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Clinical Potentials of Stem Cells: Hype or Hope?
Anthony D. Ho and Wolfgang Wagner

1.1
Introduction

The present enthusiasm for and controversy around stem cell research began
with two breakthroughs: (i) the successful cloning of “Dolly” by Ian Wilmut,
Keith Campbell and coworkers in 1997 [1]; and (ii) the establishment of human
embryonic stem cell (ESC) lines by the laboratory of James Thomson in 1998
[2]. Without any doubt, these technologies have opened up novel avenues for tis-
sue engineering and organ transplantation [3]. Never in the history of biomedical
research have scientific discoveries spawned such tremendous repercussions on a
global scale. The ability to rejuvenate or even replace defective organs and the tis-
sues of the human body has been a centuries-old dream. Stem cells have demon-
strated their potential to develop into practically all types of specialized cells and
tissues in the body, and have therefore been compared to the “fountains of youth”
that mankind have searched for since time immemorial. Recent discoveries using
both adult and embryonic stem cells as starting cell populations have led to spec-
ulations that out of such “raw material” we might be able to produce all sorts of
replacement parts for regenerative medicine. Hopes are high that many age-
related degenerative disorders such as heart disease, Parkinson’s disease, diabetes,
and stroke could some day be cured by stem cell therapy.

1.2
What are Stem Cells?

All life forms begin with a stem cell, which is defined as a cell that has the dual
ability to self-renew and to produce progenitors and different types of specialized
cells in the organism. For example, in the beginning of human life, one fertilized
egg cell — the zygote — becomes two, and two becomes four [4]. In these early
stages, each cell might still be totipotent — that is, a whole organism can be der-
ived out of each of these cells. Within 5 to 7 days, some 40 cells are formed which
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Figure 1.1  Sources for embryonic and adult stem cells.

build up the inner cell mass, surrounded by an outer cell layer forming sub-
sequently the placenta. At this stage, each of these cells in the inner cell mass
has the potential to give rise to all tissue types and organs including germ cells
— that is, these cells are pluripotent (Fig. 1.1). Ultimately, the cells forming the
inner cell mass will give rise to the some 10" cells that constitute a human
body, organized in 200 differentiated cell types [5]. Many somatic, tissue-specific
or adult stem cells are produced during fetal development. Such stem cells
have more restricted ability than the pluripotent ESC and they are multipotent
— that is, they have the ability to give rise to multiple lineages of cells. These
adult stem cells persist in the corresponding organs to varying degrees during
a person’'s whole lifetime.

13
Stem Cells and Regeneration

Lower life forms have amazing prowess of regeneration which mammals and
especially humans woefully lack [6]. Upon decapitation, planaria (e.g., a flatworm)
will regenerate a new head within 5 days. Hydra, a small tubular freshwater ani-
mal that spends its life clinging to rock, is able to produce two new organisms
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Figure 1.2 Embryonic stem cells (ES) are (SSC). During embryonic development, tissue-
derived from 5- to 7-day-old embryos and are specific stem cells (SC) give rise to the mature,
pluripotent. Pluripotent stem cells can also be differentiated cell types that constitute the
derived from germinal stem cells (GSC) and  specific organs with special functions.
possibly from some somatic (adult) stem cells

within 7-10 days when its body is halved. After losing a leg or the tail to a pre-
dator, a salamander will recover with a new limb or tail within a matter of days.

Mammals pay a high price for climbing up the evolutionary ladder, and have
lost comparable regenerative power. Those animals with staggering regenerative
potentials are either in possession of an abundance of stem cells, or they can con-
vert specialized cells into stem cells on demand. For example, it has been esti-
mated that some 20% of the planaria consists of stem cells, while hydra is a
“kind of permanent embryo” [6]. Salamanders use a completely different mechan-
ism; when they need a new limb or tail, they convert an adult differentiated cell
back to an embryonic undifferentiated one. These cells then gather at the site of a
severed organ and form a blastema, which regenerates the missing part. An un-
derstanding of the cues and molecules that enable the stem cells to initiate self-
renewal, divide, proliferate, and then differentiate to rejuvenate damaged tissue
might be the key to regenerative medicine.

To a limited extent, humans can rejuvenate some types of tissue, such as the
skin and the bone marrow, but are nowhere near as proficient. The regenerative
power is associated with an adequate presence of stem cells in these organs — that

5



6

1 Clinical Potentials of Stem Cells: Hype or Hope?

is, epidermal stem cells in the skin and hematopoietic stem cells (HSCs) in the
bone marrow (Fig. 1.2). Moreover, regenerative potential of the skin and marrow
declines with age [7, 8]. An understanding of how ESCs differentiate into various
tissues and how adult stem cells can be coaxed to replace damaged tissue could
therefore hold promise for cell replacement of tissue repair in many age-related
degenerative disorders.

