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Human autologous iPSC-derived dopaminergic
progenitors restore motor function in Parkinson’s
disease models
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Parkinson’s disease (PD) is a neurodegenerative disorder associated with loss of striatal dopamine, secondary to degeneration
of midbrain dopamine (mDA) neurons in the substantia nigra, rendering cell transplantation a promising therapeutic strategy.

Introduction

Parkinson’s disease (PD), characterized by both motor and non-
motor system pathology, is a common neurodegenerative disor-
der affecting about 1% of the population over age 60. Its preva-
lence presents an increasing social burden as the population ages
(1). Since its introduction in the 1960s, dopamine-replacement
(DA-replacement) therapy (e.g., L-DOPA) has remained the gold
standard treatment. While this treatment improves PD patients’
quality of life, the effects fade with disease progression and pro-
longed usage of these medications often (>80%) results in side
effects, including dyskinesias and motor fluctuations (2). Since
the selective degeneration of A9 midbrain DA (mDA) neurons
(mDANS) in the substantia nigra (SN) is a key pathological feature
of the disease and is directly associated with the cardinal motor
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To establish human induced pluripotent stem cell-based (hiPSC-based) autologous cell therapy, we report a platform of

core techniques for the production of mDA progenitors as a safe and effective therapeutic product. First, by combining
metabolism-regulating microRNAs with reprogramming factors, we developed a method to more efficiently generate clinical
grade iPSCs, as evidenced by genomic integrity and unbiased pluripotent potential. Second, we established a “spotting”-
based in vitro differentiation methodology to generate functional and healthy mDA cells in a scalable manner. Third, we
developed a chemical method that safely eliminates undifferentiated cells from the final product. Dopaminergic cells thus
produced express high levels of characteristic mDA markers, produce and secrete dopamine, and exhibit electrophysiological
features typical of mDA cells. Transplantation of these cells into rodent models of PD robustly restores motor function and
reinnervates host brain, while showing no evidence of tumor formation or redistribution of the implanted cells. We propose
that this platform is suitable for the successful implementation of human personalized autologous cell therapy for PD.

symptoms, dopaminergic cell transplantation has been proposed
as a therapeutic strategy (3). In support of this, previous fetal cell
transplantation provided proof of concept in which grafts success-
fully reinnervated target areas with varying degrees of restoration
of function, in some patients providing substantial recovery last-
ing decades (4-7). Despite these promising results, tissue derived
from human fetuses has fundamental ethical, practical, and medi-
cal limitations as a cell source for treatment of PD.

In 2006, Yamanaka and colleagues published a groundbreak-
ing study showing that mammalian fibroblasts can be converted
into embryonic stem cell-like (ESC-like) induced pluripotent
stem cells (iPSCs) by introducing 4 transcription factors, i.e.,
Oct4, Sox2, Klf4, and c-Myc (hereafter denoted as Y4F [Yamana-
ka 4 factors]) (8). Yamanaka’s and 2 other groups subsequently
accomplished this feat with human somatic cells, reprograming
them into human iPSCs (hiPSCs) (9-11), offering the possibility of
generating patient-specific stem cells. Despite initial excitement,
it remains uncertain whether this hiPSC technology can readily
be used for autologous cell therapy. Indeed, the major goals of
most hiPSC research have moved from personalized cell therapy
toward mechanistic studies of human disease and development
(12). There are several major barriers to implementation of hiP-
SC-based cell therapy for PD. First, probably due to our limited
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Figure 1. An improved reprogramming method combining Y4F and metabolism-regulating miRNAs. (A-D) Screening of miRNAs that enhance the gener-
ation of hiPSC-like colonies by Y3F (A), Y4F (B), Y3F+3 (C), or Y4F+3 (D) from hDFs, relative to an empty vector (mock) control. Mean + SD. n = 5. *P < 0.05;
**P < 0.01, 1-way ANOVA with Tukey's post test. (E and F) Time course of OCR (E) and ECAR (F) in hDFs infected with Y4F, miR-302s, and/or miR-200c.
Mean + SD. n = 3. *P < 0.05; **P < 0.01; ***P < 0.005, 2-way ANOVA with Tukey's post test. (G) Percentage of TRA-1-60* colonies among AP+ colonies
following lentiviral infection encoding Y4F, Y4F+3, or YAF+3+2. Mean + SD. n = 6. ***P < 0.005, 2-way ANOVA with Tukey's post test. (H) Percentage of
TRA-1-60* colonies among AP* colonies following transfection with episomal vectors encoding Y4F, Y4F+3, or YAF+3+2. Mean + SD. n = 4. **P < 0.01, 2-way

