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ABSTRACT
Using Parkinson’s disease as a prototype of neurodegenerative diseases, we propose applications of human stem cells in the development of

therapeutics for neurodegenerative diseases. First, in vitro differentiation of human stem cells offers a versatile model for dissecting molecular

interactions underlying human dopamine (DA) neuron specification, which may form a foundation for instigating regeneration of DA neurons

from progenitors that reside in the brain. Second, stem cells derived from diseased cells or through genetic modification can serve as a

platform for unraveling biochemical processes that lead to the cellular pathogenesis of degeneration. This may in turn serve as a

template for identifying or developing therapeutics for slowing, stopping, or reversing the disease process. And finally, stem cells,

particularly those induced from patients’ own cells, provide a reliable source of DA neurons for cell-based therapy. J. Cell. Biochem.

105: 1153–1160, 2008. � 2008 Wiley-Liss, Inc.
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D egeneration of dopamine (DA)-producing neurons in the

midbrain, especially the substantia nigra, underlies the

pathophysiology of Parkinson’s disease (PD). How the selective DA

neuron degeneration is initiated remains elusive. Pharmacological

replacement of the missing DA by its precursor, L-dopa, is generally

effective in alleviating symptoms. However, this treatment depends

on the availability of DA neurons to synthesize and release DA, and

it does not remove the cause of DA neuron degeneration. With fewer

DA neurons available to synthesize the transmitter along disease

progression, such a chemical replacement therapy loses its efficacy

in several years and is accompanied by severe side effects. As

a consequence, alternative therapies are needed for advanced

Parkinson’s patients.

Alternative therapies that are being practiced or tried include

deep brain stimulation, neural protection with trophic factors, and

fetal cell transplantation. Stimulation of the subthalamic nucleus or

globus pallidus is effective for symptom relief in some advanced PD

patients although its effect is variable and it does not address the

cause. Protection of the remaining DA neurons by neurotrophic
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factors such as glial cell line derived neurotrophic factor (GDNF) has

been shown to be effective in a small open labeled trial [Gill et al.,

2003]. Nevertheless, this growth factor has many other target cell

types, resulting in side effects. Fetal cell transplantation has shown

some efficacy in several open labeled trials since 1987 [Piccini et al.,

1999; Freed et al., 2001]. In some cases, patients with the fetal tissue

graft lived a reasonably healthy life for over a decade [Mendez et al.,

2008]. However, two NIH-sponsored double-blinded trials showed

variable outcomes [Freed et al., 2001; Olanow et al., 2003]. The in-

consistent results may be attributed to multiple factors, most notably

the donor cells [Redmond, 2002]. Collection of several fetuses and

storage of brain tissues for up to a month before transplantation

preclude the possibility of standardization or even regular compari-

son among transplanted patients. Thus, new sources of DA neurons

for which the identity, purity, and quantity can be better controlled

are now essential before further clinical trials are considered.

Stem cells, capable of renewing themselves as well as differen-

tiating to DA neurons, are potential sources. Several types of stem

cells have been reported to give rise to DA neurons or DA-like cells.
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The most reliable stem cell sources of DA neurons are those from

early embryos, embryonic stem cells (ESCs), those reprogrammed

from adult cells, and induced pluripotent stem (iPS) cells. While

generation of DA neurons from stem cells could serve as a source for

potential cell therapy, understanding the molecular underpinnings

of human DA neuron specification using the stem cell model may

form a foundation for instigating regeneration of DA neurons from

progenitors that reside in the brain. Stem cells derived from diseased

cells, including those of familial Parkinson’s patients, may serve as

a platform for unraveling biochemical processes that lead to the

cellular pathogenesis of PD. This may in turn serve as a template for

identifying or developing therapeutics for slowing, stopping, or

reversing the disease process [Krencik and Zhang, 2006].

We will use PD as a prototype to discuss how stem cell biology

may contribute to the development of therapeutics for neuro-

degenerative diseases. This area of research has just begun with

little information available. Hence, we will offer our personal

perspectives of where the field may go.

