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Introduction

According to the current state of knowledge, telocytes 
(TCs) represent a novel type of interstitial cells recently 
identified in a variety of organs.1 TCs are ultrastructur-
ally identifiable as stromal cells with typical character-
istics consisting in a small piriform-, spindle-, or 
triangular-shaped cell body giving rise to extremely 
slender cytoplasmic projections, named telopodes, 
reaching up to several hundred micrometers in length 
and often displaying a sinuous trajectory and a dichot-
omous branching pattern.1–4 Telopodes exhibit a dis-
tinctive moniliform shape, owing to the alternation of 
thin segments, referred to as podomers, and small 
dilations, termed podoms, accommodating different 
organelles as mitochondria, endoplasmic reticulum 
cisternae, and caveolae.1–4

Over the last decade, the above-mentioned ultra-
structural criteria allowed to disclose the presence 

and distribution of TCs in the stromal compartment of 
an ever-growing number of organs by transmission 
electron microscopy (TEM).1,3–5 Moreover, both TEM 
and three-dimensional imaging, such as focused 
ion beam–scanning electron microscope (FIB-SEM) 
tomography, revealed that telopodes have an excep-
tional ability to build complex stromal networks by 
establishing multiple intercellular communications both 
between TCs, through homocellular junctions, and 
between TCs and other neighboring cell types, through 
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Summary
Telocytes (TCs) are newly identified interstitial cells characterized by thin and long cytoplasmic processes, called telopodes, 
which exhibit a distinctive moniliform shape and, often, a sinuous trajectory. Telopodes typically organize in intricate 
networks within the stromal space of most organs, where they communicate with neighboring cells by means of specialized 
cell-to-cell junctions or shedding extracellular vesicles. Hence, TCs are generally regarded as supporting cells that help in 
the maintenance of local tissue homeostasis, with an ever-increasing number of studies trying to explore their functions 
both in physiological and pathological conditions. Notably, TCs appear to be part of stem cell (SC) niches in different 
organs, including the intestine, skeletal muscle, heart, lung, and skin. Indeed, growing evidence points toward a possible 
implication of TCs in the regulation of the activity of tissue-resident SCs and in shaping the SC niche microenvironment, 
thus contributing to tissue renewal and repair. Here, we review how the introduction of TCs into the scientific literature 
has deepened our knowledge of the stromal architecture focusing on the intestine and skeletal muscle, two organs in 
which the recently unveiled unique relationship between TCs and SCs is currently in the spotlight as potential target for 
tissue regenerative purposes. (J Histochem Cytochem 69: 795–818, 2021)
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heterocellular junctions.1,3–7 Hence, such intricate 
interstitial networks can serve to mediate cell-to-cell 
signaling and have been proposed to constitute a 
scaffold necessary to dictate the correct tissue organi-
zation during development and maintain tissue/organ 
structural integrity and function in postnatal life.1,4,8 In 
addition, TCs can release different types of extracel-
lular vesicles which act as transporters involved in the 
intercellular exchange of a variety of molecular sig-
nals, including cytokines, growth factors, and mRNAs, 
as well as epigenetic regulators like miRNAs and other 
non-coding RNAs.1,4,9,10

A growing number of studies have reported that 
immunohistochemical staining and light microscopy 
techniques are also suitable to identify TCs in the con-
nective tissues of different organs.1,4,11–14 Currently, 

although TC-specific antigenic markers have yet to 
be determined, CD34 is widely accepted to immunola-
bel TCs that are, indeed, frequently referred to as TCs/
CD34+ stromal cells (Figs. 1A and 2A).11,15,16 Platelet-
derived growth factor receptor (PDGFR)α is also 
commonly employed as TC marker, and double immu-
nolabeling for CD34 and PDGFRα can help in distin-
guishing TCs from other stromal cells in many organs 
(Fig. 1B–D).1,4,13,14 It has also been demonstrated that 
the immunophenotype of TCs may vary among organs 
and that TC subtypes having different immunohisto-
chemical characteristics can often coexist in the 
stroma of the same organ.14 For instance, TCs may be 
CD34+, PDGFRα+, or c-kit/CD117+ in the stromal com-
partment of some organs, such as the heart and the 
cornea, while they are CD34+ and PDGFRα+ but lack 

Figure 1.  Immunohistochemical localization of telocytes in human corneal stroma. (A) CD34 immunoperoxidase-based immunohis-
tochemistry. Telocytes are identifiable as CD34+ stromal cells with a small cell body giving rise to long and thin moniliform cytoplas-
mic extensions (telopodes) characterized by the alternation of slender segments and small dilations along their length. (B–D) Double 
fluorescence immunohistochemistry for CD34 (red) and PDGFRα (green) with DAPI (blue) counterstain for nuclei. Telocytes are 
identifiable as CD34+PDGFRα+ stromal cells with characteristic telopodes. Scale bar: (A), 100 µm; (B–D), 50 µm. Abbreviations: DAPI, 
4′,6-diamidino-2-phenylindole; PDGFRα, platelet-derived growth factor receptor α.
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c-kit/CD117 expression in others, such as the gastroin-
testinal tract.1,4,14,17,18 Moreover, TCs surrounding the 
intestinal crypts have been shown to be characterized 
by the expression of the Foxl1 transcription factor.19 In 
addition, when using CD34 as TC marker, it is impor-
tant to consider that its expression is shared by TCs 
and endothelial cells of blood vessels in all vascular-
ized connective tissues. Therefore, immunohisto-
chemical detection of CD34 in combination with the 
endothelial cell-specific marker CD31, also known 
as platelet/endothelial cell adhesion molecule-1, has 
been largely applied to allow a clear discrimination of 
CD34+CD31− TCs from neighboring CD34+CD31+ 
vascular endothelial structures (Fig. 2B).17,20 Double 
immunostaining for CD34 and α-smooth muscle actin 
(αSMA) is also useful to distinguish CD34+αSMA− TCs 
from other often adjacent cell types that, depending on 
the kind of tissue, may be represented by myofibro-
blasts, myoid cells, periglandular myoepithelial cells, 
smooth muscle cells, and pericytes, all expressing 
αSMA but lacking CD34 (Fig. 2C).13,20 Furthermore, 
increasing evidence supports the notion that TCs dis-
play gene expression, proteomic profiles, and miRNA 
signatures rather different from those of “classical” 
fibroblasts and other tissue-resident stromal cells, 
such as mesenchymal stem cells (SCs).1,4,21–23 Table 1 
presents a summary of the main immunophenotypic 
markers useful to identify TCs in different organs.

The TC roles are still not fully known, but numerous 
studies suggest that these peculiar stromal cells may 
have both general and location-specific heteroge-
neous functions.23,24 First, as already mentioned, the 
unique aptitude of telopodes to establish multiple con-
nections with neighboring cells could provide struc-
tural support and cell-to-cell signaling cues necessary 
to coordinate tissue organization during morphogene-
sis and to preserve tissue homeostasis during postna-
tal life.8,23,24 Of note, the numerous abnormalities in the 
TC networks reported in a variety of diseased tissues 
further strengthen the idea that TCs may act locally as 
critical homeostatic regulators.8,11,25,26 Moreover, in 
organs that are subjected to constant physical stress, 
such as the gastrointestinal tract, urinary bladder, and 
skeletal muscle, it has been proposed that TCs may be 
involved in the modulation of mechanical sensing to 
favor the necessary tissue adaptation to the different 
physiological conditions.24,27 Besides, the findings that 
TCs express cytokines and form intercellular contacts 
with immune cells in different organs, including the 
heart, skin, and intestine, suggest that they may take 
part in the regulation of local immune responses.24

In this context, growing evidence points toward a 
possible implication of TCs in tissue renewal and 
reparative processes through the regulation of 

