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1 Introduction

Parkinson’s disease (PD) is caused by eventual
neurodegeneration of dopamine neurons in
the substantia nigra of middle brain. It is clinically
characterized by bradykinesia, tremor, rigidity,
and later postural instability of motor symptoms
and related non-motor symptoms. Currently there
is no treatment to stop the disease progression of
PD. However, over the past 30 years studies
indicated that PD is mainly caused by synuclein-
mediated protein aggregation (lewy body), lead-
ing to cell death of dopamine neurons
(DA neurons). Further studies have discovered
that other neurons such as the cholinergic neurons
or astrocytes may also be affected to induce
non-motor symptoms such as depression, consti-
pation, pain, and sleeping dysfunctions in the
early development of PD. The most effective
treatment is to use levodopa/carbidopa, dopamine
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agonists (both ergot and non-ergot types) to
replace dopamine. Neverthless, the levodopa
replacement can only relieve the symptoms of
PD without affecting the progression of disease.
Furthermore, the levodopa replacement can cause
the side effect of involuntary muscle movements
called dyskinesias. Another useful treatment for
PD is called deep brain stimulation (DBS) which
is to surgically implant the electrodes to the
subthalamic nucleus to improve motor symptoms
of PD by the unknown -electrophysiological
mechanisms. Most possibly the DBS is to
increase the dopamine release of the
undegenerated DA neurons, but DBS treatment
has been found to lose effectiveness over time.
Because of the specific cell death of dopamine
neurons in PD, the neural stem cell transplanta-
tion has been considered the potential treatment
and extensively explored for more than two
decades (Berg et al. 2014; Olanow et al. 2001;
Postuma et al. 2015).

In the 1980s and 1990s, early studies ever got
enthusiastic results by transplanting fetal brain-
derived neural stem cells (fNSCs) into the
striatums of PD patients. Afterward, the expanded
large-scale double-blind studies were tried to use
fNSCs for PD patients in different clinical trials.
However these studies did not convince the early
findings, promoting research to explore other
stem cell sources for PD. The bone marrow—
derived mesenchymal stem cells (BM-MSCs) or
umbilical cord—derived mesenchymal stem cells
(UC-MSCs) were also transplanted for the
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treatment of PD in animal models and got some
therapeutic effects. After the successful isolation
and culturing of human embryonic stem cells
(hESCs) from in vitro fertilized blastocysts,
researchers have developed efficient differentia-
tion methods to largely produce dopaminergic
progenitors or dopamine neurons for transplanta-
tion therapy of PD and other neurodegenerative
diseases. To overcome the ethical issues and
immune rejection of fNSCs and hESCs, induced
pluripotent stem cells (iPSCs) reprogrammed
from patients’ somatic fibroblasts or blood cells
have been recently explored to derive suitable
cells for the treatment of PD, even for all other
diseases (Han et al. 2015a, b; Lindvall and
Bjorklund 2011; Takahashi et al. 2007).

2 Etiology and Genetic Study

Generally, PD can be divided into familial and
sporadic cases. Most of PD cases are sporadic
(80-90%) whereas the inherited familial cases
only account for 10-20%, which are usually
caused by genetic mutations in associated PD
genes (Chen et al. 2014; Han et al. 2016; Lesage
and Brice 2009). The twin studies also suggested
that genetic mutations may not be a major factor
causing typical PD, especially for the late-onset
patients (Chung et al. 2013; Tanner et al. 1999).
However, the discovery of the mutated genes in
familial PD has largely contributed to uncover the
molecular mechanism and therapeutic targets
for PD.

Since the a-synuclein (SNCA) gene was first
reported as the PD gene in 1997 (Polymeropoulos
et al. 1997), more and more genetic linkage and
association studies have identified more than
30 genes or susceptible loci related to familial
and sporadic PD (Bandres-Ciga et al. 2020). Dif-
ferent mutations in the SNCA and LRRK?2 genes
of autosomal dominant PD genes have been
extensively investigated to explore how the
mutant proteins of SNCA and LRRK2 cause the
cell death of the neurons and dopamine neurons
in the brain. Soon afterward, the PARK?2 (Parkin),
PINK1, PARK7, PLA2G6, and ATP13A2 of
autosomal recessive genes were identified and
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shown to mainly contribute to the pathogenesis
of PD through the mitochondrial-lysosome
pathways. In the meanwhile several susceptible
genes or loci of Tau, Nurrl, and GBA were also
reported to be associated with PD (Han et al.
2016; Yu et al. 2015). Recently more new PD
loci (ACMSD, STK39, MCCCI/LAMP3,
SYTI11, and CCDC62/HIPIR) were identified
through the genome-wide association study
(Deng et al. 2018; Nalls et al. 2011).

The most important progress of the molecular
pathological studies is to recognize the aggrega-
tion of alpha-synuclein to be the key factor for PD
cases. A lot of studies have identified different
point mutations (A53T, A30P, E46K) of SNCA
and its genomic rearrangements including the
duplication and triplications in different families
with PD. It is now understood that the specific
pathological lewy bodies in brains of PD patients
are mainly composed of the misfolding and
aggregation of a-synuclein, ubiquintin, and
other proteins in the dopamine neurons (Surmeier
2018). In addition, another autosomal dominant
PD gene of LRRK2 was found to modify the
alpha-synuclein and combine to contribute to the
pathology of PD. The mutations in LRRK2 occur
in each exon and exon-intron boundaries of the
LRRK?2 gene. The most common pathological
LRRK2 mutations are R1441C, Y1699C,
G2019A, and 12020T. It was reported that the
G2019S and R1441C mutations of LRRK2
account for 1-3% of familial PD cases and spo-
radic PD cases. These mutations were shown to
increase the kinase activity (Gain of function) of
LRRK2 protein to play a toxic role in PD (Grimes
et al. 2007; Martin et al. 2014). The parkin gene is
the second one to be identified in autosome reces-
sive families of PD (PARK?2). Most of the parkin
mutations are exonic deletions but missense, non-
sense mutations, and genomic rearrangements
were also found in PD families (Sliter et al.
2018). Molecular studies have found that the
parkin has the enzymatic activity domain of
ubiquitin and the RING-like structures with
some ubiquitin-ligase activity.

