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While clinical trials of human pluripotent stem cell-derived midbrain dopamine (mDA) neuron precursor grafts for
Parkinson’s disease (PD) are ongoing, current protocols remain suboptimal. In particular, the yield of TH+ mDA neurons after
in vivo grafting and the expression of certain mDA neuron and subtype-specific markers require improvement. Single-cell
transcriptomic analyses of grafts have revealed low proportions of mDA neurons and substantial off-target contamination.
Here, we present an optimized mDA neuron differentiation strategy that builds on our clinical-grade (“Boost”) protocol by
adding FGF18 and IWP2 treatment (“Boost+") at the neurogenesis stage. Boost+ mDA neurons show higher expression of EN1,
PITX3, and ALDH1A1. Improvements in mDA neuron yield and transcriptional similarity to primary mDA neurons are observed
in vitro and following transplantation. Single-nucleus RNA sequencing demonstrates enrichment of A9 mDA neurons

within Boost+ grafts. Functional studies in vitro demonstrate increased dopamine production and release and improved
electrophysiological properties. In vivo analyses show higher percentages of TH+ mDA neurons, resulting in efficient rescue
of amphetamine-induced rotation behavior in the 6-OHDA rat model and rescue of deficits in some nondrug-induced assays,
including the ladder rung assay, which are not improved by Boost mDA neurons. The Boost+ conditions present an optimized

Introduction

Parkinson’s disease (PD) is the second most common neurode-
generative disease, characterized by the progressive degeneration
of midbrain dopamine (mDA) neurons, resulting in motor symp-
toms such as tremor, gait imbalance, and bradykinesia (1). Cell
replacement therapy via transplantation of mDA neuron precur-
sors presents a promising strategy to reverse motor dysfunction
in PD both at the cellular and circuit levels (2, 3). Human pluri-
potent stem cells (hPSCs), both human embryonic stem (ES) and
induced pluripotent stem (iPS) cells, provide a scalable source for
generating mDA neurons (4, 5). Grafting hPSC-derived mDA neu-
rons has shown success in preclinical animal models of PD (6-9)
and moved from preclinical to clinical translation in PD patients
(10-15). Despite such rapid progress, mDA neuron yield remains
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differentiation protocol with advantages for disease modeling and mDA neuron grafting paradigms.

suboptimal, with only around 10% of total cells within the graft
expressing tyrosine hydroxylase (TH), the rate-limiting enzyme
for dopamine synthesis (10-12, 16-18). In most studies, hPSC-
derived mDA precursor grafts yield a mixture of cells, which include
off-target populations, including subthalamic and hindbrain neurons,
astrocytes and oligodendroglia, and nonneural cells such as vascular
leptomeningeal-like cells (VLMCs) (4).

Early work demonstrated mDA neuron derivation via a mid-
brain floor plate intermediate (19, 20). Several groups have further
optimized floor plate-based mDA neuron derivation by modifying
timing and duration of patterning factors modulating WNT, SHH,
and FGF8 signaling. However, considerable variability remains in
mDA neuron yield and the presence of potential off-target popu-
lations (4). Common mDA neuron markers FOXA2 and LMX1A
are also expressed by anterior, subthalamic precursor lineages (9, 21).
EN1 demarcates the midbrain from anterior, diencephalic domains
(22), and ENT1 expression is a predictor of graft outcome (9). How-
ever, EN1 extends into the anterior hindbrain. OTX2 marks mid-
brain but not hindbrain anlage, and the quadruple expression of
FOXA2+LMX1A+EN1+OTX2+ defines the desired precursor
population. Previous work reported that late administration of
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FGF8b during mDA differentiation leads to improved EN1 expres-
sion in FOXA2+LMX1A+ precursors and reduces anterior off-target
cells (9). However, protocols applying FGF8b have been shown to also
generate VLMC-like cell types, expressing fibroblast makers such as
COL1A1 and PDGFR in vitro or after transplantation in vivo (23, 24).

The derivation of substantia nigra pars compacta (SNc) A9
mDA neurons is particularly important for cell-based therapy in
PD, given their selective loss in PD. Mouse developmental studies
identified ALDH1A1 as a key A9 mDA neuron marker (25) within
the SOX6+ lineage, marking a subset of SNc mDA neurons high-
ly vulnerable in PD (26). Several recent studies have characterized
mDA neuron diversity during development in vivo (21, 25, 27, 28).
However, there is a paucity of single-cell data from hPSC-derived mDA
neurons after grafting. Early studies showed that single-cell RNA-seq
(scRNA-seq) of hPSC-derived mDA precursor grafts captures a
very low yield of mDA neurons, representing less than 7% of the
total cells sequenced with more than 90% off-target cells including
VLMC:s (24). The scRNA-seq—based mDA neuron proportion dif-
fers significantly (up to 10-fold) from the percentage of mDA neu-
rons reported by histological data (24), suggesting low efficacy of
neuron capture by scRNA-seq due to selective loss during enzymatic
and mechanical dissociation (29). A rigorous single-cell framework
for assessing lineage fidelity, subtype identity, and off-target popula-
tions in hPSC-derived grafts is therefore essential.

Here, we present a protocol called Boost+, based on our previ-
ously reported Boost differentiation conditions (6), which was the
foundation of our clinical mDA product. Boost+ includes addition-
al treatment with FGF18 at the stage of neurogenic differentiation
to maintain EN1 expression without significantly inducing VLMC-
like lineages. Concomitant treatment with the WNT inhibitor
IWP2 enhances mDA neuron marker expression, reduces off-target
markers, and triggers increased ALDH1A1 expression. The result-
ing Boost+ mDA cell product yields a higher portion of TH+ mDA
neurons in vitro and elevated expression of EN1 and PITX3. Fur-
thermore, Boost+ patterned mDA neurons exhibit improved elec-
trophysiological function and increased dopamine release. Using
single-nucleus RNA-seq, we demonstrate a marked enrichment of
mDA neurons within Boost+ grafts and an increased proportion
of ALDHIA1* mDA neurons closely resembling primary human
A9 mDA neurons. Both Boost and Boost+ grafts rescue drug and
nondrug-induced PD behaviors in the 60HDA lesion rat model,
but Boost+ grafts induce recovery in additional assays including
the ladder rung test.

Results

FGF18 and IWP2 at neurogenic conversion induce improved yield of
mDA neurons. We recently reported on the Boost protocol to derive
mDA neurons suitable for clinical translation involving the bipha-
sic activation of WNT signaling and resulting in robust EN1 levels
at day 11 of differentiation (6). However, EN1 expression in the
Boost protocol decreases by day 16 (Supplemental Figure 1A; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI190954DS1). In contrast, EN1 remains highly
expressed in primary mDA lineages (30, 31) and FGF signaling
is required to sustain its expression (32). Several groups have used
FGF8b treatment during either early or late stages of mDA neuron
differentiation (9, 19). In the Boost protocol, exogenous FGF8b is
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not required for EN1 induction at the floorplate stage, as WNT-
Boost triggers endogenous FGF8b expression and expression of
FGF8-dependent genes such as PAX2, PAX5, and PAX8 (6). In
contrast, late FGF8b during neurogenic differentiation maintained
EN1 (Supplemental Figure 1, B and C) but also induced off-target
markers such as SIX1 and SMA, a finding highly dependent on
the onset and duration of FGF8b treatment (Supplemental Figure
1, B and C). To overcome this trade-off, we tested an alternative
ligand FGF18 (33), which unlike FGF8b, is selectively expressed in
the midbrain (34). Both FGF8b and FGF18 significantly increased
ENI1 expression, similar to a recent study testing the ability of
FGF17 and FGF8 to induce EN1 (35). However, FGF18 showed
reduced SIX1, SMA, and COL1A1 induction compared to FGF8b
treatment (Supplemental Figure 1, D-F).

