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Several types of stem cell have been discovered from germ cells, the embryo, fetus and adult. Each
of these has promised to revolutionize the future of regenerative medicine through the provision
of cell-replacement therapies to treat a variety of debilitating diseases. Stem cell research is
politically charged, receives considerable media coverage, raises many ethical and religious
debates and generates a great deal of public interest. The tremendous versatility of embryonic
stem cells versus the unprecedented reports describing adult stem cell plasticity have ignited
debates as to the choice of one cell type over another for future application. However, the
biology of these mysterious cells have yet to be understood and a lot more basic research is
needed before new therapies using stem-cell-differentiated derivatives can be applied. Stem cell
research opens-up the new field of ‘cell-based therapies’ and, as such, several safety measures
have also to be evaluated.
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Man has long been fascinated by the regenerative abilities of certain animals.
Regeneration is a remarkable physiological process in which remaining tissues organize
to reform a missing body part. Several invertebrates, such as planarian flatworms and
Hydra, regenerate tissues with speed and precision, whereas the majority of higher
vertebrates are incapable of any form of whole-organ regeneration, even though they
had all the necessary instructions and machinery to generate the tissue during
embryonic development.'? Of the higher vertebrates, mammals appear to have lost the
most regenerative ability, a trade-off perhaps for more proficient wound healing ability.
The most striking example of whole-organ regeneration in mammals is that of antler
regeneration in elks, and in humans, liver regeneration after partial hepatectomy.?
Most tissue repair events in mammals are dedifferentiation-independent events
resulting from the activation of pre-existing stem cells or progenitor cells. By contrast,
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some vertebrates, like the salamanders, regenerate lost body parts through the
dedifferentiation of specialized cells into new precursor cells. These dedifferentiated
cells then proliferate and later form new specialized cells of the regenerated organ.
Stem cells or progenitor cells are the common denominator for nearly all types of
regeneration. They are either already pre-existing, as is the case for mammals, or
created by the process of dedifferentiation. Stem cells can also be found in plants in the
root and shoot meristems. Etymological origins of the term ‘stem cell’ can be traced
back to early botanical monographs documenting the regenerative competence of
plant meristems.>>

Every day we read and listen to news reports about how stem cells promise to
revolutionize medicine and change our lives with panaceas for every imaginable disease,
including rhetoric that stem cell therapy will some day delay the process of ageing.
Embroiled in the hype and media frenzy are also political agendas and numerous
religious and genuine ethical concerns. To further fuel the debate, embryonic stem cell
research is often unjustly associated with reproductive cloning.

The hope that someday many debilitating human diseases will be treated with stem
cell therapy is inspired by these remarkable examples of whole-organ and limb
regeneration in animals, as well as the historical success of bone marrow transplants,
which have improved the lives of many patients suffering from leukaemia and
immunological and other blood disorders. Clearly, stem cell research leading to
prospective therapies in reparative medicine has the potential to affect the lives of
millions of people around the world for the better and there is good reason to be
optimistic. However, the road towards the development of an effective cell-based
therapy for widespread use is long and involves overcoming numerous technical,
legislative, ethical and safety issues.

WHAT IS A STEM CELL?

Three basic categories of cells make-up the human body: germ cells, somatic cells and
stem cells. Somatic cells include the bulk of the cells that make-up the human adult and
each of these cells in its differentiated state has its own copy, or copies, of the genome;
the only exception being cells without nuclei, i.e. red blood cells. Germ cells are cells
that give rise to gametes, i.e. eggs and sperm. The canonical definition of a stem cell is a
cell with the ability to divide indefinitely in culture and with the potential to give rise to
mature specialized cell types.* When a stem cell divides, the daughter cells can either
enter a path leading to the formation of a differentiated specialized cell or self-renew to
remain a stem cell, thereby ensuring that a pool of stem cells is constantly replenished in
the adult organ. This mode of cell division characteristic of stem cells is asymmetric and
is a necessary physiological mechanism for the maintenance of the cellular composition
of tissues and organs in the body.

Other attributes of stem cells include the ability to differentiate into cell types
beyond the tissues in which they normally reside. This is often referred to as stem
cell plasticity. Stem cells are also believed to be slow cycling but highly clonogenic
and generally represent a small percentage of the total cellular make-up of a
particular organ.

