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Abstract

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders, which affects
about 0.3% of the general population. As the population in the developed world ages, this creates
an escalating burden on society both in economic terms and in quality of life for these patients and
for the families that support them. Although currently available pharmacological or surgical
treatments may significantly improve the quality of life of many patients with PD, these are
symptomatic treatments that do not slow or stop the progressive course of the disease. Because
motor impairments in PD largely result from loss of midbrain dopamine neurons in the substantia
nigra pars compacta, PD has long been considered to be one of the most promising target diseases
for cell-based therapy. Indeed, numerous clinical and preclinical studies using fetal cell
transplantation have provided proof of concept that cell replacement therapy may be a viable
therapeutic approach for PD. However, the use of human fetal cells as a standardized therapeutic
regimen has been fraught with fundamental ethical, practical, and clinical issues, prompting
scientists to explore alternative cell sources. Based on groundbreaking establishments of human
embryonic stem cells and induced pluripotent stem cells, these human pluripotent stem cells have
been the subject of extensive research, leading to tremendous advancement in our understanding of
these novel classes of stem cells and promising great potential for regenerative medicine. In this
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review, we discuss the prospects and challenges of human pluripotent stem cell-based cell therapy
for PD.

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder after
Alzheimer’s disease, and one of the most common movement disorders. The disease,
characterized by both motor and non-motor symptoms, affects about 0.3% of the general
population and ~1% of the population over the age of 60 (de Lau and Breteler, 2006). It is
projected that this number will increase with the aging of the population in developed
countries, and PD is currently considered to be a pandemic (Dorsey and Bloem, 2017). One
of the hallmarks of PD is the loss of midbrain dopamine (mDA) neurons and, currently,
dopamine (DA)-replacement therapy (e.g., L-dopa and/or DA agonists) is the gold standard
and mainstay of medical therapy. Although pharmacological treatments can significantly
improve the quality of life of many PD patients, the therapeutic window for achieving
antiparkinsonian benefits without inducing unacceptable side effects, such as dyskinesia,
shrinks over time in most patients (Kang and Fahn, 1988; Weiss et al., 1971).

Successful intervention for some symptoms can also be achieved surgically. In particular,
deep brain stimulation has been well established as a nondestructive treatment (Miocinovic
etal., 2013; Okun, 2012), but also carries surgical risk and is, like lesioning and
pharmacological treatment, only palliative. Another potential non-ablative approach is the
use of gene therapy, in which therapeutic genes (e.g., those encoding dopamine- or GABA-
synthesizing enzymes or trophic factors) are stereotactically delivered into appropriate
targets of patients’ brains using viral vectors so as to enter cells and produce the desired
gene products locally and long-term (Bartus et al., 2014; Kaplitt et al., 1994; Kordower and
Bjorklund, 2013; LeWitt et al., 2011). None of these established medical or surgical
treatments, however, acts to prevent or replace the progressive loss of mDA neurons.

Despite extensive investigation, much of the pathological etiology of PD remains unknown,
rendering the search for preventive and curative measures more difficult. There are two goals
in the quest to move therapies for PD beyond purely symptomatic treatment: 1) early
diagnosis and intervention to prevent or slow down the ongoing DA cell loss associated with
the major motor symptoms of the disease, and 2) restoration and long-term recovery of this
impaired motor function by replacing the missing cell population. Over the past several
decades, research on both fronts has yielded substantial progress.

In 2006, Shinya Yamanaka and his colleagues reported their groundbreaking work on
reprogramming terminally differentiated mouse somatic cells into early embryonic-like
induced pluripotent stem cells (iPSCs) (Takahashi and Yamanaka, 2006). Subsequently, this
and two additional groups demonstrated that human somatic tissues can be reprogrammed
into human iPSCs (hiPSCs) using similar methods (Park et al., 2008; Takahashi et al., 2007;
Yu et al., 2007). iPSC technology allows for efficient generation of patient- and disease-
specific pluripotent stem cell lines which may then be differentiated into any cell type
required. The iPSC approach can potentially address some of the major concerns of stem
cell therapy, allowing production of sources of unlimited numbers of cells, reducing the
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immunogenicity of the implanted cells, and alleviating ethical concerns. It opens the door to
the plausible use of iPSCs for personalized as well as generalized cell therapy.

The enormous progress in iPSC research over the last decade has been extensively discussed
in a series of recent reviews (Hockemeyer and Jaenisch, 2016; Karagiannis and Eto, 2016; Li
and lzpisua Belmonte, 2016; Li et al., 2015; Mertens et al., 2016; Scudellari, 2016;
Takahashi and Yamanaka, 2016; Tapia and Scholer, 2016). However, as pointed out in a
recent commentary (Scudellari, 2016), the major goals of most iPSC research have switched
away from personalized cell therapy, and instead focus on mechanistic studies of human
disease and development. In this review article, we will first discuss the conceptual
background and the evidence for using cell replacement as a viable option to restore lost DA
cell function. This discussion will be focused on the lessons that have been learned from
clinical trials using fetal ventral mesencephalon (fVM) cell transplantation in PD patients,
and on experimental studies using pluripotent stem cell (PSC) sources, including human
embryonic stem cells (hESCs) and hiPSCs. We will address the concept of personalized cell
replacement using iPSCs-derived DA cell populations as an autologous cell source for the
treatment of PD (Figure 1). We will then outline the critical steps that must be taken to
generate clinical grade pluripotent stem cells from these sources and, from them, to derive
functional DA cell populations for transplantation. Finally, we will present a roadmap for
personalized cell therapy by defining current obstacles that need to be overcome in order to
bring this novel therapeutic approach from the lab bench to the clinic.

2. PD as a promising target disease for cell therapy

The major symptoms of PD are resting tremor, rigidity, bradykinesia, and postural
instability. The neuropathological hallmarks of PD are accumulation of Lewy bodies (Rocha
etal., 2017; Wakabayashi et al., 2007) and the progressive loss of midbrain dopamine
(mDA\) neurons, primarily A9-type, in the substantia nigra pars compacta (SNpc) (Kalia and
Lang, 2015). The resulting impairment of the nigrostriatal pathway is believed to be the
direct cause of the major motor symptoms of the disease. However, PD is a multi-system
disease that typically exhibits varying degrees of additional non-motor symptoms such as
autonomic dysfunction, neuropsychiatric symptoms, and sleep disorders, which may precede
the motor symptoms and some of which may be associated with degeneration and/or
abnormalities beyond the loss of mDA neurons (Kalia and Lang, 2015). Clearly,
transplantation of mDA cells is unlikely to ameliorate most of these non-motor symptoms
and thus will not fully “cure” PD. Despite this limitation, PD remains one of the most
promising target diseases for pluripotent stem cell-based therapy for the following reasons:

1. The selective loss of mDA neurons is by far the most prominent pathological
feature of PD and is directly associated with all the major motor symptoms.

2. Many “proof of concept” studies have demonstrated that fVM cell
transplantation carries the potential for significant and long-term recovery.
Grafted cells re-innervate the striatum, restore DA neurotransmission and, in
some patients, dramatically improve the motor behavioral defects associated with
PD, effects lasting as long as two decades (Hagell et al., 1999; Kefalopoulou et
al., 2014; Piccini et al., 1999).

Prog Neurobiol. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sonntag et al.

Page 4

3. There is some evidence suggesting that fVM transplantation can in fact improve
some non-motor deficits in 6-OHDA lesioned rat models, including problems
with visuospatial function and motivational processing, in addition to motor
dysfunction (Lelos et al., 2012; Lelos et al., 2016).

4. Based on advancements in our understanding of developmental and molecular
mechanisms of mDA neuronal differentiation, the generation of authentic,
functional mDA neurons from hPSCs, including hESCs and hiPSCs, has been
well established and has been extensively tested in diverse preclinical animal
models.

5. Advances in reprogramming mechanisms and methodologies achieved over the
last decade provide the tools to generate hiPSCs of the clinical grade required for
human therapeutic use.

We will review these issues related to hPSC-based therapy for PD with an emphasis on the
critical requirements of the clinical roadmap toward personalized cell therapy, in greater
detail below.

