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Abstract: A great interest has developed over the last several years in research on interstitial Cajal-like
cells (ICLCs), later renamed to telocytes (TCs). Such studies are restricted by diverse limitations.
We aimed to critically review (sub)epicardial ICLCs/TCs and to bring forward supplemental
immunohistochemical evidence on (sub)epicardial stromal niche inhabitants. We tested the epicardial
expressions of CD117/c-kit, CD34, Cytokeratin 7 (CK7), Ki67, Platelet-Derived Growth Factor Receptor
(PDGFR)-α and D2-40 in adult human cardiac samples. The mesothelial epicardial cells expressed
D2-40, CK7, CD117/c-kit and PDGFR-α. Subepicardial D2-40-positive lymphatic vessels and isolated
D2-40-positive and CK7-positive subepicardial cells were also found. Immediate submesothelial
spindle-shaped cells expressed Ki-67. Submesothelial stromal cells and endothelial tubes were
PDGFR-α-positive and CD34-positive. The expression of CD34 was pan-stromal, so a particular
stromal cell type could not be distinguished. The stromal expression of CD117/c-kit was also
noted. It seems that epicardial TCs could not be regarded as belonging to a unique cell type until
(pre)lymphatic endothelial cells are inadequately excluded. Markers such as CD117/c-kit or CD34
seem to be improper for identifying TCs as a distinctive cell type. Care should be taken when
using the immunohistochemical method and histological interpretations, as they may not produce
accurate results.
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1. Introduction

Telocytes (TCs) were proposed in 2010 as being stromal cells morphologically different from other
interstitial resident cells [1]. They were previously considered interstitial Cajal-like cells (ICLCs) [2–10].
Telocytes are small-sized cells residing in stem niches; they project long, slender, and moniliform
prolongations, which are known as telopodes [11–14]. In recent years, TCs have been noted in almost
all organs and tissues in the human body [15,16]. To date, no selective marker has been found for
TCs [17]. The immunophenotype of TCs ‘is similar to that of interstitial, endothelial, smooth muscle,
mast and haematopoietic stem cells and neurons’ [18]. Increasing evidence strongly suggests that,
rather than being a distinctive cell type, TCs are just a cell morphology [11] of other TC-like cell types
(fibroblasts, immune cells, endothelial cells, stem cells, etc.) [19–21], or a morphology resulted if thin,
flat, pancake-like cells are cut and documented on two-dimensional slices [22]. Nevertheless, TCs, as a
group, could simply be the result of a lack of uniformity and consensus in the terminology relating
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to CD34-positive stromal cells used by different research teams [23]. Telocytes do not appear in the
Terminologia Histologica [24,25].

The cardiac lymph is drained through the initial lymphatics from the subendocardial plexus to
Sappey’s subepicardial plexus by intramyocardial channels; precollecting vessels drain the subepicardial
plexus into collecting vessels running alongside the major coronary branches [26]. When cardiac
ICLCs/TCs were documented previously, they were not distinguished from lymphatic endothelial
cells [26].

Following our research on the general background of TCs, we decided to critically review and
provide new immunohistochemical evidence on (sub)epicardial stromal niche inhabitants. Very few
studies have attempted to characterize epicardial ICLCs/TCs in different species and by different
methods [10,27–29] or to test whether or not such stromal inhabitants of a niche supplied by the
overlying mesothelium belong to Sappey’s subepicardial plexus. We found no previously existing
evidence indicating a potential mesothelial origin of (sub)epicardial ICLCs/TCs. We therefore applied
an epithelial and a lymphatic marker within a panel of antibodies that also included c-kit and CD34,
commonly used markers for ICLCs/TCs [10,30–33], but also hematopoietic markers, to document
potentially overlooked cells discrimination when TCs were found in the subepicardial niche.

2. Materials and Methods

We performed a retrospective immunohistochemical study on archived paraffin-embedded
samples of adult human cardiac tissue (seven cases) resulting from donor cadavers who died of
non-cardiac diseases, with age ranges from 54 to 65 years. The study was tacitly approved by the
responsible authorities where the work was carried out, and it was conducted in accordance with the
general principles of medical research, as stated in the Declaration of Helsinki.

