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Background: Parkinson’s disease (PD) is a progressive neurodegenerative
condition that primarily affects motor functions; it is caused by the loss of midbrain
dopaminergic (mDA) neurons. The therapeutic effects of transplanting human-
induced pluripotent stem cell (iPSC)-derived mDA neural progenitor cells in animal
PD models are known and are being evaluated in an ongoing clinical trial. However,
However, improvements in the safety and efficiency of differentiation-inducing
methods are crucial for providing a larger scale of cell therapy studies. This study
aimed to investigate the usefulness of dopaminergic progenitor cells derived from
human iPSCs by our previously reported method, which promotes differentiation
and neuronal maturation by treating iPSCs with three inhibitors at the start of
induction.

Methods: Healthy subject-derived iPS cells were induced into mDA progenitor cells
by the CTraS-mediated method we previously reported, and their proprieties and
dopaminergic differentiation efficiency were examined in vitro. Then, the induced
MDA progenitors were transplanted into 6-hydroxydopamine-lesioned PD model
mice, and their efficacy in improving motor function, cell viability, and differentiation
ability in vivo was evaluated for 16 weeks.

Results: Approximately >80% of cells induced by this method without sorting
expressed mDA progenitor markers and differentiated primarily into A9 dopaminergic
neurons in vitro. After transplantation in 6-hydroxydopamine-lesioned PD model
mice, more than 90% of the engrafted cells differentiated into the lineage of mDA
neurons, and approximately 15% developed into mature mDA neurons without
tumour formation. The grafted PD model mice also demonstrated significantly
improved motor functions.

Conclusion: This study suggests that the differentiation protocol for the preparation
of mDA progenitors is a promising option for cell therapy in patients with PD.
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Introduction

Parkinsons disease (PD) is the second most common
neurodegenerative disorder. The prevalence of PD is approximately
1% in people aged above 60years; it progresses with age, and will
subsequently result in a future increase in the number of patients
affected (de Lau and Breteler, 2006; Kalia and Lang, 2015). PD
primarily affects the patient’s motor functions due to the progressive
loss of midbrain dopaminergic (mDA) neurons projected to the
striatum (Kalia and Lang, 2015). Currently, palliative treatment
includes dopamine replacement medications and neuromodulation
therapies (such as deep brain stimulation) (Jakobs et al., 2019).
However, the development of disease-modifying therapies is essential
to address the worsening of symptoms due to disease progression. Cell
replacement therapy, involving the transplantation of dopaminergic
cells in the striatum, is a potential strategy for disease modification
(Barker et al., 2015, 2017; Parmar et al., 2019; Schweitzer et al., 2020).

The first projected cellular resource of mDA neurons was the
foetal ventral midbrain (fVM) dopaminergic cells. After obtaining
positive results in PD-model animals (Brundin et al., 1986), the first
clinical trial of fVM cell transplantation to patients with PD was
performed in Sweden in 1987 (Lindvall et al., 1989), and the results of
many subsequent open-labeled studies have generally been favorable
(Piccini et al., 1999; Kefalopoulou et al., 2014). However, two double-
blind studies conducted in the 1990s did not show statistically
significant improvement and revealed that the transplantation of fVM
cells causes graft-induced dyskinesia (GID) in some patients (Freed
etal, 2001; Olanow et al., 2003). In addition, fVM transplantation has
drawbacks such as limited tissue supply and ethical issues. Therefore,
fVM cells could not be used in standard transplantation therapy. In
contrast, a good long-term prognosis has been reported in the post-
transplant brain pathology of patients after fVM transplantation and
engraftment of transplanted cells (Kefalopoulou et al, 2014).
Subsequent analysis revealed that the effect of transplantation is
associated with the disease stage, patient’s age, number of grafted cells,
and the duration of immunosuppression treatment (Freed et al., 2001;
Barker et al., 2013; Lindvall, 2013). Among several factors considered
to determine the cause of GID, the contamination of serotonergic
neurons may be the primary cause (Barker and Kuan, 2010; Politis
et al., 2010; Steece-Collier et al., 2012). Therefore, if these issues are
addressed, cell therapy could be a valuable approach to controlling PD
progression in limited cases.

Human embryonic stem cells (ESCs) introduced in 1998
(Thomson et al., 1998), and human induced pluripotent stem cells
(iPSCs) introduced in 2007 (Takahashi et al., 2007), are potent
resources for regenerative medicine. In particular, iPSC-derived cells
are ethically accepted, and their autografting is theoretically
unaffected by immune mechanisms. For the practical use of iPSCs,
establishing a robust differentiation method to induce highly
enriched mDA neuron progenitors is critical for efficient treatment,
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and avoiding tumourigenesis or other adverse events. Owing to
several basic experiments, methods for the induction of functional
mDA neurons via floor plate cells have improved (Chambers et al.,
2009; Fasano et al., 2010; Kriks et al., 2011; Kirkeby et al., 2012;
Nolbrant et al., 2017). It is based on the combination of dual SMAD
inhibition for neural lineage induction with Wnt activation for
defining the midbrain patterning and ventralisation through an SHH
agonist (Kim et al., 2021). More recently, human iPSC-derived cells
sorted with cell surface mDA progenitor markers such as ALCAM
(Bye et al., 2015), CORIN (Doi et al., 2014; Kikuchi et al., 2017; Doi
etal., 2020), and LRTM1 (Samata et al., 2016) have proven to be safe
and effective when transplanted into animal PD models. In 2018,
Takahashi and colleagues initiated a clinical trial of cell
transplantation therapy for patients with PD to investigate the safety
and efficacy of iPSC-derived CORIN-positive mDA progenitors
(Takahashi, 2020). These cells are differentiated from allogenic iPSCs,
because autotransplantation is difficult due to the cost of generating
safe, clinical-grade iPSC lines. To provide cell therapy to a large
population of patients, it is necessary to prepare a large number of
cells as therapeutic products. The induction method currently used
in clinical trials sorts 18.9% or 31.4% CORIN-positive cells (Doi
et al., 2014, 2020); therefore, improvements in the safety and
efficiency of differentiation inducing methods are crucial for
providing a larger scale of cell therapy studies. In line with this
concept, Kim et al. (2021) and Piao et al. (2021) reported expandable
mDA progenitor cells derived from embryonic stem cells for
transplantation into patients with PD by improving their induction
with adhesion culture, called the ‘floor plate (FP)-method’ (Kim et al.,
2021; Piao et al., 2021), and a clinical trial has been started in the US.