Figure 2.  Immunohistochemical localization of telocytes in 
human tongue connective tissue. (A) CD34 immunoperoxidase-
based immunohistochemistry with hematoxylin counterstain. 
By means of their long and moniliform prolongations (telopo-
des), CD34+ telocytes form an extensive stromal cell network 
throughout the tongue lamina propria. (B) Double fluorescence 
immunohistochemistry for CD34 (green) and CD31 (red) with 
DAPI (blue) counterstain for nuclei. Telocytes, identifiable as 
CD34+CD31− stromal cells, intimately surround blood ves-
sels showing CD34+CD31+ endothelial cells, as well as the 
CD34−CD31+ endothelium of initial lymphatic vessels. (C) Double 

(continued)



798	 Rosa et al.

survival, proliferation, differentiation, maturation, and 
guidance of SCs located in the niches of several 
organs.8,24 Indeed, a number of studies reported that 
TCs colocalize with tissue-resident SCs/progenitor 
cells and, therefore, are part of the SC niche microen-
vironment of different organs, such as the intestine, 
skeletal muscle, heart, lung, skin, and eye.8,24,28–33 
SCs, as fundamental cells for tissue regeneration 
identified in most adult human organs, possess an 
intrinsic capacity for either long-term self-renewal or 
multi-lineage differentiation, but are strictly dependent 
on the microenvironment where they reside.34 Hence, 
the term SC niche refers not only to SCs themselves 
and their progeny but also to the specific surrounding 
microenvironment consisting of multiple cell types 
(e.g., mesenchymal stromal cells, blood and lymphatic 
capillaries, nerve endings, adipocytes, and supporting 
interstitial cells), as well as a niche-specific extracel-
lular matrix, rich in SC growth factors, chemokines, 
and other regulatory molecules, in which these cells 
are embedded.34 Among the different cell types popu-
lating the niche, a variety of tissue-resident inflamma-
tory/immune cells cooperating with SCs to protect 
tissue against damage and pathogens are also pres-
ent. SC niches represent functional units for growth 
and regeneration in many tissues, where they hold a 
position of significant importance for preserving the 
proper tissue function. In particular, the rate and 
modality by which tissue-resident SCs maintain tissue 
local homeostasis and repair vary according to the tis-
sue architecture and regenerative demands.34 For 
instance, cellular replacements are constant in bone 
marrow, epidermis, and intestine; episodic in the hair 
follicle and mammary gland; while limited in brain and 
muscle tissue. Nevertheless, largely quiescent SCs 
can be activated when local tissue is injured.34 Despite 
the aforementioned tissue differences, it appears that 
SCs often follow similar patterns in communicating 
with their niche microenvironment to transition between 
quiescent and regenerative states.34 Within their niche, 
SCs are protected as much as possible from damage 
or loss by maintaining appropriate communications 
with their surroundings, which is also essential to 
ensure their proper responsiveness to physiological 

fluorescence immunohistochemistry for CD34 (green) and αSMA 
(red) with DAPI (blue) counterstain for nuclei. CD34+αSMA− 
telocytes intimately encircle secretory salivary gland units out-
side of αSMA+ myoepithelial cells, as well as the αSMA+ pericytes 
of capillary vessels and smooth muscle cell layer of arterioles. 
Scale bar: (A–C), 50 µm. Abbreviations: αSMA, α-smooth muscle 
actin; BV, blood vessel; DAPI, 4′,6-diamidino-2-phenylindole; 
LV, lymphatic vessel.

Figure 2.  (continued) cues for cell replacement and repair.34,35 The primary 
function of a specialized niche microenvironment 
is to coordinate SC activities both temporally and 
spatially.34,35 In particular, cell–cell interactions within 
the niche provide structural support, regulate adhesive 
interactions, and produce soluble signals controlling 
SC function. Hence, the niche provides unique chemi-
cal, physical, mechanical, and topographical signals 
that are crucial in facilitating the renewal and regulat-
ing the fate of SCs.34,35 Although TCs have only 
recently entered this scenario, based on their peculiar 
features, they have increasingly attracted much atten-
tion as possible coordinators of intercellular signals 
within the SC niche microenvironment of different 
organs either through direct cell-to-cell junctions or 
through the release and transfer of extracellular 
vesicles, such as exosomes, ectosomes, and multi-
vesicular cargos, to tissue-resident SCs.8–10,24,28,29,36,37 
Interestingly, recent evidence further indicates that 
SCs are also capable of secreting small vesicles into 
the surrounding extracellular milieu,38 thus promoting a 
close and steady crosstalk between TCs and SCs 
within the niche. In addition, as in some organs TCs 
have been reported to express SC markers such as 
c-kit/CD117, Sca-1, and Oct-4, some authors have sug-
gested that TCs themselves could represent a subpop-
ulation of mesenchymal SCs directly engaged on the 
frontline during tissue regenerative processes.8,29,31,39

In this review, we depict how the identification and 
characterization of TCs have contributed to deepen 
our knowledge of the stromal architecture focusing on 
the intestine and skeletal muscle, two organs in which 
the recently unveiled unique relationship between TCs 
and SCs is currently in the spotlight as potential target 
for tissue regenerative purposes. In particular, we pro-
vide an overview of the tissue-specific arrangement 
and complexity of SC niches and their reappraisal fol-
lowing the introduction of TCs as new components of 
the niche microenvironment, emphasizing the func-
tional relevance of the TC-SC interplay and possible 
pathological implications.

TCs as New Components of 
Gastrointestinal SC Niche

The Gastrointestinal SC Niche 
Microenvironment Before the Identification of 
TCs

The gastrointestinal wall comprises four layers of spe-
cialized tissues. The innermost layer is the mucosa 
that surrounds the lumen of the tract and is made up 
of three sublayers, namely, the epithelium, the lamina 
propria consisting of loose connective tissue, and the 
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muscularis mucosae (i.e., a thin layer of smooth mus-
cle). The submucosa is located just beneath the 
mucosa and contains blood and lymphatic vessels, 
elastic fibers, and nerves including the submucous 
plexus, also called Meissner’s plexus. The underlying 
muscle coat surrounds the submucosa and comprises 
two sublayers of smooth muscle in circular and longi-
tudinal orientation separated by the myenteric plexus, 
also called Auerbach’s plexus. The serosa/adventitia 
represents the outermost layer.

The single-layered columnar epithelium lining the 
lumen of both the small and large intestines performs 
nutrient digestion and absorption and acts as a pri-
mary defense against pathogenic agents and toxins. It 

presents the highest cellular turnover rate compared 
with any other tissue in the body, as it is continuously 
renewed within 3 to 5 days to maintain its morphofunc-
tional integrity.40 Such a rapid turnover depends on the 
constant replacement of epithelial cells by proliferating 
progenitors derived from multipotent intestinal SCs 
(ISCs) that are able to give rise to the various differen-
tiated intestinal cell lineages on the basis of the spe-
cific gut region. In the small intestine, the epithelium is 
structured into repeating units consisting of two mor-
phologically and functionally distinct compartments, 
namely, a finger-like villus projecting into the lumen 
and a pocket-like crypt (Lieberkuhn crypt) reaching 
the underlying stroma. Instead, the epithelium of the 

Table 1.  Summary of the Main Immunophenotypic Markers of TCs in Different Organs.

