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Abstract

Parkinson’s disease (PD) researchers have pioneered the use of cell-based therapies (CBTs) in the central nervous
system. CBTs for PD were originally envisioned as a way to replace the dopaminergic nigral neurons lost with
the disease. Several sources of catecholaminergic cells, including autografts of adrenal medulla and allografts or
xenografts of mesencephalic fetal tissue, were successfully assessed in animal models, but their clinical trans-
lation has yielded poor results and much controversy. Recent breakthroughs on cell biology are helping to
develop novel cell lines that could be used for regenerative medicine. Their future successful clinical application
depends on identifying and solving the problems encountered in previous CBTs trials. In this review, we
critically analyze past CBTs’ clinical translation, the impact of the host in graft survival, and the role of pre-
clinical studies and emerging new cell lines. We propose that the prediction of clinical results from preclinical
studies requires experimental designs that allow blind data acquisition and statistical analysis, assessment of the
therapy in models that parallel clinical conditions, looking for sources of complications or side effects, and

limiting optimism bias when reporting outcomes. Antioxid. Redox Signal. 11, 2189-2208.

Introduction

PARKINSON'S DISEASE (PD) is a chronic, progressive neu-
rodegenerative disorder of unknown etiology that affects
1% of the population over 55 years of age. It is characterized
by specific movement dysfunction that includes resting tre-
mor, bradykinesia (slowing of voluntary movements), altered
gait, muscular rigidity, postural instability, and flat unemo-
tional, fixed facial expression. The pathological hallmarks of
the disease are the loss of dopamine (DA)-producing neurons
in the substantia nigra pars compacta (SNpc) and the pres-
ence of intracytoplasmic inclusions called Lewy bodies that
are formed primarily from alpha-synuclein and ubiquitin.
Chronic inflammation and signs of oxidative stress have been
observed in the brains of PD patients (151). A definitive cause
of PD is not clear, but risks factors such as increasing age and
exposure to environmental toxins have been linked to the
sporadic form of the disease. The identification of alpha-
synuclein genetic mutations in familial cases (118, 147) has
renewed the search for a genetic component in PD and has
brought attention to the role of the intracytoplasmic accu-
mulation of proteins in neurodegeneration. Other genetic
mutations have since been implicated in both dominant
and recessive occurrences of parkinsonism: a heterozygous

leucine-rich repeat kinase 2 (LRRK2) mutation in cases of
autosomal dominant parkinsonism (39, 78) and three specific
genes (parkin, PINK1, and DJ-1) in autosomal recessive, early-
onset parkinsonism (157, 101).

The loss of dopaminergic neurons in the SNpc results in
decreased levels of DA in the striatum (composed of the
caudate nucleus and putamen). This is the primary area of
projection of these neurons and part of the network that
modulates motor function. DA replacement, mainly by oral
administration of L-DOPA or DA agonists, has become the
mainstay of pharmaceutical and adjunctive therapeutic
treatment. As the disease progresses, new symptoms become
evident, a number of which do not respond to DA replace-
ment (21, 88). With continued administration, the period in
which L-DOPA is efficacious (“on time”) decreases and ab-
normal movements (dyskinesias) related to the treatment
appear (16). Deep brain stimulation (DBS) of the globus pal-
lidus interna (Gpi) or the subthalamic nucleus are effective
surgical treatment options that restore functional balance in
the motor neural network; yet, as the number of patients
treated with DBS increases, so do the reports of surgical and
nonsurgical complications resulting from this approved
therapy (e.g., ref. 167). Clinical trials attempting to replace
lost dopaminergic nigral neurons (these trials will be
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discussed later in this review) did not produce significant
improvement in PD symptoms and were associated with se-
rious side effects.

PD also presents with a variety of nonmotor symptoms,
such as autonomic dysfunction and sleep disturbances (88).
These are not responsive to treatments targeting DA loss and
are associated with the presence of Lewy bodies and neuro-
degeneration of areas in the central and peripheral nervous
system different from the dopaminergic nigrostriatal nuclei
(Fig. 1). This newly acquired appreciation of PD complexity,
in conjunction with the limitations of current therapies and
the failure of cell replacement trials, has shifted the emphasis
of the field from cell replacement of DA neurons to the de-
velopment of neuroprotective strategies aiming to slow or
halt PD progression in the SNpc and beyond. The search
for biomarkers that will provide early identification of PD
and allow implementation of intervention, as well as an un-
biased assessment of disease progression, are new research
priorities.

What are cell-based therapies (CBTs) and what role can
they play in our current understanding of PD? CBTs can be
defined as a class of therapeutic agents that are intended
for implantation, transplantation, infusion, or transfer into a
human recipient. They include cells and tissues, as well as cel-
lular and tissue-based products (65). Classified in this fashion,
CBTs can provide solutions to PD that go beyond replacing
lost DA neurons, additionally helping to produce and deliver
treatments.

In this article, we first examine the findings of past CBT
preclinical and clinical trials (Fig. 2), ongoing studies and new
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cell sources. We then analyze the encountered problems.
We conclude by proposing strategies to help predict, and
overcome the hurdles inherent to, potential clinical issues
associated with the application of cell-based technologies for
treating PD.

Repairing Nigral Cell Loss: The Original Goal of CBTs

The death of dopaminergic nigral neurons and concomitant
loss of striatal DA have been at the epicenter of PD research
since its identification in the early 1960s (17, 46), in accordance
with Tretiakoff’s 1919 thesis (165a). This stems from the fact
that the typical and most disabling PD symptoms (motor
dysfunction) are associated with nigral neurodegeneration
and have been shown to be responsive to DA therapy. At-
tempting to replace the lost cells with functioning equivalent
cells was the original application of CBTs: the possibility of
repairing the circuit was the ultimate goal of neurotrans-
plantation. This idea was supported by the belief that the
brain was a post-mitotic organ that, after reaching full de-
velopment, did not have the capacity for self-repair. New
neurons were not believed to develop in the adult brain. At
that time, knowledge of trophic factors and their potential to
stimulate plastic changes was limited. The first report of
successful “brain transplants” was produced by Dunn in 1917
(44), after brain tissue was grafted from one newborn rat
into another (Fig. 2). In the late 1970s, Bjorklund and col-
leagues (18) suggested the conceptual basis of CBTs for cell
replacement in PD. The investigators used rats that received
unilateral administration of the dopaminergic neurotoxin
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FIG. 2. Timeline of major events shaping the development of CBTs for PD. Refer to text for a more comprehensive list.

