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Abstract: Background: Telocytes are interstitial stromal cells identified in various human organs,
including the kidney. Their presence and role in human diabetic kidney disease remain unknown.
Methods: To identify and localize telocytes in glomerular and tubule-interstitial compartments, both
normal and diabetic human renal tissues were examined using immunohistochemistry, immunofluo-
rescence, and transmission electron microscopy. Results: Renal telocytes are elongated interstitial
cells with long, thin telopodes, showing alternating thin and thick segments. They expressed CD34,
Nestin, x-SMA, and Vimentin markers. Occasionally, c-Kit expression was observed in some rounded
and spindle cells, while no positivity was detected for PDGFR-3 and NG2. Telocytes were identified
around Bowman’s capsule, tubules, and peritubular capillaries in both normal and diabetic conditions.
In diabetic renal samples, there was a significant increase in «-SMA expressing telocytes, leading
to periglomerular fibrosis. These telocytes also exhibited a synthetic phenotype with proteoglycan
deposition in the extracellular matrix and, in some cases, showed pre-adipocytic differentiation.
Conclusions: Telocytes were identified in normal and diabetic human kidneys. These cells form an
elastic mechanical scaffold in the interstitium and are present in all renal cortical compartments. In
diabetic samples, their increased «-SMA expression and synthetic phenotype suggest their potential
role in the pathogenesis of diabetic nephropathy.

Keywords: telocyte; human kidney; immunohistochemistry; transmission electron microscopy;
diabetic nephropathy

1. Introduction

Classically, histological studies of the kidney cortex have highlighted the existence of
cellular networks formed by two main components: interstitial fibroblasts and dendritic
reticulum cells [1]. However, using additional immunohistochemical markers such as
CD34, c-Kit, Nestin, a-smooth muscle actin (x-SMA), and Vimentin, the presence of a third
network in the renal cortical interstitium can be identified. This network is constituted
of telocytes.

Telocytes (TCs) are a distinct population of stromal/interstitial cells first described
by the research groups of Popescu and Faussone-Pellegrini in 2010, primarily using trans-
mission electron microscopy (TEM), which is considered the gold standard for identifying
TCs [2,3]. TCs exhibit a characteristic morphology that distinguishes them from other
cell types: they have a small cell body with an oval nucleus, sparse cytoplasm, and very
long, thin, and beaded cytoplasmic processes called telopodes. These telopodes consist of
extremely thin segments (podomeres) alternating with thicker portions (podoms), which
contain mitochondria, endoplasmic reticulum, and caveolae [4]. TCs form intricate net-
works, establishing contact with various other cells, vessels, and nerves [5].

Over the years, TCs have been identified in a wide range of human organs and tissues,
including the heart [6,7], gastrointestinal tract [8,9], blood vessels [10,11], female and
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male reproductive systems [12-15], skin [16,17], glands [18-20], and kidney [21,22]. These
findings have been primarily disclosed using TEM, scanning electron microscopy (SEM),
immunofluorescence, and immunohistochemistry.

Given the absence of a unique marker for TCs [23], these cells are identified by different
molecules depending on the tissue in which they are found. Using immunohistochemical
approaches, TCs are commonly recognized through markers such as CD34, c-Kit, Vimentin,
platelet-derived growth factor receptor (PDGFR)-«, and «-SMA, which are variably ex-
pressed across different organs and even within the same organ and tissue [4,9,23,24].
Additionally, TCs have been reported to express Nestin, PDGFR-3, and VEGF [15,22,25].
The phenotype plasticity is more complex and trickier in the oncological contest [26]. The
immunophenotypic characterization of TCs is often combined with double immunofluores-
cence to facilitate their identification.

Several functions have been attributed to TCs, though many of these roles remain to
be fully clarified. TCs are believed to play a pivotal role in maintaining organ structure and
mechanical sensing [4], facilitating cell-to-cell communication and intercellular signaling
through homocellular or heterocellular connections with neighboring cells [5,23,27], and
mediating paracrine effects via the release of exosomes and extracellular vesicles [28,29].
They are also implicated in immune response regulation [30,31], angiogenesis [32], repara-
tive and regenerative processes [33-35], and stem cell functions [36]. Additionally, evidence
suggests that TCs may be involved in various pathological processes, including tumors,
aortic aneurysms, fibrosis, chronic inflammation, and skin and heart diseases [26,37-42].
All these conditions are chronic diseases sharing the remodeling of the extracellular matrix
components whose cell determinants are not completely understood. Diabetes belongs
to this spectrum of diseases; it is a chronic disease with significant remodeling of the
extracellular matrix of the basal lamina.

To our knowledge, the presence of TCs in human diabetic nephropathy has not been
previously described. Diabetic nephropathy is characterized by morpho-functional changes
such as glomerular basement membrane thickening, mesangial expansion, podocyte alter-
ations, tubular damage, a decline in kidney function, renal impairment and, eventually,
end-stage renal disease. Therefore, the potential involvement of TCs in diabetic nephropa-
thy remains unclear.

The aim of this study is to investigate the presence and localization of TCs in normal
human kidney tissue and provide the first evidence of their presence in diabetic kidneys us-
ing light and transmission electron microscopy (TEM) techniques. Furthermore, this study
seeks to define the potential role of TCs in diabetic nephropathy, particularly considering
the disease’s progression towards fibrosis, chronicity, and organ failure.

2. Materials and Methods

This retrospective study was performed on archival paraffin sections of normal (n = 2)
and diabetic (n = 7) human renal tissues and on resin ultrathin sections and conducted in
accordance with the Declaration of Helsinki, and approved by Local Ethics Committee
(protocol number RecoverEMO; 185/2020/Sper/ AOUBo).

2.1. Light Microscopy

To investigate the immunophenotypic profile of TCs, immunohistochemistry and
double immunofluorescence techniques were employed. For immunohistochemistry, the
NovoLink™ Polymer Detection System (Leica Biosystems, Newcastle Upon Tyne, UK) was
used according to the manufacturer’s datasheet. Three-pum-thick sections of formalin-fixed
or Serra’s solution, paraffin-embedded tissues were deparaffined in xylene, rehydrated with
ethanol at decreased concentrations, and washed in distilled water. To unmask antigens,
samples were treated with heat by autoclaving in a citrate buffer pH = 6 at 120 °C for
20 min, followed by cooling for 20 min and washing in distilled water.