UNDERSTANDING NORMAL HUMAN DA
NEURON DEVELOPMENT

Specification of midbrain DA neurons has been extensively

investigated in vertebrate models. It is generally clear that Wnt1

and fibroblast growth factor (FGF) 8, secreted from the mid-

hindbrain boundary (MHB), instruct the midbrain identity of neural

progenitors by expressing homeodomain and paired-box transcrip-

tion factors including Pax2/5 and Engrailed (En) 1 and 2 [Joyner

et al., 2000]. Together with sonic hedgehog (SHH), a glycoprotein

secreted from the floor plate cells, the midbrain progenitors adopt a

dopaminergic fate by transcribing Nurr1, ptx3, and genes that are

essential for synthesizing and metabolizing DA [Smidt and Burbach,

2007]. It remains unclear how these extracellular factors activate the

midbrain patterning program and the dopaminergic transcription

signaling and how these networks converge on a specific progenitor

cell at a particular developmental stage to specify the dopaminergic

neuron. In addition, unlike in other parts of the CNS, midbrain DA

neurons are generated directly from the floor plate cells of the

developing midbrain [Ono et al., 2007]. The floor plate cells express

another set of homeodomain proteins Lmx1a and Msx1, which

induce the proneural protein Ngn2 and therefore neuronal

differentiation through interaction with Shh signaling [Andersson

et al., 2006]. Again, how this unique pathway converges on to the

dopaminergic pathway remains obscure.

The basic understanding of DA neuron specification has been

instrumental to the differentiation of neural progenitors or stem

cells to DA neurons in culture. In a rat embryonic explant culture, it

was shown that FGF8 and SHH were necessary and sufficient to

differentiate the neural progenitors to DA neurons [Ye et al., 1998].

However, if the explant comes from the wnt1 null mice, FGF8 and

SHH are not sufficient [Prakash et al., 2006]. Thus, wnt mediated

signaling is also essential for midbrain DA neuron specification.

Translating the information to the differentiation of DA neurons

from naı̈ve pluripotent ESCs becomes less straightforward. A

simple reason is that the starting cells are more primitive without
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pre-defined midbrain information as primary neural tissues.

Using mouse ESCs as starting cells, McKay and colleagues first

differentiated ESCs to neural progenitors in the absence of

morphogens. Following the expansion with FGF2, these neural

progenitors were differentiated to DA neurons in the presence of

FGF8 and SHH, with an efficiency of 30% [Lee et al., 2000]. This

simple and efficient method can be readily replicated in other

laboratories. However, the majority of the differentiated DA neurons

do not appear to carry a midbrain phenotype [Zhao et al., 2004],

suggesting that FGF8 and SHH are not sufficient for patterning

the midbrain identity. Recently, McKay’s group showed that

nearly all the DA neurons exhibit a midbrain phenotype including

expression of En-1 and ptx3 with minor modification of the protocol

[Rodriguez-Gomez et al., 2007]. It will be useful to identify the

molecular interactions underlying the specification of midbrain DA

neurons in this model system.

DA neurons can also be efficiently differentiated from mouse

ESCs by co-culturing ESCs with stroma cells, PA6 cells, followed by

treatment with FGF8 and SHH [Kawasaki et al., 2000]. The effect of

PA6 cells is thought to promote neural differentiation from ESCs.

It may also influence the midbrain patterning.

