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Parkinson’s disease is a progressive neurodegenerative condition with a considerable
healthand economicburden'. Itis characterized by the loss of midbrain dopaminergic
neurons and a diminished response to symptomatic medical or surgical therapy as the
disease progresses?. Cell therapy aims to replenish lost dopaminergic neurons and
their striatal projections by intrastriatal grafting. Here, we report the results of an
open-label phasel clinical trial (NCT04802733) of an investigational cryopreserved,
off-the-shelf dopaminergic neuron progenitor cell product (bemdaneprocel) derived
from human embryonic stem (hES) cells and grafted bilaterally into the putamen of
patients with Parkinson’s disease. Twelve patients were enrolled sequentially in two
cohorts—alow-dose (0.9 million cells, n =5) and a high-dose (2.7 million cells, n=7)
cohort—and all of the participants received one year ofimmunosuppression. The trial
achieved its primary objectives of safety and tolerability one year after transplantation,
with no adverse events related to the cell product. At 18 months after grafting,
putaminal ®Fluoro-DOPA positron emission tomography uptake increased, indicating
graft survival. Secondary and exploratory clinical outcomes showed improvement or
stability, including improvement in the Movement Disorder Society Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS) Part Il OFF scores by an average of 23 points in the
high-dose cohort. There were no graft-induced dyskinesias. These data demonstrate

safety and support future definitive clinical studies.

Parkinson’s disease (PD) is a debilitating neurodegenerative disorder
characterized by amarked, progressive degeneration of dopaminergic
neurons in the substantia nigra and their striatal projections. Motor
features include bradykinesia with rigidity and/or resting tremor**;
non-motor manifestations are wide-ranging and include autonomic,
psychiatric, sleep and other symptoms that contribute to adeclinein
quality of life**. The global burden of PD is projected to exceed 14 mil-
lion people by 2040'. Medical therapies for PD focus on augmenting
striatal dopamine receptor stimulation or acting on other transmitter
pathways, such as acetylcholine®” or adenosine®, Surgical therapies
include deep brain stimulation, which canimprove motor symptoms®,
and magnetic-resonance-guided focused ultrasound ablation, which
can be effective for tremor and other motor features'®". Experimen-
tal approaches under investigation include the use of anti-synuclein
antibodies™", GLP1receptor agonists'" and gene therapies'®"” aimed
at neuroprotection, enhancing dopamine function or potential dis-
ease modification. Levodopa remains the cornerstone therapy but
is associated with the gradual development of complications such as
dyskinesias, a narrowing therapeutic window, off-target effects and

exacerbation of non-motor symptoms>'®, While these therapies have an
importantroleinsymptomalleviationinthe early stages, their efficacy
inevitably wanes due to ongoing attrition of dopaminergic neurons,
often accompanied by unwanted side effects such as dyskinesias. By
delivering new midbrain neurons to the striatum, cell therapy aims to
replace the degenerated dopaminergic projections and to achieve a
sustained clinical improvement in motor symptoms.
Open-labelstudies of fetal ventral midbrain tissue graftsin the stria-
tum showed some promising results®?* but were not replicated in
double-blind, randomized, placebo-controlled trials®*. The latter tri-
alsfaced multiple challenges in tissue access, and used variable clinical
design, surgical strategies and immunosuppression approaches. They
alsoreportedrelatively high rates of graft-induced dyskinesia, possibly
mediated by serotonergic neuron contaminants?. In other long-term
follow-up studies, asubgroup of patients experienced sustained clini-
cal benefit after grafting, including independence of dopaminergic
(DA) medical therapy?®, with reports demonstrating long-term graft
survivaland striatal DA innervation after brainautopsy at 14 years® and
24 years after surgery’’. The lessons learned from these studies suggest
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Fig.1| The study design. Summary of the study design. Patients were enrolled
sequentially into alow-dose thenahigh-dose cohort. The diagramindicates
thetimeline ofimmunosuppression, monthly laboratory and clinical

apotentially substantial clinical benefit for cell therapy in PD; however,
these studies also highlighted the need for a scalable cell source of
midbrain DA neurons, compatible with stringent quality-control assess-
ments and lacking unwanted cellular contaminants. Over the following
two decades, an intense effort ensued across the globe to identify a
renewable source of human midbrain DA neurons from pluripotent
stem cells (such as hES cells or humaninduced pluripotent stem (iPS)
cells) thatis suitable for clinical use.