To neutralize the endogenous peroxidase activity, sections were exposed to 3% HyO,
(Sigma-Aldrich, St Louis, MO, USA) in absolute methanol (Sigma-Aldrich) for 5 min at room
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temperature (RT) in the dark. After washing in Tris Buffered Saline (TBS), the sections were
blocked to reduce the nonspecific binding before incubation with CD34 (1:80, class II, clone
QBEnd-10, Dako, Glostrup, Denmark), c-Kit (1:200, clone H-300, Santa Cruz Biotechnology,
Dallas, TX, United States), x-SMA (1:9000, clone 1A4, Sigma-Aldrich), Nestin (1:400, clone
10c2, Santa Cruz Biotechnology), Vimentin (1:500, clone V9, Santa Cruz Biotechnology),
PDGFR- (1:200, clone PR7212, R&D Systems, Minneapolis, MN, USA), and Neuron
glial antigen 2 (NG2) (1:50, clone LHM-2, R&D Systems) primary antibodies diluted in
1% bovine serum albumin (BSA) in PBS overnight at 4 °C. Negative control was performed
by omitting the primary antibodies. Then, sections were treated with 3,3'-diaminobenzidine
(DAB) substrate/chromogen, counterstained with hematoxylin, dehydrated in ethanol, and
passed in xylene before mounting the coverslip. All incubations were performed in a wet
chamber. Samples were observed with a Leitz Diaplan light microscope (Wetzlar, Germany),
acquiring digital imaging using Image-Pro Plus 6 software (Media Cybernetics, Rockville,
MD, USA). The semiquantitative analysis was performed by two expert pathologists; it
was based on the positivity or negativity and intensity of immunostaining for the CD34,
Nestin, a-SMA, Vimentin, and c-Kit of normal and diabetic human renal samples. A score
was attributed to each renal compartment (glomerulus and tubule-interstitium) as well as
to each renal component (Bowman's capsule, mesangial cells, glomerular endothelial cells,
peritubular capillaries, tubules, and interstitium). To quantify CD34- and o-SMA-positive
areas, ten random images were acquired from each sample at 40x of magnification and
measured using Image-Pro Plus 6 measurement tools. Values were expressed as the mean
of the positive area/total area ratio & standard deviation (SD) and relative percentages.

For double immunofluorescence, additional sections of both normal and diabetic
human renal tissues were used for detecting CD34 and c-Kit expression. After dewaxing
and rehydration, tissue sections were blocked with 1% PBS/BSA for 30 min at RT and
subsequently labeled with a solution of CD34 (1:80, Dako) and c-Kit (1:200, Santa Cruz
Biothecnology) primary antibodies in 1% PBS/BSA for 1 h at 37 °C. After several rounds
of washing with PBS, tissues were stained with a solution of Alexa Fluor 488 (1:250,
ThermoFisher Scientific, Carlsbad, CA, USA) and Alexa Fluor 546 (1:250, ThermoFisher
Scientific) secondary antibodies in 1% PBS/BSA for 1 h at 37 °C in the dark, and washed
and counterstained with the ProLong™ Gold Antifade reagent with DAPI (ThermoFisher
Scientific); all incubations were performed in a wet chamber. Sample examinations and
digital image acquisitions were performed using a Leica DMI4000 B-inverted fluorescence
microscope (Leica Microsystems, Wetzlar, Germany).

2.2. Transmission Electron Microscopy

Ultrathin sections were obtained during the routine examination. Briefly, renal tis-
sues were fixed in cacodylate, buffered 2.5% glutaraldehyde overnight at 4 °C, post-fixed
in osmium tetroxide, dehydrated with ethanol, and embedded in Araldite resin (Serva,
Heidelberg, Germany). Resin blocks were cut with an ultramicrotome (Ultracut, Reichert,
Vienna, Austria) to obtain ultrathin sections and, after counterstaining with uranyl acetate
followed by lead citrate, they were viewed in a Philips CM100 (FEI Company, ThermoFisher,
Waltham, MA, USA) Transmission Electron Microscope equipped with a digital camera for
image acquisitions.

2.3. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8 software. Statistical
differences between normal and diabetic human renal tissue samples were evaluated
using unpaired Student’s t-test Values are expressed as means + standard deviations (SD);
p values < 0.05 were considered statistically significant.
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3. Results
3.1. Immunophenotype and Localization of Telocytes in Normal and Diabetic Human
Kidney Tissues

To identify TCs in renal tissues, an immunohistochemical analysis was performed
using markers such as CD34, Nestin, «-SMA, Vimentin, and c-Kit. This analysis revealed
the presence of spindle-shaped cells with long, thin prolongations—characteristic of TCs—
localized in periglomerular and pericapillary glomerular areas as well as in the interstitium
of both normal and diabetic human renal tissues. These findings are summarized in Table 1.

Table 1. Immunophenotypic profile of TCs and their localization in human kidney cortical tissues.

Glomerulus Tubule-Interstitium
Bowman'’s Mesangial ~ Glomerular Endothelial Peritubular Tubules Interstitium
Capsule Cells Cells Capillaries

Antibodies N D N D N D N D N D N D

CD34 + + - + ++ ++ ++ ++ + + + +
Nestin + + ++ + ++ + +/- + + + +/- +/-
a-SMA ++ ++ + + +/- +/- + ++ + ++ ++ ++
Vimentin ++ ++ + + ++ ++ + ++ + ++ + ++

c-Kit +/- - - - - - - - +/- +/- - -

Abbreviations: N = normal human kidney; D = diabetic human kidney. ++ = strong and diffuse positivity;
+ = strong and focal positivity; +/- = occasional positivity; and - = negative staining.

Renal TCs expressing CD34 were detected along Bowman's capsules (Figure 1A,C),
around some tubules, and in the interstitium (Figure 1B,D); as expected, CD34 intensely
stained endothelial cells of glomerular and peritubular capillaries (Figure 1) in both condi-
tions. The glomerular mesangial cells positive for CD34 were seen only in diabetic samples
(Figure 1C). Furthermore, we noted the presence of numerous intensely stained TCs for
CD34 forming multilayers around the Bowman’s capsule in some diabetic tissues.