1.4
Adult and Embryonic Stem Cells

In 1998, the group of James Thomson reported on the establishment of human
ESC lines. Human ESCs used for research have been extracted form embryos cre-
ated by in-vitro fertilization. Some 40 cells forming the inner cell mass at day 5-7
after fertilization are transferred to a culture dish lined with feeder cells. After cul-
turing and replating for several months, these cells might maintain their self-
renewing ability without differentiating into specialized cells, and give rise to
ESC lines that could, in theory, replicate for ever [9-11]. Thus, ESCs have the po-
tential to form most — if not all — cell types of the adult body over almost unlim-
ited periods.

As mentioned above, the adult body has a small number of adult or somatic
stem cells in some tissues and organs [12-14]. Such adult stem cells (ASCs)
have been known to possess the ability to regenerate the corresponding tissue
from which they are derived. Hematopoietic stem cells (HSCs), for example, con-
tinuously regenerate the circulating blood cells and cells of the immune system
during the life span of the organism. Based on animal models, many studies
have recently claimed that ASCs might exhibit developmental potentials compar-
able to those exhibited by ESCs [14]. More recent reports, however, have severely
challenged the interpretation of the initial results, suggesting the “plasticity po-
tential” or “trans-differentiation” of ASCs [15-18]. Hence, ASCs have the ability
to regenerate the tissue from which they are derived over the lifespan of the in-
dividual, while ESCs have the potential to form most, if not all, cell types of
the adult body over very long periods of in-vitro cultivation. ESCs seem to demon-
strate unlimited potential for growth and differentiation. The use of ES-derived
cells for transplantation, however, is associated with hazards and ethical contro-
versies. In animal studies, undifferentiated ESCs can induce teratocarcinomas
after transplantation, and they have been shown to be epigenetically instable.
Pre-culturing of immature ESCs in conditions that induce differentiation along
a specific pathway might reduce the risk of tumor genesis. Animal studies
have also shown that only donor ESCs after a specific differentiation stage
would be accepted by a fully grown animal. ESCs must be primed towards a pre-
defined differentiation pathway before transplantation. Such cultures are likely to
contain a variety of cells at different stages of development, as well as undifferen-
tiated ESCs. Purification of the cell preparation is necessary before clinical use
could be considered.
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1.5
In the Beginning was the Hematopoietic Stem Cell

The concept of stem cells was introduced by Alexander Maximow in 1909 as the
common ancestors of different cellular elements of blood [19]. It took, however,
almost another 60 years — that is, in 1963 — before McCullough and his coworkers
provided unequivocal evidence for the existence of stem cells in the bone marrow
[20, 21]. In a murine model, their series of experiments demonstrated that, first of
all, cells from the bone marrow could reconstitute hematopoiesis and hence res-
cue lethally irradiated recipient animals. Second, by serial transplantations, they
have established the self-renewal ability of these cells. When cells from the spleen
colonies in the recipients were harvested and re-transplanted into other animals
that received a lethal dose of irradiation, colonies of white and red blood corpus-
cles were again found in the secondary recipients. Based on these experiments,
HSCs were defined as cells with the abilities of self-renewal as well as multiline-
age differentiation. This discovery marked the beginning of modern-day stem cell
research. Only in recent years have other somatic stem cells been identified in tis-
sues with a more limited regenerative capacity, such as the liver and the brain
22, 23].

The first successful attempts of using bone marrow transplantation as a treat-
ment strategy for patients with hereditary immunodeficiency or acute leukemias
were performed during the late 1960s [24-27]. The original idea was to replace
the diseased bone marrow with a healthy one after myeloablation. Without the
benefits of present-day knowledge of immunology and supportive care, morbidity
and mortality rates associated with the treatment procedure were then high [27].
Nevertheless, the results were considered encouraging as compared to those ob-
tained with conventional treatment options. Bone marrow transplantation has in
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the meantime been proven to be the only chance of cure for some patients with
leukemia and some hereditary diseases [28]. Its success was due to the presence
of HSCs in the marrow graft, which were able to reconstitute the blood and im-
mune systems after myeloablation. Although initially identified in the marrow,
HSCs could also be found in the peripheral blood upon stimulation, such as dur-
ing the recovery phase after myelosuppressive therapy [29] or after the adminis-
tration of cytokines [30, 31]. Such HSCs obtained from the peripheral blood or
isolated CD34+ cell populations have been used successfully in lieu of bone mar-
row to reconstitute hematopoietic and immune functions in the recipients [32,
33]. According to the International Bone Marrow Transplantation Registry,
blood stem cell transplantation now offers chances of durable cure for at least
some 27 000 patients each year as a treatment strategy for various cancers, mar-
row failure, or hereditary diseases (Fig. 1.3) [34].

