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Abstract

Regenerative medicine is the field concerned with the repair and restoration of the
integrity of damaged human tissues as well as whole organs. Since the inception
of the field several decades ago, regenerative medicine therapies, namely stem
cells, have received significant attention in preclinical studies and clinical trials.
Apart from their known potential for differentiation into the various body cells,
stem cells enhance the organ's intrinsic regenerative capacity by altering its
environment, whether by exogenous injection or introducing their products that
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modulate endogenous stem cell function and fate for the sake of regeneration.
Recently, research in cardiology has highlighted the evidence for the existence of
cardiac stem and progenitor cells (CSCs/CPCs). The global burden of cardio-
vascular diseases’ morbidity and mortality has demanded an in-depth
understanding of the biology of CSCs/CPCs aiming at improving the outcome for
an innovative therapeutic strategy. This review will discuss the nature of each of
the CSCs/CPCs, their environment, their interplay with other cells, and their
metabolism. In addition, important issues are tackled concerning the potency of
CSCs/CPCs in relation to their secretome for mediating the ability to influence
other cells. Moreover, the review will throw the light on the clinical trials and the
preclinical studies using CSCs/CPCs and combined therapy for cardiac
regeneration. Finally, the novel role of nanotechnology in cardiac regeneration
will be explored.

Key Words: Cardiac stem and progenitor cells; Cardiac stem cells’ secretome; Cardiac
stem cells’ niche and metabolism; Nanotechnology; Clinical trials; Combined therapy

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: With the growing evidence for the existence of regenerating cardiac stem and
progenitor cells, studies to evaluate their therapeutic potential have received increasing
attention. Although pre-clinical research and clinical trials have demonstrated
promising results, yet the latter were often inconsistent in many aspects thus imposing
the need for deeper exploration of the molecular biology and relevant pathways
regulating cardiogenesis and cardiac muscle repair. This review gives an insight into
cardiac stem and progenitor cells regarding their embryological origin, populations,
niche, secretome, and metabolism. It overviews the current preclinical research,
including medical nanotechnology, and the clinical trials generally applied for cardiac
regeneration.

Citation: Mehanna RA, Essawy MM, Barkat MA, Awaad AK, Thabet EH, Hamed HA,
Elkafrawy H, Khalil NA, Sallam A, Kholief MA, Ibrahim SS, Mourad GM. Cardiac stem cells:
Current knowledge and future prospects. World J Stem Cells 2022; 14(1): 1-40

URL: https://www.wjgnet.com/1948-0210/full/v14/i1/1.htm

DOI: https://dx.doi.org/10.4252/wjsc.v14.il.1

INTRODUCTION

Cardiovascular diseases are the leading cause of death globally, as stated by the latest
report 2019 for the World Health Organization, with 17.9 million deaths per year,
accounting for 31% of all deaths worldwide.

The heart is one of the least proliferative organs in the human body, and its minimal
regenerative capacity has been dogma for decades. Such dogma has been led by the
belief that the heart cannot regenerate from ischemic damage. The absence of primary
tumors in the heart has further supported the notion of low proliferation. In an alleged
post-mitotic organ, it has been debatable whether cardiac cells repair through
activation of resident cardiac stem cells (CSCs) and cardiac progenitor cells (CPCs) or
by the proliferation of pre-existing cardiomyocytes (CMs). In 2009, Bergmann ef al[1]
were the first to refute that notion and have reported that the heart can in fact self-
renew. Based on the results obtained from their carbon-14-labelled DNA study to track
CMs, Bergmann ef al[1] stated that about 50% of CMs renew over the lifespan of an
adult. Hsieh et al[2] provided further evidence for the origin of newly generated CMs
from progenitor cells in an alpha myosin heavy chain (MHC) transgenic model. They
estimated that approximately 15% of CMs can regenerate in adult hearts following
ischemic damage. With progression of research, lineage tracing of regenerated cardiac
tissue confirmed that the newly regenerated CMs develop from a non-CM and
possibly from stem cells (SCs)[2].
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Further studies have revealed various CSC/CPC candidates that are morpholo-
gically and functionally distinct from each other yet act in a complementary fashion
and contribute to the regeneration process. This complex cell aggregation is known as
the CSC niche that has been a challenge to characterize and locate anatomically[3].

SC applications have been under intensive research interest since the early 20*
century. Many types have been isolated, starting from the embryonic, amniotic, and
cord blood mesenchymal stem cells (MSCs) and passing through the adult SCs till the
induced pluripotent SCs (iPSCs). Adult MSCs are undifferentiated cells with the same
potentials as progenitor cells regarding the ability to differentiate into all three germ
layer cells[4]. Exogenous MSCs from various sources, including bone marrow, adipose
tissue, umbilical cord, placenta, and amniotic fluid[5], have shown promising results
in the treatment of cardiovascular diseases. However, the outcome of CSC therapy has
shown superior results in experimental studies but to a lesser extent in human clinical
trials[6]. The applications of SC therapy for cardiovascular regeneration still hold a
plethora of queries to be answered as well as commandment of the molecular and
signaling features for CSCs in order to standardize this therapy. Among the aspects
that need optimization are the types of SCs and supporting cells to be used, the
number of cells, the route of injection, the frequency, and best timing for trans-
plantation. Standardization requires an advanced understanding of the full biological
features of CSCs.

SC therapy in cardiac regeneration has dual beneficiary actions. Primarily, the
transplanted exogenous SCs would directly differentiate into CMs. Concomitantly,
SCs activate the endogenous progenitors through their rich secretome of extracellular
vesicles, immunomodulatory and growth factors, protein, and nucleic acid families[7].
These paracrine factors act to activate resident SCs and enhance vascularization to
potentiate cardiac repair.

This review aims to provide insight into CSCs/CPCs regarding their embryological
origin, populations, niche, metabolism, secretome, and therapeutic potentials. Also
discussed is the interplay of nanotechnology with SCs in several aspects, including
differentiation, tracking, imaging, and assisted therapy, showing the prospects and
limitations of nanoparticle (NP)-based cardiac therapy. Finally, preclinical trials and
ongoing, completed, and future clinical trials using CSCs and combined therapy are
shown to delineate the potential applications in treating cardiac disease.

EMBRYOLOGICAL ORIGIN OF CPCs

The heart is formed of a wide range of cell types originating from the mesodermal
precursor cells. They include CMs and endocardial cells forming the inner layer, while
epicardial-derived cells (EPDCs) and smooth muscle cells (SMCs) are found on the
external layer. Differentiation of the mesodermal cells is initiated by the T-box
transcriptional factors Brachyury (Bry) and Eomes. Bry* cells differentiate into insulin
gene enhancer protein islet-1 (ISL1) and T-box transcription factor 5 (TBX5) expressing
cells, while Eomes induce expression of mesoderm posterior 1 (MESP1). MESP1" cells
are identified before the first heart field (FHF) and the second heart field (SHF)
separations, so MESP1 serves as an indicator of early CPCs for both heart fields[8].
Chemokine receptor type 4 (CXCR4), fetal liver kinase 1 (FLK-1), and platelet derived
growth factor receptor A are other surface markers that coincide with MESP1 and are
used in combination to isolate CPCs[9,10].

In addition, a novel cell surface marker known as G protein-coupled receptor
lysophosphatidic acid receptor 4 is specific to CPCs and determines its functional
significance. Interestingly, its transient expression peaks in cardiac progenitors after 3
to 7 d of human (h)PSCs differentiation toward cardiac lineage, then it declines. In
vivo, lysophosphatidic acid receptor 4 shows high expression in the initial stages of
embryonic heart development and decreases throughout development[11].

The FHF cells are the firstly differentiated myocardial cells that are derived from
cells in the anterior lateral plate mesoderm; they give rise to the left ventricle, partially
some of the right ventricle population, sinoatrial node, atrioventricular node, and both
atria[12]. Meanwhile, the SHF cells originate from the pharyngeal mesoderm to the
posterior side of the heart and further divide into anterior and posterior SHF. They
contribute to the right ventricle, atria, and the cardiac outflow tract (OFT) formation.
Addition of the SHF-derived CMs to the ventricles depend on myocyte enhancer factor
2C (MEF2C). It has been found that MEF2C null mice die at 9.5-d post conception with
severe heart defects due to failure of heart looping[13]. In OFT formation, two waves
of SHF progenitors and their derivatives have been identified, making a differential
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contribution to the aorta and pulmonary artery. The early wave of cells is favorably
directed to the aorta, while the second wave of cells contributes to the pulmonary
artery. Phosphoinositide-dependent kinase-1 critically regulates the second wave of
cells, and its deletion results in pulmonary stenosis[14]. The epicardium of the heart is
formed of a transient proepicardial organ. Proepicardium is formed from homeobox
protein NKx2.5 (NKx2.5) and ISL1* cells. After epicardial formation, subepicardial
mesenchymal space is formed by epithelial to mesenchymal cell transformation of the
epicardial cells[15] (Figure 1).

The differentiation in the posterior SHF is regulated by Hoxb1 gene. Stimulation of
Hoxb1 in embryonic stem cells (ESCs) halts cardiac differentiation, while Hoxb1-
deficiency shows premature cardiac differentiation in embryos. Moreover, an
atrioventricular septal defect develops as a result of ectopic differentiation in the
posterior SHF of embryos deficient in Hoxb1 and its paralog Hoxa1[16].

Multiple signaling pathways have essential roles in cardiogenesis with a sequential
arrangement. The transforming growth factor-f (TGF-B) superfamily, retinoic acid,
Hedgehog, Notch, Wnt, and fibroblast growth factors (FGFs) pathways comprise the
chief signaling pathways involved in cardiac development. These pathways, along
with transcription factors and epigenetic regulators, regulate cardiac progenitors’

specification, proliferation, and differentiation into the different cardiac cell lineages
[17].

SIGNALING PATHWAYS DURING CARDIOGENESIS
TGF-B superfamily

The TGF-p superfamily members consist of over 30 structurally associated polypeptide
growth factors including nodal and bone morphogenetic proteins (BMP)[18].

Nodal signaling is vital for the formation of sinoatrial node. Nodal inhibition during
the cardiac mesoderm differentiation stage downregulates PITX2c, a transcription
factor recognized to inhibit the formation of the sinoatrial in the left atrium during
cardiac development[19]. Moreover, nodal signaling is dispensable for initiation of
heart looping; however, it regulates asymmetries that result in a helical shape at the
heart tube poles[20].

BMP signaling, as a member of TGF-f, has an important role in the different stages
of heart development including the OFT formation, endocardium, and lastly the
epicardium. The cardiac neural crest cells have a crucial role in normal cardiovascular
development. They give rise to the vascular smooth muscle of the pharyngeal arch
arteries, OFT septation, valvulogenesis, and development of the cardiac conduction
system[21] (Figure 1). The role of BMP in OFT septation mainly depends on their
gradient signaling, which arranges neural crest cell aggregation along the OFT; this
Dullard-mediated tuning of BMP signaling ensures the fine timed zipper-like closure
of the OFT by the neural crest cells[22]. Furthermore, the BMP signaling promotes the
development of endocardial cells (ECs) from hPSC-derived cardiovascular progenitors
[23]. It is also integrated with Notch signaling for influencing the proepicardium
formation, where overexpression of Notch intracellular receptor in the endothelium
enhances BMP expression and increases the number of phospho-Smad1/5" cells for
enhancing the formation of the proepicardium[24].

Retinoic acid, hedgehog, and Notch signaling pathways

Retinoic acid signaling plays a role in heart development. It is a key factor for efficient
lateral mesoderm differentiation into atrial-like cells in a confined time frame. The
structural, electrophysiological, and metabolic maturation of CMs are significantly
influenced by retinoic acid[25]. However, it is reported that retinoic acid receptor
agonists transiently enhance the proliferation of human CPCs at the expense of
terminal cardiac differentiation[26].

The downregulation of the retinoic acid responsive gene, ripply transcriptional
repressor 3 (RIPPLY3), within the SHF progenitors by histone deacetylase 1 is required
during OFT formation[27].

Hedgehog signaling has a role in OFT morphogenesis. Lipoprotein-related protein 2
(LRP2) is a member of the LDL receptor gene family, a class of multifunctional
endocytic receptors that play crucial roles in embryonic development. LRP2 is
expressed in the anterior SHF cardiac progenitor niche, which leads to the elongation
of the OFT during separation into aorta and pulmonary trunk. Loss of LRP2 in mutant
mice results in depleting a pool of sonic hedgehog-dependent progenitor cells in the
anterior SHF as they migrate into the OFT myocardium due to premature differen-
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Figure 1 Embryonic cardiac progenitors, Brachyury-positive mesoderm precursors and Pax3* neural crest cells. Brachyury (Bry*) mesoderm
precursors give rise to the mesoderm posterior 1* primordial precursors, which are the origin of the first heart field, second heart field, and proepicardial progenitors,
each population of which is responsible for the development of different parts in the heart. Pax3* neural crest cells are responsible for the development of vascular
smooth muscle, outflow tract, valves and the conductive system. Progenitors are tagged with their specific markers. Created with BioRender.com. CPC: Cardiac
progenitor cell; LT: Left; RT: Right; FHF: First heart field; SHF: Second heart field; OFT: Outflow tract.

Jaishideng®

tiation into CMs. This depletion results in aberrant shortening of the OFT[28].

Four Notch receptors (Notch1-Notch4) and five structurally similar Notch ligands
[Delta-like (DLL) 1, DLL3, DLL4, Jaggedl, and Jagged2] have been detected in
mammals[29]. Activation of Notch signaling enhances CM differentiation from human
PSCs. However, the CMs derived from Notch-induced cardiac mesoderm are develop-
mentally immature[30]. In vivo, the Notch pathway plays a significant role in CPC
biology. An arterial-specific Notch ligand known as DLL4 is expressed by SHF
progenitors at critical time-points in SHF biology. The DLL4-mediated Notch signaling
is a crucial requirement for maintaining an adequate SHF progenitor pool, in a way
that DLL4 knockout results in decreased proliferation and increased apoptosis.
Reduced SHF progenitor pool leads to an underdeveloped OFT and right ventricle[31].

Whnt pathway

The Wnt signaling pathway has an essential role in many developmental stages of
embryogenesis. The Wnt family consists of 19 distinct Wnt proteins and other 10 types
of Frizzled receptors. On the basis of their primary functions, the Wnt and Frizzled
receptors are divided into two major classes, which are the canonical and non-
canonical Wnt pathways[32]. Accumulating evidence suggests a role for the dynamic
balance between canonical and non-canonical Wnt signaling in cardiac formation and
differentiation. Wnt/p-catenin signaling is required for proper mesoderm formation
and proliferation of CMs but needs to be low for terminal differentiation and cardiac
specification. In contrast, for cardiac specification in murine and human ESCs, non-
canonical p-catenin independent Wnt signaling is essential, while the non-canonical
Wnt signaling is necessary for terminal differentiation later in development[33].

The activation of non-canonical Wnt is non-catenin-independent, and the down-
stream proteins involve several kinases, including protein kinase C, calcium/
calmodulin-dependent kinase, and Jun N terminal kinase (JNK). Wnt11 enhances
angiogenesis and improves cardiac function through non-canonical Wnt-protein
kinase C-Jun N terminal kinase dependent pathways in myocardial infarction (MI)
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[34]. In hypoxia, Wnt11 expression preserves the integrity of mitochondrial membrane
and facilitates the release of insulin growth factor-1 (IGF-1) and vascular endothelial
growth factor (VEGF), thus protecting CMs against hypoxia[35]. Canonical dependent
Wnt signaling, Wnt 3 Ligand, favors the pacemaker lineage, while its suppression
promotes the chamber CM lineage[36].

TRANSCRIPTOME AND REGENERATIVE CAPACITY OF SUB-POPULA-
TIONS

The regenerative capacity of most organs is contingent on the adult SC populations
that exist in their niches and are activated by injury. Adult SC populations vary greatly
in their molecular marker expression profile and hence in their possible role in
regenerative medicine. The transcriptome is a representation of the gene read-outs, the
cellular state, and is imperative for studying all genetic disease and biological
processes. The genome-wide profiling using novel sequencing technology has made
transcriptome research accessible.

c-KIT:CPCs

Receptor tyrosine kinase (RTK) c-KIT (also referred to as SC factor receptor or CD117)-
expressing CPCs are mainly located in the atria and the ventricular apex, comprising
most of the ventricular and atrial myocardium[37]. c-KIT* cells also express the cardiac
transcription factors NKx2.5, GATA binding protein 4 (GATA4), and MEF2C but are
negative for the hematopoietic markers CD45, CD3, CD34, CD19, CD16, CD20, CD14,
and CD56[38,39]. SC factor ligand attaches to the c-KIT receptor and activates the
phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) and p38 mitogen-activated
protein kinase (MAPK) signaling pathways[40]. Both PI3K/AKT and MAPK pathways
control various CPCs functions like self-renewal, proliferation, migration, and survival
[41]. During embryonic development and the early post-natal time, c-KIT* CPCs
contribute to the generation of new CMs. Such capacity declines in the adult heart with
only a few new CMs originating from CPCs[42]. In a rat MI model, the c¢-KIT* CPCs
have migrated through the collagen type I and type III matrices into the infarcted area.
The transplanted CPCs have shown overexpressed matrix metalloproteinases (MMPs;
MMP2, MMP9, and MMP14) that degrade extracellular matrix (ECM), concluding that
c-KIT* CPCs hold an invasive capacity[43]. Transplanted CPCs (c-KIT* CPCs and
cardiospheres) also show an endogenous proliferative potential in vivo and addi-
tionally activate endogenous CPCs[44].

SCA-1: CPCs

Stem cell antigen 1 (SCA-1) expressing CPC population exists predominantly in the
atrium, intra-atrial septum, and atrium-ventricular boundary and dispersed inside the
epicardial layer of adult hearts[45]. SCA-1 is a cell surface protein of the lymphocyte
antigen-6 (Ly6) gene family, which has roles in cell survival, proliferation, and differ-
entiation[46]. A population of SCA-1* cells from murine adult myocardium hold a
telomerase activity comparable to that of a neonatal heart. This SCA-1* population is
different from hematopoietic SCs as they lack CD45, CD34, c-KIT, LIM domain only 2,
GATA2, VEGF receptor 1, and T-cell acute lymphoblastic leukemia 1/SC leukemia
proteins. SCA-1* cells are also distinct from endothelial progenitor cells and express
cardiac lineage transcriptional factors such as GATA4, MEF2C, and translation
elongation factor 1 yet lack transcripts for cardiomyocytic structural genes such as
BMP1r1 and a-, f~-MHCI47,48]. Although this population exhibits the endothelial
marker CD3]1, it is suggested to be due to the contaminating endothelial CD31*/SCA-
1* cells. In vitro studies have revealed that 5-azacytidine (5-aza), a demethylating
agent, pushed SCA-1* cells to differentiate into CMs[48,49]. Further studies have
isolated SCA-1" cells that lack CD31 and CD45 markers, referring to them as lineage
negative (Lin"). The SCA-1*/Lin" cells display a mesenchymal cell-surface profile
(CD34-, CD29*, CD90*, CD105*, and CD44*) and are able to differentiate, to a certain
extent, into CMs and endothelial and smooth muscle-like cells[50,51].

Human SCA-1*-like cells also express early cardiac transcription factors (GATA4,
MEF2C, insulin gene enhancer protein ISL-1, and Nkx-2.5) and can differentiate into
contractile CMs[52]. Although a human ortholog of the SCA-1 protein has not been yet
identified, an anti-mouse SCA-1 antibody is used to isolate SCA-1*-like cells from the
adult human heart.
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MESP1: CPCs

MESP1 expressing cells mainly contribute to the mesoderm and to the myocardium of
the heart tube during development[53]. Transient expression of MESP1 seems to
accelerate and enhance the appearance of cardiac progenitor. However, homologous
disruption of the MESP1 gene has resulted in aberrant cardiac morphogenesis. MESP1
interacts with the promoter area of main cardiac transcription factors, including heart
and neural crest derivatives expressed 2, Nkx2-5, myocardin, and GATA4[54]. These
factors induce fibroblasts to express a full battery of cardiac genes, form sarcomeres,
develop CM-like electrical activity, and in a few cases elicit beating activity[55].
Several studies have shown that the addition of MESP1 could enhance the efficacy of
direct reprogramming of fibroblasts into CMs[56,57]. The transdifferentiation of
fibroblasts to CMs via MESP1 suggests that MESP1 chiefly modulates the gene
regulatory network for cardiogenesis[52].

KDR: CPCs

Kinase insert domain receptor (KDR), also known as Flk-1, is one of the earliest
discovered cardiogenic progenitor cell markers acting during the early stages of
cardiac development in human[58]. Nelson et al[59] have reported that Flk-1 has a
distinctive transcriptome that has been evident at day 6, immediately after gastrulation
but prior to the expression of the cardiac transcription factors. KDR* population lack
the pluripotent octamer-binding transcription factor 4, sex determining region Y-Box
transcription factor (SOX) 2, and endoderm SOX17 markers. On the other hand, KDR*
CPCs have shown a noteworthy upregulation in SOX7, a vasculogenic transcription
factor, overlapping with the emergence of primordial cardiac transcription factors
GATA4, myocardin, and NKx2.5. Moreover, KDR subpopulations that overexpress
SOX?7 are associated with a vascular phenotype rather than a cardiogenic phenotype.
These outcomes offer insights for refining the therapeutic regenerative interventions.

CPCs from the first and second heart fields

The FHEF cells express hyperpolarization activated cyclic nucleotide gated potassium
channel 4 and TBX5, while SHF progenitors express TBX1, FGF 8, FGF10, and sine
oculis homeobox2 (Figure 1). Cells from the SHF exhibit high proliferative and
migratory capacities and are mostly responsible for the elongation and winding of the
heart tube. Moreover, SHF cells differentiate to CMs, SMCs, fibroblasts, and
endothelial cells (ECs) along their journey in the heart tube to form the right ventricle,
right ventricular OFT, and most of the atria[60,61]. However, FHF cells hold less
proliferative and migratory potentials and differentiate predominantly to CMs that
form the left ventricle and small parts of the atria[62]. The cells of the cardiac crescent,
theoretically the progeny of FHF CPCs, are terminally differentiated cells expressing
the markers of CMs, such as actin alpha cardiac muscle 1 and myosin light chain 7[63,
64], hence they are unlikely to be multipotent progenitors. Therefore, it is difficult to
identify FHF before Nkx2.5 and TBX5 expressions. Conversely, multipotent SHF CPCs
were validated with a clonal tracing experiment and identified by ISL1 expression[65].
However, ISL1 expression is not specific for SHF and has been proposed to represent
only the developmental stages[66]. Tampakakis et al[67] generated ESCs by using
hyperpolarization activated cyclic nucleotide gated potassium channel 4-green
fluorescent protein and TBX1-Cre; Rosa-red fluorescent protein reporters of the FHF
and the SHF respectively, and also by using live immunostaining of the cell membrane
CXCR4, a SHF marker and the reporters. The ESC-derived progenitor cells have
shown functional properties and transcriptome similar to their in vivo equivalents.
Thus, chamber-specific cardiac cells have been generated for modelling of heart
diseases in vitro.

Epicardium-derived CPCs

The EPDCs are important as a signaling source for heart development, cardiac
regeneration, and post-MI heart repair. Throughout the development of the heart in
mice, EPDCs aid in the formation of various cardiac cell types and secrete paracrine
factors for myocardial maturation[68]. In the adult heart, EPDCs are normally dormant
and become stimulated following myocardial injury. Transcriptional analysis of the
EPDCs derived from human (h)iPSCs cells have revealed several markers of EPDCs
including Wilm’s tumor protein 1, endoglin, thymus cell antigen 1, and aldehyde
dehydrogenase 1 family member A2[69] (Figure 1). Following MI in mice, EPDCs
undergo an epithelial-to-mesenchymal transition, with overexpression of Wilms tumor
protein 1, and differentiate mainly into SMCs/fibroblasts[70,71]. EPDC-secreted
paracrine factors include VEGF-A, FGF2, and PDGF-C, which support the growth of
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blood vessels, protect the myocardium, and recover cardiac functions in an acute MI-
mouse model[70].

Side population-derived CPCs

Side population (SP) cells have been detected in the heart and other various tissues
and hold enhanced stem and progenitor cell activity[72]. SP cells, when stained in
vitro, hold the ability to flush out the DNA Hoechst dye from their nuclei[73]. Gene
expression profiling of SP cells after MI has revealed a downregulation of Wnt-related
signals coupled with increased SP cell proliferation. This has been validated in vitro by
treatment of isolated SP cells with canonical Wnt agonists or recombinant Wnt, where
the proliferation of SP cells has been repressed with partial arresting the G1 cell cycle
phase[74]. Consistent with this observation, delivery of secreted Frizzled-related
proteins (SFRP; the Wnt antagonizer) improves post-MI remodeling[75,76].

SP cells can be identified by surface marker adenosine triphosphate (ATP) binding
cassette subfamily G member 2 (ABCG2), also referred to as the breast cancer
resistance proteinl[77]. ABCG2" cells have been also observed in the adult heart and
can differentiate in vitro into CMs[78]. When SP cells have been injected into the
injured hearts of rats, they have been recruited to the injured regions, where they
differentiate into CMs, ECs, and SMCs, suggesting that they may be endogenous SP
cells[79]. However, ABCG2-CreER based genetic lineage tracing has demonstrated
that ABCG2* cells could only differentiate into the multiple cardiac cell lineages
during the embryonic stages but not in adulthood[80,81]. The combination of ABCG2*
cells with pre-existing CMs is more likely to stimulate CM proliferation rather than
differentiation into CMs directly[82]. Therefore, genetic fate mapping investigations
have disproved the SP cells property of the adult endogenous ABCG2* SP and their in
vivo renewing myogenic ability[83].

Cardiosphere-derived CPCs

Cardiospheres contain a combination of stromal, mesenchymal, and progenitor cells
that are isolated from cultures of human heart biopsy[39,84]. They represent a niche-
like environment, with cardiac-committed cells in the center and supporting cells in
the periphery of the spherical cluster[85]. The cardiosphere-derived cells (CDCs) were
originally isolated from mouse heart explants and human ventricular biopsies based
on their ability to form three-dimensional (3D) spheroids in suspension cultures[86].
CDCs have grabbed much attention due to their proliferation and differentiation
abilities by inherent stimulation of cardio-specific differentiation factors [GATA4,
MEF2C, Nkx2.5, heart and neural crest derivatives expressed 2, and cardiac troponin T
(TNNT?2)] using a clustered regularly interspaced short palindromic repeat/dead Cas9
(CRISPR/dCas9) assisted transcriptional enhancement system[87,88]. Sano et al[89]
have postulated that the CRISPR/dCas9 system may provide a proficient method of
modifying TNNT2 gene activation in SCs. Consequently, CRISPR/dCas9 can improve
the therapeutic outcomes of patients with ischemic heart disease by enhancing the
transplanted CDCs differentiation capacity within the ischemic myocardium. Heart
tissue is usually obtained by endomyocardial biopsy or during open cardiac surgery
and grown in explants to form CDCs. CDCs have shown a superior myogenic differen-
tiation potential, angiogenesis, and paracrine factor secretion as compared to other cell
types. In heart failure animal models, the injected CDCs potentially differentiated into
CMs and vascular cells. Additionally, CDCs have diminished unfavorable remodeling
and infarct size, and hence improve cardiac function[90]. Accordingly, cardiospheres
and CDCs may be some of the most promising sources of CPCs for cardiac repair.

CSC niche

The niche in the heart integrates several heterogeneous cell types, including CSCs,
progenitors, fibroblasts, SMCs, CMs, capillaries, and supporting telocytes (TCs)[91],
together with the junctions and cementing ECM that hold the niche together. Such
architectural arrangement is essential for protection against external damaging stimuli
and for preserving the stemness of the CSCs (Figure 2). Without the niche microenvir-
onment, CSCs lose their stemness and initiate differentiation eventually, leading to the
exhaustion of the CSC pool. Similarly, in vitro studies require feeder layers and
cytokines supplements in the culture media to ensure that SCs remain in their
undifferentiated state[37].

In vitro studies have recapitulated the niche theory using cardiospheres, which are
20-150 pm spheres (Figure 2) of cells generated from the explant outgrowth of heart
tissues[92,93]. Cardiospheres consist of CSCs in the core and cells committed to the
cardiac lineage such as myofibroblasts, while vascular SMCs and ECs form the outer
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layer of the spheres. The 3D structure of cardiospheres protects the interiorly located
CSCs from oxidative stress as well as maintain their stemness and function[84].

Accurate anatomical identification of CSCs in vivo remains a challenge due to the
lack of basal-apical anatomical orientation as seen in epithelial organs such as the
intestines[94]. Moreover, the heart does not comprise a specific compartment, where
cells form a well-defined lining as seen in the bone marrow osteoblasts[95]. The adult
heart epicardial lining anatomically contains several classes of niches, which are not
limited to the sub epicardium[96] but dispersed throughout the myocardium, more in
the atria and apex away from hemodynamic stress[97]. Some niches have been
described in the atrio-ventricular junction of adult mouse and rat hearts[98] and
interestingly in the human hearts[99]. The young mouse heart has been studied
morphometrically to identify the location of CSCs niche and has been defined as a
randomly positioned ellipsoid structure consisting of cellular and extracellular
components. Within the niches, undifferentiated CSCs are usually assembled together
with early committed cells that express c-KIT on surface, Nkx2.5 in the nucleus, and
the contractile protein a-sarcomeric actin in the cytoplasmic[97].

CSCs niche consists of clusters of c-kit", MDR1*, and Sca-1* cells[98] but lack the
expression of the transcription factors and cytoplasmic or membrane proteins of
cardiac cells[99,100]. Cardiac c-kit*/CD45 cells comprise about 1% of the CSC niche
[97], are self-renewing clonogenic, and possess a cardiac multilineage differentiation
potential comprise[101].

Within the niche, gap junctions (connexins) and (cadherins) connect SCs to their
supporting cells, myocytes/fibroblasts. Conversely, ECs and SMCs do not act as
supporting cells. Hence, the communication between CSCs with CMs and fibroblasts
has been investigated by using in vitro assays[102]. The transmission of dyes via gap
junctions between CSCs and CMs or fibroblasts was demonstrated previously and
verified the functional coupling of these three cell populations[97]. In addition, micro
ribonucleic acid (miRNA-499) translocates from CMs to CSCs comprising to the
initiation of lineage specification and formation of myocytes[103].

Identification of SC niches is contingent upon the fulfillment of explicit criteria,
including the recognition and determination of the affixing of SCs to their supporting
cells as well as assuring the existence of an ancestor-progeny association[104].
Chemical and physical signals modulate the behavior of SCs within the niche.
Amongst these signals are cytokines, cell surface adhesion molecules, shear forces,
oxygen tension, innervation, and ions that serve as major determinants of SCs function
[97]. Cell-to-cell signaling mediates the fate of SCs within the niches to promote self-
renewal and favors their migration and differentiation. The fine-tuned crosstalk
between SCs and their supporting cells regulates the state of the niche regarding
quiescence or activity[105].

CSC niches, similar to the bone marrow, characteristically live in low oxygen
tension, which favors a quiescent primitive state for SCs[106]. The longstanding
perpetuation of the CSC niche requires a hypoxic environment, while physiological
normoxia could be required for active cardiomyogenesis[107]. Hypoxic c-KIT*CSCs
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within niches have been found throughout the myocardium, especially at the atria and
apex. Throughout all ages, bundles of CSCs with low oxygen content coexist with
normoxic CSCs niches. Hypoxic CSCs, especially in the atria, are quiescent cells
undergoing cell cycle arrest and cannot divide. Normoxic CSCs are pushed into
intense proliferation and differentiation with continuous telomere erosion, resulting
finally in dysfunctional aged CMs[108]. Additionally, Nkx2.5 and GATA4 expressions
are only restricted to the normoxic CSC niche. A balance between the hypoxic and
normoxic niche is essential for the preservation of the CSC compartment and for the
maintenance of myocardial homeostasis during the organ lifespan. Some factors such
as aging cause an imbalance by expanding the hypoxic quiescent CSCs so that less
pools of cycling CSCs maintain cell turnover[100]. Hypoxic cardiac niches are
abundant in the epicardium and subepicardium in an adult mouse heart, which also
fosters a metabolically distinctive population of glycolytic progenitor cells[109].

The pool of CSCs seems to be heterogeneous, incorporating quiescent and actively
proliferating cells, migratory and adherent cells, uncommitted and early committed
cells, with young and senescent cells. Additional surface epitopes remain to be
disclosed to classify pools of CSCs holding specific properties. Surface Notchl
expression distinguishes multipotent CSCs that are poised for lineage commitment,
while c-Met and ephrin type-A receptor 2 receptors reveal cells with particular
migratory potential out of the niche area. A specific compartment of CSCs, expressing
IGF-1 receptor, can be stimulated to regenerate damaged myocardium, while those
expressing IGF-2 receptor hold higher probability for senescence and apoptosis.
Although this arrangement of cells seems to equip properly the CSC with homeostasis

regulation, it does not effectively protect against aging or ischemic injury of the heart
[100].

CSCs RELATIONSHIP WITH OTHER CELLS

Circulatory angiogenic cells

Circulatory angiogenic cells (CACs) are endothelial progenitor cells involved in
vasculogenesis, angiogenesis, and stimulating myocardial repair, mainly through
paracrine action. Latham et al[110] demonstrated that conditioned medium from
CAC-CSC co-cultures exhibited greatly mobilized CACs, with induction of tubule
formation in human umbilical vein endothelial cells, mainly through the upregulation
of the angiogenic factors angiogenin, stromal cell-derived factor 1 (SDF-1a), and VEGF.
Moreover, administration of CACs and CSCs in infarcted hearts of non-obese/severe
combined immunodeficient mice restored substantially the left ventricular ejection
fraction (LVEF), with reduction of scar formation as revealed by echocardiography.
Successful yet modest SMCs, ECs, and CM differentiation has been also reported.

Saphenous vein-derived pericytes

Pericytes (also called Rouget cells, mural cells, or perivascular mesenchymal precursor
cells) are mesodermal cells that border the endothelial lining. They are highly prolif-
erative cells and express neural/glial antigen 2, SOX-2, PDGFR-B, CD34, and several
mesenchymal markers such as CD105, CD90, and CD44. It was previously reported
that the transplantation of saphenous vein-derived pericytes (SVPs) into an ischemic
limb of an immunodeficient mice restored the local circulatory network via
angiogenesis[111]. Moreover, treatment with SVP reduced fibrotic scar, CM death, and
vascular permeability in a mouse model of MI via miRNA-132 facilitated angiogenesis
[112]. Avolio et al[113] were the first to describe the relationship between SVP and the
endogenous CSCs. Combined CSC and SVP transplantation in the infarcted myocar-
dium of severe combined immunodeficient/Beige-immunodeficient mice showed
similar results to treatment with CSCs or SVP cells per se, regarding scar size and
ventricular function, indicating that SVPs alone are as potent as CSCs.

TCs

TCs represent a recently described cell population in the stromal spaces located in
many organs, including the heart. They are broadly dispersed throughout the heart
and comprise a network in the three cardiac layers, heart valves, and in CSC niches.
TCs have been documented also in primary culture from heart tissues[114,115]. The
ratio of cardiac TCs (0.5%-1%) exceeds that of CSCs. Although they still represent a
minute portion of human cardiac interstitial cells, their extremely long and extensive
telopodes allow them to occupy more surface area, forming a 3D platform probably
that extends to support other cells[116]. The telopodes act as tracks for the sliding of
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precursor cells towards mature CMs and their integration into heart architecture[91].
TCs form a tandem with CSCs/CPCs in niches, where they communicate through
direct physical contact by atypical junctions or indirect paracrine signaling[115].

TC-CSC co-culturing have suggested that TCs and CSCs act synergistically to
control the level of secreted proteins, as shown by the increased levels of monocyte
chemoattractant protein 1 (MCP-1), macrophage inflammatory proteinl o and 2 (MIP-1
a and MIP-2), and interleukin (IL)-13. Whereas, the level of IL-2 decreased compared
to the monoculture of CSCs or TCs. IL-6 found in TC culture is behind the upregu-
lation of these chemokines. Chemokines elucidated the role of TCs in directing the
formation of CMs. Within the context, MIP-1a and MCP-1 play roles in the formation
of SMCs in the airway. Additionally, MCP-1 is also involved in mouse skeletal muscle
regeneration by recruiting macrophages. The enhancement of MCP-1 secretion serves
as an activator of another cell population, primarily macrophages, which are generally
involved in such processes[117].

IL-6 also activates downstream signaling pathways and contributes to cardiopro-
tection and vessel formation in the heart through activation of gp130/signal
transducer and activator of transcription 3. The Gp130/signal transducer and activator
of transcription 3 is essential for the commitment of cardiac SCA-1* cells into
endothelial lineage[118].

Furthermore, IL-6 targets VEGF and hepatocyte growth factor (HGF) genes. VEGF
has a mitogenic effect on CMs[119]. It is known to mobilize bone marrow-derived
mesenchymal stem cells (BM-MSCs) into the peripheral blood in MI patients[120].
HGF and its receptor (c-Met) are also involved in cardiogenesis, as it is expressed early
during cardiac development[121]. The level of HGF mRNA is normally low in the
heart, but it is upregulated for at least 14 d after ischemic insult in rats, enhancing CMs
survival under ischemic conditions[122,123]. Moreover, it has the potential to generate
an adhesive micro-environment for SCs, as demonstrated in a study of transplantation
of HGF transfected BM-MSCs in the infarcted myocardium[124]. HGF is also a
powerful angiogenic agent, conducting its mitogenic and morphogenic effects through
the expression of its specific receptor in various types of cells, including myocytes.
Moreover, HGF exerts antifibrotic and antiapoptotic effects on the myocardium[125,
126].

Transcriptomic analysis also has disclosed that TCs express pro-angiogenic miRNAs
including let-7e, miRNA-21, miRNA-27b, miRNA-126, miRNA-130, miRNA-143,
miRNA-503, and miRNA-100[127]. The TCs and CSCs interact in vitro forming atypical
junctions, such as puncta adherentia and stromal synapses. The puncta adherentia
consists of cadherin-catenin clusters. It controls the symmetry of division by
facilitating the proper positioning of centrosomes. Therefore, an increased number of
CSCs has been reported to be encountered in the presence of cardiac TCs[128,129].

CSCs SECRETOME

The paracrine potential of CSCs/CPCs has been recently under focus. CSC-derived
cytokines and growth factors include epidermal growth factor (EGF), HGF, IGF-1, IGF-
2, IL-6, IL-10, and TGF-B1[130,131]. Exosomes appear to harbor relevant reparative
signals, which mechanistically underlie the beneficial effects of CSCs transplantation
[132].

Structurally, exosomes are lipid bilayer nano-sized organelles, 20-150 nm in
diameter, secreted from all cell types, and function as intercellular communicators.
Exosomes are highly heterogenic in content, and this stems from the unique packaging
process that occurs inside progenitor and SCs. Exosomes carry lipids, proteins, and
nucleic acids, with an abundance of miRNAs that hold profound post-transcriptional
gene regulatory effects[133].

Protein content of exosomes
Amongst the distinctive protein content of cardiac exosomes are the chaperone
proteins heat shock protein (HSP) 70 and HSP60. The HSP70 and HSP60, which under
normal conditions assist in protein folding processes and deter misfolding and protein
aggregation under pathological states induced by stress, also play major roles in
apoptosis[134]. Circulating exosomes from healthy individuals have been found to
activate cardioprotective pathways in CMs via HSP70 through extracellular signal-
regulated kinase %2 and HSP27 phosphorylation[135].

The exosome protein cargo of CPCs is distinct from BM-MSCs, fibroblasts, and other
sources as it contains ample amounts of the pregnancy-associated plasma protein-A
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(PAPP-A). PAPP-A is present on the surface of human exosomes and interacts with
IGF binding proteins (IGFBPs) to release IGF-1[136]. The cardioprotective role of
CPCs-exosomes has been proven experimentally in in vitro ischemia/reperfusion and
MI models and on CMs apoptosis to surpass that of BM-MSC-exosomes owing to their
rich content of PAPP-A[137].

Exosomes’ surface and intra-vesicular markers

Like all exosomes, mouse CPCs-derived exosomes are positive for the surface markers
CD63, CD81, and CD9, TSG-101, and Alix, however, they express a high-level of
GATA4-responsive-miRNA-451. MiRNA-451 has been shown to inhibit CM apoptosis
in an acute mouse myocardial ischemia-reperfusion model through inhibition of the
caspases 3/7. The expression of miRNA-21 in the mouse CPCs-exosomes additionally
justifies their CM protection against oxidative stress and antiapoptotic effects via
inhibition of programmed cell death protein 4 (PDCD4)[138]. Human CPCs-exosomes
are enriched with miRNA-210, miRNA-132, and miRNA-146a-3p, which account for
the diminished CM apoptosis, enhanced angiogenesis, and improved LVEF[139].
MiRNA-146a-5p is the most highly upregulated miRNA in human CPCs-exosomes
and targets genes involved in inflammatory and cell death pathways[137].

The CDCs contain CD34" stromal cells of cardiac origin and are multipotent and
clonogenic but not self-renewing[140]. CDCs secrete exosomes that induce cardiomyo-
genesis and angiogenesis, regulate the immune response, downgrade fibrosis, and
improve the overall cardiac function[141,142]. Moreover, CDCs homogeneously
express CD105 but not CD45 or other hematopoietic markers. They also exhibit a high
expression of miRNA-126[143]. Circulating miRNA-126 may participate in cardiac
repair during acute MI and has been demonstrated to be downregulated in heart
damage[144].

Exosome secretion and function

While exosomes are constitutively secreted, changes in the surrounding microenvir-
onment, such as hypoxia, can induce modifications in CPCs- and CM- derived
extracellular vesicles. Hypoxic CMs secrete large extracellular vesicles containing long
noncoding RNA neat 1 (LNCRNA NEATT1), which is transcriptionally regulated under
basal conditions by p53, while during hypoxia it is regulated by the hypoxia inducible
factor 2A. An uptake of the hypoxic CM-derived extracellular vesicles by fibroblasts
can prompt the expression of profibrotic genes[145]. Oxidative stress may also induce
the release of cardiac CPCs exosomes, which in turn inhibit apoptosis when taken up
by H9C2 (rat cardiomyoblast cell line)[132]. Furthermore, oxidative stress stimulates
secretion of miRNA-21 rich exosomes, which could inhibit H9C2 apoptosis by
targeting PDCD4 and hence can be accounted as a new method to treat ischemia-
reperfusion[138].

Intercellular communication via exosomes occurs as part of various biological
processes, including immune modulation, vasculogenesis, transport of genetic
materials, and pathological conditions such as inflammation, apoptosis, and fibrosis,
which can lead to cardiovascular disease when altered[146]. Hence, isolation and
analysis of cardiac exosomes contents, mainly miRNA and proteins, could offer
diagnostic information for several cardiovascular diseases[147] (Figure 3).

