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Abstract

The present review examines in the first place various kinds of naturally occurring stem cells,
including germ cells and embryonic stem cells (ES cells), as well as haemopoietic stem cells, which
are historically the first to be used for medical treatment. Attention is also given to cancer stem
cells, as a source of perseverant malignant disease. The main interest is now represented by the
variety of somatic cells, which can be re-programmed to different types of differentiated cells, the
so-called induced pluripotent stem cells (IPSC’s). Focus is now directed not only to the factors
which make such events possible like de-differentiation and reconversion but also to the stages
involved in this process. It is actually postulated that the transition from differentiated cells to
pluripotent cells follows a definite sequence with evidence of two waves of gene regulations. Main
applications of stem cell therapy are reviewed, from the established use of haemopoietic stem
cells for clinical transplantation in a variety of haematological disorders to the initial attempts to
employ stem cells for the treatment of other disparate conditions. Problems related to stem cell
treatment with both ES and IPS cells, like the necessity of a large in vitro expansion to provide
sufficient amounts of cells and the related risk of genomic abnormalities are illustrated. The
necessity of safe procedures for the development of this venture is also outlined.

Keywords

Stem Cells Classes, Embryonic and Germ Stem Cells, Somatic Cell Reprogramming, Induced
Plueripotent Stem Cells, Epigenetic Factors, Regenerative Therapy

1. Introduction

The properties and applications of different types of stem cells have received an incredible degree of attention in
recent years, which was difficult to imagine during the first attempts to move into this area. It has been therefore
only natural that many studies have appeared with the aim to characterize various classes of cell progenitors,
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their versatility and clinical applications [1]-[4].

It has been indeed in the clinical field that stem cells have occupied a very important place, first in the
haemato- and immunological pathology with good success but more recently, in other areas like neurological,
cardiological and metabolic disorders, where trials are still in an early stage. It also has to be mentioned the use
of stem cells as instruments of gene therapy, as they can be loaded with normal genes and transferred into tis-
sues carrying genetic abnormalities [5].

2. Historical Background

The discovery of haemopoietic stem cells (as distinct from embryonic stem cells), capable of producing a variety
of differentiated blood cells, can be traced to the immediate post-2nd world war, although earlier work had an-
ticipated the possible existence of such elements. It was indeed in the late Forties that it was shown how mice
could be protected from irradiation injury by shielding the spleen [6]. In another study it was demonstrated that
protection from irradiation could be obtained by infusion of spleen or marrow cells [7]. Doubts were raised
about the cellular or humoral nature of such protection, but they were solved when, after infusion of marrow
cells and subsequent post-irradiation recovery, it was found that the newly formed marrow cells had cytological
features of the marrow donor, thus pointing to the action of cellular factors [8].

Only a few years later a remarkable breakthrough was the demonstration of haemopoietic stem cells, obtained
by experiments carried out to study the radiation sensitivity of mouse bone marrow cells [9]. The discovery was
some how accidental, as the Authors pointed out. It was actually found the existence of repopulating cells, capa-
ble to form macroscopic colonies in the spleen of irradiated mice. Such cells were called “spleen colony-forming
units (or CFU-S), a denomination based on the evidence, with the caveat to prove their ability of self-renewal
before calling them truly stem cells. It was soon demonstrated that spleen colonies contained, in turn, a few col-
ony-forming cells, thus satisfying the criteria of both differentiation and self-renewal capacity [10]. Following
these results, it was soon debated if the stem cell decision of self-renewal v. differentiation could be an inherited
property or the process would obey no particular rule and therefore should be considered as following an unpre-
dictable, “stochastic” model, obviously difficult to demonstrate [11].

Studies on the heterogeneity of haemopoietic stem cells were focused on their variable capacity of self-re-
newal. The result was the isolation of two different classes, the long-term (LT-HSC) and the short term (ST-
HSC) reconstitutive stem cells, the former capable of permanent self-renewal capacity, and the latter endowed
only with a time-limited self-renewal capacity, about 8 weeks [12].