1.6
Trans-Differentiation of ASCs

Parallel to encouraging developments in ESC research, numerous studies have
reported that ASCs might exhibit developmental potentials comparable to those
exhibited by ESCs. In one of the first studies in murine models, Ferraris et al.
reported that unmanipulated bone marrow cells were found to participate in
the muscle regeneration process when injected into skeletal muscle that was che-
mically induced to undergo regeneration [35]. Furthermore, bone marrow cells
that have engrafted in the muscle were also involved in the repair process if mus-
cle injury was experimentally induced again at a later time. Since then, many
authors have reported that stem cells within the marrow of mice possessed the
ability to form differentiated skeletal muscle fibers, and that even cardiac muscle
cells were able to regenerate by recruiting circulating marrow-derived stem cells.
Eglitis and Mezey [36] showed that bone marrow cells were able to differentiate
into microglia, astroglia and neurons within the central nervous system. Stem
cells from the rat bone marrow have been shown to give rise to hepatocytes in
recipients with artificially induced hepatic injury [37]. Other authors have con-
firmed that bone marrow-derived stem cells probably participated in hepatocyte
restoration [38]. Multi-organ, multi-lineage engraftment by a single bone mar-
row-derived stem cell with HSC phenotype has been reported by Krause et al.
[39]; indeed, their data have provided one of the few indications that multiple tis-
sues could develop from a single hematopoietic tissue-derived stem cell. The mag-
nitude of engraftment was, however, minuscule such that the biological relevance
has been questioned.

ASCs from several nonhematopoietic tissues have also been reported to pro-
duce cell types other than those from the tissue in which they reside. Bjornson
et al. showed that neural stem cells could produce a variety of blood cell types
after transplantation into irradiated hosts [40]. The observation that adult neural
stem cells might have a broader developmental potential has also been reported



1.7 The Plasticity of ASCs: All Hype and no Hope? |9

by Clarke et al. [41]. The latter group showed that neural stem cells from the adult
mouse brain could contribute to the formation of chimeric chick and mouse em-
bryos. These adult neural stem cells gave rise to cells of all germ layers.

1.7
The Plasticity of ASCs: All Hype and no Hope?

More recent reports, however, have severely challenged the interpretation of the
initial results suggesting the “trans-differentiation” of ASCs [15-18]. For example,
in the experiments described by Bjornson et al., the cells from neurospheres that
were dissociated and transplanted were passaged 12 to 35 times in the presence of
growth factors prior to transplantation [40]. One possible explanation for the loss
of specificity of neural stem cells is that they were transformed during their in-
vitro passaging. It has long been established that cells growing in culture, even
of defined, permanent cell lines, can spontaneously change their gene expression
pattern and state of differentiation, giving rise to clonally stable “trans-differen-
tiated” sub-lines [42]. ASCs in culture, when exposed to extreme pressures to
trans-differentiate, might generate cells with genetic instability and with features
of unrelated cell types. Efforts to repeat this experiment has been reported by
Morshead and coworkers. The latter group confirmed that transformation of pri-
mary neural stem cells did occur during in-vitro passaging, but they could under
no circumstances observe any contribution of neural cells to the blood cell lineage
[18]. These authors concluded that trans-differentiation could not be proven. Stud-
ies conducted by Ying et al. and Terada et al. then provided evidence that cell fu-
sion between somatic stem cells (SSCs) and ESCs occurred spontaneously upon
coculturing in vitro [16, 17]. Both groups cautioned that such hybrid cells with tet-
raploid nuclei and characteristics of both SSCs and ESCs could account for the
proclaimed plasticity potentials of ASCs. To verify the trans-differentiation poten-
tial of hematopoietic stem cells (HSC), Wagers et al. have generated chimeric an-
imals by transplantation of a single green fluorescent protein (GFP)-marked HSC
into lethally irradiated nontransgenic recipients. Single HSCs robustly reconsti-
tuted peripheral blood leukocytes in these animals, but did not contribute to
any nonhematopoietic tissues, including brain, kidney, gut, liver, and muscle.
These data indicated that “trans-differentiation” of circulating HSCs and/or
their progeny is an extremely rare event, if it occurred at all [43]. Schmittwolf
et al. demonstrated that only through modifications of DNA and chromatin
could they establish long-term, stable and trans-differentiated hematopoietic
cells from neurosphere cells [44]. Almeida-Porada et al., however, have provided
new evidence that trans-differentiation did occur without cell fusion, especially
under physiological conditions of the developing fetus, albeit at much lower
frequencies then previously claimed [45] (see also Chapter 8).