ANOVA with Tukey’s post test.

understanding of the reprogramming process, wide variability
exists among the differentiation potentials of individual hiPSC
lines (13, 14). Second, the safety of hiPSC-based cell therapy has
yet to be fully established. In particular, since any hiPSCs that
remain undifferentiated or bear subclonal tumorigenic mutations
have neoplastic potential (15, 16), it is critical to eliminate com-
pletely such cells from a therapeutic product. As illustrated by 1
of 2 patients in the first hiPSC-based human trial (17), safe clin-
ical use requires that genomic integrity of hiPSCs be confirmed
by whole-genome sequencing/whole-exome sequencing (WGS/
WES). Third, despite numerous studies by multiple laboratories,
in vitro differentiation protocols of hiPSCs into functional mDANs
remain suboptimal, adding to end product variability (7, 18). Final-
ly, long-term cost efficacy and reproducibility will be necessary to
benefit as many patients as possible.

In this study, we sought to address these challenges. We pro-
pose that the core techniques described here offer a protocol suit-
able for the successful implementation of personalized, autolo-
gous cell-replacement therapy for PD.

Results

Identification of microRNAs that regulate metabolic reprogramming.
We recently showed that SIRT2, directly targeted by miR-200c,
is critical for metabolic reprogramming and hiPSC generation
(19). To validate a functional link between miR-200c¢ and repro-

gramming, we tested to determine whether forced expression of
miR-200c¢ would induce a metabolic change. Indeed, miR-200c
overexpression (OE) in human dermal fibroblasts (hDFs) result-
ed in significant metabolic changes, including decreased oxygen
consumption rate (OCR) and increased extracellular acidifica-
tion rate (ECAR) (Supplemental Figure 1, A and B; supplemental
material available online with this article; https://doi.org/10.1172/
JCI130767DS1). Compared with empty-vector control lines, miR-
200c OE cells showed significantly decreased oxidative phos-
phorylation (OXPHOS) capacity, with decreases in basal respira-
tion, ATP turnover, maximum respiration, and oxidative reserve,
as well as OCR changes after carbonyl cyanide-p-trifluorome-
thoxyphenylhydrazone (FCCP) injection (Supplemental Figure
1, C-E). We next treated hDFs with reprogramming factors (i.e.,
Y4F) together with miR-200c. Addition of miR-200c¢ OE signifi-
cantly reduced OXPHOS, compared with Y4F only (Supplemental
Figure 1, F-K), suggesting that pluripotency-associated micro-
RNAs (miRNAs) influence the reprogramming process by facil-
itating metabolic reprogramming. To test this, we investigated
whether other miRNAs could, like miR-200c¢, induce metabolic
changes. Based on previous miRNA expression studies (20-23),
we identified 8 candidate miRNA clusters (miR-17/92, miR-106a,
miR-106b, miR-136s, miR-200c, miR-302s, miR-369s, and miR-
371/373) that are consistently enriched in hPSCs. We tested to
determine whether OE of these miRNAs in hDFs would lead to
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Figure 2. Higher quality hiPSC lines generated from our improved reprogramming method. (A) Heatmaps depicting gene expression levels of pluripoten-
cy markers among established hiPSC lines compared with the original hDFs and an hESC line (H9). n = 3. (B) Immunostaining of hiPSC lines generated by
different combinations with specific antibodies against pluripotency markers (e.g., 0CT4, NANOG, TRA-1-60, and SOX2) along with Hoechst 33342 nuclear
staining (insets). Scale bars: 100 um. (C) Immunostaining for lineage-specific markers for ectoderm (0TX2), mesoderm (BRACHYURY), and endoderm
(50X17) following spontaneous differentiation for 7 days. Scale bars: 100 um. (D) Heatmaps depicting gene expression levels of early differentiation mark-
ers of ectoderm (PAX6 and MAP2), endoderm (FOXA2, SOX17, and CK8), and mesoderm markers (MSX1, MYL2A, and COLEA?2) in hiPSC lines generated by

pY4F, pY4F+3, or pY4F+3+2.n = 2.

metabolic changes. Interestingly, we found that 7 out of these 8
miRNA clusters (excepting miR-17/92) resulted in significant met-
abolic reprogramming, including decreased OCR and increased
ECAR, leading to robust reductions in the OCR/ECAR ratio rang-
ing from 1:3 to 1:20 compared with control cells transduced with
empty vector (Supplemental Figure 1, L-N).