Other susceptible genes are also reported to be
associated with PD. We had ever screened
202 familial and sporadic PD patients for
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NURR1 (NR4A2) mutations and identified a
novel missense mutation in exon 3 of the
NURRI1 gene in one sporadic PD individual.
This point mutation produced a truncated
NURRI protein which is unable to bind the pro-
moter region of the tyrosine hydroxylase
(TH) (Grimes et al. 2006). Pathological mutations
in GBA were first reported in patients with lyso-
some diseases such as GD (gaucher’s disease).
Later GBA mutations were also reported to confer
more risk to the development of PD. We have
recently performed a case control study in a Chi-
nese cohort with PD and a Chinese control cohort
by sequencing all the 12 exons of the GBA gene
and found the PD patients have significantly higher
frequency of mutations in the GBA gene. Totally
we found 9 reported and 3 novel GBA mutations in
184 Chinese patients. These novel mutations are
5-bp deletion (c.334_338delCAGAA), L2641 and
L314V and the nine known GBA mutations are
R163Q, F213I, E326K, S364S, F347L, V375L,
L444P, RecNcil, and Q497R. Importantly we
identified the novel 5-bp deletion (CAGAA)
which produces a non-functional GBA protein of
142 amino acids, which loses major enzymatic
function domains of the full GBA protein
(Yu et al. 2015). The mechanism for mutations in
GBA to cause the neural death of dopaminergic
neurons is discussed in the following Sect. 3.2.

3 Animal Models and Molecular
Mechanisms

3.1 Animal Model of PD

The cell degeneration of DA neurons is usually
accompanied by lewy bodies formed by insoluble
aggregates of alpha-synuclein, ubiquitin, and
other misfolded proteins, and aggregated lewy
bodies are toxic to neural stem cells, neurons,
and glial cells (Dawson et al. 2010; Surmeier
2018). To explore the pathogenesis and effective
treatment of PD, animal models from different
species have been generated to recapitulate the
phenotypes of PD. However, each of the current
PD models has its limitations and no animal
models can completely recapitulate clinical and
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pathologic characteristics of PD. Currently, three
kinds of PD animal models can be available, the
neurotoxin-induced model, the transgenic model,
and the newly synuclein protein—induced model.

The commonly used drug-induced animal
models of PD include mouse, rat, and
non-human primate models. The classic PD
model is 6-OHDA (6-hydroxydopamine)-
lesioned acute PD rat model which can have the
motor behavior deficits, but pathologically the
6-OHDA-induced rats do not have pathological
lewy body aggregation in dopamine neurons
of the brain. 6-OHDA is an analogue of dopamine
which can be directly injected to substantia nigra
of the rat brains to destroy the DA neurons to
induce the hemi-Parkinsonism (Chao Chen et al.
2016). MPTP (1-methyl-4-phenyl-1, 2, 3,
6-tetrahydropyridine) is a synthetic heroin ana-
logue, which can also induce the injury to DA
neurons in mice and non-human primates, but not
in rats, probably because the rats resist the
metabolites of MPTP. MPTP-induced primate
monkey models of PD are able to reproduce
most, although not all, of the clinical and patho-
logical hallmarks of PD and have been widely
used to understand disease pathophysiology and
develop potential therapeutics including cell
transplantation therapy (Fox and Brotchie 2010;
Kikuchi et al. 2017). The transgenic PD models
were also developed by overexpressing or knock-
out the PD-related genes such as LRRK2, SNCA,
DJ1, and Parkin. The alpha-synuclein transgenic
mice have been developed by overexpressing the
wild-type and mutant SNCA (WT, A30P, A53T),
but these synuclein-based animal models rarely
have the phenotypic characteristics of PD as these
models do not have progressive loss of DA
neurons in brains of the mice (Chesselet et al.
2008).

Since the transgenic animal models have
limitations to recapitulate the specific loss of
dopamine neurons, the synuclein protein—based
models were created. One study used rAAV
vectors to express wild-type or mutant
a-synuclein in the dopaminergic neurons in the
substantia nigra of midbrains. The motor defects
were seen in this model, which include the
apomorphine-induced rotation turns. Other AAV
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serotypes such as rAAV2/1, rAAV2/5, rAAV2/6,
rAAV2/7, and rAAV2/8 have also been used to
express alpha-synuclein in animal models to
increase transduction efficiency and expression
level of a-synuclein in the brain of rats or mice
(Koprich et al. 2010; Lundblad et al. 2012). The
chronic degenerated PD model is to inject the
a-synuclein-formed fibrils to the substantia nigra
or other brain areas of the animals to induce the
degeneration of the dopamine neurons. This PD
model has the formation of protein-aggregated
inclusions which can grow and propagate
throughout the neurons of the brain (Volpicelli-
Daley et al. 2011). The advantage of a-synuclein
fibrils-induced models and rAAV-a-synuclein
models are formation of pathological cytoplasmic
inclusion and have the slowly progressive loss of
dopamine neurons, which are more similar to the
pathological process of human PD (Paumier et al.
2015).

