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Stem Cells: Applications of stem cells in
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Basic and clinical research accomplished during the last few years on embryonic, fetal, amniotic, umbilical cord blood,
and adult stem cells has constituted a revolution in regenerative medicine and cancer therapies by providing the
possibility of generating multiple therapeutically useful cell types. These new cells could be used for treating numerous
genetic and degenerative disorders. Among them, age-related functional defects, hematopoietic and immune system
disorders, heart failures, chronic liver injuries, diabetes, Parkinson’s and Alzheimer’s diseases, arthritis, and muscular,
skin, lung, eye, and digestive disorders as well as aggressive and recurrent cancers could be successfully treated by stem
cell-based therapies. This review focuses on the recent advancements in adult stem cell biology in normal and
pathological conditions. We describe how these results have improved our understanding on critical and unique
functions of these rare sub-populations of multipotent and undifferentiated cells with an unlimited self-renewal capacity
and high plasticity. Finally, we discuss some major advances to translate the experimental models on ex vivo and in vivo
expanded and/or differentiated stem cells into clinical applications for the development of novel cellular therapies
aimed at repairing genetically altered or damaged tissues/organs in humans. A particular emphasis is made on the
therapeutic potential of different tissue-resident adult stem cell types and their in vivo modulation for treating and
curing specific pathological disorders.

Key words: stem cells, amniotic epithelial cells, tissues/organs (Figure 1).%61319-29

invitro, hepatic oval cells, Among them, there are bone marrow (BM), heart,
brain, adipose tissues, muscles, skin, eyes,
kidneys, lungs, liver, gastrointestinal tract,
pancreas, breast, ovaries, prostate, andtestis.®**!%
212431 The tissue-specific stem cells can generate
new further differentiated and specialized cells,
and thereby repopulate the tissues in which they
reside under homeostatic conditions as well as
regenerate damaged tissues after intense injuries.
Accumulating lines of evidence revealed that
certain adult stem cells, including BM-derived
stem cells, which possess a more broad plasticity
and differentiation potential, can circulate in
peripheral blood and migrate to distant
tissues/organs, and thereby contribute to
promote tissue repair at injured sites.>®!/183273
Inherited or genetic alterations occurring in the
tissue- resident adult stem cells throughout the
lifespan may,

Intense research on stem cells during the last
decades has provided important information on
developmental, mor- phological, and
physiological processes that govern tissue and
organ formation, maintenance, regeneration, and
repair after injuries."”” More recently, significant
advancements in our understanding of stem cell
biology have provoked great interest and hold
high therapeutic promise based on the possibility
of stimulating their ex vivo and in vivo expansion
and differentiation into functional progeny that
could regenerate the injured tissues/organs in
humans.®?* In addition to stem cells from
embryos, fetal tissues, amniotic membrane, and
umbilical cord (UC), the multipotent adult stem
cells with a self-renewal capacity and multilineage
differentiation potential have been identified
within  specific niches in  most human
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Potential applications of embryonic and tissue-specific adult stem cells in cellular and gene therapies
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Figure 1 Scheme showing the potential therapeutic applications of embryonic and tissue-specific adult stem cells in cellular and gene therapies.

The pluripotent ESC types derived from blastocyst stage during embryonic development and multipotent tissue-resident adult stem cells arising from
endodermal, mesodermal, and ectodermal germ layers are shown. The pathological disorders and diseases that might benefit the'embryonic and
tissue-resident adult stem cell-based therapies are indicated. Abbreviations: BASCs, bronchioalveolar stem cells; bESCs, bulge epithelial stem cells; CESCs,
corneal epithelial stem cells; CSCs, cardiac stem cells; eNCSCs, epidermal neural crest stem cells; ESCs, embryonic stem cells; EPC, endothelial progenitor
cell; HOCs, hepatic oval cells; HSCs, hematopoetic stem cells; KSCs, keratinocyte stem cells; MSCs, mesenchymal stem cells; NSCs, neuronal stem cells; PSCs,
pancreatic stem cells; RSCs, retinal stem cells; SKPs, skin-derived precursors.

however, lead to a loss of their functions with aging or degeneration under certain pathological
conditions. Thereby, the loss of adult stem cell functions may result in numerousdegenerative disorders
and diseases, including hematopoietic and immune system disorders, cardiovascular diseases, diabetes,
chronic hepatic injuries, gastrointestinal disorders, brain, eye, and muscular degenerative diseases, and

aggressivecanCers.4—6,13,20,21,24,25,27,28,30,36—39 Therefore, the use of stem
cells or their further differentiated progenitors may representa promising strategy for cell replacement
and tissue engineering. The stem cell-based therapies could be used tocure multiple inherited and
degenerative disorders as well as adjuvant immunotherapy for treating the patients diagnosed with
immune system deficiencies and refractory/ relapsed cancers for which there are few or no cures
(Figure 1).6,9,13,14,16—19,21,25,33,37—60

More particularly, the successful ex vivo expansion and/or differentiation of embryonic, fetal, amniotic,
umbilical cord blood (UCB), or adult stem cells into functional progeny followed by their transplantation or
in vivo stimulation of endogenous adult stem cells by using specific growth factors have led to the
development of novel stem cell- based therapeutic approaches for regenerative medicine (Table
1).131416719,21.253336756 - Aqult stem cell-based  thera- pies, which stimulate the tissue-resident
stem/progenitor cells, are particularly promising, as they may improve the body’ s own regenerative
potential. Here, we are reporting therecent knowledge acquired on the properties of embryonic, fetal, UCB,
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and adult stem cells as well as the advantages anddisadvantages associated with their use for inducing the
rescue of hematopoietic and immune system and promoting vasculogenesis, neurogenesis, cardiac
functions, and/or tissuerepair for treating different pathological disorders in human.

