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Preface

Significant advances in stem cell research and their potentials for therapeu-
tic applications have attracted the attention of the scientific community and
captured the imagination of society as a whole. Not so long ago, the study of
most stem cells, other than those that regenerated the haematopoietic system,
was rather obscure and limited to a relatively small number of researchers and
laboratories. The uproar over stem cells really began in 1998 with the suc-
cessful derivation of pluripotent human embryonic stem (ES) cells by James
Thomson and co-workers. This breakthrough and the subsequent generation
of specialized human cells in vitro led to a paradigm shift within the scien-
tific community, which transformed this specialized endeavour from a topic of
scientificinterest to aline of investigation with the potential to generate cells ca-
pable of treating serious ailments, including diabetes, cardiovascular diseases
and neurodegenerative disorders. Thus the dawn of regenerative medicine has
spawned from the somewhat esoteric study of stem cells.

Since 1998, extensive research endeavours have been devoted to the study of
both embryonic and adult stem cells. Early reports suggested that adult stem
cells had a higher plasticity than previously believed, perhaps even comparable
with that demonstrated by embryonic stem cells, but several observations of
the so-called transdifferentiation capacity and plasticity of adult stem cells
have not been repeated. These reports, however, encouraged on-going debates
about the capacity of adult versus embryonic stem cells and their potential
use in regenerative medicine. Although at times controversial, these research
efforts led to a better, although still limited, understanding of stem cells with
respect to their identification, isolation, and developmental capacities.

Importantly, stem cells do not represent static entities that do not differ
between embryos and adults. In fact, embryonic stem cells in early embryos
represent basic units of life in higher organisms, while adult stem cells in
somatic tissues represent cellular stores capable of regenerating tissue and
maintaining organ functions. Regardless of these differences in potential, all
stem cells derived from the embryo or adult are characterized by unique
properties that permit accurate cell copying in vivo in a process termed self-
renewal. Additionally, all stem cells retain the capacity to differentiate into
more mature cell types. It is the degree of self-renewal and differentiation
potential that differs among the various stem cell populations and cell lines.
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These common traits have led to vigorous scientific and ethical debates,
which are likely to persist for many years. Adding to the scientific and ethical
dilemmas surrounding stem cells was the successful transfer of human somatic
nucleiinto fertilized human oocytes in a process known as nuclear transfer (nt),
and the creation through a process known as therapeutic cloning of human ntES
cell lines by South Korean scientists in 2004. This has recently (May 2005) been
followed by the efficient generation of patient-derived ntES cell lines, which
will likely influence the ethical debate and growth of stem cell research in the
future. For the first time and as a consequence of these developments, stem cell
research coupled with molecular biology and tissue engineering techniques
constitute a potential basis for rational therapeutic strategies of regenerative
medicine. Moreover, human ES-derived somatic cells may represent innovative
pharmacological tools for drug screening, the identification of new drug targets
and cell-based compound delivery systems. Finally, these cells may facilitate
an unravelling of the hitherto inaccessible paradigms of human development.

In 2004, during one of the most contentious periods of debate with respect
to the scientific, ethical and legal issues of stem cell research, the Board of
Editors at the Handbook of Experimental Pharmacology approached us to
edit a special volume devoted to stem cells. The idea was attractive because it
would give us the chance to solicit and combine in one volume a body of work
encompassing the rapidly advancing developments of stem cell research with
a state-of-the-art view of stem cell biology. We invited leading experts in the
fields of embryonic and adult stem cells to submit chapters for this volume,
and although it proved impossible for everyone to submit a manuscript within
the designated time frame, this volume is a compilation of their and our efforts
to assemble an overview of the important aspects and issues surrounding stem
cell research.

The first two chapters are dedicated to molecular mechanisms regulating
self-renewal and differentiation of human (Darr and Benvenisty) and mouse
(Weitzer) ES cells. In the latter, the author describes how ES cell research,
through the in vitro use of the embryoid body model, reflects early develop-
mental processes in vivo (Weitzer), and in the following contribution, Warten-
berg et al. demonstrate how the in vitro model system can be employed for
the study of angiogenesis and tumour-induced angiogenesis. The following
chapters review the present state of knowledge with respect to mouse and hu-
man ES cell-derived cardiac (Rubart and Field; Passier et al.) and pancreatic
(Roche et al.) cells and their potential application in tissue repair of heart
diseases and diabetes, respectively. Ventura and Branzi describe autocrine and
intracrine signalling pathways implicated in ES-derived cardiogenesis and how
pharmacological approaches may facilitate this process.

The subsequent chapters deal mainly, but not exclusively, with adult stem
cells, and the authors discuss mechanisms and potential applications of these
cells in regenerative medicine. A unique concept of stem cell regulation based
on haematopoietic stem cells (Quesenberry et al.) and a detailed overview that
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reflects the importance of markers in adult tissue-based stem cells (Alison
etal.) are the perfect introduction to this set of chapters. Next, the chapters de-
scribe how haematopoietic stem/progenitor cells (Rose-John) or mesenchymal
stem cells (Beyer Nardi and da Silva Meirelles) isolated from bone marrow may
be isolated and manipulated by ex vivo expansion for tissue regeneration. Neo-
vascularization and cardiac repair by bone marrow-derived stem cells (Badorff
and Dimmeler) and the use of different stem/progenitor cells for myogenic tis-
sue repair (Grenier and Rudnicki) are the topics of the following contributions.
Neural stem cells, their properties and implications for the treatment of neu-
rodegenerative diseases are extensively described and critically discussed by
Berninger, Hack and G6tz. The experimental studies described in the special
issue are then complemented by a detailed description of the present state of a
stem cell therapy with respect to patients with Parkinson’s disease (Paul).

To end this special volume, we have selected a chapter dedicated to the future
of stem cell research. Theise and Harris present a stimulating discussion on
how unexpected and controversial findings of adult stem cell research may
open up new perspectives to foster our understanding of cell biology.

We are deeply grateful to all the contributors for their active participation
and significant contributions to this volume. We are aware that this volume
could not and does not cover all topics and aspects of stem cell research. In
fact, and during the past few years, stem cell research has metamorphosed
into distinct and specialized avenues of research; however, we believe that this
volume presents in a single book many novel aspects of stem cell biology with
respect to scientific endeavours and future applications. Of particular note are
the pharmacological issues that have been compiled, which have never been
adequately addressed in the past.

We also would like to thank Mrs. Susanne Dathe, desk editor biomedicine
at Springer, and Mrs. Kathrin Seiffert, IPK Gatersleben, for their support and
expert editorial help.

In conclusion, we hope that this volume will be valued by researchers in the
field, and by those who are engaged in the future developments of stem cell
research and the applications of stem cells in regenerative medicine.

Gatersleben, Germany, Anna M. Wobus
Baltimore, MD, Kenneth R. Boheler
May 2005
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Abstract Embryonic stem (ES) cells are pluripotent cells derived from the inner cell mass of
blastocyst stage embryos. These cells possess two unique characteristics: an indefinite self-
renewal capacity and pluripotency, the ability to differentiate to cells from the three germ
layers. Both human and mouse ES cells are currently at the center of intensive research. One
of the burning issues in this research is the way in which these cells remain undifferentiated
and maintain their pluripotency. In the past years, data has accumulated concerning the
pathways responsible for the unique phenotype of these cells, in both human and mouse.
This paper will review the main extrinsic factors and intrinsic transcriptional pathways
currently implicated in the self-renewal and pluripotency of ES cells.

Keywords Embryonic stem (ES) cells - Self-renewal - Pluripotency
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1
Introduction

Human embryonic stem (ES) cells are undifferentiated cells derived from the
inner cell mass of blastocyst stage embryos (Thomson et al. 1998). They are
unique in their capacity to self-renew indefinitely in culture, while maintaining
anormal karyotype, and remaining pluripotent, namely, harboring the capac-
ity to differentiate into multiple cell types of the three germ layers. Their differ-
entiation potential has been demonstrated in vitro through the creation of em-
bryonic bodies (EBs) (Itskovitz-Eldor et al. 2000; Schuldiner et al. 2000), which
are cell aggregates comprised of multiple cell types. Alternatively, pluripotency
was also demonstrated in vivo by injecting cells to immunodeficient mice,
where they create teratomas, tumors composed of multiple cell types from the
three germ layers (Thomson et al. 1998; Reubinoff et al. 2000). The definitive
proof of the pluripotency of ES cells from mouse was obtained by injection of
cells back into a blastocyst, which was followed by the formation of a chimera
between the original embryo and the injected cells, including germ line trans-
mission of the ES cell genetic content (Beddington and Robertson 1989).

Once ES cells had been derived from human (Thomson et al. 1998), they
were proposed as a potential source for cell therapy, since they can differentiate
into multiple cell types. It has been suggested that human ES cells could be
used in future therapies of multiple diseases, including Parkinson’s disease,
heart diseases, diabetes mellitus, and more (Schuldiner and Benvenisty 2003).
In addition, since these cells mimic to some extent the early stages of develop-
ment, they can be used as a model for early human embryonic development
after the implantation into the uterus (Dvash et al. 2004). This is extremely
important since the early human embryo is inaccessible for research. It was
also suggested that human ES cells may serve as a model for human diseases
(Urbach et al. 2004). In mouse, the genetic manipulation of these cells has
allowed an enormous advance in the study of gene function, since it enabled
the creation of mutant mice for a large number of genes. In addition, ES cells
have also been suggested as an in vitro model for the investigation of the muta-
genicity, cytotoxicity, and embryotoxicity of substances on cells, either during
their in-vitro differentiation or after the differentiation of the cells (Rohwedel
et al. 2001).

So far three kinds of mammalian pluripotent stem cell types have been
described: embryonic stem (ES) cells (Evans and Kaufman 1981; Martin 1981;
Thomson et al. 1998), embryonic germ (EG) cells (Matsui et al. 1992; Resnick
et al. 1992; Shamblott et al. 1998) derived from primordial germ cells, and
embryonal carcinoma (EC) cells (Martin and Evans 1974; Andrews et al. 1984)
derived from teratocarcinomas. These three cell types possess the two unique
features of self-renewal and pluripotency. Each of these cell types has its own
distinct properties, probably due to the difference in their origin. However,
since they share these unique properties, they also share other common fea-
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tures. These include similar expression of specific marker genes, as well as
some common pathways and factors which act to maintain the cells in the un-
differentiated state. The elucidation of the molecules responsible for the cells’
unique phenotype is now at the center of much research and interest. Under-
standing the mechanisms by which pluripotency and self-renewal are gained
and maintained will highlight these fascinating phenomena and provide an un-
derstanding of the molecular pathways working in concert, to decide whether
the cell will remain pluripotent or will differentiate. However, although the
knowledge of the molecules governing this cell fate decision is beginning to
unravel, there is more yet to be discovered. In addition, after the derivation of
HESCs, it has become clear that not all the knowledge acquired from mouse
ES cells is valid for human ES cells. This paper will review currently avail-
able knowledge regarding factors and mechanisms by which self-renewal and
pluripotency are maintained in human and mouse ES cells. We will review
both the extrinsic factors and the intrinsic transcriptional pathways governing
the self-renewal of ES cells.

2
Extrinsic Factors Governing Maintenance of the Undifferentiated State
of ES Cells

2.1
Leukemia Inhibitory Factor

When lines of mouse ES cells (MESCs) were first derived in the early 1980s,
the cells were derived and propagated as co-culture with a layer of feeder cells
(Evans and Kaufman 1981; Martin 1981). This methodology was adopted from
the protocols established for embryonal carcinoma (EC) cells. It was found that
the feeder cells support ES cells through the secretion of a signal that prevents
differentiation, since the need for co-culture could be replaced by addition of
media conditioned by feeder cells. Fractionation of conditioned media (CM)
has allowed the identification of the active factor in it as leukemia inhibitory
factor (LIF), and addition of LIF to the growth media could substitute the need
for co-culture (see Table 1) (Smith et al. 1988; Williams et al. 1988).

LIF belongs to the family of interleukin 6 (IL-6)-type cytokines (Rose-John
2002). This family of cytokines stimulates cells through the gp130 receptor,
which works as a heterodimer together with a ligand specific receptor (such as
LIF-R). gp130 is expressed in all cells of the body, while the specific subunits
are expressed in a cell-specific manner. Following the discovery of LIF as the
active factor in the CM, it was shown that oncostatin M (OSM) (Rose et al.
1994) and ciliary neutrophic factor (CNF) (Conover et al. 1993), which also
belong to the IL-6 cytokine family, can also substitute the need for CM. Their
similar effect seems to be attributed to their shared downstream effectors.
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Table 1 Cytokines required for ES self-renewal

Protein  Mutant mice Role in MESCs Role in HESC
maintenance
LIF Develop to term, fertile, essen-  Replaces the need No apparent role in
tial for embryo implantation for feeder cells. self-renewal
(Stewart et al. 1992) (Smith et al. 1998; (Daheron et al. 2004)

Williams et al. 1998)

BMP4 Do not proceed beyond egg Replaces the need Drives HESCs to tro-
cylinder stage. Failure of gastru-  for serum presence  phectoderm differen-

lation and mesoderm formation  (Ying et al. 2003) tiation
(Winnier et al. 1995) (Xu et al. 2004)

bEGF Viable with defectsin neuralde- ~ Not required for Required for propaga-
velopment and function their propagation tion in serum replace-
(Dono et al. 1998) ment media

(Amit et al. 2000)

Activation of gp130 leads to the activation of the Janus associated tyrosine
kinase (JAK) and to activation of signal transducer and activator of transcrip-
tion (STAT) proteins, their translocation to the nucleus, binding to DNA and
subsequent activation of transcription. It has been shown that the ability of LIF
to prevent differentiation of MESCs is dependent upon activation of STAT3.
Concurrently, STAT3 activation even in the absence of LIF is sufficient to enable
the propagation of the cells (Matsuda et al. 1999). In addition to the activa-
tion of STAT3, which is involved in the maintenance of the undifferentiated
state, LIF also induces additional signals, among them the activation of ERKs
(extracellular receptor kinases) (Burdon et al. 1999). The activation of ERKs
promotes differentiation. Thus, the balance between the activation of STAT3 to
the activation of ERK signals determines the fate of the dividing undifferenti-
ated ES cell. Therefore, signals that control the activation of ERKs also have an
important role in maintaining the undifferentiated state (see Fig. 1). Lately, it
has been shown that inhibition of PI3K (phosphoinositide 3-kinase) leads to
differentiation of MESCs (Paling et al. 2004). The PI3K signaling pathway is also
induced by LIF, and the differentiation observed upon its inhibition is a result
of augmented levels of activated ERKs. An additional report suggests another
pathway that is activated by LIF in MESCs. This pathway involves the activation
of the Src family of nonreceptor tyrosine kinases, and specifically its member
cYes (Anneren et al. 2004). Inhibition of this family decreases the growth and
expression of ES cell markers, both in MESCs and HESCs. The activity of cYes
in MESCs is regulated both by LIF and by serum and it is down-regulated upon
differentiation. However, it seems that cYes does not have a central function in
vivo, since mice mutated in cYes are viable and fertile (Stein et al. 1994).
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Fig. 1 Major pathways involved in mouse ES cell self-renewal. LIF and BMP4 signaling have
been shown to be required for propagation of undifferentiated MESCs. Binding of BMP4
to its receptors activates two downstream pathways which prevent their differentiation: (a)
activation of Smads, which leads to transcription of Id genes, which in turn mediate BMPs
involvement in self-renewal; (b) inhibition of ERK, which drives the cells to differentiation.
The binding of LIF to its receptors leads simultaneously to activation of differentiating
and anti-differentiating signals. The differentiation signals include activation of ERK, while
signals important for self-renewal include the activation of STAT3, activation of Src, and also
the activation of PI3K (which inhibits ERK). The main transcription factors known so far as
important for self-renewal in mouse are Oct4 and Nanog. Oct4 works in cooperation with
several transcription factors to regulate transcription of its target genes. This cooperation
is established through binding to different sites on enhancers of their target genes. Shown
are examples of co-regulators and examples of putative target genes regulated by different
combinations of regulators

In contrast to the vital role that LIF holds in vitro, knockout studies revealed
that LIF signaling is dispensable during normal early embryonic development.
Mice mutated in LIF develop to term and are fertile, although it is essential for
embryo implantation (Stewart et al. 1992); mice mutated in LIF-R die within
24 h of birth (Li et al. 1995; Ware et al. 1995) and mice mutated in gp130
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die progressively from day 12.5 dpc (Yoshida et al. 1996). Sequential studies
suggested that although LIF is not required during normal early embryonal
development, it is needed during a process called diapause (Nichols et al. 2001).
This is the process in which the development of the embryo is arrested in late
blastocyst stage before implantation in response to lactation. This arrest can
take place for several weeks, during which the pluripotent compartment of the
ICM has to be kept in an undifferentiated state. Embryos mutated in gp130
are unable to resume development following this arrest and they lose their
pluripotent compartment. Therefore, it may be that the role LIF has taken in
vitro reflects an aberrant condition, in which the normal transient proliferation
of the ICM is artificially prolonged in culture, much like the extension of the
proliferation state observed during diapause.

Human ES cells (HESCs) also require co-culture with feeders, but in human
cells thisrequirement cannot be substituted by the addition of LIF (from human
or mouse origin). Mouse LIF does not act on human cells (Layton et al. 1994)
and therefore cannot be the protein secreted from the MEF cells that maintains
HESCs pluripotency. In HESCs, just as in MESCs, the co-culture with feeders
can be substituted by the addition of CM, and prolonged feeder-free culture can
be maintained in the presence of certain extracellular matrixes (like matrigel
or laminin) together with CM (Xu et al. 2001). When exploring the reason for
the lack of responsiveness of HESCs to LIF, it was first hypothesized that this
was a result of low or absent expression of LIF-R (Rose-John 2002). However,
when this hypothesis was examined, it was observed that a variety of LIF-R
expression levels can be found in different HESC lines (Ginis et al. 2004),
ranging from low or absent to significant levels of expression. In addition,
recent papers have shown that the reason for lack of LIF effect on HESCs is not
the inability of the cells to respond to LIF signaling, but rather that activation
of STAT3 in HESCs, which in MESCs is sufficient for self-renewal, does not
prevent differentiation of HESCs (Daheron et al. 2004; Humphrey et al. 2004).
Additionally, in the undifferentiated state of HESCs, the STAT3 pathway is not
activated. While in undifferentiated MESCs a high level of phosphorylated
STAT3 (which is the active form) can be found, this activated form is not seen
in undifferentiated HESCs.

2.2
BMP4

BMP4, a member of the TGF-beta superfamily of polypeptide signaling mole-
cules, was recently suggested to be involved in the prevention of MESC differ-
entiation as well (Ying et al. 2003). Although LIF is sufficient to prevent MESC
differentiation in the presence of serum, when serum is removed, even in
the presence of LIF, neural differentiation occurs. Since serum contains many
unknown factors, it seems that at least some of them prevent ES cell differenti-
ation. Addition of BMP4 to the media enables serum-free culture (see Table 1).
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This is possible only in the presence of LIF, since otherwise differentiation to
non-neural lineages takes place. Withdrawal of both BMP4 and LIF results in
neural differentiation. Therefore LIF is needed to maintain the undifferenti-
ating capacity of BMP4, which in the absence of LIF actually drives the cells
to differentiate. Thus, it seems that while BMP4 acts to prevent differentiation
to neural lineages, LIF works to inhibit differentiation to non-neural lineages.
Mouse embryos deficient in zygotic BMP4, BMPR-1a or Smad4 develop nor-
mally until early egg cylinder stages (Winnier et al. 1995; Mishina et al. 1995;
Sirard et al. 1998), but later show reduced proliferation of the epiblast and
failure of gastrulation. However, it may be that the reduced proliferation is
the result of a defect in the differentiation of the visceral endoderm, and not
intrinsic to the epiblast (Sirard et al. 1998).

BMP4 supports self-renewal of MESCs through the activation of Smad pro-
teins. They in turn activate Id genes, which are negative bHLH factors. MESCs
transfected with Ids can grow in a serum-free culture in the absence of BMP4.
Serum was also shown to induce Id gene expression through multiple path-
ways, and MESCs grown in the presence of serum with no BMP4 addition show
expression of Id genes (Ying et al. 2003). Another report showed that BMP4 also
supports self-renewal by inhibition of ERK and p38 mitogen-activated protein
kinase (MAPK) (Qi et al. 2004) (see Fig. 1). Furthermore, it was possible to
show that by inhibiting the p38 pathway, Alk3 null embryos can be used for
derivation of ES cells lines, which normally fail to expand in culture.

In HESCs, however, the addition of BMP4 to the media does not enhance
self-renewal of the cells, as was observed for the MESCs. Actually BMP4 drives
the cells to differentiate to trophoblast cells (Xu et al. 2002). This is in contrary
to MESCs, which do not seem to have the capacity to differentiate to this cell
type. This difference in the abilities to create trophoblast has raised the notion
that HESCs and MESCs may be derived from different stages in development,
and thus their self-renewal capacity may be affected by different factors.

23
bFGF

bFGF has been shown to be required for the routine culture of HESCs in the
presence of serum replacement (see Table 1) (Amit et al. 2000). In serum-
free media not substituted with bFGE, the cells differentiate, while its addition
makes the cells’ morphology more compact and enables prolonged undifferen-
tiated culture under these conditions. In addition, bFGF enhances the cloning
efficiency of the cells (Amit et al. 2000). While the addition of bFGF is not
required for the propagation of MESCs, it was shown to be important for dif-
ferent pluripotent cells, embryonic germ (EG) cells, in both human and mouse.
bFGF is needed to convert the transient proliferating population of primordial
germ cells to an indefinitely proliferating population of EG cells (Matsui et al.
1992; Resnick et al. 1992). However, in the case of mouse EG cells, once the EG
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cell culture is established, bFGF is no longer needed for their routine culture
(Matsui et al. 1992). Investigations that examined the expression of different
elements of signaling pathways in HESCs have shown the presence of elements
of FGF signaling, including all four FGF receptors and certain components of
their downstream cascade, which are enriched in undifferentiated HESCs in
comparison to their differentiated derivatives (Bhattacharya et al. 2004; Bran-
denberger et al. 2004; Dvash et al. 2004; Ginis et al. 2004; Rao and Stice 2004).
bFGF is expressed by HESCs, but apparently its level is not enough to prevent
differentiation.

24
Other Suggested Factors

Since neither LIF and BMP4 support self-renewal of HESCs, the search for
other factors that can replace CM in HESCs continues. Even in MESCs there
is evidence of self-renewal pathways that are independent of LIF or STAT3
activation (Berger and Sturm 1997; Dani et al. 1998). This coincides with the
observation that LIF does not seem to be fundamental for the creation of
pluripotency in vivo in mouse. For these reasons, it is plausible that another
physiological pathway is fundamental for both human and mouse pluripotency.
There have been several reports claiming the discovery of factors replacing the
need for CM in HESCs. One report has implicated the Wnt pathway as able
to maintain HESC self-renewal for a short period of time (Sato et al. 2004).
Another report suggested that TGFB1, in combination with fibronectin and LIF
are sufficient for feeder and CM-free culture (Amit et al. 2004). However, neither
of these protocols is used routinely to grow HESCs in feeder-independent
cultures.

3
Intrinsic Factors Governing Maintenance of the Undifferentiated State
of Embryonic Stem Cells

Several factors have been implicated in the maintenance of the pluripotent na-
ture of ES cells, and much more research is being conducted to reveal additional
factors.

3.1
Oct4

Oct4 is a transcription factor belonging to the POU transcription factor family
that possesses an octamer recognition sequence, an 8-bp sequence found in
the promoters and enhancers of many ubiquitously expressed and cell-specific
genes. One of the unique features of Oct4 is its expression pattern, which seems
to be restricted to pluripotent lineages (Palmieri et al. 1994; Yeom et al. 1996),
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although its reactivation in some cancers has been reported (Tai et al. 2004).
It is expressed in the mouse embryo from the early stages of 4- to 8-cell stage
embryos until the epiblast begins to differentiate, with expression persisting
in germ cells. Mouse embryos with a mutated Oct4 die following implantation
due to alack of an ICM (Nichols et al. 1998), and these embryos are composed
solely of trophoblast (see Table 2). MESCs in which Oct4 is down-regulated
differentiate to trophoblast cells (a cell lineage that otherwise has not been
shown to be produced by MESCs) (Niwa et al. 2000). In addition, increase of
the expression level of Oct4 in MESCs by as little as twofold also caused the cells
to differentiate, but in this case the cells adopted an extraembryonic endoderm
and mesoderm fate. It is assumed that while Oct4 represses differentiation to
trophoblast, it works in conjugation with other transcription factors or co-
regulators, and the ratio between the concentrations of these factors determines
the effect on cell fate. The role of Oct4 in maintaining HESC pluripotency is in
concordance with its role in MESCs. As was shown in MESCs, down-regulation

Table 2 Major transcription factors involved in ES self-renewal

Gene Mutant mice Role in MESCs Expression in
HESCs and role in
self-renewal

Oct4 Die following implantation ~ Required to prevent differen-  Expressed in mul-

due to lack of ICM tiation to trophoblast. tiple ES cell lines
Overexpression leads to dif- Role in self-rene-
ferentiation to extraembry- wal has been
onic endoderm and ecto- shown to be as in
derm the MESCs

Nanog Consisted only of disorga- Required to prevent differ- Expressed in mul-

nized extraembryonic tis- entiation to primitive endo- tiple ES cell lines
sues with no epiblast or ex- derm
traembryonic ectoderm Overexpression enables LIF
independent growth
Sox2 Fail to survive shortly af- MESCs from null embryos Expressed in mul-
ter implantation. Developa cannot be established. Ini- tiple ES cell lines
normal ICM, but later lack  tially their outgrowths seem
egg cylinder structure and normal, but later produce
fail to maintain their epi- only trophectoderm and
blast parietal endoderm cells
Foxd3  Die shortly after implanta- MESCs from null embryos Expressed only in

tion. The size of their epi-
blast is reduced and the
primitive streak is absent

cannot be established, al-
though initially their out-
growths seem normal. Have
expansion of the extraem-
bryonic ectoderm

some ES cell lines
and therefore
seems
dispensable
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of Oct4 in HESCs also leads to differentiation of the cells to trophoblast cells
(Matin et al. 2004).

The target genes of Oct4 activity and the regulators it works with are not fully
identified, but this information is beginning to unravel, especially in MESCs.
Different target genes have been suggested based on different lines of evidence.
The genes identified include Fgf4 (Ambrosetti et al. 1997), the transcriptional
co-factor Utf-1 (Nishimoto et al. 1999), the zinc finger protein Rex-1 (Ben-
Shushan et al. 1998), platelet-derived growth factor o receptor (Kraft et al.
1996), osteopontin (OPN) (Botquin et al. 1998), Fbx15 (Tokuzawa et al. 2003),
and more. Oct4 has also been reported to repress several genes expressed in
trophoblast, such as human chorionic gonadotropin a in human choriocar-
cinoma cells (Liu and Roberts 1996; Liu et al. 1997). The way in which the
activation of Oct4 target genes establishes and maintains pluripotency is still
unknown, partly because not all the targets are known or studied, and partly
because the target genes that have been studied so far, did not prevent the estab-
lishment of the ICM when they were disrupted. An example of an Oct4 target
gene is Fgf4. Although Fgf4 knockout embryos undergo implantation, their
ICM fails to proliferate and they die shortly thereafter (Feldman et al. 1995).

By combining with different co-factors, Oct4 can act both as a transcrip-
tional activator and as a transcriptional repressor (see Fig. 1). Oct4 has few
known co-factors, including the adeno virus E1A (Scholer et al. 1991), the
Sry-related factor Sox-2 (Yuan et al. 1995), Foxd3 (Guo et al. 2002), and HMG-1
(Butteroni et al. 2000). A squelching phenomenon was observed for the coop-
eration of Oct4 with some of its co-factors (Scholer et al. 1991). It was shown
that the quantitative balance between Oct4 and its transactivators is of impor-
tance for the proper activation of their targets, at least in some of the targets,
and a rise in the level of Oct4, or for example E1A, prevents the formation of
an active transcriptional complex. Such a phenomenon can be seen in Rexl,
which is repressed by high levels of Oct4 (Ben-Shushan et al. 1998). However,
this is not the case for all of Oct4 targets, and this phenomenon is not observed
for targets co-regulated by Sox-2, such as Fgf-4.

Oct4 co-factors are expressed at different expression patterns in pluripotent
cells. For example, while Sox-2 is expressed both in the ICM and the primitive
ectoderm (Collignon et al. 1996), ELA (E1A-like activity, which is present in
undifferentiated ES cells) is expressed only in the ICM (Suemori et al. 1988).
This may also be the reason for different expression patterns of Oct4 targets,
since their transcription may rely on presence of different co-factors.

3.2
Sox2

Sox2 is a member of the Sox (SRY-related HMG box) gene family that encodes
transcription factors with a single HMG DNA-binding domain. Like Oct-4,
it is expressed in the pluripotent lineages of the early mouse embryo, the



Factors Involved in Self-Renewal and Pluripotency of Embryonic Stem Cells 11

ICM, epiblast, and germ cells. But unlike Oct4, it is also expressed in the
multipotential cells of the extraembryonic ectoderm (Avilion et al. 2003) and
has also been shown to mark neural progenitors of the central nervous system
and be important for the maintenance of their identity (Graham et al. 2003).
Its down-regulation is correlated with a commitment to differentiate. Sox2-
null mouse embryos seem normal at the blastocyst stage, but fail to survive
shortly after implantation (Avilion et al. 2003). These embryos lack egg cylinder
structures and lack the epithelial cells typical of the epiblast. When cultured
in vitro to produce ES cell lines, Sox2 null blastocysts progress normally in the
first days, but later do not show the normal differentiation into the ICM, and the
only cells observed are trophectoderm and parietal endoderm cells. Therefore,
although in vivo the role of Sox2 manifests by knockout only after implantation,
it does have a role in maintaining the pluripotent population of cells in the
earlier embryonic stages from which ES cells are derived, namely the ICM and
epiblast. Early embryos have substantial levels of maternal Sox2 protein, which
unlike most of the maternal gene products persists until implantation. Even in
Sox2-null embryos, maternal Sox2 protein persists until the blastocyst stage.
Therefore, the reason that the mutated embryos survive until implantation may
be the sufficient levels of maternal Sox2 protein until that stage. Hence, it may
be that Sox2 does indeed have a role in maintaining or creating pluripotency in
earlier stages, but this role cannot be detected in simple knockout experiments
due to the presence of the maternal protein. In addition, Sox2 also has a role
in the maintenance of trophoblast stem cells, and in the absence of Sox2 these
cells cannot be generated.

3.3
Foxd3

Foxd3 (originally called genesis) belongs to the forkhead family genes. It is not
expressed in unfertilized oocytes or one-cell stage fertilized embryos, but its
transcripts are detected in blastocyst stage embryos (Hanna et al. 2002). Foxd3-
null embryos die around the time of gastrulation with a loss of the epiblast
and an expansion of extraembryonic ectoderm and endoderm (Hanna et al.
2002). However, in the blastocyst stage their ICM appears normal, with normal
expression of ICM markers. When cultured in vitro, Foxd3-null blastocysts
seem normal initially, but later their ICM fails to expand. Chimeric rescue
experiments have shown that Foxd3-null cells are able to differentiate into
many cell types. Thus, it seems that Foxd3 may be required for the regulation
of either a secreted factor or a cell-surface signaling molecule.

The roles of Sox2 and Foxd3 have not been examined yet in HESCs (see
Table 2). Sox2 is clearly expressed in undifferentiated HESCs. On the other
hand, while in some human ES cell lines Foxd3 is expressed, in others it is not
(Ginis et al. 2004). Thus, it seems dispensable for the self-renewal of human
ES cells. However, since Foxd3-null embryos are defected in a stage after the
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creation of the pluripotent compartment of the ICM, it is unclear how much
this difference in expression pattern can be attributed to differences in the
maintenance of pluripotency between the two species.

34
Nanog

An additional gene recently described as involved in self-renewal of ES cells
is Nanog (Chambers et al. 2003; Mitsui et al. 2003). Nanog is a homeobox
transcription factor, which does not belong to any known group of home-
obox genes. It is expressed in the mouse in the inner cells of the compacted
morula and blastocyst, early germ cells, ES cells, embryonic germ cells (EGs),
and embryonic carcinoma cells (ECs), and is absent from differentiated cells
(Chambers et al. 2003; Mitsui et al. 2003). Nanog was named after the mytho-
logical Celtic land of the ever young, Tir nan Og, since overexpression of Nanog
in MESCs renders the cells independent of LIF supply. Although the cells self-
renew and remain pluripotent in the absence of LIF, their self-renewal capacity
is reduced. Therefore, Nanog overexpression does not completely relieve the
cells from LIF dependence, but when these two factors are combined, they
work together synergistically. The Nanog overexpression effect is not medi-
ated through the activation of Stat3, and vice-versa (Chambers et al. 2003), and
therefore Stat3 and Nanog pathways would seem to act independently of each
other. Nanog overexpressing cells can also be propagated in serum-free media
in the absence of BMP (Ying et al. 2003), and it appears that the overexpression
of Nanog maintains a substantial constitutive level of Id expression. However,
Nanog overexpression does not overcome the need for Oct4 activity (Cham-
bers et al. 2003), and both Nanog and Oct4 are required for MESC self-renewal.
Nanog disruption in MESCs results in differentiation to extraembryonic en-
doderm lineages (Mitsui et al. 2003). Nanog knockout embryos develop to
the blastocyst stage, but when cultured on gelatin their ICM differentiates
completely to parietal endoderm-like cells (see Table 2). Therefore, Nanog is
essential for the maintenance of pluripotency of the ICM at one stage later than
the initial requirement for Oct4. Consequently, if Oct4 operates to inhibit the
differentiation of ES cells to trophoblast, Nanog works to inhibit the transi-
tion of the cells to primitive endoderm, which is the next cell fate decision in
the embryo. Nevertheless, unlike Oct4 whose primary role is to prevent dif-
ferentiation (to trophectoderm), Nanog not only prevents differentiation (to
extraembryonic endoderm) but also actively works to maintain pluripotency.

The target genes that Nanog works to activate or repress are still unknown.
Nonetheless, the DNA sequence that it binds has been identified using SELEX,
and target genes have been suggested based on the presence of this sequence
upstream to their transcription initiation site (Mitsui et al. 2003). One such
gene is GATAG6, and it seems that Nanog may repress its expression, since
forced expression of GATAG is sufficient for differentiation to extraembryonic
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endoderm (see Fig. 1) (Fujikura et al. 2002), the same phenotype observed
in Nanog-null cells. However, Nanog also contains two domains capable of
activating transcription (Pan and Pei 2004) and therefore might also positively
regulate ES specific genes, on top of repressing extraembryonic endoderm
genes.

Human Nanog is expressed in HESCs, EC and EG cells, germ cells, and in
several tumors (Mitsui et al. 2003). When human Nanog was overexpressed in
MESCs, partial release from LIF dependency was observed (Chambers et al.
2003). This may indicate that the Nanog pathway in human and mouse share
functional homology, but this issue is yet to be examined.

3.5
miRNA

MicroRNAs (miRNAs) are additional regulators suggested to be involved in
maintaining ES cell identity. These short RNA molecules are known to be
involved in translational regulation, mostly by repressing translation and in
some cases by directing mRNA to degradation (Elbashir et al. 2001). Recent
studies have aimed at identifying such molecules, both in-silico and by exam-
ining miRNA libraries. One such study conducted in MESCs (Houbaviy et al.
2003) found novel miRNAs expressed specifically in undifferentiated ES cells,
as well as several previously identified miRNAs, which are enriched in undif-
ferentiated ES cells compared to their differentiated counterparts. Since one of
the important functions of some miRNAs is the regulation of development, it
has been suggested that these molecules might have a role in the maintenance
of ES cell pluripotency. A similar study conducted in HESCs identified 17 novel
miRNAs enriched in undifferentiated cells, 11 of which were homologous to
those described in MESCs (Suh et al. 2004). Therefore, it may be that the role
of these molecules will turn out to be conserved in mammalian embryonic
development.

4
Summary

When examining self-renewal and pluripotency in ES cells, we have to bear in
mind that this is a population that exists in vivo only transiently, and does not
proceed for long in the embryo. This is also reflected in vitro, since usually
an ES cell culture contains differentiated cells, in addition to the majority
of cells, which are undifferentiated. Since ES cells differentiate very readily,
it is not surprising that the pluripotent phenotype of the ES cells has to be
actively maintained by exogenous signals from the environment. LIF is known
in vivo to prolong the period the pluripotent lineage exists. LIF and BMP4 each
prevent the differentiation of the cells to different cell fates. It may be that the
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fact that the cells remain undifferentiated is the result of the balance between
different differentiation and anti-differentiation signals. The differentiation
signals work on the pluripotency transcriptional pathways established already
in the pluripotent cells and are required for them to maintain this feature. These
pathways have been established earlier and include components that seem to be
unique to pluripotent cells (like Oct4 and Nanog). It may also be that one of the
roles of these transcriptional pathways is to enhance the maintenance of this
pluripotent state. The fact that the level of the transcription factors involved in
self-renewal is crucial to the determination of cell fate (as in the case of Oct4
and Nanog) also establishes that a very intricate interplay is involved in the cell
fate decision in each cell division.

One of the important issues regarding self-renewal and pluripotency is the
examination of the level of similarities by which these processes are governed
in human vs mouse ES cells. While examining the response of the cells to
exogenous factors, more discrepancies are uncovered than similarities. This
observation is valid to the role of both LIF and BMP4. In contrast, when exam-
ining the role of the endogenous transcription factors that are unique to the
pluripotent state, it seems that in this area the similarity is more pronounced.
Although less research has been conducted so far on HESCs than on MESCs,
the research published to date has not contradicted the MESCs results. The
role of Oct4 is similar in both mouse and human, and the roles of Nanog and
also Sox2, although not examined yet in human, may be similar, since in hu-
man as in mouse, these are genes with an expression pattern mostly restricted
to pluripotent cells. Therefore, it may be that the pathways that establish the
pluripotent state and are essential for its self-renewal will turn out to be com-
mon among these two species. On the other hand, the extrinsic signals and
the pathways they activate, which are not exclusive to pluripotent cells, are
different.

Acknowledgements We thank Dr. Rachel Eiges and Yoav Mayshar for critical review of the
manuscript. This research was partially supported by funds from Israel Science Foundation
(grant no. 672/02-1) and by an NIH grant.

References

Ambrosetti DC, Basilico C, Dailey L (1997) Synergistic activation of the fibroblast growth
factor 4 enhancer by Sox2 and Oct-3 depends on protein-protein interactions facilitated
by a specific spatial arrangement of factor binding sites. Mol Cell Biol 17:6321-6329

Amit M, Carpenter MK, Inokuma MS, Chiu CP, Harris CP, Waknitz MA, Itskovitz-Eldor J,
Thomson JA (2000) Clonally derived human embryonic stem cell lines maintain pluripo-
tency and proliferative potential for prolonged periods of culture. Dev Biol 227:271-278

Amit M, Shariki C, Margulets V, Itskovitz-Eldor ] (2004) Feeder layer- and serum-free culture
of human embryonic stem cells. Biol Reprod 70:837-845



Factors Involved in Self-Renewal and Pluripotency of Embryonic Stem Cells 15

Andrews PW, Damjanov I, Simon D, Banting GS, Carlin C, Dracopoli NC, Fogh J (1984)
Pluripotent embryonal carcinoma clones derived from the human teratocarcinoma cell
line Tera-2. Differentiation in vivo and in vitro. Lab Invest 50:147-162

Anneren C, Cowan CA, Melton DA (2004) The Src family of tyrosine kinases is important
for embryonic stem cell self-renewal. ] Biol Chem 279:31590-31598

Avilion AA, Nicolis SK, Pevny LH, Perez L, Vivian N, Lovell-Badge R (2003) Multipotent cell
lineages in early mouse development depend on SOX2 function. Genes Dev 17:126-140

Beddington RS, Robertson EJ (1989) An assessment of the developmental potential of
embryonic stem cells in the midgestation mouse embryo. Development 105:733-737

Ben-Shushan E, Thompson JR, Gudas L], Bergman Y (1998) Rex-1, a gene encoding a tran-
scription factor expressed in the early embryo, is regulated via Oct-3/4 and Oct-6 binding
to an octamer site and a novel protein, Rox-1, binding to an adjacent site. Mol Cell Biol
18:1866-1878

Berger CN, Sturm KS (1997) Self renewal of embryonic stem cells in the absence of feeder
cells and exogenous leukaemia inhibitory factor. Growth Factors 14:145-159

Bhattacharya B, Miura T, Brandenberger R, Mejido J, Luo Y, Yang AX, Joshi BH, Ginis I,
Thies RS, Amit M, Lyons I, Condie BG, Itskovitz-Eldor ], Rao MS, Puri RK (2004) Gene
expression in human embryonic stem cell lines: unique molecular signature. Blood
103:2956-2964

Botquin V, Hess H, Fuhrmann G, Anastassiadis C, Gross MK, Vriend G, Scholer HR (1998)
New POU dimer configuration mediates antagonistic control of an osteopontin preim-
plantation enhancer by Oct-4 and Sox-2. Genes Dev 12:2073-2090

Brandenberger R, Wei H, Zhang S, Lei S, Murage J, Fisk GJ, Li Y, Xu C, Fang R, Guegler K,
Rao MS, Mandalam R, Lebkowski J, Stanton LW (2004) Transcriptome characterization
elucidates signaling networks that control human ES cell growth and differentiation. Nat
Biotechnol 22:707-716

Burdon T, Stracey C, Chambers I, Nichols J, Smith A (1999) Suppression of SHP-2 and ERK
signalling promotes self-renewal of mouse embryonic stem cells. Dev Biol 210:30-43

Butteroni C, De Felici M, Scholer HR, Pesce M (2000) Phage display screening reveals an
association between germline-specific transcription factor Oct-4 and multiple cellular
proteins. ] Mol Biol 304:529-540

Chambers I, Colby D, Robertson M, Nichols J, Lee S, Tweedie S, Smith A (2003) Functional
expression cloning of Nanog, a pluripotency sustaining factor in embryonic stem cells.
Cell 113:643-655

Collignon J, Sockanathan S, Hacker A, Cohen-Tannoudji M, Norris D, Rastan S, Ste-
vanovic M, Goodfellow PN, Lovell-Badge R (1996) A comparison of the properties
of Sox-3 with Sry and two related genes, Sox-1 and Sox-2. Development 122:509-520

Conover JC, Ip NY, Poueymirou WT, Bates B, Goldfarb MP, DeChiara TM, Yancopoulos GD
(1993) Ciliary neurotrophic factor maintains the pluripotentiality of embryonic stem
cells. Development 119:559-565

Daheron L, Opitz SL, Zaehres H, Lensch WM, Andrews PW, Itskovitz-Eldor ], Daley GQ
(2004) LIF/STAT3 signaling fails to maintain self-renewal of human embryonic stem
cells. Stem Cells 22:770-778

Dani C, Chambers I, Johnstone S, Robertson M, Ebrahimi B, Saito M, Taga T, Li M, Burdon T,
Nichols J, Smith A (1998) Paracrine induction of stem cell renewal by LIF-deficient cells:
anew ES cell regulatory pathway. Dev Biol 203:149-162

Dvash T, Mayshar Y, Darr H, McElhaney M, Barker D, Yanuka O, Kotkow KJ, Rubin LL,
Benvenisty N, Eiges R (2004) Temporal gene expression during differentiation of human
embryonic stem cells and embryoid bodies. Hum Reprod 19:2875-2883



16 H. Darr - N. Benvenisty

Elbashir SM, Harborth J, Lendeckel W, Yalcin A, Weber K, Tuschl T (2001) Duplexes of
21-nucleotide RNAs mediate RNA interference in cultured mammalian cells. Nature
411:494-498

Evans MJ, Kaufman MH (1981) Establishment in culture of pluripotential cells from mouse
embryos. Nature 292:154-156

Feldman B, Poueymirou W, Papaioannou VE, DeChiara TM, Goldfarb M (1995) Requirement
of FGF-4 for postimplantation mouse development. Science 267:246-249

Fujikura J, Yamato E, Yonemura S, Hosoda K, Masui S, Nakao K, Miyazaki Ji ], Niwa H
(2002) Differentiation of embryonic stem cells is induced by GATA factors. Genes Dev
16:784-789

Ginis I, Luo Y, Miura T, Thies S, Brandenberger R, Gerecht-Nir S, Amit M, Hoke A, Car-
penter MK, Itskovitz-Eldor ], Rao MS (2004) Differences between human and mouse
embryonic stem cells. Dev Biol 269:360-380

Graham V, Khudyakov ], Ellis P, Pevny L (2003) SOX2 functions to maintain neural progenitor
identity. Neuron 39:749-765

Guo 'Y, Costa R, Ramsey H, Starnes T, Vance G, Robertson K, Kelley M, Reinbold R, Scholer H,
Hromas R (2002) The embryonic stem cell transcription factors Oct-4 and FoxD3 interact
to regulate endodermal-specific promoter expression. Proc Natl Acad Sci U S A 99:3663-7

Hanna LA, Foreman RK, Tarasenko IA, Kessler DS, Labosky PA (2002) Requirement for
Foxd3 in maintaining pluripotent cells of the early mouse embryo. Genes Dev 16:2650—
2661

Houbaviy HB, Murray MF, Sharp PA (2003) Embryonic stem cell-specific microRNAs. Dev
Cell 5:351-358

Humphrey RK, Beattie GM, Lopez AD, Bucay N, King CC, Firpo MT, Rose-John S, Hayek A
(2004) Maintenance of pluripotency in human embryonic stem cells is STAT3 indepen-
dent. Stem Cells 22:522-530

Itskovitz-Eldor ], Schuldiner M, Karsenti D, Eden A, Yanuka O, Amit M, Soreq H, Ben-
venisty N (2000) Differentiation of human embryonic stem cells into embryoid bodies
comprising the three embryonic germ layers [In Process Citation]. Mol Med 6:88-95

Kraft HJ, Mosselman S, Smits HA, Hohenstein P, Piek E, Chen Q, Artzt K, van Zoelen EJ
(1996) Oct-4 regulates alternative platelet-derived growth factor alpha receptor gene
promoter in human embryonal carcinoma cells. ] Biol Chem 271:12873-12878

Layton MJ, Owczarek CM, Metcalf D, Clark RL, Smith DK, Treutlein HR, Nicola NA (1994)
Conversion of the biological specificity of murine to human leukemia inhibitory factor
by replacing 6 amino acid residues. ] Biol Chem 269:29891-29896

Li M, Sendtner M, Smith A (1995) Essential function of LIF receptor in motor neurons.
Nature 378:724-727

Liu L, Roberts RM (1996) Silencing of the gene for the beta subunit of human chorionic
gonadotropin by the embryonic transcription factor Oct-3/4. ] Biol Chem 271:16683-
16689

Liu L, Leaman D, Villalta M, Roberts RM (1997) Silencing of the gene for the alpha-subunit
of human chorionic gonadotropin by the embryonic transcription factor Oct-3/4. Mol
Endocrinol 11:1651-1658

Martin GR (1981) Isolation of a pluripotent cell line from early mouse embryos cultured in
medium conditioned by teratocarcinoma stem cells. Proc Natl Acad Sci U S A 78:7634-
7638

Martin GR, Evans MJ (1974) The morphology and growth of a pluripotent teratocarcinoma
cell line and its derivatives in tissue culture. Cell 2:163-172



Factors Involved in Self-Renewal and Pluripotency of Embryonic Stem Cells 17

Matin MM, Walsh JR, Gokhale PJ, Draper JS, Bahrami AR, Morton I, Moore HD, An-
drews PW (2004) Specific knockdown of Oct4 and beta2-microglobulin expression by
RNA interference in human embryonic stem cells and embryonic carcinoma cells. Stem
Cells 22:659-668

Matsuda T, Nakamura T, Nakao K, Arai T, Katsuki M, Heike T, Yokota T (1999) STAT3
activation is sufficient to maintain an undifferentiated state of mouse embryonic stem
cells. EMBO J 18:4261-4269

Matsui Y, Zsebo K, Hogan BL (1992) Derivation of pluripotential embryonic stem cells from
murine primordial germ cells in culture. Cell 70:841-847

Mishina Y, Suzuki A, Ueno N, Behringer RR (1995) Bmpr encodes a type I bone morpho-
genetic protein receptor that is essential for gastrulation during mouse embryogenesis.
Genes Dev 9:3027-3037

Mitsui K, Tokuzawa Y, Itoh H, Segawa K, Murakami M, Takahashi K, Maruyama M, Maeda M,
Yamanaka S (2003) The homeoprotein Nanogis required for maintenance of pluripotency
in mouse epiblast and ES cells. Cell 113:631-642

Nichols J, Zevnik B, Anastassiadis K, Niwa H, Klewe-Nebenius D, Chambers I, Scholer H,
Smith A (1998) Formation of pluripotent stem cells in the mammalian embryo depends
on the POU transcription factor Oct4. Cell 95:379-391

Nichols J, Chambers I, Taga T, Smith A (2001) Physiological rationale for responsiveness of
mouse embryonic stem cells to gp130 cytokines. Development 128:2333-2339

Nishimoto M, Fukushima A, Okuda A, Muramatsu M (1999) The gene for the embryonic
stem cell coactivator UTFI carries a regulatory element which selectively interacts with
a complex composed of Oct-3/4 and Sox-2. Mol Cell Biol 19:5453-5465

Niwa H, Miyazaki J, Smith AG (2000) Quantitative expression of Oct-3/4 defines differenti-
ation, dedifferentiation or self-renewal of ES cells. Nat Genet 24:372-376

Paling NR, Wheadon H, Bone HK, Welham M] (2004) Regulation of embryonic stem cell
self-renewal by phosphoinositide 3-kinase-dependent signaling. ] Biol Chem 279:48063-
48070

Palmieri SL, Peter W, Hess H, Scholer HR (1994) Oct-4 transcription factor is differentially
expressed in the mouse embryo during establishment of the first two extraembryonic
cell lineages involved in implantation. Dev Biol 166:259-267

Pan G, Pei D (2004) The stem cell pluripotency factor Nanog activates transcription with
two unusually potent subdomains at its C-terminus. J Biol Chem 280:1401-1407

Qi X, Li TG, Hao ], Hu J, Wang J, Simmons H, Miura S, Mishina Y, Zhao GQ (2004) BMP4
supports self-renewal of embryonic stem cells by inhibiting mitogen-activated protein
kinase pathways. Proc Natl Acad Sci U S A 101:6027-6032

Rao RR, Stice SL (2004) Gene expression profiling of embryonic stem cells leads to greater
understanding of pluripotency and early developmental events. Biol Reprod 71:1772-
1778

Resnick JL, Bixler LS, Cheng L, Donovan PJ (1992) Long-term proliferation of mouse pri-
mordial germ cells in culture. Nature 359:550-551

Reubinoff BE, Pera MF, Fong CY, Trounson A, Bongso A (2000) Embryonic stem cell lines
from human blastocysts: somatic differentiation in vitro. Nat Biotechnol 18:399-404

Rohwedel J, Guan K, Hegert C, Wobus AM (2001) Embryonic stem cells as an in vitro
model for mutagenicity, cytotoxicity and embryotoxicity studies: present state and future
prospects. Toxicol In Vitro 15:741-753

Rose TM, Weiford DM, Gunderson NL, Bruce AG (1994) Oncostatin M (OSM) inhibits the
differentiation of pluripotent embryonic stem cells in vitro. Cytokine 6:48-54

Rose-John S (2002) GP130 stimulation and the maintenance of stem cells. Trends Biotechnol
20:417-419



18 H. Darr - N. Benvenisty

Sato N, Meijer L, Skaltsounis L, Greengard P, Brivanlou AH (2004) Maintenance of pluripo-
tency in human and mouse embryonic stem cells through activation of Wnt signaling
by a pharmacological GSK-3-specific inhibitor. Nat Med 10:55-63

Scholer HR, Ciesiolka T, Gruss P (1991) A nexus between Oct-4 and E1A: implications for
gene regulation in embryonic stem cells. Cell 66:291-304

Schuldiner M, Benvenisty N (2003) Factors controlling human embryonic stem cell differ-
entiation. Methods Enzymol 365:446-461

Schuldiner M, Yanuka O, Itskovitz-Eldor ], Melton DA, Benvenisty N (2000) Effects of eight
growth factors on the differentiation of cells derived from human embryonic stem cells.
Proc Natl Acad Sci U S A 97:11307-11312

Shamblott MJ, Axelman J, Wang S, Bugg EM, Littlefield JW, Donovan PJ, Blumenthal PD,
Huggins GR, Gearhart JD (1998) Derivation of pluripotent stem cells from cultured
human primordial germ cells. Proc Natl Acad Sci U S A 95:13726-13731

Sirard C,dela Pompa]JL, Elia A, Itie A, Mirtsos C, Cheung A, Hahn S, Wakeham A, Schwartz L,
Kern SE, Rossant J, Mak TW (1998) The tumor suppressor gene Smad4/Dpc4 is required
for gastrulation and later for anterior development of the mouse embryo. Genes Dev
12:107-119

Smith AG, Heath JK, Donaldson DD, Wong GG, Moreau J, Stahl M, Rogers D (1988) Inhibition
of pluripotential embryonic stem cell differentiation by purified polypeptides. Nature
336:688-690

Stein PL, Vogel H, Soriano P (1994) Combined deficiencies of Src, Fyn, and Yes tyrosine
kinases in mutant mice. Genes Dev 8:1999-2007

Stewart CL, Kaspar P, Brunet L], Bhatt H, Gadi I, Kontgen F, Abbondanzo SJ (1992) Blastocyst
implantation depends on maternal expression of leukaemia inhibitory factor. Nature
359:76-79

Suemori H, Hashimoto S, Nakatsuji N (1988) Presence of the adenovirus E1A-like activity
in preimplantation stage mouse embryos. Mol Cell Biol 8:3553-3555

Suh MR, Lee Y, Kim JY, Kim SK, Moon SH, Lee JY, Cha KY, Chung HM, Yoon HS, Moon SY,
Kim VN, Kim KS (2004) Human embryonic stem cells express a unique set of microRNAs.
Dev Biol 270:488-498

Tai MH, Chang CC, Olson LK, Trosko JE (2005) Oct4 expression in adult human stem cells:
evidence in support of the stem cell theory of carcinogenesis. Carcinogenesis 26:495-502

Thomson JA, Itskovitz-Eldor ], Shapiro SS, Waknitz MA, Swiergiel J], Marshall VS, Jones JM
(1998) Embryonic stem cell lines derived from human blastocysts. Science 282:1145-1147

Tokuzawa Y, Kaiho E, Maruyama M, Takahashi K, Mitsui K, Maeda M, Niwa H, Yamanaka S
(2003) Fbx15 is a novel target of Oct3/4 but is dispensable for embryonic stem cell
self-renewal and mouse development. Mol Cell Biol 23:2699-2708

Urbach A, Schuldiner M, Benvenisty N (2004) Modeling for Lesch-Nyhan disease by gene
targeting in human embryonic stem cells. Stem Cells 22:635-641

Ware CB, Horowitz MC, Renshaw BR, Hunt JS, Liggitt D, Koblar SA, Gliniak BC, McKenna H]J,
Papayannopoulou T, Thoma B et al. (1995) Targeted disruption of the low-affinity
leukemia inhibitory factor receptor gene causes placental, skeletal, neural and metabolic
defects and results in perinatal death. Development 121:1283-1299

Williams RL, Hilton DJ, Pease S, Willson TA, Stewart CL, Gearing DP, Wagner EF, Met-
calf D, Nicola NA, Gough NM (1988) Myeloid leukaemia inhibitory factor maintains the
developmental potential of embryonic stem cells. Nature 336:684-687

Winnier G, Blessing M, Labosky PA, Hogan BL (1995) Bone morphogenetic protein-4 is
required for mesoderm formation and patterning in the mouse. Genes Dev 9:2105-116

Xu C, Inokuma MS, Denham J, Golds K, Kundu P, Gold JD, Carpenter MK (2001) Feeder-free
growth of undifferentiated human embryonic stem cells. Nat Biotechnol 19:971-974



Factors Involved in Self-Renewal and Pluripotency of Embryonic Stem Cells 19

Xu RH, Chen X, Li DS, Li R, Addicks GC, Glennon C, Zwaka TP, Thomson JA (2002)
BMP4 initiates human embryonic stem cell differentiation to trophoblast. Nat Biotechnol
20:1261-1264

Yeom YI, Fuhrmann G, Ovitt CE, Brehm A, Ohbo K, Gross M, Hubner K, Scholer HR (1996)
Germline regulatory element of Oct-4 specific for the totipotent cycle of embryonal cells.
Development 122:881-894

Ying QL, Nichols J, Chambers I, Smith A (2003) BMP induction of Id proteins suppresses dif-
ferentiation and sustains embryonic stem cell self-renewal in collaboration with STAT3.
Cell 115:281-292

Yoshida K, Taga T, Saito M, Suematsu S, Kumanogoh A, Tanaka T, Fujiwara H, Hirata M, Ya-
magami T, Nakahata T, Hirabayashi T, Yoneda Y, Tanaka K, Wang WZ, Mori C, Shiota K,
Yoshida N, Kishimoto T (1996) Targeted disruption of gp130, a common signal trans-
ducer for the interleukin 6 family of cytokines, leads to myocardial and hematological
disorders. Proc Natl Acad Sci U S A 93:407-411

Yuan H, Corbi N, Basilico C, Dailey L (1995) Developmental-specific activity of the FGF-4
enhancer requires the synergistic action of Sox2 and Oct-3. Genes Dev 9:2635-2645



HEP (2006) 174:21-51
© Springer-Verlag Berlin Heidelberg 2006

Embryonic Stem Cell-Derived Embryoid Bodies:
An In Vitro Model of Eutherian Pregastrulation
Development and Early Gastrulation

G. Weitzer

Max E Perutz Laboratories, Department of Medical Biochemistry, Division of Molecular
Cell Biology, University Institutes at the Vienna Biocenter, Medical University of Vienna,
Dr. Bohrgasse 9, 1030 Vienna, Austria

georg.weitzer@univie.ac.at

1 Introduction . . . . . . ... . 21
2 The Genesis of the EmbryoidBody . . . . . ... ................ 22

3 The Influence of Embryonic Stem Cell Lines on Embryoid Body Development 26

4 Pregastrulation-Like Development of Embryoid Bodies . . . . ... ... .. 29
5 Gastrulation-Like Development in Embryoid Bodies . . . . . ... ... ... 35
6 Developmental Noise or Chaos in Embryoid Bodies . . .. .......... 39
7 Perspectives . . . . . . . . ... e 40
8 Conclusions . . . ... ... ... .. 41
References . . . . . .. . . i 42

Abstract In this review, I describe the dawn of embryoid body research and the influence
of stem cell properties on embryoid body development. I will focus on the in vitro differ-
entiation of embryonic stem cells in embryoid bodies. I summarize and combine published
data for embryo-like development of embryoid bodies, and based on these findings, I will
discuss open questions, concerns, and possible future directions of this still emerging field
of research. I hope to provide new perspectives and experimental approaches that go be-
yond the current state of the art to foster an understanding of eutherian embryogenesis and
provide clues for the efficient production of somatic cells for cell therapy.

Keywords Embryoid body - Gastrulation - Morphogenesis - Embryogenesis
1
Introduction

Embryoid bodies represent a unique tool to investigate developmental pro-
cesses. They seem to mimic the development of eutherian embryos during
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stages of pregastrulation development and early gastrulation, and serve as
surrogates of eutherian embryos, which are generally inaccessible following
implantation of late blastocysts into the uterine wall of the mother. Embryoid
body research should therefore facilitate an understanding of embryonic devel-
opment at the molecular and cellular level, and based on this the comparative
phylogeny of species. Establishment of a reliable model of in vitro embryoge-
nesis may also contribute to a reduction in the number of animal experiments
required for tests in the medical and pharmacological field. This research may
significantly contribute to the direct differentiation of embryonic and somatic
stem cells towards a specific cell type useful for therapeutic applications and
for unravelling the cascade of molecular events that lead to the development
of a certain somatic cell type, and inversely, how to exclude the development
of other cell lineages. Last but most importantly, these studies will provide
means to extinguish residual uncommitted cells, which are the source of tu-
mours that would arise during tissue regeneration after injection of embryonic
stem cell-derived somatic cells (Czyz et al. 2003). In this review, I focus on the
developmental processes initiated in embryoid bodies upon aggregation of
embryonic stem cells, and I will ask whether this in vitro model indeed rep-
resents a faithful recapitulation of early eutherian embryogenesis. Based on
these data, I shall discuss future developments, limits, and consequences of
this still evolving field of research.

2
The Genesis of the Embryoid Body

Embryoid bodies are aggregates of stem cells, the development of which is
reminiscent of early eutherian embryogenesis. Embryoid bodies were first
observed and described in the second half of the nineteenth century by the
German anatomist Heinrich Wilhelm Gottfried von Waldeyer-Hartz and by the
German gynaecologist Hans Herrmann Johannes Pfannenstiel (Young 2004)
as an in vivo phenomenon in ovarian tumours. The name “embryoid body”
was likely given by the French scientist Albert Peyron who described them in
testicular tumours (Masson 1970; Peyron 1939). Much later, embryoid bodies
were reported to arise in experimentally induced teratomas and teratocarci-
nomas in mice (Pierce et al. 1960; Stevens 1958, 1959, 1960), and with the
exception of one manuscript demonstrating the developmental potential of
clonal embryonic carcinoma cells in 1964 (Kleinsmith and Pierce 1964), an-
other 15 years passed before embryoid bodies became the subject of in vitro
studies. Arnold Levine generated embryoid bodies from teratoma cells in 1974
(Levine et al. 1974), immediately followed by Gail Martin and J.F. Nicolas in
1975, who generated embryoid bodies from teratocarcinoma cells (Evans 1981;
Martin and Evans 1975; Martin et al. 1977; Nicolas et al. 1975). In 1980, em-
bryoid bodies were generated from a human ovarian teratocarcinoma-derived
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cell line (Zeuthen et al. 1980), and finally from embryonic stem cells, isolated
from the inner cell mass of murine blastocysts (Evans and Kaufman 1981;
Martin 1981). These were the first cells shown to contribute to chimeric mice
and finally to the germ line of an animal (Bradley et al. 1984, 1998). Two years
later, embryonic stem cells were successfully used for the first time as vectors
to introduce a transgene into the germ line of mice (Robertson et al. 1986). In
the meantime, Thomas Doetschman and Rolf Kemler reported that embryonic
stem cells spontaneously differentiate into derivatives of all three germ lines
in vitro (Doetschman et al. 1985), and since then, innumerable data have been
obtained providing evidence that embryoid body-derived somatic cells may
be used as the point of origin for cell therapy, and that embryoid bodies may
represent a useful in vitro model for early eutherian embryonic development.
In 1992, primordial germ cells were also isolated and shown to form embry-
oid bodies (Resnick et al. 1992). It also became evident that embryoid bodies
represented a good tool to study homozygous null alleles (Robertson et al.
1992) with subtle phenotypes that were either hidden in vivo (Bagutti et al.
1996; Fissler et al. 1996; Milner et al. 1996; Weitzer et al. 1995) or caused early
embryonic lethality (Di Cristofano et al. 1998; Fissler et al. 1995; Rohwedel
et al. 1998).

The development of embryoid bodies was dependent on the type and po-
tential of stem cells, and the species from which these cells were derived.
Early embryoid body research, employing different teratocarcinoma cell lines
such as the F9, P19, PC13, C145A12, OC15S1, P10, etc. (Dyban 1984; Martin
1980; McBurney and Strutt 1980), gave useful information on developmental
processes that somehow recapitulated certain aspects of early embryogenesis
(Martin 1980). Due to the different origin of these cell lines and their diver-
gent developmental potential, a common theme could not be established that
provided a uniform picture of in vitro embryonic development. Publication
of articles in French, Russian and German contributed to this mainly cell
line-based Babylonian confusion of tongues. The main prerequisite for the
establishment of an in vitro model of early eutherian embryogenesis was, and
still is, the isolation and in vitro maintenance of embryonic stem cells. These
issues proved to be the rate limiting steps to scientific progress in this field of
research. After four decades of research, embryonic stem cells could only be
isolated from a dozen or so species, and all but the murine embryonic stem
cells failed to contribute to the germ line in chimeric animals (Table 1).

Probably due to the continued failure to isolate and adequately maintain
embryonic stem cells in culture, progress in embryonic stem cell research,
and correspondingly in embryoid body research, was very sluggish until 1990
(Fig. 1). This research area developed more quickly between 1990 and 1997,
a period accompanied by the description of embryonic stem cells and primor-
dial germ cell-like cells. Nonetheless, at the end of 1997, only a total of 260
papers were published in English that mentioned embryoid bodies in their ab-
stracts. This was a frustratingly small number of publications, when compared
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Table 1 Establishment of pluripotent stem cell lines from vertebrate species

Cell type Year  Species Reference?
Teratocarcinoma cell lines
1972  Mouse (Mus musculum) Evans 1972
1980 Human (Homo sapiens) Zeuthen et al. 1980
Primordial germ cells
1992  Mouse (Mus musculum) Matsui et al. 1992; Resnick et al. 1992
1997  Rabbit (Oryctolagus cuniculus) Moens et al. 1997
1997  Chicken (Gallus domesticus) Chang et al. 1997
1997  Pig, Hampshire x Yorkshire Piedrahitaetal. 1998; Shim etal. 1997
(Sus scrofa)
1998  Human (Homo sapiens) Shamblott et al. 1998
Embryonic stem cells
1981 Mouse (Mus musculum) Evans and Kaufman 1981; Martin
1981
1983  Mouse, from haploid blastocyst ~ Kaufman et al. 1983
1983  Mouse, from parthenogenetic Allen et al. 1994; Robertson et al.
blastocyst 1983
1988  Golden hamster Doetschman et al. 1988
(Mesocricetus auratus)
1990  Mouse, from androgenetic Mann et al. 1990
blastocyst
1991  Sheep (Ovis dalli) Notarianni et al. 1991; Wells et al.
1997
1992 American mink (Mustela vison)  Sukoyan et al. 1992; Sukoyan et al.
1993
1993  Rabbit (Oryctolagus cuniculus) Graves et al. 1993; Schoonjans et al.
1996
1994  Rat (Rattus norvegicus)b Tannaccone et al. 1994
1994  Pig (Sus scrofa) Li et al. 2003; Wheeler 1994
1995  Rhesus monkey (Macaca mulatta) Pau and Wolf 2004; Thomson et al.
1995
1996  Cattle (Bos taurus) Mitalipova et al. 2001; Stice etal. 1996
1996 Common marmoset Thomson et al. 1996, 1998
(Callithrix jacchus)
1996  Chicken (Gallus domesticus) Pain et al. 1996; Petitte et al. 2004
1998  Medaka (Oryzias latipes) Hong et al. 1998a, 1998b
1998  Human (Homo sapiens) Thomson et al. 1998
2002 Horse Saito et al. 2002

(Equus sp., Hokkaido native pony)
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Table1 (continued)

Cell type Year  Species Reference®
2002  Cynomolgus monkey Nakatsuji et al. 2002; Suemori et al.
(M. afascicularis) 2003
2004 Mouse Hochepied et al. 2004
(Mus spretus x Mus musculum)
2004 Dog (Canis familiaris) http://swri.ca/scientists/G-L/hough

2004 Human, from cloned blastocyst =~ Hwang et al. 2004

2004 Human, from parthenogenetic Chen and Li2004
blastocyst

2 Selected references indicate only the first reported isolation of stem cells for each species
b Isolation of embryonic stem cells from rat could not be repeated

to other fields of research such as on the role of tubulin, which produced 8,474
papers in the same period of time. Embryoid body research obtained a boost,
and perhaps a logarithmic increase in research interest, after the isolation of
human embryonic stem cells (Thomson et al. 1998), which, similar to mouse
cells, could contribute to all three germ layers in teratomas induced in mice. In
parallel, pluripotent stem cells were derived from cultured human primordial
germ cells (Park et al. 2004; Shamblott et al. 1998). Shortly thereafter, human
embryonic stem cell-derived embryoid bodies were shown to have a poten-
tial comparable to that of murine embryoid bodies (Itskovitz Eldor et al. 2000;
Schuldiner et al. 2000). Finally, in 2004 a Korean group succeeded in generating
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Fig. 1 Historical development of the field of embryoid body research. Data were obtained
from PUBMED, http://www.ncbi.nlm.nih.gov/entrez/query.fcgi covering the time period of
1.1.1900 to 26.11.2004



26 G. Weitzer

embryonic stem cells from cloned human blastocysts (Hwang et al. 2004). For
ethical and practical reasons (or at least experiments were not published), it
is unclear whether any of these human embryonic stem and embryonic germ
cells would contribute to the germ line in chimeric animals (Prelle et al. 2002);
however, these cells were most certainly pluripotent.

The generation of human embryonic stem cells was a step in the devel-
opment of a basic science field, which originated from the observation of
naturally occurring teratomas. The generation of human embryonic stem cell
lines ushered embryonic stem cell and embryoid body research to the medical
field, and put it squarely in the centre of public awareness. Research on human
embryonic stem cells has led to the expectations of possible therapies (Wobus
and Boheler 2005), but it has also raised the specter of serious ethical issues
pertaining to the status and role of these cells in human ontogeny and, for
religious people, in creation. Hypothetically, humans could for the first time
view themselves as a group of cells influenced by an unforeseeable number
of factors and stochastic events. Research on eutherian and, in particular on
human embryos, embryonic stem cells and embryoid bodies may lead to new
therapeutic strategies that will revolutionize medicine, but the inevitable price
for these advances will involve philosophical and ethical questions pertaining
to human self-perception (Nusslein-Volhard 2004).

3
The Influence of Embryonic Stem Cell Lines on Embryoid Body Development

To date, embryonic stem cells have only been isolated from the inner cell mass
of blastocysts from a few eutherian species (Table 1), and it is probable that
many unpublished attempts to generate embryonic stem cell lines from other
species have only met with failure. From our own attempts to isolate new
cell lines from different strains of mice, we learned that embryonic stem cell
lines could be readily obtained from 38% of the explanted blastocysts from
129Sv x C57BL/6] and C3H mouse strains, but only 1% of C57BL/6] inner
cell masses gave rise to an embryonic stem cell line. It has proved impossi-
ble so far to isolate a single embryonic stem cell line from FVB blastocysts.
These highly variable rates of success, with respect to the generation of embry-
onic stem cell lines from different mouse strains performed under identical
conditions, suggest that the genetic background and perhaps even minor epi-
genetic differences between strains and perhaps profound differences among
species might predetermine whether the inner cell masses can survive on feeder
cells in the presence of leukaemia inhibitory factor or not. These strain- and
species-dependent characteristics became even more pronounced when the
cultivation of human embryonic stem cells lines were found to be independent
of leukaemia inhibitory factor (Humphrey et al. 2004).
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Many researchers who have acquired embryonic stem cell lines from other
labs have unfortunately discovered that these cells do not always behave as
their own cell lines, and even worse, some of these lines give rise to unexpected
phenotypes in embryoid bodies. Self-renewal capacity, plasticity and differ-
entiation control, often comprehended as potency, is therefore highly variable
among even isogenic embryonic stem cell lines generated in different labo-
ratories. Embryoid body development is not only influenced by the genetic
background of embryonic stem cells, but also by the complex conditions under
which these embryonic stem cell lines have been generated.

Additional parameters that influence embryonic stem cell potential and
embryoid body differentiation include the developmental stage of the embryo
at the time of embryonic stem cell generation, the time required to reach con-
fluency of embryonic stem cells in vitro, the type of feeder cells, the source and
batch of foetal calf serum, and last but not least, the handling of the cells by
the investigator. The influence of serum components such as growth factors
and cytokines, in particular, of leukaemia inhibitory factor on pluripotency
and differentiation has been the subject of intense investigation (Burdon et al.
2002; Schuldiner et al. 2000). Furthermore, self-renewal capacity (Chambers
and Smith 2004) strongly influences embryoid body development. The initial
proliferation of embryonic stem cells, for example, determines the number
of embryonic stem cells which aggregate to form embryoid bodies, and the
final number of cells in the compact embryoid body strongly influences car-
diomyogenesis and haematopoietic cell development (Bader et al. 2001; Dang
et al. 2002, 2004). Thus embryonic stem cell proliferation and maintenance
of pluripotency significantly contribute to their differentiation potential in
embryoid bodies later on.

Gene microarray analysis of various embryonic stem cell clones also sup-
port the notion that established embryonic stem cell lines have a highly di-
vergent plasticity and differentiation potential. Fortunel et al. (Fortunel et al.
2003) demonstrated that apart from a very small core of common stemness
genes, such as Oct-3/4, Tdgfl (cripto) and Nanog, expression of other genes is
extremely heterogeneous. Currently these findings are insufficient to predict
genes that are necessary or sufficient to maintain pluripotency and self-renewal
capacity of embryonic stem cells by gene array analysis (Bhattacharya et al.
2004; Carpenter et al. 2003, 2004; Ginis et al. 2004; Ivanova et al. 2002; Ramalho
Santos et al. 2002; Sato et al. 2003; Zeng et al. 2004).

So far, too little data have been published with respect to how predifferen-
tiation parameters, other than the genetic background and cell cycle control,
influence differentiation potential and elicit certain phenotypes in embryoid
bodies. Among many explanations for the differential survival of embryonic
stem cells in vitro is the suggestion that rapid loss of the POU domain tran-
scription factor Oct-3/4 in explanted inner cell masses is responsible for the
failure to generate stable embryonic stem cell lines (Buehr et al. 2003). In addi-
tion, premature or delayed downregulation of Oct-3/4 differentially influences



28 G. Weitzer

embryoid body development, in particular, that of extra-embryonic lineages
(Niwa et al. 2000). Alternatively, the time when zygotic transcription starts
will surely determine the availability of receptors for developmentally impor-
tant growth factors, and thus may either foster or hamper the isolation and
maintenance of embryonic stem cells.

Contradictory results and a lack of understanding of the molecular mecha-
nism that influence embryonic stem cell behaviour abet the notion that gener-
ation and/or maintenance of embryonic stem cells somehow cause an unfore-
seeable variability in plasticity and differentiation control. Embryonic stem cell
isolation per se might be prone to uncontrollable epigenetic events or other
stochastic processes that predispose the differentiation potential of embryonic
stem cell lines. For sure, the first contact of an inner cell mass cell with a feeder
layer, trophectodermal cells or primitive endodermal cells, which are located
at the upper surface of the inner cell mass, facing the blastocoel and later on
the culture medium, will predetermine the differentiation potential of these
cells. Developmental stage-dependent differences in isogenic embryonic stem
cell lines and clonal embryonic stem cell lines, derived from single inner cell
masses, respectively, are also responsible for the different developmental po-
tentials of embryoid bodies and the commitment of their primitive ectodermal
cells to certain somatic lineages (Lauss et al. 2005) Even uniform expression of
“stemness” genes (Ramalho Santos et al. 2002) does not guarantee a foresee-
able differentiation potential of newly derived embryonic stem cell lines and
inversely, lack of expression of those genes does not exclude the differentiation
of cells to certain cell lines.

Differential differentiation potentials of isogenic embryonic stem cell lines
has led to the notion, previously discussed (Lake et al. 2000; Stern and Can-
ning 1990), that the inner cell mass is a heterogeneous population of cells.
Considering that cells of the inner cell mass are surrounded by an inhomoge-
neous environment composed of trophectoderm and blastocoel, respectively,
and feeder cells and medium later on, it is probable that embryonic stem cells
are generated stochastically from one or a few of these cells during a narrow
time frame; consequently, these cells will have a defined, but unpredictable
differentiation potential. Since the genetic background does not significantly
contribute to variations in the differentiation potential (i.e. the differentiation
potential varies more between isogenic twins of embryonic stem cell lines than
between different genotypes; Lauss et al. 2005), we need to consider devel-
opmental differences of the inner cell mass at the blastocyst stage. In other
words, when all parameters of embryonic stem cell isolation are effectively
identical and the differentiation potential and differentiation control in iso-
genic embryonic stem cells differ, we must conclude that inner cell mass cells
must correspond to a heterogeneous population with different potentials. Em-
bryonic stem cells, which stochastically are generated from one or a few of
these cells, therefore must have a defined but unpredictable differentiation
potential.
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The inherent epigenetic instability of embryonic stem cells (Humpherys
et al. 2001) may also influence embryonic stem cell differentiation potential. It
is generally accepted that embryonic stem cells are reprogrammed to delete all
epigenetic modifications (Dean et al. 2003; Reik et al. 2001); however, examples
of epigenetic inheritance exist, which may additionally contribute to the diver-
gence of the differentiation potential observed in embryoid body development
(Chong and Whitelaw 2004). Austin Smith places the lack of a physiological ra-
tionale for epiblast cells to have a potential for sustained self-renewal on their
transient role and existence in vivo (Smith 2001a, 2001b), and furthermore
suggests that embryonic stem cell generation may be an “accidental” feature
(Buehr and Smith 2003) that occurs only when a certain balance is attained
between genetic factors and the facility for epigenetic reprogramming.

Parallel studies with a large set of different human and murine embryonic
stem cell lines, e.g. by tagging candidate developmental genes in a stage-specific
manner during the development of embryoid bodies (Xiong et al. 1998), will
certainly help define a common theme underlying their in vitro development
and will provide means to correlate divergent differentiation potentials with the
expression of certain sets of genes. Nevertheless questions remain, concerning
variability of the differentiation potential, that may be further clarified by
cloning several embryonic stem cell lines from individual inner cell mass cells
of a single embryo and then determining their differentiation potential. The
origin, generation and properties of embryonic stem cells have been most
recently and extensively reviewed in an 800-page book edited by Robert Lanza
(Lanza 2004a); however, this review does not touch upon phenomena such as
divergent developmental potentials of isogenic embryonic stem cell clones or
transcriptional noise in embryonic stem cells upon the onset of differentiation.

4
Pregastrulation-Like Development of Embryoid Bodies

Eutherian development requires the implantation of the blastocyst into the
maternal uterus. Compaction of the eight-cell morula and three to four fur-
ther rounds of cell division generate the first cell lineage, the trophectoderm,
which contributes to the placenta (Tanaka et al. 1998). The inner cell mass,
covered by the trophectoderm, then gives rise to the second differentiating
lineage, the primitive endoderm or hypoblast (Watson and Barcroft 2001).
The remaining pluripotent primitive ectoderm constitutes the epiblast. Dur-
ing implantation, primitive endoderm differentiates into two extra-embryonic
lineages, the visceral endoderm and the parietal endoderm, both of which
form the yolk sac (Gardner 1985). Specific cell fates depend on whether prim-
itive endoderm remains on top of the epiblast or migrates along the Reichert’s
membrane formed by trophectoderm and lining the blastocoele surface (Mur-
ray and Edgar 2001b). While visceral endoderm forms a closely associated
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polarized epithelium, parietal endoderm migrates along the inner side of the
trophectodermal bubble and undergoes the first epithelial-mesenchymal tran-
sition in embryonic development (Veltmaat et al. 2000; Verheijen and Defize
1999) (see also Fig. 4). These three extra-embryonic endodermal cell layers
provide the first contact between the conceptus and the uterus, nurture the re-
maining central primitive ectoderm, and deliver signals preparing the epiblast
for gastrulation (Coucouvanis and Martin 1999; Mummery et al. 1991).

Cell adhesion and cell recognition seem to stand at the dawn of embryo-
genesis, and indeed differentiation of embryonic stem cells can be induced by
culturing cells on bacterial grade Petri dishes, tissue culture dishes, in methyl-
cellulose gels, in liquid suspension cultures, or within gel droplets (Dang et al.
2004; Dang and Zandstra 2004; Gerecht-Nir et al. 2004) at high density in the
absence of feeder cells and recombinant leukaemia inhibitory factor. Culturing
embryonic stem cells in monolayers on Petri dishes, in the absence of additional
influences, such as expression of a committing or selecting transgene, leads
primarily to endoderm formation (Thompson and Gudas 2002; Verheijen and
Defize 1999), and a much lower and seemingly irreproducible development of
other lineages, such as neurons (Li et al. 1998) or cardiomyocytes (Weitzer,
unpublished results). Experimental approaches using suspension cultures of
embryoid bodies in combination with cell-specific selection procedures may
well give rise to pure cell lines suitable for cell therapy; however, this will
not allow one to study developmental processes that mimic embryogenesis be-
cause of the lack of a reproducible and uniform spatiotemporal organization of
these cell aggregates, which requires, firstly, a uniform size of embryoid bodies,
and secondly, an implantation-simulating attachment of embryoid bodies to
a surface (Bader et al. 2001).

Reproducible aggregation of embryonic stem cells may be achieved in hang-
ing drop cultures, which is much more laborious than suspension cultures;
however, these cultures guarantee the generation of embryoid bodies with
a uniform size and an equal number of embryonic stem cells. A sufficiently
large number of aggregating embryonic stem cells are necessary to give rise to
a critical mass of cells within embryoid bodies. Once formed, the cell mass fun-
damentally influences further development of embryoid bodies (Bader et al.
2001; Miki 1999; Nicolas et al. 1975); therefore, size uniformity of embryoid
bodies is an inevitable prerequisite for studying embryogenesis-like devel-
opmental processes. It is of utmost importance to establish the correct mi-
croenvironment within an embryoid body to maintain or mimic intrinsic cell
properties that are critical to the precise regulation of a developmental sched-
ule. This is currently best achieved by a rigorous control of the size of embryoid
bodies. Differentiation protocols that use varying numbers of embryonic stem
cells, varying percentages of residual leukaemia inhibitory factor-producing
feeder cells, or variations in the time that embryonic stem cells are allowed to
aggregate, resulted in significant differences in cell lineage commitment. The
successful development of rhythmically beating cardiomyocytes, for example,
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diverges greatly depending on the experimental conditions (Dang et al. 2002;
Kuo et al. 2003; Maltsev et al. 1993; Sachinidis et al. 2003; Weitzer et al. 1995).

Mouse embryogenesis is recapitulated best in embryoid bodies when a cul-
ture regime is employed that temporally resembles zygote development in
the fluid-like environment of the oviduct to the compacted 64 cell containing
morula and early 128 cell blastocyst, followed by the implantation of the 128-
256 cell blastocysts or early egg cylinder stage embryo into the uterine wall at
day 4.5 postcoitum. In hanging drop cultures, embryonic stem cells aggregate
within 24 h and form an early morula-like structure. The initial number of
embryonic stem cells, however, must be significantly higher than the 16-64
cells of a morula to guarantee development of cells within an embryoid body
into derivatives of all three germ layers (remove later on) (Bader et al. 2001;
Dang et al. 2004); however, it is still questionable whether embryonic stem cell
aggregation is a process that is truly comparable to morula aggregation and
compaction, particularly since normally trophectoderm development does not
follow compaction of embryoid bodies.

In many laboratories, the initial embryonic stem cell number required for
appropriate aggregation and embryoid body formation ranges from 300 to
700 cells. Most likely many of these aggregating cells cannot attach to each
other and die, due to damage suffered during trypsination, suspension of
embryonic stem cells, or removal of feeder cells. Aggregation and further
development is also influenced by the percentage of residual leukaemia in-
hibitory factor-secreting feeder cells (Bader et al. 2000). Feeder cells interfere
with the formation of a morula-like aggregate of embryonic stem cells, be-
cause, firstly, they compete for cell-cell interactions with embryonic stem
cells; secondly, they insulate communication between embryonic stem cells;
and thirdly, they secrete leukaemia inhibitory factor, which negatively affects
differentiation to both primitive endoderm and primitive ectoderm by sus-
taining Oct-3/4 expression in embryonic stem cells (Niwa et al. 2000; Pesce and
Schoéler 2001).

Once embryonic stem cells successfully aggregate to form small spheres
roughly 50-100 pm in diameter, the irregular surface smoothens during the
2nd day of in vitro development to morphologically resemble the process of
morula compaction (Fig. 2a). After 3 days, embryoid bodies have a diameter of
100-200 pm and the first primitive endoderm cells appear as refractive bubbles
on the surface of the embryoid body (Adamson et al. 1985; Grover et al. 1983).
Aggregation of stem cells per se induces primitive endoderm differentiation
by downregulation of the stemness factor Nanog (Hamazaki et al. 2004), which
is mediated by Ras and MAPK (Smith et al. 2004; Yoshida-Koide et al. 2004).
At this time, the outermost cells of the embryoid bodies start to express alpha-
fetoprotein (Miki 1999) and N-acetyl-galactosamine epitopes (Bader et al.
2001), and continue to emerge from the embryonic stem cell aggregate until
the entire surface of the sphere is covered by primitive endoderm by day 4-5
(Li et al. 2003b; Smyth et al. 1999) (Fig. 2b, 2e).
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Fig. 2a—e The early development of embryoid bodies. Aggregation of embryonic stem cells
and development to embryoid bodies consisting of a central epiblast-like primitive ectoderm
and an enclosing hypoblast-like primitive endoderm. a The irregularly shaped embryonic
stem cell aggregate that forms after 1 day (upper left) develops into a spherical embryoid
body by day 2 (middle) that increases in size through the formation of an outer layer
of primitive endoderm cells (bubble-like cells, lower right) and epithelialization of the
primitive ectoderm (not visible). b A cystic embryoid body on day 4.5 with an early visceral
endoderm bubble right before attachment to a collagen-coated culture dish. ¢ An attached
embryoid body on day 5 with migrating primitive endoderm cells that differentiate to
parietal endoderm cells. d An embryoid body on day 6 with a uniform central mass of cells
presumptively composed of primitive ectoderm and early mesoderm surrounded by parietal
endoderm. Phase contrast images, bar 70 pm. e Scanning microscopy images of embryoid
bodies in suspension culture at days 2, 5 and 7 after aggregation demonstrates increasing
epithelialization of the extra-embryonic endoderm engulfing the embryoid bodies. Note that
these embryoid bodies are composed of a larger initial number of embryonic stem cells, and
that the size of embryoid bodies does not increase in suspension as much as when attached to
a surface. Images were kindly provided by Dr. Anna Wobus (Wobus et al. 1997). Bars, 50 pm

Concomitantly, these cells start to secrete components of the extracellular
matrix to form a basement membrane (Aumailley et al. 2000; Gao et al. 2004; Li
etal. 2001, 2004; Murray and Edgar 2001b; Smyth et al. 1999), which effectively
isolates the remaining embryonic stem cells from at least some environmen-
tal influences and consequently generates a new microenvironment for the
emerging primitive ectoderm. The pattern of endodermal gene expression in
embryoid bodies reflects the order found during murine embryogenesis in
vivo (Abe et al. 1996; Leahy et al. 1999). At the inner side of the primitive endo-
derm, embryonic stem cells develop into primitive ectoderm that reorganizes
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into a columnar epithelium (Ikeda et al. 1999; Smyth et al. 1999) surround-
ing a central cavity. Expansion of the cysts proceeds either by apoptosis or
by reorganization of the growing embryoid body (Miki 1999). This results in
a functional analogue to the amniotic cavity of the peri-implantation embryo.

When embryoid bodies are removed from hanging drop cultures and placed
on a collagen-coated surface at day 4.5, a time when murine blastocysts lose
their zona pellucida and start to implant into the uterine wall, primitive en-
doderm attaches to the artificial extracellular matrix and starts to migrate
(Fig. 2¢). The collagen matrix, which substitutes for Reichert’s membrane
at the inner side of the trophectoderm of an embryo, facilitates attachment
of primitive endoderm cells (Fig. 2d) and promotes the differentiation to
parietal endoderm (Adamson et al. 1985; Casanova and Grabel 1988; Grabel
and Casanova 1986; Grabel and Watts 1987; Grover et al. 1983) in a GATA-
6-dependent manner (Fujikura et al. 2002; Li et al. 2004). Parietal endoderm
migration is regulated by integrins (Jiang and Grabel 1995), and subsequently
parietal endoderm undergoes an epithelial to mesenchymal transition at the
distal part of the attached embryoid bodies (Cheng and Grabel 1997; Jiang
et al. 1995; Murray and Edgar 2001b). Visceral endoderm develops as epithe-
lial bubbles on top of the central cell mass (Bader et al. 2001; Conley et al.
2004a; Murray and Edgar 2001a). Indian hedgehog promotes development of
visceral endoderm in F9 embryonic carcinoma cell-derived embryoid bodies
(Becker et al. 1997; Coucouvanis and Martin 1999), whereas the transcription
factor MyoR functions as a transcriptional repressor of endoderm develop-
ment (Yu et al. 2004). Targeted disruption of either GATA-4 (Soudais et al.
1995) or fibroblast growth factor receptor 1 (Esner et al. 2002) blocks the de-
velopment and maturation of visceral endoderm. Finally, bone morphogenetic
protein signalling is required for the differentiation of visceral endoderm and
the cavitation of embryoid bodies (Coucouvanis and Martin 1999). Cavitation
defines the volume of liquid in the pro-amniotic cavity below the epithelium
of primitive ectoderm in embryoid bodies. In F9-derived embryoid bodies,
the volume of liquid functions as a signal for visceral endoderm differentia-
tion, thus influencing the later fate of embryoid bodies (Miki 1999). Notably,
until the stage of differentiation that resembles the implanted pre-egg cylin-
der state of a murine embryo, embryoid bodies maintain a three-dimensional
point symmetry. Symmetry is disturbed when embryoid bodies are attached,
in particular when cultured at a distance from their neighbours of less than
600 pm.

Removal of the primitive endoderm, at the time when embryoid bodies
have formed a continuous layer at the outer side of the sphere, results in
asignificantly delayed attachment of embryoid bodies, and delays gastrulation-
like development and mesoderm formation (Bader et al. 2001; Li et al. 2002);
however, it did not irreversibly abolish any developmental process leading to
cardiomyocytes. Because removal of primitive endoderm does not inhibit and
only delays cardiomyogenesis, it may be reasoned that residual embryonic
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stem cells, or primitive ectoderm, still have the potential to form primitive
endoderm, and that primitive endoderm secretes factors necessary for proper
mesoderm development and cardiomyogenesis.

