Chapter 12
Human Embryonic Stem Cells: Hype or Hope?
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Embryonic stem (ES) cells have emerged in recent years as powerful tools for the study of in vitro and in vivo
development. The engineering of mouse ES cells has been the basis of major advances in mouse transgenesis and
subsequent breakthrough findings pertaining to many aspects of development and disease (31) as well as
therapeutic targeting (47). Similarly, the recent derivation of human ES (hES) cells (40,46) has generated significant
interest in the scientific as well as the lay community, especially in view of their potential as a universal cell source for
cell replacement therapies. These efforts have also kindled complex ethical and political debate centered over the
moral implications of the blastocyst derivation of ES cells and the arguable obligations to seek therapies that stand to
alleviate human suffering. Current federal policy limits funding of hES cell research to work involving a small group of
ES lines derived before August 9, 2001 and listed in a National Institutes of Health registry. Funding of somatic
nuclear transfer for the derivation of cloned ES cells is also prohibited. The purpose of this brief review is to present
recent advances in human ES cell research with special emphasis on central nervous system (CNS) applications.

Some of the most striking advantages of ES cells as compared with any other cell type are their extensive self-
renewal capacity and differentiation potential, access to the earliest stages of neural development, and ease of
inducing stable genetic manipulations (43). In fact, ES cells can be propagated almost indefinitely without losing their
multipotential capacity and are capable of generating all cell types including germ cells.

Interest in the neural field derives from early successes in directing ES cells towards neural fates in vitro, including
CNS progenitors, young neurons, and glia, as well as highly differentiated neuronal subtypes such as dopamine (DA)

neurons.
NEURAL DIFFERENTIATION OF HUMAN ES CELLS

ES cells are obtained by dissecting the inner cell mass (immunosurgery) of a 3 to 5-day-old blastocyst.
Undifferentiated human ES cells are typically cultured on layers of mouse embryonic fibroblasts. The cells grow into
high density clusters that can be propagated multiply in their undifferentiated stage. If injected into the peritoneal
cavity, these cells will differentiate randomly to give rise to a teratoma. Neural induction has been achieved in mouse
ES cells via several paradigms: Embryoid body formation (54), co-culture in the presence of stromal feeders (22), or
“default induction” (39) under minimal conditions necessitating the presence of basic fibroblast growth factor (bFGF)
and absence of bone morphogenetic protein signaling.

hES cells can also be readily directed towards a neuroectodermal fate using modifications of the protocols mentioned
above. The early studies describing the generation of hES cells demonstrate neural induction and differentiation into
glia and neurons, mostly glutamatergic and GABAergic (39,54). More recently, we have described highly efficient
neural induction using a coculture system of hES cells (lines H1(WA-01) or H9(WA-09) with a bone marrow stromal
feeder cell layer,MS5 (37). This system yields neuroepithelial structures reminiscent of early neural tubes, and named
neural rosettes (Fig. 12.1). Cells at this stage express markers compatible with neural plate identity such as Pax6,
nestin, NCAM and Sox1. Markers associated with undifferentiated ES cells such as Oct4 and Nanog, are



downregulated, implying cell fate restriction towards the neuroectodermal lineage. After an additional 2 weeks of
differentiation in serum-free medium, > 90% of the hES cells on MS5 express neural markers and form large clusters
(1--8 mm in diameter) composed of hundreds of individual rosettes with persistence of rare clusters of Oct4-
expressing cells. At 4 weeks of differentiation, cells emanating from the borders of individual rosettes are often
positive for Tujl and exhibit neuronal morphologies. At this point, the “neural rosettes” can be dispersed and
passaged multiply in the presence of bFGF to yield large numbers of neural progenitors that display in vitro
characteristics similar to those exhibited by primary neural stem cells. At this stage, these “naive” neural stem cells
can acquire a region-specific neural identity such as a midbrain DA neuron or a cholinergic motor neuron following
exposure to specific morphogens. Morphogens provide patterning information or specification of the anteroposterior
and dorsoventral identity of the neural cell. Comparable results were obtained with stromal feeder cells derived from
the AGM (aorto-gonado-mesonephros) region such as the line S2 (3). The neural inducing effects were confirmed in
multiple human and nonhuman primate ES lines.