We have previously established a protocol for the derivation of
midbrain DA neurons from hES cells®. PS cells are exposed to a care-
fully determined sequence and combination of patterning factors to
undergo directed differentiation into midbrain DA neurons through
afloor-plateintermediate stage. The resulting floor-plate-derived DA
neurons show transcriptional, biochemical and physiological features
of authentic midbrain DA neurons, and exhibit robust cell survival and
function when grafted in mouse, rat and rhesus monkey models of
Parkinson’s disease®. Optogenetic studies in grafted rodents demon-
strated that functional improvement is dependent on graft neuronal
activity and dopamine release and that the transplanted DA neurons
functionally integrate with host striatal neurons®. The protocol was
subsequently adapted to GMP-compatible conditions and large-scale
cellmanufacturing®. Stringent release criteria confirmed midbrain DA
neuronidentity and the absence of remaining pluripotent stem cells as
well as other concerning contaminants such as serotonergic neurons
and choroid plexus cells. Cryopreservation was also developed, and
four lots comprising around 10 billion cells in total were produced.
Investigational New Device (IND)-enabling studies, including tumori-
genicity, toxicity and biodistribution confirmed safety, as well as effi-
cacyinreversingrotational behaviour inmurine models of PD. Detailed
preclinical data were published in 2021****, The same cryopreserved
cellproduct tested here,named bemdaneprocel (formerly MSK-DAO1),
was then used in the clinical trial.

We conducted afirst-in-human, multisite, open-label phase I trial to
assess the safety and tolerability of bemdaneprocel in people with PD
(NCT04802733). The full eligibility and exclusion criteriaare listed in
Supplementary Table 1; patients with cognitive impairment (defined
by a Montreal Cognitive Assessment score of <26) or with dyskinesia
(AIMS rating scale > 2) were excluded. The study included two cohorts:
low-dose cohort A (0.9 million cells per putamen) and high-dose cohort
B (2.7 million cells per putamen) (Fig.1). Enrolment occurred sequen-
tially, firstinto the low-dose cohort, then into the high-dose cohort
after a30-day pause for evaluation by the data safety monitoring com-
mittee. There were two surgical sites (New York, n=9) and Toronto
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assessments, and imaging studies throughout the study. Ongoing follow-up is
anticipated for aminimum of 5years.

(n=3) and three screening and follow-up sites (New York, Irvine and
Toronto), depending on patient location of residence. The cell doses
for injection were selected on the basis of the desired number of sur-
viving DA neurons, and the measured survival rate of DA neurons in
our IND-enabling studies, which were performed with the same lot of
cells nominated for clinical use. The high dose targets the estimated
number of healthy DA neuronsin the intact substantia nigra® (300,000
DA neurons), and the lower dose targets the estimated minimal number
of surviving grafted DA neurons required for clinical benefit* (100,000
DA neurons). The patients underwent a series of clinical assessments
and rating scales, as well as magnetic resonance imaging (MRI) and
8Fluoro-DOPA (*®F-DOPA) positron emission tomography (PET) imaging
atthebaseline and at regular intervals after grafting (Fig. 1).

The primary objective was to assess the safety and tolerability at
1year after transplantation. Secondary objectives included the fea-
sibility of stereotactic transplantation; survival of transplanted cells
by ®F-DOPA uptake on PET imaging; motor effects measured using
MDS-UPDRS Part Il OFF scores® and good ON times (without dys-
kinesia and with non-troublesome dyskinesia) based on adjusted
PD diaries®; and continued safety and tolerability on the basis of the
incidence of serious adverse events (SAEs) and adverse events (Sup-
plementary Table 2). Exploratory outcomes included OFF time, ON
times with troublesome dyskinesias, the Unified Dyskinesia Rating
Scale (UDysRS), use of antiparkinsonian medications, the Non-Motor
Symptom Scale (NMSS) and the patient-reported outcome on the basis
ofthe PDQ-39 questionnaire. All safety data fromall of the participants
were used to conduct the formal analysis of the primary end point at
1year after transplantation. Secondary and exploratory end points
were also assessed at 1year and 18 months after transplantation. No
tests of statistical significance were performed due to the small number
of participants.

Vials containing cryopreserved cells were thawed under aseptic
conditions and suspended in transplantation medium, and the live-cell
concentration was adjusted to 100,000 + 10,000 cells per pl (ref. 34).
Cells were loaded into a modified cannula (Smart Flow, Clearpoint
Neuro), and administered stereotactically during a single surgi-
cal session under general anaesthesia. Cells were delivered into the
post-commissural putamen bilaterally through a single burr hole on
eachside.Intotal, nine cell deposits were made in each putamen (three
passes of the cannula; three deposits per pass). Surgery was performed
using a frameless MRI-guided approach with intraoperative imaging
atonesite (New York) and aframe-based stereotactic approach at the
other site (Toronto).


https://clinicaltrials.gov/ct2/show/NCT04802733

Table 1| Summary of treatment-emergent SAEs at 12 months post transplantation

Low dose (n=5) High dose (n=7)