‘While WNT activation is essential for EN1 induction, extend-
ed canonical WNT signaling may interfere with mDA neurogene-
sis (36—38). Accordingly, we conducted studies using the porcupine
inhibitor IWP2 to trigger timed abrogation of both canonical and
noncanonical WNT signaling. Flow analysis, immunofluorescent
staining, and RT-qPCR demonstrated that adding IWP2 together
with FGF18 during neurogenic conversion (called Boost+) leads
to a high percentage of quadruple FOXA2+LMX1A+OTX2+
EN1+ cells at day 16 comparable to FGF18 alone (Figure 1, A-C,
and Supplemental Figure 1, G and H). However, cotreatment
with FGF18 and IWP2 induced increased ALDH1A1 expression
(Supplemental Figure 1H). Boost+ was similarly effective across
additional hPSC lines, including MEL1 hESCs and J1 iPSCs (Sup-
plemental Figure 1, I and J). At postmitotic stages, Boost+ mDA
neurons exhibited higher levels of key identity markers, including
ENI1 and PITX3 (Figure 1, D and E). Quantitative RNA FISH and
studies on purified mDA neurons based on surface marker expres-
sion (39) confirmed higher expression of PITX3 and dopamine
transporter (DAT) in Boost+ versus Boost mDA neurons (Figure 1,
F and G, and Supplemental Figure 21I).

We next performed scRNA-seq at days 16, 25, and 40 under
Boost and Boost+ conditions (Figure 1, H and I) and classified
cell clusters using canonical markers (Figure 1, J and K, and Sup-
plemental Figure 2A). At day 16, cultures comprised ventral floor
plate progenitors (Supplemental Figure 2B), progressed to mixed
neuroblast-neuron populations by day 25 (Supplemental Fig.
2C), and neuronal lineages by day 40 (Supplemental Figure 2D).
Cell-cycle analysis revealed a higher proportion of cycling cells
in the Boost versus Boost+ protocol at day 16 (Supplemental Fig-
ure 2E). Expression of TH, NR4A2, and low expression of PITX3
defined mDA neurons PITX3 with a subset expressing ENI (Fig-
ure 1K). TH*ENI* mDA neurons increased approximately 3-fold
under Boost+ by day 40 (15% to 47%; Supplemental Figure 2D).
Conversely, a rostral DA population (rDA neuron) expressing TH,
NR4A42, IRX2, IRX5, and PITX2 was enriched under Boost condi-
tions (Figure 1, K and L, and Supplemental Figure 2, A, C, and
D). A small off-target population was identified expressing dorsal
diencephalic markers of prethalamic (PAX6, LHX2, LHX9, LEFI,
TCF7L2, SLCI1746) (40-44) and pretectal fates (MEIS2, LHXI,
BARHL2, TBRI) (41, 43, 45). Furthermore, we observed a small
population of TH and GADZ2-expressing cells that could represent
an immature TH*GAD2'EBF2*CALCRL* population (Figure 1K
and Supplemental Figure 2, A-D) recently discovered (46) within
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Figure 1. FGF18 and IWP2 at neurogenic conversion induce improved yield of mDA neurons. (A) Schematic illustration of the Boost and Boost+ mDA dif-
ferentiation method. (B) Representative flow cytometry dot plots showing intracellular expression of FOXA2 and EN1in day 16 progenitors differentiated
under the indicated conditions. IWP2 and/or FGF18 were treated from day 12 to 16. (C) Quantification of FOXA2* and FOXA2*EN1* populations across differ-
entiation conditions (n = 3; Mean + SEM) from B. (D) gRT-PCR analysis of mDA neurons at day 40 for mDA neuron markers derived from the Boost and
Boost+ methods (n = 4; Mean + SEM). *P < 0.05, **P < 0.01. (E) Representative immunofluorescence images showing expression of mDA neuron markers
FOXA2, TH, and EN1in day 60 neurons. (F) Representative confocal image of RNA FISH of day 45 mDA neurons, colabeled with TH, mature mDA markers
(left). Human RNA probes against NURRT and PITX3 were used. The number of RNA FISH dots for each RNA gene (NURR1 and PITX3) was quantified

per TH+ mDA neurons at day 35 and 45 (right). n = 4, 2-tailed Student’s t test, *P < 0.05. Scale bars: 100 um (E), 7 um (F left), 5 um (F right). (G) gRT-PCR
analysis of homogeneous postmitotic mDA neurons purified at day 40 using CD49e and CD184 for mDA markers in the Boost and Boost+ conditions (n

= 3; Mean + SEM). *P < 0.05. (H-J) UMAP plots of in vitro scRNA-seq data colored by timepoint (H), protocol (1), and cell type (J). (K) Dotplot of canonical
marker genes of midbrain progenitors, DA neuron subtypes, and off target cells. (L) Overall percentage of cell types across protocols. (M) UMAP of fetal
midbrain dopamine (DA) neurons (49), selected to determine highly specific markers. (N) Boxplots showing the distribution of enrichment scores for each
cell type and protocol according to fetal dopamine neurons. Mann-Whitney rank test and Benjamini-Hochberg correction; ***P < 0.001.

the adult midbrain. We did not detect subthalamic nucleus (STN),
red nucleus, or oculomotor neurons (OMNT). Although some
COL1A1+ cells were observed in the Boost+ (Supplemental Figure
2, G and H), bona fide VLMCs were not identified based on lack
of PDGFRA expression (Figure 1K and Supplemental Figure 2A).

Lineage markers did not fully segregate, with some cells coex-
pressing mDA markers (TH, NR4A2, EN1) and subthalamic markers
such as PITX2 or POU4F1. These hybrid states likely reflect in vitro
stress responses, as reported in organoids (47), which impede lineage
resolution. Nevertheless, Boost+ increased mature TH*ENI* mDA
neurons threefold and reduced rostral and diencephalic off-targets
from 22% (Boost) to 8% (Boost+) (Figure 1L, and Supplemental Fig-
ure 2F). To assess mDA neuron fidelity, we scored in vitro—derived
cells against a 100-gene signature of human fetal mDA neurons (48)
(Figure 1M). TH'ENI" neurons generated under Boost+ achieved
the highest similarity to primary fetal mDA neurons (Figure 1N).

Improved dopaminergic function of Boost+-derived mDA neurons in
vitro. We measured the emergence of spontaneous in vitro network
activity in mDA neurons at day 50 using a high-density micro-
electrode array (MEA) containing 4,096 electrodes. Boost+-derived
mDA neurons showed higher levels of spontaneous activity than
Boost (Figure 2A). In addition, high-performance liquid chroma-
tography (HPLC) analysis of TH+ mDA neurons at day 60 in the
Boost+ protocol showed a 3-5-fold increase in dopamine levels
upon KCI or Ca?* stimulation (Figure 2B). Basal membrane proper-
ties of mDA neurons (Boost+ versus Boost) by patch-clamp record-
ing on day 60 showed no major differences, though Boost+ mDA
neurons showed a trend toward lower input resistance, higher cell
capacitance, and an increased spontaneous action potential (sAP)
frequency (Figure 2, C-F). Upon current injections, Boost+ mDA
neurons showed an increased evoked action potential (eAP) fre-
quency upon depolarization, maintained stimulated firing activity
for a longer time, and had a higher fraction of responding neurons
than in Boost protocol (Figure 2, G-I).