Both the co-culture approach and the chemically defined method

are employed for differentiating hESCs to DA neurons. In nearly

all the reports, FGF8 and SHH are employed to pattern the hESC-

derived neuroepithelial (NE) cells. The typical yield from co-culture

with MS5 cells [Perrier et al., 2004] or in chemically defined cultures

[Yan et al., 2005] is about 30% TH-expressing DA neurons among all

differentiated progenies, although variable efficiencies are reported

[Buytaert-Hoefen et al., 2004; Schulz et al., 2004; Zeng et al., 2004;

Park et al., 2005; Brederlau et al., 2006; Martinat et al., 2006;

Iacovitti et al., 2007; Sonntag et al., 2007; Cho et al., 2008]. Goldman

and colleagues reported a much higher yield of DA neurons when

co-cultured with immortalized mesencephalic astrocytes [Roy et al.,

2006]. The important issue is that the proportion of midbrain DA

neurons is generally low. Most reports did not assess the expression

of midbrain markers such as En-1 and Ptx3 in the DA neurons. Our

estimate from the double immunostaining results indicates that

around 20% of the DA neurons carry En-1 [Yang et al., 2008]. This

suggests that the combination of FGF8 and SHH alone, as is the

case in mouse ESC differentiation, is not optimal for patterning the

hESC-generated NE cells to midbrain progenitors. This is a critical

issue that requires further investigation.

The less efficient midbrain patterning of the hESC-derived NE

cells than those from mouse ESCs is at least partly related to the

default state of the NE cells. Mouse ESCs tend to generate neural

progenitors with mostly mid/hind brain phenotypes [Watanabe

et al., 2005] and these neural progenitors further generate DA

neurons in the presence of SHH. Human ESCs almost exclusively

differentiate to neuroepithelia with a forebrain identity [Li et al.,

2005; Pankratz et al., 2007]. As discussed above, the simple

combination of FGF8 and SHH is in fact not effective in patterning

the midbrain fate, particularly if the neural progenitors are not

somewhat pre-specified. Besides, the commercially available FGF8b,

which participates in the patterning of many brain regions including

the forebrain and mid/hind brain [Olsen et al., 2006], is unlikely to

specify a mesencephalic identity at least based on the amount
JOURNAL OF CELLULAR BIOCHEMISTRY



generally used. The alpha form of FGF8, FGF8a, which is now

commercially available, is involved mainly in the specification of

midbrain identity [Olsen et al., 2006]. Still, additional morphogens,

such as wnts, may need to be incorporated in order to specify human

neuroepithelia to a midbrain fate.

Apparently, specification of midbrain DA neurons requires

coordination of multiple factors at multiple dimensions (concentra-

tions, combinations, temporal courses, convergence of intracellular

signalings, etc.). The defined hESC neural differentiation model will

allow dissection of discrete effects of each of the morphogens, such

as patterning, specification of transmitter phenotypes, and coupling

of regional patterning and transmitter specification (Fig. 1).

Revealing the molecular interactions that govern human DA neuron

generation will be critical for instigating dopaminergic regeneration

from neural stem/progenitor cells that reside in our human brain.
REVEALING PATHOLOGICAL PROCESS OF HUMAN
DA NEURON DEGENERATION

Transgenic animals play pivotal roles in revealing disease

pathogenesis. Most of these animals are created to model certain

aspects of the human diseases. Many neurodegenerative diseases

including PD do not naturally occur in the commonly used

laboratory animals. Expression of mutant forms of a-synuclein,

which causes familial PD, does not result in disease phenotypes

including loss of nigra DA neurons in mice [Giasson et al., 2002].

Similar phenomena have been observed in the effort of inducing

disease phenotypes with mutant DJ-1 and Pink1 [Goldberg et al.,

2005], two other proteins involved in familial PD. In humans,

mutation of the superoxide dismutase (SOD) at a single copy results

in amyotrophic lateral sclerosis (ALS). In mice, expression of

multiple copies of the mutant SOD is required for generating

phenotypes [Bruijn et al., 2004]. The most prevalent form of mutant

SOD in ALS patients, the A4V, does not generate phenotypes in mice

[Furukawa et al., 2006]. Hence, model systems with the human

background would supplement our current investigations on the

pathogenesis of neurodegenerative diseases.
Fig. 1. Stem cell differentiation model for dissecting molecular mechanism of human D

primitive neuroepithelial (NE) in 10 days. This uniform population of NE may be used as s

by expression of midbrain transcription factors at 3 weeks of differentiation. These proge

the midbrain patterning and specification of DA transmitter for differentiation of DA neu