Recently, our research group reported a method to promote
differentiation efficiency and maturation of iPSC-derived cells by
treatment with three small molecules, SB431542 (SB, a SMAD signal
inhibitor), dorsomorphin (DM, a bone morphogenetic protein signal
inhibitor), and CHIR99021 (CHIR, a GSK3 inhibitor) (Fujimori et al.,
2017). Treatment of iPSCs with these inhibitors enhances their
differentiation into three germ layers (named chemically transitional
embryoid-body-like state; CTraS) and accelerates their differentiation
into neurons following neural induction. Tyrosine hydroxylase (TH,
a dopaminergic neuron marker)-positive mDA neurons are also
efficiently induced by this method following induction into the ventral
midbrain neuron. Moreover, it is possible to replicate in vitro disease-
specific pathological phenotypes using multiple iPSCs derived from
patients with hereditary PD (Shiba-Fukushima et al., 2017; Suzuki
etal, 2017; Ikeda et al., 2019; Oji et al., 2020; Yamaguchi et al., 2020).
We therefore hypothesized that the mDA progenitors developed by
this method have adequate efficacy and safety for the cell therapy of
patients with PD.

This study aimed to propose a novel method based on CTraS-
mediated induction, to prepare iPSC-derived mDA progenitors for
cell transplantation therapy in patients with PD. The transplanted
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mDA progenitors induced by our protocol without sorting were
successfully integrated in the striatum of a 6-hydroxydopamine
(6-OHDA)-induced PD mice model and improved motor symptoms
without tumor formation. With the advantages of ease of applicability
and scalability to future large-scale culture systems, this protocol is a
promising alternative for cell therapy.

Materials and methods
Human iPSC culture

The human iPSC line, 201B7 (Takahashi et al., 2007), was obtained
from Kyoto University via RIKEN BioResource Research Centre in
accordance with the relevant guidelines and regulations. The iPSCs
were cultured on mitomycin C-treated SNL murine fibroblast feeder
cells in human iPSC medium, according to a previous report
(Takahashi et al., 2007). All experimental procedures were approved
by the Juntendo University School of Medicine Ethics Committee and
all experiments with human iPSCs were performed in accordance
with relevant guidelines and regulations.

In vitro neuronal induction

Differentiation into mDA neurons from human iPSCs was
performed as described previously (Imaizumi et al., 2015;
Matsumoto et al., 2016; Fujimori et al., 2017; Ishikawa et al., 2018;
Yamaguchi et al., 2020) with minor modifications. The iPSCs
cultured on feeder cells were treated with 3 pM aSB431542 (Tocris
Bioscience, Avonmouth, UK), 3uM dorsomorphin (Sigma-
Aldrich, St. Louis, MO, USA), and 3 pM CHIR99021 (REPLOCELL,
Yokohama, Japan) on day 0 in the human iPS medium. The
medium was replenished with the three chemicals every day for
5days for differentiation into the three germ layers with a
chemically transitional EB-like state (CTraS) (Fujimori et al,
2017). To generate non-CTraS-mediated mDA progenitors for
evaluating tumorigenesis, iPSCs were cultured for 5days in the
absence of these three small molecules. On day 5, the iPSC colonies
were detached from the feeder layers using a dissociation solution
(REPLOCELL) and enzymatically dissociated into single cells
using TrypLE Select (Life Technologies, Carlsbad, CA, USA) at
37°C for 5-7 min. The dissociated and filtered (40 pm) cells were
cultured in a suspension at a density of 1x10* cells/mL in the
neurosphere medium in 4% O,, to form primary neurospheres. The
neurosphere medium is a KBM Neural Stem Cell medium
(KOHJIN BIO, Saitama, Japan) supplemented with 1% penicillin-
streptomycin (Life Technologies), 2% B27 supplement (Life
Technologies), 20 ng/mL basic fibroblast growth factor (bFGF;
Pepro Tech, Rocky Hill, NJ, USA), 2uM SB431542 (Tocris
Bioscience), and 5uM Y27632 (Wako, Osaka, Japan). For ventral
3uM  CHIR99021 and 2uM
purmorphamine (Millipore, Burlington, MA, USA) were added to