Most of the experiments performed thus far have focused on the dramatic
changes in the destiny that is, differentiation program of ASCs. Trans-differentia-
tion, or in some rare examples plasticity, seemed indeed possible under highly se-
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lective pressure from the microenvironment. There is, however, an absolute pau-
city of data on the cellular and molecular processes involved in the complex cas-
cade of (trans-) differentiation. The first step, which is migration of the ASCs to-
wards their niche and communication with the surrounding cells in the microen-
vironment, has not been elucidated adequately. Evidences at cellular and molecu-
lar levels show that re-programming along a different differentiation pathway are
lacking. It is also not known how the newly acquired differentiation program can
be maintained. Indeed, until these processes are known, it is premature to trans-
late the observations in animal models into clinical trials.

1.8
The Battle of Two Cultures: ESCs versus ASCs

In both self-renewing as well as differentiation potentials, ASCs have been proven
to be far inferior to ESCs. In injury models, ASCs from an allogeneic donor (e.g.,
from bone marrow), might be responsible for some of the reconstituted cells in
the recipient’s organs of another ontogenetic derivative. Cell and nuclear fusions
might be largely responsible for this phenomenon. When trans-differentiated
cells within evidence of fusion could be identified, they were of such minuscule
amount as to be of no clinical relevance. Thus, many have come to the conclusion
that only ESCs could hold promise for the future (Fig. 1.4).

Somatic cell

Oocyte nucleus Internal Cell

mass

Somatic cell \ /

‘O, o G
. 0% 09|
Embryonic

stem cells Expansion of

pluripotent stem cells

Figure 1.4 The different methods for therapeutic cloning.
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Although a number of countries have since permitted the use of public funding
for ESC research, opponents of this approach regard cells derived from sacrificed
embryos as being close to cannibalism. On the other hand, advocates of ESC
research pointed out that unwanted embryos derived from in-vitro fertilization
clinics are continuously destined for disposal worldwide. If parents agree to
donate embryos, it would not be ethical to deny their use for research purposes
that target at identifying novel strategies to treat incurable diseases. Another cri-
tical challenge for the clinical use of ESCs or cell preparations derived thereof is
the development of tumors, especially teratocarcinoma. The therapeutic potential
of ESCs is also hampered by the threat of contamination from serum products
and live feeder cells of animal origin. Serum-free and feeder layer-free systems
have been used successfully by some groups, but the results have yet to be repro-
duced and confirmed. Thus, the debate pro and contra ESC research goes on from
state to state, from country to country. Within the European Union, no consensus
could thus far be reached. Whereas ESC research is strictly regulated in Germany
and Austria, the U.K., the Netherlands, Belgium, Spain and Italy — and recently
also Switzerland — took a much more liberal stance and have permitted ESC
research under specific criteria. The U.K. has also been one of the first countries
to have permitted therapeutic cloning.

1.9
The Challenges for Stem Cell Technology

One of the major challenges for the application of ESC and ASC technology is the
establishment of standards and definition of stem cell preparations. The hetero-
geneity of the starting population renders comparison of results between different
groups difficult, and this might account for the lack of reproducibility of some of
the initially reports using ASCs. The significance of establishing standards and
guidelines for clinical applications can best be demonstrated by the evolution of
bone marrow or blood stem cell transplantation from a highly experimental pro-
cedure to the standard strategy that it is today [14, 28]. With the significance of
hematopoietic tissue transplantation as curative treatment for hematologic malig-
nancies and marrow failure, the need for in-vitro assays to identify human hema-
topoietic progenitors has increased. However, in order to infer that any in-vitro
assay measures stem cells, the properties of the cells analyzed in vitro must be
compared with those of repopulating units tested in vivo [14, 46]. Repopulating
units were estimated in transplantation models and could be performed only in
animals (for a review, see [13, 46]). Colony assays, including those for long-
term initiating cell (LTC-IC) and myeloid-lymphoid initiating cell (ML-IC), have
been developed that might serve as surrogate markers for the repopulating poten-
tials of the stem cells present in a given population. Surface markers, such as
CD34, CD133, Thy-1, HLA-DR have been shown to be associated with the “stem-
ness” of cell preparations, while CD38 plus a whole range of surface markers
have been associated with lineage commitment. Hence, many groups have
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used the CD34+/CD38- and lineage-negative population as representative for pri-
mitive progenitor cells for hematopoiesis.