3.2 Molecular Pathogenesis of PD

The pathogenesis of PD is attributed to the envi-
ronmental, genetic and aging factors. In the
development of PD, the dopamine neurons seem
to be more vulnerable to toxic proteins and
misfolded protein aggregates. Under the patho-
logical conditions, the cytoplasmic soluble
a-synucleins are misfolded and eventually form
oligomers to form fibrils and insoluble protein
aggregates, which eventually induce the cell
death of dopamine neurons through different
molecular pathways such as the ubigintination-
mediated protein degradation and endoplasmic
reticulum-Golgi localization of the regulating
factors such as RABIla for vesicular transport in
midbrain dopamine neurons. The genetic
mutations in PD genes can lead to an increase in
the production of missense proteins or affect the
functions of the proteins such as the activation of
the LRRK?2 kinase or decrease the Parkin
ubigintinase activity. In addition, the protein traf-
ficking and degradation can also be affected and
convergently lead to increased membrane perme-
ability and degeneration of dopamine neurons in
PD (Fares et al. 2014; Gonzalez-Horta 2015).
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Mutations in f-glucocerebrosidase (GBA) were
reported to decrease the activity of glucocereb-
rosidase and increase the production of the
glucosylceramides to affect lysosomal function.
Recent studies revealed that GBA are associated
with misfolded o-synucleins to cause neuronal
death in PD, highlighting GBA as a new thera-
peutic target for PD (Blanz and Saftig 2016; Yu
et al. 2015).

In the past years the research on pathogenesis
of PD has made progress on the abnormalities of
mitochondria, lysosomal-proteasome, autophagy,
and oxidative stress pathways through in vitro
and in vivo studies. Autosomal recessive
gene mutations in PINKI, parkin, DJ-lhave
uncovered the importance of mitochondrial dys-
function in PD. Several studies suggested that a
crosstalk between lysosomes and mitochondria in
the pathogenesis of PD. Autosomal dominant
mutant LRRK?2 interact with alpha-synuclein to
induce abnormal protein aggregations which
have been shown to localize to mitochondria and
lysosomes, further supporting the mitochondrial
and endo-lysosomal dysfunctions play key roles
in PD (Plotegher and Duchen 2017; Zhang et al.
2018a). The molecular pathological mechanism
in the development of PD is diagramed as in
Fig. 3.1 (Martin et al. 2011; Zhang et al. 2018a).

4 Cell Transplantation Therapy
in PD

Cell transplantation for PD has been explored for
more than 30 years, but no reliable cell line or cell
sources are available for the patients until now.
However, different stem cell lines have been stud-
ied for the treatment of PD in animal models and
some clinical patients. Here we discuss each of
the stem cell lines for the treatment of PD as
outlined in Chaps. 1 and 2.

4.1 Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) can be isolated
from most of the organs and tissues including
bone marrow, muscle, skin, dental pulp,
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Fig. 3.1 The molecular pathways leading to the
dysfunctions of the mitochondria, lysosomal-proteasome
and autophagy in development of PD. Autosomal domi-
nant Mutations of SNCA and LRRK2 in sporadic PD lead
to protein aggregation and fibrillization to form oligomers
and fibrils which disrupt the functions of autophages,
lysosomes and mitochondria, which gradually induce

peripheral blood, and umbilical cords. These
MSCs have been shown to have multipotent dif-
ferentiation into mesodermal, endothelial, and
ectodermal cell lineage including neuronal cells
(Hass et al. 2011; Zhang et al. 2016). Mesenchy-
mal stem cells from bone marrow (BM-MSC) and
umbilical cords (UC-MSC) have been used in
tissue engineering and neural repair because
they are easy to be isolated from the adults or
newborns and can proliferate for more than

neural cell apoptosis in PD. In addition, autosomal reces-
sive loss of function mutations in Parkin, PINK1 and DJ1
impair the functions of Ubiquintin 3 ligase, Kinase and
Chaperone peroxidase activities, which lead to accumula-
tion of some unidentified pathogenic substrates and
neurodegeneration in PD

30 passages in vitro without losing their
multipotent differentiations. The transplantation
of BM-MSCs and UC-MSCs into the 6-OHDA-
induced PD rat models was shown to protect
damaged DA neurons and differentiate to neural
stem cells and mature DA neurons, indicating
their therapeutic efficacy for PD. In vitro studies
BM-MSCs were able to be induced to neuronal
cells expressing markers of neurons (TUJ1) and
DA neurons (TH). After transplantation most of
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the BM-MSC-derived cells survived in striatum,
expressed TH of DA neuronal marker, and
restored the motor defects of 6-OHDA-induced
rats and MPTP-induced mouse models (Blandini
et al. 2010; Han et al. 2018; Park et al. 2008a).
As LMXla is a key transcriptional factor to regu-
late dopaminergic neuron differentiation, over-
expressing LMXla in BM-MSCs was able to
improve BM-MSCs toward dopaminergic differ-
entiation fate, with high expression levels of tyro-
sine hydroxylase (TH) (Barzilay et al. 2009). Our
lab showed that human hUC-MSCs were effi-
ciently induced to convert to neurons
(73.1 £ 29%) and dopamine neurons
(36.3 + 1.8%) by combinations of noggin,
CHIR99021, SHH, FGF8, TGFp, GDNF, and
BDNF. The transplantation of the hUC-MSCs
with the growth factors into the 6-OHDA-
lesioned rat model of PD was shown to improve
motor dysfunctions of these rats from weeks 4 to
16 post-grafting. The efficacy and usefulness of
the growth factors in combination with
hUC-MSC transplantation in 6-OHDA-lesioned
rats provided a promising cell-based treatment
strategy for the PD (Han et al. 2018).

