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Abstract

Neural transplantation is a promising strategy for restoring dopaminergic dysfunction and
modifying disease progression in Parkinson's disease (PD). Human embryonic stem cells (hESCs)
are a potential resource in this regard because of their ability to provide a virtually limitless supply
of homogenous dopaminergic progenitors and neurons of appropriate lineage. The recent advances
in developing robust cell culture protocols for directed differentiation of hESCs to near pure
populations of ventral mesencephalic (A9-type) dopaminergic neurons has heightened the
prospects for PD cell therapy. Here, we focus our review on current state-of-the-art techniques for
harnessing hESC-based strategies toward development of a stem cell therapeutic for PD.
Importantly, we also briefly describe a novel genetic-programming approach that may address
many of the key challenges that remain in the field and that may hasten clinical translation.
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Parkinson's disease (PD) is the most common motor disorder worldwide, with an overall
incidence of 1 in 1,000 among people above the age of 70. The patients suffer from
progressive motor dysfunction resulting in resting tremor, bradykinesia, rigidity, postural
instability, and motor freezing. Many of the afflicted also exhibit nonmotor symptoms like
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extended daytime sleepiness, increased fear, and cognitive impairment. Whereas the
nonmotor symptoms are accounted for by widespread neuronal damage in the brain, e.g., in
the cerebral cortex, the early hallmark motor symptoms that distinguish PD from other
neurodegenerative disorders result primarily from loss of A9-type dopaminergic (DA)
neurons belonging to the ventrolateral and caudal regions of the substantia nigra pars
compacta (SNpc).

Existing therapies for PD only treat symptoms but do not address the underlying cause.
Currently the major treatment for PD is .-DOPA, a dopamine precursor (plus carbidopa to
prevent systemic effects of the drug). Related drugs, such as DA agonists (e.g., pramipexole
and ropinirole) and drugs that slow the catabolism of DA in the brain (e.g., entacapone) are
also used. Additionally, a recent, albeit contentious, report suggested that the drug
rasagiline, a selective irreversible inhibitor of monoamine oxidase-type B, can slow or delay
disease progress and may offer disease modification (Olanow et al., 2009). Taken together,
these drugs are considered the gold standard of pharmacological treatment to restore
dopaminergic function, although, with time, patients no longer respond to these treatments.
Moreover, many patients who are subjected to long-term administration of .-DOPA display
on-off fluctuations, off-state dystonia, and dyskinesias (.-DOPA- induced dyskinesia
[LID]).

In patients who are nonresponsive to pharmacological interventions, neurosurgical
approaches, such as pallidotomy, thalamotomy, or, more recently, deep brain (electrical)
stimulation (DBS) are considered. However, some patients do not tolerate these treatments
well or suffer serious side effects. Another alternative, neuro-protective or enzymatic
enhancement therapy, although promising, suffers from delivery issues pertaining to the
short half-life of growth factors in the body, and their inability to diffuse into tissue or across
the blood-brain barrier. Clearly, a reliable long-term treatment to halt the progression of the
disease and restore motor and cognitive function remains elusive.

At the time of clinical diagnosis of PD, most patients have already incurred a loss of 60—
80% of their mid-brain DA neurons. Therefore, replacing these lost neurons by
transplantation is a promising strategy for improving dopaminergic function. The rationale
behind neural transplantation is that by grafting DA neurons into the dennervated striatum,
regulated neurotransmission is reestablished and function restored. In this review we will
discuss the potential of human embryonic stem cells (RESC)-based strategies in PD
transplantation therapy, and the challenges that remain for clinical translation of this
approach.

Human ESCs as a Source of Neural Stem Cells for Neural Transplantation

in PD

PD transplantation clinical trials conducted in the 1980s and 1990s were performed by using
brain-derived DA neurons obtained from aborted fetuses. These initial open-label studies
reported an encouraging outcome and produced great enthusiasm in the field (Barker et al.,
2013). However, two National Institutes of Health (NIH)-sponsored double-blind placebo
controlled transplantation trials that followed could not meet the primary endpoints and also
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reported unwanted side effects of the transplanted cells, including increased dyskinesias
(Freed et al., 2001; Olanow et al., 2003). However, when some of these patients who
received the graft were followed up for 2—4 years after surgery, an improvement in PD
motor symptoms was apparent (Ma et al., 2010). Moreover, careful evaluation of the
differences between the initial open-label studies and the NIH studies suggested that the
reason for the poor outcome in the latter could be attributed, at least in part, to the
inadequacies in the transplantation protocol and/or study design (Barker et al., 2013; Petit et
al., 2014). However, the findings from this research, which has spanned the past 25 years,
have demonstrated the feasibility of cell transplantation approaches in restoring function in
human PD patients, as well as provided invaluable information for developing more
effective cell therapy strategies (Barker et al., 2013).

