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Abstract

Telocytes (TCs), a distinct type of interstitial (stromal) cells, have been discovered in many organs of human and mammal
animals. TCs, which have unique morphological characteristics and abundant paracrine substance, construct a three-
dimensional (3D) interstitial network within the stromal compartment by homocellular and heterocellular communications
which are important for tissue homeostasis and normal development. Fibrosis-related diseases remain a common but
challenging problem in the field of medicine with unclear pathogenesis and limited therapeutic options. Recently, increasing
evidences suggest that where TCs are morphologically or numerically destructed, many diseases continuously develop, finally
lead to irreversible interstitial fibrosis. It is not difficult to find that TCs are associated with chronic inflammation and fibrosis.
This review mainly discusses relationship between TCs and the occurrence of fibrosis in various diseases. We analyzed in
detail the potential roles and speculated mechanisms of TCs in onset and progression of systemic fibrosis diseases, as well
as providing the most up-to-date research on the current therapeutic roles of TCs and involved related pathways. Only
through continuous research and exploration in the future can we uncover its magic veil and provide strategies for treatment
of fibrosis-related disease.
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Introduction three-dimensional (3D) labyrinth-like network within inter-

stitial compartment, which facilitates direct establishment of
Cellular Morphology either homocellular or heterocellular contacts between Tps
Popescu and colleges found a novel type of stromal cell and other adj.acent cells, such as fibroblasts, mast cell, stem
called interstitial cajal-like cells (ICLC) by chance in 2005,  cells (SCs), immunocytes, vascular endothelial cells, peri-
then it was designated formally as telocytes (TCs) in 201012, cytes, muscle cells, and nerve fibers™"! (Fig. 1). In addition,

TCs can establish contacts with the connective extracellular
matrix (ECM)'?"4, With the aid of focused ion beam-scan-
ning electron microscope (FIB-SEM) tomography, Tps pres-
ent narrow and flattened (ribbon-like) structures and form
3D network by adherent homocellular junctions between
TCs in heart and skin tissues; thus, strengthening the under-
standing of TCs’ spatial morphology™>'>. All of these inter-
cellular contacts were believed to be structural basis to

TCs are cells containing telopodes (Tps), which is the most
notable and significant traits that distinguishes TCs from
other populations of interstitial cells**. Transmission elec-
tron microscopy (TEM) is used as the gold standard to
observe typical ultrastructural characteristics of TCs*°. TCs
are ultrastructurally characterized by a small piriform, spin-
dle or triangular cell body (containing a small amount of
cytoplasm and nucleus) and extremely long and thin cellular
prolongations with uneven caliber, named Tps (extending
about 10-100 microns), which demonstrates a moniliform ' Department of Obstetrics and Gynecology, The First Affiliated Hospital
structure with thin segments (podomers) alternating with of Soochow University, Suzhou, P.R. China

dilated regions (podoms)*. Mitochondria, endoplasmic retic-
ulum, and caveolaec were observed within podoms, these
are crucial for cellular metabolism and mediating the move- orre ) )

. . . .. . . Xiao-jun Yang, Department of Obstetrics and Gynecology, The First
ment of TCs: calcium signaling, lipid homeostasis, mito- e oy Hospical of Soochow University, Suzhou 215006, Jiangsu,
chondrial dynamics, transport, and apoptotic signaling®®. In P.R. China.
the interstitial compartment, TCs are usually organized into a Email: yang.xiaojun@hotmail.com
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Figure |. Schematic drawing depicting telocytes (TCs)
interstitial system. Based on transmission electron microscope,
TCs construct three-dimensional structure to integrate
information by either direct homocellular/heterocellular contacts
between telopodes (Tps) and adjacent cells, or indirect paracrine
extracellular vesicles (EV) to influence adjacent cells, including
fibroblasts (Fb), stem cells (SCs), immunocytes (IC), mast cells
(MC), endothelial cells (EC), pericytes (PC), smooth muscle cells
(SMC), and nerves (N). In addition, TCs can establish contacts
with the connective extracellular matrix (ECM) which aims

to regulate and control cellular connection and information
communication. Solid and dotted arrows represent dilated
podoms and thin podomers, respectively.

directly regulate information communication and influence
cellular behavior within interstitial compartment.

Under TEM, many different types of extracellular vesi-
cles (EVs) were observed around Tps, such as exosomes,
ectosomes, apoptotic bodies, and multivesicular cargos, such
indirect paracrine activity were supposed to enhance func-
tional regulation of adjacent cells'®'® (Fig. 1). In addition to
special morphological features, TCs have distinct proteomic,
gene profiles and miRNA imprints which are extremely dif-
ferent from those of fibroblasts, mesenchymal cells, or endo-
thelial cells'*23. Given the current evidence, TCs is a unique
and typical stromal cell population, with accumulation evi-
dence and advancement on its morphology and function in
the last decade.

TCs Heterogeneity: Distribution and
Immunophenotype

At present, increasing evidence indicates that TCs are
located in the stroma of several organs and tissues in mam-
mal animals, such as the heart’, the scalp?, mammary
gland'!, male reproductive system?3°, female reproductive
system®'3, urinary system®!, the gastrointestinal tract®,
spleen’®, skin®’, joints'?, kidney?, liver and so on* (Table 1).

