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HistoricAL OVERVIEW

In the 1960s when the idea of using isolated cells to treat
sickness(1) and the observation of the existence of multi-
potentiality in embryonal carcinomas(2), a new era in the
history of medicine and cell biology began. The shortage
of donors and the need to assist all patients that are organ
transplantation waiting lists have inspired researchers and
clinicians to look for the perfect and universal cell source
for cell therapy(3). Cell therapy and regenerative medicine
have adopted the concept of stem cells for over 100 years

with the identification of tissue with the capacity of self-
renewal postulated by Regaud et al. based on his studies of
sperma-togenesis(4). At the same time, some hematologist
suggested that all blood cells derive from common stem
cells or ancestral cells(5). Thus, historically the concept of
self-renewal, differentiation and stem cells became closely
linked. Stem cells are defined as cells that have clonogenic
and self-renewal capabilities and that differentiate into
multiple cell lineages and have been classified into cate-
gories according to their developmental status and their

ABSTRACT

Patients suffering from diseased and injured
organs may be treated with transplanted organs.
However, given the aging population, there is a
severe shortage of donor organs which is worsening
yearly. Scientists in the field of regenerative medicine
and tissue engineering apply the principles of cell
transplantation, material science, and bioengineering
to construct biological substitutes that will restore and
maintain normal functioning in diseased and injured
tissues. Therapeutic cloning, where the nucleus from
a donor cell is transferred into an enucleated oocyte
in order to extract pluripotent embryonic stem cells,
offers a potentially limitless source of cells for tissue
engineering applications without immunological
rejection. Also, the stem cell field is advancing
rapidly, opening new options for therapy. This paper
reviews recent advances in regenerative medicine
and describes applications of these new technologies
which may offer novel therapies for patients with
end-stage organ failure.
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RESUMEN

Pacientes que padecen de 6rganos dafiados
y enfermos podrian ser tratados mediante el
transplante de 6rganos. Pero debido a la creciente
poblacién afosa existe una severa falta de
donadores de 6rganos que empeora afo tras afio.
Cientificos y médicos en el area de la medicina
regenerativa y la ingenieria tisular han aplicado los
principios del transplante celular, ciencia material y
bio-ingenieria para construir substitutos biolégicos
que restauren y mantengan la funcionalidad normal
de tejidos danados y enfermos. La clonacion
terapéutica, donde el nicleo de una célula donadora
es transferida a un évulo anucleado para extraer
células madre embrionarias pluripotentes, ofrece un
recurso potencialmente sin limite para la aplicacion
en la ingenieria tisular sin reacciéon inmunolégica.
También el campo de las células madre esta
avanzando rdpidamente, abriendo nuevas opciones
de tratamiento. Este articulo revisa los mas recientes
avances en la medicina regenerativa y describe las
aplicaciones de esta nueva tecnologia que ofrece
nuevas terapias para pacientes con falla organica
terminal.

Palabras clave; Células madre, Diferenciacion,
Terapia celular, Medicina regenerativa, Ingenieria
tisular.
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capacity to differentiated in different type of cells, by their
degree of plasticity(6)(See table 1). Whereas, adult stem
cells have been postulated to be part of tissue-specific cells
of the post-natal organism into which they are committed
to differentiate(6), embryonic stem cells are derived from
mammalian embryos in the blastocyst stage and have the
ability to generate any terminally differentiated cell of the
body. With the work of Evans and Kaufman(7) over 20 years
ago developing embryonic stem cells (ES cells), these cells
have become a very important source of investigation. They
established the pluripotent derive cells from the inner cell
mass of blastocyst and the culture conditions for growing
the mouse ES cells in vitro.

In 1998, human ES cell lines were derived from
preimplanted embryos by Thomson et al.(8) frozen early
stage human embryos, produced by in vitro fertilization for
clinical purposes, were thawed and cultured to the blastocyst
stage. Fourteen inner cell masses were isolated, and five ES
cell lines were derived. During the first eight months of
culture, no period of replicative crisis was observed in any
of the cell lines. The principle characteristics were that the
cells expressed high levels of telomerase activity, suggesting
that their life span exceeds that of somatic cells. These cells
also expressed surface markers typical of human embryonic
carcinoma cells. ES cells could be used for a number of
purposes such as early developmental research(9), toxicology
and drug screening(10), and gene and protein screening. The
most important use is in regenerative medicine.

