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Abstract

Aim of the study is to cite the recent research findings
about multipotent adult mesenchymal stem cells or
stromal cells (MSCs) considering their origin, phenotypical
and functional characterization as well as being a bio
medical ideal candidate for their effective administration
in MSC-mediated clinical trials. MSCs were firstly reported
by Friedenstein along with his coworkers within the bone
marrow of an adult individual categorized as plastic
adherent, colony forming fibroblastic cells with capability
of reconstituting a hematopoietic medium when grafted
in vivo. Gradually with years, it has been revealed that
these stromal cells with potential to differentiate in
multiple mesenchymal mesodermal and non-mesodermal
cell lines like adipocytes, osteoblasts and chondrocytes,
are not limited to bone marrow cells but are also exclusive
part of some other tissues and organs. Many evidences
have provided an insight supporting their self-renewal
ability combined with their multipotency both in vivo and
invitro and it has exploited their potential in multiorgan
engraftment, tissue engineering therapies, immune
regulatory properties along with capacity to aid as natural
repair mechanism for tissues both invitro and in vivo.
Though, despite this striking spectrum of investigation,
many queries regarding their developmental origin,
reproducible pluripotency and their in vivo functional
mechanism of modeling and remodeling of bones along
with tissue mending are yet answerable and a lot of
challenges are needed to deal with before administering
them in broad clinical prosecutions.
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Introduction

Mesenchymal stromal cells stem cells (MSCs) have
elucidated the global and scientific attention mainly due to
their potential to harbor the self-renewal and regenerative
capability during repairing, limiting and reconstituting the
respective  tissue components in bone regeneration
phenomenon [1]. Being characterized as heterogenous, plastic
adherent, distinct stromal sub-population, MSCs having the
lineage commitment capability is an active field of
investigation in the world of stem cell based innovations [2].

After HSCs discovery, research work of Friedenstein testified
the presence of non- hematopoietic stromal cells with adipose
and skeletal potential observed during heterotopic
transplantation that can form reticular cells, cartilage, fat cells
and bone [3]. With passing years, researchers have extended
and confirmed these observations by isolating them from bone
marrow (BM) and by elaborating the passaging and induced
differentiation procedures of MSCs under the invitro cultured
conditions into multiple mesodermal and non-mesodermal
lineages [4,5].

Progressive researches in field of MSCs has revealed the
MSCs niche component and it has explained that though bone
marrow is direct source of isolation of MSCs but it is also found
in post-natal organs considering from the birth tissues to
skeletal muscles and even dental pulp. However, the frequency
and number of MSCs present in different tissues can be varied
depending on the corresponding tissue type [6-8].

Significant novel methods of immunoselection, enzymatic
and non-enzymatic degradation and analytical PCR has been
performed for analyzing their phenotypic characteristics, cells
expansion, and differentiation in vitro as well the recognition
of factors that served to play part during their in vivo
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transplantation [9,10]. Various evidences have suggested that
many signals transducing networks and interacting pathways
are involved in regulating the differentiation of MSCs. Due to
significant clinical advancement of MSCs in field of medicine, it
is considered to be imperative to expose pathways adapted by
regulators with which MSCs undergone differentiation and
discovery of micro RNA dependent lineage commitment has
provided a new insight in understanding the mechanisms
regulating their differentiation [11,12].

Operationally, all the findings about MSCs is virtually
dependent on their invitro characterization and a very little
has been cited about their in vivo counter partner. Therefore,
criteria for defining MSCs is actually on basis of their in vitro
self-renewal and differentiation potential [13]. Lately, an effort
has been done in explaining their anatomical origin and it has
shown their homology with in vivo residing pericytic cells
surrounded by blood vessels [14]. Additionally, no defined in
vivo assays have been identified so far that can explain its
unique marker of stemness, yet, recent studies has suggested
the in vivo role of MSCs in maintaining the hematopoietic
environment and stability of the bone marrow compartment
[15].

An important reason to investigate the origin and
underlying differentiation mechanism of MSCs is to enhance
their therapeutic potential in preclinical and clinical trials.
Scientists have made advancement for analysis of the healing
benefits of MSCs according to their biological functions and
they have concluded that certain growth factors, soluble
secretory molecules and paracrine factors are involved that
engage the recipient cells during tissue repair process.
Currently, main goal of scientific innovations in study of MSCs
is there in vivo characterization as it can lead to isolation of
enriched pure stromal cells population that can be used for
organogenesis, tissue engraftment and immunomodulatory
effects which will renovate the world of clinical cell mediated
therapies [16].

Literature Review

This brief review provides a brief understanding about MSCs
spotted right from their original perception and conception to
its therapeutic properties focusing their in vivo and in vitro
regulatory mechanisms of differentiation into multiple lineages
and their organizing roles in the clinical biology.

Origin and Perception of Mesenchymal Stem
Cells

Cohnheim, in 1867, was the first scientist who hypothesized
that a bone marrow (BM) source of the fibroblasts exists and
played its role during the wound healing process. Followed by
this observation, Maximow described a vital link among freshly
forming blood constituents and mesodermal cells during the
process of embryogenesis. He postulated the role of stromal
marrow in subsiding the progression and maintenance of
blood with hematopoietic organs. These observations done by
both scientists presented the very first idea about the
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existence of stromal cells population in BM that served to be
involved in natural healing process and hematopoiesis [17,18].

