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ABSTRACT

Human embryonic stem cells (hESC) and, more recently, induced pluripotent cells (iPSC) represent a
new and unprecedented opportunity for the development of new therapeutic strategies for human
degenerative diseases. The possibility to derive patient specific iPSC opens the door to the establishment
of disease models exquisitely human. One of the limitation that, concretely, limits the clinic application
of pluripotent cells is the fact that their derivation, currently, is obtained with media and reagents which
contain animal proteic sources (xenobiotics). This thesis contributes to the development of protocols
of derivation and culture of hESC that bring them closed to a clinical application. Moreover, we have
developed iPSC-based strategies that are both safer and more effective for the treatment of human

diseases.
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3.1 GENERAL INTRODUGTION

With the union of the spermatozoon with an oocyte begins the process that will bring a single cell to
develop into a complex and unique organism. The cell product of this fusion is called zygote, and is
the essence of what we define as totipotent cell. The zygote has the ability to give rise to any cell type
in the organism and not only this, but also it has the ability to direct the organization of these cell
populations into functioning tissues, the tissues in organs, and the organs into an individual, as long
as it remains into an adequate environment such as, for placental animals, the maternal uterus.

The zygote is endowed with the full genetic and epigenetic information necessary to bring the process
of embryonic development to full fruition. The genetic information in the zygote is the result of the sum
of the genetic material of both the maternal and the paternal gametes. However, it is not only the
information carried by the genes of the gametes that allows for a correct development of the zygote,
but also the active or inactive status of all the genes in its own genome (what it is known as epigenetic
state), which allows for a correct expression of the genes and a correct development of the embryo.

Once the fertilization has taken place, the zygote starts a process of cell division that, in a period of 3
days, makes it arrive to the stage of 8 cells (called blastomeres) in the human species. From this point
on, the process of compaction starts, and the borders between cells become undistinguishable, and
for the first time it will be possible to distinguish two cell populations in the embryo. On one hand, the
cells that are on the exterior of the embryo will establish very tight cell junctions and are destined to
form the trophectoderm, from which the embryonic contribution to the placenta is derived. The cells
that remain on the inside of the embryo maintain looser contact with each other, and this allows for cell
reorganization, and will give rise to the inner cell mass (ICM). The cells of the ICM are responsible for
forming all the cell types that will form the fetus.

3.2 CELL POTENCY

3.2.1 TOTIPOTENT CELLS

These are the cells that form an embryo from fertilization to the 8 cell stage, before compaction. These
cells have the ability to form any cell type of the fetus as well as of the extra embryonic membranes.
The totipotent ability of these cells is shown by the fact that each blastomere of the embryo at these
stages has the ability to form a new complete individual if separated (Moore et al., 1968; Rossant,
1976; Tarkowski and Wroblewska, 1967). As a matter of fact, this exact method has been used for
reproductive cloning in animal research and production.

3.2.2 PLURIPOTENT CELLS

These are those cells that have the capacity to form any cell type of an adult organism. There are 5
kinds of pluripotent cells:

3.2.2.1 Cells of the inner cell mass

These cells are located inside the blastocoel of embryos at 5-7 days of development in the case of the
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human species. During development, these cells differentiate into, on one side, the primitive endoderm,
which in turn will give rise to the extra embryonic structures, and on the other hand to the epiblast,
which will give rise to the three original germ layers of the embryo: endoderm, mesoderm and ectoderm.
From these three tissues will originate all other tissues in the entire organism.

3.2.2.2 Embryonic stem cells

Are the cells that can be derived form a pre-embryo and can be maintained indefinitely in culture in vitro
(figure 1). Embryonic stem cells (ESC) retain the pluripotent ability of the inner cell mass (ICM) cells, and,
as a main characteristic, acquire the ability to self renew in adherent culture. These cells have been
described for the first time in mice in 1981 (Evans and Kaufman, 1981; Martin, 1981), but it was not
until the 1998 that the first human ESC (hESC) line has been derived (Thomson et al., 1998). These
cells are obtained mainly from the blastocyst but they can be derived also from the morula stage embryo
or from a single blastomere. (Expanded in session 3.3).
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3.2.2.3 Induced pluripotent stem cells

In 2007, the group of Shinya Yamanaka described the process of cell reprogramming, through which
a somatic cell can be reprogrammed to the pluripotent state (Takahashi et al., 2007). Induced pluripotent
stem cells (iPSC) are pluripotent cells with self renewing ability which have been produced in the lab
through induced reprogramming of somatic cells, by means of over-expression of a finite number of
factors. This process is known as cell reprogramming and, in principle, any cell in the organism is
capable to undergo reprogramming (expanded in session 3.4).

3.2.2.4 Primordial germ cells

Primordial germ cells (PGC) are found in the germinal crest of developing fetuses and are the precursors
of the male and female gametes. They originate extraembryonically and, while migrating from the
allantoid into the embryo, they undergo a series of mitotic divisions that increase their number to a few
thousands. Once established in the germinal crests, PGC in a female fetus enter meiosis and will give
rise to the oocytes; in the male fetus, they keep their mitotic potential and will enter meiosis only after
birth, when the individual will reach puberty, giving rise to spermatozoa. The union of an oocyte and a
spermatozoon will give rise to the zygote. PGC, during their migration, acquire an epigenetic imprinting
needed to allow a correct embryonic development in order to form a new individual. Once isolated and
placed in vitro, these cells can give rise spontaneously to germinal stem cells, which have the same
pluripotent ability as ESC. For this reason, the PGC are considered pluripotent cells (Shamblott et al.,
2001; Shamblott et al., 1998).

3.2.2.5 Spermatogonial stem cells

Spermatogonial stem cells (SSC) are the cells in charge of maintaining the population of spermatogonia
in the testicle during the reproductive life of an individual, preserving his fertility. In 2008, the group of
Thomas Skutella described for the first time the stable culture in vitro of human SSC and the proprieties
of these cells (Conrad et al., 2008). These cells can have characteristics that are very similar to those
of hESC in both the expression of pluripotency markers and differentiation ability. These cells are
considered totipotent because they can differentiate in vitro in tissues of the three germinal layers, and
can form teratomas once injected into immunodeficient mice.

3.2.3 MULTIPOTENT CELLS

These cells, also known as adult stem cells (ASC), are found in the fetus and in the adult individual,
they are specific of the different tissues and they are in a differentiation state that can be more or less
advanced depending on the tissue form which they are extracted. Some ASC are responsible for the
maintenance and the regeneration of the tissue in which they reside throughout life, and for this reason
are considered self-renewing cells.

N
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ASC are found in the majority of adult tissues, like bone marrow, skin, some specific areas of the central
nervous system, fat, intestinal epithelium, etc. The kind of ASC that is most widely and routinarily used
in cell replacement therapies is the haematopoietic stem cells (HSC). HSC are found in the bone marrow
and in umbilical cord blood, and have a high capacity for self-renewal in vivo and are the cell reservoir
for the formation of all blood lineages (Weissman and Shizuru, 2008). These cells have been used since
1989 to treat hematological problems like some kinds of leukemia and anemia (Gluckman et al., 1989).
In the case of the skin, the most recent theory postulates that there is one common epidermal progenitor,
which is capable of maintaining the homeostasis of the whole tissue (Clayton et al., 2007). On the other
hand, it has been shown that the epidermis, the hair follicles and the sebaceous glands do possess
specific progenitor cells, but that these progenitors can migrate into other tissues to repair them, in
case the resident stem cell population has been lost (Fuchs and Horsley, 2008) . Also, the existence
of adult nervous stem cells has been demonstrated, and these cells have the ability to differentiate all
the way to mature neurons. There are only two areas in the human brain where the existence of neural
stem cells has been demonstrated: the subvetricular area of the lateral ventricles and the sub glandular
area of the gyrus dentatus in the hippocampus (Gage, 2000; Jessberger et al. 2008).

ASC are committed to differentiate into a specific terminal population, even if some of them, like the
mesenchimal stem cells (MSC) do have a certain plasticity and can differentiate not only into tissues
of mesoderm lineage like osteoblasts, chondrocytes, and adipocytes, but also towards other cell
population of the ectoderm lineage like neurons and astrocytes (Meirelles Lda and Nardi, 2009). The
presence of MSC has been demonstrated in the stroma of many organs in the organism, where they
contribute to the homeostasis of the tissue (da Silva Meirelles et al., 2006).

At the beginning it was believed that the ASC were not completely committed to the tissues in which
they were found, and that for this reason it was thought that trans-differentiation (i.e. become a cell type
which is on the same developmental route as the starting cell) to other tissues would be easier. Moreover,
the use of these cells did not raise any ethical issue, as they come from the same patient and therefore
eliminate the need to use a pre-embryo to derive them. The biggest problem that these cells present
is that ASC are difficult to maintain in vitro in their multipotent state, and for this reason they are used
mostly in intrasurgical protocols, or without cryopreservation of cell population that are enriched for
ASC, as it is the case for MSC and HSC. In the case of the MSC, it has been shown that their therapeutic
potential is not due to their repopulation and/or trans-differentiation in the damaged tissue, but rather
to their ability to secrete bioactive molecules with immunomoldulators, angiogenic, antiapoptotic and
chemotactic ability (Abdi et al., 2008; Nauta and Fibbe, 2007).

3.3 EMBRYONIC STEM CELLS

Since the first report of the isolation and culture in vitro of mouse ESC (mESC) in 1981 (Evans and
Kaufman, 1981; Martin, 1981), they have become in a promise for the future of fields such as regenerative
medicine, cell therapy and biotechnology.

The pluripotent ability of these cells was quickly demonstrated by their ability to form viable chimeras,
contributing to all the tissues of the ensuing organism, including the germinal line, once injected into a
mouse blastocyst. Thus, MESC have become a fundamental tool in the biotechnology lab, where it



is possible to manipulate genetically the embryonic cells in order to make a transgenic mouse, custom
made for a specific goal. This allows for the creation of animal models of human diseases and can be
used as a tool to understand new molecular mechanisms of disease.

It is not until the year 1998 that the first hESC lines were derived by the group of James Thomson
(Thomson et al., 1998). This first derivation defined the criteria that a cell line must possess in order
to be considered stem: 1) the line needs to be derived from a pre-embryo at the preimplantation stage,
2) the cells need to show the ability to remain undifferentiated in culture, 3) the cells must possess the
ability to have stable differentiation ability to form tissues derived from the three germinal layers.

The subsequent derivations of hHESC have been made by Reubinoff (Reubinoff et al., 2000) in the year
2000, thus confirming the results obtained by the first reports. In the case of hESC, the pluripotent
ability of the cells cannot be demonstrated by their contribution to the formation of a chimerical individual,
as this would mean using an assay completely unacceptable form the ethical point of view. For this
reason, the pluripotent ability of hESC has been demonstrated so far mainly by in vitro differentiation
protocols towards multiple tissues of all germinal layer origin, and by the ability that these cells have
to induce in vivo teratomas, which are tumors composed by tissue like structures well organized,
proceeding again from all the three germ layers, once injected in immunodeficient mice.

The differential potential of these cells has revolutionized the field of cell therapy and regenerative
medicine. At the moment, there are numerous laboratories around the world that have used pre-embryos
to derive hESC with different methodologies (expanded in session 3.3.2). The pre-embryos that are
used for the derivations are coming from IVF programs, and are pre-embryos donated for research by
couples that have fulfilled their reproductive needs. This is one of the options that can be chosen
according to some legislative frameworks, like for instance by the Spanish state. Another source of
material for hESC derivations are pre-embryos derived from programs of preimplantation genetic
diagnosis (PGD), which are eliminated after having chosen the normal pre-embryos in couples at high
genetic risk.

3.3.1 BIOMEDICAL IMPORTANCE OF hESC

As previously mentioned, one of the main characteristics of hESC cells is their ability to form any type
of tissue in the body. This same ability is the one that have caught the attention of researchers in ESC,
and the main objective of these researchers has been to understand the mechanisms that regulate and
guide the specific differentiation of ESC in order to control these same processes in vitro. When this
will be possible, we will be able to think about applying hESC based therapy to treat or at least control
many diseases that are caused by cellular loss of function (expanded in session 3.5).

hESC are a complementary tool to existing animal models to understand the molecular mechanisms
that control the human embryonic development in its early stages, and to study the factors that determine
the commitment of a pluripotent cell to the germinal line (Dvash et al., 2006). At the same time, they
help in understanding which is the hierarchy of expression of key genes at play during cell differentiation
up to a mature cell population with a high degree of specialization (Clark and Reijo Pera, 2006; Meyer
et al., 2009), generating an in vitro model of human embryonic development up to the neonatal stage
(figure 2).
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Disease specific hESC lines obtained from pre-embryos discarded after PGD specific for diseases like
for example cystic fibrosis (Pickering et al., 2005), Huntington’s disease (Mateizel et al., 2006), and
fragile X syndrome (Eiges et al., 2007), are an invaluable tool to study these diseases. On the other
hand, the possibility to modify genetically the normal lines allows for the use of these cells for the study
of genetic diseases of known source. For instance, Urbach et al have used the Lesch-Nyhan disease
as a model by means of the knock down of a gene hprt1 by homologous recombination (Urbach et
al., 2004). Once the line have been created through transgenesis or by using an affected pre-embryo
for the disease at hand, it becomes possible to study the mechanisms that impede the development
to a certain cell type, or which is the mechanism that alters the correct function of that specific cell
population (Abdul Kadir et al., 2009; Catalina et al., 2009; Saha and Jaenisch, 2009). In order to use
these cells as model of disease, it has been necessary to develop protocol of differentiation towards
the cell types that are needed to study a specific disease (figure 2).



The differentiation ability of hRESC makes it possible to obtain differentiated cells and to establish in vitro
models of diseases such as Parkinson’s, diabetes, or myocardial infarction. In 2001, Assady et al
(Assady et al., 2001) has differentiated insulin producing pancreatic cells form hESC. From that moment
many more groups have developed new differentiation protocols that optimize the derivation of pancreatic
derivates from hESC in terms of functionality and efficiency (Liew et al., 2008; Phillips et al., 2007).
Other differentiation protocols have been described, like for instance the spontaneous differentiation
towards cardiomyiocytes (Kehat et al., 2001), and cells that have a physiological functionality (Satin et
al., 2004). Also, a very large effort has been made in order to find efficient differentiation protocols to
derive haematopoietic precursors, in order to substitute traditional therapeutic option based on bone
marrow or umbilical cord blood (Kaufman et al., 2001; Ledran et al., 2008). Another very broad field
of research is the differentiation of pluripotent cells towards neural precursors (ltskovitz-Eldor et al.,
2000), especially towards dopaminergic precursors to mitigate the effects of Parkinson’s disease (Ko
et al., 2009; Zhang and Zhang). Although this is a constantly evolving field of investigation, in the majority
of instances no optimal differentiation condition to produce functional cell types have been identified
so far.

hESC are also a tool with a great potential for the pharmaceutical industry when it comes to testing
new drugs on a large scale (figure 2). In this sense, the hESC have two mayor advantages: on one side
they represent a better in vitro model than mESC to evaluate the toxicity of novel molecules on human
and therefore can diminish the number of experimental animals, with both an ethical and economical
improvement (Krtolica et al., 2009). On the other side, their differentiation ability into any tissue makes
hESC a source of cells that are rare or difficult to obtain habitually (e.g. cardiomyocytes in human) (Steel
et al., 2009) and that allow to test both the toxicity and the activity of new candidate molecules on the
differentiated tissue of interest.

3.3.2 hESC DERIVATION

Currently, there are roughly 600 hESC lines derived and registered in the world, according to the
European Registry of hESC (www.hescreg.eu; (Borstlap et al., 2008)).

The derivation process consists in isolating the cells that are part of the ICM, in order to obtain a pure
population of hESC, and maintain these cells in culture in their pluripotent state indefinitely. These cells
have been traditionally obtained from supernumerary pre-embryos produced in assisted reproduction
clinics, and later donated for research by the couples once they have satisfied their reproductive needs.

The protocols that have been used for these derivations are almost as heterogeneous as the research
groups that have obtained the lines, and there is no consensus on an optimized protocol for the isolation
of hESC. Depending on the stage of embryonic development used for the derivation, we can divide
the derivation strategies into 3 categories: derivation form the ICM of the blastocyst, derivation from
the pre-embryo at the compacted morula stage, and derivation from a single blastomere after embryo
biopsy (figure 3).
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3.3.2.1 Derivation from the inner cell mass of the blastocyst

This method is the most commonly used for the derivation of hESC (Thomson et al., 1998) (Reubinoff
et al., 2000). The pre-embryo is cultured until days 5 to 9 post fertilization, until it reached the stage
of blastocyst. The cells of the ICM are the ones that will give rise to the hESC in determined culture
conditions in vitro (figure 3A). At this stage one must try to separate the ICM from the trophectoderm,
which will render more difficult the proliferation and viability during the first stages of hESC growth. This
last method is the one we employed for the derivation described in papers 1 and 2. Depending on the
method used for the isolation of the ICM, we can distinguish the methodology in three categories: whole
pre-embryo plating, ICM isolation by immunosurgery, and physical isolation of the ICM. In all the methods,
it is necessary to eliminate the zona pellucida (ZP) before seeding the pre-embryo by means of an
enzymatic digestion with Pronase, or chemically by an acidic Tyrode’s solution.



The simplest strategy is the seeding of the whole pre-embryo. This strategy is preferentially used when
it is hard to distinguish the ICM from the trophectoderm, or when the technology needed for the ICM
dissection is not available. This method has the advantage of being simple, given the fact that there
are no manipulations of the pre-embryo involved. On the other hand, however, it has the important
disadvantage of being the method in which there is very little elimination of trophectoderm in relation
to the ICM, and for this reason in the technique with the lowest success rate.

A more sophisticated strategy is the ICM isolation by immunosurgery (Solter and Knowles, 1975). This
strategy aims at eliminating as much as possible the trophectoderm, while leaving the cells of the ICM
intact. This system can only be used if the trophectoderm is intact, thus isolating the ICM, confined in
the internal compartment of the pre-embryo’s blastocoel, because the antibody and the complement
can recognize the ICM cells as well, and they would destroy it just as they do with the trophectoderm.

The physical isolation of the ICM is a good alternative because the elimination of the trophectoderm
increases the probability of derivation success. So far two strategies have been described for the
physical isolation of the ICM without any enzymatic strategy, immunological or chemical. A first strategy
is the mechanical isolation of the ICM which is carried out by dissecting the pre-embryo with special
fine needles, and cut the portion of the pre-embryo where the ICM is found (Strom et al., 2007). This
technique however, has the drawback that it is very difficult to avoid completely the contamination with
trophectoderm cells, as they are adherent to the external part of the ICM. The other strategy is the laser
assisted isolation of the ICM, where it is possible to cause damage to the trophectoderm cells, so that
their viability is reduced. If the location of the ICM is very clear it is also possible cut away the vast
majority of the trophectoderm on the side of the pre-embryo opposite to the ICM. This technique as
well doesn’t always allow for complete elimination of the trophectoderm cells, but it does allow for
damage of the majority of the trophectoderm (Turetsky et al., 2008; Cortes et al., 2008). This method
has been used in the paper 2.

3.3.2.2 Derivation from the pre-embryo at the compacted morula stage

The derivation of hESC lines from pre-embryos at the morula stage has been described by Srtelchenko
et al in 2004 (Strelchenko et al., 2004). This technique consists in whole pre-embryo seeding at the
compacted morula stage (figure 3B). The cells that are part of a compacted morula are totipotent, as
they have not formed yet any differentiated cell population, and for this reason during the derivation
they can give rise to cells of the trophectoderm as well as to cells of the ICM before the culture is stable,
which can compromise the success of this strategy.

3.3.2.3 Derivation from a single blastomere

This strategy, described by the group of Robert Lanza (Chung et al., 2008; Klimanskaya et al., 2006)
has the advantage of not requiring the destruction of the pre-embryo in order to derive an hESC line
from it, therefore bypassing the ethical problem posed by the destruction of a human pre-embryo for
research purposes. In order to perform this strategy, first of all it is necessary to perform a pre-embryo
biopsy just as if we would be performing a preimplantation genetic diagnosis in order to obtain a single
blastomere from a pre-embryo at the stage of non-compacted morula (figure 3C). In the first experiment
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(Klimanskaya et al., 2006), this single cell is co-cultured for a few days in the presence of an established
hESC line, which will provide for an optimal environment for its growth. In the second experiment (Chung
et al., 2008), the optimization of this technique has allowed the derivation of a line in the absence of
hESC, and the original pre-embryo is preserved. The pre-embryo could then be used with a reproductive
finality during a standard cycle of assisted reproduction. In the case that the derivation of the line and
the pregnancy are both successful, the individual born will have a hESC line physiological and with
his/her genetic profile.

3.3.3 CULTURE METHODS

There has been a lot of investment among research groups and biotechnology companies into the
optimization of the culture methods for hESC. The evolution of these methods has aimed at the
development of culture media more and more defined in order to control the factors that allow for the
maintenance of pluripotency and to identify those that allow for a guided differentiation. In the same
way, there has been a clear tendency towards the elimination of animal serum derivates, and in general
of those components that imply a xeno-derived contamination.

The hESC also possess the natural ability to continue spontaneously their embryonic developmental
program towards the three germ layers. For this, the key of the methods developed to culture hESC
is to maintain them indefinitely in their undifferentiated state. From the very first derivations, the culture
medium has improved its ability to maintain a stable culture of hESC. In 2000 it has been shown how
the basic fibroblast growth factor (b-FGF, also known as FGF-2) has a strong ability to keep hESC
undifferentiated, and at the same time to improve subcloning efficiency (Amit et al., 2000). From that
moment on, b-FGF has become an essential growth factor for all media formulated to maintain hESC
stably undifferentiated in culture.

In the last few years, many different culture conditions that maintain hESC stably have been described.
Here below we describe the main culture methods available:

3.3.3.1 Substrates for hESC culture

The classical culture method implies the use of cells that give a paracrine and physical support for the
growth of hESC. The support cells provide fundamental growth factors for the maintenance of pluripotency
in hESC lines (Chin et al., 2007). When hESC cells are co-cultured with support cells, the colonies that
form tend to be compact and with a spongy texture and tend to growth more in terms of volume, and
are not very intimately joined with the plate substrate. This allows for a mechanical subculture of the
colonies with specific tools that allows for the formation of small aggregates of cells, thus avoiding the
use of enzymatic methods. This mechanical strategy avoids the development of chromosomal anomalies
that can appear during the prolonged culture time, because it lightens the selective pressure when
compared with enzymatic methods (Draper et al., 2004; Spits et al., 2008).