DERIVATION OF DA NEURONS FROM HUMAN ES CELLS

Fate specification of human ES cells in vitro is achieved by mimicking the events occurring during development. In
the case of DA neuron fate, the neural precursors emanating from the rosettes require “ventralization” signals as well
as exposure to factors that define anterior-posterior patterning before terminal differentiation. Previous work identified
sonic hedgehog (SHH) and FGF8 as crucial factors in the specification of midbrain DA neurons (52). These studies in
explant culture and subsequent work with mouse ES cells (3,25,30) demonstrated that the effect of SHH and FGF8
on dopaminergic differentiation is limited to distinct developmental windows that correspond to the establishment of
the isthmic organizer and events controlling dorsoventral patterning during neural tube closure. Based on the work in
mouse ES cells, we predicted that, in hES cells, SHH and FGF8 might act between Days 12 and 20 of differentiation
to specify human midbrain DA neuron fate. This time period corresponds to the onset of neurulation until the time of
neural tube closure in human development, taking into account the presumptive age of hES cells at the time of
isolation (5--7 days) (34). Exposure to SHH and FGF8 from Day 12 to Day 20 of differentiation, followed by
differentiation in the presence of ascorbic acid (AA) and BDNF (brain derived neurotrophic factor), resulted in a
threefold increase in tyrosine hydroxylase (TH+) DA neurons(37) (Figure 15.2). The overall DA neuron yield from hES
cells is enormous compared to any other culture system and completely eliminates concern about adequacy of cell
numbers. In a rough approximation, we estimate that a single undifferentiated ES cell will ultimately generate 100 DA
neurons and that one million DA neurons can be harvested from a single 6 cm cell culture dish. It is estimated that
100,000 to 200,000 DA neurons per hemisphere are required for successful transplantation in Parkinson’s disease
and that the substantia nigra in a normal adult brain contains one million DA neurons. In addition to neural fates, hES
cells have been differentiated to date into cardiomyocytes (23,51), hematopoietic progenitors (5), endothelial cells
(26,49), insulin-secreting cells (32,38,42), hepatocyte-like cells (13), trophoblast (15) and germ cells (6).

TRANSPLANTATION OF hES CELLS INTO THE CNS

Early reports of neural induction of hES cells included grafting of neural progenitors into the cerebral ventricles of
newborn mice (40,46). The cells migrated throughout the parenchyma and differentiated into all three CNS lineages.
There were no reports of teratoma or uncontrolled growth. These results were very promising and were similar to
data obtained with human fetal CNS cells in terms of widespread migration across the ventricular wall and
differentiation (12,13). However, a greater challenge from a therapeutic perspective is the derivation of region-specific
neuronal subtypes such as DA or motor neurons, and their ability to integrate into the adult brain. Previous
experience in the transplantation field has demonstrated that the adult brain provides a less permissive milieu and



that appropriate regenerative cues may be restricted to the neurogenic zones, i.e., the subventricular zone and the
dentate gyrus. In fact, the most successful grafting strategies nearly always involve directing the progenitors towards
a specific fate in vitro before grafting into a disease model. The most common disease targets have been
neurodegenerative models such as Parkinson’s (DA neurons), Huntington’s disease (&-aminobutyric acid-ergic
neurons), amyotrophic lateral sclerosis (motor neurons), or trauma models such as spinal cord injury, whereby
multiple cellular components may be required, e.g., oligodendrocytes and motor neurons.

At the time of publication, there remains a paucity of studies detailing the behavior and fate of hES cells upon grafting
into the mature CNS. Reports of grafting of hES-derived cells into Parkinson’s disease models have raised issues of
poor cell survival and incomplete correction of behavioral deficits for reasons that remain unclear (36,53). Some
investigators have raised concerns about the stability of the DA phenotype in vivo despite in vitro expression of the
full complement of transcription factors that characterize a midbrain DA neuron identity, such as Engrailedl, Pax2,
Nurrl, and Lmx1b. Others postulate that the in vitro-generated DA neurons exhibit significant vulnerability to early cell
death post grafting, a phenomenon also observed in primary human fetal DA neurons whereby a 5% survival rate is
commonly observed. The DA neuron survival problem is likely to be resolved in the near future by ongoing studies in
multiple laboratories.

A recent publication reports transplantation of hES-derived oligodendrocyte progenitor cells into adult rat spinal cord
injuries with good survival and persistence of oligo marker expression but limited migration (33). The authors report
enhanced remyelination and improved locomotor ability in the rat group that received the transplant 7 days post
injury, but no significant change in a chronic injury model (10 months post lesion).