Participants reporting, n (%) (total number of events)

Oevents  levent 22 events Oevents 1event 22 events

TESAE 4(80.0) 1(20.0)(1) O 6(85.7) 1(14.3) (1) 6]
Related to surgery 5(100) 0 0 6(85.7) 1(14.3) (1) 0
Related to transplanted cells 5(100) 0 0 7(100) 0 0
Related to immunosuppressive drugs 5(100) 0 (o] 7(100) (o] 0
Tumour or abnormal tissue overgrowth related to presence of transplanted cells 5(100) 0 0 7 (100) 0 0
Intracerebral haemorrhage that is deemed life threatening 5(100) 0 0 7 (100) 0 0
Deaths 0 0

Summary of treatment-emergent SAE (TESAE) for all patients, according to dose group.

To prevent graft rejection, ashort-termimmunosuppressive regimen
similar to that used for solid organ transplantation®*>’ was initiated
perioperatively and continued for 1 year. The participants received basi-
liximab 20 mgintravenously intraoperatively and postoperatively on
day 4; methylprednisolone 500 mgintravenously immediately before
surgery then tapered to oral prednisone 5 mg daily and continued for
lyear; and tacrolimus taken orally beginning on the day after surgery
(day1) and then adjusted to atarget troughblood level of 4 to 7 ng mI™
foraperiod of 1year.

Demographics

In total, 12 participants were sequentially enrolled into the low-dose
(n=5) or high-dose (n=7) cohort (Extended Data Fig. 1). The partici-
pants had amedian age of 67.0 and 75% were male, with amedian time
since diagnosis of 9 years (Supplementary Table 3). All of the partici-
pants remain engaged in the clinical follow-up.

Safety and tolerability

Predefined safety criteria for the primary outcome were satisfied at
12 months of follow-up after transplantation (Table1). There were two
SAEsreported: one participant in the low-dose cohort was hospitalized
overnight with COVID-19 approximately 2 months after the surgery
and one participant in the high-dose cohort experienced a single sei-
zure attributed to the surgical procedure within 24 h of surgery that
prolonged hospitalization by 1 day. The participant received leveti-
racetam for 2 months with no recurrence of seizure during or after
discontinuation of the anticonvulsant. There were no deaths, no SAEs
related to transplanted cells orimmunosuppression, and there were no
tumours, abnormal tissue overgrowth or intracerebral haemorrhages
detected with MRI, which showed the expected postoperative changes
(Extended DataFig. 2).

In addition to the two SAEs reported in the 12-month post-
transplantationanalysis, an SAE of gastrointestinal haemorrhage requir-
ing hospitalization was reported approximately 15 months after sur-
gery, 3 months after discontinuation of prednisone. This was assessed
asunrelated to the study procedures and was subsequently resolved.

Through 18 months after transplantation, there were 78 cumulative
treatment-emergent adverse events (TEAEs), described in Extended
Data Tables 1-5. Most were mild or moderate in severity except for
one fall that was deemed to be unrelated to treatment. No TEAEs
were related to bemdaneprocel. MRl imaging by 18 months did not
show evidence of tumours or changesin the putaminal volume. Nota-
bly, there were no reports of adverse events or clinical indications
of graft-induced dyskinesias (GIDs) to date. Transplant feasibility
was achieved, with intraoperative delivery of the total number of all
intended cell deposits in all of the participants.

