
Parkinson’s disease (PD) is a progressive neurode-

generative disorder. Despite the fact that it was for the

first time described two hundred years ago, our under-

standing of its causes, as well as underlying cellular and

molecular pathogenetic mechanisms, remains incom-

plete and is continuously updated and modified. PD

motor symptoms result from the death of dopaminergic

neurons (DNs) in substantia nigra. Lewy bodies contain-

ing aggregates of α-synuclein and other proteins are

found in most PD patients. At the cellular level, PD

development is associated with impaired mitochondrial

and lysosomal functions, accumulation of aberrantly

folded proteins, altered protein degradation, endoplasmic

reticulum stress, oxidative stress, neuroinflammation,

and activation of glial cells presumably involving some

apoptotic components (see reviews [1, 2]).

PD may be caused by environmental (trauma, pesti-

cides, metal ions) [3-6] and genetic factors.

PD pathogenesis is triggered when environmental

and/or genetic factors initiate pathological signaling cas-

cades resulting in progressive DN degeneration. The first

PD symptoms become evident only after the loss of 70%

DNs corresponding to 80% decrease in the dopamine

levels in basal ganglia [3].

Around 15% of PD cases are familial. So far, muta-

tions in 19 genes have been linked to PD, but their role in

molecular pathogenesis remains only partially character-

ized [7]. The figure shows major signaling pathways

altered as a result of the most studied mutations in PD-

related genes. PD usually develops without diagnosable

symptoms that manifest themselves at only the terminal

disease stage. Moreover, brain tissues of the affected indi-

viduals remain unavailable for examination for the entire

period of PD development and could be studied only post

mortem. Detailed examination of neurodegeneration

processes requires the development of proper cellular

models carrying relevant genetic mutations. The use of

neuronal cell cultures obtained by the induced pluripo-

tent stem cell (iPSC) technology from fibroblasts of

patients with sporadic PD or carriers of well characterized
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mutations will allow to assess the relationship between

neuronal degenerative changes and clinical course of the

disease.

Since 2006, when genetic reprogramming technolo-

gy was discovered [9], various methods have been devel-

oped for delivering reprogramming factors to somatic

cells (reviewed in [10]). iPSCs represent virtually limitless

source of cell material and may be differentiated into any

adult host cell type including neuronal precursors and

DNs. Development of the iPSC-based PD model will

allow to examine PD mechanisms and functions of

mutant gene products in the affected cells. Differentiated

iPSC derivatives may be also used to screen for new phar-

maceutical agents. An opportunity to reprogram patient’s

cells and differentiate pluripotent cells to DNs without

modifying cell genome has opened the opportunity for

application of these differentiated derivatives in PD cell

therapy.

Here, we review iPSC-based PD models with special

emphasis on the isogenic systems that are considered

more advantageous over the cells obtained from the

donor’s biological material. In addition, the historic

timeline of development of fetal cell-based of PD treat-

ment is discussed. Finally, approaches to PD cell therapy

with iPSCs and human embryonic stem cells (hESCs) are

outlined.

iPSCs-BASED MODELS FOR STUDYING PD 

A procedure for generation and differentiation of

iPSCs for modeling human diseases was for the first time

described by Park et al. [11] who successfully generated

iPSCs from patients with various hereditary disorders

including PD, Duchenne muscular dystrophy, type 1 dia-

betes mellitus, Down syndrome, and Huntington disease.

It was proven that iPSCs can be used as a unique model

for investigating molecular and genetic mechanisms of

various disorders and a useful research tool for screening

potential pharmaceutical agents.

Another study published nearly at the same time

demonstrated that transplantation of iPSCs capable of in

vitro differentiation into neurons and glial cells restored

behavioral activity in rats with induced PD symptoms

[12].

iPSCs obtained from patients with sporadic PD were

able to differentiate into DNs. Transplantation of these

cells in rats with induced parkinsonism attenuated

amphetamine-induced rotational behavior of the ani-

mals. Immunohistochemical analysis of brain sections

from the experimental rats revealed that transplanted

neurons sent axonal projections to both adjacent and dis-

tant areas; no Lewy bodies were found in the graft [13]. In

this study, iPSCs derived from patients with sporadic PD

Pathological changes in cells caused by mutant PD-related genes and triggered by environmental factors and toxins [8]
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did not display the pathological phenotype in vitro.