Functionally, exosomes mediate several intra-cardiac inter-cellular communications
such as:

CPC-CM crosstalk through factors, such as miRNA-146a and PAPP-A, which
activate extracellular signal-regulated kinases 1/2 pathway and inhibit apoptosis[139].

CPC-macrophage (M1) crosstalk via miRNA-181b and Y-RNA fragment transforms
M1 to M2 macrophages with attenuated proinflammatory cytokines and increased IL-
10[148,149] (Figure 4).

CPC-fibroblast interaction via exosomes primes the fibroblasts and increases
expression of VEGF and SDF-1. Experimental injection of fibroblasts primed with
CPCs-exosomes into the myocardium of a MI model proved to reduce infarct size and
improve cardiac function. In addition, cardiosphere-isolated exosomes have been used
to prime inert fibroblasts, leading to an intensification of their angiogenic,
cardiomyogenic, antifibrotic, and collective regenerative effects[150] (Figure 4).

CPC-self regulatory mechanisms: Exosomes derived from CPCs may play critical
roles in maintaining the self-renewal state of CPCs themselves and balance their differ-
entiation, i.e. preserve their stemness[151] (Figure 4). The CPC-derived exosomes
activate the endogenous CPCs by transferring signal molecules directly within their
niche[152].
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Cardiovascular
diseases

Exosomal
cargo

Cardiac fibrosis
WNT5a, TNF-q, let7-c, miR-19a, miR-21, miR-22;
miR-132, miR-144, miR-146a, miR-181b, miR-210,
miR-221, miR-294, LncRNA NONMMUT022555,
IncRNA SRA1, LncRNA Mhrt, circ 000,203,
circActa2A.

Ischemic heart disease
KLF5, miR-9-5p, miR-20b, miR-92a-3p, miR-128, miR-146a, miR-155,
miR-155-5p, miR-221, miR-222, miR-223, miR301a-5p, miR-3129-5p,
miR-320, miR-320d, miR-339, IncRNA GAS5

Myocardial ischemia-reperfusion injury
HSP70, miR-21, miR-126,
Heart failure
miR-34a, miR-192, miR-194, miR-92b, miR-146a

Myocardial infarction
miR-133a, miR-146a, miR-155, miRNA-214

Cardiac hypertrophy
HSP20, miR-21, miR-200a

Figure 3 Schematic diagram elucidating the diverse exosomal contents that serve as biomarkers for several cardiovascular diseases.
Created with BioRender.com. HSP: Heat shock protein; IncRNA: Long non-coding RNA; miR: MicroRNA.
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CPC-derived exosomes release various RNA species in the extracellular space,
modulating endogenous SC plasticity and tissue regeneration through their cytopro-
tective, immunomodulatory, pro-angiogenic, and anti-apoptotic actions[153].

Fibroblasts and pericytes interact after transdifferentiating to myofibroblasts and
deposit ECM causing cardiac fibrosis. These fibrotic changes are usually induced by
cardiac damage and lead to scar formation. Exosomes serve as messengers for cell-to-
cell communication during cardiac fibrosis[154]. Molecular mechanisms of cardiac
fibrosis are primarily related to TGF-B pathways, IL-11 signaling pathway, nuclear
factor-xp pathway, and Wnt pathways[155]. Accordingly, the bioactive substances
targeted at these pathways could hypothetically be applied in the treatment of cardiac
fibrosis. Wnt3a, being highly expressed in exosomes, could activate the Wnt/p-catenin
pathway in cardiac fibroblasts by restricting GSK3p activation[156]. Moreover, tumor
necrosis factor a contained in exosomes can be transferred between cardiac myocytes.
In general activation/inhibition of the exosomes conveying remodeling substance
secretion or uptake can control the myocardial remodeling and repair following MI
[154,157].

The highlighted complex cell-to-cell communication from endogenous or exogenous
CSCs provides an optimal microenvironment for resident CPC proliferation and
differentiation (Figure 4), rendering the environment receptive to transplanted CPCs.
This adaptation is promoted through activation of pro-survival kinases, leading to the
induction of a glycolytic switch in recipient CPCs[158].

Therapeutic efficiency of CPCs/CDCs exosomes

Data from experimental models suggest that the exosomal component of the CPC
secretome can fully recapitulate the effects of cellular therapy on ischemic and non-
ischemic heart models[140]. In an ischemia-reperfusion injury rat model, Ciullo and
partners[159] have shown that the systemic injection of exosomes (genetically
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manipulated to overexpress CXCR4-ExoCXCR4) improve cardiac function. Additio-
nally, expression of hypoxia-inducible factor 1 (HIF-1) in the infarcted myocardium is
upregulated through the stimulation of SDF-1la. The latter is one of the CXC
chemokine family overexpressed in heart post-MI that readily attaches to the CXCR4
receptor and acts as a potent chemoattractant for CXCR4 expressing circulating
progenitor cells. The ExoCXCR4 are more bioactive in the infarcted zone than
naturally occurring exosomes injected via tail-vein, confirming their superior homing
and cardioprotective properties in the damaged heart.

Gallet et al[160] postulated the safety and efficiency of CDC-derived exosomes in
acute and chronic myocardial injury animal models. Within the context of experi-
mental research to validate the paracrine hypothesis for CDCs-derived exosomes, it
has been proven that human CDC-exosomes can recapitulate CDC therapy and boost
cardiac function post-MI in pig models. Intramyocardial injection of human CDC-
exosomes has resulted in higher exosome retention and efficacy as compared to
intracoronary injection, with great reduction of scar size and increased ejection
fraction. This indicates that the route of administration is imperative for full functional
capacity of the exosomes. Subsequently, the researchers have devised a randomized
preclinical study by means of a NOGA-guided intramyocardial exosome injection.
Decreased collagen content in the infarct and border zone and increased neovascular-
ization and Ki67* CMs are indicative of the reparative functions of CDC-exosomes.
Notably, human CDC-exosomes have shown a lack of an immune reaction, as seen by
the lack of inflammatory reactions or CM necrosis in pig models. These observations
strongly support the view that CDC-exosomes are ready to be tested in clinical trials.
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Similar promising outcomes were observed in a Duchenne muscular dystrophy
model (mdx), in which intramyocardial injection of CDC-exosomes efficiently recapit-
ulated the effects of CDC injection on cardiac function, leading to recovery of
movement. Administration of CPC-derived exosomes has resulted in transient
restoration of partial expression of full-length dystrophin in mdx mice[161]. Further
studies assessed the therapeutic potential of CPC-exosomes in a doxorubicin
cardiotoxicity model and non-ischemic heart disease[162]. In addition, two concluded
phase I clinical trials in patients with heart failure and revealed the capacity of CDCs
to enhance cardiac function by reducing ventricular remodeling and scar formation.
Despite receiving a single injection at the beginning of the study, the improvement in
cardiac function was noted after the 1-year follow-up. This finding consequently leads
to the proposition that transplanted CDCs mainly have imposed their actions at the
site of injury by secreting paracrine factors including exosomes. In other words, CDC-
exosomes achieved a biphasic beneficiary regenerative effect involving acute cardio
protection coupled with long-term stimulation of endogenous cardiac repair[163].

METABOLISM OF CSCs

While the fetal heart obtains most of its ATP supply via glycolysis[164], the adult heart
relies mainly on fatty acid oxidation to fulfill the contracting myocardium high energy
demand|[164,165]. The loss of the regenerative phenotype is related to the oxidative
metabolism of glucose and fatty acids[166,167] and is mediated by various
physiological changes including increased workload and the demand for growth,
which cannot be solely met by glycolysis[168,169], as well as postnatal increase in both
circulating levels of free fatty acids and blood oxygen levels[164,165]. Studies have
shown the involvement of the HIF-1 signaling pathway[170], peroxisome proliferator-
activated receptor a (PPARa)[171], and peroxisome proliferator-activated receptor y
coactivator-1 (PGC-1) in the switch toward oxidative metabolism[172], which is
accompanied by dramatic increase in the number of mitochondria in CMs[173].

Notably, similar metabolic reprogramming occurs during differentiation from
cardiac SCs to CMs[167]. Studies reported that after differentiation into CMs, there is
an increase in the mitochondrial number and activity[174], increased oxidative
metabolism[175], and increased respiratory capacity resulting in an increased
adenosine diphosphate:ATP ratio[173] after differentiation into CMs.

The fact of the various metabolic changes that accompany the transition from
glycolysis to fatty acids oxidation affect cardiac cell maturation[164,167] has mandated
the consideration of substrate composition in cardiac differentiation protocols[167].

A study by Malandraki-Miller et al[176] investigated the effect of fatty acid supple-
mentation, which mimics the metabolic switch from glucose to fatty acid oxidation, on
adult cardiac progenitors. The study used radiolabeled substrate consumption for
metabolic flux to investigate the role of the PPARa/PGC-1 axis during metabolic
maturation. Oleic acid stimulated the PPARa pathway, enhanced the maturation of the
cardiac progenitor, and increased the expression of MHC and connexin after differen-
tiation. Moreover, total glycolytic metabolism, mitochondrial membrane potential, the
expression of glucose, and fatty acid transporter increased. The recorded results
contributed greatly in highlighting the role of fatty acids and PPARa in CPC differen-
tiation.

Another study by Correia et al[177] has linked substrate utilization and functional
maturation of CMs via studying the effect of the metabolic shift from glucose to
galactose and fatty acid-containing medium in the maturation of hPSCs-derived CMs
(hPSCs-CMs). The shift accelerated hPSC-CM maturation into adult-like CMs with
higher oxidative metabolism, mature transcriptional signatures, higher myofibril
density, improved calcium influx, and enhanced contractility. Galactose improved
total oxidative capacity with reduction of fatty acid oxidation, thereby protecting the
cells from lipotoxicity.

In CDCs, oxidative metabolism and cell differentiation reciprocally affect each
other. In vitro cultures for CDCs revealed a PPARa agonist that triggers fatty acid
oxidation. Metabolic changes have been characterized as the CDC differentiated
towards a cardiac phenotype. Addition of a PPARa agonist at the onset of differen-
tiation has induced a switch towards oxidative metabolism, as shown by changes in
gene expression with decreasing glycolytic flux and increasing oxidation of glucose
and palmitate. Undifferentiated CDCs have generated high levels of ATP from
glycolysis and from oxidation of acetoacetate. Upon differentiation, oxidative
metabolism of glucose and fatty acids is upregulated with decreased oxidation of
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acetoacetate, a metabolic phenotype similar to that of the adult heart[178].

Taken together, the metabolic hallmarks of differentiated CMs vary from their
undifferentiated SCs. Energy substrate metabolism during cardiac development and
differentiation shows gradual decrease in the contribution of glycolysis to ATP
synthesis with simultaneous increase in fatty acid-dependent mitochondrial
respiration[179].

Common methods for the investigation of substrate metabolism include the
measurement of metabolic fluxes using radio-labeled substrates, such as D-U-14C-
glucose[180,181] as well as measurement of mitochondrial oxygen consumption rate
and extracellular acidification rate using the XF Extracellular Flux Analyzer (Seahorse
Bioscience, North Billerica, MA, United States)[182,183].

Recently, a detailed protocol for metabolic characterization of hiPSCs-CMs has been
developed. The hiPSCs are obtained from adult somatic cells via novel cell reprog-
ramming approaches, followed by differentiation to CMs. The novel in vitro cardiac
cellular model provided new insights into studying cardiac disease mechanisms and
therapeutic potentials. The characterization protocol measures small metabolites and
combines gas- and liquid-chromatography-mass spectrometry metabolic profiling,
lactate/pyruvate, and glucose uptake assays as important tools[184]. Integration
between the implemented assays has provided complementary metabolic character-
istics besides the already established electrophysiological and imaging techniques,
such as monitoring ion channel activities[185], measurement of action potentials,
changes in Ca* fluxes[186], and mitochondria viability and apoptosis[187].

An alternative pathway for glucose metabolism in CMs involves the entry of
glucose-6-phosphate (G6P) in the pentose phosphate pathway, with resultant
generation of reduced nicotinamide adenine dinucleotide phosphate (NADPH)[188].
Reduced NADPH helps to regenerate reduced glutathione and thus acts protectively
against reactive oxygen species induced cell injury.

The cardioprotective role of the pentose/ G6P/NADPH/glutathione pathway has
been emphasized by Jain et al[189] who demonstrated that G6P dehydrogenase (G6PD)
lacking mice have more severe heart damage induced by the myocardial ischemia
reperfusion injury in Langendorff-perfused hearts as compared with wild-type mice.

Moreover, Katare et al[190] studied this pathway in CPCs isolated from hearts of
diabetic mice. They reported that both G6PD and transketolase activities were
markedly reduced in diabetes mellitus, which resulted in apoptosis of CMs. Intere-
stingly, they have also reported that apoptosis was induced under high glucose
conditions via inhibition of the pentose phosphate pathway, which mediates
prosurvival signaling pathways.

Cellular metabolic transcriptome profile is an important determinant of many
critical cell functions such as survival, growth, differentiation, and reprogramming.
With the fast-track advancements in CSCs research, in-depth and thorough metabolic
transcriptome analyses on CSCs are needed. It has been also suggested that metabolic
genes can be targeted to manipulate the differentiation of ESCs into specific CM
phenotypes or to modulate the maturation grade of CMs derived from ESCs[179].

As mentioned earlier in the review, the energy demand of the contracting
myocardium of an adult heart is met mainly through fatty acid oxidation, which
explains the fact that genes required for fatty acid metabolism are upregulated in the
differentiated CMs. These genes include acetyl-CoA acyltransferase 2 (ACAA2),
NADH dehydrogenase ubiquinone 1, a/p subcomplex 1 (NDUFABI), protein kinase
AMP-activated a-2 catalytic subunit (PRKAA?2), and ECI1 enoyl-CoA delta isomerase 1
(DCI). In addition, other genes involved in glucose metabolism are also upregulated in
a-MHC* CMs, including protein phosphatase 1 regulatory subunit 3C (PPP1R3C),
glycogen phosphorylase, muscle associated (PYGM), enolase 3 (ENO3), phosphogly-
cerate mutase 2 (PGAM?2), amylo-o-1,6-glucosidase 4-a-glucanotransferase (AGL), 6-
phosphofructokinase muscle (PFKM), and malate dehydrogenase 1 (MDH1)[191]. This
is interpreted by the fact that adult cardiac cells are metabolically flexible, being
capable of oxidizing other energy sources, such as glucose, lactate, amino acids, and
ketone bodies for the production of ATP and non-ATP-producing intermediate
metabolites with high biological significance[169]. Another example of CMs’ metabolic
plasticity is shown by HIF-1 expression, which is important for their metabolic
adaptation to hypoxic and ischemic conditions[192].

NANOTECHNOLOGY AND CSCs

Since Richard Feynman laid down the foundation of nanotechnology 1959[193],
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remarkable developments have been witnessed attributed to the novel properties
possessed by the materials at the nanoscale, which differ from their bulk forms. A
panel of NPs, ranging from soft to inorganic, are used in nanomedicine, depending on
their unique property matching the field of interest[194-197] (Figure 5).

The interplay of nanotechnology with SCs has gained increasing interest, whether
for differentiating, tracking, imaging, or for therapeutic purposes. Accumulating
evidence presents that the small size and bioactive characteristics of NPs could
influence SC function. Several engineering techniques have been developed to obtain
nano-fibrous scaffolds that facilitate controlling SC proliferation, migration, and differ-
entiation. A diversity of SCs, including ESCs, skeletal myoblasts, BM-MSCs, and CSCs,
have been tested to repair acutely or chronically damaged myocardium. However, the
optimal cell type, the efficient cell number, the appropriate route for cell delivery, and
the ideal time point for cell delivery after MI are still unanswered questions. The
biodistribution of SCs and the specific mechanism by which therapeutic cells improve
cardiac function remains under investigation[198]. Using NPs could solve some of
these obstacles either by gene delivery to SCs, enhancing the retention of SCs,
facilitating SCs” proangiogenic effect, or mimicking the ECM[199].

In view of this, we have summarized the impacts of NPs on SCs, especially CSCs,
from differentiating, therapeutic, and tracking viewpoints (Figure 5, Table 1).

NP-assisted CSC differentiation

Nanotechnology has revolutionized the tissue engineering field and altered the
landscape of scaffolds syntheses. In typical tissue engineering, a bio-mimicked scaffold
provides adhesive surfaces for the seeded cells, where the SCs deposit their proteins to
make the engineered-scaffold more biocompatible. However, improper vascular-
ization, lack of functional cells, the low mechanical strength of engineered cells,
immunological incompatibility with the host, and nutrient constraints are the main
limitations encountered in tissue engineering. Therefore, synthesis of a biomimetic
scaffold at the nanoscale, in a minimum of one dimension, would offer a more
effective microenvironment needed for cell growth. Nano-tissue engineering provides
the scaffold with a simple substrate for SC adhesion and active agents for their prolif-
eration[200].

In consideration for CSCs, nano- and microstructured electrospun matrices have
been used as non-woven scaffolds for the construction of cardiac tissue from primary
CMs. Among different nanostructured poly (D, L-lactic-co-glycolic acid; PLGA)
membranes, the poly (L-lactide; PLLA) scaffolds superiorly developed mature
contractile machinery (sarcomeres). Functional studies (excitability) of CMs tested by
optical imaging of electrical activity have confirmed the superior response on PLLA
scaffolds compared with other ones[201].

An in vitro and in vivo study conducted by Liu et al[202] using porous ECM-
mimicking nanofibrous PLLA scaffolds (porous NF PLLA) demonstrated cardiac
tissue formation from CPCs. The scaffold has facilitated the in vitro differentiation of
isolated mouse ESCs into CPCs. Thereafter, the transplanted NF PLLA/CPCs
integrated successfully with the host tissue, with superior expression of cardiac
committed markers cardiac troponin T, smooth muscle MHC, and CD31.

The inductive and therapeutic properties of biodegradable PLGA nanofibers have
been tested in vitro and in vivo. Different hiPSCs-CMs have been seeded on aligned
PLGA nanofibers to differentiate into high-quality cardiac tissue-like constructs, where
cardiac biomarkers and cardiac functions have been upregulated. When utilized in
vivo for treating MI, the cardiac tissue-like constructs have shown more robust results
than the two-dimensional conventional control in improving the ejection fraction, the
fractional shortening, and left ventricular end-systolic diameter[203].

Recently, an injectable ECM hydrogel loaded with gold (Au)/Laponite (Lap)
nanocomposite has been tested on the biological activity of resident CSCs. The electro-
active Au/Lap-ECM hydrogel improved cell biocompatibility and phenotypes
maturation of cardiac-specific markers (SAC, cardiac troponin 1, and Cx43)[204].

NP-assisted CSC therapy

More than 90 years ago, the Nobel laureate German immunologist Paul Ehrlich
proposed the term “magic bullets” to describe the artificial biochemical agents that
would transport and release drugs at the desired sites only[205]. Since then, drug
delivery research has witnessed notable growth due to NPs utilization as “controlled
release reservoirs” for drug delivery in order to combat many diseases[206].

In cardiovascular diseases, NP-based drug delivery targeting CSCs would be a
successful therapeutic regimen. In an in vivo study of induced MI, self-assembling
peptide nanofibers tethered with NF-IGF-1 positively influenced CPCs in female
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Table 1 Main outcomes of the studies investigated the impact of nanotechnology in cardiac stem cell-based studies

Type of cardiac disease/stem

Nanotechnology field Types of nanoparticles cells Type of research Outcomes Ref.
Tissue engineering Semi-crystalline PLLA nanostructured Non-diseased/ primary CMs In vitro: electrospun matrices were ~ Nanostructured non-woven PLLA scaffolds [201]
membranes among several PLGA used as scaffolds for generating provide flexibility and guidance for CMs growth
membranes cardiac tissue constructs and can be successfully applied to obtain
structurally and functionally competent cardiac
tissue constructs.
Tissue engineering ECM-mimicking nanofibrous PLLA Non-diseased/mouse ESCs In vitro: CPCs with porous NF PLLA  In vitro: porous NF PLLA scaffolds facilitate cell [202]
scaffolds with porous structure (porous NF attachment, extension, and differentiation.
PLLA) of high interconnection for cardiac In vivo: male athymic nude mice
tissue formation CPCs In vivo: subcutaneous implantation of cell/scaffold
supports survival of grafted cells and
differentiation to CMs, SMCs, ECs lineages.
Tissue engineering/ therapeutic Biodegradable ANF MI/hiPSCs-CMs In vitro: hiPSCs (253G1) In vitro: multilayered, elongated, organized CMs at  [203]
high density along ANF, with up regulation of
In vivo: nude rat genes of sarcomere structures (ACTN2, TNNT2,
TNNI3), cardiac maturation (MYH?7), ventricular
structures (MYL2, HAND?2).
In vivo: CTLCs improve MI functionally due to
transplantation of organized functional CMs.
Tissue engineering Electroactive Au-Lap NPs loaded Non diseased/Resident CSCs In vitro: rat CMs from 2-d old Combination of electrically active nano- [204]
myocardial ECM neonatal rats formulations and biologically active ECM boost the
expression of cardiac-specific proteins (SAC, cTnl,
Cx43).
Therapeutic Self-assembling peptide nanofibers tethered ~ MI/CPCs In vitro: clonogenic CPCs In vitro: NF-IGF-1 promote CPCs division (tBrdU)  [207]
with insulin-like growth factor-1 (NF-IGF-1) and protect them from death signal (J TdT).
In vivo: female Fischer 344 rats In vivo: CPCs-NF-IGF-1 enhance postinfarction
ventricular remodeling, attenuate chamber
dilation, and improve cardiac performance.
Therapeutic Transplantation of self-assembling MI/cSCA-1" cardiac progenitors In vivo: Wild-type mice (C57Bl1/6]);  ¢SCA-1/PM attenuates ventricular enlargement, [208]
nanopeptides: Cell-PM complex Other stem cells BM, SM, AMC Adult GFP transgenic mice restore cardiac function, with high capillary
density (tvWF) and conductive vessels (faSMA, 1
VEGF).
|TUNEL" CMs in the infarct area of cSCA-1/PM.
Therapeutic CMMP contained control-released stem cell ~MI/Human CSCs In situ: characterization In situ: CMMPs express hCSC surface markers. [209]
factors in its polymeric core and cloaked
with hCSC membrane fragments on the In vitro: NRCM
surface
In vivo: male SCID Beige mice In vitro: CMMPs promote NRCM contractility and
proliferation.
In vivo: CMMPs preserve viable myocardium,
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augment cardiac functions, with safety profile.

Therapeutic and drug delivery tool Statin PLGA nanoparticles MI/hAdSCs In vivo: male nude mice (BALB/c A small number of intravenously administered [244]
nu/nu) SimNP-loaded AdSCs improve cardiac function
following MI, stimulating endogenous cardiac
regeneration in the infarcted myocardium.

Tracking of treatment Colloidal nanoparticles containing europium MI/Lewis rat BM-MSCs In vivo: female Fischer rat Collagen matrix enhance transplanted MSC [211]
loaded on collagen matrix retention and reduce migration of the cells into
remote organs as tracked by the radioactive NPs.

Tracking and magnetic targeting of Superparamagnetic iron microspheres MI/Rat CDCs In vitro: rat CDCsln vivo: female In vitro: |caspase 3°, |TUNEL". [212]
treatment WKY rats
In vivo: enhanced cell engraftment, with attenuated
left ventricular remodeling and increased ejection
fraction. 1GFP*, 1Ki67" CMs, and tGFP™/c-KIT*

cells.
Imaging and therapeutic by magnetic ~ Ferumoxytol (FDA-approved SPIONSs) MI/Human and ratCDCs In vitro: hCDCs and rCDCs In vitro: )TUNEL, |ROS and 1CCK-8, 1Ki67. [213]
targeting nanoparticles linked by heparin sulfate and
protamine sulfate In vivo: female WKY rats In vivo: augmentation of acute cell retention and
attenuation of left ventricular remodeling, 3 wk
after treatment by MRI, fluorescence imaging,
qPCR.
Imaging and tracking for Potassium niobate harmonic nanoparticles ~ Non-diseased/ESC-derived CMs In vitro: mouse ESC (CGR8 cell line)  Monitoring at high acquisition speed the rhythmic ~ [245]
differentiation stabilized by polyethylene glycol contractions of ESC-derived CMs beating within
3D cluster.
Therapeutic by magnetic guidance of  Iron oxide nanoparticle-incorporated MI/MSCs In vitro: rat CM, rat CFs, In vitro: under hypoxia IONP-MSCs exert [217]
NPs nanovesicles (exosome memetic macrophage, HUVECs.
nanovesicles); IONP-NVs) Antiapoptotic effect on CMs: |caspase 3%, 1Cx43, 1
PI3K.

Antifibrotic effect on CFs: 1Cx43, | TGFp1, |aActa2,
IMMP2, | MMP9.

In vivo: Fischer 344 rats Anti-inflammatory effect on macrophage.

Proangiogenic effect on HUVECs: ftube formation,
1EC migration.

In vivo: magnetic guidance increases IONP-MSCs
retention within the infarcted heart, with early shift
from inflammatory stage to reparative stage.

AMC: Adipose tissue-derived mesenchymal cell; ANF: Aligned PLGA nanofibers; Au-Lap NP: Gold and laponite nanoparticle; BrdU: Bromodeoxyuridine cell proliferation assay; CCK-8: Cell counting kit-8; CF: Cardiac fibroblast; CM:
Cardiomyocyte; CMMP: Cell-mimicking microparticle; CPC: Cardiac progenitor cell; CTLC: Cardiac tissue-like construct; cTnl: Cardiac troponin 1; FDA: Food and Drug Administration; ECM: Extracellular matrix; ESC: Embryonic stem
cell; hAdSC: Human adipose-derived stem cell; HUVEC: Human umbilical cord vein endothelial cell; IONP: Iron oxide nanoparticle; MRI: Magnetic resonance imaging; NF: Nanofibrous; MI: Myocardial infarction; MMP: Matrix
metalloproteinase; NRCM: Neonatal rat cardiomyocyte; PLGA: Poly D,L-lactic-co-glycolic acid; PLLA: Poly (L-lactic acid); PM: Puramatrix™; qPCR: Quantitative polymerase chain reaction; SM: Skeletal myoblast; SPION:
Superparamagnetic iron oxide NP; TdT: Terminal deoxynucleotidyl transferase apoptotic assay; TUNEL: Terminal deoxynucleotidyl transferase dUTP nick end labeling apoptotic assay; vVWEF: von-Willebrand factor; WKY: Wistar-Kyoto;
aSMA: Alpha smooth muscle actin; 3-D: Three-dimensional.

Fischer rats. The local injection of CPCs loaded on NF, with the prolonged release of
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Other self-assembling nanopeptides loaded with cell-Puramatrix™ complex have
revealed promising results in treating MI, especially when targeting clonal SCA-1*
CPCs. The infarct area of SCA-1*/PM became smaller than that of other tested SCs.
Moreover, SCA-1*/PM have secreted VEGF, enhancing their differentiation
potentiality into CMs and vascular SMCs[208].

Interestingly, a synthetic cell-mimicking microparticle (CMMP) has recapitulated
CSC function with a safe immunological profile. The core of the CMMP is a PLGA
containing human-derived CSC (hCSC) secretome, while the surface has been cloaked
with SC membrane fragments. These CD105" and CD90* CMMPs have shown
synchronized movement with adjacent beating CMs in vitro. When injected in the MI
mouse model, they have shown prolonged retention without eliciting the T-cell
immunoreaction that transplanted hCSCs provoked[209].

NP-assisted CSC imaging and tracking

Combining the therapeutic effect of SC-based therapy with concomitant in vitro or in
vivo visualization of the SCl is a strategy helped by the auto-luminescent NPs.
Furthermore, delivery of the SCs to the infarcted cardiac area could be guided by a
magnetic field depending on the unique magnetic properties of iron oxide NPs[210].

Isotopic colloidal NPs tagged with europium have successfully tracked the retention
of BM-MSCs in the infarcted area. The NP-labeled MSCs loaded on a collagen matrix
have shown reduced relocation of MSCs to remote organs. However, delivering the
NP-MSCs via collagen has failed to improve cardiac function[211]. Further retention
and magnetic targeting of CDCs have been retrieved using superparamagnetic
microspheres (SPM). Quantitative polymerase chain reaction and optical imaging have
confirmed the magnetic targeting and the increased cardiac retention of transplanted
cells, with reduced lung migration in a rat model of ischemia/reperfusion injury.
Moreover, the prolonged survival of SPM-labelled CDCs by cell counting kit-8 and
Western blot has proved the safety profile of SPM[212].

The success of magnetic cell delivery in various preclinical studies potentiates the
translation into clinical ones encouraged with the Food and Drug Administration-
approved superparamagnetic iron oxide NP ferumoxytol. A thorough investigation of
ferumoxytol-labeled (FHP) human and rat CDCs offered the potential for rapid clinical
translation of the magnetically targeted cell delivery to an ischemic heart. The in vitro
study proved that FHP nanocomplex is not toxic to hCDCs, where a panel of
cytotoxicity assays have revealed prolonged survival, potentiated differentiation, and
genetic stability of FHP-hCDCs. Furthermore, in vivo tracking of FHP-rCDCs by
magnetic resonance imaging (MRI), fluorescence imaging, and quantitative
polymerase chain reaction have shown that magnetic targeting increased cardiac
retention without eliciting cardiac inflammation or causing iron overload. The
histological assessment revealed enhancement of angiogenesis and cell engraftment in
the hearts of the magnetic targeting group[213].

NP-based cardiac therapy limitations and prospects

Despite the promising results of NP-assisted SC interventions, the reported nanotoxi-
city is considered a major obstacle for clinical translation of these preclinical trials
[214]. Besides, most of the in vitro and in vivo NP-based SC trials focused on the short-
term effect of the NP interventions. The long-term safety profile of the injected
NPs/CSCs or NPs/scaffolds with host interactions needs large scale investigations.
These shortcomings have directed the search for natural cell-derived immune
compatible nanostructures.

Exosomes attracted the attention as therapeutic cellular-derived NPs. However, the
small quantity of these exosomes secreted from SCs is considered the main limitation
to its therapeutic implementation. A novel exosome-mimetic extracellular nanovesicles
(NVs) have bypassed this obstacle[215]. The large-scaled mechanically synthesized
NVs from ESCs, by Jo and his colleagues[216], have conserved both RNA and protein
profiles of the ESCs. Furthermore, treatment of MSCs with NVs has promoted cellular
proliferation, which has been comparable with or even superior to the positive MSCs
control treated with silica nanobeads that are well known for their ability to stimulate
proliferation via activation of the MAPK pathway.

Recently, NVs derived from iron oxide NPs (IONPs) incorporated MSCs (IONP-
MSCs) have co-cultured with different primary cell lines to investigate their physical
and biological characteristics. IONPs-MSCs have revealed cardioprotective effects via
PI3K/AKT activation. Under in vitro hypoxic conditions, IONPs-MSCs have
upregulated Cx43, an electrical coupling molecule, whose reduction is responsible for
arrhythmia and cardiac cell death in hypoxia. Furthermore, the NVs inhibited cardiac
fibrosis by inhibiting the differentiation of cardiac fibroblasts into cardiac myofibro-
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Figure 5 Schematic presentation of multiple nanoparticles-based paradigms in nanomedicine (right side) and their mirror images in
nanoparticle-assisted cardiac stem cell interventions (left side). In the right side, the auto-luminescence of quantum dots and some polymeric natural
nanoparticles (NPs) as nanocurcumin qualifies them to be used primarily in tracking and diagnostic imaging. Meanwhile, inorganic NPs have been extensively
investigated in cancer treatment as photothermal therapy due to the plasmonic resonance of their outer electron. For drug delivery purposes, soft NPs, such as
liposomes, polymicelles, and dendrimers, are used due to their flexibility and biophysical interaction with components of the cell membrane, which enable them to
penetrate biological membranes. In the left side, the impact of different NPs on cardiac stem cell (CSC)-based therapy are shown. The superparamagnetic iron oxide
NPs are used for tracking and imaging of the CSCs-therapy, while nanofibers are used either as a dual delivery system for CSCs and therapy. Moreover, nanofiber
scaffold holding the CSCs is used in tissue engineering to assist CSCs’ differentiation. The confocal images of NPs-cellular imaging are reproduced with permission
[196]. Created with BioRender.com. NPs: Nanoparticles; SMCs: Smooth muscle cells; CMs: Cardiomyocytes; ECs: Endocardial cells; CSCs: Cardiac stem cells;
CPCs: Cardiac progenitor cells; SPION: Superparamagnetic iron oxide NP.

blasts after hypoxia. Magnetically targeting an induced MI with IONPs-MSCs have
attenuated apoptosis, reduced inflammation, and increased blood vessel density, with
increased retention of IONPs-MSCs in the infarcted myocardium, improving left
ventricular remodeling[217].

Designer exosomes is another hope, boosting the exosomal theragnostic potential
independently of its low yielding. Kojima and coworkers[218] genetically engineered
the producer cells with the three genes responsible for potentiating exosome
production: Six-Transmembrane Epithelial Antigen of Prostate 3 for exosome
biogenesis, syndecan-4 for budding of endosomal membranes, and the fragment of L-
aspartate oxidase for cellular metabolism. These exosome production boosters have
been further genetically upgraded to RNA packaging device and cytosolic delivery
helper. Thereafter, they have used this collectively EXOtic device to deliver cargo
messenger RNA to the mice brain, attenuating neurotoxicity in neuroinflammatory
disease by enhancing cell-to-cell communication without the need for exosomes
concentration. These results demonstrate the usefulness of designer exosomes for
therapeutic RNA delivery that can be applied to CPC/CDC exosomes to enhance their
efficacy.
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CLINICAL TRIALS

The rationale of clinical studies testing CSC therapy on human subjects has been based
on the conclusions from the promising results of experimental studies utilizing SCs
[219,220]. Clinical trials using CSCs, CPCs, and CDCs have been and are still targeting
variable cardiac diseases, namely ischemic heart diseases, non-ischemic cardiomy-
opathy, heart failure, congenital heart diseases, and pulmonary atrial hypertension
(Figure 6, Tables 2 and 3).

Ischemic heart diseases

There have been numerous ischemic heart diseases (IHD) trials. Cardiosphere-derived
autologous stem cells to reverse ventricular dysfunction (CAUDEUS) and allogeneic
heart stem cells to achieve myocardial regeneration (ALLSTAR) are two comple-
mentary studies in which CAUDEUS is the phase I and ALLSTAR is the phase II of
clinical trial of intracoronary delivery of autologous CDCs in patients with IHD and
left ventricular dysfunction. Firstly, CAUDEUS, with 6 mo and 12-mo follow-up of
patients has shown significant reduction in the scar size (-7.7%, -11.1% respectively),
increased viable myocardium (+13 g, +22.6 g respectively), and improvement of the
regional function of infarcted myocardium[221]. Then, ALLSTAR results showed
attenuation of the post infarct cardiac remodeling and improvement in the left
ventricular diastolic volume, but it has failed to achieve the results of CAUDEUS
regarding the reduction of scar size; hence ALLSTAR was dismissed[222].

The clinical trial transplantation of human embryonic stem cell-derived progenitors
in severe heart failure (ESCORT) was developed to assess the regenerative effects of
human ESC-derived CPCs. At the beginning of coronary artery bypass grafting,
patients received a fibrin gel implanted with the hESC derived CPCs. The main
conclusion from this trial demonstrated the technical feasibility of producing a
clinically operational product. This product is hESCs derived CPCs that can be safely
transplanted to patients with severe ischemic left ventricle (LV) dysfunction. It also
supports their short- and medium-term safety after transplantation in patients with
severe post-infarction LV dysfunction[223]. Direct engraftment of CPCs into cardiac
tissue along with the paracrine effects of CPCs are the main milieu of cardiac
regeneration[224,225]. Additionally, fibrin gel has been used as a delivering synthetic
biomaterial to improve the long term cell engraftment in the ischemic environment
[226].

Safety and efficacy evaluation of intracoronary infusion of allogeneic human cardiac
stem cells in patients with AMI (CAREMI), a phase I/1I placebo-controlled clinical
trial, has been designed to evaluate the safety, practicability, and efficiency of
intracoronary transport of allogeneic adult CSC in patients with large ST segment
elevation secondary to myocardial infarction, LV dysfunction at risk of developing
heart failure. CAREMI has intended to interfere with allogeneic cells immediately after
the initial ischemic insult (dodging the aggressive part of the first 5 d) and before
myocardial scar starts to form (within 7 d after percutaneous infusion). CAREMI trial
is documented proof that allogeneic CSCs intracoronary infusion early after acute MI
is safe with rational efficacy outcomes and is promising hope for future clinical trials
with Allo-CSCs[227].

Non-ischemic cardiomyopathy

Halt cardiomyopathy progression in Duchenne (HOPE) and dilated cardiomyopathy
intervention with allogenic myocardially-regenerative cells (DYNAMIC) studies aim
to assess safety and to discover the usefulness of CDCs in patients with non-ischemic
cardiomyopathy. HOPE was targeted specifically to explore efficacy of CDCs in
patients with advanced stages of Duchenne muscular dystrophy. The results have
shown significant and sustained improvements in cardiac structure, function, and
significant reduction in cardiac scarring as compared with the control group[228].
Meanwhile, the DYNAMIC study does not have any published data so far.

Heart failure

In autologous human cardiac-derived stem cell to treat ischemic cardiomyopathy
(ALCADIA), intramyocardial delivery of CDCs with controlled releases of basic FGF
in a biodegradable gelatin hydrogel sheet to patients with ischemic heart failure was
done. This was at the time of coronary artery bypass grafting. After 6 mo, it was
reported that small improvements in regional but not global function, i.e. LVEF (+ 9%-
12%), had been noted as well as decreased scar sizes 3.3% at 6-mo follow-up vs
baseline[229]. A randomized, double-blinded phase II clinical trial started in 2015 to
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Cardio- . . . -
Study name, Start Study Patients  Type of cardiac stem Route of delivery Timing of cell Follow up . .
vascular . . . Imagingtechniques  Outcomes Ref.
NCT Number year phase disease number cells/origin Icount of cells delivery times
CADUCELUS, 2009 1 IHD 17 Autologous CDCs/endomyocardial 1C/12.5-25 x 10° 1.5-3 m post STEMI 6 mo MRI Significant reduction in infarct ~ [221]
00893360 biopsies size
Significant growth in viable
mass global LVEF remains
unchanged LVEF and volumes.
ALLSTAR, 2017  I/1I IHD 90 Allogenic CDCs/endomyocardial 1C/25 % 10° <5d post MI 12 mo MRI No effect on scar [222]
01458405 biopsies sizeAttenuation of post infarct
cardiac remodeling
Improvement in LV end
diastolic volume
ALCADIA, 2010 I CHFIHDVD 6 Autologous IM/0.5 x10° /kgand At CABG 12 mo Not mentioned Decreased scar size [229]
00981006 hCSCs/endomyocardial biopsies + 200 pug of bFGF
bFGF on gelatin hydrogel sheet
ESCORT, 2013 I IHD 6 ESCs-derived ISL1* CSCs Epicardial patch 5-10 x ~ At CABG 18 mo CT Symptomatically improved [223]
020579000 10° CSCs embedded in patients with an increased
a fibrin patch PET scan systolic motion of the cell-
treated segments.
Echo The protocol generated a
highly purified population of
cardiovascular progenitors.
One patient died of heart
failure after 22 mo
CAREM], 2014 I/II AMI 55 Allogeneic hCSCs/right atrial IC/35 x 10° cells 5to 7 d after 1wk, 1,2,  MRI Allogeneic CSCs intracoronary  [227]
02439398. appendage successful reperfusion 3,4,5,6,9 infusion early after AMI is safe
of AMIby PClor8d and12mo ECG and anticipates reasonable
from symptoms onset efficacy outcomes
CONSERT-HF, 2015 1II HF 125 Autologous c-KIT" CPCs + Trans endocardial /150 14 wk after cell 6 and 12 MRI Increased LVEF [230]
02501811. MSCs/right ventricular endocardial x 10° MSCs and 5 x 10°  harvest mo
biopsy + Bone marrow aspiration CPCs Treadmill Decrease in infarct size with LV
end systolic volume reduction.
Questionnaire
Strong safety profile
HOPE, 2015 I\II CM secondary 25 Allogeneic CDCs 1C/75 % 10° Not specified 12 mo MRI Significant scar reduction [228]
02485938 to DMD improvement in inferior wall
Questionnaire systolic thickening compared to
the usual care group.
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DYNAMIC, 2014
02293603

TICAP, 2011
01273857
Perseus, 2013
01829750

Idiopathic 42
dilated CM

HLHS 7
HLHS 34

Allogeneic CDC/not specified

Autologous CDCs/right atrial

Autologous CDCs/not specified

IC/Stepwise dose
escalation

Not specified 6,12 mo ECG
Cardiac enzymes

1 m after cardiac 36 mo Echo
surgery

IC/0.3 x 10° cells /kg

IC/0.3 x 10° cells/ kg 4 to 9 wk after surgery 3 and 12 EchoMRIQuestionnaire

mo follow-
up

CDCs are generally safe and
well-tolerated

Not published

Safety of the procedure [233]

Increased right ventricle
ejection fraction

Improved somatic growth
Reduced heart failure status

Significant improve of [231]
ventricular function

Improved somatic growth, and
quality of life

Reduced heart failure status
and cardiac fibrosis compared
with baseline

AMI: Acute myocardial infarction; bFGF: Basic fibroblast growth factor; CABG: Coronary artery by bass graft; CHF: Congestive heart failure; CM: Cardiomyopathy; CSC: Cardiac stem cell; DMD: Duchenne muscle dystrophy; hCSC:
Human-derived cardiac stem cell; HLHS: Hypoplastic left heart syndrome; IC: Intracoronary; THD: Ischemic heart disease; IHF: Ischemic heart failure; IM: Intramyocardial; MRI: Magnetic resonance imaging; NCT: National clinical trial;

PCI: Percutaneous infusion; STEMI: ST segment elevation after MI; VD: Ventricular dysfunction.