Secondary and exploratory outcomes

The two main secondary clinical readouts were MDS-UPDRS Part Il1
OFF and changes in the number of waking hours in the ON state.
A brief description of rating scales is provided in Supplementary
Note 1. At 18 months after transplantation, the MDS-UPDRS Part Il
showed improvementinthe OFF state with adecreasein mean (s.d.) of
8.6 points (29.2) from the baseline to 34.6 (9.2) in the low-dose cohort,
and amean decrease of 23.0 points (7.9) from the baseline t0 25.2(8.7)
inthe high-dose cohort (Fig.2a,b). The mean good ONtimes, based on
adjusted PD diaries, increased by 0.2 h (3.8 h) fromthe baselineto12.3 h
(3.2 h) in the low-dose cohort and by 2.7 h (1.6 h) from the baseline to
13.6 h (1.9 h) inthe high-dose cohort (Fig. 2c,d). Among the exploratory
end points (Fig. 2e—h), MDS-UPDRS Part Ill ON scores also improved
withadecreaseinthe mean (s.d.) of 7.6 points (15.3) from the baseline
t013.4(7.3) inthe low-dose cohort and of 8.4 points (5.6) from the base-
line to15.9 (8.9) in the high-dose cohort (Fig. 2e). The mean (s.d.) OFF
times, based on adjusted PD diaries, decreased by 0.8 h (3.3 h) from the
baseline to 2.5 h (3.1 h) in the low-dose cohort and decreased by 2.7 h
(1.8 h) fromthebaseline to 2.3 h (1.9 h) inthe high-dose cohort (Fig. 2f).
MDS-UPDRS Part Il scores increased by amean (s.d.) of 2.4 points (2.6)
fromthebaselineto13.2 (3.6) in the low-dose cohort and decreased by
2.7 points (5.2) from the baseline t0 10.0 (4.6) in the high-dose cohort
(Fig. 2g). The mean (s.d.) PDQ-39 summary index scores increased
(worsened) by 0.4 points (7.4) from the baseline to 25.4 (6.8) in the
low-dose cohort and decreased (improved) by 4.2 points (8.2) from the
baseline to10.9 (8.7) in the high-dose cohort (Extended Data Table 6).
Across the total study population, ON times with troublesome dyskine-
sias (Extended Data Table 7) and use of antiparkinsonian medications
were similar to the baseline (Extended Data Table 8). UDysRS scores
were similar to the baseline in both cohorts (Fig. 2h). The NMSS scores
varied across domains, with total scores trending towards stability in
the high-dose cohort (Extended Data Table 9).

Graftsurvival

We performed serial ®F-DOPA PET imaging studies to obtain evidence
of DA graft survival, akey secondary imaging-based end point. Quanti-
tative analysis using the volume of interest (VOI) method revealed an
increase inthe mean uptake across the low- and high-dose cohorts bilat-
erally in the putamen, and stable to decreased uptake in the caudate.
Uptake datapoints are shown for eachindividual patientinboth cohorts
(Extended Data Fig. 3). An image of the mean 'SF-DOPA uptake signal
is shown for the entire group (Fig. 3) and for the low- and high-dose
cohorts (Extended Data Fig.4) across multiple slices through the stria-
tum. Individual patient dataare also provided as source data. These data
support DA neuronsurvival through the 18-month post-transplantation
timepoint, 6 months after discontinuation of immunosuppression.
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Fig.2|Clinical outcomes 18 months after transplantation.a,b, Secondary
end points:individual MDS-UPDRS Part 11l OFF scores in the low-dose (a)

and high-dose (b) cohorts at the baseline and at different timepoints after
transplantation. c¢,d, Individual PD diary good ON time at the baseline and at
different timepoints after transplantationin the low-dose (c) and high-dose (d)
cohorts.Bold linesare mean +s.d.; exact values are given asmean (s.d.) beneath
eachdatapoint.e-h, Exploratory end points: individual scores on MDS-UPDRS
PartII1ON (e), Adjusted PD diary OFF time (f), MDS-UPDRS Part 11 (g) and
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UDysRS objective subscore (h) at the baseline and at different timepoints after
transplantationin the low-and high-dose cohorts. Bold linesare mean +s.d. The
baseline value (0 months) is defined as the last recorded value before surgery.
The double dagger symbol (1) indicates the exception that, for MDS-UPDRS
Part 11l OFF at 18 months after transplantation, n= 6. The total possible score
for the MDS-UPDRS PartIllscaleis132, for the MDS-UPDRS Part Il scaleis 52 and
for the UDysRS objective scaleis44. Good ONtimeis the sum of ON time without
dyskinesiaand ON time with non-troublesome dyskinesia.
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Fig. 3 | PET images of'®F-DOPA uptake signal in the striatum.  Images of
the *®F-DOPA PET uptake signal at multiple sections through the striatum,
presented as the mean uptake of all patients (n = 12 at all timepoints except at
18 months, for which n = 11). Images of*®F-DOPA uptake were produced by
dividing each original PET image by the occipital count and then subtracting 1.
Formula: image of **F-DOPA uptake = (PET image/occipital count 1).

Discussion

In this first-in-human phase | trial, bilateral putaminal transplantation of
bemdaneprocel, a hES cell-derived DA neuron progenitor cell product,
was generally well tolerated and achieved predefined safety criteria
at 12 months as a primary end point. Safety data through 18 months
continued to indicate a favourable safety profile. The treatment pro -
cess, including surgery and immunosuppression, was generally well
tolerated. A high incidence of GID was reported in two randomized con -
trolled trials 2% of fetal ventral mesencephalic transplants (56% (n = 13
out of 23) and 15% (n = 5 out of 33) of grafted participants). This was a
serious complication and was considered one of the major drawbacks
of cell therapy at the time. The absence of GID in our study through
18 months is therefore particularly notable. This may relate to the lack

of serotonergic neuron contaminants in bemdaneprocel, as preclinical
studies confirmed the absence of serotonergic neurons in vitro and

in vivo at 9 months after grafting 3. Longer-term clinical and imaging
follow-up is ongoing to monitor for the possibility of delayed onset
GIDs or other adverse events.