Although TCs are lack of special immune markers, com-
bined immunohistochemistry can be used to complement
for the identification of TCs’>7. Basically, co-expression of
CD34, vimentin, and PDGFRa is currently considered as
the most noteworthy marker of TCs’. Multiple evidence
showed that TCs express different immunophenotypes in
different or even the same tissues or organs under the influ-
ence of the signaling received®’ (Table 1). For instance,
CD34, PDGFRa, vimentin, and c-kit are the most typical
immune labels of cardiac TCs*>7>7¢, In female reproduc-
tive system, TCs are positive for CD34, c-kit, vimentin,
PDGFRa, estrogen receptors (ER), progesterone receptors
(PR), and T-type Ca** channels®*3*777, In terms of gastro-
intestinal tract, TCs are found to be double positive for
CD34 and PDGFRa, and negative for c-kit*>’®. Double-
immunolabeling can act as a useful means to distinguish
TCs from other mesenchymal cells, such as fibroblasts
being vimentin-positive and CD34-negative, whereas TCs
being double positive for CD34 and vimentin?®. Giving
different immune phenotypes, the researchers believe that
there are different subpopulations of TCs even with the
same ultrastructure and that such differences might be the
basis of TCs region-specific heterogeneous functions®!-%,

Structural and Paracrine-Based Functional
Evidence

The role of TCs is still not fully understood, but many rele-
vant functions have been proposed, with some of them
strongly confirmed by experimental data, while others are
highly structural related and thus somewhat speculative. TCs
contribute to the maintenance of normal organ structure,
tissue homeostasis, information center, and mechanical
sensing, by forming complex 3D network within interstitial
compartment through various types of homocellular and
heterocellular junctions®!. First, structural or mechanical
support was evidenced typically in intestinal muscularis,
TCs build complex network framework through connections
with various structures: smooth muscle cells, interstitial cells
of Cajal (ICC), nerve bundles, blood vessels, and SCs niches;
function to maintain normal peristaltic movements; and
prevent tissue deformation in the gastrointestinal tract®?,
Similarly, mechanical support from TCs’ network also was
observed in interstitial space of the urinary bladder during
stretching activities**. Second, TCs contribute to cell-to-cell
communication and signaling. TCs act on neighboring cells
(especially SCs niches) either by direct contact or paracrine
activity. Several highly expressed substances identified in
TC secretome profile were carried by EVs, including cyto-
kines, growth factors, mRNAs, epigenetic regulators like
miRNAs, and other non-coding RNAs, which were believed
to be involved in intercellular exchange with adjacent cells®’.
Meanwhile, stemness properties of TCs were also evidenced
by multiple in vivo studies. TCs is an emerging component of



"J0128) YIMO.3 [BI[SYIOPUS JBNISBA ({DHTA ‘sJ01dadau suous1sadoud 1yd ‘suoidedad uadoasa 1y3

/8 39 NIdNG “( [ 39 1239UR|y ‘,,'[e 39 Ndsadoy
o¢ I8 39 Z93jRY|3-PqV
¢ |B 39 udssny

‘e 39 saydueg
/|8 39 1ULR
46 |8 39 UeRyes)

»¢ |8 39 1y2onuUBA

99'[8 39 BIgOQ

B30 nsny e 39 17

¢’ 39 NOJY

29'|8 39 BASBAZIN ‘| 5[B 39 NIdNG
09 |8 39 1UOZZRL ‘. [E 39 NI

89'L9

. ‘
g¢ B 38 NIOIBID ‘N1038ID)
4|8 39 Wnequasoy ‘e 39

BIIBH ‘c[B 39 UID[Y| ‘,'[B 3D BRIUOID ‘c'[B 3D NIOIDID)

' 39 Buryz ‘o e 39 SueyD

1s'|8 30 usadjel ‘(e 39 sndaey] ‘[ 39 usydULY ‘g, [e 39
[PULIBD-SDIYSOYS ¢, |8 39 IPUBWLISD ‘|8 39 1YdINUUBA

9949Ad DIA | -uljodAed -2

Yd 43 {001-S uIwsap HeQD D

uRUBWIA {00 1-S ADIA HEAD

IYANL 4D3A gYT VNS0 {1 g4DL -2 HEAD

PY49Ad FEAD

URUSWIA ‘e -

VINS-0 044D Qd ‘WInanad[ed ead

§01dD #€ad

S0 dD ‘unsau URUBWIA HedD I-

UlRUSWIA 3D-d 6D

B9 | TAL ‘| UIJOSARD (URUSWIA ID-D €D

g49ad 0¥4DQAd ‘unusWIA HEQD

UIISaU {ZUIJO3ARD [ | UI|O3ARD {00 |-S “Ud YT ‘UnBUSWIA HeaD
sjpuueyd 8D adAy-] ‘sjpuueyd €S ‘UIXauuod |-8d$ HHdD

VINS-P dd Y3 ‘J¥4DAd “0UIDAd UBUSWIA 3D HHEQD

ID-D {]-eds Bouru HEQD ‘UUDWIA

487 :06AD 9XOS ‘111D ‘1TXO4 “0Y4DAd “UUSWIA D

a]Psnw [e39[d]g
3[DISIA [BUIWLIDS
siwApipid3
91BI50.d

$919 |

unis

Jappe|q AJeulin
493940

Aaupry|

pue|3 Asewwely
eIUddE|d

AIBAQ

aqn ueidojjey

snJa1n
ua9|dg

JoeJ] |eulisajulodisen)

