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1. Introduction

Idiopathic Parkinson’s disease (PD) is caused by progressive degeneration of melanin
containing dopaminergic neurons in substantia nigra pars compacta in the upper brain
stem. The loss of dopaminergic neurons results in a gradual decrease of dopaminergic input
to the striatum leading to the cardinal symptoms rigidity, tremor, hypokinesia and
occasionally postural instability.

One of the prospects for a curative treatment for PD is to replace the lost dopaminergic
neurons by intracerebral transplantation. Grafting of fetal midbrain dopaminergic neurons
into the dopamine-depleted striatum has thus emerged as an experimental therapeutic
approach for PD. Preclinical and clinical trials have demonstrated that such fetal
dopaminergic neurons have the potential to markedly improve motor function in animal
models and PD patients. Over the last decades, approximately 400 PD patients have been
grafted, and graft survival in the dopamine-depleted striatum, with substantial motor
improvements, has been reported particularly in younger patients. However, looking across
all the studies, where several different protocols and donor ages have been used, the
symptomatic relief is inconsistent and not yet of a magnitude that would justify treatment at
a large scale. Ethical concerns related to the use of human fetal brain tissue, shortage of
suitable donor tissue and a poor survival of grafted dopaminergic neurons has stimulated
the search for other reliable sources of donor material and development of applicable gene
technological techniques for improving graft survival, differentiation and functional
integration.

Expanded midbrain precursor cells, predifferentiated human embryonic stem cells or
induced pluripotent stem cells as well as human neural stem cells and mesenchymal stem
cells have been proposed as promising alternative sources of donor cells. In this chapter we
will review current status and discuss crucial issues that remain to be resolved to develop
cell replacement into an effective and safe therapy.

2. Treatment strategies for Parkinson’s disease

Conventional treatment of PD is symptomatic and includes pharmacotherapy, possibly
combined with surgical deep brain stimulation (DBS). These symptomatic treatments are
highly effective at managing the motor symptoms, especially in the early stages of the
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disease. However, they have limited capability to improve symptoms at more advanced
stages, thus new therapeutic and restorative strategies, including the use of neuroprotective
agents, in vivo gene therapy, genetically engineered cell lines (“cell factories”) and stem cells,
are in development. Providing a continuous supply of dopamine to the striatum using viral
delivery of enzymes in the dopamine synthesis is one approach. Other experimental
strategies aim at protecting and stimulating sprouting of remaining dopaminergic neurons
using neurotrophic factors or directly replacing lost innervation by transplantation of
primary dopaminergic tissue or stem cell-derived dopaminergic neurons. Here we focus on
the perspectives of recent developments in the latter approach and provide a historical
review of neural transplantation as potential future therapy for PD.

2.1 Symptomatic treatment strategies

The observation of dopamine depletion in the striatum of PD patients (Carlsson, Lindqvist,
and Magnusson 1957), led to development of the now classical L-dopa replacement therapy,
with subsequent dramatic clinical benefit to virtually all patients. Medication with the
dopamine precursor L-dopa results in effective improvements of motor symptoms, and it is
still the most commonly used drug for treatment of PD - alone or in combination with other
drugs acting primarily on the dopaminergic system. Unfortunately, L-dopa gradually loses
its effect (typically after 5-7 years of L-dopa treatment) as the remaining dopaminergic
neurons continue to degenerate and patients experience end-of-dose deterioration and start
to fluctuate between states, where they are immobile called “off”-periods” and states where
they are able to move called “on”-periods”. In addition, the treatment is coupled to further
motor complications such as L-dopa-induced dyskinesias and often also psychiatric
symptoms (Fahn 2006). This clearly underlines the need for development of new systemic
pharmacological therapies or alternative treatment strategies.

In addition to L-dopa treatment, other drugs are used to stimulate the deteriorated
dopaminergic neurotransmission, such as dopamine agonists and inhibitors of monoamine
oxidase B and catechol-O-methyl transferase, both enzymes which prevent the breakdown
of dopamine (Hauser and Zesiewicz 2007). So far, no medication has been shown to slow the
loss of dopaminergic neurons in PD, but there are some indications from preclinical studies
that the monoamine oxidase B inhibitor, rasagiline, might have neuroprotective effects.
Recently, a large, double-blind placebo-controlled clinical trial showed that patients
receiving a rasagiline dose of 1 mg per day experienced benefits that were consistent with a
possible disease modifying effect, whereas treatment with a dose of 2 mg per day had no
such effect (Olanow et al. 2009). Thus, these results must be further evaluated and additional
studies performed in order to draw valid conclusions. A problem in studies of
neuroprotection by medicaments known for symptomatic relief is the use of clinical
measures, such as a change in score on the Unified Parkinson’s Disease Rating Scale
(UPDRS), as primary outcome measures. This makes it difficult to distinguish pure
symptomatic benefit from real neuroprotection, as both would be reflected in improved
scores. Thus, the possibilities of using independent and objective biomarkers in future trials,
such as Positron Emmision Tomography (PET) imaging of nigrostriatal dopamine terminals
are being investigated (Lohle and Reichmann 2010).

Surgical procedures, such as thalamotomy or pallidotomy, and circuit inhibition by high-
frequency DBS through electrodes implanted in the globus pallidus or the subthalamic
nucleus have gained considerably attention as therapies for PD. In general, DBS is preferable
to the prior ablative surgical methods since electrical stimulation is both reversible and
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programmable. Especially, stimulation in the subthalamic nucleus has shown to improve
motor function and reduce dyskinesias and need for medication (Pahwa et al. 2006).
Although ablative surgery and DBS eliminate or ameliorate certain symptoms of the disease,
the long-term effect is not well known. DBS has been increasingly established in several
clinical trials, but questions remain regarding the best timing of the procedure, the best
anatomical target for stimulation, ways to avoid preoperative and postoperative adverse
effects as well as which patients should be selected for the treatment (Morley and Hurtig
2010). Unfortunately, this treatment is also not restorative and cannot slow down or prevent
disease progression, and most patients experience progressive worsening over time.
Furthermore, DBS only treat a fairly specific set of symptoms (mostly, L-dopa induced
dyskinesias and/or tremor) and has no effect on other clinical manifestations, such as
postural instability.

2.2 Intracerebral transplantation — a historical perspective

Cell replacement therapy for treatment of PD is based on the idea that immature
dopaminergic neurons, following transplantation and functional integration, can restore
dopaminergic neurotransmission and exert long-lasting effects on motor symptoms. Based
on data from animal experimentation, the current main focus is on elevating striatal
dopamine levels rather than trying to reconstruct the relatively long nigrostriatal pathway.
Here we provide an overview of different cell types and tissues that have been used for
grafting in PD - with emphasis on fetal ventral mesencephalic tissue, which has resulted in
the greatest clinical benefits. This is followed by a discussion of future perspectives of cell
replacement for PD, with particular focus on stem cell based strategies.

2.2.1 Autografts

Ethical and immunological issues can be avoided by use of autografts for treatment of any
disorder, including PD, making this strategy very attractive. The first clinical experiments
with grafting to the brains of PD patients involved autografts of adrenal medullary tissue,
which secretes dopamine among other catecholamines (Backlund et al. 1985; Lindvall et al.
1987; Drucker-Colin et al. 1988; Freed, Poltorak, and Becker 1990). These small open-label
clinical trials caused initial enthusiasm, but have largely been abandoned since 1989 after
failure in a number of clinical trials (Allen et al. 1989; Goetz et al. 1991). Some patients
experienced modest effects for a limited period of time, and post-mortem studies showed
poor survival of the grafted tissue (Hurtig et al. 1989; Kordower et al. 1991). A recent follow-
up study, performed 16 years after adrenal medulla transplantation showed few surviving
chromaffin cells and a complete absence of tyrosine hydroxylase (TH)-positive cells at the
graft site, providing evidence of no long-term survival of adrenal medullary transplants
(Kompoliti et al. 2007).

Autografts of sympathetic ganglion neurons, collected from the cervical or thoracic
sympathetic chain, have also been considered as a source of donor cells for PD patients.
Sympathetic ganglion neurons have been shown to express the enzymes aromatic amino
acid decarboxylase and vesicular monoamine transporter 2, which are involved in
production and transport of dopamine, both in vitro and after transplantation to a rat model
of PD (Nakao et al. 2001; Nakao et al. 2004). Thus, their ability to convert exogenous L-dopa
to dopamine and to store the synthesized dopamine was thought to be a potential action.
Accordingly, some patients experienced increased duration of L-dopa-induced "on"-periods
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with consequent reduction of time spent in "off' phase with overall improvement in
bradykinesia, but no significant change in the UPDRS scores (Itakura et al. 1997; Nakao et al.
2004). Overall, these limited clinical benefits along with the rather invasive techniques for
obtaining the ganglionic tissue make this an unsuitable approach.