Combining metabolism-regulating miRNAs with reprogramming
factors efficiently generates high-quality hiPSCs. We tested to deter-
mine whether adding these metabolism-regulating miRNAs to the
usual reprogramming factors (either Y4F or Y3F [OCT4, SOX2,
and KLF4]) on lentiviral vectors would facilitate generation of
hiPSCs. Among the 7 miRNA clusters identified above, miR-302s
exhibited the highest potency in enhancing hiPSC generation
when combined with Y3F or Y4F (Figure 1, A and B). In addition,
miR-106a, miR-106b, miR-200c, miR-369s, or miR-371/373
clusters also modestly but substantially increased hiPSC genera-

jci.org

tion. We next tested to determine whether any additional miRNA
would further enhance hiPSC generation in combination with Y3F
and miR-302s (Y3F+3) or with Y4F and miR-302s (Y4F+3). In the
presence of Y3F+3, addition of any of the other miRNA clusters
did significantly enhance hiPSC generation (Figure 1C). When
Y4F+3 was used, only miR-200c significantly enhanced hiPSC
generation (Figure 1D), thus identifying the combination of Y4F,
miR-302s, and miR-200c (Y4F+3+2) as optimal. We compared the
dynamics of metabolic changes during reprogramming induced
by Y4F, Y4F+3, and Y4F+3+2. Notably, Y4F+3+2 induced the most
prominent metabolic change (Figure 1, E and F), supporting a link
between metabolic change and efficient hiPSC generation. We
next investigated whether this combination could also influence
the overall quality of hiPSCs by staining for alkaline phosphatase
(AP) and for a more stringent pluripotency marker, TRA-1-60
(24, 25). Approximately 40% of AP* colonies generated by Y4F
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Figure 3. Genomic integrity of hiPSC
lines generated from skin biopsy of
a sporadic PD patient. (A) Somatic
mutations found in 4 hiPSC lines.
Columns show the number of sin-
gleton mutations in each hiPSC line
(different colors per hiPSC line) and
number of unique mutations found
in 2 or more hiPSC lines (black col-
umns). Below black columns, hiPSC
lines sharing the mutations are indi-
cated by dots connected with edges.
Bottom left bars represent total
numbers of mutations including both
singleton and those found in 2 or
more hiPSC lines. C4 had the small-
est number of somatic mutations (n
=92), of which 80 were singleton and
12 were found in C4 and the other
hiPSC lines. (B) Mutational burdens
on coding regions and cancer-associ-
ated genes were compared with pub-
licly available data sets. The numbers
of nonsynonymous mutations in our
hiPSC lines were significantly lower
than for hESC lines. On average,

the numbers of nonsynonymous
mutations in the iPSC lines from

the HipSci project (28) are similar to
those of our hiPSC lines. Overall, C4
shows the lowest mutation burden
(red). For the somatic mutations in
cancer-associated genes, no somatic
mutation was found in 2 widely used
hESC lines (H1and H9, blue) and

C4 hiPSC line (red) (right panel). (C)
Distribution of minor allelic fractions
(MAFs) of all somatic mutations in
the 4 hiPSC lines. The peaks around
MAF of 0.5 denote clonal somatic
mutations. The second peaks with
lower MAFs of 0.1 denote subclon-

al mutations. For each plot, the
density curve with 2 peaks shows
the distribution of somatic mutation
MAFs. The colors of curves match
with those in A for each hiPSC line.
Curves with different colors (peaked
around MAF of 0.0) indicate somatic
mutations detected by the other
hiPSC lines.
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or Y4F+3 were TRA-1-60". In contrast, over 90% of AP* colonies
generated by Y4F+3+2 were TRA-1-60* (Figure 1G and Supple-
mental Figure 2A). Moreover, TRA-1-60" hiPSC colonies generat-
ed by Y4+3+2 showed typical hESC-like compact colony morphol-
ogy (Supplemental Figure 2A). We also reprogrammed adult hDFs
(GM03529, Coriell Institute) and found that over 90% of colonies
generated by Y4F+3+2 on lentiviral vectors were AP*TRA-1-60*
(Supplemental Figure 2B).