6-hydroxy-dopamine (6-OHDA) in the medial forebrain
bundle. They assessed improvements in the hemiparkin-
sonian syndrome by measuring changes in the direction and
intensity of the rotations induced by dopaminergic agents.
The investigators showed that transplantation of mesence-
phalic fetal tissue into the striatum led to increased neuronal
survival and amelioration of circling behaviors (18).

Investigators proposing the clinical application of CBTs
realized that translation would require testing their efforts
in hosts with larger brains and more complex anatomy
and behavior than rodents (28). The identification of the
human dopaminergic neurotoxin 1-methyl-4-phenyl-1,2,3,
6-tetrahydropyridine (MPTP) was a discovery that revolu-
tionized PD research and helped to develop the application of
CBTs (37, 89). MPTP can cross the blood-brain barrier and is
transformed in the brain into its toxic metabolite MPP* by the
enzyme monoamine oxidase B (MAO B). In monkeys, MPTP
can be administered by different routes (e.g., i.v., im., in-
tracarotid artery), and the characteristics of the resultant PD
syndrome depend on the method of infusion. MPTP toxicity
was also tested in rodents and found to affect mice, as they,
like human and nonhuman primates, have high levels of in-
tracerebral MAO B. (119).

While administration of 6-OHDA in rats and MPTP in
mice produces DA nigrostriatal loss, the induced symptoms
in rodents are not entirely comparable with human PD. In
contrast, nonhuman primates intoxicated with MPTP develop
a PD-like state that closely resembles the sporadic form of
the disease (23, 48, 90). Another issue of importance for CBT
evaluation is that, compared to monkeys, rodents’ brain size
and complexity allows for limited evaluation of surgical tar-
gets and cell distribution. Furthermore, laboratory rats and
mice are highly inbred and, as such, their immunological re-
sponse to foreign cells is compromised in relation to other
species. The investigators pioneering grafting techniques
used primarily MPTP to induce parkinsonism in monkeys in
order to test fetal monkey tissue transplants in a DA-depleted
host. Ultimately, they were simultaneously establishing a
new model of PD while developing original transplant
methods.

As fetal tissue availability is limited and accompanied by
ethical considerations based on its origin, investigators sear-
ched for alternative sources of DA-releasing cells. Autologous
grafts of adrenal medullary tissue were proposed with the
rationale that self-transplants would be immunologically
compatible and devoid of the risk of disease transfer between
donor and host. Success would then depend upon the pa-
tients’ overall health and ability to overcome two major sur-
geries: the first, an abdominal procedure to extract the adrenal
medulla, and the second, a neurosurgical procedure to in-

troduce the graft into the striatum. The selection of the striatal
target was to ensure prompt DA release in the primary area
affected by nigral cell loss. In 1981, Freed et al. (58) showed
graft survival in rats. In 1984, Morihisa and colleagues (111)
transplanted adrenal medullary tissue into MPTP-treated
parkinsonian rhesus monkeys and showed limited cell sur-
vival in four animals (10-300 cells per subject). In this study,
the investigators also transplanted fetal cells, but they did not
survive. In follow-up experiments, poor survival of trans-
planted adrenal tissue was also found (117). Though the
parkinsonian signs ameliorated, researchers hypothesized
that the intense host-derived dopaminergic sprouting in the
transplanted area was responsible for the behavioral im-
provements. In later studies, increased graft survival was
observed when chromaffin cells were purified using a Percoll
gradient that diminished the content of endothelial compo-
nents (135). In 1987, Madrazo and colleagues reported the first
clinical use of adrenal medullary autografts (to the caudate
nucleus). The investigators showed dramatic improvement of
PD symptoms in 2 patients. Following these promising re-
sults, several similar case studies were undertaken, reporting
different, less favorable outcomes (121). In 1989, a multicenter
study of 19 patients (61) showed minimal temporary im-
provements in behavioral deficits following adrenal medul-
lary grafting. This was recorded as decreased mean severity of
“off” time (time when the positive effects of pharmacological
treatment wear off) as assessed by both the Activities of Daily
Living subscale of the Unified Parkinson’s Disease Rating
Scale (UPDRS) and the Schwab and England scale. Despite
this evidence, the dosage of antiparkinsonian medications
could not be decreased and postoperative morbidity was
considerable. The investigators concluded that the application
of the procedure outside of research centers was premature
due to the relative high-risk and low benefit for patients.
Postmortem results of the clinical cases confirmed the findings
of poor cell survival and localized sprouting observed in the
nonhuman primate experiments.

Throughout this time, fetal tissue research continued. Me-
sencephalic fetal tissue grafts were first performed in par-
kinsonian monkeys by Bakay and colleagues in 1985 (8) and
Redmond and colleagues in 1986 (125). They were followed
by several reports of fetal tissue transplants performed in
young adult monkeys (Table 1). The emphases of these initial
studies were on optimizing the grafting technique, analyzing
the effect of donor age, refining harvesting techniques, tissue
preservation, and tissue preparation. Most studies used a
limited number of animals that received MPTP or 6-OHDA to
induce DA depletion and a severe PD syndrome. The surgi-
cal target was primarily the caudate nucleus. Transplanted
monkeys were not immunosuppressed or treated with
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CELL-BASED THERAPIES FOR PD

L-DOPA. These studies successfully demonstrated feasibility
of the technique and cell survival. Amelioration of the par-
kinsonian syndrome was also documented.

In 1988 (2-3 years after the first monkey experiments were
published), the first human case reports were released (69, 98,
108). A number of small clinical trials followed showing
variable degrees of success (121). The different surgical tech-
niques, age of fetuses, and methods of cell preparation made it
difficult to attempt comparisons across multiple studies and
draw any viable conclusions. The Core Assessment Program
for Intracerebral Transplantation (CAPIT) was created to
improve the rigor and comparability when evaluating the
efficacy of future studies. It was clear that there was a need for
trials in which there was a control group and a standardized
system for fetal tissue selection/preparation, selection of host
targets, medication management, and overall assessment
methods.

Starting in 1994, the National Institutes of Health (NIH)
funded two prospective, double-blind, randomized control
trials. Both used rigorous scientific methods to assess the ef-
ficacy and safety of transplanting fetal mesencephalic grafts to
treat PD, including the use of surgical sham operations to
assess the placebo effect of the procedures.