Glomeruli Tubules / Interstitium

Figure 1. TCs expressing CD34 in human renal tissues. Representative images of TCs positive
for CD34 localized in glomeruli and in tubules/interstitium compartments of (A,B) normal and
(C,D) diabetic human kidney tissues. TCs and their telopodes immunostaining for the CD34 marker
were localized along the renal Bowman's capsule (white asterisks), in mesangial cells (white circle),
around some tubules (dark arrows), in endothelial cells of glomerular and peritubular capillaries
and in the interstitium (black asterisks). TCs with dot positivity (black arrowheads) were also found.

Magnification of images = 25x. Scale bars: 10 um.
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Nestin staining was diffuse and strongly positive in podocytes, mesangial cells, and
the endothelial cells of glomerular capillaries in normal renal tissues (Figure 2A,C). In dia-
betic renal tissues, intense Nestin staining was limited to parietal epithelial cells, podocytes,
a few mesangial cells, and glomerular endothelial cells (Figure 2A,C). The reduction in
mesangial Nestin staining in diabetic samples was attributed to increased matrix produc-
tion. In normal kidneys, Bowman'’s capsule was lined with long portions of renal TCs
expressing Nestin (Figure 2A). In contrast, diabetic tissue showed only partial coverage by
fragmented telopodes (Figure 2C). In the tubulo-interstitial compartment, Nestin-positive
TCs surrounded some tubules in both normal and diabetic conditions (Figure 2B,D).

Glomeruli Tubules / Interstitium

Figure 2. TCs expressing Nestin in human renal tissues. Representative images of TCs and their
projections positive for Nestin were detected along Bowman’s capsule (white asterisks), around renal
tubules (dark arrows), and in the interstitium (black asterisks) of (A,B) normal and (C,D) diabetic
human kidney tissues. Dot positivity (dark arrowheads), as well as parietal epithelial cells (white
arrowheads), podocytes (double white arrows), and mesangial cells (white circles) positive for Nestin
were also seen. Magnification of images = 25x. Scale bars = 10 um.

The immunoreaction for «-SMA, a contractile protein, was observed in all renal
compartments examined (Figure 3). In normal kidneys, x-SMA positivity was present
in some mesangial cells (Figure 3A), whereas in diabetic tissues, the expression of the
x-SMA marker was more intense and diffusely distributed (Figure 3C). In both renal
conditions, TCs intensely stained for x-SMA were visible in the outer region of Bowman'’s
capsule, which was entirely surrounded by these cells and their long, thin cytoplasmic
prolongations (Figure 3A,C). Numerous TCs were arranged in a multilayer pattern in this
location, with a more pronounced presence in diabetic samples (periglomerular fibrosis)
(Figure 3C). Several renal tubules were lined by a-SMA-positive TCs, which appeared
thicker in diabetic samples compared to normal ones (Figure 3B,D). In the interstitium,
x-SMA-positive TCs were organized into a widespread and intricate network and were
also located around peritubular capillaries (Figure 3).

Renal TCs expressing Vimentin were identified along the entire outer boundary of
Bowman’s capsule and in endothelial cells of glomerular capillaries (Figure 4A,C), as well
as around some tubules whose expression increased in number and intensity in diabetic
samples, in peritubular vessels and in the interstitium (Figure 4B,D) of both groups; parietal
epithelial cells, podocytes and mesangial cells positive for Vimentin-were more marked in
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diabetic (Figure 4C) than normal samples (Figure 4A). Some multilayers of TCs expressing
Vimentin were also detected.

Glomeruli Tubules / Interstitium

o-SMA

Figure 3. TCs expressing a-SMA in human renal tissues. Representative images of TCs positive
for «-SMA distributed in the glomeruli and tubules/interstitium compartment of (A,B) normal and
(C,D) diabetic human kidney tissues. TCs with their long and thin projections were localized along
Bowman'’s capsule (white asterisks) in renal tubules (dark arrows), interstitium (black asterisks), and
mesangial cells (white circle). The dot positivity of TCs (dark arrowheads) and their organization as
multilayers (white arrows) were also seen. Magnification of images = 25x Scale bars = 10 um.

Occasional cells expressing the c-Kit marker were identified in both normal and
diabetic conditions (Figure 5). These cells exhibited a dual morphology: some appeared
rounded (Figure 5A,B), indicative of mast cells, an inflammatory cell type observed in both
glomeruli and the interstitium, while elongated cells, characteristic of TCs, were detected
along a few tubules (Figure 5B-D).

Immunolabeling for PDGFR- and NG2 markers was negative in both renal tissues.
Therefore, no pericytes were observed immunohistochemically around the interstitial
peritubular capillaries.

In the renal tissues examined, TCs immunostained for CD34, Nestin, x-SMA, and
Vimentin showed double positivity: linear and dot. The dotted positivity could reflect
the telopodes structure composed of alternating thin (podomeres) and dilated (podoms)
segments that, when too thin, were not observable under the light microscope (Figures 1-4).

The quantitative analysis for CD34 positivity showed a slight increase in diabetic tis-
sues (mean positive area: 6.266 + 3.306; mean percentage of positivity: 0.03354 £ 0.01769)
than normal samples (mean positive area: 6.041 + 2.805; mean percentage of positiv-
ity: 0.03233 % 0.01501) without significant differences (Figure 6A,B). Of interest was o-
SMA, whose expression significantly increased in diabetic tissues (mean positive area:
30.33 £ 24.02; mean percentage of positivity: 0.1623 £ 0.1286) in contrast to normal ones
(mean positive area: 10.19 £ 6.358; mean percentage of positivity: 0.05452 £ 0.03403)
(Figure 6C,D).
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Glomeruli Tubules / Interstitium
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Figure 4. TCs expressing Vimentin in human renal tissues. Representative images of TCs and
their telopodes positive for Vimentin in the glomeruli and tubules/interstitium compartment of
(A,B) normal and (C,D) diabetic human kidney tissues. They were detected in the entire outer
boundary of Bowman’s capsule (white asterisks), around some tubules (dark arrows), and in
the renal interstitium (black asterisks). The dot positivity (dark arrowheads), small multilayers
(white arrows), parietal epithelial cells (white arrowheads), podocytes (double white arrows), and
mesangial cells (white circles) positive for Vimentin were also seen. Magnification of images = 25x.
Scale bars = 10 um.