We next tested to determine whether this combination
(Y4F+3+2) could generate high-quality hiPSCs using nonviral
vectors. We developed 2 episomal vectors harboring Y4F on
1 vector (pY4F; Supplemental Figure 2C) and miR-302s and
miR-200c¢ clusters on the other (p3+2; Supplemental Figure
2D). Because of the known transformation activity of c-Myc
(26), we replaced it with L-MYC on pY4F. We thus established
an episomal reprogramming protocol using single transfection
with these 2 vectors (Supplemental Figure 2E) that efficient-
ly reprogrammed hDFs to hiPSC colonies that were more than
90% AP*TRA-1-60" (Figure 1H). We selected hiPSC lines with
hESC-like morphology generated by Y4F, Y4F+3, and Y4F+3+2,
passaged them more than 20 times, and characterized their
properties. As shown in Figure 2, A and B, their morphologies
and expression levels of pluripotency markers closely resem-
bled those of H9 hESC. Interestingly, H9 and hiPSCs generated
by Y4F+3+2 differentiated equally well to all 3 germ layer lin-
eages, while differentiation of those generated by Y4F or Y4F+3
was skewed toward mesodermal lineage, as evidenced by (a)
staining with antibodies against the 3 germ layer markers and
(b) gene expression of lineage-specific markers (Figure 2, C and
D). These results suggest that the Y4F+3+2 combination enables
the generation of higher quality hiPSCs from both newborn and
adult human fibroblasts with less biased differentiation poten-
tial, regardless of the delivery vector, compared with conven-
tional methods (Y4F or Y4F+3) (Supplemental Table 1).

Genomic integrity and somatic mutations in hiPSCs. To deter-
mine whether our reprogramming method can reliably generate
clinical grade hiPSCs, we attempted to generate hiPSC lines using
adult hDFs from multiple sources, including 9 fibroblast lines from
the Coriell Institute (3 familial PD, 3 sporadic PD, and 3 healthy
subjects) and 4 samples from new skin biopsies (3 healthy subjects
and 1 sporadic PD patient). As shown in Supplemental Table 2 and
Supplemental Figure 3, A and B, our method generated multiple
hiPSC lines from all of these fibroblasts using a 1-time transfec-
tion with pY4F and p3+2 (Supplemental Figure 2E), all displaying
hESC-like morphology and prominent expression of pluripotent
markers, including OCT4, TRA-1-60, NANOG, and SSEA-4.

Focusing on personalized cell therapy, we further character-
ized hiPSC clones made from skin biopsy of a sporadic PD patient
(MCL540 in Supplemental Table 2). A fundamental criterion for
clinical grade hiPSCs is maintenance of genomic integrity and
absence of harmful (e.g., reported cancer causing) mutation(s)
(7,17). As an example, we tested 5 independent hiPSC clones that
were passaged approximately 20 times since the original isolation
from MCL540 (N17, C4, N3, C11, and C5) as well as control cells
(parental fibroblasts and H9) for potential integration of vector
DNAs into the host genome (Supplemental Table 3). To detect
plasmid-derived sequences, we designed 8 sets of EBNA-1-spe-
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cific primers and identified 2 sets (EB-01 and EB-02) that specifi-
cally detect plasmid DNAs (Supplemental Figure 4A and data not
shown). While plasmid DNAs were undetectable in cytoplasmic
fractions (Supplemental Figure 4B), 1 (N17) of 5 clones showed an
integrated plasmid sequence (Supplemental Figure 4C). Quan-
titative reverse-transcription PCR (qRT-PCR) analysis showed
that N17 contained 1.3 to 1.7 x 10* copies of integrated plasmid
sequences per 100 nanograms of genomic DNA (Supplemental
Figure 4D). Since the amount of DNA in a diploid cell is about 6
picograms (http://bionumbers.hms.harvard.edu/bionumber.
aspx?id = 111206), 100 nanograms of genomic DNA used in qRT-
PCR represents about 1.76 x 10* cells. Thus, clone N17 appears to
contain approximately 1 copy of plasmid sequences per cell. In
contrast, 4 other clones and negative controls (original fibroblasts
and H9) were free of integrated plasmid DNAs (Supplemental Fig-
ure 4D). We thus excluded N17 and further analyzed the remain-
ing 4 hiPSC clones (C4, N3, C11, and C5) by DNA fingerprinting,
karyotyping, and in vivo pluripotent differentiation (Supplemental
Figure 4, E-G).