Although this phase | study is not designed nor powered for deter-
mining efficacy, there is nonetheless a possibility of improvement in
the key secondary outcomes, including the MDS-UPDRS OFF motor
scores, reflecting improved motor function without the benefit of
anti-Parkinsonian medication. This scale was selected as an outcome
measure as it is the most widely used PD scale; it is well validated
with high inter-rater reliability, and is sensitive to clinical changes .
Our data show a mean change of 8.6 points in the low-dose cohort
and 23 points in the high-dose cohort, consistent with a moderate
and large ‘clinically important difference’ in motor scores  *, respec-
tively. Coupled with the stabilization or possible improvement in
other secondary and exploratory motor, non-motor and quality-of-life
outcomes, the data suggest a promise for potential clinical benefit.
However, these data need to be interpreted cautiously in view of the
open-label study design, the small patient cohort, the relatively short
observation period, the expected fluctuations in PD symptoms and
the possibility of placebo effects, which can be substantial in studies
of PD. Longer-term and larger studies are required to more rigorously
evaluate the safety and efficacy of this cell therapy for PD. The clinical
data also show a greater amplitude of changes in UPDRS motor scores
and reduction in OFF times, and an earlier onset of improvement, in
the high-dose group.

Establishing an optimal cell dose involves multiple considerations.
While the grafted DA neuron progenitors are expected to become
post-mitotic and mature without obvious in vivo expansion, as con -
firmed in preclinical studies, the rates of progressive graft matura -
tion and functional integration within the host tissue are unknown .
Another unknown factor is the impact of the ongoing disease on the

graft itself. Fetal grafting studies showed evidence of Lewy body for -
mation within the graft; however, such disease transmission occurred
only in later stages (more than a decade) after transplantation and
affected only a minority of grafted DA neurons ***. Nevertheless, the
precise kinetics of hES cell-derived midbrain DA neuron maturation in
grafts and their relative disease vulnerability remains unclear, which
complicates the dose-finding process.

An encouraging finding in our study was the evidence of likely graft
survival on the basis of **F-DOPA PET, 6 months after cessation of immu-
nosuppression. However, PET data should be interpreted cautiously
owing to limitations in the resolution, signal-to-noise ratio and variabil -
ity across and within patients as well as between the low- and high-dose
cohorts. Furthermore, the correlation between **F-DOPA PET uptake
and clinical performance can be variable, and graft survival alone is not
sufficient to predict long-term patient benefit. In past fetal allograft
studies, the dosing, duration and type of immunosuppression was
inconsistent. 2?4, Data from one of the two randomized clinical trials
suggested a potential decline in clinical function after discontinua -
tion of immunosuppression %, yet autopsy reports in other studies
demonstrated graft survival many years after surgery and discontinu -
ation of immunosuppression. Our results suggest that the dosing and
duration of immunosuppression were sufficient, well-tolerated and
protected cell survival and function; longer-term follow-up data will
be critical to confirm these findings. An alternative strategy to over -
come graft rejection could lie in the use of an autologous iPS-cell-based
DA-neuron-grafting approach. An initial single case report has been
described to demonstrate feasibility “¢. However, consistently manufac -
turing and releasing an autologous product poses new challenges, and
the possibility exists that the autologous nature of the cells may entail
an increased risk of genetic susceptibility to develop disease. Thus,
the feasibility of allografting without long-term immunosuppression,
coupled with cryopreservation, offers an off-the-shelf approach 3" that
could facilitate the broader application of this therapy in the future.

Finally, our findings should be interpreted carefully within the con-
text of a small and unblinded safety and tolerability study that achieved
its primary outcome and was not designed to evaluate efficacy based
on clinical outcomes. Despite this, the possible improvement in PD
symptoms at 18 months after transplantation may translate in future
trials to an important finding. There are currently several ES-cell- or
iPS-cell-based grafting studies that are ongoing or close to initiation
in the US, Asia and Europe, highlighting considerable enthusiasm for
cell therapy for PD. These studies will probably differ in many aspects,
including autologous versus allografts, cell dosing, patient selection,
immunosuppression, surgical strategies and other criteria; they will
therefore provide valuable insights into future study design and the
value of cell grafting in PD. Taken together, our data support moving
towards larger definitive clinical studies.
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Methods