In 2001, Curt Freed and Stanley Fahn published the results
of their clinical trial (57). Forty patients were treated: 20 re-
ceived bilateral postcommissural putaminal grafts of ventral
mesencephalic fetal neurons, and 20 had a sham procedure
consisting of a burr hole drilled into their skull. None of the
patients were immunosuppressed. The fetal cells were cul-
tured for 1 week prior to transplantation. Patient reports on
activity of daily living (recorded at home for 12 months) were
the primary endpoint for evaluation of treatment outcome.
The results of the study did not show significant differences
between treatment groups. Further analysis revealed that
patients younger than 60 years old performed significantly
better in the subjective reports as well as in the secondary
measure, the Unified Parkinson’s Disease Rating Scale
(UPDRS), at 1 year (28% improvement) and 3 years (38%
improvement) post-transplantation. Seventeen of the 20 pa-
tients in the transplantation group showed extensive in vivo
survival of transplanted neurons, as evidenced by increased
18F fluorodopa uptake on positron emission tomography
(PET). This finding was confirmed in postmortem examina-
tions. An unexpected outcome was the occurrence in 5 fetal
grafted patients of dystonia and dyskinesias that did not
ameliorate with reduction or cessation of L-DOPA treat-
ment. These uncontrolled, abnormal movements that were
not associated with L-DOPA administration were named
“runaway” dyskinesias.

The outcome of a subsequent trial, led by Warren Olanow
and Thomas Freeman, was highly anticipated, and in 2003
results were released (114). Thirty-four patients were treated:
11 received bilateral postcommissural putaminal grafts of
ventral mesencephalic fetal neurons from one donor fetus, 12
from four donor fetuses, and 11 received bilateral sham pro-
cedures. All patients underwent oral cyclosporine (CsA) im-
munosuppression that started 2 weeks prior to surgery and
continued for 6 months after grafting. The patients were fol-
lowed for 2 years and the primary endpoint was the UPDRS
motor subscore. Similar to the Freed and colleagues trial, this
study failed to meet the primary endpoint, revealing no sig-
nificant differences in the effect of treatments between groups.
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Younger patients and those with less severe PD at baseline
showed improvement in the UPDRS score. Patients with four
donor grafts had more 18F fluorodopa uptake on PET.
“Runaway” dyskinesias were observed in half the graft-
treated patients by one year post transplant. Similar to the
Freed and Fahn trial, the dyskinesias did not improve with
reduction or cessation of dopamine replacement treatment.

Other Clinical Trials for Cell Replacement in PD

While the fetal tissue trials were ongoing, investigators
assessed a number of alternative sources of dopaminergic
neurons, from other animal species, cadaveric human and
autologous. Their aim was to overcome the practical and
ethical limitations of using fetal cells for large-scale clinical
applications.

Porcine xenograft

Cells equivalent to human fetal mesencephalic neurons
obtained from animal sources were proposed as an alternative
to human fetal tissue. Problems associated with xenografts
include the high risk of graft rejection and the possibility of
introducing into the human host viruses to which they are not
immune. Aware of these issues, investigators developed im-
munosuppression protocols and screening assays in order to
pursue this line of research. One candidate species was por-
cine, as pigs have large brains that resemble primate organi-
zation and have long been used in research studies. Porcine
mesencephalic dopaminergic fetal neurons were grafted into
PD rats (59). The transplanted cells survived and improve-
ments in motor function were observed. A Phase I clinical trial
(55) in 12 subjects followed. The patients were treated with
twodifferentimmunosuppressiveregimes: cyclosporine (CsA)
or monoclonal antibodies against major histocompatibility
complex (MHC). No graft-to-host transmission of porcine
diseases was found. Both groups showed improvement dur-
ing the “off” period in UPDRS scores, but there was individual
variability in response. An 18F FDOPA PET scan did not show
an increase in uptake, suggesting that the cells were lost. In a
similar double-blind placebo-controlled study, 10 subjects
received bilateral grafts and 8 had sham surgeries. Patients
received short-term prednisone treatment and long-term
CsA immunosuppression. None of the patients developed
disabling dyskinesias or titers against porcine endogenous
retrovirus (PERV), but no significant improvements in
PD symptoms were documented. The mesencephalic fetal
porcine cells presented similar challenges to success, as did
the human fetal tissue grafts, with the added complication
of a magnified immunological reaction triggered by the xe-
nograft (129).

Human retinal pigmented epithelial cells

Human retinal pigmented epithelial (hRPE) cells produce
L-DOPA as a step in the production of eumelanin; they also
produce DA and can be obtained from cadaveric sources.
These characteristics suggested they might be suitable as an
alternative cell type for DA replacement. Preclinical trials
showed that transplantation of hRPE attached to gel micro-
carriers (Spheramine®, Titan Pharmaceuticals, Inc.) into the
striatum of parkinsonian rats and monkeys improved motor
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function. Cell survival was observed, as well as a mild in-
flammatory reaction (42, 170). Based on these results, a pilot
study in six patients was performed. None of the patients
received immunosuppression. Improvements in UPDRS were
observed at 6 months and continued to 12 months; 3 patients
showed lower dyskinesia scale scores as compared to baseline
(9). As safety and tolerability were documented, a double
blind clinical trial (phase IIb) was initiated. The trial, however,
was halted after the 12 months follow up, as the results did not
meet the study’s primary or key secondary endpoint, that is,
no significant differences were detected between the Spher-
amine and sham surgery arms of the study (http://www.
medicalnewstoday.com/articles/113908.php).

Autologous sympathetic ganglion
and carotid cell bodies

The idea of using autologous transplants to treat PD
was not abandoned after the failed adrenal medulla trials.
Instead, other sources of catecholaminergic-producing cells
that might be more easily obtained were investigated. Auto-
logous sympathetic ganglion cell grafts were tested in a PD rat
model showing improvement of rotational behavior and cell
survival (113). A trial of 35 patients with advanced PD fol-
lowed; only about half showed improvements in bradykine-
sia and gait disturbances that persisted 3 years following
transplantation (76). No serious complications were observed,
although all patients showed mild ptosis (drooping eyelids)
related to the loss of sympathetic innervation to the superior
tarsal muscle.

