cardiac TCs in the infarcted and border
zones of the heart has been proved effective to reduce the infarction

© 2015 The Authors.
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Fig. 5 Cardiac telocyte processes are in close contact with cardiac stem
cells (CSC). Putative CSC in mouse CSC niche are shown in A and B.
Committed cell (an intermediate stage between CSC and cardiomyocyte
progenitors, CMP) is shown in C. TCp: telocyte processes; nu: nucleo-
lus; ER: endoplasmic reticulum cisternae; m: mitochondria; n: nerve
fibres; G: Golgi apparatus; v: vesicles; f: filaments. Reproduced with
permission from [76].

size and improve myocardial function 14 days after Ml in rats [101].
These beneficial effects of TC transplantation were maintained for at
least 14 weeks after MI, probably related to enhanced angiogenesis
and decreased myocardial fibrosis, indicating that rebuilding cardiac
TC network through transplantation might have both acute and mid-
term beneficial effects to promote cardiac repair and regeneration fol-
lowing MI [102]. More recently, it has been reported that myocardial
transplantation of human induced pluripotent stem cell-derived mes-
enchymal stem cells reduced MI with a presence of interconnecting
TCs in the interstitial space of infarcted zone of the heart [103]. How-
ever, more functional studies in vivo and the use of cardiac tissue
engineering in vitro will help further clarify the functional roles of TCs
in cardiac repair and regeneration [60, 104-106].

Lungs and trachea

Telocytes contribute to form a 3D interstitial network in pleura, tra-
chea and lungs, through close associations with fibroblasts, smooth
muscle cells, endothelial cells, immunoreactive cells and nerve end-
ings, which suggests the conventional roles of TCs in mechanical
support, immune surveillance and intercellular communication and
signalling [30, 31, 33]. In pleura, TCs have been found in connection
with mononuclear cells, macrophages and mast cells beneath the
mesothelium, indicating that TCs might play important roles in meso-
thelial-cell-induced mesothelial repair [30]. In addition, the close
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connection or junction between TCs and clusters of putative stem
cells have been identified in the peribronchiolar spaces or underneath
the alveolar epithelial cells in lungs [32] (Fig. 6). Telocytes might be
potentially involved in the mechanical support for lung stem cell
niches, and contribute to the nurse, communication and stimulation
of putative stem/progenitor cells in the repair of lung injury, probably
through nanocontacts and shed vesicles and/or exosomes [32].
Based on the important fact that TCs connect with multiple cells
in the lungs and coordinate the intercellular communications, the
potential significance of TCs in the pathogenesis of certain lung dis-
eases has been has been suggested, including pulmonary infectious
diseases, chronic obstructive pulmonary disease and interstitial lung
disease [67, 70]. In addition, the gene profiles and proteome features
of TCs have been identified in the lungs, especially in comparison with
mesenchymal stem cells and fibroblasts [3-6]. Multiple genes with
regulatory effects in tissue remodelling/repair and vascular basement
membrane stability are remarkably up-regulated in lung TCs as com-
pared to fibroblasts, including connective tissue growth factor,
Transgelin, Nidogen 1, tissue inhibitor of metalloproteinase 3, colla-
gen type 1V, matrix metallopeptidase 3 (Mmp3), Mmp10 and retinol-
binding protein 1 [4]. According to proteomic analysis, myosin-14
and periplakin expressions are up-regulated in lung TCs compared
with fibroblasts, suggesting the possible roles of TCs in mechanical