In early 1960s, in vivo BM transplantation demonstrated the
role of these precursors as formers of cellular tissues.
Transplanting these stromal cells in subcutaneous layer or just
beneath the kidney capsule led strangely towards growth of
ectopic marrow. Decomposing the origins of these ectopic
marrow cells, it exposed the bony trabeculae of donor,
adipocytes, myeloid supportive stroma and host derivatives of
hematopoietic stem cells that formed the colony and undergo
maturation inside the lumen [19,20]. Friedenstein et al. were
first who verified that stromal cells possibly be secluded from
BM based on their ability to adhere differentially with tissue
culture plastic technique, still used for MSCs isolation. These
cells were firstly regarded as non-phagocytic and adherent
cells having ability to form colony forming units that are
fibroblastic in nature [21]. Experiments made with connective
tissues and dermal fibroblasts failed to retrieve the similar
histological demonstration as made by when stromal cells
were transplanted in kidney capsule or other tissues,
representing it a marrow stroma specific phenomenon. These
pivotal experiments proved that MSCs has similar function like
lymphoid stromal cells and recommended MSCs to be the
predecessors of BM connective tissues. Lately in 1980s,
Maureen Owen with Caplan demonstrated the work of
Friedenstein and proposed about the presence of adult stem
cells, considered to be responsible for process of
mesengenesis. Further, Owen et al. characterized these
marrow stroma cells and also illustrate their heterogenicity
[22,23]. Meanwhile, Caplan and his colleagues theorized that
subpopulation of stromal cells was developmentally linked
with mesenchymal tissues which they had been analyzing in
the process of chick embryogenesis. Moreover, scientists
identified the first MSCs expressed antigens which show a
reaction with monoclonal antibodies at SH2 (CD105) and SH3
(CD73) subsequently. He formulated the name “mesenchymal
stem cells” for describing that subtype of stromal cells which
were found to be involved in mesengenesis [23-25].

Presence of a stromal precursor differentiating into
mesodermal cell lines in BM was initially theorized in
nineteenth century [26]. Succeeding towards approaches used
for isolation and culturing of MSCs, this field began its progress
rapidly and many scientists began to discover their therapeutic
practices. Few years after the discovery of MSCs, human
efforts were inaugurated to assess the safety and effectiveness
of MSCs mediated therapy. Primarily, autologous MSCs were
investigated to aid in tissue engraftment and retrieval of
hematopoiesis after ablation and marrow transplantation
performed in treatment of cancer [27,28]. Concurrently,
researchers conducted a series of innovative experiments to
investigate about therapeutic probabilities for allogeneic MSCs
transplants in treatment of children suffering from
osteogenesis imperfecta which is a genetic disease of skeletal
dysplasia [29]. Thereafter, further investigations were made
for treating patients suffering with Hurler syndrome and
metachromatic leukodystrophy with help of allogenic MSCs.
The results of these investigations were very significant as it
provided evidence for safety of MSCs mediated therapies [30].
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Lately, International Society for the Mesenchymal Tissue
and Stem Cell Committee projected the minimal criteria for
defining human MSCs (hMSCs). Firstly, hMSCs must be plastic
adherent under standard cultured environment and must form
colonized fibroblastic units (CFU-Fs). Secondly, hMSCs must
exhibit CD73, CD90 and CD105 markers expression and
absence of CD14, CD11b, CD19, CD34, CD45, CD79 and HLA-DR
molecules.  Lastly hMSCs must differentiate into
chondroblasts, osteoblasts and adipocytes in vitro [31].

Currently, on basis of recent innovation made about
pleotropic function of MSCs that favors to attenuate immune
dysfunction as well as enhancing endogenous repairment,
MSCs transplantation has been investigated for treating
myriad disease. Presently, registered experimental sites are
present for assessing MSCs therapy all over the world,
signifying global curiosity for exploring MSCs as a potential
therapy source. Most of the trials are funded by academic
medical centers for exploring novel features of MSCs in diverse
areas as liver cirrhosis, spinal cord injury and critical limb
ischemia. Osiris Therapeutics, instituted in 1991, has played an
influential role in past decade in promoting the research and
expansion of MSC based clinical therapies. Based on
researches made on immunological role of MSCs, it has
introduced a clinical trial to explore the therapeutic efficacy of
MSCs in humans. It has pioneered the studies to investigate
the administration of MSCs as a therapy for type 1- diabetes
mellitus, crohon’s disease, myocardial infraction, graft-versus-
host diseases (GvHD) and chronic obstructive pulmonary
disorders (COPD). A good safety record for MSCs injection has
expanded the MSCs mediated clinical trials in Phase Il and
Phase Il and currently MSCs have been approved as expanded
access to be used in pediatric refractive GvHD [32-34].
However, molecular signature and their in vivo status of
proliferation remain unclear and is subjected to investigation,
though the ex vivo cultured MSCs are being extensively used in
several studies [35,36].

Many clinical trials entail the administration of MSCs
systemically and assume that MSCs engraftment provide long
term support by either directly replenishing damaged tissue or
interacting with neighboring cells to favor the endogenous
repair. Currently, it is widely debated whether MSCs
engraftment, proliferation, or differentiation is obligatory for
therapeutic benefit [37]. Many recent studies are now
predicting the paracrine signaling as the primary mechanism
of action followed by soluble factors secreted by MSCs and a
few studies have even demonstrated that direct injection of
the molecules secreted by MSCs can provide an improved
benefit when transplanted to the whole cells [38].

MSCs Niche evidences from several tissues

BM derived MSCs, due to their ease in accessibility,
multipotent nature and expandability, hold significant
potential for their role in the regenerative medicines as well as
tissue engineering [39]. However, besides the BM, well
recognized sources are also reported in body for MSCs.
Probably, primary MSCs population can be isolated from fetal
birth tissues like Wharton’s jelly, umbilical cord matrix and
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umbilical cord blood. It is worthy to note that umbilical cord
blood matrix serves more good source of MSCs than umbilical
cord blood [40]. Wharton’s jelly mainly contain primitive MSCs
thus upsurges their potential in therapeutic submissions [41].
Additionally, amniotic fluid has also been revealed to contain
MSCs and it can be attained with amniocentesis or during the
birth time.