Formation of epithelial primitive endoderm is also necessary for the gen-
eration of the basement membrane on which primitive ectoderm undergoes
epithelialization (Li et al. 2003b). The loss of the basement membrane in
integrin-p17/~ (Aumailley et al. 2000; Li et al. 2002), laminin-y1~/~ (Aumailley
et al. 2000; Li et al. 2002), and dominant negative fibroblast growth factor re-
ceptor expressing embryoid bodies (Chen et al. 2000) results in a total failure
of epithelialization of the primitive ectoderm and cavitation of embryoid bod-
ies (Li et al. 2003b). Thus primitive endoderm seems to be an indispensable
requisite for proper development of primitive ectoderm and uninterrupted
gastrulation-like processes. Epithelialization of primitive ectoderm in embry-
oid bodies depends also on the function of afadin, a key player in epithelial
cell-cell interactions (Ikeda et al. 1999). It is essential for further embryo-like
development of embryoid bodies, because apoptosis of primitive ectoderm
but not of primitive endoderm was increased in afadin-null embryoid bodies
before gastrulation.

Basement membrane proteins are necessary but not sufficient for the ex-
pression of ectoderm-specific genes in the epithelial primitive ectoderm. The
role of extracellular factors evidently plays the major role in commitment of
embryonic stem cells to certain lineages in embryoid bodies (Czyz and Wobus
2001). Thus both extracellular matrix components and soluble growth fac-
tors produced by the primitive endoderm cells and their derivatives, visceral
endoderm and parietal endoderm, seem to be obligatory for full ectoder-
mal development and further gastrulation-like processes in embryoid bodies
(Bader et al. 2001; Murray and Edgar 2001a, 2001b; Schuldiner et al. 2000; Velt-
maat et al. 2000; Verheijen and Defize 1999). Thus, while endodermal cells are
necessary for the formation of basement membrane, on which epithelializa-
tion of the primitive ectoderm commences, other factors, partly produced by
extra-embryonic and later by definitive endoderm, such as the transforming
growth factor-B/bone morphogenetic protein, wnt, notch, fibroblast growth
factor, and hedgehog family members and their respective receptors, are all
necessary for gastrulation and formation of mesoderm (Brand 2003; Harland
and Gerhart 1997; Pandur et al. 2002; Schultheiss et al. 1997; Wang et al. 2004).
Epithelialization, as probably the first process of cell organization in the epi-
blast and hypoblast, both in vivo and in vitro, is immediately followed by an
epithelial to mesenchymal transition of hypoblast-derived parietal endoderm,
which further contributes to embryoid body development by the upregulation
of growth factor expression in mesenchymal parietal endoderm (Stary et al.,
personal communication). In summary, embryoid body development perfectly
recapitulates hypoblast development by producing primitive endoderm that
gives rise to visceral endoderm and parietal endoderm; the latter undergoes
an epithelial to mesenchymal transition to mature mesenchymal parietal en-
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doderm and through these developmental processes provides the foundation
for consecutive gastrulation-like development in embryoid bodies.

Most importantly, these processes lead to a highly ordered structure within
embryoid bodies (Ikeda et al. 1999; Li et al. 2002, 2003b, 2004; Vallier et al.
2004), which can be seen in immunostained cross-sections of embryoid bodies.
Patricia Murray and David Edgar were the first to point out a topographical reg-
ulation of the pregastrulation-like development of embryoid bodies (Murray
and Edgar 2004), and they demonstrated that cellular asymmetry and polarity
arises from the interaction of embryonic stem cells in an aggregate both by
direct cell-cell interaction and via the extracellular matrix. Based on the simple
point-symmetrical topography of the early cystic embryoid body, composed
of primitive ectoderm and primitive endoderm, topographically predestined
interactions built up structures that allow subsequent developmental processes
such as gastrulation.

5
Gastrulation-Like Development in Embryoid Bodies

By day 4 to 5 post aggregation, the embryoid body resembles a point-sym-
metrical shell composed of an inner epiblast and an outer endoblast. The
surrounding culture medium may function as a substitute for the blastocoel,
and similarly the inner cavity of the embryoid body may serve as a surro-
gate for the pro-amniotic cavity. Once an embryoid body has attached via its
primitive endoderm layer, and visceral endoderm and parietal endoderm have
formed, the central mass composed of primitive ectoderm starts to proliferate
and mesodermal cells expressing brachyury or haemoglobin appear within
2 days (Bader et al. 2001; Doetschman et al. 1985; Leahy et al. 1999). So far,
a gastrulation-like process is only apparent from the expression of markers
for mesoderm (Keller et al. 1993), definitive endoderm (Kubo et al. 2004),
and definitive ectoderm (Lake et al. 2000; Lang et al. 2004; Pelton et al. 1998;
Rathjen and Rathjen 2003). Despite the development of a variety of somatic
cells of all three germ lineages in embryoid bodies, as extensively reviewed by
Anna Wobus and Richard Mollard (Conley et al. 2004b; Czyz et al. 2003) and in
other chapters of this book, there is no doubt that gastrulation-like processes
take place in embryoid bodies, but thus far morphological cell movements
resembling gastrulation (Keller et al. 2003) have not been described, and as
such, embryoid body development is generally considered to be chaotic.

We have previously described a ring-like arrangement of brachyury-positive
mesoderm, erythrocytes and cardiomyocytes situated around the centre of
embryoid bodies (Bader et al. 2001). If embryoid bodies are handled carefully
and individually placed on gelatin-coated culture dishes, a rudimentary mor-
phogenetic development can be observed in a small percentage of embryoid
bodies between days 6.5 and 9 (Fig. 3). From days 6 to 7, the two-dimensional
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point-symmetrical arrangement of the central portion of an embryoid body is
disturbed by the formation of a wedge-like epithelial sheet of cells positioned
on one side of the embryoid body. These cells are located between the inner
cells, which are mainly composed of presumptive primitive ectoderm, and the
outer flatted area, which is composed of parietal endoderm cells (Fig. 3a). At
day 7, this cellular sheet increases in size; however, it always remains on one
side of the embryoid body to establish a twofold axis (Fig. 3b). Axis formation
becomes more evident between days 8 and 9 when a horseshoe-shaped, thick
area of cells separates from the centre of the embryoid body and migrates or
is pushed distally (Fig. 3¢, d). This horseshoe-shaped area is lined at its distal
side by visceral and parietal endoderm (Fig. 3e), and it contains somatic cells
of mesodermal origin such as erythrocytes and fat cells (Fig. 3f, g). The devel-

Fig. 3a-h Axis formation in attached embryoid bodies. a Formation of a flat epithelial cell
sheet on one side of the embryoid body at day 6.5. b Increase in the size of the epithelial cell
sheet at day 7 and beginning of the asymmetric separation of putative mesodermal cells
from the centre of embryoid bodies. ¢ Day-8 embryoid body with a clear horseshoe-shaped
area of mesoderm containing cell layers. d Dark-field image of a day-9 embryoid body
highlighting the elevated horseshoe shaped area. e visceral endoderm (dark purple area)
located on top of the horseshoe-shaped area surrounded by epithelial parietal endoderm
(purple cells) and more distally by mesenchymal parietal endoderm (light purple cells)
in a day-9 embryoid body. Toluidine blue O-stained embryoid body. f Horseshoe-shaped
location of erythropoietic cells in a day-8 embryoid body (dark bluish areas), Benzidine-
stained embryoid body. g Day-9 embryoid body with the asymmetric position of the bright
epithelial cell sheet negative for adipocytes that contain fat droplets. Sudan Red III-stained
embryoid body. h First-axis formation in an E4.5 blastocyst by the differentiation of the
inner cell mass into primitive ectoderm (bright cells of the inner cell mass), and primitive
endoderm (light brown cells of the inner cell mass), the latter building the border towards the
blastocoel. Phase contrast images (a—c, h); dark field image (d); bright field images (e-g).
Black dots, centre of embryoid bodies; dashed line, putative axis; arrows, demarcation of the
borders of the asymmetric epithelial cell area. Bars in a-g, 100 pm; in h 25 pm
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opment of mesodermal cells in a restricted area of embryoid bodies suggests
a gastrulation-like development and axis formation might be similar to the
rostrocaudal axis superimposed on the primitive streak of the early mouse
gastrula (Rossant and Tam 2002).

Symmetry and the axis are lost when embryoid bodies are cultured at high
densities. Usually, embryoid bodies, placed at a distance closer than one to
two diameters, develop in a stochastic manner. These chaotic events may be
induced by the uncontrolled diffusion of secreted growth factors from one em-
bryoid body to the next and are particularly pronounced when neighbouring
embryoid bodies are at distinct developmental stages and thus secrete differ-
ent growth factors, or when plates are moved and medium is changed, which
effectively destroys established gradients of secreted growth factors.

Embryoid bodies, in all probability, express most if not all of the growth
factors, cytokines, signal mediators and transcription factors necessary for
the induction and regulation of embryogenesis in vivo (Czyz and Wobus 2001;
Mummery et al. 1990; O’Shea 2004). The development of ordered structures
in certain areas of the embryoid bodies may be the key event associated with
reproducible cell-cell contacts and morphogen gradient formation, which are
necessary to direct the spatiotemporal regulation of growth factors on devel-
opmental processes. Additionally, the formation of reproducible asymmetric
structures in embryoid bodies provides clues with respect to how spatiotem-
poral development may occur. Thus the interaction of cells, the regulation
of cell adhesion, the commitment to certain cell fates and the observation of
rudimentary morphogenesis suggest that an intricate network of inductive
interactions, which patterns and shapes the embryo in vivo, also commence
in vitro, in embryoid bodies. Comparison of the morphology of a late egg
cylinder-stage and early gastrula-stage embryo with the morphology of an
attached embryoid body on day 7 indeed suggests that embryoid bodies may
mimic early embryonic development (Fig. 4).

By analogy, the surface of the culture dish fulfils the role of Reichert’s mem-
brane on which the parietal endoderm migrates and differentiates, and the
culture medium steps in for the liquid filled blastocoel (Watson and Barcroft
2001). Between these two environmental barriers, the hypoblast develops into
visceral endoderm, which forms large yolk sac-like bubbles (Abe et al. 1996;
Conley et al. 2004a) on top of the central mass of cells resembling the epiblast. In
this region, the primitive ectoderm gives rise to embryonic endoderm, defini-
tive ectoderm and mesoderm, the latter of which has been studied extensively
because it seems to be a default pathway that generates rhythmically beating
cardiomyocytes that appear between days 7 and 8 of in vitro differentiation
(Doetschman et al. 1985). Ever since these initial findings, cardiomyogenesis
in embryoid bodies has been studied in great detail by many research groups,
including ours, and the results of these studies have led directly to the field
of cell therapy of cardiac diseases, which are reviewed and discussed from
different points of view by several authors in this book.
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Fig. 4 Schematic comparison of cells and structures between an embryoid body on day 7
and an early egg cylinder stage mouse embryo. The embryoid body is attached to a collagen
matrix (green line) that substitutes for Reichert’s membrane (black line) via primitive
endoderm (green rectangular cells underneath the centre of the embryoid body) and later
on via parietal endoderm (yellow cells). The visceral endoderm (green cells), lining the
primitive ectoderm (purple cells) in the embryo, forms epithelial cysts on top of the central
cell mass of embryoid bodies, which is composed of primitive ectoderm (purple cells),
mesodermal cells (red elliptic cells) and embryonic endoderm (green cells). The culture
medium substitutes for the blastocoel, and central cyst in the embryoid body is analogous
to the pro-amniotic cavity in the embryo

Other than the generation of somatic cells for cell therapy, which is be-
yond the scope of this review, the most stunning findings that have resulted
from embryonic stem cell-derived embryoid body research have been the in
vitro generation of germ cells. Embryoid body-derived oocytes can give rise to
parthenogenetic blastocysts (Hubner et al. 2003), and embryoid body-derived
male gametes have been successfully used to fertilize oocytes to produce diploid
blastocysts (Geijsen et al. 2004; Lacham-Kaplan 2004). These results demon-
strate that structural self-organization of cells indeed takes place in embryoid
bodies, thus raising the possibility that viable and perhaps implantable blas-
tocysts, which have no parents except the foster mother, can be generated
from male embryonic stem cell-derived gametes and female embryonic stem
cell-derived oocytes in vitro. This raises the possibility that embryos can be
generated in vitro for the purpose of establishing new embryonic stem cell
lines, which should be ethically less controversial and suitable for the study of
germ cell development and fertilization in vitro. The “horror scenario”, which
alludes to the homunculus theme, has luckily not yet reached public awareness.
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6
Developmental Noise or Chaos in Embryoid Bodies

The phenotype of any organism results from a combination of factors, including
genotype, epigenetic parameters, and the environment (Rakyan et al. 2001),
anditincludes a poorly understood component termed “developmental noise”.
Developmental noise, also known as “intangible variation”, is rarely discussed,
even though it appears to contribute significantly to the variance of quantitative
traits within a species. The molecular basis of developmental noise remains
unknown, but it appears to be established in embryonic development and to be
retained for the life of the organism. It has been proposed that the molecular
basis of developmental noise is, at least in some instances, the epigenetic state
of the genome (Blewitt et al. 2004). The stochastic nature for the establishment
of an epigenetic state, combined with its heritability during mitosis, seems
to provide all of the essential components for developmental noise during
embryogenesis.

Stochastic patterning and developmental noise most-likely take place in
embryoid bodies and may well be caused, firstly, by stochastic gene expression
during differentiation processes that lead to intangible variations in the pheno-
type, secondly, to so called variegation, the mosaic expression of a gene within
a given embryoid body, and thirdly, to random monoallelic expression, inde-
pendent of parental origin. The possibility that epigenetic modifications are
not fully or differentially reset in embryonic stem cell clones further increases
the spectrum of phenotypes and fosters the somehow perfunctory notion
that embryoid body development is mainly stochastic. These parameters, with
currently unpredictable consequences, are interpreted as being chaotic. This
somewhat pessimistic view, however, should not affect our continuous endeav-
our to understand the molecular mechanisms causing variation of phenotypes.
Research on embryoid body development might significantly contribute to the
discovery of mechanisms that act on top of the genetic program to finally
determine the phenotype of each individual organism.

The distinct topographical regulation of very early embryoid body devel-
opment (Murray and Edgar 2004) and the observation that a given embryonic
stem cell line contributes equally well to the development of a certain somatic
cell type over time stand in opposition to the notion that embryoid body de-
velopment is completely chaotic. As an example of the latter, we have employed
AB2.2 cells (Soriano et al. 1991) to generate cardiomyocytes from embryoid
bodies for 12 years. On average, 86% of all the embryoid bodies produced dur-
ing this period have yielded equal amounts of beating cardiomyocytes (Lauss
et al. 2005), strongly suggesting that these events cannot be wholly chaotic.
Transformation of a uniform spherical shell-like shaped embryoid body into
a flattened disc with, at least initially, a twofold axis furthermore suggests
the existence of intrinsic information for patterning in the cell aggregate. In
summary, I have tried to put together the first “pieces of a puzzle” that may
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eventually clarify in vitro morphogenesis and in vitro embryogenesis-like de-
velopment.

7
Perspectives

We are only now beginning to understand the morphological processes that
occur during in vitro differentiation of embryoid bodies; consequently, many
more issues remain to be solved than answers currently can be provided. I will
conclude by focusing on three pending questions related to embryogenesis-like
development of embryoid bodies.

First, why do embryonic stem cell aggregates fail to develop into blastocysts?
The preceding description and discussion of pregastrulation development of
the hypoblast-like domain in embryoid bodies clearly points out that primitive
endoderm and not trophectoderm form on the surface of embryonic stem
cell aggregates. Nonetheless, murine embryonic stem cells can differentiate
to trophectoderm in an Oct-3/4-dependent manner (Rossant 2001), and hu-
man embryonic stem cells require Bmp-4 to generate trophoblasts (Xu et al.
2002). Lack of trophectoderm formation on the outer surface of embryonic
stem cell aggregates may be due to the absence of the zona pellucida, which
might contribute some important signals for trophectoderm development.
Alternatively, loss of competence of embryonic stem cells to develop into tro-
phectoderm might be a consequence of the morula to blastula transition and
consecutive embryonic stem cell generation procedures. Isolation of embry-
onic stem cells from compacted morula, however, does not solve this problem
because these cells differentiate to an inner cell mass indistinguishable from
those derived from embryonic stem cell lines (Weitzer, unpublished results).
Most-likely, morula-derived cells must first develop to inner cell mass cells
in vitro before embryonic stem cells can be derived. This would also explain
the extremely low frequency of successful derivation of embryonic stem cell
lines from morula-stage embryos. Finally, primitive endoderm, which devel-
ops by default from even nonaggregated embryonic stem cells, may secrete
factors that are nonpermissive for trophectoderm development, particularly
since temporally trophectoderm development in vivo begins prior to primitive
endoderm development.

Second, does the timing of in vitro embryogenesis in embryoid bodies
mimic embryogenesis? It may well be that embryonic-like development in
embryoid bodies is shifted or spread over time and space. In other words, do
remnant self-renewing embryonic stem cells continuously “top up” the pool of
some somatic lineages? This appears to be the case, because we have succeeded
in isolating embryonic stem cell clones from 19-day-old embryoid bodies
that have an in vitro differentiation potential indistinguishable from their
ancestor embryonic stem cell line for at least 15 passages (Weitzer, unpublished
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results). Thus embryonic stem cells when encapsulated in perhaps cystic areas
of embryoid bodies, where they are shielded against influences that induce their
differentiation, can be maintained pluripotent and remain undifferentiated
even under conditions that promote differentiation. Consequently, the timing
of in vitro embryogenesis is disturbed by the continuous development of new
cells. The development and longevity of a certain cell type in embryoid bodies
thus may be protracted by continual commitment of embryonic stem cells
to primitive ectoderm and subsequent development of somatic cells. This
constitutes a major problem, because residual stem cells present in embryonic
stem cell-derived somatic cells can give rise to tumours. Getting rid of these
undifferentiated cells therefore remains a major obstacle in stem cell research
that must be surmounted before stem cell-based therapies can be effectively
realized.

Third, what are the mechanisms by which a morphogen gradient (Smith
and Gurdon 2004) can be established and maintained in embryoid bodies,
and is it possible to obtain morphogenetic development in three dimensions
in vitro? Ways to increase the similarities between early embryos in vivo and
embryonic-like development in embryoid bodies in vitro might include, firstly,
the identification of a suitable substitute for the missing zona pellucida. Sec-
ondly, it may be necessary to provide a uterus-like substrate for embryoid
bodies for pseudo-implantation. This would perhaps improve in vitro gastru-
lation by providing additional growth factors secreted from extra-embryonic
or maternal compartments. And thirdly, it will be necessary to reduce or avoid
serum supplementation, because in vivo, blastocysts do not come directly into
contact with the maternal serum. Serum can also be cytotoxic, and it can
inhibit developmental processes.

Finally, it will be interesting to determine whether somatic, so-called adult
stem cells, have the potential to form embryoid bodies and give rise to all those
somatic cell lines that can be generated from embryonic stem cell-derived
embryoid bodies. This would provide further evidence that morphogenetic
development is not a unique feature of the eutherian zygote.

8
Conclusions

In this review, I have focused on a single aspect of stem cell research and
tried to demonstrate that the analysis of embryoid bodies may be useful,
at the molecular and cellular level, to further our understanding of events
that occur at the very beginning of eutherian embryogenesis. This review
stands on the shoulders of several excellent reviews describing embryoid body
development from different points of view. The most recent ones (Boheler
et al. 2002; Conley et al. 2004b; Czyz et al. 2003; Daley 2003; Desbaillets et al.
2000; Edwards 2004; Hescheler et al. 1997; Lavon and Benvenisty 2003; Murray
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and Edgar 2004; Nakatsuji and Suemori 2002; O’Shea 2004; Prelle et al. 2002)
culminated in a two-volume monograph that encompasses most aspects of
stem cell biology (Lanza 2004a, 2004b) and range from the origin of stem cells
to the therapeutic application of their somatic derivatives, and conclude with
ethical considerations.

The field of stem cell research and with it embryoid body-related research is
divided into two camps. The intentions of each camp in embryoid body studies,
however, seem to compete for acceptance and are apparently contradictory.
One camp focuses on ways to make embryonic stem cells differentiate into
one cell type only and meet the demands of cell therapy. On that subject,
a plethora of papers sufficient to fill another chapter of this book have been
published since human embryonic stem cells were first described in 1998. This
type of research has gained tremendous public awareness because of the hope
and hype for novel approaches to treat many currently incurable diseases.
The second much smaller camp has focused on the developmental biology
of stem cells and has attempted to understand the orderly development of
all cell types and tissues in vitro. This sounds like pure basic science, but
in the long run these approaches will contribute to cell therapy - the first
and generally more desirable aim with a clear societal and medical impact.
Investigation of in vitro pregastrulation and gastrulation-like development in
embryoid bodies will likely provide answers to how lineage commitment and
propagation takes place in the eutherian embryo, and consequently, these basic
science studies will satisfy not only the curiosity of scientists, but will contribute
to a reduction in the number of otherwise necessary animal experiments, and
more importantly, will provide hints on how differentiation of many types of
stem cells can be deliberately directed to obtain pure somatic cells for future
cell-based therapies.
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Abstract Major research initiatives in antiangiogenesis research have been undertaken to
control angiogenic diseases such as polyarthritis, psoriasis, endometriosis, and diabetic
retinopathy, and inhibition of tumor-induced angiogenesis has emerged as one of the most
promising anti-cancer therapies currently available. Although several quantitative in vivo
(i.e., animal models) as well as in vitro (i.e., pure endothelial cell cultures) angiogenesis
assays have been described, the development of novel angiogenesis assays with organotypic
culture systems that take into account oxygen and nutrient gradients, depth-dependent
changes in intracellular pH and a redox state similar to that found in a natural tissue
microenvironment are necessary to investigate blood vessel growth. Embryonic stem cells
of mouse and human origin have the capacity to develop into three-dimensional tissues
with functional capillaries, and this model system represents an excellent in vitro model for
antiangiogenesis research. Upon confrontation of stem cells by co-culture with multicellular
tumor spheroids, tumor-induced angiogenesis, i.e., the invasion of endothelial host-derived
cells into a tumor tissue, can also be monitored. The current review provides an overview
of embryonic stem cells as novel tools for antiangiogenesis research and outlines the use of
confrontation cultures for the study of tumor-induced angiogenesis.

Keywords Embryonic stem cell - Embryoid body - Angiogenesis - Vasculogenesis -
Tumor-induced angiogenesis
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1
Introduction

Increasing numbers of angiogenesis assays have been developed in recent years
to investigate the molecular events of angiogenesis, and it has become evident
that combinations of assays are necessary to investigate the complex cellular
and molecular events associated with in vivo angiogenesis (Jain et al. 1997;
Auerbach et al. 2003; Staton et al. 2004). The ideal assay would be reliable,
technically straightforward, easily quantifiable, and physiologically relevant
(Staton et al. 2004), but most of the currently available assays meet only one
of these criteria, principally because of the complexity of blood vessel forma-
tion in embryos and adult organisms. In vivo, the adult vasculature system is
formed from a network of blood vessels that develops during embryogenesis in
a process called vasculogenesis. By definition, vasculogenesis means de novo
blood vessel formation from endothelial cell precursors. These endothelial
cell precursors, i.e., the angioblasts, proliferate and coalesce into a primitive
network of blood vessels, thereby forming the primary capillary plexus. From
this endothelial cell lattice, angiogenesis (i.e., the sprouting and anastomosis
of blood vessels from preexisting ones) subsequently occurs (Papetti et al.
2002; Jain 2003). Thus, the endothelial cell is central to the angiogenic process,
but it is not the only cell type involved. In vivo angiogenesis is regulated by
several supporting cells, e.g., pericytes, smooth muscle cells, and fibroblast.
Furthermore, circulating blood with its cellular and humoral components and
the mechanical force that it exerts onto the vascular wall are critical to the
process of angiogenesis. This is especially true for arteriogenesis, which refers
to the growth of preexisting collateral arterioles and the formation of large
conductance arteries that are able to compensate for the loss of function of
occluded arteries. The process of arteriogenesis is initiated when shear stresses
increase in preexisting collateral pathways upon narrowing of a main artery.
The increased shear stress leads to an upregulation of cell adhesion molecules
for circulating monocytes, which accumulate subsequently around the prolif-
erating arteries to provide essential cytokines and growth factors (van Royen
etal. 2001). An absence of all these adjuvant factors essential to endothelial cell
growth and lumen formation limits the reliability of many in vitro angiogen-
esis assays, which are routinely based on pure endothelial cell cultures grown
in either two- or three-dimensions.

In vivo angiogenesis requires that mural cells, i.e., pericytes, be released
from the sprouting blood vessel before branching can proceed. Subsequently,
basement membrane and extracellular matrix are degraded by matrix-metallo-
proteinases (MMPs), and stromal cells synthesize new matrix to promote mi-
gration and proliferation of endothelial cells (Nguyen et al. 2001). This pro-
cess is supported by several soluble growth factors, which either positively
or negatively guide the complex phenomenon of blood vessel growth. Since
endothelial cells in most in vitro assays are removed from their natural tissue
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microenvironment, no in vitro assay is currently available that fully simulates
the fine-tuned set of events that occur during in vivo angiogenesis.

This gap in angiogenesis research can be bridged through the use of embry-
onic stem (ES) cells grown as multicellular embryoid bodies. Embryoid bodies
are cultivated either in hanging drops (Robertson 1987; Wobus et al. 2002), in
semisolid (methylcellulose-containing) media (Wiles et al. 1991), or in spinner
flasks (Wartenberg et al. 1998b), where they attain sizes of 1-2 mm. Since ES
cells spontaneously differentiate into cell types of all three germ layers, all
progenic and angiogenic factors normally present in vivo should be available
and accessible for scientific investigation in this system. Hence, the embryoid
body model provides high reliability, technical novelty, easy handling, and
quantification as well as physiological relevance, all of which are prerequisites
for an ideal angiogenesis assay that is useful for routine and rapid throughput
screening of pro- and antiangiogenic agents in pharmaceutical research.

2
Current Methods for Assaying Angiogenesis In Vitro

Several in vitro models of angiogenesis applicable to the study of endothelial
cell proliferation and migration have been developed over the years (Auerbach
et al. 2003; Jain et al. 1997; Staton et al. 2004). The most frequently employed
test is the Boyden chamber assay in which endothelial cells are placed on the
upper layer of a cell-permeable filter and permitted to migrate in response to
pro- as well as antiangiogenic factors dissolved in the medium below the filter
(Glaser et al. 1980). The formation of three-dimensional structures (i.e., tube
formation) is generally studied on supports of extracellular matrix components
established in culture dishes coated with collagen and/or fibrin. When endothe-
lial cells are seeded on matrigel, which is a matrix-enriched substance prepared
from Engelbreth-Holm-Swarm (EHS) tumor cells that predominantly contains
laminin (Madri et al. 1988), tube formation occurs within 24 h. Through the
use of the matrigel assay, many fundamental molecular events of tube forma-
tion and sprouting have been unraveled; however, angiogenesis assays based
on pure endothelial cell lines suffer from two major disadvantages: (a) antian-
giogenic effects of compounds cannot be discriminated from nonspecific toxic
effects, and (b) dose-response relationships may differ from in vivo angiogen-
esis. Furthermore, angiogenesis in vivo involves more than one cell type, which
renders in vitro experiments largely incommensurate to the in vivo situation.

To achieve experimental conditions more indicative of in vivo angiogenesis,
in vitro assays based on organ culture have been developed. The most widely
used organ culture model is the rat aortic ring assay(Nicosia et al. 1990).
This assay employs cut segments of rat aorta placed in an extracellular matrix
containing culture medium to investigate whether pro/antiangiogenic agents
affect the outgrowth of endothelial cells from the explant. Quantification of
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endothelial cell outgrowth and vessel abundance is performed by computer-
assisted image analysis of transmission images or after fluorescence staining
of cells with endothelial cell-specific markers. Recently, the aortic ring assay
was refined in co-cultures with rat inferior vena cava embedded in collagen gel
to study arteriovenous anastomosis formation (Nicosia et al. 2005). In another
modification, the chick aortic arch assay was developed, which investigated
the outgrowth of endothelial cells from aortic arches of 12- to 14-day-old chick
embryos. Although of nonmammalian origin, this system may be of benefit
under circumstances when antiangiogenic agents, e.g., thalidomide, that have
been shown to be ineffective in mammalian systems are studied (Auerbach
et al. 2003).

Although many fundamental investigations on the complex set of events
that occur during angiogenesis have been performed through the use of in
vitro angiogenesis assays, some caveats and cautions need to be considered.
These include:

1. The absence of a variety of known (and unknown) factors that regulate
angiogenesis in vivo;

2. The inability of cells to differentiate into specific endothelial cell types (e.g.,
tumor-specific vasculature; microvascular cells);

3. The absence of hematopoietic cells in sprouting capillaries;

4. Thelack of heterospecific interactions of endothelial cells with other neigh-
boring cells;

5. The inability to study the role of endothelial precursor cells in angiogenesis.

All of these limitations can be overcome through the use of embryonic stem
cells in angiogenesis research. This in vitro model system has the ability to
form different proangiogenic cell types and release cytokines and growth
factors required for angiogenesis in vitro as well as form blood vessel in vivo.

3
Angiogenesis in Embryonic Stem Cell-Derived Embryoid Bodies

In 1985, Doetschman and colleagues first reported the differentiation of hema-
topoietic precursor cells surrounded by endothelial cells from mouse ES cells
(Doetschman et al. 1985). In a subsequent study, the development of blood ves-
sels from in situ differentiating endothelial cells of blood islands was induced
by injecting ES cells into the peritoneal cavity of syngeneic mice (Risau et al.
1988). Endothelial cells, which developed in ES cell-derived embryoid bodies,
formed vascular channels containing hematopoietic cells. These findings led
to the conclusion that not only primary differentiation of endothelial cells but
also some aspects of vascular maturation are intrinsic to this cell culture sys-
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tem (Wang et al. 1992). The ES cell model was subsequently used by Vittet et al.
to unravel several successive maturation stages during differentiation into the
endothelial cell lineage (Vittet et al. 1996). ES cell-derived endothelial cells ex-
press a variety of endothelial cell-specific markers, including Flk-1, PECAM-1,
and VE-cadherin. Kabrun et al. demonstrated that Flk-1 is expressed on an
early population of hematopoietic precursors coincident with the onset of em-
bryonic hematopoiesis (Kabrun et al. 1997). The three-dimensional structure
of an embryoid body does not seem, however, to be absolutely necessary for
vascular differentiation, because it was recently demonstrated that Flk1* cells
derived from ES cells in two-dimensional cell cultures differentiate into both
endothelial and mural cells, which effectively reproduced the vascular organi-
zation process. VEGF promoted endothelial cell differentiation, whereas mural
cells were induced by platelet-derived growth factor-BB (PDGF-BB). Further-
more, vascular cells derived from Flk1* cells could organize into vessel-like
structures consisting of endothelial tubes supported by mural cells in three-
dimensional culture (Yamashita et al. 2000). In vivo, interactions between
endothelial cells and mural cells (pericytes and vascular smooth muscle) are
essential for vascular development and maintenance. During embryogenesis,
endothelial cells arise from Flk1-expressing (Flk1*) mesoderm cells, whereas
mural cells are believed to be derived from mesoderm, neural crest, or epi-
cardial cells and migrate to form the vessel wall. In the ES cell model, the
developmental differentiation of endothelial precursors as well as mural cells
requires Pim-1 activity, which may act as a downstream Flk-1 effector in vas-
culogenesis (Zippo et al. 2004). Pim-1 is a serine/threonine kinase that is able
to phosphorylate and regulate the activity of transcription factors (Leverson
et al. 1998; Winn et al. 2003). Recently, time-lapse imaging of green fluorescent
protein (GFP)-expressing vessels derived from stem cells was used to ana-
lyze dynamic aspects of vascular sprout formation and to determine how the
VEGF receptor flt-1 affects sprouting. Interestingly, loss of flt-1led to decreased
sprout formation and migration, which resulted in reduced vascular branching
(Kearney et al. 2004). Furthermore, VEGF-mediated vascular morphogenesis
has been studied in mouse ES cells through the use of wild type and VEGF-null
cell lines. VEGF-null ES cells contained PECAM-1-positive endothelial cells,
which, however, did not participate in vascular morphogenesis. Using gene ex-
pression microarray analysis, genes downstream of VEGF function that may be
involved in VEGF-mediated vascular morphogenesis have also been analyzed
(Ng et al. 2004).

The availability of human ES cells has raised interest in the use of this system
for blood vessel tissue engineering and therapeutic angiogenesis. The poten-
tial applicability of this system has already been demonstrated with mouse
ES cells, which can be used to tissue engineer blood vessels on biodegrad-
able scaffolds (Shen et al. 2003). Several publications have recently reported
that human ES cells, similar to mouse ES cells, can form blood vessels upon
differentiation induction. Isolated embryonic PECAM-1-positive cells, grown
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in culture, displayed characteristics consistent with vessel endothelium. The
cells expressed endothelial cell markers in a pattern similar to human umbili-
cal vein endothelial cells, the cell junctions were correctly organized, and the
cells had high rates of metabolism for acetylated low-density lipoprotein. In
addition, the human cells were able to differentiate and form tube-like struc-
tures when cultured on matrigel. When transplanted into SCID mice, the cells
appeared to form microvessels containing mouse blood cells (Levenberg et al.
2002),and using a bioengineering approach, the same group demonstrated that
biodegradable polymer scaffolds promoted human ES cell growth and differ-
entiation, and formation of 3D structures. Complex structures with features of
various committed embryonic tissues were generated, in vitro, through the use
of early differentiating human ES cells that were further differentiated in a sup-
portive 3D environment containing poly(lactic-co-glycolic acid)/poly(L-lactic
acid) polymer scaffolds. Human ES cell differentiation and organization could
be influenced by the scaffold and directed by growth factors such as retinoic
acid, transforming growth factor beta, activin-A, or insulin-like growth factor
(Levenberg et al. 2003).

In a recent study, gene expression patterns of vascular cells were investi-
gated. Changes in gene expression concomitant with the development ofhuman
embryoid bodies for 4 weeks were studied by large-scale gene screening. Two
main clusters of genes were identified—one with reduced expression (POUS5,
NANOG, TDGF1/Cripto [TDGE, teratocarcinoma-derived growth factor-1],
LIN28, CD24, TERFI1 [telomeric repeat binding factor-1], LEFTB [left-right
determination, factor B]), and a second with enhanced expression (TWIST,
WNT5A, WT1, AFP, ALB, NCAM1). Genes known to be involved in vascu-
logenesis and angiogenesis were explored further, and the authors described
a set of up-regulated genes that included vasculogenic growth factors such as
VEGFA, VEGFC, FIGF (VEGFD), ANG1, ANG2, TGFfp3, and PDGFB, as well as
the related receptors Flt1, Flt4, PDGFRB, TGFfR2, and TGFBR3, other markers
such as CD34, VCAM1, PECAM-1, VE-CAD, and transcription factors TALI,
GATA2, and GATA3 (Gerecht-Nir et al. 2005). Altogether, these analyses indi-
cate that human ES cells differentiating in vitro produce many, if not all, of the
factors necessary for vasculogenesis and angiogenesis.

4
Embryonic Stem Cell-Derived Embryoid Bodies as a Tool
for Antiangiogenesis Research

Since ES cells differentiate into cells of all three germ layers, they potentially
possess the capacity to mimic the complex events of blood vessel formation that
occur in vivo. In mouse ES cells, capillary structures differentiated in embryoid
bodies are functional and improve the diffusion properties of the vascularized
tissue (Wartenberg et al. 1998b). When ES cells aggregate to form multicellular
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embryoid bodies, they are avascular for the first 4 days of culture. This results
in a gradient of oxygen and presumably a deficit of nutrients toward the center
of the spheroidal multicellular tissue. Central embryoid body hypoxia induces
upregulation of hypoxia-inducible factor-1a (HIF-1a), and since VEGF expres-
sion is under the control of HIF-1a, a concomitant upregulation of VEGF and
initiation of vasculogenesis can be observed after day 5 of cell culture. With
the onset of vasculogenesis in embryoid bodies, oxygen gradients are dissi-
pated, and both HIF-1a and VEGF expression are downregulated. This results
in cessation of angiogenesis after approximately 8 days of mouse embryoid
body culture (Wartenberg et al. 2001a) (see Fig. 1). Endothelial cell lineage
differentiation of vascular smooth muscle cells also occurs in embryoid bod-
ies after treatment with retinoic acid and db-cAMP (Drab et al. 1997), which
indicates that ES cells may form not only capillaries but also precapillary ar-
terioles and postcapillary venules. In vivo, a mutual interaction occurs among

Fig. 1 Vasculogenesis/angiogenesis in mouse ES cells. PECAM-1-positive endothelial cells
were visualized by confocal laser scanning microscopy in 4-, 5-, 6-, and 8-day-old embryoid
bodies. Angioblast-like structures were obvious on day 5. During subsequent days, capillary
sprouting occurred, which resulted in a vascular plexus on day 8 of differentiation. Bar,
150 pm
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blood vessel growth, hematopoiesis, and blood circulation, and comparable
mechanisms may prevail in ES cells, since blood vessels differentiated from
ES cells contain red blood cells (Wang et al. 1992). Furthermore, it has been
demonstrated that hematopoiesis and differentiation to various hematopoietic
cell types occur in ES cells. Embryoid bodies cultivated in semisolid methylcel-
lulose medium contain visible erythropoietic cells (i.e., red with hemoglobin),
and upon addition of cytokines, e.g., IL-3 alone or in combination with IL-1
and M-CSF or GM-CSF, ES cells differentiate to form macrophages, mast cells,
and in some instances neutrophils, in addition to cells of the erythroid cell
lineage (Wiles et al. 1991; Keller et al. 1993). Because vasculogenesis based
on the differentiation of angioblasts as defined in the embryonic stages is not
applicable in the adult, the differentiation of white blood cells may be critical
to adult neovascularization in vivo. It has therefore been suggested that mono-
cytes/macrophages produce tunnels within the tissue as a consequence of their
protease-dependent migration into the extracellular matrices, which are then
colonized by precursor endothelial cells (Moldovan 2003).

Given the capacity of ES cells to differentiate into all cell types required
for angiogenesis and to synthesize proangiogenic factors, the ES cell-derived
embryoid body model has proved superior to all other in vitro models of
antiangiogenesis research currently employed. Specifically, sprouting angio-
genesis from mouse ES cells can be observed when growing embryoid bodies
are plated into type I collagen matrix. Sprouting and tube formation also can
be promoted by the addition of exogenous VEGF and inhibited by known
angiostatic agents (Feraud et al. 2001). ES cells grown in spinner flasks spon-
taneously form thousands of embryoid bodies that can be used for routine
screening of antiangiogenic agents. Several known antiangiogenic agents, i.e.,
Suramin, tamoxifen, tetrahydrocortisol, and a combination of tetrahydrocor-
tisol and heparin have been tested for their antiangiogenic capacity in the
embryoid body system, and these compounds efficiently inhibit endothelial
differentiation in vitro (Wartenberg et al. 1998b). Inhibition of capillary for-
mation significantly reduced the diffusion of the anti-cancer agent doxorubicin
as well as a fluorescence-labeled dextran into the tissue, which indicated that
the embryoid body model may also be suitable for drug penetration stud-
ies designed to examine avascular and vascularized tissue (Wartenberg et al.
1998b) (see Fig. 2). Inhibition of angiogenesis in embryoid bodies resulted in
central necrosis, a typical feature of avascular micrometastases and avascular
regions of solid tumors in vivo (Brown 2002). In solid tumors, central necrosis
occurs due to gradients in oxygen, which consequently results in upregulation
of HIF-1a and VEGF and induction of a proangiogenic phenotype.

The use of embryoid bodies as a tool to study antiangiogenic agents fa-
cilitates the analysis of changes in protein expression as well as physiologic
parameters, e.g., the pericellular oxygen tension, intracellular pH, calcium,
and reactive oxygen species (ROS) generation that may occur following treat-
ment with antiangiogenic agents. The antiangiogenic activity of the teratogenic
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Fig. 2 Diffusion studies in vascularized embryoid bodies and embryoid bodies treated
with antiangiogenic agents as performed by confocal laser scanning microscopy-based
optical probe technique. Embryoid bodies are immersed in a fluorescent solution (upper
left, fluorescence-labeled dextran solution), which diffuses into the tissue through vascular
channels. Subsequently, optical sections at different depths of the tissue are performed
by confocal laser scanning microscopy (lower left). From the fluorescence information
obtained at different depths over time, dye diffusion curves can be monitored (lower right)
and diffusion coefficients calculated (upper right). Note that treatment of vascularized
embryoid bodies with antiangiogenic agents resulted in a significant loss of diffusion of
the tracer substance, doxorubicin, which proved similar in magnitude to those findings
observed in avascular multicellular tumor spheroids. Bar, 10 pm

agent thalidomide is due to the generation of highly reactive hydroxyl radi-
cals, since the antiangiogenic effect could be reversed by specific hydroxyl
radical scavengers (Sauer et al. 2000). A similar mechanism of action was
shown for the antiangiogenic activity of the anti-malaria agent artemisinin,
which comparably to thalidomide raised intracellular levels of ROS in embry-
oid bodies. Artemisinin treatment impaired organization of the extracellular
matrix component laminin and altered expression patterns of MMPs 1, 2,
and 9 during the time course of embryoid body differentiation. Consequently,
accelerated penetration kinetics of the fluorescent anthracycline doxorubicin
occurred within the tissue, indicating increased tissue permeability. Further-
more, artemisinin downregulated HIF-1a and VEGF expression, which to-
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gether control endothelial cell growth (Wartenberg et al. 2003¢). Recently, the
embryoid body model was used to clarify whether endothelial progenitor cell
differentiation is involved in the mechanism of antiangiogenic effect of vita-
min B(6), and it was found that vitamin B(6) compounds significantly inhibited
vasculogenesis (Matsubara et al. 2004).

5
Embryonic Stem Cell-Derived Embryoid Bodies
to Study Tumor-Induced Angiogenesis

From the pioneering studies of Folkman and colleagues, it became clear that
the growth of avascular tumors cannot proceed beyond a mass of approxi-
mately 1-3 mm?> without access to host vasculature (Gimbrone et al. 1972;
Holleb et al. 1972; Folkman 1972). Up to this size, cells are supplied by oxygen
and nutrients through simple diffusion. With ongoing growth, central hypoxia
occurs in the center of the tumor, and cells in the depth of the tissue exit the cell
cycle and become multidrug-resistant. A number of cellular stress factors such
as hypoxia, nutrient deprivation, or inducers of ROS are important stimuli
of angiogenic signaling. These factors mediate upregulation of proangiogenic
factors in the hypoxic tumor tissue as a stress response. This notion is under-
scored by observations reporting an association of HIF-1a with angiogenesis,
and expression of bFGE, PDGF-BB, and EGFR in invasive breast cancer (Bos
et al. 2005). Furthermore, the expression of the proangiogenic factors VEGF
and interleukin-8/CXCL8 by human breast carcinomas has been shown to
be responsive to nutrient deprivation and endoplasmic reticulum stress (Ab-
couwer et al. 2002; Marjon et al. 2004). VEGF expression is well known to be
regulated by HIF-1a (Forsythe et al. 1996), which is upregulated both in avas-
cular hypoxic micrometastases (Fang et al. 2001) and in avascular regions of
large solid tumors (Kimura et al. 2004; Buchler et al. 2003). The upregulation of
angiogenic factors is not sufficient for a tumor to enter the proangiogenic state.
To initiate the angiogenic switch, which results in attraction of host-derived
blood vessels toward the tumor tissue, distinct angiostatic factors that inhibit
vascular growth have to be downregulated. If a preponderance of angiogenic
factors in the local milieu of the tumor tissue prevails, the neovasculature may
form capillaries and/or arterioles and venules. However, in the presence of
a surplus of angiostatic factors the neovessels within the tumor can regress
(Gupta et al. 2003). Besides eliciting the invasion of endothelial cells from
preexisting capillaries, tumor cells can grow around an existing vessel and,
at least initially, do not need adequate vascularization for proper supply with
oxygen and nutrients (Holash et al. 1999). In addition to the sprouting and
co-option of neighboring preexisting vessels, tumor angiogenesis is supported
by the mobilization and functional incorporation of endothelial progenitor
cells that are mobilized from bone marrow (Ribatti 2004). The recruitment
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of endothelial progenitor cells to tumor angiogenesis represents a multistep
process, including (Ribatti 2004):

1. Active arrest and homing of the circulating cells within the angiogenic
microvasculature

Transendothelial extravasation into the interstitial space

Extravascular formation of cellular clusters

Creation of vascular sprouts and cellular networks

ok b

Incorporation into a functional microvasculature

The involvement of endothelial progenitor cells in tumor-induced angiogen-
esis was demonstrated through the use of a class of embryonic cells (Tie-2*,
c-Kit*, Sca-1*, and Flk-1-/low), which were isolated at E7.5 of mouse de-
velopment at the onset of vasculogenesis and which retained the ability to
contribute to tumor angiogenesis in the adult. Using intravital fluorescence
videomicroscopy, it was observed that circulating endothelial progenitor cells
were specifically arrested in “hot spots” within the tumor microvasculature,
extravasated into the interstitium, formed multicellular clusters, and incor-
porated into functional vascular networks. Expression analysis and in vivo
blocking experiments provided evidence that the initial cell arrest of endothe-
lial progenitor cell homing is mediated by E- and P-selectin and P-selectin
glycoprotein ligand 1 (Vajkoczy et al. 2003). In endothelial progenitor cells,
the protease cathepsin L (CathL) is highly expressed as opposed to endothelial
cells, and it is essential for matrix degradation and invasion by endothelial
progenitor cells in vitro. CathL-deficient mice displayed impaired functional
recovery following hind limb ischemia, supporting the concept of a crucial role
for CathL in postnatal neovascularization. Infused CathL-deficient progenitor
cells neither homed to sites of ischemia nor augmented neovascularization.
Forced expression of CathL in mature endothelial cells considerably enhanced
their invasive activity and sufficed to confer their capacity for neovascular-
ization in vivo (Urbich et al. 2005). However, the percentage of endothelial
cells incorporation is generally low and depends on the nature of the tumor,
supporting the concept that most tumor neovascularization occurs via tumor-
induced angiogenesis (Ribatti 2004).

The study of tumor-induced angiogenesis has mainly involved in vivo mod-
els. In the corneal assay, neoangiogenesis is monitored by implantation of
multicellular tumor spheroids or tumor-fragment spheroids onto the avascu-
lar cornea of either the rabbit or mouse eye. To test inhibitors of angiogenesis,
their effect on the locally (i.e., by the tumor) induced angiogenic reaction can
be monitored by direct observation through a slit lamp (for rabbits) or a stere-
omicroscope (for mice). The test inhibitors can be administered locally or
systemically, the latter either by bolus injection, or through use of a sustained
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release method such as implantation of osmotic pumps loaded with the test
inhibitor (Auerbach et al. 2003). Other animal models to study tumor-induced
angiogenesis include chronic transparent chambers (e.g., rabbit ear chamber;
dorsal skinfold chamber in mice, rats, hamsters, and rabbits; cranial windows in
mice and rats), exterior tissue preparations (e.g., hamster cheek pouch; mouse,
rat, or rabbit mesentery), and subcutaneous or peritoneal implantation of tu-
mor spheroids or tumor fragment spheroids (Jain et al. 1997). However, all in
vivo animal models suffer from inflammation and graft-versus-host rejection
of implanted tumor tissues as well as from insufficiently defined pharmacoki-
netics of the applied agents. Furthermore, microphysiological analysis, e.g.,
imaging of signal transduction molecules and investigation of gene expression
is not possible in animal experiments.

For many years, no suitable in vitro models were available to study tumor-
induced angiogenesis in vitro. Recently, hanging drop multicellular spheroids
that were co-cultivated with human umbilical vein endothelial cells were in-
troduced as a model of tumour angiogenesis, and it may be of some interest in
antiangiogenesis research (Timmins et al. 2004). Multicellular tumor spheroids
represent a widely accepted in vitro model of avascular micrometastases and
avascular regions of vascularized solid tumors. These spheroids, which con-
sist of peripheral proliferating cells, intermediate layers of quiescent cells, and
a central necrotic core (Sutherland et al. 1971), have been extensively used for
studies on P-glycoprotein-mediated multidrug resistance (Wartenberg et al.
1998a, 2001b, 2003b, 2005), nutrient (Walenta et al. 2000), lactate, oxygen
(Sutherland et al. 1986a, 1986b), and pH (Gorlach et al. 1994) gradients as well
as cancer drug response (Nicholson et al. 1997; Kerr et al. 1988). Multicellu-
lar tumor spheroids express VEGF in central regions, similar to the in vivo
situation where solid tumors attract blood vessels from the host by secreting
proangiogenic growth factors (Waleh et al. 1995; Shweiki et al. 1995). In a more
straightforward approach, confrontation cultures were tested with multicellu-
lar tumor spheroids and mouse ES cell-derived embryoid bodies (Wartenberg
etal. 2001a). To achieve close tissue contact, multicellular tumor spheroids and
embryoid bodies were allowed to coalesce in hanging drops for 48 h. Early in
this process, endothelial cells, which were positive for the endothelial-specific
cell marker PECAM-1, appeared in the contact region between the tumor
spheroid and the embryoid bodies. In the contact region, increased expression
of VEGF was observed, which may attract endothelial cells toward the tumor
tissue. During the following days, sprouting of capillary-like structures oc-
curred from the contact region toward more central parts of the embryoid body
and the tumor spheroid. Within 5 days of confrontation culture, extended ar-
eas of capillary networks were observed in the embryoid bodies and the tumor
spheroids (see Figs. 3, 4). Treatment of the confrontation object with the an-
tiangiogenic agent SU5614, a VEGF receptor antagonist, resulted in significant
inhibition of angiogenesis in the embryoid body. Tumor-induced angiogenesis
in the tumor spheroid was completely absent under these experimental condi-
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Fig. 3 Confrontation cultures of embryoid bodies and multicellular tumor spheroids. Left,
transmission image of confrontation cultures (bar, 500 pm). The embryoid body appears
dark due to a higher optical density of the tissue. Right, paraffin section of a representative
confrontation culture after hematoxylin/eosin staining (bar, 500 pm). The tumor tissue
appears dark relative to the embryoid body

tions. Interestingly, confrontation culture resulted in an increased steepness of
the oxygen gradients in the vascularized tumor tissue. This may be due to the
proliferation stimulus usually seen following tumor vascularization. Re-entry
of quiescent cells in the depth of the tumor tissue into the cell cycle results in
increased oxygen consumption of the proliferating cancer cells with ongoing
central hypoxia, VEGF expression and maintenance of the proangiogenic phe-
notype. Indeed, confrontation culture resulted in an increased growth of the
tumor tissue and disappearance of central necrosis, which is characteristic for
solid avascular tumors.

Reactive oxygen species are known to regulate various growth factor and
cytokine-mediated signaling cascades (Sauer et al. 2001), and ROS is increased
in confrontation cultures (Wartenberg et al. 2003a). Recently it was demon-
strated that VEGF stimulates a Racl-dependent NAD(P)H oxidase to pro-
duce ROS that are involved in VEGF-R2 autophosphorylation and angiogenic-
related responses in endothelial cells (Tkeda et al. 2005; Ushio-Fukai et al. 2002).
Furthermore, the expression of MMPs has been shown to be activated by ei-
ther exogenous ROS or cytokines and growth factors that involve ROS within
their signal transduction cascade (Siwik et al. 2001; Yoon et al. 2002; Zhang
et al. 2002). In confrontation cultures, upregulation of MMP-1, MMP-2, and
MMP-9 expression, which is generally associated with the process of tumor
vascularization, has been observed. The first MMP to be upregulated after con-
frontation culture was MMP-9, followed by MMP-1 and MMP-2. MMP-1 and
MMP-2 expression as well as tumor-induced angiogenesis in confrontation cul-
tures was inhibited by acteoside, baicalein, berberine, and epicatechin, which
exert antioxidative capacity and are ingredients of Chinese herbal medicine.
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Fig. 4 Tumor-induced angiogenesis in confrontation cultures. The tumor tissue was labeled
with the long-term cell tracker dye CMFDA. After 5 days of confrontation culture, the
tissue was fixed and immunolabeled using an antibody directed against endothelial cell-
specific PECAM-1. The left image shows an overlay between a transmission image (blue),
CMFDA fluorescence of tumor tissue (green), and PECAM-1 fluorescence of capillary-like
structures (red). Note that endothelial cells have entered the tumor tissue in the process of
tumor-induced angiogenesis. Bar, 100 pm. The right image shows the region of interaction
of tumor tissue (green) with capillary-like structures from the embryoid body tissue (red).
Bar, 50 pm

6
Conclusions and Outlook

In general, stem cell-derived vasculogenesis and angiogenesis is discussed
most often with respect to tissue repair and tissue engineering (Zwaginga
et al. 2003). Besides the potential use of ES cells for patient treatment, this
model system has also proven useful for numerous in vitro assays, including
toxicological drug testing (Rolletschek et al. 2004; Rohwedel et al. 2001) using
cardiotoxic (Na et al. 2003), neurotoxic (Rolletschek et al. 2001), pancreotoxic
(Blyszczuk et al. 2003), and antiangiogenic (Wartenberg et al. 1998b) agents,
and an embryotoxicity test (EST) (Scholz et al. 1999; Seiler et al. 2002), which
may be extended to human ES cells in the future. With the finding that endothe-
lial precursor cells contribute to tumor-induced angiogenesis, there is renewed
interest in the ES cells as an in vitro model system for the study of tumor vas-
cularization. In contrast to all currently applied in vitro angiogenesis assays,
this model facilitates the study of blood vessel growth and maturation within
a multicellular tissue context that closely resembles the tissue microarchitec-
ture, oxygen and nutrient gradients, as well as cytokine and growth factor
expression found in vivo. Furthermore, the ES cell model allows detailed anal-
ysis of changes in gene and protein expression as well as changes in diffusion
properties that occur during the vascularization of a growing embryonic tissue
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and the invasion process of capillary-like cells into tumor tissue. In conclusion,
the mouse ES cell system has proven its utility for routine testing of antian-
giogenic agents known to inhibit angiogenesis in humans, and the availability
of human ES cells will lead to refinements in the mouse system that should
significantly reduce the risk of inadequate transferability of in vitro data to the
human patient.
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Abstract Cell transplantation approaches offer the potential to promote regenerative growth
of diseased hearts. It is well established that donor cardiomyocytes stably engraft into
recipient hearts when injected directly into the myocardial wall. Moreover, the transplanted
donor cardiomyocytes participate in a functional syncytium with the host myocardium.
Thus, transplantation of donor cardiomyocytes resulted in at least partial restoration of
lost muscle mass. It is also well established that embryonic stem (ES) cells differentiate into
cells of ecto-, endo-, and mesodermal lineages when cultured under appropriate conditions
in vitro. Robust cardiomyogenic differentiation was frequently observed in spontaneously
differentiating ES cultures. Cellular, molecular and physiologic analyses indicated that
ES-derived cells were bona fide cardiomyocytes, with in vitro characteristics typical for
cells obtained from early stages of cardiac development. Thus, ES-derived cardiomyocytes
constitute a viable source of donor cells for cell transplantation therapies.

Keywords Cell transplantation - Cardiac regeneration - Heart disease -
Embryonic stem cell - Cardiomyocytes
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1
Introduction

Many forms of cardiovascular disease result in cardiomyocyte death due to
necrosis, oncosis, and/or apoptosis. Although there is an intrinsic capacity
for adult cardiomyocytes to re-enter the cell cycle (Rumiantsev 1991; Anversa
and Kajstura 1998; Soonpaa and Field 1998), this process is insufficient to
reverse pathology in severely injured hearts. Thus a number of strategies have
emerged to facilitate replacement of lost cardiac mass. These include efforts to
reactivate cell cycle activity in surviving cardiomyocytes (Pasumarthiand Field
2002; Dowell et al. 2003a), mobilization of myogenic stem cells (Anversa and
Nadal-Ginard 2002), and direct transplantation of cardiomyocytes or myogenic
cells (Reinlib and Field 2000; Dowell et al. 2003b). Of these, cell transplantation
approaches are currently the most advanced, with skeletal myoblast and bone
marrow-derived cell transplantation already in early clinical trials.

This review will examine the use of cell transplantation for heart repair.
The use of fetal cardiomyocytes, skeletal myoblasts, or adult-derived stem cells
as donors is discussed. This is followed by a discussion of the characteristics
of ES-derived cardiomyocytes, as well as potential strategies to enhance car-
diomyogenic differentiation and yield in ES cultures. Finally, experiences to
date wherein ES-derived cardiomyocytes have been transplanted into normal
or diseased hearts are discussed. It is hoped that this review will provide the
reader with a suitable introduction into the field of cardiac cell transplantation,
as well as spur the reader’s interest in the potential utility of ES-derived cells
for therapeutic applications in cardiovascular disease.

2
Cell Transplantation for Cardiac Repair

2.1
Cardiomyocytes

The notion of employing cell transplantation as a means to replace lost my-
ocardial mass can be traced back to experiments performed in the early 1990s.
A priori, it was thought that cardiomyocytes likely constituted the ideal donor
cell for intracardiac transplantation therapies since they express all of the req-
uisite ion channels, junctional complex proteins, and myofiber components re-
quired for functional integration with the host myocardium. The initial proof
of concept study utilized AT-1 cardiomyocytes, an immortalized tumor cell
line derived from the left atrium of transgenic mice expressing the SV40 Large
T Antigen oncoprotein under the regulation of the atrial natriuretic factor pro-
moter (Steinhelper et al. 1990). When injected directly into the left ventricle
of anesthetized, intubated syngeneic animals, AT-1 cells formed a stable graft
comprised of differentiated, proliferating cardiomyocytes (Koh et al. 1993b).
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The initial positive result prompted a second series of experiments to deter-
mine if fetal cardiomyocytes also formed stable intracardiac grafts. To mon-
itor donor cell fate, transgenic mice expressing a cardiomyocyte-restricted,
nuclear localized beta-galactosidase reporter construct were produced. Fetal
cardiomyocytes prepared from the transgenic mice were transplanted into the

Fig. Ta-g Monitoring the fate of fetal cardiomyocytes following cellular transplantation
into adult hearts. a Single, bi-nucleated cardiomyocyte isolated from an adult transgenic
mouse (designated MHC-n LAC) expressing the enzyme beta-galactosidase exclusively in
cardiomyocyte nuclei. Section was stained with X-GAL, a chromogenic dye that produces
blue staining in the presence of beta-galactosidase activity. This assay demonstrates the
specificity of the reporter transgene. b Survey photomicrograph of a coronal section of
a heart following transplantation of fetal cardiomyocytes isolated from an MHC-n LAC
embryo; section was stained with X-GAL. Reporter transgene activity readily identifies
the transplanted donor cardiomyocytes. ¢ Thin section of a heart following transplanta-
tion of fetal cardiomyocytes isolated from an MHC-n LAC embryo; section was stained
with X-GAL. d-g) Transmission electron microscopy analysis of fetal cardiomyocyte grafts
reveals the presence of intercalated discs between donor and host cells. d Transmission
electron microscopy of a host cardiomyocyte juxtaposed to an engrafted fetal cardiomy-
ocyte; — indicates the nucleus of the host cardiomyocyte and + indicates the nucleus of
the donor MHC-nLAC cardiomyocyte. Arrows indicate an intercalated disk that connects
the two cells. e High-power view of the host cardiomyocyte nucleus shown in d; note the
complete absence of crystalloid X-gal reaction product in the perinuclear region. f High-
power view of a region of the intercalated disk (boxed in d) that connects the host and fetal
cardiomyocytes. g High-power view of the MHC-nLAC fetal cardiomyocyte nucleus shown
in d; note the presence of crystalloid X-gal reaction product (arrows) in the perinuclear
region. (Modified after Soonpaa et al. 1994)
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hearts of nontransgenic recipients, and their fate was monitored by staining
with a chromogenic beta-galactosidase substrate (X-GAL; see Fig. 1). Light
and ultrastructural analyses revealed that the transplanted fetal cardiomy-
ocytes underwent terminal differentiation and were stably integrated with the
host myocardium (Soonpaa et al. 1994). Donor cells were well aligned with
host cardiomyocytes. Moreover, intercalated discs with desmosomes, fascia
adherens, and gap junctions were observed to connect donor and host car-
diomyocytes (Koh et al. 1995), suggesting that these cells were functionally
coupled. Numerous subsequent studies demonstrated that fetal and neonatal
cardiomyocytes could successfully be transplanted into normal and damaged
myocardium (Dowell et al. 2003b).

Although improvement in left ventricular function was observed in several
studies where fetal cardiomyocytes were transplanted into injured hearts, the
mechanism underlying the improvement was not obvious (Muller-Ehmsen
et al. 2002; Roell et al. 2002). This was particularly true in instances where
donor cell density was low, suggesting that the donor cells might have exerted
a beneficial effect on the myocardium independent of participation in a func-
tional syncytium. Direct proof of functional coupling between donor and host
cardiomyocytes required the development of an imaging system capable of
monitoring function in individual cells within intact hearts. The system em-
ployed two photon molecular excitation laser scanning microscopes to monitor
intracellular calcium transients in intact hearts (Rubart et al. 2003b). This assay
system was used to monitor calcium transients in transplanted, green fluores-
cent protein (EGFP)-expressing fetal donor cardiomyocytes and the adjacent
host cardiomyocytes (Rubart et al. 2003a). The calcium transients were ob-
served to occur simultaneously in donor and host cardiomyocytes, indicating
that the donor cells formed a functional syncytium with the host myocardium
(see Fig. 2). Collectively these studies indicated that donor cardiomyocytes sur-
vived following transplantation into normal or injured hearts, that they were
able to functionally couple with host cardiomyocytes, and that they might also
have abeneficialimpact on host heart function independent of their contractile
activity.

2.2
Skeletal Myoblasts

Skeletal myoblasts (SMBs) constituted an alternative source of myogenic donor
cells for cardiac transplantation. When grown in serum-rich media, SMBs iso-
lated from adult animals were readily amplified in an undifferentiated state.
When cultured in serum-poor media, SMB exited the cell cycle and fused,
resulting in the formation of differentiated, albeit electrically isolated, multi-
nucleated myotubes. The initial study demonstrating that skeletal myoblasts
survived and differentiated following transplantation into the heart utilized
the C2C12 SMB cell line (Koh et al. 1993a). Once again, light microscopic anal-
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Fig. 2a-d Use of two photon molecular excitation imaging to demonstrate functional
coupling between donor and host cardiomyocytes. a Enhanced green fluorescent protein
(EGFP)-expressing fetal cardiomyocytes were transplanted into a nontransgenic adult heart.
The image shown was acquired in full-frame mode 37 days after cellular transplantation; the
heart was loaded with the calcium-sensitive fluorophore rhod-2 and continuously paced at
2 Hz. Action potential-evoked increases in rhod-2 fluorescence impose as ripple-like wave
fronts and are visible in both engrafted cardiomyocytes (bright cells) and host (dark calls)
cardiomyocytes. The white bar indicates the position of line-scan mode data acquisition.
b Line-scan mode image of the region in panel a indicated by the white line. The image
shows vertically stacked line scans that traverse 7 cardiomyocytes. Cells 1, 4, and 7 are host
cardiomyocytes and cells 2, 3, 5, and 6 are EGFP-expressing donor cardiomyocytes. The
preparation was paced via point stimulation at a remote site at the rates indicated. Spon.
indicates spontaneous intracellular calcium ([Ca®*];) transients. Scale bars, 20 um horizon-
tally, 1,000 ms vertically. ¢ Spatially integrated traces of the changes in rhod-2 fluorescence
for cardiomyocyte no. 1 (host) and cardiomyocyte no. 2 (donor). The signal across the
entire cell was averaged. The traces were recorded during pacing at 2 and 4 Hz as indicated.
d Superimposed tracings of electrically evoked changes in rhod-2 fluorescence as a function
of time from host (squares and triangles) and donor (circles) cardiomyocytes. For each cell,
the relative changes in fluorescence were normalized such that 0 represents the prestimulus
fluorescence intensity and 1 represents the peak fluorescence intensity. Traces were
recorded with pacing at a rate of 1 and 2 Hz as indicated. (Modified after Rubart et al. 2003a)
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yses revealed that the donor-derived myocytes were well aligned with host
cardiomyocytes (see Fig. 3). Ultrastructural analyses revealed marked undu-
lations in the cell membrane of transplanted myotubes; the appearance of
the donor cells was reminiscent of myocytes in “contracture,” and suggested
that the donor skeletal myotubes were not coupled with host cardiomyocytes.
Similar results were obtained with primary skeletal myoblasts.

Numerous studies subsequently demonstrated that SMBs formed large, sta-
ble grafts following transplantation into normal or injured hearts (Dowell et al.
2003b). In some cases, SMB transplantation had a positive impact on cardiac
function in injured hearts (Taylor et al. 1998). It appeared that functional im-
provement resulted largely from decreased postinjury ventricular remodeling.
Indeed, in vitro contractility (Murry et al. 1996), dye transfer (Leobon et al.
2003), intracellular calcium imaging studies (Rubart et al. 2004) with hearts
harboring SMB grafts strongly suggested that the donor-derived skeletal my-
otubes were not functionally coupled with the host myocardium. The observed
positive impact on cardiac function in animal models (despite the absence of
overt cardiomyogenic differentiation) promoted clinical trials with SMBs for
the treatment of heart failure. Preliminary results have indicated that autolo-
gous SMBs survived and differentiated following transplantation in humans

Fig.3a, b Skeletal myoblasts form grafts comprising predominately nascent skeletal myotubes
following cellular transplantation. EGFP-expressing C2C12 skeletal myoblasts were trans-
planted into an MHC-nLAC heart. a Brightfield micrograph of a thin section prepared from
a heart following cellular transplantation; section was stained with X-GAL and host car-
diomyocytes can readily be identified by virtue of their nuclear localized beta-galactosidase
activity (black nuclei). b Epifluorescence micrograph of the same section depicted in a;
EGFP-positive myotubes (white cytoplasm) are readily seen
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(Hagege et al. 2003; Herreros et al. 2003; Menasche et al. 2003; Pagani et al.
2003; Smits et al. 2003).

Although the protocol appeared to be safe, episodic ventricular tachyar-
rhythmias were observed in some patients (Menasche et al. 2003; Smits et al.
2003). Interestingly, SMBs were observed to form heterokaryons with host
cardiomyocytes at a very low frequency following transplantation into mouse
hearts (Reinecke et al. 2004; Rubart et al. 2004; Fig. 4). Moreover, SMB/cardi-
omyocyte heterokaryon formation was accompanied with abnormal intracel-
lular calcium transients (Rubart et al. 2004, Fig. 5); such a mechanism might un-
derlie the arrhythmias seen in some patients receiving this treatment. Collec-
tively, these data indicated that skeletal myoblasts form stable grafts comprised
of differentiated, electrically isolated myotubes following transplantation into
normal or injured hearts. Although the engrafted cells did not participate in
a functional syncytium with the myocardium, transplantation nonetheless had

Fig. 4a-c Myocytes arising from myoblast-cardiomyocyte fusion events form gap junctions
with neighboring host cardiomyocytes. Sections prepared from MHC-nLAC hearts trans-
planted with EGFP-expressing skeletal myoblasts were stained with X-Gal and reacted with
an anti-connexin43 antibody, followed by a fluorophore-conjugated secondary antibody.
Cells arising from myocyte-cardiomyocyte fusion events are identified by the presence
of nuclear beta galactosidase staining (a) and cytoplasmic EGFP fluorescence (b). Arrows
mark punctuate connexin43 signal (c), indicating the presence of gap junctions between
the fusion-derived heterokaryon and a host cardiomyocyte. (From Rubart et al. 2004)
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Fig. 5a-c Myoblast-cardiomyocyte fusion-derived heterokaryons are functionally coupled
to the host myocardium and exhibit abnormal [Ca?*]; transients. a Full-frame mode image
of a rhod-2 loaded heart 28 days following transplantation of EGFP-expressing skeletal
myoblasts. Only the EGFP-expressing myocyte (white cytoplasm) that is immediately jux-
taposed to host cardiomyocytes (black cytoplasm) exhibits action potential-evoked [Ca®"];
transients in synchrony with the host cardiomyocytes, whereas other donor-derived my-
ocytes (asterisks) do not. The heart was point stimulated at a rate of 4 Hz. White bar indicates
the position of the line-scan mode data acquisition. b Stacked line-scan image depicting
[Ca"]; transients during pacing at 2 and 4 Hz in the indicated regions in a. ¢ Superimposed
tracings of changes in rhod-2 fluorescence as a function of time from the donor-derived
EGFP-positive myocyte and resident host EGFP-negative cardiomyocytes in b. For each cell,
spatially averaged changes in rhod-2 fluorescence were obtained and normalized such that
0 represents the fluorescence intensity before the [Ca?*]; transient and 1 represents the
peak fluorescence intensity. The heterokaryon [Ca2*); transient duration is prolonged as
compared to that in the neighboring host cardiomyocyte
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a positive impact on heart function (presumably through indirect effects, as
for example enhanced angiogenesis or altered postinjury remodeling).

23
Adult-Derived Stem Cells

Recent studies have suggested that adult stem cells harbored a greater capacity
to “trans-differentiate” into other cell lineages than was previous anticipated.
Several bone marrow transplantation studies suggested that hematopoietic
progenitor cells were recruited to the myocardium following injury and un-
derwent cardiomyogenic differentiation (Bittner etal. 1999; Jackson etal. 2001).
Subsequent studies revealed that fusion events between marrow-derived cells
and cardiomyocytes was the likely source of these trans-differentiation events
(Alvarez-Dolado et al. 2003). Other studies have suggested that hematopoietic
stem cells were cardiomyogenic following direct transplantation (Orlic et al.
2001a) or cytokine-mediated mobilization (Orlic etal. 2001b) into the infarcted
myocardium, although these experiments have not readily been replicated by
other groups (Agbulut et al. 2003; Balsam et al. 2004; Murry et al. 2004; Nygren
et al. 2004). The basis for these differential results was not clear, but likely
reflected differences in the approaches used to isolate the stem cell population
and/or differences in the experimental read-out used to document cardiomyo-
genic differentiation. Nonetheless, the early successes with marrow-derived
cell transplantation in small animals prompted several clinical trials, some of
which suggested a benefit resulting from the treatment (Assmus et al. 2002;
Perin et al. 2003; Messina et al. 2004; Wollert et al. 2004). Finally, several labo-
ratories have identified cardiomyogenic cells within the adult heart (Hierlihy
et al. 2002; Beltrami et al. 2003; Oh et al. 2003; Martin et al. 2004). Collec-
tively, the cardiomyogenic adult stem cell literature to date has been extremely
interesting; however, the results were somewhat confusing, as in most cases
mutually exclusive criteria were used to isolate the stem cell population. If
circulating or cardiac-resident adult stem cells were capable of bona fide car-
diomyogenic differentiation, and if they were able to be amplified (either in
vitro or in vivo with cytokine treatment), they would constitute ideal cells for
transplantation-based therapies.

3
Cardiomyogenic Differentiation in Embryonic Stem Cells

3.1
Spontaneous Cardiomyogenic Differentiation

Doetschman and colleagues (Doetschman et al. 1985) made the initial obser-
vation that when grown in suspension culture and under conditions favorable



82 M. Rubart - L.]. Field

for differentiation, mouse ES cells aggregated to form spherical structures
called embryoid bodies (EBs). Stochastic differentiation within EBs resulted
in the juxtaposition of different developmental fields, thereby mimicking in-
duction cues that occurred during normal embryogenesis. As a consequence,
cell lineages of endo-, ecto-, and mesodermal origin were observed to appear
in differentiating EBs. Prominent cardiomyogenesis occurred during EB dif-
ferentiation, as evidenced by the presence of well-formed myofibers (Fig. 6)
as well as spontaneous contractile activity. Thus differentiating ES cells might
provide a surrogate source of donor cardiomyocytes for therapeutic cell trans-
plantation.

Cardiomyocytes derived from EBs have been studied in great detail (Bo-
heler et al. 2002; Caspi and Gepstein 2004). Studies with mouse ES-derived
cardiomyocytes revealed that cardiomyogenic differentiation in EBs closely
paralleled that observed for early stages of heart development in vitro (Do-
evendans et al. 2000), and that cardiomyocytes with characteristics typical
of the primitive heart tube and early chamber myocardium could be readily
identified (Fijnvandraat et al. 2003b, 2003c). The temporal and phenotypic

SNl Y

Fig. 6a,b ES-derived cardiomyocytes are highly differentiated. a Immune cytologic local-
ization of sarcomeric myosin in ES-derived cardiomyocytes. Myosin was detected by MF-
20 immune cytology; the signal was developed with a fluorophore-conjugated secondary
antibody and visualized under epifluorescence illumination. Multiple myocytes with well-
developed myofibers are seen. b Image of the same microscopic field viewed under phase
contrast. Arrows in a and b denote a bi-nucleated cardiomyocyte. (From Klug et al. 1995)
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changes in myofiber structure in ES-derived cardiomyocytes closely paralleled
that seen for cardiomyocytes in vivo (Guan et al. 1999). Similarly, ES-derived
cardiomyocytes exhibited a temporal pattern of cell cycle withdraw and multi-
nucleation similar to that seen in vivo (Klug et al. 1995). Treatment of cultures
with cytokines and growth factors that induce sarcomeric organization in fe-
tal cardiomyocytes had a similar effect on ES-derived cardiomyocytes (Guan
etal. 1999). Electrophysiological studies revealed that cells with characteristics
of atrial, ventricular, and sinus-nodal cardiomyocytes were present following
terminal differentiation of ES-derived cells (Maltsev et al. 1993), a result that
was confirmed via molecular analyses (Miller-Hance et al. 1993). The develop-
mental changes in the electrophysiological properties of ES-derived cardiomy-
ocytes from initial cardiomyoblast commitment (Kolossov et al. 1998) through
formation of three-dimensional, spontaneously contracting structures (Malt-
sev et al. 1993; Banach et al. 2003) have been well characterized.

The isolation of human ES cells by Thompson and colleagues (Thomson
et al. 1998) permitted analyses of in vitro generated human cardiomyocytes.
When cultured in suspension, human ES cells also formed EBs, which un-
derwent differentiation and exhibited spontaneous contractile activity (Kehat
et al. 2001; Odorico et al. 2001; Xu et al. 2002). Molecular, immune cytologic,
and electrophysiologic studies indicated that human ES cells differentiated
into bona fide cardiomyocytes (Kehat et al. 2001). Human ES-derived car-
diomyocytes underwent terminal differentiation as evidenced by cell cycle
withdrawal and myofiber maturation (Snir et al. 2003), albeit over a longer
time frame as compared to that observed for mouse-derived cells (Klug et al.
1995). As was observed in the mouse studies cited above, electrophysiological
analyses revealed that cardiomyocytes of atrial, ventricular, and nodal lineages
were present in cultures of in vitro differentiated human ES cells (He et al. 2003).
Characterization of the ion currents and action potential profiles in dissociated
cell preparations revealed that the Nav1.5 Na* channel was important for ini-
tiating spontaneous excitability in human ES-derived cardiomyocytes (Satin
etal. 2004). Collectively these data indicated that bona fide cardiomyocytes can
be obtained from spontaneously differentiating mouse and human ES cultures.

3.2
Identification of Factors That Enhance Cardiomyogenic Differentiation

The reproducible differentiation observed in cultured EBs has been exploited
to identify factors capable of enhancing cardiomyogenic induction. For exam-
ple, a number of studies have implicated signaling of BMP and Wnt family
members in cardiomyogenic differentiation of ES cells (Winnier et al. 1995;
Czyz and Wobus 2001; Behfar et al. 2002; Kawai et al. 2004; Terami et al.
2004). In addition, signaling through the FGF (Dell’Era et al. 2003; Kawai et al.
2004), IGF-II (Morali et al. 2000), Crypto (Parisi et al. 2003), PDGF-BB (Sa-
chinidis et al. 2003), CT-1 (Sauer et al. 2004), TGF-beta (Behfar et al. 2002),
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and dynorphin B (Ventura et al. 2003) pathways enhanced cardiomyogenesis
during EB differentiation. Perhaps not unexpectedly, cytokine/growth factor
treatments were occasionally observed to promote cardiomyogenic differenti-
ation via rather indirect mechanisms. For example, LIF (leukemia inhibitory
factor) regulated cardiomyogenesis in ES cultures indirectly via its effect on
parietal endoderm differentiation (Bader et al. 2000; Bader et al. 2001). Thus,
altering the relative content of other cell lineages that subsequently provided
cardiomyogenic-inducing factors enhanced the yield of cardiomyocytes.

In some cases, treatment with cytokines appeared to have contrasting ef-
fects on cardiomyogenic differentiation, depending on the culture conditions.
For example, retinoic acid (Wobus et al. 1997) has been shown to accelerate
differentiation, although it was not clear if there was an overall enhancement of
total cardiomyocyte yield. Interestingly, treatment with retinoic acid resulted
in an increase in cardiomyoblast differentiation toward the ventricular lineage
in EBs cultured under high serum conditions (Wobus et al. 1997; Hidaka et al.
2003), with a concomitant reduction in differentiation toward the atrial lin-
eage. Paradoxically, depletion of retinoic acid in low serum cultures enhanced
cardiomyogenic differentiation (Gajovic et al. 1997), presumably due to effects
on other cell lineages.

In addition to these defined factors, co-culture experiments revealed that
precardiac endoderm contained factors capable of enhancing ES cell car-
diomyogenic differentiation (Rudy-Reil and Lough 2004). Similarly, Mummery
and colleagues have shown that a factor secreted by mouse endoderm cells en-
hanced cardiomyogenic differentiation of human ES cells (Mummery et al.
2002, 2003). Inorganic compounds such as nitric oxide (Kanno et al. 2004),
lithium (Schmidt et al. 2001), reactive oxygen species (Sauer et al. 2000), and
a novel butyric and retinoic acid linked ester of hyaluronan (Ventura et al.
2004) also increased cardiomyocyte content in cultured EBs. Finally, a number
of compounds were identified that promoted cardiomyogenic differentiation
in embryonic carcinoma cell lines. These include Wnt-11 (Pandur et al. 2002),
dimethysulfoxide (Rudnicki et al. 1990), and oxytocin (Paquin et al. 2002).
There is a high probability that these factors would have similar effects on ES
cell differentiation.

Gene transfer experiments identified additional pathways that enhanced
cardiomyogenic differentiation in ES cells. For example, overexpression of
GATA-4 (Arceci et al. 1993; Grepin et al. 1997) or alpha-1,3-Fucosyltransferase
(Sudou et al. 1997) resulted in increased yields of cardiomyocytes in differ-
entiating EB cultures. Similarly, overexpression of TBX5 (Fijnvandraat et al.
2003a) and opioid peptide (Ventura and Maioli 2000) enhanced cardiomyo-
genic differentiation in embryonic carcinoma cells. Conversely, loss of beta-1
integrin (Fassler et al. 1996) or alternatively overexpression of Rac-1 (Puceat
et al. 2003) decreased the levels of cardiomyogenesis in differentiating ES cells.
Thus a large number of cytokines, inorganic molecules, and genes have been
identified that influenced the ability of ES cells to generate cardiomyocytes.



Cardiac Repair by Embryonic Stem-Derived Cells 85

The above-mentioned studies were largely candidate experiments designed
to assess the effects of a specific factor or gene on cardiomyogenic differenti-
ation. In contrast, there have been several studies wherein systematic screens
were performed to identify compounds that were able to promote cardiomy-
ocyte differentiation. For example, Takahashiand colleagues screened a chemi-
callibrary for compounds that were able to directly promote cardiomyogenesis
in cultured ES cells (Takahashi et al. 2003). The screen utilized ES cells that
carried a cardiac-restricted reporter transgene that encoded EGFP. Of the 880
compounds screened, one (ascorbic acid) was observed to enhance EGFP ex-
pression in the ES cells. In other studies, Wu and colleagues screened a library
of heterocyclic compounds designed around kinase-directed molecular scaf-
folds in an effort to identify compounds that induced cardiomyogenesis in
P19 embryonic carcinoma cells. The cells contained a reporter transgene com-
prised of a cardiac-restricted reporter transgene that targeted expression of
luciferase (Wu et al. 2004). Subsequent studies showed that a compound iden-
tified in the screen, which was designated cardiogenol A-D, promoted high
levels of cardiomyogenic differentiation in ES cells.

Collectively, the studies described above identified a host of molecules that
increased cardiomyocyte content in differentiating ES cultures. In some in-
stances, the signaling cascades were revealed through analysis of cardiac dif-
ferentiation in genetically modified ES cells. Information obtained from such
studies can in turn be exploited to enhance the production of ES-derived
cardiomyocytes for clinical applications.

4
Experiences with Embryonic Stem-Derived Cardiomyocyte Transplantation

The observation that fetal cardiomyocytes formed stable grafts and partici-
pated in a functional syncytium with the host myocardium following trans-
plantation into adult hearts, and that differentiating ES cells gave rise to
bona fide cardiomyocytes, prompted additional studies wherein ES-derived
cardiomyocytes were used for cardiac cell transplantation. The initial study
employed a relatively simple genetic selection approach to generate pure cul-
tures of cardiomyocytes for transplantation (Klug et al. 1996). A fusion gene
comprised of a cardiac-restricted promoter and sequences encoding amino-
glycoside phosphotransferase was stably transfected into mouse ES cells. The
resulting cells were differentiated in vitro and then were treated with G418,
an analog to the antibiotic neomycin. Cardiomyocytes derived from the ES
cells expressed the aminoglycoside phosphotransferase transgene (due to the
use of a cardiomyocyte-restricted promoter) and thus survived treatment with
G418. In contrast, noncardiomyocytes derived from the ES cells did not ex-
press the aminoglycoside phosphotransferase transgene and were killed by
G418 treatment (see Fig. 7).
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Fig.7a,b Strategy for the generation of pure ES-derived cardiomyocyte cultures. a Structure
of the MHC-neo"/PGK-hygro" transgene. b Scheme for in vitro selection of ES-derived
cardiomyocytes. ES cells are transfected with the MHC-neo®/PGK-hygro® transgene, and
allowed to differentiate. For cardiomyocyte selection, the differentiated cultures are grown
in the presence of G418

Cultures generated in this way were comprised of highly differentiated
cardiomyocytes (>99% pure). The purified ES-derived cardiomyocytes were
transplanted into the hearts of adult mdx recipients. These mice, a genetic
model for Duchenne’s muscular dystrophy, harbored a mutation in the dys-
trophin gene and failed to express the dystrophin protein. In contrast, the
donor ES-derived cardiomyocytes were not mutant and expressed normal
levels of dystrophin. The fate of the engrafted cells was thus monitored by anti-
dystrophin immune reactivity. Donor ES-derived cardiomyocytes formed sta-
ble grafts and were observed to be well aligned with host cardiomyocytes (see
Fig. 8). Although this study demonstrated ES-derived cardiomyocytes survived
intracardiac transplantation and were structurally well integrated with the host
myocardium, the potential impact on cardiac function was not assessed.

ES-derived cardiomyocytes have also been transplanted into hearts with my-
ocardial infarction. For example, Yang and colleagues micro-dissected beating
regions of cultured EBs and transplanted the cells (which were enriched for
cardiomyocyte content) into infarcts 15 min after permanent coronary artery
occlusion. Cardiac function was observed to be improved at 6 weeks following
transplantation in hearts treated with cells as compared to hearts with me-
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Fig. 8a,b Genetically-selected ES-derived cardiomyocytes form stable grafts following cel-
lular transplantation. Phase-contrast image (a) and anti-dystrophin immune fluorescence
(b), respectively, of a dystrophin-deficient heart engrafted with G418-selected ES-derived
cardiomyocytes. The same field is depicted in both panels, and dystrophin immune reactiv-
ity appears as white signal in b. Arrows indicate myofiber-containing host cells (dystrophin
negative), while arrowheads indicate myofiber-containing donor cells (dystrophin positive).
(From Klug et al. 1996)

dia injection alone (Yang et al. 2002). Cardiac function was further enhanced
when the donor cells were genetically engineered to express vascular endothe-
lial growth factor, and a concomitant increase in vessel density was observed.
Although the donor cells expressed an EGFP reporter gene under the regu-
lation of a ubiquitously active promoter, identification of stem-cell derived
cardiomyocyte content in hearts with cell transplants was hampered due to the
reliance of fluorescent-based assays. Given this, and the lack of a systematic
measurement of donor cell content within the infarcted tissue, it was difficult to
ascertain if improved cardiac function resulted from direct contractile activity
of the donor cells or from indirect effects (i.e., enhanced vessel formation).

In other studies, Behfar and colleagues injected undifferentiated ES cells
expressing enhanced cyan fluorescent protein (ECFP) under the regulation of
amuscle specific promoter. The cells were delivered along the infarct border in
mice immediately following permanent coronary artery ligation. Cardiomyo-
genic differentiation was observed, as evidenced by the induction of ECFP
expression. In addition, ECFP expression was observed to co-localize with
anti-myosin light chain 2V immune reactivity (Behfar et al. 2002). Echocar-
diographic analyses revealed greater left ventricular ejection fraction in the
mice receiving cell transplants as compared to those receiving media. Once
again, no systematic assessment of stem cell-derived cardiomyocyte content
was performed; thus it was difficult to determine the mechanistic basis for the
observed physiologic effects. It was nonetheless interesting that a propensity
for cardiomyogenic differentiation was observed in this study, despite the fact
that undifferentiated ES cells were transplanted. Unfortunately, the percent-
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age of ES-derived cells that exhibited a cardiomyogenic phenotype was not
quantitated, so it was impossible to determine if enhanced cardiomyogenic
differentiation occurred.

Mouse ES-derived cardiomyocytes have also been transplanted into rats
with experimental myocardial infarction. For example, Min and colleagues
isolated enriched cultures of ES-derived cardiomyocytes via micro-dissection,
and transplanted the cells at the infarct border zone in rats 30 min following
coronary artery ligation. Analysis of pressure volume loops obtained using
an intraventricular catheter, as well as echocardiographic analyses, revealed
enhanced cardiac function at 6 weeks after infarction in rats that received cell
transplants (Min et al. 2002). The cells were labeled with reporter transgene
expressing green fluorescent protein (GFP) under the regulation of a ubiquitous
promoter, and GFP-expressing cardiomyocytes were observed at 6 weeks after
transplantation. The authors indicated that more than 7% of the cells isolated
from the injected hearts were GFP-expressing cardiomyocytes; however, the
cardiomyocyte content (as opposed to nonmyocytes) was difficult to ascertain
in the histologic sections shown. This study was nonetheless interesting in that
mouse ES-derived cardiomyocytes appeared to survive in infarcted rat hearts
in the absence of immune suppression.

Several other groups have performed xenogenic transplantation with mouse
ES-derived cardiomyocytes. For example, Hodgson and colleagues differenti-
ated ES cells carrying an actin-promoter ECFP reporter transgene in vitro, and
the resulting ES-derived cardiomyocytes were enriched from nonmyocytes via
Percoll density gradient centrifugation (Hodgson et al. 2004). The ES-derived
cardiomyocytes were transplanted into infarcted rat hearts 8 weeks following
permanent coronary artery occlusion. A marked and sustained improvement
in cardiac function was observed from 3-12 weeks following cell transplanta-
tion, as evidenced by echocardiographic analyses. ES-derived cardiomyocytes
were detected, as well as a remarkable reduction in infarct size. However, this
latter observation must be viewed with caution, as the number of animal an-
alyzed was quite small in this study. No evidence for donor cell rejection was
noted. Absence of immune rejection was also observed following transplanta-
tion of mouse ES-derived cardiomyocytes into Wistar rats with concomitant
cyclosporin administration (Naito et al. 2004).

Xenogenic cell transplants have recently been performed using cardiomy-
ocytes isolated from differentiating human ES cells. Kehat and colleagues
(Kehat et al. 2004) injected micro-dissected regions of adherent EBs exhibiting
spontaneous contractile activity and transplanted these cells into pigs with
complete heart block (surgically induced via his bundle ablation). Pacing ac-
tivity originating from the site of cell delivery was observed at 1-3 weeks
after transplantation, as evidenced by both surface electrocardiograms and
EP mapping techniques. This observation suggested that the ES-derived car-
diomyocytes were functionally coupled and able to drive electrical activity in
the heart. The animals received cyclosporin and prednisolone over the course
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of the experiment, and no rejection was evident. The observation that only
a relatively small number of donor-derived myocytes were present at the graft
site raised interesting questions regarding the mass of cells needed to drive
ventricular depolarization.

A similar result was reported by Xue and colleagues (Xue et al. 2005),
wherein beating EBs were transplanted into the left ventricle of guinea pig
hearts. The hearts were harvested 72 h later, and subjected to cryoablation
of the atrioventricular node so as to eliminate all intrinsic pacing activity.
The hearts were then placed into a perfused imaging chamber, and epicardial
optical mapping revealed propagating action potential waves that originated
from the site of cell engraftment. No histologic evaluation of the engraftment
site was presented in this latter study, despite the use of EGFP-labeled cells.

Several other reports with ES-derived cells should be mentioned. For exam-
ple, Wang and colleagues injected undifferentiated ES cells and encephalomy-
ocarditis virus into the tail vein of mice. The presence of ES cells enhanced
the survival rate and lessened the incidence of inflammatory cell infiltration
and myocardial lesions (Wang et al. 2002). ES-derived cardiomyocytes were
also detectable in the heart. Although interesting, the mechanism for the ob-
served phenotypes was unclear in this study. ES cells have also been used to
impregnate biomaterials. Kofidis and colleagues seeded matrigel with undif-
ferentiated ES cells carrying a reporter transgene that expressed EGFP under
a ubiquitous promoter. The mixture was delivered into the ischemic region of
a heterotrophic heart transplant. Two weeks later, ES-derived cells were ob-
served in the transplant region, although the cardiomyocyte content was not
quantitated. The presence of the ES-derived cells nonetheless had a positive
impact on wall motion in the engrafted, heterotrophic heart transplants. Given
these results, it would be of considerable interest to determine the suitability
of ES-derived cardiomyocytes for other biomaterials-based cell delivery sys-
tems. The collagen cast system developed by Zimmermann and colleagues
might be particularly suitable for such applications (Zimmermann et al. 2002).
Finally, ES-derived stem cells have been transplanted at ectopic sites in vivo.
The transplanted cells exhibited spontaneous contractile activity for 30 days
after delivery, and acquired many structural traits typical of myocardial tissue
(Johkura et al. 2003). Transplantation at ectopic sites might permit more rapid
assessment of the effects of factors and/or genes on the behavior of ES-derived
cardiomyocytes in vivo.

