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Abstract

For decades, clinicians have developed medications and therapies to alleviate the symptoms of Parkinson’s
disease, but no treatment currently can slow or even stop the progression of this localized neurodegenera-
tion. Fortunately, sparked by the genetic revolution, stem cell reprogramming research and the advancing
capabilities of personalization in medicine enable forward-thinking to unprecedented patient-specific mod-
eling and cell therapies for Parkinson’s disease using induced pluripotent stem cells (iPSCs). In addition
to modeling Parkinson’s disease more accurately than chemically-induced animal models, patient-specific
stem cell lines can be created, elucidating the effects of genetic susceptibility and sub-populations’ differing
responses to in vitro treatments. Sourcing cell therapy with iPSC lines provides ethical advantages because
these stem cell lines do not require the sacrifice of human zygotes and genetically-specific drug trails can
be tested in vitro without lasting damage to patients. In hopes of finally slowing the progression of Par-
kinson’s disease or re-establishing function, iPSC lines can ultimately be corrected with gene therapy and
used as cell sources for neural transplantation for Parkinson’s disease. With relatively localized neural de-
generation, similar to spinal column injury, Parkinson’s disease presents a better candidacy for cell therapy
when compared to other diffuse degeneration found in Alzheimer’s or Huntington’s Disease. Neurosurgical
implantation of pluripotent cells poses the risk of an innate immune response and tumorigenesis. Precau-
tions, therefore, must be taken to ensure cell line quality before transplantation. While cell quality can be
quantified using a number of assays, a yielding a high percentage of therapeutically relevant dopaminergic
neurons, minimal de novo genetic mutations, and standard chromosomal structure is of the utmost impor-
tance. Current techniques focus on iPSCs because they can be matched with donors using human leukocyte
antigens, thereby reducing the severity and risk of immune rejection. In August of 2018, researchers in
Kyoto, Japan embarked on the first human clinical trial using iPSC cell therapy transplantation for patients
with moderate Parkinson’s disease. Transplantation of many cell sources has already proven to reduce Par-
kinson’s disease symptoms in mouse and primate models. Here we discuss the history and implications for
cell therapy for Parkinson’s disease, as well as the necessary safety standards needed for using iPSC trans-
plantation to slow or halt the progression of Parkinson’s disease.
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Introduction

Of the intractable neurogenerative diseases plaguing hu-
manity, Parkinson’s disease (PD) possesses unique charac-
teristics that enable hope for successful future therapies. The
disease promotes apoptotic pathways that result in the acute
death of a relatively localized bundles of dopaminergic neu-
rons (DAns) in the substantia nigra pars compacta (SNpc)
(Hughes et al., 1992; Wakabayashi and Takahashi, 1997;
Langston, 2006) and a cholinergic nucleus in the basalis of
Meynert (Liu et al., 2015). These neural systems aid in in-
fluencing muscle coordination from the basal nuclei. After
developmental pruning, normal individuals house around
50,000 of these DAns, but rigidity, tremors, bradykinesia,
and other changes in gait-all hallmarks of PD can arise after
the loss of even 7,800 SNpc DAns. Located deep within the
midbrain, this neuronal death is currently impossible to
confirm while the patient is alive and clinicians diagnose PD
from symptom profiles. DAn death can only be confirmed
through post-mortem examination. Given the difficulty to
examine the mechanisms driving neurodegeneration in PD,
a variety of theories of PDs causes abound to explain the
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characteristic presence of Lewy neurites and Lewy bodies.
However, DAn survival within the SNpc is integral to retain-
ing cognitive and motor function.