4.2 Fetal Brain-Derived Neural Stem

Cells and Dopamine Neurons

Fetal brain-derived neural stem cells (NSCs) have
been widely studied for their expansion, and dif-
ferentiation, and transplantation for the treatment
of neurological diseases such as PD, AD, ALS,
and spinal cord injury (SCI) (Courtois et al. 2010;
Kallur et al. 2006). These fNSCs can be isolated
from various regions of human fetal brains at
11-13 weeks of gestation and cultured as
neurospheres for long-term expansion. The differ-
entiation abilities fNSCs derived from the differ-
ent brain regions seem to be regionally specific
and temporally different from each other. NSCs
have a strong proliferative ability and can differ-
entiate into specific neurons, astrocytes, and
oligodendrocytes for the treatment of different
neurological diseases. The midbrain-derived
NSCs are rich in mesencephalic DA neurons
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suitable for the transplantation treatment of PD
(Kim et al. 2006).

After transplantation into the 6-OHDA-
lesioned rats, human fetal NSCs were shown to
improve the motor defects of these PD rats and
the transplanted cells were found to survive in
host brains (Monni et al. 2014; Studer et al.
1998). Our lab has recently shown that human
fetal NSCs transplanted into the brain of the
6-OHDA-lesioned rats survive and differentiate
to dopaminergic neurons in vivo (Wang et al.
2015). Moreover, in PD rats with depleted DA
levels, engrafted NSCs tended to be sensitive to
microenvironment to differentiate preferentially
to DA neurons in the middle brain of the rats
(Eriksson et al. 1998; Taupin and Gage 2002).
In order to increase the survival of the
transplanted cells, some studies modified NSCs
to overexpress neurotrophic factors. Some
homeodomain proteins of Lmxla and Msx1
were found to increase the induction of DA
neurons. NSCs overexpressing the neural-specific
transcription factor ASCL1 were found to
increase neurogenesis and to produce larger
neurons with more neurites (Kim et al. 2009).
Because of the limited availability of the human
fetal midbrain tissues, one study developed a
method to increase expansion of fetal NSCs and
generate more than threefold cells by culturing
neurospheres on non-adherent tissue culture
plates in neural basal medium containing
MEM/F12, HEPES buffer, glutamine, Albumax,
and N2 supplement with Shh, FGF8, BDNF, and
bFGF. These expanded neurospheres of
fetal NSCs can be frozen down for cell banking
and retain their ability to efficiently differentiate
to the dopamine neurons for the transplantation
treatment of PD (Ribeiro et al. 2013).

4.3 Human Embryonic Stem Cells
(hESCs)-Derived Neural Stem

Cells and Dopamine Neurons

Because of the limited sources of fetal NSCs,
human embryonic stem cells (hESCs) have also
been explored to derive dopaminergic precursors
or dopamine neurons for the cell sources of
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PD. hESCs are pluripotent stem cells and can
potentially differentiate to any type of tissue
cells such as blood cells, cardiac cells, and
neurons. At first hESCs can only propagated and
cultured on cell feeder layer of mouse embryonic
fibroblasts (MEFs) (Thomson et al. 1998). After
more than 20 years of research, different
protocols have developed to culture the hESCs
in feeder-free and xeno-free medium and induce
hESCs to dopaminergic precursors or dopamine
neurons by specific patterning molecules to regu-
late midbrain development. After 3—4 weeks of
induction, hESC colonies differentiated to tyro-
sine  hydroxylase (TH)—positive dopamine
neurons. The transplantation of hESCs-derived
neural precursor cells to the 6-OHDA-lesioned
rats was shown to alleviate the motor
dysfunctions and the grafted cells are able to
differentiate to DA neurons in vivo and integrated
into the rat striatums (Nakagawa et al. 2014; Zeng
et al. 2004; Ma et al. 2011).

To produce specific neurons for PD therapy,
other protocols were also developed for
generating  specifically midbrain-like DA
neurons. The treatment of hESC with neural-
patterning growth factors SHH and FGF8a
resulted in midbrain projection DA neurons with
large cell bodies to coexpress DA markers of TH
and engrailed 1 (Enl) (Yan et al. 2005). These
in vitro generated DA neurons were electrophysi-
ologically active and released DA in an activity-
dependent manner. After transplantation, these
hESC-derived dopamine neurons were shown
to integrate in the host brains and were able to
improve the motor deficiency of PD rats. To
increase the efficiency of DA neuron differentia-
tion, hESCs were induced by adding Noggin and
SB431542 to inhibit SMAD signaling. The addi-
tion of Noggin and SB431542 induced more than
80% of hESCs converted to neural fate under
adherent culture conditions, but the human DA
neuron specification is still limited (Chambers
et al. 2009). To get more conversion of DA
neurons, the same group further developed a mid-
brain floor-plate-based protocol for generating
DA neurons from hESCs by adding activators of
sonic hedgehog (SHH) and canonical WNT sig-
naling in differentiation medium. As a result,
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midbrain floor plate precursors were derived
from hESCs by 11 days and by day 25 midbrain
DA neurons expressing TH, LMXI1A, and
FOXA2 were obtained. Importantly these
engraftable DA neurons were able to grow for
several months in vitro and restored the motor
behavior deficits in transplanted Parkinsonian
monkeys and 6-OHDA-lesioned rats (Kriks
et al. 2011). Another group induced DA neuron
conversion of hESCs by expressing LMXI1A to
obtain more than 60% ventral mesencephalic DA
neurons of all neurons derived from LMXI1A-
modified hESC (Sanchez-Danes et al. 2012).
After being transplanted to 6-OHDA-induced
PD rats, these hESC-DA neurons integrated into
host rats to form the neural connections with the
neurons of host brains and improve the motor
deficits of PD rats as similar as the transplanted
fetal brain DA neurons. This study provided fur-
ther preclinical basis of hESC-derived dopamine
neurons for the treatment of PD patients (Grealish
et al. 2014). In the meanwhile mouse embryonic
stem cell-derived neurons and dopamine neurons
were also shown to differentiate to TH-positive
dopamine neurons and played neuroprotective
effects on PD (Liu et al. 2013).