2006].
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Genetic modification of human stem cells could potentially

model cellular and molecular aspects of the disease process but on

the human genetic and epigenetic background. Over-expression of

dominant disease genes (e.g., a-synuclein) or knockdown of reces-

sive genes (e.g., pink-1, DJ-1) in hESCs could result in the generation

of transgenic hESCs. Differentiation of the transgenic hESCs to DA

neurons will allow dissecting the effect of disease genes on DA

neuron survival and function. We have expressed wild and mutant

a-synuclein in hESC-generated neural progenitors and found that

the mutant a-synuclein caused death of differentiated human

neurons. The death effect of a-synuclein is cell type-specific, that is,

over-expression of a-synuclein results in death of DA neurons

whereas the GABA neurons are not affected [Schneider et al., 2007].

This preliminary finding is very encouraging as it shows that some

of the pathological aspects of a-synuclein toxicity can be reproduc-

ed in human neurons as opposed to the lack of effect in mouse cells.

Equally important, the relatively cell type-specific effect strengthens

the value of the in vitro model of human stem cells to dissect the

biochemical interactions behind the pathological cellular changes.

It would be technically advantageous to establish transgenic

hESC lines than to transfect the differentiated cells in most

applications. Insertion of specific sequences including mutations

through homologous recombination, a technique that is very well

established in animal studies, has been reported for hESCs [Zwaka

and Thomson, 2003]. However, the recombination efficiency is

much lower than in mice and thus it is technically rather demanding

for an ordinary laboratory. Gene expression through random

insertion is often confounded with inactivation of transgenes

following hESC differentiation to functional neuronal and glial cells

[Xia and Zhang, 2007]. Keller and colleagues have knocked a green

fluorescent protein (GFP) reporter gene into the ROSA26 locus of

hESCs [Irion et al., 2007]. The choice of ROSA26 locus is that this

locus is generally resistant to transgene down regulation. Thus

replacement of the GFP with a target disease gene would allow the

generation of disease hESC lines. Nevertheless, neurons differ-

entiated from mouse ESCs in which transgenes are knocked into

the ROSA26 locus often exhibit a significant down regulation

of transgenes (Krencik and Zhang, unpublished observations).

Therefore, this locus may not be the best site for inserting transgenes
A neuron specification. Under a defined condition, human ESCs can be differentiated to

tarting cells to identify molecule(s) that pattern them to midbrain progenitors, assayed

nitors in turn can be used as a template to uncover molecules or pathways that couple

rons. This model is applicable for specification of other neuronal subtypes [see Zhang,
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in hESCs, especially for functional analysis in differentiated

neurons. We have screened loci in hESCs that are resistant to

transgene down regulation following neural differentiation and

built in a Cre-mediated cassette into the newly identified sites (Du

and Zhang, unpublished). These driver hESC lines, and especially

those with transgene expression in a cell type-specific manner

and under temporal and quantitative control, will simplify the

generation of transgenic hESCs by replacing the cassette with a

target gene.

