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Abstract

Here, we review the history, morphology, immunohistoche-
mical phenotype, and presumptive roles of a new type of
interstitial tissue cells, formerly called interstitial Cajal-like
cells (ICLC) and by 2010 named ‘telocytes’ (TC). Many
different techniques have been used to characterize TC and
provide their unequivocal identification: (i) in vitro, cultures
and isolated cells; (ii) in situ, fixed specimens examined by
light and fluorescence microscopy, transmission (TEM) and
scanning electron microscopy, and electron tomography.
TEM allowed sure identification and characterization of the
most peculiar feature of TC: the long, thin, and convoluted
prolongations named ‘telopodes’. An enormous variety of
antibodies have been tested, but presently none are reliable
to specifically label TC. TC have a mesenchymal origin and
are resident connective tissue (stromal) cells. Possible iden-
tification with ‘already identified’ stromal cell types (fibro-
blasts, fibrocytes, fibroblast-like cells, and mesenchymal
stromal cells) is discussed. We conclude that in adulthood,
most of the TC have the morphology of fibrocytes. Appar-
ently, immunocytochemistry suggests that a variety of TC
populations showing different, likely organ-specific, immu-
nophenotypes might exist. Several roles have been hypoth-
esized for TC: mechanical roles, intercellular signaling,
guiding and nursing of immature cells during organogenesis,
and being themselves a pool of precursors for many of the
mesenchyme-derived cells in adulthood; however, none of
these roles have been proven yet. On the basis of the avail-
able data, we propose TC may be key players in organ regen-
eration and repair.
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Introduction: a short history

The history of telocytes (TC) is recent since these cells have
been discovered only a few years ago. However, the growth
of knowledge on TC has been exponential from the begin-
ning and we already have much information. TC were dis-
covered in 2005 when L.M. Popescu’s group from Bucharest,
Romania, described a new type of cell that resides in the
stroma of several organs (1-7), which became known as
interstitial Cajal-like cells (ICLC). This group named these
cells ICLC because of their apparent similarity with the
canonical gastrointestinal interstitial cells of Cajal (ICC), the
gut pacemaker cells (8—11). A few years later, in 2008, M.S.
Faussone-Pellegrini and her team from Florence, Italy,
described ICLC in the muscle coat of the human gut and
noticed they consistently differed from the ICC in both
ultrastructure and immunophenotype (12). In 2010, after
confirming the presence of this peculiar cell type in the stro-
ma of many organs and characterized it by immunohisto-
chemistry and electron microscopy, the two groups agreed
they were describing a ‘novel’ cell type and that the name
ICLC had to be changed with a more appropriate one (13).
From then on, this novel cell type became known as the
telocyte (13).

Rationale for the term ‘telocyte’

The interstitial tissue making up the stroma of an organ is
the connecting ‘device’ for the specific structures of the
organ and the resident connective tissue cells are usually
named ‘stromal cells’. However, according to some authors
and depending on the organ where these cells reside, they
have received a variety of other names: fibroblasts, fibro-
cytes, fibroblast-like cells, myofibroblasts, mesenchymal
cells, interstitial cells, and ICLC. Under transmission elec-
tron microscopic (TEM) examination, the cells formerly
called ICLC reveal all their characteristics that are unique,
unequivocal, and not yet described for any other cell type.
To avoid further confusion and to give a precise identity to
these cells, Bucharest’s team coined for them the term ‘telo-
cyte’ [=cell bearing long prolongations (13)] on the basis of
their most peculiar feature: the presence of prolongations that
are extremely long (tens to up to hundreds of micrometers,
as measured on TEM images), thin (mostly below 0.2 pwm),
and with a moniliform aspect (Figures 1-5). The concept of
TC was promptly adopted by this group and several other
laboratories (14-24).
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Figure 1 General features of telocytes and telopodes characteristics.

