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Preface

While there is a great interest in understanding fundamental aspects of the cell
and molecular biology of stem cells, a key goal is to be able to harness this
understanding in tissue repair, regeneration, and restoration of function in
disease states. Realizing the potential of stem cells for therapeutic benefits in
specific diseases and conditions will require detailed disease-specific
approaches and trials, but lessons can be learned by comparisons of results
and advances being made across diverse tissues, organs, and disease states.

With the latter goals in mind, I am very pleased to introduce the second
volume in the new series titled Cell Biology and Translational Medicine
(CBTMED), part of Springer Nature’s long-standing and very successful
Advances in Experimental Medicine and Biology book series. Each volume
of the CBTMED series will cover emerging areas of regenerative medicine
and translational aspects of stem cells. For this second volume, I have
recruited outstanding researchers to highlight developments in both the
basic research and clinical arenas for a variety of diseases and conditions.

I remain very grateful to Peter Butler, Editorial Director, and Meran Lloyd-
Owen, Senior Editor, for their ongoing support of this series that we have
embarked upon.

I would also like to acknowledge and thank Sara Germans-Huisman,
Assistant Editor, for her outstanding efforts in getting the volume to the
production stages.

Finally, I thank the contributors not only for their support of the series but
also for their efforts to capture both the advances and remaining obstacles in
their areas of research. I am grateful for their efforts and trust readers will find
their contributions interesting and helpful.

Ottawa, ON, Canada Kursad Turksen

v



Contents

Stem Cell and Obesity: Current State and Future
Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Moloud Payab, Parisa Goodarzi, Najmeh Foroughi Heravani,
Mahdieh Hadavandkhani, Zeinab Zarei, Khadijeh Falahzadeh,
Bagher Larijani, Fakher Rahim, and Babak Arjmand

A Comprehensive Review of Stem Cells for Cartilage
Regeneration in Osteoarthritis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
Gauthaman Kalamegam, Adnan Memic, Emma Budd,
Mohammed Abbas, and Ali Mobasheri

Exploring Stem Cells and Inflammation in Tendon
Repair and Regeneration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
A. Vinhas, M. T. Rodrigues, and M. E. Gomes

Therapeutic Potential of Mesenchymal Stem Cell-Derived
Exosomes in the Treatment of Eye Diseases . . . . . . . . . . . . . . . . . . 47
C. Randall Harrell, Bojana Simovic Markovic, Crissy Fellabaum,
Aleksandar Arsenijevic, Valentin Djonov, Nebojsa Arsenijevic,
and Vladislav Volarevic

Transplantation and Alternatives to Treat Autoimmune
Diseases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
Pravin Shende, Bernice Rodrigues, and R. S. Gaud

Therapeutic Applications of Mesenchymal Stem Cells
for Systemic Lupus Erythematosus . . . . . . . . . . . . . . . . . . . . . . . . 73
Jianyong Xu

Potential Use of Stem Cells in Mood Disorders . . . . . . . . . . . . . . . 87
Gabriela D. Colpo, Laura Stertz, Breno S. Diniz,
and Antonio L. Teixeira

Cancer Stem Cells in Metastasis Therapy . . . . . . . . . . . . . . . . . . . 97
Esra Aydemir Çoban and Fikrettin Şahin

Regenerative Medicine Applications of Mesenchymal
Stem Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
Samaneh Hosseini, Leila Taghiyar, Fatemeh Safari,
and Mohamadreza Baghaban Eslaminejad

vii



Stem Cells Application in Thoracic Surgery: Current
Perspective and Future Directions . . . . . . . . . . . . . . . . . . . . . . . . . 143
Francesco Petrella and Lorenzo Spaggiari

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

viii Contents



Adv Exp Med Biol – Cell Biology and Translational Medicine (2018) 2: 1–22
https://doi.org/10.1007/5584_2018_227
# Springer International Publishing AG, part of Springer Nature 2018
Published online: 7 June 2018

Stem Cell and Obesity: Current State
and Future Perspective

Moloud Payab, Parisa Goodarzi, Najmeh Foroughi Heravani,
Mahdieh Hadavandkhani, Zeinab Zarei, Khadijeh Falahzadeh,
Bagher Larijani, Fakher Rahim, and Babak Arjmand

Abstract

Obesity as a worldwide growing challenge is
determined by abnormal fat deposition, which
may damage general health. Weight loss and
control of related risk factors like type2 diabe-
tes, dyslipidemia, hypertension, cardiovascu-
lar diseases, and metabolic syndrome is an
important concern in obesity management.
Different therapeutic approaches such as life-
style change, medications, and surgery are
introduced for obesity treatment. Despite of
gaining partially desirable results, the problem

is remained unsolved. Therefore, finding a
new approach that can overcome previous
limitations is very attractive for both
researchers and clinicians. Cell-based therapy
using adipose-derived stromal cells seems to
be a promising strategy to control obesity and
related syndromes. To attain this aim, under-
standing of different type of adipose tissues,
main signaling pathways, and different factors
involved in development of adipocyte is essen-
tial. Recently, several cell-based methods like
stem cell administration, brown adipose tissue
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transplantation, cell lysates and exosomes
have been examined on obese mouse models
to manage obesity and related disorders. Suc-
cessful outcome of such preclinical studies can
encourage the cell-based clinical trials in the
near future.

Keywords

Adipocyte · Adipose tissue · Animal models ·
Cell therapy · Mesenchymal stem/stromal
cells · Obesity

Abbreviations
ADAMTS5 A disintegrin and

metalloproteinase with
thrombospondin motif 5

ADSC Adipose derived mesenchymal
stem cells

AKR1B10 Aldo-keto reductase family
1 member B10

aP2 Adipocyte protein 2
ASCs Adipose derived-stem cells
BAT Brown adipose tissue
BMI Body mass index
BM-MSCs Bone marrow mesenchymal stem

cells
BMP4 Bone morphogenic protein 4
C/EBP α
(A)/β/δ

CCAAT/enhancer-binding protein
α/β/δ

CB-MSC Umbilical cord blood-
mesenchymal stem cell

CB-plasma Cord blood plasma
CD24 Cluster of differentiation 24
Cidea Cell death-inducing DFFA-like

effector a
CIT Cold induced thermogenesis
Cox2 Cyclooxygenase 2
CRE cAMP response element
CXCL3 Chemokine(C-X-C motif) ligand3
DIO Diet-induced obese
DIT Diet-induced thermogenesis
Dlk1 Delta like non-canonical notch

ligand 1
EBF2 Early B cell factor 2
EHMT1 Euchromatic histone lysine

methyltransferase 1

ENG Endoglin (protein)
ERK Extra cellular receptor kinase
ES Embryonic stem cell
EVs Extracellular vesicles
FDA Food and drug administration
FGF10 Fibroblast growth factor 10
FPG Fasting plasma glucose
FTO Fat mass and obesity associated

(gene)
H3K9 Histone H3 lysine 9
HDL High-density lipoprotein
HFD High-fat diet
Hh Hedgehog
HOXC8 HomeoboxC8
IDF International diabetes federation
IGF1 Insulin-like growth factor1
IL6 Interlukine 6
LOX lysyl oxidase
M-BA MSC-derived BAT
Mef2 Myocyte enhancer factor 2
miR-196a MicroRNA 196a
miRNAs MicroRNAs
MSC Mesenchymal stem cells
Myf5 Myogenic factor 5
NICD Notch intracellular domain
NRs Number of nuclear receptors
Pax7 Paired box 7
PDGF Platelet-derived growth factor
PDGPR α /
b

Platelet derived growth factor
receptor α/β

PGCα Peroxisome proliferator-activated
receptor-gamma coactivator α

PLIN Perilipin
PPAR-γ/G Peroxisome proliferator-activated

receptor-γ
PPRE PPAR response element
PRb/Rb Retinoblastoma protein/

retinoblastoma
PRDM16 PR domain containing 16
PREF1 Preadipocyte factor 1
RARE Retinoic acid response element
RIP Receptor interacting protein
SAT Subcutaneus white adipose tissue
SMA Spinal muscular atrophy
STAT3 Signal transducers and activators

of transcription 3
TC1 Immune response regulator
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TNFα Tumor necrosis factor α
TRE Thyroid response element
TGFβ Transforming growth factor beta
UCP1 Uncoupling protein 1
VAT Visceral white adipose tissue
VEAT Visceral endothelial adipose tissue
WAT White adipose tissue
WHO World health organization
Wisp2 Inducible signaling path-way pro-

tein 2
WNT1 Wingless-type MMTV integration

family member 1
Zfp516 Zinc finger protein 516
P107 Retinoblastoma-like 1

1 Introduction

Obesity is now a global problem and it is called
“Globesity” which means many people around
the world suffer from this disease (Pietrabissa
et al. 2012). Obesity is defined as abnormal or
excessive fat accumulation that presents a risk to
health [WHO]. The rate of obesity has risen in
recent decades and it is predicted to rise even
more because of changing lifestyle and demogra-
phy. In 2016, more than 650 million adults were
obese [WHO]. A review study has estimated the
range of overweight and obesity among Iranian
adults as 27%–38.5% and 12.6%–25.9% respec-
tively (Jafari-Adli et al. 2014).

Obesity is an important risk factor for type2
diabetes, dyslipidemia, hypertension, cardiovas-
cular disease, and some types of cancers
(Matsushita and Dzau 2017; Narayanaswami
and Dwoskin 2017; Payab et al. 2014; Payab
et al. 2017b). Another associated disorder is Met-
abolic Syndrome which is defined by IDF as
central obesity plus any 2 of these 4 parameters:
raised triglycerides, reduced HDL cholesterol,
raised blood pressure, raised FPG. Thus, obesity
can increase the risk of metabolic syndrome
(Pi-Sunyer 2009). The life-threatening increase
in obesity evoked some main strategies to control
it: lifestyle modification, taking medication, and
undergoing surgery(Petroni et al. 2017). These

conventional methods have some considerable
advantages for treatment and management of obe-
sity for instance an average weight loss of 7 to
10Kg in 6 months by lifestyle modification,
providing additional weight loss and positive
effects on several metabolic parameters such as
systolic blood pressure and total cholesterol by
taking medication and a dramatic weight loss
along with the rapid remission of type 2 diabetes
mellitus by surgery (Yanovski and Yanovski
2014). Nonetheless, there are a number of
limitations in the long-term efficacy and safety
of these types of treatments such as return of
lost weight,adverse effects and invasiveness
respectively (Pories 2008).

Despite all the significant achievements of the
mentioned methods, the obesity is still a major
health problem which is needed to develop a
novel treatment to enhance the effectiveness of
obesity treatment. Nowadays, cell-based products
propose promising advances in treatment of sev-
eral disorders. Accordingly, clinical application
of different types of stem cells can help scientists
and clinicians to treat diseases include diabetes,
disc degeneration, neurodegenerative disorders
and obesity (Aghayan et al. 2017). Mesenchymal
stem cells (MSCs) are multipotent cells which are
considered to be common applicable type of stem
cells. These cells can be derived from various
sources like bone marrow, blood, umblical cord
tissue and adipose tissue and can differentiate into
several cell types like chondrocytes, osteoblasts,
adipocytes and myoblasts (Augello and De Bari
2010; Tarte et al. 2010). Adipose derived mesen-
chymal stem cells (ASCs) are considered to be
more beneficial, compared to bone marrow
derived mesenchymal stem cells: human subcuta-
neous adipose tissue can be accessed easily and
repetitively, the isolation procedure is rather sim-
ple, minimally invasive and it provides a large
number of isolated cell (Aghayan et al. 2015;
Thirumala et al. 2009).

MSCs play an essential role in adipogenesis
which is a fundamental part in obesity and this
makes them a potential target for therapeutic use
(Baptista et al. 2015). In addition, these cells can
be used to find a new way of controlling obesity
in vitro and in vivo (Lee et al. 2017; Matsushita
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2016). There are complex signaling pathways of
adipogenesis from MSCs and many studies have
determined the pathways governing MSC
adipogenesis and realize therapeutic strategies
for obesity (James 2013). Much researches have
been carried out into the heterogeneity and
properties of different white adipose tissue depots
and ASCs to find suitable potentials for treatment
of obesity (Cleal et al. 2017). Another research
area is MSC differentiation into brown adipocyte
which is reported to improve obesity hence this
sounds promising to identify therapeutic
strategies (Vargas-Castillo et al. 2017). However,
our knowledge in these fields is not enough as
there are contrasts in many results of related stud-
ies. MSCs can hopefully be a therapeautic alter-
native for obesity and further studies are expected
to shed some light on all the complexities and
open possibilities for a novel treatment for obe-
sity. The authors in this review are trying to show
that what are the ultimate results of the related
studies and provide a future direction for more
researches leading to clinical application of a safe
and efficient type of stem cells for obesity
treatment.

2 Adipose Tissue as a Secretory
Organ

Adipose tissue can be found in mammals and
especially in humans. There are two types of
adipose tissue that differ in function, structure,
color and position:1) white adipose tissue
(WAT) and itself includes visceral white adipose
tissue (VAT) and subcutaneus white adipose tis-
sue (SAT), 2) brown adipose tissue (BAT). More-
over, investigators have disovered another type of
adipose tissue, the color of which is between BAT
and WAT and it is called beige adipose tissue
(brite adipose tissue) (Illouz et al. 2011). All of
them are differentiated from an identical origin,
MSC. First of all, MSC which can differentiate
into adipocyte, osteoblasts, myoblasts, and con-
nective tissue is isolated from various tissues like
bone marrow and adipose tissue. Secondly, MSC
results in adipoblast that differentiates into brown

and white preadipocyte in the presence of specific
stimuli. After that, preadipocyte differentiates
into brown or white adipocyte (Fig. 1 ;Esteve
Rafols 2014).

Some of the main duties of the adipose tissue
are energy storage, shock absorption, thermal
insulation. Additionally, adipose tissue acts as a
secretory organ. In fact, due to the link between
obesity and metabolic syndrome, attention is also
drawn to the adipose tissue system. Adipose tis-
sue secretes proteins which are generally called
adipokine include leptin, adiponektine,
interlukine 6 (IL6) (Anderson et al. 2003),
tumor necrosis factor α (TNFα) and resistine
(Gao et al. 2018). They can be made by
adipocytes and skeletal muscle cells. Adipokines
can perform different physiological activities. In
fact, they can be transmitted through the paracrine
system to various organs such as the lungs, heart,
the skeletal muscle, muscle of vessels and influ-
ence activities of these organs.

2.1 Different Types of Adipose
Tissue

2.1.1 White Adipose Tissue
In WAT fatty particles are stored in the form of
triglycerides molecules and triglycerides consist
of two parts: glycerol and fatty acids WAT mass
increases with obesity. Moreover, obese people
should lose weight and WAT mass by changing
lifestyle, excercise training, taking medicine such
as dietary supplement, including polyphenols
with physician prescription but, because of the
pharmacological approachs side effects
researchers focus on excercise training and
changing lifestyle (Sakurai et al. 2012).

Treating white adipocytes with irisin, a hor-
mone secreted by skeletal muscle, and FGF21
induces browning. It was reported that “the bene-
ficial effects of exercise, reduction of diet induced
obesity and decrease of insulin resistance in
mice” is related to irisin. Stimulating the conver-
sion of white fat to brown fat by irisin in humans
was also proposed. FGF21 increases the expres-
sion of uncoupling protein 1 (UCP1) and other

4 M. Payab et al.



Fig. 1 The development of brown and beige adipocyte
(drawn by Rasta Arjmand). Initially, pluripotent stem
cell modifies into MSC which can get cluster of differenti-
ation 24 (CD24) and peroxisome proliferator- activated
receptor-γ (PPAR-γ) + white preadipocyte and myogenic
factor 5 (Myf5) + brown preadypocyte. Secondly, in the
face of white preadipocyte and some factors including
PPAR-γ, bone morphogenic protein 4 (BMP-4), BMP-2
and fibroblast growth factor 10 (FGF10). Moreover,

WAT can come into beige adipocyte throughout exposure
to PR domain containing 16 (PRDM16), FGF21, PPAR-γ,
Peroxisome proliferator-activated receptor-γ coactivator α
(PGCα), irisin, apelin, Cyclooxygenase 2 (Cox2),
microRNA 196 (MIR196a) and mir28. Brown
preadipocyte is induced to be matured into BAT by way
of ministration with some factors, for instance: PRDM16,
FGF19, FGF16 and BMP-7 (Unser et al. 2015)

Stem Cell and Obesity: Current State and Future Perspective 5



brown–fat-related genes in perirenal and inguinal
WAT. Adipocytic FGF21 triggers the browning
of WAT and activate BAT in response to cold
(Lee et al. 2014; Poher et al. 2015).

2.1.2 Brown Adipose Tissue
The role of BAT is fat burning and producing heat
in the body. Although the activity of BAT is
reduced with age, it does not lose its activity
completely and cold exposure can stimulate reac-
tivation of BAT. BAT color is due to differences
in the number of mitochondria and nerve fibers in
the brown to yellow color range (Vargas-Castillo
et al. 2017). The main location of this tissue are
sternocleidomastoid muscles, the supraclavicular
region, the armpits, the groin muscles, the adrenal
glands, between the subscapularis and pectoralis
muscles, the para aortic adipose tissue, and
around the viscera in the omentum tissue (Aldiss
et al. 2017; Harms and Seale 2013; Lidell et al.
2013). The formation of BAT via brown
adipogenesis is an important process due to its
ability to expend energy as heat with implication
in the treatment of metabolic disorders and obe-
sity (Unser et al. 2015).

Adaptive thermogenesis by BAT activation
have been described in two ways: 1) cold induced
thermogenesis (CIT), 2) diet-induced thermogen-
esis (DIT) (Silva and Bianco 2008).

2.1.3 Beige Adipose Tissue
UCP1-positive cells have been demonstrated in
WAT as the counterpart of BAT cells (Boucher
et al. 2016; Brand et al. 2005; Wu et al. 2012).
Nowadays, inducible adipose tissue has been
intriguing as an alternative therapy for obesity.
Beige adipose tissue can be found in diverse
zones as supraclavicular, shoulder-blades, axil-
lary, mediastinal, paravertebral, perirenal and
peri-aortic regions (Rogers 2015; Wu et al.
2012). There are different methods for develop-
ment of beige adipocyte, three of which are more
significant: “De novo beige adipogenesis, white-
to-beige adipocyte trans differentiation, activation
of dormant beige adipocytes” (Rui 2017). In these
three types of method, inducing inactive beige

adipocytes is motivated by cold exposure, β
adregenic’s etc. (Barbatelli et al. 2010; Berkowitz
et al. 1998; Rosenwald et al. 2013; Wang et al.
2013; Wu et al. 2012). Beige adipose tissue has
offered a new approach in treatment of metabolic
diseases. It is similar to both WAT and BAT in
rather different ways. Researches have been
performed on animal and human subjects
investigating to demonstrate the features of this
type of adipose tissue.

BAT and brite adipose tissue are distinguished
from WAT by their high levels of metabolic rates
and thermogenic capacity (Bartelt et al. 2011;
Stanford et al. 2013). Mitochondrial energetics,
lipid droplet dynamics and metabolic fuel mobili-
zation all influence BAT and beige adipocyte
thermogenesis. Also UCP1-mediated thermogen-
esis is a hallmark of BAT and beige adiocyte.
Recent findings illustrate that both of these tissues
also do thermogenesis by additional UCP1-
independent mechanisms (Rui 2017).

BAT has a common origin with muscles. Both
of them are derived from dermomyotom of
mesodermal layer. Early B cell factor 2 (EBF2)
and BMP7 induce dermomyotom to form brown
preadipocyte and PRDM16, CCAAT/enhancer-
binding protein β (C/EBPβ), EBF2,PPAR-γ,
zinc finger protein 516 (Zfp516) play significant
role in differentiation brown preadipocyte to
brown adiposyte tissue. There are multitude
UCP1 in the mitochondria of BAT, that
contributes to thermogenesis (Zhang et al.
2016). “UCP1 of BAT dissipates poroton gradi-
ent generated and catalizes proton leak through-
out the inner mitochondrial membrane” (Vargas-
Castillo et al. 2017). This molecular marker is
useful to recognize BAT and Beige adipocyte
(Rui 2017). UCP1 locates in the inner mitochon-
drial membrane. Although, there is no UCP1 in
brown and beige progenitor cells, but during
adipogenesis its expression enhances under the
control of genetic program (Rabelo et al. 1996).

Besides the similarity of these three types of
adipose tissue they also have some differences
which are depicted in Table 1 (Ikeda et al. 2018;
Rui 2017).

6 M. Payab et al.



2.2 Factors Secreted from Adipose
Tissue

Adipokines influence inflammation within adi-
pose tissue and visceral endothelial adipose tissue
(VEAT)(Lehr et al. 2012). As an adipokine, Lep-
tin, was discovered almost simultaneously with
the most important adipokine called adiponectin.
Leptin is produced by adipocytes and plays an
important role in regulating body weight. Accord-
ingly, damaging hypothalamic methabolic
circuits is because of the lack of leptin receptor
in myeloid cell which cause increasing body
weight, enlarging proinflammatory genes to mod-
ify 3 T3-L1 adipocyte as another consequence of
leptin in adipose tissue (Gao et al. 2018). The
studies of leptin till now have been performed
on animals especially on mouse but researches
on the physiological effects of leptin such as
leptin resistance in the brain have not been dis-
covered. Adiponectin has several effects includ-
ing insulin-sensitizing,anti-inflammatory, anti-
atherogenic and anti-carcinogenic activity (espe-
cially in breast cancer) (Feve 2013; Payab et al.
2017a). Adipose tissue in obese individuals acts
as endocrine and secretory organ and the result is
increasing the rate of secretion of pro inflamma-
tory adepokines including TNFα and IL6
(Anderson et al. 2003). IL6 is produced and
secreted by adipocytes and muscle cells which is

increased in the plasma following obesity (Carey
and Febbraio 2004). TNFα was the first
adepokine, the activity of which was being stud-
ied and its performance in the human body is still
unclear (Halse et al. 2001) It is secreted by the
innate immune cells (macrophage) and expressed
in adipocyte (Lehr et al. 2012). In the context of
the relationship between inflammation and obe-
sity it should be said that obesity is a type of
low-grade inflammation (Cao et al. 2008).

2.3 Gene Expression
and Adipogenesis

The role of genetics and mechanisms which affect
gene function in the process of adipocyte differ-
entiation is absolutely essential and it is consid-
ered as an interesting research area to find a novel
treatment for obesity. There has been a great
effort to identify genetic variants affecting obesity
traits. The first gene associated to non syndromic
obesity is fat mass and obesity associated (FTO)
(Herrera et al. 2011). The association of this gene
region with obesity explains 1% of BMI herita-
bility. Also, FTO is reported to be involved in
decreased lipolytic effect in adipocyte. Further,
more gene loci related to obesity and BMI
associated variants have been identified
(Speliotes et al. 2010). The pattern of fat

Table 1 Characteristics of Brown, White and Beige Adipocyte

Brown adipose tissue Beige adipose tissue White adipose tissue

Location Infants (dedicated ddepots) Adults (mammels) Infants and adults
Function Methabolicaly active and heat

productive
Methabolicaly active and heat
productive

As an energy store

Endocrine
function

Neurgulin4, IGF-1(1), FGF21(2),
interleukin 6

Neurgulin4, IGF-1, FFGF21,
interleukin6

Adipokines (leptin-
adiponectin)

Leptin, adiponectin (alittle) Leptin, adiponectin (alittle)
Thermogenic
process

UCP1-dependent UCP1-independent ____

Lineage Myogenic lineage
(ENG+, Myf5+(3), Pax7+(4))

Multiple lineages
(SMA+, PDGFRa+(5), PDGFRb
+(6))

____________

Continuance Constitutive Transient Constitutive
(direct transition)

Heterogeneity Homogeneous Heterogeneous Heterogeneous

+ 1:insulin like growth factor 1. 2:fibroblast growth factor 21. 3: myogenic factor 5. 4: Paired box 7. 5: platelet derived
growth factor receptor α. 6: platelet derived growth factor receptor β.

Stem Cell and Obesity: Current State and Future Perspective 7



distribution, the factors affecting it and the poten-
tial risks caused by central and peripheral obesity,
need to be fully understood. Accordingly, it was
demonstrated that the development or mainte-
nance of specific regional fat depots can be
affected by DNA variants. Among 17 novel com-
mon obesity loci, 14 loci are related to body fat
distribution and some of them are connected with
sex in women. In other words, the fat distribution
in men and women is influenced by sex-specific
genes (Herrera et al. 2011).

There are several genes that regulate the
adipogenesis (Fig. 2). BMP family control multi-
ple steps of differentiation processes like
adipogenesis. BMP-2 and BMP-4 are adipogenic
factor for white fat and direct white adipocyte
progenitor cells to white preadipocyte. In con-
trast, BMP-7 triggers commitment of MSC to
brown adipocyte lineage (Chen and Tong 2013;
Tseng et al. 2008). In addition to this family, one
of the most powerful transcriptional regulators
which control the fate of brown fat cells is
PRDM16. Over expression of PRDM16 converts
skeletal muscle progenitor cells to brown
adipocytes (Chen and Tong 2013). Further, it
restricts skeletal muscle gene expression in
brown fat precursors by its interaction with
PGC-1α and PGC-1β, as other transcriptional
co-regulators. Among many nuclear factors
regulating adipocyte differentiation, PPARγ2 is
a key regulator that triggers differentiation to
adipocyte. PRDM16 binds to PPAR-γ and
coactivates its function (Seale et al. 2008). In
addition to this factor, C/EBPs, a transcription
factor family, has some members that induce
adipogenesis: C/EBP α, β, δ. C/EBPβ and
C/EBP δ “are expressed early and transiently” in
the adipogenesis process and are induced by
cAMP and glucocorticoids respectively(Ming
Shi et al. 2000). It was found that ectopic expres-
sion of PPAR-γ and C/EBPα alters the program
of differentiation of myoblasts and convert them
to adipocytes upon hormonal stimulation. This
suggests that the mentioned factors have the
“dominant role in adipocyte determination and
differentiation processes” (Hu et al. 1995).

In addition to the mentioned genes, there are
some other genes, which intervene in this process.
A gene of vertebrate which has regulatory effect
on adipogenesis is called transcriptional and
immune response regulator (TC1). It down-
regulates PPAR-γ and C/EBPα while it
up-regulates the wingless-type MMTV integra-
tion family member 1(WNT1), inducible signal-
ing path-way protein 2 (Wisp2) and delta like
non-canonical notch ligand 1(Dlk1)(Jang et al.
2016). Wisp2 inhibits adipogenesis in both mes-
enchymal stem cells and preadipocytes
(Hammarstedt et al. 2013).

Another gene which can promote expression
of PPARγ2, c/ebpb and c/ebpd is chemokine
(C-X-C motif) ligand3 (CXCL3), a chemokine
produced by different types of cells including
adipocytes (Kusuyama et al. 2016).

One of the most compelling topics in this field
is about BAT, as the thermogenesis was found
intriguing in this type of adipose tissue. The pre-
cursor cells of BAT can also differentiate into
muscle cell in the presence of some special tran-
scription factors like PPAR-γ, PRDMI6 (which is
of great importance in differentiation of
adipocytes and is highly expressed in Brown
adipocytes) and Euchromatic histone lysine
methyltransferase 1 (EHMT1). As it was men-
tioned before, UCP1 is the hallmark protein for
promoting thermogenesis which its transcrip-
tional process is initiated by a number of tran-
scription factors like: thyrioid response element
(TRE), PPAR response element(PPRE), retinoic
acid response element(RARE) and cAMP
response element(CRE). All of these factors influ-
ence the expression of UCP1 as it was mentioned
before that can be summarized: TRE which is
activated by triiodothyronine (T3) is a positive
regulator of UCP1, the binding of PPRE to
PPAR controls UCP1 gene expression related to
brown adipose differentiation, RARE triggers
UCP1 expression in BAT and CRE seems vital
as a mutation in its sites diminishes the UCP1
expression. RecentlyZfp516 has been added in
the list of transcription factors that binds to
UCP1 promoter leading to UCP1 expression
(Vargas-Castillo et al. 2017).
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2.4 Hypertrophy and Hyperplasia

Extensive adipose tissue growth, which can
potentially lead to obesity, generally has two
mechanisms: hyperplasia or increasing in fat cell
number and hypertrophy or enhancement of fat
cell size. In the development of obesity, hyperpla-
sia occurs only in the first stages and it is triggered
by hypertrophy. Hypertrophy is used for storing
additional fat in the progression and is prior to
hyperplasia. A study on C57BL/6 mice fed a
high-fat diet explained that hypertrophy is the
major cause of increased VAT while hyperplasia
due to the presence of higher number of adipose
progenitor cells in SAT mostly occurs in this type
of adipose tissue (Joe et al. 2009). In an animal
study on mice, it was suggested that hyperplasia
does not contribute to fat mass increase because it
occurs in small cells that have small volume of
stored fat, whereas hypertrophy is the main con-
tributor to the increase of fat mass. Studies on of
genetic and diet effects on these mechanisms in
mice has revealed that increase in number of fat
cells is affected by genes while enlargement of fat
cells is a diet variable (Jo et al. 2009). In regard to
the role of obesity in the development of non-
insulin-dependent diabetes and relatively, glucose
intolerance and insulin resistance, the size of
adipocytes might be important as it is positively
correlated with glucose intolerance and
hyperinsulinemia (Ferrannini and Camastra
1998). Moreover, as the adipocytes get larger,
they become more susceptible to inflammation
and cell death (Pellegrinelli et al. 2016).

3 Adipose Tissue-Derived Stem
Cells and Adipogenesis

3.1 Mesenchymal Stem Cells (MSCs)

MSCs are spindle shape, multipotent cells with
self-renewal capacity that can expand thousand
folds and differentiate into different cell lineages
including adipocyte, osteocyte and chondrocyte
(Bianco 2014; Short et al. 2003). MSCs can be
isolated from different tissues like bone marrow

(Penfornis and Pochampally 2011), adipose tissue
(Gimble and Guilak 2003), umbilical cord(Han
et al. 2013), Wharton,s jelly (Chatzistamatiou
et al. 2014), placenta (Vellasamy et al. 2012),
dental pulp (Alkhalil et al. 2015) etc. Regarding
to the multipotent capacity, MSCs seem to be
substuted injured cells, although more findings
are need to confirm this claim (Baksh et al.
2004). Moreover, MSCs secrete various type of
growth factors and cytokines that execute signifi-
cant role in repair, regeneration and immunogenic
balance (Caplan and Dennis 2006). Low immu-
nogenicity, as the main characteristic of MSCs,
allow the allogenic use of cell products that is
very important in cell-based therapies and regen-
erative medicine (Aggarwal and Pittenger 2005).
ASCs are more considerable source in regenera-
tive medicine research and clinical trials.

One of the most significant concern in cell
therapy is providing cells from less or
non-invasive sources. ASCs can be isolated in
large numbers from abandon and waste adipose
tissue that obtained by liposuction as less invasive
method (Yarak and Okamoto 2010). On the other
hand, the superior potential of ASCs is deter-
mined in basic and clinical researches (Aghayan
et al. 2015).

3.2 Potential Pathways

Adipogenesis is a multi-step process involving
expression of some transcription factors resulted
in differentiation of fibroblast-like preadipocytes
into mature adipocytes(Ali et al. 2013).
According to literature, adipogenesis includes
two main phases: 1) the determination phase
underlying commitment of MSCs into
preadipocyte and 2) the terminal differentiation
phase that leads to maturate adipocyte
(Matsushita and Dzau 2017).

The role of MSCs in adipogenesis is compli-
cated and requires cross talking between major
signaling pathways. Several different pathways
are studied that involved in different phases of
adipogenesis. Here, we described some important
signaling pathways that present positive or
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Fig. 2 An Overview of potential mechanisms/pathways underlying MSC white, beige and brown adipogenesis.
Brown adipocyte is known to be arised from myogenic lineage which is a different origin to white and beige adipocyte
lineage (Chen and Tong 2013). In the developmental pathway leading to the differentiations of white and beige
adipocyte, BMP-2 and BMP-4 direct adipoblasts or white adipocyte progenitor cells to pre-adipocyte. Then, in the
presence of some factors including PPAR-γ, C/EBPs and PGC-2, pre adipocyte forms committed white pre-adipocyte
and then white adipocyte. Whereas, PRDM16 activates brown adipogenesis and differentiation of pre-adipocyte to
committed brown pre-adipocyte. It can also promote inducible brown adipocyte or beige adipocyte. On the other hand,
BMP-7 drives the brown-fat cell fate and it induces PRDM16, which represses skeletal muscle differentiation. Hence,
Myf5+ progenitors are driven to committed brown adipocytes. PRDM16 acts as a key regulator and co-activates PPAR-γ,
which results in subsequent induction of PGC-1α, PGC-1β and UCP1 that lead to brown adipocyte (Fruhbeck et al. 2009;
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negative regulatory effect on adipogenic differen-
tiation (Fig. 3).

3.2.1 Classic Pathways
and Adipogenesis

BMPs are the members of Transforming growth
factor beta 1 (TGF-β1) family performing differ-
ent roles in the adipogenic differentiation of
MSCs (Chen et al. 2016). BMP-2 and BMP-4
can persuade commitment of C3H10T1/2 stem
cells as mouse MSC model into adipocyte.
BMPs affect adipogenesis mediated by canonical
Smad and p38 MAPK pathways, which lead to
overexpression of lysyl oxidase (LOX) as a target
gene of adipocyte lineage commitment (Huang
et al. 2009). BMP-7 stimulates adipogenesis in
human MSCs while, BMP-2 shows inhibitory
effects on differentiation of human MSCs to
adipocytes (Gori et al. 1999).

Wnt signaling pathway is very important in
cell proliferation and differentiation. Up to date,
19 molecules of Wnt are recognized that trigger
one of the canonical and noncanonical
Wnt/calcium pathways by binding to Frizeld fam-
ily receptors. The outcome of Wnt pathway on
commitment of MSC to adipogenic lineage is
well studied and the inhibitory effect of both
pathways is determined. The canonical pathway
suppresses expression of PPAR-γ mRNA,
whereas the noncanonical pathway stimulates his-
tone methyltransferases that prevent PPAR-γ acti-
vation via histone H3 lysine 9 (H3K9)
methylation (Yuan et al. 2016).

Wnt 1 and Wnt 10b inhibit the expression of
PPAR-γ in 3 T3-L1 preadipocytes, which resulted
in retaining undifferentiated state (Liu and Farmer
2004). The existence of Wnt 3a in 3 T3-L1 cell
culture medium can suppress the expression of
adipogenic genes via prevention of PPAR-γ

induction (Kawai et al. 2007). Similarly, neutrali-
zation of Wnt 5a promote determination of
human MSC to preadipocytes by inactivation of
PPAR-γ (Bilkovski et al. 2010) and reduction in
middle stage adipogenesis was observed after
treatment of rat ASCs by 50 ng/mL Wnt5a in
the anti-β-catenin and MAPK pathway indepen-
dent manner (Tang et al. 2018).

Consequently, Wnt signaling pathways act as
an adipogenesis blocker, hence Wnt antagonist
like secreted frizzled-related protein 1 (SFRP1)
can induce invitro adipogenesis and invivo accu-
mulation of adipose tissue (Lagathu et al. 2010).
Hedgehog (Hh) signaling pathway controls sev-
eral biological process during embryogenesis,
development, organ patterning, cellular prolifera-
tion and differentiation. Treatment of C3H10T1/
2 cells whit Hh reduces the amount of adipogenic
transcription factors, (Spinella-Jaegle et al. 2001)
this effect was emerged via induction of
aniadipogenic factors like Gata 2 upstream of
Hh (Suh et al. 2006). In the case of human
ASCs, Hh pathway does not alter the entire num-
ber of adipocytes, while adipogenesis has been
impaired, with declined lipid accumulation, a
reduction in adipocyte specific markers, and
appearance of an insulin-resistant phenotype. It
seems that Hh signaling affects the late events of
human MSC adipogenesis nor the commitment
stage. In spite of evidences related to inhibitory
effects of Hh on adipogenic differentiation, elim-
ination of this pathway is essential but not ade-
quate to promote adipogenesis in both human and
mouse MSCs (Fontaine et al. 2008).

Notch signaling is a highly conserved pathway
that regulates cell proliferation, differentiation,
cell death and cell fate determination in several
cell types. After binding to ligand, two proteolytic
cleavages has been occurred and the emerged

�

Fig. 2 (continued) Yao et al. 2011). Brown adipocyte may change its phenotype into white by up regulation of Wnt
which suppresses the characters of brown adipocyte . In the same way, white adipocyte may transform into brown
adipocyte by changing the expression of RIP140, Rb, and p107 (Yao et al. 2011). Receptor interacting ptotein140
(RIP140)is suggested to repress UCP1 enhancer in brown adipocytes (Rosell et al. 2011). Pocket proteins like
retinoblastoma protein (pRb) and Retinoblastoma-like 1(p107) have been shown to alter the adipocyte differentiation
and evoke white fat phenotype. Therefore, down regulation of these genes may result in trans-differentiation of white
adipocytes to brown adipocytes (Yao et al. 2011)
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notch intracellular domain (NICD) moves into
nucleus to stimulate transcription of target genes
(Kopan and Ilagan 2009). The expression of
notch gene decreased during adipogenic differen-
tiation of human MSCs and inhibition of notch
signaling by γ-Secretase inhibitors enhanced
MSCs adipogenesis mediated by autophagy acti-
vation involving PTEN-PI3K/Akt/mTOR path-
way (Song et al. 2015). However, the role of
Notch signaling in adipose progenitor cells pro-
liferation is conversional since the inhibition of
Notch leads to decrease in human MSC expan-
sion but increase in mouse 3 T3-L1 preadipocyte
cell counting (Shan et al. 2017).

3.2.2 Adipogenesis and Master
Transcription Factors

PPAR-γ and C/EBPα are two key transcription
factors that regulate adipogenic differentiation.
PPAR-γ is a nuclear hormone receptors with
two distinct isoforms, PPARγ1 and PPARγ2, are
detected. Overexpression of PPAR-γ in fibroblast
cell line by retroviral vectors caused to appear-
ance of preadipocyte features. The mentioned
ability indicates the role of PPARγ2 in early
phase of adipogesis and adipocyte determination
(Tontonoz et al. 1994). Accordingly, embryonic
stem cells are successfully generated by
homologues recombination and showed that the
null clones cannot undergo adipogenic differenti-
ation. Moreover, creation chimeric mice of

PPAR-γ null ES cells demonstrate no distribution
of null cells in adipose tissue that prove the in
vivio role of PPAR-γ in adipogenesis and fat
formation (Rosen et al. 1999).

C/EBPs are basic region-leucine zipper
proteins comprised of six isoforms: C/EBPα,
C/EBPβ, C/EBPγ, C/EBPδ, C/EBPε and
C/EBPζ. C/EBPα and C/EBPβ are highly
expressed transcription factors in liver, lung and
adipose tissue (Nerlov 2007). C/EBPβ plays an
essential role in adipocyte differentiation of 3 T3-
L1 cells via inducing the expression of C/EBPα
and PPAR-γ genes (Guo et al. 2015).

C/EBPα is vital for adipogenic differentiation,
since the expression of C/EBPα antisense RNA in
3 T3-L1 cells interrupts regular differentiation
and gene knock out of C/EBPα in mice cause to
failure in normal development of adipose tissue
(Lin and Lane 1994).

More evidences shows that PPARγ can induce
adipogenesis in the C/EBPα null cells but the
ability of C/EBPα to trigger similar condition in
the absence of PPARγ was not proven (Rosen
et al. 2002).

3.2.3 Hyperplasia Involved Signaling
Pathways

Adipocyte number increasing (hyperplasia) is
related to signaling pathways that involved in
cell proliferation. Adipogenic differentiation is
arrested and cell growth triggered while

Wnt 5a Wnt 1 & 10bHh
BMP2

BMP2&4

BMP7 Notch C/EBPαC/EBPβ PPARγ

Determination phase Terminal differentiation

Fig. 3 An overview of positive and negative regulators
of MSCs adipogenesis. Adipogenesis pathway can be
divided into two main phases: determination phase that
characterized by differentiation of MSCs into
preadipocytes and terminal differentiation phase that
resulted in developing adipocyte phenotype. Several
factors are involved in these two different phases of
adipogenic differentiation. Among these, Wnt signaling

pathway has been showed negative role in both phases of
MSC adipogenic development. On the other hand, PPAR-
γ and C/EBPα are two main adipogenic transcription
factors that stimulate second phase of adipocyte differen-
tiation. More researches are required to reveal all aspects
of MSCs differentiation to adipocytes and knowledge of
signaling pathway network improve our comprehension to
find new strategies for treatment of obesity
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hyperplasia occurring in adipose tissue (White
and Tchoukalova 2014). In vivo studies via Tc1
�/� mice showed that hyperplasia is regulated in
stem cell levels and ASCs revealed more
proliferative capacity and adipogenesis activity
(Jang et al. 2016).

Abdesselem et al. suggested that reduction of
sirtuin 1 expression in preadipocytes followed by
hyperacetylation of c-Myc leads to uncontrolled
fat hyperplasia so, Sirt1/c-Myc signaling pathway
might be more studied as a potential therapeutic
pathway for obesity (Abdesselem et al. 2016).
Moreover, Wnt-β catenin may be the master path-
way regulating adipose hyperplasia, and the
induction of this pathway beside cross-talking
with glucocorticoid-related signalings alter the
activity of preadipocytes. Such alteration is
appeared in disruption of adipocyte differentia-
tion and increasing cell proliferation (Wong et al.
2016). Furthermore, activation of the protein
kinase C which stimulated by endothelin-1 can
improve invitro preadipocyte expansion and
invivo hyperplasia. On the other hand, Extracellu-
lar receptor kinase(ERK)-dependent pathway
inhibits the hypertrophy in 3 T3-L1 adipocytes
after endothelin-1 treatment (Lien et al. 2016).

The study of transcription factors and signal-
ing pathways involved in adipogenesis can intro-
duce negative or positive regulators in adipogenic
differentiation. Such knowledge might paved the
path to plan a new approach in controlling
obesity.

4 Therapeutic Use of Adipose
Tissue-Derived Stem Cells
(Adscs) in Obesity

4.1 Experimental Background

Obesity, which is the excess accumulation of
adipose tissue, can be concluded from adipogenic
differentiation of MSCs. Therefore, this pan-
demic disease can be managed by inhibiting this
process. In this regard, different factors were
investigated to promote an alternative therapy of
obesity such as IGF-1, glucorticoids and
prostaglandins which have stimulatory effects

on adipogenesis and androgens like testosteron
and dihydrotestosterone, growth hormone and
inflammatory cytokines as adipogenesis
inhibitors (Ali et al. 2013; Matsushita and Dzau
2017; Zerradi et al. 2014).

4.1.1 Invitro Experiments
Due to the importance of BAT and thermogene-
sis, several studies have focused on the BAT and
induction of preadipocytes to brown adipocytes.
Generally, two main approaches could be used to
increase BAT mass and activity: 1) invivo infu-
sion of small molecules and growth factors to
spark BAT growth, 2) exvivo cell based approach
in which progenitor cells are differentiated into
brown adipocytes more and then the brown
adipocytes will be implanted in patients (Cypess
and Kahn 2010). According to several studies,
some genes especially BMP7, persuade
preadipocytes differentiation to form BAT.
BMP-7 treatment in the brown adipocyte cell
line arouses the expression of genes including
PGC-1α and PGC-1β which are involved in mito-
chondrial biogenesis and function. Also, treating
multipotent C3H10T1/2 cells with BMP-7 shows
an increased expression of UCP-1, C/EBPα, β
and δ, PPAR-γ and adipocyte protein 2(aP2)
(Tseng et al. 2008). In a similar way, when
PRDM16 is expressed in white fat cell
progenitors, it provokes PGC-1α, UCP-1, and
type2 deiodinase expression, then, the brown fat
phenotype is activated (Seale et al. 2007).

Interestingly, umbilical cord blood-MSC
(CB-MSC) has indicated a low potential for
adipogenic differentiation, while the adipose tis-
sue and bone marrow-MSCs are able to develop
adipogenic phenotype. Gene expression analysis
verified a higher average expression of
preadipocyte factor 1 (PREF1), which has been
demonstrated to inhibit adipocyte formation, in
CB-MSC compared to the other MSC sources.
On the other hand, PPARG, perilipin (PLIN),
adiponectin (ADIPOQ) and C/EBPA were
upregulated in adipose tissue-and BM-MSCs,
resulted in adipogenic differentiation. However,
the mRNA levels of these genes were remained
unchanged in CB-MSC. Although, treating ASCs
with umbilical cord blood plasma (CB-plasma)
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caused adipogenesis inhibition due to high con-
centration of Pref-1, but siRNA knock down of
PREF1 did not induce adipogenesis. Indeed,
endogeneous PREF1 expression has not an essen-
tial function in impaired adipogenesis in
CB-MSCs whereas, Pref-1 in plasma seems to
mediate inhibition of adipogenesis (Karagianni
et al. 2013).

Additionally, the adipogenic differentiation of
MSCs cultured in the presence of TGF-β and
cAMP-enhancing agents revealed that this cyto-
kine reduces expression of adipogenic genes like
PPAR γ, a disintegrin and metalloproteinase with
thrombospondin motif 5 (ADAMTS5) and aldo-
keto reductase family 1 member B10
(AKR1B10). In more detail, MSCs were cultured
in adipogenic differentiation medium and it was
depicted that TGF-β blocked adipocyte transfor-
mation of MSCs in a dose-dependent manner.
Despite of the significant effect of TGF-β in
adipogenesis, systematic treatment with this cyto-
kine is not a realistic option as it has strong
inhibitory effect on the immune system. Also, It
may cause skin fibrosis and toxicity which were
indicated in animals. Since FDA has approved
some drugs for the mentioned genes, they are
potential targets for treatment of obesity though
further studies are required (van Zoelen et al.
2016).

Recently, MicroRNAs (miRNAs) have also
shown the regulatory potential and they are
involved in cell fate decision. For example,
miR-17-5p and miR-106a target BMP-2 and
increase adipogenic CEPAα and PPAR-γ to pro-
mote adipogenesis of ASCs (Li et al. 2013). In
addition, miRNAs can regulate brown
adipogenesis as miR-193b-365 and miR-196a
regulate brown adipogenesis positively. The
miR-193b-365 is called a key regulator of
brown fat development since blocking
miR-193b and/or miR-365 impaires brown
adipogenesis in primary brown preadipocytes.
Also, miR-193b is able to induce differentiation
of C2C12 myoblasts to brown adipocytes in
adipogenic condition (Sun et al. 2011). Likewise,
HomeoboxC8 (HOXC8), a white- fat gene that
represses the brown adipogenesis, is down
regulated by miR-196a in brown adipogenesis of

WAT-Progenitor cells. It has been demonstrated
that the transgenic miR-196a mice have a lower
blood glucose level in the glucose tolerance test
and a lower insulin level than wild type mice.
Also, transgenic mice exhibite a resistance to
obesity despite the increased food intake com-
pared to wild types (Mori et al. 2012). On the
other hand, miR-27 is down regulated during
brown differentiation of WAT. MiR-27a and b
are decreased in the beige differentiation of SAT
preadipocytes. What is more, inhibition of
miR-27 increases the expression levels of Ucp1,
Prdm16,Pparγ, Pparα, cell death-inducing DFFA-
like effector a (Cidea), Pgc1α and aP2 in SAT
precursors and the brown adipogenic markers in
VAT precursors (Sun and Trajkovski 2014). Sim-
ilarly, miR-133 negatively regulates PRDM16,
hence inhibition of miR-133 or its transcriptional
regulator Myocyte enhancer factor 2 (Mef2) leads
to differentiation of precursors of BAT and SAT
to mature adipocytes (Trajkovski et al. 2012;
Unser et al. 2015).

Adipokines and adipokine receptors which are
expressed in several type of cells have the capac-
ity to affect the adipogenic differentiation.
Analyzing the expression of chemokine and che-
mokine receptor genes in 3 T3-L1 and ST2 cell
lines revealed that some mRNAs are highly
increased during the differentiation. Among
these mRNAs, Cxcl3,which has the greatest
effect in adipogenesis, is increased in both 3 T3-
L1 preadipocyte differentiation and ST2 MSC in
the inducing condition of adipogenesis
(Kusuyama et al. 2016).

4.1.2 In-vivo Experiments
There are several preclinical studies in the field of
obesity treatment which used obese mouse
models (Fig. 4). Here, we are reviewing some
attempts to develop therapeutic way for obesity
with more focus on cell-based therapies.