An alternative way to genetic modification of normal hESCs is the

establishment of stem cells with natural mutations. Disease-specific

ESCs may be generated from PGD (preimplantation genetic

diagnosis)-confirmed embryos, as shown for the fragile X syndrome

hESCs [Eiges et al., 2007]. Disease stem cells may also be generated

by reprogramming patients’ cells with natural mutations. This can

be achieved by transferring mutant DNA into an enucleated oocyte,

but this is hampered by ethical and technical issues. A recent

development, which is readily reproducible, is to reprogram somatic

cells by forced expression of a set of core transcription factors that

are crucial for inducing and maintaining the stem cell state,

including OCT4, NANOG, and SOX2 alongside chromatin modifying

factors c-MYC, KLF4, or LIN28, etc. This technological development

has resulted in the creation of iPS cells from somatic cells such as

fibroblasts, first from mice and lately from humans [Takahashi and

Yamanaka, 2006; Takahashi et al., 2007; Yu et al., 2007; Lowry et al.,

2008; Park et al., 2008]. The iPS cells generated using different sets

of factors in different laboratories show remarkable similarity to

hESCs based on morphology, surface marker expression, gene

expression profiles, epigenetic status, formation of embryoid bodies

in vitro, and teratoma formation in vivo. What is striking is that the

viral vectors that are used to induce pluripotency are largely

silenced after iPS cell formation, indicating that the iPS cells are

reprogrammed and no longer dependent on transgene expression at

least at the stem cell stage. IPS cells derived from familiar

PD patients could serve as a great model for following the
Fig. 2. Patient-specific stem cells for pathological/screening studies and for autolo

transcription factors including Oct4, Sox2, and Nanog. iPS cells produced in this man

precursors and mature neurons and glia in the same way as ESCs. iPS cells generated from

neuron degeneration, gene therapy (for genetic mutation), and for generating DA neu
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cellular and molecular undertakings of human DA neuron

degeneration process when the iPS cells are differentiated to DA

neurons (Fig. 2).

A prerequisite for the disease iPS cells to serve as a tool for

studying the cellular degenerative process is that the disease iPS

cells can be directed efficiently to the target cell types such as DA

neurons, and exhibit pathological features as predicted from in vivo

studies or clinical observations. Although human iPS cells can

generate teratoma following injection into immune deficient mice,

little information is available if human iPS cells can be differentiated

to neural cells, including DA neurons, in the same efficiency as

hESCs. The good news is that mouse iPS cells have been shown to

differentiate to DA neurons efficiently and these neurons appear

functional [Wernig et al., 2008]. Human iPS cells, generated using

retrovirus, can be differentiated to TH-expressing neurons [Taka-

hashi et al., 2007]. Our unpublished observation indicates that

human iPS cells generated using lentivirus [Yu et al., 2007] can also

be differentiated to DA neurons using the identical method for

differentiating hESCs. Recently, iPS cells were established from ALS

patients and these iPS cells could be differentiated to spinal motor

neurons [Dimos et al., 2008], the main target cells of ALS. We predict

that disease human iPS cells will provide an unprecedented tool

for revealing dynamic cellular and molecular changes along the

degenerative process of human neurons, especially those that are

not readily studied in transgenic animals.
IDENTIFYING MOLECULES THAT STOP THE DA
NEURON DEGENERATION PROCESS

Stem cells carrying disease phenotypes, either from genetic

modification or from naturally occurring mutations (see above

section), can also serve as a template for screening and confirming

chemicals/molecules that slow and/or halt the degenerative process.
gous cell therapy. iPS cells may be established by forced expression of pluripotent

ner exhibit nearly identical phenotypes as ESCs and can be differentiated to neural

PD patients may be used for studying cellular and molecular processes underlying DA

rons for autologous cell therapy.
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The human stem cell system, which generally requires a long-term

culture, may not appear practical for large-scale screening.

Technology needs to be developed to adapt the system for easy

cell preparation as well as quantifiable and reproducible readout.

This will need to be established upon the careful cellular and

molecular analysis of the in vitro pathogenesis. Being an in vitro

system, the stem cell-differentiated DA neurons may be induced to

express a specific phenotype representing a particular pathological

stage, for example, formation of intracellular aggregates, instead of

a simple cell live/death by a specific set of insults (Fig. 2). With a

built-in quantifiable reporter such as the luciferase gene, one may

identify molecules that interfere with the DA neuron degeneration

process with a known cellular/molecular target. This will lead to the

development of drugs aimed at slowing or halting the DA neuron

degeneration rather than the simple symptomatic relief that animal

screening is based on. Of course, findings made from the in vitro

system will require confirmation from intact animal studies.