A third approach has been autografts of carotid body cells, which normally secrete
dopamine and divide in response to hypoxic stimuli (Espejo et al. 1998). Striatal
transplantation of carotid body cells resulted in partial functional recovery in rat and
primate models of PD (Espejo et al. 1998; Luquin et al. 1999). This led to a small clinical
study (Arjona et al. 2003), where most patients experienced motor improvement seen as a
reduction in their UPDRS “off”-score, however, there was no increase in [!8F]-fluorodopa
uptake in the transplanted striatum as seen by PET imaging. Furthermore, it was shown that
the surviving number of dopaminergic neurons in the transplants was very low (Arjona et
al. 2003). Thus, the reason for the motor improvements remains unclear.

2.2.2 Fetal ventral mesencephalic grafts

In 1979, the first two successful attempts of transplantation with fetal ventral mesencephalic
cells in animal models were reported (Perlow et al. 1979; Bjorklund and Stenevi 1979). These
studies showed that rat fetal ventral mesencephalic tissue transplanted into rats with
unilateral 6-hydroxydopamine (6-OHDA) lesions could reverse lesion-induced behavioral
deficits. Furthermore, the grafted dopaminergic neurons innervated the striatum and were
found to form synapses with host neurons. These initial and pioneering results initiated a
series of studies in rodents examining the survival and functional capacity of dopaminergic
neurons following grafting into different brain regions (Dunnett et al. 1983; Dunnett et al.
1981; Freund et al. 1985). Improvements were clearly seen when grafts were placed in the
striatum, whereas attempts to graft into the substantia nigra, the ventral mesencephalic sub-
region with dopaminergic cell body degeneration, showed survival of cells, but they did not
innervate the striatum and had no significant functional effects (Dunnett et al. 1983). In 1986,
human fetal ventral mesencephalic tissue was reported to survive transplantation into
immunosuppressed, 6-OHDA lesioned rats and exert functional effects on motor behavior
(Brundin et al. 1986; Stromberg et al. 1986). The best outcomes were seen for tissue derived
from human fetuses, obtained at 5.5-8 weeks postconception. The results of these studies
paved the way for the first systematic clinical transplantation trials with dopaminergic
neurons to PD patients.

Since 1987, several so-called open-label trials (trials where small groups of patients receive
transplants without the use of any control group or blinding procedure) have been
performed. These initial trials have revealed that fetal human nigral neurons, taken at a
stage of development when they have started to express their dopaminergic phenotype, can
survive, integrate and function in the human brain. In 1990, the first study demonstrating
survival and functional effects of grafted human ventral mesencephalic tissue in an
immunosuppressed PD patient was published (Lindvall et al. 1990) and during the
following years a wide number of open-label trials reported improved motor functions in
the absence of medication and reduced time spend in the “off” phase (Madrazo et al. 1990;
Brundin et al. 2000; Freed et al. 1992; Freed, Breeze, Rosenberg, Schneck, Wells, Barrett,
Grafton, Huang et al. 1990; Freed, Breeze, Rosenberg, Schneck, Wells, Barrett, Grafton,
Mazziotta et al. 1990; Lindvall et al. 1989; Lindvall et al. 1994; Peschanski et al. 1994).
Furthermore, in some cases even reduced dyskinesias in the “on” state were seen (Freed,
Breeze, Rosenberg, Schneck, Wells, Barrett, Grafton, Huang et al. 1990; Freed, Breeze,
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Rosenberg, Schneck, Wells, Barrett, Grafton, Mazziotta et al. 1990; Madrazo et al. 1990) and
some patients were able to stop their antiparkinsonian medication. Imaging studies showed
that the grafts gradually gave rise to improved striatal ['8F]-fluorodopa uptake and few
patients, who died of unrelated courses long time after surgery, had several thousand
surviving dopaminergic neurons that innervated their striatum (Mendez et al. 2005;
Kordower et al. 1995).

A major problem with transplantation of mesencephalic dopaminergic neurons in PD is that
the outcome has varied dramatically between transplantation centers and also between
patients treated at the same center essentially using the same procedure. Two main
parameters are likely to be responsible for the mixed outcomes. First, differences between
the PD patients regarding age, genetic background, stage of their disease, prior medication
and precise neuropathological profile. The second issue is related to the surgery and post-
grafting treatment such as numbers of cells being grafted, number and sites of injection,
variation in surgical technique as well as tissue preparation (fresh versus stored tissue) and
immunosuppression treatment (Bjorklund et al. 2003).

2.2.2.1 Double-blind placebo-controlled trials

The greatest setback for the neural transplantation field in PD was the outcome of two
double-blind placebo-controlled trials in the late 1990s (Olanow et al. 2003; Freed et al. 2001).
The objective of these trials, funded by the National Institute of Health (USA), was to
properly support the clinical benefits of the transplantation procedure seen in the open label
trials. The first trial involved 40 PD patients between 34 and 75 years of age and with
average disease duration of 14 years (Freed et al. 2001). Patients were randomly assigned to
receive a transplant or undergo sham surgery. The human ventral mesencephalic donor
tissue, obtained from 7-8 week old fetuses, was cultured for up to 4 weeks as “tissue
strands”. Cultured tissue from two embryos was transplanted into the putamen on each side
and no immunosuppression was used. Control patients received a sham-surgery with burr
holes, but without penetration of the meninges. One year after transplantation there was no
significant improvement in the transplant group (20% reduction in the motor part of the
UPDRS as compared to the placebo group). However, when looking at the subgroup of
younger patients (<60 years) a significant reduction of 30-35% was found. Though,
subsequent analysis have suggested that the main determinant of this correlation was the
preoperative L-dopa responsiveness rather than the age of the patient, as even older patients
with good preoperative L-dopa responsiveness showed similar improvements (Bjorklund et
al. 2003). Although the clinical benefits were modest and variable, PET scannings showed
significant increase in [!8F]-fluorodopa uptake in the putamen of the transplant as compared
to the placebo group, and postmortem analysis showed dopaminergic neuronal survival
and fiber outgrowth in the graft. However, the number of surviving dopaminergic neurons
was lower than that reported for other patients with good clinical response to their
transplants (Freed et al. 2001).

Another outcome and concern from this trial was the appearance of L-dopa-independent,
graft-induced dyskinesias in 15% of the patients more than 1 year after surgery. The reasons
for the limited clinical outcome and the induction of graft-induced dyskinesias remain
largely unknown, but various factors have been suggested to be of critical relevance. For
instance, the amount of grafted tissue was smaller than that of other more successful trials,
which may explain the low recovery of dopaminergic neurons seen by postmortem analysis.
Furthermore, the absence of immunosuppressive treatment may have compromised
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dopaminergic cell survival, as may the storage of the fetal tissue up to 4 weeks prior to
transplantation.

The second double-blind placebo-controlled trial involved 34 patients with advanced PD,
aged between 30 and 75 years (Olanow et al. 2003). Patients were randomly assigned to
receive bilateral transplantation with either 1 or 4 donors per side or sham surgery. Solid
ventral mesencephalic tissue was obtained from 6-9 week old fetuses and stored for 2 days
prior to transplantation. All patients received immunosuppression (cyclosporine A) starting
2 weeks before the transplantation and continuing for up to 6 month after surgery. Two
years after transplantation, no significant treatment effects were assessed by the motor
component of the UPDRS in the “off” medication, but there was a tendency for an improved
motor score for the 4-donor group. Moreover, no differences between groups in terms of the
change in time spend in “on” without dyskinesias and in required L-dopa dose was found.
However, subsequent analysis based on disease severity showed that patients in the 4-donor
group with preoperative less severe disease did display significant improvements in their
UPDRS motor scores. Also patients both in the 1 and 4-donor groups showed significant
motor improvements compared to placebo at 6 and 9 month after transplantation, but this
effect declined thereafter, which may be related to the withdrawal of the
immunosuppressive therapy at this time point. In fact, the initial improvements were
similar to that reported for some of the previous open label trials. PET scannings showed
significant bilateral increase in striatal [!8F]-fluorodopa uptake in both transplant groups as
compared to the placebo group, with the 4-donor group displaying the greatest increase.
Postmortem analysis also revealed good survival of dopaminergic neurons with relatively
good innervations of the striatum, again with the 4-donor group showing the best results.
However, as in the study by Freed et al. (2001), development of significant off-medication
graft-induced dyskinesias were observed in 56% of the grafted patients 6 to 12 month after
transplantation.