Cell therapy refers to the transplantation of healthy,
functional and propagating cells to restore the viability or
function of deficient tissue(11). Although there are many
kinds of cells that can be used for tissue repair and regene-
ration, the pluripotency and proliferative capacity of the
ES cells make them one of the best hopes for the future
treatment of human diseases. In this article, we will review
the current status of ES cells research by characteristics
and differentiation, with particular emphasis on the future
possibilities and the progress towards the development of
clinical application.

Somaric STEM CELLs vs EMBRIONIC STEM CELLS

Understanding that the regenerative process is involved in
many organs has opened millions of options and cell sour-
ces such as primary cells, adult stem cells, embryonic stem
cells, and even the possibility of using cloning cells through
nuclear transfer(12) or autologous transplantation. Each has
its advantages and disadvantages such as insufficient donor
organs in the case of primary cells. This sourcing problem
could be resolved by in vitro generation of tissue-specific cells
from stem cells. The main goal in stem cell therapy is mass
propagation of the cells and then coaxed to differentiate into
the desire lineage for transplantation. Theoretically, these
cell grafts can be obtained from different types of stem cells.
Ones derived from somatic cells or embryonic origin stem
cells have particularly great interest. However, the study of
stem cells has frequently given rise to many questions, such
as which type of stem cells should be used? What quantity
of cells should be used? What kind of mechanism do the
stem cells use to engraft, grow and differentiate? What is the
lifespan of the stem cells once transplanted in vivo? How

safe is the therapy? What are the limits of the carcinogenetic
potential of the stem cells? There are some challenges in
the application of adult stem cells or embryonic stem cells.
In order to use stem cell-replacement therapy, we need to
meticulously select the best candidate in function of facilities
to propagate, manipulate, and select the purest population
of the desired cell type. We also need to be able to produce
immune tolerance if allogenic cells are used for stem cell-
derived replacement cell therapy.

Adult stem cells are a great potential source of autolo-
gous cells for transplantation therapy. They have been isola-
ted from adult tissues such as brain, bone marrow, skin, liver
and muscle, and they might have a broader developmental
potential. However, it remains unclear whether the observed
plasticity or transdifferentiation potential of the adult stem
cells is inherent to the cells or the consequence of culture
conditions, contamination or cell fusion(13).

Before determining the origins of stem cells, we have
to analyze some characteristics that will allow us to unders-
tand why the development of embryonic stem cells offers
greater advantages in comparison to somatic stem cells (See
table 2).

An exceptional case is the isolation of pluripotent
adult progenitor cells. These cells were isolated from an
adult mouse, rat and human after a three-month protocol
culture. These cells have the capacity to become any kind of
cell of the three germ layer, both in vitro and in vivo when
they were injected into blastocyst. But these cells have to
show correction of a disease phenotype in animal models
or humans(13).

ProPerTIES OF EMBRYONIC STEM CELLS

Donated embryos have been used for research after being
targeted for discarding. Thomson et al. performed initial
derivations of hES cell lines at the University of Wisconsin
(Madison, W1, USA) by isolating from the ICM of human
blastocysts and placing them on inactivated murine feeder
cells(8). Since that time, many laboratories have applied
the same technique to derive hES cell lines. hES cells are
currently evaluated by a set of markers and their capacity to
differentiate. These criteria include the expression of several
surface markers and transcription factors associated with an
undifferentiated state. In addition, extended proliferative
capacity, pluripotency and no less important, the euploid
karyotype and the epigenetic status (See figure 1). To de-
monstrate that hES cells characteristics do not change over
the time is crucial for future use in clinical trials.