Glomeruli Tubules / Interstitium

Figure 5. c-Kit in human renal tissues. Representative images of occasional cells positive for c-Kit
in the glomeruli and tubules/interstitium compartment of (A,B) normal and (C,D) diabetic human
kidney tissues. A few spindle cells, ascribable to TCs, were localized around some tubules (black
arrows); at the same sites, rare, rounded cells were also seen (black arrowheads). Magnification of
images = 25x. Scale bars = 10 pm.
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Figure 6. Quantitative analysis of CD34- and x-SMA-positive expression. The quantification of the
(A) area or (B) percentage occupied by TCs positive for CD34 was almost superimposable in both
normal and diabetic renal tissues without significant differences. (C) The area or (D) percentage of
TCs expressing a-SMA was significantly increased in diabetic tissues compared to normal samples.
Values are expressed as mean £ SD. **** p value < 0.0001.

Double immunofluorescence for CD34 and c-Kit markers was additionally performed.
The immunostaining confirmed the presence of renal TCs positive for CD34 and char-
acterized by oval nuclei and long and thin cytoplasmic extensions. TCs were localized
around Bowman’s capsule, tubules, peritubular capillaries, and in the interstitium of
normal (Figure 7A-C) and diabetic human renal kidneys (Figure 7D-F); endothelial cells

were also stained; and rare rounded c-Kit positive cells were exclusively detected in a few
renal tubules.

Glomeruli Tubules / Interstitium

Figure 7. Double immunofluorescence for CD34 and c-Kit markers in human renal tissues. Repre-
sentative images of TCs positive for CD34 distributed in glomeruli and in the tubules/interstitium
compartment of (A—C) normal and (D-F) diabetic human kidney tissues. CD34-stained TCs and
their elongated and slim projections were localized along Bowman’s capsule (orange arrows) and in
some tubules (white arrows), showing linear and dot positivity; multilayers of TCs expressing CD34
(white asterisks) were also seen in some cases. (A,C-E) scale bars = 25 um; (B) scale bar = 50 um; and
(F) scale bar = 10 pm.
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3.2. Ultrastructure of Telocytes in Normal and Diabetic Human Kidney Tissues

TEM investigation revealed the presence of spindle cells with cytoplasm long, slender
prolongations features typical of TCs in both normal and diabetic human kidney tissues
(Figure 8). Very long and extremely thin fragmented telopodes were located along the outer
side of Bowman’s capsule (Figure 8A) and in the interstitium along the basal membrane
of tubules (Figure 8B) and near the peritubular capillaries (Figure 8C), which occasionally
displayed a moniliform appearance due to the alternation of podomeres and podoms
(Figure 8B,C). In diabetic renal tissue, the cytoplasm of the TCs exhibited an expansion
of the rough endoplasmic reticulum (Figure 8D), and at high magnification, it could be
observed that the TCs were frequently embedded in electron-transparent extracellular
lacunae where proteoglycan particles were present (Figure 8E); occasionally, the cytoplasm
of the TCs contained single or multiple lipid droplets (Figure 8F).

Figure 8. Ultrastructural identification and localization of TCs in normal and diabetic human renal
tissues. (A—-C) Ultrastructure of TCs in normal kidney tissues. Several long and slender telopodes
and their fragments were identified along the outer side of Bowman'’s capsule, near the basal mem-
brane of tubules and close to peritubular capillaries (Tp and yellow asterisks); in interstitium were
visible thin segments (podomeres) that alternated to thick (podoms) regions (orange arrowheads).
(D-F) Ultrastructure of TCs in diabetic kidney tissues. TCs with spindle nuclei and long and thin
telopodes were identified along the basal membrane of tubules near peritubular capillaries in the
interstitial space. Focally, TCs were embedded in extracellular lacunae containing proteoglycan parti-
cles (E); in a few cases, telopodes were packed with lipid droplets ((F), white arrows). Abbreviations:
BC: Bowman’s capsule; BM: basal membrane of tubules. C: capillary; Int: interstitium; T: tubule;
TC: telocyte; and Tp: telopodes. (A-D,F) scale bars = 5 um. (E) Scale bar = 2 um.

4. Discussion

This study provides evidence of the presence of TCs in the human renal cortex of both
normal and diabetic samples by combining immunohistochemical and double immunoflu-
orescence staining with TEM techniques. Alongside fibroblasts and potential dendritic
reticulum cells [1], we observed cells with typical morphology and immunophenotypical
features of TCs, including very long and slender cytoplasmic telopodes with alternating
podomeres and dilated podoms. The previous documentation of TCs in the human kidney
focused solely on normal renal samples [21,22]. Here, we provide the first evidence of TCs,
their localization, and distribution in diabetic human kidney tissues.

Among the morphological methods, TEM is considered the gold standard for distin-
guishing TCs from other interstitial /stromal cells [3]. Ultrastructural analysis highlighted
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TCs and fragments of their long, thin telopodes in both normal and diabetic human kidneys.
TCs were primarily located around Bowman’s capsule and in the interstitium, along tubule
basal membranes, and close to peritubular capillaries. Podoms containing cytoplasmic
organelles, such as mitochondria, were also observed. This organizational pattern and
the morphological features of TCs can be exclusively observed via TEM analysis. Our
observations suggest that TCs form a geometric scaffold in the renal cortex and likely in
other tissues where they have been described, ensuring the mechanical stability of the
interstitium while providing a lightweight, highly stable structure resistant to internal and
external mechanical stress.

Over the years, various markers have been tested without identifying one that is
specific for TCs. Therefore, their characterization requires a combined study integrating
TEM with immunohistochemistry. Surface and intracellular molecules, including CD34,
c-Kit, Vimentin, PDGFR-«, and «-SMA, have been proposed to identify TCs [23]. The
expression of these markers varies depending on the anatomical site and even within the
same organs and tissues [23-25], reflecting the phenotypic plasticity of TCs, which is a trait
common to other stromal cells, such as mesenchymal stromal cells.