midbrain  specification,
the culture medium on day 8. For forebrain specification, we added
3 pM IWR-1-endo (Millipore) on day 5, and 2 uM purmorphamine
on day 8. For spinal cord specification, we added 3 pM CHIR and
1 pM retinoic acid (Sigma-Aldrich, St. Louis, MO, USA) on day 5
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and 2 pM purmorphamine on day 8. On day 19, the corrected
neurospheres were centrifuged for 5min at 200xg and the
supernatant was separated. Further, the neurospheres were
dissociated using TrypLE Select and filtered using the same
procedures as performed on day 5. Some dissociated neurospheres
on day 19 were passaged in suspension at a density of 5x 10* cells/
mL in the neurosphere medium with 3uM CHIR99021 and 2 pM
purmorphamine, and cultured for another 7-10days, to form
secondary neurospheres. For the in vivo transplantation
experiments, dissociated neurospheres were used. For in vitro
neural differentiation, the dissociated neurospheres were plated
onto 6-well plates or 8-well chamber slides coated with poly-L-
ornithine (Sigma-Aldrich) and fibronectin (Corning, NY, USA).
These cells were cultured in the neuron medium consisting of KBM
Neural Stem Cell medium supplemented with 2% B27 supplement,
20 ng/mL brain-derived neurotrophic factor, (BDNF) (BioLegend,
San Diego, CA, USA), glial cell-derived neurotrophic factor
(GDNF) (PEPROTECH Inc., Rocky Hill, NJ,USA), 200pM
ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA), 0.5mM
dibutyryl-cyclic adenosine monophosphate (Nakalai Tesque,
Kyoto, Japan), 1 ng/mL transforming growth factor f3 (TGF-p3;
BioLegend), and 10pM DAPT (Sigma-Aldrich). Cells were
cultured for 17 days in a humidified atmosphere containing 5%
CO,. CHIR (3 pM) was added to this medium only on day 19. Half
of the medium was changed every 2 days.

Quantitative real-time PCR

Total RNA was isolated using the RNeasy mini kit (QIAGEN,
Hilden, Germany) with DNase I treatment, and ¢cDNA was
generated using a ReverTraAce qPCR RT kit (TOYOBO, Osaka,
Japan). The qPCR analysis was performed with SYBR premix Ex Taq
II (Takara Bio, Shiga, Japan) on a ViiA™ 7 real-time PCR system
(Thermo Fisher Scientific, Waltham, MA, USA). Values were
normalized to ACTB and analyzed using the comparative (AACt)
method.
Supplementary Table S1.

Primers used in this study are listed in

Transplantation into the mice PD models

Male CB17-SCID mice (8-week-old) were purchased from
Charles River Laboratories (Yokohama, Japan). Animals were cared
for in accordance with the Guiding Principles for the Care and Use
of Animals approved by the Ethics Review Committee for Animal
Experimentation of Juntendo University School of Medicine, and
we performed all mouse experiments in accordance with the
approved protocol. All experiments were carried out in compliance
with the ARRIVE guideline and the relevant guidelines and
regulations. The mice were stereotaxically injected 6-OHDA
(Sigma-Aldrich) into the right striatum to generate a Parkinsonian
model (Lundblad et al., 2004). Each mouse received two unilateral
injections of 6pg 6-OHDA in 2pL of saline with 0.02%
ascorbic acid.

The coordinates were calculated with reference to bregma (in mm
from bregma): AP +1, ML —2.1, DV —3.2, and AP +0.3, ML —2.3, DV
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—3.2 (Bateup et al,, 2010). Three weeks after the 6-OHDA injection,
the transplantation group received cell transplantation via a
stereotactic injection of 2 x 10° dissociated neurospheres in 2 pL. KBM
Neural Stem Cell medium through a 22G needle into the right
striatum at the following coordinates (in mm from bregma): AP +0.5,
ML +2.0, DV —3.8 (Steinbeck et al., 2015). Eleven (of 18) model mice
were transplanted with primary neurospheres and seven were
transplanted with secondary neurospheres. The sham group received
injections of the same amount of saline into the same coordinates.
Sixteen weeks after transplantation, the animals were euthanised with
pentobarbital and perfused transcardially with 10% formalin (Wako).
The brains were removed immediately and saturated with phosphate-
buffered saline (PBS) containing 30% sucrose. The brains were cut
using a cryostat (CM-1850; Leica Biosystems) at 30 um thickness and
mounted for the immunofluorescence study.

Behavior analysis

The apomorphine-induced rotational behavior assay was
performed 1week before and every 4 weeks after transplantation. A
(Wako)
subcutaneously, and the rotations were recorded for 30 min (Akerud
etal, 2001; Han et al., 2015; Zuo et al., 2017). The animal behavior was
automatically calculated using DAQ PL3508 PowerLab 8/35
ADInstruments Australia (Software LabChart ver.8 ADInstruments

Australia). Only mice that rotated seven or more rotations per minute

dose of 0.5mg/kg of apomorphine was injected

2 weeks after 6-OHDA injection were defined as PD model mice.

Immunofluorescence studies

For in vitro studies, cells were fixed with 4% paraformaldehyde
for 15min at 20-24°C. The fixed cells were blocked with 5% normal
foetal bovine serum and 0.3% Triton X-100 for 1h at 20-24°C, and
incubated with primary antibodies diluted with blocking solution
overnight (15-20h) at 4°C. After reaction with the primary
antibodies, the samples were washed with PBS and incubated with
species-specific secondary antibodies conjugated with Alexa Fluor
488, 594, and 647 (1:500, Thermo Fisher Scientific) for 1h at
20-24°C. These samples were mounted on slides with mounting
medium containing DAPI (Vector Laboratories Inc., Burlingame,
CA, USA). For in vivo studies, brain sections were blocked with 1%
normal horse serum and 0.05% Triton X for 1h at 20-24°C and then
incubated with primary antibodies diluted with blocking solution
overnight (15-20h) at 4°C using the free-floating method. The
samples were washed with PBS and incubated with species-specific
secondary antibodies conjugated with Alexa Fluor 488, 594, and 647
(1,500) for 1h at 20-24°C. These samples were mounted on slides
with mounting medium containing DAPI (Vector Laboratories Inc.).
These images were examined using laser scanning confocal
microscopy (TCS-SP5; Leica Biosystems), an LSM-710 confocal
laser-scanning microscope (Carl Zeiss, Jena, Germany) and a
BZ-9000 fluorescence microscope (Keyence, Osaka, Japan). The in
vitro positivity rate was calculated using Image]/Fiji (version 1.53¢).
The cell positive rate in the brain graft was calculated from the
average of 1-3 different fields at a magnification of 40x using sections
in which the graft remains as large as possible. Antibodies used in this
study are listed in Supplementary Table S2.
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Statistical analyses