Rieusset et al. reported that decrease in the activ-
ity of PPAR-γ by using its antagonists, protects mice
from high-fat diet-induced adipocyte hypertrophy
and insulin resistance. In vitro inhibition of PPAR-
γ prevents adipocyte differentiation and in vivo inhi-
bition suppresses full development of WAT and
BAT (Rieusset et al. 2002). Additionally, PPAR-γ
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and C/EBPα are up-regulated in ASCs from TC1
deleted mice, whereas the inhibitors of adipogenesis,
Wisp2 and Dlk1 can be down-regulated. This data
and the point that Tc1�/�mice has more capacity for
adipogenesis than wild types may introduce TC1 as
a new regulator of ASCs (Jang et al. 2016).
Directing the WAT or preadipocytes to form BAT
is also a valuable area of research. For instance,
implanting BMP-7 treated C3H10T1/2cells into
athymic nude mice developed a large number of
UCP1 positive brown adipocytes and a small portion
of white adipocytes (Tseng et al. 2008).

The expansion, metabolism, viability, and
regenerative capacities of ASCs is damaged in
obese mice and the cell recovery does not happen
even after the weight loss (Perez et al. 2016) since
ASCs graft seems to be the appropriate therapeu-
tic option for obesity-related disorders.

Cao et al. investigated the anti-obesity influ-
ence of allogeneic ASCs in high-fat diet-induced
obese (DIO) mouse model. Single dose treatment
of ASCs led to the reduction in body weights,
decrease of the liver inflammation and level of
blood glucose and also triglycerides while, the

levels of HDL and expression of PPAR-γ was
increased (Cao et al. 2015).

In another study, the anti- obesity effects of
ASCs but not umbilical cord-derived MSCs have
been proved in both dyslipidemia and obese mouse
model. This study showed that administration of
ASCs could activate AMPK HSL/ACC1 signaling
cascades in adipose tissue. The final outcome of
such pathways is determined by lipolysis and
WAT browning functions (Liu et al. 2016).

Interestingly, the anti-obesity effects of human
ASCs treatment as a xenogeneic source has been
studied in obese mouse model. Furthermore,
ASCs, ASC-lysate and brown adipocyte
differentiated from MSCs (M-BA) are compared
to analyze therapeutic their effects. Significantly,
M-BA due to 60% expression of Ucp1, exhibited
the strongest effect on reduction of body weight,
triglycerides, cholesterol and increasing the
HDL/LDL ratio after injection into high-fat diet
(HFD) mice(Lee et al. 2017).

Apart from the agents which were mentioned
above, there are other factors affecting
adipogenesis including: stem cell microenviron-
ment, surface biochemistry, cell adhesion,

BAT transplantation

Allogenic or
xenogeneic MSC
administration

MSC- derived
exosomes or Msc-lysate

WAT disruption

Gene therapy
Factors and small molecules

Fig. 4 Several useful methods for obesity treatment in
preclinical phase. Different strategies have been
investigated to treat feature of obesity in mice model.
Administration of cell or derived exosomes, injection of
inappropriate factors, transplantation of BAT and disrup-
tion of WAT are examples of these strategies. Cell-based

approaches are more considered to develop as the new
promising therapeutic strategies in human obesity. Infu-
sion of ASCs or secreted exosomes led to significant
improvement of obesity and related syndromes in mouse
models
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geometric and mechanical characteristics and also
co-culture. Cell shape influences adipogenesis, as
spheroidal MSCs are more capable for
adipogenesis than protruded ones. Dynamic load-
ing like cyclic stretching inhibits adipogenesis
while static stretching accelerates adipogenic dif-
ferentiation. Furthermore, adipogenesis is
influenced by neighboring cells and the paracrine
interactions between them. As a result, mature
adipocytes promote adipogenic differentiation as
an example (Unser et al. 2015).

Besides the mentioned approaches, BAT
transplantation is another strategy in the cell-
based therapy. Two different research groups
determined that transplantation of BAT into DIO
and HFDmice model enhances glucose tolerance,
energy balance, insulin sensitivity and reduces fat
mass (Liu et al. 2015; Stanford et al. 2013).
Moreover, transplantation of BAT into dorsal
subcutaneous region of leptin-deficient Ob/Ob
mice as a genetically obese model showed similar
effects. Improvement of obesity symptoms like
reduction of body weight, upregulation of BAT
activity, increasing in insulin sensitivity and ther-
mogenesis was observed. Gaining promising
results from preclinical studies could introduce
BAT transplantation as a novel option for treat-
ment of obesity and diabetes (Liu et al. 2015).

Beside BAT transpalntation strategy, destruction
of WAT tissue can be a useful approach in obesity
treatment. In this specific case, Anti-angiogenic
strategies can be used as a supporting agent since
adipogenesis and angiogenesis are very closed and
occurred in cell clusters near adipose tissue
neovascularisation region (Nishimura et al. 2007).
Kolonin et al. designed attractive gene construct by
fusion of WAT vasculature receptor and cytotoxic
genes. By delivery of such construct to obese mice,
WAT tissue is targeted and disrupted and the obe-
sity development reversed via oblation the WAT
growth (Kolonin et al. 2004).

Other than all the strategies mentioned above,
recently, exosomes have received lots of attention
both in basic science and clinic-wise for finding
treatment of many diseases. Exosomes are nano
vesicles that are secreted from the cells and can
act as a key transporter of paracrine factors in
angiogenesis, immune regulation and tissue

regeneration (Zhao et al. 2018). Extracellular ves-
icle produced by adipocytes has been studied and
it was found that under hypoxic condition, which
can be a result of adipocyte hypertrophy,
exosomes were enriched in enzymes and were
able to stimulate lipid accumulation in target
cells (Sano et al. 2014). Brown and Beige adipo-
cyte exosome production, specifically, is
enhanced by cAMP treatment in the mouse (Gao
et al. 2017).

The immunomodulatory function of
MSC-derived exosome was assessed in a study
on C57BL/6 male mice. Exosomes secreted from
ASCs of WAT (WAT-derived ASCs) polarized
M2 macrophages with highly expressing of Arg-1
(due to transferred Signal transducers and
activators of transcription 3 (STAT3) from
exosomes) and IL-10 thus reduced the inflamma-
tory ability of macrophages. The macrophages
then promoted beiging of WAT.and this is why
in obese (HFD-fed) mice treated with ADSC-
derived exosomes, WAT inflammation and obe-
sity progression were reduced and metabolic
hemostasis was improved (Shang et al. 2015;
Zhao et al. 2017).

The angiogenic potential of extracellular
vesicles (EVs) was also studied. The data
suggested that EVs from ASCs of obese individ-
ual have lesser pro angiogenic capacity,indicating
that circulating fatty acids in obesity alter the
function of ASCs. However, platelet-derived
growth factor(PDGF) evokes ADSC EV secretion
and enhances angiogenic potential (Lopatina et al.
2014).

5 Future Perspective

The pathway of Adipogenesis is divided into two
main phases: the determination phase that is
characterized by the differentiation of MSCs
into the preadipocytes and the phase of terminal
differentiation, which leads to the developing adi-
pocyte phenotype. Several factors in these two
different phases are involved in the adipogenic
differentiation, such as transcription factors,
molecular signals, epigenetics, and etc. Among
these, a number of factors play an inhibitory role
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and other categories have stimulatory role. The
challenge for future studies is the insight into
obtaining the key to identifying these factors
and their mechanisms in adipogenesis with the
potential of providing new therapeutic goals for
treatment of obesity and its comorbidities.
In-vitro and in-vivo studies currently support
stem cells therapies in the treatment of obesity.
The results of studies conducted in this review
revealed that the use of stem cells (infusion or
injection) can significantly suppress obesity and
related diseases such as cardiovascular and diabe-
tes and improves dyslipidemia and insulin
resistance.

Since autologous stem cells have been used in
previous studies, this treatment does not have the
risk of rejection and can be ideal for the treatment
of obesity.

Also, future research on molecular control of
brown or beige adipogenesis may result in new
and novel achievements. Intervention studies
such as controlling the adipogenicity from MSC
to brown adipocyte or from white to brown
adipogenesis can be used as a therapeutic strategy
for obesity.

The potential effective and safety of stem cell
therapy on obesity and its comorbidities must be
further studied.

6 Conclusion

In conclusion, stem cell therapy is a therapeutic
option for obesity in the future. However, long
term studies are required to evaluate the efficacy
and safety of stem cells therapy to find new and
novel strategies for the treatment of obesity; and
further studies in humans are necessary to inves-
tigate the results on animal models. This review
showed that current studies are promising tools
that can answer many questions in this regard.

In the future, one can hope that stem cell
therapy can be used in control adipogenesis
along with other obesity treatments and promises
a new therapeutic approach in clinical
applications.
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for Cartilage Regeneration in Osteoarthritis
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Abstract

Osteoarthritis (OA) is an age related joint dis-
ease associated with degeneration and loss of
articular cartilage. Consequently, OA patients
suffer from chronic joint pain and disability.
Weight bearing joints and joints that undergo
repetitive stress and excessive ‘wear and tear’
are particularly prone to developing
OA. Cartilage has a poor regenerative capacity
and current pharmacological agents only pro-
vide symptomatic pain relief. OA patients that
respond poorly to conventional therapies are

ultimately treated with surgical procedures to
promote cartilage repair by implantation of
artificial joint structures (arthroplasty) or total
joint replacement (TJR). In the last two
decades, stem cells derived from various
tissues with varying differentiation and tissue
regeneration potential have been used for the
treatment of OA either alone or in combination
with natural or synthetic scaffolds to aid carti-
lage repair. Although stem cells can be
differentiated into chondrocytes in vitro or
aid cartilage regeneration in vivo, their
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potential for OA management remains limited
as cartilage regenerated by stem cells fails to
fully recapitulate the structural and bio-
mechanical properties of the native tissue. Effi-
cient tissue regeneration remains elusive
despite the simple design of cartilage, which
unlike most other tissues is avascular and
aneural, consisting of a single cell type. In
this article, we have comprehensively
reviewed the types of stem cells that have
been proposed or tested for the management
of OA, their potential efficacy as well as their
limitations. We also touch on the role of
biomaterials in cartilage tissue engineering
and examine the prospects for their use in
cell-based therapies.

Keywords

Chondrocytes · In vitro · In vivo ·
Osteoarthritis · Regenerative medicine · Stem
cells

Abbreviations

2D Two dimensional
3D Three dimensional
ACI Autologous chondrocyte implantation
ACT Autologous chondrocyte

transplantation
BM Bone marrow
BMAC Bone marrow aspirate concentrate
BMP Bone morphogenetic protein
CD Cluster of Differentiation
COX-2 Cyclooxygenase-2
CP Cartilage pellet
EBs Embryoid bodies
ESCs Embryonic stem cells
FDA Food and drug administration
HA Hyaluronic acid
HSCs Haematopoietic stem cells
iPSCs Induced pluripotent stem cells
ISCT International Society for Cellular

Therapy
MMP-13 Matrix metallo-proteinase-13
MSCs Mesenchymal stem cells
NSAID Nonsteroidal anti-inflammatory drug

OA Osteoarthritis
PRP Platelet rich plasma
SF Synovial Fluid
SNRIs Serotonin-norepinephrine reuptake

inhibitors
TGF-β Transforming growth factor beta
TKA Total knee arthroplasty

1 Introduction

Ageing is inevitable and so is the decline in
function of the various organ systems, particu-
larly connective load-bearing tissues in synovial
joints of the musculoskeletal system. Articular
cartilage is prone to ‘wear and tear’ and the artic-
ular cartilage undergoes persistent degeneration.
The poor regenerative ability of articular cartilage
combined with continued cartilage degeneration
leads to the development of the most common
joint disease, osteoarthritis (OA). OA is a painful
multifactorial degenerative joint disease
characterized by low-grade inflammation in carti-
lage and synovium, which is associated with the
loss of joint structure and progressive deteriora-
tion of cartilage (Fig. 1) (Musumeci et al. 2015).
Traumatic injuries and some sequelae of anti-
inflammatory events activate immune cells as
well as inducing the secretion of
pro-inflammatory cytokines which leads to devel-
opment of subchondral bone lesions (Shabestari
et al. 2016; Zhu et al. 2017). Aberrant metabolism
of the synovial joint tissue and cell function is
also implicated in the onset of OA (Mobasheri
et al. 2017). Irrespective of the aetiology, OA is
associated with potentially crippling symptoms
such as pain, swelling, stiffness and limited
mobility. The incidence of OA increases with
age, and the associated altered molecular
pathways causes progressive deterioration of the
biomechanical properties of cartilage (Lotz and
Loeser 2012).

In the United states alone, people aged over
60 years (10% men and 13% women) are most
commonly afflicted with knee OA (Zhang and
Jordan 2010). A cross sectional study that
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evaluated the prevalence of radiographic OA
involving 300 patients from 14 different primary
health centres in Saudi Arabia reported that
53.3% men and 60.9% women had clinical evi-
dence of knee OA (Al-Arfaj and Al-Boukai
2002). Another study on 243 patients with radio-
graphic evidence of OA from the Eastern prov-
ince of Saudi Arabia reported that more than 90%
of these patients were obese indicating a strong
association between obesity and OA. The inci-
dence of OA was higher in obese female patients
(73.09%) than males (41.65%) (Ismail et al.
2006). Other independent risk factors of OA
include gender, increased physical activity,
trauma, genetic predisposition and lifestyle
(Zhang and Jordan 2010). Existing treatment
methods fail to cure OA, leading to active
research initiatives and integration of multiple

disciplines to find a permanent cure. Regenerative
medicine is a translational research solution to
some of the protracted or incurable diseases
which integrates both cells/stem cells and tissue
engineering principles to regenerate tissues/
organs and help functional restoration. It is
hoped that regenerative medicine will provide
strategies for effective regeneration of articular
cartilage.

2 Current Treatment of Options
for OA

The main methods of OA treatment involve
non-pharmacological, pharmacological and sur-
gical measures with the aim of reducing pain
and improving tolerance for functional activity.

Fig. 1 A normal and osteoarthritic (OA) joint showing
the major anatomical structures and the key pathological
changes is diagrammatically represented. The enlarged
boxed area from the normal and OA knee joint shows
cartilage structure and the pattern of cellular arrangement
or its derangement respectively. In the normal knee joint
the cartilage surface is smooth and clear demarcation
exists between the superficial, mid and deep zones. The
tidemark, calcified cartilage and the underlying
subchondral bone are intact. In the OA knee joint the
changes include thickening of the joint capsule, inflamma-
tion, cartilage destruction and osteophyte formation. The
changes in cartilage include fragmentation (fibrillation),

degradation and loss of chondrocytes (hypocellularity).
The changes in the subchondral bone include degradation,
cystic degeneration and minor fractures. (i) – Superficial
zone (10%–20%) with tangential arrangement of
chondrocytes; (ii) – middle zone (40% – 60%) with verti-
cal arrangement of chondrocytes; (iii) – deep zone (30%)
with compact and longitudinal arrangement of
chondrocytes; (iv) – intact tide mark; (v) – calcified carti-
lage; (vi) – normal subchondral bone; (vii) – inflamed joint
capsule in OA knee joint; (viii) – cartilage degradation and
fibrillation; (ix) – subchondral bone cysts; (x) – damaged/
absent tide mark; (xi) – hypertrophied chondrocytes
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Non-pharmacological management includes
moderate exercises to strengthen the muscles,
weight loss and massage therapies (Christensen
et al. 2005; Ernst and Posadzki 2011).

2.1 Conventional Pharmacological
Agents

Current commonly prescribed pharmacological
agents in the management of OA include
(i) acetaminophen; (ii) non-steroidal anti-inflam-
matory agents (NSAIDs); (iii) opioid analgesics;
(iv) serotonin-norepinephrine reuptake inhibitors
(SNRIs) and (v) intra-articular injections (Zhang
et al. 2016). Acetaminophen which is normally
used to control fever, headache and muscle aches
is also used in the treatment of mild
OA. However, acetaminophen cannot be used
long term due to its hepatotoxic side-effects.
NSAIDs are used in mild to moderate cases of
OA and appear to be more effective than acet-
aminophen as they possess anti-inflammatory
effects in addition to analgesic properties.
Prolonged treatment with NSAIDs is not desir-
able due to the associated incidence of gastritis
and gastrointestinal bleeding. Selective
cyclooxygenase-2 (COX-2) inhibitors such as
celecoxib, etoricoxib and polmacoxib are effec-
tive and relatively safe than less selective
NSAIDs (Lee et al. 2017; Huang and Tso 2018).
Opioid agents are used in moderate to severe OA,
when acetaminophen and NSAIDs fail to provide
symptomatic relief. However, the associated side
effects such as nausea, vomiting, drowsiness,
constipation and addiction risks limit their poten-
tial use (DeLemos et al. 2011). Placebo controlled
randomized clinical trials have identified
duloextine an SNRI agent observed to be effec-
tive in the management of OA, but studies on its
long-term safety and recommendation for use in
OA are currently lacking (Chappell et al. 2011).
Intra-articular injections of hyaluronic acid
(HA) or corticosteroids are used for the treatment
of moderate to severe OA, however, they have
variable acceptance and efficacy (Zhang et al.
2016).

2.2 New Biological
and Pharmacological Agents

Lack of sustained benefits with conventional
pharmacological agents have led to the develop-
ment of novel agents that can limit OA disease
progression at the molecular level and broadly
these agents are known to stimulate
chondrogenesis, inhibit apoptosis, inhibit matrix
degradation and reduce inflammation. Biological
recombinant agents [bone morphogenetic
protein-7 (OP-1); fibroblast growth factor
18 (Sprifermin)] and autologous platelet rich
plasma (PRP) act as inducers of chondrogenesis
(Zhang et al. 2016). Novel pharmacological
agents include the disintegrin and
metalloproteinase with thrombospondin motifs 5 -
(ADAMTS-5) inhibitor (compound 114,810) and
matrix metalloproteinase 13 (MMP-13) inhibitor
(compound CL82198) which inhibit apoptosis
and matrix degradation respectively. Interleukin-
1 beta receptor antibody (AMG108) and ultrafil-
trate of human serum albumin (Ampion) are
known to exert their effects by modulation of
inflammatory cytokines (Zhang et al. 2016).

2.3 Surgical Management of OA

Surgical intervention is indicated in severe OA
with full thickness cartilage loss, concomitant to
failures with non-pharmacological and pharmaco-
logical methods leading to disease progression.
Knee realignment or joint replacement surgeries
are common in patients with end stage OA, which
helps in the relief of arthritic pain and improve-
ment of function. Approximately 700,000 total
knee arthroplasties (TKAs) were performed in
the united states in the year 2010, of which nearly
50% were reported to be in individuals who were
less than 65 years of age (Nguyen et al. 2016).
The number of TKA procedures continues to rise
irrespective of the aetiology of OA, despite the
excessive cost involved. Recent advancements in
regenerative medicine using cell-based therapies
may provide an alternative and efficient treatment
strategy thereby reducing the need for TKA.
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Regenerative therapy uses various cell types to
enable both structural and functional recovery.
Cell therapies using both mature cells and stem
cells have been practised for nearly three decades.
Cell therapy may alleviate the symptoms
associated with OA and offer a long term solution
(Jiang et al. 2011).

2.4 Autologous Chondrocyte
Implantation (ACI)

In the early 90s, autologous chondrocytes were
used for autologous implantation/transplantation
(ACI/ACT) which induced hyaline cartilage
regeneration. Chondrocytes removed from adja-
cent healthy cartilage using arthroscopy were
expanded in culture and subsequently implanted
at the site of lesion and covered with a periosteal
flap (First generation ACI) (Brittberg et al. 1994).
However, the procedure utilising periosteal flap
for ACI was associated with cartilage hypertro-
phy. Subsequent changes to the procedure were
made including the use of a bilayer collagen
membrane instead of the periosteal flap (Second
generation ACI) (Gooding et al. 2006; Niemeyer
et al. 2014) or a composite chondrocyte laden
scaffold in which chondrocytes were previously
cultured upon biodegradable matrix prior to
implantation (Third generation ACI) (Brittberg
2008; Mistry et al. 2017). Unlike the first and
second generation ACI methods whereby the
membranes need to be sutured, the matrix-
induced autologous chondrocyte transplantation/
implantation (MACT, third generation ACI)
utilized fibrin glue to hold the cell laden matrix
in place. Although the clinical outcome with ACI
was effective their utilization was limited due to
insufficient numbers of chondrocytes as well as
the tendency of chondrocytes to dedifferentiate
upon in vitro culture.

3 Stem Cells for Articular
Cartilage Regeneration

Cartilage by nature has poor regeneration capac-
ity. Cartilage tissue being avascular does not

incite an immediate inflammatory response
when there is an injury/lesion, unlike other tissues
with vascular supply (Poulet and Staines 2016).
As such the key players of tissue regeneration
namely stem cells are not recruited to the site of
lesion and hence it becomes a necessity to use
stem cells isolated from other sources to aid carti-
lage regeneration. Stem cells are undifferentiated
cells that are capable of self-renewal and differ-
entiation towards a specific cell lineage. Stem
cells have variable differentiation potential and
accordingly they can be classified as pluripotent
(ESCs, iPSCs) as these cells can give rise to
almost all the tissues of the human body or
multipotent (eg. adult and foetal MSCs) as these
cells can be differentiated only into specific cell
lineages. Stem cells are therefore an attractive
choice for regenerative medicine applications
and it is essential to understand the different
types of stem cells that have the potential to be
used for cartilage regeneration.

3.1 Types of Stem Cells

Embryonic stem cells (ESCs) are derived from
day 5 blastocyst stage embryos that have a clearly
demarcated inner cell mass, a trophectoderm and
a blastocoelic cavity (Bongso 2006; Thomson
et al. 1998). To qualify as bona fide ESCs, ESCs
must be (i) derived from a pluripotent cell popu-
lation, (ii) maintain normal karyotype, (iii)
propagated indefinitely in the embryonic state,
(iv) and capable of spontaneous differentiation
into cells representing all three embryonic germ
layers namely ectoderm, mesoderm and endo-
derm in teratomas or in vitro (Pera et al. 2000).
Mesenchymal stem cells refer to hypothetical
common progenitors originating from a wide
range of mesenchymal (mesodermal,
non-epithelial, non-haematopoietic) tissues
(Budd et al. 2017) and have been recorded to
have been isolated from the niches of various
tissues including bone marrow, brain, liver,
bone, retina, pancreas, adipose tissue, epidermis,
synovial fluid, amniotic fluid, umbilical cord and
placenta (Bianco et al. 2008; De Coppi et al.
2007; Kern et al. 2006). Not to be confused with
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the heterogeneous population of cultured plastic
adherent cells isolated from bone, referred to as
bone marrow stromal cells (BMSCs) from which
a diminutive population of bone marrow-derived
stem cells exist, often also referred to as MSCs.
Due to the controversy surrounding the MSC
identity and differentiation potential, some
research groups utilise the term skeletal stem
cell (SSC) or bone marrow-derived stem cell
(BMSC) to refer to this stem cell population
isolated from bone marrow which possess spe-
cific differentiation potential towards skeletal
tissues inclusive of cartilage, bone and marrow
adipocytes (Bianco and Robey 2015). An alterna-
tive to adult tissue as a source for stem cells is
foetal tissue, which has been shown to contain
stem cell populations with enhanced plasticity,
proliferation and expansion potential compared
to stem cells derived from adult sources (Guillot
et al. 2007). Stem cells with similar potential to
that of ESCs are induced pluripotent stem cells
(iPSCs) (Takahashi et al. 2007). However, unlike
ESCs, iPSCs possess multipotency which has
been induced artificially through the introduction
of Oct3/4, c-Myc, Kl4 and Sox2, genes which
encode transcription factors involved with
maintaining pluripotency (Takahashi and
Yamanaka 2006). The generation of iPSCs from
human somatic cells (Takahashi et al. 2007) was a
major step towards tissue personalization, open-
ing up the potential to use autologous stem cells
in applications which may be otherwise impeded
by cell rejection following transplantation. In
recent years the use of stem cells in orthopaedics
has gained significant attention as a potential
application for cartilage repair. To achieve effi-
cient cartilage regeneration different types of
stem cells have been explored using both
in vitro and in vivo studies.

3.2 Pluripotent Stem Cells
and Cartilage Repair/
Regeneration

Human ESCs (BresaGen variant cell line,
BG01V) were differentiated into chondrocytes
in vitro using either embryoid bodies (EBs),

micromass or pellet cultures with defined
xenofree media containing Knockout serum
replacement and growth factors including
transforming growth factors (TGF-β3, TGF-β1)
and bone morphogenetic protein (BMP-2) for up
to 21 days (Suchorska et al. 2017). The authors
reported that differentiation into chondrocytes
was more efficient with EBs followed by pellet
and micromass cultures. However, chondrocytic
differentiation via EBs involved an additional
step of EBs generation prior to their differentia-
tion, unlike pellet or micromass cultures which
can be directly differentiated (Suchorska et al.
2017). Transplantation of undifferentiated ESCs
embedded in fibrin glue into the knee joint in an
ovine osteochondral defect model resulted in suc-
cessful hyaline cartilage regeneration and integra-
tion compared to sham controls after 24 months
(Manunta et al. 2016). iPSCs derived from cord
blood mononuclear cells were also demonstrated
to be successfully differentiated into cartilage
upon pellet culture for 30 days. Embryoid bodies
(EBs) were generated from the iPSCs and the
outgrowth cells from EBs were used in a pellet
culture system for cartilage differentiation. The
differentiated cells expressed cartilage associated
genes and extracellular matrix indicating efficient
cartilage differentiation (Nam et al. 2017). In
vitro differentiation of human iPSCs and trans-
plantation into articular joints of immunodeficient
mice resulted in hyaline cartilage differentiation
at 8 weeks but there was teratoma formation at
16 weeks (Saito et al. 2015). Undifferentiated
ESCs produce teratomas upon transplantation to
immunocompromised mice, thus making it man-
datory to ensure complete differentiation of ESCs
into target tissues or removal of any undifferenti-
ated ESCs prior to transplantation, to render them
safe for use in cell-based therapies (Aldahmash
et al. 2013).

3.3 Multipotent Stem Cells
and Cartilage Differentiation

MSCs have long been considered as an attractive
choice of stem cell for cartilage repair and regen-
eration as they are multi-potent and have anti-
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inflammatory and immunomodulatory effects.
Adult MSCs have been used for cartilage regen-
eration as early as 1990s, however, there are no
bona fide cell surface markers to identify or iso-
late these MSCs. Their identification is mainly
dependent upon the minimal essential criteria
stipulated by the International Society for Cellular
Therapy (ISCT), namely plastic adherence; dif-
ferentiation into three different mesodermal
lineages; osteoblasts, chondrocytes, adipocytes
and expression of CD73, CD90, CD105 and
lack expression of CD34 as well as being
HLA-DR negative (Dominici et al. 2006). MSC
progenitors are reported to reside within articular
cartilage, however, their contribution to cartilage
regeneration following disease/damage appears
insufficient (Grogan et al. 2009). Human
BM-MSCs cultured as micromass pellets in the
presence of transforming growth factor-beta
3 (TGF-β3) and dexamethasone differentiated
into chondrocytes in vitro and expressed chondro-
cyte associated genes and collagen (Mackay et al.
1998). The use of nanoscaffolds, which mimick
the ECM, in combination with human BM-MSCs
in the presence of growth factors was observed to
achieve successful chondrocyte differentiation
(Wise et al. 2008).

In addition to BM-MSCs, MSCs derived from
other sources such as adipose derived MSCs
(Diekman et al. 2009), synovial fluid MSCs
(Lee et al. 2012) and umbilical cord derived
Wharton’s jelly MSCs (Fong et al. 2012), have
also been successfully differentiated into
chondrocytes. Intra-articular injection of
BM-MSCs in sheep resulted in the regeneration
of cartilage with normal histoarchitecture, espe-
cially when supplemented with growth factors
such as TGF-β3 and insulin-like growth factor-1
(Al Faqeh et al. 2012). However, the use of adult
derived MSCs can be limiting in that isolation of
total MSCs from human tissue varies in number
as a result of variability amongst individuals from
which MSCs are derived and subculture of MSCs
for expansion purposes induces morphological
and phenotypic changes and may impact upon
MSC senescence. MSCs derived from ESCs pro-
vide an additional stem cell source with great
proliferation capabilities unlike adult MSCs and

hence offer enormous potential for biomedical
research. Chondrogenic differentiation of MSCs
derived from ESCs with a combination of
TGF-β1 and BMP-7 led to increased mRNA
expression of collagen type 2, aggrecan and
SOX9 compared to differentiation of MSCs with
TGF-β1 alone. The enhanced chondrogenesis
with a combination of TGF-β1 and BMP-7 was
due to increased expression of TGFβR2 and the
production of endogenous TGF-β (Lee and Li
2017).

3.4 Stem Cell Initiative for Cartilage
Differentiation at King Abdulaziz
University

Our stem cell unit in the department of orthopae-
dics at King Abdulaziz University hospital
Jeddah Saudi Arabia, is a nascent facility and
given our interests in this emerging field we
have derived MSCs from bone marrow
(BM) and synovial fluid (SF) samples obtained
from both healthy and OA patients. Although,
both BM-MSCs and SF-MSCs fulfilled the mini-
mal criteria stipulated by ISCT (Dominici et al.
2006) their expansion in vitro was limited and
demonstrated cellular senescence after
subpassages (Fig. 2a). This could be attributed
to the age of the patients (50–75 years) from
which cells were derived. As microenvironmental
cues are reported to play an essential role in
effective chondrocyte differentiation (Watt and
Huck 2013), we evaluated an explant culture
model (Fig. 2b) where the osteochondral plugs
obtained from OA patients were subjected to
microdrill defect and the cells (BM-MSCs, carti-
lage pellet or a combination of both) obtained
from the same patient were used for chondrocyte
differentiation (Abbas 2017). Combination of
both BM-MSCs and cartilage pellet demonstrated
good differentiation into chondrocytes with
increased cartilage matrix proteins secretions
indicating that micro-environmental cues effec-
tively contribute to the differentiation process
(Abbas 2017). With insights obtained from both
in vitro studies we then evaluated the combined
effects of BM-MSCs and cartilage pellet
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(CP) in vivo in rabbits (Fig. 2c), which also
demonstrated improved cartilage regeneration.
In addition, we also evaluated the efficiency of
Hyalofast™, a biodegradable scaffold, together
with BM-MSCs and (CP) in repair/regeneration
of full-thickness cartilage defect in vivo in rabbits
(Fig. 2d). Efficient and accelerated regeneration/
repair of the defective cartilage was observed
with combinations of Hyalofast™, BM-MSCs
and CP, rather when used separately [unpublished
results].

In general, the current cell-based repair
strategies largely remain unsuccessful, especially
when cartilage repair is undertaken in an autolo-
gous setting given the limitations in cell

expansion and the excessive cost involved with
the use of human grade culture media and
supplements. Therefore, other alternative avenues
of research are also being explored for cartilage
repair/regeneration.

4 Cartilage Tissue Engineering

4.1 Bioprinting of Articular Cartilage

Despite significant advances using various
approaches including tissue engineering and
regenerative medicine, repair of articular cartilage
and the osteochondral interface specifically

Fig. 2 Diagrammatic representation of the in vitro and
in vivo models to evaluate cartilage regeneration. Ai and
Aii: Phase contrast images of the bone marrow mesenchy-
mal stem cells(BM-MSCs) at early (P0) and late
(P6) passages. Aiii and Aiv: Phase contrast images of
the synovial fluid mesenchymal stem cells (SF-MSCs) at
early (P0) and late (P5) passages. The cells in late passages
of both BM-MSCs and SF-MSCs showed broad flattened
morphology that were not actively dividing in culture
which was indicative of cellular senescence. B: Diagram
representing the osteochondral plugs obtained from OA
patients undergoing total knee arthroplasty (TKA). A

central drill defect of 2 mm was made and filled with
(Bi) – pelleted BM-MSCs; (Bii) – homogenized cartilage
pellet (CP); or (Biii) – a combination of BM-MSCs and
cartilage pellet to evaluate cartilage repair in vitro. The In
vivo cartilage repair was evaluated following full thickness
surgical defect of the articular cartilage over the Tibial
surface in NZW rabbits. The defects were filled with either
(Ci) – BM-MSCs; (Di) – BM-MSCs and Hyalofast™;
(Cii) – CP; (Dii) – CP and Hyalofast™; (Ciii) – combina-
tion of BM-MSCs and CP; or (Diii) – Combination of
BM-MSCs, CP and Hyalofast™
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remains a major challenge (Apelgren et al. 2017;
Daly et al. 2016; Zhang et al. 2017). Most of the
inefficiency is derived from artificial matrices
currently available often leading to inadequate
healing and tissue regeneration. Various classes
of biomaterials, such as hydrogels, can be tuned
to provide mechanical stability and bioactivity
(Duarte Campos et al. 2012; Memic et al. 2015;
Schon et al. 2017; Yang et al. 2017). Further-
more, current three-dimensional
(3D) approaches with cell-laden biomaterials are
a significant step forward from conventional
two-dimensional (2D) methods. However, for
clinical translation these tissue engineered
constructs often require large numbers of cells
with complex structural hierarchies (Mouser
et al. 2017; Richardson et al. 2016; Yang et al.
2017). In this regard, technologies focusing on
3D bioprinting approaches have the potential to
offer several advantages that could address the
limitations of traditional biomanufacturing
methods. Ultimately, these novel constructs
could prove to be better mimics of the native
environment and provide improved clinical
outcomes.

To develop clinically relevant tissue mimics,
several 3D bioprinting strategies exist (Apelgren
et al. 2017; Mouser et al. 2017; Schon et al. 2017;
Zhang et al. 2017). By combining several bioma-
terial sources and cell types we can develop better
articular cartilage tissue mimics. Similarly, these
bioprinting methods could be used to recapitulate
and study the diseased state, having
characteristics that better mimic in vivo
conditions (Arslan-Yildiz et al. 2016; Kang
et al. 2016; Mehrali et al. 2016; Memic et al.
2017; Murphy and Atala 2014; Ozbolat et al.
2016; Zhang et al. 2017). As such they could
provide answers related to the underlying biology
that plays a role in articular cartilage repair and
regeneration. In addition to providing modifiable
biophysical cues, mechanical stiffness and bioac-
tivity, 3D bioprinting allows for assembly of
complex native-like architectures (Duarte
Campos et al. 2012; Mouser et al. 2017; Yang
et al. 2017). This is one of the major advantages

of 3D bioprinting technologies whereby well-
defined geometries with gradient composition of
biomaterials and cells can be achieved during
construct manufacturing with complex structural
features (Jang et al. 2016). Ultimately, 3D
bioprinting could be combined with patient
derived cells, custom bioinks and biosensing
technologies that could be the stepping stone for
the development of truly personalized medicine
applications (Bertassoni et al. 2014; Hasan et al.
2015; Park et al. 2016; Vaidya 2015).

A recent report showed that MSCs could be
bioprinted within silk fibroin-gelatin hydrogel
constructs (Das et al. 2015). The 3D bioprinted
constructs were crosslinked in situ by tyrosinase
or sonication maintaining good viability of
encapsulated MSCs over 30 days during in vitro
culture. Next, these MSCs could be guided into
either chondrocyte and/or osteoblast lineage by
using differentiation medium. Similarly, other
studies have shown that bioprinting cell-laden
alginate-based biomaterials, fabrication of
cartilage-like tissue with a complex geometry
could be possible (Markstedt et al. 2015). In this
study, the bioprinted chondrocytes had long-time
viability. Other strategies focus on bioprinting
parameters that allow fabrication of gradient
compositions and structures via active and effi-
cient mixing of complex fluids. Such techniques
have improved bioprinting efficiency and thus
hold much potential towards the development of
tissue-engineered zonal osteochondral/cartilage
complex structures (Ober et al. 2015).

In future, once the convergence of several
bioprinting technologies takes place (Daly et al.
2016; Duchi et al. 2017; Memic et al. 2017;
Schon et al. 2017), we expect progress in the
development of constructs with patient specific
cells and custom bioinks that have improved
structural resolution and mechanical integrity
during bioprinting. Taken together advances in
the field of articular cartilage repair and regenera-
tion may be quickly translated into the clinic with
significantly improved biological, physiological
and personalized treatments and outcomes.
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4.2 Cell Free Biomaterial Approaches
for Articular Cartilage Repair

Although cell-based techniques using both MSCs
and autologous chondrocytes have shown a lot of
potential for clinical translation and application,
challenges remain in developing novel clinical
products. Often cell-based approaches are expen-
sive and require a substantial amount of time for
extraction, proliferation and differentiation of pri-
mary cells and/or MSCs (Foyt et al. 2018; Makris
et al. 2015; Murphy et al. 2017). If these products
are ultimately considered as biologicals, instead
of as devices, by regulatory agencies it could
further delay their approval and significantly
increase the cost associated with their clinical
translation. Considering these challenges, it
appears that biomaterials built on cell-free
platforms might provide substantial advantages
for cartilage repair and regeneration (Calabrese
et al. 2017; Makris et al. 2015; Mathis et al.
2017; Murphy et al. 2017).

Cell-free based biomaterial methods usually
rely on controlled release of growth factors,
serum or small bioactive molecules such as
drugs that are able to modulate the local microen-
vironment in order to stimulate cartilage healing
(Armiento et al. 2018; Duarte Campos et al. 2012;
Makris et al. 2015). For example, biomaterials
can rely on selective stimulation and recruitment
of MSCs in order to exert therapeutic effects. If
these biomaterials are further coupled with con-
trolled release of tailored growth factors they
could be able to activate chondrocytes in the
local healthy microenvironment promoting tissue
remodeling, repair and ultimately closure of the
cartilage defect (Armiento et al. 2018).

One cell-free strategy is autologous matrix-
induced chondrogenesis (AMIC) that aims to pro-
vide both early mechanical stability and long-
term regeneration of cartilage. The procedures
after the initial cleaning are based on inducing
microfractures that release MSCs, blood, and
serum, at the defect site that can then be sealed
with a biomaterial (Patrascu et al. 2010). For
example, a biomaterial implant that combines
platelet-rich plasma or autologous serum with

hyaluronic acid is placed at the defect site after
initial microfractures are generated (Patrascu
et al. 2010). The role of this biomaterial combina-
tion is twofold; first, the platelet-rich plasma
and/or autologous serum can aid in the recruit-
ment of bone marrow MSCs found in the under-
lying subchondral bone, (Patel et al. 2013) and
secondly hyaluronic acid might promote their
differentiation into chondrocyte-like phenotype
at the defect site (Patrascu et al. 2013). In a recent
clinical trial based on this treatment procedure
involving 52 patients 1-year post-surgery an
improvement in patient-reported Knee injury
and Osteoarthritis Outcome Scores (KOOS) was
observed. At the defect site hyaline-like repair
tissue appeared to be present when analyzed
using histological methods (Siclari et al. 2012).
However, to demonstrate long term effectiveness
of this approach more controlled clinical trials are
required with extended time periods to prove the
durability of this new tissue. Another similar
clinical trial looked at the placement of clot-like
structures made from the combination of chitosan
and autologous whole blood that was drawn
immediately before placement into the defect
site (Buschmann et al. 2007). One year follow
up reported that the chitosan-based approach
had increased lesion fillings and improved tissue
repair compared to microfractures alone (Stanish
et al. 2013). However, in terms of a functional
outcome there was little difference in the two sets
of patients. This is especially confounding when
considering that microfractures begin to degener-
ate in as little as 2 years post-surgery requiring
extended follow up.

Significant room remains for improvement of
AMIC and other cell-free biomaterials-based
approaches for repair and regeneration of articular
cartilage. More in-depth studies are required in
assessing how different concentrations, release
parameters and combinations of chemo-
attractants and chemokines including bone mor-
phogenetic proteins and growth factors
incorporated within biomaterial platform affect
the action of MSCs in cartilage repair (Filardo
et al. 2012; Richter 2009). Perhaps, personalized
strategies can be developed for a certain set of
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conditions and/or anatomical locations. Although
some of these approaches like AMIC are
FDA-approved additional carefully designed pre-
clinical studies are needed to investigate their
efficacy.

5 Conclusions

Very few connective tissues have an inherent
regenerative ability and if they do, this repair
and regeneration potential decreases with age.
Tissue engineering and regenerative medicine is
intended to facilitate the restoration of many
tissues including those of the musculoskeletal
system. Effective articular cartilage regeneration
with the use of stem cells has still not been
achieved, and more fibrotic/hyperplastic changes
tend to occur with time. In addition, the problems
associated with cell expansion, culture induced
phenotypic changes and the high cost of using
of human grade culture media and supplements
appear to delay the progress of research in this
area. Harvest of multinucleated cells from within
the bone-marrow and direct injection to the carti-
lage defect area using the bone-marrow aspirate
concentrate (BMAC) system is gaining promi-
nence amongst the clinicians as it helps to circum-
vent the labour-intensive protocols with cell
culture and the associated high cost. However,
the interaction of the transplanted cells with the
host tissue, their differentiation into articular car-
tilage, fulfilment of the bio-mechanical properties
and long-term benefits remains to be understood.
Continued research involving cellular therapies
and/or biomaterials therefore is mandatory for
identifying a successful technique to regenerate
cartilage.
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Exploring Stem Cells and Inflammation
in Tendon Repair and Regeneration
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Abstract

Tendon injuries are frequent and are responsible
for substantial morbidity both in sports and in the
workplace. Despite the endogenous mechanisms
of tendon repair and regeneration, tendon
healing upon injury is slow and often insufficient
to restore complete biomechanics functionality.

Inflammation has a pivotal role in tendon
healing and failed healing responses contribute
to the progression of tendinopathies. However,
the molecular and cellular mechanisms
involved are poorly understood requiring fur-
ther insights.

During inflammation, bioactive molecules
such as cytokines secreted locally at the injury
site, influence resident stem cells that contrib-
ute as modulatory agents over the niche
towards homeostasis, holding great promise
as therapeutic agents for tendon pathological
conditions associated to unresolved inflamma-
tion and failed healing.

This review overviews the role of cytokines
and resident cells, focusing on the participa-
tion of tendon stem cell population in inflam-
mation and tendon healing upon injury and
their potential action in resolution of patholog-
ical conditions.

Keywords

Cytokines · Healing · Inflammation ·
Mechanical stimulation · Pathology · Repair ·
Tendon · Tenocytes

Abbreviations
CTGF connective tissue growth factor
ECM extracelular matrix
MMPs matrix metalloproteinases
MSCs mesenchymal stem/stromal cell
NO nitric oxide
STAT3 activator of transcription 3
TDSCs tendon-derived stem cells

1 Introduction

1.1 Tendon Niche

Tendons are dense connective tissues that connect
muscles to bone and transmit the mechanical
forces generated during contraction to the
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skeleton, therefore essential for locomotion (Liu
et al. 2014; Subramanian and Schilling 2015).
Tendons are hypocellular tissues mainly com-
posed of tenocyte, and a stem and progenitor
cell population (Bi et al. 2007). However, other
cell types may be also present, for instance endo-
thelial cells, mast cells, chondrocytes, synovial
and vascular cells. Tenocytes are responsible for
extra cellular matrix (ECM) maintenance, which
is mainly composed of collagen, in particular
fibrillar collagens, namely collagen type I and
III, although other types of collagen are also
present, such as collagen type III, V, VI, XII,
XIV and XV (James et al. 2008; Millar et al.
2015; Rodrigues et al. 2013). Tendon ECM is
also composed of proteins and proteoglycans,
such as decorin, biglycan, aggrecan and elastin
(Aparecida de Aro et al. 2012; Docheva et al.
2015; James et al. 2008; Tan et al. 2015;
Subramanian and Schilling 2015).

Morphologically, tendons follow a hierarchi-
cal architecture of collagen molecules that gather
to form collagen fibrils. These fibrils assemble
into fibers to form collagen fiber bundles. Finally,
the bundles organize into tendon fascicles. The
presence and alignment of collagen fibers is ori-
ented for providing resistance to tendon and
increased tensile strength (Docheva et al. 2015;
Killian et al. 2012; Lui 2015; Durgam and
Stewart 2016), while reducing stress during mus-
cle contraction (Ho et al. 2014).

In tendon milieu, tendon cells and the ECM
coordinate actions in promoting damage repair
and tissue regeneration. Since vascular supplies
in tendon are confined to endotenon and
epitenon, it is likely that stem cell recruiting
through the vascular system may be restricted
to the surrounding areas of these layers. Thus,
the resident cell populations, stem cells and
tenocytes, have a critical role in physiological
homeostasis and regulation of the tendon matrix.
When this delicate fine-tuned balance is dis-
turbed the susceptibility to tendon damage
increases (Cadby et al. 2014).

Growing evidence supports tendon stem cells,
rather than tenocytes, as the main responsible for
the healing response in acute injuries. Beyond the

self-renewal capacity, proliferation and multi-
lineage potential, stem cells are a secretory source
of cytokines and growth factors with paracrine
and autocrine activities. These soluble factors
support the growth and differentiation of stem
and progenitor cells and have a angiogenic,
chemotatic, anti-apoptotic, anti-scarring or immu-
nomodulatory activity (Meirelles et al. 2009) in
local environments. The secretion of a broad
range of bioactive molecules with paracrine
effects resulting from the dynamic communica-
tion between stem cells and niche environment is
believed to be the main mechanism by which
mesenchymal stem cells achieve their therapeutic
effect (Meirelles et al. 2009).

Other intrinsic agents such as age, genetics,
nutrition, body habitus and metabolic diseases
are also involved in homeostasis as well as extrin-
sic factors namely pharmacological influences
and mechanical stresses, including loading, dis-
use, compression and exogenous damage (Abate
et al. 2009; Riggin et al. 2015). When tendon
injuries occur, there is a local failure in physio-
logical conditions, whose attempt to be solved is
mediated by tendon healing and regeneration
processes.

2 Tendon Repair Mechanisms

The healing process is a prolonged and complex
response of the host to injury and is crucial for the
mechanisms of tissue regeneration. It is also a
window of opportunity envisioning new therapies
for improving impaired healing (Stalman et al.
2015) and understanding the molecular entities
and mechanisms behind regeneration. Because
tendons possess a limited intrinsic regeneration
capacity with low cellularity, low vascularization
and poor innervation, tendon healing results in
healed tissues with impaired mechanical
capabilities. The potential of tendon healing also
depends on the anatomical location and local
environment (Thomopoulos et al. 2015).

Most tendons heal spontaneously upon injury
but the load-bearing functions are frequently
dominated by fibrotic scaring, which can result
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in adhesion formation and consequent failure to
achieve proper biomechanics (Sharma and
Maffulli 2005). Thus, a major challenge in tendon
healing is to control the scar tissue formed (over
scar remodeling) that deeply compromises the
normal function (Rodrigues et al. 2013). Overuse
or repetitive stretching during physical activities,
which are the major cause of tendon lesions lead-
ing to microdisruption of tendon fibers, are
known to trigger the release of pro-inflammatory
mediators (Rileya et al. 2002; Yang et al. 2005).
Increase levels of inflammatory cytokines have
been associated to tendon degeneration and dis-
ease (Millar et al. 2009).

The lack of understanding on the cell mediated
mechanisms disturbing the endogenous repair/
regeneration process results in limited knowledge
for effective treatment. The inflammation process
has a pivotal role in the healing upon injury and
failed healing responses contribute to the progres-
sion of tendinopathies, which represent a signifi-
cant medical problem worldwide. The
development of tendinopathy compromises ten-
don structure and function and is characterized by
pain, swelling and dysfunction (Magnusson et al.
2010; Zhang et al. 2016), affecting athletes and
general population.

The mechanisms supporting tendon healing
are still a subject of debate. Two types of tendon
healing were proposed: intrinsic and extrinsic. In
intrinsic healing, tenocytes from the epitenon and
endotenon migrate and proliferate into the site of
injury, reorganizing the ECM and giving support
to the internal vascular networking (Muller et al.
2015). Conversely, extrinsic healing is achieved
by the invasion of cells from the surrounding
sheath and synovium. Extrinsic healing has been
associated to facilitate scar formation and, conse-
quently inferior biomechanics. Other studies sug-
gest that both intrinsic and extrinsic pathways are
fundamental to the early stages of tendon healing
(Harrison et al. 2003).

The tendon healing process typically includes
three main phases: inflammation, proliferation
and remodeling (Docheva et al. 2015) influenced
by a temporal and spatially controlled array of
mediators and the microenvironment events
(Thomopoulos et al. 2015) (Fig. 1).

The first phase is often rapid and of short
duration and characterized by the infiltration of
inflammatory cells like monocytes, macrophages,
neutrophils and platelets. These cells release che-
motactic factors that favor the migration and acti-
vation of tendon cells from nearby regions of the
injury and from tendon sheaths. In the next phase,
tendon cells proliferate and produce a collagen
rich ECM, re-establishing the alignment of
tenocytes between collagen fibrils. Finally, during
the remodeling phase, ECM becomes more
organized with axial arrangement of collagen
fibers. In rat flexor tendons, MMP-9 and
MMP-13 mediate tissue degradation, while
MMP-2, MMP-3 and MMP-14 were associated
to the remodeling phase (Buono et al. 2013). The
remodeling of the ECM is a crucial process of
tendon healing for gaining biomechanical
competence.

During healing, the inflammatory mediators
such as Il-6 and TNF-α are secreted by tendon
cells (Bauge et al. 2015; Wynn and Vannella
2016) assisting the crosstalk between cells and
the ECM synthesis and arrangement contributing
for the reparative versus degenerative process that
drives tendon remodeling (Dakin et al. 2014;
Dean et al. 2017).