sensing, mechanochemical conversion task and tissue remodelling/
renewal [3]. Besides, several proteins that are highly expressed in
extracellular vesicles have been found up-regulated in lung TCs, indi-
cating that TCs might contribute to intercellular signalling and influ-
ence stem cell niche fate [3]. In addition, comparative gene
expressions of chromosome 1-3 have been determined between lung
TCs and other cells, such as mesenchymal stem cells, fibroblasts,
epithelial cells and lymphocytes [5, 6]. Noteworthy, the up-regulated
expressions of Capn2, Fhi2 and Qsox1 in lung TCs highly supported
previous hypothesis that TCs might be implicated in tissue homeosta-
sis and protect against tissue inflammation and fibrogenesis in lung
diseases [5]. Moreover, it has been demonstrated that lung TCs com-
prise octamer binding transcription factor 4 (Oct4)-positive cells
[107]. Since Oct4 is a pluripotency marker expressed in embryonic
stem cells responsible for their undifferentiated state, TCs might rep-
resent a population of stem cells that potentially contribute to lung
regeneration [107]. More recently, comparison of protein profiling
between human lung TCs and microvascular endothelial cells has
shown that TCs are completely different from endothelial cells [2].
Meanwhile, bioinformatics analysis has demonstrated the potential
involvement of TCs in intercellular communication, oxidative stress,
cellular ageing and pro-proliferative effects through the inhibition of
apoptosis [2]. Further investigations for gene-, protein- and microR-

Fig. 6 Lung telocytes in stem cell niche.
(A) Lung telocyte (TC) is in stem cell (SC)
niche. Pn I: type | pneumocytes; Pn II:
type |l pneumocytes; vSMC: vascular
smooth muscle cells. (B) One telopode
(Tp1) is shown in contact with a Pn | and
a SC. (C) One telopode (Tp2) is shown in
contact with a Pn I. (D) A contact point
(arrow) is found between a telopode (Tp1)
and a Pn . Scale bars: 2 um (A); 1 um
(B-D). Reproduced with permission from
[32].

© 2015 The Authors.
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NA-expression profiles of TCs will be useful to differentiate TCs from
other cell types, as well as to reveal their potential biological roles in
lung diseases.

Skeletal muscle

Adult skeletal muscle has a remarkable regenerative capacity after
injury. The activation of the muscle stem cells, also called satellite
cells, is a limiting step in muscle regeneration, which enables satellite
cells to proliferate, migrate and differentiate into new skeletal myo-
cytes [108]. Telocytes have been identified in skeletal muscle inter-
stitium in close vicinity of blood capillaries, nerve fibres, satellite
cells and myocytes, suggesting their potential roles in muscle regen-
eration [34, 35]. Electron microscopy showed that Tps were
extended to neighbouring cells and interconnected by different kinds
of junctions, which suggest that TCs potentially contribute to form a
3D interstitial network in skeletal muscle tissue. Shed vesicles/exo-
somes released by Tps were also detected as previously found in
other tissues [34].

In addition to muscle satellite cells, non-satellite cells as well as
many other types of cells such as bone marrow-derived cells and
pericytes contribute consistently to the extraordinary regenerative
ability of skeletal muscle [109-112]. Of note, TCs have been found in
both satellite cell niche and non-satellite progenitor cell niche, form-
ing close contacts with these two types of muscle stem cells [34]
(Fig. 7). In addition, TCs showed a peculiar migration capacity and
formed a cellular network from muscle explants in vitro, which might
be critical for scaffold guidance of stem/progenitor cells in muscle
regeneration [34]. Given that TCs in skeletal muscle interstitium are
VEGF and PDGFR-B immunopositive both in situ and in vitro, TCs
could also be involved in angiogenesis and vascular stability during
tissue repair in skeletal muscle [19, 35].

Skin

The extraordinary regenerative capacity of skin is particularly impor-
tant for skin repair and regeneration following injury and disease. The
presence of TGs in skin has previously been documented. By trans-
mission electronic microcopy, TCs were identified scarce in papillary
dermis but numerous in reticular dermis [54]. Telocytes are usually
lining collagen fibres and elastic fibres, and in close vicinity of mast
cells, fibroblasts, adipocytes, blood vessels, nerves and adnexal
structures of skin, working as supporting cells to ensure the mainte-
nance of skin homeostasis [54, 113]. With FIB-SEM technology,
extracellular  vesicles (approximately n=30 for one TC,
438.6 + 149.1 nm in diameter) have recently been identified in close
vicinity of human dermal TCs [55]. Multiple skin stem/progenitor cell
compartments have been found throughout all layers of skin, such as
hair follicle bulge, interfollicular epidermis, dermal papillae and peri-
vascular space [114, 115]. It has been demonstrated that TCs were
present around the cluster of stem cells in the bulge regions of hair
follicles, suggesting that TCs might be implicated in skin repair and
regeneration [54] (Fig. 8). Since point contacts and planar contacts