Thus, the results of these two double-blind placebo-controlled trials raised serious concerns
about the utility and safety of fetal ventral mesencephalic transplants in PD patients. The
main concerns related to the moderate efficacy of the transplants compared to previous
open-label trials and to the development of graft-induced dyskinesias in a significant
number of patients. The differences in the study design between the open-label trials and
the placebo-controlled trials may contribute the the poor outcome of the placebo-controlled
studies. However, the specific reasons remain largely unresolved as further discussed in the
next section.

2.2.2.2 Lessons from the clinical trials and the TRANSEURO project

Several issues have been suggested as explanations for the inconsistencies of the
transplantation trials using fetal ventral mesencephalic tissue, such as patient selection,
tissue preparation, graft placement and the need for immunosuppressive treatment. So far
there is no clear consensus as to whether one or all of these factors contribute. As a
consequence of all these possible confounders a re-evaluation of the field of neural grafting
for PD has been undertaken. First, the indications that patient selection may be an important
factor come from the observations that the best results in the double-blind placebo-
controlled trials were seen for patients with less severe disease and good preoperative
response to L-dopa. Furthermore, there is also some evidence that older patients generally
do less well (Winkler, Kirik, and Bjorklund 2005). Second, parameters such as the number
and age of donor fetuses, surgical techniques applied and graft placement may all have
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affected the survival and functional integration of the grafted dopaminergic neurons. In the
study by Freed et al. (2001) the method involved less tissue, stored for longer times, while
the Olanow et al. (2003) study used tissue pieces, stored for a short period of time. Several
studies have shown that a variety of issues in the preparation process are critical for the
optimization of dopaminergic cell survival in the transplants and some of the factors used in
the protocols from these trials may have had harmful effects on dopaminergic cell survival
after transplantation. Third, immunosuppression is an issue. Even though the brain is
considered an immunologically privileged site, the host immunesystem can respond to the
graft. Previous animal experiments have shown that intracerebral allografts of fetal ventral
mesencephalic tissue can survive for prolonged periods in the absence of any
immunosuppression (Head and Griffin 1985). However, in cases where the donor and host
differ immunologically on both major and minor histocompatibility antigens, the graft is
likely to induce a long-lasting inflammatory response, accompanied by upregulation of class
I and class II antigens on the grafted cells, sustained expression of immunological markers,
and macrophage and microglial activation at the graft site (Hudson et al. 1994; Shinoda et al.
1995, 1996). The intensity of the immune reaction can increase over time, indicating that the
immune cells observed in the brain after grafting are not stationary and inactive but rather
provide an ongoing inflammatory process (Shinoda et al. 1995). Nonetheless, the major
clinical transplantation centers have in some cases chosen not to immunosuppres the PD
patients (Freed et al. 2001) or to use a mild treatment for only 6 month (Olanow et al. 2003).
Lastly, the mechanisms behind the development of graft-induced dyskinesias are not fully
understood. These dyskinesias differ in nature compared to the typical L-dopa-induced
dyskinesias. The severity tend to correlate negatively with the ['8F]-fluorodopa uptake in the
striatum prior to transplantation, but it does not correlate with improvement in the UPDSC
scores or daily medication needs after transplantation. Moreover, their appearance does not
seem to relate to the severity of the preoperative L-dopa induced dyskinesias or the change
in these after transplantation. Several factors have been suggested to cause the graft induced
dyskinesias, such as inhomogeneous dopaminergic reinnervation of the host putamen (Ma
et al. 2002), the presence of cells other than A9 dopaminergic neurons within the grafts,
especially serotonergic neurons included in the grafts (Carlsson et al. 2007; Carta et al. 2007)
and the graft size and placement in the striatum (Lane et al. 2006).

Thus, increased understanding of possible mechanism behind the disappointing results of the
two double-blind placebo-controlled trials has led to initiation of a new clinical trial using fetal
transplants for PD. This exciting project, called TRANSEURO, is funded by the 7th Framework
Program of the European Commission and is a major collaboration between leading experts as
clinicians, scientists, industrial partners, ethicists and patients’ representative in this field
(http:/ /www.transeuro.org.uk/index.html). The main goals of the project are to show that
consistency and efficacy of dopaminergic cell replacement in PD can be improved by careful
attention to tissue preparation and delivery, patient selection and immunosuppressive
treatment as discussed above. Moreover, to show that dopaminergic cell replacement can be
clinically efficacious in the absence of any troublesome graft induced dyskinesias in patients
with mild PD and to develop a protocol that can serve as a template for all future clinical trials
in the cell therapy field, including expected future stem cell-based therapies. The first patients
are to be transplanted in the beginning of 2012. After that, a double-blind placebo-controlled
trial will be performed at several centers in Europe and USA. The general idea is to try to push
the field ahead, while techniques for development of suitable cells from human stem cells are
being conducted (Holden 2009).
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2.2.2.3 Long-term post-mortem studies of fetal mesencephalic grafts

Recent post-mortem studies have shown that grafted dopaminergic neurons survive for up
to 16 years in the brains of PD patients after transplantation (Mendez et al. 2008; Li et al.
2008; Kordower et al. 2008). These studies include in total 6 patients with long-term survival
(9-16 years) after transplantation and all had experienced clinical benefits, though to a
variable degree. In general, the grafts contained numerous TH-positive dopaminergic
neurons with fibers innervating the host striatum. The grafts largely resembled those in
patients who died 1.5-4 years after transplantation (Mendez et al. 2005; Kordower et al.
1996), though with lower numbers of TH-positive cells. Thus, these studies provide the first
evidence of long-term survival of grafted dopaminergic neurons in PD. However, in two of
these studies Lewy bodies and a-synuclein aggregates were found in few of the grafted cells
(Kordower et al. 2008; Li et al. 2008). Low levels of dopamine transporter was also found in
some of the grafted cells, which had not been seen for patients who died 1.5 year after
transplantation (Kordower et al. 2008). Thus, these observations suggest that the
pathogenetic process in PD can affect the transplanted neurons. At the moment, it is unclear
what the functional significance of these findings is, but it is important to note that the
majority of the grafted cells appeared normal and healthy and even if the graft may start to
degenerate after 10 years or more due to host to graft disease propagation, the therapeutic
window for cell transplantation would still be wide enough to allow a significant clinical
intervention.

2.2.3 Xenografts

Xenografting is transplantation of tissue between different species. Fetal porcine neural
tissue has been considered the most suitable alternative source for transplantation into the
human brain due to the ease of breeding and the similarity in brain size combined with a
protracted gestational period, which may provide the basis for long-distance axonal growth
after grafting. Another interesting perspective has been the potential development of non-
immunogenic transgenic donor pigs. The ability of xenografted ventral mesencephalic tissue
to survive and mediate functional benefits in animal models of PD (Brevig et al. 2001;
Galpern et al. 1996; Huffaker et al. 1989) led to a clinical safety trial, where 12 PD patients
received unilateral striatal transplants of porcine ventral mesencephalic tissue suspensions
(Schumacher et al. 2000; Deacon et al. 1997). A significant reduction in UPDRS was reported
for some patients, but there was no increase in ['8F]-fluorodopa uptake at the transplant site,
and a postmortem study of a patient who died of unrelated causes 8 month after
transplantation showed that only around 650 TH-positive neurons out of 12 million
transplanted cells had survived. This finding suggests a lack of trophic support of the
grafted tissue. Furthermore, some lymphocyte infiltration into and around the graft was
found even though the patient was immunosupressed with cyclosporine A (Deacon et al.
1997). A second double-blind placebo controlled trial involving 18 patients caused only
moderate improvements in UPDRS scores in both transplant and sham surgery groups.
However, these results have only been published in a press release in March 2001
(Wijeyekoon and Barker 2009).

Due to these disappointing results the clinical use of this approach is considered doubtful,
especially as the use of xenogenic tissue deals with some additional issues as compared to
allogenic grafts. First, there are the problems of increased graft rejection and second, there is
the risk of spreading infection across the species barrier by porcine endogenous retroviruses
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(Sayles, Jain, and Barker 2004). Thus, further work will be required to decide if fetal porcine
tissue is of clinical relevance.

3. Stem cells

Stem cells are defined as undifferentiated cells without mature, tissue-specific characteristics
that are able to reproduce themselves by division into identical daughter cells. Moreover, in
response to proper stimuli stem cells are able to produce more specific progenitor cells that
can further differentiate into one or more functional cell types. Stem cells are considered to
represent a very promising source of cells cell replacement therapy in a number of diseases,
including PD, due to these key properties, namely, self-renewal and multipotentiality as
well as the possibility to manipulate these cells in vitro.