(A and B) CD34-immunoreactivity; submucosa of human stomach. (A) The CD34-positive cells (in brown) have a triangular or ovoid body
and a variable number of thin and long prolongations that give a stellate shape to the whole cell. These processes have knobs along their
length and a dichotomous branching. Bar, 20 pm. [With permission from (12).] (B) A detail of the body and prolongations of a CD34-
positive cell. Bar, 15 wm. (C) Human nonpregnant myometrium in cell culture, day 3, first passage. Giemsa staining. One telocyte estab-
lishing contact with a smooth muscle cell (myocyte) by a cell process (telopode) of about 65 wm long. Photographic composition of four
serial phase contrast images; original magnification, 40X. In the red rectangles, a higher magnification clearly shows the moniliform aspect
of the telopode; at least 40 specific dilations (podoms) of the telopode, interconnected by thin segments (podomeres), are visible in a
‘beadlike’ fashion. Original magnification, 40X [With permission from (3).] (D) Human resting mammary gland stroma, TEM. One telopode,
which appears very long and convoluted, with intercalated podomeres and podoms. Note the homocellular junctions marked by red circles,
as well as shed vesicles (SV, blue) and an exosome (violet). coll, collagen. [Reproduced with permission from (1).]

Figure 2 TEM imaging.

(A) Rat mesentery. One TC with a small nucleated body and three long telopodes, all of them having a sinuous trajectory and forming an
interstitial complicated 3D network. (B) Human exocrine pancreas. The TC form with their typical long telopodes a network around the
acini.
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Figure 3 Electron tomography (thick section of about 300 nm)
showing nanostructures connecting one telopode with two adjacent
cardiomyocytes in adult mouse heart.

The bridging structures (encircled) are 10—15 nm and suggest a
molecular interaction between the telopode and the cardiomyocytes.
The dilated segment of this telopode contains a mitochondrion (m).
[Reproduced with permission from (25).]

Morphology

To characterize these cells, many different techniques have
been used: (i) in vitro, isolated cells in culture (Figure 1C);
(ii) in situ, observation on fixed specimens; (iii) light (Figure
1A,B) and fluorescence microscopy (Figure 4A); (iv) trans-
mission electron microscopy (Figures 1D, 2A,B, 4B-D and 5);

(v) scanning electron microscopy; (vi) electron tomography
(Figure 3).

All these techniques have shown that TC are cells with a
small body and a variable number of long prolongations
named telopodes (Tp). The shape of the cell body depends
on the number of Tp and can be piriform/spindle/triangular/
stellate (Figures 1A,B, 2A,B and 4A). The nucleus is oval,
with a moderately dense chromatin, and has no obvious
nucleolus. The cytoplasm surrounding the nucleus is scarce
and contains a small Golgi apparatus, some mitochondria,
and few cisternae of rough and smooth endoplasmic reticu-
lum (Figure 2A,B). Average dimensions of the TC body are
9.3£3.2 wm (min. 6.3 wm; max. 16.4 pwm). Mitochondria
represent 2% of cell body volume. Each TC can have
1-5 Tp. However, frequently only 2—3 Tp are observed on
a single section depending on site and angle of the section
since their three-dimensional (3D) convolutions prevent them
from being observed at their full length in a 2D thin section.
Convolutions of the Tp, however, are not always present and
have variable extent and complexity depending on the organ
where TC are located. The Tp moniliform aspect (Figure
1C,D) is due to an alternation of thin segments, podomeres
(whose caliber is below the resolving power of light micro-
scopy, 0.1£0.05 pm; min. 0.003 wm, max. 0.24 wm) and
dilated segments, podoms, which accommodate mitochon-
dria, rough and smooth endoplasmic reticulum, and

Figure 4 CD34 immunochemistry.

(A) Human stomach. Double CD34/c-kit labeling. CD34 positivity is represented in red and c-kit positivity in green. The CD34- and c-kit-
positive cells are often very close to each other but none of them are double labeled. Bar, 25 wm. (B and C) CD34 immunoelectrolabeling.
(B) Mouse small intestine. CD34 positivity is present along the plasma membrane of a long, thin process of a TC, while ICC, nerve fibers,
and smooth muscle cells (SMC) are CD34 negative. Bar, 1 wm. (C) Mouse stomach. Detail of a CD34 immunoelectrolabeled telopode.
CD34 positivity clearly appears as electron-dense spherules regularly distributed on the telopode plasma membrane. Bar, 0.4 pwm.
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Figure 5 Schema and electron micrograph illustrating the relation of several telocytes (blue) with a column of cardiomyocyte progenitors

(CMP, brown) in an epicardial stem cell niche of adult mouse.