Collectively these data supported the notion that ES-derived cardiomy-
ocytes were able to form stable grafts following transplantation into normal or
injured hearts. In many cases, the donor cardiomyocytes were observed to be
well aligned with the host myocardium, and indirect evidence suggested that
the cells were functionally coupled and under certain conditions able to pace
the host myocardium. Improvement in left ventricular function was observed
in several studies wherein cells were delivered into injured hearts; however,
the mechanism underlying functional improvement remained unclear.
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5
Large-Scale Generation of Embryonic Stem-Derived Cardiomyocytes

The data reviewed above suggests that cell transplantation could have a benefi-
cial effect in injured hearts, and furthermore that ES-derived cardiomyocytes
might constitute ideal donor cells. These studies relied on laboratory-scale pro-
duction of donor cells, and typically no more than 10° cells were used (and in
many cases, significantly fewer cells were used). In contrast, the human left ven-
tricle has been estimated to contain 5.8 x 10° cardiomyocytes (Kajstura et al.
1998). Given the low seeding rate and relatively limited proliferation observed
for transplanted cells, therapeutic application of ES-derived cardiomyocytes
for treating severely injured hearts would require the production of a large
number of donor cells. Several groups have developed systems that permitted
the generation of large-scale cultures of ES-derived cells.

Asindicated above, differentiation of ES cells is typically initiated by growing
the cells in suspension, which promoted the formation of EBs. Ideal differenti-
ation was observed if EBs initially comprised aggregates of approximately 200
cells. If cultured at too high of a cell concentration, large aggregates formed,
which subsequently failed to differentiate. Maltsev and colleagues developed
the hanging drop technique, which permitted reproducible generation of uni-
formly sized EBs (Maltsev et al. 1993). Dang and colleagues subsequently
showed that cell-cell interactions in EBs was largely mediated by E-cadherin,
and furthermore that E-cadherin expression decreased as EBs began to dif-
ferentiate (Dang et al. 2002, 2004). Zandstra and colleagues took advantage of
these observations: EBs generated with the hanging drop technique and sub-
sequently transferred into stirred suspension cultures yielded high-density
cultures comprised of well-differentiated cells (Zandstra et al. 2003). These
authors performed similar studies with ES cells that expressed the cardiomy-
ocyte restricted G418-resistance transgenes described above (Klug et al. 1996);
treatment of the high-density suspension cultures with G418 resulted in the
formation of spherical structure (termed cardiac bodies, or CBs), which were
comprised of cardiomyocytes (the G418 having effectively killed essentially all
of the noncardiomyocytes in the culture; see Fig. 9). Yields of 8 x 10* cardiomy-
ocytes per milliliter (2 x 107 total cardiomyocytes per 250 ml of culture) were
obtained (Zandstra et al. 2003). In subsequent studies, these authors allowed
ES cells to aggregate in suspension culture for 24 h, and then microencapsu-
lated the cells within agarose hydrogel capsules. The encapsulated ES cells were
then seeded into stirred suspension cultures, where they differentiated in the
absence of aggregation (Dang et al. 2004). Cardiomyocyte differentiation was
not quantitated in this latter experiment.

The studies described above permitted the generation of intermediate-size
cultures of ES-derived cells, but required at least two cell culture steps to avoid
EB aggregation. Zweigerdt and colleagues adopted a somewhat different ap-
proach to develop a single-step culture for generation of ES-derived cells. Initial
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Fig. 9a-d Large-scale generation of ES-derived cardiomyocytes. Spinner flasks were inocu-
lated with EBs and after 9 days of culture G418 was added to kill noncardiomyocytes. a, b Epi-
fluorescent images of G418-selected cardiac bodies generated in spinner flasks; the parental
ES cells expressed an EGFP reporter transgene. Panel a shows a gross cardiac body image,
while b shows a section through a cardiac body. ¢ Antisarcomeric myosin (MF-20) immune
fluorescent staining of dissociated cardiomyocytes generated in spinner flasks; the parental
ES cells did not express a reporter transgene. d Transmission electron micrographic image
of a cardiac body; mature sarcomeric organization and Z-banding (arrow) are readily seen

studies revealed that rotating suspension culture could be used to generate large
numbers of individual EBs within standard-sized culture dishes. This proce-
dure obviated the need to use hanging drop cultures (Zweigerdt et al. 2003a).
Once again, ES cells carrying a cardiomyocyte restricted G418-resistance trans-
gene were employed. Addition of G418 resulted in CB formation, with a yield
of approximately 2 x 10> cardiomyocytes per milliliter after 10 days of selec-
tion. These observations suggested that fluid dynamics could be exploited
to block EB aggregation, thereby permitting the isolation of ES-derived cells
in a single-step culture system. Accordingly, a single cell suspension of ES
cells carrying a cardiomyocyte restricted G418-resistance transgene were in-
oculated directly into a fully controlled, stirred 2-1 bioreactor. The bioreactor
employed a pitched-blade-turbine, which permitted optimal cell expansion,
EB formation, and efficient ES cell differentiation (Schroeder et al., in press;
Zweigerdt et al. 2003b). After 9 days of differentiation, G418 was added to the
EBs, which were then cultured for an additional 9 days. The protocol resulted
in the generation of essentially pure cardiomyocyte cultures, with a yield of
6.4 x 10° cardiomyocytes per milliliter. In terms of total yield, 1.28 x 10° car-
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diomyocytes were obtained from a single 2-I bioreactor run initially seeded
with 2 x 108 undifferentiated ES cells (Schroeder et al., in press; Zweigerdt et al.
2003b). Collectively these data indicated that relatively large-scale production
of ES-derived cardiomyocytes was possible, and that use of the G418 selection
technique resulted in essentially pure cultures.

6
Conclusions

Cell transplantation approaches have emerged as potential therapies for heart
disease, with several clinical trials already initiated. These procedures hold
the potential for a curative treatment of heart diseases that are character-
ized by progressive cardiomyocyte loss, provided that the underlying cause
of cell loss is also addressed. At present, a variety of donor cells have been
tested, with varied and sometimes conflicting results obtained for the level
of cardiomyogenic differentiation and functional integration, particularly in
the case of adult-derived stem cell transplantation. However, it is clear from
the studies reviewed here that cardiomyocytes, and in particular ES-derived
cardiomyocytes, formed stable grafts following transplantation into either nor-
mal or injured hearts. The transplanted cells exhibited highly differentiated
phenotypes and frequently appeared structurally integrated with the host my-
ocardium, and attributes required for functional integration (i.e., intercalated
discs) were readily detected. Both direct and indirect evidence for functional
coupling between donor and host cardiomyocytes have been reported.
Additional studies are needed to ascertain the potential value of cell trans-
plantation as a treatment for heart disease. In the case of cardiomyocyte trans-
plantation, preclinical studies using dispersed cell preparations from fetal
hearts indicated that the number of total cells which successfully seeded the
heart following transplantation was quite low, and the number of seeded car-
diomyocytes was undoubtedly markedly lower (Yao et al. 2003). Additional
development of biomaterials approaches might enhance the seeding capacity
of donor cells (Zimmermann et al. 2002; Kofidis et al. 2004). Other studies
indicated that donor cell death was prevalent during the period immediately
following transplantation (Zhang et al. 2001). Treatment with cell-survival fac-
tors might greatly enhance donor cell viability after transplantation (Mangi
etal. 2003; Bock-Marquette et al. 2004). Tritiated thymidine incorporation stud-
ies revealed relatively rapid cell cycle withdrawal following transplantation of
fetal cardiomyocytes (Soonpaa and Field 1994) and during ES cardiomyogenic
differentiation in vitro (Klug et al. 1995). Interventions aimed at enhancing
donor cardiomyocyte cell cycle activity might circumvent this issue, and result
in the formation of larger grafts (Nakajima et al. 2004; Pasumarthi et al. 2005).
It is also imperative to determine if the functional improvement observed
in some studies resulted from donor cell participation in a functional syn-
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cytium with the host myocardium, or alternatively from secondary effects of
the donor cells (as for example secretion of angiogenic and/or survival fac-
tors). This concern was heightened by the observation that cells that a priori
would not differentiate into cardiomyocytes and/or would not functionally
couple with the host myocardium nonetheless appeared to enhance cardiac
function following transplantation into injured hearts (Dowell et al. 2003b;
Hassink et al. 2003). In the case of ES-derived cardiomyocyte, while the pres-
ence of pacemaker activity originating from sites of ES-derived cardiomyocyte
transplantation suggested that those cells were functionally coupled to the host
myocardium, other explanations for the activity could be envisioned. Defini-
tive proof of functional coupling between ES-derived cardiomyocytes and the
host myocardium requires analyses performed at the single cell level in intact
hearts (Rubart et al. 2003a, 2003b).

Despite the requirements for additional experimentation and optimization,
there are many reasons to be optimistic for the therapeutic potential of cell
transplantation. In the event that ES-derived cardiomyocytes prove to be the
ideal donor for cell transplantation therapies, the studies described here will
have direct relevance to their use. Conversely, if an adult stem cell-derived
cardiomyocyte becomes the ideal donor cell, many of the technologies devel-
oped for the isolation, in vitro amplification, in vivo delivery, and analysis of
ES-derived cardiomyocytes will likely be applicable to those cells as well. The
evolution of this field over the next 5 years should be both interesting and
informative.
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Abstract Terminal heart failure is characterized by a significant loss of cardiac myocytes.
Stem cells represent a possibility for replacing these lost myocytes but the question of which
stem cells are most ideally suited for cell transplantation therapies is still being addressed.
Here, we consider human embryonic stem cells (HESC), derived from human embryos in
this context. We review the methods used to induce their differentiation to cardiomyocytes
in culture, their properties in relation to primary human cardiomyocytes and their ability
to integrate into host myocardium. In addition, issues regarding their safety that need
addressing before use in cell transplantation therapies, both generally and specifically in
relation to the heart, are considered.
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1
Introduction

Human embryonic stem cells (HESCs) are diploid-cultured cell lines derived
from the inner cell mass of blastocyst-stage embryos surplus to requirements
for assisted reproduction. They can be grown indefinitely in an undifferenti-
ated state yet are also capable of differentiating to all somatic cell types of the
adultbody as well as extraembryonic tissue. Among the specialist cell types that
can form in culture, cardiomyocytes are particularly striking, forming rhyth-
mically contracting structures containing cells highly reminiscent of normal
human heart cells (reviewed by Passier and Mummery 2003). Progressive heart
failure that is secondary to ventricular remodeling after myocardial infarction
is a major medical problem worldwide (Caplice and Gersh 2003). Since there
is a shortage of donor hearts for transplantation, it is becoming a matter of
urgency to consider alternative therapies such as cardiac cell replacement. This
would involve transplantation of appropriate heart cells to the infarcted area
of the myocardium, which would augment contractile function by replacing
those cardiomyocytes lost as a result of injury. HESC-derived cardiomyocytes
are candidates for application in cardiac cell therapy as they represent a renew-
able source of multiple heart cell types that could in principle be produced in
large numbers as required. However, aside from ethical issues associated with
their origin in human embryos, there are a number of scientific issues that
will need to be addressed before they would be suitable even for clinical trials.
These include evidence of their ability to improve long-term cardiac function
in animals that have undergone cardiac injury, semi-industrial upscale to cell
numbers that would be sufficient for treating a human heart, and issues of
safety, both in terms of the potential of transplanted cells to cause arrhythmias
in the host heart and for any residual stem cells to give rise to tumours. Solu-
tions to some of these problems might be found in a deeper understanding of
the molecular control of cardiomyocyte differentiation as it takes place in the
developing embryo. In this review we first consider aspects of early embryonic
development relevant to heart cell formation by stem cells and then review
the present state of knowledge on HESC-derived cardiomyocytes. Finally, we
consider how current obstacles to clinical application might be addressed.

2
Development of the Mammalian Heart

2.1
Differentiation and Early Morphogenesis

Heart formation is initiated in vertebrate embryos soon after gastrulation when
the three embryonic germ layers, ectoderm, endoderm and mesoderm, are
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established in the primitive streak. The heartis derived from the mesoderm and
is the first definitive organ to form in development. Its morphogenesis, growth
and integrated function are essential for survival of the embryo even by mid-
gestation. Cardiac progenitor cells are for the most partlocalized in the anterior
primitive streak. Different populations of precursor cells are distributed within
the streak (in relation to the organizing center, or node) in the same anterior-
posterior order that they are later found in the tubular heart (Garcia-Martinez
and Schoenwolf 1993). As a result, cells furthest from the node end up in the
atrium; those nearer the node end up in the ventricle, whilst those nearest the
node later form the outflow tract. In addition to precursors in the primitive
streak, there are also precursors bilaterally distributed in the epiblast directly
adjacent to the streak. As development proceeds, the precursor population of
precardiac mesoderm emigrates from the streak in an anterolateral direction,
giving rise to the heart-forming fields on either side of the streak. These heart
fields then harbour not only progenitors of the atrial, ventricular and outflow
tract lineages, but also endocardial progenitor cells. The axial distribution is
maintained as the fields migrate to fuse and form the cardiac crescent. Cells of
the cardiac crescent then adopt a definitive cardiac fate in response to cues from
adjacent anterior endoderm (Olson and Schneider 2003). Anterior endoderm
in particular appears to have an instructive function in cardiogenesis in various
species (reviewed in Brand 2003). Ablation of anterior endoderm in amphibians
results in loss of myocardial specification (Nascone and Mercola 1995), whilst
explants of posterior, blood-forming mesoderm in chick are reprogrammed
to express cardiac instead of blood-restricted marker genes if combined with
anterior endoderm (Schultheiss et al. 1995). After cardiac mesoderm has been
specified, it is then directed towards the midline where the heart fields fuse and
form a single heart tube. In mutant mouse and zebrafish in which this fails to
take place, two tube-like structures form (cardiac bifida), which both acquire
contractile activity (Molkentin et al. 1997; Roebroek et al. 1998; Saga et al.
1999; Reiter et al. 1999). These mutants include several that lack endodermal
tissue. Thus, the endoderm is not only important for differentiation of cardiac
precursors but is also essential for cardiac mesoderm migration, although it is
clear that tube formation also involves a cell autonomous function of cardiac
mesoderm itself.

Once this process of primary cardiac induction is complete, cells are then
recruited from lateral plate mesoderm, medial to the primary heart field, to give
rise to the secondary, anterior heart field (AHF). The cells recruited contribute
to the primitive right ventricle and the outflow tract (Kelly and Buckingham
2002). Whilst the heart tube is initially almost straight, the ventricular segment
at this stage starts to bulge ventrally, flips to the right and begins to form
a C-shaped heart. Left-right asymmetry thus becomes evident and cardiac
looping morphogenesis has commenced. Through a series of “ballooning”
steps and morphogenetic movements, the four-chambered heart eventually
forms (Christoffels et al. 2000).
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Understanding the molecular control of heart development in vertebrates
can provide essential clues on which signal transduction pathways might direct
differentiation of HESCs towards specific cardiac lineages. The sequential acti-
vation of the transcription factors that results in the formation of nascent then
precardiac mesoderm, and eventually determines cardiac cell fate, is likely to
be controlled in HESCs as in embryos in vivo. The signals may be known or
novel, in either case emanating from the endoderm, node or acting cell au-
tonomously in mesoderm. In the following section, some of the most relevant
aspects of this molecular control are considered.

2.2
Molecular Control of Cardiac Development

Three families of peptide growth factors have been studied most intensely
for their positive and negative effects on cardiogenesis. These are the bone
morphogenetic proteins (BMPs), members of the transforming growth factor 3
superfamily, the wnts and the fibroblast growth factors (FGFs). Members of
all of these families or their inhibitors are expressed in endoderm. Disrupted
expression of these ligands, receptors or their downstream target genes has
dramatic and distinct effects on cardiac development that are highly conserved
between species (reviewed by Olson and Schneider 2003). In general, BMP
signaling promotes cardiogenesis in vertebrates (Zaffran and Frasch 2002;
Schneider et al. 2003; Schultheiss et al. 1997; Shi et al. 2000; Krishnan et al.
2001; Gaussin et al. 2002) and is also required to generate mesoderm/cardiac
muscle cells from mouse teratocarcinoma stem cells and ES cells in culture
(Gaussin et al. 2002; Johansson and Wiles 1995).

Wingless in Drosophila and related wnt proteins in vertebrates are involved
in cardiac specification although their function is complex. Wnts were initially
considered suppressive of heart formation, but both induction and inhibition
have since been reported (Olson and Schneider 2003). Results have not yet
been reconciled but may relate to distinct effects of the canonical (acting via -
catenin/GSK3 to repress cardiogenesis) vs noncanonical (acting via PKC/JNK to
promote cardiogenesis) signalling pathways, and/or indirect effects in certain
model systems (for example, induction, expansion or augmentation of BMP-
producing endoderm-like cells). Finally, limited studies in chick and zebrafish
have implicated a cardioinductive role for FGFs (Lough et al. 1996; Barron
et al. 2000; Alsan and Schultheiss 2002), although in Drosophila, FGFs appear
to provide positional cues to cells for specification. It is of interest that BMP2
is able to upregulate FGF8 ectopically and that BMP2 and FGF8 probably
synergize to drive mesodermal cells into myocardial differentiation. These
three signaling pathways are essential not only for primary cardiogenesis but
are also involved in secondary (AHF) cardiogenesis (Brand 2003).
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Once anterior mesoderm cells have received appropriate signals, such as
those described above, they switch on a set of cardiac-restricted transcrip-
tion factors that interact in combination to control downstream genes in the
cardiac pathway. The homeodomain transcription factor Nkx2.5 (Lints et al.
1993) and the T-box protein Tbx5 (Bruneau et al. 1999; Horb and Thomsen
1999) are among the earliest markers of the cardiac lineage and are acti-
vated shortly after cells have formed the heart fields. Nkx2.5 is thought to be
required in mice specifically for left ventricular chamber development (Ya-
magishi et al. 2001), whilst loss of Tbx5 results in severe hypoplasia of both
the atrial and left ventricular compartments (Bruneau et al. 2001) and may
thus be important for the formation of both. Nkx2.5 and Tbx 5 associate with
members of the GATA family of zinc finger transcription factors and with
serum response factor (SRF) to activate cardiac structural genes, such as actin,
myosin light chain (MLC), myosin heavy chain (MHC), troponins and desmin.
Tbx5 can also cooperate with Nkx2.5 to activate expression of ANF and the
junctional protein connexin 40 (Bruneau et al. 2001; Habets et al. 2002). Mem-
bers of the myocyte enhancer factor 2 (MEF2) family of transcription factors
also play key roles in cardiomyocyte differentiation by switching on cardiac
muscle structural genes. In addition, association of SRF with a nuclear pro-
tein myocardin, activates cardiac-specific promoters (Wang et al. 2001). HOP,
a cardiac homeodomain protein, which affects cardiomyocyte proliferation
and differentiation (Shin et al. 2002), also associates with SRF and inhibits
myocardin transcriptional activity (Wang et al. 2002). Thus multiple com-
plex interactions take place between various transcription factors to control
initial differentiation and maturation of cardiomyocytes. Apart from their
functional role, many of these factors serve as excellent markers of cardiomy-
ocytes in differentiating cultures of HESC and mES (see Table 1) and can be
useful in identifying the degree of maturity of specific cardiac cells and the
kinetics with which differentiation is taking place because their normal ex-
pression is under tight temporal control. A recent addition to this list is Isll,
aLIM homeodomain transcription factor, which identifies a cardiac progenitor
population that proliferates prior to differentiation and contributes the ma-
jority of cells to the heart (Cai et al. 2003). Unlike skeletal muscle cells, where
differentiation and proliferation are mutually exclusive, embryonic cardiac
myocytes differentiate and assemble sarcomeres even while they proliferate,
although organization is much greater postnatally. The prospect of using Isl1
as a marker for the undifferentiated cardiac progenitor state is exciting and
cell sorting of differentiating HESCs on the basis of Isl1 expression could allow
further characterization and expansion in culture. This could provide a very
useful contribution to upscaling cardiomyocyte production for transplanta-
tion.
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3
Cardiomyocytes from Embryonic Stem Cells

3.1
In Vitro Differentiation of Mouse Embryonic Stem Cells to Cardiomyocytes

Pluripotent mouse embryonal carcinoma (EC) stem cells derived from tera-
tocarcinomas and mouse embryonic stem (mES) cells derived from mouse
blastocysts (Martin 1981; Evans and Kaufman 1981) retain the capacity to
form derivatives of the three germ layers in culture. In vitro differentiation
usually requires an initial aggregation to form structures termed embryoid
bodies (EBs). After a few days of culture under appropriate conditions of
cell density, culture medium and serum supplement, cardiomyocytes form
between an outer epithelial layer of the EB with characteristics of visceral
endoderm and basal mesenchymal cells become readily identifiable by spon-
taneous contraction (review by Boheler et al. 2002; for a general review of
lineage determination in mES, see Loebel et al. 2003). Differentiation may be
enhanced by culture supplements such as DMSO or retinoic acid or co-culture
with endoderm-like cells (Mummery et al. 2002; Rathjen et al. 1999; Rathjen
and Rathjen 2001). Wnt11, which activates the noncanonical wnt pathway, in-
duced GATA4 and Nkx2.5 expression in P19 EC cells (Pandur et al. 2002) and
repressed the canonical pathway although wnt-3a, acting through the canoni-
cal pathway, promoted cardiomyogenesis in a P19 subclone (Nakamura et al.
2003). The effects of wnt signalling on cardiomyogenesis of mES have not
been described. Cardiomyocyte differentiation in mEBs recapitulates the pro-
grammed expression of cardiac genes observed in the mouse embryo in vivo
both in the kinetics and the sequence in which genes are upregulated. GATA-4
and Nkx2.5 transcripts appear before mRNAs encoding ANF, MLC-2v, a-MHC
and B-MHC. Sarcomeric proteins are also established in a manner similar to
that seen in normal myocardial development. The electrical properties and
phenotype of cardiomyocytes derived from mouse EB cultures have been ex-
amined in some detail (reviewed by Boheler et al. 2002). The rate of contraction
decreases with differentiation and maturation in culture, as in normal mouse
development, and their differentiation as such can be divided into three de-
velopmental stages: early (pacemaker-like or primary myocardial-like cells)
intermediate, and terminal (atrial-, ventricular-, nodal-, His-, and Purkinje-
like cells) (Hescheler et al. 1997). In early stages, the nascent myofibrils are
sparse and irregular but myofibrillar and sarcomeric organization increases
with maturation. Functional gap junctions develop between cells and even-
tually their phenotype resembles that of neonatal rat myocytes. Likewise, the
electrophysiological properties of mES cardiomyocytes (mES-CMs) develop,
with differentiation in a manner reminiscent of their development in the mouse
embryo (Boheler et al. 2002). Fully differentiated mES-CMs are responsive to
B-adrenergic stimulation, whilst early mES-CMs are not (Maltsev et al. 1999).
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They also exhibit many features of excitation-contraction coupling found in
isolated fetal or neonatal cardiomyocytes.

Several of the features described above in combination with the amenability
of mES to genetic manipulation have made it possible to develop strategies for
genetic selection of cardiomyocytes from mixed populations of differentiating
cells. In the absence of cell-surface antibodies recognizing cardiomyocytes or
their precursors, this has been important for initiating studies to transplant
pure cell populations of specific cardiac lineages to the adult mouse heart. The
first study of this type was carried out using mES expressing a fusion gene
composed of the «-MHC promoter and a neo® cassette (Klug et al. 1996). After
selection in G418, the percentage of cardiomyocytes increased from 3%-5%
to almost 100%. Similar studies have been carried out using the MLC-2v or
a-cardiac alpha-actin promoter coupled with either neo® or GFP for selection
(Meyer et al. 2000; Muller et al. 2000; Kolossov et al. 1998). Unfortunately
in the adult heart after transplantation, survival of mES-CM is poor (~5%
survival) and many undergo apoptosis (Klug et al. 1996), a potential problem
to be addressed before cell transplantation therapy is likely to be effective. In
addition, an estimated 108-10° cells lost during myocardial infarction would
be required per patient for effective therapy. A useful step towards upscaling
was recently made when 10° mES-CM were produced by genetic selection in
combination with a cardiac-specific promoter on EBs grown in a bioreactor
(Zandstra et al. 2003).

3.2
In Vitro Differentiation of Human Embryonic Stem Cells to Cardiomyocytes

Several groups have shown the differentiation from HESCs to cardiomyocytes
(Table 1). The first report of cardiomyocytes from HESCs (Kehat et al. 2001)
appeared almost 3 years after HESCs were first derived (Thomson et al. 1998).
To induce cardiomyocyte differentiation, HESCs (cell line H9.2) were dispersed
using collagenase IV into small clumps (3-20 cells) and grown for 7-10 days in
suspension to form EB-like structures like mES but without the distinct outer
layer of endoderm cells. After plating these EBs onto gelatin-coated culture
dishes, beating areas were first observed in the outgrowths 4 days after plating
(i.e. 11-14 days after the start of the differentiation protocol). A maximum in
the number of beating areas was observed 20 days after plating (27-30 days
of differentiation), with 8.1% of 1884 EBs scored beating. This spontaneous
differentiation to cardiomyocytes in aggregates was also observed by others
using different cell lines e.g. H1, H7, H9, H9.1 and H9.2 (Xu et al. 2002).
However, in this case approximately 70% of the embryoid bodies displayed
beating areas after 20 days of differentiation. On day 8 of their differentiation
protocol (growth in suspension followed by plating in culture dishes), 25% of
the EBs were beating. A third group also demonstrated spontaneous derivation
of cardiomyocytes from HESC lines H1, H7, H9 and H14 but in this case 10%-
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Fig. 1a HESC differentiating towards cardiomyocytes, co-cultured on END-2 cells (phase-
contrast microscopy, X5 magnification). b Dissociated beating areas of HESC-END-2 co-
cultures stained for the cardiac-specific a-actinin (red) and a marker for proliferation Ki67
(green) (fluorescent microscopy, magnification x63). Bar, 100 pm

25% of the embryoid bodies were beating after 30 days of differentiation (He
etal. 2003). The reasons for these apparent differences in efficiency are not clear.
In addition, counting beating EBs may not accurately reflect the conversion
of HESCs to cardiomyocytes, since EBs may contain significantly different
numbers of cardiac cells. Recently, the differentiation of two independent
HESC lines BGO1 and BGO02 has been described (Zeng et al. 2004). Following
dissociation of HESCs by collagenase IV into small clumps, cells were grown for
7 days as EBs and cultured on adherent plates for another 7 days. In this case,
immunoreactivity was demonstrated for the cardiac marker cardiac troponin
I (cTnlI).

An alternative method for the derivation of cardiomyocytes from HESCs
was described by Mummery et al. (2002, 2003). Beating areas were observed
following co-culture of HESCs with a mouse visceral endoderm-like cell-line
(END-2) (Fig. 1). As described above, endoderm plays an important role in
the differentiation of cardiogenic precursor cells in the adjacent mesoderm in
vivo. Earlier co-culture of END-2 cells with mouse P19 embryonal carcinoma
(EC), a mouse embryonal carcinoma cell line with pluripotent differentiation
properties, and ES cells already showed that beating areas appeared in ag-
gregated cells (van den Eijnden-van Raaij et al. 1991). For the derivation of
cardiomyocytes from HESCs, mitotically inactivated END-2 cells were seeded
on a 12-well plate and co-cultured with the HESC line HES-2. This resulted
in beating areas in approximately 35% of the wells after 12 days in co-culture
(Mummery et al. 2003).

Whilst these methods appear to be effective, all produce cardiomyocytes at
low efficiency and in insufficient numbers to treat adult human patients. In
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addition, it will be important to reduce the risk of teratoma formation from
residual undifferentiated HESCs by developing sensitive assays for their detec-
tion prior to transplantation. Significant upscale will be required before HESC
cardiomyocytes have any clinical applications. This could involve increasing
the efficiency of cardiomyocyte differentiation, promoting proliferation of the
emerging cardiomyocytes or developing methods of purification of the re-
quired cardiac cell type. Following manual dissection and dissociation of beat-
ing areas from HESCs, between 2% and 70% of the cells are positively stained
for cardiac markers (He et al. 2003; Mummery et al. 2003). The only enrichment
method described to date for HESC cardiomyocytes used discontinuous Per-
coll gradient purification (40.5% over 58.5%) (Xu et al. 2002). This resulted in
approximately fourfold enrichment (70% positively stained for cardiac mark-
ers) in a particular cell fraction compared with the initial differentiated cell
suspension. FACS analysis and sorting would be a useful approach to quantifi-
cation and selection and a significant improvement on counting beating EBs
or physical selection methods. The fact that it has not been widely used re-
flects the lack of specific cell-surface markers for cardiomyocytes. Genetically
marked cardiac derivatives of HESCs that have been described in mice (Klug
et al. 1996; Meyer et al. 2000; Muller et al. 2000) have not yet been described.

3.3
Improving Cardiomyocyte Differentiation from Human Embryonic Stem Cells

Although there are differences in the morphology, growth characteristics and
molecular signalling pathways between mES and HESCs, studies on cardiomy-
ocyte differentiation from mouse ES cells (reviewed in Boheler et al. 2002;
Sachinidis et al. 2003a) may nevertheless help identify conserved properties
including methods promoting the conversion of the stem cells to cardiomy-
ocytes. In addition, P19 EC cells have also been useful in understanding car-
diomyocyte differentiation (van der Heyden and Defize 2003). Using these
cells and embryo explants in culture, it has been shown that a variety of well
described proteins control cardiogenesis, just as described above in studies
of mutant embryos. For example, both BMP-2 and BMP-4 can induce cardiac
differentiation in chick explant studies from a tissue that normally does not
give rise to cardiac tissue (Schultheiss et al. 1997). The importance of BMP-2
for cardiac differentiation has also been shown in mES (Behfar et al. 2002).
Retinoic acid and DMSO are well known factors which are able to enhance
or promote cardiac differentiation in mES or P19 EC cells (Wobus et al. 1997;
McBurney et al. 1982; Ventura and Maioli 2000). Oxytocin, a nonapeptide orig-
inally recognized as a female reproductive hormone, has been recently found
to increase cardiomyocyte differentiation in P19 EC cells (Paquin et al. 2002).
Other factors that have been shown to play an important role in cardiac differ-
entiation are members of TGFf, FGF and Wnt families (reviewed in Boheler
et al. 2002; Sachinidis et al. 2003a).
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Several of these potential cardiogenic factors have been tested in HESCs. No
significant improvement in cardiomyocyte differentiation has been achieved
by adding DMSO and retinoic acid (Kehat et al. 2001; Xu et al. 2002) or BMP-2
(Mummery et al. 2003). It is not clear whether these factors do not play a role
in cardiac differentiation of HESCs, or whether differentiation protocols were
not optimal. Variations in concentration, timing and combinatorial effects
of potential cardiogenic factors in HESC differentiation methods may have
a crucial effect on the outcome of cardiomyocyte differentiation. The only
factor at present that shows enhanced cardiomyocyte differentiation of HESCs
is 5-aza-2'deoxycytidine, a demethylating agent, which has been shown to
stimulate cardiomyocyte differentiation in human mesenchymal stem cells
(Makino et al. 1999). Treatment of HESCs with 5-aza-2'deoxycytidine showed
a time- and concentration-dependent effect on cardiomyocyte differentiation.
Upregulation of the expression of cardiac a myosin heavy chain, as determined
by real-time RT-PCR, was up to twofold higher (Xu et al. 2002).

The presence of fetal calf serum during differentiation may also have effects
on differentiation efficiency. In all reports to date, serum has been present in
the culture medium, whilst there is evidence that serum contains stimulatory
as well as inhibitory factors for cardiomyocyte differentiation. For example,
Sachinidis et al. (2003b) observed a 4.5-fold upregulation in the percentage
of beating mEBs after changing to a serum-free differentiation medium. In
addition, a 24-fold increase in the number of beating areas was observed when
HESCs co-cultured with END-2 cells were differentiated in the absence of
serum instead of 20% fetal calf serum (Passier et al. 2005).

In addition to improving differentiation efficiency, it is also important to
identify factors that control maturation, proliferation and electrophysiology.
These aspects will be discussed below.

4
Characteristics of Human Embryonic Stem Cell-Derived Cardiomyocytes

The previous sections have described the current methods to promote spon-
taneous and induced differentiation of HESCs towards the cardiac lineage.
Although functional cardiomyocytes can easily be identified in vitro by their
beating phenotype, only more detailed interrogation can establish the spe-
cific cardiac cell types generated, the degree of maturation they achieve com-
pared to in vivo cardiac development and whether they possess fully func-
tional excitation-contraction coupling machinery that responds appropriately
to pharmacological agents. To realize the scientific and therapeutic potential of
HESC-derived cardiomyocytes (HESC-CM), comprehensive characterization
is therefore required.
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4.1
Transcriptional Profile of Human Embryonic Stem Cell-Derived Cardiomyocytes

Differentiation of HESC to the cardiac lineage creates a gene expression pro-
file (Table 1) reminiscent of both mouse ES cell differentiation and the early
stages of normal mouse heart development (Fijnvandraat et al. 2003). Analy-
sis of HESC-CM RNA and proteins has demonstrated the presence of cardiac
transcription factors including GATA-4, myocyte enhancer factor (MEF-2) and
Nkx2 transcription factor related locus 5 (Nkx2.5) (Kehat et al. 2001; Xu et al.
2002). Correspondingly, structural components of the myofibres are appro-
priately expressed. These include «-, B- and sarcomeric-myosin heavy chain
(MHC), atrial and ventricular forms of myosin light chain (MLC-2a and —2v),
tropomyosin, a-actinin and desmin. Furthermore, HESC-CMs fail to react with
antibodies from noncardiac lineages (Table 1).

Antibody reactivity to two members of the troponin complex, cardiac tro-
ponin T (cTnT), which binds to tropomyosin, and cardiac troponin I (cTnl),
which provides a calcium-sensitive molecular switch for the regulation of stri-
ated muscle contraction, has been demonstrated. cTnl appears to be truly
cardiac-specific as antibodies to this protein only react with cells arising from
beating and not nonbeating regions. In addition, upregulation of atrial natri-
uretic factor (ANF), a hormone that is actively expressed in both atrial and
ventricular cardiomyocytes in the developing heart, has also been observed
during cardiac differentiation of HESCs. Moreover, these cells express creatine
kinase-MB (CK-MB) and myoglobin (Xu et al. 2002). CK-MB is found to be
involved in high-energy phosphate transfer and facilitates diffusion of high-
energy phosphate from the mitochondria to myofibril in myocytes. Myoglobin
is a cytosolic oxygen binding protein responsible for the storage and diffu-
sion of oxygen in myocytes. Thus many of the transcription factors, structural
proteins and metabolic regulators of cardiac development are found within
HESC-CM.

These cardiomyocytes do, however, react with antibodies to smooth muscle
actin, a protein found in embryonic and fetal, but not adult cardiomyocytes,
suggesting alimited degree of maturation (Xu et al. 2002). Adding weight to this
notion, single HESC cardiomyocytes, rather than showing the more defined
rod shape of mature cells, display numerous different morphologies, includ-
ing spindle, round, tri- or multi-angular shapes. Sarcomeric immunostaining
reveals sarcomeric striations organized in separated bundles, which parallels
the pattern seen in human fetal cardiomyocytes and not the highly organized
parallel bundles seen in human adult cardiomyocytes (Mummery et al. 2003).

Ultramicroscopical analysis does, however, demonstrate HESC-CM matu-
ration during extended culture. While during the early stages of differentiation
(~10-20 days) cardiomyocytes have a large nucleus to cytoplasm ratio with
disoriented myofibrils lacking sarcoplasmic pattern distributed throughout
the cytoplasm in a random fashion, both numbers and organization of my-
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ofibrils increased at later times (~20-50 days) (Snir et al. 2003). During this
time, cells elongated and Z-line assembly from periodically aligned Z-bodies
was observed. At late stages (>50 days) a high degree of sarcomeric organi-
zation was observed and discrete A (dark) and I (light) bands could be seen
in some sarcomeres. Furthermore, HESC-CMs progressively withdraw from
the cell cycle during culture. However, although this developmental pattern
is reminiscent of mES cell differentiation to cardiomyocytes, maturation of
HESC cardiomyocytes proceeds more slowly, is more heterogeneous, and does
not reach the level of maturity, typical of adult cardiomyocytes. This was mani-
fested, for example, by the lack of a developed T tubule system (Snir et al. 2003).
Thus, it has been suggested that maturation may be aided by the addition of
prohypertrophic factors such as cardiotrophin. Alternatively, subjecting the
HESC cardiomyocytes to oscillating mechanical load (Mummery et al. 2003;
Capsiand Gepstein 2004) or culturing them in three-dimensional matrices may
stimulate maturation. Considering that cardiomyocytes in the infarcted heart
regress to an embryonic phenotype, it will be interesting to see whether HESC-
CMs with an embryonic or adult phenotype are more suited to functional and
electrical integration following transplantation.

4.2
A Functional Conduction System: Excitation-Contraction Coupling Machinery

Cardiomyocytes from HESCs have a beat rate of ~30-130 bpm and respond
appropriately to pharmacological agents. Ligand binding to the adrenocep-
tors (ARs) generates a signaling cascade that results in elevated cAMP levels.
This activates cCAMP-dependent protein kinase (PKA), which then phosphory-
lates and alters the function of a few cardiac proteins that have key effects on
the overall cardiac function. The presence of al- and p1-ARs in HESC-CMs
has been demonstrated by immunocytochemical analysis. Pharmacological
induction with phenylephrine (x1-AR agonist) resulted in a dose-dependent
increase in contraction rate in both human fetal and HESC-CMs. Increases
in beat rate and amplitude were observed after isoprenaline ($1-AR agonist)
treatment (Xu et al. 2002; Mummery et al. 2003; Kehat et al. 2001; He et al. 2003).
However, 32-AR agonists such as clenbuterol only elicited a response during
late stages of in vitro differentiation (day 61-72) and not early stages (day 22
and 39) (He et al. 2003), consistent with the observation cardiac contractility
to B-adrenergic stimulation changes during development (Wobus et al. 1991).
Negative chronotropic responses to muscarinic agonists, such as carbachol,
have also been observed, again consistent with data from mouse fetal and
mES-CMs (Wobus et al. 1991; An et al. 1996). Alternatively, perturbation of
pathways downstream of receptors can also modulate cardiac output. Inhi-
bition of phosphodiesterase (which converts cAMP into 5’AMP) by isobutyl
methylxanthine (IBMX) and activation of adenylate cyclase by forskolin, results
in increased or decreased beat rate, respectively (Kehat et al. 2001).
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Other known and unknown factors influence beat rate. HESC-CMs are
exquisitely sensitive to temperature; reduced temperature correlates with de-
creased beat rate. In EBs, continuous and episodic beat patterns have been
observed, with the latter being speculatively attributed to conduction block
related to tissue geometry, impaired cell-to-cell coupling, reduced cellular
excitability or an immature Ca?* regulatory system. HESC-CMs do express
adhesion molecules (N-cadherin), and the gap junction proteins connexins 43
and 45, but Cx45 usually only in early stages of in vivo development (Mum-
mery et al. 2003; Kehat et al. 2002). They are also well coupled by functional
gap junctions, as evidenced by visualizing Lucifer Yellow dye spread or Ca?*
movement between connected cells. However, visualization of Ca2* ion tran-
sients via fura-2 fluorescence revealed the rate to peak concentration in each
beat was significantly longer in the HESC-CMs (Kehat et al. 2002).

In heart muscle, the main currents involved in the action potential are influx
of Ca* and Na* during depolarization (phase 0) and efflux or maintenance of
K* during repolarization and resting potential (phases 1-4). Sodium channels
are the major current of depolarization in atrial and ventricular cells but in
pacemaker cellsitis Ca?*via L-type calcium channels (Ic,-1.). Molecularly, Ica-1.
channels are expressed in HESC-CMs (Mummery et al. 2003) and functionally
they are inhibited, and hence also beat rate, in a dose-dependent manner by
blockers such as diltiazem (Xu et al. 2002). Verapamil also inhibited action
potential in human fetal and HESC-CMs. By contrast, mES-CM:s at early stages
of differentiation are nonresponsive despite the presence of Ic,.1 channels.
Thus, while there are many similarities between human fetal or HESC-CMs
and mES-CMs, their Ca?* channel modulation resembles that of the adult
mouse (Mummery et al. 2003).

The sarcoplasmic reticulum is also a major source of Ca?* release in my-
ocytes. Expression of ryanodine receptors (RyR; Ca?* activated Ca* release)
and phospholamban (PLN; regulation of SERCA2a-mediated Ca?* uptake) has
been demonstrated in HESC-CMs.

Repolarization is initiated by numerous K* channels. Among these are
transient outward current (Ito1; encoded by the genes Kv4.2 and Kv4.3), which
causes the early rapid repolarization seen in phase 1 of the action potential;
slow activating current (Ixs; encoded by KvLQT1 with the mink subunit), which
causes repolarization associated with phase 3 of the action potential. Mutations
in KvLQT1 are the cause of long QT syndrome in humans; the rapid component
of delayed rectification (Ixy; encoded by human eag-related gene [HERG]),
which is involved in all phases of repolarization, but is most active during
phase 3. Mutations in HERG have been linked to a congenital form of long
QT syndrome. Furthermore, these channels are the target of anti-arrhythmic
agents such as E4031.

RNA for Kv4.3 and KvLQT1 has been detected by RT-PCR in HESC-CMs
(Mummery et al. 2003). However, while Kv4.3 could be detected in differen-
tiating cells several days before the onset of beating, KvLQTI was expressed
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in undifferentiated HESC but transcripts disappeared during early differentia-
tion and reappeared later. Functionally, application of E-4031 lead to increased
duration of phase 3 (terminal repolarization) and triggered early after de-
polarization (EAD)-based arrhythmias, providing pharmacological evidence
that Ix, contributes to repolarization in HESC-CM (He et al. 2003). Delayed
after depolarizations (DADs) typically occur during Ca** overload such as that
produced by injury or digitonin toxicity and were observed to occur sponta-
neously, possibly a result of microelectrode impalement or spontaneous Ca?*
release.

Interestingly, forced electrical stimulation at increasing frequencies resulted
in action potential shortening adaptation in ventricular-like cardiomyocytes.
This physiological response leads to systolic shortening at high heart rates,
thereby maintaining diastolic time for ventricular filling, as shown in the
ventricular myocardium of human embryos (He et al. 2003).

Based on electrophysiological characteristics of the action potential, such as
resting potential, upstroke, amplitude and duration, it is possible to assign cell
type (pacemaker, atrial, ventricular, nodal) to HESC-CMs in culture. Upstroke
velocities, a measure of the rate of depolarization, were particularly low in the
ventricular-like cells (average 8 V/s, (Mummery et al. 2003); 5-30 V/s, (He et al.
2003), which is comparable to cultured fetal ventricular cardiomyocytes but
very different from the rapid upstroke of adult ventricular cells (~150-350 V/s;
He et al. 2003). Similarly, the relatively positive resting potential of atrial- and
ventricular-like HESC-CMs (approximately —-40 to —50 mV) is comparable to
early stages of fetal development. While some studies describe up to 85% of
HESC-CMs being ventricular-like (Mummery et al. 2003), others report a lesser
predominance of this cell type (He et al. 2003; Kehat et al. 2002). This may relate
to the time of analysis since the cardiomyocyte composition of mES-derived
embryoid bodies changes during culture duration (Hescheler et al. 1997). It
may also reflect differences in the HESC cell lines or methods of differentiation
used, or that the analysis by Mummery et al. (2003) used dissociated HESC-CMs
rather than EBs.

5
Applications and Conclusions

It is clear that HESCs can be differentiated towards cardiomyocytes that ap-
propriately respond to different stimuli, and this infers functional expression
of many of the components required for excitation-coupling. However, while
maturation of HESC-CMs does occur during prolonged culture, currently these
cells fail to attain the characteristic of adult cardiomyocytes. It will be impor-
tant to assess novel methods to stimulate maturation so in vitro produced
cardiomyocytes with embryonic or adult characteristics are at the disposal of
the scientific and clinical community. This would be potentially useful in drug
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discovery and testing. In addition, it might be possible to use HESCs to develop
in vitro models for studying specific genetic cardiac diseases, such as chan-
nelopathies where specific ion channel mutations may cause fatal arrhythmias
in asymptotic carriers. It is also important to be aware that while introduction
of ectopic cardiac cells in mice might not cause arrhythmias because of the
high heart rate and adaptive capacity of the mouse heart, this may not be the
case in humans. Transplantation of skeletal myoblasts in patients has already
caused serious clinical complications (reviewed in Menasche 2004) because of
inadequate incorporation into the host myocardium. More recently, the first
transplantation of HESC-derived cardiomyocytes into the hearts of pigs was
described (Kehat et al. 2004). Since pig heart physiology is more reminiscent of
human heart than rodents, the observation of ectopic pacemaker-like activity
from the transplanted cells cautions against premature clinical application.
On the other hand, there are few proven alternative sources of transplantable
cardiomyocytes to replace those lost after infarct, although recent descriptions
of cardiac progenitor cells are of major interest, particularly following reports
that bone marrow-derived stem cells do not transdifferentiate to cardiomy-
ocytes in the heart following transplantation, as originally thought (Murry
et al. 2004; Balsam et al. 2004). Further research will be required before cardiac
cell therapy becomes routine clinical practice.
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Abstract Cardiogenesis, one of the earliest and most complex morphogenetic events in the
embryo, is not fully understood at the molecular level and is typically a low-yield process.
Affording a high throughput of cardiogenesis from a suitable population of pluripotent
cells is therefore a major assignment in the perspective of a stem cell therapy for heart
failure. Analysis of cardiac lineage commitment in mouse embryonic stem cells and in
vivo models of cardiac differentiation revealed that a number of crucial growth factors are
released from precursor cells, acting in an autocrine fashion on specific plasma membrane
receptors to prime a cardiogenic decision. Nevertheless, it is increasingly becoming evident
that cell nuclei harbor the potential for intrinsic signal transduction pathways. The term
“intracrine” has been proposed for growth regulatory peptides that have been shown to act
within their cell of synthesis at the level of the nuclear envelope, chromatin, or other sub-
nuclear components. Considerable evidence links known intracrines with transcriptional
responses and self-sustaining loops that behave as long-lived signals and impart features
characteristic of differentiation, growth regulation and cell memory. This review focuses on
a number of autocrine and intracrine systems within the context of cardiac differentiation
and emphasizes the identification of cardiogenic mechanisms as a clue for the development
of unprecedented differentiating strategies. In this regard, recently synthesized mixed esters



124 C. Ventura - A. Branzi

of hyaluronan with butyric and retinoic acid primed the expression of cardiogenic genes
and elicited a remarkable increase in cardiomyocyte yield in mouse embryonic stem cells.
This demonstrates the potential for chemically modifying the gene program of cardiac dif-
ferentiation without the aid of gene transfer technologies and sets the basis for the design
of a novel generation of chemicals suited for the organization of targeted lineage patterning
in stem cells.

Keywords Embryonic stem cells - Cardiogenesis - Gene transcription -
Differentiating agents

1
Introduction

Mouse embryonic stem (ES) cells have been shown to behave as pluripotent,
self-renewable elements that can be committed to multiple lineages, including
cardiac myocytes. Due to these features, ES cells proved to be an invaluable
model to take a glimpse of the molecular events underlying the specification
of a myocardial fate. In this regard, a selected number of lineage-restricted
transcription factors, including the zinc finger-containing GATA-4 and the
homeodomain Nkx-2.5, has been found to be essential for cardiogenesis in
different animal species (Biben and Harvey 1997; Grepin et al. 1995; Heikin-
heimo et al. 1994; Jiang and Evans 1996; Lints et al. 1993), including humans
(Benson et al. 1999; Schott et al. 1998). However, the identification of genes
and signaling patterning recruited for the expression of cardiogenic transcrip-
tion factors is only partially exploited. So far, different cardiogenic growth
factors recognized by specific cell-surface receptors have been identified and
the signaling mechanisms coupled with receptor activation have been increas-
ingly dissected. A common feature in a number of these growth factors is
their potential of being released by a pluripotent cell in the extracellular space,
acting in an autocrine fashion onto targeted plasma membrane receptors to
elicit a biological effect (Fig. 1). However, there is also increasing evidence to
support intracellular sites of growth factor action and a large body of data
indicating that such action is not rare (Cook et al. 2001; Re 2000, 2002, 2003).
Within this context, the term “intracrine” has been proposed for the action
of a peptide hormone either within its cell of synthesis or after internaliza-
tion (Fig. 1). It is now agreed that an intracrine must retain the potential of
being found in the extracellular space producing a response after binding to
a membrane receptor such as a traditional endocrine, paracrine, or autocrine.
In addition, a putative intracrine factor must be found in association with one
or more intracellular organelles not associated with secretory or degratory
structures (these may arguably be viewed as extensions of the extracellular
space).

The present review will focus on a number of autocrine/intracrine systems
involved in a cardiogenic decision in pluripotent ES cells, and will discuss the
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Fig. 1 Autocrine/intracrine signaling in ES cell cardiogenesis. Selected growth factors may
trigger complex subcellular redistribution patterning of PKC isoforms, encompassing both
nuclear translocation (PKC-a, -B, and -B,) and/or the activation of nuclear-embedded
isozymes (PKC-§, and -¢). Nuclear PKCs play a major role in the activation of lineage-
restricted transcription factors (i.e., GATA-4 and Nkx-2.5), which have been found to be
essential for cardiogenesis in different animal species including humans. A common feature
in a number of growth factors (LIE, dynorphin peptides, Wnts) is their potential of being
released by a pluripotent cell in the extracellular space, acting in an autocrine fashion
onto a targeted plasma membrane receptor to elicit a differentiating response. There is
also increasing evidence to support intracellular sites of growth factor action. The term
intracrine has been proposed for the action of a peptide hormone either within its cell
of synthesis or after internalization. Binding sites for intracrines have been detected in
the nuclear envelope, chromatin, or both, as well as in other nuclear components. Nuclear
endorphin receptors have been identified in pluripotent mouse ES cells and their stimulation
with dynorphin B in nuclei isolated from undifferentiated cells has been shown to trigger
nuclear PKC activity as well as GATA-4 and Nkx-2.5 gene transcription. Preprodynorphin
itself possesses structural similarity to helix-loop-helix DNA binding proteins and exhibits
cysteine-rich regions characteristic of zinc-finger domains. This raises the possibility that
opioid peptide precursors may act as intracrines mimicking transcription factor dynamics
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discovery of related signaling patterning as a potential clue for the development
of novel differentiating agents.

2
Leukemia Inhibitory Factor

Leukemia inhibitory factor (LIF), a member of the interleukin (IL)-6 family
of cytokines, is a pleiotropic growth factor that exists in two isoforms, a dif-
fusible molecule (D-LIF) and an extracellular matrix-bound isoform (M-LIF)
(Conquet et al. 1992; Rathjen et al. 1990). LIF is recognized by a receptor com-
plex, a LIF-specific receptor (LIFR) and the signal transducer gp130 (Gearing
et al. 1992; Godard et al. 1992), encompassing multiple downstream signaling,
including the Janus kinase/signal transducers and activators of transcription
(JAK/STAT), and the mitogen-activated protein (MAP) kinase pathways (Ku-
nisada et al. 1998). Besides acting as a growth factor in hematopoiesis, bone,
and neuroectodermal tissue, LIF also acts as an inhibitor of differentiation
on ES cells (Taupin et al. 1998) and seems to affect developmental stages in
different cells of the cardiovascular system in an opposite manner (Kirby et al.
1993; Paradis et al. 1998; Pepper et al. 1995; Towle et al. 1998). M-LIF has been
found to act as an inhibitor of mesodermal differentiation during gastrula-
tion (Conquet et al. 1992), while before gastrulation, LIF is downregulated to
undetectable low levels, likely to allow commitment to the mesodermal lin-
eage. These observations and the finding that M-LIF expression increases in
the neonatal myocardium and elicits an antiapoptotic effect or hypertrophic
response via the STAT3 pathway in primary cultures of embryonic or neona-
tal cardiomyocytes (Kunisada et al. 1998; Sheng et al. 1996) corroborate the
hypothesis that LIF may finely tune cardiogenesis in a developmental stage-
dependent fashion.

As shown by Bader et al. (2000), D-LIF is secreted at very low rates by STO
fibroblasts and at significantly increased rates by SNL76/7 fibroblasts used as
feeder cells to keep ES cells in an undifferentiated state (Bader et al. 2000). While
D-LIF did not appear to be involved in early cardiogenic commitment in ES-
derived embryoid bodies, the addition of D-LIF after mesodermal precursors
had become committed to the cardiac lineage dose-dependently attenuated dif-
ferentiation of cardiomyocytes, even at subpicomolar concentrations (Bader
et al. 2000). Although these data may only suggest a paracrine role of D-LIF
secreted by co-cultured fibroblast in in vitro models of ES cell cardiogenesis,
a major role for autocrine D- and/or M-LIF, secreted by the ES cell itself within
committed embryoid bodies, is inferred from a number of experimental ob-
servations in the study of Bader et al. (2000). First, in lif 7~ embryoid bodies
timely differentiation of cardiomyocytes was remarkably hampered and de-
layed, as compared to wild type cells. Secondly, the cardiac phenotype could be
partially rescued by adding pM D-LIF to lif 7~ embryoid bodies, indicating that
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autocrine LIF, which includes M-LIF in murine cells, is essential for initiation of
differentiation of cardiomyocytes from embryoid bodies. Within this context,
the complexity of the LIF action is highlighted by the fact that with increasing
concentrations of D-LIF, differentiation of cardiomyocytes in lif /= embryoid
bodies was attenuated in a dose-dependent manner, indicating that, after the
inductive event, autocrine LIF may attenuate cardiac differentiation. Akin to
these findings is the observation that in ES cells lacking the LIF receptor gene
cardiomyogenesis was also severely hampered and delayed (Bader et al. 2000).

In their study, Bader et al. (2000) also provided evidence that despite its
effects on cardiomyogenesis, D-LIF added in nanomolar concentrations pro-
moted proliferation and longevity of fully differentiated cardiomyocytes, act-
ing as a renewal factor contributing to the maintenance of the acquired cardiac
phenotype in embryoid bodies. It is noteworthy that LIF-neutralizing anti-
bodies blocked the antiapoptotic effect observed in the presence of D-LIF
and SNL76/7 fibroblasts, and reduced longevity of cardiomyocytes well below
the value observed in the absence of any fibroblasts, indicating that autocrine
secretion of LIF by embryoid bodies contributes to the longevity of cardiomy-
ocytes.

Understanding the maintenance of the differentiated state of cardiomy-
ocytes is now a major area of inquiry. Compelling evidence indicates that each
developmental stage of cardiogenesis is subtly handled by a hierarchy of reg-
ulators. Once cardiomyocytes are fully differentiated, feedback mechanisms
may be required to maintain their stable state and sustain a threshold level of
critical regulators of the cardiac phenotype. A role in maintenance of the car-
diac phenotype has been demonstrated for the muscle-specific intermediate
filament protein desmin (Li et al. 1996; Milner et al. 1996). At the stage of a fully
differentiated state of cardiomyocytes, M- and D-LIF exert this type of main-
taining role at very low concentrations, presumably together with a plethora
of other factors, owing to the shared usage of gp130.

3
The Wnt Pathway

The Wnt (mouse Int-1 and Drosophila wingless) genes encode a large family
of secreted proteins that constitute key signaling molecules involved in the
regulation of embryonic patterning, cell proliferation, and the definition of
cell fates and organ architecture (Brown and Moon 1998; Wodarz and Nusse
1998). So far, at least 24 vertebrate Wnts have been identified and have been
shown to bind members of the Frizzled family of receptors. To date, 11 mem-
bers of the Frizzled family of Wnt receptors have been identified in mice, all
displaying a seven-serpentine transmembrane motif. Wnt signaling has first
been believed to proceed through a pathway controlled by p-catenin (Brown
and Moon 1998; Wodarz and Nusse 1998). In this scheme, Wnt binding to
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Frizzled receptors activates the intracellular transducer Dishevelled (Rattner
et al. 1997), resulting in inhibition of glycogen synthase kinase-33 (GSK-3f),
and stabilization of B-catenin (Nusse 1999). Free B-catenin forms nuclear com-
plexes with members of the TCF/LEF family of transcription factors, regulating
the expression of numerous genes. In the absence of a Wnt/receptor complex,
B-catenin is associated with a complex including GSK-3f, Axin and the ade-
nomatous polyposis coli tumor suppressor protein (ACP) (Wodarz and Nusse
1998). In the absence of Wnt signaling, phosphorylation of B-catenin by GSK-
3P results in its ubiquitination and subsequent degradation by proteosomes
(Aberle etal. 1997). Low Wnt signaling also involves the association of TCF/LEF
with Groucho, a transcriptional inhibitor (Nusse 1999).

The first evidence suggesting that some Wnt and Frizzled homologs may
signal through a p-catenin-independent pathway came from a number of ob-
servations in zebrafish and Xenopus. The phenotype resulting from the over-
expression of the 5HT1c serotonin receptor in Xenopus embryos resembled
that elicited by overexpressing Wnt-5A (Ault et al. 1996; Slusarski et al. 1997a;
Yang-Snyder et al. 1996). Since 5HT1c is a serpentine receptor that modulates
intracellular Ca?* handling in a G-protein-coupled fashion, this finding led to
the hypothesis that Wnt-5A signaling may proceed through a similar pathway.
Additionally, Wnt-5A but not the axis-inducing Wnt-8 was found to stimulate
intracellular Ca®" release (Slusarski et al. 1997a). A similar patterning of gene
expression was also observed upon ectopic expression of both Wnt-5A and
5HT1c (Slusarski et al. 1997a). In this regard, the observation that Wnt-5A
signaling was able to block a gene program expressed in response to Wnt-8
signaling suggests that distinct Wnt pathways may converge in an antagonistic
manner through signal transduction mechanisms that still remain to be fully
elucidated (Slusarski et al. 1997b).

Concerning the process of cardiogenesis, proteins have been found to act
both through -catenin-related pathways and noncanonical signaling. In Xeno-
pus laevis, among the Xenopus Wnt genes, Wnt-11 was found to exhibit a spa-
tiotemporal pattern of expression correlating with specification of the cardiac
lineage. In pluripotent animal cap cells, overexpression of Wnt-11 resulted in
sufficiently inducing the early cardiac genes GATA-4, GATA-6, and XNkx-2.5,
as well as a-myosin heavy chain (MHC) and Tnlc (Pandur et al. 2002), which
are characteristic of and specific for terminally differentiated cardiomyocytes.
In these experiments, absence of the panmesodermal marker Xbra and the pa-
nendodermal marker Sox17b suggested that cardiac induction by XWnt-11 is
direct and independent of germ-layer specification. Loss- and gain-of-function
experiments provided evidence that Wnt-11 is required for heart formation in
Xenopus embryos and is sufficient to induce a contractile phenotype in embry-
onic explants (Pandur et al. 2002). In the same study, experiments designed to
assess whether Wnt/f-catenin signaling may mimic Wnt-11 activity in animal
caps revealed that overexpression of B-catenin failed to induce the expression
of GATA-4, GATA-6, and cardiac actin, MHC or Tnlc. In Xenopus explants
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from the dorsal marginal zone (DMZ), Pandur et al. (2002) found that a pro-
tein kinase C (PKC) inhibitor was able to phenocopy the downregulatory effect
exerted by dnWnt-11 on cardiac gene transcription, while specific inhibition
of CamKII was ineffective, implicating the involvement of PKC but not CamKII
in Wnt-11-induced cardiogenesis. Akin to these findings, is the observation
that the expression of cardiac genes in DMZ explants could be rescued from
dnWnt-11-mediated inhibition by the PKC activator PMA (Pandur et al. 2002).
This negative effect could also be compensated by JNK overexpression. Con-
sonant with these findings is the observation that Wnt-11 overexpression by
itself elicited JNK1 phosphorylation. Requirement for PKC patterning in JNK
activation was inferred from the capability of PKC inhibitors to prevent JNK
activation by Wnt-11.

Differently from the results obtained in Xenopus embryos, in the pluripotent
mouse cellline P19CL6, which recapitulates early steps for cardiac specification,
a p-catenin-dependent pathway was found to be responsible for the cardiogenic
action of Wnt proteins. In this system, early and late cardiac genes are upreg-
ulated by 1% DMSO, and spontaneous beating occurs. Wnt3A and Wnt8A
were induced days before even the earliest cardiogenic transcription factors
(Nakamura et al. 2003). Such an induction was combined with increased levels
of B-catenin and led to the onset of cardiogenic transcription factors, cardio-
genic growth factors, and sarcomeric myosin heavy chains (Nakamura et al.
2003). Differentiation was blocked by constitutively active glycogen synthase
kinase-3, an intracellular inhibitor of the Wnt-f-catenin pathway; conversely,
lithium chloride, which inhibits GSK-3f, and Wnt3A-conditioned medium
upregulated early cardiac markers and the proportion of differentiated cells
(Nakamura et al. 2003). Consonant with these findings is the requirement of
B-catenin-Tcf/Lef pathway for the myogenic signaling evoked by lithium in rat
H9c2 cardiomyoblasts (Kashour et al. 2003).

It is now evident that autocrine/paracrine mechanisms are a major con-
text for Wnt patterning in different animal species. Secretion of Wnt proteins
is a priming step in the autocrine loop associated with Wnt signaling. Se-
creted Wnts share a signature WNT motif (C-K-C-HG-[LIVMT]-S-G-x-C), 22
conserved cysteines, many highly charged amino acid residues, and several po-
tential glycosylation sites. Based on their amino acid sequences, Wnt proteins
should be soluble, secreted glycoproteins. Nevertheless, Wnts do not exhibit
the properties expected of soluble hydrophilic proteins. Analysis of Drosophila
Wnt-1 expression in transgenic S2 cells revealed that only about 20% of the
secreted protein is present in soluble conditioned medium; the majority of
the extracellular Wnt-1 is associated with the cell surface and extracellular
matrix (Reichsman et al. 1996). Recent work by Willert et al. (2003) has shown
that murine Wnt-3a is palmitoylated at a conserved cysteine residue (Cys 77).
Their discovery suggests for the first time that lipid modifications may account
for the unusual behavior of Wnt ligands. Drosophila Wnt-1 also undergoes
a lipid modification. Lipidation occurs in the ER and is dependent on porcu-
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pine, a putative O-acyltransferase. Porcupine is required for Wnt-1 activity,
and porcupine homologs have been identified in Xenopus, mouse, human, and
Candida elegans (Caricasole et al. 2002; Tanaka et al. 2000; Thorpe et al. 1997).
How lipidation affects Wnt signaling is a question now under investigation.
Many types of proteins, including cytosolic, transmembrane, and secreted
proteins, are known to undergo S-palmitoylation, the reversible addition of
palmitate to a cysteine via a thioester bond (Linder and Deschenes 2003). Such
amodification can affectboth proteinlocalization and function. Palmitoylation
increases protein hydrophobicity, and promotes membrane association; it also
affects intracellular trafficking (Linder and Deschenes 2003). Palmitoylated
proteins are frequently targeted to specific intracellular organelles, as well as
to detergent-resistant microdomains (DRMs) located at the plasma membrane
(Ikonen and Simons 1998; Patterson 2002). These DRMs, commonly referred
to as lipid rafts, are rich in cholesterol and glycosphingolipids and exist in
a separate liquid-ordered phase within the plasma membrane (Simons and
Ikonen 1997), forming signal transduction centers.

Although Wnt-dependent autocrine/paracrine mechanisms have been dem-
onstrated in a wide variety of nonmyocardial developmental models in vitro
and in vivo (Rawadi et al. 2003; Shea et al. 2003; Shimizu et al. 1997), the
molecular dissection of these mechanisms within the process of cardiomyo-
genesis has been only partially exploited. In this regard, the possibility that
Wnt proteins may act in an autocrine fashion during cardiac differentiation is
strongly suggested by the finding that DMSO-induced cardiogenesis in P19CL6
cells was mediated by the increase in the expression of endogenous Wnt pro-
teins and could be executed without adding exogenous Wnts (Nakamura et al.
2003). Such a view is further inferred from the observation that the DMSO
effect was suppressed by Frizzled-8Fc, a soluble Wnt antagonist that inhibited
the transcription of both cardiogenic and cardiac-specific genes, as well as
the appearance of spontaneously beating colonies (Nakamura et al. 2003). The
involvement of autocrine/paracrine mechanisms in the cardiogenesis primed
by Wnt signaling is also supported by studies in avian morphogenesis showing
that Wnt-11 is expressed in early mesoderm in a pattern that overlaps with the
precardiac regions (Eisenberg and Eisenberg 1999). Further dissection of Wnt-
related dynamics in cardiac differentiation reveals that autocrine/paracrine
interplay(s) may be more complex than expected. It has long been observed
that repressive signals from the neural tube block cardiogenesis in vertebrates.
It has been shown that a signal from the neural tube that blocks cardiogenesis
in the adjacent anterior paraxial mesoderm of stage 8-9 chick embryos can be
mimicked by ectopic expression of either Wnt-3a or Wnt-1, both of which are
expressed in the dorsal neural tube (Tzahor and Lassar 2001). Hence, while
mesodermal-expressed Wnt proteins are important orchestrators of cardiac
differentiation, different Wnt proteins and their related signals from the neu-
ral tube normally act to block cardiogenesis in the adjacent anterior paraxial
mesendoderm. Interestingly, repression of cardiogenesis by the neural tube
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can be overcome by ectopic expression of a secreted Wnt antagonist (Tzahor
and Lassar 2001). Within this context, a number of secreted Frizzled-like pro-
teins (sFRP) with a conserved N-terminal frizzled motif have been identified
(Finch et al. 1997; Melkonyan et al. 1997; Rattner et al. 1997). sFRP are now
regarded as major conductors of a negative autocrine feedback loop toward
Wt signaling. FrzA, the bovine counterpart of the murine sFRP-1 (93% iden-
tity) is involved in vascular cell growth control and antagonizes Xwnt-8 and
hWnt-2 signaling in Xenopus embryos (Duplaa et al. 1999; Xu et al. 1998).
sFRP-1 was found to be expressed in the heart and in the visceral yolk sac
during mouse development, and displayed overlapping expression patterns
with mWnt-8 during heart morphogenesis (Jaspard et al. 2000). From 8.5 to
12.5 d.p.c., sFRP-1 is expressed in cardiomyocytes together with mWnt-8 but
neither in the pericardium nor in the endocardium; at 17.5 d.p.c., they are no
longer present in the heart (Jaspard et al. 2000). In their study, Jaspard et al.
(2000) also found that in mouse adult tissues, SFRP-1 is highly detected in the
aortic endothelium and media and in cardiomyocytes, while mWnt-8 is not
detected in these areas. sFRP-1 is also strongly expressed during early phases
of the vascularization process in embryonic vasculature where it is thought to
negatively interfere with Wnt signaling (Dufourcq et al. 2002). Hence, down-
regulatory signals by sFRP may provide a spatial and timely patterning for
the action of Wnt proteins and may affect the interplay of adjacent morpho-
genetic areas in the developmental embryo. This view is further supported
by the finding that sizzled, a secreted Frizzled-related protein expressed ven-
trally during and after gastrulation, functions in a negative feedback loop that
limits allocation of mesodermal cells to the extreme ventral fate, with direct
consequences for morphogenesis (Collavin and Kirschner 2003). Although the
biochemical activity of sizzled is apparently very different from that of other
secreted Frizzled-related proteins, and does not involve inhibition of Wnt8,
these data are consistent with the hypothesis that different sSFRP may be part of
self-organizing regulatory circuits controlling cell behavior and differentiation
at a distance from the organizer.

4
Endorphins and Autocrine Regulation of Protein Kinase C Signaling
in Cardiogenesis

Opioid peptides govern important physiological responses, including pain
(Matthes et al. 1996), behavior (Konig et al. 1996), learning, and memory
(Jiang et al. 1989; Rigter 1978), and have also been shown to affect cell growth
in a wide variety of normal and malignant tissues (Maneckjee and Minna 1992;
Zagon et al. 1985). We previously provided evidence that endorphin peptides
and their related receptors are tightly coupled with PKC signaling and regulate
major functional features in adult myocardial cells. Dynorphin B, a biologically
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active end-product of the prodynorphin gene acting as a natural agonist of
opioid receptors, was initially found to be expressed in myocardial cells (Ven-
tura et al. 1994, 1995) and to act at cell surface opioid receptors priming phos-
phoinositide turnover (Ventura et al. 1991b, 1992) and remarkable changes
in cytosolic Ca?* and pH homeostasis (Ventura et al. 1991a, 1992). Moreover,
prodynorphin gene and dynorphin B expression, as well as PKC signaling,
were upregulated in cardiac myocytes isolated from Syrian cardiomyopathic
hamsters (Ventura and Pintus 1997; Ventura et al. 1997a, 1997b), suggesting
that opioid peptide gene expression may be involved in the modulation of my-
ocardial growth and differentiation. The possibility that the adult myocardial
cell may have retained a “memory” of a system involved in cardiac lineage
specification during the embryonic stage is supported by the finding that P19
embryonal pluripotent cells express the prodynorphin gene and are able to
synthesize and secrete bioactive dynorphin B (Ventura and Maioli 2000). In
this study, exposure of P19 cells to dynorphin B primed the expression of the
cardiaclineage restricted GATA-4 and Nkx-2.5 genes, followed by the transcrip-
tion of the cardiac-specific genes MHC and myosin light chain-2V (MLC-2V).
These changes in the expression of cardiogenic and cardiac-specific genes ul-
timately ensued in the appearance of beating colonies of cardiac myocytes.
Within this context, we have recently investigated whether PKC activation may
be a major requirement for ES cell cardiogenesis and whether this activation
may be coupled with an autocrine circuit involving both endorphin gene ex-
pression and the synthesis and secretion of endorphin peptides (Ventura et al.
2003a). These issues were addressed in GTRI1 cells, a derivative of R1 mouse
ES cells that contain a transgene encoding the cardiomyocyte-specific MHC
promoter driving the puromycin-resistance gene, and afford genetic selection
of a virtually pure population of ES-derived cardiomyocytes. Similar to P19
cells, GTR1 ES cells expressed the prodynorphin gene and were able to synthe-
size and secrete dynorphin B. Moreover, following LIF removal their cardiac
differentiation was associated with a remarkable increase in prodynorphin
gene and dynorphin B expression. Our experimental data revealed the pres-
ence of k opioid receptors in a plasma membrane-enriched fraction obtained
from undifferentiated ES cells, with specific binding ranging between 75%
and 85% of the total bound and a single dissociation constant (Kq) in the low
nM range (Ventura et. al 2003a). A marked increase in the maximal binding
capacity (Bmax) for a radiolabeled ligand of k opioid receptors was evident in
plasma membranes that had been isolated from puromycin-selected cardiac
myocytes. Coupling of cell surface opioid receptors and secreted dynorphin B
to PKC signaling during the process of cardiogenesis was inferred by the analy-
sis of subcellular patterning of targeted isozymes (Ventura et al. 2003a). In this
study, PKC-a, -B1, -B2, -6 and -€ were all increased in the nucleus of ES-derived
cardiac myocytes (Fig. 1), as compared with nuclei from undifferentiated cells.
In both groups of cells, PKC-6 and -¢ were mainly expressed at nuclear level.
PKC-a was only slightly expressed in the nucleus of undifferentiated cells and
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its increase in the cardiomyocyte nucleus depended on a translocation from
the cytosolic compartment. On the contrary, the increase of both PKC-6 and
PKC-¢ in the nucleus of ES-derived cardiomyocytes occurred independently
of enzyme translocation and appeared to reflect the overexpression of these
isozymes detected in total cellular extracts from myocardial cells. Differently
from PKC-6 and -, the nuclear increase in both PKC-f; and -f, observed in
ES-derived cardiac myocytes was associated with enhanced isozyme expres-
sion in the cytosolic fraction of these cells, suggesting a complex interplay
between selected PKC mRNA expression and isozyme redistribution within
the cytosolic and nuclear compartments. Interestingly, exposure of GTR1 ES
cells to different opioid receptor antagonists markedly reduced the number of
cells committed to the cardiac lineage and prevented the nuclear increase of
PKC-a,, PKC-B;, and PKC-p,. Failure of opioid receptor antagonism to affect
the amount of PKC-6 and -¢ detectable in the nucleus excluded an involvement
of cell surface opioid receptors in enhancing the expression of these isozymes
during cardiac differentiation. A causal role for PKC signaling in the activation
of a cardiogenic program of differentiation was substantiated by the finding
that the two PKC inhibitors chelerythrine and calphostin C prevented the
overexpression of the prodynorphin gene, as well as the onset of GATA-4 and
Nkx-2.5 transcripts observed following LIF withdrawal (Ventura et al. 2003a).
Requirement for PKC activation in cardiogenesis was further inferred by the
fact that ES cell treatment with specific PKC inhibitors counteracted the expres-
sion of the cardiac-specific genes MHC and MLC-2V and suppressed ES cell
differentiation into beating cardiomyocytes. On the whole, downregulation of
prodynorphin gene and dynorphin B expression by PKC inhibitors prompts the
hypothesis that changes in subcellular profiling of PKC isozymes may orches-
trate an autocrine circuit of cardiogenesis involving a feed-forward stimulation
of opioid gene expression sustained by coupling of secreted dynorphin B with
plasma membrane opioid receptors (Fig. 1).

5
Intracrine Regulation of Cell Growth and Differentiation:
Role for a Nuclear Endorphinergic System in Stem Cell Cardiogenesis

Consonant with the definition of intracrine provided in this review, a large
number of heterogeneous peptides may be deemed as intracrines and many
of them have been demonstrated in the nucleus. Binding sites for intracrines
have been detected in the nuclear envelope, chromatin, or both, as well as in
other nuclear components. An exhaustive list of different intracrines and their
related intracellular sites has been recently reviewed (Re 2003). Considerable
evidence links known intracrines with crucial transcriptional and develop-
mental pathways. The renin-angiotensin system (RAS), one of the most widely
investigated cardiovascular regulators, has also been found to operate as an
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intracrine. Labeled angiotensin haslong been reported to traffic from the circu-
lation to the nucleus of cardiomyocytes (Cook et al. 2001; Erdmann et al. 1996;
Re 1989). Nuclear angiotensin receptors have been found in association with
chromatin in different cell types and their stimulation has been shown to trig-
ger transcriptional responses (Re 2000). Strikingly, exposure of isolated nuclei
to angiotensin ensued in increased transcription of renin, angiotensinogen and
platelet-derived growth factor (PDGF) (Cook et al. 2001; Eggena et al. 1996).
The intracrine PTHrP (Aarts et al. 1999; Moroianu and Riordan 1994) induces
keratinocyte differentiation (Aarts et al. 1999,2001). CSE-1 acts in the develop-
ment of both hematopoietic cells and skeletal muscle (Borycki et al. 1995; Tang
et al. 2001). Nuclear binding sites have been detected for LIF (Gardiner et al.
2002; Gouin et al. 1999; Oka et al. 2002). Besides LIF, other peptides includ-
ing VEGF, FGF-2, BDNF, and PDGF-BB exhibit nuclear binding (Re 2003) and
have been shown to regulate the growth and/or differentiation of pluripotent
mesenchymal stem cells. VEGF has been reported to maintain hematopoietic
stem cell survival by an intracrine mechanism (Gerber et al. 2002).

Functional implications of the nuclear binding of intracrines are substan-
tiated by compelling evidence that cell nuclei harbor the potential for intrin-
sic signal transduction pathways (Fig. 1). This is indicated by the presence
of nuclear enzymes and substrates associated with the synthesis of diacyl-
glycerol and inositol phospholipids. In isolated rat liver nuclei, the nuclear
envelope was first found to synthesize in vitro phosphatidic acid, PtdIns(4)P
and PtdIns(4,5)P2 (Cocco et al. 1987; Smith and Wells 1983). Moreover, nu-
clear inositol phospholipids have been consistently shown to serve as regu-
lators of chromatin structure (Sylvia et al. 1986; Yu et al. 1998) and nuclear
phosphoinositide-related signaling has been reported to operate in conjunc-
tion with the activation of nuclear PKC isozymes affording gene transcription
regulation (Ventura et al. 1995, 1997a). Consonant with these findings is our
recent observation that PKC-§ and -¢ were constitutively expressed in the nu-
cleus of undifferentiated ES cells and that their expression was remarkably
enhanced in nuclei isolated from ES-derived cardiac myocytes (Ventura et al.
2003a). These data raise the question of whether cardiogenesis may also involve
the intervention of intracrines coupling nuclear-embedded signaling kinases
to the activation of a gene program of cardiac differentiation.

In thisregard, confocal microscopy analysis of immunoreactive dynorphin B
in GTR1 ES cells revealed that immunoreactive dynorphin B-like material was
consistently detectable within undifferentiated cells and was remarkably en-
hanced in puromycin-selected cardiomyocytes (Ventura et al. 2003b). In this
study, binding experiments performed in the presence of [*H]U-69,593, a se-
lective radiolabeled x opioid receptor ligand, demonstrated the presence of
highly specific x opioid-binding sites in nuclei isolated from undifferentiated
GTRI cells. The Scatchard plots of ligand binding were linear with a single
dissociation constant (Kq) in the low nanomolar range. It should be noted that
Bmax values were highly enhanced in nuclei of ES-derived cardiac myocytes,
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suggesting that the availability of nuclear opioid-binding sites for intracellu-
lar endorphins may be a developmentally regulated process and that nuclear
opioid receptors may be part of the molecular machinery coaxing ES cells to
a cardiac lineage.

Nuclear run-off experiments revealed that a direct exposure of nuclei iso-
lated from undifferentiated ES cells to dynorphin B dose-dependently in-
creased the transcription rate of the two cardiac lineage-promoting genes
GATA-4 and Nkx-2.5 (Ventura et al. 2003b). Similar transcriptional responses
were elicited by nuclear exposure to U-50,488H (U-50), a selective synthetic k
opioid receptor agonist. Endorphin-primed gene transcription was suppressed
in a stereospecific fashion by selective opioid receptor antagonists. Failure of
both dynorphin B and U-50 to affect transcription of genes promoting skeletal
muscle or neuronal specification seems to exclude a generalized activation
of repressed genes and suggests that coupling of nuclear opioid receptors
to GATA-4 and Nkx-2.5 gene transcription may represent a mechanism per-
taining to ES cell cardiogenesis. The finding that exposure of ES cell nuclei to
dynorphin B enhanced prodynorphin gene transcription (Ventura et al. 2003b)
indicates that dynorphin B-mediated induction of cardiogenic genes may in-
volve a tonic feed-forward stimulation elicited at nuclear level by the opioid
peptide on its coding gene. This is consonant with other observations indicat-
ing that several intracrines appear to directly upregulate their own synthesis
and/or the expression of other components associated with their signaling
patterning through intracellular actions (i.e., nuclear binding of dynorphin
B triggers prodynorphin gene transcription as well as GATA-4 and Nkx-2.5
transcription in ES cell cardiogenesis). This ensues in the formation of mul-
tiple intracellular loops where both feed-forward or feed-back mechanisms
have been detected, like those described for the pairs angiotensin/renin, an-
giotensin/angiotensinogen, angiotensin/PDGF, CSF-1/CSF-1, insulin/nuclear
insulin receptor (for a review, see Re 2003). Within this scenario, it has also
been found that intracellular actions of intracrines may both be similar or
contrary to the action of those same intracrines at the cell-surface level. In
this regard, PTHrP may both enhance or suppress cell proliferation according
to its nuclear or plasma membrane binding, respectively (Re 1999), while an-
giotensin has been found to upregulate angiotensinogen expression by acting
either extra- or intracellularly (Re 1999; Eggena et al. 1996).

There is now increasing agreement that self-sustaining intracrine-related
loops may behave as long-lived signals and impart features characteristic of
differentiation, growth regulation and cell memory. Concerning ES cell car-
diogenesis, the possibility that the activation of nuclear-embedded signaling
may represent a major component in an endorphin-sustained intracrine loop
is prompted by the observation that undifferentiated ES nuclei harbored both
PKC-6 and -¢ (Ventura et al. 2003a) and that chelerythrine and calphostin C ab-
rogated the transcription of cardiogenic genes primed by nuclear exposure to
dynorphin B (Ventura et al. 2003b). Akin to these results, in the same study we
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provided evidence that nuclei isolated from undifferentiated cells were able to
phosphorylate the high-affinity fluorescent PKC substrate acrylodan-labeled
MARCKS peptide. Such an activity could be suppressed by the same PKC in-
hibitors that abolished the transcription evoked by the activation of nuclear
opioid receptors (Ventura et al. 2003b) and were previously found to abrogate
the cardiac differentiation in ES cells (Ventura et al. 2003a). Moreover, nuclear
exposure to dynorphin B induced a significant, time-dependent increase in
nuclear PKC activity that was antagonized by selective k opioid receptor antag-
onists. Hence, in ES cells intracrine signals for myocardial differentiation may
be fashioned by a nuclear endorphinergic system encompassing dynorphin
B-mediated stimulation of nuclear opioid receptors, the activation of nuclear
PKC signaling, and the onset of a cardiogenic program of gene expression
(Fig. 1). In actual fact, the opioid peptide precursor preprodynorphin has been
found to display structure similarity with the helix-loop-helix motif of multi-
ple DNA binding proteins and to exhibit cysteine-rich regions characteristic
of zinc-finger domains (Bakalkin et al. 1991). This raises the possibility that
the processing of prodynorphin peptides may prime intracrine interactions,
recapitulating homeodomain protein feed-back loops (Fig. 1).

Amongthe endorphinergic systems, the peptide products of the preproenek-
phalin gene are also worthy of consideration as growth factors affecting cell
growth and differentiation. In nonmyocardial cells, preproenkephalin has been
shown to behave as a nuclear protein responsive to growth arrest and differ-
entiation signals (Bottger and Spruce 1995), suggesting that enkephalins may
also be deemed as intracrines. Concerning the cardiovascular system, both
methionine enkephalin and other peptide products of the proenkephalin gene
have been detected in the rat heart (Dumont et al. 1990; Tang et al. 1983), as
well as in guinea pig, hamster, and dog myocardium (Barron et al. 1992; Weihe
et al. 1983). Proenkephalin mRNA was found to be more abundant in rat heart
than in either the brain or the adrenal medulla, two tissues that have long been
known to express high concentrations of opioid peptides (Howells et al. 1986).
In addition, the detection of comparable amounts of proenkephalin mRNA in
both ventricles and in myocyte cultures suggested that proenkephalin gene
expression could be primarily associated with the myocardial cell. An opioid
growth factor (OGF), the pentapeptide [Met |enkephalin, has been identified
in both eukaryotes and prokaryotes and has been shown to act as a potent
inhibitor of cell replication (Zagon and McLaughlin 1991, 1992; Zagon et al.
1985). OGF is also thought to be important in cellular maturation and survival
(Meriney et al. 1991), and in the outgrowths of rabbit corneal epithelium it
has been found to inhibit cell proliferation and to alter cell migration and
the orchestration of cells into a specific architecture (Zagon et al. 1995). In
the developing rat heart, OGF has been shown to regulate DNA synthesis at
the level of both myocardial and epicardial cells, suggesting a role for OGF
as a tonic modulator of cardiac morphogenesis (McLaughlin 1996). Whether
the observed changes in DNA synthesis may be related to hyperplasia and/or
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hypertrophy and whether the proenkephalin gene and its related end-products
may also be involved in ES cell cardiogenesis remain to be established.

6
Molecular Dissection of Embryonic Stem Cell Cardiogenesis:
A Clue for the Development of Novel Differentiating Agents

Cell lineage specification is fashioned at multiple interconnected levels and is
controlled by a complex interplay between cell signaling, nucleosomal assem-
bly, the establishment of multifaceted transcriptional motifs, and the temporal
and spatial organization of chromatin in loops and domains. Recent develop-
ments in the area of stem cell research have been boosted by an increasing
understanding of transcriptional regulation and epigenetic modifications, in-
cluding histone acetylation, DNA methylation, and chromatin remodeling.
This is a crucial issue in ES cell cardiogenesis, since the rescuing potential of
ES cells is limited by the fact that ES-derived cardiomyocytes withdraw early
from the cell cycle (Klug et al. 1995, 1996). The development of strategies af-
fording high-throughput of cardiogenesis from pluripotent cells would have
obvious therapeutic potential. However, overexpression of cardiogenic genes
by vector-mediated gene transfer is a cumbersome approach that may per-
turb normal homeostasis in both ES cells and recipient tissues, and cannot be
readily envisioned in humans.

We have recently developed hyaluronan (HA) mixed esters with retinoic
acid (RA) and butyric (BU) acid (Fig. 2), and provided evidence that these
compounds (HBR) act as novel differentiating agents eliciting a remarkable
increase in the yield of cardiomyocytes derived from mouse ES cells (Ventura
et al. 2004). A rationale for the synthesis of these novel glycoconjugates is
prompted by a number of interrelated observations. The HA receptor CD44
is highly expressed by cardiogenic cells and by the fused endothelial tubes
and surrounding muscular epimyocardium within the early embryonic mouse
heart (Wheatley et al. 1993). Normal cardiac morphogenesis and HA-mediated
transformation of mouse epithelium into mesenchyme are abrogated by dis-
ruption of HA synthase-2 (Camenisch et al. 2000). HA can be translocated
into various cell types via a receptor-mediated endocytosis, being consistently
detected in close association with nuclear heterochromatin (Collis et al. 1998;
Tammi et al. 2001). Intracellular HA-binding molecules (hyaladherins) translo-
cate to the nucleus upon mitogenic stimulation (Majumdar et al. 2002), serving
as substrates or activators for MAP kinases (Zhang et al. 1998), or acting as
vertebrate homologues of proteins involved in splicing or cell cycle regulation
(Deb and Datta 1996; Grammatikakis et al. 1995). An interference of RA sig-
naling with cardiac differentiation is supported by the finding that inactivation
of the RXRa gene and vitamin A deficiency caused embryonal death due to
cardiac hypoplasia and ventricular chamber defects (Sucov et al. 1994). In this
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regard, abnormal heart development is observed by combining mouse strains
with mutant RAR and RXR subtypes (Kastner et al. 1994; Mendelsohn et al.
1994). Moreover, in vitro studies demonstrated that all-trans RA increased the
efficiency of cardiogenic differentiation in ES cells (Wobus et al. 1997). Con-
cerning BU, its histone deacetylase inhibitory action alters chromatin structure,
increasing transcription factor accessibility to target cis-acting regulatory sites
(Wolffe and Pruss 1996). Recent developments concerning epigenetic mod-
ifications reveal that histone acetylation, DNA methylation, and chromatin
remodeling are intimately connected to afford modulation of targeted gene
transcription (Fig. 2). Accordingly, basic helix-loop-helix transcription factors
interact with transcriptional coactivators possessing histone acetyltransferase
activity (Ogryzko et al. 1996) and histone deacetylase inhibitors have been
reported to enhance RXR/RAR heterodimer action (Fig. 2), promoting crucial
developmental pathways in pluripotent cells (Dilworth et al. 2000; McCue et al.
1984). In general, histone acetylation, through the action of histone acetylases,
correlates with gene activation, while histone deacetylation through histone
deacetylases is linked with gene silencing.

On the whole, these considerations suggest that HA that is taken up may reg-
ulate cellular events from within subcellular compartments and may also act as
a carrier for internalization of HA-grafting synthetic compounds. Within this
context, the newly developed glycoconjugate HBR was found to remarkably
increase the expression of the two cardiac lineage-promoting genes GATA-4
and Nkx-2.5 (Ventura et al. 2004). In these studies, HBR also enhanced pro-
dynorphin gene expression, and the synthesis and secretion of dynorphin B.
Nuclear run-off transcription analyses indicated that these effects occurred
at the transcriptional level. The activation of such a cardiogenic program of
gene transcription was associated with an increase in the expression of the
cardiac-specific genes MHC and MLC-2V. Akin with the recruitment of PKC
patterning in ES cell cardiogenesis, the transcriptional responses elicited by
HBR, as well as the expression of cardiac-specific genes were suppressed by
specific PKC inhibitors. ES cell exposure to HBR elicited a remarkable and
dose-dependent increase in the number of spontaneously beating colonies, as
compared to untreated controls (Ventura et al. 2004). Treatment with an ester
of HA with RA (HR) or exposure to RA, HA, or BU alone induced a significantly
lower increase in the number of beating colonies, as compared with HBR. The
possibility that each of the HA-grafted moieties in HBR may additively act in
a cardiogenic response was inferred by the observation that a combined treat-
mentwith HA and RA, or with HA and BU, resulted in increased cardiomyocyte
yield, and mimicked the increase in the number of beating colonies observed
in the presence of the corresponding HA monoesters HR or HB. Accordingly,
cell treatment with an association of HB and HR led to a further increase in
the yield of ES-derived cardiomyocytes. Nevertheless, in the presence of HB +
HR the cardiomyocyte yield was still significantly lower than in HBR-treated
cells (Ventura et al. 2004). This finding suggests that a competition for the
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Fig. 2 Butyric and retinoic acid mixed esters of hyaluronan: toward the synthesis of novel
differentiating agents. Hyaluronan mixed esters with butyric and retinoic acid (HBR) act as
novel differentiating agents remarkably increasing the yield of ES-derived cardiomyocytes.
The general formula of hyaluronan esters represent a random copolymer (ran) of three
distinct dimeric repeating units, among which x are nonsubstituted, y are butyrylated, and
z are retinoylated. The hyaluronan receptor CD44 is highly expressed by cardiogenic cells
and by the fused endothelial tubes and surrounding muscular epimyocardium within the
early embryonic mouse heart. Hyaluronan that is taken up may regulate cellular events from
within subcellular compartments and may also act as a carrier for hyaluronan-grafting syn-
thetic compounds. Intracellular hyaluronan-binding molecules (hyaladherins) translocate
to the nucleus upon mitogenic stimulation, serving as substrates or activators for crucial
signaling kinases or acting as vertebrate homologs of proteins involved in splicing or cell
cycle regulation. Butyrate (BU) inhibits histone deacetylase activity (HDAC), an effect that
alters chromatin structure, increasing transcription factor accessibility to target cis-acting
regulatory sites (AC, acetyl groups). Retinoic acid (RA), HDAC inhibitors and coactiva-
tors possessing histone acetyltransferase activity (HAT) interact with transcription factor
complexes (TFC), priming chromatin remodeling and targeted developmental fates
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same uptake system of the two monoesters may have altered an optimal in-
tracellular BU/RA ratio and/or their timely sequence of action and indicates
that a maximal differentiating response is achieved when both BU and RA are
concomitantly internalized by the mixed ester. Whether an intracellular release
of RA and BU may represent a major requirement for the biological activity of
HBR, or whether it may also act as a bioconjugate remains to be established.