The paraffin-embedded samples were processed with an automatic histoprocessor (Diapath,
Martinengo, BG, Italy) with paraffin embedding. Sections were cut manually at 3 µm and mounted
on SuperFrost® electrostatic slides for immunohistochemistry (Thermo Scientific, Menzel-Gläser,
Braunschweig, Germany). Histological evaluations used 3-µm-thick sections stained with hematoxylin
and eosin. Internal negative controls resulted when the primary antibodies were not applied on slides.

The following antibodies have been used in immunohistochemical reactions: CD117/c-kit (Y145
clone), rabbit monoclonal antibody, Biocare Medical, Concord, CA, USA; CD34 (QBEnd/10 clone),
mouse monoclonal antibody, Biocare Medical, Concord, CA, USA; Cytokeratin 7/CK7 (OV-TL 12/30
clone), mouse monoclonal antibody, Biocare Medical, Concord, CA, USA; Ki67 (MIB clone), mouse
monoclonal antibody, Biocare Medical, Concord, CA, USA; Platelet-Derived Growth Factor Receptor
(PDGFR)-α (C-9 clone), mouse monoclonal antibody, Santa Cruz Biotechnology Inc. CA, USA; D2-40
Lymphatic Marker (D2-40 clone) and mouse monoclonal antibody, Biocare Medical, Concord, CA, USA.

In all cases, the tissues were deparaffinized and rehydrated prior to labelling and then treated
according to the protocol to block endogenous enzymes or to unmask the antigens. For CD34, Ki67, CK7,
D2-40 Lymphatic Marker and CD117/c-kit, the endogenous peroxidase was blocked using a stabilized
hydrogen peroxide compound (Peroxidazed 1-Biocare Medical, Concord, CA, USA). The samples
labelled with PDGFR-α antibody were heated at 95 ◦C for 5 min in sodium citrate buffer, pH 6.0,
to unmask the antigen. The next steps were performed according to manufacturer’s instructions.
Briefly, the separate protocols are indicated below.

CD34: The samples were pretreated enzymatically using a trypsin kit (Carezyme I-Biocare Medical
Concord, CA, USA). To reduce nonspecific background staining, a Background Punisher Kit (Biocare
Medical, Concord, CA, USA) was used for 10 min at room temperature (RT). Next, the primary antibody
was added at a dilution of 1:50 for one hour at RT. A two-step detection system was used: Universal
Horseradish Peroxidase (HRP) Detection Kit (Biocare Medical Concord, CA, USA), employing a DAB
(3,3’-diaminobenzidine) substrate for HRP-based detection.

Ki67, CK7, D2-40 Lymphatic Marker, and CD117/c-kit: Pretreatment for epitope retrieval was
performed at a high temperature in a controlled environment using a Decloaking Chamber (Biocare
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Medical, Concord, CA, USA) and a retrieval solution at pH 6 (Revealer Decloaker-Biocare Medical,
Concord, CA, USA); these solutions are specially formulated for superior pH stability at high
temperatures. Blocking endogenous biotin and reducing nonspecific background was done similarly
to CD34 staining. Subsequently, primary antibodies were added at a specified dilution (1:100 for Ki67,
CK7, and D2-40 Lymphatic Marker and 1:200 in the case of CD117/c-kit) for half an hour to one hour at
RT. Next, a secondary probe and an enzyme-labelled tertiary polymer were added consecutively at RT
for 10 min each. These two steps belong to the MACH 4™ Universal Alkaline Phosphatase Polymer
Detection Kit (Biocare Medical, Concord, CA, USA).

CD117/c-kit was treated with an enzyme-labelled secondary polymer, at RT, according to the
MACH 2 Universal Alkaline Phosphatase Polymer Detection Kit (Biocare Medical, Concord, CA, USA).
Finally, a HRP-based detection system employing a DAB substrate (Biocare’s DAB) was used.