However, the in vitro human system will speed up the drug

discovery at a much lower cost. Molecules screened based on

bona fide diseased human DA neurons instead of animal cells

or immortalized non-neuronal cells would facilitate faster

translation to clinical application. It is anticipated that the human

stem cell-based screening will become an effective tool for drug

discovery.
DEVELOPING STEM CELL BASED THERAPY FOR PD

Cell therapy, either cell replacement or cell-mediated delivery of

active molecules, remains hopeful for PD patients given the

foundation of fetal cell based clinical trials. There are a number

of issues that need to be addressed before such a therapy

becomes viable, ranging from inconsistent cell source to poor

survival, integration, and functional regulation of grafted DA

neurons, as well as potential risks of immune rejection, overgrowth,

or tumor formation. At present, the fundamental issue, which is

also relevant to this review, is the generation of consistent,

defined, and functional population of transplantable human DA

neurons.
METHODS FOR OBTAINING ENRICHED POPULATION OF

MIDBRAIN DA NEURONS

There are diverse stem cell sources including some non-neural stem

cells that are reported to generate DA neurons or DA-like cells.

Among them ESCs, including those from humans, can consistently

and efficiently differentiate to functional and transplantable DA

neurons. Human ESCs are thus likely the ideal sources at present.

Although no data are yet available, human iPS cells will likely

become the ultimate source given the possibility of generating

patient’s iPS cells, especially when non-genetic and/or safe

approaches are developed to induce stem cells.

Differentiation to DA neurons, as discussed in the previous

section, has been achieved mainly through co-culture with stromal

cells or midbrain astrocytes, or using chemically defined cultures
JOURNAL OF CELLULAR BIOCHEMISTRY
employing recombinant growth factors. Both methods generate a

similar proportion of DA neurons among the general differentiated

cell population. Several issues still need to be solved or improved in

order to make use of stem cell-derived DA neurons toward

therapeutic application. The first issue is the identity of the in

vitro generated DA neurons. DA neurons with the midbrain

phenotype will likely be critical for a successful transplant therapy

(Chung et al., 2005) in terms of survival, phenotypic stability, and

synapse formation with target cells. From the reports to date, DA

neurons carrying the midbrain phenotypes such as expression of

En-1, ptx3, and Girk2, are still a minority. Despite extensive

publications on DA neuron differentiation from hESCs, this critical

issue still awaits careful investigations.

The second issue is the purity of the DA neuron cultures. As in

nearly all differentiation systems, culture methods to date result in a

mixture that contains DA neurons. It is largely unknown what the

non-target (DA neurons) populations are in the mixture. When we

dissect a small region of the fetal brain, we can predict what is in the

tissue, at least in terms of regional identity. In the ESC-differentiated

mixture, there could be a very diverse population of cells,

particularly if the restriction to midbrain is not complete, which

is the case at the present. In hESC differentiation cultures for spinal

motor neurons, we found that RA and SHH (or a small molecule

purmorphamine) almost completely restrict the neural cells to the

ventral spinal cord fate. Therefore, besides the target motor neuronal

cell population that comprises about 80% of the population the

remaining 20% cells are interneurons of the ventral spinal cord

[Li et al., 2008]. Knowing what the non-target cells are in the

differentiated progenies is as important as the target cells

themselves.

One may argue that the best way to solve the purity issues is to

sort the target DA neurons or to remove non-DA neuronal cells.

Indeed, it would be a critical step from the safety standpoint.

Nevertheless, chemical and physical separation strategies will

impose a detrimental effect on the viability of neurons, including DA

neurons. Enrichment of mouse DA neurons by FACS severely affects

the survival of DA neurons, and thus the consequence of transplants

[Hedlund et al., 2008]. One option is to enrich the DA neuron

progenitors, which are generally more resistant to cell separation.