Although there is still much to discover about the molecular mechanisms that
govern stem cell-fate decisions and self-renewal, transcriptome profiling studies
have highlighted several properties believed to be common to all stem cells at
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the molecular level. These essential attributes of ‘stemness’ are proposed to include:
(i) active Janus kinase signal transducers and activators of transcription, TGFf3 and
Notch signalling; (ii) the capacity to sense growth factors and interaction with the
extracellular matrix via integrins; (i) engagement in the cell cycle, either arrested in G|
or cycling; (iv) a high resistance to stress with upregulated DNA repair, protein folding,
ubiquitination and detoxifier systems; (v) a remodeled chromatin, acted upon by DNA
helicases, DNA methylases and histone deacetylases; and (vi) translation regulated by
RNA helicases of the Vasa type.®

SOURCES OF STEM CELLS

Mammalian stem cells are usually classified according to their tissue of origin. The ovary
and testis contain oogonia and spermatogonia, which have been referred to as the stem
cells of the gonads. In adult mammals, only the germ cells undergo meiosis to produce
male and female gametes, which fuse to form the zygote that retains the ability to make
a new organism thereby ensuring the continuation of the germ line. In fact, the zygote is
at the top of the hierarchical stem cell tree being the most primitive and producing the
first two cells by cleavage. This unique characteristic of germ cells is known as
‘developmental totipotency’. Intriguingly, Oct 4—an embryonic transcription factor
critical for the maintenance of pluripotency—continues to be expressed in the germ
cells but is absent in other peripheral tissues.”®

In mammals, the fertilized egg, zygote and the first 2, 4, 8, and 16 blastomeres
resulting from cleavage of the early embryo are examples of totipotent cells. Proof that
these cells are indeed totipotent arises from the observation that identical twins are
produced from splitting of the early embryo. However, the expression ‘totipotent stem
cell’ is perhaps a misnomer because the fertilized egg and the ensuing blastomeres from
early cleavage events cannot divide to make more of them. Although these cells have
the potential to give rise to the entire organism, they do not have the capability to self-
renew and, by strict definition therefore, the totipotent cells of the early embryo
should not be called stem cells.

Embryonic stem (ES) cells, however, are derived from the isolated inner cell masses
(ICM) of mammalian blastocysts. The continuous in vitro subculture and expansion of
an isolated ICM on an embryonic fibroblast feeder layer (human or murine) leads to the
development of an embryonic stem cell line. In nature, however, embryonic stem cells
are ephemeral and present only in the ICM of blastocysts. The cells of the ICM are
destined to differentiate into tissues of the three primordial germ layers (ectoderm,
mesoderm and endoderm) and finally form the complete soma of the adult organism.

ES cells can be expanded in vitro very easily and, under optimal culture conditions,
divide symmetrically to give two daughter cells. ES cell lines express the telomerase
gene, the protein product of which ensures that the telomere ends of the
chromosomes are retained at each cell division, preventing the cells from undergoing
senescence. These cells also retain a normal karyotype after continuous passage in
vitro, thus making them truly immortal. The earliest human embryonic stem cell (hESC)
lines derived in our laboratory have been maintained continuously in culture
for over 300 population doublings, a figure that surpasses the theoretical Hayflick
limit of 50 population doublings.”"'

The establishment of hESC lines is a highly efficient procedure, with up to a 60%
success rate from spare IVF blastocysts.''™'® The quality of the donated
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embryos appears to be an important determinant of success in deriving hESC lines.
Nevertheless, protocols for hESC line derivation have been reproduced in many labs
and are relatively easy to follow.'""'*'*

To qualify as a bona fide ES cell line, the following criteria must be satisfied:
(i) immortality and telomerase expression; (ii) pluripotentiality and teratoma
formation; (iii) maintenance of stable karyotype after extended in vitro passage;
(iv) clonality; (v) Oct 4 and other pluripotent marker expression; and (vi) ability to
contribute to chimera formation through blastocyst injection. hESCs have fulfilled all
criteria with the exception of chimera contribution. For obvious ethical reasons,
experiments involving blastocyst injections and ectopic grafting in adult hosts cannot be
performed in the human.

Primordial germ cells (PGCs) are diploid germ cell precursors that transiently exist
in the embryo before they enter into close association with the somatic cells of the
gonad and become irreversibly committed as germ cells. Human embryonic germ
(hEG) cells, also a form of stem cell, are isolates of PGCs from the developing gonadal
ridge of 5- to 9-week-old fetuses of elective abortions. Shamblott et al'>'® reported the
successful isolation and characterization of hEG cell lines. hEG cells are pluripotent and
are capable of forming all three primordial germ layers.

Fetal stem cells are cell types in the fetus that eventually develop into the various
organs of the body. Research with fetal stem cells has thus far been limited to only a few
cell types because of the unavailability of abortuses. These include neural crest stem
cells, fetal hematoponetlc stem cells, fetal mesenchymal stem cells and pancreatic islet
progenitors.'” Fetal neural stem cells are abundant in the fetal brain and have been
shown to differentiate into both neurons and glial cells.'®'? Fetal blood, placenta and
umbilical cord are rich sources of fetal hematopoietic stem cells. Several commercial
enterprises trying to capitalize on the theoretical potential of fetal hematopoietic stem
cells as a source of stem cells for cell-replacement therapy have been established in the
last few years. Although working with umbilical cord blood appears to circumvent the
majority of the ethical issues associated with research on fetal material, fetal stem cell
research is in many ways underdeveloped and is still in its infancy.