It is noteworthy that HBR failed to affect the transcription rate of MyoD
and neurogeninl, two genes involved in skeletal myogenesis and neuronal
determination, respectively, indicating that a novel generation of mixed esters
of hyaluronan may be proposed to organize lineage patterning in ES cells.

On the whole, these results demonstrate the potential for chemically mod-
ifying the gene program of cardiac differentiation in ES cells without the aid
of gene transfer technologies, which may pave the way for novel approaches in
tissue engineering and myocardial regeneration.
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Abstract Stem cells possess the ability to self-renew by symmetric divisions and, under
certain circumstances, differentiate to a committed lineage by asymmetric cell divisions.
Depending on the origin, stem cells are classified as either embryonic or adult. Embryonic
stem cells are obtained from the inner cell mass of the blastocyst, a structure that appears
during embryonic development at day 6 in humans and day 3.5 in mice. Adult stem cells
are present within tissues of adult organisms and are responsible for cell turnover or
repopulation of tissues under normal or exceptional circumstances. Taken together, stem
cells might represent a potential source of tissues for cell therapy protocols, and diabetes
is a candidate disease that may benefit from cell replacement protocols. The pathology
of type 1 diabetes is caused by the autoimmune destruction or malfunction of pancreatic
B cells, and consequently, a lack of insulin. The absence of insulin is life-threatening,
thus requiring diabetic patients to take daily hormone injections from exogenous sources;
however, insulin injections do not adequately mimic B cell function. This results in the
development of diabetic complications such as neuropathy, nephropathy, retinopathy and
diverse cardiovascular disorders. This chapter intends to summarize the possibilities opened
by embryonic and adult stem cells in regenerative medicine for the cure of diabetes.

Keywords Diabetes - Insulin - Stem cells - Cell therapy - B cells
Abbreviations

AFP a-Fetoprotein
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bFGF Basic fibroblast growth factor

CHIBs Cultivated human islet buds

CMV Cytomegalovirus promoter

EBs Embryoid bodies

EGF Epidermal growth factor

EGFP Enhanced green fluorescent protein
ESCs Embryonic stem cells

GFAP Glial fibrillary acidic protein

HGF Hepatic growth factor

IGFs Insulin-like growth factors

IL-3 Interleukin-3

IPSCs Islet pluripotent stem cells

ITSFn Insulin + transferring + selenium + fibronectin
KGF Keratinocyte growth factor

LIF Leukaemia inhibitory factor

MAPCs Multipotent adult progenitor cells
MBP Myelin basic protein

NE-200 Neurofilament-200

M-CSF Macrophage colony stimulating factor
NIPs Nestin-positive islet-derived progenitors
Pax4 Paired homeobox 4

Pax6 Paired homeobox 6

Pdx1 Pancreatic duodenal homeobox 1
PGCs Primordial germ cells

STZ Streptozotocin

TH Tyrosine hydroxylase

1

Introduction

1.1

Diabetes

Diabetes is characterized by a default in insulin secretion (low secretion or
even total absence of the hormone) that impairs adequate control of glycaemia,
leading to a general metabolic dysfunction and death. The main cause of the
disease is the specific destruction of insulin-producing cells (B cells), located
within the endocrine pancreas inside typical cell structures called islets of
Langerhans. Diabetes is classified as type 1 and type 2 (DeFronzo et al. 2004).

In type 1 diabetes, P cells are destroyed by the immune system of the individ-
ual. There are other rare forms of type 1 diabetes of idiopathic origin, although
in the majority of the cases it is an autoimmune disease. Antibodies against
proteins located at the surface of the § cell (anti-islet), and against intracellular
proteins (anti-glutamate dehydrogenase, anti-tyrosin phosphatase) have been
described (Benoist et al. 1997; Mathis et al. 2001). The disease affects mainly,
but not exclusively, children and young people. In fact, recent findings indicate
that 5%-15% of adults initially diagnosed with type 2 diabetes can suffer a less
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severe and slow progressing form of type 1 diabetes called latent autoimmune
diabetes (LADA) (Zimmet et al. 2001).

Type 2 diabetes represents a more complex pathological entity in which
environmental factors and genetic predisposition co-participate to different
degrees (Saltiel 2001; Bell and Polonsky 2001). Either insulin secretion defects
or insulin resistance appears first, and this is initially compensated by an in-
creased secretion of the hormone (hyperinsulinaemia) (Polonsky et al. 1996;
Zierath et al. 2000). However, insulin resistance cannot cause severe diabetes,
as has been demonstrated in transgenic models (Bruning et al. 1998). The dys-
function of pancreatic f cells seems to be the key event to culminate in overt
type 2 diabetes (Poitout and Robertson 1996). This is related to an excess of
circulating nutrients (mainly glucose and fatty acids) that can affect § cell func-
tion, impairing insulin secretion and gene expression profiles (glucolipotoxi-
city) (Prentki et al. 2000; Roche 2003). Therefore, there is a strong correlation
between type 2 diabetes and hyperlipidaemia, hypercholesterolaemia, excess
weight and obesity (DeFronzo et al. 2004). This disease affects mainly people of
industrialized countries, with a prevalence of 10%. In addition, this incidence
is increasing dramatically, and it is estimated that in 20 years’ time, this value
will double. The activation of cell suicide programs (apoptosis) culminates,
long-term, with f cell loss, such that chronically type 2 diabetes becomes sim-
ilar to type 1 (Prentki et al. 2000; Maechler and Wollheim 2001). Therefore,
both pathologies would benefit from cell replacement protocols.

1.2
Islet Transplantation and the Need for Alternative Sources of Cells

At the present time, there is no definitive cure for diabetes. Insulin injection
does not mimic the precise regulation that p cells exert on glucose homeostasis,
leading long term to the development of complications in diabetic patients
(Brownlee 2001). Replacement of the damaged organ (i.e. islets) seems to be
a logical strategy to treat diabetes, and recently, a transplantation protocol of
islets of Langerhans isolated from cadaveric donors has been established by
the group of Dr. Shapiro in Edmonton, Alberta, Canada (Shapiro et al. 2000).
This strategy has several advantages with respect to surgical interventions
that involve the double transplantation of kidney and pancreas. First, only
islets of Langerhans (the structures containing insulin), and not the whole
pancreas, are transplanted. Islets comprise the endocrine portion (1%) of the
pancreas, while the exocrine part (99%) is devoted to food digestion. In one
sense, islets can be considered as densely microvascularized and innervated
micro-organs that contain a heterogeneous population of cells specialized in
hormone production (i.e. & cells/glucagon, B cells/insulin, § cells/somatostatin
and PP cells/pancreatic polypeptide). Adult pancreas contains 1 million islets
and each islet contains around 2,000 cells 60% of which are P cells. There-
fore, the transplantation of islets vs whole pancreas has obvious advantages
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with respect to the amount of the organ that must be manipulated during
isolation and surgery. However, semiautomatic islet isolation from the pan-
creas is time-consuming and of low yield (50%), thus requiring the use of two
pancreata per recipient. Second, the Edmonton protocol employs a combina-
tion of immune suppressors, such as sirolimus, tacrolimus and daczimulab,
to permit long-term islet survival (Shapiro et al. 2000). Nevertheless, this
immune-suppression protocol, which has limited adverse side effects, would
be expected to affect normal immunological responses (Oluwole et al. 2004).
Third, the main improvement of the Edmonton protocol resides in the iso-
lation method itself. This method utilizes a special device called a Ricordi
chamber that combines mechanical disruption with enzymatic digestion by
liberase (a highly purified blend of collagenase) or recombinant collagenase
(Gray et al. 2004; Barshes et al. 2004; Georges et al. 2002; Brandhorst et al. 2003),
the combination of which has improved the purity, yield, and survival of islets
from donor pancreas. Fourth, islet transplantation is less invasive and econom-
ically more viable than organ transplantation. Pancreas transplantation, often
performed as a double transplant with kidney, requires major surgery with
general anaesthesia, prolonged hospital stays and considerable financial costs
for insurance companies. Islet transplantation, in contrast, only requires minor
surgery (intraperitoneal injection into the portal vein) and local anaesthesia,
thus facilitating rapid patient recovery with substantially reduced economic
costs.

During the past 4 or more years, over 400 patients worldwide have bene-
fited from this therapeutic intervention. In addition to avoiding daily insulin
injections, major complications have been circumvented, and a reduction in
diabetic complications generally has been observed during the follow-up of
these patients (Ryan et al. 2002). However, due to the scarcity of cadaveric
pancreata and the low yield of islets obtained by this procedure (50%), not all
people have access to this surgical intervention. New cell sources, therefore,
are necessary for an efficient replacement protocol, and in this sense stem cells
offer a promising possibility that deserves to be explored.

2
Embryonic Stem Cells

Embryonic stem cells (ESCs) are obtained from the inner cell mass of the
blastocyst, a structure that appears during embryonic development at day 6 in
humans and day 3.5 in mice (Smith 2001). The main properties of these cells
include a robust capacity for self-renewal and the potential to differentiate
into specific cell lineages (Wobus and Boheler 2005). Due to this plasticity,
ESCs are generally considered pluripotent, and because of the recent success
in generating insulin-producing cells from ESCs, the therapeutic potential will
be considered in more detail.
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2.1
Spontaneous Differentiation

Cultured mouse ESCs form characteristic adherent colonies in the presence
of leukaemia inhibitory factor (LIF), a cytokine that maintains the cells in an
undifferentiated state. Alternatively, the undifferentiated phenotype is main-
tained by growing ESCs on feeder layers of mitotically inactivated fibroblasts.
Under these conditions, cells express a characteristic gene pattern of pluripo-
tentiality, including Oct3/4; Nanog, ESG-1 genes, SSEA-1 surface antigen and
alkaline phosphatase activity (Smith 2001; Mitsui et al. 2003; Tanaka et al.
2002). In contrast, human ESCs do not respond to human LIF and when cul-
tured on fibroblast feeder layers, they still initiate differentiation processes
(Smith 1991), which effectively renders these cells more difficult to cultivate in
vitro than mouse ESCs.

During continuous culture and after several passages, we have observed that
undifferentiated mouse ES cell lines (R1 and D3) yield heterogeneous cell pop-
ulations. According to the pattern of gene expression, these cells correspond
to ectodermal lineages that express specific markers after several passages,
such as glial fibrillary acidic protein (GFAP) and neurofilament-200 (NF-200).
A likely explanation pointed out by others is that ESCs do not require complex
extracellular signals to differentiate to ectoderm, supporting a default model
for in vitro differentiation (Ying et al. 2003). This may explain why ectoderm
derivatives are easily obtained in bioengineering protocols. Clonal selection
could circumvent this problem, although it is recommended to check the pat-
tern of gene expression in ESC cultures after several passages, even in the
presence of LIF (Fig. 1).

The transfer from adherent culture conditions to suspension cultures and
LIF withdrawal are key manipulations that activate in vitro differentiation
programs. Under these conditions, cells form aggregates called embryoid bod-
ies (EBs), in which markers from different lineages are evident (Smith 1991).
The molecular determinants that modulate differentiation in EBs are still un-
known, but it has been suggested that gradients in oxygen, nutrients and
growth factors, as well as cell connections, interactions and paracrine factors
are instrumental (Roche et al. 2003).

Taking into account the gene expression profile, different cell lineages form
within EBs, including ectoderm, mesoderm and endoderm. Cell precursors
present in EBs could theoretically yield specific cell types present in the adult
organism or in intermediate stages of embryonic development. Ectoderm
markers, such as NF-200 and GFAP, are detected from day 1 in EBs; how-
ever, mesoderm markers, such as brachyury, a- and f-myosin heavy chain as
well as atrial natriuretic peptide present a delayed expression (3-10 days) in
EBs. Endoderm markers, such as o-fetoprotein (AFP) and glucagon (Soria et al.
2001), are observed much later in 10- to 20-day EBs. The determinants that
regulate the evolution of all these cell precursors in EBs are still unknown. On
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Fig. 1a,b Micrographs showing different cultures of undifferentiated mouse R1-ESCs after 8
(a) and 26 (b) passages in the presence of LIF. Gene markers characteristic of each passage
are listed. Markers of pluripotency are expressed in a. Genes characteristics of ectoderm
are expressed in b. Markers of primitive endoderm (*) are expressed also in b when cells
are seed highly confluent. Bar, 100 pm

one hand and as mentioned before, ectoderm precursors seem to respond to
a default mechanism (Ying et al. 2003), although alternative pathways cannot
be discarded. In addition, determinants effective in derivation of mesoderm
and endoderm lineages are also unknown, although some data demonstrate
the participation of mesendoderm precursors (Kubo et al. 2004). On the other
hand, the exact identity in vitro for endoderm (primitive or definitive) is not
clear due to the number of markers shared by both lineages (Ku et al. 2004;
Milne et al. 2005) (Fig. 2).

In addition, expression of Oct3/4 (marker of pluripotency) suggests the
presence of residual undifferentiated cells at the level of EBs in standard pro-
tocols of differentiation in the absence of LIE. Oct3/4 is downregulated when
cells initiate a differentiation process (Niwa et al. 2000). In vivo, Oct3/4 is
reduced during gastrulation, when cells differentiate into the three germ lay-
ers. In vitro, this occurs approximately after day 6 of culture in EBs, although
a residual population of positive cells remains for long periods of incubation.
This population has been observed and purified following transfection of R1
mouse ESCs with a genetic construction containing the Oct3/4 gene promoter
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Fig. 2 Proposed pattern of lineage differentiation in EBs (micrograph) cultured in vitro. Ec-
toderm appears quickly and requires no complex signals. Primitive endoderm and residual
undifferentiated cells Oct3/4" are also present, and the existence of a mesendoderm lineage
that forms meso- and endoderm can be envisioned. All of the proposed pathways require
additional detailed studies. *Lineages that can derive insulin-positive cells. Bar, 100 pm

driving the expression of the enhanced green fluorescent protein (EGFP).
Derived EBs displayed a characteristic fluorescence during the first 24 h in
culture. According to the fluorescence intensity, the population of positive
cells expressing Oct3/4 was maintained at over 95% for 5 days. However, there
was an evident reduction of the EGFP expression after day 6 of culture. At day 8,
the fluorescence and the population of EGFP-positive cells were dramatically
decreased as the differentiation of most cells into the EBs progressed. Finally,
a small proportion of residual green fluorescent cells was still present in the
EBs, even after 30 days of culture (Fig. 3).
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Fig. 3 Time course of fluorescent cells (%) in EBs obtained from mouse R1-ESCs transfected
with a DNA construct in which Oct3/4 promoter drives the expression of EGFP. Fluorescence
cell sorting analysis shows the presence of a residual undifferentiated population (20%)
Oct3/4*
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At this time (30 days), EGFP-positive cells were isolated from EBs by cell
sorting and further cultured. Two possibilities were considered in order to
better characterize these Oct3/4-positive cells: presence of residual undiffer-
entiated cells or in vitro generation of primordial germ cells (PGCs) that also
are positive for Oct3/4 (Pesce et al. 1998). To discriminate between these two al-
ternatives, we determined by quantitative PCR the expression of VASA (Mvh),
a marker for PGCs (Toyooka et al. 2000). VASA expression in sorted cells was
very low, similar to values determined in undifferentiated R1 ESCs. This result
reinforces the alternative idea that these Oct3/4-positive cells could be resid-
ual undifferentiated cells. To test this possibility, we studied the development
of these cells after subcutaneous injection into immunodeficient mice. Some
weeks after injection, we observed the presence of tumours displaying different
cell types. Altogether, this result supports pluripotence latency in vitro in these
cells, which is somehow switched on in an in vivo environment. The factors
and mechanisms participating in these processes are still unknown.

Gating selection strategies could eliminate these cells from culture in bio-
engineering protocols; however, the presence of tumors reported after trans-
plantation in several reports indicates apparently that these residual cells can-
not totally be extinguished under standard culture conditions (Lumelsky et al.
2001). These results demonstrate that a small fraction of residual undifferen-
tiated cells remains in EBs in conditions that support the differentiation of the
rest of cells. Due to their potential to form tumours, in vitro extinction proto-
cols or in vivo biosafety mechanisms should be considered in future research
when using ESCs.

Insulin together with other pancreatic hormones has been observed during
spontaneous differentiation in EBs as early as 10-23 days (Soria et al. 2001).
However, the parental lineage leading to insulin-positive cells has not been
properly characterized. In this vein, ectoderm, extraembryonic endoderm as
well as definitive endoderm are all candidate lineages capable of expressing
this hormone (Melloul et al. 2002). These considerations are instrumental
in bioengineering protocols in which the final cell product has to mimic as
much as possible f cell function. Little is known about the differentiation and
function of insulin-positive cells derived from lineages outside of definitive
endoderm. In the case of ectoderm, recent reports suggested that pro-insulin
is working as a growth factor, controlling apoptotic processes during neuronal
development in stages in which insulin-like growth factors (IGFs) are absent
(Vicario-Abejon et al. 2003). Rodents have two insulin genes, known as insulin
I and II. The insulin I gene is exclusively expressed in pancreatic tissue, while
insulin II is expressed in islets, yolk sac and certain neurons (Melloul et al.
2002). The consideration of the differences observed in terms of gene regula-
tion, hormone processing and production could be instrumental in order to
design reproducible protocols for obtaining insulin-secreting cells suitable for
replacement trials (Herndndez-Sdnchez et al. 2003) (Table 1).
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Table1 Key differences (1-5) and similarities (6-9) displayed by insulin-positive cells derived
from ectoderm and definitive endoderm that could be instrumental in bioengineering
protocols

Component Ectoderm Endoderm
1. Processing Prepronsulin— proinsulin ~ Prepronsulin— proinsulin
—insulin
2. Gene regulation During development By nutrients
3. Genes Insulin IT (mouse) Insulin I (mouse)
4. Amount 1x 1,000x
5. Function Growth factor Anabolic hormone
Tissue remodelling Nutrient homeostasis

6. Components of excitatory
machinery

7. Proteins of the secretory
pathway

8. Glucose-sensing machinery
9. Transcription factors

2.2
Directed Differentiation

A well-detailed and definitive in vitro protocol to obtain insulin-secreting cells
for replacement trials does not exist at present. However, different approaches
have been developed by several laboratories for mouse and human ESCs. These
may be classified into three categories, even though the working protocols are
in fact a combination of each. The strategies are:

1. Gating selection protocols
2. Coaxial methods

3. Directional strategies.

2.2.1
Gating Selection Protocols

Gating technology or cell trapping systems confer an advantage to certain
groups of cells, based on the expression of specific genes, like those that confer
resistance to antibiotics or express fluorescence proteins (i.e. EGFP). This
strategy is a relatively simple genetic approach that produces essentially pure
cultures of precursors or differentiated cells from ESCs.
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In this method, ESCs are transfected with two DNA selection cassettes (i.e.
transgenes) that are often incorporated into a common DNA vector. The first
cassette makes use of a constitutively active promoter to drive expression of
a gene (usually drug resistance protein), which can be used to select cells
that have incorporated the DNA-construct (clonal selection). The second DNA
cassette utilizes a promoter to drive the expression of the second transgene
(i.e. drug-resistance protein, EGFP, cell-surface marker) exclusively in one cell
type, to facilitate the purification of the desired cell type (Klug et al. 1996; Li
et al. 1998; Miiller et al. 2000; Soria et al. 2000).

The strategy used to obtain insulin-secreting cells from ESCs (Soria et al.
2000) consists of a selection protocol based on resistance to two antibiotics:
hygromycin, under the control of the constitutive promoter of the phosphoglyc-
erate kinase gene, and neomycin, under the control of the regulatory regions
of the insulin gene promoter. A key point to consider with this strategy, partic-
ularly in lineages other than definitive endoderm, is the possibility that insulin
expression may differ from that seen in P cells. Ideally, the expression of the
gene driving the selection cassettes must be specific and unique for the final
cell type. If the promoter-gene construct is expressed in other cell types, then
cell selection with gating technology will be sub-optimal.

Gating technology could also be used to enrich lineage precursors that ex-
pression selection transgenes under the control of promoters expressed at inter-
mediate stages of development. Based on this idea, we have recently developed
a new gating protocol designed to isolate islet precursor cells through the use
of a construct containing the Nkx6.1 gene promoter and neomycin resistance
cassette (Le6n-Quinto et al. 2004). Nkx6.1 is a transcription factor functionally
active during intermediate stages of embryonic development of islet cell pre-
cursors and in the final differentiated stage of § cells (Chakrabarti and Mirmira
2003). The selection with neomycin, together with specific culture conditions,
including addition of nicotinamide, anti-sonic hedgehog and conditioned me-
dia from pancreatic buds, produced a pure population of cells co-expressing
insulin, Pdx1, Nkx6.1, glucokinase, GLUT-2 and Sur-1. In vitro, the selected
cells responded to increasing concentrations of extracellular glucose, and when
cell grafts were transplated under the kidney capsule of streptozotocin-treated
diabetic mice for 3 weeks, resting glucose levels were restored to normal. When
the graft was removed, the mice once again became hyperglycaemic (Fig. 4).
Although insulin content was still very low, these cells generated reproducible
amounts of intracellular hormone that may be increased in future protocols
(Leén-Quinto et al. 2004).

The use of gating technology to obtain precursor cells has an important
advantage, because progenitor cells are capable of proliferating and generating
large cell numbers. However, the cells will need to undergo further maturation
protocols in order to develop fully functional insulin-releasing cells suitable
for cell replacement trials. In conclusion, gating selection protocols are being
used in combination with directed differentiation protocols to increase the
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Fig.4 Transplantation of insulin-producing cells derived from Nkx6.1-neo" expressing ESCs
under the kidney capsule of STZ-diabetic animals normalize blood glucose (Leén-Quinto
etal. 2004). This effect is dependent on the cell mass transplanted. TX, day of transplantation

proportion of islet progenitors and differentiated cells that can be obtained for
possible therapeutic purposes (Le6n-Quinto et al. 2004).

2.2.2
Coaxial Methods

Coaxial methods employ differentiation strategies based on the addition of
specific growth factors to the culture medium to drive ESCs to generate insulin-
positive cells. Good examples of this methodology involve protocols developed
to isolate nestin-positive cells as precursors of endocrine pancreatic cells. The
principle protocol using this methodology comprises five steps (Lumelsky et al.
2001):

1. Expansion of ESCs in the presence of LIF
2. EB formation in the absence of LIF

3. Selection of nestin-positive cells in the outgrowth phase by plating the EBs
in serum-free ITSFn medium (DMEM/F12 containing insulin, transferrin,
selenium and fibronectin)

4. Expansion of nestin-positive cells in serum-free N2 medium (DMEM/F12
containing B27 supplement, insulin, transferrin, selenium, progesterone
and putrescine supplemented with bFGF [basic fibroblast growth factor])

5. Expression of insulin, performed by incubation of the cells in N2 medium as
clusters (as previously described by Soria et al. 2000), but in the absence of
bFGF and in the presence of nicotinamide (proposed also by Soria et al. 2000)
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Due to the low insulin content obtained through this protocol, additional
modifications proved necessary. These include the addition of the phospho-
inositide-3-kinase inhibitors LY294002 or wortmannin in step 5 (Hori et al.
2002), the introduction of growth factors, such as KGF and EGF (keratinocyte
and epidermal growth factors, respectively), and in step 4, the use of gating
selection strategies (Moritoh et al. 2003; Miyazaki et al. 2004). All of these
modifications have led to modest increases of insulin content insufficient to
be considered useful in transplantation trials. Furthermore, comparison of
different protocols based on nestin-positive cell selection suggests that ISTFn
and bFGF selected cells are committed to neuroectoderm before pancreatic
differentiation is induced (Kania et al. 2004).

Nestin, which is usually considered a marker of neuronal lineages, is abun-
dantly expressed in rat and human pancreatic islets (Zulewski et al. 2001);
however, the role of nestin progenitors of islet cells remains controversial.
Some authors have suggested that nestin-positive cells could play a role in the
formation of the microvasculature of the islet (Treutelaar et al. 2003; Piper
et al. 2002); consequently, bioengineered cells that express nestin and that are
isolated by coaxial protocols, may not correspond to differentiated {3 cells.
Instead, these cells may only have an ability to mimic some aspects of  cell
function. Interestingly, some groups have been able to obtain insulin-positive
cells from human ESCs based on the selection of nestin precursors developed
in mice (Segev et al. 2004). This method was improved by lowering the glu-
cose concentration in step 5, as previously described (Soria et al. 2000). The
authors of this publication claimed that the final cells were immature islet-like
aggregates, because of the low cell responsiveness to glucose and co-expression
of insulin with other pancreatic endocrine hormones, such as glucagon and
somatostatin (Polak et al. 2000). Although improvements in this protocol are
necessary, this demonstrates that human ESCs can be bioengineered in vitro
to produce insulin-secreting cells, opening exciting possibilities in diabetes
treatment.

2,23
Directional Strategies

The aim of directional strategies is to achieve constitutive overexpression of
key transcription factors implicated in f cell function or development through
transfection of constructs containing the corresponding cDNAs and regulated
by strong constitutive promoters (i.e. CMV). These strategies are generally used
to complement coaxial protocols. For example, one group used ESCs stably
transfected with Pdx1 or Pax4 to promote insulin-positive cells together with
the nestin selection strategy (Blyszczuk et al. 2003). PDX1 and PAX4 proteins
are both master regulators of {3 cell differentiation and function (Chakrabarti
and Mirmira 2003); however, Pax4 overexpressing cells demonstrated better
yields of insulin production than Pdx1 overexpressing cells in the background
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of nestin positive-cell selection. Insulin-producing cells also can be obtained
using the same differentiation protocol without nestin selection (Blyszczuk
et al. 2004), indicating that nestin may not be the best candidate gene for
pancreatic selection.

It is currently difficult to judge the efficacy of the different protocols from
various laboratories. In order to compare results, all approaches from mouse
ESCs or human ESCs need to optimize characterization criteria. For instance,
insulin immunostaining and radioimmunodetection techniques are currently
inadequate, because the hormone can be taken up by apoptotic cells from
the culture medium (Rajagopal et al. 2003). Indeed, insulin is added to the
culture medium in many protocols, and this hormone is present in variable
amounts among lots of serum used for cell culture experiments. Analysis of
C-peptide and mRNA levels of insulin, therefore, may represent better markers
of endogenous insulin biosynthesis.

3
Adult Stem Cells and Somatic Cells

Adult stem cells (ASCs), present within tissues of adult organisms, are responsi-
ble for cell turnover or repopulation of tissues in normal and under exceptional
circumstances (Fuchs et al. 2004). Relative to ESCs, the proliferation potential
of ASCs seems to be limited. ASCs, which may be committed to specific cell
fates, also exhibit less plasticity in terms of differentiation potential; however,
several laboratories have reported that ASCs could transdifferentiate to other
cell types. This latter finding has led to expectations for autotransplantation
protocols (Wagers and Weissman 2004), but the capacity of ASCs to fuse with
differentiated cells, and thus acquire the recipient phenotype in the new niche,
has led to questions concerning the true plasticity of these cells (Wagers and
Weissman 2004). Nevertheless, autologous ASCs have a major advantage with
respect to ESCs in terms of immune compatibility i.e. ASCs will not undergo
immune attack once transplanted to the recipient. The possibilities offered by
both cell types to generate insulin-producing cells will be discussed in more
detail.

3.1
From Endoderm-Derived Tissues

In addition to pancreas, liver is derived from embryonic endoderm, and it
may represent an interesting source of ASCs capable of generating insulin-
producing cells. Gene therapy protocols have already shown that insulin can
be properly expressed in liver cells (Efrat 1998). This is likely due to the fact
that hepatocytes share many phenotypic characteristics with f cells, including
the glucose transporter GLUT-2 and glucokinase. Hepatic cells are, therefore,
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candidates for ectopic insulin production that may be achieved through the
expression of insulin under the control of liver-specific promoters (i.e. phos-
phoenolpyruvate carboxykinase) (Efrat 1998) or by overexpression of certain
transcription factors essential for f cell function such as Pdxl or NeuroD
combined with betacellulin (Ferber et al. 2000; Kojima et al. 2003).

Alternatively, liver stem cells, such as oval hepatic cells, can be thought of as
another possible source for insulin-producing cells. Isolated oval cells in vitro
are maintained in an undifferentiated state through the use of specific culture
conditions that utilize serum withdrawal, 5 mM glucose and the presence of
LIE. Differentiation to insulin-positive structures can be performed by adding
10% serum and increasing glucose concentration up to 23 mM in the absence
of LIE The resulting cells express islet markers such as Pdx1, Pax4, Pax6,
Nkx2.2,Nkx6.1, insulin I and II, glucagon, pancreatic polypeptide and GLUT-2.
Transplantation of these cells in the renal capsule of streptozotocin-diabetic
NOD-SCID mice resulted in the recovery of normoglycaemia (Yang et al. 2002).

In addition, a recent report described the use of progenitor cells, obtained
from human fetal liver, transfected with a construct coding for the catalytic sub-
unit of the human telomerase gene. Subsequent transfection of these cells with
Pdx1 resulted in differentiation to insulin-positive cells, and transplantation
of this cell population to diabetic animals (n=4) produced normoglycaemia
(Zalzman et al. 2003). Importantly, the sham controls did not die and remained
hyperglycaemic throughout the experiment.

Altogether, these studies suggest the potential use of autologous liver biop-
sies as a source of ASCs to generate functional islet-like structures for cell
replacement in diabetes. Because many of these cells co-express a variety of
pancreatic hormones, improvements will be required to increase the func-
tional maturation of these cells, prior to any therapeutic application (Polak
et al. 2000).

3.2
From Mesoderm-Derived Tissues

Mesoderm-derived bone marrow is an important reservoir of ASCs in the adult
organism, and it may represent an alternative source of ASCs that can circum-
vent many of the problems associated with hepatic cells. A side population of
cells from this niche has already been isolated that displays a degree plasticity
that goes beyond normal blood and bone turnover. These cells, called MAPCs
(multipotent adult progenitor cells), can be expanded in vitro and differen-
tiated to cells positive for ectodermal, mesodermal and endodermal lineage
markers (Jiang et al. 2002). Nevertheless the isolation of insulin-containing
cells from MAPCs has not been reported.

Alternatively, one report showed the possibility of using highly purified
bone marrow stem cells for pancreas repopulation (Ianus et al. 2003); however,
this observation has not been confirmed by other laboratories (Choi et al. 2003;
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Lechner et al. 2004). The possibility of generating new blood vessels from bone
marrow stem cells could explain these divergent results. Since signals derived
from the vasculature play an instrumental role in early pancreas development
(Lammert et al. 2001; Kim and Hebrok 2001), pancreatic repopulation could be
due to new blood vessel formation that favours islet regeneration (Hess et al.
2003). Nevertheless, the existence of a pancreatic pluripotent stem cell popu-
lation that responds to a variety of extracellular factors cannot be excluded.

Monocytes from peripheral blood also may represent an alternative source.
Monocytes appear not to be committed to becoming a terminally differentiated
cells of the myeloid lineage, but can be reprogrammed in vitro by exposure to
cytokines (IL-3 and M-CSF). Further exposure to EGE, HGF and nicotinamide
differentiates human progenitor cells of monocyte origin to insulin-containing
cells (Ruhnke et al. 2005). Transplantation of 2-3 million insulin-secreting
cells under the kidney capsule of STZ-diabetic mice also led to correction of
hyperglycaemia within 2 days.

4
Pancreas Regeneration

Endocrine pancreas, together with the nervous system and heart, is included
in the group of organs that do not display obvious proliferation capacity in
vivo (Potten and Loeffler 1990; Podolsky 1993; Yoo et al. 1998; Thorgeirsson
1996; Gage et al. 1995). Nevertheless, progenitor stem cells have been isolated
from those nonproliferative tissues, suggesting the possibility of developing
strategies to isolate, expand and differentiate these quiescent cells both in vitro
and in vivo (Wagers and Weissman 2004; Fuchs et al. 2004).

In this sense, it has been proposed that exocrine pancreatic cells could
transdifferentiate to insulin-producing cells; however, the exact identity of the
parental cell as well as additional phenotypic and functional studies of the
final cell product are necessary in order to identify novel sources of cells for
transplantation (Baeyens et al. 2005). Several studies have documented the
potential of pancreatic duct epithelium to differentiate in vitro into islet-like
structures, suggesting that this is a candidate location for islet progenitors
in adult pancreas (Bonner-Weir et al. 2000; Ramiya et al. 2000). Indeed, duct
epithelium can be easily purified from cadaveric pancreata free from other
cell types, due to its exceptional adherent capacity to cell culture surfaces.
Conditions for expansion, differentiation and maturation used DMEM/F12
serum-free medium containing ITS (insulin + transferrin + selenium), ker-
atinocyte growth factor (specific for duct expansion), nicotinamide and 8 mM
glucose. Finally, Matrigel (commercial analogues of extracellular matrix) was
added to allow the formation of cell aggregates called CHIBs (cultivated human
islet buds) (Bonner-Weir et al. 2000) that were positive for insulin (evidenced
by immune detection, dithizone staining and RT-PCR), glucagon and other
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islet markers, such as Pdx1. In vitro incubation of CHIBs in the presence of
20 mM glucose resulted in a 2.5-fold increase in insulin release with respect to
5 mM glucose after 24 h of incubation (Bonner-Weir et al. 2000).

Another study reported the identification of isolated IPSCs (islet pluripo-
tent stem cells) budding from pancreatic ducts isolated from prediabetic NOD
mice. These IPSCs showed enhanced insulin secretion in response to stim-
ulating glucose concentrations and other secretagogues. Furthermore, IPSCs
partially reversed hyperglycaemia when transplanted to the kidney capsule
of diabetic NOD mice (Ramiya et al. 2000). Nevertheless, the observation re-
ported with IPSCs, which contain low amounts of insulin in vitro, suggests
additional mechanisms operating in vivo, even though a nephrectomy has not
been performed to test this possibility.

Both CHIBs and IPSCs seem to arise from pluripotent cells present in duct
epithelium, the identity of which remains unknown. Certain laboratories claim
that these cells are positive for nestin, a protein present in neurofilaments, and
negative for cytokeratin 19, an intermediate filament that is present in the rest
of the cells of ductal epithelium. The presence of nestin-positive cells has been
associated with islet structures, and these cells have been named NIPs (nestin-
positive islet-derived progenitors). Cultured NIPs isolated from rat and human
islets displayed the capacity to express hepatic markers as well as endo-and
exocrine pancreatic genes (Zulewski et al. 2001); however, the proposal of NIPs
as candidates for islet precursors has been questioned after recent findings
showing participation of nestin-expressing cells in islet microvasculature of
transgenic animals (Treutelaar et al. 2003).

In any case, all these reports strongly demonstrate the plasticity of duct
epithelium to differentiate in vitro to islet-like structures in response to specific
mitogenic signals (Bonner-Weir et al. 2000; Ramiya et al. 2000; Jamal et al.
2003). The presence of f cell precursors outside the ducts (i.e. NIPs) represents
an interesting alternative, but strong evidence is still missing. Furthermore,
data from other laboratories suggest that new P cells are coming from the
replication of pre-existing f cells, questioning the existence of a stem cell
population in pancreatic tissue (Dor et al. 2004). However, the experimental
design to address this key question was based on genetic lineage tracing for
insulin gene expression. The data of the study do not exclude the participation
of islet precursors from ducts or even the presence of progenitors located
inside islets, provided that these candidates are only committed to form f
cells and are capable of expressing insulin in early stages of differentiation.
The low turnover of pancreatic tissue suggests that cell replication may occur
in response to specific insults, some of which can be characterized in animal
models, such as pancreatectomy or streptozotocin injection. Nevertheless,
certain points need to be clarified in more detail. For example, it is presently
unknown whether putative endocrine pancreatic stem cells respond equally to
different mitogenic signals and insults or what role p cell heterogeneity plays in
regenerative processes. Altogether the data indicate that additional work will
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help answer these and other questions to ultimately identify the best potential
endocrine-pancreatic stem cell population.

Atthe present time, the plasticity of duct epithelium to form insulin-positive
cells seems promising, but this system needs to be improved to increase insulin
content or adjust the secretory response to acute nutrient demands. On the
other hand, both the identification of islet precursors and the design of proto-
cols to stimulate in vivo differentiation represent key challenges in this field.
Assuming some degree of success in the generation of islet tissue from ducts or
from pre-existing islet-precursors, new perspectives for regenerative medicine
in diabetes treatment by either autotransplantation or from exploitation of
cadaveric pancreata can be realistically envisioned.
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Abstract Most models of hematopoiesis have been hierarchical in nature. This is based
on a large volume of correlative data. Recent work has indicated that, at least at the
stem/progenitor level, hematopoiesis may, in fact, be a continuum of transcriptional op-
portunity. The most primitive hematopoietic stem cells are either continually cycling at
a slow rate or entering and exiting cell cycle. Associated with this cycle passage are changes
in functional phenotype including reversible alterations in engraftment, adhesion protein
expression, cytokine receptor expression, homing to marrow, and progenitor cell numbers.
Global gene expression, as measured in one point in cycle, is also markedly altered. The
differentiation potential of the marrow as it transits cell cycle in response to a set differen-
tiation stimulus also shows marked variations. This cycle-related plasticity has been clearly
established for hematopoiesis. It also holds for the ability of murine marrow stem cells to
home to lung and to convert to pulmonary cells. These data indicate that bone marrow stem
cells can probably not be defined as discrete entities but must rather be studied on a popula-
tion basis. They also indicate that mathematical modeling will become progressively more
important in this field.
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1
Introduction

One of the strongest tenets of experimental hematology has been that the
system is intrinsically hierarchical in nature. Models have included an early
multipotent stem cell with tremendous proliferative and differentiative po-
tential that gives rise to a progressively more differentiated series of pro-
genitors which lose proliferative renewal potential as they gain differentiated
characteristics. Finally, these progenitors result in the development of spe-
cific lineages of morphologically defined hematopoietic cell lines including
NK cells, T cells, B cells, granulocytes, megakaryocytes/platelets, erythrocytes,
and monocyte/macrophages. Data has been evolving over the years to suggest
alternative models with less order and with a great deal more flexibility. Below
we present the evolution of these models.

2
The Hierarchy

Marrow stem cell/progenitor regulation has been presumed to be hierarchi-
cal in nature based upon impressive correlative studies (Cronkite 1975). The
recovery of granulopoiesis and erythropoiesis after different myeloablative
treatments to rodents virtually established a hierarchy at the levels of morpho-
logically recognizable differentiated myeloid cells. It was clear in these studies
that myeloblasts gave rise to promyelocytes, which then gave rise to myelo-
cytes and metamyelocytes, band forms, and polymorphonuclear granulocytes
then sequentially followed. Similarly in the erythroid lineage, erythroblasts
gave rise to pronormoblasts, which then produced basophilic erythroblasts
followed by polychromatophilic normoblasts, orthochromatic normoblasts
and then reticulocytes and mature erythrocytes. Thymidine labeling studies
showed that there were both proliferating and maturing compartments in these
lineages. Bradley and Metcalf (1966) and Pluznik and Sachs (1965) introduced
the in vitro clonal assays for granulocytes and macrophages, which appeared
to identify progenitors committed to the production of these cells. Earlier, the
colony-forming unit spleen had been described by Till and McCulloch (1961)
as a pluripotent myeloid stem cell, which gave rise to erythroid, granulocytic,
and megakaryocytic lineages. It was thus natural to assume that the CFUs
gave rise to the granulocyte-macrophage colony-forming unit culture (GM-
CFU-C), which, in turn, gave rise to mature granulocytes and macrophages.
When megakaryocyte and erythroid colony assays were introduced, similar
lineage hierarchies were assumed (McLeod et al. 1976; 1974; Iscove and Sieber
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1975; Nakeff et al. 1975; Metcalf et al. 1975). The description of progenitors
requiring multiple cytokines and which gave rise to larger proliferative units,
the high-proliferative colony-forming cell (HPP-CFC) (Bradley and Hodgson
1979; McNiece et al. 1988a, 1988b), the burst-forming unit erythroid (BFU-e)
(Heath et al. 1976; Gregory 1976), and the burst-forming unit megakaryocyte
(BFU-mega) (Long et al. 1985; Briddell et al. 1989) simply suggested a more
complex hierarchy within the progenitor compartment. Eventually, progen-
itors with virtually every possible lineage combination have been described
and these have been placed in a more and more complex hierarchical tree.
In a similar fashion, engraftable stem cells have been subsetted by the degree
of retention of the supravital dye rhodamine into short-term and long-term
repopulation cells (Bertoncello et al. 1989). A very complex but still orderly
hierarchy could be constructed from these observations. There were perhaps
some indications that things might not be this simple. In general, progeni-
tors could not be cleanly separated from one another and engraftable stem
cells, but this was assumed to be due to a lack of cell surface or metabolic cell
characteristics, which could facilitate such separations. However, there were
some observations, which did not support this overall hierarchical model. Dr.
Makio Ogawa and colleagues carried out a series of elegant experiments in
which they isolated cells from primitive hematopoietic blast colonies in vitro,
and then, when these cells divided under permissive cytokine conditions, sep-
arated daughter cells and determined the differentiated progeny of these cells
(Ogawa et al. 1985; Nakahata and Ogawa 1982; Suda et al. 1983, 1984; Quesen-
berry 1991). In these experiments, any change in the differentiation phenotype
would have had to occur through one cell cycle transit of the daughter cells.
I quote from an editorial in Experimental Hematology titled “The Blueness of
Stem Cells” (Quesenberry 1991), in which I commented on these studies.
“Then, Dr. Ogawa came along and messed everything up. He described
a bewildering array of different colony types with from one to five lineages
arising from single cells. Anyone who carries out particularly elegant exper-
iments and derives important new insights can be very irritating, especially
to those of us who would like to be the ones reporting the work. Dr. Ogawa
continues to be an irritant, but perhaps the most devastating Ogawian data are
the daughter cell experiments, which indicate that within one cell cycle transit
totally different lineages may be pursued by two daughter cells derived from
a blast colony cell. This discovery was akin to exploding a bomb in the center
of the hierarchical models, although most of us keep presenting such models
because it is simply too messy to incorporate Ogawa’s cell cycle data.” The
sister cell cloning experiments indicated that within one cell cycle transit quite
different differentiation outcomes could be seen. In about 20% of the cases,
clones from daughter cells derived from the original blast colony cell, showed
different lineages—one colony might be erythroid-megakaryocyte, while the
sister clone might give rise to macrophages and granulocytes. This certainly
did not fit with a hierarchical scheme of differentiation; in fact, it was strong
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Fig. 1 A classical hierarchical model of hematopoiesis. LT-HSC represents the long-term
engraftable marrow stem cell and ST-HSC the short-term engraftable marrow stem cell.
HSC stands for hematopoietic stem cell. PP represents a primitive progenitor cell and PD
a more differentiated progenitor cell. Maturation represents the differentiated maturing
marrow compartment, and final progeny represents the end cell of a particular lineage

evidence against such a scheme, although the implications of these data were
not vigorously pursued at the time.

Thus, the hierarchy of the hematopoietic stem progenitor system has be-
come a strongly held tenet of most workers in this field, such that challenges
to this concept can provoke quite strong comments from grant or manuscript
reviewers. I speak from painful personal experience. I think that the hierarchi-
cal concept may have attained the status of an idol of the mind, as so lucidly
described by Francis Bacon in 1620 (Novum Organum). The concepts of a hi-
erarchical and a continuum model of hematopoiesis are presented in Figs. 1
and 2.

3
The Continuum

A series of investigations, to be detailed below, has shown that critical features
of the phenotype of the classically defined marrow stem cell are, in fact, not
stable but fluctuate dramatically over time and, most importantly, these fluc-
tuations are reversible, i.e., they do not represent differentiation. Furthermore,
we have found striking correlations with cell cycle state and changes in the
stem cell phenotype. These observations would not be of particular conse-
quence if the normal primitive marrow stem cells were a quiescent noncycling
population, as has been standard dogma for years. However, it turns out that
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Fig. 2 A continuum model of hematopoiesis. HSC represents hematopoietic stem cell as
assayed by either short- or long-term engraftment. The continuum circle could represent
cell cycle or other as yet unknown cellular attributes

the marrow stem cell department as defined by many workers is a cycling
population of cells. They represent cells, which are either cycling continuously,
but slowly, or, alternatively, cycling intermittently, at a more rapid rate. The
quiescent dogma is puzzling because a look at studies characterizing stem cells
with regard to cycle status reveals that they have always shown a small per-
centage of cells to be in S phase. These studies, of course, just give a transient
window on cycle status, and these data would indicate that most stem cells are
probably cycling, but simply at a lower rate than some other populations. This
was definitively shown by Bradford and colleagues (Bradford et al. 1997). These
investigators fed BALB/c mice BrdU in their drinking water over time and then
determined, at different points in the feeding schedule, the percentage of LRH
stem cells which took up the label. Labeling would indicate that the cells had
synthesized DNA and passed through S-phase, since BrdU is incorporated into
DNA when DNA is synthesized. By week 4, 60+14% of LRH had labeled, and
the estimated T1/2 for labeling was 19 days. These studies were confirmed by
Chesire etal. (1999) using a different stem cell separation and mouse strain and
with faster kinetics. Recently, our group (Pang et al. 2003), in studies trying to
address whether DNA damage-repair might be involved in the observed BrdU
labeling, confirmed the Bradford studies.

The concept that stem cells are a cycling cell population is further supported
by studies showing rapid cycle induction of long-term renewal cells when cells
are cultured in cytokines (Reddy et al. 1997) or when they are engrafted
into normal or irradiated hosts (Nilsson et al. 1997). When cells transit the
cell cycle, the chromatin coverage continuously changes. This would lead to
continuous shifts in regions of the chromosome, which would be available
for interactions with transcription factors. This, in turn, suggests that the
ability to respond to a specific differentiation inductive stimulus would also be
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continually changing, certain outcomes being favored at certain points in cell
cycle (Cerny and Quesenberry 2004). Experiments addressing this point will
be presented below. This, of course, immediately suggests a continuum model
of hematopoiesis rather than a hierarchical one.

We will begin with the studies on engraftment.

4
Engraftment

In the attempts to increase engraftment of murine marrow stem cells into non-
myeloablated host mice, we were surprised to observe a marked decrease in en-
graftment when marrow cells had been incubated in the cytokines interleukin-
3 (IL-3),IL-6,IL-11, and steel factor. These cytokines had been chosen because
at the time we were also attempting to obtain engraftment of retroviral trans-
duced stem cells into nonmyeloablated mice, and this was the cytokine cocktail
used to cycle marrow cells in order to obtain retroviral integration into stem
cell DNA. In these studies, we were attempting to transfer the MDR-1 gene,
and we obtained very high rates of in vitro transduction, reasonable rates of
long-term engraftment, but only marginal levels of gene transfer (Kittler et al.
1997). A conclusion from these studies is that cytokines cycled the stem cells
giving us very good in vitro transduction, but that these particular cells en-
grafted very poorly. When we carried out studies on normal murine marrow
cells incubated with IL-3, IL-6, IL-11, and steel factor (cytokine cocktail 1), we
found that at 48 h of culture there was a profound decrease in engraftment, and
this was seen whether marrow was transplanted into nonmyeloablated hosts
(Peters et al. 1995) or evaluated in a competitive setting in lethally irradiated
host mice (Peters et al. 1996). This could, of course, simply represent loss of
engraftability with differentiation into progenitors.

Critical experiments followed showing that loss of engraftability at either
8 weeks or 6 months after cell infusion was not a permanent state, but was,
in fact, reversible (Habibian et al. 1998). These studies were carried out on
unseparated marrow, but when highly purified lineage-negative rhodamine
123 low and Hoechst 33342 low (LRH) stem cells were cultured under the
same cytokine conditions, it was found that there was a highly predictable
transit through cell cycle with the first cycle ending at about 36-38 h and with
subsequent cycleslasting 12 h out to atleast five additional cycle transits (Reddy
etal. 1997). In these studies, marked and reversible alterations in engraftment
capacity were seen over 2-h intervals, and a prominent loss of engraftment
was seen in the late S/early G, period of cycle (Habibian et al. 1998). Further
studies showed that there was little effect on short-term engraftment (Peters
et al. 1999), but that the further analysis was carried out after cell infusion,
the more profound the cytokine/cycle induced engraftment defect. We also
established that these results were not due to differential in vitro adherence to
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Table 1 Engraftment results with cytokine stimulated stem cell cycle transit

Long-term engraftment is reversibly lost in late S/early G,, but in the same population
short-term engraftment is preserved.

Shifts of the engraftment phenotype can occur within 2-h time intervals.

The same results are obtained whether engraftment is in nonmyeloablated or myeloablated
hosts.

Purified marrow stem cells and unseparated marrow give the same engraftment results.
The engraftment results are not due to in vitro adherence.

Similar results are obtained with a different cytokine cocktail (thrombopoietin, Flt3, and
steel factor, cocktail 2) with a loss of engraftment in the same cell cycle phases, although
the kinetics of cycle transit are different with this cytokine combination.

plastic and, with more recent studies, this variable has been removed by the use
of nonadherent Teflon bottle cultures (Peters et al. 2002). More recently, these
results have been duplicated studying purified LRH cells cultured in IL-3, IL-6,
IL11, and steel factor and, again, showing a reversible defect in late S/early G
(Lambert et al. 2003). These engraftment results are summarized in Table 1.

5
Homing

We addressed whether this loss of engraftment capacity could be due to alter-
ations in homing efficiency. We established a homing assay in nonmyeloablated
mice using 5-(and 6)-carboxyflyorescein diacetate succinimidyl ester (CFSE)
labeled lineage-negative Sca-1" (Lin-Sca-1*) marrow stem cells (Cerny et al.
2002). These cells were injected by tail vein into untreated mice and marrow
harvested at varying times and then analyzed on a high-speed MoFlo cell
sorter for fluorescent positive events using a large event analysis with at least
16 million events analyzed. These studies showed that homing of Lin-Sca-1*
cells plateaued by 1 h and, at 3 h after infusion was linear between 50,000
and 1,000,000 infused cells. The plateau persisted out to 16 h, the longest time
analyzed. Previous work had shown that engrafting stem cells entered S-phase
within 12 h of in vivo infusion (Nilsson et al. 1997) and, thus, we established
a homing assay in which the homed cells would not have proliferated and
on the plateau of the homing curve. This assay utilized 250,000 infused CFSE
labeled Lin-Sca-1* marrow cells and then recovered cells 3 h later for a large
event MoFlo sorter analysis. In this setting, there were between 40-50 positive
events per 1 million cells analyzed, and from 7.45% to 9.32% of infused cells
homed.

We also established an in vitro stem cell homing assay. Here we analyzed
adherence to pre-established Dexter culture stromal cells of engraftable stem
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cells from whole marrow suspensions (Frimberger et al. 2001). Using a compet-
itive transplant assay into lethally irradiated mice, we found that the number
of hematopoietic stem cells adhering to stroma was substantial at 20 min,
increased in the 1st hour, and then remained constant at 1, 6, and 24 h of
adherence. By 1 h of adherence in vitro, 70.7% of the predicted engraftment
from equivalent numbers of unmanipulated marrow cells was observed to be
adherent to the stromal cells.

These data from an in vivo infusion assay and an in vitro adherence assay
gave remarkably similar results, with very rapid “homing” plateauing within
1 h after infusion or cell addition. Using the in vivo assay, we determined that
homing of stem cells cultured for 48 h in IL-3, IL-6, IL-11, and steel factor was
defective when compared to noncultured cells (Cerny et al. 2002). This is a time
point in these cytokine stimulated cultures when engraftment is markedly and
reproducibly decreased, suggesting that changes in homing may underlie the
observed changes in engraftment.

As homing is probably mediated, at least in part, by stem cell adhesion
receptors, we evaluated these in the above models (Berrios et al. 2001; Becker
et al. 1999). We first investigated receptor expression and modulation on Lin-
Sca-1" marrow stem cells using Northern blot, quantitative PCR, and flow
analysis. Normal Lin-Sca-1" cells expressed a number of adhesion receptors
including integrins ar, a1, o3, o4, &5, A, B1, L-selectin, CD44, and PECAM.
Adhesion of Lin-Sca-1* cells to Dexter stroma was blocked by about 90%
with antibodies to PECAM-1, a4, and P4 and partially blocked by antibodies
to CD44, L-selectin, and oy. When these stem cells were incubated in IL-3,
IL-6, IL-11, and steel factor for 24 or 48 h, the proportion of cells express-
ing a4 and B; were decreased. Other receptors were variably modulated with
a3, showing a decrease at 24 h with an increase at 48 h, and L-selectin show-
ing an increase at 24 h with a subsequent decrease at 48 h. Adhesion of these
cells to fibronectin after cytokine incubation correlated with the expression
of ay.

In more recent unpublished studies using real-time PCR, we have shown
expression of CXCR4 and SDF-1 in these cells and modulation with cycle
transit.

Adhesion receptor expression was also examined in LRH cells under the
same cytokine culture conditions, but at 0, 16, and 48 h of culture. Here too,
variable alterations in adhesion protein levels were noted with transit through
cell cycle. Purified LRH stem cells studied with immunofluorescence showed
variable expression of ar, a4, a5, ts, B1, L-selectin and PECAM. Once again,
expression of a4 and B; were decreased at 48 h of culture. A variable modulation
of the other adhesion receptors was also seen at 16 and 48 h with reversible
alterations seen with L-selectin, PECAM, a5 and ..

These studies indicated that adhesion proteins showed a cell cycle-associated
modulation, that many of the changes were reversible, and that the changes
in homing and engraftment might be secondary to changes in adhesion pro-
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Table 2 Homing and adhesion protein expression with cell cycle transit

Stem cell homing in vivo to marrow or in vitro on Dexter culture stroma is very rapid and
plateaus by 1 h.

Homing in vivo by Lin-Sca-1* marrow stem cells is defective at a time point when engraft-
ment is defective.

Both Lin-Sca-1* and LRH purified murine marrow stem cells express a wide variety of
adhesion receptors.

These receptors show variable and reversible changes in expression at different time points
in a cytokine-stimulated cell cycle transit.

A consistent finding is that integrin a4 is markedly decreased at 48 h of cytokine culture,

a time point when both homing and engraftment is depressed.

tein expression. The homing and adhesion protein results are summarized in
Table 2.

We recently utilized in vivo phage display biopanning and discovered that
CD84 may be an important homing peptide. The role of CD84 in the above
biology remains to be determined (Nowakowski et al. 2004).

6
Switch to a Progenitor Phenotype: The Progenitor/Stem Cell Inversion

Progenitors have been felt to differentiate from more primitive marrow stem
cells such as LRH or Lin-Sca-1" cells. This is part of the traditional stem cell
hierarchy. However, we have generated data indicating that the progenitor
phenotype is quite labile as a cell progresses through cell cycle and, that as
progenitor numbers increase, the number of engraftable stem cells decrease
and, most importantly, that these shifts in phenotype are reversible (Colvin
et al. 2004). We utilized two different systems in these studies; in one mar-
row cells were studied in conventional liquid culture with cytokines, while in
the other cells were cultured with cytokines in rotating wall vessel cultures,
which simulate microgravity. The cytokines for these experiments were throm-
bopoietin, Flt3, and steel factor. Cells under these conditions were also highly
synchronized as to cell cycle, with up to 98% of cells labeling with propid-
ium during the first cell cycle passage. Synchrony was determined using both
propidium labeling and HtdR labeling, and while the kinetics of cell cycle
transit were slower, stem cells were still found to have an engraftment defect at
lateS/earlyG,. In these studies, HPP-CFC and CFU-c were assayed at different
points in cycle and found to show marked fluctuation in numbers through
one cell cycle transit. Perhaps most impressive was the reciprocal relationship
between progenitor and engraftable stem cell numbers. When progenitors were
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increased frequently over twofold, engraftable stem cells were decreased by
asimilar magnitude, and these changes were reversible within one cycle transit.
We termed these stem cell/progenitor inversions. These data suggested that
the progenitor and the engraftable stem cell might be the same cell, simply
changing phenotype on a continuum.

7
Differentiation Hotspots in Cell Cycle Transit

The concept of a changing phenotype as a stem cell progressed through cell
cycle with associated changes in chromatin coverage and transcriptional op-
portunity would suggest that the potential of a cell to respond to a specific
differentiation inductive signal would change as it passed through different
cell cycle phases. We tested this hypothesis by culturing LRH cells in throm-
bopoietin, Flt3, and steel factor and then at different points in cell cycle transit,
the cells were subcultured inliquid culture in a differentiation cytokine cocktail
consisting of G-CSE, GM-CSF, and steel factor; differentiation was determined
14 days later. In these unpublished but relatively definitive experiments, we
found a differentiation hotspot in mid-S phase for megakaryocytes. A large
production of megakaryocytes was seen at this point, which was reversible
within one cell cycle transit, i.e., before the next population doubling. This
further supported our concept of a continuum (Colvin et al. 2004).

8
Global Gene Expression and Other Stem Cell-Specific Gene Expression

We studied the genetic phenotype of purified LRH marrow stem cells in IL-3,
IL-6, IL-11, and steel factor stimulated cell culture at 0 and 48 h of culture
(Lambert et al. 2003). Gene expression of quiescent (0 h) and cycling (48 h)
stem cells was compared with lineage-positive cells by 3’ end PCR differential
display analysis. Individual PCR bands were quantified using a 0-9 scale, and
results were visualized using color-coded matrices. We defined a set of 637
transcripts expressed in stem cells and not expressed in lineage-positive cells.
Gene expression analyzed at 0 and 48 h showed a major shift from stem cell
genes being highly expressed at 0 h (at isolation), and turned off at 48 h of
culture, while cell division genes were turned on at 48 h.

In other studies, we have also shown fluctuations through cell cycle transit
in cytokine receptor expression (Pang et al. 2003) and, utilizing real-time PCR,
seen fluctuations in the expression of different stem cell markers such as Sca-1
and c-kit, in differentiation markers such as Mac-1 and CD4, and in various
transcription factors, which have been invoked as stem cell regulators.
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9
Plasticity and Plasticity: Plasticity Squared

We have entered the era of stem cell plasticity. The above discussion could be
described as “in-tissue” plasticity. However, what most consider as stem cell
plasticity is the ability of marrow stem cells to produce cells of nonhematopoi-
etic tissues in nonhematopoietic organs. We, and others, have extensively
commented on the capacity of adult marrow cells to produce cells in multi-
ple different lineages, and on the rather mindless debate, which has grown
up around this field. We have termed this “Ignoratio Elenchi,” the use of red
herrings to divert attention. I will make just a few points before getting back
to the continuum concept. First, the capacity of marrow stem cells, includ-
ing highly purified marrow stem cells, to make nonmarrow cells has been
repeatedly demonstrated. Second, it is clearly highly functional in at least one
well-studied model of liver disease, the FAH-negative (7) mouse (Lagassee
et al. 2000). Third, it is quite significant, or if you will, robust, in liver, lung,
and skeletal muscle (Lagassee et al. 2000; Krause et al. 2001; Abedi et al. 2004).
The phenomena of cell fusion occurs in some models and not others and, in
fact, was present in the FAH™ model in which some mice were cured of this
otherwise fatal liver disease.

We have studied the conversion of marrow cells to lung cells using a green-
fluorescent protein transgenic marrow source engrafted after irradiation into
a wild type C57BL/6] host mouse. We then employed cardiotoxin injection
into the anterior tibialis muscle or intratracheal bleomycin as lung injuries,
and evaluated lung at varying times after cardiotoxin injury. In these studies,
we routinely see conversion of marrow cells to CD45-GFP™ lung cells, about
half of which mark as either type 1 or type 2 pneumocytes. Of interest with
regard to the continuum concept, we have found that if we engraft mid-S-phase
marrow cells from thrombopoietin, Flt3, and steel factor-stimulated cultures,
the number of conversions is increased up to threefold and, at times, we see
that over 30% of lung cells have derived from marrow (Dooner et al. 2004).
Thus, we see one form of plasticity on top of another form of plasticity. This
increase in conversion events also reverses within one cell cycle transit. We
term this plasticity squared or P2.

10
A Continuum Model of Hematopoiesis

The above discussion outlines a series of studies which show that under defined
experimental conditions, the phenotype of what we have referred to as the
primitive marrow engrafting stem cell is quite labile over time and that the
changes seen are not permanent differentiation steps.
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Table 3 Marrow stem cell lability over time

Cytokine culture
Engraftment

Homing

Adhesion protein expression
Progenitor number
Differentiation in response to a set stimulus
Cytokine receptor expression
Stem cell surface marker
Stem cell transcription factors
Global gene expression
Conversion to lung cells
Circadian rhythm
Engraftment

Progenitor numbers

This is, of course, not consistent with a hierarchical model of hematopoiesis.
A continuum concept is not as neat and orderly as a hierarchical concept, but
offers an attractively flexible system with a tremendous amount of potential,
which can be selectively expressed given a particular set of circumstances,
such as tissue injury or exposure to a specific mix of inductive cytokines. Many
questions remain to be answered. Are the changes due to the cytokines separate
from cycle phase, only the cycle phase without the cytokines, or a combination
of the two? We have demonstrated dramatic fluctuations in the progenitor and
engraftment phenotype with circadian rhythm (D’Hondt et al. 2004), and these
fluctuations seem to change in different seasons. Could our observations relate
to circadian cycle, or could the circadian cycle and cell cycle phase together
determine the phenotypic changes? However, whatever the specific underlying
mechanism, the lability of the phenotype over time appears to be established,
as is the fact that changes seen can be reversible; thus, the continuum concept.
A summary of stem cell lability over time is presented in Table 3.

The continuum concept indicates that the stem cell as a discrete entity de-
fined by cell surface markers, metabolic characteristics, or other functional
features, probably cannot be defined, but rather must be defined on a pop-
ulation basis. This, in turn, suggests that we have arrived at a point where
reductionist studies alone will be less and less informative; rather, studies
of patterns over time will be necessary in order to begin to understand the
marrow stem cell system. Mathematical modeling will become an increasingly
important and necessary part of this research.
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Abstract The expectation generated by the pluripotentiality of embryonic stem (ES) cells
has initiated a renaissance in stem cell biology. While ES cells can be harvested in abundance
and appear to be the most versatile of cells for regenerative medicine, adult stem cells also
hold promise, but the identity and subsequent isolation of these comparatively rare cells
remains problematic in most tissues, perhaps with the notable exception of the bone marrow.
Identifying surface molecules (markers) that would aid in stem cell isolation is thus a major
goal for stem cell biologists. Moreover, the characterization of normal stem cells in specific
tissues may provide a dividend for the treatment of cancer. There is a growing belief that the
successful treatment of neoplastic disease will require specific targeting of the cancer stem
cells, cells that may well have many of the characteristics of their normal counterparts.

Keywords Stem cells - Side population cells - ABC membrane transporters - Telomerase -
Integrins - Bromodeoxyuridine - H-thymidine - Label retaining cells - Ki-67 - CD34 -
CD133 - Musashi-1 - Nestin - p63

1
Introduction

The identification of molecular markers that best facilitate the isolation and
characterization of stem cell populations has long been a worthwhile challenge.
In studies of the haematopoietic system, both experimental and clinical, the ex-
pression of the sialomucin CD34 has traditionally been exploited to enrich cells
with long-term marrow repopulation capacity, though not all haematopoietic
stem cells (HSCs) express this marker (Bonnet 2002). Moreover, it was in the
bone marrow that cells with the key properties of adult stem cells, namely
self-renewal and multilineage potential, were first recognized. In fact, such
cells were first described operationally back in 1961 by Till and McCulloch
as cells that gave rise to multilineage haematopoietic colonies in the spleen
(colony forming units-spleen [CFU-S]). Indeed, the ability of a single cell to
give rise to a large family of descendants (clonogenicity), containing all the
lineages normally found in that cell’s tissue of origin is considered a reasonably
robust proof of ‘stemness’ (Fig. 1). For example, the recently proposed stem
cells of the human heart and brain have met these criteria (Beltrami et al.
2003; Sanai et al. 2004); the former producing monoclonally-derived colonies
containing cells expressing proteins consistent with either cardiomyocyte, en-
dothelia or smooth muscle differentiation, the latter colonies demonstrating
neuronal, oligodendrocytic and astrocytic differentiation. Some have argued
that stem cell markers are like the spots on a Dalmatian dog, useful for iden-
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Fig. 1 In most renewing systems, a cell hierarchy can be recognized in which a few self-
renewing stem cells (p = probability of self-renewal) give rise to a limited number of
committed progenitors, also called transit amplifying cells (TACs). TACs have limited prolif-
eration potential and eventually give rise to reproductively sterile terminally differentiated
cells. In vitro, stem cells, early TACs and late TACs are thought to generate holoclones,
meroclones and paraclones, respectively

tification, but which do not appear to play an essential role in dog (stem cell)
function (Fig. 2). This assertion seems counterintuitive from an evolutionary
standpoint, and, for example, many so-called markers have a function consis-
tent with the protection of these valuable cells e.g. ABC transporters to efflux
potential toxins and high expression of extracellular matrix (ECM) receptors
such as integrins to anchor cells to the underlying basement membrane. In this
chapter, we describe some general markers that may serve in stem cell iden-
tification, along with more tissue-restricted markers, but noting that in each
case these markers are not generally specific to any one tissue. We should also
add that some markers may represent ‘a moving target’ in that their expression
may vary without loss of stem cell function (Dorrell et al. 2000; Deschaseaux
et al. 2003), at least in vitro.

2
Common Attributes of Stem Cells

Stem cells appear to be located in all organs of the body, though in ageing
organs such as the heart their regenerative powers seem muted (Sussman
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Fig.2 Are markers of stem cells merely good for recognition (like spots on a dog) or do they
serve a function?

and Anversa 2004). With regard to their attributes, we can make some broad
descriptions that might aid in identification.

2.1
Strategic Placement

When cell migration occurs in a tissue, stem cells are at the beginning of the
flux. Particularly where cell flux is unidirectional, e.g. epidermis, stem cells are
at one end of the cell escalator in the basal layer, with cells being shed at the
surface. This makes sense if the stem cell population is to be preserved; a niche
may achieve the same goal (see below).

2.2
Self-Renewal

Stem cells in any tissue are a self-renewing population, achieving this if, on
average, each stem cell division gives rise to one replacement stem cell and one
transit amplifying cell (TAC) by asymmetric cell division. Equally well, stem
cell numbers would remain constant if only symmetrical divisions occurred
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provided that each time a stem cell gave rise to two daughter TACs, another stem
cell gave rise to two daughter stem cells (Fig. 3). Stem cells are normally located
in a restrictive environment called a niche (French, recess), and in a tissue such
as the small intestine, the niche is found close to the crypt base at the origin of
a bidirectional flux (Fig. 7B). Interactions within the stem cell niche, a special-
ized environment composed of mesenchymal cells and extracellular matrix,
are crucial to the self-renewal process and the controlling factors are rapidly
becoming elucidated. In the Drosophila ovariole, a stem cell niche known as
the germarium has been defined, and here the germline stem cell (GSC) num-
ber is maintained by the close apposition of GSCs with cap cells; Armadillo

Fig. 3 The stem cell niche. (a) Stem cell self-renewal can be achieved if all stem cells divide
asymmetrically with the mitotic cleavage plane parallel to the basement membrane. Alter-
natively (b) symmetrical divisions can achieve the same end-result: population asymmetry
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(fly p-catenin) and decapentaplegic (DPP) (a homologue of mammalian bone
morphogenetic proteins [BMPs]) signalling are involved (Gonalez-Reyes 2003).
Likewise, in the Drosophila testis, GSC number is strictly controlled by the in-
teraction with so-called hub cells (Yamashita et al. 2003); in both the ovariole
and testis, disruption of DPP signalling and/or Armadillo/APC interactions
can result in supernumerary GSCs due to alterations in the orientation of the
mitotic axes (see Fig. 3). In mammals, cadherin/catenins and BMP signalling
are also involved in the maintenance of haematopoietic stem cell number
through interactions with osteoblasts (Zhang et al. 2003).

2.3
Small in Number

Stem cells are a small percentage of the total cellularity. In the mouse small
intestine, there are perhaps four to five stem cells near the bottom of the crypt
out of a total crypt population of about 250 cells (Marshman et al. 2002). Like-
wise, in skeletal muscle, satellite cells comprise about 5% of all nuclei. In the
bone marrow, the multipotential haematopoietic stem cell is even rarer, with
a frequency of 1 in 10,000 or more amongst all bone marrow cells.

24
Undifferentiated

Stem cells are relatively undifferentiated. In most tissues, the stem cells do not
have the functional specializations of the progeny that they give rise to.

25
Slowly Cycling

Stem cells are slowly cycling but highly clonogenic. Teleologically it would
seem prudent to restrict stem cell division because DNA synthesis can be
error-prone. Thus, in many tissues we see that stem cells divide less frequently
than TACs. In the intestine, the stem cells cycle less frequently than the more
luminally located TACs (Marshman et al. 2002), and in the human epidermis
the integrin-bright cells have a lower level of proliferation than the other basal
cells (see Sect. 3.6.1). In hair follicles, the hair shaft and its surrounding sheaths
are derived from TACs in the hair bulb that is itself replenished by the bulge
stem cells. As befits true stem cells, the bulge cells divide less frequently but
are more clonogenic than the TACs of the hair bulb.

2.6
Side Populations

In 1996, Goodell et al. reported on a new method for the isolation of HSCs
based on the ability of the HSCs to efflux a fluorescent dye. Like the activity of
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the P-glycoprotein (encoded by the mdrl gene), this activity was verapamil-
sensitive. Cells subjected to Hoechst 33342 dye staining and fluorescence acti-
vated cell sorting (FACS) analysis can give a fluorescent profile, as illustrated
in Fig. 4. Those that actively efflux the Hoechst dye appear as a distinct pop-
ulation of cells on the side of the profile; hence the name the side population
(SP) has been given to these cells. Numerous studies now point to the fact that
the SP phenotype of HSCs in mice and humans is largely determined by the
expression of a protein known as the ABCG2 transporter (ATP-binding cas-
sette [ABC] subfamily G member 2, also known as BCRP1) (Scharenberg et al.
2002; Kim et al. 2002; Zhou et al. 2002; Guo et al. 2003). Additionally, a diverse
range of adult tissues (e.g. skeletal muscle, brain, liver and spleen) contain
CD34" SP cells capable of forming haematopoietic colonies in vitro, indicat-
ing that the bone marrow is not the sole provenance of adult haematopoiesis
(Asakura and Rudnicki 2002). Moreover, tissues such as brain and skeletal
muscle not only have a much higher proportion of CD34~ compared to CD34"*
SP cells, but these cells do not express nestin or satellite cell markers, respec-
tively, suggesting that SP cells represent a distinct class of tissue-specific stem
cells, perhaps present in all tissues (Asakura and Rudnicki 2002; Zhou et al.
2001)? The ABC superfamily of membrane transporters is one of the largest
protein classes known, characterized by expression of an ATP-binding cassette
region functioning to hydrolyse ATP to support energy-dependent substrate
exportation against steep concentration gradients across membranes, princi-
pally from the intracellular cytoplasm to the extracellular space (Klein et al.
1999; Borst and Elferink 2002; Schinkel and Jonker 2003). The ATP-binding
cassette is a 200- to 250-amino acid mini-protein harbouring two short con-
served peptide motifs (Walker A and Walker B), involved in ATP binding,
with a third conserved sequence (the ABC signature) interposed between the
Walker A and B sequences (Klein et al. 1999). A highly informative website
compiled by Michael Muller’s group at Wageningen University, The Nether-
lands (http://www.nutrigene.4 t.com/humanabc.htm) currently lists 48 human
ABC transporters organized into seven families (Table 1).

Table 1 Families of ABC transporter proteins

Family Number of members  Symbols

ABC1 (subfamily A) 12 ABCA1-ABCA12
MDR/TAP (subfamily B) 11 ABCB1-ABCB11
CFTR/MRP (subfamily C) 12 ABCC1-ABCC12
ALD (subfamily D) ABCD1-ABCD4

OABP (subfamily E)
GCN20 (subfamily F)
White (subfamily G)

ABCE1
ABCF1-ABCF3
ABCGI1-ABCG5

(O, IS
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Hoechst 33342 blue

Hoechst 33342 red

Fig.4 Hypothetical SP profile for bone marrow. Vertical axis shows blue Hoechst fluorescence,
horizontal axis shows red Hoechst fluorescence. SP cells indicated within the trapezoid gate
have a low uptake of dye and a high blue:red ratio. Typically, SP cells comprise about 0.05%
of the total bone marrow cells and are highly enriched for long-term repopulating activity

ABC transporters play a role in the transport of drugs (xenobiotics) and
drug conjugates. Their role is exemplified by MDR1 (ABCB1 or P-glycoprotein),
MRP1 (the multidrug resistance protein 1, ABCC1) and BCRP1 (breast can-
cer resistance protein 1, ABCG2) whose expression is associated with mul-
tidrug resistance (MDR) in cancer cells (Litman et al 2000); BCRP1 is a half-
transporter that functions as a homo- or heterodimer, and is unique amongst
half-transporters in that it is localized to the plasma membrane (Rocchi et al.
2000). Drug resistance results from the ability of the transporters to extrude
several classes of anticancer drugs, lowering effective concentrations within
the cell. For example, MDR1 is able to cause the greatest resistance to bulky
amphipathic drugs such as paclitaxel (taxol) anthracyclines and Vinca alka-
loids. SP cells can be isolated from human tumours, and probably contribute
significantly to tumour drug resistance (Hirschmann-Jax et al. 2005).

ABC transporters have emerged as an important new field of investigation
in the regulation of stem cell biology (Bunting 2002), and manipulation of the
system can result in stem cell amplification (Bunting et al. 2000). Furthermore,
in skeletal muscle, CD34%/CD45" cells expressing ABCG2 mRNA can give rise
to endothelial and skeletal muscle cells (Tamaki et al. 2002), and it has been
claimed that marrow-derived SP cells in skeletal muscle specifically engraft
into endothelium during injury-induced vascular regeneration while non-SP
cells from the same source engraft into smooth muscle (Majka et al. 2003). In
the pancreas too, multipotential progenitors can express the neural stem cell
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marker nestin along with ABCG2 and MDRI1 (Lechner et al. 2002), and MDR1
expression is a feature of the recipient cells that engraft the myocardium of
transplanted female hearts in male recipients (Quaini et al. 2002). SP cells have
also been isolated from human and mouse breast tissue, and murine SP cells
can give rise to both myoepithelial and luminal breast epithelial cell lineages
when transplanted into cleared fat pads (Alvi et al. 2003). ABC transporters
are not the only cytoprotective molecules present in adult stem cells; aldehyde
dehydrogenase (ALDH) is a detoxifying enzyme expressed at high levels in
HSCs (see Sect. 3.1.1), while some liver and pulmonary airway stem cells may
be resistant to potential toxins through low expression of drug-metabolizing
cytochrome P450 enzymes (see Sects. 3.4 and 3.11, respectively).

2.7
Maintenance of Genome Integrity

In addition to an infrequently dividing nature, stem cells would also appear to
have devised a strategy for maintaining genome integrity. Termed the ‘immor-
tal strand’ hypothesis by John Cairns (Cairns 1975), stem cells can apparently
designate one of the two strands of DNA in each chromosome as a template
strand, such that in each round of DNA synthesis while both strands of DNA
are copied, only the template strand and its copy is allocated to the daughter
cell that remains a stem cell (Fig. 5). Thus, any errors in replication would be
readily transferred (within one generation) to TACs that are soon lost from the
population. Such a mechanism probably accounts for the ability of putative
stem cells to be label-retaining cells (LRCs) after injection of DNA labels when
stem cells are being formed. However, as we shall see, most investigators have
attributed the presence of LRCs to the infrequent cycling of stem cells in vivo,
without testing for the ability of LRCs to further synthesize DNA and divide,
yet still segregating the immortal DNA strands from sister chromatids into the
daughter cell that remains a stem cell; there have been notable exceptions to
this omission (Potten et al. 2002; Merok et al. 2002; see Sect. 3.3.3).

2.8
Generic Stem Cell Markers

A number of molecules are expressed by a variety of putative organ-specific
stem cells and these are listed in Table 2. Collectively these molecules appear to
be involved in maintaining ‘stemness’, ensuring longevity, adhesion to a niche
and a slow cycling habitus. The transcription factor Oct-4, important for the
maintenance of pluripotency in embryonic stem cells, has been claimed to be
expressed in a variety of adult stem cells, but the identity of the cells illustrated
is unclear (Tai et al. 2005).
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Fig. 5 The immortal strand hypothesis. Genomic integrity of stem cells can be preserved if
newly synthesized strands of DNA are always allocated to TACs, and stem cells retain the
immortal (template) strand. The template strand of each chromosome is established when
stem cells are being created

Table 2 Examples of generic stem cell markers

Marker Function (known or proposed)

CD34, CD133, integrins Cell adhesion to substratum

Bcl-2, telomerase, ABC transporters Cell survival

c-kit Receptor for stem cell factor (SCF)

Musashi 1 Asymmetrical cell division, stem cell renewal
Nestin Embryonic intermediate filament

p27Kip! Inhibition of cyclin-dependent kinases

p63 p53 homologue
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3
Organ-Specific Stem Cells

3.1
Bone Marrow

Leaving aside the potential of bone marrow cells to generate the likes of car-
diomyocytes, hepatocytes and neurons - so-called transdifferentiation or plas-
ticity (Alison et al. 2003), the adult marrow contains, not one, but at least three
ostensibly discrete stem cell populations; haematopoietic stem cells (HSCs),
mesenchymal stem cells (MSCs) and endothelial precursor cells (EPCs).

3.1.1
Haematopoietic Stem Cells

HSCs are rare cells, with a frequency of 1in 10* to 1 in 10> amongst bone marrow
cells. The expression of the cell surface sialomucin CD34 has, for a long time,
been the basis for the selection of HSCs, and the mainstay of HSC transplanta-
tion is currently still the selection of CD34™ cells. However, repopulating cell
assays in the likes of fetal preimmune sheep and immunodeficient mice suggest
that HSCs can be either CD34* or CD347, and that selection of CD34™" cells may
exclude more primitive cells (Bonnet 2002). Such cells might express ABCG2,
a common determinant of the SP phenotype (Zhou et al. 2001), and it seems
that ABCG2 expression is greatest in CD34-negative cells and is downregulated
in CD34" and, of course, with specific lineage differentiation. Another alterna-
tive to CD34 may be the expression of CD133 (AC133) (Bhatia 2001), a 120-kDa
glycosylated protein containing five transmembrane domains, though whether
this marker is superior to CD34 in selecting for HSCs is unclear. Nevertheless,
the initiation of human acute myeloid leukaemia (AML) in NOD/SCID mice
by AML cell transplantation appears to be the provenance of the CD34* CD38"
fraction (Bonnet and Dick 1997).

The expression of CD34 probably depends on the degree of activation; CD34~
negative cells being quiescent while CD34" cells are activated self-renewing
cells - likened to a flexible continuum rather than a hierarchy. Differences in
gene expression between quiescent and activated HSCs have been explored
(Venezia et al. 2004). Because the expression of CD34 is rather a ‘moving
target’, purification on the basis of a more robust marker might seem desirable.
Thus, Storms et al. (1999) have exploited the fact that HSCs have high levels of
aldehyde dehydrogenase (ALDH), a detoxifying enzyme that confers resistance
to alkylating agents such as cyclophosphamide. They describe a substrate that
can be used to isolate cells with high ALDH activity by flow cytometry since
the fluorescent reaction product is retained within viable cells. This so-called
Aldefluor reagent system has been recommended because of its simplicity
(Armstrong et al. 2004). Hess et al. (2004) have purified HSCs from human cord
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blood on the basis of high ALDH. They comprised 23% of the Lin- fraction and
highly co-expressed markers such as CD34* CD38~ and CD34~ CD133™; the
ALDHM#" Lin~ cells were clonogenic in vitro and able to repopulate immune-
deficient mice with committed progenitors and primitive repopulating cells.
VEGFR2 (KDR in humans) expression alone or in combination with the likes
of CD133 or CD34 has also been suggested as a good marker of HSCs (Ziegler
et al.1999).

Sca-1 (stem cell antigen 1, Ly-6A/E) is an 18-kDa phosphatidylinositol-
anchored protein expressed on murine multipotent HSCs, frequently used
in combination with negative selection for a number of cell surface markers
characteristic of commitment toward haematolymphoid lineages (Lin~) to
select for murine HSCs. In the mouse, usually a panel of surface markers,
in the absence of all lineage markers (Lin~) is employed to identify HSCs,
commonly isolated as c-Kit* Thy 1.1° Lin~ Sca-1* (KTLS). Recent advances in
HSC biology have been reviewed by Bonde et al. (2004).

3.1.2
Mesenchymal Stem Cells

In comparison to HSCs, MSCs, also known as marrow stromal cells, are not
well antigenically characterized. In vitro, single cell suspensions of bone mar-
row generate colonies of adherent stromal cells that can readily differentiate
into either bone, cartilage or fat, but can also be coaxed in to many other
cell types. Each colony is derived from a single cell called a colony-forming
unit fibroblast (CFU-F). MSCs are rare, declining in frequency with age, being
present in bone marrow aspirates at a frequency of 0.1-5/10° cells in rodents
and 1-20/10° in humans (Short et al. 2003). STRO-1 is an antibody that posi-
tively identifies MSCs, and the frequency of CFU-F is enriched 100-fold in the
STRO-1*/Glycophorin A~ population compared to the STRO-1*/Glycophorin
A" population. In the mouse, the Sca-1" Lin- CD31~ CD45™ fraction has a plat-
ing efficiency of approximately 30% for CFU-FE. In human bone marrow, the
combined use of the STRO-1 and VECAM-1 (CD106) antibodies results in
a fraction with a plating efficiency of almost 50% for CFU-F (Gronthos et al.
2003). MSCs can be partly defined by a huge range of both positive and nega-
tive phenotypic staining characteristics, but none of these traits are specific to
MSCs (reviewed in Pittenger and Martin 2004; Tropel et al. 2004; Otto and Rao
2004). Apart from bone marrow, MSCs can also be found in connective tissue,
adipose tissue and muscle.

3.1.3
Endothelial Progenitor Cells

EPCs constitute a unique population of peripheral blood mononuclear cells
derived from bone marrow that are involved in postnatal angiogenesis during
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wound healing, limb ischaemia, postmyocardial infarction, atherosclerosis and
tumour vascularization. HSCs and EPCs are seemingly derived from a common
precursor called a haemangioblast, so in the bone marrow these cells share
many antigenic determinants, including CD34, CD133, Sca-1, c-Kit, Tie-2 and
Flk-1 (Iwami et al. 2004; Hristov and Weber 2004; Khakoo and Finkel 2005).
However, once in the circulation, these cells express markers of endothelial
commitment, including von Willebrand factor (vWF) and VE-cadherin (Hris-
tov and Weber 2004). The primitive EPC is probably best defined as CD133*
CD34" Flk-1*.

3.2
Musculoskeletal Stem Cells

Sources of stem cells for musculoskeletal repair include bone marrow, per-
itrabecular tissues in cancellous bone, cartilage, muscle, fat and pericytes:
collectively known as connective tissue stem cells, most of which seem multi-
potent.

3.2.1
Cartilage

Articular cartilage is a unique avascular load-bearing live tissue that does not
normally self-repair. In the bovine, Dowthwaite et al. (2004) have suggested
that appositional cartilage growth is achieved by stem/progenitor cells on
the articular surfaces; these cells expressed the a5B1 integrin, the classical
fibronectin receptor and expression of Notch 1 appeared to identify the most
clonogenic cells.

3.2.2
Bone

Osteoblastic progenitors can be recognized in vitro as cells that make colonies
that express alkaline phosphatase (CFU-APs), and in humans there are on
average 55 CFU-APs/10° nucleated bone marrow cells (Muschler et al. 2001);
in both sexes there is a decline in frequency with age. The exact nature of
osteogenic stem cells is unclear, Muschler et al. (2003) advocates the term
‘connective tissue progenitors’ (CTPs) to encompass a heterogeneous group of
multipotential stem cells responsible for musculoskeletal renewal and repair.
This would include pericytes, present outside the basement membrane of small
blood vessels and fibroblastic cells in the bone marrow known as Westin-
Bainton cells; it is uncertain whether these cells are true stem cells or transit
amplifying cells, but progenitors eventually give rise to secretory osteoblasts
with limited self-renewal capacity (short-lived, ~40 days) that produce bone
matrix, and finally long-lived osteocytes are produced.
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3.2.3
Skeletal Muscle

It is generally accepted that unipotential satellite cells, comprising 5% of the
nuclei present within muscle fibres, located outside the myofibre but beneath
the basement membrane, are the major source of myogenic cells for growth
and repair of postnatal skeletal muscle (Fig. 6). Such cells are highly expressive
of M-cadherin (Goldring et al. 2002). Though the role of the bone marrow
in providing cells for muscle regeneration has been much vaunted (Camargo
etal. 2003), the indigenous satellite cell has been reaffirmed as the major player
(Sherwood et al. 2004; Partridge 2004). Preactivated satellite cells are CD34*
Scal™ (Zammit and Beauchamp 2001); other markers include the transcription
factor Pax7, but once activated by injury the myogenic genes Myf-5 and MyoD
are switched on (reviewed in Chen and Goldhammer 2003). A population of
muscle-derived stem cells, distinct from satellite cells, that are CD34" Scal™
has also been described (Huard et al. 2003).

3.3
Gastrointestinal Tract

The gastrointestinal tract (GIT) is lined by region-specific epithelial coverings,
beginning with stratified squamous epithelia lining the oral cavity and oesoph-
agus, progressing to the gastric glands of the stomach, moving distally to the
small intestine where the simple epithelial lining is thrown into invaginations
(crypts) and finger-like projections (villi), and finally to the colorectum where
crypts are still present but villi are absent.

3.3.1
Oesophagus

The surface of the human oesophagus is relatively flat, but invaginations of

the basement membrane produce tall papillary structures within the stratified
epithelium. Cell proliferation is confined to the basal and immediately epibasal
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Fig. 6 Satellite cells are located between the multinucleated myotube and the underlying
basement membrane, proliferating after damage with cell progeny becoming incorporated
into the myotube



Markers of Adult Tissue-Based Stem Cells 199

layers, with cell division more common in the papillary basal layer (PBL) than
in the flat interpapillary basal layer (IBL) (Seery 2002). In the PBL, the mitotic
axes tend to be parallel to the basement membrane, so both daughter cells
remain in the basal layer, whereas in the IBL, the mitotic axes tend to be
at right angles to the basement membrane; thus, one daughter cell remains
a stem cell and the other daughter cell becomes a transit amplifying cell in
the more proliferatively active epibasal layers (see Fig. 3). Unlike the cells of
the PBL and epibasal cells, oesophageal stem cells are thought to be relatively
undifferentiated, not expressing CKs 13, 14 and 15. Okumura et al. (2003)
also isolated a fraction of human oesophageal cells that expressed a relatively
low level of both CK13 and involucrin, and observed that these cells were
additionally characterized by high expression of the low-affinity neurotrophin
receptor p75N 'R but low B1 integrin expression; such cells behaved as stem
cells in vitro. The expression of p75NTR may also characterize unipotent stem
cells of other squamous epithelia such as uterine cervix.