Another relevant area of investigation was the ontogeny of haemopoietic stem cells. It is actually postulated
that early stem cells are totipotent progenitors, found in the inner cell mass of the blastocyst, which can originate
both somatic progenitors and primitive germ-line stem cells. These cells, discovered in mouse embryo [13] are
called embryonic stem cells (ES cells), capable to generate all somatic cells. They were obtained for the first
time from human in blastocysts 1998 [14], raising a heated debate about the possibility to develop human tissues
and organs from such material. However blastocysts are not the only source of pluripotent cells. ES-cells can be
obtained by primordial germ cells (Eg-cells), which appear at a late embryonic stage of development [15]. Ap-
plications of such primitive precursors will be described. Haemopoietic progenitors are already found in the yolk
sac blood islands [16], with successive migration to foetal liver, spleen and bone marrow [17]. They will form a
prominent part of the present review as they represent the best studied cells in this field and have been success-
fully tested in clinical applications.

3. Stem Cell Classes and Properties

It is generally accepted that an essential property of stem cells is the self-renewal capacity during the entire life.
In this respect, among germ line stem cells, only male spermatogonial cells were believed to possess this prop-
erty and were thus called “true stem cells. It has been later claimed that adult mouse ovary contains germ cells
capable to produce oocytes and follicles in the postnatal life as well [18]. The question is still under scrutiny, as
it was later shown that some markers of meiosis-committed cells are highly expressed in the ovary of aged fe-
male mice in the absence of oocytes; moreover, by grafting an aged ovarian tissue from germ cell-specific
transgenic mice into the ovary of a young wild-type host, the formation of GFP positive immature follicles has
been demonstrated, along with the co-expression of NOBOX, a primordial oocyte marker [19]. It thus appears
that the above mentioned definition of “true stem cells” should be based on the available genetic and molecular
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markers, which may constitute a kind of “signature” [20], together with a decisive functional aspect.

Among the different types of germ stem cells,we may first consider a set of cells destined to form mammalian
gametes, called primordial germ cells (PGC’s); they are determined early in embryogenesis and provide the spe-
cial task of forming mammalian gametes; a series of studies were performed to understand the mechanism of
PGC differentiation, as they appear closely related to embryonic stem cells and embryonic germ cells [21] [22].
Such connection is indeed apparent from studies on human embryonic germ cells (EGC’s), pluripotent stem
cells derived from primordial germ cells. EGCs demonstrate long-term self-renewal via clonal expansion in an
undifferentiated state, but can differentiate in vitro to form so-called embryoid bodies, and then all three germ
lineages, ectoderm, endoderm and esoderm [23].

Recent studies on EGC genetic complement provide a reliable model for identifying molecules involved in
the pluripotent state when compared to their PGC progenitors and other pluripotent stem cells. Microarray stud-
ies and principal component analysis (PCA) have indeed shown for the first time that human EGCs possess a
transcription profile distinct from PGCs and pluripotent stem cells. Studies with gRT-PCR have also revealed
that human EGCs and PGCs express many pluripotency-associated genes but substantially different from ESC’s
and other cell types, like induced pluripotent stem cells and embryonal carcinoma cells; a few genes were found
upregulated in PGCs which may help to distinguish their unipotent state [24]. These findings provide the first
evidence of a possible genomic characterization of human germ cells and pluripotent stem cells and identify
genes involved in different states of germ-line pluripotency.

3.1. Embryonic Stem Cells (ES Cells)

The components of the cells mass of the blastocyst which give rise to the foetus are called pluripotent embryonic
stem cells commonly abbreviated ES cells [14]. ES cell lines can be isolated and propagated for long time in se-
rum-free, properly supplemented media without a change in the karyotype, a pre-requisite for possible clinical
use. When human ES cells are induced to differentiate, they give rise, like the EGC cells, to embryoid bodies
which can evolve into various types of cells; the study of this process allows clarifying the regulation of lineage
commitment and differentiation [17]. Moreover, ES cells have been proposed as a way of treatment in a wide
range of human disorders, ranging from neurologic conditions to blood disorders, immune deficiencies and oth-
ers, caused by lack or deficient number of certain cell types [4] [25].