So far, may cell types have been described which have the ability to support the culture of hESC. The
first derivations of hESC have been obtained by co-culturing the pre-embryos over a feeder layer of
mouse embryonic fibroblasts (MEF) (Thomson et al., 1998). It has been observed that the factors



secreted by the MEF during co-culture with hESC are fundamental to maintain their pluripotency. Later,
it has been shown that mitotically inactivated human fibroblasts from foreskin biopsies (HFF) could also
allow for hESC culture (Hovatta et al., 2003). This is the method that we have employed in papers 1
and 2. In this way, people were able to avoid the use of cell of animal origin, eliminating one of the most
common xeno-contaminants in hESC culture. Shortly later, the co-culture of hESC with autogenic (i.e.
derived from the same hESC) fibroblasts was described, and this represented an important step towards
the elimination of allergenic elements form hESC culture. This methodology consists in differentiating
hESC into fibroblasts, and then using them to support the growth of the same hESC from which they
have been differentiated (Choo et al., 2008; Stojkovic et al., 2005; Wang et al., 2005). This way, it is
possible to avoid the genetic contamination of the hESC and to eliminate the risk of transmission of
pathogens from the sample of donated fibroblasts used for the culture. Up to date, other cell types
have been described that have the ability to support hESC culture, such as fetal fibroblasts from the
human lung (Chavez et al., 2008), fusiform cells differentiated form umbilical cord cells (Zhan et al.,
2008), MSC (Choo et al., 2008), cells of the endometrium (Lee et al., 2005) and cells from the human
fetal liver (Ji et al., 2009). The factors and the mechanisms of action of these cell types remain, for the
most part, unknown.

An alternative to co-culturing hESC with other cell types is the culture over proteic matrices. Culturing
of hESC in a feeder free system is to date a relatively common method, and it presents clear advantages
and similarly clear drawbacks compared to a feeder based culture. The main advantage is the possibility
of culturing hESC without any contamination from other cells, and for this reason it allows for the
collection of cell samples to perform any kind of biochemical test that requires a pure population (e.g.:
qualitative and quantitative gene expression, promoter methylation analysis, southern blots, protein
extraction and analysis, etc.). Moreover, the contamination with other cell types implies a problem in
terms of a possible therapeutic application of hESC because it can increase the immunological reaction
if another cell population is contaminating the first one. Also, this method allows for a faster and more
efficient enzymatic expansion. Finally, the use of proteic matrices allows to maintain the culture in
conditions that are more defined and controlled, given the fact that the component secreted by the
feeder cells are not completely described. One of the shortcomings of the culture over proteic matrices
is that the necessity of using an enzymatic sub-culturing protocol puts the cells under a selective
pressure. Studies have demonstrated that the enzymatic methods of sub-culture increase the risk of
acquisition of chromosomal anomalies by the hESC, particularly trisomies of the chromosomes number
12 and 17, which increase the cells’ ability to propagate in vitro (Draper et al., 2004). Therefore, it is
important to perform periodically a karyotypical analysis of the hESC lines in order to ensure their
chromosomal stability, especially when sub-culturing enzymatically.

Many different kinds of proteic matrices able to maintain a stable hESC culture have been described.
We have classified them here into two groups based on their purity. On one hand, we have the matrices
of complex composition, and the main representative of this group is Matrigel. Matrigel is an extracellular
matrix of a tumor of mouse origin, whose composition is not completely defined and complex (Xu et
al., 2001). Another matrix used is the extracellular matrix secreted by MEF as a substrate for the
derivation and maintenance of hESC (Klimanskaya et al., 2005). On the other hand have the proteic
matrices of defined composition, based n the ability that certain protein of the extracellular matrix have
to support the derivation and growth of hESC without feeder cells. As early as 2001 researcher described
that laminin alone could maintain the undifferentiated culture of hESC (Li et al., 2005; Xu et al., 2001).
Ludwig described in 2006 that a defined mixture of collagen IV, lanimin, fibronectin and vitronectin were
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able to allow for the derivation and culture of hESC (Ludwig et al., 2006). Also, it has been shown that
fiboronectin alone or in combination with collagen IV is able to maintain a stable culture of hESC (Lu et
al., 2006). Recently, it has been shown that recombinant human vitronectin, a highly pure and defined
matrix, supports hESC line culture (Braam et al., 2008).

3.3.3.2 hESC culture media

In the first described derivations of hESC lines, researchers used media supplemented with fetal bovine
serum (FBS). It was quickly shown that, because of its richness in growth factors, FBS was inducing
the spontaneous differentiation of hESC ad was making their maintenance difficult. The vast majority
of media that are used today contain proteic derived or purified from an animal source, since this allows
for a better standardization of the ingredients and a lower cost. Later, the FBS was substituted with
serum replacements such as the Knockout Serum Replacement (KO-SR) (Invitrogen) (Amit et al., 2004),
which present a composition that is more or less defined and which contains as main component
bovine albumin. This serum substitute allows for the maintenance a stable culture of hESC with a very
low grade of cell differentiation. Actually, KO-SR is the most widely used source of protein for NESC
culture. Recently, it has been demonstrated that the supplementation of a small amount of FBS to a
KO-SR based medium resulted in an increase in the derivation rate of hESC (Chen et al., 2009). We
also used this strategy in paper 2.

The current tendency of the research groups that work with hESC is to try to substitute all the components
of animal origin with the relative recombinant or of human origin. In this way, the cultures that are free
from xenobiotics are clearly closer to a possible therapeutic application, as these methods eliminate
completely the possibility of transmitting pathogens of animal origin, and of increasing the immune
rejection due to a reaction to the animal origin proteins that have been in contact with the hESC. It was
only in 2006 that the first derivation of hESC lines in xenobiotic free conditions has been successful
(Ellerstrom et al., 2006). In this case, the authors used human serum instead of KO-SR, but once more
the problem of spontaneous differentiation was apparent in the presence of serum derivates of low
purity. Some groups have developed successfully media free form xenobiotics, which should allow for
the derivation and maintenance of hESC (Li et al., 2005), while other groups reported how a series of
media free from animal components fail to support long term culture of NESC and induce a spontaneous
differentiation (Rajala et al., 2007). In the last few years, new media and supplements xenobiotic free
have been reported for the culture of hESC. One such example is a medium from Invitrogen, the KO-
SR Xeno-Free which, supplemented with the Growth Factor Cocktail Xeno-Free (Invitrogen), tries to
substitute the conventional KO-SR (discussed in paper 5). Recently, another medium has been described,
called TeSR2 (Stemcells Technologies), which presents a composition which is completely free from
animal origin proteins. In our own lab, we have developed a new protein source from human serum
which is able to substitute the usual proteic sources used in hESC culture, in a collaboration with the
Instituto Grifols, S.A. (Barcelona, Spain, htpp://www.grifols.com) (discussed in paper 5).

Another tendency in hESC culture is the use of media that are chemically defined, in order to understand
which are the molecules and the mechanisms that maintain these cultures in a pluripotent state. At the
same time, it allows to define better which growth factors are important to direct the cells to differentiate
towards a specific cell type. In 2005, Li developed a culture media based on recombinant human growth
factors such as b-FGF, stem cell factor (SCF), leukemia inhibiting factor (LIF), and fit3 ligand (FL), which



allow for the maintenance and expansion of hESC (Li et al., 2005). Shortly after, the group of Michael
Snyder developed a new medium called HESCO, formed mostly by Wnt3, GFG, Insulin, Transferrin,
April/BAFF, cholesterol and albumin (Lu et al., 2006). At the same time, the group lead by Sheng Ding
developed another defined medium based on the two supplements N2 and B27 (Invitrogen), which
allow for the indefinite culture of hESC (Yao et al., 2006). Recently, new defined media have been
brought on the market, which have been formulated specifically for hESC culture. An example is the
medium mTeSR1, which allows for the culture of hESC without any feeder cells o conditioned medium
(Ludwig et al., 2006).

3.3.3.3 Expansion methods for hESC

There are different methods for the sub-culturing hESC in their routine culture. Depending on the culture
conditions explained previously, the methods used to expand the cells are either through a mechanical
or an enzymatic technique.

The mechanical strategy consists in breaking the hESC colonies into small pieces of 20 to 200 cells,
and transferring them to a new plate. This method requires the cells be cultured on a feeder layer
because this allows for the formation of denser, more compact colonies on top of them. It is possible
to use tools prepared form Pasteur pipettes pulled by fire, and also commercial tools like STEMPRO®
EZPassage™ from Invitrogen, or plastic capillaries mounted on pipettes that are designed for the
manipulation of human pre-embryos (Stripper micropipette, Mid Atlantic, and stripper tips, 150 um
respectively). Even if this method does not allow for a very rapid expansion of the culture, it does
submit the hESC to a very light selective pressure.

The enzymatic strategy consists in the expansion of hESC by using enzymatic solutions that disaggregate
the colonies in single cells or in very small groups of cells (about 20 cells each). This method is more
indicated when culturing the cells on proteic matrices, as the colonies on these substrates tend to grow
flatter and less compact, rendering difficult their mechanical expansion. The enzymes that are usually
employed are trypsin, collagenase and dispase. Trypsin is a potent enzyme that disaggregates the
colonies up to a single cell solution, while dispase and collagenase have the tendency to break up the
colonies in larger chunks, and are therefore considered less aggressive on the cell line. This strategy
allows for a rapid and efficient expansion of the cell lines and avoids the possible contamination with
other feeder cell population.

3.3.4 hESC CHARACTERIZATION

hESC have very specific characteristics. They are the only cells that have the spontaneous ability to
form all cells types of a body. It is important to carry out an exhaustive characterization of the cells in
order to define unequivocally the population of hESC and to demonstrate their pluripotency.

The pluripotency assays had the main goal to identify those proteins that are markers of hESC, and
later on they demonstrate the ability of hESC to form tissues coming from the three primordial embryonic
germinal lines: endoderm, ectoderm and mesoderm, both in vivo and in vitro.
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3.3.4.1  Pluripotency markers

A panel of biochemical and molecular markers has been identified, which define specifically the hESC
population. Some of these markers have been previously described in embryonic carcinoma cell and
later on the expression of these markers in hESC has been shown (Andrews et al., 1996; Andrews et
al., 2005b). In any case, the expression of some of these markers is not exclusive to hESC.

The expression of the alkaline phosphatase (AP) is one of the markers that have been traditionally used.
Although AP is not an enzyme exclusive of hESC, it has the advantage of being a marker of fast and
easy identification. During the first stages of derivation of a new hESC line, the AP tests can differentiate
rapidly if the cells that are expanding are really hESC or rather trophectoderm, or even tissues already
differentiated from hESC.

On the other hand, the telomerase activity test is another one of the markers used to characterize a
hESC line. Telomerase is a ribonucleoprotein whose main function is to maintain the elongation of the
telomeres. The shortening of the telomeres is the main cause of cell senescence and, for this reason,
telomerase is expressed in those cell types that need a “young” cell status indefinitely, like for instance
germ cells and hESC. hESC lines kept in vitro are considered immortals, and can be maintained in
culture indefinitely (Miura et al., 2004).

To date, a large panel of pluripotency specific surface markers have been described, and whose
expression define the hESC population. In 2005, the ISCI project (International Stem Cell Initiative) was
developed, with the aim of establishing a series of criteria to characterize accurately the new hESC lines
obtained (Andrews et al., 2005a). The molecules that are considered in this project are more specific
markers and they define a more accurate window of pluripotency of hESC, mostly because these
markers stop being expressed as soon as the hESC enter a differentiation path. The glycolipids of the
Stage Specific Embryonic Antigens (SSEA) family are common markers in the hESC characterization
(Andrews et al., 1996; Thomson et al., 1998). More specifically, SSEA3 and SSEA4 are markers of the
pluripotent state. When the hESC enter a path of differentiation, they usually activate the expression
of SSEA1, which is considered a marker of early differentiation in hESC, while this same protein is a
pluripotency marker in MESC. The glycoproteins of the family of the Tumor Related Antigens (TRA) are
also markers of hESC (Andrews et al., 1996). Specifically, TRA 1-60 and TRA 1-81 are classical marker
checked during the characterization.

Although the mechanisms that maintain the pluripotent state are not completely known yet, many
transcription factors and metabolic routes have been described, which are specific of hESC physiology
and fundamental to maintain the state of un-differentiation that characterizes these cells. Some of these
transcription factors have also been used as markers of hESC, and have so helped in defining the
robustness of the mechanisms that regulate the pluripotency of these cells. The classical protein that
defines the pluripotent state is OCT4, which is a member of the POU family of transcription factors
(Nichols et al., 1998; Niwa, 2001; Scholer et al., 1990). hESC must reach a level of expression of OCT4
well defined in order to maintain their pluripotency, because an increase of the expression over a certain
limit will cause the differentiation towards mesoderm and endoderm lineages, while a drop of expression
will activate the differentiation towards trophectoderm (Niwa et al., 2000). For this reason this transcription
factor represents a specific marker to define the population of hESC. Another factor that plays an
important role in defining the pluripotency of hESC is the protein NANOG, of the family of homeobox,



which activates other genes that are important for the maintenance of undifferentiated hESC. Unlike
OCT4, an elevated expression of this transcription factor does not lead to any kind of differentiation,
while, if its level of expression diminish, the hESC do differentiate towards any of the three primitive
lineages (Hatano et al., 2005; Hyslop et al., 2005). As the reduction of the expression of NANOF does
lead to differentiation, this is a good marker of pluripotency in hESC and a good indicator of their un-
differentiated state. The expression of the transcription factor SOX2 regulates the expression of the
growth factor FGF4, and it is speculated that it might play an important role in maintaining hESC
pluripotency as well as in the organization of the differentiation of the early stages of embryonic
development (Avilion et al., 2003; Richards et al., 2004).

3.3.4.2 Differentiation capacity

The next step in the characterization entails demonstrate the ability of hESC to form tissues that derive
from the three primordial germ layers of the embryo (mesoderm, endoderm and ectoderm) because
the fact that the cells can enter any of the three primitive differentiation pathways demonstrates their
capacity to form any tissue of an adult organism. There are two main methods to demonstrate this
ability: the in vitro differentiation test and the in vivo one.

The in vitro differentiation test consists in culturing hESC in different conditions, which allow for their
differentiation mainly to one of the three main embryonic lineages. In the year 2000 Itzkovitz-Eldot et
al (Itskovitz-Eldor et al., 2000) has established a reproducible method to form embryoid bodies (EB)
through the culture in suspension of hESC colonies, thus establishing a starting point for many guided
differentiation protocols. From EB formation, the hESC can differentiate spontaneously or can also be
cultured over different substrates and in different media, which will favor the differentiation towards the
cell lineage of interest. The protocol that are used for this test are usually not very refined as their main
objective is not to obtain a pure population of cells but rather to highlight the presence or absence of
certain cell types that are representative of a determined embryonic lineage.

For the formation of endoderm tissues, the EB are usually cultured in media enriched with FBS over
simple substrates like gelatin. Actually, this is an example of a protocol that causes spontaneous
differentiation, and it is possible to find small cell populations deriving form all three germinal lineages.
In the case of endoderm, after 2 to 3 weeks in culture it is already possible to appreciate globular and
glandular structures that stain positive for markers of endoderm such as FOXA2 or a-fetoprotein. Rarely
it is possible to get to the identification of terminally differentiated populations with this protocol, but
there are specific protocols that allow terminal endodermic derivates like pancreatic isles that produce
insulin and glucagon (Segev et al., 2004) or cells that resemble hepatocytes (Rambhatla et al., 2003).

The differentiation towards mesoderm derivatives can be increased by the supplementation of the
medium with molecules like ascorbic acid, DMSO, azacitidine, cyclosporine A or growth factors such
as Wnt3, Activin A, BMP-4, and BMP-2. These culture conditions potentiate especially the population
of muscular derivates like functional cardiomyocytes that are identified by the expression of O-sarcomeric
actinin and GATA-4 or cells of the smooth muscle that are identified by smooth muscle actin. The cells
of the first kind are especially useful during the characterization of the lines as they become rhythmically
beating in culture, and this facilitates their identification even without any staining or molecular quantification
(Kehat et al., 2001; Xu et al., 2002). There are also defined protocols for the derivation of other mesoderm
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derivatives like the haematopoietic progenitors CD45+ and Cd34+ (Chadwick et al., 2003; Kaufman
et al., 2001; Vodyanik et al., 2005), see paper 4 and 5, endothelial cells that express PECAM1, vVWFand
human VE-cadherin (Levenberg et al., 2002) or populations belonging to the chondrogenic line that
express specific markers like SOX9, type Il collagen and proteoglycans (Khillan, 2006; Sui et al., 2003).

The culture condition for the formation of the ectodermic derivatives (especially neuro-ectodermic)
present the most peculiarities, but at the same times are also the most effective, perhaps because of
a spontaneous tendency of hESC or because the current culture conditions of hESC condition them
somehow towards this lineage. In general the protocols use media that are free from any serum derivative
but enriched with supplements that are traditionally used to culture neurospheres, such as N2 and B27.
In order to improve the differentiation towards these populations, the EB can be cultured over brain
stroma cells like the cell line PAG in order to produce a large amount of neuronal derivates. In the
literature there are numerous protocols to obtain neurons that are positive for B-tubulin (Reubinoff et
al., 2001; Zhang et al., 2001), including dopaminergic neurons positive for tyrosine hydroxylase (Perrier
et al., 2004; Schulz et al., 2004), and glial cells like astrocytes which are positive for specific markers
like GAF, or oligodendrocytes.

The test of differentiation in vivo consists in inducing the spontaneous differentiation of hESC once
injected in SCID (severe combined immuno-deficient) mice. The cells proliferate and differentiate in the
tissue where they are injected and ultimately form a teratoma that contains multiple tissues differentiated
form the three primordial germinal layers. Of the mesoderm lineage, it is common to find both smooth
and striate muscles, cartilage and bone; from the endoderm is common to find primitive gut epithelium,
respiratory epithelium, structures resembling renal glomerula, and many glandular structures; form the
ectoderm it is normal to find groups of neurons, glia and epidermis (Przyborski, 2005).

The most common injection sites are subcutaneously in the inter-scapular region, intramuscular in the
gastrocnemius muscle, intratesticular, below the kidney capsule, and intrahepatic. Depending on the
injection site, the kind of tissues forming the teratoma can vary. While the teratoma that form in the
subcutaneous compartment are usually made up by mature tissues and grow slowly, the teratoma that
form in the liver grow faster and are formed by more undifferentiated tissues (Cooke et al., 2006). This
difference is probably due to a different range of growth factors released by each organ, as well as a
different degree of vascularization, space for growth, etc.

3.4 INDUCED PLURIPOTENT STEM CELLS

During the last 3 years there has been a scientific revolution in the field of embryonic stem cells and
regenerative medicine because of the discovery of iPSC. iPSC are derived from the somatic cells of a
fetus or an adult individual after transduction with determined transcription factors. These transcription
factors start to be expressed in the somatic cells inducing or repressing in turn other genes, which, in
a period of 12 to 40 days, make this cell, which in the beginning had a very clear differentiated state,
show a phenotype that is similar to that of ESC and becomes pluripotent. This method, named induced
reprogramming, allows that a cell in its terminal or very advanced state of differentiation acquire the
pluripotency ability that is typical of an ESC.



Since the successful cloning of a vertebrate (Gurdon and Uehlinger, 1966) and later of a mammal using
a terminally differentiated cell as nuclear donor (Wilmut et al., 2002), the possibility of reprogramming
the nucleus of a somatic cell to a state of pluripotency became a reality. Later on it has been shown
that, when fusing together two cells of different kinds, the larger and more mitotically active was able
to impose its pattern of gene expression to the other cell type (Harris, 1967). These experiments
demonstrated that there are molecular components in the cytoplasm that are able to migrate in an
exogenous nucleus and to direct its expression profile (Reviewed in (Gurdon and Melton, 2008)). On
the path of these experiments, in 2006, Shinya Yamanaka reasoned that nuclear proteins must exist
in ESC that are capable of reprogramming a somatic cell. Therefore, he selected 24 candidate genes
and he over-expressed them in somatic ells obtaining as a result reprogrammed cells that showed
characteristics typical of ESC. Of the initial 24 genes, he selected 10 that were indispensable to produce
cell reprogramming, but in later experiments he demonstrated that the combination of just 4 factors
(Oct4, Sox2, Kif4 and c-Myc) was able to generate iPSC from mouse fibroblasts (miPSC) (Takahashi
and Yamanaka, 2006). The cell lines that were produced in these experiments had morphological
characteristics, pattern of marker expression, and differentiation ability that were very similar to those
of mESC. However, the cells obtained in those first experiments were not able to contribute to the
formation of a chimerical mouse once injected in a blastocyst, thus highlighting a limited differentiation
potential.

Shortly later, the same group of Yamanaka (Okita et al., 2007) and other two independent laboratories
(Maherali et al., 2007; Wernig et al., 2007) were able to induce miPSC with a more complete reprogramming
status using a strategy quite similar to the previous one, but using either Oct4 or Nanog expression
as a selection criteria to select for reprogrammed cells. The cell lines obtained in this way were able
to form chimeras and to contribute to the germline of the chimerical animal, thus demonstrating their
pluriponcy.

Just a year after the description of iPSC in mouse, the same group headed by Yamanaka achieved the
reprogramming of human fibroblasts to iIPSC (hiPSC) (Takahashi et al., 2007), using the same 4 factors
that were employed to reprogram mouse cells (OCT4, SOX2, KLF4 and C-MYC). Almost at the same
time, 3 other groups independently reported similar results (Lowry et al., 2008; Park et al., 2008; Yu
et al., 2007). Shortly later, our own laboratory achieved the reprogramming of human keratinocytes
(Aasen et al., 2008). This last study demonstrated that the efficiency of reprogramming could depend
on the cell type employed. When starting from keratinocytes, the reprogramming efficiency (1%) was
significantly higher than that so far reported using fibroblasts (0.01%). The hiPSC lines generated
presented morphological characteristics almost identical to hESC. Moreover, they presented a pattern
of pluripotency marker expression and differentiation ability in vitro very similar to that of hESC.

More recent reports have underscored the fact that probably we have not reached yet the perfect
combination of either number or kind of transcription factors to reach an ideal reprogramming. Actually,
two research groups (Nakagawa et al., 2008; Wernig et al., 2008a) have described in 2008 that the
oncogene C-MYC is in fact not necessary for reprogramming, although its absence makes the process
slower. The starting cell type population us also important in reprogramming, because cells that have
a certain degree of pluripotency can be reprogrammed faster, more efficiently and with less factors.
Recently it has been shown that neural stem cells can be reprogrammed by over-expression a single
factor: OCT4 (Kim et al., 2009b), although this cell population is clearly of very difficult access. Our own
group has recently described how cryopreserved umbilical cord blood HSC can be reprogrammed
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to hiPSC in a short period of time with just the two factors OCT4 and SOX2. (See papers 6 and 7).

