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Autologous iPSC-derived dopamine neuron transplantation
in a nonhuman primate Parkinson’s disease model
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Autologous dopamine (DA) neurons are a new cell source for replacement therapy of Parkinson’s disease (PD). In this
study, we tested the safety and efficacy of autologous induced pluripotent stem cell (iPSC)-derived DA cells for treatment of
a cynomolgus monkey PD model. Monkey bone marrow mesenchymal cells were isolated and induced to iPSCs, followed
by differentiation into DA cells using a method with high efficiency. Autologous DA cells were introduced into the brain of a
cynomolgus monkey PD model without immunosuppression; three PD monkeys that had received no grafts served as
controls. The PD monkey that had received autologous grafts experienced behavioral improvement compared with that of
controls. Histological analysis revealed no overgrowth of grafts and a significant number of surviving A9 region-specific
graft-derived DA neurons. The study provided a proof-of-principle to employ iPSC-derived autologous DA cells for PD
treatment using a nonhuman primate PD model.
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Introduction

Parkinson’s disease (PD) is a common neurodegen-
erative disease in aging population [1]. The clinical
symptoms of PD include resting tremor, bradykinesia,
muscle rigidity, and postural instability. The patholo-
gical feature of PD is the progressive neurodegenera-
tion of dopaminergic (DA) neurons at the substantial
nigra in midbrain. The lost cells in PD are restricted by
cell type—only DA neurons are damaged, and by space
—only at the midbrain; this feature makes PD an ideal
disease candidate to receive cell therapy.

In 1990s, scientists have attempted to employ fetal
ventral mesencephalon tissues to treat PD patients [2].
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However, the two placebo-controlled double-blind
clinical trials using fetal ventral mesencephalon tissues
failed to meet the primary end points and only showed
mild outcome [3, 4]. A careful retrospective analysis
revealed several possible reasons for the mild
outcome, which include immune recognition of the
incoming grafts, heterogeneity of grafts [5], lack of
standardization for the preparation of grafts and
operation procedures, and suboptimal selection of
patients.

The advent of induced pluripotent stem cell (iPSC)
technology offers an opportunity to solve the above
problems associated with fetal ventral mesencephalon
transplants [6-8]. iPSCs possess identical or almost
identical genetic background, and thus could greatly
reduce the adverse effects of immune recognition [9].
The extensively proliferative capacity of iPSCs may
meet the scalability requirements for cell therapy and
provide sufficient base number of starter cells for
differentiation and subsequent sorting process [10-12].
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In 2013, Emborg and colleagues tested the concept of
autologous transplantation of iPSC-derived DA neu-
rons in a rhesus monkey PD model. However, with the
differentiation scheme used in that study, very few
graft-derived TH-positive neurons were detected, and
no improvement in motor function was observed
6 months following autologous transplantation [13],
implying that an improved differentiation method may
be the key for good engraftment outcome. In the pre-
sent study, we employed a different method for DA
neuron specification and examined the safety and effi-
cacy of autologous iPSC-derived DA cell transplanta-
tion in a cynomolgus PD model.

Results

iPSC derivation and characterization

Previous study shows that up to 100% of captive and
free-ranging Asian nonhuman primate over 3 years old
are infected with simian foamy viruses (SFV) [14].
SFV-positive cynomolgus monkeys remain asympto-
matic [14, 15], but the virus interferes with iPSC
induction in vitro (data not shown). By constant
screening, we found one monkey that was SFV-
negative and used it for the autologous transplanta-
tion experiment. Mesenchymal stem cells (MSCs) of
this monkey were extracted from the bone marrow and
expanded in culture. By using a classical retroviral
transfection method [6, 7], MSCs were induced to
iPSCs (Supplementary Figures SIA and B). The iPSCs
were characterized and shown to be positive for alka-
line phosphatase (AP), Nanog, Oct-4, SSEA-4, TRA-
-1-60, and TRA-1-81 (Supplementary Figure S1C).
The iPSCs also showed normal karyotype (Supplemen-
tary Figure S1D) and the potential to form embyoid
bodies and differentiate to cells of the three germ layers
(Supplementary Figure S1E).

Differentiation of iPSCs to DA neurons

A recent study reported that monolayer human
iPSCs can be directed toward leukemia inhibitory
factor (LIF)-dependent expandable primitive neural
epithelium stem cells (p-NSCs) when treated with LIF,
SB431452 (SB), CHIR99021 (CHIR), and Compound