3. Developing cell therapy approaches for PD

3.1. Fetal cell transplantation as early proof of concept studies - lessons and challenges

Over the past 40 years, a multitude of different cell populations has been used for cell
transplantation in PD patients, including adrenal medullary, retinal, carotid body, and human
and porcine fetal cells (Allan et al., 2010; Barker et al., 2015a; Bjorklund and Kordower,
2013; Lindvall, 2016). Among these efforts, fVM cell transplantation using aborted 6 to 9
weeks old human embryos evolved historically as the most promising approach (Figure 2).
In fact, after the first pioneering clinical trial in Lund in 1987 (Lindvall et al., 1990; Mertens
et al., 2016), multiple open-label studies worldwide (Sweden, England, Spain, USA,
Mexico, Cuba, France, Belgium, Canada) showed dramatic improvement in some patients’
quality of life for up to two decades (Hagell et al., 1999; Kefalopoulou et al., 2014;
Kordower et al., 2008; Li et al., 2008; Mendez et al., 2008; Piccini et al., 1999; Spencer et
al., 1992). In addition, several studies have analyzed postmortem brains from transplanted
patients and have shown engraftment of the fetal tissue with wide outgrowth and robust
innervation of the host striatum by donor-derived DA neurons in the transplantation sites up
to 24 years post treatment (Li et al., 2016). This demonstration of surviving and functioning
cell grafts, together with the associated positive clinical outcomes, provided proof of concept
for cell therapy as a viable option to treat PD. Based on these encouraging early results, two
NIH-funded double blind, sham-controlled clinical trials were performed in the USA with
40 and 37 patients, respectively (Freed et al., 2001; Olanow et al., 2003). However, unlike
the previous open-label trials, these sham-controlled studies did not show significant clinical
benefit from fetal cell transplantation. These negative results may have been due to different
clinical parameters (e.g., time point of grafting during disease stage), as well as diverse
factors related to cell preparation and to the grafts themselves, such as low survival of
transplanted cells, low percentage of DA neurons within the grafts, variable fetal cell
preparation (i.e., fetus numbers and weeks post conception), non-uniform target sites
(putamen or caudate, or both), and variable immune suppression regimens (Barker et al.,
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2015a; Bjorklund and Kordower, 2013; Freed et al., 2001; Lindvall, 2016; Olanow et al.,
2003). Furthermore, 18 (32%) out of 56 total patients who received transplantation in these
two studies developed graft-induced dyskinesia (Freed et al., 2001; Olanow et al., 2003).
Though the concept of replacement of lost DA neurons by fVM was not invalidated, these
unsatisfactory clinical outcomes significantly dampened the initial enthusiasm for this
approach, resulting in a temporary moratorium on fVM transplantation in the early 2000s.
To address the factors believed responsible for these problems, several funded teams and
initiatives in Europe, USA, and Japan have since revived interest in this approach, and
recently formed the G-FORCE PD consortium with the goal of developing a roadmap to
clinical application (http://www.gforce-pd.com/) (Barker et al., 2015b). Within this effort,
TRANSEURO is an ongoing European-funded initiative aiming to provide standardized
protocols for fVM transplantation, including refined patient selection, optimized grafting,
and a defined immunosuppression protocol. Results of this study are expected to be
published in 2020 (http://www.transeuro.org.uk/) (Kirkeby et al., 2017b; Stoker et al., 2017).
While this new trial may provide a standardized protocol for fVM transplantation with
potentially better outcomes, the ethical and practical concerns attached to the use of human
aborted tissue (usually 6 to 8 fetuses are required per patient) make this procedure
unrealistic as a widely available clinical therapy (Bjorklund and Kordower, 2013; Brundin
and Kordower, 2012; Buttery and Barker, 2014; Freed et al., 2001; Kirkeby et al., 2017b;
Kordower et al., 1998; Kordower et al., 1996; Lindvall, 2013; Lindvall and Kokaia, 2010;
Mendez et al., 2005; Olanow et al., 2003; Stoker et al., 2017).

An important discovery in postmortem tissue from patients that survived over two decades
post fVM transplantation was the identification of a-synuclein-containing Lewy bodies in
about 10%-15% of donor-derived DA neurons (Chu and Kordower, 2010; Kordower and
Brundin, 2009; Kordower et al., 2008; Kurowska et al., 2011; Li et al., 2008; Li et al., 2010;
Li et al., 2016), leading to the hypothesis that PD may be, at least in part, a prion-like
disease with cell-to-cell transfer of a-synuclein (Angot et al., 2010; Chu and Kordower,
2015). Despite the development of this host pathological phenotype in some grafted cells, it
appears that survival and function of the grafted cells is relatively unimpaired and that fetal
grafts can indeed provide long-term therapeutic benefit.

Thus, past efforts to use cell therapy for PD have been associated with significant concerns
and complications. In spite of this, lessons learned from these numerous fetal cell
transplantation studies--in particular, the long-term and robust clinical improvements seen in
some of the open-label studies, and the functional engraftment of the transplanted tissue--are
sufficient to provide hope that improvements in cell replacement strategies for PD could
yield tremendous positive impact on patients’ lives. Since limited and heterogeneous source
tissue availability has been the most insurmountable obstacle in fetal cell transplantation, a
standardized and unlimited cell source that is both safe and functionally efficacious would
greatly facilitate cell therapy. Interestingly, a recent study has reported that human fetal VM
cells can be expanded long-term using hypoxic conditions, although their clinical efficacy
has not yet been tested (Moon et al., 2017).

One of the major concerns in cell transplantation for PD is the host immune response to the
grafted tissue. Although the brain is often considered “immune-privileged”, there is in fact
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evidence that intracerebral immunologically-mediated graft rejection can and does occur
(Barker and Widner, 2004; Sonntag, 2007). The use of an immunosuppressive regimen in
experimental PD models is usually necessary to sustain long-term survival of allo- or
xenografts. This issue, however, has not been systematically analyzed in any of the clinical
trials to date (Wenker et al., 2016). Immune rejection in the brain has been a concern not
only for graft survival, but also because of significant side effects of the immunosuppressive
drugs used to suppress it. To circumvent immune rejection, some efforts have been
undertaken to induce tolerance. For example, a recent study analyzed a role for graft-
mediated immune repression through the T-cell modulator CTLAA4-Ig in combination with
systemic immunosuppression in an MPTP-induced monkey model of PD using porcine fVM
from wild type or CTLA4-Ig transgenic animals (Aron Badin et al., 2016). The study
concluded that, in this xenograft situation, graft CLTLAA4-1g-induced immune modulation
alone could not prevent rejection, but that in combination with systemic immunosuppression
it could protect the neural cell grafts. There have been other attempts to induce tolerance to
tissue grafted into the brain, such as co-transplantation of porcine neuroblasts with
syngeneic mesenchymal stem cells (MSCs) in the rat striatum (Leveque et al., 2015), or the
use of immune-modulatory molecules (Uchida et al., 2001; Wennberg et al., 2001). The
exact mechanisms of graft rejection in the brain are not well understood and may include
both cellular and humoral immune responses (Cicchetti et al., 2003; Krystkowiak et al.,
2007; Porfirio et al., 2015; Wenker et al., 2016). There is hope that strategies utilizing
autologous cell sources, because they are derived from host tissue, will avoid the host
immune response and, thus, obviate the need for immunosuppressive treatments altogether.
Relevant to this concept are recent studies in primates showing that DA neurons derived
from autologous iPSC, or from MHC-matched phenotypes, elicited only weak immune
responses, while those from (fully) allogeneic iPSC caused a more significant immune
reaction with diminished graft survival (Morizane et al., 2013; Morizane et al., 2017). In
interpreting these results, caution is warranted (Kaneko and Yamanaka, 2013). In mouse
models, several syngeneic iPSC-derived cell types, including endothelial cells,
cardiomyocytes, and skin cells, are immunogenic to the adult autologous immune system
and can be rejected when transplanted in sites that contain antigen-presenting cells (Liu et
al., 2017). The immunogenicity of these iPSC-derived cells has been attributed to several
possible factors, including residual epigenetic “memory” of the source cell type leading to
the expression of abnormal or deregulated immunogenic proteins; somatic mutations; and
fusion proteins with new immunogenic antigens. In terms of transplantation to the “immune-
privileged” brain, one should keep in mind that immune privilege requires an intact blood
brain barrier (BBB), which is locally disrupted by the surgical implantation of the graft. This
disruption enables an interaction between the “sealed” environment of the brain and the
immune system in the periphery, potentially changing the nature of the brain’s immune
responses, at least in the immediate vicinity of the graft. Under these circumstances, it is
plausible that autologous tissue sources that still carry some level of immunogenicity may
trigger a rejection process, even after the BBB has been re-sealed (Barker and Widner, 2004;
Sonntag, 2007).
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3.2. ESC-derived DA cells as potential cell source

The problems attached to fVM cells and the critical lessons (both positive and negative) that
have been learned from their clinical application have prompted investigators to explore
alternative cell sources including diverse scalable stem cell types with the capacity to
differentiate into multiple cell lineages.