STEM CELL TYPES FOR TISSUE REGENERATION
The common hallmark of all the undifferentiated embryonic stem cells (ESCs), fetal, amniotic, UCB, and
adult stem cell types is their unlimited self-renewal capacity and high

Table 1 Potential therapeutic applications of embryonic,
fetal,amniotic, umbilical cord, and adult stem/progenitor
cells forthe treatment of diverse human pathological

disorders

Stem cell/progenitor
source and type

Differentiated cells

Treated pathological
disorders

ESCs, fetal tissues
(HSCs), UCB cells
(HSCs), adult HSCs,
NSCs

ESCs, fetal liver
(EPCs), AMSCs, UCB
cells (EPCs), BMSCs
(EPCs), ADSCs

ESCs, fetal tissues
(MSCs), UCB cells
(MSCs), AECs, BMSCs,
ADSCs (MSCs),
MDSCs

ESCs, fetal tissues
(MSCs), AECs, UCB
cells (MSCs), BMSCs
(MSCs), MDSCs,
ADSCs

ESCs, AECs, UCB cells
(MSCs, CD133* cells),
BMSCs (MSCs,
CD133* cells), ADSCs,
MDSCs, HOCs

ESCs, fetal tissues
(NSCs), UCB cells
(MPCs), AECs adult
NSCs, skin (eNCSCs),
BMSCs (MSCs, HSCs),
ADSCs

Hematopoietic cells

Endothelial cells

Osteoblasts,
chondrocytes,
adipocytes

Muscle cells

Cardiomyocytes

Neurons,
dopaminergic
neurons,
oligodendrocytes,
astrocytes

Hematopoietic and
immune disorders,
dysplastic anemia,
autoimmune
diseases, cancers

Vascular system
disorders, ischemic
heart diseases

Osteoporosis,
osteogenesis
imperfecta,
osteoarthritis,
cartilage disorders

Muscular disorders,
skeletal defects

Heart failures

Nervous system
disorders, Parkinson’s
disease, myelin
diseases

multilineage differentiation  potential  that
confer them a primordial and vital role
during the developmen- tal process and

throughout the lifespan in adult mam-

mals (Figure 1).2,5,6,10,11,13,15-17,19,21,23,25,26,28—
31,35,36,38,39,47,6169

Although the pluripotent ESCs and amniotic
epithelial cells

(AECs) are able to differentiate into multiple cell
lineages of ectodermal, mesodermal, and
endodermal origins, the multi- potent fetal, UCB,
and tissue-specific adult stem cells generally give
rise to only specific cell types (Figure 1).
Importantly, several investigations revealed the
possibility to stimulate the clonal expansion and
differentiation of stem cells into specific
functional progeny by using the specific growth
factors and cytokines under well-defined culture
condition in vitro, ex vivo, and in vivo. Among the
methods that are frequently used for in vitro and ex
vivo culture of stem cells, there are cell feeder layers
such as stromal cells and human AECs, cell-free
conditions, and culture medium

containing extracellular matrix molecules such
as collagen, gelatin, and laminin and specific
growth factors and cytokines.®**’%’* Hence, the
expanded stem cells or their further
differentiated progeny may be subsequently
trans- planted into recipients in vivo for cell
replacement and tissue regeneration-based
therapies.

Embryonic stem cells

Several pluripotent and undifferentiated ESC lines

have been

derived from inner cell masses of blastocysts in
mammalian developing embryos, which may
differ in their multidiffer- entiation potential in

vitro (Figure 1).°72 Human ESCs express
telomerase activity and many specific
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biomarker s such as CDg9,
ESCs, fetal lung cells, Lung cells Lung disorders
adult BASCs, BMSCs

ESC, fetal liver Hepatocytes Liver disorders

(MSCs), UCB cells,
AECs, adult HOCs,
BMSCs (HSCs), ADSCs

ESC, fetal pancreas Insulin-producing b-
(ICCs), UCB cells, cells

AECs, PDMSCs, adult

PSCs, HOCs, ADSCs,

HSCs, MSCs

Type | and |l diabetes
mellitus

ESCs, fetal tissues Retinal neurons Retinal diseases

(NSCs) Retinal cell Retinal diseases
CE-RSCs progenitors Corneal diseases
Limbal CESCs, BMSCs Corneal epithelial

(MSCs) cells

Skin and hair
disorders

ESCs, fetal tissues, Skin cells
AECs, adult KSCs,

bESCs, eNCSCs

mesenchymal stem cell; BASC, bronchioalveolar
stem cell; bESC, bulge epithelial stem cell;
BMSC, bone marrow-derived stem cell; CE-RSC,

corneal epithelial-retinal stem cell; CESC,
corneal epithelial stem cell; eNCSC, epidermal
neural crest stem celll EPC, endothelial

progenitor cell; ESC, embryonic stem cell; HOC,
hepatic oval cell; HSC, hematopoietic stem cell;
ICC, islet-like cell clusters; KSC, keratinocyte
stem cell;, MDSC, muscle-derived stem cell;
MSC, mesenchymal stem cell; MPC, multipotent
progenitor cell; NSC, neural stem cell; PSC,
pancreatic stem cell; PDMSC, placenta- derived
UCB,

blood.produced from ESCs is the possibility

multipotent stem cell; umbilical cord

of immune rejectionreactions and teratoma

CD24, octamer-binding protein (Oct-4),

Nanog, alkaline phosphatase, LIN28, Rex-1,
Cripto/TDGF1, DNMT3B, SOX2, EBAF, and Thy-1
as well as the stage- specific embryonic antigen-3
and stage-specific embryonic antigen-4 and
tumor-rejection  antigen-1-60 and  tumor-
rejection antigen-1-81.°"72 ESCs may be
induced to

differentiate into specific progenitor cells or
mature and specialized cell lineages of all three
embryonic germ layers in simplified culture
conditions in vitro and in vivo (Figure 1).>® Among
them, there are the hematopoietic cell lineages,
neuron-like cells, glial progenitors, dendritic cells,
hepato- cytes, pancreatic islet-like cells,
osteocytes, chondrocytes, adipocytes,
cardiomyocytes, and muscular, endothelial, skin,
lung, and retinal cells (Table 1).24-61116:253661-63
The ESC- derived progeny may then constitute
an easily available

source to obtain a large number of
transplantable cells for regenerative
medicine.®*%3”3 However, the major obstacle

to the successful and safe clinical use of
differentiated cells
AEC, amniotic epithelial cell; ADSC, adipose-

derived stem cell; AMSC, amniotic

or teratocarcinoma - formation in

residual pluripotent and undifferentiated

ESCs in transplants.®1%6374

been observed that the injection of un-
differentiated ESC-derived progenitors into

severe combined

might result in the teratoma

teratocarcinoma formation corresponding

to the complex
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structures containing the differentiated cell
types from three germ layers. Therefore, to
prevent the teratomas or teratocarcinomas, the
total population of undifferentiated ESCs must
be eliminated in differentiated cell samples
produced from ESCs before their safe
transplantation in clinical applications.

