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Phase I/II trial of iPS-cell-derived 
dopaminergic cells for Parkinson’s disease

Nobukatsu Sawamoto1,8, Daisuke Doi2,8, Etsuro Nakanishi1,8, Masanori Sawamura1,8, 
Takayuki Kikuchi3, Hodaka Yamakado1, Yosuke Taruno1, Atsushi Shima1, Yasutaka Fushimi4, 
Tomohisa Okada4, Tetsuhiro Kikuchi2, Asuka Morizane2, Satoe Hiramatsu2, 
Takayuki Anazawa5, Takero Shindo6, Kentaro Ueno7, Satoshi Morita7, Yoshiki Arakawa3, 
Yuji Nakamoto4, Susumu Miyamoto3, Ryosuke Takahashi1 ✉ & Jun Takahashi2 ✉

Parkinson’s disease is caused by the loss of dopamine neurons, causing motor symptoms. 
Initial cell therapies using fetal tissues showed promise but had complications and 
ethical concerns1–5. Pluripotent stem (PS) cells emerged as a promising alternative for 
developing safe and effective treatments6. In this phase I/II trial at Kyoto University 
Hospital, seven patients (ages 50–69) received bilateral transplantation of dopaminergic 
progenitors derived from induced PS (iPS) cells. Primary outcomes focused on safety 
and adverse events, while secondary outcomes assessed motor symptom changes 
and dopamine production for 24 months. There were no serious adverse events,  
with 73 mild to moderate events. Patients’ anti-parkinsonian medication doses were 
maintained unless therapeutic adjustments were required, resulting in increased 
dyskinesia. Magnetic resonance imaging showed no graft overgrowth. Among  
six patients subjected to efficacy evaluation, four showed improvements in the 
Movement Disorder Society Unified Parkinson’s Disease Rating Scale part III OFF 
score, and five showed improvements in the ON scores. The average changes of all six 
patients were 9.5 (20.4%) and 4.3 points (35.7%) for the OFF and ON scores, respectively. 
Hoehn–Yahr stages improved in four patients. Fluorine-18-l-dihydroxyphenylalanine 
(18F-DOPA) influx rate constant (Ki) values in the putamen increased by 44.7%, with 
higher increases in the high-dose group. Other measures showed minimal changes. 
This trial ( jRCT2090220384) demonstrated that allogeneic iPS-cell-derived 
dopaminergic progenitors survived, produced dopamine and did not form tumours, 
therefore suggesting safety and potential clinical benefits for Parkinson’s disease.

Parkinson’s disease (PD) is characterized by the loss of dopamine (DA) 
neurons in the substantia nigra, leading to a motor syndrome character-
ized by bradykinesia, rigidity and resting tremor. Medical treatment 
effectively alleviates PD symptoms in the early stages, but chronic use 
results in complications such as motor fluctuations and drug-induced 
dyskinesias. Consequently, cell therapies to replace lost DA neurons 
have been investigated as an alternative treatment.

Initial open-label studies demonstrated that human fetal ventral 
mesencephalon (hfVM) engrafted to the host striatum can synthe-
size DA and improve motor symptoms1–3. However, double-blinded 
placebo-controlled trials failed to demonstrate substantial efficacy and 
revealed side effects such as graft-induced dyskinesias (GIDs)4,5. Moreo-
ver, ethical issues and difficulties in maintaining a stable supply have 
hindered the clinical application of hfVM. European researchers are cur-
rently conducting a clinical trial to re-evaluate hfVM (NCT01898390)7, 
while PS-cell-derived DA neurons are being explored as an alternative 

donor source6. Recently, a single compassionate use case of autolo-
gous transplantation suggested the potential of iPS cells8. Moreover, 
clinical trials using human embryonic stem cells are also ongoing 
(NCT048027339 and NCT0563540910).

We previously developed a method to induce DA neurons from human 
iPS cells and sort for DA progenitors11. These cells produced DA in the 
brains of non-human primate PD models and improved their motor 
symptoms12. After preclinical studies confirming safety in terms of tumo-
rigenicity, toxicity and biodistribution13, we received approval from the 
Japanese government and the institutional review board of Kyoto Uni-
versity. Here we report the results of our clinical trial launched in 2018.

Participants
Initially, seven patients were enrolled at Kyoto University Hospital and 
diagnosed according to Movement Disorder Society (MDS) clinical 
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criteria14. However, one patient dropped out due to a coronavirus 
disease 2019 (COVID-19) infection, necessitating the enrolment of an 
additional patient later. To confirm transplantation safety, the first par-
ticipant received a left putamen graft and was monitored for 8 months 
before receiving a right putamen graft. This patient was included only 
in the safety evaluation. Efficacy was assessed in the remaining six 
patients who underwent simultaneous bilateral surgery (Fig. 1a,b). All 
of the patients met the eligibility and exclusion criteria (Supplemen-
tary Methods), and their baseline characteristics are summarized in 
Extended Data Table 1.

Trial design
This investigator-initiated, open-label, phase-I/II, single-centre trial 
( jRCT2090220384) was conducted at Kyoto University Hospital 
to investigate the safety and efficacy of striatal transplantation of 

allogeneic iPS-cell-derived DA progenitors in patients with PD. The 
patients underwent bilateral transplantation of DA progenitors and 
were monitored for 24 months. Three patients (PD01–03) received 
a low-dose transplant (2.1–2.6 × 106 cells per hemisphere) and four 
patients (PD04–06 and PD08) received a high-dose transplant (5.3–
5.5 × 106 cells per hemisphere) (Fig. 1a). Tacrolimus (0.06 mg per kg 
twice daily) was administered and adjusted to target trough levels 
(5–10 ng ml−1), with the dosage reduced by half at 12 months and dis-
continued at 15 months.

Generation of human iPS cells
The clinical-grade human iPS cell line (QHJI01s04) was established 
from peripheral blood from a healthy individual homozygous for 
the most frequent haplotype in the Japanese population (HLA-A 
24:02, HLA-B 52:01, HLA-DRB1 15:02, HLA-C 12:02, HLA-DQB1 
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Fig. 1 | Enrolment and follow-up. a, Patients were recruited and evaluated at 
Kyoto University Hospital between August 2018 and January 2019. The first 
three patients were categorized into the low-dose subgroup, while the remaining 
four were classified into the high-dose subgroup. One registered patient was 
excluded before surgery owing to a COVID-19 infection. The first patient received 
unilateral surgeries with an eight-month interval between procedures and was 
included only in the safety assessment. Efficacy analysis was conducted on the 
remaining six patients. b, After providing informed consent, the patients were 
enrolled in this clinical trial and underwent neurological evaluation for more 
than 6 months. If no notable symptomatic changes were observed during this 

period, patients were re-enrolled for surgery and underwent further neurological 
evaluation (including MDS-UPDRS) and an 18F-DOPA PET study. After cell 
transplantation, brain imaging (MRI and PET) and neurological assessments 
(including MDS-UPDRS) were performed at 3, 6, 12, 18 and 24 months. PET studies 
included 18F-DOPA (to assess DA synthesis), 18F-GE180 (to detect inflammation) 
and 18F-FLT (to assess cell proliferation). For immunosuppression, tacrolimus 
(0.06 mg per kg twice daily) was administered, with the dosage adjusted to 
maintain target trough levels of 5–10 ng ml−1. The dose was reduced by half at 
12 months and discontinued at 15 months.
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06:01, HLA-DPB1 09:01), which matches 17% of the Japanese  
population15,16.