The telopodes run parallel to the main axis of the CMP column and seem to establish the direction of development. [Reproduced with

permission from (27).]

caveolae — the so-called Ca*>" uptake/release units. Tp estab-
lish several types of homo- and heterocellular junctions (Fig-
ure 3) (25), release shed vesicles and exosomes (Figure 1D)
(26), have a dichotomous branching pattern forming a 3D
labyrinthine network (Figures 1A and 2A), and might show
adhesion plaques with the extracellular matrix (27).

Electron microscopy

Scanning electron microscopy provides good images of pre-
sumptive TC (13), and electron tomography provides images
of cell-to-cell contacts (25). However, TEM alone allows
sure identification of TC, evaluation of the cell-to-cell inter-
relationships, and a detailed description of the Tp.

Vital staining, cultures

In cell culture, TC shape and, in particular, Tp length can be
easily evaluated since in these conditions Tp are not con-
voluted (Figure 1C). Moreover, MitoTracker Green FM, a
lipophylic selective dye that becomes fluorescent once it
accumulates in the lipid environment of mitochondria, con-
firms these organelles are present in the TC body and at the
level of Tp dilations (5, 28). Immunohistochemistry per-

formed on cultured or isolated TC from determined organs
does not always give the same results as those obtained on
the corresponding TC in situ.

Immunohistochemistry

To know the chemical code of TC is of fundamental impor-
tance since it allows their unequivocal identification and also
helps evaluate their size, shape, number, and, eventually,
movements, migration, and pathological changes. Unfortu-
nately, although Bucharest’s group made many reliable
attempts in testing an enormous variety of antibodies (14,
29, 30), a single marker that can be considered specific for
this cell type or, at least, specific for the TC of a given organ
has not been found. Indeed, TC might show different immu-
nohistochemical profiles among organs and even in the same
organ examined. In the chorial villi (14), some TC are c-kit
positive and some CD34 positive; all of the CD34-positive
TC express vimentin and caveolin-1, and some of them also
c-kit (14). In cultured cells from the same placental villi,
some TC are double positive for c-kit and iNOS and others
for c-kit and VEGF (14). Skeletal muscle TC are c-kit,
caveolin-1, and CD34 positive, and have been found to
secrete VEGF (18). In the mouse heart, most of the TC are
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CD34 positive and a few are c-kit positive (31). Presently,
only one study, performed by Florence’s group on both light/
fluorescence and ultrastructural detection of CD34 and c-kit
in the human gut, is available (12). In this study, immuno-
histochemistry combined with TEM allowed to put into light
that the enteric TC are CD34-positive and c-kit-negative
cells, and also to exclude ICC and TC as being the same cell
type (Figure 4A,B,D). Notably, the TC located in the mucosa
are neither CD34 nor c-kit positive (12). Briefly, CD34 label-
ing does not allow an unequivocal TC identification since it
does not label all TC, at least in some organs [e.g., gut,
placenta, and striated muscle (12, 14, 18)] or during embry-
onic life [e.g., in the heart (20) and gut (Faussone-Pellegrini,
personal observations)]. However, at present, CD34 labeling
remains the best available choice for TC identification, pos-
sibly in combination with c-kit and vimentin labeling.

In conclusion, due to these important differences in TC
immunolabeling and since none of the markers tested are
‘specific’, it would be desirable if more laboratories other
than those in Bucharest and Florence will study this issue
and perform further immunohistochemical techniques,
including immunoelectron microscopy.

Distribution

TC have been found in a large variety of cavitary and non-
cavitary organs (Table 1). Therefore, we would reasonably
conclude these cells are ubiquitous. All the cells identified
as TC were located within the connective tissue and could
be (i) organized in a 3D network, dispersed in the extracel-
lular substance, and intermingled with resident (fibroblasts,
mast cells, adipocytes) and nonresident (macrophages,
immune cells, granulocytes) cells, or (2) at the connective
border of various tissues (epithelial, muscular, and nerve tis-
sues) lining them and around blood vessels; these TC are
likely organized in a 2D network. Those located around
blood vessels presumably correspond to the adventitial cells
and those located around myenteric plexus ganglia and nerve
strands correspond to the covering cells (12, 38).