Although human fetal tissue transplantation might be beneficial in PD cell therapy, there are
limitations associated with this approach, including high tissue variability, lack of
scalability, ethical concerns, inability to obtain an epidemiologically meaningful quantity of
tissue, and graft-induced dyskinesia (GID) (Hagell et al., 2002). With the discovery of
human hESCs and the advent of cell reprograming approaches for human induced
pluripotent stem cells (hiPSCs) (Takahashi et al., 2007), human induced neural stem/
progenitor cells (hiNSCs) (Ring et al., 2012; Kim et al., 2012; Zhu et al., 2014), and human
induced neurons (hiNs) (Ambasudhan et al., 2011; Pang et al., 2011; Caiazzo et al. 2011,
Kim et al., 2012), we now have other attractive resources for the supply of appropriate
human cells for transplantation.

Cell reprogramming involves the introduction of certain fate-determining “factors”
(transcription factors, microRNAs, etc.) into somatic cells, resulting in a stable change in
identity to pluripotent (as in hiPSCs), multipotent (as in hiNSCs), or terminally
differentiated somatic cells (as in hiNs). Although proof-of-concept studies using hiPSCs
(Wernig et al., 2008; Kikuchi et al., 2011) and hiNs (Caiazzo et al., 2011) have suggested
great prospects for such approaches in PD cell therapy, these technologies are currently far
from clinical translation. Moreover, although these strategies may facilitate personalized
medicine in the future, their utility as widely applicable off-the-shelf therapeutics for
transplantation for a wide population remains uncertain. Thus, hESCs are a potential
alternative in this regard that may be taken to the clinic in a more expeditious fashion.

hESCs are pluripotent cells derived from the inner cell mass of the blastocyst stage of
embryos. These cells have numerous virtues that support their candidacy for cell therapy.
These features include their self-renewal potential, affording a virtually limitless supply of
transplantable cells in terms of scalability, the existence of well-established protocols for
good manufacturing practice (GMP)-grade production and cell banking, the availability of
prior clinical trials (Tabar and Studer, 2014), and the opportunity for genetic manipulation
that allows more robust outcomes. In the following sections we will discuss the current state
of the art in developing such an hESC-based PD cell therapy.
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Generation of A9 Dopaminergic Neurons from HESCs

Because PD involves selective loss of DA neurons in the SNpc, a key to successful
outcomes after transplantation will be the availability of a homogenous population of A9-
type DA neurons. Toward this end, numerous tissue culture protocols have been developed
based on our understanding of mammalian midbrain development (Ono et al., 2007).
Midbrain development is tightly orchestrated by a panoply of transcription factors (e.qg.,
OTX2, LMX1a, FOXa2, LMX1b, MSX1, EN1, NGN2, NURRL1, and PITX3) and signaling
molecules (e.g., SHH, WNT, and FGF8). Most existing differentiation protocols take
advantage of the instructive capacity of these factors in specifying DA neurons (Table 1).
Other strategies include co-culture with feeder cells (Perrier et al., 2004; Roy et al., 2006)
and genetic programming of ESCs with DA-inducing transcription factors (Kim et al., 2002,
2006; Chung et al., 2005). Co-culture with feeder cells (i.e., stromal cells or astrocytes) has
been widely used to improve the yield of cells producing tyrosine hydroxylase (TH), a
critical enzyme involved in DA synthesis. However, the non-human origin of many of these
feeders and the lack of information regarding the identity of the factors they secrete render
poorly defined cultures that are unsuitable for human clinical translation. Similarly, although
genetic manipulation of ESCs by overexpression of DA-inducing transcription factors like
Nurrl and Lmxla can dramatically improve DA neuron differentiation from mouse ESCs
(Kim et al., 2002, 2006; Chung et al., 2005), these strategies have not generally worked in
hESCs.