JRaishideng®

WJSC | https://www.wjgnet.com

study the efficacy of combinatorial therapy in treatment of cardiac ischemic disorders.
Combination of mesenchymal and c-KIT* CSCs as regenerative therapy for heart
failure (CONCERT-HF) utilized autologous endomyocardial CSCs combined with
MSCs for heart failure patients. After trans-endocardial injection of this combined
therapy, the LVEF increased to 89%, with about 4.5% decrease in infarct size and LV
end systolic volume. This is the first clinical trial to assess the benefits of cell
combination therapy in humans, which addresses the therapeutic potential for cardiac
ischemic patients[230]. In addition, according to the ClinicalTrials.gov Identifier
(NCT02503280), there is an expected clinical study (TAC-HFT-II) that might start in
2025 to study the safety and effectiveness of trans-endocardial injection of combination
of MSCs and CSCs in patients with post-MI HF. Moreover, another ongoing
randomized, double blind, placebo-controlled phase II clinical trial for regression of
fibrosis and reversal of diastolic dysfunction in heart failure with preserved ejection
fraction patients treated with allogeneic CDCs (Regress-HFpEF, NCT02941705) was
conducted to determine whether treatment with intracoronary allogeneic CDCs will
affect clinical functional status of HFpEF patients, regarding regression of fibrosis and
reversal of diastolic dysfunction.
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Table 3 Ongoing and future expected clinical trials

Study name, NCT Year of Stud . . Number of . f
y ’ y Cardiovascular disease . Type of cardiac cells  Route of delivery
number study start phase patients
Regress-HFpEF, 2017 I Symptomatic hypertensive heart 40 Allogeneic CDCs IC
02941705 disease induced HFpEF
APOLLON trial, 2016 1II HLHS 40 Autologous CSCs IC
02781922
CHILD, 03406884 2019 1 HLHS 32 Autologous -KIT* cells M
ALPHA, 03145298 2017 I PAH 26 Allogeneic CDC v
TAC-HFT-II, 2025 /1 IHF 0 enrollment Autologous combination ~ Trans endocardial
02503280 until now of MSCs and CSCs Injection

CSC: Cardiac stem cell; HFpEF: Heart failure with preserved ejection fraction; HLHS: Hypoplastic left heart syndrome; IC: Intracardiac; IHF: Ischemic
heart failure; IM: Intramyocardial; IV: Intravenous; NCT: National clinical trial; PAH: Pulmonary atrial hypertension.

Regress-HFpEF ~ C

ALCADIANA&C CONCERT-HF ~$ C ALPHA ~ D
CADUCEUS ~ A ESCORT ~ A HOPE ~ E
N
SCIPIO A A PERSEUS ~ B DYNAMIC ~ E
TICAP A B ALLSTAR ~ A CAREMI "~ A APOLLON ~~ B CHILD~A~ B TAC-HFT-II ~$ C
2009 2010 2011 2012 2013 2014 2015 2016 2017 2019 2025 >

A: Ischemic heart diseases 2/\ CoCs Completed

B: Congenital heart diseases : CSCs

C: Heart failure : : Repro_grammed CSCs from ESCs Ongoing

D: Pulmonary atrial hypertension $ 1 Combined CSCs + MSCs)

E: Non-ischemic cardiomyopathy Future

Figure 6 Timeline of completed, ongoing, and future clinical trials in cardiovascular diseases. CDCs: Cardiosphere-derived cells; CSCs: Cardiac
stem cells; ESCs: Embryonic stem cells; MSCs: Mesenchymal stem cells.

Congenital heart diseases

There are reports on phase I, II, and III clinical trials assessing the use of autologous
CDCs in pediatric patients. One of the early clinical trials in children is the
transcoronary infusion of CPCs in patients with single ventricle physiology (TICAP)
trial. It has confirmed the practicality of intracoronary delivery of CDCs in post
palliative single ventricle physiology patients. In this study, autologous CDCs have
been isolated, expanded, and then finally administered via intracoronary delivery 4-5
wk after the stage II/III palliative surgery. TICAP has proved that the methodology is
safe and achievable for improving cardiac function after 18 mo. The safety of the CDC
therapy has been also analyzed at 36 mo post-transplantation. Neither tumor
formation nor arrhythmias have been reported, and the initial observed benefits have
enhanced, with attenuation of ventricular stiffness and improvement of ventriculoar-
terial coupling[231].

Following the TICAP trial, the cardiac progenitor cell infusion to treat univen-
tricular heart disease (PERSEUS) trial, a phase II randomized controlled trial has been
planned to follow-up on the TICAP trial. CDCs have been given via the coronary
arteries after stage II or III palliative operations[232]. The main result is the change in
EF from baseline to 3 mo that has been measured by cardiac MRI and echocardio-
graphy. The CDC treated group showed greater improvement in right ventricle (RV)
function at 3 mo than controls (+6.4% vs +1.3%) and at 1 year continued to exhibit
augmented RV function. Follow-up analysis at 36 mo demonstrated an improvement
in RVEF among patients receiving CDCs (+8.0% vs +2.2%) even at this late time point.
Furthermore, the therapy is currently being tested in a phase III trial cardiac
stem/ progenitor cell infusion in univentricular physiology (APOLLON). The phase III
trial is an extension of the TICAP and PERSEUS trials exploiting autologous CDCs
administered by intracoronary injection in single ventricle patients, for which results
are still awaiting[233]. In addition, there is another ongoing phase I clinical trial
(CHILD, NCT03406884) for examining the safety and efficacy of intramyocardial
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injection of c-KIT CSCs injection in patients with hypoplastic left heart syndrome.

Pulmonary atrial hypertension

Pulmonary arterial hypertension (PAH) is a progressive condition for which there is
no cure. As reported in PAH archives and with the pharmacologic developments in
the current treatment scope, survival remains poor. Preclinical studies suggest that the
transplantation of allogeneic CDCs could reduce unfavorable PAH related arteriolar
remodeling. Until now, there are no completed studies on PAH, though, there is an
ongoing phase I clinical trial [(ALPHA), NCT03145298] exploring the potential
beneficial effects of central intravenous delivery of allogeneic human CDCs.

THERAPEUTIC POTENTIAL OF COMBINED CELLULAR THERAPY

Despite the great differentiation potential of CSCs and their ability to restore the
injured area, it is influenced by many factors, such as oxidative stress and the aging
process, which diminish its function. Thus, the administration of mixtures of SCs can
exhibit synergistic effects to get the maximum benefit from the transplanted cells in
cardiac regeneration. Cell combination therapies are classified into various entities; the
most commonly performed is combination of CSCs with MSCs either applied from
autologous or allogeneic sources. The most recent combinatorial approaches are
CardioChimerias (CCs) and CardioClusters. Merging several cell types harmonized
efficiently cardiomyoplasty in preclinical cardiac ischemic models[234,235].

The mechanism behind the effect of MSCs when combined with CSCs has been
clarified in a study conducted by Hatzistergos et al[236], where transendocardial
injection of MSCs derived from allogenic male bone marrow in a reperfused MI swine
model led to myocardial repair by stimulating and increasing the differentiation
potential of endogenous CSCs to regenerate myocardium. Remarkably, 2 wk after
MSC injection, the MSC-treated hearts showed chimeric collections containing both
exogenous immature MSCs and endogenous CSCs with a 20-fold increase in c-KIT*
cells, indicating cardiac lineage commitment. In addition, to confirm the origin of
CSCs, porcine endomyocardial biopsies have been isolated and plated as explants with
or without MSC feeder layers, signifying that the MSCs have stimulated the expansion
of c-KIT*CSCs. The MSC co-culture derived CSCs have been more than 90% positive
for Nkx2-5, which is considered an embryonic heart phenotype. MSCs have facilitated
cardiac repair through stimulating a succession of secondary endogenous responses
that triggered considerable amounts of adult CMs and immature CSCs to multiply and
repair the injured areas with CMs, vascular SMCs, and ECs of host origin.

From this point of view, a study conducted by Williams et al[237] to assess the
combination of CSCs and MSCs isolated from a human cardiac tissue and iliac crest,
respectively, where 1 x 10°human CSCs and 200 x 10° human MSCs were injected
intra-myocardially in the infarcted area in immunosuppressed pigs after 2 wk of MI
induction. All cell-based cardiomyoplasty groups showed a decrease in the infarct size
4 wk following cell injection with a 2-fold greater reduction in scar mass with
combined SCs in comparison with each therapy alone. The results have been evaluated
by cardiac MRI and conductance catheterization hemodynamics, revealing the
improvement of cardiac response to MI functionally and structurally with returning of
EF values to baseline, where the combined cell therapy enhanced the LV performance
during systole and diastole.

In addition to cardiomyogenic repair in acute MI, the combination therapy enhances
cardiac performance, both functionally and structurally, in chronic ischemic cardiomy-
opathies. The hypothesis was adopted by Karantalis et al[238]. The autologous CSCs
isolated from the septal wall of the right ventricle immediately after MI induction and
the autologous MSCs obtained from the tibial cavity were injected trans-endocardially
in the same non-immunosuppressed pigs that undergo ischemic injury for 3 mo. The
favorable effects of combinational therapy occurred in chronic MI models, where the
size of the infarcted area diminished with improvement of EF, diastolic strain, and
cardiac output in comparison with single therapy with MSCs.

In agreement with previous studies to explore the effect of allogeneic combination
therapy in non-immunosuppressed swine chronic ischemic cardiomyopathy model,
Natsumeda et al[239] addressed the advantage of such therapy from allogeneic sources
to reduce the evoked immune response to administrated CSCs alone. The MSCs
inhibited the rejection of the immune system to allo-CSCs, improving the retention of
the combined cell therapy in the affected area to maintain the regenerative capacity.
Moreover, in comparison with the autologous combination approach, angiogenesis
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increased with improvement of perfusion to the previously infarcted area. Further-
more, the added CSCs to allo-MSCs augmented the contractile function of cardiac
muscle by enhancing CM proliferation. This denotes that allogeneic combination cell
therapy exerts cardiomyogenic regeneration in chronic ischemic conditions without
immune rejection from the host.

The enumerated promising findings demonstrate the privileges of combinational
therapy to attain the desirable effects of the differentiation potentiality of CSCs with
the supporting and paracrine effects of MSCs in cardiac regeneration. However, the
effectiveness of this therapy has been compromised by certain factors such as the
persistence and long-term cardiogenic repair. Additionally, optimization of the dose of
each cell type in the combination mixture is undefined. Therefore, new in vitro cell
engineering techniques[240-243] have emerged to unify the maximum favorable effects
of this therapy and eliminate the limitations concerning cardiac repair.

A novel modality has been aroused by Zang et al[240] to enhance the engraftment
and angiogenesis properties of c-KIT*CSCs to precondition the cells with exosomes-
derived MSCs, resulting in increased proliferation, formation of angiotube, and
enhanced migration in vitro. Moreover, in a rat MI model after 28 d, the CSCs
combined with exosomes decreased the infarct size with neovascularization and
increased the capillary density with higher EF relative to treated groups with CSCs
only. The beneficial effect of exosomes on CSCs was evaluated by miRNA network
analysis that exhibit influences on Wnt, VEGF, and PTEN/PI3K/ Akt signaling
pathways. These effects have enhanced CSCs potentials in cardiac repair by adding
new properties to CSCs such as increased proliferation, differentiation, and
angiogenesis to the pre infarcted area with defense against oxidative stress.

Quijada et al[241] is the first study conducted to administer a new cardiac hybrid
murine MI model created by in vitro viral fusion between CPCs and MSCs with further
clonal expansion known as CCs in order to improve and boost combinatorial cell
delivery approaches. In this study, two variable clones were selected from 18 clones
after 1 mo of fluorescent activated cell sorting of fused fluorescent-tagged CPCs
(mcherry) and MSCs (enhanced green fluorescent protein) with an inactivated RNA
Sendai virus to accomplish artificial cell fusion. It has been found that CCs exhibit
augmented proliferation and survival properties in addition to opposing cell death
(CC1 and CC2) compared with individual cell and combination therapies in a MI
mouse model. The CCs injected into the acutely damaged heart have recurred
structural integrity with functional improvement up to 18 wk with reduction of infarct
size at 12 wk and earlier correction of EF at 6 wk. Moreover, they are not subjected to
cell aging relative to combinational and single cell therapy. The tremendous effect of
CCs was presented in enhanced engraftment in the border zone of infarcted area,
which denotes the selectivity of this hybrid in addition to the already retained
properties of CSCs and MSCs in cardiomyogenic repair. Notably, in comparison with
mixed dual cell therapy the preservation of CM size and induction of c-KIT* cells have
occurred at 12 wk, with enhanced capillary density maintaining a longstanding
cardiac vasculature.

In agreement with reparative potentials of CCs, Firouzi et al[242] applied the
principle of cell fusion between c-KIT* cardiac interstitial cells (cCICs) and MSCs in a
2:1 ratio with inactivated Sendai virus. The cells were isolated from human cardiac
samples removed during left ventricular assisted device implantation, then were
allowed for clonal expansion to study the phenotypic features and function as
compared to the parent cells. It was been found that the survival of human CCs is
prolonged more than parent cells in addition to the increased survival of CMs when
co-cultured with serum deprived neonatal rat CMs. Compared to CCs originating
from a mouse model, its ability to resist oxidative stress is increased, thus enhancing
survival potential and inheriting the same karyotype of the parent cells with diploid
DNA content. However, it has not yet been tested in a MI model to assess the degree
of retention or the cardiomyogenic repair potentials.

The evolution of next generation applications to improve the efficacy of combin-
atorial cell therapy in heart failure have been accomplished by Monsanto et al[243]
who have implemented a 3D structure composed of MSCs in the center surrounded by
cCICs, while endothelial progenitor cells (EPCs) inhabited the outer layer. These
isolated autologous SCs in a ratio 3:2:1 of EPCs, cCICs, and MSCs, respectively, have
been co-cultured to enhance the interactions between the cells before injection intra-
myocardially in a murine MI model. Moreover, this scaffold has inherited the same
efficiency of each cell type. The EPCs protected the cCICs from oxidative stress and
cell death with neovascularization to the infarcted area. Thus, the power of cCIC
differentiation was increased in addition to the supporting milieu exerted by MSCs.
The beneficiary outcomes were evidenced by the improved cardiac function in the
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murine model initiated from the first week post MI injection and sustained up to 20
wk, with greater improvement in EF, end systolic, and diastolic volume. Due to the
administered distinct cell ratios and the controllable 3D structure size, which minimize
cell loss, the CCs were retained for a long time and hence provided maximum effects
of cell combination therapies in cardiomyogenic repair[240].

CONCLUSION

CSCs/CPCs carry a great therapeutic potential in different cardiac diseases owing to
their numerous cell population, rich secretome and interplay with other cells.
Conducted preclinical studies and clinical trials had demonstrated promising results in
regards to the improvement of cardiac function. Studies using these cells targeting
variable cardiac diseases are still ongoing aiming to discover more of their
regenerative power and thus decrease the burden of morbidity and mortality due to
cardiac tissue loss.
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Abstract

The transforming growth factor (TGF)-f signaling pathway controls many cellular
processes, including proliferation, differentiation, and apoptosis. Abnormalities in
the TGF-B signaling pathway and its components are closely related to the
occurrence of many human diseases, including cancer. Mothers against deca-
pentaplegic homolog 4 (Smad4), also known as deleted in pancreatic cancer locus
4, is a typical tumor suppressor candidate gene locating at q21.1 of human
chromosome 18 and the common medjiator of the TGF-f/Smad and bone morpho-
genetic protein/Smad signaling pathways. It is believed that Smad4 inactivation
correlates with the development of tumors and stem cell fate decisions. Smad4
also interacts with cytokines, miRNAs, and other signaling pathways, jointly
regulating cell behavior. However, the regulatory function of Smad4 in tumori-
genesis, stem cells, and drug resistance is currently controversial. In addition,
Smad4 represents an attractive therapeutic target for cancer. Elucidating the
specific role of Smad4 is important for understanding the mechanism of tumori-
genesis and cancer treatment. Here, we review the identification and character-
ization of Smad4, the canonical TGF-/Smad pathway, as well as the multiple
roles of Smad4 in tumorigenesis, stem cells, and drug resistance. Furthermore, we
provide novel insights into the prospects of Smad4-targeted cancer therapy and
the challenges that it will face in the future.

Key Words: Cancer therapy; Drug resistance; Mothers against decapentaplegic homolog 4;
Stemness; Transforming growth factor-f3; Tumorigenesis
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Core Tip: Mothers against decapentaplegic homolog 4 (Smad4) is regarded as a tumor
suppressor. Recent studies have shown that Smad4 plays a tumor-promoting role in
specific types of cancer, rather than a tumor-suppressing role. Smad4 also correlates
with the stem cells fate and drug resistance of cancer cells. Elucidating the specific role
of Smad4 is of positive guiding significance for understanding the mechanism of
tumorigenesis and cancer treatment. In this review, we focus on the multiple roles of
Smad4 in tumorigenesis, stem cells, and drug resistance, and provide novel insights
into the prospect of Smad4 in combination therapy.
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INTRODUCTION

The transforming growth factor (TGF)-B signaling pathway controls several cell
behaviors, including proliferation, inflammation, differentiation, and apoptosis[1,2].
Abnormalities of the TGF-f signaling pathway and its components are related to many
human diseases such as fibrosis[3], immune diseases[4], and cancer[5]. Although TGF-
B signals are mainly transmitted to the nucleus through the TGF-B/mothers against
decapentaplegic homolog (Smad) signaling pathway[6], TGF-p superfamily ligands
often interact with other signaling pathways, including JNK/p38, PI3K/AKT,
ERK/MAPK, and integrin signaling pathways, regulating various cellular responses in
a non-Smad-dependent manner[7-9]. The function of TGF- in tumorigenesis is
frequently described as a double-edged sword, but the precise mechanism for this
phenomenon is still unclear[5,10,11]. In addition, TGF-B plays a role in the deve-
lopment of cardiac[12] and kidney[3] fibrosis and interacts with integrins to mediate
asthmatic remodeling of the airway[13]. Moreover, TGF-p exerts an immuno-
suppressive function[14]. In recent years, studies on TGF-B have been focused on
elucidating the regulation and effects of its upstream and downstream components on
various diseases, as well as the interaction between different factors and TGF-p[10,15,
16]. Understanding of these processes may improve the diagnosis and treatment of
these diseases in the future.

Cancer has become a major threat to human health worldwide. In 2020 alone, 19.3
million new cases were diagnosed, and nearly 10 million people died of cancer[17].
Unfortunately, our current understanding of the mechanism of tumorigenesis is not
enough to completely overcome cancer[18]. Smad4, a key component of the canonical
TGE-B signaling pathway, exhibits varying degrees of inactivation among cancers[19],
and its expression is significantly correlated with tumor development and prognosis in
cancer patients[20,21]. Therefore, Smad4 is potently regarded as a tumor suppressor.
Moreover, considering the critical role of Smad4 in tumor progression, Smad4 can be
an attractive target for cancer treatment[22]. Additional novel options for cancer
therapy were revealed by demonstrating that many RNAs directly/indirectly
targeting Smad4, including miRNAs, circular (circ) RNAs, and long noncoding (Inc)
RNAs, are dysregulated during cancer progression[23-25]. In the past decade, it has
been found that Smad4 seems to play a tumor-promoting role in certain types of
cancer, such as hepatocellular carcinoma[26,27]. In addition, an increasing number of
studies demonstrated a close association of Smad4 with stem cell fate[28] and drug
resistance of cancer cells[29]. Elucidating the specific role of Smad4 is important for
understanding the mechanism of tumorigenesis and cancer treatment. Here, we
review the identification and characteristics of Smad4, and the canonical TGF-
signaling pathway, and summarize the multiple regulatory functions of Smad4 in
tumorigenesis, stem cell fate, and drug resistance. In addition, we provide new
insights into the prospects of Smad4-targeting cancer therapy and its challenges in the
future.
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IDENTIFICATION AND CHARACTERISTICS OF SMAD4

Smad4, also known as deleted in pancreatic cancer locus 4 (DPC4), was initially found
as a tumor suppressor candidate gene in human pancreatic carcinoma in 1996[30]. The
term “Smad” was a combination of the sma gene of Caenorhabditis elegans and the mad
gene of Drosophila melanogaster[31]. Subsequently, Smad4 mutations were found in
additional types of tumors, such as gastrointestinal carcinoid[32], prostate cancer[33],
squamous cell carcinoma[34], and lung cancer[35]. The gene coding for Smad4 is
located at human chromosome locus 18q21.1 (Figure 1A) and is composed of 12 exons
and 10 introns[36]. The 12" exon was named exon 0 because it was discovered after the
identification of 11 exons and is located upstream of exon 1[32].

Smad4 protein consists of 552 amino acids and has a molecular weight of 60 kDa
[36]. It is composed of the N-terminal mad homology domain 1 (MH1), the middle
linker region including nuclear export signal and Smad activation domain (SAD), as
well as the C-terminal MH2[37]. The MH1 domain of Smad4 is involved in DNA
binding by recognizing the Smad-binding site of DNA. The SAD of the linker region
and MH2 domain are responsible for transcriptional activity. Additionally, the MH2
domain interacts with the MH1 domain of other Smads, enabling the transduction of
various signaling pathways, including the TGF-p signaling (Figure 1B).

TGF-B/SMAD AND BMP/SMAD SIGNALING PATHWAYS

The canonical TGF-B signaling pathway is an uncomplicated linear cascade, which
involves TGF-B superfamily ligands, receptors, and signal transducers (Figure 2)[38].
At present, there are 33 known TGF-f ligands encoded by mammalian genomes,
including activin, nodal, TGF-Bs, bone morphogenetic proteins (BMPs), and growth
differentiation factors (GDFs)[39,40]. According to the difference in structure and
function, these polypeptides can be subdivided into two families: TGF-Bs (TGF-B,
GDF, nodal, and activin) and BMPs (BMP2, BMP4, and BMP7). The TGF-p type I and
type II receptors (TBRI and TPRII) are composed of several pairs of serine/threonine
protein kinases[41,42].

The eight known Smads are divided into three categories, including a common
Smad (Co-Smad, Smad4), two inhibitory Smads (I-Smads, Smad6, and Smad?), and
receptor-regulated Smads (R-Smads, Smad2/3 transducing TGF-p signaling, and
Smad1/5/8 transducing BMP signaling). Co-Smad and Smad4/DPC4 bind to R-
Smads, forming two different complexes, Smad4/Smad2/3 and Smad4/Smad1/5/8.
Subsequently, the heteromeric complexes are translocated into the nucleus, where they
interact with transcriptional factors and bind to regulatory elements of target genes,
affecting their expression[43]. Smad6 and Smad? can both inhibit the transcriptional
activity of target genes, thus blocking TGF-p signal transmission. It must be empha-

sized that Smad6 acts in a manner that is not always consistent with that of Smad7[44,
45].

MULTIPLE ROLES OF SMAD4 IN TUMORIGENESIS

Due to the multiple interactions of environmental chemicals, genes, and endogenous
signals, the process of carcinogenesis is extremely complex[46]. As a tumor suppressor
gene, Smad4 exerts its inhibitory effect on tumor cells primarily via the canonical TGF-$
signaling pathway[47,48]. The mechanism of this inhibition, which prevents carcino-
genesis, involves the role of Smad4 in inhibiting the tumor-promoting activity of
proinflammatory cytokines, inducing the cell cycle arrest, and promoting apoptosis
through activating the TGF-B/BMP/Smad4 axis. However, once the Smad4 gene is
mutated, TGF-B cannot induce G1 or G2 cell cycle arrest and switch from tumor
suppressor to tumor promoter, leading to tumor growth and metastasis[10,49]. In
addition, Smad4 is indispensable for the tumor suppressor function of TGF-B[50]. So
far, there are many contradictory results and conclusions about the role of Smad4 in
tumorigenesis. Here, we focus on pancreatic cancer and hepatocellular carcinoma
(HCC) to discuss the role of Smad4 in cancer progression (Figure 3).

It is recognized that Smad4 acts as a tumor suppressor in pancreatic cancer. Smad4
mutation or deletion is found in > 50% of pancreatic cancer and is associated with the
proliferation and metastasis of tumor cells[51,52]. The alterations in the Smad4 gene
mainly include deletion, frameshift mutation, point mutation, amplification, and
translocation[19,22]. Furthermore, Smad4 gene mutation is associated with stages of
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Figure 1 Structure and features of mothers against decapentaplegic homolog 4. A: Location of the mothers against decapentaplegic homolog 4 (
Smad4) gene. Smad4 is located at q21.1 of human chromosome 18; B: Structural diagram of Smad4 protein. Smad4 protein consists of three domains: Mad
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pancreatic cancer. A study by Notta ef al[53] showed that the inactivation rate of
Smad4 in mid-advanced pancreatic cancer was higher than it in early pancreatic
cancer. Therefore, Smad4 dysfunction may be considered an advanced event in
pancreatic cancer. Mechanically, the behavior that Smad4 deletion accelerates the
progression of pancreatic cancer may be related to the increased expression of HNF4G,
PAR-4, and PGK-1[51,54,55]. Additionally, Smad4 mutation in mice does not directly
contribute to the formation of pancreatic tumors[56], indicating that a single Smad4
mutation is not sufficient to initiate pancreatic carcinogenesis. Thus, mutations in
Smad4 are likely to cooperate with mutations in other genes in promoting pancreatic
cancer progression. For example, Izeradjene et al[57] revealed that the formation of
mucinous cystic neoplasms is induced by synergistic effects of Kras-G12D and Smad4
mutations. The role of Smad4 in other human cancers, such as colorectal cancer (CRC)
[58], gastric cancer[59], ovarian cancer[60] and head and neck squamous cell
carcinoma (HNSCC)[61], is similar to that in pancreatic cancer. Downregulation of
Smad4 is considered an early event of HNSCC, which is different from pancreatic
cancer.

An interesting fact regarding HCC is that the role of Smad4 in HCC differs
significantly from that in cancers mentioned above. The nuclear level of Smad4 in liver
cancer tissue is markedly higher than that in the adjacent noncancerous tissue[26]. The
ability of liver cancer cells to form colonies and migrate was significantly reduced after
Smad4 gene knockout in mouse models. Yuan et al[62] showed that ubiquitin-specific
proteases promote HCC cell migration and invasion by deubiquitinating and
stabilizing Smad4 protein. These findings seem to indicate that Smad4 plays a tumor-
promoting rather than tumor-suppressing role in HCC. However, the underlying
mechanism of Smad4 in the pathogenesis of HCC remains elusive. We propose that
this difference may be explained by the fact that the cellular behaviors of the TGF-
/Smad4 signaling pathway varies with types of cells, their extracellular matrix, TGF-
concentration, and tumor microenvironment. These possibilities warrant further
investigation. It is certain that Smad4 plays multiple regulatory roles in carcinogenesis,
and whether it has a tumor-promoting or tumor-suppressing function may depend on
the microenvironment of tumor cells and surrounding stromal cells.

SMAD4 IN STEM CELLS

Besides tumorigenesis, Smad4 is involved in the self-renewal and pluripotency of
human stem cells. It has been reported that several miRNAs targeting Smad4
negatively regulate the differentiation of human mesenchymal stem cells (hMSCs)[63,
64], but the underlying mechanisms of stem cell differentiation are poorly understood.
The Smad4/TAZ axis might be involved in this process. TAZ protein, a transcriptional
coactivator with PDZ-binding motif, can bind to Smad4 protein and translocate to the
nucleus, where it enhances the expression of osteogenic genes, promoting the
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the TGF-B signaling pathway. Smad6 mainly competes with R-Smads for binding Smad4 to inhibit transcriptional activity, while Smad7 inhibits transcriptional activity
mostly by preventing the phosphorylation of R-Smads. BMP: Bone morphogenetic protein; TFs: Transcription factors; Smad1-8: Mothers against decapentaplegic
homolog 1-8; TGF-B: Transforming growth factor-f.
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osteogenic differentiation of hMSCs[65]. These findings suggest that Smad4 is essential
for stem cell differentiation. However, Avery et al[28] demonstrated that human
embryonic stem cells (hESCs) remain undifferentiated after Smad4 gene knockdown,
indicating that the single event of Smad4 inactivation does not induce stem cell differ-
entiation. Similarly, Smad4 inactivation does not directly induce self-renewal of stem
cells. For instance, Smad4 mutation has no effect on hESC self-renewal but is essential
for their differentiation into cardiac mesodermal precursors[66].

BMP signaling is also indispensable for regulation of the proliferation of stem cells
and maintenance of metabolic homeostasis[67]. BMP binds with leukemia inhibitory
factor to maintain the self-renewal of ESCs[68]. Subsequent studies have documented
that stem cell fate decisions induced by BMP may be related to Smad4. The
BMP/Smad axis regulates the proliferation and differentiation of alveolar stem cells.
BMP suppresses proliferation of alveolar type 2 epithelial cells (AT2s), while ant-
agonists promoted the self-renewal of AT2s at the expense of differentiation[67]. BMP
restricts the self-renewal of intestinal Lgr5*stem cells by Smad4-mediated transcrip-
tional repression and thus prevents excessive proliferation of epithelial cells[69].
Therefore, the inactivation of Smad4 may counteract the inhibitory effect of BMP on
stem cell proliferation, contributing in this manner to the occurrence of cancer cells.

Cancer stem cells (CSCs) have many characteristics similar to stem cells. However,
in contrast to stem cells, they exhibit tumorigenicity and invasiveness[70]. The gradual
accumulation of genetic mutations in stem cells during the life of the organism is
associated with the development of cancer[71], and results in tumor heterogeneity[72].
Therefore, elucidating the relationship between Smad4 and CSC fate may provide a
clinical diagnostic index or potential therapeutic target for cancer. Xia et al[73] found
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deletion or mutation of Smad4 leads to loss of Smad4 activity. The absence of Smad4 function, together with other carcinogenic factors such as gene mutations and
pancreatic tissue injury, results in the loss of cell cycle control, suppression of DNA damage repair, increased proliferation, and decreased apoptosis. These factors
result in a higher metastatic ability of cancer cells and poor patient prognosis. Smad4: Mothers against decapentaplegic homolog 4.

that cyclin D1 interacts with Smad2/3 and Smad4, activating the cyclin D1/Smad
pathway and upregulating the expression of stemness genes in liver CSCs. This result
implies that the use of Smad inhibitors may be an effective strategy for targeting liver
CSCs. Wen et al[74] showed that blocking the TGF-B/Smad/EMT pathway inhibited
the self-renewal and metastasis of ovarian CSCs. In another study[75], Smad4 muta-
tion was introduced into organoids derived from intestinal epithelium through the
CRISPR-Cas9 system. Upon injection of these organoids into the spleen of mice, they
formed micrometastases containing invading tumor cells, but they could not colonize
the liver, suggesting that Smad4 mutation must be combined with additional factors to
promote tumor invasion.

SMAD4 IN DRUG RESISTANCE

Drug resistance is the main cause of chemotherapy failure and tumor recurrence in
cancer patients[76]. Drug resistance has been shown to be related to the activation of
autophagy[77], a highly conserved catabolic process in which large cellular structures
are degraded. Autophagy contributes to cell survival by recycling constituents of
cellular structures[78]. Activation of autophagy not only mediates the resistance to
chemotherapy but also induces autophagy-mediated cell death, which helps to
eliminate tumor cells[52,79]. For instance, autophagy protects breast cancer cells from
epirubicin-induced apoptosis and promotes the development of epirubicin resistance
[80]. Peptidylarginine deiminase IV, a protein involved in many pathological
processes, induces the resistance of HCC to chemotherapy by activating autophagy
[81]. Autophagy may promote the development of multidrug resistance. Fortunately,
inducing autophagy-mediated cell death can help overcome the resistance to
chemotherapy, and there are many clinically available drugs that can regulate
autophagy, such as chloroquine or hydroxychloroquine[82]. These autophagy regu-
lators inhibit autophagy mainly by reducing autolysosome fusion[83]. In addition,
TGF-B activates autophagy activation by both Smad and non-Smad pathways,
promoting the survival of cancer cells[84,85]. Thus, Smad4 plays an indispensable role
in TGF-B-induced autophagy and drug resistance (Figure 4).
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Figure 4 Role of mothers against decapentaplegic homolog 4 in autophagy and drug resistance induced by transforming growth factor-p.
In cancer cells with decreased or absent expression of mothers against decapentaplegic homolog 4 (Smad4) (Smad4-negative cancer cells), Smad4 mutation
combined with other autophagy inducing factors (autophagy inducers) activates autophagy via the transforming growth factor-f signaling pathway, so that cancer
cells can obtain nutrition through autophagy, develop resistance to chemotherapy, and show enhanced proliferation, metastasis, and stemness. Smad4: Mothers
against decapentaplegic homolog 4; TGF-B: Transforming growth factor-p.

Smad4 inactivation not only involves the development of drug resistance in cancer
but also contributes to the crosstalk between TGF-B and other signaling pathways,
accelerating this process. Zhang et al[86] demonstrated that Smad4 deletion induces
the resistance of colon cancer cells to 5-fluorouracil (5-FU)-based therapy by activating
the AKT pathway. Moreover, Smad4 deficiency inhibits 5-FU-mediated apoptosis[87].
Besides, the inactivation of Smad4 makes tumors resistant to other chemotherapeutic
drugs. Smad4 mutation contributes to platinum resistance in non-small cell lung
carcinoma[35] and to cetuximab resistance in HNSCC[29]. Targeting the rapamycin-
insensitive companion of mTOR, a component of mammalian target of rapamycin
complex 2, increases the sensitivity of Smad4-negative colon cancer to irinotecan[88].
Recent studies have demonstrated that Smad4 deficiency correlates with the
development of resistance to chemotherapy and radiotherapy[89]. Therefore, Smad4
modifications may be a critical marker predicting the resistance of tumor cells to
chemoradiation therapy[90]. In our view, elucidating the specific role of Smad4 in
resistance of tumors to drugs and developing rational therapeutic applications of
autophagy will help to improve the outcomes of treatment of drug-resistant tumors.

SMAD4 IN CANCER THERAPY

Given the key role of Smad4 in tumorigenesis, Smad4 is expected to be an attractive
therapeutic target for tumors resistant to radiotherapy and chemotherapy. Many
miRNAs, such as miR-224[91], miR-34a[92], and miR-205[93], are essential regulators
of TGF-B-induced tumor suppression by affecting the TGF-B/Smad signaling pathway.
Therefore, Smad4-targeting miRNAs may become novel therapeutic agents for cancer
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treatment. Other RNAs, including circRNAs[94] and IncRNAs[95], regulate the level of
Smad4 protein by targeting Smad4-targeting miRNAs directly or indirectly. Proteins,
such as ALK[96] and tripartite motif 47[97] that promote, respectively, Smad4
phosphorylation and ubiquitination, diminish the tumor suppressor effect of Smad4,
indicating that suppressor molecules or enzymes that inhibit Smad4 activity may be a
new option for the treatment of Smad4-negative cancers.

Many inhibitors targeting the TGF-p signaling pathway are being developed
clinically[98]. Molecules such as TGF-p antibodies, antisense oligonucleotides, and
small molecule inhibitors of TGF-p receptor kinase activity show immense clinical
potential[99]. Although inhibition of the TGF-p signaling pathway is one of the
strategies for cancer treatment, the clinical outcomes of targeting TGF-p signaling and
its superfamily members are not satisfactory, suggesting that single target-based
therapies are not sufficient to inhibit tumors[10].

Combination therapy is an increasingly important part of anticancer therapies, and
has more advantages than single-drug therapy[100-102]. The combination of Smad4
targeting and traditional /nontraditional therapies may become a novel choice for
anticancer treatment. Mariathasan et al[103] showed that the combined application of
TGF-p inhibitors together with anti-PD-L1 antibodies decreased the TGF-f level and
promoted the infiltration of T-cells into tumor cells, thereby enhancing antitumor
immune response and leading to tumor apoptosis. Kassardjian and Wang[104] found
that Smad4-positive tumors had a better response to neoadjuvant therapy, and the
lymph node metastasis rate of Smad4-positive tumors was significantly lower,
suggesting that Smad4 plays an important role in neoadjuvant therapy. In our
previous research[105], we combined oncolytic virus therapy and targeted gene
therapy to design a new oncolytic adenovirus CD55-Smad4, which can stably produce
Smad4 protein in vitro and in vivo. CD55-Smad4 significantly inhibited proliferation,
metastasis, and stemness of CRC cells. All these show that the combination therapy
targeting Smad4 has clinical potential. Therefore, we believe that combination of
Smad4-targeted therapy with traditional therapies of surgery, radiotherapy, and
chemotherapy, and with emerging treatments such as PD-LI inhibitors, chimeric
antigen receptor cell therapy, as well as our targeting gene virotherapy will sig-
nificantly improve the outcomes of anticancer therapies.

CONCLUSION

Targeting abnormal signal transduction or abnormal metabolic pathway has always
been the focus of anticancer research. Smad4 gene mutations and its abnormal
expression have been confirmed to dysregulate the TGF-p signaling pathway,
transforming its function from a tumor suppressor to a tumor promoter[106]. This
signaling disorder accelerates tumor progression, but the precise mechanism by which
Smad4 affects tumor development remains unclear. An increasing number of studies
have shown that targeting oncogenic miRNAs, circRNAs, and other RNAs can inhibit
TGF-B-induced tumorigenesis by directly or indirectly acting on Smad4, increasing
susceptibility of tumors to chemoradiation and improving the survival rate of cancer
patients. Although the possibility of regulating tumor progression by these RNAs
shows clinical potential, the underlying mechanisms are poorly understood.

Fortunately, the vigorous development of genome editing technologies such as
CRISPR-Cas9 systems and AAV gene vectors has enabled the transformation of
Smad4-targeted therapies into clinical reality[107,108]. Furthermore, it is asserted that
the presence of Smad4 protein promotes the cell-to-cell spread of the vaccinia virus,
which enables combining Smad4 gene therapy with oncolytic virus therapy to
effectively eliminate tumors[109]. In summary, although the specific mechanisms by
which Smad4 affects carcinogenesis, metastasis, drug resistance, and other malignant
features of tumors have not been completely clarified, Smad4-targeted therapies
coupled with traditional therapies and emerging anticancer treatments have achieved
good antitumor effects in animal models. Smad4 combination therapy shows potential
for future clinical applications.
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Abstract

Mesenchymal stem stromal cells (MSC) are characterized by the intriguing
capacity to home toward cancer cells after systemic administration. Thus, MSC
can be harnessed as targeted delivery vehicles of cytotoxic agents against tumors.
In cancer patients, MSC based advanced cellular therapies were shown to be safe
but their clinical efficacy was limited. Indeed, the amount of systemically infused
MSC actually homing to human cancer masses is insufficient to reduce tumor
growth. Moreover, induction of an unequivocal anticancer cytotoxic phenotype in
expanded MSC is necessary to achieve significant therapeutic efficacy. Ex vivo cell
modifications are, thus, required to improve anti-cancer properties of MSC. MSC
based cellular therapy products must be handled in compliance with good
manufacturing practice (GMP) guidelines. In the present review we include MSC-
improving manipulation approaches that, even though actually tested at pre-
clinical level, could be compatible with GMP guidelines. In particular, we describe
possible approaches to improve MSC homing on cancer, including genetic
engineering, membrane modification and cytokine priming. Similarly, we discuss
appropriate modalities aimed at inducing a marked cytotoxic phenotype in
expanded MSC by direct chemotherapeutic drug loading or by genetic methods.
In conclusion, we suggest that, to configure MSC as a powerful weapon against
cancer, combinations of clinical grade compatible modification protocols that are
currently selected, should be introduced in the final product. Highly standardized
cancer clinical trials are required to test the efficacy of ameliorated MSC based cell
therapies.

Key Words: Cancer; Mesenchymal stem stromal cells; Good manufacturing practice;
Homing; Targeted therapy; Ex vivo cell modification
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Core Tip: Natural tropism towards a tumor mass and the cytotoxic potential of
mesenchymal stem stromal cells (MSC) need to be ex vivo ameliorated in order to
improve clinical effectiveness of cell therapies against cancer. We review genetic
engineering, membrane modification and other approaches to upgrade migration and
tumor killing activity of MSC. As cell manipulation must be compliant with good
manufacturing practice (GMP) guidelines, ex vivo cell modification protocols were
selected as potentially compatible with GMP regulations, after appropriate protocol
design and validation. Modified cell products must be tested for their clinical relevance
in cancer patients within highly standardized clinical trials.

Citation: Vicinanza C, Lombardi E, Da Ros F, Marangon M, Durante C, Mazzucato M, Agostini
F. Modified mesenchymal stem cells in cancer therapy: A smart weapon requiring upgrades for
wider clinical applications. World J Stem Cells 2022; 14(1): 54-75
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INTRODUCTION

In multicellular organisms, continuous regeneration and functional maintenance of
adult tissues are assured by a stem cell reservoir. The word “stem” is derived, in fact,
from the Latin stamen, i.e., the warp thread composing a tissue. In the early 70s
Friedenstein et al[1,2] identified, within the bone marrow, rare multipotent non-
hematopoietic fibroblast-like cells characterized by the capacity to differentiate into
osteoblasts. As previously reviewed[3], such mesenchymal precursors of stromal cells
were shown to play a crucial role in hematopoietic stem cell differentiation and
maintenance within the bone marrow niche. In light of their capacity to differentiate
into chondrocytes and adipocytes and bone osteocytes[4,5] they were named
mesenchymal stem cells[6]. In a position statement of the International Society for Cell
Therapies, the definition of such cells was further improved to multipotent
mesenchymal stem stromal cells (MSC)[7]. In the same work, the International Society
for Cell Therapies proposed three criteria to define MSC. Adherence to a tissue culture
plastic substrate is the first mandatory condition for MSC expansion in standard
culture medium. A second requirement, flow cytometry analysis must demonstrate
that at least 95% of expanded cells express CD105, CD73 and CD90 and that less than
2% express CD45, CD34, CD14 or CD11b, CD79a or CD19 and human leukocyte
antigen class II. Finally, MSC must show the above-mentioned tri-lineage differen-
tiation capacity into chon-drocytes, adipocytes and osteocytes.

MSC can be derived from virtually all post-natal human tissues[8] with different
abundances. Perinatal tissues such as amniotic fluid[9], umbilical cord blood[10] and
Wharton jelly[11] are considered relevant sources of MSC. Precursors are very rare in
adult circulating blood[12], while adipose mesenchymal stem cells (ASC) are partic-
ularly abundant in fat tissue[13].

In a previously published seminal work, induced pluripotent stem cells (iPSC) were
obtained by reprogramming differentiated human somatic cells through artificial
introduction of multiple genes and the same work showed that iPSC were charac-
terized by the capacity to induce teratomas in vivo[14]. Plating iPSC and sorting cells
by expression of selected cell surface markers allowed successful isolation of cells
meeting minimal criteria to be defined as MSC[15].

In this review, we focus on MSC related applications as an advanced therapeutic
tool against cancer. General MSC biological properties are summarized, but relevant
features motivating the choice of MSC as a potential tool against tumor progression
are emphasized. Manipulation of cellular therapy products for application in human
patients must be performed in compliance with strict regulations warranting safety
and efficacy. Thus, we describe published strategies aimed at improving MSC
anticancer action, choosing approaches that we consider to be potentially compatible
with clinical grade production guidelines and regulatory limitations.
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MSC BIOLOGIC PROPERTIES

Regenerative potential

Mainly through paracrine mechanisms, MSC can stimulate tissue regeneration. In
particular, soluble factors secreted by MSC were shown to ameliorate cardiac rege-
neration in a murine model[16]. Similarly, MSC were previously embedded in an
agarose scaffold enriched with MSC-released factors, and administration of such
products improved regeneration of rat bone calvarial defects[17]. MSC bone repair
potential could be further upgraded by tuning administration routes, scaffold types
and local angiogenesis[18]. Several studies have previously reported that, exploiting
their paracrine action, MSC can sustain regeneration and repair of cartilage in
osteoarthritis models[19,20].