Dopaminergic neurons can be generated from stem cells of different sources (Fig. 1).
Embryonic stem cells (ESCs) are isolated from the inner cell mass of the preimplantation
blastocyst, and they have unlimited self-renewal capacity and are pluripotent, since they are
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Embryonic stem cells

Adult neural stem cells Induced pluripotent stem cells
l A
~
\ / : o e, / "\‘ ‘l
Fetal neural stem cells — </ Mesenchymal stem cells

Expansion, differentiation, genetic modification,
purification etc.

Dopaminergic neurons for
cell replacement therapy

Fig. 1. Illustration of different types of stem cells considered for cell replacement therapy in
Parkinson’s disease.
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able to generate cells of all three germ layers. Somatic or tissue-derived stem cells can be
isolated from developing tissues of the fetus or in the newborn, juvenile or adult organism.
Somatic stem cells have a more limited proliferation capacity than ESCs and are termed
multipotent, typically being able to differentiate into the different cell types of one germ
layer. Potential groups of stem cells for cell therapy for PD include ESCs, neural stem cells
(NSCs), mesenchymal stem cells (MSCs) and more recently induced pluripotent stem (iPS)
cells, which all will be discussed separately in this section.

The most important question, using stem cells as a therapy for PD, remains whether it is
possible to generate a large number of cells with the capacity to survive and function as
dopaminergic neurons following transplantation and to be sure that these stem cell derived
grafts do not show adverse effects such as tumor formation or immune rejection (Table 1).

3.1 Embryonic stem cells

Generally, human ESCs are considered the most promising source of stem cells for cell therapy
in PD as well as other diseases, since they have several advantages to somatic stem cells. First,
most somatic stem cells are difficult to isolate and propagate, whereas ESCs are easily derived
and are able to grow almost indefinitely in culture. Second, ESCs can be genetically
manipulated by homologous recombination to correct a genetic defect, whereas somatic stem
cells only can be genetically manipulated through the introduction of viral transgenes. Third,
ESCs can be guided into becoming any type of cell in the body through specific culture
conditions, whereas the differentiation potential of somatic stem cells is much more restricted.
The major limitation is ethical issues regarding the use of fertilized eggs for derivation of ESCs.
The challenges in providing cells for replacement therapy for PD both lie in stimulating ESCs
to form neurons and, afterwards to make these neurons differentiate into functional
dopaminergic cells. Thus, several strategies have been used to differentiate ESCs into
dopaminergic neurons in vitro. In 2000, two reports for the first time described the generation
of midbrain dopaminergic neurons from mouse ESCs (Kawasaki et al. 2000; Lee et al. 2000).
Kawasaki et al. (2000) used a co-culture strategy in which the ESCs were grown on a layer of
bone marrow stromal cells (PA6) to induce neural differentiation and the generation of
dopaminergic neurons. They named this neural inducing effect as stromal cell-derived
inducing activity (SDIA). The study by Lee et al. (2000) was based on a five-stage protocol,
based on the generation, and later differentiation of spherical aggregate structures called
embryoid bodies and addition of different combinations of factors known to promote
dopaminergic differentiation such as fibroblast growth factor 8 (FGF8), sonic hedgehog (Shh)
and ascorbic acid. The co-culture system resulted in a yield of approximately 16% TH-positive
cells (Kawasaki et al. 2000), whereas the five-stage protocol only resulted in around 5% TH-
positive cells (Lee et al. 2000). In 2002, Kim et al. reported that 78% TH-positive cells could be
generated in vitro by using the five-stage protocol if the mouse ESCs overexpressed the
midbrain precursor transcription factor Nurrl (Kim et al. 2002). Since then, several studies
using non-genetic modification approaches for differentiation of mouse ESCs have followed
by the co-culturing strategy, the five-stage strategy, or a combination of both, however the
number of neurons adopting a dopaminergic phenotype has varied considerably (Barberi et al.
2003; Inden et al. 2004; Rodriguez-Gomez et al. 2007; Morizane et al. 2006). In order to deal
with this inefficiency several groups have followed the example by Kim et al. (2002) and
manipulated mouse ESCs to overexpressed genes know to promote the dopaminergic
phenotype, such as Nurrl (Sonntag et al. 2004; Chung et al. 2002), Pitx3 (Chung et al. 2005;
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Hedlund et al. 2008) and Lmx1a (Friling et al. 2009; Andersson et al. 2007), which have resulted
in much higher yields of dopaminergic neurons. However, these transgenic approaches have
limitations towards clinic use until the safety of such manipulations has been addressed.

In vivo studies have shown that it is possible to transplant ESCs into rodent models of PD
and form dopaminergic neurons with a midbrain morphology that can ameliorate some of
the motor symptoms (Rodriguez-Gomez et al. 2007; Barberi et al. 2003; Bjorklund et al. 2002;
Kim et al. 2002; Hedlund et al. 2008). In 2002, Bjorklund et al. grafted undifferentiated
mouse ESCs into the striatum of 6-OHDA-lesioned rats. Results showed that the grafted
cells survived for 14-16 weeks and developed into midbrain-like dopaminergic neurons,
thus the local inductive environment was indeed sufficient to induce dopaminergic
differentiation of the undifferentiated ESCs. However, 20% of the grafted animals showed
teratoma formation (Bjorklund et al. 2002). Several other studies have used different
protocols for pre-differentiation of ESCs before transplantation (Shim et al. 2004; Nishimura
et al. 2003; Kim et al. 2002) and prolonged in vitro differentiation seems to diminish the risk
of tumor formation, but at the same time reduces survival of grafted cells as well as their the
ability to integrate into the host tissue (Chung et al. 2002). In another approach, several
groups focus on using fluorescence activated cell sorting (FACS) to select and purify
midbrain dopaminergic neurons in the cell suspension before transplantation in order to
minimize the risk of tumor formation (Hedlund et al. 2008; Chung et al. 2006).

Human ESCs can also be induced to become dopaminergic neurons both in vitro and in
vivo. As for the mouse ESCs the most promising strategy for the generation of dopaminergic
neurons has been co-culture systems (Perrier et al. 2004; Zeng et al. 2004) as compared to the
multiple-stage method (Carpenter et al. 2001; Zhang et al. 2001). In 2004, Perrier et al.
reported a very successful protocol for the generation of dopaminergic neurons from human
ESCs. In this protocol the human ESCs were co-cultured with bone marrow stromal cells
and treated in a sequential manner with patterning and differentiation molecules, including
FGF8, Shh, FGF2, brain-derived neurotrophic factor (BDNF), glial cell line derived
neuroptrophic factor (GDNF), transforming growth factor (TGF)-f3, dibutyryl-cAMP, and
ascorbic acid. This treatment resulted in a yield of 65-80% TH-positive cells out of total
neurons. Moreover, the dopaminergic neurons expressed several midbrain dopaminergic
markers, released dopamine, had TH-positive synaptic terminals, and showed the presence
of depolarization-induced and tetrodotoxin sensitive actions potentials, indicating that these
cells were truly functional midbrain dopaminergic neurons (Perrier et al. 2004). More
recently, great efforts have been put into defining chemical conditions that enhance
dopaminergic differentiation in order to get rid of feeder layers and co-culture that
compromise clinical use (lacovitti et al. 2007; Song et al. 2008). Interestingly, a study by
Vazin et al. (2009) identified four factors secreted from mouse stromal PA6 cells that are
often used as feeder cells in the co-culture system, and these factors greatly enhanced the
generation of neurons including the dopaminergic phenotype from human ESCs when
added to the medium.

Dopaminergic neurons derived from human ESCs have also been transplanted into rodent
models of PD, but the number of surviving TH-positive cells has been very low, and many of
the transplants have shown evidence of proliferating cells and teratoma formation (Ben-Hur et
al. 2004; Park et al. 2005; Zeng et al. 2004). Hence, improving the survival of the grafted human
ESCs is a major challenge that has to be overcome before clinical application of the cells is
possible. Interestingly, Roy et al. 2006 found a significant improved generation of TH-positive
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cells (up to 67% of total cells counted), when the human ESCs were cultured according to a
feeder-based protocol in which human midbrain astrocytes were used to induce dopaminergic
differentiation. These cells induced a significant behavioural recovery when transplanted into
the striatum of parkinsonian rats. The dopaminergic neurons were reported to survive for 8
weeks, however neural tissue overgrowth and neuroepithelial tumors were found (Roy et al.
2006). More recent studies, using longer differentiation periods have produced larger numbers
of dopaminergic neurons in the transplants (Yang et al. 2008).