Preclinical testing with cells generated by using the above strategies have attained only
limited success so far. At least part of the reason for this may be the heterogeneity of the
cells transplanted. Moreover, the proportion of bona fide A9-type DA neurons (defined by
co-expression of key transcription factors like LMX1A/ FOXAZ2, the expression of inwardly
rectifying potassium channels [GIRK?2], and the capacity to produce pacemaker activity
mediated by Cav1.3 calcium channels) among the total TH* neurons described in these
protocols is unclear. Recently, addressing this aspect of the problem, Lorenz Studer's group
described an elegant floor-plate—based strategy involving tight temporal control of key
factor exposure of cultures to yield over 80% expression of TH in the differentiated cells,
many of which exhibited the A9 phenotype (Kriks et al., 2011). The authors were also able
to prove the functionality of these cells by electrophysiology as well as by evaluating DA
production, transport, and release. We have recently demonstrated the reproducibility of this
protocol to yield mature A9 DA neurons in a relatively short period (~6 weeks) of neural
differentiation from pluripotent cells (Ryan et al., 2013). The overall scheme for A9 type
hNSC production and characterizations leading to human transplantation is depicted in
Figure 1.

Before embarking on transplantation studies, it is also critical to ensure the scalability of the
methodology to yield sufficient quantities of transplantable cell types. Moreover, the long-
term karyotypic stability, absence of genomic alterations or gene expression changes, and
nontumorogenic nature of the cells (e.g., absence of growth in soft agar) need to be
established.
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hESC Transplantation in Preclinical Models

The most common PD models used for transplantation studies are rodent and monkeys in
which brain lesions are induced by exposure to 6-hydroxydopamine (6-OHDA) or 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). The pioneering studies of hESC-
derived DA neuronal transplantation into 6-OHDA-lesioned rats conducted by Benjamin
Reubinoff's group revealed low levels of graft survival and modest recovery of
amphetamine/apomorphine-induced rotation behavior in the transplanted rats (Ben-Hur et
al., 2004). Other hESC transplantation studies reported similar findings (Zeng et al., 2004;
Roy et al., 2006; Sonnatag et al., 2007; Yang et al., 2008). These results were in sharp
contrast to the much more encouraging data reported by others in rodents and primates using
mouse ESCs and monkey ESCs, respectively (Kawasaki et al., 2000; Kim et al., 2002;
Takagi et al., 2005). The transplanted DA neurons or progenitor cells in those models
engrafted well and produced good behavioral recovery.

Recent improvements in cell culture protocols in producing a more homogenous population
of mesencephalon DA neurons have produced new hope for the success of hESC-based
strategies. Two new studies using temporal activation of WNT signaling produced efficient
differentiation of hESC to DA neural progenitors, and substantial improvement in animal
behavior was noted when these cells were transplanted in vivo (Kriks et al., 2011; Kirkeby
et al., 2012). Especially encouraging is the study by Studer and Kordower's groups
demonstrating robust, long-term engraftment of such cells and complete restoration of
behavior in immunosuppressed rodent models; they also demonstrated scalability of this
approach in a primate model (Kriks et al., 2011). This study raises the exciting prospect of
clinical translation of these approaches if acceptable levels of efficacy and toxicity can be
established. Interestingly, robust outgrowth of fibers from the graft has been touted as an
important indication of success, and this is still being optimized in the primate model.
However, a legitimate question is whether such outgrowth might also potentially contribute
to aberrant innervation and thus increased DA-induced dyskinesias in transplanted subjects.
Although increased outgrowth generally correlates with improved function, below we
consider the use of genetically programmed A9-type DA neurons, which not only allows
robust DA tissue replacement but also limits excessive outgrowth and, thus, aberrant
innervation. We hypothesize therefore that such an approach may possibly provide
improved transplantation outcomes.