Organ Marker References

Heart CD34
c-kit/CD117
PDGFRα
PDGFRβ

Marini et al.17 and Kondo and Kaestner24

Skeletal muscle CD34
c-kit/CD117
PDGFRβ

Marini et al.17

Synovium CD34
PDGFRα

Rosa et al.12

Airways and lung CD34
c-kit/CD117

Marini et al.17 and Kondo and Kaestner24

Gastrointestinal 
tract

CD34
PDGFRα
Foxl1 (pericryptal)

Vannucchi and Faussone-Pellegrini,14 Marini et al.,17 
Shoshkes-Carmel et al.,19 Cretoiu et al.23 and 
Kondo and Kaestner24

Tongue CD34
PDGFRα

Rosa et al.20

Salivary glands CD34
PDGFRα

Vannucchi and Faussone-Pellegrini14 and Rosa et al.20

Liver CD34
PDGFRα

Vannucchi and Faussone-Pellegrini14

Kidney CD34
c-kit/CD117

Kondo and Kaestner24

Urinary bladder PDGFRα (upper lamina propria)
CD34 (lower lamina propria, detrusor)

Vannucchi and Faussone-Pellegrini14 and Marini et al.17

Uterus CD34
c-kit/CD117
PDGFRα
PDGFRβ

Vannucchi and Faussone-Pellegrini14 and Marini et al.17

Fallopian tube CD34
c-kit/CD117

Marini et al.17

Testis CD34
PDGFRα

Marini et al.13

Cornea CD34
PDGFRα
c-kit/CD117 (some)

Marini et al.18

Skin CD34 Romano et al.16 and Kondo and Kaestner24

Mammary gland CD34 Kondo and Kaestner24

Abbreviations: TC, telocyte; PDGFRα, platelet-derived growth factor receptor α; PDGFRβ, platelet-derived growth factor receptor β.
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large intestine is characterized by deeper crypts and a 
flat luminal surface devoid of villi. The ISCs that are 
present in the small intestine are located at the bottom 
of the crypts, with each crypt containing from 12 to 16 
ISCs.41 Once left their staminal compartment, the 
ISCs quickly divide and give rise to highly proliferative 
progenitor cells in the so-called transit amplifying (TA) 
region located in the upper crypt. These TA cells 
migrate upward toward the villus, and while approach-
ing the top of the crypt, they differentiate into distinct 
mature epithelial cell lineages, including absorptive 
enterocytes, mucus-secreting goblet cells, secretory 
Paneth cells, enteroendocrine cells, and tuft cells. 
Most of the differentiated cells continue to migrate 
upward to replace the shedding epithelial cells at the 
top of the villus, while Paneth cells come back to the 
staminal compartment, where they finally distribute 
interspersed with ISCs.42

Since their first identification in 2007, two types of 
ISCs have been characterized. The first type is repre-
sented by the crypt base columnar (CBC) SCs, identi-
fied through genetic lineage tracing experiments and 
marked by the expression of leucine-rich repeat con-
taining G protein-coupled receptor 5 (Lgr5), a receptor 
for R-spondin molecules, and Olfactomedin 4 gene 
that is a target of the Wnt/β-catenin pathway.43,44 CBC 
ISCs have been shown to be actively cycling and long-
lived cells able to give rise to all the differentiated cell 
lineages of the intestinal epithelium and, thus, they are 
considered the active population of ISCs.43 The sec-
ond pool of ISCs instead comprises normally quies-
cent and more slowly cycling SCs residing above the 
crypt base around the so-called “+4” region, that is, 
four cells distal to the bottom of the crypt. These alter-
native ISCs express different cell markers and, even if 
they do not normally perform SC function, they appear 
to constitute a reserve staminal population that can be 
activated following stressing conditions.45–49 Indeed, it 
has been demonstrated that, despite the specific abla-
tion of CBC ISCs in mice using a human diphtheria 
toxin receptor gene knocked into the Lgr5 locus, the 
epithelial homeostasis was not perturbed, as Bmi1-
expressing SCs are able to compensate for the loss of 
CBC ISCs and repopulate the intestinal epithelium.50 
Interestingly, these quiescent ISCs have been pro-
posed to be more likely the slow-cycling committed 
secretory progenitor cells located at around the +4 
position, which would then be capable of dedifferenti-
ating into CBC ISCs under certain conditions.51 In 
support to this notion, Delta-like (Dll)1+ and Atoh1+ 
secretory progenitor cells have been shown to be 
able to convert into CBC ISCs following crypt dam-
age through a dedifferentiation process accompanied 
by a dynamic chromatin reorganization.52–54 Besides 

slow-cycling secretory progenitor cells, highly prolifer-
ative and short-lived Alpi+ enterocyte progenitor cells, 
Lyz1+ Paneth cells, and differentiated enteroendocrine 
cells have also been found to have the potential of 
regaining stemness and reverting to CBC ISCs to 
regenerate the intestinal epithelium after ISC loss.55–59 
Furthermore, recent single cell analyses of the ISC 
lineage demonstrated the existence of a damage-
inducible population of multipotent slow-cycling and 
Clusterin+ ISCs referred to as revival SCs.60 Although 
rare and with a very limited contribution to the main-
taining of normal intestinal homeostasis, these cells 
are able to quickly expand and regenerate the intestinal 
epithelium after irradiation-induced epithelial injury.60 
Taken together, these observations indicate the high 
plasticity of numerous non-SCs of the ISC lineage. Of 
note, recent studies have additionally demonstrated 
that also villus epithelial cells, traditionally considered 
irreversibly committed to a functional cell state, actu-
ally can constantly change their functional state, 
expressing different genes on the basis of their posi-
tion along the villus axis and, thus, exhibiting a great 
spatial heterogeneity.61–63

The self-renewal, long-term maintenance, and dif-
ferentiation capabilities of ISCs rely on the intricate 
interaction among different intracellular pathways and 
extracellular signals provided by the neighboring epi-
thelial and mesenchymal cells constituting the special-
ized niche microenvironment (i.e., the ISC niche).64,65 
Consistent with this notion, in vitro expansion and 
growth of CBC ISCs into organoids containing prolifer-
ating and differentiated epithelial cells is, indeed, sup-
ported only if factors partly provided in vivo by the 
mesenchymal niche are administered.64,66

Among these factors, the canonical Wnt/R-spondin 
system represents one of the major mitogens. The 
Wnt/β-catenin pathway, which is activated by the bind-
ing of Wnt ligands to Frizzled receptors and LRP5/6 
coreceptors, initiates a signaling cascade that finally 
leads to the inhibition of cytoplasmic β-catenin ubiqui-
tination, with its consequent stabilization and translo-
cation into the nucleus, where it interacts with the 
transcription factor T-cell factor (TCF) and other cofac-
tors to activate the transcription of Wnt target genes.67 
R-spondins are the ligands for the orphan receptors 
Lgr4/5/6 and are considered Wnt agonists, as they can 
potentiate Wnt signaling by positively regulating the 
abundance of Wnt receptors on the cell surface.68 
Several experimental studies have demonstrated the 
pivotal role played by canonical Wnt signaling cascade 
in ISC function and crypt cell proliferation. Among 
these, the conditional knockout of the Wnt effectors 
TCF4 or β-catenin, as well as the transgenic overex-
pression of the Wnt inhibitor Dickkopf (Dkk)1 or the 
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deletion of R-spondin receptors Lgr4/5 in the gut epi-
thelium determined the disappearance of ISCs and a 
rapid loss of crypt proliferation.69–73 On the contrary, 
transgenic expression and injection of R-spondin1 led 
to hyperproliferation of the crypt cells.74 It has also 
been recently demonstrated that the global blockade 
of Wnt production through the conditional ablation of 
Wntless, a transmembrane protein required for the 
secretion of mature Wnt proteins, causes a deep 
impairment in the homeostatic renewal of the intestinal 
epithelium.75 Furthermore, Wnt signaling inhibition 
with the obligatory Wnt processing enzyme Porcupine 
(Porcn) inhibitor C59 determined a burst of mitogen-
activated protein kinase (MAPK)-dependent prolifera-
tion of CBC ISCs that rapidly depleted the SC pool, as 
they continued to differentiate without replenishing the 
staminal compartment.76 Another signaling pathway 
able to maintain ISC stemness is represented by Notch 
signaling, which starts with the binding of the ligands 
Jagged and Dll to the Notch receptor and leads to the 
proteolytic cleavage of the Notch intracellular domain 
that translocates into the nucleus and activates the 
transcription of target genes. In this context, the inhibi-
tion of Notch signaling caused ISC loss and secretory 
cell hyperplasia, whereas its overactivation led to 
intestinal progenitor cell expansion.77,78 ISC prolifera-
tion and self-renewal is additionally promoted by the 
epidermal growth factor receptor (EGFR) signal trans-
duction cascade, as demonstrated by the fact that 
EGFR inhibition or the removal of epidermal growth 
factor (EGF) from the medium of the intestinal organ-
oid culture system blocked the proliferation of ISCs 
and further induced them into quiescence.66,79 In con-
trast to the aforementioned signaling pathways, the 
bone morphogenetic protein (BMP) signaling cascade 
negatively regulates ISC stemness, as it inhibits their 
proliferation and promotes their differentiation through 
a Smad-mediated transcriptional repression of a large 
number of Wnt signature genes, including Lgr5.80–83 
Indeed, the transgenic expression of the BMP antago-
nist Noggin in mice has been shown to cause ectopic 
crypt formation,84 as well as the conditional inactiva-
tion of BMPR1A in mice led to intestinal polyposis.81 
Finally, two other pathways involved in the regulation 
of ISC function are represented by the Hippo and the 
Hedgehog (Hh) signaling pathways.65 Collectively, the 
activity of all these signalings creates reverse gradi-
ents along the crypt–villus axis to orchestrate self-
renewal and differentiation of ISCs.