4.4 Induced Pluripotent Stem Cells
(iPSCs)-Derived Neural Stem

Cells or Dopamine Neurons

As NSCs and dopamine neurons from fetal brain
tissues and hESCs have ethical and immune
rejection problems, in 2006, the successful gener-
ation of iPSCs provided great cells for autologous
cell-based treatment of diseases by somatic
reprogramming technology to introduce Oct3/4,
Sox2, c-Myc, and Klf4 into mouse somatic
fibroblasts (Takahashi and Yamanaka 2006).
One year afterward, patient-specific iPSCs with
PD or other diseases were also generated by
expressing OCT4, SOX2, c-MYC, KLF4 or
OCT4, SOX2, NANOG, and LIN28 in human
fibroblasts (Park et al. 2008b; Yu et al. 2007).
iPSCs have the same pluripotency with hESCs,
overcome the shortages of ESCs, and can be used
for exploring the molecular mechanisms, drug
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screening, and cell replacement therapy of neuro-
degenerative diseases such as PD, AD, MS, and
ALS (Egawa et al. 2012; Han 2012; Isobe et al.
2015; Li et al. 2011).

To explore the therapeutic effects of iPSCs-
derived cells, Wernig et al. reported that iPSCs-
derived midbrain-like dopamine neurons,
resulting in motor behavioral improvements in
rat PD models (Wernig et al. 2008). Because the
possibility of integration of viral vectors and
transgenes in the genome of iPSCs from patients
may induce malignant transformation or affect
their differentiation potential, PD patient-iPSCs
free of transgenes were derived using
Cre-recombinase to excise the reprogramming
factors or iPSCs were generated using the
non-integrating episomal plasmids to express the
genes of OCT4,SO0X2, KLF4, NANOG, and
tumor-suppressing gene p53 in fibroblasts or
blood cells (Kadari et al. 2014; Okita et al. 2011).

After transplantation, the virus-free iPS cells—
derived DA neurons were able to survive and
improve motor defects of the 6-OHDA-lesioned
rats (Hargus et al. 2010). Recently our lab
generated iPS cells by retrovirus-mediated
expression of OCT4, SOX2, c-MYC, and KLF4
from skin fibroblasts of PD patients and control
individuals. We found that the iPSCs carrying the
transgenes can also be differentiated to the NSCs

100um

Synapto

Fig. 3.2 Transplanted human iPSC-derived neural stem
cells differentiated to the dopamine neurons and integrated
to 6-OHDA-induced rat model with PD. Upper panel:
human iPSC-derived dopamine neurons were co-stained
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and be differentiated to neurons and DA neurons
in vitro and in vivo. The grafted iPS cells—derived
dopamine neurons integrated to the host brains
and significantly alleviated the rotational asym-
metry of PD rats (Han et al. 2015b).

As we noticed in transplanted animal models
or PD patients, only a small percentage of cells
survived whereas a majority of the transplanted
are rejected or cannot survive for more than
6 months. This is mainly caused by the immune
rejections or no physical integration of the
grafted cells to the host neurons to form the
functional neural circuit. In order to overcome
this issue, we have used the growth cocktail to
increase the survival of transplanted cells and
improve the host brain microenvironment for
the synaptic connections to get the long-term
therapeutic effects in PD (Han et al
2015b; Zhang et al. 2018b) (Fig. 3.2).

To efficiently derive the patient-specific
iPSCs, much work has been done to increase the
neural and dopaminergic neuronal differentiation
of iPSCs. Studer lab reported that using two
inhibitors of SMAD signaling, Noggin and
SB431542, is able to produce complete neural
conversion of >80% of hESC and iPS cells
under adherent culture conditions. Hereafter this
group modified the induction method to obtain
midbrain DA neurons by 25 days and

with HNuc and TH. Lower panel: Transplanted human
iPSC-derived dopamine neurons formed synaptic connec-
tion with host brain cells in vivo, which is co-stained with
TH and synaptophysin
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Fig. 3.3 Derivation of dopamine neuron precursors and
dopamine neurons from hESCs/iPSCs. The time schedule
for 4-6-week dopaminergic neural differentiation includes
4 stages of neural induction (first 2 weeks), neural stem
cell (Third week), neuron precursor (Fourth week) and
dopamine neuron (5-6 week). hESCs/iPSCs were cultured

transplanted the human ESC-derived DA neurons
to the monkey model with PD. These grafted DA
neurons survived for a longer time and were able
to completely restore the amphetamine-induced
rotation behavior and improvements in tests of
forelimb use, indicating promise for the develop-
ment of iPSC-based therapies in Parkinson’s dis-
ease (Kriks et al. 2011). Other labs used fibroblast
growth factor 8 (FGF8) to promote dopaminergic
differentiation and sonic hedgehog and GSK3p
inhibitor of CHIR99021 to induce the midbrain
floor plate (FP) progenitors to establish a robust
system for the generation of midbrain dopamine
(DA) neurons from human and rhesus monkey
embryonic stem cells and induced pluripotent
stem cells (PSCs) (Xi et al. 2012). Our lab has
also derived the neural stem cells from iPSCs,
transplanted the neural stem cells to the
6-OHDA-induced rat PD model, and found the
grafted iPSC-NSCs differentiated to the neurons
and dopamine neurons in vivo to improve the
motor defects of the rats (Wang et al. 2015).
The detailed protocol for rapid and efficient con-
versation of iPSCs to the dopamine neurons is
described as in Fig. 3.3.