DA progenitor induction and transplant
DA progenitors were induced as previously described13. To enrich 
DA progenitors and eliminate non-target cells, CORIN+ (a floor plate 
marker) cells were sorted on days 11–13, with sorted cells cultured in 
neural differentiation medium to form aggregate spheres. The fresh 
final product containing DA progenitors meeting quality-control cri-
teria (Supplementary Table 1) was bilaterally transplanted into the 
putamen using a neurosurgical navigation system. Single-cell quantita-
tive PCR with reverse transcription (RT–qPCR) analysis confirmed the 
stable production of DA progenitors. iPS cells differentiated into DA 
neurons, based on sorting for CORIN+ cells, resulting in a final product 
comprising approximately 60% DA progenitors and 40% DA neurons 
(Extended Data Fig. 1). Importantly, no TPH2-expressing (a marker 
for serotonergic neurons) cells were detected. The same donor cells 
used for patients PD04–PD08 were transplanted into rat PD models 
to evaluate cell survival, proliferation and differentiation potential 
(Extended Data Fig. 2). Donor cells expressed NURR1 and FOXA2 
and, when grafted, differentiated into tyrosine hydroxylase-positive 
(TH+) DA neurons, improving the rotational behaviour of PD model rats. 
At 24 or 32 weeks after transplantation, no tumour-like overgrowth 
was observed, and Ki-67+ (a maker for proliferating cells) cells were 
less than 1.0% and sparsely distributed in the grafts. Furthermore, no 
5-hydroxytryptamine (5-HT)-positive cells (a marker for serotonergic 
neurons) were detected.

Primary end point: adverse-event profile
No serious adverse events necessitating hospitalization or resulting 
in death were reported. All 7 patients (100%) experienced a total of 
73 adverse events, comprising 72 mild events and one moderate case 
of dyskinesia (Supplementary Table 2). The most frequent adverse 
event was application site pruritus, observed in four patients (57.1%). 
There were no apparent differences in the spectrum, frequency and 
severity of treatment-related adverse events between the low-dose 
and high-dose groups. These events were transient, and most were 
unlikely related to either cell transplantation or tacrolimus. The single 
adverse event possibly related to cell transplantation was neck stiffness 
and painful dystonia in the right upper limb during the drug-on state. 
Tacrolimus administration was well tolerated but potentially associ-
ated with adverse events in three patients (42.9%), including hepatic 
impairment (n = 1), increased gamma-glutamyltransferase levels (n = 1), 
cystitis (n = 1), nail dermatophytosis (n = 1) and renal impairment (n = 2).

Secondary end point: safety
Serial magnetic resonance imaging (MRI) scans during follow-up 
periods identified the grafts as hyperintense areas in the putamen 
on T2-weighted images in all of the patients. Quantitative analysis 
of graft size showed a gradual volume increase over 24 months, with 
no evidence of tumour-like abnormal enlargement (Extended Data 
Fig. 3). None of the patients exhibited increased accumulation of 
fluorine-18-fluorothymidine (18F-FLT) in the transplanted striatum. 
Moreover, no patients displayed T2-weighted and fluid-attenuated 
inversion recovery (FLAIR) hyperintense regions nor appreciable 
uptake of the translocator protein-ligand, fluorine-18-flutriciclamide 
(18F-GE180: a marker of microglial activation)17, indicative of apparent 
inflammation in the putamen and surrounding areas.

The Unified Dyskinesia Rating Scale (UDysRS) total scores18 increased 
at 24 months in all patients, except for PD06, with an average increase of 
12.3 points (116.4%) from the baseline (Extended Data Table 2). Exclud-
ing PD01, who underwent surgery in two stages with an 8-month interval 

and was observed for 32 months, the average increase was 12.2 points 
(81.7%; Fig. 2a,b). In the self-report motor diaries, patients recorded 
dyskinesia during the on-time period. No apparent increase in trouble-
some dyskinesia was observed during off-time.

Secondary end point: efficacy
Among the six patients in the efficacy group, four (PD02, PD03, PD04 
and PD08) showed an improvement in motor function during the off- 
time period (more than 12 h without medication), as assessed by the 
MDS Unified Parkinson’s Disease Rating Scale (MDS-UPDRS)19 part III.  
The average change from the baseline was −9.5 points (−20.4%) at 
24 months, apparently independent of the dose of transplanted cells 
(Fig. 2c,d and Extended Data Table 2). Regarding MDS-UPDRS part III ON 
(with medication), five patients (PD02, PD03, PD04, PD05 and PD08) 
improved, with an average change from the baseline of −4.3 points 
(−35.7%) at 24 months (Fig. 2e,f and Extended Data Table 2). Whereas 
MDS-UPDRS part III is based on an objective examination by a neu-
rologist, parts I and II are derived from patient interviews about motor 
and non-motor functions in daily life. When evaluating the combined 
MDS-UPDRS parts I + II + III OFF, a mild improvement of −3.1 points 
(−7.2%) on average was observed at 24 months (Extended Data Table 3).

In our evaluation of the Hoehn–Yahr stage during off-time, four 
patients improved: PD02 by 2 stages and PD03, PD06 and PD08 by 1 
stage each at 24 months. One patient (PD03) improved by 1 stage during 
on-time (Extended Data Fig. 4 and Extended Data Table 2).

Other secondary measures, such as on/off time and the 39-item Par-
kinson’s Disease Questionnaire (PDQ-39), were also analysed. While 
some patients showed improvement during observations, on average, 
no apparent improvement was observed at 24 months (Extended Data 
Fig. 5 and Extended Data Table 2). Throughout the study, patients’ 
anti-parkinsonian medication doses were maintained unless there 
was a therapeutic necessity. This approach was taken to avoid con-
founding the assessment of transplantation outcomes, as changes in 
individualized anti-parkinsonian medication could affect the results. 
Consequently, the mean levodopa equivalent daily dose (LEDD)20,21 
remained nearly stable during the trial, with an average increase of 
6.15 mg per day (0.65% decrease) at 24 months (Extended Data Fig. 5 
and Extended Data Table 2).