Fetal and UC stem cells

The use of cells established from non-
immunogenic and fetal tissue stem cells or their
progeny obtained until week 12 and human
term placenta-derived stem/progenitor cells
such as amniotic mesenchymal stem cells,
hematopoietic, tropho- blastic, and
pluripotent AECs derived from amniotic
membrane, which did not form the teratomas
or terato- carcinomas in human, may
constitute  more  promising alternative
approaches for the cell replacement
therapies in certain clinical or experimental
settings (Table 1).6:36.6466,7578 patg| tissues
represent a promising source of
stem/progenitor cells to obtain functional
hematopoietic  cells, cardiomyo- cytes,
hepatocytes, insulin-secreting b-cells, lung
progenitor cells, muscles, and neural cells
including dopaminergic neurons that could
be used for the cell replacement and tissue
engineering-based therapies in regenerative
medi- cine.®6*®>767879 Human AECs may
also be induced to differentiate in culture in
vitro into diverse mature and specialized cells
from three germ layers: pancreatic and hepatic
cells (endoderm); cardiomyocytes, myocytes,
osteo- cytes, adipocytes (mesoderm); and
keratinocytes and neuro- nal and glial cells
(ectoderm).®®”>  Furthermore, the amniotic
membrane from placenta may serve as a
carrier for tissue engineering and stem cell-
based transplantation in 0iv0.2%% For instance,
the treatment of total limbal stem cell deficiency
or ocular surface reconstruction in chemical
and thermal injuries may now be successfully
performed in the clinic byusing limbal biopsy
explants cultured on intact amniotic
membrane.®"®? In addition, the UCB stem cells

may also be taken from a mothers placenta
shortly after childbirth, and stored for their
subsequent transplantation into patients. UCB
unit banks may then represent other sources
of multipotent stem cells that might be readily
available for stem cell transplantation or for
generating diverse tissue- specific adult
stem/progenitor cells and their further
differentiated progeny for cellular therapies of
diverse disorders in humans.®’*® Several
works have revealed the possibility of
differentiating the UC-derived stem cells into
diverse functional progenitors, including
hematopoietic cell lineages, dendritic cells,
cardiomyocytes, mesenchymal stem cell (MSC)
progenitors, neural stem cell (NSQO)
progenitors, keratinocytes, hepatocytes,
pancreatic b-cells, and endothelial cells in
specific culture conditions in vitro and in vivo
(TabIe 1)'6,10,15,17,68,83—86

Tissue-resident adult stem cells

The recent identification of adult
stem/progenitor cells in most tissues/organs in
mammalian organisms, which provide critical
functions in homeostatic' maintenance by
replenishing the mature cell types within the
tissues in which they reside over the lifetime,
has caused great interest and enthusiasm for
their use in cellular and tissue engineering
therapies (Figures 1 and 2; Table 1).}¢%%>
27293139 The establishment of functional
properties of adult stem cells and their early
progenitors in vitro and in vivo has also
indicated that they can actively participate in
cell replenishment of mature celltypes within
the tissue of their origin under pathological
conditions.1'6'19'25_27'29_31'39 The
resident adult stem cells are generally
colocalized with supporting cells within the
specific regions in each tissue/organ
designated as niches.'®??2*3987  The
complex interactions between the adult
stem cells and host cells and particular
specialized microenvironment that are
prevalent within niches might influence their

tissue-
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behavior. 022233987 More specifically, the
reciprocal interactions of adult stem cells with
neighboring cells via the formation of
adherens junctions and the secretion of
diverse soluble factors might contribute to
theirrestricted mobility and the adoption of
a quiescent or activated state within niches
(Figure 2). The stringent regulation of the
balance between a quiescent and dividing
state of adult stem cells is mediated via the
activation of a complex network of diverse
developmental signaling. Among them, there
are hormones, fibroblast growth factor (FGF)-
FGFR, epidermal growth factor (EGF)EGFR, sonic
hedgehog (SHH)PTCH, Wnt/b-catenin, Notch,
and/or bone morphogenic proteins.®?%??
These growth factors may upregulate the
self-renewal and/or differentiation of adult
stem cells under specific physiological and
pathological conditions. According to a
hierarchical model, the symmetric division of
adult stem cells may lead to their expansion
within the niches, whereas their asymmetric
division may generate one stem cell and one
more  committed proliferative  daughter
progenitor cell designated as rapidly
proliferating transit-amplifying cell.>%22327.2888

The transit-amplifying/ intermediate cells in
turn can give rise to further differ- entiated
cells and terminally mature cells with
specialized functions within the tissue/organ
in which they originate. Although certain
tissue-resident adult stem cells such as those
found within BM, skin, gut, and eye display a
high turnoverrate in physiological conditions,
other adult stem cells mayreplenish themselves
only occasionally, including during the
regenerative process after tissue
injuries.”®??7%9 Of thera-peutic interest, the
self-renewal and/or differentiation of most
adult stem cells may, however, be stimulated
following their activation by exogenous
application of specific growth factors or
cytokines in  viwo’?*?” Among the well-
characteri- zed adult stem cells, the BM-
derived stem cells (BMSCs) including
hematopoietic stem cells (HSCs), endothelial
progenitor cells (EPCs), MSCs, as well as cardiac
stem cells (CSCs) and NSCs localized in heart
and brain, respectively, have already been
demonstrated to be useful for the treatment
of certain genetic, hematopoietic,
cardiovascular, and/or degenerative disorders
in humans (Figures 1 and 2;
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Bone marrow- and peripheral blood-derived hematopoietic stem cell transplant therapies
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Figure 2 Scheme showing the BM and extramedullary niches of HSCs in (@) physiological and (b) pathological conditions and HSC transplant
therapies.The clinical procedures including the collection of BM and PB HSCs and their subsequent injection into BM of a patient and engraftment are
indicated. The cytoreductive effect induced by a myeloablative regimen on HSCs and their progeny is also illustrated. Abbreviations: CXCR4, CXC-
chemokine receptor 4; G-CSF, granulocyte colony-stimulating factor; HSCs, hematopoietic stem cells; MPP, multipotent hematopoietic progenitors;

SDF-1, stromal-derived factor-1.