Statistical significance between the two samples was determined
using the Student’s t-test (SPSS Version. 25.0; SPSS, Inc., Chicago, IL,
USA). The data were considered statistically significant at p < 0.05 and
are shown as mean + standard error of the mean.

Results

The human iPSC-derived mDA progenitors
induced using the neurosphere-based
protocol have ventral midbrain identity and
efficiently differentiate into mDA neurons

The iPSCs derived from a healthy volunteer were differentiated
into mDA progenitors, according to our previous reports (Imaizumi
et al., 2015; Matsumoto et al., 2016; Fujimori et al., 2017; Yamaguchi
etal., 2020) as summarized in Figure 1A. Human iPSCs were treated
with SB, DM, and CHIR for 5days to develop the CTraS condition,
which expresses the genes specific to the three germ layers and the
embryoid bodies in vitro. The dissociated cells were then transferred
to a floating culture to form neurospheres from each single neural
stem cell (Matsumoto et al., 2016; Fujimori et al., 2017). These
neurospheres were formed with purmorphamine (a sonic hedgehog
agonist) and CHIR to provide the ventral midbrain regional identity
as mDA progenitors (Imaizumi et al., 2015; Yamaguchi et al., 2020).
To verify the ventral midbrain regional identity of the neurospheres,
we performed qPCR analysis using region-specific markers on day 19.
We used neurospheres treated with IWR-1-endo, a Wnt antagonist
that provides a forebrain specification; forebrain spheres and
neurospheres treated with RA provide posterior hindbrain and spinal
cord specification, as spinal-cord spheres. FOXGI, a frontal cortex
marker, and SIX3, a forebrain marker, were expressed in IWR-1-endo-
treated forebrain neurospheres, but not in purmorphamine and
CHIR-treated midbrain neurospheres. EN1, a floor plate midbrain
marker, was expressed only in midbrain neurospheres. HOXB4, a
hindbrain marker, was expressed in CHIR and RA-treated spinal cord
neurospheres, but not in the midbrain or forebrain neurospheres
(Figure 1B). These results indicate that neurospheres differentiated
from iPSCs acquired ventral midbrain regional identity using
purmorphamine and CHIR.

On day 19, the midbrain neurospheres were dissociated and
plated onto culture dishes for terminal differentiation into
dopaminergic neurons. Immunostaining of neural progenitor cells
after one day in adhesive culture (day 20) confirmed that the cells were
highly positive for mDA progenitor markers, FOXA2, LMX1A, and
NURRI (Figure 1C). The positivity rates for these markers in all the
cells were 79.2+2.11%, 88.2£2.63%, and 98.0+0.79%, respectively
(Figure 1D). We also confirmed the expression of EN1 and these
markers using qPCR (Supplementary Figures SIA-D). Additionally,
95.4+1.65% of the progenitor cells were positive for the floor plate
surface marker CORIN (Figures 1E,F), which has been used for
sorting to enrich midbrain progenitors in the ongoing clinical trial by
Takahashi and colleagues (Doi et al., 2014; Kikuchi et al., 2017; Doi
et al., 2020; Takahashi, 2020). ALCAM (a central nervous system
microvascular endothelium marker), and LRTM1 (a ventral midbrain
marker), which have been reported as mDA progenitor markers for
transplant therapy (Bye et al., 2015; Samata et al., 2016), were positive
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FIGURE 1
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in most of the progenitors; 94.2+1.56% positive for ALCAM,
94.5+2.13% positive for an LRTM1 antibody from Abcam (Ab121409)
and 99.8 +0.11% positive for another LRTM1 antibody from R and D
(MAB10046) (Figures 1E,F). The expression of these mDA markers
was also validated using qPCR (Supplementary Figures SIE-G).
Recently, Xu et al. (2022) proposed other mDA progenitor markers,
CLSTN2 and PTPRO, and successfully enriched mDA neurons by
sorting, using CLSTN2-tdTomato and PTPRO-tdTomato knock-in
hiPSCs due to the lack of commercially available antibodies (Xu et al.,
2022). We also confirmed the expression of CLSTN2 and PTPRO
using qQPCR (Supplementary Figures STH,IH,I). As expected, these
results indicate that midbrain neurospheres differentiating from iPSCs
contained mDA neural progenitors.