It is however important to specify the nature of pluripotency; this is currently defined as the capacity of indi-
vidual cells to initiate all lineages of the mature organism in response to signals from the embryo or cell culture
environment; therefore a pluripotent cell represents a so called “ground state”, free of epigenetic restriction and
with minimal requirements for extrinsic stimuli [26]. It is also known that pluripotent stem cells have a distinct
cell-cycle from differentiated cells as they exhibit long-term proliferative capacity by spending a shorter period
of time in G1 and a proportionally longer period of time in S phase compared to adult cells [27].

ES cells can be maintained in culture in the presence of LIF and either BMP4. Under these conditions, nu-
merous genes are expressed in a heterogeneous manner, implying that ESC cultures may harbor cells with dis-
tinct functional genome [28]-[30]. As far as ES cell development potential is concerned, it was generally ac-
cepted that ES cells are not totipotent as they cannot give rise to extra-embryonic tissues: recent data suggest
anyway that mouse ES cells undergo a transient 2-cell phase, in which they can be really totipotent as they are
able to originate placental tissue. It is still unknown whether, such 2-cell stage ES cells can form a live organism
[31].

Among the latest developments about the properties of ES cells, there are interesting acquisitions on the
mechanism for maintenance of pluripotency, in which three main transcription factors, Oct4, Sox2 and Nanog
are involved: such factors are proteins that maintain ESC identity, but also decide germ layer fate. Oct4 sup-
presses neural ectodermal differentiation and promotes mesendodermal differentiation, while Sox2 inhibits
mesendodermal differentiation and promotes neural ectodermal comversion [32].

Recent studies have also demonstrated that a key role in the pluripotency state is played by geminin, a protein
which is involved in the control of the cell cycle and DNA replication [33]: in embryonic stem cells the deletion
of the geminin gene quickly leads to a loss of pluripotency, and to differentiation into the mesendodermal direc-
tion with high Oct4/low Sox2 levels, while simultaneous loss of geminin and induction of the neural lineage
cause apoptosis [34]. It is thus suggested that in early development geminin is required for Sox2 expression and
thus for the maintenance of totipotency, pluripotency and the early neural lineage.

)



S. Eridani

3.2. Haemopoietic Stem Cells

Special consideration should be given to this type of stem cells, which are the most extensively studied stem cell
type and have been for long time on the stage for their successful clinical application. As for their genesis, it was
classically postulated that the first hematopoietic precursors reside within blood islands in the yolk sac (YS) so
that they produce primitive erythrocytes which provide oxygen and nutrient delivery to the developing embryo.
Primitive erythrocyte precursor colony-forming cells are first identified in murine YS as early as embryonic day
(E) 7.0, but completely disappear by E9.0.; definitive erythropoiesis follows in a second wave, also arising in the
YS and distinct from primitive erythropoiesis by the appearance of peculiar hemoglobin molecules; there is also
production of the other cells of the haemopoietic compartment [35].

The stages of the complex process of HSC migration from the YS to the foetal liver (FL) and bone marrow
(FBM) have been until recently largely unknown: there is present evidence that progenitor cells in the yolk sac
are developmentally plastic and, when exposed to the correct microenvironment, have the potential to reconsti-
tute all hematopoietic lineages in an adult mouse, after the onset of embryo circulation (9 - 10 dpc), [36]. It is
however now envisaged that the principal site of definitive foetal multilineage hematopoiesis for vertebrates is
the endothelium within the aorta-gonad-mesonephros (AGM) area, plus some role by the yolk sac and the pla-
centa [37]. A critical and specific role of the GFI1 transcription factors has been suggested in the process leading
to the generation of hematopoietic progenitors from hemogenic endothelium [38].

Early progenitors then colonize the fetal liver (FL), where they undergo expansion and maturation, so that
from mid- to late gestation the FL becomes the major site of mammalian hematopoiesis; then haemopoietic pro-
genitors colonize the fetal bone marrow, under the direction of several transcription programs, while the foetal
spleen is initially seeded by progenitors that are unable to sustain myelopoiesis [39].