Possible TC identification with ‘already
identified’ stromal cell types

Usually, connective tissue cells are perceived as being mainly
(or even only) fibroblasts and/or fibrocytes. Importantly, it

Table 1 TC distribution.

Cavitary organs Noncavitary organs

Heart (endo-, myo-, and pericardium)
(6, 16, 19, 20, 25) (26-31)

Stomach and intestine (12, 21)
Gallbladder (32)

Uterus (3, 33, 34)

Fallopian tube (5, 35)

Blood vessels (36)

Lung and pleura (17)
Exocrine pancreas (2)
Mammary gland (1)
Placenta (14)

Skeletal muscle (18)
Mesentery (37)

has to be noted that across different countries and laborato-
ries, there is great confusion between the terms fibroblast and
fibrocyte. In some European countries and outside of Europe,
only the term fibroblasts is used; however, two types of
fibroblasts are recognized, the active and the quiescent fibro-
blasts. Conversely, in some other European countries (Italy,
Germany, Romania, etc.) both fibroblasts and fibrocytes are
recognized as distinct cell types. There is a general agree-
ment that cells called fibroblasts correspond to the active
connective tissue cells involved in synthesis and organization
of extracellular components (ground substance and fibers).
These cells are, therefore, obviously present during devel-
opment and whenever there is a need for renewal or repair
of extracellular components. The so-called fibrocytes con-
ceivably correspond to the quiescent fibroblasts, which are
typical of connective tissues during adult life. The distinction
between fibrocytes and fibroblasts is based on their markedly
different ultrastructural features; these differences are com-
monly reported in histology textbooks and can be summa-
rized as follows.

The (active) fibroblast body is large and pleomorphic; the
nucleus is typically euchromatic and has one to two nucleoli;
the Golgi complex is prominent; and the rough endoplasmic
reticulum is well developed (about 5-12% of cell volume).
Cell processes are few, short, and of large caliber, thus being
easily appreciable under a light microscope. These cells are
markedly different from TC, but some of the cells labeled
as ‘fibroblasts’ in the figures reported in histology textbooks
and other literature show the morphology of TC and not that
of active fibroblasts. Recently, some markers have been test-
ed to differentiate cardiac TC from fibroblasts (which are
c-kit negative) (39). Noteworthy, microRNA expression
(e.g., miR-193) clearly differentiated TC from fibroblasts and
in culture also allowed to discriminate between TC and other
stromal cells (39).

The body of fibrocyte (or quiescent fibroblast) cells is
small and oval; the nucleus is moderately heterochromatic
and the nucleolus is difficult to locate; the Golgi complex is
small; and the rough endoplasmic reticulum is scarce. Cell
prolongations are few, long, and thin (usually described as
tapering, slender processes). Intriguingly, the body, nucleus,
and some of the ultrastructural characteristics of fibrocytes
are the same as those reported for the TC, with the exception
of the extension, convolution, and moniliform aspect of pro-
cesses. The morphology of the cells labeled as ‘fibrocytes’
in figures reported in histology textbooks and other literature
is very similar to that of the TC. In figure 1 of a recent
review (40), the cells located in the connective tissue have
the typical features of both fibrocytes and TC. These latter
cells are named fibrocytes and considered to be circulating
mesenchymal progenitor cells that participate in tissue
responses to injury and invasion (40).

Cells having the ultrastructure of active fibroblasts have
been described both in normal and pathological conditions
by many laboratories, but there is a general agreement that
they are not to be considered as true fibroblasts: thus, these
cells were named fibroblast-like cells. No specific function
has been attributed to them. These cells do not resemble TC.
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According to histologists and pathologists, mesenchymal
stromal cells are cells still present in adulthood that are most-
ly arranged along blood vessels, particularly along capillaries
(41). In usual histology textbooks, these cells are never
shown, but their description corresponds to that of small
fibroblasts. On the contrary, embryonic mesenchymal cells
are shown in many embryology textbooks and other litera-
ture. These cells have a round body filled with free ribo-
somes, a small Golgi complex, a nucleus with clear
chromatin, and a large nucleolus. Cell processes can be
absent, or when present are usually long and thin. TC
morphology, therefore, does not correspond to that of mes-
enchymal cells, at least not those described during embryonic
life.