The most widely accepted postulation of PD progression
focuses on the role of alpha-synuclein, thought to contribute
to the molecular basis behind PD pathogenesis (Kahle et al.,
2000). Alpha-synuclein, a small protein comprising 140 ami-
no acids, exists in a dynamic equilibrium of conformational
states that can quickly respond to changing conditions. One
of these states is a membrane-bound, partially unfolded
form that exposes a hydrophobic region. This conforma-
tion causes oligomerization, aggregation, and tell-tale Lewy
bodies. In a healthy state, an accumulation of misfolded
alpha-synuclein is quickly degraded using via ubiquitina-
tion. In pathological PD, however, mechanisms involved in
alpha-synuclein degradation are disrupted at the level of al-
pha-synuclein expression, regulation, ubiquitination, or deg-
radation. Alpha-synuclein also interacts with many proteins
whose genetic mutations increase risk for PD. This may im-
ply other down-stream effects of alpha-synuclein that could
be critical to maintaining healthy neural tissue. Whether en-
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tanglement and aggregation are caused by innate or induced
mechanisms of, alpha-synucleinopathy is present in almost
all cases presenting symptoms of PD. In order to probe its ef-
fects and better understand the molecular and cellular basis
of PD, researchers employ both cellular and animal models.
Their utility hangs on their ability to mirror PD pathology
as accurately as possible. I searched PubMed for reviews and
primary articles on iPSC cell therapy for PD within the past
5 years. I searched from January 1, 2019 to April 15, 2019.

Induced Pluripotent Stem Cells Parkinson’s

Disease Models in vitro

The unique qualities of induced pluripotent stem cells (iP-
SCs) provide many advantages when trying to model and
study PD (Byers et al., 2012). One of their most profoundly
influential characteristics is their specificity to the patient.
Fibroblasts can be taken from an individual suffering from
PD, reprogrammed to a pluripotent state using a hand-
ful of transcriptional factors, and then differentiated into
the midbrain DAns directly affected by PD (Nashun et al.,
2015; Phetfong et al., 2016). iPSC lines transformed sci-
entific models and the study of neurodegeneration as well
(Takahashi and Yamanaka, 2006). This model preserves the
genetic susceptibility, native molecular machinery, and indi-
vidual transcriptional pathways needed to accurately such a
complex disease. The process of differentiating iPSC lines to
the DA neural fate of the SNpc requires incredible complex-
ity too. Since the first iPSC lines in 2006, it took 9 years to
mimic this specific developmental pathway using small mol-
ecules over the course of 50 days. To start, mothers against
decapentaplegic homolog inhibitors and fibroblast growth
factor 8 are added in addition to neurotrophic factors that
mimic patterns of the neural floor-plate are added to activate
the sonic hedgehog signaling pathway (Ye et al., 1998; Fasa-
no et al., 2010). To fine-tune differentiation requires activat-
ing additional WNT pathways using small CHIR molecules.
CHIR produces a graded response of characteristic forebrain
to hindbrain protein expression patterns, conditional on
its concentration (Kirkeby et al., 2012). SNpc profiles from
iPSC derivatives, with characteristic GIRK2 markers, result
from the proper molarity of CHIR. To decrease the time
needed for differentiation, mRNA transfection of transcrip-
tion factors can be employed, but this method has yet to
produce SNpc DAns. Additionally, spontaneous integration
also limits its applicability for achieving clinical-grade differ-
entiation. Though all current models can never fully mimic
PD, iPSC models achieve robust and phenotypically-similar
conditions to study PD (Playne and Connor, 2017). Retain-
ing the genetic mutations of the PD patients themselves, the
neurons produced from this “PD in a dish” maintain their
natural apoptotic susceptibility and require less chemical in-
duction to result in DAn death.

iPSC’s patient-specific capabilities open a window into
assessing the genetic contributions to PD pathogenesis. Ge-
nome-wide association studies can identify polymorphism
and mutation risk factors for PD, but iPSC models allow
phenotypically-similar visualization of these effects. Similar-
ly, their effects on cell death and susceptibility can be quan-
tified and compared in controlled conditions. Through the
differentiation process, changes in development may also be
monitored, though direction via small-molecule induction
in a dish hardly represents the embryological state perfectly.