In all the reprogramming experiments that have been described in this section, retroviruses or lentiviruses
have been used to induce the expression of candidate genes. These viral strategies imply the permanent
integration of the transgenic constructs in the genome of the somatic cell, which in turn can lead to
an unbalance of the physiological functioning of the resulting pluripotent cell (expanded in session 2.3).
Recently, new reprogramming strategies have appeared, which allow for the reprogramming of human
somatic cells without any integration into the somatic cell genome by means of episomal vectors (Yu
et al., 2009) or recombinant transcription factors in protein form (Kim et al., 2009a) (figure 4).
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So far there have been many reports that point to the fact that there are many different combination
of strategies and factors which can be used to reprogram somatic cells and almost all the classical
factors with the notable exception of OCT4 can be substituted for other equivalent (Reviewed in Kiskinis
and Eggan, ; Yamanaka, 2009).

3.4.1 Similarities and differences between ESC and iPSC

Generally, it can be said that iPSC and ESC have many more characteristics in common than differences.
This is true when talking of reprogrammed cell lines that have silenced the expression of the exogenous
genes and that maintain the endogenous expression of their transcription factors (Maherali et al., 2007;
Okita et al., 2007; Wernig et al., 2007).

From the point of view of the morphological characteristics and the optimal culture condition, there is
no difference between hESC and reprogrammed cells. Once the culture of the lines has been established,
hiPSC colonies are comprised of compact groups of small cells with a high nucleus to cytoplasm ratio,
very similar morphologically to hESC. In the same way, the culture methods, specifically the media and
substrates utilized, are the same described for hESC.

In order to demonstrate the pluripotency of hiPSC it is necessary to perform a characterization that is
very similar to that used for hESC. hiPSC are positive to the staining for AP and they express the same
pluripotency markers that define the hESC population: OCT4, SOX2, NANOG, SSEA3, SSEA4, TRA
1-60, and TRA 1-81. hiPSC also express telomerase.

As far as their differentiation ability is concerned, miPSC can contribute to chimeras with germline
contribution (Okita et al., 2007), even when mixed with tetraploid embryos which will only develop into
the extraembryonic membranes, thus presenting an even more stringent proof of pluripotency (Kang
et al., 2009). With hiPSC is not possible to demonstrate the ability to form chimaeras for ethical reasons,
exactly as it happens with hESC, but it has been shown that they present differentiation ability in vitro
towards all the three germ layers and the formation of teratomas that are very similar to those formed
by hESC.

In the analysis of the global level of gene expression by microarray done comparing the original somatic
population, the hiPSC obtained from them, and hESC, it is possible to show that the global gene
expression of hiPS is very similar to that of hESC while differing significantly from the starting population
(Aasen et al., 2008; Takahashi et al., 2007; Yu et al., 2007). As far as the epigenetic reprogramming is
concerned, it has been shown that in hiPSC the promoters of pluripotency genes are demethylated,
and that in hiPSC of female origin the inactive X chromosome gets activated, two characteristics of
hESC lines (Maherali et al., 2007). This demonstrates that reprogramming is a complex process that
modifies the global gene expression of the somatic cells, bringing it closer to an epigenetic and expression
profile that is typical of hESC.

Recently, it has been demonstrated that hiPSC lines that retain, integrated in their genome, the
reprogramming transgene, present a profile of gene expression that is slightly more distant to that of
hESC compared to the same hiPSC once the genetic integrated transgene has been removed (Soldner
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et al., 2009; Yu et al., 2009). This demonstrates that the integration of exogenous genetic material has
important repercussions on the expression levels of genes that are not physiological in hESC, surely
due to the local influence of the powerful viral promoters used, as well as to the abnormal levels of
protein that they code for.

The differential trait between ESC and iPSC is in their origin. While ESC derive from an early embryological
stage, iPSC derive from somatic cells that had already concluded a process of differentiation. Actually,
as we are going to describe below, part of the differences between these cell types are derived from
the remaining memory of the somatic origin of the iPSC.

It has recently been shown that reprogramming of somatic cells cannot be perfect and for this reason
there are remaining difference between hiPSC and hESC. Many recent studies demonstrate that hiPSC
conserve a residual gene expression of the original somatic cells and for this reason their global
expression pattern is different from that of hESC (Chin et al., 2009). Also, it has been shown that hiPSC
have methylation status that is significantly different from that of hESC, depending on the tissue from
which they have been derived (Doi et al., 2009).

Another fundamental difference between hESC and hiPSC resides in their different ability to give rise
to tumors. The two cell types both have the ability to give rise to benign teratomas once injected in
immuno-depressed individuals (Blum and Benvenisty, 2008). In the case of hiPSC, however, both
because of the integrations of the exogenous DNA in their genome and because of the forced expression
during the reprogramming process of oncogenes (e.g.: C-MYC), they have the tendency to form
teratocarcinomas or to become malignant once diffentiated to adult cell populations (Moriguchi et al.,
2009). Another differential trait is the different tumorigenicity of different miPSC lines produced from
different somatic tissues of origin (Miura et al., 2009). For instance, mESC and miPSC derived from
fetal fibroblasts are more similar among themselves because they have the tendency to differentiate
terminally and completely when differentiated into an adult cell type (e.g.: animal models of Parkinson’s
disease) and there is no development of teratomas in the injection site. On the other hand, miPSC lines
produced from adult fibroblasts or from hepatocytes are different from mESC in this sense, as they
tend to go awry in their complete differentiation, producing a population that is not completely differentiated
and that, for this reason, can give rise to teratomas with higher probability.

3.4.2 hiPSC AS DISEASE MODELS

Patient specific hiPSC can be valuable disease models that can be used for both investigation and
therapy purposes. hiPSC are obtained from patients that have signed an informed consent form for
their derivation and use, and for this reason there is no ethical debate about them, unlike the use of
pre-embryos to derive hESC.

hiPSC allows for the development of an embryonic model to study genetic diseases, as a simple biopsy
of a patient carrying the disease is enough to establish an hiPSC line specific for this patient and this
specific mutation. These cell lines can be used to study in vitro the mechanisms that are involved in
the development of the disease, and therefore identify the best strategies to develop new drugs. In the
case of disease with late insurgency like Alzheimer or Parkinson’s, it is difficult to establish in vitro cell
models because the cell population differentiated from hiPSC specific of the patient might never develop



the phenotype similar to the one found in the in vivo situation, due to the very different environmental
conditions that are used during in vitro culture. In this case, it is better to develop a protocol that will
stress the population in vitro in a way that will force the appearance of a phenotype of interest in vitro.
It will also be very difficult to establish in vitro models for diseases that have a complex genetic etiology,
or that are the result of a combination of genetic and environmental factors (such as for instance
myocardial infarction).

Recently, many studies reported the use of hiPSC to create models of genetic diseases. The group of
Svendsen has shown that motoneurons differentiated from hiPSC from patients affected by muscular
dystrophy show clear functional deficits (Ebert et al., 2009). In a work by Lee et al hiPSC specific from
patients with familiar disautonomy have been shown to differentiate into neurons of the autonomous
and sensorial system that have the same level of altered gene expression as the patient of origin, and
that these neurons can be used to validate new drugs that allow for a correct differentiation and migration
of the neurons themselves (Lee et al., 2009). More recently, Ye et al have demonstrated that hiPSC lines
derived from CD34+ cells from the peripheral blood of patients affected by myeloproliferative disorder
have a normal phenotype, but that, when differentiated towards a hemopoietic precursors, they present
an increase of eritropoiesis and an increase in the expression of specific genes, just as it happens in
vivo in the cell of the patient (Ye et al., 2009).

3.5 CLINICAL TRANSLATION OF PLURIPOTENT
CELL BASED THERAPIES

The international scientific community is putting a lot of effort in studying pluripotent cells given their
potential applicability. It is important to consider which are the barriers that still exist in this sense, and
which are the levels of control that need to be in place in the processes of production and clinical
application of therapies using pluripotent cells. As we have seen in sections 3.3.1 and 3.4.2, pluripotent
cells can be used to study human diseases, understand their pathogenesis and to find new treatment
strategies. The main problems that exist at the moment to use pluripotent cells are: the establishment
of protocols for controlled and efficient differentiation, the elimination of the risk immunological rejection
from their use, the elimination of the risk of tumorigenesis resulting from cell therapy, and the development
of culture systems and methods that will allow for the derivation of these cells at a clinically accepted
grade.

3.5.1 ESTABLISHING DIFFERENTIATION PROTOCOLS

Different protocols have been developed, which allow for the clinical translation of hESC research. So
far, the clinical research carried out with these cells has been limited to using animal models in order
to demonstrate their safety and efficacy. In the mouse it has been shown that therapy with pluripotent
cells can get to improve the symptoms of diseases of large prevalence and severity. It has been shown
that it is possible to differentiate the hESC to cells of the endocrine pancreas, which, once transplanted
into diabetic mice, show high functionality and can alleviate the symptoms of the disease (Kroon et al.,
2008; Soria et al., 2005). Also, many studies have been carried out in vivo in order to demonstrate the
ability of hESC to differentiate into functioning dopaminergic neurons which in turn are able to integrate
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into the adult brain of a mouse and to ameliorate the symptoms of Parkinson’s disease (Cho et al.,
2008; Sonntag et al., 2007). One of the most commonly studied diseases in the field of regenerative
medicine is the traumatic lesion of the spinal cord, both for its incidence and for the availability of animal
models. Many groups have demonstrated how a hESC based therapy, where the cells have been
differentiated into neuroectodermal precursors in order to treat traumatic spinal cord injuries, have
resulted in a significant improvement of the affected animal (Cummings et al., 2005; Keirstead et al.,
2005; Kumagai et al., 2009; Nakamura et al., 2005). Regenerative medicine also presents itself as a
promise in the field of cardiac regeneration and as therapy in myocardial infarction. To date, many
groups study how the transplant of myocardial precursors can improve the functionality of the heart
by means of the release of growth factors and angiogenic substances after a vascular accident. These
studies use many animal models such as mouse, rat, pig and sheep (Kehat et al., 2004; Laflamme et
al., 2007; Menard et al., 2005; van Laake et al., 2009). Also, there have been studies in animal models
in order to demonstrate the ability of hESC to cure or improve other diseases like the retinal epithelium
pigment dysfunction (Idelson et al., 2009) or Huntington’s diseases (Aubry et al., 2008). Cell therapy
in human using hESC still presents some doubts that need resolving, especially about the safety of the
proposed therapies. The Food and Drug Administration (FDA) has recently approved the first clinical
assay of this kind. It is an assay proposed by the company Geron Corp. which aims at demonstrating
the safety of transplanting neuronal precursors to patients with acute traumatic spinal cord injury. The
final product used is a mixture of oligodendrocytes progenitors and of other cells differentiated in Good
Manufacturing Practice (GMP) condition from the hESC line H1, which, in turn, was not derived in these
conditions (Keirstead et al., 2005; Sharp and Keirstead, 2009).

Recently, many studies demonstrate the potential of iPSC in the personalized treatment of genetic
diseases of patients. For instance, it has been shown with a humanized mouse model of Sickle Cell
Anemia that they can recuperate a healthy phenotype through the transplantation of hemopoietic
precursors differentiated from miPSC obtained from the same mice and genetically corrected (Hanna
et al., 2007). In our own laboratory, we have used a similar strategy for the treatment of Fanconi’s
Anemia (FA) using fibroblasts from patients affected by this diseases that, after genetic correction, gave
rise to hiPSC lines which in turn were differentiated to hemopoietic precursors which then presented
an healthy phenotype, thus pointing towards a possible treatment for this disease (paper 3 and 4) (figure
B). Also, it has been shown that dopaminergic neurons differentiated from healthy iPSC can produce
an improvement of the phenotype in a rat model of Parkinson’s disease (Wernig et al., 2008b). Using
a mouse model of Hemophilia A, it has been shown that the mice would recuperate partially the
coagulation ability after being transplanted with endothelial precursors obtained from miPSC derived
from adult mouse fibroblasts (Xu et al., 2009).
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3.5.2 IMMUNOLOGIC REJECTION

hESC based therapies can give rise to an immune rejection in the recipient patient as they are of different
genetic origin. For this reason, a large amount of hESC lines should be available with haplotypes that
cover the majority of the population, in order to guarantee a treatment that minimizes the risk of
immunological rejection (discussed in section 3.1).

In the case of hiPSC, this problem is solved because their use would be considered as an autologous
transplant and for this reason the risk of immunological rejection is very low, eliminating the need for a
treatment with immunosuppressive drugs. At the same time, there is the hypothetical possibility to
correct the disease at the molecular level and obtain a progenitor population of the target organ free
from the disease, and once transplanted with these precursors, the patient could recuperate the

introduction

@
W



functionality of the organ without immunological rejection.

3.5.3 TUMORIGENIC RISK

Before the eventual use of hESC and hiPSC in clinical assays, it is very important to be able to insure
a certain degree of security and control of the therapeutic process, given the fact that the main problem
for the clinical therapy with pluripotent cells is the minimization of the tumorigenic risk. We already
discussed the differences between hESC and hiPSC in terms of tumorigenic ability, hESC and hiPSC
giving rise to benign teratomas, but hiPSC also to malignant tumors. Recently the need to ensure the
safety of cell therapies has become even more apparent, as a recent study shows how the therapy
with fetal neural stem cells give rise to multifocal tumors just a few years after its application (Amariglio
et al., 2009). In order to orientate the researchers on the necessary steps required to translate to the
clinic the therapy with pluripotent cells, the International Society for Stem cell Research (ISSCR) has
released guidelines for the responsible application of stem cell based technologies in patients that might
need it. These guidelines are compiled into The Guidelines for the Clinical Translation of Stem Cells
(www.isscr.org, (Hyun et al., 2008)). In order to ensure their safety, it is fundamental to establish
reproducible protocols that will allow the isolation of pure and controlled populations of candidate cells
for disease treatment.

3.5.4 CLINICAL GRADE CELL PRODUCTION AND CULTURE CONDITIONS

The level of optimal control for the development and application of any kind of clinical grade therapy
are established in what is known as GMP. Products that are produced in GMP conditions have insured
traceability, safety and reproducibility of the protocols employed. The application of these measures is
particularly difficult when the source material is of cellular origin as obtaining a sample from a patient
as source of cell to reprogram and the procedure in place in in vitro fertilization (IVF) labs from where
the pre-embryos used to derive hESC lines are not compliant with GMP. The rules of safety and quality
in obtaining, processing and use of the cell samples or tissues are regulated by the Real Decreto
1301/2006 of the Ministerio de Sanitat y Consumo del Gobierno Espariol, and the Regulation (CE) #
1394/2007 of the European Parliament over advanced therapy drugs. This legislation establishes strict
conditions for the application of pluripotent cells in clinical therapies, rules which, sometimes, can be
difficult to maintain.

In order to apply a cell product derived from pluripotent cells, it is necessary that all procedures of
reprogramming or derivation up to the terminal cell differentiation have been carried out in controlled
conditions. This imply not only the use of reproducible protocols and a specific workflow, but also that
all the growth factors, reagents, culture media, cell lines, etc. that are used are clinical grade approved
or GMP. In many cases the product used come from animal sources such as FBS or the MEF and,
although it is clear that they can present a great variability among lots, they can also obtain a clinical
grade approval or GMP if their use is indispensable to produce the final product. However, it is especially
recommended the substitution of these products with their equivalents that are free from xenobiotics,
being them recombinant or of human origin. These products allow for a higher level of standardization
of the process, make it easier to detect pathogens, avoid the possible transfer of unknown animal
pathogens and reduce the risk of immunological rejection of the animal protein once the cells are
transplanted in a patient.



In the case of hESC, the pre-embryos that are used to derive hESC lines are donated by patients that
have undergone IVF cycles in assisted reproduction centers. The activity of these centers is regulated
by the Real Decreto 1301/2006 and for this reason they comply to the legislative framework regulating
the clinical grade biological material. The process of hESC line derivation has traditionally used
immunosurgery to isolate the ICM and of pronase to eliminate the ZP, which imply the use of antibodies
and other protein of animal source. It is important to substitute these products for the clinical application
of hESC. Actually, there are already protocols for the derivation, culture and preservation of hESC that
fall under the clinical grade category (Crook et al., 2007), in which the authors used products of animal
origin which comply with the GMP requirements. However, these protocols can be improved with the
use of recombinant or xeno-free products. Also, researchers have described protocols for the derivation
and differentiation of hESC to population of clinical interest such as neuron stem cells or dopaminergic
neurons in conditions that are strictly xenofree and transferable to GMP conditions (Swistowski et al.,
2009).

The reprogramming of somatic cells to hiPSC is a complex process, and the approval for its use in
clinical therapy requires firstly the development of safe reprogramming strategies as well as culture
methods that use substances recombinant or free from xenobiotics. The elaboration of protocols that
are free from products of animal origin from the collection of the sample to the complete reprogramming
of the cell colonies is a first step that is critical in order to bring these cells closer to future cell therapies
in regenerative medicine (described in paper 5). A the same time, it is very important to develop a
reprogramming method which does not imply the integration of exogenous genetic material in the
somatic cell and that at the same time would give rise to a completely reprogrammed cell, up to the
stage of pluripotent cell (described in paper 8). Once the pluripotent cell lines have been obtained, it
is necessary to establish protocols for their culture, cryopreservation and differentiation which comply
with the conditions of reproducibility that are expected by the clinical grade category.
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3.1 INTRODUCCIO GENERAL

Amb la unié de I'espermatozoide i de I'oc0cit comenga tot un procés que portara una unica cel-lula
a desenvolupar un nou organisme complex i Unic. La cel-lula producte d’aquesta fusioé s’anomena
zigot i és I'essencia del que entenem per cel-lula totipotent. El zigot té la capacitat de formar
qualseval tipus cel-lular de I'organisme i no només aixo, també té la capacitat de dirigir I'organitzacio
d’aquestes poblacions cel-lulars en teixits funcionals, aquests teixits en organs i els organs en un
individu sempre i quan es desenvolupi en un ambient propici com és, en animals placentaris, I'Uter
matern.

El zigot és portador de tota la informacié genetica i epigenetica necessaria perque es pugui dur
a terme aquest procés de desenvolupament embrionari. La informaci¢ genetica del zigot és la
suma del material genétic dels gametes matern i patern. Perd no és només la informacié que
aporten aquests gametes la que permet un desenvolupament correcte, sind també I'estat d’activacio
i desactivacio de tots els gens que conformen el seu genoma (el que es coneix com estatus
epigenetic) cosa que permet una correcta expressio genica perque tot el procés pugui transcorre
adientment.

Una vegada produida la fecundacio, el zigot comenca un procés de divisié cel-lular que fa que
en un periode de 3 dies I'embri6 passi a estar format per 8 cel-lules (conegudes com blastomers)
en el cas de I’espécie humana. Arribades a aquest punt, les cel-lules comencen el procés de
compactacio en el qual es perdra la definicid entre les cel-lules i a continuacié es formara el
blastocist, en que, per primera vegada s’establiran dues poblacions cel-lulars diferenciades. Per
una banda, les cél-lules que quedin a I’exterior establiran unes unions intercel-lulars fortes entre
elles i estaran destinades a formar el que es coneix com trofectoderm, del qual derivara la part
embrionaria de la placenta. Per 'altra banda, les cel-lules que quedin a 'interior de I'embrid
establiran unions més febles que permetran la reorganitzacio cel-lular en el futur i sén les cel-lules
que formaran el que es coneix com la massa cel-lular interna (ICM). Les cel-lules de la ICM son
les que formaran tots els tipus cel-lulars que donaran lloc al fetus.

3.2 TIPUS DE POTENCIALITAT CEL-LULAR

3.2.1 CEL-LULES TOTIPOTENTS

Soén aquelles que formen part de 'embrié des del moment de la fecundacioé fins a I’estadi de 8
cel-lules previ a la compactacio. Aquestes cel-lules tenen la capacitat de formar qualsevol tipus
cel-lular tant del fetus com de les membranes extraembrionaries. La capacitat totipotent d’aquestes
cel-lules esta demostrada pel fet que cada un dels blastomers té la capacitat de formar un nou
individu complet si se separen i es gesten individualment (Moore et al., 1968; Rossant, 1976;
Tarkowski and Wroblewska, 1967). De fet aquest és un metode que ha estat utilitzat per clonacio
reproductiva en recerca i en produccio animal.
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3.2.2 CEL-LULES PLURIPOTENTS

Soén aquelles cel-lules que tenen la capacitat de formar qualsevol tipus cel-lular de I’'organisme
adult. Hi ha cinc tipus de cel-lules pluripotents:

3.2.2.1 Cél-lules de la massa cel-lular interna

Aquestes cel-lules son les que es troben al interior del blastocel I'embrié de 5-7 dies en el cas del
huma. Durant el desenvolupament embrionari aquestes cel-lules es diferenciaran en un primer
moment per formar per una banda I'’endoderm primitiu, que donara lloc a estructures
extraembrionaries, i per I'altre banda I'epiblast, del qual derivaran els tres teixits germinals primordials
de I'embrié: endoderm, ectoderm i mesoderm. A partir d’aquets tres tipus tissulars es desenvoluparan
la resta de teixits de I'organisme.

3.2.2.2 Cél-lules mare embrionaries

Son les céllules que es deriven a partir de 'embrid i que es poden mantenir en cultiu in vitro de
forma indefinida (figura 1). Com a caracteristiques principals, les cél-lules mare embrionaries (ESC)
conserven la pluripotencialitat de les cel-lules de la ICM i a més adquireixen capacitat d’autorenovacio
en les condicions de cultiu adients. Aquestes cel-lules varen ser descrites per primera vegada en
ratoli al 1981 (Evans and Kaufman, 1981; Martin, 1981), perd no va ser fins el 1998 quan es va
derivar la primera linia d’ESC humanes (hESC) (Thomson et al., 1998). S’obtenen primordialment
a partir de blastocists pero s’han descrit també protocols que utilitzen estadis mes primerencs,
com la morula o cel-lules Uniques. (Ampliat a la seccio 3.3).

3.2.2.3 Cél-lules de pluripoténcia induida

’any 2007 el grup de Shinya Yamanaka va descriure el procés de reprogramacio cel-lular a través
del qual una cél-lula somatica podia ser reprogramada fins a I'estadi de cel-lula pluripotent (Takahashi
et al., 2007). Les ceél-lules de pluripotencia induida (iPSC) son cel-lules pluripotents amb capacitat
d’autorenovacio que han estat produides al laboratori per reprogramacio induida de cel-lules
somatiques mitjancant la sobreexpressio d’'un nombre de factors definits. Aquest procés es coneix
amb el nom de reprogramacio cel-lular i a priori totes les cel-lules de I'organisme son susceptibles
de ser reprogramades. (Ampliat a la seccio 3.4).