The term “Stammzelle” (“stem cell””) was originally used in 1868 by a German physician
and chemist, Ernst Haeckel, in describing the “ancestor unicellular organism from which all
multicellular organisms evolve” (Ramalho-Santos and Willenbring, 2007). Our current usage
is rather different, referring to progenitor cells from which the various fully differentiated
tissue cells of a single mature multicellular organism develop. A wide range of such stem
cell types has been identified and extensively characterized in vivoand in vitro. In particular,
mouse ESCs (MESCs), which were first isolated and established in 1981 by Gail R. Martin,
Martin J. Evans, and Matthew H. Kaufman, have revolutionized biological research and
attracted particular interest due to their indefinite self-renewal and pluripotent differentiation
potential, with the capability to generate any cell type of the body (Evans and Kaufman,
1981; Martin, 1981). Indeed, mESCs have been successfully used to generate unlimited cell
populations with an A9-like mDA neuronal phenotype following optimized /n vitro
differentiation protocols. Two approaches have emerged as being most effective in
accomplishing this goal: 1) a stepwise developmental protocol based on embryoid body
(EB) formation followed by induction and expansion of neural progenitor cells (NPCs) and a
final differentiation step to DA neurons (Lee et al., 2000); and 2) a co-culture based
protocol, in which ESCs are differentiated on a layer of stromal cells with neural inductive
properties, resulting in the generation of NPCs that can then be differentiated to mature DA
neurons (Kawasaki et al., 2000). Over the years, these two prototype protocols have been
used as a platform to test a multitude of factors (e.g., DA neuron-specific intrinsic
transcription factors such as Nurrl and LmxZ1a, and extrinsic signals such as Sonic hedgehog
(Shh) and Wnt1) in efforts to improve and refine DA neurogenesis (Bryja et al., 2006;
Chung et al., 2009; Chung et al., 2002; Kim et al., 2006; Kim et al., 2002). Such studies
have confirmed that the complex temporal and spatial sequences, as well as the regulation of
factors and steps in early embryogenesis required to produce functional midbrain-specific
DA neurons (Arenas et al., 2015; Tao and Zhang, 2016) can successfully be applied to /n
vitro differentiation of mESCs. Since mouse and human mDA neurons follow largely similar
developmental steps and respond to similar factors, the knowledge gained from mESC
differentiation studies can be readily translated to human PSCs, though some species-
specific differences apply (Sonntag et al., 2005).

In 1998, James Thompson and colleagues isolated and established the first hESC lines
(Thomson et al., 1998), opening a new era of PSC-based clinical regenerative medicine. The
majority of knowledge obtained from mESCs was readily adapted to hESCs, leading to the
development of several protocols for efficient production of mDA cell populations. Initially,
the stromal co-culture method was widely used (Brederlau et al., 2006; Buytaert-Hoefen et
al., 2004; Cooper et al., 2010; lacovitti et al., 2007; Kim et al., 2010a; Ko et al., 2007;
Morizane et al., 2010; Park et al., 2005; Perrier et al., 2004; Sonntag et al., 2007; Yan et al.,
2005; Yang et al., 2008; Zeng et al., 2004), but other methods, including the production of
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neural cell suspensions, were also introduced (Ben-Hur et al., 2004; Cho et al., 2008; Doi et
al., 2012; Schulz et al., 2004). As shown in Table 1, all these protocols utilized DA-specific
morphogens and growth factors such as SHH, FGF8, BDNF, GDNF, and/or dbcAMP, and in
addition to stromal cells, fetal midbrain astrocytes were also used in co-cultures to enhance
mDA differentiation of hESCs (Roy et al., 2006; Song et al., 2017; Wagner et al., 1999).
Though these studies successfully established multiple protocols for the production of mDA
neurons, many issues remained, including inefficiency, inconsistent and incomplete DA
differentiation, and occasional teratoma formation after transplantation into animal brains
(Arenas, 2010). For these reasons, more recent efforts have focused on the identification of
small molecules or peptides that can either activate or inhibit specific developmental
pathways in order to achieve more optimal neural and/or mDA induction (Chambers et al.,
2009; Fasano et al., 2010; Han et al., 2015; Hargus et al., 2010; Jaeger et al., 2011; Kirkeby
etal., 2012; Li et al., 2011; Morizane et al., 2011). In particular, two regulatory loops,
WNT1-LMX1A and SHH-FOXAZ2, have been shown to be critical in mDA neuron
development (Chung et al., 2009; Joksimovic et al., 2009; Kittappa et al., 2007), and
activation of these two pathways using morphogens or small molecules has proven critical
for efficient generation of MDA neurons (Table 1).

An emerging theme from these recent studies has been that dual inhibition of SMADs
(targeting BMP and TGFp signaling), together with dual activation of WNT and SHH
pathways, can facilitate robust mDA neuronal induction while suppressing alternate
lineages. This results in highly efficient mDA differentiation protocols without the need for a
co-culture system (Chen et al., 2016; Grealish et al., 2014; Kikuchi et al., 2017b; Kikuchi et
al., 2011; Kirkeby et al., 2012; Kirkeby et al., 2017a; Kriks et al., 2011; Morizane et al.,
2011; Samata et al., 2016; Samata et al., 2015; Sundberg et al., 2013; Xi et al., 2012). Some
representative protocols are shown in Figure 3. These protocols successfully induce neurons
that are positive for tyrosine hydroxylase (TH) (the rate-limiting enzyme for DA production)
and that acquire typical mDA markers such as LMX1A, PITX3, FOXA2, NURRL, EN-1, as
well as the DA transporter (DAT). Furthermore, many of these cells display a GIRK2-
positive A9-type phenotype, although similar numbers of CALBINDIN-positive A10-type
DA neurons are also produced. Importantly, these differentiated cells exhibit relevant
electrophysiological properties and significantly improve motor behaviors in animal models
of PD (Table 1). It is noteworthy that a recent study by Grealish et al. demonstrated that
hESC-derived mDA neurons exhibit functional efficacy comparable to that of human fVM
cells following transplantation into a rat model of PD, as evidenced by morphological,
molecular, behavioral, and neuroimaging studies (Grealish et al., 2014). Taken together, this
body of evidence provides strong preclinical support for the feasibility of using hESC-
derived mDA neurons as a source for cell therapy in PD. However, there are two potential
caveats limiting their application as an optimal therapeutic agent (Figure 2). First, the
generation of hESCs requires fertilized eggs from donors and destruction of early embryos,
which raises a plethora of ethical and legal concerns. Second, hESC-derived cell grafts are
allogeneic to the recipient patients, making immune-suppressive regimens necessary.
Despite these limitations, hESCs are currently the “gold standard” of hPSCs, and hESC-
derived mDA cells are currently being developed for clinical trials in USA and Europe
(Stoker et al., 2017; Tabar, 2016).
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One approach to circumventing the limitations of hESCs resulting from their allogenicity
could be somatic cell nuclear transfer technology (SCNT), i.e., introduction of the nucleus of
a somatic cell into an enucleated egg. This technology was developed in mammals in the late
1990s and became famous through the generation of the sheep “Dolly” (Campbell et al.,
1996). Since then, the first SCNT-derived hESCs have been reported by Mitalipov and
colleagues in 2013 (Tachibana et al., 2013), demonstrating another way to establish
autologous hPSCs (Figure 2). However, despite its potential to generate therapeutic cells,
such as mDA neurons (Amano et al., 2009; Wakayama et al., 2001), SCNT has also been
associated with serious problems, mostly related to low efficiency (usually 1-5% of cloned
embryos develop into normal animals) and abnormal phenotypes derived from incomplete
nuclear reprogramming of the somatic cell nucleus by the oocyte (summarized in (Loi et al.,
2016)). The significant practical and ethical issues associated with procurement of human
oocytes for medical therapy would also undoubtedly create barriers similar to those for
human embryonic sources.