The first genetic link to PD discovered was a point mutation
in the SNCA gene. In 2011, an iPSC line was established
that contained this A53T transversion (Soldner et al., 2011).
Similar lines were subsequently created with other PD ge-
netic susceptibility including the LRRK2 gene (Nguyen et
al,, 2011; Reinhardt et al., 2013; Sanders et al., 2014), GBA
mutations (Schondorf et al., 2014), and in PINK1 (Cooper et
al., 2009). Employing the powerful capabilities of CRISPR/
Cas9 system, the effects of single mutations can be isolat-
ed further by reducing clonal and genetic variations. With
CRISPR, mutations can be fixed to allow co-culture and
co-differentiation of both mutant and edited lines to neural
dates that test positive for markers specific to DAns in the
midbrain. The longevity of the resulting neurons can then be
compared with controls to assess the hypersensitivity of the
mutations, as well as the efficacy of gene editing. No longer
deep in the midbrain, the cellular changes of mutation are
physically seen in real-time. With the reduced cost of genetic
sequencing, mutant and controlled lines will be able to lim-
it the effects of background mutations. “PD in a dish” also
presents other clinical applications. It may lend insight into
diagnosing the severity of PD diagnosis with the ability to
measure the effect of oxidative stress on the affected individ-
ual’s neurons in tandem with genetic screening.

With the addition of neurotoxins and oxidative stress-
ors like 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine or
6-hydroxydopamine, iPSC models of DAns taken from
PD patients currently demonstrate increased sensitivity
to, an indication of a more accurate PD model (Byers et
al., 2012). However, this added sensitivity must be viewed
with healthy skepticism and within the larger context of PD
research. Clearly, our models can and should be improved.
During cellular reprogramming of fibroblasts, potentially
critical aspects of the neural environment are lost. Repro-
gramming reverses some effects of the aging brain and
similarly erases the patient’s epigenome, far from a perfect
recreation of PD. Nevertheless, iPSC models have provided
insight into the pathogenesis of PD, possibly implying that
mitochondrial malfunction is at play. Further consensus
is needed. iPSC models may also allow for quicker drug
screening without human side-effects. Genetic differences,
of both individuals and mutant sub-populations, facilitate
the effects of drug uptake and response to PD treatment,
contributing significantly to individual drug response
(Jimenez-Jimenez et al., 2016; Kim and Jeon, 2016). Imple-
menting personalized medicine based on genetic profile,
factoring in PD risk mutations and variance in drug me-
tabolism enzymes, offers many potential benefits for future
PD patients. However, modalities of treatment will require
constant fine-tuning and updates in response to the latest
findings due to PD progression and dynamism. Drug ther-
apies, in isolation, currently cannot slow or stop PD. By
necessity, PD treatment may involve a combination of ther-
apies, including drugs. Advances in iPSC technology now
allow for an additional method to combat PD: cell therapy
via patient-specific transplantation.

Cell Therapy in Model Organisms

Clinicians have sought to implement cell therapy for PD for
decades. With PD’s relatively localized neurodegeneration,
animal models are a great candidate for testing cell therapies’
efficacy. Model organisms (Drosophila, yeast, mice, and
non-human primates) have also contributed significantly to
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our understanding of PD. When employing model organ-
isms for study, researchers make careful tradeoffs between
cost and anatomical, genetic, and behavior similarity of the
specimen to humans. Animal models can be used to probe
PD by overexpressing human genetic risk factors and mon-
itoring the cellular or physiological response. Drosophila
overexpressing the human gene SNCA, coding for the pro-
tein alpha-synuclein, exhibit a similar pattern to the age-de-
pendent onset of DAn degeneration. Similarly, mice under
the same conditions present with PD symptoms including
decreased motor control, Lewy Body formation, and loss of
DA terminals the basal nuclei. Not only have these contribu-
tions supported the causal role of alpha-synucleinopathy in
PD progression, but quantifying phenotypic movement im-
pairment in models has also assisted in assessing functional
fitness in drug screening. Drug candidates are assessed in
vivo to assess reduced impairment, however, none can re-
store or improve functionality long-term.