As described above, the use, growth and differentiation of ESCs are not without
disadvantages, and the use of fertilized eggs raise ethical concerns and limitations. In order
to use human ESCs in the clinic it is important to culture the ESCs in xeno-free systems,
which have not been the case for several existing protocols. However, as discussed above
this issue has started to be resolved by production of chemically defined medias. Other
problems that need to be solved before clinical use are the low survival and maintenance of
the transplanted human ESC-derived dopaminergic neurons, and in addition the high risk
of teratoma formations or other kinds of uncontrolled cell growth such as tumors by
residual undifferentiated cells. Moreover, the risk of immune rejection questions the safety
of clinical application of human ESCs.

3.2 Neural stem cells

NSCs are multipotent stem cells derived from neural tissues, which have the ability to self-
renew and give rise to cells restricted to the neuronal and glial lineages, namely neurons,
astrocytes and oligodendrocytes. Such NSCs are found in the developing nervous system
and in certain regions of the adult brain. One advantage of NSCs as compared to ESCs is
that they are less likely to form tumors after transplantation, since they are not pluripotent
and capable of unlimited proliferation, and they seem to be more genomically stable than
ESCs (Maitra et al. 2005; Draper et al. 2004). Both ESCs and fetal or adult NSCs represent
potential cell sources for therapy, which and will be described and discussed in the
following paragraphs (Fig. 2).

Fig. 2. A) In vitro differentiated TH-positive dopaminergic neurons generated from human
neural stem cells. B) Intrastriatal porcine neural tissue graft containing TH-positive
dopaminergic neurons in a rat model of Parkinson’s disease. Scale bars 200 um.
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3.2.1 NSCs cells in the embryonic brain

NSCs from the developing central nervous system proliferate in response to similar growth
factors regardless of which part of the brain they originate. However, they are not
equivalent to each other and seem to maintain certain region-specific properties, even after
they have been cultured in vitro for prolonged periods (Ostenfeld et al. 2002; Hitoshi et al.
2002; Schwarz et al. 2006). Hence, the most obvious place to look for stem cells able to
generate dopaminergic neurons for PD is in the developing midbrain. Stem cells from this
area are more likely to show a similar phenotype, and should have a straightforward
differentiation pathway to form midbrain specific dopaminergic neurons (Ostenfeld et al.
2002; Horiguchi et al. 2004).

As previously described (section 2.2.2), PD patients have been successfully transplanted
with ventral mesencephalic tissue from embryos at different stages. However, tissue from
several human embryos is required for each patient due to the poor survival of the grafted
neurons, thus resulting in practical-logistic problems. To overcome this problem several
groups have focused on the idea of expanding ventral mesencephalic tissue to reduce the
number of fetuses required for transplantation of one patient. In 1998, Studer et al. isolated
neural precursor cells from the rat ventral mesecephalon and successfully expanded these
cells by use of the mitogen FGF2, resulting in a 10-fold increase in the total number of cells
and a 3-fold increase in the number of dopaminergic neurons. When transplanted into the
striatum of 6-OHDA-lesioned rats the cells induced functional recovery. However, despite
these promising results the general survival of grafted dopaminergic neurons was only
around 3-5% (Studer, Tabar, and McKay 1998). Subsequently, the proportion of TH-positive
cells generated by this method was further increased by culturing the cells at physiologically
low oxygen tension (Studer et al. 2000). Carvey et al. 2001 reported a generation of 20-25%
TH-positive cells from rat embryonic ventral mesencephalic precursor cells by using a
combination of the cytokines IL-1 and IL-11, leukemia inhibitory factor and GDNF. They
further expanded these cells and found clones containing up to 98% TH-positive cells and
these were selected for transplantation into the striatum of 6-OHDA lesioned rats. The grafts
completely reversed the rotational asymmetry, however, as seen in the study by Studer et al.
(1998), the survival of the differentiated cells was very poor (Carvey et al. 2001).

In order to enhance the generation of midbrain specific dopaminergic neurons as well as
increase the survival of these cells after transplantation genetic modification is an attractive
strategy. In an early study, overexpression of Nurrl in an immortalized NSC line originally
derived from the mouse cerebellum showed a robust generation of dopaminergic neurons
when these cells were co-cultured with astrocytes of mesencephalic origin (Wagner et al.
1999). Rat forebrain precursors have been reported to differentiate into dopaminergic
neurons after genetic modification to co-express Nurrl, Shh and Bcl-xL or Nurrl and Mash1,
and these cells also showed behavioral benefits after transplantation into 6-OHDA- lesioned
rats (Park et al. 2006). Overexpression of Nurrl in NSCs derived from the rat ventral
mesencephalon have been shown to result in 5% TH-positive neurons (Kim et al. 2007),
whereas co-expression of Nurrl and Neurogenin 2, another transcription factor important
for development of mesencephalic dopaminergic neurons, did not mediate additional
positive effect on the yield of TH-positive cells, but increased maturation of the
dopaminergic phenotype (Andersson et al. 2007). In contrast, another study did not find
increased generation of dopaminergic neurons after retroviral induction of rat
mesencephalic derived NSCs with Lmxla, Msx1, Neurogenin 2 and Pitx3 (Roybon et al.
2008). Single expression of each of these genes was not enough to promote dopaminergic
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differentiation and dual overexpression of Lmxla and one of the other transcription factors
also failed to generate dopaminergic neurons. The authors suggest that NSC harvested from
this rather late (embryonic day 14.5) stage of development have lost their potential to be
driven into a specific neuronal phenotype, thus NSC from a earlier time point or ESC may
be better candidates for generation of dopaminergic neurons (Roybon et al. 2008).

Initial attempts to expand human NSCs from the developing mesencephalon only generated
low numbers of dopaminergic neurons, which was also seen after transplantation into 6-
OHDA-lesioned rats (Svendsen et al. 1997). Subsequently, an increased yield of
dopaminergic neurons was found by culturing the human NSCs at low oxygen tension with
further induction of differentiation by IL-1, IL-11, leukemia inhibitory factor and GDNF, but
survival and possible in vivo functional effects were not addressed (Storch et al. 2001).
Interestingly, Wang et al. (2004) showed that pre-differentiation of human mesencephalic
NSCs with FGF8, GDNF and forskolin resulted in 26% TH-positive cells as compared to
1.4% in non-differentiated cultures in vitro and furthermore, the pre-differentiated cells
showed increased functional recovery after transplantation (Wang et al. 2004). The yields of
TH-positive cells (up to 60%) have been further improved by using a combination of BDNF,
dopamine and forskolin with either retinoic acid or GDNF (Riaz et al. 2004), whereas other
studies only have managed to generate 4-25% TH-positive neurons using a combination of
different differentiation factors (Christophersen et al. 2006; Yang et al. 2004). These two
studies also found very low numbers of surviving TH-positive cells following
transplantation into 6-OHDA-lesioned rats, and it remains unclear if this is due to loss of TH
expression or death of TH-positive cells after transplantation.

Another approach to obtain large numbers of human dopaminergic neurons for
transplantation is to generate immortalized cell lines by genetic modification, thus such cell
lines offer a theoretically unlimited source of specific NSCs. Some NSC lines have shown to
generate around 20% TH-positive cells (Paul et al. 2007; Lotharius et al. 2002), but when
these cells were transplanted into immunosuppressed 6-OHDA-lesioned rats they either
died or loose TH expression (Paul et al. 2007). In order to enhance dopaminergic survival
further genetic modifications can be added, such as overexpression of Bcl-xL, an anti-
apoptotic protein stimulating commitment and survival of dopaminergic neurons (Liste,
Garcia-Garcia, and Martinez-Serrano 2004; Krabbe et al. 2009). Such immortalized cells serve
as important model cell lines or tools for basic stem cell research, but several safety issues
have to be resolved if such cell lines should be considered for clinical use.

3.2.2 NSCs in the adult brain

The human brain is traditionally classified as a non-renewable organ unable to replace
damaged or degenerated cells. Neurogenesis in the adult rat brain was first described in the
early 1960s by Joseph Altman (Altman and Das 1965), but general acceptance of this
neurogenesis was not made until the early 1990s (Reynolds and Weiss 1992). One major
advantage of using NSCs from the adult brain compared to those from the embryonic brain
is that it would abolish all ethical concerns regarding the use of embryonic tissue.