Carotid cell bodies have also been proposed as an alter-
native source of dopaminergic cells. These neural crest-
derived cells produce DA and release it when they sense low
oxygen levels. In rat and monkey PD models, striatal grafts of
carotid body cells improved motor behavior (66, 104, 159). A
clinical trial in 13 patients showed initial success, though
there was variability between cases: Ten of 12 blindly video-
analyzed patients showed amelioration of motor symptoms
and “off” period dyskinesias were not observed. Three years
after the transplants, 3 of 6 patients maintained improvement.
A nonsignificant 5% increase in mean putaminal 18F FDOPA
uptake was observed but there was an inverse relationship
between clinical amelioration and annual decline in putam-
inal 18F FDOPA uptake. Investigators suggested that the
positive effects of the carotid body grafts were mediated by
trophic factor release, instead of being associated with in-
creased striatal DA as predicted (6, 110).

Ex Vivo Gene Therapy for PD

Gene transfer has emerged as an approach to chronically
and locally deliver therapeutic molecules into the brain. Dif-
ferent methods have been evaluated to treat PD models since
the early 1990s. Though delivery can be achieved by infusion
using cannulae and pumps, risks such as infection of the lines,
tissue redistribution, and the necessity of refilling the reser-
voir are considerable. Liposomal delivery is an alternative
delivery method, but it has its own inherent risks. With this
type of delivery, it is difficult to predict inflammatory and
other reactions in the brain, as well as the fact that additional
intracerebral injections would be needed, as the therapeutic
success for PD may require chronic delivery. In response to
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these risks, more direct alternatives were developed and uti-
lized. Ex vivo (manipulation of live cells in a rigorously con-
trolled environment outside the organism) and in vivo (direct
injection of viral vectors into the host) gene therapy methods
have been developed. (48) While a number of in vivo gene
therapy trials for PD are ongoing, clinical translation of ex vivo
methods for PD still awaits (52).

Ex vivo gene transfer emerged as a possible way to “manu-
facture” a cell that could deliver a therapeutic molecule while
being a safer alternative to in vivo gene therapy. The benefits of
this method are that the transfected cells can be monitored
before transplantation for the effects of viral infection and the
production of a foreign protein; thus the possibility of intro-
ducing a live virus into the host is very low. In addition, the
efficacy of the transfection and protein expression can be tested
and optimal batches selected for transplantation. Similar to
in vivo gene therapy, ex vivo transplants can incorporate reg-
ulatable promoters to stop gene expression in case of unwanted
side effects. Another added advantage is that the efficacy of the
system can be evaluated in vitro as, until now, regulatable
systems could be “leaky.” An alternative method (only advis-
able for ex vivo therapy) is the novel, genetically engineered
kill-switch to terminate the cells and completely stop product
synthesis. The type of cell and the vector system used for
grafting are critical factors for delivering therapeutic levels of
the transgene product to the desired target. While vector de-
velopment has improved over the years, appropriate sources of
cells have been limited until recently.

The first ex vivo strategies were aimed at classical DA re-
placement (148). For example, autologous fibroblasts were
genetically engineered to produce tyrosine hydroxylase (the
limiting enzyme for DA production (e.g., ref. 10). Following
the identification of glial cell line-derived neurotrophic factor
(GDNF) as a potent DA trophic factor, ex vivo strategies to
deliver GDNF were developed. Encapsulated GDNF pro-
ducing C2C12 cells were transplanted in MPTP-treated ba-
boons (83). The monkeys showed temporary improvements
of their parkinsonian symptoms but the problem of a low and
variable protein production by the encapsulated cells re-
mained. This was likely due to limited cell survival inside the
semi-permeable polymer. Developments in cell biology are
providing new cell sources for ex vivo gene therapy (see be-
low). An example is the application of human neuropro-
genitor (hNP) cells for delivery of trophic factors. These cells
have been shown to survive and locally produce GDNF in the
brain of parkinsonian immunosuppressed rats and monkeys
(Fig. 3) (4, 14). Ex vivo delivery of insulin-like growth factor-1
(IGF-1) to parkinsonian rats has also yielded positive results
in the rodent models (45) and is being analyzed as an alter-
native to GDNF due to the controversial results of direct
protein delivery trials (137). Despite these positive outcomes,
the immune reaction against human cells in xenografts has
halted the clinical translation for PD until more compatible
cell sources are developed.

Breakthroughs in Neurobiology and Cell Biology
Affect the Use of CBTs for PD

The search for the best cell to treat PD is ongoing. New cell
sources have emerged as the result of biological break-
throughs and development of new technologies (Figs. 4 and 5,
Table 2). These events, added to the accumulated information
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FIG. 3. Ex vivo gene ther-
apy using human neuropro-
genitor cells. hNP cells were
transfected with lentiviral
vectors encoding for glial de-
rived neurotrophic factor
(GDNF) and transplanted
into the striatum of a cyno-
molgus monkey intoxicated
with a single intracarotid ar-
tery injection of MPTP. Used
with permission from ref. 42.

from the failed clinical trials, are reshaping how CBTs are
conceptualized.

A viable cell candidate for neuroregenerative medicine
appears to be human neuroprogenitor (hNP) cells (166).
Though hNP cells are limited in ways that stem cells are not
(mainly pluripotency and self-renewal), they remain a valu-
able tool in regenerative research. Their potential ability to
migrate to areas in the body where needed makes them ideal
for many therapies. hNP cells proliferate in the germinal
layers of the brain and can multiply to create cell lines. These
multipotent cells can then be differentiated into a DA phe-
notype in vitro (133). Transplants of hNP cells to rodents were
able to survive and migrate to areas affected by PD (143).
Studies in MPTP-treated monkeys have shown behavioral
improvements, cell survival, and migration, while hNP cell
progeny seemed to differentiate in vivo into DA-like neurons
and glial phenotypes (19, 20, 122). The properties of the hNP
cells differ between cell lines and the species in which they are
transplanted, exemplified by the fact that migration is not
always observed (48). Transplants of hNP cells into rats and
monkeys were designed with clinical translation in mind,
following USA Food and Drug Administration (FDA) rec-
ommendations, which state that the same product pro-
posed for use in humans should first be tested in animals. As
such, investigators working with rodent or monkey models
were confronted with the dilemma of using human cells (the
product to be used in clinical patients) and risking minimal
cell survival, or testing cells from the same species as the host
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and losing translational value. Animals receiving xenografts
were treated with immunosuppressants, an immune reaction
was still present (Fig. 6).