Of particular interest to our group, was the study of the potential of the hES-derived cells for widespread migration
within the adult brain and their ability to respond to environmental cues. To that end, we derived stable green
fluorescent protein (GFP)-expressing hES cells from lines H1 (NIH code WAQ1) and HES3 (NIH code ES03) after
transduction with a lentiviral vector expressing GFP under the control of the PGK promoter (44). Green colonies of
undifferentiated ES cells were then neurally induced in the presence of a layer of stromal feeders. The cells were
expanded for a month in the presence of bFGF and EGF, and were devoid of undifferentiated ES cells and expressed
markers of neural precursors (nestin+, A2b5+, Oct4- and SSEA4-); when differentiated in vitro, they generated glia
and neurons. The nestin+ GFP+ cells were then transplanted into the striatum of adult rat brains. Interestingly, the
hES-derived cells exhibited widespread migration following white matter tracts and were distributed both ipsi- and
contralateral to the injection site within the corpus callosum, fornix, fimbria, striatum, and cortex. The hES-derived
cells also differentiated into neurons, astrocytes, and oligodendrocytes. When injected into rats with demyelinating
lesion, the hES cells contributed to remyelination integrating seamlessly into the repaired lesion along with host cells
(Figure 3).

A small percentage of human cells were also noticed in the subventricular zone in the demyelinated and normal
brains. We thus performed a series of experiments including serial time-based BrdU analyses following
transplantation of the hES-derived precursors in the subventricular zone to investigate whether the human cells would
integrate into the adult neural stem cell niche of the subventricular zone (SVZ). Our data demonstrate clearly that the
hES-derived neural precursors integrated into the endogenous precursor pool in the subventricular zone, a site of
persistent neurogenesis. Like adult neural stem cells, hES-derived precursors traveled along the rostral migratory
stream to the olfactory bulb, where they contributed to neurogenesis. The human cells acquired the entire
complement of markers that are normally found in the SVZ and its derivatives, in a region-specific manner. This
included GFAP, Pax6 and dIx2 at the SVZ and doublecortin and TuJ1 in the rostral migratory stream (Figure 4).
BrdU-positive human neurons expressing calretinin were found in the olfactory bulb of all transplanted rats indicating
their hES background and the fact that they were born in vivo.

Recent studies have demonstrated that stem cell plasticity can be mimicked by fusion between host and graft cells
(1,28). We thus performed genomic in situ hybridization, but could not identify any evidence of rat-human nuclear
fusion. Similarly rat-specific cytoplasmic markers were not identified in any human cells and vice versa, thus
excluding any significant rate of nuclear or cytoplasmic fusion.

THERAPEUTIC CLONING



Despite the immunologically privileged status of the CNS, most investigators consider immunosuppression to be a
prerequisite for adequate graft survival in humans when using allografts (50). The recent placebo-controlled clinical
trials of nonmatched fetal DA neuron transplants in Parkinson’s disease patients used low-dose (35) or no
immunosuppression (14). A close analysis of the data shows initial improvement in clinical scores with subsequent
deterioration 4 to 6 months later. Some investigators attributed this response to gradual graft rejection (50). Activated
microglia were noted in and around the graft in the few postmortem specimens reported, thus suggesting an immune
response against the allograft. Studies of hES cells have demonstrated low levels of expression of MHC-I in
undifferentiated hES cells, but a multifold increase upon differentiation (11). Exposure to interferon-a also induced
significant upregulation of MHC-I while MHC-1l was not detectable (8). This data is preliminary and limited (10);
additional studies encompassing the various differentiation fates acquired by hES cells and in vivo studies are
required before a final determination of the antigenic potential of hES cells.

At this time the need for immunosuppression remains a major concern when proposing clinical application using
nonmatched allografts. A possible solution may lie in the generation of autologous ES cells derived from the potential
ES graft recipient. In collaboration with Teru Wakayama, our group derived autologous mouse ES cells by nuclear
transfer using fibroblast or cumulus cell nuclei transferred to enucleated oocytes (48). The oocytes were allowed to
develop into blastocysts and ES cells isolated from the inner cell mass. This work resulted in the derivation of multiple
nuclear transfer ES (ntES) lines from different genetic backgrounds. The ntES lines were tested extensively and
found to maintain their multipotential character as well as their ability to fully differentiate along CNS lineages
including functional DA neurons. The resultant ntES cells were genotypically analogous to the somatic cell donor.
This process is often referred to as therapeutic cloning. Implanting the nuclear transfer derived blastocysts into the
womb of a mouse resulted in the development of cloned mouse progeny. This is referred to as reproductive cloning
and was performed as a proof of principle that the ntES cells are truly pluripotential. However, our main interest lies in
the therapeutic value of nuclear transfer. When subjected to the neural induction protocols with subsequent
patterning and differentiation, the ntES lines generated large numbers of DA neurons in a manner indistinguishable
from other ES lines. We are in the process of testing their function and immunogenicity in vivo.