Clinical Translation

Currently, there are no US Food and Drug Administration (FDA)-approved ongoing clinical
trials using hESC-derived cells for transplantation in PD. However, the field is approaching
the clinical stage, and these studies will receive guidance from the lessons learned from
earlier trials using fetal ventral mesencephalon (fvm) tissue (Barker et al., 2013; Petit et al.,
2014). Moreover, new insights may also be obtained from the TRANSEURO studies, the
recent multicenter European initiative on PD transplantation using fvm tissue
(www.transeuro.org.uk).
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Trial design should aim at producing clear benefits to the patient motoric ability via DA
neuron (or precursor) transplantation above a placebo effect. Although fvm-based studies
have shown that DA fetal grafts can survive, reinnervate PD brains, release DA, and
integrate into host neural circuits, functional improvements in the patients (evaluated by the
Unified Parkinson's Disease Rating Scale [UPDRS motor scale]) have been highly variable.
This variability is evident when the initial open-label trials are directly compared with the
double-blind control studies supported by the NIH, suggesting that the benefits seen in the
open-label trials may be attributed to placebo effects (Freed et al., 2001; Olanow et al.,
2003; Petit et al., 2014). Indeed, it is known that patient expectations regarding treatment
outcome may result in DA release and complicate the interpretation of treatment benefits (de
la Fuente-Fernandez et al., 2001). Additionally, drawbacks in the NIH studies may be
attributed, at least in part, to inadequacies in cell preparation and storage, patient selection,
trial design, immunosuppression, and selected endpoints (Petit et al., 2014). One of the NIH
studies did not include immunosuppression, whereas the second study used cyclosporin A-
based immunosuppression for only 6 months, but the patients in this second study developed
GID after the immunosuppression was stopped. Although it is not clear whether patient
complications can be fully attributed to absence of or poor immunosuppression,
immunosuppression seems to be a critical requirement in neural transplantations.

This conclusion is further supported by rodent studies in which either genetic suppression of
T-cell activation in the host (Rong et al., 2014) or nuclear transfer— mediated therapeutic
cloning to confer immune compatibility between donor and recipient (Tabar et al., 2008)
produced robust transplantation outcomes. These results, combined with those of Piccini et
al. (2005), in which no adverse clinical outcome was noted when immunosuppression was
withdrawn 2 years after transplantation, suggest an optimal period of immunosuppression
between 6 months and 2 years post transplantation for future trials. Moreover, more
prolonged immunosuppression may also have additional side effects, including opportunistic
infections precipitating graft rejection (Lopez et al., 2006). In this context, creation of
genotyped/HLA-typed hESC banks may be able to supply cells matching the recipient
genotype; similar strategies have been proposed for hiPSC-based transplantation in the
future (Taylor et al., 2005; Nakajima et al., 2007).

A major goal of PD transplantation approaches is to devise a therapy that provides not only
symptomatic relief but also long-term disease-modifying benefits. Clinic trial endpoints
need to be set with this in mind. After transplantation, a reasonable indicator for benefit of
therapy is improved motor function measured by UPDRS along with clinical improvement
on the Hoehn and Yabhr scale such that an improvement category is achieved, e.g., from
Stage IV to Stage 11, with no signs of GID, and reduced dependence on levodopa. On the
basis of the fvm-based trials, it also seems reasonable that for both open-label and double-
blinded trials, at least 2 years of follow- up is required to yield a meaningful clinical
outcome. Moreover, patients should submit subjective self-evaluations and be monitored by
functional imaging using positron emission tomography (PET) at regular intervals (e.g., with
ligands like 18F-dopa, 231-FP-SPECT, 11C-raclopride displacement for DA-associated
changes, or 11C-DASB for presynaptic serotonin [5-HT] terminals).
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Patient selection

Generally patients who no longer respond to pharmacological intervention are selected for
cell therapy trials. However, prior trial results suggest a requirement for more careful
selection of patients. It is well known that advanced age is often associated with poor
clinical outcome in PD. A retrospective analysis of patents recruited in prior studies
indicated that subjects who exhibit more benign symptoms and those who are <60 years of
age have a better prognosis (Evans et al., 2012; Barker et al., 2013). Moreover, DA neuronal
transplantation may be more effective in patients whose clinical symptoms are correlated
with restricted nigral pathology rather than those who have a widespread brain pathology
associated with mild cognitive impairment (MCI) or even frank dementia. Moreover,
because a humber of groups have suggested that a history of LID is a risk factor for
developing GID post transplantation, this parameter should also be factored into clinical trial
design (Lane et al., 2009; Garcia et al., 2011).