Although hNP cells are typically obtained from the ger-
minal layer of a fetal brain, the birth of new neurons, or
neurogenesis, in the adult nonhuman and human primate
brain has also been documented (49, 62). Astrocytes in the sub-
ventricular zone of the human adult brain seem to have the
potential to generate neuroprogenitor cells (130). These re-
ports, plus earlier studies in rodents, shattered the previous
conception that the mature brain cannot produce new cells
(1, 25,79, 81). This new finding, combined with the discovery
of GDNF as a potent dopaminergic trophic factor for DA
neurons (60, 97), created the possibility of curing PD by
helping the brain heal itself rather than through replacing its
dying cells. The option of recruiting hNP cells already present
in the human brain is an interesting possibility, but its utility
has not yet been proven (120). As an alternative, investigators
are assessing the prospect of using hNP cells present in the
adult brain from biopsies or cadavers.

Other alternative cells have been investigated for their
therapeutic potential and the possibility of transdifferentia-
tion to multiple cell types, specifically neural lineage. Pro-
mising cell sources have been shown to be stem cells derived
from bone marrow (BM), umbilical cord blood (UCB), and
adipose adult stromal tissue (ADAS) (50, 95, 107). These types
of cells can be endogenously sourced, retaining the possibility
for autologous transplantation. In addition to their use as

FIG. 4. Sources of cells for Adrenal Medulla Fetal Brain Carotid Body Retinal Cells Adult Brain
PD CBTs.
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Applications of Cell-based Technologies for PD
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FIG. 5. Possible applications of cell-based technologies for PD. CBTs for PD are traditionally envisioned as cell re-
placement strategies aiming for circuit restoration. New developments in gene transfer, stem cells, and tissue culture tech-
niques are expanding CBTSs’ role in vivo as a mean for localized delivery of therapeutic molecules that can be spontaneously
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transplantable cell sources, BM- and UCB-derived stem cells
have been used in vitro to support embryonic stem (ES) cell
growth (138, 179). BM- and UCB-derived stem cells remain
challenging as sources for transplantation due to difficulties
involved with their proliferation. To be a feasible option, the
cells must maintain long term self-renewal, be genetically
stable, and not spontaneously differentiate. McCoy and col-
leagues (107) reported neuronal differentiation in vitro of
ADAS cells for transplantation and examined in rodents if the
cells provided any neuroprotective benefits against the PD-
inducing neurotoxin 6-OHDA. The differentiated cells’ re-
sults were measured against naive grafts of ADAS cells:
both were shown to have DA neuroprotective effects in
hemiparkinsonian rats. Levy and colleagues (95) transplanted
neural-induced human BM mesenchymal stromal cells into
hemi-parkinsonian rats to find both behavioral improvement
as well as the presence of dopaminergic precursors in grafted
sites. The researchers compared induced cells to naive and
found the effect of the neural-induced cells significant. Further
investigation and analysis must be undertaken to demonstrate
the safety and efficacy of these cell types and their ability to
present a stable phenotype and survive long term in vivo.
Embryonic stem (ES) cells obtained from blastocysts have
the potential to become any cell of the body. In 1995, the first
nonhuman primate ES cells were isolated (161, 162), followed
in 1998 by human ES (hES; 160) cells. The development of hES
lines signified unlimited sources of human cells for studies in
developmental biology, drug discovery, transplantation, and
regenerative medicine. The first desired application of ES cells
for PD was to obtain DA neurons for cell replacement. In
2000, mouse ES cells were differentiated into a DA phenotype
(92), followed a few years later by human (116, 174) and
nonhuman primate ES cells (154). As midbrain DA neurons
are the primary cells lost in PD, they can be generated from ES
cells and a sorting process can be used to select and filter out
these specific DA neurons. There are multiple benefits to the
specific selection of midbrain DA neuron from ES cell culture,
including decreased risk of tumor or teratoma formation and
the possibility that grafts containing large portions of mid-
brain DA neurons promote greater attenuation of PD symp-

toms. This suggests that the selection for midbrain-specific
DA neurons could be a determining factor in the success of the
transplanted cells. The transcription factor Pitx3 has been
used successfully to select for midbrain DA neurons. In con-
junction with fluorescence-activated cell sorting (FACS),
specificity can be achieved in a differentiating ES cell culture
(67). Similar work has been done to investigate the role of
Lmxla and Msx1 in the generation of midbrain-specific DA
neurons from ES cells in culture (2, 26). It has also been shown
that human DA neurons can be generated in coculture with
PAG6 cells, with the resultant cells expressing the appropriate
markers and displaying the functional properties of mature
DA neurons (24, 182). Despite in vitro success, transplantation
of differentiated ES cells proved more difficult. The subse-
quent funding support and research efforts were devoted to
improving hES-derived DA neurons. Successful grafts were
performed in parkinsonian rats (175). Transplantation of hES
cells into MPTP-treated monkeys was attempted with limited
cell survival, possibly due to host brain immune reaction
against the xenografts. Allographic transplantation of mon-
key ES cell-derived DA neurons into the same species pro-
duced a better outcome, though it was associated with limited
cell survival (154). Additionally, the necessity at the time for
the presence of mouse fibroblast feeder cells to maintain stem
cells in culture was an added immunological complication.
Advances in ES cell-derived DA cell replacement languished
as problems accumulated. In the meantime, investigators
using ES cells sought to find more efficient ways to produce
DA neurons and solve the problems of intracerebral graft
survival in addition to the other challenges identified by the
fetal tissue trials. Although cell lines were available, the eth-
ical dilemma concerning the origin of ES was still unavoid-
able, limiting the further development of hES-based clinical
therapies. USA federal funding for hES was limited to re-
search performed in authorized cell lines, limiting the chances
for creating new ones.

Parthenogenesis, somatic cell nuclear transfer, and altered
somatic cell nuclear transfer came to be as potential means of
bypassing the ethical implication of destroying a human em-
bryo to obtain hES (80). Parthenogenesis is an asexual form of
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TABLE 2. CoMPARISON BETWEEN NEwW CELL TYPES CURRENTLY PROPOSED FOR Usg oN CBTs ror PD
AND OTHER NEUROLOGICAL DISORDERS