The nuclear transfer process does bypass the normal processes of fertilization of two individual gametes and the
resulting transfer nucleus is exposed the reprogramming activity of the oocyte cytoplasm that affects the entire
genome. Thus the parent-specific methylation differences between the sperm and egg are erased resulting in erratic
regulation of imprinting genes. In contrast, during normal fertilization, the epigenetic differences between the parental
genomes are maintained. Improper reprogramming is considered a major barrier in the formation of normal cloned
embryos but does not seem to interfere in the proper function of cells derived in vitro from a cloned blastocyst (21).
Our recent work in mice does support this theory except for the generation of normal-appearing clones that went on
to undergo normal reproduction (48). However, these mice were not examined carefully for subtle pathology or
behavioral deficits.

Overall, the outcome of our studies of mouse nuclear transfer ES cells was very encouraging; if translated to humans,
nuclear transfer could result in a significant breakthrough in therapeutic terms as it allows the generation of
autologous grafts that are matched to a donor patient. The study of “cloned” hES cells from different disease
backgrounds will also provide an invaluable wealth of information by expanding our understanding of the genetic and
epigenetic factors leading to specific disease processes. Just recently, Woo-Suk Hwang et al. (18,19) have
successfully generated multipotent hES lines by transfer of skin cell nuclei from patients with disease or injury into
donor oocytes. These cloned hES lines matched the donor patient's DNA and exhibited in vitro characteristics that
are identical to those seen in hES cells derived post fertilization. At this time, federal regulations in the United States
prohibit the use of NIH funding for the study of these lines, but their derivation has generated significant excitement in
the ES cell field. Full characterization of the differentiation potential of these cloned lines is eagerly anticipated and is
expected to parallel findings in mouse ntES cells.

POTENTIAL FOR CLINICAL APPLICATION

Considerable progress has been achieved in understanding the basic properties of hES cells and the ability to
harness their potential towards clinical application. Current data demonstrate a consistent and highly robust response



to directed differentiation into specific CNS cell subtypes. The hES-derived cells also exhibit an impressive ability to
migrate widely in the white matter of the adult brain and to respond to environmental cues across species, namely the
integration into the adult stem cell pool.

Nonetheless, additional questions remain to be addressed before the anticipation of clinical application. These
include the long-term in vivo survival and phenotypic stability of hES-derived progeny and a demonstration of
behavioral improvement in a recognized model of animal disease, a process that is likely to be addressed in the near
future. Other safety and regulatory concerns include differentiation into undesirable phenotypes or malignant
transformation, and transmission of an infectious non-human pathogen.

We and others have demonstrated the feasibility of eliminating the risk of teratoma formation by highly enriching the
hES-derived cultures in neurally committed cells. In vivo differentiation into undesirable phenotypes is dependent on
the persistence of Oct4 expressing undifferentiated ES cells which can also be eliminated by positive selection
methods.

Some investigators have raised concerns regarding karyotype stability (7,9). The majority of studies demonstrate
excellent karyotype stability over extended culture periods (up to 140 passages) (4,41), but there are reports of
abnormal karyotypes that may be attributed to the passaging methods used. There are no reports of accumulation of
mutations over time or of unstable hES lines despite the presence of cytogenetic abnormalities in some cell
subpopulations (16). A more imminent concern is the fact that all hES cells in the NIH registry have been derived in
the presence of xenogeneic substrates namely mouse embryonic fibroblast feeders during propagation, and animal
sera or protein. This raises the possibility of contamination with a non-human pathogen. A recent study demonstrates
that hES cells cultured with animal sera or serum replacement and murine feeders incorporate a non-human sialic
acid, against which many humans have circulating antibodies (27). Grafting of such cells is likely to result in rejection.
There are now reports of generation of hES lines using human feeder layers (17, 20) or in a feeder-free system using
Matrigel as an extracellular matrix substrate (24). However, none of these lines qualify for Federal funds since they
were generated after August 9, 2001 and are thus not included in the NIH Registry of hES lines (32).