In the adult mammalian brain NSCs are mainly found in the subventricular zone (SVZ) of
the lateral ventricles (Lois and Alvarez-Buylla 1994; Morshead et al. 1994) and the
subgranular zone of the hippocampal dentate gyrus (Bayer, Yackel, and Puri 1982; Palmer,
Ray, and Gage 1995). From the SVZ, neuroblasts migrate a long distance anteriorly, through
the rostral migratory stream, to their final destination in the olfactory bulb, where they
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mature into local interneurons as reported both in rodents (Lois and Alvarez-Buylla 1994)
and in humans (Curtis et al. 2007). Newly generated cells in the subgranular zone migrate to
the granular layer of the dentate gyrus, where they replace degenerated neurons and extend
projections to the CA3 area of the hippocampus (Bayer, Yackel, and Puri 1982). Several
studies have shown that neurogenesis also occur, although at much lower levels, in other
areas of the adult mammalian nervous system, such as the cerebral cortex (Palmer et al.
1999), hypothalamus (Markakis et al. 2004), septum (Palmer, Ray, and Gage 1995), retina
(Tropepe et al. 2000), optic nerve (Palmer et al. 1999), spinal cord (Weiss et al. 1996), and
more debatable in the substantia nigra harbouring the dopaminergic neurons that
degenerate in PD (Zhao et al. 2003). As indicated, some controversy remains in relation to
the substantia nigra since other research groups have not been able to replicate some of
these results (Lie et al. 2002; Frielingsdorf et al. 2004). Lie et al. (2002) found no evidence of
either newly generated dopaminergic in the adult rat substantia nigra or neurons of any
type in vivo. However, when cells from this region were removed and grown in vitro, they
became capable of neuronal production, indicating that this potential may be inhibited by
endogenous signals in the adult brain (Lie et al. 2002). Hermann et al. (2006) have shown the
presence of multipotent NSCs in the adult mouse tegmentum (midbrain and hindbrain
region) with capacity to differentiate in vitro into functional neurons, including the
dopaminergic phenotype (Hermann et al. 2006). Thus, the potential existence adult NSCs in
the substantia nigra cannot be denied until further clarification has taken place. Despite the
presence of endogenous NSCs, the self-repairing activity of the adult mammalian brain is
poor. This may be explained by microenvironmental factors present in most areas of the
adult brain, which inhibit neural differentiation of NSCs, or by a too small number of
endogenous NSCs for effective self-repair.

So far, attempts to develop dopaminergic neurons from NSCs from adult tissue have only
been moderately successful both in vitro and in vivo. In one study NSCs from the SVZ were
stimulated to become dopaminergic neurons using a protocol for midbrain dopaminergic
induction of ESCs (5-stage method involving addition of Shh and FGFE8). It was found to be
possible to generate neurons displaying some characteristics of immature dopaminergic
neurons, however these cells were limited in their capacity to generate mature
dopaminergic neurons showing exclusively a midbrain phenotype (Papanikolaou et al.
2008). Similarly, in vivo studies in which adult NSCs have been transplanted into rodent
models of PD indicate that any behavioral recovery is due to the general neuroprotective
effect of the non-neuronal grafted cells, more than the presence of stem cell derived
dopaminergic neurons in the grafts (Richardson et al. 2005; Dziewczapolski et al. 2003).

An alternative strategy is to stimulate endogenous NSCs to differentiate into dopaminergic
neurons either in the striatum or the substantia nigra. So far attempts to stimulate the
development of new neurons in the 6-OHDA-lesioned rats striatum have not been
successful. Some studies have shown that TGFa can stimulate neurogenesis and migration
to the striatum, but none of these cells were of dopaminergic or other neuronal phenotypes
(Cooper and Isacson 2004; de Chevigny et al. 2008). Ideally, stimulation of neurogenesis in
the substantia nigra could reconnect the basal ganglia circuitry and hence increase
functional recovery in PD. However, although there might be NSCs in the adult substantia
nigra (Zhao et al. 2003) it is only a very small pool of cells insufficient to replace the
dopaminergic neuron loss during progressive PD. Moreover, even if it is possible to
stimulate neurogenesis in the substantia nigra lack of long-distance axonal growth, along
the degenerated nigrostriatal projections, remains a very challenging problem.
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3.3 Mesenchymal stem cells

From an immunological and ethical prospective it would be ideal if stem cells could be
harvested from, for instance, the patient’'s own bone marrow and then be used to generate
neurons for transplantation. The adult bone marrow contains at least two kinds of stem cell
populations: hematopoietic stem cells and mesenchymal stem cells (MSCs) also called bone
marrow stromal cells. Hematopoietic stem cells continually repopulate the circulation by
differentiating into erythroid, myeloid, and lymphoid lineages, whereas MSCs give rise to
mesenchymal derivatives, including osteocytes, chondrocytes, adipocytes and myocytes
(Pittenger et al. 1999). MSCs are found only in low numbers in the bone marrow (around 1
MSC per 100 mononuclear marrow cells). They can be purified, from other cells in the bone
marrow, on the basis of their ability to adhere to plastic surfaces (Reyes et al. 2001). MSCs
are like other stem cells capable of self-renewal, but it has been proposed that self-renewal is
less crucial for the physiology of mesenchymal tissue as are multipotentiality and
phenotypic flexibility, which indicates that commitment and differentiation are reversible in
response to environmental cues. MSCs display the ability of interconversion from one cell
type to another at a later differentiation stage than that of other multipotent stem cells (Park,
Oreffo, and Triffitt 1999; Beresford et al. 1992). One reason for this potential could be that it
is necessary for bone modelling and remodelling (Bianchi et al. 2001).

Several studies provide evidence that MSCs can be induced to overcome their mesenchymal
fate and break the barrier of germ layer commitment by transdifferentiation into cell types
of other germ layers (Krabbe, Zimmer, and Meyer 2005). In fact, it has been proposed that
MSCs have a neural predisposition, since they express neural markers such as neuron
specific-enolase, neuronal nuclei, nestin, glial acidic fibrillary protein and TH at basal levels
(Blondheim et al. 2006). However, both the transdifferentiation potential of MSCs and the
indication that these cells should be biological neurons are controversial. Evidence of a
“neuronal” MSC is considered weak and what seems to be transdifferentiation may be
explained by a stress response causing a rapid disruption of the actin cytoskeleton with cell
shrinkage as a result (Neuhuber et al. 2004) or by cell fusion, in which MSCs have fused
with other cell types rather than switching lineage identity (Lu, Blesch, and Tuszynski 2004;
Terada et al. 2002).

Nevertheless, efforts are still being made to generate functional neuronal cells from MSCs,
and at the beginning of the millennium several research groups have reported that it was
possible to induce both human, rat and mouse MSCs to differentiate into neuron-like cells in
vitro (Black and Woodbury 2001; Deng et al. 2001; Kohyama et al. 2001; Sanchez-Ramos et al.
2000; Woodbury et al. 2000; Munoz-Elias, Woodbury, and Black 2003). Moreover, MSCs
were found to migrate and differentiate in a neural-like manner, when transplanted into rat
(Azizi et al. 1998) or mouse (Kopen, Prockop, and Phinney 1999) brains, suggesting that the
cells, at least theoretically, may represent a future source of cells for treatment of
neurodegenerative disorders.

If MSCs are going to be used as a cell source for cell therapy of PD it is important to
differentiate these cells into functional dopaminergic neurons, which have been investigated
by different strategies. Several groups have induced MSCs by adding cocktails of extrinsic
factors to the culture medium (Barzilay et al. 2008; Hermann, Maisel, and Storch 2006;
Tatard et al. 2007; Trzaska, Kuzhikandathil, and Rameshwar 2007; Trzaska et al. 2009),
others by co-culturing of the MSCs with specific cell types (Jiang et al. 2003), or by genetic
manipulation of the cells (Dezawa et al. 2004). From a therapeutically point of view the first
mentioned strategy has some advantages, since the cells are not transformed or co-cultured
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with other cell-types making the cell transplantation more safe. In 2007, Trazska et al. found
an effective protocol for dopaminergic differentiation of MSCs in which a cocktail of FGFS,
Shh and bFGF were added to the medium. About 67% of the cells expressed the
dopaminergic marker TH along with other dopaminergic markers. Moreover, the cells
secreted dopamine, but without showing further evidence of being functional mature
dopaminergic neurons, and hence they were called dopaminergic progenitors (Trzaska,
Kuzhikandathil, and Rameshwar 2007). These results were supported by Barzilay et al.
(2008), who tested 20 different protocols for dopaminergic induction of MSCs. They found
that the most significant upregulation of TH expression was obtained using BDNF either
alone or in combination with GDNF, TGF-B3 and retinoic acid. However, as described by
Trzaska et al. (2007), the TH-positive cells did not show mature functional dopaminergic
neuron characteristics (Barzilay et al. 2008). In 2009, Trzaska et al. investigated potentially
factors that could stimulate the dopaminergic maturation of the cells and found that the
MSC-derived neuronal cells showed robust upregulation of tropomyosin-receptor-kinase B
beginning at day 9 of the induction. One factor which is known to be involved in the
maturation of dopaminergic neurons and which binds to this receptor is BDNF (Baquet,
Bickford, and Jones 2005). Hence, they added BDNF to the medium after 9 days of induction
and found generation of cells that elicited spontaneous post-synaptic current and secreted
dopamine in response to Ca2*-dependent depolarization. These findings show that the MSC-
derived dopaminergic neurons can mimic the physiology of native neurons. Moreover,
BDNF treatment resulted in KCl-induced depolarization and enhanced dopamine release.
They also investigated whether the BDNF-treated cells responded to neurotransmitters such
as GABA, acetylcholine and glutamate and found that the BDNF-treated cells responded to
both acetylcholine and GABA, but not glutamate. However, the way they responded to
GABA and the lack of response to glutamate indicates that these cells were still developing
and not fully mature (Trzaska et al. 2009).