Cell preparation and surgical aspects

Although many possible factors have been suggested to explain GIDs observed in a subset
of patients, a potential factor is the presence of serotonergic (5-HT- containing) cells in the
grafts. Ensuring purity of the cell preparations to maximize DA cells while minimizing
serotonergic cells would be beneficial in this regard. For an hESC-based, off-the-shelf cell
product to be successful in PD therapy, methods for cryopreservation, storage, and robust
recovery of functional cells post thaw need to be thoroughly optimized. Moreover, the
optimal stage of DA neural cells (e.g., progenitors vs. mature neurons) at the time of
transplantation needs to be determined. A recent study using mouse ESC transgenic reporter
lines provided compelling data in this regard, showing that the Nurrl* neuroblast stage is an
ideal stage for grafting (Ganat et al., 2012).

Although there is no consensus on the number of surviving cells that are required to produce
clinical benefit, it has been suggested that at least 100,000 surviving DA neurons per
putamen are needed for a successful outcome (Hagell and Brundin, 2001). Moreover,
various groups have tested both bilateral and unilateral grafts, but there seems as yet to be no
consensus on which will work best, although more recent studies have favored bilateral
putamenal grafts.

Critical Remaining Issues for hESC-Based Transplantation Therapy

Although hESCs are currently the most reliable and self-renewable source of homogeneous
and qualified populations of DA neurons for cell transplantation therapy in PD, several
challenges remain for realizing their clinical potential. The major hurdles include devising
methods for sustained clinical-grade production of immune-tolerable and genetically stable
cells, prevention of hyperproliferation/teratoma formation of the graft, improving graft
survival accompanied by appropriate differentiation and integration of new A9-type DA
neurons into host circuits, and strategies to avoid untoward side effects like GID, as have
been observed in fvm tissue trials. As discussed in the previous sections, development of
robust protocols that generate homogenous populations of A9 DA neurons and greatly
optimized study design may circumvent many of these issues. Others have also proposed
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various strategies to avoid tumor formation, including prolonged predifferentiation of hRESCs
(Doi et al., 2012), engineering cells to block tumorigenic pathways (Parish et al., 2005; Jung
et al., 2007), and sorting to select differentiated cells prior to transplantation.

We have recently devised an alternate strategy to address many of the issues outlined above.
We have produced stable hESCs cell lines that are genetically engineered to express a
constitutively active form of the transcription factor MEF2C (designated MEF2CA). The
scientific rationale behind using the myocyte enhancer factor 2 (MEF2) family is that
manipulation of this gene alone is sufficient to improve transplantation results in multiple
ways. MEF2 is antiapoptotic (Mao et al. 1999; Okamoto et al., 2000; Li Z et al., 2008), a
property that will promote graft survival. MEF2 is also a neurogenic factor and activates
many genes, including Nurrl, which is critical for A9-type DA neurogenesis (Li H et al.,
2008; Cho et al., 2011); this feature promotes A9-type DA neuronal differentiation in vitro
and prevents hyperproliferation of cells in vivo, also avoiding the generation of 5-HT—
producing cells that would otherwise contribute to dyskinesias. Additionally, in mature
neurons MEF2 can downregulate synapse formation (Flavell et al., 2006; Shalizi et al.,
2006), a function required for the prevention of aberrant outgrowth and maintenance of
optimal connectivity among mature neurons. This aspect of MEF2 activity may prove
beneficial in preventing dyskinesias. Finally, MEF2 can also regulate the expression of
trophic factors such as brain-derived neurotrophic factor (BDNF) (Lyons et al., 2012), which
can augment the repair process by activating host cells.

We initially tested the concept of programming stem cells with this transcription factor by
using lentiviral overexpression of MEF2CA in hESC-derived hNSCs. We reported that the
transplanted cells significantly improved behavioral deficits in rodent PD models and
generated more neurons, particularly of the TH* DA phenotype (Fig. 2). Interestingly, the
transplanted brains also displayed many TH* fibers in the host striatal parenchyma that were
not GFP*, suggesting a non-cell-autonomous or trophic effect of the graft on the host tissue
(Fig. 2A,B).