W1sAs d|asNW [e19[9XS

wR1sAs aAndNpoudal ajely

wia3sAs upys

wasAs Adeurin

wi)sAs aAndnpo.dad ajeway

o |8 39 NJsaUIH UIISaU ‘URUBWIA aD-D “0Y49Ad FEAD Jappe|q|jeD
o B 30 OBIX IV funuBWIA ‘gyY49Ad 0Y49ad Yead JOAIT wia1sAs 9ANSaZIq
& '[e 39 usyz URUBWIA e -2 1youo.q pue eayde. |
4 T8 3@ Suayz UBUBWIA €D DD sdunT wa)sAs Aiojedidsay
1 CI TERIITEACIT) apf-o 24nJe|ndse
28 39 8uBYyD “|,'[e 39 OBYZ ‘(. °[B 39 NOYZ *,,'[e 33 19g d449ad 0Y49Aad unuswiA - Head 1IeaH WR1sAs Je|ndseAolpae)
ERIIENETEN| LNENFIN uedip wia)sAg

‘sue8JQ snolIeA Ul $91400[9 ] jo adArousydounwuwy *| sjqeL



Cell Transplantation

SCs niches microenvironment, provide both structural and
paracrine support for SCs niche in different organs, including
the intestine, skeletal muscle, heart, lung, and skin’-244748:84-
% Especially in gastrointestinal tract, subepithelial TCs act
as “nursing cells” either through intercellular connections or
through specific secretome, provide essential non-epithelial
Wnats ligands and other activation or inhibition signals, to
regulate proliferation, differentiation, maturation, and guid-
ance of adjacent tissue-resident SCs and maintain homeosta-
sis of the SCs niche microenvironment. Knock out of
Porcupine (Porcn) and Wntless in Foxl1- or Glil- expressing
TCs, which were two key genes to functional maturation of
Wnats, will lead to decrease in SCs and stemness properties,
breakdown of SCs niches and impaired epithelial
renewal*’*8%°_ In addition to the above effects, TCs may also
be involved in immune response (immunomodulation and
immunosurveillance)®!, and electrical signal transduction
(spreading the slow waves generated by ICC)”.

Protection Against Fibrosis

Fibrosis and regeneration are two opposite side of repair
process after tissue injury or chronic inflammation. During
fibrosis, via epithelial-mesenchymal transition (EMT), var-
ious cells including resident mesenchymal cells, or epithe-
lial cells, are crucial sources of fibroblasts, followed with
fibroblast transformation to myofibroblasts, which was the
main component of ECM and a crucial biological mediator
of fibrosis®?>. Uncontrolled fibrosis is characterized by
hyperplasia of myofibroblasts and subsequent excessive
deposition of ECM, tissue remodeling, and scar formation,
finally leads to organ malfunction, increased cancer risk,
and end-stage organ disease®.

Increasing evidence proved that TCs abnormalities (dam-
age or loss) are closely related to many fibrosis-related dis-
eases, such as systemic sclerosis, ulcerative colitis (UC),
Crohn’s diseases (CD), heart failure, liver fibrosis, endome-
triosis (EMs), and acute salpingitis (AS)’>787%94%_ Ag TCs
develop connecting or supporting structure within the whole
interstitial compartment, fibrosis process will simultaneously
spread to TCs. However, TC damage or loss might precede or
be at the beginning of the onset of fibrosis, rather than being
merely a consequence of the fibrotic process”. Nevertheless,
reciprocal causation might exist between the development of
fibrosis and TCs’ damage in fibrosis diseases.

However, accumulating evidence confirmed that, TCs
transplantation contributed to reduction of ECM deposition,
enhanced recovery of organ function in model of myocar-
dial infarction (MI) and renal fibrosis®”%®. Therefore, TCs
provide a promising therapeutic opportunity to regeneration
repair instead of tissue fibrosis, although the underlying
mechanism(s) still need further investigation. The purpose
of this review is to summarize current findings of TCs in
various fibrotic diseases, with aim to probe future clinical
perspectives.

Cardiovascular System

Cardiac TCs have been most extensively studied than any
other tissues or organs. TCs preset in full layers of the heart
wall, including epicardium, myocardium, endocardium, and
cardiac valves, with the highest cell density in epicardium®.
Longitudinal and cross 3D networks were formed through
heterogeneous and homogeneous intercellular junctions
between cardiac TCs and mast cell, fibroblasts, pericytes,
and cardiac progenitor'®, TCs also provide structure and
functional support for SCs niches in epicardium®, with bidi-
rectional posttranscriptional signaling exchanged between
TCs and SCs through EVs'?!. Although in disease-affected
cardiac tissues, TCs lose its essential roles in maintaining the
integrity of structure and function. The number of TCs and
Tps were decreased and even lost as a consequence of quan-
titative and qualitative changes in ECM composition, with
negative correlation to the amount of mature fibrillar colla-
gens and positive correlation to degraded collagens'0!1%,
Even the aging human heart was featured with a gradual
depletion of TCs!%4,