Over the past decade, in the wake of the results 
obtained by Sato et al.66 on the intestinal organoid cul-
ture system demonstrating that epithelial signaling 
production is entirely dispensable for ISC regulation, 
scientists have long debated about the identity of the 

intestinal niche cells.65,85 First, on the basis of their 
direct interaction with ISCs and their capability to 
secrete signaling molecules such as Wnt3 and EGF, 
postmitotic Paneth cells have been proposed as the 
ISC niche.86 However, this hypothesis was soon ques-
tioned by the results of two independent studies show-
ing no changes in ISC proliferation and maintenance 
upon ablation of Paneth cells.87,88 Moreover, Wnt3 
deletion in Paneth cells showed no effect on crypt 
health,89 as well as the elimination of Wnt production 
in the epithelial compartment by epithelium-specific 
gene knockout of Porcn had no evident effects on 
intestinal homeostasis.90,91 All these findings, together 
with the observation that the global blockade of Wnt 
secretion in both the epithelial and subepithelial 
mesenchymal intestinal compartment determined ISC 
loss,75 led scientists to put forward stromal myofibro-
blasts, located in close proximity to ISCs, as an alter-
native source of mitogenic Wnt signals. This second 
hypothesis was investigated through the inhibition of 
Wnt signaling in myofibroblasts using myosin heavy 
chain 11 (Myh11)-CreER;PorcnloxP mice, but again no 
effects on intestinal morphogenesis and SC function 
were detected.91

A Reappraisal of the Gastrointestinal SC Niche 
Microenvironment and Stromal Compartment 
After the Identification of TCs

In recent years, several studies have identified TCs, 
characterized by the expression of the winged helix 
transcription factor Foxl1, the Hh signaling mediator 
Gli1, CD34, and PDGFRα, as the crucial source of 
mitogenic/morphogenic signals to the crypt staminal 
compartment.24,64 TCs are closely associated with the 
columnar epithelial cells and form a continuous plexus 
(pericryptal sheath) just underneath the epithelium via 
the protrusion of long and thin moniliform cytoplasmic 
extensions reaching several hundred micrometers in 
size (Fig. 3). In addition, TCs express multiple critical 
crypt signaling proteins such as the Wnt signaling mol-
ecules Wnt2B and Wnt5A, the coactivator R-spondin3, 
as well as the BMP antagonist gremlin 1 (Grem1). Of 
note, they are distinct from other mesenchymal cells 
such as myofibroblasts, as demonstrated by their 
immunonegativity for αSMA and Myh11.19,92 The first 
functional evidence that TCs constitute a critical 
component of the ISC niche, having a pivotal func-
tion in intestinal maintenance, came in 2016 from the 
experiments of Aoki and colleagues.92 In this study, 
conditional diphtheria toxin-mediated ablation of 
Foxl1-expressing TCs in mice resulted in a rapid 
degeneration of the intestinal mucosal architecture, 
with the ceasing of epithelial proliferation within a few 
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days after the administration of the toxin.92 In particu-
lar, the length of both small and large bowels was 
shortened, villus length was halved, and the number of 
proliferating cells per crypt was reduced by more than 
95%. Of note, even if the Wnt signaling to the epithe-
lium was found to be critically reduced, the nature of 
the involved mitogenic pathway was not unequivocally 
demonstrated.92 The question of whether Wnt signals 
secreted by TCs are effectively required for the crypt 
function was solved in a following experimental study 
in which Wnt production was specifically blocked in 

Foxl1+ TCs through the conditional gene ablation of 
Porcn, which is necessary for the functional matura-
tion of all Wnt proteins.19 Such an active Wnt signaling 
elimination led to the complete disappearance of the 
epithelial proliferation and renewal in both the small 
intestine and colon within 72 hr and to mice death in 3 
to 4 days, providing clear evidence that the Wnt pro-
teins produced by epithelial cells or other Foxl1– stro-
mal cells are not able to compensate for the loss of 
Wnt signals from Foxl1+ TCs and definitely establish-
ing Foxl1+ TCs as the critical source of Wnt signals.19 

Figure 3.  Schematic representation of the continuous plexus formed by telocytes with their long and thin moniliform extensions (telo-
podes) appositioned just underneath the intestinal epithelium. The telocyte plexus compartmentalizes the production of crucial signaling 
molecules contributing to the formation of the Wnt-BMP gradient essential for intestinal stem cell self-renewal and differentiation along 
the crypt–villus axis. Telocytes surrounding the bottom of the crypt release more Wnt activators such as canonical Wnt ligands and 
R-Spondin, which promote stem cell proliferation, while those bordering the epithelium at the crypt–villus junction and at the villus tip 
release more Wnt inhibitors, such as BMP and Dkk family members, thus orchestrating progressive cell differentiation along the crypt–
villus axis. Abbreviations: BMP, bone morphogenetic protein; Dkk, Dickkopf.
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In the same study, sorted Foxl1+ intestinal TCs were 
also used to perform a transcriptome profiling. 
Interestingly, this analysis not only demonstrated that 
these cells are characterized by an expression profile 
that is clearly different from Foxl1– mesenchymal or 
epithelial cells, but also that besides expressing Wnt 
signaling activators, including Wnt2b, Wnt5a, and 
R-spondin3, they also express Wnt signaling inhibitors 
such as Dkk2, Dkk3, and the decoy receptor sFRP1. 
Similarly, Foxl1+ TCs express BMP4, BMP5, BMP6, 
and BMP7, as well as the BMP inhibitors chordin-like1 
and Grem1.19 Such an apparently paradoxical obser-
vation led the authors to perform single molecule 
RNA-FISH (fluorescence in situ hybridization) experi-
ments, through which they demonstrated that TCs are 
able to compartmentalize their transcripts depending 
on their position along the crypt–villus axis, releasing 
more Wnt activators at the bottom of the crypt, where 
CBC ISCs are situated, and producing more Wnt 
inhibitors near the crypt–villus junction and at the 
villus tip (Fig. 3).19 By maintaining this different Wnt 
activators:inhibitors ratio along the crypt–villus axis, 
TCs may therefore contribute to the Wnt-BMP gradient 
formation that is known to be essential for ISC self-
renewal and differentiation (Fig. 3). After being charac-
terized in mice, Foxl1+ TCs have recently been 
described in the human colon as well by a single cell 
RNAseq analysis of the colonic stroma from patients 
with ulcerative colitis (UC) and healthy controls.93 
Interestingly, given the decrease in the proportion of 
these cells in patients with UC, it has been suggested 
that Foxl1+ TC impairment could play a role in the 
pathogenesis of inflammatory bowel diseases, proba-
bly by mediating the interactions of luminal antigens 
with the immune system after failure of the intestinal 
barrier.93 Finally, it has been recently reported that 
Foxl1+ TCs of the intestinal niche are evolutionarily 
conserved among terrestrial vertebrates and can 
be induced by thyroid hormone through sonic Hh 
signaling during amphibian metamorphosis for SC 
development.94