The identification of different types of HSC’s has been based in the first place on various criteria, like bio-
logical activity, antigen markers and others [40]-[43]. Recently the development of immunodeficient mice,
which allow an extensive monitoring of engrafted human cells opened the way to novel research: it has been for
instance demonstrated that single HSC’s, labeled by a a specific marker like C49f are highly efficient in gener-
ating long-term multilineage grafts [44].

Great attention was devoted to the identification of the molecular phenotype of the haemopoietic stem cells:
these studies demonstrated a kind of genetic programme, comprising several thousands of gene products with
regulatory function [45] [46]. As far as variations of gene assets in different types of stem cells is concerned, it
was found that global gene expression profiling shows similarities and differences among mouse pluripotent
stem cells of different origins and strains [47].

An interesting study compared the gene expression profiles of Lin-ckit+Sca-1+ (LKS) cells generated in vitro
from mouse ESCs with that of native LKS cells isolated from mouse fetal liver (FL) or bone marrow (BM): it
was found that in vitro—generated LKS cells were more similar to FL—than to BM LKS cells in gene expres-
sion and that, when compared to cells derived from bioreactor cultures, static culture-derived LKS cells showed
fewer differentially expressed genes relative to both in vivo LKS populations. Overall, the expression of hema-
topoietic genes was lower in ESC-derived LKS cells compared to cells from BM and FL, while the levels of
non-hematopoietic genes were up-regulated [48].

Recent studies have also addressed the mechanism of haemopoietic stem cell quiescence in the mouse bone
marrow using three-dimensional imaging techniques: quiescent HSCs appear specifically linked with small arte-
rioles that are preferentially found in endosteal bone marrow; these arterioles are associated with a special type
of pericytes to form a niche, which is indispensabe for HSC maintenance [49].

3.3. Induced Pluripotent Stem Cells (IPSC'’s)

A few years ago, a team of Kyoto University in Japan reported that by adding a handful of genes to a skin cell,
they could turn it into an induced pluripotent stem cell (IPSC), thus restoring the potential to develop new dif-
ferentiated cells [50]. This was obtained by retroviral-mediated transduction of adult cells with four transcription
factors, highly expressed in ES cells. After that report a remarkable progress followed, showing that IPSC’ can
be obtained by human adult cells and from a variety of tissues, including stomach and liver [51]. Beside the
demonstration of a number of core transcription factors (OCT4, Nanog and Sox2), necessary to maintain pluri-
potency of ES cells, other factors have been identified, which can be used to induce reprogramming of cell dif-

ferentiation in a number of somatic cells [52].
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IPS cells have been extensively studied in the last years, with special regards to the early stages of their
transformation and the sequence of events taking place in such stages. It was found that beside the before-men-
tioned transcription factors, other proteins are active in cell reprogramming, namely some epigenetic regulators,
which promote the expression of quiescent pluripotency genes in fibroblasts: such factors, Parpl and Tet2, are
therefore the initiators of the reprogramming process [53]. The mechanism of epigenetic modeling for obtaining
IPS cells has also been the subject of recent investigations and different models of cellular reprogramming have
been discussed, with special attention to enzymes involved in this process [54]. It is actually postulated that the
transition from differentiated cells to pluripotent cells follows a definite sequence, with evidence of two waves
of gene regulations, as single-cell expression analysis during cellular reprogramming reveal an early stochastic
and a late hierarchic phase [55]. The process seems to involve not only markers like CD 44 and C54, but also
epidermis-related genes, an unexpected finding: it thus appears possible to delineate a sort of “road map” of the
IPS cell generation pathway [56].