Immune system modulation

In addition to their regenerative potential, MSC as well as iPSC derived MSC, can
efficiently modulate reactivity of the recipient immune system mainly acting as
suppressing agents[21,22]. MSC mediated immune regulation was shown to be
dependent on microenvironmental cues[21,23]: In particular, MSC exposure to a low
grade inflammatory milieu was shown, in murine models, to enhance inflammatory
processes such as monocyte mobilization[24]. Such an MSC mediated effect was
shown to be determined by secretion of specific chemokines, in turn recruiting
lymphocytes[25]. As characterized in the literature[26], MSC exposure to elevated
concentrations of proinflammatory mediators (licensing) can trigger their anti-inflam-
matory properties[25]. Coculturing MSC with monocytes, after application of
sufficient pro-inflammatory stimuli, was shown to promote polarization of
macrophages to the anti-inflammatory M2 phenotype[27]. Similarly, expanded MSC
were shown to induce in culture a regulatory T cell phenotype in CD4+ cells[28].
Moreover, previous works reported that appropriate MSC licensing by stimulatory
cytokines, such as interferon gamma (IFN-y) together with tumor necrosis factor alpha
(TNF-0) can properly stimulate and enhance their capacity to downregulate inflam-
mation[26].

Homing to inflamed or cancer tissues

As previously reviewed[29], MSC are characterized by the peculiar capacity to
spontaneously reach damaged or inflamed tissues as well as primary or metastatic
cancer masses (Figure 1). Although not fully elucidated, mechanisms regulating such
processes are analogous to the leukocyte model of adhesion and invasion[30]. When in
contact with endothelial cells within an inflamed microenvironment, circulating MSC
can set transient and repeated physical interactions, resulting in cell tethering and
rolling: This represents a crucial and rate limiting step in the cell adhesion process[29,
30]. Selectin expression on the endothelial surface is known to mediate leukocyte
tethering and rolling on the internal vessel lumen[31]. Accordingly, MSC can bind in
vitro and in vivo selectins expressed on inflamed endothelial cells[32]. The capacity of
MSC to interact with the endothelium through selectins, was questioned: MSC were, in
fact, shown not to normally express the P-selectin glycoprotein ligand-1 containing the
active interaction domain Sialyl Lewis*(SLeX)[33-35]. Further investigations are
required to fully clarify mechanisms explaining MSC early interaction with inflamed
endothelial cells.

Following loose contacts with endothelial cells, MSC activation can trigger firm cell
adhesion. This process is mainly mediated by the interaction between stromal derived
factor-1 (SDF-1), a ligand expressed on endothelial cells, and the C-X-C chemokine
receptor type 4 (CXCR4) exposed on MSC[36]. In a clinical trial testing the efficacy of
modified MSC against glioblastoma, the authors showed that migration capacities and
expression levels of selected adhesion molecules (e.g.,, CXCR1 and CXCR4) were higher
in MSC derived from responding patients vs non-responders[37]. MSC activation by
chemokine interaction with the receptor can fully stabilize cell adhesion, increasing
integrin affinity for extracellular matrix proteins or for other adhesion molecules[38-
40]. In particular, SDF-1 interaction with CXCR4 can activate integrins such as very
late antigen-4 (VLA-4), in turn promoting MSC adhesion through vascular cell
adhesion molecule 1 (VCAM-1)[41]. Interestingly, preclinical studies demonstrated
that binding between VLA-4, expressed on MSC, and VCAM-1, on endothelial cells,
can actively contribute to MSC interaction with the vessel lumen[32,41]. Recently, MSC
expressing higher levels of the integrin lymphocyte function-associated antigen 1 were
shown to adhere on endothelial cells through Intercellular adhesion molecule 1[42].
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Firmly adhering MSC can extravasate crossing the inflamed endothelium mainly
through paracellular and transcellular diapedesis[41]. Inflammation elicited activation
and secretion of metalloproteases (MMP) plays a crucial role in this step, paving the
way to final interstitial migration toward the target site[41,43]. Together with CXCR4,
MMP-2 is involved in MSC tropism to subcutaneous and lung metastatic prostate
tumors in vitro[44].

Final MSC migration toward the target site occurs in response to various and poorly
defined chemotactic stimuli released by inflamed tissues. Interaction between CXCR4
and SDF-1 was proven to be important for MSC final nesting within bone marrow[45].
Interestingly, CXCR4 binding to macrophage migration inhibitory factor released by
cancer cells, was considered as one of the dominant signals regulating MSC homing
into the tumor microenvironment: In fact, downregulation of either macrophage
migration inhibitory factor or CXCR4 abrogated MSC in vivo migration to pulmonary
tumor metastasis[46]. Additional receptors expressed by MSC were shown to be
involved in their cancer homing capacity: Through paired CXCR4 and CXCR7
interaction with SDF-1, MSC can get trapped in the lung and, in turn, they can migrate
toward pulmonary cancer nodules[47]. Such evidence was confirmed by subsequent
work showing that CXCR7 promotes MSC adhesion and migration toward osteo-
sarcoma cells in vitro[48]. Pathways, e.g., C-X-C motif ligand 16 binding with the
CXCRG6 receptor expressed by MSC, can mediate cell docking into tumor masses[49].
Further knowledge of molecular mechanisms mediating specific migration to the
cancer mass could contribute to improving the effectiveness of MSC therapeutic
potential.
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CLINICAL APPLICATIONS

Due to their biological properties, MSC can be used for therapeutic applications in
humans. In 2020, more than 1100 clinical trials were registered at the clinicaltrial.gov
database, with a steep increase from 2005[50]. The majority (around 50%) of such
studies was focused on traumatology, pneumology and neurology fields. The results
were disclosed and published only in a relatively small fraction of registered clinical
trials. Improved cardiac function was demonstrated after MSC administration in
clinical settings of dilated cardiomyopathy[51,52] and heart failure[53]. Encouraging
results were also reported in cartilage lesions and osteoarthritis studies, in which pain
reduction and joint function amelioration were demonstrated following application of
MSC[54]. Strikingly, MSC were also proposed as a potential therapy against coro-
navirus disease 2019[55] and preliminary encouraging reports were published[56].
MSC were also administered in cancer clinical trials to reduce steroid-resistant graft-
versus-host disease and successful results were reported both in adult and pediatric
patients[57-59]. In a recently published work, iPSC derived MSC, obtained by non-
integrating episomal reprogramming, were successfully applied in a clinical trial
against graft-versus-host disease[60]. MSC co-transplantation with hematopoietic stem
cells was also shown to be a potentially effective and safe treatment to improve
engraftment in children and adolescents with severe aplastic anemia[61]. MSC were
used in a few clinical trials as a therapeutic product directly aimed at counteracting
solid cancer progression (Table 1). Results were published only from a minor number
of such studies. In the TREAT-ME study, genetically modified autologous MSC
induced disease stabilization in 5 out of 10 patients suffering from end-stage
gastrointestinal tumors even though immunological or cancer markers were not
clearly affected. Similarly, modified MSC were administered in adults and children
affected by neuroblastoma and stabilization of neoplastic progression was
demonstrated in a subgroup of patients. The above mentioned results derived from
preclinical experiments or from studies performed in human patients suggest that
mesenchymal stem cells can be a clinically relevant therapeutic option in different
disease conditions, but significant efforts are required to obtain satisfactory results,
especially in human cancer patients.

MSC EXPANSION FOR CLINICAL USE

As previously mentioned, MSC precursors can be obtained from different human
source tissues such as bone marrow, adipose tissue, cord blood or Wharton jelly. Upon
isolation, the absolute number of cells is not sufficient for clinical applications in
humans. To obtain a sufficient amount of cells to be administered as an autologous or
allogenic Advanced Cell Therapy Product, ex vivo cell expansion is mandatory. When
intended for therapeutic applications, MSC must be isolated and cultured in
accordance with good manufacturing practice (GMP) rules for medicinal products
(European Cgmp-Annex 1: Manufacture of sterile medicinal products). For this reason,
procedures must be performed in appropriate facilities allowing strict control of
environmental air quality. Contamination levels of environments are classified from
the cleanest “A” to “D”. Authorized personnel can progressively access from external
not-classified areas to class “B” operational rooms wearing disposable sterile coats.
Class “A” air contamination level is obtained by taking advantage of a sterile laminar
flow biological cabinet that must be located within the class B environment. Main-
tenance of air quality within defined standards is obtained by setting positive pressure
differences between the highest and lowest classified areas. Rigorous environmental
microbiological tests must be routinely performed to demonstrate compliance with
required standards. The cell product must be manipulated with validated procedures
and standardized quality control tests must be carried out in order to warrant product
safety, identity and compliance with intended use[62,63]. Only GMP certified devices,
disposables and growth media can be used within the production pipeline. Reagents
and additives must be non-toxic, highly standardized, and they must not contain
animal derived components (European cGMP-Annex 1: Manufacture of sterile
medicinal products). The final product can be “released” for human applications, only
after approval by an authorized Qualified Person, carefully checking full compliance
with defined requirements and standards.

In a recently published work, we focused on the identification of a substitute for
fetal bovine serum, as a source of growth factors to promote cell expansion[64]: The
adoption of such an animal derived additive is, in fact, not recommended for GMP
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Table 1 Human mesenchymal stem cells based clinical trials for solid tumors

PP - - . Route of Cell product name
Clinical trial ID  Source of MSC  Diagnosis Trial phase N p . Status
administration (modifying factor)
NCT03298763 Umbilical cord Adenocarcinoma of lung  1/1I Intravenous MSCTRAIL (TRAIL) Recruiting
MSC (not
specified)
NCT02530047 Bone marrow MSC  Ovarian cancer I Intraperitoneal MSC-INFp (INF-B) Completed
(not specified)
NCT02068794 ASC (not specified) Ovarian, primary I/1 Intraperitoneal (MV-NIS) Recruiting
peritoneal or fallopian
tube cancer
NCT02079324 Not specified (not  Head and neck cancer I Intratumoral GX-051 (IL-12) Unknown
specified)
NCT04657315 Not specified (not  Recurrent glioblastoma  I/1I Intratumoral MSC11FCD (CD) Not yet recruiting
specified)
NCT01983709 Bone marrow MSC  Prostate cancer 1 Intravenous Not modified Terminated
(allogenic)
NCT02008539 Bone marrow MSC ~ Advanced /1 Infusion MSC_apceth_101 (HSV- Terminated
(autologous) gastrointestinal cancer TK)
2015-000520-29 Bone marrow MSC ~ Advanced /1 Intravenous MSC_apceth_111 Prematurely
(allogenic) gastrointestinal ended
adenocarcinoma
NCT01844661 Bone marrow MSC  Metastatic and refractory I/II Intravenous CELYVIR (ICOVIR5) Completed
(autologous) solid tumors
2019-001154-26 Bone marrow MSC  Relapsed or refractory 1 Intravenous AloCELYVIR (ICOVIR-  Recruiting
(allogenic) extracranial solid tumors 5)
NCT04758533 Bone marrow MSC  Diffuse intrinsic pontine  I/II Infusion AloCELYVIR (ICOVIR- Not yet recruiting
(allogenic) glioma or 5)

medulloblastoma

Table 1 reports data regarding selected clinical trials investigating the impact of modified mesenchymal stem cells (MSC) against solid tumors. Beside the

clinical trial identification code (Clinical trial ID), were reported (from left to right): Source of MSC and the related use in brackets (Source of MSC),

diagnosis of enrolled patients (Diagnosis), clinical trial phase (Trial phase), route of cell administration to patients (Route of administration), cell product

name and related modification approach [Cell product name (modifying factor)] and the actual trial status (Status). MSC: Mesenchymal stem stromal cells;

TRAIL: Tumor necrosis factor-related apoptosis-inducing ligand; INFp: Interferon beta; MV-NIS: Oncolytic measles virus encoding thyroidal sodium

iodide symporter; IL-12: Interleukin-12; CD: Cytosine deaminase; HSV-TK: Herpes simplex virus-thymidine kinase; ICOVIR5: Modified oncolytic

adenovirus.
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compliant cell therapy production protocols. We took advantage of a supernatant rich
in growth factors (SRGF) derived from a platelet apheresis product[65] in which the
coagulation cascade was triggered by the addition of a standardized concentration of
CaCl,. We previously demonstrated that SRGF is characterized by elevated concen-
trations of crucial growth factors involved in cell cycle progression such as platelet
derived growth factor isoforms AA, AB, and BB, as well as epidermal growth factor
and fibroblast growth factor[64]. SRGF was shown to increase, when compared to fetal
bovine serum, the proliferation rate of ASC also at extended passages, without
affecting cell phenotype, differentiation and clonogenic potential, as well as karyotype
stability[64]. Of note, by exposing ASC to a medium containing 5% SRGF we obtained
in less than two weeks the same cell yield reached when expanding cells for two
months in the presence of 10% fetal bovine serum. Growth factor concentrates derived
from platelets can also be obtained by other means e.g., repeated freeze and thaw
cycles to disrupt platelet cell membranes, and such a platelet lysate was previously
shown to efficiently surrogate fetal bovine serum in GMP compliant culture[66]. We
also demonstrated that, when compared to a platelet lysate, SRGF induced a higher
bone marrow MSC proliferation rate: This effect was reasonably shown to be mediated
by increased platelet derived growth factor concentrations in SRGF[67]. As previously
mentioned, standardization of ancillary medium additives is fundamental for GMP
guidelines in order to warrant a safe and consistent product expansion. Pooling
together single donor derived platelet products can efficiently minimize biological
variability between medium additive batches[68], but the definition of the optimal
pool size is not trivial, especially for academic GMP facilities. We demonstrated that to
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obtain stable SRGF batches, that equally stimulate MSC proliferation rate, at least 16
different SRGF products derived from single donors must be mixed together[69]: To
achieve this aim, we adopted a predictive mathematical approach, followed by “wet
biology” validation. In order to identify, in compliance with GMP requirements, a
reliable and comprehensive quality control assay for SRGF, we manufactured from
platelet concentrates several medium additive types differently promoting ASC
growth rate[70]. Interestingly, while integrative analysis of growth factor concen-
tration changes was shown to be insufficiently sensitive, 'H-NMR and MALDI-TOF
MS could clearly identify differences between product isoforms. Thus, we concluded
that a single analysis using such metabolomic approaches could rapidly predict and
classify the potential biological activity of our GMP compatible ancillary product.

MSC HOMING IMPROVEMENT STRATEGIES

MSC can be administered in situ (intramuscular or direct injection) or by systemic
infusion (intravenous, intraarterial)[71]. Systemic administration can be easily
performed as it allows for rapid product availability for the entire organism: These are
clear advantages, especially in cancer patients. Nevertheless, intrinsic homing pro-
perties of MSC are limited, especially after in vitro expansion[72]: Only a very small
percentage of the infused cells can home to targets[73] and, in a clinical trial, expanded
MSC failed to be detected within prostate cancer masses after systemic administration
in patients[74]. Topical applications can circumvent limitations linked to restricted
naive MSC homing properties: Even though injection modality and flow rate were
previously investigated[75], a standardized and appropriate local cell delivery
approach was not yet defined. Local MSC injection in cancer patients is limited to sur-
gically accessible neoplastic lesions; thus, cell modification approaches improving
systemically administered MSC homing capacities are required. When planning the
best technical procedures aimed to potentially improve MSC features, restrictions
related to GMP requirements for clinical grade cell production must be strictly
adhered to. In the next sections, we will report selected evidence derived from
preclinical studies that involved potential homing improving methods in compliance
with future GMP applications.

Genetic modifications

Genetic modification is one of the most frequently used approaches to tailor MSC
properties: MSC are prone to infection with high efficiency by replication-deficient
recombinant viruses leading to increased expression of a selected protein[76,77].
Adenoviruses, retroviruses and lentiviruses are used to induce stable expression of the
exogenous protein through integration in the host genome, while insertion fails to
occur when using baculoviruses[78]. While high transduction efficiency can encourage
the use of viral gene editing systems, the possible insertional mutagenesis secondary
to integration in the patient’s genome could increase the risk of cell transformation
[79]. In addition, virus mediated application in gene editing could lead to undesired
immune responses in patients[80]. Elevated costs of virus production and manage-
ment as well as regulatory requirements, may represent a constraint to the obtainment
of a genetically modified cell therapy product. Interestingly, MSC can also be modified
by non-viral approaches[81]. Such approaches can circumvent virus related
drawbacks, but transfection efficiency is known to be poor: Technical protocols
improving such limitations and maintaining compliance to GMP rules, are required
[81].

Both viral and non-viral methods are accepted for application in GMP compliant
clinical settings: Examples of preclinical investigations regarding both approaches are
reported below. As mentioned above, SDF-1 interaction with the chemokine receptor
CXCR4 is known to guide MSC migration to the target site in bone defects[82].
Overexpression of CXCR4 gene by lentivirus, enhanced MSC in vitro migration to
osteosarcoma and this effect was demonstrated to occur through the Phosphoinositide
3-kinase/Protein kinase B/Nuclear Factor kB signaling pathway[83]. Non-viral
overexpression of CXCR4 increased in a dose-dependent manner the migration
capacity of MSC toward glioblastoma cells both in vitro and in a human malignant
glioma xenograft model[84]. Interestingly, reduced MSC interaction with osteo-
sarcoma and hepatocellular carcinoma cells secondary to selective inhibition of CXCR4
strengthens the role of such receptors in the regulation of MSC migratory capacity[85].
Nevertheless, a previously published work showed that, even though CXCR4
inhibition impaired MSC migration, its viral overexpression failed to promote in vitro
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transmigration toward glioma cancer conditioned medium, as chemoattractant[86].
Thus, the exact involvement of CXCR4 in MSC migration toward cancer cells was not
univocally clarified. Identification of selected homing controlling factors, whose non-
viral overexpression could improve MSC targeting to cancer masses, could simplify
the GMP compliant obtainment of a cell product with ameliorated therapeutic effect-
iveness.

Cell membrane modification

Specific targeting or adhesion moieties can be added, by different means, to the cell
membrane of expanded MSC. In principle, using certified reagents and performing an
appropriate product validation, membrane modification can be performed in
compliance with GMP guidelines. As mentioned above, selectin mediated rolling is a
crucial and rate limiting step in the cell adhesion process[31,33]. In order to increase
the fraction of rolling cells in dynamic conditions, in a seminal work by Sackstein et al
[34], the normally expressed CD44 antigen on MSC was converted, by alpha-1,3-
fucosyltransferase, to E-selectin/L-selectin ligand (HCELL), which is expressed in
bone marrow hematopoietic stem cells. In addition, HCELL over expression increased
MSC trans-endothelial migration[87]. Furthermore, covalent modifications or lipidic
particles addition were adopted[35] to load biotin on the MSC cell surface, as a
docking site for specific streptavidin-bound ligands: Using such strategies, MSC were
decorated with the active integrin binding factor SLeX to improve cell-substrate
interaction in in vitro dynamic flow conditions. Furthermore, palmitated protein A/G
as well as bi-specific antibodies were used to enrich MSC membranes with specific
antigens or receptors improving the migratory properties of MSC[88]. Palmitic acid
conjugated peptides can be easily coated on MSC membranes to tailor their homing
potential[89,90]. To our knowledge, even though deserving investigation, the efficacy
of such cell membrane modification protocols has not yet been tested as a strategy to
improve the fraction of MSC selectively homing to cancer.

In vitro priming

As mentioned above, MSC behavior can be modulated by the so called “licensing”
approach, i.e., cell exposure to selected cytokine(s) in culture. This simple approach
was included in the present review as, running appropriate validation and quality
controls, it could be easily translated to production processes under GMP guidelines.
MSC priming was previously investigated to direct cells toward a sharp anti-inflam-
matory phenotype[26] and can be applied to tailor and ameliorate general migration
and homing properties of MSC. Incubating MSC in the presence of appropriate TNF-a
concentrations can, in fact, trigger the enhanced expression of CXCR4[91], in turn
potentially ameliorating the homing efficiency of such cells. MSC pre-exposure to
TNF-a was also shown to improve MSC adhesion to endothelial cells in vitro and in rat
ischemic hind limbs, through upregulation of VCAM-1[92]. Similarly, TNF-o. precondi-
tioned MSC could better migrate in vitro toward selected chemokines such as the
above-mentioned SDF-1, but this effect could not be correlated to CXCR4 expression
levels[93]. In parallel, migration of MSC was also shown to be enhanced by exposure
to transforming growth factor beta (TGF-B)[94], even though, in other studies[95], the
same cytokine was also shown to downregulate migration of MSCs in response to
SDF-1 stimuli. Interestingly, pre-exposure of MSC to TGF-f resulted in enhanced
CXCR4 mediated migration toward glioblastoma cells[96]. The migration rate of
interleukin (IL) 1B primed MSC was enhanced through upregulation of CXCR4
expression[97,98] and through increased expression of MMP-1 and MMP-9[99]; by
contrast previous work reported that IL-1p did not improve MSC trans-migration
potential[93]. Interestingly, supplementation of growth medium with IFN-y[100] and
insulin-like growth factor-1[101] increased MSC migration capacity toward
chemokines released within inflamed tissues. Similarly, a blend of different factors
such as fms-related tyrosine kinase 3 ligand, stem cell factor, IL-3 and IL-6 as well as
hepatocyte growth factor[102] increased MSC migration toward SDF-1 as a chemoat-
tractant. In an interesting published work[103], the authors demonstrated that
transient exposure of MSC to conditioned medium from glioma cells increased MSC
migration potential toward glioblastoma itself, both in vitro (static and microfluidic
conditions) and in vivo (mouse model). In the same work, the authors showed that the
conditioned medium contained higher levels of IFN-y, IL-6, IL-8 and TNF-a.

In addition, preventive exposure of MSC to valproic acid[104], as well as to
erythropoietin and granulocyte colony-stimulating factor[105] was shown to
ameliorate their homing properties toward inflamed tissues. Finally, culturing MSC in
hypoxic conditions increased the number of migrating MSC as a consequence of
hypoxia inducible factor-la and SDF-1 overexpression[106]. The aforementioned
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evidence suggests that appropriately priming MSC in culture can improve their
capacity to reach inflamed tissues after systemic administration. Considering cancer as
a never-healing wound that secretes inflammatory cytokines and chemotactic factors (
e.g., monocyte chemotactic protein-1, SDF-1, TGF-B, TNF-o, ILs), MSC licensing can be
considered a potentially GMP compatible and simple option to improve MSC homing
toward tumor masses[107,108].

We recently demonstrated that modification of culture conditions can improve ASC
homing properties in vitro: We showed that, when compared to fetal bovine serum
expanded MSC, SRGF cultured cells could better adhere in microfluidic conditions on
a layer of fibrosarcoma (HT1080) or glioblastoma (T98G) cells[109]. Cell interaction
with selected cancer tissues was shown to be specific because MSC expanded using
SRGF additive displayed lower affinity for hepatocarcinoma cells and for unspecific
interaction sites, i.e., mixed extracellular matrix proteins[109]. We also showed that cell
activation, evidenced by intracellular calcium concentration changes, occurred upon

the adhesion of SRGF expanded ASC on cancer cells and extracellular matrix proteins
[109].

ARMING MSC TOWARD CANCER

As previously reviewed[110], unmodified expanded or naive endogenous MSC can
play a dual role towards cancer cells. MSC were previously shown to support tumor
expansion directly, by playing an antiapoptotic role[111] or indirectly, by suppressing,
patient immune responses against tumor cells, upon release of soluble mediators[112].
Moreover, MSC were shown to promote angiogenesis[113] and epithelial-to-
mesenchymal transition[114] in turn favoring invasion and metastasis[115,116]. MSC
are involved in the architecture of the tumor stroma where they can become intra-
tumor associated fibroblasts[44] promoting drug resistance[117] or leading to higher
nodule formation in mice[118]. Interestingly, in a previous paper, iPSC derived MSCs,
when compared to adult bone marrow MSC, were characterized by a weaker capacity
to promote cancer cell growth and invasion in vitro[119]. On the other hand, unmo-
dified MSC were also shown to actively counteract cancer expansion. In particular,
MSC were demonstrated to induce cell cycle arrest in hepatoma cells in vitro and in
vivo, promoting p21 expression[120] and such cells were shown to trigger apoptosis
through caspase-3 and caspase-9 induction in cancer cells[121]. When expanded at
high density, MSC overexpressed IFN-B, which directly induced in vitro breast cancer
cell death[122]. In an attempt to apply MSC as a therapeutic tool against cancer, such a
potentially bivalent role toward tumor cells must be clearly overcome, by introducing
appropriate cell modifications that confer an unequivocal on-target cytotoxic behavior.
In the following sections, we will discuss selected approaches to modify MSC that, in
principle, could rapidly be translated to clinical applications, following GMP rules.

MSC as tools for chemotherapeutic drug delivery

After transient exposure in culture vessels, MSC can uptake chemotherapeutic drugs
such as doxorubicin, paclitaxel, or gemcitabine[123]. Following drug removal, MSC
can locally release their payload by passive diffusion, and exosome secretion[124] in
turn inducing cancer cell death. Thus, after migration and homing toward cancer cells,
MSC can release active substances in the tumor stroma, inducing localized cancer
cytolysis.

Doxorubicin loaded MSC were effective against breast and thyroid cancer in vitro
and in vivo in mice[125] as well as in counteracting oral squamous cell carcinoma[126].
MSC exposure to nanoparticles with adsorbed doxorubicin was adopted as a strategy
to control drug release: Such an approach was effective in reducing the proliferation of
breast cancer, lung melanoma metastasis and glioblastoma in mice[127,128]. Purified
exosomes obtained from doxorubicin loaded MSC were shown to be a potentially
effective cell-free targeted therapy against osteosarcoma cells[129]. Furthermore,
linking doxorubicin-loaded liposomes on MSC outer membranes, a specific cytotoxic
effect against colon adenocarcinoma was observed in vitro and in mice, with a limited
impact on MSC as carrier cells[130].

Paclitaxel loaded MSC were shown to be effective against pancreatic[131] and brain
cancer[132], as well as squamous cell carcinoma[126], mesothelioma[133], metastatic
lung cancer[47] and leukemia[134]. In a recent work[135], drug pharmacokinetics and
pharmacodynamics after administration of MSC containing paclitaxel loaded
nanoparticles were analyzed, and the authors demonstrated that mouse orthotopic
human lung tumors were completely eradicated after administration of 2 x 10° MSC
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(equivalent to 50 pg or 2.5 mg/kg of paclitaxel). In analogy, MSC containing paclitaxel
loaded nanoparticles were shown in vitro and in vivo to be a promising treatment for
glioma and lung carcinoma targeted therapy[136,137]. Moreover, functionalization of
MSC cell membranes with a transcription activating peptide, improved intracellular
accumulation of nanoparticles in MSC as well as paclitaxel mediated cytotoxic activity
against target lung cancer cells[138].

Furthermore, gemcitabine-releasing MSC were able to inhibit the growth of human
pancreatic cancer[139] and of squamous cell carcinoma[126] without altering MSC
multi-lineage differentiation potential and surface marker expression pattern[140].

Induction of MSC cytotoxic phenotype by lentiviral transduction

Taking advantage of recombinant lentiviruses, MSC can be modified to over express
cytotoxic proteins to kill cancer cells after MSC specific homing. As previously
mentioned, this approach could be compliant with GMP rules but its potential
therapeutic efficacy was previously tested mainly in vitro and in animal models.
Administration of MSC over expressing TRAIL by lentivirus transduction were shown
to reduce the growth of pancreatic cancer and sarcomas[141,142] as well as colorectal
carcinoma(143]. Similarly, MSC modified to actively secrete IFN-y, induced apoptosis
in lung tumor cells through caspase-3 activation[144]. Moreover, administration of
MSC in which the IFN-B was transduced could lower brain tumor expansion[77] and
similarly modified cells could specifically target lung cancer lesions[145] in mice.
Interestingly, IL-18 and IFN-B lentiviral overexpression synergically inhibited tumor
growth in a rat intracranial glioma model[146].

MSC were previously transduced by lentiviral or retroviral vectors to induce the
expression of herpes simplex virus-thymidine kinase (HSV-TK), an enzyme converting
the prodrug ganciclovir to is triphosphate toxic metabolite: After systemic adminis-
tration of transduced MSC together with ganciclovir, efficient suppression of tumor
growth was observed in implanted glioma cells[147-149]. Retroviral approaches were
also used in MSC to induce the expression of cytosine deaminase::uracil phosphori-
bosyltransferase (CD::UPRT), the enzyme that converts 5-fluorocytosin (5-FC) to an
active drug[150]: Such modified MSC actively inhibited prostate cancer growth after
intravenous administration in mice. Retroviral MSC modification with HSV-TK,
combined with CD::UPRT, synergically counteracted the growth of breast cancer cells
and related lung metastases in mice[151]. MSC were also engineered by a lentivirus to
play a localized anti-angiogenic role within cancer masses through the secretion of
fms-like tyrosine kinase-1; this modification inhibited tumor growth and prolonged
survival in a mouse hepatocarcinoma model[152]. After intravenous administration,
lentivirus treated MSC co-expressing the angiogenesis inhibitor kringle 5 of human
plasminogen and the human sodium-iodide symporter (involved in radioisotope
uptake), decreased tumor growth and improved the survival rate of glioblastoma
bearing mice[153]. MSC, transduced with the hepatocyte growth factor inhibitor NK4,
suppressed the growth of gastric cancer xenografts[154] after systemic administration
and this effect was also mediated by impaired intra-tumoral vascularization.

Locally released exosomes from MSC, modified by lentivirus infection to upregulate
microRNA (miR) miR-199a or miR-124a, improved hepatocellular carcinoma
sensitivity to doxorubicin and eradicated brain cancer in preclinical animal models,
respectively[155,156].

MSC modification by adenovirus and baculovirus transduction

In addition to lentiviruses, MSC engineering can be performed in GMP compatible
conditions by also taking advantage of recombinant adenovirus infection potential.
MSC overexpressing the proinflammatory IL-21 were shown in mice to efficiently
counteract disseminated B-cell lymphoma through induction of systemic immunity
[157].

Adenoviral transduced TRAIL expression in MSC have shown antitumor effects on
esophageal cancer xenografts in mice[158] and, similarly, NK4 modified MSC
inhibited liver cancer growth and migration in animal models[159]. MSC transduced
to express HSV-TK and TRAIL, induced long-term remission of murine metastatic
renal cell carcinoma after three injections (100% survival of tumor-bearing mice)[160].
In comparison, systemic administration of IL-2, IL-12 or IL-18 overexpressing MSC by
adenoviral transduction, reduced cancer masses and improved survival after adminis-
tration in a glioma murine model[161,162].

Similarly, injection of MSC in which the expression of HSV-TK was induced by
baculovirus-based transduction, inhibited tumor growth and prolonged survival in
glioblastoma-bearing mice[163]. Interestingly, in a recent paper, a hybrid baculovirus
vector containing key transfection enhancing elements of adeno-associated viruses
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was defined as a promising targeted-delivery vehicle to counteract hypopharyngeal
carcinomal[164].

MSC as oncolytic adenovirus carriers

MSC were shown to be efficient delivery vehicles for oncolytic adenoviruses directed
against gliomas[165]. In particular, MSC loaded with the oncolytic adenovirus Delta-
24-RGD could eradicate murine glioblastomas[166] and the same approach was
applied in healthy dogs to demonstrate its technical feasibility in a more complex
model[167]. Oncolytic adenoviruses delivered by MSC efficiently challenged hepato-
cellular carcinomas with reduced toxicity in healthy liver tissues[168]. Appropriately
modified MSC to support viral replication were loaded with an oncolytic adenovirus
expressing p14 and p53: Such engineered cells efficiently suppressed prostate cancer
progression in mice[169]. Similarly, MSC loaded with a cytolytic adenovirus, addi-
tionally expressing TRAIL, efficiently counteracted pancreatic cancer cells in vitro and
in xenografted live chick embryos[170]. Administration of MSC carrying an adenoviral
oncolytic virus with the addition of a replication defective vector encoding inducible
caspase-9, enabled efficient antitumor activity in a non-small-cell lung cancer murine
model and improved overall survival[171]. In a clinical trial, involving advanced
metastatic neuroblastoma pediatric patients, autologous MSC carrying an oncolytic
adenovirus were safely administered and disease stabilization occurred in nearly half
of patients[37].

Arming MSC by non-viral genetic modification approaches

MSC can be successfully engineered through non-viral vectors achieving transient but
sustained gene overexpression. Infusion of MSC overexpressing TRAIL through non-
viral vectors were shown to efficiently induce pancreatic or liver cancer cell death[172,
173]. In a murine melanoma model, significant cancer mass reduction was obtained by
MSC stably overexpressing IFN-y through a non-viral method involving PhiC31 re-
combinase and piggyBac transposase[174].

In mice, intravenously applied MSC transfected to express HSV-TK, reduced
primary pancreatic tumor growth and the incidence of metastases[175] and, after
tissue specific expression, inhibited expansion of hepatocellular carcinoma cells[176].
In a mouse model, pulmonary cancer nodules were efficiently targeted by MSC
induced to express CMV-TK by non-viral methods[177]. Polyethylenimine based
polymers were used to transiently engineer MSC with HSV-TK, together with TRAIL:
These modified cells were effective in vitro and in vivo against glioma through
increased apoptosis and reduced angiogenesis[178]. MSC expressing CDy::UPRT by
the same transfection method significantly inhibited in vivo temozolomide resistant
glioma tumors[179] as well as 5-fluorouracil resistant colorectal adenocarcinoma cells
[180].

In addition, bone morphogenetic protein 4 overexpression achieved by a non-viral
method was demonstrated to induce a reduction of brain tumor cell growth in rats,
after intranasal administration and homing within the tumor mass[181]. Interestingly,
the same study showed that bone morphogenetic protein 4 engineered MSC treatment
significantly improved survival of tumor bearing rats.

Transfected MSC can deliver growth inhibiting miR to tumors: In particular, by
direct intercellular communication or locally releasing microvesicles, MSC were
demonstrated to transport anti-miR-9 to glioblastoma cells, in turn reversing drug
resistance in these cells[182]. Similarly, recent studies have shown that exosomes
released from MSC containing elevated amounts of miR-381-3p, miR-34a, miR-193a
and miR146a were effective against triple negative breast cancer, non-small cell lung
carcinoma and ovarian cancer[183-186].

CONCLUDING REMARKS

In this review, we briefly reported the biological features of MSC, focusing on cell
properties and on mechanisms that could play a crucial role in MSC applications for
cancer therapy. The importance of MSC modification to improve their naive homing
properties and to induce a clear cytotoxic behavior was also discussed. Such features
are not the only parameters potentially affecting the final clinical outcome related to
MSC administration in patients: A thorough discussion regarding this issue is beyond
the scope of this review. Briefly, the impact on MSC therapeutic performance mediated
by cell origin, expansion protocol, and dosage has not previously been defined[71,
187]. ASC and MSC derived from bone marrow share several biological features and
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they are both frequently applied in clinical trials. In particular, ASC as well as the
stromal vascular fraction derived from adipose tissue, are often used for regenerative
medicine purposes[188-190], while bone marrow MSC are principally adopted to
counteract, among others, graft-versus-host disease[57] or acute renal failure
(NCTO01275612) in cancer clinical trials. However, the clinical efficacy of bone marrow
MSC and of ASC was never compared in the same experimental study. Even if iPSC
are to be characterized by great expansion potential[60], such MSC applications in
humans are still at very early development stages. Expansion conditions, e.g., cell
seeding density[191] or culture medium additives[109], are known to affect MSC
properties but the optimal production approach was not defined in relation to the
desired clinical applications. Introduction of automated cell expansion protocols
should be strongly encouraged, as it can improve reproducibility of cell growth in
GMP environments[192]. Expanded MSC were previously administered in patients in
a wide dosage range (from 1 to 4 million cells/kg) by single or multiple adminis-
trations[193]. A potentially appropriate minimal effective dose of MSC was previously
proposed by analyzing published clinical trial results[187]: The authors suggested that
clinical benefits were evident when 100-150 million cells/patient were systemically
administered. Significant clinical effects were not registered when less than 70 million
cells/ patient or, interestingly, over 200 million cells/ patient were administered[187].

In addition to the parameters requiring standardization, as stated above, core MSC
properties requiring amelioration to improve their clinical effectiveness in tumor
patients are homing potential and the capacity to actively counteract cancer growth. In
this review, we reported the efficacy of published preclinical modification protocols
aimed at improving such MSC features. Approaches were selected as they were
considered potentially suitable for future translation to cell therapy production, in
compliance with GMP guidelines. We can hypothesize that both modifications
improving homing and cancer killing activity of MSC should be introduced in the
same cell therapy product. The definition of comprehensive GMP compliant protocols
could allow safe translation to clinical trials in humans.

CONCLUSION

In conclusion, it is agreed that MSC represent a powerful weapon against cancer but
significant efforts are needed to introduce in human clinical trials combinations of
relevant MSC modification protocols that were shown to be effective in preclinical
studies. The study design of such experimental campaigns in human patients should
be highly standardized in order to allow comparison and critical discussion of
obtained positive or negative results.
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Abstract

Gastric cancer (GC) is a primary cause of cancer-related mortality worldwide, and
even after therapeutic gastrectomy, survival rates remain poor. The presence of
gastric cancer stem cells (GCSCs) is thought to be the major reason for resistance
to anticancer treatment (chemotherapy or radiotherapy), and for the development
of tumor recurrence, epithelial-mesenchymal transition, and metastases.
Additionally, GCSCs have the capacity for self-renewal, differentiation, and
tumor initiation. They also synthesize antiapoptotic factors, demonstrate higher
performance of drug efflux pumps, and display cell plasticity abilities. Moreover,
the tumor microenvironment (TME; tumor niche) that surrounds GCSCs contains
secreted growth factors and supports angiogenesis and is thus responsible for the
maintenance of the growing tumor. However, the genesis of GCSCs is unclear and
exploration of the source of GCSCs is essential. In this review, we provide up-to-
date information about GCSC-surface/intracellular markers and GCSC-mediated
pathways and their role in tumor development. This information will support
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improved diagnosis, novel therapeutic approaches, and better prognosis using
GCSC-targeting agents as a potentially effective treatment choice following
surgical resection or in combination with chemotherapy and radiotherapy. To
date, most anti-GCSC blockers when used alone have been reported as unsatis-
factory anticancer agents. However, when used in combination with adjuvant
therapy, treatment can improve. By providing insights into the molecular
mechanisms of GCSCs associated with tumors in GC, the aim is to optimize anti-
GCSCs molecular approaches for GC therapy in combination with chemotherapy,
radiotherapy, or other adjuvant treatment.

Key Words: Gastric cancer stem cells; Stem cell-surface markers; Tumor niche; Tumor
microenvironment

©OThe Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In recent years, cancer stem cells (CSCs) have become an extremely
important subject in cancer biology. CSCs are considered to be a very small component
of tumor tissues, which nevertheless have the capacity for self-renewal, differentiation,
and epithelial-mesenchymal transition. CSCs can also explain the clinical phenomenon
of resistance to chemotherapy or radiotherapy. Many studies have also found that CSCs
are important for cancer initiation and metastasis and play a key role in cancer
recurrence. Here, we review GCSC (gastric cancer stem cell)-targeting therapies in
GC, including information on GCSC-surface/intracellular markers and GCSC-
mediated pathways. This review also provides a brief description of the GCSC niche.
Understanding the molecular mechanism of GCSC-targeting agents can help optimize
the accuracy of diagnosis and prognosis and the selection of the most appropriate
therapy for GC patients.

Citation: Hsieh HL, Yu MC, Cheng LC, Yeh TS, Tsai MM. Molecular mechanism of
therapeutic approaches for human gastric cancer stem cells. World J Stem Cells 2022; 14(1):
76-91

URL: https://www.wjgnet.com/1948-0210/full/v14/i1/76.htm
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INTRODUCTION

Despite progress in the diagnosis, prognosis, and therapeutic approaches to gastric
cancer (GC), it persists as one of the most commonly identified malignant tumors in
the world, and with a challenging mortality rate[1-3].

The discovery of cancer stem cells (CSCs) has explained much cancer behavior.
Although CSCs account for only a small percentage of the entire tumor tissues, these
cells are the key components that form the entire tumor. CSCs are viewed as a tumor-
initiating subpopulation of cells within tumors capable of self-renewal, which can
divide and differentiate into various tumor cell types (intratumoral heterogeneity).
They are highly tumorigenic, involved in metastasis, relatively resistant to
chemotherapy and radiotherapy, secrete antiapoptotic factors, undergo epithelial-
mesenchymal transition (EMT), and display a higher performance of drug efflux
pumps[4-7]. Opinions regarding the existence, role, and behavior of CSCs differ,
suggesting that basic research on CSCs is crucial. Understanding CSCs also gives new
ideas for the treatment of cancer. On the premise that targeted killing of CSCs is the
fundamental way to completely eliminate tumor tissues, methods specifically focused
on CSCs have become a very important topic, the ultimate goal being to design drugs
for treatment of GC[8-11].

In recent years, due to the rapid development of CSC research, methods used to
identify CSCs include evaluation of tumor formation in immune-deficient mice,
tumorigenicity, GCSC generation in vivo, spheroid colony formation, metastasis, EMT,
chemotherapy resistance, radiotherapy resistance, and expression of specific cell-
surface/intracellular markers in vitro. The GCSC topics to be discussed in this review
focus on GCSC-surface/intracellular markers, intracellular markers, the regulation of
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GCSCs in the tumor microenvironment (TME), and the potential for GCSC-targeted
treatments in the future (Figure 1).

MAIN CELL-SURFACE/INTRACELLULAR MARKERS OF GCSCS

Since pathologists found that CSCs and SCs have many similarities in histological
morphology, the concept that “malignant tumors arise from SCs” is an existing
hypothesis[12,13]. Support for this hypothesis was first published in 1994 by Dick et al
[14], who discovered CSCs in acute myeloid leukemia (AML).

In 2003, Singh et al[15] showed that CSCs can also be successfully isolated from
several solid tumors. CSCs are a common phenomenon in cancer, not all of a specific
cancer[5,15,16]. In solid tumors, the earliest successful isolation of CSCs was in breast
cancer, when researchers used cell-surface markers and successfully isolated CSCs
[16]. Moreover, high tumor-forming ability is an extremely important biological
characteristic of CSCs[15]. To date, various CSCs have been shown to display different
stem cell-surface markers. However, CD44 and CD133 are currently the most
commonly used cell-surface markers for the identification of CSCs[5]. As noted,
because the proportion of each type of CSCs present in solid tumors also differs, it is
likely that more cell-surface/intracellular markers will be found in the future that can
more accurately determine the presence of CSCs[5].

GCSC-surface markers have also been found using flow cytometry in GC cell lines
and primary GC tissues, confirming the presence of CSCs in GC[17-20], as shown in

Table 1[21-49], and other potential GCSC-intracellular markers are summarized in
Table 2[23,48,50-57].