E (C-E) [16] for 7 days. We tested this strategy on the
monkey iPSCs. Monkey iPSCs cultured as monolayer
on feeder cells were treated with the above molecules
(1:1 DMEM/F12: Neurobasal, supplemented with
LIF, SB, CHIR, and C-E) for 3 or 7 days, and neural
cells were readily detected (Supplementary Figure
S2A). However, those cells could not be passaged in
the medium without C-E (LIF, SB, and CHIR only) as
reported with human cells [16]. C-E is an inhibitor of
Notch signaling pathway. Addition of C-E in the first
few days can accelerate the conversion of iPSCs to
NSCs; however, C-E suppresses cell proliferation at the
NSC stage, and therefore was removed at the expan-
sion stage, as shown in study by Ding and collegues
[16]. The gestation period for monkey (36 weeks) is
shorter than that of human (40 weeks). Accordingly,
with the current differentiation scheme, the time length
required for differentiation of iPSCs to neural cells
might be shorter for monkey cells than human cells
(around 5 days). If this is true, the presence of C-E
throughout the first 5 or 7 days of differentiation may
account for the lack of proliferative NSCs. To test
whether this is the case, we removed C-E in the initial
differentiation stage (only with LIF, SB, and CHIR).
However, still no expandable NSCs were observed
(data not shown), suggesting that failure to obtain
monkey proliferative NSCs may be the result of species
difference. Addition of LIF in the initial stage was
aimed at selecting LIF-responsive proliferative NSCs.
Failure to detect NSCs led us to question whether it is
necessary to add LIF in the initial stage. Without LIF,
monkey iPSCs were still able to generate neural cells
(data not shown). Therefore, we tailored the protocol
and only used SB, CHIR, and C-E for the initial stage
of differentiation. Foxa2 is a transcription factor that
emerges early and persists throughout the process of
DA neuron specification [17, 18]. It has been shown
that CHIR is a critical factor for inducing Foxa2 and
Limxla expression [19]. Expression of Foxa2 may
confer the cells the competency to respond well to the
morphogens SHH and Fgf8 [17, 20]. Treatment with
SB, CHIR, and C-E for 3, 5, or 7 days resulted in 13.6,
27.8 and 57.6% of Foxa2-positive cells, respectively
(Figure 1c). Therefore, we chose 7 days as the time

>

Figure 1 Differentiation of monkey induced pluripotent stem cells (iPSCs) to dopaminergic neurons. (a) Schematic representation of the
differentiation procedure. (b) Immunostaining of differentiated cells on Days 7, 18, and 32. Scale bars, 50 ym. (c) Percentages of Foxa2+ cells
on Days 1, 3, 5, and 7 (n =4). (d) Percentages of Nurr1+ cells on Day 18 (n =3). (e) Percentages of TH+ cells on Day 32 (n =3).
(f) Fraction of Tuj-1+ cells among total cells and TH+ cells among Tuj-1+ cells on Day 32 (n =3). (g, h) Dopamine (DA), 3,4-
dihydroxyphenylacetic acid (DOPAC), and homovanillic acid (HVA) levels on Day 32 before and after KCI stimulation using high-performance
liguid chromatography (HPLC) methods (n = 3; *P < 0.05). For all the figures presented in this study, error bars represent s.e.m.
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length for the first stage (Figures 1a and b). At the end
of this stage, cells also expressed Nestin, Sox2, ENI,
and Otx2 (Figure 1b, Day 7). SHH and Fgf8 are well
known to drive the specification of DA neurons [21].
We used Fgf8, and SAGI, a small molecule that can
activate SHH signaling [22], in the second stage for the
further patterning of DA neurons. Nurrl is a marker
expressed by post-mitotic DA neurons, and its
expression has been used to select appropriate stages of
cells to balance cell survival and maturation/integra-
tion in a DA neuron transplantation study [23]. On day
18, Nurrl-positive cells constituted around 47.5% of
the total cells. At this stage, some cells in culture were
also positive for Foxa2 (91.0%, Supplementary Figure
S2B) and HESS (38.1%), and a small proportion
positive for TH (8.4%) (Figure 1b, Day 18 and
Figure 1d). Cells at this time point were chosen to test
transplantation in non-obese diabetic-severe combined
immunodeficient (NOD-SCID) mice. From day 18
onward, the culture was treated with glial cell line-
derived neurotrophic factor (GDNF), brain derived
neurotrophic factor (BDNF), ascorbic acid, cyclic
adenosine monophosphate (cAMP), transforming
growth factor (TGF)-beta III, and DAPT for genera-
tion of mature DA neurons. On day 32, about 17% of
cultured cells expressed TH (Figure le), and about
15.6% of total cells were positive for both TH and
Foxa2. About 62.0% of TH+ cells also stained positive
for A9 region-specific marker GIRK?2 (about 10.5% of
total cells). The supernatant of cultures on day 32 with
or without potassium chloride (KCI) stimulation was
collected and tested for levels of dopamine and its
metabolites 3,4-dihydroxyphenylacetic acid (DOPAC)
and homovanillic acid (HVA) (Figures 1g and h).
Dopamine secretion was detected in the culture and its
expression increased with KCl stimulation.

Engraftment of monkey iPSC-derived DA cells to
immunodeficient mice

One of the major concerns associated with iPSC-
derived cells is the risk of tumor development. Next we
tested the safety of the cells by transplanting day 18
culture into the striatum of naive immunodeficient
mice. Four weeks after engraftment, the brains were
sliced and analyzed by immunofluorescence staining.
Human/monkey nuclei-specific antibodies were used to
identify the surviving grafted cells. The fractions of
TH-, Nurrl-, and Foxa2-positive cells were calculated.
More than 95% of surviving cells at striatum were
positive for Foxa2 (Figures 2a and ¢), and Nurrl- and
TH-positive cells were about 44.8 and 0.8%, respec-
tively (Figures 2b, c, e and f). No Ki67/monkey nuclei-

double positive cells were found in the grafts
(Figure 2d). The substantia nigra A9 DA neurons are
relatively more vulnerable than other neuronal types
[24-26], and accordingly, may experience more diffi-
culties surviving the transplantation procedure and
adapting to the in vivo environment. This may explain
the discriminating cell death of TH+ neurons 4 weeks
after engraftment into the immunodeficient mouse
brain (0.8% TH+ cells), versus that of in vitro culture
on Day 18 (8.4% TH+ cells).