Although not specifically referred to as TCs but pre-
sumably identifiable as so, populations of pericryptal 
stromal cells expressing different markers such as 
CD34, Gp38 (podoplanin), PDGFRα, and Gli1 have 
been described by different groups as major compo-
nents of the ISC niche.95–97 In 2017, bulk RNA-
sequencing analysis revealed that CD34+ and Gp38+ 
cells express Wnt2b in normal intestine and present a 
dramatic upregulation of R-spondin1 and Grem1 after 
dextran sodium sulfate–induced intestinal inflamma-
tion, thus playing a crucial role in regulating ISC prolif-
eration during both physiological homeostasis and 
intestinal repair.95 In addition, these cells have been 

shown to support ISC proliferation in the organoid cul-
ture system, as their addition to the culture caused the 
transformation of organoids with budding crypts to 
spherically shaped organoids, a phenotype due to 
increased ISC proliferation and impaired epithelial dif-
ferentiation.95 Subsequently, Greicius et al.96 reported 
that conditional knockout of Porcn using a PDGFRα-
Cre line in the small intestine impaired crypt forma-
tion, revealing that the PDGFRα+ mesenchymal cells 
provide Wnt signals necessary for ISC maintenance. 
Furthermore, PDGFRα+ mesenchymal cells were also 
found to express R-spondin3 and to support the growth 
of organoids from Wnt-deficient intestines.96 Similarly, 
another group reported the crucial role of cells express-
ing the Hh pathway transcription factor Gli1 in the reg-
ulation of ISC niche signals.97 In this study, conditional 
ablation of Wntless, a protein that like Porcn is required 
for the production of all Wnt proteins, through an induc-
ible Gli1-CreER driver caused ISC loss and conse-
quent crypt collapse only in the colon and not in the 
small intestine, unless such an ablation was combined 
with a Villin-CreER driver, which thus removed any Wnt 
proteins emanating from the intestinal epithelium.97 
On the basis of these results, the authors concluded 
that Gli1+ stromal cells are essential Wnt producing 
cells for ISC maintenance only in the colon, while in 
the small intestine, they provide redundant Wnt sig-
nals together with epithelial cells.97 Because (1) 
Foxl1+ TCs represent the subepithelial subset of 
PDGFRα+ gastrointestinal stromal cells, (2) Gli1+ 
cells include both Foxl1+ TCs and CD34+ stromal 
cells, and (3) gastrointestinal TCs have been identified 
as CD34+PDGFRα+ stromal cells,19,64,98 it is tempting to 
speculate that there may be a substantial overlap 
among all these different cell populations and that each 
of these studies identified indeed the same stromal cell 
population, namely, the TCs. As previously mentioned, 
TCs reside broadly beneath the entire intestinal epi-
thelium. Interestingly, by combining laser capture 
microdissection and single cell RNA-sequencing, a 
subpopulation of TCs localized at the villus tip and 
marked by the epithelial staminal marker Lgr5 has 
been recently characterized.99

In contrast to ISC niches, stomach SC niches have 
been so far poorly investigated. In this regard, by using 
single cell transcriptome and mouse genetic analyses, 
a very recent study has identified conserved stromal 
cell populations that are Hh responsive and express 
Wnt ligands and TC markers.100 Such stromal cell pop-
ulations have been shown to play a critical role in gas-
trointestinal regeneration, while during development 
and adult homeostasis, their action was found to be 
redundant with other stromal cell populations.100 Taken 
together, these results demonstrated for the first time 
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that gastric stromal cells constitute a critical Wnt SC 
niche and that Hh- and Gli2-mediated transcriptional 
activation of SC niche signals is conserved in both the 
stomach and the intestine.100

Besides being located in the lamina propria of the 
mucosa, where they form nets bordering the funds of 
gastric glands, the intestinal crypts, and the entire 
abluminal side of the epithelium, TCs are widely dis-
tributed throughout all the other layers of the gastro-
intestinal wall (Fig. 4A–D).98,101 In the submucosa, 
CD34+PDGFRα+ TCs have been shown to be orga-
nized in a dense network that surrounds large ves-
sels, envelops local ganglia, forms tight meshes in the 
loose connective tissue, and constitutes an almost 
continuous monolayer embracing the muscularis 

mucosae.98 Such a spatial organization likely guaran-
tees mechanical support to the connective compo-
nents during peristalsis and helps in maintaining the 
integrity of the ganglia during bowel movements. 
Moreover, the TC scaffold might be implicated in 
the regional distribution of other stromal cells and 
play a significant role in regulating the arrange-
ment and maintenance of the extracellular matrix. 
In the muscularis propria, similar complex networks 
of CD34+PDGFRα+ TCs have been described at the 
submucosal border of the circular muscle layer, in the 
myenteric plexus region where they surround ganglia 
and the enteric nerve strands, and among the smooth 
muscle bundles and cells of both the circular and lon-
gitudinal muscle layers.98

Figure 4.  Immunohistochemical localization of telocytes in human gastrointestinal tract. (A) PDGFRα immunoperoxidase-based immu-
nohistochemistry with hematoxylin counterstain. PDGFRα+ telocytes form a plexus closely surrounding gastric glands. Inset: higher 
magnification of the boxed area showing a telocyte with its moniliform prolongations (telopodes) juxtaposed underneath gastric gland 
cells. (B–D) Double fluorescence immunohistochemistry for PDGFRα (B, green) or CD34 (C and D, green) and c-kit (red) with DAPI 
(blue) counterstain for nuclei. In the muscularis propria, PDGFRα+ and CD34+ telocytes and c-kit+ interstitial cells of Cajal form 
interconnected networks in muscle layers and at the myenteric plexus. Scale bar: (A–D), 50 µm. Abbreviations: DAPI, 4′,6-diamidino-
2-phenylindole; MP, myenteric plexus; PDGFRα, platelet-derived growth factor receptor α.
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In the different layers of the gastrointestinal wall, 
TCs interact with a large variety of neighboring cells by 
establishing functional communications through both 
vesicles/exosomes and cell-to-cell contacts.7 In this 
context, in the gut muscle coat, it is important to take 
into account the spatial and cellular interaction of TCs 
with the specialized gut pacemaker interstitial cells of 
Cajal (ICCs), with which they are supposed to regulate 
gastrointestinal motility. The networks of TCs and ICCs 
have been described to run parallel and sometimes 
intermingled, forming cell-to-cell contacts with each 
other, within both the circular and longitudinal mus-
cle layers, as well as at the myenteric plexus region 
(Fig. 4B–D).98,102,103 By contrast, TCs but no ICCs 
have been found within and around interganglionic 
nerve fascicles, submucosal nerves, and mesen-
teric nerves.103 ICCs are constantly innervated and 
participate in the control of peristalsis, ensuring 
coordinated patterns of smooth muscle cell activity 
by mediating neurotransmission.102,104–106 Conversely, 
although under light microscopy nerve fibers are usu-
ally seen in the proximity of TCs,7,107,108 the observation 
of these stromal cells by using TEM has unequivocally 
demonstrated that TCs never establish cell-to-cell con-
tacts with nerve endings.7 Consequently, it has been 
proposed that through their contacts with both ICCs 
and smooth muscle cells, TCs might help to coordi-
nate smooth muscle cell activity by spreading the slow 
waves generated by the ICCs or amplifying the electri-
cal signal generated in the ICCs.101,107,108 Such an inte-
grated circuit comprising smooth muscle cells, ICCs, 
and PDGFRα-expressing TCs is commonly referred to 
as “SIP syncytium.”109,110 On the basis that PDGFR 
signaling plays pivotal roles in both organogenesis and 
morphogenesis,111,112 another possible explanation of 
the close relationship between TCs and ICCs is that, 
in postnatal life, CD34+PDGFRα+ TCs might repre-
sent mesenchymal progenitor cells able to differenti-
ate into ICCs.113 Of note, even if initially considered 
the same cell type, ICCs and TCs can be easily dis-
tinguished within the gut muscle coat according to 
their different immunophenotypes, as ICCs are c-kit+