Cell preparation

Inbrief, master banks of undifferentiated WA09 (H9) cells (passage 28)
were obtained from the WiCell Research Institute. The cells were manu-
factured under cGMP conditions to establish working cell banks that
were further certified by Waisman Biomanufacturing. The cells passed
abattery of testsincluding cell authentication by short tandem repeat
(STR) analysis, karyotype and marker expression, as well as testing for
adventitious viruses and mycoplasma. The full protocolis describedina
previous publication**. cGMP manufacturing of MSK-DAO1 cells, which
were differentiated from hES cells (WAQ9 at passage 33), was performed
at the Cell Therapy and Cell Engineering Facility (CTCEF) at MSKCC.
WAOO9 cells were thawed and expanded on Geltrex coated flasks/
dishes in Essential 8 basal medium with supplement for 10-14 days.
Cells were split by Dispase (Stem cell Technologies) every 3-5 days
at aratio usually between 1:4 and 1:6. For MSK-DAO1 differentiation,
single cells WAO9 were washed and plated on Geltrex at 400,000 cells
per cm?in Neurobasal medium with N2 and B27 (without vitamin A)
containing 2 mM L-glutamine, 10 pM SB431542, 250 nM LDN193189
(LDN), 0.7 pM CHIR99021 and 500 ng mI™ SHH with 10 pM Y-27632. The
mediumwas replaced daily thereafter without adding Y-27632. On day
4,7.5 UM CHIR99021 was added. The same medium was replaced on day
6.0n day 7 SB, LDN and SHH were withdrawn from the medium. The
same medium was changed on day 9. On day 10, Neurobasal medium
(with B27) with 2 mM L-glutamine, 20 ng ml™ BDNF, 20 ng mI™ GDNF,
200 pM ascorbic acid, 500 pM dibutyryl-cAMP, 1 ng ml™ TGFB3 and
3 UM CHIR99021 was added. On day 11, cells were dissociated to sin-
gle cells with Accutase for 30-40 min and replated on plates coated
with poly-ornithine (15 pg ml™, Sigma Aldrich), fibronectin (1 pg ml™,
Akron Biotech) and laminin (2 pg ml™, Trevigen) at 800,000 cells per
cm?using the same medium as on day 10. On day 12, the medium was
switchedtoinclude10 uM DAPT and CHIR99021 was withdrawn. Com-
plete medium changes were performed daily until collection at day
16. At day 16 of differentiation, MSK-DAOL cells were dissociated with
Accutase for 30-40 min and filtered through a 40 pm cell strainer.
The cell pellets were resuspended at a cell density of 8 million cells
per ml of STEM-CELLBANKER and placed in a controlled-rate freezer
(Thermo Fisher Scientific) for cryopreservation. Cryopreserved vials
were stored in the secured GMP Facility freezer and monitored 24/7
by a Datatron system.

Study design and participants
This trial included two cohorts: alow-dose (cohort A; 0.9 million cells
per putamen) and a high-dose (cohort B; 2.7 million cells per putamen)
cohort (Extended DataFig.1). Enrolment occurred sequentially, firstinto
thelow-dose cohort, theninto the high-dose cohort after a30-day pause
for evaluation by the data safety monitoring committee. The eligible
participants (Supplementary Table 1) were aged at least 50 to 78 years
(Canada) or at least 60 to 78 years (United States) with a confirmed
diagnosis of PD for 3 to 20 years before screening and Hoehn-Yahr
ON score of 0 to 3 (Canada) or ON score of O to 2 and OFF score of 3 to
4 (United States). The fullinclusion and exclusion criteriaare described
inthe protocol, whichis provided in the Supplementary Information.
The participants attended screening, baseline and preoperative visits
before surgery. After transplantation, the participants underwent a
postoperative evaluation on day 10. A battery of questionnaires and
clinical rating scales were administered during site visits throughout
the study, with a total follow-up of 5 years after transplantation; the par-
ticipants completed PD diaries athome before each visit,and adverse
events were assessed throughout the trial.

Primary, secondary and exploratory outcomes
Accordingtothe protocol, the primary end point was the incidence of
SAEs. Safety success criteriawere defined as: two or fewer participants

in either cohort developing two or more SAEs related to surgery, the
presence of transplanted cells or immunosuppression; two or fewer
participantsin either cohort developing atumour or abnormal tissue
overgrowthrelated to the presence of transplanted cells; two or fewer
participantsineither cohort developing anintracerebral haemorrhage
that was deemed to be life threatening; and one or zero deathsin either
cohort. Secondary objectives (Supplementary Table 2) included the
feasibility of stereotactic transplantation; survival of transplanted
cells by ®F-DOPA uptake on PET imaging; motor effects measured
by Movement Disorder Society Unified Parkinson’s Disease Rating
Scale (MDS-UPDRS) Part Ill OFF scores and adjusted PD diary good
ON times (the sum of ON time without dyskinesia and ON time with
non-troublesome dyskinesia); and safety and tolerability by the inci-
dence of SAEs and adverse events.