PDGFR-α: The specimens were incubated for 1 h in UltraCruz® Blocking Reagent (Santa Cruz
Biotechnology Inc. CA, USA), followed by adding up the primary antibody at a dilution of 1:50 for
30 min at room temperature. After three washes with PBS, the slides were incubated for 45 min
with biotin-conjugated secondary antibody diluted in UltraCruz® Blocking Reagent and next with
avidin-biotin complex, using the A and B reagents from the ImmunoCruz® ABC Kit (Santa Cruz
Biotechnology Inc. CA, USA) for another 30 min. A peroxidase substrate and a chromogen mixture
system employing hydrogen peroxide and DAB chromophore were used for detection.

The negative controls included omission of either the first- or the second-step reagent and
substitution of the first-step reagent with an irrelevant isotype-matched antibody.

In all cases, the sections were counterstained with haematoxylin and rinsed with purified,
deionised water.

The slides were analysed and sorted using a calibrated station for scaling numerous
microphotographs. We used a Zeiss working station composed of an AxioImager M1 microscope
and an AxioCam HRc camera, both integrated by AxioVision imaging software capable of image
acquisition, processing, analysis, and interpretation (Carl Zeiss AG, Oberkochen, Germany).

3. Results

We accurately identified the epicardial histology of hematoxylin and eosin-stained slides. The
single-cell mesothelial layer of epicardium covers the subepicardial stroma consisting of subepicardial
fat embedding microvessels, nerves (occasionally with intrinsic solitary neurons) and microganglia,
and isolated cells, both spindle-shaped and rounded.

On several samples, the epicardium appeared to be denuded of mesothelial cells. When
hypertrophied mesothelial epicardial cells were present, they expressed D2-40 (Figure 1), CK7
(Figure 2), CD117/c-kit (Figure 3) and PDGFR-α (Figure 4). We did not observe the mesothelial
expression of CD34.

Immediately beneath the mesothelial layer, lumina-presenting, thin, lymphatic vessels with
circumferential dispositions were labelled with the D2-40 marker (Figure 1). Moreover, large lymphatic
vessels with nuclei bulging into lumina (Figure 1) and isolated D2-40-expressing rounded cells with
eccentric nuclei and small protrusions (Figure 1) were found embedded within the submesothelial fat
of the samples. We noted that the endothelial cells of longitudinally cut lymphatic vessels could have
a TC-like appearance, but the identification of lumina made the distinction between these cell types
(Figure 1).

Rounded CK7-positive isolated subepicardial cells were identified on the slides (Figure 2).
Moreover, immediate submesothelial spindle-shaped cells expressed the proliferation marker Ki-67
(Figure 2). Stromal cells and endothelial tubes in the submesothelial stroma were found expressing
PDGFR-α (Figure 4) as well as CD34 (Figure 5). The expression of CD34 seemed pan-stromal, so no
particular stromal cell type could be identified. The stromal expression of CD117/c-kit was also
observed in the slides (Figure 3).
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Figure 1. Human adult cardiac wall (A–D: left atrial wall, E: left atrial appendage). Epicardial and 
subepicardial expression of podoplanin (D2-40). Thin subepicardial lymphatics express D2-40 (A–C, 
arrows). When they are tangentially cut, they could be confused with telopodes (A, inset, digitally 
magnified) if the narrow lumen (double-headed arrow) is overlooked. The arrowhead in (D) indicates 
a D2-40-expressing isolated cell embedded within the subepicardial fat. Although epicardium was 
largely denuded of epithelium (*) in the studied samples, there were found areas covered by D2-40 + 
hypertrophied mesothelial cells (E, triple-headed arrow). Large lymph collectors with intraluminally 
bulged endothelial cells were found embedded within the subepicardial fat (E, white arrows). 