However, such a specific cell surface marker for DA neuron

progenitors is not available. An alternative at this moment is to use a

molecule covering a broader lineage, for example, ventral neural

progenitors. A recent cell lineage tracing study indicates that corin,

a cell surface molecule expressed by floor plate progenitors, is

expressed by the midbrain progenitors that are destined to DA

neurons [Ono et al., 2007]. Cells sorted with corin will likely suffice

the need for enriching midbrain DA neurons and removing the

proliferative anterior neural progenitors, if the neuroepithelia are

restricted to the midbrain region. Even if the progenitors are

patterned to a broader region than just midbrain, progenitors sorted

by floor plate markers like corin may differentiate to additional

neuronal types such as noradrenergic and serotonergic neurons

from the mid/hind brain region. Although the cardinal symptoms of

PD result from loss of DA neurons in the midbrain, there are also

other neurons, including noradrenergic neurons of the locus

coeruleus and serotonergic neurons of the raphe, both of which
STEM CELLS IN DEVELOPMENT OF THERAPEUTICS 1157



are involved in the progression of PD and symptoms of

depression and dementia [Ahlskog, 2007]. The presence of non-

DA neurons may not necessarily be detrimental and isolation of

the ventral neural progenitors from the differentiated progenies is

feasible.

APPROACHES FOR ENHANCING SURVIVAL AND INTEGRATION

OF GRAFTED DA NEURONS

A number of factors can affect the survival of grafted DA neurons

and subsequent functional integration, ranging from cell prepara-

tion to the host environment. Developmentally, the survival of a

neuron depends on the synaptic engagement with its target cells.

Differentiation of ESCs is essentially the recapitulation of devel-

opment. The DA neurons that form synaptic connections with

striatal neurons are mostly originated from the midbrain, especially

the nigra. Hence, it is reasonable to speculate that the extremely

poor survival of grafted hESC-derived DA neurons, seen in recent

reports [Ben Hur et al., 2004; Zeng et al., 2004; Brederlau et al.,

2006; Yang et al., 2008] is at least partly attributed to the identity of

the DA neurons, that is, most of the DA neurons do not possess the

midbrain traits. Indeed, we found that the majority of DA neurons

that survived in the graft for up to 5 months and contributed to

functional improvement of the transplanted animals exhibited

a mesencephalic phenotype by expressing Girk2 [Yang et al.,

2008]. More complete restriction to midbrain DA neuronal lineage

will likely improve the survival and subsequent functional

integration.

Generally speaking, neural progenitors survive better than more

mature neurons during cell preparation and transplantation. We

compared graft survival and the number of DA neurons in the graft

among neural progenitors (3 weeks following ESC differentiation),

putative DA neuronal progenitors (4–5 weeks) and more mature DA

neurons (7 weeks). Transplantation of the above cell types all

resulted in survival of grafts. Somewhat counter intuitively, more

mature DA neurons with a longer-term culture survived more and

contribute to locomotor functional recovery [Yang et al., 2008],

whereas the DA neuronal progenitors with a shorter culture period

resulted in fewer DA neurons with variable functional consequence

(Yang and Zhang, unpublished observation). It is not clear why the

progenitors generate fewer DA neurons in the graft. It is possible that

human (primate) DA neuron progenitors are particularly vulnerable

to environmental changes or may change cell fate in the adult

striatal environment. In clinical practice of fetal brain tissue

transplant, a strict developmental stage of 6–8 week-old human

embryos is essential for successful cell transplantation [Freed et al.,

2001]. Our observation closely matches clinical finding given that

in vitro differentiation is essentially the recapitulation of in vivo

development.

The better survival of DA neurons in the graft with older cultures

may also be attributed to the presence of mesencephalic glial cells.

We have shown that astrocytes, marked by S-100b, generally appear

after 6–8 weeks of culture in our chemically defined condition and

their presence is essential for neuronal synaptogenesis and synaptic

function [Johnson et al., 2007]. As discussed above, DA neuron

differentiation is significantly enhanced by the presence of

mesencephalic astrocytes [Roy et al., 2006]. The presence of
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astrocytes could significantly influence the survival of transplanted

neurons.