In this study, renal TCs were positive for CD34, x-SMA, Vimentin, and Nestin,
with variable staining intensity. The immunohistochemical panel identified TCs in the
periglomerular area, along the outside of Bowman’s capsule, and in the interstitial area
around tubules and interstitial peritubular capillaries in both normal and diabetic renal
tissues. These results were consistent with TEM findings. For c-Kit, a member of the
receptor tyrosine kinase family involved in several biological processes, our results show
the presence of rare spindle and rounded cells in Bowman’s capsule membrane and some
tubules, partially confirming previous reports [21,22]. The low or absent expression of c-Kit
was further confirmed through double immunofluorescence staining for CD34/c-Kit.

Given the presence of TCs near peritubular capillaries, it was necessary to distinguish
TCs from classical mural perivascular cells, such as pericytes. The immunohistochemical
analysis minimized the presence of pericytes in the stromal cortical tissue architecture due
to the absence of PDGFR-f3 and NG2, which are two classical pericyte lineage markers, in
the peritubular capillaries of the interstitium.

Notably, immunolabeled TCs displayed a dual morphology: linear and/or dot. This
aspect reflects the internal organization of telopodes, as evidenced by ultrastructural studies,
showing a moniliform shape due to the alternation of podomeres (thin regions) and podoms
(thick portions) consistent with previous studies on in vitro human TCs culture [6,31].
When these extensions become extremely thin, they may not be detectable under a light
microscope, unlike the dilated portions, which are observable. This morphology supports
the tensional structure function of TCs, providing cellular flexibility adaptable to changes
in stromal rigidity.

Additionally, we observed multiple TCs arranged in concentric layers, with intensely
immunostained multilayers being more pronounced in diabetic human kidney tissues than
in normal ones. This feature corresponds to periglomerular fibrosis, which is known to
correlate with interstitial fibrosis and a decline in renal function [43].

Quantifying the immunostaining of TCs for CD34 and x-SMA revealed a significant
increase in «-SMA positivity in diabetic tissues compared to normal kidneys, suggesting a
potential role of TCs in renal pathologies. Previous studies have shown that x-SMA expres-
sion in the glomeruli and interstitial areas of human biopsies affected by various kidney
diseases is associated with reduced renal function and disease progression, indicating that
a-SMA expression could be a useful diagnostic and/or prognostic factor [44—49].

TCs have been attributed several functions, including structural support [4], commu-
nication [5,23,27-29], immunomodulation [30,31], angiogenesis [32], reparative and regen-
erative processes [33-35], and the regulation of stem/progenitor cells in stem cell niches
of various organs [36]. In damaged human kidneys, stromal cells acquire a myofibroblast
phenotype characterized by a-SMA expression and collagen and matrix production [1].
The increased «-SMA expression in diabetic conditions raises questions about chronicity
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and the derivation of myofibroblasts in the pathological renal interstitium. While the
direct transformation of fibroblasts into myofibroblasts remains unproven, the potential
derivation of myofibroblasts from TCs cannot be ruled out due to the noted plasticity
of TCs.

In the TEM analysis of diabetic kidney samples, we observed several morphologi-
cal variations in TCs, including an increase in synthetic components, such as expanded
rough endoplasmic reticulum and the formation of electron-transparent niches containing
proteoglycans. These aspects indicate that in a pathological context like diabetes, TCs
may assume synthetic capabilities and influence the extracellular matrix composition. The
presence of proteoglycans, particularly versican, in other pathological contexts precedes
collagen accumulation. Notably, in patients with cardiomyopathy, versican protein levels
extended from the perivascular region into the tissue interstitium [50]. Although we did
not study versican’s presence in the renal cortical tissues of normal and diabetic subjects,
this hypothesis warrants further investigation as it could constitute a therapeutic target to
prevent fibrosis onset.

Further evidence of TCs’ plasticity was provided by the ultrastructural documentation
of cytoplasmic lipid droplets in interstitial TCs in our diabetic samples. Based on this
observation, we speculate a potential pre-adipocyte differentiation of cellular portion,
possibly resulting from either the direct differentiation of TCs or induced fibroblasts, so-
called lipo-fibroblasts, or other mesenchymal stromal cells differentiating into adipogenic
lineage under certain conditions. Further investigations are necessary to better elucidate
the plasticity and role of TCs in diabetic nephropathy.

5. Conclusions

In summary, our study documents that TCs positive for CD34, x-SMA, Nestin, and
Vimentin markers are present in both normal and diabetic human kidney tissues using
combined immunohistochemical, immunofluorescence, and ultrastructural investigations.
Due to their unique morphological characteristics, TEM remains the gold standard tech-
nique for their characterization, allowing an appreciation of the structural organization
of telopodes. TCs were distributed in the interstitium along Bowman'’s capsule, around
tubules, and peritubular capillaries, forming an elastic mechanical scaffold. In diabetic
samples, multilayers of TCs constituted periglomerular fibrosis, which was a feature fre-
quently observed. Their plasticity, with increased ax-SMA expression and the acquisition
of a synthetic phenotype or pre-adipocytic commitment, suggests their potential role in
the pathogenesis of diabetic nephropathy. Further studies are necessary to elucidate the
precise role of TCs in diabetic nephropathy and to develop new therapies for managing
this pathological condition.

Author Contributions: Conceptualization, G.P.; methodology, S.V. and M.V.L,; formal analysis, S.V.
and M.V.L,; data curation, S.V. and M.V.L.; writing—original draft preparation, S.V.; writing—review
and editing, S.V,, EV. and G.P; supervision, S.V. and G.P. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and was approved by Local Ethics Committee, University-Hospital S. Orsola-Malpighi,
Bologna (protocol n° RecoverEMO; 185/2020/Sper/ AOUBo), date of approval: June 2020.

Informed Consent Statement: Informed consent was waived by the institutional review board due
to the retrospective nature of the study.

Data Availability Statement: All relevant data are available within the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.