Autologous transplantation of iPSC-derived DA cells
into the brain of a cynomolgus monkey PD model

Four monkeys (4-9 years old) including the one
from which the iPSCs were derived were subjected to
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
administration through unilateral carotid injection.
Four months later, when the PD symptoms were
stabilized, the iPSC donor monkey received autologous
iPSC-derived DA neural cell transplantation, and the
other three PD monkeys served as non-transplantation
controls. We chose three transplantation sites at the
rostral, intermediate, and caudal levels of the caudate
nucleus and putamen, respectively, as well as one site
just above the layer of substantia nigra, in the MPTP-
damaged hemisphere (Figure 3a and Supplementary
Table S1). According to the results of NOD-SCID mice
transplantation using cells at Day 18, the fraction of
TH- and Nurrl-positive cells were only 0.8 and 44.8%,
respectively (Figures 2e and f), not as much as we had
expected. We speculated that including cells a few days
beyond the patterning stage (stage 2) may help improve
outcome. Therefore, we mixed cells at day 18 and cells
at day 22 (4 days in stage 3 in maturation medium) at a
ratio of 1:1. For tracking purposes, the cells were
labeled with green fluorescence protein at iPSC stage
(Supplementary Figures S3A and B) and iron nano-
particles before transplantation. The iron particles
show signals in magnetic resonance imaging (MRI).
The areas of positive signals were measured 1 week
before and every month after transplantation until the
end of the experiments (6 months after engraftment).
The number of surviving cells at striatum as indicated
by the signal areas decreased over time and stabilized at
around 3 months post-transplantation (Figure 3¢). The
signals right above substantia nigra disappeared at
3 months, suggesting that cells deposited at this site
may have died by this time.

At the end of the experiment (6 months after
engraftment), the four PD monkeys including three
controls were analyzed by brain slice staining. Immu-
nohistochemical staining with DAB as a substrate
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Figure 2 Transplantation of monkey induced pluripotent stem cell (iPSC)-derived dopamine (DA) cells into brains of
immunodeficient mice. (a—d) Immunofluorescence staining of NOD-SCID mouse brain sections for TH, human/monkey nuclei,
Nurr1, Foxa2, and Ki67 at 4 weeks after grafting. Scale bars, 50 ym. (e) Quantification of Nurr1+ and Foxa2+ cells in monkey
iPSCs-derived grafts 4 weeks after transplantation into non-obese diabetic/severe combined immunodeficient (NOD-SCID)
mouse brains (n =4). (f) Fractions of TH+ cells among Foxa2-, Nurr1-, and Nuclei-positive cells in monkey iPSCs-derived grafts
4 weeks after transplantation into NOD-SCID mouse brains (n =4).

revealed that TH-positive signals were almost absent in
the striatum of the lesioned side (Figures 3b and c),
except at the transplantation sites (Figures 3b”and b”),
where intensive TH signals were detected.

The iron particles exhibited blue color following
Prussian blue staining, as shown in Figure 3d, con-
firming that the grafted cells had been deposited at the
target areas, which was in agreement with the MRI
results. No Prussian blue positive signals were detected
at the layer above substantia nigra, suggesting that the
cells deposited at this site may have died.

The symptoms of the PD monkeys normally stabi-
lize 3-4 months after model establishment. In the cur-
rent study, the three control PD monkeys that received
no grafts all remained stable from week 0 (time of
transplantation for the experiment group) through
week 24 (end of experiment) with scores around 8-10
(moderate PD state). However, the PD monkey that
had received autologous DA neural graft showed a
remarkable recovery between 6 and 8 weeks post
transplantation. Yet the scores bumped up back to the
control level from 8 weeks post transplantation, until
22 weeks post transplantation, when the symptoms
were ameliorated again, with the score reduced from

Cell Discovery | www.nature.com/celldisc

around § to around 4 (Figure 3f and Supplementary
Movie S1).

Immunofluorescence staining revealed a significant
number of TH-positive cells derived from the grafts
deposited at the striatum (Figures 4a and b). About
88.0 and 75.2% of the TH-positive cells co-expressed
Foxa2 and Nurrl, respectively (Figures 4c, d and i). In
addition, about 88.5% of the TH-positive cells were
also positive for GIRK2, an A9 DA neuron marker
specifically expressed at the substantia nigra pars
compacta (Figures 4e and i). Synaptophysin staining
revealed that graft-derived neurons may have estab-
lished synaptic connections with host neurons
(Figure 4f). No microglia activation was detected at the
graft sites (Figure 4g) and the grafted cells were nega-
tive for Ki67 or Oct4 (Figure 4h), confirming the safety
of the current strategy. Furthermore, no graft-derived
serotonergic neurons were detected (Supplementary
Figure S3C).

We counted all the graft-derived TH-positive cells at
the rostral level of striatum in every third section, and
estimated that there were around 5100 and 1500
(Figure 4j) TH-positive cells in the putamen and cau-
date nucleus, respectively, at the rostral level of
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Figure 3 Autologous transplantation of monkey induced pluripotent stem cell (iPSC)-derived dopamine (DA) neurons and
outcome analysis. (a) Magnetic resonance imaging (MRI)-guided stereotaxy and T2-weighted MRI at various time points after
transplantation. MRI demonstrated that the cells had been accurately deposited into the target areas. (b, ¢) DAB staining for
detection of TH+ cells and fibers (b, b’, b”: Parkinson's disease (PD) model with grafts; ¢,c’,c”: PD model without grafts) 6 months
after transplantation. (d) Prussian blue staining to visualize transplanted cells in the lesioned side of striatum 6 months after
transplantation. (e) The MRI signal areas of grafts over time. (f) The monkey engrafted with autologous iPSC-derived DA neurons
showed behavioral recovery 6—8 weeks and 22-24 weeks after transplantation, whereas sham-grafted animals did not. Scale

bars, b—d: 100 ym.

striatum (the intermediate level of striatum slab was
used for high-performance liquid chromatography
(HPLC) analysis). A rough estimation of surviving
TH-positive cells in the whole brain was around 19 8§00
((5100+1 500) x 3).