3.3.2
Stomach

In the stomach, the epithelial lining is folded to form structures called gastric
glands; the gastric stem cells are located and maintained within a mesenchy-
mal niche situated towards the centre of the gland (Fig. 7a). Thus, cell flux in
the glands is bidirectional, cells descending downwards toward the gland base
and upwards toward the surface via the gastric pit (Wright and Alison 1984). In
the mouse, RT-PCR analysis of cells retrieved from the niche by laser capture
microdissection has indicated that gene expression closely matches that found
in HSCs (Mills et al. 2002). Surprisingly, there are very few ‘markers’ described
for gastric stem cells; however, Bjerknes and Cheng (2002) have established
that multipotential progenitor cells exist in the mouse stomach. Using a mu-
tagenicity strategy with ethylnitrosourea, they created mutant clones in adult
hemizygous ROSA26 mice in vivo that did not express B-galactosidase, and
all cell lineages could be found in a single clone - persuasive evidence for
the existence of multipotential cells. From ultrastructural observations in the
isthmic region of human stomach, Karam et al. (2003) have suggested that per-
haps the stem cells are so-called mini-granule cells, cells with minute, dense
or cored secretory granules, somewhat akin to the granule-free cells found in
the mouse. An RNA-binding protein of 39 kDa, known as Musashil (Msi-1)
was first identified in Drosophila and thought responsible for the asymmetric
divisions of sensory organ precursor cells (Sakakibara et al. 1996); it may also
be a marker for gut stem cells. The location of Msi-1-expressing cells coincides
with the zone of active proliferation, at least in Xenopus laevis (Ishizuya-Oka
et al. 2003).
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3.33
Small and Large Intestine

In the small intestine, the stem cells are located in a postulated stem cell niche
in the crypt base, just superior to the Paneth cells, although some intermingling
with Paneth cells may occur (Fig. 7b). In the large intestine, in the absence of
Paneth cells, stem cells occupy the crypt bottom. The mesenchymal intestinal
sub-epithelial myofibroblasts and their secreted basement membrane factors
(in particular Wnts) are believed to form and maintain the stem cell niche,
and thereby regulate epithelial cell function. The stem cells give rise to transit
amplifying cells, which proliferate and differentiate as they migrate upward
in the crypt towards the intestinal lumen. The neural stem cell marker, Msi-1,
believed to suppress neural cell differentiation, positively regulates the tran-
scriptional repressor molecule, Hes-1. In the mouse small intestine, Msi-1 and
Hes-1 are co-expressed in the cells just above the Paneth cell zone, thus these
markers may denote the stem cell zone, though Hes-1 expression addition-
ally extends to proliferative cells higher up the crypt (Kayahara et al. 2003).
Musashi-1 mRNA and protein expression has been confirmed in the murine
intestinal stem cell zone (Potten et al. 2003), though after crypt damage, Msi-1
expression appeared to be expressed by many proliferative cells above the
stem cell zone - possibly as a consequence of the long half-life of the protein in
conjunction with rapidly cycling regenerating cells. In human colonic crypts,
expression of Msi-1 in scattered cells between cell positions 1-10 supports
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Fig. 7 a In the gastric glands, stem cells are located in the isthmic region just beneath the
foveolus (gastric pit), and TACs are located above and below this region. b In the small
intestine, stem cells are in a ring at about cell position 4-5 (counting from the base), and
migration is mostly upwards towards the crypt orifice, though there is also migration of
Paneth cells towards the crypt base
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the notion that Msi-1 is a marker of stem cells, and probably also some TACs
(Nishimura et al. 2003). A reduced expression of E-cadherin has been reported
in the putative stem cell zone of the human small bowel crypt (Escaffit et al.
2005).

Since the discovery that the absence of Tcf-4 results in mice failing to main-
tain a stem cell compartment in the intestine (Korinek et al. 1998), it has
become very clear that -catenin/Tcf-4 signalling is a major determinant of
proliferation vs differentiation in the crypt. Wnt glycoproteins secreted by the
sub-epithelial myofibroblasts, through binding to Frizzled receptors on epithe-
lial cells, are responsible for disabling the intracellular machinery (APC, axin,
GSK-3p) that normally functions to phosphorylate excess B-catenin and target
it for ubiquitination and proteasomal destruction. Thus, nuclear 3-catenin it-
self may mark stem cells (van de Wetering et al. 2002), and the proteins encoded
by B-catenin target genes (e.g. CD44 and c-Myc) do appear to be expressed in
stem cells as well as some other proliferative cells. Likewise, receptor tyrosine
kinases of the Eph subfamily, particularly EphB2 and EphB3, are targets of
[-catenin/Tcf-4 signalling, thus are expressed in the stem cell zone, but again it
appears, also in other proliferative cells in superior cell positions (Batlle et al.
2002; Sancho et al. 2003, 2004).

In common with many other tissues, the location of the intestinal stem
cell zone has been inferred by the presence of label-retaining cells (LRCs).
Potten et al. (2002), first labelled intestinal epithelial cells by a course of >H-
thymidine injections at a time of stem cell expansion that occurred either
during early postnatal life or after severe mucosal injury, noting several weeks
later that the heavily *H-thymidine-labelled cells (LRCs) were predominantly
in cell positions 4 and 5, though some LRCs were observed higher up the
crypt, notably cell positions 6-9. In theory, LRCs (putative stem cells) exist
either because of their infrequent cycling (thus label is not so diluted by
division in comparison to other proliferatively competent cells), or because
these cells have a mechanism for selectively retaining the so-called template
DNA strand during the duplication and segregation of sister chromatids—the
immortal strand hypothesis (Cairns 2002) (Fig. 5). To demonstrate that the
latter mechanism was operative in the generation of small intestinal LRCs,
Potten et al. further labelled the *H-thymidine-labelled mice with a course of
bromodeoxyuridine (BrdU) injections, observing that the LRCs soon became
both 3H-thymidine- and BrdU-positive, but then they rapidly lost the BrdU
label, indicating that >H-thymidine label retention was not due to the cells
remaining out of cycle.

34
Liver

The liver is normally proliferatively quiescent, but hepatocyte loss uncompli-
cated by virus infection or inflammation invokes a rapid regenerative response
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from all cell types in the liver to restore the organ to its pristine state. More-
over, hepatocyte transplants in animals have shown that a certain proportion of
hepatocytes in foetal and adult liver can clonally expand, suggesting that hepa-
toblasts/hepatocytes are themselves the functional stem cells of the liver. More
severe liver injury can activate a facultative stem cell compartment located
within the intrahepatic biliary tree, giving rise to cords of bipotential tran-
sit amplifying cells (oval cells/hepatic progenitor cells), that can ultimately
differentiate into hepatocytes and biliary epithelial cells (Fig. 8; Alison et al.
2004).

If all surviving hepatocytes can regenerate in response to a large hepatocyte
loss, are there any markers that identify a particular subset that may be more
clonogenic? If rats are treated with retrorsine, a compound metabolized by the
hepatocyte’s cytochrome P450 mixed function oxidase system to a metabolite
that forms DNA adducts, blocking the cell’s ability to proliferate, then in
response to a two-thirds partial hepatectomy, regeneration is accomplished by
the activation, expansion and differentiation of so-called small hepatocyte-
like progenitors (SHPCs) (Gordon et al. 2000). These cell clusters lacked CYP
enzymes that are usually readily induced by retrorsine, and this probably
accounts for their resistance to the anti-proliferative effects of retrorsine. Ferry
and colleagues have provided persuasive evidence that these SHPCs are clonally
derived, seemingly at random from amongst all hepatocytes (Avril et al. 2004),
but we have no further clues as to the identity of these seemingly relatively
undifferentiated hepatocytes.

The clonogenic potential of transplanted adult hepatocytes has been very
impressively shown in the fumarylacetoacetate hydrolase (Fah) null mouse,

Adult Liver

Self renewal
Self renewal

Fig. 8 In the liver, hepatocytes that make up the bulk (90%) of the liver are the regenerative
cells after most injuries, but when hepatocyte regeneration is impeded some bile duct cells
give rise to oval cells (TACs) that can differentiate into hepatocytes
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amodel of hereditary type 1 tyrosinaemia, where a profoundly strong positive
selection pressure is exerted on the transplanted wild type cells due to liver
failure (Overturf et al. 1997), but here again we have no idea if a subset of hepa-
tocytes is responsible. Fujikawa et al. (2003) have, like Suzuki and colleagues in
foetal liver (Suzuki et al. 2000, 2002), identified a population of CD49f*, CD29%,
c-kit™, CD45 and Ter119~ cells in adult mouse liver, that were bipotential and
clonogenic in vitro.

When either massive damage is inflicted upon the liver or regeneration after
damage is compromised, a potential stem cell compartment located within the
smallest branches of the intrahepatic biliary tree is activated. This so-called
oval cell or ductular reaction, comprising TACs, expands this biliary-derived
population before they differentiate into either hepatocytes or cholangiocytes
(Alison et al. 1996, 1997, 1998, 2004). In rats, oval cells are predominantly
derived from the canal of Hering, and thus this is the location of a stem cell
niche (Paku et al. 2001). However, there does not appear to be any specific
marker that identifies a subset of biliary cells that are in any way different from
the bulk of the cholangiocyte population. Thus, perhaps all biliary cells, or
at least those in the smallest ducts, have stem cell potential, and they can be
recognized by expression of typical cholangiocyte proteins such as CK7 and 19,
GGT and glutathione-S-transferase (GST-P) along with a host of monoclonal
antibodies raised against cytoskeletal proteins and unknown surface antigens
(Alison 2003). Moreover, antigens traditionally associated with haematopoietic
cells can also be expressed by oval cells, including c-kit, fit-3, Thy-1 and CD34
(Baumann et al. 1999; Petersen et al. 1998; Lemmer et al. 1998; Omori et al.
1997). Several ABC transporter proteins are expressed by regenerating ductules
in damaged humanliver (Ros etal. 2003), and the ABCG2/BCRP1 protein marks
rat oval cells (Shimano et al. 2003), adding support to the proposal that ABC
transporter proteins are intimately involved in the biology of stem/progenitor
cells in many tissues. However, is the expression of these ABC transporters in
liver ductules a genuine marker of stem cells/progenitors or merely a reflection
of the protective role these proteins undoubtedly perform within the biliary
tree against toxic bile constituents (Scheffer et al. 2002)? The correct answer
is probably the latter since it is highly unlikely that all the reactive ductular
cells are stem cells or even progenitors, and many are imminently going to
differentiate into hepatocytes and cholangiocytes. Nevertheless, the expression
of ABC transporters adds incrementally to the battery of already established
markers for this stem cell-initiated response.

3.5
Pancreas

The pancreas is essentially two different tissues (Fig. 9): the exocrine pancreas,
organized into acini and a branching duct system that produces digestive
enzymes, and the endocrine tissue, the islets of Langerhans, that produce the
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Fig. 9 Pancreas has both exocrine (ducted gland) and endocrine (islets of Langerhan)
components. Both ducts and islets appear able to generate new endocrine tissue, particularly
new insulin-producing f cells

hormones glucagon, insulin, somatostatin and pancreatic polypeptide from
four separate cell types, a, B, § and PP cells, respectively. There are about
1 million islets in a human pancreas, each composed of roughly 3,000 cells of
which 75% are insulin-producing B cells. It is the renewal of p cells that is of
primary interest for the treatment of diabetes, a disease that currently afflicts
200 million people worldwide. There is no doubt that insulin-producing 3 cells
can, and do divide throughout life, but there is as yet no clearly identifiable
adult pancreatic stem cell (Bonner-Weir and Sharma 2002). There are a number
of studies reporting that B cells can be generated from islet tissue in culture:
equally well, ductal tissue can be cultured to produce P cells, and pancreatic
ducts have been proposed as the location of f3 cell and islet neogenesis in many
models of pancreatic damage.

In pancreatic ontogeny, a coordinated cascade of transcription factors is
required for f cell development (Wang et al. 2004). Ngn3 specifies endocrine
fate and induces Pax4, that along with Nkx2.2 and Nkx6.1 rapidly induces
Pax6 and Isletl. The program of  cell differentiation is complete once Pdx1
increases, HB9 is induced and insulin synthesis begins. These transcription
factors may be useful markers of § cell progenitors in the adult. Indeed, such
factors are expressed in ducts that appear to be responsible for the rapid
islet neogenesis that occurs after a 90% partial pancreatectomy (Px) in the rat
(Bonner Weir and Sharma 2002). Of course, such gene expression undoubtedly
reflects a differentiation program in TACs rather than in stem cells (Zhang and
Sarvetnick 2003; Holland et al. 2004). Numerous other studies point to the
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fact that ductal cells from mouse (Peck et al. 2002), rat (Kim et al. 2004) and
human pancreas (Bonner-Weir et al. 2000) can generate all the pancreatic
endocrine cell types under controlled in vitro conditions, but the identity of
any multipotential stem cell is still lacking. However, Ramiya et al. (2000)
do describe small round epithelioid cells that arise in cultures of ducts from
prediabetic NOD mice that give rise to all pancreatic endocrine cell types.

Seaberg et al. (2004) have described clonal colonies derived with equal
frequency (~2 colonies/10* cells) from both ducts and islets of mouse pan-
creas, and from both the nestin-positive and -negative fractions of these cell
types. Occasional primary cells were nestin*/Pdx1™*, but neither the primary
cells nor the cultured cells expressed markers of pluripotency such as Oct-4
or Nanog. These cells were called pancreas-derived multipotent precursors
(PMPs); clonal colonies expressed markers of the three neural lineages and all
pancreatic lineages. The islets have been suggested as a location of stem cells
for B cell replacement in many species. Following a course of BrdU labelling
in the 1st week of postnatal life, Pdx1-positive LRCs were found within and
on the periphery of rat pancreatic islets (Duvillie et al. 2003). Zulewski et al.
(2001) describe the long-term culture of undifferentiated hormone-negative,
nestin-positive cells (nestin-positive islet-derived progenitor [NIP] cells) from
human and rat pancreatic islet cell cultures: upon altering culture conditions,
these cells expressed Pdx1 and became hormone-positive. Nestin-positive cells
were also found in ducts, but the utility of nestin as a marker is controversial
since nestin can also be expressed by fibroblast-like cells in pancreatic stroma
(Bonner-Weir and Sharma 2002). Other markers of these NIP cells include
the GLP-1 receptor (Abraham et al. 2002), while up to 2% of cultured hu-
man NIP cells have an SP phenotype based upon ABCG2 and ABCB1 (MDR1)
activity (Lechner et al. 2002). In mice treated with the {3 cell poison, strepto-
zotocin, where blood glucose was normalized by insulin treatment, Guz et al.
(2001) believe that regeneration was accomplished by two progenitor popu-
lations, one being positive for the glucose 2 transporter (GLUT-2) and the
other co-expressing Pdx1 and somatostatin. In human and canine pancreas,
small cells (7-10 pm in diameter), organized into clusters and restricted to
small islets, positive for numerous markers (Pdx1, synaptophysin, insulin,
glucagons, pancreatic polypeptide, somatostatin, a-FP and Bcl-2) could be
progenitors (Petropavlovskaia and Rosenberg 2002). Finally, we should note
studies that suggest that there are no stem cells in the mouse pancreatic islets
(Dor et al. 2004). Using a genetic labelling strategy, it was suggested that no
B cells arose from undifferentiated (insulin-negative) stem cells, despite an
almost doubling of  cell mass during the Ist year of life, instead proposing
that B cells arose from self-duplication. Of course, this does not close the door
on the possibility that there are stem cells for {3 cell replacement in the mouse:
they may in fact be insulin-positive?
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3.6
Stratified Squamous Epithelia

3.6.1
Epidermis

The skin is lined by a stratified keratinizing squamous epithelium, the inter-
follicular epidermis (IFE) (Fig. 10). Normally, cell proliferation is confined to
the basal layer of cells that make contact with the underlying basement mem-
brane. The basal layer is contiguous with cells of the outer root sheath that
form the outermost layer of hair follicles. There are also attendant eccrine and

Fig.10 In the epidermis, stem cells are present in the interfollicular epidermis (IFE) and bulge
region. In human skin, stem cells may belocated over dermal papillae at most sites, but other
studies suggest a more random localization. The bulge is the location of multipotential stem
cells that produce progeny that migrate upwards toward the IFE and downwards toward the
hair bulb. The hair bulb is the location of rapidly dividing TACs that are nourished by the
blood vessels in the dermal papilla (DP)
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apocrine sweat glands that vary in frequency according to site, and sebaceous
glands usually, but not exclusively associated with hair follicles. Until relatively
recently, epidermal stem cell identity was inferred either by their ability to re-
tain DNA labels that had been administered in the immediate postnatal period
(LRCs) or by their growth potential in vitro (Barrandon and Green 1987). When
human keratinocytes were cultured at clonal density, three different types of
cell were recognized based on the size of clones generated in a single plating:
the largest clones were called holoclones, consisting of small undifferentiated
cells, most of which were capable of forming proliferative colonies on passag-
ing - it is assumed that holoclone-generating cells in vitro are the stem cells
in vivo. Meroclones (early TACs, see Fig. 1) had intermediate growth potential
and paraclones (late TACs) abort and differentiate after very few passages.

Of course, neither label retention nor in vitro clonogenicity allow easy
isolation of epidermal stem cells, but a number of studies have highlighted that
selection of basal keratinocytes with the highest expression of the 1 integrin
(integrin®™ cells) enriches for cells with a high colony forming efficiency (Jones
and Watt 1993; Jones et al. 1995). However, integrin® cells make up 40% of basal
cells in human epidermis, but probably only 10% of basal cells are stem cells
(Jensen etal. 1999). These integrinbr i cells tended to be clustered over the tips of
dermal papillae in most skin sites, with the notable exception of the plantar and
palmar surfaces (Owens and Watt 2003), had a low level of cell proliferation,
and it was suggested that TACs migrated laterally away from the stem cell
clusters. This notion was supported by the fact that integrin"!! cells were more
mobile on type IV collagen than integrin® cells. However, a recent study
following the fate of genetically marked cells in human epidermis (Ghazizadeh
and Taichman 2005), while confirming that integrinbri cells, were concentrated
over dermal papillae, suggested instead that stem cells are scattered all along
the basal layer, giving rise to cells that migrate solely upwards forming columns
of cells reminiscent of EPU-like structures. In mouse epidermis, where there
is a relatively flat interface with the underlying dermis, it is well established
that individual stem cells give rise to TACs and their differentiated progeny
within spatial units called epidermal proliferative units (EPUs) that stretch
from the basal layer to the surface. A LRC occupies a central position in the
basal layer of each EPU along with up to a dozen other cells, most of which
are TACs (Wu and Morris 2005). Melanoma chondroitin sulphate proteoglycan
(MCSP) is another potential stem cell marker, co-localizing with the f1 integrin
(Legg et al. 2003); most Ki-67 positive cells are found outside the patches of 31
integrin/MCSP* cells. Another marker used in combination with p1 integrin
has been the low expression of desmosomal proteins such as desmoplakin and
desmoglein3 (Dsg3) (Wan et al. 2003); the selection of p1*Dsg39! enriched
for cells with high clonogenicity.

Rather than selecting for 1 integrin-expressing cells, Kaur and colleagues
(Kaur and Li 2000; Webb and Kaur 2004; Li and Kaur 2005) have noted su-
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perior colony-forming ability from cells selected on the basis of expression
of the hemidesmosomal integrin a6, which partners 4 to attach cells to the
basement membrane component, laminin V. Combined with low expression of
the transferrin receptor (CD71), such a6*CD714™ cells comprised about 2%-
5% of CK14" basal cells in human epidermis, being blast-like in morphology,
highly clonogenic and lacking CK10, a differentiation marker. Furthermore,
such cells could regenerate a full thickness epidermis in organotypic culture.

In the hair follicle, the bulge region is clearly the stem cell niche (Alonso
and Fuchs 2003; Fuchs et al. 2004; Tumbar et al. 2004) (Fig. 10). Very elegant
transplantation studies have demonstrated that the progeny of bulge stem cells
canregenerate the whole follicle, and furthermore the bulge can also contribute
to cells of the IFE (Oshima et al. 2001). Bulge cells have many of the attributes
expected of stem cells, they divide infrequently in vivo, but can form large
colonies in vitro (Oshima et al. 2001). By comparison, TACs in the hair bulb
divide frequently in vivo but are poorly clonogenic in vitro. LRCs are generally
found below the sebaceous glands in the bulge region of mouse hair follicles
(Braun et al. 2003), and CK15 expression combined with a high expression
of the a6B4 integrin characterizes most, but not all LRCs. Transcriptional
profiling of bulge cells has shown that they express many mRNAs typical of
stem cells including SCE, Eph receptors, CD34 and tenascin (Tumbar et al.
2004), while Morris et al. (2004) have also noted that bulge cells have a gene
expression profile consistent with maintaining proliferative quiescence and an
undifferentiated state.

3.6.2
Cervix

Surprisingly little is known about the identity of the stem cells proposed to
maintain the lining of the female genital tract such as that of the vagina and
uterus. The uterus is lined principally by the endometrium, an epithelial lining
thrown into deep folds that vary in depth dependent on the menstrual cycle.
This gives way to the endocervical canal of the uterine cervix, lined by a simple
columnar epithelium, again with contiguous glands: the endocervical crypts.
At the neck of the uterus, the simple columnar epithelium gives way, at the
so-called transformation zone, to the stratified squamous epithelium of the
ectocervix. The acidic vaginal environment results in squamous metaplasia of
the transformation zone, preceded by the appearance of sub-columnar reserve
cells that undergo hyperplasia before forming metaplastic squamous epithe-
lium indistinguishable from the squamous epithelia of the ectocervix. Like the
basal cells of the original squamous epithelium, these reserve cells have round
nuclei and little cytoplasm. p63, a homologue of p53, appears to be particularly
important to the development of the female genital tract (Ince et al. 2002) and
is expressed by reserve cells, reserve cell hyperplasia and the basal cells of the
ectocervix (Martens et al. 2004). p63-expressing cells are also found in basal
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endometrial glands as well as in mouse epidermal basal cells (O’Connell et al.
2001). Witkiewicz et al. (2005) propose that basal cells derive from columnar
cells in the endocervix, and like other studies, found that p63 was a good
cellular marker; additionally these cells co-expressed high levels of Bcl-2 and
CK5. However, p63 expression marks all basal cells; thus, it is unclear if p63 is
an authentic stem cell marker.

3.7
Mammary Glands

As in many tissues, the identity of stem cells in the mammalian breast is the
subject of controversy. The collective wisdom is that they reside in the terminal
ductal lobuloalveolar units (TDLUs) (see Fig. 11) as small undifferentiated
cells in the luminal cell layer that do not make contact with the lumen. These
cells are bipotential, giving rise to luminal and myoepithelial cells (reviewed
in Smalley and Ashworth 2003; Clarke et al. 2003). Most studies have been
carried out on the mouse, and in murine mammary glands, the SP fraction is
enriched for stem cells, determined by the proportion of LRCs and the ability to
repopulate cleared (indigenous epithelial cells removed to allow engraftment
of transplanted cells) mammary fat pads in vivo with both myoepithelial and
luminal lineages (Welm et al. 2003; Alvi et al. 2003). Most of the SP cells express
Sca-1 (Welm et al. 2002). Based on a number of studies in humans, three
specific phenotypes appear to be emerging; myoepithelial cells are CALLA*
(common acute lymphoblastic leukaemia antigen) CK14* aSMA™ vimentin*,
luminal cells are MUC1" CK18* ESA™ (epithelial surface antigen), while stem

Fig. 11 In the human mammary gland, stem cells are thought to be located in the terminal
ductule lobuloalveolar units (TDLUs, boxed area) as small cells that do not make contact
with the luminal surface
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cells have an a6 CK19" ESA* MUC1~ CALLA™ phenotype (Stingl et al. 2001;
Gudjonsson et al. 2002; Clarke et al. 2003). Using DNA radiolabelling of human
breast tissue implanted into nude mice, LRCs can be found that often express
oestrogen and progesterone receptors. Moreover, in common with many other
putative stem cells, these cells were enriched for the expression of p21¢¥*!
and Musashi-1 (Clarke et al. 2005). The relationship of the normal stem cell
phenotype to that of the ESA™ CD44* CD24/1°" human breast cancer cells,
able to propagate breast cancer in NOD/SCID mice with as few as 100 cells, is
still to be fully determined (Al-Hajj et al. 2003).

3.8
Male Gonadal and Accessory Sex Tissue

3.8.1
Testis

In the mammalian testis, the mitotic divisions occur amongst the various gen-
erations of so-called type A spermatogonia that are located on the basement
membrane of the seminiferous tubule (Fig. 12); the meiotic reduction divisions
and further differentiation towards terminally differentiated spermatozoa oc-
curs centripetally. Spermatogonia that are relatively devoid of heterochromatin
are called Apg, and those occurring as single cells (incidence of ~2 in 10*
testicular cells) are probably the stem cells. Their distribution is not random
in mouse and rat; rather they are located in those areas of seminiferous tubules

Fig. 12 In the seminiferous epithelium, stem cells and TACs all reside on the basement
membrane as various generations of spermatogonia; the meiotic reduction divisions occur
in spermatocytes that have moved to a more luminal position and further maturation
towards spermatozoa occurs in yet more luminally positioned cells
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that border on interstitial (niche?) tissue (Chiarni-Garcia et al. 2003). The
mouse testis has been widely studied. Shinohara et al. (1999) selected stem
cells on the basis of expression of c-Kit and the f1 and «6 integrins (laminin
receptor). The expression of the transcription factors Oct-4 and PIfz has also
been used to define murine testicular stem cells (Buaas et al. 2004), while Kub-
ota et al. (2003) have described spermatogonial stem cells as being MHC-1"
Thy-1* c-Kit™ CD24" a6" av™ Sca-1~ CD347, but interestingly found that the
SP fraction contained no cells capable of in vivo testis repopulation. By con-
trast, Lassalle et al. (2004) found that the SP population (dependent on ABCG2
activity) was highly enriched for in vivo cell repopulation ability, these cells ex-
pressing the a6 integrin and Stra8, a premeiotic germ cell-specific cytoplasmic
protein.

3.8.2
Prostate

Anatomically the prostate gland varies greatly between species, but can essen-
tially be described as an exocrine gland enveloping the urethra at the base of
the bladder, composed of blind-ending tubules that open into the urethra. In
the mouse, based on the location of LRCs, prostatic epithelial stem cells are
thought to be in the proximal regions of prostatic ducts, close to the urethra
(Tsujimura et al. 2002). Human prostatic stem cells are thought to be multipo-
tential (Huss et al. 2004), able to generate secretory, basal and neuroendocrine
cells, located amongst basal cells that form a continuous layer between the
luminal secretory cells and the basement membrane (Hudson 2004). Based
on colony growth in vitro, Hudson (2004) has proposed a cytokeratin-based
differentiation pathway in which stem cells are CK5/CK14-positive, giving rise
to TACs that lose expression of CK14, but gain CK17 and 19. CD44, Bcl-2, p63
and p27KiP1 are further markers of basal cells, but not necessarily stem cells.
Richardson et al. (2004) has identified the expression of CD133 in 1% of human
prostate basal cells; these cells uniquely co-expressed a2f31 integrins and pos-
sessed two important attributes of putative stem cells: a high level of in vitro
proliferation coupled with the ability to reconstitute acini in immunocompro-
mised mice. p63 is a reliable marker of prostatic basal cells and is certainly
required for the maintenance of basal cells, but curiously, p63 and basal cells
are not required for the differentiation of urogenital sinus into neuroendocrine
and luminal epithelial cells (Kurita et al. 2004).

3.9
Heart

Cardiovascular disease is one of the major causes of morbidity and mortality
in the developed world, and encouragingly, the use of autologous bone marrow
as a cell therapy appears a realistic option (Kajstura et al. 2005). Only relatively
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recently has the proliferative potential of cardiomyocytes been acknowledged
(Beltrami et al. 2001), with up to 4% of myocyte nuclei adjacent to infarcts
found to express Ki-67. Anversa and Nadal-Ginard (2002) identified cells in
the myocardium expressing antigens commonly found in stem cells, c-Kit,
Sca-1 and MDRI. In aged rats, Beltrami et al. (2003) observed Lin~ c-Kit" cells
at a frequency of 1 in 10* myocytes (Fig. 13); these cells were negative for the
pan leucocyte marker CD45 and the endothelial/haematopoietic marker CD34,
though the possibility that these cells were circulating cells, presumably bone
marrow-derived, could not be discounted. These freshly sorted c-Kit* cells did
not express markers for cardiomyocytes (cardiac myosin), endothelia (von
Willebrand factor, CD31), nor smooth muscle cells (a-SMA), but a small pro-
portion (7%-10%) did express the transcription factors Nkx2.5 and GATA4,
suggestive of early cardiomyocyte commitment. These cells were clonogenic
in vitro, able to produce cardiomyocytes, endothelia and smooth muscle cells
from single cells; they could also contribute to all these three lineages following
intracardiac injection in a model of infarction. Putative stem cells have also
been isolated from human heart (Messina et al. 2004), these cells expressed
CD34, c-Kit, Flk-1 (KDR) and CD31, formed large colonies (cardiospheres) in
vitro and could differentiate into cardiomyocytes, endothelia and smooth mus-
cle cells after orthotopic transplantation into SCID/beige mice with myocardial
infarction. Very recently, Laugwitz et al. (2005) have isolated what appear to
be cardiac progenitors (cardioblasts) from rodent and human hearts based
on the expression of the LIM-homeodomain transcription factor islet-1 (isll).
These cells decreased in frequency postnatally, but they could be expanded
and differentiated in vitro into seemingly functional cardiomyocytes.

Fig.13 Putative cardiac stem cells are found in clusters between cardiomyocytes, particularly
in areas of least mechanical stress



Markers of Adult Tissue-Based Stem Cells 213

3.10
Kidney

The kidney has alow rate of cell turnover under steady state conditions, but can
regenerate tubular epithelium after injury. The identity of any renal stem cells
has not been readily forthcoming. Since the kidney develops centrifugally, the
medulla is the oldest region and thus could be the location of a stem cell niche
(Al-Awqati and Oliver 2002). The renal papilla has also been proposed, based on
the distribution of BrdU-labelled cells after a period of postnatal labelling, but
the frequency of LRCs (40%) was far too high for them all to be stem cells (Oliver
etal. 2004): nevertheless they disappeared after ischaemic injury and displayed
clonal growth in vitro. An SP population has been isolated from rat kidney,
but these cells did not contribute to renal repair when injected into recipient
rats (Iwatani et al. 2004). A putative kidney stem cell has been isolated from
the cortical interstitium of human kidney, making up 0.8% of all cortical cells;
these cells expressed Pax-2 and CD133 along with mesenchymal markers such
as CD73, CD29 and CD44 (Bussolati et al. 2005). These cells were capable of in
vitro expansion and differentiation into epithelia and endothelia, and formed
tubular structures and endothelia in the damaged kidneys of SCID mice.

3.1
Lung

The lung is a complex three-dimensional structure composed of a branching
system of airways that serve to conduct the inspired air to the distal alveolar-
capillary units (air sacs). Progress in identifying lung stem cells has been
impeded by the slow turnover of airway and alveolar epithelium, but the con-
sensus view is that there is no single multipotential stem cell for the lung,
but rather there are regiospecific stem cell zones in the proximal and distal
lung (Fig. 14). In the mouse trachea, cells scattered in the ducts of submucosal
glands expressing high levels of CK5, that were LRCs after a period of BrdU
labelling during tracheal injury, are likely stem/progenitor cells for this pseu-
dostratified epithelium (Borthwick et al. 2001). Tracheal basal cells are also
present, and expression of p63 appears important for their self-maintenance
(Daniely et al. 2004). The mouse bronchial tree is lined by a number of cell
types including basal cells, ciliated cells and nonciliated cells (serous, goblet
and Clara cell secretory protein [CCSP]-expressing CE cells). Here, both CE
cells and basal cells appear to be able to act as multipotential stem cells, for
when CE cells are selectively ablated, a major subset of basal cells (basal cells
identified by the binding of the lectin Griffonia simplicifolia isolectin B4 [GSI-
B4]) upregulate CK14 and are able to regenerate the entire epithelium (Hong
et al. 2004). In the bronchiolar epithelium, stem cell function appears to be
the property of rare pollutant-resistant CE cells, co-localized with pulmonary
neuroendocrine cells (PNECs), normally located in cell clusters termed neu-



214 M.R. Alison et al.

Tracheobronchial Proximal Distal Alveoli
tree bronchiole  bronchiole

Q) ) )e e

Type Il

Gland ducts BADJ Pneumocytes

@ - Proposed stem cell
@ - PNECs

Fig. 14 In the lung, a number of candidate stem cells have been proposed. In the proxi-
mal airways, scattered basal cells and cells located in the ducts of submucosal glands are
likely stem cells. More proximally, pollutant-resistant Clara cells either amongst pulmonary
neuroendocrine cells (PNECs) in neuroepithelial bodies (NEBs) or close to bronchoalveolar
duct junctions (BADJ) appear to have a stem cell function. In the alveoli, proliferative type I
pneumocytes replenish lost type I cells

roepithelial bodies (NEBs); PNECs can only act as progenitors for more PNECs
(Reynolds et al. 2000). Pollutant resistance of CE cells appears to be related
to a deficiency in the phase I drug metabolizing enzyme CYP450 2F2. At the
bronchoalveolar duct junction (BADJ), Giangreco et al. (2002) have identified
other pollutant-resistant CE cells, not associated with NEBs, that probably
serve a stem cell function in the terminal bronchioles; CE cells that were also
LRCs were located within three cell diameters of the BAD]. A nonhaematopoi-
etic (CD457) SP population has been isolated from murine lung, and, like
NEB-associated variant CE cells, these cells showed expression of CCSP and
absence of CYP450 2F2; a frequency of less than 0.9% amongst intrapulmonary
conducting airway epithelia is consistent with a low abundance of stem cells
(Giangreco et al. 2004). In the alveoli, type II pneumocytes are widely believed
to be the stem/progenitor cells, undergoing hyperplasia in response to the loss
of the squamous type I pneumocytes, giving rise to type I cells as well as
self-renewing. Type II cells are characteristically recognized by the presence
of intracellular lamellar bodies and the production of surfactant proteins.

3.12
Brain

During development, the neuroepithelial cells in the embryonic ventricular
layer generate most of the neurons and glia (astrocytes and oligodendrocytes);
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in the adult human brain, the consensus view is that oligodendrocytes are the
stem cells (Doetsch 2003). In the mouse, Johansson et al. (1999) believe that the
ventricle-lining cells, the ciliated ependymal cells are the stem cells (Fig. 15).
After their labelling in vivo, these cells could differentiate into olfactory bulb
neurons, while in vitro these cells produced clones (neurospheres) that showed
trilineage potential (neurons — Blll-tubulin; astrocytes - GFAP; 04 - oligoden-
drocytes). The ependymal cells commonly expressed nestin and the Notch 1
receptor; their proliferation rate speeded up after injury and in most mitotic
cells the cleavage plane was parallel to the luminal surface (see Fig. 3). Nestin
is an embryonic intermediate filament expressed by the neuroepithelial stem
cells of the neural tube (Lendahl et al. 1990), and nestin is downregulated when

Fig. 15 In the brain, a major site of neurogenesis in adulthood appears to be close to the
ventricles that convey the cerebrospinal fluid (CSF). In mice, the ciliated ependymal cells
may serve as stem cells (SC), but in humans, astrocytes located in the subventricular zone
(SVZ) have been proposed as stem cells
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neural stem cells differentiate (Liu et al. 2004). Despite claims for the ependy-
mal cells as having stem cell credentials, the consensus view is that in the
mouse, the subventricular zone (SVZ) of the lateral ventricles and the dentate
gyrus of the hippocampus are the main sites of adult neurogenesis. The SVZ is
separated from the lateral ventricle by a single layer of multiciliated ependymal
cells; the stem cells are GFAP* astrocytes, sometimes extending a single cilium
between the overlying ependymal cells (Doetsch 2003). In the hippocampus,
these astrocytes are located in the subgranular zone (SGZ). Using electron
microscopy, characteristic astrocyte features include glycogen granules, thick
bundles of intermediate filaments and gap junctions. They may also express
SSEA-1 (stage specific embryonic antigen-1, a cell surface carbohydrate found
on ES cells) and Musashil. Musashil is a highly conserved neural RNA bind-
ing protein highly enriched in neural stem cells, having a role in stem cell
self-renewal by repressing translation of the Notch inhibitor m-Numb (Okano
et al. 2002); activating Notch leads to transactivation of the HESI gene, so
maintaining the immature proliferative status of Musashil-expressing cells.

In human brain, Sunai et al. (2004) have identified ribbons of astrocytes
in the SVZ lining the lateral ventricles; a Ki-67 labelling index of 0.7% was
observed in these cells in vivo and neurospheres displaying trilineage differ-
entiation could be derived from single cells. Cells with similar in vitro potential
have been isolated from human subcortical white matter using an antibody,
A2B5 that recognizes an immature neural ganglioside (Nunes et al. 2003). How
these putative stem cells relate to the CD133* cells isolated from human medul-
loblastoma that can form colonies in vitro (Singh et al. 2003) and propagate the
tumour in NOD/SCID mice (Singh et al. 2004) is unclear at present. In the rat
brain, Sox-2, a transcription factor expressed in neuroepithelial progenitors,
is expressed by proliferating cells in the SVZ and SGZ, including GFAP* as-
troglia (Komitova and Eriksson 2004). After spinal cord injury in the rat, gray
and white matter astrocytes upregulate nestin expression, are able to clonally
expand and show trilineage differentiation in vitro (Lang et al. 2004).

3.13
Eye

The limbus is a narrow ring of tissue between the cornea and conjunctiva
(Fig. 16). Limbal stem cells give rise to the complex multilayered structure of
the cornea that functions in protection, refraction and transparency. These
stem cells are LRCs, form holoclones in vitro, are relatively undifferentiated,
and lack CK3 and CK12 unlike the suprabasal cells of the limbus and all layers of
the cornea (Boulton and Albon 2004). At the corneal margin, basal cells express
vimentin and CKs 3 and 12, they also cycle more rapidly than those cells away
from the margin. In the human limbus, a side population based on ABCG2
activity has been identified that appeared to be highly clonogenic in vitro,
these cells also expressed high levels of p63 and the a9 integrin (Chen et al.
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Cornea

Fig. 16 In the eye, the limbal region, located between the cornea and conjunctiva, is the likely
stem cell zone

2004; De Paiva et al. 2005). In the retina, about 0.2% of pigmented cells in the
ciliary margin have stem/progenitor cell properties, expressing transcription
factors such as Pax6 and Hes1, nestin and p27*", are able to clonally proliferate
and show multipotential differentiation (Boulton and Albon 2004).

4
Conclusions

Stem cells in different tissues have common attributes that enable their self-
maintenance, survival and maintenance of genomic integrity. In tissues with
a continual cell turnover, stem cells are located in niches at the beginning of
any flux to avoid getting swept away in the cell escalator: high expression of
cell adhesion molecules by such cells is a common trait. As we have observed,
stem cell location is often inferred by the presence of LRCs, commonly taken as
indicative of a slowly cycling habitus; whether all stem cells additionally operate
a mechanism to preserve immortal DNA strands remains to be proven. More
recently, transcriptional profiling has been employed to enable a signature
of ‘stemness’ to be defined; pluripotential embryonic stem cells have been an
abundant source of analysable cells, and in due course will lead to the discovery
of more markers of adult stem cells.
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Abstract Haematopoietic stem cells after bone marrow transplantation can expand 100-fold
and thereby completely reconstitute the haematopoietic system. Such an expansion has so
far not been achieved in vitro using cytokines and growth factors. An interesting parallel
exists between haematopoietic stem cells and mouse embryonic stem cells. In both cell types,
massive gp130 stimulation results in an inhibition of cellular differentiation. For both cell
types, several intrinsic transcription factors are known which, when overexpressed, lead to
massive self-renewal of the cells. It is currently unknown how in haematopoietic stem cells
these intrinsic transcription factors, which include HOXB4 and Bmi-1, can be stimulated
by extrinsic signals. Once such signals have been identified, they will be combined with the
hyperstimulation of gp130 using designer cytokines. Additional strategies include a cell-
permeable version of the HOXB4 protein and members of the WNT family of ligands. These
strategies might eventually lead to an expansion of haematopoietic stem cells to a similar
extent as that observed after bone marrow transplantation. Should haematopoietic stem
cell expansion prove feasible and safe, there is great potential for the treatment of leukaemic
disorders but also for the treatment of less severe diseases and non-malignant genetic
disorders.
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Abbreviations

BMP Bone morphogenetic protein

CNTF Ciliary neurotrophic factor

CT-1 Cardiotrophin-1

G-CSF Granulocyte colony stimulating factor

gp130 Glycoprotein 130 kDa

IL Interleukin

JAK Janus kinase

L Ligand

LIF Leukaemia inhibitory factor

R Receptor

S Soluble

SCF Stem cell factor

SH2 Src homology 2

SHC SH2 and collagen homology domain containing protein
STAT Signal transducer and activator of transcription
TPO Thrombopoietin
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Introduction

A major milestone in progress in medical research in the past 20 years was
the discovery of proteins that regulate the communication between cells of the
body and those of the immune system. These proteins, called cytokines, are re-
sponsible for the preservation and restoration of homeostasis by coordination
of lymphoid cells, inflammatory cells and haematopoietic cells. The involve-
ment of these molecules in many diseases is underlined by marked changes in
cytokine levels during pathologic states. Before using cytokines as therapeutic
agents, a few important characteristics of cytokines need to be considered. One
of them, termed pleiotropy, describes the fact that many cytokines exhibit dif-
ferent activities on a variety of cells. This implies the possibility of undesired
side effects, especially during systemic administration. Many activities are
shared between different cytokines, an attribute called redundancy. Blocking
one cytokine pathway might, therefore, not be sufficient to inhibit a patho-
logic state. Moreover, cytokines often affect the synthesis of other cytokines.
Blocking or enhancing one cytokine pathway may influence other cytokine
pathways, leading to unpredictable effects. The stimulation of proliferation of
haematopoietic stem cells largely depends on cytokines. Moreover, the differ-
entiation response of such cells is controlled by cytokine pathways. Therefore,
the molecular understanding of cytokine signalling pathways and cytokine re-
ceptor activation can be helpful to influence the expansion of haematopoietic
stem cells in vivo as well as in vitro.
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2
Cytokines and Haematopoietic Stem Cells

Haematopoietic stem cells are adult stem cells which are of great importance
in the treatment of leukaemic disorders (Eaves et al. 1999) and autoimmune
diseases (Radbruch and Thiel 2004) since after ablative chemotherapy, the
entire haematopoietic system can be reconstituted from a few haematopoietic
stem cells. In vivo, an expansion of more than 100-fold occurs following bone
marrow transplantation (Pawliuk et al. 1996), whereas in vitro the expansion
of haematopoietic cells is limited (see below).

Haematopoietic stem cells can be obtained from umbilical cord blood, from
bone marrow and from peripheral blood after stem cells have been mobilized
by treatment of the donor with the cytokine G-CSF (Conneally et al. 1997;
Sorrentino 2004). Since the numbers of haematopoietic stem cells obtained
from donors are often insufficient to reconstitute the entire haematopoietic
system, the identification of conditions under which ex vivo expansion of
haematopoietic stem cells occur are subject to intense research (Bruno et al.
2004; Sorrentino 2004).

The ex vivo expansion of haematopoietic stem cells has been studied by
many groups and it has been found that the cultivation of these cells in the
presence of various cytokines and growth factors leads to a significant prolifer-
ation response of the haematopoietic cells. Among these cytokines and growth
factors, interleukin-6 (IL-6), IL-3 and stem cell factor (SCF) have been shown
to be efficient mediators of cell expansion (Ikebuchi et al. 1987). However,
although large cell numbers could be obtained, the increase in number of true
haematopoietic stem cells after ex vivo expansion has only been in the range of
up to three to five, indicating that differentiation was accompanied by depletion
of primitive stem cells in cultures (Zandstra et al. 1997). Therefore strategies
to define cytokines and growth factor cocktails that would help to inhibit the
differentiation of haematopoietic stem cells during expansion have been fol-
lowed by many groups. This chapter will first focus on the properties and the
use of cytokines of the gp130 family for the expansion of haematopoietic stem
cells, embryonic stem cells and tissue repair (Rose-John 2002). Furthermore,
recent results which led to the definition of intrinsic factors needed for the
massive expansion of haematopoietic stem cells will be evaluated.

2.1
The gp130 Family of Cytokines

The IL-6 family of cytokines acts via receptor complexes that contain at least
one subunit of the ubiquitously expressed signal transducing protein gp130
(Taga and Kishimoto 1997). The family comprises IL-6, IL-11, ciliary neu-
rotrophic factor (CNTF), cardiotrophin-1 (CT-1), cardiotrophin-like cytokine
(CLC), leukaemia inhibitory factor (LIF), and oncostatin M (OSM) (Taga and
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Kishimoto 1997), and the two newly characterized cytokines IL-27 and IL-31
(Dillon et al. 2004; Pflanz et al. 2004). IL-6,IL-11, and CNTEF first bind to specific
receptors, and these complexes associate with a homodimer of gp130 in the
case of IL-6 and IL-11 or, alternatively, with a heterodimer of gp130 and the
related protein LIF receptor (LIF-R) in the case of CNTE. OSM and LIF first
bind directly to gp130 and LIF-R, respectively, and form heterodimers with
LIF-R and gp130. In addition, a gp130-related protein was described that can
heterodimerize with gp130 and acts as an alternative OSM receptor (Mosley
et al. 1996). Recently, this OSM receptor was also shown to interact with an
additional cognate receptor that provides specificity for IL-31 (Dillon et al.
2004). CT-1 binds directly to the LIF-R and induces gp130/LIF-R heterodimer
formation (Pennica et al. 1996). In addition, the presence of a specific glyco-
sylphosphatidylinositol (GPI)-anchored CT-1 receptor on neuronal cells was
postulated (Pennica et al. 1996).

As mentioned before, IL-6 first binds to the IL-6 receptor (IL-6R). The
complex of IL-6 and IL-6R associates with the signal transducing membrane
protein gp130, thereby inducing its dimerization and initiation of signalling
(Fig. 1a) (Rose-John 2001; Taga and Kishimoto 1997). The gp130 receptor
is expressed by all cells in the body, whereas IL-6R is mainly expressed by
hepatocytes, neutrophils, monocytes/macrophages and some lymphocytes.
A naturally occurring soluble form of the IL-6R (sIL-6R), which has been
found in various body fluids, is generated by two independent mechanisms:
limited proteolysis of the membrane protein and translation from an alterna-
tively spliced mRNA (Abel et al. 2004; Althoff et al. 2000, 2001; Hundhausen
et al. 2003; Lust et al. 1992; Matthews et al. 2003; Miillberg et al. 2000; Rose-
John and Heinrich 1994). Interestingly, the sIL-6R, together with IL-6, stimu-
lates cells which only express gp130 (Jones and Rose-John 2002; Kallen 2002;
Mackiewicz et al. 1992; Taga et al. 1989), a process which has been named
trans-signalling (Fig. 1b) (Jones and Rose-John 2002; Kallen 2002; Miillberg
et al. 2000; Peters et al. 1998; Rose-John and Heinrich 1994). Recently, it has
been shown that the sIL-6R strongly sensitizes target cells of IL-6 (Peters et al.
1996).

Furthermore, embryonic stem cells (Humphrey et al. 2004; Rose-John 2002),
early haematopoietic progenitor cells (Audet et al. 2001; Hacker et al. 2003;
Peters et al. 1997, 1998), T cells (Atreya et al. 2000; Becker et al. 2004), many
neural cells (Mirz et al. 1998; Mirz et al. 1999), smooth muscle cells (Klouche
et al. 1999) and endothelial cells (Romano et al. 1997) are only responsive to
IL-6 in the presence of sIL-6R (Jones and Rose-John 2002).

2.2
Signalling of gp130

The dimerization of two gp130 receptor subunits results in a juxtaposition
of the cytoplasmic portions of gp130, leading to activation of the associated
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Fig. 1a, b IL-6 and IL-6R complex; Trans-signalling. a IL-6 first binds to the specific IL-6R
forming the IL-6-IL-6R complex. This complex associates with gp130, induces gp130 dimer-
ization and signal initiation. Note that neither IL-6 nor IL-6R alone exhibits a measurable
affinity for gp130. b Trans-signalling of receptors for the IL-6 family of cytokines. The sIL-6R
generated by shedding or alternative splicing binds its ligand with comparable affinity as
the membrane-expressed IL-6R. The IL-6-sIL-6R complex initiates gp130 dimerization on
a cell type lacking IL-6R expression and triggers cellular activation. Cells that only express
gp130 but not the IL-6R are unable to respond to IL-6 itself. Activation of such cells in the
presence of sIL-6R is called trans-signalling since the sIL-6R generated by one cell type
enables a second cell type to elicit IL-6 responses

Janus kinase family (JAK) kinases. After tyrosine-phosphorylation of the cy-
toplasmic portions of gp130 by the JAKs, signal transducers and activators of
transcription (STATs) are recruited via their SH2 domains, phosphorylated and



234 S. Rose-John

thereby activated. The STATs translocate into the nucleus and act as transcrip-
tion factors (Darnell 1997). Moreover, other substrates have been reported to
become phosphorylated by JAKs, such as the adaptor protein Shc, leading to
the activation of the ras-map-kinase pathway and the inositol trisphosphate
(IP3) kinase, which activates pathways, which protect cells from apoptosis
(Heinrich et al. 2003). STAT3 is the main STAT factor induced upon gp130
stimulation (Darnell 1997).

2.3
The Designer Cytokine Hyper-IL-6

The effective concentrations of IL-6 (50 ng/ml) and sIL-6R (1,000 ng/ml) (Sui
et al. 1995) needed for the stimulation of human haematopoietic progenitor
cells is high, considering a Kd of approximately 1 nmol/l (Rose-John et al. 1990;
Yamasaki et al. 1988). Recently, it has been reported that the ligand-receptor

Fig. 2 Hyper-IL-6: a highly active designer cytokine consisting of IL-6 and soluble IL-6R.
Molecular model of the fusion protein of IL-6 and sIL-6R (Hyper-IL-6) consisting of IL-6
and sIL-6R fused by a flexible peptide linker. A-D Denote the four helices of IL-6; D-II and
D-III are the two cytokine-binding receptor domains of the sIL-6R which have been used
for the construction of the Hyper-IL-6 fusion protein
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interaction is mainly determined by the off-rate (Wells 1996), suggesting that
the average half-life of the IL-6—sIL-6R complex might be shorter than the time
needed to assemble the IL-6-sIL-6R/gp130 complex. Accordingly, to lower the
effective dose needed for IL-6 bioactivity, IL-6 muteins with a lower off-rate
have been generated that render the complexes with IL-6R more stable (Toniatti
et al. 1996). As a novel approach, we postulated that the formation of the IL-
6-IL-6R-gp130 complex could be enhanced by converting the IL-6-sIL-6R
complex into a unimolecular protein by using a flexible polypeptide as a linker
(Fig. 2). The distance between the C-terminus of IL-6R and the N-terminus of
IL-6 was calculated from our three-dimensional model of the complex to be
on the order of 40 A (Grétzinger et al. 1997). Consequently, we used the 16
NH;-terminal nonhelical and presumably flexible amino acid residues of IL-6
together with a 13-amino acid sequence rich in glycine and serine to connect
IL-6 and the sIL-6R (Fischer et al. 1997). On gp130-expressing cells, this fusion
protein that we called Hyper-IL-6 turned out to be fully active at 100- to 1,000-
fold lower concentrations compared with the combination of unlinked IL-6
and sIL-6R (Fischer et al. 1997).

24
Gp130 Cytokines and Haematopoietic Stem Cells

In the mid-1990s, IL-6 and the soluble IL-6R were shown to play an important
role in the regulation of expansion of haematopoietic stem cells. As outlined
above, the soluble IL-6R can render cells which only express gp130 but no
membrane-bound IL-6R responsive to the cytokine IL-6. Nakahata’s group
showed that IL-6 only in combination with the soluble IL-6R was very effective
in stimulating the ex vivo expansion of haematopoietic stem cells (Heike and
Nakahata 2002; Sui et al. 1995). The authors concluded that gp130 signalling in
the presence of SCF dramatically stimulated the expansion of human primitive
haematopoietic progenitor cells in vitro (Sui et al. 1995). Our group reported on
the construction of transgenic mice, which overexpressed the human soluble
IL-6R as well as human IL-6. These double transgenic mice, but not their single
transgenic litter mates, showed massive extramedullary haematopoiesis in the
liver and spleen, indicating that haematopoietic stem cells are responsive to
IL-6 and the soluble IL-6R but not to IL-6 alone (Maione et al. 1998; Peters
et al. 1997; Schirmacher et al. 1998). In subsequent studies, it was shown that
the expression of the two transgenes led to the expression of genes in the liver
which normally are only found in the foetal liver (Peters et al. 2001), raising
the possibility that cellular differentiation is controlled by the gp130 cytokine
receptor (Rose-John 2002).

The notion that early haematopoietic progenitor cells are only responsive
to IL-6 and the soluble IL-6R but not to IL-6 alone was further supported
by studies of Nakahata’s team, who showed that during haematopoiesis the
membrane-bound IL-6R is only expressed on haematopoietic progenitor cells
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when they started to undergo differentiation to the granulocyte/macrophage
lineage (Tajima et al. 1996).

Given the important role of IL-6 and the soluble IL-6R in the regulation
of expansion of haematopoietic stem cells, the fusion protein Hyper-IL-6 was
tested for its ability to stimulate expansion of haematopoietic progenitor cells
in vitro. It turned out that stimulation with Hyper-IL-6 was at least as effec-
tive as the separate proteins IL-6 and soluble IL-6R at 100-1,000 times lower
concentrations than those used for the unlinked proteins (Audet et al. 2001;
Chebath et al. 1997; Fischer et al. 1997; Hacker et al. 2003; Sui et al. 1995).

2.5
Gp130 and Tissue Regeneration

As outlined above, in IL-6/sIL-6R double transgenic mice, massive gp130 stim-
ulation resulted in the expression of genes typically expressed only in foetal
liver (Maione et al. 1998; Peters et al. 1997; Schirmacher et al. 1998). Since the
promoter used to drive the expression of the human transgenic sIL-6R was only
switched on after birth (Peters et al. 1996) and since the foetal gene expression
in the liver only built up 8-16 weeks after birth, the most likely explanation
was that massive gp130 stimulation reversed the differentiation status of adult
hepatocytes to the status of foetal hepatocytes (Peters et al. 2001). Accordingly,
we measured massive hepatocyte proliferation in the livers of 7-week-old IL-
6/sIL-6R double transgenic mice but not in single transgenic animals (Maione
et al. 1998; Schirmacher et al. 1998).

Since hepatocyte proliferation is not only typical for the foetal liver but
also for liver regeneration, we hypothesized that massive gp130 stimulation
via Hyper-IL-6 would also be beneficial in pathophysiological situations in
which liver regeneration occurred. We first choose a mouse model in which
liver regeneration was triggered by partial hepatectomy. After surgery, the
animals were injected with IL-6 or Hyper-IL-6 and the time course of liver
regeneration was followed. It turned out that treatment of the mice with re-
combinant Hyper-IL-6, but not with IL-6 alone, led to an earlier onset of
hepatocellular proliferation, resulting in a marked acceleration of liver weight
restoration. (Peters et al. 2000). In a different model, animals were treated with
D-galactosamine, an agent that is known to induce liver damage. Seven hours
after D-galactosamine administration, mice were treated with IL-6 or Hyper-
IL-6 and the regeneration of the liver was followed. Hyper-IL-6 reversed the
state of hepatotoxicity and enhanced the survival rates of rats suffering from
fulminant hepatic failure after D-galactosamine administration (Galun et al.
2000). These results were further corroborated by experiments in which IL-6 or
Hyper-IL-6 were administrated genetically. We constructed adenoviruses cod-
ing for IL-6 or Hyper-IL-6. These adenoviruses were injected into mice, which
had received D-galactosamine. A singlelow dose of a Hyper-IL-6-encoding ade-
noviral vector, in contrast to an adeno-IL-6 vector, resulted in the maintenance
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of liver function, prevention of the progression of liver necrosis, induction of
liver regeneration, and dramatically enhanced survival of the animals (Hecht
et al. 2001).

The observation that massive gp130 stimulation can lead to tissue regener-
ation during acute liver failure led us to hypothesize that gp130 stimulation by
Hyper-IL-6 might also be beneficial in animal models of acute renal failure. In
initial experiments, Hyper-IL-6 turned out to be highly efficient in preventing
the toxic effects of HgCl,, which led to acute tubular necrosis (unpublished
results).

3
Cytokines and Embryonic Stem Cells

In 1988, it was shown by Smith’s group that the gp130 cytokine LIF completely
blocked the differentiation of mouse embryonic stem cells (Smith et al. 1988;
Williams et al. 1988). LIF acts via a heterodimeric receptor consisting of gp130
and the related protein LIF-R. Later it was demonstrated that gp130 stimula-
tion of murine embryonic stem cells with IL-6 and soluble IL-6R (i.e. without
stimulation of the LIF-R) also resulted in the maintenance if the pluripo-
tential phenotype (Yoshida et al. 1994). Consequently, stimulation of mouse
embryonic stem cells with Hyper-IL-6 also resulted in blockage of cellular
differentiation (Viswanathan et al. 2002).

By using an engineered version of STAT3, which could be activated in a re-
ceptor independent fashion, Matsuda et al. showed that STAT3 activation and
subsequent expression of the transcription factor Oct-4 is sufficient to sup-
port self-renewal of embryonic stem cells at high density in serum containing
culture medium (Matsuda et al. 1999).

Interestingly, human embryonic stem cells do not require or respond to LIF
(Reubinoff et al. 2000; Thomson et al. 1998). Since gp130 but not the LIF-R is
ubiquitously expressed, one possible explanation was that human embryonic
stem cells do not express the LIF-R but only the gp130 protein. Therefore the
response of mouse and human embryonic stem cells to direct gp130 stimulation
by Hyper-IL-6 (which only requires gp130) was directly compared. It turned
out that both human and mouse embryonic stem cells express LIF-R mRNA
and respond to both LIF and Hyper-IL-6 with an activation of STAT3. But in
contrast to the situation in mouse cells, STAT3 activation was not sufficient to
block cellular differentiation in human embryonic stem cells (Humphrey et al.
2004). These findings were recently confirmed by two independent reports
(Daheron et al. 2004; Sumi et al. 2004). These results clearly established that
the different behaviour of mouse and human embryonic stem cells is not due
to differential receptor expression.
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4
Expansion of Haematopoietic Stem Cells

Besides IL-3, IL-6 and SCEF, other cytokines turned out to be effective in the
ex vivo expansion of haematopoietic stem cells. The cytokine thrombopoietin
(TPO), which had originally been identified and molecularly cloned as the
cytokine responsible for the generation of platelets (de Sauvage et al. 1994; Lok
etal. 1994), turned out to stimulate multilineage growth and progenitor cell ex-
pansion from primitive (CD34* CD38~) human bone marrow progenitor cells
(Goncalves et al. 1997; Ramsfjell et al. 1997). Flt-3 ligand (Flt-3L) is a cytokine
which shares many features with the cytokine SCF. Both Flt-3L and SCF con-
tain a transmembrane region and are therefore membrane-bound. It turned
out that Flt-3L stimulated the self-renewal of primitive human haematopoietic
cells (Petzer et al. 1996; Zandstra et al. 1997). Many other cytokines, mor-
phogenic ligands and associated signalling components have in the meantime
been shown to regulate self-renewal of haematopoietic stem cells in culture
and in vivo (Sauvageau et al. 2004). Still, most strategies rely on the use of
the cytokines SCF and Flt-3L with the addition of the cytokines IL-3, IL-6,
Hyper-IL-6, IL-11and TPO (Hacker et al. 2003; Rose-John 2002; Sorrentino
2004).

4.1
The Provocative Role of gp130 Stimulation on Stem Cell Biology

As outlined above, gp130 stimulation on embryonic stem cells completely
blocked differentiation of the cells (Smith et al. 1988; Williams et al. 1988). Of
note, gp130 is the only receptor known which upon stimulation by its ligand
has such a profound effect on the differentiation status of cells (Rose-John
2002; Smith 2001). Interestingly, a gene in Drosophila was found that encodes
a cytokine receptor (Brown et al. 2001). Engagement of this cytokine receptor
leads to the activation of the Drosophila JAK/STAT pathway (Harrison et al.
1988). The Drosophila genome encodes only one cytokine receptor and only
one STAT protein (Brown et al. 2001). Moreover, the Drosophila cytokine re-
ceptor shows the highest homology to the mammalian gp130 receptor subunit.
Therefore, there seems only one ancestor cytokine receptor, which mostly re-
sembles the gp130 cytokine receptor. Importantly, two groups have published
evidence that the JAK/STAT pathway is required for the control of self-renewal
of germline stem cells in Drosophila (Kiger et al. 2001; Tulina and Matunis
2001). These data clearly demonstrate the pivotal role of the gp130/JAK/STAT
signalling pathway for the prevention of cellular differentiation and for stem
cell biology.

The role of the gp130 receptor during the expansion of haematopoietic stem
cells therefore seems to be the suppression of cellular differentiation, whereas
cytokines such as SCF and Flt-3L promote the concomitant proliferation of
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the cells (Eaves et al. 1999; Rose-John 2002). It should be noted, however, that
even the massive stimulation of gp130 by the designer cytokine Hyper-IL-6
in combination with SCF and Flt-3L does not lead to unlimited expansion of
haematopoietic stem cells. Audet et al. reported a more than tenfold expansion
of competitive repopulation units of murine haematopoietic stem cells at an
optimal Hyper-IL-6 concentration together with constant concentrations of
SCF and Flt-3L (Audet et al. 2001).

4.2
HOXB4 Activation and Haematopoietic Stem Cell Expansion

Cytokine cocktail optimization did not result in unlimited expansion of hae-
matopoietic stem cells (Conneally et al. 1997; Miller and Eaves 1997). In order
to explore the intrinsic pathways leading to the expansion of haematopoietic
stem cells, Humphries and colleagues has analyzed the role of members of the
Hox family of transcription factors (Morgan et al. 2004). A dysregulation of
these transcription factors has been shown to have effects on the proliferation,
differentiation and self-renewal of haematopoietic stem cells. Remarkably,
retroviral overexpression of the transcription factor HOXB4 has been shown
to significantly enhance in vivo haematopoietic stem cell regeneration, with
1000-fold net increases of transduced haematopoietic stem cells (Sauvageau
et al. 1995). The expanded murine stem cell population remained competitive
in mouse repopulation assays and proved to be multipotent since B cells, T cells
and myeloid cells were shown to be generated from these cells in primary and
secondary recipient mice (Antonchuk et al. 2002).

To circumvent the need for retroviral transduction of haematopoietic stem
cells, a recombinant human TAT-HOXB4 protein carrying the protein trans-
duction domain of the HIV transactivating protein (TAT) fused to the human
HOXB4 Protein was used as a potential growth factor for stem cells (Krosl
et al. 2003). Such TAT fusion proteins are known to be efficiently taken up by
cells via a mechanism that is not completely understood. The authors showed
that exposure of haematopoietic stem cells to the fusion protein resulted in
a significant expansion of stem cells, indicating that haematopoietic stem cell
expansion induced by the TAT-HOXB4 protein was comparable to that induced
by the HOXB4 gene carrying retrovirus during a similar period of observa-
tion. The authors concluded that it was feasible to exploit the recombinant
TAT-HOXB4 protein for rapid and significant ex vivo expansion of normal
haematopoietic stem cells (Krosl et al. 2003).

4.3
The WNT Pathway and Haematopoietic Stem Cell Expansion

The WNT pathway, named after the Drosophila wingless and the oncogene
int-1, has also been exploited to expand haematopoietic stem cells. WNT-
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mediated signalling controls numerous biological processes, including cell
fate determination, cell migration and cell adhesion. Nineteen WNT genes
are present in the genome of mammalian cells. These encode lipid modified
signalling proteins, which are the ligands for the Frizzled family of receptors
(Sauvageau et al. 2004; Sorrentino 2004). Without WNT-induced signalling,
B-catenin is ubiquitylated and degraded by the proteasome. WNT signalling
results in the inhibition of B-catenin degradation. The ectopic application
of WNT proteins to haematopoietic stem cell cultures resulted in increased
proliferation and expansion and self-renewal of these cells (Willert et al. 2003).
Interestingly, WNT proteins are expressed by human stromal cells in foetal
bone and Frizzled proteins have been detected on foetal liver haematopoietic
stem cells (Sauvageau et al. 2004; Sorrentino 2004), indicating a possible role
for this signalling pathway during normal haematopoiesis.

Of note, upregulation of the mRNA encoding HOXB4 was observed in
haematopoietic stem cells that were transduced with a 3-catenin-expressing
retroviral vector, indicating that at least some of the effects of WNT might be
mediated through HOXB4 (Reya et al. 2003).

Therefore, the use of WNT proteins for the in vitro expansion of haematopoi-
etic stem cells will be examined in the future. Further research is required
to determine which specific WNT molecules of this 19-member family are
best suited for inducing the efficient expansion of haematopoietic stem cells
(Sauvageau et al. 2004; Sorrentino 2004).

4.4
Bmi-1 and Self-Renewal of Haematopoietic Stem Cells

There has been evidence that the polycomb group gene Bmi-1 is centrally in-
volved in the control of the cell cycle of haematopoietic stem cells (Sorrentino
2004). Intriguingly, although Bmi-1~/~ mice show normal development of em-
bryonic haematopoiesis, Bmi-1~/~ haematopoietic stem cells exhibit a profound
defect in self-renewal capacity (Park et al. 2003). This defect was mostly at-
tributed to derepression of the Bmi-1 target proteins p16 and p19, since the
deficiency of the genes coding for these proteins reverses the self-renewal de-
fectin Bmi-17/~ haematopoietic stem cells (Park et al. 2003). Forced expression
of Bmi-1 resulted in massive augmentation of haematopoietic stem cell activity
(Iwama et al. 2004). Interestingly, the effect observed with forced expression of
Bmi-1 can be qualitatively and quantitatively compared to the effect of a trans-
duced HOXB4 gene into haematopoietic stem cells (Antonchuk et al. 2002).
Although the molecular mechanism of the action of Bmi-1 and HOXB4 is not
known, it can be speculated that early senescence of haematopoietic stem cells
might be one reason for the depletion of haematopoietic stem cells in a Bmi-
17/~ genetic background (Iwama et al. 2004). It can, however, not be excluded
that Bmi-1 is also involved in the prevention of cellular differentiation during
haematopoiesis. Such a notion is supported by recent data from C/EBPo/
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Fig. 3 Self-renewal and differentiation of haematopoietic stem cells. Haematopoietic stem
cells can undergo self-renewal, differentiation and senescence/apoptosis. Several proteins
have been recognized to be associated with these conditions. In the figure, the names of
these proteins are given in brackets

mice. C/EBP is a transcription factor, which is needed for myeloid differ-
entiation. C/EBPa™/~ haematopoietic stem cells show enhanced self-renewal
capacity together with an increased Bmi-1 expression (Zhang et al. 2004).

These data collectively show that there are multiple checkpoints of hae-
matopoietic stem cell proliferation, self-renewal and differentiation, and that
there is possibly crosstalk between the pathways which are governed by gp130,
WNT, HOXB4, C/EBP and Bmi-1 (Fig. 3) (Antonchuk et al. 2002; Iwama et al.
2004; Rose-John 2002; Willert et al. 2003; Zhang et al. 2004). Still, the molecular
mechanism of such crosstalk between the different pathways remains to be
elucidated.

5
Outlook

For mouse embryonic stem cells, it is known that self-renewal is dependent on
signals from the cytokine LIF (Smith et al. 1988) and from either serum or bone
morphogenetic proteins (BMP) (Ying et al. 2003). As in haematopoietic stem
cells, several intrinsic transcription factors are known to be required for the
maintenance of the undifferentiated state (Chambers and Smith 2004). These
factors include the homeodomain proteins Oct4 and Nanog (Chambers et al.
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2003). Overexpression of Nanog allowed self-renewal of murine embryonic
stem cells even in the absence of LIF and BMP signals. Nanog was shown to act
independent of the LIF-induced gp130 signal, although in the presence of gp130
signalling, self-renewal of embryonic stem cells was more efficient (Chambers
et al. 2003). Nanog function required the presence of the transcription factor
Oct4. It is, however, not known which extrinsic factors regulate the expression
of Nanog. Human embryonic stem cells have been shown to lose the expression
of Oct4 and Nanog whenever they undergo cellular differentiation (Humphrey
et al. 2004).

In the case of haematopoietic stem cells, optimal extrinsic stimulation con-
ditions which lead to profound expansion have yet to be defined. It can be hy-
pothesized that the differentiation inhibiting signal exerted by massive gp130
stimulation will be a helpful component of an optimal cytokine cocktail (Rose-
John 2002). Additional strategies might include a cell-permeable version of the
HOXB4 protein and suited members of the WNT family of ligands. Since the
forced expression of the transcription factors HOXB4 and Bmi-1 leads to the
magnitude of haematopoietic stem cell expansion which is observed after bone
marrow transplantation (Pawliuk et al. 1996), we at least know that such an
expansion is possible in vitro. We can therefore be hopeful that such optimized
extrinsic stimulation conditions will be worked out while we learn more about
the complex biology of self-renewal of haematopoietic stem cells.
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Abstract Mesenchymal stem cells (MSC), one type of adult stem cell, are easy to isolate,
culture, and manipulate in ex vivo culture. These cells have great plasticity and the potential
for therapeutic applications, but their properties are poorly understood. MSCs can be
found in bone marrow and in many other tissues, and these cells are generally identified
through a combination of poorly defined physical, phenotypic, and functional properties;
consequently, multiple names have been given to these cell populations. Murine MSCs have
been directly applied to a wide range of murine models of diseases, where they can act as
therapeutic agents per se, or as vehicles for the delivery of therapeutic genes. In addition
to their systemic engraftment capabilities, MSCs show great potential for the replacement
of damaged tissues such as bone, cartilage, tendon, and ligament. Their pharmacological
importance is related to four points: MSCs secrete biologically important molecules, express
specific receptors, can be genetically manipulated, and are susceptible to molecules that
modify their natural behavior. Due to their low frequency and the lack of knowledge on
cell surface markers and their location of origin, most information concerning MSCs is
derived from in vitro studies. The search for the identity of the mesenchymal stem cell has
depended mainly on three culture systems: the CFU-F assay, the analysis of bone marrow
stroma, and the cultivation of mesenchymal stem cell lines. Other cell populations, more
or less related to the MSC, have also been described. Isolation and culture conditions
used to expand these cells rely on the ability of MSCs, although variable, to adhere to plastic
surfaces. Whether these conditions selectively favor the expansion of different bone marrow
precursors or cause similar cell populations to acquire different phenotypes is not clear.
The cell populations could also represent different points of a hierarchy or a continuum of
differentiation. These issues reinforce the urgent need for a more comprehensive view of
the mesenchymal stem cell identity and characteristics.

Keywords Mesenchymal stem cell - Bone marrow stroma - Differentiation -
Stem cell niche - Cell therapy - Genetic therapy

1
Introduction

Stem cells present in early embryonic stages are pluripotent and can generate
all of the cell types found in adult organisms, whereas, adult stem cells exhibit
a continuum of plasticity or multipotency. In adult humans, the first and
one of the best-known stem cells to be described is the hematopoietic stem
cell (HSC). A great variety of other stem/precursor cell types have also been
described, but much less is known about their origin and maintenance in vivo
as organ-specific stem cell pools (Nardi 2005).

The mesenchymal stem cell (MSC) is one of the most interesting of the adult
stem cell types. These cells are easily isolated, cultured, and manipulated ex
vivo. MSCs exhibit great plasticity and harbor the potential for therapeutic
applications, but these cells are poorly defined. This has led to a heterogeneity
of names and phenotypes ascribed by different groups to this cell population.
MSCs are present in the bone marrow and in many other tissues, and these
cells are presently identified through a combination of poorly defined physi-
cal, phenotypic, and functional properties. A number of recent reviews have
adequately described the nature of MSCs (Short et al. 2003; Zipori 2004; Barry
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and Murphy 2004; Kassem et al. 2004; Baksh et al. 2004; Javazon et al. 2004),
and the focus of this review will be to describe experimental approaches for
their isolation, in vitro expansion, and characterization. We will also discuss
the cellular therapeutic potentials of MSCs and place a special emphasis on the
pharmacological prospects of these cells in vitro and in vivo.

2
The Identity of the Mesenchymal Stem Cell

For most cells present in adult organisms, mitosis is accompanied by differ-
entiation. Stem cells are defined as those cells with the ability to proliferate
without differentiating. At the moment, the very existence of a mesenchymal
stem cell in vivo is not completely understood, since it is based on indirect
evidence derived mainly from the in vitro cultivation of bone marrow and
other tissues. This is true, but only to a point, because most types of adult
stem cells can only be identified after isolation, which can then be examined
through in vitro or in vivo assays to determine if they have the two main
characteristics of stem cells: the ability to proliferate and to differentiate into
mature cell types. Most of the information for MSCs, which are present at a low
frequency, are derived from in vitro studies, due to a lack of information with
respect to specific surface markers and their location in vivo. In vitro studies,
by their very nature, may, however, introduce experimental artifacts (Javazon
et al. 2004). This possibility is clearly described in several studies, including
one reported by Rombouts and Ploemacher (2003), who compared the homing
abilities of primary and culture-expanded MSCs in a syngeneic mouse model.
Uncultured MSCs demonstrated highly efficient homing to bone marrow, but
the infusion of immortalized multipotent syngeneic stromal cells, or even pri-
mary MSCs that had been cultured for only 24 h, were rarely if ever seen in
the lymphohematopoietic organs. Murine MSCs were also reported to have
a deficient capacity to home to bone marrow by Anjos-Afonso et al. (2004).

The identification of the mesenchymal stem cell has thus far depended on
in vitro culture systems, which have provided very heterogeneous information
and made the characterization of MSCs even more difficult. Three in vitro
systems are generally employed to examine these cells: the CFU-F assay, the
analysis of the bone marrow stroma, and the cultivation of mesenchymal stem
cell lines. Other cell populations, more or less related to the MSC, have also
been described.

2.1
The Colony-Forming Unit-Fibroblast

The first direct evidence that nonhematopoietic, mesenchymal precursor cells
were present in the bone marrow originated from the work conducted in
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Moscow during the 1960s and 1970s of Friedenstein and colleagues (reviewed in
Phinney 2002). These pioneering experiments involved the incubation of bone
marrow samples in tissue culture flasks. The presence of an adherent fraction
could be seen within a few days, which proved highly heterogeneous. Around
the 3rd-5th days, individual foci of two to four fibroblasts were observed among
the histiocytes and mononuclear cells, which could differentiate into cells that
could form small deposits of bone or cartilage (Friedenstein et al. 1976). These
cells were termed colony forming unit-fibroblasts or CFU-E.

During the 1980s, several studies showed that cells isolated by the Frieden-
stein method were multipotent and could differentiate into osteoblasts, chon-
droblasts, adipocytes, and even myoblasts (reviewed in Prockop 1997). The
frequency of CFU-F in bone marrow suspensions is very different among
species, and the results are influenced by the culture conditions (reviewed in
Short et al. 2003). Growth factors stimulating the proliferation of CFU-F in-
clude platelet-derived growth factor (PDGF), epidermal growth factor (EGF),
basic fibroblast growth factor, transforming growth factor-p, and insulin-like
growth factor-1 (Gronthos and Simmons 1995; Kuznetsov et al. 1997a; Baddoo
et al. 2003; Bianchi et al. 2003). In contrast, cytokines such as interleukin 4
(IL-4) and interferon-alpha can inhibit the establishment of CFU-F (Wang
et al. 1990; Gronthos and Simmons 1995). The formation of CFU-F has been
considered indicative of mesenchymal stem cells, but a direct relationship be-
tween the two has not been clearly established, probably because of the great
heterogeneity in morphology, cell size and differentiation potential observed
among species and between colonies (Javazon et al. 2004).

2.2
The Bone Marrow Stroma

Stromal cells, along with extracellular matrix (ECM) components and soluble
regulatory factors, have until recently been thought of as secondary compo-
nents of a microenvironment required for sustained hematopoiesis (Nardi and
Alfonso 1999). The stroma, studied both in vitro and in vivo, is composed
of a very heterogeneous population of cells, which includes macrophages, fi-
broblasts, adipocytes, and endothelial cells (Dexter et al. 1976; Ogawa 1993).
Adventitial reticular cells branch through the medullary cavity and provide
areticular network that supports hematopoietic cells. Marrow adipocytes con-
trol hematopoietic volume, such that impaired hematopoiesis is associated
with increased accumulation of fat inclusions, and accelerated hematopoiesis
is associated with loss of fat vacuoles. These processes determine the space
available for hematopoietic cells (Tavassoli 1984). Adipocytes may also act as
a reservoir for lipids needed during proliferation. Macrophages are important
in the clean-up of ineffective erythropoiesis and in the removal of the nuclear
pole that is produced during this process.
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Stromal cells produce ECM components and both soluble and membrane-
associated growth factors to form a dynamic structure that plays an active
role in hematopoiesis, i.e., the hematopoietic stem cell niche. Matrix pro-
teins in this microenvironment include fibronectin, collagen, vitronectin, and
tenascin, and some of the most relevant soluble factors include stem cell fac-
tor (SCF), granulocyte-macrophage colony-stimulating factor (GM-CSF) and
the granulocyte colony-stimulating factor (G-CSF). Representative adhesion
moleculesinclude members of the integrin superfamily (VLA-1, VLA-2, VLA-3,
VLA-4, VLA-5, VLA-6) (reviewed in Whetton and Grahan 1999). Physical con-
tact among the stromal cells is important for the regulation of this microen-
vironment. Although it has been shown that contact is not fundamental for
the hematopoietic process to occur (Verfaillie 1992), it seems to be related
to the quality of the hematopoietic cells produced (Breems et al. 1998). The
stromal compartment has implications for human health, since abnormalities
in the stromal compartment may represent a possible mechanism implicated
in aplastic anemia (Kojima 1998) and in the abnormal behavior of Ph* cells in
chronic myeloid leukemia (Cordero et al. 2004).

Based on the well-established generation of multiple types of mesenchymal
cell from bone marrow, stromal stem cells were additionally proposed to exist
by Owen (1985). Analogous to the hematopoietic system, they proposed that
stromal stem cells reside in the bone marrow in their own niche, where the
cells were able to self-renew and generate mature conjunctive/stromal cell
types. The identity of this stem cell—which is now almost universally termed
mesenchymal stem cell—is still, as stated above, poorly understood.

23
The Mesenchymal Stem Cell

The lack of consensus about the proper nomenclature needed to describe these
cells has resulted in an incorrect, but synonymous use of the terms “marrow
stromal cell” and “mesenchymal stem cell.” Actually, stromal cells encompass
all cells present in the bone marrow that are not part of the hematopoietic
system. MSCs, on the other hand, correspond to that rare cell population
that can form other MSCs and generate mature cells of mesenchymal tissues.
Protocols involving the isolation of bone marrow cells based on their adherence
to plastic surfaces result in the immediate establishment of stromal cell cultures,
and not of MSC cultures. A more adequate term for the large number of cell
types with the potential to differentiate into mesenchymal tissues would be
“mesenchymal progenitor cell” (MPC), which would include cell types from
a hierarchy immediately above the pluripotent MSC but intermediate to that
represented by mature mesenchymal cell types.

Another point of debate is the fact that the HSC is itself of mesodermic
origin, hence a type of MSC. For this reason, some authors prefer the term
“nonhematopoietic mesenchymal stem cell.” The fact that these cells, which are
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described below, may have alternative differentiation pathways that go beyond
the normal limits of mesoderm and ectoderm formation renders the term
“mesenchymal” inadequate. Probably, the best nomenclature to define this
cell type would be “adult nonhematopoietic stem cell,” followed by “plastic-
adherent, bone-marrow derived stem cells”. All these concepts, however, are
already included when the term “mesenchymal stem cell” is used, and there is
a tendency to accept this terminology, even though it is inadequate.

24
Other Cell Populations Related to the Mesenchymal Stem Cell

In addition to the heterogeneity, which characterizes MSC cultures established
from various species or in different laboratories, some groups have described
cell populations that are very similar to MSCs, but which have a different
nomenclature. Bone marrow stromal (stem) cells (BMSSCs), stromal precur-
sor cells (SPCs), and recycling stem cells (RS-1, RS-2) are some of these varia-
tions (Baksh et al. 2004 and references therein). More recently, D’Ippolito et al.
(2004) described the marrow-isolated adult multilineage inducible (MIAMI)
cells which, although isolated from humans, can proliferate extensively with-
out showing signs of senescence or loss of differentiation potential (which, as
described below, is not usual for human cells). These cells may represent a more
primitive subset of bone marrow stem cells. Higher proliferative and differen-
tiation potential has also been reported for the multipotential adult progenitor
cell (MAPC) described by Catherine Verfaillie’s group (Reyes et al. 2001; Reyes
and Verfaillie 2001). Young et al. (2001) described human reserve pluripotent
mesenchymal stem cells, present in the connective tissues of skeletal muscle
and dermis.

Isolation and culture conditions used by the different groups are also vari-
able, and probably represent the main factor responsible for the phenotype
and function of the resulting cell populations. Whether these conditions se-
lectively favor the expansion of different bone marrow precursors or cause
similar cell populations to acquire different phenotypes is not clear. The cell
populations could also represent different points in a hierarchy (Caplan 1994),
and some studies suggest that this second alternative might be more realistic.
Lodie et al. (2002), for instance, systematically compared different protocols
used to isolate/expand human bone marrow adherent cells and concluded
that the cell populations isolated by these various techniques are virtually
indistinguishable. We have recently observed that the maintenance of MSC
lines generated according to established protocols (Meirelles and Nardi 2003)
but grown under MAPC conditions for 4 weeks induced changes in the im-
munophenotypic profile of the cells to become more similar to that of MAPCs
(N. Nardi and L. Meirelles, unpublished results). In either case and as reported
for hematopoietic stem cells (Pranke et al. 2001), these results demonstrate that
the mesenchymal stem cell compartment is heterogeneous and that cultivation
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conditions can alter some of their basic properties. These points reinforce the
urgent need for a more comprehensive view of the mesenchymal stem cell
identity and its characteristics.

3
Distribution of the Mesenchymal Stem Cell

Although very poorly understood, the interaction of MSCs with their niche
is as essential for their existence and function as it is for any other of the
adult stem cells (Watt and Hogan 2000; Fuchs et al. 2004). The primary source
of MSCs in adult individuals is the bone marrow, where they are immersed
in the stroma (Pittenger et al. 1999). They are present at a low frequency in
bone marrow, and recent studies employing the CFU-F assay suggest that in
humans there is one MSC per 34,000 nucleated cells (Wexler et al. 2003). In
mice, the frequency was estimated to be one for 11,300-27,000 nucleated cells
(Meirelles and Nardi 2003). Once again, the heterogeneity of this microen-
vironment hampers the unraveling of its components and their relationship,
and basic questions remain unanswered. What is the niche for the MSC? Do
hematopoietic and mesenchymal stem cells share the same niche and exchange
signals to drive proliferation and differentiation?

MSCs have been found in several other tissues and in ontogeny (Table 1). In
mice, they were isolated from the brain, thymus, liver, spleen, kidney, muscle,
and lungs of adult mice (L. Meirelles and N. Nardi, unpublished results), and
other MSC-related populations such as MAPCs have been observed in different
organs as well (Jiang et al. 2002). This distribution could be explained by
different scenarios: (a) adult tissues contain independent reservoirs of similar

Table 1 Distribution of MSCs in different organs/tissues and ontogeny stages

Site Species Ontogeny stage  Reference

Adipose tissue Human Post-natal Zuk et al. 2001, 2002

Adipose tissue Mouse  Post-natal Safford et al. 2002

Pancreas Human Fetal Hu et al. 2003

Bone marrow Human Fetal Campagnoli et al. 2001

Liver Human Fetal Campagnoli et al. 2001

Blood Human Fetal Campagnoli et al. 2001
Tendon Mouse  Postnatal Salingcarnboriboon et al. 2003
Synovial membrane = Mouse  Postnatal de Bari et al. 2003

Amniotic liquid Human Fetal in’t Anker et al. 2003
Peripheral blood Human Postnatal Zvaifler et al. 2000; Kuwana et al. 2003

Umbilical cord blood Human Fetal/postnatal ~ Alfonso et al. 2000
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stem cells, whose characteristic traits are determined by signals released by
each niche; (b) MSCs exist as a reservoir in one specific location, from which
they circulate through the organism to colonize different tissues/organs; or
(c) MSCs originate from cell populations belonging to blood vessels, and are,
as a consequence, present through the whole organism. Since Bianco and
Cossu (1999) suggested that MSCs originate from marrow pericytes, this third
possibility has received experimental support (reviewed in Short et al. 2003).
The issue is, however, still unclear.

4
Isolation and Culture of Mesenchymal Stem Cells

Few adult stem cell populations can be unequivocally identified, and isolation
of these cells requires in vitro or in vivo experimentation and characterization
based on immunophenotypic or functional traits. Hematopoietic stem cells,
for instance, can be enriched through the selection of cells expressing surface
markers such as CD34 in humans and Sca-1 in mice, or by their ability to ex-
clude the DNA-binding dye Hoechst 33342 (Goodell et al. 1996). Mesenchymal
stem cells lack clearly defined surface markers, so that the most widely used
approach to isolate them relies on their ability to adhere to plastic surfaces
(Wakitani et al. 1995; MacKay et al. 1998; Makino et al. 1999; Muraglia et al.
2000).

For the selective isolation of bone marrow MSCs, total cells are washed,
counted, resuspended in culture medium, and plated in six-well tissue culture
dishes at approximately 1.94 x 10% cells/cm?. Nonadherent cells are removed
24-72 h later by changing the medium. After 1 week, a heterogeneous culture
develops, which is generally referred to as bone marrow stroma (Fig. la).
Maintenance of the culture with a twice-weekly medium change and removal
of nonadherent cells results, after 2 or 3 weeks, in a relatively homogeneous
culture of morphologically and immunophenotypically similar mesenchymal
stem cells (Fig. 1b,c). Our experience shows that the identification of MSCs
depends on the availability of a good inverted microscope with phase contrast,
since they are difficult to visualize otherwise.

Cultures can be maintained for variable periods, depending on the species
and organ of origin, by passaging and subculturing the adherent cells which
are detached by trypsinization. Although Dulbecco’s modified Eagle’s medium
(DMEM) is frequently employed for the culture of MSCs, other media have also
been shown to be appropriate (reviewed by Otto and Rao 2004). The presence
of HEPES buffer is also important in our experience.

In an attempt to further enrich the frequency of MSCs in the initial cell
population, other methods have been developed, such as the immunodepletion
of hematopoietic contaminants identified, for instance, by the molecules CD34,
CD45, and CD11b (Kopen et al. 1999; Badoo et al. 2003; Ortiz et al. 2003).
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Fig.1a BALB/c bone marrow cells cultured for 1 week in DMEM with 10% FCS generate het-
erogeneous cell populations, referred to as bone marrow stromal cells (X100). Maintenance
of the adherent cell population results in a homogeneous culture of mesenchymal stem cells
of a flat-type morphology (b, x400; ¢, x100)

Other techniques involved cell size-based enrichment, involving the filtration
of bone marrow cells through a 3-um seive (Hung et al. 2002; Tuli et al. 2003),
or changing plating densities (Colter et al. 2000; Sekiya et al. 2002). Since none
of these approaches results in the establishment of homogeneous cell cultures,
the development of efficient—and particularly reproducible—methods for the
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isolation and expansion of MSCs remains an important goal of this research
field. It is possible that only when the true origin and nature of MSCs is better
understood will we be able to confidently work with them in vitro.

Following removal of nonadherent cells 1-4 days after the establishment
of the culture, cells are maintained with periodic passages until a relatively
homogeneous population is established. Culture media may vary, but the
most frequently used are Dulbecco’s modified Eagle’s medium (DMEM) and
o-minimum essential medium (reviewed in Otto and Rao 2004). The batch of
fetal calf serum employed to cultivate these cells may introduce phenotypic
variations, which show that unknown factors influence the selection and ex-
pansion of these cells. The addition of specific growth factors is also important
in defining the final characteristics of MSC cultures, and these are probably
the main reasons for the heterogeneity observed in the mesenchymal stem
cell types described in the literature. The growth of murine MAPCs, for in-
stance, depends on the supplementation of leukemia inhibitory factor (LIF)
and the use of fibronectin-coated surfaces (Jiang et al. 2002). The persistence
of hematopoietic contaminants, shown by the presence of CD45* and CD11b*
cells in the cultures, has also been reported (Phinney et al. 1999).

Ideal culture conditions would maintain mesenchymal stem cells with (a)
phenotypic and functional characteristics similar to those exhibited in their
original niche, (b) indefinite proliferation, and (c) a capacity to differentiate
into multiple lineages. Since the in situ characteristics of MSCs are not known,
efforts have concentrated in the last two objectives. The self-renewal potential
of MSCs is not definitely established and can vary greatly according to the
methodology used and the species (Bianco et al. 2001), but cells can be expected
to expand for at least 40 population doublings (PDs) before their growth
rate decreases significantly, as seen with human MSCs (Bruder et al. 1997).
Supplementation of growth factors can also modify these results. Fibroblast
growth factor-2 (FGF-2), for instance, was shown to increase the lifespan of
human MSCs to more than 70 PDs (Bianchi et al. 2003). Murine MSCs, on
the other hand, show apparently unlimited in vitro growth capacity (Meirelles
and Nardi 2003 and unpublished observations). The high self-renewal capacity
shown by murine MSCs without evidence of replicative senescence is probably
related to that of rat oligodendrocyte precursor cells (Tang et al. 2001).

Cell seeding density may also influence the expansion capacity of mes-
enchymal stem cells. Human MSCs, for instance, expand to much higher PDs
when plated at low density than at high density, with an increase of total cells
from 60- to 2,000-fold (Colter et al. 2000). On the other hand, the establish-
ment of long-term cultures of murine mesenchymal stem cells is dependent
on a minimal cell density of 2 X 10% bone marrow cells/cm? (Meirelles and
Nardi 2003). Long-term culture and high cell density are also determinants of
loss of differentiation potential for human cells, another indication that the
conditions for the in vitro maintenance of MSCs differ from those provided by
their natural microenvironment.
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5
Homing and Engraftment of Transplanted Mesenchymal Stem Cells

In vivo tracking of implanted MSCs is very important, because the success of
cell and gene therapy protocols with these cells depends on their engraftment
abilities. The analysis of MSC engraftment is also related to the exact nature
of the grafted cells. Heterogeneous populations of adherent cells derived from
mouse bone marrow engraft in multiple organs after systemic infusion (Pereira
etal. 1995,1998), and although there is strong evidence showing that the grafted
cells are comprised of mainly MSCs, engraftment of other cell types can not
be excluded.

More recently, studies using a well characterized and relatively homoge-
neous cell population comprised of murine bone marrow devoid of hematopoi-
etic cells, were consistent with a successful in vivo engraftment of candidate
MSCs in the central nervous system (Kopen et al. 1999; McBride et al. 2003).
This cell population, in contrast to other murine MSCs, was not expandable in
vitro (Baddoo et al. 2003; Meirelles and Nardi 2003; Gojo et al. 2003; Fang et al.
2004), and interspecies experiments were used to study MSC systemic engraft-
ment in mice. For instance, when human MSCs were injected intraperitoneally
into 13-day-old mouse embryos in uterus, multiorgan engraftment was de-
tected 8 weeks after birth by real-time PCR (McBride et al. 2003). The sites
analyzed included femur, heart, brain, liver, kidney, spleen, and lungs, where
the highest level of human DNA was detected.