Multiple studies revealed therapeutic value of TCs.
During acute experimental MI, TCs experienced significant
loss in the first 1 or 2 days, while increased around the neo-
vascularization border zone 30 days later, with direct physi-
cal contact or very narrow intercellular cleft (80—120 nm) to
endothelial cells, and released vesicles containing various
angiogenic micro-RNAs, therefore indicated that TCs were
involved in neo-angiogenesis during late stage of MI'%.
Cardiac TCs transplantation in rat model of MI dramatically
enhance the number of c-kit/CD34 double positive cells in
the infarcted area, resulted in a substantial reduction in
infarct size and collagen deposition, increased microvessel
density (MVD) in infarcted and marginal zones, enhanced
ventricular remodeling and post-infarcted cardiac function
after 14 weeks*'"’. Therapeutic value of TCs was also evi-
denced by its support on SCs niches, TCs abnormalities
(damage or loss) will inevitably influence EVs secretion and
impact local microenvironment, thus affecting the prolifera-
tion and differentiation of SCs'%. Transplantation of human-
induced pluripotent stem cell (iPSC) can protect cardiac
function and alleviate ventricular remodeling of MI in mice,
by reconstruction of the interstitial network of TCs and
angiogenesis within the infarcted myocardium. In which,
authors believed that TCs may play a unique role in contrib-
uting to the observed functional recovery'?’. More recently,
cardiac TCs-EVs are capable of transferring macromolecu-
lar signals such as miRNA to adjacent cells, hence altering
their transcriptional activity. Transplantation of miRNA-
21-5P in rat MI model, the most abundant miRNA in cardiac
TCs exosome, can facilitate angiogenesis, increase MVD in
infarcted and border zones, reduce myocardial infarct size
and fibrosis, and improve myocardial function via targeting
and silencing Cdipl gene to inhibit the apoptosis of micro-
vascular endothelial cells'® (Fig. 2). In calcific aortic valve



Wei et al 5

TCs Adjacent cells ’: :

LPS TCHRL

TGEBR I N Fibrosis

, TGE-B
iRiA HGE >f\2 s
< (-

Angiogenesis
N0
7 Proliferation

> Caldicaion

()
‘ PO \ = | ) | Proliferation
i/ K} - SHe | 1 Diferentiaton
T

Willes y— = ) 2 N

Decidualization

: > Prolfeation
Adhesion
Motilty

i Celldifferentiation
7 .
Phagocytesis

S Apototisis
Anglogenesis P
Proliferation

Oxidative stress miRNA

o<

———> Caspase3 > Apototisis

Figure 2. Schematic network that integrates the experimentally confirmed signaling pathways and functions of telocytes (TCs) involved
in disease occurrence and treatment. @ In rat model of renal fibrosis, TCs transplantation can indirectly increase the expression of
hepatocyte growth factor (HGF) in vivo, further inhibit TGF-f31/Smad signaling pathway, prevent subsequent epithelial- mesenchymal
transition (EMT) process and alleviate renal fibrosis®®. @ In acute lung injury, TCs can reduce pulmonary inflammation and edema and
facilitate proliferation and differentiation of airway epithelium by miRNA/ PI3K(p | 1 0ct)/AKT/mTOR signal pathway'®. ® In calcific aortic
valve disease (CAVD), TCs extracellular vesicles injection can reduce valve calcification and inhibit valve interstitial cells apoptosis via
transferring miRNA-30b, and then inhibit wnt/B-catenin/Runx2 axis''®. @ In gastrointestinal tract, TCs provide non-epithelial Wnts

and R-Spondins 3 for SCs to support proliferation and differentiation by working Wnt /B3- catenin signaling pathway. Furthermore,
Porcupine (Porcn), Whntless and R-Spondins 3 (RSPO3) in Foxl|- and Glil-expressing TCs are critical for Whnts secretion and related
signaling activation, which nurse SCs function and keep integrity of normal epithelium*#!!'!. ® TCs provide Whnts and enhance in vitro
decidualization and mesenchymal-epithelial transition (MET) of endometrial stromal cells (ESCs) by acting on Wnt /- catenin signaling
pathway''2. ® TCs enhance the proliferation, adhesion and motility of ESCs in vitro by mediated ERK signaling pathway''3.

@ TCs enhances classical activated macrophages (M1) differentiation and phagocytosis of pelvic macrophages and inhibits mitochondria-
mediated apoptosis by activation NF-B''“. ® In myocardial infarction (M), TCs exosomal miRNA-21-5p targeted and silenced the
Cdip| gene and thus down-regulated the activated caspase-3 to inhibit the apoptosis of microvascular endothelial cells, which facilitated
angiogenesis and regeneration and improved myocardial function'®. @ In acute respiratory distress syndrome (ARDS), TCs promote
proliferation and angiogenesis of vascular endothelial cells by transporting various miRNA and acting on PI3K(p | 10a)/AKT/mTOR

signal pathway in TCs''®>. ® In mice model of inflamed lungs, TCs reduce oxidative stress and tissue damage via increased miRNA-
146a-5p, then downregulate CREBI/DUOX2 pathway in TCs''®. EMT: epithelial-mesenchymal transition; LPS: lipopolysaccharide; MET:
mesenchymal-epithelial transition; VEGF: vascular endothelial growth factor.

disease (CAVD), TCs-EVs injection can reduce valve calci- Giving these results, transplantation of TCs may amelio-
fication and valve interstitial cells apoptosis by transferring  rate fibrosis of cardiac via following mechanisms: (a) enhance
miRNA-30b, and inhibiting wnt/B-catenin/Runx2 axis!!® cardiac angiogenesis, (b) improve structural support in recon-
(Fig. 2). struction of TCs network within interstitial compartment,



Cell Transplantation

(¢) rich amounts of signal substances, such as miRNA carried
by TCs-EV or exosome, and (d) restore structural and func-
tional support to activity of SCs niches.

Skin System

Skin TCs preset mainly in dermal reticular layer, with a few
in dermal papilla layer. In normal skin, FIB-SEM tomogra-
phy demonstrates that, TCs develop spatial 3D networks,
Tps construct heterocellular contacts to surrounding cells:
mast cells, fibroblasts, adipocytes, blood vessels, nerves and
adnexal structures of skin. TCs maintain normal tissue struc-
ture by controlling their activity!®!>. TCs were found sur-
rounding SCs niches in human normal skin and acting as
nurse cells®. Similarly, EVs were observed along with Tps,
indicated rich amount of information exchange and func-
tional regulation to adjacent cells from skin TCs'?.