To measure the concentration of DA, DOPAC, and
HVA at the intermediate level of striatum, we sampled
the graft sites and areas distant from the grafts in the
ipsilateral hemisphere and performed HPLC analysis.

The concentrations of DA and DOPAC at the graft sites
were 29 pgmg ™' tissue, and 68 pgmg ' tissue, respec-
tively, higher than those at the ipsilateral non-grafted
areas, which were 17 and 12ngmg™' tissue for DA and
DOPAC, respectively (Figures 4k and m, the differences
were not statistically significant due to too few samples).
However, the DA and DOPAC levels at the graft sites
were still much lower than those at the contralateral
intact hemisphere (Supplementary Figures S3D-1).
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(k—m) high-performance liquid chromatography (HPLC) analysis of dopamine (DA) and the metabolites (3,4-dihydroxypheny-
lacetic acid (DOPAC) and homovanillic acid (HVA)) at transplantation sites versus ipsilateral non-transplantation sites. Scale
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Discussion

In this study, we differentiated monkey iPSCs to DA
cells using a tailored method with a relatively high
efficiency, and transplanted autologous DA cells into
the brain of a monkey PD model without immuno-
suppression. No overgrowth of grafts was observed.
Part of the grafted cells survived and became mature
DA neurons; the monkey that had received grafts
experienced a behavioral improvement compared with
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controls without transplantation. The current study
provided a proof-of-principle that iPSC-derived DA
neurons may offer an autologous cell source for treat-
ment of PD monkey models.

One major concern with regard to pluripotent stem
cell-based therapy was the risk to develop tumors. Even
a small number of residual pluripotent cells existing in
the culture may cause tumor development, which is by
no means acceptable in clinical practice. Two methods
may be used to reduce the risk. One is to employ a
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sorting step to get rid of the contaminating pluripotent
cells; the other is to improve the robustness of the dif-
ferentiation procedure to a level sufficient to drive all
the starter cells to exit pluripotent state. In the clinical
trials using embryonic stem (ES) cell-derived retina
pigment epithelial cells to treat age-related macular
diseases, the donor retina pigment epithelial cells were
isolated with a purity of at least 99% and no over-
growth of the grafts was observed even after a medium-
to-long-term follow-up time [27-29]. In our study, a
straightforward protocol-treatment of iPSCs with SB,
CHIR, and C-E for 7 days, followed by SAGI1 and
Fef8 for 11 days, resulted in a culture that had lost
tumorigenic capacity when transplanted into the
striatum of immunodeficient mice; this suggests that
the combination of small molecules SB, CHIR, and
C-E is powerful enough to push almost all of the iPSCs
to exit the pluripotent state, and more interestingly,
with a tendency to differentiate toward a ventral
mesencephalon fate, with around 57% of all cells
positive for Foxa2 on Day 7 (Figure Ic). On Day 18,
Nurrl+ and Foxa2+ cells constituted around 48 and
92% of total cells, respectively. At this stage
(Figure 1d), applying an additional sorting step may
help to further enhance the purity of the cells. Future
studies are needed to identify which surface molecule(s)
can best match Nurrl expression.

With regard to specification of DA neurons from
1PSCs, different protocols have been reported [30-35],
which include embryoid body differentiation method,
co-culture with stroma cells, and dual SMAD inhibi-
tion on monolayer ES/iPS cells. These methods nor-
mally require at least 6 weeks of differentiation and
yield about 5-10% TH-positive neurons and even less
percentage of TH/Foxa2-double positive midbrain DA
neurons. Relatively, our method takes shorter period of
time (around 5 weeks to obtain mature DA neurons
and 3 weeks to get transplantable DA precursor cells),
requires fewer factors (only CHIR and SB in the first
7 days to drive iPSCs to floor plate cells), and gives rise
to a higher efficiency (17% of TH-positive cells and
15% TH/Foxa2-double positive midbrain DA neu-
rons). In future studies, we will investigate whether
human iPSCs, employing similar method, can be effi-
ciently differentiated to DA neurons that are safe and
efficacious for cell therapy of PD.

In this study, only one cynomolgus monkey received
autologous iPSC-DA cell transplantation, mainly due
to the difficulty to obtain SFV-negative animals. More
than 99% of cynomolgus monkeys are positive for
SFV. Although the SFV-positive monkeys remain
asymptomatic, the primary cultures derived from them

normally require anti-viral treatment to be healthy;
however, the antiviral treatment interferes with virus-
mediated reprogramming process. We are currently
testing the episomal methods (virus free) to derive
1PSCs from monkey MSCs and peripheral blood cells.
If it works, we will employ a larger cohort of animals in
the next study to test the safety and efficacy of such
strategies.