CD44+, CD44H, CD44 splice variants (CD44v), CD44+/CD24+, CD44+/CD54+,
EpCAM+/CD44+

CD44 is a transmembrane glycoprotein that functions as a receptor for hyaluronic acid
that is involved in the Wnt/B-catenin pathway that regulates cell migration and
homing[21]. Takaishi et al[21] showed that CD44+ was first identified as a common
GCSC-surface marker using GC cell lines, which demonstrated spheroid formation
ability in vitro and established tumorigenicity in vivo when injected into immune-
deficient mice. Chen et al[22] reported that CD44+ cells have a sphere-forming ability
that can be a cell-surface marker of GCSCs. They also provided a reasonable
explanation for the chemoresistance that is frequently observed in GC patients.
Takafumi et al[23] showed that CD44+ cells have higher potential for peritoneal
metastasis associated with GCSC-surface markers.

CD44 has two isoforms: CD44H, which reveals a higher affinity for hyaluronic acid,
and a CD44 splice variant, CD44v, which displays prometastatic ability. Ishimoto et al
[25] reported that CD44v reduced glutathione (GSH) synthesis and provided
protection against reactive oxygen species (ROS). Both CD44H and CD44v may act as
GCSC-surface markers.

In addition, CD44+/CD24+ have been examined in GC cell lines and primary GC
tissues using flow cytometric analysis[29]. It was found that the presence of
CD44+/CD24+ was associated with a higher tumorigenicity compared with the
control cells (CD44-/CD24-) in an immune-deficient mice model. Hence, these cells
have self-renewal and differentiation abilities and the combined expression of
CD44+/CD24+ acts as a potential GCSC-surface marker[29].

Combined CD44+/CDb54+ cells were isolated from the peripheral blood of GC
patients and tumor growth similar to the original human tumor was generated when
the cells were injected into immune-deficient mice. The same cells can be differentiated
into gastric epithelial cells and self-renewed in vitro. These results suggest that the
combined CD44+/CDb54+ phenotype could be used as a potential cell-surface marker
for GCSCs[30]. Another group reported that GCSCs also isolated from human tumor
tissues and peripheral blood carried CD44+/CD54+ GCSC-surface markers[22].

Epithelial cell adhesion molecule (EpCAM)+/CD44+ has also been identified as
CSC-surface marker in various types of tumors[58-61]. EpCAM+/CD44+ cells from
human GC tissues grew into tumors in an immune-deficient mice model, they
maintained differentiation potency, and reproduced the intratumoral heterogeneity of
the original gastric tumors. EpCAM+/CD44+ cells owned anticancer agents than other
subtypes of cells[31]. Han et al[31] demonstrated that EpCAM+/CD44+ cells from GC
tissues are viable GCSC-surface markers by using an immune-deficient mice model.
However, Rocco et al[62] reported that CD44+/CD133+ cells displayed neither SC
effects nor revealed tumor-initiating effects.
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Physiological significance

Cell-surface markers  Function — - - Involved signaling ~ Therapeutic targets or  Prognostic Ref
Tumorlg.enlcltylGCSC Sphert?ld Chtlamo- Raqlo- EMT/metastasis  pathways inhibitor marker of GC .
generation formation  resistance  resistance

CD44 Hyaluronic acid . . . ND . Wnt/B-catenin pathway CD44 . [21-24]

receptor

CD44H Hyaluronic acid . . . ND ND Wnt/B-catenin pathway CD44 . [25]

receptor

CD44v Hyaluronic acid . . ND ND . Glutathione metabolism  Glutathione . [25-28]

receptor metabolismsulfasalazine

(Ssz)
CD44+CD24 Cell adhesion molecule e . . ND ND Notch pathway CD44+CD24 . [24,29]
CD44+CD54 Cell adhesion molecule o . . ND ND Wnt/B-catenin pathway CD44+CD54 ND [22,24,
30]

CD44+EpCAM Cell adhesion . . . ND ND Wnt/p-catenin pathway ND ND [24,31]

molecule/ epithelial

cell adhesion molecule

CD71- Transferrin receptor . ND ND ND . uptake of CD71 ° [32]

transferrin/iron

CD90 Immunoglobulin o . ND ND . Notch pathway CD90trastuzumab ND [24,33]

superfamily / Thy-1
cell-surface antigen

CD133 Pentaspan o . ND ND ND MAPK/ERK pathway ~ CD133 . [24]

transmembrane
glycoprotein

Lgr5 Leucine-rich repeat- . ND . ND . Notch-mTOR pathway ~ Notch-mTOR . [34-38]

containing G-protein pathwayMiR-132 Anti-Lgr5
coupled receptor 5
ALDH1 Aldehyde . . . . . Wnt/p-catenin pathway TGEF- . [39]
dehydrogenase 1
CD44+CD166+ALDH Activated leukocyte . . . ND . Wnt/B-catenin pathway CD44CD166TGF- . [24,40,
cell adhesion molecule 41]
(ALCAM)
CXCR4 C-X-C chemokine . . . ND ° CXCR4/SDF-1pathway ~CXCR4 ° [42]
receptor type 4
ABCB1/MDR1ABCG2 ABC transporters . . . ND . JAK/STAT ABCB1/MDR1ABCG2 ° [23,33,
pathwayHH/PTCH1 43-45]
pathway
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SspP

Lrigl

Side population

Regulatory factor of
cell cycle

2-,5-, 3- and 5- integrins  Cell adhesion molecule

. ND . Wnt/B-catenin pathway ND
. ND . ErbB pathway Lrigl
ND ND . p38/ERK pathway Integrins

ND

[21,23,
44,46~
48]

[49]

[23]

e: Determined; ND: Not determined. CD44: Cluster of differentiation 44; CD44v: CD44 splice variant; Lgr5: Leucine-rich repeat-containing G-protein coupled receptor 5; ALDH1: Aldehyde dehydrogenase 1; CXCR4: C-X-C chemokine
receptor type 4; GCSCs: Gastric cancer stem cells; GC: Gastric cancer; EpCAM: Epithelial cell adhesion molecule; Lgr5: Leucine-rich repeat-containing G-protein coupled receptor 5; ABCB1: ATP-binding cassette subfamily B member 1;
ABCG2: ATP-binding cassette subfamily G member 2; MDR1: Multidrug resistance protein 1; SP: side population; Lrigl: Leucine rich repeats and immunoglobulin like domains protein 1; SDF-1: Stromal cell-derived factor-1; SSZ:
Sulfasalazine; TGF-p: Transforming growth factor-p; HH: Hedgehog; PTCH1: Patched homolog 1; MAPK: Mitogen-activated protein kinase; ERK: Extracellular-signal-regulated kinase; JAK :Janus kinase; STAT3: Signal transducer and

activator of transcription 3; mTOR: Mechanistic target of rapamycin; EMT: Epithelial-mesenchymal transition; EGFR: Epidermal growth factor receptor; miRNA: MicroRNA.
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CD71-

CD71 belongs to the transferrin receptor that mediates the uptake of transferrin/iron
complexes on the surface of red cells. Ohkuma et al[32] reported that the CD71-cell
surface marker was increased in the G1/GO0 phase causing cell-cycle arrest, and CD71-
cell the invasive heads of cancer motivations, showing CD71- cells have high tumori-
genicity, multipotency, and invasiveness abilities. Thus, they suggested that CD71- is a
suitable GCSC-surface marker for discovering GC in patients.

CD90

CD90 belongs to the immunoglobulin superfamily and the Thy-1 cell-surface antigen
(adhesion molecule) family, which is involved in several signal pathways (such as the
Notch pathway). Jiang et al[33] tested CD90+, a well-known CSC-surface marker in
gastric primary tumors. They found that CD90+ GC cells can format spheroid
populations, undergo self-renewal, and form a tumor hierarchy from human gastric
primary tumors in vitro and tumorigenicity of gastric primary tumor models in vivo.
Thus, they suggested that CD90+ is a potential GCSC-surface marker.

CD133

CD133 belongs to the pentaspan transmembrane glycoprotein, which is considered to
be a hematopoietic SC-surface marker. Zhao et al[63] verified that CD133 is signifi-
cantly related to CSC-surface markers in various tumors; however, whether CD133 is
also a significant GCSC-surface marker remains unclear[62,63].

Leucine-rich repeat-containing G protein-coupled receptor 5

Leucine-rich repeat-containing G protein-coupled receptor 5 (Lgr5) was identified as a
novel normal SC-surface marker of the gastrointestinal tract[34,35,64]. CD44+,
ALDH1+, and CD133+ cell-surface marker cells co-combined with Lgr5+ cells in the
SCs of adjacent normal gastric mucosa in GC[34]. One group has shown that Lgr5+
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Table 2 Potential gastric cancer stem cells intracellular markers

Physiological significance

Intracellular Function . : ) Involved signaling  Therapeutic Prognostic Ref
e Tumoru_:.;enlcny/GCSC Sphercfld Ch(lemo- Raqlo- EMT/metastasis pathways targets marker of GC .
generation formation resistance resistance
DOCK6 Dock-C subfamily . . . . . Wnt/B-catenin DOCK6 . [50]
guanine nucleotide pathway
exchanger
Mistl Transcriptional factor . . . ND . Wnt/B-catenin Mist1 . [51]
pathway
MSI-1 RNA-binding protein . . ° ND . EGFR pathway MSI-1 . [48]
NANOG Transcription factor . . . ND . Wnt/B-catenin NANOG . [23,52]
pathwayJAK-STAT
pathway
Oct3/4 Octamer-binding . . . ND . Wnt/B-catenin Oct3/4 . [23,53]
transcription factor 3/4 pathwayJAK-STAT
pathway
SOX2 Sex determining region e . . ND . Wnt/B-catenin SOX2MiR-134all- . [52-57]

Y-box 2

pathwayJAK-STAT trans retinoic acid

pathway

o: Determined; ND: Not determined; DOCK6: Dedicator of cytokinesis 6; Mistl: Muscle, intestine and stomach expression 1; MSI-1: Musashi RNA binding protein 1; GCSCs: Gastric cancer stem cells; GC: Gastric cancer; EMT:
Epithelial-mesenchymal transition; NANOG: nanog homeobox; Oct3/4: Octamer-binding transcription factor 3/4; SOX2: Sex determining region Y-box 2; MAPK: Mitogen-activated protein kinase; ERK: Extracellular-signal-regulated

kinase; JAK: Janus kinase; STAT3: Signal transducer and activator of transcription 3; EGFR: Epidermal growth factor receptor; miRNA: MicroRNA.
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cells continuously produced SCs in the gastric glands of transgenic mice under normal
homeostatic conditions[35]. Another group suggested increased LGR5+ cell-surface
marker GCSCs during gastric tumorigenesis may play a role in the development and
progression of GC[36].

Aldehyde dehydrogenase 1

Aldehyde dehydrogenase 1 (ALDH1) belongs to the aldehyde dehydrogenase family
of enzymes that catalyzes the oxidation of aromatic aldehydes to carboxyl acids.
Katsuno ef al[39] found ALDHI to be another novel GCSC-surface/intrcellular marker.
The ALDHI1+ cells showed higher tumorigenic potential, self-renewal, and produced
heterogeneous cell populations compared with ALDH1- cells for a human GC cell line
in vitro and in vivo. In addition, they used transforming growth factor- (TGF-) therapy
to destroy ALDH1+ cells and their tumorigenicity through downregulation of ALDH1
and regenerating islet-derived protein 4 (REG4)[39].
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Figure 1 Molecular properties of gastric cancer stem cells. Main gastric cancer stem cells (GCSCs)-surface markers (such as CD44, CD44v, CD71,
CD90, CD133, Lgr5, ALDH1, CXCR4, ABC, and Lrig1) and GCSC-intracellular markers (such as DOCK8, Mist1, MSI-1, NANOG, Oct3/4, and SOX2). GCSCs
represent a subpopulation of cancer cells (non-CSCs) existing within heterogeneous tumors implicated in tumor initiation, growth, metastasis, and chemo-
[radioresistance, antiapoptosis, cancer recurrence, and metastasis. However, a small number of non-CSCs can dedifferentiate and transform into GCSCs through
TME-induced EMT. The newly generated GCSCs from non-CSCs, together with the intrinsic GCSCs, consequently contribute to recurrence and metastasis of cancer.
CD44: cluster of differentiation 44; CD44v: CD44v: CD44 splice variant; CD71: cluster of differentiation 71; CD90: cluster of differentiation 90; CD133: cluster of
differentiation 133; Lgr5: leucine-rich repeat-containing G-protein coupled receptor 5; ALDH1: aldehyde dehydrogenase 1; CXCR4: C-X-C chemokine receptor type 4;
ABC: ATP-binding cassette subfamily; Lrig1: leucine rich repeats and immunoglobulin like domains protein 1; DOCK®6: dedicator of cytokinesis 6; Mist1: muscle,
intestine and stomach expression 1; MSI-1: musashi RNA binding protein 1; NANOG: nanog homeobox; Oct3/4: octamer-binding transcription factor 3/4; SOX2: sex

determining region Y-box 2.
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C-X-C chemokine receptor type 4

By using microarray analysis, studies have found that C-X-C chemokine receptor type
4+ (CXCR4+) cells can be a novel GCSC-surface marker. CXCR4+ cells can form
spheroid colonies, and they have high metastatic ability and chemotherapy resistance
in vitro. Moreover, CXCR4+ cells have tumorigenicity and GCSC generation capacity
in immune-deficient mice in vivo. CXCR4+ cells were also found in clinical tissues[42].

Side population, Nanog homeobox, octamer-binding transcription factor 3/4, a2, a5,

b3, and b$ integrins

Side population (SP) is well known as a CSC-rich population in many tumors[23,44,46,
47]. GC cell lines have also isolated SP cells[23,46,65]. Furthermore, studies have
confirmed that SP cells showed higher engrafted tumor formation and peritoneal
metastasis with overexpression levels of adhesion molecules (such as 2, 5, 3, and 5
integrins) and CD44 compared with those of the non-SP cells in GC cell lines.
Moreover, the mRNA overexpression of GCSC markers ALDH1, CD44, Nanog
homeobox (NANOG), and octamer-binding transcription factor 3/4 (OCT3/4) was
significant in SP cells, which are similar to CSCs[23]. Fukuda et al[46] described similar
results and found that SP cells are more tumorigenic and chemoresistant compared
with non-SP cells in GC cell lines and human GC tissues, which remain in an undiffer-
entiated state and display a different hierarchy in malignancy.

Ehata et al[66] found that SP cells display greater tumorigenicity, self-renewal
activity, and multipotency of SC phenotypes in vivo compared with non-SP cells in
human diffuse-type GC cells but not intestinal-type GC cells. Another group reported
that SP cells were smaller and expressed CD133 and MSI-1, which yielded SP and non-
SP cells in recultivation experiments[44]. Elsewhere it was reported that SP cells also
have GCSC properties in the MKN-45 GC cell line. However, SP cells did not have
GCSC properties in BGC823 and other GC cell lines[21,48,67]. Nevertheless, using the
SP cell assay to isolate GCSCs remains debatable.

ATP-binding cassette subfamily B member 1/multidrug resistance protein 1 and

ATP-binding cassette subfamily G member 2

Jiang et al[33] demonstrated the overexpression of the GCSC markers ATP-binding
cassette subfamily B member 1/multidrug resistance protein 1 (ABCB1/MDR1) and
ATP-binding cassette subfamily G member 2 (ABCG2) of SP cells in human GC tissues
and several GC cell lines. Previous studies found that ABCB1/MDR1 and ABCG2
belong to ABC transporters, which can remove toxic multidrugs extracellularly
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causing chemoresistance of GCSCs. The expression of these transporters is related to
the response to therapy and survival for GC patients[23,43-45].

Dedicator of cytokinesis 6

Chi et al[50] revealed that overexpression of dedicator of cytokinesis 6 (DOCK®6)
promoted chemoresistance, radioresistance, GC progression, and independent
biomarkers of GC prognosis through the Rac family small GTPase 1 (Racl) activation
in the WNT/B-catenin signaling pathway. DOCKG6 acts as a guanine nucleotide
exchange factor (GEF) for Racl and CDC42. These results suggest that DOCKG® is a
novel GCSC marker in GC cell lines, animal models, and clinical GC tissues[50].

Muscle, intestine, and stomach expression 1

Previous studies found that muscle, intestine, and stomach expression 1 (Mist1)+ SCs
act as an initial cell for intestinal-type GC combined with K-RAS and APC mutations.
On the other hand, Mistl+ SCs act as an initial cell for diffuse-type GC development
that is dependent on an inflammation-mediated GCSC niche including endothelial
cells secreting C-X-C motif chemokine ligand 12+ (CXCL12+) and CXCR4+ gastric
innate lymphoid cells (ILCs) secreting Wntba to activate RhoA in the loss of E-cadherin
GC cells[51].

Leucine-rich repeats and immunoglobulin-like domains protein 1

Leucine-rich repeats and immunoglobulin-like domains protein 1 (Lrigl)+ (a pan-ErbB
inhibitor) GCSCs are involved in cell-cycle repression and response to oxidative
damage. Loss of APC in Lrigl+ cells leads to intestinal-type GC, or genetic loss of
Lrigl resulting in higher expression of ErbB1-3[56].

Sex-determining region Y-box 2

Microarray studies have found that aberrant expression of sex-determining region Y-
box 2 (SOX2) has been observed in GCs. SOX2 transcriptional activity can promote cell
proliferation and migration, antiapoptosis, and chemoresistance, and suppress
changes in cell cycle and tumorigenic potential in vitro and in vivo for GC
development and progression[54]. These putative markers may be suitable to isolate
GCSCs and offer new insights into novel approaches for GC therapy by targeting
GCSCs in clinical trials. It is important to note that most published markers are not
specific to GC. Moreover, different GCSCs may coexist within the same tumor mass.
Thus, these putative marker GCSCs may also contain SCs and progenitor cells.
Therefore, in terms of targeted therapy, identification of a single cell-intracellular
marker on GCSCs may not be enough to kill all GCSCs, and thus, a combination of
these GCSC markers is essential.

GCSCS REGULATE SIGNALING PATHWAYS IN THE TUMOR NICHE

In recent years, it has been discovered that it is impossible to treat a differentiated
tumor without knowing exactly the true group of CSCs. However, normal cancer cells
(non-CSCs) can be affected by the TME, epigenetic regulation, and other factors
leading to dedifferentiation and a manifestation of CSCs. Therefore, CSCs are a
dynamic balance. CSCs can be regulated by stromal cells or could differentiate into
tumors with several populations. While internally differentiated tumor populations
can occur, dedifferentiation under the influence of the microenvironment can cause
cells to revert to CSCs. This idea has greatly affected our biological knowledge of
malignant tumors. Awareness of cancer treatment, especially evaluation of treatment
that is effective for CSCs, with novel methods of clinical trials should be rethought[10,
68].

In addition, CSCs express specific cell-surface/intracellular antigens, and the
signaling pathways also differ from non-CSCs, reflecting the characteristics of the cells.
Figure 2 shows that non-CSCs can be regulated in the external environment, in signal
transmission, and in epigenetic modification[69]. The ability to dedifferentiate under
genetic control displays a specific characteristic of CSCs[6,70-72].

There are several signaling pathways involved in the drive and maintenance of
CSCs in both normal and cancer cells (non-CSCs) (Figure 3).

Hedgehog pathway
The Hedgehog pathway has a primary role in cell differentiation and normal
vertebrate embryonic development[27]. The Hedgehog pathway, which regulates
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Figure 2 The roles of gastric cancer stem cells in the tumor microenvironment and activated in gastric cancer stem cells. This figure shows
the dynamic regulation of the tumor niche and GCSCs. Cancer cells (non-CSCs) can dedifferentiate by regulating their intracellular signaling pathways, gene
expression, and epigenetic modification through the functional connection of the tumor niche to differentiated cancer cells (non-CSCs) to obtain the GCSC phenotype.
Stromal cells can support GCSCs development through various kinds of interactions. Tumor-associated macrophages (TAMs), cancer-associated fibroblasts (CAFs),
tumor vascular endothelial cells (ECs) and hypoxia not only directly enhance the CSC capabilities of GCSCs by activating the several pathways but also inhibit T cells
and dendritic cells (DCs) activity. TGF-p: transforming growth factor-p; SDF-1a: stromal cell-derived factor-1a; PD-1: programmed cell death 1; PD-L1: programmed
cell death 1 Ligand 1; CD133: cluster of differentiation 133; MFG-E8: milk fat globule epidermal growth factor 8; NO: nitric oxide; eNOS: endothelial NO-synthase; IL-
6: interleukin 6; MCP1: monocyte chemoattractant protein 1; VEGF: vascular endothelial growth factor.
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adult SCs in tissue maintenance and repair, is inactive in most adult tissues. However,
activation of the Hedgehog pathway induces tumor progression and radiation
resistance in several cancers to cause mutations in the patched homolog 1 (PTCH1)
and smoothened (SMO; frizzled family receptor) genes in patients[31].

Notch/STAT3 pathway

In several cancers, the activation of the STAT family (such as STAT1, STAT3, STAT4,
STATb5a, STAT5b, and STAT6) via phosphorylation of a specific tyrosine kinase residue
promotes tumor growth and metastasis. Among them, STAT3 activation plays a key
role in tumor progression[73]. Studies show that the action of many protein tyrosine
kinases, oncogenes, IL-17, and viruses is mediated via activation of the downstream
phosphorylated STAT3 transcription factor pathway. These actions include cellular
proliferation, invasion, migration, antiapoptosis, and angiogenesis in GCSCs[74].
Additionally, STAT3 upregulated cyclin D1 and c-Myc expression, contributing to
enhanced cell-cycle progression in cancer cells. Interestingly, targeting STAT3
activation suppresses tumor growth and metastasis, without affecting normal cells in

vitro and in vivo, suggesting that STAT3 could be effective for GCSC-targeting therapy
[75].

NANOG pathway

In embryonic SCs, signal transducer and activator of transcription 3 (STAT3) forms a
complex with NANOG for maintaining SC pluripotency. Various studies propose that
NANOG may act as an oncogene to be activated in several cancers in which overex-
pression correlates with poor survival promoting oncogenesis in patients[76].

Whnt/B-catenin pathway

Wnt ligands are produced from cells in the SC microenvironment, and the Wnt/f-
catenin pathway has been identified for its role in CSC self-renewal and radiation-
resistant pathways[30,77]. Wnt signaling is associated with EMT with a poor clinical
outcome[78].
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Figure 3 Four signal pathways contribute to stemness properties of cancer stem cells: Hedgehog, Notch/STAT3, NANOG, and Wnt/@-
catenin pathways. Hedgehog pathway: PTCH1-induced inhibition of SMO is reversed by HH binding with PTCH1, leading to the release of the complex of GLI
from microtubules, with GLI protein entering the nucleus to transcriptionally activate downstream target genes. Notch/STAT3 pathway: DLL binding-induced Notch
activation causes several kinase proteins activation, further converting STAT3 to a transcriptional activator to initiate downstream gene expression. NANOG pathway:
Ligand binding-induced NANOG activation causes several kinase proteins activation, further converting STAT3 to a transcriptional activator to initiate downstream
gene expression. Wnt/B-catenin pathway: Wnt binds to its receptor, Frizzled to activate LRP protein. The activated LRP protein enhances the phosphorylation of the
kinase (a component of the cytoplasmic complex that promotes phosphorylation of B-catenin and its degradation), which inhibits the kinase, further causing the
accumulation of free and unphosphorylated B-catenin in the cytoplasm that is then translocated to the nucleus. In the nucleus, B-catenin binds to other transcriptional
factors to promote downstream target gene expression.
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Due to CSCs have chemotherapy resistant treatments associated with GCSC-related
signaling pathways and develops CSCs targeted therapy[79,80]. The research on CSC
signaling pathways is still preliminary. Their functional regulatory mechanisms are
worthy of advanced discussion regarding the similarities and differences of signaling
pathways between differentiated cancer cells (non-CSCs) and CSCs. A solution to
these problems can help understand the resistance phenomenon caused by clinical
treatment of tumors, and design approaches that could provide an important reference
for anti-CSCs targeting drugs[81]. Therefore, these CSC-related pathways are
commonly new targets for the development of anticancer drugs or inhibitors in
various clinical trials[69,82] (Table 3)[27,28,73,75-78,83-86].

CURRENT TREATMENT OF THE POTENTIAL FOR TARGETING GCSCS

In general, most of the initial tumor appears reduced in size after treatment. However,
the appearance of drug resistance after treatment is common because a subpopulation
of differentiated cancer cells (non-CSCs) develops drug resistance. CSCs are more
resistant to conventional chemotherapy, EMT, more antiapoptotic factors, and higher
performance of drug efflux pumps than differentiated cancer cells (non-CSCs)[6,8,71,
72].

The reason CSC theory has received considerable attention in recent years is because
CSCs can escape the poison of chemotherapy drugs, which can explain the failure of
chemotherapy.

Usually CSCs are parked in the cell cycle G, phase, that is, they will not enter the
cell cycle. Currently, most chemotherapeutic drugs focus on inhibiting the cell cycle in
a growing cell. The growth of differentiated cancer cells (non-CSCs) in the cell cycle
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Table 3 Regulators of gastric cancer stem cells-related pathway stimuli in gastric cancer stem cells stemless properties and gastric

cancer stem cells-targeted therapy

Involved pathway

GCSCs pathway . Therapeutic inhibitor or drug Ref.
proteins
Hedgehog (HH) PTCHI1, SMO, GLI Vismodegib5E1RobotnikininGANT58GANT61HPI1- [27,28,83,84]
4GenisteinResveratrolCyclopamineMir-218SaridegibBMS-
833923ErismodegibPF-0449913LY2940680
Notch/STAT3 Notch ligands (DLL), Notch NapabucasinDemclzumab (anti-DLL4)TarextumabBBI-608 [28,76,85,86]
receptors, JAK, ERK,
STAT3
NANOG NANOG, STAT3, Kinases NapabucasinBBI-608BB1-503 [28,73,75,85]
Wnt/B-catenin Wnt, B-catenin, LRP/FZD  Napabucasin BBI-608Vantictumab (anti-FZD)LGK974Foxy-5 [28,77,78,85,86]

GCSCs: Gastric cancer stem cells; HH: Hedgehog; NANOG: Nanog homeobox; STAT3: Signal transducer and activator of transcription 3; GLI: Glioma-
associated oncogene; SMO: Smoothened; PTCH1: Patched homolog 1; ERK: Extracellular-signal-regulated kinase; JAK: Janus kinase; Wnt: Wingless/int1;
LRP: Lipoprotein receptor-related proteins/low density lipoprotein receptor-related proteins; FZD: Frizzled receptors; DLL: Notch ligands.

can be prevented, but the drugs cannot kill CSCs. Once chemotherapy is over, the
surviving CSCs will regenerate and proliferate, leading to the recurrence of cancer.
Because some studies show that chemotherapeutic drugs may promote CSCs after
treatment, it is recommended to use two-stage therapy to kill CSCs. Therefore, the first
stage is to promote CSCs into the cell cycle, and the second stage uses chemotherapy
drugs or targeted CSC therapy to kill CSCs[87]. Several studies have indicated that
CSCs promote recurrence after chemotherapy/[6].

It has also been reported that CSCs will increase tumor cell invasion, EMT, and
metastatic ability[4-7]. Another group pointed out that CSCs will increase the protein
level of the chemokine receptor CXCR4; thus, CSCs will follow the of its stromal cell-
derived factor-1 (SDF-1; CXCR4 ligand) concentration degree of metastasis, from the
original position (low levels of SDF-1) in CSCs microenvironment (tumor niche)
transfer to any tissue that exhibits high levels of SDF-1. CXCR4 neutralizing antibody
can effectively inhibit CSC metastasis in nude mice. These results confirm that CSC
cells can indeed promote cancer EMT, metastasis, and invasion abilities[47].

Wang et al[88] and Ricci-Vitiani et al[89] found that glioma cells are derived from
neuron-like glioma stem cells. They also found that the tumor tissue and the tumor
inside vascular ECs (vascular endothelial cells) both have the same aberrant genes.
Researchers have found that these tumor-derived vascular ECs come from CSCs, that
is, CSCs can differentiate into vascular ECs to form new blood vessels. This result
challenges the existing belief that the internal vascular ECs of a tumor are normal cells.
It also explains why combretastatin A-4 (a vascular disrupting agent) can selectively
abolish the existing tumor vascular ECs but is less harmful to normal blood vessels.

FURTHER CHALLENGES OF ANTIGCSCS THERAPY

Currently, scholars have different opinions on the origin of GCSCs. Additionally,
various tumors do not have the same origin of CSCs and our understanding needs to
be deepened. Importantly, GCSCs play an important role in the occurrence and
development of tumors, EMT, metastasis, recurrence, and prognosis.

If only GCSCs are removed, is such treatment sufficient? Obviously, differentiated
cancer cells (non-CSCs) also need targeted therapy. Moreover, both GCSCs and their
differentiated cancer cells (non-CSCs) require effective targeted therapy. In the future,
newly developed drugs will provide opportunities for successful cancer treatment to
improve the patient’s prognosis. Efficacy of these drugs must first be confirmed by
clinical trials.

Given that research in GCSCs is an emerging field, many details remain unclear,
and future GCSC research will need to focus on several key issues: (1) The determ-
ination of GCSC-specific molecules of cell-surface/intracellular markers; (2) The
environment of the GCSC niche, the interaction and molecular mechanism between
the GCSC tumor niche and GCs; (3) The molecular mechanism of malignant
transformation/EMT of normal SCs; (4) The need to verify and clarify the mechanism
of GCSC chemo-/radioresistance therapy; (5) Exploration and development of
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therapeutic approaches for GCSCs; and (6) Overall, monitoring of the role of GCSCs to
evaluate the indicators (monitoring circulating tumor cells), it means that may appear
for new metastatic lesions which can be early detected. Therefore, with the evaluation
of clinical trials involving GCSCs, the results of GCSC therapy will help improve
anticancer treatment. GCSC-targeted drug therapy alone may not be sufficient to fight
cancer, but combined treatment can improve treatment results. Finally, GCSC theory
provides a new way to evaluate anticancer drugs in clinical trials and provide a
framework for effective drug development. We believe that cancer can be cured, or at
least, become a chronic and controllable disease; this goal will surely be achieved in
the future.

Following improvements in research technology, it is hoped that a better
understanding of GCSC-surface/intracellular markers and related signal pathways
will help antitumor growth, early diagnosis, GCSC-targeted drug therapy, antimeta-
stasis, anti-EMT, as well as recurrence prevention and prognosis judgment, all of
which have significant therapeutic application.

CONCLUSION

In recent years, an increasing number of studies have highlighted that CSCs are indeed
tumor-initiating cells in cancer tissues. These cells may not be a single homogeneous
cell: different tissues or different patients have different tumor initiation cells. The
more we understand these GCSCs or tumor-initiating cells, the better we can design
drugs to kill them, such as using second-stage therapy to kill GCSCs[87] or designing a
monoclonal Ab (antibody) or small interference RNA (siRNA) that blocks GCSC-
surface/intracellular markers. For example, CD44 can promote the differentiation of
GCSCs to complete the treatment. With the joint efforts of basic researchers and
clinicians, the hope is that cancer can be effectively controlled in the future.
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Abstract

Bone is a complex tissue that undergoes constant remodeling to maintain
homeostasis, which requires coordinated multilineage differentiation and proper
proliferation of mesenchymal stromal cells (MSCs). Mounting evidence indicates
that a disturbance of bone homeostasis can trigger degenerative bone diseases,
including osteoporosis and osteoarthritis. In addition to conventional genetic
modifications, epigenetic modifications (i.e., DNA methylation, histone modific-
ations, and the expression of noncoding RNAs) are considered to be contributing
factors that affect bone homeostasis. Long noncoding RNAs (IncRNAs) were
previously regarded as ‘transcriptional noise” with no biological functions.
However, substantial evidence suggests that IncRNAs have roles in the epigenetic
regulation of biological processes in MSCs and related diseases. In this review, we
summarized the interactions between IncRNAs and epigenetic modifiers
associated with osteo-/adipogenic differentiation of MSCs and the pathogenesis
of degenerative bone diseases and highlighted promising IncRNA-based
diagnostic and therapeutic targets for bone diseases.

Key Words: Long noncoding RNA; Epigenetics; DNA methylation; Histones; Cell
differentiation; Bone diseases
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Core Tip: In this review, we summarized the roles of long noncoding RNAs (IncRNAs)
played in mesenchymal stromal cells (MSCs) differentiation and common degenerative
bone diseases through reciprocal interactions between IncRNAs and epigenetic
modifiers, focusing on the most common epigenetic mechanisms: DNA methylation
and histone modifications. It is our hope that this review may provide an updated
summary that sheds light on the IncRNA-based precise regulation of the MSC differen-
tiation process and highlights possible therapeutic targets of degenerative bone
diseases.

Citation: Xia K, Yu LY, Huang XQ, Zhao ZH, Liu J. Epigenetic regulation by long noncoding
RNAs in osteo-/adipogenic differentiation of mesenchymal stromal cells and degenerative bone
diseases. World J Stem Cells 2022; 14(1): 92-103

URL: https://www.wjgnet.com/1948-0210/full/v14/i1/92.htm

DOI: https://dx.doi.org/10.4252/wjsc.v14.11.92

INTRODUCTION

The skeletal system contains bones, joints, and ligaments that function together as a
locomotive organ and provide structural support. Originating from mesenchymal
progenitors during embryogenesis, the skeletal system undergoes modeling and
remodeling throughout life[1]. Mesenchymal stromal cells (MSCs) refer to a hetero-
geneous unfractionated population of cells, which include fibroblasts, myofibroblasts,
and progenitor cells[2,3]. MSCs are able to differentiate into chondrocytes or
osteoblasts to comply with bone formation and regeneration needs[4]. It is worth
mentioning that adipocytes, as well as osteoblasts, derive from the same population of
MSCs. A shift in the osteoadipogenic differentiation balance may lead to bone
diseases, such as osteoporosis, which typically manifests as a shift toward
adipogenesis[5,6]. Likewise, osteoarthritis is usually characterized by impairment of
cartilage regeneration due to the attenuated chondrogenic capacity of MSCs[7,8].
Therefore, the differentiation of MSCs, which proceeds under the control of various
transcription factors, influences the pathogenesis of common bone diseases[9-11].

In addition to conventional genetic and environmental factors, epigenetic modific-
ations can influence the bone phenotype and the development of skeletal diseases[12,
13]. Epigenetic mechanisms alter gene expression patterns without changing the DNA
sequence by three major mechanisms, including DNA methylation, histone modific-
ations, and altered expression of noncoding RNAs[14]. With the rapid development of
next-generation sequencing (NGS) and advanced bioinformatic tools, the crucial roles
of epigenetic mechanisms in the differentiation of MSCs and the pathogenesis of bone
diseases have begun to be elucidated[15-17].

Long noncoding RNAs (IncRNAs) are defined as a set of noncoding RNAs longer
than 200bp that have no protein-coding ability. Evidence is rapidly accumulating on
the functions of IncRNAs in epigenetic regulation in the differentiation of MSCs and
the occurrence of many diseases[18-21]. In this review, we revisit the epigenetic
regulatory mechanisms of IncRNAs involved in DNA methylation and histone
modifications and summarize the biological functions of IncRNAs in regulation crucial
differentiation- and bone disease-related genes by interacting with key epigenetic
modifiers. It is our hope that this review may provide an updated summary that sheds
light on the IncRNA-based precise regulation of the MSC differentiation process and
highlights possible therapeutic targets of degenerative bone diseases.

DNA METHYLATION

DNA methylation functions as a regulator of osteogenesis and adipogenesis of MSCs
and is involved in common bone diseases[22-24]. In humans, the majority of DNA
methylation occurs at cytosines in cytosine-phospho-guanosine (CpG) dinucleotides
[25,26]. Approximately 75% of all gene promoters are within CpG-rich regions, known
as CpG islands, that are mostly unmethylated[27]. It is generally accepted that the
methylation of these CpG islands is associated with the repression of gene expression
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[28]. Nevertheless, it is worth mentioning that DNA methylation is also associated
with upregulated gene expression under certain circumstances[29].

As writer enzymes, DNA methyltransferases (DNMTs) catalyze DNA methylation
by transferring a methyl group onto the C5 position of a cytosine at CpG dinucleotide
sites to form 5mCpG[30]. A member of the DNMT family, DNMT1, which is also
called the maintenance DNMT, maintains the original methylation pattern during
DNA replication, while DNMT3a and DNMT3Db are involved in de novo methylation
[30,31]. The interaction of IncRNAs with DNMTs is varied and reciprocal. For
example, IncRNAs can recruit DNMTs to the promoters of target genes and regulate
their expression patterns. In turn, the changes in the methylation level of specific
IncRNA gene promoters can alter the expression of IncRNAs, including downstream
IncRNA-regulated genes[32,33]. In MSCs, IncRNAs, as regulators of DNA methylation,
have received increasing attention due to their great importance in the regulation of
differentiation and bone-related diseases (Figure 1).

LncRNAs regulate DNA methylation during osteogenic differentiation

H19, a well-known IncRNA, plays a crucial role in embryo development, cell differen-
tiation, and the occurrence and development of bone diseases[34-37]. In human dental
pulp stromal cells (hDPSCs), H19 positively regulates odontogenic differentiation via
hypomethylation of distal-less homeobox 3 (DLX3), a key factor in odontogenic differ-
entiation[32]. H19 decreases SAHH and DNMT3B activity, consequently promoting
the expression of DLX3[32]. In turn, a mutation of DLX3 identified in dentin
hypoplasia patients could increase DNMT3B activity, and the subsequently repressed
H19/miR-675 axis impairs the odontoblastic differentiation of hDPSCs[38]. Similarly,
in valve interstitial cells (VICs), which have a mesenchymal origin[39], the knockdown
of H19 attenuated their osteogenic differentiation capacity by increasing the
transcription of NOTCHI and decreasing the levels of RUNX2 and BMP2[40]. In
mineralized aortic valve tissue, H19 was upregulated as a result of hypomethylation of
CpG in its promoter region[40]. These results suggest the possibility that H19 forms a
positive feedback loop with DNMTs and promotes the osteogenic differentiation of
MSCs.

Another study found an inverse association between the methylation level of
perinatal CDKN2A, which encodes the IncRNA antisense noncoding RNA in the INK4
Locus (ANRIL), and bone mass at ages 4 and 6 years[41]. Considering that transitional
hypomethylation of CDKN2A has been identified in human bone marrow stromal cells
(hBMSCs) during osteogenic differentiation[42], the authors further verified that the
methylation of CDKN2A decreased the binding of transcription factors SMAD3/4 and
consequently downregulated the expression of ANRIL[41]. In terms of the functional
mechanism of ANRIL, it has been demonstrated that the knockdown of ANRIL
decreased the number of live cells and induced cell apoptosis of SaOS-2 cells[41].

Given the crucial roles of HOX genes in development and differentiation, it is
reasonable to believe that the IncRNAs encoded by the HOX gene cluster could also
exert their function as critical biological regulators (i.e., HOTAIR in the HOXC cluster
and HOTAIRM1 in the HOXA cluster)[43-45]. In human dental follicle stromal cells
(hDFSCs), IncRNA HOTAIRM1 promoted osteogenesis by inhibiting the enrichment
of DNMTT1 in the HOXA2 promoter region and subsequently maintaining two CpG
islands in a hypomethylated state, which guaranteed the transcriptional activation of
HOXA2[17].

LncRNAs regulate DNA methylation during adipogenic differentiation

IncRNA HOTAIR, encoded by the HOXC gene cluster as mentioned above, could also
inhibit the adipogenic differentiation of hBMSCs[46]. In this process, HOTAIR
probably directly interacts with DNMTs or is involved in gene regulation by triple
helix formation[46].

Peroxisome proliferator-activated receptor-gamma (PPAR-y) and CCAAT enhancer
binding protein-alpha (C/EBP-a) are key transcription factors involved in
adipogenesis. They synergistically promote the transcriptional activation of genes that
induce the adipocyte phenotype and maintain their expression throughout the entire
differentiation process and the entire life of the adipocytes[47,48]. In mouse ST-2 cells
(bone marrow stromal cells), 3T3-L1 cells (committed preadipocytes derived from
MSCs), and C3H10T1/2 cells (embryonic stem cells) as well as in bone marrow stromal
cells, IncRNA PIncl promotes adipogenesis by increasing Ppar-y2 transcription
through reducing the DNA methylation level on its promoter[49].

Upregulation of IncRNA slincRAD is also observed in the early stages of adipocyte
differentiation in 3T3-L1 cells[50]. LncRNA slincRAD guides Dnmt1 to translocate to
the perinuclear region in S phase and direct Dnmt1 to the promoter of cell cycle-
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related genes, including p21 (Cdknla)[50]. As p21 is a cyclin-dependent kinase
inhibitor that plays an important role in the differentiation of 3T3-L1 cells, this effect
facilitates the progression of differentiation[50,51].

HISTONE MODIFICATIONS

The building block of chromatin is the nucleosome, which consists of a complex of
DNA and four types of core histone subunits (H2A, H2B, H3, and H4)[52]. Histone
proteins are subject to a variety of modifications, with most studies focusing on
methylation and acetylation. Lysine (K) residues in histone H3 are commonly
modified by methylation, which is orchestrated by histone methyltransferases (HMTS)
and histone demethylases (HDMs)[53,54]. Previous studies have revealed that
trimethylation of H3K4 (H3K4me3) promotes transcription, whereas H3K9me3 and
H3K27me3 restrict gene expression[53]. Likewise, acetylation and deacetylation of
lysine residues in histones are regulated by histone acetyltransferases (HATs) and
histone deacetylases (HDACs), respectively. It is believed that the addition of an acetyl
group to lysine residues alters the structure and folding of the nucleosome and
consequently loosens the chromatin to enable transcription[55]. During cellular
biological and pathologic processes, including cell differentiation, bone regeneration
and disease, histone modifications are dynamically changed[53,56]. This process is at
least in part mediated by IncRNAs that recruit histone-modifying enzymes to targeted
gene promoters and alter histone modification enrichment (Figure 1).

Involvement of IncRNAs in osteogenic differentiation through histone modifications
As mentioned earlier, a mutation of DLX3 identified in dentin hypoplasia patients
could increase DNMT3B activity[38]. This study also reported that this mutation was
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capable of repressing H19 expression by increasing the enrichment of H3K9me3 in the
promoter region of the H19 gene and retarding the odontoblastic differentiation of
hDPSCs[38].

Similar to RUNX2, Osterix (OSX) is considered a master transcription factor that
regulates the osteogenic differentiation of MSCs and it is required for the maturation
of functional osteoblasts[57]. Inc-OB1 promotes osteogenic differentiation of MSCs,
probably by upregulating OSX via the inhibition of H3K27me3 in the OSX promoter
region[58]. In human osteoblast cells, this regulation might be mediated by an
interaction between Inc-OB1 and SUZ12, which is an integral component of polycomb
repressive complex 2 (PRC2), responsible for H3K27me3[58,59].