© 2015 The Authors.
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Fig. 7 A telocyte (TC) with its telopodes (Tps) around a progenitor cell
in skeletal muscle. Tps are indicated with red arrows. mf: myofilaments;
Gly: glycogen deposits; G: Golgi complex; N: nucleus; nc: nucleolus.
Reproduced with permission from [34].

have been found between TCs and bulge stem cells, it will be of great
interest to investigate the potential roles of TCs in activating resident
stem cells to proliferate and differentiate during skin regeneration
[54].

Systemic sclerosis (SSc), a heterogenous chronic connective tis-
sue disease, is characterized by endothelial dysfunction, immune sys-
tem disorders, and progressive fibrosis in skin and visceral organs
including heart, lung, kidney and oesophagus [116]. Interestingly, a
progressive reduction and loss, as well as ultrastructural damages of
TCs were found in the skin of patients affected by SSc, with relevant
differences according to disease subsets (limited/diffuse cutaneous
SSc) and stages (early/advance) [75]. These phenomena might be
related to chronic ischaemic microenvironment of SSc skin, excessive
damage and fibrosis of extracellular matrix, and abnormal activation
of immune system [75]. As TCs contribute to form an organized 3D
interstitial network in skin, the reduction and ultrastructural alteration
of TCs might be implicated in the imbalance of skin tissue homeosta-
sis. In addition, reduced number of TCs in skin interstitium might be
responsible for the loss of control of fibroblast/myofibroblast activity.
Last but not least, TCs were progressively reduced around skin stem
cell niches in SSc skin, and furthermore, hardly no vascular wall-resi-
dent stem cell niches could be identified in the skin biopsies of diffuse
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Fig. 8 Telocytes bordering stem cells in dermal connective tissue. Telo-
cytes (TCs) formed point contacts (arrows in A) and planar contacts
(arrows in B) with stem cells in skin. bl: basal lamina; Tp: Telopode.
Reproduced with permission from [54].

cutaneous SSc, indicating that TC loss might be involved in the deple-
tion of functional stem cell compartments in damaged skin, eventually
leading to impaired stem cell-mediated skin repair and regeneration in
SSc [75]. In fact, the loss of TCs is not restricted to the skin, but has
also been demonstrated in fibrotic areas of myocardium, lung and
gastric wall of SSc patients [74]. Further functional studies are
required to clarify the roles of TCs in the pathophysiology of SSc.
Their potential therapeutic values in stem cell-mediated skin repair
and regeneration need to be further investigated.

Meninges and choroid plexus

Adult neurogenesis is the process of generating new functional neu-
rons from neural stem cells (NSC) and neural progenitor cells (NPC)
to react and adapt to extra stimuli in various physiological, pathologi-
cal and pharmacological conditions [117]. NSC and NPC, predomi-
nantly located in the subventricular zone of the lateral ventricles and
the subgranular zone of the dentate gyrus in the hippocampus, can be
activated to proliferate, migrate and differentiate to new neurons
[118]. However, increasing evidence has indicated that NSC and NPC
can also be activated in nonconventional neurogenic zones such as
meninges and choroid plexus [119, 120]. It has previously been
proved that TCs are present in foetal and adult rat meninges and cho-
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roid plexus [43]. Telocytes are more abundant in foetal meninges
than in adult meninges, which might be correlated with a higher activ-
ity of foetal meningeal stem cells responsible for pre-natal brain
development [43]. In addition, TCs were found located in the intersti-
tial space between ependymal cells and fenestrated capillaries in adult
choroid plexus, in tandem with stem cells by direct cell-to-cell con-
tacts, suggesting the functional roles of TCs in intercellular signalling
and neuroregeneration [43]. However, to date these roles of TCs have
merely been suggested based on their morphological features and
‘strategic’ distribution in meninges and choroid plexus. Thus, in
future studies it is highly needed to further investigate and prove the
potential involvement of TCs in the intercellular communication as
well as in the proliferation, migration or differentiation of stem cells
during neurogenesis.