A number of surface markers are currently used to cha-
racterize hES cells. Glycolipids and glycoproteins that were
identified in human embryocarcinoma cells are present in
hES cells such as SSEA-4, TRA-1-60 and TRA-1-81. Also,
some surface antigens initially described in other stem cells
populations such as AC133, CD-9, CD-117, CD-135 are
used(14). Some studies have the stability of the expression
of these surface markers following prolonged periods of
time.

A number of critical transcription factors that play a
critical role in maintaining stem cell self-renewal have been
identified and their analysis is also useful for characterization.
One is Oct-3/4, previously described and several target genes
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TABLE 1. CLASSIFICATION OF STEM CELLS BASED
ON THEIR PLASTICITY

TaBLE 2. ADULT AND EmBRYONIC STEM CELLS
CHARACTERISTICS

Totipotent

Pluripotent

Multipotent

Able to give rise to the all
the embryonic and extra-
embryonic cell types

Able to give rise to all cell
types of the embryo proper

Able to give rise to a
subset of cell lineages

Somatic Stem Cells

Difficult to isolate

Hard to propagate in culture

Can be genetically
manipulated only through
the introduction of retroviral

Embryonic Stem
Cells
ES cells are derived

rather easily

Grow Indefinitely in
culture

Can be manipulated
genetically by
homologous

Able to give rise to a more
restricted subset of cell
lineages then multipotent
stem cells

Oligopotent

Able to contribute only one

Unipotent
mature cell type

Characteristics of the therapeutic potential of adult
and embryonic stem cells.

for Oct-3/4 have been identified in hES cells including Utf-1,
Rex-1, PDGF R, Oxx-2, Lefty-1 and Nanog but their specific
role is still unclear, and its expression has been reported being
retained for over a year in culture(15, 16). Additionally, all
hES cell lines express high levels of telomerase, the enzyme
that helps to maintain telomeres, which protect the end of
the chromosomes. Telomerase activity and long telomeres
are characteristics of proliferating cells in embryonic tissue
and germ cells. As cells divide and differentiate throughout
the lifespan of an organism or cell line, the telomeres become
progressively shortened and lose the ability to maintain their
length. The function of telomeres and telomerase appear to
be important in the cell division, normal development and
aging(17)(See Fig 2).

Several reports have demonstrated that the addition of
exogenous Leukemia Inhibitor Factor (LIF) to hES cells do
not maintain pluripotency capacity like it does in mouse ES
cells(18). Although complete signaling pathways have not
been yet clarified, transcriptional profiling or gene expression
technology has identified several genes and transcription fac-
tors including ligand/receptor pairs and secreted inhibitors
of signaling pathways.

ES cells have been reported to be maintained in seve-
ral different conditions such as using growth factors of the
TGF- 1/BMP superfamily, Fibroblast Growth Factor (FGF)
family and Wnt family.

Previous studies have demonstrated that prolonged
propagation of undifferentiated NES cells requires growth
on embryonic fibroblast feeder layers. However, bFGF has
become a common thread in the culture media formulations
recently developed like feeder free conditions developed by
Xu et al.(19) hES cells can be maintained in serum replace-
ment-containing medium that has been supplemented with
36-40 ng/ml bFGE. In these conditions, the cells can retain

recombination
Can be coaxed into

becoming any type
of cell

transgenes

The differentiation potential
seems to be restricted

Classification of stem cells based on their
developmental potential according to Wagers and
Weissman.

expression of surface markers, transcription factors, normal
karyotype, telomerase activity and pluripotency.

The mechanism of FGF activity remains unclear, but
Xu et al. demonstrated that treatment with 40-100 ng/ml
bFGF inhibits BMP signaling. A further role of bFGF in
hES cell to maintain pluripotenciality is the finding that
bFGF activates the phosphatidylinositol 3-kinase (P13K/
Akt,PKB) pathway, which subsequently enhances expression
of extra-cellular matrix molecules (ECM).

