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Abstract: Parkinson’s disease (PD) manifests with a typical movement disorder, 
due to the loss of dopaminergic neurons of the substantia nigra. There are no 
disease-modifying treatments, and current management is centered on symptom 
control using predominantly dopaminergic drugs. While effective at improving 
the motor symptoms of PD, these treatments result in significant adverse effects, 
due to non-targeted and non-physiological delivery of dopamine to the brain. For 
many years, there has been interest in cell grafting as a potential means of restor-
ing dopamine to the striatum in a physiological manner, which would theoreti-
cally treat the symptoms of PD that are due to dopamine deficiency, without the 
motor and neuropsychiatric adverse effects that are seen with dopaminergic 
medications. A number of cell sources have been trialed in PD patients, but lack 
of efficacy, ethical and logistical barriers have meant that most of these do not offer 
useful treatment options. Stem cell-based treatments are emerging as the most 
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promising approach for the development of a useful regenerative treatment that 
could be used in a large number of patients. Although progress in this field has 
been slow, a number of exciting clinical trials are now on the horizon, and there 
is genuine hope that stem cells will enter the clinic in the short- to medium-term 
future.

Keywords: Embryonic stem cell; Induced pluripotent stem cell; Neural grafting; 
Parkinson’s disease; Regenerative therapies

INTRODUCTION

Parkinson’s disease (PD) is a common neurodegenerative disease, which manifests 
with a characteristic motor syndrome consisting of bradykinesia, rigidity, rest 
tremor, and as the disease becomes more advanced, postural instability and 
falls (1). These motor symptoms constitute the syndrome of parkinsonism, which 
occurs in PD due to the relatively selective loss of dopaminergic neurons of the 
substantia nigra pars compacta, which results in a reduction in dopamine levels in 
the striatum (2, 3). There are a number of additional non-motor manifestations 
that occur due to neurodegeneration in other regions, including the cerebral 
cortex (3). These include sleep disturbance, anosmia, neuropsychiatric features, 
and cognitive decline (4). Because the motor symptoms of PD occur due to the 
loss of a specific population of neurons, there has been long-standing interest in 
whether the function of these neurons could be replaced by regenerative treat-
ments that would restore the dopamine levels in the brain of PD patients (5). This 
chapter discusses some of the stem cell approaches that are being investigated as 
a potential means of doing this and where they may fit in the future landscape of 
PD management.

RATIONALE FOR CELL-BASED THERAPIES FOR 
PARKINSON’S DISEASE

There are currently no disease-modifying treatments for PD. The mainstay of 
current treatment involves the use of dopaminergic drugs to restore the striatal 
dopamine concentration, with consequent improvement in motor function. These 
drugs include levodopa (the precursor of dopamine), administered with a periph-
eral dopa-decarboxylase inhibitor to reduce peripheral side effects, dopamine 
agonists, and inhibitors of the enzymes that metabolize dopamine (e.g., mono-
amine oxidase B and catechol-O-methyltransferase). Although these drugs do not 
alter the course of disease and do not treat the non-motor aspects of PD, they 
convey a significant benefit in improving the motor symptoms of the majority of 
patients, particularly in the early stages of the disease.

However, while these drugs offer significant symptomatic benefits, they also 
result in problematic side effects (6–8). The majority of patients are treated with 
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levodopa-based regimes. Administration of levodopa, however, results in dopa-
mine delivery to areas of the brain other than the dopamine-deplete striatum. 
Consequently, patients experience side effects including hallucinations and 
cognitive impairment, due to off-target effects of the drug (6). Furthermore, 
plasma levels of levodopa can be erratic due to variable absorption of the drug, 
and transit across the blood–brain barrier can be inconsistent (9). This means 
that patients may develop significant motor fluctuations, with dramatic wear-
ing-off of the drug, which can be particularly problematic (9). Finally, additional 
involuntary movements may develop in the form of dyskinesias, which are 
thought to occur due to the continuous nature of dopamine delivery with 
administration of dopaminergic drugs, which contrasts with the normal pulsa-
tile release of dopamine from nigrostriatal neurons (7, 8). Some of these effects 
can be circumvented by the use of levodopa-intestinal gel, although this is 
currently very expensive, meaning that it is only used in a minority of 
patients (10). Deep brain stimulation (DBS), which is discussed in Chapter 8, 
may also be used in patients with problematic levodopa-induced side effects, 
although this may also result in significant neuropsychiatric adverse effects and 
speech problems (11, 12).