Encouraged by these findings, we recently developed hESC-MEF2CA stable lines by
introducing the constitutively active form of MEF2 (MEF2CA) into an H9 hESC clone (Fig.
3). The generation of such stable lines should allow the scalability needed to perform future
human clinical trials. In preliminary studies on the MEF2CA-hESC stable lines using the
floor-plate method for differentiation (Kirks et al., 2011), we found that these cells followed
a neural differentiation program typical of mesencephalic precursors (Fig. 4A,B) and yielded
A9-type DA neurons at >90% purity by day 45 in vitro (Fig. 4C-F). Furthermore, upon
transplantation into a 6-OHDA-lesioned rat model, the MEF2CA-programmed hNSCs
engrafted well (Fig. 5) and yielded significant behavioral improvement on tests of
amphetamine-induced rotation and paw preference. Similarly, good engraftment and
improved behavior were noted in parallel transplantation experiments performed in the
MPTP-lesioned monkey model (data not shown). Moreover, with MEF2 driving neuronal
differentiation of the stable line, there was no trace of hyper-proliferation or tumor
formation.
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Outlook for hESC-Based Transplantation Therapy for PD

For a cell transplantation strategy to be widely acceptable, its benefits must outweigh the
various surgical and medical complications involved. More importantly, the procedure
should be able to confer disease-modifying benefit that no other existing PD therapy can
provide. Ongoing fetal transplantation trials, especially the concerted efforts of
TRANSEURQO, are likely to provide proof in this regard that will generate confidence in the
minds of scientists, physicians, and patients alike in this approach. However, owing to
limited tissue availability and other issues surrounding cell therapy, the use of fetal tissue is
unlikely to become a routine treatment for PD. Currently, the major focus in this area is on
developing pluripotent/reprogrammed cell-based strategies. With interest and support from
around the globe, including philanthropic and governmental bodies like the California
Institute of Regenerative Medicine (CIRM), and in view of new NIH policies favoring hESC
research, major developments in the area of clinical transplantation of hESC-derived cells
are expected in the days to come.
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LTR
LV
MEF2
MS5
NeuN
NURR1
OCT3/4
PAG

ascorbic acid

basic fibroblast growth factor
brain-derived neurotrophic factor
dopamine

4,6-diamidino-2-phenylindole
N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester
dibutyryl-cyclic adenosine monophosphate
epidermal growth factor

fibroblast growth factor 8

forkhead box A2

glial cell-derived neurotrophic factor
green fluorescent protein

human embryonic stem cell

human neural stem/progenitor cell

human pluripotent stem cell

Internal Ribosome Entry Site 2

LIM homeobox transcription factor 1
Long Terminal Repeat

Lateral Ventricle

myocyte enhancer factor 2

mouse bone marrow—derived stromal cell line
Neuronal Nuclei

nuclear receptor—related 1 protein
Octamer-binding protein 3/4

skull bone marrow-derived stromal cell line
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SHH
STR
TGFB3
TH
VMAT
Wnt 1
Wnt 5A

Phosphoglycerate Kinase

Splice Acceptor

sonic hedgehog

Striatum

transforming growth factor 33

tyrosine hydroxylase

Vesicular Monoamine Transporter

wingless-type MMTYV integration site family, member 1

wingless-type MMTYV integration site family, member 5A
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Schematic describing the floor plate—based method (Kirks et al., 2011) for generation of A9-
type dopaminergic (DA) neural progenitors from hESCs. Here, hESCs and their progeny are
exposed to key signaling molecules (SHH, WNT, and FGF8) in a temporally controlled
manner to yield robust generation of A9-type DA neural precursors for transplantation. The
cells co-express NURR1, LMX1a, and FOXA2 at approximately day 25, the stage at which
they are used for transplantation. When allowed to differentiate in vitro, these cells develop
clear A9 DA neuronal phenotypes by day 35-45, expressing key markers (GIRK2, Cav1l.3,
PITX 3, and TH) and exhibiting hallmark electrophysiological properties, including
spontaneous bursting. For abbreviations, see list.
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Figure 2.
Functional recovery of 6-OHDA-lesioned rats after MEF2CA-programmed hNSC