Pre- and postnatal differentiation

Studies aimed at gaining information on pre- and postnatal
TC differentiation have not been performed, and little infor-
mation is currently available. Such studies would give an
answer on which is the origin of TC and on whether these
cells are differentiated or immature cells. The knowledge of
TC morphology and immunophenotype during their matu-
rative steps could be of great help in identifying all TC var-
iations during development and in recognizing them at every
age. Noteworthy, it is possible that, according to the organ
where they reside, TC could show different degrees of dif-
ferentiation. This possibility is suggestive for the presence of
TC subtypes in adulthood, which differ from each other in
morphology, immunophenotype, and name. Also, studies
aimed at investigating whether TC can retain the capability
to further differentiate, are committed to one or more specific
cell lineages, and are able to differentiate spontaneously or
after injury, would be welcome.

At present, Florence’s team indirectly provided some evi-
dences for TC differentiation. Results obtained by studying
the developing mouse heart, as well as primary cultures of
neonatal mouse cardiac cells (20, 42), showed that at earlier
embryonic stages [embryonic day 14 (E14)], all the intersti-
tial cells had typical mesenchymal ultrastructural features
and none of them were CD34 positive. However, by E17,
some of them acquired CD34 positivity and, at birth (P0),
also fibroblast-like features. After birth (by P6), the putative
TC showed their typical ultrastructural features while CD34
positivity became uncertain or limited to few of them. Of
note, the acquisition of the immuno- and the ultrastructural
phenotypes are not synchronized. In studies on the human
small intestine from fetal life to birth and on ICC plasticity
(43, 44), mesenchymal cells were seen to become ICC and
smooth muscle cells passing through an intermediate cell
type having fibroblast-like features. TC precursors also have
fibroblast-like features; however, at variance with the ICC
that were c-kit positive and already differentiated in fetuses
at term (45), TC are never c-kit positive and acquire their
typical CD34 positivity and ultrastructure only after birth
(Faussone-Pellegrini, unpublished data). According to some

recent data (46, 47), the CD34-positive cells present in these
fetuses might be in fact immature ICC.

On the basis of the available information, we can reason-
ably conclude that TC are mesenchymal in origin, are resi-
dent connective tissue cells from their earliest developmental
steps, and during their differentiation share fibroblast-like
features with immature ICC, smooth muscle cells, and true
fibroblasts. An obvious question arises when studying TC
differentiation: does the TC correspond to fibroblast-like
cells? In adulthood, most if not all of the TC have the mor-
phology of cells called fibrocytes; however, presently we
have no information on whether different TC populations
exist in the various organs and on whether some of them
maintain fibroblastic-like appearance also in adulthood.
Moreover, it cannot be excluded that TC will acquire this
feature in the presence of stimuli to tissue renewal or repair
contributing to (i) new synthesis of the extracellular com-
ponents, or (ii) differentiation of new cells to replace the
dead ones, or (iii) spatial reorganization of the organ.

We would like to hypothesize TC are ‘progenitor cells’
more or less committed according to the organs and still able
to further differentiate. This hypothesis opens a wide and
fascinating field for future researches that will surely provide
results that are surprising and of high impact.

Roles

Several roles have been suggested for TC, most of which are
believable and not mutually exclusive. However, none of
them have been proven yet.

TC might have a role as a mechanical support. The TC of
the rat mesentery form a 3D network hypothesized to be at
the same time resistant and deformable following stretches
consequent to gut movements, mainly directed to avoid
blood vessel closure (37). The TC located in the gut muscle
coat, in particular those at the myenteric plexus level, also
form a 3D network that is likely resistant to and deformable
following intestinal movements (12).