Despite all of the efforts made throughout the past 40 years, no in-vitro assay
has ever been considered adequate for the identification of HSCs [13, 14, 46].
Hence, there is no appropriate substitute for the repopulation assay in murine
transplantation model after a lethal dose of irradiation [20, 21]. Clearly, this experi-
mental approach cannot be used to estimate human HSCs. However, the immu-
nocompromised mouse model (i.e., SCID mouse model and variations thereof),
or the in-utero sheep transplantation model at a time when the animal is tolerant
to human HSCs, have been proposed for estimating the repopulating potentials
of human HSCs [47]. Preparative protocols for acquisition, in-vitro cultivation, ex-
pansion and differentiation along specific pathways of ESCs or ASCs have thus
far been extremely heterogeneous. A precise characterization and standardization
of ESCs as well as ASC preparations and the progeny cells derived thereof repre-
sents a conditio sine qua non for future development and for comparing the results
from different research groups. Hence, there is an urgent need for establishing
robust standards and developing a catalogue of marker profiles for the definition
of stem cells and of their differentiation products. Such efforts will be described
in Chapters 3 and 7.

1.10
Regulation of Self-Renewal versus Differentiation, Asymmetric Divisions

A hallmark of stem cell activity is the dual capacity to self-renew and to differenti-
ate into cells of multiple lineages. Thus, the ability to divide asymmetrically might
be regarded as a unique feature of stem cells. A central question in developmental
biology is how a single cell can divide to produce two progeny cells that adopt dif-
ferent fates. Different daughter cells with different functions can, in theory, arise
by uneven distribution of determinants upon cell division (i.e., due to intrinsic
factors) or become different upon subsequent exposure to environmental signals
(i-e., due to extrinsic factors) [47]. Recent advances in the understanding of asym-
metric division of stem cells in Drosophila and murine models have provided
some insight into human stem cell development.

Evidence from the development of neuroblasts from neuroepiderm in Drosophi-
la and in the mouse model supports the idea that asymmetric divisions are de-
fined mostly by cell-autonomous (i.e., intrinsic) information. For example, Droso-
phila neuroblasts (NBs) — which are precursors of the central nervous system —
arise from polarized epithelial cells during development [48]. The NBs enlarge
and delaminate from the ventral ectoderm, forming a subepithelial array of neur-
al stem cells. The plane of cleavage upon division is orientated parallel to their
apical-basal axis, resulting in symmetric division. The NBs then undergo a series
of asymmetric divisions and, while maintaining the axis of apical-basal polarity,
adjust their cleavage plane such that it is perpendicular to this axis, and produce
NBs to renew themselves and smaller ganglion mother cells (GMC-1). Asym-
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metric division is orientated intrinsically and autonomously. GMC production is
followed by a single division, generating two post-mitotic neurons or glial precur-
sors. During early embryonic development, asymmetric divisions therefore pro-
vide a mechanism for positioning specific cell types at defined sites. An axis of
polarity is established in the mother cell, and this coordinates with the general
body plan. Cell-fate determinants are distributed asymmetrically along this axis.
During mitosis the spindle is also orientated along this axis so that cytokinesis
creates two daughter cells containing different concentrations of these determi-
nants [49-53]. In Drosophila, for example, homologues of PAR-3, atypical protein
kinase C and PAR-6 mediate polarity and they direct epithelial cell polarity and
mediate both spindle orientation and localization of cell-fate determinants in
NBs [54, 55]. For subsequent development, intracellular or extrinsic mechanisms
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(as a consequence of communication of the daughter cells with each other or with
surrounding cells) play then a major role and extrinsic signals might be involved
in instructing the asymmetric fates of the daughter cells [56, 57]. Kiger et al. [58]
and Tulina and Matunis [59], for example, have defined the molecular nature and
spatial organization of the signaling pathway that governs asymmetric divisions
of stem cells in the Drosophila testis. In the latter, germline cells and SSCs attach
to a cluster of support cells called the “hub”. Upon division of a germline stem
cell, the daughter cell in direct contact with the hub retains the self-renewal po-
tential, whereas the other daughter cell was destined to differentiate into a gonio-
blast and subsequently into spermatogonia. Evidence was provided that Unpaired,
a ligand which activates the JAK-STAT signaling cascade and is expressed by the
apical hub cells in the testis, causes stem cells to retain their self-renewal poten-
tial. Analogous to this finding, the maintenance of mammalian ESCs has been
shown to require a similar JAK-STAT signaling, which is counterbalanced by
the requirement for MAP kinase activation, and the latter in turn promotes
ESC differentiation [60]. In another recent publication, Yamashita et al. demon-
strated that germline stem cells were anchored to the hub through localized ad-
herens junctions. Interactions between DE-cadherin on the surface of hub cells
and germline stem cells could stabilize a localized binding site for beta-catenin
and Apc2 at the germline stem cell (GSC) cortex [61]. The cadherin-catenin and
the associated cytoskeletal system seem to be key players in this context.