3.2.2.4 Cél-lules germinals primordials:

Les cel-lules germinals primordials (PGC) es troben a la cresta germinal de I’embrid i sén les
precursores dels gametes masculins i femenins. Aquestes cel-lules es generen extraembrionariament
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i es divideixen per mitosi durant la seva migracio per I'al-lantoide fins a I’embrié. Una vegada que
arriben a les crestes germinals, les PGC del fetus femeni entren en meiosi i donaran lloc als oocits;
al fetus masculi mantenen el seu potencial mitotic i entraran en meiosi domes després del naixement
per formar els espermatozoides quan l'individu arribi a la pubertat. La uni¢ de I'oocit i de
I'espermatozoide donara lloc al zigot. Les PGC durant la seva migracié adquireixen un imprinting
epigenetic el qual és necessari per dur a terme un desenvolupament embrionari correcte per
arribar a formar un nou individu. Una vegada aillades i cultivades in vitro, les PGC poden donar
lloc espontaniament a les cél-lules mare germinals, les quals tenen les mateixes capacitats de
pluripoténcia que les ESC. Es per aquesta rad que les PGC sén considerades cél-lules pluripotents
(Shamblott et al., 2001; Shamblott et al., 1998).

3.2.2.5 Cél-lules mare espermatogoniques
Les cel-lules mare espermatogoniques (SSC) son les cel-lules encarregades de mantenir la poblacio

d’espermatogonies al testicle durant tota la vida de I'individu, preservant-ne aixi la fertilitat. L'any
2008 el grup del Thomas Skutella va descriure per primera vegada el cultiu estable in vitro de les
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SSC humanes i les seves propietats (Conrad et al., 2008). Aquestes cel-lules presentaven
caracteristigues molt similars al de les hESC pel que fa als marcadors que expressaven i a la
capacitat de diferenciacio. Aixi aquestes cél-lules es consideren pluripotents ja que es poden
diferenciar in vitro a teixits de les tres capes germinals i tenen la capacitat de formar teratomes
una vegada son injectades en ratolins immunodeficients.

3.2.3 Cél-lules multipotents

Aquestes cél-lules, també conegudes com a cel-lules mare adultes (ASC), es troben tant al fetus
com a I'organisme adult, sén especifiques de teixit i estan en un estadi de diferenciacio més o
menys avancat en funcio del teixit de procedéencia. Algunes ASC son les responsables del
manteniment i la regeneracio dels teixits on es troben durant tota la vida de I'individu i per tant
es consideren cél-lules amb capacitat d’autorenovacio.

Les ASC es troben a la majoria de teixits adults tals com la medul-la 0ssia, la pell, arees especifiques
del sistema nervids central, el greix, I’epiteli intestinal, etc. Les ASC que més es coneixen i que
es fan servir de forma rutinaria en terapies de substitucié cel-lular son les cél-lules mare
hematopoetiques (HSC). Les HSC es troben tant al moll d’os com a la sang de cordd, tenen una
alta capacitat d’autorenovacio in vivo i sén el reservori cel-lular per la formacioé de tots els derivats
hematopoetics (Weissman and Shizuru, 2008). Aquestes cel-lules s’han utilitzat des de I'any 1989
per tractar problemes hematologics com diversos tipus de leucemies o anemies (Gluckman et al.,
1989). En el cas de la pell, una de les teories més recents exposa que hi ha un Unic tipus de
progenitor epidéermic que es capa¢ de mantenir I’'homeostasi de tot el teixit (Clayton et al., 2007).
També s’ha vist com I'epidermis, els fol-licles pilosos i les glandules sebacies presenten poblacions
de cel-lules progenitores especifiques perd en un cert moment aquestes poblacions poden migrar
per reparar algun dels altres dos teixits si la seva poblacié progenitora s’ha perdut (Fuchs and
Horsley, 2008). També s’ha demostrat I'existencia de cel-lules mare neurals adultes amb capacitat
d’autorenovacio i de diferenciacio cap a la formacié de neurones madures. Nomes hi ha dos
regions al cervell huma on s’ha demostrat I'existencia de cel-lules mare neurals: a la zona
subventricular del ventricle lateral i a la zona subgranular del gyrus dentatus de I'hipocamp (Gage,
2000; Jessberger et al., 2008).

Les ASC estan compromeses amb una diferenciacio terminal especifica encara que algunes com
ara les cel-lules mare mesenquimals (MSC) tenen certa plasticitat a I’hora de diferenciar-se a
diferents tipus de teixits, no nomes del llinatge mesodermic com osteoblasts, condrocits o adipocits,
sin6 també altres poblacions d’origen ectodermic com neurones i astrocits (Meirelles Lda and
Nardi, 2009). S’ha demostrat la presencia de MSC en 'estroma de molts organs de I'organisme
on contribueixen a I’homeostasi del teixit (da Silva Meirelles et al., 2006).

En un principi es va creure que les ASC no estaven del tot compromeses amb els teixits dels quals
formaven part i que per tant seria facil la transdiferenciacio (formar un tipus cel-lular diferent al que
esta establert a la seva ruta de diferenciacio) a altres teixits on s’hagués perdut la funcié. A més



I'Us d’aquestes cel-lules no comportava cap debat &tic ja que son cel-lules adultes que provenen
del propi pacient i no cal utilitzar embrions per tal d’obtenir-les. El principal problema que presenten
és la dificultat per mantenir-les en cultiu in vitro en el seu estatus multipotent i és per aquesta rad
que la majoria de procediments clinics que utilitzen les ASC per terapia fan un Us intraquirdrgic
amb o sense criopreservacio de les poblacions enriquides amb ASC com succeeix amb les MSC
o amb les HSC. En el cas de les MSC s’ha vist que la seva potencialitat terapeutica no és causada
per una repoblacioé i/o transdiferenciacio en el teixit diana de les cél-lules d’interes, sind a la seva
capacitat de secretar molecules bioactives amb propietats immunomoduladores, angiogéniques,
anti-apoptotiques i quimiotactiques (Abdi et al., 2008; Nauta and Fibbe, 2007).

3.3 CEL-LULES MARE EMBRIONARIES

Des que es va descriure per primera vegada I'aillament i el manteniment del cultiu in vitro de les
ESC de ratoli (mESC) I'any 1981 (Evans and Kaufman, 1981; Martin, 1981) aquestes es varen
convertir en una promesa de futur pel camp de la medicina regenerativa, la terapia cel-lular i la
biotecnologia.

Poc després es va demostrar 'estatus de pluripoténcia d’aquestes cél-lules al comprovar la seva
capacitat de formar individus quimerics viables amb contribucio a tots els teixits inclosa la linia
germinal una vegada injectades a blastocists de ratoli. Les mESC varen esdevenir una eina
fonamental als laboratoris de biotecnologia al facilitar la seva manipulacié genetica in vitro per tal
de donar lloc a ratolins transgenic a mida per una finalitat concreta. Aixd permet posar a punt
models animals per malalties humanes i serveix com a eina per entendre nous mecanismes de
la biologia molecular.

No va ser fins I'any 1998 quan es van derivar les primeres linies de hESC per part del grup de
James Thomson (Thomson et al., 1998). Aquestes primeres derivacions varen servir per definir
els criteris que havien de complir les hESC per ser considerades com a tals: 1) Les cel-lules havien
de ser derivades a partir d’'un embrié pre-implantacional, 2) les cél-lules havien de demostrar la
capacitat de mantenir-se indiferenciades en cultiu in vitro, 3) les cél-lules havien de demostrar un
potencial estable de desenvolupament després de periodes prolongats en cultiu mitjancant la
seva capacitat de formar teixits derivats de les tres capes germinals.

Les seglents derivacions es varen dur a terme per el grup de Benjamin Reubinoff (Reubinoff et
al., 2000) I'any 2000, confirmant aixi els resultats obtinguts als primers experiments. En el cas de
les hESC, la pluripotencia d’aquestes cél-lules no es pot demostrar amb la formacio d’individus
quimerics ja que suposaria un assaig intolerable des del punt de vista étic. Per aquesta rag, la
pluripotencialitat de les hESC s’ha demostrat tradicionalment mitjancant protocols de diferenciacio
in vitro cap a multiples teixits de tots els origens germinals aixi com la capacitat in vivo d’aquestes
cel-lules per induir teratomes formats per estructures tissular ordenades i ben organitzades
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procedents de les tres capes germinals una vegada injectades en ratolins immunodeficients.

El potencial de diferenciacio de les hESC va revolucionar el camp de la terapia cel-lular i de la
medicina regenerativa. Actualment hi ha nombrosos laboratoris al mén que han utilitzat pre-
embrions preimplantacionals per la derivacié de hESC amb diferents metodologies de derivacio
(ampliat a la secci6é 3.3.2). Els pre-embrions que s’utilitzen per la derivacié procedeixen de
programes de reproduccié assistida i es tracta de pre-embrions donats per recerca per les
parelles quan ja no tenen projecte parental. Aquesta és una de les opcions possibles en
determinades legislacions com la de I'Estat Espanyol. Un altre font per I'obtencié de hESC son
els pre-embrions anormals procedents dels programes de diagnostic genetic preimplantacional
(PGD), descartats després de seleccionar els pre-embrions normals en parelles amb elevat risc
genetic.

3.3.1 IMPORTANCIA BIOMEDICA DE LES hESC

Com ja s’ha comentat, una de les principals caracteristiques de les hESC és que tenen la capacitat
tedrica per formar in vitro qualsevol tipus cel-lular de I'organisme. Es aquesta capacitat la que ha
centrat gran part del interes del grups de recerca amb hESC i el principal objectiu ha estat entendre
els mecanismes que determinen la diferenciacié especifica de les ESC i com poder controlar
aquest procés in vitro. Quan aixo sigui possible es podra pensar en aplicar la terapia amb hESC
de forma segura per tractar o pal-liar malalties produides per una perdua de funcio cel-lular. (Ampliat
a la seccio 3.5).

Les hESC sbén una eina complementaria als models animals que existeixen per entendre quins
son els factors que determinen com les cel-lules pluripotent es comprometen amb una linia germinal
determinada en el procés de la diferenciacio aixi com els mecanismes moleculars que controlen
el desenvolupament embrionari de I’ésser huma en les primeres fases (Dvash et al., 2006). També
permeten entendre quines son les sequencies en I'expressié de gens clau durant la diferenciacio
cel-lular fins a poblacions madures amb una alt grau d’especialitzacio (Clark and Reijo Pera, 2006;
Meyer et al., 2009) generant aixi un model in vitro de desenvolupament embrionari fins I’'estadi
neonatal (figura 2).

Les linies de hESC especifiqgues de malalties obtingudes a partir d’embrions descartats de
processos de PGD, tals com la fibrosis quistica (Pickering et al., 2005), la malaltia de Huntington
(Mateizel et al., 2006) i la sindrome de I’X fragil (Eiges et al., 2007), son una valuosa eina en I'estudi
d’aquestes malalties. A més, la capacitat de modificar genéticament les linies normals permet fer
servir aquestes cel-lules com a model de moltes malalties amb una base genética coneguda. Per
exemple, Urbach et al. fent servir la malaltia de Lesch-Nyhan com a model va aconseguir crear
una linia transgenica de hESC que anul-lava I’activitat del gen hprt7 mitjancant recombinacio
homologa (Urbach et al., 2004). Aixi doncs una vegada generada una linia transgenica o a través
de la linia de hESC obtinguda a partir d’un embrié afectat, es poden investigar els mecanismes
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que impedeixen un desenvolupament correcte cap a un tipus cel-lular determinat o bé quin és el
mecanisme que impedeix el correcte funcionament d’aquella poblacié (Abdul Kadir et al., 2009;
Catalina et al., 2009; Saha and Jaenisch, 2009). Per tal de poder fer servir aquestes cel-lules com
a model de malaltia s’han hagut de desenvolupar protocols de diferenciacio cap als tipus cel-lulars
que ens permeten estudiar la malaltia en questio (figura 2).
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La capacitat de diferenciacio de les hESC permet obtenir poblacions cel-lulars diferenciades que
poden establir models in vitro de malalties com la malaltia de Parkinson, la diabetis o I'infart de
miocardi. Es per aquest motiu que molts grups de recerca han treballat en I'establiment de
protocols de diferenciacio de les hESC cap a tipus cel-lulars especifics de I'organisme. L’any 2001
Assady et al. (Assady et al., 2001) va aconseguir diferenciar hESC a cel-lules pancreatiques
secretores d’insulina. Des d’aquell moment molts altres grups han desenvolupat nous protocols
que optimitzen I'obtencid de derivats pancreatics a partir de hESC en termes d’eficiencia i
funcionalitat (Liew et al., 2008; Phillips et al., 2007). Altres protocols de diferenciacié han estat
descrits, com per exemple la diferenciacié espontania cap a cardiomiocits (Kehat et al., 2001) i
com aquestes cel-lules presentaven a més una funcionalitat fisiologica (Satin et al., 2004). També
s’ha fet un gran esforg en trobar protocols eficients per I'obtencié de precursors hematopoetics
que puguin substituir les terapies tradicionals amb moll d’os o sang de cordd (Kaufman et al.,
2001; Ledran et al., 2008). Un altre camp molt estes és el de diferenciacié de cel-lules pluripotents
cap a precursors neurals (ltskovitz-Eldor et al., 2000) especialment a precursors dopaminergics
per pal-liar els efectes de la malaltia de Parkinson (Ko et al., 2009; Zhang and Zhang). Malgrat que
es tracta d’'un camp d’investigacio en progrés constant, encara no s’han trobat les condicions
optimes i definides per a la diferenciacioé a tipus cel-lulars funcionals en la majoria dels casos.

Les hESC sén també una eina amb gran potencialitat per les empreses farmaceutiques a I’hora
de testar nous farmacs a gran escala (figura 2). En aquest sentit les hESC tenen dos avantatges
fonamentals. En primer lloc sén un millor model in vitro que les MESC per valorar la toxicitat en
humans de noves molécules i disminueix per tant la utilitzacié d’animals d’experimentacio, amb
un gran estalvi economic i etic (Krtolica et al., 2009). A més la seva capacitat de diferenciacio a
qualsevol teixit fa de les hESC una font molt valuosa de cel-lules funcionals dificils d’obtenir per
metodes habituals (com ara els cardiomiocits humans) (Steel et al., 2009) i que permeten comprovar
tant la toxicitat com la funcionalitat de noves molecules candidates sobre el teixit d’interes que
s’ha diferenciat.

3.3.2 DERIVACIO

En I'actualitat al voltant de 600 linies de hESC han estat derivades i registrades al mén segons
el Registre Europeu de hESC (www.hescreg.eu, Borstlap et al., 2008).

El procés de derivacié consisteix en aconseguir aillar les cel-lules que formen part de la ICM per
aconseguir una poblacié pura de hESC i mantenir aquestes cel-lules en cultiu en el seu estat
pluripotent d’una forma indefinida (figura 1). Aquestes cel-lules s’han obtingut tradicionalment a
partir de pre-embrions supernumeraris procedents de centres de reproduccio assistida i donats
a la recerca per les parelles que ja havien satisfet les seves necessitat reproductives.

Els protocols utilitzats per aquestes derivacions sén quasi tan heterogenis com els grups de
recerca que les han obtingut, ja que no existeix un consens en I’'optimitzacié del protocol per la
derivacio de les hESC. Segons I'estadi de desenvolupament embrionari podem classificar les



estrategies de derivacio en tres categories: derivacio a partir de la ICM del blastocist, derivacio a
partir de 'embri6 en estat de morula compactada i derivacioé a partir d’un Unic blastomer (figura
3).
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3.3.2.1 Derivacio a partir de la massa cel-lular interna del blastocist

Aquest és el metode més habitual per la derivacio de les hESC (Thomson et al., 1998; Reubinoff
et al., 2000). Lembrié és cultivat fins al dia 5-9 post-fecundacio, quan arriba al estadi de blastocist.
Son les cel-lules de la ICM les que donaran lloc a les hESC en determinades condicions de cultiu
in vitro (figura 3A). En aquest punt s’ha d’intentar separar la ICM del trofectoderm ja que aquest
podria dificultar la proliferacio i la viabilitat en el creixement inicial de les hESC. Aquest és el metode
que hem fet servir per les derivacions en els papers 1 i 2. Segons el metode utilitzat per I'aillament
de la ICM és pot classificar la metodologia en tres categories: sembra sencera del blastocist,
aillament de la ICM per immunocirurgia o aillament fisic de la ICM. En tots els metodes, es requereix
I’eliminacio de la zona pel-lUcida (ZP) abans de la sembra amb una estratégia enzimatica amb
pronasa o bé quimicament amb una solucié d’acid Tyrodes.

L'estrategia més simple és la sembra sencera del blastocist. Aquesta estrategia es fa servir quan
la ICM no es diferencia clarament del trofectoderm o bé si no es disposa de la tecnologia necessaria
per la disseccio de la ICM. Aquest metode té I'avantatge de ser el més senzill de tots ja que no
requereix de cap micromanipulacié de I'embrid. No obstant aixo, té I'inconvenient de ser el metode
que menys proporcié de trofectoderm aconsegueix eliminar en relacio a la ICM i per tant el que
té menys possibilitats d’exit.

Una estrategia més sofisticada és I'ailllament de la ICM per immunocirurgia (Solter and Knowles,
1975). Amb aquesta estrategia es pretén eliminar el maxim de trofectoderm possible deixant les
cel-lules de la ICM intactes. Aquest sistema nomeés es pot fer servir si el trofectoderm del blastocist
esta intacte i per tant la ICM es troba confinada a I'interior del blastocel ja que els anticossos i el
complement també reconeixerien les cel-lules de la ICM i les destruirien tal i com fan amb el
trofectoderm.

L’aillament fisic de la ICM és una bona opcid per I’eliminacio del trofectoderm i incrementar aixi
les probabilitats d’exit. Actualment s’han descrit dues estrategies per I'aillament fisic de la ICM
sense fer servir cap estratégia enzimatica, immunologica o quimica. Una primera estrategia és
I'aillament mecanic de la ICM, que consisteix en la disseccio de la ICM amb agulles primes de
tal manera que s’aconsegueix tallar la porcié de I'embrié on es troba la ICM (Strom et al., 2007).
Té el problema que es dificil evitar la contaminacié amb cel-lules del trofectoderm ja que aquestes
estan intimament adherides a la ICM per la part exterior. Laltre estrategia fisica consisteix en
I'aillament assistit amb laser, lesionant les cel-lules del trofectoderm de tal manera que es redueix
la viabilitat. Si la localitzacié de la ICM es molt clara, es pot arribar a seccionar gran part del
trofectoderm oposat a la ICM. També es dificil eliminar tot el trofectoderm pero permet lesionar
gran part de les seves cel-lules(Turetsky et al., 2008; Cortes et al., 2008). Aquest metode ha estat
abordat al paper 2.



3.3.2.2 Derivacio a partir de I’'embrio en estat de morula compactada

La derivacio de linies de hESC a partir de pre-embrions en I'estadi de morula va ser descrit I'any
2004 per Strelchenko et al. (Strelchenko et al., 2004). Aquesta técnica consisteix en la sembra
de I'embri6 sencer quan aquest arriba a I'estadi de morula compactada (figura 3B). Les cel-lules
gue componen la morula compactada son totipotents ja que encara no han format cap estructura
diferenciada, i per tant una vegada sembrat per a la derivacio, el pre-embrid pot donar lloc tant
a cel-lules del trofectoderm com a cel-lules de la ICM abans d’estabilitzar el cultiu, cosa que pot
comprometre I'exit de I'estrategia.

3.3.2.3 Derivacio a partir d’un unic blastomer

Aquesta estrategia, descrita pel grup de Robert Lanza (Chung et al., 2008; Klimanskaya et al.,
2006), té I'avantatge que no implica la destruccio de I'embrié a partir de qué es vol derivar la linia
de hESC, superant aixi el problema étic que suposa la destruccié de pre-embrions humans pel
seu Us en recerca. Per portar a terme aquesta estrategia, s’ha de realitzar una biopsia embrionaria
com si es tractés d’un diagnostic pre-implantacional per la obtencié d’un Unic blastomer a partir
d’'un embri6 en estadi de morula no compactada (figura 3C). En el primer experiment referit
(Klimanskaya et al., 2006), aquesta Unica cel-lula es co-cultiva durant uns dies en les mateixes
plaques que linies ja establertes de hESC que proporcionen un ambient optim pel seu creixement.
En el segon experiment (Chung et al., 2008), I'optimitzacio de la tecnica permet la derivacio sense
la presencia de hESC i es preserva I’embrié a partir del qual s’ha fet la biopsia que es podria fer
servir en el procés habitual dels cicles de reproduccio assistida amb una finalitat reproductiva. En
el cas que tant la derivacié com la gestacio tinguessin exit, I'individu que naixes disposaria d’una
linia de hESC amb el seu mateix perfil genetic.

3.3.3 METODES DE CULTIU

Hi ha hagut molts recursos dedicats per part dels grups de recerca i de les companyies de
biotecnologia per a I’'optimitzacié dels metodes de cultiu per les hESC. L'evolucié d’aquests
metodes ha tendit a desenvolupar medis cada vegada més definits per poder controlar els factors
que permeten el manteniment de la pluripotencialitat i per identificar aquells que permetrien una
diferenciacio dirigida. També hi ha hagut una tendéncia clara cap a I'eliminacio dels derivats dels
serums animals i en definitiva de tots aquells reactius que comporten una contaminacié amb xeno-
derivats.

Les hESC tenen una capacitat natural per continuar en el seu procés de desenvolupament

embrionari d’origen i per tant una forta tendencia a iniciar una diferenciacic espontania cap a les
tres capes germinals primordials. Aixi, la clau dels metodes desenvolupats per cultivar les hESC
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es aconseguir mantenir indefinidament el seu cultiu en condicions indiferenciades. Des de les
primeres derivacions, els medis de cultiu han anat millorant la seva capacitat per mantenir un cultiu
estable de les hESC. 'any 2000 es va descriure com el basic-fibroblast growth factor (b-FGF
també conegut com FGF-2) mantenia el cultiu indiferenciat de les hESC i al mateix temps millorava
I'eficiencia de clonatge (Amit et al., 2000). A partir d’aquest punt el b-FGF es va convertir en un
factor de creixement essencial a tots els medis destinats a mantenir un cultiu estable de hESC.

En els Ultims anys s’han descrit diverses condicions de cultiu que mantenen un cultiu estable de
les hESC. A continuacio es resumeixen els principals metodes de cultiu existents:

3.3.3.1 Substrats per al cultiu de les hESC

El metode classic de cultiu implica la utilitzacio de cel-lules que donen suport fisic i paracri per al
creixement de les hESC. Les cél-lules de suport aporten factors de creixement fonamentals per
al manteniment de la pluripoténcia de les linies de hESC (Chin et al., 2007). Quan es co-cultiven
les hESC amb cel-lules de suport, les colonies que es formen tendeixen a ser compactes amb
una textura esponjosa, creixen més en volum i no es troben tan intimament unides al substrat de
la placa. Aixd permet un subcultiu mecanic de les colonies amb eines especifiques que permeten
la formacié de petits agregats cellulars evitant aixi I'is de metodes enzimatics. Aquesta estrategia
mecanica minimitza I'aparicié d’anomalies cromosomiques que poden apareixer durant el cultiu
prolongat ja que aquest metode suavitza la pressié de seleccioé sobre les cel-lules en comparacio
amb els metodes enzimatics (Draper et al., 2004; Spits et al., 2008).