There is therefore a need for a means of the targeted delivery of dopamine to 
the striatum, with the dopamine being released in a physiological manner. This 
would theoretically offer improvements in the motor symptoms of PD patients, 
while minimizing the off-target side effects, motor fluctuations, and dyskinesias 
that are seen with levodopa therapy. This could be achieved by the introduction 
of a graft containing dopamine-producing cells into the patient’s striatum. A num-
ber of cell sources have been investigated as potential means of doing this 
(see Table 1). While most of these trials have been unsuccessful for a number of 
reasons (discussed below), they have offered crucial insights into what is neces-
sary for a cell-based therapy to be effective, and have allowed for significant 
progress toward a useful cell-based treatment for PD.

TABLE 1	 Sources of experimental cell-based treatments 
for Parkinson’s disease

Cell types trialed in humans
Cell types with forthcoming trials in 
humans

Autografts
Adrenal medullary cells (31–38)
Carotid body cells (42, 43)
Mesenchymal stem cells (61)

Allografts
Human fetal ventral mesencephalon (19–25, 27, 28)
Retinal pigment epithelial cells (40, 41)

Xenografts
Porcine ventral mesencephalon (44)

Embryonic stem cell-derived neural 
progenitors (53)

Induced pluripotent stem cell-derived neural 
progenitors (53)
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HISTORY OF CELL-BASED THERAPIES FOR 
PARKINSON’S DISEASE

In the 1980s and 1990s, there was much interest in the investigation of human 
fetal ventral mesencephalon (FVM) as a potential source of dopaminergic cells 
that could be grafted into PD patients. In preclinical studies, it had been seen that 
the dopaminergic cells in FVM grafts could survive and make synaptic connec-
tions in the brains of rodents and that they could result in motor and behavioral 
improvement (13–18).

Following the promising results of the preclinical trials, human FVM grafting 
began in patients, with a number of small open-label trials being performed in 
Sweden. No improvement was seen in the first patients to receive such grafts (19), 
but by using a greater volume of tissue, and tissue from an earlier gestational age, 
the majority of patients derived clinical benefits, with some able to discontinue 
their medications (20–25). At postmortem, it has been seen that these grafts were 
able to survive for decades, albeit with the development of Lewy body pathology 
in 11% of the grafted neurons (26).

The promising results in the Swedish trials led to the initiation of two sham 
surgery–controlled double-blinded trials in the USA (27, 28). In these studies, 
56 patients ultimately received human FVM grafts. However, doubt was cast 
over this approach when these trials reported a high incidence of graft-induced 
dyskinesias, with little clinical benefit. The development of these dyskinesias 
has been attributed to the presence of serotoninergic neurons within the trans-
plant, which highlighted the need for a pure population of cells for any graft 
product (29, 30). Additionally, in both of these trials, it was felt that a sub
optimal amount of fetal tissue was used, along with inadequate immunosup-
pression (in one of the trials no immunosuppression was used). While these 
trials produced disappointing results due to these problems with trial design, 
they did offer important insight into what was necessary for a cell-based therapy 
to be effective.

After analysis of all of the available data from the FVM trials that had been car-
ried out, a further open-label trial (TRANSEURO) was commenced in Europe 
(Clinical trials identifier NCT01898390), which is currently in its follow-up 
phase. In this trial, patients have received at least three fetal grafts per side, with 
12 months of immunosuppression. Although the results of this trial are yet to be 
published, a positive result will provide convincing proof-of-principle that cell-
based therapies can be effective in PD.