3.3. iPSC-derived DA cells as potential cell source

Based on their groundbreaking study in 2006 showing that four transcription factors (i.e.,
Oct4, Sox2, KIf4 and c-Myc) could revert mouse fibroblasts into ESC-like iPSCs (Takahashi
and Yamanaka, 2006), Shinya Yamanaka’s and two other groups subsequently
reprogrammed human somatic tissues into hiPSCs using the same or similar sets of factors
(Park et al., 2008; Takahashi et al., 2007; Yu et al., 2007). This iPSC technology offers the
unprecedented possibility of generating disease- and patient-specific stem cells without
destruction of early embryos. Thus, it revolutionized not only stem cell research aimed at
studying human development and disease mechanisms, but also offered a new paradigm for
personalized cell therapy by providing potentially unlimited autologous stem cell sources
(Hockemeyer and Jaenisch, 2016; Karagiannis and Eto, 2016; Li and Izpisua Belmonte,
2016; Li et al., 2015; Mertens et al., 2016; Scudellari, 2016; Takahashi and Yamanaka, 2016;
Tapia and Scholer, 2016; Trounson and DeWitt, 2016) (Figures 1 and 2). Indeed, patient-
specific hiPSC-derived DA cells may circumvent many of the major issues associated with
fetal cell transplantation: (1) ethical issues of using aborted tissue, (2) medical issues related
to immune rejection and immunosuppression, and (3) practical issues of supply and
availability. Despite this enormous potential, the iPSC technology is still in its early stages,
and there are significant obstacles that must be overcome to make this new paradigm a
clinical reality, as discussed below.

3.3.1. Identification and generation of clinical grade hiPSCs—The generation of
hiPSCs involves two major processes: a.) delivery of vectors that encode reprogramming
factors to target cells, and b.) forced expression of reprogramming factors. While the
reprogramming factors have changed little over the years, there have been major
developments in the delivery technologies. Initial reprogramming protocols used retroviral
or lentiviral vectors, and while these virus-based hiPSCs have been useful for disease
mechanism studies, they are considered less suitable for clinical application because
integrated viral sequences result in multiple chromosomal disruptions, which could cause
genetic dysfunction and/or tumor formation. Although there are currently no clinical data
involving the use of virus-transduced iPSCs, a gene therapy approach to treat X-linked
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severe combined immunodeficiency with retrovirus-transduced hematopoietic cells resulted
in leukemia through activation of the proto-oncogene LMOZ2 (Hacein-Bey-Abina et al.,
2003a; Hacein-Bey-Abina et al., 2003b). In addition, reactivation or residual expression of
reprogramming genes from integrated genomic sequences may trigger altered cell
physiology and/or abnormal differentiation properties. For example, reactivation of c-Mycin
iPSCs induced frequent tumor formation in chimeric mice (Okita et al., 2007). To avoid
these fundamental problems, recent studies have attempted to generate hiPSCs using non-
viral and/or non-integrating vectors such as adenovirus (Zhou and Freed, 2009), Sendai virus
(Fusaki et al., 2009), temperature-sensitive Sendai virus (Ban et al., 2011), episomal vectors
(Okita et al., 2011; Yu et al., 2009), RNAs (Warren et al., 2010), self-replicative RNAs
(‘YYoshioka et al., 2013), miRNA (Miyoshi et al., 2011) or direct protein delivery methods
(Kim et al., 2009). Of these, three methods--those using RNAs, Sendai virus, and episomal
vectors--are among the most promising approaches, due to their reasonable efficiencies
(Schlaeger et al., 2015). In addition to these “footprint-free” (i.e., without remaining genetic
traces) reprogramming methods, recent studies have developed feeder-free and xeno-free
culture conditions so that hiPSCs can be generated and maintained under good
manufacturing practice (GMP)-compatible conditions that are required for clinical
application (Oliveira et al., 2014; Silva et al., 2015; Wang et al., 2015). Taken together,
progress made during the last decade has paved the way toward generating clinically viable
hiPSCs. Nevertheless, the standardized definition of “clinical grade” hiPSCs (that is, of
sufficient quality for FDA approval) remains ambiguous, and there are several remaining
critical issues that need to be addressed to realize the full potential of hiPSCs in cell-based
therapy, as described below.

3.3.2. Genomic stability and epigenetics—As hiPSCs-based therapy is a novel
therapeutic paradigm for human diseases, it is critical to establish strict safety criteria for
genomic integrity of the clinical cell product prior to clinical applications (Andrews et al.,
2017; Daley, 2017; Peterson and Loring, 2014). It was due to problems in this regard that the
second clinical trial of iPSC-based therapy in Japan was suspended after the identification of
three copy-number variations (CNVSs) and three single nucleotide variations (SNVs) (Garber,
2015; Mandai et al., 2017) although the first clinical trial turned out to be safe (Mandai et
al., 2017). Mutations of various size — from karyotype abnormality to point mutations — have
been found in hESCs and hiPSCs (reviewed in (Lund et al., 2012; Yoshihara et al., 2017b)).
Putative factors contributing to mutations in hESCs and hiPSCs include: (1) pre-existing
somatic mutations in parental cells (Abyzov et al., 2012; Cheng et al., 2012; Gore et al.,
2011; Howden et al., 2011; Quinlan et al., 2011), (2) the reprogramming process itself (Gore
etal., 2011; Ji et al., 2012; Sugiura et al., 2014; Yoshihara et al., 2017a), (3) passaging and
cell culture (Gore et al., 2011; Liu et al., 2014), and (4) the differentiation process producing
the target cell type. Several studies have reported that viral reprogramming methods cause
significantly higher incidences of chromosomal variations than do non-viral methods (Kang
etal., 2015; Park et al., 2014; Steichen et al., 2014). In contrast, another recent study
suggested that the reprogramming process itself did not increase overall mutation rates
(Kwon et al., 2017). Thus, a large-scale study using the most advanced methods is required
to address these controversies and to compare systematically mutation rates across
reprogramming methods. Different technologies have been used to screen genomic
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alterations of different sizes and their functional impacts. Whole genome and exome
sequencing (WGS/WES) as well as RNA-seq using next-generation sequencing technology
(NGS) provide the most comprehensive genome-wide coverage for diverse type of mutations
and functional effects. For instance, using WGS, Loring and colleagues compared hiPSC
lines prepared using three reprogramming methods: integrating retroviral vectors, non-
integrating Sendai virus and synthetic mMRNAs (Bhutani et al., 2016). Using sophisticated
analytical approaches, 2 — 10 mutations per iPSC line were found in protein coding regions;
however, the frequency of these mutations was not biased toward known cancer-causing
mutations. Among the three reprogramming methods, there was no statistically significant
difference in the number of mutations.

A critical question is whether such mutations have positive or negative effects on survival
and expansion of hESCs and hiPSCs. Large CNVs often have negative impact on survival of
cells harboring such genomic variants, thus late passage cells have fewer CNVs (Hussein et
al., 2011). However, some mutations may have a positive effect on expansion leading to
accumulated mutations in late passages (Gore et al., 2011; Laurent et al., 2011; Liu et al.,
2014; Taapken et al., 2011). To this end, Eggan and colleagues screened 140 independent
hESC lines, including 26 lines for potential clinical use, using WES to identify mutations
(Merkle et al., 2017). Notably, five cell lines were found to carry six mosaic mutations in
TP53that may contribute to a selective advantage for survival and expansion, as allelic
fraction increased with number of passages. More importantly, mutations in 7253 could
result in functional effects such as coding changes in the DNA-binding domain of P53. As
such a single copy deletion of chr17p13.1 harboring 7P53 showed selective advantage to
various stresses and differentiation capacity of hESC (Amir et al., 2017). Thus, screening for
putative tumorigenic mutations at different stages of establishment, expansion, and
differentiation of hESCs and hiPSCs will be mandatory for clinical usage (Trounson, 2017).