STRATEGIES FOR AVOIDING OVERGROWTH AND

IMMUNE REJECTION

Safety is perhaps the number one concern for cell-based therapy.

The nature of ESCs is their ability to differentiate to cell and

tissue types that would normally be seen in an embryo, such as

formation of a teratoma when placed in an excessive numbers in an

immune deficient animal. Differentiated progenies are likely cells

beyond the germ layer stem cell stage. Therefore, generation of

teratomas from hESC-differentiated progenitor or neuronal

cultures, which requires at least 3 weeks of differentiation, is

extremely unlikely. If it happens, it usually points to the

unsuccessful differentiation system and/or abnormal karyotyping

of the inappropriately and excessively expanded ESCs. Hence, the

perception that ESC-derived progenies are more prone to generating

tumors than other types of cultured stem/progenitors is somewhat

misleading.

Prolonged expansion of hESCs, like any other somatic cells, will

result in karyotypic instability [Draper et al., 2004]. Karyotypically

altered hESCs often do not differentiate to the target cell types

as predicated. In a double blinded assessment of the neural

differentiation potential of the NIH approved hESC lines through the

National Stem Cell Bank, poor differentiation in our defined system

almost always suggests the abnormality of the ESCs, which later

turned out to be karyotypically abnormal in each of the cases

(unpublished). Hence, karyotypic instability is a critical concern of

safety. This translates into the appropriate culture system for

maintaining the stem cells and certain limit of expansion.

Of more concern regarding safety is the overgrowth of ESC-

derived progenitors. To date, transplantation of hESC-differentiated

dopamnergic cultures can result in locomotor functional improve-

ment. However, some of these transplants are accompanied by large

grafts in the recipient rat brain [Roy et al., 2006], which raised

skepticism over whether the symptom improvement is attributed by

the grafted DA neurons. Examination of dividing cells in the graft

revealed that nearly all the proliferating cells carry an anterior

phenotype by expressing Otx2 or Foxg1 [Yang et al., 2008]. As

discussed in the previous section, hESC-differentiated neural

progenitors are predominantly of a forebrain phenotype and a

simple treatment with FGF8 and SHH is not sufficient to restrict

them to the midbrain fate. We have previously shown that trans-

plantation of hESC-derived neural progenitors into the neonatal

immune deficient mouse brain will continue to divide for about

3 months before exiting cell cycle [Guillaume et al., 2006]. We

therefore predict that more complete restriction of the progenitors

to the midbrain fate and/or removal of these anterior progenitors

will allow us a better control of cell proliferation following

transplantation.

Due to the xenotransplant nature (human cells to rodent brain) for

which daily immunosuppression is necessary, the test for long-term

safety of the grafted cells is difficult. Additionally, the cellular

interactions between the grafted human cells and the host rodent

cells may also be different from those in allotransplant. Thus, a

better model is needed to assess the efficacy and safety of stem cell
JOURNAL OF CELLULAR BIOCHEMISTRY



progenies in a long term. Recipient animals with an immune

deficient background, such as SCID mice, will generally serve the

purpose.

An even better model to assess the long-term efficacy and safety

is autologous primate transplant model. Non-human primates can

be reproducibly induced to develop PD by 1-methyl 4-phenyl

1,2,3,6-tetrahydropyridine. Given the success in establishing rodent

and human iPS cells, it is realistic to produce monkey iPS cells from

biopsied tissues like skin. Differentiation of DA neurons from

monkey ES cells can be achieved like human ES cells. Hence, DA

neurons differentiated from monkey iPS cells can then be

transplanted back to the PD monkey. This will avoid immune

rejection, the ultimate frontier stem cell therapy has to face. This will

in turn allow long-term observation of the efficacy and safety. This

experimental system mimics future application of human iPS cell-

derived DA neurons for PD patients (Fig. 2), a model for personalized

regenerative medicine.
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