STEM CELL-BASED THERAPIES

The therapeutic applications of stem cells is a
promising and rapidly emerging branch of
regenerative medicine in whichstem cell-based
treatments could be applied to treat and cure
many aggressive and lethal diseases in humans.'™’
Numerous recent investigations carried out with
ex vivo expanded and/ or differentiated ESC-,
fetal-, and UC stem cell-derived fully functional
progeny as well as adult stem/progenitor cells
have  provided accumulating evidence
supporting their potential use for the treatment
of numerous genetic and degenerative
disorders (Figures 1 and 2; Table 1).%°%"!° The
autologous or allogeneic transplantation of
stem cells or their further differentiated progeny
into patients may notably constitute apotential
therapeutic strategy, alone or in combination
with the conventional treatments, for
overcoming the progressiveloss of functions of

adult stem cells with aging and degenerative
diseases.®® The use.of HSC transplants with high-
dose chemotherapeutic agents or ionizing
radiation may also permit to reverse the
myeloablative effects associated with these
treatments in cancer patients in the clinic.® In
addition, the genetic manipulations in ex vivo
expanded ESCs or adult stem cells such as HSCs,
EPCs, MSCs, and NSCs also offer multiple
possibilities to reduce the risk of rejection
associated with their use in the clinics. The
engineered stem cells could even be used for
reversing inherited genetic defects that are
responsible for diverse pathological disorders in
humans.®*®%%  Gene  therapies by using
genetically modified stem cells as vehicles forthe
delivery of therapeutic agents at specific damaged
tissues/organs also represent promising strategies
for treating numerous pathological disorders and
cancers (Figure 1).26999% |t has been observed that
genetically modified migrating NSCs, which are able
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to migrate through the central nervous system
and reach the extracranial neoplastic sites, may
be transplanted in the animal models in vivo and
specifically attracted to tumoral sites owing to the
release of chemotactic signals such as vascular
endothelial growth factor (VEGF) and stromal-
derived growth factor-1(SDF-1).9991949> Hance,
these engineered NSCs can con- stitute the
potential vehicles for gene therapy to deliver
therapeutic molecules such as prodrugs and
anti-angiogenicagents to sites of intracranial or

extracranial tumors in  patients  with
disseminated metastatic cancers.®**  For
instance, it has been reported that the

combined treatment with 5-fluorocytosine plus
engineered NSCs expressing  cytosine
deaminase, which acts as a prodrug-activating
enzyme, resulted in significant cytotoxic effects on
melanoma cells.?” This treatment also led to a
reduction in tumor borderin animal models with
established melanoma brain metas- tasis in
vivo.”® We describe here the recent studies
supporting the potential benefit of using stem
cells or their further differentiated progeny for
cell-replacement therapies for treating diverse
pathological disorders in humans. The
emphasis is on specific properties of tissue-
resident adult stem cells and their niches found in
BM, vascular walls, heart,and brain as well as their
potential therapeutic applications.

BM-derived stem cells

BM contains HSCs and non-HSCs, EPCs derived
from embryonic hemangioblasts as well as MSCs
that may collaborate at all steps during
hematopoiesis and/or BM regeneration (Figures 1
and 2).1262223 For instance, BM- derived
circulating HSCs and EPCs within peripheral
circulation can participate in new blood vessel
formation and are able to transdifferentiate into
cells that can replenish distant damaged non-
hematopoietic tissues. BM-derived
stem/progenitor cells, which may be collected
from BM aspirate or mobilized in peripheral
circulation, may also be used in transplant
therapies to reconstitute the immune system
defense or to repair damaged tissues in
pathological conditions. Hence, BM constitutes an

important source of adult stem cells with a great
therapeutic interest for a wide variety of pathological
disorders.

HSCs and their therapeutic applications

BM-resident HSCs are among the most
characterized adultstem cells that are able to drive
hematopoiesis by giving rise to all the
hematopoietic cell lineages found in peripheral
circulation including white blood cells (leukocytes),
red blood cells (erythrocytes), and platelets
(thrombocytes) over the lifetime (Figures 1 and
2).%%%23 The most primitive and long-term
undifferentiated human HSCs are characteri-zed by
a specific phenotype: CD34- or CD34 *+ /CD38~"/
Thy-1+/CD90 * /Kit-"°/Lin-/CD133 + /VEGF receptor 2
(VEGFR2 + ).2%% HSCs and their progenitors may
also be distinguished by the expression levels of
signaling lympho- cyte activation molecule family.*
HSCs express CD150 + / CD48-/CD244~ cell surface
molecules, whereas non-self- renewing
multipotent hematopoietic progenitors are
CD150-/CD48-/CD244 + and more restricted lineage
pro- genitor cells are CD150-/CD48 + /CD244 + *°
Immature and quiescent HSCs seem to be localized
at the endosteal bone surface, where they can
interact via the formation of adherensjunctions with
the supporting cells, osteoblasts that regulatetheir
functions (Figure 2).1622238796 HSCs are also
found in BM  microvasculature  sinusoidal
endothelium, where they are colocalized with
endothelial cells.?*#°¢ The transitionbetween the
quiescent and activated state of BM HSCs as well
as their migration is controlled by a complex network
ofgrowth factors and cytokines (Figure 1).%2%2387
HSCs can