In skin diseases, such as psoriasis and systemic sclerosis
(SSc), which manifest as over-production of autoantibodies
and progressive fibrosis, TCs experience ischemia-induced
cell degeneration: severe ultrastructural damages (swollen
mitochondria, cytoplasmic vacuolization, lipofuscin bodies)
or almost completely disappeared in full layer of skin as
disease progressive’*!!”. Authors speculated that, skin TCs
might be more susceptible to chronic ischemic microenvi-
ronment of SSc®. In consequence, damage or loss of TCs
may affect the 3D structure of skin ECM. First, in normal
dermis, Tps were usually collagen-embedded or lining elas-
tic fibers, whereas Tps were surrounded with large and
abnormal aggregates of elastin and collagen fibers in SSc
skin to limit their spreading into the interstitium, thus impact
normal construction of 3D structure®®. Next, damage or loss
of TCs might contribute to abnormal activation of fibroblasts
and mast cells in SSc skin, lead to excessive deposition of
ECM and fibrosis!®37, Last but not least, damage or loss of
TCs was accompanied by disappearance of vascular wall-
resident SCs niches, this will inevitably impact SCs-mediated
tissue regeneration and lead to fibrosis®. Interestingly, loss
of TCs was found to accompany fibrosis of multiple visceral
organs in SSc, such as gastric wall, myocardium and lung!%,

Similar results were reported in bleomycin-induced
mouse model of scleroderma, an early stage of SSc; obvious
cellular degeneration in ECM of dermis, such as breaking
and shorting of Tps, nuclear fragmentation, progressive
reduction, and disappearance of TCs were observed with
aggravation of skin fibrosis, and authors suggested that TCs
injury occurred in the beginning of fibrosis rather than the
result of fibrosis!'®. In addition, TCs were considered to be
source of myofibroblasts during the formation of dermal
fibrosis, although the progressive reduction of CD34 in TCs
was not parallel to the increased a-SMA expression in myo-
fibroblasts. This might be explained that, only part of TCs
transition into myofibroblasts, with most of the rest experi-
ence degeneration and necrosis''®. This opinion was consis-
tent with others, in which human resident CD34+ stromal

cells/TCs have progenitor capacity and are a source of a-
SMA + cells during tissue repair process!!*!2!. In addition,
giving the contact between TCs and macrophages in normal
skin, and the fact that TCs enhanced classically activated
macrophages (M1) differentiation''%, authors proposed that
TCs injury might lead to alternatively activated macrophages
(M2), which was an important participator for promoting tis-
sue fibrosis in many fibrotic diseases!'®.

So far, there is no report concerning the therapeutic appli-

cation of TCs in skin diseases.

Liver

TCs mainly located in Disse space of liver, provide 3D struc-
tural support to hepatic stellate cells (HSCs), hepatocytes
and SCs in interstitial compartment®. Hepatic fibrosis and
liver cirrhosis are characterized by excessive activation of
HSCs and deposition of ECM'?2, Close relationship between
TCs and liver injury and fibrosis was documented. In human
liver fibrosis, TCs, which were labeled with four different
double immunofluorescence markers (CD34/PDGFRa or
CD34/PDGFRp or CD34/Vimentin or CD34/c-kit), all dem-
onstrate severe reduction of TCs, with obvious collagen
deposition, accumulation of inflammatory cells, and necro-
sis. However, researchers were unable to determine whether
TCs damage was the cause or result of liver fibrosis™.
Ultrastructural damage of TCs was also present in rat model
of aflatoxin B1-induced liver injury'?*. Two potential mech-
anisms were proposed for TCs involvement in liver fibrosis.
First, disruption of TCs based 3D interstitial structure will
lose both paracrine loaded with exosomes and direct hetero-
cellular contact on HSCs, subsequently contribute to abnor-
mal activation of HSCs and fibrosis!®!, just like activation of
fibroblast in skin tissue fibrosis®*. Second, damaged TCs
might lose their structural and functional support to hepato-
cytes and SCs regeneration, finally lead to liver fibrosis®.

Meanwhile, for treatment purpose, TCs showed its
potential in tissue repair after liver injury. In murine model
of partial hepatectomy, hepatic cell proliferation rate
increased significantly at 48 and 72 hours, accompanied by
a peak of TCs and hepatic SCs at 72 hours, indicate that
TCs are participator closely related to hepatocytes and SCs
regeneration’?. What’s more, in Npcl mutant mice, which
manifested as enlarged spleen and altered metabolism of
cholesterol and glycolipid, significantly increased splenic
TCs were observed. Authors proposed that splenic TCs
might act as a defender for enlarged spleen via recruiting
hematopoietic SCs and macrophages to reduce progressive
splenic damage and malfunction®?. However, the involved
mechanisms still need investigation.

Respiratory System

TCs were located in interstitial of lung or around terminal
bronchioles, with 3D network connections between Tps and
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alveolar epithelial cells, nerves, blood vessels and SCs¥.
Lung TCs had specific gene and protein profiles which
distinguished itself form other mesenchymal cells: SCs,
fibroblasts, alveolar type II cells, airway basal cells and
lymphocytes?>!24126, At gene level, Capn2, Fhl2 and Qsox1
were over-expressed in chromosome 1, which suggested TCs
might be involved in regulating tissue homeostasis and main-
taining structural integrity, anti-inflammation and alleviating
fibrosis in lung diseases'?’. Among them, Capn2 plays a cru-
cial role in morphogenesis and tissue homoeostasis. Fhl2 is
associated with reversing inflammation and slowing fibro-
sis!?. Qsox1 is involved in oxidative protein folding, cell
cycle control and ECM remodeling. The most down-expres-
sion of Pde5 in chromosome 3 is associated with develop-
ment of pulmonary fibrosis and interstitial lung disease®?.
Protein profiles of lung TCs showed, elevated superoxide
dismutase and acid ceramidase could reduce oxidative stress
and inhibit fibrosis during injury®.