Other birth related tissues like amnion and placenta though
contain MSCs, however due to their quantity and regarding the
fact that they hold a heterogenous hematopoietic stem cells
(HSCs) population and endothelial progenitor cells (EPC), their
potential therapeutics differs from the pure MSCs [42]. With
growth, the next possible young cell source is the developing
dental pulp which is easy to collect among 8-10 of ages in
children. There is an ambiguity if these cells serve to be
pluripotent or multipotent, however, they are proposed to be
a key source for cell banking in future and have potential to
replace usage of umbilical cords [43].

In adults, Adipose tissues (AT) are found to be direct source
of MSCs, which is simply accessible and a well-defined
methodology is present that favors their isolation from source.
It is assessed that round about 500 times, more in number, AT
derived MSCs can be isolated more easily from fat tissues
comparative to the BM of same amount [44]. Moreover,
mobilized peripheral blood also serve as a source of MSCs as
well, anyhow, conceded by several aspects related to the
donors like sex, age, feeding habit, administered drugs,
daytime and health status. It has been used in cartilage repair
and efficient results are observed [45].

Efficient population of MSCs has been reported in menstrual
blood and endometrium (Figure 1), that are found to be
exhibiting stem cell like marker and phenotypes and are found
to show neuroprotection in a stroke condition [46,47]. Skin
and fore skin are also source of MSCs and evidenced to be
differentiated into multiple lineages. [48].
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Figure 1 A flow representation of Mesenchymal Stromal
Cells (MSCs). MSCs are reported to find in various tissue
sources in the body and can be isolated from them. MSCs
are found in endometrium, adipose tissues, cartilage, dental
pulp, bone marrow, neuronal cells, placental tissue and skin
and foreskin.

. /




Biochemistry & Molecular Biology Journal

Characterization and Potency Analysis
of MSCs /nvitro:

Prospective isolation techniques for MSCs

Application of MSCs in clinal trials require proper isolation,
culturing and the differentiation into subsequent lineage.
Since time of its discovery, a density gradient centrifugation
method was implied to separate the mononuclear cells and
red blood cells in BM unless it was potentiated by percoll
gradient separation and ficoll gradient separation [49]. Recent
investigation has suggested that percoll density separation
method is best in term of providing adequate yield of MSCs
whereas as ficoll protocol is reported to cause extensive graft
loss and less productive yield of MSCs [50]. The latest
innovation involves invention of automated, closed system
that supervise the processing of MSCs from its collection to its
application in clinical therapy. This automated system has been
applied extensively on broad scale for AT derived MSCs [51].

Some studies, on clinical scale, adapted direct plating
approach to separate the plastic adherent cells from non-
adherent ones. In presence of optimal conditions ficoll, percoll
and whole BM was directly plated and compared for the same
samples to check efficiency of separation methods. Optimized
Seeding densities are considered as the most crucial factor
while isolating and expanding MSCs. After attaining
confluence, cells were replenished after detaching and were
plated once again. Results suggests that plating of whole
marrow directly is more advantageous in term of cell growth,
CFU-Fs number along with minimal manipulation. The
challenge is to establish a compromise with both cell quality
and expansion along with cost issues in clinical scale expansion
of MSCs [52].

One of conventional method for isolation of hMSCs involves
enzymatic digestion method by using collagenase enzyme for
isolation of human adipose derived MSCs. After enzymatic
digestion and the preliminary adherence phase, nonadherent
cells are discarded and the remaining adherent ones are
appeared as fibroblastic cells. Now it has been replaced by
explant derived MSCs isolation process. In this method, small
pieces of human AT derived MSCs were placed in a culture
flask with suitable medium elements via liposuction and is
kept being incubated. Homogeneity of the isolated cell
population, high yield and less time consumption make it
advantageous over conventional enzymatic degradation
method [9,53].

Immunoisolation is another method for isolation of MSCs
before culturing on basis of cell surface markers. It is actually
the positive selection technique performed by using
monoclonal antibodies cross reacting against MSCs markers
[54]. Moreover, immunodepletion is another negative
selection method where MSCs population is supplemented by
washing after being labeled with the antibodies, directed
against mostly the hematopoietic markers. It is actually
purifying method of MSCs from hematopoietic contamination.
At early stages of passaging, MSCs can be isolated and purified
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from hematopoietic cells by immumodepletion of
hematopoietic cells [55]. Recently, more particular and pure
MSCs populations can be isolated utilizing a combinatorial
method of immunoisolation along with immunodepletion
based on the surface markers. The novel technique for
isolation of non-cultured MSCs evolved includes affinity-based
methods, microscale technologies as well as biophysical
properties-based methods demanding no labelling of cells
followed by suspending under fluid conditions [10].

Culturing analysis of MSCs

MSCs after being successfully isolated from different
sources, are cultured using condition media namely Dulbecco
modified Eagle media (DMEM) and RPMI (Roswell Park
Memorial Institute medium) with minimum essential medium
alpha (MEM a) mentioned to be one of the best medium for
culturing of MSCs in vitro [56]. Dexamethasone is considered
to be leading factor in culture medium for inducing osteogenic
differentiation while bone morphogenetic protein BMP2
provide supportive properties when added in culture media
along with vitamin D3 and fibroblast growth factor [57]. One
of the major challenge during culturing is to obtain sufficient
number of cells as it has been observed that starting fresh
tissue culture available is in limited amount and on sub-
culturing, these cells showed a decline in potency along with
time consumption problems and genetic instabilities that
results ion MSCs aging and senescence. Currently an
advancement has been made by establishing an evaluation of
a new cell bank strategy that has resulted in MSCs cell lines
with stable genotypic and immunophenotypic characters [58].