When cells obtained from bleomycin-resistant BALB/c mice, essentially as
described by Kopen et al. (1999), were injected systemically into bleomycin-
sensitive C57BL/6 mice, engraftment in the lungs was considerably higher
in animals with lung injury than in animals without injury. Tissue damage,
therefore, enhances MSC engraftment (Ortiz et al. 2003); however, murine
MSC engraftment has also been demonstrated in noninjured animals. Gojo
et al. (2003) reported the engraftment of in vitro-proliferative murine MSCs in
the heart, lung, spleen, stomach, small intestine, and skeletal muscle of non-
injured mice, where they differentiated locally into cardiomyocytes, vascular
endothelial cells, and possibly vascular luminal cells. Selective sorting of an
adherent fraction of passage two or three bone marrow cultures yielded non-
hematopoietic cells that engrafted into several organs after systemic infusion
(Anjos-Afonso et al. 2004). Engraftment in some organs was infrequent (brain,
bone marrow), but in others (liver, lung, kidney), it exhibited higher levels of
engrafted MSCs, and the presence of donor cells in circulating blood was also
observed.

The deposition of MSCs in the lungs may represent a significant hurdle for
engraftment therapies that employ systemic delivery of MSCs. This approach
caused some animals to develop fibrosis and subsequent breathing difficulties.
Gao et al. (2001) observed this phenomenon following systemic infusion of
MSCs in rats, perhaps because the MSC diameter was larger than that of lung
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capillaries (20-24 pm vs 10-15 pm, respectively). The use of the vasodilator
sodium nitroprusside at the time of injection, however, reduced entrapment
of MSCs in the lungs. Murine MSCs, when detached from the dish, are also
20-25 pm wide (L. Meirelles, unpublished results), and if administered in large
doses are likely to be trapped in lung capillaries before reaching important
organs such as the brain and bone marrow.

In 2002, two groups (Ying et al. 2002; Terada et al. 2002) showed that stem
cells can fuse with other cells in vitro and can acquire the characteristics of
these cells, thus raising the possibility that the stem cell contribution to target
tissues might be due to cell fusion rather than to (trans) differentiation. Fusion
was also demonstrated between MSCs and epithelial cells in vitro (Spees et al.
2002); however, chromosomal analysis of xenografts indicate that fusion is
not the principle mechanism responsible for the MSC contribution to multiple
tissues in vivo (Pochampally et al. 2004; Sato et al. 2005). In a study describing
the role of MSCs in the generation of gastric cancer in a mouse model, for
example, it was observed that the percentage of tetraploid cells in affected
and unaffected animals remained at the same levels (Houghton et al. 2004; see
Sect. 8.1 for further information).

While the experimental study of MSC engraftment in humans is elusive,
a recent paper describing microchimerism, possibly due to circulating fetal
mesenchymal stem cells in pregnancy, in bone marrow and bone of women
decades after giving birth to male fetuses has provided some insights into
human MSC engraftment properties in vivo (O’ Donoghue et al. 2004). A com-
bined approach including immunocytochemistry, FISH, and PCR using rib
sections and cultured MSCs derived from rib bone marrow was used. The
results strongly suggest that circulating MSCs present in fetal blood (Campag-
noli et al. 2001) crossed the placenta during pregnancy, entered the maternal
circulation (O’Donoghue et al. 2003) and grafted with maternal bone and bone
marrow. Khosrotehrani et al. (2004) also reported the detection of grafted male
fetal cells in thyroid, cervix, intestine, liver, and lymph nodes when analyzing
biopsy material of women who have had male pregnancies. The male cells
were shown to express liver, hematopoietic, or epithelial markers, indicating
tissue-specific incorporation.

Although fetal stem cells entering the maternal circulation include other
cell populations, the results of experiments in animals suggest that MSCs are
the main cell type that can engraft in maternal tissues. Human adult MSCs,
therefore, can be expected to have multisite engraftment capabilities as well.

6
Characterization of Mesenchymal Stem Cells

Cultured MSCs have been extensively analyzed both morphologically and with
respect to surface and molecular markers. None of these characteristics, how-
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ever, is specific enough to adequately define this cell type, and mesenchymal
stem cells are still operationally defined by the ultimate criteria used for iden-
tifying stem cells: prolonged proliferation and the potential to originate differ-
entiated cell types. To abandon the term “operational MSC,” it is necessary to
show that these cells contribute to the formation of mesenchymal tissues after
in vivo infusion (Verfaillie 2002).

A great number of surface markers have been described for committed
mesenchymal progenitors (Otto and Rao 2004), and Deans and Moseley (2000)
have compiled a long list of candidate markers, including CD44, CD29, and
CD90, to define human MSCs. The expression of CD34 is not clearly defined
in murine MSCs, but the marker is known to be absent from human and
rat cells. More specific antigens such as Stro-1, SH2, SH3, and SH4 are also
important markers for MSCs (reviewed in Barry and Murphy 2004), which are
also positive for MHC-1 and Sca-1. None of these markers, however, seems
to be a reliable parameter for the analysis of culture purity, since on the one
hand even long-term cultures may exhibit some heterogeneity (maybe due to
cell cycle-related marker expression) and, on the other, functionally different
cultures may have similar immunophenotypic profiles.

Relatively little attention has been given to the morphology of the MSCs
originating in culture. Two types of morphology can be observed—Ilarge, flat
cells or elongated, fibroblastoid cells. The derivation of two types of adherent
cell cultures from cord blood has already been pointed out by our group
(Alfonso et al. 2000). The functional significance of these differences remains
to be established.

In an earlier report (Meirelles and Nardi 2003), we described the isolation
and long-term culture of murine MSCs without the need for any other medium
supplementation than fetal calf serum. The cells exhibited a constant flat-type
morphology (see Fig. 1), even when originating from other tissues such as
spleen, lungs and brain (not published). In most publications, it is difficult to
adequately assess cell morphology, but a review of the literature shows that in
many cases the cells maintained a flattened shape, while others exhibited an
elongated, fibroblastic phenotype (Table 2). The morphology of MAPCs also
seems to be relatively flat (Reyes et al. 2001).

Stilllittle is known about the profile of gene expression in mesenchymal stem
cells. Tremain et al. (2001), in a study that also emphasized the heterogeneity
of MSC cultures, reported over 2,000 expressed transcripts in a clone that
originated from a stromal cell culture. In two recent studies, gene expression
of bone marrow (Silva et al. 2003) and cord blood-derived MSCs (Panepucci
et al. 2004; Jeong et al. 2005) was analyzed by serial analysis of gene expression
(SAGE). A great number of genes were identified in the cultured cells, and an
important contribution of extracellular protein products, adhesion molecules,
cell motility, TGF-beta signaling, growth factor receptors, DNA repair, protein
folding, and ubiquination as part of their transcriptome was observed.
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Table2 Reports of flat or elongated/fibroblastic morphology of cultured mesenchymal stem
cells from different origins

Morphology Species Reference

Flat Mouse Meirelles and Nardi 2003 (Fig. 2)
Human Azizi et al. 1998 (Fig. 2a)
Human D’Ippolito et al. 2004 (Fig. 1)
Human Gronthos et al. 2003 (Fig. 2G)
Human Stute et al. 2004 (Fig. 6B)
Human Hung et al. 2004 (Fig. 1)

Rat Azizi et al. 1998 (Fig. 2¢)

Rat Davani et al. 2003 (Fig. 1A)

Rat Kobayashi et al. 2004 (Fig. 1)
Fibroblastic Human Azizi et al. 1998 (Fig. 2b)

Human Kog et al. 2000 (Fig. 1)

Human Campagnoli et al. 2001 (Fig. 1)

Human Pittenger et al. 1999 (Fig. 1)

Human Pittenger and Martin 2004 (Fig. 1)
Other Human Seshi et al. 2000 (Fig. 1)

7
Differentiation of Mesenchymal Stem Cells

Although considered nondifferentiated cells, MSCs are nevertheless capable
of performing at least one specialized function: they support hematopoiesis.
This function is generally attributed to the bone marrow stroma, which is
frequently confused with MSCs. Apparently homogeneous cultures of MSCs
support hematopoietic stem cells with greater efficiency than conventionally
established bone marrow stroma (Meirelles and Nardi 2003).

The in vitro differentiation of MSCs into several lineages is easily achieved.
Representative examples of the protocols employed in a number of studies
are shown in Table 3. Determination of the phenotype of differentiated cells
depends on morphological, immunophenotypic, and functional criteria. The
differentiation of osteoblasts, for instance, is determined by upregulation of
alkaline phosphatase activity and deposition of a mineralized extracellular
matrix in the culture plates that can be detected with Alizarin Red or other
stains. Adipocytes are easily identified by their morphology and staining with
Oil Red O. For identification of myocytes or neuronal cells, immunocytochem-
istry is performed with antibodies specific for antigens such as myosin and
dystrophin, or Tau and GFAP, respectively.
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Table 3 Examples of the culture protocols used for inducing in vitro differentiation of MSCs

Tissue Species  Culture medium complement Reference

Bone Mouse 1078 M dexamethasone, 5 pg/ml ascorbic ~ Meirelles and Nardi
acid 2-phosphate and 10 mM f-glycero- 2003
phosphate

Cartilage Human Transforming growth factor-p3 in serum-  Pittenger et al. 1999
free medium, added to three-dimensional
cultures

Fat Human 1-methyl-3-isobutylxanthine, dexam- Pittenger et al. 1999

ethasone, insulin, and indomethacin
Mouse 10 M dexamethasoneand 5pg/mlinsulin ~ Meirelles and Nardi
2003
Neuron-like  Human Isobutylmethylxanthine and dibutyryl Deng et al. 2001
cyclic AMP

Mouse 50 ng/ml of basic fibroblast growth factor ~ Anjos-Afonso et al.
(bFGF) and 20 ng/ml of epidermal growth 2004

factor (EGF)
Muscle Mouse  Amphotericin B Phinney et al. 1999
Rat 5-azacytidine Wakitani et al. 1995
Pig 5-azacytidine Moscoso et al. 2005

In vitro cultured MSCs show great heterogeneity in their differentiation
potential. Although the analysis of established MSC cultures show them to be
pluripotent, with a tri-lineage (osteo/chondro/adipo, De Ugarte et al. 2003) or
even higher (Anjos-Afonso et al. 2004) differentiation potential, clonal assays
have shown that only one-third of the MSC clones derived from established
cultures are pluripotent (Pittenger et al. 1999; Muraglia et al. 2000). Within es-
tablished cultures, thus, a minority of cells seem to be pluripotent, with most of
them having bi- or only uni-lineage differentiation capacity (Digirolamo et al.
1999). Models have been proposed to explain these results (Baksh et al. 2004),
and it is possible that cultures are composed of a mixture of cells with different
differentiation potentials. A small portion may correspond to authentic stem
cells, whereas most may be committed to more differentiated phenotypes.

8
Applications of Mesenchymal Stem Cells in Cell and Gene Therapy

Although human MSCs can be immortalized through genetic modification
using expression vectors carrying the catalytic subunit of human telomerase
(Mihara et al. 2003), the study of murine MSCs in vitro is more attractive since
they represent an unmodified natural population. They can also be promptly
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obtained by researchers who do not have access to a source of human cells
or do not have adequate facilities for their manipulation. More importantly,
murine MSCs can be directly applied to a wide range of murine models of
diseases, where they can act as therapeutic agents per se or as vehicles for the
delivery of therapeutic genes. Finally, MSCs obtained from rats, rabbits, pigs,
and sheep will also be useful for the development of engineered tissues using
autologous cells.

8.1
Study of Cancer Biology

The sustained proliferation of murine MSCs provides an interesting model for
the evaluation of genetic and epigenetic factors involved in the maintenance of
stemness, as well as the components responsible for the generation of tumors.
Murine MSC self-renewal is not linked to neoplasia: experiments in which mice
received intravenous or intraperitoneal MSC infusion do not develop donor-
derived tumors (L. Meirelles and N. Nardi, unpublished results). Unraveling
the genetic determinants of self-renewal may lead to the identification of can-
didate genes involved in tumorigenesis and to the development of drugs that
can act specifically on their products. The fusion of murine MSCs and nonpro-
liferative cells, for instance, would help with the mapping of genes involved in
proliferation to specific chromosomes and chromosomal regions.

While studying the behavior of marrow-derived cells in a mouse model
of gastric cancer induced by Helicobacter pylori, cells bearing the marker
TFF2 could be associated with the predominant cell type present in this can-
cer (Houghton et al. 2004). In vitro studies using purified marrow-derived
hematopoietic stem cells or MSCs exposed to cancerous tissue extracts showed
that MSCs, but not HSCs, acquired expression of TFF2. The contribution of
MSCs to tumor formation by cell fusion was ruled out by comparing the ploidy
of stomach cells from infected and noninfected mice: the number of tetraploid
cells in both groups did not differ significantly. Another recent study described
the involvement of stem cells in human brain tumors (Singh et al. 2004). These
results are consistent with an emerging view of cancer as a stem cell disorder,
rather than a disease confined to fully or partially differentiated cells.

Besides their potential use for the study of basic cancer biology, modified
MSCs may prove to be efficient antitumoral agents. Human MSCs have been
shown to incorporate into tumor stroma (Studeny et al. 2002), a potentially
useful tool for the delivery of gene products directly to tumors (see below).

8.2
Cell Therapy

Mesenchymal stem cells may participate in cell therapy protocols through
two mechanisms. First, MSCs may contribute physically to injured sites when
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administered locally or systemically. Second, MSCs may have a supportive role
through means of secreted factors. Examples of these applications are given
below.

8.2.1
Fibrosis

As mentioned earlier, murine MSCs administered systemically to mice sub-
jected to lung injury show superior lung engraftment rates relative to unin-
jured animals. Furthermore, MSC treatments performed immediately after
antibiotic challenge reduces the fibrotic and inflammatory effects of the lesion
significantly more than that in animals receiving the cells 7 days after the chal-
lenge (Ortiz et al. 2003). An earlier work, using a poorly characterized murine
MSC population, showed that infusion of the cells in mice subjected to lung
injury by bleomycin showed enhanced reproducibility of engraftment (Kotton
et al. 2001). The injected cells were found to engraft as type I pneumocytes,
but not type II pneumocytes. Similar results were reported by Ortiz et al.
(2003). In the case of bleomycin-induced lung injury, this indicated that the
main cellular contribution from the plastic-adherent fraction of bone marrow
can be attributed to MSCs. This information may be valuable for future ther-
apies aiming to reduce lung fibrosis in humans by autologous bone marrow
transplantation.

MSCs have also been used to treat liver fibrosis. Fang et al. (2004) depleted
murine bone marrow from CD45%, GlyA*, and CD34" cells to obtain adher-
ent FIk* cells that are expandable in vitro for more than 30 passages. Using
a murine model of tetrachloride-induced liver injury, they showed in the an-
imals receiving MSCs systemically immediately after the challenge, but not
1 week later, that the fibrotic effects caused by the lesion were reduced. The
presence of albumin-producing cells that exhibit donor-derived markers was
also detected, although at a low frequency.

8.2.2
Cardiovasculogenesis

In a study originally designed to assess the contribution of murine MSCs to
the cardiac tissue, Gojo et al. (2003) showed that a 5-azacytidine-responsive,
CD34°%/-ckit*CD140a* Sca-1"8" clone transduced with an EGFP construct
contributed to several sites when implanted in vivo. After injection into the
ventricular myocardium, EGFP* cardiomyocytes were detected, along with
EGFP*CD31" cells lining the vessels surrounding the site of injection. The
number of endothelial cells and cardiomyocytes grafted in the ventricle was
estimated to be, respectively, 1,625 and 75 1 week after injection, and 275
and 25 3 months later. When MSCs were infused systemically through the
inferior vena cava, the cells engrafted predominantly in the lungs 1 week after



266 N. Beyer Nardi - L. da Silva Meirelles

administration. Four weeks after the injection, the number of EGFP* cells
in the lungs declined considerably. The grafted cells lacked CD31 expression,
indicating that they had formed pericytes or smooth muscle cells. In addition
to these results, EGFP* cells were found in the brain, thymus, uterus, and
kidney. Engraftment in the stomach and small intestine was observed, and
the number of donor-derived cells seemed to increase over time. When high
cell numbers were implanted in the muscle, liver, or spleen, ectopic bone
formation was observed, in contrast to the muscular and vascular fates adopted
by cells delivered in low quantities. This finding cautions against experimental
protocols involving the injection of large doses of MSCs directly in heart
muscle, since they might differentiate into tissues other than those expected.

The use of purified MSCs to treat human heart diseases has not yet come
into practice, despite the reported successes of blood or bone marrow-derived
mononuclear cells (Assmus et al. 2002; Perin et al. 2003). Although studies
demonstrating that bone marrow-derived c-kit*lin~ cells, a cellular fraction
putatively enriched in HSCs, regenerate mouse infarcted myocardium (Orlic
etal. 2001) these findings been challenged by others (Murry et al. 2004; Baslam
et al. 2004). The plastic-adherent fraction of bone marrow has also improved
cardiac performance inarat model of heartinfarction (Olivares et al. 2004). The
CD34~CD45 cells collected for these latter experiments most likely comprised
MSCs. Histological analyses indicated that the main contribution of the cells
to the infarcted zone occurred through the formation of new myocardium and
blood vessels.

Taken together, these studies indicate that the cell type most likely involved
in cardiac regeneration is the MSC, possibly due more to its arteriogenic effects
(see the next section) than to its cardiomyogenic properties.

8.2.3
Arteriogenic Effects

Kinnaird et al. (2004) induced unilateral hind limb ischemia in mice to demon-
strate that murine bone marrow, devoid of CD347CD45" cells and delivered
in situ 24 h after lesion, improved limb function despite little long-term cell
engraftment. They found that medium conditioned by these cells contained
several potent arteriogenic cytokines, such as basic fibroblast growth fac-
tor (bFGF), vascular endothelial growth factor (VEGF), placental growth fac-
tor (PIGF), and monocyte chemoattractant protein-1 (MCP-1). Animals that
received the cells after injury contained donor-marked cells surrounded by
bFGF and VEGF positive cells, indicating that the transplanted MSCs ex-
pressed these cytokines in situ. These findings support the hypothesis that
factors secreted by MSCs have a significant role in limb recovery. Interest-
ingly, MCP-1, which is secreted by cells present in the vascular wall, has been
shown to recruit circulating monocytes that can differentiate into endothelial
cells (Fujiyama et al. 2003). The arteriogenic effects of MSCs may thus involve
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the recruitment of circulating cells through the secretion of chemoattractant
factors.

8.24
Immunosuppressive Effects

The subcutaneous co-injection of primary murine MSCs or of an embry-
onic mouse mesenchymal stem cell line (CH310T1/2) with a melanoma cell
line (B16) was shown to favor tumor growth (Djouad et al. 2003). In vitro
experiments in which activated murine splenocytes were co-cultured with
CH310T1/2 cells in a transwell culture system indicated that soluble factors
secreted by MSCs inhibit CD8" T cell proliferation. Even though the primary
murine MSCs were not well characterized, the use of CH310T1/2 validated
the hypothesis that MCSs favored tumor growth, since the results observed
in vivo were similar for both cell types. These results indicated that the im-
munosuppressive effects should be considered whenever MSC transplantation
takes place. Krampera et al. (2003) demonstrated even more clearly the im-
munosuppressive effects of MSCs by showing that culture-expanded murine
MSCs are capable of inhibiting both naive and memory antigen-specific T cell
activation. The authors used a mixed lymphocyte reaction system in dose-
dependent experiments, and determined that T cell inhibition was transient
and independent of MHC antigen-presenting cells or CD4*CD25" regulatory
T cells. In contrast, the study by Djouad et al. (2003) showed that the MSC
immunosuppressive effect required cell contact. Whether or not cell contact
is required, it is clear that MSCs have immunomodulatory capabilities. Treat-
ment of acute graft-versus-host disease in a human subject using third-party
haploidentical MSCs can be taken as proof of this concept (Le Blanc et al. 2004).

The mechanisms involved in MSC-mediated immunosuppression are cur-
rently being investigated. Glennie et al. (2004) reported that MSCs suppress T
cell effector function transiently, but the cells do not block activation. On the
other hand, they induce an irreversible proliferation arrest not only in CD4"
and CD8* T cells, but also in B cells, by downregulating cyclin-D2 expression.
The interactions of MSCs and immune cells may have future implications not
only for the knowledge of MSC biology, but also for the understanding of
immune system homeostasis.

8.3
Mesenchymal Stem Cells and Tissue Engineering

In addition to systemic engraftment capabilities, MSCs show great potential
for the replacement of damaged tissues such as bone, cartilage, tendon, and lig-
ament. Although bone is capable of regeneration, the three other tissues often
develop fibrous scar tissues when injured, which usually renders them unable
to function properly. Large bone defects, however, do not heal spontaneously,
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Table 4 Examples of tissues engineered with the use of MSCs

Engineered tissue

Methods

Reference

Respiratory mucosa ~ Human MSCs co-cultured with normal human Le Visage et al.
bronchial epithelial cells, in vitro 2004
Cartilage Human MSCs cultured under chondrogenic con-  Chen et al.
ditions on 3D scaffold, in vitro 2004a; Li et al.
2005
Bone Critical-size cranial defect created in rabbit, re- Chang et al.
paired with BMP-2-expressing rabbit MSCs em- 2004

bedded in alginate

Abukawa et al.
2004

Full-thickness mandibular defects created in pigs,
and repaired with autologous MSCs previously
seeded in poly-DL-lactic-coglycolic acid scaffolds
and kept in osteo-inductive medium

Human MSCs transfected with a cardiac pace-
maker gene (mHCN2). Functional results ob-
served in vitro by co-culture with neonatal rat
ventricular myocytes, and in vivo by subepicar-
dial injection into the canine left ventricular wall

Potapova et al.
2004

Cardiac pacemakers

suggesting that MSC-based reconstitution may be feasible. The application of
MSCs in the engineering of new tissue is dependent on the use of an appro-
priate scaffold to maintain an adequate three-dimensional distribution and on
the use of specific molecules to drive their differentiation into cells that can
restore the tissue-specific matrix (Huang et al. 2004).

The use of murine MSCs for tissue engineering is limited, due to the small
size of the mouse. However, murine MSCs along with MSCs from other species
are interesting candidates for the study of cell interactions with novel bioma-
terials, and the study of new molecules on differentiation. Examples of the use
of MSCs for tissue engineering in larger animal models can be found in the
literature, some of which are listed in Table 4.

8.4
Genetic Therapy

Genetic diseases can be generally classified into two categories: those caused by
genetic alterations leading to loss of protein/gene function and those caused by
a gain of function mutation. Other factors are involved such as the restriction
of a disease phenotype to a specific organ as opposed to the whole body. When
loss of function is the cause, introduction of genetic constructs expressing the
missing product may be sufficient to revert or suppress the disease phenotype.
When the disease involves gain of function, however, the insertion of vectors
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expressing healthy transcripts is not enough to correct the disorder, and some
sort of genome or transcriptome editing is necessary.

The molecular tools currently used to address these issues include vectors
derived from plasmids, virus, and even transposons (reviewed by Selkirk 2004
and Nathwani et al. 2004). Anti-sense RNA and interference RNA can also be
used. Plasmid-derived vectors do not integrate into the host genome, and so
do not last for the lifetime of the individual. On the other hand, virus-derived
vectors can integrate into the genome of proliferating or nonproliferating cells,
depending on the type of viral-based expression system. Sustained expression
following integration makes them the vector system of choice. The systemic
in vivo administration of viral vectors represents the main hurdle to their
direct utilization, since they may elicit a strong host immune response that
could lead to death (Kaiser 2004) or cause insertional mutagenesis resulting
in cancer as reported recently in the X-SCID clinical trial (Hacein-Bey-Abina
et al. 2003). The use of stem cells to deliver genetic material represents the best
way to circumvent the first obstacle. Stem cells can be manipulated ex vivo
and receive the genetic modifications necessary for correction of the disease,
avoiding the need to expose the patient directly to vectors. When proliferative
stem cells such as MSCs are used, there is also the possibility of selecting
successfully altered clones for reinfusion, which might suffice to minimize
insertional mutagenesis risks. This is in contrast to the use of HSCs, the stem
cell type altered in the X-SCID trial, which are largely nonproliferative in vitro.

Systemic delivery of genetic constructs mediated by stem cells is feasible:
stem cells engraft in vivo, and particularly in the case of MSCs, they engraft to
multiple sites. When autologous cells are genetically corrected, they are likely
to acquire a proliferative advantage over the patient’s cells, increasing the like-
lihood of engraftment and providing continued expression of the therapeutic
construct. Moreover, if HLA-matched allogeneic stem cells are used there may
be no need to use genetic manipulation tools, as the cells themselves may exert
therapeutic effects through the expression of donor genes.

8.4.1
Correction of Genetic Disorders

The availability of homogeneous populations of murine MSCs has profound
implications for the treatment of genetic diseases in mouse models, and by
analogy to humans. The use of murine models is appropriate when trying
to develop new therapeutic strategies. The cost of maintaining mice is not
excessively high, and mouse genetics are well described. Moreover, knock-out
mice can be generated by site-directed mutagenesis in embryonic stem cells,
which means that many loss-of-function diseases, excluding those that lead
to embryonic lethality, can be simulated in mice. The results obtained using
a small animal model should, nevertheless, be validated using larger animals
to avoid any unexpected effects when the therapy is applied to humans.
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Table5 Selected candidate mouse models of genetic disease for MSC-mediated therapy

Model Expected role of transplanted MSCs See also
Mucopolysaccharidosis Production of «-L-iduronidase, par- Kog et al. 2002

type I ticularly in the brain

Hemophilia A Production and release into the blood =~ Van Damme et al. 2003

of coagulation factor VIII
Niemann-Pick disease ~ Sphingomyelinase production, partic-  Jin et al. 2002

ularly in the brain
Osteogenesis Production of healthy collagen type I  Pereira et al. 1995;
imperfecta fibers Chamberlain et al. 2004

Reference: http://jaxmice.jax.org/jaxmice-cgi/jaxmicedb.cgi as of 03/28/2005 (mouse
models database). See also complementary references for further information

In a search at The Jackson Laboratory mouse database (http://jaxmice.jax.
org/jaxmice-cgi/jaxmicedb.cgi) using the term “genetic disease,” 140 results
were retrieved. Some of them were selected (Table 5) as examples of experi-
mental models that could be used to test a MSC-based therapeutic approach,
including the mouse model of mucopolysaccharidosis type I (Ohmi et al. 2003)
that we currently study.

The application of MSC-mediated gene therapy in humans is still in its in-
fancy, with no clinical trials reported so far. In vitro studies, however, show
promise. Baxter et al. (2002) have successfully restored a-L-iduronidase ex-
pression by retroviral transduction of the human IDUA ¢DNA into MSCs
obtained from patients affected by mucopolysaccharidosis type I. While this
work demonstrates the possibility of reversing loss-of-function genetic disor-
ders in humans, another study (Chamberlain et al. 2004) went even further.
In this latter study, the correction of a gain-of-function genetic disease, os-
teogenesis imperfecta, was addressed. MSCs obtained from affected patients
were genetically modified to disrupt the dominant-negative mutant allele of
the COL1A1 gene. Because the site-directed mutagenesis method could affect
both normal and mutant alleles and lead to inappropriate integration events in
the genome, screening for correctly altered clones was performed. The investi-
gators specifically screened several clones to identify those cells that had been
appropriately modified. Once selected, these clones could generate cells that
accumulated limited amounts of intracellular procollagen and could produce
relatively normal collagen extracellular matrix.

8.4.2
Cancer Suppression

As mentioned earlier, the ability of MSCs to incorporate into tumor stroma
could be used to design strategies to fight cancer. Studeny et al. (2002) trans-
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duced human MSCs with a construct expressing human IFN-f, which has im-
munomodulatory properties and antiproliferative effects over melanoma cell
lines. The transduced MSCs were administered subcutaneously to nude mice
together with the A375SM human melanoma cell line. The results showed that
the tumor area was strikingly reduced even when only 10% IFN-fB-expressing
MSCs were co-injected with the melanoma cells, as compared to control ani-
mals that received the melanoma cells alone. The same effect was not achieved
when nontransduced MSCs were used, indicating that IFN- was the mediator
of tumor suppression. Moreover, the tumor area was not reduced by IFN-f
injection alone, indicating that MSCs were required. The survival period of
treated animals, compared to controls, also significantly increased (i.e., 41-
110 days for animals receiving different proportions of IFN-p-expressing MSCs
vs 21-27 days for animals that received melanoma cells alone). A study exam-
ining tumor metastasis in lungs yielded similar results (Studeny et al. 2004).
The results obtained using xenograft tumor models in immunoincompetent
mice also show promise.

Equivalent studies with syngeneic or allogeneic murine MSCs in immuno-
competent mice are required to evaluate the efficacy of this treatment in in-
dividuals with normal immune activity, since the development of anti-cancer
protocols without the need for immunosuppression are highly desirable for
application in humans.

9
Pharmacologic Aspects of Mesenchymal Stem Cell Biology

The pharmacological relevance of MSCs can be divided into four categories.
First, the molecules secreted by MSCs may be employed as therapeutic agents
or adjuvants in animal models. A long list of biologically important molecules
secreted by MSCs (Majumdar et al. 1998; Kinnaird et al. 2004) include inter-
leukins 6, 7, 8, 11, 12, 14, and 15, M-CSE, Flt-3 ligand, SCF, LIF, bFGF, VEGF,
PIGE and MCP-1. Second, specific receptors expressed by MSCs (Table 6) may
be used as targets for drugs aimed at MSCs in vivo. These studies may pro-
vide information on homing mechanisms when systemically infused. Third,
genetic constructs can be made that are preferentially expressed in MSCs by
the incorporation of cell-specific regulatory regions, similar to that described
earlier. Fourth, natural or artificial molecules may be used modify the natural
behavior of MSCs and alter the MSC compartment in vivo.

While a set of natural and synthetic compounds have been shown to ex-
ert many biological effects, such as differentiation induction (Table 7), many
other compounds remain to be discovered and/or fully characterized. For
instance, a small molecule termed reversine (a 2-(4-morpholinoanilino)-6-
cyclohexylaminopurine analog) has the ability to reprogram myogenesis-
committed precursor cells (the murine cell line C2C12) into a less differentiated
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Table 6 Receptors expressed by MSCs render them responsive to specific molecules

Category Expressed Nonexpressed

Cytokine receptors IL-1R (CD121a) IL-2R (CD25)
IL-3Ra (CD123)
IL-4R (CDw124)
IL-6R (CD126)
IL-7R (CD127)

Chemokine receptors ~ CXCR4

Factor receptors EGFR EGFR-3
IGF1 R (CD221) Fas ligand (CD178)
NGFR
IFNyR (CDw119)
TNFIR (CD120a)
TNFIIR (CD120b)
TGFBIR
TGFBIIR
bFGFR
PDGEFR (CD140a)
Transferrin (CD71)

Matrix receptors ICAM-1 (CD54) ICAM-3 (CD50)
ICAM-2 (CD102) E-selectin (CD62E)
VCAM-1 (CD106) P-selectin (CD62P)
L-Selectin (CD62L) PECAM-1 (CD31)
LFA-3 (CD58) vW factor
ALCAM (CD166) Cadherin 5 (CD144)
Hyaluronate (CD44) Lewis* (CD15)
Endoglin (CD105)

References: Pittenger et al. 1999; Gronthos et al. 1998; Wynn et al. 2004

state equivalent to that of MSCs (Chen et al. 2004b). The resulting MSCs were
shown to differentiate into osteoblastic and adipocytic cells upon appropriate
stimulation.

10
Conclusions

Mesenchymal stem cells are finally attracting the attention of the scientific
community, some 30 years after the first insights on the existence of non-
hematopoietic stem cells in bone marrow. Their ease of derivation and manip-
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Table 7 Specific molecules can direct MSC differentiation or modulate their expansion

capacity

Molecule

Main effect

Reference

5-azacytidine
All-trans-retinoic acid

Amphotericin B
Ascorbic acid
Beta-glycerophosphate
Beta-mercaptoethanol
bEGF

BHA
Dexamethasone

EGF

ETYA
Hydrocortisone
IBMX
Indomethacin

Insulin

PDGF

TGF-beta family members

Myogenesis
Neurogenesis

Myogenesis

Osteogenesis; chondrogenesis
Osteogenesis; chondrogenesis
Neurogenesis

Proliferation

Neurogenesis
Adipogenesis; osteogenesis;
chondrogenesis
proliferation

Adipogenesis

Myogenesis

Adipogenesis

Adipogenesis

Adipogenesis

Proliferation
Proliferation; differentiation

Wakitani et al. 1995

Sanchez-Ramos
et al. 2000

Phinney et al. 1999
Pittenger et al. 1999
Pittenger et al. 1999
Woodbury et al. 2000

Kuznetsov et al. 1997;
Bianchi et al. 2003

Woodbury et al. 2000
Pittenger et al. 1999

Kuznetsov et al. 1997
Kopen et al. 1999
Zuk et al. 2001
Pittenger et al. 1999
Pittenger et al. 1999
Pittenger et al. 1999;
Zuk et al. 2001
Kuznetsov et al. 1997
Kuznetsov et al. 1997;
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(incl. BMPs) Roelen and Dijke 2003

ulation ex vivo, together with the growing body of information provided by
studies on their characterization and differentiation potential, have generated
excitement in the field of stem cell based therapies. Clinical applications with
MSCs are also relatively close to realization, when compared with most other
stem cells.

Most of the knowledge generated so far, however, concerns their behavior in
vitro, because little is known about their properties in vivo. Although this does
not necessarily hinder their application for the treatment of severe diseases or
for the replacement of damaged tissues, it is clear that a comprehensive under-
standing of their biology is required to achieve maximal benefits. The task will
not be easy, because at present, tracking the fates of ex vivo manipulated MSCs
after their systemic delivery in animal models may lead to skewed results. In
vitro manipulation seems to alter the original properties of the cells. The lack
of definitive markers also does not allow the direct observation of MSCs in
situ, so that putative MSCs should be functionally characterized in vitro prior
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to their use in the experiments. Ultimately, concrete data indicating that MSCs
are present in multiple adult tissues together with findings suggesting the exis-
tence of a perivascular niche for mesenchymal precursors will help us to better
understand the role of the mesenchymal stem cell in vivo and consequently
will help in the development of more efficient strategies to treat a wide range
of diseases.
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Abstract Postinfarction congestive heart failure with impaired systolic left ventricular func-
tion is a loss of cardiomyocyte disease. Adult stem or progenitor cells from the bone marrow
and the peripheral blood have been experimentally shown to differentiate towards endothe-
lial cells and cardiomyocytes under the appropriate conditions. The use of autologous adult
stem cells for neovascularization and cardiac regeneration is a promising concept and
has shown benefit in pilot clinical trails enrolling postinfarction patients with coronary
artery disease. Cell therapy may act through differentiation into and thus replacement
of cardiomyocytes and/or neovascularization, the formation of new vessels in the adult
organism. Moreover, the release of factors acting in a paracrine manner may contribute
to neovascularization and scar remodelling. In this review, the experimental data regard-
ing neovascularization and cardiomyocyte formation from adult stem/progenitor cells are
discussed.

Keywords Endothelial progenitor cells - Neovascularization - Adult stem cells -
Cardiomyogenesis - Cardiac regeneration



284 C. Badorff - S. Dimmeler

1
Introduction

Coronary artery disease and its sequelae, myocardial infarction and congestive
heart failure, are major causes of mortality in industrialized nations. Myocar-
dial infarction leads to a loss of cardiomyocytes, the contracting cells in the
heart. Cardiomyocytes as terminally differentiated cells have a very limited
ability to divide and hence the mammalian heart has a poor regenerative ca-
pacity and heals infarcts through scar formation. Fibrotic scars, however, are
dysfunctional tissue since they are noncontracting and potentially prone to
arrhythmia formation (Tomaselli and Zipes 2004). Thus, congestive heart fail-
ure with impaired systolic left ventricular function is now viewed as a loss of
cardiomyocyte disease (Schneider 2004).

Although a number of pharmacological therapies, namely beta-blockers
and inhibitors of the renin-angiotensin-aldosterone system, have been con-
clusively shown in large randomized clinical trials to improve symptoms and
prognosis in patients with congestive heart failure, these drugs ameliorate
rather than cure the disease (McMurray et al. 2004). In particular, no phar-
macological substance to date has been shown to result in neovascularization
or regeneration of cardiomyocytes, which would represent a causative therapy
of congestive heart failure. Therefore, over the last years biological therapies
aiming to repair and regenerate the failing heart have gained considerable
scientific and public interest.

In particular, the use of stem or progenitor cells from a number of different
sources, including but notlimited to the bone marrow and the peripheral blood,
for the purpose of neovascularization and cardiac regeneration is a promising
biological concept and has shown clinical benefit in pilot clinical trails (Assmus
et al. 2002; Strauer et al. 2002; Wollert et al. 2004). Cell therapy may act through
anumber of possible mechanisms which remain to be identified in man, but two
prominent concepts, based on a wealth of experimental data, are that these cells
may regenerate the heart through a differentiation into and thus replacement
of cardiomyocytes and/or neovascularization, the formation of new vessels
in the adult organism. Moreover, the release of factors acting in a paracrine
manner may contribute to neovascularization and scar remodelling.

2
Neovascularization

Adult blood vessel formation occurs through arteriogenesis, angiogenesis or
vasculogenesis (Carmeliet 2000). Arteriogenesis describes the growth of col-
lateral vessels, whereas angiogenesis refers to the growth of new capillaries by
sprouting of pre-existing vessels through migration and proliferation of mature
endothelial cells. Recent studies suggested that vasculogenesis can also con-
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tribute to postnatal neovascularization after ischaemia (Asahara et al. 1997).
Vasculogenesis includes the mobilization of bone marrow-derived progenitor
cells, which home to sites of ischaemia and contribute to new blood vessel for-
mation (Carmeliet 2000). The finding that vasculogenesis also contributes to
postnatal neovascularization offers novel therapeutic strategies for the use of
bone marrow-derived or ex vivo cultivated circulating endothelial progenitor
cells for cell therapy of tissue ischaemia.

Endothelial precursor cells (EPCs) can be grown from purified populations
of CD34" or CD133* haematopoietic cells, purified CD14* monocytes or total
peripheral blood mononuclear cells (MNCs) (Asahara et al. 1997). Cultivated
EPCs grown from different starting populations have been shown to express
endothelial marker proteins such as von Willebrand factor, VEGF-receptor 2
(KDR), VE-cadherin, CD146, CD31 and eNOS (Asahara et al. 1997; Gehling
et al. 2000; Kalka et al. 2000). Moreover, these cells were characterized by their
functional capacity to form endothelial cell colonies and improve neovascu-
larization in animal models of hind limb ischaemia and myocardial infarction
(Kalka et al. 2000; Kawamoto et al. 2001; Kocher et al. 2001; Urbich et al. 2003).

Moreover, a recent clinical study suggests that intracoronary infusion of
blood-derived EPCs or BMC can be used to improve coronary flow reserve
and cardiac function in patients after acute myocardial infarction (Assmus
et al. 2002). However, it is not clear at present to what extent the cell-mediated
improvement of cardiac function in patients after acute myocardial infarction
is due to an effect on vascularization (Assmus et al. 2002; Strauer et al. 2002;
Wollert et al. 2004).

The number of bone marrow-derived incorporated cells in newly formed
capillaries varies in the literature. Whereas several studies showed that up
to 50% of the newly generated capillaries derive from bone marrow-derived
cells, other studies failed to show an incorporation of circulating cells in the
endothelial lining (for review see Urbich and Dimmeler 2004). This variation
may reflect differences in experimental models (e.g. mice strains, tumours vs
ischaemia, extent of injury, etc.). Despite a minor physical incorporation of
cells in some models, clearly all studies showed a significant improvement
of neovascularization after infusion of different progenitor cell populations.
These data suggest that progenitor cells may act via an additional mechanism,
which may include the release of growth factors acting in a paracrine manner
(Heil et al. 2004).

3
Cardiac Repair

Numerous studies have experimentally addressed the potential of bone mar-
row-derived stem cells to differentiate into the cardiomyogenic lineage, partly
with conflicting results. Here, we will review the current knowledge on the dif-
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ferentiation of bone marrow-derived stem or progenitor cells into cardiomy-
ocytes. As a comparison to these adult cells, we will briefly discuss the results
obtained with embryonic stem cells.

3.1
Differentiation of Embryonic Stem Cells into Cardiomyocytes In Vitro

Embryonic stem (ES) cells are derived from the inner cell mass or epiblast of
preimplantation embryos and can be infinitely propagated in cell culture in an
undifferentiated state. Induced by a change in the cultivation conditions, the
so-called hanging drop technique, embryonic stem cells aggregate and form
embryoid bodies, an early embryonic tissue with portions of all three germ
layers.

Within an embryoid body, embryonic stem cells spontaneously differenti-
ate into cardiomyocytes, which constitute approximately 5%-10% of all cells
within an embryoid body (Wobus et al. 1991). Functionally active cardiomy-
ocytes have been generated from mouse as well as human ES cells (Kehat
et al. 2001; Boheler et al. 2002). ES cell-derived cardiomyocytes show macro-
molecular sarcomeric organization, calcium sparks, ionic currents, functional
and anatomical integration with surrounding cardiomyocytes, propagation of
electrical activity as well as pacemaker activity (Sauer et al. 2001; Boheler
et al. 2002; Kehat et al. 2002, 2004). Collectively, these data demonstrate that
ES cells spontaneously differentiate into fully functionally active, foetal-like
cardiomyocytes in vitro.

Although these in vitro data would suggest that ES cells are ideal candidates
for in vivo cardiac repair, animal studies have shown a dose-dependent in-
cidence of tumour formation, in particular teratocarcinoma formation, after
transplantation of ES cells into mice (Erdo et al. 2003). Therefore, the safety of
ES cell transplantation into rodents and man remains an unsolved question to
date.

3.2
Differentiation of Adult Stem and Progenitor Cells into Cardiomyocytes In Vitro

Due to safety concerns and legal restrictions in many countries, researchers
have focussed on the potential of adult bone marrow-derived stem or progen-
itor cells to differentiate into the cardiomyogenic lineage.

In contrast to ES cells, adult stem or progenitor cells do not spontaneously
differentiate into cardiomyocytes but rather require an adequate stimulus to
do so. Over the past few years, it has become apparent that the local mi-
croenvironment determines the cell fate of adult stem cells (Blau et al. 2001).
Therefore, a co-culture technique was developed where stem or progenitor cells
are cultured together with rat neonatal ventricular cardiomyocytes in order
to simulate a cardiac-like surrounding in vitro (Condorelli et al. 2001). Many
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researchers have used such a co-culture system to induce differentiation of
adult stem or progenitor cells from various species and organs (summarized
in Table 1). Indeed, several studies demonstrated that the physical contact
with and the beating of neighbouring cardiomyocytes is indeed required for
the differentiation process to occur (Badorff et al. 2003; Iijima et al. 2003;
Rangappa et al. 2003a). Alternatively, the nonspecific transcriptional activator
5'-azacytidine or the neurohormone oxytocin have been employed to induce
differentiation (Table 1).

Itis important to note that in most in vitro studies the adult stem/progenitor
cell-derived cardiomyocyte-like cells showed varying morphological, genetic,
biochemical, structural and functional aspects of cardiomyocytes but were not
fully mature and functionally competent adult cardiomyocytes. This indicates
thatin vitro the co-culture technique, albeit effective to initiate cardiomyogenic

Table 1 In vitro cardiomyogenic differentiation of adult stem/progenitor cells

Species Model Cells Comment Reference

Mouse Co-culture Foetal aortal Condorelli
mesangioblasts etal. 2001

Mouse 5'-Azacytidine Bone marrow Cells express Hakuno et al.

mesenchymal stem

functional adrenergic

2002; Makino

cells and muscarinic etal. 1999
receptors
Mouse  Oxytocin Cardiac Sca-17" cells Matsuura
et al. 2004a
Mouse  Co-culture Skeletal muscle cells Cardiomyocyte lijima et al.
beating necessary for 2003
differentiation
Rat Co-culture Hepatic stem cell line Muller-Borer
(WB F344) et al. 2004
Rabbit  Co-culture Fatty tissue Rangappa
mesenchymal cells et al. 2003b
Human Co-culture Circulating endothelial Healthy controls and  Badorff et al.
progenitor cells and coronary artery 2003; Rupp
CD34* cells disease patients et al. 2004
Contact with
cardiomyocytes
necessary for
differentiation
Human Co-culture Bone-marrow Contact with Rangappa
mesenchymal cells cardiomyocytes neces- et al. 2003a
sary for differentiation
Human 5-Azacytidine Bone-marrow Xu et al. 2004

mesenchymal cells
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differentiation, is not sufficient for full cardiomyocyte maturation. In this
regard, ES cell-derived cardiomyocytes are superior to adult stem/progenitor
cell-derived cardiomyocyte-like cells.

33
Molecular Mechanisms of Cardiomyogenic Stem Cell Differentiation

In most in vitro systems, the percentage of adult stem/progenitor cells differ-
entiating into cardiomyocytes is rather low (Badorff et al. 2003). Therefore,
attempts have been made to understand the underlying molecular mecha-
nisms and, in particular, to identify extracellular ligands which enhance or are
in themselves sufficient to induce cardiomyogenic differentiation (summarized
in Table 2).

Initial studies used chicken precardiac mesodermal cells, a classical system
to study cardiovascular development, and the long-established P19 mouse
embryonic carcinoma cell line. These studies have identified a variety of
molecular signals and pathways, including bone morphogenic proteins, oxy-
tocin, the noncanonical Wnt signalling pathway and fibroblast growth fac-
tors, amongst others, which modulate cardiomyogenic differentiation (Lough
et al. 1996; Schultheiss et al. 1997; Pandur et al. 2002; Paquin et al. 2002;
van der Heyden and Defize 2003; Terami et al. 2004). Likewise, in embryonic
stem cells, a platelet-derived growth factor was identified as cardiomyocyte
differentiation-enhancing factor (Sachinidis et al. 2003).

While this role of oxytocin and platelet-derived growth factor was confirmed
in experimental systems using adult stem and progenitor cells (Matsuura et al.
2004a; Xaymardan et al. 2004), the role of many other factors remain elusive
in the differentiation process of adult stem or progenitor cells into cardiomy-
ocytes. Although it is now clear that cardiomyogenic differentiation is a mul-
tifactorial biological process, the precise molecular orchestration regulating
this phenotypic change in the adult organism remains poorly understood. This
puzzle will be of prominent scientific interest in the future.

34
Differentiation Versus Cellular Fusion

The biological concept of adult stem or progenitor cell plasticity with the
cellular ability to change the phenotype at the single-cell level (single cell-
transdifferentiation) was recently challenged by the experimental observation
that adult stem cells can fuse with other cells and thereby adopt a novel phe-
notype just mimicking single-cell differentiation. In fact, several reports ques-
tioned the plasticity of adult bone marrow cells or described cardiomyogenic
differentiation as an extremely rare event (Balsam et al. 2004; Murry et al.
2004).
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Table 2 Extracellular signals inducing cardiomyogenic differentiation

Species  Cells Treatment Comment Reference
Mouse  Bone marrow 5'-Azacytidine  Nonspecific Makino et al.
mesenchymal stem transcriptional ~ 1999; Hakuno
cells activation et al. 2002
Mouse  Adult cardiac Sca-1*  5'-Azacytidine  Nonspecific Oh et al. 2003,
cardiac progenitor transcriptional 2004
cells activation
Mouse P19 embryonic DMSO reviewed in van
carcinoma cells BMPs der Heyden and
Defize 2003
Mouse  Cardiac Sca-17" cells Oxytocin Matsuura et al.
2004a
Mouse P19 embryonic Oxytocin Paquin et al. 2002
carcinoma cells
Mouse = Mononuclear bone PDGF-AB Xaymardan et al.
marrow cells 2004
Mouse  Embryonic stem cells PDGF-BB Sachinidis et al.
2003
Mouse P19 embryonic Wntll Activation of Pandur et al. 2002;
carcinoma cells noncanonical Terami et al. 2004
Wnt pathway
Human Bone marrow Insulin, dexam- Shim et al. 2004
mesenchymal stem ethasone and
cells ascorbic acid
Human Adipose tissue stem Nuclear and Adipose Gaustad etal. 2004
cells cytoplasmic tissue stem cells

extracts ofrat  reversibly
cardiomyocytes permeabilized

Chicken Precardiac mesoderm FGF-4 and Lough et al. 1996
BMP-2

Chicken Precardiac mesoderm BMP-2 and Schultheiss et al.
BMP-4 1997

The observation of cellular fusion between stem cells and other cell types
was initially made for cell types other than cardiomyocytes, namely, hepa-
tocytes and neurons (Ying et al. 2002; Wang et al. 2003), but several groups
have now reported cellular fusion between bona-fide cardiomyocytes and bone
marrow-derived cells in cell culture (summarized in Table 3). While all these
studies were performed with murine bone marrow cells, it is less clear whether
fusion also occurs with human cells. Initial results from our group (S. Dim-
meler, unpublished results) indicate that human circulating progenitor cells
can indeed fuse with rat neonatal cardiomyocytes upon co-culture in vitro.
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Table 3 Fusion between cardiomyocytes and other cell types

Species  Model Cells Comment Reference

Mouse  Co-culture with rat Bone marrow cells Matsuura et al.
neonatal cardiomyoyctes 2004b

Mouse  Adult mouse heart, Bone marrow cells Nygren et al. 2004
myocardial infarct

Mouse  Co-culture with rat Bone marrow cells Alvarez-Dolado
neonatal cardiomyocytes et al. 2003

Mouse  Adult mouse heart, Adult cardiac Oh et al. 2003
myocardial infarct Sca-1* cardiac

progenitor cells

Human  Adult SCID mouse heart, Peripheral blood Zhang et al. 2004

myocardial infarct CD34* cells

Interestingly, single cell differentiation and cellular fusion are not mutu-
ally exclusive, but can rather both occur and contribute roughly equally to
the phenotype observed in one experimental system (Oh et al. 2003, 2004).
Additionally, the rate of fusion events between stem cells and other cells types
in well below 1% (Ying et al. 2002; Wang et al. 2003), a value too low to
explain the reported differentiation rate in co-culture experiments (Badorff
et al. 2003). Furthermore, by co-culturing human circulating progenitor cells
with paraformaldehyde-fixed cardiomyocytes, we were able to demonstrate
that cardiomyogenic differentiation can occur independent of a fusion event
(Badorff et al. 2003). However, for many experimental reports, it remains to be
determined to which degree single cell differentiation and fusion contribute
to the cardiomyogenic phenotypic change.

35
Differentiation of Stem and Progenitor Cells into Cardiomyocytes in Animal Models

Following the observation that bone marrow cells can differentiate into car-
diomyocytes in vitro, this question was addressed in animal models of myocar-
dial ischaemia or myocardial infarction (summarized in Table 4). Myocardial
infarction was either induced by cryoinjury to the left ventricular free wall
or ligation of the left anterior descending coronary artery. Introduction of
the syngenic bone marrow cells into the animal undergoing myocardial in-
farction was accomplished either by prior bone marrow transplantation or
direct intracardiac injection into the peri-infarct border zone following my-
ocardial infarction. The population of bone marrow cells used varied among
the different studies, as depicted in Table 4.

Despite these differences in the experimental design and the type of cell used
for transplantation, various groups have reported the occurrence of cardiomy-
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Table 4 In vivo differentiation towards cardiomyocytes observed
Species Model Cells Comment Reference
Mouse Myocardial ~Whole bone marrow Bone marrow Kawada
infarct transplantation et al. 2004
Mobilization with
G-CSF
Mouse Myocardial  Lin~ c-kit" cardiac stem Beltrami
ischaemia cells et al. 2003
Mouse Myocardial ~ Adult peripheral blood Yeh et al.
infarct CD34+ cells 2003
Mouse Myocardial —Bone-marrow Lin~ c-kit*  Improved LV Orlic et al.
infarct cells haemodynamics 2001
Mouse Myocardial =~ Bone marrow cells (not Bone marrow Kuramochi
infarct specified) transplantation et al. 2003
Mouse Myocardial =~ Bone-marrow Lin~ cells Kudo et al.
infarct and mesenchymal cells 2003
Mouse Myocardial ~ Side population cells Bone marrow Jackson
infarct (CD347 1% cKit*, transplantation et al. 2001
Sca-1%)
Mouse Ischaemia/  Adult cardiac Sca-1* Genetic cell-fate Ohetal.
Reperfusion cardiac progenitor cells tracking 2003
SCID  No infarct Human bone-marrow Toma et al.
mouse mesenchymal cells 2002
SCID  Myocardial Human peripheral blood Zhang et al.
mouse infarct CD34* cells 2004
Rat Myocardial ~ Bone marrow cells ex Intracardiac injection ~ Tomita
infarct vivo pretreated with Improved systolic etal. 1999
5'-Azacytidine blood pressure
Pig Myocardial ~ Bone marrow cells ex Intracardiac injection ~ Tomita
infarct vivo pretreated with Improved LV et al. 2002
5'-Azacytidine haemodynamics

ocyte formation in the heart from the transplanted bone marrow cells. These
studies were predominantly performed in mice, but confirmed in rats and
pigs, suggesting that cardiomyogenic differentiation can occur across different
species (Table 4). Cardiomyocyte differentiation was demonstrate predomi-
nantly by the expression and organization of sarcomeric proteins using im-
munohistological techniques (all references in Table 4) and, in some instances,
ultrastructural analyses (Kawada et al. 2004). One study confirmed these results
using a genetic cell fate tracking system based on a Cre/Lox donor/recipient

pair (alphaMHC-Cre/R26R) (Oh et al. 2003).
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Importantly, in some studies an improvement of left ventricular function
was observed, indicating a “biological repair” of infarcted hearts (Tomita et al.
1999, 2002; Orlic et al. 2001; Kawamoto et al. 2003).

Taken together, these studies suggest that cardiomyocyte differentiation
can occur in vivo from various bone marrow cell populations, albeit at varying
frequency depending on the exact cell type and experimental condition used.

3.6
No Differentiation of Stem and Progenitor Cells into Cardiomyocytes in Animal
Models

The plasticity of haematopoietic stem cells remains controversial because such
plasticity could not be demonstrated in all experiments (Wagers et al. 2002;
Wagers and Weissman 2004). In detail, the transdifferentiation of circulating
haematopoietic stem cells and/or their progeny was described as an extremely
rare event, if it occurs at all (Wagers et al. 2002).

With regard to cardiomyogenic differentiation of bone marrow-derived
stem cells in intact animals, the referenced positive results depicted in Table 4
could not be reproduced by other groups. A number of recent publications in
which no in vivo differentiation of bone marrow-derived cells into cardiomy-
ocytes could be demonstrated are shown in Table 5.

Table 5 No in vivo differentiation towards cardiomyocytes observed

Species Model Cells Comment Reference
Mouse Myocardial —Lin~ c-kit* Transplantation into Murry et al.
infarct Lin~ c-kit* Sca-1* bone peri-infarct zone and 2004
marrow cells bone marrow trans-
Unfractionated bone plantation
marrow cells Genetic cell fate
tracking
Mouse Myocardial ~ Unfractionated bone Bone marrow Nygren
infarct marrow cells transplant and direct et al. 2004
Lin~ c-kit™ bone marrow intracardiac injection
cells Genetic cell fate
tracking
Mouse Myocardial — Lin~ c-kit* bone marrow  Transplantation into Balsam
infarct cells peri-infarct zone and et al. 2004

c-kit* Thyl1.1" Lin~ Sca-  parabiotic mice
1* long-term reconstitut-  Genetic cell fate
ing haematopoietic stem tracking

cells

Human Athymic Human mobilized CD34"  Neovascularization Kocher
nude rat cells observed etal. 2001
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3.7
Possible Explanations for the Divergent Experimental Results

At present and as discussed in the above-referenced manuscripts, it is not clear
what the exact causes of the different experimental results are. One possibility
is that the genetic cell fate tracking techniques are more stringent and thus
less prone to false positive results when compared to immunohistological de-
tection systems. In particular, the genetic techniques are able to distinguish
cellular fusion (which was detected in at least two studies: Nygren et al. 2004;
Zhang et al. 2004) from differentiation at the single cell level. However, even
genetic tagging of differentiation and/or fusion events requires subsequent im-
munohistological staining and detection in the adult heart. Alternatively, it is
conceivable that methodological differences in the isolation, purification, char-
acterization and injection of the cells used are responsible for the discrepant
experimental results obtained. The level of expertise with regard to these so-
phisticated techniques may indeed vary between individual laboratories. This
issue remains unsolved at present but definitely warrants further investigation.
It appears conceivable that differences in cell handling may influence epige-
netic reprogramming such as histone modifications or DNA methylation, both
of which are important parameters of early lineage decisions in mammalian
cells (Morgan et al. 2005).

Importantly, bone marrow-derived stem cells do not necessarily need to dif-
ferentiate themselves into cardiomyocytes to result in cardiac repair following
myocardial infarction. An alternative concept is that these cells, through the
local production of cytokines and growth factors, augment the endogenous
cardiac repair program, either through the recruitment of and cardiomyo-
genic differentiation of cardiac stem cells or the proliferation of bona-fide
cardiomyocytes at the sites of injury. Indeed, induction of proliferation and
regeneration of endogenous cardiomyocytes was observed in an athymic rat
model of myocardial infarction following transplantation of human CD34*
stem cells mobilized from the bone marrow (Schuster et al. 2004). In line with
this concept, circulating human endothelial progenitor cells produce a variety
of cytokines known to be important for the biology of vascular and cardiac cells
(S. Dimmeler, unpublished observation). It is noteworthy that such a mode of
action may explain the observed improvement of left ventricular function in
patients with acute myocardial infarction following autologous transplanta-
tion of at most a few million CD34" cells in clinical trials (Assmus et al. 2002;
Strauer et al. 2002; Wollert et al. 2004).

4
Summary

In summary, a growing body of experimental evidence suggests that bone
marrow-derived stem cells can, under the appropriate conditions, differentiate
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into cardiomyogenic cells in cell culture and also fuse with cardiomyocytes.
In intact animal model systems, this issue still remains controversial but dif-
ferentiation probably also can occur at a low frequency. Alternative modes of
action, such as an augmentation of the endogenous cardiac repair program, are
just beginning to be explored. Ultimately, the mechanisms of cellular therapies
will have to be identified in humans to understand the benefits observed in
early clinical trials. Such an understanding would greatly advance the field of
cardiac repair therapy, one of the most dynamic fields in modern cardiology.
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Abstract More than a century after the initial description of muscular dystrophy, no curative
treatment is currently available. To date, clinical trials with myogenic stem cell transplan-
tation have met with only modest success. There are multiple factors behind these failures,
yet they provide powerful insights for improvement. In this chapter, we review the different
myogenic stem cell populations that have been reported to be potential vectors for the
treatment of myopathies in a context of regenerative medicine.
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1
Introduction

Muscular dystrophies form a heterogeneous group of neuromuscular disor-
ders, characterized by a progressive muscle weakness resulting in ambulatory
deficiency that leads to death by respiratory insufficiency in some cases (Blake
et al. 2002; Emery 2002; Nishino and Ozawa 2002). Furthermore, muscle fiber
necrosis, chronic inflammation, and muscle wasting due to the exhaustion of
the pool of muscle progenitor cells, the satellite cells, are commonly observed
(for a review see Dalkilic and Kunkel 2003). Although muscular dystrophies
were described more than 150 years ago, therapies remain only supportive
rather than curative.

Recently, the field of regenerative medicine has exploded following the
discovery of stem cells possessing an exceptional capacity for growth and dif-
ferentiation. Stem cells present in a variety of tissues are capable of generating
blood, liver, heart, skin and muscle. The use of stem cells for the treatment of
myopathies provides significant advantages: it offers the possibility to deliver
cells containing a normal genome and to potentially replenish the number of
myogenic cells, thereby reducing muscle wasting. However, the successful use
of stem cells as a treatment for myopathies has yet to be demonstrated.

In this chapter, we review the literature pertaining to the different myogenic
stem cell populations that have been reported and could potentially be used
for the treatment of myopathies in the context of regenerative medicine.

2
Muscle Regeneration

To fulfill its role of contraction, adult skeletal muscle tissue is comprised of
multinucleated basic contractile units, the myofibers, that are in contact with
motor neurons. The myofiber is surrounded by a basal lamina and grouped
into bundles within the perimysium to form a skeletal muscle that is itself
contained by the epimysium (for a review see Charge and Rudnicki 2004). A vast
network of capillaries is also found tightly associated and oriented between the
myofibers as muscle requires a high level of energy consumption. Localized
beneath the basal lamina of myofibers is a population of quiescent muscle
progenitor cells, the satellite cells, that are required for muscle maintenance.
Recently, our laboratory has described an important role for Pax7, a paired
box transcription factor, in the specification of satellite cells (Seale et al. 2000).
Our studies revealed that Pax7~/~ mice display a markedly reduced number
of satellite cells. Consequently, Pax7~/~ adult mice display tremendous muscle
wasting, with a striking impairment for regeneration following injury. Other
reports suggest that Pax7 might also be involved in the self-renewal of satellite
cells. Indeed, neonatal-derived satellite cells from Pax7~/~ mice display poor
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proliferative capacity in vitro (Olguin and Olwin 2004). Myofibers within adult
skeletal muscle tissue are generally mitotically quiescent, as demonstrated by
the low turnover of myonuclei. According to Schmalbruch and Lewis, only 1-
2% of the myonuclei are replaced every week under physiological conditions
(Schmalbruch and Lewis 2000).

However, muscles that are injured following intensive exercise or trauma,
display a rapid and high capacity to regenerate. Muscle regeneration is made
up of two main phases.

The magnitude of the first phase is determined by the severity of the dam-
age. Following muscle injury, degeneration of the tissue is characterized by
the presence of necrosed myofibers that release chemotaxic agents inducing
inflammatory cell recruitment to the wounded site. Hence, leukocytes present
in the circulation adhere to the endothelium, penetrate the tissue and migrate
to the site of injury (Gute et al. 1998; Figarella-Branger et al. 2003). The pri-
mary inflammatory response occurs within a few hours and reaches a plateau
4 days after injury. This plateau is maintained for the next 3 days and decreases
slowly, disappearing after 14 days (Grenier, unpublished observations). The
function of inflammatory cells is to phagocytose cell debris and because of
their presence, a wide variety of cytokines are secreted, initiating the second
phase of the regeneration process.

The second phase of muscle regeneration concerns de novo formation of
myofibers. Itis characterized by the activation of satellite cells and the differen-
tiation of their daughter cells. During the inflammatory response, mitotically
quiescent satellite cells become activated, cross the basal lamina and migrate
to the site of injury (Bischoff 1997). At the site of injury, the satellite cells pro-
liferate and their descendants, the myogenic precursor cells (MPCs), undergo
multiple rounds of division prior to fusing with existing or new myofibers
(Fig. 1).

Activation of satellite cells is characterized by the initial upregulation of two
members of the myogenic regulatory factor family (MRFs), Myf5 and MyoD.
Normally, these MRFs are expressed at low levels in satellite cells, but highly
expressed during the activation and subsequent proliferation stage of MPCs
following muscle injury. Developmental analysis revealed that Myf5 and MyoD
knockout mice are viable and display no muscle abnormalities in normal adult
mice (Kablar and Rudnicki 2000), but MyoD '~ mice display lower regenerative
abilities (Megeney et al. 1996). Moreover, cultured primary myoblasts derived
from MyoD ™/~ mice display a higher proliferative capability and lower index of
fusion compared to wild type cells, suggesting a differentiation role for MyoD
(Sabourin et al. 1999). The role of Myf5 is more complex, with several lines
of evidence implicating it in the self-renewal of satellite cells. For example,
when human satellite cells or C2C12 cells (a murine cell line) are induced
to differentiate, a small population of undifferentiated Myf5*/MyoD~ cells
persist and retain the capacity to self-renew and to give rise to differentiation-
competent progeny (Baroffio et al. 1996; Yoshida et al. 1998).
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Fig. 1 Schematic diagram of muscle regeneration with satellite cells. Muscle regeneration
is characterized by the activation of the quiescent satellite cells beneath the basal lamina
of the myofibers after muscle injury. This activation is due in part by the presence of
cytokines secreted by inflammatory cells. Most of the activated satellite cells or myogenic
progenitor cells (MPCs) proliferate and fuse to newly formed multinucleated myofibers.
Others replenish the pool of satellite cells within skeletal muscle tissue

At the end of their proliferation phase, MPCs initiate a program of differ-
entiation leading to the formation of myotubes/myofibers. At this point, two
other important MRFs, myogenin and MRF4, are upregulated and the cell
cycle is arrested via the hypophosphorylation of pRb (Corbeil and Branton
1997; Huh et al. 2004). This is followed by the expression of a myriad of pro-
teins promoting the specific differentiation and fusion of MPCs. The resulting
fusion between MPCs leads to the formation of multinucleated cells, called
myotubes or myofibers. At the end of its maturation, differentiated myotubes
will express a large quantity of myosin heavy chain (MHC) that interacts with
actin, allowing the contraction of multinucleated myotubes.

To accomplish fusion, semi-stable intercellular junction structures that me-
diate cell-cell adhesion and regulate intracellular cytoskeleton architecture
are required. Cell-cell interactions are promoted by the cadherin family of
transmembrane proteins (see review by Geiger and Ayalon 1992; Kaufmann
et al. 1999). Muscle-specific M-cadherin is thought to be essential for MPC fu-



The Potential Use of Myogenic Stem Cells in Regenerative Medicine 303

sion because it is almost exclusively expressed in developing and regenerating
skeletal muscles, as well as in skeletal muscle cell lines and in satellite cells
cultured in vitro (myoblasts) (Rose et al. 1994; Kaufmann et al. 1999). In vitro
its expression is upregulated during the first phase of cell differentiation and
downregulated after myofiber formation, suggestive of a key role during the fu-
sion process (Donalies et al. 1991). However, the central role for M-cadherin in
myoblast fusion has recently been revised by the generation of an M-cadherin
targeted gene disruption in mice (Hollnagel et al. 2002). M-cadherin™~ mice
developed normal skeletal musculature and exhibited normal kinetics of mus-
cle regeneration (Hollnagel et al. 2002). The discrepancy between the in vitro
results and those obtained in vivo may be due to a compensatory mechanism
in the M-cadherin™~ mice. Indeed, it appears that other cadherins present in
skeletal muscle, particularly N-cadherin and R-cadherin, might substitute for
M-cadherin function (Charlton et al. 1997; Hollnagel et al. 2002).

3
Myogenic Stem Cells

Stem cells participate in organ development within embryos and contribute
to tissue healing within adults. During tissue regeneration, adult stem cells
that are normally quiescent became activated. From a low number of stem
cells residing within tissues, a high number of daughter cells emerge and
commit to a specific cell lineage, whilst some return to a quiescent state in
order to maintain the pool of stem cells. This essential feature corresponds to
the self-renewing character of stem cells, allowing their continuity during life
expectancy (Fig. 2).

Although their plasticity remains controversial, their potential differentia-
tion is defined by four categories:

1. Totipotent stem cells are able to give rise to the three germ layers, the
placenta (trophoblast), and the primordial germ cells.

2. Pluripotent stem cells can give rise only to all three germ layers.

3. Multipotent stem cells can also give rise to various cell types of only one
germ layer but not to the trophoblast.

4. Progenitor, or committed stem cells, can give rise only to a tissue-specific
cell type.

No totipotent stem cells have been found within adult tissues. However, it is
possible to establish totipotent stem cell lines from adult differentiated cells by
using nuclear transfer technology (Kato et al. 2004).

For many years, it was thought that the only source of myogenic stem cells
presentin the muscle were the satellite cells. However, with the use of techniques



304 G. Grenier - M. A. Rudnicki

Muscle derived myogenic stem cells

\.e

Satellite cells

Pre-plate (Sca-17CD34™)
Sca-17CD34+"
Embryonic Sca-11Flk-17
mSP

Sca-17CD45%

Dermal fibroblasts
Bone marrow
BM-SP
Mesoangioblasts

/

Non-muscle derived myogenic stem cells

Forced differentiation

Fig. 2 Schematic diagram showing potential contribution of myogenic stem cells to muscle
regeneration. Myogenic stem cells are muscle or nonmuscle-derived. The most important
source of myogenic stem cells originates from the satellite cells. Cells infected with MyoD
or treated with galectin-1 can be forced to differentiate

such as flow cytometry and cell culture methodology, it has become possible to
fractionate the tissue and to identify other potential myogenic stem cells. These
resident or muscle-derived stem cells (MDSCs) showcase a broad potential of
differentiation, suggesting that some are multipotent rather than committed
to the muscle lineage. The existence of nonmuscle-derived stem cells have also
been described that participate in myogenesis or do so under forced conditions.

3.1
Muscle-Derived Myogenic Stem Cells

3.1.1
Satellite Cells

As mentioned, satellite cells are the most important source of adult myo-
genic stem cells within skeletal muscle. When satellite cells are isolated from
skeletal muscle and cultured in vitro, we defined them as primary myoblasts.
Interestingly, primary myoblasts display some plasticity and are capable of
differentiating into other cell types when induced to do so. Indeed, we and oth-
ers have demonstrated that primary myoblasts in culture can express ppary2
and C/EBPa, CBFal, and MyoD and Myf5, representing the master genes
that regulate adipogenic, osteogenic and myogenic differentiation, respec-
tively (Asakura et al. 2001). This implies that satellite cells are not committed
progenitors, but rather multipotent stem cells (Asakura et al. 2001; Wada et al.
2002; Komaki et al. 2004).
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Primary myoblasts can provide a ready source of cells for cell therapy and
tissue engineering applications because they are numerous and easily obtained
from a small biopsy. The injection of myoblasts into muscles is known as
myoblast transplantation therapy (MTT). In the late 1970s, Partridge et al.
set the basis for myoblast transplantation, making the first successful myoblast
transplantation in mouse (Partridge et al. 1978). Wild type myoblasts were able
to generate dystrophin positive myofibers in mice lacking the dystrophin gene,
the mdxmouse, used as a model for studying muscular dystrophy (Morgan etal.
1988; Partridge et al. 1989). More recently, other groups have used MTT in other
mouse models for muscular dystrophy, showing merosin and dysferlin positive
myofibers in deficient mice (Vilquin et al. 1996; Leriche-Guerin et al. 2002).

MTT with other animal models has not been as successful, thus highlighting
serious limitations of this procedure for human applications. One of the limita-
tions is due to the low migration ability of myoblasts in muscle recipients. For
example, in a careful experiment conducted with monkeys, results showed that
injection of myoblasts every millimeter in muscle tissue allows about 25%-65%
of donor cell-myofiber integration (Skuk et al. 2002). If injections were made
every 2 mm, this percentage fell to 5%-15%. Positive myofibers were present in
muscle biopsy for up to 12 months following their transplantation as long as an
effective immunotherapy was maintained (Skuk et al. 2002). One approach to
circumvent this problem was to pretreat host muscle with metalloproteinases
(MMPs) (Torrente et al. 2000). In this way, the modification of the extracellular
matrix significantly improved the migration and the fusion of donor myoblasts
within host muscle (Torrente et al. 2000).

Another drawback to MTT is that microinjection causes an acute immuno-
logical response by the host such that over 90% of donor myoblasts are elim-
inated within 1 h (Beauchamp et al. 1997), the majority being killed within
minutes following transplantation (Hodgetts et al. 2000). Possible factors and
pathways causing the rapid and massive death have been recently reviewed by
Smythe et al. (2000,2001). The host immune response is thought to act through
three main pathways. The first might be due to the presence of pre-existing
“natural” host antibodies, inducing a proteolytic cascade of the complement
system, which ultimately leads to the rapid lysis of the donor cells. The second
is represented by direct interaction with host T cells through expression by
donor myoblasts of cell-surface molecules. As an example, recognition of the
major histocompatibility complex (MHC) results in a direct interaction with
the host CD4" helper T cells. The third is the indirect activation of host T cells
by the binding of cell-surface molecules to the host antigen-presenting cells,
which present donor antigen to host T cells.

An important point to address for MTT is whether a genetically deficient
myofiber be functionally restored by a donor nucleus from an MTT proce-
dure. For example, gene complementation produced by the fusion of normal
myoblasts to a dystrophin-deficient myofiber does not ensure expression of
dystrophin throughout the myofiber. In fact, most intracellular proteins coded
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by a single nucleus in a myofiber remain localized to a region known as the
nuclear domain (Pavlath et al. 1989). This restriction depends on three main
factors. One is a physicochemical constraint that is linked to the diffusion
ability of a protein throughout its environment. The second restriction is that
some diffused proteins will remain anchored with other components of the my-
ofiber. Finally, nRNA will diffuse only 100 pm from the nucleus that expresses
it within a myofiber (Hall and Ralston 1989; Ralston and Hall 1992). For exam-
ple, cultured myoblasts from normal mice and transgenic mice overexpressing
50-fold dystrophin (Tg-MDA), were transplanted into dystrophin-deficient
mdx mouse muscles. Four weeks after their transplantation, four times more
dystrophin-positive fibers were observed in cross-sections of muscles injected
with Tg-MDA as compared to those injected with normal myoblasts. Moreover,
the fiber length displaying dystrophin was about 500 pm using normal my-
oblasts as compared to 1,500 pm with Tg-MDA myoblasts. These experiments
demonstrate that the membrane area over which dystrophin was expressed
increased only threefold despite the transplant of myoblasts overexpressing
dystrophin 50-fold (Kinoshita et al. 1998).

Human clinical trials employing MTT have been initiated with dystrophin-
deficient patients. In one study, only a few host myofibers expressed dystrophin
despite the injection of millions of myoblasts. In another, Gussoni et al. reported
some encouraging results, revealing that muscle biopsies made from three
patients that received MTT 6 months previously displayed more than 10% of
the original number of donor cells. Half of the surviving donor cells fused to
the host myofibers, and nearly 50% produced dystrophin (Gussoni et al. 1997).
These results suggest that more work should be done to ensure an optimized
MTT treatment strategy for potential patients.

3.1.2
Muscle-Derived Side Population Cells

MDSCs displaying hematopoietic characteristics can be enriched by FACS
relying on the unique property of these cells to actively exclude dyes such as
Hoechst 33342, due to the activity at the cell surface of multidrug resistance-
like proteins such as BCRP1/ABCG2 (Goodell et al. 1996; Gussoni et al. 1999;
Jackson et al. 1999; Zhou et al. 2001, 2002; Asakura et al. 2002). Somewhat less
effective than their bone marrow (BM) counterparts, muscle side population
(mSP) cells are capable of reconstituting all hematopoietic blood cell lineages
after intravenous injection into lethally irradiated mice (Gussoni et al. 1999).
More importantly, mSP can commit to myogenic conversion in vivo. Indeed,
when injected intravenously into mdx mice, mSP can convert to myogenic cells.
Seventeen days after their injection, 9% of total myofibers were dystrophin-
positive, and among them, 3% of their myonuclei were Y-chromosome-positive
(Gussoni et al. 1999). Our laboratory has also shown that Pax7~/~ mice lacking
satellite cells possess mSP in their musculature (Seale et al. 2000; Asakura et al.
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2002). These results suggest that mSP cells and satellite cells are distinct cell
populations (Seale et al. 2000). However, mSP cells might actually represent
satellite cell progenitors. Indeed, mSP isolated from Pax7~/~ mice preferentially
form hematopoietic colonies, whereas mSP cells isolated from wild type muscle
form satellite cells in the host muscle (Gussoni et al. 1999; Seale et al. 2000;
Asakura et al. 2002). Myogenic conversion for mSP fraction might be regulated
via cell-cell interactions because it requires co-culture with primary myoblasts
in vitro (Asakura et al. 2002). Thus, these results clearly illustrate the presence
of progenitor cells with myogenic potential other than satellite cells within
skeletal muscles.

The SP fraction represents a mixed cellular population. Hence it is important
to further characterize them on the basis of cell surface markers. The analysis
of mSP cell surface markers were based on those previously used to define
murine bone marrow SP, primarily Sca-1, CD34 and CD45. In this study, 92%
of mSP express Sca-1, whereas only 16% express CD45 consisting of both Sca-
17 (57.5%) and Sca-1" (42.5%) (Asakura et al. 2002). Moreover, it was shown
that the hematopoietic activity of mSP cells are mainly due to CD45" cells,
but not CD45~ (Asakura et al. 2002; McKinney-Freeman et al. 2002). In vivo,
the myogenic potential of mSP was shown to be greater in CD45~ than CD45*
muscle-derived cells following intramuscular injection (McKinney-Freeman
et al. 2002). However, in vitro analysis indicates as many as 9% of CD45" mSP
cells undergo myogenic conversion when co-cultured with myoblasts (Asakura
et al. 2002).

3.1.3
Muscle Resident Sca-1"CD45" Stem Cells

CD45™ was first defined as a hematopoietic cell-specific marker (Trowbridge
and Thomas 1994). CD45* cells isolated from uninjured muscle or other tissues
do not display any intrinsic myogenic potential (Asakura et al. 2002; McKinney-
Freeman et al. 2002; Polesskaya and Rudnicki 2002). However, myogenic differ-
entiation of CD45™ cells isolated from muscle does occur following their intra-
muscular injection as well as in co-culture with primary myoblasts (Asakura
et al. 2002; Polesskaya and Rudnicki 2002). Following muscle cardiotoxin-
induced injury, muscle-resident Scal*CD45"% cells enter the cell cycle and
increase 30-fold in number. Interestingly, a high proportion of these cells, iso-
lated from regenerating muscle, acquire myogenic potential and are capable of
differentiating into myotubes (Polesskaya et al. 2003). Taken together, these re-
sults provide the first experimental evidence that muscle-resident CD45" adult
stem cells have a normal physiological role in tissue regeneration (Polesskaya
and Rudnicki 2002).

One intriguing question is which signals trigger the myogenic specification
of muscle-resident Scal*CD45" cell population during muscle regeneration.
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Some of the answers can be found during embryonic development, when mus-
cle cell precursors are specified in the somite in response to proteins secreted
from the neural tube and notochord (Christ and Ordahl 1995). Sonic hedge-
hog (Shh), secreted by the notochord, and several proteins of the Wingless
family of proteins (Wnt), secreted by the dorsal neural tube and surface ecto-
derm, are required for the induction of myogenesis (Munsterberg et al. 1995;
Tajbakhsh et al. 1998). These signals induce the expression of developmental
control transcription factors such as Pax3 and the myogenic regulatory fac-
tors Myf5 and MyoD, which enforce commitment to the myogenic cell lineage.
Our experiments confirm an autologous role for Wnts in adult myogenesis.
Injection of the Wnt antagonists, soluble Frizzled receptor protein (sFRP2/3),
into regenerating muscle markedly reduced CD45" stem cell proliferation and
their myogenic differentiation (Polesskaya et al. 2003).

Primary myoblasts also express high levels of Wnts, suggesting that Wnts
mediate their ability to induce the myogenic specification of muscle-resident
CD45" stem cells. Stimulation of the Wnt signaling canonical pathway with
lithium chloride in freshly isolated muscle-resident Scal*CD45™ cells is suffi-
cient to induce myogenic specification. Moreover, co-culture with cells ectopi-
cally expressing Wnt proteins induced expression of Pax7 and their myo-
genic commitment. Therefore, these findings unequivocally establish that
Wnt-signaling is the mechanism triggering myogenic specification of muscle-
derived CD45" adult stem cells both in vivo and following co-culture with
primary myoblasts. These observations underscore the parallels that exist in
the regulation of embryonic vs regenerative myogenesis by demonstrating that
developmentally appropriate pathways regulate the participation of CD45"
stem cells in muscle regeneration.

The molecular mechanism that induces myogenic conversion of muscle-
resident Sca-1*CD45™ cell population was further assessed in vitro (Seale et al.
2004). Results show that the myogenic potential of Sca-1*CD45" stem cells
isolated from uninjured muscle is due to the expression of Pax7. Sca-1*CD45*
isolated from injured Pax7~~ muscle showcase no myogenic conversion, yet
when retrovirally infected with Pax7 they efficiently activated their myogenic
program. The resulting myoblasts expressed Myf5 and MyoD and differentiated
into myotubes that expressed myogenin and myosin heavy chain. Notably, in-
fection of Pax7~~ muscle in vivo with adenoviral Pax7 resulted in an increased
formation of regenerated myofibers. Taken together, these results indicate that
Pax7 is necessary and sufficient to induce the myogenic specification of adult-
derived Sca-1*CD45" muscle cells.

3.14
Adult Muscle-Derived CD34*

Another MDSC population is the Sca-1*CD34" fraction (Torrente et al. 2001;
Jankowski et al. 2002; Qu-Petersen et al. 2002). CD34 is a sialylated transmem-
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brane glycoprotein that is expressed in myeloid progenitors and endothelial
cells (Krause et al. 1994; Fennie et al. 1995; Morel et al. 1996). A muscle cul-
ture system of successive preplating combined with FACS sorting facilitated
the enrichment and purification of Sca-1*CD34* cells having both myogenic
and hematopoietic differentiation potential (Torrente et al. 2001). Torrente
et al. show that when these cells were isolated from newborn mice expressing
muscle-specific LacZ and injected intra-arterially into mdx mice, they were able
to attach firmly to the endothelium. Eight weeks after transplantation, -gal*
staining co-localized with dystrophin in all recipient muscles. Interestingly,
the migration of the MSDC Sca-1*CD34* donor cells from the vasculature
and their incorporation to the recipient musculature was increased following
muscle injury. In this case, up to 12% of the myofibers were B-gal*(Torrente
et al. 2001). These data suggest that bi-potential stem cells present within the
vasculature may be activated to enter the myogenic lineage when the muscle
receives extensive damage. However, the potential of the Sca-1*CD34™ cells to
replenish the pool of the satellite cells is not known.

Sca-17CD34" cells derived from adult mouse muscle were also grown as
continuous cell culture using a preplating technique (Qu-Petersen et al. 2002).
These plated cells have characteristics usually associated with noncommitted
progenitor cells such as the capacity to self-renew and proliferate as well
as multiple differentiation abilities (Qu-Petersen et al. 2002). Interestingly,
these MDSC are c-Kit”CD457, eliminating their potential hematopoietic origin.
Moreover, they also have a high potential for myogenic conversion in vitro
and in vivo, and can also spontaneously express myogenic markers, MyoD
and desmin. They also have similar phenotypic characteristics to Sca-1"M-
cadherin™ cells that have been identified as satellite cells in situ (Qu-Petersen
et al. 2002).

3.1.5
Embryonic Muscle-Derived CD34*

Myogenic stem cells have also been found in embryonic muscle vasculature.
Published data by Le grand et al. show that FACS-sorted CD34*FLK1* cell
populations isolated from the muscle of E17 embryos have the propensity
to differentiate in vitro into endothelial cells as well as skeletal muscle cells
(Le Grand et al. 2004). Interestingly, these cells cultured in muscle medium
activate myogenic-related genes that were not expressed at the time of their
isolation. In myogenic differentiation medium, activated cells express muscle-
specific genes such as desmin, MyoD, Pax3 and MHC, and also fuse to form
multinucleated myotubes. The efficiency of these cells for transplantation was
shown by isolating CD34"Flk1" cells from muscle of E17 transgenic mice
expressing 3-gal under the control of the desmin promoter. Isolated cells were
then transplanted into the tibialis anterior (TA) muscle of mdx mice after local
irradiation. Eight days after transplantation, muscle recipients displayed f3-gal
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positive myofibers representing 60% of the total muscle length, suggesting an
enhanced ability of the cells to disperse within the recipient muscle. Moreover,
18% of the total myofibers within the mdx muscle recipient were dystrophin-
positive (Le Grand et al. 2004).

The above data, for the marker CD34, suggests its importance for providing
a method for isolating myogenic progenitors. However, a sub-population of
satellite cells express CD34, suggesting the possible contamination of CD34"
satellite cells. This highlights the need for multiple markers for identification
of MDSC(Beauchamp et al. 1999; Lee et al. 2000).

3.2
Non-Muscle-Derived Myogenic Stem Cells

3.2.1
Bone Marrow-Derived Myogenic Stem Cells

The contribution of nonresident myogenic stem cells during muscle regener-
ation was first reported by Ferrari (1998). In this seminal study, BM donor
cells derived from a transgenic mouse expressing -gal driven by a muscle-
specific promoter, were transplanted into an immunodeficient mouse. After
3 weeks, B-galt staining originating from donor cells was observed within
the musculature of the recipient. However, the frequency of donor cells that
contribute to muscle regeneration was about 100-500 B-gal™ cells per mus-
cle, much lower than the endogenous contribution of satellite cells. Moreover,
in order to improve the integration of BM-derived cells to the host muscu-
lature, extensive muscle regeneration induced by cardiotoxin was required,
thereby creating a nonphysiological environment. LaBarge et al. demonstrated
the integration of BM-derived cells following exercise, being more relevant
physiologically (LaBarge and Blau 2002). In this study, GFP* BM-derived cells
behaved as satellite cells expressing muscle-specific proteins in vivo and in
vitro and exhibited self-renewal potential in tissue culture. Following exercise,
they contributed as much as 3.5% of the muscle fibers (LaBarge and Blau 2002).
In addition, clonal progenies of GFP™ satellite cell isolated from recipient mus-
cles contributed to new fiber formation when re-injected in TA muscles of
a secondary recipient mouse.

To assess the integration of BM-derived myogenic stem cells in a model
that reflects the physiopathology of muscular dystrophy, several groups used
the mdx mouse as a host (Bittner et al. 1999; Gussoni et al. 1999). BM-derived
cells that possess myogenic activity were found in the small subpopulation
of the BM SP (Gussoni et al. 1999). These BM SP cells are stem cell antigen-
1 (Sca-1)*, cKit*, CD43*%, CD45", lineage marker (B220, Mac-1, Gr-1, CD4,
CD5, CD8) negative and CD34", and accounted for about 100-500 cells per
mouse (Gussoni et al. 1997). Following tail vein injection, BM SP cells were
capable of integrating into the host musculature, as shown by the presence of
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donor cells that express dystrophin and by FISH analysis of the Y-chromosome
in serial sections of the recipient muscle. Five weeks following BM SP cell
transplantation, less than 1% of the myofibers expressed dystrophin, as was
the case with recipients engrafted with an unfractionated BM-derived cells.
After 12 weeks, up to 4% of the myofibers were dystrophin-positive, with
10+30% of these containing fused BM SP-derived donor nuclei.

The observations made with the mdx mouse model recapitulate the re-
sults obtained in a human DMD patient who received a BM transplantation at
1 year of age (Gussoni et al. 2002). In this study, the presence of donor nuclei
represented 0.5%-0.9% within a small number of muscle myofibers 13 years
after transplantation. Interestingly, the majority of these myofibers stained
positively for dystrophin (Gussoni et al. 2002). These findings highlight the in-
efficient and slow incorporation of such BM-derived cells into the musculature,
as compared to myoblasts, making them at present an ineffective therapeutic
intervention (Ferrari et al. 1998; Wernig et al. 2000; Heslop et al. 2001). Further
studies are necessary to establish the optimal cellular and environmental con-
ditions to promote recruitment and myogenic conversion of nonmuscle stem
cells for therapeutic use.

3.2.2
Mesoangioblasts

Embryonically derived cells that possess myogenic activity have been also
reported by the Cossu laboratory (De Angelis et al. 1999). These cells, mesoan-
gioblasts, were isolated by the explant method from the dorsal aorta of E9.5
mouse embryos. In culture, mesoangioblasts can be grown clonally, expanding
to over 50 passages, and do not demonstrate any tumoral activity when injected
into nude mice. Moreover, when exposed to certain cytokines, mesoangioblasts
can differentiate into several mesodermal cell types, but not other germ lay-
ers, indicating a multipotent ability (Minasi et al. 2002). In vivo experiments
with a mouse model for skeletal muscle wasting, a-sarcoglycan (a-SG)-null
mice, show the important contribution of these cells for muscle restoration.
Indeed, intra-arterial delivery of wild type mesoangioblasts into 1-month-old
immunocompetent a-SG-null mice revealed that the quadriceps, tibialis ante-
rior, soleus, gastrocnemius, and EDL muscle expressed a-SG after 2 months,
indicating donor cell engraftment (Sampaolesi et al. 2003). In order to verify
that «-SG-null mice could be rescued by mesoangioblasts, three functional
analyses were made: cross-sectional area (CSA), specific force (Po/CSA), and
maximum shortening velocity (Vo) measurements. Results show that CSAs of
type 2B fibers were increased in size for a-SG null mice treated with mesoan-
gioblasts. In addition, the Po/CSA from single muscle fibers demonstrated
a significant recovery with no differences in Vo. The lack of difference for
Vo suggests that neither muscular dystrophy nor mesoangioblast treatment
affected the kinetics of acto-myosin interaction.
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This study also revealed that the method of delivering cells is important for
the success of the cell engraftment. Indeed, 24 h after their delivery, 30£7% of
the injected mesoangioblasts were detected in the muscles downstream of the
injected artery, whereas less than 3% of donor cells were detected in the same
muscles when injection had occurred through the tail vein or intramuscularly.
Therefore, the success of the protocol relies on the widespread distribution
of donor cells through the capillary network.

3.2.3
Adult Fibroblasts

Other cell types possess myogenic activity. It has been reported that fibroblasts
are particularly inclined to form myoblasts under forced conditions. This was
first demonstrated by retroviral infection of fibroblasts and other cell lines
with MyoD (Weintraub et al. 1989). The myogenic potential of fibroblasts
depends on its tissue derivation. By using an adenoviral delivery system for
MyoD, dermal compared to muscle-derived fibroblasts had higher myogenic
conversion efficiencies as defined by the activation of muscle-specific genes and
their fusion into contractile myotubes. Moreover, MHC staining demonstrated
that between 42% and 70% of dermal-derived fibroblasts display myogenic
conversion as compared to muscle-derived fibroblasts, which account for only
32%-44% (Lattanzi et al. 1998). Converted fibroblasts also have an in vivo
ability to regenerate muscle. Twenty-four hours after adenoviral exposure with
MyoD, converted cultures of human dermal fibroblasts that were retrovirally
infected with a vector expressing B-gal were injected into regenerating muscle
of immunodeficient mice. Donor cells were subsequently capable of giving rise
to B-gal* myofibers expressing human myosin heavy chains (Lattanzi et al.
1998).