notably migrate from the endosteal surface to
the vascular niche under specific stimuli such as
tissue injuries.”*®” Hence, the localization of HSCs
within the BM vascular niche may allow their
rapid release into BM microvasculature
bloodstream and their subsequent migration
into  the peripheral circulation under
physiological and pathological conditions. The
results from a study carried out on aparabiotic
mice model have indicated that the circulating
HSCs have a short lifetime in peripheral
circulation, and thereby only a small number
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may be available for the reconstitution of BM
niches and the repair of distant tissues/
organs.*? Importantly, it has been proposed
that the mobilized HSCs may establish their
homing at distant extramedullary sites
including the sinusoidal endothelium within
the spleen in human (Figure 2).6'96 Other
investiga- tions have also revealed that BM-
derived HSC-like stem cells and/or their
progeny could be localized in the skin,
muscle, neural tissues, lung, liver, and
gastrointestinal tract (Figure 1).°°® Hence,
these circulating and tissue-resident HSC-
like cells could participate in the
regeneration of peripheral tissues by
promoting the immune system response
and/or transdifferentiating into functional
cells involved in the repair of damaged
tissues. Additionally, the results from other
studies have also revealed the presence of a
CXCR4 *+ BM mononuclear stem cell sub-
population that expresses the markers
specific to early non-hematopoietic tissue-
com- mitted stem cells.*® The circulating
BM-derived tissue- committed stem cells
could participate in the regeneration of
peripheral tissues/organs under certain
physiological and/ or pathological
conditions. Further investigations are neces-
sary to confirm the presence of HSC-like
cells or tissue- committed stem cells (TCSCs)
within peripheral tissues/ organs, as well as,
more precisely, to establish the specialized
niches in which they can reside and their
specific functions.

HSC-based treatments of hematopoietic and
immune system disorders and cancer therapies

HSCs may be used in autologous or allogeneic
transplanta- tions for the treatment of patients
with inherited immuno- deficient and
autoimmune diseases and diverse hemato-
poietic  disorders to reconstitute the
hematopoietic cell line- ages and immune
system defense (Figures 1 and 2).'°
Particularly, the use of HSC transplant may
improve theimmune response of patients, and
thereby help both to repair damaged tissues at
distant sites in diverse pathological conditions

and to prevent infectious diseases after the
transplantation of tissue or organ grafts.*® HSC
transplant- ation may also restore the
hematopoietic and immune system after
myeloablative  effects following  high-dose
chemotherapy or ionizing radiation therapy in
cancer patients.® In clinical practice, HSCs homing
in the BM compartment may be used after their
isolation from BM or peripheral blood (PB) from
patients or healthy donors (Figure 2). BM-derived
HSCs may be collected from BM aspirate or by
apheresis after their mobilization in PB by using
diverse mobilizing agents such as granulocyte
colony-stimulating factor, granulocyte macro-
phage colony-stimulating factor, and/or synthetic
chemical compounds like the bicyclam derivative
AMD 3100 (Plerix- afor).1%%1°! The pretreatment
with colony-stimulating factors (CSFs) or AMD
3100 may promote the migration of BM- resident
HSCs into bloodstream, and thereby increase the
number of HSCs in mobilized PB samples for their
subsequent storage and wuse in transplant
therapies (Figure 2). In addition,CD34 + immature
HSCs may also be isolated from BM or PBsamples
using immunomagnetic methods with the specific
antibodies directed against certain HSC surface
antigenic markers. Hence, BM or mobilized PB
HSC-containing samples or isolated HSC
preparations may be retransplanted into the same
patients (autografts) or @ different patients
(allografts) by injection into the bloodstream
(Figure 2). Transplanted HSCs spontaneously
migrate and engraft at the BM compartment,
where they establish their novel homing, and
thereby contribute to replenishing all the
mature blood cell typesand restoring immune
system functions.''% The expression of agb;-
integrin binding and CXCR4 chemokine receptor
forSDF-1 ligand by HSCs may notably contribute
to their migration and homing within the BM
stromal microenviron- ment.1°? For instance, the
secretion of SDF-1 by the stromal osteoblasts and
endothelial cells from the BM and the expression
of CXCR4 in human hematopoietic progenitors
may contribute to their BM engraftment in vivo
(Fig- ure 2).1°%19% |n this matter, patients are
generally  treated with a  myeloablative
conditioning regimen consisting of a combi-
nation of chemotherapeutic drugs, such as
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busulfan, or total body irradiation before the
transplantation therapy.® This cytoreductive
conditioning treatment depletes the BM-
resident nonfunctional HSCs, and thereby
improves the HSC engraft- ment in BM empty
niches, which is low wunder physiologic
conditions. This treatment also has an
immunosuppressive effect and may help to
prevent the rejection of HSC transplantby the
recipients immune system. In addition, it has
also been recently observed that the transitory
antibody-mediated depletion of CD4 + T cells
may improve short-term HSC engraftment and
the regeneration of B cells in B-cell-deficient
and non-severe combined immunodeficient
mice.”’” This observation suggests that a
transient lymphoablative treatment may be
sufficient to correct certain hematopoietic
deficien- cies.”” Further studies are necessary to
confirm the efficacy andsafety of this treatment
type and other non-myeloablative regimens in
humans.

The transplantation therapies, which permit
the replace- ment of aged, genetically deficient,
destroying, or malignant BM-resident HSCs by
the normal and functional HSCs, canbe used to
treat a wide range of hematologic and
immunodeficient disorders and aggressive
cancers in hu- mans. Among them, HSC aging-
related intrinsic functionaldefects, autoimmune

diseases, refractory anemia, severe aplastic
anemia, congenital thrombocytopenia,
osteoporosis, chronic inflammatory bowel
disorders including Crohns disease and

ulcerative colitis, diabetes, leukemias, multiple
myeloma, and Hodgkins and non-Hodgkin's
lymphomas may be treated by HSC transplants,
alone or in combination therapies.>®8927>7.28
Importantly, the combined use of HSC
transplant plus high-dose chemotherapy or
ionizing radia- tion also constitutes a major
advance by offering an alternative therapeutic
strategy to treat and cure several high-risk
patients with advanced, metastaticc and/or
relapsed/ refractory non-hematological cancers
such as melanoma, retinoblastoma, and kidney,
lung, brain, pancreatic, color- ectal, prostatic,
breast, and ovarian cancers.®®19371% How- ever,