Contrasting reports have appeared on the immunogenicity of IPS cells. While a recent study supported this
property, assessed by teratoma formation [57], another more recent report showed no difference in transplanta-
tion success between IPS-derived cells, as compared with ES-derived tissues, thus confirming a limited immu-
nogenicity of both IPS and ES transplanted cells [58]. Serious consideration has been also given to assess the
type of aneuploidy already evident in early passage IPSCs [59]. The effects of culture prolongation in high-
passage pluripotent stem cells are actually due to gross chromosome abnormalities and other genetic modifica-
tions, which promote tumorigenic potential: this has therefore prompted a search for methods to remove pro-
spective tumorigenic cells before transplantation, as proposed in recent investigations [60]. Other dangers asso-
ciated with induction of pluripotency in somatic cells are examined in a recent review [61].

3.4. Mesenchymal Stem Cells

The initial realization that some kind of non-haemopoietic stem cells may be located in the bone marrow can be
traced to the original hypothesis that hematopoietic stem cells (HSCs) are regulated by their physical association
with a cellular microenvironment within BM: further investigations revealed that a second type of stem cell is
present in the BM, specifically, in the hematopoiesis-supporting stroma [62]. In particular, Nestin ++ mesen-
chimal stem cells (MSC’s) show a peculiar partnership with HSC’s, to form a unique bone marrow niche [63].

Moreover, while the original notion of MSCs specifically referred to cells in BM (bone marrow stromal cells),
the current notion has been extended to include cells from additional sources (such as synovium, adipose tissue,
dental pulp, etc.) and indeed, from almost every postnatal connective tissue [64] [65].

At present, mesenchymal stem cells have been identified, in addition to bone marrow, in a number of adult
tissues, including adipose tissue and fat pad. Mesenchymal stem cells are generally isolated from the tissue and
expanded in culture: these cells are characterised or defined using a set of cell surface markers as they are gen-
erally positive for CD44, CD90 and CD105, and negative for haematopoetic markers CD34 and CD45 or the
neurogenic marker CD56 [66].

An interesting part of the picture is some information suggesting that endothelium-adherent cells, so-called
pericytes, may be candidate stem cell for the formation of vascular tissue cells: recent investigations have indeed
identified, purified, and characterized distinct populations of MSC-like multilineage precursors from the vascu-
lature of multiple human organs [67] [68]. These precursor cell subsets, derived from human blood vessels, in-
clude pericytes (PCs), adventitial cells (ACs), and myogenic endothelial cells (MECs), and may be isolated by
fluorescence-activated cell sorting (FACS); purified PCs, ACs, and MECs not only exhibit typical mesodermal
multipotency in culture but also demonstrate regenerative capacities in animal disease models [69].

The whole problem of the identity and function of MSC’s, with special regard to species-specific differences
in cell surface marker expression as well as their potential as therapeutic targets, has been the object of recent
studies [70].

3.5. Alternative Stem Cell Sources

It has been known for many years that the skin contains a rather vast variety of stem cells, including epidermal
and mesenchymal stem cells (MSCs), melanocytic stem cells derived from the embryonic neural crest, as well as
haematopoietic and endothelial precursors [71]. Moreover, a distinct population of skin-derived progenitors has
been isolated and characterized: these cells, named “skin-derived precursors (SKP), are neural crest precursors,

()
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located in an aspecific dermal niche and possessing a wide differentiation potential, which make them suitable
for therapeutic use [72].

A recent example of how skin fibroblast-derived stem cells may be used in different area is supplied by a re-
port from a team at the Mayo Clinic, which has obtained IPCS’s from the skin of patients in end-stage kidney
diseases; such iPCS’s may be used not only for the study of renal disease pathogenesis but also as autologous
elements, for a trial of kidney replacement therapy [73].

Among the adult cells which have been shown capable of reverting to a condition of IPCS’s by appropriate in
vitro treament, a very interesting place is occupied by mature adipose cells: their advantage is, of course, that
they can be obtained in large amounts with minimal effort and can apparently maintain a kind of “staminal”
characteristics during passage in culture, so that they may be eventually employed in attempts of tissue regen-
eration [74]; it has been shown indeed that purified adipose stem cells express high level of markers of staminal-
ity like CD49, CD44, CD90, CD105 and CD71 and that these markers are maintained at high level for at least 3
months and seven passages of in vitro culture [75]. Progenitor, endothelial and mesenchymal stem cells derived
from adipose tissues may be considered for cell therapy in a number of disease conditions, including those af-
fecting bone, cartilage, muscle, liver, kidney, cardiac, neural and pancreatic tissue [76].