Another core part of PRC2, EZH2[59], was also found to interact with IncRNAs and
regulate osteogenic differentiation. It has been shown that IncRNA SNHGI inhibits the
osteogenic differentiation of human periodontal ligament stromal cells by repressing
the expression of KLF2, a positive regulator of osteoblast differentiation[60], through
EZH2-mediated H3K27me3 of its promoter[61]. Likewise, IncRNA HOXA-AS3 inhibits
hBMSC osteogenesis, possibly via EZH2-dependent H3K27me3, and represses RUNX2
expression[62].

Involvement of IncRNASs in adipogenic differentiation through histone modifications
As a critical transcription factor for adipogenesis, C/EBP-a was found to be
upregulated via the recruitment of the MLL3/4 complex to its promoter, which is
guided by the binding of PA1 (a component of the MLL3/4 complex) to IncRNA
ADINR during adipogenic differentiation of human adipose-derived stromal cells
(hASCs)[63]. It is believed that MLL3/4 complexes are involved in the maintenance of
H3K4me3 and the removal of H3K27me3, thereby regulating downstream gene
expression[64,65].

Adipocyte fatty acid-binding protein (A-FABP, also known as FABP4 or aP2), a
downstream target gene of PPAR-y and C/EBP-q, is considered a marker of
adipogenic differentiation[66,67]. The knockdown of IncRNA MIR31HG suppressed
FABP4 expression by reducing the enrichment of acetylated histone 3 (AcH3) and
H3K4me3 in the FABP4 promoter, leading to the inhibition of adipogenic differen-
tiation of hASCs[16].

H19 and miR-675 (derived from H19) inhibited the adipogenic differentiation of
hBMSCs through the miRNA-mediated repression of HDAC4, 5 and 6. In turn, the
inhibition of HDACs decreased CCCTC-binding factor (CTCF) occupancy on the
imprinting control region (ICR) of H19 and reduced H19 expression[68]. This
evidence, combined with that mentioned in an earlier section that H19 is considered a
positive regulator of osteogenic differentiation, suggests that DNA methylation and
histone modifications might be linked together by H19 and shift the osteoadipogenic
differentiation balance toward osteogenesis.

ROLE OF LNCRNAS IN DEGENERATIVE BONE DISEASES

More recently, epigenetic regulation of bone homeostasis has been considered as an
important factor in the pathogenesis of degenerative bone diseases, such as
osteoporosis, arthritis, post menopausal osteoporosis, etc.[69,70]. As mentioned above,
IncRNAs have attracted considerable attention in the epigenetic regulation of bone
homeostasis. The potential link between degenerative bone diseases and IncRNAs at
the epigenetic level is also an intriguing area for exploration.

LncRNAs regulate DNA methylation in osteoarthritis and osteoporosis

Osteoarthritis (OA) is a common degenerative joint disease that is associated with the
impairment of cartilage regeneration, chondrocyte apoptosis, and the degradation of
the cartilage extracellular matrix (ECM)[71,72]. In this sophisticated balance between
biosynthesis and degradation, IncRNAs play a role in the survival of chondrocytes and
the regulation of arthritis-associated factors[73].

It has been reported that the overexpression of IncRNA CTBP1-AS2 downregulates
miR-130a by increasing the methylation level of the miR-130a gene, which finally leads
to a decreased proliferation rate of chondrocytes in OA patients[74].

As a natural inhibitor of matrix metalloproteinases (MMPs), TIMP-3 deficiency can
lead to mild cartilage degeneration in patients with OA[75]. IncRNA XIST is capable of
downregulating the expression of TIMP-3 through the recruitment of DNMT1,
DNMT3A, and DNMT3B, which increased the methylation ratio of the CpG island in
the TIMP-3 promoter region, and consequently increased collagen degradation in OA
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Table 1 Interactions between long noncoding RNAs and epigenetic modifiers during osteogenic differentiation of mesenchymal stromal

cells
LncRNAs Samples Expression Epigenetic regulatory mechanisms Target genes  Effects Ref.
H19 hDPSCs Up Decreasing DNMT3B activity DLX3 Promote odontogenic ~ Zeng et al
differentiation [32]
H19 hDPSCs Down H19 was inhibited by the recruitment of DNMT3B ~ miR-675 Inhibit odontogenic Zeng et al
and the enrichment of H3K9me3 in its promoter (derived from differentiation [38]
H19)
H19 VICs Up H19 was upregulated by hypomethylation of its NR Promote osteogenic Hadji et
promoter differentiation al[40]
ANRIL Umbilical Down ANRIL was inhibited by methylation of its NR Decrease bone mass Curtis et
cord promoter al[41]
HOTAIRM1 hDFSCs Up Inhibiting the recruitment of DNMT1 HOXA2 Promote osteogenic Chen et al
differentiation [17]
HOXA-AS3 hBMSCs Up Facilitating EZH2-mediated H3K27me3 RUNX2 Inhibit osteogenic Zhu et al
differentiation [62]
SNHG1 hPDLSCs Up Facilitating EZH2-mediated H3K27me3 KLF2 Inhibit osteogenic Lietal
differentiation [61]
OB1 human Up Inhibiting H3K27me3 by interacting with SUZ12 (a  Osterix Promote osteogenic Sun et al
osteoblasts core part of PRC2) differentiation [58]

hDPSCs: Human dental pulp stromal cells; VICs: Valve interstitial cells; hDFSCs: Human dental follicle stromal cells; hRBMSCs: Human bone marrow

stromal cells; hPDLSCs: Human periodontal ligament stromal cells; NR: Not reported.
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chondrocytes[76].

Increasing evidence suggests that small nucleolar RNA host gene (SNHG) family
members are involved in the pathogenesis of OA[77-79]. The overexpression of
IncRNA SNHGT15 alleviated ECM degradation and promoted chondrocyte formation
via competing endogenous RNA (ceRNA) SNHG15/miR-7/KLF4 axis[33]. In human
OA cartilage tissues, however, the promoter region of IncRNA SNHG15 had a higher
level of methylation than in normal cartilage tissues, and this might be a promising
therapeutic target for OA[33]. Another SNHG family member, IncRNA SNHG9, was
found to be downregulated in chondrocytes from OA patients[30]. Functional studies
indicated that the overexpression of SNHG9 led to a decreased apoptotic rate through
increased methylation of the miR-34a gene that suppressed the expression of miR-34a
[80].

Osteoporosis is characterized by a loss of bone mass and microarchitectural deteri-
oration of the skeletal structure[81]. The imbalance of bone homeostasis between
osteoblastic bone formation and osteoclastic bone resorption plays a fundamental role
in the pathogenesis of osteoporosis[82]. Emerging evidence suggests that epigenetic
modifications are deeply involved in bone metabolism, which contributes to the
development of osteoporosis.

The ERK-MAPK signaling pathway is a well-established pathway with critical roles
in immune responses and embryonic development, including the regulation of bone
mass via controlling osteoblast differentiation[83]. A previous study suggested that
IncRNA H19 promoted tension-induced osteogenesis of hBMSCs through the FAK-
ERK1/2-RUNX2 signaling pathway[84]. Likewise, an alteration in H19 methylation
may also be involved in the disruption of bone formation in disuse osteoporosis. It has
been shown that DNMT1-induced hypermethylation of the H19 promoter results in
H19 downregulation and ERK-MAPK signaling inhibition, which leads to osteogenesis
impairment both in vivo and in vitro (rat osteoblast/ osteocyte-like UMR-106 cells)[85].

LncRNAs regulate histone modifications in osteoarthritis

An abnormality of cartilage regeneration can be related to attenuated chondrogenic
differentiation of MSCs in OA patients[8]. Similar to other MSCs derived from other
tissues, synovium-derived mesenchymal stromal cells (SMSCs) are multipotent but
have the greatest chondrogenesis potential, representing a promising stem cell source
for cartilage repair in OA patients[86]. IncRNA MEG3 was reported to have the ability
to inhibit the chondrogenic differentiation of SMSCs and the expression of cartilage-
associated genes (aggrecan and Col2A1) by inhibiting TRIB2 expression through
EZH2-mediated H3K27me3[87].
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Table 2 Interactions between long noncoding RNAs and epigenetic modifiers during adipogenic differentiation of mesenchymal stromal

cells

q q ‘ ‘ Target
LncRNAs Samples Expression Epigenetic regulatory mechanisms genges Effects Ref.
HOTAIR hBMSCs Up Interacting with DNMTs NR Inhibit adipogenic Kalwa et
differentiation al[46]
PIncl BMSCs  Up Reducing the DNA methylation level Ppar-y2 Promote adipogenic Zhu et al
differentiation [49]
slincRAD ~ 3T3-L1 Up Facilitating the recruitment of Dnmt1 Cdknla Promote adipogenic Yi et al[50]
differentiation
ADINR hASCs Up Facilitating the recruitment of MLL3/4 complex (involved inthe =~ C/EBP-a  Promote adipogenic Xiao et al
maintenance of H3K4me3 and the removal of H3K27me3) by differentiation [63]
binding PA1
MIR31HG hASCs Down Reducing the enrichment of AcH3 and H3K4me3 FABP4 Inhibit adipogenic Huang et
differentiation al[16]
H19 hBMSCs Up facilitating miR-675-mediated repression of HDACs NR Inhibit adipogenic Huang et
differentiation al[68]

hBMSCs: Human bone marrow stromal cells; BMSCs: Bone marrow stromal cells; hASCs: Human adipose-derived stromal cells; NR: Not reported.

CONCLUSION

LncRNAs are extensively involved in various types of epigenetic modifications,
including DNA methylation, histone modifications, and noncoding RNA interactions,
during MSC differentiation and the occurrence and progression of degenerative bone
diseases. Concerning the large body of available literature and comprehensive reviews
on the RNA-RNA interactions of IncRNAs (i.e., ceRNA mechanisms)[88,89], this topic
of epigenetics is not discussed in this review, but it is worth mentioning that in some
cases, ceRNA mechanisms act as mediators between IncRNAs and epigenetic
modifiers. Another potential involvement of IncRNAs in epigenetics is the interaction
with the key enzyme of methyl metabolism. It is known that DNMT and HMT utilize
S-adenosylmethionine (SAM) as a major methyl-group donor in mammals, which is
consumed and regenerated in one-carbon metabolism[90,91]. Several studies have
shown that IncRNAs play a role in SAM-dependent methylation through regulating
enzymes related to the metabolism[92,93]. However, similar studies on differentiation
and bone diseases are lacking. Further studies are needed to assess the potential
importance of IncRNAs on the methyl metabolism.

Although it seems that DNA methylation and histone modification are two different
types of epigenetic modification, these two systems can be dependent on and influence
one another during organism development[94]. However, the underlying molecular
mechanisms are complicated and remain vague. Intriguingly, IncRNAs are capable of
regulating gene expression either in a cis- or trans- manner by guiding or serving as
scaffolds for transcription factors or epigenetic modifiers to specific gene loci[95]. This
raises the possibility that IncRNAs could be coordinator of these processes. In this
review, we summarized the roles of IncRNAs played in MSC differentiation and
common degenerative bone diseases through reciprocal interactions between IncRNAs
and epigenetic modifiers. A complete list of the epigenetic regulatory mechanisms of
IncRNAs discussed in this review is available in Tables 1-3.

Taken in combination with previous studies[96-98], the present evidence indicates
that IncRNAs could be diagnostic and prognostic biomarkers in degenerative bone
diseases. Moreover, as IncRNAs can be manipulated pharmacologically to modulate
epigenetic modifications[99], this also opens new avenues for future therapeutic
interventions. However, multiple challenges need to be overcome before clinical
applications can be achieved. Given that IncRNAs have complex secondary structures,
one of the challenges that lies ahead is the off-target possibilities, as a single IncRNA is
capable of binding to multiple epigenetic modifiers and targeting several genes.
Therefore, more reliable bioinformatic tools in terms of in silico algorithms for compre-
hensive IncRNA interaction prediction and sequencing technologies are required.
Despite these impediments, IncRNA-based epigenetic interventions have shown
potential in the regulation of MSC differentiation and therapeutic strategies for bone
diseases.
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Table 3 Interactions between long noncoding RNAs and epigenetic modifiers in degenerative bone diseases

. Epigenetic regulato
LncRNAs Samples Expression P . g Y Target genes Effects Ref.
mechanisms
CTBP1- OA chondrocytes Up Increasing the methylation level of ~ miR-130a Decease proliferation rate Zhang et
AS2 target gene of OA chondrocytes al[74]
XIST OA chondrocytes Up Facilitating the recruitment of TIMP-3 Raise collagen Chen et
DNMT1, DNMT3A, and DNMT3B degradation in OA al[76]
chondrocytes
SNHG15  OA cartilage tissues Down SNHG15 was inhibited by miR-7/KLF4 Affect ECM homeostasis ~ Chen et
methylation of its promoter al[33]
SNHG9 OA chondrocytes Down Altering the methylation level of miR-34a Affect apoptotic rate of Zhang et
target gene chondrocytes al[80]
H19 UMR-106 and bone tissues Down H19 was inhibited by DNMT1- ERK-MAPK Impair osteogenic Lietal
from osteoporosis rat induced hypermethylation of its signaling-related  differentiation [85]
model promoter genes
MEG3 SMSCs Up Facilitating EZH2-mediated TRIB2 Inhibit chondrogenic You et al
H3K27me3 differentiation [87]

LncRNAs: Long noncoding RNAs; OA: Osteoarthritis; SMSCs: Synovium-derived mesenchymal stromal cells.
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Abstract

BACKGROUND

Type 1 diabetes (T1D), a chronic metabolic and autoimmune disease, seriously
endangers human health. In recent years, mesenchymal stem cell (MSC)
transplantation has become an effective treatment for diabetes. Menstrual blood-
derived endometrial stem cells (MenSC), a novel MSC type derived from the
decidual endometrium during menstruation, are expected to become promising
seeding cells for diabetes treatment because of their noninvasive collection
procedure, high proliferation rate and high immunomodulation capacity.

AIM

To comprehensively compare the effects of MenSC and umbilical cord-derived
MSC (UcMSC) transplantation on T1D treatment, to further explore the potential
mechanism of MSC-based therapies in T1D, and to provide support for the
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clinical application of MSC in diabetes treatment.

METHODS

A conventional streptozotocin-induced T1D mouse model was established, and
the effects of MenSC and UcMSC transplantation on their blood glucose and
serum insulin levels were detected. The morphological and functional changes in
the pancreas, liver, kidney, and spleen were analyzed by routine histological and
immunohistochemical examinations. Changes in the serum cytokine levels in the
model mice were assessed by protein arrays. The expression of target proteins
related to pancreatic regeneration and apoptosis was examined by western blot.

RESULTS

MenSC and UcMSC transplantation significantly improved the blood glucose and
serum insulin levels in T1D model mice. Immunofluorescence analysis revealed
that the numbers of insulin* and CD31*cells in the pancreas were significantly
increased in MSC-treated mice compared with control mice. Subsequent western
blot analysis also showed that vascular endothelial growth factor (VEGF), Bcl2,
Bcl-xL and Proliferating cell nuclear antigen in pancreatic tissue was significantly
upregulated in MSC-treated mice compared with control mice. Additionally,
protein arrays indicated that MenSC and UcMSC transplantation significantly
downregulated the serum levels of interferon y and tumor necrosis factor a and
upregulated the serum levels of interleukin-6 and VEGF in the model mice.
Additionally, histological and immunohistochemical analyses revealed that MSC
transplantation systematically improved the morphologies and functions of the
liver, kidney, and spleen in T1D model mice.

CONCLUSION

MenSC transplantation significantly improves the symptoms in T1D model mice
and exerts protective effects on their main organs. Moreover, MSC-mediated
angiogenesis, antiapoptotic effects and immunomodulation likely contribute to
the above improvements. Thus, MenSC are expected to become promising
seeding cells for clinical diabetes treatment due to their advantages mentioned
above.

Key Words: Type 1 diabetes; Menstrual blood-derived endometrial stem cell; Umbilical
cord mesenchymal stem cells; Improvement; Complication
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Core Tip: Mesenchymal stem cell (MSC)-based therapies have resulted in promising
improvements for patients with type 1 diabetes (T1D). Menstrual blood-derived
endometrial stem cells (MenSC) transplantation has therapeutic effects equal to those
of umbilical cord-derived MSC, which can significantly improve the symptoms of
streptozotocin-induced T1D mice and exert protective effects on their main organs;
MSC-induced angiogenesis, antiapoptotic effects and immunomodulation contribute to
these protective effects. The results of this study showed that MenSC are expected to
become a promising alternative for clinical diabetes treatment due to their advantages,
including their regular and noninvasive collection protocol, abundant availability, and
superior proliferative capacity.
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INTRODUCTION

Diabetes is a common metabolic disease characterized by hyperglycemia, and diabetic
patients are prone to chronic damage or dysfunction of their eyes, kidneys, heart,
blood vessels, and nerves, as well as other complications, severely affecting their
quality of life[1,2]. The loss of functional B-cell mass is the key pathogenesis leading to
both type 1 diabetes (T1D) and T2D. T1D is a chronic autoimmune disease resulting
from a complete insulin deficiency caused by the attack and destruction of pancreatic
islet p cells by the autoimmune system. On the other hand, T2D manifests as the
progressive loss of B-cell insulin secretion and frequently occurs in the background of
insulin resistance[3,4]. Generally, exogenous insulin supplementation, which serves as
the main treatment for diabetes, can control blood glucose and delay the occurrence of
diabetic complications. However, the long-term use of exogenous insulin leads to
insulin resistance and an increased risk of severe hypoglycemia and does not
fundamentally inhibit the pathological development of diabetes or potential diabetic
complications. Therefore, to improve the symptoms of diabetes and prevent the
occurrence and deterioration of diabetes complications, novel effective treatments for
diabetes are required. Mesenchymal stem cell (MSC), which have self-renewal and
multilineage differentiation abilities as well as low immunogenicity, have exhibited
promising therapeutic potential for various diseases in the clinic, and previous studies
have also demonstrated that MSC transplantation is safe and effective in diabetes
treatment[5-8].

Umbilical cord-derived MSC (UcMSC), as the main source of MSC for diabetes
treatment in the clinic, not only enhance the antiapoptotic capacity of islet B cells and
stimulate their regeneration but also differentiate into islet p cells to compensate for
insufficient insulin secretion[9-11]. Generally, UcMSC are transplanted into the body
through intravenous injection, intrapancreatic artery injection or both, and the
improvements after UcMSC transplantation have been extensively confirmed in
clinical practice. After 1 year of UcMSC therapy, the mean HbAlc% values were
consistently decreased in diabetic patients compared with the baseline levels; the mean
C-peptide levels were consistently elevated, and the daily insulin requirement was
uniformly decreased compared with their respective baseline[12-14]. In addition to the
extensive application of UcMSC in diabetes treatment, menstrual blood-derived
endometrial stem cells (MenSC), harvested from the menstrual blood of women of
reproductive age, have recently attracted increased attention in the field of
regenerative medicine. MenSC can be collected continuously every month, and the
noninvasive collection method (menstrual cup) does not impose physiological or
psychological burdens on the donor. Furthermore, regarding the richness of stem cells,
primary MenSC account for approximately 3%-5% of all karyocytes in menstrual
blood samples, quantitatively supporting their extensive application in the clinic[15].
Therefore, guaranteeing the quantity of MenSC satisfies the requirement for not only
autologous transplantation but also for the family members of patients. Additionally,
nude mice exhibited no tumorigenicity after MenSC transplantation, and no obvious
adverse effects were observed after MenSC transplantation in clinical trials on multiple
sclerosis[16], congestive heart failure[17], and lower limb ischemia[18]. These results
guarantee the safety of MenSC in clinical applications[19]. Additionally, in 2014, Wu et
al[20] preliminarily demonstrated the positive effect of MenSC transplantation on
streptozotocin (STZ)-induced T1D mice, suggesting that MenSC are promising for
clinical diabetes treatment[20].

Therefore, in this study, T1D animal models were generated by the injection of STZ,
a strategy that effectively and specifically damages pancreatic p cells and inhibits
insulin secretion, resulting in elevated blood glucose levels and the induction of T1D
symptoms[21]. This study aimed to evaluate the therapeutic effects of MenSC and
UcMSC transplantation on STZ-induced T1D mice, focusing on the improvements in
T1D-related symptoms and the underlying mechanism, as well as the influences on the
main organs of model mice. We believe that both the therapeutic effect and
mechanistic studies of MenSC in T1D will provide support for and accelerate the
clinical application of these cells in diabetes treatment strategies.

MATERIALS AND METHODS

Cells and animals
Both the MenSC and UcMSC used in this study were provided by the Zhongyuan
Stem Cell Research Institute of Xinxiang High-tech Zone, and informed consent was
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provided by all donors who agreed to use their UcMSC and MenSC in scientific
research. All the experimental procedures in this study were approved by the Ethics
Committee of Xinxiang Medical University and were performed in accordance with
the approved guidelines. Male C57BL/6N mice (18-25 g) aged 6 to 8 wk were
purchased from Vital River Laboratories [Beijing, China; license no. SCXK (Beijing)
2012-0001]. The mice were randomly grouped in separate cages and housed in a
specific pathogen-free environment maintained at a temperature of 25 °C, a humidity
of 50 + 5% and a 12-h light-dark cycle. The mouse handling and laboratory procedures
were performed in accordance with the guidelines of the Animal Health Committee of
Xinxiang Medical University.

Establishment of the T1D model and MSC transplantation

C57BL/6N mice (n = 50) were adaptively fed for one week and randomly divided into
2 groups: The normal group (1 = 10) and the STZ-induced group (n = 40). The mice in
the STZ-induced group were intraperitoneally injected with STZ (Sigma, United
States; 45 mg/kg/d in citric acid buffer at pH 4.3) each day after fasting overnight for 5
consecutive days. The mice in the control group received equal amounts of citric acid
buffer (pH 4.3). The first day of STZ injection was labeled as day-13; after the last STZ
injection (day-9), the physiological statuses of the model mice were observed for 1 wk.
After that, the model mice with fasting blood glucose (FBG) levels greater than 16
mmol/L were diagnosed with diabetes and randomly divided into 3 groups (1 = 10):
The PBS, UcMSC group, and MenSC treatment groups. The mice in the MSC treatment
group were injected with 1 x 10° cells (suspended in 200 pL of saline) via their tail vein
on days 0, day 7, and day 14. The mice in the PBS treatment group received an equal
amount of saline. The mice were weighed, and their FBG levels and food intake were
monitored every week during the experimental period. At the end of the experiment
(day 63), all the mice were sacrificed, and their sera, pancreases, livers, spleens, and
kidneys were harvested for further examination.

Biochemical assays

The isolated serum samples were sent to Xinxiang Assegai Medical Laboratory Center
(Xinxiang, China) within 4 h. Routine liver and kidney functional indexes, including
alanine transaminase (ALT), aspartic acid transaminase (AST) and alkaline
phosphatase (ALP), albumin (ALB), globulin (GLB), total protein (TP), UREA, uric acid
(UA), and creatinine (CRE), were assayed using a Chemray240 automated biochemical
analyzer (Rayto, Shenzhen, China). The serum insulin levels in the mice were
determined using an ELISA Kit (D721159; Sangon Biotech) according to the
manufacturer's instructions.

Protein array assays

The isolated serum samples were kept on dry ice and sent to RayBiotech (Guangzhou,
China). A protein array (AAH-CUST-G1; Norcross, GA, United States) was used
according to the manufacturer’s instructions to measure the expression levels of 20
cytokines in the samples (Figure 1A). Positive signals were captured on glass chips
using a laser scanner (InnoScan 300 Microarray Scanner; Innopsys, Carbonne, France),
and the observed fluorescence intensities were normalized to those of the internal
positive controls.

Hematoxylin and eosin staining

The pancreas, kidney, liver, and spleen samples were routinely fixed with 4%
phosphate-buffered paraformaldehyde, embedded in paraffin, and sliced into 5-pm-
thick sections for conventional hematoxylin and eosin (HE) staining. Next, the
morphologies of the targeted organs were observed and imaged under a microscope
(DMi8; Leica, Wetzlar, Germany).

Glycogen staining (PAS)

Dewaxed liver sections were successively immersed in 95% and 75% ethanol solutions
for 10 min and then rinsed with water for 10 min. After removing the excess water in a
fume hood, the samples were stained with a sodium periodate solution for 10 min and
rinsed with running water for 10 min. Next, the sections were incubated with Schiff
solution at 37 °C in the dark for 15-25 min. After removing the excessive Schiff's
solution, the sections were washed with sodium sulfite solution for 5 min and then
with running water for another 10 min. The sections were soaked in 95% ethanol and
xylene for 1-2 min and conventionally sealed after air drying in a fume hood. Finally,
the sections were observed and imaged under a microscope.
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Figure 1 Mesenchymal stem cell transplantation promotes pancreatic regeneration and regulates immune homeostasis in streptozotocin-
induced type 1 diabetes mice. A: The cytokines examined and representative array images are shown; B and C: The expression levels of vascular endothelial
growth factor, Bcl2, BCL-xL, and proliferating cell nuclear antigen in the mouse pancreas were detected by WB, and the relative expression of targeted proteins was
quantitated using ImageJ software; D-G: The concentrations of significantly changed cytokines were quantified based on the fluorescence intensities. 2P < 0.05; °P <
0.01; °P < 0.001. MSC: Mesenchymal stem cell; UcMSC: Umbilical cord-derived MSC; MenSC: Menstrual blood-derived endometrial stem cells; IFN: Interferon; TNF:
Tumor necrosis factor; IL: Interleukin; VEGF: Vascular endothelial growth factor; PCNA: Proliferating cell nuclear antigen.
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Immunofiuorescence

Dewaxed pancreatic tissue sections were immersed in antigenic repair solution at
90 °C-100 °C, incubated in water at 100 °C for 20 min, cooled naturally to room
temperature, and washed with PBS three times. Subsequently, the sections were
permeabilized with 0.5% Triton X-100 at room temperature for 25 min and washed
with PBS three times. After blocking with 10% goat serum for 2 h, the samples were
incubated with mouse anti-mouse insulin (GB13121; Servicebio) and goat anti-mouse
CD31 (GB13063; Servicebio) primary antibodies at 4 °C overnight in a wet box. The
sections were incubated with FITC-labeled goat anti-mouse IgG and CY3-labeled
donkey anti-goat IgG secondary antibodies at 37 °C for 1 h, and nuclei were stained
with DAPI. Finally, the sections were observed and imaged under a fluorescence
microscope (Leica, Germany), and the percentages of insulin* (green fluorescence) and
CD31" (red fluorescence) cells from at least 10 areas per slide were quantified using IPP
software (Image-Pro Plus 6.0 Software).

Western blotting

TP was extracted from pancreatic tissue using RIPA buffer and a protease inhibitor
(Beyotime, China), and the protein concentration was determined by the BCA method.
The protein samples were denatured in a metal bath at 95 °C, separated by SDS-PAGE
and transferred onto PVDF membranes. The samples were subsequently blocked with
5% nonfat milk in PBS for 1 h and then incubated with the following primary
antibodies overnight at 4 °C: Rabbit-derived Bcl2 (ab182858; Abcam), Bcl-xL (ab32370;
Abcam), proliferating cell nuclear antigen (PCNA) (ab92552; Abcam), and vascular
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endothelial growth factor (VEGF) (ab32152; Abcam). The membranes were then
incubated with goat anti-rabbit HRP-conjugated secondary antibodies at room
temperature for 2 h. GAPDH was used as the internal control. Immunoreactions were
detected using enhanced an chemiluminescence reagent and an Amersham Imager 600
system (GE Healthcare Life Sciences), and the grayscale values of the bands repres-
enting the targeted proteins were quantitated using Image] software.

Statistical analysis

The results are presented as the mean + SD and were analyzed using Statistical
Package for GraphPad Prism 8.0. The nonparametric Mann-Whitney U test was used
for comparisons between two independent samples, and one-way ANOVA followed
by Dunnett’s test was used for comparisons among = 3 groups. P < 0.05 was
considered to be statistically significant.

RESULTS

MenSC transplantation significantly improves diabetic symptoms in T1D mice

The characteristics of the MenSC and UcMSC used in this study were consistent with
the typical characteristics of MSC, which express CD73, CD90, and CD105 but not
CD34 and CD29. After MSC transplantation, the FBG levels in MSC-treated mice were
significantly decreased starting on day 42 (Figure 2A; P < 0.05), and the body weights
of UcMSC-treated mice showed a significantly increasing trend starting on day 28
(Figure 2B; P < 0.05), which was positively related to food consumption (Figure 2C).
Subsequently, both the area of islets and the number of insulin® cells in the pancreas
were significantly increased after MSC transplantation (Figure 2D-F). Consistent with
the above findings, the serum insulin levels were also upregulated (Figure 2G), but the
levels were not significantly different between MenSC- and UcMSC-treated mice.
Additionally, the number of CD31" cells in the pancreas was significantly increased in
MSC-treated mice compared with PBS-treated mice (Figure 2E and H), and the
expression of VEGF in the pancreas was upregulated (Figure 1B and C). Additionally,
the final WB results confirmed that the antiapoptotic markers (Bcl2 and Bcl-xL) and
PCNA in the pancreas were significantly upregulated in MSC-treated mice compared
with PBS-treated mice (Figure 1B and C).

MenSC transplantation effectively improves inflammation and angiogenesis in T1D
mice

A protein array was used to detect the expression levels of 20 cytokines in the sera of
STZ-treated mice treated with or without MSC. The serum expression levels of
interferon (IFN) y and tumor necrosis factor (TNF) a were significantly downregulated
in MSC-treated mice compared with PBS-treated mice (Figure 1A and D-G; P < 0.05),
suggesting that the inflammatory response was relieved in vivo. Simultaneously, the
serum expression levels of IL-6 and VEGF in the MSC-treated mice were significantly
upregulated (P < 0.05).

MenSC transplantation significantly improves the liver micromorphology and

glycogen synthesis in T1D mice

The liver is the main target organ of insulin and is highly likely to be damaged by
diabetes-induced chronic complications[22]. After treatment with MenSC and UcMSC,
liver lobule destruction and pseudolobule formation were improved, and liver injury
was relieved (Figure 3). MenSC and UcMSC transplantation increased the liver
weights and liver indexes of T1D mice, but these parameters were not significantly
different from those of the PBS-treated mice (Figure 3B and C). Subsequent PAS
staining showed that the rose-red plaque areas in the liver tissues of MSC-treated mice
were significantly increased (Figure 3A), suggesting that both MenSC and UcMSC
transplantation improved the ability of T1D mice to synthesize glycogen in their livers.
Additionally, the liver functional indexes of mice treated with MSC were similar to
those of the control mice, and no significant differences were observed between the
two groups (Figure 3D-K).

MenSC transplantation partially improves the renal biochemical indexes in T1D mice
The kidney is another organ commonly affected by diabetes, and early diagnosis and
prevention can delay the onset and development of diabetic nephropathy, which is
critical for improving the survival rate and quality of life of patients[23]. No marked
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Figure 2 Menstrual blood-derived endometrial stem cells transplantation significantly improves the morphology and function of the
pancreas in streptozotocin-induced type 1 diabetes mice. A: Both Menstrual blood-derived endometrial stem cells Menstrual blood-derived endometrial
stem cells (MenSC) and Umbilical cord-derived mesenchymal stem cell (UcMSC) treatments significantly improved the fasting blood glucose levels. 2P < 0.05 UcMSC
treatment vs PBS treatment; ®P < 0.05 MenSC treatment vs PBS treatment; B and C: UcMSC treatment significantly inhibited the body weight loss and increased the
food intake in streptozotocin-induced type 1 diabetes mice. 2P < 0.05 UcMSC treatment vs PBS treatment; P < 0.05 UcMSC treatment vs MenSC treatment; D:
Morphological changes in the pancreases of mice were examined by hematoxylin and eosin staining, and the islets are indicated by green arrows. The images in the
left column provide a full view of the pancreas, and the images in the right column are locally magnified; E, F and H: Insulin® (green fluorescence) and CD31* (red
fluorescence) cells in the mouse pancreas were detected by immunofluorescence and quantified by IPP software. The images in the top row provide a full view of the
pancreases, and the images in the bottom row are locally magnified; G: The serum insulin levels in the mice were determined by ELISA. 2P < 0.05; °P < 0.01; °P <
0.001. MSC: Mesenchymal stem cell; UcMSC: Umbilical cord-derived MSC; MenSC: Menstrual blood-derived endometrial stem cells.

morphological differences were observed in the kidneys of normal mice and STZ-
induced T1D mice treated with or without MSC (Figure 4). Although the kidney
weight of MSC-treated mice was slightly increased compared with that of PBS-treated
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Figure 3 Morphological and functional improvements in the livers of streptozotocin-induced type 1 diabetes mice after mesenchymal
stem cell transplantation. A: Morphological changes in the livers of mice were examined by hematoxylin and eosin staining (the images in the top row provide a
full view of the livers, and the images in the middle row are locally magnified), and the capacity for glycogen synthesis and storage in the livers was determined by
Periodic Acid-Schiff staining; B and C: Mesenchymal stem cell treatment had no obvious effect on the liver weights or liver indexes in streptozotocin-induced type 1
diabetes mice; D-K: The activities of alanine transaminase and aspartic acid transaminase in the mouse serum were examined, and the concentrations of albumin,
globulin, total protein, and alkaline phosphatase in the serum were measured. 2P < 0.05; °P < 0.01; °P < 0.001. MSC: Mesenchymal stem cell; UcMSC: Umbilical
cord-derived MSC; MenSC: Menstrual blood-derived endometrial stem cells; UA: Uric acid; CRE: Creatinine; HE: Hematoxylin and eosin; PAS: Periodic Acid-Schiff;
ALT: Alanine transaminase; AST: Aspartic acid transaminase; ALP: Alkaline phosphatase; ALB: Albumin; GLB: Globulin; TP: Total protein.

mice, the difference was not significant (Figure 4B and C). Additionally, subsequent
biochemical assays showed that the UREA and UA levels in MSC-treated mice were
significantly downregulated (Figure 4D and E).

MenSC transplantation partially ameliorates morphological spleen injuries in T1D
mice

Dysfunction of the spleen, an important immune organ, is closely related to T1D[24].
In the present study, the spleen weights and spleen indexes of STZ-induced T1D mice
were significantly reduced compared with those of control mice, and MSC treatment
increased the mouse spleen weight; however, the spleen weights were not significantly
different between the two groups (P > 0.05; Figure 5A and B). Subsequent HE staining
(Figure 5C) indicated that the white pulp of the spleen in normal mice was well
developed, the splenic corpuscles were round or oval, the germinal center was
obvious, the periarterial lymphatic sheath was located beside the splenic corpuscle, the
proportion of white pulp and red pulp was reasonable, and the boundary was clear.
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Figure 4 Morphological and functional differences in the kidneys of streptozotocin-induced type 1 diabetes mice after mesenchymal stem
cell transplantation. A: Morphological changes in the kidneys of mice were examined by hematoxylin and eosin staining. The images in the top row provide a full
view of the kidneys, and the images in the bottom row are locally magnified; B and C: Mesenchymal stem cell treatment had no obvious effect on the kidney weights
or kidney indexes of streptozotocin-induced type 1 diabetes mice; D-F: The serum concentrations of UREA, uric acid, and creatinine in the mice were measured. 2P <
0.05; °P < 0.01; °P < 0.001. MSC: Mesenchymal stem cell; UcMSC: Umbilical cord-derived MSC; MenSC: Menstrual blood-derived endometrial stem cells; UA: Uric
acid; CRE: Creatinine.

However, the area of white pulp in the spleens of STZ-induced T1D mice was
significantly reduced and had a disordered structure, and the lymphatic follicles were
atrophied. Although the spleen weights and spleen indexes of the STZ-induced T1D
mice were not significantly increased after MSC treatment, the degree of lymphatic
follicle atrophy in MSC-treated mice was improved, and the white pulp area was
increased.

DISCUSSION

Diabetes, a common metabolic disease, is characterized by long-term high blood sugar
levels and hormone disruption, which can cause severe complications in the eyes,
liver, kidneys, and immune system. Currently, approximately 451 million patients
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Figure 5 Morphological differences in the spleens of streptozotocin-induced type 1 diabetes mice after mesenchymal stem cell
transplantation. A and B: Mesenchymal stem cell treatment did not significantly increase the spleen weights or spleen indexes in streptozotocin-induced type 1
diabetes mice; C: Morphological changes in the spleens of mice were examined by hematoxylin and eosin staining. The images in the left column provide a full view
of spleens, and the images in the right column are locally magnified. 2P < 0.05; °P < 0.01; °P < 0.001. MSC: Mesenchymal stem cell; UcMSC: Umbilical cord-derived
MSC; MenSC: Menstrual blood-derived endometrial stem cells.

have diabetes worldwide, and that number is estimated to reach 693 million by 2045
[25]; diabetes causes at least five million deaths and costs at least $850 billion in health
care costs annually. Additionally, MSC transplantation is considered to be an effective
treatment for improving diabetes-derived symptoms and complications when
considering the limitations of conventional diabetes treatments, and the efficacy and
safety of MSC transplantation to improve diabetic symptoms have been confirmed by
many preclinical and clinical studies[15,18,26-28]. In addition to the frequently used
UcMSC, MenSC have attracted notable attention as a promising alternative stem cell-
based therapy for various diseases based on their wide-ranging advantages, such as
their regular and noninvasive collection method, abundant availability, superior
proliferative capacity and autologous transplantation potential. Furthermore,
published clinical trials on MenSC-based therapies have reported no adverse events
for any of the enrolled patients. Medistem Inc. launched a phase II clinical trial on
MenSC treatment for patients with congestive heart failure, and the follow-up results
revealed no adverse events associated with 17 patients who received MenSC stem cell
transplantation[17]. A subsequent clinical report also confirmed the therapeutic effect
and safety of autologous MenSC transplantation for patients with Asherman’s
syndrome[29]. Additionally, six clinical studies on MenSC-based therapies have been
officially approved by the National Health Commission of the People's Republic of
China due to the superior biological characteristics of MenSC.

Based on published reports, the therapeutic mechanism of MSC in patients with
diabetes is mainly focused on angiogenesis promotion, immunomodulation, islet p cell
regeneration and islet B cell apoptosis inhibition[30-32]. Consistent with published
results, MenSC treatment exerted similar positive effects on STZ-induced T1D mice
and significantly reduced their FBG levels. Subsequent histological examinations
revealed that MSC transplantation significantly increased the number of insulin® islet
cells in the T1D mouse pancreas, and the enhancement of angiogenesis, antiapoptotic
effects and regeneration likely contributed to these effects. Furthermore, subsequent
protein assays confirmed the presence of systemically reduced inflammation
(downregulation of IL-1p and TNFa) and enhanced angiogenesis potential (upregu-
lation of VEGF) in MSC-treated mice. Additionally, MSC treatment was shown to
upregulate the expression of IL-6 in the sera of T1D mice, and a low dose of IL-6
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counteracted the cytotoxicity of IL-1p on islet p cells and stimulated insulin secretion
by islet B cells[33,34].

Furthermore, because of the severe diabetes-derived complications in other organs,
attention should be paid to not only the improvement of pancreatic function but also
the therapeutic effects of MSC on these other organs. Additionally, the prevention of
diabetes-derived complications could effectively increase the survival and improve the
quality of life of patients with diabetes. Our previous studies revealed that MenSC
resided in the livers and kidneys of mice after injection via the tail vein, providing
direct evidence of the MSC-mediated improvement in the functions of these organs.
Therefore, the morphologies and functions of the livers and kidneys (highly subject to
diabetic complications) of STZ-induced T1D mice were examined after MSC
transplantation. As expected, MenSC treatment partially improved the functions of the
liver and kidney, and no visible morphological abnormalities were observed in these
organs. Additionally, spleen dysfunction plays a role in the onset and development of
T1D, and a reasonable ratio of white pulp to red pulp in the spleen plays a critical role
in the maintenance of immune homeostasis. Our results indicated that MSC treatment
did not significantly increase the spleen weight in STZ-induced T1D mice but did
improve the degree of lymphatic follicle atrophy and the ratio of white pulp to red
pulp, which contribute to re-establishing immune homeostasis.

CONCLUSION

In conclusion, the therapeutic effects of MenSC transplantation are equal to those of
UcMSC and can significantly improve the symptoms of T1D mice and exert protective
effects on their main organs. Moreover, MSC-induced angiogenesis, antiapoptotic
effects and immunomodulation contribute to these protective effects. Additionally,
MenSC are expected to become a promising alternative for diabetes treatment in the
clinic due to their advantages, including their regular and noninvasive collection
method, abundant availability, and superior proliferative capacity.

ARTICLE HIGHLIGHTS

Research background

Type 1 diabetes (T1D), a chronic metabolic disease that lacks an effective cure,
seriously endangers human health. In recent years, mesenchymal stem cell (MSC)
transplantation has become an effective treatment for diabetes. Menstrual blood-
derived endometrial stem cells (MenSC), a novel MSC type derived from the decidual
endometrium during menstruation, are expected to become promising seeding cells
for diabetes treatment due to their therapeutic effects on many diseases.

Research motivation
T1D is a highly prevalent disease and lacks an effective treatment. MenSC are expected
to become promising seeding cells for diabetes treatment in the clinic.

Research objectives
The objective of our study was to evaluate the therapeutic effects of MenSC on a T1D
mouse model.

Research methods

Streptozotocin (STZ) was used to induce the T1D mouse model. Then, improvements
in the blood glucose levels and biochemical indexes of the mice were detected after the
injection of MenSC via their tail vein. Moreover, the morphological and functional
improvements in the livers, spleens and kidneys of MenSC-treated T1D model mice
were examined.

Research results

In the STZ-induced T1D model, MenSC transplantation significantly improved the
symptoms of T1D mice. Immunofluorescence and western blot analyses revealed that
the numbers of insulin® cells and CD31* cells in the pancreas were significantly
increased in MenSC-treated mice compared with control mice and inhibited the
apoptosis of pancreatic cells. Additionally, protein arrays showed that MenSC
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transplantation significantly downregulated the serum levels of interferon y and
tumor necrosis factor a and upregulated the serum levels of interleukin-6 and vascular
endothelial growth factor in the model mice. Subsequent histological and immunohis-
tochemical analyses demonstrated that MSC transplantation systematically improved
the morphologies and functions of the liver, kidneys, and spleen in the T1D model
mice and effectively alleviated the complications of T1D.

Research conclusions

The therapeutic effects of MenSC transplantation are equal to those of umbilical cord-
derived MSC and can significantly improve the symptoms of T1D mice and exert
protective effects on their main organs. MenSC are expected to become promising
seeding cells for the treatment of T1D.