The total mean putaminal 18F-DOPA Ki values increased by 44.7% 
(from 0.0032 to 0.0043) at 24 months. Specifically, the low-dose group 
showed a 7.0% increase, whereas the high-dose group exhibited a 63.5% 
increase (Extended Data Table 2). 18F-DOPA Ki values increased in two out 
of the four transplanted putamen in the low-dose group and seven out 
of the eight transplanted putamen in the high-dose group (Fig. 3a,b,e 
and Extended Data Fig. 6). By contrast, the total mean caudate nucleus 
18F-DOPA Ki value decreased (Fig. 3c). Consequently, the ratio of Ki values 
in the putamen to the caudate nucleus increased at 24 months in all 
cases, suggesting an increase of DA synthesis in the putamen despite 
pathological deterioration (Fig. 3d).

Discussion
The replacement of lost DA neurons with hfVM in patients with PD began 
in the 1980s22,23. Although PS cells are expected to be an alternative 
donor cell source to hfVM, the safety and efficacy of iPS-cell-derived 
DA progenitors remains unclear. This first clinical trial using iPS cells 
confirmed that iPS-cell-derived DA progenitors can survive without 
forming tumours and produce DA in the putamen of patients with 
PD. Moreover, there were no serious adverse events or GIDs. Four out 
of six patients showed improvement in MDS-UPDRS part III OFF at 24 
months after transplantation, suggesting that grafted cells functioned 
as DA neurons.

No serious adverse events were reported for all seven patients 
subjected to safety assessment. The graft size measured with MRI 
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T2-weighted images gradually increased over the 24 months. How-
ever, no tumorigenic overgrowth was identified, as evidenced by the 
absence of 18F-FLT uptake, a marker of cellular proliferation, which was 
indirectly supported by results from the transplantation experiment 
using the same donor cells into PD model rats. Histological analyses 
at 24 or 32 weeks showed no tumour-like overgrowth, with less than 
1.0% of cells being Ki-67 positive. Rather than proliferation, a previous 
animal study reported that the apparent increase in graft volume was 
due to the spread of the grafted cells9. While such effects may also apply 
to our trial, further confirmation through long-term follow-up and 
post-mortem histological examinations is necessary. The spectrum 
of adverse events was similar to those encountered with chronic DA 
replacement medication, tacrolimus administration and brain surgery. 
Neck stiffness and painful dystonia in the right upper limb were noted 
in PD01 during the drug-on state, a phenomenon possibly related to 
the grafts. Tacrolimus- and surgery-related adverse events were man-
ageable and reversible.

One critical concern about hfVM transplantation was GIDs4,5,24. In 
this trial, six out of seven patients showed a mild worsening of dys-
kinesia, resulting in an average increase in the UDysRS total score of 
12.3 points (116.4%) from the baseline at 24 months, probably because 
anti-parkinsonian medication doses were maintained throughout the 
trial, except when therapeutic adjustments were necessary. The pro-
tocol was designed to minimize the impact of medication changes. 
Consistently, patients recorded dyskinesia in both upper and lower 
extremities during the on-time period. This clinical presentation is 
typical for drug-induced dyskinesia and not for GIDs, which occur 
during the off-time and are often observed predominantly in the 
lower extremities4,5,24. This suggests that grafted cells replicate the 
effects of levodopa, including the tendency to induce dyskinesias in 
susceptible patients. Alternatively, a focal rather than diffuse distri-
bution of DA stimulation from the graft may exacerbate dyskinesia25. 
In previous reports, GIDs were attributed to serotonergic neurons 
contained in hfVM tissue26–28. In our DA progenitor preparation, we 
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the right. c–f, Chronological changes in MDS-UPDRS part III scores during the 

medication-off (c,d) and medication-on (e,f) periods for each patient from 
registration (0 months) to the end of observation (24 months) for efficacy 
assessment. d,f, Score changes from the baseline. The mean is represented by 
the black line. The absolute and relative (percentage) changes at 24 months are 
shown on the right.
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purified CORIN+ medial plate cells and eliminated lateral plate cells, 
which include serotonergic neurons. As a result, we detected no 5-HT+ 
cells in donor-cell-derived grafts in rat PD models. This purification 
process may have contributed to the absence of GIDs in our trial.

The appropriate regimen of immunosuppression in allogeneic 
neural transplantation remains controversial. Previous clinical trials 
used a different combination of immunosuppressant drugs, includ-
ing ciclosporin, azathioprine and prednisolone4–6,29. Our previous 
non-human-primate studies demonstrated no acute immune response 
after allogeneic transplantation of monkey iPS-cell-derived DA pro-
genitors without immunosuppression30. Furthermore, tacrolimus 
alone effectively suppressed immune responses during both allotrans-
plantation (monkey to monkey)31 and xenotransplantation (human to 
monkey)12. On the basis of these findings, we used tacrolimus as the sole 
immunosuppressant in our clinical trial. Histological analyses from 
previous fetal cell transplantation studies have shown that grafted DA 
neurons can survive for 9 to 16 years, even when immunosuppression 

is discontinued 6 to 18 months after transplantation32,33. Moreover, 
our positron-emission tomography (PET) study at 3, 6 and 12 months 
showed no 18F-GE180 uptake, suggesting the absence of severe inflam-
mation. As a result, we discontinued tacrolimus treatment at 15 months. 
After terminating immunosuppression, no inflammation due to 
immune response was observed in the putamen and surrounding areas, 
as evident by the absence of hyperintensity regions on T2-weighted 
and FLAIR MRI or increased 18F-GE180 uptake. Moreover, there was no 
clinical difference between HLA-matched and non-matched patients. 
However, further confirmation through long-term follow-up and 
post-mortem histological examinations is necessary for definitive 
conclusions.