Cell Type Advantages

Disadvantages

NPCs * Multipotent

* Proven capacity to differentiate

into DA phenotypes
* Multiple cell lines

Bone marrow * Multipotent
* Availability
* Multiple cell lines

Fetal origin
Grafting requires
immunosuppression

Difficult to preserve long term
self-renewal
Challenge to differentiate

Can be genetically matched * Low yield
to male or female donor
Cord blood * Multipotent * Difficult to preserve long term self-renewal
¢ Availability * Grafting may require immunosuppression
* Multiple cell lines * Challenge to differentiate
* Low yield
Fat tissue * Multipotent * Difficult to preserve long term self-renewal
* Availability * Grafting requires immunosuppression
» Multiple cell lines ¢ Challenge to differentiate
* Low yield
ES (pre-implantation * Pluripotent * Embryonic origin
blastocyst) * Multiple cell lines * Potential teratoma formation
* Proven capacity to differentiate * Challenge to maintain pluripotency
to DA phenotypes * Culture necessities (e.g. feeders)
* Mutations
ES — parthenogenetic * Pluripotent * Requires unfertilized oocyte
* Proven capacity to differentiate * Spontaneous differentiation
to DA phenotypes
* Can be genetically matched to
female donor
ES - somatic cell nuclear * Pluripotent * Requires unfertilized oocyte
transfer (cloning) * Can be genetically matched to * Low success rate
male or female donor * Genetic instability
* Potential teratoma formation
* Can create implantable embryo
* High cost
ES - altered nuclear * Pluripotent ¢ Requires unfertilized oocyte
transfer * Can be genetically matched to * Low success rate
male or female donor * Genetic instability
* Inability to create implantable * Potential teratoma formation
embryo * High cost
iPS Pluripotent * Retrovirally-induced cancers/tumor
Source availability formation

Ability to differentiate
Low cost

male or female donor

Can be genetically matched to

ES, embryonic stem cells; iPS, induced pluripotent stem cells; NPCs, neuroprogenitor stem cells.

reproduction where development of embryos occurs without
fertilization by a male. In the absence of paternal DNA,
mammalian eggs cannot fully develop but can provide blas-
tocysts to generate parthenogenesis-derived ES cell lines that
could be differentiated into a desired phenotype. This possi-
bility has been proven using cynomolgus monkey cells. Using
the cyno-1 cell line, investigators differentiated the ES cells into
dopaminergic neurons (116) and these cells were successfully
transplanted into parkinsonian rats (132). This method has the
potential to generate an immunological match to a female
donor. Another method is somatic cell nuclear transfer, or
therapeutic cloning. Although it has been achieved in mam-

malian species, it has a very low success rate and is still as-
sociated with the ethical issue of being able to produce an
implantable embryo that could fully develop. This method has
been used to generate ES cell-derived DA neurons that were
then grafted into parkinsonian mice with the advantage of a
perfect immunological match to the host (152). The contro-
versial work of Hwang et al. suggested that patient-specific
somatic cell nuclear transfer can be used to develop lines from
patients suffering from injury or disease; thus indicating the
future application of such methods to study in vitro the
mechanisms of patient-specific disease progression (71). Al-
tered nuclear transfer evolved as a more acceptable alternative
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A - Vehicle

B - hNPCs

to cloning, as the cells are genetically engineered to inhibit
embryo implantation as a result of generating defective tro-
phoblasts (70).

A new direction in ES technology came in the form of the
development of feeder-independent culture methods (102)
that negated the risk of inducing cross-species contamination
if cells were used in humans. Yet their benefits were curtailed
as federal funding required the use of authorized ES cell lines,
which had already been exposed to mouse feeder cells. Other
cell sources were as controversial as the original hES cells,
or presented challenges in their method of production that
would have to be solved prior to clinical translation. Inter-
estingly, in January 2009, the FDA approved the first clinical
trial using human embryonic stem cell derivatives. Geron
Corp., a biotechnology company based in California, will study
the safety of stem cell-based treatment of spinal cord injuries
in up to 10 patients (112). The results of this trial will directly
influence the future of CBTs for PD. Investigators will be
closely watching this initial foray into clinical trials for safety
and efficacy. It should be mentioned that a few months later
(March 9, 2009) the USA President B. Obama signed the “Stem
Cell Executive Order and Scientific Integrity Presidential
Memorandum” that lifted the 8-year ban on federal funding
for embryonic stem cell research (http: //www.whitehouse.gov/
the_press_office/Remarks-of-the-President-As-Prepared-for-
Delivery-Signing-of-Stem-Cell-Executive-Order-and-Scientific-
Integrity-Presidential-Memorandum/). Investigators and
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FIG. 6. Immunological reaction to intrace-
rebral injections. CD68 expression (marker
for microglia/macrophages; arrows) is ob-
served after MRI-guided stereotaxic intrace-
rebral injections of: (A) Vehicle (cell culture
media), (B) hNP cell transplants.

stem cell advocates celebrated this presidential decision that
will hopefully promote advances in CBTs.

The most promising discovery for CBTs has been the cre-
ation of induced pluripotent stem (iPS) cells from skin fibro-
blasts (155, 177), by finding a combination of genes capable of
de-differentiating cells committed to an adult phenotype. This
technology resolved critical ethical questions associated with
the use of embryos, cloning, and the availability of oocytes.
Successful iPS generation from macaque fibroblasts has also
been achieved and the cells further induced into a neural
lineage (100). A report that motor neurons and astroglia de-
rived from iPS cells originating from an 82-year old female
with familial (carrying a SOD-1 mutation) amyotrophic lateral
sclerosis (ALS) demonstrated that it is feasible to obtain iPS
cells from the fibroblasts of aged patients with progressive
neurodegenerative disease (40). Researchers have recently
been able to obtain iPS cells from PD patients using viral re-
programming factor-free methods and differentiate them into
dopaminergic neurons (145).

Considerations such as genetic background (identification
of patients with familial PD) may lead to the development of
“healthy” iPS cell lines with major histocompatibility com-
plex (MHC) characteristics to match individual patient needs.
By using iPS cell-derived transplants, investigators will have
a chance to assess the impact that immunological match-
ing has on cell survival, function, circuit integration, and
synaptogenesis (171). Despite their immense potential, iPS cell
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transplants will still have to overcome all the major hurdles
presented in other grafts: survival, staying differentiated, and
remaining genetically stable. Investigators are working to
find approaches that can inhibit persistent cell proliferation
and limit heterogeneity of cells in the transplants. Cell enrich-
ment approaches are being tested to drive DA differentiation
and cell selection prior to transplantation in order to eliminate
thetransplant variability seen in fetal tissue trials (73, 74, 75, 82).
The continued knowledge gained with ES cells will facilitate
progress in iPS discovery. Yet, the true advantage of iPS cell
technologies may be the ability to evaluate the behavior of the
cells in culture. This allows for assessment on a molecular and
cellular level that is specific to individual PD patients. Contin-
ued future production of neurons or glia from PD patients will
help us understand PD mechanisms of cell death and life and
the relative roles of genetics and environment in PD. This
would allow for the screening of drugs and tailoring of
patient-specific therapies (Fig. 7) (31, 115). These advances
have the potential to benefit PD patients far beyond repair of
the DA nigrostriatal system.