Eye

Stem cell therapies are considered as innovative approaches for pre-
serving or restoring vision for patients with eye diseases [121]. Stem
cells and progenitor cells have been found abundant in limbus [122—
125], and have also been identified in the ciliary body epithelium, cili-
ary marginal zone, iris and retina [126-130]. Stem cell transplanta-
tion, particularly in the cornea, the neural retina or the retinal pigment
epithelium, is aimed to either directly replace lost or damaged tissue,
or replace essential functions of the tissue [121, 131]. Despite the
encouraging results from basic researches and limited preclinical and
Phase I/Il trails, cellular mechanisms responsible for eye regeneration
and repair are still far from elucidated.

Previously, the presence of TCs and stem cells in the limbus and
uvea of mouse eye has been demonstrated [56] (Fig. 9). Telocytes
can form homocellular adhaerens and gap junctions with each other,
as well as heterocellular junctions (membrane-to-membrane point
contacts or planar contacts) with stem cells, melanocytes, macro-
phages, fibroblasts, nerve endings and capillaries [56]. Telocytes and
stem cells co-exist in the stem cell niches located in the limbus and
iris stroma, suggesting the possible roles of TCs in eye regeneration
and repair. In addition, extracellular vesicles have been found near
TCs, indicating that TCs might actively participate in the intercellular
communication and signalling among neighbouring cells and within
stem cell niche [56]. In the future, it is important to gain further
knowledge about the exact mechanisms by which TCs might affect
the biological functions and fate of stem cells during eye regeneration
and repair. Last but not least, given that the potential roles of TCs in
neo-angiogenesis after AMI has been demonstrated in heart [100]
and that TCs secret VEGF [100] and express PDGFR-B in heart [26],
skeletal muscle [19], lungs [107] and liver [57, 78], the potential of
TCs in neovascular eye diseases deserves to be further investigated
[132].

Liver

Liver possesses an extraordinary capacity to regenerate after toxic
or drug-induced injury, virus infection, ischaemia and surgical

© 2015 The Authors.
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Fig. 9 Telocytes bordering stem cells in eye. Telocytes (TCs) bordering
stem cells in epithelial (A) and stromal (B and C) stem cell (SC) niches
in mouse eye. bl: basal lamina; Tp: Telopode; Fb: fibroblast; n: nerve
endings; L: lumen of an arteriole. Scale bars: 2 um (A); 1 um (B);
5 um (C). Reproduced with permission from [56].

resection [133, 134]. The proliferation of remaining hepatocytes and
the activation of liver stem/progenitor cells represent two main cellu-
lar mechanisms during liver regeneration [135, 136]. The presence
of TCs in liver has previously been demonstrated by transmission
electron microscopy and immunofluorescent staining (double label-
ling for CD34 and c-kit/CD117, or vimentin, or PDGFR-o, or B) [57].
Telocytes are located in the Disse space of liver, in close association
with hepatocytes, endothelial cells and putative stem/progenitor cells
[57].

The potential roles of TCs in liver regeneration have recently
been demonstrated by using a murine model of partial hepatectomy
(PH) [78]. The peak activity of hepatic cell proliferation occurred at
48 hrs post PH (although a remarkable high level of hepatic cell pro-
liferation was also present at 72 hrs post PH). Meanwhile, the num-
ber of TCs and CK-19-positive liver stem cells peaked at 72 hrs post
PH. These results indicated a close relationship between TCs and
the cells essentially implicated in liver regeneration, probably by
influencing either the proliferation of hepatocytes or the activation of
stem/progenitor cells or even both of them. However, further studies
are highly desirable to find the direct evidence for the functional
effects of TCs in liver regeneration. Moreover, as TCs have recently
been found to be reduced in human liver fibrosis which could be
responsible for the aberrant activation of fibroblasts, adding TCs is

© 2015 The Authors.
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supposed to be a potential targeted antifibrotic therapy for liver
fibrosis [137].