Our results demonstrated a beneficial effect on MDS-UPDRS part 
III during both on- and off-time periods. Specifically, PD02, PD04 and 
PD08 showed improvements of 32.4%, 45.1% and 50.0% during off-time 
at 24 months, respectively, while PD03 showed a 9.1% improvement. 
Considering the increase in 18F-DOPA uptake, these results suggest that 

e

Pre-op 12 months 24 months

0 2

R

Semiquantitative 18F-DOPA images of PD08

PD02 PD03 PD04 PD05 PD06 PD08 Mean

a b

c d

0 6 12 18 24
0

0.001

0.002

0.003

0.004

0.005

0.006

Time (months)

P
ut

am
en

 18
F-

D
O

P
A

 K
i v

al
ue

0 6 12 18 24
–0.002

–0.001

0

0.001

0.002

Time (months)

C
au

d
at

e 
nu

cl
eu

s 
18

F-
D

O
P

A
 K

i
va

lu
e 

ch
an

ge
 fr

om
 t

he
 b

as
el

in
e

0 6 12 18 24

0

0.001

0.002

0.003

Time (months)

P
ut

am
en

 18
F-

D
O

P
A

 K
i v

al
ue

ch
an

ge
 fr

om
 t

he
 b

as
el

in
e

18
F-

D
O

P
A

 K
i v

al
ue

 r
at

io
 in

 t
he

p
ut

am
en

 t
o 

th
e 

ca
ud

at
e 

nu
cl

eu
s

0 6 12 18 24
0

0.5

1.0

1.5

2.0

2.5

Time (months)

0.002502 (104.1%)

0.000499 (18.5%)
0.000834 (18.2%)
0.001152 (44.7%)

–0.000186 (–4.3%)

0.001853 (79.5%)
0.001407 (52.0%)

2.037

1.229
1.208

1.446

1.083

1.678
1.559

Fig. 3 | DA synthesis detected by 18F-DOPA PET. a,b, Chronological changes in 
18F-DOPA Ki values (average of both sides) in the putamen for each patient from 
registration (0 months) to the end of the observation period (24 months).  
b, The Ki value changes from the baseline; the mean is represented by the black 
line. The absolute and relative (percentage) changes at 24 months are shown  
on the right. c, The 18F-DOPA Ki value (average of both sides) changes from  
the baseline in the caudate nucleus for each patient, indicating pathological 
deterioration in PD. d, The ratio of Ki values between the putamen and the 

caudate nucleus, highlighting the impact of cell transplantation on pathological 
deterioration. The percentage changes at 24 months are shown on the right.  
e, Semiquantitative 18F-DOPA images generated at 80–90 min after injection by 
subtracting the occipital background signal and normalizing the result to the 
occipital activity in patient PD08. The colour change from dark green to red  
in the bilateral putamen indicates increased 18F-DOPA uptake, reflecting DA 
synthesis by grafted cells. Pre-op, pre-operation; R, right.
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grafted cells function as DA neurons, therefore functionally replacing 
lost DA neurons. As this is an open-label trial without a control group, 
it is important to consider the potential influence of the placebo effect 
and observer bias. A systematic analysis of placebo responses (placebo 
effect plus observer bias) in nine double-blind, randomized trials of 
regenerative therapies for PD reported an average improvement of 4.3 
points in MDS-UPDRS part III OFF scores, with a 95% confidence interval 
of 3.1 to 5.6, with a mean observation time of 11.3 months34. Moreover, 
a PET study conducted in four out of nine trials showed no significant 
increase in 18F-DOPA uptake in sham-operated groups. Furthermore, 
the placebo effect in patients with PD is thought to be mediated by the 
release, rather than synthesis, of endogenous DA in the striatum35. On 
the basis of these findings, at least three patients (PD02, PD04, PD08) 
in this trial exhibited motor symptom improvements exceeding what 
could be attributed to placebo responses, potentially due to DA syn-
thesized by the graft. This interpretation should be further validated 
through post-mortem histological examinations in the future.

Among the three patients (PD02, PD04 and PD08) who exhibited a 
beneficial effect on MDS-UPDRS part III, only PD02 showed improve-
ment in both the off-time period and PDQ-39 scores. These evaluations 
are subjective and reflect the patient’s perceptions. It is possible that 
patients had very high expectations for this new treatment, and the 
results did not meet such high expectations despite objective improve-
ments. In the remaining two patients (PD05 and PD06), motor deficits 
stabilized at a similar level of decline to those receiving conventional 
medication36,37. These two patients exhibited a higher degree of dete-
rioration in motor symptoms compared with the other patients during 
the on-time, suggesting that faster neurodegeneration, especially 
in the non-dopaminergic systems, diminished the beneficial effects 
produced by the graft during the trial period. Notably, PD05 was 
69 years old at the baseline, and as previous studies on fetal trans-
plants suggest4,5, younger patients with less severe symptoms appear 
to be more suitable candidates for this treatment. Considering these 
results, refining patient eligibility criteria may enhance the efficacy 
of this treatment.

In some cases, especially PD03 and PD06, discrepancies were noted 
between the MDS-UPDRS part III scores and the Hoehn–Yahr stage. 
The Hoehn–Yahr stage emphasizes postural instability and mobility 
issues, whereas the MDS-UPDRS part III offers a more comprehensive 
evaluation of major motor symptoms in PD. Consequently, improved 
postural stability and mobility may account for the greater improve-
ment in the Hoehn–Yahr stage compared with changes observed in 
MDS-UPDRS part III scores of this study.

The substantial increase in putaminal 18F-DOPA uptake in the 
high-dose group compared with the low-dose group suggests dose- 
dependent characteristics. Plots of pre-transplant and post-transplant 
Ki values and MDS-UPDRS part III OFF scores revealed a mild overall 
trend but no clear correlation at the individual level (Extended Data 
Fig. 6i,j). This lack of correlation may be due to the complexity of cell 
replacement therapy: 18F-DOPA uptake does not necessarily reflect the 
activation of postsynaptic neurons, and motor symptoms are influ-
enced by both dopaminergic and non-dopaminergic neural circuits. 
The functional impact of grafted cells probably requires more than 
just DA delivery. Successful integration of the graft into the host brain 
is crucial for achieving meaningful clinical recovery in PD38. Another 
possibility is that the absolute Ki value is more important than its 
level of increase and that the number of surviving DA neurons is still 
insufficient. Previous studies have reported that Ki values of healthy 
individuals range from 0.010 to 0.017 (with our experience indicat-
ing a range of 0.010 to 0.015). While Parkinsonian symptoms typi-
cally emerge when Ki values decrease by 41% to 58% from the normal 
range39–41, even the highest Ki value observed at 24 months fell within 
the range associated with the onset of initial symptoms. Furthermore, 
3 out of 12 putamen samples (PD02R, PD02L, PD06L) did not show an 
increase in 18F-DOPA uptake (Extended Data Fig. 6a,b). This may be due 

to the technical limitation of measuring uptake in the whole putamen. 
However, PET images revealed distinct uptake at the injection sites 
(Extended Data Fig. 6c–h), which may have contributed to symptom 
improvement. Importantly, there was no difference in adverse events 
between low- and high-dose groups, and neither graft overgrowth nor 
GIDs were observed, even in the high-dose group. Considering these 
results, implanting more cells across a broader area may be neces-
sary to achieve more substantial therapeutic effects. The favourable 
safety profile observed in this trial provides an opportunity to explore 
whether a higher dose across a wider region can offer greater clinical 
efficacy.