Differentiation of MSCs into multiple lineages

hMSCs have the ability to differentiate by invitro high
capacity assays into all three i.e. endodermal, ectodermal and
mesodermal lineages that confirms their self- renewal and
multipotent ability [59].

Mesodermal lineages: The invitro differentiation potential
of MSCs into mesodermal lineages evidenced by performing
gRT PCR (qualitative real time-PCR), flowcytometry and
cytochemical analysis has been evaluated [7,60]. MSCs
differentiation into adipocytes is induced by providing
appropriate media supplementations, which stimulates the
activation of transcription factors and genes responsible for
adipogenesis. Cultured MSCs in growth medium supplemented
with growth factors were analyzed for adipogenesis by
expression of adipocytes specific genes, lipoprotein lipase
genes (LPL), adipocyte protein ap2 and peroxisome proliferator
activated receptor PPAR y [61,62]. Induction of MSCs towards
adipogenesis is a two-phase process. During the determination
phase, cells are committed towards the preadipocytes, are
morphologically similar to fibroblasts and eventually are not
distinguished from MSCs precursors. At terminal phase, the
pre-adipocytes form the mature adipocytes along with lipid
droplets and also express the adipocytes particular proteins.
Overall, adipogenesis is an sequential ordered process with
multiple signaling pathways [63].
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Osteogenic induction of MSCs is characterized by minerals
aggregation and an increase in enzyme activity of alkaline
phosphatase in final stages of differentiation. These
mineralized aggregates were found to be positive for von kossa
staining and Alizarin Red [64]. The progression of osteogenesis
initiates with presence of osteoprogenitors which at early
stages, differentiate towards pre-osteocytes and then latterly
into mature osteoblasts. Factors that are involved in the
induction of osteogenesis includes activation of runt-related
transcription factor-2 (Runx2) along with bone morphogenic
protein BMP 9, and many other extracellular signaling
molecules [65,66]. In the bone formation process, osteoblasts
firstly synthesize the bone matrix and then allows the mineral
deposition and bone remodeling [67]. Many researchers have
stated that a relationship exist between osteogenesis and
adipogenesis. Several signaling cascades are demonstrated to
be the positive regulators of osteogenesis and negative
regulators of adipogenesis. Signaling pathways like NEL-like
protein, Hedge Hog and Wnt pathways are well demonstrated
for anti adipogenic and pro-osteogenic inductions in MSCs
[68-70].

hMSCs also have the potential to differentiate towards
chondrocytes lineages. In final step, pre-chondrocytes
differentiate towards the mature chondrocytes and show an
expression of chondrogenic transcription factors like Sox5,
Sox6 and Sox9 [71]. Along with transforming growth factor
TGF-B1, insulin like growth factor-l and BMP-2 also contributed
towards chondrogenic differentiation of MSCs. In hMSCs,
growth factor TGF-B1 interacts to Wnt B-catenin dependent
pathways and hinders the osteoblast differentiation and
induces the chondrogenesis. Apart from the growth factors,
parathyroid hormone related peptides and triiodothyronine T3
also influenced the induction of chondrogenesis [72,73].

Ectodermal lineages: On providing neural induction culture
media along with growth factors cocktail, like retinoic acid,
brain derived neurotropic factors, isobutyl methyl xanthine
(IBMX) and Glial cell lines derived neurotrophic growth factors
(GNDF), expanded MSCs transdifferentiate towards neuronal
cells exhibiting particular neuron specific phenotypes. The
induced neuronal cells were found to express Nestin, neuronal
nuclear protein NeuN, dopamine transporter protein DAT and
tyrosine hydroxylase protein TH, neuronal potential of
differentiation [74]. Normally an enhancer or Zest Homolog
type 2 controls the stem cell proliferation, maintenance and
eventually differentiation into multiple lineages involving
neurons. It is noted that changes observed in concentration of
intracellular calcium plays a key role in induced neuronal
differentiation of MSCs [75]. Gangliosides, a class of
glycosphingolipids, when interact with epidermal growth
factor receptor is reported to enhance the osteoblast
formation (Figure 2).