An interesting source of stem cells has also received attention, namely the amniotic fluid: amniotic fluid-de-
rived stem cells (AFSC) are easily collected, have a high renewal capacity and can differentiate into all tissues
derived from all embryonic layers [77]. It has been recently confirmed that AFSC’s can be maintained for over
250 population doubling, while preserving their telomere length and a normal karyotype: therefore many more
uses for AFS’s are now considered in regenerative medicine [78].

Another source, connected to amniotic fluid, is represented by placental stem cells, which are also available in
considerable amount and show differentiation potential towards all three layers of germ cells [79] [80]; these
foetal stem cells can be harvested in large numbers, and without the ethical concern attached to the use of em-
bryonic stem cells. These stem cells may thus be a more practical source for regenerative medicine, particularly,
if placentas are routinely saved instead of thrown away [81].

3.6. Cancer Stem Cells

Early ideas on the potential existence of cancer stem cells(CSC’s) emerged before the end of last century, in pa-
rallel with research on embryonic stem cells, resulting in a deeper knowledge on stem cells in general. The early
information on cancer stem cell was founded on research in acute myeloid leukaemia (AML): it was actually
shown that leukemic blasts in AML originate from precursor cells in the bone marrow carrying a specific ge-
nomic DNA mutation, called leukemia initiating mutation, while during progression of the disease multiple mu-
tations follow [82]. Leukemic mutated cells are highly resistant to chemotherapy and are responsible for the re-
currence of AML after an initial complete remission: even after chemotherapy they retain their self-renewal ca-
pacity, so that they can rapidly replenish the leukemic cell population, leading to recurrence of the disease [83].

In the general field of oncogenesis, the present theory postulates that CSC’s derive from the switch from a
polarized epithelial type to a non-polarized mesenchymal cell type with stem cell properties, including migratory
behavior, self renewal and generation of differentiated cellularity. This process, called epithelial-mesenchymal-
transition or EMT, shows some striking and fascinating similarities to processes taking place during embryonic
life, which allows cell migration to the right body location in the developing embryo; in the same way, a com-
bination of genomic changes and biochemical and physical interactions with its microenvironment, leads an
epithelial cancer cell to become a cancer stem cell [84] [85].

An interesting development has been recently reported, namely the identification of gene sets which control
growth and survival of leukemic stem cells: such genes have influence on multiple aspects of leukemia biology
and on the interaction of malignant cells with the surrounding microenvironment, so that a kind of CML signa-
ture may be obtained; it is significant that compounds with predicted inhibitory activity toward the CML signa-
ture show a specific cytotoxicity in both mouse and human cells [86].

Moreover it has recently emerged that stem cells from Chronic Myeloid Leukemia (CML) are controlled in
their properties by a set of proteins, called Sirtuins, a subclass of histone deacetylases acting on a variety of cel-
lular processes, like DNA repair, cell survival and metabolism [87]: experiments in transgenic leukemic mice
have shown that treatment with Tenovin, a sirtuin family inhibitor [88], causes a significant loss of CML stem
cells and even more so when Tenovin is associated with the well-known anti-leukemic compound imatinib [89].
It may thus become possible for the first time to act on highly resistant cancer cells.
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4. Clinical Applications and New Issues

Stem cell therapy has been an ever-expanding area since the early days and it only possible in the present survey
to mention a few landmarks as well as outlining new developments (see Table 1).

First of all, it is proper to recall the now historical trials of stem cell therapy, namely haemopoietic cell trans-
plantation (HST), performed by the team led by Nobel Prize winner D. Thomas [90]; scientists in many Coun-
tries have contributed to the development of such technique, using stem cells from different sources: for instance
a successful use of peripheral blood stem cells, with the added bonus of their mobilization before collection, has
been established [91]. Stem cells from the umbilical vein, or cord blood (CB) stem cells, have also been col-
lected in considerable amount and used for transplantation [92]; CB banks have been also set up, applying strict
rules for a correct collection and preservation of samples [93]. It is important to add that applications of HST in
clinical haematology have actually increased enormously from the primitive area of blood malignancies to red
cell anomalies like severe haemoglobino-pathies and a number of other disorders [94].