Studies of hES cells for basic or therapeutic applications have stimulated significant controversy and debate over the
ethics of their derivation and use. Opponents of this research voice grave concerns about the destruction of
blastocysts inherent to the derivation of ES lines. The main argument is essentially a philosophical belief that life
begins at conception or fertilization and that society has an obligation to protect it. The opposite argument is more
pragmatic and points out the nature of the blastocyst as only a potential embryo (or multiple embryos) with no chance
of developing into a fetus unless implanted into the womb of a willing parent. Supporters of hES research are
concerned with depriving actual patients from a highly promising technology that can bring relief to many agonizing
disease conditions. Several hundred thousand “excess’ embryos are created each year in the United States in the
process of in vitro fertilization. The fate of these embryos is usually destruction or permanent cryogenic storage in
fertility clinics. There have been calls to alter regulation to allow donation of these excess embryos by informed
parents for research purposes. This suggestion is tampered by calls for adoption of the embryos in storage by
“volunteer parents” giving rise to the so-called “snow flake babies” movement. The question of somatic nuclear
transfer met with further controversy in view of concerns over extrapolation of such research down a slippery slope
into reproductive cloning. In Europe, regulatory agencies have prohibited reproductive cloning while allowing somatic
nuclear transfer, a proposition that remains highly contested in the United States. Some scientists believe that
nuclear transfer may actually represent a good compromise by allowing the generation of blastocysts via an
“unnatural” route that does not involve fertilization or intent to create an embryo. Furthermore, current understanding
of human development suggests that there are essentially insurmountable biological barriers related to the
dysregulation of imprinting that are inherent to the nuclear transfer process and that will prevent successful
reproductive cloning (21). Thus a blastocyst obtained by somatic nuclear transfer is not likely to potentially generate a
live healthy human being. Nonetheless, the President’s Council on Bioethics does not recommend revision of the
current federal regulations that limit funding to a list of lines generated before August 9, 2001, and has advised
against approval of somatic nuclear transfer. More recently, the Council has proposed an alteration to nuclear
transfer that includes the introduction into donor cells of a mutation gene (e.g., CDX2) known to result in death at the
blastocyst stage in mice. These embryos can still give rise to mouse embryonic stem cells. A similar mutation in
human cells would result in an ethically uncontroversial source of hES cells, according to the Council (45). This



proposition was met with significant scientific skepticism owing to the lack of data in human systems and the
significant efforts required to properly investigate and achieve the technical manipulations inherent to this suggestion
(29).

It is likely that the ethical debate over hES cells will persist and evolve as our knowledge of hES cell biology develops
further, but it is important to note that, in the United States, this debate only impacts the use of government funds to
support hES research. Private companies are free to pursue this research and are doing so eagerly. This dichotomy
will generate another type of debate, this time over licensing and patent rights to hES cells. It effectively excludes
academic institutions from active involvement in this research in view of their dependence on Federal funds, and
subjects advances in the field to the laws of marketing and commerce. Many scientists and patient advocates find this
compromise to be more problematic, as it further complicates the ethical challenge.

REFERENCES

1. Alvarez-Dolado M, Pardal R, Garcia-Verdugo JM, Fike JR, Lee HO, Pfeffer K, Lois C, Morrison SJ, Alvarez-Buylla
A: Fusion of bone-marrow-derived cells with Purkinje neurons, cardiomyocytes and hepatocytes. Nature 425:968—
973, 2003.

2. Assady S, Maor G, Amit M, ltskovitz-Eldor J, Skorecki KL, Tzukerman M: Insulin production by human embryonic
stem cells. Diabetes 50:1691-1697, 2001.

3. Barberi T, Klivenyi P, Calingasan NY, Lee H, Kawamata H, Loonam K, Perrier AL, Bruses J, Rubio ME, Topf N,
Tabar V, Harrison NL, Beal MF, Moore MA, Studer L: Neural subtype specification of fertilization and nuclear transfer
embryonic stem cells and application in parkinsonian mice. Nat Biotechnol 21:1200-1207, 2003.

4. Buzzard JJ, Gough NM, Crook JM, Colman A: Karyotype of human ES cells during extended culture. Nature
Biotechnology 22:381-382, 2004.