We performed WES on these 4 hiPSC clones and found a total
of 524 somatic mutations compared with the parent fibroblast DNA
sequence, including 137 mutations in coding exons or in *2 bps
splicing acceptor and donor sites (Supplemental Table 4). Each hiP-
SC line carried a median of 126 somatic mutations (range 92-205),
including a median of 114.5 singleton mutations (range 80-195).
There were a few shared mutations (1 = 1-4) between hiPSC lines
(Figure 3A). C5 had the largest number of somatic mutations (n =
205), and C4 had the fewest (n = 92), including 80 singletons. Of
somatic mutations in protein-coding regions, hiPSC lines carried a
median of 36.5 (range 17-50), including 27 (median, range 14-35)
nonsynonymous mutations. Again, C4 had the fewest mutations.
We investigated mutations in 127 genes reported as frequently
mutated across multiple cancer types (27). Our hiPSC lines car-
ried at most 1 mutation (synonymous or nonsynonymous) in these
genes, and no nonsynonymous mutation was found from C4 or N3.
In summary, of somatic mutations discovered in all 4 hiPSC lines,
there were none causally implicated in cancer. Finally, we compared
somatic mutation burden in our hiPSC lines with publicly available
data sets (Figure 3B). We collected high-confidence somatic muta-
tions from WES based on 140 hESC lines (28) and somatic coding
mutations from WGS data for 299 hiPSC lines (generated by Sen-
dai virus method) in the Human Induced Pluripotent Stem Cells
Initiative (HipSci) (29). Our hiPSC lines showed overall mutational
burdens similar to those of HipSci hiPSC lines (median 25, range
5-492) and significantly less than those of hESC lines (median 70,
range 34-223) (Wilcoxon’s rank sum test, P value = 0.00071) (Fig-
ure 3B). Also, our hiPSC lines carried smaller numbers of mutations
in genes frequently mutated in cancer (Figure 3B).

We also checked for somatic mutations that might be present
in a subpopulation in each hiPSC line. We estimated the distribu-
tion of allelic fractions in observed somatic mutations and per-
formed binomial tests with a null model of 45% as the center for
single nucleotide variants (SNVs) and 35% as the center for indels
(28, 30). For each hiPSC line, a median of 16 (9-18 in range) vari-
ants, with Bonferroni’s correction at P < 0.01, were considered
as potential candidates for somatic mutations originating from a
fraction of cells (marked as subclonal in Supplemental Table 4).
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Figure 4. Spotting-based in
vitro differentiation improves
yield and quality of the result-
ing DA cells. (A) Experimental
schematic to find optimized
physical culture conditions. On
do through d15, all cells regard-
less of viability were quantified
by FACS and/or manual cell
counting, as marked with
arrows. At d15, cells were
replated on cover glass for
immunocytochemical analysis
or harvested for gqRT-PCR. (B
and C) Comparison between
conventional monolayer-based
and spotting-based methods
for degree of cell loss (due to
detachment) from d1to d14 and
cell harvest on d15 (B) and for
the percentage of dead cells at
d15 (C) for both hESC (H9 and
H7) and hiPSC (C4 and N3). Cell
densities of 11,000/cm? and
10,000/spot were used for con-
ventional and spotting-based
methods, respectively. Data
presented reflect experiments
with measurable outcomes (see
the legend of Supplemental
Figure 5A). Mean + SD. n = 4.
One-way ANOVA. (D) Quantifi-
cation of dying cells from final
cell harvest on d15 using immu-
nocytochemical analysis. Anti-
body against cleaved caspase-3
was used to detect apoptotic
cells. Nuclear condensation was
visualized by Hoechst 33342
staining to detect dead or dying
cells. Cells plated with spotting
technique showed significantly
reduced numbers of cleaved
caspase-3-positive cells. Scale
bars: 100 um. Scale bar (insets):
50 pm.
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Figure 5. Effects of quercetin treatment on undifferentiated and differentiated cells. (A) Screening to determine optimal quercetin treatment condi-
tions. Surviving hiPSCs were counted using a hemocytometer after treatment with different quercetin concentrations and durations. (B and C) Viability (B)
and total cell number (C) of dopaminergic cells at d11 after quercetin treatment on d9. Cultures were treated for 16 hours at 5, 10, 20, 40, and 100 uM. Mean
+SD. n = 4. One-way ANOVA. (D) Colony formation by hiPSCs serially diluted by factors of 10 from 10° to 1 together with a constant number of fibroblasts
(10%). Cells were treated with 40 uM quercetin for 16 hours or left untreated, and then cultured for 6 days, followed by staining for AP activity. Represen-
tative results from 2 separate experiments. (E) Plotting of final colony number counted against original input hiPSC number. (F) Generation of standard
curve for OCT4 copy number against input hiPSC number by gRT-PCR. OCT4 copy number was measured by gRT-PCR and calculated from 10-fold serially
diluted hiPSCs, from 10° to 10 cells. (G) Measurement using OCT4 gRT-PCR of OCT4-positive cell numbers among mDA cells differentiated from hiPSCs at
various time points with or without quercetin treatment. Mean + SD. n = 2. ***P < 0.005, 2-way ANOVA.