Biomolecules 2024, 14, 968 12 of 13

References

1. Kaissling, B.; Le Hir, M. The renal cortical interstitium: Morphological and functional aspects. Histochem. Cell Biol. 2008, 130,
247-262. [CrossRef]

2. Popescu, L.M.; Faussone-Pellegrini, M.S. TELOCYTES—A case of serendipity: The winding way from Interstitial Cells of Cajal
(ICC), via Interstitial Cajal-Like Cells (ICLC) to TELOCYTES. J. Cell Mol. Med. 2010, 14, 729-740. [CrossRef] [PubMed]

3. Cantarero, I.; Luesma, M.].; Alvarez-Dotu, ].M.; Mufioz, E.; Junquera, C. Transmission electron microscopy as key technique for
the characterization of telocytes. Curr. Stem Cell Res. Ther. 2016, 11, 410-414. [CrossRef] [PubMed]

4.  Faussone-Pellegrini, M.S.; Popescu, L.M. Telocytes. Mol. Concepts 2011, 2, 481-489. [CrossRef]

5. Faussone-Pellegrini, M.S.; Gherghiceanu, M. Telocyte’s contacts. Semin. Cell Dev. Biol. 2016, 55, 3-8. [CrossRef]

6. Yang, Y., Sun, W,; Wu, S.M.; Xiao, J.; Kong, X. Telocytes in human heart valves. J. Cell Mol. Med. 2014, 18, 759-765. [CrossRef]

7. Popescu, LM.; Manole, C.G.; Gherghiceanu, M.; Ardelean, A.; Nicolescu, M.I,; Hinescu, M.E.; Kostin, S. Telocytes in human
epicardium. J. Cell Mol. Med. 2010, 14, 2085-2093. [CrossRef] [PubMed]

8.  Chen, X,; Zheng, Y.; Manole, C.G.; Wang, X.; Wang, Q. Telocytes in human oesophagus. J. Cell Mol. Med. 2013, 17, 1506-1512.
[CrossRef]

9. Vannucchi, M.G.; Traini, C.; Manetti, M.; Ibba-Manneschi, L.; Faussone-Pellegrini, M.S. Telocytes express PDGFRalpha in the
human gastrointestinal tract. J. Cell Mol. Med. 2013, 17, 1099-1108. [CrossRef]

10. Aschacher, T.; Schmidt, K.; Aschacher, O.; Eichmair, E.; Baranyi, U.; Winkler, B.; Grabenwoeger, M.; Spittler, A.; Enzmann, F;
Messner, B.; et al. Telocytes in the human ascending aorta: Char acterization and exosome-related KLF-4/VEGF-A expression. J.
Cell Mol. Med. 2021, 25, 9697-9709. [CrossRef]

11. Borges, L.F; Falcao, R.S.P; Taboga, S.R.; Gutierrez, P.S.; Michel, ].B. Are telocytes related to maintenance of vascular homeostasis
in normal and pathological aorta? Cardiovasc. Pathol. 2024, 70, 107617. [CrossRef] [PubMed]

12.  Cretoiu, D.; Popescu, L. M. Human myometrium—The ultrastructural 3D network of telocytes. J. Cell Mol. Med. 2012, 16,
2844-2849. [CrossRef] [PubMed]

13. Rosa, I; Nardini, P.; Fioretto, B.S.; Guasti, D.; Romano, E.; Sgambati, E.; Marini, M.; Manetti, M. Immunohistochemical and
ultrastructural identification of telocytes in the lamina propria of human vaginal mucosa. Acta Histochem. 2023, 125, 152094.
[CrossRef] [PubMed]

14. Marini, M,; Rosa, I.; Guasti, D.; Gacci, M.; Sgambati, E.; Ibba-Manneschi, L.; Manetti, M. Reappraising the microscopic anatomy
of human testis: Identification of telocyte networks in the peritubular and intertubular stromal space. Sci. Rep. 2018, 8, 14780.
[CrossRef] [PubMed]

15.  Suciu, L.; Popescu, L.M.; Gherghiceanu, M.; Regalia, T.; Nicolescu, M.L; Hinescu, M.E.; Faussone-Pellegrini, M.S. Telocytes in
human term placenta: Morphology and phenotype. Cells Tissues Organs 2010, 192, 325-339. [CrossRef] [PubMed]

16. Ceafalan, L.; Gherghiceanu, M.; Popescu, L.M.; Simionescu, O. Telocytes in human skin—Are they involved in skin regeneration?
J. Cell Mol. Med. 2012, 16, 1405-1420. [CrossRef] [PubMed]

17.  Wang, L.; Xiao, L.; Zhang, R.; Jin, H.; Shi, H. Ultrastructural and immunohistochemical characteristics of telocytes in human scalp
tissue. Sci. Rep. 2020, 10, 1693. [CrossRef]

18. Rosa, I.; Ibba-Manneschi, L.; Guasti, D.; Perigli, G.; Faussone-Pellegrini, M.S.; Manetti, M. Morphologic evidence of telocytes in
human thyroid stromal tissue. J. Cell Mol. Med. 2022, 26, 2477-2481. [CrossRef]

19. Nicolescu, M.I,; Bucur, A.; Dinca, O.; Rusu, M.C.; Popescu, L.M. Telocytes in Parotid Glands. Anat. Rec. 2012, 295, 378-385.
[CrossRef]

20. Petre, N.; Rusu, M.C,; Pop, F; Jianu, A.M. Telocytes of the mammary gland stroma. Folia Morphol. 2016, 75, 224-231. [CrossRef]

21. Qi G.; Lin, M.; Xu, M; Manole, C.G.; Wang, X.; Zhu, T. Telocytes in the human kidney cortex. J. Cell Mol. Med. 2012, 16, 3116-3122.
[CrossRef]

22.  Rusu, M.C.; Mogoantd, L.; Pop, F; Dobra, M.A. Molecular phenotypes of the human kidney: Myoid stromal cells/telocytes and
myoepithelial cells. Ann. Anat. 2018, 218, 95-104. [CrossRef] [PubMed]

23. Kondo, A.; Kaestner, K.H. Emerging diverse roles of telocytes. Development 2019, 146, dev175018. [CrossRef] [PubMed]

24. Zhou, Q.; Wei, L.; Zhong, C.; Fu, S.; Bei, Y.; Huica, R.I.; Wang, F.; Xiao, J. Cardiac telocytes are double positive for CD34/PDGFR-«.
J. Cell Mol. Med. 2015, 19, 2036-2042. [CrossRef] [PubMed]

25.  Suciu, L.C.; Popescu, B.O.; Kostin, S.; Popescu, L.M. Platelet-derived growth factor receptor--positive telocytes in skeletal muscle
interstitium. J. Cell Mol. Med. 2012, 16, 701-707. [CrossRef]