5. Chadwick K, Wang L, Li L, Menendez P, Murdoch B, Rouleau A, Bhatia M: Cytokines and BMP-4 promote
hematopoietic differentiation of human embryonic stem cells. Blood 102:906-915, 2003.

6. Clark AT, Bodnar MS, Fox M, Rodriquez RT, Abeyta MJ, Firpo MT, Pera RA: Spontaneous differentiation of germ
cells from human embryonic stem cells in vitro. Hum Mol Genet 13:727-739, 2004.

7. Cowan CA, Klimanskaya |, McMahon J, Atienza J, Witmyer J, Zucker JP, Wang S, Morton CC, McMahon AP,
Powers D, Melton DA: Derivation of embryonic stem-cell lines from human blastocysts. N Engl J Med 350:1353—
1356, 2004.

8. Draper JS, Pigott C, Thomson JA, Andrews PW: Surface antigens of human embryonic stem cells: changes upon
differentiation in culture. J Anat 200:249-258, 2002.

9. Draper JS, Smith K, Gokhale P, Moore HD, Maltby E, Johnson J, Meisner L, Zwaka TP, Thomson JA, Andrews
PW: Recurrent gain of chromosomes 17q and 12 in cultured human embryonic stem cells. Nat Biotechnol 22:53-54,
2004.



10. Drukker M, Benvenisty N: The immunogenicity of human embryonic stem-derived cells. Trends Biotechnol
22:136-141, 2004.

11. Drukker M, Katz G, Urbach A, Schuldiner M, Markel G, ltskovitz-Eldor J, Reubinoff B, Mandelboim O, Benvenisty
N: Characterization of the expression of MHC proteins in human embryonic stem cells. Proc Natl Acad Sci USA
99:9864-9869, 2002.

12. Englund U, Bjorklund A, Wictorin K: Migration patterns and phenotypic differentiation of long-term expanded
human neural progenitor cells after transplantation into the adult rat brain. Dev Brain Res 134:123-141, 2002.

13. Englund U, Fricker-Gates RA, Lundberg C, Bjorklund A, Wictorin Y: Transplantation of human neural progenitor
cells into the neonatal rat brain: Extensive migration and differentiation with long-distance axonal projections. Exp
Neurol 173:1-21, 2002.

14. Freed CR, Greene PE, Breeze RE, Tsai WY, DuMouchel W, Kao R, Dillon S, Winfield H, Culver S, Trojanowski
JQ, Eidelberg D, Fahn S: Transplantation of embryonic dopamine neurons for severe Parkinson's disease. N Engl J
Med 344:710-719, 2001.

15. Gerami-Naini B, Dovzhenko OV, Durning M, Wegner FH, Thomson JA, Golos TG: Trophoblast differentiation in
embryoid bodies derived from human embryonic stem cells. Endocrinology 145:1517-1524, 2004.

16. Hoffman LM, Carpenter MK: Characterization and culture of human embryonic stem cells. Nat Biotechnol 23:699—
708, 2005.

17. Hovatta O, Mikkola M, Gertow K, Stromberg AM, Inzunza J, Hreinsson J, Rozell B, Blennow E, Andang M,
Ahrlund-Richter L: A culture system using human foreskin fibroblasts as feeder cells allows production of human
embryonic stem cells. Hum Reprod 18:1404-1409, 2003.

18. Hwang WS, Roh SI, Lee BC, Kang SK, Kwon DK, Kim S, Kim SJ, Park SW, Kwon HS, Lee CK, Lee JB, Kim JM,
Ahn C, Paek SH, Chang SS, Koo JJ, Yoon HS, Hwang JH, Hwang YY, Park YS, Oh SK, Kim HS, Park JH, Moon SY,
Schatten G: Patient-Specific Embryonic Stem Cells Derived from Human SCNT Blastocysts. Science 308: 1777—
1783, 2005.

19. Hwang WS, Ryu YJ, Park JH, Park ES, Lee EG, Koo JM, Jeon HY, Lee BC, Kang SK, Kim SJ, Ahn C, Hwang JH,
Park KY, Cibelli JB, Moon SY: Evidence of a pluripotent human embryonic stem cell line derived from a cloned
blastocyst. Science 303:1669-1674, 2004.