Finally, the epigenetic profile of iPSCs must be considered, because it can affect their
transcriptional variation and differentiation into specific cell lineages. For example, it has
been demonstrated that inactive X-chromosomes (Xi) in mouse somatic cells are reactivated
during the reprogramming process (XCR). In contrast, hiPSCs appear to retain Xi during
reprogramming and in their initial state, but exhibit XCR upon long-term culture, indicating
a high incidence of epigenetic instability that may affect differentiation capacity (Andoh-
Noda et al., 2017; Pasque and Plath, 2015). Many studies have demonstrated that iPSCs
retain residual epigenetic signatures from their somatic tissue of origin, so-called epigenetic
memory, which favors differentiation of iPSCs towards the same or similar cell lineages
from which they are derived (Bar-Nur et al., 2011; Hargus et al., 2014; Hiler et al., 2015; Hu
etal., 2010b; Kim et al., 2010b; Kim et al., 2011; Nazor et al., 2012; Ohi et al., 2011;
Quattrocelli et al., 2015; Roost et al., 2017; Sanchez-Freire et al., 2014). In contrast, other
studies have demonstrated that different genetic variations have a stronger influence on the
differentiation properties of iPSCs than the donor cell types (Burrows et al., 2016; Kajiwara
etal., 2012; Kyttala et al., 2016; Rouhani et al., 2014). In sum, the origin of the epigenetic
variability and its influence on differentiation properties of iPSC lines remain controversial
and appear to vary between the donor cell types and reprogramming methods (Ortmann and
Vallier, 2017). Regardless of their origin, compromised genetic and/or epigenetic fidelity in
hESCs and hiPSCs would constitute a significant risk factor(s) for cell therapy.
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3.3.3. Generation of transplantable mDA progenitors from patient-derived
hiPSCs—Despite the fact that hESCs are considered to be the “gold standard” for hPSCs-
based cell differentiation, individual hESC lines are known to exhibit marked differences in
differentiation properties (Osafune et al., 2008). Similarly, hiPSC lines have been shown to
have substantial variability of differentiation potential (Ebert et al., 2009; Feng et al., 2010;
Hu et al., 2010a). Thus, it is critical to understand whether hiPSC lines can be differentiated
into functional mDA neurons as efficiently as well-characterized hESC lines (e.g., the H9
line), and whether the resulting mDA neurons exhibit the full potential to re-innervate the
host brain and rescue motor behavior deficits in valid animal models of PD, as seen with
fVM or hESC-derived cells. As summarized in Table 2, much research has addressed the in
vitro differentiation of hiPSCs into mDA neurons, and results strongly indicate that hiPSC-
derived mDA cells are functionally similar to those from hESCs (Cai et al., 2010; Chambers
et al., 2009; Doi et al., 2014; Effenberg et al., 2015; Han et al., 2015; Hargus et al., 2010;
Jiang et al., 2012; Kikuchi et al., 2017a; Kikuchi et al., 2017b; Kikuchi et al., 2011; Komatsu
etal., 2015; Kriks et al., 2011; Ma et al., 2011; Morizane et al., 2011; Nolbrant et al., 2017;
Rhee et al., 2011; Samata et al., 2016; Sanchez-Danes et al., 2012; Sundberg et al., 2013;
Swistowski et al., 2010; Zhang et al., 2014). However, it should be pointed out that protocol
development for hiPSC differentiation, and testing of the functional efficacy of these cells, is
still an ongoing process. Although some protocols have been applied in clinical trials
(discussed below), a fully optimized and standardized procedure for broader application has
yet to be developed.

To prepare a transplantable mDA cell source, it is critical to determine the optimal stage of
in vitro differentiation at which cells should be harvested for implantation. This issue has
been well-studied using mESC-derived mDA cells. While transplantation of small numbers
of early stage (undifferentiated) mESCs resulted in spontaneous development of functional
mDA neurons /in vivo and significantly restored behavior in 6-OHDA lesioned rats, it could
also cause teratoma formation (Bjorklund et al., 2002). In contrast, implantation of later
stage, purified mDA neurons eliminated teratoma formation, but the grafts survived very
poorly (Hedlund et al., 2008). This is consistent with several earlier studies also showing
that fully differentiated mDA neurons generally survive poorly (Jonsson et al., 2009; Moon
et al., 2013), and suggests that a “middle stage” (e.g., mDA progenitor cells) may represent a
more optimal cell source than fully differentiated cells. In support of this notion, double
fluorescence activated cell sorting (FACS) of mESC-differentiated mDA progenitors using
the floor plate-specific surface marker CORIN and GFP gene expression driven by the Otx2
promoter provided a selected cell population that significantly rescued motor deficits in both
rat and mouse models of PD without teratoma formation (Chung et al., 2011). As shown in
Figure 3, recent representative studies have harvested hESCs/hiPSCs-derived mDA
progenitor cells following /in vitro differentiation for 16-32 days, when most of cell
populations express mDA progenitor markers such as Lmxl1a and FoxA2. Additionally,
Takahashi and his colleagues recently showed that transplantation of hiPSC-derived mDA
progenitors FACS-sorted by CORIN or LRTM1 significantly improved motor behavior in 6-
OHDA lesioned rats, again without teratoma formation (Doi et al., 2014; Kikuchi et al.,
2017a; Kikuchi et al., 2017b; Samata et al., 2016). Notably, CORIN-positive DA progenitors
could be expanded /n vitro to generate predominantly mDA neurons, with very few
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serotonergic neurons, making these cells an attractive cell source for potential clinical
application. Indeed, this group’s recent studies demonstrated long term survival and function
of CORIN-selected mDA progenitors derived from iPSCs from either healthy individuals or
PD patients, and showed that these cells could ameliorate motor dysfunction both in a
preclinical MPTP-lesioned monkey model (Kikuchi et al., 2017a) and in a 6-OHDA lesioned
rat model (Kikuchi et al., 2017b), thereby further supporting the potential of iPSC-based
autologous cell therapy. In addition, recent studies have demonstrated that FACS-sorting by
surface markers can be used to select hPSC-derived neural cell populations for better
expression of MDA markers after differentiation, and that these enriched populations can
ameliorate motor function in rodent models of PD (Lehnen et al., 2017; Sundberg et al.,
2013). Altogether, these studies suggest that FACS or magnetic-activated cell sorting
(MACS) may be useful for the preparation of transplantable cell sources for clinical
application.

Once a transplantable cell source is optimized and validated in animal models, technical
issues related to cell preparation and handling, e.g., expandability, freeze/thaw stability, and
preparation under GMP conditions prior to transplantation, must also be optimized. Notably,
DA progenitors derived from both mouse and human pluripotent cells have been found to be
expandable and able to undergo freezing and thawing without losing functionality (Chung et
al., 2011; Wakeman et al., 2017).

3.3.4. Safety of hiPSC-derived cell grafts—Tumor (teratoma) formation is a feature of
undifferentiated hPSCs and has been an issue for the safety of transplantation protocols.
However, such tumors have not been reported in the hPSC-based protocols currently used in
recent preclinical and clinical applications (e.g., see (Kikuchi et al., 2017a; Kikuchi et al.,
2017b; Kirkeby et al., 2017a; Kriks et al., 2011; Mandai et al., 2017). Despite these
encouraging results, regulatory bodies (like the FDA) still consider tumor formation a major
concern that must be addressed prior to approval of protocols for clinical application.
Therefore, for hiPSC-based cell therapy to become a clinically viable strategy, it is
imperative to establish safe and effective mechanisms to remove from the transplantable cell
population any residual undifferentiated cells that may retain the potential for teratoma
formation. One possible approach is to use positive selection of authentic mDA cells by cell
sorting, probably at the progenitor stage, as described above; but to completely avoid
possible contamination with undifferentiated cells, other strategies may be necessary.