Research perspectives

In the STZ-induced T1D mouse model, MenSC can effectively improve the symptoms
and complications of T1D and lay a foundation for the clinical use of MenSC in the
treatment of T1D.
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Abstract

BACKGROUND

Digestive tract resections are usually followed by an anastomosis. Anastomotic
leakage, normally due to failed healing, is the most feared complication in
digestive surgery because it is associated with high morbidity and mortality.
Despite technical and technological advances and focused research, its rates have
remained almost unchanged the last decades. In the last two decades, stem cells
(SCs) have been shown to enhance healing in animal and human studies; hence,
SCs have emerged since 2008 as an alternative to improve anastomoses outcomes.
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AIM
To summarise the published knowledge of SC utilisation as a preventative tool for
hollow digestive viscera anastomotic or suture leaks.

METHODS

PubMed, Science Direct, Scopus and Cochrane searches were performed using the
key words “anastomosis”, “colorectal/colonic anastomoses”, “anastomotic leak”,
“stem cells”, “progenitor cells”, “cellular therapy” and “cell therapy” in order to
identify relevant articles published in English and Spanish during the years of
2000 to 2021. Studies employing SCs, performing digestive anastomoses in hollow
viscera or digestive perforation sutures and monitoring healing were finally
included. Reference lists from the selected articles were reviewed to identify

additional pertinent articles.

METHODS

Given the great variability in the study designs, anastomotic models, inter-
ventions (SCs, doses and vehicles) and outcome measures, performing a reliable
meta-analysis was considered impossible, so we present the studies, their results
and limitations.

RESULTS

Eighteen preclinical studies and three review papers were identified; no clinical
studies have been published and there are no registered clinical trials. Experi-
mental studies, mainly in rat and porcine models and occasionally in very adverse
conditions such as ischaemia or colitis, have been demonstrated SCs as safe and
have shown some encouraging morphological, functional and even clinical
results. Mesenchymal SCs are mostly employed, and delivery routes are mainly
local injections and cell sheets followed by biosutures (sutures coated by SCs) or
purely topical. As potential weaknesses, animal models need to be improved to
make them more comparable and equivalent to clinical practice, and the SC
isolation processes need to be standardised. There is notable heterogeneity in the
studies, making them difficult to compare. Further investigations are needed to
establish the indications, the administration system, potential adjuvants, the final
efficacy and to confirm safety and exclude definitively oncological concerns.

CONCLUSION

The future role of SC therapy to induce healing processes in digestive anasto-
moses/sutures still needs to be determined and seems to be currently far from
clinical use.

Key Words: Surgical anastomosis; Anastomotic leak; Digestive system surgical procedure;
Cell transplantation; Cell therapy; Stem cells; Tissue engineering

©O©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Digestive anastomoses leakages reflect impaired healing, are frequent and are
associated with severe consequences. Despite technical and technological
advancements, leakage rates have remained stable in the last decades. Stem cells (SCs)
could improve anastomotic healing, as they have in other altered healing conditions.
We present a descriptive review of the published literature about digestive anastomoses
and sutures and SCs, analyzing the results and discussing their limitations and
concerns. Eighteen preclinical studies have confirmed the feasibility and safety and
have shown interesting results, however, with some limitations and high hetero-
genicity. Additional studies and better models are needed prior to human testing.

Citation: Trébol J, Georgiev-Hristov T, Pascual-Miguelafiez I, Guadalajara H, Garcia-Arranz M,
Garcia-Olmo D. Stem cell therapy applied for digestive anastomosis: Current state and future
perspectives. World J Stem Cells 2022; 14(1): 117-141

URL: https://www.wjgnet.com/1948-0210/full/v14/i1/117.htm

DOI: https://dx.doi.org/10.4252/wjsc.v14.i1.117

118 January 26,2022 | Volume14 | Issuel |


http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
https://www.wjgnet.com/1948-0210/full/v14/i1/117.htm
https://dx.doi.org/10.4252/wjsc.v14.i1.117

Jaishideng®

Trébol ] et al. SC therapy for digestive anastomosis

INTRODUCTION

Despite all technical and technological advancements, digestive anastomotic leakages
(DAL) occur and are the most feared complications in digestive surgery because they
lead to significant morbidity and represent the principal surgical complication for
mortality. All regions from the oesophagus to the anus and the biliary and pancreatic
ducts can be affected.

There is no generally accepted definition of DAL and multiple descriptions have
been proposed combining clinical aspects, analytical parameters, radiological findings
and treatment consequences. There are also multiple grading systems. The United
Kingdom Surgical Infection Study Group introduced one of the first definitions: ‘a leak
of luminal contents from a surgical join between two hollow viscera that emerge either
through the wound or at the drain site, or that may collect near the anastomosis’[1]. A
systematic review published by Bruce et al in 2001 found 56 definitions for DAL. Many
efforts have been made to define colorectal anastomotic leakage (CAL), due to the high
frequency of colorectal resections. The International Study Group of Rectal Cancer
proposed the definition ‘a defect of the intestinal wall integrity at the colorectal or
colo-anal anastomotic site leading to a communication between the intra- and
extraluminal compartments” and a grading system[2], recommended recently by an
international expert panel[3]. A similar definition may be extended to other digestive
anastomoses. The lack of a uniform definition for each anastomotic site, has a clear
impact on the reported incidence rates.

The DAL incidence varies widely depending on the organ and anastomosis studied,
as well as on the definition and diagnostic criteria employed. As examples, we
highlight three surgical areas. A systematic review on oesophagectomy including 174
studies and 74226 patients found an overall pooled AL rate of 11% (range 0%-49%)[4].
An international multicentre snapshot audit, conducted in 2015 by the European
Society of Coloproctology, included 3208 right hemicolectomies or ileo-caecal
resections; the overall AL rate was 8.1%[5]. A meta-analysis including 18 studies and
18039 curative rectal cancer resections found an overall AL rate of 9.8% (range 2.5%-
14.8%)[6].

DAL are associated with severe adverse outcomes, including nosocomial and organ-
space infections (as mediastinitis or peritonitis); systemic inflammatory response;
sepsis; other organ complications or failures (including multi-organ dysfunction);
reoperations; need for intestinal stomas; increased re-admission rates, length of stay,
hospital and health care costs and in-hospital mortality; and could impact quality of
life and delay the start of adjuvant therapy[4,7]. DAL after cancer surgery could
negatively impact cancer-specific outcomes and could be considered an independent
negative prognostic factor. For example, in rectal cancer, AL are significantly
associated with an increased risk of local recurrence, worse overall survival and
decreased disease-free and cancer-specific survival, but not with distant recurrence
and overall recurrence excluding 30-day mortality[6].

DAL incidences have remained stable over the last decades. Great efforts have been
made in the following areas trying to decrease them: (1) Risk factor identification: risk
factors could be local or general and modifiable (target to reduce AL rates) or non-
modifiable[2,4]. Identifying high risk patients enables better perioperative planning
and patient counselling; and (2) Technical development: with a focus on manual or
mechanical suture material, endoluminal anastomotic or protective devices and
robotic surgery. There are many expectations for operative perfusion assessment with
indocyanine green fluorescence angiography. Based on a meta-analysis[8], it seems to
reduce CAL; however, this was not the case in a recently published randomised
controlled trial[9].

Anastomotic strictures, frequently associated with a previous AL, could also be an
important complication in some anastomoses, such as biliary anastomosis during liver
transplantation, which is associated with considerable morbidity and costs. In a
systematic review including 14359 liver transplants, the overall incidence was 12%
among deceased donor liver transplantation patients and 19% among living donor
recipients[10]. Its gold standard treatment - balloon dilatation and stent placement -
has a success rate of approximately 50% and usually requires multiple procedures[11],
so preventive measures or better therapies are also needed.

Stem cell (SC) therapy has been demonstrated as safe and has shown promising
results in a wide variety of clinical and experimental settings: haematological,
cardiovascular[12], neurological, digestive[13], traumatological[14], endocrine and
renal conditions are some examples. The most commonly used are haematopoietic SCs
[15], mesenchymal SCs (MSCs)[16,17] and adipose-derived SCs (ASCs)[15,18,19]. Some
SCs play crucial roles in the healing process by different mechanisms, including
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increasing angiogenesis, local blood flow, fibroblast activity and collagen synthesis,
coordinating the repair response by recruiting other host cells and secreting growth
factors and matrix proteins, among others[20]. ASCs have been applied in environ-
ments that are particularly unfavourable for wound healing, such as experimental
colitis[21], sepsis[22], anal and other digestive fistula[23-27], Crohn’s disease[28,29],
faecal incontinence[30] and tracheal anastomoses[31], with favourable outcomes.

With these promising results, it was only a matter of time before SCs would be
applied in digestive anastomoses; indeed, members of our group published the
pioneer paper in 2008[32]. Based on our group’s experience using ASCs in experi-
mental and clinical settings (conducting or participating in more than 13 clinical trials)
and in digestive surgery, our aim was to review the published literature related to SC
use for digestive anastomoses and registered clinical trials. To the best of our
knowledge, Caziuc et al[33] published the only review focused on this field, including
studies published prior to September 2014, and other reviews have dedicated brief
sections to SCs, such as those by Foppa et al[34] and Reischl et al[35].

METHODS AND MATERIALS

Literature search

We performed an exhaustive search of the published literature in the electronic
databases from the United States National Library of Medicine (PubMed), Elsevier’s
Science Direct and Scopus and Cochrane. The United States National Library of
Medicine official registry of clinical trials, ClinicalTrials.gov (www.clinicaltrials.gov),
and the European Union Clinical Trials Register (www.clinicaltrialsregister.eu) were
also searched to identify ongoing or finished registered clinical trials.

The following terms were used: ‘anastomosis’, ‘digestive anastomosis’,
‘colorectal / colonic anastomoses’, “anastomotic leak’, ‘stem cells’, “progenitor cells’,
‘cellular therapy” and “cell therapy’. Secondary searches were performed with the
terms ‘biosutures’ and ‘sutures coated by stem cells’ in an attempt to find more public-
ations.

Papers published in indexed peer-reviewed journals in English or Spanish with
access to full text since 2000 were included. The last search was run on 10 February
2021.

Eligibility criteria

Only studies employing SCs, performing digestive anastomoses in hollow viscera or
digestive perforation sutures and monitoring healing or evolution were finally
included.

Study selection

All titles and abstracts were scanned independently in an unblinded standardised
manner by two of the reviewers. The ‘Similar articles’ list in PubMed and biblio-
graphies of the selected studies were also analyzed to find more potentially includable
articles. Disagreements between reviewers were solved by consensus.

The full text of selected references was reviewed. The minimal information that
must be presented in the study to definitively consider it for this review included at
least seven of the following: (1) SCs source; (2) SC characterization; (3) Mode of
administration; (4) SCs dosage; (5) Anastomosis technique; (6) The periods of healing
assessment; (7) Healing or functional parameters considered to assess the
anastomoses; (8) Anastomotic leakage (AL) or rupture frequency; and (9) Whether
there is a control group.

Statistical analysis

There is a great variability in the study designs, anastomotic models, interventions
(SCs, doses and vehicles) and outcome measures in the selected published literature.
Also, many studies do not provide the absolute or relative value of some variables (i.e.,
anastomotic leaks or dehiscence in each experimental group), so we are not able to
aggregate the data to estimate the potential benefit. That is the reason we consider
impossible to perform a reliable meta-analysis, so we will focus on describing the
studies, their results and limitations, presenting a descriptive or narrative review. We
are going to expound data and statistics provided by each publication.
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RESULTS

Study selection

Finally, 18 primary references and 3 review articles were eligible for a deeper analysis.
PubMed was the fundamental publication source; Science Direct and Scopus did not
contain any articles not found previously in PubMed. Moreover, no systematic review
has been published in Cochrane.

Briefly, primary PubMed searches provided 272 references; an initial analysis
applying eligibility criteria to the titles and abstracts reduced it to 49. Deep abstract
content review served to exclude another 20, and duplicate removal left 16 primary
sources and 2 review articles. The selected studies’ reference lists served to identify
another original paper and another review. Secondary term searches allowed us to
find the last original research. See Figure 1 for an overview of the search.

The pioneering report in the field was published by Pascual et al[32] in 2008. All the
primary references are preclinical studies on animal models. There have been neither
reported experiences on humans nor registered clinical trials nor publications
combining bioengineering and SCs in digestive anastomoses or suturing.

Studies global characteristics

Analyzed anastomoses/digestive sutures: Ten studies are related to colon and
colorectal anastomoses (one provides a more detailed description of the methodology
of a previous one), 3 to gastric perforations, 2 to small bowel anastomoses, 2 to biliary
anastomosis and 1 to oesophageal anastomosis fistula.

Methods of SC therapy and anastomoses/digestive sutures: Related to SCs (Table 1),
all the studies, except one employing allogeneic myoblasts, used MSCs harvested from
adipose tissue (13) or from bone marrow (3). SCs were identified mostly based on flow
cytometry and/or the differentiation ability. The cell transplant was autologous in 8
studies, allogeneic in 7 and xenogeneic in 2 (human). The systems utilised to apply SCs
are local injection, cell sheets, biosutures (sutures coated by ASCs), topical, systemic
injection, gelatine sponge and luminal stent plus mesh (see Table 2). The employed
animals (see Table 3) are mostly rats (12 studies), followed by pigs (4) and rabbits (1).

Three anastomotic models have been described: conventional (4 studies), high risk
of AL (8) and insufficient (2). The high-risk models were obtained through 4%
icodextrin (1), chemical colitis (1), ischaemia (5), radiation (1) and a cytotoxic
(mitomycin C, 1). The study employing mitomycin C applied it simultaneously to
inducing ischaemia. Oesophageal insufficient anastomosis was combined with a trans-
defect plastic tube for 1 wk to establish the fistula tract. Gastric perforation models
either included (2 studies) or did not include (1) repair.

The anastomoses performed were conventional end-to-end in all the publications
except one, with usual sutures in a running or an interrupted fashion mostly in a
single layer. One study created a functional end-to-end small bowel anastomosis with
a high-energy sealing device (this anastomosis is not performed in humans). Gastric
perforation suturing was also either running or interrupted.

Outcome measures: Although the maximum follow-up of the subjects was 8 wk, the
most frequent evaluation periods were in the first week (9 studies) or during the first
month (5).

All the studies evaluated macroscopically the abdominal cavity and/or
anastomosis, looking for signs of AL or dehiscence, stenosis, dilatation, peritonitis, efc.
Some monitored the severity of local or general adherence syndrome. One study
employed cholangiogram and another used cervical magnetic resonance imaging
(MRI) to look for stenosis or leaks. A colorectal anastomosis study investigated
macroscopic inflammation with positron emission tomography (PET) and mucosal
changes with colonoscopy. All studies analyzed healing histopathology, with a focus
on inflammation, necrosis, collagen deposition, angiogenesis and signs of
regeneration.

It is assumed that all the subjects were observed during the postoperative period
until the scheduled sacrifice date to detect abnormalities (weight loss, pain, etc). Three
studies also analyzed blood or serum chemistries and one of them examined the
composition of peritoneal lavage fluid.

Eleven out of 17 studies analyzed anastomotic or suture strength with bursting
pressure (ABP) evaluation. Briefly, this approach comprises injecting saline (with or
without a dye) or air through the sutured segment while monitoring pressure.
Bursting pressure is defined as the maximum pressure achieved before leakage is
noted at any site. Derived measures are medium bursting pressure (MBP) or bursting
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Table 1 Kind of stem cells employed in published studies classified by their origin and type of transplant

Kind of stem cells employed

Myoblasts Bone marrow MSCs  ASCs Autologous/syngeneic Allogeneic Xenogeneic
2

ALLOG: 1 AUT: 1; ALLO: 2 AUT: 7; ALLOG: 4; XENOG: 2 8 7

Numbers indicate the number of published studies. MSCs: Mesenchymal stem cells; ASCs: Adipose-derived stem cells; AUT: Autologous; ALLOG:
Allogeneic; XENOG: Xenogeneic.

Table 2 Systems utilized to apply stem cells

SCs delivery system

Biosutures Local injection Systemic injection Local + systemic injection  Topical
1 2! 4 1 1*

Cell sheets Gelatin sponge Stent + mesh

2 7423 1

One study associated thrombin and fibrin.

%One study compared local injection with and without fibrin glue.

%0One study applied stem cells (SCs) in fibrin glue into a stablished fistula.
*One study compared topical versus stent and mesh with SCs.

SCs: Stem cells. Numbers indicate the number of published studies.

Table 3 Animal species employed in published preclinical studies

Type of animals

Rats Pigs

4 (small bowel and biliary anastomoses) 1 (esophageal fistula)

Rabbits

12 (9 colorectal, 3 gastric perforation)

Numbers indicate the number of published studies.

Primary terms
PubMed Searchs: 272

Elegibility criteria to
tittle/abstract

Deep abstract

review
Secondary terms
29 PubMed Searchs:
+ 1 original
Duplicate
erase

16 originals | References + 1 original
2 reviews lists + 1 review

Figure 1 Steps for study selection and final inclusion, presented in a flow diagram.

tension calculated using Laplace’s law, in order to identify differences between tissues
of different sizes.

Finally, most of the publications, analyzed free and nuclear proteins, surface
markers and/or RNA - using immunohistochemistry (IHQ), immunofluorescence (IF),
reverse transcriptase polymerase chain reaction (rtPCR), RNA arrays or western
blotting - to assess inflammation, angiogenesis, proliferation, fibrosis and cytokine
production, among other processes. Some of them also studied SC tracing, prolif-

eration and differentiation capacities.
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Results of individual studies
We will summarise the publications ordered by the implicated digestive viscera and
by the publication date. A brief overview of the studies is presented in Table 4.

Colon and colorectal anastomoses

The first report was from Pascual et al[32] in 2008 and described for the first time SC-
coated sutures (named biosutures). Syngeneic (equivalent to autologous) ASCs were
obtained from two male BDIX rats. Thirty-centimetre braided polyglactin 910 sutures
were cultured with 1.5 x 10° ASCs; ASCs almost completely coated the suture after 24 h
and each thread was used for only two stitches. Forty BDIX rats were divided in four
groups depending on sacrifice date (4, 7, 14 and 21 d post-anastomosis). Five animals
in each group received anastomosis with biosutures and 5 with conventional sutures.
Anastomoses consisted of right colon section and end-to-end manual anastomosis
with six monoplane interrupted stitches. The authors analyzed colon dehiscence,
dilatation or obstruction; an adhesion index; ABP and bursting tension; and histology.
Biosutures did not modify the incidence of dehiscence, dilatation, obstruction, the
pattern of inflammation and ABP or bursting tension at any time point compared with
control sutures. Only the adhesion index was significantly lower with biosutures at
day 4 (P = 0.025) and 7 (P = 0.006), but not at later times.

Going further, the same group published a related study in 2010[36]. First, they
modelled a higher leakage risk colonic anastomosis, keeping it adhesion free by
intraperitoneal instillation of icodextrin 4%. Biosutures and anastomoses were as
described in their previous study[32]. Six BDIX rats receiving biosuture anastomoses
and icodextrin were compared to 12 Sprague-Dawley (SD) rats with conventional
anastomoses, 6 with and 6 without icodextrin. Animals were sacrificed on
postoperative (PO) day 4, and dehiscence, the adhesion index and ABP were analyzed.
No significant differences appeared in dehiscence. With conventional sutures and
icodextrin 4%, a decrease in the adhesion index (P = 0.01) and a lower ABP (P = 0.15)
were observed compared with no icodextrin. When adhesion-free (icodextrin 4%)
anastomoses were compared, those with biosutures had a higher ABP (P = 0.008) with
a similar adhesion index (P = 0.48). In conclusion, biosutures could improve the
strength of adhesion-free anastomoses.

In 2011, Adas et al[37] analysed local allogeneic bone marrow-derived MSCs (BM-
MSCs) in left colonic anastomoses in male Wistar rats. BM-MSCs were isolated from
donor animals and marked with bromodeoxyuridine. The left colon was sectioned 3
cm proximal to the peritoneal reflection and mesocolon vessels 2 cm proximal and 2
cm distal to the section were ligated to establish ischaemia. End-to-end anastomoses
were made with eight interrupted inverted 6/0 polypropylene stitches. Twenty
animals received 5 x 10°injected BM-MSCs around the anastomosis and 20 received
saline solution. Ten animals per group were sacrificed on PO days 4 and 7. ABP,
hydroxyproline, histological (necrosis, epithelialisation, inflammatory processes,
fibroblastic activity and neovascularisation) and cell tracing analyses were performed.
Proliferating cells with the added markers appeared at both postoperative times. The
MBP (two times) and hydroxyproline levels were significantly (P < 0.01) higher in the
presence of BM-MSCs at both time points. No leakage or peritonitis appeared in any
animal. At PO day 4, necrosis, epithelialisation, collagen deposition, fibroblast activity
and angiogenesis and at PO day 7, necrosis, collagen deposition and fibroblast activity
were significantly favourable for healing with BM-MSCs. The authors attributed the
favourable observed effects mainly to fibroblastic and angiogenic activities.

The following publication was from Yoo et al[38] in 2012, with another model of rat
ischaemic colonic anastomoses controlled with Doppler flowmetry. Colon division and
ischaemia were identical to the previous study[37]. Anastomoses were performed in a
single layer, termino-terminal fashion with 6-0 polypropylene sutures (the authors did
not describe whether they were running or discontinuous). Blood flow around it was
measured using Doppler; further marginal vessel ligation was made until it decreased
to < 50% of the normal level. The authors employed male SD rats: some to obtain
allogeneic subcutaneous ASCs and 60 to receive ischaemic anastomoses (30 animals)
or ischaemic anastomoses plus ASCs (30). A total of 1 x 10° ASCs within a mixture of
fibrinogen and thrombin were injected at 4-5 points around the anastomosis. Rats were
sacrificed on PO day 7. Anastomosis healing was assessed by measuring weight loss,
wound infection, AL, mortality, adhesions, ileus, anastomotic stricture, the ABP,
histopathology and the microvascular density. No significant differences in wound
infection, AL, mortality, adhesions, or ulcer size between the groups were observed.
The ASC group had significantly more favourable anastomotic healing and less
ischaemic colitis manifestations, including less weight loss (P < 0.001) and earlier
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Table 4 Overview and concise review of different published studies related to digestive anastomosis/perforations and stem cell therapy in animal models

Ani- Rando- Anast/perf model and SC doses Follow e Security
Ref. . . SC treatment Compared to Effect measure up Principal results
mal mized repair and type concerns
Colon and colorectal anastomoses
Pascual et al Rats 40 No Right colon section. 1.5 x 10° 20 biosutures Conventional Surgical evaluation 4,7,14, Lower adhesion index at4 d (P =0.025)and 7 d (P = No
[32] (BDIX) Interrupted end-to-end ~ SYNG ASCs suture (dehiscence, dilatation, 21 d 0.006). No differences in the other outcome measures
obstruction,
adherences). Bursting
pressure; Histology
Pascual et al Rats 18 No Identical to high risk: SYNG ASCs 6 biosutures +  Conventional Surgical evaluation 4d No differences in dehiscence. Conventional sutures: No
[36] (BDIX + icodextrin. Identical icodextrin suture +/- (dehiscence, adhesion). icodextrin | adhesion and MBP. Icodextrin: Biosuture 1
SD) icodextrin Bursting pressure MBP with equal adherences
Adasetal  Rats 40 No Ischemic: Left colon 5x10° 20 local Saline solution Surgical evaluation. 4and7d No leakages, peritonitis, mortality. SCs t MBP (2x) and No
[37] (WI) section + 4 cm vessel ALLOG BM- injection Bursting pressure. hydroxyproline. Histology favourable for healing at both
ligation. Interrupted MSCs Hydroxyproline. timelines. SC survive and proliferate
end-to-end. Histology. SC tracing
Yoo et al Rats 60 No Ischemic: Left colon 1x10° 30 local Ischemic Clinical follow-up: 7d ASCs: | weight loss and earlier weight recovery; | ileus, No
[38] (SD) section + vessel ligation =~ ALLO ASCs  injection + anastomoses Surgical evaluationABP. ulcers and strictures.  MBP. Histology: SCs |
until > 50% flow fibrinogen & Histology inflammation and 1 collagen and microvascular density.
reduction. End-to-end thrombin
PLP.
Adasetal  Rats 40 No Ischemic: Left colon 1x10° 20 systemic Saline solution Surgical evaluation. 4and7d No leakages, peritonitis, mortality. SCs 1 MBP (43%) at 4" No
[39] (WI) section + 4 cm vessel ALLOG BM- injection Bursting pressure. but not 7™ day. SCs 1 SS hydroxyproline. Histology SS
ligation. End-to-end MSCs Hydroxyproline. favourable for healing (4, 7d). SC Survive and proliferate
interrupted Histology. SC tracing
Sukhoetal Rats 60 Yes Partial right colectomy. ~ XENOG 30 sheets Insufficient Follow-up: Macroscopic 3and7d ASCs | dehiscence (14% vs 71%) at 3 d, abscesses at 7 d No
[40] (WI) Insufficient end-to-end (5 human ASCs wrapping anastomosis evaluation. ABP. and abdominal adhesions at 3 d. ABP 1 3 to 7 d, but NSS
stitches). anastomosis Histology differences between groups. Labelled cells detected at
both periods. Histol: SCs 1 CD3+ and maintain CD163+
cellsat7 d.
Van de Rats 24 No IrradiatedColon section. 5 x 10°IV 10 local Conventional PET. Colonoscopy. 4wk PET: preop IV ASCs | activity to non-irradiated level. No  0/3/3
Putteetal  (SD) Interrupted end-to-end ~ and 2.5 x10° injection + IV -  anastomosis. Histology differences at 4 wk. Colonoscopy: ASCs | necrotic tissue deaths. No
[43] local. 7,10,20d Irradiation + anast and fibrin and bleeding (??P). Histology: SS ASCs | ASCs related
ALLOG + PBS ulcerated area and 1 number vessels. 1 M2 macrophages
ASCs (2?2P).
Alvarenga  Rats 61 Yes TNBS colitis. Left colon 2 x 10° 15 instillation G1, TNBS colitis. Follow-up: 7d ASCs | mortality to 0% compared to G3/G5 and local No
et al[44] (WI) section. Ent-to-end ALLOG over G2, Laparotomy. Macroscopic. Histology, complications to 0%. ASCs: | inflammation, tissue
interrupted ASCs anastomosis G3, colitis + anast.  IHQ, RNA damage, myeloperoxidase activity, CD4+ and ED1+
G5, colitis + anast macrophages, apoptosis; and 1 epithelization (vs G5).
+CS ASCs: | IFN-y. TGFB, IL-17, TNF-0, and MMPs are not t
(as in G5), NSS, and equal to G2/G3.
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Morganet  Rats 48 No Ischemic: Left colon 1x10° 16 ASCs Gelatin  Anastomosis. Follow-up: 3and7d No mortality/complications. ASCs: | AL and abscesses (3, No
al[45] (WI) resection + Vessel XENOG sponge Anastomosis + Macroscopic. MBP in 7 d); | adhesions (3 d). No changes in MBP. ASCs 1t
ligation. End-to-end human ASCs wrapping gelatin sponge situ. Histology, IF, collagen and microvascular density. Labelled cells in
interrupted. Air checked wrapping rtPCR. SC tracing submucosa and muscularis. No SS differences in rtPCR.

Small bowel anastomoses

Maruyaet  Pigs 7  Yes High risk: vessel ligation AUT ASCs 28 anastomoses Anastomosis MBP, histology and 1,5,7d  ASCs: MBP 1 at 7 d, similar to normal healing. ASCs t No
al[46] (anast)  +local mitomycin C. wrapped with 3 without sheets hydroxyproline (5, 7d). hydroxyproline at 7 d. ASCs 1 submucosal collagen 7 d (??
8/animal. Multilayer ASCs sheets mRNA (1, 7d) P). ASCs: 1 FGF2, COL1A1 and COL3A1 day 1 and
end-to-end COL1A1 and COL3A1 day 7.
Pan et al[47] Pigs 16 No 5/animal. Section. 0.5 x 10° 8 x5 Anastomosis Follow-up: 7,14d NSS in complications/leakage and MBP. ASCs: 1 death in
Functional end-to-end ALLO ASCs  anastomoses. without ASCs Macroscopic. MBP. Reepithelialization and 1 collagen at 7 d (??P). ASCs ASCs (ileus)
(energy sealing device) Local injection Histology, IHQ, IF, proliferation, and | CDH1, SMAD3, STAT3, TGF-q,
western, PCR arrays. SC VEGFA. Labelled cells in mucosa.
tracing

Digestive (gastric) perforations

Komiyama Rats 40 No Greater curvature 1x10” AUT 20 local PBS local injection  Histology day 7 (n=5), 7and28 Labelled cells at 7, 28 d without differentiation. ASCs 1 No
et al[48] (WI) incision. Block ASCs injection day 28 MBP, day 7 (n= d neovascularity and connective tissue at 7 d and |
continuous suture 5) SC tracing connective tissue at 30 d. MBP 1 7 d with ASCs.
Liu et al[49] Rats 108 No 2 cm body incision. 5x10°AUT 24 local Sham operated. Macroscopic. Histology. 3,5,7d  Injected ASCs | severe adhesions (3, 5, 7 d), dehiscence (3  No
(SD) Interrupted suture ASCs injection. 24 PBS injection. THQ, IF, western. SC d), abscesses (7 d). 20% total healing at 7 d (vs 0%). ASCs
topical in fibrin ~ Topical fibrin glue  tracing MBP (5, 7 d). Injection the highest values (comparable to
glue sham operated at 5 d). ASCs | inflammation and 1

granulation (5, 7 d, ??P), more with injections. Injected
ASCs | IL-6 (day 5, 7) and 1 TGFp1 (day 3, 5). Label+ cells
submucosa/ granulation, differentiation+.

Tanaka etal Rats 30 N 5 mm incision. No suture ALLO 15 sheet placed  No suture Macroscopic (adhesion). 3,5,10,  Sheets | adhesions in all periods. Histology: sheets No
[50] (SD) myoblasts with shifter Blood and ascites. 20d regenerated mucosa and muscle; control connective tissue
sheet Histology. SC tracing (??P). Myoblast in gastric wall. | SS peritoneal fluid

hyaluronic acid (??P) all periods.

Oesophageal anastomotic leakage/fistula

Xue et al Rabbits 21 No Transection, incomplete 2 x 10° AUT 12 MSCs in 9 fibrin sealant Cervical MRI (5 wk). 58wk  MRI | inflammatory reaction MSCs. Macroscopic: 1 5/9 control,
[51] anast, tube during 7 d. MSCs fibrin sealant in Macroscopic, histology, closure and | infection MSCs. Histology /IF: MSCs survive 3/12 MSCs
fistula IF, cytokine at 8 wk. SC & differentiate. Milder inflammation and less collagen (??  died (NSS)
tracing P) with MSCs. MSCs: 1 IL-10, MMP-9 and | TNF-a, TGF-p.

Biliary anastomoses leakage/stenosis

Zhangetal Pigs 9 No CBD transection. 4x10°AUT  3/3stent + 3 plastic stent + Serum BQ (0, 7, 30 d). 0,7,30d No clinical/laboratory suggesting cholestasis. No 1 death

[52] Running sutures ASCs mesh with vycril mesh Cholangiogram 30 d. leaks/stenosis on cholangiogram (??P). Topical ASCs 1SS (ASCs +
ASCs. Topical Histology, IHQ and IF CD44, CD34 (MSCs) and CD31 (angiogenesis) and | mesh) -
ASCs 30d fibrosis and inflammation (??P). cholangitis

Hara et al Pigs 11 No Hepatic conduct section. AUT ASCs 6 ASCs sheets 5 anastomosis Blood (0, 7, 14 d). 0,7,14d No leakages, abscesses, mortality, lab cholestasis. No

[53] End-to-end running around without sheets Macroscopic, histology Macroscopic: CBD diameter higher in controls due to wall

(post)/interrupted (ant) anastomosis at14 d thickening. Histology: | inflammation, collagen and 1
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small vessels with ASCs (??P)

Only statistically significant or highly relevant results are shown, the last remarking their statistical value. SCs: Stem cells; MSCs: Mesenchymal stem cells; BM-MSCs: Bone marrow-derived mesenchymal stem cells; ASCs: Adipose-
derived stem cells; IV: Intravenous; MBP: Medium bursting pressure; IHQ: Immunohistochemistry; IF: Immunofluorescence; PCR: Polymerase chain reaction; N: Number; anast: Anastomosis; Perf: Perforation; AUT: Autologous;
ALLOG: Allogeneic; SYNG: Syngeneic; XENOG: Xenogeneic; SD: Sprague-Dawley; WI: Wistar; SSF: Saline solution; NSS: Non-statistically significant; SS: Statistically significant; ??P: No statistics provided; PLP: Polypropylene; CS:

Culture solution.
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weight recovery, less ileus (P < 0.05) and fewer ulcers and strictures (P < 0.05). ASCs
augmented the ABP (153.92 + 46.13 mmHg vs 121.31 £ 35.99 mmHg, P < 0.01). The
histological analysis revealed that the ASC group had less inflammation (P < 0.01) and
more collagen deposition (P < 0.05) and microvascular density (P < 0.05). The authors
considered angiogenesis as the principal explanation for their positive findings.

In 2013, Adas et al[39] published a study with an identical methodology to their
previous one[37]; the only change is that 1 x 10° BM-MSCs were injected very slowly
into the vena cava and control groups received physiological saline. Viable and prolif-
erating cells with the added labelling appeared at both postoperative times. The MBP
was significantly (P < 0.01) higher with BM-MSCs at PO day 4 (48.5 vs 69, a 43%
increase) but not significantly at PO day 7. Hydroxyproline levels were significantly
higher in the SC group at both time points (P < 0.01). No leakage, peritonitis or
mortality appeared. The histological findings are almost superposable to their
previous publication[37]: at PO day 4, necrosis, epithelialisation, collagen deposition,
fibroblasts activity and angiogenesis, and at PO day 7, necrosis (less) and collagen
deposition (more) were significantly favourable for healing with BM-MSCs. The
authors attributed the results mainly to paracrine effects and angiogenesis.

Sukho et al[40] published in 2017 a study with ASC sheets in a model of CAL.
Human ASCs were isolated from subcutaneous abdominal fat, creating a sheet from
each donor. Sixty male Wistar rats were randomly allocated to four groups with 15
animals each: two groups received ASC sheets and two were not reinforced. The
authors employed the CAL experimental model from Wu et al[41], consisting of a
partial colectomy near the caecum and an insufficient end-to-end suturing with five
one-layer inverting interrupted stitches with 8/0 polyamide. In the therapeutic
groups, one ASC sheet was wrapped around the anastomosis. Two groups were
sacrificed after 3 d and the others after 7 d. Evaluation consisted of in vivo follow-up
(weight and wellness score), macroscopic observation [peritonitis, adhesions, abscesses
and anastomosis (stricture, disruption, adhesion, abscess)], air ABP and histology. No
differences between groups appeared during in vivo observation. In intra-abdominal
evaluation, there were significant differences in anastomotic disruption favourable to
ASCs (14% vs 71%, P = 0.002) at PO day 3 but not at PO day 7. Significantly more rats
in the control group had anastomoses abscesses at PO day 7 (P = 0.04) and the abscess
scores were lower with ASCs at PO day 7 (P = 0.048). There were also fewer intra-
abdominal adhesions at PO day 3 (P = 0.043). The ABP increased between PO days 3
and 7, but there were no significant differences; on day 7, bursting occurred predom-
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inantly in the anastomosis in controls (66%), whereas in the ASC group bursting
appeared mostly (57%) out of it. Labelled cells were detected at PO days 3 and 7.
Regarding histology, there were no differences in vessel density and collagen
deposition between the groups and no endothelial cells with human markers appeared
in the ASC groups. A significantly higher (P = 0.001) number of CD3+ cells appeared
in the ASC group at PO day 7, and the level of CD163+ (M2 macrophages) did not
decline between PO days 3 and 7 compared with controls. The authors defended
sheets as a cell delivery system and postulated paracrine healing promotion as the
principal mechanism of action. They published later a more detailed explanation of
ASC sheet creation and surgical protocol[42].

In 2017, Van de Putte et al[43] published an evaluation of allogeneic subcutaneous
ASCs on colonic anastomoses after high-dose irradiation in rats. Thirty-two SD males
received 27 Gy irradiation of the colorectal region. Four weeks later, the damaged zone
was identified, the colon was cut just above it and end-to-end anastomosis was
performed with interrupted 6/0 polydioxanone stitches leaving knots outside. Three
experimental groups were defined: G1, control/sham (n = 4), anastomosis after sham
irradiation; G2, phosphate-buffered saline (PBS) (n = 10), irradiation, anastomosis and
PBS injections; and G3, ASCs (n = 10): irradiation, 5 % 10° intravenous (IV) ASCs 1 wk
before anastomosis, intraoperative injection of 5 x 10° ASCs around anastomosis and
two other IV doses on PO days 10 and 20. In G2 and G3, 3 animals died postoper-
atively. 18F-fluorodeoxyglucose PET scans were taken just before surgery (4 wk) and
PET and colonoscopy were performed at 8 wk when animals were sacrificed to obtain
samples for histology. With colonoscopy, G2 anastomoses presented large amounts of
necrotic tissue and fibrin, which were less frequent in G3; bleeding appeared in 0% G1,
57% G2 and 14% G3 animals (no P value provided). Regarding histology, the ulcerated
area was statistically smaller in G3 compared to G2 (P < 0.05). For PET scans, isolated
anastomoses (G1) did not generate a significant activity change; irradiation increased it
65%; and IV ASCs prior to anastomoses reduced activity by 21%, making it similar to
G1. While G2 had greater values than G1 (P = 0.03), there was no difference between
G2 and G3 at 8 wk. At 8 wk, G3 had the highest percentage of M2 macrophages
compared with G2 and G1 (no p value provided) and the G3 vessel number was
significantly increased (P = 0.007) compared with G2, reaching a value even higher
than that of G1. The authors proposed that the observed benefits are probably due to
the stimulation of endogenous cells.

Alvarenga et al[44] (2019) investigated topical allogeneic ASCs in high-risk colonic
anastomosis in Wistar rats randomly assigned to the following groups: G1, 2,4,6-
trinitrobenzenesulfonic acid (TNBS)-induced colitis (n = 11); G2, laparotomy (n = 11);
G3, laparotomy and anastomosis (n = 14); G4, TNBS-colitis followed by anastomosis
and ASCs (n = 15); and G5, TNBS-colitis, anastomosis and acellular culture solution
(CS, n = 15). Endoscopic colitis was required at 7 d to receive ASCs or CS. The
descending colon 4 cm over the rectum was transected without ligating vessels, and
then an end-to-end anastomosis was performed using 6-0 polypropylene interrupted
stitches. Immediately after, a solution with 2 x 10° ASCs or CS was applied onto the
external surface of the anastomosis. One week later, anastomotic area macroscopic,
histologic, IHQ and RNA analyses were performed. No postoperative deaths occurred
in G4 compared with 27% (G5) and 7% (G3), (P = 0.028). No local complications
(fistula, abscess, peritonitis) appeared in G4 compared with G5 (53%) and G3 (14%), P
= 0.012. In G4, an overall decrease in the histological score, including inflammation
improvement, less tissue damage and clear epithelialisation, was observed compared
with G5 (P = 0.011). ASC application decreased collagen deposition (P = 0.003) and
preserved goblet cells (P = 0.033) compared with G1; it also decreased myeloper-
oxidase activity to G3 Levels (P = 0.012), CD4+ T-cells (P = 0.014) and macrophages
ED1+ (P = 0.011) in the lamina propria, apoptotic cells (P = 0.008) and NF-xB activation
(P =0.036), all compared to G5. For mRNA expression, there was only a significant
difference between G4 (lower) and G5 in IFN-y levels (P = 0.02), but the significant (P
< 0.05) overexpression in G5 of TGFp, IL-17, TNF-a, IFN-y and metalloproteinases
compared with G2 decreased in G4 to G2 or G3 values. These favourable results for
clinically relevant variables (mortality and complications) need to be highlighted.

Morgan et al[45] in 2020 evaluated xenogeneic ASCs on ischaemic colonic
anastomoses in male Wistar rats. ASCs were isolated from subcutaneous fat of healthy
human donors. Rats underwent a 1 cm colectomy 2 cm proximal to the peritoneal
reflection. End-to-end anastomosis with interrupted 6/0 polypropylene suture and an
air-liquid leak checking was performed and mesocolon vessels 2 cm proximal and
distal were ligated. Three groups were created: control (only anastomosis), vehicle-
only [anastomosis was wrapped with an absorbable gelatine sponge (gelfoam)]; and
ASC (gelfoam containing 1 x 10° ASCs). Each group was subdivided in two (n = 8 per
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subgroup) depending on the sacrifice date (3 or 7 d). After sacrifice, the abdomen was
explored, looking for leakage and assessing abscess and adhesion severity with scales;
ABP in situ was determined; and the anastomotic site was resected for histology, IHQ,
IF and quantitative rtPCR for genes associated with angiogenesis, inflammation and
proliferation. There was no mortality or relevant complications during the follow-up.
In macroscopic evaluation, ASCs significantly decreased AL compared with the
control group at PO days 3 and 7 (25.0% vs 100% and 25% vs 87.5% respectively; P =
0.02 for both) and with the vehicle-only group (87.5% at both time points, P < 0.01);
and also abscess scores compared with the control and gelfoam groups (PO days 3 and
7) and adherence scores (PO day 3). ASCs increased without significance the MBP
compared with controls. Regarding histological evaluation, ASCs significantly
increased microvascular density and collagen compared with the control and vehicle-
only groups (P < 0.01) at both time points. IHQ showed that the endothelial marker
CD31 was markedly increased at both time points with ASCs (no P value). Labelled
cells were identified in the submucosa and muscularis. For quantitative rtPCR,
although treatment with ASCs markedly increased the expression of VEGF and CD31
and decreased TNFa and IL-1, none of these changed reached statistical significance.
The authors attributed the enhanced healing to angiogenesis and did not recommend
gelfoam as a vehicle because it produced an undesirable inflammatory reaction.

Small bowel anastomoses

In 2017, Maruya et al[46] analysed autologous ASC sheets in a model of high-risk small
bowel anastomoses comprising terminal vessel ligation and serosal mitomycin C
injection in 7 miniature female pigs. Each animal received eight 2-cm incisions in the
anti-mesenteric border of ligated vessels, closed with a layer-to-layer anastomosis with
five 5-0 polyglactin 910 sutures. These eight anastomoses were divided randomly into
two groups: ASC [each anastomosis was wrapped with three ASC sheets (dosage not
clearly defined)] and untreated. One pig was euthanised on PO day 1, two on PO day
5 and 4 on PO day 7. ABP, histology and hydroxyproline at PO days 5 and 7 and
mRNA expression of FGF2, TGFp1, COL1A1 and COL3A1 at PO days 1 and 7 were
analyzed. The ABP in the ASC group was higher at PO day 5 (118.5 + 85.9 mmHg vs
146.5 £ 58.8 mmHg, P > 0.05) and at PO day 7 (226 £ 87.7 mmHg vs 267 + 49.1 mmHg,
P < 0.05) making ABP similar to normal healing conditions. Hydroxyproline was
significantly higher (P < 0.01) in the ASC group at PO day 7 but not at PO day 5.
Regarding histology, more submucosal collagen appeared with ASC at PO day 7.
ASCs significantly increased the mRNA levels of FGF2, COL1A1 and COL3A1 at PO
day 1 and of COL1A1 and COL3A1 at PO day 7. The authors attributed the effects to
paracrine-enhanced collagen synthesis.