Around the same time as the initial preclinical studies of FVM grafts, there was 
parallel interest in the use of adrenal medullary cells (catecholamine-producing 
cells that release small amounts of dopamine) as an alternative source of a cell-
based therapy for PD. Although these grafts actually survived poorly in the animal 
models, these adrenal medullary grafts progressed to open-label clinical trials 
prior to FVM grafts (31–38). Although initially reported to produce promising 
results, it became clear that any benefit conveyed by these grafts was short-lasting. 
Significant neuropsychiatric side effects occurred in a number of patients, and at 
postmortem, it was found that these grafts did not survive, and this approach was 
therefore abandoned (39).
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Recognizing the failings of the adrenal grafts and the ethical and logistical 
challenges associated with FVM grafting, a number of other cell sources were 
considered as potential candidates to serve as the basis for a regenerative therapy 
for PD. Retinal pigment epithelial cells are able to produce levodopa, as well as 
potentially beneficial neurotrophic factors. These were initially delivered into the 
putamina of six PD patients using gelatin microcarrier constructs (40). Initial 
results were promising with a sustained motor improvement reported, which led 
to progression to a randomized phase II trial. However, in this trial, it was found 
that these grafts conveyed no benefit when compared to sham surgery controls 
and that graft survival was poor (41). Autologous grafts using carotid body cells 
(42, 43) and xenografts using porcine mesencephalon tissue (44) have also been 
performed in PD patients, with disappointing results.

Importantly, although it had become clear that FVM grafting was not scalable 
to be used as a mainline treatment for PD predominantly due to logistical barriers 
and inadequate supply of fetal tissue, the promising results seen in the Swedish 
trials provided proof-of-principal that neural grafting could serve as the basis for 
a useful symptomatic treatment in PD. It became clear that it was necessary to 
develop a renewable source of dopaminergic neurons (or their progenitors) that 
would be suitable for grafting into a large number of patients. The subsequent 
discovery of stem cells provided hope that these could fulfil this requirement, and 
stem cell-based approaches have now become the focus of the field of regenerative 
medicines for PD.

STEM CELL-BASED APPROACHES

Stem cells have the potential for self-renewal through unlimited replication, as 
well as the capacity to differentiate into any cell type within body. The ability to 
direct the fate of these cells to become a dopaminergic neuron potentially there-
fore offers an unlimited number of cells that could be used for neural grafting. 
Although a number of stem cell types have been considered as potential treatment 
options for PD, the most promising are embryonic stem cells (ESCs) and induced 
pluripotent stem cells (iPSC) (Figure 1).

Embryonic stem cells

Human ESCs were first isolated by Thomson in 1998 (45). These are harvested 
from the inner cell mass of the early blastocyst, and a number of human ESC cell 
lines have been generated from excess embryos from in vitro fertilization proce-
dures. Over the following decade, differentiation protocols were developed 
attempting to direct these cells to become dopaminergic neurons (46). While it 
was possible to induce expression of the rate-limiting enzyme for dopamine syn-
thesis, tyrosine hydroxylase (TH), the yield of TH-positive cells was highly vari-
able (47–49). Nevertheless, these cells were shown to survive transplantation into 
rodents and to produce a degree of motor recovery (50).

As well as the variable efficacy of the differentiation techniques, it was also 
clear that although these cells could secrete dopamine, they were not authentic 
nigral neurons, failing to express LMX1A and FOXA2, which were considered 
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Figure 1  Approaches to stem cell-derived neural grafting in Parkinson’s disease.

important markers for nigral dopaminergic neuron phenotype (5). However, the 
recognition that nigral dopaminergic neurons were of floor plate, rather than 
neuroepithelial origin, led to the development of new differentiation protocols 
and the generation of cells that closely resemble authentic nigral dopaminergic 
neurons (51).