Previous open-label trials using human hfVM demonstrated that cells 
engrafted into the host striatum synthesized DA and improved motor 
symptoms. In favourable cases, symptom improvement persisted for 
over 10 years without severe adverse events33,42. While two double-blind, 
placebo-controlled trials did not find significant differences between 
the graft and control groups, they did show significant motor symptom 
improvement in specific subgroups. These findings suggest that cell 
replacement therapy may be beneficial if appropriate patients are 
selected. One beneficial subgroup may be patients 60 years old or 
younger, while another included those with less severe stages (below 50 
points as evaluated by the original UPDRS part III OFF score43). Although 
our results did not fully align with age-related findings, it is notable 
that the worst case (PD05) was the oldest patient, and the best case 
(PD08) was the youngest. In terms of MDS-UPDRS part III OFF scores, 
patients PD02 and PD08, both with scores under 50, demonstrated 
symptom improvement.

As discussed above, this trial has certain limitations. First, for defini-
tive conclusions regarding the survival of mature DA neurons, inflam-
mation around the graft, and tumorigenicity, post-mortem histological 
analyses are required. Second, eligibility criteria for optimal patients 
with PD receiving cell replacement therapy have yet to be defined.  
Third, graft-derived reinnervation may cover only some DA-depleted 
striatal regions2. These latter factors may partially explain the vari-
able clinical responses observed in this trial. Fourth, this was an 
open-label trial, susceptible to influence from the placebo effect 
and physician bias. Future studies should consider a double-blind, 
placebo-controlled design to minimize these biases. Lastly, the find-
ings of this single-centre, small-sample trial should be confirmed in 
multi-centre, large-sample trials with appropriate controls.

In conclusion, while the safety and efficacy of iPS-cell-derived cell 
products continue to be investigated, this trial demonstrated the safety 
profile of iPS-cell-derived DA progenitors. After bilateral putaminal 
transplantation, the average motor severity was decreased and the 
mean 18F-DOPA uptake was increased at the 24-month follow-up. Despite 
the abovementioned limitations, these findings suggest that alloge-
neic transplantation of iPS-cell-derived DA progenitors is a safe and 
effective regenerative therapy for patients with PD. Future strategies 
may combine cell transplantation with gene therapy, medication and 
rehabilitation to enhance efficacy44. Moreover, as demonstrated in a 
single case study8, autologous transplantation using iPS cells may also 
be a promising option.
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Article
Methods

Participants
This trial is registered in Japan Registry of Clinical Trials ( jRCT) as study 
number jRCT2090220384 and in University Hospital Medical Infor-
mation Network (UMIN) as study number UMIN000033564. Patients 
with PD were diagnosed according to MDS clinical criteria14. After ini-
tial enrolment, all of the patients except for PD01 were observed for 
more than 6 months and re-enrolled just before surgery. Inclusion 
criteria included ages 50–69, a disease duration of at least 5 years, 
Hoehn–Yahr stage 3 or worse during off-time and stage 3 or better 
during on-time, at least 30% motor improvement with dopaminer-
gic medication (MDS-UPDRS19 part III) and symptoms unresponsive 
to current medications (Supplementary Table 3). Exclusion criteria 
included dementia or psychiatric issues (Supplementary Table 4). A 
complete list of inclusion and exclusion criteria, along with additional 
methodological details, is provided in the Supplementary Methods. 
All of the participants provided written informed consent according 
to the ethical guidelines of the Kyoto University Hospital Institutional 
Review Board (K044). Three patients (PD01–03) received a low-dose 
transplant (2.1–2.6 × 106 cells per hemisphere), and four patients 
(PD04–06, PD08) received a high-dose transplant (5.3–5.5 × 106 cells 
per hemisphere) (Fig. 1). The low dose of 5 million cells was selected 
based on our monkey study12, which demonstrated both safety and 
efficacy. After confirming the safety of this dose over one year, the 
cell count was increased to 10 million. Tacrolimus dosing was adjusted 
to maintain target trough levels of 5–10 ng ml−1, reduced by half at 12 
months, and discontinued at 15 months. This immunosuppression 
regimen was based on our non-human primate study12, in which a single 
treatment with tacrolimus effectively suppressed immune response 
during xenotransplantation. Histological examinations from previous 
fetal cell transplantation cases have shown that grafted DA neurons 
survived for 9 to 16 years, even with immunosuppression discontinued 
6 to 18 months after transplantation. Accordingly, tacrolimus treatment 
was discontinued at 15 months.

End points and evaluation
Primary end points included the adverse-event profile and graft 
overgrowth at 24 months (>3 cm3 by MRI) (Supplementary Table 5). 
Secondary outcomes included tumorigenic proliferation, host 
immune rejection, graft-induced dyskinesia, motor symptom changes 
(MDS-UPDRS part III) and 18F-DOPA Ki

45 at 24 months (Supplementary 
Methods).

Safety was evaluated by documenting adverse events from transplan-
tation to 24 months after operation, coded according to the Medical 
Dictionary for Regulatory Activities (MedDRA) version 26.1. Dyskinesia 
severity was assessed using the UDysRS18. Parkinsonian motor and 
non-motor symptoms were evaluated using the MDS-UPDRS19 (parts 
I–III), the Hoehn–Yahr stages in drug-on and drug-off states and LEDD. 
Motor diaries, PDQ-39, EuroQol 5-dimension 5-level (EQ-5D-5L), and the 
Work Productivity and Activity Impairment questionnaire were used for 
additional patient-reported outcomes. Tumour-like overgrowth and 
immune rejection were monitored by MRI, 18F-FLT PET46 and 18F-GE180 
PET17. DA neuron survival and differentiation were assessed through 
motor symptoms and 18F-DOPA PET. These evaluations were scheduled 
at various intervals after transplantation (Fig. 1b).

Human iPS cells
The clinical-grade human iPS cell line (QHJI01s04) used in this study 
was previously established from peripheral blood from a healthy indi-
vidual homozygous for the most frequent haplotype in the Japanese 
population (HLA-A 24:02, HLA-B 52:01, HLA-DRB1 15:02, HLA-C 12:02, 
HLA-DQB1 06:01, HLA-DPB1 09:01), which matches 17% of the Japanese 
population15,16. A master cell bank (MCB) was created, and a single MCB 
vial was thawed to induce DA progenitors for each patient. Human 

iPS cells were maintained with StemFit AK03N media (Ajinomoto) on 
iMatrix-coated (Matrixome) six-well culture dishes.