Figure 1. Human adult cardiac wall (A–D: left atrial wall, E: left atrial appendage). Epicardial
and subepicardial expression of podoplanin (D2-40). Thin subepicardial lymphatics express D2-40
(A–C, arrows). When they are tangentially cut, they could be confused with telopodes (A, inset, digitally
magnified) if the narrow lumen (double-headed arrow) is overlooked. The arrowhead in (D) indicates
a D2-40-expressing isolated cell embedded within the subepicardial fat. Although epicardium was
largely denuded of epithelium (*) in the studied samples, there were found areas covered by D2-40 +

hypertrophied mesothelial cells (E, triple-headed arrow). Large lymph collectors with intraluminally
bulged endothelial cells were found embedded within the subepicardial fat (E, white arrows).
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Figure 2. Human adult cardiac wall. Cytokeratin 7 is expressed in epicardial (mesothelial) cells (A, 
arrows), as well as in isolated subepicardial round cells (B, arrow) and in immediate subepicardial 
spindle-shaped slender cells (C, arrow). These last also express Ki67 (D, arrows), the proliferative 
marker. 

 
Figure 3. Human adult cardiac wall. CD117/c-kit has epicardial (mesothelial) (arrow) and 
subepicardial (arrowheads) expression. 

Figure 2. Human adult cardiac wall. Cytokeratin 7 is expressed in epicardial (mesothelial) cells
(A, arrows), as well as in isolated subepicardial round cells (B, arrow) and in immediate subepicardial
spindle-shaped slender cells (C, arrow). These last also express Ki67 (D, arrows), the proliferative marker.
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precollecting vessels from the subepicardial plexus further drain into collecting vessels neighboring 
the major coronary branches [26]. Here, we detected the immediate submesothelial location of 
Sappey’s subepicardial lymphatic plexus, which consists of lymphatic vessels with circumferential 
dispositions. As lymphatics were overlooked in tissue samples in which cardiac ICLCs/TCs were 
discriminated [26], the molecular anatomy of the epicardial niche must be revisited. 

4.2. C-Kit-Positive Cardiac Cells 

The c-kit protein (CD117) is a type III tyrosine-protein kinase that recognises the stem cell factor 
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capable of cardiomyogenesis and in others with divergent evolution patterns [35]. This receptor–
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4. Discussion

4.1. The Epicardial Lymphatics

The cardiac lymph is drained through the initial lymphatics from the subendocardial
lymphatic plexus to Sappey’s subepicardial lymphatic plexus via intramyocardial lymphatic channels;
precollecting vessels from the subepicardial plexus further drain into collecting vessels neighboring the
major coronary branches [26]. Here, we detected the immediate submesothelial location of Sappey’s
subepicardial lymphatic plexus, which consists of lymphatic vessels with circumferential dispositions.
As lymphatics were overlooked in tissue samples in which cardiac ICLCs/TCs were discriminated [26],
the molecular anatomy of the epicardial niche must be revisited.

4.2. C-Kit-Positive Cardiac Cells

The c-kit protein (CD117) is a type III tyrosine-protein kinase that recognises the stem cell factor
(SCF) ligand [34]. During development, the c-kit receptor is expressed both in cardiac progenitors
capable of cardiomyogenesis and in others with divergent evolution patterns [35]. This receptor–ligand
interaction activates signaling pathways that are responsible for cellular proliferation, development and
differentiation. We found c-kit expressed equally in epicardial mesothelial and subepicardial stromal
cells, which could indicate the presence of a stem/progenitor niche and transdifferentiation processes.

The cardiac stem cells expressing c-kit have been studied extensively (see [35]). Approximately
1.1–1.8% of the myocardial cell population in humans are c-kit-positive [36,37]. Approximately half of
these cells are multipotent cells, and the other half are early committed cells [38]. Interestingly, most
of the detected c-kit-positive cells were found to also express two other proteins: CD45 and CD34,
the pan-leukocyte and endothelial/hematopoietic progenitor markers, respectively [39,40]. With rare
exceptions, freshly isolated c-kit-positive cells do not express myocytes (α-sarcomeric actin, cardiac
myosin, desmin, α-cardiac actinin and connexin 43), endothelial cells (von Willebrand factor, CD31
and vimentin), smooth muscle cells (α-smooth muscle actin and desmin) or fibroblast cytoplasmic
proteins (fibronectin, procollagen I and vimentin) [41]. In vitro, isolated, c-kit-positive cardiac stem
cells are spindle-shaped, like cardiac fibroblasts, and co-express GATA4 and NKX2.5 [36,42].