However, as experience of ESC-derived neural cell grafting in animal models 
has grown, it has become clear that variable yield has remained a problem. An 
important retrospective study in which over 500 grafts were analyzed sought to 
identify the factors that determined a successful graft outcome (52). It was found 
that the grafts containing a high content of TH-positive cells were seen in those 
grafts that were enriched for neural progenitor cells expressing markers found in 
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the caudal midbrain (e.g., CNPY1 and EN1) (52). The markers that had previously 
been used to indicate nigral phenotype including LMX1A and FOXA2 were also 
present in rostral midbrain progenitor cells destined for subthalamic nucleus neu-
ron fate. This discovery accounts for the heterogeneity that has been seen with 
graft outcomes historically and importantly means that it is now possible to gener-
ate dopaminergic neuron progenitors at high purity and with high efficiency.

Progress toward an ESC-derived therapy has clearly been iterative, with novel 
discoveries in neurodevelopmental biology changing the direction of the field sev-
eral times, as discussed. However, having reached the stage of being able to 
develop dopaminergic neuron progenitors effectively, the attention is now turning 
to whether these cells can be clinically useful, and a number of clinical trials of 
this approach are due to begin (53).

Induced pluripotent stem cells

In 2007, the process for generating iPSCs was first reported, offering a new 
avenue for the development of a stem cell-based treatment for PD (and a num-
ber of other conditions) (54). iPSCs are generated by the reprogramming of an 
adult somatic cell (such as a dermal fibroblast) into a stem cell, through the 
expression of a number of transcription factors that could induce pluripotency 
(e.g., c-myc, klf-4, sox2, and oct4) (55). The iPSCs derived in this way can be 
differentiated into dopaminergic neurons using protocols similar to those used 
with ESCs, which could serve as the basis of a useful cell-based treatment for 
PD  (56). The potential advantage of iPSC-derived over ESC-derived grafts is 
that it would be possible to generate autologous grafts, by using a patient’s own 
fibroblasts to produce a neural grafting product, negating the requirement for 
immunosuppression that will be necessary with ESC-derived grafts. However, 
there are other biological and logistical challenges faced with the iPSC approach, 
which are discussed below.

iPSC-derived neural grafts have been trialed in primates with MPTP-induced 
nigral toxicity, with promising results (57). The neural progenitors grafted ulti-
mately extended neurites into the striatum, did not form any tumors, and resulted 
in improved motor function at two years. As with the ESC-approach, clinical trials 
in humans are on the horizon and will begin in the next couple of years (53).

Other cell types

Mesenchymal stem cells can be derived from the bone marrow and have also been 
considered with regard to development of regenerative treatments in PD. However, 
although it is possible to generate TH-positive cells, it has not currently been pos-
sible to consistently generate authentic midbrain dopaminergic neurons from 
mesenchymal stem cells; hence, it is unlikely that these will be useful as a cell-
replacement therapy for PD (58). These cells have been postulated to have other 
potential beneficial effects, including anti-inflammatory properties and neuropro-
tective potential through paracrine activity (59, 60). A small cohort of PD patients 
received mesenchymal stem cell grafts in an open-label study, which demon-
strated short-term safety of this approach (61). However, no clinical benefit has 
been demonstrated, and the future role of these cells remains uncertain.
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An alternative potential means of generating dopaminergic neurons for trans-
plantation is through direct conversion of somatic cells to induced neurons (iNs), 
through forced expression of proneural transcription factors (62). As with iPSCs, 
these cells can be derived from patient fibroblasts; therefore, it would be possible 
to generate autologous neural grafts. Unlike iPSC-derived neurons, there is no 
stem cell stage to the generation of iNs; hence, they potentially offer an advantage 
over stem cell sources of dopaminergic neurons, as there is theoretically a reduced 
risk of tumorigenesis. However, iN reprogramming is less well established than 
the stem cell approaches, and the results are highly variable (62–66). Furthermore, 
the number of iNs generated is limited to the number of somatic cells available 
at the start of a conversion, which is in contrast to the unlimited number of neu-
rons that can be derived from replicating stem cells. Given these limitations, iNs 
are unlikely to be useful as a cell-based treatment for PD, at least in the short- to 
medium-term future. There is some interest in the development of in vivo direct 
reprogramming techniques, in which astrocytes within the host brain are repro-
grammed directly into neurons, through introduction of proneural transcription 
factors with viral vectors (67). While a fascinating prospect, this technique is 
many years away from being considered as a potential treatment approach, and 
extensive optimization and investigation of its safety will be necessary. Should the 
ESC- or iPSC-derived products that are due to enter clinical trials in the short-
term future be shown to be safe and effective, it is unlikely that iNs or other cell 
sources will emerge as favorable options.