All the studies mentioned above indicate that generation of dopaminergic neurons from
MSCs may be possible, but to candidate as donor cells for PD, it still remains to be
elucidated if the cells contain the entire dopaminergic machinery present in functional
dopaminergic neurons in vivo.

3.4 Induced pluripotent stem cells

For a long time ESCs have been considered the most promising source of cells for future cell
replacement therapy in PD. However, ethical concerns regarding the use of human embryos
and the possibility of immune rejection due to immunological incompatibility between
patient and donor ESCs may limit their use. To overcome these problems scientists have
worked on the development of pluripotent stem cells from adult somatic cells, involving
genetic changes (reprogramming) of the somatic cell nucleus. Until recently,
reprogramming of cells involved cloning of cells by somatic cell nuclear transfer, where the
nucleus in an oocyte is replaced with the nucleus from an adult somatic cell (Wilmut et al.
1997) or by fusion of an adult somatic cell with an ESC (Cowan et al. 2005). However,
besides being both time consuming and technical difficult this kind of reprogramming still
requires the use of human oocytes or ESCs and hence do not solve the ethical problems.

In 2006, Takahashi and Yamanaka reported for the first time that it was possible to
reprogram adult mouse fibroblasts to pluripotent stem cells by retroviral transduction with
the four transcription factors Oct3/4, Sox2, c-Myc and Klf4, which are highly expressed in
ESCs (Takahashi and Yamanaka 2006). The resulting so-called induced pluripotent stem
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(iPS) cells share several properties with ESCs, including morphology, growth properties and
pluripotency, defined by their ability to form teratomas in vivo and differentiate into distinct
cell types of all three germ layers, but they are not identical to ESCs when it comes to
epigenetic status (Deng et al. 2009) and gene expression (Chin et al. 2009). In addition, the
original iPS cells failed to generate postnatal chimeras and contribute to the germline
(Takahashi and Yamanaka 2006), but refinement of the method for selection of iPS cells has
already solved these issues and moreover, the resulting iPS cells are even more similar to
ECSs at the epigenetic level (Okita, Ichisaka, and Yamanaka 2007; Maherali et al. 2007;
Meissner, Wernig, and Jaenisch 2007). Shortly after these initial studies in mice, iPS cells
were derived from human fibroblasts using slightly different combinations of genes
(Takahashi et al. 2007; Yu et al. 2007) and since then, iPS cells have been generated from a
number of different cell types and species (Masip et al. 2010).

The similarities of iPS cells to ESCs, and the fact that these cells can be generated from the
patient’s own cells, make them very attractive candidates for cell-based therapy. However,
before iPS cells can be used in the clinic there are several issues that need to be resolved.
First, it is extremely important to optimize the procedure for reprogramming of the somatic
cells. As described above, many groups have generated iPS cells by use of retroviral vectors.
Since retrovirus integrates randomly in the DNA it may alter the differentiation potential or
even induce malignant transformation of the iPS cells. Moreover, most research groups have
used c-Myc as one of the reprogramming factors and since c-Myc is a proto-oncogene, its
reactivation could give rise to transgene-derived tumor formation. In one study 20% out of
121 mice derived from an iPS cell line developed tumors. In these tumors, retroviral
expression of c-Myc, but not Oct3/4, Sox2, or Klf4 was reactivated (Okita, Ichisaka, and
Yamanaka 2007). Hence, recent studies have focused on developing safer reprogramming
strategies, for example, by generation of iPS cells without using the c-Myc oncogene. In
2008, Nakagawa et al. generated iPS cell lines from both mouse and human fibroblasts
without the use of c-Myc. They found that it was possible to generate cells expressing ESC
markers, and that the induction of the fibroblasts to iPS cells was more specific, since a
lower number of non-iPS cells were generated. However, efficiency of the generation
process was substantially reduced with the omission of c-Myc. They also examined the
tumourigenicity in mice derived from these cells and found that omission of the c-Myc
retrovirus significantly reduced the risk of tumorigenicity in chimeras (Nakagawa et al.
2008). Other studies have also examined different combinations of transcription factors, and
of the original four transcription factors, Oct3/4 is the only one that cannot be replaced by
other transcription family members and have been required in every reprogramming
strategy in both mouse and human cells. Other strategies have been to generate iPS cells
using integration systems such as plasmids (Kaji et al. 2009) and transposons (Woltjen et al.
2009), which allow removal of these systems after reprogramming. Moreover, iPS cells have
also been generated without genomic integration using nonintegrative adenoviral vectors
(Zhou and Freed 2009; Stadtfeld et al. 2008), repeated plasmid transfection with or without
the use of small molecules (Okita et al. 2010; Okita et al. 2008; Yu et al. 2009) and just
addition of recombinant proteins (Zhou et al. 2009; Kim et al. 2009). Although, these
methods are not yet as efficient as the retroviral approach, they have clearly shown that
random DNA mutagenesis is not a requirement for reprogramming and give hope for the
development of clinically applicable iPS cells free of viruses and transgenic integration.
Interestingly, a recent publication have shown a method for direct reprogramming of
fibroblasts into neurons, avoiding generation of undifferentiated cells and their following
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differentiation (Vierbuchen et al. 2010). They started from a pool of nineteen neural-lineage
specific transcription factors and identified a combination of only three factors (Mash1, Brn2
and Myt1l) that were sufficient to convert mouse fibroblasts into functional neurons in vitro.
Such induced neurons clearly have some advantages to iPS cells, since they avoid
generation of pluripotent cells that can give rise to tumors. In this study the induced
neurons mainly gave rise to GABAergic neurons after differentiation, but their regional
identity is still unclear (Vierbuchen et al. 2010). This strategy offers new perspectives to the
reprogramming field and future studies need to determine if certain cell types are more
useful in generation of specific cells for replacement strategies and if it is necessary to
reprogram cells all the way back to pluripotent stem cells.

Advantages Disadvantages
ESCs e  Unlimited proliferation e  Risk of teratomas (heterogenous
capacity composition)
e DPotential to generate any cell ¢ Time demanding/complex
type (pluripotent) differentiation into dopaminergic
e  Generation of stem cell banks neurons

e Risk of immune rejection
e  Ethical issues

NSCs e  Restricted differentiation e Limited proliferation capacity
potential (multipotent) ¢ Reduced neuronal differentiation
e  Low risk of tumor formation capacity following long-term
proliferation

e Risk of immune rejection
e  Ethical issues (fetal NSCs)

MSCs e  Easily harvested e Differentiation into “truly”
e Possibility of generating functional dopaminergic neuron
patient specific cells still uncertain
e  No ethical concerns
iPS e  Unlimited proliferation e Risk of teratoma (heterogenous
cells e DPotential to generate any cell composition)
type (pluripotent) e Risk of tumor formation (viral
e Generation of stem cell banks transduction)
e  DPossibility of generating ¢ Time demanding/complex
patient specific cells differentiation into dopaminergic
e  No risk of immune rejection neurons
e  No ethical concerns e  Expensive procedure

Table 1. Overview of advantages and disadvantages of different types of stem cell for cell
replacement therapy in Parkinson’s disease.

3.4.1iPS cells and Parkinson’s disease

The therapeutic potential of human iPS cells for cell-based therapy of PD relies on efficient
differentiation of iPS cells into functional midbrain dopaminergic neurons. Several groups
have worked on generation of dopaminergic neurons from iPS cells in vitro. In 2008, Wernig
et al. showed that mouse fibroblast-derived iPS cells predifferentiated into dopaminergic
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neurons could integrate into the host striatum of parkinsonian rats and lead to functional
improvements (Wernig et al. 2008). However, these cells also led to teratoma formation as
seen after transplantation of ESCs - likely due to the presence of undifferentiated cells (Roy
et al. 2006). The occurrence of pluripotent cells was reported to be the most likely cause of
teratoma formation in the Wernig et al. study, since viral transcripts were not reactivated in
the tumors. Furthermore, they showed that eliminating the undifferentiated cells before
transplantation (by depletion of SSEA1-positive cells by FACS) could significantly reduce
the risk of tumor formation (Wernig et al. 2008). More recent studies have shown as efficient
generation of dopaminergic neurons from human iPS cells as from ESCs, which
subsequently could survive and integrate in the host striatum of parkinsonian rats
(Swistowski et al. 2010; Cai et al. 2010). In one study, functional recovery of the parkinsonian
rats was also reported and furthermore, genome-wide microarray comparison between
human iPS cells, ESCs and dopaminergic neurons derived from both sources revealed
overall similarity (Swistowski et al. 2010).