26. Diaz-Flores, L.; Gutiérrez, R.; Gonzéalez-Gomez, M.; Garcia, M.P.; Diaz-Flores, L., Jr.; Carrasco, J.L.; Martin-Vasallo, P. CD34+
Stromal Cells/Telocytes as a Source of Cancer-Associated Fibroblasts (CAFs) in Invasive Lobular Carcinoma of the Breast. Int. ].
Mol. Sci. 2021, 22, 3686. [CrossRef] [PubMed]

27.  Gherghiceanu, M.; Popescu, L.M. Heterocellular communication in the heart: Electron tomography of telocyte-myocyte junctions.
J. Cell Mol. Med. 2011, 15, 1005-1011. [CrossRef]

28. Cretoiu, D.; Xu, J.; Xiao, J.; Cretoiu, S.M. Telocytes and their extracellular vesicles: Evidence and hypotheses. Int. . Mol. Sci. 2016,
17,1322. [CrossRef]

29. Marini, M.; Ibba-Manneschi, L.; Manetti, M. Cardiac telocyte-derived exosomes and their possible implications in cardiovascular

pathophysiology. Adv. Exp. Med. Biol. 2017, 998, 237-254.


https://doi.org/10.1007/s00418-008-0452-5
https://doi.org/10.1111/j.1582-4934.2010.01059.x
https://www.ncbi.nlm.nih.gov/pubmed/20367664
https://doi.org/10.2174/1574888X10666150306155435
https://www.ncbi.nlm.nih.gov/pubmed/25747696
https://doi.org/10.1515/BMC.2011.039
https://doi.org/10.1016/j.semcdb.2016.01.036
https://doi.org/10.1111/jcmm.12285
https://doi.org/10.1111/j.1582-4934.2010.01129.x
https://www.ncbi.nlm.nih.gov/pubmed/20629996
https://doi.org/10.1111/jcmm.12149
https://doi.org/10.1111/jcmm.12134
https://doi.org/10.1111/jcmm.16919
https://doi.org/10.1016/j.carpath.2024.107617
https://www.ncbi.nlm.nih.gov/pubmed/38309490
https://doi.org/10.1111/j.1582-4934.2012.01651.x
https://www.ncbi.nlm.nih.gov/pubmed/23009098
https://doi.org/10.1016/j.acthis.2023.152094
https://www.ncbi.nlm.nih.gov/pubmed/37757515
https://doi.org/10.1038/s41598-018-33126-2
https://www.ncbi.nlm.nih.gov/pubmed/30283023
https://doi.org/10.1159/000319467
https://www.ncbi.nlm.nih.gov/pubmed/20664249
https://doi.org/10.1111/j.1582-4934.2012.01580.x
https://www.ncbi.nlm.nih.gov/pubmed/22500885
https://doi.org/10.1038/s41598-020-58628-w
https://doi.org/10.1111/jcmm.17282
https://doi.org/10.1002/ar.21540
https://doi.org/10.5603/FM.a2015.0123
https://doi.org/10.1111/j.1582-4934.2012.01582.x
https://doi.org/10.1016/j.aanat.2017.12.015
https://www.ncbi.nlm.nih.gov/pubmed/29660398
https://doi.org/10.1242/dev.175018
https://www.ncbi.nlm.nih.gov/pubmed/31311805
https://doi.org/10.1111/jcmm.12615
https://www.ncbi.nlm.nih.gov/pubmed/26082061
https://doi.org/10.1111/j.1582-4934.2011.01505.x
https://doi.org/10.3390/ijms22073686
https://www.ncbi.nlm.nih.gov/pubmed/33916213
https://doi.org/10.1111/j.1582-4934.2011.01299.x
https://doi.org/10.3390/ijms17081322

Biomolecules 2024, 14, 968 13 of 13

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Kang, Y.; Zhu, Z.; Zheng, Y.; Wan, W.; Manole, C.G.; Zhang, Q. Skin telocytes versus fibroblasts: Two distinct dermal cell
populations. J. Cell Mol. Med. 2015, 19, 2530-2539. [CrossRef]

Zhang, Y.; Tian, H. Telocytes and inflammation: A review. Medicine 2023, 102, e35983. [CrossRef] [PubMed]

Zheng, Y.; Chen, X.; Qian, M.; Zhang, M.; Zhang, D.; Bai, C.; Wang, Q.; Wang, X. Human lung telocytes could promote the
proliferation and angiogenesis of human pulmonary microvascular endothelial cells in vitro. Mol. Cell Ther. 2014, 2, 3. [CrossRef]
[PubMed]

Manole, C.G.; Gherghiceanu, M.; Ceafalan, L.C.; Hinescu, M.E. Dermal Telocytes: A Different Viewpoint of Skin Repairing and
Regeneration. Cells 2022, 11, 3903. [CrossRef] [PubMed]

Vannucchi, M.G.; Bani, D.; Faussone-Pellegrini, M.S. Telocytes Contribute as Cell Progenitors and Differentiation Inductors in
Tissue Regeneration. Curr. Stem Cell Res. Ther. 2016, 11, 383-389. [CrossRef] [PubMed]

Bei, Y.; Wang, F; Yang, C.; Xiao, J. Telocytes in regenerative medicine. J. Cell Mol. Med. 2015, 19, 1441-1454. [CrossRef] [PubMed]
Rosa, I.; Marini, M.; Manetti, M. Telocytes: An Emerging Component of Stem Cell Niche Microenvironment. J. Histochem.
Cytochem. 2021, 69, 795-818. [CrossRef] [PubMed]

Ardeleanu, C.; Bussolati, G. Telocytes are the common cell of origin of both PEComas and GISTs: An evidence-supported
hypothesis. J. Cell Mol. Med. 2011, 15, 2569-2574. [CrossRef] [PubMed]

Aschacher, T.; Aschacher, O.; Schmidt, K.; Enzmann, FK.; Eichmair, E.; Winkler, B.; Arnold, Z.; Nagel, F.; Podesser, B.K,;
Mitterbauer, A.; et al. The Role of Telocytes and Telocyte-Derived Exosomes in the Development of Thoracic Aortic Aneurysm.
Int. J. Mol. Sci. 2022, 23, 4730. [CrossRef] [PubMed]

Fu, S.; Wang, F; Cao, Y.; Huang, Q.; Xiao, ].; Yang, C.; Popescu, L.M. Telocytes in human liver fibrosis. J. Cell Mol. Med. 2015, 19,
676-683. [CrossRef]