To determine the ability of mDA progenitors to differentiate into
mDA neurons in vitro, the differentiated neurons were evaluated using
immunostaining and qPCR analysis on day 36 (Figure 1G;
Supplementary Figure S1J-O). The cells were differentiated into
neurons (B3-tubulin+, a neuron marker/nucleus, 81.9+1.27%) and
enriched with mDA neurons (TH+/f3-tubulin+, 61.0+9.23%). Most
of the TH+ cells also expressed mDA markers such as NURRI and
PITX3, and mature mesencephalic dopaminergic neuron markers
(Figure 1G). Among the TH-positive neurons, 87.8+1.95% were
positive for GIRK2, an A9 mDA neuron marker, and 19.3 +2.05%
were positive for Calbindin, an Al0 mDA neuron marker
(Figures 1G,H). These results indicate that the neurosphere-based
mDA neuron induction method efficiently induced ventral mDA
progenitors from iPSCs without fluorescence-activated cell sorting
(FACS), and the progenitors differentiated into mature mDA neurons,
which were predominantly A9 neurons in vitro.

Human iPSC-derived mDA progenitors
transplanted into PD model mice
successfully differentiated into mDA
neurons in vivo

To evaluate the therapeutic potential for cell replacement therapy
of mDA progenitors derived from iPSCs by our neurosphere-based
differentiation method without FACS enrichment, we transplanted
mDA progenitors into 6-OHDA-induced PD model mice. We injected
6-OHDA in the right striatum of CB17 severe combined
immunodeficient (SCID) mice, and the motor symptoms of each
mouse were evaluated by apomorphine-induced rotational behavior
to confirm whether 6-OHDA disrupted striatal function and
sufficiently induced PD symptoms. Three weeks after the 6-OHDA
injection, we transplanted in vitro dissociated neurospheres on day 19
into the 6-OHDA-lesioned striatum (2 x 10° cells in 2 uL), and injected
saline in the sham group. Immunostaining with an SC-121 antibody,
a human cytoplasmic marker, at 16weeks after transplantation
revealed that the transplanted cells survived and displayed neurite
outgrowth in the striatum from the graft cells (Figures 2A,B).

To examine the composition of the graft cells, additional
immunostaining was performed using mDA neuronal markers. The
percentage of TH positive dopaminergic neurons was 14.0+0.97%
among human nuclear antigen (HNA, a human nuclear marker)-
positive transplanted cells (Figures 2C,D). Among these HNA and TH
double-positive neurons, 33.3+5.68% were positive for the dopamine
transporter (DAT), and 31.2+5.23% were positive for aldehyde
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dehydrogenase 1A1 (ALDH1A1, an A9 mDA marker) (Figures 2E,F).
These iPSC-derived dopaminergic neurons were also positive for
mature mDA markers such as GIRK2 and Calbindin (Figure 2G).
These results indicate that some transplanted iPSC-derived mDA
progenitor cells have differentiated into mature dopaminergic neurons
in the 4 months following transplantation. To evaluate the maturity of
the graft cells, we immunostained brain sections with early mDA
markers, FOXA2 and NURRI. The percentage of FOXA2+, early
mDA progenitors, was 33.0+2.7% and the percentage of NURR1+,
postmitotic mDA progenitors, was 90.7 +1.3% in HNA-positive graft
cells. Thus, the majority of the grafted cells were in the lineage of mDA
neurons, and 14% of cells developed into mature mDA neurons.
However, other cells remained at the progenitor stage (Figures 2C,D).
The graft included 3.7 +0.49% of Ki67-positive proliferating cells and
most of the Ki67-positive cells co-expressed FOXA2 (Ki67+/FOXA2+,
92.1+2.06%), indicating that they were early mDA progenitors. The
percentage of 5-HT+ serotonergic neurons was 4.7 +0.58%. These
results indicate that transplanted mDA progenitors differentiated into
ventral mDA neurons in the striatum of PD model mice with
efficiencies similar to those reported earlier (Doi et al., 2014; Bye et al.,
2015; Samata et al., 2016; Doi et al., 2020; Xu et al., 2022).

Recent single-cell analyses of transplanted ESC- and iPSC-derived
ventral midbrain progenitor cells into rodent PD models have shown
that the cells differentiate into neurons, astrocytes, and vascular
leptomeningeal-like cells (VLMCs) (Tiklova et al., 2020; Xu et al,,
2022). In the present study, we examined the expression of
oligodendrocyte, astrocyte and VLMC markers by fluorescent
immunohistochemistry to explore the possibility that our transplanted
cells might differentiate into non-neuronal cells. A few grafted cells
were positive for astrocyte markers, such as glial fibrillary acidic
protein (GFAP) and S100p (Figure 2H). However, we found no
evidence that grafted cells differentiate into oligodendrocytes and
oligodendrocyte progenitor cells (OPCs) by staining against Olig2 and
growth (PDGFR)
(Supplementary Figure S3). The presence of VLMC was assessed using
a COL1A1 antibody that recognizes both human and rodent COL1A1,
as well as a human-specific COL1A1 antibody (hCOL1A1). Within
the grafts, we observed graft-derived human COL1A1-positive cells

platelet-derived factor receptor

(Figure 21, arrows) and infiltration of mouse-derived COL1A1-
positive cells (Figure 21, arrowheads). These results indicate that our
transplanted mDA progenitors have similar differentiation potential
to previously reported ESC- and iPSC-derived ventral midbrain
progenitor cells.

Grafted human iPSC-derived mDA neurons
restored motor function in PD model mice

To evaluate the function of grafted mDA neurons, we performed
a behavioral analysis of transplanted PD model mice using
apomorphine-induced rotation every 4 weeks after transplantation.
The 6-OHDA-lesioned PD mouse model rotates around to the left on
being injected with apomorphine, due to the loss of dopaminergic
neurons in the right striatum (Akerud et al., 2001; Grealish et al,,
2010). A reduction in the number of rotations induced by
apomorphine indicates the differentiation of dopaminergic neurons
after the successful transplantation of dopaminergic progenitor cells,
thus improving PD symptoms.
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FIGURE 2

Grafted mDA progenitors using a neurosphere-based protocol differentiate into mDA neurons in the brains of 6-OHDA-induced PD-model mice.