The engrafted cells mainly stayed in the target areas
in striatum and extended processes beyond the
boundary of the bolus (Figure 3b). Synaptophysin
staining revealed that synaptic connections may have
been established between the engrafted and endogen-
ous neurons (Figure 4f). In our study, around 19 800
DA neurons survived in the striatum of the trans-
planted hemisphere, and the motor functions were
improved in certain time windows post transplanta-
tion. Compared with the three control PD models that
had received no grafts, the monkey that had received
autologous iPSC-DA neurons experienced motor
function recovery at 6-8 weeks and from 22 weeks
onward to the end of the experiment (24 weeks post-
transplantation, Figure 3f). Although we could not
exclude the possibility that this change in motor func-
tion was due to the fluctuation of behavioral perfor-
mance, this possibility was slim. The PD model used in
the study was relatively stable, as we can see from the
three control animals (Figure 3f and Supplementary
Figure S3J). The model animals may experience certain
degree of spontaneous recovery after MPTP adminis-
tration, for example, from score 11 to 8 in 6 months as
observed for the three control animals in our study.
Nevertheless, this kind of spontaneous recovery went
smoothly over time, and normally within certain range,
not like what we had observed in the engrafted animal
that showed a big drop from 11-12 to 4-5 during a
period of 6 months; this drop in score took place
relatively fast, from 7.5 in week 4 to 4.5 in week 6, and
from 6.5 in week 20 to 3.5 in week 22. Given the degree
and temporal pattern of changes, it is more likely that
the behavioral improvement was due to DA cell
transplantation.

It remains elusive as to what caused the short period
of recovery from week 6 to §, followed by a bump up of
the score. During the first month after transplantation,
a majority of grafts had died, as could be seen from the
reduction in Feridex signal areas (Figure 3e). From
week 6 to 8, the surviving cells were probably in the
middle of assuming dynamic changes, such as differ-
entiation and integration into the existing neuronal
network. These dynamic changes of grafts might cause
behavioral changes accordingly, which could be one
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speculative reason for the improved motor function
from week 6 to 8. As to the behavioral recovery starting
from week 22, it could be, optimistically, the start of a
stable long-term improvement period, or, just the start
of a temporal recovery period, similar to what hap-
pened during week 6-8. Six months after transplanta-
tion, the grafted cells may have gone through the
surviving, differentiation, and integration processes,
and remained relatively stable. During the preparation
of this manuscript, Hallett e al. [36] reported a similar
study in Cell Stem Cell, in which autologous trans-
plantation of iPSC-derived DA cells in a cynomolgus
PD model led to substantial DA neuron survival and
behavioral improvement 2 years following engraft-
ment. The one cynomolgus monkey that showed
behavioral recovery had around 13 000 surviving TH+
graft-derived neurons, similar to that in our study
(around 19 000 DA neurons). Moreover, the authors
suggested that 13 000 may be the number of midbrain
DA neurons needed to reach the threshold of func-
tional improvement. Interestingly, the motor function
started to improve at 6 months post transplantation,
similar to the observation in our study, and reached a
peak performance score at 12 months. It would be
interesting to investigate the long-term transplantation
result using our method of differentiation, and future
studies are needed to test this.

In addition to iPSCs, induced DA (iDA) neurons
and induced neural stem cells (iNSCs) are other
potential sources that can offer autologous DA neu-
rons. Our lab and others have reported generation of
induced DA and iNSCs that are of utility for PD
modeling and treatment [37-46]. iNSCs also possess
the expandability and certain degree of plasticity for
DA neuron specification. It would be interesting to test
the safety and efficacy of iNSCs in large animal PD
models in the future.

Taken together, in the current study, we examined
the safety and efficacy of autologous iPSC-derived DA
cells for the treatment of PD in a nonhuman primate
model. The PD monkey that had received autologous
grafts did not develop tumors and showed behavioral
improvement in certain time frames. This case study
warrants future studies employing a larger cohort of
animals to confirm the safety and efficacy of such
therapeutic strategies.

Materials and Methods

Subjects and ethics statement
Three adult male (4-9 years old) and one adult female
(6 years old) cynomolgus monkeys, with body weights ranging
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from 3.7 (female) to 6.8 (male) kg, were supplied by Wincon
TheraCells Biotechnologies (Guangxi, China), which is an
AAALAC-accredited nonhuman primate research facility. The
experiment protocol was approved by the Institutional Animal
Care and Use Committee (IACUC), and the methods were
carried out in accordance with the approved guidelines.

Differentiation of iPSCs to DA cells

iPSCs were infected with lentiviral vectors expressing GFP
(FUGW, Addgene, Cambridge, MA, USA) for tracking pur-
poses. On Day 1 of differentiation, hES-conditioned medium
was changed to differentiation Medium I containing Neurobasal
A/DMEM-F12 1:1, with or without 10ngml™' human LIF,
3 um CHIR99021, and 2 pum SB431542. On Day 8, cells were
treated with Medium II containing Neurobasal A/DMEM-F12
1:1, 10 um SAGI, and 100 ng ml~' Fgf8 for 10 days. On Day 19,
medium was changed to Medium III consisting of Neurobasal
A/DMEM-F12 1:1, 0.2mwm ascorbic Acid, 0.5mMm cAMP,
Ingml~' TGF-beta III, 10ngml~' GDNF, 10ngml~' BDNF,
and 10 pm DAPT.

Engraftment of monkey iPSC-derived DA cells into
NOD-SCID mouse brains

Monkey iPSCs were differentiated according to Figure la,
and the cells on Day 18 were collected and transplanted into the
striatum of NOD-SCID mice (male, 6 weeks old). Four weeks
later, the mice were killed and brains taken out for analysis.