Adult stem cells—also known as somatic stem cells—can be found in diverse tissues
and organs. The best-studied adult stem cell is the hematopoietic stem cell (HSC).
HSCs have been used widely in clinical settings for over 40 years and form the basis of
bone marrow transplantation success. Unfortunately, HSCs—Ilike many other adult
stem cells—are rare and difficult to isolate in large numbers from their in vivo niche.
For example, only approximately | out of 10 000 bone marrow cells is an HSC.?° Adult
stem cells have also been isolated from several other organs such as the brain
(neuronal stem cells), skin (eg:idermal stem cells), eye (retinal stem cells) and gut
(intestinal crypt stem cells).? Mesenchymal stem cells (MSCs) are another well-
characterized population of adult stem cells. MSCs are prevalent in bone marrow at low
quantities (I out of 10 000—100 000 mononuclear cells). It is thought that they respond
to local injury by dividing to produce daughter cells that differentiate into multiple
mesodermal tissue types, including bone, cartilage, muscle marrow stroma, tendon,
ligament, fat and a variety of other connective tissues.?' The ease of culture has greatly
facilitated the characterization of MSCs. In addition, recent studies have shown that the
MSCs can also differentiate into neuron-like cells expressing markers typical for mature
neurons, suggesting that adult MSCs might be capable of overcoming germ layer
commitment. Several reports hint that MSCs can form a variety of cell types in the
laboratory, including fat cells, cartllage bone, tendon and ligaments, muscles cells,
skin cells and even nerve cells.?' However, not all organ and tissues contain stem cells.
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The molecular marking and lineage tracing of pancreatic cells has revealed that some
organs, like the islet component of the pancreas, appear not to contain any stem cells.

TOTIPOTENCY, PLURIPOTENCY AND MULTIPOTENCY

Stem cells can also be classified as totipotent, pluripotent and multipotent. Totipotency
is the ability to form all cell types of the conceptus, including the entire fetus and
placenta. Such cells have unlimited capability; they can basically form the whole
organism. Early mammalian embryos are clusters of totipotent cells. Pluripotency is the
ability to form several cell types of all three germ layers (ectoderm, mesoderm and
endoderm) but not the whole organism. In theory, pluripotent stem cells have the
ability to form all the 200 or so cell types in the body. There are four classes of
pluripotent stem cells. These are embryonic stem cells, embryonic germ cells,
embryonic carcinoma cells and recently the discovery of a fourth class of pluripotent
stem cell, the multipotent adult progenitor cell from bone marrow.”?

It is generally assumed that the range of potential fates for hREGCs will be relatively
limited compared to hESCs because hEGCs are much further along in the schema of
embryonic development. The number of groups working with hESCs continues to
expand rapidly. This, coupled with the deluge of exciting experimental reports and
publications on hESCs, appears to have overshadowed much of the interest in hEGCs.

Human embryonal carcinoma (hEC) cell lines are derived from tumours of germ cell
origin and have long served as the human counterpart of murine EC cells for studying
human development and differentiation in vitro.”* hEC cell lines are capable of multi-
lineage differentiation in vitro but, being of tumour origin, are unfortunately mostly
aneuploid, which makes them unsuitable for cell-replacement therapeutics. Both hESC
and hEC cell lines express similar stage-specific embryonic antigens and tumour
rejection antigens on the surfaces of their cells. hEC lines also express Oct 4, grow in
colonies and are morphologically similar to hESC, with individual cells displaying a high
nuclear to cytoplasmic ratio. Several hEC cell lines also require the support of a feeder
layer to retain pluripotent characteristics. Not all hEC cell lines are pluripotent and
some feeder-independent hEC lines have been reported to be nullipotent.

Do pluripotent adult stem cells exist? In a series of experiments, Jiang et al* isolated
mouse multipotent adult progenitor cells (MAPCs) from murine bone marrow and
demonstrated that these cells express telomerase and that a single MAPC could be
expanded clonally into a large number of daughter cells. Additionally, under appropriate
conditions, MAPCs differentiate into ectoderm, endoderm and mesoderm and are
capable of generating chimaeric mice when injected into mouse blastocysts. Also,
reporter gene r marked MAPCs contribute to adult tissues when injected into the veins
of adult mice.® Although extremely promising, MAPCs are rare cells in the bone
marrow and difficult to isolate. It is also still unclear if these cells are truly biologically
equivalent to hESCs and if they can be expanded indefinitely while retaining their long-
term differentiation potential. More data needs to be collected from human MAPCs as
most of the current experimental data are derived from studies in the murine model.

Multipotency is the ability of giving rise to a limited range of cells and tissues appropriate
to their location, e.g. blood stem cells give rise to red blood cells, white blood cells and
platelets, whereas skin stem cells give rise to the various types of skin cells.