(A) Representative immunofluorescence images of the CTraS-mediated grafts (upper panels) and sham-operated sample (lower panels) at 16weeks
after transplantation. Bars, 3mm. R indicates the right side of the section. (B) Representative immunofluorescence images of grafted cells against SC-
121, a human cytoplasmic marker, at 16weeks after transplantation. Bars, 200pm. (C,D) Immunostaining analysis of the graft at 16weeks for mDA
neuron-associated markers. Immunofluorescence images of indicated markers (C) and quantification of the marker-positive cells in HNA-positive cells
(D). Bars, 50um. (E,F) Immunofluorescence images of mDA neuron markers (E), and quantification of marker-positive cells in HNA- and TH- double-
positive cells (F). Bars, 100pm. (G) Immunofluorescence images of subtype-specific mDA neuron markers. Bars, 10pm. (H) Immunofluorescence
images of astrocyte markers. Bars, 100pm. (I) Immunofluorescence images of VLMC markers. The COL1A1 antibody recognizes both human and
rodent COL1AL, and hCOL1A1 antibody recognizes human-specific COL1AL. Arrows indicate human iPSC-derived COL1Al-positive cells, and
arrowheads indicate mouse-derived COL1A1-positive cells. Bars, 100pm. mDA, midbrain dopaminergic; 6-OHDA, 6-hydroxydopamine; PD, Parkinson’s
disease; CTraS chemically transitional embryoid-body-like state; HNA, human nuclear antigen; TH, Tyrosine hydroxylase; VLMC, vascular
leptomeningeal-like cell
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Grafted human iPSC-derived mDA neurons improve the motor functions of PD-model mice. The number of apomorphine-induced rotations (left) and
the ratio to that of before the operation (right). (A) mDA progenitor transplantation: n=18, sham: n=18, mean+SEM. The p-values were comparisons
with the sham group at the same time-point using Student's t-test. (B) Graph of results with separate the graft cells from primary neurospheres (n=11)
and secondary neurospheres (n=7). The p-values were comparisons with the sham group at the same time-point using Steel's multiple comparison
test. *p<0.05, **p<0.01. iPSCs induced pluripotent stem cells; PD, Parkinson's disease; mDA, midbrain dopaminergic.

Weeks after transplantation

A decrease in the number of rotations was observed in both cell-
transplanted and sham-operated mice. However, 12weeks after
surgery, the number of rotations was significantly lower in the cell-
transplanted mice than those in the sham-operated mice, presumably
due to intrinsic factors which restored motor function (4.34+0.90
times/min in transplanted mice versus 7.73 +1.10 times/min in sham
mice). Furthermore, this significant improvement in motor function
by the transplanted cells was confirmed until at least 16 weeks after
transplantation (2.67 +0.59 times/min in transplanted mice versus
6.00+0.95 times/min in sham mice; Figure 3A). Since we used mDA
progenitors from primary neurospheres and secondary neurospheres
for transplanted cells, the separate graphs for primary neurosphere-
shown in

and cells

Figure 3B. Despite the reduced number of samples in each group,

secondary neurosphere-derived was
there is still a consistent general trend, although there has been a lower
detection of statistically significant differences. Unexpectedly,
pre-transplant symptoms tended to be stronger in mice implanted
with secondary neurospheres and weaker in those implanted with
primary neurospheres. However, there was no statistically significant
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difference between these three groups, and secondary neurospheres
showed a trend toward improvement compared to the Sham group.
Thus, we concluded that grafted mDA neurons functioned in PD
model mice.

The human iPSC-derived mDA progenitors
by CTraS-based protocol may contribute to
the safety of cell transplantation therapy

in vivo

We used the CTraS method to induce the mDA progenitor cells
transplanted in this study. In this method, the treatment of
undifferentiated iPSCs with three different inhibitors (SB, DM, and
CHIR) accelerates the differentiation of subsequent cells (Fujimori
etal., 2017). In this study, 18 PD model mice were transplanted with
CTraS-mediated mDA progenitors and no tumor formation was
observed. To evaluate the inhibitory effect of tumorigenesis using the
CTraS method, we injected the same amounts of non-CTraS-mediated
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mDA progenitors, induced in the same protocol except iPSCs were
not treated with the three inhibitors on days 0-5, into six PD model
mice; three mice were analyzed at 8 weeks and the remaining three at
16 weeks after transplantation. At 8 weeks, one of three mice showed
remarkable proliferation of transplanted cells which were considered
to be the tumor (Figure 4A); a large number of the grafted cells in the
other two mice were still Ki67-positive immature cells. The ratio of
immature cells (Ki67+/HNA+, 69.4 + 15.4%) was significantly higher
than that of CTraS-mediated graft cells (17.2+5.89%, Figures 4B,C).
At 16 weeks, no tumor was found in the three mice; however, in one
mouse, the transplanted cells were found outside the striatum.
Although the sample size excluding mice with cells transplanted to
different locations was too small for statistical analysis, many cells
remained immature (43.1%) compared to those in CTraS-mediated
graft cells (3.73 £0.49%, Figures 4D,E). These results indicate that this
CTraS-based mDA neuron differentiation method potentially
improves the safety of cell transplantation therapy in PD.