Neuroimaging
8F-DOPA PET studies and analysis were performed at a single imaging
site by investigators blinded to clinical and dose information.

BF-DOPA PET acquisition. The participants underwent three-
dimensional PET imaging at the baseline, and at 12 and 18 months
after transplantation. Images were acquired on a high-resolution,
high-sensitivity PET tomograph (GE Discovery IQ-5 ring PET/CT
Scanner, General Electric Medical Systems; parameters: full-width-
at-half-maximum = 5 mm, axial field of view =26 cm, slice thick-
ness = 3.3 mm, 79 slices). Acquisition began approximately 80 to
100 min after a 5.0 mCi intravenous injection of F-DOPA. The par-
ticipants paused antiparkinsonian medication 12 h before scanning and
were given 150 mg of carbidopa orally within120 min before ®*F-DOPA
injection in accordance with FDA prescribing information. *F-FDOPA
PET image reconstruction used the VUEPointHD ViP (VPHD) method,
a3Diterative OSEM (ordered subset expectation maximization) algo-
rithm with 4 iterations and 12 subsets after corrections for attenua-
tion and scatter. The image resolution was approximately 5 mm in all
directions.

BF.DOPA PET analyses. We created a priori group mean of striatal to
occipital ratio (SOR-1) images computed for each timepoint, as well
asapriori VOI-based analyses. The SOR-1images (Fig. 3) were derived
to provide an anatomical visualization of potential change in group
mean'®F-DOPA uptake signal over the striatum across the timepoints.
The VOI-based analyses were performed to provide group x time
quantification of ®F-DOPA uptake signal within prespecified regions
within the striatum (that s, posterior putamen, surgical target region of
implanted cells; caudate, control region, noimplanted cells).

Mean image derivation in the standard brain space. *F-DOPA PET
images for each participant were realigned across individual time
frames and then registered together to the high-resolution T1struc-
tural MRI scan (see below) using SPM12 software (https:/www.fil.
ion.ucl.ac.uk/spm). The registered PET images were converted into
volumetric maps of specific ®F-DOPA uptake defined by (image/
occipital counts —1; SOR-1), with the occipital cortex used as areference.
The SOR-1images of "®F-DOPA uptake before and after treatment were
spatially normalized into the standard Montreal Neurological Institute
anatomic space (https://mcin.ca/research/neuroimaging-methods/
atlases). The group mean for the entire cohort was then produced
from these images at each timepoint and displayed using the SOR-1
scalereported in the main text (Fig. 3).

MRI-guided VOI analysis of striatal '*F-DOPA uptake in the native
brain space. *F-DOPA PET images for each participant were rea-
ligned across individual time frames and then registered together to
the high-resolution T1structural MRIscan (see below) in native space
using SPM12. 8F-DOPA PET images were maintained in the native space
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without performing spatial normalization. Anatomical structures of
the caudate nucleus and putamen were segmented in the MRI scan
using an automated processing routine implemented with FSL soft-
ware*® (https:/fsl.fmrib.ox.ac.uk/fsl/docs/#/install/index). The reg-
ions of the anterior and posterior putamen were then separated using
asemi-automated procedure involving realignment of the anterior
commissure—posterior commissure planes on the MRIscan.*F-DOPA
counts were computed automatically in each striatal VOI, including the
caudate nucleus, anterior and posterior putamen and occipital cortex
(16 mmdiameter sphere in each hemisphere). The *F-DOPA uptake was
then calculated (regional ®F-DOPA counts/occipital counts — 1) using
FSLwiththe occipital cortex used as areference. Individual datapoints
for the anterior putamen, posterior putamen and caudate are shown
for both the low- and high-dose cohorts (Extended Data Fig. 3). This
method had been previously validated**° and used successfully in the
PET imaging studies of fetal cell transplantation®*>52,

MRI studies. MRI studies of the brain (1.5 Tesla and 3 Tesla) were per-
formed using standardized acquisition protocols at screening, preop-
eratively for surgical planning, intraoperatively, postoperatively, and
1,3, 6,12 and 18 months after transplantation.

Demographics

Between 3 May2021and 30 March2022, 17 participants were assessed
for eligibility; five were excluded due to screening failure. The remain-
ing12 participants were sequentially enrolled into the low-dose (n = 5)
or high-dose (n =7) cohort (Extended Data Fig. 1). At the time of the
last participant completing the 18-month visit, the median (min, max)
follow-up time was 21.2 months (18.5, 24.7) and all of the participants
were still engaged in clinical follow-up. The participants had amedian
age of 67.0 years (quartile1(Ql), Q3: 64.5,70.0); 67% were white and 75%
were male (Supplementary Table 3). The median (Q1, Q3) time since
diagnosiswas 9.0 (5.9,11.5) years. At the baseline, all of the participants
had aHoehn-Yahr ON score of 2; 11 participants had a Hoehn-Yahr
OFF score of 3 and one participant (low-dose cohort; Canada) had a
score of 2.