S’han descrits molts tipus cel-lulars que tenen la capacitat de mantenir el cultiu de les hESC, fent
de cellules de suport. Les primeres derivacions de hESC es van aconseguir mitjangant el co-cultiu
dels pre-embrions humans sobre una capa de fibroblasts embrionaris de ratoli (MEF) mitoticament
inactivats (Thomson et al., 1998). Es va veure que els factors secretats per les MEF durant el co-
cultiu amb les hESC eren fonamentals pel manteniment de la seva pluripotencia. Més endavant
es va demostrar que fibroblasts humans procedents de bidpsies de prepuci (HFF) mitdticament
inactivats també permetien mantenir un cultiu estable de les hESC (Hovatta et al., 2003). D’aquesta
manera es va aconseguir evitar dependre de cél-lules d’origen animal eliminant un dels xeno-
contaminants més habituals en el cultiu de les hESC. Aquest és el metode que hem fet servir al
paper 1i2. Poc després es va descriure el co-cultiu amb fibroblasts autogenics (és a dir, derivats
de les propies hESC) el qual va suposar un pas important en I'eliminacié de component al-logenics
en el cultiu de hESC. Aquesta metodologia consisteix en diferenciar fibroblasts a partir de hESC
que es fan servir com a font de cél-lules de suport per a les mateixes hESC de les que procedeixen
(Choo et al., 2008; Stojkovic et al., 2005; Wang et al., 2005). D’aquesta manera s’evita la
contaminacié amb altres fonts genetiques que no siguin la de la propia linia de hESC i s’elimina
el risc de transmissié de patogens a partir de la mostra del donant de fibroblasts. S’han descrit
altres tipus cel-lulars que tenen la capacitat de mantenir el cultiu de les hESC, com ara els fibroblasts
fetals de pulmdé huma (Chavez et al., 2008), céel-lules fusiformes



diferenciades a partir de cél-lules de cordd umbilical (Zhan et al., 2008), cel-lules mare mesenquimals
(Choo et al., 2008), cel-lules de I'endometri uteri (Lee et al., 2005) i cel-lules de I’estroma hepatic
fetal huma (Ji et al., 2009). Els factors i els mecanismes d’accié d’aquestes cel-lules continuen
essent, en gran part, desconeguts.

Una alternativa al co-cultiu amb cel-lules de suport és el cultiu sobre matrius proteiques. El cultiu
de les hESC lliure de cel-lules de suport és actualment un metode molt estés i que presenta clars
avantatges i inconvenients. ’avantatge principal €és que permet cultivar les hESC sense contaminacio
amb altres cel-lules, i per tant permet la recollida de mostres cel-lulars per qualsevol tipus de test
bioguimic que requereix una poblacié pura (per exemple: tests quantitatius i qualitatius d’expressio
geénica, analisis de metilacié de promotors, southern blots, extraccio i analisis de proteines, etc.).
La contaminacié amb altres fonts cel-lulars també suposa un problema de cara a una possible
aplicacio terapeutica de les hESC ja que pot augmentar el rebuig immunologic si la mostra es
contamina amb aquesta segona font cel-lular. Aquest meétode també permet una expansio
enzimatica més rapida i eficient. Per ultim I'Us de matrius proteiques permet mantenir el cultiu en
condicions més definides i controlades ja que els factors que secreten les cel-lules de suport no
estan completament descrits. Un dels inconvenients del cultiu sobre matrius proteiques es que
el fet d’utilitzar un subcultiu enzimatic sotmet a les linies a una major pressié de seleccid. Hi ha
estudis que demostren que els metodes enzimatics de subcultiu augmenten el risc de que les
linies de hESC adquireixin anomalies cromosomiques tals com trisomies del cromosoma 12 i 17
les quals incrementen la seva capacitat de propagacioé in vitro (Draper et al., 2004). Aixi doncs,
per tal de controlar I'estabilitat cromosomica de les linies de hESC és important realitzar periddicament
un cariotip, especialment si el metode de subcultiu és enzimatic.

Hi ha descrits diferents tipus de matrius proteiques que sén capaces de mantenir el cultiu estable
de les hESC. Aqui les hem classificat en dos grups segons la puresa de la seva composicié. En
primer lloc tenim les matrius proteiques de composicidé complexa on el principal component
d’aquest grup és el Matrigel. EI Matrigel és una matriu extracel-lular secretada per les cel-lules
d’un tumor d’origen muri i la seva composicio és complexa i no del tot definida (Xu et al., 2001).
També s’ha fet servir la matriu extracel-lular secretada per les MEF com a substrat per la derivacio
i el manteniment de les hESC (Klimanskaya et al., 2005). Existeixen també les matrius proteiques
de composicio definida basades en la capacitat de determinades proteines de la matriu extracel-lular
per donar suport a la derivacio i al cultiu de les hESC sense la necessitat de cel-lules de suport.
L'any 2001 ja es va descriure que la laminina per ella mateixa era capac¢ de mantenir el cultiu
indiferenciat de les hESC (Li et al., 2005; Xu et al., 2001). Ludwig et al. va descriure I'any 2006
com una barreja definida de col-lagen IV, laminina, fiboronectina i vitronectina era capag de permetre
la derivacioé i el manteniment de les hESC (Ludwig et al., 2006). També s’ha vist que la fibronectina
per ella mateixa o en combinacié amb el col-lagen IV es capac¢ de mantenir un cultiu estable de
hESC (Lu et al., 2006). Recentment s’ha descrit que la vitronectina humana recombinant, matriu
altament purificada i definida, déna suport al cultiu de les linies de hESC (Braam et al., 2008).
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3.3.3.2 Medis de cultiu per les hESC

En les primeres derivacions descrites de linies de hESC es van fer servir medis de cultiu suplementats
amb serum fetal bovi (FBS). Rapidament es va comprovar que a causa de la seva riquesa en
factors de creixement, el FBS induia la diferenciacié espontania de les hESC i en dificultava el
manteniment. La majoria de medis que es fan servir actualment contenen proteines derivades o
purificades a partir de fonts d’origen animal ja que aixd permet una millor estandarditzacié dels
ingredients i el seu cost és generalment més reduit. Més endavant es va reemplacar el FBS per
substituts del serum com el Knockout Serum Replacement (KO-SR) (Invitrogen) (Amit et al., 2004)
que presenta una composicié més o menys definida i que t& com a component principal I'albumina
serica bovina. Aquest substitut del serum permet mantenir un cultiu estable de les hESC amb una
taxa de diferenciacic espontania molt baixa. En I'actualitat el KO-SR és la font de proteina més
utilitzada per el cultiu de les hESC. Recentment es va demostrar que si al medi basat en el KO-
SR se li afegia una petita quantitat de FBS augmentava la taxa d’éexit del procés de derivacio de
les linies de hESC (Chen et al., 2009). Aquesta estratégia també I’hem fet servir al paper 2.

La tendencia actual dels grups que treballen amb hESC és anar substituint tots els productes
d’origen animal per alternatives recombinants o d’origen huma. Aixi els cultius lliures de xenobiotics
estan més a prop d’un possible Us en terapia cel-lular ja que s’elimina la possibilitat de transmissiod
de patogens d’origen animal i s’elimina el rebuig immunitari que puguin causar les proteines
animals amb les que han estat en contacte. Fins I’any 2006 no es va aconseguir la primera
derivacio de linies de hESC en condicions lliures de xenobiotics (Ellerstrom et al., 2006). En aquest
cas es va fer servir serum huma com a substitut del KO-SR, perd de nou va apareixer el problema
d’una gran tendencia a la diferenciacio de les linies al fer servir derivats del serum poc refinats.
Altres grups han desenvolupat amb exit medis lliures de xenobiotics que permeten derivar i/o
mantenir en cultiu les hESC (Li et al., 2005) mentre que d’altres descriuen com tota una serie de
medis sense components d’origen animal indueixen una diferenciacié espontania que no permet
el cultiu a llarg termini de les hESC (Rajala et al., 2007). En els ultims anys han aparegut nous
medis i suplements lliures de xenobidtics especifics pel cultiu de les hESC. Un exemple és el medi
desenvolupat per Invitrogen, el KO-SR Xeno-Free que, suplementat amb el Growth Factor Cocktail
Xeno-Free (Invitrogen), intenta substituir al KO-SR habitual (abordat al paper 5). Recentment també
ha estat descrit el medi TeSR2 (Stemcells Technologies) que presenta una composicio 100% lliure
de proteines d’origen animal. Al nostre laboratori hem desenvolupat un nova font de proteina a
partir de derivats del serum huma capac de substituir les fonts proteiques habituals en el cultiu
de les hESC amb la collaboraci¢ de I'Institut Grifols, S.A. (Barcelona, Spain, http://www.grifols.com)
(abordat al paper 5).

Una altre tendencia en el camp del cultiu de les hESC és la utilitzacié de medis quimicament
definits que permeten entendre quines son les molecules i els mecanismes que mantenen els
cultius en un estat de pluripotencia. També permeten definir millor quins sén els factors de
creixement i quines son les concentracions que permeten una diferenciacio dirigida cap a un tipus
cel-lular definit. L'any 2005, Li et al. va desenvolupar un medi de cultiu definit a base de factors



de creixement humans recombinants com el b-FGF, stem cell factor (SCF), leukemia inhibitory
factor (LIF) i fit3 ligand (FL) que permetien el manteniment i I'expansio de les hESC (Li et al., 2005).
Poc després, el grup de Michael Snyder va desenvolupar un nou medi definit anomenat HESCO
format principalment per Wnt3, FGF, insulina, transferrina, April/BAFF, colesterol i aloumina (Lu
et al., 2006). Simultaniament, el grup de Sheng Ding va desenvolupar un medi definit basat en
els suplements N2 i B27 (Invitrogen) que permet mantenir en cultiu indefinit les hESC (Yao et al.,
2006). Recentment, han aparegut al mercat nous medis formulats especificament per al cultiu de
hESC amb composicio definida. Un exemple es el medi mTeSR1 que permet cultivar les hESC
sense cap tipus de cel-lules de suport en contacte directe o a través de medi condicionat (Ludwig
et al., 2006).

3.3.3.3 Metodes d’expansio de les hESC

Hi ha diversos metodes per al sub-cultiu de les hESC en el seu manteniment rutinari. Segons les
condicions de cultiu explicades anteriorment, els metodes meés utilitzats per expandir les cél-lules
soén mitjancant una estrategia mecanica o enzimatica.

L ’estrategia mecanica consisteix en fragmentar les colonies de hESC en petites peces formades
per unes 20-200 cel-lules i transferir-les a una nova placa. Aquest métode requereix que les cel-lules
estiguin en co-cultiu amb cel-lules de suport ja que permet la formacié de colonies més denses
amb un gruix superior. Es poden fer servir eines fabricades a ma a partir de pipetes pasteur
estirades al foc 0 bé eines comercials com el STEMPRO® EZPassage™ d’Invitrogen o capil-lars
de plastic acoblats a una micropipeta dissenyats per la manipulacié de pre-embrions humans
(Stripper micropipette, Mid Atlantic i Stripper tips, de 150 ym de diametre). Encara que aquest
metode és lent i no permet una expansié molt rapida de les hESC és el que sotmet a les cel-lules
a una menor pressio de seleccio.

’estrategia enzimatica consisteix en I’'expansio de les hESC mitjancant solucions enzimatiques
que disgreguen les colonies en cel-lules individuals o en petits grups cel-lulars fins a 20 cel-lules.
Aquest metode és més adient per a I'expansio de les hESC cultivades sobre matrius proteiques
ja que les colonies tendeixen a créixer més planes i es fa dificil el seu fraccionament mecanic. El
enzims que es fan servir habitualment son la tripsina, la col-lagenasa i la dispasa. La tripsina és
un enzim potent que disgrega les colonies fins a cél-lules individuals o petis grups mentre que la
dispasa i la col-lagenasa tendeixen a aixecar les colonies en peces més grans essent aixi una
estrategia menys agressiva per a la linia cel-lular. Aquesta estrategia permet una expansio rapida
i eficient de les linies i evita tota contaminacié amb altres poblacions cel-lulars de suport.

3.3.4 CARACTERITZACIO

Les hESC son cel-lules amb unes propietats molt caracteristiques. Son les Uniques cél-lules que,
de forma espontania, tenen la capacitat de formar tots els tipus cel-lulars de I'organisme. Es
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important dur a terme una caracteritzacié acurada i exhaustiva per tal de poder definir inequivocament
la poblacié de hESC, demostrant aixi la seva pluripotencialitat.

Els assajos de pluripotencia van encaminats en primer lloc a evidenciar la presencia de proteines
que serveixin com a marcadors per definir la poblacié de hESC. En segon lloc s’ha de demostrar
la capacitat d’aquestes cél-lules per formar teixits procedents de les tres capes germinal primordial
de I'embrié: endoderm, mesoderm i ectoderm, tant in vitro com in vivo.

3.3.4.1 Marcadors de pluripotencia

Actualment hi ha descrita una bateria de marcadors bioquimics i moleculars que defineixen
especificament la poblacid de hESC. Alguns d’aquests marcadors havien estat descrits en primer
lloc en les cel-lules del carcinoma embrionari i més endavant es va comprovar que |'expressio
fisiologica d’aquestes molecules corresponia a les hESC (Andrews et al., 1996; Andrews et al.,
2005b). De tota manera, I'expressié d’alguns d’aquests marcadors no és exclusiva de les hESC.

’expressio de la fosfatasa alcalina (AP) és un dels marcadors que s’han fet servir tradicionalment.
Encara que I’AP no és un enzim exclusiu de les hESC, té I'avantatge que és un marcador de facil
i rapida identificaci¢. Durant els primers subcultius en les fases primerenques de la derivacié de
hESC, el test d’AP permet comprovar d’una forma rapida si les cél-lules que s’estan expandint
son realment hESC i no cel-lules procedents del trofectoderm o teixits ja diferenciats a partir de
les hESC.

La deteccio de la telomerasa és un altre dels tests utilitzats per caracteritzar una linia de hESC.
La telomerasa és una ribonucleoproteina que té la funcio principal de mantenir la llargada dels
telomers. L’escurcament dels telomers és el motiu principal de I’envelliment cel-lular i per aquest
motiu la telomerasa s’expressa en aquells tipus cel-lulars que requereixen mantenir un estatus
jove indefinidament tal com les cel-lules germinals o les hESC. Les linies de hESC mantingudes
in vitro es consideren linies immortals i per tant es poden mantenir en cultiu de forma indefinida
(Miura et al., 2004).

Actualment hi ha descrita tota una bateria de marcadors de superficie especifics de pluripotencialitat,
I'expressio dels quals defineix la poblacid de les hESC. El 2005 es va desenvolupar el que es
coneix amb el nom de ISCI project (The International Stem Cell Initiative) on s’estableixen quins
han de ser els criteris per a una caracteritzacié acurada de les linies de hESC (Andrews et al.,
2005a). Les molecules a les que fa referencia son marcadors més especifics i delimiten d’una
forma acurada la finestra de pluripotencialitat de les hESC ja que son marcadors que es deixen
d’expressar rapidament una vegada que les hESC entren en alguna via de diferenciacio. Els
glicolipids de la familia de els Stage Specific Embryonic Antigen (SSEA) son uns marcadors de
superficie habituals en la caracteritzacid de les hESC (Andrews et al., 1996; Thomson et al., 1998).
En concret I'SSEAS y I'SSEA4 s6n marcadors caracteristics que defineixen I'estat de pluripotencia.



Quan les hESC entren en una ruta de diferenciacio es habitual que activin I'expressio de I'SSEAT
el qual es considera un marcador de diferenciacio primerenca en les hESC, mentre que aquest
mateix marcador defineix la poblacio pluripotent de les MESC. Les glicoproteines de la familia del
Tumor Related Antigen (TRA) també sén marcadors habituals que defineixen la poblacid de hESC
(Andrews et al., 1996). En concret, el TRA1-60 i el TRA1-81 sén dos marcadors classics I'expressio
dels quals es posa en evidencia durant la caracteritzacio.

Encara que no es coneixen completament els mecanismes moleculars que mantenen I’'estatus
de pluripotencia de les hESC, en I'actualitat hi ha descrit diversos factors de transcripcio i rutes
metaboliques que son propies de la fisiologia de les hESC i que sén fonamentals pel manteniment
d’estat d’indeferenciacié que les caracteritza. Alguns d’aquests factors de transcripcié s’ha utilitzat
com a marcador especific per definir la poblacié de hESC servint aixi per posar en evidencia una
bona funcionalitat dels mecanismes que regulen la pluripoténcia en aquestes cél-lules. La proteina
classica que defineix I'estatus de pluripotencia és OCT4 que pertany a la familia de factors de
transcripcid POU (Nichols et al., 1998; Niwa, 2001; Scholer et al., 1990). Les hESC han d’assolir
uns nivells d’expressio de OCT4 dins d’uns valors molt definits per mantenir I'estat de pluripotencia
ja que un increment d’aquests valors indueix a la diferenciacié cap a llinatges mesodermics o
endodermics mentre que una reduccio pot activar la diferenciacié cap a trofectoderm (Niwa et
al., 2000). Aixi i tot aquest factor de transcripcid es considera un marcador especific per definir
la poblacié de hESC. Un altre factor de transcripciod que juga un paper fonamental en el manteniment
de I'estatus de pluripotencialitat és la proteina de la familia homeobox NANOG la qual s’encarrega
d’activar altres gens fonamentals per al manteniment indiferenciat de les hESC. Al contrari que
amb OCT4, una expressio elevada d’aquest factor no indueix cap tipus de diferenciacio, mentre
que si disminueixen els seus nivells d’expressio les hESC poden diferenciar-se cap a qualsevol
llinatge primitiu (Hatano et al., 2005; Hyslop et al., 2005). Com que la reduccié de I'expressio de
NANOG comporta una forta tendencia cap a la diferenciacio, aguest és un bon marcador de
pluripotencia de les hESC i un bon indicador del seu estatuts d’indiferenciacio. L’expressio del
factor de transcripcié SOX2 regula I'expressio del factor de creixement FGF4 i sembla que pugui
tenir un paper important en el manteniment de la pluripoténcia de les hESC aixi com un paper
fonamental en I’organitzacio de la diferenciacié en els primers estadis del desenvolupament
embrionari (Avilion et al., 2003; Richards et al., 2004). SOX2 és també un dels marcadors moleculars
que es consideren importants per definir la poblacié de les hESC.

3.3.4.2 Capacitat de diferenciacio

El seglient pas de la caracteritzacid és demostrar la capacitat de les hESC per formar teixits
procedents de les tres capes germinals primordials de I'embrié (mesoderm, endoderm i ectoderm)
ja que al poder entrar en cadascuna de les tres vies primitives de diferenciacié queda demostrada
la seva capacitat per formar qualsevol teixit de I'organisme. Hi ha dos metodes principals per
demostrar aquesta capacitat: el test de diferenciacio in vitro i el test de diferenciacio in vivo.
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El test de diferenciacio in vitro consisteix en cultivar les hESC en condicions que permeten la
diferenciacié majoritaria cap als tres llinatges embrionaris per separat. L'any 2000 ltskovitz-Eldot
et al. (Iltskovitz-Eldor et al., 2000) va establir un metode reproduible per la formacié de cossos
embrioideus (EB) mitjancant el cultiu en suspensio de les colonies d’ESC establint aixi un punt
de partida per molts protocols de diferenciacio dirigida. A partir de la formacio d’EB les hESC es
poden diferenciar espontaniament o bé es cultiven en medis i substrats especifics, adients per a
la diferenciacio cap al linatge cel-lular que interessa. Els protocols que es fan servir son poc refinats
ja que no tenen com a objectiu obtenir una poblacié pura o altament purificada d’un tipus cel-lular
concret sind que pretenen evidenciar la presencia o absencia de determinats tipus cel-lulars
representatius del seu llinatge embrionari.

Per la formacio de teixit endodermic, es cultiven els EB en medis enriquits amb FBS sobre substrats
simples com la gelatina. De fet, aquest protocol seria un exemple de protocol de diferenciacio
espontania en el qual es poden arribar a trobar petites poblacions procedents de les tres capes
germinals. En el cas de I’endoderm, després de 2-3 setmanes de cultiu ja es poden apreciar
estructures globulars i glandulars que es tenyeixen positivament per marcadors d’endoderm tals
com ara FOXA2 o a-fetoprotein. Rarament s’arriba a identificar quina és la poblacié concreta de
diferenciacio terminal en aquesta condicio, pero existeixen protocols concrets per a I'obtencio de
derivats endodermics definits com illots pancreatics productors d’insulina i glucago (Segev et al.,
2004) o cel-lules similars a hepatocits (Rambhatla et al., 2003).

La diferenciacio cap a derivats mesodermics es pot potenciar afegint al medi de cultiu de molecules
com l'acid ascorbic, el DMSO, I'azacitidina o la ciclosporina A i factors de creixement com Wnt3a,
activin A, BMP-4 i BMP-2. Amb aquestes condicions de cultiu es potencia especialment la poblacio
de derivats musculars tals com els cardiomiocits funcionals identificats per I'expressio de o-sarcomeric
actinin i per GATA-4 o cel-lules de la musculatura llisa marcades per la smooth muscle actin. Els primers
son especialment Utils durant la caracteritzacio ja que durant el cultiu in vitro entren en contraccio
ritmica, cosa que facilita la seva identificacio fins i tot sense cap tipus de tincié o quantificacio
molecular (Kehat et al., 2001; Xu et al., 2002). També existeixen protocols definits per a I'obtencid
d’altres derivats mesodermics com ara progenitors hematopoétics CD45+ | CD34+ ((Chadwick
et al., 2003; Kaufman et al., 2001; Vodyanik et al., 2005) i paper 4 i 5), cél-lules endotelials que
expressen PECAM1, VWF i human VE-cadherin (Levenberg et al., 2002) o poblacions de la linia
condrogenica que expressen marcadors propis com SOX9, col-lagen tipus Il i proteoglicans (Khillan,
2006; Sui et al., 2003).