Initial culture conditions of hES cell lines were expo-
sed to xenogeneic components. hES cell culture conditions
contained high quantities of fetal bovine serum (FBS) or
Knockout Serum Replacement (SR). The exposition of
the hES cells may carry the risk of infection by nonhuman
pathogens. In addition, the presence of the nonhuman sialic
acid, Neu5Ge, on hES cells grown in SR medium and on
murine feeder layer was shown to evoke an immune response
with Neu5Ge-specific antibodies, which are present in most
human serum(20). So, the necessity to humanize the culture
conditions is extremely important for future clinical applica-
tion. However, some reports have shown derivation of hES
cell lines in animal-free culture conditions(21).

DiFFERENTIATION POTENTIAL OF ES cELLS

As mentioned earlier, pluripotency is one of the defining
features of ES cells. Embryonic body formation (EBs) in
vitro and teratoma formation after injection into immuno-
compromised mice are currently used to validate pluripo-
tency in hES cell lines in culture. Once differentiation has
begun, cells representing primary germ layers spontaneously
develop in vitro.

Initially, an outer layer of endoderm-like cells forms
within the EB, followed over a period of a few days by the
development of an ectodermal layer and subsequent speci-
fication of mesodermal cells.

The generation of specific functional cell types from
hES cells can also be demonstrated both in vitro and in vivo.
But the majority of the studies have focused on in vitro
differentiation protocols, which assess the differentiated
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potential of embryonic stem
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cells via expression analysis of cell-specific markers. Once
the defined cells have been identified, functionality of the
cells generated in vitro has also been assessed and in some
cases the differentiated cells have subsequently been trans-
planted into animals. Although the generation of ectoderm,
mesoderm and endoderm, as well as trophoblast and germ
cells have demonstrated pluripotency and differentiation
capacity, a full differentiative capacity of hES cells must be
determined.

ENDODERMAL DIFFERENTIATION

During embryogenesis, the pancreas develops from dorsal
and ventral regions of the foregut, whereas the liver ori-
ginates from the foregut adjacent to the ventral pancreas
compartment. The pancreas and liver are the derivatives of
the definitive endoderm. Hepatic and pancreatic cells are
of special therapeutic interest for the treatment of hepatic
failure and diabetes mellitus and both can be developed
from ES cells.

Researchers have demonstrated different strategies
in vitro to differentiate mES cells into hepatocytes-like
cells(22). These cells have showed specific transcription
factors and proteins of hepatocytes, and have also shown
the presence of the three lineages of the liver hepatocytes,
bile duct epithelial and oval cells. Once transplanted, these
cells can integrate and function in the host liver.

We have developed a new system of transplantation
using an internal bioartificial device. By this procedure,
we assure the safety of ES cell-derived hepatocytes in mice,
which could represent a viable strategy for future clinical
application of ES cell-based therapy while an effective system
of differentiation can be developed(21).

The generation of ES-derived insulin-producing cells
may stand for a critical cell source for the treatment of
diabetes. In this field, ES cells hold a great hope as a source
of B-cell, but might be a difficult goal and has proven to be
more complicated than expected. Research to restore the
[-cell deficiency of diabetes by differentiation of embryonic
stem cells seems to have great promise. It is very difficult to
predict which approach will cross the finish line to clinical
application. Before that happens, we must focus on the de-
velopment of new techniques for in vitro differentiation of
a major and functional population. Further investigation is
necessary for regenerating functional islet-like cells (23).

EcTODERMAL DIFFERENTIATION

Embryonic stem cells give rise to various cell lineages but
neuroectodermal development has offered promise. Also, the
epithelial lineage and epidermal tissue development by ES
cells have been studied. Epithelial cell differentiations from
ES cells have been identified by the presence of cytokeratines
and specific keratinocyte markers(24). Enrichment of kerati-
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nocytes in vitro from ES cells has been achieved by seeding
onto various extracellular matrix proteins in the presence
of bone morpho-protein (BMP-4) and/or ascorbate. Such
protocols promote formation of an epidermal equivalent. It
has been reported that the resulting tissue displays patterns
similar to embryonic skin. The cells express late differen-
tiation markers of fibroblast. The data reported suggests
that ES cells have the capacity to reconstitute in vitro fully
differentiated skin(25).