While other mammals produce dopamine within their
central nervous system, PD primarily affects human beings.
Thus, chemical induction of PD is achieved by injecting
6-hydroxydopamine and 1-methyl-4-phenyl-1,2,5,6-tet-
rahydropyridine into the model’s CNS. This causes severe
oxidative stress and is necessary to mimic the loss of DAns
in the SNpc in model organisms. A wide array of studies
have examined the effects of cell therapy on chemically-in-
duced PD in rats. Repeated reports have shown that rodents
with neuro-progenitor cells injected into the midbrain after
chemical lesion show signs of recovery. Using human em-
bryonic stem cells (ESCs) as a cell source, transplantation led
to both TH-positive donor cells and improvement in quanti-
fied motor skills tests (Rodriguez-Gomez et al., 2007; Peng et
al., 2014). However, ESC sources have been shown to lead to
tumorigenesis. Alternatively, human dopaminergic precur-
sors can be derived from iPSC sources for transplantation
in parkinsonian rats. Cell therapy using iPSCs did not result
in a host immune response nor tumor formation (Doi et
al., 2014). Additionally, brain biopsies in rats revealed more
TH-positive cells and less serotonin-positive neurons when
iPSC progenitors were cell-sorted prior to injection.

The logical bridge between rats and clinical trials is test-
ing PD cell therapy in non-human primates. Supporting the
findings in rodents, neural transplantation of human ESCs
in non-human primates detected TH- and GABA-positive
neurons at the site of injection. Clinical-grade human ESCs
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have also been transplanted with significant improvements in
motor scores. Additionally, no significant tumor formation
was observed when compared to control injections (Wang et
al., 2018). iPSC transplantation has also shown promising re-
sults. In a longitudinal study following chemical induction of
PD, non-human primates two years after transplantation of
human iPSC cells still demonstrated significant improvement
(Kikuchi et al., 2017). After post-mortem analysis, the neural
environment surrounding the injection site revealed prolif-
eration, robust growth, and neural integration into existing
neural scaffolds and networks. (Hallett et al., 2015; Kikuchi
et al, 2017). Staining also showed human iPSC transplanted
cells functioned as TH" midbrain DAns (Figure 1).

Studies in model organisms have aided in therapeutic
selection, yet present many potential limitations. Artificial
induction of PD, while critical for previous studies of blocked
DA expression, fails to accurately mirror the intricate causes
of PD alpha-synucleinopathy. Sensitive DAn neuropathology,
Lewy neurites and Lewy bodies form naturally in endogenous
PD. Transgenic animal and in vitro models give researchers
a window into PD pathogenesis, yet chemically induced ani-
mal models of PD fail to portray the underlying mechanisms
of disease and natural susceptibility to neurodegeneration
in affected individuals. Animal cell therapy trials produced
mixed results-clearly demonstrating the potential power of
cellular intervention, yet they also highlight the limitations
of these models. Due to cellular and gross anatomical differ-
ences, success in animal models may not predict the efficacy
of cellular treatment for human neurodegeneration (Lemon,
2008). Though animal models may mimic human pathology
in some cases, neurodegeneration involves a complex inter-
play of genetics, transcriptional feedback, and endogenous
control by transcription factors. Thus, success in an animal
model may not translate to success in the clinic.

Safety and Immune Response in Human
Induced Pluripotent Stem Cell

Transplantation

In the nearing future, research will examine the clinical effi-
cacy of PD treatment using iPSC transplantation in humans.
Successful trials of cell therapy in humans necessitates a num-
ber of precautions. The quality of potential cell sources must
first be tested to assess the viability, state of differentiation,
and integrity of genetic material. A variety of commercially

Figure 1 Advances in fetal ventromedial (VM)
tissue, embryonic stem cell (ESC), and
induced pluripotent stem cell (iPSC) therapy
for Parkinson’s disease (PD).