1In vivo cell type composition by single nucleus sequencing. To assess
how the Boost+ protocol changes cell type composition in vivo,
we transplanted day 16 mDA precursors from Boost or Boost+
protocol into the striatum of adult NSG mice. At 1 month after
implantation, histological analysis revealed that Boost+ grafts con-
tained more EN1* and ALDH1A1* mDA neurons, while FOXA?2
expression was comparable (Figure 3A). To resolve graft compo-
sition in detail, we performed snRNA-seq on TdTomato-labeled
Boost and Boost+ grafts 1 month after transplantation (Figure 3B
and Supplemental Figure 3A). The snRNA-seq data showed more

conclusive mDA neuronal subtype identities, including A9 mDA
neurons expressing ALDHIAI, SOX6, and LMO3; A10 DA neu-
rons expressing CALBI and CALB2 (Figure 3, C and D); and ros-
tral DA neurons expressing low levels of PITX2 together with TH
and NR4A2. All mDA neurons expressed canonical mDA mark-
ers, including TH, NR4A2, PITX3, ENI, and DDC in combination
with the dopamine transporters SLC1842 and SLC6A3 (Figure 3, C
and D, and Supplemental Figure 3B), implying a higher degree of
maturity in grafted mDA neurons.

In addition to abundant mDA neurons, we identified minor
off-target populations, including thalamic and pretectal neurons
defined by LHX2, LHX9, LEFI, TCF7L2 or LHX1, LHX9, MEIS2,
BARHIL2, and a small inhibitory group resembling interneurons of
the ventral lateral geniculate nucleus, coexpressing GADI, GAD?2,
DLXI1, DLX5, DLX6, OTX2, and TLE4 (Figure 3, C and D, and Sup-
plemental Figure 3B). Partition-based graph abstraction (PAGA)
analysis linked midbrain floor plate progenitors to mDA neurons
and dorsal diencephalic progenitors to off-target diencephalic neu-
rons, suggesting these progenitors give rise to the respective fates
(Supplemental Figure 3C). We did not detect bona fide VLMCs
(49) as defined by coexpression of PDGFRA, COL1A1, COLIA2,
LUM, and DCN (Figure 3D and Supplemental Figure 3, B-E).
Consistent with in vitro findings, Boost+ suppressed diencephalic
off-targets (18%—5%) and increased mDA neurons (46%—-82%) rela-
tive to Boost (Figure 3, E-G).

Boost+ generated approximately twice the fraction of highly
specific SLC643*TH* and A9 SLC6A3*"ALDHIAI" mDA neurons
(Supplemental Figure 3, E-G). To independently validate A9
enrichment, we subset the snRNA-seq data for TH and NR4A42 and
subclustered these cells (Supplemental Figure 3, H and I), confirm-
ing a higher proportion of ALDHI1AI* neurons under Boost+ (Sup-
plemental Figure 3, J and K). KEGG analysis showed enrichment
of dopamine signaling pathways in the ALDHIAI compartment,
whereas CALBI* neurons were enriched for morphine addiction
pathways (Supplemental Figure 3L). Both Boost and Boost+ proto-
cols yielded A9 mDA neurons upon transplantation (clusters 0 and
1; A9-like cells in Supplemental Figure 3M). However, A9 neurons
under Boost+ expressed significantly higher levels of TH. Gene
Ontology analysis revealed enrichment of glycolytic and ATP met-
abolic pathways in Boost+ A9-like cells.

To examine long-term maturation, we analyzed grafts at 9
months after transplantation (Figure 3, H-J, and Supplemental Fig-
ure 4A). This revealed a marked expansion of glial populations,
particularly OPCs and oligodendrocytes (Figure 3K), consistent
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Figure 2. Improved dopaminergic function of Boost+ mDA neurons in vitro. (A) High-density multielectrode array recordings reveal increased firing rates
at day 50 in mDA neuron derived from Boost+ versus Boost protocols. Left, mean firing rates calculated from 60 s of activity in the 1 of 64 most active
electrodes of each probe (n = 256 electrodes from 4 MEA probes). Right, representative spike raster-gram displaying 1 m MEA recordings. Data are repre-
sented as mean + SD. ***P < 0.001. (B) Representative traces (top) and statistical analysis (bottom) of HPLC recording of DA release evoked by 80 mM KCI
stimulation (5 min). DA concentration in fmol per 2 x 10° cells divided by the fraction of TH+ mDA neurons (0.25 in Boost and 0.41 in Boost+. Stimulation in
the absence of extracellular Ca% is used as a control. ***P < 0.001 from all other groups by 1-way ANOVA (n = 10 culture dishes for control and KCI groups
and n = 4 for KCl in 0 mM Ca?®). (C-F) Electrophysiological characteristics of cultured mDA neurons at day 60, including resting membrane potential (C,

n =14 and 10 cells), input resistance (D, n = 14 and 10), membrane capacitance (E, n = 12 and 8), and spontaneous AP frequency (F, n = 10 and 6). (G) Exam-
ples of mDA neuron responses to current injections. (H) Dependence of spike frequency evoked by current injection (eAP) on the current amplitude.

***P < 0.001 by 2-way ANOVA. (1) The fraction of neurons responding to current injections was higher in the Boost+ protocol (P < 0.001 by y? test).

with progressive gliogenesis in grafts over time (23, 50, 51). Nota-
bly, the abundance of oligodendrocytes is a feature more common-
ly associated with fetal grafts (23). At 9 months, both A9 and A10
mDA subtypes were present, with A9 neurons remaining more
abundant in Boost+ (33.6%) than Boost (18.1%). Conversely, A10
neurons were slightly enriched in Boost (21.1%) relative to Boost+
(18.5%). While the proportion of SLC6A3*TH" neurons no longer
differed (Supplemental Figure 4B), SLC6A3*ALDHI1A1" A9-like
neurons remained significantly enriched in Boost+ (Supplemental
Figure 4C). Importantly, diencephalic off-target populations were
less obvious in the 9-month versus 1-month data, suggesting a
progressive loss of subtype identity over time, potentially due to
the striatal host environment (Figure 31 and Supplemental Figure
4A). Off-target populations remained substantially reduced in the
Boost+ condition, with ventral glutamatergic neurons decreasing
from 19.1% to 1.5%, and dorsal diencephalic GABAergic neu-
rons from 26.4% to 17.0% (Figure 3L). At 9 months, a very small
VLMC population (approximately 1%) emerged in Boost+ grafts.
These cells likely originate from floor plate progenitors expressing
COLI1A1I at 1 month (6% within the FPP cluster; Supplemental Fig-
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ure 4D), consistent with reports that some progenitors retain multi-
potency to generate fibroblast-like cells after engraftment (51).