the toxicity of cytoreductive conditioning regimens,
the presence of residual malignant cells in allograft,
graft-versus- host disease as well as the lack of
appropriate donors for some patients represent the
major limiting factors for clinical applications of HSC
transplantation. In certain cases, reduced-intensity
myeloablative conditioning regimens may be used
for old patients or patients with co-morbidities to
reduce the toxicity of myeloablative regimens.'”’
Moreover, an autograft after purging of malignant
cells may constitute another alternative treatment
in patients with high-risk leukemic relapse when
no stem cell donor is available.’®® For instance, the
autologous transplantation of CD133 + selected
HSCs may be used for pediatric patients with
relapsed CD34 *+ /CD133- leukemia.”’ The results
from a recent investigation revealed that the
homing and engraft- ment of BCR-ABL * leukemic
stem cells (LSCs) in the BM of patients with chronic
myelogenous leukemias (CMLs) is  highly
dependent on CD44 adhesion molecule expression
with respect to normal HSCs.*® Therefore, the
targeting of CD44 LSC using an anti-CD44
antibody may constitute another approach for
improving the efficacy of HSC transplantation in
CML patients.109 In addition, bank-stored UC cells,
including UCB and placenta cells, and fetal tissue-
derived HSC transplants, which generally induce a
less- intense detrimental alloreactive response, may
also constitute other HSC sources for autograft or
allograft in certain clinical or experimental
setti ngs.6'10'11'84'85

Stromal stem cells and their therapeutic applications
BM stroma and the vascular walls of peripheral
tissues also contain the multipotent EPCs and
MSCs localized in perivascular niches that are able
to generate mature endothelial cells and diverse
mesenchymal cell lineages, including osteoblasts,
chondrocytes, adipocytes, and myo- blasts,
respectively (Figure 1; Table 1).263%3>110°113 The
BM- and vascular wall-resident and circulating
EPCs as well as EPCs derived from ESCs, fetal liver,
and UCB present multiple important clinical
interests (Table 1). EPCs could be used to treat
diverse vascular disorders because of their high
migratory potential through blood and their
capacity to differentiate into new endothelial cells
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that can  contribute to promoting
neoangiogenesis and endothelium repair at
distant damaged
tissues/organs.>®343>11LH3114 £o 1 ingtance,
it has been observed that platelets express and
release SDF-1 into the microcirculation upon
activation, and platelet- derived SDF-1 is
functionally involved in the recruitment of
EPCs to arterial thrombi in vivo.** Hence, it
appears that the in wvivo induction of
mobilization of BM-derived EPCs into
peripheral circulation or activation of EPCs
resident in vascular wall of damaged
peripheral tissues could represent promising
strategies to promote vascular repair of injured
areas. As a matter of fact, it has been observed
that the injection of isolated human CD34-
/CD133 + /VEGFR2 + / CD14- EPC sub-
population in nude mice with carotid artery
injury resulted in their homing at carotid artery
lesion endothelium.** EPCs were able to give
rise to the endothelial cells that incorporated
into the endothelial layer, and this led to a
reduction of the lesion size.** It has been
noticed that a greater number of transplanted
cells were observed in artery lesion for the
primitive CD34~ fraction than for their further
differentiated progeny, CD34 + /CD133 +
/VEGFR2 + /CD14- EPC sub-population.*® In
addition, BM-resident MSCs, also designated
as BM stromal cells, or their further
differentiated progeny, which are localized in a
perivascular niche, display the ability to
regenerate  BM stroma, bone, cartilage,
adipose (fat) tissues, and muscles in vitro
and/or in vivo.2®®* MSCs also reside in the wall
of large and small blood vessels in most
tissues/organs, including brain, spleen, liver,
kidney, lung, muscle, thymus, and pancreas
(Figure 1).1*2113 Hence, BM- and vascular
wall-resident MSCs as well as MSCs derived
from ESCs, fetal tissues, UCB, placenta, muscle-
derived stem cells (MDSCs), and adipose-
derived stem cells (ADSCs) mayconstitute a cell
source for therapies of diverse disorders such
as diabetes, osteoporosis, arthritis, muscular
degenerative disorders, and the regeneration
of the wall of organs and blood vessels after
tissue injuries (Table 1).6%®>%%77 MSCs may

also be induced to differentiate into neuronal
cells, pulmonary cells, b-pancreatic islet cells,
corneal epithelialcells, and cardiomyocytes under
specific conditions ex vivo and in vivo, and
therefore they could be used to treat numerous
tissue injuries and degenerative disorders as
described in the following sections.®2%>483115

Cardiac stem cells and their therapeutic
applications incardiovascular diseases

The apex and atria of the heart constitute the
homing sitesof cardiac stem/progenitor cells (CSCs)
that are able to giverise to three major cell types of
the  myocardium—cardio- myocytes, smooth
muscles, and vascular endothelial cells—in
physiologic and pathological conditions (Figure
1).36132425 Therefore, the in wvivo stimulation of
endogenous CSCs or the intravascular,
intramyocardial, or catheter-based delivery of ex vivo
expanded CSCs or their further differentiated
progeny, which represents a cell replacement therapy
of aged or dysfunctional CSCs and regeneration of
cardiomyocytes and coronary vessels, is emerging as
an area of great interest to many
researchers,®©1324.25116-118 CSC-based
therapies, alone or in combination with the current
pharmacotherapies, could then be used to treat
patients with heart failures resulting from ischemic
heart disease, hypertension, and myocardial
infarction (Table 1).131425116=118 |, 44dition, ESCs,
UCB-derived stem cells (CD133 +* cells, HSCs, or MSCs),
AECs, BMSCs (CD133+ cells, HSCs, MSCs,