TC might guide the migration of other cells to define the
final organization of an organ or its repair or renewal.
According to a recent study (48), TC guide the migration of
mesenchymal cells into the mesothelial layer of the epicar-
dium, thus being involved in mesothelial renewal. Cardiac
TC should guide myocardial precursors to form the correct
3D tissue pattern and contribute to compaction of the embry-
onic myocardial trabeculae. Indeed, cardiomyoblasts and TC
were seen to form stem cell (SC) niches in the subepicardial
region of the adult mouse heart (Figure 5) (27, 42, 49), to
migrate during development from the epicardium, from
where they presumably originated, and to form an extended
network of Tp closely embracing the growing cardiomyo-
cytes (20). Results obtained in studies of co-cultures of TC
and cardiomyoblasts confirmed that TC can intervene in the
aggregation of cardiomyocyte clusters (20).

An immune surveillance role was suggested for the net-
work of CD34-positive interstitial cells, further identified as
TC, located in human fallopian tube (50).
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Intriguingly, it has also been suggested that TC might play
a role in neurotransmission in the gut, possibly contributing
to spread the slow waves generated by the ICC. Indeed, the
intramuscular ICC and TC seem to be part of a unique net-
work, in which, however, only ICC are innervated (12).

TC might be involved in intercellular signaling. The car-
diac TC have been hypothesized to play a nursing role (27)
and those in the oviduct and myometrium to be sensors for
steroid hormones (34, 35). Significantly, the Tp establish
homo- and heterocellular junctions (25); release shed vesi-
cles and exosomes (26); and show paracrine secretion of 1L6,
VEGE and NO. Thus TC, by sending macromolecular sig-
nals to neighboring cells, could influence their transcriptional
activity.

Finally, TC might represent a pool of cell precursors for
a variety of cell types with common mesenchymal origin.
Up to now, this role has been proposed for the placental (14)
and enteric TC (12). The latter might be ICC precursors that
renew ICC undergoing apoptosis (51), thus keeping the ICC
number constant throughout life. Recently, a nonsatellite res-
ident progenitor cell niche (presumably made by TC) was
described in the striated muscle (18). In cultures of this tis-
sue, TC (but not satellite cells) were seen to emerge from
muscle explants and form cell networks, suggesting a key
role in muscle regeneration and repair (18).

Pathology

Information on pathological TC would be of high interest.
At present, only one published paper deals with TC involve-
ment in heart amyloidosis in patients with atrial fibrillation
(52). By TEM, amyloid deposits were located in interstitial
recesses surrounded by long and slender TC processes, likely
limiting the spread of deposits into the interstitium. Intersti-
tial cells, likely TC, have been characterized in the upper
lamina propria of bladders of patients with neurogenic detru-
sor overactivity and bladder pain syndrome. These cells were
seen to shift toward a fibroblast phenotype (53).

The study of TC in mutant animals is also a tantalizing
challenge. Presently, the only available information indicates
the absence of caveolae in the TC from the myocardium (54)
and gut muscle coat (55) of Cav-1 knockout mice. This find-
ing remains unexplained, mostly because of the lack of phys-
iological data.

Perspectives: regenerative medicine

It is tempting to speculate that TC, as progenitor and/or guid-
ing and nursing cells, are a novel, possible target for thera-
peutic strategies (56—58). The challenge of using muscle
progenitor cells for skeletal and cardiac muscle reconstruc-
tion in animal models or humans has not been solved to date,
mainly due to scarce graft cell survival explained by a lack
of adequate paracrine factors, tissue guidance, and blood
vessel scaffold (59-64). Therefore, new attempts aimed at
potentiating cardiac repair and regeneration after ischemic

injury received great momentum from the hypothesis of a
coexistence and cooperation of organ-specific TC and SC
(20). Briefly, TC and SC can be seen as working in tandem,
representing a better option for therapy rather than SC alone
(65, 66). An important goal would be to ascertain whether
such TC-SC cooperation requires homologous TC and SC
from the same organ or whether TC from any organ source
can be used for cell therapy. In the first case, TC of a given
organ should be committed to differentiate or cooperate with
the cells specific to this organ, likely because of their similar
embryologic origin (e.g., from the epicardium, the mesothe-
lium, or even the endoderma, ectoderma and both intra- and
extraembryonic mesoderma). In the second case, TC extract-
ed from any organ could correctly function even when graft-
ed into organs of a different embryologic origin, with
obvious advantages in terms of availability and plasticity.

For more information on telocytes, see the papers and
images at http://www.telocytes.com.
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