To produce enough and safe clinical-grade
midbrain DA neurons from iPS cells, Isacson
et al. have developed a protocol to sort ventral
mesencephalic DA neurons from both human
ESCs and iPS cells by antibodies of NCAM (+)/
CD29 (low) to get rid of the undifferentiated iPS
cells. Molecular analysis showed that the sorted

in hESC medium with SB + Noggin in the first 5 days and
after that were cultured in DMEM/F12 + N2 medium with
SHH, GDNF, TGF-, cAMP, BDNF, ascorbic acid (AA),
FGFB8b at different time points. (Our lab protocol modified
from Kriks et al. (2011) and Ma et al. (2011))

neurons were positive for TH, FOXA?2, and EN1
and had elevated expression levels of dopamine
neuron markers of FOXA2, GIRK2, PITX3,
LMXI1A, TH, and NURRI. In-vivo studies
showed that 16 weeks after transplantation the
sorted iPSC-DA neurons were able to form neural
connections with the rat brains with TH+/
hNCAM+ staining in the host striatum and allevi-
ate motor defects of 6-OHDA-lesioned rats. Their
results provided experimental support for the clin-
ical use of iPSC-derived DA neuron in PD
(Sundberg et al. 2013). For the clinical purpose
of iPSC-derived DA neurons, a transgene-free,
xeno-free and scalable differentiation protocol is
needed. A suspension culture system was created
for the neural differentiation of hESCs and human
iPSCs. To decrease the effects of transgenes on
pluripotency of iPSCs, several labs developed
protocols to use two or three factors to generate
iPSCs. iPSCs can be reprogrammed from mouse
adult and embryonic fibroblasts with the single
factor of OCT4 in combination of small
molecules of CHIR 99021,VPA, TGF-f inhibitor
(616452) (Li et al. 2011). A recent study also
indicated that the derivation of naive iPSCs from
rhesus monkey fibroblasts can be obtained with
only small molecules, omitting the OCT4, which
provided a valuable cell source for further use in
disease modeling and pre-clinical study (Fang
et al. 2014).

To determine if the human iPS cell-derived
DA neurons can survive and play therapeutic
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effects in a non-human primate model of PD, a
Japanese group transplanted the CORIN-sorted
iPSC-dopaminergic progenitor cells to MPTP-
induced PD monkeys and found that the grafted
cells further differentiated to the DA neurons
which extended their neurites into the host stria-
tum and improved the spontaneous movement of
the monkeys. These transplanted cell did not pro-
duce any tumor cells in the monkey brains for
more than 2 years, indicating the safety of human
iPS cell-derived dopaminergic progenitor cells to
be used for clinical patients (Kikuchi et al. 2017).
To overcome the possibility of tumoric cells
restraining in the iPS-dervied DA neurons,
another approach is to generate direct dopaminer-
gic precursor cells/dopamine neurons from
somatic fibroblasts. A lot of studies have reported
the generation of trans-differentiated DA neurons
by directly reprogramming the fibroblasts with
different combinations of transcription factors
such as Mashl (Ascll), Nurrl (Nr4a2), Ngn2,
Sox2, Lmx1la, and Pitx3 (Caiazzo et al. 2011;
Kim et al. 2014). Since most of these studies
used the lentiviral expression of dopaminergic
genes to convert fibroblasts to DA-like neurons
and have the risk to produce genome instability,
recently Mou et al. used silica nanoparticles
(MSNss) as a non-viral delivery system to express
the key dopaminergic genes of Ascll, Brn2, and
Mytll to convert mouse fibroblasts (MFs) into
functional dopaminergic neuron-like cells. These
DA-like neurons were validated to express the
DA neuron-specific markers and have electro-
physiological properties dopaminergic neurons
(Chang et al. 2018). The problems to use the
directly converted neurons is that the percentage
of directly converted DA neurons from fibroblasts
is still low and their purification should be
obtained by sorting or other selection methods.

5 Clinical Trials in Using Stem
Cells for the Treatment of PD

Following the beneficial therapeutic results of
stem cell transplantation on animal models, the
first clinical trials for PD patients were carried out
in the late 1980s using fetal brain neural stem
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cells (fNSCs). After that more clinical studies
have been done and significant effects were
found by examining behavioral and histological
improvement of the PD patients with transplanted
fetal tissues (Freed et al. 2001; Lindvall et al.
1994). In a patient transplanted with fNSCs, clin-
ical symptoms were shown to be gradually
improved and L-dopa treatment could be with-
drawn after 6 years of transplantation. After
10 years of grafting, the PET scan showed that
patient still had dopamine release from grafted
dopaminergic neurons (Piccini et al. 1999). Inter-
estingly a study by Freed et al. compared the
therapeutic effects of fNSC transplantation in
patients who are younger than 60 years old with
the patients who are older than 60 years and
showed that more significant improvement of
movement symptoms was seen in younger PD
patients than the older patients (Freed et al.
2001). This suggested that the host brain micro-
environment might play an important role in the
treatment efficiency of grafted neural stem cells
(Hagell and Brundin 2001). Although some vari-
able improvements were found from the clinical
trials, the therapeutic effects were confirmed by
clinical examinations and imaging evaluations
(Barker et al. 2013; Lindvall and Bjorklund
2004). Some patients have improved so well
that L-DOPA could be withdrawn for several
years (Olanow et al. 2003; Piccini et al. 1999).
However, some cell-transplanted patients devel-
oped side effects such as dyskinesia. It was shown
that transplanted cells containing serotonin
neurons were easier to induce this side effect,
suggesting that dyskinesia may be avoided by
using purified dopaminergic neurons (Freed
et al. 2001; Lindvall 2015; Olanow et al. 2003;
Politis et al. 2010).