DISADVANTAGES OF STEM CELL APPROACHES

While the stem cell approaches described potentially offer promising treatment 
approaches, a number of problems must be overcome in order for them to be used 
as a mainline treatment for PD.

Of course, any grafting therapy will require a neurosurgical procedure, and it 
must be demonstrated that this can be achieved safely, with minimal risk. 
Additionally, for allogenic grafts a period of immunosuppression will be required, 
with the associated risk of infection and malignancy. Having said this, there is 
postmortem evidence of FVM graft survival for over two decades, with only a 
transient period of immunosuppression, and taking into account the fact that the 
central nervous system is an immune-privileged site, it is unlikely that this will be 
a major problem (26).

The need for immunosuppression can potentially be circumvented by using 
autologous grafts derived from iPSCs. This would require generation of a specific 
neural grafting product for each individual patient. This raises potential regula-
tory issues, and it may be necessary for each graft product to undergo extensive 
testing to demonstrate safety, which would make this approach prohibitively 
expensive (68). The more likely scenario is that it will be necessary to show that 
the iPSC-reprogramming and differentiation protocols are consistent between all 
individuals before these products could be approved, which would also carry 
significant economic expense. This would not be a problem with ESC-derived 
grafts, as this approach would lead to the development of a single grafting product 
that would be used for all patients.
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It has been estimated that generating iPSCs from 150 human leukocyte anti-
gen (HLA)-typed individuals could allow for the development of haplobanks 
which would be able to provide HLA-matched cell products for over 90% of a 
population (69). This would mean that rather than an autologous grafting prod-
uct being produced for each patient, that an iPSC line could be selected with 
which they were HLA compatible to generate a matched cell product. However, in 
order to achieve this, a degree of HLA mismatch would be necessary, and a period 
of immunosuppression would therefore probably be required. Additionally, this 
would still have significant economic costs (70).

Another potential concern about the use of autologous grafts is that they will 
carry any genetic risk factors that contributed to the development of PD in the 
patient. Development of PD pathology has been identified in human FVM grafts 
at postmortem, and it may be that this process is accelerated in the presence of 
specific genetic risk factors (26). This may mean that the benefits conveyed by 
autologous grafts are lost earlier than they would be in allogenic grafts.

Of course, there are ethical considerations that must be taken into account 
with relation to cell grafting techniques. Historically, ethical objections to the use 
of human fetal tissue resulted in major challenges to the development of FVM 
grafting techniques. Generation of ESC-based cell products requires the destruc-
tion of a human embryo, which in some societies is also ethically unacceptable. 
However, in most countries the use of ESCs, derived from human embryos that 
would otherwise have been discarded, is ethically preferable to the use of fetal 
tissue, and it is unlikely that this will be a major barrier to the introduction of 
these treatments (71).

The major safety concern regarding stem cell-based treatments for PD is the 
potential for tumor formation, which may occur due to graft overgrowth, residual 
pluripotent cells in the graft, or acquisition of tumorigenic mutations during cell 
culture. Although tumor formation was seen in some of the early preclinical stud-
ies (47, 48, 72), improvements in differentiation protocols have led to refined cell 
products of increased purity, which have not caused tumors in animals. Having 
said this, while tumors have not been seen post-grafting in animals, it must be 
acknowledged that the grafts are only present in the animals for 1 or 2 years. In 
contrast, neural grafts would be expected to be present for decades in patients; 
therefore, rigorous safety data will be necessary to ensure that tumor risk is negli-
gible, even over long periods of time.