Meanwhile, TCs show its therapeutic potential in repair
of tissue damage result from lung inflammation, which was
characterized with excessive ECM deposition and pulmo-
nary interstitial fibrosis. Similar in other tissues, TCs form
close relationship with SCs niches in lung, support and nurs-
ing through nanocontact or paracrine activity on SCs, initi-
ate and promote SCs-based tissue repair during acute lung
injury®®. TCs can reduce oxidative stress and tissue damage
via increased miRNA-146a-5p, then downregulate CREB1/
DUOX2 pathway in mice model of inflamed lungs''®
(Fig. 2). In ventilation-induced mice lung injury, TCs trans-
plantation can alleviate inflammation, promote angiogenesis
via vascular endothelial growth factor (VEGF) and improve
lung function'?”. TCs transplantation in mouse model of
lipopolysaccharide (LPS)-induced acute respiratory distress
syndrome (ARDS) can relieve acute lung injury, promote
angiogenesis and tissue repair through miRNA-2la-
3p-PI3K(p110a)/AKT/mTOR signal pathway!'> (Fig. 2).
Co-transplantation of TCs and mesenchymal stem cells (MSC)
significantly relieve alveolar inflammation and injury,
mechanism including enhanced migration, proliferation of
MSC and TCs’ nutritional support for MSC!3°, Intraperitoneal
administration of TCs yield reduced pulmonary inflamma-
tion and edema, and facilitated proliferation and differentia-
tion of airway epithelium by providing nutrients with
TCs-derived mediators and exosomes'” (Fig. 2).

Urinary System

In urinary system, TCs mainly distributed in renal cortex
interstitium and upper lamina propria of the renal pelvis, ure-
ter and urinary bladder'3!. In renal cortical interstitium, TCs
appeared around blood vessels and renal tubules, accompa-
nied by EVs release surrounding Tps®. Loss or damage of
TCs is closely related to occurrence of ureteral wall fibrosis.
In experimental obstructive hydronephrosis, TCs reduction
and collagen deposition were observed in thickened ureteral

wall'*2, In patients with ureteropelvic junction obstruction
(UPJO), decrease of TCs was accompanied by increased
ratio of collagen to muscle contents'3*. These experiences
further confirmed TCs’ roles for maintaining normal ureter
structure.

TCs also showed its potential in therapeutic purpose.
Renal fibrosis is the end stage of various renal diseases,
which eventually leads to the destruction of renal paren-
chyma and renal failure. In a renal ischemia—reperfusion
injury (IRI) model, in vivo administration of renal TCs can
alleviate renal histological damage and save renal dysfunc-
tion, through growth factors mediated proliferation and anti-
apoptosis of renal tubular epithelial cells®. In rat model of
renal fibrosis, TCs transplantation can indirectly increase the
expression of hepatocyte growth factor (HGF), further inhibit
TGF-B1/Smad signaling pathway, prevent subsequent EMT
process and alleviate renal fibrosis (Fig. 2). However, in vitro
TCs can’t yield any changes or impact on EMT and HGF
production in TGF-B1-induced fibrosis cell model. Although
the underlying mechanism of this discrepancy is unknown,
TCs provide a promising breakthrough in treatment of renal

fibrosis®s.

Gastrointestinal Tract

TCs were widely distributed in full layer of gastrointestinal
tract®, especially constituted the intestinal SCs niche within
mucosal layer*”*8, TCs support entire epithelium by forming
a subepithelial plexus extending from stomach to colon tis-
sues*’*%, Due to multiple subtypes of TCs (expressing differ-
ent immunophenotypes), there was no unified definition of
such mesenchymal cells. They were generally identified or
named by specific morphological characteristics.
Inflammatory bowel disease (IBD), including CD and
UC, are chronic recurrent diseases and common cause of
extensive intestinal wall fibrosis'3*!3%. TC showed normal
morphology and distribution likely maintaining their sup-
posed roles in unaffected ileal segments”. While in IBD
cases, architectural disorder and fibrosis of intestinal wall
was accompanied by diseases severity related loss of TCs™,
Loss of TCs was paralleled by decrease of c-kit positive ICC
at myenteric plexus, these might explain dysmotility of gas-
trointestinal tract in IBD'3°. In addition, damaged TCs were
embedded in ECM and lead to destruction of 3D structure
due to hypoxia, further cause deformation of the gastrointes-
tinal structure and impaired contacts with around cells,
including immunocytes, fibroblasts, smooth muscle cells,
ICC, and so on. Moreover, when studying human adipose
tissue and intestinal wall affected by inflammation and repair
(appendicitis, diverticulitis of large bowel and Crohn’s dis-
ease of the terminal ileum), the observed CD34+ TCs under-
gone a series of activation, proliferation and differentiation
to a-SMA+ stromal cells (myofibroblasts), indicating that
CD34+ stromal cells/TCs have progenitor capacity and are
source of a-SMA + stromal cells during tissue repair'%!37,
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Although there is no current application of cell transplan-
tation for treatment of gastrointestinal diseases, TCs demon-
strate its promising therapeutic value. TCs provide structural
and functional support for SCs niches within gastrointestinal
epithelium by providing non-epithelial sources of Wnts
ligands and R-Spondins 3 (RSPO3), both were important
regulator for WNT signaling pathway*" %!l As we know,
Wnt/B-catenin pathway is pivotal and indispensable for sus-
taining the self-renewal and proliferation of intestinal SCs!*®,
Knockout of Porcn or Wntless gene required for Wnts secre-
tion and RSPO3 in Foxll- and Glil-expressing intestinal
stromal cells, resulted in reduction of SCs population, defect
epithelial proliferation and crypt collapse**%!!! (Fig. 2).
These indicates that TCs act as the central coordinator of
intestinal renewal, responsible for SCs mediated tissue repair
and maintaining stability of local intestinal environment.
Interestingly, single-cell RNA sequencing revealed a mesen-
chymal cell population, expressing SOX6, F3, CD142 and
Wnt genes, was identified near the colonic crypt niche.
Breakdown of intestinal epithelial structure in UC was
accompanied by considerable reduction of these cells.
Abundant Wnt signal for SCs proliferation further proves the
classification of observed interstitial cells as almost similar
to TCs under studying®.