TEAEs

TEAEs most frequently experienced by participants (Extended Data
Table 6) were in the nervous system disorders (11 TEAEs in eight par-
ticipants; Extended Data Table 7) and infections and infestations (10
TEAEs in seven participants; Extended Data Table 8) system/organ
classes. Of the infections, one TEAE each of oral herpes and urinary
tract infection was considered to be related to immunosuppression.
No TEAEs were related tobemdaneprocel. Aside from two severe TEAEs
(onefalldeemed unrelated to treatment and the aforementioned SAE
of gastrointestinal haemorrhage), all others were mild or moderatein
severity (Extended Data Table 4).

Statistics

All safety data from all of the participants were used to conduct the
formal analysis of the primary end point at 1 year after transplantation.
Secondary and exploratory end points were also assessed at 1 year
and 18 months after transplantation. Inferential statistical testing was
not performed due to the small number of participants. Descriptive
statistics (mean (standard deviation (s.d.)) or percentage (counts))
were tabulated by cohort.

Trial oversight

Thetrial was conductedin accordance with the protocol and all applica-
blelocal government laws, regulations and guidance, including policies
withfoundationsin the World Medical Association Declaration of Hel-
sinki, the International Council for Harmonisation of Technical Require-
ments for Pharmaceuticals for Human Use. An institutional review
board at Memorial Sloan Kettering Cancer Center and Weill Cornell

Medicine reviewed and approved the clinical protocol (submitted with
the Article) and the patient consent form. All of the participants signed
the informed consent. (MSKCC: IRB no. 18-518 on 6/8/2021; WCM IRB
no:1810019690 on 14 January 2019). A data safety monitoring commit-
tee and the institutional review boards monitored trial progression
and data handling. The Tri-institutional Human Embryonic Stem Cell
Research Oversight committee (ESCRO) at MSKCC and WCM approved
the study and the consent on 11 October 2019.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Data supporting the findings of this study, including de-identified
participant-level data, are provided within the Article and its Supple-
mentary Information. The study protocol and statistical analysis plan
arealsoincludedin Supplementary Note 2. For further information on
exploratory end points thatare not described in this Article, investiga-
tors who provide a methodologically sound proposal may submit a
request to medinfo@bluerocktx.com. Requests will be assessed and
responded to within 30 days of receipt. Source dataare provided with
this paper.
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Extended DataFig.1|Patient Disposition. Diagram detailing the disposition of all participants. The 12 participants who passed screening were enrolled

sequentially into the low-dose cohort (N =5) or high-dose cohort (N=7).
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Extended DataFig.2|Representative Magnetic Resonanceimages.
Representative axial Tl-weighted and sagittal Flair MRIimages obtained at

haemorrhage, mass, lesion, and/or cellular overgrowth. Transplanted cells
baseline, 6 months,12 months and 18 months. No evidence of intracerebral

wereindiscernible; needle tracks exhibit gliosis asexpected and are best seen
inthelower panels. MRI: Magnetic resonance imaging.
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VOI-Based Analysis of '®F-DOPA PET Uptake
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Extended DataFig. 3 |See next page for caption.



Extended DataFig. 3| Quantification of *F-DOPA PET uptakeinthestriatum.  section.N=12for all timepoints with 2 exceptions: one patient missed the

Volume of interest (VOI)-based analysis of ®F-DOPA PET uptake signal in the 18-month timepointscan, and another patient had their 18-month timepoint
anterior putamen (a), posterior putamen (b) and the caudate (c) at baseline, scan performed at week 91 (at -21 months) post grafting (dataincluded).
12 monthsand 18 months, forindividual patientsin the low and high dose Boldlinesineach panel represent the mean + SD.

cohorts. Datais obtained viathe VOl method as described in the Methods
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Extended DataFig.4|PET images of ®*F-DOPA PET uptake signalin the subtracting 1. PET, positron emission tomography. N =12 for all timepoints
two dose cohorts. Images of '®F-DOPA PET uptake signal at multiple sections with 2 exceptions: one patient missed the 18-month timepointscan, and
through the striatum, presented as mean uptake at baseline, 12 months, and another patient had their 18-month timepoint scan performed at week 91
18 monthsinthe low dose cohort (top) and high dose cohort (bottom). Images (at-21months) post grafting (dataincluded).

were produced by dividing each original PET image by occipital countand then