DA progenitor induction from human iPS cells
DA progenitors were induced as previously described13. Cells for 
PD01–PD03 were manufactured at Kyoto University, while cells for 
PD04–PD08 were manufactured at Sumitomo Pharma (international 
non-proprietary name, raguneprocel). In brief, human iPS cells were 
seeded at 5.3 × 105 cells per cm2 onto culture plates coated with laminin 
511-E8 fragment (defined as day 0) and cultivated for 11–13 days. To 
enrich DA progenitors and eliminate non-target cells, CORIN+ (a floor 
plate marker) cells were isolated by a fluorescence-activated cell sorter 
(BD Influx by BD Bioscience for PD01L, MACSQuant Tyto by Myltenyi 
Biotec for PD01R-PD03, Gagasort by Cytonome for PD04-PD08) on days 
11–13. Sorted CORIN+ cells were cultured in 96-well plates with neural 
differentiation medium to form aggregate spheres until day 30. DA 
progenitors were induced for each patient individually and prepared 
as fresh cells on the day of surgery. The final product containing DA 
progenitors met the quality control criteria (Supplementary Table 1), 
with cells also analysed by immunostaining and single-cell RT–qPCR 
(Extended Data Figs. 1 and 2).

Immunostaining
Aggregate spheres were fixed with 4% paraformaldehyde, frozen and 
sliced at a 10 μm thickness. Immunostaining was performed after incu-
bation with an antigen retrieval reagent (LSI Medience) and blocking 
with 0.3% Triton X-100 and 2% donkey serum for 1 h. Fluorescence 
images were obtained by using confocal laser microscopes (Fluoview 
FV1200, Olympus). The antibodies used are described in the ‘Animal 
experiments’ section below.

Single-cell RT–qPCR analysis
Single-cell cDNA preparation was performed according to the manu-
facturer’s protocol. In brief, a cell suspension of iPS cells (day 0), inter-
mediate cells before sorting (day 13) or the final product (day 30 or 
31) at 300 cells per μl were used. The cell suspension was added to C1 
suspension reagent (Standard BioTools) at a ratio of 60% for iPS cells 
or 70% for intermediate cells and DAPs. Then, 6 μl of cell suspension 
and suspension reagent mix, as mentioned above, were loaded onto 
the C1 Single-Cell Preamp IFC (10–17 μm, Standard BioTools), and the 
chip was then processed on a Fluidigm C1 instrument using the ‘STA: 
Cell Load (1782×)’ script. After cell loading, visual inspection on an 
inverted microscope observation was performed to check whether 
only one living cell was captured in each capture site. Then, the ‘STA: 
Preamp (1782×)’ script, including cell lysis, reverse transcription, and 
18 cycle of PCR, was executed. After completion, 3 μl of amplified cDNA 
was mixed with 25 μl of C1 DNA dilution reagent (Standard BioTools). 
Amplified cDNA was used for single-cell RT–qPCR using the Biomark 
HD System (Standard BioTools), according to the manufacturer’s pro-
tocol. Gene expression data were analysed and visualized using the 
Singular Analysis Toolset v.3.6.2 (Standard BioTools). Gene expres-
sion patterns were visualized on a t-distributed stochastic neighbour 
embedding plot. Unsupervised clustering of the cells was performed 
using the k-means clustering method. The spectrum of gene expres-
sion levels in each cell population was visualized by violin plots. DNA 
primer sequences are listed in Supplementary Table 6.

Cell transplantation
Cells were bilaterally transplanted into the putamen using the iPlan neu-
rosurgical navigation system (BrainLab). Trajectories were designed to 
target the dorsal and caudal putamen, avoiding sulci and blood vessels. 
The surgery was performed using the Leksell G frame system (Elekta) 
and a custom injection needle (TOP). Injection sites were confirmed 
intraoperatively by cone-beam computed tomography (CT) using 
the Artis Zeego angiography system (Siemens Healthineers). Three 



trajectories per hemisphere were used, with four to eight injections per 
trajectory, to transplant 2.1–5.5 × 106 cells per putamen (Supplementary 
Table 7 and Supplementary Methods).

Animal experiments
All of the animals were cared for and handled in accordance with the 
Guidelines for Animal Experiments of Kyoto University and Sumitomo 
Pharma. Study protocols were approved by the ethical committees 
of Kyoto University (17-87-7) and Sumitomo Pharma (2014-20). The 
same donor cells used for patients PD04 (batch, 20022), PD05 (batch, 
20048), PD06 (batch, 21004) and PD08 (batch, 21047) were used for 
transplantation experiments. Fresh day-30 cells (4 × 105 or 5 × 105 cells as 
the low dose, and 8 × 105 or 10 × 105 cells as the high dose) were injected 
into the striatum of 6-OHDA-lesioned Parkinsonian nude rats (F344/
NJcl-rnu/rnu, CLEA, aged 17–21 weeks). Methamphetamine-induced 
rotation analyses were conducted at 8 weeks after transplantation and 
every 4 weeks subsequently. Saline was injected into control rats as a 
vehicle group in each experiment. Rats are randomly assigned to cell 
and vehicle group. After 24 to 32 weeks of observation, animals were 
euthanized with isoflurane and perfused with Ca2+, Mg2+-free PBS, and 
4% paraformaldehyde. After immersion in 30% sucrose, the frozen brain 
slices at 40 μm thickness were prepared for immunohistochemistry. 
For 3,3′-diaminobenzidine (DAB) staining, brain slices were treated 
with peroxidase blocking solution (DAKO), incubated sequentially 
with primary, biotinylated secondary antibodies against rabbit IgG 
(1:1,000, Vector Laboratories) and avidin-conjugated peroxidase 
(Vectastain ABC HRP Kit, Vector Laboratories). Signal detection was 
performed using DAB (DAB Staining Kit, Muto Pure Chemicals) with 
nickel chloride. Primary antibodies used for immunohistochemistry 
are as follows: FOXA2 (goat, R&D systems, AF2400, 1:500), NURR1 
(mouse, Perseus Proteomics, PP-N1404-00, 1:300), human nucleic 
antigen (HNA) (mouse, Millipore, MAB1281, 1:500, Ki-67 (rabbit, Abcam, 
Ab16667, 1:1,000), 5-HT (rat, Millipore MAB352, 1:100) and TH (rab-
bit, Millipore, AB152, 1:400). Secondary antibodies are as follows: 
Alexa Fluor 488 anti-Mouse IgG, (donkey, Thermo Fisher Scientific, 
A21202, 1:400), Alexa Fluor 594 anti-Goat IgG (donkey, Thermo Fisher 
Scientific, A11058, 1:2,000), Alexa Fluor 594 anti-rabbit IgG (donkey, 
Thermo Fisher Scientific, A21207, 1:400) and Alexa Fluor 594 anti-rat 
IgG (donkey, Thermo Fisher Scientific, A21209, 1:400). Images were 
visualized using a fluorescence microscope (BZ-X710, Keyence) and 
confocal laser microscopes (LSM880 and LSM800, Zeiss). The number 
of immunoreactive cells for TH and HNA was quantified in every sixth 
section throughout the grafts for stereological measurements of the 
total number of cells per animal47.