Discussion

In the present study, to explore the therapeutic potential of human
iPSC-derived CTraS-mediated dopaminergic progenitor cells for PD,
we performed in vivo experiments using PD-model mice after in vitro
evaluations. The transplanted progenitor cells showed high specificity
for the ventral midbrain by expressing not only FOXA2, LMX1A, and
NURRI, but also CORIN, ALCAM, LRTM1, CLSTN2 and PTPRO,
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which are potential cell surface markers to sort cells for transplantation
therapy. In mice, postmitotic neuroblasts, which differentiate from
radial glia (the mDA neuron progenitors) in the ventricular zone of
the midbrain floor plate at E10.5, express NURRI, followed by TH,
and as they mature they express mature mDA neuron markers such
as GIRK2 and DAT (Zetterstrom et al., 1997; Arenas et al., 2015). The
neuroblasts express NURRI in addition to mDA neuron progenitor
markers such as LMX1A, FOXA2, and EN1. The neurospheres are
heterogeneous cell populations, and although they are capable of self-
renewal, TH-positive cells were already observed on days 19 and 20
(Supplementary Figure S2), and TH expression increased as
determined using qPCR (Supplementary Figure S1K). This suggests
that the day 19 neurospheres correspond to approximately E10.5 to
E12 in mice, and are a mixture of mDA neuron progenitors, NURR1-
positive postmitotic neuroblasts, and TH-positive immature mDA
neurons. Moreover, upon transferring to adhesion culture and neural
differentiation medium to promote differentiation or by grafting, most
cells appeared to be NURRI-positive postmitotic neuroblasts or mDA
neurons. Our protocol provided a 79.2% FOXA2 positivity without
sorting, which is comparable to previous reports with 75.5, 92.3, and
86.7% positivity in cells sorted with FOXA2, CORIN+ (Doi et al,,
2014, 2020), LRTM1+ (Samata et al., 2016), respectively, while these
values were unexamined in ALCAM+ (Bye et al, 2015) cells.
Moreover, the efficiency of dopaminergic neuron induction in vitro
was also similar to that obtained in previous reports using sphere
culture and sorting; TH+/nucleus was 49.9% in this study compared
to 42.0, 30-40, 46.3, and 43.1% using CORIN+ (Doi et al,, 2014),
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LMX1A+ (Samata et al., 2016), CLSTN2+, and PTPRO (Xu et al,,
2022), respectively. Therefore, our protocol could be useful in
improving previous methods for preparing cells using floating
neurosphere culture and sorting for transplantation therapy. In
contrast to the floor plate method (Kriks et al., 2011), the efficiency of
in vitro mDA neuron induction by Kriks et al. (2011) was
approximately 80%, indicating that our method was deficient.
However, the mDA neurons of grafted cells prepared using the floor
plate method in vivo were 30% (Kriks et al., 2011), 19% (Kirkeby et al.,
2012), 2% (Kim et al, 2021), and 9.2-9.3% (Piao et al., 2021),
indicating that cells grafted using our method showed almost
comparable differentiation efficiency.

In addition, in vivo behavioral experiments revealed improved
motor symptoms in transplanted PD-model mice after 12weeks
compared with those in the sham group. The unilateral 6-OHDA
lesion model is widely used in rats; however, it is difficult to reproduce
the model in mice, at least in part, due to the smaller size of the mouse
brain than that of rats (Grealish et al., 2010). Nevertheless, some
researchers have generated models with stable motor impairments;
Grealish et al. (2010) showed that the apomorphine-induced rotation
behavior does not occur in 6-OHDA-lesioned mice with insufficient
striatal destruction, requiring approximately 70% or more destruction
(Grealish et al., 2010). Therefore, we used 6-OHDA lesion model mice,
which exhibited at least seven rotations/min prior to transplantation
but showed spontaneous recovery. Alvarez-Fischer et al. (2008) have
shown in behavioral experiments that 6-OHDA injection into the
mouse striatum causes a gradual recovery over 56 days (fixed speed
rotarod and accelerating rotarod); however a decrease in the striatum
DA levels and the number of substantia nigra TH+ cells persists for
last at least 56days (Alvarez-Fischer et al., 2008). Moerover
spontaneous recovery from apomorphine-induced rotation
movements in 6-OHDA lesioned mice has been reported in long-term
observations (Bez et al., 2016). In our model mice, we estimate that
approximately 70% striatal destruction was achieved; however, this
may not be sufficient to produce stable motor deficits. Nevertheless,
compared to the saline injected control group, the mDA progenitors
transplant group showed clear improvement in motor symptoms and
cell viability of transplanted cells, which indicates the effectiveness of
cell transplant treatment in model mice. Additional behavioral
experiments and experiments with other models, such as rats, would
provide a more accurate evaluation.

In present study, the accelerated recovery of motor deficits
observed suggested that iPSC-derived mDA progenitor cells derived
using our method are differentiated into functional mDA neurons
after transplantation, as reported in previous studies using rodent PD
models (Doi et al., 2014; Han et al., 2015; Steinbeck et al., 2015; Samata
et al., 2016; Doi et al,, 2020). This interpretation was corroborated
using pathological experiments, which revealed that the mDA
progenitors differentiated into neurons, and 14% of the grafted
neurons were positive for TH at 16 weeks post-transplantation.
Although the comparison is not simple due to differences in the cell
line and the species of the host, the TH+ ratio in this study was low
compared to that in previous reports [18% of CORIN+ grafted cells at
16 weeks and 29.0% of LRTM+ grafted cells at 12 weeks in model rats
(Doi et al., 2014, Samata et al., 2016)]. Moreover, a recent report
revealed a TH positivity rate of 81.5+3.5% among grafted cells in
model rats sorted using CLSTN2 and 58.2 +3.5% among those sorted
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using PTPRO (Xu et al., 2022). However, all of these markers were
expressed in mDA progenitor cells induced by our method
(Supplementary Figures S1E,G,H,I), and it is expected that combining
our method with sorting could further enhance the number of cells or
improve purity.