However, closer examination of DNs from patients with

non-hereditary PD revealed some disease symptoms in

vitro. DNs from healthy donors and patients with familial

and non-hereditary PD forms differed in their genome-

wide DNA methylation profiles. Thus, DNA from PD

patients was characterized by hypermethylation of regu-

latory gene regions, e.g., enhancers, resulting in down-

regulated expression of mRNAs for some PD-related

proteins (FOXA1, NR3C1, HNF4A, and FOSL2).

Interestingly, DNA methylation profiles in patients with

familial and non-hereditary PD forms were similar [14].

In most cases, iPSCs generated from patients with

familial PD display typical pathological phenotype and,

hence, could be used as a model for studying PD patho-

genesis and screening for new pharmaceuticals agents.

Mutations in the PARK8 gene encoding the LRRK2

kinase are the most common genetic causes of in PD [15].

Among them, the most frequent is G2019S that underlies

2-7% familial and 1% sporadic PD cases [16]. Unlike

neurons generated from healthy cells, neural precursors

carrying the G2019S mutation in LRRK2 gene lose their

ability to differentiate into MAP2+ neurons after several

(15-17) passages [17]. Also, the mutant neurons exhibit-

ed an aberrant nuclear architecture. The authors observed

defects in cell nuclei in post mortem brain section from

patients with clinically diagnosed PD [17], thereby cor-

roborating the relevance of PD model designed in their

study.

PD development can be also linked to mutations in

the gene coding for the mitochondrial kinase PINK1

localized on the outer mitochondrial membrane and

involved in cell protection from oxidative stress by medi-

ating translocation of the PARK2-encoded E3-ubiquitin

ligase parkin to dysfunctional mitochondria. This process

is essential for the mitophagy of damaged mitochondria

in human DNs. Mutations in the PINK1 gene did not

affect cell reprogramming and iPSCs differentiation into

DNs; however, they impaired stress-induced transloca-

tion of parkin in mature neurons, which resulted in the

elevated generation and accumulation of dysfunctional

mitochondria. At the same time, DNs derived from the

wild-type iPSCs did not exhibit these impairments.

Overexpression of wild-type PINK1 in the mutant neu-

rons reversed all pathological features of these cells [18].

Sanchez-Danez et al. [19] conducted an extensive

study of PD pathogenesis using iPSCs derived from seven

patients with sporadic PD, four patients carrying G2019S

mutation in the LRRK2 gene, and four volunteers with no

neurodegenerative diseases in their history. The efficiency

of the iPSC clone development varied between the stud-

ied subjects but was unrelated to the presence of PD or

age. Using a 30-day protocol, the authors were able to

generate adult DNs predominantly of the A9 subtype.

These neurons form substantia nigra pars compacta that

undergoes profound degeneration in PD. The obtained

model allowed to investigate interactions between

LRRK2 and α-synuclein (SNCA), another protein asso-

ciated with PD development. Although the precise role of

α-synuclein in vivo is yet unknown, it was suggested that

it acts as a molecular chaperone regulating protein–pro-

tein and protein–lipid interactions, plays an important

role in synaptic vesicle exchange, and modulates storage

and compartmentalization of neurotransmitters, primari-

ly dopamine [20]. It is well known that α-synuclein

protofibrils are the major component of Lewy bodies in

PD, thereby pointing at the important role of α-synucle-

in aggregation in PD pathogenesis. DNs derived from

iPSCs of patients carrying the G2019S mutation abnor-

mally accumulate SNCA as compared to DNs derived

from healthy donors and patients with sporadic PD [19].

These results not only corroborate the hypothesis on the

mutual effects of mutations in LRRK2 and SNCA, but

also prove that that iPSCs from PD patients can be used

as a model of the monogenic PD form.

PD development occurs over several years, sometime

decades. DNs derived from iPSCs obtained from sporadic

PD patients, carriers of mutant LRRK2, and healthy

donors were cultured on a mouse postnatal astrocyte

monolayer for a long period of time (65-75 days) [19].

DNs from healthy subjects were morphologically homo-

geneous and displayed mature DN phenotype with well-

branched cell processes. At the same time, DNs derived

from PD patients exhibited various morphological

changes (shortened cell processes, decreased number or

completely loss of cell processes, fragmented nuclei, vac-

uolation). It should be noted that no similar changes were

observed in DN cultures after a standard 30-day cultur-

ing. A higher percentage of apoptotic cells was found in

DNs derived from patients with mutant LRRK2 gene and

sporadic PD than in DNs from healthy donors after 75

days of culturing. 

iPSCs derived from PD patients have been used to

confirm the therapeutic efficacy of suggested pharmaceu-

tical agents. In particular, NAB2 (Nedd4 ubiquitin ligase

activator) identified as a potential anti-PD agent in yeast

screen was proven to reverse the pathological PD pheno-

type [21].