For HSCs, our group has demonstrated that only contact of primitive CD34+/
CD38- cells with a stem cell-supporting microenvironment (AFT024) increased
asymmetric divisions of both primitive and committed progenitors by recruiting
significant numbers of primitive cells into the cell cycle [62] (Fig. 1.5). This phe-
nomenon of recruitment, as well as the shift in asymmetric division, could not be
induced by cytokines [63]. Thus, dormant cells that are usually in G, can be recruited
to cycle without loss of primitive function after cell-cell contact with AFT024. Only
direct contact with cellular elements of the niche could increase the absolute num-
ber of cells undergoing asymmetric division. The stem cell niche thus provides the
cues to regulate self-renewing divisions and subsequently to control cell numbers.

1.11
Genotype and Expression Profiles of Primitive HSCs

As the slow-dividing fraction (SDF) of HSCs is associated with primitive function
and self-renewal, while the fast-dividing fraction (FDF) predominantly proceeds to
differentiation, we have separated the CD34"/CD38" cells according to their divi-
sional kinetics as a functional parameter for the isolation of primitive stem cells
[64]. We then performed a genotypic analysis of these two populations (FDF ver-
sus SDF) using genome-wide analysis. Genome-wide gene expression analysis of
these populations was determined using a Human Transcriptome Microarray
containing 51 145 cDNA clones of the Unigene Set-RZPD3 [65]. In addition,
gene expression profiles of CD34"/CD38" cells were compared with those of
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CD34%/CD38" cells. Among the genes showing the highest expression levels in
the SDF were the following: CD133, erg, cyclin g2, MDRI1, osteopontin, clqrl,
ifil6, jak3, fzd3 and hoxa9, a pattern compatible with their primitive function
and self-renewal capacity. We have also demonstrated that the SDF of CD34"/
CD38™ cells displayed significantly more podia formation and migratory activity
as compared to the more committed progenitor cells found among the FDF [65].

Several other attempts have been made to identify the gene expression profiles
of stem cells using microarray technology. In most of these studies, the target po-
pulation was separated from their native stem cell niche before analysis [66-69].
In a meta-analysis of our own data and the data of three other studies on HSCs,
we have shown that, despite the use of different starting materials, derivation
from different species, applying very different platforms and methods of analysis,
an interesting overlap of genes that are overexpressed in the primitive subsets of
HSCs was found [65]. This included fzd6, mdr1, RNA-binding protein with multi-
ple splicing (rbpms), jak3, and hoxa9. Other studies have focused on the specific
molecular make-up of the HSC niche. Hackney et al. have analyzed the gene ex-
pression profiles of AFT024 cells in comparison to other fetal liver-derived lines of
varying stem cell support [69]. A number of genes that potentially influenced
stem cell function were highly expressed in AFT024 cells, underscoring the hy-
pothesis that many pathways might be involved in supporting stem cell function
[70, 71].

1.12
Maintaining Stemness: Interactions between HSCs
and the Cellular Microenvironment

Our group, as well as other investigators, has shown that direct contact with the
cellular microenvironment was able to maintain the stem cell function of CD34"/
CD38 cells to increase the number of asymmetric divisions, and recruit more
CD34%/CD38" cells into cell cycle compared to those exposed to cytokines alone
[63,72-74]. In order to define the essential cellular and molecular mechanisms
involved in the interaction between HSCs and the stroma feeder layer, we have
studied the impact of cocultivation on the behavior and gene expression of
HSCs [75]. We have shown that HSCs developed directed migratory activity to-
wards stroma cells, indicating that HSCs migrated towards signals secreted by
the supportive stroma cells [76]. The HSCs subsequently established stable con-
tact to stroma cells by means of a uropod, on which CD44 and CD34 were colo-
calized. CD44 is known to bind fibronectin and hyaluronic acid, and is essential
for the homing and proliferation of HSCs [77-79].