Toward this goal, two groups have identified small molecules that can selectively eliminate
hPSCs while sparing differentiated cells. In the first approach, Ben-David et al. performed a
high-throughput screen of >52,000 compounds and identified 15 that could selectively
eliminate hPSCs while sparing most progenitors and differentiated cells (Ben-David et al.,
2013). Interestingly, these compounds were found to inhibit oleic acid biosynthesis, showing
the importance of lipid metabolism in hPSCs. Pre-treatment with one of these compounds
prevented teratoma formation, suggesting that it could increase the safety of hPSC-based
therapy. Using a different strategy, Lee et al. identified a unique profile of pro- and anti-
apoptotic gene expression profiles in hPSCs and found that two anti-apoptotic genes, B/IRC5
(encoding survivin) and BCL 10, are selectively highly expressed in hPSCs (Lee et al.,
2013). In addition, they identified small molecules (e.g., quercetin or YM155) that can
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selectively eliminate undifferentiated hPSCs by inhibiting survivin and thereby prevent
tumor formation by inducing apoptosis of these cells (Lee et al., 2013). While effective
against undifferentiated cells, quercetin and YMZ155 did not affect differentiated cell types
including hiPSC-derived mDA neurons, allowing the possibility of direct application to
hiPSC-based clinical cell therapy for PD. These small molecule-based methods may
therefore be useful in meeting clinical safety standards established by the FDA and other
regulatory agencies for hiPSC-based cell therapeutic approaches. In addition, a recent study
reported that gamma irradiation reduces graft size and the number of hiPSC-derived early
neural precursors, suggesting its potential preventive effect on tumor formation (Katsukawa
et al., 2016).

Taken together, these findings suggest that tumor formation may be prevented by using the
following approaches: 1) selection of high quality hiPSC line(s) with full pluripotent
differentiation potential that do not contain any tumor-causing mutations; 2) removal of any
undifferentiated cells by treatment with appropriate small molecules during /n vitro
differentiation; and/or 3) purification of functional mDA progenitors by sorting using
appropriate surface marker(s).

3.3.5. hiPSC-derived DA cells from autologous versus allogeneic cell sources
and other autologous cell sources—As described above, iPSC-based cell therapy for
PD can address or circumvent many concerns that are attached to other stem cell-based
approaches, including ethical, clinical, biological, and practical issues. Perhaps its greatest
remaining obstacle, however, is the high cost incurred in generating hiPSC lines, validating
the clones to be free of harmful mutation(s), and applying the rigorous requirements of GMP
standards to the production of clinically transplantable mDA cells. This cost is especially
high if personalized cell therapy requires an autologous cell source from each patient. To
offset this economic burden, and to benefit a wider population of patients, the establishment
of HLA-matching hESC or hiPSC line banks has been proposed (Bravery, 2015; Jacquet et
al., 2013; Solomon et al., 2015). However, it still needs to be determined if the use of these
major allogeneic HLA-matched hiPSCs can circumvent immune rejection sufficiently to
avoid the need for long-term immunosuppression (Morizane et al., 2017). The number of
such cell banks required will also vary with the HLA diversity of the potential patient
population and may be more practical for certain countries and populations than for others.

As discussed above, a concern in allogeneic cell transplantation is the immune response to
the grafted tissue, which could potentially be overcome with autologous grafts, as indicated
by better survival of DA neurons derived from autologous iPSC when compared to
allogeneic iPSC-generated neurons (Morizane et al., 2013). In addition to the potential of
SCNT-ESCs as an autologous cell source for cell therapy, reprogramming technology has
been further developed to convert somatic cells directly to different cell lineage(s) /n vitro or
even /n vivo without the step of generating hiPSCs first, e.g., induced neurons (iNs) (Figure
2). Since the groundbreaking work of Vierbuchen et al. in 2010 (Vierbuchen et al., 2010),
there has been a multitude of studies refining this technology and producing
transdifferentiated autologous cells for transplantation, or directly reprogramming cells in
the brain in situ (Tanabe et al., 2015). For example, using several combinations of
reprogramming factors and defined culture conditions, direct conversion of human
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fibroblasts into human induced dopamine neurons (iDNs) that express typical mDA markers
and improve motor behaviors in animal models of PD has been reported (Caiazzo et al.,
2011; Dell’Anno et al., 2014). These cells can survive for several weeks to months once
transplanted in rodent brains, exhibiting the capacity to integrate functionally into host
neural circuits, and can support behavioral recovery in 6-OHDA treated animals. In addition,
there has been recent progress in converting oligodendroglia, astrocytes, or transplanted
fibroblasts /n vivo directly into neurons (Grealish et al., 2016; Rivetti di Val Cervo et al.,
2017; Yoo et al., 2017). However, while this direct conversion technology is intriguing and
appears to have great potential, it is still in its infancy, and there are numerous obstacles that
need to be overcome before its clinical potential might be realized. Among these are low
conversion efficiencies, limited stability of the converted phenotypes, less potency and
functionality when compared to cells that are derived from PSCs, and safety and efficacy of
the reprogramming tools used in the conversion process both /n vitro and in the human brain
(Ang and Wernig, 2014; Kim, 2011; Mertens et al., 2016; Xu et al., 2015).

Finally, several attempts have been made to use autologous adult stem cells as a source for
transplantation in PD, such as brain-derived progenitor cells (Bloch et al., 2014; Cave et al.,
2014; Xu et al., 2013) or olfactory epithelial-derived progenitors (Wang et al., 2012), and
MSCs. While brain progenitor cells can only be isolated through invasive brain surgery,
MSCs are relatively easy to obtain, e.g., from muscle and bone marrow (BM) biopsies, or
cord blood. These cells have been used in model systems of PD either in the naive condition
or after their modification, e.g., to deliver neurotrophic factors to support DA neuronal cell
survival (Glavaski-Joksimovic et al., 2009; Glavaski-Joksimovic et al., 2010; Venkataramana
et al., 2010), or after being first differentiated /n7 vitroto DA neural cell populations (Bahat-
Stroomza et al., 2009; Barzilay et al., 2009; Barzilay et al., 2008). While in some cases a
beneficial effect on DA cell survival or functional rescue of motor deficits was observed, the
overall success of translating adult stem cells to a cell therapy for PD has been limited. In
fact, an open-labeled study to treat PD patients with autologous BM-derived MSCs did not
demonstrate a conclusively beneficial therapeutic outcome (Venkataramana et al., 2010). In
sum, research efforts on adult stem cell-based approaches for PD are ongoing, but there is
currently no strong indication that these strategies hold clinically meaningful advantages
over the use of hESC- or hiPSC-derived cells.

factors

If hPSC-based cell therapy is to become a feasible option for PD patients, much work will
be needed to optimize this new therapy. Many of the factors that will determine the success
of this approach will involve clinical considerations. The clinical protocols proposed up until
this time have been based on fVM transplantation, and the focus has been to find alternative
safe and effective tissue sources rather than to improve those protocols. Future work will
need to consider the following issues:

1. PD is a disease with multiple etiologies and variable expression (Schapira and
Jenner, 2011). Sporadic and familial (genetic) forms of the disease may differ in
response to cell therapy (Schiesling et al., 2008). Design of initial clinical trials
will therefore need to consider carefully the criteria of patient selection and how
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broadly applicable their results are intended to be. At present, the optimal age,
stage and rate of progression of the disease for best clinical results from
transplantation is unknown and needs to be further investigated (Piccini et al.,
2005).

2. The degree to which the etiologic factors causing the disease may also affect the
transplanted cells and the rate at which this may occur is not known. As
discussed above, recent autopsy studies on clinically successful f\VM-treated
patients show that a significant proportion of the allogeneic graft showed the a-
synuclein aggregation typical of the host disease (Li et al., 2016). A potential
caveat of personalized cell therapy is that familial or sporadic PD patient-derived
mDA cells may carry known and/or unknown genetic changes which will make
the generated mDA cells more susceptible to the disease process.

3. The ideal implantation target has not yet been systematically determined. For
fVM transplantation the primary chosen site was the striatum, which is the target
of innervation of the A9 DA cells rather than their normal cell body location.
This acknowledges the fact that the normal developmental environment in which
fetal DA cells grow toward their targets is not present in adult tissue. It remains
to be systematically studied whether hESC/hiPSC-derived cells may allow
placement into locations such as the SNpc that could prove to be more effective.

4, Midbrain DA neurons include several different subtypes (for a recent review, see
(Mogt Weisenhorn et al., 2016)). A9 DA cells are best correlated with,
preferentially affected by, and lost in PD, and thus have been the obvious
population to be replaced. A10 cells of the ventral tegmentum are, however,
more resistant to degeneration and are largely spared in PD. At present, /n vitro
differentiation of hPSCs results in approximately equal ratios of A9 and A10 DA
cells, even in the most optimized protocols (Figure 3). Accordingly, it is to be
seen whether it is possible to purify A9 DA cells and whether such purified or
enriched A9 DA cells may yield the better clinical result in transplantation.