Immunostaining

Immunostaining was performed as previously described [47].
The antibody information was listed in Supplementary
Table S2.

Establishment of PD monkey model

After the collection of baseline data, each monkey received a
single unilateral intracarotid artery injection of 3 mg of MPTP-
HCI (Sigma, St. Louis, MO, USA) in 30ml of saline (rate:
I mlmin~") to induce a stable model of hemi-parkinsonism as
previously described [48].

MRI and cell transplantation

MRI was performed as previously described [47]. Before
transplantation, the GFP+ cells were double-labeled with
Feridex IV (100mgml~', Advanced Magnetics, Rochester,
MN, USA) according to the manufacturer’s instruction. The
cells were suspended at 1x 10° cellsml™' in HBSS buffer with
5g17" p-glucose, 100 ngml~' BDNF, 100 ngml™' GDNF, and
0.2 mm ascorbic Acid, and injected into target areas guided by
MRI, as previously described [47]. The coordinates of graft sites
were shown in Supplementary Table S1. The three control PD
monkey models were injected with vehicle buffer (HBSS with
5g17" p-glucose, 100 ngml~' BDNF, 100 ngml~' GDNF, and
0.2 mmMm ascorbic acid) using the same coordinates.

Behavioral analysis

Monkeys were evaluated using a clinical rating scale as pre-
viously described [49]. In brief, animals were videotaped and
evaluated blindly by scoring from 0 to 3 points in the following
categories: bradykinesia (0-3), upper limb rigidity (0-3), lower
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limb rigidity (0-3), upper limb tremor (0-3), lower limb tremor
(0-3), food pickup with affected hand (0-3), body posture (0-2),
and balance (0-2). The minimal score was 0 and the maximum
disability score was 22. A score of 8 corresponds to a moderate
parkinsonian state.

Tissue preparation and histology

Six months after transplantation, the monkeys were killed
and brains were taken out and cut into slabs. For HPLC, areas
of interest were punched out and stored at — 80 °C. For histo-
chemical staining, slabs were fixed and sectioned. Prussian blue
staining was used to detect iron within the transplanted cells.
Antibodies used were listed in Supplementary Table S2. To
quantify TH+ neurons, one out of every three serial sections
(40 pm) throughout the graft sites were stained and counted at
x 20 magnification.

HPLC

DA, HVA, and DOPAC levels in brain tissues and culture
supernatant were measured as previously described [47]. As to
cultured cells, iPSC-derived neurons on day 32 were incubated in
high potassium-HBSS medium with nomifensine (10 pm, Sigma)
and pargyline (50 um, Sigma) for 45 min at 37 °C. One hudred
and eighty microliters of medium was then transferred to
eppendorf tubes with 20 ul 1 N perchloric acid (Sigma) and
stored at — 20 until use.

Acknowledgements

This work was supported by the National Basic Research
Program of China (2011CB965103 and 2012CBAO01307),
National Natural Science Foundation of China (81422014,
31340075 and 31070946), Sino-German joint fund, Beijing
Municipal Natural Science Foundation (5142005), Technology
Foundation for Selected Overseas Chinese, MOHRSS (2014), and
Guangxi Natural Science Foundation (2013GXNSFCA019015).

Author contributions

SW and CZ conducted the majority of the experiments
(iPSCs generation and differentiation, transplantation, beha-
vioral tests, histological analysis, and so on) and prepared the
figures. LF, BW, JA, GS, JW, XT, and ML contributed to part
of the experiments. JZ, CZ, FY, and PC provided administrative
support. YAZ provided financial support. ZC designed the
study, analyzed data, provided financial support, and wrote the
manuscript. All authors reviewed and approved the manuscript.

References

1 Buttery PC, Barker RA. Treating Parkinson's disease in the
21st century: can stem cell transplantation compete? J
Comp Neurol 2014; 522: 2802-2816.

2 Lindvall O, Brundin P, Widner H er al. Grafts of fetal
dopamine neurons survive and improve motor function in
Parkinson's disease. Science 1990; 247: 574-5717.

3 Olanow CW, Goetz CG, Kordower JH et al
A double-blind controlled trial of bilateral fetal nigral

10

11

12

13

14

15

16

17

18

19

20

21

transplantation in Parkinson's disease. Ann Neurol 2003; 54:
403-414.

Freed CR, Greene PE, Breeze RE ef al. Transplantation
of embryonic dopamine neurons for severe Parkinson's
disease. N Engl J Med 2001; 344: 710-719.

Shin E, Tronci E, Carta M. Role of serotonin neurons
in L-DOPA- and graft-induced dyskinesia in a rat model of
Parkinson's Disease. Parkinsons Dis 2012; 2012: 370190.
Takahashi K, Yamanaka S. Induction of pluripotent stem
cells from mouse embryonic and adult fibroblast cultures by
defined factors. Cell 2006; 126: 663-676.

Takahashi K, Tanabe K, Ohnuki M et al. Induction of
pluripotent stem cells from adult human fibroblasts by
defined factors. Cell 2007; 131: 861-872.

Yu J, Vodyanik MA, Smuga-Otto K et al. Induced plur-
ipotent stem cell lines derived from human somatic cells.
Science 2007; 318: 1917-1920.

Kokaia Z, Martino G, Schwartz M, Lindvall O. Cross-talk
between neural stem cells and immune cells: the key to
better brain repair? Nat Neurosci 2012; 15: 1078-1087.
Chen Z. Cell therapy for Parkinson's disease: new hope
from reprogramming technologies[J]. A&D, 10.14336/
AD.2014.1201.