The pattern of markers displayed by c-kit-positive cells raised doubts with regards to their
origin. Beltrami et al. found that endothelial progenitor cells (EPCs) express both c-kit and CD34,
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while c-kit-positive stromal cells are negative for the endothelial/hematopoietic progenitor marker
CD34 [41]. They are also different from bone-marrow-derived cells, which express CD45 [41].
Interestingly, several studies demonstrated that most c-kit-positive stromal cardiac cells are mast cells
that co-express CD45 [43,44], while c-kit-positive/CD45 stromal cells express mRNA of the endothelial
lineage [45]. Accordingly, either c-kit-expressing TCs will not express CD34 or CD34-positive TCs
are not c-kit-expressing cells. The expressions of c-kit and CD34 in cardiac interstitia are mutually
exclusive and not concomitant. If they are found to be concomitant, the immunohistochemical method
and its results should be checked or repeated to avoid producing inaccurate data (Figure 6).
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Figure 6. Reprinted with permission from John Wiley and Sons (License Number: 4562340930830)
from [27]. The original legend in the *.pdf version of the article indicates “Figure 3(A) Immunostaining
for CD34 (brown). CD34 positivity might be expressed by telocytes and endothelial cells. (B) Localization of
double positive cells for c-Kit (red) and CD34 (brown). (C) Human epicardium, deep layer. Vimentin positivity is
stronger than c-Kit positivity by sandwich method. (D) Cells expressing τ protein (arrows). (A–D) Original
magnification, 40X”. One could observe from the figure and the legend that the thin arrow added
by the authors in (A) was not assigned to endothelial tubes, nor was it regarded as a telocyte, but it
rather belongs to an endothelial tube (we added an additional white arrow). The cells indicated as
“telocytes” in (B,C) do not display the peculiar telopodes. The expression of Tau-protein demonstrated
in (D) is rather pan-tissular due to a consistent background staining. The double-labelling result in
(B) indicating a c-kit+/CD34+ phenotype of telocytes (TCs) is highly speculative due to an invalid
immunohistochemical method that determined the pan-labelling of the slide.
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4.3. What Are (Sub)epicardial TCs?

Stem cells can originate from the epithelial–mesenchymal transformation (EMT) of epicardial
mesothelial cells (EMCs) in the adult human heart [46,47]. Epicardium-derived cells (EPDCs) are known
to express CD117/c-kit [46], which matches with our results. Immunofluorescence of the ICLCs found
subepicardial TCs immediately beneath the CD34-positive epicardial mesothelium, which were either
CD34-positive/c-kit-positive or purely c-kit-positive [10]. It appears that subepicardial ICLCs/TCs are
EPDCs. This is reinforced by our discovery of proliferative immediate submesothelial Ki-67-positive
spindle-shaped cells. Such submesothelial ICLCs were further documented through transmission
electron microscopy (TEM) by the same research group; beneath them, ‘isolated smooth muscle cells’
were found [29]. In that study [29], subepicardial ICLCs were speculated through TEM without the
aid of any antibodies. Further studies of the subepicardial niche were performed by Popescu et al.,
who reported an enlarged panel of markers useful for the identification of subepicardial TCs, such as
vimentin, S100 protein, tau protein, CD57 and nestin [27]. This last antibody was listed in the report’s
Materials and Methods section but was not documented in the Results section of that article [27].
A polyclonal antibody was then used against CD117/c-kit [27], but that immunohistochemical method
included an antigen retrieval stage (though this procedure may produce nonspecific staining results) [48].
Completely and nonspecifically stained slides were then used to sample the findings on the subepicardial
TCs (Figure 6), so the respective evidence could not convince. This is demonstrative of the highly
subjective manner in which TCs were assigned molecular phenotypes in the past. As we discussed
previously, a lack of evidence for telepodes does not exclude the possibility of a TC morphology being
present [20]. Notably, the possible expression of tau protein in TCs was speculated (Figure 6) but not
discussed further in that study [27], although the presence of this protein would have indicated the
presence of microtubular content in TCs. This, in turn, may have been perplexing; when this research
team identified the ultrastructural anatomy of TCs [1], microtubules were not listed.