Gallbladder TCs is a new player in gallstone disease.
Current studies mainly focus on decreased density of TCs in
patients with cholelithiasis, indicated close regulation of
gallbladder and extrahepatic bile duct movement, bile com-
ponent alterations, and chronic inflammatory process®!+!3-140,
However, there is no solid evidence reporting the involve-
ment of TCs in ECM remodeling or fibrosis in gallbladder
tissues.

Female Reproduction System

TCs existed in various parts of female reproductive system,
including vagina, cervix, uterus, uterine tubes, and ovary.
Site-specific TCs subpopulations was observed with differ-
ent immunophenotypes and may be related to specific func-
tions, such as immunomodulation and immunosurveillance,
muscular layer contractility, pregnancy maintenance, and tis-
sue regeneration323>14! In female reproductive system, TCs
specifically express ER and PR, suggested that its functions
and activities were periodically controlled by hormones®®!42,
In normal oviduct, TCs distributed in lamina propria and
muscular layer, involved in maintenance of normal structure
and function, by creating 3D network with smooth muscle,
blood vessels, nerve fibers, and so on'*. TCs and Tps wrap
around SCs to form SCs niches®®.

Gynecological conditions are often accompanied by tis-
sue fibrosis, such as premature ovarian failure (POF), EMs,
intrauterine adhesions, AS, uterine leiomyoma, and ectopic
pregnancy>>!'*147 In mouse model of cyclophosphamide-
induced POF, ovarian parenchymal cell injury is coupled

with TCs reduction in fibrotic stroma which may be linked to
reduced estrogen levels, resulting in damage of ovarian
microenvironment and function®. In EMs- or AS-affected
rat oviduct, decrease or loss of TCs was accompanied by
extensive ultrastructural damage, including collapse of inter-
stitial 3D network and disruption of TC-SCs niches, finally
lead to oviduct fibrosis and tubal factor infertility’®%. Similar
results were reported in clinical specimen from EMs and
tubal ectopic pregnancy, in which, damage and loss of ovi-
duct TCs was observed accompanied with fibrosis and
reduced tubal motility!*3. On the contrary, in patients with
uterine myoma'¥’ and ectopic pregnancy!*®, TCs appear
compensatory increase in fallopian tube, then will decrease
the cilia and muscular movement of oviduct, then lead to
female fertility disorders'*®!*7, In obstetric conditions, with
the aid of TEM and immunophenotype studying, loss and
impairment of TCs in human preeclampsia placenta (under
the influence of hypoxia and malnutrition) was observed and
differentiated into fibrocytes in fibrotic villi stroma, indi-
cated that TCs potentially have functions related to immuno-
modulation, angiogenesis, and fibrosis®2.

Uterine leiomyoma is characterized by ECM overproduc-
tion in myometrium, TC was found disappeared in leiomy-
oma and lose its control on tissue homeostasis, with excessive
ECM deposition'*. TCs are crucial components in patho-
genesis of leiomyoma formation, supposed mechanisms
including (a) TCs damage may affect hormone-regulated
smooth muscle cell proliferation and apoptosis. (b) TCs may
transform into interstitial cells upon damage since they are
considered as progenitor cells of fibroblasts and myofibro-
blasts. (¢) TCs damage linked to hypoxia and decreased
angiogenesis in uterine fibroid'**!%°, (d) TCs induce nitric
oxide synthase (NOS) production and play joined role with
NOS-positive autonomic innervation in regulation of myo-
metrial proliferation, microenvironment imbalance and ECM
remodeling>!.

TCs show emerging therapeutic role in gynecologic con-
ditions, as evidenced by its proactive impact on peritoneal
macrophage and endometrial stromal cells (ESCs) in our
group. /n vitro TCs can activate and enhance M1 differentia-
tion and phagocytosis of pelvic macrophages, through inhib-
iting mitochondria-mediated apoptosis via activation of
NF-xB in macrophages. This will be a promising way to
restore the defective immunosurveillance, inhibit the onset
of EMs and tissues fibrosis formation®!'*. TCs can enhance
in vitro the proliferation, adhesion, and motility of ESCs
through the ERK pathway''3 (Fig. 2). Furthermore, TCs pro-
mote in vitro decidualization and mesenchymal-epithelial
transition (MET) in ESCs through Wnt/B-catenin signaling
pathway''? (Fig. 2), consistent with TCs being a critical
source of Wats in the intestinal SCs niche*® (Fig. 2). Thus,
TCs provide a promising cell therapy for defective decidual-
ization related gynecological conditions, fibrosis diseases,
and reproductive problems.
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Mammary Gland