The therapeutic potential of stem cell treatment in neurological disorders is so relevant that we can only men-
tion some of them. Disease-specific IPSC’s were derived from patients of several neurodegenerative diseases,
including Parkinson's disease, Alzheimer’s disease, amyotrophic lateral sclerosis and spinal muscular atrophy;
neurons differentiated from these IPSC’s reproduce the actual pathological features and thus allow both a test
for drug activity and a model for cell replacement [95].

A good example is Parkinson’s disease (PD), where gene therapy is aiming to provide the missing chemical,
dopamine and other components, to the affected cells: clinical trials include the attempts to insert useful genes
for production, storage and uptake of dopamine by the dopaminergic pathways of the basal ganglia in the brain.
Research using human IPSC’s derived from PD patients showed indeed that transplanted differentiated cells
were able to survive, engraft and differentiate into dopaminergic neurons of adult rodents, with favorable func-
tional effects [96]. Long-term survival of the transplanted cells was also detected and no evidence of PD pa-
thology, such as inclusion body formation, was observed in the transplanted neurons [97].

Attempts at stem cell treatment are also envisaged for diabetes: in order to generate functional insulin-pro-
ducing cells, embryonic stem cells cell must first differentiate to endoderm and pancreatic endocrine progenitors;
in this process, activin A (a member of the transforming growth factor-4 superfamily) has shown a remarkable
activity [98].

An interesting protocol, carried out in a serum-free system, has been described, by which human embryonic
(ES) cells are induced to differentiate into functional insulin-producing cells: activin A is used in the initial stage
to induce definitive endoderm lineage differentiation from human ES cells, while all-trans retinoic acid (RA) is
then utilized to promote pancreatic differentiation; final maturation is induced by fibroblast growth factors and
nicotinamide, so that the differentiated cells express islet specific markers [99].

As far as cardiac tissue renewal is concerned, recent efforts have shown a remarkable progress, with the
demonstration that cardiac fibroblasts can be reprogrammed in vitro to new differentiated cells like cardiomyo-
cytes, by appropriate cocktails of transcription factors [100]. Moreover, two different teams, after inducing

Table 1. Stem cell applications.

1) Haemopoietic stem cell transplantation
A) Haematological malignancies
B) Severe Haemoglobinopathies
C) Aplastic anemia
D) Primary immune deficiencies
2) Stem cells delivery for tissue regeneration
A) Neurological diseases
B) Diabetes
C) Cardiac failure
D) Cartilage and bone disorders
E) Skin and skin-appendage disorders
F) Others
3) Stem cells as vectors for gene therapy
Delivery of a therapeutic gene to the desired cell type by genetically transduced hemopoietic stem cells
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myocardial infarction in experimental mice, inserted by retroviral transduction the genes encoding 4 transcrip-
tion factors (GATA 4, MEF2C\, Thx5 and HAND?2)into the injured area, in order to produce cardiomyocyte-like
cells in vivo; after a few weeks, the new cells were actively proliferating and helping to improve the cardiac
function [101] [102].

A very recent development has been the realization that mitochondrial fusion is required for proper cardio-
myocyte development: it has been indeed found that ablation of mitochondrial fusion proteins Mitofusin 1 and 2
in the embryonic mouse heart, or gene-trapping of Mitofusin 2 in mouse embryonic stem cells (ESCs), cause ar-
rest of mouse heart development and stops differentiation of ESCs into cardiomyocytes. It appears therefore that
cardiomiocyte differentiation is a complex process, requiring mitochondria, Ca?, and calcineurin interacting
with Notch1 signaling [103].