In another study, epicardial ICLCs were found to be positive for c-kit and/or CD34, or they
co-expressed c-kit and vimentin [10]. In a subsequent study, epicardial TCs were found to co-express
either c-kit and CD34 or c-kit and vimentin [27]. In both these studies, Popescu et al. did not examine
the epicardial expressions of lymphatic markers, mast cell markers or CD45. The expression of c-kit
combined with the expressions of well-known endothelial markers, such as CD34 and vimentin, could
not exclude TCs from the possibility of being of the endothelial lineage. It was suggested to use CD31
to discriminate the endothelial cells from TCs [49]. We also noted the striking histological resemblance
of c-kit-positive epicardial ‘telocytes’ (Figure 2B in [27]) to c-kit-positive mast cells (Figure 1D in [50]).
Both appear as large and degranulating cells. All these observations support recent and consistent
evidence for TCs’ failure to be categorized as a distinctive cell type [11,24,26].

4.4. The Epicardial and Subepicardial Expression of Podoplanin

Although in the central nervous system (CNS) and thymus, endothelial cells and pericytes result
from ectoderm-derived neural crest cells, they are mesoderm- and mesothelium-derived in coelomic
organs [51]. This supports the (re)activated mechanism of mesothelial-to-endothelial/pericitary
transformation in epicardial cells, which is actually an epithelial–mesenchymal transformation (EMT),
ensuring that either subepicardial vasculogenesis or subepicardial lymphvasculogenesis occurs. This
reasonably correlates with our evidence of podoplanin-expressing mesothelial cells and submesothelial
lymphatics and isolated cells. We also found PDGFR-α-expressing epicardial mesothelial cells; this is
normal, as signaling through both PDGFRs, α and β, is needed for epicardial EMT and the formation
of EPDCs [52]. In these regards, testing the PDGFR expression in mesothelial cells would support a
potential of EMT in the samples studied. PDGFR-α is crucial in the differentiation of cardiac fibroblasts
from EPDCs [53], so a PDGFR-α-positive subepicardial stroma would clearly indicate a subepicardium
with reparatory potential, regardless of whether the respective stromal cells do or do not have telopodes.
A strong expression of PDGFR-α in human adult cardiac tissue was demonstrated in the interstitial
cells of the subepicardium, myocardium, endocardium, coronary smooth muscle and endothelial
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cells, as we also found, and cardiomyocytes express this marker [13,54]. PDGFR-α was not tested
in previous studies on epicardial and subepicardial TCs, although Creţoiu and Popescu indicated
that ‘CD34/PDGFR[-]α double immunohistochemistry can orientate the diagnosis’ [55]. This double
expression was used for TC identification in other normal and pathological non-cardiac tissues [56–60].
Cardiac TCs were indicated to have a CD34-positive/PDGFR-α-positive phenotype [61], but this
resulted in cell cultures that did not use any sorting molecules; cells were sorted solely based on
morphological criteria. Moreover, the rodent hearts analysed ‘were minced into 1 mm3 pieces and
incubated on an orbital shaker’ [61], which could not permit the discrimination of epicardium-specific
cells from other cell populations in those cardiac samples.