In human mammary gland, TCs mainly distributed around
capillaries and breast ducts, forming spatial 3D network
structure with immunocytes, capillaries, lymphocytes, mac-
rophages, and mast cells'. Rat mammary TCs was crucial for
stromal structure and breast development, and TCs in differ-
ent physiological stages demonstrate different immunohisto-
chemical and ultrastructural characteristics'®?. Mammary
resident CD34+ Stromal Cells/TCs was proposed as the ori-
gins for cancer-associated fibroblasts (CAFs) in invasive
lobular carcinoma of breast, which may act as a guide for
neoplastic cells, assist in ECM deposition and remodeling,
tumor growth, invasion, metastasis, and angiogenesis, as
well as modulating tumor immunity'2"-153,

The involution of post-lactational mammary gland is fea-
tured as alveoli collapse and ECM remodeling. TCs involved
actively in such involution process in Mongolian gerbil, by
surrounding collapsed alveoli and breast ducts with synthesis
of Matrix Metallopeptidase 9 (MMP9) and VEGF, which
was essential for ECM digestion and remodeling, and angio-
genesis respectively'3. Therefore, TCs have therapeutic
potential in maintaining the dynamic balance of CAFs or
ECM either in carcinoma of breast or fibrotic diseases.

Male Reproduction System

In male reproduction system, TCs distributed in inner genita-
lia, including prostate, testes, epididymis, seminal vesicle?®°,
Prostatic TCs existed in interacinar region around the acinar
smooth muscle, where they created Tps network around acini
to support alveoli and smooth muscle differentiation, as well
as the maintenance of interstitial compartment homeostasis at
different phases®’. The prostatic TCs undergone dynamic
alterations under castration, such as phenotypic transitions,
Tps loss, or folding, which can be reversed by testosterone,
indicated androgen-dependent TCs play a key role in prostate
tissue organization and reversing prostate involution by con-
necting with alveoli and smooth muscle'>*. Furthermore, TCs
contributed to age-related structural alterations in the prostate
by synthesizing VEGF and expressing TNFR1, which pro-
moted angiogenesis and established a pro-inflammatory
microenvironment respectively ',

Testicular TCs distributed and formed complex reticular
structures around blood vessels and seminiferous tubules,
with close contact between its long Tps and adjacent cells,
such as peritubular myoid cells, mononuclear cells, intertu-
bular steroidogenic Leydig cells?’. TCs also existed in tes-
tes of different species®®!3156 with their unique structural
distribution and potential roles including spermatogenesis
control, structure maintenance, lipid metabolism, and cell
signal transmission. In male fish, TCs produce MMP-2 and
MMP-9, indicated TCs can undergo de-differentiation and
contribute to ECM reorganization and tissue remodeling®.

TCs in seminoma almost totally disappeared, accompanied
by severe degeneration of testicular architecture and inter-
stitial fibrosis. TCs damage/loss activate a-SMA+ myoid
cells which contribute to tumor invasion and metastasis'’.
This is similar in breast cancer, TCs were considered the
source of CAFs and facilitate tumor invasion and metasta-
sis'>3. Therefore, modulation of TCs activity might provide
a therapeutic approach in cancer biology. However, the
relationship between the loss of TCs and disease develop-
ment was still controversial. Whether abnormal seminoma
microenvironment leads to damage or loss of TCs, or dis-
ruption of TCs-based signal network further trigger patho-
logical changes of testicular tissue, will be an interesting
topic and worth of in-depth investigation.

Skeletal Muscle

TCs located in endomysium and perimysium of skeleton
muscle, form special 3D interstitial network with all type of
cells within muscular tissue, support paracrine signaling
trophic substance (such as VEGF) to both satellite and
non-satellite, suggesting a key role in integrating signals
for skeletal muscle fibers, regeneration and repair after
trauma®. Moreover, by cell culture obtained from explant,
TCs support and establish heterogeneous junctions with
muscle SCs niche and exhibited specific capacities, includ-
ing high proliferation capacity (CD105+, Ki67+), pluripo-
tent capacity (Oct4+), and angiogenesis (VEGF+)"*8, TCs’
nursing role in neighboring satellite cell (SC)-mediated
skeletal muscle regeneration was also evidenced by TC-SC
morpho-functional interaction following damaged skeletal
muscle condition”’. In human fetal skeletal muscle, series
changes of CD34+ TCs was observed during carly stages
of myogenesis, with peak number, immunopositivity and
richest reticular network with blood vessels and myotubes
at 10 to 11.5 weeks, suggesting their potential involvement
in the early steps of myogenesis'>’.

Although lack of reports on TCs in fibrosis treatment, cur-
rent studies lay the ground and provide new attractive target in
the field of regenerative medicine in skeleton muscles repair.

Conclusion and Future Perspectives

In conclusion, this review summarized current findings that
TCs, as a novel stromal cell population, are involved in
fibrosis diseases in several organs or tissues, with confirmed
therapeutic evidence in heart, liver, gastrointestinal tract,
lung, kidney, female reproduction system. Due to intricate
junctions and specific paracrine traits, TCs have been a spot-
light to in-depth understanding its underlying molecular
mechanisms. Giving that TCs are responsible for the process
of fibrotic conditions, a pressing need for future research
works to better discover and expand its relevant prophylactic
or therapeutic roles in fibrosis-related diseases.
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