Some recent reports suggest that adult stem cells, such as haemopoietic stem
cells, neuronal stem cells and mesenchymal stem cells, could cross boundaries
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and differentiate into cells of a different tissue.’* >’ This phenomenon of
unprecedented adult stem cell plasticity has been termed ‘transdifferentiation’ and
appears to defy canonical embryological rules of strict lineage commitment during
embryonic development.

DIFFERENTIATION, TRANSDIFFERENTIATION AND CELL FUSION

Differentiation is the process whereby an unspecialized early embryonic cell acquires
the features of a specialized cell such as a heart, liver or muscle. Differentiation in vitro
can be spontaneous or controlled. From a teleological perspective there appears to be
no limit to the types of cell that can be formed from hESC differentiation. This is in
contrast to the practical and theoretical constraints levied on somatic stem cells by
virtue of their position in embryonic development.

In vitro, hESCs spontaneously differentiate in high-density cultures or, when culture
conditions are suboptimal, to yield a mixed milieu of differentiated cell types.
Representative tissues from all three germ layers, including neurons, cardiomyocytes
and primitive endoderm, have been identified in differentiating hESC cultures. However,
to fully appreciate the plasticity of hESCs one has to look at the teratomas formed in
immune compromised mice when undifferentiated hESCs are injected into these hosts
to allow spontaneous differentiation and tumour formation. Histological sections of
non-malignant teratomas reveal complex, well-organized, organ-like structures
representative of tissues from the ectoderm, endoderm and mesoderm. Gut-like
structures, bone and cartilage, neural rosettes and glandular epithelium with secretions
are commonly found in hESC formed teratomas.

Controlled in vitro differentiation studies have been reported by several groups
working on hESCs. Typically, hESCs are induced to form embryoid bodies (EBs) by
removal of the feeder layer and the disaggregation into single cells in suspension
culture. Alternatively, the hanging drop method is used to induce EB formation. EBs and
hESCs have been found to differentiate in response to treatment with an array of
protein-based cytokines and growth factors.>® However, homogenous differentiation
into specific cell types was not achievable in any of these studies and, instead, the final
population of cells consisted of mixed cell types representative of two or three
germ layers.

To date, several studies have been published on the specific differentiation of hESCs.
Kehat et al*' described a reproducible method based on spontaneous differentiation
to derive cardiomyocytes, whereas Mummery et al*? used co-culture techniques with
isolates of primitive endoderm to induce cardiomyocyte formation in hESCs. Reubinoff
et al*? and Zhang et al** described methods for the isolation of neural precursors from
differentiating hESC cultures and showed incorporation of these precursor cells
in animal hosts and Assady et al*> reported the ability of hESCs to differentiate into
insulin-secreting cells. More recently, hESCs have also been shown to be capable of
differentiating into germ cell-like derivatives.

Although these studies represent reproducible and convincing examples of
controlled in vitro hESC differentiation, in many respects much of this work will not
be applicable in a clinical setting because of the low efficiencies of the procedures and
the difficulties involved in isolating pure and specific precursor cell types. Furthermore,
none of these reports describes a truly efficient directed differentiation strategy.
Currently, the best example of a directed differentiation strategy is probably that of
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BMP4 induction of hESCs into the formation of trophoblast cells where up to 40%
conversion of hESCs into trophoblasts was reported.?’

Nevertheless, these early reports of hESC differentiation lay an excellent framework
for the establishment of true, efficient, directed, differentiation strategies for the
large-scale derivation of differentiated specialized cell types from hESCs and the
subsequent functional testing of these cells in primate models.

The possibility that cell fusion events might be an alternative explanation for
some remarkable reports of somatic stem cell transdifferentiation has been highlighted
by some studies. Ying et al®*® found that neural stem cells co-cultured with ES cells could
contribute to non-neural tissues not by dedifferentiation but via fusion with the ES cells,
and Terada et al®* carried out similar co-culture experiments with bone marrow
cells and ES cells and found that the resulting ES-like cells, which could differentiate to
many different cell types in vitro, were aneuploid. Several scientists believe that the
in vivo environment might be permissive for cell fusion, and that cell fusion could be
an alternative explanation for some of the reported somatic stem cell transdifferentia-
tion events.

The transdifferentiation phenomenon is not as straightforward as it seems.
We currently have no understanding of the developmental mechanisms regulating
transdifferentiation and its physiological significance. Genuine rare transdifferentiation
events could be a reflection of an error rate in cell specification that was not previously
detected or perhaps could represent a facultative repair mechanism in response to
severe tissue damage.

The phenomenon of transdifferentiation is also intimately linked with the debate on
adult versus ES cells. Despite several studies showing that many multipotent adult stem
cells are capable of forming a wider variety of cell types than previously thought, it is
unlikely that they can make the full range of cell types made by embryo-derived
pluripotent stem cells.