Using a human genome cDNA microarray developed in our group, we have
subsequently analyzed the gene expression profiles of CD347/CD38 cells upon
cultivation with or without stroma for 16, 20, 48, or 72 h. Several genes that
play a role in cell adhesion, the re-organization of the cytoskeleton system, the
maintenance of methylation patterns, stabilization of DNA during proliferation
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and repair were up-regulated within the first 72 h upon exposure. The over-
expression of genes coding for tubulin a, tubulin f, and ezrin was indicative of
the significant role of reorganization of the cytoskeleton system upon interaction
with the cellular microenvironment. This was also compatible with the increase
in motility and adhesion, as described previously [76]. Other genes that were
up-regulated included proliferating cell nuclear antigen (pcna), which is involved
in the control of DNA replication, and DNA (cytosine-5)-methyltransferase
(dnmt1), which is responsible for maintaining methylation patterns during em-
bryonic development [80-82]. A few genes characteristic for primitive HPC
were again overexpressed, which included the receptor for the complement com-
ponent molecule Clq (cIqrl) and HLA-DR [65]. Among the gene sequences that
were down-regulated were various hemoglobin genes [76]. Our previous experi-
ments also showed that hemoglobin genes were expressed more highly in the
more committed progenitors, and these results indicate that HSCs cultivated
without stroma showed an intrinsic propensity to differentiate along the erythro-
cyte lineage [65].

1.13
Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) represent another archetype of multipotent SSC
that give rise to a variety of cell types including osteocytes, chondrocytes, adipo-
cytes and other kinds of connective tissue cells such as those in tendons. Recent
studies have indicated that, given the appropriate microenvironment, MSCs could
also differentiate into cardiomyocytes or even cells of nonmesodermal derivation,
including hepatocytes and neurons. MSCs have been used within clinical trials
for regenerative medicine. These multipotent stem cells might hold promise
for the following reasons:
« In contrast to most other SSCs, they can be isolated from a

diverse set of tissues that are readily accessible, such as bone

marrow, fat tissues and umbilical cord blood.
+ These cells could be expanded in vitro without losing their

“stemness” or self-renewal capacity [83, 84].
« MSCs have been shown to differentiate in vitro into bone, carti-

lage, muscle, tendon, and fat, and possibly also into cardiomyo-

cytes and hepatocytes [85-91].
+ In conjunction with HSCs, allogeneic MSCs have been trans-

planted without graft rejection or major toxicities [92] (Fig. 1.6).

Verfaille and coworkers have described the derivation of multipotent adult pro-
genitor cells (MAPCs) from murine and human bone marrow [93, 94] (see also
Chapter 11). These MAPCs were able to differentiate into functional hepato-
cyte-like cells and were probably related to the MSCs. Similar multipotent pro-
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Sources for MSC Phase contrast Adipogenic Osteogenic

Figure 1.6 Mesenchymal stem cells (MSCs) and osteogenic differentiation can be induced
can be isolated from various tissues, including by appropriate culture conditions, as examined
bone marrow, adipose tissue and from umbi- by Oil Red-O staining or von Kossa staining.
lical cord blood. MSCs are plastic adherent Scale bar: 100 um.

with a spindle-shaped morphology. Adipogenic

genitors, “unrestricted somatic stem cells” (USSCs), derived from umbilical cord
blood, have recently been described by Kogler et al. [95] (see also Chapter 2).
The clinical relevance of all these multipotent stem cells of mesenchymal origin
is highly controversial for the following reasons. The prerequisite of prolonged in-
vitro culture prior to the emergence of MSCs, MAPCs or USSCs raises the ques-
tion as to whether such cells exist naturally in postnatal tissues. The precise de-
finition of these MSCs, MAPCs or USSCs — and especially their precise cellular
and molecular characterization — have remained elusive. Under the culture con-
ditions for the propagation of MSCs, MAPCs or USSCs, these cells might become
epigenetically unstable. Further expansion or trans-differentiation for specific ma-
turation pathways in vitro might render them more so, and pre-malignant trans-
formation of cells cannot be completely excluded at this juncture. Last, but not
least, a sophisticated analysis of self-renewal and differentiation on a single cell
basis has to date proved elusive in MSCs, and serial transplantations have not
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been performed. Current preclinical research on the trans-differentiation poten-
tials of ASCs (including MSCs) has focused mainly on descriptive phenomena
such as emergence of differentiation markers, but lacks the solid fundamentals
of cell biology. Almost no data exist on the cellular and molecular processes in-
volved in the complex cascade of differentiation into specific pathways such as
from HSCs or MSCs into cardiomyocytes or hepatocytes. Further characterization
of MSCs requires the development of robust phenotypic and functional markers,
and the demonstration of multipotentiality [A, B]. Further basic cell biology re-
search, based especially on precise knowledge of molecular and genetic mechan-
isms, is urgently needed to provide a safe background for the use of cultured stem
cells within the clinical setting, irrespective of their origin — that is, embryonic
cells or adult tissues.