Murine dermal fibroblasts can also become myogenic in vitro by culturing
with galectin-1 (Goldring et al. 2000). Myogenic conversion in this case could
reach 100%, as defined by desmin expression (Goldring et al. 2002). Forced
myogenic conversion of such easily isolated cells could be useful for ex vivo
gene correction and therefore could be a particularly attractive source of cells
for clinical applications (Partridge 1991).

4
Conclusion

Since their description a century ago, muscular dystrophies have challenged
the scientific community for the development of an efficient treatment. To
date, no treatment has been found. Whilst the use of myogenic stem cells as
therapy is promising, the first attempts using MTT indicate that we are far
from an adequate treatment. Despite this shortcoming, MTT has permitted us
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to make significant advances in understanding the factors that limit its use.
Three hurdles have to be overcome: the appropriate way to deliver stem cells,
their subsequent survival in the host, and a better comprehension of basic
molecular mechanisms underlying the induction of myogenic commitment
and differentiation of stem cells. Indeed, findings related to these aspects of
biology will permit the improvement of isolation and ex vivo amplification of
myogenic stem cells prior to their transplantation.
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Abstract In contrast to the haematopoietic system in which each cell type is subject to
constant turnover, thus endowing this system with the permanent ability to reconstitute
itself, the nervous system has long been known as an organ devoid of spontaneous cellular
reconstitution. Yet the discovery that certain regions of the mammalian central nervous
system do sustain neurogenesis throughout life, together with the fact that cells can be
isolated from the adult brain that generate neurons in vitro, has led to the idea that the
nervous tissue harbours neural stem cells. The term “neural stem cell” has now become
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associated with enormous expectations for curing diseases of the nervous system. Yet
many of the biological fundamentals of neural stem cells need to be revealed before these
expectations can be properly judged or even fulfilled. This begins with the question of
whether the neural stem cell corresponds to a real entity or rather represents an in vitro
dedifferentiation phenomenon. In this chapter we attempt to give an overview of our current
knowledge of the biology of the presumable adult neural stem cell. This is followed by
a comparative assessment of the possibilities of using adult neural stem cells and embryonic
stem cells for therapeutic approaches in the context of neurodegenerative diseases. Finally,
we will look at the “evil side” of stemness by discussing the evidence that brain cancers may
originate from cells with stem cell-like properties.

Keywords Adult neurogenesis - Stem cell niche - Neuronal differentiation -
Cell replacement therapy - Brain cancer

1
Introductory Remarks

Even though continuous generation of neurons in specific regions of the adult
central nervous system was already observed several decades ago (Altman
and Das 1965; Altman 1969; Kaplan and Bell 1984), it was first met with strong
scepticism. But recent years have vindicated these early observations and a new
field has emerged devoted to the study of the biology and function of adult
neural “stem cells”. These developments also have nurtured the idea that adult
neural stem cells may ultimately allow for the regeneration of neurons that
die as a consequence of disease or trauma. Obviously, in order to build a safe
fundament for such hopes, we need to have a thorough knowledge of these
still quite mysterious cells. Mysterious above all because there is still no way
to identify them prospectively either in vivo or in vitro. Therefore, we must
start with a discussion of what we actually know about the biology of the adult
neural stem cell and to which extent the term “stem cell” is appropriate or not.

2
The Biology of the Adult Neural Stem Cell

2.1
What, If Anything, Is a Neural Stem Cell?

The hallmarks that characterize a stem cell are as follows: (a) the ability to self
renew, i.e. to giverise to progeny with identical properties and (b) multipotency,
i.e.to giverise to progeny of distinct cellular lineages (Weissman 2000). Accord-
ingly, the stem cell is placed at the base of a lineage tree (Fig. 1), presupposing
a hierarchy of cells of ever more restricted fate and largely assuming that pro-
gressive specifications are not reversible. Part of a tentative definition may also
include (c) the idea that a stem cell must be able to replicate itself ad infinitum
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Fig. 1 A scheme illustrating the hierarchical specification of distinct neural progeny of adult
olfactory neurogenesis. Stem cells (type B cells) with self-renewal capacity give rise to fast
proliferating transit-amplifying (type C) cells and these in turn into fate-restricted pro-
genitors, i.e. neuroblasts (type A cells) and may be also glioblasts that ultimately generate
neurons, oligodendrocytes and possibly astrocytes. Shown is the expression of key fate
determinants, where known. Pax6 is required for specifying neuronal fate at the neuroblast
stage, while at later postmitotic stages Pax6 instructs a dopaminergic fate. The proneural
gene Mashl is expressed in transit-amplifying precursors and some neuroblasts and plays
a role for specification of both neuronal and oligodendroglial lineages. Olig2 is expressed
in all transit-amplifying precursors and plays a crucial role in their specification and main-
tenance. Downregulation of Olig2 is necessary for progression along the neuronal lineages,
while its maintenance imparts an oligodendroglial fate at subsequent stages

(or at least during the entire life time of the animal) without loss of its develop-
mental potential, yet there is evidence of an age-dependent decline of stem cells
in many organs, such as the skeletal muscle (Conboy and Rando 2005) and liver
(Iakova et al. 2003), ultimately leading to exhaustion of regenerative capacity.

Do cells that meet these criteria really exist in the adult mammalian nervous
system? Indeed there are regions in the adult brain where neurogenesis persists
throughout adulthood (Gage 2000; Alvarez-Buylla et al. 2002), suggestive of the
presence of multipotent stem cells. Moreover, these regions harbour precursors
that in principle have the potential to generate cells of all three neural, i.e.
neuronal, astroglial and oligodendroglial, lineages (Reynolds and Weiss 1992;
Rietze et al. 2001). Yet in vivo these cells give rise foremost to progenitors
that already express many neuronal traits and appear to be firmly restricted
to this lineage (Luskin 1993, 1998), following a similar cascade of hierarchical
fate restrictions that takes place during development (Price and Thurlow 1988;
Grove et al. 1993; Walsh and Cepko 1993). Thus, the starting point of our
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discussion will be the question of which cells in the adult brain meet the
stringent criteria listed above. As we will see, these criteria are more easily
defined than verified.

2.2
The “Who's Who” of Adult Neurogenesis

In the adult brain of most mammalian species, two regions have been identified
where neurogenesis takes place at a surprisingly significant rate throughout
life, including in humans (Eriksson et al. 1998; Bedard and Parent 2004; Sanai
et al. 2004). One of these is the adult dentate gyrus of the hippocampal forma-
tion, where new neurons are born in the subgranular zone (SGZ) (Altman and
Das 1965; Kaplan and Bell 1984) and then migrate a few cell diameters upward
into the granular layer, where they differentiate into bona fide granule neurons
(Cameron et al. 1993). The other example of adult neurogenesis appears to be
more elaborate: here neurons are derived from progenitors residing in the lat-
eral wall of the lateral ventricle, commonly called subependymal (SEZ) or sub-
ventricular zone (Altman 1969; Lois and Alvarez-Buylla 1993; Lois and Alvarez-
Buylla 1994). Within this SEZ, morphological and molecular characterization
has resulted in the classification of four cell types (Doetsch et al. 1997):

1. The ependymal or type E cell that lines the ventricle surface

2. A cell commonly called type B cell that displays ultra-structural and molec-
ular features of an astrocyte

3. The so-called type C or transit amplifying cells

4. The neuroblasts or type A cells that already exhibit neuronal features such
as B III-tubulin expression (Luskin 1998)

These type A cells migrate in chains through tunnels created by type B cells
along the rostral migratory stream (RMS) towards the olfactory bulb (Doetsch
and Alvarez-Buylla 1996; Lois et al. 1996), where they differentiate into different
classes of neurons (Doetsch and Alvarez-Buylla 1996; Carleton et al. 2003). It has
been a matter of controversy as to which cell type is the genuine stem cell that
gives rise to these distinct cells. Originally, arguments for both a subpopulation
of ependymal cells (Johansson et al. 1999) as well as type B cells (Doetsch et al.
1999a) were raised, but the evidence for the former could not be reproduced
(Chiasson et al. 1999; Laywell et al. 2000; Capela and Temple 2002). Studies in
which the SEZ was temporarily depleted of fast-proliferating cells using the
anti-mitotic agent cytosine-f-D-arabinofuranoside (Ara-C), thereby deleting
neurogenesis completely, revealed that cells positive for glial fibrillary acidic
protein (GFAP) and displaying ultra-structural astrocyte characteristics were
able to reconstitute all other adult precursors and re-establish neurogenesis
(Doetsch et al. 1999a). This data clearly demonstrates that astrocytes are able
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to reconstitute the other types of precursors and, hence, reside at the base of
the lineage tree. While in the presence of Ara-C the SEZ was devoid of both
type C and type A cells, removal of the drug resulted first in the reappearance
of type C cells and subsequently type A cells (Doetsch et al. 1999b), consistent
with the premise that type B cells generate the transit-amplifying type C cells,
which in turn give rise to type A cells (Fig. 1). Moreover, lineage tracing
using the replication competent avian leukosis (RCAS) virus in transgenic
mice expressing the viral receptor TVA under control of the human GFAP
promoter revealed that GFAP-positive cells give rise to neurons in the olfactory
bulb (Doetsch et al. 1999a). This conclusion was recently corroborated by the
fact that elimination of the GFAP-positive cell population in the adult SEZ by
genetically targeted thymidine kinase expression (which sensitizes these cells
to the pro-drug ganciclovir) also eliminates adult neurogenesis in the olfactory
bulb (Garcia et al. 2004).

When do type B cells first appear in the brain and from where do they
originate? Interestingly, it has been shown that the subependymal astrocyte
and its progeny are derived from radial gliaof the early postnatal ventral pal-
lium/dorsal subpallium (Alvarez-Buylla et al. 2001; Stenman et al. 2003; Tra-
montin et al. 2003; Merkle et al. 2004). Radial glia were genetically marked
at birth by means of local transduction with adenoviral vectors encoding
the Cre-recombinase in reporter mice that allow for the visualization of Cre-
recombinase activity (Merkle et al. 2004). These experiments showed that the
Cre-induced genetic modification was inherited to type B and to type C cells
as well as to adult neuroblasts in the RMS and adult-born neurons within
the olfactory bulb. Notably, labelled radial glial cells gave rise not only to the
precursors of adult neurons and their progeny, but also to ependymal cells
lining the ventricle wall and oligodendrocytes residing in the corpus callosum
and the striatum, consistent with previous data of radial glial cells genetically
labelled at yet earlier stages (Malatesta et al. 2003). It will be interesting to
know in more detail how this metamorphosis from radial glia to specific types
of astrocytes that remain in the subependyma takes place. Notably, many ra-
dial glial cells transform into astrocytes at the end of neurogenesis, but only
a few remain in the subependyma and only subependymal astrocytes lining
the lateral wall of the lateral ventricle seemingly retain the potential to generate
neurons throughout life. For the earlier role of radial glial cells in neurogenesis,
see the review by Gotz et al. (2002).

23
The Stem Cell Character of the Astrocyte

2.3.1
The Subependymal Zone Stem Cell

Given that the most widely accepted model of adult subependymal neurogen-
esis currently proposes that it is a subpopulation of GFAP-positive astrocytes
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that functions as stem cells (Fig. 1), we may briefly examine whether these
cells fulfil the general criteria of a stem cell. The fact that GFAP-positive as-
trocytes can reconstitute the entire compartment of dividing cells in the SEZ
(Doetsch et al. 1999a) suggests that these cells do indeed possess the ability
of self-renewal. Whether these cells have an “infinite” self-renewal capacity,
however, is not known. Like other tissue-specific stem cells, there is evidence
for an age-related decrease in progenitor proliferation (Enwere et al. 2004).
Finally, there is no direct in vivo proof that these cells are truly multipotent,
i.e. that a single GFAP-positive astrocyte can give rise to a clone consisting of
neurons, astrocytes and oligodendrocytes (tripotent precursor). All evidence
for the multipotency of SEZ stem cells has been derived in vitro using the
so-called neurosphere assay system (Reynolds and Weiss 1992). In this assay,
cells are cultured in nonadherent conditions at clonal density in the pres-
ence of mitogens such as epidermal growth factor (EGF) and fibroblast growth
factor-2 (FGF2). Under these conditions, presumable stem cells generate clonal
aggregates called neurospheres. The multipotency of the original stem cell is
then assessed by allowing cells derived from a single sphere to differentiate.
If progeny of all three neural cell types, i.e. astrocytes, oligodendrocytes and
neurons, is produced, this is taken as evidence for multipotency of the cell of
origin. Likewise, when a neurosphere can give rise to secondary neurospheres
upon dissociation, this is taken as proof for self-renewal capacity of the founder
cell of the primary neurosphere. From the adult SEZ neurospheres can indeed
be obtained that possess along-term self-renewal capacity (forming secondary,
tertiary, etc. neurospheres) and multipotency (giving rise to neurons, astro-
cytesand oligodendrocytes when allowed to differentiate) (Reynolds and Weiss
1992; Rietze et al. 2001; Seaberg and van der Kooy 2002). Yet cells are severely
altered in the neurosphere assay and hence may acquire multipotency only
in vitro (Gabay et al. 2003; Hack et al. 2004). Finally, there is a controversy
whether the actual neurosphere-forming cell is the GFAP-positive type B cell
(Morshead et al. 2003) or rather the fast-proliferating type C cell (Doetsch
etal. 2002). Type C cells can be distinguished from type B cells by their expres-
sion of the transcription factor DIx2, which allowed Doetsch and colleagues to
selectively kill type C cells by genetic targeting of thymidine kinase to these
cells (Doetsch et al. 2002). The result was a drastic reduction in the number of
neurospheres. These data were further supported by the fact that in vivo EGF
seemingly acts on the rapidly dividing type C cells, which express high levels
of EGF receptor (Doetsch et al. 2002). EGF not only promoted proliferation of
these cells, but also steered progeny towards an astroglial fate at the expense of
neurogenesis. Yet using a similar genetic approach, Morshead and colleagues
were able to eliminate neurosphere formation by ablation of GFAP-positive
type B cells (Morshead et al. 2003). The crucial problem hampering the precise
interpretation of these contradictory results may stem from the experimen-
tal read out: neurospheres can be discerned as such only upon having reached
a certain size. Thus, even though a sphere may be originally initiated by a slow-



Biology of Adult Neural Stem Cells 325

dividing GFAP-positive cell, the bulk of the cells within a sphere are likely to be
fast-proliferating type C-like cells and hence elimination of these cells inter-
feres with neurosphere formation. Consistent with abundance of type C cells
in neurospheres is the observation that they contain many cells positive for the
basic helix-loop-helix transcription factor Olig2, which is expressed within the
SEZ in fast-proliferating type C cells (Hack et al. 2004), while only low levels
of GFAP can be detected in neurospheres (Morshead et al. 2003). Thus, the
bulk of neurosphere cells may reflect the fast-proliferating transit-amplifying
precursors in vivo. Moreover, many regions of the central nervous system
(CNS) without any apparent levels of adult neurogenesis can also give rise to
neurosphere-forming cells (Weiss et al. 1996; Johansson et al. 1999; Palmer et al.
1999; Nunes et al. 2003). This indicates that the potential to form neurospheres
does not necessarily reflect the presence of stem cells or their behaviour in vivo.
Indeed, Olig2 expression in neurosphere cells in vitro and in type C cells in
the adult SEZ is crucial for the specification of these cells as transit-amplifying
precursors. Interference with Olig2 expression via short interfering RNA in
vitro drastically reduces the number of neurosphere-forming cells (Hack et al.
2004) and retrovirally mediated expression of a dominant-negative construct
of Olig2 in the adult SEZ in vivo virtually deletes all transit-amplifying precur-
sor cells (Hack et al. 2005). Conversely, Olig2 overexpression in the adult SEZ
expands the number of transit-amplifying precursors (Hack et al. 2005). Taken
together, neurosphere cells are fast proliferating undifferentiated precursors
that resemble the transit-amplifying precursors more than the slow-dividing
stem cells seen in vivo.

2.3.2
The Subgranular Zone Stem Cell

Like in the SEZ, when actively dividing cells were killed in the hippocampal SGZ
with Ara-C, GFAP-positive cells were capable of restoring neurogenesis upon
removal of the drug (Seri et al. 2001), suggesting that these cells also have self-
renewal capacity in vivo, even though their neurosphere-forming capacity has
limitations (Seaberg and van der Kooy 2002). As in the SEZ, deletion of GFAP-
positive cells by transgenic expression of thymidine kinase also abrogated
the generation of new neurons (Garcia et al. 2004), indicating that also in
the SGZ newly generated neurons are derived from astrocytes. Yet, the stem
cell character of these GFAP-positive cells has been contested and it has been
suggested that the SGZ harbours restricted progenitors instead of multipotent
cells with long-term self-renewal capacity (Seaberg and van der Kooy 2002).
This suggestion was based on the finding that primary adult SGZ neurospheres
cannot give rise to secondary spheres and their progeny appear to be fate-
restricted, generating clones comprised of only neuronal or glial cells. Yet, as
we have seen above, the neurosphere assay is not really adequate to assess the
presence of stem cells within a tissue. Curiously enough, type C cells that may



326 B. Berninger et al.

be the actual neurosphere-forming cells from SEZ tissue (Doetsch et al. 2002)
seem to be absent from the SGZ, in which exclusively GFAP-positive astrocytes
and precursors with neuronal traits have been identified (Seri et al. 2001, 2004).
Moreover, the growth factors EGF or FGF2 used to expand neurosphere cells
may simply fail to induce multipotency in these cells. Ultimately it is not clear
which mitogens are the ones that would make the real stem cell proliferate. The
devil’s advocate will have an easy pleading when claiming that the neurosphere
assay will not provide the definitive answer to the question of whether or not
a given cell may be a stem cell. A more appropriate assay would have to mimic
more closely the local environment in which stem cells find themselves in vivo.

In conclusion, if neural stem cells are defined as potentially uni- or bi-
potent precursors with self-renewal capacity in the adult mammalian brain,
we may call GFAP-positive cells in the SEZ and SGZ neural stem cells. While
no definite dogma on the stem cell nature of GFAP-positive astrocytes or their
direct descendants can yet be promulgated at this point, we are dealing here
certainly with remarkable cells, as they are able to generate and regenerate
neurons throughout life. In this regard, we will refer to them henceforth as
neural stem cells. Importantly, generation of new neurons has been observed
both in the adult human SGZ (Eriksson et al. 1998) and the olfactory bulb
(Bedard and Parent 2004). However, the cellular organization of the human
SEZ departs radically from the architecture observed in other mammalian
species, including nonhuman primates (Kornack and Rakic 2001b; Pencea et al.
2001): within the human SEZ, there are no chains of migrating neuroblasts, but
instead a dense ribbon of GFAP-positive astrocytes that are spatially separated
from the ependyma by a gap (Sanai et al. 2004). Yet these ribbon astrocytes
proliferate in vivo and neurosphere-forming cells can be isolated from the
human SEZ that exhibit multipotency (Sanai et al. 2004). Since a RMS as found
in other mammalian species cannot be discerned in the human brain, the
lineage relationship between the GFAP-positive cells in the human SEZ and the
adult-born neurons in the olfactory bulb remains elusive.

233
Searching for a Stem Cell Marker

As will have become obvious from the preceding discussion, the entire field
would greatly benefit from the discovery of specific and unambiguous stem
cell markers allowing for the prospective isolation of neural stem cells. GFAP
expression cannot be used to identify stem cells, as many GFAP-positive astro-
cytes exist throughout the adult brain that do not possess stem cell properties.
Likewise, the intermediate filament protein nestin is expressed by all kinds of
neural progenitors including type B, C and A cells, hence precluding specific
isolation of putative stem cells (Gritti et al. 2002). A method adopted from
the haematopoiesis field to make out stem cells is called side population anal-
ysis. It is based on the happenstance that haematopoietic stem cells possess
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a transport mechanism that results in the high efflux of Hoechst dye (a DNA-
binding dye), which allows isolation of these cells due to their low fluorescence
intensity from the bulk population (Goodell et al. 1996; Goodell et al. 1997).
Side population analysis performed on adult derived neurospheres likewise
results in a marked enrichment of cells forming secondary neurospheres (Kim
and Morshead 2003). More recently, the carbohydrate LewisX(LeX)/ssea-1 was
shown to be expressed on the surface of a rare population of SEZ cells in vivo
and in vitro and isolating LeX-positive cells again resulted in an enrichment
of neurosphere-forming cells (Capela and Temple 2002). Notably, however,
LeX immunoreactivity is localized mostly to transit-amplifying precursors.
Other criteria such as low levels of proteins binding peanut agglutinin and
of heat stable antigen (mCD24a) were also reported to enrich for cells with
neurosphere-forming activity (Rietze et al. 2001). However, the problem with
all these methods is that they are based on the assumption that stem and
neurosphere-forming cells are the very same cells. As pointed out above, such
an assumption is highly questionable.

The identification of the GFAP-positive astrocytes in the adult SEZ and SGZ
as the source of adult neurogenesis and the fact that radial glia also act as
neuronal precursors during development (Malatesta et al. 2000, 2003; Noctor
et al. 2001) has led to the concept that astrocytes may not represent terminally
differentiated cells, but rather highly plastic cells that can be driven towards
various cell fates depending on extrinsic and intrinsic contexts (Heins et al.
2002). Yet most astrocytes do not act as adult neural stem cells, since in most
regions of the adult brain neurogenesis does not take place even though as-
trocytes are the most prominent cellular component. Furthermore, even in
neurogenic regions such as the SEZ and SGZ, it is not clear whether all the di-
viding GFAP-positive cells have neural stem cell characteristics. Thus, we must
now turn to the question of why significant neurogenesis is restricted to some
regions by asking what makes the environment, in which adult neurogenesis
continues, so special.

24
The Stem Cell Niche

From a plethora of different tissue-specific stem cell systems and organisms,
the concept of a so-called stem cell niche has emerged (Spradling et al. 2001;
Fuchs et al. 2004). The stem cell niche represents a local environment which
provides the extrinsic signals to maintain a certain part of the total stem cell
pool in a quiescent state while permitting the other to enter the cell cycle and
undergo either symmetric or asymmetric cell divisions, thereby contributing
to stem cell self-renewal and generation of a differentiated progeny. What fac-
tors determine whether a stem cell stays quiescent or undergoes self-renewal
or cellular differentiation? These questions embody some of the most fascinat-
ing and unresolved issues of stem cell biology. What are the mechanisms that



328 B. Berninger et al.

ensure the maintenance of a stem cell pool and prevent it from premature ex-
haustion? The key question then is how extrinsic factors provided by the niche
act on the intrinsic machinery within the stem cell to determine subsequent
fate decisions. But let’s first ask the question, what are the cellular components
that make up the niche for neurogenesis in the adult brain.

241
Creating a Niche for Neurogenesis: Ependyma, Astrocytes and Endothelial Cells

Besides the above-mentioned protagonists, i.e. the putative stem cells, transit-
amplifying precursors and more fate-restricted progeny, distinct cell types
appear to play an important role in creating the local milieu necessary for
the maintaining the SEZ and SGZ as germinal zones for adult neurogenesis
(Doetsch 2003; Alvarez-Buylla and Lim 2004). Within these germinal zones,
neural precursors maintain close contact with astrocytes, blood vessels, and
in case of the SEZ, with the ependyma (Doetsch 2003). Moreover, some of
the type B cells, i.e. the presumable stem cells, maintain physical contact to
the ventricular fluid and often extend a single cilium lacking a central pair
of microtubules, a structural motif shared with early neuroepithelial cells
(Doetsch et al. 1999b). This may suggest that some substances present in the
cerebrospinal fluid, e.g. molecules secreted by the choroid plexus, participate
in the regulation of adult neurogenesis.

A cell type with good credentials to play an important role in setting the stage
for adult neurogenesis is the astrocyte itself. Dividing precursors maintain very
close physical contact with astrocytes in the SEZ and the SGZ (Lim and Alvarez-
Buylla 1999; Song et al. 2002a). Consistent with a functional meaning of these
contacts, astrocytes have been shown to exert an, albeit modest, neurogenic
influence in vitro on adult progenitor cells (Lim and Alvarez-Buylla 1999; Song
etal. 2002a). The fact that the stem cell itself can also be considered an astrocyte
begs the interesting question about the lineage relationship between the “stem
cell”-astrocyte and the fate instructing “tutor”-astrocyte. Does the “tutor”-
astrocyte also possess stem cell potential or is it itself an adult-born progeny of
a stem cell? It is worth mentioning here that a similar dual nature, as precursor
and as “tutor”, is typical of radial glia during embryonic cortical development
(Campbell and Gotz 2002).

Images of striking beauty show the most intimate relationship of neural
precursors with microcapillaries (Palmer et al. 2000). Surprisingly, in the SGZ
of the dentate gyrus, endothelial cells were found not only to serve as a passive
scaffold for the dividing neural precursors, but to be actively engaged in cell
division, suggesting local angiogenesis and vascular remodeling concomitant
with neurogenesis (Palmer et al. 2000). Based on such observations, the term
of a “vascular niche” for neurogenesis was coined (Palmer et al. 2000). Direct
evidence for a role of angiogenesis in the regulation of neurogenesis stems
from studies on adult canaries. It was found that testosterone, which stim-
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ulates neurogenesis in the higher vocal centre of the bird neostriatum, also
promoted angiogenesis, and this effect was mediated through upregulation of
vascular endothelial growth factor (VEGF) and its receptor on endothelial cells,
which led to the production of the neurotrophin brain-derived neurotrophic
factor (BDNF) (Louissaint et al. 2002). However, VEGF appears also to exert
direct effects on neural precursors. VEGF administration increased bromod-
eoxyuridine (BrdU) incorporation both in the SEZ and the SGZ (Jin et al.
2002; Schanzer et al. 2004). Interestingly, it has been shown that endothelial
cells can suppress the differentiation of embryonic cortical and adult SEZ pro-
genitors, promoting symmetric cell divisions (Shen et al. 2004). When inserts
of endothelial cells were cultured above neural progenitors, proliferation of
the latter was enhanced and they remained in an undifferentiated state. Upon
removal of the endothelial insert, progenitors started to differentiate. Impor-
tantly, they produced more neurons than progenitors grown in the absence
of endothelial cells, thus suggesting that the latter might also be involved in
providing neurogenic signals.

24.2
Extrinsic Factors Regulating Neurogenesis

The molecular mechanisms by which the distinct cells comprising the stem
cell niche regulate the behaviour of stem and progenitor cells are poorly un-
derstood, yet a number of molecules have been implicated. We will briefly
introduce only some of those thought to be among the protagonists.

24.21
EGF and FGF2 Receptor Signalling

Neurosphere formation in vitro depends on the presence of mitogens such as
EGF and FGF2 in the media. Yet the extent to which EGF and FGF2 signal in
the adult SEZ or SGZ in vivo is not clear. In vivo EGF receptor signalling may
be elicited not by EGF itself but by its alternative ligand transforming growth
factor-ot (TGF-a) (Wilcox and Derynck 1988; Weickert and Blum 1995). Both
TGF-o/~ and Waved-1 mutant mice, TGF-a hypomorphs, show reduced levels
of proliferation within the SEZ and olfactory neurogenesis (Tropepe et al. 1997;
Enwere et al. 2004). Intraventricular injection of EGF receptor ligands induces
massive proliferation in the SEZ (Craig et al. 1996; Kuhn et al. 1997; Doetsch
et al. 2002), but does not enhance olfactory neurogenesis (Kuhn et al. 1997;
Doetsch et al. 2002). Exogenous EGF appears to act primarily on type C cells,
which express high amounts of EGF receptor (Doetsch et al. 2002). Surprisingly,
however, type C cells drastically stray from their normal behaviour under the
influence of exogenous EGF in that neuronal commitment is inhibited and in-
stead astrocyte-like cells are generated that invade the parenchyma (Kuhn et al.
1997; Doetsch et al. 2002). As discussed below, EGF receptor gene amplification
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is a common feature of many brain cancers. These data thus suggest that under
normal conditions EGF receptor activation is likely to be tightly controlled. In
contrast to EGF, exogenous administration of FGF2 enhances neurogenesis of
olfactory bulb interneurons (Kuhn et al. 1997). In FGF2-deficient mice, prolif-
eration in the SEZ and olfactory neurogenesis is reduced, suggesting a role for
endogenous FGF2 in the adult SEZ (Zheng et al. 2004).

2.4.2.2
Notch

Signalling through Notch receptors inhibits neurogenesis (Nye et al. 1994; Mor-
rison et al. 2000; Tanigaki et al. 2001). Upon ligand-dependent activation and
proteolytic cleavage of the Notch receptor, an intracellular portion translo-
cates to the nucleus where it stimulates Notch-dependent gene transcription
(Artavanis-Tsakonas et al. 1999). Notch signalling blocks neuronal differentia-
tion via the induction of the mammalian hairy/enhancer-of-split homologues
Hes1 and Hes5, which encode for basic helix-loop-helix transcription factors
(Kageyama and Ohtsuka 1999; Ohtsuka et al. 1999). Controversy has arisen
as to whether Notch signalling maintains stem cell multipotency or actively
instructs a glial cell fate (Morrison et al. 2000; Tanigaki et al. 2001; Hitoshi
et al. 2002). Transient Notch activation induced by exogenous Notch ligand
has been reported to cause a rapid and irreversible loss of neurogenic capacity
accompanied by accelerated glial differentiation in neural crest cells (Morrison
et al. 2000). Likewise, activated Notch1 or Notch3 were found to induce GFAP-
expression in FGF2-expanded adult hippocampal progenitors, a finding that
was interpreted as evidence for a commitment towards an astroglial fate, even
though the cells continued to express high levels of nestin (Tanigaki et al. 2001).
Yet, neurosphere-forming cells are depleted in mice deficient in Notchl or key
regulators of Notch signalling activity such as RBK-Jx or presenilin (Hitoshi
et al. 2002). Likewise simultaneous deficiency in both Hesl and Hes5 results
in a drastic reduction of neurosphere-forming cells (Ohtsuka et al. 2001).
Moreover, transient misexpression of Hesl and Hes5 maintains embryonic
cortical progenitors in an undifferentiated state, but it does not prevent subse-
quent neuronal differentiation when forced Hes expression ceases, arguing that
Notch signalling does not instruct gliogenesis but serves to maintain neural
precursors in a self-renewing state (Ohtsuka et al. 2001). Such an interpre-
tation is consistent with findings showing that Hesl can preserve long-term
reconstituting activity of haematopoietic stem cells in vitro (Kunisato et al.
2003). Forced expression of activated Notchl in mouse embryonic forebrain
by retroviral transduction revealed that Notch-infected cells acquire morpho-
logical and molecular characteristics of radial glia (Gaiano et al. 2000). While
originally thought to be part of the glial lineage, it has been firmly established
that proliferative radial glial function as neuronal precursors in the develop-
ing brain (Malatesta et al. 2000, 2003; Noctor et al. 2001). Hence the finding
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that activated Notch induces a radial glial phenotype in early neural progen-
itors is again consistent with the possibility that Notch signalling maintains
cells in a precursor state rather than promoting terminal differentiation into
astrocytes. During postnatal development, many of the Notch-infected cells
eventually were found to become periventricular astrocytes (i.e. type B cells)
(Gaiano et al. 2000), which may not come as a surprise given the fact that type
B cells of the SEZ are generated from radial glia (Merkle et al. 2004). In skeletal
muscle, an age-related decline in Notch signalling has been shown to underlie
the progressive decrease in proliferation and myogenic lineage progression of
satellite cells and reduced muscle repair (Conboy et al. 2003). Remarkably, the
decline in Notch signalling appears to be due to systemic serum factors and
exposure to a young systemic environment can “rejuvenate” aged satellite cells
(Conboy et al. 2005). It remains to be established whether the age-dependent
decline in neural progenitor proliferation (Kuhn et al. 1996; Enwere et al. 2004)
is similarly due to systemic changes affecting Notch signalling, rather than due
to a cell-autonomous loss of progenitor function.

24.23
Bone Morphogenetic Proteins

The most striking property of the neurogenic niches of the SEZ and SGZ is that
they are permissive for neurogenesis in contrast to all other regions of the adult
mammalian CNS. If we understood the underlying molecular mechanisms we
would also have a clue how to allow for neurogenesis in most of the other, non-
neurogenic regions in the adult mammalian brain. One molecular mechanism
proposed to be involved in creating a neurogenic niche in the SEZ is the local
antagonistic interplay between noggin or related molecules and the various
members of the bone morphogenetic proteins (BMPs) (Lim et al. 2000). Noggin
counteracts the effects of BMPs by binding and thereby scavenging BMPs, hence
preventing the signal cascade elicited by binding of BMPs to their cognate
receptors (Balemans and Van Hul 2002). Within the SEZ BMP-2, -4 and -7
are strongly expressed (Lim et al. 2000; Liu et al. 2004; Peretto et al. 2004),
particularly in astroglial, hence type B cells (Peretto et al. 2004). The primary
effect of these BMPs is to inhibit neurogenesis and promote an astroglial
fate, both in vivo and in vitro (Lim et al. 2000; Gomes et al. 2003). Yet, these
anti-neurogenic effects of BMPs are counteracted by the local secretion of
the BMP antagonist noggin from ependymal cells (Lim et al. 2000) and may
be also type B cells (Peretto et al. 2004). These findings suggest a model in
which neurogenesis occurs within the narrow range of a local noggin source
(Lim et al. 2000). Interestingly, BMPs and noggin are also expressed along
the RMS (Peretto et al. 2004), suggesting that the RMS may not only serve as
a migratory highway towards the olfactory bulb, but it may also harbour stem
cells and permit neurogenesis (Gritti et al. 2002). Whether the same scenario
also plays a role in creating a neurogenic niche within the hippocampus has
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not been experimentally tested, but there is strong noggin expression in the
dentate gyrus (Peretto et al. 2004). An exciting therapeutic implication of the
antagonism between BMPs and noggin or related molecules is the possibility
that it may enable us to create a permissive environment for neurogenesis in
a priori non-neurogenic regions of the adult brain by local delivery of BMP
antagonists (Lim et al. 2000; Chmielnicki et al. 2004).

24.24
Sonic Hedgehog

Often signals that play an important role during development are reemployed
in adulthood. A classical example is sonic hedgehog (Shh), a molecule that
performs important patterning functions during development and is known
to promote cell proliferation in external granule cells of the cerebellum (see
also Sect. 4 for discussion on Shh signalling in brain cancers) (Ho and Scott
2002). Shh was also shown to influence cell proliferation in the SGZ and SEZ
(Lai et al. 2003; Machold et al. 2003; Palma et al. 2005) by acting not only on
transit-amplifying precursors, but more importantly also on GFAP-positive
cells, i.e. the presumable SVZ stem cell (Palma et al. 2005). Low levels of Shh
mRNA and Glil mRNA expression, the latter being an indicator of active Shh
signalling, were detected in the lateral wall of the lateral ventricles. Notably, only
about 20% of the GFAP-positive cells expressed Glil. Provided that the other
80% GFAP-positive cells indeed comprised part of the stem cell population,
this might hint at the possibility that stem cell proliferation could be tightly
controlled by assigning Shh responsiveness only to a subpopulation of the
total stem cell pool whilst maintaining the other in a quiescent state. The
physiological relevance of these findings were further underscored by the
fact that cyclopamine treatment, an inhibitor of Shh signalling, reduced BrdU
incorporation in the adult SEZ and caused a marked reduction in the number of
newly generated granule neurons in the olfactory bulb. Shh may play a similar
role in the adult hippocampus where it is expressed in the hilus, thus close to the
site where hippocampal stem cells reside (Dahmane et al. 2001; Lai et al. 2003;
Machold et al. 2003). Alternatively, Shh might be provided to the hippocampus
via axonal projections from the septum (Traiffort et al. 1999). Finally, given the
fact that components of the self-renewal machinery of stem cells are commonly
implicated in carcinogenesis, it is not surprising that in many brain cancers
elements of the Shh signalling pathway are affected (see Sect. 4).

243
Intrinsic Molecular Machinery Underlying Stem Cell Self-Renewal

Our knowledge of the intrinsic molecular machinery responsible for preserv-
ing the pool of neural stem cells is at best fragmentary. While essentially
nothing is known about the mechanisms that maintain part of the neural stem
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cells in a quiescent state, some preliminary progress has been made regarding
our understanding of the molecular components responsible for stem cell self-
renewal. For instance, it has been suggested that the orphan nuclear receptor
tailless/TLX is part of the self-renewal process of adult neural progenitors and
deficiency in the TLX gene is associated with a reduction in nestin-positive
precursor cells in the adult SGZ and SEZ (Shi et al. 2004). Interestingly, during
cortical development the Tlx gene appears to regulate the timing of neurogen-
esis by influencing the decision of precursor cells to proliferate or differentiate
through a mechanism that may involve the regulation of cell cycle transit time
(Roy et al. 2004). For instance, precocious neurogenesis observed in the cortex
of TIx-deficient mice may lead to shortened cell cycle of precursors in order to
replenish the depleting precursor pool (Roy et al. 2004) (see also later in this
section, the discussion on cell cycle length and asymmetric cell division).
The polycomb group transcriptional repressor Bmi-1 has also been sug-
gested to regulate stem cell renewal. First, it had been shown that Bmi-1
is required for the maintenance of adult haematopoietic stems cells (HSCs)
(Lessard and Sauvageau 2003; Park et al. 2003). Deficiency in Bmi-1 leads to an
upregulation (due to de-repression) of the cell cycle inhibitors pl6Ink4a and
p19Arf and thereby causes proliferative arrest in HSCs, ultimately resulting
in depletion of the HSC pool. Importantly, transplantation of Bmi-1-deficient
HSCs into secondary recipients permitted only transient reconstitution of
haematopoiesis, presumably because the Bmi-1-deficient cells failed to sustain
the precursor pool, i.e. stem cells capable of self-renewal were missing. Re-
cently, Molofsky and colleagues have suggested a similar role of Bmi-1 in the
self-renewal of adult neural stem cells (Molofsky et al. 2003). The authors used
the neurosphere assay to assess multipotency, proliferation and self-renewal.
The lack of Bmi-1 resulted in a reduced number of neurosphere-forming cells
and this phenotype further worsened during development into adulthood
(Molofsky et al. 2003). Moreover, neurospheres were also smaller and gener-
ated less secondary neurospheres in the absence of Bmi-1. These data indicate
that both the number and proliferation of neurosphere-forming cells is af-
fected by Bmi-1. Since, however, the identity of the neurosphere-forming cells
is not known (either stem cells or transit-amplifying precursors), these data
may be explained by depletion and reduced proliferation of either or both cell
types. Indeed, fast-proliferating precursors in the adult (P30) SEZ labelled by
a short pulse of BrdU were reduced in Bmi-1 mutant mice, consistent with an
increase in the expression of the cyclin-dependent kinase inhibitors p16Inka
and p19Arf. Most interestingly, these inhibitors are only upregulated in Bmi-1
mutant mice at postnatal stages and thus represent one of the few molecular
correlates of differences between embryonic and adult precursors. Consistent
with a role of Bmi-1 in fast-proliferating precursors, Bmi-1 is also contained in
fast-proliferating and even fate-committed precursors in the external granule
layer of the developing cerebellum (Leung et al. 2004). Accordingly, the cere-
bellum of Bmi-1 mutant mice is reduced in size and the animals are ataxic
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(Jacobs et al. 1999; Leung et al. 2004). Notably, Shh rapidly upregulates Bmi-1
expression (Leung et al. 2004) and lack of Bmi-1 also dampens the proliferative
action of Shh on progenitors of cerebellar granule neurons. Thus it is conceiv-
able that some of the above-discussed effect of Shh on neural stem cells in the
adult SEZ and SGZ may be mediated by Bmi-1.

Thus, the molecules regulating specifically self-renewal remain elusive, but
many factors affect proliferation of adult neural precursors, indicating that
there is a tight control of this parameter. One possible mechanism to achieve
self-renewal is via asymmetric cell division. In this scenario, a stem cell divides
and generates two distinct daughter cells: a stem cell identical to itself (self-
renewal) and a more differentiated precursor cell, e.g. a transit-amplifying
precursor. However, stem cell self-renewal may as well be achieved by sym-
metric cell division of a pool of stem cells, some of which then generate again
two stem cells, while others produce two already fate-restricted descendants.
Both models can explain the plasticity of stem cell self-renewal upon a le-
sion when more precursors generate offspring undergoing differentiation, if
required. In the first setting, stem cells may simply divide more often symmet-
rically than asymmetrically, while in the second case, in which most stem cells
divide symmetrically, more of them would generate two transit-amplifying
precursors. Interestingly, a recent study examined the orientation of cell di-
vision along the adult SEZ in rats subjected to stroke (Zhang et al. 2004).
The authors of this study observed an apparent change in the orientation of
cell division from predominantly horizontal to vertical cleavage planes. These
data would be consistent with an asymmetric cell division of adult neural
precursors occurring horizontally by separating fate determinants distributed
unequally along the apico-basal axis. While the unequal distribution of apico-
basal fate determinants by cell division orthogonal to the apico-basal axis (i.e.
horizontally) is a well-described mechanism of asymmetric cell division in the
developing nervous system from Drosophila to vertebrates (Huttner and Brand
1997; Wodarz and Huttner 2003; G6tz and Huttner 2005), there is no direct
evidence for this mechanism in adult neural stem cells yet. Notably, however,
adult neural stem cells seem to be the only cells in the adult SEZ with access
to the ventricle, except the nondividing ependymal cells (Doetsch et al. 1999b,
2002; Capela and Temple 2002), where apical membrane specializations may
occur (Kosodo et al. 2004). This may allow these astrocytes with access to
the ventricle to divide asymmetrically by unequally distributing their apical
membrane. Typically, astrocytes in the parenchyma have contact to the base-
ment membrane surrounding the blood vessels. Future experiments will have
to address which of these potential sources of apico-basal polarity is indeed
functionally relevant and whether or not access to the ventricle may hold the
key to understanding the difference between astrocytes acting as adult neural
stem cells and the ordinary astrocytes in the parenchyma (for discussion see
Gotz and Steindler 2003).
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Interestingly, a common cell biological hallmark of self-renewing stem cells
in various organs seems to be their slow cell cycle. Indeed, label-retaining cells
dividing so slowly that they retain a label incorporated during cell division
that is diluted by all other much faster dividing precursors are considered
as stem cells in several organ systems (Cotsarelis et al. 1990; Clarke et al.
2003; Bickenbach 2005). This raises the cell biology issue of whether cell cycle
length and the mode of cell division are linked. Indeed, there is experimental
evidence from the developing nervous system that a slower cell cycle may
be associated with an asymmetric cell division while fast-dividing precursors
tend to divide symmetrically (Qian et al. 1998, 2000; Lukaszewicz et al. 2002;
Calegari and Huttner 2003). Thus, cell cycle length may be the defining and
crucial difference between a self-renewing stem cell and a transit-amplifying,
non-self renewing cell. If this is the case, then understanding the mechanisms
of cell cycle regulation and self-renewal may answer many, if not most of the
issues about stem cell vs transit-amplifying precursor identity, an issue also of
crucial importance for our understanding of brain cancers.

244
Intrinsic Fate Determinants of Adult Neurogenesis

When a stem cell divides in such a way as to give rise to more differentiated
progeny, a program is elicited within the latter that restricts its future cell fate.
We are just starting to understand the molecular determinants controlling
fate decisions in adult neurogenesis. Again we may learn important lessons
from similar processes during development (Bertrand et al. 2002), as many of
the transcriptional regulators involved in neural cell fate specification in the
developing CNS are also encountered in zones of adult neurogenesis, such as the
paired box transcription factor Pax6 or the basic helix-loop helix transcription
factors Olig2 and Mash1 (Hack et al. 2004; Parras et al. 2004) (Fig. 1). Mash1
is a proneural transcription factor required for the production of neuronal
precursors in the ventral telencephalon (Casarosa et al. 1999). In the adult
SEZ, Mashl is predominantly expressed in transit-amplifying precursors and
to a lesser degree also in neuroblasts, where it may be only transiently retained
(Parras et al. 2004). Treatment with the anti-mitotic drug Ara-C resulted in the
ablation of Mash1-positive cells and control levels of Mash1-positive cells were
found 48 h after cessation of drug treatment consistent with the presence of
Mashl in fast proliferating precursors. Since Mash1 mutant mice die at birth, no
direct evidence for a proneural function in the adult SEZ could be obtained, but
analysis at birth revealed that the mutant RMS contained fewer proliferating
cells. Most remarkably, a dramatic reduction of neurons in the granular layer
of the olfactory bulb was observed in neonatal Mashl mutant mice, while
formation of periglomerular cells was only slightly affected (Parras et al. 2004),
suggesting that Mashl might also be involved in specifying the generation
of granule neurons in the adult SEZ. Another transcription factor crucially
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involved in the neuronal commitment of adult precursors is Pax6 (Fig. 1).
It is expressed in type A cells (Hack et al. 2004) and retrovirally mediated
interference with normal Pax6 function drastically reduces neurogenesis of
the transduced precursors in the adult SEZ (Hack et al. 2005). Notably, Pax6
expression is turned off in the postmitotic neurons in the olfactory bulb,
except in a subpopulation of postmitotic periglomerular neurons, namely
those expressing the neurotransmitter dopamine. Indeed, forced expression of
Pax6 drives newly generated neurons to assume dopaminergic identity. These
data suggest a model in which Pax6 acts in two succeeding phases of fate
decision, namely when precursors are specified towards a (possibly generic)
neuronal fate and subsequently in the specification of a subpopulation of these
cells towards a dopaminergic phenotype (Fig. 1).

2.5
Fine Tuning of Adult Neurogenesis upon Demand

Adult neurogenesis appears to be a highly regulated process. In the adult
dentate gyrus, there is compelling evidence that the degree of neurogenesis is
dependent on activation of hippocampal circuitry (Kempermann et al. 1997;
Deisseroth etal. 2004). For instance, neurogenesis can be stimulated by physical
exercise such as running (van Praag et al. 1999) and by exposure to an enriched
environment (Kempermann et al. 1997). Both effects may be mediated by
VEGEF signalling (Fabel et al. 2003; Cao et al. 2004). Furthermore, seizure
activity strongly upregulates dentate neurogenesis (Parent et al. 1997), an effect
that might be due to what has been called neurogenesis-excitation coupling
(Deisseroth et al. 2004), or it may be due to consequences of the post-seizure
lesion. In case of the adult SEZ, it has been shown that the rapidly dividing
type C cells express dopamine receptors (D2L type) and receive dopaminergic
innervation (Hoglinger et al. 2004). Experimentally induced dopaminergic
denervation reduces proliferation in the adult SEZ and SGZ and neurogenesis
in the adult olfactory bulb. Importantly, a similar reduction is observed in
post-mortem brains of Parkinson disease patients (Hoglinger et al. 2004).

By virtue of such regulation, adult neurogenesis may be amenable to phar-
macological manipulations. In particular, antidepressant drugs such as the
serotonin reuptake inhibitor fluoxetine have been shown to increase the de-
gree of dentate neurogenesis (Malberg et al. 2000). A recent important study
has indeed associated the antidepressant effects of fluoxetine with its ability to
enhance neurogenesis (Santarelli et al. 2003). X-irradiation induced ablation of
dentate neurogenesis prevented the behavioural responses to fluoxetine. The
idea that antidepressants may act by enhancing dentate neurogenesis is partic-
ularly attractive considering the fact that their action typically requires several
weeks of treatment until their beneficial effects become manifest, possibly the
time also required for the maturation and functional integration of newborn
neurons into the network. Thus, if confirmed, these findings would imply that
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constant reconstruction of hippocampal circuitry by insertion of new dentate
granule cells may be of importance for controlling an animal’s and possibly
a human’s motivational state. Interestingly, antidepressants may not so much
cause an increase in net numbers of neurons, but rather enhance their turnover
since they not only stimulate proliferation, but also apoptosis (Sairanen et al.
2005). For the right appreciation of this finding, however, it would be important
to know whether the cells that commit apoptosis include mature or only newly
generated granule neurons, the survival of which appears to be dependent on
BDNF signalling (Sairanen et al. 2005).

2.6
Incorporation of Adult-Born Neurons into the Preexisting Circuitry

This leads us to the more general question of whether newborn neurons fulfil
a specific role with respect to neuronal information processing or simply take
over the function of older neurons that have died. The fact that neural activity
may affect the production of new neurons, has led to the hypothesis that adult
neurogenesis could play a role in learning and memory (Carleton et al. 2002;
Schinder and Gage 2004). Notably, it has been reported that adult neurogenesis
may be required for the formation of trace memories, i.e. the association of
stimuli that are separated in time, a process that is known to depend on
the hippocampus (Shors et al. 2002). It was also suggested that adult dentate
neurogenesis may be involved in the clearance of memories (Feng et al. 2001)
and increased olfactory bulb neurogenesis appears to improve odor memory
(Rochefort et al. 2002). Thus, it will be critical to understand what newly
generated neurons can contribute to signal processing in the hippocampus or
olfactory bulb that cannot be achieved by the preexisting neurons.

To serve as a secure fundament for more elaborate hypotheses on the func-
tion of adult-born neurons, it was necessary to show that newborn neurons
do in fact functionally integrate into the preexisting neuronal circuitry. La-
belling of progenitors undergoing cell division in the adult subgranular zone
of the dentate gyrus with GFP encoding retroviruses allowed Van Praag and
colleagues to record from newborn neurons (van Praag et al. 2002). This study
revealed that newborn neurons do in fact receive functional synaptic input
from the perforant path (PP), similar to their more mature sister neurons.
A subsequent study, however, showed that the PP input into newborn neu-
rons may exhibit a higher degree of synaptic plasticity (Schmidt-Hieber et al.
2004). In contrast to the previous study, newborn neurons were identified by
their immunoreactivity for the early neuronal marker polysialylated neural
cell adhesion molecule (PSA-NCAM) and their significantly higher input re-
sistance compared to mature neurons. When the PP was repetitively stimulated
with a theta burst temporally coupled with a single postsynaptic spike in the
granule neuron (due to current injection), synaptic potentiation was selec-
tively induced in newborn neurons, while more mature neurons did not show
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a change in synaptic efficacy. The authors suggested that the enhanced synap-
tic plasticity might be attributable to greater membrane excitability based on
the fact that in these cells sodium-driven spikes were often boosted by cal-
cium spikes mediated by low-voltage activated T-type calcium channels. Yet
many other mechanisms might have contributed to this effect, for instance
differences in synaptic inhibition. It is not known at what stage input mediated
by y-aminobutyric acid (GABA) becomes functionally inhibitory, considering
the fact that developing neurons commonly display a reverse chloride gradient
that renders GABAergic input excitatory (Kaila 1994). Thus, newly integrated
neurons may be excited rather than inhibited by GABAergic input at early
stages, which would facilitate synaptic potentiation. With respect to the pos-
sible role of the enhanced synaptic plasticity of the PP input into newborn
granule neurons, one can only speculate, given that the recorded neurons were
only a few weeks of age. It seems unlikely that this enhanced plasticity is indica-
tive of greater involvement of the newborn neuron in learning and memory,
but relative to mature granule neurons, it may reflect a greater need to stabilize
new synaptic connections or face cell death in the absence of functional inte-
gration. In the case of the olfactory bulb, many newborn granule neurons die,
but surprisingly only after appropriate insertion into the granule cell layer and
acquirement of mature morphological characteristics (Petreanu and Alvarez-
Buylla 2002), suggesting that at this advanced stage a selection process may take
place that ensures that only functionally incorporated neurons may survive.
This is corroborated by observations that survival of newly generated neurons
in the olfactory bulb is regulated by olfaction, i.e. functional input (Petreanu
and Alvarez-Buylla 2002; Rochefort et al. 2002; Mechawar et al. 2004). Prior
to functional integration in the olfactory bulb, adult born neurons gradually
acquire neuronal properties (Carleton et al. 2003). While still migrating in the
rostral extension of the RMS, newborn neurons acquire responsiveness first to
the transmitter GABA and subsequently to glutamate activating a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/kainate type receptors.
Finally, at the point when neurons start to migrate radially into the bulb, N-
methyl-d-aspartate (NMDA) -type glutamate responses can be recorded. Along
with the morphological maturation such as dendritic development and forma-
tion of spines, inhibitory and excitatory synaptic responses can be recorded
from these cells. Surprisingly, active sodium conductances and the ability of
spiking are acquired only after synaptic innervation has been established. Cell
death at this final stage of maturation may then serve as a mechanism to
eliminate inappropriately integrated neurons.

While these studies have shown that newborn neurons in the hippocampus
and the olfactory bulb do receive functional input (Carlen et al. 2002; van Praag
et al. 2002; Belluzzi et al. 2003; Carleton et al. 2003), they have not revealed so
far whether these neurons also produce a functional output. This is technically
challenging as it requires simultaneous recording of a presynaptic neurons
identified as newborn and a postsynaptic target cell. However, with regard to
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the problem of whether newborn neurons contribute a unique function to the
neuronal circuitry, this is of foremost interest. It is conceivable that the devel-
opment of a functional output is a highly controlled process, since it must take
place without interfering with the stability of the network activity of the preex-
isting circuitry. The fact that the circuitry of the hippocampus plays a crucial
role in the development of temporal lobe epilepsies underlines the potential
dangers of uncontrolled functional integration. The surprising observation
that newborn granule neurons in the olfactory bulb receive functional synap-
tic input prior to acquiring the ability to fire sodium-driven action potentials
suggests that the onset of functional output of these newborn neurons may be
a highly controlled step within the integration process (Carleton et al. 2003).
This sequence of first receiving functional input and subsequently maturating
membrane excitability sharply contrasts the reverse order of events during
early postnatal development (Carleton et al. 2003). This hints to the possibil-
ity that functional integration in the adult vs the developing neural circuitry
is fundamentally different. More specifically, it may indicate that the mature
olfactory bulb provides inhibitory signals that halt maturation of membrane
excitability of newborn neurons, for instance by suppressing expression of
voltage-sensitive sodium channels, thus enforcing a functional “embargo” that
is only lifted when appropriate synaptic integration has taken place.

3
The Perspectives of Cell Replacement Therapy

The existence of adult neural stem or progenitor cells has raised great hopes
that it might be in principle possible to replace neurons that have died due to
an injury or a neurodegenerative disease by new neurons. Here essentially two
approaches can be taken: (a) replacement of dead cells by in vitro expanded
and differentiated cells and (b) replacement by recruitment of endogenous
progenitors. While it is too early to weigh these different approaches against
each other, we would like to briefly illustrate the achievements and problems
with each.

3.1
In Vitro Expanded Neural Stem Cells as a Source for Cell Replacement Therapy

With regard to the first strategy, i.e. to expand a suitable cell source in vitro
and transplant the desired progeny into a lesioned area, two main sources of
cells are currently being investigated: (a) neural stem cells isolated from the
embryonic or adult brain and expanded in vitro or (b) embryonic stem (ES)
cells. While neural stem cells could in principle be isolated even from the pa-
tient himself, their differentiation into neurons has proven more difficult than
expected. Expansion as neurosphere cells in high concentrations of EGF and



340 B. Berninger et al.

FGF2, a prerequisite for large numbers of transplantable cells, also abolishes
many region-specific characteristics of neural precursors (Gabay et al. 2003;
Hack et al. 2004), but see Parmar et al. (2003) for evidence that expanded pre-
cursors may retain some regional specification. This growth factor-induced
dedifferentiation may also result in reduction of neurogenic competence, as
most expanded adult neural precursor cells differentiate into astrocytes, both
in culture (Song et al. 2002a; Hack et al. 2004) and after transplantation (Cao
et al. 2002; Hofstetter et al. 2005). However, the problem of low-level neuroge-
nesis from expanded precursors can be in principle overcome by transduction
with key neurogenic fate determinants, such as Pax6 or neurogenin-2, result-
ing in the generation of 90% or 40% neurons, respectively (Hack et al. 2004;
Hofstetter et al. 2005). Yet it remains to be seen whether it is also possible to di-
rect these still poorly regionalized neurons towards highly specified neuronal
subtypes, such as midbrain dopaminergic neurons. So far the differentiation
of neurons derived from in vitro expanded precursors is mostly directed to-
wards a GABAergic phenotype, and it has not yet been possible to unravel
mechanisms to direct them in considerable numbers towards other neuronal
subtypes. Moreover, it is not fully understood to what extent they form func-
tional synapses. Adult SEZ precursors expanded in neurosphere culture and
subsequently allowed to differentiate develop into neurons that acquire the
ability to fire action potentials and receive functional synaptic input, when
co-cultured with neurons from the embryonic olfactory bulb, but fail to es-
tablish a functional presynaptic compartment (Berninger et al., unpublished
observation). Directly plated SEZ neuroblasts, in contrast, are capable of form-
ing both pre- and postsynaptic specializations, indicating that like the loss of
regional specification the competence to assemble a functional presynaptic ter-
minal is severely affected upon exposure to mitogens. Importantly, however,
it is possible to overcome this loss of competence, at least in vitro, by treat-
ment with the neurotrophin BDNF (Berninger et al., unpublished observation).
Similar findings were obtained studying neurons derived from a hippocam-
pal stem cell line expanded in FGF2 (Song et al. 2002b). It was shown that
these neurons can receive functional synapses when co-cultured with embry-
onic hippocampal neurons, but again their competence to provide functional
synaptic output was rather low. Interestingly, though, evidence for secretion
of both neurotransmitters glutamate and GABA was obtained. However, the
relative abundance of glutamatergic vs GABAergic neurons in these cultures
was not assessed, and it is not at all clear whether these neurons truly resemble
dentate granule neurons or rather represent a type of generic neuron. Given
the fact that the cell line had been extensively passaged before and expanded
in the presence of FGF2, it would be critical to know how much of the regional
specification of the original mother cell is retained by these cells or has been
lost.

For therapy of neurodegenerative diseases or traumatic lesions by cell re-
placement, ultimately neural stem cells or their in vitro predifferentiated de-
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scendants must be delivered to the afflicted region. There is evidence that
neurosphere-derived cells may spontaneously migrate to sites of brain le-
sion (Pluchino et al. 2003), yet widespread distribution of neural precursors
throughout the nervous system may have undesired side effects. Furthermore,
the migration potential of more committed precursors is largely unknown.
The reason why one would prefer to transplant already committed precursors
is that most regions of the brain are in fact not permissive to neurogene-
sis. For instance, when adult hippocampal progenitors or adult spinal cord
stem cells were transplanted into a young adult brain, neuronal differentia-
tion was only observed upon grafting into the RMS or the dentate gyrus, the
two main neurogenic regions of the adult mammalian brain (Suhonen et al.
1996; Shihabuddin et al. 2000). In contrast, the same progenitors failed to gen-
erate neurons in other regions (Suhonen et al. 1996). One way to overcome
the restraints of a non-neurogenic environment may be to locally block BMP
signalling by delivery of BMP antagonists such as noggin. When precursors
from the adult SEZ were grafted into the adult striatum, no cells expressing
neuronal markers such as TuJ1 were present and only astrocytic cells were
found (Lim et al. 2000). However, when the striatum was “primed” by local
delivery of an adenovirus encoding for noggin, TuJ1-positive cell clusters were
encountered, suggesting that the environment had been made permissive at
least for the most early steps of neurogenesis (Lim et al. 2000). The problem
associated with a non-neurogenic environment has also been underscored by
arecent study showing that adult neurosphere cells locally grafted into sites of
spinal cord trauma largely differentiate into astrocytes (Hofstetter et al. 2005).
Although such treatment results in some functional recovery from the spinal
cord injury, it is accompanied by massive allodynia, a phenomenon of pain
hypersensitivity often found in patients suffering from spinal cord injury and
possibly due to aberrant fibre sprouting. Interestingly, however, Hofstetter and
colleagues also showed that prior retroviral transduction of neurosphere cells
with neurogenin-2 repressed astroglial differentiation, thereby also reducing
the allodynia. Surprisingly, the positive effect of the forced neurogenin-2 ex-
pression may have resulted from the fact that many neurosphere cells now
differentiated into oligodendrocytes, which may have promoted remyelination
of nerve fibres within the afflicted tissue.

Whether local grafting of neural precursors is successful or not will further-
more depend on whether the local environment can provide the cues necessary
for the appropriate integration into the preexisting circuitry. We have learned
already that functional integration of endogenously produced neurons in the
adult olfactory bulb is a complex sequence of events that substantially devi-
ates from those underlying circuit assembly during development (Carleton
et al. 2003), warranting caution with regard to the notion that appropriate
integration may take place spontaneously.
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3.2
The Alternative to the Adult Neural Stem Cell: Guided Neuronal Differentiation
of Embryonic Stem Cells

Embryonic stem (ES) cells comprise another potential source for neuronal cell
replacement (Kim et al. 2003a). Surprisingly, when transplanted in vivo, ES
cells become readily committed towards a neural fate and such neural precur-
sors differentiate and become functionally incorporated (Bjérklund et al. 2002;
Wernig et al. 2004). The fact that grafted neurons derived from ES cells readily
received functional synaptic input from host tissue has been rightly considered
a great benevolence of nature towards the investigator, but whether this will
mean the same to the patient remains to be determined. Once again, the devil
may reveal itself in the details of such functional integration. To give an exam-
ple, neurons derived from ES cells that were grafted onto hippocampal slice
cultures have been shown to display functional glutamatergic and GABAer-
gic input (Benninger et al. 2003). Yet glutamatergic synapses established on
the grafted neurons exhibited a conspicuous absence of an NMDA-receptor-
mediated component as well as differences in short-term plasticity. While such
discrepancies between synapses onto grafted and endogenous neurons may
be caused by the different maturational state of the respective postsynaptic
neurons, it may also indicate that the grafted neurons may not fully pheno-
copy endogenous neurons on all functional aspects. Given the fact that NMDA
receptor activation plays a crucial role in long-term synaptic modifications,
the absence of a notable NMDA receptor component may render these grafted
neurons unable to fulfil their function appropriately. The key problem is that
ES-derived neurons are not fully specified, even though they may become
functionally integrated (Wernig et al. 2004).

To circumvent inappropriate differentiation of ES cells within a host tissue,
it might be necessary to induce these cells to become specified towards the
desired neuronal phenotype. Indeed, protocols have been developed that allow
for the selective generation of various types of neurons, such as midbrain
dopaminergic and serotonergic neurons (Kawasaki et al. 2000; Kim et al. 2003b;
Perrier et al. 2004), cholinergic motor neurons (Wichterle et al. 2002) and
glutamatergic neurons (Bibel et al. 2004; Watanabe et al. 2005). Underlying all
these protocols has been the idea that ES cells might adopt the desired neuronal
type when exposed to the same signals that are relevant for specifying these
cell types during embryogenesis. Following this hypothesis, Wichterle et al.
established an experimental protocol to drive the specification of mouse ES cells
into spinal progenitor cells and subsequently into motor neurons (Wichterle
etal. 2002). ES cells were grown as aggregates, so-called embryoid bodies (EBs),
in the presence of a fibroblast monolayer. Treatment of these EBs with retinoic
acid (RA), an agent that besides its neuralizing effect also acts as a caudalizing
signal, induced expression of markers of postmitotic neurons as well as markers
indicating a spinal cord identity such as Hoxc5 and Hoxc6 in these aggregates.
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When EBs were simultaneously treated with RA and sonic hedgehog (Shh),
neurons adopted either a more dorsal or ventral spinal fate dependent on the
concentration of Shh used, consistent with Shh’s function as a morphogen
during development (Roelink et al. 1995; Ericson et al. 1996, 1997). When
grown at relatively high Shh concentrations, neurons expressed transcription
factors typical of spinal motor neurons (Wichterle et al. 2002). Finally, when
grafted into chick embryos, motor neurons derived from RA- and Shh-treated
EBs extended axons via the ventral root towards the periphery, apparently
innervating muscle tissue. Furthermore, on arrival at the target, such ES cell-
derived motor neurons showed signs of cholinergic presynaptic differentiation,
suggesting that they form functional endplates. Somewhat surprising was the
observation that, whereas these ES-derived motor neurons expressed a LIM
transcription factor profile, indicating a rostral cervical positional identity,
their peripheral axonal projection was still dependent on which segment of
the spinal cord they had been grafted. Thus molecular specification did not
obstruct the positional influence, indicating a remarkable degree of plasticity.
Notably, also ES cells, differentiating into neurons using a rather different
protocol, developed into motor neurons upon transplantation in the developing
chick spinal cord (Plachta et al. 2004).

A similar approach has been chosen by investigators to generate midbrain
dopaminergic neurons from ES cells (Kim et al. 2003b; Perrier et al. 2004).
Death of midbrain dopaminergic neurons is one of the major hallmarks of
Parkinson’s disease and there is evidence based on transplantation of foetal
midbrain cells that cell replacement might in principle work to alleviate the
disease symptoms (Bjorklund et al. 2003). During embryonic development
the isthmic organizer, a signalling centre located at the midbrain/hindbrain
boundary provides signals such as fibroblast growth factor-8 (FGF8) and Shh
that instruct rostrally located precursors to adopt a dopaminergic phenotype
(Ye et al. 1998). Indeed, the same factors are capable of driving mouse ES cells
towards a midbrain dopaminergic phenotype which can be further enhanced
by ectopic expression of Nurrl, an orphan member of the hormone recep-
tor family of transcriptions factors known to be required for the generation of
dopaminergic neurons (Kim et al. 2003b). When transplanted into the striatum
of 6-hydoxy dopamine (6-OH-DA) lesioned rats, an animal model for Parkin-
son’s disease, tyrosine hydroxylase-positive cells not only survived, but also
received functional input from adjacent host tissue and extended their axonal
projection over considerable distances. Finally, grafting also ameliorated the
motor deficits caused by the 6-OH-DA lesion. More recently, a protocol was
developed for the selective and high-yield differentiation of human ES cells
into midbrain dopaminergic neurons (Perrier et al. 2004). When cultured on
a stromal feeder cell line, human ES cells adopted a neural fate, generating
neuroepithelial structures (so-called rosettes) consisting of neural precursors
expressing Sox1 and Pax6. For efficient commitment of these precursors to-
wards a midbrain dopaminergic fate, precursors had to be passaged twice and
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be exposed to FGF8 and Shh prior to differentiation in medium containing glial
cell-derived neurotrophic factor (GDNF), dibutyryl cAMP, and TGF-f33. After
a total of 50 days in vitro, up to 50% of the cells were TuJ1-positive, and of these,
80% expressed tyrosine hydroxylase. Consistent with a specification towards
a midbrain dopaminergic phenotype, first expression of the transcription fac-
tors Pax2 and Pax5 was detected, followed by that of engrailed-1. Efficient
dopamine release was detected only upon additional weeks of differentiation.

For generation of glutamatergic neurons, ES cells were cultured transiently
as EBs, again treated with retinoic acid, but in the absence of feeder cells
(Bibel et al. 2004). These cells started then to express markers of neurogenic
radial glia cells, such as nestin, RC2, GLAST and most intriguingly virtually
all cells were Pax6-immunoreactive. During development Pax6-positive radial
glial cells serve as precursors in a variety of regions including the neocortex
where they generate glutamatergic neurons (Heins et al. 2002; Malatesta et al.
2003; Haubst et al. 2004). Consistent with the hypothesis that the ES cells were
driven to a similar cell fate, the majority of the progeny appeared to be indeed of
a glutamatergic nature and formed typical glutamatergic synapses. Yet a small
percentage of these cells were GABAergic. In a subsequent study, the authors
aimed to characterize the developmental potential of these in vitro specified
ES cell-derived progenitors by transplanting them to different tissues in the
developing chick (Plachta etal. 2004). When grafted into a segment of the neural
tube of chick embryos, these cells generated neurons that expressed markers of
interneurons and motor neurons of the spinal cord and extended axons into the
ventral root. Moreover, some of the cells grafted into the embryonic neural tube
behaved like neural crest cells and populated dorsal root ganglia (DRGs). These
cells were capable of generating neurons, but failed to express the appropriate
markers of DRG neurons and did not extend axons towards the periphery.
By contrast, cells grafted into the DRG without prior specification with RA
were capable of responding to the local cues and differentiated in neurons
expressing the appropriate markers. These data show that prior specification
of ES cells restricts the fate of neuronal progenitors generated from ES cells in
the respective in vivo environment.

In an attempt to specifically generate forebrain neurons from ES cells,
Watanabe et al. (2005) developed a protocol that omitted RA, a molecule
that not only exerts neuralizing, but also exhibits caudalizing activities. Inter-
estingly, they found that blocking Wnt signalling (by applying the endogenous
Wnt antagonist Dkk1) and Nodal signalling promoted neural specification in
ES cells. Notably, a substantial portion of Dkk1-treated precursors expressed
Foxgl, a marker for telencephalic neurons. Once this stage was reached, ac-
tivation of Wnt signalling (by addition of Wnt3a) now induced Pax6 expres-
sion, suggesting specification towards a dorsal telencephalic fate. Conversely,
treatment with the ventralizing factor Shh induced expression of ventral telen-
cephalic markers such as Isletl.
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In summary, knowledge of the molecular events that underly specification
of neural precursors towards a given neuronal/glial fate appears to provide us
with the tools to generate in principle any desired neural cell type from ES
cells. In vitro differentiation of ES cells prior to grafting may also reduce the
risk for teratoma formation (Bj6érklund et al. 2002; Kim et al. 2003b). However,
appropriate functional incorporation of ES cell-derived neurons establishing
the proper type of synaptic connections with neighbouring cells remains to be
demonstrated.

3.3
Recruitment of Endogenous Neural Stem Cells

The fact that neurosphere-forming cells can be isolated from many other re-
gions than the two major neurogenic regions, the SEZ and the SGZ (Weiss
et al. 1996; Johansson et al. 1999; Palmer et al. 1999; Nunes et al. 2003), sug-
gests the possibility that the CNS may contain resident stem or precursor cells
that in principle could be stimulated to generate neurons in case of disease or
trauma-induced neurodegeneration. Alternatively, nonresident stem or pre-
cursor cells may become recruited towards a site of neuronal degeneration.
The first evidence for degeneration-induced activation of a neurogenic pro-
gram was provided by a study from Magavi and colleagues (2000). Layer VI
corticothalamic projection neurons were selectively ablated by chromophore-
targeted neuronal apoptosis. While no neurogenesis occurs in the intact neo-
cortex (Magavi et al. 2000; Kornack and Rakic 2001a), cells both positive for
BrdU and the neuronal marker NeuN extending long-range axons towards the
thalamus were encountered within the damaged cortical layer, indicating that
degenerated neurons had been replaced by newborn neurons, albeit to a lim-
ited degree (Magavi et al. 2000). Similar findings were made in cases of focal
ablation of corticospinal projection neurons (Chen et al. 2004). While in both
cases local generation of neurons cannot be excluded, there was evidence of
migration of BrdU- and doublecortin-positive young neurons from the SEZ
across the corpus callosum towards the lesioned cortical layer. In an exper-
imental model of stroke, a similar recruitment of neuronal precursors from
the SEZ towards the lesioned adult striatum was observed (Arvidsson et al.
2002). Newly generated cells within the ischaemic area expressed markers of
mature striatal medium-sized spiny neurons, although the mechanism for this
appropriate fate commitment remains unclear given that the local microen-
vironment upon the ischaemic insult is severely damaged. Unfortunately, the
majority of the newly generated neurons appeared to be very short-lived, which
may not be surprising, given that they must dwell in a highly unfavourable en-
vironment. As we have discussed above, functional integration may be key to
preventing apoptotic cell death of adult-born neurons in the olfactory bulb
(Petreanu and Alvarez-Buylla 2002). Notably, adult genesis of medium-sized
spiny neurons from SEZ precursors can be also elicited in the adult striatum in
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the absence of injury by adenoviral expression of the BMP antagonist noggin
and the neurotrophin BDNF (Chmielnicki et al. 2004). These neurons survived
for more than 2 months and were capable of projecting to the globus pallidus,
their natural target structure.

The most striking example of replacement of degenerated neurons by newly
generated cells is a study conducted by Nakatomi and colleagues (Nakatomi
et al. 2002). In a stroke model which results in the total loss of CA1 pyramidal
neurons, a spontaneous, albeit very modest repopulation of the damaged area
was observed. However, neuronal recovery could be massively boosted upon
intraventricular delivery of the growth factors EGF and FGF2. There was again
evidence that neuronal precursors had been recruited from outside of the af-
flicted region, namely the periventricular zone just above the hippocampal CA
fields. Anatomical recovery in growth factor-treated animals was accompanied
by functional amelioration, as demonstrated by the presence of a measurable
CAl field potential upon Schaffer collateral stimulation (which was totally gone
in controls) and even behavioural tasks that require an intact hippocampus.

Thus, recruitment of endogenous precursors depends on appropriate sig-
nals. Indeed, migrating neuroblasts can also be rerouted from the RMS by the
extracellular matrix protein tenascin-R (Saghatelyan et al. 2004). Tenascin-
R plays a critical role within the olfactory bulb by initiating detachment of
neuroblasts from chains and inducing radial migration. Ectopic expression of
tenascin-R within the striatum reroutes migrating neuroblasts towards this
tissue. This may provide means to recruit these cells to damaged areas that
cannot provide the necessary signals on their own (Saghatelyan et al. 2004). Fi-
nally, SEZ precursors can also be mobilized to periventricular white matter by
experimental autoimmune encephalomyelitis, where they generate astrocytes
and oligodendrocytes (Picard-Riera et al. 2002). Clearly, the more we know
about the properties of adult stem cells and their progeny, the more tools we
will acquire to employ them to their fullest potential.

4
When Stem Cells Turn Awry

While the presence of stem cells in the brain has raised many hopes that these
may become therapeutically useful, there is also justified suspicion that in
some cases they might themselves be the origin of a highly deadly disease,
namely brain cancer. Actually over the last couple of years, the hypothesis
has taken momentum that many forms of tumours arise from rare cancer
stem cells that give rise to a hierarchy of more differentiated progeny whose
behaviour resembles normal tissue stem cells (Reya et al. 2001; Beachy et al.
2004). While the more differentiated progeny constitutes the majority of the tu-
mour cells, it is the cancer stem cell that is responsible for tumour propagation.
This hypothesis has been experimentally verified in case of acute myelogenous
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leukaemia: a subpopulation of cells, isolated from leukaemic patients bearing
characteristics of haematopoietic stem cells, e.g. with self-renewal capacity,
unlimited replication and similar antigenic properties, were the only cells that
could reconstitute tumours upon transfer into the NOD/SCID (nonobese di-
abetic/severe combined immunodeficient) mice (Lapidot et al. 1994; Bonnet
and Dick 1997; Hope et al. 2004). Recent findings point to a quite similar sce-
nario in case of breast cancer (Al-Hajj et al. 2003). Even more recently, the
same concept has been successfully applied to brain cancers. A large variety of
brain tumours such as medulloblastoma and glioblastoma contain a subpopu-
lation of cells which can give rise to clonal aggregates resembling neurospheres
that can further generate secondary clonal aggregates, suggesting the ability
for self-renewal (Hemmati et al. 2003; Singh et al. 2003; Yuan et al. 2004).
Furthermore, when allowed to differentiate, tumour-derived progenitors de-
veloped into the different neural lineages based on marker expression. Notably,
however, tumour-derived progenitors can differentiate into abnormal progeny
that co-express markers of distinct neural lineages such as TuJ1 and GFAP
(Hemmati et al. 2003; Singh et al. 2003) (Fig. 2).

Recently it has been found that self-renewal ability may be specifically
found in a subpopulation of the tumour cells that express the surface protein
CD133/prominin (Singh et al. 2004), a molecule localized asymmetrically also
on neural precursors in the developing brain (Kosodo et al. 2004). Most impor-
tantly, when CD133-positive cells were isolated from patients and transplanted
into the brain of NOD/SCID mice, only a hundred of these cells were required to
induce tumour formation, while 1,000-fold higher numbers of CD133-negative
brain tumour cells were ineffective in causing a secondary brain cancer.

Two more aspects of these studies are of interest. First, while CD133-positive
cells are crucial for the propagation of the tumour, they also give rise to CD133-
negative offspring, indicating a second key feature of stem cells, namely the
ability not only of self-renewal but also to give rise to more differentiated
progeny. Secondly, analysis of the tumours reconstituted in the mouse brain
showed that these tumours histologically resembled the original tumour ob-
tained from the human patient bearing typical features of medulloblastoma or
glioblastoma.

These findings can be essentially interpreted in two ways: the cancer origi-
nally arises from a proper stem cell or, alternatively, from a more differentiated
cell that reacquired properties of a stem cell by de-differentiation (Fig. 2).
There is evidence that in case of high-grade malignant gliomas both scenarios
may occur (Dai et al. 2001; Bachoo et al. 2002). In glioblastoma, the loss of the
cell cycle inhibitors Ink4a/Arf is frequently associated with activation of EGF
receptor signalling, pointing to the possibility that these mutations may inter-
act to cause cellular transformation. A proof of principle study showed that
combined loss of pl6Ink4a and p19Arf and concomitant activation of the EGF
receptor drives astrocytes to de-differentiate into nestin-positive progenitors
in vitro (Bachoo et al. 2002). Moreover, when a constitutively active EGF recep-
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Fig. 2 A model illustrating the role of tumour stem cells in brain cancerogenesis. Whether
the tumour stem cell indeed resembles more the type B cell as shown here or rather the
transit-amplifying precursors is not clear. In any case, tumour stem cells (identified by the
expression of CD133) may arise from at least two distinct sources: (a) stem cells such as
those residing in the SEZ or SGZ or from (b) parenchymal glial cells or precursors that have
undergone dedifferentiation as a consequence of a mutagenizing event that results in the
gain of self-renewal capacity (as exemplified by the upregulation of Bmi-1) and unrestricted
proliferation (for instance by EGF receptor gene amplification). Self-renewal capacity is
crucial for the propagation of the tumour. Progeny of cancer stem cells are typically found
to exhibit a faulty differentiation, as exemplified by co-expression of the astroglial marker
GFAP in neuron-like cells (as illustrated by the green lines in the red neuron) and the
neuronal marker TuJ1 in astroglial-like cells (red lines in the green astrocyte)

tor was expressed in pl6Ink4a- and p19Arf-deficient astrocytes and these were
orthotopically transplanted into brains of SCID mice, high-grade gliomas were
induced. Interestingly, primary neural progenitors bearing the same genetic
modifications were equally tumorigenic, thus indicating that both differenti-
ated cells as well as undifferentiated progenitors may serve as the cell of tumour
origin. Finally, upon EGF injection into the adult SEZ, proliferation was mas-
sively enhanced in Ink/Arf mutant adult mice compared to wild types, causing
lesions that were cytologically similar to the tumours provoked by transplan-
tation of mutant astrocytes or neural progenitors. It is worth remembering
here again the data by Doetsch et al. (2002) that showed that EGF treatment
in the intact adult SEZ does not only dramatically enhance proliferation of
type C cells, but also interferes with the appropriate differentiation program in
that it diverts progeny away from a neuronal towards an “activated” astroglial
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fate (Doetsch et al. 2002). Notably, these dedifferentiated astrocytes leave their
usual position in the SEZ and RMS and invade the parenchyma of the striatum,
cortex and corpus callosum, therein resembling cancerous cells. The fact that
malignant glioblastoma are very often associated with a gene amplification of
the EGF receptor (Ekstrand et al. 1991; von Deimling et al. 1992; Hayashi et al.
1997) suggests that tumour cells in glioblastomas may be molecularly very
similar to the transit-amplifying type C cells, which are the cells expressing the
highest amount of EGF receptor within the SEZ compartment (Doetsch et al.
2002) (Figs. 1 and 2).

We have previously encountered the cell cycle inhibitors Ink/Arf in the con-
text of discussing the molecular mechanisms underlying stem cell self-renewal
(Sect. 2.4.3). We have seen that they are targets of the transcriptional repressor
Bmi-1 thought to be a critical component of the machinery regulating cell
division of adult neural precursors. Interestingly, Bmi-1 overexpression occurs
frequently in human medulloblastomas (Leung et al. 2004). Medulloblastomas
are highly malignant brain tumours which arise from uncontrolled prolifera-
tion of granule cell precursors in the extragranule cell layer (EGL) (Wechsler-
Reya and Scott 2001; Pomeroy et al. 2002). Many of these medulloblastomas
exhibit aberrant Shh signalling due to mutations in the Shh receptors Ptch
(Dong et al. 2000; Zurawel et al. 2000) or smoothened and suppressor of Fused
(SUFU), a regulator of Shh signalling (Taylor et al. 2002). Also Bmi-1 upregu-
lation is accompanied by higher levels of Ptch and SUFU (Leung et al. 2004),
suggesting that Bmi-1 activation may occur downstream of Shh signalling in
these tumours.

In conclusion, a detailed knowledge of the molecular mechanisms regulating
stem cell renewal and fate specification will not only allow us to understand
the intricate processes that underlie adult neurogenesis, hopefully providing
us with means to develop novel therapies for neurodegenerative diseases, but
also pave the way for new strategies to cure brain cancer.
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Abstract This chapter focuses on cell replacement therapies in Parkinson’s disease (PD) and
describes experimental data leading to clinical trials, as well as the methodology and efficacy
of grafts of human embryonic nigral tissue in patients with PD. It also highlights some of the
clinical problems the procedure presents and considers future alternative sources of donor

tissue, including various forms of stem cells.
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Abbreviations

AADC L-aromatic amino acid decarboxylase

ASC Adult stem cell

CAPIT Core Assessment Protocol for Intracerebral Transplantations

CAPSIT Core Assessment Program for Surgical interventions and Transplanta-
tion

CMV Cytomegalovirus

CNS Central nervous system

DA Dopaminergic

DAT Dopamine transporter

DOPA Dihydroxyphenylalanine

F-DOPA Fluoro-DOPA

Gpi Globus pallidus internus

En Engrailed

ES Embryonic stem

bFGF Basic fibroblast growth factor

c-Ret Protein kinase receptor, ligand is glial cell line-derived neurotrophic
factor (GDNF)

MRI Magnetic resonance imaging

NIH National Institute of Health

Nurr Nur(nuclear receptor)-related factor

6-OHDA 6-Hydroxydopamine

PET Positron-emission tomography

PERV Porcine endogenous retrovirus

PD Parkinson’s disease

Ptx Paired-like homeodomain transcription factor

SN Substantia nigra

SNc Substantia nigra pars compacta

STN Subthalamic nucleus

SVZ Subventricular zone

TGF o Transforming growth factor alpha

TH Tyrosine hydroxylase

UPDRS Unified Parkinson’s Disease Rating Scale

VM Ventral mesencephalon

VMAT Vesicle membrane-associated transporter

VTA Ventral tegmental area

1

Introduction: Parkinson’s Disease

Parkinson’s disease is the second most common neurodegenerative disorder
and affects almost 1% of the population above the age of 60 (Inzelberg et al.
2002). Patients primarily suffer from motor symptoms such as bradykinesia
(slowness of movement), rigidity (muscle stiffness) and tremor at rest (for
review see Lang and Lozano 1998a, 1998b; Samii et al. 2004). These symptoms
progress over time and, in addition, most patients eventually exhibit vegetative
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disturbances, depression (Oertel et al. 2001), and dementia in the course of the
disease (Mayeux et al. 1990; Aarsland et al. 1996).

The main neuropathologic finding in PD is the progressive loss of dopamin-
ergic (DA) neurons in the substantia nigra pars compacta (SNc). These neurons
project to the striatum and their loss results in a reduction of striatal dopamine
(DA) levels (Kish et al. 1988; Agid 1991; Fearnley and Lees 1991). The precise
etiology of the cell loss is still not known. There are several hypotheses regard-
ing the pathogenetic mechanisms in PD such as mitochondrial dysfunction,
oxidative stress, exogenous toxins, intracellular accumulation of toxic metabo-
lites, viral infections, excitotoxicity, deficient trophic support and immune
mechanisms; additionally a genetic predisposition may play a role (for review
see Schapira 1997; Samii et al. 2004).

Due to the lack of understanding of PD etiology and pathogenesis, there
is still no treatment that can prevent or retard the progression of the disease.
The following chapter will briefly summarize currently available symptomatic
treatments for Parkinson’s disease and then focus on cell replacement strategies
as a still experimental approach to treat PD. The experimental background,
the grafting technique, clinical trials, and current problems will be described.
Future directions using stem cells as a cell source for transplantation or en-
dogenous cell repair are illustrated.

2
Treatment of Parkinson’s Disease

2.1
Pharmacological Treatment

Since the late 1960s, the main approach to treating PD has been the phar-
macological alleviation of the striatal DA deficit by administration of the DA
precursor L-Dopa in combination with drugs inhibiting L-Dopa breakdown
and/or drugs enhancing dopaminergic transmission by blocking the break-
down of DA. There are also several DA agonists that act by direct binding on
postsynaptic receptor sites. Nondopaminergic medications include anticholin-
ergic agents and amantadine, which blocks a class of glutamatergic receptors
(for review see Rascol et al. 2002; Samii et al. 2004).

Pharmacological treatment of PD has been remarkably successful in re-
ducing motor symptoms in PD early in the course of the disease, but at later
stages patients often develop one or several treatment complications. The loss
of drug efficacy is apparent in “wearing-off” symptoms; as a result, increas-
ing and more frequent doses of medication are required. Later, psychiatric
disturbances such as hallucinations may develop, probably as a consequence
of stimulation of DA receptors outside the striatum. Another major problem
is the partly unpredictable fluctuation between immobility and an increased
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ability to move (the so called on-off phenomenon). During the “on” phases,
when the drug allows the patients to move, they typically exhibit disturbing
involuntary movements, termed dyskinesias.

2.2
Surgical Treatment

Due to the problems associated with long-term pharmacological DA replace-
ment therapy, new treatments have been developed. Three different neurosur-
gical approaches have been tested in PD patients: first, ablative procedures,
thalamotomy, pallidotomy and subthalamotomy; second, functional lesions
using electrical currents (deep brain stimulation, DBS), aiming at the ventral
intermediate nucleus (VIM) of the thalamus, the subthalamic nucleus (STN),
or the internal segment of the globus pallidus (Gpi) (for review see Walter and
Vitek 2004). These interventions attempt to restore functional imbalance in
the basal ganglia and are based on observations that imply a hyperactivity of
structures such as the STN and the GPi as a result of the dopaminergic deficit
(Alexander and Crutcher 1990; DeLong 1990). The third surgical approach
aims at the replacement of the lost cell type by transplantation of different cell
types to the brain (Bjorklund and Lindvall 2000) and is discussed further in
this chapter.

Transplantation attempts to restore function of the diseased cells or organ
by replacing lost cells. This is clinical practice for several organs; however, cell
replacement in the brain remains experimental. Repairing the diseased brain
has been the dream of physicians and scientists for decades, even though at
first glance it seems unrealistic to attempt functional recovery by replacing
lost neurons in such a complex structure as the brain. Parkinson’s disease is
a good candidate for cell replacement therapy primarily because the symp-
toms result from a progressive loss of dopaminergic cells in a circumscribed
region, the SN, albeit not exclusively (Braak et al. 2004). Replenishment of lost
dopaminergic neurons by grafting immature neurons seems obvious and stud-
ies in animal models of PD have demonstrated that neuronal replacement and
partial reconstruction of the diseased neuronal circuitry is indeed possible.

3
Animal Experiments: The Proof of Principle

Cell-based therapies for experimental and clinical PD have undergone consid-
erable development over the past three decades (Dunnett et al. 2001). Exper-
iments in animal models of PD have shown the proof of concept and helped
to understand the neurobiological principles that underlie the integration and
function of grafted cells in the damaged nervous system.
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Olson and co-workers were the first to graft catecholamine-secreting cells
in the nervous system. They transplanted adrenal chromaffin cells and embry-
onic dopaminergic neurons into the anterior eye chamber of the rat (Olson and
Malmfors 1970; Olson and Seiger 1972). These studies revealed that developing
embryonic neurons are needed to achieve survival and neurite outgrowth from
grafted neurons. Therefore cells have to be dissected during a critical stage of
development when neurons are already determined to become dopaminergic
but are not yet fully differentiated. A few years later, it was demonstrated that
embryonic DA neurons could also be grafted to the brain (Bjorklund et al. 1976;
Stenevi et al. 1976) and that grafts can lead to functional recovery in hemi-
parkinsonian rats (Bjorklund and Stenevi 1979; Perlow et al. 1979). In these
experiments, rats were injected unilaterally into the nigrostriatal pathway with
6-hydroxydopamine (6-OHDA) that causes an ipsilateral depletion of striatal
DA due to cell loss in the SN. The imbalance in striatal DA leads to motor
asymmetry that can be amplified as rotational behavior by administration of
drugs that affect the DA system such as amphetamine or apomorphine (Unger-
stedt and Arbuthnott 1970) Fig. 1 a,b). In these pioneering studies, graft tissue
was dissected from the ventral mesencephalon (VM) of rat embryos, a region
that contains a large number of immature dopaminergic neurons in the de-
veloping SN, and ventral tegmental area (VTA). The tissue was transplanted
in two ways: as solid grafts of nigral tissue into the ventricle adjacent to the
denervated striatum (Perlow et al. 1979) or into pre-made cortical cavities
overlying the striatum (Bjorklund and Stenevi 1979). Nigral tissue grafts re-
versed motor asymmetry in the rats and extended axons into the denervated
host striatum.