Pan et al[47] combined tissue fusion technology with allogenic ASCs in their 2020
publication. Sixteen pigs were divided in two groups related to the sacrifice date (7 or
14 d) and each group was subdivided in an ASC-treated or a control subgroup (n = 4
each). Five anastomoses were created per animal using LigaSure ForceTriad (Covidien,
MA, United States) in a functional end-to-end format. Five subserosal injections at
each anastomotic site containing vehicle solution with or without 5.0 x 10° ASCs were
added. Daily vigilance, the surgical site, the abdominal cavity and the anastomoses
were checked; an abscess or dense adhesion was considered AL signs. ABP, histology,
IHQ, IF, western blot and PCR arrays (only at PO day 7) were analysed in each
anastomosis. Only one animal died (from ASC group) due to ileus and there were no
significant differences in postoperative complications and AL (1 and 1 in the ASC
group and 1 and 2 in the control group at 7 and 14 d, respectively) between groups.
The MBP was not significantly different among the groups. Regarding histology, total
re-epithelialisation and more connective tissue appeared in the ASC group (no p value
provided), with no differences in neovascularisation, inflammatory cell infiltration and
arrangement of collagen fibres. Proliferating cell nuclear antigen (PCNA) was
significantly higher in the ASC group (P = 0.021). Labelled cells were found in the
mucosal layer, and in the muscularis mucosae exhibited smooth muscle cell character-
istics. Western blotting showed that ASCs did not influence CD31, VEGF and FGF2
expression. Eighty-four key genes critical for wound healing were assessed in 3
animals per group with PCR arrays; compared with the control group, 10 were
upregulated and 75 were downregulated in the ASC group. Five of these changes were
statistically significant (P < 0.05): CDH1, SMAD3, STAT3, TGFa and VEGFA. The
authors attributed the observed effects to paracrine activity and also highlighted ASC
migration, differentiation and safety even in the thermally fused tissues.
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Digestive (gastric) perforations
These digestive sutures or defects are also prone to leakages, modelling AL.

In 2013, Komiyama et al[48] published a study with an incision in the gastric greater
curvature of 40 male Wistar rats closed with a single-layer continuous 6/0 polypro-
pylene suture. Twenty animals received 1.0 x 107 autologous ASCs injected in the
submucosa around the suture and the other 20 received PBS. Ten animals in each
group were sacrificed at PO days 7 and 28. Histological evaluation included
assessment of necrosis, epithelialisation, inflammation, neovascularisation and
fibroblastic activity; the BP was measured in 50% of the animals sacrificed at PO day 7.
Labelled ASCs were detected at PO days 7 and 28 in the submucosa, but no differen-
tiation was observed. For histology, at PO day 7 neovascularity and connective tissue
were significantly denser (P < 0.01) in the ASC-treated animals. By contrast, at PO day
28, connective tissue was significantly reduced (P < 0.01). The MBP was higher with
ASC treatment (291 + 14.8 vs 121 + 30 mmHg, P < 0.01). The authors proposed that
paracrine mechanisms explain the enhanced healing with accelerated angiogenesis
and fibrosis (early period) and the excessive fibrosis prevention (late period).

In 2015, Liu et al[49] explored local autologous ASCs in female SD rats that received
a 2-cm vertical incision at the gastric body closed with five 5/0 interrupted non-
absorbable sutures. Four groups of 24 animals were created receiving: G1, 5 x 10° ASCs
injected in the submucosa around the suture; G2, the same SC dosage on fibrin glue
and applied topically; G3, submucosal injection of PBS; and G4, topical fibrin glue. A
sham-operated group (only laparotomy, n = 12) was also employed. Animals were
sacrificed at PO days 3, 5 and 7, and macroscopy, histology, BP, re-epithelialisation,
angiogenesis and inflammation (IL-6 and TGFp1) were assessed. Injected ASCs
promoted healing: severe adhesions decreased significantly at the three time points,
dehiscence decreased (significantly at PO day 3); no abscesses appeared at any time
point (significant at PO day 7); and 20% of the G1 animals appeared completely healed
at PO day 7, but none in the other groups. G1 achieved the highest pneumatic ABP at
PO days 3 and 5, with significant differences in favour of G1 and G2 compared with
G3 and G4; G1 had similar values to the sham-operated group at 5 d. Regarding
histology, the ASC groups displayed reduced inflammation (less neutrophils) and
increased granulation and re-epithelialisation at PO days 5 and 7, being better in G1.
G1 showed significantly decreased IL-6 (PO days 5 and 7) and increased TGFp1 (PO
days 3 and 5). No differences appeared in angiogenesis, VEGF and COX-2. Trans-
planted ASCs were detected in submucosa and granulation tissue at PO days 3, 5 and
7. At PO days 14 and 21, their morphology changed and they expressed smooth
muscle cell markers at PO day 21. In conclusion, ASC injection was more effective than
topical administration, and the anti-inflammatory role of ASCs and the earlier onset of
granulation enhanced healing.

Tanaka et al[50] in 2017 established a new perforation model (5 mm incision in the
anterior gastric wall) and evaluated the capacity of allogeneic myoblast cell sheets to
contain the leakage. They evaluated 30 male SD rats, 15 receiving a cell sheet and 15
(controls) in which the gastrotomy was not treated at all. The number of implanted
myoblasts is not specified. Animals were killed on PO days 3, 5, 10 and 20. Outcome
measures were an adhesion severity score (from 0 to 4) to measure peritonitis, blood
and ascites fluid exams and histology. Related to adhesions, at all PO time points, cell
sheet group had significantly lower score (1-1.5 points difference), and the area with
adherences were also lower. Regarding histology, in therapeutic group a regenerated
mucosa lined with muscle was found whereas in controls dense connective tissue and
discontinuity in all layers appeared; transplanted cells were detected at the gastrotomy
site. No differences were found in serum C reactive protein but, in contrast, hyaluronic
acid (an inflammatory marker) levels in the peritoneal washing lavage were
significantly lower at every time point in the cell sheet group (no P value provided).
The authors speculated that the effects might be due to paracrine factors and partly to
the physical coating effect of the sheet.

Oesophageal ALffistula

In 2019, Xue et al[51] evaluated autologous BM-MSCs in subacute AL in New Zealand
rabbits. The AL model comprised cervical oesophagus transection, incomplete
anastomosis leaving 2 mm without suturing and a polyethylene tube through the
wound and anastomosis defect, maintained for 1 wk. 2 x 10° MSCs in 0.2 mL fibrin
sealant were injected onto the fistula of 12 animals; 9 animals received only fibrin
sealant. The evaluation included cervical MRI at 5 wk by a blinded radiologist and
anastomosis macroscopy, histology, IF and cytokine expression at 8 wk. MRI revealed
decreased inflammation with MSCs (25% vs 88.9% infection/abscess, P = 0.008). For
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macroscopic evaluation, the MSC group presented a higher closure rate (83.3% vs
11.1%, P = 0.02) and lower infection rate (33.3% vs 88.9%, P = 0.02). Although there
were no significant differences, 5/9 animals in the control group and 3/12 in the MSC
group died of sepsis. Histology and IF showed that MSCs persisted in the fistula tract
and submucosa and they expressed myofibroblast markers; less inflammation and
collagen (but better organized) were observed in the MSC group (no P value
provided). Cytokine analyses revealed significant increases in IL-10 and MMP-9
whereas TNF-o0 and TGF- decreased significantly in the MSC group (all P < 0.05).
These findings suggest paracrine suppressing effects on inflammatory response and
fibrosis.

Biliary anastomoses leakage/stenosis

Two studies were published in 2020 with autologous ASCs. The first one is from
Zhang et al[52]. Nine domestic white pigs were divided in three groups: G1 (control)
received plastic biliary stents wrapped with Vicryl (polyglactin 910) mesh; in G2, 4 x
10° ASCs were added to the mesh; and G3 received non-wrapped stents and 4 x 10°
ASCs applied topically. Surgery involved common bile duct (CBD) transection,
posterior wall suturing with a running 7/0 PDS suture, stent luminal insertion and
anterior wall closure in a similar fashion; fascia around the CBD was closed with a
running 1/0 PDS suture. In G3, CBD stumps were immersed for 10 min in ASC
suspension and after suturing, additional ASC suspension was placed in a pocket
created in CBD fascia. Serum was collected on PO days 0, 7, and 30 for biochemistry.
On PO day 30, cholangiograms and anastomotic specimens were obtained for
histology, IHQ and IF. One pig in G2 died on PO day 3 due to acute cholangitis; the
others had no complications. The surviving animals had no symptoms or abnormal
liver biochemistries suggesting clinical biliary strictures. Cholangiography demons-
trated no leaks or stenoses and minimal luminal narrowing (3/3, 1/3, 2/3 in G1, G2
and G3, respectively, no P value provided). G3 showed greater CD44 and CD34,
indicating ASC engraftment and significantly (P < 0.05) reduced fibrosis compared
with G1/G2 and enhanced neo-angiogenesis (higher CD31 compared with G1/G2).
Other proinflammatory and fibrotic cytokines were also reduced (no P value
provided). ASC engraftment correlated with fibrosis and inflammation reduction and
increased neo-angiogenic areas. Extraluminal immersion seems safer than ASC-coated
stents.

Hara et al[53] used autologous ASC (2.6 x 10°/dish) sheets in pigs. The CBD
proximal to the cystic duct was sectioned and anastomosis was performed with 6/0
absorbable monofilament, the posterior wall in a running fashion and the anterior with
interrupted suturing. Six animals received one ASC sheet wrapping anastomosis and 5
were controls. Blood samples were obtained on surgery day and after 7 and 14 d;
anastomosis areas were collected at PO day 14. Macroscopic changes, inflammatory
cells and collagen content were evaluated. Labelled ASCs remained around the CBD
wall (n = 1). For macroscopic evaluation, there were no leakages or abscesses;
adhesions around the liver hilum were more severe in controls (grade > 2: 80% vs 17%,
but P = 0.07). The CBD diameter was larger in the control group (P = 0.02) due to
thickening of the wall (P = 0.02). No laboratory cholestasis appeared in either group.
Regarding histology, more inflammatory cells and collagen fibres thickening the wall
appeared in the control group, while the ASC group showed fewer inflammatory cells
and many small vessels (without statistical analysis). Thus, ASC sheet reduced
hypertrophic changes at PO day 14, but long-term follow-up is required to know if this
could prevent strictures.

Brief analysis of these publications

There is an important heterogeneity in the anastomosed/sutured viscera and in
anastomotic models (high risk, conventional, insufficient) and employed materials;
however, the procedures are technically similar (mostly manual end-to-end). The
follow-up was sufficient to include the vast majority of clinical AL, but more studies
assessing late leakages are needed. Random assignation of treatments was applied
only in 3 publications and blinded evaluations were scarce; these factors represent
important sources of biases and confounding factors.

Regarding SCs, the variability appears in the SC delivery system - the most frequent
are local injection (7) and cell sheets (4) - and dosage (5 x 10° to 1 x 107).

All investigations confirmed the safety and absence of relevant adverse events
attributable to SCs. It must be highlighted the relatively low severe complications rate
and the very low mortality reported (mortality appears principally in oesophageal
fistula and radiated colorectal anastomoses studies), probably due to the animals
employed: they are less sensitive to AL-related sepsis than humans.
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In general, good and encouraging morphological (mainly histological, nearly all the
studies), functional (based on the MBP, 8 studies positive and 3 without effect) and
even clinical results have been observed as well as some data suggesting regeneration.
Clinically, five studies[40,44,45,49,51] reported significant lower AL incidence, five[32,
40,45,49,50] reported fewer adhesions, four[40,45,49,51] fewer abscesses and one less
mortality[44]. Eight studies[37,39,45,47-51], analyzed SC labelling and confirmed SC
survival in this potentially septic area.

DISCUSION

Despite technical advancements and focused research for decades, anastomotic
healing still fails much more than is desirable, producing ALs. Anastomotic healing is
classically divided in three phases that overlap: (1) Inflammatory: the haemostatic clot
forms a matrix that fills the gaps between the edges and the inflammatory infiltrate
arrives. A timed shift from pro- to anti-inflammatory signalling, comprising a
phenotypical switch of immune cells, is important to restrict inflammation to a
physiological limit; (2) Proliferative: fibroblasts migrate to the focus, proliferate and
produce collagen that stabilises the anastomosis, so the suture begins to stop being the
fundamental support; and (3) Maturation or remodelling: full mechanical resistance is
restored by remodelling the collagen type and fibres.

Growth factors, cytokines and cell-to-cell connections mediate communication
between immune and matrix-forming cells. Collagen degrading enzymes, or MMPs,
are highly active during early healing and must be tightly regulated[54]. In the
colorectal area, the microbiome is also a relevant component: certain microbial stems
directly increase MMP activity while other populations seem to have protective
functions[55].

Besides this knowledge, AL in certain cases is not yet clearly understood. Classical
surgical principles for successful digestive anastomosis are a well-nourished patient
with no systemic illness, no faecal or purulent contamination, adequate exposure and
access, gentle tissue handling, absence of tension and distal obstruction, approx-
imation of well vascularised bowel ends and meticulous surgical technique. However,
even if all these are accomplished, AL could appear. The early healing phase is the
most dangerous because AL most often occurs during the first week.

Based in the anastomotic healing physiology, many approaches are currently at
different stages of the translational research process attempting to reduce AL.

(1) In preclinical stage: Selective inhibitors of MMPs[56]; hyperbaric oxygen therapy
[56,57] and induction of the hypoxic adaptive response (with erythropoietin and
VEGF)[56] for perfusion deficits; administration of growth factors (the most studied
IGF-1 and GH)[56]; and anti-inflammatory therapies are being explored. Individu-
alised bowel preparation, also called bowel preparation 2.0, to reduce selectively
certain detrimental flora could become an interesting approach[58]. Finally, as we have
seen, SC therapy is also in this stage.

(2) With published clinical application: approaches aiming to seal the suture line
and/or avoid microbiome or faecal contact. Among them, gluing[59,60], additional
attachment of laminar biomaterials[61] and seaming the staple line (i.e. with
bioabsorbable laminae or bovine pericardium)[62] have shown promise but have not
yet demonstrated positive effects. Temporary intraluminal tubes, such as a transanal
tube, seem to lower AL after rectal resection in the published literature[63]; however,
more trials are needed and its use is very low. Anastomoses performed with
compression devices have shown equivalent AL rates to conventional anastomoses,
although the former are associated with more bowel obstructions[64] and require more
research.

(3) Currently applied or under evaluation: These approaches include established
protective stoma to avoid faecal passage as well as the virtual or ghost ileostomy, a
bowel preparation for easy formation of a stoma in the case of AL, under evaluation
[65]. Intraoperative anastomosis quality control with fluorescence angiography and
flexible endoscopy are also in this stage.

Related to animal models and outcome measures, the principal publications refer to
colorectal anastomoses. In their 2011 systematic review, Pommergaard et al[66]
recommended using mice because they best mimic clinical CAL and rats are relatively
resistant to intra-abdominal infections; however, mice use did not increase. A 2015
systematic review including 1342 studies concluded that animal research on AL is of
poor quality, explaining the difficult translation to humans[67]. To solve this, an
international consensus on the most appropriate animal models and outcome
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measures in lower gastrointestinal tract anastomoses research was developed in 2015
based on Delphi analysis; there is no similar consensus on the upper tract. We
highlight some of its items[68]: (1) Animal model: Mouse, rat and pig are considered
appropriate and rabbit and dog are not validated; rats are preferred to mice; (2)
Location and type of surgery: The small intestine should not be used; resection is
appropriate, but there is no consensus on transection; all types of sutures or staplers
are appropriate; (3) Macroscopic outcomes: AL should always be analyzed; adhesions
to the anastomotic site are relevant, but not abdominal cavity adhesions; (4) Histology:
Is mandatory in healing studies; there are no specific scores; (5) Mechanical assays:
ABP and tensile strength are appropriate; they are comparable within one publication,
but often not between different ones; (6) Biochemistry: This technique provides
additional information; and (7) Animal testing and welfare: The methodology should
be deeply described; randomisation and blinding should be used and the ARRIVE[69]
guidelines should be followed as much as possible.

Analyzing the included publications on colorectal and small bowel anastomoses,
most of them accomplished the aforementioned recommendations. The animals
employed were rats (9) or pigs (2). Two evaluated small bowel anastomoses, which are
not considered appropriate due to inherent physiology, the easy healing in animals,
the different immunobiology and blood supply compared with humans and the low
clinical relevance[68]. All studies included macroscopic and histological evaluation
and all except 2[43,44] ABP. Related to randomisation, blinding and ARRIVE
guidelines compliance, we found frequent methodological weakness in almost all the
studies.

It is important to analyze the highly heterogeneous anastomoses, perforation and
fistula models and their clinical correlations. From a technical point of view, the
described anastomoses simulate the usual surgical practice, except for the one
performed with a high energy sealing device instead of sutures (not used in humans).
Animals seem to be more resistant to AL consequences than humans. Incomplete
anastomoses models, never constructed in surgery, are more directed to study how to
mitigate AL consequences than to analyze AL prevention. Under the extreme
conditions of some high-risk models, such as medium-length ischaemic segments,
colitis as severe as that induced by TNBS or when cytotoxic medication could not be
discontinued; an anastomosis would not be performed in humans. Nevertheless, these
models present AL rates that are comparable to humans. Most important, if SCs could
be effective in these situations, they would probably be even better in more conven-
tional circumstances.

Perforation models are more open to criticism because the injury is followed
immediately by the repair whereas in clinical scenarios, a delay, with peritoneal cavity
contamination and wound border inflammation, exists and affects healing. During
acute inflammation, some factors that could compromise SC survivorship or effects
have been observed (i.e. in faecal incontinence[70]), and there are also fundamental
cytokines for SC homing and activation[71].

Finally, we discuss the proper SC therapy in this unfavourable environment for SC
survival/action (faecal contamination, microbial load, low vascular supply, etc).

(1) Regarding SC characterisation, there is a relative heterogeneity in the isolation
and characterisation protocols. Hence, there are slight differences in the cellular
product composition, a factor that makes it difficult to compare studies. All the studies
were published after 2006, when the International Society for Cellular Therapy
published their position statement in minimal criteria for defining multipotent MSCs
[72]. In addition, most of the studies using ASCs were published after 2013, when
similar international standards were published for ASCs[73]. So, isolation protocols
must be described more clearly, ideally could be more homogeneous, and publications
must specify at least if the minimal international consensus criteria are accomplished.

(2) Another unresolved issue is the best SC delivery system, which influences SC
survival, targeting and function in tissues. We analyze systems employed in this field:

The most employed is local injection. SC products can be prepared as simple
suspensions (in saline solution, Ringer’s solution, efc) or combined with biological
products (fibrin, thrombin, collagen or gelatine) or biomaterials. SCs could be injected
directly into the tissue or sealing a space or fistula within other substances. The
delivered doses could be more controlled compared to methods such as biosutures. It
is very useful for solid organs or strong structures like skeletal muscle but less useful
in thin structures (like some digestive viscera wall) because it is more difficult to apply
or exceeds the viscera’s capacity. For example, we observed clusters, with SC loss,
outside the sphincter in our faecal incontinence experiments[70], and other authors
have described insufficient cell retention.
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Cell sheet is an advance to improve cell retention and integration. They are
prepared on special culture dishes coated with a temperature-responsive polymer that
changes from being hydrophobic to hydrophilic when the temperature is lowered.
Sheets can be removed as one piece without enzymatic treatment, preventing
destruction of cell interactions and with intact extracellular matrix[74,75]. They have
been used successfully to improve healing in several fields (i.e. heart, trachea, skin,
cornea)[76]. In digestive anastomoses/sutures, sheets spontaneously adhere to the
serosa rapidly and may help to seal the anastomosis[40]. Future studies will clarify if
this approach could be better than injections.

Our group developed biosutures[32] aiming to place SCs directly at the injury and
to improve engraftment rates. We applied them in colorectal[32,36] and tracheal[31]
anastomoses or anal sphincters[70]. They have been applied mainly in tendon repair
[77] but also in organs such as the heart[78,79]. No evidence exists about the best dose
or the minimal “clinically active’. With 1.5 x 10° ASCs, we found that SCs tend to form
‘clusters” over the suture, in culture medium and remained adhered after their use
[70]. Some modifications have been proposed: to improve cell adherence, Yao et al[80]
added poly-L-lysine and fibronectin; Horvathy et al[81] covered previously sutures
with albumin; and Casado et al[82] employed pre-treatments with gelatine and NaOH.
Muraoka et al[83] added growth factors such as myostatin. Other authors have tested
sutures solely impregnated by platelet-rich plasma[84,85] or VEGF[86] with interesting
results. Therefore, more studies on biosuture preparation and potential adjuvants are
needed.

Topical administration has the disadvantages of poor control of the actual
administered SC dose and the very high inter-individual variability.

Systemic (IV) administration has the problem of actual homing. Many studies have
described high SC homing to injury foci but others have described very low homing
[87]. Directing all administered SCs to the injury, avoiding homing to other organs,
seems to be very difficult to achieve.

Other potential approaches are to combine SCs with biomaterials or add SCs to
mechanical anastomosis devices (i.e. to staple line reinforcements).

(3) Regarding SC doses, more publications are needed to define the best dose or at
least a minimal value in which therapeutic effects appear.

(4) Another important issue is SC survival in the anastomotic area. The 8 studies
analyzing whether there were cells with different SC markers were able to detect them.
Nevertheless, there are contradictory findings in similar fields like faecal incontinence,
with some studies not able to find cells with SC markers[88,89].

(5) There are many remaining questions concerning the mechanism of action of SCs.
We are going to focus on MSCs. It is possible that other SCs, such as myogenic SCs,
have a greater role based on differentiation, but MSCs probably base their function
mostly on immunomodulation, anti-inflammatory and angiogeneic capabilities,
reducing fibrosis and stimulating resident progenitor cells as all the included studies
mention. The immunomodulatory capability of MSCs is based on inhibition of T cell
and B cell proliferation and dendritic cell maturation[90] and in the secretion of a large
number of cytokines[91]. As some examples, Németh et al[92] observed that MSCs
attenuated sepsis by macrophage reprogramming to increase IL-10, a cytokine that
decreases neutrophil migration and Georgiev-Hristov et al[31] found an early change
from acute to chronic inflammation with ASCs (neutrophil descent and macrophage
increment) in tracheal anastomosis.

To improve SC survival and function in tissues, different strategies have been
employed: (1) Combine SCs or their vehicles with cytokines and growth factors, for
example, through SCs plasmid transfection or stimulating local production using
surgical injury or electricity[93-95]; (2) Induce the expression of paracrine factors (i.e.
angiogenic or growth factors) by SC genetic modification, which has been successfully
used in various animal models of diseases[96]; and (3) Use MSC exosomes, which are
nanoscale extracellular vesicles fundamental in intercellular communication and could
be responsible for multiple MSCs therapeutic effects. Exosomes can be used to modify
MSC functions[97] and open the field of a novel SC-derived, cell-free therapy[98].

To achieve true ‘regeneration’” of anastomotic tissue with SCs, we need to teach
them to differentiate efficiently. Then, we must integrate them in an appropriate
delivery system. Finally, a blood supply and innervation need to be generated to allow
their integration in the whole organ.

(6) The last critical question is about safety. Preclinical studies and the published
clinical experiences have confirmed an adequate safety profile. Our teams have
participated in 13 clinicals trials with more than 500 patients receiving autologous or
allogeneic local ASCs in digestive fistulising diseases[23-26]; this research has led to
the marketing authorization of the first human SC therapy by the European Medicines
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Agency, darvadstrocel.

Although there are many potential side effects using SCs, the most worrisome is a
possible role in carcinogenesis. We are going to focus on MSCs. Some researchers have
observed that MSCs cultured for a long time may develop malignant changes and
even tumours in mice[99]. However, subsequent publications attributed those findings
to tumour cell cross-contamination[100,101], other studies did not detect it under
extreme culture conditions and it has never been observed in vivo. The relationship
between SCs and tumours is contradictory, as has been reviewed by Ramdasi et al[102]
and Timaner ef al[103]. MSCs have enhanced tropism towards tumours and pro-
tumour (growing, angiogenesis, immunomodulation, etc)[104,105] and anti-tumour
(apoptosis, proliferation inhibition, etc)[106] properties. This relationship depends on
factors like the type of MSCs; the type of cancer cells; in vivo or in vitro conditions; the
MSC secretome; and interactions between MSCs, host immune cells and cancer cells. A
possible key factor is related to time: when MSCs are administered with an existing
tumour, a suppressive effect has been observed[107], but in some studies with co-
administration, tumour growth was higher[108]. Tropism to tumours has been
exploited for therapy in experimental models, as reviewed by Chulpanova et al[109]
and Babajani et al[110], and in some preliminary clinical trials[111]. In conclusion, the
accumulated preclinical and clinical experience seems to warrant the oncogenic safety
of MSCs, but more studies and more long-term follow-up are needed to exclude
definitively all the risks.

Regarding other complications, the first clinically severe adverse events potentially
relatable to SCs have been reported recently. Three women with macular degeneration
developed complications, including vision loss, detached retinas and bleeding, after
receiving ‘ASCs’ (it was really stromal vascular fraction mixed with blood plasma and
large numbers of platelets) and remained totally blind[112]. Another case of bilateral
retinal detachment was reported[113]. The highly controlled environment of clinical
trials is imperative to avoid lamentable events like these.

To finalize, the main limitation of this study is its own nature; we have presented a
descriptive review because we consider that there are very few published studies and
that they are too heterogeneous to perform a systematic review or meta-analysis.

CONCLUSION

AL is more frequent than desirable despite advances in technology and surgery and
may have devastating consequences, so alternative approaches are needed to reduce
its incidence. SC therapies have the exciting potential to improve anastomotic healing
and different strategies have been explored in preclinical studies.

MSCs from adipose tissue or bone marrow have been the most investigated in
different animal models. In general, the 18 published studies have confirmed safety
and have shown some encouraging morphological, functional and even clinical
results.

More knowledge about SCs and healing biology, and more data on preclinical
models (related to SC type, dosage, deliver system and adjuvants, among other topics)
are needed to establish definitively efficacy and safety prior to testing in humans in
rigorously designed clinical trials. Only research and time will determine SC therapy
for preventing AL can become a reality.

ARTICLE HIGHLIGHTS

Research background

Digestive tract anastomoses and sutures are prone to leakages even if all the classical
surgical principles for a successful anastomosis are accomplished. Leakage rates have
remained almost unchanged for the last decades and usually associate high morbidity
and mortality. Leakages are usually due to failed healing. Stem cells (SCs) have
emerged as a promising tool to enhance healing in a wide variety of experimental and
clinical settings, including particularly unfavorable environments such as anal fistulas
and Crohn’s disease. Since 2008, SCs have been proven as an alternative to improve
anastomoses outcomes.

Research motivation
To know if SC therapy could improve postoperative healing mechanisms in digestive
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anastomosis and sutures in the published literature. If this hypothesis is correct, many
patients would benefit from better surgical outcomes reducing morbidity and
mortality.

Research objectives

To review the published literature related to SC use for digestive anastomoses and
sutures and the registered clinical trials. When this manuscript was confected, there
was only one published review including studies published prior to September 2014.
This is important for possible future investigations on the field.

Research methods
PubMed, Science Direct, Scopus and Cochrane searches were performed using the key

”oou ”oou

words “anastomosis”, “colorectal/colonic anastomoses”, “anastomotic leak”, “stem
cells”, “progenitor cells”, “cellular therapy” and “cell therapy” in order to identify
relevant articles published in English and Spanish during the period 2000-2021. The
United States and European Union (EU) official registries of clinical trials, Clinical-
Trials.gov and EU Clinical Trials Register, were also searched. Studies employing SCs,
performing digestive anastomoses or perforation sutures and monitoring healing were
finally included. Reference lists from the selected articles were reviewed to identify
additional pertinent articles. Given the great variability in the study designs, animal
and anastomotic models, interventions (SCs, doses and vehicles) and outcome
measures, performing a reliable meta-analysis was considered impossible, so we
present the studies, their results and limitations in a descriptive way.

Research results

Eighteen preclinical studies and three review papers were identified; there are no
published clinical studies or registered clinical trials. Colon and colorectal
anastomoses are the most frequently examined (ten studies) and rats (12 studies) are
the mostly employed animals followed by pigs (4). Three anastomotic models have
been described: conventional (4 studies), high risk of AL (8) and insufficient (2); gastric
perforation models either included (2 studies) or did not include (1) repair. Most
analyzed SCs were Mesenchymal (16 studies); cell transplant was autologous in 8
studies, allogeneic in 7 and xenogeneic in 2 (human); SCs dosage ranged from 5 x 10°
to 1 x 10" and delivery routes were mainly local injections (7) and cell sheets (4)
followed by biosutures (sutures coated by SCs) or purely topical (2 studies each one).
Random assignation of treatments was applied only in 3 publications and blinded
evaluations were scarce.

Related to outcome measures, the most frequent evaluation periods were in the first
week (9 studies) or during the first month (5). All studies evaluated morphologically
the abdominal cavity and/or anastomosis or digestive sutures, and eleven out of 17
analyzed anastomotic or suture strength with bursting pressure evaluation.

All investigations confirmed the safety and absence of relevant adverse events
attributable to SCs. It must be highlighted the relatively low rate of severe complic-
ations and the extremely low mortality rate reported.

In general, good and encouraging morphological (mainly histological, nearly all the
studies), functional (8 studies positive and 3 without effect) and even clinical results
have been observed as well as some data suggesting regeneration. Clinically, five
studies reported significant lower AL incidence, five fewer adhesions, four fewer
abscesses and one less mortality. Eight studies analyzed SC labelling and confirmed
SC survival in this potentially septic area.

As potential weaknesses, animal models need to be improved to make them more
comparable, and the SC isolation processes need to be standardised.

Research conclusions

There is notable heterogeneity in the studies, making them difficult to compare.
Further investigations are needed. The future role of SC therapy in digestive
anastomoses/sutures still needs to be determined and seems to be currently far from
clinical use.

Research perspectives

In the experimental setting SCs applied to digestive anastomosis or perforation healing
have been proven to be safe and may be potentially effective. Areas needing further
studying would be: Defining the best model of anastomosis healing; Obtaining deeper
knowledge about SCs mechanism of action; Improving SC delivery, survival and
function (cytokine or molecule addition, etc.); Supplying SCs through minimally
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invasive methods; Determining the indications, adjuvants, real efficacy and to confirm
safety and definitely discard oncological concerns.

This review suggests that more studies on animal models and with better statistical
quality are needed prior to human use. Only in this case SC therapy could be tried on
humans in highly controlled settings as clinical trials.
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Abstract

Mesenchymal stem cells (MSCs) have the potential for use in cell-based
regenerative therapies. Currently, hundreds of clinical trials are using MSCs for
the treatment of various diseases. However, MSCs are low in number in adult
tissues; they show heterogeneity depending upon the cell source and exhibit
limited proliferative potential and early senescence in in vitro cultures. These
factors negatively impact the regenerative potential of MSCs and therefore restrict
their use for clinical applications. As a result, novel methods to generate induced
MSCs (iMSCs) from induced pluripotent stem cells have been explored. The
development and optimization of protocols for generation of iMSCs from induced
pluripotent stem cells is necessary to evaluate their regenerative potential in vivo
and in vitro. In addition, it is important to compare iMSCs with primary MSCs
(isolated from adult tissues) in terms of their safety and efficacy. Careful invest-
igation of the properties of iMSCs in vitro and their long term behavior in animals
is important for their translation from bench to bedside.

Key Words: Induced mesenchymal stem cells; Induced pluripotent stem cells; Regenerative
potential; Pluripotent; Multipotent; Clinical studies
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explored in a number of preclinical and clinical studies for the treatment of various
diseases and disorders. However, factors such as low number of MSCs in donor
tissues, heterogeneity, limited in vitro proliferative potential and early senescence in in
vitro cultures restrict MSC use clinically. Novel methods to generate induced MSCs
from induced pluripotent stem cells have been explored. Development and optimi-
zation of such protocols is necessary to evaluate the regenerative potential of induced
MSC:s in vivo and in vitro.
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TO THE EDITOR

An interesting article was recently published by Dupuis and Oltra[1] in the “World
Journal of Stem Cells” about the generation of induced mesenchymal stem cells (iMSCs)
from induced pluripotent stem cells (iPSCs). The authors highlighted the importance
of production of iMSCs to overcome the problems related to primary MSCs derived
from adult tissues. In this regard, they summarized the protocols of iMSC generation
from iPSCs. In addition, they discussed the common and method-specific culture
components and materials required for iMSC generation. We appreciate the idea of
discussion of the current protocols for iMSC generation specifically dividing the
available protocols into categories such as MSC switch method, embryoid body
formation method, specific differentiation method, pathway inhibitor method and
platelet lysate method. However, certain points especially the terminology used, and
the information provided is arguable.

MSCs are one the best characterized types of adult stem cells. MSCs can be isolated
easily from various adult autologous tissues (such as adipose tissue, bone marrow, efc.
) as well as neonatal tissues (such as umbilical cord tissue, umbilical cord blood, etc.).
Due to their regenerative potential, MSCs are currently the focus of cell-based therapy
for various diseases and disorders. As a result, a significant number of clinical trials
have been registered using MSCs to evaluate their safety and efficacy for future
clinical use in myocardial infarction, stroke, meniscus injury, limb ischemia, graft-
versus-host disease, skin diseases and autoimmune disorders as well as for wound
healing and aesthetic applications (www.clinicaltrials.gov).

The factors such as low number of MSCs in adult tissues, age and donor-related
heterogeneity, limited proliferative potential and early senescence in in vitro cultures
restrict MSC use for research as well for clinical applications[2]. As a result, there has
been a great interest in generating MSCs from alternative sources. One such novel
alternative method is to generate MSCs (iMSCs) from iPSCs[3,4]. iPSCs are a well-
characterized source of pluripotent cells. iPSCs are derived by genetic reprogramming
of various types of adult somatic cells to an embryonic stem cell-like state. Forced
expression of pluripotent genes (such as OCT3/4, Sox2, Klf4, c-myc) convert somatic
cells into pluripotent cells. Theoretically, iPSCs have unlimited proliferative potential
and ability to differentiate into large numbers of tissues. The generation of iPSCs from
mouse fibroblasts was first reported by Takahashi and Yamanaka[5] in 2006. Later,
human iPSCs were independently generated by Takahashi et al[6] from human
fibroblasts[6]. iPSCs are an ideal source of cells for generation of patient specific cells
without any ethical and legal concern. Development and optimization of protocols to
generate iMSCs from iPSCs is important to overcome the problems associated with
primary MSCs isolated from adult tissues. In addition, it is necessary to evaluate
regenerative potential of iMSCs in vivo and in vitro before their clinical applications.
Careful investigation of the biological properties of iMSCs in vitro and their long term
behavior in animals is imperative for their translation from bench to bedside.

The manuscript by Dupuis and Oltra[1] used the term “adult pluripotent stem cells”
for MSCs, which is debatable and requires attention. MSCs are multipotent stem cells,
although very few studies have identified a subpopulation of very small embryonic-
like stem cells (pluripotent) in MSC cultures[7]. In addition, the use of the term
“multipotent” for iPSCs may be a typo error. Furthermore, the authors have frequently
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used the term “differentiation” for conversion of iPSCs into iMSCs. We are in the view
that the use of such terminology may create confusion for readers especially for those
who are not the subject specialist. The term differentiation (i.e. differentiation of iPSC
into iMSCs) is somewhat misleading, as MSCs (iMSCs) are “stem cells,” undifferen-
tiated cells with the potential to differentiate into other types of cells. Therefore,
appropriate terminology such as conversion, derivation or production seems more
suitable for description of iMSCs when obtained from iPSCs.

The authors in the study[1] have only discussed iMSCs based on the cell surface
markers. The International Society for Cellular Therapy[8] has recommended the
minimum criteria for defining MSCs. According to the International Society for
Cellular Therapy, MSCs must exhibit the following attributes: (1) Plastic adherent
growth when maintained in standard culture conditions; (2) Positive expression of
CD105, CD73 and CD90; (3) Negative expression of hematopoietic lineage surface
markers (CD45, CD34, CD14 or CD11b, CD79a or CD19) and HLA-DR; and (4) In vitro
tri-lineage (osteoblasts, adipocytes, chondroblasts) differentiation capability. To make
their review article more comprehensive and for better understanding of iMSCs, more
relevant information about other MSC attributes (especially tri-lineage differentiation)
suggested by the International Society for Cellular Therapy is desirable.

In addition, the study by Dupuis and Oltra[1] discussed the factors associated with
restricted use of MSCs for clinical applications. However, there is no discussion of how
the use of iMSCs will overcome these problems. From the rationale of the study, it was
expected that there will be proper information showing suitability of iMSC use for
patients.

iPSCs are derived from various tissues as described in the study. Do iMSCs derived
from different iPSCs lines show the same characteristics? What is the behavior of
iMSCs in long-term cultures? Furthermore, the protocols described in the review
manipulate the cell culture environment, and therefore their safety for clinical use is
questionable. The discussion of relevant challenges in the use of iMSCs and future
perspectives could possibly highlight the importance of careful research and use in
patients.

iMSCs are a next generation alternative source of stem cells with potential
therapeutic applications in regenerative medicine[3,4,9]. iPSC-derived iMSCs could
significantly elevate the therapeutic values for clinical applications. However, there are
a number of challenges ahead that need to be addressed before their clinical use. One
such challenge is their proper characterization and development and optimization of
reliable and efficient protocols for consistent production of a homogenous population
of iMSCs. The behavior of iMSCs in in vitro cultures especially in long-term cultures
and in vivo in animal studies needs to be addressed for better understanding of their
safety. In addition, it is important to compare iMSCs with MSCs (isolated from adult
tissues) in terms of their safety and efficacy in preclinical and clinical studies. Overall,
the search for suitable alternative sources of MSCs are the focus of current research to
minimize associated problems. However, careful investigation of new methods for
development of MSCs (iMSCs) is the key for successful translation of clinical research
from bench to bedside.

REFERENCES

1 Dupuis V, Oltra E. Methods to produce induced pluripotent stem cell-derived mesenchymal stem cells:
Mesenchymal stem cells from induced pluripotent stem cells. World J Stem Cells 2021; 13: 1094-1111
[PMID: 34567428 DOI: 10.4252/wjsc.v13.18.1094]

2 Wang YH, Tao YC, Wu DB, Wang ML, Tang H, Chen EQ. Cell heterogeneity, rather than the cell
storage solution, affects the behavior of mesenchymal stem cells in vitro and in vivo. Stem Cell Res
Ther 2021; 12: 391 [PMID: 34256842 DOI: 10.1186/s13287-021-02450-2]

3 Rogers RE, Haskell A, White BP, Dalal S, Lopez M, Tahan D, Pan S, Kaur G, Kim H, Barreda H,
Woodard SL, Benavides OR, Dai J, Zhao Q, Maitland KC, Han A, Nikolov ZL, Liu F, Lee RH,
Gregory CA, Kaunas R. A scalable system for generation of mesenchymal stem cells derived from
induced pluripotent cells employing bioreactors and degradable microcarriers. Stem Cells Transl Med
2021; 10: 1650-1665 [PMID: 34505405 DOI: 10.1002/sctm.21-0151]

4 Zhao Q, Gregory CA, Lee RH, Reger RL, Qin L, Hai B, Park MS, Yoon N, Clough B, McNeill E,
Prockop DJ, Liu F. MSCs derived from iPSCs with a modified protocol are tumor-tropic but have
much less potential to promote tumors than bone marrow MSCs. Proc Natl Acad Sci U S 4 2015; 112:
530-535 [PMID: 25548183 DOI: 10.1073/pnas.1423008112]

5 Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and adult
fibroblast cultures by defined factors. Cell 2006; 126: 663-676 [PMID: 16904174 DOI:
10.1016/j.cell.2006.07.024]

WJSC | https://www.wjgnet.com 144 January 26,2022 | Volume14 | Issuel |


http://www.ncbi.nlm.nih.gov/pubmed/34567428
https://dx.doi.org/10.4252/wjsc.v13.i8.1094
http://www.ncbi.nlm.nih.gov/pubmed/34256842
https://dx.doi.org/10.1186/s13287-021-02450-2
http://www.ncbi.nlm.nih.gov/pubmed/34505405
https://dx.doi.org/10.1002/sctm.21-0151
http://www.ncbi.nlm.nih.gov/pubmed/25548183
https://dx.doi.org/10.1073/pnas.1423008112
http://www.ncbi.nlm.nih.gov/pubmed/16904174
https://dx.doi.org/10.1016/j.cell.2006.07.024

Jaishideng®

Choudhery MS et al. Conversion of iPSCs into iMSCs

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, Yamanaka S. Induction of
pluripotent stem cells from adult human fibroblasts by defined factors. Cel/ 2007; 131: 861-872
[PMID: 18035408 DOI: 10.1016/j.cell.2007.11.019]

Bhartiya D. Are Mesenchymal Cells Indeed Pluripotent Stem Cells or Just Stromal Cells? Stem Cells
Int 2013; 2013: 547501 [PMID: 24187558 DOI: 10.1155/2013/547501]

Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D, Deans R, Keating A,
Prockop Dj, Horwitz E. Minimal criteria for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement. Cytotherapy 2006; 8: 315-317 [PMID:
16923606 DOI: 10.1080/14653240600855905]

Guo NN, Liu LP, Zheng YW, Li YM. Inducing human induced pluripotent stem cell differentiation
through embryoid bodies: A practical and stable approach. World J Stem Cells 2020; 12: 25-34 [PMID:
32110273 DOI: 10.4252/wjsc.v12.11.25]

WJSC | https://www.wjgnet.com 145 January 26,2022 | Volume14 | Issuel |


http://www.ncbi.nlm.nih.gov/pubmed/18035408
https://dx.doi.org/10.1016/j.cell.2007.11.019
http://www.ncbi.nlm.nih.gov/pubmed/24187558
https://dx.doi.org/10.1155/2013/547501
http://www.ncbi.nlm.nih.gov/pubmed/16923606
https://dx.doi.org/10.1080/14653240600855905
http://www.ncbi.nlm.nih.gov/pubmed/32110273
https://dx.doi.org/10.4252/wjsc.v12.i1.25

JRnishideng®

Published by Baishideng Publishing Group Inc
7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA
Telephone: +1-925-3991568
E-mail: bpgoffice@wijgnet.com
Help Desk: https://www.t6publishing.com/helpdesk

https:/ /www.wjgnet.com

© 2022 Baishideng Publishing Group Inc. All rights reserved.


mailto:bpgoffice@wjgnet.com
https://www.f6publishing.com/helpdesk
https://www.wjgnet.com