Whereas decrease in gangliosides biosynthesis contribute
towards inhibiting the neuronal differentiation [76]. hMSCs
when co-transfected with certain growth factors revealed to
maintain the neuronal differentiation, effective in the recovery
of hypoxia ischemic brain damage. hMSCs originated from
mesodermal line, have potential to transdifferentiate towards
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the neuronal cells which has revolutionized the regenerative
cellular therapy in treatment of neurological disorders [77].
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Figure 2 A schematic representation of differentiation of
Mesenchymal Stromal Cells (MSCs) is shown. MSCs in
presence of certain growth factors differentiate into
multiple lineages by adapting different pathways. Growth
factors used are EGF, epidermal growth factors; PDGF,
platelet derived growth factor; FGF, Fibroblast growth factor
and VEGF, vascular endothelial growth factors. Several
pathways mediated that regulation of differentiation are
summarized: LPL-lipoprotein lipase gene; ap-2, adipocyte
protein; PPAR, peroxisome proliferator activated receptor;
BMP-9, Bone morphogenetic protein; TGF, tumor growth
factor; GDNF, Glial cell lines derived neurotropic factors;
IBMX, isobutyl methyl xanthine.
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Endodermal lineages: Relatively, it was assumed that
hepatocytes could be derived only via endodermal source and
the progenitor cells. Fortunately, MSCs have been exposed to
hold the ability of transdifferentiation into pancareocytes and
hepatocytes upon induction with the growth supplemented
media [78]. Human BM derived MSCs were transdifferentiated
towards hepatocytes via two steps phases: differentiation
phase followed by the maturation phase. Hepatocytes
differentiated cells displayed the liver specific transcription
factors like nuclear factor 4 a (HNF-4a), albumin and a-
fetoprotein. Amongst these factors, HNF-4a is considered to
be critical transcription factor for functional and morphological
and differentiation to hepatocytes. When human derived
MSCs were treated with HNF-4a, it enhanced the
differentiation potential of cells and show an increase liver
specific expression markers [79]. In another research, it was
shown that on extracellular decellularized cell deposited
matrix with protein mixture of fibronectin, laminin and
collagen along with protein kinases upregulates the activation
of hepatic markers [80]. Human dental stem cells are also
found to be differentiated towards hepatocytes by induction of
the growth factors and particularly melatonin when
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transplanted during treatment of liver cirrhosis [81]. Moreover,
the paracrine factors enhance the differentiation potential and
maturation of human BM-MSCs towards the pancreatic
lineages without any kind of genetic manipulation and thus
transplantation is being used for treating diabetes. Up till now,
hMSCs derived from amnion, dental, adipose, umbilical cord,
placental tissues and Wharton jelly tissues have effectively
differentiated towards insulin forming pB-cells. These
investigations have shown that hMSCs can differentiate
towards the endodermal lineages which can renovate the
conventional drug related therapies towards the promising cell
based clinical therapies [82,83].

Regulation of differentiation: The commitment as well as
differentiation of MSCs from precursors towards specific
mature cells is a temporally and tightly controlled method that
include the activation of several transcription factors, growth
factors, extracellular matrix component and cytokines.
Globally, the gene expression profiling with help of DNA
microarray technique is rendered as useful tool for
identification of genes for commitment and differentiation of
stem cells in presence of inductive microenvironments [84].
Several genes are found to have role in differentiation of three
lineages of MSCs. One of major intracellular transcription
factor include Zinc finger protein ZNF-145 that acts as a
upstream regulator of SOX9, thus favoring osteoblastic and
adipocytic differentiation of MSCs [85]. The in vitro
differentiation analysis of MSCs under proper conditions have
progressed in identification of several factors crucial to stem
cell commitment process. These factors include secreted
molecules along with their receptors like transforming growth
factor TGF-B, extracellular matrix components including
proteoglycans collagen and actin, interleukin-1 B, nebulette
(NEBL) and micro RNAs. Functional investigation of the genes
is mandatory to govern how they are tangled in progression
and commitment of stem cells towards different stages of
differentiation [86-89]. An interesting factor observed during
invitro differentiation is the switching phenomenon of
phenotypes among fully differentiated MSC-derived
adipocytes, osteoblast and chondrocytes when enthused by
stimulus from extra cellular environment.

During this trans differentiation, fully differentiated MSCs
undergoes dedifferentiation both in function and morphology
and followed by next stimulation, these dedifferentiated cells
are re-differentiated into new phenotype. On the whole, it is
reasonably concluded that these pre-committed precursor
cells along with fully differentiated ones sustain their
multipotentiality and that their plasticity during this
phenotypic switching phenomenon can be well-maintained
under well defined, suitable microenvironmental conditions,
observed in a tissue regeneration and repair mechanism [90].

Recent advancement in understanding mechanism of MSCs
differentiation involves the members of Wnt family which play
their role in osteogenesis of MSCs. Wnts belong to a family of
secreted cysteine enriched glycoproteins that have been
implied for instructing the stem cell maintenance,
propagation, and differentiation in embryonic developmental
stages. Canonical Wnt signaling mechanism works as stem cell
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mitogen by their role in stabilizing intracellular B-catenin
receptor and activating the transcription complex, resulting in
stimulated expression of cell cycle controlling genes, like cyclin
D1, Myc and Msx1. When MSCs are triggered towards Wnt3a,
which is a prototypical Wnt signal, under defined growth and
medium environment, remarkable increase in cell proliferation
along with decrease in the apoptotic process and Wnts
mitogenic role in HSCs was observed. Anyhow, overly
expressed Wnt3a has led to inhibitory effect on osteogenic
differentiation invitro due to pB-catenin arbitrated down
regulation of transcription complex. Contrarily, a member of
non-canonical Wnt pathway, Wnt5a has been observed to
encourage osteogenesis differentiation in vitro. As Wnt3a
favors MSC proliferation in early osteogenesis, it is concluded
that canonical Wnt signaling pathway has role in the initial
stages of osteogenic commitment by enhancing
osteoprecursors in stem cell compartment. On the other hand,
non-canonical pathway of Wnt regulates the proliferation of
these osteoprecursors to from functional mature osteoblasts.
Taken into account, Wnt signaling pathway activation leads to
a key role in inducing MSCs differentiation. In humans, the
mutations in LRP5, a Wnt co-receptor, primed towards the
defective bone development. Regain of functional mutation
indicates the higher density and mass of bones whereas loss of
function results in the complete loss of the bone mass as well
as strength, indicating positive feedback effect of Wnt
signaling at embryonic osteogenesis stage [12,91].

Characterization of MSCs /n-vivo

Current studies have provided appreciated insight for
understanding the identity and physiology of bone marrow
resident MSCs via novel markers to detect and purify the MSCs
enriched cell populations and then assay them in vivo. A
platelet derived growth factor receptor, PDGFR, indicates a
population of non-hematopoietic cells residing during bone
formation process and provides a novel understanding of
mechanism involve in MSCs differentiation to adipocytes,
reticular cells and osteoblasts, in vivo when transplanted to an
recipient [92]. Recently, Nestin, neural stem cell marker, is
reported to express in undifferentiated nervous system stem
cells. For the first time, expression of the Nestin was checked
in progenitor endothelial cells derived from adherent culture
of bone marrow cells. Both, BM derived mesenchymal cells
and Nestin, can be serially transplanted and used for
neovascularization [93] (Figure 3).