Inflammation is the physiological response to
injuries and is part of tendon healing process. If
the injury is not resolved, the response becomes
chronic and pathologic. The magnitude and dura-
tion of the inflammatory response is adjusted by
regulatory mechanisms at the injury site (Andia
et al. 2010; Prisk and Huard 2003).

Persistent inflammation disrupts the balance
between MMPs and TIMPs contributing to scared
tendon healing and chronic matrix degradation
(D’Addona et al. 2017; Tarafder et al. 2017).
Scared tissue results in poor rearrangement of
collagen fibrils and separation of collagen
bundles. The rupture on collagen fibers may be
resulted in calcifications (Zabrzyński et al. 2016).
Thus, modulation of the inflammatory response is
necessary for recovery of tendon function (Shen
et al. 2016).

Conservative treatments for tendon healing
fight inflammation with anti-inflammatory drugs
for tissue recovery in an attempt to diminish an
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abnormal or prolonged inflammation often
associated to pathophysiology conditions. How-
ever, interrupting inflammation overruns impor-
tant beneficial effects that are required for proper
healing to occur.

The role of inflammation in tendinopathy is a
subject of debate. Although several studies point
a relation between inflammation and
tendinopathy (D’Addona et al. 2017; Dakin
et al. 2014; Dean et al. 2017; Rees et al. 2014),
the onset and development of tendinopathy are
poorly understood. Growing evidence suggests
that inflammation may not be the cause of several
tendinopathies but the failure to resolve inflam-
mation will likely contribute to a complex envi-
ronment of inflammatory mechanisms (stromal,
immune-sensing and infiltrating compartments
such as immune cells) (Millar et al. 2017) affect-
ing tendon homeostasis and exacerbating
symptoms and tissue degeneration.

Tendinopathies are associated to changes in
cellularity and in the remodeling activity of ten-
don ECM resulting in significant structural and
biomechanical alterations of the host niche (Lui
and Chan 2011; Tempfer and Traweger 2015).

Histological examination of tendinopathy tissues
showed collagenolytic injuries and an active
healing process, focal hypervascularity and meta-
plasia. Moreover, the collagen fibers show
unequal and irregular crimping, loss the trans-
verse bands, separations and rupturing of the
fibers with an increase of type III collagen. The
type III collagen is deficient in the number of
cross-links between and within the tropo-collagen
units (Abate et al. 2009; D’Addona et al. 2017;
Zabrzyński et al. 2016).

Inflammatory mediators including, IL-1, IL-6
and COX-2 were reported to be increased in
Achilles tendinopathy (Legerlotz et al. 2012). In
a degenerative tendon model, the expression of
IL-6, IL-11, IL-15 and TNF-α was up-regulated
and accompanied by increased expression of
MMP-13 and IL-1β (Dakin et al. 2014; Legerlotz
et al. 2012). MMP-13 levels were also increased
in human cuff tendon injuries. MMP-13 together
with MMP-1 and MMP-8 participate in the cleav-
age of type I collagen present in tendons. The
excessive collagen degradation during turnover
results in chronic injuries (Buono et al. 2013).

Inflammation

CELL & MATRIX CHANGES
Immune cells infiltration:

-platelets
-neutrophils 
-monocytes

MOLECULAR MEDIATORS 
Interleukins-6, -1
Growth factors: 

bFGF; 
IGF-1;
TGF; 
VEGF

Proliferation

CELL & MATRIX CHANGES
Cellularity and Matrix 

production
Collagen synthesis

Activation of tendon stem 
cells

MOLECULAR MEDIATORS 
Growth factors: 

bFGF; 
GDF-5,-6,-7; 

IGF-1; 
TGF;

VEGF

Remodelling

CELL & MATRIX CHANGES
Cellularity and Matrix 
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MOLECULAR MEDIATORS 
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Fig. 1 Representation of the main phases of tendon repair. Inflammation, proliferation and remodeling phases and
molecular, cellular and matrix changes during these phases
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2.1 Role of Cytokines in Tendon
Healing

Cytokines are small proteins with the ability to
influence and regulate biological activities (Dakin
et al. 2014; Evans 1999) of cells that contribute to
the healing response (Barr and Barbe 2004; Lin
et al. 2006; Muller et al. 2015). Cytokines consti-
tute the major mediators of inflammatory
response with a relevant role in cell signaling
and communication, holding potent immunomod-
ulatory properties. An endogenous expression of
inflammatory cytokines, namely TNF-α, IL-1β,
IL-6, IL-4 and IL-10 has been demonstrated in
human injured and healthy tenocytes (Ackermann
et al. 2013; Mobasheri and Shakibaei 2013).
Additionally, some of these cytokines may also
be involved in the (self)regulation of tenocyte
processes as IL-6 stimulation was reported to
increase the proliferation capacity of tenocytes
and inhibition expression of tendon cell markers
(Thomopoulos et al. 2015). Cytokine expression
is also affected by external stimuli as mechanical
stimuli/exercise, which impacts the cytokine pro-
file (including IL-1β and TNFα) during the ten-
don healing process (Morita et al. 2017).

The biochemical profile within a tissue niche
during healing and other physiological events is
of ultimate importance as it can be indicative of
homeostatic, inflammatory or pathological
conditions. Thus, the biochemical relevance of
soluble factors as cytokines in tendon niches
anticipates their application as potential diagnosis
and therapeutic tools for repair and regeneration
strategies (Table 1).

3 Tendon Derived-Stem Cells
(TDSCs) to Modulate
Inflammation and Improve
Tendon Healing

The interplay of mesenchymal stem/stromal cell
(MSCs) with the tendon niche is essential for the
modulation of the inflammatory response follow-
ing injury (Lui and Chan 2011; Zhou et al. 2010)
and is strongly dependent on a balance of soluble

factors, cell-cell communication and cell-matrix
interactions. During inflammation, MSCs interact
with resident cells to promote cell migration and
proliferation, which could allow a faster
re-colonization of the defect, and matrix synthesis
(Proffen et al. 2013).

The crosstalk between inflammation cues and
stem cells is important to elucidate the
mechanisms of how stem cells respond to tissue
damage avoiding scar formation and tuning cell-
based mechanisms for regenerative approaches.

Previous studies with non-tendon mesenchy-
mal stem/stromal cell suggested that a MSCs
treatment could attenuate scar formation and
compromised function by improving tissue
strength after ligament and tendon injuries. This
was due to a paracrine-mediated immunosuppres-
sive effect, through which MSCs modulate mac-
rophage phenotypes (Proffen et al. 2013;
Thomopoulos et al. 2015). It is expected that
local stem cell populations within different tissues
may also exert a similar effect. Thus, tendon
stem/progenitor cells hold potential to contribute
to the resolution of inflammation and pathophysi-
ology of tendinopathies modulating biological
responses at the injury site (Fig. 2).

A local tendon stem cell population could be
beneficial over other stem cell sources due to their
inherent pro-tenogenic abilities, which are likely
more prone to produce tendon components under
the influence of tendon environments (Dakin et al.
2014; Snedeker and Foolen 2017).

In 2007, a population of tendon stem/progeni-
tor cells was firstly identified in tendons from
mouse and humans, by Bi et al. (Bi et al. 2007).
Tendon-derived stem cells (TDSCs) present uni-
versal stem cell characteristics such as the ability
to self-renewal, clonogenicity and multi-lineage
differentiation capacity (Bi et al. 2007). TDSCs
were reported to in vitro differentiate into
tenocytes, chondrocytes, osteocytes and
adipocytes and to originate tendon, cartilage,
bone and tendon-to-bone tissues in several animal
models such as, nude mouse and rat, rabbit patel-
lar and Achilles tendon (Lui 2013; Zhang and
Wang 2010).
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TDSCs have also shown evidence as cell
source for tendon repair (Lui et al. 2016;
Mienaltowski et al. 2014; Tarafder et al. 2017)
(Table 2). TDSCs cultured in fibrin glue
constructs were shown to promote earlier and
improved tissue repair assessed by increased col-
lagen production and fiber alignment in a patellar
tendon window defect model (Ni et al. 2013). The

TDSCs seeded in knitted silk-collagen sponge
scaffolds also demonstrated ability to promoting
regeneration of rotator cuff in rabbit model by
inducing tenogenic differentiation and secretion
of anti-inflammatory cytokines that prevented
immunological rejection. (Shen et al. 2012).

The resident stem cell populations present in
different regions of the tendon can be subject to

Table 1 Cytokines in homeostasis, inflammation and pathogenesis of tendon tissues

Cytokine
Function in
homeostasis Function in inflammation Pathogenesis References

IL-1β Regulation of
temperature,
sleep and
feeding

Stimulation of MMPs
production

Acute and chronic
inflammatory
disorders

Ren and Torres (2009)

Synthesis of pro-inflammatory
cytokines (e.g. TNF-α, IL-6 and
IL-8)Modulation of

cellular
metabolism

TNFα Favors ECM degradation
(MMPs)

Participates in
degeneration of
tendon

Dohnert et al. (2015)

Induction inflammatory
cytokines (IL-1β, TNF-α, IL-6,
IL-10)
Suppression of collagen type I
Increases the elasticity
(reduction of ECM stiffness)

IL-6 Maintain
metabolic
homeostasis

Increases collagen synthesis Induces acute-
phase responses

Ackermann et al. (2013)
Amplifies the inflammatory
response
Induction of VEGF and IL-10

IL-4 Associated to
ECM
homeostasis in
may disease
models

Modulates and suppresses
pro-inflammatory cytokines

Courneya et al. (2010), John
et al. (2010), Schulze-Tanzil
et al. (2011), Wojdasiewicz
et al. (2014)

Decreases the synthesis of
inflammatory cytokines
(TNF-α, IL-1β, IL-6) and
inhibits the secretion of MMPs
Reduces tendon strength

IL-10 Inhibition of the synthesis of
inflammatory cytokines (TNF-α
and IL-2) and MMPs

Ackermann et al. (2013)

Synthesis of collagen type II
and aggrecan
Induces proliferation and
survival of tenocytes

IL-17A Promote tissue destruction and
degeneration

Early inflammatory
response in human
tendinopathy

Millar et al. (2015)

Induces the production of
cytokines (IL-1, IL-6, TNF-α),
MMPs and NO synthase in
tenocytes

Mediates
inflammation and
tissue remodeling
in human
tenocytes

NO nitric oxide, ECM extracellular matrix, MMPs matrix metalloproteinases
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different biochemical stimuli and contribute in
distinctive ways for the reparative response to
injury, and thus play different yet interactive
roles in inflammation and healing.

A study by Mienaltowski et al. compared the
properties of proper-(TPs) and peritenon-(TPes)
derived progenitor cells from embryonic Achilles
tendon in an in vitro regenerative tendon construct
model. The anatomical origin of TSCs (TPs or
TPes) contributed differently for tendon-like tissue
formation and the secretome of TPes bolster the
expression of tenogenic differentiation markers
and matrix assembly genes in TPs and tenocytes.
These findings highlight an additional potential
role of TPes in tendon repair besides the synthesis
of provisional matrix (Mienaltowski et al. 2014).

TDSCs also participate in the regulation of
inflammation during healing of acute tendon
injuries (Tarafder et al. 2017). Connective tissue
growth factor (CTGF) enriched CD146+ TDSCs
were shown to reduce pro-inflammatory M1 cells
in the early healing phase and express anti-
inflammatory IL-10 and TIMP-3 vis JNK/signal

transducer and activator of transcription
3 (STAT3) signalling (Tarafder et al. 2017).

The immunomodulatory action and trophic
signaling on cytokine modulation are TDSCs
parameters to be taken in consideration as they
are proposed to impact cellular immunity and
immune associated processes, controlling cell
responses and holding great promise for a variety
of pathologies where inflammation and failed
healing could be problematic. Therefore, TDSCs
therapy is promising for regenerative medicine
approaches aiming to repair tendon injuries to
tissues pre-injury functional stage.

4 Conclusions and Future
Directions

Despite the insights from recent years on the cellular
and molecular cues involved in tendon healing, the
knowledge on biological mechanisms to recapitu-
late tendon regeneration remains at the infancy.

Tendon derived
stem cells (TDSC)

Secretion/ Suppression of
factors

Immunomodulation of cells from
immune system

Recruitment of cells to the site
of injury

Regulation of ECM:
MMPs/TIMPs

Collagen deposition

INFLAMMATION

Chemokines/cytokines

Growth factors

SECRETED FACTORS

DIFFERENTIATION

T cells
Macrophages

Tissue specific cells
Other stem cells

CELLULAR
INTERACTIONS

Stiffness
Composition
Topography

ECM INTERACTIONS

Adipocytes Tenocytes Chondrocytes Osteocytes

Fig. 2 Schematic representation of the TDSCs in tendon niches as modulators of tissue repair and regeneration
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Findings on tendon (stem cell) biology will
likely contribute for better understanding of ten-
don homeostasis and proper healing. Inflamma-
tion as a necessary step for healing to occur
should not be blocked but modulated and con-
trolled. New studies are required to insight on the
role of the mediators involved in unresolved and
chronic inflammation to unveil new homeostatic
or pathological markers and assist diagnosis tools
for the treatment of tendon conditions. Ulti-
mately, the knowledge gathered would enable
the control of tendon healing response to injury
toward a complete restoration of functional
biomechanical cues.
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Abstract

Mesenchymal stem cells (MSCs) were, due to
their immunomodulatory and pro-angiogenic
characteristics, extensively explored as new
therapeutic agents in cell-based therapy of
uveitis, glaucoma, retinal and ocular surface
diseases.

Since it was recently revealed that
exosomes play an important role in biological
functions of MSCs, herewith we summarized
current knowledge about the morphology,
structure, phenotype and functional
characteristics of MSC-derived exosomes
emphasizing their therapeutic potential in the
treatment of eye diseases.

MSC-derived exosomes were as efficient as
transplanted MSCs in limiting the extent of
eye injury and inflammation. Immediately

after intravitreal injection, MSC-derived
exosomes, due to nano-dimension, diffused
rapidly throughout the retina and significantly
attenuated retinal damage and inflammation.
MSC-derived exosomes successfully deliv-
ered trophic and immunomodulatory factors
to the inner retina and efficiently promoted
survival and neuritogenesis of injured retinal
ganglion cells. MSC-derived exosomes effi-
ciently suppressed migration of inflammatory
cells, attenuated detrimental Th1 and Th17
cell-driven immune response and ameliorated
experimental autoimmune uveitis.
MSC-derived exosomes were able to fuse
with the lysosomes within corneal cells,
enabling delivering of MSC-derived active
β-glucuronidase and consequent catabolism
of accumulated glycosaminoglycans,
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indicating their therapeutic potential in the
treatment of Mucopolysaccharidosis VII (Sly
Syndrome). Importantly, beneficent effects
were noticed only in animals that received
MSC-derived exosomes and were not seen
after therapy with fibroblasts-derived
exosomes confirming specific therapeutic
potential of MSCs and their products in the
treatment of eye diseases.

In conclusion, MSC-derived exosomes rep-
resent potentially new therapeutic agents in the
therapy of degenerative and inflammatory ocu-
lar diseases.

Keywords

Mesenchymal stem cells · Exosomes · Eye ·
Injury · Inflammation

1 Introduction

Due to their capacity to produce trophic and
immunosuppressive factors, mesenchymal stem
cells [MSCs] were extensively explored as new
therapeutic agents in cell-based therapy of uveitis,
glaucoma, retinal and ocular surface diseases (Joe
and Gregory-Evans 2010). Although obtained
results were promising, safety issues regarding
MSCs-based transplantation are still a matter of
debate, especially in the long-term follow up. The
primary concern is unwanted differentiation of
the transplanted MSCs induced by cellular and
cytokine milieu of local microenvironment in
which MSCs were engrafted (Volarevic et al.
2018). It was recently reported that three women
suffering from macular degeneration developed
complications including vision loss, detached
retinas, and bleeding resulting in total blindness
in stem cell-treated eyes as a consequence of
unwanted differentiation of transplanted stem
cells (Kuriyan et al. 2017).

As far as we know to date, beneficial effects of
MSCs in cell-based therapy of degenerative and
autoimmune disease are largely due to the activity
of MSC-derived trophic and immunosuppressive
soluble factors (Volarevic et al. 2017). Plenty of
evidence indicate that MSCs conditioned medium
(MSC-CM) attenuate progression of immune

mediated diseases and promote regeneration of
ischemic tissues in almost completely the same
way as transplanted MSCs indicating that para-
crine mechanisms are mainly responsible for
MSC-based therapeutic effects and that therapeu-
tic use of MSC-derived products may overcome
safety concerns regarding unwanted differentia-
tion of transplanted MSCs (Volarevic et al. 2017,
2018).

Since it was recently revealed that exosomes
play an important role in biological functions of
MSCs and MSC-CM (Yu et al. 2014; Rani et al.
2015; Lai et al. 2015), herewith we summarized
current knowledge about the morphology, struc-
ture, phenotype and functional characteristics of
MSC-derived exosomes emphasizing their thera-
peutic potential in the treatment of eye diseases.
An extensive literature review was carried out in
April 2018 across several databases (MEDLINE,
EMBASE, Google Scholar), from 1990 to pres-
ent. Keywords used in the selection were: “mes-
enchymal stem cells”, “exosomes”, “eye”,
“degenerative diseases”, “inflammatory
diseases”, “regeneration”, “immunosuppression”.
Studies that emphasized molecular and cellular
mechanisms responsible for beneficent effects of
MSC-derived exosomes in the therapy of eye
diseases were analyzed in this review.

2 MSC Derived Exosomes:
Morphology and Structure

MSC-derived exosomes are nano-sized extracellu-
lar vesicles that originate via the inward budding of
the late endosome membranes called multivesicular
bodies (MVBs). Upon the fusion of MVBs with the
plasma membrane, MSC-derived exosomes are
released into the extracellular milieu and can be
either taken up by target cells residing in the micro-
environment of engrafted MSCs or may be carried
to distant sites via biological fluids where, in endo-
crine manner, modulate function of immune cells,
endothelial cells (ECs), pericytes and other tissue-
resident cells (Hyenne et al. 2015)

MSC derived exosomes have a narrow diameter
range of 40–100 nm and a density of
1.13–1.19 gml�1 in sucrose solution. Their
membranes are enriched in cholesterol
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sphingomyelin ceramide and lipid raft proteins
(de Gassart et al. 2003) which enable protection
of exosome’s cargo from degradative enzymes or
chemicals and facilitates uptake of exosome’s con-
tent into target cells through endocytosis or mem-
brane fusion regardless of biological barriers (Lai
et al. 2011). MSC-derived exosomes express evo-
lutionary conserved set of proteins including
tetraspanins (CD81 CD63 CD9-involved in MSC
proliferation and signaling) heat-shock proteins
(HSP60 HSP70 HSP90-involved in MSC respond
to stress) ALG-2-interacting protein X (Alix-
apoptosis regulating protein) tumor susceptibility
gene 101 (TSG101-having role in cell growth and
proliferation) and adhesion molecules (CD29
CD44,CD73- enabling migration of exosomes to
the inflamed and injured tissues) (Fig. 1). The

incorporation of all these proteins in exosomes is
thought to be controlled by lipid-dependent
mechanisms primarily by the activity of the
endosomal sorting complex required for transport
(ESCRT) (Colombo et al. 2014).

Exosome content may vary according to the
physiological and pathological conditions of the
tissue microenvironment in which engrafted MSC
is exposed. In this regard, the exosomal cargo can
reveal the state of the donor MSC and can also
influence in a paracrine and/or endocrine manner
the fate of the recipient cell (Schey et al. 2015;
Villarroya-Beltri et al. 2014). The reliability of
intercellular communication between MSC and
target cell is maintained and translated by specific
components within the MSC-derived exosomes.
These components are generally made of

Fig. 1 MSC-derived exosomes: morphology and
structure. MSC-derived exosomes are nano-sized extra-
cellular vesicles which are released from MSCs into the
extracellular milieu and taken up by target cells. Their
membranes are enriched in cholesterol, sphingomyelin,
ceramide and lipid raft proteins which enable protection
of exosome’s cargo from degradative enzymes or
chemicals and facilitates uptake of exosome’s content

into target cells through endocytosis or membrane fusion,
regardless of biological barriers. MSC-derived exosomes
express evolutionary conserved set of proteins, including
tetraspanins (CD81, CD63, CD9), heat-shock proteins
(HSP60, HSP70, HSP90), and adhesion molecules
(CD29, CD44,CD73) and carry nucleic acids, proteins
(cytokines, chemokines) and lipids having important role
in immunomodulation and tissue regeneration
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proteins, lipids, DNA fragments, mRNA and
small RNA species (Villarroya-Beltri et al.
2014; Vlassov et al. 2012). The cargo is not
randomly distributed into exosomes: strictly
regulated mechanisms determine the “informa-
tion” that will be distributed from MSC to the
recipient cell by exosome (Villarroya-Beltri
et al. 2014).

MSC derived exosomes carry nucleic acids
proteins (cytokines chemokines) and lipids. In
cargo of MSC-derived exosomes 4850 unique
gene products and 4150 miRNAs have been
detected and identified by mass spectrometry
antibody array and microarray analysis (Lai
et al. 2012; Chen et al. 2010). Furthermore,
proteasome subunits were observed in
MSC-derived exosomes (Carayon et al. 2011). It
has been revealed that the 20S proteasome is
responsible for degradation of intracellular oxida-
tive damaged proteins which may partly contrib-
ute to the cardioprotective activity of
MSC-derived exosomes (Lai et al. 2012).
Through the activation of phosphatidylinositol-
4,5-bisphosphate 3-kinase (PI3K)/Akt pathway
MSC-derived exosomes increased levels of aden-
osine triphosphate (ATP) reduced oxidative stress
attenuated myocardial ischemic injury and pro-
moted myocardial viability and cardiac function
(Lai et al. 2010; Li et al. 2013), indicating their
potential therapeutic use in the treatment of
myocardial ischemia (Arslan et al. 2013)

The presence of nucleic acids inside the
exosomes had the crucial role in altering the fate
of recipient cells. Within the nucleic acids spec-
trum, miRNA sequences become the most inten-
sively investigated (Zaharie et al. 2015; Berindan-
Neagoe and Calin 2014). Several miRNAs,
detected in MSC-derived exosomes, including
miR-191, miR-222, miR-21, miR-222, and
miR-6087 were responsible for increased differ-
entiation of ECs enabling modulation of angio-
genesis (Merino-González et al. 2016). Similarly,
through the activity of miR-494, MSC-derived
exosomes accelerate muscle regeneration and
promote myogenesis and angiogenesis
(Nakamura et al. 2015).

MSC based modulation of vascular endothelial
growth factor (VEGF)-driven angiogenesis is
mediated by miR contained within MSC-derived

exosomes (Merino-González et al. 2016;
Nakamura et al. 2015). Lee and coworkers (Lee
et al. 2013) revealed that MSC-derived exosomes
enriched with miR-16 suppress tumor progres-
sion and angiogenesis via down-regulation of
the VEGF expression in tumor cells. Opposite
results were reported by Zhu and colleagues
(Zhu et al. 2012) who showed that in vivo appli-
cation of MSC-derived exosomes activated extra-
cellular signal-regulated kinase1/2 (ERK1/2)
pathway in tumor cells that resulted with the
enhanced expression of VEGF, increased
neo-angiogenesis and accelerated tumor growth.

Intravenous transplantation of MSC-derived
exosomes improves neurogenesis, neurite
remodeling and angiogenesis after ischemic
brain injury (Xin et al. 2013). Therapy based on
the delivery of MSC-derived exosomes promoted
axonal growth and significantly increased the
number of neuroblasts and ECs in ischemic and
injured regions of central nervous system (CNS)
(Xin et al. 2013). MSCs communicate with brain
parenchymal cells and regulate neurites
outgrowth by transferring miR-133b in neurons
and astrocytes via exosomes (Xin et al. 2012)
which could be a promising therapeutic strategy
in the treatment of spinal cord injury.

3 Modulation of Immune
Response and Inflammation
in the Eye by MSC-Derived
Exosomes

MSCs have capacity to synthesize and secrete a
broad spectrum of exosomes, significantly more
than other exosome producing cells of
mesodermal origin (Yeo et al. 2013).
MSC-derived exosomes are involved in impor-
tant physiological and pathological processes
such as disposal of unwanted proteins, genetic
exchange, modulation of immune response and
inflammation (Théry et al. 2009; Zöller 2009).

Immediately after engraftment, MSCs through
the release of exosomes interact with multiple cell
types to elicit appropriate cellular responses:
affect the support of stromal cells enabling main-
tenance of dynamic and homeostatic tissue micro-
environment (Lai et al. 2015) and modulate
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immune response by delivering immunosuppres-
sive factors to the effector immune cells (Lai et al.
2010; Li et al. 2013; van Koppen et al. 2012;
Zhang et al. 2014; Kordelas et al. 2014).

It was recently revealed that exosomes derived
from amniotic fluid derived MSCs (AF-MSCs)
contain immunosuppressive factors TGF-β and
HGF. TGF-β suppresses activation of Jak-Stat
signaling pathway in T cells, causing the G1 cell
cycle arrest (Volarevic et al. 2017; Bright et al.
1997) while HGF acts synergistically with TGF-β
enabling suppression of T cell proliferation and
attenuation of T cell-mediated inflammation
(Volarevic et al. 2017; Di Nicola et al. 2002). In
line with these findings, when
phytohemagglutinin-stimulated peripheral blood
mononuclear cells [PB-MNCs] were cultured in
the presence of TGF-β and HGF-containing AF-
MSCs-derived exosomes, proliferation of
PB-MNCs was notably reduced and their apopto-
sis was significantly enhanced (Balbi et al. 2017).
Similarly, maturation and proliferation of B cells
was reduced and their capacity for production of
antibodies was suppressed, indicating strong
immunosuppressive potential of AF-MSCs-
derived exosomes (Balbi et al. 2017). Interest-
ingly, among PB-MNCs, AF-MSC-derived
exosomes did not attenuate proliferation of
immunosuppressive CD4 + CD25 + FoxP3+ T
regulatory cells, confirming significance of AF-
MSC-derived exosomes as potentially new thera-
peutic agents in the therapy of inflammatory
diseases.

In line with these findings, we recently devel-
oped immunomodulatory ophthalmic solution
(“Derived Multiple Allogeneic Proteins Paracrine
Signaling “D-MAPPS”) the activity of which is
based on the activity of AF-MSC-derived
exosomes, cytokines and growth factors capable
to attenuate inflammation in the eye: IL-1 recep-
tor antagonist [IL-1Ra], indoleamine
2,3-dioxygenase (IDO) and growth related onco-
gene (GRO). Based on our preliminary results,
this product had beneficent effects in treatment of
corneal injuries and dry eye syndrome (DED).

Corneal injuries are usually complicated with
the influx of immune cells and consequently
developed inflammation (Dana et al. 2000).

During the early stage of corneal damage, injured
epithelial cells secrete the inflammatory cytokine
IL-1, which is stored in epithelial cells and
released when the cell membrane is damaged by
external insults (Yamada et al. 2003). IL-1Ra has
an important anti-inflammatory role in corneal
protection and regeneration. When IL-1Ra binds
to the IL-1 receptor (IL-1R), interaction between
inflammatory IL-1 and IL-1R is prevented.
Accordingly, various pro-inflammatory events,
initiated by IL-1:IL-1R interaction, including the
synthesis and release of chemokines, and
enhanced influx of neutrophils, macrophages,
and lymphocytes in injured corneas are inhibited
(Balbi et al. 2017). In line with these
observations, our preliminary findings suggest
that IL-1Ra containing AF-MSC-derived oph-
thalmic solution significantly attenuated inflam-
mation in patients suffering from corneal injury.

Similarly, as for progression of corneal injury,
inflammation has crucial role in the pathogenesis
of DED, multifactorial disease of the tears and
ocular surface that results in symptoms of dis-
comfort, visual disturbance, and tear film instabil-
ity (Gayton 2009). It is well known that Th17
cell-driven inflammation plays important role in
the pathogenesis of DED (Théry et al. 2009).
Inflammatory dendritic cells (DCs), in IL-1,
IL-6, and IL-23 dependent manner induce differ-
entiation of naïve T cells into Th17 cells which
reduce tear production and promote progression
of DED in IL-17 dependent manner (Gayton
2009; De Paiva et al. 2009). AF-MSCs, through
the production of immunomodulatory GRO,
attenuate maturation and antigen-presenting func-
tion of inflammatory DCs and suppress Th17
immune response. At the same time, AF-MSC-
derived GRO promote generation of regulatory
DCs capable to produce high levels of anti-
inflammatory IL-10 (Merino-González et al.
2016; Nakamura et al. 2015; Yi and Song 2012)
creating immunosuppressive microenvironment.
Similarly, MSC-derived IDO acts as a critical
molecular switch that simultaneously blocks
re-programming of Tregs into inflammatory,
IL-17 producing effector Th17 cells having
important role in Treg-based immunosuppression
of Th17 driven inflammation (Volarevic et al.
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2017). In line with these observations, our pre-
liminary results showed that AF-MSC-derived
ophthalmic solution, which contains a high con-
centration of immunosuppressive GRO and IDO,
significantly attenuated dryness, grittiness,
scratchiness, soreness, irritation, burning,
watering, and eye fatigue in patients suffering
from DED, indicating therapeutic potential of
AF-MSC-derived secretomes in the treatment
of DED.

4 MSC Derived Exosomes
in the Therapy of Retinal Injury

Damage of retinal cells caused by injury, infec-
tion or ischemia triggers degeneration in neigh-
boring neural cells, resulting with the spread of
morphological and functional retinal damage and
irreversible visual impairment (Yoles and
Schwartz 1998). Till now, there is no effective
neuroprotection therapy currently available for
retinal injury and, accordingly, transplantation of
stem cells and their products have been exten-
sively tested as new therapeutic approach for
retinal regeneration. By using animal model of
laser-induced retinal injury, Yu and coworkers
recently demonstrated therapeutic potential of
MSC-derived exosomes in attenuation of retinal
damage and inflammation (Fig. 2) (Yu et al.
2016). One hour after their intravitreal injection,
MSC-derived exosomes diffused rapidly through-
out the neural retina, retinal pigment epithelium
and gradually spread to the outer layers. Impor-
tantly, MSC-derived exosomes were as efficient
as transplanted MSCs in limiting the extent of
retinal damage. MSC-exosome-treated and
MSC-treated eyes showed equivalent attenuation
of laser-induced retinal injury with milder disor-
ganization of the tissue, more residual photore-
ceptor cells, smaller retinal disordered areas, and
reduced loss of nuclei in the outer nuclear layers
compared with the eyes that were treated with
vehicle only. Furthermore, application of
MSC-derived exosomes significantly reduced
infiltration of immune cells, particularly CD68+

macrophages and attenuate consequent apoptosis
of retinal cells when compared to vehicle-treated
group. MSC-derived exosomes managed to sig-
nificantly alleviate expression of inflammatory
mediators in the injured retinas involved in migra-
tion of monocytes in the eye: cytokine (TNF-α),
chemokine (monocyte chemoattractant protein-1,
MCP-1) and adhesion molecule (intercellular
Adhesion Molecule 1, ICAM-1). Application of
MCP-1 abolished effects of MSC-derived
exosomes suggesting that they reduce retinal
injury and inflammation mainly by targeting
MCP-1-dependent migration of monocytes
(Yu et al. 2016). In accordance to the attenuated
retinal injury and inflammation, the significant
improvement of dark- and light-adapted electro-
retinogram response in laser-injured mice treated
with MSC-derived exosomes was observed,
indicating functional recovery of retinal cells
(Yu et al. 2016).

In line with result obtained by Yu and
colleagues (Yu et al. 2016) are findings recently
reported by Mead and Tomarev (Mead and
Tomarev 2017) who demonstrated therapeutic
potential of bone marrow MSCs [BM-MSCs]-
derived exosomes in the regeneration of injured
retinal ganglion cells [RGCs]. RGCs are the sole
projection neurons and their axons make up the
optic nerve, making them susceptible to traumatic
(optic nerve crush; ONC) and degenerative (glau-
coma) diseases. Since RGC are CNS neurons,
they are neither replaceable nor capable of axon
regeneration and their loss or dysfunction results
with irreversible blindness. BM-MSC-derived
exosomes efficiently promoted survival and
neuritogenesis of RGCs in vitro and in vivo, in
ONC experimental model. In compared to
untreated animals where, 3 weeks after ONC,
more than 80% of RGCs are lost, cell death of
RGCs was reduced to 30% in rats treated with
BM-MSC-derived exosomes. Moreover, in
BM-MSC exosome-treated retinas, over 50% of
RGC function was maintained, suggesting that
exosomes managed not only to protect RGC
from death but also to preserve their function.
Importantly, this was significantly higher
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neuroprotection of RGCs than those observed
after transplantation of BM-MSCs. BM-MSCs
lack the capacity to integrate into the retina and
they remain in the vitreous after application. On
contrary, within 1 hour after intavitreal injection,
MSC-derived exosomes diffused rapidly and suc-
cessfully delivered their cargo to the inner retina,
including the RGCs where they elicited their
therapeutic effects through miRNA dependent
mechanisms (particularly through miR-17-92
and miR21 that regulate phosphatase and tensin

homolog (PTEN) expression which is an impor-
tant suppressor of RGC axonal growth and sur-
vival and through miR-146a that targets
expression of epidermal growth factor receptor
(EGFR) involved in inhibition of axon regenera-
tion. Importantly, beneficial effects of
MSC-derived exosomes in the treatment of retinal
injury and in protection of RGCs were noticed
only in animals that received MSC-derived
exosomes and were not seen after therapy with
fibroblasts-derived exosomes confirming specific

Fig. 2 Mechanisms responsible for therapeutic effects
of MSC-derived exosomes in the therapy of autoim-
mune uveitis and retinal injury. MSC-derived exosomes
deliver immunomodulatory enabling suppression of detri-
mental immune response in autoimmune uveitis. By

providing trophic support, MSC-derived exosome attenu-
ate apoptosis of retinal cells and promote survival of
retinal ganglion cells (RGCs) enabling regeneration of
injured retinal tissue
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therapeutic potential of MSCs and their products
in retinal regeneration (Yu et al. 2016; Mead and
Tomarev 2017).

5 Therapeutic Potential of MSC-
Derived Exosomes
in the Treatment
of Autoimmune Uveitis

Autoimmune uveitis represents one of leading
causes of visual disability. Since long-term use of
immunosuppressive drugs and corticosteroids is
limited due to the serious side effects and possible
development of glaucoma and cataract, new thera-
peutic approaches for attenuation of autoimmune
reaction in the eye are urgently needed. Most
recently, Bai and colleagues demonstrated that
MSC-derived exosomes efficiently attenuated
experimental autoimmune uveitis (EAU), well
established murine model of autoimmune uveitis
(Bai et al. 2017), indicating their potential therapeu-
tic use in the treatment of this disease (Fig. 2). Both
clinical and histological analysis revealed that
periocular injection of MSC-derived exosomes sig-
nificantly ameliorated EAU, protect retinal structure
and rescue retinal function in experimental rats.
This was followed with notably reduced number
of Gr-1+ granulocytes, CD161+ natural killer
(NK) cells, CD68+ macrophages and CD4+ T
cells in the inflamed retinas. Application of
MSC-derived exosomes inhibited influx of
leukocytes in the eye by suppressing effects of
CCL2 and CCL21 chemokines which are involved
in chemotaxis of inflammatory cells in the injured
eyes. Interestingly, MSC-exosomes did not affect
proliferation of activated T cells but managed to
remarkably down-regulate presence of inflamma-
tory, IFN-γ producing Th1 and IL-17 producing
Th17 cells in the retinas, without affecting total
number of immunosuppressive
CD4 + CD25 + FoxP3+ T regulatory cells. Similar
to these results are findings obtained by Shigemoto-
Kuroda and colleagues (Shigemoto-Kuroda et al.
2017) who demonstrated that intravenous injection
of MSC-derived exosomes, given immediately after
immunization, prevented development of EAU in

the same way as intravenously transplanted MSCs.
Little structural damage of retinas with few inflam-
matory infiltrates were noticed in the eyes of EAU
mice that received MSCs or MSC-derived
exosomes while EAU mice that received vehicle
showed severe disruption of the retinal photorecep-
tor layer accompanied with massive infiltration of
inflammatory cells. Total number of retinal-
infiltrating CD3+ T lymphocytes was significantly
reduced both in MSCs and exosome-treated EAU
mice when compare to vehicle-treated animals with
EAU. In similar manner as it was observed by Bai
and colleagues (Bai et al. 2017), MSC-derived
exosome efficiently attenuated Th1 and Th17
immune response in the eye, without affecting
total cell number, phenotype and function of
immunosuppressive T regulatory cells
(Shigemoto-Kuroda et al. 2017). The transcript
levels of Th1 and Th17 related inflammatory
cytokines (IFN-γ, IL-17A, IL-2, IL-1β, IL-6, and
IL-12) and total number of eye-infiltrated Th1 and
Th17 cells were significantly lower in the eyes of
MSCs- and exosome-treated mice when compared
with the vehicle-treated controls, while there was no
significant difference in total number of T regu-
latory cells and immunosuppressive IL-10
(Shigemoto-Kuroda et al. 2017). Mixed lymphocyte
reaction and flow cytometry analysis of DCs
revealed that MSC-derived exosomes attenuated
Th1 and Th17 immune response directly, by
attenuating proliferation, effector function and cyto-
kine production of CD4+ T lymphocytes and indi-
rectly, by suppressing expression of costimulatory
molecules (CD40, CD80 and CD86) and major
histocompatibility complex (MHC) class II
molecules on DCs, inhibiting their capacity for
antigen presentation (Shigemoto-Kuroda et al.
2017). Results obtained by Bai and colleagues
(Bai et al. 2017) and Shigemoto-Kuroda and
coworkers strongly suggest that MSC-derived
exosomes efficiently suppress migration of inflam-
matory cells in inflamed retinas, attenuate detrimen-
tal Th1 and Th17 cell-driven immune response and,
accordingly, should be further explored as novel
therapeutic agents for the treatment of human auto-
immune uveitis, for which local non-corticosteroid
therapy is urgently needed.
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6 Effects of MSC-Derived
Exosomes in the Treatment
of Sly Syndrome

Mucopolysaccharidosis (MPS) is a group of seven
related disorders caused by a mutation in one of the
lysosomal exoglycosidases required for the sequen-
tial degradation of glycosaminoglycans (GAGs),
resulting with lysosomal storage in several organs,
including eyes. MPS VII, also known as Sly syn-
drome, manifested by corneal clouding, hepatomeg-
aly, skeletal dysplasia, short stature, and delayed
development is caused by a mutation of
β-glucuronidase which leads to the accumulation
of heparin sulfate, dermatan sulfate and chondroi-
tin-4- and -6-sulfate. Current treatment for MPS VII
is transplantation of bone marrow-derived stem
cells or enzyme substitution therapy, but neither of
these two therapeutic approaches are effective for
ameliorating the corneal clouding due to corneal
avascularity. Therefore, corneal clouding is ulti-
mately treated by corneal transplantation (kerato-
plasty) which requires general anesthetic which is
usually not possible in MPS VII patients suffering
from respiratory dysfunction and/or severe cardio-
myopathy. Accordingly, new therapeutic
approaches are urgently needed for these patients.
Most recently, Coulson-Thomas and colleagues
proposed MSC-derived exosomes as potentially
new agents for the treatment of MPS VII patients
(Coulson-Thomas et al. 2013). Results obtained in
this study suggest that β-glucuronidase-containing
exosomes released from umbilical cord derived
MSCs (UC-MSCs) are able to successfully enter
into host corneal keratocytes and ECs of MPS VII
mice (Coulson-Thomas et al. 2013). Furthermore,
UC-MSC-derived exosomes managed to fuse with
the lysosomes within recipient cells, enabling deliv-
ering of MSC-derived active β-glucuronidase and
consequent catabolism of accumulated GAGs in
MPS VII mice. These findings strongly support
the hypothesis that UC-MSCs-derived exosomes
have great potential for being successful in treating
MPS VII and other human corneal congenital met-
abolic diseases.

7 Conclusion

Although transplantation of MSCs has enormous
perspective in regenerative medicine,
accumulating evidence indicates that treatment
using MSC-derived exosomes have multiple
advantages over MSC-based therapy. The risks
of allogeneic immunological rejection, unwanted
differentiation, and obstruction of small vessels
by intravenously injected MSCs might be
avoided by therapeutic application of
MSC-derived exosomes that have similar effects
and migration potential as MSCs. Additionally,
exosomes, due to their nano-dimension, can eas-
ily pass through biological barriers and enter all
target organs (Yu et al. 2016).

Nevertheless, there are still some challenges
that need to be addressed in order to develop
MSC-derived exosomes as an effective therapeu-
tic agent in the treatment of eye diseases. Further
studies are needed to optimize the injection fre-
quency and dose to maintain the long-lasting
effects of MSC-derived exosomes. Moreover,
having in mind that exosomes are highly hetero-
geneous depending on the tissue origin of MSCs
from which they were derived, pre-selection of
the most effective tissue source of MSCs-derived
exosomes is of crucial importance for their further
successful use in ophthalmology. Finally, precise
exosome-containing factors responsible for thera-
peutic effects of MSC-derived exosomes should
be defined for each eye disease. In this way,
defined therapeutic factor could be overexpressed
in MSCs-derived exosomes prior to application in
patients maximizing their therapeutic potential
and efficacy.
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Abstract

Transplantation is considered as one of the
methods for the treatment of autoimmune
diseases. There are different sorts of transplan-
tation which improved the situation for the
cure of different kinds of autoimmune
diseases. Cord blood transplantation is favored
over other transplant techniques. The pro-
pelled treatments incorporate interferon
administrative elements and mesenchymal
stromal cells for the management of immune
system issue particularly in the treatment of
rheumatoid joint inflammation. According to
the studies conducted, it was proven that cord
blood/UC mesenchymal cells along with
DMARDs, without consistent organization
expanded the level of administrative regu-
latory T-cells of the peripheral blood which
might be a protected and huge technique for
the treatment of patients experiencing rheuma-
toid joint inflammation. This review article
focusses on different organ transplantation
and alternative methods to treat autoimmune
condition like rheumatoid arthritis. Using 3D
printing and artificial intelligence are some of
the recent trends that may be used for the
management of autoimmune diseases.
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Abbreviations

DMARDs Disease-Modifying Antirheumatic
Drugs

UC Umbilical Cord
MSCs Mesenchymal Stromal Cells
RA Rheumatoid Arthritis
SCs Stem Cells
HSCs Hematopoietic Stem Cells
GVHD Graft Versus Host Disease
RBCs Red Blood Cells
IRFs Interferon Regulatory Factors
HLA Human Leukocyte Antigen
FLSs Fibroblast-like synoviocytes
TH1 T helper 1
IL-18BP Inter-leukin18 Binding Protein
TNFα- Tumor Necrosis Factor alpha
NFKB Nuclear Factor kappa-light-chain-

enhancer of activated B cells
cJUN c-Jun N-terminal kinase
ACPAs Anticitrullinated protein antibodies
EULAR European Group Against Ailment
DAS Disease Activity Scores
UC-MSC Umbilical Cord-derived MSC
NOTA National Organ Transplant Act
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OPTN Organ Procurement and Transplan-
tation Network

PSDA Patient Self-Determination Act
SGB V Sozialgesetzbuch Fünftes Buch
TPG German Transplantation Law
ZTCC Zonal Transplant Coordination

Center
ANNs Artificial Neural Network
ESCs Embryonic Stem Cells
siRNA small interfering Ribonucleic Acid
NOC No Objection Certificate
NGO Non-Governmental Organization
3D 3 Dimensional

1 Introduction

Transplantation is an act of surgical transfer of
healthy organ, tissue or cell from one place to
another or from one organism to another. Trans-
plantation is obligatory for patients who have an
organ failure or the organs have been damaged
due to some accident, injury or disease or no
alternative conventional treatment available. In
conventional treatment, the disease is controlled
to refrain the immune system with immunosup-
pressant like DMARDs, cytotoxic drugs, azathio-
prine. These medicines reduce few signs of the
illness but cause side effects like weakness, mel-
ancholy, prone to infection and may even cause
cancer. In autoimmune diseases the response to
immunosuppression is observed 60–70% primar-
ily because of either disease progression or
non-response to the drug used. The autoimmune
diseases, in some cases, may show clinical remis-
sion to relapse (Chandrashekara 2012; Kooij et al.
2007). Presently, use of site-targeted drugs
explores to reduce the toxicity of immunosup-
pressant drugs and also offers more robust immu-
nosuppression effect (Feldmann and Steinman
2005). Such targeted immunosuppressive
treatments do not escalate the remission rate con-
siderably inclusive of rheumatoid arthritis (Böhm
et al. 2006). Due to associated side effects of
conventional drugs and treatment options,

transplantation is an alternative for the treatment
and survival for human being.

The body parts like kidney, heart, lungs, liver,
pancreas, intestines, stomach and testis can be
transplanted and are shown in Fig. 1. The tissues,
cells and fluids that can be transplanted like hand,
cornea, face skin and face transplant, an islet of
Langerhans, bone marrow or SC, blood cells and
blood parts transfusion, blood vessels, heart valve
and bone.

1.1 History

During the 500 BCE- 600 CE, the rebirth of the
Lord Ganesha by cephalic transplant as depicted
in Hindu scriptures (Nanda et al. 2016) is the first
example of xenotransplantation on the earth as
shown in Fig. 2. In 1743, William Hunter
(1718–1783) stated that “ulcerated cartilage is a
troublesome disease which when destroyed, it is
not recovered from Hippocrates down to the pres-
ent age” (Hunter et al. 1743). Since onward the
efforts were made by orthopedics to develop reli-
able methods to restore the cartilage (Hunter
1744). Henri Judet first reported the implantation
of osteochondral grafts in animals (Judet 1908)
but the clinical use of allograft joint transplants
was first introduced by Lexer in 1908 (Nikalaou
and Giannoudis 2017; Langer and Gross 1974). A
patient in 1838 underwent the first corneal xeno-
transplantation (from a pig), whereas transplanta-
tion of the first corneal allograft (human-to-
human) was carried out in 1905 (Cooper 2012).
Hara and Cooper reviewed the field of corneal
xenotransplantation (Hara and Cooper 2010,
2011). By 1925, Lexer had documented 34 hemi
or whole knee allogenic implants in humans and
reported a 50% success rate (Lexer 1925). By the
1960s, Keith Reemtsma said that kidney trans-
plant other than that of human might function in
human recipients and thus be a successful treat-
ment for renal failure. Earlier transplantation of
kidney from a deceased person to a patient with a
kidney failure was less as the numbers of deaths
were less. So he performed a research wherein he
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Fig. 1 Major organs used
for transplantation

Fig. 2 Picture of Lord
Ganesha (a) before and
(b) after transplantation
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said he could give life to a patient by providing
him with a kidney from a non-human primate. In
this case, kidney of a chimpanzee was used to
transplant it into the patient (Reemtsma et al.
1964) but most of the patients died within few
weeks. Fortunately, one patient survived for few
months and then expired. After autopsy, it was
found out that no signs of acute or chronic rejec-
tion appeared in the chimpanzee kidneys. The
patient had suffered from electrolyte imbalance
because the transplant was from a non-human
primate. In 1967, Barnard and his colleagues
established the procedure of cardiac allotrans-
plantation (Barnard 1967), two cardiac
xenotransplants were also carried out by them
(Barnard et al. 1977). In 1983, Leonard Bailey
performed a surgical procedure which involved
the transplantation of a baboon heart known as
Baby Face into an infant girl. It was technically
successful but the patient died in 20 days later as
the graft underwent acute rejection (Starzl et al.
1966). It was concluded that the rejection was
caused due to the blood type ‘O’ which is primar-
ily not found in baboon. Tom Starzl, performed
liver transplants from a nonhuman primate to a
human which was unsuccessful in the 1960s
(Starzl 1969; Starzl et al. 1974; Giles et al.
1970). He performed two liver transplants in the
1990s but failed again as the patient lasted for just
a few days (Starzl et al. 1993). In 1993, a Swedish
group first attempted to transplant a pig islet in
patients with diabetes was carried out. The group
was headed by Carl Groth (Groth et al. 1994;
Alexander BR P OFM 2008). The timeline of
successful transplants started from 1905 and is
illustrated in Fig. 3.

1.2 Advantages

Societal Duty Everyone has a societal duty to
contribute for the betterment of the community.
The donation of organs to the patients in need and
help them to endure is a noble cause which can
serve the society.

Supports the Family of the Deceased For a
healthy and a productive life of a person who is
in need of an organ transplant.

Imparts a New Hope for Normal Life Organ
transplant gives a new hope to the recipients.

Recovers Life In the case of kidney dysfunction,
the patients depend on dialysis due to kidney
failure for their entire life but when a kidney
transplant is done they get a new life.