Undoubtedly, iPSCs-based PD models have limita-

tions. The onset of PD usually happens at a mature age,

while reprogramming takes the cell to the embryonic-like

state. It is possible that multiple passages of neuronal pre-

cursors, oxidative stress, and other senescence-inducing

culturing methods will promote more explicit manifesta-

tions of PD phenotype in iPSCs-derived cell models.

Creation of 3D-cultured human brain organoids,

particularly, human midbrain organoid differentiation

[22] is a promising approach for examining molecular

mechanisms underlying parkinsonism in iPSC-based

models.

In some studies, iPSC-derived DNs were transplant-

ed into animal PD models. For example, differentiated
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DNs transplanted into PD rats markedly improved motor

functions of the animals [13, 23-26].

ISOGENIC CELL SYSTEMS FOR PD MODELING 

The problem to what extent iPSCs are similar to

hESCs and whether the reprogramming influences the

features of resulting pluripotent cells has been widely

debated. De Boni et al. demonstrated that the cell genet-

ic background (the authors compared neurons differenti-

ated from PD patient-derived iPSCs and hESC lines H9

and I3) and variations in the differentiation protocols

rather than the reprogramming process itself strongly

affect the DNA methylation profiles in both neurons and

neuronal precursors [27]. These data prove that isogenic

cell lines should be used to reduce variations in the back-

ground DNA methylation and expression profiles and to

reveal more subtle differences in the normal vs. patholog-

ical state. Moreover, isogenic cell lines can be used to

confirm the impact of changes previously revealed by

genome-wide studies on the PD development.

For instance, CRISPR/Cas9 genome editing in neu-

rons derived from iPSCs confirmed that one type of the

SNCA gene enhancer is linked to the PD development

[28]. In particular, by overlapping the data of genome-

wide associations studies (GWAS) on the single

nucleotide polymorphism (SNP) variants in the SNCA

gene with epigenetic signatures typical for the enhancer

elements of this gene, the authors identified a potential

PD-associated risk variant in the non-coding distal

enhancer element located in the intron 4. CRISPR/Cas9

genome editing in control hESCs allowed to obtain a

series of isogenic cell lines each carrying a specific allele

variant of the SNP of interest. Upregulated SNCA expres-

sion in neurons was linked to the G allele in the SNP

rs356168. Chromatin immunoprecipitation identified two

transcription factors (EMX2 and NKX6-1) differing in

their binding to the risk alleles. Both of them bound main-

ly to the A allele, assuming that the G allele in the SNCA

enhancer results in the upregulated SNCA expression due

to its reduced binding by EMX2/NKX6-1 and therefore,

decreased transcriptional repression of this allele [28].

iPSC- and hESC-based isogenic cell lines have been

extensively used in the studies of hereditary PD forms

caused by identified gene mutations. Autosomal domi-

nant mutation G2019S enhances the activity of LRRK2

kinase, thereby affecting its function [29]. In many cases,

survived DNs in substantia nigra of PD patients contain

Lewy bodies mainly consisting of α-synuclein [30, 31].