To know how long transplanted cells survive
in PD patients, some clinical studies analyzed the
brain slices of post-mortems 16 years after cells
were grafted and showed that transplanted fNSCs
were able to survive without pathology (Mendez
et al. 2008). The transplanted fetal cells in brains
of patients were found to stain with DA neuron
marker, TH, indicating the transplanted DA
neurons survived (Fig. 3.4a) (Mendez et al.
2008). However other two studies reported that
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Fig. 3.4 Lewy bodies were formed in grafted cells
transplanted to patients with Parkinson’s disease. (a)
Some of the grafted fetal neural stem cells differentiated
to the dopamine neurons stained with TH (Red) and sero-
toninergic neurons stained with TrypOH (Green). (b) TH/
Girk2-stained dopamine neurons were preferentially
located in the peripheral areas of the grafted cells. (c)

alpha-synuclein-positive lewy bodies were also
found in the transplanted cells in brains of PD
patients, suggesting the pathological process of
the host patients affecting the grafted cells. The
lewy bodies were stained with alpha-synuclein
and ubiquintin, indicating that the important role
of synuclein in aggregated proteins of patients.
(Kordower et al. 2008; Li et al. 2008). As other
allogeneic transplantations, there is also a risk of
graft rejection which may affect the efficacy of
the transplanted cells (Michel-Monigadon et al.
2010) (Barker et al. 2013). Some of the clinical
trials with fetal brain-derived NSCs or dopamine
neurons to treat PD are summarized in Table 3.1.

In order to develop uniformed standards to
evaluate the therapeutic effects of the transplanted
fNSCs, a multicenter and collaborative study of
European Union (TRANSEURO) was formed in
2010 to design the guidelines for clinical trials of
PD patients with stem cell-based therapy. These
screening standards include selection of patients,

TH/Calbindin-stained dopamine neurons were preferen-
tially located in central areas of the grafted cells. (d—f)
Double immunolabeling shows colocalization of TH
(green, d) and a-synuclein (red, e) in a graft (arrowheads).
One dopaminergic neuron does not contain detectable
synuclein (arrows, d, f). Modified from Mendez et al.
(2008) and Li et al. (2008)

the time course of their disease (disease duration
2-10 years), and age range of 30—68 years old at
the time of inclusion, being responsive to
levodopa therapy. These guidelines also contain
preparation of cells and location of cells to be
transplanted; immunosuppression application
after transplantation and time course of follow-
up; minimum numbers of patients to be enrolled
and clinical assessment standards such as the
MRI and PET-CT. The new clinical trial for
more than 100 patients suffered with PD has
completed in this study, and results are in the
analysis (Evans et al. 2012; Moore et al. 2014).
A recent clinical study indicated that a patient
with transplanted fetal dopamine neurons have
significant recovery in striatal dopaminergic
function. Pathological examinations showed a
graft-derived dopaminergic reinnervation of the
putamen can be survived for 24 years with no
evidence of immune response in spite of some
severe host brain pathology (Li et al. 2016).
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Table 3.1 The clinical outcomes of PD patients transplanted with fetal brain-derived neural stem cells

No. of patients transplanted | Observation Symptom Side effect of References and
with NSC time improvement 0/0 dyskinesia publication year
1 12 months 1/1 No Lindvall et al. (1990)
6 10-72 months | 4/6 No Wenning et al. (1997)
5 18-24 months | 2/5 No Hagell et al. (1999)
20/40 3 years 17/20 No Freed et al. (2001)
23/34 24 months 6/23 Yes Olanow et al. (2003)
2 8 years 2/2 Yes Pogarell et al. (2006)
5 9-14 years Not available Not available Mendez et al. (2008)
1 14 years 1/1 Yes Kordower et al. (2008)
2 11-16 years Not available Not available Li et al. (2008)
33 2-4 years 45% Not available Ma et al. (2010)
3 13-16 years Yes Not available Politis et al. (2012)
2 18 and 2/2 Not available Kefalopoulou et al.

15 years (2014)
1 24 years 1/1 No Li et al. (2016)

Note: 20/40 and 17/20 indicates that 20 of 40 patients and 17 of 20 patients were transplanted with fetal brain NSCs and

other patients were in the control group

Overall the fetal brain-derived dopaminergic
neurons can survive for as long as 16-24 years
in patients’ brains and improved the functions in
some patients, although the outcomes of other
clinical studies are variable. Another problem is
the availability of the fetal brain tissues which
limited the wide use of fNSCs. To overcome
this problem of fNSCs, an international corpora-
tion was set up for Gfore in 2014 to start the
world’s first clinical studies of an iPS cell-
derived dopaminergic neuron therapy for PD in
Europe, USA, and Japan. Some results of the
trials are in the progress. At the same time outside
of the Gforce, other clinical trials using iPS cell-
DA neurons for the treatment of PD including the
Chinese clinical trial for an HLA-matched HESC-
derived dopaminergic neuron transplantation
therapy for PD (NCTO03119636, http://
clinicaltrials.gov). Since August 2018, a Japanese
group led by Takahashi has started the first clini-
cal trial to use the iPSC-derived dopaminergic
precursor cells and the incoming results will
soon benefit for the PD patients (Takahashi
2019). The results of clinical trials with HESC-
or iPSC-derived DA neurons for treatment of PD
will be available soon.