1.14
Preliminary Clinical Studies

With the exception of HSCs, the application of stem cell preparations or other cell
products thereof as replacement therapy for organ failure, though tantalizing, is
yet far from clinical practice. Nevertheless, a few clinical studies have suggested
benefits for the use of marrow-derived progenitor cells for cardiovascular diseases,
and for the use of liver cell preparations for hepatic failure. Stamm et al., for ex-
ample, have demonstrated the feasibility and safety of administering progenitor
cells derived from autologous bone marrow to the infarcted myocardium of pa-
tients with ischemic heart disease who undergo a coronary artery bypass surgery
[96] (see also Chapter 14). In an ongoing controlled clinical trial, the same authors
have also provided evidence of a pronounced effect of cell therapy on the blood
supply to ischemic tissue, associated with an improvement of contractile function.
Thus, the scientific basis for the use of ASCs or ESCs for regenerative medicine
has remained controversial. As shown by the adverse events associated with gene
therapy during the past years [97, 98], clinical trials without any precise scientific
foundation might in the long run jeopardize scientific progress and public trust.
Issues of concern for the application of stem cell technology in regenerative med-
icine include the reproducibility for the early trans-differentiation experiments, a
definition of the starting cell population and cell products, the standardization of
expansion or differentiation processes, and the toxicology and functional proper-
ties of the differentiated cell products compared to the target tissue.
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At present, it is unclear whether ASCs can match the ESC’s capacity to differenti-
ate into cells of almost any organ. Whereas most studies in the past have focused
on dramatic changes in long-term fate, such as the conversion into tissues of an-
other germinal derivation, little is known about the mechanisms of the initial
steps leading to a different maturation pathway. Neither has the hierarchy of mo-
lecular changes involved in switching to another differentiation program been de-
fined. Cross-talk with the microenvironment probably determines the long-term
fate, both in terms of the differentiation program as well as in terms of the bal-
ance between self-renewal versus differentiation.

During the past 40 years, we have learned that stem cell research requires in-
tensive resources and scientific environment that is conducive to innovation. In
the case of blood stem cell transplantation, some 20 years of continuous improve-
ments in clinical research has contributed to the establishment of this procedure
as a standard and curative treatment for specific diseases. During this time, many
groups have attempted to expand HSC use ex vivo, though attempts by others to
reproduce the initial reports of the expansion of HSCs have not proved successful.
Similar concerns also apply to the use of other ASCs that need to be expanded in
vitro. It is absolutely essential that the initial population is well characterized and
the subsequent expansion procedure standardized. Other than morphology, im-
munophenotyping and alternative methods of characterizing the stem cell popu-
lation (e.g., division history, molecular markers, genotypic and proteomic analy-
sis) might be required in order to define specific stem cell populations. Impor-
tantly, these experiments are currently under way.

Research into the trans-differentiation potentials of ASCs has thus far focused
mainly on descriptive phenomena such as the emergence of differentiation mar-
kers, but lacks the solid fundaments of cell biology. Very few data exist on the cel-
lular and molecular processes involved in the complex process of trans-differen-
tiation. For example, the molecular mechanism behind the dramatic change in
cell fate from HSCs or MSCs into progenitors of cardiomyocytes or hepatocytes
is totally unknown. Indeed, the cues and mechanisms governing the decision pro-
cesses of self-renewal versus differentiation, as well as differentiation along spe-
cific pathways are, at best, sketchy. Specific soluble regulatory molecules and
direct contact with the cellular microenvironment might play a role in the regula-
tion of self-renewal versus differentiation, as well as the adoption of a specific
differentiation program. Today, an understanding of the basic principles which
govern stem cell fate is more important than demonstrating dramatic changes
therein. Consequently, there is an urgent need for basic cell biological research,
especially based on precise knowledge of molecular and genetic mechanisms,
in order to provide a safe background for the use of cultured stem cells in the clin-
ical setting, whether of embryonic or adult origin.

Given the present status in stem cell research, it is essential that we keep all
options open with regard to investigations into both ESCs and ASCs in order
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to appreciate the complexity of their differentiation pathways and of their devel-
opmental processes. Only with a thorough understanding of the molecular
mechanisms involved might we acquire the power to manipulate the destiny of

stem cells.

Abbreviations/Acronyms

ASC adult stem cell

CNS central nervous system
ESC embryonic stem cell
FDF fast-dividing fraction
GFP green fluorescent protein
GMC ganglion mother cell
GSC germline stem cell

HSC hematopoietic stem cell

LTC-IC  long-term initiating cell
MAPC  multipotent adult progenitor cell
ML-IC  myeloid-lymphoid initiating cell

MSC mesenchymal stem cell

NB neuroblast

PNS peripheral nervous system
SDF slow-dividing fraction

SSC somatic stem cell

ussc unrestricted somatic stem cell
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