Because 90% α-synuclein in Lewy bodies is phosphory-

lated at serine 129 (S129P) [32], it is possible that S129P-

α-synuclein triggers α-synuclein aggregation and DN

degeneration in substantia nigra [33]. Moreover, LRRK2

is also present in Lewy bodies [34]. The role of LRRK2

has not been elucidated yet; it remains unknown whether

it phosphorylates α-synuclein [35]. Qing et al. designed a

protocol for the generation of footprint-free iPSC iso-

genic lines by using CRISPR/Cas9 in combination with

the piggyBac transposon system that gave rise to the iPSC

isogenic line carrying the G2019S mutation in LRRK2

[36]. These iPSCs were differentiated to DNs and exam-

ined by cytological and histochemical methods. It was

shown that the number of neurites in tyrosine hydroxy-

lase-positive neurons was not affected by the mutation,

but the neurite length in the mutant cells was markedly

reduced. Similar pattern was also found for neurite

branching. Immunocytochemical staining demonstrated

that all neurons expressed α-synuclein. Staining with

anti-S129P-α-synuclein antibodies showed that phos-

phorylated α-synuclein was present only in neurons with

long neurites and did not co-localize with apoptotic

markers (activated caspase 3), thereby implying that

S129P-α-synuclein is nontoxic to DNs. The number of

tyrosine hydroxylase/S129P-α-synuclein positive neu-

rons was significantly lower in differentiated cells with

mutant LRRK2 than in the isogenic control line. Cell

manifestations of PD were reversed by adding the LRRK2

kinase inhibitor IN-1. The results of this study confirmed

that the generated cell lines could be used for studying

PD-related phenotype and testing drug candidates capa-

ble of PD phenotype reversion [36].

Mutations in the PARK2 gene encoding E3-ubiquitin

ligase parkin are the most common cause of autosomal

recessive early-onset (juvenile) PD [37]. Ghrelin as 28-a.a.

peptide that acts as an endogenous ligand of the growth

hormone secretagogue receptor (GHSR) of the G-pro-

tein coupled receptor family. It regulates growth hormone

secretion and food intake and is involved in the reward

system and memory retrieval [38-41]. Although ghrelin is

mainly secreted in the stomach [39], small amounts of

this peptide could be found in the brain [42]. GHSR is

expressed in various brain regions including substantia

nigra [38, 39], where ghrelin activates electrical activity in

DNs and increases dopamine concentration in the stria-

tum due to selective blockade of the KCNQ potassium

channel [43]. Comparison of iPSC-derived PARK2-

mutant cells vs. normal iPSCs revealed decreased

amounts of GHSR and its mRNA in the mutant cells.

Similar pattern was observed by comparing DNs differen-

tiated from iPSC isogenic cell lines, one of which carried

a mutation in the PARK2 gene introduced by CRISPR/

Cas9 genome editing; however, in this case, the effect of

mutation was much less pronounced than in the cells

obtained from a PD patient [44]. All the aforementioned

model systems are presented in the table in a chronologi-

cal order (table).

Laboratory experiments with iPSCs are performed in

parallel with the clinical studies on the possible applica-

tion of iPSC derivatives in medical practice. At present,

iPSC-derived cell products are awaiting clinical trials for

the evaluation of their efficacy in cell therapy. 
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PROSPECTS OF PD CELL THERAPY

WITH iPSC-DERIVED NEURONS

In 1987, the first clinical trials using cell therapy for

PD treatment were performed at the Lund University,

Sweden [45]. In particular, human fetal ventral mesen-

cephalic (hfVM) neurons were transplanted into PD

patients, which resulted in serous improvement in some

of the patients. The hfVM allografts were able to release

dopamine and survive in the recipient’s brain for a long

time. The recipients experienced reduction of some non-

motor PD symptoms and improved quality of life (for

detailed review, see [46]). However, such positive effects

were observed only in some cases; transplantation was

sometimes associated with complications (e.g., graft-

induced dyskinesia) with typical PD-related pathological

symptoms in the grafted cells [46]. Attempts to resolve the

problems of previous trials gave rise to TRANSEURO, a

new European clinical trial with 11 PD patients, who

have been transplanted with hfVM allografts over the last

2.5 years. However, sensitive ethical issues related to the

use of human embryonic tissues for cell therapy hinder

the development of this area of studies together with

technical obstacles related to the problems in obtaining

human fetal material and inability to standardize it for

clinical application. Thus, only 20 out of 90 scheduled

Year
of publication
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with PD development
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receptor was shown in DNs derived from iPSCs bear-
ing introduced mutations; however, the difference was
more pronounced in wild-type DNs vs. DNs derived
from iPSCs carrying mutant parkin 
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hfVM transplantations have been performed in the

TRANSEURO trial due to the deficit of tissues for graft-

ing [47]. To overcome such problems, methods for differ-

entiation of hESCs and iPSCs into midbrain DNs for fur-

ther use in clinical practice have being extensively devel-

oped.

Advantages and safety of hESC/iPSC-derived DNs

should be first justified in animal experiments in vivo.

DN-targeting neurotoxins, such as rotenone, 6-hydroxy-

dopamine (6-OHDA), and 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP), are used to develop animal

models of parkinsonism. Generally, PD models are devel-

oped in rodents and non-anthropoid primates [48]. Due

to similarities in the brain structure and PD symptoms

between human and monkeys, as well as the possibility to

use in both cases high-definition visualization methods

(e.g., positron emission tomography and magnetic reso-

nance imaging), studies in non-anthropoid primates sub-

stantially promote transition to clinical trials in humans

[49].