1.3 Disadvantages

Complications During and After Surgery The
complications include severe hemorrhage, blood
clot formation or development of infection at the
site where the surgical procedure was performed.
In some cases the doctor can control such com-
plication but in exceptional cases such
complications may be fatal to the donor.

The Overall Health in the Long
Term Individual may face some adverse
reactions depending on the organ of live donor.
For example, hypertension or kidney failure may
be caused if a healthy person donates one kidney.

Financial Problems High cost in surgery in
transplantation.

Trade of Human Vital Organs The prohibited
and immoral trade of organs in illicit business is
the most negative impact that has affected the
society.

Transplantation is classified on basis of organs or
tissues to be transplanted and the anatomical site
and is depicted in Fig. 4.

Organ transplantation is a major task due to
lack of organ donors and large number of
recipients. In order to overcome such problems,
various alternatives are used for treating autoim-
mune diseases without organ transplantation
include bone marrow replacement therapy, SC
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transplantation, cord blood cells some medical
devices, and medicines like immunosuppressant.

2 Bone Marrow Transplantation

A fatty tissue and spongy structure that is present
inside bones which contains immature cells
known as SCs is called the bone marrow. The
bone marrow produces red platelets which are
utilized to transport oxygen, white platelets
which act against disease and platelets which are
in charge of the arrangement of clumps. The
structure of bone marrow incorporates juvenile
blood-framing undifferentiated cells known as
hematopoietic foundational microorganisms, or
HSCs which can possibly duplicate through cell
division and either remain immature
microorganisms or separate and develop into a
wide range of blood cells. A bone marrow is a
methodology to supplant a man’s flawed or
harmed foundational microorganisms with solid
cells. The beneficiary gets solid foundational
microorganisms either from a sound donor or
they can originate from a similar individual’s
body. Ailments like leukemia, serious blood
sicknesses, for example, thalassemia, aplastic
iron deficiency and sickle cell weakness including
various myeloma and certain resistant lack
diseases. There are various types of bone marrow
transplants which include autologous transplant
that use its own SCs, allogenic transplants (cells
from a donor and/or UC blood transplant where
right after birth the SCs from a newborn UC are
removed). The SC procedure is usually performed
after completion of chemotherapy and radiation
therapy. The delivery of SCs into the bloodstream
is carried out using central venous catheter. The
SCs flow through the blood to the bone marrow
and no surgery is required. The way a donor cell
is collected can be classified in two ways as
shown in the Table 1.

Bone marrow procedure is performed in the
cases of certain cancers like leukemia, diseases
that affect the production of bone marrow cells

like aplastic anemia, severe immune system
illnesses like sickle cell anemia and if chemother-
apy has destroyed the bone marrow. Chest pain,
hypotension, taste disturbances, shortness of
breath etc. may be some risks that are involved
in bone marrow transplantation. The
complications of bone marrow therapy may
depend on the treatment of the disease, whether
chemotherapy or radiation is conducted before
the bone marrow transplant and the dosages of
such treatments, the match with the donor and the
type of bone marrow transplant received etc.
Delayed growth in children who receive a bone
marrow transplant, GVHD, infections, which can
be very serious, stomach problems, early meno-
pause are few of the complications that may occur
due to bone marrow transplant.

The various terminologies of bone marrow
transplant are shown in the Fig. 5.

2.1 UC Transplantation/Cord Blood
Cells

The UC is being cut after a baby is born. The
placenta contains some amount of blood vessels
and also the part of the UC that is in contact of the
baby contains these blood vessels. After birth,
this extra blood is not needed by the baby. This
blood is called placental blood or UC blood “cord
blood”. This is the motivation for line blood can
be utilized for transplantation as a contrasting
option to bone marrow. This system has been
utilized as another option to bone marrow trans-
plant. Cord Blood transplants have mostly been
used for patients suffering from blood and
immune system diseases (Ballen 2005; Lubin
and Shearer 2007; Meyer et al. 2005).

2.1.1 The Advantage to Patients

Availability The prescreening and testing of
selected cord blood and was frozen for the
future use.
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GVHD Lesser people are suffering from this
disease.

Infectious Disease Transmission Trans-
plantation with the cord blood SC limits the
diseases caused by blood-blood transfusion.

HLA Matching Transplants are subjected to the
level of HLA coordinating among the transplant
beneficiary and the contributor string blood. HLA
coordinating assumes an essential part of effec-
tive engraftment, the seriousness of GVHD and
general survival. A patient’s result after transplan-
tation can be by enhancing a nearby match
amongst the individual and the cord blood unit.

2.1.2 Disadvantage

Storage The effectiveness of storage of cord
blood can be frozen or stored is not known. The
successful transplantation of cord blood samples
that have been preserved for 10 years have been
reported.

Engraftment Individual’s weight, age and ill-
ness status decides the quantity of cells required
for transplant in a patient. Due to the presence,
fewer undeveloped cells in the cord blood unit the
engraftment of cord blood SC is better from bone
marrow or peripheral blood. Until the point that

Table 1 Differentiation in collecting donor cell

Bone marrow harvest Leukapheresis

Minor surgery where the donor is given general anesthesia
and is mostly a pain-free technique.

The blood is withdrawn from the donor through the
IV line.

The region at the back and of both the hips is considered
as a site for bone marrow removal and the amount of bone
marrow removal depends on the weight of the recipient.

The SCs are given to the recipient prior to which they are
separated from the part of white blood cells by a machine.
The RBCs are then returned back to the donor.

Aplastic anemia -
bone marrow
transplant

Multiple myeloma -
bone marrow
transplant

Hematopoietic stem
cell transplant

Umbilical cord
blood transplant

Allogenic bone
marrow transplant

Autologous bone
marrow transplant

Reduced intensity
non-myeloablative
transplant

Leukemia - bone
marrow transplant

Mini-transplant

Lymphoma - bone
marrow transplant

Stem cell transplant

Terminologies of
bone marrow

Fig. 5 Terminologies used for bone marrow transplant
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engraftment happens, patients are in danger of
creating hazardous diseases. Cord blood trans-
plant may make beneficiaries be defenseless
against diseases for a normal of 1–2 months
which is more than marrow and fringe blood
undeveloped cell beneficiaries.

Clinical Data Transplantation is carried out to a
patient via donor cord blood SCs, even if the
genetic diseases present in the individual that are
not evident at the time of birth, hence routine
checkup must be conducted.

3 Advanced Therapy

3.1 IRFs

These were first identified as regulators of virus-
induced type I interferon (IFN A and B) gene
expression (Ning 2014; Matta et al. 2017). Sev-
eral findings stated that IRFs play a major role in
regulating both innate and adaptive immune
responses, and are also involved in the activation
and differentiation of distinct immune cell
populations (Tamura et al. 2008; Battistini
2009). Currently, 10 IRFs have been discovered
in vertebrates of which some are inactive in
humans and in mice. (Nehyba et al. 2009).

3.1.1 RA

RA is a systemic autoimmune diseases that is
caused by expansion of synovial tissue, chronic
inflammation and progressive damage of a joint.
Several immune cell subsets such as
macrophages, monocytes, neutrophils, dendritic
cells, natural killer cells, T-cells, and B-cells per-
form an important part in RA pathogenesis. The
major pro-inflammatory cytokines that show a
prominent function in RA development are
TNFα, IL1b and IL6. The major constituents of
synovial hyperplasia are FLSs and
FLS-dependent effector molecules are known as
important mediators of RA. FLS show critical
part to occupy cartilage and bone tissue (Ganesan
and Rasool 2017). IL18, a cytokine for RA

pathogenesis, (Gracie et al. 1999) promotes
T-cells to produce TH1 type cytokines and helps
in the differentiation of TH1 cells. The biologic
activity of IL18 is controlled by IL-18BP, which
has an IRF1 binding site in the IL-18BP promoter
(Hurgin et al. 2002). During joint replacement or
synovectomy, the fibroblasts were isolated from
synovium of RA patients and an in vitro knock-
down system was utilized to analyze the effect of
TNFα-induced IRF1 nuclear translocation and
regulate IL-18BP expression when NFKB or
JNK2 signaling pathway was blocked, IRF1
nuclear translocation was reduced. Further, it
was shown that IRF1 forms a complex with
NFKB and cJUN in the nucleus (Marotte et al.
2011). ACPAs found to persuade IRF4 and IRF5
protein expression. IRF5 siRNA weakened
ACPA movement fundamentally while ACPAs
prompted IRF5 action and prompted M1 macro-
phage polarization. (Zhu et al. 2015).

3.2 MSC Treatment for Autoimmune
Disease

The first effective therapeutic use of MSCs was
stated in year 2000 for bone marrow graft
enhancement in humans (Koc et al. 2000). There
are various factors like diverse and multiple are
responsible for the practical biological effects of
MSC. The first in vivo model showed a positive
effect of MSC on a murine skin graft model
similar positive reports have been seen in many
autoimmune diseases like RA, multiple sclerosis
(Bartholomew et al. 2002; Tyndall and Uccelli
2009). Besides pharmacological advantages, it
has been used in cosmetic surgery in the treatment
of burns.

3.2.1 RA

Four patients suffering from RA accepting allo-
geneic or bone marrow-determined MSC IVI was
basically negative, however no adverse condition
was observed. Two of the three had a EULAR
direct reaction at a half-year yet encountered
backslide at 7 and 23 months, separately. Two
patients had no EULAR reaction to MSC
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transplant. No patient accomplished the DAS-28-
characterized abatement in the follow-up period
(Liang et al. 2012; Djouad et al. 2005). Not with
standing, a moment bigger, non-randomized rela-
tive trial in 172 RA patients with dynamic RA
who had deficient reactions to conventional pre-
scription was distributed in which 136 patients
received 40 x106 allogeneic UC-MSC and
36 patients received just the cell-dissolvable with-
out the cells. The two treatment choices were:
DMARDs in addition to medium without
UC-MSC, or DMARDs in addition to UC-MSC
gather through intravenous infusion. No genuine
unfriendly impacts were seen amid or after
imbuement. The helpful impacts kept up for 3–-
6 months without consistent organization,
associating with the expanded level of adminis-
trative WBCs in fringe blood. Conversely, there
were no such advantages saw in the control
gathering of DMARDS in addition to medium
without UC-MSC. No patients demonstrated
intense genuine reactions either amid or after
UC-MSC imbuement, and 4% indicated mellow
unfriendly impacts amid the mixture, for exam-
ple, chill and additionally fever (< 38.5 8C),
which vanished inside 2 h with no treatment. No
major strange discoveries in hematologic or
serum science profiles were found in the investi-
gation. It was reasoned that treatment with
DMARDs in addition to UC-MSC may give shel-
tered, noteworthy, and industrious clinical
advantages for patients with dynamic RA (Wang
et al. 2013; Ra et al. 2011).

3.3 Dendritic Cells-Derived
Exosomes

Resemblance to biology of the cell from which
they are derived, dendritic cells have gained
importance in the treatment of autoimmune
diseases and tumor (Sousa et al. 2017). They
overcome barriers like synovial membrane and
the blood-brain. These molecules can interfere
with different pathways; they are likely to possess
more target and long-lasting therapeutic effect
due to hyper branched structure (Aryani and
Denecke 2016).

4 Worldwide Regulatory Aspects

4.1 USA

In 1968, the Uniform Anatomical Gift Act was
enacted to solve the problems of different rules of
transplantation in states and provided an outline
of even laws in the United States related to organ
and tissue transplantation. The Uniform “Organ
Contributor Card” was authorized in 1972 which
was an authoritative report in every one of the
50 states under the Uniform Anatomical Blessing
Act. This engaged any individual matured
18 years or more to lawfully make a promise to
give his organs upon death. The OPTN in 1984
by the NOTA expressed that the purchasing and
offering of organs are precluded. Also, the install-
ment of “the costs of movement, lodging, and lost
wages brought about by the (living) contributor”
is allowed in segment 301(Arthur 2008). The
various acts along with their roles are shown in
Table 2.

4.2 South Africa

On 2nd May 2005, the National Wellbeing Act
61 of 2003 (South Africa, 2003) became effec-
tive. In 1983, the Human Tissue Act 65 states that
any person of 16 years or more should make a
will or a record with his/her marks and 2 witnesses
demonstrating the desire for organ gift. (Slabbert
and Mnyongani 2011).

4.3 Europe

The Mandate 2010/45/EU on the norms of value
and security of human organs required for trans-
plantation was received on seventh July 2010.
The point was to absorb the gauges of value and
security and grow more proficient transplantation
frameworks. The European Parliament presented
the Activity Anticipate Organ Gift and Transplan-
tation (2009–2015) notwithstanding the order. In
Article 19 et. Seq. the Gathering of Europe made
extraordinary standards on organ expulsion.
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4.4 Germany

On 5th November 1997 the Act was passed by the
German Bundestag which came into force on 1st
December 1997; on 4th September 2007 and on
1st August 2012, an amended version of the act
was published wherein the later stated that all
health insurance members who are 16 years or
older will be asked frequently if they are willing
to donate their organs.

4.4.1 Law for Post-Mortal Organ
Donation under the TPG

The law stated that if the individual give prior
permission for organ donation after his/ her death
only then the organs will be transplanted.

4.4.2 Law for Living Donation under
the TPG

Once a living donation is carried out, the recipient
has to be ensured that he/ to no expected hazard
past that of the operation. Organs that make them
recharge properties can be given to obscure peo-
ple, the gift of non-regenerative organs
(e.g. kidney, parts of the liver) is allowable to
transplant to relatives or with whom the donor
has a very close personal relationship. The code
of SGB V state expresses that a living donor has
an expansive case against the health care cover-
age of the organ recipient, for example,

therapeutic treatment, recovery, travel costs, ail-
ment pay. On the other hand, the organ recipient
can guarantee for repayment of wages in the event
that he can’t work.

Guidelines and opinions of the German Medi-
cal Association.

The German Medical Association (Bundesärz-
tekammer) establishes Guidelines for specific
areas of transplantation medicine. The “Perma-
nent Committee for Organ Transplants of the
German Medical Association” (Ständige
Kommission Organ transplantation der
Bundesärztekammer) elaborates these guidelines
and keep it updated at regular intervals.

4.5 Regulatory Aspects in India

In 1994, the transplantation of Human Organs
Act was passed. The aim was to regulate the
removal, storage and transplantation of human
organs for therapeutic purposes and also to pre-
vent the commercial dealings of human organs.
The 3 states Maharashtra, Himachal Pradesh and
Goa initiated the act (who therefore adopted it by
default) and which was subsequently adopted by
all states except Jammu and Kashmir and Andhra
Pradesh. In 2009 the states Goa, Himachal
Pradesh and West Bengal proposed an amend-
ment to address inadequacies in the efficacy,

Table 2 Various Acts and their roles

Year Act Role

1987 Uniform anatomical gift act
(amended)

Expressed to encourage a helpful and uniform lawful condition of organ
gift all through the nation

1991 PSDA Engages and advances the utilization of propelling mandates, for
example, living wills and sturdy forces of the lawyer for human services.

1999 Organ donor leave act Leave of 7 days for bone marrow gift and 30 days for strong organ gift is
accommodated an organ benefactor who is the government workers.

1999 Organ procurement and
transplantation network final rule

The reason for the last govern is to help accomplish the most evenhanded
and therapeutically compelling use of human organs that are given in
trust for transplantation

2000 Children’s health act The law tends to the uncommon need of youngsters who are beneath the
age of 18 years.

2004 Organ donation and recovery
improvement act

Gives subsidizing to the states, in the accompanying cases: Bolster organ
gift programs so that there are more organ benefactors.
Give money related help to living contributors which includes travel
allowances and other benefits
Accidental non-restorative costs.
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relevance and impact of the Act. In 2011, the
amendment to the Act was passed by the parlia-
ment, and in 2014 the rules were notified.

The various amendments done in the act are
shown in Table 3.

4.6 Types of Donations

The types of donation are live donation and
cadaveric donation. It is shown in Fig. 6.

4.6.1 Steps Involved in Organ Donation

The steps for organ transplant is shown in the
Table 4.

4.6.2 Requirements for Recipient

• Get an NOC by registering yourself with the
ZTCC for cadaveric donations.

• Your physician can assist or guide you through
the process of registering.

• Cross-matching is a must for every organ
transplant

5 Future Perspective

5.1 Artificial Intelligence

Studies demonstrated that computerized
reasoning can be utilized as an apparatus to dis-
tinguish donor beneficiary by utilizing ANNs for
benefactor coordinating in liver transplantation
(Briceño et al. 2014).

5.2 3D Printing

This innovation has been utilized to make blood
manufactured vessels. Chen and his group created
advanced 3D microstructures that copy the
perplexing plans and elements of organic tissues.
The veins that were embedded were not yet
equipped for different capacities like transporting
supplements and waste. In any case, researchers
say that it can be enhanced sooner rather than
later. (Zhu et al. 2017).

A biotechnology organization, in particular,
Sichuan Revotek situated in Chengdu, China,
has effectively embedded a printed segment of
the vein into a monkey. Organovo, a firm in San

Table 3 Amendments of 2009 and 2013

Transplantation of human organs (Amendment) Bill,
2009 Transplantation of human organs (Amendment) Bill, 2013

This amendment bill offers regulation of the
transplantation of human tissue along with organ
transplant

A composite set of guidelines for dealing with deceitful
practices and for countering illegal organ transplant

It was necessary that every organ donation case should
go to the authorization committee first.

Along with an authorization committee, there will be a
‘verification committee’ to check the details provided by the
donor and recipient.

Live donation–Transplantation
that takes place between the
patient and his close friend or a
family member

Cadaveric donation–Where a
person gives an agreement to
donate his/her organs after
death.

Fig. 6 Types of donation
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Diego, declared that it had transplanted printed
human-liver tissue into mice and that this tissue
had survived and worked. Johnson and Johnson,
L’Oréal, Proctor and Gamble, and BASF are
chipping away at printing human skin. They pro-
pose to utilize it to test their items for unfavorable
responses.

5.3 Nuclear Transplantation, ESCs
and the Potential for Cell
Therapy

Nuclear transplantation is also known as nuclear
cloning or nuclear transfer. It alludes to a proce-
dure where a cloned fetus is created by the pre-
sentation of a core from a grown-up benefactor
cell into an enucleated oocyte. The incipient
organism show in the female uterus has the ability
to develop into a newborn child which would be a
clone of the grown-up contributor cells. This
developing life produces embryonic foundational
microorganisms that can possibly turn out to be
any sort of cells shown in the grown-up body. As
embryonic undifferentiated organisms are
inferred by atomic exchange they are hereditarily
indistinguishable to the contributor and are along
these lines valuable for some remedial
applications, this procedure is called “nuclear
transplantation therapy” or “therapeutic cloning.”
Restorative cloning may be utilized to enhance
the treatment of blood issue, neurodegenerative
sicknesses or diabetes. (Hochedlinge and
Jaenisch 2003).

6 Conclusions

Autoimmune disease is a condition wherein
body’s own cells attack individual’s own cells
and disrupt the immune system. Various
techniques of transplantation like bone marrow
transplantation and cord blood cells have been
employed for the treatment of autoimmune
diseases. Cord blood method along with the use
of DMARDs is most effective technique used in
the management of rheumatoid arthritis. Newer
approaches like IRFs and mesenchymal stromal
cells have been used in the treatment of autoim-
mune diseases. The combination of MSCs with
DMARDs is considered to be therapeutically
effective as compared to the individual technique.
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Therapeutic Applications of Mesenchymal
Stem Cells for Systemic Lupus
Erythematosus

Jianyong Xu

Abstract

Mesenchymal stem cells (MSCs) have been
intensively studied and applied in regenerative
medicine and tissue engineering. Recently,
their immune modulation functions make
them as attractive potential approaches for
autoimmune disease treatment. Systemic
lupus erythematosus (SLE) is one type of
chronic autoimmune diseases with multi-
organ damaged by the immune system.
Although current available treatments are
effective for some patients, others are refrac-
tory for these therapies. The immuno-
modulatory and regenerative characteristics
of MSCs make them as one promising candi-
date for treating SLE. Thus, we would discuss
their immune modulation effects, pre-clinical
and clinical applications, and the potentials for
immune tolerance re-establishment in
SLE here.
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Abbreviations

BAFF B cell activating factor
BM bone marrow
Breg regulatory B cell
CCL2 C-C motif chemokine ligand 2
HSCs hematopoietic stem cells
IDO indoleamine 2,3-dioxygenase
IFN-γ interferon-gamma
IL interleukin
iNOS inducible nitric oxide synthase
MSCs mesenchymal stem cells
OAZ olfactory 1/early B cell factor-associated

zinc-finger protein
PD programmed death
PGE2 prostaglandin E2
SLE systemic lupus erythematosus
Tfh follicular helper cell
TGF-
β

transforming growth factor beta

Th T helper cells
TNF-
α

tumor necrosis factor alpha

Treg regulatory T cells
UC umbilical cord

1 Introduction

Mesenchymal stem cells (MSCs), also known as
mesenchymal stromal cells, are spindle-shaped
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cells with multi-potent (chondrocyte, osteoblast,
and adipocyte) and self-renewal abilities
(Dominici et al. 2006; Pittenger et al. 1999).
They could be derived from various adult tissues
(Uccelli et al. 2008; Wang et al. 2014c), attach to
tissue culture dishes and express certain cell sur-
face markers (positive for CD73, CD90 and
CD105; negative for CD45, CD34, CD14 or
CD11b, CD79alpha or CD19 and HLA-DR)
(Dominici et al. 2006). MSCs have been proposed
as effective and safe cell source for stem cell
therapy. They have low immunogenicity and
could be safely harvested with no major ethical
concerns (Wang et al. 2014c).

In addition to their applications in regenerative
medicine and tissue engineering (Uccelli et al.
2008; Wang et al. 2014c), their immune modula-
tion functions make them as attractive potential
approaches for autoimmune disease treatment
(Bernardo and Fibbe 2013; Keating 2012). Auto-
immune diseases are characterized by local tissue
destruction and chronic inflammation, which are
induced by aberrant immune responses to self-
constituents. This process normally includes
both innate and adaptive immune responses, T
and B cell auto-activation, and eventually
immune tolerance collapse (Banchereau et al.
2017; van Kempen et al. 2015). So far, MSCs
have been successfully applied in treating many
autoimmune diseases, including systemic lupus
erythematosus (SLE) (Liao et al. 2015).

Although many questions are still unsolved,
the immune modulation effects of MSCs make
them as the promising target for immune toler-
ance re-establishment in SLE. Thus, we would
discuss their immune modulation effects,
pre-clinical and clinical applications, and the
potentials for immune tolerance re-establishment
in SLE here.

2 Immune Modulations by MSCs

It has been demonstrated that the MSCs therapy is
safe, without obvious side effects and malignancy
in stem cell therapies for many disease (Tyndall

2014; Wang et al. 2014c). Theoretically, the
transplanted MSCs should migrate into the
inflamed tissues. However, the cell number is
very low (Karp and Leng Teo 2009). Thus the
paracrine effects have been proposed. And the
immune tolerance re-construction is another
promising theory for the therapeutic effects of
MSCs (Ko et al. 2016). It is suggested that the
MSCs induce monocytes/macrophages tolerance
to autoimmunity in the eye (Ko et al. 2016).
MSCs have been investigated to promote HSCs
(hematopoietic stem cells) engraftment and pre-
vent graft rejection in graft-versus-host disease
(Gao et al. 2016; Le Blanc et al. 2008; Le Blanc
et al. 2004; Polchert et al. 2008). MSCs also
promote immune tolerance in organ transplanta-
tion (Contreras-Kallens et al. 2017). Furthermore,
the MSCs have been applied in treating SLE (Sun
et al. 2010).

The immune modulation activities of MSCs
are through both cell-cell direct contact and also
secretome, which is composed of extracellular
vesicles and soluble factors (Heldring et al.
2015; Phinney et al. 2015). The soluble factors
include IDO (indoleamine 2,3-dioxygenase),
PGE2 (prostaglandin E2), soluble HLA-G5,
TNF-stimulated gene-6, heme oxygenase-1, nitric
oxide, IL-10 (Interleukin-10) and TGF-β1
(transforming growth factor beta 1) (Bernardo
and Fibbe 2013; Keating 2012; Uccelli et al.
2008).

MSCs are low immunogenic or have immune
privilege resulting from low expression of major
histo-compatibility complex class I, II and the
lack of co-stimulatory factors (Bernardo and
Fibbe 2013, Keating 2012, Uccelli et al. 2008).
Thus allogenic MSCs transplantation should be
feasible with minimal immune rejections. How-
ever, it has been found that the allogenic MSCs
would be rejected in the mice model (Ankrum
et al. 2014). And the immune environments affect
the therapeutic effects of MSCs significantly
(Carrion et al. 2010). Thus understanding how
the MSCs interact with the immune system is
critical before clinical applications.
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3 MSCs Therapy for Systemic
Lupus Erythematosus

Systemic lupus erythematosus (SLE) is one type
of chronic autoimmune diseases with multi-organ
damaged by immune system (Bernatsky et al.
2006; Lee et al. 2016; Murphy et al. 2013; Tsokos
2011; Tyndall 2009). Several factors, such as
genetic and environmental factors, could induce
self-tolerance loss and immune system over-
activation, resulting in tissue and organ injuries
(Lisnevskaia et al. 2014; Tsokos et al. 2016).
Current available treatments for SLE have been
demonstrated to reduce morbidity and mortality
effectively, such as non-steroidal anti-inflamma-
tory drugs, anti-malarial agents, glucocorticoids,
immunosuppressive agents and target depleting B
cells (Xiong and Lahita 2014). Although they are
effective for some patients, others are refractory
for these therapies. The immuno-modulatory and
regenerative characteristics of MSCs make them
as one promising candidate for treating SLE.

3.1 MSCs Defects in SLE

The bone marrow MSCs derived from SLE
patients have impaired proliferation capability
and immune modulation functions (Che et al.
2014; Feng et al. 2014; Gao et al. 2017; Nie
et al. 2010; Sun et al. 2007). They are defective
in cell migration and more prone to cell death
(Gu et al. 2014a; Gu et al. 2014b; Li et al. 2012;
Shi et al. 2014). Furthermore, they fail to suppress
the T and B cell activities (Feng et al. 2014; Wang
et al. 2014a). Thus the MSCs isolated from SLE
patients have no therapeutic benefits (Carrion
et al. 2010). Furthermore, it has been
demonstrated that in the MRL/lpr mice model of
SLE, the impairment of bone marrow MSCs and
their niche deficiency contribute to the pathogen-
esis of SLE-like diseases (Sun et al. 2009).

MSCs from SLE patients have cytokine secre-
tion abnormality (Sun et al. 2007) and are more
prone to senescence and apoptosis (Nie et al.
2010) through up-regulating Wnt/β-catenin and

p53/p21 pathways (Gu et al. 2014b) or down-
regulating Bcl-2 (Li et al. 2012) and IDO (Wang
et al. 2014a). The MSCs derived from the bone
marrow of lupus-like mice and SLE patients have
decreased abilities to suppress the B cell prolifer-
ation, differentiation, and activity, resulting from
CCL2 (C-C motif chemokine ligand 2) reduction.
And the CCL2 over-expression could restore their
immune suppression abilities in the SLE MSCs
(Che et al. 2014). Furthermore, the gene OAZ
(olfactory 1/early B cell factor-associated zinc-
finger protein) is highly enriched in MSCs and
up-regulated in the SLE patients. Knocking down
OAZ could also restore the impaired immune
suppression function of SLE MSCs via
up-regulating CCL2 expression (Feng et al.
2014). Later studies have demonstrated that the
SLE MSCs have increased reactive oxygen spe-
cies production, DNA damage and repair, p53
and p16 expression, pro-inflammatory cytokine
production through the mitochondrial antiviral
signaling protein-Interferon-β feedback loop
(Gao et al. 2017). Thus the autologous MSCs
derived from SLE patients have impaired thera-
peutic applications and are not the suitable cell
source for cell therapy. And the allogenic MSCs
from healthy donors are the preferred cell source
in treating SLE patients.

3.2 Pre-clinical Studies of MSCs
Therapy for SLE

In the mice model of SLE, MSCs transplantation
improves renal functions, reduces renal and lung
pathology, decreases serum levels of auto-
antibody and proteinuria, and prolongs the sur-
vival of lupus prone mice through inhibiting
monocyte, B cell, follicular helper cell (Tfh),
and inducing Treg (regulatory T cells) and IL-10
(Table 1) (Chang et al. 2011; Choi et al. 2012;
2015; Deng et al. 2015; Gu et al. 2010; He et al.
2016; Jang et al. 2016; Ji et al. 2012; Ma et al.
2013; Park et al. 2015; Schena et al. 2010; Sun
et al. 2009; Thiel et al. 2015; Zhang et al. 2014;
2017; Zhou et al. 2008).
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Table 1 Therapeutic applications of MSCs for SLE in pre-clinical studies

Disease
Model Cell Origin

Delivery
Method

Follow-
up
Period Outcomes References

MRL/lpr mice hBM-MSCs 1 � 106 cells;
tail vein; once

16 weeks Auto-antibody reduction;
proteinuria reduction; renal
pathology reduction

Zhou et al.
(2008)

MRL/lpr mice mBM-MSCs 0.1 � 106 cells/
10 g; tail vein;
twice

11 weeks Osteoblastic niche reconstruction;
multiple organ function
improvement

Sun et al.
(2009)

MRL/lpr mice hUC-MSCs 1 � 106 cells;
tail vein; three
times

11 weeks Auto-antibody reduction;
proteinuria reduction; renal
pathology reduction

Gu et al.
(2010)

(NZBxNZW)
F1 mice

mBM-MSCs 1.25x106 cells;
tail vein; three
times;

5 weeks Reduction in glomerular immune
complex deposition and
lymphocytic infiltration

Schena
et al.
(2010)

(NZBxNZW)
F1 mice

hUC-MSCs 1 � 106 cells;
tail vein; once

8 weeks Auto-antibody reduction;
proteinuria reduction; renal
pathology reduction; prolonged the
life span

Chang
et al.
(2011)

(NZBxNZW)
F1 mice

hAD-MSCs 0.5 � 106 cells;
tail vein; every
2 weeks

54 weeks No adverse effects; higher survival
rate; auto-antibody reduction;
proteinuria reduction; renal
pathology reduction

Choi et al.
(2012)

MRL/lpr mice mBM-MSCs 0.2 � 106 cells/
10 g; tail vein;
twice

4 weeks Disease activity reduction; T cell
proliferation inhibition

Ji et al.
(2012)

MRL/lpr mice mBM-MSCs 1 � 106 cells;
tail vein; once

8 weeks Decreased BAFF expression; auto-
antibody reduction; proteinuria
reduction

Ma et al.
(2013)

MRL/lpr mice hUC-MSCs 1 � 106 cells;
tail vein; three
times

11 weeks Interstitial pneumonitis, lung
peribronchiolar lesion, and lung
perivascular lesion reduction

Zhang
et al.
(2014)

MRL/lpr mice hAD-MSCs;
CTLA4Ig-
overexpressing
hAD-MSCs

1 � 106 cells;
tail vein; every
2 weeks

18 weeks Auto-antibody reduction;
proteinuria reduction; kidney
inflammation reduction

Choi et al.
(2015)

MRL/lpr mice hUC-MSCs 1 � 106 cells;
tail vein; once

4 weeks Improved the proportion of CD206+

macrophages and their phagocytic
activity

Deng et al.
(2015)

Roquin
(san/san)
mice

hAD-MSCs 1 � 106 cells;
tail vein; once
weekly

5 weeks Auto-antibody reduction;
proteinuria reduction; decreased
ICOS+CD44+ Tfh cells, Th1 cells
and Th17 cells; increased Treg cells;
Bregs expansion induction

Park et al.
(2015)

(NZBxNZW)
F1 mice

hESC-MSCs 0.5 � 106 cells;
tail vein; 3 times
weekly

12 weeks Auto-antibody reduction;
proteinuria reduction; preserved
renal architecture; kidney
inflammation reduction

Thiel et al.
(2015)

MRL/lpr mice mAD-MSCs 1 � 106 cells;
tail vein; every
2 weeks

10 weeks Auto-antibody reduction;
proteinuria reduction; kidney
inflammation reduction

He et al.
(2016)

(NZBxNZW)
F1 mice

hBM-MSCs 1 � 106 cells;
retro-orbital;
every 2 weeks,
3 times

11 weeks Attenuated glomerulonephritis;
auto-antibody reduction; proteinuria
reduction; improved survival; Tfh
cell reduction

Jang et al.
(2016)

(continued)
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One single dosage of MSCs transplantation
shows significant therapeutic effects, which
could be further promoted by multiple treatment
(Choi et al. 2012; Gu et al. 2010). And the long-
term serial administrations do not show any
adverse effects (Choi et al. 2012). Furthermore,
it would be more effective at the early stage of
SLE progress than the late stage (Choi et al.
2012). The transplanted cells could be detected
in the kidney even after 3 months post cell infu-
sion (Gu et al. 2010).

MSCs prevent disease associated inflamma-
tion, protein cast deposition, and infiltration of
CD3+ lymphocytes and complement C3 in the
kidneys (Thiel et al. 2015; Zhou et al. 2008).
This therapy also leads to significant reductions
in serum levels of tumor necrosis factor alpha
(TNF-α) and interleukin 6 (IL-6), two inflamma-
tory cytokines associated with SLE (Chang et al.
2011; He et al. 2016; Thiel et al. 2015). They also
decrease T-helper (Th) 1 cytokines (Interferon-γ,
IL-2), Th17 cytokine (IL-17) and increase Th2
cytokines (IL-4, IL-10) (Chang et al. 2011; Choi
et al. 2012; He et al. 2016).

MSCs can significantly decrease marginal
zones, T1, T2, activated B cells, and plasma
cells (Ma et al. 2013; Park et al. 2015). Moreover,
serum levels of B cell activating factor (BAFF)
decrease significantly after MSCs
transplantations (Ma et al. 2013). MSCs inhibit
antigen-dependent proliferation and differentia-
tion to plasma cells of follicular and marginal
zone B cells. This inhibitory effect is dependent
on cell-to-cell contact, interferon-gamma (IFN-γ)
and the programmed death 1 (PD-1)/PD ligand
pathways (Schena et al. 2010). The infiltration of

long-lived plasma cells into the inflamed kidney
is also reduced in the hBM-MSCs (human bone
marrow derived mesenchymal stem cells) treated
mice (Jang et al. 2016).

The auto-antibodies are predominantly pro-
duced with the help of Tfh cells and then form
immune complexes that trigger widespread
inflammatory damages, including nephritis (Jang
et al. 2016). MSCs decrease the percentage of Tfh
cells, which is increased in lupus and positively
correlated to plasma cell proportions and serum
total IgG as well as anti-dsDNA antibody levels
(Park et al. 2015; Zhang et al. 2017). The prolif-
eration and differentiation of Tfh cells are mark-
edly suppressed by MSCs through iNOS
(inducible nitric oxide synthase) production and
a cell-contact-dependent manner (Jang et al.
2016; Park et al. 2015; Zhang et al. 2017). In
addition, MSCs decrease the Th1 cells and Th17
cells while increase the Foxp3-expressing Treg
cells and IL-10 expressing Breg (regulatory B
cell) cells (Choi et al. 2012; He et al. 2016; Park
et al. 2015; Zhou et al. 2008). MSCs also inhibit
the G1/S transition of the abnormal lupus T
lymphocytes through up-regulating p21 and p27
and down-regulating cyclin-dependent kinase
2 (Ji et al. 2012)

MSCs transplantation increases the proportion of
CD206+ and CD68+ macrophages and their phago-
cytic activities (Deng et al. 2015; He et al. 2016).
What is even more interesting is that the MSCs
transplantation is capable of reconstructing the
bone marrow osteoblastic niche and more effec-
tively reverses the multi-organ dysfunction when
compared with medical immuno-suppression with
cyclophosphamide (Sun et al. 2009).

Table 1 (continued)

Disease
Model Cell Origin

Delivery
Method

Follow-
up
Period Outcomes References

MRL/lpr mice hUC-MSCs 1 � 106 cells;
tail vein; once

4 weeks Tfh cell reduction; auto-antibody
reduction

Zhang
et al.
(2017)

hBM-MSCs human bone marrow derived mesenchymal stem cells, hUC-MSCs human umbilical cord derived mesen-
chymal stem cells, hAD-MSCs human adipose tissue derived mesenchymal stem cells, hESC-MSCs human embryonic
stem cell derived mesenchymal stem cells, mAD-MSCs mouse adipose tissue derived mesenchymal stem cells, mBM-
MSC mouse bone marrow derived mesenchymal stem cells
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3.3 Clinical Studies of MSCs Therapy
for SLE

In clinical studies, MSCs transplantation is safe
and effective in treating SLE patients, with
improved renal functions and decreased auto-
antibody productions (Fig. 1, Table 2; Deng
et al. 2017; Gu et al. 2014a; Li et al. 2013;
Liang et al. 2010; Phillips et al. 2017; Shi et al.
2012; Sun et al. 2009; 2010; Wang et al. 2013,
2014b, 2015, 2017a, b, c).

Allogenic bone marrow or umbilical cord (UC)-
derived MSCs transplantation has shown the dis-
ease activity amelioration and renal function
improvement in the SLE patients refractory to con-
ventional treatment (Gu et al. 2014a; Sun et al.
2009; Wang et al. 2013). MSCs also reduce many
SLE markers significantly. And the improvement is
followed by peripheral Treg up-regulation and the
balance re-establishment between Th1- and
Th2-related cytokines (Sun et al. 2010). The
MSCs transplantation has cured the SLE patients
with diffuse alveolar hemorrhage, who was refrac-
tory to the methylprednisolone and immunoglobu-
lin treatment (Liang et al. 2010; Shi et al. 2012), and
SLE patients with refractory cytopenia (Li et al.
2013). Another study also shows that the umbilical
cord derived MSCs have the therapeutic effect in
severe and refractory SLE patients (Wang et al.
2014b). And this therapeutic effect is partially
through up-regulating Treg and down-regulating

Th17 cells by MSCs (Li et al. 2013; Sun et al.
2010; Wang et al. 2015, 2017a). The up-regulation
of Treg is mediated by increasing the serum levels
of TGF-β while the down-regulation of Th17 cells
is by PGE2 up-regulation (Wang et al. 2017a).
Moreover, the higher levels IFN-γ could predict a
good response to MSCs therapy in active lupus
patients (Wang et al. 2017c).

3.4 Mechanisms of MSCs Therapy
for SLE

Thus both pre-clinical and clinical studies have
shown that MSCs are safe and effective for
treating SLE. However, most of the underlying
mechanisms still remain unclear. Now it is clear
that MSCs could suppress the immune response,
reduce the pro-inflammatory factors and
up-regulate anti-inflammatory factors (Chang
et al. 2011; Choi et al. 2012; He et al. 2016;
Thiel et al. 2015). Furthermore, they could sup-
press the B cell (Jang et al. 2016; Ma et al. 2013;
Park et al. 2015; Schena et al. 2010), Th1 and
Th17 cells (Choi et al. 2012; He et al. 2016; Park
et al. 2015; Zhou et al. 2008). And they increase
Treg and Breg cells (Choi et al. 2012, He et al.
2016, Park et al. 2015, Zhou et al. 2008; Fig. 2).

MSCs suppress the B cell activities through
inhibiting Tfh cells via iNOS production and cell
contact (Jang et al. 2016; Park et al. 2015; Zhang
et al. 2017). Furthermore, the inhibition of B cell
proliferation and antibody production by MSCs is
mediated by both CD4+ and CD8+ T cells. More-
over, the cell-cell contact between the MSCs and T
cells, but not between the MSCs and B cells, is
necessary to inhibit the B cell proliferation. (Rosado
et al. 2015).

It has been demonstrated that the bone marrow
derived MSCs could induced the T cell apoptosis
via the FAS ligand-dependent FAS pathway,
resulting in disease phenotype ameliorates. MSCs
could secrete monocyte chemotactic protein
1, recruit T cells and mediate T cell apoptosis. The
apoptotic T cells then induce macrophages to pro-
duce high levels of TGF-β, which up-regulates of
CD4+CD25+Foxp3+ regulatory T cells and, ulti-
mately, immune tolerance (Akiyama et al. 2012).
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Table 2 Therapeutic applications of MSCs for SLE in clinical studies

No. of Patients

Cell origin MSCs
treatment

Ctrl Delivery
method

Follow-up
period

Outcomes References

hBM-
MSCs

4 0 Intravenously 12–18 months Disease activity reduction; renal
function improvement; serologic
markers improvement

Sun et al.
(2009)

hUC-MSCs 1 0 Intravenously 5 weeks Improvements in the clinical
condition, oxygenation level,
radiographic and hematological
status

Liang et al.
(2010)

hUC-MSCs 16 0 Intravenously 3–28 months Significant improvements in the
SLEDAI score, levels of serum
ANA, anti-dsDNA antibody,
serum albumin, complement C3,
and renal function

Sun et al.
(2010)

hUC-MSCs 4 0 Intravenously 9–24 months Dramatic improvements of their
clinical manifestations;
amelioration of oxygen saturation
as well as hematological and
serologic changes

Shi et al.
(2012)

hBM-
MSCs
hUC-MSCs

35 0 Intravenously 6–45 months Decline of disease activity;
increased Treg and decreased
Th17; reverse hematological
aberration in SLE patients with
refractory cytopenia

Li et al.
(2013)

hBM-
MSCs
hUC-MSCs

87 0 Intravenously 4 years Significant changes in the SLEDAI
score, levels of serum auto-
antibodies, albumin, and
complements

Wang et al.
(2013)

hBM-
MSCs
hUC-MSCs

81 0 Intravenously 12 months Obvious amelioration of renal
function; lomerular filtration rate
improved; no adverse event

Gu et al.
(2014a)

hUC-MSCs 40 0 Intravenously 12 months No adverse events; proteinuria
declined; serum antinuclear
antibody and anti-double-stranded
DNA antibody decreased

Wang et al.
(2014b)

hHSCs plus
hBM-MSC

1 0 Intravenously 36 months Clinical symptoms caused by SLE
were remitted; CD4+CD25+FoxP3
+Treg cells increased

Wang et al.
(2015)

hUC-MSCs 12 6 Intravenously 6 months No obvious positive treatment
effect.

Deng et al.
(2017)

hUC-MSCs 1 0 Intravenously 12 months Auto-antibodies declined Phillips
et al.
(2017)

hUC-MSCs 30 0 Intravenously 12 months Treg increased; Th17 decreased;
increase in serum TGF-β; decrease
in serum TNF-α

Wang et al.
(2017a)

hUC-MSCs 9 0 Intravenously 6 years No adverse events; long-term
safety proved

Wang et al.
(2017b)

hUC-MSCs 26 0 Intravenously 12 months IFN-γ predicts clinical response to
MSCs in SLE

Wang et al.
(2017c)

hBM-MSCs human bone marrow derived mesenchymal stem cells, UC-MSCs human umbilical cord derived mesenchy-
mal stem cells, hHSCs human hematopoietic stem cells, Ctrl control, SLE systemic lupus erythematosus, IFN-γ
interferon-gamma, TNF-α tumor necrosis factor alpha, TGF-β transforming growth factor beta, Treg regulatory T
cells, Th17 T helper cells, type 17
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4 Targeting MSCs for Re-
Establishing the Immune
Tolerance

SLE is characterized by local tissue destruction
and chronic inflammation, which are caused by
aberrant immune responses to self-constituents.
This process normally includes both innate and
adaptive immune responses, T and B cell auto-
activation, and eventually immune tolerance col-
lapse (Banchereau et al. 2017; van Kempen et al.
2015) (Fig. 3). The chronic inflammation would
induce genomic instability and produce mutated
proteins, which might generate cross-reactivity

against the native proteins according to the “anti-
gen mimicry” theory (Joseph et al. 2014; van
Kempen et al. 2015). Thus inflammation suppres-
sion is important for autoimmune disease treat-
ment as this process might continually produce
new auto-antigens.

Conventional therapies for SLE, such as
hydroxychloroquine, corticosteroids, cyclophos-
phamide, belimumab, mycophenolate mofetil
and others, have significantly improved the sur-
vival of SLE patients (Hahn 2013). However,
they often cause serious side effects including
infection, secondary malignancy, bone marrow
suppression, and disease relapses after drug
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Fig. 2 Mechanisms of MSCs therapy for SLE. MSCs
could up-regulate the expression and secretion of anti-
inflammatory factors, and promote the immune suppres-
sive functions of macrophage, Treg and Breg cells. MSCs
induce Treg production through up-regulating Foxp3
expression and Breg via IL-10 expression. On the other
hand, MSCs also could suppress the functions of T, B,
Tfh, Th1, and Th17 cells with decreased the expression of

pro-inflammatory factors. MSCs suppress the Tfh through
iNOS production and Th17 via PGE2. In addition to the
direct inhibition, MSCs also suppress the B cell activities
through Tfh inhibition. MSCs mesenchymal stem cells,
Treg regulatory T cells, Breg regulatory B cells, T T
cells, B B cells, Tfh follicular helper T cells, Th1 helper
T cell, type 1, Th17 helper T cell, type 17
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withdrawal (Bernatsky et al. 2006; Lee et al.
2016). Immune cell targeted therapy, such as
Treg transplantation and B cell depletion have
been evaluated in animal models or SLE patients.
Regulatory T cell (CD4+CD25+ Treg) based
immunotherapy shows effectiveness in the treat-
ment of SLE animal models (Liao et al. 2015).
And B cell depletion therapy has also been
demonstrated as effective and safe treatment for
SLE patients (Kamal and Khamashta 2014).
Although they are effective for some patients,
others are refractory for these therapies. Thus,
novel alternative therapies are needed (Murphy
et al. 2013). Both tissue regeneration with healthy
stem cells and immune tolerance re-construction
are important for treating SLE. In addition to their
immune suppression abilities, the autophagy and
cell regeneration might also contribute to the SLE
therapy. Thus MSCs might provide a promising
candidate for immune tolerance re-construction in
SLE treatment (Fig. 3).

MSCs stimulated with strong inflammation
signals or bacteria have enhanced immune sup-
pressive activities (Chan et al. 2016). In contrast,
low inflammatory signal, such as in SLE mice
model or patients, reduces significantly the
immune suppressive effects of MSCs (Che et al.
2014; Rasmusson et al. 2007). Thus, genetic
modified or chemical primed MSCs would be
more optimal for treating SLE (Fig. 3).

5 Limitations and Future
Perspectives

MSCs are multi-potent stem cells isolated from
many tissues (Bianco et al. 2008). However, there
is no specific cell surface markers for MSCs so far
and diverse markers have been applied to isolate
MSCs (Lv et al. 2014; Mo et al. 2016). MSCs are
composed of phenotypically and functionally
diverse cells (Mo et al. 2016). Genome-wide
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Fig. 3 Targeting MSCs for re-establishing the immune
tolerance. During the SLE progression, dysfunctions in the
dead cell debris clearance, over-activation of the immune
system, and the tissue damaged by self-attack are critical.
Naïve or genetic modified MSCs could suppress the
immune response to alleviate the SLE symptoms.

Potentially, MSCs might also promote the self-antigen
clearance through autophagy and cell regeneration via
stem cell differentiation. SLE systemic lupus
erythematosus, MSCs mesenchymal stem cells
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methylation, transcription, and in vivo analysis
have shown that the MSCs isolated from different
origins have different characteristics, although
they share similar MSC cell surface markers and
differentiation abilities in vitro (Acar et al. 2015;
Reinisch et al. 2015). Thus more efforts must be
made to screen MSCs specific markers. Purifying
the MSCs subpopulation with specific cell surface
markers may enhance their differentiation or
immune modulation abilities. MSCs lineage and
subtype analysis would also help to define the
pure populations and the mechanisms of MSCs
for their therapeutic applications.

Another concern is that the MSCs might dif-
ferentiate into myofibroblast and cause organ
fibrosis (El Agha et al. 2017; Trial et al. 2016).
Thus carefully characterization and function
assessment should be critical analyzed before
clinical applications.
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Abstract

Mood disorders are heterogeneous conditions
characterized by complex genetics, unclear
pathophysiology, and variable symptomatol-
ogy. Currently, there is no biomarker for the
diagnosis or prognosis of mood disorders, and
the treatments are of limited efficacy in a sig-
nificant proportion of patients. Furthermore,
the disease models are not able to recapitulate
their complexity. In this scenario, stem cells
may have different applications in mood
disorders. Circulating stem cells may be
regarded as potential biomarkers. Mesenchy-
mal stem cells are a promising therapeutic
strategy for mood disorders as they promote
neurogenesis and increase the expression of
neurotrophic factors that enhance the survival
and differentiation of neurons. In addition,
induced pluripotent stem cells, cells
reprogrammed from somatic cells of healthy
subjects or patients, offer a great opportunity

to recapitulate both normal and pathological
development of human brain tissues, thereby
opening a new avenue for disease modeling
and drug development in a more disease-
relevant system.