HISTORY OF ES CELL RESEARCH

Pluripotent EC cells were the first kind of stem cells that were recognized in terminally
differentiated tissues of spontaneously occurring murine tumours (teratocarcino-
mas).24 They can be stimulated to differentiate in vivo as well as in vitro. Their similar
characteristics and behaviour to ES cells served as a model to isolate comparable cells
from mammalian embryos.

ES cells were first derived from certain strains of mice.*® The first report on the
growth of ICMs and the isolation of stem cells from human blastocysts was by Bongso
et al”'? In their study, 9 patients enrolled in an IVF program donated 21 embryos for
hESC production. All 21 embryos at the pronuclear stage were co-cultured on human
oviductal epithelial feeders to generate blastocysts. The zona pellucida was then
removed with pronase and zona-free blastocysts cultured on irradiated human
oviductal feeders as a whole embryo culture in the presence of Chang’s medium
supplemented with 1000 units/ml of hLIF Nineteen of the 21 embryos produced
healthy ICM lumps, which were mechanically separated, trypsinised and passaged
further on fresh irradiated human feeders. Nest-like ES cell colonies were produced.
These were mechanically cut with hypodermic needles, disaggregated into single cells
with trypsin—EDTA and seeded onto fresh irradiated human feeders. It was possible to
retain the typical hES cell morphology of high nuclear—cytoplasmic ratios, alkaline
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phosphatase positiveness and normal karyotype for two passages in |7 of the
embryos.”'°

Later, ES cell lines were successfully produced for the rhesus monkey*' and the
human.'? Irradiated murine embryonic fibroblast (MEF) feeders, immunosurgery to
separate the ICM and passaging of clumps of hES cells instead of disaggregation into
single cells were used. Immunosurgery, mitomycin-C-treated MEFs and a similar ‘cut
and paste’ method was later used to derive and propagate hES cell lines that could
be spontaneously differentiated into neuronal cells.”> Amit and ltskovitz-Eldor*?
confirmed that the whole embryo culture worked as well as the immunosurgery
protocol to produce hES cell lines. Given the social nature of hES cells as known today,
the disaggregration of ICM and hESC colonies with trypsin into single cells during early
passage, rather than a ‘cut and paste approach’, might have been responsible for the hES
cells differentiating after two passages in the early reports of Bongso et al (Figure 1).>'°

Reliance on a xeno-support system such as MEF introduces considerable
disadvantages with respect to exploiting the therapeutic potential of hES cells.
A major drawback is the risk of transmitting pathogens from the animal feeder cells or
conditioned medium to hES cells. After Bongso et al”'® showed the successful support
of hES cells on human feeders, this group reported the production of the first xeno-free
hES cell line where hES cells were derived and propagated on mitomycin-C-treated
human fetal muscle feeders in the absence of hLIF and in the presence of human-based
ingredients in the culture medium. There was no exposure to animal feeders, matrices
or animal-based products in the in vitro system.'' The same group refined the system
further by ranking a variety of human feeders that successfully support the propagation
of hES cells. In addition to human fetal muscle, human fetal and adult skin from in-house-
derived and commercial sources also supported hES cells very well.*® It is therefore
possible to collect a non-invasive skin biopsy, expand the epidermis in vitro as epithelial
cells in primary culture, then allow the epithelial cells to transform to fibroblasts in
passage and use these transformed fibroblasts as hES cell supports. This approach has
the advantage that the same in vitro fertilization (IVF) patient donating an embryo for
hESC derivation could give her skin biopsy for hESC support and, as she would have
been previously screened for HIV and hepatitis B, the risk of cross-contamination of the
hESCs with pathogens from the human feeders is eliminated.

ZF blastocysts ZF blastocysts
Derivation (ICM + TE) (ICM)
Irradiated HAF Irradiated MEF
Passaging ofprimary Passaging of primary
ICM cultures ICM cultures
(Dissociation into single cells) (Dissociation into clumps)
Propagation
Two passages: hESCs Serial passaging: hESC line
(Characterization *) (Characterization *+)

|9,I0

Figure 1. Isolation of hESCs by Bongso et a (left) and Thomson et al'? (right).
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POTENTIAL APPLICATIONS OF STEM CELLS

The most important potential use of hESCs is in transplantation medicine. It is this
aspect of hESC research that attracts the most media attention, as well as the most
private research funding. In theory, it should be possible to coax hESCs to form a
pletheora of differentiated cell types. These derivative cell types can in turn be used to
develop cell-replacement therapies for a variety of human diseases. Although in
principle this implies that hESCs should have the potential to provide a source of tissues
for replacement for all diseases in which native cell types are inactivated or destroyed,
the diverse nature of human diseases and technical shortcomings will limit the promise
of hESC-based cell-replacement therapy to a few common human diseases. Diseases
that affect multiple organs are unlikely to be cured by any form of hESC replacement
therapy. Type | diabetes and parkinsonism emerge as prime candidates for hESC-based
cell-replacement therapy. The success of the Edmonton protocol and cadaver islet
transplantation augur well for the success of an analogous strategy using hESC-derived
islet progenitor cells. A similar approach utilizing hESC-derived dopaminergic neurons
could hypothetically be used to treat Parkinson’s disease.