or EPCs), ADSCs, MDSCs, and adult testicular stem
cells or their progeny also constitute other potential
stem/ progenitor cell sources or differentiated cells
that may generate the functional and contractile
cardiomyocytes and/ or vascular endothelial cells in
vitro and/or in Uiv0.3'6'13_16'19'25'66'68'119'120
Additionally, these cells may also release the soluble
factors that stimulate the endogenous CSCs. Hence,
these cell types or their further differentiated progeny
could be used to improve the myocardial and
vascular regeneration as well as cardiac function. The
results from several experiments carried out on
animal injury models in vivo have revealed the
potential benefit of using these stem cell types or
their further differentiated progeny having the
cardiomyogenic properties to repair the damaged
myocardium 41619.2468116117 The data from small
clinical trials consisting of the transplantation of
human BMSCs,mobilized PB cells, or purified CD133 +
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BMSCs into patients with advanced ischemic
hearts diseases have also indicated that this
treatment generally improves the vascularization
process and/or myocardial function 4118120
Although the clinical interests of using these
diverse stem cell types for treating cardiovascular
diseases are very strong, the specific biomarkers
and functional properties of transplanted cells
and the molecular mechanisms at the basis of
observed effectsin the animal models in vivo and
clinical setting require additional studies.
Moreover, an optimization of cell delivery
methods as well as establishment of possible
interactions between cardiac cell-replacement
therapies and current pharmacotherapies used to
treat heart diseases in the clinic and their specific
therapeutic potential after long-term treatment
also merit further investigations. These future
works are necessary before their possible
applications of CSCs as effective cellular or gene
therapies of cardiovascular diseases in the safe
conditions in humans.

NSCs and their therapeutic applications

Adult neurogenesis is assumed along the
lifespan by multi- potent CD133 + /nestin
NSCs with an astroglia-like cell phenotype
found within two specific brain regions: the
lateral subventricular zone of lateral ventricle
in the forebrain and dentate gyrus in
hippocampus (Figure 1).53° NSCs, which are
colocalized in close proximity to blood vessels
in the supraventricular zone, can give rise to
three principal neural cell lineages: mature
neurons and glial cells, astrocytes, and
oligodendrocytes.*®* NSCs in the subgranular
cell layer of hippocampus may give rise to
granule cell projectionneurons. NSCs isolated
from these brain regions or deri- ved from
ESCs, UCB, fetal brain and spinal cord,
MSCs, or skin-derived stem cells may be
expanded and differ- entiated into functional
neuronal cell lineage
vivo.* 11707678121 The intracerebral injection
of expanded NSCs or their further
differentiated progeny, which may lead to their

ex vitro and in

during aging as well as repair neurological
damages occurring within the brain and spinal
cord.®*??123 |mportantly, NSCs re-intro-duced
in the specific brain region may also migrate to
distant damaged sites disseminated throughout
the central nervous system and even influence the
host cells, including the dysfunctional neurons, in
damaged areas.’?? It has been proposed that
NSCs or their progeny possess an intrinsic
capacity to restore dysfunctional neurons in the
brain by releasing therapeutic molecules that
mediate neuroprotective and/or
neuroregenerative effects.'?” Future investigations
are necessary to establish more precisely the
micoenvironmental conditions that may influence
the behavior of NSCs and neurogenesis in vivo.
These works should optimize the engraftment
conditions of NSCs or their progeny within
specific brain areas, and thereby improve their
therapeutic effects. NSCs, genetically modified
NSCs, or their further differentiated progeny
could be used to treat and cure avariety of central
nervous system disorders and replace neuronal
cells lost by new functional cells in acute injuries
in the brain and spinal cord resulting from
ischemic or hemorrhagic stroke or trauma.®*
Several progressive and. neurodegenerative
diseases caused by deterioration and loss of
neuronal cells could also benefit from NSC-based
treatments. Among them, there are multiple

sclerosis, Parkinson's, “Alzheimer' s, Lou Gehrig' s
(also  designated as amyotrophic lateral
sclerosis), and Huntingtons diseases (Table

1).4'6'41'42'124'125 Hence, the restoration of lost
neuronal cells could improve impaired brain
functions such as memory loss and abnormal
control of movement, sensation, behavior, and
other autonomic nervous functions. The delivery
of specific growth factors or cytokines such as
EGF, FGF-2, sonic hedgehog, granulocyte colony-
stimulating factor, and stem cell factor in the
damaged brain areas also may stimulate NSCs
and neurogenesis in vivo.****?’ For instance, it
has been observed that granulocyte colony-
stimulating factor exerts neuroprotective effects

engraftment in the brain, constitutes an . ! i i
attractive  strategy for neuronal  cell- thI’OL.J.gh . different  mechanisms, .mcludm.g
replacement therapies. 6122123 New moblllza.t|on of HSCs, _ Neurogenesis, ath|—
engrafted NSCs can restore functions lost apoptosis, neuronal differentiation,  angio-
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genesis, and anti-inflammation in cerebral
ischemia.’®  Additionally, =~ ESCs, fetal
stem/progenitor cells, UC-derived stem cells
(multipotent progenitor cells), AECs, BMSCs
including MSCs, ADSCs, and pluripotent
epidermal neural crest stem cells (eNCSCs)
found in bulge areas within thehair follicle of
the skin may also be induced to differentiate or
trans-differentiate into functional neuronal
cells  expressing the specific markers of
neurons (tubulin-b and Tujl), astrocytes (glial
fibrillary acidic protein), or oligodendrocytes
(O4) in vitro and/or in vivo.*'? 7% 788086128 |1
has also been observed that human ESC-
derived oligodendrocyte progeni- tor cells
could give rise to the oligodendrocytes that
contributed to the remyelination of nerve
axons, and thereby restored the locomotor
ability of adult rats with spinal cord injuries.?

Major advancements have also been made in
the differentiation of functional dopaminergic
neurons from NSCs and other stem cell sources,
including ESCs which could be used to treat
Parkinson's disease caused by a progressive
deterioration of dopaminergic neurons in the
part of the brain that controls muscle
movement (Table 1).****? Additional long-term
trials on the safety and efficacy of these NSC-
based therapies must be addressed before their
possible clinical application for treating patients
with neurological disorders. The studies aimed at
optimizing the delivery methods of NSCs and/or
their progeny and genetically modified NSCs
expressing the therapeutic agents in specific brain
and spinal cord regions also merit further
investigation.