Statistical analysis
Clinical data were collected by using EDMS-Online (v.3.1, EPS). Safety 
and efficacy outcomes were summarized using mean values, s.d. values 
and proportions. Statistical analyses of the clinical data were conducted 

using SAS software (v.9.4, SAS Institute). Statistical analyses of animal 
experiments were performed using GraphPad Prism (v.10.3.1, GraphPad 
Software).

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All relevant data from this trial are included in the Article and Supple-
mentary Methods.  Source data are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.



Extended Data Fig. 1 | Single-cell RT-qPCR (sc-RT-qPCR) analysis of  
cells during DA differentiation. a. t-SNE plot of sc-RT-qPCR data for iPSCs, 
intermediate cells (before CORIN-positive cell sorting), and final products. 
iPSCs and intermediate cells each form a distinct cluster, while final products 
are divided into two clusters. b. Relative proportions of cell types in each cell 
sample, determined by K-means clustering of sc-RT-qPCR data, indicate the 
final product consists of approximately 60% DA progenitors and 40% DA 

neurons. Batch #20022 was the donor cells used for PD04, Batch #20048 for 
PD05, Batch #21004 for PD06, and Batch #21047 for PD08. Batch #190909 was 
used for PD02. c. Violin plots of gene expression patterns in clusters of iPSCs, 
intermediate cells, and final products show gene expression changes during 
DA differentiation. d. Violin plots of gene expression patterns across different 
batches of final products indicate stable expression among batches.
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Extended Data Fig. 2 | See next page for caption.



Extended Data Fig. 2 | Transplantation of the same donor cells used for 
patients into rat PD models. a-d. Immunofluorescence images of donor cells 
on day 30 (n = 7 independent experiments). NURR1 (a) is a nuclear receptor 
expressed in DA neurons, while FOXA2 (b) is a transcription factor expressed in 
the floor plate. DAPI (c) is used for nuclear staining. The merged image (d) shows 
that donor cells consist mainly of DA progenitors and some DA neurons. Scale 
bars = 100 μm. e. Summary of cell transplantation experiments and results. 
Low- and high-dose cell injections were administered to examine differences  
in cell survival and behavioural improvement. f-i. Methamphetamine-induced 
rotation behaviour in rats with grafts shows improvement at approximately  
24 weeks. Data are presented as mean ± s.d. * p < 0.05, ** p < 0.01, *** p < 0.001 
versus vehicle group by a two-way analysis of variance (ANOVA) with Tukey’s 
multiple comparisons test. f. Adjusted p value = 0.033 (20 weeks) and 0.045 (24 
weeks). g. Adjusted p value = 0.006 (20 weeks), <0.001 (24 weeks), 0.002 (28 
weeks), 0.011 (32 weeks, Vehicle vs. Cell 400 K), and <0.001 (32 weeks, Vehicle 
vs. Cell 800 K). h. Adjusted p value = 0.004 (20 weeks), 0.001 (28 weeks, Vehicle 
vs. Cell 500 K), and the others <0.001. i. Adjusted p value = 0.033 (12 weeks), 
0.001 (20 weeks), 0.002 (32 weeks, Vehicle vs. Cell 500 K), 0.006 (32 weeks, 
Vehicle vs. Cell 1,000 K), and the others <0.001. jk. DAB staining for TH 

(tyrosine hydroxylase, a marker for DA neurons) in representative grafts at 32 
weeks (n = 4 independent experiments). Scale bar = 2 mm. k. Magnified image 
of the graft shown in panel j. Scale bar = 500 μm. l. Immunofluorescence image 
of the graft double-labelled for TH and HNA-positive cells indicating donor-
derived DA neurons (n = 4 independent experiments). Scale bar = 50 μm.  
m. Percentage of KI67-positive cells relative to HNA-positive cells for each 
graft. N = 8 (batch 20022), 7 (batch 20048), 9 (batch 21004), and 9 (batch 
21047) biologically independent animals, respectively. Line = median.  
n. Immunofluorescence image of the graft stained for HNA (green) and KI67 (red), 
n = 4 independent experiments. Scale bar = 500 μm. o. Magnified image of  
the graft shown in panel n, with an arrowhead indicating an HNA/KI67 double-
positive cell. p. Immunofluorescence image of the graft stained for HNA 
(green) and 5-HT (red), n = 4 independent experiments. Scale bar = 500 μm.  
q. Magnified image of the graft shown in panel p, showing the absence of HNA/5-
HT double-positive cells. DAPI staining is shown in blue. Scale bar = 50 μm.  
r. Immunofluorescence image of the host Raphe nucleus as a positive control 
for serotonergic neurons (5-HT, red) DAPI staining is shown in blue (n = 4 
independent experiments). Scale bar = 50 μm.
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Extended Data Fig. 3 | Cell survival of iPSC-derived DA progenitors.  
a. T2-weighted MR images of patient PD08, showing grafts as hyperintense 
areas. Coronal, axial, and sagittal images are displayed from top to bottom. 
Blue and yellow regions indicate areas within 3 mm of cell injection sites.  

b. Changes in graft volume as measured by T2-weighted MR images of each 
patient. Hyperintense areas within the blue and yellow regions were calculated 
(R: right and L: left).



Extended Data Fig. 4 | Changes in the Hoehn and Yahr scale for each patient. 
The Hoehn and Yahr scale was evaluated at 3, 6, 12, 18, and 24 months. “ON” 
indicates measurements taken while the patient was on medication, while 

“OFF” indicates measurements taken after the patient had been off medication 
for more than 12 h.
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Extended Data Fig. 5 | See next page for caption.



Extended Data Fig. 5 | Changes in ON-time, OFF-time, PDQ−39 scores,  
and changes in levodopa equivalent daily dose (LEDD) for each patient.  
a-f, Chronological changes in ON-time period, OFF-time period, and PDQ39 
scores for each patient from registration (0 M) to the end of the observation 
period (24 M), respectively, based on the patient’s subjective perception.  
b,d,f, Score changes from baseline, with the mean represented by the black 
line. Absolute and relative (percentage) changes at 24 months are shown on  

the right. g,h, Changes in levodopa equivalent daily dose (LEDD) for each patient. 
Medication data for each patient was collected from medical charts, and LEDD 
was calculated according to a previously established method20. g, Chronological 
changes in LEDD for each patient from registration (0 M) to the end of the 
observation period (24 M). h, Score changes from baseline, with the mean 
represented by the black line. Absolute and relative (percentage) changes at 24 
months are shown on the right.
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Extended Data Fig. 6 | See next page for caption.