By contrast, the value of hESCs as a developmental model in helping us gain insight to
virtually all human diseases with a genetic basis appears to be limitless. For example,
hESC lines are excellent in vitro models for studies on the early events of human
development, the causes of early pregnancy loss and certain aspects of embryonic
ageing. hESCs also prove useful in the study of the toxicological effects of new drugs.
ES cells are very sensitive to culture conditions and differentiate or senesce readily
when the culture environment is suboptimal. The greater sensitivity of ES cells
compared to adult cells may be an advantage for drug screening studies.

CHALLENGES AND HURDLES IN STEM CELL RESEARCH

Treatment via stem cell research will be a ‘cell-based therapy’. Currently, doctors
administer fluids (injections), solids (pills) or carry out surgical intervention to correct
disease. For the first time, treatment via stem cell research will be the administration of
a cell directly into the body. Thus, several added precautions have to be taken before
cell-based therapeutic products can be released into the market (Figure 2).

Stringent tests have to be conducted to ensure that the specialized cell types, which are
returned to the patient, are 100% pure. No contaminating undifferentiated hESCs should
be present because any undetected transferred renegade hESC has the potential to
produce tumours. Specialized cell types derived from hESCs and awaiting transplantation
to the patient must be rigorously tested in vitro and in animal or primate models in vivo to
show that they can restore normal physiological function in disease models.

Several hurdles in the manipulation and differentiation of hESCs must also be
overcome before the technology can be successfully transferred to the bedside.
Cell-replacement therapies require the growth of massive numbers of hESCs, so large-
scale hESC culture strategies utilizing bioreactors and perfusion systems must be
developed to generate sufficient numbers of cells. High efficiency directed
differentiation strategies, safer and purer populations of hESCs and their differentiated
progeny and clinically compliant ‘xeno-free’ hESC cell lines must be produced.

Lastly, the tissue rejection concerns with cell-replacement therapy using ES cells
have to be overcome. The derivation of a hESC line using a nuclear transfer embryo was
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Screen egg and sperm donors for HIV1, HIV2, Hep B, CJD and
other infectious diseases

Derivation of clinical grade ‘xeno-free’ hESC lines in CGMP
conditions on human feeder layers or in feeder-free culture

Genetic testing of hESC lines for chromosomal abnormalities
and other single-gene defects

Expansion of early passage clinical grade ‘xeno-free’ hESC lines
in strict CGMP conditions and detailed phenotypic, genomic and
proteomic characterization tests for pluripotency

Periodic testing of hESC lines for impurities, infectious agents
and karyotypic stability

Detailed in vitro characterization of differentiated hESC
therapeutic progenitors:

Morphological evaluation

Detection of appropriate cell surface antigens
Detailed gene and protein expression analysis
Test biological activity in vitro

Check MHC/HLA expression

Detailed in vivo characterization of differentiated hESC
therapeutic progenitors:

Test physiological and biological functions in murine and
primate models

Demonstrate efficacy and efficiency
Demonstrate safety — no tumour formation
Test methods to prevent rejection

Phase I clinical trials in human subjects

Figure 2. Steps in the development of novel cell therapies from hESCs.
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achieved recently by Hwang et al.** This is one approach in obtaining rejection-free,
customised ‘tailor made’ hESC lines. At present, however, the widespread use of
nuclear transfer technology to create such cell lines for individual patients seems
untenable because of the extremely low success rates of a highly inefficient procedure,
the paucity of donor human oocytes and the unknown repercussions of absence of
the sperm-imprinting mechanisms.* Instead, given the large number of supernumerary
IVF embryos available world wide, deriving and maintaining banks of HLA-typed hESC
lines from different genetic and ethnic backgrounds might be a more feasible solution in
overcoming the tissue rejection problem. Alternatively, it has been suggested that
hESCs could be made less reactive by genetically engineering histocompatibility
complexes through the introduction or removal of the appropriate cell surface
antigens, thereby creating a universal donor hESC line. Still unknown is whether hESCs
are immuno-privileged because of their embryonic origin.