To test subtype authenticity, we compared our data to adult
mDA neurons. First, we defined A9 (SOX6 positive neurons) and
A10 (CALBI positive neurons) signatures by calculating the top
differentially expressed genes in these 2 populations using a pub-
lished dataset (52) (Figure 3M). We then scored grafted neurons
against these 2 signatures. We show that grafted cells classified
either as A9 or A10 mDA neurons are enriched for adult SOX6+
and CALB1+ mDA signatures, respectively (Figure 3, N and O),
confirming alignment with their endogenous adult counterparts.
Notably, the Boost+ condition yields significantly more A9 mDA
neurons across both 1-month and 9-month timepoints (Figure 3N),
while the Boost protocol retains a higher authenticity score for A10
mDA neurons (Figure 30). Moreover, the authenticity of the A9
signature increases between 1 and 9 months, suggesting contin-
ued maturation over time (Figure 3N). Collectively, these findings
demonstrate robustness and long-term fidelity of the Boost+ pro-
tocol in promoting A9 mDA neuron fate, highlighting its potential
for clinical translation.
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Figure 3. In vivo cell type composition by snRNA-seq. (A) Representative microscopy images of 1-month-old (equivalent of day 45 differentiation in vitro)
intrastriatal grafts from Boost versus Boost+ patterned progenitors (day 16) on various markers, FOXA2, SC121, EN1, and ALDH1A1. (B) Schematic illustra-
tion of the snRNA-seq from the grafts 1- and 9-months postimplantation of the mDA neuron progenitor (day 16) derived from the Boost and Boost+ meth-
od. (C) UMAP plot of 1-month grafted cells from the Boost and Boost+ protocols, colored by cell types. (D) Dotplot of canonical marker genes of midbrain
progenitors, mDA neuron subtypes, and off-targets cells (E) UMAP plot colored by protocol at 1 month. (F and G) Percentages of each cell type colored by
protocol (F) and different neuronal subtypes in each protocol at 1 month (G). (H) UMAP plot of 9 months grafted cells from the Boost and Boost+ protocols,
colored by cell types. (1) Dotplot of canonical marker genes of midbrain progenitors, mDA neuron subtypes, and off-target cells at 9 months. (J) UMAP

plot, colored by protocol at 9 months. (K and L) Percentages of each cell type, colored by protocol (K) and different neuronal subtypes in each protocol at 9
months (L). (M) UMAP of adult midbrain dopamine (mDA) neurons, divided by SOX6-and CALB1-positive neurons that were selected to determine highly
specific markers for A9 and A10 DA neurons, respectively. (N and 0) Boxplots showing the distribution of enrichment scores for each cell type, protocol, and
time point according to A9 (N) and A10 (0) mDA neurons of adult signatures. Mann-Whitney rank test and Benjamini-Hochberg correction; *P < 0.001.

In vivo functional characterization in 6-OHDA-induced Parkinso-
nian rats. Next, we grafted cryopreserved day 16 mDA precursors
from Boost or Boost+ protocols into 6-hydroxydopamine-lesioned
(6-OHDA-lesioned) immunodeficient rats (NIH-FoxnI™ strain) to
evaluate graft survival and impact on behavioral deficits. 6-OHDA
was unilaterally injected in the median forebrain bundle with sub-
sequent amphetamine-induced rotation tests at 4 and 6 weeks (* 1
week). Rats showing more than 6 rotations per minute were defined
as completely lesioned and selected for grafting experiment. The
lesioned rats were randomized into 3 groups: vehicle, Boost cell,
and Boost+ groups. The Boost and Boost+ differentiations were
performed on the same batch and were frozen on day 16 of differ-
entiation. Cells were thawed and suspended at 100,000 + 10,000
cells/pL with a viability greater than 85%. Each animal received
an injection of 400,000 cells into the striatum. Animals under-
went a battery of behavioral tests at 0, 1.5, 3, 4.5, and 6 months
(£ 1 week) after grafting, including amphetamine-induced rotation,
ladder rung walking test, and adhesive removal test. Both Boost
and Boost+ cell grafts led to complete recovery at 4.5 months in
the rotation test (Figure 4A). At 6 months after transplantation,
the average rotations per minute in the Boost and Boost+ group
reached -2.68 and —3.75, respectively, compared with 10.65 in the
vehicle group. In the adhesive removal test, both Boost and Boost+
cell groups showed significant recovery at 6 months after grafting
(Figure 4B, left). Interestingly, only the Boost+ cell group showed
significant recovery in the ladder rung walking test, compared with
the vehicle group (Figure 4B, right).

Histological analysis showed that both Boost and Boost+ grafts
survived and differentiated into TH* mDA neurons, and extended
TH" processes into the surrounding host tissue (Figure 4, C-F, and
Supplemental Figure 5A). Stereological cell counts showed a signifi-
cantly higher number of human cells (h(NA™) in Boost grafts (Figure
4G). The estimated graft volume was also higher in Boost (3.16 *
0.90 mm?®) than Boost+ (1.12 + 0.41 mm?®) group. This difference
may be explained by the higher percentage of cycling cells at day 16
in vitro (Supplemental Figure 2E). In contrast, the overall number
of TH* cells was similar in both groups (Figure 4G). Accordingly,
the proportion of TH+ mDA neurons was significantly higher in
the Boost+ graft (30.8% versus 9.4%) (Figure 4H). The density of
TH expression was also higher in the Boost+ grafts (Figure 4, C-F,
and Supplemental Figure 5A). Most Boost (average at 97.7%) and
Boost+ (average at 96.7%) human cells expressed FOXA2 (Fig-
ure 4, C and I), but the percentage of EN1* cells was higher in
Boost+ grafts, (average at 47.6% versus 27.4%) (Figure 4, D and
I). The percentage of EN1* in hNA* TH* mDA neurons is also
higher in Boost+ (average of 17.9% versus 9.0%) (Figure 4, D and
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J). GIRK2* mDA neuron percentages were higher in Boost+ (92.9
+ 1.7%) than Boost (59.7 * 6.8%) grafts (Supplemental Figure 5B).
In both Boost and Boost+ grafts, around 30% GIRK2 mDA neu-
rons coexpressed CALB1 (Supplemental Figure 5B). Expression of
ALDHI1A1 was also elevated in the Boost+ grafts (average at 26%
of hNCAM*/TH* mDA neurons) compared with Boost (average
at 3.3%), and extended axons into the surrounding host tissue (Fig-
ure 4, E and J). The majority (around 93%) of ALDHIA1* mDA
neurons coexpress GIRK2 (Supplemental Figure 5C). Dopamine
transporter (DAT) expression was more pronounced in Boost+
grafts with a higher percentage of TH+ neurons expressing DAT
(36.5 £ 2.4% versus 23.8 + 0.3%) (P = 0.011) (Figure 4F). Assess-
ment of proliferation (Supplemental Figure 5D) revealed a lower
proportion of human Ki67* cells in Boost+ grafts (average at 0.7%
versus 2.8%) (Figure 4K), which may have contributed to the lower
total human cell number in Boost+ grafts(Figure 4G). Nonneuro-
nal cell types, including perivascular fibroblasts and choroid plex-
us-like epithelial cells, were previously reported in hPSC-derived
mDA cell grafts (8, 23) but were negative in our previously reported
grafts (6, 10). hCOL1Al-labeled human perivascular fibroblasts
were negative in Boost grafts but present in Boost+ (Supplemental
Figure 5E), with partial coexpression of PDGFR-a (Supplemental
Figure 5F). Transthyretin-expressing cells were largely absent in
Boost and Boost+ grafts (Supplemental Figure 5G).

Finally, we performed whole-cell recordings from graft-derived
mDA neurons in the Boost+ group at 6 months after implanta-
tion. Grafted neurons exhibit spontaneous activity, spontaneous
EPSCs, action potentials evoked by current injections, and EPSCs
evoked by local electrical stimulation (Figure 4, L-O). In addition,
whole-cell recordings from striatal medium spiny projection neu-
rons (SPN) proximal to the mDA neuron grafts indicate that both
the Boost and Boost+ grafts mediate action potential frequencies
back to levels recorded in nonlesioned mice (sham). In contrast,
a lower AP frequency in SPN was observed when recorded in
lesioned control mice (no grafts). However, only Boost+ graft trig-
gered a reduction in resting membrane potential (RMP) and EPSC
amplitude in SPNs upon current injection conditions (Supplemen-
tal Figure 5, H-O).