Svendsen CN. Back to the future: how human induced
pluripotent stem cells will transform regenerative medicine.
Hum Mol Genet 2013; 22: R32-R38.

Tabar V, Studer L. Pluripotent stem cells in regenerative
medicine: challenges and recent progress. Nat Rev Genet
2014; 15: 82-92.

Emborg ME, Liu Y, Xi J et al Induced pluripotent
stem cell-derived neural cells survive and mature in the
nonhuman primate brain. Cell Rep 2013; 3: 646-650.
Jones-Engel L, Steinkraus KA, Murray SM et al. Sensitive
assays for simian foamy viruses reveal a high prevalence of
infection in commensal, free-ranging Asian monkeys.
J Virol 2007; 81: 7330-7337.

Switzer WM, Salemi M, Shanmugam V et al. Ancient
co-speciation of simian foamy viruses and primates. Nature
2005; 434: 376-380.

Li W, Sun W, Zhang Y et al. Rapid induction and long-
term self-renewal of primitive neural precursors from
human embryonic stem cells by small molecule inhibitors.
Proc Natl Acad Sci USA 2011; 108: 8299-8304.

Ferri AL, Lin W, Mavromatakis YE et al Foxal and
Foxa2 regulate multiple phases of midbrain dopaminergic
neuron development in a dosage-dependent manner.
Development 2007; 134: 2761-2769.

Lee HS, Bae EJ, Yi SH et al. Foxa2 and Nurrl synergis-
tically yield A9 nigral dopamine neurons exhibiting
improved differentiation, function, and cell survival. Stem
Cells 2010; 28: 501-512.

Kriks S, Shim JW, Piao J et al. Dopamine neurons derived
from human ES cells efficiently engraft in animal models of
Parkinson's disease. Nature 2011; 480: 547-551.

Arenas E. Foxa2: the rise and fall of dopamine neurons.
Cell Stem Cell 2008; 2: 110-112.

Ye W, Shimamura K, Rubenstein JL, Hynes MA,
Rosenthal A. FGF and Shh signals control dopaminergic

Cell Discovery | www.nature.com/celldisc


http://www.nature.com/celldisc

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

and serotonergic cell fate in the anterior neural plate.
Cell 1998; 93: 755-766.

Rominger CM, Bee WL, Copeland RA et al. Evidence for
allosteric interactions of antagonist binding to the
smoothened receptor. J Pharmacol Exp Ther 2009; 329:
995-1005.

Ganat YM, Calder EL, Kriks S er al Identification of
embryonic stem cell-derived midbrain dopaminergic neu-
rons for engraftment. J Clin Invest 2012; 122: 2928-2939.
Damier P, Hirsch EC, Agid Y, Graybiel AM. The sub-
stantia nigra of the human brain. II. Patterns of loss of
dopamine-containing neurons in Parkinson's disease. Brain
1999; 122 (Pt 8): 1437-1448.

German DC, Manaye K, Smith WK, Woodward DJ, Saper
CB. Midbrain dopaminergic cell loss in Parkinson's disease:
computer visualization. Ann Neurol 1989; 26: 507-514.
Hirsch E, Graybiel AM, Agid YA. Melanized dopaminer-
gic neurons are differentially susceptible to degeneration in
Parkinson's disease. Nature 1988; 334: 345-348.

Schwartz SD, Hubschman JP, Heilwell G et al. Embryonic
stem cell trials for macular degeneration: a preliminary
report. Lancet 2012; 379: 713-720.

Schwartz SD, Regillo CD, Lam BL et a/ Human
embryonic stem cell-derived retinal pigment epithelium in
patients with age-related macular degeneration and Star-
gardt's macular dystrophy: follow-up of two open-label
phase 1/2 studies. Lancet 2014; 385: 509-516.

Chen Z, Zhang YA. Cell therapy for macular degeneration-
first phase I/II pluripotent stem cell-based clinical trial
shows promise. Sci China Life Sci 2014; 58: 119-120.
Chambers SM, Fasano CA, Papapetrou EP, Tomishima
M, Sadelain M, Studer L. Highly efficient neural conver-
sion of human ES and iPS cells by dual inhibition of SMAD
signaling. Nat Biotechnol 2009; 27: 275-280.

Cooper O, Hargus G, Deleidi M et al. Differentiation of
human ES and Parkinson's disease iPS cells into ventral
midbrain dopaminergic neurons requires a high activity
form of SHH, FGF8a and specific regionalization by
retinoic acid. Mol Cell Neurosci 2010; 45: 258-266.
Morizane A, Doi D, Kikuchi T ef al. Direct comparison of
autologous and allogeneic transplantation of iPSC-derived
neural cells in the brain of a non-human primate. Stem Cell
Rep 2013; 1: 283-292.

Kawasaki H, Mizuseki K, Nishikawa S et al. Induction of
midbrain dopaminergic neurons from ES cells by stromal
cell-derived inducing activity. Neuron 2000; 28: 31-40.
Schulz TC, Palmarini GM, Noggle SA, Weiler DA, Mita-
lipova MM, Condie BG. Directed neuronal differentiation
of human embryonic stem cells. BMC Neurosci 2003; 4: 27.
Sundberg M, Bogetofte H, Lawson T et al. Improved cell
therapy protocols for Parkinson's disease based on differ-
entiation efficiency and safety of hESC-, hiPSC-, and non-
human primate iPSC-derived dopaminergic neurons. Stem
Cell 2013; 31: 1548-1562.