In the 1980s, VM tissue was transplanted into
the midbrain of two PD patients and their re-
covery was monitored over 20 years. Patients
showed moderate recovery of symptoms, but
low sample size limits the generalizability of
the study. Advances in cell culture techniques
allowed for successful ESC and iPSC differenti-
ation to the dopaminergic neuronal fate of the
midbrain in 2006 and 2010 respectively. After
successful transplantation in primates, Takahashi
(2019) launched the first clinical trial using iPSC
therapy to treat PD. The clinical trial will follow
seven patients with moderate PD. DA: Dopami-
nergic; OHDA: hydroxydopamine.
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available assays can be used to confirm the pluripotency of
a cell line (Maherali and Hochedlinger, 2008). Cell quality
can be quantified on a number of metrics including DNA
methylation patterns, embryoid body formation, normal
chromosome structure, expression of pluripotent markers,
and teratoma formation. Similarly, cells can be screened to
detect genetic changes induced by reprogramming and differ-
entiation. Although stem cells accrue an impressively small
amount of de novo mutations over time, even more impres-
sive when compared to other immortalized cell lines, approx-
imately 8 mutations are introduced with each passage and
genetic abnormalities are introduced at a higher rate among
high-passage lines (Spits et al., 2008). As such, proper lab
techniques dictate the use of low-passage cells when possible.
Finally, cell line quality can be determined by the expression
of genes integral to the survival and function of mature, ther-
apeutically relevant DA neurons, namely NURR1, PITX3,
FOXA2, and TH (Cooper et al., 2012). However, patients of
cell therapy will likely receive immature DA neurons that will
complete differentiation post-implantation. Handling and
delivery of cell lines must also be assessed if they are to be
transported. Cells must be frozen in a partially differentiated
state, ready for transplantation with minimal manipulation
required once thawed. Additionally, precautions must be tak-
en to limit immune rejection post-transplantation.

Human ESCs have been previously implanted in hopes of
treating many neurological diseases ranging from spinal cord
injury to macular degeneration. Though producing promis-
ing results in some instances, the main challenge for human
ESC therapies is their allogeneic cell source, resulting in im-
mune rejection by the recipient. To ensure acceptance of the
cell graft, the recipient must endure strong immunosuppres-
sant treatment in addition to the physical toll of the trans-
plant. Technical and ethical roadblocks to cell therapies may
ultimately lead to their infeasibility. But, this opportunity to
find a treatment capable of restoring lasting function for PD
patients is unprecedented. Human iPSC sources possess the
advantage in that they are patient-specific, thereby limiting
a possible immune response. However, a mounting pile of
evidence suggests that some iPSC sources can be immuno-
genic. An effective strategy to produce foreign- or self-tol-
erance will be critical to transplantation success. The source
of pluripotent cells, whether embryonic or induced, is not as
central as quality when it comes to transplantation. Scaling
the production of fully-functional DAns will be challenging
and costly, especially to ensure a high percentage of func-
tionality. The utmost precautions must be taken to ensure
that the pluripotent cells can achieve a high-yield differenti-
ation of DAns, functional stability, and limited proliferation
once the culture has fully differentiated. Safe transplantation
techniques for reprogrammed cells is also of importance.
Infection, tumorigenesis, and graft-induced dyskinesia may
all arise from transplantation in trials. Preparations must be
taken to prevent these risks whenever possible. Cell therapies
using iPSCs will always pose risks, but their advantages and
previous animal studies present a compelling case for viable
PD therapies in the future. One advantage to iPSCs is that
patient lines are not as politically derisive. Lines are estab-
lished without human embryo sacrifice (an ethical obstacle
that ESC treatments face at scale). An additional advantage is
that iPSCs lines can match patient and donors using human
leukocyte antigen (HLA) profiles. Patient-specific iPSC grafts
would limit patient variability seen in previous clinical trials
using third-party cell sources. Researchers in Japan estimate

that only 50 iPSC lines from donors homozygous at HLA
loci can cover 73% of Japanese citizens when matched at 3
locations (A, DR, and B) (Okita et al., 2011). The cost of cell
differentiation and reprogramming could pose added finan-
cial burdens on the patient, but reduced immune response
and iPSC lines from generic donors will lower costs at scale.
In the current renal transplant system, HLA matches result
in lower rates of graft-loss, rejection, and death. Additional-
ly, HLA matches required lower dosing of immunosuppres-
sants post-operation. Primate studies of iPSC grafting have
also shown to increase cell survival and reduce microglia
and leukocyte responses when histocompatible (Morizane et
al,, 2017). The native immune response of the brain (and the
attenuation through immunosuppressive drugs) may dictate
the positive result of cell therapy in humans. Just as with the
challenge of examining neurodegeneration within the brain,
visualizing the neuroprotective effects of iPSCs post-opera-
tion cannot be achieved until post-mortem analysis.