Discussion

In this study, we present the Boost+ protocol that builds on the previ-
ously published Boost method but includes FGF18 and IWP2 during
neurogenic conversion. Boost+ enhances midbrain patterning and
mDA neurogenesis, sustaining EN1 expression and promoting A9
and mature mDA markers, including ALDHI1A1, PITX3, and DAT.
Boost+-derived mDA neurons more closely match the transcription-
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Figure 4. In vivo functional characterization in unilateral 6-OHDA-induced Parkinsonian rats. (A) Amphetamine-induced rotations per minute measured at
the indicated time points after transplantation in different animal groups. (B) The percentage of the adhesive removal time by the contralateral paw (left) and
deep miss steps in the ladder rung walking test (right). (C-F) Representative IHC images of grafted cells showing expression of FOXA2, EN1, ALDH1A1, DAT,
and TH together with human-specific markers (\NA or ANCAM) in Boost and Boost+ grafts. Arrowheads indicate ALDH1AT-expressing TH* dopaminergic axons
(E). (G) Stereological estimation of total hNA* and TH* cell numbers in Boost and Boost+ grafts (logarithmic scale). (H-K) The percentage of graft composi-
tion showing TH+ cells out of hNA+ cells (H), FOXA2- or EN1-expressing cells out of hNA+ cells (1), EN1+TH+ and ALDH1A1+TH+ cells out of the total human
TH+ cells (J), and human-specific hKi67+ cells out of human-specific hKu80+ cells (K) in Boost and Boost+ cell grafts. Animal numbers are 5-7 per group in A
and B and 3 per group in G-K. Data are represented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001. In A and B, the color of * represents the significance
between the group with the same color of symbol and the vehicle group. In C-E, scale bar: 100 um (left panels), 50 um (right panels). In F, scale bar: 20 um
(right panels). The areas outlined in white lines are shown with higher magnification images in the right panels. (L-0) Whole-cell recordings from grafted mDA
neurons (Boost+: 6 months after transplantation), including examples of a spontaneously active neuron (L), spontaneous EPSCs (M), action potentials evoked
by current injections (N), and EPSCs evoked by local electrical stimulation (0). Recordings were performed in the absence of synaptic blockers.
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al profile of in vivo human mDA neurons, and functional assays
by MEA, HPLC, and electrophysiology demonstrate increased
functionality. The Boost+ protocol optimizes the yield of EN1/
FOXA2/LMX1A/OTX2 quadruple-positive precursors, which, in
turn, promotes enhanced mDA neuron yields in vitro and in vivo.
Similarly, previous work demonstrated that increased EN1 expres-
sion in mDA neuron progenitors from lineage-restricted hPSCs (4x
knockout of GBX2, CDX1/2/4) (53) leads to increased TH-positive
mDA neurons and improved motor recovery in a rat PD model.
Additionally, we demonstrate enrichment of mDA neurons in our
grafts by snNuc-Seq, while previous in vivo single-cell studies often
showed grafts dominated by non-mDA neuronal populations (23,
24, 27). Cross-comparison with adult midbrain signatures confirms
A9 and A10 identities over time, with Boost+ maintaining superior
fidelity for A9 fate. Interestingly, WNT-pathway—associated genes
were significantly enriched within prefrontal cortex—projecting A10
neurons, and computational modeling predicted that knockout of
the WNT mediator TCF7L2 biases differentiation toward dorsal
striatum—projecting (dSTR-projecting) A9 DA neurons (50). These
findings support our observations that Boost+ enriches for A9 ALD-
H1A1+ mDA neurons in the graft, though how FGF18 or IWP2
may contribute to A9 lineage remains unclear.

Both protocols yielded more ALDH1A1* neurons in 1-month
grafts than in matched day 40 cultures, indicating that in vitro
conditions were less permissive for ALDH1AI1 induction or main-
tenance. Consistently, in vitro cells expressed lower levels of the
dopamine transporters SLCI8A2 and SLC6A3 (DAT), reflecting an
immature mDA state. Since ALDH1A1+ A9 mDA neurons are
highly vulnerable in PD (1), improving their in vitro specifica-
tion and maintenance will be critical for future disease modeling
efforts. Our data indicate greater authenticity and maturity of in
vivo grafted versus in vitro cultured mDA neurons. KEGG analy-
sis suggests enhanced Rapl and GnRH signaling in grafted mDA
neurons (Supplemental Figure 6), warranting future investigation
into their roles in maintenance and maturation of ALDH1A1+
A9 mDA neurons in culture. However, it will be critical to expand
on the snRNA-seq studies by testing graft composition from addi-
tional replicate differentiations and on mDA neuron grafts from
independent hPSC lines.

Behavioral data show that Boost and Boost+ mDA neurons
reverse drug-induced rotations and improve performance in adhe-
sive strip removal. However, only Boost+ improves the ladder rung
walking test, which is more sensitive to subtle impairment in loco-
motor function (54, 55), suggesting a more complete recovery of
locomotion. Boost+ may present a scalable, off-the-shelf mDA cell
product for clinical translation, enriched for TH+ and ALDHI1A1+
A9 mDA neurons and DAT expression. However, IND-enabling
studies will be required to confirm improved TH+ cell yield, to
assess the reproducibility, and to track potential off-target popula-
tions. Overall cell survival remained low in Boost+-grafted mDA
neurons. We recently reported the feasibility of grafting postmitotic
mDA neurons and showed increased survival upon pretreatment of
grafted neurons with adalimumab, an FDA-approved TNF-a inhib-
itor (39, 56). Combining Boost+ with cell purification and adalim-
umab could represent a strategy to achieve fully postmitotic mDA
neuron grafts enriched for A9 subtype for preclinical studies and
potential future human translation.
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Methods

Sex as a biological variable. Our study used both male and female
hPSC lines, as detailed below. For transplantation studies, we
exclusively grafted female rats, as their body weight plateaus at
a manageable size compatible with standard behavioral testing
apparatuses and facilitating animal handling. Past studies compar-
ing grafting into male and female hosts did not show significant
differences in outcome (10).

hPSC culture. Human PSCs [WAQ9 (H9; 46XX, WiCell),
MEL1 (46XY, University of Queensland), J1 (MRC5-derived
hiPSC, MSKCC)] were cultured on Vitronectin (VITN-N, Thermo
Fisher #A14700) coated dishes with Essential 8 media (Life Tech-
nologies #A1517001). Passage 35-55 hPSCs were used for the
experiments. hPSCs were subcultured every 4-5 days by EDTA.
All cell lines are cultured at 37°C with 5% CO, and routinely tested
for mycoplasma.

Transfection of hPSC. hESCs were dissociated to single cells
with Accutase (Innovative Cell Technologies # AT104) and plat-
ed at 250,000 cells/well in a vitronectin-coated 6-well plate in E8
supplemented with 10 uM Y-27632 ROCK inhibitor (Bio-Techne
#1254/50). The following day, the media was replaced with mTeSR+
CloneR (STEMCELL Technologies). Lipofectamine-DNA com-
plexes (8 puL of Lipofectamine, 5 pg plasmid DNA per well) were
assembled in Opti-MEM (Thermo #31985062) per manufacturer’s
protocol. At 48 hours after transfection, hESCs were dissociat-
ed into single cells with Accutase, and GFP+ cells that received
pX458 vector were isolated via FACS with a BD Aria6. Sorted
cells were replated on vitronectin in E8 with CloneR. CloneR was
withdrawn after 4 days, and clones were picked and assessed for
deletion or transgene incorporation.