CD34−PDGFRα−, while TCs are c-kit−CD34+PDGF
Rα+ (Fig. 4B–D).1,98,114 The possibility that TCs might 
represent local progenitors of ICCs is also supported 
by the evidence that, after ICC apoptosis, mitoses are 
frequently detected in TCs but not in ICCs, as well as 
the downregulation or even loss of CD34 expression 
and the acquisition of the ICC marker c-kit by TCs in 
culture.8 Besides ICCs and smooth muscle cells, TCs 
are also often closely apposed to immune cells such 
as plasma cells, lymphocytes, mast cells, eosinophils, 
and basophils. In this regard, it has been assumed that 
TCs might have a role in both immune-regulation and 

immune-surveillance. In particular, it has been pro-
posed that TCs could secrete soluble chemoattractant 
molecules along their telopodes, acting as guides for 
the immune cells, as well as behaving as dendritic-like 
cells by presenting tissue-derived antigens to immune 
cells either by intercellular contacts or the release of 
exosomes.1,4,7,14 Among immune cells, gastrointestinal 
macrophages regulated by enteric neurons and with 
an anti-inflammatory phenotype seem to play a signifi-
cant role in the muscularis propria of the enteric wall, 
being directly involved in intestinal homeostasis and 
functionality.115–117 Through immunohistochemical and 
TEM analyses, TCs and macrophages have been 
reported to establish extended cell-to-cell contacts in 
both human and mouse gut, with TCs almost encir-
cling macrophages by their long and thin processes. 
Such a close and extended spatial relationship might 
guarantee an adequate distribution of macrophages 
in the different layers of the gut wall and could repre-
sent a support for these cells when the meshes are 
stretched during the contractile activity. Of note, it 
has also recently been demonstrated that TCs are 
frequently intercalated between macrophages and 
smooth muscle cells, making contacts with both cell 
types.118 This finding led to propose TCs as mediators 
of the macrophage actions on smooth muscle cells.118 
Finally, as it has been reported that the TCs located in 
the tunica muscularis of the gut express both purine 
receptors P2Y1 and apamin-sensitive SK3 channels 
and respond to agonists and antagonists to these 
receptors,107,119–122 an additional role raised for gastro-
intestinal TCs is that of representing targets of neural 
signals. Interestingly, changes in the functionality of 
such receptors have been associated with different 
gastrointestinal diseases.123–125 Of note, as enteric 
TCs also express soluble guanylyl cyclase, it has been 
suggested that they may even act as neural transduc-
ers responding to ATP and nitric oxide.107,110

Implications of TCs in Gastrointestinal Diseases

On the basis of the aforementioned intriguing roles 
proposed for TCs in the digestive tract, a growing 
number of studies have investigated their possible 
involvement in different gastrointestinal pathological 
processes.25,26,126–130 Changes in the distribution of 
TCs have been first reported in surgical specimens 
obtained from patients affected by Crohn’s disease 
(CD) and UC, two inflammatory bowel diseases char-
acterized by chronic inflammation, extensive tissue 
fibrosis, and gastrointestinal dysmotility.126,127 In the 
terminal ileum of patients suffering from CD, in 
which fibrosis commonly involves the entire bowel 
wall and the most peculiar histopathological feature 
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is represented by discontinuous signs of inflammation 
and fibrosis referred to as “skip lesions,” TCs displayed 
a similar distribution to normal control specimens in 
disease-unaffected segments, whereas they were sig-
nificantly reduced in disease-affected portions, partic-
ularly in the areas displaying the most severe fibrotic 
changes and derangement of the intestinal wall 
architecture.126 Interestingly, in the muscularis propria 
of CD lesions, the TC network was discontinuous or 
even completely absent both among smooth muscle 
bundles and around myenteric plexus ganglia.126 A 
similar reduction in TCs strictly related to the gastroin-
testinal tissue fibrotic changes has also been reported 
in UC.127 Indeed, a significant reduction in TCs was 
detected in the affected muscularis mucosae and 
submucosa of both early and advanced fibrotic UC 
specimens.127 Furthermore, the TC network was pre-
served in the spared muscularis propria of early fibrotic 
UC cases, while being greatly compromised in fibrotic 
areas of muscle layers and around myenteric ganglia 
in advanced fibrotic UC cases.127 Of note, CD34/c-kit 
double immunostaining clearly revealed that in the 
muscularis propria of both CD and UC, the impairment 
in the TC network was paralleled by the loss of the ICC 
network, suggesting that the concomitant reduction in 
both interstitial cell types may significantly contribute 
to gastrointestinal dysmotility in these pathological 
conditions.126,127 Abnormalities in TC networks accom-
panied by a significant reduction of intermingling ICCs 
might play a pivotal role also in gastroparesis, a patho-
logical condition characterized by delayed or absent 
emptying of the stomach in the absence of mechanical 
obstruction.130 Indeed, TCs and ICCs may have a piv-
otal role in the coordination of antral contractions that 
are required to fragment and liquefy the food before 
emptying into the duodenum, by modulating excitatory 
and inhibitory impulses and allowing gastric smooth 
muscle cells to act as a syncytium.131 As already men-
tioned, it also appears that in inflammatory bowel dis-
eases, the decrease in the pericryptal Foxl1+ TC 
network may lead to ISC niche impairment and conse-
quent failure of the intestinal barrier.93 As TCs are 
believed to be primarily committed to the maintenance 
of local tissue homeostasis through intercellular sig-
naling, it has also been suggested that the disruption 
of the TC network might favor an uncontrolled activa-
tion of neighboring fibroblasts with their transition to 
profibrotic myofibroblasts, as supported by the con-
comitance of the increase in the number of αSMA+ 
myofibroblasts and disappearance of CD34+ TCs in 
UC tissue specimens.127 Nevertheless, it seems that 
TCs might even act as myofibroblast precursors by 
changing their immunophenotype, namely, by losing 
CD34 and gaining αSMA expression, in certain condi-
tions such as during tissue repair and formation of 

granulation tissue or in the tumor-associated stroma 
by differentiating into cancer-associated fibro-
blasts.8,11,132 As far as cancer is concerned, it has been 
recently shown that loss of PTEN signaling in Foxl1+ 
TCs is sufficient to initiate spontaneous colonic neo-
plasia in mice.129 Finally, although most authors sup-
port the notion that gastrointestinal stromal tumors 
(GISTs) derive exclusively from or differentiate toward 
the ICC lineage, a hypothesis corroborated by the fact 
that they frequently express the c-kit/CD117 antigen, 
the existence of PDGFRα-mutant GISTs or familial 
PDGFRα-mutation syndromes has been recently dem-
onstrated, suggesting that PDGFRα+ TCs also may 
be related to this kind of pathological conditions.26,128

TCs as New Components of Skeletal 
Muscle SC Niche

The Skeletal Muscle SC Niche 
Microenvironment Before the Identification of 
TCs

The skeletal muscle tissue responsible for all volun-
tary movements is made of long tube-like multinu-
cleated cells, called skeletal myofibers, which are 
formed through the fusion of hundreds of mononucle-
ated precursors during development.133 Each myofi-
ber is structured with finely organized bundles of 
actin and myosin filaments contributing to the muscle 
contractile function and, thus, to generate the force 
needed for locomotion or postural control.133 In fact, 
age-related loss of skeletal muscle mass, strength, 
and function, termed sarcopenia, contributes to 
decreased independence and autonomy heavily 
compromising the quality of life of older people.34 
Besides contractile myofibers, muscle tissue is also 
constituted by perimysial and endomysial connective 
tissue, vasculature, and the innervating motor and 
sensory nerves.133