Podoplanin (or GP36, E11 antigen, oncofetal antigens M2A and T1A-2, aggrus) is a mucin-type
transmembrane glycoprotein first identified as podoplanin in podocytes [62–64] but as the E11 antigen
in osteoblasts and osteocytes [65,66]. Podoplanin is homologous to the oncofetal antigen M2A,
which is recognized by the D2-40 antibody [67]. Lymphatic endothelial cells express high levels of
podoplanin [68]. Podoplanin has homologues in humans, mice, rats, dogs and hamsters and is relatively
well-conserved between species [68]. Podoplanin is a cell morphological regulator [67] and is required
for normal heart development, specifically for EMT in epicardium-derived cells [68], and our evidence
reasonably suggests that this role of podoplanin also exists in adult tissues. During development,
podoplanin is expressed in the epithelial lining of the coelomic wall of the pericardio–peritoneal canal
and in the cells lining the pleural and pericardial cavities [66]. Podoplanin is expressed in epithelial
and mesothelial cells, such as those in the intestinal epithelium, alveolar type I cells, podocytes, the
mesothelium of the visceral peritoneum [66] and, as we demonstrated, in epicardial mesothelial cells.

Several markers could be used to identify lymphatic endothelial cells on slides, such as CD31
(the pan-endothelial marker), podoplanin (D2-40), Vascular Endothelial Growth Factor Receptor-3
(VEGFR-3), Lymphatic Vascular Endothelial Hyaluronan Receptor-1 (LYVE-1) and Prospero related
homeobox1 (PROX1) [69]. Therefore, further co-staining experiments could be helpful in better
assessing the lymphatic anatomy of subepicardium. CD31 was noted as useful in discriminating
between TCs and endothelial cells, as both are known to express CD34 [70]. It was recently demonstrated
that pre-lymphatic interstitial spaces are lined by TC-like endothelial cells that express vimentin, CD34
and D2-40 but do not express other lymphatic markers, such as CD31, ERG (avian v-ets erythroblastosis
virus E26 oncogene homolog) or LYVE-1 [71]. Therefore, neither CD31 nor lymphatic markers other
than podoplanin/D2-40 could disprove the relationship between TCs and the lymph drainage pathway.

The processes of EMT allow epithelial cells to become mobile mesenchymal cells after the epithelial
adherens junctions loosen through E-cadherin loss [66]. Podoplanin can be presented as an inhibitor
of E-cadherin, thus stimulating the EMT process, which involves the epicardium in myocardial
differentiation [66]. Therefore, expression of D2-40 in mesothelial cells, such as we found, could be
indicative of the EMT potential of D2-40-positive mesothelial cells. Such transdifferentiations could
support the potential for cardiac lymphatic vasculature to increase in major cardiac pathological changes,
such as acute and chronic ischaemia, progressive atherosclerosis, myocarditis and hypertrophy [72].

4.5. Processes of Epicardial Transdifferentiation

The transition of a cell from an epithelial to a mesenchymal phenotype, or EMT, has been shown
to play critical roles in several physiological and pathological contexts, from embryogenesis to fibrosis
and cancer progression [73]. The postnatal mammalian epicardium is a dormant single-cell layer [74].
After an injury, the adult epicardium is activated, which involves the induction of a developmental
gene program, EMT and migration [75]. Several genes are involved in epicardial activation, including
WT1 (Wilms’ tumour 1), TBX18 and RALDH2 [74]. Human EPDCs closely resemble submesothelial
fibroblasts and express cardiac marker genes, such as GATA4 and cardiac troponin T [76]. EPDCs
display intense β-catenin staining, which supports their epithelial nature [76]. The reactivation of the
epicardium occurs in ischaemia, with the re-expression of developmental genes and renewed EMT [77].
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We have brought forward evidence of CK7 expression in EMCs as well as in isolated subepicardial
stromal cells that could be viewed as EPDCs. To our knowledge, the CK7 marker has not been tested
previously on human cardiac samples. CK7 should therefore be included in the list of known markers
of EPDCs, such as β-catenin, CD44, CD46, CD90, CD105, HLA-ABC [76] and WT1 [78]. The expression
of CD117/c-kit was also associated with EPDCs [46]. We also found c-kit expressed in mesothelial cells,
which could indicate that the stem/progenitor phenotype of future EPDCs could be acquired prior to the
stromal migration of the epithelial cells. During human cardiogenesis, ventricular and atrial epicardia
exhibit different pan-cytokeratin expression patterns and cell arrangements; atrial epicardial cells are
distributed in a stochastic fashion on the surface with a diffuse cytokeratin expression throughout the
cytoplasm, whereas ventricular epicardial cells exhibit a spindle-cell morphology and preferential
alignment, being orientated side-by-side with strong cytokeratin staining outlining the cell membrane
and cytoskeletal filaments [79]. Polyclonal anti-keratin antibodies were used to stain the mesothelial
and mesenchymal cells of the proepicardium, as well as epicardium, in quail embryos [80,81], and not
in human samples.