Hallett PJ, Deleidi M, Astradsson A er al. Successful
function of autologous iPSC-derived dopamine neurons

Cell Discovery | www.nature.com/celldisc

Shuyan Wang et al. @

37

38

39

40

41

42

43

44

45

46

47

48

49

following transplantation in a non-human primate model of
Parkinson's disease. Cell Stem Cell 2015; 16: 269-274.
Sheng C, Zheng Q, Wu J et al. Generation of dopaminergic
neurons directly from mouse fibroblasts and fibroblast-
derived neural progenitors. Cell Res 2012; 22: 769-772.
Caiazzo M, Dell'Anno MT, Dvoretskova E er al. Direct
generation of functional dopaminergic neurons from mouse
and human fibroblasts. Nature 2011; 476: 224-227.
Pfisterer U, Kirkeby A, Torper O et al. Direct conversion of
human fibroblasts to dopaminergic neurons. Proc Natl
Acad Sci USA 2011; 108: 10343-10348.

Sheng C, Zheng Q, Wu J et al. Direct reprogramming of
Sertoli cells into multipotent neural stem cells by defined
factors. Cell Res 2012; 22: 208-218.

Wu J, Sheng C, Liu Z et al. Lmxla enhances the effect of
iNSCs in a PD model. Stem Cell Res 2015; 14: 1-9.

Lujan E, Chanda S, Ahlenius H, Sudhof TC, Wernig M.
Direct conversion of mouse fibroblasts to self-renewing,
tripotent neural precursor cells. Proc Natl Acad Sci USA
2012; 109: 2527-2532.

Kim SM, Flasskamp H, Hermann A et al. Direct conver-
sion of mouse fibroblasts into induced neural stem cells. Nat
Protoc 2014; 9: 871-88]1.

Wang L, Huang W, Su H er al. Generation of integration-
free neural progenitor cells from cells in human urine. Nat
Methods 2013; 10: 84-89.

Thier M, Worsdorfer P, Lakes YB et al. Direct conversion
of fibroblasts into stably expandable neural stem cells. Cell
Stem Cell 2012; 10: 473-479.

Han DW, Tapia N, Hermann A et al. Direct reprogram-
ming of fibroblasts into neural stem cells by defined factors.
Cell Stem Cell 2012; 10: 465-472.

Ren Z, Wang J, Wang S et al. Autologous transplantation
of GDNF-expressing mesenchymal stem cells protects
against MPTP-induced damage in cynomolgus monkeys.
Sci Rep 2013; 3: 2786.

Emborg ME, Ebert AD, Moirano J et al. GDNF-secreting
human neural progenitor cells increase tyrosine hydro-
xylase and VMAT?2 expression in MPTP-treated cyno-
molgus monkeys. Cell Transplant 2008; 17: 383-395.
Ovadia A, Zhang Z, Gash DM. Increased susceptibility to
MPTP toxicity in middle-aged rhesus monkeys. Neurobiol
Aging 1995; 16: 931-937.

(Supplementary Information is linked to the online version of the
paper on the Cell Discovery website.)

This work is licensed under a Creative Commons
Attribution 4.0 International License. The images or

other third party material in this article are included in the article’s
Creative Commons license, unless indicated otherwise in the
credit line; if the material is not included under the Creative
Commons license, users will need to obtain permission from the
license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

1"


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/celldisc

	Autologous iPSC-derived dopamine neuron transplantation in a nonhuman primate Parkinson&#x02019;s disease�model
	Introduction
	Results
	iPSC derivation and characterization
	Differentiation of iPSCs to DA neurons

	Figure 1 Differentiation of monkey induced pluripotent stem cells (iPSCs) to dopaminergic neurons.
	Engraftment of monkey iPSC-derived DA cells to immunodeficient mice
	Autologous transplantation of iPSC-derived DA cells into the brain of a cynomolgus monkey PD model

	Figure 2 Transplantation of monkey induced pluripotent stem cell (iPSC)-derived dopamine (DA) cells into brains of immunodeficient mice.
	Figure 3 Autologous transplantation of monkey induced pluripotent stem cell (iPSC)-derived dopamine (DA) neurons and outcome analysis.
	Discussion
	Figure 4 Graft analysis.
	Materials and Methods
	Subjects and ethics statement
	Differentiation of iPSCs to DA cells
	Engraftment of monkey iPSC-derived DA cells into NOD-SCID mouse brains
	Immunostaining
	Establishment of PD monkey model
	MRI and cell transplantation
	Behavioral analysis
	Tissue preparation and histology
	HPLC

	This work was supported by the National Basic Research Program of China (2011CB965103 and 2012CBA01307), National Natural Science Foundation of China (81422014, 31340075 and 31070946), Sino-German joint fund, Beijing Municipal Natural Science Foundation (
	ACKNOWLEDGEMENTS
	Buttery PC, Barker RA. Treating Parkinson&#x00027;s disease in the 21st century: can stem cell transplantation compete? J Comp Neurol 2014; 522: 2802&#x02013;2816.Lindvall O, Brundin P, Widner H  Grafts of fetal dopamine neurons survive and improve motor 
	Buttery PC, Barker RA. Treating Parkinson&#x00027;s disease in the 21st century: can stem cell transplantation compete? J Comp Neurol 2014; 522: 2802&#x02013;2816.Lindvall O, Brundin P, Widner H  Grafts of fetal dopamine neurons survive and improve motor 
	REFERENCES