20. Inzunza J, Gertow K, Stromberg MA, Matilainen E, Blennow E, Skottman H, Wolbank S, Ahrlund-Richter L,
Hovatta O: Derivation of human embryonic stem cell lines in serum replacement medium using postnatal human
fibroblasts as feeder cells. Stem Cells 23:544-549, 2005.

21. Jaenisch R: Human cloning - the science and ethics of nuclear transplantation. N Engl J Med 351:2787-2791,
2004.



22. Kawasaki H, Mizuseki, Nishikawa S, Kaneko S, Kuwana Y, Nakanishi S, Nishikawa S, Sasai Y: Induction of
midbrain dopaminergic neurons from es cells by stromal cell-derived inducing activity. Neuron 28:31-40, 2000.

23. Kehat I, Kenyagin-Karsenti D, Snir M, Segev H, Amit M, Gepstein A, Livne E, Binah O, Itskovitz-Eldor J, Gepstein
L: Human embryonic stem cells can differentiate into myocytes with structural and functional properties of
cardiomyocytes. Journal Of Clinical Investigation 108:407—414, 2001.

24. Klimanskaya I, Chung Y, Meisner L, Johnson J, West MD, Lanza R: Human embryonic stem cells derived without
feeder cells. Lancet 365:1636-1641, 2005.

25. Lee S-H, Lumelsky N, Studer L, Auerbach JM, McKay RDG: Efficient generation of midbrain and hindbrain
neurons from mouse embryonic stem cells. Nat Biotechnol 18:675-679, 2000.

26. Levenberg S, Golub JS, Amit M, Itskovitz-Eldor J, Langer R: Endothelial cells derived from human embryonic
stem cells. Proc Natl Acad Sci USA 99:4391-4396, 2002.

27. Martin MJ, Muotri A, Gage F, Varki A: Human embryonic stem cells express an immunogenic nonhuman sialic
acid. Nature Med 11:228-232, 2005.

28. Medvinsky A, Smith A: Stem cells: Fusion brings down barriers. Nature 422:823-825, 2003.

29. Melton DA, Daley GQ, Jennings CG: Altered nuclear transfer in stem-cell research - A flawed proposal. New
England Journal of Medicine 351:2791-2792, 2004.

30. Mizuseki K, Sakamoto T, Watanabe K, Muguruma K, Ikeya M, Nishiyama A, Arakawa A, Suemori H, Nakatsuji N,
Kawasaki H, Murakami F, Sasai Y: Generation of neural crest-derived peripheral neurons and floor plate cells from
mouse and primate embryonic stem cells. Proc Natl Acad Sci U S A 100:5828-5833, 2003.

31. Mouse models of human diseases: what can we learn? Trends Genet 17:S1, 2001.

32. NIH Stem Cell Registry, 2005. http://stemcells.nih.gov/research/registry/. Accessed 14 July 2005.

33. Nistor GlI, Totoiu MO, Haque N, Carpenter MK, Keirstead HS: Human embryonic stem cells differentiate into
oligodendrocytes in high purity and myelinate after spinal cord transplantation. Glia 49:385-396, 2005.

34. O'Rahilly R, Miller F: Developmental Stages in Human Embyos. Carnegie Institution of Washington, 1987.

35. Olanow CW, Goetz CG, Kordower JH, Stoessl AJ, Sossi V, Brin MF, Shannon KM, Nauert GM, Perl DP, Godbold
J, Freeman TB: A double-blind controlled trial of bilateral fetal nigral transplantation in Parkinson's disease. Ann
Neurol 54:403-414, 2003.

36. PARK CH, Minn YK, Lee JY, Choi DH, Chang MY, Shim JW, Ko JY, Koh HC, Kang MJ, Kang JS, Rhie DJ, Lee
YS, Son H, Moon SY, Kim KS, Lee SH: In vitro and in vivo analyses of human embryonic stem cell-derived dopamine
neurons. J Neurochem 92:1265-1276, 2005.



37. Perrier AL, Tabar V, Barberi T, Rubio ME, Bruses J, Topf N, Harrison NL, Studer L: Derivation of midbrain
dopamine neurons from human embryonic stem cells. Proc Natl Acad Sci USA 101:12543-12548, 2004.

38. Rambhatla L, Chiu CP, Kundu P, Peng Y, Carpenter MK: Generation of hepatocyte-like cells from human
embryonic stem cells. Cell Transplant 12:1-11, 2003.