MSCs anatomical analysis /n vivo

Researches have influentially explained self-renewing as
well as differentiation potential of BM resident mesenchymal
stem cells. BM-derived MSCs are being investigated for clinical
trials and the innate functions of these cells in BM have been
deliberated to know more about the therapeutic role and
activity. The location of MSCs has been problematic to trace
and even tough to observe vigorously because cavity is not
possible to probe easily in vivo and also there is no specific
marker for MSC identification in vivo. However, using organ
culture system, immunophenotypic analysis, CFU-Fs assays
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vivo and invitro labeled assays, MSCs existence in perivascular
locations has been supported. This organ culture system has
also preserved the original niche of MSCs [94].

( N

Figure 3 The proposed model for BM- derived MSCs
biological roles in vivo. BM derived stromal cells undergoes
differentiation into adipocytes, reticular cells as shown with
the bold arrow heads and osteoblasts where they serve to
ensures and favors hematopoietic supportive environment
for their development and are assumed to have their roles
in native turnover of MSCs into the bone marrow.

. J

Perivascular location has been confirmed by the
observations concluding that MSCs are apparently founded in
many post-natal organs where their frequency in given tissue is
balanced with density of micro-vasculature. MSCs secrete
certain angiogenic and trophic factors that contributes in
neovasculogenesis along with proliferation and stabilization of
endothelial layer depending upon the tissue from which they
are derive. The stromal counterparts differentiate and may be
migrated towards abluminal sinusoids of marrow and made a
three dimensional network which embedded in capillary bed
[95].

Acknowledging the capacity of MSCs in forming bone and
their assembly into functional bone marrow stroma on
heterotopic sites in vivo, a group of researchers recognized the
population of osteoprogenitors in the outmost connective
tissues layer surrounding BM microvessels. Adventitial
reticular cells also known as pericytes projects into sinusoidal
lumens with their fibroblastic extensions and are supposed to
be in vivo counter parts of CFU-Fs. These pericytes and MSCs
share comparable surface and intracellular expressional
patterns of proteins which confirms their ontological relation.
Moreover, tissue engineering constructs juxtaposed the
mesenchymal stromal cells along with endothelial cells and it
serves to form long vascularized structures with MSCs
naturally exhibiting the pericytic phenotype as well as
function. This localization proposes that MSCs may be
confidentially involved in angiogenesis, wound healing process
and in interacting with blood borne components along with
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differentiation in multiple lineages into smooth muscle sand
myocytes as well [14]. It must be worth to mention that
pericytes relates to cells that lies adjacent to capillaries as well
as post capillary venules but MSCs are isolated from walls of
arteries and veins. Additionally, because pericytes illustrates
the wide tissue distribution along microvascular beds and have
many functions including phagocytosis, regulating vascular
integrity and vessel stabilization. Therefore, regardless of being
perivascular, all MSCs cannot be stated as pericytes and vice
versa [96].

Fibrocytes represents to be circulating BM-derived cells,
found in peripheral blood, are phenotypically similar to
monocyte hybrids and fibroblasts articulating the surface
marker CD34 and CD35, presence of chemotactic receptors
CCR3, CXCR4, CCR5 and CCR7, surface molecules like
histocompatibility complex class 1l MHC-I, MHC-II as well as
MSC markers collagen |, collagen 111 and pro-collagen.
Moreover, Fibrocytes have also been reported in areas where
there was some kind of inflammation, cancer or fibrosis as
result of any injury. In these areas, they were supposed to
mature towards myofibroblast that reside in tissues. Actually,
fibrocytes are found to be phenotypically and functionally
similar to BM-MSCs, so recognizing unique characteristics
between these two types of cells may help in understanding
the MSCs and fibrocytes homology [97].

Role of MSCs in maintenance of hematopoiesis
in vivo

As stated, MSCs were initially isolated from bone marrow
compartment. Subsequently then, bone marrow derived MSCs
have been studied most extensively and are considered to be
key managers of bone marrow physiology. Blood cells are
constantly produced principally in our bone marrow during
adulthood process. MSCs have longer been considered to
serve as in vivo progenitors of some non-hematopoietic
constituents of BM that control hematopoiesis, like
adipocytes, osteoblasts and reticular cells of fibroblasts.
Therefore, MSCs are expected to contribute in maintaining
homeostasis within hematopoietic compartment in vivo via
the regulatory roles of their matured progeny [98].

HSCs are considered to localized in the confined sites within
bone marrow microenvironment. This microenvironment is
constituted by soluble factors, surrounding cells and extra
cellular matrix proteins that latterly contribute in promoting
maintenance of HSCs [99]. Osteoblasts have been assumed to
significantly contribute towards stem cell niches and promotes
regulation of HSCs homeostasis via direct interactions from
cell to cell. Though this osteoblast-HSC niche are still
debatable, it is believed that osteoblasts serve as vital
component in microenvironment of BM either directly or by
certain secreting factors by the involvement of signaling
pathway and play a key role in developmental stages of
hematopoiesis [100]. Additionally, BM stroma also have MSCs
derived adipocytes which act to negatively regulate
progression of hematopoietic  precursors. Molecular
mechanism is not known. However several matters concerning
the in vivo precise developmental phases of MSCs during
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differentiation, the pathways leading to the lineage
commitment in vivo as well as the ratio of adipocytes and
osteoblast production in hematopoietic environment are
needed to be considered [101]. Osteoblasts are considered to
be significant as niches of HSCs and positively interact and
regulate HSCs activity in BM. On the other hand, adipocytes
have a role in negative regulation of HSCs activity. CARCs
represents CXCL-12 abundant reticular cells that lie adjacent to
HSCs as shown in the figure, which have potential to
differentiate into adipocytes and osteocytes due their poor
characterization and are considered to be originate from BM-
derived MSCs [3].