Several groups have reported studies of the capacity of
ES cells differentiation into neurons and glial cells. Since
1995, there are reports about differentiation of mES cells
into neuronal cells(26). After that, there are reports that the
neural rate differentiation has been improved significantly
by the introduction of numerous strategies involving the
use of retinoic acid, lineage selection (dopaminergic, se-
rotonergic, -aminobutyric acid ~GABA- ergic neurons,
glutamatergic and cholinergic neurons(27), astrocytes and
oligodendrocytes(28))and growth factors. The possibility of
producing differentiation of dopaminergic neurons from ES
cells was identified by Ye et al.(29), where fibroblast growth
factor 8 (FGF8) and sonic hedgehog were implicated as
tandem initiators of dopaminergic neurogenesis. Later, by
the same method, Studer et al. generated dopaminergic
neurons from ES cells, and achieved enrichment of dopa-
minergic neurons by mimicking the oxygen tension of the

developing midbrain(30).Such cells when implanted into
6-OHDA-lesioned rats, where nigrostrial dopaminergics
afferents are largely lost, restored functional normalcy to the
dopamine-depleted animals(31).Similar results were obser-
ved using monkey ES cell-derived dopaminergic neurons
allografted into 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP)-lesioned adult cymolgus monkeys, in which
treatment-associated behavioral improvement was noted by
10 weeks after transplantation(32). In this experiment, the
result of in vitro differentiation was achieved using medium
supplemented with FGF20 and conditioned by a permissive
stromal cell line.

In general, neural differentiation can be supported by
the addition of FGE, EGF and neural differentiation factors,
like the glial cell line-derived neurotrophic factor (GDNE),
neurturin (NT), TGF-B3 and IL-1 (32).

MESODERMAL DIFFERENTIATION
This germ layer has the capacity to differentiate into muscle,
bone, cartilage, blood and connective tissue. ES cells also
have been successfully used to reconstitute mesodermal
developmental processes in vitro.

One of the cell lineage most studied from ES cells is
the generation of cardyocytes. As with other differentiation
protocols, the generation of cardiomyocytes from ES cells
requires an initial aggregation step. Many factors are in-
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Figure 3. Therapeutic cloning. Therapeutic cloning panel shows the
Patient's (iploid nucleus of an adult donor cell is introduced into an enucleated
call oocyte, which after artificial activation divides into cloned blastocysts
that will give rise in culture to yield a line of embryonic stem cells that can
be differentiated in vitro into any type of cell for therapeutic purposes.

volved in influencing cardiomyocyte differentiation, such
as the number of cells, special conditions of the culture
medium, ES cell lines and the time of EB plating. Within
the EBs, cardiomyocytes are located between an epithelial
layer and a basal layer of mesenquymal cells(33). Cardiom-
yocytes are easy identifiable after 3-4 days of culture as they
spontaneously contract. With continued differentiation,
the number of spontaneously beating cells increases, and
all the EBs may contain certain number of beating cells.
The rate of contraction within each beating area rapidly
increases with differentiation. Developmental changes of
cardiomyocytes can be correlated with the length of time
in culture. First, (pacemaker-like cells), and second, (atrail-,
ventricular-, nodal-, His-, and purkinje-like cells).”> Cardio-
myocytes differentiation can be induced by differentiation
factors such as dimethyl sulfoxide (DMSO), retinoic acid
and some molecules such as Dynorphin B and cardiogenol
derivatives(34, 35).

Human ES cell-derived cardiomyocytes have shown
the expected molecular, structural, electrophysiologic and
contractile properties of nascent embryonic myocardium.
Human ES cell-derived cardiomyocytes show sustained
cell cycle activity both in vitro and in vivo transplantation
into the nude rat heart(35). In vivo studies with human ES
cell-derived cardiomyocytes have increased recently Xue et
al.(36) demonstrated engraftment and electromechanical
integration with host myocardium within the uninjured
hearts of immunosupressed experimental animals using

mapping techniques to demonstrate that the site of human
ES cell-derived cardiomyocytes implantation served as an
ectopic pacemaker(36). This data, represent an exciting
proof-of-concept evidence for the potential application of
human ES cell-derived cardiomyocytes in the formation
of biological pacemakers. But several important challenges
remain such as long-term studies to follow the grafts to see
if they maintain their pacemaking ability over time and
development of efficient protocols for large-scale production
of highly purified preparations.