Generation of reporter lines. GPI targeting constructs were gen-
erated from a genomic DNA PCR with Q5 polymerase (New
England Biolabs #MO0494) amplifying ~500bp of homology
per side and assembled with NEBuilder (New England Biolabs
#E2621S). An sgRNA targeting GPI (GPI sgRNA: CTTCAT-
CAAGCAGCAGCGCG) was co-transfected with its respective
targeting constructs for line generation. hESC lines were transfect-
ed as described above. For reporter lines, a 1:5 ratio of sgRNA vec-
tor to targeting vector was used. Clones were screened via genomic
PCR for the expected insertion.

Directed mDA neuron differentiation. hPSCs were dissociated into
single cells using Accutase, and plated at 400K cells/cm? onto Gel-
trex (Life Technologies, #A1413201) coated dishes with Neurobas-
al/N2/B27 media containing 2 mM L-glutamine, 500 ng/ml SHH
C25I1 (R&D #464-SH), 250 nM LDN193189 (Stemgent #04-0074-
02), 10 pM SB431542 (R&D systems #1614), 1uM CHIR99021
(R&D #4432), and 10 pM Rock inhibitor, which represents day
0 of differentiation, and cultured until day 3 without Rock inhib-
itor from day 1. From day 4 to day 6, cells were exposed to 6 uM
CHIR. On day 7, LDN, SB, and SHH were withdrawn. On day 10,
medium was changed to Neurobasal/B27/L-Glu supplemented
with BDNF (20 ng/mL; R&D #248-BD), ascorbic acid (0.2 mM,
Sigma #4034), GDNF (20 ng/mL; Peprotech #450-10), TGFB3
(1 ng/mL; R&D #243-B3), dibutyryl cAMP (0.2 mM; Sigma
#4043), and CHIR 3 uM. On day 11, cells were dissociated using
Accutase and replated at 800K cells/cm? on polyornithine (PO; 15
pg/mL)/ laminin (1 ng/mkL)/fibronectin (2 ug/mL) coated dishes
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in mDA differentiation media (NB/B27/L-Glu, BDNF, ascorbic
acid, GDNF, dbcAMP, and TGFpB3) until day 16. For Boost+,
IWP2 (1 uM, Tocris Bioscience #3533) and FGF18 (100 ng/mL,
Peprotech #100-28) were added from day 12—-16. On day 16, cells
were dissociated and plated using same procedure as day 11 and
cultured until day 25 using mDA differentiation media+DAPT
(10 uM, R&D #2634). On day 25, cells were dissociated using
Accutase and replated at 200-300K cells/cm?) in mDA differenti-
ation media+DAPT until endpoint. For the cryopreservation, day
16 mDA precursors dissociated with Accutase, washed, detached,
made into single cells, pelleted and resuspended at 8 million cells/
mL of STEM-CELLBANKER. A controlled-rate freezer (Thermo-
Fisher) was used for cryopreservation.

Immunohistochemistry. Cells were fixed in 4% paraformaldehyde
(PFA; Affymetrix #MFCD00133991) in DPBS for 15 min at room
temperature (RT) and washed with DPBS. Cells were permeabi-
lized with 0.5% Triton X-100 for 20 min and blocked with 2% BSA
in DPBS for 30 min. Samples were incubated with primary anti-
bodies overnight at 4°C. After washing with DPBS, samples were
incubated with secondary antibodies conjugated with Alexa Fluor
488- 555-, or 647- (Thermo Fisher) at 1:400 in 2% BSA (DPBS) for
1 hour at RT in shaking incubator. Samples were counterstained
with DAPI and imaged by fluorescence microscope. Primary anti-
bodies are listed in Supplemental Table 1.

RNA extraction and Real-time gRT-PCR. Total RNAs were iso-
lated with TRIzol (QIAGEN) using the Direct-zol RNA Mini-
Prep kit (Zymo Research, #R2052). 1 ug of RNA was used to
generate cDNA using the iScript Reverse Transcription Supermix
(BioRad, #170-8841). Real-time qRT-PCR was performed using
the SSOFAST EvaGreen Mix (BioRad) in a BioRad CFX96 Ther-
mal Cycler. All reactions were performed according to the manu-
facturer’s protocol. Results were normalized to GAPDH. Primer
sequences are listed in Supplemental Table 1.

Multi-electrode array recording. A 100-uL droplet of medium
containing 300,000 hPSC-derived mDA neurons was seeded onto
poly-l-lysine-coated complementary metal oxide semiconductor
multi-electrode array probes (CMOS-MEA). 1.5 mL of medium
was added after 1h of incubation and replaced every 3 days. MEA
recordings were performed 24 h after medium change. 1 minute of
spontaneous activity was sampled from 4096 electrodes using the
BioCAM system and analyzed using BrainWave 4 software (3Brain
AG, Switzerland). Spike detection was performed using Timing
Spike Detection (PTSD) algorithm with a detection threshold of 9
standard deviations.

Single nuclei preparation. Nuclei isolation protocol was adopt-
ed from previous study (57). The striatum was grossly dissect-
ed, minced on ice into small chunks, and transferred using low-
attachment p-1,000 pipet by resuspending them in 1 mL of ice-
cold homogenization buffer (HM). Tissue resuspension in a glass
dounce homogenizer was achieved with 10 strokes of the loose (A)
pestle, followed by 20 strokes of the tight (B) pestle. The homoge-
nized suspension was transferred to a pre-chilled low DNA-bind
Eppendorf tube and centrifuged for 1,000g for 8 minutes at 4°C.
The pellets were gently resuspended in 250 uL. HM buffer and sub-
sequently mixed with 250 pL of 50% iodixanol mixture. For density
gradient purification, 500 pL of the nuclei suspension was layered
over 500 pL of 29% iodixanol solution and centrifuged at 13,500g

The Journal of Clinical Investigation

for 20 minutes at 4°C. The nuclei pellet was resuspended in nuclei
storage buffer (NSB), counterstained with DAPI, and processed for
FACS to enrich human nuclei. HM, NIM buffers, iodixanol solu-
tions, and NSB were prepared as described (57), with actinomycin
D (5 pg/mL), RNasin (40 U/puL), and Superasin (20 U/pL) added
to both HM and NSB.

Single-molecule RNA fluorescent in situ hybridization (smFISH).
ViewRNA Plus ViewRNA Cell Plus Assay Kit (Invitrogen) was
used under RNase-free conditions throughout experiments. Adher-
ent cells plated in a confocal-friendly plastic bottom 24 Well Black
(Ibidi) plates were fixed and permeabilized for 15 min at RT with
Fixation/Permeabilization solution and blocked for 20 min fol-
lowed by incubation with primary TH antibody, followed by sec-
ondary Alexa Fluor 647 antibody (Invitrogen) for 1 h at RT to
locate RNA puncta signals within a mature DA neuron. Follow-
ing protein detection, fluorescent in situ hybridization (FISH) and
branched DNA amplification technology were used to amplify the
signal detection of an RNA transcript. Z-stack images spanning
the full cellular volume were acquired at 0.4-um intervals using a
Leica SP8 point-scanning confocal microscope equipped with a
63x% oil-immersion objective and 3% optical zoom. Z-stacks were
projected and analyzed using Imaris software to quantify RNA
puncta within TH* dopaminergic neurons. Eight fields of view per
condition were analyzed across four independent differentiation
batches. Gene targeting probes included human-specific PITX3
and NR4A2, designed by ThermoFisher. PITX3-Alexa 647 Type 6
(VA6-3168220-VCP) and NR4A2-Alexa 488 (VA4-3082508-VCP)
were used in the experiment.