5. Surgical technique and number of cells implanted may significantly affect
clinical outcomes (Redmond et al., 2008). No single standardized technique
currently exists for implantation based on fVM transplantation precedent, but
avoidance of host tissue injury to decrease inflammatory and immune responses
may be important (Wenker et al., 2016).

Of these issues, surgical aspects deserve some further consideration. It is somewhat
remarkable that placing dopaminergic cell bodies into the striatum, where only their terminal
processes are normally found, is effective at all. The choice of this target is related to its
historical use in the days of adrenal medullary transplantation, where the transplanted tissue
would not be expected to extend processes and where the volume of the implant was quite
large (Lindvall et al., 1987). Some of these patients showed apparent clinical benefit (Goetz
et al., 1990), enough to encourage the continued use of this target into the era of fetal tissue
implantation, though the results of the adrenal work were later cast in doubt (Ahlskog et al.,
1990). The normal location of the A9 DA cell bodies in the SNpc is a small, deep and
surgically difficult target. Higher complication rates might be expected with surgical

Prog Neurobiol. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sonntag et al.

Page 17

implantation into this region of cell volumes sufficient to show clinical efficacy, and the risk
of damage to the remaining active DA cell population is a major concern. Additionally, it is
not clear that in the adult brain, the necessary signals are present to guide outgrowth of
axons from the transplanted cells to their basal gangliar targets. It is important, therefore, to
recognize that the cells placed into the striatum are deprived of their normal environment
and presynaptic input. How this may relate to limitations of this therapeutic strategy is not
understood. Refinement of surgical technique to reduce trauma and minimize implanted
volume may, in the future, allow a more physiological placement of the transplanted cells.
Finally, the use of autologous iPSC-derived cells may eventually allow /7 vitro correction of
genetic alterations that have led to the host disease state through gene editing approaches
(e.g., CRISPR/Cas9), thus opening an entirely new approach to therapy (Yang et al., 2014).
This approach will be particularly important for early-onset and more aggressive familial
forms of PD.

5. Future road map to clinical transplantation

To make iPSC-based personalized cell therapy a clinical reality for PD, several goals must
be reached (Figure 4):

1. Clinical grade iPSCs must be readily producible. This requirement is probably
the most assured, as recent technical improvements have provided the necessary
tools and methodologies to establish reproducibly such clinical grade iPSCs.
However, use of hESCs, established hiPSC lines, or autologous cells from
affected patients all hold advantages and disadvantages and there is currently no
agreement on whether any of these approaches provides long term outcomes
superior to the others. Nevertheless, it is noteworthy that non-viral, footprint-free
reprogramming methods are generally less efficient than viral methods, and that
individual hiPSC clones may exhibit incomplete reprogramming and, thus,
significant clonal variations in their differentiation propensity. Therefore, it is
critical to understand better the molecular and epigenetic mechanisms underlying
human induced pluripotency for better reprogramming technologies (Ortmann
and Vallier, 2017). For instance, it is now well established that hPSCs, like
cancer cells, rely metabolically on glycolysis rather than on mitochondrial
oxidative phosphorylation (Ito and Suda, 2014). Elucidation of mechanisms
underlying this metabolic reprogramming (so-called Warburg-like effect) may
lead to more efficient reprogramming methods to generate clinical grade iPSCs.
Thus, identification of specific microRNAs governing metabolic reprogramming
may be useful for better reprogramming methods (Cha et al., 2017). In addition,
novel methodologies have been developed to characterize and select iPSC clones
for their best quality and utility, e.g., the use of reference maps or programs
aimed to determine the genome-wide DNA methylome and transcriptional
profiles of isogeneic iPSC clones in reference to their parent cell type, so as to
isolate those that are the least influenced by the reprogramming process and
retain unbiased pluripotent differentiation properties (Bhutani et al., 2016; Bock
et al., 2011; Ortmann and Vallier, 2017; Rouhani et al., 2014; Shutova et al.,
2016; Tobin and Kim, 2012). Although PD is a chronic disease, generation and
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validation of clinical grade iPSCs with efficient differentiation potential to the
mDA phenotype must be achieved in a reasonable time frame that is practical for
clinical therapy.

2. The protocol for the production of authentic and functional mDA cells derived
from hPSCs must be sufficiently streamlined so as to make such cells readily
available for elective clinical use. Despite enormous progress on this issue, there
is currently no standardized protocol available for broad application that meets
FDA safety and regulatory criteria and fulfills all the requirements for translation
to clinical use. Given that hiPSC lines are known to have more variable
differentiation potential than do hESC lines (Ebert et al., 2009; Feng et al., 2010;
Hu et al., 2010a), it will be critical to develop a robust and reproducible method
that can be applied universally to diverse hiPSC lines to permit efficient mDA
differentiation protocol(s), as examined by both /n vitro properties (e.g., mDA
marker expression and DA release) and /n7 vivo function (e.g., axonal outgrowth,
re-innervation to striatum, and robust behavioral recovery in animal models). At
present, /n vitro differentiation protocols have been developed mostly using
hESC lines, such as the H9 line, which is currently being used in a study funded
by the New York Stem Cell Institute in the laboratory of Dr. Lorenz Studer at
Sloan Kettering Institute, NY. This study aims to produce transplantable mDA
progenitors and has set a goal of applying for FDA approval and clinical testing
in the near future (Tabar, 2016). In addition, several other groups in the US,
Australia, and China, are either planning or currently performing clinical trials of
transplantation of neural progenitor cells derived from hESCs, parthenogenetic
hESCs, or hiPSCs (Barker et al., 2016; Barker et al., 2017; Cyranoski, 2017)
(also see; https://www.nature.com/news/reprogrammed-cells-relieve-parkinson-s-
symptoms-in-trials-1.22531). However, aside from public announcement in press
releases or commentaries, and frequent discussion in social media, to date there
is little to no information on these trials available in the scientific literature.
Without such information, it is prudent to exercise caution in making any
predictions based on these efforts and their implications for broader applicability
(Barker et al., 2016).

3. As discussed above, the clinical outcomes of fVM transplantation have
historically been variable and suboptimal, which may be related to inefficient
generation and survival of mDA neurons in host brains, to their location or
uneven anatomic distribution in the host striatum, or to other factors as yet not
understood. A key problem appears to be survival of sufficient numbers of mDA
neurons within the grafted tissue, as evidenced by postmortem brain analyses
indicating unsurprisingly that better clinical outcome correlated with higher
proportions of TH-positive neurons in the grafts. Thus, generation and survival of
functional mDA neurons following transplantation requires further optimization.
A recent report identifying a specific set of caudal midbrain markers correlated
with high mDA vyield following transplantation may be a promising approach
(Kirkeby et al., 20173).
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4, A standardized clinical protocol for patient selection, screening, surgery and
follow-up monitoring should be established. Initially, this protocol will be based
on the clinical experience with human fVM transplantation. Although animal
models can provide valid information, ultimate therapeutic success will only be
measurable from clinical trials. Along this line, the TRANSEURO initiative is
expected to provide a better and more advanced framework for future clinical use
of iPSC-derived cells (http://www.transeuro.org.uk/) (Stoker et al., 2017).

5. Finally, a supportive political and socio-economical environment is of paramount
importance. The expected high costs of developing cell replacement therapy for
PD initially, and especially of a personalized approach using autologous cell
sources, will require devotion of substantial resources. At present, development
of the mDA cell differentiation protocol and its testing in animal models have
been accomplished mainly in academic institutions and have relied heavily on
federal or private funding. Allocation of public and commercial resources will be
pivotal in order to move this work into the realm of clinical applicability. In this
context, it is fortunate that based on the history of similar clinical endeavors in
personalized medicine, the cost for autologous cell therapy will most likely
continue to decrease. For instance, the costs for whole genome sequencing were
initially millions of dollars per person, a figure now reduced to a few thousand
dollars (https://www.genome.gov/27565109/the-cost-of-sequencing-a-human-
genome/). This enormous speed of technological advancement not only instills
hope for a similar trend in iPSC technology, but also directly influences the
genome validation cost of iPSC clones and the costs for future automated cGMP-
based cell production. Based on this, we are optimistic that the costs of hESC-,
established hiPSC-, and autologous iPSC-based cell therapy will all become
increasingly affordable for patients, thus rendering access to hiPSC-based
personalized cell therapy for PD a clinical reality in the near future.