Skeletal muscle is a high plasticity tissue which 
enables the adaptation to physiological demands such 
as postnatal growth or training.134 Indeed, it contains 
muscle SCs allowing regenerative processes through-
out most of adult life, especially after injury or exces-
sive physical training as they ultimately provide 
myogenic precursors that can rebuild damaged muscle 
tissue.135,136 Muscle SCs, which spend most of their 
lifetime in a dormant state, reside as individual cells in 
circumscribed niches scattered throughout the tissue 
and, because of their location just outside the plasma 
membrane of the myofibers, are commonly referred 
to as satellite cells.34,135,137 Hence, during adult-
hood, under physiological conditions, satellite cells 
are retained in a quiescent state, but upon stimula-
tion (e.g., physical exercise or muscle damage), they 
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activate and re-enter the cell cycle undergoing prolif-
eration and differentiation, a series of processes that 
mainly recapitulates the steps of embryonic and fetal 
myogenesis.138,139 Satellite cells sustain skeletal 
muscle growth and repair through two mechanisms, 
either by increasing the size of a preexisting myofi-
ber (hypertrophy) or by new myofiber formation 
(hyperplasia).135,136,138

Despite different origin, as limb and trunk muscle 
satellite cells have somitic origin while those of head 
muscles derive from cranial mesoderm,140,141 all mus-
cle resident satellite cells appear to own a universal 
potential to perform myogenic function. Moreover, 
these cells continue to exhibit heterogeneity in their 
gene expression signature during postnatal growth, 
but such differences are subsequently lost when they 
assume the role of adult SCs.133 Even if many markers 
can be used to identify satellite cells, the paired box 
transcription factor 7 (Pax7) is considered the main 
specific marker necessary for their survival and func-
tion.142 It is generally expressed during quiescence, 
activation, and proliferation phases, excepting myo-
blasts. Other markers include the myogenic regulatory 
factors, such as Myf5, MyoD, and MRF4.143–146 In par-
ticular, Pax7 and Myf5 are coexpressed in the majority 
of these cells in the quiescent state, as well as during 
their activation and proliferation phases.143 The tran-
scription factor MyoD is another important marker that 
is highly expressed during early activation of satellite 
cells and is subsequently maintained in differentiating 
myonuclei, whereas MRF4 expression is augmented 
mainly during cell differentiation stage.147 Once acti-
vated, satellite cells undergo asymmetric division fol-
lowing this scheme: a daughter cell is committed to 
myogenesis, while the other one reverts back to quies-
cence to maintain a constant SC pool.148 In such a pro-
cess, the transcription factors MyoD and myogenin 
exhibit asymmetric expression within daughter cells. In 
fact, the committed ones upregulate MyoD and myo-
genin, while MyoD− and myogenin− cells remain as 
reservoir.144,148 Taken together, in the adult skeletal 
muscle, quiescent satellite cells are characterized by 
the expression of Pax7 and Myf5, but not MyoD or 
myogenin. After muscle tissue injury, activated satellite 
cells undergo mitotic division to generate a progeny of 
proliferating adult myoblasts coexpressing Pax7, Myf5, 
and MyoD. Afterward, adult myoblasts downregulate 
Pax7, acquire myogenin and MRF4 expression, and 
progress toward differentiation into skeletal myocytes 
that fuse and form multinucleated myofibers.143,149 
Besides the aforementioned markers, satellite cells 
also express Pax3 that seems to play an important 
role in the initial stages of myogenesis, but its expres-
sion is downregulated once the cell is committed to 
myodifferentiation. Other described markers, which 

however are not exclusive to satellite cells, include 
Barx2 transcription factor that is coexpressed with 
Pax7 and regulates muscle growth and maintenance, 
CD34 selectively expressed in quiescent cells, trans-
membrane heparan sulfate proteoglycans syndecan-3 
and syndecan-4, chemokine receptor CXCR4, and 
neural cell adhesion molecule-1.143,148,150–153 Moreover, 
although satellite cells have been classically consid-
ered a homogeneous group of SCs accumulated by 
the expression of Pax7, subsequent studies suggested 
that the pool of satellite cells might be composed of 
two different subpopulations. One larger subpopula-
tion would consist of SCs with a higher myogenic dif-
ferentiation potential that readily undergo activation 
and proliferation after injury, while the other one would 
be mainly responsible for SC pool maintenance to 
ensure tissue regeneration in case of subsequent 
injuries.154,155

In their quiescent state, satellite cells are specifi-
cally located between the basal lamina, which protects 
them from the surrounding milieu, and the sarcolemma 
of skeletal myofibers.136 Muscle repair/regeneration 
upon damage is a tightly orchestrated process that 
begins with an inflammatory response followed by tis-
sue necrosis, and then satellite cell activation, expan-
sion, migration, differentiation, and fusion to restore 
injured myofibers or generate new myofibers.34,148 
First, the activation of satellite cells implies that a 
profound transition takes place into their nucleus from 
a low/absent to a high transcriptional activity.156 
Increasing evidence indicates that such an activation 
of satellite cells and their subsequent commitment are 
regulated through a cascade of complex signaling 
pathways that are strictly influenced by multiple extrin-
sic factors within the surrounding microenvironment.157 
Indeed, this complex niche microenvironment may 
control all aspects of satellite cell biology, as their qui-
escence, activation, proliferation, differentiation, or 
renewal and return to quiescence. In particular, satel-
lite cell functionality and fate direction appear to be 
tightly regulated by a microenvironment composed of 
a wide variety of factors, such as numerous secreted 
molecules and different cell types, including capillary 
endothelial cells, pericytes, oxygen levels, hormones, 
motor neurons, immune cells, cytokines, fibroblasts, 
growth factors, myofibers, myofiber metabolism, and 
the extracellular matrix.139,157

A Reappraisal of the Skeletal Muscle SC Niche 
Microenvironment and Stromal Compartment 
After the Identification of TCs

In this context, TCs have been identified as a pecu-
liar type of interstitial cells widely distributed in the 
perimysial and endomysial compartments of adult 
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skeletal muscle tissue only in recent years (Fig. 5A–
D).17,31,139,158,159 Hence, although the exact role of 
muscle TCs is still under investigation, growing evi-
dence suggests that these stromal cells represent 
previously neglected components of the skeletal 
muscle SC niche that may participate in repair/
regenerative processes. In early studies, several 
hypotheses on the putative functions exerted by 
muscle TCs have been mainly assumed on the basis 
of their morphological assessment by TEM and light 
microscopy.158–160 Indeed, it has been described that 
with their characteristic telopodes, TCs constitute an 
extensive and complex interstitial network located 
remarkably close to myofibers (Fig. 5B), microvessels 
(Fig. 5D), nerve fibers, satellite cells, or other putative 
progenitor cells.158 As they communicate with their 
long telopodes with multiple cell components of the 
SC niche, it has been proposed that such long-
distance intercellular connections might help in inte-
grating different signals within the niche to regulate 
skeletal muscle homeostasis, remodeling, and 
regeneration.31,160 In particular, it is believed that the 
network of telopodes might constitute not only an 
essential physical scaffold to guide myogenic progen-
itor cells during their migration and differentiation 
after activation, but also an important source of regula-
tory paracrine signals within the SC niche.31,160 For 
instance, skeletal muscle TCs have been shown to 
highly express vascular endothelial growth factor 
(VEGF), a trophic factor with known regulatory effects 
on small vessels and satellite cells.139,158,161 These 
early assumptions have recently been strengthened 
by two experimental studies that investigated 
changes in tissue distribution of TCs in a mouse 
model of skeletal muscle damage due to forced 
eccentric contraction, highlighting important mor-
phofunctional interactions between TCs and satellite 
cells.139,162 Compared with uninjured control skeletal 
muscles, damaged muscles exhibited an extended 
network of CD34+CD31− TCs throughout the endomy-
sium surrounding myofibers.139,162 Notably, myofiber 
injury and related redistribution and extension of the 
TC network were significantly attenuated when forced 
eccentric contraction was applied to the muscles in 
the presence of bone marrow–mesenchymal stromal 
cell secretome.162 Moreover, in the injured muscles, 
the network of telopodes was preferentially arranged 
around activated satellite cells displaying MyoD 
nuclear positivity.139 Besides light microscopy, TEM 
further revealed the very close intercellular communi-
cation between TCs and satellite cells upon injury-
induced activation, as demonstrated by the presence 
of telopodes crossing the broken myofiber basal lam-
ina and contacting the underlying activated satellite 