Intracellular protein staining and flow cytometry analysis. Cells
were dissociated into single-cell suspensions using Accutase for
30 minutes at 37°C, washed with DMEM base medium (Thermo
Fisher Scientific), and filtered via 30-um cell strainer. Cells were
fixed and permeabilized using BD Cytofix/Cytoperm solution for
30 minutes at 4°C, followed by three washes with BD Perm/Wash
buffer (BD Biosciences, 554723). Cells were pelleted at 500g for
5 minutes at 4°C, resuspended, and incubated with primary anti-
bodies diluted in Perm/Wash buffer for 30 minutes at 4°C. Prima-
ry antibodies against FOXA2, OTX2 (R&D Systems), and EN1
(Invitrogen) were used. Following primary antibody incubation,
cells were washed and incubated with fluorophore-conjugated sec-
ondary antibodies (1:5,000) for 30 minutes at 4°C. After washing,
cells were analyzed using a FACSAria III flow cytometer (BD Bio-
sciences). Isotype and secondary-only controls were included to
establish gating strategies.

Single-cell analysis. Samples were processed with 10x Chromium
3’ v3, aligned to GRCh38 (and mm10 for grafts) using Cell Rang-
er v5.0.0, filtered for human cells (grafts), and analyzed in Scanpy
v1.9.3 after removing genes detected in fewer than five cells.

In vitro and graft datasets were processed separately with data-
set-specific QC. In vitro cells with <500 or >2000 genes and >10%
mitochondrial RNA were excluded. Graft cells were retained if they
had 1000-5000 genes and <0.25% (1 month) or <1% (9 months)
mitochondrial RNA to limit artifacts, doublets, and stressed cells.
Highly variable genes were identified using default Scanpy settings,
with regression of total counts and mitochondrial content. Data
were normalized and log-transformed, and KNN graphs were built
using 50 PCs and 10 neighbors for in vitro data, and 20 PCs with
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20 neighbors for 1- and 9-month graft datasets. Batch effects were
corrected using BBKNNClick or tap here to enter text. Cell com-
munities were identified using the Leiden algorithm (resolution 1.0
in vitro; 0.9 at 1 month and 0.8 at 9 months in grafts), visualized by
UMAP, and annotated using canonical markers. Cell-type connec-
tivity was assessed using PAGA ¢ in Scanpy, excluding unknown
cells and retaining edges with weights >0.2. For TH" or NR4A2* sub-
sets, data were processed with scran v1.22.1, selecting 2000 highly
variable genes, computing 50 principal components, and construct-
ing shared nearest neighbor graphs using buildSNNGraph.

Clusters were identified using the walktrap algorithm (cluster_
walktrap, igraph v1.3.5) and visualized by UMAP. Differential
expression was performed with Seurat, and pathway enrichment
with clusterProfiler v4.2.2. Marker-positive cells were defined using
gene-specific thresholds (median + 1 SD). Differences in marker
co-expression between protocols were assessed by two-sided per-
mutation tests (10,000 permutations), with p-values derived from
the null distribution, and 95% confidence intervals estimated by
bootstrap resampling (10,000 iterations).

Similarity score. To assess enrichment toward authentic midbrain
DA neurons, we compared Boost and Boost+ cells to human fetal
(in vitro and graft) and adult (graft only) midbrain DA single-cell
references. We identified A9 (SOX6") and A10 (CALBI") signatures
by computing the top differentially expressed genes (Wilcoxon rank-
sum; Benjamini-Hochberg correction) from published fetal (49) and
adult (52) datasets. The top 100 genes per signature were used to cal-
culate per-cell similarity scores (mean expression of signature genes
minus a random-gene baseline). Scores were visualized by protocol
and compared across protocols and time points using the Mann—
Whitney test with Benjamini-Hochberg correction.

Animals. Athymic nude rats (NIH-Foxnlrnu, 6-8 weeks old,
female, Charles Rivers Laboratory) and NSG mice (NOD.Cg-Prk-
dcescid I12rgtm 1 W;jl/SzJ, 6-8 weeks old, male, Jackson Laboratory)
were included in the studies.

6-OHDA lesioning and cell grafting. The animals were anesthe-
tized by Isoflurane during the surgeries. For athymic nude rats, to
establish unilateral medial forebrain bundle lesions of the nigro-stri-
atal pathway, 6-OHDA solution (3.6 mg/mL in 0.2% ascorbic acid
and 0.9% saline, Millipore) was stereotactically injected to (2.5 puL,
Tooth bar set at —2.4, AP —4.4 mm, ML —-1.2, VL -7.8; 3 uL,
Tooth bar set at +3.4, AP —4.0 mm, ML —-0.8, VL —8.0). Human
PSC-derived day 16 mDA progenitors were resuspended at 100,000
+ 10,000 cells per microliter in transplantation medium consisting
of neurobasal medium with 200 mM L-glutamine and 100 mM
ascorbic acid (AA), 0.1% Kedbumin. The cell suspension was deliv-
ered to 4 deposits (1 uL per deposit) into the rat striatum (AP: +1
mm, ML: -2.8, VL: —4.7, —4.6, —4.5 and —4.4 mm from dura)
or 2 deposits along the DV axis (1 pL per deposit) into the mouse
striatum ([AP] +0.5 mm, [ML] +/-1.8 mm, [DV] -3.4 to —3.3 mm
from dura) at the rate of 0.5-1 uLL/min via a motorized stereotaxic
injector (Model 53311, Stoelting company, IL, USA). The syringe
was kept in place for 5 minutes, then withdrawn at 1 mm/min. All
cells used for transplantation studies underwent proper quality con-
trol (QC) metrics prior to injection such as immunofluorescence,
intracellular flow, qPCR, and trypan blue or AOPI viability assays.

Behavior tests. Amphetamine-induced rotation, ladder rung
walking test, adhesive removal task were performed before trans-
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plantation, and at 1.5, 3, 4.5, 6 months after transplantation. The
animals were habituated for 30 minutes before the behavior tests.
For the amphetamine-induced rotation test, the rats were injected
intraperitoneally with D-Amphetamine in saline (Sigma, 5 mg/
kg). The rotations were recorded for 40 minutes and automatically
counted by Ethovision XT 16. The data were presented as (Ipsilat-
eral-contralateral) rotations per minute. The ladder rung walking
test was performed on the foot misplacement corridor (Panlab) with
irregular rung arrangements (54). The percentage of missed steps
out of total steps was calculated. The adhesive removal task was
performed with the adaptation that the adhesive tape was applied
onto the forepaws (58). The time the animal required to remove the
tape from the left paw was recorded.

Tissue processing, IHC, image processing and stereological analy-
sis. Mice were anesthetized with pentobarbital and transcranially
perfused using heparinized PBS (10 U/mL, pH 7.4), followed by
4% PFA in PBS. Brains were post-fixed in ice-cold 4% PFA for 18
hours, cryoprotected in 30% sucrose, frozen in O.C.T (Fisher Sci-
entific), and cryosectioned at 30 um onto Superfrost plus micro-
scope slides (Fisher Scientific). Slides were air-dried for 18 hours
at RT and stored at —80°C for long-term use. For immunolabeling,
tissue sections were washed twice in PBS and permeabilized with
0.5% Triton X-100 in PBS for 10 minutes. Sections were incubated
with primary antibodies in 2% BSA and 0.25% Triton X-100 in PBS
overnight at 4°C. The following day, samples were incubated with
appropriate Alexa—conjugated secondary antibodies (1:500) for 30
minutes at RT. All antibodies are listed in Supplemental Table 1.