Interestingly, the iPS cell technology also provides the basis for development new disease
models, since they can be generated from patients with specific diseases. Although, iPS cells
can be used for both sporadic and genetic diseases, they might be of particular advantage
for diseases with a solid genetic background and/or which occur early in development.
Some studies have generated iPS cells from patients suffering from sporadic PD (Park et al.
2008; Soldner et al. 2009). Soldner et al. (2009) developed dopaminergic neurons from iPS
cells derived from patients with PD as efficiently as iPS cells from healthy individuals and
did not report any phenotypic differences, thus the disease derived cells did not show any
specific features of PD in vitro. The average age of onset of PD is more than 50 years, hence
in vitro cell culturing periods of weeks or months may be too short for a pathologic
phenotype to arise. However, although it takes many years for the pathologic characteristics
to become evident, the disease process might be initiated much earlier, and therefore iPS
cells offer the possibility of establishing a new type of disease model to investigate such
issues. Indeed, it will be very important to investigate if iPS cells derived from patients are
more susceptible to develop PD-like features than fetal tissue after grafting in PD patients
(see section 2.2.2.3). Recently, differentiation of the patient-derived iPS cells described by
Soldner et al. (2009) into dopaminergic neurons were shown to survive and mediate
functional effect after transplantation into a rat model of PD (Hargus et al. 2010).

3.5 Stem cells releasing therapeutic molecules (“cell factories”)

Instead of acting as a source of cells for neuronal replacement an alternative use of stem cells
for transplantation is as so-called “cell factories” releasing neurotrophic and neuroprotective
factors. Several neurotrophic factors have been shown to stimulate survival and/or
differentiation of nigral dopaminergic neurons in vitro and in vivo, which is beyond the aim
of this chapter to describe in detail but reviewed elsewhere (Evans and Barker 2008; Levy et
al. 2005). Among neurtrophic factors, GDNF and some of the GDNF family members have
shown the greatest promise as therapeutic agents for PD. Several studies have shown that
GDNF can protect against nigrostiatal lesions in animal models. For instance, intravenous
administration of MSCs overexpressing GDNF in mice before lesioning with MPTP has been
shown to protect dopaminergic neurons in the substantia nigra as well as their striatal fibers
(Park, Eglitis, and Mouradian 2001). In agreement with this observation, another study has
shown that GDNF-producing mouse NSCs transplanted into the mouse striatum 16 days
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prior to 6-OHDA lesioning could prevent death of dopaminergic neurons and resulted in a
reduced behavioral impairment (Akerud et al. 2001). A similar protective effect was found
by overexpressing Neurturin, another member of the GDNF family, in the same NSC line
(c17.2 NSCs derived from the mouse cerebellum) (Liu et al. 2007).

NSCs are considered very suitable for ex vivo gene delivery, since they can be cultured,
differentiated into specific neuronal subtypes, transduced and selected for subsequent
transplantation to the brain where they can migrate and extend projections. Human NCSs
genetically modified to overexpress GDNF in an inducible way have been shown to express
GDNF for up to 3 month in the brains of rodents and aged primates (Behrstock et al. 2006).
Furthermore, transplantation of these cells after a partial lesion of the dopamine system
resulted in increased host dopamine neuron survival and fiber outgrowth. MSCs are also
very suitable as neuroprotective cells through secretion of neurotrophic factors and
furthermore, these cells can easily be harvested from the patient’'s own bone marrow in
order to avoid immune rejection. Along this line, Sadan et al. (2009) have recently developed
a protocol to induce MSCs into neurotrophic factor-secreting cells, especially producing
GDNF and BDNF without genetic modification of the cells.

Another way to overcome problems of host immunoresponses when using allografts, is the
development of new materials to encapsulate transplanted cells, thereby serving as a
biological shield to prevent immune rejection and eliminate the need for
immunosuppression. The encapsulating material should allow inward diffusion of nutrients
to the transplanted cells and at the same time permit outward secretion of trophic factors.
Besides protection from the host immune system, these capsules have the advantage that
they can be removed for safety reasons or for renewal of cells. Several studies have reported
successful delivery of GDNF from encapsulated cells (Kishima et al. 2004; Tseng et al. 1997;
Sagot et al. 1996; Ahn et al. 2005). Kishima et al. (2004) found a transient recovery in motor
function after intraventricular infusion of encapsulated GDNF-producing cells in MPTP
lesioned baboons, however no neuroprotection against the toxin was found. The lack of
neuroprotective effect may be due to the intraventricular placement of the capsules resulting
in inefficient passage of GDNF to the striatum, thus better graft sites should be used.
Furthermore, they reported GDNF release and survival of encapsulated cells for more than 1
year after transplantation (Kishima et al. 2004).

Delivery of neurotrophic factors by co-grafted genetically modified stem cells or cell lines
may also serve as a useful tool for stimulation of functional integration and protection of
grafted dopaminergic neurons from any source. In one study, Ahn et al. (2005) tested such a
strategy by co-grafting an encapsulated cell line overexpressing GDNF with human fetal
mesencepahlic tissue into 6-OHDA lesioned rats, leading to increased fiber outgrowth in
areas between the capsules and the grafts. This result indicates that continuous delivery of
GDNF or other important neurotrophic factors via encapsulated genetically modified cells
could further optimize neural transplantation as a therapy for PD.

4. Conclusion

Neural transplantation has emerged as a potential therapy for Parkinson's disease (PD). In
experimental studies based on animal models and PD patients, various sources and types of
donor cells have been investigated for their potential applicability. Clinical studies
performed during the 1980s and 1990s, where dopaminergic neurons derived from human
fetal brain tissue were transplanted into striatum of patients with PD, provided proof-of-
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concept that long-lasting therapeutic benefits can be achieved. Subsequent studies, in
particular two double-blind placebo-controlled trials, showed variable and mostly
disappointing results. They also revealed that some patients develop graft-induced
dyskinesias as side effects. Thus, while nigral transplants clearly work well in certain PD
patients, the technique needs refinement before it can successfully be applied on a large
series of patients. This optimization includes patient selection (age, medical history,
response to L-dopa), trial design, origin and preparation of donor cells,
immunosuppression, and surgical techniques for successful functional outcome and
avoiding unwanted side effects. Hopefully, the TRANSEURO project will provide some of
this essential knowledge and as such contribute to the development of a standardized,
efficient and safe protocol that can serve as a template for clinical trials, including expected
future stem cell-based trials for PD. However, before such a stem cell therapy can be
initiated, also a number fundamental biological issues need to be taken into consideration.
Embryonic stem cells (ESCs) and the newly developed induced pluripotent stem (iPS) cells
seem to have the greatest potential to generate large numbers of dopaminergic neurons, but
the use of these cell types is associated with a risk of tumor formation due to potentially
remaining undifferentiated cells in the donor cell preparations. Moreover, using ESCs are
related to ethical and immunological concerns. IPS cells and mesenchymal stem cells have
the prospect of being made patient specific overcoming the risk of immune rejection, and
they are not affiliated with ethical problems. So far it has been difficult to generate large
numbers of dopaminergic neurons from neural stem cells, but these cells have a more
straightforward differentiation pathway to form midbrain specific dopaminergic neurons,
and they are not tumorigenic. Independent of the type of stem cell in question, it will be
challenging to develop a differentiation protocol leading to “truly” functional dopaminergic
projection neurons with midbrain characteristics without still having undifferentiated cells
in the preparation.

5. Abbreviations

BDNF, brain-derived neurotrophic factor; DBS, Deep brain stimulation; ESC, embryonic
stem cell; FACS, Fluorescence-activated cell sorting; FGF, fibroblast growth factor; GDNF,
glial-derived neurotrophic factor; 6-OHDA, 6-hydroxydopamine; iPS, induced pluripotent
stem cell;, MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; MSC, mesenchymal stem
cell; NSC, neural stem cell; SDIA, stromal cell-derived inducing activity; PD, Parkinson’s
disease, PET; Positron Emmision Tomography; Shh, sonic hedgehog; SVZ, subventricular
zone; TGF, transforming growth factor; UPDRS, unified Parkinson’s disease rating scale.
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