In 2005, Takagi et al. for demonstrated the first time

that primate ESC-derived DNs survive after being trans-

planted to the putamen of recipient primates with

MPTP-induced PD resulting in augmented [18F]DOPA

uptake 14 days after the transplantation. Moreover, start-

ing from week 10 after the transplantation, neurological

signs improved in DN-grafted vs. sham-surgery monkeys.

This study demonstrated for the first time the functional

efficacy of primate ESC-derived DNs and opened up an

opportunity for their application in PD cell therapy [50].

Human iPSC-derived DNs transplanted to the stria-

tum reversed PD behavioral symptoms in PD model rats

[51]. However, there are some problems, e.g., tumori-

genicity, that prevent the use of these cells in clinical tri-

als. Tumorigenicity may be caused by the presence in the

grafted material of residual pluripotent cells or partially

differentiated neuronal precursors capable of teratoma

formation and/or unlimited cell proliferation. At the

same time, the use of fully mature neuronal cell cultures

results in markedly decreased survival rate of the trans-

planted cells. One of the ways to solve this problem is to

determine the optimal period for differentiation of cul-

tured cells. Doi et al. demonstrated that long-term neu-

ronal differentiation of hESC-derived cells (over 28 days)

decreases tumorigenesis and/or slows down rapid growth

of cells after their grafting in monkeys with parkinsonism.

The motor symptoms of PD were relieved in experimen-

tal animals after transplantation of hESC-derived DNs

differentiated for 42 days [52]. On the other hand, cells

with a required phenotype and at a desired maturation

stage can be selected by staining for specific surface mark-

ers followed by cell sorting. In 2014, Martinez-Morales et

al. used anti-Corin antibodies for the enrichment of mes-

encephalic DN precursors [24]. Transmembrane serine

protease Corin is expressed in the floor plate during

embryonic brain development. During differentiation of

iPSCs to DNs, Corin expression is detected on day 7 and

peaks on day 30 of differentiation. Corin-positive cells

transplanted to the brain of experimental animals prolif-

erate at a much lower rate than unsorted neurons, result-

ing in a 2-fold greater amount of survived DNs in the

graft.

Kikuchi et al. were the first to showed that DNs

derived from iPSCs in the absence of feeder cells and

components of animal origin in the culturing medium

have survived for 6 months in the brain of monkeys with

MPTP-induced PD [53].

The same research group has observed for 2 years

primates with MPTP-induced PD after transplantation of

iPSC-derived DNs [54]. To examine the efficacy and

safety of DNs differentiated in vitro, DN committed pre-

cursors were transplanted to the putamen of the animals

with MPTP-induced parkinsonism. For this, eight iPSC

lines derived from four heathy volunteers and three PD

patients were used. iPSC-derived DN precursors were

then differentiated using the dual SMAD inhibition pro-

cedure and then committed to the floor plate cells as

described in [24]. To increase the population homogene-

ity, the cells were sorted according to the Corin expression

levels. Although the percentage of Corin-positive cells on

day 12 varied between the cell lines; the content of Corin-

positive cells in all sorted cell populations was no less than

90%. After long-term cell differentiation, the cells were

able to generate action potentials and release dopamine

in response to high potassium-induced membrane depo-

larization. In addition, no undifferentiated OCT4+ cells

and very few proliferating neuronal precursors were

found. DN precursors differentiated for 28 days were

grafted bilaterally into the putamen of monkeys with

MPTP-induced parkinsonism (the animals were treated

with immunosuppressing agents). Neurological changes

were assessed using the neurological rating scale and

video-based analysis of spontaneous movements. It was

found that monkeys with grafted DNs displayed gradual

improvement in the assayed parameters. No differences

were observed between the animals implanted with cells

from healthy donors and PD patients. The safety of graft-

ed cells was confirmed by monitoring their survival and

proliferation by magnetic resonance imaging (MRI) and

positron emission tomography (PET) from 12 to 24

months after transplantation. The animals were then sac-

rificed, and their brain sections were studied after hema-

toxylin-eosin staining. The authors found no neural

rosette formation, malignant changes, or proliferation of

Ki67+ cells in the grafts. Also, differentiation of grafted

neuronal precursors was assessed. It was found that 6-

54% grafted cells differentiated to tyrosine hydroxylase-

positive neurons, which on average corresponds to 6.4·104

cells per hemisphere. These tyrosine hydroxylase-positive

neurons expressed the presynaptic dopamine transporter

(DAT) (midbrain DN marker) and GIRK2 (A9 type DN

marker). DNs derived from PD patients displayed no
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pathological symptoms such as Lewy bodies. The analysis