Rats were perfused with 4% PFA. Brain tissues were dissected
and post-fixed with 4% PFA for 12 hours, then changed to 30%
sucrose in 0.01 M PBS for 24 hours. The tissues were embedded
in O.C.T (Sakura Finetek USA, Inc.) and cryosectioned at 30 pum.
DAB staining was performed on a Leica Bond RX (MSKCC molec-
ular cytology core) using EDTA-based epitope retrieval (ER2, 20
mins at 100°C), TH antibody (1 pg/mL, 60 min, RT), Leica Bond
Polymer anti-rabbit HRP (8 min). DAB (10 min), and Hematoxylin
counterstain (10 min) from the Polymer Refine Detection Kit (Lei-
ca, DS9800). After staining, sample slides were washed in water,
dehydrated using ethanol gradient (70%, 90%, 100%), washed
three times in HistoClear II (National Diagnostics, HS-202), and
mounted in Permount (Fisher Scientific, SP15). Stained slides were
scanned on a Panoramic Scanner (3DHistech) at 20x/0.8NA and
analyzed by Caseviewer 2.4 software (3DHistech Ltd). Stereolog-
ical estimation was performed using Stereo Investigator (MBF
Bioscience) including optical fractionator probe (cell number) and
Cavalieri estimation function (graft volume).

Electrophysiological recordings in cultured mDA neurons. Patch-
clamp electrophysiological recordings were performed on ran-
domly selected hPSC-derived mDA neurons at day 60 at RT in a
Tyrode’s solution containing (in mM): 119 NaCl, 3 KCI, 10 glu-
cose, 2 CaCl,, 1.2 MgCL-6 H,0, 3.3 HEPES, and 2.7 HEPES-Na*
salt (pH 7.4, 270 mOsm). Whole-cell patch-clamp recordings were
performed using borosilicate pipettes (3—4 MQ) filled with K-gluco-
nate internal solution, a MultiClamp 700B amplifier, and WinWCP
software, as previously described (6). In each cell, input resistance
(measured by —100 pA, 1s hyperpolarizing pulse), resting mem-
brane potential, and spontaneous action potentials were monitored
throughout the recording. Current-voltage relationship and evoked
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action potentials were measured by injecting a somatic current (1 s
duration) from —30 to +20 pA in +10 pA increments and from 0 to
+250 pA in +10 pA increments, respectively.

Electrophysiological recordings in grafted mDA neurons. Coronal
striatal slices (250 pm thick) were prepared from adult mice using a
vibratome (Leica VT1200) and ice-cold cutting solution containing
(in mM): 194 sucrose, 30 NaCl, 26 NaHCO,, 4.5 KCI, 1 MgCl,-6
H,O, 1.2 NaH,PO,-6 H,0O and 10 glucose. Slices were allowed to
recover in the solution for 30 min at 34°C and then transferred to
ACSF saline containing (in mM): 125 NaCl, 2.5 KCl, 26 NaHCO,,
2.4 CaCl,, 1.3 MgCl,-6 H,0O and 0.8 NaH,PO,-6 H,0, and 10 glu-
cose. Recordings were performed at 34 £+ 2°C. For whole-cell cur-
rent patch clamp recordings, K-gluconate pipette solution described
for recording in culture was used. For a subset of voltage-clamp
recordings to measure EPSCs, the pipette solution contained (in
mM): 120 cesium-methanesulfonate, 11 glucose, 10 HEPES, 5
NaCl, 2 NaATP, 2 MgATP, 1.1 EGTA and 0.3 NaGTP (pH 7.3,
270-273 mOsm). In each cell, input resistance (measured by —50
PA, 1 s hyperpolarizing pulses), resting membrane potential, spon-
taneous action potentials and EPSCs were monitored throughout
the recording. EPSCs were evoked using a concentric bipolar elec-
trode (World Precision Instruments) placed approximately 100 pum
away from recorded cells, with stimulation controlled by Master-9
(A.M.PI) and the stimulation current intensity was controlled by
Iso-flex (A.M.P.I). To examine the effect of the graft on striatal glu-
tamatergic transmission, spiny projection neurons (SPNs) near the
graft core or adjacent processes were patch clamped and their input
resistance and baseline resting membrane potential were monitored
in the current clamp mode. Voltage-current relationship was mea-
sured by injecting step current from —300 to + 100 pA with +50
pA increments. The excitability and the rheobase of SPNs were
measured by injecting step current from 0 to +650 pA with +50 pA
increments. Synaptic efficacy was measured by averaging 5 EPSCs
(10 s intervals) at each stimulation intensity (0-25 pA, 100 ps dura-
tion). Recordings with >20% series change were excluded. Data
were analyzed in Clampfit (Molecular Devices, CA) and were pre-
sented as mean * SEM. Statistical analysis was performed by one-
way and two-way ANOVA test with Sidak’s multiple comparisons
test (GraphPad Prism 8).

HPLC. mDA neurons were plated on PO/laminin/fibronec-
tin-coated 24-well plates at 5 X 10° cells/well density on day 25 and
used at day 60. HPLC with electrochemical detection as previously
described (59). Briefly, cells were preincubated in fresh DMEM: F12
+ N2 medium for 30 min. After exposure to either Tyrode’s saline
alone or supplemented with high KCI (80 mM, Sigma) for 5 min at
RT, supernatant was collected and immediately mixed with 0.2 M
perchloric acid (1:1 volume) to deproteinize the sample and prevent
dopamine auto-oxidation. Perchloric acid was also added into the
wells with cells to measure intracellular DA concentration. After 10
min incubation at RT, samples were centrifuged at 10,000 g for 5
min at 4°C, supernatant was collected, stored at —-80°C and analyzed
within two weeks. DA concentrations in each group of samples
were normalized to the levels in the corresponding control group;
data were averaged from 2 independent experiments. The intracellu-
lar and extracellular DA concentrations were divided by the fraction
of DA neurons in each group (0.25 in Boost and 0.41 in Boost+).
Those percentages were derived from the scRNA-seq analysis.
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Statistics. In all studies, animals were randomized into different
groups. Data were represented as mean * SD unless indicated as
meant SEM. The number of cases in groups is specified in the
figure legends. One-way ANOVA was applied, and an unpaired
2-tailed Student’s ¢ test was used between 2 groups unless oth-
erwise indicated. Welch’s correction was applied to data with
unequal SDs. Probability (p) values of less than 0.05 were con-
sidered statistically significant. All statistical analyses were per-
formed using GraphPad Prism 9. To reduce the observation bias,
the individuals who performed the experiments were blinded to
group assignments in all procedures. Animals without any grafts
due to technical failure during transplantation were not included
in the graft analyses.

Study approval. The use of human PSCs in this experimental
setting has been approved by the Tri-Institutional ESCRO commit-
tee (Tri-SCI ESCRO; New York, NY). All animal procedures were
approved by our Institutional Animal Care and Use Committee
(IACUC; MSKCC, New York, NY) and follow NIH guidelines.

Data availability. All sc/snRNA-seq data have been deposited in
the ArrayExpress database at EMBL-EBI (www.ebi.ac.uk/arrayex-
press/) under accession no. E-MTAB-14729. Supporting data val-
ues for all figures are provided in the Supporting Data Values file.
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