Shortly thereafter, cell suspension grafting technology, a dissociated neu-
ronal culture technique, was introduced. Donor tissue is enzymatically digested
and mechanically dissociated to a single cell suspension that can be drawn into
a microsyringe and stereotactically injected into any desired brain region

Table1 Conclusions from experimental studies grafting cells into the brain in animals model
of Parkinson’s disease

Immature (embryonic) neurons are needed to achieve survival and neurite outgrowth.
Grafted immature dopaminergic neurons:

Survive transplantation

Reinnervate the lesioned striatum (the target structure of dopaminergic neurons)

Make synaptic contacts with the host striatum

Release dopamine in a regulated fashion

Restore baseline dopamine synthesis

Are tonically active

Receive inputs from host neurons and partially reverse several different motor deficits
in animal models of Parkinson’s disease




366 G. Paul

E F

Fig. 1a—f Illustration of intracerebral grafting in a rat model of PD. a Unilateral lesion of the
nigrostriatal pathway leads to DA depletion in the striatum. b Animals exhibit rotational
behavior as a result of striatal DA imbalance. ¢ The ventral mesencephalon (VM) is dissected
out from the midbrain of arat embryo and s (d) enzymatically and mechanically dissociated.
e The cell suspension is stereotactically injected into the DA depleted striatum. f The grafted
cells survive, integrate into the host brain and express TH
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(Schmidt et al. 1981; Bjorklund et al. 1983a, 1983b; Dunnett et al. 1983a, 1983b;
Schmidt et al. 1983) (see Fig. 1, illustrating experimental methodology).

Grafted dopaminergic neurons make synaptic contacts with the host stria-
tum (Freund et al. 1985; Mahalik et al. 1985) and release DA in a regulated
fashion (Zetterstrom et al. 1986; Strecker et al. 1987). Moreover, transplanted
neurons receive inputs from host neurons (Arbuthnott et al. 1985; Doucet et al.
1989) and partially reverse several different motor deficits in animal models
of PD (for conclusions from experimental studies, see Table 1). Graft effects
were examined using several different motor tests. Grafts have been shown to
reverse many of the simple sensorimotor deficits in PD models, however, more
complex motor behaviors have not been as readily ameliorated (for review, see
Brundin et al. 1994).

4
Clinical Trials in Parkinson'’s Disease: What Cells to Graft?

4.1
Initial Transplantations Using Different Cell Sources

The first clinical trials in PD used catecholaminergic cells from the adrenal
medulla (Backlund et al. 1985). In this procedure, the relevant cells were dis-
sected from one adrenal medulla of the patient and transplanted back into
the brain. Several hundred patients received such grafts in the late 1980s in
a series of rather poorly controlled clinical trials (Backlund et al. 1985; Lindvall
et al. 1987; Madrazo et al. 1987, 1988, 1990a, 1990b). However, these surgical
procedures not only failed to produce beneficial effects, but some were also
accompanied by an unacceptable level of mortality and morbidity (Goetz et al.
1991). Other sources of catecholaminergic donor cells such as carotid body
cells (Espejo et al. 1998; Luquin et al. 1999) and superior cervical ganglion
cells (Itakura et al. 1994, 1997) have been grafted to patients without major
clinical benefit. A small number of patients have received human retinal pig-
ment epithelium cells (Subramanian 2001; Bakay et al. 2004) and 6 months
after implantation some improvement has been reported (Bakay et al. 2004).
However, we await the results of long-term studies.

4.2
Transplanting Human Embryonic/Fetal Mesencephalic Tissue

In the late 1980s, the first systematic clinical transplantation trials using em-
bryonic dopaminergic neurons in patients with PD were conducted (Lindvall
et al. 1988, 1989; Madrazo et al. 1988, 1990a, 1990b). Those cells are derived
from embryonic VM, the region in the developing CNS that is rich in immature
dopaminergic neurons. The neural transplantation surgery protocol varies be-
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tween different centers regarding donor age, tissue storage and preparation,
numbers and location of injections, and the use of immunosuppression.

5
The Grafting Technique

At Lund University, Sweden, 18 patients have been transplanted to date. Cells
were taken from the VM during embryonic development between the 5th
and 8th week after fertilization, at a time when the neurons are undergoing
terminal differentiation (Freeman et al. 1991; Brundin 1992). The embryos are
collected from routine elective abortions with informed consent of the women
undergoing abortion, in accordance with strict ethical guidelines (Boer 1994).
The embryo is rinsed in sterile balanced salt solution and the VM dissected.
Some centers have employed a tissue storage step, which has either taken place
in explant culture for 1-4 weeks (Freed et al. 1990) or at 4°C in a hibernation
medium for 1-8 days (Petersen et al. 2000). Typically the VM from multiple
embryonic donors are collected, enzymatically digested, and mechanically
dissociated into a near single cell suspension. Some centers chose to implant
strand-like cell clusters after a storage time in vitro (Clarkson et al. 1998;
Freed et al. 2001) or implant VM tissue pieces (Olanow et al. 2003). Using
magnet resonance tomography (MRI)-guided stereotactic neurosurgery, grafts
are placed along three to seven trajectories in the putamen and in some cases
along two trajectories into the head of the caudate nucleus. Different centers
have opted for different policies on the use of immunosuppression, varying
from no immunosuppression (Freed et al. 1990, 2001), immunosuppression
with cyclosporine A for 6 months (Olanow et al. 2003) to using three different
drugs (cyclosporin A, steroids, and azathioprine) (Wenning et al. 1997; Piccini
et al. 2000) (see Fig. 2 for illustration of methodology of grafting).

6
Grafting Embryonic Tissue: Does It Improve the Patient’s Symptoms?

6.1
Open-Labeled Trials

The first reports on fetal nigral grafts in PD patients (Lindvall et al. 1988, 1989;
Madrazo et al. 1988) were soon followed by evidence for graft survival and func-
tion in these PD patients (Lindvall et al. 1990). Since then, it is estimated that
over 400 PD patients worldwide have been grafted with nigral tissue (Brundin
2001). There are multiple reports of long-lasting symptomatic improvement
(Defer et al. 1996; Hagell et al. 1999; Hauser et al. 1999; Brundin et al. 2000b;
Mendez et al. 2002), (for review, see Lindvall and Hagell 2000; Hagell and
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Fig. 2a—d Illustration of grafting in PD patients. a The human embryonic VM is dissected
from embryos from routine abortions after informed consent of the woman undergoing
abortion and according to ethical guidelines. b The tissue is enzymatically and mechanically
dissociated in some centers, in others the tissue is stored for several weeks and implanted as
tissue strands, or the tissue is grafted in pieces. ¢ The cells are stereotactically injected into the
putamen and caudate. Patients have been grafted uni- and bilaterally. Immunosuppression
of the patient varies between centers. d The cells are injected along several trajectories.
Tissue from two to four embryos/side of the brain is needed to achieve a sufficient number
of surviving DA neurons
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Brundin 2001). All these transplantations were performed in an open-labeled
fashion: only a small group of patients is treated with a transplant, with no con-
trol placebo group or blinding procedure. Transplanted cells may require many
months to mature and integrate into the host brain circuitry and graft effects are
therefore not straightforward to evaluate. Unfortunately, functional improve-
ment is assessed in different ways at different centers, making a comparison
of the results between centers difficult. Therefore, a consortium of European
and US centers has developed a standardized Core Assessment Protocol for
Intracerebral Transplantations (CAPIT) and later the revised form, the Core
Assessment Program for Surgical interventions and Transplantation (CAP-
SIT), that defines regular neurological examination and imaging assessments
at designated time intervals before and after the transplantation. This pro-
vides a baseline over a minimum of 3 months before operation and 1-2 years
after operation (Langston et al. 1992; Defer et al. 1999). Open-labeled trials
provided convincing evidence that embryonic human nigral tissue can survive
transplantation into the adult human brain, integrate, and function over along
time. Grafted cells reinnervate the surrounding host striatum, release DA and
provide significant improvement of motor function. Symptomatic improve-
ment of between 30%-50% has been reported on the motor part of the unified
Parkinson’s disease rating scale (UPDRS) (for review, see Lindvall et al. 1990,
1994; Widner et al. 1992; Hagell et al. 1999; Brundin et al. 2000b; Dunnett et al.
2001; Winkler et al. 2005). These improvements have been maintained in some
patients for over 10 years. Some patients have been able to reduce or even stop
medication and resume an independent life (Wenning et al. 1997). Interest-
ingly, not all symptoms are clearly improved by transplantation. For example,
impaired postural function, swallowing, and speech do not seem to improve as
dramatically as limb hypokinesia and rigidity (Baker et al. 1997; Lindvall and
Hagell 2000). Patients received regular '®F-DOPA positron-emission tomog-
raphy (PET). 18F-DOPA is a substance taken up by presynaptic dopaminergic
terminals in the striatum and is therefore an indicator for surviving grafts and
fiber outgrowth. Uptake values reached between 48% and 68% of the values of
normal controls in most of the open-labeled studies (for review, see Dunnett
et al. 2001; Winkler et al. 2005). In one patient, restitution of F-DOPA uptake
reached 100% (Piccini et al. 1999). Functional improvement seems to correlate
with neuroradiological evidence of surviving graft tissue (Remy et al. 1995;
Piccini et al. 1999, 2000; Hagell and Brundin 2001; Cochen et al. 2003).

6.2
Double-Blind Placebo Controlled Trials

The functional improvements seen in patients from open-labeled trials have
been questioned because of possible placebo effects. Therefore, two double-
blind, placebo-controlled studies were initiated and funded by the NIH to
investigate whether transplantation of embryonic nigral tissue has an effect
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in patients suffering from PD. Both trials had a sham group: the patients
received anesthesia, a burr hole was made into the skull but the dura was not
penetrated, and no tissue implanted. The patient and examiner were blinded
to the condition of the patient.

In the Denver/New York Surgical Trial (Freed et al. 2001) 40 patients were
included, 19 of whom received a transplant, the remaining underwent sham
surgery as described above. Cells were stored for several days in vitro and
implanted as “tissue strands” using a frontal surgical approach; no immuno-
suppression was given. Patients were assessed for using a subjective global
rating scale (self-assessment) rather than a motor examination by a neurolo-
gist, up to 1 year after grafting. At 1 year, there was no improvement in the
sham group, but modest improvement in two neurological rating scales, espe-
cially in younger (< 60 years) patients. The ¥ F-DOPA-PET showed around 40%
improvement. Fifteen percent of the patients developed severe off-dyskinesias
(involuntary movements that also persist after cessation of medication) be-
tween 1-3 years after grafting.

The Tampa /Mount Sinai Surgical Trial was the second randomized, double-
blind, placebo-controlled study to be conducted. Solid pieces of embryonic
VM from one donor (11 patients) or from four donors (12 patients) were im-
planted into the putamen on each side of the patient’s brain. Eleven patients
received sham surgery. Patients were immunosuppressed with cyclosporine
A for 6 months. In this study, patients were followed up for 2 years, however,
there was no significant difference between the groups at 2 years measured
by the UPDRS. Patients who had received cells from four donors showed pro-
gressive improvement up to 6 months. The loss in improvement of symptoms
occurred at the same time as the discontinuation of immunosuppression, sug-
gesting an immune response to the graft and maybe a late rejection. Striatal
I8E_DOPA uptake was significantly increased after transplantation, indicating
survival of grafted neurons. Robust survival of DA neurons but also microglial
cells could be observed at postmortem examination. Fifty-six percent of the
transplanted patients developed off-dyskinesias that persisted upon drug with-
drawal (Olanow et al. 2003).

6.3
Problems

Overall, these two studies failed to show an effect of cell transplantation in
PD. This is in contrast to the case reports from open-labeled trials and may be
attributed to several factors: clinical assessment was not conducted according
to the CAPSIT protocol and therefore it makes it difficult to compare the results
of this study with those from other centers. Endpoint measures were under-
taken up to 1 or 2 years after transplantation, respectively, which seems a short
follow-up considering the slowness of graft maturation. Furthermore, the first
study (Freed et al. 2001) differed from most others in the technique of tissue
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preparation, long-term storage in vitro, absence of immunosuppression, and
an unusual surgical approach. The appearance of dyskinesias is a worrying side
effect of this treatment, and has been attributed to a possible overproduction
of DA in the striatum by the grafts (Freed et al. 2001). However, the patients
who died showed a low number of surviving dopaminergic neurons (7,000-
40,000) as compared to grafts from open-labeled trials (80,000-135,000, per
side) (Kordower et al. 1995), which argues against an overproduction of DA
(Brundin et al. 2001).

The second study (Olanow et al. 2003) reports an even higher number of
patients suffering from off-dyskinesias. Solid pieces of VM have been trans-
planted in this study and immunosuppression was only given for 6 months.
Four cases have come to autopsy and show activated microglia in and around
the graft deposits. The postmortem cases from the Denver/NewYork trial also
showed infiltration of the graft with immune cells similar to an earlier study,
where low-dose cyclosporine was terminated at 6 months after grafting (Kor-
dower etal. 1997). The observed dyskinesias may reflect partial, but inadequate
graft survival, that is producing, storing, and releasing low levels of DA insuf-
ficient to induce an antiparkinsonian response (Olanow et al. 2003). This is
hypothetical but could have implications for further transplant protocols. Ret-
rospective analysis of some of the patients analyzed in Lund, who were usually
immunosuppressed for at least 18 months with the triple regimen (see above),
showed some involuntary movements (7% of the patients), however, none of
the dyskinesias reached the severity described in the Denver/New York or
Tampa/Mount Sinai study (Hagell et al. 2002) (for a summary of hypotheses
regarding the cause of dyskinesias in transplanted patients, see Table 2).

However, taken together, these studies suggest that patients have to be care-
fully selected and undergo detailed clinical evaluation before and after neu-
rotransplantation. The choice of rating scale is crucial, as certain evaluations
are more susceptible to placebo effects than others (McRae et al. 2004). The
sham controlled double-blind studies illustrate that the present cell replace-
ment procedures are far from optimal and that further research is necessary

Table 2 Hypothetical causes of dyskinesias

Correlated to L-dopa dyskinesias prior to grafting

Excessive dopamine release from the grafts

Patchy striatal reinnervation

Altered synapse formation

Partial graft rejection

Presence of non-dopaminergic neurons in grafts

Insufficient graft size

Extent of pre-operative loss of striatal dopaminergic terminals
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Table 3 Conclusions from clinical trials grafting embryonic ventral mesencephalon in
Parkinsonian patients

1. Cells from human embryonic ventral mesencephalon survive grafting
a. Patients show increase in striatal F-Dopa uptake
b. Postmortem examination shows surviving grafts
. There is no evidence that grafted cells are affected by ongoing disease process
. The clinical improvement can be long lasting
. There is high variability in clinical improvement between patients
. There is no agreement regarding immunosuppression between centers

A U1 A W N

. Patient selection is crucial for the benefit

a. Younger, less affected patients may benefit more

b. L-dopa responsiveness prior to grafting is predictive for outcome of graft
7. Dyskinesias are still an unresolved side effect

8. Graft tissue may be an important factor for benefit and dyskinesias (preparation,
storage, number of donors, precise donor age)

9. Graft location within the striatum may be crucial for dyskinesias and/or

behavioral recovery

to optimize selection of patients and transplantation procedures (see Table 3
for conclusions from clinical trials).

7
Alternative Cell Sources

Human nigral grafts are only made up of 5%-10% of neurons that are destined
to become dopaminergic neurons; the rest of the cells are other neuronal
and glial cell types. Furthermore, only around 5%-10% of the cells destined to
become DA neurons survive the grafting procedure (Brundin et al. 2000a). It has
been proposed that at least 100,000 grafted DA neurons need to survive in the
putamen to obtain behavioral effects in PD patients (Hagell and Brundin 2001).
The number of embryos required to achieve this number of surviving cells
depends on the donor age of the tissue, preparation of the cells and the surgical
technique; and ranges between two to four embryos per side of the brain
(each embryonic VM contains approximately 500,000-1,000,000 dopaminergic
neurons, of which 5% survive). There are obvious logistic problems connected
with the number of donors needed for each patient, and ethical concerns
have been raised regarding the use of cells obtained from aborted embryos.
These factors are restricting the wider application of embryonic tissue for
neural transplantation and make it necessary to develop alternative sources
of donor tissue (see Table 4). Attempts are made to generate neurons with
a dopaminerigc phenotype from a variety of tissues, as discussed in the final
sections of this chapter.
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Table 4 Demands on a cell used for transplantation in Parkinson’s disease

Large scale production

Standardized

Survival in vivo

No tumour formation

Genomic stability

Stable phenotype in vivo

Dopamine release in a regulated fashion

Should show molecular, morphological and electrophysiological
properties of dopaminergic neurons in the substantia nigra pars compacta
Synaptic functional integration into host circuitry

Functional effects in vivo in terms of behavioral recovery

741
Porcine Embryonic Dopaminergic Cells

Grafting of embryonic neuroblasts from the nervous system of a different
mammalian species has long been considered (Freeman et al. 1988). The use of
porcine tissue has several advantages: pigs are easy to breed and they are not an
endangered species (Barker et al. 2000). Porcine tissue has already been consid-
ered for other organ transplants, and donor tissue can be genetically modified
to, for example, increase cell survival (Cozzi and White 1995) or to knock
out some of the dominating antigens responsible for the acute immunore-
jection (saccharide epitopes of the a-Gal on pig tissue) by naturally occurring
xenoreactive antibodies. From animal experiments, it is known that embryonic
porcine neural tissue transplanted into hemiparkinsonian immunosuppressed
rats not only grows anatomically correct connections (Isacson et al. 1995) but
also restores behavioral deficits (Galpern et al. 1996; Larsson and Widner 2000).

What are the problems using porcine tissue? There is a potential risk of
infection by zoonotic organisms, especially by porcine endogenous retrovirus
(PERV) and particularly in the context of immunosuppression (Michaels et al.
1994). The second major problem is the immune host response. An immuno-
suppressive regimen (probably life-long) needs to be established that ensures
long-term graft survival while minimizing the risk of side effects associated
with such therapy. Clinical trials have already commenced using porcine em-
bryonic DA neurons. Twelve patients were grafted in a phase I study (Diacrin)
with no clinical benefit and evidence of poor graft survival (Deacon et al. 1997;
Schumacher et al. 2000). In a second study, 18 patients (Genzyme/Diacrin,
phase II) were either assigned to graft or sham treatment. There was no sig-
nificant improvement in the UPDRS at 18 months after grafting, however, and
no disabling dyskinesias have been reported (Freeman et al. 2002).
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In summary, porcine neural xenografts might offer some hope, but there
are major problems with this approach, which have led to a moratorium on all
clinical studies in the UK and some other countries.

7.2
Dopaminergic Neurons Derived from Embryonic Stem Cells

Mouse (Kawasaki et al. 2000), primate (Kawasaki et al. 2002; Takagi et al.
2005), and now also human ES cells (Perrier et al. 2004; Zeng et al. 2004) have
been shown to differentiate into dopaminergic neurons using a co-culture sys-
tem with mouse stromal cell lines (PA6 and MS5). Other epigenetic factors
such as transforming growth factor « (TGFa) (Park et al. 2004) or a complex
sequence of different factors (Perrier et al. 2004) also result in dopaminer-
gic differentiation of human ES cells, probably by simulating the pattern-
ing and differentiation factors of midbrain development. A problem is the
fact that both studies (Park et al. 2004; Perrier et al. 2004) employed mouse
feeder layers for maintenance of human ES cells, a concern for clinical ther-
apy where a xeno-free system is required. Furthermore, there is no published
study to date showing that human ES cell-derived dopaminergic neurons can
survive grafting, keep a stable phenotype in vivo (continue to express TH),
integrate into the host brain without forming tumors, release DA in a regu-
lated fashion, and lead to substantial behavioral recovery in animal models
of PD.

Genetic modification using transcription factors to induce a DA phenotype
has also been explored (Burbach et al. 2003; Simon et al. 2003; Wallen and
Perlmann 2003). For example, Nurrl, a member of the steroid/thyroid hor-
mone receptor family, is expressed in DA neurons and may be required for the
survival and commitment of late dopaminergic precursors (Saucedo-Cardenas
etal. 1998). Kim et al. (2002) used a cytomegalovirus plasmid (pCMV) driving
expression of a rat Nurrl cDNA to establish stable Nurrl mouse ES cell lines.
The yield of TH positive neurons was ten times that of wild type cells. Ad-
ditionally, the cells possess several characteristics of midbrain dopaminergic
neurons such as AADC, DAT, c-RET, Ptx3, and En-1 besides tyrosinhydroxylase
(TH). Most importantly, when grafted to the striatum, they could reverse both
drug-induced and spontaneous motor deficits in the unilateral 6-OHDA-lesion
rat model of PD (Kim et al. 2002). No ongoing mitosis or tumor formation was
found in the grafts. The safety issues surrounding ES cell transplants are of
particular concern, especially after an earlier published report (Bjorklund et al.
2002). Undifferentiated mouse ES cells grafted into a rat PD model differenti-
ated spontaneously into dopaminergic neurons and led to partial behavioral
recovery. These data were intriguing because there was no special protocol to
induce differentiation of dopaminergic neurons from the ES cells. However,
the study reported a worryingly high frequency (25%) of teratomas in animals
with a surviving graft, and a further 16% of the grafted animals contained
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non-neuronal cells that were positive for mesodermal markers (Bjorklund
et al. 2002).

ES cells show promise regarding their therapeutic potential. However, long-
term experiments need to be conducted to test the safety of ES cells in vivo.
Until ES cells have been proven to be safe in terms of tumor formation and
stable gene expression, clinical studies will remain a distant prospect.

7.3
Dopaminergic Cells Derived from Fetal Neural Progenitors

Neural progenitor cells are isolated from the developing embryo at later stages
than ES cells. They have the ability to differentiate into neurons, oligodendro-
cytes, and astrocytes. Several groups have explored the possibilities of using
expanded progenitors from fetal tissue stem cells to generate DA cells.

Embryonic rodent mesencephalic precursors can be expanded and differ-
entiate into cells with characteristics of DA neurons (Ling et al. 1998; Studer
et al. 1998, 2000; Potter et al. 1999; Carvey et al. 2001; Yan et al. 2001; Storch
et al. 2003). Upon transplantation, generated DA neurons survive and restore
behavioral deficits in a rat Parkinson model (Studer et al. 1998). Although this
suggested that expansion of DA precursors could reduce amounts of donor
tissue needed for transplantation, there is a loss of about 95%-97% of differ-
entiated DA neurons in the grafting step (Brundin and Bjorklund 1998).

Human fetal mesencephalic precursor cells can also be expanded for an
extended time in vitro and generate DA neurons; however, the number is still
low (Storch et al. 2001). Currently, cell survival of grafted progenitor cells is not
sufficient to introduce the transplantation of progenitor cells into the clinical
setting.

7.4
Dopaminergic Cells from Adult Stem Cells

Stem cells have also been identified in a variety of adult tissues such as bone
marrow and blood as well as within the skin, liver, muscle, and even the adult
brain.

Adult-derived stem cells (ASC) are pluripotent and have the ability of self-
renewal. Furthermore, in comparison to ES cells, ASCs are easier to access and
devoid of serious ethical issues because they can be, for example, harvested
from the patient. This would also make immunosuppressive treatment after
transplantation unnecessary.

7.4.1
Adult Neural Stem Cells

Neural stem cells can be isolated from various regions of the adult brain
such as the subgranular zone of the dentate gyrus of the hippocampus, the
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subventricular zone (SVZ) and the spinal cord (for review, see Gage 2000). Adult
neural stem cells can be grown as neurospheres in culture and differentiate
into all three major CNS cell types (neurons, astrocytes, and oligodendrocytes).
There is currently only one report on the derivation of a very low number of
TH-positive cells from the adult rodent SVZ (Daadi and Weiss 1999). Attempts
to transfect adult neural stem cells with Nurr-1 did not result in the induction
of DA neurons (Sakurada et al. 1999).

Given their expected capacity to self-renew and differentiate efficiently into
a desired cell type, clonal populations of neural stem cells promise to produce
high numbers of DA neurons if they can be propagated, enriched, and ma-
nipulated to differentiate along the DA lineage. However, to date it is not clear
whether and to what extent this is possible.

7.4.2
Bone Marrow-Derived Stem Cells

Cells expressing some markers of dopaminergic neurons have also been gen-
erated from tissues other than the brain (for review, see Paul et al. 2002). Adult
rodent mesenchymal stem cells differentiate not only into mesenchymal cells,
but also cells with visceral mesoderm, neuroectoderm, and endoderm charac-
teristics in vitro and in vivo (Jiang et al. 2002a, 2002b, 2003). A subtype of these
mesenchymal stem cells was isolated and termed multipotent adult progenitor
cell (MAPC). Remarkably, as many as 30% of mouse MAPCs differentiated into
TH-expressing neurons in vitro. The authors provide evidence that these cells
are pluripotent, which suggests that mesenchymal stem cells could serve as
an ideal cell source for neurotransplantation in PD. Another group found hu-
man bone marrow stromal cells could be converted into a neural stem cell-like
population that can be differentiated into cells expressing neuronal markers.
Interestingly, around 11% of the cells expressed TH using a neuronal differen-
tiation protocol and cells released dopamine upon membrane depolarization
(Hermann et al. 2004).These findings are interesting and clinically relevant.
Future studies are warranted to see whether these cells can also show functional
properties in animal models of PD.

7.5
Genetic Modification of Stem Cells

Stem cells could serve as carriers to deliver growth factors or DA, or for example
could be genetically modified to generate DA neurons.

Different cell types can thereby be used as a vehicle, for example by trans-
ducing cells in vitro to release DA upon transplantation in vivo. This has been
shown by introducing TH, the rate-limiting enzyme for DA synthesis, into sev-
eral cell lines such as fibroblastic 3T3 cells, endocrine RIN cells, neuroblastoma
NS20-Y, and neuroendocrine AtT-20 cells using a recombinant retrovirus en-
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coding for human TH (Horellou et al. 1990 1991). Even though cells expressed
TH and secreted high amounts of DOPA or even DA upon transplantation into
the striatum of hemiparkinsonian rats, there was only partial or no behavioral
recovery (Horellou et al. 1990, 1991). Similarly, human neural progenitors
genetically modified with human TH under the control of a tetracycline re-
sponsive regulatory system were grafted, but no behavioral improvement by
transplanted cells was reported (Corti et al. 1996, 1999).

Several studies have attempted DA neuron conversion of neural stem cells
and precursor cells via overexpression of Nurrl. Wagner and colleagues in-
duced a ventral mesencephalic DA phenotype in an immortalized multipotent
neural stem cell line in vitro (Snyder et al. 1992; Wagner et al. 1999). Upon
transfection with Nurr-1, 30% of the cells expressed a neuronal phenotype,
and could be induced to express a DA phenotype in combination with a co-
culture system using astrocytes from the E16 (embryonic stage 16) rat VM
and bFGE. Neurons expressed TH and several markers of a DA phenotype.
However, again, upon transplantation only a few surviving cells were found,
and of those a small proportion expressed TH.

McKay and co-workers demonstrated that Nurrl is sufficient to induce DA
differentiation in rat CNS precursors from various developmental stages and
regions of origin (cortex, VM, lateral ganglionic eminence) (Kim et al. 2003).
Nurrl transfection induced TH expression and TH-positive neurons showed
characteristics of DA phenotypes (AADC, DAT, VMAT, Ptx3-expression) as
well as spontaneous and evoked DA release. However, cells from other than
mesencephalic regions were less mature and secreted lower levels of DA
than those derived from mesencephalic precursors. Transplantation of Nurrl-
induced DA neuron precursors resulted in limited survival and in vivo dif-
ferentiation. No behavioral improvement was observed (Kim et al. 2003)
in contrast to studies performed on mouse ES cells (Kim et al. 2002) (see
Sect. 7.2).

The difference in the effect of Nurrl overexpression may be due to the use of
varied cell types and levels of overexpression. However, Nurrl-transfected cells
show a lack of in vivo function when using fetal-derived stem cells (Wagner
et al. 1999; Kim et al. 2003). This may be due to insufficient maturation and
differentiation, preventing necessary synaptic interaction with the host brain
to allow long-term graft function.

8
Harvesting Endogenous Stem Cells: Self-Repair of the Brain?

Another alternative option for cell therapy in PD would be to recruit endoge-
nous neural stem cells in the patient’s brain. There is consensus that new
neurons are continuously generated in defined areas of the adult normal brain:
in the SVZ and the dentate gyrus of the hippocampus (for review, see Gage
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2000). Whether endogenous stem cells in the brain can give rise to new DA
neurons in the brain is currently debated.

Ithasbeen claimed that the substantia nigra is a site of ongoing neurogenesis
and continuous formation of newly differentiated DA-ergic neurons (Zhao
et al. 2003). The authors describe an even further increase in newborn DA-
ergic neurons in a lesion model of PD. However, this view has now been
challenged by others in carefully conducted studies (Cooper and Isacson 2004;
Frielingsdorf et al. 2004). In some studies, only a glial response in the SNc was
observed after lesion of the nigrostriatal system (Lie et al. 2002).

The striatum is the second site where newborn cells might contribute to
brain repair in PD. Fallon and colleagues (Fallon et al. 2000) reported the ap-
pearance of a small number of newborn cells expressing dopaminergic markers
in the striatum following TGFa infusion into the striatum of hemiparkinso-
nian rats. Although this study was the first to suggest that adult neurogenesis
in the striatum could contribute to behavioral recovery in an animal model
of PD, caution is warranted. Other authors have recently failed to reproduce
this finding (Cooper and Isacson 2004). However, this challenged the classical
view that there are no TH-positive cells in the striatum but only fibers from
projecting DA neurons in the SNc.

The occurrence of TH-positive neurons in the striatum has previously been
reported (Dubach et al. 1987; Tashiro et al. 1989a, 1989b; Betarbet et al. 1997;
Porritt et al. 2000; Palfi et al. 2002) and was claimed to be due to an appar-
ent phenotypic switch in striatal neurons, whereby a small subpopulation of
the striatal neurons changed their transmitter phenotype. However, loss of
striatal DA innervation or administration of growth factors might further in-
crease their numbers. Whether these cells are derived from stem cells in the
SVZ stimulated by the lesion or whether they are of other origin remains
unclear.

This self-repair mechanism after brain injury, if it exists, seems limited and
is currently insufficient to restore normal function. Clinically these findings
are very interesting, it may be possible to stimulate endogenous stem cells to
proliferate, migrate to the site of lesion, and replace the lost neurons, possibly,
for example, by infusion of defined factors. The challenge lies in differentiating
those neurons into DA neurons that release DA and integrate into the host
circuitry.

9
Conclusions

The proof of principle that cell transplantation can work in PD has been shown.
However, there are several issues that need to be resolved. It is a challenge for
scientists to develop a new DA cell type using genetic modification or to coax
different stem cell types into a DA fate in order to obtain cells to be grafted in
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PD. Research in this field is advancing fast and the recent findings raise hope
for the development of stem cell therapy for PD in the near future.

However, before any of these cell types can enter clinical trials, issues such as
cell survival, appropriate synaptic integration into the host brain, behavioral
recovery, and tumor formation need to be resolved. Even though alternative
cell sources might resolve ethical and logistic issues connected with the use
of embryonic tissue, the strategies employed in the grafting of embryonic
tissue will be the same for DA stem cell transplants. Therefore, the problem
of dyskinesias in this context is a major issue that needs to be investigated in
parallel, as research is ongoing for new cell sources.
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Abstract This chapter will discuss recent findings regarding cell plasticity and stem cell be-
havior, focusing on ways in which experimental design, observer interference, and inherent
stochasticity and complexity are serving to create a new, postmodern biology. The chapter
will summarize: (a) the four recognized pathways whereby cell plasticity occurs physiolog-
ically; (b) recent findings regarding unexpected epigenetic reversibility of gene restrictions
that provide the mechanistic core of plasticity; (c) current evidence for the stochastic na-
ture of gene expression and, therefore, of cell fate decisions. It will be noted that stochastic,
however, does not imply completely random; rather, constrained randomness, intermediate
between rigid determinism and complete disorder is what is usually seen experimentally.
Possible sources of such constrained disorder, from a biomolecular point of view, will be
discussed. The chapter will conclude with discussions of how these findings contribute to
a Complexity Theory formulation of the body as self-organizing emergence of interact-
ing biomolecules and the implications of such concepts for design and interpretation of
experimental results (i.e., a cellular version of Heisenbergian uncertainty).
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1
Introduction

Nearly every field of academic studies has been made slippery for tradition-
alists by introduction of “postmodern” analyses that highlight the observer
dependence and uncertainty of nearly any investigated phenomenon. Biology,
however, in its glory with the modern successes of molecular and cell biology
has remained relatively unchallenged in this regard.

However, studies of adult stem cell plasticity in combination with contem-
poraneous findings from other fields, demand reconsideration of long-held
dogmas. Up for revision are doctrines about reversibility of gene restrictions,
the role of stochasticity in cell fate decisions, and the ability of cell biologic
experiments, in vivo and ex vivo, to accurately reflect physiologic phenom-
ena (Theise 2002; Theise and Krause 2001, 2002). Biology begins to get more
slippery in a postmodernist (parenthetical) sort of way.

We begin with the fact that the increasing intricacy of adult stem cell plas-
ticity’s phenomenology and of our gradually expanding appreciation of its
underlying mechanisms requires a clarification of language. This is where
postmodern approaches encroach upon orthodox certainties. A revisionist
approach to language is often the first postmodern shot across the bow.

A full discussion of the terminology issues is beyond the scope of this
chapter; however, for clarity of discourse, two labels, usually linked in a single,
politically potent phrase, require extrication from each other. These are the
terms “stem cells” and “plasticity.” While they are related in some situations,
they are not to be treated like conjoined twins.

As Helen Blau has eloquently discussed, stem cells are not cellular “entities,”
but, rather, cells that perform certain stem cell “functions” (Blau et al. 2001).
The classical definition of a stem cell is still useful: a stem cell has capacities
for self-renewal and for asymmetric division leading to generation of other
differentiated cell types (either with each cell division or, in aggregate, when
populations are studied over time). Whether a stem cell is always a stem cell,
however, and whether non-stem cells can ever be recruited or induced to
behave like stem cells will be one of the topics addressed in this review. This is
the point of one set of parentheses in the title of this chapter: while the ideas
to be discussed arose in the context of stem cell research, we now understand
that they are not restricted to stem cells, per se.

Meanwhile, the word “plasticity” has been used to describe differentiative
events (or capacities), which are unexpected according to accepted standard
definitions of various cell lineages. Thus, hematopoietic stem cells give rise
to the full array of hematopoietic lineages, but this is not generally referred
to as plasticity; rather, plasticity is invoked when an unexpected differenti-
ation event is revealed. Examples from 1999, when Science declared “Stem
cell plasticity” to be the Breakthrough of the Year, included marrow-derived
cells becoming skeletal muscle and liver and neural stem cells giving rise to
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hematopoiesis (Bjornson et al. 1999; Ferrari et al. 1998; Petersen et al. 1999).
The term “plasticity” is used in these contexts because cells are unexpectedly
crossing organ boundaries or even embryonic lineage boundaries.

One must question, though, whether the experimental confirmation of plas-
ticity events then eliminates the need for the word: if a differentiation pathway
is considered normative, i.e., unsurprising, is it still plasticity? Or must the
notion of plasticity be invoked when hypothetical embryonic trilaminar lin-
eage boundaries are breached? Or must we consider something in between,
such as when organ boundaries are breached? And is it only stem cells that can
be plastic? Or is plasticity something that might be demonstrated by a wide
variety (or perhaps all) cells, differentiated or otherwise?

These questions are up for discussion and will be among the topics of
this review. To address them we will proceed through consideration of five
experimental and/or conceptual sub-topics:

1. We will briefly summarize the four recognized pathways whereby cell plas-
ticity occurs physiologically (for our purposes, in this review, “plasticity”
will imply a more generalized sense of “differentiative potential”). The ex-
perimental data demonstrating these pathways, though somewhat scatter-
shot and mechanistically undefined, point to the need for alternate models
for the nature and behavior of cells.

2. Recent findings regarding unexpected epigenetic reversibility of gene re-
strictions, the underlying molecular events at the core of plasticity, will be
updated for the reader. These more systematically acquired data provide
the mechanistic core of plasticity.

3. Currentevidence for the stochastic nature of gene expression and, therefore,
of cell fate decisions will be considered. It will be noted that stochastic, how-
ever, does not imply completely random; rather, constrained randomness,
intermediate between rigid determinism and complete disorder is what is
usually seen experimentally. Possible sources of such constrained disorder,
from a biomolecular point of view, will be discussed.

4. Taking these data together, we will then extend our prior discussion of
how a complex systems analysis may be applied to cell behavior. We have
argued previously that cells, in vivo, behave as interacting agents giving rise
to emergent self-organization of cell lineages, tissues, organs, and bodies.
Here we will consider that they are actually located within a hierarchy of
complex systems and that they, themselves, are emergent phenomena self-
organizing from the biomolecules which they comprise.

5. The implications of such concepts for design and interpretation of exper-
imental results (i.e., a cellular version of Heisenbergian uncertainty) will
complete the review.

All of these diverse strands of thought have been considered in prior papers,
by us and by other investigators, but it is perhaps time to weave them together,
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to better imagine the emerging tapestry that may well turn out to be a new
biology for this new millennium.

2
Pathways of Plasticity

Physiologic, in vivo expressions of differentiative potential can be seen in four
flexibly employed processes or pathways (Theise and Wilmut 2003). First, of
course, is the classic hierarchical, unidirectional concept of lineage commit-
ment. In embryonic/fetal development, this begins with an embryonic stem cell
or with a fetal stem cell. In adults, one is speaking of normative, tissue main-
tenance or repair after injury. In all these cases, one begins with a multi- or
totipotent stem cell which, through asymmetric division, self renews and also
gives rise to more differentiated cell types. These more differentiated daughter
cells mature in an ordered, hierarchical, unidirectional fashion.

This model is certainly the dominant pathway for development and tis-
sue maintenance, if not, perhaps the only pathway. As such, it was the most
readily demonstrable experimentally. Detailed transplantation experiments
established the hierarchical, unidirectional aspects. In moving cells from one
part of the embryo to another, they would be influenced by the new microen-
vironment to change differentiative pathways until a certain temporal point in
development, after which they would be “committed” and not respond to the
new environmental cues. Even before the structure of DNA revealed how ge-
netic encoding took place, these observations led to the idea of a restriction of
gene expression that eventually confined a cell to a “terminally differentiated”
state, from which it could not be coaxed.

The second pathway of plasticity is one of “dedifferentiation”, i.e., rever-
sion of a differentiated cell into a progenitor, often blast-like (i.e., primitive
or undifferentiated) phenotype, which can then give rise to different lineages.
In mammals, this has only been confidently recognized in neoplasia, in par-
ticular in malignancy, in the context of genetic mutations and other genomic
derangements. While metaplastic phenomena may also include such a process,
they are usually hypothesized to represent activation of an alternate pathway of
a multipotent, intraorgan stem cell (Theise and Krause 2002). Examples of this
would include osseous metaplasia within skeletal muscle, when mature bone
forms after mechanical injury, or the squamous metaplasia of respiratory lin-
ing cells in the lungs of smokers. However, in limb-regenerating amphibians,
there appear to be proteins which can induce a mature cell to reverse differ-
entiative direction, giving rise to blasts which then give rise to the necessary
mature cells in the regrowing limb (Endo et al. 2004).

The third and fourth pathways are those which currently capture the most
controversial attention. The third is that of cells from one lineage directly
differentiating into cells of another lineage (Krause et al. 2001) (This has often
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been referred to as “transdifferentiation,” a term which engenders still more
unnecessary debate and we now feel is best avoided.). Such direct differentiative
events which jump between (dogmatically) hypothesized lineage or organ
boundaries have now been convincingly demonstrated in vivo and ex vivo and
are induced by local microenvironmental effects that lead to alterations in gene
expression (Harris et al. 2004; Ianus et al. 2003; Ishikawa et al. 2003; Jang et al.
2004; Newsome et al. 2003).

The fourth pathway is that of cell-cell fusion, sometimes followed by
nuclear-nuclear fusion. The idea of cell fusion was originally suggested as
part of a critique of the findings regarding plasticity arising from direct differ-
entiation, used to polemically dismiss those new findings as “artifact” (New-
some et al. 2003; Willenbring and Grompe 2003). However, it is now not merely
arhetorical or theoretical challenge for undermining one set of new, controver-
sial findings, but is, itself, established as yet another alternate and surprising
physiologic, in vivo process (Alvarez-Dolado et al. 2003; Willenbring et al.
2004). In this case, the plasticity of gene expression is induced not by microen-
vironmental effects, but by cytoplasmic and/or nuclear factors. This is directly
analogous to the findings in experimental heterokaryons studied by Blau and
colleagues two decades ago (Blau et al. 1983).

As Blau and investigators ultimately concluded “differentiation is an actively
maintained state” (Blau et al. 1985). Examining all these pathways in aggregate,
one comes to realize that plasticity is simply a comparatively macro-level
change in function and phenotype arising from the micro-level alterations
in gene expression. Just as the early transplantation experiments showing
restriction of developmental potential over time implied molecular restriction
of gene expression, these more newly described phenomena imply reversibility
of these “irreversible” gene restrictions. In the earlier instance, decades had
to pass before the mechanistic, molecular underpinnings could be confirmed.
However, in these more recent and controversial demonstrations of plasticity,
the implied reversibility of gene restrictions was already being studied, in
parallel, by other investigators.

3
Gene Restrictions: Irreversible Versus Reversible

In the standard model of cell differentiation, the cell makes a series of simple
(usually binary) fate decisions that are irreversible and thus restrict the cells
to a particular lineage. Implicit in this model is the concept of commitment;
if cell fate decisions are irreversible, once a cell has made a particular fate
decision, itis committed to thatlineage and cannot alter its fate. In this model of
differentiation, cell fate is determined by two separate components: the external
microenvironment—the extracellular signals that a cell is exposed to—and an
internal cellular memory, that is, to which lineage it has already been restricted.
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Classic experiments by Nicole Le Douarin and colleagues showed that during
neural crest migration and differentiation cells become both committed and
restricted to their lineage. Neural crest cells that are transplanted to more
rostral or caudal regions of the neural tube retain their fate programming and
thus must be committed to their lineage before any obvious morphological or
migratory changes occur (Le Douarin and Dupin 1993).

Outside of development, the most widely studied model of differentiation is
the hematopoietic system. Under the hierarchical paradigm, a hematopoietic
stem cell (HSC), which is already committed to a hematopoietic fate, further
differentiates into a common lymphoid progenitor (CLP) or common myeloid
progenitor (CMP). These cells are committed to the lymphoid or myeloid
lineages, respectively, but can differentiate into any of the cells of that lineage.
These then make further cell fate decisions, which eventually result in their
terminal differentiation into T cells or B cells or neutrophils or macrophages
and so on. Recent experiments have actually identified cells that appear to
fit all the requirements of committed CMPs and CLPs (Akashi et al. 2000;
Kondo et al. 1997). When used in bone marrow transplant experiments, the
putative CLPs differentiated into mature B-cells, T cells, and natural killer cells
but were restricted solely to these lineages: no donor-derived myeloid cells
could be found. In vitro experiments using cytokine cocktails that promote
myeloid differentiation of HSCs resulted in apoptosis rather than myeloid
or even lymphoid differentiation. Likewise, the putative CMP was restricted
solely to the myeloid lineage and showed differentiation into all cell types in
the myelo-erythroid lineage.

While lineage commitment initially restricts a cell to a particular subset of
cell fate decisions, those decisions themselves—such as the decision of the HSC
to differentiate into the CMP or CLP—are likely to be mostly affected by the
microenvironment. Unlike lineage restriction, microenvironmental effects on
cell fate are probably stochastic in nature. While extracellular signals may push
a cell toward one particular fate decision or another, some cells in a population
will follow the alternate path. Lineage commitment, in this traditional model,
however, is theoretically complete.

3.1
Mechanisms of Lineage Restriction

The limiting of a cell to a subset of possible fates has two putative molecular
mechanisms. The first, which may be thought of as passive lineage restriction,
depends on the subset of proteins actually expressed in the cell. A cell can-
not differentiate down a pathway if it does not contain the proteins that can
respond to the intracellular and extracellular signals that are required by that
pathway.

The second mechanism, which may be thought of as active lineage restric-
tion, depends on the continued silencing of genes that are master regulators of
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alternatelineages (Jaenisch and Bird 2003). In this model the cell retains a work-
ing memory of its ancestry, in the form of epigenetic (i.e., non-DNA-encoded)
modifications to the genome that render particular gene sets available or less
accessible (restricted) for transcription. According to this epigenetic view of
differentiation, the cell makes a series of choices (some of which may have no
obvious phenotypic expression and are spoken of as determination events)
that lead to the eventual differentiated state. Thus, selective gene repression or
derepression at an early stage in differentiation will have a wide-ranging con-
sequence in restricting the possible fate of the cell. As usual, there is evidence
that both of these mechanisms are important.

The absence of particular signaling receptors or effectors can prevent the
differentiation of a cell down a particular lineage. In the hematopoietic system,
the HSC makes a fate decision to differentiate into either the CMP or the CLP.
IL-2 promotes differentiation down the myeloid lineage. After commitment
to the myeloid lineage, the IL-2f receptor is upregulated in the CMP, whereas
after lymphoid commitment, no IL-2BR protein can be detected in the CLP.
Lineage restriction at early time points after commitment to the CMP or CLP
is due to the absence of the IL-2p receptor. If CLPs are isolated from mice that
express the human IL-2p receptor they can be induced to differentiate down
the myeloid lineage by treatment with human IL-2 (Kondo et al. 2000).

This conversion of lymphoid committed progenitors to the myeloid fate
comes at the expense of the lymphoid lineage and is indicative that CLPs have
latent GM lineage differentiation potential that can be initiated through IL-
2 signaling. It is important to note, however, that this IL-2-induced myeloid
differentiation is somewhat transient, and cultured CLPs “irreversibly” commit
to the lymphoid lineage after 2 days. It is likely, therefore, that this mechanism
of lineage commitment is important only in the early stages of differentiation
of a cell type; after this, more permanent silencing of alternate lineages occurs.
Many important transcription factors and signaling molecules have different
effects in different cell types—an obvious statement but one which is obviously
important when talking about this type of lineage restriction. IL-2 becomes
important in the end stages of T cell development. There must therefore be
amechanism to limit the transcriptional response of a cell to a particular signal.

3.2
Lineage Restriction by Chromatin Silencing

Differentiation involves the selective activation and silencing of particular gene
expression programs. One potential mechanism to restrict cells to a particular
lineage is to irreversibly silence the cell-type-specific genes of the alternate
lineages. The classic paper by Weintraub and Groudine in 1976, showing that
active genes have a different chromatin structure than silenced genes, was the
first evidence that DNA accessibility was important in transcriptional regula-
tion (Weintraub and Groudine 1976).
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In mammals, there are two major mechanisms of epigenetic control; methy-
lation of DNA at cytosine and modifications of the histone proteins (Jaenisch
and Bird 2003). DNA methylation is associated with gene silencing, especially
in imprinting and X-inactivation. After DNA synthesis, the daughter strand is
methylated by reference to the parental strand, thus maintaining methylation
patterns through mitosis. There are no known DNA demethylases and it is
thought to be an extremely stable modification. Experiments using transgenes
have shown that DNA methylation is stable over more than 50 divisions.

There is increasing evidence that DNA methylation can also be the cause
of gene restriction during differentiation, rather than just an associated effect.
Some of the first experiments used 5-aza-2’'-deoxycytidine (5-Aza-dC), a nu-
cleotide analog that inhibits DNA methyltransferases, and therefore results in
hypomethylation of daughter cells, after division. For example, when fibrob-
lasts were treated with 5-aza-dC they acquired the ability to spontaneously
differentiate into a range of different mesenchymal lineages, including chon-
drocytes, adipocytes, and multinucleated myotubes (Taylor and Jones 1979).
Such experiments show that reversal of epigenetic modifications associated
with gene silencing also reverse the lineage restriction of a cell, allowing it to
differentiate down several unexpected pathways.

More recently, this sort of epigenetic reprogramming has been used to
increase the number of viable blastocysts in nuclear transfer experiments (En-
right et al. 2003). Treatment of nuclei with combinations of Aza-dC and TSA
significantly increase the number of viable blastocysts, potentially implying
that removing the chromatin-linked lineage restriction of mature cells is nec-
essary for the formation of the totipotent zygote.

3.3
Post-Translation Modification of Histones

At least 100 different post-translational modifications of the various histone
proteins are now known. The types of modifications known include acetylation,
methylation, phosphorylation, and ubiquitinization. All of these modifications
seem to correlate with the transcriptional state of the chromatin in question:
active, silenced or potentiated (Jaenisch and Bird 2003). The best-known hi-
stone modification is the acetylation of histone H4. Increased acetylation of
H4 correlates with active transcription and the major repressor complexes
such as the N-CoR and SMRT complexes contain a variety of histone deacety-
lases.

An implication of an irreversible chromatin silencing mechanism for gene
restriction is that more pluripotent cells will have a chromatin structure in
which the genes expressed in all future mature lineages will be in a potentiated
state rather than a totally silenced state. Following on from Weintraub and
Groudine’s experiments, it was shown that in FDCP mix cells, an early myelo-
erythroid cell line, the 3-globin locus is susceptible to DNAse degradation well
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before significant f-globin transcription occurs, indicating some sort of gene
potentiation (Jimenez et al. 1992).

In order for certain genes to be permanently epigenetically repressed, active
marks such as acetylation of histone H4 must be removed. Recent experiments
have shown that histone deacetylases seem to be important in cell fate and
lineage restriction. Hematopoietic stem cells that are grown in the presence of
the histone deacetylase inhibitor Trichostatin A (TSA) remain pluripotent and
do not differentiate, even if grown in the presence of cytokines that promoted
differentiation (Milhem et al. 2004). Additionally, it has been shown that hi-
stone deacetylase activity is required for differentiation in ES cells (Lee et al.
2004).

Somatic cell nuclear transfer experiments have shown that the more differ-
entiated a cell is, the less likely it is to form a developing blastocyst. Subsequent
reprogramming experiments have shown that nuclei with a more generally
open chromatin structure, as evidenced by H4 acetylation and H3 Lys 4 methy-
lation, are more likely to result in successful nuclear transfer (Santos et al. 2003).

34
Reversibility of Gene Restrictions

If nonlineage-restricted differentiation events truly occur in nature, then the
molecular modifications leading to epigenetic gene restriction must be re-
versible. There is plenty of experimental evidence that all of the epigenetic
means of lineage restriction we have mentioned, such as DNA methylation and
histone modifications can be reversed by artificial manipulation. In addition,
overexpression of single transcription factors can result in a complete change
of fate. For example, overexpression of the transcription factor MyoD in fi-
broblasts also converts them into multinucleated myotubes (Davis et al. 1987),
just as treatment with Aza-dC does. Likewise, overexpression of C/EBPa in
mature B cells will directly convert them to mature macrophages, with a clear
macrophage phenotype including phagocytosis (Xie et al. 2004).

Other experimentslooking at reprogramming of nuclei show that epigenetic
modifications are far from irreversible. ES cell cytoplasm will effectively repro-
gram nuclei, increasing histone acetylation and H3 Lys 4 methylation. Cloning
by nuclear transfer is obviously an extreme version of such a process. Collas
et al. have provided abundant evidence that nuclear and cytoplasmic extracts
can reprogram nuclei, for example from a fibroblast to a T lymphocyte, demon-
strating the existence of factors that can reverse epigenetic modifications, if
not yet identifying them (Collas 1998, 2003).

There is also some indirect evidence that reversal of epigenetic silencing
occurs during normal development. During activation of T cells, the promoter
of the IL-2 genes is actively demethylated within 7 h, yet 15 h after activation
only 13% of cells have entered S-phase (Bruniquel and Schwartz 2003). In this
case, DNA demethylation occurs in a gene-specific, tissue-specific manner, so
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obviously there is nothing fundamentally irreversible about this epigenetic
modification.

Recently, two mechanisms for the demethylation of histones have been dis-
covered. In the first, the human peptidylarginine deiminase 4 (PAD4) converts
methyl-arginine residues to citrulline (Cuthbert et al. 2004; Wang et al. 2004). It
specifically converts histone H3 methyl-Arg 3 and methyl-Arg 17 to citrulline.
Secondly, LSD1, a nuclear homolog of amine oxidases, functions as a his-
tone demethylase and specifically demethylates histone H3 lysine (Shi et al.
2004). Although these modifications are associated with active transcription
and not gene silencing, the discovery of mechanisms for active demethylation
of histones is an important step.

What does this mean for plasticity? The hierarchical, unidirectional view of
differentiation is overwhelmingly true during most of development. As such,
these dominant pathways were the first and easiest to elucidate (Theise 2004).
Less frequent pathways, however, were often obscured by relative insensitivity
of experimental techniques. New approaches, revealing the unexpected plastic-
ity phenomena reported in recent years, as well as nuclear transfer experiments
(including the heterokaryon experiments of Blau and the now-documented fu-
sion events for repair of visceral epithelia), demonstrate that other pathways
exist. These are now gradually being unveiled by epigenetic researchers.

4
Stochasticity Versus Determinism in Cell Behavior

A long-standing debate has been whether cell behavior is determined or is
stochastic, i.e., best described as a statistical process incorporating some de-
gree of random behavior. The two possibilities can be distinguished exper-
imentally, in a reductionist approach, looking at the behavior of individual
cells, or with a systems approach, looking at behavior of cells in aggregate. The
latter is most often done using computational techniques to generate computer
models that, with more or less fidelity, give rise to virtual biologically relevant
behaviors.

The balance of the debate has been manifested in studies of the hematopoi-
etic system. The experimental ability to isolate single hematopoietic stem cells
and grow them in colony-forming units has allowed for comparison of be-
haviors between individual cells. While some experiments of this type have
indicated a deterministic behavior, the bulk of the data suggests variability
of cell differentiation upon initiation of colony formation (Ogawa 1999). For
example, diverse combinations of more differentiated cells are identified in
individual colonies derived from single cells (Leary et al. 1984). Analysis of
colonies derived from paired progenitors also reveals variability in modes of
differentiation (Leary et al. 1984; Marley et al. 2003). This work is contrasted
with other efforts indicating that inductive factors in the microenvironment
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(e.g., cytokines, cell-matrix adhesion) lead to constraint of differentiative ca-
pacity (Metcalf 1998).

The key word in the paragraph above is “constraint.” Does constraint imply
determinism? Or is it possible to have intermediate degrees of constraint,
yielding behaviors that lie intermediate between complete randomness and
those that are rigidly determined? This is where the mathematical modelers
have been making a large contribution. Models that incorporate some degree
of constrained stochasticity faithfully reflect biological behaviors and generate
testable hypotheses (Agur et al. 2002; Deenick et al. 2003; Furusawa and Kaneko
2001; Loeffler and Roeder 2002, 2004; O’Neill and Schaffer 2004; Roeder and
Loeffler 2002; Roeder et al. 2003). Indeed, as is so often the case in scientific
debates, with data mounting on either side of the question, we find ourselves,
with time, coming to an acceptable middle ground. In this particular debate,
constraint of stochasticity provides the middle ground between the seemingly
opposed ideas of stochasticity and determinism. We will return to this concept
of constrained randomness in Sect. 5 of this chapter dealing with Complexity
Theory and the implications of a systems analysis for cell behavior, below.

Meanwhile, what are possible sources for stochastic behavior in differenti-
ation of cells? Of course, for blood, the movement of cells through the vascular
tree, subject to highly stochastic influences of fluid dynamics, brings them into
different microenvironments and therefore exposes them to different induc-
tive influences. Most tissues, however, are not fluid in this manner; the cellular
microenvironment in intact. Noninjured adult tissues appears rather stable, at
least at the supracellular level. But if we look into the biomolecular dynamics
on the scale of the cell and its compartments, we find possible sources for
stochasticity.

Work from Peter Quesenberry’s laboratory demonstrates that a cell’s dif-
ferentiation capacity is tied to its temporal position in the cell cycle (Colvin
et al. 2004). With ex vivo synchronization of cell cycle, isolated hematopoietic
stem cells, transplanted at different points in their transit through the first
cell cycle, display different reconstituting behaviors. This work details “dif-
ferentiation hotspots” in the cell cycle at which one either finds long-term
reconstitution, short-term reconstitution, or lineage restricted reconstitution
(e.g., erythropoiesis, leukopoiesis, lymphopoiesis). It is hypothesized that chro-
matin remodeling as the cycle proceeds underlies changes in gene expression,
reflected for example in changes in expression of adhesion molecules and cy-
tokine receptors. The stochasticity of entry into cell cycle is therefore tied to
stochasticity of gene expression and differentiation.

Detailed studies of dynamic changes of chromosomal structure indicate en-
try points for randomness into gene expression and control (Carmo-Fonseca
2002; Carmo-Fonseca et al. 2002). One example: fluorescent labeling of eu-
chromatin in the interphase nucleus reveals movement that is best modeled
as a “random walk” diffusion process (Vazquez et al. 2001). This implies that
interactions of genes with the important regulatory proteins in the spatially
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organized nucleosome, while tightly regulated in so many ways, also have an
irreducible stochastic element. Thus, stochastic sequestration of genes within
sites within the three-dimensional conformational structure of the interphase
chromatin results in stochastic variation of gene expression (Vermaak and
Wolffe 1998).

David Hume also locates stochasticity at the level of transcription initiation,
redefining transcription as a digital rather than an analog process (Hume 2000).
Each one of the multiple DNA templates for many genes is either “on” or “off,”
depending on whether the preinitiation complex of molecules is in place to
lead to transcription. But the assembly of these complexes is experimentally
demonstrated to be probabilistic. Hume generalizes to the concept that mRNA
production is produced in “pulses,” the mean frequency of which is determined
by the probability of formation of the preinitiation complex. On this basis, he
argues that “it is more meaningful to talk about the probability and frequency
of transcription rather than the rate” and describes a “quantal” understanding
of production of mRNA and, therefore, of gene expression.

5
Complexity Theory and Emergence of Cellular Phenomena

“Complexity theory” is not actually so complex. It describes the phenomena of
interacting individuals which, when they fulfill certain criteria, self-organize
into emergent structures. When such emergence arises, the system is found to
be adaptive, i.e., it can react and change its organization or behavior, despite
alterations in the environment, thus surviving as an entity (Theise 2004).

The most commonly used example is that of the ant colony. Ants have a lim-
ited number of ways in which they interact with each other: recognition and
response to nine different pheromones and to direct contact. Out of those lim-
ited interactions, with no central planning, the highly detailed organizational
social structure of the ant colony emerges. If one computer models the inter-
actions of ants on the micro scale, similarly complex virtual ant colonies arise
on the macro scale without the programmers having written computer code
to directly create such structure. This is what is meant by “self organization.”

Any system of interacting individuals, actual or virtual, that fulfills certain
criteria gives rise to complex adaptive systems. These are:

1. Large numbers of individuals (though determining how many are necessary
is not yet well understood).

2. Means of recognizing effects of other individuals within the system.

3. Homeostatic, negative feedback signaling between interacting individuals.

4. Low level stochasticity (too little and the system is rigid and nonadaptive,
too much and the system devolves into figurative or literal chaos). This last
criterion is referred to as “quenched disorder.”
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We have previously described cells and cell lineages as examples of com-
plex adaptive systems and showed how they fulfill all the criteria (Hussain
and Theise 2004; Theise 2004; Theise and d’Inverno 2004). In particular, the
constrained stochasticity discussed above supports this analysis. Thus, one
can expect cells to give rise to emergent self-organization and, of course, they
do: from the unfolding of the embryo and fetus, with formation of all tis-
sues and organs necessary for development, and then the adaptive stability
displayed throughout postnatal life (Furusawa and Kaneko 2000, 2002). Inves-
tigators have moreover begun computer modeling cell-cell interactions and
find that they can demonstrate the emergence that is seen in life, gaining
insight into physiological processes governing, for example, growth and main-
tenance of small intestinal crypt/villous lining cells and the fluctuations of
clones in leukemias (Paulus et al. 1992; Potten and Loeffler 1990; Roeder et al.
2005). Significant discussion already surrounds conceptualization of immune
system diversity and response as adaptive self-organization (Brusic and Petro-
vsky 2003). The current leading hypothesis regarding consciousness is that it
is an emergent phenomenon on the macro scale arising from interactions of
neuronal networks on the micro scale (Gell-Mann 2001).

This latter concept hints at an aspect of complex systems that we will now
discuss in more detail. We have already stated, on the one hand, that cell-
cell interactions give rise emergently to tissues and organs. This is, of course,
true for the neuronal networks of the brain and the brain as a whole. Yet,
for consciousness investigators, the neuronal networks are not considered
the macro-level emergence, but rather, the micro-level interacting individuals.
Thus, complex systems can exist as hierarchies. The aggregate self-organization
of one system can play the role of an interacting agent in a higher level system,
giving rise to higher level emergence. Thus, cells give rise to the emergent
phenomena of living, moving people. But people, in turn, interact and give rise
emergently to the organization of social structures, such as cities, cultures, and
civilizations.

Thus, having turned our attention “upwards” from cells, we may also con-
sider turning our attention in the other direction: cells might be emergent self-
organization arising from interacting individuals on a smaller, “lower” scale.
What would those interacting individuals be? Biomolecules, of course. And it
is clear that biomolecules certainly fulfill most of the criteria for a complex sys-
tem: they occur in enormous numbers, they interact with each other following
defined molecular/chemical rules, and these interactions form homeostatic
feedback loops. Do they display quenched disorder?

Recent investigations of individual biomolecular “machines” indicate, sur-
prisingly, that the answer is “yes” (Yanagida and Ishii 2003). One example,
of many, comes from the work of Toshio Yanagida, of Osaka University (Ki-
tamura and Yanagida 2003). Observing the interactions of single actin and
myosin strands, fluorescently labeled and held in place for observation with
“laser tweezers,” he has demonstrated that the ATP does not supply the en-
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ergy for bending of the myosin elbow, resulting in movement, but, instead, the
movement is random and constant, in response to Brownian motion of the sur-
rounding fluid. The energy from the release of phosphate from ATP provides
the energy to constrain this random movement in a directional, physiological
fashion. Similar experiments are showing the same phenomena in other inter-
acting elements of molecular motors such as EGF and EGF-receptor binding
(Ichinose et al. 2004), kinesin movement along microtubules (Nishiyama et al.
2002), MMP-1 along collagen (Saffarian et al. 2004), and appears, increasingly,
to be a generalizable phenomenon (Ait-Haddou and Herzog 2003).

Thus, there is quenched disorder in the way biomolecules interact and so
they, too, fulfill all the criteria of a complex system. The emergent phenomenon
is the cell. Our concrete understanding of the nature of the cell and how we
explore its behavior is altered by this formulation (Kurakin 2005). On the one
hand, cells are indeed “things”, i.e., building block-like entities that are the
fundamental, indivisible subunit of the body. But, also, on the other hand,
they are not things, but ephemeral, ever-changing and adapting molecular
organization in space and time. Much in the way that one may consider ant
colonies, bee hives, or human cities to be things with their own character
and structure, but also, alternatively, as organizations of smaller things. It all
depends on the scale of observation and investigation.

This formulation keeps clear several features of cells that are often forgotten
when investigators are locked into particular frames of reference and of scale.
These features will be the subject of the next two sections of this chapter, as we
see how genomic plasticity and the complex nature of cells has implications
for the debates about stochasticity vs determinism in cell behavior, as well as
the impact of observation on the nature of cells.

6
Cellular Uncertainty: Analogy or Metaphor?

We have previously described cell behavior and differentiation as displaying
uncertainty (Theise 2002; Theise and Krause 2001, 2002), echoing earlier state-
ments by Potten and Loeffler (Potten and Loeffler 1990), analogous to that of
Werner Heisenberg’s famous description of quantum physical processes. We
initially based this idea on the truism that, as Richard Lewontin has written:
“the inside and the outside codetermine the cell.” Paying careful attention to
this concept, one may infer that to observe or otherwise interact with a cell
necessarily changes the microenvironment and therefore necessarily changes
the differentiation state or capacity of that cell. From simple venopuncture to
more extreme acts of tissue disaggregation and culture, no scientific experi-
ment leaves a cell unchanged.

This includes some of the most fundamental, basic approaches to cell char-
acterization employed by contemporary cell biologists. These include antibody
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binding to cell surface molecules, which we often refer to as markers, as though
they were merely name tags worn by the cell for our purposes. The activities of
some markers, such as CD5 and CD45, have been extensively studied (Lozano
et al. 2000; Sasaki et al. 2001). It is clear that while some binding of ligand to
these receptors can activate some cell processes, other forms of binding will
produce alternate effects. So, before isolation with an anti-marker antibody can
be assumed to be merely an isolation process, lacking influence on subsequent
differentiation events, the relative inertness of the antibody binding needs to
be established. If it has not been established, then the interpretation of such
data must take into consideration that possibility. However, most markers are
not so well characterized and most do not have such a wide array of specific
antibodies available for detection. A prime example of this is CD34: it still
remains unclear what this molecule actually does (Krause et al. 1996); thus we
have no way to determine what the sequelae of the use of detecting antibodies
might actually be.

However, whether our use of Heisenbergian uncertainty is simply a useful
metaphor or is a precise analogy remains largely unconsidered. The difference
lies in whether the ability to truly determine with certainty what a cell is and
will do is an artifact of our current technological limitations or whether it is
a fundamental aspect of the cell. As with Heisenberg’s initial pronouncement,
the question becomes: is it possible to create a perfect machine which would
eliminate uncertainty? In the case of physics, the answer was no, uncertainty
was not artifact, but a fundamental aspect of the nature of the universe. But
could we perhaps develop a perfect MRI machine, for example, by which a cell
could be completely characterized, in situ, and yet remain unchanged?

A potential answer to this lies in our analysis of cells as emergent phenom-
ena arising from complex interactions of biomolecules. That analysis mandates
the dual consideration, depending on the level of scale of observation, that cells
exist both as defined entities (the cell and tissue level perspective) or not as de-
fined entities (from the biomolecular perspective). Thus, as stated above, there
is no “thing-ness” to a seeming object that is the emergent self-organization
from lower-scale elements. They have no independent, stable existence and
thus cannot be pinned down with certainty in all of their particulars at any
given moment. There can be no perfect machine to accomplish the task. Thus,
Cellular Uncertainty is not mere artifact of technological limitations, but is
a fundamental aspect of cell nature. On some level, the cell and, therefore, the
body itself, are incompletely knowable and must remain so.

7
Postmodern Biology

The implications of these ideas for those interested in biology from a theoretical
or from a pragmatic, biomedical point of view, are profound. From hypothesis
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formation to design of cell biologic experiments to interpretation of data, little
remains unchanged. That any isolated cell population can ever be described as
truly homogeneous vs heterogeneous falls by the wayside. Variations within
an isolated population are often dismissed or criticized as contamination, but
while contaminants need to be guarded against, there will always be a degree
of inhomogeneity reflective of uncertainty and stochasticity. The rigid use of
experimental data, obtained from reductionist approaches, to describe what is
happening within the body is a false approach. There is no cell in the body that
acts in isolation from the system; thus, cell behavior deduced from analysis
of the cell in isolation is only partially informative. Biological processes arise
from simultaneous interactions of all elements of the system rather than in the
linear mode inherent in most twentieth century experimental design.

Practically speaking, for those interested in biomedical applications, these
perhaps discouraging limitations actually open up a broad range of new pos-
sibilities. That cells with the entire genome intact can experimentally become
any other cell type opens up an astonishing array of possibilities for cell-based
therapies (Theise 2003). Whether cells are embryonic, fetal, or postnatal does
not matter as much as how clever we are in figuring out how to manipulate
them for desired ends. Also, getting at those other parentheses in our title, the
issue is not really about adult stem cells except in so far as these concepts are
applicable to all cells, not just those in postnatal life and not only those that
display stem cell functioning.

The engineering approach to tissue engineering appears flawed. In treating
tissues as an engineering problem about the arrangement of cellular building
blocks (literally), it misses the possible opportunities for cells to self-organize
into useful tissues, ex vivo (Hussain and Thiese 2004). Putting them where we
want them, on carefully constructed scaffolds, may not be as interesting as
aggregating them in different conditions, quantities, etc., and seeing what they
create on their own.

Finally, recognition that cells are merely emergent phenomena breaks the
lock of traditional cell doctrine on ways to analyze and describe the body.
Testable and reproducible bodily effects that have no anatomical correlate can-
not be explained simply on the basis of cells, per se, and require alternate
models for explanation. An example of this is the use of acupuncture to influ-
ence physiologic processes (Ma 2004). The organ-related meridians shown to
be of testable import for placement of needles and success of therapy do not
correspond to any structure identifiably made of cells. In the absence of such
a correlate, limiting ourselves to cell doctrine limits us in our ability to under-
stand acupuncture and more thoroughly investigate it. Again, depending on
the scale of observation, the nature of the body changes. From the molecular
point of view, with interacting biomolecular agents in fluid states, the body
might just as readily be conceived as a fluid syncytium, cell walls simply repre-
senting semi-permeable partitioning of the fluid compartment. A complexity
approach reveals that alternate models may be as valid as standard ones.
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Truly, plasticity, stochasticity, uncertainty, and complexity bring biology
(at last?) into the postmodern age, appropriate for a new millennium. How
quickly we can manifest the unlocked potential of our bodies will depend on
how quickly we can unlock the fetters of dogma. We can be assured, however,
that as with everything in the postmodern era, change occurs with increasing
speed. We will not have to wait as long as we waited from the shift from
Newtonian mechanics to relativity (centuries), or even from relativity to string
theory (decades). The shifts are happening. We must simply let our minds keep
pace with them.

References

Agur Z, Daniel Y, Ginosar Y (2002) The universal properties of stem cells as pinpointed by
a simple discrete model. ] Math Biol 44:79-86

Ait-Haddou R, Herzog W (2003) Brownian ratchet models of molecular motors. Cell
Biochem Biophys 38:191-214

Akashi K, Traver D, Miyamoto T, Weissman IL (2000) A clonogenic common myeloid
progenitor that gives rise to all myeloid lineages. Nature 404:193-197

Alvarez-Dolado M, Pardal R, Garcia-Verdugo JM, Fike JR, Lee HO, Pfeffer K, Lois C, Mor-
rison SJ, Alvarez-Buylla A (2003) Fusion of bone-marrow-derived cells with Purkinje
neurons, cardiomyocytes and hepatocytes. Nature 425:968-973

Bjornson CR, Rietze RL, Reynolds BA, Magli MC, Vescovi AL (1999) Turning brain into
blood: a hematopoietic fate adopted by adult neural stem cells in vivo. Science
283:534-537

Blau HM, Brazelton TR, Weimann JM (2001) The evolving concept of a stem cell: entity or
function? Cell 105:829-841

Blau HM, Chiu CP, Webster C (1983) Cytoplasmic activation of human nuclear genes in
stable heterocaryons. Cell 32:1171-1180

Blau HM, Pavlath GK, Hardeman EC, Chiu CP, Silberstein L, Webster SG, Miller SC, Webster C
(1985) Plasticity of the differentiated state. Science 230:758-766

Bruniquel D, Schwartz RH (2003) Selective, stable demethylation of the interleukin-2 gene
enhances transcription by an active process. Nat Immunol 4:235-240

Brusic V, Petrovsky N (2003) Immunoinformatics—the new kid in town. Novartis Found
Symp 254:3-13; discussion 13-22, 98-101, 250-252

Carmo-Fonseca M (2002) The contribution of nuclear compartmentalization to gene regu-
lation. Cell 108:513-521

Carmo-Fonseca M, Platani M, Swedlow JR (2002) Macromolecular mobility inside the cell
nucleus. Trends Cell Biol 12:491-495

Collas P (1998) Cytoplasmic control of nuclear assembly. Reprod Fertil Dev 10:581-592

Collas P (2003) Nuclear reprogramming in cell-free extracts. Philos Trans R Soc Lond B Biol
Sci 358:1389-1395

Colvin GA, Lambert JE Abedi M, Dooner MS, Demers D, Moore BE, Greer D, Aliotta JM,
Pimentel J, Cerny J, Lum LG, Quesenberry PJ (2004) Differentiation hotspots: the dete-
rioration of hierarchy and stochasm. Blood Cells Mol Dis 32:34-41

Cuthbert GL, Daujat S, Snowden AW, Erdjument-Bromage H, Hagiwara T, Yamada M, Schnei-
der R, Gregory PD, Tempst P, Bannister AJ, Kouzarides T (2004) Histone deimination
antagonizes arginine methylation. Cell 118:545-553



406 N.D. Theise - R. Harris

Davis RL, Weintraub H, Lassar AB (1987) Expression of a single transfected cDNA converts
fibroblasts to myoblasts. Cell 51:987-1000

Deenick EK, Gett AV, Hodgkin PD (2003) Stochastic model of T cell proliferation: a cal-
culus revealing IL-2 regulation of precursor frequencies, cell cycle time, and survival.
J Immunol 170:4963-4972

Endo T, Bryant SV, Gardiner DM (2004) A stepwise model system for limb regeneration.
Dev Biol 270:135-145

Enright BP, Kubota C, Yang X, Tian XC (2003) Epigenetic characteristics and development
of embryos cloned from donor cells treated by trichostatin A or 5-aza-2'-deoxycytidine.
Biol Reprod 69:896-901

Ferrari G, Cusella-De Angelis G, Coletta M, Paolucci E, Stornaiuolo A, Cossu G, Mavilio F
(1998) Muscle regeneration by bone marrow-derived myogenic progenitors. Science
279:1528-1530

Furusawa C, Kaneko K (2000) Complex organization in multicellularity as a necessity in
evolution. Artif Life 6:265-281

Furusawa C, Kaneko K (2001) Theory of robustness of irreversible differentiation in a stem
cell system: chaos hypothesis. ] Theor Biol 209:395-416

Furusawa C, Kaneko K (2002) Origin of multicellular organisms as an inevitable consequence
of dynamical systems. Anat Rec 268:327-342

Gell-Mann M (2001) Consciousness, reduction, and emergence. Some remarks. Ann N Y
Acad Sci 929:41-49

Harris RG, Herzog EL, Bruscia EM, Grove JE, Van Arnam JS, Krause DS (2004) Lack
of a fusion requirement for development of bone marrow-derived epithelia. Science
305:90-93

Hume DA (2000) Probability in transcriptional regulation and its implications for leukocyte
differentiation and inducible gene expression. Blood 96:2323-2328

Hussain MA, Theise ND (2004) Post-natal stem cells as participants in complex systems and
the emergence of tissue integrity and function. Pediatr Diabetes 5 [Suppl 2]:75-78

Ianus A, Holz GG, Theise ND, Hussain MA (2003) In vivo derivation of glucose-competent
pancreatic endocrine cells from bone marrow without evidence of cell fusion. J Clin
Invest 111:843-850

Ichinose J, Murata M, Yanagida T, Sako Y (2004) EGF signalling amplification induced by
dynamic clustering of EGFR. Biochem Biophys Res Commun 324:1143-1149

Ishikawa E, Drake CJ, Yang S, Fleming P, Minamiguchi H, Visconti RP, Crosby CV, Ar-
graves WS, Harada M, Key LL Jr, Livingston AG, Wingard JR, Ogawa M (2003) Trans-
planted human cord blood cells give rise to hepatocytes in engrafted mice. Ann N Y
Acad Sci 996:174-185

Jaenisch R, Bird A (2003) Epigenetic regulation of gene expression: how the genome inte-
grates intrinsic and environmental signals. Nat Genet 33 Suppl:245-254

Jang YY, Collector MI, Baylin SB, Diehl AM, Sharkis SJ (2004) Hematopoietic stem cells
convert into liver cells within days without fusion. Nat Cell Biol 6:532-539

Jimenez G, Griffiths SD, Ford AM, Greaves MF, Enver T (1992) Activation of the beta-globin
locus control region precedes commitment to the erythroid lineage. Proc Natl Acad Sci
U S A 89:10618-10622

Kitamura K, Yanagida T (2003) Stochastic properties of actomyosin motor. Biosystems
71:101-110

Kondo M, Scherer DC, Miyamoto T, King AG, Akashi K, Sugamura K, Weissman IL (2000)
Cell-fate conversion of lymphoid-committed progenitors by instructive actions of cy-
tokines. Nature 407:383-386



Postmodern Biology 407

Kondo M, Weissman IL, Akashi K (1997) Identification of clonogenic common lymphoid
progenitors in mouse bone marrow. Cell 91:661-672

Krause DS, Fackler MJ, Civin CI, May WS (1996) CD34: structure, biology, and clinical
utility. Blood 87:1-13

Krause DS, Theise ND, Collector MI, Henegariu O, Hwang S, Gardner R, Neutzel S, Sharkis SJ
(2001) Multi-organ, multi-lineage engraftment by a single bone marrow-derived stem
cell. Cell 105:369-377

Kurakin A (2005) Self-organization vs Watchmaker: stochastic gene expression and cell
differentiation. Dev Genes Evol 215:46-52

Le Douarin NM, Dupin E (1993) Cell lineage analysis in neural crest ontogeny. ] Neurobiol
24:146-161

Leary AG, Ogawa M, Strauss LC, Civin CI (1984) Single cell origin of multilineage colonies
in culture. Evidence that differentiation of multipotent progenitors and restriction of
proliferative potential of monopotent progenitors are stochastic processes. J Clin Invest
74:2193-2197

Lee JH, Hart SR, Skalnik DG (2004) Histone deacetylase activity is required for embryonic
stem cell differentiation. Genesis 38:32-38

Loeffler M, Roeder I (2002) Tissue stem cells: definition, plasticity, heterogeneity, self-
organization and models—a conceptual approach. Cells Tissues Organs 171:8-26

Loeffler M, Roeder I (2004) Conceptual models to understand tissue stem cell organization.
Curr Opin Hematol 11:81-87

Lozano F, Simarro M, Calvo J, Vila JM, Padilla O, Bowen MA, Campbell KS (2000) CD5
signal transduction: positive or negative modulation of antigen receptor signaling. Crit
Rev Immunol 20:347-358

Ma SX (2004) Neurobiology of acupuncture: toward CAM. Evid Based Complement Alternat
Med 1:41-47

Marley SB, Lewis JL, Gordon MY (2003) Progenitor cells divide symmetrically to generate
new colony-forming cells and clonal heterogeneity. Br ] Haematol 121:643-648

Metcalf D (1998) Lineage commitment and maturation in hematopoietic cells: the case for
extrinsic regulation. Blood 92:345-347; discussion 352

Milhem M, Mahmud N, Lavelle D, Araki H, DeSimone ], Saunthararajah Y, Hoffman R (2004)
Modification of hematopoietic stem cell fate by 5aza 2’deoxycytidine and trichostatin A.
Blood 103:4102-4110

Newsome PN, Johannessen I, Boyle S, Dalakas E, McAulay KA, Samuel K, Rae F, Forrester L,
Turner ML, Hayes PC, Harrison DJ, Bickmore WA, Plevris JN (2003) Human cord blood-
derived cells can differentiate into hepatocytes in the mouse liver with no evidence of
cellular fusion. Gastroenterology 124:1891-1900

Nishiyama M, Higuchi H, Yanagida T (2002) Chemomechanical coupling of the forward and
backward steps of single kinesin molecules. Nat Cell Biol 4:790-797

Ogawa M (1999) Stochastic model revisited. Int ] Hematol 69:2-5

O’Neill A, Schaffer DV (2004) The biology and engineering of stem cell control. Biotechnol
Appl Biochem 40:5-16

Paulus U, Potten CS, Loeffler M (1992) A model of the control of cellular regeneration in the
intestinal crypt after perturbation based solely on local stem cell regulation. Cell Prolif
25:559-578

Petersen BE, Bowen WC, Patrene KD, Mars WM, Sullivan AK, Murase N, Boggs SS, Green-
berger JS, Goff JP (1999) Bone marrow as a potential source of hepatic oval cells. Science
284:1168-1170

Potten CS, Loeffler M (1990) Stem cells: attributes, cycles, spirals, pitfalls and uncertainties.
Lessons for and from the crypt. Development 110:1001-1020



408 N.D. Theise - R. Harris

Roeder I, Kamminga LM, Braesel K, Dontje B, de Haan G, Loeffler M (2005) Competitive
clonal hematopoiesis in mouse chimeras explained by a stochastic model of stem cell
organization. Blood 105:609-616

Roeder I, Loeffler M (2002) A novel dynamic model of hematopoietic stem cell organization
based on the concept of within-tissue plasticity. Exp Hematol 30:853-861

Roeder I, Loeffler M, Quesenberry PJ, Colvin GA, Lambert JF (2003) Quantitative tissue
stem cell modeling. Blood 102:1143-1144; author reply 1144-1145

Saffarian S, Collier IE, Marmer BL, Elson EL, Goldberg G (2004) Interstitial collagenase is
a Brownian ratchet driven by proteolysis of collagen. Science 306:108-111

Santos F, Zakhartchenko V, Stojkovic M, Peters A, Jenuwein T, Wolf E, Reik W, Dean W
(2003) Epigenetic marking correlates with developmental potential in cloned bovine
preimplantation embryos. Curr Biol 13:1116-1121

Sasaki T, Sasaki-Irie J, Penninger JM (2001) New insights into the transmembrane protein
tyrosine phosphatase CD45. Int ] Biochem Cell Biol 33:1041-1046

Shi Y, Lan E, Matson C, Mulligan P, Whetstine JR, Cole PA, Casero RA (2004) Histone
demethylation mediated by the nuclear amine oxidase homolog LSD1. Cell 119:941-953

Taylor SM, Jones PA (1979) Multiple new phenotypes induced in 10T1/2 and 3T3 cells treated
with 5-azacytidine. Cell 17:771-779

Theise ND (2002) New principles of cell plasticity. C R Biol 325:1039-1043

Theise ND (2003) Liver stem cells: prospects for treatment of inherited and acquired liver
diseases. Expert Opin Biol Ther 3:403-408

Theise ND (2004) Perspective: stem cells react! Cell lineages as complex adaptive systems.
Exp Hematol 32:25-27

Theise ND, d’Inverno M (2004) Understanding cell lineages as complex adaptive systems.
Blood Cells Mol Dis 32:17-20

Theise ND, Krause DS (2001) Suggestions for a new paradigm of cell differentiative potential.
Blood Cells Mol Dis 27:625-631

Theise ND, Krause DS (2002) Toward a new paradigm of cell plasticity. Leukemia 16:542-548

Theise ND, Wilmut I (2003) Cell plasticity: flexible arrangement. Nature 425:21

Vazquez J, Belmont AS, Sedat JW (2001) Multiple regimes of constrained chromosome
motion are regulated in the interphase Drosophila nucleus. Curr Biol 11:1227-1239

Vermaak D, Wolffe AP (1998) Chromatin and chromosomal controls in development. Dev
Genet 22:1-6

Wang Y, Wysocka J, Sayegh ], Lee YH, Perlin JR, Leonelli L, Sonbuchner LS, McDonald CH,
Cook RG, Dou Y, Roeder RG, Clarke S, Stallcup MR, Allis CD, Coonrod SA (2004) Hu-
man PAD4 regulates histone arginine methylation levels via demethylimination. Science
306:279-283

Weintraub H, Groudine M (1976) Chromosomal subunits in active genes have an altered
conformation. Science 193:848-856

Willenbring H, Bailey AS, Foster M, Akkari Y, Dorrell C, Olson S, Finegold M, Fleming WH,
Grompe M (2004) Myelomonocytic cells are sufficient for therapeutic cell fusion in liver.
Nat Med 10:744-748

Willenbring H, Grompe M (2003) Embryonic versus adult stem cell pluripotency: in liver
only fusion matters. ] Assist Reprod Genet 20:393-394

Xie H, Ye M, Feng R, Graf T (2004) Stepwise reprogramming of B cells into macrophages.
Cell 117:663-676

Yanagida T, Ishii Y (2003) Stochastic processes in nano-biomachines revealed by single
molecule detection. Biosystems 71:233-244



Subject Index

a-actinin 106

B cells 147,204

B-catenin  127-129, 140, 142-144

Bl integrin 84, 207

y-aminobutyric acid (GABA) 338, 340

3’ end PCR differential display analysis
178

5-aza-2'deoxycytidine 113

ABC transporter proteins 191

actin 105

action potential 117, 339, 340

—atrial 117

-nodal 117

- pacemaker 117

- ventricular 117

adrenal chromaffin cells 365

adrenal medulla 367

adrenoceptor 107

adult stem cells 159, 286

allodynia 341

angioblast 54

angiogenesis 54, 328, 329

angiogenesis assay 54

antidepressant 336

aortic ring assay 55

apoptosis 337, 345

- chromophore-targeted 345

artemisinin 61

arteriogenesis 54

astrocytes 216

astroglia 216

atrial natriuretic factor (ANF) 107

autocrine  123-127, 129-133, 140, 142,
144, 145

basement membrane 34
basic fibroblast growth factor (bFGF) 7,
157

Bcl-2/bcl-2 211

blastocoel 28

blastocyst 22

Bmi-1 240

BMP 83

BMP4 6

bone 197

bone marrow 160, 195

brain 214

brain cancer 330, 332, 335, 346, 347
breast cancer 347
butyricacid 124, 137, 139, 146

c-Kit/c-kit 194,212

cAMP-dependent protein kinase (PKA)
115

CAPIT 370

CAPSIT 370,371

cardiac progenitor cells 103

cardiac regeneration 284

cardiac repair 74

cardiac tropinin I (¢cTnl) 106

cardiac tropinin T (cTnT) 106

cardiogenesis  27,34,123-135,137,138,
140, 143, 145, 146

cardiogenol 85

cardiomyocyte 74, 101

cardiomyocyte differentiation 110

carotid body cells 367

cartilage 197

CD29 213
CD31 212
CD34 307
CD4 305
CD44 211,213
CD45 307
CD73 213

cell cycle 172,327,333, 335, 349
cell death 338



410

Subject Index

cell division 327, 329, 333-335

- asymmetric 188, 327, 333-335

- symmetric 327, 329, 334

cell fusion 179

cell therapy 23,37, 42

cerebellum 332,333

cerebrospinal fluid 328

chromatin 123,125,133, 134, 137-139,
141, 146

- heterochromatin 137

cleavage plane 334

co-culture 111

colony-forming unit fibroblast (CFU-F)
196

commitment 123,126

confrontation culture 64

connexin (cx) 105,116

-cx40 105,108

-cx43 108,116

-cx45 108,116

continuum 172

corpus callosum 323, 345, 349

cortex 333, 349

crypto 83
crypts 198
CT-1 83

cycling population 173
cytokine 230

dedifferentiation 340

dentate gyrus 322, 328, 332, 336, 337,
341

designer cytokine 234

desmin 105

developmental noise 39

diabetes 147

- type 1 diabetes 148

- type 2 diabetes 148

different stem cell markers 178

differentiation 241

differentiation potential ~ 27-29, 40

disease 339, 340, 343

- neurodegenerative 339, 340

- Parkinson 336, 343

DMSO 109

DNA methylation 137,138

dopamine 336, 344

- receptor 336

dorsal root ganglia 344

dynorphin B 84

dyskinesias 364, 371, 372, 374

E-cadherin 90

ectoderm 34, 35

EGF receptor 324, 329, 347, 349

embryogenesis 22, 23, 30, 41

embryoid bodies (EBs) 21, 55, 82, 111,
151, 342-344

embryonic dopaminergicneurons 365,
367

embryonic stem cells (ESCs) 1, 22, 81,
150, 237

- Pluripotency 1

- self-renewal 1

endoderm 28,29, 103, 152

endorphins 123,131, 135

- dynorphin B 125, 131-136, 138, 145,
146

- enkephalins 136, 144

- [Met’]enkephalin 136, 143

- methionine enkephalin 136

- opioid growth factor (OGF) 136, 146

- preproenkphalin 136

endothelial precursor cells (EPCs) 63,
195, 285, 293

ependyma 326, 328

ependymal cell 322, 323, 331, 334

epidermal growth factor (EGF) 158

epidermis 206

epigenetic instability 29

excitation-contraction coupling 113

experimental autoimmune
encephalomyelitis 346

extracellular matrix = 32

eye 216

F-DOPA-PET 370, 371

fetal calf serum 113

Flk-1 212,309

forskolin 115

Foxa3 152

Foxd3 11

Frizzled 127,128, 141

- Frizzled-8Fc 130

- secreted Frizzled-like proteins (SFRP)
131

-sFRP-1 131,142

gap junction 109
gastrointestinal tract 198



Subject Index

411

GATA 105

GATA4  84,124,125,128,132, 133,135,
138, 142, 152, 212

GATA6 128

genital tract 208

glioblastoma 347, 349

gliomas 347, 348

glucokinase 156, 159

glucose transporter 2 (GLUT-2) 156,
159

glutamate 338, 340

- a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionicacid (AMPA) 338

- N-methyl-d-aspartate (NMDA) 338

gpl30 231

growth factors 27,104

- bone morphogenetic proteins (BMPs)
104

- fibroblast growth factors (FGFs) 83,
104

- transforming growth factor p 104

- wnts, wingless 104

haematopoietic stem cells (HSCs) 186,
230

hair follicle 208

hanging drop technique 90

heart 211

heart development 104

heart failure 102

hematopoiesis 57

hepatocellular proliferation 236

hierarchy 170, 171

hippocampus 331, 332, 337-339, 346,
376, 378

histone deacetylase 138, 139

HOXB4 239

human embryonic stem cells (HESCs)
102, 375

human retinal pigment epithelium cells
367

hyaluronan 124, 137, 139-141, 145

- hyaluronan mixed esters 139

hypoxia 62

hypoxia-inducible factor-lac 59

IGF-II 83

Ignoratio Elenchi 179
immunosuppression 368, 371,372,374
“in-tissue” plasticity 179

inhibition 338

inner cell mass 150

insulin 154

interleukin-6 231

intracrine  123-125, 133-136, 144, 145
Isll 105

islet regeneration 161

islet transplantation 149

islets of Langerhans 203

isthmic organizer 343

JAK/STAT pathway 238
Janus kinase family = 233

keratinocyte growth factor (KGF) 158
Ki-67 212
kidney 213

label-retaining cells (LRCs) 193, 201

lateral ventricle 322, 323, 332, 334

learning 337, 338

lesion 334, 336, 340, 341

- traumatic 340

leukaemia 347

- acute myelogenous 346

leukaemia inhibitory factor (LIF) 26,
84,151, 232

leukaemic 231

lithium 84
liver 159, 201
lung 213

mammary glands 209

MAP kinase 126, 143

marrow cells to lung cells 179

Mashl 321, 335

matrigel 55
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