6. Perspective

In particular, is autologous iPSC-based, personalized cell replacement therapy for PD a
feasible therapeutic option? As described in this review, we are cautiously optimistic that the
answer is yes. While there are several potential paths toward this goal (Figure 2), we
conclude based on technical robustness and efficacy, ethical and legal concerns,
immunogenicity, feasibility and the current standing of technological development, that
personalized autologous iPSC-based cell therapy holds particular promise for more effective
treatment of this disease. Recently, Mandai et al. (Mandai et al., 2017) reported the first case
in which a patient with age-related macular degeneration was treated by transplantation of a
sheet of retinal pigment epithelial cells derived from autologous iPSCs. At 1 year after
surgery, there was no sign of any adverse effect, and the patient’s acuity of the treated eye
was stabilized, strongly supporting the feasibility of autologous iPSC-based cell therapy.

There remain uncertainties as to the clinical readiness, applicability and potential outcomes
of this approach. Given that PD is a systemic and complex disease with a high degree of
individual variability in pathology and progression, iPSC-based cell therapy may also best
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be thought of as one new and effective weapon in what is likely to remain a large
armamentarium. Transplanted mDA cells can neither fully reconstruct the damaged or lost
nigrostriatal circuit, nor be expected to ameliorate all of the non-motor symptoms associated
with the disease. Yet we believe that it is reasonable to expect that iPSC-based cell therapy,
by addressing the etiology underlying the major motor symptoms of the disease, will
represent a milestone in therapy for Parkinson’s disease. In this regard, the collaborative
work of the G-FORCE PD consortium is aimed at providing a roadmap for clinical
application of these techniques in the near future, and several clinical trials are already
ongoing or are planned to start before the end of this decade (Barker et al., 2017; Barker et
al., 2015h). We envision a future in which a triad of approaches: symptomatic treatments
including pharmaceuticals and deep brain stimulation; novel neuroprotective regimens that
slow the course of the disease; and cell replacement therapy using hESC, established hiPSC,
or autologous iPSC-derived mDA neurons, join together in the battle against this debilitating
disease.
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PD Parkinson’s disease

iPSCs induced pluripotent stem cells
hiPSCs human induced pluripotent stem cells
PSCs pluripotent stem cells

DA dopamine

mDA midbrain dopamine

fvM fetal ventral mesencephalon
hESCs human embryonic stem cells
SNpc substantia nigra pars compacta
EB embryoid body

NPCs neural progenitor cells

Shh Sonic hedgehog

SCNT somatic cell nuclear transfer
CNVs copy-number variations

SNVs single nucleotide variations
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Highlights
Discussing the prospects and challenges of human pluripotent stem cell-based

cell therapy for PD.

Revisiting the concept of personalized cell replacement therapy for
Parkinson’s disease using iPSCs-derived DA cell populations as an
autologous cell source.

Lessons learned from clinical trials using fetal ventral mesencephalon cell
transplantation.

Lessons learned from on-going pre-clinical studies using human embryonic
stem cells.

Lessons learned from on-going pre-clinical studies using human induced
pluripotent stem cells.

Outlining the critical steps required to generate clinical grade iPSCs and
derivation of functional DA cell populations for transplantation.

Clinical roadmap for personalized cell therapy identifying obstacles that must
be overcome.
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Figure 1.
Schematic overview of hiPSC-based personalized cell replacement therapy for PD. PD

patient-derived somatic cells (e.g., skin fibroblasts or blood cells) are reprogrammed to
autologous iPSCs, which are then differentiated to authentic mDA cell populations (e.g.,
mDA progenitor cells (PCs), mature mDA neurons, or their mixed populations) and
transplanted to the PD patient’s brain.
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Figure 2.
Comparison of potential cell sources that can be used in cell replacement therapy for PD.

The proof of concept of cell replacement therapy for PD was provided by implanting a
heterogeneous population of fetal ventral mesencephalon (fVM) cells derived from 6 to 9
weeks old aborted embryos that consist of immature neural progenitors, neuroblasts, and
neurons from which approximately 5% have the mDA phenotype. Their allogeneic
characteristics makes the use of immune-suppressive regimen necessary. Pluripotent hESCs
are derived from fertilized eggs or by somatic cell nuclear transfer (SCNT). In contrast,
iPSCs can be derived from patient’s somatic tissues, allowing autologous cell transplantation
after guided /in vitro differentiation to mDA PCs and mDA neurons. Alternatively,
autologous mDA cells can also be generated by direct conversion of somatic cells. These
autologous cell grafts may avoid immunosuppression after transplantation. While autologous
adult stem cells (see text for details) are potential cell sources, they are not included here
because their potential to develop authentic mDA neurons are not clear. Autologous and
allogeneic grafts are highlighted by blue and red lines, respectively.
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Figure 3.
Schematic diagrams of most representative /n vitro differentiation protocols to generate

mDA cells from hESCs and hiPSCs. Although these protocols show significant differences
in specific chemicals, their concentrations, culture media and protocols, they commonly use
chemicals/proteins for activation of the two regulatory loops (WNT1-LMX1A and SHH-
FOXAZ2) and dual inhibition of SMADs (targeting BMP and TGFp signaling). Kriks et al.
induced direct differentiation of hESCs into mDA progenitors using dual-SMAD inhibitors
(LDN and SB), SHH, FGF8, PMN and CHIR. On day 20, differentiating cells were
dissociated by treatment with accutase and re-plated onto maturation media containing
BDNF, GDNF, TGF-B3, DAPT, docAMP and AA (Kriks et al., 2011), in which cells were
harvested at day 25 for transplantation. In contrast, Jun Takahashi and his colleagues used
floating conditions, sorted cells at day 12 by Corin, and replated them in low cell adhesion
96 wells until Day28 for transplantation (Kikuchi et al., 2017a; Kikuchi et al., 2017b). Here,
differentiation of hESCs/iPSCs was induced from day 1 to 12 using dual-SMAD inhibitors
(LDN and A83-01), PMN, FGF8 and CHIR. The floating culture medium contained GDNF,
BDNF, dbcAMP and AA. Next, Su-Chun Zhang and colleagues used direct differentiation at
the starting point (D0-D8) and then cultured cells as floating aggregates until day 28 (Chen
et al., 2016). Cells were cultured in neural induction condition with dual-SMAD inhibitors
(DMH1 and SB), SHH and CHIR for induction of floor plate progenitors for 12 days. On
day 8, cells were gently detached using a pipette and expanded as floating aggregates for 4
days in suspension condition. The spheres were triturated into smaller aggregates and
differentiated in the presence of SAG, SHH and FGF8b until transplantation at day 32, when
neurospheres were dissociated into single cells with accutase, and further differentiated in
medium containing BDNF, GDNF, TGF-p3, cAMP, AA and compound E for in vitro study.
Finally, Malin Parmar and colleagues induced hESCs differentiation using Noggin, SB, SHH
and CHIR until day 9. Then, FGF8b was added until day 11 when cells were dissociated into
single cells with accutase and replated with BDNF, FGF8b and AA until day 16 for
transplantation. For terminal /n vitro differentiation of the cells, dbcAMP and DAPT were
added to medium from day 16 and onwards (Kirkeby et al., 2017a; Nolbrant et al., 2017).
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Numbers represent concentrations in ng/ml and those in parentheses represent

concentrations in UM. Red dots represent the timing of cell transplantation. Yellow and

green bars display adhesion and suspension (floating) culture conditions, respectively.

AA, Ascorbic acid;, BDNF, Brain-derived neurotrophic factor; CHIR, CHIR99021; dbcAMP,
Dibutyryl cyclic adenosine monophosphate; F, Fibronectin, FF, Floor plate; GDNF, Glial cell
line-derived neurotrophic factor; KSR, knockout serum replacement; L DN, L DN193189,
PLO, Polyornithine; PMN, Purmorphamine; SAG, Smo agonist; SB, SB431542; SHH,

Sonic Hedgehog, TGF-B3, transforming growth factor beta3; Y, Y-27632
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Steps of the clinical roadmap towards iPSC-based personalized cell replacement for PD.
Detailed information is provided in the text.
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