Keywords

Bipolar disorder · iPSCs · Major depressive
disorder · Mood disorder · MSCs · Stem cells

1 Introduction

Mood disorders, specifically, major depressive
disorder (MDD) and bipolar disorder (BD),
encompass a constellation of symptoms involving
emotional, cognitive, and behavioral domains.
Mood disorders are highly prevalent worldwide,
being recognized by the World Health Organiza-
tion (WHO) as a major source of morbidity and
mortality (Kessler et al. 2006; WHO 2012). These
conditions are frequently chronic and debilitating
(Whiteford et al. 2013; Marotta et al. 2015).
Patients with mood disorder are also at higher
risk for developing a wide range of medical
conditions, including cardiovascular and cerebro-
vascular diseases, and metabolic syndrome
(Cizza 2011; Goldstein et al. 2015).

The pathophysiology of MDD and BD is still
unclear. Family studies have provided consistent
evidence that genetic factors are implicated in
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their pathogenesis (York et al. 2005; Kendler
et al. 2011). Environmental factors influencing
pre- and post-natal development have also been
associated with mood disorders (Pedersen et al.
2017). In addition, patients with mood disorders
present changes in several brain structures
(Strakowski et al. 2002; Lyoo et al. 2006; Wise
et al. 2016), peripheral levels of inflammatory,
oxidative stress and neurotrophic biomarkers
(Pfaffenseller et al. 2013; Sayana et al. 2017; de
Melo et al. 2017; Castren and Kojima 2017).

Although a reasonable number of therapeutic
options exist for MDD and BD, their treatment is
still challenging. Treatment response is variable
and difficult to predict from the beginning. Treat-
ment resistance is not uncommon, especially for
those patients with depressive episodes. There is a
critical need to identify more effective therapeutic
strategies for mood disorders by targeting
receptors and/or signaling pathways beyond the
monoamine systems (Papakostas and Ionescu
2015; Colpo et al. 2017). Taking into account
the heterogeneous and complex neurobiology
and clinical presentation of mood disorders, it is
important to develop treatments that modulate
specific pathophysiological processes. For exam-
ple, immune-based strategies should be used for
inflammation-related depressive and bipolar
illnesses, while circuit modulation for those with
identified brain circuitry dysfunctions (Colpo
et al. 2017; Riva-Posse et al. 2017).

Despite the great effort and resources invested
in research for drug discovery and novel thera-
peutics, the drug attrition rate remains very high
in psychiatry, and only a small percentage of new
drugs enter the market (Waring et al. 2015).
Accordingly, there is a growing clinical interest
in the use of stem cells as therapy, especially for
patients resistant to conventional treatments. The
objective of the current review is to summarize
the potential use of stem cells in mood disorders,
highlighting their role as biomarkers, as a new
therapy for mood disorders, and as a model for
these psychiatric disorders (Fig. 1).

2 Circulating Stem Cells in Mood
Disorder Patients

Under physiological conditions, low number of
stem cell populations, including hematopoietic
stem cells (HSCs), mesenchymal stem cells
(MSCs), endothelial progenitor cells (EPCs), as
well as very small embryonic-like stem cells
(VSELs) can be detected in the peripheral blood
(Borkowska et al. 2014; Borkowska et al. 2016).
These number can increase during stress or in
response to tissue damage (e.g., heart infarct,
stroke, intestinal inflammation, or skin burns)
(Ratajczak et al. 2011). The release pattern of
these cells into the blood differs according to the
condition, therefore, they may be regarded as
potential biomarkers.

Previous studies investigated the profile of
circulating EPCs in different diseases. There are
reduced numbers and/or impaired function of
EPCs in cardiovascular diseases, diabetes
mellitus and hypertension (Loomans et al.
2005). Some studies have also investigated
EPCs in patients with depression, mostly in the
context of cardiovascular diseases. They found
that patients with cardiovascular diseases and
depression present significantly lower levels of
circulating EPCs compared with patients with
the same cardiovascular problem but without
depression (Di Stefano et al. 2014; Felice et al.
2015; Chen et al. 2013).

In 2009, Dome et al. was the first group to
describe a decreased number of EPCs in patients
with major depression (without medical comor-
bidity) when compared with healthy subjects
(Dome et al. 2009). In 2011, Yang et al. con-
firmed these results, showing that depression
was associated with lower levels of circulating
EPCs (Yang et al. 2011). In a subsequent study,
Dome et al. did not find any difference in the
number of EPCs between baseline and after effec-
tive antidepressant treatment in patients with
major depression (Dome et al. 2012). As EPCs
are involved in vascular integrity (Khakoo and
Finkel 2005), these results might suggest that
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mood disorders could contribute to the develop-
ment of endothelial dysfunction and atherosclero-
sis. Interestingly, epidemiological studies show
that patients with mood disorder are at increased
risk of incident atherosclerosis and cardiovascular
diseases (Baune et al. 2006).

In BD, there is only one study that investigated
the effect of lithium treatment on circulating stem
cells in the peripheral blood. In BD subjects not
taking lithium, the number of VSELs, MSCs and
EPCs was significantly higher than in control
subjects. In lithium-treated patients, these values
were similar to controls and the number of VSELs
correlated negatively with the duration of lithium
treatment and serum levels of lithium
(Ferensztajn-Rochowiak et al. 2017). These
results suggest that treatment with lithium can
reduce the number of circulating VSELs, and
VSELs may be regarded as a potential biological
marker of the illness and its clinical progression.

3 iPSCs as a Tool for Disease
Modeling

The identification of better therapeutics for mood
disorders has been challenging, and very few
effective strategies have been developed in the
last decade. Identifying the pathological
mechanisms underlying human diseases plays a

key role in discovering novel therapeutic
strategies. The incomplete understanding of the
human brain and the complex genetic basis of
mood disorders are some of the obstacles that
hinder the progression of research in this area.
Another major obstacle is the lack of a valid
preclinical model that recapitulates all the aspects
of the human disease, especially the different
mood polarities of BD. Despite that, animal
models have contributed to the understanding of
the roles of specific genes, molecular and cellular
signaling pathways in mood disorders (Slattery
and Cryan 2014). Post-mortem brain tissue is an
alternative for studying mood disorders, but it
only provides an end-stage picture of long-
standing changes in the brain structure at both
cellular and molecular levels.

In the last years, the research in pathophysio-
logical basis of diseases has been revamped by
the emergence of cellular reprogramming
technologies which can turn differentiated
somatic cells into induced pluripotent stem cells
(iPSCs) by inducing the expression of key tran-
scription factors that define the embryonic stem
cell state (Takahashi and Yamanaka 2006;
Takahashi et al. 2007; Kunisato et al. 2011).
iPSCs have been generated from patients’
fibroblasts, keratinocytes, hair follicles, periph-
eral blood and likely most other cell types
(Soliman et al. 2017).

Fig. 1 Potential use of stem cells in mood disorders

Potential Use of Stem Cells in Mood Disorders 89



One of the greatest advantages of the iPSC
technology for modeling human diseases is that
iPSCs contain the entire genetic background of
the donor, making the technology particularly
suitable for addressing diseases with defined
genetic causes. In this sense, these cells are ide-
ally suited to identify alterations in cell behavior,
distinguish the affected cell type(s), examine gene
expression and identify and test novel signaling
pathways. However, epigenetic changes are lost
during the reprogramming process. For
conditions like mood disorders, in which environ-
mental factors play a major role in epigenetic
modifications, this may be of great concern
(Soliman et al. 2017). Another challenge in dis-
ease modeling with iPSC technology is to gener-
ate region-specific disease-relevant cell types.
There is an enormous diversity of cell subtypes
in the central nervous system, and different psy-
chiatric disorders can target distinct subset of
neurons. In order to model their pathogenesis
with iPSC technology, it will be necessary to
generate the specific neuronal cells targeted by
the mood disorders. Due to the complex nature of
mood symptoms, involving multiple affective,
cognitive and behavioral domains, different
subtypes of neuronal cells and glial cells, or
even neural circuits, must be take into account
for meaningful in vitro modeling (Hansen et al.
2011).

A group of researchers created iPSCs from the
fibroblasts of patients with BD, and these iPSC
model neurons were hyperexcitable, firing action
potentials at a higher frequency than control
neurons. Accordingly, these neurons showed
altered expression of calcium signaling and mito-
chondrial genes (Mertens et al. 2015). Impor-
tantly, this hyperexcitability exhibited by
hippocampal neurons was selectively reversed
by lithium treatment only in neurons derived
from patients who also responded to lithium treat-
ment, but not by neurons derived from
non-lithium responders.

Two independent groups proposed protocols
for generating serotonergic neurons from iPSC

cells. Xu et al. reported that human primary
fibroblasts were directly converted to induced-
serotonergic (i5HT) neurons by the expression
of Ascl1, Foxa2, Lmx1b and FEV. They observed
that i5HT neurons expressing markers for mature
serotonergic neurons had Ca2 + �dependent
serotonin release and selective serotonin uptake,
and exhibited spontaneous action potentials and
spontaneous excitatory postsynaptic currents
(Xu et al. 2016). Vadodaria et al. showed that
overexpressing the transcription factors
NKX2.2, FEV, GATA2 and LMX1B in combi-
nation with ASCL1 (Achaete-scute homolog 1)
and NGN2 (Neurogenin-2) directly and effi-
ciently generated serotonergic neurons from
human fibroblasts. Induced serotonergic neurons
showed increased expression of specific seroto-
nergic genes known to be expressed in raphe
nuclei. These neurons displayed spontaneous
action potentials, releasing serotonin in vitro and
functionally responding to selective serotonin
reuptake inhibitors (SSRIs) (Vadodaria et al.
2016). Serotonergic neurons are dysregulated in
depression and are the target of commonly used
antidepressants such as the SSRIs. These new
methods may help the study of serotonergic
neurons from patients, possibly contributing to a
deeper understanding of the pathways involved in
the phenotypic heterogeneity of mood disorders.

4 iPSCs for Drug Screening
for Mood Disorders

Traditional high-throughput screenings for drug
use either immortalized cell lines or rodent pri-
mary cells which have questionable validity
either from artifacts of overexpression or by vir-
tue of simply being nonhuman with poor track
records for predicting results of potential thera-
peutics in clinical trials (Eglen and Reisine 2011;
McGonigle and Ruggeri 2014).

The use of iPSCs has become a valuable tool
for drug screening due to its specific advantages
as a model more tailored to faithfully mimic
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human molecular and cellular conditions. iPSCs
are a valuable source of primary cells with rela-
tively stable genomes that can be cultured,
expanded and differentiated to model different
tissue-systems. Also, its intrinsic ability to self-
renew allows for scaling up stem cell colonies for
high throughput assays and drug screening
purposes. However, there are some limitations.
The confirmation of the link between genotype
and disease can be misleading due to the com-
plexity of the individual’s genetic composition
and the potential influence of epigenetic changes
on disease manifestation. These limitations can
increase exponentially when studying complex
disorders as mood disorders in which multiple
genes and environmental factors seem to play a
pathogenic role.

Overall, iPSC-based drug screening has been
used to evaluate thousands of compounds for
several diseases (Burkhardt et al. 2013; Corti
et al. 2015), and some candidates have been
identified (Bright et al. 2015; Naryshkin et al.
2014; Mullard 2015). So far no study using
iPSCs for drug screening for mood disorder was
published. This reflects at least in part the com-
plexity and heterogeneity of these disorders.

Another application of disease-specific iPSCs
is in drug repurposing, in which existing drugs
already approved for specific diseases are tested
to find new applications in other diseases. For
example, the anti-epileptic drug ezogabine
demonstrated efficacy in an iPSC model of
amyotrophic lateral sclerosis and is now
undergoing clinical evaluation for this latter indi-
cation (McNeish et al. 2015).

Although a great progress has been made with
iPSCs technology and drug discovery platforms,
there are still several challenges that need to be
addressed. First, cell-type heterogeneity reduces
the chances of identifying a positive hit,
illustrating the need for better differentiation
protocols. Second, the culture conditions need to
be controlled and standardized. Third, phenotypic
assays need to be robust and should be disease-
relevant. Finally, animal models are still required
for the validation of positive hits from iPSC-
based screening platforms. Despite these
challenges, this technology holds great promise

as a new translational platform for drug testing
using human neurons.

5 Stem Cells as an Alternative
for Treatment Resistant
Patients with Mood Disorders

Mesenchymal stem cells (MSCs) are possibly the
best example of stem cells with potential thera-
peutic implication for mood disorders. MSCs are
multipotent progenitor cells that have the capacity
to differentiating into all lineages of mesodermal
origin, e.g. cartilage, bone, and adipocytes
(Pittenger et al. 1999). Studies have shown that
MSCs are also able to differentiate into cells from
sources other than the mesoderm, such as neurons
and hepatocytes (Dezawa et al. 2004; Hermann
et al. 2004).

Clinical interest in the use of MSCs has
increased significantly in the last years as they
present ideal characteristics for regenerative med-
icine such as plasticity and high self-renewal
capacity. In addition, MSCs are known for their
ability to promote the neurogenesis of primary
neural progenitors and survival of neural cells
by expressing soluble factors, including brain-
derived neurotrophic factor (BDNF), nerve
growth factor (NGF) and insulin-like growth
factor-1 (IGF-1) (Crigler et al. 2006). As a result
of their immunomodulatory properties, they can
also prevent apoptosis and decrease inflammatory
responses (Crigler et al. 2006; Yoo et al. 2008).
Besides soluble factors, MSCs release membrane-
derived extracellular microvesicles (ExMVs) that
can deliver mRNA, miRNA, and functional
proteins to target cells, thereby additionally pro-
moting cell survival and proliferation (Ratajczak
et al. 2016; Ratajczak and Ratajczak 2016, 2017).
All these paracrine effects mediated by soluble
factors and/or ExMVs seem to be the main factors
responsible for the positive results observed in
patients after systemic or local stem cell therapies
(Ratajczak et al. 2016; Ratajczak and Ratajczak
2016).

Based on the evidence that mood disorders are
associated with a low-grade inflammation and a
reduced neurotrophic support (van den Ameele
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et al. 2017; Zhang et al. 2016), MSCs may be a
promising therapeutic strategy for those
conditions. However, only a few studies have
evaluated the effects of MSC in pre-clinical
models of mood disorders.

Tfilin et al. showed that the intracerebroven-
tricular administration of MSCs improved
depressive-like behavior and increased hippo-
campal neurogenesis in a genetic animal model
of depression (Flinders sensitive line, FSL rats).
The increase in hippocampal neurogenesis
suggests that this can be the antidepressant mech-
anism of MSCs transplantation in the rat brain
(Tfilin et al. 2010). These results confirmed prior
studies showing increased neurogenesis after
implantation of human MSCs into the dentate
gyrus of mice and after transplantation of neural
progenitors into the hippocampus of prenatally
heroin-exposed mice (Munoz et al. 2005;
Ben-Shaanan et al. 2008). More recently, Shwartz
et al. also treated FSL rats with intracerebroven-
tricular MSCs. They showed that MSCs adminis-
tration attenuated depressive-like behaviors as
assessed by the forced swim test, novelty explo-
ration test and sucrose self-administration para-
digm (Shwartz et al. 2017). Conversely, another
study showed that intra-hippocampal transplanta-
tion of MSC enhanced neurogenesis in wild-type
rats. In order to examine the behavioral
consequences of intrahippocampal MSC trans-
plantation in the rats, they assessed locomotion,
learning and memory, and anxiety-like and
depression-like behavior, but they did not observe
any behavioral change (Coquery et al. 2012).

To the best of our knowledge, no stem cell
therapies have been performed in patients with
mood disorders. Based on the promising results
from studies with MSCs in patients with multiple
sclerosis, amyotrophic lateral sclerosis (Llufriu
et al. 2014; Connick et al. 2012; Karussis et al.
2010; Sykova et al. 2017) and Parkinson’s dis-
ease (Venkataramana et al. 2010; Canesi et al.
2016), conditions marked by significant mood
symptoms (Kummer and Teixeira 2009), the

investigation of the therapeutic potential of MSC
for mood disorders is definitely warranted.

There are significant challenges to treat these
patients with stem cells. First, it is important to
decide which the patients are eligible for receiv-
ing the MSCs (e.g. refractory to conventional
treatments). Another challenge refers to the
schedule of administration of autologous stem
cells to maintain clinical improvement,
i.e. whether single or repetitive doses are neces-
sary for remission.

6 Conclusion

The understanding of the pathophysiology and
the development of new therapies for mood
disorders have been a great challenge in psychia-
try. The heterogeneity and complexity of these
disorders along with the lack of valid and reliable
biomarkers have hampered the advance of the
field.

Stem cells have already influenced several
areas of medicine. Stem cells as therapy have
been used to treat human diseases such as meta-
bolic, cardiovascular and neurodegenerative
diseases. Regarding mood disorders, stem cells
have only been used in pre-clinical studies.
Based in the results obtained in other areas, espe-
cially neurodegenerative diseases, stem cells
seem to be promising, especially for treatment-
resistant patients with mood disorders.

iPSCs can reveal new relationships between
disease phenotypes and gene expression profiles,
which have broadened and deepened the under-
standing of different diseases. However,
investigating mood disorders that are seemingly
caused by multiple genes and/or have multiple
phenotypes remains a challenge for iPSC models.
With further advancement in stem cell technol-
ogy, iPSCs will probably contribute to the refine-
ment of mood disorder pathophysiology.
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Cancer Stem Cells in Metastasis Therapy

Esra Aydemir Çoban and Fikrettin Şahin

Abstract

Tumors consists of subpopulation of cells in
which each subtype has contributes to tumor
progression. Specifically one subtype known
as cancer stem cells are associated with the
initiation, progression, resistance to conven-
tional therapies and metastasis. Metastasis is
leading cause of cancer related deaths. Overall
it is important to consider cancer as a whole in
which a mutated cell proliferating indefinitely
and forming its hierarchy consisting of
subgroups with different molecular signatures.
To be able to target this disease we need to
evaluate every step including initiation, pro-
gression, survival, angiogenesis and finally
migration and repopulation. Cancer stem
cells do play vital roles in each step however
when metastasis can be stopped or eliminated
we talk about saving a life or improving its
quality. Considering how deeply these cancer
stem like cells affect the tumor life and metas-
tasis it is crucial to develop effective strategies
against them. Metastatic cascade can also be
directed by membrane derived vesicles specif-
ically exosomes. Several studies show the role
of exosomes in mediating cellular migration
and pre-metastatic niche formation. During

this chapter we wanted to explain in detail how
the metastasis occur in tumor and how cancer
stem cells contribute into the development of
metastatic cascade and possibly suggest thera-
peutic approaches against cancer stem cells.
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1 Introduction

Tumor tissues are comprised of heterogeneous
populations in which stem cells play important
roles including the maintenance of the integrity of
tissues. Since their discovery cancer stem cells are
investigated deeply and thousands of studies have
been done to target these stem like cells in cancer.
Many therapeutical approaches that target those
stem like cells hold promise in the fight of cancer.
Heterogeneous tissue is composed of various
subtypes of populations where cancer stem like
cells exist in rare numbers but stay in quiescent
state. Two distinct properties of these stem like
cell population are the self-renewal capacity and
differentiation into more mature and committed
cells. Moreover stem like cells in tumor tend to
cause more clonogenic and tumorigenic behavior
overall. Interactions with stromal elements like
fibroblasts and following various cascade of sig-
naling events affect the stem cells physiology and
may cause the initiation and continuation of
tumors. Based on these knowledge cancer stem
cell theory has been developed and studied for
years. According to this, neoplasms are
comprised of hierarchically organized cells and
a group of cells called, cancer stem cells (CSCs)
that may be the origin of initiation of the tumor,
which can also recapitulate the entire tumor under
favorable conditions.

CSCs are designated as the only subpopulation
that are associated with tumor-initiation and they
can also be responsible for the metastases. In a

study done by Herman et al. it has been shown
that CSC do play significant role in pancreatic
tumor growth and they also present a side popu-
lation of migrating stem like cells in the metasta-
sis (Hermann et al. 2007). They finally concluded
that CSCs may be the ones that initiate metastatic
cascade.

Metastasis is a series of event where a
circulating single or cluster of cancer cells detach
from the primary tumor bulk by digesting extra-
cellular matrix metalloproteins (MMPs) and
through invasion reach the blood or lymphatic
system and intravasation into the vasculature. In
there, single or cluster of these cancer cells sur-
vive against harsh conditions of the blood and
finally through extravasation leave the blood and
settle into the final destination where a new col-
ony will form. In this chapter we will focus
entirely on the roles of CSCs in the metastatic
cascade along with their association with the
tumor microenvironment so called niche.

1.1 Stem Cells

Stem cells are special cells with potentials to self-
renew and differentiate into other lineages in such
conditions such as organ development and tissue
repair. This mechanism is also being favored by
cancer cells when needed.

In recent years a great effort has been made to
be able to distinguish stem cells from non-stem
cells. Especially in tumors it is very important to
separate cancer stem cells in the population so
that these cells can be targeted. Based on this
many approaches such as differentiation and anti-
body directing therapies have been developed to
target cancer stem cells. Presence or absence of
certain markers were discovered and new ones are
under investigation. But there is not a clear cut
distinction between cancer stem cells and normal
stem cells. However some markers are certainly
more or less specific for different types of stem
cells like the ones that separate embryonic stem
cells from adult stem cells or pluripotent cells
from progenitor ones. When it comes to cancer
stem cells it is more difficult to distinguish them
from non-cancerous stem cells due to the
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presence of the same markers being expressed on
both of the cell types. It is known that almost all
the markers are expressed by normal stem cells as
well as cancer stem cells therefore for scientists it
is challenging to find new candidates as tumori-
genic markers. Presently the ultimate choice for a
therapeutic target depends on onco-fetal stem cell
markers because they are not expressed on nor-
mal adult stem cells.

1.2 Cancer Stem Cells (Discovery
and Its Origin)

The exact origin of CSCs is an unclear issue
however hypotheses were recommend from time
to time. Currently we know that there are three
main hypotheses and the first one is the transfor-
mation of normal stem cells. The theory suggests
that CSCs is transformed from normal stem cells,
and through series of differentiation processes
and accumulation of mutations they will contrib-
ute to cancer progression. These mutations are
adequate enough to induce malignant transforma-
tion and bear tumor growth (Krivtsov et al. 2006;
Scheel et al. 2011; Jordan 2009). While this the-
ory encounters the clonal evolution theory, which
indicates that all cancer cells have tumorigenic
potential with a potential to recapitulate the entire
tumor (Nowell 1988), development in the cancer
stem cell field states that these two models share
common mechanisms therefore it is suspense
through which mechanisms one stem cell become
cancer stem cell (Cabrera et al. 2015; Plaks et al.
2015). One can conclude that there is a dynamism
in transformation of non-CSC to a CSC state, vice
versa.

This transformation occurs very rarely and
spontaneously and a variety of factors including
inflammatory cell infiltration, chemokines and
hypoxia can induce this event (Chen et al.
2016). Gaining stem cell characteristics also
require signals from tumor niche (Pattabiraman
and Weinberg 2014) as well as interactions
amongst the cells within the tumor that might
also regulate stemness of the tumor (Plaks et al.
2015). The former also is known as the second

theory cancer stem cell in which of mature cancer
cells dedifferentiate into cancer stem cells
through a process called epithelial-to-mesenchy-
mal transition (EMT) (Pattabiraman and
Weinberg 2014). This transient state is critical
not only for the survival of cancer cells, but also
for metastatic progression. And the last hypothe-
sis is the introduction of induced pluripotent can-
cer cells. Malignant transformation of adult stem
cells into cancer stem cells were proposed by
several researchers.

EMT is also another factor that affects the
progression of cancer progression and eventual
metastasis (Mani et al. 2008). During EMT cancer
cells gain characteristics of normal stem cells
including differentiation and self-renewal. Loss
of polarity and cell-cell contact and alterations
in the cytoskeletal structures cause cancer cells
become motile and resistant to cellular death
(Mani et al. 2008). These features allow CSCs
to initiate new tumors that’s why they are called
tumor initiating cells (Reya et al. 2001). Up to
date several surface markers were described as
cancer stem cell markers including; CD44,
CD24, CD34, CD133 and CD117, and Aldehyde
Dehydrogenase 1 Family Member A1
(ALDH1A1) (Gottschling et al. 2012). Various
signaling pathways and growth factor receptor
tyrosine kinases (RTKs) induce EMT. One of
the most important signaling pathway proteins is
Transforming Growth Factor beta (TGF-β). It is
the most and widely studied protein and it has
been shown that TGF β phosphorylate and acti-
vate Smad2a and Smad3 which in turn form
trimers with Smad4 and cause a translocation to
the nucleus for the regulation of TGF-β target
genes (Fuxe et al. 2010). Other proteins like
Notch and Wnt also are collaborated with
TGF-β to induce EMT (Shin et al. 2010; Eger
et al. 2004; Timmerman et al. 2004). As major
regulators of EMT SNAIL, SLUG, TWIST and
ZEB transcription factors are well characterized
and studied (De Craene and Berx 2013). When
activated these factors can suppress epithelial
markers like E-cadherin and upregulate mesen-
chymal markers such as N-cadherin and vimentin.
Activation of other signaling molecules like
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Ras/Raf/MAPK, PI3K/Akt can aid these pro-
cesses (Valcourt et al. 2005; De Craene and
Berx 2013).

It has been more than 50 years of research
since the discovery of cancer stem cells based
on the similarity between cancer and embryonic
development processes. Throughout these years a
number of tumors were found to be associated
with cancer stem like cells as a driving force.
Tumors that may contain the traces of cancer
stem like cells include leukemia (Bonnet and
Dick 1997) and solid tumors such as bladder
cancer (Chan et al. 2009), breast cancer (Al-Hajj
et al. 2003), malignant melanoma (Schatton et al.
2008), ovarian cancer (Zhang et al. 2008b), head
and neck cancer (Prince et al. 2007), pancreatic
cancer (Hermann et al. 2007), Central Nervous
System (CNS) cancers (Singh et al. 2004), colon
carcinoma (Dalerba et al. 2007), liver cancer
(Zhang et al. 2008b), Ewing sarcoma (Suva
et al. 2009), and chordoma (Aydemir et al.
2012). The primary studies based on hematologi-
cal diseases show that a subset of cells found in
the tumor heterogeneity drive the tumor develop-
ment and relapse.

Unlike liquid tumors it is very challenging to
detect cancer stem cells in solid tumors due to loss
of specific markers present in cancer stem cells.
Among specific markers CD133 is the one very
speculative in which colorectal carcinoma studies
indicate that CD133 negative colorectal cancer
stem cells recapitulate the entire tumor.
(Shmelkov et al. 2008; Ren et al. 2013).

Several analytical methods and approaches
have been developed to detect and characterize
CSCs. Most used techniques for detection and
isolation CSCs are functional, molecular, and
cytological and filtration approaches as well as
functional methods and ultimately xenotransplan-
tation studies hence animal modeling. Assays
such as colony and sphere formation, side popu-
lation analysis, aldehyde dehydrogenase activity
and drug therapy resistance are being practiced
regularly to distinguish cancer stem cells from
non-CSCs. Innovative techniques like cell sorting
based on magnetic capturing of fluorescent con-
jugated antibodies based on certain cell surface
proteins pioneered a new era in the scientific

world. With this technology it became possible
to separate CSCs from non-CSCs among hetero-
geneous cell populations in a more reliable way.
(Kentrou et al. 2011; Greve et al. 2006).

In addition to these techniques gene expres-
sion analysis by multiplex reverse transcription
quantitation, immunocytochemistry, immunohis-
tochemistry and immunofluorescence are the
common molecular methods to characterize
CSCs. (Lianidou and Markou 2011) As for func-
tional assays the gold standard one is xenotrans-
plantation into immune-deficient animals in
which cancer stem cells being transplanted into
immune-deficient animal and let them reform the
original tumor. (Fulawka et al. 2014) All of these
techniques and cons and pros based on their set
up but the better and more reliable method is to
combine them appropriately. Overall functionally
CSCs are defined by their capability to begin
tumors in immune-compromised/deficient mice
upon serial injections which is the indicators of
self-renewal, differentiation into multilineages to
form the tumor entity. (Korkaya et al. 2008;
Ginestier et al. 2007).

1.3 Cancer Stem Cells in Metastasis

In 1889 Paget proposed the hypothesis of Seed
and Soil, which is coherent with the CSC model
[45]. In his hypothesis, a CSC is the seed where it
is nourished by the soil known as the metastatic
site. This new environment is the niche where the
growth of CSCs will be promoted. Epigenetic and
genetic alterations will also take place to lead
CSCs drive the tumor and these changes ulti-
mately affect the phenotype of the primary
tumor. So the new metastatic tumors are known
to arisen from the CSCs. Based on a colorectal
cancer model Brabletz et al. suggested that tumor
entity possesses a heterogeneous bulk where part
of cells play roles in proliferation and cell cycle
arrest where others in epithelial to mesenchymal
transition, cell adhesion and spread. He further
proposed that all of these events are orchestrated
to push for tumor progression by a subset of cells
called “migrating cancer stem cells”(Brabletz
et al. 2005).
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Metastasis is a multistep process that begins
with the invasion of cancer cells to nearby tissues
locally. These metastasis-initiating cells (MICs)
are able to seed clinically important metastatic
colonies in other organs and tissues of the body.
Like the tumor-initiating cells (TICs), MICs can
take over some of the normal stem cell pathways,
increase cellular plasticity and stem-ness. MICs
also must hold additional competences which will
allow them to survive the metastatic cascade and
act as TICs in an organ microenvironment char-
acteristically different from the primary tumor.
These cells are exceptionally difficult to identify,
capture, and characterize but they certainly create
a relationship between the primary tumor and
following metastasis. Even the source of MICs
remains indefinable; they might occur at the pri-
mary tumors or appear later in the metastatic
cascade or even acquire features when reach to
final destination. MICs share common
characteristics with cancer stem cells therefore
tools to analyze and identify cancer stem cells
are also used for MICs including in vitro tumor
sphere assays, in vivo dilution tumor initiation
studies, analyzing cancer stem cell (CSC) cluster
of differentiation (CDs) markers (Celia-Terrassa
and Kang 2016).

Malignant tumor cells first lose their cell-cell
adhesion capacity and detaches from the primary
tumor bulk. Through alterations between cell and
their extracellular matrix interactions, cells find
their way to invade the adjacent stroma, a process
called invasion. Basement membrane and extra-
cellular matrix are degraded by substances in
addition with the expression as well as suppres-
sion of proteins associated in motility and migra-
tion (Cooper et al. 2003). In a breast cancer study
done by Dustin et al. nuclear translocation was
found to be a major rate limiting factor for CSC
spreading. They further suggested that cytoskele-
tal elements like myosin IIB, which was
upregulated in CSCs, might targeted against can-
cer stem cell dissemination from the primary
tumor site (Thomas et al. 2016). One of the cancer
stem cell characteristics, pluripotency was shown
to decrease in cervical tumor spheres after knock-
down with human wings apart-like (hWAPL) and
human papillomavirus (HPV) indicating that

suppression of hWAPL expression decreased
HPV E6 levels and consequently inhibited
tumor invasion in mice suggesting that hWAPL
is a cervical CSC marker for proliferation and a
promising target for therapeutics (Gong et al.
2017). CD133 and CD44 are discovered surface
markers for the identification of colorectal cancer
stem cells (O’Brien et al. 2007; Chu et al. 2009).
It was shown that expression of both of these
markers were found to be associated with liver
metastasis in colon cancer patients (Jing et al.
2015). In a similar study done by Jiang et al.
gastric cancer stem cells positive for CD26 and
chemokine receptor 4 (CXCR4) were involved in
invasion and metastatic ability (Jiang et al. 2017).

Next, cells must reach the nutrient and oxygen
through a step called angiogenesis so that grow-
ing cancer cells will be nourished their toxic
waste will be removed (Ellis and Fidler 1996).
Cancer stem cell phenomenon clashed with the
hypothesis of angiogenic behavior of tumor bulk
as different parts of it show variety in levels of
oxygen. This was shown by Folkman et al. that
heterogeneous population of human liposarcoma
cells reflect the angiogenic capacity variously
when implanted into mice such that one subpop-
ulation (so called cscs) give rise to highly angio-
genic whereas others (non-cscs) develop poorly
angionegnic tumors or even non angiogenic
(Achilles et al. 2001). A different study has
shown that the reason for tumor relapse and
metastasis is linked to cancer stem cells (CSCs),
under control of numerous mechanisms like ele-
vated levels of angiogenesis (Folkins et al. 2009).

Intravasation is the step where cancer cells
enter into circulatory system and survive in it. In
a study investigated by Asangani et al. post-
transcriptional regulators such as miR-21 plays
in important role in invasion or intravasation by
regulating and targeting programmed cell death
protein 4 (Pdcd4) in colorectal cancer (Asangani
et al. 2008). In the blood invaded cells resist
despite the harsh condition such as high blood
pressure rate and platelets by interacting with
endothelial cells forming stronger bonds and by
penetrating the base membrane and endothelium
leaves the blood vasculature at a distant organ by
extravasation (Chay et al. 2002), finally settle into
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the new environment and build its colony
(Chambers et al. 2002; Wirtz et al. 2011). Adap-
tation of the cells into new site is driven by CSCs
(Reya et al. 2001; Tu et al. 2002).

Since CSCs have self-renewal and clonogenic
capabilities they are more likely to develop meta-
static behavior. In deed CSCs present a varying
degree of motility and invasion Moreover, CSCs
should have some degree of motility and invasion
to spread a distant site (Brabletz et al. 2005).
Based on the similarity in the migration of normal
stem cells and cancer stem cells, it has been
recently suggested they share a same mechanism,
which is upregulation of the chemokine stromal
cell-derived factor 1 (CXCL12) and its G-protein-
coupled receptor CXCR4 (Kucia et al. 2005).
Previous studies proposed that hepatocyte growth
factor (HGF) and its receptor MET have a parallel
function in driving the recruitment and migration
of normal stem cells together with cancer stem
cells. In the embryonic term, MET in response to
HGF expression causes a migration of embryonic
cells for a successful development as similarly
observed in adults where bone marrow stem/pro-
genitor cells (Andermarcher et al. 1996; Bladt
et al. 1995; Takayama et al. 1996) express MET
in response to HGF gradients to wounded tissues
for repair. Upto date, it is not for certain that the
overexpression of MET expression is associated
with CSCs. However, according to the theory of
stem cell plasticity caused by the malignant trans-
formation of normal stem cells if cancer stem
cells originate from the malignant transformation
of normal stem cells, we can accept the fact that
MET expression might enable CSCs to shift to
the invasive program (Pardal et al. 2003; Reya
et al. 2001). MET has been known as an onco-
gene and this brings with a dual role as in the
initiation as well as clonal selection. It also has
been proposed that independent of the oncogenic
events wild-type MET can enhance motility,
invasion and metastasis of CSCs (Lorenzato
et al. 2002). When MET is overexpressed it
causes cells to become sensitive to HGF and
invasive signaling so that microenvironment can
promote metastasis (Mueller and Fusenig 2004).

When other oncogenes including Ras, RET, and
ETS become activated and together with other
mitogenic signals stimulating MET transcription
(Boccaccio et al. 1994; Gambarotta et al. 1996;
Ivan et al. 1997) occur, MET overexpression is
considered as a consequence however it abso-
lutely has a key role in cellular metastasis.

1.4 Tumor Niche and Cancer Stem
Cells

The tumor microenvironment is embed in a
non-cellular matrix and comprised of
non-cancerous cells including fibroblasts,
immune cells, endothelial cells. These
components build the tumor stroma which alters
as tumor progresses and grows and eventually
become drug resistant (Egeblad et al. 2010;
Junttila and de Sauvage 2013). Tumor niche
nourishes the cancer stem cells by releasing a
variety of factors that will protect them immune
attach and keep their plasticity maintaining their
properties (Lloyd et al. 2016). As for metastatic
preference certain growth factors are begin
released by tumor stroma for the direction of the
primary tumor cells to the secondary tumor site as
in the case of cancer associated fibroblasts
(CAFs) in the primary breast cancer secreting
CXCL12 and insuling growth factor 1 (IGF-1)
which will stimulate bone metastasis (Zhang
et al. 2013; Zhang et al. 2009). In a similar exam-
ple, CAFs secrete hepatocyte growth factor that
will stimulate CSCs to self-renew promoting the
reprogramming of colorectal cancer progenitor
cell into CSCs through the signaling of
β-catenin pathway (Vermeulen et al. 2010).
After chemotherapy treatment certain cytokines
specifically interleukin 17A (IL-17A) is being
released that contributes self-renewal trait of colo-
rectal CSCs promoting invasion (Lotti et al.
2013). This is an indication of how chemotherapy
re-shape the tumor niche and aid tumor progres-
sion therefore tumor microenvironment might be
altered as chemically (Zeuner et al. 2014).
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2 The Role of CSCs in Modulating
the Tumor Microenvironment
Through Secretion of EVs

It has been known for long that during apoptosis
cells release vesicles to the extracellular environ-
ment. Comprehension of healthy cells secreting
the similar vesicles is also considered currently by
the researchers and they used the generic term for
these vesicles as extracellular vesicles. Extracel-
lular vesicles (EVs) contain at least three
sub-classes namely exosomes, microvesicles
(MVs), and apoptotic bodies (ABs). Exosomes
are made by budding of endosomal membrane
inwardly, while microvesicles (MVs) are formed
by budding directly from the plasma membrane.
Apoptotic buddies, on the other hand, are made
during programmed cell death. Their size,
structures and functions are being evaluated con-
sistently. Origin of EVs whether derived from
normal cells or cancer cells differ in molecular
markers which will affect the function of it in the
recipient cells. Differences in molecular
signatures of these EVs may help in diagnosis as
well as prognosis in a variety of cancers.
Exosomes have a distinctive role as a cargo dur-
ing cell to cell communication in which they carry
almost any molecule. In cancer through exosomes
cells contact one another which will aid in metas-
tasis, drug resistance and even immunology
(Milane et al. 2015). In a study done by Ono
et al., increased expression miR-23b and
decreased expression of MARCKS were found
in bone marrow of a metastatic breast cancer
patient suggesting that exosomal transfer of
miRNAs from the bone marrow might be
endorsing breast cancer cell latency in a meta-
static environment (Ono et al. 2014).

Exosomes are carried from original cells to
final destination through the circulatory system
and localized there by binding to cell surface
through their membrane proteins that will be
recognized by the recipient cells. Taylor et al.,
showed that greater levels of exosomes were
found in body fluids of cancer mouse models
and cancer patients (Taylor and Gercel-Taylor

2008; Ghosh et al. 2010). Exosomes play active
roles in cancer progression. Studies indicate that
exosomes derived from mesenchymal stromal
cells (MSC) or fibroblasts secrete various
miRNAs and soluble factors which were deliv-
ered into tumor cells that enable cancer progres-
sion and cause drug resistance in several cancers
including multiple myeloma, colorectal cancer,
and gastric cancer cells (Roccaro et al. 2013; Hu
et al. 2015b; Ji et al. 2015) advantaging tumor
survival and growth. Cancer cell-derived
exosomes can favorably fuse with the cells to
form a pre-metastatic niche for metastasis
(Hoshino et al. 2015). Also these cancer derived
exosomes may turn normal epithelial cells into
cancerous cells as shown in murines (Melo et al.
2014). Taken together, exosomal delivery to drive
tumorigenesis is a very common and popular field
of interest that capture researchers’ attention for
not too old. Exosomal delivery of therapeutics
even became popular in cancer treatment (Seow
and Wood 2009; Camussi and Quesenberry
2013).

Exosomes derived from cancer stem cells
drive an activated angiogenesis, which will lead
stimulation of normal endothelial cells to grow
and form vessels resulting metastasis and tumor
progression (Grange et al. 2011). Mesenchymal
stem cells facilitate EMT and induce stem like
properties which will allow cancer stem cells to
increase survival in the circulatory system. The
role of CSC derived exosomes in metastasis is
that they cause tumor reseeding and
pre-metastatic niche formation similar to
MSC-derived exosomes. For instance in a study
done by Wang et al., gastric cancer (GC)
MSC-derived exosomes were detected to trans-
port miR-221 to HGC-27 cells aiding prolifera-
tion and migration (Wang et al. 2014).

3 Organ Specific Metastasis

Tumors can prefer specific organs depending a
number of factors. This selection of metastasis to
certain organs is called organotropism (Tayyeb
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and Parvin 2016). There are two main hypotheses
that might enlighten organotropism one being an
anatomic circulation system, which is tumor cells
spread into lymphatic system and followed by a
distant spread by the vascular system (Hess et al.
2006). The first hypothesis is logical but does not
explain all that metastatic patterns of certain
cancers in the body. According to the first hypoth-
esis liver and brain take same amount of blood in
volume but differ in metastatic patterns (Obenauf
and Massague 2015; Budczies et al. 2015). This
leads the scientific world to question whether
other possible mechanism might have a role in
selection organs to metastasize. The second
hypothesis lays underneath the “seed-and-soil
hypothesis” which, indicates that metastatic
tumor cells can be fed and grow only in accepting
tissues with organ-specific “soils” [78]. In this
regard we can conclude that metastatic preference
is a combination of spreading of tumor cells
through vasculature and lymphatic system and
also circulating tumor cells (CTCs). In this chap-
ter we will focus more on CSC which share
similar features with EMT and CTCs (Kasimir-
Bauer et al. 2012; Sun et al. 2011).

3.1 Metastasis to Bone (s12943)

The study done by D’Amico et al. indicates that
breast CSCs-like have a tendency to metastasize
bone with a mesenchymal and migratory CD44+

CD24� phenotype suggesting that breast CSCs
favors the bone as a soil to metastasize (D’Amico
et al. 2013). This migration is supported by vas-
cular endothelial growth factor receptor 1
(VEGFR-1) expressed by the bone marrow-
derived hematopoietic progenitor cells to form
clusters and fibronectin (Kaplan et al. 2005).
Osteogenic environment also induces coloniza-
tion by adherens junctions like osteogenic N
cadherin E-cadherin derived from cancer cells
and ultimately initiate mTOR pathway and addi-
tional oocyte secretion of factors including CCL5,
MMP and extracellular ATP (Sottnik et al. 2015)
promote tumor progression (Wang et al. 2015).

Presence of the recognized stem/progenitor
cell (CD44+CD24�) subpopulation is primary
found within the disseminated tumor cell (DTC)
component in bone marrow by Balic et al. In their
study they showed that breast cancer stem cell
phenotype was described as CK+ in all of their
patients. It has been known that majority of the
patients with DTC may have a lifetime risk for
relapse (Dearnaley et al. 1991).

3.2 Metastasis to Liver

Usually cancer cells that migrate to liver as a
metastatic site are not known as liver cells rather
different parts of the body where the primary
tumor initiated. Metastatic liver cells are consid-
ered to cause the advanced stage of the tumor. As
for migration tendency hepatic stellate cells are
known to play significant roles in preparing the
pro-metastatic environment (Eveno et al. 2015).
In a recent study done by Nielson, secreted
granulin by macrophages excites hepatic stellate
cells to release of periostin so that fibrotic niche in
the liver provides metastasis (Nielsen et al. 2016).
Studies indicate that subpopulation of CD26+

cells present in the primary and metastatic tumors
in colorectal cancer patients cause liver metastasis
suggesting that CD26+ CSCs indicate greater
potential for invasion and migration (Pang et al.
2010). In a similar study done on colon cancer
patients that has CD133+/CD44+ genotype seem
to possess metastatic properties to liver (Bellizzi
et al. 2013). Other subpopulations including
CD133+CXCR4+ may increase the tendency to
metastasize to liver and cause reduced two-year
survival rate in colon cancer patients (Zhang et al.
2012). A expressional correlation between
CD133+ (Horst et al. 2009) and Nanog (Ibrahim
et al. 2012), which are important cancer stem cell
markers, in colorectal cancer cells are found to
be involved in the liver metastasis (Xu et al.
2012). Inhibitory factors such as macrophage
migration inhibitory factor (MIF) also play
roles in stimulating hepatic cells to be migra-
tory, proliferative and apoptotic resistant in
colorectal cancer cells (Hu et al. 2015a).
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Colonization of colorectal cells in the liver are
induced by accumulation of soluble factors like
angiopoietin-like 6 protein in hepatic blood
vessels (Marchio et al. 2012).

3.3 Metastasis to Brain

Brain metastases were thought be associated
strongly with astrocytes (Barros et al. 2014). It
has been known that astrocytes are part of the
brain microenvironment and do play and important
role in facilitating metastasis. Secretion of IL-23
from astrocytes upregulates the MMPs specifically
MMP2 to improve the metastasis of melanoma
cells to brain (Klein et al. 2015). An important
study has been done by Lin Zhang et al. who
demonstrated that astrocytes cause loss of PTEN
in tumor cells by secreting exosomal miRNA lead-
ing a permissive metastatic microenvironment for
cancer cells. In their study they showed that signals
that from the brain niche are received by cancer
cells causing the secretion of chemokines espe-
cially one named CCL2 stimulating development
mechanistically, cancer cells receive signals from
the brain microenvironment that lead to metastatic
cells (Zhang et al. 2015).

Besides these extracellular factors generated
from brain microenvironment other cellular
effects take place in the brain metastatic cascade.
Tumor initiating cells share a common mecha-
nism with the metastasis (Croker and Allan
2008). Only very few amount of cells that are
shed from the primary tumor can survive in the
vasculature system, metastasize and form their
colony as the secondary tumor (Kienast et al.
2010; Luzzi et al. 1998). Studies have described
CSCs being involved in the increased adhesion,
migration, invasion and development of
metastases (Croker et al. 2009; Liu et al. 2010;
McGowan et al. 2011; Davis et al. 2010). The
presence of cancer stem cells and metastasis in
lung tumor led idea that metastasis to brain from
lung might be involved in cancer stem cells
(Nolte et al. 2013). In that study Sara et al.
showed that brain metastases from lung presents
cells having self-renewal and sphere forming
capacities, which are CSC properties.

Cancer stem cells are found to act in an organ
specific manner to lead tumor cells for metastasis
to brain. Okuda et al. shows that CSCs
characterized with a CD24�/CD44+/ESA+ geno-
type from metastatic breast cell lines are signifi-
cantly more metastatic than non-CSC
populations. They reasoned this by conclusion
of lower level of miR-7 which targets and inhibits
an induced pluripotent stem cell marker, KLF4
expression causing significantly and inversely
correlation to brain but not bone metastasis in
animal models (Okuda et al. 2013).

3.4 Association of CSCs in Metastasis
Therapy

Heterogenic subpopulation specifically called
CSCs is measured based on the ability to seed
tumors at limiting dilutions in animal models.
Enriched cell populations by CSC also display
certain properties in vitro. For instance,
CSC-enriched subgroups can be isolated with
cell-surface markers as described previous stem
cell based studies (Al-Hajj et al. 2003; Li et al.
2007; Ricci-Vitiani et al. 2007; Singh et al. 2003;
Zhang et al. 2008a). As an example breast CSCs
are enriched in the CD44+/CD24� side populated
cells (Al-Hajj et al. 2003). Another property
CSCs has is their ability to form sphere or
tumor-spheres in CSC-enriched tumor cells
(Dontu et al. 2003). Lastly, CSC-enriched
populations are highly resistant to conventional
therapeutics and ionizing radiation CSC-enriched
populations exhibit increased resistance to che-
motherapeutic agents (Bao et al. 2006; Dean et al.
2005; Diehn and Clarke 2006; Eyler and Rich
2008; Li et al. 2008; Zhang et al. 2008a) and
ionizing radiation (Diehn and Clarke 2006;
Woodward et al. 2007).

Available treatment methods could be possibly
improved by targeting CSCs to reduce the possibil-
ity of recurrence andmetastasis. Automated screen-
ing technologies are found to be enabling the
identification of agents that kill CSCs. Due to its
heterogenic structure of tumor bulks one can not
selectively kill only CSCs since they only comprise
a small portion of the entire population. Therefore
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standard cell viability assays should not be applied
to tumor as a whole and only CSC-specific toxicity
should be identified. As long as highly enriched
populations of cancer stem cells are screened then
one can surely target cancer stem cells who are
known to be responsible for initiation and progres-
sion of the tumor. Although selective treatment
seems promising it is not applicable for current
solid tumors since cancer stem cell enrichment is
lost in vitro culture as shown by Fillmore et al.
during breast cancer stem cell studies (Fillmore
and Kuperwasser 2008).

In 2008 Mani et al. showed that EMT in nor-
mal as well as cancer with epithelial origin causes
the enrichment of cells with stem-like features
(Mani et al. 2008). In their study Gupta et al.
sowed that extrinsically induced EMT led
increase in drug resistance. They further applied
a chemical screening to assess novel therapeutic
agents causing toxicity on selected cell
populations. They concluded that new agents to
target breast CSCs selectively was possible
(Gupta et al. 2009).