ANIMAL VERSUS HUMAN STEM CELLS

Although many somatic stem cells have been very well characterized and isolated in
rodents, the human equivalents of these adult stem cells have been difficult to
identify and difficult to expand in vitro. This could reflect innate differences between
human and rodent cell physiology. Human somatic stem cells appear to display
telomere-dependent replicative senescence, whereas rodent stem cells do not.*

ES cell lines have been established in the mouse, chicken, hamster, rabbit, pig,
cow, fish (medaka), primates and humans. However, only mouse and chicken ES
cells appear to have germ-line competence and the ability to contribute to chimera
formation, which makes them true embryonic stem cell lines. Strikingly, no group
has yet been able to derive bona fide rat ES cell lines. In general, rat rather than
mouse physiology is believed to be a closer parallel to human physiology. Therefore,
the rat model would in theory be a closer representative for the study of human
disease. For example, there is a rat model for hypertension but no similar mouse
model. The rat asthma model also mimics many features of human asthma and,
given the same level of cholesterol and triglycerides, the rat atherosclerosis model
demonstrates coronary artery disease and decreased survival comparable to that of
humans.*’*® Therefore, if rat ES cell lines can be established they will
perhaps benefit medical science in more ways than mESCs have, through the use
of knock-out technology.

Several lines of evidence suggest that hESCs and mESCs do not represent equivalent
embryonic cell types. In vitro differentiation of hESCs leads to the expression of AFP
and HCG, which are typically produced by trophoblast cells in the developing human
embryo, whereas mESCs are generally believed not to differentiate along this extra-
embryonic lineage. hESCs express the stage-specific embryonic antigens SSEA-3,
SSEA-4, tumour rejection antigen TRA-1-60 and TRA-1-81 surface antigens prior to
differentiation, but only SSEA-I upon differentiation, whereas mESCs express only
SSEA-I prior to differentiation. More strikingly, hESCs do not appear to have a
perceivable LIF response, unlike mESCs, which can be maintained in the undiffer-
entiated pluripotent state in vitro with exogenous LIF supplementation.***°
Transcription profiling studies have shown that LIF and its cognate receptor are
expressed at extremely low levels in hESCs.”'
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ADULT VERSUS EMBRYONIC STEM CELLS

The differences between adult and ES cells are summarised in Table |. The
contention that somatic stem cells alone will provide for the development of
long-sought-after cell-based therapies, and that somatic stem cells are an equivalent
and perfect substitute for embryonic stem cells, is a dated assertion. Substantial
problems exist with the manipulation of adult stem cells. Some of these problems
are possibly technical and might be overcome in the near future, but many perhaps
reflect the inherent biology of somatic stem cells.

Most of the literature describing the plasticity of somatic stem cells derives from
studies in rodent models. Not all of this work is directly applicable to human stem
cell biology. Stem cells in adult human tissues are known to be notoriously difficult
to isolate and characterize. In addition, few somatic stem cell types have been
confirmed to exist in human tissues and those that can be isolated with relative
ease are unfortunately difficult to scale-up in culture and their true latent plasticity
has also not been established clearly. These difficulties, coupled with an innate
reduced plasticity and cell fusion rather than transdifferentiation properties, have
marred progress in the field. Although in the long term research on hESCs might
be the best in realizing the therapeutic potential of stem cells, somatic stem cell
research and ES cell research can complement each other in many ways and thus
both directions should be actively pursued.

Table |. Differences between human adult stem cells (hASCs) and human embryonic stem cells (hESCs).

hASCs

hESCs

Stem cells from organs are scarce and
hard to access and purify
No cell-lines available

Multipotent; plasticity narrow
Maintenance of normal genetic make-
up in vitro not known

Telomerase levels low

Shortening of chromosome length with
ageing

Early apoptosis

Customizing stem cells/differentiated
tissues not possible

No risk of teratoma induction after
accidental transplantation

Epigenetic genomic changes difficult to
reverse

No ethical issues

Applications: transplantation therapy

Once derived and propagated, stem cells exhibit prolific cell
growth and are abundant

Cell-lines available; easy to scale-up using bulk culture
protocol

Pluripotent; versatile and plasticity wide

Normal karyotype in late passages in ‘cut and paste’ protocol;
changes in karyotype in late passage in high density bulk
culture protocol

Telomerase levels high and consistent; unlimited self-renewal
of cells

No shortening of chromosome length with serial passaging

Late apoptosis
Possible via somatic cell nuclear transfer

Risk of teratoma induction after transplantation if not
purified
Reversible

Ethical issues limited to some countries and institutions

Applications: (1) transplantation therapy; (2) pharmaceutical
screening; (3) gamete and embryo production; (4) studies on
human development, congenital anomalies and infant cancers
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POLITICS AND THE FUTURE OF STEM CELL RESEARCH

As often happens in science, stem cell research has raised as many new questions
as it has answered. The field is advancing but several difficult hurdles in the science
still need to be overcome. Additionally, legislation and restrictions on hESC
research in some countries are slowing progress. Socially, scientists have a
responsibility to dispel misconceptions about ES cell research. Myths that hESCs
are derived from aborted fetuses and have the potential to form the whole human
being need to be dismissed. The public needs to be reassured of the soundness of
the science, that there are regulatory frameworks that can govern hESC research
and that punitive measures can be put in place to censure rogue scientists
attempting to clone whole human beings.