Adult EPDCs can form tube-like structures [75]. Tangentially cut tube-like structures, if tangentially
cut, could appear on slides or grids as TC-like cells [82]. We found such D2-40-expressing tubes
immediately beneath the podoplanin-expressing epicardial mesothelium, which strongly suggests that
subepicardial lymphatics could acquire an epicardial-based support for their maintenance.

In a static two-dimensional TEM study of epicardial ICLCs, Gherghiceanu and Popescu observed
that mesenchymal cells, ‘guided by ICLCs, were found migrating from [the] sub-epicardial area in the
mesothelial layer’; that is, they were ‘migrating under the basal lamina of the epicardial mesothelial
cell’ [29]. The authors also speculated that ‘epithelial–mesenchymal transition is not a common process
involved in cardiac regeneration in vivo’ [29]. That concept inspired us to document the processes of
mesenchymal–epithelial transition (MET) mentioned by this TEM study.

TGFβ-induced EMT could be reversed through inhibition of the Smad2 signaling pathway [83].
Serum-free culture media, as well as TGFβ receptor inhibitors, notch receptor inhibitors or
Rho-associated coiled-coil protein kinase (ROCK) inhibitors could inhibit EMT in differentiated
epithelial cells or could induce MET in dedifferentiated epithelial cells [84].

The metanephric mesenchyme suffers an epithelial transformation regulated by WNT4 [85].
During this transformation, the WNT4 signal can be replaced by other members of the WNT gene
family, including WNT1, WNT3A, WNT7A and WNT7B [86]. WNT proteins are also involved in
cardiac development and differentiation [87]. The classic canonical WNT signaling pathway involves
β-catenin [87]. The epicardial retinoic X receptor α is required for the EMT of epicardial cells, as the
loss of that receptor results in damaged myocardial growth and coronary artery formation. WNT9B is
downstream of the epicardial retinoic X receptor α, which in turn regulates FGFβ expression in the
myocardium [87,88]. The in vitro EMT of human adult epicardial cells is regulated by TGFβ-signaling
and WT-1 [78]. Gherghiceanu and Popescu’s TEM discovery of isolated smooth muscle cells in the
subepicardial space was appreciated as ‘quite unique’ and able to explain why EPDCs generate
smooth muscle cells in cultures [29]. This is not a novelty, as both human and rat epicardial
cells could be transdifferentiated to smooth muscle cells [76], and TGFβ stimulates the process of
transdifferentiation [89].

Interestingly, during cardiac development, the atrial and ventricular epicardia behave differently
under ex vivo conditions: only the ventricular EPDCs spontaneously undergo EMT (that is, growing
with a spindle-like morphology and diminishing the expressions of WT-1, GATA5, TBX18 and
TCF21) [79].

5. Conclusions

As the epicardium may undergo several different transdifferentiation processes, it is hazardous
to designate intermediate cell stages as specific cell types. Epicardial ICLCs/TCs cannot be regarded
as a particular cell type as (pre)lymphatic endothelial cells are inadequately excluded. Markers
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such as CD117/c-kit and CD34 seem to be unsuitable for identifying TCs as a distinctive cell type.
The identification of TCs on two-dimensional slides should be regarded with caution, and researchers
using the immunohistochemical method and related protocols should be careful to avoid gathering
and promoting nonspecific or inaccurate results.
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