Extended Data Fig. 6 | Dopamine synthesis detected by 18F-DOPA PET.  
a, Chronological changes in the fluorine-18-L-dihydroxyphenylalanine (18F-DOPA) 
Ki values for each side of the putamen for each patient from registration (0 M) 
to the end of the observation period (24 M), as a supplement to Fig. 3. b, Changes 
in Ki values from baseline, with the mean represented by the black line.  
c-h, semiquantitative 18F-DOPA images generated at 80–90 min post-injection 
by subtracting the occipital background signal and normalizing the result to 
the occipital activity for each patient (Pre-Op: pre-operation, 12 M: 12 months, 
24 M: 24 months). The colour change from dark green to red in the bilateral 

putamen indicates increased 18F-DOPA uptake, reflecting dopamine synthesis 
by grafted cells. i,j, Relationship between 18F-DOPA uptake and motor symptom 
improvement. (i) Plots of pre- and post-transplant Ki values and MDS-UPDRS 
part III OFF scores for six (PD02-08) patients. Healthy and initial symptom 
ranges are indicated based on previous studies, where Ki values for healthy 
individuals range from 0.010 to 0.017, and initial Parkinsonian symptoms 
emerge with Ki values between 0.0045 and 0.0073. ( j) Changes in Ki values  
and MDS-UPDRS part III OFF scores for each patient.
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Extended Data Table 1 | Clinical characteristics of the participants at baseline

Patients are subdivided into Low- and High-dose groups, and clinical characteristics at registration are presented. * Donor HLA-A 24:02, HLA-B 52:01, HLA-DRB1 15:02, HLA-C 12:02, HLA-DQB1 
06:01, HLA-DPB1 09:01.



Extended Data Table 2 | Core clinical measures at 0 and 24 months after bilateral transplantation

Core clinical measures at registration (0 M) and the end of observation (24 M) are presented by mean and standard deviation (SD, in parentheses). * The UDysRS is included in the safety profile, 
and results are presented for the safety population [Low-dose (N = 3), High-dose (N = 4), and total (N = 7)]. In PD01, the right-side transplantation was performed 8 months after the initial left-side 
transplantation. Therefore, the assessment interval from the preoperative period to 24 months post-bilateral transplantation was 32 months. ** This LEDD was calculated using an updated 
formula published after the trial’s initiation21. Although the average score increased, the percentage change decreased. For completeness, we have retained the data calculated using an older 
formula in Extended Data Fig. 5g,h20. LEDD, Levodopa equivalent daily dose; MDS-UPDRS, Movement Disorder Society Unified Parkinson’s disease Rating Scale; OFF, drug-off state; ON, drug-on 
state; PDQ-39, 39-item Parkinson’s Disease Questionnaire; UDysRS, Unified Dyskinesia Rating Scale.
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Extended Data Table 3 | Additional clinical measures at 0 and 24 months after bilateral transplantation

Core clinical measures at registration (0 M) and the end of observation (24 M) are presented by mean and SD (in parentheses). EQ-5D-5L, EuroQol 5–dimension 5–level, [European Quality of 
life–5 dimensions questionnaire (EQ-5D)]; EQ VAS, EuroQol Visual Analogue Scale; WPAI, Work Productivity and Activity Impairment.
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Antibodies used Primary antibodies used are as follows: FOXA2 (goat, R&D systems, AF2400, 1:500), NURR1 (mouse, Perseus Proteomics, PP-

N1404-00, 1:300), HNA (mouse, Millipore, MAB1281, 1:500, KI67 (rabbit, Abcam, Ab16667, 1:1,000), 5-HT (rat, Millipore MAB352, 
1:100), and TH (rabbit, Millipore, AB152, 1:400). Secondary antibodies are as follows: Alexa Fluor 488 anti-Mouse IgG, (donkey, 
ThermoFisher, A21202, 1:400), Alexa Fluor 594 anti-Goat IgG (donkey, ThermoFisher, A11058, 1:2,000), Alexa Fluor 594 anti-Rabbit 
IgG (donkey, ThermoFisher, A21207, 1:400), and Alexa Fluor 594 anti-Rat IgG (donkey, ThermoFisher, A21209, 1:400). 

Validation Antibodies are used under validation using adequate negative and positive control samples. 
We confirmed the staining by using animal samples when possible, or we rely on the stained samples presented in manufacturer's 
website (FOXA2 from R&D, HNA from Millipore, KI67 from Abcam, and 5-HT and TH from Millipore).

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) iPSCs are derived from human peripheral blood cells, donated by healthy volunteer. 
QHJI01s04 is provided by Center for iPS cell Research and Application (CiRA), Kyoto University, Japan. MCB003 is provided by 
Sumitomo Pharma (Tokyo, Japan).

Authentication The STR (short tandem repeat) pattern of iPSCs coincide with that of donor cells.

Mycoplasma contamination All cells are negative for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

Nothing.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Adult (9-week-old) male nude rats (F344/NJcl-rnu/rnu, CLEA, Japan) were used for this study.

Wild animals The study did not involve wild animals.

Reporting on sex In this study, only male rats were used to precisely examine the effect of transplanted cells by excluding effects of the female's sexual 
cycle on the survival or maturation of dopaminergic neurons.

Field-collected samples The study did not involve samples collected from the field.

Ethics oversight The study protocol is approved by the ethical committees of Kyoto University and Sumitomo Pharma.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  jRCT2090220384, UMIN000033564

Study protocol The study protocol was provided in the supplementary material.

Data collection This trial was conducted at Kyoto University Hospital. Patients are recruited from Aug. 1, 2018 to May 19, 2021. Data are collected 
from Sep. 25, 2018 to Jan. 18, 2024.

Outcomes Primary end points included the adverse-event profile and secondary end points involved the safety and efficacy at 24 months
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gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 
was applied.

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 
off-target gene editing) were examined.

Plants

Magnetic resonance imaging

Experimental design

Design type This was not an fMRI study.

Design specifications This was not an fMRI study.

Behavioral performance measures This was not an fMRI study.

Acquisition
Imaging type(s) T1-weighted, T2-weighted, fluid-attenuated inversion recovery (FLAIR), and T2*-weighted images

Field strength 3 Tesla scannar

Sequence & imaging parameters Whole brain

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI Used Not used

Preprocessing

Preprocessing software Functional Magnetic Resonance Imaging of the Brain (FMRIB) software

Normalization Normalization was not conducted.

Normalization template Not applicable

Noise and artifact removal Not applicable

Volume censoring Not applicable

Statistical modeling & inference

Model type and settings Not applicable

Effect(s) tested Not applicable

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference

(See Eklund et al. 2016)

Not applicable

Correction Not applicable
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n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation, 
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph, 
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency, 
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation 
metrics.
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