Cartilage defects have also been treated for some time with cell therapy using autologous chondrocyte trans-
plantation (ACT): a new generation of ACT techniques, where cells are combined with resorbable biomaterials,
like suspended cultured chondrocytes with a collagen type I/I1l membrane, has been employed [104]. Moreover
it ha been possible to identify (among 22.000 tested) a molecule that promotes the selective differentiation of
multipotent mesenchymal stem cells: this compound, called “kartogenin, is active in animal models of cartilage
defects and is now tested in human trials [105].

Numerous other tissues and organs have been the object of research in order to regenerate their constituents:
successful trials have been carried out, for instance, for the treatment of skin lesions and disorders, including
skin wounds [106]. Ectodermal tissues, like hair and teeth, have also been the object of reparative medicine [107]
[108].

New issues are presently discussed among scientists studying the dynamics of stem cell and their possible ap-
plications: main focus is now projected on induced pluripotent cells, which offer a vast potential of opportunities,
but also present some limitations. The first one is the modest efficiency of somatic cells reprogramming, despite
the variety of chromatin modifiers which are employed to produce authentic IPSC’s [109].

Another drawback is the lack of certainty about the outcome of the operation when the classical transcription
factors are applied to induce IPS production. Therefore, in order to obtain a more controlled outcome, it is nec-
essary to study those factors causing such variability of results. In this field progress is now being made. A re-
cent report demonstrates the existence of a repressor complex, named as Mbd3/NuRD (nucleosone remodeling
and deacetylacetion complex), capable of inhibiting the reprogramming process, so that depletion of its crucial
constituent Mbd3 induces IPSC production to a near 100% efficiency from both mouse and human cells [110].

Another development is the search to generate through reprogramming stem cells with good transplantable
potential. A possible shortcut might be a conversion from related lineages in order to minimize the “epigenetic
distance” to a desired cell type; for instance, haemopoietic transplantable stem cells may be obtained by a strat-
egy to respecify lineage-restricted CD34(+) CD45(+) myeloid precursors derived from haemopoietic PSCs into
multilineage progenitors that can be expanded in vitro and engrafted in vivo [111]. If it is however difficult to
obtain this cellular transformation in vitro, it is suggested to carry on the conversion directly in vivo: as before-
mentioned, direct transduction into a damaged heart of the relevant genes may produce cardiomyocytes with a
better function, compared to the in vitro reprogrammed counterparts [112].

An important achievement has been announced recently, namely the derivation of stem cells from cloned hu-
man embryos: embryonic stem cell lines, obtained by nuclear transfer from “premium” oocytes displayed nor-
mal diploid karyotypes and inherited their nuclear genome exclusively from parental somatic cells. Some experi-
ments have suggested that, at least in mice, ES cells from cloned embryos might be of better quality than IPS
cells [113].

A final word should be pronounced about safety of possible applications: doubts have been raised particularly
concerning the problems from IPSCs, like the possible genetic alterations introduced by reprogramming, as it
was reported that there were significantly more copy number variations in IPSCs, as compared to ES’s or donor
fibroblasts, a diversity formed perhaps de novo during the process; however, it was recently found that most
variations were not consequences of reprogramming, but rather a pre-existing genetic diversification in rare so-
matic cells; it is now therefore claimed that IPSCs may still be safe in delivering personalized cell treatment
[114].

5. Conclusions

The evidence of organ and tissue repair in small animals, like the regeneration of snail tails, as well as salaman-
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dra limbs and eyes was described with amiable envy by the Italian 18th century naturalist Spallanzani [115] but
was then considered as an impossible dream for humans.

An impressive amount of research in recent time has however introduced the concept of cell and tissue re-
generation, thanks to the isolation and manipulation of various types of stem cells. Furthermore, recent investi-
gations have revealed that it is not impossible to simulate the developmental potential of embryonic cells, which
gives rise to all differentiated cells in the organism: a variety of somatic cells may be actually induced to recon-
verte to a different fate, culminating in a diverse kind of terminal cell. Paying due attention to avoid possible
damage from untested procedures, there is therefore a great potential for numerous and sometimes unpredictable
applications in regenerative medicine.
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