Les condicions de cultiu per a la formacié de derivats ectodermics (especialment neuro-ectodermics)
son les que presenten més peculiaritats perd també sén les més facils d’obtenir ja sigui per una
tendencia natural de les hESC o bé perque les condicions de cultiu que es fan servir actualment
condicionen d’alguna manera la diferenciacic cap a aquest llinatge embrionari. En general es fan
servir medis lliures de derivats del serum perd enriquits amb suplements que s’han fet servir
tradicionalment per al cultiu de neuroesferes com I'N-2 i el B-27. Per potenciar la diferenciacio
cap aquestes poblacions, els EB es poden co-cultivar sobre poblacions d’estroma cerebral com
la linia cel-lular PA6 produint gran quantitat de derivats neuronals. En la bibliografia hi ha descrit
diversos protocols per a I'obtencié de neurones positives per la B-tubulina (Reubinoff et al., 20071;



Zhang et al., 2001), incloses neurones dopaminergiques positives per tyrosine hydroxylase (Perrier
et al., 2004; Schulz et al., 2004), i cel-lules glials com els astrocits, positives per marcadors
especifics com GFAP o oligodendrocits (Nistor et al., 2005).

El test de diferenciacio in vivo consisteix en induir la diferenciacié espontania de les hESC una
vegada injectades en ratolins SCID (severe combined inmuno-deficient). Aquestes cel-lules proliferen
i es diferencien en els teixits on han estat injectades formant un teratoma que conté mdltiples
teixits procedents de les tres capes germinals primordials. Del llinatge mesodermic és habitual
trobar teixit muscular llis i estriat, cartilag i ¢s; de I'endodéermic es pot trobar epiteli digestiu primitiu,
epiteli respiratori, estructures glomerulars renals i nombroses estructures glandulars; mentre que
d’origen ectodérmic és habitual trobar agrupacions neuronals, glia i epidermis (Przyborski, 2005).

Els punts d’injeccié més habituals sén el subcutani de la regi¢ interescapular, intramuscular als
gastrocnemis, intratesticular, sota la capsula renal o intrahepatics. Segons el punt d’injeccié la
naturalesa del teratoma format pot ser diferent. Mentre que els teratomes induits al subcutani
solen estar formats per multiples teixits madurs de creixement lent, els teratomes al fetge son de
creixement rapid i formats per teixits més indiferenciats (Cooke et al., 2006). Aquesta diferencia
esta causada probablement per una produccié diferenciada de factors de creixement propis de
cada teixit aixi com també una diferencia en el nivell de vascularitzacio, d’espai pel creixement,
etc.
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3.4 CEL-LULES MARE DE PLURIPOTENCIA INDUIDA

En els ultims tres anys hi ha hagut una revolucio cientifica al camp de les cél-lules mare embrionaries
i de la medicina regenerativa a causa de I'aparicio de les iPSC. Les iPSC provenen de cel-lules
somatiques d’un fetus o d’un individu adult que han estat transduides amb determinats factors
de transcripcio. Aquest factors de transcripcid es comencen a expressar a les cel-lules somatiques
induint o reprimint I'expressié de gens que en un periode d’entre 12 i 40 dies faran que aquesta
cel-lula (que en el seu origen tenia un estatus diferenciat amb una funcié definida) passi a mostrar
un fenotip similar al de les ESC i es converteixi en una cél-lula pluripotent. Aquest metode, anomenat
de reprogramacioé induida, permet que una cel-lula en un estadi terminal o molt avancat de
diferenciacié adquireixi les propietats de pluripotencialitat tipiques de les ESC.

Des que es va clonar per primera vegada un animal vertebrat (Gurdon and Uehlinger, 1966) i
posteriorment un mamifer fent servir el nucli d’'una cél-lula diferenciada (Wilmut et al., 2002), la
possibilitat de reprogramar nuclis de cél-lules somatiques fins a un estadi de pluripotencia funcional
€s una realitat. Més endavant es va veure que al fusionar dues cél-lules de diferent naturalesa, la
més gran i activa mitdticament era capac d’'imposar el seu patrd d’expressio a I'altre tipus cel-lular
(Harris, 1967). Amb agquests experiments es va demostrar que existeixen components moleculars
al citoplasma que sén capacos de migrar a un nucli exogen injectat i dirigir el seu perfil d’expressio
(revisat a Gurdon and Melton, 2008). Arran d’aquests experiments, I'any 2006, Shinya Yamanaka
va deduir que existien proteines nuclears a les ESC capaces de reprogramar una cel-lula somatica.
Aixi doncs va seleccionar 24 gens candidats i els va sobre-expressar en cel-lules somatiques
obtenint com a resultat cel-lules reprogramades que mostraven caracteristiques propies de les
ESC. Dels 24 gens inicials, en va seleccionar 10 que eren imprescindibles per assolir una
reprogramacio cel-lular, perd en experiments posteriors va demostrar que una combinacio de
nomeés 4 factors (Oct4, Sox2, Kif4 i c-Myc) era capag de generar iPSC a partir de fibroblasts de
ratoli (miPSC) (Takahashi and Yamanaka, 2006). Les linies cel-lulars que es varen aillar a partir
d’aquest experiment tenien una caracteristigues morfologiques, d’expressié de marcadors i de
capacitat de diferenciacié molt similar al de les mESC. En aquell primer experiment, les miPSC
obtingudes no eren capaces de contribuir a la formacio d’un ratoli quiméric una vegada injectades
en un blastocist, evidenciant un potencial de desenvolupament limitat.

Poc després, el mateix grup de Yamanaka (Okita et al., 2007) amb experiments confirmats
independentment per altres dos laboratoris (Maherali et al., 2007; Wernig et al., 2007) va aconseguir
miPSC amb un estatus de reprogramacié més complet mitjancant una estrategia similar en la que
es feia servir la reactivacio de Oct4 o Nanog com a criteri de seleccio de les cel-lules reprogramades.
Les linies que es varen obtenir eren capaces de formar animals quimerics i contribuir a la formacio
de cel-lules de la linia germinal, demostrant aixi la seva pluripotencialitat.

Nomes un any després de la descripcié de les iPSC de ratoli, el mateix grup liderat per Yamanaka
va aconseguir la reprogramacio de fibroblasts humans a iPSC (hiPSC) (Takahashi et al., 2007),



fent servir els mateixos 4 factors que varen fer servir per la reprogramacio de cél-lules de ratoli
(OCT4, SOX2, KLF4 i C-MYC). Quasi simultaniament, 3 altres grups independents van aconseguir
resultats similars (Lowry et al., 2008; Park et al., 2008; Yu et al., 2007). Poc després, el nostre
laboratori va aconseguir la reprogramacioé de keratinocits humans (Aasen et al., 2008). Aquest
ultim estudi va demostrar que I'eficiencia de reprogramacio podia dependre del tipus cel-lular de
partenca. Aixi a partir de keratinocits I'eficiencia (1%) augmentava molt significativament respecte
a I'obtinguda amb fibroblasts fins aleshores (0.01%). Les linies d’hiPSC generades presentaven
unes caracteristiques morfologiques quasi identiques a les hESC. A més, presentaven un patré
d’expressio de marcadors de pluripotencia i una capacitat de diferenciacio in vitro molt similar al
de les hESC.

Publicacions més recents han posat de manifest el fet que probablement no s’ha arribat a una
combinacié optima quant al nombre o als tipus de factors de transcripcio per a una eventual
reprogramacio ideal. De fet, dos grups (Nakagawa et al., 2008; Wernig et al., 2008a) han descrit,
I'any 2008, que I'oncogen C-MYC era prescindible per a la reprogramacio a hiPSC encara que
I'eficiencia del procés es veia molt reduida. També és molt important tenir en compte el tipus
cel-lular de partida per a la reprogramacio ja que, depenent del seu estatus de cél-lula més o
menys multipotent, es pot reprogramar de manera més rapida, eficient i amb menys factors. Aixi,
recentment, s’ha vist com les cel-lules mare neurals es poden reprogramar nomes amb la sobre-
expressid d’un unic factor: OCT4 (Kim et al., 2009b), encara que aquesta és una poblacio cel-lular
a la que es té un accés molt limitat. El nostre grup ha descrit recentment com cel-lules mare del
cordd umbilical criopreservades poden ser reprogramades a hiPSC en un termini curt de temps
amb nomes els factors OCT4 | SOX2 (papers 6 7).

Tots els experiment que s’han utilitzat inicialment i en els nostres experiments han fet servir retrovirus
o lentivirus per induir I'expressio dels gens candidats. Aquestes estrategies viriques comporten
la integracio dels transgens en el material genetic de la cél-lula somatica de forma irreversible la
qual cosa pot comportar problemes i desequilibris en el funcionament fisiologic de la cél-lula
pluripotent resultant (discutit al apartat 6.3). Recentment han aparegut estrategies de reprogramacio
que permeten reprogramar les cel-lules humanes sense cap tipus d’integracié a la cél-lula somatica
mitjancant vectors episomals (Yu et al., 2009) o factors de transcripcié recombinants en la seva
forma proteica (Kim et al., 2009a) (figura 4).

Fins ara sén molts els treballs on s’evidencien que hi ha multiples combinacions de factors i
estrategies que poden servir per reprogramar cel-lules somatiques i quasi tots els factors habituals
excepte OCT4 poden ser substituits per altres equivalents (revisat a Kiskinis and Eggan, ; Yamanaka,
2009).

3.4.1 SIMILITUDS | DIFERENCIES ENTRE LES ESC | LES iPSC

Globalment es pot dir que les iPSC i les ESC tenen moltes més caracteristiques en comu que no
aspectes diferencials. Aquesta afirmacié es certa sempre i quan estiguem parlant de linies
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Figura 4

Métodes de reprogramacio de les cel-lules somatiques a cel-lules mare de
pluripotencia induida (iPSC). Els métodes per induir la sobre-expressio dels
factors de reprogramacio a les cél-lules somatiques inclou estrategies integratives
de DNA amb o sense excisio posterior del material exogen i estrategies no
integratives amb DNA, proteines o compostos quimics. (Modificat de de Souza).

reprogramades que han silenciat I'expressio del gens exogens i mantenen una regulacié endogena
de I'expressio dels seus factors de transcripcié (Maherali et al., 2007; Okita et al., 2007; Wernig
et al., 2007).

Des del punt de vista de les caracteristiques morfologiques i les condicions de cultiu, no hi ha cap
diferencia entre les hESC i les cél-lules reprogramades. Una vegada que s’estabilitza el cultiu de
les linies, les colonies de hiPSC esdevenen grups compactes de cel-lules petites amb un ratio
nucli/citoplasma elevat, molt similars morfologicament a les hESC. De la mateixa manera, les
metodologies de cultiu en quant a medis i substrats sén les mateixes que s’han descrit anteriorment
per les hESC.



Per demostrar les propietats de pluripotéencia de les hiPSC s’ha de dur a terme una caracteritzacio
molt similar a la que es realitza per a les hESC. Les hiPSC també sén positives a les tincions per
fosfatasa alcalina i expressen el mateixos marcadors de pluripotencialitat habituals que defineixen
la poblacio de hESC: OCT4, SOX2, NANOG, SSEA3, SSEA4, TRA1-60 i TRA1-81. Les hiPSC
també reprenen I'expressio de la telomerasa.

Quant a la seva capacitat de diferenciacio, s’ha demostrat que les iPSC de ratoli, aixi com ara
les MESC, tenen la capacitat de formar quimeres amb una contribucio a la linia germinal (Okita
et al., 2007) inclus a partir d’embrions tetraploides que només contribueixen a formar les membranes
extraembrionaries, prova encara meés astringent de la seva pluripotencialitat (Kang et al., 2009).
Amb les iPSC d’origen huma no es pot demostrar la formacié de quimeres per raons etiques tal
com succeeix amb les hESC, pero s’ha vist que tenen una capacitat de diferenciacio in vitro cap
a les tres linies germinals i de formacio de teratomes molt similar al de les hESC.

En les analisis dels nivells globals d’expressié mitjancant microarrays realitzats comparant la
poblacié somatica original, les hiPSC que s’han obtingut i linies de hESC es pot comprovar com
I’expressio de les hiPSC és molt semblant al de les hESC mentre que difereix molt de la poblacio
somatica de partenca (Aasen et al., 2008; Takahashi et al., 2007; Yu et al., 2007). Quant a la
reprogramacio epigenetica, s’ha vist que en les hiPSC els promotors dels gens de pluripotencia
apareixen de-metilats i que en les linies de hiPSC femella s’activa el cromosoma X que estava
inactivat en la poblacié somatica, dos trets caracteristics de les linies de hESC (Maherali et al.,
2007). Aixo demostra que la reprogramacio es un procés complex que modifica I'expressio global
de la cel-lula somatica apropant-la a un perfil epigenétic i d’expressid molt proper al de les hESC.

Recentment s’ha demostrat que les linies de hiPSC que tenen els transgens de reprogramacio
integrats presenten un perfil d’expressié més allunyat al de les hESC que les mateixes linies de
hiPSC una vegada escindit el material transgenic exogen (Soldner et al., 2009; Yu et al., 2009).
Aixd demostra que la integracio del material exogen té una repercussio important en els nivells
d’expressio de gens que no son fisiologiques en les hESC segurament a causa de la influencia
local dels potents promotors virics aixi com dels nivells anormals de produccioé de les proteines
que codifiquen.

El tret diferencial principal entre les iPSC i les ESC és el seu origen. Mentre que les ESC provenen
d’un estadi primerenc fisiologic de I’embrio, les iPSC provenen de cel-lules somatiques que ja
havien conclos un procés concret de diferenciacié. De fet, part de les altres diferencies que
comentarem a continuacio provenen de I'empremta que queda del seu origen somatic una vegada
son reprogramades.

S’ha publicat recentment que la reprogramacio de les cel-lules somatiques pot no ser perfecte.
Diversos estudis recents demostren que les hiPSC conserven una lleugera expressio propia de
les cel-lules somatiques de les que provenen i que per tant difereix de I’'expressio de les hESC
(Chin et al., 2009). També s’ha demostrat que les hiPSC presenten un estatus de metilacié
significativament diferent depenent del teixit del que han estat reprogramades i en comparacio
amb les hESC (Doi et al., 2009).
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Un altra diferencia fonamental entre les hESC i les hiPSC rau en la seva diferent capacitat a I'hora
de donar lloc a tumors. Els dos tipus cel-lulars tenen la capacitat de formar teratomes benignes
guan son injectats en organismes immunodeprimits (Blum and Benvenisty, 2008). En el cas de
les hiPSC i a causa tant de les integracions de DNA exogen al seu genoma com de I’'expressio
induida dels oncogens que s’utilitzen per la reprogramacio (C-MYC), aquestes tendeixen a formar
teratocarcinomes o a malignificar una vegada diferenciades a poblacions adultes (Moriguchi et
al., 2009). Un altre tret diferencial és la diferent tumorogeneicitat de les linies de iPSC de ratoli
produides depenent de I'origen somatic (Miura et al., 2009). Aixi doncs les linies de mESC i les
de miPSC provinents de fibroblasts embrionaris sén més similars entre elles perque tendeixen a
fer una diferenciacio terminal completa quan es diferencien a una poblacié cel-lular adulta (com
per exemple en models de la malaltia de Parkinson) i no solen produir teratomes en el punt
d’injeccid. En canvi, les linies de miPSC procedents de fibroblasts adults o de hepatocits difereixen
més de les linies de mMESC ja que tendeixen a fallar més en la seva diferenciacio completa, produint
una poblacié mixta amb cel-lules no del tot diferenciades i que per tant poden donar lloc a un
teratoma amb més probabilitat.

3.4.2 LES hiPSC COM A MODEL DE MALALTIES

Les hiPSC especifiques de determinats pacients malalts constitueixen valuosos models de malaltia
utilitzables pel seu estudi i possible terapia. Les hiPSC s’obtenen a partir de pacients que han de
signar el corresponent consentiment informat permetent I'obtencid i la utilitzacié de la mostra i
per tant no hi ha cap tipus de debat é&tic al seu voltant, a diferencia del que succeeix amb els pre-
embrions per I'obtencié de les hESC.

Les hiPSC permeten I'obtencié d’'un model cel-lular embrionari per a I'estudi de malalties genetiques
ja que amb una simple biopsia a un pacient afecte es pot establir una linia de hiPSC especifiques
d’aquests pacients i mutacié concreta. Aquestes linies cel-lulars poden servir per I'estudi in vitro
dels mecanismes moleculars que intervenen en el desenvolupament de la malaltia i esbrinar aixi
quines poden ser les millors estrategies pel desenvolupament de nous farmacs. En el cas de
les malalties d’aparicié tardana tals com I’Alzheimer o el Parkinson és dificil establir models cel-lulars
in vitro ja que les poblacions diferenciades a partir de les hiPSC especifiques del pacient poden
no arribar a mostrar mai un fenotipus similar al que apareix in vivo a causa de les condicions
ambientals tan diferents que suposa el cultiu in vitro incloent el temps d’aparicié de la malaltia.
En aquests casos caldra establir protocols que permetin estressar les poblacions cel-lulars de tal
manera que es pugui forcar I'aparicio del fenotipus que ens interessa in vitro. Sera també més
complex establir models de malalties d’etiologia no genética o en els quals intervenen factors
genetics i ambientals de diversos origens (com per exemple l'infarts de miocardi).

S’han publicat recentment diversos estudis en els que s’han fet servir hiPSC com a model de
malalties genétiques. El grup de Svendsen ha demostrat que les motoneurones diferenciades a
partir de hiPSC de pacients afectes d’atrofia muscular espinal presenten clars deficits funcionals
(Ebert et al., 2009). En el treball de Lee et al. s’utilitzen hiPSC especifiques de pacients amb



disautonomia familiar per demostrar que les neurones del sisterna autonom i sensitiu diferenciades
in vitro presenten els mateixos nivells anomals d’expressio genica que les dels pacients i a més
utilitzen aquestes neurones afectes per a la validacié de nous farmacs que permetin una diferenciacio
i una migracio correctes de les mateixes (Lee et al., 2009). Més recentment, Ye et al. ha demostrat
com les linies de hiPSC reprogramades a partir de cel-lules CD34+ purificades de sang periferica
de pacients amb desordres mieloproliferatius mostren un fenotipus normal, perd quan aquestes
linies de hiPSC es diferencien cap a precursors hematopoetics, aquests mostren un increment
de leritropoesis i incrementen I'expressio de gens especifics tal i com succeeix amb les cel-lules
in vivo dels pacients en questio (Ye et al., 2009).

3.5 TRANSLACIO CLINICA DE LES TERAPIES
AMB CEL-LULES PLURIPOTENTS,

La comunitat cientifica internacional esta fent un gran esforc en el ambit de la recerca en cel-lules
pluripotents i la seva potencial aplicabilitat. Es important plantejar-se quines sén les barreres que
encara existeixen i quins son els nivells de control que calen assolir en la produccio6 i aplicacié en
clinica de les terapies amb cél-lules pluripotents. Com hem vist als apartats 3.3.1 i 3.4.2, les
cél-lules pluripotents es poden fer servir per estudiar malalties humanes per entendre la seva
patogenia i buscar noves estrategies de tractament. Pero la seva aplicacio en terapia cel-lular és
un pas més endavant que ha d’afrontar tota una serie de problemes i reptes de futur. Els problemes
principals que existeixen a I'actualitat per I’'Us de les cel-lules pluripotents en terapia son: establir
protocols de diferenciacid controlats i eficients, resoldre el problema del rebuig immunitari resultant
de la seva aplicacio, eliminar el risc tumoral de la terapia amb aquestes cel-lules i assolir les
condicions de cultiu i produccié en condicions que permetin obtenir la categoria de grau clinic
d’aquestes terapies.

3.5.1 ESTABLIMENT DE PROTOCOLS DE DIFERENCIACIO

S’han desenvolupat diversos protocols de diferenciacid que han permes avancar en la translacio
clinica de la recerca en hESC. Fins ara la recerca clinica en aquest ambit s’ha dut a terme en
models animals per tal de demostrar-ne la seguretat i I'eficiencia. Aixi en ratoli s’ha demostrat que
la terapia amb cel-lules pluripotents pot arribar a curar o pal-liar malalties de gran prevalenca i
repercussio. S’ha demostrat com es poden diferenciar les ESC a pancrees endocri que, una
vegada trasplantat en ratolins diabetics presenta una funcionalitat elevada i es capac de pal-liar
els efectes de la malaltia (Kroon et al., 2008; Soria et al., 2005). També s’han fet molts estudis in
vivo per demostrar la capacitat de les hESC per formar neurones dopaminergiques funcionals
capaces d’integrar-se al cervell adult d’un ratoli i de pal-liar els efectes de la malaltia de Parkinson
(Cho et al., 2008; Sonntag et al., 2007). Una de les patologies més estudiades en el camp de la
medicina regenerativa és la lesio medul-lar traumatica a causa de I'alta incidencia i a la facilitat

introducci6 61



per desenvolupar models animals. Molts grups han demostrat que la terapia amb hESC diferenciades
a precursors neuroectodermics per tractar lesions medul-lars traumatiques resulta en una millora
molt significativa de la recuperacio dels animals (Cummings et al., 2005; Keirstead et al., 2005;
Kumagai et al., 2009; Nakamura et al., 2005). També s’ha treballat en regeneracio cardiaca en
terapia cel-lular per als infarts de miocardi. Actualment molts grups intenten entendre com el
transplantament de precursors miocardics, mitjiancant la secrecié de factors de creixement i
angiogenics, poden incrementar la funcionalitat del cor després d’un accident vascular fent servir
multiples models animals tals com el ratoli, la rata, el porc o I'ovella (Kehat et al., 2004; Laflamme
et al., 2007; Menard et al., 2005; van Laake et al., 2009). També s’han fet estudis en animals per
demostrar la capacitat de les hESC per curar o pal-liar altres malalties tals com la disfuncié de
I'epiteli pigmentat de retina (Idelson et al., 2009) o la malaltia de Huntington (Aubry et al., 2008).
["aparicio de la terapia cel-lular amb hESC en I'espéecie humana planteja encara dubtes a resoldre,
sobretot respecte de la seguretat de les terapies proposades. La FDA ha aprovat recentment el
primer assaig clinic d’aquestes caracteristiques. Es tracta d’un assaig proposat per la companyia
Geron encaminat a demostrar la seguretat del transplantament de precursors neuronals en pacients
amb un dany agut de la medul-la espinal. El producte final consisteix en una barreja cel-lular de
progenitors d’oligodendrocits i d’altres cel-lules diferenciades en condicions GMP (Good Manutfactirin
Practice) a partir de la linia de hESC H1 la qual no va ésser produida en aquestes condicions
(Keirstead et al., 2005; Sharp and Keirstead, 2009).