Uterus

The presence and functions of TCs in human non-pregnant and preg-
nant myometrium have previously been demonstrated [11, 13, 51,
138]. TCs were found involved as modulators in the contractile mech-
anisms of uterus [11, 12, 139]. Small-conductance calcium-activated
potassium (SK3) channels are expressed in human myometrium,
which contribute to the relaxation of human myometrium in vitro
[140]. Recently, SK3 channels have been found expressed in CD34-
positive TCs in human non-pregnant myometrium [12]. However,
CD34-positive TCs lacked SK3 channel expression in pregnant my-
ometrium, which indicated that SK3 channel modulation may be
involved in myometrial contractility during pregnancy through influ-
encing TCs [12]. In addition, T-type calcium channels have been iden-
tified in TCs from human myometrium [141]. Telocytes have also
been shown to be involved in the regulation of foetal blood flow and
intra-placental blood volume in physiological or pathological preg-
nancy (e.g. preeclampsia) [142, 143]. By transmission electron
microscopy, ultrastructural evidence of 3D network formed by homo-
cellular and heterocellular contacts of TCs has been demonstrated in
human myometrium [13, 51]. Because of the different physiological
state of non-pregnant and pregnant uterus, Tps are thinner and longer
in non-pregnant myometrium compared to those in pregnant myome-
trium [13, 51]. Shed vesicles and/or exosomes have also been found
along Tps or releasing from them in myometrium as described in
other tissues [13, 51].

In addition, TCs have also been identified in human endometrium
tissues, indicating that TCs may support the structure of the stratum
functionalis of endometrium [50]. Meanwhile, endometrial TCs iso-
lated and cultured from the rat uterus were found connected to
nearby or distant stromal cells, suggesting the active roles of TCs in
endometrial homeostasis and maintenance through cell-to-cell com-
munication [50].

The formation, elongation, deviation and ramification of Tps may
importantly modulate the morphology and the function of TCs, as well
as influence their contacts with per se or other cells. Optical stimula-
tion and guidance of neuronal cells which aimed to modify the neuro-
nal growth by using low-level laser stimulation (LLLS) has extensively
been studied [144]. It has recently been documented that LLLS could
also induce a higher growth rate as well as more angled deviation of
telopodal lateral extension (TLE) in pregnant myometrium primary
cultures when compared to those in non-pregnant myometrium ones,
which was supposed to be related to distinct cytoskeleton character-
istics of TCs and modified cell-to-cell communication between preg-
nant and non-pregnant myometrium [52]. Since uterine remodelling
in pregnancy is associated with morphological and functional
changes of multiple cells, such as smooth muscle cells and interstitial
cells including TCs, and that TCs actively contribute to form a 3D
interstitial network in myometrium, the modulatory effects of LLLS on
TLE growth might be a potential intervention or therapeutic strategy
in uterine regenerative medicine.
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Urinary system

It has previously been reported that TCs are present in the upper lam-
ina propria (ULP) of the human renal pelvis, ureter and urethra, as
well as in kidney and urinary bladder [14, 41, 42]. As ULP layer is
located just underneath the urothelium, ULP interstitial cells might be
involved in the conduct and amplification of pacemaker signals as
well as in the pathophysiology of urinary system disorders [145-
147]. Telocytes in the ULP of renal pelvis, ureter and urethra have
similar ultrastructural features which were different from those of
bladder TCs: (/) thinner and longer cytoplasmic prolongations; (i)
presence of dense core granules and microtubules and (/i) no periph-
eral actin filaments [14]. The differences in the ultrastructural pheno-
type of TCs indicate that each region of the urinary tract might
contain its subtype of TCs with probably particular functions [14,
148]. Interestingly, different expressions of ER and PR have been
detected in TCs of the renal pelvis, ureter, bladder and urethra, indi-
cating that the function of ULP TCs might be potentially related to ste-
roid hormones [14]. In addition, TCs could establish close contacts
with macrophages in sub-capsular space of kidney, and with smooth
muscle bundles, blood vessels and nerve endings in ureter and uri-
nary bladder [41]. Telocytes have also been identified around renal
tubules and vessels in the kidney cortex interstitium, with shed
vesicles identified in close vicinity of TCs [42].