The Role of Preclinical Studies in the Application
of Past and fFuture CBTs

While new cell sources present exciting opportunities to
treat PD, the success of clinical translation of therapies
that require intracerebral grafting depends on learning from
failed trials, accepting the limitations of current animal
models (as none of them show the full spectrum of symptoms
or the slow progression of PD) and performing critical pre-
clinical research.

In the past, every CBT has demonstrated marginal clinical
benefits when the trials reached a phase II stage that requires
double-blind, placebo-controlled methods. The negative re-
sults of the two large NIH-sponsored clinical trials (57, 114)
had the biggest impact on the use of CBTs for the treatment of
PD. They confirmed the complexity of attempting cell re-
placement and circuit repair and showed that CBTs had more
limitations and side effects than the designers had originally
anticipated. Although some patients improved, the results
showed low efficacy and high risk of the treatment compared
to other approved therapies, such as DBS. It should be men-
tioned that before the trials were funded, some researchers
expressed their concerns that the transplant methods were not
well enough understood for adequately powered clinical tri-
als and that a failure was highly possible (33, 172).

The main setbacks in the NIH-funded fetal tissue trials
were the individual variability in the response to the grafts
and the runaway dyskinesias. Analysis of the accumulated
case reports leading to the phase II fetal trials shows that the
transplants improved PD signs, but there was individual
variability in the magnitude of the response and the incidence
of complications, such as dystonia (64) and dyskinesias (38,
77, 84). The developed techniques ensured graft survival, as
documented in postmortem cases. In some, the graft or the
host appeared to extend processes and form synapses (86).
Yet, the individual differences in the clinical response suggest
that several grafts were not producing enough DA to improve
PD motor signs. This could have been due to heterogeneity of
the transplanted cells that define low yield of ideal fetal DA
nigral neurons. The grafted cells could have been lost due to
insufficient immunosuppression or inappropriate targeting.
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Another possibility is that other areas of the brain not targeted
by the transplants, such as the caudate nucleus, were missing
DA. In contrast, the presence of runaway dyskinesias raises
the possibility of localized overproduction of DA. Compar-
ison between the results of the open label and the double-
blind clinical trials raises the concern that “optimism bias” by
the researchers accelerated the clinical application, probably
stimulated by the scarcity of alternative treatments for ad-
vanced PD patients. [It should be noted that the FDA ap-
proved DBS as a treatment for PD in 2002; http:/www.
fda.gov/MedicalDevices/ProductsandMedicalProcedures/
DeviceApprovalsandClearances/Recently-ApprovedDevices/
ucm083894.htm)].

There are several reasons that may explain why the pre-
clinical studies failed to predict the negative clinical results. It
should be reiterated that investigators developing grafting
techniques were also pioneering the use of the MPTP monkey
model. As such, preclinical studies demonstrated feasibility of
grafting fetal cells and the proposed methods allowed intra-
cerebral cell survival of allogeneic dopaminergic fetal tissue.
Amelioration of the monkeys’ parkinsonism was also docu-
mented. It is clear that there were limitations in the experi-
mental designs and dissociation between the animal studies
and the human trials (Table 1). For example, the number of
animals per treatment group was usually small and did not
allow for blind acquisition of data and statistical power
analysis. Most nonhuman primate studies targeted the grafts
to the caudate nucleus, yet the clinical cases were grafted into
the postcommisural putamen. Understanding and quantify-
ing the difference in striatal volume between human and
nonhuman primates is essential to the clinical translation
of therapies (176). The ability to predict these ratios could
greatly enhance accuracy in designing therapies for clinical
use based on the preliminary nonhuman primate research.
The nonhuman primate research leading to fetal tissue trials
had emphasized optimizing transplantation methods but ne-
glected the effect that the condition of the host could have on
the graft. Young adult monkeys were used and whether old
age (similar to that of the PD population) affected the efficacy
of the grafts was never tested. Most patients in the control
or treatment groups of the clinical trials received chronic
L-DOPA treatment before and after the transplants. Although
some rodent results suggested that chronic L-DOPA affected
graft success (178), in monkeys the effects of this widely used
treatment on graft survival and dyskinesia onset were not
evaluated and the efficacy of the grafts was not compared to
optimal anti-parkinsonian dosage. None of the animals in the
preclinical trials received immunosuppression (with the ex-
ception of three monkeys receiving human fetal cells; 123) and
a systematic assessment of changes within the host brain and
the possible effects on the graft were missing.

New animal studies have been published to address issues
such as target areas for transplantation, the effect of suspen-
sions versus solid grafts (126), and the effect of different en-
riched culture media to improve cell survival and decrease
graft cell heterogeneity (108). Multiple implantation sites in-
cluding caudate nucleus and globus pallidus can improve
anti-parkinsonian efficacy as well as address the issue that PD
involves more than nigrostriatal DA loss (3-5, 36). Develop-
ment of models of dyskinesias in rodents (103) and monkeys
(91) are helping researchers understand the nature of run-
away dyskinesias, primarily what characteristics of the graft
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FIG. 7. Methods of labeling and identification of human cells grafted into the brain of nonhuman primates
(A) Immunohistochemistry against bromodeoxyuridine (BrdU). hNP cells were incubated with BrdU before transplantation
into the striatum of a cynomolgus monkey (used with permission from ref. 112). (B) hNP cells from a male donor were
transplanted in a female cynomolgus monkey host brain and identified using a probe against the Y chromosome (pink dots)
(used with permission from ref. 42). (C) immunohistochemistry against Green Fluorescent Protein (GFP)-labeled hES cells

transplanted into the striatum of a rhesus monkey.

and host response affect the efficacy of the transplant and
possible subsequent development of the abnormal move-
ments (29, 30, 144). The prediction of clinical results from
preclinical studies depends on using experimental designs
that allow blind data acquisition and statistical analysis, as-
sessing the therapy in investigational conditions that parallel
clinical situations, looking for potential sources of complica-
tions or side effects and limiting optimism bias when report-
ing outcomes.

The “Host Factor” Affects Graft Survival
and Function

The results of fetal tissue trials, as well as the other CBT
trials, all reflect that CBTs” success depends not only on the
viability of the implanted cells, but also upon various host
factors.