Loss of differentiation ability, which is a typi-
cal stem cell characteristic leads to
de-differentiaiton phenotype and ultimately stem
cell-like traits associated with metastasis (Cao
et al. 2014). In a related study done by Morales
et al. Retinoic Acid Receptor Responder
3 (RARRES3) might be potential biomarker and
when downregulated it caused a suppression in
lung metastasis from breast cancer and considered
as an differentiation (as adjuvant) therapy pro-
moting tumor differentiation (Morales et al.
2014). Induction of dedifferentiation and stem
cell-like properties aids in promoting lung metas-
tasis so by loss of homeobox domain-containing
transcription NKX2-1, a lung lineage-specific
transcription factor lung adenocarcinoma, geneti-
cally leads an increase in metastatic seeding
(Winslow et al. 2011). Li et al. showed that in
parallel with other factors like lineage-specific
transcription factors (FOXA2 and CDX2),
NKX2-1 repressed lung metastasis (Li et al.
2015). It is very crucial to target lineage cell fate
related genes since they promote differentiation
and inducing stem cell characteristics that

promote lung metastasis. In a very similar study
done by Cheung et al. two differentiation tran-
scription factors named GATA6 and HOPX syn-
ergistically work as inhibitors of metastatic
progression (Cheung et al. 2013). Another differ-
entiation factor found to be lost in melanoma is
microphthalmia-associated transcription factor
(MITF) so targeting this pathway might benefit
in the design of new melanoma therapies (Cheli
et al. 2011).

4 Future Perspectives

Metastasis related death is the major challenge in
cancer therapy. Therapies targeting tumor initia-
tion, progression and finally metastasis were
investigated and novel methodologies were
developed in years however there is still a long
way to go against cancer battle. CSCs play crucial
roles in aiding throughout the tumor progression
journey beginning from the initiation to the final
step, metastasis. Targeted therapies against CSCs
require a thorough enrichment in CSC in the
tumor bulk. Combinational therapies against
genes regulating every step of metastasis and
corresponding stem cell markers might be
targeted synergistically to improve the these
approaches.
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Abstract

A major research challenge is to develop ther-
apeutics that assist with healing damaged
tissues and organs because the human body
has limited ability to restore the majority of
these tissues and organs to their original state.
Tissue engineering (TE) and regenerative
medicine (RM) promises to offer efficient ther-
apeutic biological strategies that use mesen-
chymal stem cells (MSCs). MSCs possess the
capability for self-renewal, multilineage differ-
entiation, and immunomodulatory properties
that make them attractive for clinical
applications. They have been extensively
investigated in numerous preclinical and clini-
cal settings in an attempt to overcome their
challenges and promote tissue regeneration
and repair. This review explores the exciting
opportunities afforded by MSCs, their desir-
able properties as cellular therapeutics in RM,
and implicates their potential use in clinical
practice. Here, we attempt to identify
challenges and issues that determine the clini-
cal efficacy of MSCs as treatment for skeletal
and non-skeletal tissues.
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FTSW Full-thickness skin wounds
GVHD Graft versus host disease
GFP Green fluorescence protein
HF Heart failure
HCELL Hematopoietic cell E-/L-selectin

ligand
HGF Hepatocyte growth factor
hAD-
MSCs

human adipose derived-MSCs

HA Hydroxyapatite
iPSCs induced pluripotent stem cells
IGF-1 Insulin-like growth factor 1
ISCT International Society for Cellular

Therapy
IA Intra-arterial
IC Intracoronary
IV Intravenous
MHC Major histocompatibility complex
MSCs Mesenchymal stem cells
MMPs Metalloproteinases
MSC-CM MSCs-conditioned medium
MS Multiple sclerosis
MI Myocardial infarction
NIH National Institute of Health
NYHA New York Heart Association
NO Nitric oxide
OA Osteoarthritis
OI Osteogenesis imperfecta
PDGF Platelet-derived growth factor
PSCs Pluripotent stem cells
PCL Poly-ε-caprolactone
ciPTEC Proximal tubule epithelial cells
RM Regenerative medicine
SCs Satellite cells
SECs Sinusoidal endothelial cells
SDF-1 Stromal derived factor-1
TA Tibialis anterior
TE Tissue engineering
TGF-β Transforming growth factor-beta
UC Umbilical cord
VCAM-1 Vascular cell adhesion molecule 1
VEGF Vascular endothelial growth factor

1 Introduction

Damaged or lost organs, diseased and injured
tissues, and tumor resections present urgent
circumstances that necessitate the use of thera-
peutic approaches. The clinical strategies for
treatment of tissues and organs to restore them
to fully functional structures are basically classi-
fied into three main categories – drug therapy;
surgery (autograft and allograft); and novel thera-
peutic approaches such as gene therapy, cell ther-
apy, and tissue engineering (TE). The
complicated healing process in most diseases,
requires the simultaneous use of two or more
approaches to achieve desired outcomes. Drug
therapy, a traditional approach for all disease
types, is normally used as a co-treatment with
other strategies. For example, administration of
immunosuppressive drugs following organ/tissue
engraftment (e. g., kidneys, lungs, skin, or liver
transplant) is necessary throughout the patient’s
life (van Gelder et al. 2014). In some cases, drug
therapy merely results in a promising outcome.
Pharmacologics that target mitochondrial-
associated protein kinase C and its substrates,
such as aldehyde dehydrogenase 2, reduce ische-
mic damage and induce cardioprotection (Chen
et al. 2008). Advances in nanotechnology, bioin-
formatics, and biology have increased novel drug
designs and delivery systems for effective drug
therapy; however, additional attempts are needed
to address diseases and chronic conditions such as
spinal cord and brain injuries.

Surgery is a second approach that attempts to
revive and repair damaged tissues. Surgeons fre-
quently perform tissue reconstruction in cases of
tumor resection, trauma injuries, and allotrans-
plantations. For example, autologous bone grafts
(ABGs) are the current gold-standard for repair
and reconstruction of critical-sized bone defects
(Roberts and Rosenbaum 2012). Annually, more
than 2 million bone grafts are used in orthopedic
procedures worldwide in both adolescents and
adults (Blank et al. 2017). Although surgical
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approaches are being adapted for skeletal tissues
(bone and cartilage), the benefits must be care-
fully weighed against the risks that include life-
long immunosuppressive therapy. In addition,
despite the increased success rates of surgical
repair and reconstruction of injured tissue along
with technological advances and improved mod-
ern surgical tools, repair of some injured
non-skeletal tissues (brain, kidneys, and liver)
remain challenging.

Limitations with traditional therapeutic
approaches have urged scientists to develop
novel, effortless, efficient strategies for tissue
regeneration. Recently, a new branch of medi-
cine, regenerative medicine (RM), has emerged
with the intent to restore normal function of dam-
aged tissues and organs by stimulation of endog-
enous repair processes. RM may use progenitor
cells, stem cells, or therapeutic agents such as
genes and trophic factors. Among these, exten-
sive attention has focused on stem cells. Stem
cells have greatly improved the disciplines of
TE, gene therapy, developmental biology, cell
therapy, and nanotechnology. The presence of
regenerative cells was first hypothesized in the
late nineteenth century by Cohnheim (1867). Cur-
rently, we know that most adult tissues possess
progenitor and stem cells that are employed to
repair minor tissue lesions. Stem cells deliver
multiple agents in contrast to the single agent
delivery of pharmaceutical drugs. They have the
ability to respond to local micro-environmental
clues or signals by secretion of bioactive factors.
Stem cells can be engaged by gene therapy and
material science to revolutionize the regenerative
potential of each approach (Taghiyar et al. 2017).
Insertion of a relevant gene sequence into a target
cell and seeding the cells onto an appropriate
natural or artificial material may result in the
desired biological effect. The regenerative
potency of stem cells, particularly mesenchymal
stem cells (MSCs), is taken into consideration in
this review. We discuss the numerous basic,
translational and clinical studies in skeletal and
non-skeletal tissues in an attempt to address cur-
rent advancements and challenges of MSCs used
for clinical applications.

2 Stem Cells and Regenerative
Medicine (RM)

Cellular therapy has shown great progress in both
preclinical research and the clinical setting. The
initial cell transplantation attempts involved intra-
venous (IV) transfusion of whole blood
(Giangrande 2000). Cell therapy, particularly
stem cell therapy, was predominantly confined
to bone marrow (BM) transplantation for hemato-
logical diseases as well as epidermis transplanta-
tion for massive burns (Atiyeh and Costagliola
2007). Today, various stem cell sources of adult
and pluripotent stem cells (PSCs) such as embry-
onic stem cells (ESCs) and induced PSCs (iPSCs)
have been introduced for tissue repair. Adult stem
cells can only differentiate into a limited number
of cell types, whereas ESCs and artificially
generated iPSCs develop into all three germ
layers and are referred to as PSCs (Hosseini and
Baghaban Eslaminejad 2017). ESCs derived from
the inner-cell mass of the blastocyst provide
potent cell sources for clinical applications
(Thomson et al. 1998). Pluripotency and the abil-
ity for self-renewal make ESCs appropriate for
treatment of diseases whereas adult stem cells or
progenitor cells have not been clearly identified or
are difficult to expand in culture. However, ethi-
cal issues exist with harvesting the cells from
embryos. In addition, the possibility exists for
immunogenicity and tumorigenicity, both of
which have delayed clinical translation of ESC
research. iPSCs preserve the pluripotency and
self-renewal ability of ESCs, yet overcome the
ethical concerns associated with ESCs. They can
be maintained in culture where they self-renew
indefinitely and produce an infinite number of
progeny (Takahashi and Yamanaka 2006). Autol-
ogous cells can be served even from patients with
specific mutations to create iPSCs (Wiley et al.
2015). Kawamata's group evaluated the safety
and regenerative capacity of iPSCs in preclinical
setting and performed the first clinical trial for
treatment of age-related macular degeneration
(Kanemura et al. 2014; Souied et al. 2017). Nev-
ertheless, the tumorigenicity risk remains
unsolved.
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MSCs, a promising cell source, can be
harvested from various sources such as BM, adi-
pose tissue, umbilical cord (UC), and dental
tissues (Baghaban Eslaminejad et al. 2011;
Eslaminejad et al. 2010). MSCs have been stud-
ied in clinical trials and there is accumulating
evidence regarding their robust potential to treat
numerous diseases (Tables 1 and 2). By June
15, 2015, there were 493 MSC-based clinical
trials for a wide range of therapeutic applications.
Despite clinical success in MSC cell therapy, the
long-term safety of MSC-based therapies is
poorly established (phase III clinical trials) and
continues to pose a major limitation to translating
MSCs into clinical practice. Of note, the majority
of cell therapy clinical trials have used non-ESCs
(postnatal stem cells that included cord blood and
MSCs) that were isolated from patients or donor
tissues. Most were phase I and phase II, or a
mixture of phase I/II studies to explore the safety
and efficacy of stem cells in human being. Only a
small number were phase III or phase II/III trials.

3 Properties of Mesenchymal
Stem Cell (MSC) Related
to Their Therapeutic Effects
in Regenerative Medicine (RM)

The biological properties of MSCs were unknown
when initially isolated from BM by Friedenstein
et al. in 1970 (Friedenstein et al. 1970). Numer-
ous attempts have been made to isolate MSCs
from various sources to determine their molecular
and cellular properties. Understanding the
biological characteristics of MSCs would provide
clear insight for their prospective clinical
applications. In 2006, the International Society
for Cellular Therapy (ISCT) defined MSCs on
the basis of the following criteria: adherence to
plastic substrate under standard tissue culture
conditions; ability to express cell surface markers
CD73, CD90, and CD105; do not express CD45,
CD34, CD14, or CD11b, CD79 alpha or CD19
and HLA-DR surface molecules; and have the
capability to differentiate into osteoblast, adipo-
cyte, and chondroblast lineages under external
stimuli (Dominici et al. 2006).

Currently, four paramount features of MSCs
make them promising for RM, including their
self-renewal and multi-lineage differentiation
potential. In addition, intravenously injected
MSCs have the capability to migrate and home
to the sites of injury in response to inflammatory
factors. They exert anti-inflammatory effects
through secretion of multiple bioactive
molecules, which in turn stimulates the recovery
of injured cells. Finally, MSCs lack immunoge-
nicity and exhibit immunomodulatory properties
(Fig. 1). Here, we provide a brief description of
each property.

3.1 Differentiation Potential

The multi-lineage differentiation capability of
MSCs has been extensively studied in vitro and
in vivo (Nadri et al. 2013a, b). MSCs have the
potential to give rise to myogenic, adipogenic,
osteogenic, and chondrogenic mesodermal
lineages (Galli et al. 2014). It has also reported
that MSCs can commit to ectodermal and endo-
dermal cell fates. Our group succeeded in differ-
entiation of MSCs to photoreceptor cells on
nanofibrous scaffolds (Nadri et al. 2013a, b).
Kopen et al., for the first time, have demonstrated
the ability of MSCs to commit to astrocytes and
neuron-like cells after they were injected into the
central nervous systems of newborn mice (Kopen
et al. 1999). In a clinical study, human MSCs
(hMSCs) were transplanted into the spinal cord
of amyotrophic lateral sclerosis (ALS) patients.
This study showed that transplantation of hMSCs
were safe and well-tolerated by ALS patients
(Mazzini et al. 2003). Recently, several research
groups used MSCs in combination with
nanomaterials as a promising therapeutic strategy
for skin TE both in vitro and in the clinical
setting. Wu et al. injected green fluorescence pro-
tein (GFP+) allogeneic BM-derived MSCs
(BM-MSCs) around a wound in normal and dia-
betic mice. They observed significantly enhanced
wound healing in both experimental groups com-
pared to control mice (Wu et al. 2007). Another
study used biomimetic nanofiber scaffolds
(NFSs) seeded with BM-MSCs to treat acute
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Table 1 Clinical trials related to mesenchymal stem cell (MSC)-based therapy of skeletal tissues

No. Disease

Type
of
cells Type of injection Result References

1 Limb
ischemia

AD-
MSCs

Multiple
intramuscular

At 6 months, a significant improvement was
observed in pain rating scales and claudication
walking distance. Numerous vascular collateral
networks was formed across affected arteries as
evidenced by digital subtraction angiography
6 months post MSC implantation.

Lee et al.
(2012)

2 Femoral head
osteonecrosis

AD-
MSCs

Local The results showed the long-term reduction in
hip pain and improvement in MRI scan.

Pak (2012)

3 Long bone
non-union

BM-
MSCs

Local The results confirmed the safety of MSC
implantation combined with platelet lysate
during 12 months and bony union had occurred
in four patients.

Labibzadeh
et al. (2016)

4 Femoral head
osteonecrosis

BM-
MSCs

Implantation Increased Harris hip score along with the
reduced volume of the necrotic lesion was
observed in group treated by BMMSC.

Zhao et al.
(2012)

5 Femoral head
osteonecrosis

BM-
MSCs

Perfusion via
medial circumflex
femoral artery

92.31% of hips showed a satisfactory clinical
outcome. Only 6 hips (7.69%) progressed to
clinical failure.

Mao et al.
(2013)

6 OA AD-
MSCs

Intra-articular An improved knee function and reduced knee
pain was observed in cell treated groups
particularly high-dose group.

Jo et al.
(2017)

7 OA AD-
MSCs

Intra-articular During 2 years follow-up, none of the patients
underwent total knee arthroplasty. But 87.5 % of
elderly patients (14/16) improved or maintained
cartilage status at least 2 years postoperatively

Koh et al.
(2015)

8 OA BM-
MSCs

Intra-articular Therapeutic benefits such as increased walking
distance and decreased visual analog scale
(VAS) with no evidence of tumor or neoplastic
changes in the patients observed during the
30-month follow-up.

Emadedin
et al. (2015)

9 OA AD-
MSCs

Intra-articular All clinical outcome parameters that include
pain, function, and mobility were improved,
particularly in low-dose AD-MSCs. Four
patients experienced transient knee joint pain and
swelling after local injection

Pers et al.
(2016)

10 OA BM-
MSCs

Intra-articular No local or systemic adverse events detected
after 1 year. MRI confirmed an increase in
cartilage thickness. Pain, knee function, and
walking distance were getting improved up to
6 months post-injection.

Emadedin
et al. (2012)

11 OA AD-
MSCs

Intra-articular AD-MSCs treated group showed significant
improvement in four clinical scores.
Radiography showed neither improvement, no
further joint degeneration.

Spasovski
et al. (2018)

12 Osteoarthritic
knees

BM-
MSCs

Intra-articular MRI revealed better Magnetic Resonance
Observation of Cartilage Repair Tissue
(MOCART) scores in the patients received
BM-MSCs.

Wong et al.
(2013)

13 Osteogenesis
imperfecta
(OI)

BM-
MSCs

Transplantation Total body bone mineral content of all cell-
recipient patients increased. And frequencies of
bone fracture. Reduced.

Horwitz
et al. (1999)
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Table 2 Clinical trials related to mesenchymal stem cell (MSC) based therapy of non-skeletal tissues

No. Disease

Type
of
cells Type of injection Result References

1 Grade II to IV graft-
versus-host disease

(GVHD)

BM-
MSCs

Intravenous 86 adverse events and serious adverse
events most of which (72.1%) were of
infectious nature are reported. Overall
survival at 1 and 2 years from the first
MSC administration was 50.0% and
38.6%, with a median survival time of
1.1 years.

Introna
et al. (2014)

2 Chronic GVHD
(cGVHD)

BM-
MSCs

Infusion Patients experienced no adverse effects
post MSC infusion. The 2-year survival
rate was 77.7%. Clinical improvement
was accompanied by the increasing ratio
of CD5+CD19+/CD5-CD19+ B cells and
CD8+CD28-/CD8+CD28+ T cells.

Weng et al.
(2010)

3 Myocardiopathy UC-
MSCs

Left ventricular Patients treated with UC-MSCs showed
improvements in left ventricular function,
functional status, and quality of life.

Bartolucci
et al. (2017)

4 Autosomal dominant
polycystic kidney
disease (ADPKD)

BM-
MSCs

Cubital vein No adverse and serious adverse events
observed in cell- treated patients and the
mean serum creatinine level increased
after a 12-month follow-up.

Makhlough
et al. (2017)

5 Acute-on-chronic liver
failure (ACLF)

UC-
MSC

Intravenously
through the

cubital vein of
the arm

The UC-MSC treatment resulted in
increased survival rates in ACLF patients;
and reduced the end-stage liver disease
scores. Liver function was improved as
indicated by increased serum albumin,
cholinesterase, and prothrombin activity;
and increased platelet counts. Serum total
bilirubin and alanine aminotransferase
levels were significantly decreased in the
UC-MSC group.

Shi et al.
(2012)

6 Decompensated
hepatitis B cirrhosis

hUC-
MSCs

Intravenous
infusion

The results indicated significant
reductions in the serum levels of
inflammatory cytokines (IL-6 and TNFα)
while the level of immunosuppressive
cytokines (IL-10 and TGFβ) increased.
Moreover, percentages of T4 cells and
Treg cells were increased and T8 cells and
B significantly reduced.

Fang et al.
(2016)

7 Spinal cord injury
(SCI)

AD-
MSCs

Intrathecal There was no sign of tumorous conditions
or calcification as evidenced by MRI.
Motor recovery was observed in 5 patients
at 8 months follow-up. Voluntary anal
contraction improvement was seen in
2 patients. ASIA sensory score recovery
was seen in 10, although degeneration was
seen in one. In somatosensory evoked
potential test, one patient showed median
nerve improvement.

Hur et al.
(2016)

8 Spinal cord injury
(SCI)

BM-
MSCs

Direct injection
into lesion sites

It confirmed the safety of allogenic
hMSCs in patients with SCI, however, it
might not be efficacious; especially in
patients with chronic SCI.

Bhanot
et al. (2011)

(continued)
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full-thickness skin wounds (FTSW) in a rat
model. This construct resulted in epithelialization
and normal skin formation with hair follicles and
sebaceous glands, as well as collagen deposition
over 10 days (Ma et al. 2011). Regarding the
differentiation potential of MSCs to endodermal
lineages, it has been shown that hBM-MSCs and
human adipose derived-MSCs (hAD-MSCs) have
the ability to transdifferentiate into lung epithelial
cells (Mendez et al. 2014). Likewise, MSCs that
were systemically injected into C57BL/6 mice
after a radiation-induced injury immediately

gave rise to functional (epithelial and endothelial)
lung cells (Yan et al. 2007). Various in vivo and
in vitro experiments reported similar findings
(Wang et al. 2018). Transplantation of
BM-MSCs into chimeric mice that expressed
GFP with ischemically injured renal tubules
resulted in differentiation toward renal tubular
epidermal cells (Duffield et al. 2005). Although
there has been an increase in the therapeutic use
of MSCs, direct differentiation and paracrine
effects of MSCs used to treat diseases are
completely unknown.

Table 2 (continued)

No. Disease

Type
of
cells Type of injection Result References

9 Spinal cord injury
(SCI)

BM-
MSCs

Direct injection
into lesion sites

Total of 75% patients improved with
grade A SCI, three with grade B injury and
eight patients (100%) with grade C injury,
1 month post transplantation.

Jiang et al.
(2013)

10 Secondary progressive
multiple sclerosis

(SPMS)

BM-
MSCs

Intravenous
infusion

No serious adverse events were detected.
An increase in optic nerve area was
observed after treatment in visual acuity.
They found no substantial effects on color
vision, visual fields, macular volume,
retinal nerve fiber layer thickness, or optic
nerve magnetization transfer ratio.
Bacterial infection was observed in 20%
of patients.

Connick
et al. (2012)

11 Multiple sclerosis
(MS) and amyotrophic
lateral sclerosis (ALS)

BM-
MSCs

Intrathecal and
intravenous

MRI of the brain and whole spine did not
reveal any significant unexpected
pathology and confirmed the existence of
MSCs in the occipital horns of the
ventricles. Immunological analysis
showed a 72% increase in the proportion
of CD4+ CD25+ regulatory T cells and a
reduction in expression of CD40+, CD83+,
CD86+, and HLA-DR on myeloid
dendritic cells.

Karussis
et al. (2010)

12 Severe emphysema BM-
MSCs

Intravenous There was no evidence of induction of
fibrotic responses in the lung by MSCs.
Expression of the endothelial cell marker
CD31 in the alveolar septa of
emphysematous lung tissue increased
after lung volume reduction surgery
(LVRS) and MSC infusions.

Stolk et al.
(2016)

13 Idiopathic pulmonary
fibrosis (IPF)

BM-
MSCs

Infusion The results confirmed the safety of a
single infusion of hMSCs in patients with
mild-moderate IPF.

Glassberg
et al. (2017)

14 Acute respiratory
distress syndrome

(ARDS)

BM-
MSCs

Infusion The safety of a single dose of allogeneic
BM-MSCs in patients with moderate-to-
severe ARDS was observed.

Wilson
et al. (2015)
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3.2 Migration and Homing Capacity

MSCs are therapeutically capable of homing to
inflammation sites via systemic infusion routes,
such as IV infusions, intra-arterial (IA) injections,
and intracoronary (IC) local administration. They
exert their functional effects locally in the resident
tissue. Regardless of the tissue, MSCs migrate to
the injury sites under a variety of pathologic
conditions. Ortiz et al. have shown that MSCs
attenuated inflammation in lung tissues of
bleomycin-challenged mice following homing to
the lung in response to an injury (Ortiz et al.
2003). Similarly, transplanted MSCs migrated
towards injured muscle tissues in mdx mice (Liu
et al. 2007). Agematsu et al. conducted a study to
address the origin of MSCs following allogeneic
BM transplantation (BMT). They demonstrated
that stromal fibroblasts cells in long-term cultures
originated from the recipients as evidenced by in
situ hybridization using a Y-chromosome specific
cDNA probe (PHY10) (Agematsu and Nakahori
1991). However, the number of MSCs in

injection site differed in various systemic
infusions. Various in vitro and in vivo studies
have reported that MSC selectively migrate to
the injured site by mediation of numerous
cytokines such as receptor tyrosine kinase-
dependent growth factors [e.g., platelet-derived
growth factor (PDGF) and insulin-like growth
factor 1 (IGF-1)] and chemokines (e.g., CCR2,
CCR3, CCR4 or CCL5) (Ponte et al. 2007).
These homing signals are secreted by injured
cells and/or respondent immune cells. Baek
et al. have reported that C-C chemokine receptor
type 1 (CCR1), CCR7, C-X-C chemokine recep-
tor type 4 (CXCR4), CXCR5, CXCR6, EGF
receptor, fibroblast growth factor receptor
1, transforming growth factor-beta (TGF-β)
receptor 2, TNF receptor superfamily member
1A, PDGF receptor A, and PDGF receptor B
regulate the migration capacity of hAD-MSCs
(Baek et al. 2011). Besides these homing signals,
other molecules are implicated in different steps
of the homing process. For example, CXCR4-
stromal derived factor-1 (SDF-1) is of crucial

Fig. 1 The paramount features of MSCs related to their
therapeutic effects in regenerative medicine
(RM) including their multi-lineage differentiation

potential, homing and migration capacity, secretion of
trophic factors and immunomodulatory effects
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importance for BM homing (Wynn et al. 2004).
Hematopoietic cell E-/L-selectin ligand
(HCELL), a specialized glycoform of CD44, is
involved in cell migration (Sackstein 2011).
G-protein coupled receptors, integrins as adherent
molecules such as integrin β1 and integrin α4,
which interact with vascular cell adhesion mole-
cule 1 (VCAM-1) are functionally involved in
MSC homing. Since efficient cell delivery is the
major challenge in RM, the presence of these
factors would be a promising strategy to facilitate
therapeutic delivery of MSCs and target the
injured tissue. Yun et al. showed that prostaglan-
din E2 (PGE2) stimulation facilitated MSCs
migration to the injured tissue (Yun et al. 2011) .

3.3 Secreting Multiple Bioactive
Molecules

Therapeutic applications of MSCs are associated
with direct differentiation of MSCs at the injury
site and largely related to an indirect capacity in
suppressing immune and inflammatory reactions,
activation of normal tissue repair processes, fibro-
sis and apoptosis inhibition, and enhancement of
angiogenesis. MSCs exert these roles by secretion
of trophic factors – a variety of paracrine and
autocrine factors as well as extracellular vesicles
such as exosomes and microvesicles. Various
studies have demonstrated that cytokines secreted
by MSCs contributed to functional improvement
of an infarcted heart (Timmers et al. 2011), spinal
cord injury (Cantinieaux et al. 2013), and ische-
mic limb regeneration (Bhang et al. 2014)
models. Ulivi et al. reported that MSCs turned
the pro-inflammatory phenotype of macrophages
into a phenotype with the ability to inhibit pro-
duction of inflammatory cytokines (Ulivi et al.
2014). Moghadasali et al. showed the MSCs-
conditioned medium (MSC-CM) recovered cell
viability and migration of human proximal tubule
epithelial cells (ciPTEC) after drug-induced neph-
rotoxicity (Moghadasali et al. 2013). Systemic
infusion of MSCs-CM reduced the expression
levels of pro-inflammatory cytokines, which
resulted in enhanced survival of hepatocytes and
sinusoidal endothelial cells (SECs) in reduced-

size liver transplantation (RSLT) in a rat model.
(Du et al. 2013). A comprehensive expression
profile of BM-MSCs that used an antibody array
revealed 120 cytokines and chemokines with
6 highly secreted cytokines (IL-6, IL-8, TIMP-2,
MCP-1, VEGF, and OPG) (Park et al. 2009).
However, the functional roles of these cytokines
have yet to be determined.

3.4 Immunomodulatory Functions
of Mesenchymal Stem Cells
(MSCs)

The immunosuppressive feature of MSCs was
first reported in the early 2000s (Bartholomew
et al. 2002). Since then, MSCs have attracted
great attention for therapeutic applications.
Liechty et al. designed a xenogeneic system to
address the fate of MSCs after cell injection/trans-
plantation. They transplanted hBM-MSCs into
fetal sheep in the early phase of pregnancy and
observed that hBM-MSCs gave rise to multiple
tissues (cartilage, heart, adipose tissue, muscle,
BM, and thymic stroma). MSCs existed in a
xenogeneic environment due to unique immuno-
logic characteristics along with preservation of
their multipotential capacity post-transplantation
(Liechty et al. 2000). Various studies have shown
that MSCs have the ability to affect almost all
cells of both the innate and adaptive immune
systems and induce an anti-inflammatory pheno-
type. MSCs modulate the immune response by
soluble factors (e.g., IL-6, M-CSF, IL-10, TGF-β,
HGF, and PGE2) and cell-cell contact (Xu et al.
2007). Adhesion molecules that include VCAM-
1, ICAM-1, and LFA-3 are involved in T-cell
interaction and play an important role in
MSC-mediated immunosuppression (Xu et al.
2007). Nicola et al. have shown that co-culture
of BM-MSCs and T cells led to a significant,
dose-dependent reduction of T-cell proliferation
(Di Nicola et al. 2002). Apparently, MSCs sup-
press subpopulations of T-cells such as CD8+
(Chen et al. 2002). It has been demonstrated
MSCs have naturally low immunogenic
properties due to low expression level of major
histocompatibility complex (MHC) class I
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antigens and lack of MHC class II and
co-stimulatory molecules such as CD80, CD86,
and CD40 (Krampera et al. 2003). Recent studies
revealed that MSCs-CM exhibited a similar
immunomodulatory effect as MSCs. Hashemi
et al. compared AD-MSCs-CM derived from
BALB/c, C57BL/6, and DBA mouse strains.
The immunological assays showed some varia-
tion among the strains in the cytokines, nitric
oxide (NO), and indoleamine 2,3-dioxygenase
production as well as immunomodulatory effects
on splenocyte functions. There was suppression
of splenocyte proliferation in the presence of
ADMSC-CM in the three inbred mouse strains,
though, BALB/c CM caused a stronger immuno-
suppressive effect (Hashemi et al. 2013). Deter-
mining MSCs suppressive immune response
mediatory role would improve prospective clini-
cal applications of MSCs.

4 Mesenchymal Stem Cells
(MSCs) in Skeletal Tissues

Advances in MSC therapy for bone, cartilage,
tendons, and muscles will be reviewed in this
section. Table 1 lists the clinical studies that
employed MSCs as treatment of skeletal diseases.

4.1 Bones

Bones have self-healing capability for small,
non-intensive and uncomplicated injuries. Bone
healing is a complicated process that consists of
overlapping phases – inflammation, repair, and
remodeling. Numerous intracellular signaling
pathways play a role in bone healing. Newly
formed bone is indistinguishable from the
surrounding native bone in both its micro struc-
ture and macro structure. However, this ability for
self-healing is unable to repair large-sized bone
defects, which lead to formation of malunions,
delayed unions, nonunions, osteomyelitis, necro-
sis, and tumors. Therefore, an efficient therapeu-
tic approach is of crucial importance for treatment
of bone lesions. ABG are the current gold-
standard procedure. Annually, more than

2 million ABG are performed as orthopedic
procedures worldwide (Blank et al. 2017).
Allografts and xenografts are considered to be
alternative strategies for bone treatment. Despite
the satisfactory results of the aforementioned
methods, a number of shortcomings and
complications limit their availability and applica-
tion. Administration of MSCs alone or in combi-
nation with biomaterials has emerged as a
promising strategy for bone repair and is currently
under intensive investigation.

The capability of MSCs to undergo osteogenic
differentiation was identified in 1976
(Friedenstein et al. 1976). This finding
encouraged scientists to exploit this new technol-
ogy in the preclinical and clinical settings. The
successful outcome of intravascular injection of
complete BM and/or BM-MSCs has been
reported for regeneration of maxillofacial defects,
osteonecrosis, and distraction osteogenesis
(Zamiri et al. 2013). According to the official
database, the most reported translational use of
cell therapy is related to non-union bone defects
(Ballini et al. 2017). Healey et al., in 1990, have
reported desirable outcomes in 8 patients with
delayed union who were treated by percutaneous
engraft of autologous BM (Healey et al. 1990).
Percutaneous BM grafting in patients with tibial
non-union resulted in union treatment in 15 of
20 patients at 4 months after treatment (Goel
et al. 2005). Another group injected concentrated
autologous BM in patients with tibia nonunion
and observed good clinical outcomes (Hernigou
et al. 2005).

Direct injection of MSCs is an ineffective
delivery method in large bone defects where a
significant amount of the bony tissue is lost.
Acceleration of the bone healing process of criti-
cal size defects fails due to lack of angiogenesis,
which would enhance repair capacity. Recently, it
has been suggested that the controlled delivery of
MSCs and growth factors within biomaterial
substrates (hydrogel, scaffold) promotes healing
and accelerates functional new bone formation
(Khojasteh et al. 2013). Khojasteh et al. delivered
MSCs and endothelial progenitor cells (EPCs) in
β-tricalcium phosphate scaffolds that contained
vascular endothelial growth factor (VEGF)-
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loaded microspheres and implanted them in bilat-
eral mandibular bone defects in dogs. Their
results showed the most bone formation in the
VEGF/MSC scaffold compared with the other
groups. The amount of new bone regeneration
was highest in the MSCs/EPC/VEGF group
(Khojasteh et al. 2017). In clinical settings,
Quarto successfully treated a 4 cm tibial critical
size defect with autologous BM-MSCs in combi-
nation with hydroxyapatite (HA). The injury
healed within 6 months (Quarto et al. 2001).
Subsequently, Bajada et al. used BM-MSCs com-
bined with calcium sulfate carriers to treat a
non-union tibial fracture and the fracture healed
2 months after surgery (Bajada et al. 2007).

Osteonecrosis (avascular necrosis) is a bone
and cartilage distraction caused by disease or
severe trauma, such as a fracture or dislocation
that affects the blood flow to a bone. The National
Institute of Health (NIH) considered surgical core
decompression technique as the only treatment
option for early stage osteonecrosis (Helbig
et al. 2012). However, concurrent cell therapy
and core decompression approaches have suc-
cessfully prevented progression of osteonecrosis.
In a pilot clinical study, patients with ostenecrotic
hips simultaneously underwent treatment with
implantation of an autologous BM concentrate
and core decompression that resulted in pain
reduction and joint symptoms 24 months after
the procedure. Only one out of 10 patients in
this group progressed to the final stage. In con-
trast, 62% of the control hips that only received
core decompression had evidence of end-stage
avascular necrosis (Gangji et al. 2004). Similarly,
Sen et al. observed better clinical outcome and
hip survival following MSCs transplantation and
core decompression (Sen et al. 2012). Numerous
studies have incorporated BM aspirated-MSCs or
expanded-MSCs into tissue-engineered scaffolds
for treatment of non-traumatic osteonecrosis
(Centeno et al. 2011). Long-term follow-up of
autologous BM-engrafted patients revealed slow
(rare) deterioration to the fracture stage over
60 months (Gangji et al. 2011). Use of the same
therapeutic approach confirmed decreased pain in
all the patients postoperatively, and delayed the
progression of the disease to collapse during

17–20 years of follow-up (Hernigou et al. 2003).
A recent study reported autologous BM grafting
for advanced osteonecrosis of the humeral head
and observed disparate outcomes among patients.
This finding was most probably related to
differences in the amount of BM and varied num-
ber of transplanted MSCs (Makihara et al. 2017).

A number of scientists assessed allograft
MSCs after reports of their safety and immuno-
suppressive properties. Horwitz et al., for the first
time, reported the feasibility of simultaneous allo-
geneic BM and MSC transplantations in children
with severe osteogenesis imperfecta
(OI) (Horwitz et al. 1999). In 2005, Le Blanc
et al. conducted a novel clinical trial that used in
utero transplantation of allogeneic MSCs into a
female fetus with severe OI. After birth, the infant
showed no immunoreactivity against the donor
and only three fractures occurred during the first
2 years. Both normal psychomotor development
and correct growth tendencies were observed in
long-term follow-up (Le Blanc et al. 2005). In
another study, allogeneic AD-MSCs healed cra-
nial critical-sized defects in a canine model with-
out inducing an immune response by the host (Liu
et al. 2013). Similarly, implantation of allogeneic
BM-MSCs with hydroxyapatite-tricalcium phos-
phate (HA-TCP) scaffolds has resulted in bone
regeneration of femoral diaphysis defects with no
adverse immune response (Arinzeh et al. 2003).
However, there is still insufficient data to argue
that allogeneic MSCs are safe for clinical
applications.

Despite the numerous reports of successful
bone healing with BM-MSCs, determining the
proper cell sources is a challenge for cell therapy
of bone disorders. Numerous in vitro and preclin-
ical studies have been conducted to examine the
potential of MSCs derived from various sources
such as periosteum, muscle, adipose, and UC on
osteogenesis and bone regeneration (Hosseini and
Baghaban Eslaminejad 2017). Linero et al.
showed that AD-MSCs induced bone regenera-
tion in critical size jaw defects in rabbits. They
observed similar results between AD-MSCs and
BM-MSCs in terms of amount and quality of
neo-formed bone, bone thickness, collagen fiber
structure, maturation, and mineral matrix
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calcification. For the first time, they have
demonstrated that ADSCs have a paracrine effect
in bone regeneration and can be a therapeutic
alternative for MSCs therapy (Linero and
Chaparro 2014). Tawonsawatruk et al. evaluated
the ability of human ADSCs (hADSCs) to pre-
vent fracture nonunion in rat models. Cells were
injected percutaneously at the fracture site. At
8 weeks, 80% of the animals in the hAD-MSCs
treatment group showed evidence of bone healing
with substantial improvement in bone mineraliza-
tion and maturity of bone tissues at the fracture
gap compared to only 14% of those in the control
group (Tawonsawatruk et al. 2016). Stockmann
et al compared the ability of various cell
populations for bone regeneration in a pig
calvaria defect and observed no significant
differences among implanted collagen scaffold
seeded with AD-MSCs, PMSCs, and BM-MSCs
(Stockmann et al. 2012). In a recent work, Cell
tracing or mapping strategies showed that neural-
crest stem cells were recruited to the jaw and skull
bone defects during the healing process (Lombard
et al. 2016). These findings showed the value of
NCSCs and/or stem cells from the head and neck
area such as dental pulp-derived MSCs as new,
relevant cell sources for therapeutic applications.
Giuliani et al. seeded human dental pulp-derived
MSCs onto collagen I scaffolds to treat human
mandible defects. A fully compact bone that had
higher matrix density was observed compared to
the control, human alveolar spongy bone. The
regenerated bone, being entirely compact,
completely differed from normal alveolar bone.
Long-term follow up showed regeneration of the
mandible (Giuliani et al. 2013).

A literature search and database have shown that
most clinical trials of bone regeneration
administered BM-MSCs; a few have used MSCs
from other sources. Of note, these trials are mostly
phase I or II. These studies show that MSCs are a
prosperous treatment, even in long-term follow-up.
However, the mechanisms underlying stem cell
therapy are still largely unknown and should be
addressed.

4.2 Cartilage

Cartilage is as an avascular, aneural tissue present
in the joints, intervertebral disks, and nose,
among other locations. There are three different
types of cartilage – hyaline cartilage, elastic carti-
lage, and fibrocartilage. Each has its own chemi-
cal and mechanical properties. Articular cartilage
is a hyaline cartilage mainly composed of water,
extracellular matrix (ECM) components, and
chondrocytes (2% of total volume). Chondrocytes
are responsible for the synthesis of ECM as well
as repair of cartilage defects. Collagen type II is
the major constituent of the ECM, which provides
high strength and low friction in joints
(Camarero-Espinosa et al. 2016). Owing to the
absence of a vascular network and low cellularity,
cartilage displays a limited intrinsic regeneration
capacity when injured. The absence of pain in the
damaged aneural cartilage leads to continued
loading of the joint, which eventually results in
an osteochondral defect and osteoarthritis
(Camarero-Espinosa et al. 2016).

Osteoarthritis, a debilitating disease, is the most
common chronic joint disorder, which frequently
occurs in elderly individuals and athletes as a result
of overuse or stress on the joints (Ruiz et al. 2016).
Various surgical and non-surgical methods have
been employed to treat osteoarthritis, though these
approaches are unable to regenerate articular carti-
lage. These techniques mostly relieve pain and
reduce inflammation in the damaged joint (Jo et al.
2014). Total joint replacement is the only definitive
therapeutic option for patients with severe arthritis,
though this method is invasive and may result in
infection and thrombosis (Ruban et al. 2000).

Cellular therapies and TE have been devel-
oped to overcome these limitations and promote
cartilage regeneration. Given the essential role of
chondrocytes in ECM synthesis, autologous
chondrocyte implantation (ACI) has been consid-
ered to repair cartilage lesions. However, chon-
drocyte dedifferentiation and two-stage surgical
procedure may result in further cartilage damage
and degeneration (Knutsen et al. 2007). RM thus
offered MSCs as a powerful approach for carti-
lage repair.
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As mentioned above, MSCs can be simply
isolated from various tissues and expanded to
provide off-the-shelf products for therapeutic
applications. Given the fact that epigenetic mem-
ory has a significant impact on chondrogenic
potential of MSCs, the source of MSCs plays an
important role in treatment efficacy. According to
recent researches, synovium-derived MSCs and
BM-MSCs have exhibited the highest
chondrogenic differentiation potential compared
to other sources (Li et al. 2011). In contrast,
AD-MSCs have a very low chondrogenic capac-
ity (Barry and Murphy 2013). Thus, 68% of clin-
ical trials have used BM-MSCs in cartilage TE
and RM (Goldberg et al. 2017).

Numerous studies have proven the crucial role
of the TGF-β superfamily to achieve efficient
chondrogenic differentiation in vitro (Kim et al.
2014). Nevertheless, multiple factors control the
process of chondrogenesis in vivo such as growth
factors, mechanical loads, and cell interactions
(Sekiya et al. 2002). Providing MSCs with these
factors under in vitro conditions would more
likely result in fully functional chondrocytes.
However, important issues such as hypertrophy
and ossification following differentiation are con-
troversial in terms of in vitro chondrogenesis.

MSC transplantation for cartilage repair by
direct injection or within different scaffolds at
the site of injury have been widely reported and
showed promising results (Giannini et al. 2010).
In most animal models, MSCs were transplanted
into joints and followed up to 6 months after the
surgery or injection. Most likely, MSCs’ immu-
nomodulatory effects at the damaged site led to
improvements rather than their differentiation
into chondrocytes. Local MSCs and resident
articular chondrocytes have the capability to
migrate into the defect site and synthesize a repar-
ative matrix (Davatchi et al. 2016).

Various scaffolds have been developed to pro-
mote chondrogenic potential of MSCs after trans-
plantation. Use of collagen gel in some clinical
trials improved cartilage regeneration; two sepa-
rate studies – one reported benefit after 6 months
and the other after 5 years after transplantation in

osteoarthritis (OA) patients (Davatchi et al. 2016;
Wakitani et al. 2004). Other studies reported
promising results after 12 months when they
used hydroxyapatite ceramic and platelet fibrin
glue scaffolds for transplantation of MSCs
(Adachi et al. 2005)

The first clinical trial that used an intra-
articular injection of autologous BM-MSCs in a
patient with OA was reported in 2008. At the
6-month follow-up, the patient reported pain
relief, improvement in walking distance and
other physical activities (Centeno et al. 2008).
After this study, other trials that had 1–2 year
follow-up periods reported that the improvements
were only limited to the first 6 months after cell
treatment. In the second 6 months, patients
noticed an increase in symptoms (Davatchi et al.
2011). After these contradictory results, a 5-year
follow-up of MSCs therapy for OA was reported
in 2016 (Davatchi et al. 2016). It was noted that
while symptoms deteriorated after 1 year of treat-
ment, the treated knees were still better compared
to untreated knees after 5 years. Although it was
unclear why the improvements declined after
1 year, MSCs’ behavior supposedly would
change in response to the new microenvironment.
Inflammation in the defect area causes local
MSCs to produce metalloproteinases (MMPs)
instead of ECM, which leads to further cartilage
degeneration (Richardson et al. 2016).

Over past 16 years, autologous MSCs have
been frequently used in trials rather than alloge-
neic MSCs to eliminate immunogenic responses.
However, allogeneic MSCs combined with autol-
ogous chondrocytes revealed more promising
results than the group without MSCs. Although
the therapeutic mechanism of MSCs has yet to be
identified, it seemed that suppression of inflam-
mation was more likely to be responsible for the
major healing efficacy of MSCs at the transplan-
tation site (Davatchi et al. 2016). Given the short
life span of transplanted MSCs, chondrogenic
differentiation would hardly be a decisive factor
in the healing process.

An important issue in using MSCs for cartilage
regeneration is the formation of fibrocartilage
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instead of hyaline cartilage, which has an inferior
therapeutic outcome. Additionally, hypertrophy
occurs upon chondrogenic differentiation. The
biomechanical properties of the chondrocytes
change after production of collagen type
II. Although different techniques have been used
to address this issue, there is a need to develop
more effective methods to generate hyaline carti-
lage at the defect site.

4.3 Muscles

Skeletal muscle is a highly organized tissue com-
posed of numerous myofibers as basic structural
units, in addition to blood vessels, nerves, and
extracellular connective tissue. It attaches to the
bone via tendons and generates forces for volun-
tary movement and locomotion. In adulthood,
skeletal muscle has an inherent ability to regener-
ate minor injuries. This ability is mainly allocated
to the existence of a population of undifferenti-
ated mononuclear cells, known a satellite cells
(SCs) (Yin et al. 2013). During postnatal muscle
development, these cells reside in a quiescent
state and activate in response to environmental
cues such as injury and inflammatory factors
(cytokines). They subsequently proliferate,
undergo terminal differentiation and form
myofibers, and eventually integrate into the mus-
cle tissue (Collins et al. 2005). On the other hand,
muscle does not have the capability to regenerate
severe injuries, such as myopathies, large trau-
matic injuries, muscle tumors, and chronic dener-
vation. Lack of regeneration frequently leads to
fibrous scar tissue formation and fatty degenera-
tion of muscle causes volumetric muscle loss.

Current treatments for severe muscle trauma
and myopathy include engraftment of intact,
vascularized, and innervated autologous muscle
and injection of myoblasts. Although myoblasts
are the first natural cell sources for cell therapy of
skeletal muscle, they have not shown a favorable
outcome (Mendell et al. 1995). Myoblasts derived
from patients who suffer from Duchenne muscu-
lar dystrophy (DMD) poorly expand under
in vitro conditions and rapidly undergo senes-
cence (Gussoni et al. 1997). Muscle SCs are an

alternative cell sources for muscle treatment.
However, various clinical and preclinical studies
have reported the shortcomings of SCs transplan-
tation (Boldrin et al. 2015). In addition to the need
for a large numbers of injected SCs to treat a
complete muscle, they provoke immune
responses in the host body and most die during
the early hours after the injection.

Muscle-derived stem cells were examined to
determine if they could contribute to muscle
repair. BM-MSCs were the first that underwent
myogenic differentiation and participated in mus-
cle repair (Bossolasco et al. 2004). However,
Gang et al. reported contradictory results and
observed that BM-MSCs could not regenerate
muscle in dystrophin-deficient mice (Gang et al.
2009). Overexpression of PAX3, the master reg-
ulator of the embryonic myogenic program, in
BM-MSCs was performed to evaluate the ability
of these cells to restore dystrophin expression in
immunodeficient mice. Transplantation of PAX3-
transduced MSCs resulted in more clusters of
dystrophin+ myofibers, but there was no func-
tional improvement observed compared to
untransduced MSCs (Gang et al. 2009). Dezawa
efficiently induced BM-MSCs to differentiate
into mature myotubes that were PAX7+ and
caused muscle regeneration in mdx-nude mice
(Dezawa et al. 2005). To achieve the best out-
come, a number of research groups examined the
potential cells from adipose, UC, and synovial
membrane sources (De Bari et al. 2003; Fukada
et al. 2002; Goudenege et al. 2009). The safety
and efficacy of muscle-derived CD133+ stem
cells in patients with DMD was also assessed in
a phase I clinical trial which resulted in positive
outcomes with no observed adverse effects
(Torrente et al. 2007). Another study compared
the regenerative capacity of intramuscular injec-
tion of human muscle–derived CD133+ cells and
myoblasts to cryoinjured tibialis anterior
(TA) muscle in a mouse model. There was effi-
cient muscle regeneration in the group that
received muscle-derived CD133+ cells in terms
of the numbers of fibers that expressed human
proteins and the numbers of human cells in a SC
position compared to the myoblast group
(Negroni et al. 2009). Despite the apparent
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success of MSCs, generation of functional, large-
scale muscle tissues is a tremendous clinical chal-
lenge. Cells, as therapeutic agents, combined with
TE approaches would provide an integrated sys-
tem whereby the cells could interact with their
environment to have a fully functional, mature
skeletal muscle. Vandenburgh et al., for the first
time, have described the use of tissue engineered
constructs for muscle regeneration (Vandenburgh
et al. 1988). They cultured myotubes in collagen
matrix in vitro and observed that the cells highly
preserved their contractile state during expansion
Another group developed a poly-ε-caprolactone
(PCL)/collagen based nanofiber scaffold to guide
morphogenesis of skeletal muscle cells (Choi
et al. 2008). Recent attempts have been
undertaken to create functional, engineered skel-
etal muscle with enhanced vascularization,
increased innervation, and morphology similar
to native muscle (Chan et al. 2006). Witt et al.
co-cultured MSCs with myoblasts. Under stimu-
lation with hepatocyte growth factor (HGF) and
IGF-1, the three-dimensional (3D) cultivation in
fibrin-collagen I gels induced higher levels of
myogenic differentiation compared with the
two-dimensional experiments (Witt et al. 2017).
For the most part, the in vivo applications of
muscle TE technologies are in the early stage of
pre-clinical development.