Recentment han aparegut estudis que demostren la potencialitat de les iPSC per al tractament
personalitzat de malalties genetiques. Per exemple, s’ha demostrat fent servir un model humanitzat
de ratoli per a 'anemia falciforme que els ratolins afectes per la malaltia poden recuperar un fenotip
sa mitjangant el trasplantament de precursors hematopoetics diferenciats a partir d’'iPSC obtingudes
de fibroblasts del mateix ratoli previament corregits geneticament per a aquesta malaltia (Hanna
et al., 2007). Al nostre laboratori hem empleat una estrategia similar per al tractament de I'anemia
de Fanconi (FA) partint de fibroblasts de pacients afectes per aquesta malaltia per a I'obtencio
de hiPSC una vegada corregida la patologia i a continuacié diferenciant a precursors hematopoetics
amb fenotip sa per a un hipotétic tractament d’aquesta malaltia (paper 3 i 4) (figura 5). Altres grups
han demostrat també que neurones dopaminergiques diferenciades a partir d’iPSC sanes sén
capaces de produir una millora fenotipica en models de rata per la malaltia de Parkinson (Wernig
et al., 2008b). Fent servir el ratoli com a model de ’hemofilia A s’ha demostrat que una vegada
trasplantats precursors endotelials diferenciats a partir de fibroblasts murins adults reprogramats
a miPSC aquests ratolins recuperaven parcialment la capacitat de coagulacid (Xu et al., 2009).

3.5.2 REBUIG IMMUNITARI

Les terapies a partir de hESC poden induir un rebuig immunitari per part del pacient receptor ja
que son de origens genetics diferents. Aixi doncs s’hauria de disposar de una gran variabilitat de
linies de hESC amb haplotips que cobreixin la gran majoria de la poblacié per poder garantir un
tractament que redueixi al maxim el risc de rebuig immunitari (discutit al apartat 6.1).
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Esquema del tractament de malalties genetiques mitjangant la tecnologia amb iPSC. Les linies de
iPSC especifiques de pacients portadors de malalties genétiques obtingudes a partir de cultius primaris
de pell es poden corregir in vitro amb vectors virics per assolir un fenotipus sa. Aquestes linies de
iPSC sanes es poden diferenciar a la poblacié cel-lular que interessa i, hipotéticament fer un
transplantament autoleg per tractar la malaltia del pacient. (Modificat de http://stemcells.nih.gov/).

En el cas de les hiPSC aquest problema quedaria resolt si es generen hiPSC per cadascun dels
pacients a tractar. El seu Us es consideraria un transplantament cel-lular autoleg i per tant el risc
de rebuig immunitari €s molt baix i no hi hauria necessitat de tractament amb immunosupressors.
Ja s’ha comentat que aquestes cél-lules permeten aplicar una hipotética correccié de la malaltia
a nivell molecular per aixi poder obtenir una poblacié progenitora del teixit diana lliure de la afeccio.
Una vegada trasplantats aquests precursors, el pacient podria recuperar la funcionalitat sense
cap tipus de rebuig immunitari.
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3.5.3 RISC TUMORAL

Abans de la utilitzacié de les hESC o de les hiPSC en assajos clinics €s molt important poder
garantir la seguretat i el control del procés terapeutic. El problema fonamental en el cas de la
terapia amb cel-lules pluripotents és establir protocols optims que permetin el seu Us minimitzant
el risc tumoral que aquestes cel-lules comporten. Ja s’han comentat les diferencies existents entre
les hESC i les hiPSC quant a la seva tumorogeneicitat, donant lloc les hESC i les hiPSC a teratomes
benignes i les hiPSC a tumors malignes. S’ha vist augmentada la necessitat de garantir la seguretat
d’aquestes terapies ja que un estudi recent demostra que la terapia amb cel-lules mare neurals
fetals pot donar lloc a I'aparicié de tumors multifocals pocs anys després de la seva aplicacio
(Amariglio et al., 2009). Per orientar als investigadors sobre els passos a seguir en la translacié
clinica de les terapies amb cel-lules pluripotents la International Society for Stem Cell Research
(ISSCR) ha definit una guia d’actuacio per I'aplicacio responsable de la tecnologia amb cel-lules
mare en els pacients que vulguin accedir-hi. Aquestes recomanacions estan recopilades en el
document anomenat The Guidelines for the Clinical Translation of Stem Cells (www.isscr.org, Hyun
et al., 2008). Per poder garantir la seguretat de les terapies amb cel-lules mare pluripotents €s
fonamental I'establiment de protocols reproduibles i contrastats que permetin obtenir poblacions
pures i controlades de les cel-lules candidates per el tractament de la malaltia.

3.5.4 CONDICIONS DE PRODUCCIO | CULTIU DE GRAU CLINIC

Els nivells de control Optims per I'elaboracio i I'aplicacié de qualsevol tipus de terapia de grau clinic
son les que s’estableixen en les condicions GMP. Aixi doncs els productes produits sota condicions
GMP tenen totes les garanties de tragabilitat, salubritat i reproductibilitat dels protocols. L'aplicacio
d’aquestes mesures és especialment dificil quan la materia prima és d’origen cel-lular ja que
I'obtencié de mostres de pacients com a font de cel-lules per reprogramar i els procediments dels
laboratoris de fecundacio in vitro (IVF) de on provenen els pre-embrions per la derivacié de noves
linies de hESC no compleixen els requeriments de les condicions GMP. Les normes de qualitat i
seguretat i I'obtencid, processament i aplicacid de mostres cel-lulars o teixits venen regulats per
el Real Decret 1301/2006 del Ministeri De Sanitat i Consum del Govern Espanyol i el Reglament
(CE) N° 1394/2007 del Parlament Europeu sobre medicaments de terapia avancada. Aquesta
legislacio estableix unes condicions responsables i estrictes per a I'aplicaci¢ de les cél-lules
pluripotents en terapies cliniques.

Per poder aplicar terapeuticament un producte cel-lular derivat de linies pluripotents és necessari
que tot el procediment des de la reprogramacio o derivacio fins a la diferenciacio terminal s’hagi
dut a terme sota condicions controlades. Aixo implica no només uns protocols reproduibles i una
metodologia concreta de treball sind també que tots els factors de creixement, reactius, medis
de cultiu i linies cel-lulars, que es fan servir tinguin una aprovacié de grau clinic o GMP. En moltes
ocasions, aquests productes provenen de fonts animals tals com ara I'FBS o les MEF i si bé és
cert que soén productes que poden presentar una gran variabilitat entre lots, també poden obtenir
una aprovacioé de grau clinic o GMP si el seu Us és imprescindible per dur a terme el producte



final. Es especialment recomanable la substitucié d’aquests productes per els seus equivalents
lliures de xenobiotics ja siguin recombinants o d’origen huma. Aquests productes permeten una
major estandarditzacié del procés, faciliten el testat de patdgens, eviten la possible transmissio
de patdgens desconeguts d’origen animal i redueixen el risc de rebuig immunitari de les proteines
d’origen animal una vegada trasplantades aquestes cel-lules al pacient.

En el cas de les hESC, la poblacid de pre-embrions humans a partir dels quals es deriven les linies
de hESC provenen de donacions de pacients que han estat sotmesos a cicles de IVF en centres
de reproducci¢ assistida. L’activitat d’aquests centres també esta regulada per el Real Decret
1301/2006 i per tant compleixen la categoria de material bioldgic de grau clinic. El procés de
derivacié de hESC ha implicat tradicionalment I’aplicacié de la immunocirurgia per I'aillament de
la ICM i I’Gs de la pronasa per eliminar la ZP la qual cosa suposa I'Us d’anticossos i proteines
d’origen animal. Es important la substitucié d’aquests productes per I'aplicacié clinica de les
hESC. En I'actualitat existeixen protocols de derivacio, cultiu i preservacio de hESC que tenen la
categoria de grau clinic (Crook et al., 2007) en les que s’ha fet servir productes d’origen animal
que compleixen les exigéncies de GMP. Perd aquests protocols poden ser millorats amb la
utilitzacié de material recombinant o lliures de productes de origen animal. També han estat descrits
protocols de derivacid de hESC i posterior diferenciacié cap a poblacions cel-lulars d’interes clinic
com cel-lules mare neurals i neurones dopaminergiques sota condicions estrictament xeno-free
i transferibles a condicions GMP (Swistowski et al., 2009).

La reprogramacio de cel-lules somatiques a hiPSC és un procés complexe i I'aprovacio del seu
Us en terapies cliniques requereix de metodes de cultiu lliures de xenobiotics o recombinants i
d’estrategies segures de reprogramacio. Lelaboracio de protocols lliures de productes de origen
animal des de I'obtencié de la mostra fins a la reprogramacié completa de les colonies és un
primer pas molt important per aproximar aquestes cel-lules a futures terapies de medicina
regenerativa (abordat al paper 5). També cal disposar d’'un metode de reprogramacio segur que
no suposi la integracié de material genetic exogen al de la cél-lula somatica i que dugui a terme
una reprogramacio completa des del punt de vista epigenetic fins a I'estadi de cel-lula pluripotent
(abordat al paper 8). Una vegada obtingudes les linies de cel-lules pluripotents és necessari establir
protocols de cultiu, criopreservacio i diferenciacio que puguin complir les condicions de reproducibilitat
i seguretat que exigeix la categoria de grau clinic.
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OBJECTIVES

Optimize the hESC derivation methodology and evaluate the possibility to derive hESC lines from
embryos of low quality. If this proves possible, evaluate if the lines have the same pluripotency capacity
than lines obtained from embryos of normal quality.

Obtain corrected hemopoietic precursors by gene therapy using iPSC derived from fibroblasts and
keratinocytes from patients of Fanconi Anemia.

Evaluate if the substitution of xenobiotics with human derivates or recombinant compounds allows for
the cell reprogramming of iPSC and their indefinite culture.

Explore the possibility that HSC are a better source of cells for reprogramming to iPSC.

Evaluate the possibility to reprogram somatic cells to iPSC with non integrating plasmids.
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6  DISCUSSION

6.1 CLINICAL TRANSLATION OF hESC

The derivation of hESC lines has been an occurrence at the same time very controversial and full of
hope. The new hESC cell lines are usually derived from supernumerary pre-embryos from IVF cycles,
donated by the couples that have fulfilled their reproductive needs. The use of human pre-embryos for
research purposes has been the cause of a worldwide ethical discussion. The most progressive
legislations, such as that of Spain, allow for their use for the derivation of hESC lines.

It is important to optimize the derivation methods so that we can reduce the number of pre-embryos
that are used to derive hESC lines. To this end, we have developed two different strategies. First of all
we have perfected some protocols of derivation that were already available, and we have demonstrated
that embryonic quality is not an absolute determinant at the time of hESC derivation, and actually even
those pre-embryos which would be discarded in IVF programs can give rise to stable and normal hESC
lines (paper 1). The protocols that we have used allow for an higher derivation efficiency and thus reduce
considerably the number of pre-embryos needed to obtain a hESC lines (paper 2).

hESC lines represent a promise for the future in fields such as regenerative medicine, and it is important
to continue to study the mechanisms that control their differentiation, and to explore their therapeutic
potential. hLESC have the great advantage of not having underwent any genetic manipulation in order
to achieve their pluripotency, and for this reason, we can consider them a bona fide representation of
the endogenous pluripotent population of the embryo.

One of the problems in the possible therapeutic use of hESC is that they have immunological characteristics
specific for each line (depending on the immunological makeup of the pre-embryo used to derive them),
thus rendering more difficult the immuno-compatibility with a possible patient, just as it happens, for
instance, with organ or cord blood donation. The cell lines derived all over the world so far represent
only partially the different haplotypes present in the human population as a whole. Once the clinical
application of hESC will be a reality, it will be necessary to have an adequate range of haplotypes, which
will allow for a compatible match of the HLA (human leukocyte antigen) and the lowest possible probability
of transplant rejection. There are research groups that have calculated how many hESC homozygous
and heterozygous are needed in order to cover a large portion of the population (Lin et al., 2009;
Nakajima et al., 2007; Taylor et al., 2005) and it is calculated that the derivation and banking of 10 hESC
lines homozygous for the HLA haplotypes more commonly found in the human population will cover
the hypothetical necessity of about 70% of the world population. The umbilical cord blood banks
represent a good model to understand the probability to have immunological compatibility within samples
obtained randomly, and the potential patients that require the use of these cells.

It is important to know which hESC lines are existing and actually available, both for research than for
possible future clinical applications. Our center coordinates a project funded by the European Commission
for the creation of a European registry of pluripotent stem cells which collects a large portion of the
information on hESC and hiPSC lines generated and/or available to the investigators worldwide
(www.hescreg.eu). It is indispensable to collect exhaustive information over the lines generated in
conditions that allow for their use in clinical therapy. To date, there are only 6 lines that respond to these
characteristics (Crook et al., 2007).
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Another aspect that makes it difficult to proceed to the clinical application of hESC is the use of
xenobiotics during either their derivation or culture. In our research, we have been able to eliminate
some of the most common xenocontaminants which make it difficult for hESC lines to be considered
of clinical grade (papers 1 and 2). First of all, we have obtained the removal of the ZP from the pre-
embryo without the use of xenobiotics, using either Tyrode’s buffer or laser dissection instead of pronase.
Immunosurgery is another one of those processes that use xenobiotics because the derivation protocol
at this stage calls for reagents like anti-human antibodies, which are usually produced in rabbits, and
serum complement proteins, coming from guinea pig. For his reason we have completely replaced
immunosurgery as method to isolate the ICM with other strategies that don’t imply the use of animal
derived products, like whole pre-embryo seeding and the dissection and destruction of the trophectoderm.

Some of the xenobiotics more habitually used are contained in the culture medium and the substances
that are routinarily used for the culture of hESC, like for instance KO-SR, FBS, trypsin, collagenase,
dispase and gelatin. We have described a new method of hESC culture that substitutes all these
xenobiotics with their equivalent either recombinant or of human origin (paper 5). KO-SR is currently
the serum substitute most commonly used for hESC culture, but it contains, as a source of protein for
the culture, large amounts of albumin of bovine origin. For this reason, one of our priorities has been
to identify a novel protein source derived from the fractioning of human plasma, which allows for the
long-term maintenance of hESC culture. Moreover, in order to avoid the use of gelatin (of pig origin,
which allows the feeder cell to adhere better to the culture dish) and of cells of mouse origin like MEF,
these hESC have been cultured over a monolayer of human fibroblasts over culture dishes treated with
a human recombinant matrix (CELLStart, Invitrogen). Enzymes of animal origin such as trypsin, collagenase
or dispase are commonly used for the sub-culturing of hESC. In order to avoid the contact of the hESC
with these enzymes of animal origin we have adopted a mechanical method of sub-culturing based
on plastic pipettes and capillaries approved for clinical use.

We have therefore established the bases for a new culture method of hESC that is free of xenobiotic,
a step towards reaching the clinical grade for them. Once a protocol that can reach the clinical grade
level is established, the lines could be considered for a future use in clinical therapy. The derivation and
culture of hESC in GMP conditions and the adherence to the guidelines of the Agencia del Medicamento
are indispensable conditions that must be met for any clinical application.

6.2  CLINICAL TRANSLATION OF hiPSC

hiPSC have represented a significant improvement in the field of regenerative medicine because they
can be a source of pluripotent cells that are patient specific. On the other hand, these cells underwent
a process of cellular reprogramming, and thus of epigenetic reconfiguring. With or without genetic
modifications, these cells represent a cellular state that is very close to that of hESC, but it is not clear
yet whether they represent their biological equivalent.

hiPSC are as well a very important tool to establish in vitro models of genetic diseases because they
allow to obtain pluripotent cells with the same genetic background of the patient that carries the disease
we are interested in. In our studies we have seen, for instance, that somatic cells like fibroblasts of
patients affected by FA are very difficult to reprogram, and therefore the integrity of the biochemical
pathway of FA is fundamental to achieve cell reprogramming (paper 3).



hiPSC therefore offer another strategy to tackle problems that involve a cellular loss of function. First
of all, they make it possible to have cell lines that are patient specific, and therefore are completely
immunocompatible with the patient that needs the treatment. In case the target disease were of genetic
origin, it would be possible to apply, either before or after the cells are reprogrammed, strategies of
gene therapy to correct the genetic mutation that causes the disease. We have demonstrated the
feasibility of this strategy using FA as a case study (papers 3 and 4). Besides offering a proof of principle
experiment for this kind of approach, our studies have also highlighted some problems of this strategy
that will have to be addressed before the clinical translation of this approach. One of the ability of hiPSC
(as pluripotent stem cells) is their ability to silence the expression of viral vectors. When combining cell
therapy and gene therapy, this signifies the added problem that the therapeutic transgene can be
silenced in hiPSC, and that the cells derived from the hiPSC might show the diseased phenotype. In
the case of FA, only the cells that did not silence the gene therapy transgene could be reprogrammed,
introducing therefore an intrinsic selection for corrected cells (paper 3 and 4). Once the cell clones with
the corrected transgene are established, it is possible to differentiate them into hemopoietic precursors
that are disease free. When targeting another genetic disease, alternative mechanisms will need to be
developed in order to select the clones that will keep expressing the corrected gene.

The possibility to reprogram different cell types while increasing the efficiency of the processes and
using less factors has been demonstrated with the reprogramming of umbilical cord blood HSC to
obtain hiPSC lines (paper 6 and 7). This technology allows obtaining lines iPSCs with a known HLA
makeup known and compatible with a hypothetical patient from cells that are young and that are in a
stage of development more primitive and thus more prone to be reprogrammed and with a smaller
probability to have accumulated genetic mutations. We have also described how the HSC are the only
adult stem cell population that so far can be reprogrammed with the over-expression of just the two
transcription factors OCT4 and SOX2, in a process of reprogramming that is shorter than for fibroblasts
or keratinocytes. The large availability and genetic variability of these cells together with the easiness
of their reprogramming make HSC a good cell source to produce new hiPSC lines with a specific HLA
makeup which will allow for an optimal histocompatibility with a hypothetical patient receptor. Simultaneously
described by Haase et al., 2009.

With the objective of bringing the research closer to applied medicine, we have obtained in our lab for
the first time a system to reprogram fibroblasts to hiPSC that is completely free from xenobiotic (paper
5). First of all, we have identified a medium xeno-free that allow for the production of hiPSC in order
to substitute the traditional media that employ supplements like FBS or KO-SR. Through a collaboration
with Istituto Grifols S.A. we have described the use of a novel human serum derivate, intermediate step
in a process to purify human albumin, to produce hiPSC. This highly standardized industrial process
of purification complies with the GMP condition requirements that are specific for the pharmaceutical
industry and presents the further advantage of having a low lot to lot variability due to the large amounts
of starting material employed. We tested in parallel this new medium with the human serum derivate
and a now xeno-free medium recently appeared in the market for the reprogramming of hiPSC. The
materials and reagents that are used throughout the process are either of human origin, or are
recombinant, and have been produced in GMP conditions or have a production process easily adaptable
to a clinical grade production strategy. For the primary culture of fibroblasts we used medium supplemented
with human serum instead of the traditional FBS supplementation, and we substituted trypsin with its
recombinant and xeno-free counterpart (TrypLE select, Invitrogen). In order to obtain a higher level of
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safety in the protocol, the feeder cells and the reprogrammed cells come from the same patient thus
diminishing the external genetic source of material.

The ideal culture method for cells that are destined to be used in clinical therapies is one that is completely
xeno-free and where all the components are completely defined. This way it is possible to increase the
reproducibility and the control over the differentiation of the cells, while at the same time it is reduced
to a minimum the immunological rejection risk, the risk of pathogen transmission and therefore the time
that is needed to bring the protocol to the clinic. The protocols that use products of animal origin could
also be approved for clinical use with time, but they require an explicit justification and specific studies
that ensure their safety. With the method that we described, we have moved forward significantly its
application in clinical settings, eliminating all those products that will be a barrier in the legislative process
to approve these protocols.

6.3 FUTURE GOALS

Once the ideal culture conditions that facilitate the approval of the product for its intended clinical use
are established, the following step is to be able to ensure the efficacy of the protocol that utilizes
differentiated cell from pluripotent cell lines. This involves the establishment of standardized protocols
that allow for an efficient and controlled cell differentiation towards the cell type of interest.

The safety of the process needs to be controlled at any given time, and the appearance of tumors is
one of the most critical problems to tackle. All pluripotent cells are prone to produce tumors once in
contact with an organism. So, in applying any therapy based on cells differentiated from pluripotent
cells, there is the intrinsic risk of having leftover cells with the ability to dedifferentiate in the therapeutic
cell population. If this happens, there is a high risk of teratoma formation in the injection site. Both hESC
and hiPSC can produce these tumors, as explained before.

Although there are still no conclusive data, it is possible that hiPSC might have an intrinsic carcinogenic
ability due to the reprogramming method used in their production. Many reprogramming strategies use
retrovirues and lentiviruses for the transduction of the somatic cells with transcription factors. This brings
about a series of problems related to the integration of the transgene into the host cell: a) first of all
this/ese copy/es of the transgene are integrated randomly in the genome, and therefore can cause the
silencing of a tumor suppressor gene; b) secondly, the promoters that allow for the transgene expression
can, at the same time, activate the expression of oncogenes that are close to the integration site; c)
thirdly, although the transgenes have their expression silenced in the majority of cases, it can happen
that, once the hiPSC have been directed to differentiate towards a specific tissue, the transgene can
reactivate with a subsequent reprogramming in vivo of the transplanted cells, which will probably form
either a teratoma or a malignant tumor, when C-MYC reactivates (Okita et al., 2007). In the paper 5
we have described how it is possible to diminish the oncogenic capacity of cell lines reprogrammed
in xeno-free conditions by removing C-MYC from the mix and using just three factors (OCT4, SOX2
and KLF4) for fibroblasts reprogramming. On the other hand, in our laboratory we have approached
this problem form another point of view by using the mouse as a model to reprogram somatic cells to
miPSC without integration of the genetic material exogenous by using episomal plasmids (paper 8).
More recently there have been reports of similar reprogramming strategies that allow for the reprogramming



of human somatic cells using non integrating episomal vectors (Yu et al., 2009) or using vectors that
do integrate but that can be removed without trace once reprogramming is complete (Kaji et al., 2009;
Soldner et al., 2009; Woltjen et al., 2009). Also, it is possible to reprogram by using the proteic
recombinant form of the transcription factors, thus avoiding completely any genetic integration (Kim
et al., 2009a). Recently, it has been shown that some of the transcription factors can be substituted
with small molecular weight molecules like valproic acid (which is an histone deacetylase inhibitor) in
substitution for KLF4 and C-MYC (Huangfu et al., 2008a; Huangfu et al., 2008b) or BIX-01294 (inhibitor
of histone methyltransferase) to substitute SOX2 and C-MYC (Shi et al., 2008). However, so far the
mechanisms that allow for the substitution of genes with small molecules remain largely unknown. This
strategy should also allow for reprogramming without any sort of genetic material, but to this date it
has not been possible to reprogram hiPSC completely with the exclusive use of chemical compounds.

A deeper understanding of the physiology of hiPSC will allow for gauging better their carcinogenic risk,
which mechanisms are involved and therefore which strategies could be used to prevent this risk. To
study and understand these cells is also an important prerequisite in order to explore their differentiation,
and therefore therapeutic, potential, and to know up to which point they can be considered similar to
hESC. Currently in our lab we are working to understand the tumorigenic potential of hiPSC, and to
devise strategies to prevent the development of tumors once the pluripotent cell based therapy will be
a reality.