cells incompletely covered by the basal lamina.139 Of 
note, the breakdown of the myofiber basal lamina is 
essential to allow activated satellite cell migration 
toward the injury site,163–165 and activated satellite 
cells may contribute themselves to such a process. In 
fact, satellite cells are capable of secreting functional 
proteolytic enzymes selectively digesting individual 
components of the extracellular matrix, such as matrix 
metalloproteinase-2 and metalloproteinase-9, as well 
as their specific tissue inhibitors.165,166 Interestingly, 
as TCs also express matrix metalloproteinases,22 
it has been suggested that they might cooperate with 
satellite cells in the digestion of the basal lamina or 
even mediate the release of promyogenic factors 
sequestered in the extracellular matrix, thus actively 
contributing to satellite cell activation.139 The same 
study also analyzed the reciprocal behavior of TCs 
and satellite cells isolated from single living endo-
mysial sheath-covered myofibers, which confirmed 
the preferential interaction of TCs and satellite cells 
and further revealed an increased expression of 
VEGF in TCs from damaged muscles.139 Collectively, 
these experimental findings strengthen the notion 
that TCs may be novel key components of the 
skeletal muscle SC niche endowed with specific 
“nursing cell” roles in the induction of satellite cell 
activation and promotion of myogenic differentiation 
through both intercellular contacts and paracrine 
mechanisms.139

Another recent study, which specifically investi-
gated the presence of TCs in human fetal skeletal mus-
cle tissue from lower limbs, found that these stromal 
cells may be mainly involved in the early myogenic 
period, possibly guiding muscle tissue organization 
and compartmentalization, as well as angiogenesis 
and myotube maturation.167 Indeed, relevant differ-
ences in the distribution of TCs within the fetal skeletal 
muscle tissue have been detected when comparing 
different gestational ages. In particular, TCs seem to 
increase in number in muscles from 9 to 11.5 weeks of 
gestation, where their telopodes form an extensive 
reticular network in close relationship with primary 
and secondary myotubes undergoing maturation.167 
Instead, at 12 weeks of gestation, when mature myo-
tubes become evident, the number of skeletal muscle 
TCs appears to be strongly reduced.167 Taken together, 
it seems therefore that this peculiar stromal cell popu-
lation residing in the skeletal muscle tissue SC niche 
might exert promyogenic functions during both mor-
phogenesis and development and in postnatal life.

In addition to the satellite cell lineage, the skeletal 
muscle SC niche appears to harbor other non-satellite 
progenitor cells such as bone marrow–derived mesen-
chymal SCs, pericytes, vessel-associated progenitors 
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of mesodermal origin called mesoangioblasts, and 
CD133+ cells, but their contribution to the myoblast 
pool appears to be minor.34,133,168–173 In particular, peri-
cytes, which are supposed to give rise to mesenchy-
mal SCs, are able to support several aspects of tissue 
regeneration.174 Another population of interstitial cells 
long known to be equipped with muscle regeneration 
capability is represented by the PDGFRα+ stromal 
cells, which appear to include mesenchymal progeni-
tor cells and fibro/adipogenic progenitor cells that have 
the potential to develop into fibroblasts and adipogenic 
cells.175,176 As PDGFRα has been only recently recog-
nized as one of the marker of TCs in a variety of 
tissues, there is the possibility that such PDGFRα+ 
progenitors may be, indeed, TCs.4,8,17 Of note, even 

the landmark study by Bojin et  al.,31 first describing 
TCs in the human skeletal muscle SC niche, sug-
gested that these cells might also function as progeni-
tor cells during muscle tissue repair/regeneration, an 
observation mainly based on the expression of the 
proliferative marker Ki67 and the SC marker Oct-4 by 
these TCs. Besides, it appears that TCs might widely 
behave as progenitor cells in a number of tissue repar-
ative and pathological processes.8,11,132 Finally, a very 
recent immunohistochemical study employing differ-
ent progenitor cell markers identified an interstitial cell 
population coexpressing CD10, CD34, CD271, and 
PDGFRα, which seems to correspond to the TCs, in 
the endomysium of the human skeletal muscle.177 
Indeed, TCs are well known to be identifiable as 

Figure 5.  Immunohistochemical localization of telocytes in skeletal muscle interstitium. (A, B) CD34 immunoperoxidase-based immu-
nohistochemistry with hematoxylin counterstain. (C) Fluorescence immunohistochemistry for CD34 (green) with DAPI (blue) counter-
stain for nuclei. CD34+ telocytes form a complex reticular network in the perimysium and endomysium. Inset in (B): higher magnification 
of the boxed area showing a CD34+ telocyte projecting two long and thin moniliform processes (telopodes) in close relationship with a 
skeletal muscle fiber. (D) Double fluorescence immunohistochemistry for CD34 (green) and αSMA (red) with DAPI (blue) counterstain. 
CD34+αSMA− telocytes with their telopodes surround skeletal muscle fibers and microvessels showing αSMA+ pericytes/smooth muscle 
cells (arrows). Scale bar: (A), 100 µm; (B–D), 50 µm. Abbreviations: αSMA, α-smooth muscle actin; DAPI, 4′,6-diamidino-2-phenylindole.
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CD34+PDGFRα+ stromal cells, and immunoelectron 
microscopy clearly showed that the CD10+ interstitial 
cells possess the distinctive ultrastructural features 
of TCs, namely, very long and thin moniliform telopo-
des formed by the alternation of podomers and 
podoms.1,4,17,177 Interestingly, the expression of CD10 
is evocative of an intrinsic capacity of these cells to 
take part in myogenesis and muscle tissue regenera-
tion. In muscle lesions, endomysial CD10+ interstitial 
cells were found to be increased in number.177 
Moreover, some CD10+ cells expressed the prolifera-
tion marker Ki67, while coexpression of CD10 and Ki67 
was not found in healthy muscle tissue.177 The marker 
profile of these cells also seems to change dynami-
cally in response to muscle damage and atrophy.177 In 
particular, in skeletal muscle affected by focal single 
myofiber damage, CD10 was upregulated as well as 
CD34 and CD271, but PDGFRα was less expressed. 
Instead, in severe and widespread muscle lesions, the 
endomysial CD10+ interstitial cells seem to lose CD34 
expression and to increase PDGFRα positivity.177 
Furthermore, it was noted that CD10 is downregulated 
in the endomysium of atrophic myofibers, while being 
abundantly expressed around the neighboring hyper-
trophic myofibers, which further suggests that these 
CD10+ interstitial cells/TCs are endowed with great 
plasticity and may be implicated in skeletal muscle tis-
sue repair/regeneration processes.177

Future Directions

To conclude, here we have mainly summarized the 
emerging evidence for TCs as novel components of 
the SC niches in the gastrointestinal wall and skeletal 
muscle, thus specifically focusing on two tissues with 
high regenerative capacity and for which a consider-
able amount of morphofunctional findings has been 
collected over the last few years. Nevertheless, as 
already mentioned, to date, the presence of TCs has 
been described in several SC niches of different tis-
sues/organs, including the epicardium, heart valves, 
skin, respiratory tree, urinary system, limbus, uvea, 
meninges, and choroid plexus. Regardless of the dif-
ferent anatomic locations, TCs are currently in the 
spotlight because they are thought to contribute to 
both tissue morphogenesis during development and 
tissue renewal/repair in postnatal life at least in two 
ways, namely, acting as SC modulators supporting 
proliferation and maturation of neighboring SCs, or 
having themselves mesenchymal progenitor proper-
ties. Hence, it is being increasingly reported that 
abnormalities in TCs may impair tissue homeostasis 
and regenerative abilities in different conditions, sug-
gesting that in future, they may provide a cell source 

for regenerative medicine. No less, it is believed that 
TCs may represent one of the main precursors of 
tumor-associated fibroblasts in different type of can-
cers. For these reasons, an in-depth understanding 
of the molecular mechanisms underlying the TC-SC 
crosstalk in SC niches of multiple tissues/organs, as 
well as of the presumed aptitude of TCs to function 
as mesenchymal progenitors, is a pressing research 
need in the regenerative medicine arena.
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