of functional activity of grafted neurons by PET revealed

an increased uptake of [18F]DOPA in the putamen. The

obtained results were similar to those found in patients

with grafted hfVM [54]. These studies provided a strong

evidence that human iPSCs display high therapeutic

potential and can be used in future clinical trials.

To use hESC/iPSC-based cell therapy in clinical

practice, it is essential to avoid the graft-versus-host reac-

tion. The iPSC-based technology allows to eliminate or

significantly reduce problems with immune response, as

personalized iPSC lines can be obtained for each patient.

Although the brain is believed to be an immune privileged

organ, there is a difference between transplantation of

autologous cells and allogeneic cells, whose HLA haplo-

type mismatches that of the recipient [55]. Although

autologous cell therapy is ideal in theory, reprogramming

of original cells to iPSCs with their subsequent differenti-

ation for each patient is expensive and takes a long time.

As an alternative, investigators from the Kyoto University

started the iPSCs Stock Project by establishing a bank of

iPSC clones from donors with homozygous HLA haplo-

types. It was calculated that 50 iPSC lines with homozy-

gous HLA haplotypes would cover 73% of Japanese pop-

ulation at the three HLA loci (HLA-A, B, and DR) [56].

On the other hand, minor HLA loci or innate immune

cells, such as macrophages and NK cells, might also con-

tribute to the developing immune response, albeit not as

strong as in case of allogeneic transplantation. Clinical

trials using iPSCs-derived retinal pigment epithelium

(RPE) cells [57] showed that obtaining autologous iPSC

derivatives for each patient is laborious and expensive and

requires each generated iPSC line to be tested for its qual-

ity. Because of this, researchers prefer to use recipient

HLA-matching allogeneic hESC and iPSC derivatives in

cell therapy.

Although such cell-based products might not fully

prevent the development of immune response, they could

substantially reduce it, which would allow to apply a

milder immunosuppressive therapy. Still, whether allo-

geneic nervous tissue transplanted to the recipient’s brain

undergoes continuous immune-mediated rejection is

debated. For instance, live allogeneic fetal cells were

found in the brain of recipient PD patients many years

after termination of the immunosuppressive therapy [58].

Kyoto University plans to start clinical trials on the

transplantation of iPSC-derived DNs to sporadic PD

patients 50 to 70 years old. The major objective of this

trial is assessment of transplant tumorigenicity and

growth by magnetic resonance imaging and positron

emission tomography; another goal of this study is evalu-

ation of the neurological state and [18F]DOPA uptake by

the grafted cells [59].

In an attempt to optimize clinical studies on the use

of hESC and iPSC derivatives in PD therapy and charac-

terization of transplanted cells and to promote coopera-

tion in the introduction of PD cell therapy into clinical

practice, the scientists created the GForce-PD (http://

www.gforce-pd.com), a global consortium on the use of

pluripotent stem cells in PD cell therapy, that has united

prominent investigators in this research field from Europe,

USA, and Japan. Each GForce-PD research group partic-

ipated in the development of GMP protocols for obtain-

ing DNs with certain in vivo parameters and iPSCs-

derived functional midbrain DNs, as well as cryopreserva-

tion protocols and quality control assays. Such protocols

also include cell differentiation to committed DN precur-

sors that have demonstrated the best results in animal PD

models. Cell obtained according to the developed proto-

cols exhibited no tumorigenicity or uncontrolled growth

in vivo [54, 60-63]. Importantly, the protocols are repro-

ducible and scalable, although certain problems still exist

with choosing the most appropriate genetic assay for both

starting material and/or final product. Other issues dis-

cussed by the Consortium include the efficacy and quality

of products of iPSC differentiation [47]. The problems of

in-depth testing and safety of hESCs and iPSCs in cell

therapy are also discussed outside of the scope of PD cell

therapy. Genetic and epigenetic stability of cultured

human pluripotent stem cells, the methods to minimize

the emergence of genetic and epigenetic cell variants dur-

ing cell culturing, and potential effects of these variants on

the efficacy of cell therapy have been discussed at the con-

ference organized in 2017 by the International Stem Cell

Initiative (ISCI) [64]. Such conferences are attended by

the recognized experts on human pluripotent stem cells

and cell therapy, which allows us to expect recommenda-

tions on the protocols and regulations for using hESCs

and iPSCs in cell therapy. In the future, the need for such

cell products might significantly increase [47].