The positive ratio of the proliferating cell marker Ki67 (3.7%) and
the ratio of 5-HT-positive serotonergic neurons (4.7%) in this study
were marginally higher than those reported in previous studies using
cell sorting (0.06% Ki67+ and 1.2% 5-HT+ cells in CORIN+ grafts,
and 1.8% Ki67+ and <0.3% 5-HT+ cells in LRTM+ grafts) (Samata
etal, 2016; Doi et al., 2020). However, 91% of the total surviving graft
cells were positive for NURRI, a postmitotic mDA neuron progenitor
marker. In our study, this percentage was considerably higher than
those reported in studies using LRTM+ sorting (48%) (Samata et al.,
2016). Most Ki67+ cells were also positive for the early mDA
progenitor marker, FOXA2, in our study, which is similar to the results
in LRTM+ cells (Samata et al., 2016). Thus, most grafted cells derived
using our protocol without sorting differentiated in the lineage of
mDA neurons to the same extent as previously reported cells derived
using cell sorting; however, they were still immature and required time
to develop into TH+ mature DA neurons. Another difference with
previous reports is that we injected the cells without neurotrophic
factors promoting neural survival and growth, such as brain-derived
neurotrophic factor (BDNF), glial cell-derived neurotrophic factor
(GDNE), and Y27632, a Rho-associated kinase inhibitor. Although
we performed histological examinations at 16 weeks, improved results
could be obtained if mDA progenitors were transplanted with
neurotrophic factors and observed for a prolonged time.

The differentiation of transplanted ESC- and iPSC-derived ventral
midbrain progenitor cells into non-neuronal cells has been reported
based on single-cell analysis results (Tiklova et al., 2020; Xu et al,,
2022). In these reports, grafted cells differentiated into astrocytes and
VLMC:s but not into OPCs or oligodendrocytes, which is consistent
with our results. Moreover, a previous study using mesencephalic
organoids has reported that dopaminergic neurons first differentiate
from mesencephalic neural stem cells, followed by the appearance of
VLMCs, astrocytes and OPCs (Fiorenzano et al., 2021). Considering
that the appearance of non-neuronal cells was minimal in our in vivo
experiments, it is possible that VLMC and astrocytes are only
beginning to appear after 4months of observation and that with
longer-term observation, the appearance of non-neuronal cells may
increase as dopaminergic neurons mature. The function of VLMCs in
PD transplantation therapy is unknown; however, it has been
suggested that they may be involved in the supportive effects of
neurotrophic factor expression (Xu et al., 2022) and the formation of
blood vessels to the graft by both host and graft cells (Tiklova et al.,
2020). Further investigation of the therapeutic effect of non-neuronal
cells using single-cell analysis is required.

As CTraS induction by treatment with the three chemicals
promotes the differentiation of iPSCs into a three layer embryoid
body-like state and shifts their differentiation into the final
differentiated cells (Fujimori et al., 2017), this treatment could reduce
undifferentiated cells that could be tumors. Consistent with this
hypothesis, the grafted mDA progenitors using our protocol did not
form tumors in all 18 mice, whereas non-CTraS-mediated mDA
progenitors easily formed a tumor and there were significantly more
mitotic immature cells in the other non-tumorigenic samples. While
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this result may indicate that our differentiation protocol potentially
improves the safety of cell transplantation, further studies with a larger
sample size are needed. Notably, tumorigenicity has not been reported
as an issue in transplantation therapy studies using iPS cell-derived
dopaminergic progenitor cells.

Based on the number of cells used in preclinical studies in
monkeys (Kikuchi et al., 2017), approximately 5 x 10° cells per patient
are used in dopamine progenitor cell transplantation trials in patients
with PD. At present, clinical-grade iPSCs, which are the source cells
to induce the transplantation of dopamine progenitors, are developed
from allogenic cell stocks that have been carefully tested for safety,
mainly for economic reasons. If transplantation therapy moves to
large-scale clinical trials and becomes a standard treatment option in
the future, high cell production would have to be maintained. In such
a case, sorting using FACS may become a rate-limiting step, as it may
be difficult to prepare a large number of cells simultaneously. These
disadvantages may be resolved if the cells produced by our induction
method have the same safety and effectiveness as those reported
earlier (Piao et al., 2021). However, to ensure the clinical applicability
of our method, the treatment effects should be validated in larger
animals, including primates, and further testing for the
characterization of graft cells is required, as shown in the ongoing
clinical trial (Kikuchi et al., 2017; Doi et al., 2020). Furthermore,
rigorous and designed tumorigenesis studies are required, as well as
some modifications to maintain good manufacturing practices,
including clinical-grade feeder-free iPSCs, media and compounds. As
these limitations are considered as future steps, the induction method
presented in this study can help in the development of cell
transplantation therapy for patients with PD.

In conclusion, mDA neuron progenitors for cell transplantation
therapy for PD prepared by our protocol showed differentiation
properties and therapeutic effects similar to the conventional method
of cell sorting. Our protocol has the advantage of easily obtaining
dopaminergic progenitors without the need for cell sorting. Further
improvements in combination with known or new protocols may
be applicable for actual clinical applications.
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