ES cells in complex cystic EBs raise the generation of
blood islands containing erythrocytes and macrophages,
while differentiation on semi-solid medium is efficient for
the formation of neutrophils, mast cells, macrophages, and
erythroid lineages(37). Application of fetal calf serum (FCS),
cytokines like IL-3, IL-1 or granulocyte-macrophage colony
stimulating factor (GM-CSF) to ES cells generates early
hematopoietic precursor cells expressing both embryonic z
globin ( H1) and adult major globin RNAs.

Future PERsSPECTIVES IN EMBRYONIC STEM CELL—BASED
THERAPY

Considerable progress has been made toward the generation
of more defined hES cell culture conditions since initial
isolation and growth conditions were described. There
have been many modifications of this procedure including
growth of the ES cells, differentiation potential and cell lines
establishment. The availability of human ES cells represents
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an extraordinary opportunity for cell transplantation and
regenerative medicine that may be applicable to humans.
There are three points that make ES cells a great hope for cell
therapy; 1) ES cells can be expand indefinitely in culture, 2)
ES cells can be genetically manipulated and loss of function
can be repaired by the introduction of transgenes, and 3) ES
cells can be differentiated in almost any cell type.

Despite the exciting advances in the field of human ES
cell research discussed in this review, many challenges have
to be addressed in the near future. The culture conditions
have to be improved and humanized. Cells cultured in xeno-
geneic conditions are likely to be considered and regulated.
Infection from nonhuman pathogens is the most discussed
issue for clinical application.

Furthermore, if therapeutic application is the final
goal, culturing techniques need to be scaled up for mass
production of clinically relevant quantities of the specified
cells. Recent work from our group has tested the ability of ES
cell-derived hepatocytes transplanted into mice with acute
liver failure through an internal bio-artificial device that
assures the isolation and functionality of the cells sufficient
to improve the survival of the experimental animals(23).
Such an approach may represent a potential option in
using ES cell-based cell therapy while avoiding the risk of
teratoma formation. Finally, immunological barriers must be
overcome. Regarding this issue, some promising alternatives
have recently been suggested such as nuclear transplantation
with the introduction of a nucleus from an adult donor cell
into an enucleated oocyte to generate a cloned embryo. This
embryo has the potential to give rise to ES cells that may
become any type of cell present in the adult body. Because
the resulting ES cells by nuclear transfer are genetically iden-
tical to the donor and thus potentially useful for therapeutic
applications, this process is called “therapeutic cloning” (See
Figure 3). Therapeutic cloning might substantially improve
the treatment of neurodegenerative diseases, blood disorders,
diabetes, since therapy for these diseases is currently limited
by the availability or imnmunocompatibility of tissue trans-
plants. Experiments in animals have shown that nuclear
cloning combined with gene and cell therapy represents a
valid strategy for treating genetic disorders(38). Potential
strategies for overcoming immune rejection of human ES
cells, including traditional allogeneic transplantation with
pharmacologic immunosupression, genetic manipulation of
the major histocompatibility genes to produce a universal
donor human ES cells line, and induction of immune toler-
ance through the transplantation of human ES cell-derived
hematopoietic recursors or establishment of bone marrow
chimerism are discussed in several reviews(39).

CoNcLUSIONS

Fifteen years ago, the idea of regenerating tissues such as
brain, heart, and pancreas was radical. Today, using stem
cells to rebuild such tissues from its components parts is
a mainstream clinical experimental concept. We are very
optimistic that these approaches will eventually lead to an
effective and routine clinical therapy. The cell therapy com-
munity must not follow the trajectory of clinical gene the-
rapy, where serious clinical complications set the field back
many years(40). Regenerative medicine in the meantime is

bringing together basic scientists, clinicians, developmental
biologists and engineers, to expand the field and give hope to
improving the health of millions of people worldwide.
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