Other adult stem cell-based therapies

The in stimulation or replacing
dysfunctional adult stem cells including
bronchioalveolar stem cells,”®?® hepatic oval
cells (HOCs),?93¢ stem cells within intestinal
crypts and gastric glands,?’*’ pancreatic
stem cells (PSCs),>*3"13% muscle-derived
stem cells (MDSCs and satellite cells),?%?*>°
ADSCs, %152 ocular stem cells (retinal stem
cells and corneal epithelial stem cells),*® skin
stem cells (keratinocyte stem cells, bulge
epithelial stem cells, and epidermal neural

vivo

crest stem cells),®® and/or their further
differentiated progeny also constitutes potential
strategies for the treatment of numerous
pathological disorders in humans (Figure 1;
Table 1)26131132 This could allow for the
restoration of progressive loss of functions of
these adult stem cells with aging and due to
diverse genetic and degenerative disorders.

Among them, there are Ilung disorders
(interstitial lung diseases, cystic fibrosis, asthma,
chronic  bronchitis, and emphysema),?4*
chronic liver injuries (hepatitis and liver
cirrho- sis),83033:364546 gastrointestinal
disorders,?"*’ type I and I

diabetes,>!93748133 skeletal muscle defects
and cartilage and muscular degenerative
disorders (Duchenne muscular dystrophy),'*
213052 ove diseases,**°*®98182 3nd skin and
hair disorders.>>?*1>13% For instance, it has
been reported that the stimulation of
bipotential HOCs localized in intrahepatic
biliary tree in adult liver, which can differentiate
into both new hepatocytes and biliary cells, may
contribute tothe liver regenerative process in vivo
in animal models with severe liver injuries.?**3>
BMSCs including CD133 + cells andHSCs or other
tissue-resident stem cells such as those foundin
heart, kidney, brain, -and skin also can
generate new hepatocytes in injured liver in
vivo.t/ 183345135 The con- tribution of BM-
derived cells to the HOC and/or hepatocyte
regeneration appears to be undetectable or low
under certain specific physiologic conditions,
whereas it may be enhanced in animal injury
models and patients with malignant liver
lesions.'”1833135  Several works have also
revealed the possibility of using ex vivo or in
vitro expanded functio- nal b-cells generated
from different sources of stem/ progenitor
cells. Among them, there are human ESCs,
human AECs, nestin-positive pancreatic
progenitor cells from fetal pancreas (islet-like cell
clusters), placenta-derived multipotent stem
cells, UCB stem cells, and adult stem cells
including PSCs, HOCs, ADSCs, HSCs, and MSCs
to

reduce the symptoms associated with type Il

diabetes mellitus (Table
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1).5,6,11,19,31,37,48,49,62,66,136,137 Particularly, It has
been shown that the adult PSCs can be
induced to differentiate into functional
insulin-secreting b-cells follow- ing the
reactivation of  transcription factors
(pancreatic duodenal homeobox-1 (PDX-
1), neurogenin 3, PAX4, or NeuroD) and
morphogenic factors (nestin and clusterin)
that are involved in normal pancreas
embryonic develop- ment.>637133138
Interestingly, a recent investigation has
also revealed the possibility of generating
functional insulin- producing b-cells from
PDX-1 gene-modified human MSCs.*
These engineered PDX-1 * hMSCs were
able to induce an euglycemia after
transplantation into diabetic mice model
in vivo* Further long-term investigations
are essential to establish the therapeutic
effects of these adult stem/ progenitor
cell-replacement and gene therapies in
distinct animal models as well as the
molecular mechanisms at the basis of
observed effects before they can be
used in thetreatment of human diseases.

CONCLUSION

Altogether, these recent advancements in basic
and clinical research on embryonic, fetal,
amniotic, UCB, and adult stem cells revealed
multiple possibilities for their potentialtherapeutic
use in regenerative medicine and cancer therapies
in humans. Stem cell-based therapies can offer
the possibility to restore aged, damaged, or lost
cells to regenerate or repair the tissues/organs by
cell-replacement therapies. Moreover, the use of
genetically modified stem cells as delivery
vehicles also offers great promise to correct
inherited genetic defects and specifically deliver
the  therapeutic molecules in damaged
tissues/organs. Stem cells and/or their further
differentiated progeny constitute cells with an
enormous therapeutic potential to treat and even
cure diverse genetic anddegenerative disorders in
the human body, and whose pathological
disorders yet remain incurable with the other
types of treatments in the clinic.

Perspectives and future directions

Although the significant advancements in stem cell
research have provided important information on
stem cell biology and offer great promise for
developing novel successful stem cell-based medical
treatments, further investigations appear to be
necessary to translate the basic knowledge into clinical
therapeutic applications in humans. Additional studies
to optimize the experimental conditions for isolation,
expan- sion, and differentiation of human
stem/progenitor cells into specific differentiated cells in
vitro, ex vivo, and in vivo, and more particularly for
human ESCs, are essential before their possible use in
treating  human  pathological  disorders.  The
identification of specific biomarkers to each type of
adult stem/progenitor cells relative to their more
committed and mature progeny is important for the
characterization of their specific physiological functions.
The establishment of a complex network of
environmental signals that govern the self-renewal and
differentiating capacities of adult stem/progenitor cells
should help to shed some light on the extrinsic
factors that are responsible for their lost functionswith
aging and in specific pathological disorders. The
determination of temporal changes in these extrinsic
factors and specialized niches of adult stem cells may
notably provide information on the sequence of
molecular events that may be associated with each
stage of development of a particular disease in
humans. This is particularly importantfor designing
the effective therapies that may be dependent on
the disease stage of patients. The establishment of
homing and  engraftment mechanisms  of
transplanted stem/progeni- tor cells versus their
nonfunctional or malignant counterpart, including
cancer stem cells, could also lead to newtherapeutic
transplant strategies that are more effective and less

toxic to the organism.

Hence, there are many accumulating experimental
lines of

evidence supporting the therapeutic interest of
continuing this intensive research in the field of
stem cells. Stem cell research has the potential to
lead to the development of novel cellular and
gene therapies that could be translated into
effective and safe clinical treatments of numerous
genetic anddegenerative disorders in humans.
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