Milia, A.F,; Ruffo, M.; Manetti, M.; Rosa, I.; Conte, D.; Fazi, M.; Messerini, L.; Ibba-Manneschi, L. Telocytes in Crohn’s disease. J.
Cell Mol. Med. 2013, 17, 1525-1536. [CrossRef]

Ibba-Manneschi, L.; Rosa, I.; Manetti, M. Telocyte implications in human pathology: An overview. Semin. Cell Dev. Biol. 2016, 55,
62-69. [CrossRef] [PubMed]

Diaz-Flores, L.; Gutiérrez, R.; Garcia, M.P,; Gonzalez-Gomez, M.; Rodriguez-Rodriguez, R.; Hernandez-Leén, N.; Diaz-Flores, L.,
Jr.; Carrasco, J.L. Cd34+ Stromal Cells/Telocytes in Normal and Pathological Skin. Int. J. Mol. Sci. 2021, 22, 7342. [CrossRef]
[PubMed]

Jenkins, J.; Brodsky, S.V.; Satoskar, A.A.; Nadasdy, G.; Nadasdy, T. The relevance of periglomerular fibrosis in the evaluation of
routine needle core renal biopsies. Arch. Pathol. Lab. Med. 2011, 135, 117-122. [CrossRef] [PubMed]

Makni, K,; Jarraya, F.; Khabir, A.; Hentati, B.; Hmida, M.B.; Makni, H.; Boudawara, T.; Jlidi, R.; Hachicha, J.; Ayadi, H. Renal
alpha-smooth muscle actin: A new prognostic factor for lupus nephritis. Nephrology 2009, 14, 499-505. [CrossRef] [PubMed]
Alpers, C.E.; Hudkins, K.L.; Gown, A.M.; Johnson, R.J. Enhanced expression of “muscle-specific” actin inglomerulonephritis.
Kidney Int. 1992, 41, 1134-1142. [CrossRef] [PubMed]

Kawasaki, Y.; Suzuki, J.; Sakai, N.; Tanji, M.; Suzuki, H. Predicting the prognosis of renal dysfunction by renal expression of
alpha-smooth muscle actin in children with MPGN type 1. Am. ]. Kidney Dis. 2003, 42, 1131-1138. [CrossRef]

Saratlija Novakovic, Z.; Glavina Durdov, M.; Puljak, L.; Saraga, M.; Ljutic, D.; Filipovic, T.; Pastar, Z.; Bendic, A.; Vukojevic, K.
The interstitial expression of alpha-smooth muscle actin in glomerulonephritis is associated with renal function. Med. Sci. Monit.
2012, 18, CR235-CR240. [CrossRef] [PubMed]

Utsunomiya, Y.; Kawamura, T.; Abe, A.; Imai, H.; Hirano, K.; Maruyama, N.; Hosoya, T.; Sakai, O. Significance of mesangial
expression of alpha-smooth muscle actin in the progression of IgA nephropathy. Am. J. Kidney Dis. 1999, 34, 902-910. [CrossRef]
Essawy, M.; Soylemezoglu, O.; Muchaneta-Kubara, E.C.; Shortland, J.; Brown, C.B.; El Nahas, A.M. Myofibroblasts and the
progression of diabetic nephropathy. Nephrol. Dial. Transplant. 1997, 12, 43-50. [CrossRef]

Sasi, A.; Romaine, A.; Erusappan, PM.; Melleby, A.O.; Hasic, A.; Dahl, C.P,; Broch, K.; Almaas, V.M.; Puertas, R.D.; Roderick, H.L.;
et al. Temporal expression and spatial distribution of the proteoglycan versican during cardiac fibrosis development. Matrix Biol.
Plus 2023, 19-20, 100135. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/jcmm.12671
https://doi.org/10.1097/MD.0000000000035983
https://www.ncbi.nlm.nih.gov/pubmed/37986278
https://doi.org/10.1186/2052-8426-2-3
https://www.ncbi.nlm.nih.gov/pubmed/26056572
https://doi.org/10.3390/cells11233903
https://www.ncbi.nlm.nih.gov/pubmed/36497161
https://doi.org/10.2174/1574888X10666150528142741
https://www.ncbi.nlm.nih.gov/pubmed/26018235
https://doi.org/10.1111/jcmm.12594
https://www.ncbi.nlm.nih.gov/pubmed/26059693
https://doi.org/10.1369/00221554211025489
https://www.ncbi.nlm.nih.gov/pubmed/34165348
https://doi.org/10.1111/j.1582-4934.2011.01461.x
https://www.ncbi.nlm.nih.gov/pubmed/21977985
https://doi.org/10.3390/ijms23094730
https://www.ncbi.nlm.nih.gov/pubmed/35563123
https://doi.org/10.1111/jcmm.12542
https://doi.org/10.1111/jcmm.12177
https://doi.org/10.1016/j.semcdb.2016.01.022
https://www.ncbi.nlm.nih.gov/pubmed/26805444
https://doi.org/10.3390/ijms22147342
https://www.ncbi.nlm.nih.gov/pubmed/34298962
https://doi.org/10.5858/2009-0484-OAR1.1
https://www.ncbi.nlm.nih.gov/pubmed/21204717
https://doi.org/10.1111/j.1440-1797.2009.01140.x
https://www.ncbi.nlm.nih.gov/pubmed/19674318
https://doi.org/10.1038/ki.1992.173
https://www.ncbi.nlm.nih.gov/pubmed/1351954
https://doi.org/10.1053/j.ajkd.2003.08.013
https://doi.org/10.12659/MSM.882623
https://www.ncbi.nlm.nih.gov/pubmed/22460095
https://doi.org/10.1016/S0272-6386(99)70049-1
https://doi.org/10.1093/ndt/12.1.43
https://doi.org/10.1016/j.mbplus.2023.100135

	Introduction 
	Materials and Methods 
	Light Microscopy 
	Transmission Electron Microscopy 
	Statistical Analysis 

	Results 
	Immunophenotype and Localization of Telocytes in Normal and Diabetic HumanKidney Tissues 
	Ultrastructure of Telocytes in Normal and Diabetic Human Kidney Tissues 

	Discussion 
	Conclusions 
	References