It is possible for cultured cells to acquire mutations in oncogenes and tumor-
suppressor genes, such as P53, and the significance and potential impact of this is 
unclear (73). There is a degree of uncertainty with regard to the extent of genetic 
testing that will be required on any stem cell product, with forthcoming trials 
planning to adopt different approaches (53). Some trials will perform full genetic 
sequencing, others will sequence specific genes, and others will perform karyo-
type analysis only. The significance of any genetic abnormalities identified will 
need to be established so that the approach to genetic testing can be optimized. 
For example, identification of a mutation in the BRCA1 gene—a well-established 
oncogene associated in particular with breast cancer—may be of no clinical sig-
nificance in dopaminergic neurons grafted into the brain. Uncertainty about the 
interpretation of genetic screening has led to the cessation of a planned clinical 
trial of iPSC-derived retinal pigment epithelial cells in patients with macular 
degeneration, due to the finding of a mutation in a cancer-associated gene. 
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Although there was no evidence of tumor formation in preclinical testing of this 
cell line, the risk that it posed to a potential recipient was not known, and the trial 
was halted (74).

Finally, if stem cell therapies are to be introduced for the treatment of PD, 
determination of the optimal patient group will be necessary. It is increasingly 
clear that PD is a heterogeneous condition, with clinical subtypes emerging (75). 
Some patients experience motor symptoms only, while others are at high risk of 
dementia and non-motor manifestations. The stem cell treatments that have been 
discussed may offer significant symptomatic benefit to those with predominantly 
motor symptoms but will be of little benefit to patients in which the main prob-
lems are non-motor. Public misconception may mean that patients view these 
treatments as a “cure” for PD; hence, it will be important to convey the fact that 
these approaches will be symptomatic treatments suitable in appropriately selected 
patients.

STEM CELL TREATMENTS IN THE FUTURE OF PARKINSON’S 
DISEASE MANAGEMENT

Although there are a number of challenges brought about with stem cell-based 
treatments for PD, it seems probable that these treatments will progress to the 
clinic in the short- to medium-term future. While development of optimized 
products has been necessarily slow and iterative, the field is now asking questions 
about how these treatments can be scaled and delivered—this demonstrates the 
progress that has been made with these approaches.

As has been discussed, the purpose of stem cell treatments is predominantly to 
treat the motor symptoms of PD. They will not have any disease-modifying effect 
and will not treat the major non-motor symptoms which can be particularly dis-
abling in some patients. While these techniques can form one arm of the future of 
PD treatment, they will likely be combined with other novel treatments targeting 
alpha-synuclein pathology (e.g., immunotherapies and re-purposed drugs) (76). 
It may be possible for stem cell-based regenerative therapies to be employed to 
restore the function of dopaminergic neurons that have already been lost, while 
novel disease-modifying drugs could be used to prevent ongoing neuronal death.

CONCLUSION

For the past four decades, there has been much interest in the development of 
cell-based regenerative therapies, designed to treat the dopaminergic deficits of 
PD in a physiological manner. However, while a number of cell sources had ini-
tially seemed promising, ethical, logistical, and scientific barriers have meant that 
progress has been slow and iterative. Taking into account historic experiences 
with other cell sources, stem cell-based treatments have emerged as the most 
promising means of offering an effective regenerative therapy that could feasibly 
be scaled for treatment of large numbers of patients. While progress toward clini-
cal trials has taken over a decade, these are now on the horizon. Rather than 
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asking whether it is possible to generate a useful cell product, questions asked of 
this field are now increasingly aimed at answering how these treatments can be 
delivered to patients, highlighting the progress that has been made toward a cell-
based regenerative therapy for PD.
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