4.4 Tendons

Tendons, as specialized connective tissues, are
joint stabilizers that curb skeletal muscle damages
by transmitting mechanical forces from muscle to
bone. Tendons are mainly composed of collagen
type I (approximately 80%-95%) and small
amounts of other types of collagen (III,V,VI,XII,
XIV), glycosaminoglycans, and proteoglycans.
Collagen fibers are longitudinally aligned along
the tendon axis that causes high mechanical
strength and elasticity of the tendon (Spanoudes
et al. 2014). Tenocytes and tenoblasts, two major
cell types within the tendons, produce the com-
plex tissue-specific extracellular environment.
Tenocytes are fibroblast-like cells with an elon-
gated morphology, which are located between the

collagen fibers (Spanoudes et al. 2014). Tendons
or surrounding tissue contribute to the healing
process of an injured tendon by producing a
new ECM. There are two healing mechanisms in
tendons, intrinsic and extrinsic. Tenocytes and
tenoblasts are actively involved in the intrinsic
healing mechanism, whereas other cell types,
such as BM-MSCs from surrounding tissues, are
implicated in the extrinsic healing mechanism.
Nevertheless, the healing mechanisms cannot
effectively deal with rehabilitation of injured tis-
sue because of the tendon’s limited vascularity
and low cellularity.

Among the available therapeutic strategies
known to promote regeneration of injured
tendons, cell-based TE appear to be the most
promising. Studies have demonstrated that
tenocytes cultured in vitro encounter numerous
difficulties that include dedifferentiation, mor-
phology deformation to spindle shape, and
trans-differentiation (Yao et al. 2006). The phe-
notypic drift in tenocytes affects its function and
makes it inappropriate for cell based therapy
approaches. To overcome this issue, numerous
studies have demonstrated the potential of
transplanted MSCs for tendon repairs (Awad
et al. 1999). Nevertheless, providing suitable
mechanical and chemical cues for fully tenogenic
differentiation of MSCs in vitro and in vivo is of
significant importance. Due to the longitudinal
alignment of collagen fibrils within the tendon
units, it has been proven that aligned scaffolds
promote tenogenic differentiation of MSCs as
they imitate the tendon’s architecture (Erisken
et al. 2013). Despite promising preliminary
outcomes, some reports indicated formation of
ectopic bone after injection of MSCs in the defect
site. In order to address this issue, pre-treatment
of MSCs in vitro should be taken into consider-
ation. Recent researches have shown that utilizing
growth factors (GDF-5, BMP12) and mechanical
stimulation upregulated collagen type I and other
tendon specific markers in MSCs (Lee et al.
2011).

There are limited numbers of clinical trials in
which the efficacy of MSCs for tendon repair is
unclear. The lack of control groups and a defined
protocol guideline make it difficult to show
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successful tendon regeneration after MSCs trans-
plantation (Veronesi et al. 2017). Despite the
promising results from in vitro and in vivo stud-
ies, the optimal scaffold and cell population for
tendon repair and regeneration has yet to be
addressed to avoid ectopic bone formation after
cell therapy.

5 MSCs in Non-skeletal Tissues

According to the official website of the NIH, most
MSC-based clinical trials evaluated the biomedi-
cal potential of hMSCs to treat hematological,
inflammatory, and graft versus host disease
(GVHD) conditions. Bone and cartilage injuries,
heart disease, diabetes, gastrointestinal
conditions, diseases of the liver and kidneys, as
well as neurological disorders are the targets of
MSCs-based therapy (Table 1). Other diseases
constitute 12% of total clinical studies (Squillaro
et al. 2016). The least number of clinical trials of
MSCs therapies belong to lung and related
diseases (Liu et al. 2016). Use of MSCs for treat-
ment of neurological disorders is relatively com-
mon, despite the scant evidence for their
conversion to neural cells in vivo. Autologous
MSCs isolated from BM and injected intrathe-
cally into spinal cord cerebrospinal fluid,
allowing access to the brain and spinal column,
can be accomplished safely in patients with mul-
tiple sclerosis (MS) and ALS (Rushkevich et al.
2015). The combination of cell therapy and TE
provide an efficient therapeutic approach in RM,
particularly in complicated organs and limbs.
Advances in tissue engineered materials are of
crucial importance as they are the main tools in
cell therapy used to rebuild damaged tissues.
Material carriers designed to spatially and tempo-
rally mimic the tissue cell niche may be of partic-
ular importance for the complete regeneration of
severely damaged organs. Hence, in complicated
organs such as the limbs, a lack of tissue
engineered proper composite and proper cell
sources (Taghiyar et al. 2017) cause limitations
in RM in this field. Here, we discuss MSC-based
therapy in three organs.

5.1 Liver

The liver is the largest organ of the body. It
displays a multicellular architecture. The liver
performs a variety of functions that include detox-
ification, synthetic and metabolic processes. Liver
diseases are caused by different factors such as
viral infections, alcoholism, genetic syndromes,
and autoimmune attacks. These diseases often
lead to liver failure, which results in multiple
organ dysfunctions and eventually death. The
liver has a unique self-regenerative capacity to
restore its function after massive injuries. How-
ever, in acute liver failure it is unable to repair the
damage. Thus, the liver loses its function. In this
cases, orthotropic liver transplantation is the only
current treatment to save patients (Bhatia et al.
2014). Lack of a live human liver donor and the
increasing demands for transplantation have
urged scientists to find an alternative treatment
to organ transplantation. TE and cell-based ther-
apy have been recently offered as a promising
method to treat end stage liver failures (Lee
et al. 2015).

Hepatocytes constitute the main cell type in
the liver and are responsible for hepatic regenera-
tion. Transplantation of either hepatocytes or
stem cells have been explored in a number of
preclinical and clinical studies (Piscaglia et al.
2010). Although hepatocytes are the priority for
cell based therapy approaches, they lose their
function and proliferative capacity in vitro
(Hu and Li 2015). Additionally, an insufficient
supply of human hepatocytes is a challenge for
therapeutic applications. In the quest for an alter-
native, since 2004, MSCs have been considered
as appropriate cell sources that have the ability to
give rise to functional hepatocytes (Ohkoshi et al.
2017). BM-MSCs, UCB-MSCs, and AD-MSCs
have hepatogenic capabilities, but AD-MSCs are
more likely to be an excellent source for liver
regeneration (Alizadeh et al. 2016; Berardis
et al. 2015). Interestingly, it has been proven
that MSCs secrete anti-fibrotic, anti-inflamma-
tory, and anti-apoptotic molecules, which enables
them to treat acute and chronic liver injuries
(Christ et al. 2015). Therefore, the idea of
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utilizing MSC-CM culture seems to be as effec-
tive as using MSCs. Numerous in vivo studies
have shown that MSC secretomes stimulate
hepatic regeneration after transplantation
(Fouraschen et al. 2012).

Since 2007, several clinical trials reported
promising results of systemic injections of
MSCs to treat liver disorders (Mohamadnejad
et al. 2007). Nonetheless, the exact mechanism
of MSCs in healing liver diseases has yet to be
completely understood. In addition, some studies
reported the formation of myofibroblasts upon
MSCs transplantation, which must be addressed
in future research.

5.2 Heart

Cardiovascular diseases account for the highest
mortality worldwide and more than half are
allocated to myocardial infarction
(MI) (Go et al. 2014). The heart has a limited
capacity to naturally regenerate; hence, cardiac
diseases may lead to heart failure (HF) and
death. Although there are various medical and
surgical treatments, cardiac transplantation is the
only current options for patients with end-stage
myocardial failure. However, the limited numbers
of donors preclude its extensive use. One of the
leading treatments under investigation for HF
is MSCs.

Numerous studies have been published about
the therapeutic potential of autologous and allo-
geneic MSCs from various sources for treatment
of cardiovascular diseases. In a pioneering study,
Toma et al. injected hMSCs into murine hearts,
which gave rise to a cardiac lineage (Toma et al.
2002). These researches showed that MSCs medi-
ate the migration and differentiation of cardiac
progenitor cells (CPCs) through paracrine signal-
ing by secreting growth factors, cytokines, and
angiogenic factors (Nakanishi et al. 2008; Zhao
et al. 2016). Zhao et al. specifically showed that
overexpression of HGF in UC derived MSCs
reduced cardiomyocytes apoptosis, enhanced
angiogenesis, and cardiomyocyte proliferation
(Zhao et al. 2016). A recent work suggested that

the chemotactic effect of MSCs on proliferation,
migration, and differentiation of endogenous
CSCs was regulated via the SDF1/CXCR4 and
SDF1/CXCR4 signaling pathways (Hatzistergos
et al. 2016).

A number of published or ongoing clinical
trials have demonstrated beneficial effects of
MSC-based therapy in cardiovascular settings.
The findings of clinical trials on patients with
MI treated with MSCs revealed the beneficial
effects of MSCs on improving heart function
(Jeong et al. 2018). IV infusion of allogeneic
UC-MSC in patients with chronic heart failure
considerably upregulated the expression of HGF
involved in myogenesis, and improved left ven-
tricular function (Bartolucci et al. 2017). In
another clinical study, 53 patients with dilated
cardiomyopathy (DCM) were randomized to IC
infusion with either autologous MSCs, BM
mononuclear cells (BMMC), or normal saline.
Improved left ventricular ejection fraction,
New York Heart Association (NYHA) classifica-
tion, and myocardial perfusion were reported
after 12 months of follow-up (Xiao et al. 2017).
A recent work stated the importance of cell dose
for achieving efficient clinical outcome. A total of
30 patients with ischemic cardiomyopathy ran-
domly received 20 million (n¼15) or 100 million
(n¼15) allogeneic MSCs. Only patients who
received the high cell dose had an increased ejec-
tion fraction (Florea et al. 2017). A phase II
clinical trial confirmed the safety and efficacy of
ischemia-tolerant MSCs (itMSCs) in 22 patients
with nonischemic cardiomyopathy (Butler et al.
2017). Despite the relative success of clinical
trials, further studies are required to improve the
efficacy of MSC therapy.

5.3 Kidneys

The kidney is a highly complicated organ that
consists of millions of functional units, termed
nephrons. Nephron production or nephrogenesis
in mammals only occurs during gestation. Hence,
no new nephrons are generated after birth. There
are various specialized cell types in the kidneys –
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podocytes, endothelial cells, and tubular
epithelial cells. Depending on the type of disease,
one or more cell types may be affected and lose
their function (Humphreys et al. 2008).

The kidneys have limited regeneration capac-
ity; therefore, an injury may more likely cause
tubular necrosis, apoptosis and, eventually, acute
kidney injury (AKI) (Liu and Brakeman 2008).
AKI in turn, leads to chronic kidney disease
(CKD) as a result of fibrosis, scarring, and organ
failure (Moon et al. 2016). Dialysis and kidney
transplantation are the current therapies for end
stage kidney diseases. Nevertheless, long-term
follow-up shows a high mortality rate in patients,
which highlights the necessity of an alternative
treatment. First attempts to administer MSCs in
the kidneys has led to partial renal regeneration
and opened up a new horizon towards treatment
of renal diseases (Morigi et al. 2004). Recent
studies have demonstrated the dedifferentiation
of tubular epithelial cells and trans-differentiation
of interstitial cells after injuries in the kidneys,
which facilitated the regeneration process
(Chawla and Kimmel 2012). According to these
data, MSC-based therapy supposedly renders an
efficient alternative to the current therapeutic
approaches. In vitro studies have shown MSCs
differentiation potential into the renal-specific
lineage (Singaravelu and Padanilam 2009). How-
ever, the results of in vivo studies are not as
promising in the regeneration of renal cells.
Given the complexity of the kidney structure,
TE might overcome numerous difficulties related
to the regeneration of this organ. Combinations of
various MSCs and scaffolds have been used to
improve MSCs differentiation potential for renal
lineages. BM-MSCs and AD-MSCs are two
potential candidates for a cell-based therapy
approach in kidney regeneration (Prodromidi
et al. 2006). In terms of 3D structure for the
cells, different scaffolds have been evaluated in
which collagen and HA had some levels of simi-
larity to the renal microenvironment (Rosines
et al. 2007). However, the mechanical properties
of hydrogels have been always an issue. More
recently, decellularized kidney has been
suggested as a unique microenvironment for
seeded cells for kidney TE. In vivo experiments

in a rat model showed promising results in a short
term study (Song et al. 2013).

Preclinical studies showed some degrees of
kidney regeneration which were attributed to the
differentiation potential and paracrine properties
of MSCs, yet more efforts are needed to develop a
fully functional organ. Imitating this complex
microenvironment is very challenging and
necessitates increased basic knowledge regarding
the kidney development and regeneration.

6 Future Trends and Concluding
Remarks

Over the past decades, tremendous efforts have
been made to disclose the unknown biological
and functional characteristics of MSCs to pave
the way for their perspective clinical applications.
There are several major issues that remain contro-
versial about the use of MSCs in RM. Completed
and on-going clinical trials have shown that
MSCs are a powerful therapeutics tool. However,
these trials are inadequate to assure their safety.
Subsequent to a recent report that intravitreal
injection of AD-MSCs in patients with macular
degeneration led to complete blindness, it
increased the certainty to use the MSCs with
caution (Kuriyan et al. 2017). Indeed, all benefi-
cial characteristics of MSCs might cause adverse
effects. Multilineage potential of MSCs might
create unwanted tissue after transplantation.
Intramyocardial calcification was observed as a
consequence of BM cells injected into zones of
acute myocardial ischemia (Yoon et al. 2004).
Therefore, discovery of regulatory factors and
signaling pathways in the MSC niche that deter-
mine the cell fate to a distinct lineage would be a
breakthrough in RM. Risk of tumorigenicity is
the major concern related to clinical administra-
tion of MSCs. Occurrence of increased immune-
suppressive factors and prohibition of immune
cells (B-cells and NK cells) as a result of the
immunomodulatory properties of MSCs also
increases the possibility of tumor progression. It
has been indicated that MSCs preferentially
migrate to a tumor site due to an inflammatory
microenvironment and may contribute to growth
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of cancer cells (Lee and Hong 2017). The poten-
tial for MSCs in new-blood vessel formation and
angiogenesis could promote tumor growth and
metastasis. These issues necessitate further effec-
tive clinical and preclinical studies to clearly
address the safety of MSCs, particularly with
long-term follow-up.

References

Adachi N, Ochi M, Deie M, Ito Y (2005) Transplant of
mesenchymal stem cells and hydroxyapatite ceramics
to treat severe osteochondral damage after septic arthri-
tis of the knee. J Rheumatol 32(8):1615–1618

Agematsu K, Nakahori Y (1991) Recipient origin of bone
marrow-derived fibroblastic stromal cells during all
periods following bone marrow transplantation in
humans. Br J Haematol 79(3):359–365

Alizadeh E, Eslaminejad MB, Akbarzadeh A, Sadeghi Z,
Abasi M, Herizchi R, Zarghami N (2016) Upregulation
of MiR-122 via trichostatin a treatments in hepatocyte-
like cells derived from mesenchymal stem cells. Chem
Biol Drug Des 87(2):296–305. https://doi.org/10.1111/
cbdd.12664

Arinzeh TL, Peter SJ, Archambault MP, van den Bos C,
Gordon S, Kraus K, Smith A, Kadiyala S (2003) Allo-
geneic mesenchymal stem cells regenerate bone in a
critical-sized canine segmental defect. J Bone Joint
Surg Am 85-A(10):1927–1935

Atiyeh BS, Costagliola M (2007) Cultured epithelial auto-
graft (CEA) in burn treatment: three decades later.
Burns 33(4):405–413. https://doi.org/10.1016/j.burns.
2006.11.002

Awad HA, Butler DL, Boivin GP, Smith FN, Malaviya P,
Huibregtse B, Caplan AI (1999) Autologous mesen-
chymal stem cell-mediated repair of tendon. Tissue
Eng 5(3):267–277. https://doi.org/10.1089/ten.1999.5.
267

Baek SJ, Kang SK, Ra JC (2011) In vitro migration capac-
ity of human adipose tissue-derived mesenchymal stem
cells reflects their expression of receptors for
chemokines and growth factors. Exp Mol Med 43
(10):596–603. https://doi.org/10.3858/emm.2011.43.
10.069

Baghaban Eslaminejad M, Jahangir S, Aghdami N (2011)
Mesenchymal stem cells from murine amniotic fluid as
a model for preclinical investigation. Arch Iran Med 14
(2):96–103. https://doi.org/10.11142/AIM.006

Bajada S, Harrison PE, Ashton BA, Cassar-Pullicino VN,
Ashammakhi N, Richardson JB (2007) Successful
treatment of refractory tibial nonunion using calcium
sulphate and bone marrow stromal cell implantation. J
Bone Joint Surg Br 89(10):1382–1386. https://doi.org/
10.1302/0301-620X.89B10.19103

Ballini A, Scacco S, Coletti D, Pluchino S, Tatullo M
(2017) Mesenchymal stem cells as promoters,

enhancers, and playmakers of the translational regen-
erative medicine. Stem Cells Int 2017:3292810. https://
doi.org/10.1155/2017/3292810

Barry F, Murphy M (2013) Mesenchymal stem cells in
joint disease and repair. Nat Rev Rheumatol 9
(10):584–594. https://doi.org/10.1038/nrrheum.2013.
109

Bartholomew A, Sturgeon C, Siatskas M, Ferrer K,
McIntosh K, Patil S, Hardy W, Devine S, Ucker D,
Deans R, Moseley A, Hoffman R (2002) Mesenchymal
stem cells suppress lymphocyte proliferation in vitro
and prolong skin graft survival in vivo. Exp Hematol
30(1):42–48

Bartolucci J, Verdugo FJ, Gonzalez PL, Larrea RE,
Abarzua E, Goset C, Rojo P, Palma I, Lamich R,
Pedreros PA, Valdivia G, Lopez VM, Nazzal C,
Alcayaga-Miranda F, Cuenca J, Brobeck MJ, Patel
AN, Figueroa FE, Khoury M (2017) Safety and effi-
cacy of the intravenous infusion of umbilical cord
mesenchymal stem cells in patients with heart failure:
a phase 1/2 randomized controlled Trial (RIMECARD
trial [Randomized clinical trial of intravenous infusion
umbilical cord mesenchymal stem cells on cardiopa-
thy]). Circ Res 121(10):1192–1204. https://doi.org/10.
1161/CIRCRESAHA.117.310712

Berardis S, Dwisthi Sattwika P, Najimi M, Sokal EM
(2015) Use of mesenchymal stem cells to treat liver
fibrosis: current situation and future prospects. World J
Gastroenterol 21(3):742–758. https://doi.org/10.3748/
wjg.v21.i3.742

Bhang SH, Lee S, Shin JY, Lee TJ, Jang HK, Kim BS
(2014) Efficacious and clinically relevant conditioned
medium of human adipose-derived stem cells for ther-
apeutic angiogenesis. Mol Ther 22(4):862–872. https://
doi.org/10.1038/mt.2013.301

Bhanot Y, Rao S, Ghosh D, Balaraju S, Radhika CR,
Satish Kumar KV (2011) Autologous mesenchymal
stem cells in chronic spinal cord injury. Br J Neurosurg
25(4):516–522. https://doi.org/10.3109/02688697.
2010.550658

Bhatia SN, Underhill GH, Zaret KS, Fox IJ (2014) Cell
and tissue engineering for liver disease. Sci Transl Med
6(245):245sr2. https://doi.org/10.1126/scitranslmed.
3005975

Blank A, Riesgo A, Gitelis S, Rapp T (2017) Bone grafts,
substitutes, and augments in benign orthopaedic
conditions current concepts. Bull Hosp Jt Dis (2013)
75(2):119–127

Boldrin L, Zammit PS, Morgan JE (2015) Satellite cells
from dystrophic muscle retain regenerative capacity.
Stem Cell Res 14(1):20–29. https://doi.org/10.1016/j.
scr.2014.10.007

Bossolasco P, Corti S, Strazzer S, Borsotti C, Del Bo R,
Fortunato F, Salani S, Quirici N, Bertolini F, Gobbi A,
Deliliers GL, Pietro Comi G, Soligo D (2004) Skeletal
muscle differentiation potential of human adult bone
marrow cells. Exp Cell Res 295(1):66–78. https://doi.
org/10.1016/j.yexcr.2003.12.015

Regenerative Medicine Applications of Mesenchymal Stem Cells 133

https://doi.org/10.1111/cbdd.12664
https://doi.org/10.1111/cbdd.12664
https://doi.org/10.1016/j.burns.2006.11.002
https://doi.org/10.1016/j.burns.2006.11.002
https://doi.org/10.1089/ten.1999.5.267
https://doi.org/10.1089/ten.1999.5.267
https://doi.org/10.3858/emm.2011.43.10.069
https://doi.org/10.3858/emm.2011.43.10.069
https://doi.org/10.11142/AIM.006
https://doi.org/10.1302/0301-620X.89B10.19103
https://doi.org/10.1302/0301-620X.89B10.19103
https://doi.org/10.1155/2017/3292810
https://doi.org/10.1155/2017/3292810
https://doi.org/10.1038/nrrheum.2013.109
https://doi.org/10.1038/nrrheum.2013.109
https://doi.org/10.1161/CIRCRESAHA.117.310712
https://doi.org/10.1161/CIRCRESAHA.117.310712
https://doi.org/10.3748/wjg.v21.i3.742
https://doi.org/10.3748/wjg.v21.i3.742
https://doi.org/10.1038/mt.2013.301
https://doi.org/10.1038/mt.2013.301
https://doi.org/10.3109/02688697.2010.550658
https://doi.org/10.3109/02688697.2010.550658
https://doi.org/10.1126/scitranslmed.3005975
https://doi.org/10.1126/scitranslmed.3005975
https://doi.org/10.1016/j.scr.2014.10.007
https://doi.org/10.1016/j.scr.2014.10.007
https://doi.org/10.1016/j.yexcr.2003.12.015
https://doi.org/10.1016/j.yexcr.2003.12.015


Butler J, Epstein SE, Greene SJ, Quyyumi AA, Sikora S,
Kim RJ, Anderson AS, Wilcox JE, Tankovich NI,
Lipinski MJ, Ko YA, Margulies KB, Cole RT,
Skopicki HA, Gheorghiade M (2017) Intravenous allo-
geneic mesenchymal stem cells for nonischemic car-
diomyopathy: safety and efficacy results of a phase
II-A randomized trial. Circ Res 120(2):332–340.
https://doi.org/10.1161/CIRCRESAHA.116.309717

Camarero-Espinosa S, Rothen-Rutishauser B, Foster EJ,
Weder C (2016) Articular cartilage: from formation to
tissue engineering. Biomater Sci 4(5):734–767. https://
doi.org/10.1039/c6bm00068a

Cantinieaux D, Quertainmont R, Blacher S, Rossi L,
Wanet T, Noel A, Brook G, Schoenen J, Franzen R
(2013) Conditioned medium from bone marrow-
derived mesenchymal stem cells improves recovery
after spinal cord injury in rats: an original strategy to
avoid cell transplantation. PLoS One 8(8):e69515.
https://doi.org/10.1371/journal.pone.0069515

Centeno CJ, Busse D, Kisiday J, Keohan C, Freeman M,
Karli D (2008) Increased knee cartilage volume in
degenerative joint disease using percutaneously
implanted, autologous mesenchymal stem cells. Pain
Physician 11(3):343–353

Centeno CJ, Schultz JR, Cheever M, Freeman M,
Robinson B, Faulkner SJ (2011) A case series of per-
cutaneous treatment of non-union fractures with autol-
ogous, culture expanded, bone marrow derived,
mesenchymal stem cells and platelet lysate. J Bioeng
Biomed Sci 01:2–7

Chan J, O'Donoghue K, Gavina M, Torrente Y, Kennea N,
Mehmet H, Stewart H, Watt DJ, Morgan JE, Fisk NM
(2006) Galectin-1 induces skeletal muscle differentia-
tion in human fetal mesenchymal stem cells and
increases muscle regeneration. Stem Cells 24
(8):1879–1891. https://doi.org/10.1634/stemcells.
2005-0564

Chawla LS, Kimmel PL (2012) Acute kidney injury and
chronic kidney disease: an integrated clinical syn-
drome. Kidney Int 82(5):516–524. https://doi.org/10.
1038/ki.2012.208

Chen JL, Guo ZK, Xu C, Li YH, Hou CM, Mao N, Chen H
(2002) Mesenchymal stem cells suppress allogeneic T
cell responses by secretion of TGF-beta1. Zhongguo
Shi Yan Xue Ye Xue Za Zhi 10(4):285–288

Chen CH, Budas GR, Churchill EN, Disatnik MH, Hurley
TD, Mochly-Rosen D (2008) Activation of aldehyde
dehydrogenase-2 reduces ischemic damage to the
heart. Science 321(5895):1493–1495. https://doi.org/
10.1126/science.1158554

Choi JS, Lee SJ, Christ GJ, Atala A, Yoo JJ (2008) The
influence of electrospun aligned poly(epsilon-
caprolactone)/collagen nanofiber meshes on the forma-
tion of self-aligned skeletal muscle myotubes.
Biomaterials 29(19):2899–2906. https://doi.org/10.
1016/j.biomaterials.2008.03.031

Christ B, Bruckner S, Winkler S (2015) The therapeutic
promise of mesenchymal stem cells for liver

restoration. Trends Mol Med 21(11):673–686. https://
doi.org/10.1016/j.molmed.2015.09.004

Cohnheim JF (1867) Ueber entzündung und eiterung.
Virch Arch Path Anat 40:1–79

Collins CA, Olsen I, Zammit PS, Heslop L, Petrie A,
Partridge TA, Morgan JE (2005) Stem cell function,
self-renewal, and behavioral heterogeneity of cells
from the adult muscle satellite cell niche. Cell 122
(2):289–301. https://doi.org/10.1016/j.cell.2005.05.
010

Connick P, Kolappan M, Crawley C, Webber DJ,
Patani R, Michell AW, Du MQ, Luan SL, Altmann
DR, Thompson AJ, Compston A, Scott MA, Miller
DH, Chandran S (2012) Autologous mesenchymal
stem cells for the treatment of secondary progressive
multiple sclerosis: an open-label phase 2a proof-of-
concept study. Lancet Neurol 11(2):150–156. https://
doi.org/10.1016/S1474-4422(11)70305-2

Davatchi F, Abdollahi BS, Mohyeddin M, Shahram F,
Nikbin B (2011) Mesenchymal stem cell therapy for
knee osteoarthritis. Preliminary report of four patients.
Int J Rheum Dis 14(2):211–215. https://doi.org/10.
1111/j.1756-185X.2011.01599.x

Davatchi F, Sadeghi Abdollahi B, Mohyeddin M, Nikbin
B (2016) Mesenchymal stem cell therapy for knee
osteoarthritis: 5 years follow-up of three patients. Int
J Rheum Dis 19(3):219–225. https://doi.org/10.1111/
1756-185X.12670

De Bari C, Dell’Accio F, Vandenabeele F, Vermeesch JR,
Raymackers JM, Luyten FP (2003) Skeletal muscle
repair by adult human mesenchymal stem cells from
synovial membrane. J Cell Biol 160(6):909–918.
https://doi.org/10.1083/jcb.200212064

Dezawa M, Ishikawa H, Itokazu Y, Yoshihara T,
Hoshino M, Takeda S, Ide C, Nabeshima Y (2005)
Bone marrow stromal cells generate muscle cells and
repair muscle degeneration. Science 309
(5732):314–317. https://doi.org/10.1126/science.
1110364

Di Nicola M, Carlo-Stella C, Magni M, Milanesi M,
Longoni PD, Matteucci P, Grisanti S, Gianni AM
(2002) Human bone marrow stromal cells suppress
T-lymphocyte proliferation induced by cellular or non-
specific mitogenic stimuli. Blood 99(10):3838–3843

Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I,
Marini F, Krause D, Deans R, Keating A, Prockop D,
Horwitz E (2006) Minimal criteria for defining
multipotent mesenchymal stromal cells. The Interna-
tional Society for Cellular Therapy position statement.
Cytotherapy 8(4):315–317. https://doi.org/10.1080/
14653240600855905

Du Z, Wei C, Cheng K, Han B, Yan J, Zhang M, Peng C,
Liu Y (2013) Mesenchymal stem cell-conditioned
medium reduces liver injury and enhances regeneration
in reduced-size rat liver transplantation. J Surg Res 183
(2):907–915. https://doi.org/10.1016/j.jss.2013.02.009

Duffield JS, Park KM, Hsiao LL, Kelley VR, Scadden DT,
Ichimura T, Bonventre JV (2005) Restoration of tubu-
lar epithelial cells during repair of the postischemic

134 S. Hosseini et al.

https://doi.org/10.1161/CIRCRESAHA.116.309717
https://doi.org/10.1039/c6bm00068a
https://doi.org/10.1039/c6bm00068a
https://doi.org/10.1371/journal.pone.0069515
https://doi.org/10.1634/stemcells.2005-0564
https://doi.org/10.1634/stemcells.2005-0564
https://doi.org/10.1038/ki.2012.208
https://doi.org/10.1038/ki.2012.208
https://doi.org/10.1126/science.1158554
https://doi.org/10.1126/science.1158554
https://doi.org/10.1016/j.biomaterials.2008.03.031
https://doi.org/10.1016/j.biomaterials.2008.03.031
https://doi.org/10.1016/j.molmed.2015.09.004
https://doi.org/10.1016/j.molmed.2015.09.004
https://doi.org/10.1016/j.cell.2005.05.010
https://doi.org/10.1016/j.cell.2005.05.010
https://doi.org/10.1016/S1474-4422(11)70305-2
https://doi.org/10.1016/S1474-4422(11)70305-2
https://doi.org/10.1111/j.1756-185X.2011.01599.x
https://doi.org/10.1111/j.1756-185X.2011.01599.x
https://doi.org/10.1111/1756-185X.12670
https://doi.org/10.1111/1756-185X.12670
https://doi.org/10.1083/jcb.200212064
https://doi.org/10.1126/science.1110364
https://doi.org/10.1126/science.1110364
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1016/j.jss.2013.02.009


kidney occurs independently of bone marrow-derived
stem cells. J Clin Invest 115(7):1743–1755. https://doi.
org/10.1172/JCI22593

Emadedin M, Aghdami N, Taghiyar L, Fazeli R,
Moghadasali R, Jahangir S, Farjad R, Baghaban
Eslaminejad M (2012) Intra-articular injection of autol-
ogous mesenchymal stem cells in six patients with
knee osteoarthritis. Arch Iran Med 15(7):422–428.
https://doi.org/10.12157/AIM.0010

Emadedin M, Ghorbani Liastani M, Fazeli R, Mohseni F,
Moghadasali R, Mardpour S, Hosseini SE,
Niknejadi M, Moeininia F, Aghahossein Fanni A,
Baghban Eslaminejhad R, Vosough Dizaji A,
Labibzadeh N, Mirazimi Bafghi A, Baharvand H,
Aghdami N (2015) Long-Term Follow-up of Intra-
articular Injection of Autologous Mesenchymal Stem
Cells in Patients with Knee, Ankle, or Hip Osteoarthri-
tis. Arch Iran Med 18(6):336–344. https://doi.org/10.
15186/AIM.003

Erisken C, Zhang X, Moffat KL, Levine WN, Lu HH
(2013) Scaffold fiber diameter regulates human tendon
fibroblast growth and differentiation. Tissue Eng Part
A 19(3–4):519–528. https://doi.org/10.1089/ten.tea.
2012.0072

Eslaminejad MB, Vahabi S, Shariati M, Nazarian H (2010)
In vitro growth and characterization of stem cells from
human dental pulp of deciduous versus permanent
teeth. J Dent (Tehran) 7(4):185–195

Fang XQ, Zhang JF, Song HY, Chen ZL, Dong J, Chen X,
Pan JJ, Liu B, Chen CX (2016) Effect of umbilical cord
mesenchymal stem cell transplantation on immune
function and prognosis of patients with decompensated
hepatitis B cirrhosis. Zhonghua Gan Zang Bing Za Zhi
24(12):907–910. https://doi.org/10.3760/cma.j.issn.
1007-3418.2016.12.006

Florea V, Rieger AC, DiFede DL, El-Khorazaty J,
Natsumeda M, Banerjee MN, Tompkins BA,
Khan A, Schulman IH, Landin AM, Mushtaq M,
Golpanian S, Lowery MH, Byrnes JJ, Hendel RC,
Cohen MG, Valasaki K, Pujol MV, Ghersin E,
Miki R, Delgado C, Abuzeid F, Vidro-Casiano M,
Saltzman RG, DaFonseca D, Caceres LV, Ramdas
KN, Mendizabal A, Heldman AW, Mitrani RD, Hare
JM (2017) Dose comparison study of allogeneic mes-
enchymal stem cells in patients with ischemic cardio-
myopathy (The TRIDENT study). Circ Res 121
(11):1279–1290. https://doi.org/10.1161/
CIRCRESAHA.117.311827

Fouraschen SM, Pan Q, de Ruiter PE, Farid WR,
Kazemier G, Kwekkeboom J, Ijzermans JN, Metselaar
HJ, Tilanus HW, de Jonge J, van der Laan LJ (2012)
Secreted factors of human liver-derived mesenchymal
stem cells promote liver regeneration early after partial
hepatectomy. Stem Cells Dev 21(13):2410–2419.
https://doi.org/10.1089/scd.2011.0560

Friedenstein AJ, Chailakhjan RK, Lalykina KS (1970) The
development of fibroblast colonies in monolayer
cultures of guinea-pig bone marrow and spleen cells.
Cell Tissue Kinet 3(4):393–403

Friedenstein AJ, Gorskaja JF, Kulagina NN (1976) Fibro-
blast precursors in normal and irradiated mouse
hematopoietic organs. Exp Hematol 4(5):267–274

Fukada S, Miyagoe-Suzuki Y, Tsukihara H, Yuasa K,
Higuchi S, Ono S, Tsujikawa K, Takeda S, Yamamoto
H (2002) Muscle regeneration by reconstitution with
bone marrow or fetal liver cells from green fluorescent
protein-gene transgenic mice. J Cell Sci 115
(Pt 6):1285–1293

Galli D, Vitale M, Vaccarezza M (2014) Bone marrow-
derived mesenchymal cell differentiation toward myo-
genic lineages: facts and perspectives. Biomed Res Int
2014:762695. https://doi.org/10.1155/2014/762695

Gang EJ, Darabi R, Bosnakovski D, Xu Z, Kamm KE,
Kyba M, Perlingeiro RC (2009) Engraftment of mes-
enchymal stem cells into dystrophin-deficient mice is
not accompanied by functional recovery. Exp Cell Res
315(15):2624–2636. https://doi.org/10.1016/j.yexcr.
2009.05.009

Gangji V, Hauzeur JP, Matos C, De Maertelaer V,
Toungouz M, Lambermont M (2004) Treatment of
osteonecrosis of the femoral head with implantation
of autologous bone-marrow cells. A pilot study. J
Bone Joint Surg Am 86-A(6):1153–1160

Gangji V, De Maertelaer V, Hauzeur JP (2011) Autolo-
gous bone marrow cell implantation in the treatment of
non-traumatic osteonecrosis of the femoral head: five
year follow-up of a prospective controlled study. Bone
49(5):1005–1009. https://doi.org/10.1016/j.bone.
2011.07.032

Giangrande PLF (2000) The history of blood transfusion.
British Journal of Haematology 110(4):758–767

Giannini S, Buda R, Cavallo M, Ruffilli A, Cenacchi A,
Cavallo C, Vannini F (2010) Cartilage repair evolution
in post-traumatic osteochondral lesions of the talus:
from open field autologous chondrocyte to bone-
marrow-derived cells transplantation. Injury 41
(11):1196–1203. https://doi.org/10.1016/j.injury.
2010.09.028

Giuliani A, Manescu A, Langer M, Rustichelli F,
Desiderio V, Paino F, De Rosa A, Laino L,
d'Aquino R, Tirino V, Papaccio G (2013) Three years
after transplants in human mandibles, histological and
in-line holotomography revealed that stem cells
regenerated a compact rather than a spongy bone:
biological and clinical implications. Stem Cells Transl
Med 2(4):316–324. https://doi.org/10.5966/sctm.
2012-0136

Glassberg MK, Minkiewicz J, Toonkel RL, Simonet ES,
Rubio GA, DiFede D, Shafazand S, Khan A, Pujol
MV, LaRussa VF, Lancaster LH, Rosen GD,
Fishman J, Mageto YN, Mendizabal A, Hare JM
(2017) Allogeneic human mesenchymal stem cells in
patients with idiopathic pulmonary fibrosis via intrave-
nous delivery (AETHER): a phase i safety clinical trial.
Chest 151(5):971–981. https://doi.org/10.1016/j.chest.
2016.10.061

Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD,
Blaha MJ, Dai S, Ford ES, Fox CS, Franco S, Fullerton

Regenerative Medicine Applications of Mesenchymal Stem Cells 135

https://doi.org/10.1172/JCI22593
https://doi.org/10.1172/JCI22593
https://doi.org/10.12157/AIM.0010
https://doi.org/10.15186/AIM.003
https://doi.org/10.15186/AIM.003
https://doi.org/10.1089/ten.tea.2012.0072
https://doi.org/10.1089/ten.tea.2012.0072
https://doi.org/10.3760/cma.j.issn.1007-3418.2016.12.006
https://doi.org/10.3760/cma.j.issn.1007-3418.2016.12.006
https://doi.org/10.1161/CIRCRESAHA.117.311827
https://doi.org/10.1161/CIRCRESAHA.117.311827
https://doi.org/10.1089/scd.2011.0560
https://doi.org/10.1155/2014/762695
https://doi.org/10.1016/j.yexcr.2009.05.009
https://doi.org/10.1016/j.yexcr.2009.05.009
https://doi.org/10.1016/j.bone.2011.07.032
https://doi.org/10.1016/j.bone.2011.07.032
https://doi.org/10.1016/j.injury.2010.09.028
https://doi.org/10.1016/j.injury.2010.09.028
https://doi.org/10.5966/sctm.2012-0136
https://doi.org/10.5966/sctm.2012-0136
https://doi.org/10.1016/j.chest.2016.10.061
https://doi.org/10.1016/j.chest.2016.10.061


HJ, Gillespie C, Hailpern SM, Heit JA, Howard VJ,
Huffman MD, Judd SE, Kissela BM, Kittner SJ,
Lackland DT, Lichtman JH, Lisabeth LD, Mackey
RH, Magid DJ, Marcus GM, Marelli A, Matchar DB,
McGuire DK, Mohler ER 3rd, Moy CS, Mussolino
ME, Neumar RW, Nichol G, Pandey DK, Paynter
NP, Reeves MJ, Sorlie PD, Stein J, Towfighi A,
Turan TN, Virani SS, Wong ND, Woo D, Turner
MB, American Heart Association Statistics, Commit-
tee, & Stroke Statistics, Subcommittee (2014) Heart
disease and stroke statistics–2014 update: a report from
the American Heart Association. Circulation 129(3):
e28–e292. https://doi.org/10.1161/01.cir.0000441139.
02102.80

Goel A, Sangwan SS, Siwach RC, Ali AM (2005) Percu-
taneous bone marrow grafting for the treatment of
tibial non-union. Injury 36(1):203–206. https://doi.
org/10.1016/j.injury.2004.01.009

Goldberg A, Mitchell K, Soans J, Kim L, Zaidi R (2017)
The use of mesenchymal stem cells for cartilage repair
and regeneration: a systematic review. J Orthop Surg
Res 12(1):39. https://doi.org/10.1186/s13018-017-
0534-y

Goudenege S, Pisani DF, Wdziekonski B, Di Santo JP,
Bagnis C, Dani C, Dechesne CA (2009) Enhancement
of myogenic and muscle repair capacities of human
adipose-derived stem cells with forced expression of
MyoD. Mol Ther 17(6):1064–1072. https://doi.org/10.
1038/mt.2009.67

Gussoni E, Blau HM, Kunkel LM (1997) The fate of
individual myoblasts after transplantation into muscles
of DMD patients. Nat Med 3(9):970–977

Hashemi SM, Hassan ZM, Pourfathollah AA, Soudi S,
Shafiee A, Soleimani M (2013) Comparative immuno-
modulatory properties of adipose-derived mesenchy-
mal stem cells conditioned media from BALB/c,
C57BL/6, and DBA mouse strains. J Cell Biochem
114(4):955–965. https://doi.org/10.1002/jcb.24437

Hatzistergos KE, Saur D, Seidler B, Balkan W, Breton M,
Valasaki K, Takeuchi LM, Landin AM, Khan A, Hare
JM (2016) Stimulatory effects of mesenchymal stem
cells on cKit+ cardiac stem cells are mediated by
SDF1/CXCR4 and SCF/cKit signaling pathways.
Circ Res 119(8):921–930. https://doi.org/10.1161/
CIRCRESAHA.116.309281

Healey JH, Zimmerman PA, McDonnell JM, Lane JM
(1990) Percutaneous bone marrow grafting of delayed
union and nonunion in cancer patients. Clin Orthop
Relat Res 256:280–285

Helbig L, Simank HG, Kroeber M, Schmidmaier G,
Grutzner PA, Guehring T (2012) Core decompression
combined with implantation of a demineralised bone
matrix for non-traumatic osteonecrosis of the femoral
head. Arch Orthop Trauma Surg 132(8):1095–1103.
https://doi.org/10.1007/s00402-012-1526-3

Hernigou P, Bachir D, Galacteros F (2003) The natural
history of symptomatic osteonecrosis in adults with
sickle-cell disease. J Bone Joint Surg Am 85-A
(3):500–504

Hernigou P, Poignard A, Beaujean F, Rouard H (2005)
Percutaneous autologous bone-marrow grafting for
nonunions. Influence of the number and concentration
of progenitor cells. J Bone Joint Surg Am 87
(7):1430–1437. https://doi.org/10.2106/JBJS.D.02215

Horwitz EM, Prockop DJ, Fitzpatrick LA, Koo WW,
Gordon PL, Neel M, Sussman M, Orchard P, Marx
JC, Pyeritz RE, Brenner MK (1999) Transplantability
and therapeutic effects of bone marrow-derived mes-
enchymal cells in children with osteogenesis
imperfecta. Nat Med 5(3):309–313. https://doi.org/10.
1038/6529

Hosseini S, Baghaban Eslaminejad M (2017) Mesenchy-
mal Stem Cells: An Optimistic Cell Source in Tissue
Engineering for Bone Regeneration. In: Pham PV
(ed) Bone and cartilage regeneration. Springer, Berlin

Hu C, Li L (2015) In vitro culture of isolated primary
hepatocytes and stem cell-derived hepatocyte-like
cells for liver regeneration. Protein Cell 6
(8):562–574. https://doi.org/10.1007/s13238-015-
0180-2

Humphreys BD, Valerius MT, Kobayashi A, Mugford JW,
Soeung S, Duffield JS, McMahon AP, Bonventre JV
(2008) Intrinsic epithelial cells repair the kidney after
injury. Cell Stem Cell 2(3):284–291. https://doi.org/
10.1016/j.stem.2008.01.014

Hur JW, Cho TH, Park DH, Lee JB, Park JY, Chung YG
(2016) Intrathecal transplantation of autologous
adipose-derived mesenchymal stem cells for treating
spinal cord injury: A human trial. J Spinal Cord Med
39(6):655–664. https://doi.org/10.1179/
2045772315Y.0000000048

Introna M, Lucchini G, Dander E, Galimberti S, Rovelli A,
Balduzzi A, Longoni D, Pavan F, Masciocchi F,
Algarotti A, Mico C, Grassi A, Deola S, Cavattoni I,
Gaipa G, Belotti D, Perseghin P, Parma M, Pogliani E,
Golay J, Pedrini O, Capelli C, Cortelazzo S,
D'Amico G, Biondi A, Rambaldi A, Biagi E (2014)
Treatment of graft versus host disease with mesenchy-
mal stromal cells: a phase I study on 40 adult and
pediatric patients. Biol Blood Marrow Transplant 20
(3):375–381. https://doi.org/10.1016/j.bbmt.2013.11.
033

Jeong H, Yim HW, Park HJ, Cho Y, Hong H, Kim NJ, Oh
IH (2018) Mesenchymal stem cell therapy for ischemic
heart disease: systematic review and meta-analysis. Int
J Stem Cells. https://doi.org/10.15283/ijsc17061

Jiang PC, Xiong WP, Wang G, Ma C, Yao WQ, Kendell
SF, Mehling BM, Yuan XH, Wu DC (2013) A clinical
trial report of autologous bone marrow-derived mesen-
chymal stem cell transplantation in patients with spinal
cord injury. Exp Ther Med 6(1):140–146. https://doi.
org/10.3892/etm.2013.1083

Jo CH, Lee YG, Shin WH, Kim H, Chai JW, Jeong EC,
Kim JE, Shim H, Shin JS, Shin IS, Ra JC, Oh S, Yoon
KS (2014) Intra-articular injection of mesenchymal
stem cells for the treatment of osteoarthritis of the
knee: a proof-of-concept clinical trial. Stem Cells 32
(5):1254–1266. https://doi.org/10.1002/stem.1634

136 S. Hosseini et al.

https://doi.org/10.1161/01.cir.0000441139.02102.80
https://doi.org/10.1161/01.cir.0000441139.02102.80
https://doi.org/10.1016/j.injury.2004.01.009
https://doi.org/10.1016/j.injury.2004.01.009
https://doi.org/10.1186/s13018-017-0534-y
https://doi.org/10.1186/s13018-017-0534-y
https://doi.org/10.1038/mt.2009.67
https://doi.org/10.1038/mt.2009.67
https://doi.org/10.1002/jcb.24437
https://doi.org/10.1161/CIRCRESAHA.116.309281
https://doi.org/10.1161/CIRCRESAHA.116.309281
https://doi.org/10.1007/s00402-012-1526-3
https://doi.org/10.2106/JBJS.D.02215
https://doi.org/10.1038/6529
https://doi.org/10.1038/6529
https://doi.org/10.1007/s13238-015-0180-2
https://doi.org/10.1007/s13238-015-0180-2
https://doi.org/10.1016/j.stem.2008.01.014
https://doi.org/10.1016/j.stem.2008.01.014
https://doi.org/10.1179/2045772315Y.0000000048
https://doi.org/10.1179/2045772315Y.0000000048
https://doi.org/10.1016/j.bbmt.2013.11.033
https://doi.org/10.1016/j.bbmt.2013.11.033
https://doi.org/10.15283/ijsc17061
https://doi.org/10.3892/etm.2013.1083
https://doi.org/10.3892/etm.2013.1083
https://doi.org/10.1002/stem.1634


Jo CH, Chai JW, Jeong EC, Oh S, Shin JS, Shim H, Yoon
KS (2017) Intra-articular injection of mesenchymal
stem cells for the treatment of osteoarthritis of the
knee: a 2-year follow-up study. Am J Sports Med 45
(12):2774–2783. https://doi.org/10.1177/
0363546517716641

Kanemura H, Go MJ, Shikamura M, Nishishita N,
Sakai N, Kamao H, Mandai M, Morinaga C,
Takahashi M, Kawamata S (2014) Tumorigenicity
studies of induced pluripotent stem cell (iPSC)-derived
retinal pigment epithelium (RPE) for the treatment of
age-related macular degeneration. PLoS One 9(1):
e85336. https://doi.org/10.1371/journal.pone.0085336

Karussis D, Karageorgiou C, Vaknin-Dembinsky A,
Gowda-Kurkalli B, Gomori JM, Kassis I, Bulte JW,
Petrou P, Ben-Hur T, Abramsky O, Slavin S (2010)
Safety and immunological effects of mesenchymal
stem cell transplantation in patients with multiple scle-
rosis and amyotrophic lateral sclerosis. Arch Neurol 67
(10):1187–1194. https://doi.org/10.1001/archneurol.
2010.248

Khojasteh A, Eslaminejad MB, Nazarian H, Morad G,
Dashti SG, Behnia H, Stevens M (2013) Vertical
bone augmentation with simultaneous implant place-
ment using particulate mineralized bone and mesen-
chymal stem cells: a preliminary study in rabbit. J Oral
Implantol 39(1):3–13. https://doi.org/10.1563/AAID-
JOI-D-10-00206

Khojasteh A, Fahimipour F, Jafarian M, Sharifi D,
Jahangir S, Khayyatan F, Baghaban Eslaminejad M
(2017) Bone engineering in dog mandible: Coculturing
mesenchymal stem cells with endothelial progenitor
cells in a composite scaffold containing vascular endo-
thelial growth factor. J Biomed Mater Res B Appl
Biomater 105(7):1767–1777. https://doi.org/10.1002/
jbm.b.33707

Kim YI, Ryu JS, Yeo JE, Choi YJ, Kim YS, Ko K, Koh
YG (2014) Overexpression of TGF-beta1 enhances
chondrogenic differentiation and proliferation of
human synovium-derived stem cells. Biochem
Biophys Res Commun 450(4):1593–1599. https://doi.
org/10.1016/j.bbrc.2014.07.045