In the US, federal funds can be used for work on only 21 hESC lines created before
August 2001 under a partial ban decreed by the US President (see: http://www.
stemcells.nih.gov/research/registry). All of them have been exposed to mouse feeder
layers, making them undesirable for therapeutic endeavours. This has prompted
scientists in the US to rely on private funding to circumvent these legislative issues and
derive new hESC lines to proceed with their work.'*

Political and religious disagreements about stem cells and their use are everywhere,
but nowhere is there a more bewildering array of positions than in Europe, where four
different models are emerging. The first model, developing in the UK, permits the
generation and use of hESCs as well as therapeutic cloning, with certain restrictions.
The second, visible in the Netherlands, permits the generation and use of hESCs but
forbids therapeutic cloning. The third, seen in Germany, forbids the generation of
hESCs and therapeutic cloning but allows, under exceptional conditions, the use of
existing hESC lines for research only. The fourth, evident in Ireland and Austria, forbids
all generation and use of hESCs and therapeutic cloning as well.>> At the opposite end
of the spectrum, hESC research in countries like the UK, Singapore, Israel, South Korea,
China, and Japan enjoy generous government support.

A recurrent statement in stem cell biology today is the importance of standardizing
culture conditions. Culture conditions have a profound effect on stem cell self-renewal,
differentiation, and possibly on stem cell plasticity. A re-acquisition of plasticity in
somatic stem cell transdifferentiation might arise because of in vitro culture conditions
that actively promote reactivation and dedifferentiation.

For future work on hESCs, it is important to identify a common set of molecular
markers and understand how different hESC lines from diverse genetic backgrounds
derived in different labs differ from each other. Indeed, there appear to be several
significant detectable differences at the molecular level between different hESC lines.”'
Some hESC lines seem predisposed to differentiate along a particular cell lineage and
form, for example, cardiomyocytes readily when undergoing spontaneous differen-
tiation, whereas other hESC lines might form neural precursors more readily.>> The
karyotypic stability of hESC lines over hundreds of population doublings in vitro, and
the frequency of occurrence of aneuploidy, need to be accurately determined.

It is imperative that hESC lines are created for research as well as for clinical
application. Furthermore, the existing pool of hESCs might not be truly representative
of the general normal human population because all current hESC lines have been
derived from infertile couples. The study of hESC lines harbouring genetic and other
chromosomal defects will also give new insight into the early developmental events and
cellular pathology of human diseases.
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Recent work suggests that there might be new ways of generating stem cells. mESCs
can differentiate into oocyte-like cells that are potential recipients for nuclear
transfer.>* If hESCs could be coaxed to do the same, this would not only eliminate the
need for oocyte donations in nuclear transfer experiments but would also allow the
generation of patient-specific stem cells that would not be rejected by the patient’s
immune system. The possible derivation of gametes from hESCs warrants further
research.

Another area of future research entails the delivery of stem cells to the tissues in
which they are needed. Current practice involves either the injection of stem cells
directly into the targeted tissue, or injection of the stem cells into the bloodstream
without any guarantee that they will actually home-in on the appropriate tissues.
‘Targeted delivery’ would ensure that the therapeutic stem cells are introduced only to
organs and tissues that need them. Research should also be aimed at identifying and
understanding the in vivo somatic stem cell niche. In particular, a more thorough
understanding of how niche cells influence stem cell-fate decisions will lead to the
development of better isolation and expansion techniques.

SUMMARY

Both embryonic and adult stem cells have enormous potential to further our
understanding of basic developmental processes but the exceptional properties of
hESCs make them uniquely powerful tools for the development of cell-based therapies
in reparative medicine, as well as invaluable models for the study of early human
embryogenesis.

Although there are fewer moral objections associated with adult stem cell work, the
assertion that both adult and embryonic stem cells are equivalent is tenuous. Attempts
have been made to hype adult stem cells at the expense of hESCs but hESCs clearly have
greater differentiation potential over adult stem cells by virtue of their position in
embryonic development. It is this fact, and the ability to culture hESCs easily in vitro in
large numbers, that makes hESCs the current best hope for the development of cell-
replacement therapies. Nevertheless, research on adult stem cells and embryonic stem
cells should be energetically pursued in tandem because some diseases might benefit
from one, and some from the other.

It is important to identify the exact nature of the pluripotent state in hESCs and
hEGCs: How it is acquired, maintained and propagated and which genes confer
pluripotency. Furthermore, we will need to unravel how epigenetic modifications
permit a switch in patterns of gene expression that are central to plasticity and
transdifferentiation in adult stem cells. Finally, understanding the fundamental
mechanisms by which cell-fate is determined during embryonic development will
prove informative for the in vitro manipulation of stem cells.
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