There are other conceptual and experimental problems that must be approached before the clinical
translation of this methodology. For instance, we do not know yet which is the most appropriate stage
along the cell differentiation pathway that we need to use when transplanting hiPSC derived precursor
cells in order to have the highest therapeutic capacity. Cells that are highly specialized, like cardiomyocytes
or dopaminergic neurons do not have a high therapeutic potential when transplanted in their terminally
differentiated state, as it looks like they do not have a high capacity to integrate into the host tissue.
The transplant of precursors that are too immature, however, can cause the appearance of tumors
because the presence in this population of cells still undifferentiated with teratoma forming ability.
Moreover, we do not know yet the functionality of the cells that have been differentiated in vitro, although
they resemble the in vivo produced population. More, it will be necessary to solve the issue of the
development of a large scale production system in order to produce a number of precursor cells high
enough to treat satisfactorily a human patient. Also, we will need to address the issue to identify the
specific transplant location and route in order to ensure the highest precursor cell functionality.

The final goal that must be met for cell therapy to become a reality is to establish cell differentiation
protocols that will allow for the transformation safely, efficiently and reproducibly a pluripotent cell
population into a therapeutic cell population which, once transplanted into a patient is able to treat a
specific problem of loss of cell function. The efficiency of the protocol and the control of the process
is actually the most important problem of laboratories that work in developing protocols of differentiation
from pluripotent cells.

This thesis contributes to the necessary acquisition of knowledge for the development of protocols for
derivation and culture of hESC that bring them closer to the clinical application. Moreover, we have
developed strategies based on the use of hiPSC that are safer and more efficient for the treatment of
human diseases.
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6  DISCUSSIO

6.1 TRANSLACIO CLINICA DE LES hESC

La derivacio de linies de hESC ha constituit un fet prometedor i polemic al mateix temps. Les linies
de hESC es deriven a partir de pre-embrions sobrants de cicles de FIV donats per les parelles després
de complir les seves expectatives reproductives. La utilitzacié de pre-embrions humans per recerca
ha estat envoltada d’un gran debat etic arreu del mon. Les legislacions més progressistes com la de
I'Estat Espanyol permeten el seu Us per la derivacio de hESC.

Es important optimitzar les metodologies de derivacio que han de permetre reduir el nombre de pre-
embrions necessaris per derivar linies de hESC. Per aquest proposit s’han dut a terme dues estrategies
diferents. En primer lloc hem perfeccionat protocols de derivacio ja descrits i hem demostrat que la
qualitat embrionaria no és determinant a I’hora d’assolir una derivacio i que fins i tot amb pre-embrions
que serien descartats en els programes de FIV per la transferencia a les pacients és possible obtenir
linies estables i normals de hESC (paper 1). Els protocols aplicats permeten una major eficiencia de
derivacio i per tant redueixen el nombre de pre-embrions necessaris per obtenir una linia de hESC

(oaper 2).

Les linies de hESC constitueixen una promesa de futur en I'ambit de la medicina regenerativa i d’aqui
la importancia de seguir treballant amb elles per entendre els mecanismes que controlen la seva
diferenciacio i explorar el seu potencial terapeutic. Les hESC tenen I'avantatge de ser céllules que no
han sofert cap maodificacié genetica i que es poden considerar com a representacions fidedignes de
la pluripotencia endogena de les céllules primerenques de I'embrio.

Un dels problemes que es plantegen a I’hora de la possible utilitzacio terapeutica de les hESC és el
fet que aquestes cellules presenten unes caracteristiques immunologiques particulars per a cada linia
dificultant aixi la immunocompatibilitat amb un possible receptor tal com succeeix amb la donacio
d’organs o de sang de cordd. El conjunt de linies de hESC derivades al mon fins ara representen
parcialment els diferents haplotips de la poblacié humana. Una vegada que I'aplicacio clinica de les
hESC sigui una realitat sera necessari disposar d’un ventall ampli d’haplotips que permeti trobar el HLA
(human leukocyte antigen) compatible de la linia cel-lular amb el del pacient i aixi poder evitar al maxim
el rebuig immunitari. S’ha calculat quantes linies homozigotiques o heterozigotiques per determinats
haplotips son necessaries per cobrir un percentatge elevat de la poblacio (Lin et al., 2009; Nakajima
et al., 2007; Taylor et al., 2005) i semblaria que amb la derivacio i banqueig de 10 linies de hESC
homozigotes per els HLA més comuns es podria cobrir la hipotetica necessitat d’aquestes cel-lules
per aproximadament el 70% de la poblacio. Els bancs de sang de cordd umbilical sén un bon model
per entendre quina es la probabilitat de compatibilitat immunologica entre les mostres cel-lulars
obtingudes al atzar i els potencials pacients que requereixin d’aguestes cel-lules.

Es important conéixer quines son les linies de hESC actualment existents i disponibles, tant per finalitats
de recerca com per possibles finalitats cliniques futures. El nostre centre ha estat coordinador d’un
projecte financat per la Comissié Europea per la creacio d’un registre europeu de cel-lules mare
pluripotents que recull una part important de la informacio sobre les linies de hESC i hiPSC generades
i/o disponibles pels investigadors al mén (www.hescreg.eu). Es imprescindible disposar d’informacié
exhaustiva sobre linies generades en condicions que permetin el seu Us en terapia clinica. Actualment
nomes existeixen 6 linies que compleixin aquestes caracteristiques (Crook et al., 2007).
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Un altre aspecte que dificulta I'aplicacio clinica de les hESC és la utilitzacid de xenobiodtics durant la
seva obtencid i cultiu. En els nostres experiments hem aconseguit eliminar alguns dels xenocontaminants
més habituals que dificulten la consideracié de grau clinic de les noves linies de hESC obtingudes
(paper 1i 2). En primer lloc hem aconseguit I'aillament de I’embrié de la ZP amb elements lliures de
xenobiotics com I'acid Tyrode’s o la disseccio laser en substituciod de la pronasa. Per altre banda, la
immunocirurgia és un altre dels processos que impliquen la utilitzacié de xenobiotics en les derivacions
de hESC ja que el protocol implica reactius com ara anticossos anti-human habitualment de conill i
proteines del complement del sérum de conillet d’indies. Es per aquest motiu que hem substituit la
immunocirurgia com a técnica d’aillament de la ICM per estrategies que no impliquen I'Gs de productes
d’origen animal com ara la sembra sencera del blastocist o la disseccié i destruccid del trofectoderm
amb laser.

Els xenobiotics més habituals que contenen els medis de cultiu i els reactius que es fan servir rutinariament
amb les hESC son el KO-SR, el FBS, la tripsina, la col-lagenasa, dispasa o la gelatina. Nosaltres hem
descrit un nou metode de cultiu per les hESC que substitueix tots aquests xenobiotics per els seus
equivalents recombinants o d’origen huma (paper 5). El KO-SR és a I'actualitat el substitut del serum
més habitual pel cultiu de les hESC, pero conté com a font de proteina grans quantitats d’albumina
d’origen bovi. Per aquesta raé una de les nostres prioritats va ser descriure una nova font de proteina
procedent del fraccionament del plasma huma que permetés mantenir el cultiu de les hESC a llarg
termini. A més, per evitar la utilitzacio de gelatina (habitualment d’origen porci i que permet una millor
adhesio a la placa de les cel-lules de suport) i de tipus cel-lulars de origen muri tals com les MEF, les
linies de hESC es varen cultivar durant aquest temps sobre una monocapa de fibroblasts humans en
plagques pretractades amb una matriu recombinant humana (CELLStart, Invitrogen). Els enzims d’origen
animal tals com la tripsina, col-lagenasa o dispasa es fan servir habitualment per al subcultiu de linies
cellulars tals com les hESC. Per evitar el contacte de les hESC amb aquest enzims d’origen animal
varem optar per un metode mecanic de sub-cultiu basat en pipetes amb capil-lars de plastic aprovats
per al seu Us en processos clinics.

D’aquesta manera hem establert les bases per a un nou metode de cultiu de hESC lliure de xenobiotics
cap a l'assoliment de grau clinic de les mateixes. Una vegada s’aconsegueixi establir un protocol
optimitzat i estandarditzat amb la denominacié de grau clinic ja es podran considerar les linies obtingudes
per al seu Us futur en terapia clinica. La derivacio i el cultiu de hESC en condicions GMP i el seguiment
de la normativa marcada per I’Agencia del Medicamento sén requisits indispensables per I'aplicacié
clinica.

6.2 TRANSLACIO CLINICA DE LES hiPSC

Les hiPSC han suposat un complement molt significatiu al camp de la medicina regenerativa ja que
poden ser una font de cel-lules pluripotents especifiques de pacient. Per altre banda, aquestes son
cel-lules que han hagut de ser sotmeses a tot un procés de reprogramacio cel-lular i per tant de
reconfiguracio epigenetica. Amb o sense modificacions genetiques aquestes cel-lules representen un
estadi molt similar al de les hESC pero encara esta per definir fins a quin punt es poden considerar
un equivalent biologic.



Les hiPSC son a una valuosa eina per establir models in vitro de malalties genétiques ja que permeten
obtenir cel-lules pluripotents de la mateixa naturalesa que les del pacient portador de la malaltia que
nosaltres volem estudiar. En els nostres estudis hem vist per exemple que cel-lules somatiques tipus
fibroblasts afectes per a la FA presenten moltes dificultat per ser reprogramades i que per tant el bon
funcionament de la via de FA és fonamental per a assolir una reprogramacié cel-lular (paper 3).

Aixi doncs les hiPSC ofereixen una eina particular per abordar problemes que comporten una perdua
de funcié cel-lular. En primer lloc permeten establir linies cel-lular especifiques de pacient i per tant les
poblacions derivades d’aquestes hiPSC presentaran una immunocompatibilitat total amb el pacient a
tractar. En cas que la malaltia diana tingui un origen genetic es poden dissenyar estrategies de terapia
geénica per corregir abans o despres de la reprogramacioé els defectes genétics que la provoquen.
Nosaltres hem demostrat que aquesta estrategia és viable utilitzant com a cas d’estudi la FA (papers
3i4). A més de mostrar la prova de concepte per aquest tipus d’aproximacio, els nostres estudis han
posat de manifest algunes limitacions de la tecnica que hauran de tenir-se en compte abans d’intentar
aplicacions cliniques. Una d’elles és la capacitat de les hiPSC (com a cel-lules mare pluripotents) de
silenciar I'expressio de transgens virics. En el cas de combinar estrategies de terapia géenica i cel-lular,
aixd comporta el problema afegit que el transgen corrector pot ser silenciat en les hiPSC tornant, per
tant, les cel-lules a mostrar un fenotipus de malaltia. En el cas de la FA només aquelles cél-lules que
no silenciaven el trasngen corrector eren susceptibles de ser reprogramades i per tant es va establir
un mecanisme intrinsec de seleccié d’aquells clons corregits (papers 3 i 4). Una vegada obtinguts els
clons que havien estabilitzat la correccio va ser possible diferenciar a precursors hematopoegtics lliures
de malaltia. Quan s’intenti corregir una malaltia genetica d’un altre naturalesa s’hauran de buscar
mecanismes per seleccionar els clons que mantenen I'expressié del gen que corregeix la patologia.

La possibilitat de reprogramar diferents tipus cel-lulars amb millora de I'eficiencia i disminuci¢ del nombre
de factors utilitzats ha estat demostrada amb la reprogramacié de HSC de cordd umbilical com
alternativa per obtenir linies de hiPSC (paper 6 i 7). Aquesta tecnologia permet obtenir linies de hiPSC
amb un HLA conegut i compatible amb un pacient potencial a partir de cél-lules joves i sanes que es
troben en un estadi de desenvolupament més primitiu i per tant més susceptibles de ser reprogramades
i amb una menor probabilitat d’haver-hi acumulat mutacions genétiques. A més hem descrit com les
HSC son I'tinica poblacié cel-lular adulta fins a la data que pot ser reprogramada amb la sobre-expressio
de només els factors de transcripcié OCT4 i SOX2, i en un termini de temps inferior al que es requereix
per fibroblasts o queratinocits. La gran disponibilitat i variabilitat genetica d’aquesta font juntament amb
la facilitat de reprogramar aquest tipus cel-lular fan de les HSC una molt bona opcié a I’hora de obtenir
noves linies de hiPSC amb un HLA concret que permeti una optima histocompatibilitat amb un hipotétic
pacient receptor. Simultaniament descrit per Haase et al. (Haase et al., 2009).

Amb I'objectiu d’apropar la recerca amb hiPSC al camp de la terapia cel-lular, al nostre laboratori hem
aconseguit establir per primera vegada un sistema de reprogramacioé de fibroblasts a hiPSC completament
lliure de xenobiotics (paper 5). Previament s’ha identificat un medi lliure de xenobidtics que permet la
produccié de hiPSC per substituir els medis tradicionals suplementats amb FBS o KO-SR. Aixi, i a
traves de la col-laboracié amb Instituto Grifols S.A. s’ha descrit la utilitzacié per generacié de hiPSC
d’un derivat del serum huma intermediari d’un procés de purificacio de la albumina humana. Aquest
procés industrial molt estandarditzat compleix els requisits de condicions GMP propis de la industria
farmaceutica i a més presenta una variabilitat molt baixa entre lots a causa dels grans volums de
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partenca. Paralelament s’ha testat per a la reprogramacié a hiPSC aquest nou medi basat en derivats
del plasma huma amb un medi lliure de xenobidtics comercial de recent aparicié al mercat. Aixi doncs,
els materials i reactius que es fan servir durant tot el procés sén d’origen huma o recombinant i han
estat produits sota condicions GMP o tenen un metode de produccio faciment aplicable a una estrategia
de grau clinic. Aquest experiment té a més a més la particularitat que s’ha dut a terme en condicions
lliures de xenobiotics des de I'obtencid mateixa de la biopsia. Aixi doncs pel cultiu primari de fibroblasts
es van fer servir medis suplementats amb serum huma en comptes dels medis tradicionals amb FBS
i es va substituir la tripsina per equivalent recombinants lliures de xenobidtics (TrypLE select, Invitrogen).
Per assolir un nivell més en la seguretat del protocol, les cél-lules que donaven suport a la reprogramacio
i les reprogramades provenien del mateix pacient, reduint aixi I'aportacio cel-lular i genética de material
exogen.

El metode de cultiu ideal de cellules destinades al seu Us en terapies cliniques és aquell completament
lliure de xenobiotics i on els seus components es troben completament definits. D’aquesta manera la
reproductibilitat dels protocols i el control sobre la diferenciacid és maxima al mateix temps que es
redueix al minim el risc de rebuig, el de transmissié de patogens i per tant el temps necessari per a
I’aprovacié d’aquests protocols en la seva aplicacio clinica. Els protocols que fan servir productes
d’origen animal també poden ser aprovats amb el temps perod requereixen d’una justificacié explicita
i d’estudis especifics que garanteixin la seva seguretat. Amb el metode descrit, hem aconseguit donar
un pas endavant en la translacio de les terapies amb cel-lules pluripotents per al seu Us en terapies
cliniques eliminant tots aquells productes que suposen una barrera a I’hora de superar els tramits per
a I'aprovacio d’aquests protocals.

6.3 REPTES PER AL FUTUR

Una vegada establertes quines son les condicions de cultiu ideals que faciliten I'aprovacio del producte
per al seu Us clinic el seglent pas a seguir és poder garantir I’eficacia de I'aplicacic de cel-lules
diferenciades a partir de linies pluripotents. Aixo implica establir protocols estandarditzats que permetin
una diferenciacio eficient i controlada cap al tipus cel-lular que interessa en cada moment.

La seguretat del procés es un requisit imprescindible i I'aparicio de tumors és un dels problemes meés
importants a resoldre. Totes les cel-lules pluripotents sén susceptibles de produir tumors una vegada
son trasplantades a un organisme. Aixi doncs a I'aplicar terapies cel-lulars a partir de linies pluripotents
diferenciades existeix el risc que entre la poblacié cel-lular terapeutica quedin restes de cel-lules
pluripotents o bé cel-lules que tenen la capacitat de tornar enrere en la diferenciacio. Si aixo succeeix
hi ha un alt risc que es formi un teratoma en el lloc de la injeccio. Tant les hESC com les hiPSC
produeixen aquests tumors com ja ha estat descrit anteriorment.

Si bé encara no hi ha dades concloents al respecte, es possible que les hiPSC tinguin una capacitat
carcinogenica intrinseca al metode de reprogramacio que s’ha fet servir. Moltes de les estrategies de
reprogramacio fan servir retrovirus o lentivirus per a la transduccio de les cel-lules somatiques amb els
factors de transcripcio. Aixd comporta tot una serie de problemes a causa de I'integracio dels transgens
al genoma de la cel-lula hoste: a) en primer lloc aquesta/es copia/es del transgen/s s’integren de forma
aleatoria al genoma i poden provocar un trencament i perdua de funcio d’algun gen supressor de



tumors; b) en segon lloc, els promotors que permetran I'expressio dels transgens poden activar al
mateix temps I'expressid de oncogens endogens que es troben propers a lloc d’integraciod del material
exogen; ¢) i en tercer lloc, encara que aquests transgens acaben silenciant la seva expressio en la
majoria dels casos, pot succeir que una vegada que haguem dirigit la diferenciacié d’aquestes hiPSC
cap al teixit que ens interessa hi hagi una reactivacio dels transgens amb la conseglent reprogramacio
in vivo de les cel-lules que hem trasplantat i que acabaran formant un teratoma o un tumor maligne
quan es reactiva 'oncogen C-MYC (Okita et al., 2007). En el paper 5 es descriu com s’ha disminuit
la capacitat oncogenica de les linies reprogramades en condicions lliures de xenobiotics prescindint
de I'oncogen C-MYC i fent servir només tres factors (OCT4, SOX2 i KLF4) per a la reprogramacié dels
fibroblasts. Per un altre banda al nostre laboratori hem abordat aquest problema des d’un altre
perspectiva fent servir el ratoli com a model animal a I’'aconseguir reprogramar cél-lules somatiques a
miPSC sense integracié de material genetic exogen amb plasmids episomals (paper 8). Més recentment
han aparegut estrategies similars de reprogramacié que permeten reprogramar les cél-lules humanes
sense que els transgens s’arribin a integrar mitjangant vectors episomals (Yu et al., 2009) o bé que es
puguin treure sense deixar cap fragment una vegada que s’ha assolit la reprogramacioé (Kaji et al., 2009;
Soldner et al., 2009; Woltjen et al., 2009). També és possible la reprogramacié amb I'Us exclusiu del
factors de transcripcié recombinants en la seva forma proteica evitant aixi tota integracié genetica (Kim
et al., 2009a). Recentment s’ha demostrat que alguns dels factors de transcripcié poden ser substituits
per molecules de baix pes molecular com ara I'acid valproic (inhibidor de la deacetilasa d’histones) en
substitucié de KLF4 i C-MYC (Huangfu et al., 2008a; Huangfu et al., 2008b) o el BIX-01294 (inhibidor
de la metiltransferasa d’histones) en substitucid de SOX2 i C-MYC (Shi et al., 2008). Aixi i tot encara
no es coneixen els mecanismes pels quals aquestes molecules faciliten la reprogramacié cel-lular.
Aquesta estrategia també permetria una reprogramacié completament lliure de material genétic exogen
perod fins a la data encara no ha estat possible la reprogramacié completa a hiPSC mitjancant I's
exclusiu de compostos quimics.

Un estudi profund de la fisiologia de les hiPSC ens permetria entendre millor quin és el seu risc
carcinogenic, quin és el seu mecanisme de produccié de tumors i per tant quines son les estrategies
que ens permetrien prevenir aquest problema. Congixer i entendre aquestes cél-lules també es un
requisit fonamental per explorar el seu potencial de diferenciacié i per tant terapeutic i fins a quin punt
es poden considerar cel-lules d’una naturalesa similar a la de les hESC. Actualment al nostre laboratori
estem treballant en entendre la capacitat tumoral de les hiPSC i com establir métodes per poder
controlar i prevenir I'aparicio de tumors.

Hi ha altres qUestions que cal adrecar abans d’intentar utilitzar les cel-lules pluripotents per terapia
cellular No esta ben determinat quin es I'estadi de diferenciacid més adient per trasplantar els precursors
cellulars obtinguts de hESC o de de hiPSC per tal que presentin la seva maxima capacitat terapeutica.
Les cel-lules altament especialitzades com els cardiomiocits o les neurones dopaminergiques no sembla
que presentin una gran potencialitat terapeutic si son trasplantats en el seu estat de diferenciacio
terminal ja que la integracid congruent al teixit €s poc probable. Perd el trasplantament de precursors
massa immadurs pot suposar I'aparicioé de tumors a causa de la presencia de romanents de cel-lules
indiferenciades amb capacitat de formar teratomes. A més, no es coneix la funcionalitat de les cel-lules
diferenciades in vitro encara que son semblants a aquelles poblacions que han estat generades in vivo.
També caldra resoldre el problema de la produccié a gran escala del precursors d’interes de tal manera
que arribem a una quantitat cel-lular minima terapéutica que permeti tractar satisfactoriament al pacient.
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Un altre problema que caldra resoldre és el de descriure quin son els suports més adients a utilitzar i
les localitzacions idonies per trasplantar les cel-lules precursores diferenciades de tal manera que
s’assoleixi una funcionalitat suficient.

El repte final a assolir per tal que la terapia cel-lular es converteixi en una realitat és establir protocols
de diferenciacio cel-lular que permetin transformar de forma segura, eficient i reproduible una poblacié
de cél-lules pluripotents en una poblacié cel-lular terapeutica que, una vegada trasplantada al pacient
pugui resoldre un problema de deficit de funcié cellular concret. L'eficiencia i el control del procés és
de fet el principal problema dels laboratoris que treballen en protocols de diferenciacié a partir de
cel-lules pluripotents.

Aquesta tesis contribueix al progrés necessari per al desenvolupament de protocols de derivacio i cultiu
de hESC que les apropen a la seva utilitzacio clinica. A més hem desenvolupat estrategies basades
en hiPSC més segures i eficaces per el tractament de malalties humanes.
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CONCLUSIONS
We have been able to optimize a protocol for the derivation of normal hESC lines, which can be applied
with high efficiency to low quality embryos. The cell lines obtained with this protocol are indistinguishable,

both molecularly and functionally, from those obtained using standard protocols.

We have shown a proof of principle combination of gene therapy and cell therapy, which could be used
in a personalized, iPSC based, clinical protocol.

We have developed protocols completely xeno-free for the derivation and culture of iPSC reprogrammed
form human fibroblasts.

We have demonstrated that OCT4 and SOX2 are sufficient to reprogram HSC from cord blood to hiPSC.

We have obtained the reprogramming of mouse fibroblasts to iPSC without integration of exogenous
genetic material by using episomal vectors.
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