Since 1987, researchers have probed the efficacy of cell
therapy in treating PD using a variety of cell sources. Fetal
tissue from the ventral midbrain has been shown to produce
functionally viable DA neurons 20 years post-implantation,
but treatment showed little behavioral improvement. ESCs
were used in a 2017 human trial to treat PD, however, the
Chinese team has yet to publish any findings (Cyranoski,
2017). Without data, speculation is currently unwarranted.
Researchers in Japan began the first iPSC cell therapy for
PD in 2018 (http://www.cira.kyoto-u.ac.jp/e/pressrelease/
news/180730-170000.html). iPSCs have been used as cell
sources in other clinical trials involving neural damage in
spinal cord injury. However, the Japanese team has yet to
publish data from their human trial for PD. The trial began
in the late summer of last year, with the intent to transplant
DAn progenitor cells derived from iPSCs into the SNpc (ID:
UMINO000033564) (Takahashi and Sawamoto, 2018). This
study, despite the history of success with cell therapy in ani-
mals, will be the first to treat clinical PD using iPSCs as op-
posed to a chemically-induced model. Lead by Takahashi at
Kyoto University Hospital, seven patients with moderate PD
were selected for early intervention and their progress will
be monitored for 2 years (Takahashi and Sawamoto, 2018).
Volunteers with moderate PD were selected, despite the in-
creased risk of permanent damage, to reduce confounding
variables and with the hopes of greater benefit. Cells were
sourced from third-party HLA homozygous donors to re-
duce interference from patients’ genetic variability. Further
testing of genetic integrity of the iPSC lines and additional
tests in rat models were performed before implantation
(Takahashi, 2019). Transplantation of 2.4 million cells was
administered into 12 brain regions via two bored holes in
the cranium (Takahashi and Sawamoto, 2018). Following the
surgery, and due to the trial’s experimental nature, patients
received drugs to modulate immunosuppression for extra
precaution. The first patient to receive this treatment has had
no adverse effects thus far. If the results hold, he will receive
another round of 2.4 million cells. The other six patients are
expected to be treated by 2020. Physicians will monitor his
condition, including signs of excessive dopamine production
that could result in involuntary muscle spasms, as well as
other side-effects. Curing PD with cell treatments remains
doubtful, and the forthcoming results must be examined in
the context of other treatments. Many questions regarding
the future of cell therapy for PD remain, but the future of
treating neurodegeneration looks optimistic.

39



Stoddard-Bennett T, Pera RR (2020) Stem cell therapy for Parkinson’s disease: safety and modeling.

Neural Regen Res 15(1):36-40. doi:10.4103/1673-5374.264446

Conclusions

The patient-specific characteristics of iPSC sources offer un-
precedented avenues for treating neurodegeneration. Neural
degeneration does not affect PD patients alone. But with rel-
atively localized neurodegeneration, in comparison to more
diffuse forms of neural death like ALS or AD, PD remains
one of the most viable targets for cell therapies in their early
stages. An individual’s cells, taken from fibroblasts in the
skin, may be harvested and subsequently de-differentiated
into pluripotent stem cells. Using CRISPR technologies, ge-
netic mutations predisposing the individual’s DAns can then
be genetically corrected and then cultured into dopaminer-
gic progenitor neurons. These progenitor cells can then be
transplanted into the location of degeneration in the mid-
brain in hopes of restoring function. Losing a cluster of a few
thousand neurons throws the fragility of the neural ecosys-
tem into sharp relief. One begins to appreciate the intercon-
nection of neural circuitry as the effects of this programmed
death touch nearly all facets of life. This fragility adjures both
clinician and researcher to spend all the more mental effort
to ensure safety standards for research and treatments. As
shown in model studies, cell therapy, in combination with
future drug regiments, may offer a path forward to help mit-
igate the human suffering of PD.
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