transplantation. A: Transplanted hNSCs (GFP+/ green) shown in sagittal brain sections
along the mediolateral axis. Hoechst dye-labeled DNA (blue). Inset: Hematoxylin/eosin
(H&E) stain shows xenograft/host boundary (dashed line). B: Human origin of cells verified
by human nuclear antigen (HNA). C: Infected cells (GFP*) co-expressed HNA (red),
yielding merged yellow stain. D: Density of TH* neurons in MEF2CA-programmed hNSC
xenografts (xeno) was higher than for control-hnNSCs (boxed areas enlarged in right panels).
Arrowheads, TH* neuronal cell bodies; arrows, neuronal processes; dashed lines, graft/host
boundary; blue dashed box, endogenous host TH™ fibers. E: MEF2CA-hNSC versus control-
hNSC DA/TH* neurons. Transplanted cells (GFP*); TH* (red). F: Upper: TH* neurons as
percent of GFP* cells. Lower: density of TH*/GFP™* cells as absolute cell number. Values
are mean + SEM, n=19; *** P< 0.0001 by t-test. G: Apomorphine-induced rotations in 6-
OHDA-lesioned rats after hNSC transplantation. Values are mean + SEM, n= 14. Rats
receiving MEF2CA-programmed hNSCs show increasing improvement versus controls (*,
P< 0.035 by ANOVA). H: Cylinder asymmetry test 9 weeks post transplant. Values are
mean + SEM, n=11; *, P < 0.03 by t-test. For abbreviations, see list. Figure adapted from
Cho et al. (2011). Scale bar=1 mm in A; 25 um in B,C.

J Comp Neurol. Author manuscript; available in PMC 2015 April 07.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Ambasudhan et al.

Page 17

U3 |[r|US}-

oot wpre LTR

Hoechst GFP

CT4

Figure 3.
Sustained and homogenous expression of the transgene in MEF2CA-programmed hESC

stable lines. A: Schematic depicting the lentiviral construct used for generating the
MEF2CA-hESC stable lines. B: Representative image of an MEF2CA-hESC colony
displaying stable homogenous expression of GFP (green; middle panel) and OCT3/4 (red;
right panel) at passage 5. hESCs (H9 line) were transduced with lentivirus carrying the
vector shown in A. Forty-eight hours after viral transduction, the cells were FACS-sorted to
select for GFP-positive cells and were seeded as single cells at clonal density on Matrigel-
coated plates containing hESC medium supplemented with ROCK inhibitor. Individual
colonies were isolated, expanded, and then immunostained with GFP and OCT3/4
antibodies to test their homogeneity and stable expression of the transgene. For
abbreviations, see list. Scale bar =50 pm XX in B.
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Figure 4.
Highly efficient generation of DA neurons from MEF2CA-hESC stable lines. A:

Representative image of day 16 hNSCs showing immunostaining for the stem cell marker
NESTIN (blue) and DA lineage markers LMX1A (red) and TH (green). B:
Immunocytochemical image of day 20 hNSCs displaying homogenous expression of DA
lineage markers TH (green) and Nurrl (red). DAPI-stained nuclei are shown in blue. Note
the high homogeneity of the cells expressing DA lineage-specific proteins. C:
Representative image of day 60 neuronal cultures displaying TUJ1/TH/DAPI
immunoreactivity. D: Representative image of day 60 neuronal cultures displaying TUJ1/
DAPI immunoreactivity. Note that 100% of the cells manifest neuronal identity. E: The vast
majority of the neurons at day 60 of differentiation exhibit co-expression of the DA neuronal
markers VMAT (blue) and TH (green). F: Histogram showing the proportion of TUJ1-
positive cells that were also positive for TH after 60 days in culture. Neuronal cultures
derived from MEF2CA-hESC stable lines consistently produced significantly more DA
neurons compared with control hESCs that were also subjected to Studer's floor plate
method for DA neuron differentiation. Images shown in A—E show merged fluorescent
channels. For abbreviations, see list. Scale bar = 50 ym in A-E.
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merged

Figure 5.
Histology of rat brain 6 months after striatal transplantation of the stable MEF2CA-hESC-

derived neural progenitors. These data are representative of six rats that were transplanted,
monitored behaviorally, and then sacrificed and perfused for histological analysis. A:
Representative image of a whole-mount section of rat brain immunostained with the
dopaminergic neuronal marker TH showing the extent of the implant in the striatum
(indicated by dotted line with arrowhead showing injection site). B: Higher magnification
image from the grafted region, revealing TH* neuronal cell bodies and neuronal fibers. C:
Representative immunofluorescence images reflecting the fact that GFP* cells (indicating
transplanted cells) were also positive for NeuN and TH (neuronal and DA markers,
respectively). Over 90% of the GFP* cells were also TH*. For abbreviations, see list. Scale
bar =250 pm in A; 25 pm in B; 10 ym in C.
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