6 Conclusion: Translation
to the Clinic

A large number of studies showed that transplan-
tation of fNSCs/hESCs/ iPSCs and their
derivatives into animal models has a solid thera-
peutic effect for PD. One of the major advantages
of iPSCs over BM-MSC:s, fetal NSCs, and hESCs
is that iPSCs can be generated from the autolo-
gous cells of the individuals being treated. Once
the autologous skin or blood cells are
reprogrammed into iPSCs, the iPSCs can be
induced to a specific neural lineage such as dopa-
minergic precursor cells or mature DA neurons
(Garitaonandia et al. 2018; Kiskinis and Eggan
2010). Thus, autologous or HLA-matched iPSCs
seem to have advantages over other cell sources.
Until now, a ton of work has been done to
improve the generation, differentiation, and
potential clinical applications of iPSCs, especially
with great efforts made to bring these therapeutic
cells to meet GMP (Good Manufacturing Prac-
tice) standards in order to apply the iPSC-derived
dopaminergic cells for the treatment of PD and
other neurodegenerative diseases. There are sev-
eral challenges which need to be overcome for
clinical uses of iPSCs.
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The first challenge is to ensure the efficacy of
iPSC-derived dopaminergic neurons after trans-
plantation to the patients. The iPSC-derived dopa-
minergic neurons have to play similar therapeutic
efficacy as human fetal dopaminergic neurons.
Since animal research results may not be directly
translated to the patients, more clinical trials are
needed to define the GMP-graded cells, cell
dosages, the injection routes and locations as
well as the standard methods to evaluate the neu-
ral circuit formation, DA release, and the thera-
peutic effects of transplanted cells on patients.
The second challenge is to ensure the safety of
transplanted cells by reducing the tumor forma-
tion and the side effects of grafted cells. It is
required that the residues of undifferentiated
hESCs/iPSCs should be less than 1% to avoid
the teratoma formation after transplantation to
patients. The patient-derived iPSCs may harbor
some mutations in the genes of SNCA, LRRK2,
Parkin, Dj-1, GBA, or other loci associated with
PD (Lister et al. 2011; Yu et al. 2015). These
concerns are related to donor source of iPSCs
and the reprogramming approaches which can
produce new mutations in iPSCs. To maintain
the genomic  stability of iPS  cells,
non-integrating vectors should be used to express
the reprogramming genes or combine with small
molecules to generate clinical applicable iPSCs
(Hou et al. 2013). On the other hand, several gene
editing approaches have been developed includ-
ing the zinc finger nucleases (ZEN), transcription
activator-like effector nucleases (TALEN), and
CRISPR/Cas9 (Jiaxin Xie et al. 2018; Wang
etal. 2016). iPSCs with LRRK2 G2019S mutation
were able to be corrected and the LRRK2 muta-
tion correction rescued the phenotypes
of differentiated neurons (Reinhardt et al. 2013).
Soldner et al. reported that the iPSCs with SNCA
mutation (A53T) was repaired using zinc finger
nuclease (ZFN)—mediated nuclease approach and
genetic repair of the AS53T mutation in the
patient-derived iPSCs did not affect their differ-
entiation ability to dopaminergic neurons. A
recent study combined the Cas9/CRISPR and
piggyBac technologies to generate genome-
edited footprint-free human iPSCs at the rate of
10-20%, which  will largely increase
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clinical application in editing the iPSCs
derived from PD patients and other patients with
genetic mutations (Safari et al. 2019; Wang et al.
2017).

The third challenge is the efficiency of
generating iPSCs and the purity of iPSC-derived
cells. Since the lower efficiency of fully
reprogrammed iPS cells through the non-integrated
method is affecting the genome editing and their
application, some studies tried to resolve his
potential problem by the addition of VPA and
other chemicals to increase the generation
efficiency of iPSCs (Wang et al. 2011). A
recent study summarized the generation of
non-integration and feeder-free iPSCs by sendai
viral vectors to express OCT4, SOX2, KLF4, and
¢-MYC in peripheral blood mononuclear cells
(PBMCs) and reported the reprogramming effi-
ciency is approximately 0.01% (Ye and Wang
2018). For increasing the purity of iPSC-derived
dopaminergic precursor cells/dopamine neurons,
several efficient differentiation methods were
described in the previous sections. Recent studies
purified the human iPS cell-derived dopaminer-
gic neural precursor cells by cell surface-specific
marker CORIN to sort the CORIN® cells. The
CORIN™ cells accounted for more than 30% of
totally differentiated cells. Importantly these
sorted CORIN™ cells expressed the dopaminergic
precursor markers of NURR1 and FOXA2. After
transplantation to the rat and monkey PD models,
these CORIN™ cells differentiated to the dopa-
mine neurons in vivo and improved the locomo-
tive defects of these animal models without tumor
formation, ruling out the concerns on
tumorigenesis of iPS cell-differentiated cells
(Kikuchi et al. 2017; Samata et al. 2016).

The fourth challenge is to screen for the most
suitable PD patients to be transplanted with
reprogrammed iPS cell-derived dopaminergic
neurons in the clinical trials. To achieve the best
efficacy and safety, patients have to be in a rela-
tively earlier disease progression stage and have a
chance of therapeutic benefit when the dopami-
nergic neuron loss is mainly affecting the
caudate-putamen of midbrain and is not dispused
in the forebrains of the patients (Barker et al.
2017).
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