Despite numerous unresolved issues, GForce-PD

investigators plan to conduct the first clinical trials in

2018-2020. The majority of research teams are expected

to cryoconserve large amounts of DN precursors after a

single differentiation round. The final cell products will

be tested for stability, tumorigenicity, toxicity, and biolog-

ical functions in accordance with the requirements of

national regulatory agencies (e.g., FDA, MHRA, and

PMDA) [47].

One of the topics of 2017 GForce-PD meeting was

the problems of immunosuppression in PD cell therapy.

It was agreed that at least one immunosuppressive agent

(e.g., FK506) should be used; however, the duration of

immunosuppressive therapy was debated. On average, the

period of immunosuppression should last for 1-2 years

after the transplantation. These conclusions were in part

based on the immunosuppression protocols used in

patients with hfVM transplants that showed a long-term

graft survival without a need for a lifelong immunosup-

pression [47].

Another discussed issue was selection of patients for

the enrollment in clinical trials. Such patients should
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respond to Levodopa oral therapy. The question is at what

stage should the experimental cell therapy be started? On

one hand, cell therapy should be used in patients with the

expected response, i.e., younger patients at the early PD

stage, without significant motor and cognitive disorders

and early-onset dementia, and with good response to

Levodopa. Such inclusion criteria were applied to

patients enrolled in the TRANSEURO clinical trial [65].

On the other hand, it would be unethical to subject

patients at such early PD stage to this new, untested, and

not yet commonly accepted therapy; it might be better to

use patients with severe motor disorders. At such

advanced stages of PD, invasive cell therapy with associ-

ated deep brain stimulation and apomorphine therapy

becomes justified and necessary. For this reason, the

majority of research groups in the GForce-PD

Consortium enroll patients at more advanced PD stages

that those used in the TRANSEURO study; the enrolled

patients also lack such prominent PD symptom as

Levodopa-induced dyskinesia [47].

The clinical efficacy of cell therapy is expected to be

assessed within 3-5 years after cell transplantation, since

the effects of hfVM grafting in PD patients are mostly

pronounced during this time interval. However, the

effects of cell therapy should be assessed much earlier

than 3-5 years after the transplantation, especially in the

absence of sham surgery as a control. Therefore, the

majority of patients will be assessed at least two years after

surgery [47].

Despite a cautious position of global scientific com-

munity on the use of hESCs and iPSCs for PD cell ther-

apy, a clinical trial (NCT03119636) with differentiated

hESC derivatives has been started in China (Henan,

Zhengzhou, First Affiliated Hospital of Zhengzhou

University), with phases I/II officially starting in May,

2017. The trial is conducted in 50 PD patients that match

the following inclusion criteria: (i) PD manifestation for

at least 5 years before the trial start; (ii) age, 50-80 years;

(iii) Hoehn and Yahr scale stage 3 or 4; (iv) documented

clinical efficacy of dopaminergic drug therapy.

Uncommitted neuronal precursors derived from hESCs

were transplanted to the striatum of PD patients.

However, these studies have risen serious concerns

because of potential risk that after transplantation to the

striatum, these immature precursors can differentiate into

other than DNs cell types, which might not result in

expected positive effect [66]. The next planned stage is

transplantation of HLA-matching/mismatching neu-

ronal precursors. The accompanying drug therapy will

involve the treatment with Levodopa only, depending on

the patient’s state. The first results of this study are

expected to be published in November, 2018, including

MRI and blood assay data.

The unlimited lifespan of cultured pluripotent stem

cells and the development of protocols for their targeted

differentiation allow generation of promising model sys-

tems (e.g., cell models) of neurodegenerative diseases.

These models, including isogenic cell lines for investigat-

ing familial PD, pave a way for understanding PD-trig-

gering mechanisms that are induced long before the first

clinical PD manifestations.

Recent advances in experiments on DNs derived

from hESCs and iPSCs for the transplantation into PD

animal models give a hope that the clinical trials started in

some countries will result in new promising findings in

PD cell therapy.
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