Therapeutic Effects of MSCs Related
to the Biological Properties

MSCs have the beneficial effects in the medical applications
and it requires the complete understanding of their biological
properties. There are the four properties of MSCs that play an
important role in the medical applications. Firstly, their ability
to move to the site of inflammation when given intravenously
during the tissue injury. Secondly, their ability to differentiate
into different and various cell types. Thirdly, their ability to
produce various bio active molecules that are responsible for
curing the wounded cells or inhibit the inflammations during
the course of injury or any foreign particle invasion. Lastly, the
lack of immunogenicity and their ability to perform various
immunomodulatory functions [13].

Capacity to migrate, differentiate and engraft
at site of injury

After the regular administration of MSCs, they migrate to
the sites of injury or inflammation and provide the local
beneficial and functional effect at the local sites or tissues.
MSCs move selectively to the sites of the injury irrespective to
the tissue under diverse pathological condition and s
investigated by many studies. Scientists observed that in the
mice that has been challenged to bleomycin, the
administration of MSCs result in lowering the inflammation of
the lungs tissues during injury by moving to the lungs and
acquire a phenotype like the epithelium. We also noticed that
in the mice, the transplanted MSCs could move to the muscle
tissues that has been injured. Migration of the cells totally
depend on the signals that is produced by the cells at the
injured sites and it consists of the immune cells or growth
factors such as chemokines. Migration of MSCs may also be
under the control of these signals and chemokines. It has been
seen by the various studies that the migration of MSCs is also
depend on the growth factors such as receptors of Tyrosine
Kinases Growth Factors, Platelets Derived Growth Factors
(PDGF), Insulin Growth Factors 1 (IGF1) and several other
chemokines [102]. In a study, it has been noticed that the
MSCs when injected into mice that has been injured after
irradiation, MSCs differentiate into functional cells of the
lungs, these functional cells are the epithelial or endothelial
cells. Other studies demonstrated that when MSCs is given to
the model of the animals that has been injured by exposure of
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bleomycin, it moves to the lungs and differentiate into
epithelial cells or pneumocytes and sustain the phenotype of
all the lungs cells such as myofibroblasts, fibroblasts and
epithelial cells. Additionally, MSCs could also have the ability
to differentiated into the cells of the ectoderm. For example,
MSCs when inserted into the Central Nervous Systems (CNS) of
the infant mice, it acquired the functional, structural or
phenotypic uniqueness of the astrocytes or the neurons. By
observing all the facts that MSCs have the ability to
differentiate into specialized cells/tissues giving us the
opportunity to use the MSCs for the disease treatment [103].
In a model of mouse of Ischemic/Reperfusion (I/R) of the
kidney, when MSCs were transplanted at the initial stage of
injury, they differentiated into the renal tubular epithelium.
The donor cells that are differentiated replaced the empty
space that is left over by the dead cells and fill the gap, and
hence maintaining the structural features or the tissue and cell
repair processes. On the other hand, the clinical aspects of
MSCs give us the knowledge to repair the damaged cells by
specific differentiation procedures [104].

Releasing the multiple bio active molecules

Clinical applications of MSCs showed that it could release
multiple bio active molecules that has the functional or
beneficial effects on the cellular dynamics. They include many
growth factors such as cytokines and chemokines.
Administration of these bio active molecules showed the
beneficial effect for tissue and cell repair. For example, in MSCs
Conditioning Medium (MSC CM), MSCs move toward the
injury sites of the liver and inhibit the liver cells death and
regenerate the damaged cells and provide a new department
to treat the hepatic failure or liver cirrhosis. Many bio active
molecules including the cytokines also takes part in improving
the functions of the damaged heart by preventing the
apoptosis of the cardiomyocytes and restoring the contractile
capacity of the heart and also induce the productive and
curative angiogenesis of the damaged or infracted heart. Many
of the observed proteins that are secreted as soluble factors
are recognized as growth factors such as cytokines and the
chemokines. All these molecules have the well-recognized anti
apoptotic or the regenerating properties. These properties can
be direct or indirect or both. Direct are in producing or
activating the signaling intracellularly or indirect by allowing
another cell in the small environment to release functionally
active bio molecules [105] (Figure 4).

Immunomodulatory aspects of MSCs

MSCs have the distinctive immunologic or
immunomodulatory properties that permit their perseverance
in the xenogeneic environment. Emerging techniques or data
complete or enhance the immunomodulatory functions of the
MSCs but the mechanisms of their fundamental immunogenic
effects are not yet fully understood by the researchers. Direct
connection between the cells or the release of soluble
immune suppressive factors or molecules may have a major
role in the treatment. MSCs have the ability to communicate
with a huge no. of immune cells, that consist of T lymphocytes,

8 This article is available from: http://biochem-molbio.imedpub.com/inpress.php
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B lymphocytes, natural killers and the dendritic cells, the
immunomodaulatory role of MSCs are mentioned in the Table
1. The immunogenic effects of MSCs are also observed in a
variety of animals of the immune diseases as in rat model of
transplantation of heart, a long-term Allograft Acceptance is
produced by the donor derived MSCs. The immunomodulatory
properties of MSCs could also played an important role in the
immune disorder, graft versus host diseases (GVHD) treatment
[106].