Evidence of the importance of the host environment was
presented in 1997 in a report analyzing the brains of two fetal
tissue-treated patients that died from unrelated causes. The
investigators described the presence of infiltrates of microglia/
macrophages, B, and T cells around the graft site (87). This
observation suggested that the host brain was immunologically
responding to the grafted cells, in a fashion consistent with
chronic rejection (129, 156). Since the grafts appeared healthy at
the time of transplantation, researchers proposed two distinct
possibilities: that the infiltrates could affect the long-term via-

bility and function of the grafts or that the immune cells could
be producing trophic factors to aid in the survival and inte-
gration of the graft. When the results of the NIH-trials were
released, the concept that the host was negatively affecting the
graft became a possibility.

More recently, two different postmortem reports of long-
term (11-16 years) grafted patients described three cases in
which some engrafted cells developed PD pathology, ob-
served as the presence of Lewy bodies (22, 85, 96, 106). Pro-
posed mechanisms for development of these intracytoplasmic
inclusions are nigral high levels of oxidative stress, chronic
inflammation, and excitotoxicity, or host-to-graft disease
propagation by prion-like activity. Another possibility is that
alpha-synuclein may be excreted by local affected cells, taken
up by grafted cells inducing intracytoplasmic accumulations
that could impair neuronal function. These findings suggest
that grafts may only be a temporary solution, as the trans-
planted cells may also become “parkinsonian”.

Based on these findings, it can be argued that the PD brain
may be a hostile environment for resident and transplanted
DA neurons (Fig. 8). Graft rejection may be facilitated by a
local milieu already in a reactive state. Within this context,
long-term successful transplants require a modification of
their surroundings, such as the use of co-grafts (34), localized
delivery of trophic factors by gene therapy or by systematic
administration of neuroprotective agents. These interventions
could provide novel means of facilitating graft survival (151)
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and, in the case of systemic treatments, simultaneously affect
other systems beyond nigrostriatal DA; possibly improving
the overall signs of PD.

Summary and Perspective

This review reflected on past preclinical and clinical CBT
trials, and the current understanding of PD, in order to gain
insight that can facilitate the future successful translation of
appropriate cell-based technologies.

The clinical results strongly suggest the need for preclinical
and clinical investigators to have close, true interactions. This
approach facilitates the identification of problems that arise
during the clinical translation of CBTs. In that context, exper-
imental designs in the laboratory should strive to replicate as
closely as possible the targeted human condition, including
medications, with the purpose of developing accurate pre-
dictors of therapeutic effects. This is especially important as
it is an unavoidable incongruence that while MPTP-treated
nonhuman primates are currently the best model for PD in
preclinical trials, neurotoxic treatment does not identically
replicate the slow, progressive degenerative process of PD. The
use of experimental outcome measures that mirror clinical ones
will aid in data sharing between basic and clinical scientists.
Clinicians directing the human translation have to understand
the conditions and methods utilized in preclinical research, as
well as their limitations (e.g., lack of chronic L-DOPA treat-
ment). It is useless to preclinically develop treatment protocols
(e.g., for caudate targets) that are ultimately different in the
clinical setting. Experiments with a small sample of animals
is an efficient way to assess feasibility of a certain therapy (a
common practice in nonhuman primate research due to the
cost and availability of subjects); however, evaluation of effi-
cacy requires statistically powered experiments, randomized
assignment of the subjects, and blind collection and analysis of
the data. Comparisons between the efficacy of a new treatment
and conventional treatments, like L-DOPA, need to be part of
the preclinical evaluation. Moreover, the selection of a CBT for
clinical translation has to be weighed (magnitude of the posi-
tive effects and possible complications) against current treat-
ments available (like DBS) and other therapies in the pipeline.
Clinical translation of invasive procedures cannot be rushed.
Optimism bias in scientific reporting is an issue that should be
addressed during peer reviews of material.

Circuit repair is more complex than was previously as-
sumed. A combination of strategies aiming to avoid immu-
nological reaction, modify the PD microenvironment, support
cell survival, and guide synaptogenesis may be required.
Solving the issue of graft rejection will depend on improving
immunosuppression techniques and/or developing cell lines
that match the immunological makeup of the host. In that
regard, iPS cells may provide ethically acceptable autologous
cells that eliminate or reduce this variable. CBTs have the
potential to be used to identify treatment targets, as well as to
deliver trophic factors for regenerative therapy, or in co-grafts
aiding in graft survival. Additionally, the transplantation of
nigral neurons into a target area (as done in most studies),
rather than in the area of origin for the neurons in a properly
functioning brain may not be the most effective approach.
Teams of cell biologists and bioengineers are working to de-
vise in vivo methods of guiding transplanted cells to their
targets and assisting circuit reconstruction.
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CBTs for PD are evolving as products of a greater under-
standing of the disease, enhanced by developments in neuro-
logical and cell biology. Breakthroughs, such as iPS cells, have
the potential to help solve the PD puzzle, allowing for the
development of individualized medical treatments and the
ability to target PD as a whole in each patient. A shift in the way
CBTs are conceived for the treatment of PD has begun, and
its future success depends on learning from the pioneers of
the past.
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F-DOPA = [18F] flourodopa
GDNEF =glial cell line-derived neurotrophic factor

Abbreviations Used

B =bilateral
BrdU =bromodeoxyuridine
Cau = caudate nucleus
CBT = cell-based therapy
CsA =cyclosporine A
Cx = cortex
DA = dopamine
DBS = deep brain stimulation
ES =embryonic stem
FACS = fluorescence-activated cell sorting

GFP = green fluorescent protein
GPi = globus pallidus interna
hNP =human neural progenitor
hRPE =human retinal pigment epithelial
iPS =induced pluripotent stem
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L-DOPA = levo-dihydroxyphenylalanin
Lmxla=LIM homeobox transcription factor 1, alpha
LRRK?2 = leucine-rich repeat kinase 2
MHC = major histocompatibility complex
MPP+ = 1-methyl-4-phenylpyridinium
MPTP = 2-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
Msx1 = MSh homeobox homolog 1 protein
6-OHDA = 6-hydroxy-dopamine

PD =Parkinson’s disease
PET = positron emission tomography
PINK1 =PTEN induced putative kinase 1
Pitx3 = paired-like homeodomain transcription factor 3

Pu = putamen
Snack = substantia nigra pars compacta

U = unilateral

UPDRS = Unified Parkinson’s Disease Rating Scale