Knutsen G, Drogset JO, Engebretsen L, Grontvedt T,
Isaksen V, Ludvigsen TC, Roberts S, Solheim E,
Strand T, Johansen O (2007) A randomized trial com-
paring autologous chondrocyte implantation with
microfracture. Findings at five years. J Bone Joint
Surg Am 89(10):2105–2112. https://doi.org/10.2106/
JBJS.G.00003

Koh YG, Choi YJ, Kwon SK, Kim YS, Yeo JE (2015)
Clinical results and second-look arthroscopic findings
after treatment with adipose-derived stem cells for knee
osteoarthritis. Knee Surg Sports Traumatol Arthrosc 23
(5):1308–1316. https://doi.org/10.1007/s00167-013-
2807-2

Kopen GC, Prockop DJ, Phinney DG (1999) Marrow
stromal cells migrate throughout forebrain and cerebel-
lum, and they differentiate into astrocytes after

injection into neonatal mouse brains. Proc Natl Acad
Sci U S A 96(19):10711–10716

Krampera M, Glennie S, Dyson J, Scott D, Laylor R,
Simpson E, Dazzi F (2003) Bone marrow mesenchy-
mal stem cells inhibit the response of naive and mem-
ory antigen-specific T cells to their cognate peptide.
Blood 101(9):3722–3729. https://doi.org/10.1182/
blood-2002-07-2104

Kuriyan AE, Albini TA, Townsend JH, Rodriguez M,
Pandya HK, Leonard RE 2nd, Parrott MB, Rosenfeld
PJ, Flynn HW Jr, Goldberg JL (2017) Vision loss after
intravitreal injection of autologous “Stem Cells” for
AMD. N Engl J Med 376(11):1047–1053. https://doi.
org/10.1056/NEJMoa1609583

Labibzadeh N, Emadedin M, Fazeli R, Mohseni F,
Hosseini SE, Moghadasali R, Mardpour S,
Azimian V, Ghorbani Liastani M, Mirazimi
Bafghi A, Baghaban Eslaminejad M, Aghdami N
(2016) Mesenchymal stromal cells implantation in
combination with platelet lysate product is safe for
reconstruction of human long bone nonunion. Cell J
18(3):302–309

Le Blanc K, Gotherstrom C, Ringden O, Hassan M,
McMahon R, Horwitz E, Anneren G, Axelsson O,
Nunn J, Ewald U, Norden-Lindeberg S, Jansson M,
Dalton A, Astrom E, Westgren M (2005) Fetal mesen-
chymal stem-cell engraftment in bone after in utero
transplantation in a patient with severe osteogenesis
imperfecta. Transplantation 79(11):1607–1614

Lee HY, Hong IS (2017) Double-edged sword of mesen-
chymal stem cells: cancer-promoting versus therapeu-
tic potential. Cancer Sci 108(10):1939–1946. https://
doi.org/10.1111/cas.13334

Lee JY, Zhou Z, Taub PJ, Ramcharan M, Li Y,
Akinbiyi T, Maharam ER, Leong DJ, Laudier DM,
Ruike T, Torina PJ, Zaidi M, Majeska RJ, Schaffler
MB, Flatow EL, Sun HB (2011) BMP-12 treatment of
adult mesenchymal stem cells in vitro augments
tendon-like tissue formation and defect repair in vivo.
PLoS One 6(3):e17531. https://doi.org/10.1371/jour
nal.pone.0017531

Lee HC, An SG, Lee HW, Park JS, Cha KS, Hong TJ, Park
JH, Lee SY, Kim SP, Kim YD, Chung SW, Bae YC,
Shin YB, Kim JI, Jung JS (2012) Safety and effect of
adipose tissue-derived stem cell implantation in
patients with critical limb ischemia: a pilot study.
Circ J 76(7):1750–1760

Lee SY, Kim HJ, Choi D (2015) Cell sources, liver support
systems and liver tissue engineering: alternatives to
liver transplantation. Int J Stem Cells 8(1):36–47.
https://doi.org/10.15283/ijsc.2015.8.1.36

Li Q, Tang J, Wang R, Bei C, Xin L, Zeng Y, Tang X
(2011) Comparing the chondrogenic potential in vivo
of autogeneic mesenchymal stem cells derived from
different tissues. Artif Cells Blood Substit Immobil
Biotechnol 39(1):31–38. https://doi.org/10.3109/
10731191003776769

Liechty KW, MacKenzie TC, Shaaban AF, Radu A,
Moseley AM, Deans R, Marshak DR, Flake AW

Regenerative Medicine Applications of Mesenchymal Stem Cells 137

https://doi.org/10.1177/0363546517716641
https://doi.org/10.1177/0363546517716641
https://doi.org/10.1371/journal.pone.0085336
https://doi.org/10.1001/archneurol.2010.248
https://doi.org/10.1001/archneurol.2010.248
https://doi.org/10.1563/AAID-JOI-D-10-00206
https://doi.org/10.1563/AAID-JOI-D-10-00206
https://doi.org/10.1002/jbm.b.33707
https://doi.org/10.1002/jbm.b.33707
https://doi.org/10.1016/j.bbrc.2014.07.045
https://doi.org/10.1016/j.bbrc.2014.07.045
https://doi.org/10.2106/JBJS.G.00003
https://doi.org/10.2106/JBJS.G.00003
https://doi.org/10.1007/s00167-013-2807-2
https://doi.org/10.1007/s00167-013-2807-2
https://doi.org/10.1182/blood-2002-07-2104
https://doi.org/10.1182/blood-2002-07-2104
https://doi.org/10.1056/NEJMoa1609583
https://doi.org/10.1056/NEJMoa1609583
https://doi.org/10.1111/cas.13334
https://doi.org/10.1111/cas.13334
https://doi.org/10.1371/journal.pone.0017531
https://doi.org/10.1371/journal.pone.0017531
https://doi.org/10.15283/ijsc.2015.8.1.36
https://doi.org/10.3109/10731191003776769
https://doi.org/10.3109/10731191003776769


(2000) Human mesenchymal stem cells engraft and
demonstrate site-specific differentiation after in utero
transplantation in sheep. Nat Med 6(11):1282–1286.
https://doi.org/10.1038/81395

Linero I, Chaparro O (2014) Paracrine effect of mesenchy-
mal stem cells derived from human adipose tissue in
bone regeneration. PLoS One 9(9):e107001. https://
doi.org/10.1371/journal.pone.0107001

Liu KD, Brakeman PR (2008) Renal repair and recovery.
Crit Care Med 36(4 Suppl):S187–S192. https://doi.org/
10.1097/CCM.0b013e318168ca4a

Liu Y, Yan X, Sun Z, Chen B, Han Q, Li J, Zhao RC
(2007) Flk-1+ adipose-derived mesenchymal stem
cells differentiate into skeletal muscle satellite cells
and ameliorate muscular dystrophy in mdx mice.
Stem Cells Dev 16(5):695–706. https://doi.org/10.
1089/scd.2006.0118

Liu G, Zhang Y, Liu B, Sun J, Li W, Cui L (2013) Bone
regeneration in a canine cranial model using allogeneic
adipose derived stem cells and coral scaffold.
Biomaterials 34(11):2655–2664. https://doi.org/10.
1016/j.biomaterials.2013.01.004

Liu M, Zeng X, Wang J, Fu Z, Wang J, Liu M, Ren D,
Yu B, Zheng L, Hu X, Shi W, Xu J (2016) Immunomo-
dulation by mesenchymal stem cells in treating human
autoimmune disease-associated lung fibrosis. Stem
Cell Res Ther 7(1):63. https://doi.org/10.1186/
s13287-016-0319-y

Lombard T, Neirinckx V, Rogister B, Gilon Y, Wislet S
(2016) Medication-related osteonecrosis of the jaw:
new insights into molecular mechanisms and cellular
therapeutic approaches. Stem Cells Int 2016:8768162.
https://doi.org/10.1155/2016/8768162

Ma K, Liao S, He L, Lu J, Ramakrishna S, Chan CK
(2011) Effects of nanofiber/stem cell composite on
wound healing in acute full-thickness skin wounds.
Tissue Eng Part A 17(9-10):1413–1424. https://doi.
org/10.1089/ten.TEA.2010.0373

Makhlough A, Shekarchian S, Moghadasali R,
Einollahi B, Hosseini SE, Jaroughi N, Bolurieh T,
Baharvand H, Aghdami N (2017) Safety and tolerabil-
ity of autologous bone marrow mesenchymal stromal
cells in ADPKD patients. Stem Cell Res Ther 8(1):116.
https://doi.org/10.1186/s13287-017-0557-7

Makihara T, Yoshioka T, Sugaya H, Yamazaki M,
Mishima H (2017) Autologous concentrated bone mar-
row grafting for the treatment of osteonecrosis of the
humeral head: a report of five shoulders in four cases.
Case Rep Orthop 2017:4898057. https://doi.org/10.
1155/2017/4898057

Mao Q, Jin H, Liao F, Xiao L, Chen D, Tong P (2013) The
efficacy of targeted intraarterial delivery of
concentrated autologous bone marrow containing
mononuclear cells in the treatment of osteonecrosis of
the femoral head: a five year follow-up study. Bone 57
(2):509–516. https://doi.org/10.1016/j.bone.2013.08.
022

Mazzini L, Fagioli F, Boccaletti R, Mareschi K, Oliveri G,
Olivieri C, Pastore I, Marasso R, Madon E (2003) Stem

cell therapy in amyotrophic lateral sclerosis: a method-
ological approach in humans. Amyotroph Lateral Scler
Other Motor Neuron Disord 4(3):158–161

Mendell JR, Kissel JT, Amato AA, King W, Signore L,
Prior TW, Sahenk Z, Benson S, McAndrew PE, Rice R
et al (1995) Myoblast transfer in the treatment of
Duchenne’s muscular dystrophy. N Engl J Med 333
(13):832–838. https://doi.org/10.1056/
NEJM199509283331303

Mendez JJ, Ghaedi M, Steinbacher D, Niklason LE (2014)
Epithelial cell differentiation of human mesenchymal
stromal cells in decellularized lung scaffolds. Tissue
Eng Part A 20(11-12):1735–1746. https://doi.org/10.
1089/ten.TEA.2013.0647

Moghadasali R, Mutsaers HA, Azarnia M, Aghdami N,
Baharvand H, Torensma R, Wilmer MJ, Masereeuw R
(2013) Mesenchymal stem cell-conditioned medium
accelerates regeneration of human renal proximal
tubule epithelial cells after gentamicin toxicity. Exp
Toxicol Pathol 65(5):595–600. https://doi.org/10.
1016/j.etp.2012.06.002

Mohamadnejad M, Namiri M, Bagheri M, Hashemi SM,
Ghanaati H, Zare Mehrjardi N, Kazemi Ashtiani S,
Malekzadeh R, Baharvand H (2007) Phase 1 human
trial of autologous bone marrow-hematopoietic stem
cell transplantation in patients with decompensated
cirrhosis. World J Gastroenterol 13(24):3359–3363

Moon KH, Ko IK, Yoo JJ, Atala A (2016) Kidney diseases
and tissue engineering. Methods 99:112–119. https://
doi.org/10.1016/j.ymeth.2015.06.020

Morigi M, Imberti B, Zoja C, Corna D, Tomasoni S,
Abbate M, Rottoli D, Angioletti S, Benigni A,
Perico N, Alison M, Remuzzi G (2004) Mesenchymal
stem cells are renotropic, helping to repair the kidney
and improve function in acute renal failure. J Am Soc
Nephrol 15(7):1794–1804

Nadri S, Kazemi B, Eslaminejad MB, Yazdani S,
Soleimani M (2013a) High yield of cells committed
to the photoreceptor-like cells from conjunctiva mes-
enchymal stem cells on nanofibrous scaffolds. Mol
Biol Rep 40(6):3883–3890. https://doi.org/10.1007/
s11033-012-2360-y

Nadri S, Yazdani S, Arefian E, Gohari Z, Eslaminejad MB,
Kazemi B, Soleimani M (2013b) Mesenchymal stem
cells from trabecular meshwork become
photoreceptor-like cells on amniotic membrane.
Neurosci Lett 541:43–48. https://doi.org/10.1016/j.
neulet.2012.12.055

Nakanishi C, Yamagishi M, Yamahara K, Hagino I,
Mori H, Sawa Y, Yagihara T, Kitamura S, Nagaya N
(2008) Activation of cardiac progenitor cells through
paracrine effects of mesenchymal stem cells. Biochem
Biophys Res Commun 374(1):11–16. https://doi.org/
10.1016/j.bbrc.2008.06.074

Negroni E, Riederer I, Chaouch S, Belicchi M, Razini P, Di
Santo J, Torrente Y, Butler-Browne GS, Mouly V (2009)
In vivo myogenic potential of human CD133+ muscle-
derived stem cells: a quantitative study. Mol Ther 17
(10):1771–1778. https://doi.org/10.1038/mt.2009.167

138 S. Hosseini et al.

https://doi.org/10.1038/81395
https://doi.org/10.1371/journal.pone.0107001
https://doi.org/10.1371/journal.pone.0107001
https://doi.org/10.1097/CCM.0b013e318168ca4a
https://doi.org/10.1097/CCM.0b013e318168ca4a
https://doi.org/10.1089/scd.2006.0118
https://doi.org/10.1089/scd.2006.0118
https://doi.org/10.1016/j.biomaterials.2013.01.004
https://doi.org/10.1016/j.biomaterials.2013.01.004
https://doi.org/10.1186/s13287-016-0319-y
https://doi.org/10.1186/s13287-016-0319-y
https://doi.org/10.1155/2016/8768162
https://doi.org/10.1089/ten.TEA.2010.0373
https://doi.org/10.1089/ten.TEA.2010.0373
https://doi.org/10.1186/s13287-017-0557-7
https://doi.org/10.1155/2017/4898057
https://doi.org/10.1155/2017/4898057
https://doi.org/10.1016/j.bone.2013.08.022
https://doi.org/10.1016/j.bone.2013.08.022
https://doi.org/10.1056/NEJM199509283331303
https://doi.org/10.1056/NEJM199509283331303
https://doi.org/10.1089/ten.TEA.2013.0647
https://doi.org/10.1089/ten.TEA.2013.0647
https://doi.org/10.1016/j.etp.2012.06.002
https://doi.org/10.1016/j.etp.2012.06.002
https://doi.org/10.1016/j.ymeth.2015.06.020
https://doi.org/10.1016/j.ymeth.2015.06.020
https://doi.org/10.1007/s11033-012-2360-y
https://doi.org/10.1007/s11033-012-2360-y
https://doi.org/10.1016/j.neulet.2012.12.055
https://doi.org/10.1016/j.neulet.2012.12.055
https://doi.org/10.1016/j.bbrc.2008.06.074
https://doi.org/10.1016/j.bbrc.2008.06.074
https://doi.org/10.1038/mt.2009.167


Ohkoshi S, Hara H, Hirono H, Watanabe K, Hasegawa K
(2017) Regenerative medicine using dental pulp stem
cells for liver diseases. World J Gastrointest Pharmacol
Ther 8(1):1–6. https://doi.org/10.4292/wjgpt.v8.i1.1

Ortiz LA, Gambelli F, McBride C, Gaupp D, Baddoo M,
Kaminski N, Phinney DG (2003) Mesenchymal stem
cell engraftment in lung is enhanced in response to
bleomycin exposure and ameliorates its fibrotic effects.
Proc Natl Acad Sci U S A 100(14):8407–8411. https://
doi.org/10.1073/pnas.1432929100

Pak J (2012) Autologous adipose tissue-derived stem cells
induce persistent bone-like tissue in osteonecrotic fem-
oral heads. Pain Physician 15(1):75–85

Park CW, Kim KS, Bae S, Son HK, Myung PK, Hong HJ,
Kim H (2009) Cytokine secretion profiling of human
mesenchymal stem cells by antibody array. Int J Stem
Cells 2(1):59–68

Pers YM, Rackwitz L, Ferreira R, Pullig O, Delfour C,
Barry F, Sensebe L, Casteilla L, Fleury S, Bourin P,
Noel D, Canovas F, Cyteval C, Lisignoli G, Schrauth J,
Haddad D, Domergue S, Noeth U, Jorgensen C, Con-
sortium, Adipoa (2016) Adipose mesenchymal stromal
cell-based therapy for severe osteoarthritis of the knee:
a phase I dose-escalation trial. Stem Cells Transl Med 5
(7):847–856. https://doi.org/10.5966/sctm.2015-0245

Piscaglia AC, Campanale M, Gasbarrini A, Gasbarrini G
(2010) Stem cell-based therapies for liver diseases:
state of the art and new perspectives. Stem Cells Int
2010:259461. https://doi.org/10.4061/2010/259461

Ponte AL, Marais E, Gallay N, Langonne A, Delorme B,
Herault O, Charbord P, Domenech J (2007) The
in vitro migration capacity of human bone marrow
mesenchymal stem cells: comparison of chemokine
and growth factor chemotactic activities. Stem Cells
25(7):1737–1745. https://doi.org/10.1634/stemcells.
2007-0054

Prodromidi EI, Poulsom R, Jeffery R, Roufosse CA, Pol-
lard PJ, Pusey CD, Cook HT (2006) Bone marrow-
derived cells contribute to podocyte regeneration and
amelioration of renal disease in a mouse model of
Alport syndrome. Stem Cells 24(11):2448–2455.
https://doi.org/10.1634/stemcells.2006-0201

Quarto R, Mastrogiacomo M, Cancedda R, Kutepov SM,
Mukhachev V, Lavroukov A, Kon E, Marcacci M
(2001) Repair of large bone defects with the use of
autologous bone marrow stromal cells. N Engl J Med
344(5):385–386. https://doi.org/10.1056/
NEJM200102013440516

Richardson SM, Kalamegam G, Pushparaj PN, Matta C,
Memic A, Khademhosseini A, Mobasheri R, Poletti FL,
Hoyland JA, Mobasheri A (2016) Mesenchymal stem
cells in regenerative medicine: focus on articular cartilage
and intervertebral disc regeneration. Methods 99:69–80.
https://doi.org/10.1016/j.ymeth.2015.09.015

Roberts TT, Rosenbaum AJ (2012) Bone grafts, bone
substitutes and orthobiologics: the bridge between
basic science and clinical advancements in fracture
healing. Organogenesis 8(4):114–124. https://doi.org/
10.4161/org.23306

Rosines E, Schmidt HJ, Nigam SK (2007) The effect of
hyaluronic acid size and concentration on branching
morphogenesis and tubule differentiation in develop-
ing kidney culture systems: potential applications to
engineering of renal tissues. Biomaterials 28
(32):4806–4817. https://doi.org/10.1016/j.
biomaterials.2007.07.034

Ruban P, Yeo SJ, Seow KH, Tan SK, Ng SC (2000) Deep
vein thrombosis after total knee replacement. Ann
Acad Med Singapore 29(4):428–433

Ruiz M, Cosenza S, Maumus M, Jorgensen C, Noel D
(2016) Therapeutic application of mesenchymal stem
cells in osteoarthritis. Expert Opin Biol Ther 16
(1):33–42. https://doi.org/10.1517/14712598.2016.
1093108

Rushkevich YN, Kosmacheva SM, Zabrodets GV,
Ignatenko SI, Goncharova NV, Severin IN, Likhachev
SA, Potapnev MP (2015) The use of autologous mes-
enchymal stem cells for cell therapy of patients with
amyotrophic lateral sclerosis in belarus. Bull Exp Biol
Med 159(4):576–581. https://doi.org/10.1007/s10517-
015-3017-3

Sackstein R (2011) The biology of CD44 and HCELL in
hematopoiesis: the ‘step 2-bypass pathway’ and other
emerging perspectives. Curr Opin Hematol 18
(4):239–248. https://doi.org/10.1097/MOH.
0b013e3283476140

Sekiya I, Vuoristo JT, Larson BL, Prockop DJ (2002) In
vitro cartilage formation by human adult stem cells
from bone marrow stroma defines the sequence of
cellular and molecular events during chondrogenesis.
Proc Natl Acad Sci U S A 99(7):4397–4402. https://
doi.org/10.1073/pnas.052716199

Sen RK, Tripathy SK, Aggarwal S, Marwaha N, Sharma
RR, Khandelwal N (2012) Early results of core decom-
pression and autologous bone marrow mononuclear
cells instillation in femoral head osteonecrosis: a
randomized control study. J Arthroplasty 27
(5):679–686. https://doi.org/10.1016/j.arth.2011.08.
008

Shi M, Zhang Z, Xu R, Lin H, Fu J, Zou Z, Zhang A, Shi J,
Chen L, Lv S, He W, Geng H, Jin L, Liu Z, Wang FS
(2012) Human mesenchymal stem cell transfusion is
safe and improves liver function in acute-on-chronic
liver failure patients. Stem Cells Transl Med 1
(10):725–731. https://doi.org/10.5966/sctm.2012-0034

Singaravelu K, Padanilam BJ (2009) In vitro differentia-
tion of MSC into cells with a renal tubular epithelial-
like phenotype. Ren Fail 31(6):492–502

Song JJ, Guyette JP, Gilpin SE, Gonzalez G, Vacanti JP,
Ott HC (2013) Regeneration and experimental
orthotopic transplantation of a bioengineered kidney.
Nat Med 19(5):646–651. https://doi.org/10.1038/nm.
3154

Souied E, Pulido J, Staurenghi G (2017) Autologous
induced stem-cell-derived retinal cells for macular
degeneration. N Engl J Med 377(8):792. https://doi.
org/10.1056/NEJMc1706274

Regenerative Medicine Applications of Mesenchymal Stem Cells 139

https://doi.org/10.4292/wjgpt.v8.i1.1
https://doi.org/10.1073/pnas.1432929100
https://doi.org/10.1073/pnas.1432929100
https://doi.org/10.5966/sctm.2015-0245
https://doi.org/10.4061/2010/259461
https://doi.org/10.1634/stemcells.2007-0054
https://doi.org/10.1634/stemcells.2007-0054
https://doi.org/10.1634/stemcells.2006-0201
https://doi.org/10.1056/NEJM200102013440516
https://doi.org/10.1056/NEJM200102013440516
https://doi.org/10.1016/j.ymeth.2015.09.015
https://doi.org/10.4161/org.23306
https://doi.org/10.4161/org.23306
https://doi.org/10.1016/j.biomaterials.2007.07.034
https://doi.org/10.1016/j.biomaterials.2007.07.034
https://doi.org/10.1517/14712598.2016.1093108
https://doi.org/10.1517/14712598.2016.1093108
https://doi.org/10.1007/s10517-015-3017-3
https://doi.org/10.1007/s10517-015-3017-3
https://doi.org/10.1097/MOH.0b013e3283476140
https://doi.org/10.1097/MOH.0b013e3283476140
https://doi.org/10.1073/pnas.052716199
https://doi.org/10.1073/pnas.052716199
https://doi.org/10.1016/j.arth.2011.08.008
https://doi.org/10.1016/j.arth.2011.08.008
https://doi.org/10.5966/sctm.2012-0034
https://doi.org/10.1038/nm.3154
https://doi.org/10.1038/nm.3154
https://doi.org/10.1056/NEJMc1706274
https://doi.org/10.1056/NEJMc1706274


Spanoudes K, Gaspar D, Pandit A, Zeugolis DI (2014) The
biophysical, biochemical, and biological toolbox for
tenogenic phenotype maintenance in vitro. Trends
Biotechnol 32(9):474–482. https://doi.org/10.1016/j.
tibtech.2014.06.009

Spasovski D, Spasovski V, Bascarevic Z, Stojiljkovic M,
Vreca M, Andelkovic M, Pavlovic S (2018) Intra-
articular injection of autologous adipose-derived mes-
enchymal stem cells in the treatment of knee osteoar-
thritis. J Gene Med 20(1). https://doi.org/10.1002/jgm.
3002

Squillaro T, Peluso G, Galderisi U (2016) Clinical trials
with mesenchymal stem cells: an update. Cell Trans-
plant 25(5):829–848. https://doi.org/10.3727/
096368915X689622

Stockmann P, Park J, von Wilmowsky C, Nkenke E,
Felszeghy E, Dehner JF, Schmitt C, Tudor C, Schlegel
KA (2012) Guided bone regeneration in pig calvarial
bone defects using autologous mesenchymal stem/pro-
genitor cells – a comparison of different tissue sources.
J Craniomaxillofac Surg 40(4):310–320. https://doi.
org/10.1016/j.jcms.2011.05.004

Stolk J, Broekman W, Mauad T, Zwaginga JJ, Roelofs H,
Fibbe WE, Oostendorp J, Bajema I, Versteegh MI,
Taube C, Hiemstra PS (2016) A phase I study for
intravenous autologous mesenchymal stromal cell
administration to patients with severe emphysema.
QJM 109(5):331–336. https://doi.org/10.1093/qjmed/
hcw001

Taghiyar L, Hesaraki M, Sayahpour FA, Satarian L,
Hosseini S, Aghdami N, Baghaban Eslaminejad M
(2017) Msh homeobox 1 (Msx1)- and Msx2-
overexpressing bone marrow-derived mesenchymal
stem cells resemble blastema cells and enhance regen-
eration in mice. J Biol Chem 292(25):10520–10533.
https://doi.org/10.1074/jbc.M116.774265

Takahashi K, Yamanaka S (2006) Induction of pluripotent
stem cells from mouse embryonic and adult fibroblast
cultures by defined factors. Cell 126(4):663–676.
https://doi.org/10.1016/j.cell.2006.07.024

Tawonsawatruk T, West CC, Murray IR, Soo C, Peault B,
Simpson AH (2016) Adipose derived pericytes rescue
fractures from a failure of healing–non-union. Sci Rep
6:22779. https://doi.org/10.1038/srep22779

Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA,
Swiergiel JJ, Marshall VS, Jones JM (1998) Embry-
onic stem cell lines derived from human blastocysts.
Science 282(5391):1145–1147

Timmers L, Lim SK, Hoefer IE, Arslan F, Lai RC, van
Oorschot AA, Goumans MJ, Strijder C, Sze SK,
Choo A, Piek JJ, Doevendans PA, Pasterkamp G, de
Kleijn DP (2011) Human mesenchymal stem cell-
conditioned medium improves cardiac function follow-
ing myocardial infarction. Stem Cell Res 6
(3):206–214. https://doi.org/10.1016/j.scr.2011.01.001

Toma C, Pittenger MF, Cahill KS, Byrne BJ, Kessler PD
(2002) Human mesenchymal stem cells differentiate to
a cardiomyocyte phenotype in the adult murine heart.
Circulation 105(1):93–98

Torrente Y, Belicchi M, Marchesi C, D'Antona G,
Cogiamanian F, Pisati F, Gavina M, Giordano R,
Tonlorenzi R, Fagiolari G, Lamperti C, Porretti L,
Lopa R, Sampaolesi M, Vicentini L, Grimoldi N,
Tiberio F, Songa V, Baratta P, Prelle A, Forzenigo L,
Guglieri M, Pansarasa O, Rinaldi C, Mouly V, Butler-
Browne GS, Comi GP, Biondetti P, Moggio M, Gaini
SM, Stocchetti N, Priori A, D'Angelo MG, Turconi A,
Bottinelli R, Cossu G, Rebulla P, Bresolin N (2007)
Autologous transplantation of muscle-derived CD133
+ stem cells in Duchenne muscle patients. Cell Trans-
plant 16(6):563–577

Ulivi V, Tasso R, Cancedda R, Descalzi F (2014) Mesen-
chymal stem cell paracrine activity is modulated by
platelet lysate: induction of an inflammatory response
and secretion of factors maintaining macrophages in a
proinflammatory phenotype. Stem Cells Dev 23
(16):1858–1869. https://doi.org/10.1089/scd.2013.
0567

van Gelder T, van Schaik RH, Hesselink DA (2014)
Pharmacogenetics and immunosuppressive drugs in
solid organ transplantation. Nat Rev Nephrol 10
(12):725–731. https://doi.org/10.1038/nrneph.2014.
172

Vandenburgh HH, Karlisch P, Farr L (1988) Maintenance
of highly contractile tissue-cultured avian skeletal
myotubes in collagen gel. Vitro Cell Dev Biol 24
(3):166–174

Veronesi F, Salamanna F, Tschon M, Maglio M, Nicoli
Aldini N, Fini M (2017) Mesenchymal stem cells for
tendon healing: what is on the horizon? J Tissue Eng
Regen Med 11(11):3202–3219. https://doi.org/10.
1002/term.2209

Wakitani S, Mitsuoka T, Nakamura N, Toritsuka Y,
Nakamura Y, Horibe S (2004) Autologous bone mar-
row stromal cell transplantation for repair of full-
thickness articular cartilage defects in human patellae:
two case reports. Cell Transplant 13(5):595–600

Wang C, Li Y, Yang M, Zou Y, Liu H, Liang Z, Yin Y,
Niu G, Yan Z, Zhang B (2018) Efficient differentiation
of bone marrow mesenchymal stem cells into endothe-
lial cells in vitro. Eur J Vasc Endovasc Surg 55
(2):257–265. https://doi.org/10.1016/j.ejvs.2017.10.
012

Weng JY, Du X, Geng SX, Peng YW,Wang Z, Lu ZS, Wu
SJ, Luo CW, Guo R, Ling W, Deng CX, Liao PJ,
Xiang AP (2010) Mesenchymal stem cell as salvage
treatment for refractory chronic GVHD. Bone Marrow
Transplant 45(12):1732–1740. https://doi.org/10.1038/
bmt.2010.195

Wiley LA, Burnight ER, Songstad AE, Drack AV, Mullins
RF, Stone EM, Tucker BA (2015) Patient-specific
induced pluripotent stem cells (iPSCs) for the study
and treatment of retinal degenerative diseases. Prog
Retin Eye Res 44:15–35. https://doi.org/10.1016/j.
preteyeres.2014.10.002

Wilson JG, Liu KD, Zhuo H, Caballero L, McMillan M,
Fang X, Cosgrove K, Vojnik R, Calfee CS, Lee JW,
Rogers AJ, Levitt J, Wiener-Kronish J, Bajwa EK,

140 S. Hosseini et al.

https://doi.org/10.1016/j.tibtech.2014.06.009
https://doi.org/10.1016/j.tibtech.2014.06.009
https://doi.org/10.1002/jgm.3002
https://doi.org/10.1002/jgm.3002
https://doi.org/10.3727/096368915X689622
https://doi.org/10.3727/096368915X689622
https://doi.org/10.1016/j.jcms.2011.05.004
https://doi.org/10.1016/j.jcms.2011.05.004
https://doi.org/10.1093/qjmed/hcw001
https://doi.org/10.1093/qjmed/hcw001
https://doi.org/10.1074/jbc.M116.774265
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1038/srep22779
https://doi.org/10.1016/j.scr.2011.01.001
https://doi.org/10.1089/scd.2013.0567
https://doi.org/10.1089/scd.2013.0567
https://doi.org/10.1038/nrneph.2014.172
https://doi.org/10.1038/nrneph.2014.172
https://doi.org/10.1002/term.2209
https://doi.org/10.1002/term.2209
https://doi.org/10.1016/j.ejvs.2017.10.012
https://doi.org/10.1016/j.ejvs.2017.10.012
https://doi.org/10.1038/bmt.2010.195
https://doi.org/10.1038/bmt.2010.195
https://doi.org/10.1016/j.preteyeres.2014.10.002
https://doi.org/10.1016/j.preteyeres.2014.10.002


Leavitt A, McKenna D, Thompson BT, Matthay MA
(2015) Mesenchymal stem (stromal) cells for treatment
of ARDS: a phase 1 clinical trial. Lancet Respir Med 3
(1):24–32. https://doi.org/10.1016/S2213-2600(14)
70291-7

Witt R, Weigand A, Boos AM, Cai A, Dippold D,
Boccaccini AR, Schubert DW, Hardt M, Lange C,
Arkudas A, Horch RE, Beier JP (2017) Mesenchymal
stem cells and myoblast differentiation under HGF and
IGF-1 stimulation for 3D skeletal muscle tissue engi-
neering. BMC Cell Biol 18(1):15. https://doi.org/10.
1186/s12860-017-0131-2

Wong KL, Lee KB, Tai BC, Law P, Lee EH, Hui JH
(2013) Injectable cultured bone marrow-derived mes-
enchymal stem cells in varus knees with cartilage
defects undergoing high tibial osteotomy: a prospec-
tive, randomized controlled clinical trial with 2 years’
follow-up. Arthroscopy 29(12):2020–2028. https://doi.
org/10.1016/j.arthro.2013.09.074

Wu Y, Chen L, Scott PG, Tredget EE (2007) Mesenchy-
mal stem cells enhance wound healing through differ-
entiation and angiogenesis. Stem Cells 25
(10):2648–2659. https://doi.org/10.1634/stemcells.
2007-0226

Wynn RF, Hart CA, Corradi-Perini C, O’Neill L, Evans
CA, Wraith JE, Fairbairn LJ, Bellantuono I (2004) A
small proportion of mesenchymal stem cells strongly
expresses functionally active CXCR4 receptor capable
of promoting migration to bone marrow. Blood 104
(9):2643–2645. https://doi.org/10.1182/blood-2004-
02-0526

Xiao W, Guo S, Gao C, Dai G, Gao Y, Li M, Wang X, Hu
D (2017) A randomized comparative study on the
efficacy of intracoronary infusion of autologous bone
marrow mononuclear cells and mesenchymal stem
cells in patients with dilated cardiomyopathy. Int
Heart J 58(2):238–244. https://doi.org/10.1536/ihj.16-
328

Xu G, Zhang L, Ren G, Yuan Z, Zhang Y, Zhao RC, Shi Y
(2007) Immunosuppressive properties of cloned bone
marrow mesenchymal stem cells. Cell Res 17
(3):240–248. https://doi.org/10.1038/cr.2007.4

Yan X, Liu Y, Han Q, Jia M, Liao L, Qi M, Zhao RC
(2007) Injured microenvironment directly guides the
differentiation of engrafted Flk-1(+) mesenchymal
stem cell in lung. Exp Hematol 35(9):1466–1475.
https://doi.org/10.1016/j.exphem.2007.05.012

Yao L, Bestwick CS, Bestwick LA, Maffulli N, Aspden
RM (2006) Phenotypic drift in human tenocyte culture.
Tissue Eng 12(7):1843–1849. https://doi.org/10.1089/
ten.2006.12.1843

Yin H, Price F, Rudnicki MA (2013) Satellite cells and the
muscle stem cell niche. Physiol Rev 93(1):23–67.
https://doi.org/10.1152/physrev.00043.2011

Yoon YS, Park JS, Tkebuchava T, Luedeman C, Losordo
DW (2004) Unexpected severe calcification after trans-
plantation of bone marrow cells in acute myocardial
infarction. Circulation 109(25):3154–3157. https://doi.
org/10.1161/01.CIR.0000134696.08436.65

Yun SP, Ryu JM, Jang MW, Han HJ (2011) Interaction of
profilin-1 and F-actin via a beta-arrestin-1/JNK signal-
ing pathway involved in prostaglandin E(2)-induced
human mesenchymal stem cells migration and prolif-
eration. J Cell Physiol 226(2):559–571. https://doi.org/
10.1002/jcp.22366

Zamiri B, Shahidi S, Eslaminejad MB, Khoshzaban A,
Gholami M, Bahramnejad E, Moghadasali R,
Mardpour S, Aghdami N (2013) Reconstruction of
human mandibular continuity defects with allogenic
scaffold and autologous marrow mesenchymal stem
cells. J Craniofac Surg 24(4):1292–1297. https://doi.
org/10.1097/SCS.0b013e318294288a

Zhao D, Cui D, Wang B, Tian F, Guo L, Yang L, Liu B,
Yu X (2012) Treatment of early stage osteonecrosis of
the femoral head with autologous implantation of bone
marrow-derived and cultured mesenchymal stem cells.
Bone 50(1):325–330. https://doi.org/10.1016/j.bone.
2011.11.002

Zhao L, Liu X, Zhang Y, Liang X, Ding Y, Xu Y, Fang Z,
Zhang F (2016) Enhanced cell survival and paracrine
effects of mesenchymal stem cells overexpressing
hepatocyte growth factor promote cardioprotection in
myocardial infarction. Exp Cell Res 344(1):30–39.
https://doi.org/10.1016/j.yexcr.2016.03.024

Regenerative Medicine Applications of Mesenchymal Stem Cells 141

https://doi.org/10.1016/S2213-2600(14)70291-7
https://doi.org/10.1016/S2213-2600(14)70291-7
https://doi.org/10.1186/s12860-017-0131-2
https://doi.org/10.1186/s12860-017-0131-2
https://doi.org/10.1016/j.arthro.2013.09.074
https://doi.org/10.1016/j.arthro.2013.09.074
https://doi.org/10.1634/stemcells.2007-0226
https://doi.org/10.1634/stemcells.2007-0226
https://doi.org/10.1182/blood-2004-02-0526
https://doi.org/10.1182/blood-2004-02-0526
https://doi.org/10.1536/ihj.16-328
https://doi.org/10.1536/ihj.16-328
https://doi.org/10.1038/cr.2007.4
https://doi.org/10.1016/j.exphem.2007.05.012
https://doi.org/10.1089/ten.2006.12.1843
https://doi.org/10.1089/ten.2006.12.1843
https://doi.org/10.1152/physrev.00043.2011
https://doi.org/10.1161/01.CIR.0000134696.08436.65
https://doi.org/10.1161/01.CIR.0000134696.08436.65
https://doi.org/10.1002/jcp.22366
https://doi.org/10.1002/jcp.22366
https://doi.org/10.1097/SCS.0b013e318294288a
https://doi.org/10.1097/SCS.0b013e318294288a
https://doi.org/10.1016/j.bone.2011.11.002
https://doi.org/10.1016/j.bone.2011.11.002
https://doi.org/10.1016/j.yexcr.2016.03.024


Adv Exp Med Biol – Cell Biology and Translational Medicine (2018) 2: 143–147
DOI 10.1007/5584_2018_180
# Springer International Publishing AG 2018
Published online: 1 March 2018

Stem Cells Application in Thoracic Surgery:
Current Perspective and Future Directions

Francesco Petrella and Lorenzo Spaggiari

Abstract

Two main fields of clinical applications of
stem cells in thoracic surgery have been
explored: (a) regenerative medicine, that is a
branch of translational research in tissue engi-
neering and molecular biology dealing with
the replacement, engineering or regeneration
of cells, tissues and organs to restore normal
function; (b) drug loading and delivery, that is
an emerging field proposing stem cells as
vectors to deliver anti-cancer agents for
targeted therapies.

Bronchopleural fistula is a pathological
connection between the bronchus and the pleu-
ral cavity that may develop after lung resec-
tion, thus causing pleural empyema due to
colonization by resident airway bacteria; stem
cells and regenerative medicine approach can
effectively contribute to impaired bronchial
healing, thus preventive a septic and ventilator
catastrophe.

In the field of thoracic oncology, MSC are
probably one of the best choice for anticancer

drug delivery, emerging as potential experi-
mental approach to malignant mesothelioma
treatment.

The goal of this review is to focus on clini-
cal applications of stem cell technologies in
thoracic surgery, emphasizing regenerative
medicine aspects as well as drug loading and
delivery in thoracic oncology.

Keywords

Drug loading and delivery · Regenerative
medicine · Stem cells

Abbreviations

MSC mesenchymal stromal cells
BM-
MSC

bone marrow mesenchymal stromal
cells

SPECT single photon emission computed
tomography

MR magnetic resonance
PET positron emission tomography
SPIO super paramagnetic iron oxide
USPIO ultrasmall superparamagnetic iron

oxide
BPF broncho pleural fistula
MPM malignant pleural mesotehlioma
PD-1 programmed cell death protein 1
PTX paclitaxel

F. Petrella (*) and L. Spaggiari
Department of Thoracic Surgery, European Institute of
Oncology, Milan, Italy

Department of Oncology and Hemato-oncology,
University of Milan, Milan, Italy
e-mail: francesco.petrella@ieo.it;
francesco.petrella@unimi.it

143

http://crossmark.crossref.org/dialog/?doi=10.1007/5584_2018_180&domain=pdf
mailto:francesco.petrella@ieo.it
mailto:francesco.�petrella@unimi.it


1 Introduction

Stem cells are undifferentiated cells possessing
extensive self-renewal properties and potential
to differentiate in vivo and in vitro into a variety
of lineage cells, like osteogenic, chondrogenic,
and adipogenic lineages when cultured in specific
inducing media (Pittenger et al. 1999; Siegel et al.
2009). There are two main types of stem cells:
embryonic stem cells, deriving from the inner cell
mass of blastocysts, and adult stem cells, that can
be isolated from many tissues, like bone marrow,
adipose tissue, blood and – as recently described
– from several other tissues (Kern et al. 2006).

Many studies have focused on the potential
clinical applications of stem cell technologies in
many fields of medicine – including cardiotho-
racic surgery – but with controversial results
(Petrella et al. 2015a, b, 2017).

Two main fields of clinical applications of
stem cells in thoracic surgery have been explored:
(a) regenerative medicine, that is a branch of
translational research in tissue engineering and
molecular biology dealing with the replacement,
engineering or regeneration of cells, tissues and
organs to restore normal function (Mason and
Dunnill 2008); (b) drug loading and delivery,
that is an emerging field proposing stem cells as
vectors to deliver anti-cancer agents for targeted
therapies (Li et al. 2015).

2 Mesenchymal Stromal Cells

Mesenchymal stromal cells (MSC) – previously
defined as mesenchymal stem cells – are undiffer-
entiated multipotent adult cells possessing exten-
sive self-renewal properties and potential to
differentiate in vivo and in vitro into a variety of
mesenchymal lineage cells (Pittenger et al. 1999).

Due to their immune phenotype, MSC can
evade the host immune system, thus allowing
allogenic transplantation without any immuno-
suppression (Igura et al. 2004): after implantation,
in fact, MSC interact with the surrounding micro-
environment, stimulating tissue healing, restora-
tion and regeneration by cross-talking with other

cells present within damaged tissues or structures
(Baiguera et al. 2012); moreover they express a
deep anti-inflammatory and immunoregulatory
effect on the immune system by several
mediators, in particular cytokines and
chemokines (Kyurkvhiev et al. 2014).

They were first discovered in bone marrow
and subsequently isolated and characterized
from a wide spectrum of different adult and fetal
tissues like umbilical cord, placenta, adipose tis-
sue, tendon, dental pulp, cornea, thymus, liver,
spleen, periosteum, brain and synovial and amni-
otic fluids (Petrella et al. 2015a, b); although
MSC isolated by different sources are different,
they express the same profile of secreted
cytokines (Park et al. 2009).

MSC are able to migrate and engraft at sites of
tissue damage and injury and at a wound site
exerting local reparative actions by the paracrine
secretion of factors with anti-inflammatory and
wound-healing properties rather than through a
transdifferentiation process into tissue-specific
cell types (Wu et al. 2007).

3 Molecular Imaging of Stem
Cells

As MSC have emerged as one of the most inter-
esting technology with many potential clinical
applications among the various stem cell
populations used for cell therapy (Rizzo et al.
2017), there is a specific need of tracking after
transplantation to evaluate several different
methods of implantation and to monitor cell
migration within the human body, thus
quantifying cell accumulation at the target site
(Ribot et al. 2014).

Optical methods – based on retroviral vectors
and fluorescent proteins – have been widely used,
but they allow cells tracking and homing only
after sacrifice of the animal, moreover with quite
poor results, being the tissue penetrability of fluo-
rescence limited (Sohni and Verfaillie 2013).

For this reason, other methods – able to track
injected MSC in vivo – such as single photon
emission computed tomography (SPECT),

144 F. Petrella and L. Spaggiari



magnetic resonance (MR), and positron emission
tomography (PET), have being employed.

SPECT uses the radioactive decay of
radionuclides and gamma rays to provide 3D
information on cell location using tomographic
reconstruction (Bindslev et al. 2006); PET imag-
ing is based on direct approach by labeling stem
cells with radioactive compounds such as [18F]-
fluorodeoxyglucose (Kircher et al. 2011) or on
indirect approach relying on the activation of a
tracer dye by a protein transduced by a recombi-
nant viral vector into the cells (Deroose et al.
2012).

MR has emerged as an excellent method for
tracking cells both in vivo and in vitro, thanks to
its capacity for high spatial resolution; cells can
be labeled either with positive contrast agents –

such as gadolinium – or with negative contrast
agents, such as superparamagnetic iron oxide
(SPIO) and ultra small superparamagnetic iron
oxide (USPIO) particles (Rizzo et al. 2017).

4 Clinical Applications
in Thoracic Surgery

4.1 Bronchopleural Fistula

Bronchopleural fistula (BPF) is a pathological con-
nection between the bronchus and the pleural cavity
that may develop after lung resection, thus causing
pleural empyema due to colonization by resident
airway bacteria. The incidence of BPF – following
pulmonary resection for malignant lung cancers
treatments – ranges from 1% to 4%, and its mortal-
ity is very high, ranging from 12.5% to 71.2% .

Several different causes con contribute to post
resectional BPF development: incomplete or
technically poor bronchial closure, alteration of
bronchial stump wound healing process or stump
destruction by residual bronchial tumor. The clin-
ical effect of BPF, complicated by pleural empy-
ema, may hesitate in a life-threatening septic and
ventilator condition and the persistence or the
resolution of bronchial fistula makes the differ-
ence among recovery, chronicity or death
(Petrella et al. 2014).

At present, endoscopic treatment of BPF is
based on the delivery of a sclerosing agent,
biological glue, coils, covered stents, or sealants
to the BPF site by flexible or rigid bronchoscope
(Cardillo et al. 2015); the success rate of mini-
mally invasive endoscopic approach mainly
depends on the underlying disease and the size
of the fistulas, with larger fistulas having poor
closure rates (Asamura et al. 1992). After a pre-
clinical experience on a large animal model, dis-
closing that autologous MSC endoscopic
transplantation effectively occludes experimental
BPF, we reported a case of successful closure of
BPF – developing after right extrapleural pneu-
monectomy – by autologous bone marrow
derived MSC by bronchoscopic transplantation
(Petrella et al. 2014, 2015a, b).Further encourag-
ing results have been later reported by other
teams, disclosing similar successful results
obtained by adipose derived MSC, platelet rich
plasma and MSC seeded matrix graft (Díaz-
Agero Álvarez et al. 2016; Aho et al. 2016; Dua
et al. 2016).

4.2 Drug Loading and Delivery
for Malignant Mesothelioma
Treatment

Malignant Pleural Mesothelioma (MPM) is an
highly aggressive neoplasm resistant to chemo-
therapy, with a low response rate (20% of treated
patients). Platinum-based chemotherapy plus a
third-generation antifolate is the front-line stan-
dard of treatment whereas there are no effective
second-line treatments (Facchetti et al. 2017).

Emerging immunotherapy based on an altered
expression of genetic pool, makes some genes an
excellent target for antibody-based therapy
(Ceresoli et al. 2016); however tremelimumab – a
fully human IgG2 monoclonal antibody against
cytotoxic T lymphocyte associated protein
4 (CTLA-4) – presents several severe side effects
(Maio et al. 2017) while pembrolizumab – an inhib-
itor of programmed cell death protein 1 (PD-1) – is
currently under investigation, demonstrating to be
safe and tolerable (Alley et al. 2017).
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MSC have been shown the property to accu-
mulate intracellularly and deliver several antineo-
plastic drugs, without any genetic modifications,
thereby decreasing tumor proliferation (Pessina
et al. 2011). Among the many different methods
of drug delivery described in the last decade,
non-modified MSC are probably one of the best
choice for anticancer drug delivery as they easily
adapt to culture conditions and home to neoplas-
tic tissues when injected in vivo (Pessina et al.
2011).

MSC release active soluble factors and play an
effective immunomodulatory rolemoreover they
can cross the blood brain barrier, thus
representing a potential resource for adult and
pediatric brain tumors treatment on the other
hand, the issue of whether MSC cross-talk with
the tumor microenvironment boosts tumor sup-
pression or instead favors tumor growth remains
unsettled (Pacioni et al. 2017). We have
demonstrated that bone marrow mesenchymal
stromal cells (BM-MSC) loaded with paclitaxel
(PTX) – an antineoplastic drug targeting tubulin
and stabilizing the microtubule polymer
protecting it from disassembly – successfully
inhibit in vitro proliferation of MPM cells how-
ever further studies and in vivo testing are
required to confirm our preliminary in vitro
results as a potential new mesothelioma therapy
based on cell drug delivery (Petrella and
Spaggiari 2017)

5 Concluding Remarks

Clinical application of regenerative medicine
principles and stem cell technologies to thoracic
surgery is an intriguing and promising field; how-
ever, several drawbacks still exist and should be
clearly emphasized before shifting preclinical
findings in clinical day practice.

Clear warnings are needed against sensational,
anecdotal or enthusiastic reports that jeopardize
the complex field of regenerative medicine
making it even more dangerous and controversial.
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