Table 1 shows the immuno-modulatory functions of
Mesenchymal Stem Cells (MSCs) effecting different types of
immune cells.
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Figure 4 Therapeutic effects of stromal cells with reference
to their effects on immunomodulation and differentiation is
compiled. On basis of bioactive molecule secretion,
migration and engraftment, these stromal cells serve to
reduce inflammation, increase tissue repair and is used in
regenerative medicinal therapies. NK, Natural killer; igG,
immunoglobulin G.
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Applications of MSCS in gene therapy

The multipotent potential of MSCs and the ability of self-
renewal have shown the promising effect in great number of
animal transplantation studies and represented the
widespread applications in cell and gene therapy. MSCs that
were extended in vitro were responsible for differentiation
into cells of the residing tissue, reestablishes its normal
function and also renovate the damaged tissue due to trauma
or any other disorders. They are not only responsible to repair
the tissues of mesenchymal lineages, such as cartilage, bone,
cardiomyocytes, and articular cartilage at knee joints, but also
repair the cells of other embryonic layers, such as neurons and
epithelia in the skin, liver, lung, intestine, spleen, and kidney.
These applications express the effectiveness and the plasticity
of these adult stem cells in multiple tissue repair and
developmental procedures and in the cell therapy applications.
It is also notable that MSCs proves to be a principle carrier in
delivering the genes into the cell of interest or it does not
bring any immune reactivity in the host due to the
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transplantation. Various strategies have been examined and
used to transfer the exogenous DNA into MSCs and make them
more useful in tissue regeneration therapies and applications.

Table 1 Immune-modulatory functions of Mesenchymal Stem
Cells (MSCs) effecting different types of immune cells. MSCs
are shown to affect activity of immune cells including natural
killers NK, dendritic cells, DCs; B Ilymphocytes and T
lymphocytes.

Immune Cells Effects of MSCs on immune Cells

T lymphocytes ¢ Repress the proliferation of T cells caused by

nonspecific mutagenic signals

«  Enhance the functions of T cells

«  Adjust and modify the secretion of cytokines of new
and Effector

e Tecells

B lymphocytes «  Slow down the propagation of B lymphocyte

«  Affect the chemical characteristics of B cells

*  Suppress the terminal B-cells differentiation

NK *  Affect the physical appearance of Natural Killer cells

« Inhibit the propagation, secretion of cytokines, and
cytotoxic effects

DCs * Induce segregation, maturation and the functions of

dendritic cells

* Inhibit the migration of dendritic cells (DCs) and
maturation of antigen presenting cells

* Stimulate the mature DCs into the regulatory
production of DCs

Viral transduction, mostly using the adenovirus mediated
gene transfer, can produce stable cell clones with high efficacy
and the low cell mortality, making it an accepted option in
gene therapy applications. On the other hand, the safety
concerns related with viral transduction have provoked us to
look for another non-viral gene delivery strategies. For
instance, the brittle bone disease known as osteogenesis
imperfecta is treated by using the MSCs that regenerate the
bones in the infected individuals. However, Conventional
transfection  methods, including calcium phosphate
precipitation method, lipofection, and electroporation in
delivering the plasmid DNA into MSCs have revealed the little
success and result in less than 1% efficiency of transfection
method and high cell mortality, so these methods are not
useful and appropriate for producing adequate amount of
transfected cells for the gene delivery and transplantation
[107].

Discussion and Conclusion

It is not easy to isolate the hMSCs but it has been seen that
MSC also have the ability of expansion without losing its
particular characteristics. On the other hand, besides the
mesodermal lineages, MSCs have the ability to differentiate
into the endodermal or ectodermal lineages. Moreover, it has
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been observed that hMSCs also show the immunomodulatory
properties by releasing the receptors relevant to immune
system and the cytokines that help in the modification of
immune system of the host. These distinctive properties of
MSCs make them unique from the other stem cells and can be
used in the future for cell replacement therapies. Many clinical
or preclinical studies demonstrated the usefulness of hMSCs in
the treatment of the chronic diseases, such as
neurodegenerative diseases, cardiovascular diseases or
autoimmune diseases, but on the large experimental or clinical
scale there are many questions that must be answer before we
use the hMSC. Firstly, the issues of safety of MSCs must be
resolved, because when we administered the MSCs for the
long-term culturing possible side effects can be seen and it
leads to the growth of tumor or metastasis. The second issue is
of quality control, additional tests have to be performed
before the direct transplantation of MSCs in vivo, these tests
include the oncogenic tests, endotoxins assays or the cell
viability. An optimum dose has to be decided depending on
the disease severity. The third issue is of the clinical production
of the MSCs as cells are needed in large number for the clinical
utilization of MSCs, in this the in vitro expansion plays a vital
role. By this it is concluded that the MSCs obtained from the
adult tissues are the favorite choice for the scientists and the
complete understanding of the MSCs is necessary to regulate
the role of MSCs in the clinical applications.

Current discoveries in the MSCs engineering made it a
principle source in the regenerative medicine for the future
cell therapies. The clinical experiments of MSCs is now on the
way to victory after doing large no. of preclinical experiments,
but the complete understanding of mechanism of MSCs is on
the preliminary state. The main focus of the future research of
MSCs is to isolate the particular markers that is specific for
MSCs and also involved the understanding of mechanism of
differentiation to revolutionized the therapy of cell
regeneration. Special attention should be put on the genetic
safety to lower the risk of oncogenesis during cell
preparations. However, there should be a dynamic research
that focus on the bio banking to develop the novel protocol
without disturbing the properties of MSCs in the future on the
large scale.
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