39. Reubinoff BE, Itsykson P, Turetsky T, Pera MF, Reinhartz E, Itzik A, Ben Hur T: Neural progenitors from human
embryonic stem cells. Nat Biotechnol 19:1134-1140, 2001.

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

41. Rosler ES, Fisk GJ, Ares X, Irving J, Miura T, Rao MS, Carpenter MK: Long-term culture of human embryonic
stem cells in feeder-free conditions. Dev Dyn 229:259-274, 2004.

42. Segev H, Fishman B, Ziskind A, Shulman M, ltskovitz-Eldor J: Differentiation of human embryonic stem cells into
insulin-producing clusters. Stem Cells 22:265-274, 2004.

43. Studer L: Stem cells with brainpower. Nature Biotechnology 19:1117-1118, 2001.

44. Tabar V, Panagiotakos G, Greenberg ED, Chan BK, Sadelain M, Gutin PH, Studer L: Migration and differentiation
of neural precursors derived from human embryonic stem cells in the rat brain. Nat Biotechnol 23:601-606, 2005.

45. The President's Council on Bioethics: Alternative sources of human pluripotent stem cells.
http://www.bioethics.gov. Accessed 14 July 2005.

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

47. Tornell J, Snaith M: Transgenic systems in drug discovery: from target identification to humanized mice. Drug
Discov Today 7:461-470, 2002.

48. Wakayama T, Tabar V, Rodriguez |, Perry AC, Studer L, Mombaerts P: Differentiation of embryonic stem cell
lines generated from adult somatic cells by nuclear transfer. Science 292:740-743, 2001.

49. Wang L, Li L, Shojaei F, Levac K, Cerdan C, Menendez P, Martin T, Rouleau A, Bhatia M: Endothelial and
hematopoietic cell fate of human embryonic stem cells originates from primitive endothelium with hemangioblastic
properties. Immunity 21:31-41, 2004.

50. Winkler C, Kirik D, Bjorklund A: Cell transplantation in Parkinson's disease: how can we make it work? Trends
Neurosci 28:86-92, 2005.

51. Xu C, Police S, Rao N, Carpenter MK: Characterization and enrichment of cardiomyocytes derived from human
embryonic stem cells. Circ Res 91:501-508, 2002.



52. Ye WL, Shimamura K, Rubenstein JR, Hynes MA, Rosenthal A: FGF and Shh signals control dopaminergic and
serotonergic cell fate in the anterior neural plate. Cell 93:755-766, 1998.

53. Zeng X, Cai J, Chen J, Luo Y, You ZB, Fotter E, Wang Y, Harvey B, Miura T, Backman C, Chen GJ, Rao MS,
Freed WJ: Dopaminergic differentiation of human embryonic stem cells. Stem Cells 22:925-940, 2004.

54. Zhang SC, Wernig M, Duncan ID, Brustle O, Thomson JA: In vitro differentiation of transplantable neural
precursors from human embryonic stem cells. Nat Biotechnol 19:1129-1133, 2001.

<DFIG>

Fig. 12.1 Neural rosette derived from hES cells and immunostained for nestin, a neural stem cell marker (green) and
TuJ1, a neuronal marker (red)(original magnification, x200).

Fig. 12.2 Human DA neurons derived from hES cells. Immunostaining for Tyrosine Hydroxylase (green) and
neurofilament (red) (original magnification, x200).

Fig. 12.3 Transplantation of hES-derived neural precursors into the striatum of the young adult rodent brain. Camera
lucida drawing of a representative coronal section (G) through the brain of a lesioned animal illustrating the
distribution of hNA+ cells 11 weeks post grafting. (A) GFP+/NeuN+ neurons in the graft core (green outline in G), (B)
Migrating hNA+/Nestin+ cells in the contralateral corpus callosum, (C) z-stack confocal image of a GFP+/MBP+ cell
located in the remyelinated cingulum following lysolecithin lesion. (h) Diagram of a sagittal brain section illustrating
the location of hNA+/DIx2+ cells (d) and hNA+/GFAP+ (D, inset) in the subventricular zone. (E) hNA+/doublecortin+
neuronal precursors in the RMS. (F) z-stack confocal image of hNA+/Calretinin+ neuron in the olfactory bulb. DAPI
nuclear counterstains are in blue. Scale bars, 10um.

Fig. 12.4 At 42 days after transplantation, hES cell-derived precursors persisted in the subventricular zone and were
aligned in human NCAM+ chains (green) (original magnification, x400).