The presence of TCs in the urinary system also suggest their
potential involvement in the repair and regeneration of injured tissues
during diseases such as acute renal failure. Previously, it has been
reported that injection of TCs via caudal vein was effective to reduce
histological renal damage and attenuate renal dysfunction after renal
ischaemia-reperfusion injury (IRI) in rats, which might be partially
related to the secretion of growth factors other than anti-inflamma-
tory mechanisms [82]. However, TCs could not protect renal tubular
epithelial cells in vitro probably because of their insufficient paracrine
ability of growth factors in such circumstance [82]. These results
suggest that only by supporting and interacting with other cells in
microenvironments could TCs exert their effects on the repair and
regeneration of renal tubules following renal IRI [82]. However, the
mechanisms by which TCs contribute to the repair of ischaemically
injured renal tubules remain to be further studied.

Targeting TCs as a potential
therapeutic strategy

Telocytes have been found to be decreased in experimental MI, espe-
cially in fibrotic areas [101, 102]. Intramyocardial transplantation of
cardiac TCs could decrease MI and improve post-infarcted cardiac
function via increasing cardiac angiogenesis, improving reconstruc-
tion of the TC network and decreasing cardiac fibrosis [101, 102].
Although the direct effect of cardiac TCs in regulating angiogenesis is
unclear, human lung TCs have been reported to promote the prolifera-
tion and angiogenesis of human pulmonary microvascular endothelial
cells in vitro [149]. Moreover, as several reports have indicated that
TCs were decreased in fibrotic remodelling, such as SSc, liver fibro-
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sis, and ulcerative colitis, it is urgent to determine if TCs could pre-
vent the activation of fibroblasts and attenuate the altered
organization of extracellular matrix during fibrotic processes [74,
150]. Given that endometriosis-affected rat oviduct displayed dam-
aged TCs which might be related to impaired stem cell-mediated tis-
sue repair, we might promote regeneration and prevent the evolution
to irreversible tissue damage by targeting TCs alone or in tandem with
stem cells [151]. Despite that LLLS has been reported to accelerate
the growth of TLE in pregnant myometrium primary cultures [52],
exploring other pharmacological or non-pharmacological methods to
enhance the growth of TCs could be regarded as a novel therapeutic
strategy besides exogenous transplantation for disorders.

Summary

In summary, we have systemically reviewed the most recent studies
of the potential significance of TCs in tissue repair and regeneration in
heart, lung, skeletal muscle, skin, meninges and choroid plexus, eye,
liver, uterus and urinary system. However, it has to be noted that up
till now, the studies of TCs were mainly based on the morphology
aspect, while direct evidence to show the roles of TCs in diseases and
regenerative medicine is still lacking. In such circumstances, it is nec-
essary to explore TC-specific markers useful to identify the presence
of TCs in a more specific and easier way in tissues. In addition, it is
highly desirable to perform more functional studies, for example the
gain-of-function assay via transplantation of TCs and the loss-of-
function assay via specific inhibition of the biological functions of TCs
in animal models in vivo, as well as the primary culture of TCs from
different tissues, the co-culture of TCs with other cells and the use of
3D culture environment and tissue engineering in vitro, to further
confirm and clarify the mechanisms by which TCs contribute to tissue
repair and regeneration. Also, a deeper understanding of the relation-
ship between TCs and stem/progenitor cells is of great need. All these
studies will be useful to clarify the biological functions of TCs in tis-
sue repair and regeneration, as well as to provide new insights into
the potential therapeutic values of TCs in regenerative medicine.
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