The distribution of minor allele fractions of all somatic mutations
found across all hiPSC lines (Figure 3C) showed that both clonal
and subclonal mutations were observed in each hiPSC line (iden-
tified as 2 peaks in plots), but subclonal mutations were unique
to individual hiPSC lines. We observed 20 mutations conserved
across 2 or more hiPSC lines, but visual inspection of aligned short
reads from WES revealed 1 or 2 short reads with mutant alleles in
the parent fibroblast for 14 somatic mutation candidates, suggest-

jci.org

ing potential germline origin of these subclonal mutation candi-
dates. Notably, there were no clonal or subclonal somatic muta-
tions in cancer-driver genes such as TP53 in our hiPSC lines (28).
C4 and N3 had the lowest somatic mutational burden among the 4
hiPSC lines and were further characterized.

A novel “spotting” culture method reliably generates high-yield
and high-quality mDA cells. Numerous laboratories have inves-
tigated the in vitro differentiation of mouse and human PSCs
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Figure 6. Molecular, cellular, and physiological characterization of in vitro-differentiated C4 hiPSCs. (A) Schematic overview of mDA differentiation
method based on spotting protocol. Numbers represent concentrations in ng/ml, and those in parentheses show uM. AA, ascorbic acid; B-mer, -mer-
captoethanol; BDNF, brain-derived neurotrophic factor; CHIR, CHIR99021; dbcAMP, dibutyryl cyclic adenosine monophosphate; FGF8, fibroblast growth
factor 8; GDNF, glial cell line-derived neurotrophic factor; KSR, knockout serum replacement; LDN, LDN193189; L-Glu, L-glutamine; NEAA, nonessential
amino acid; PMN, purmorphamine; QC, quercetin; SB, SB431542; SHH, sonic hedgehog. (B) Heatmap of gene expression of stage-specific neural markers in
mDA-differentiated cells. (C) Gradual increase in FOXA2, LMX1A, NURR1, and TH gene expression during differentiation. (D) Immunofluorescence staining
of neural precursor marker (NESTIN), mDAP markers (FOXA2/LMX1A/TH), mDAN markers (MAP2, NURR1/TH), and proliferating marker (PAX6/SOX1/KI67)
cells in differentiated d28 cells. Scale bars: 100 pm. (E) Percentages of NESTIN*, MAP2*, TH*, and NURRT* cells among total d28 cells (n = 6). (F) Percentag-
es of FOXA2*, LMXA1*, and FOXA2*LMX1A*cells among total d28 cells (n = 6). (G) Percentages of FOXA2*LMX1A*, NURR1* cells among TH* d28 cells (n = 6).
(H) Percentages of PAX6*, SOX1*, and PAX6*S0X1*KI67+ cells among total d28 cells (n = 6). (1) HPLC analysis of KCI-induced release of DA and DA metabo-
lites (DOPAC) on d47. Data are presented as mean + SEM.
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toward the mDA cell fate. Based on the findings that mDANs
originate from the neurogenic floor plate and that the Wnt and
Shh signals play critical roles (31-33), recent mDA differentia-
tion protocols utilize activators of these signals (7, 34, 35). Since
the embryoid body-derived neurosphere-based method is highly
variable between experiments (18, 35, 36), we sought to establish
more efficient and reproducible monolayer methods based on
dual-SMAD inhibition (36, 37). mDA cells used for transplanta-
tion studies have generally been differentiated in vitro for 16 to 32
days (7). Therefore, we sought to optimize the first 15 days, which
critically determine floor plate-based mDA progenitor (mDAP)
induction, first using the well-studied H9 (passage number <36)
starting with 730,000 cells per 60 mm dish (i.e., 34,000/cm?),
according to previously published optimized conditions (37). Sur-
prisingly, we observed severe cell death/loss starting from d8 to
d10, resulting in highly variable outcomes. Assessing multiple
experiments (n = 76 for hESCs and n = 48 for hiPSCs) performed
by 4 independent researchers in our laboratory, more than 50%
failed to provide meaningful data for both hESCs and hiPSCs, due
to severe cell loss (Supplemental Figure 5A). Thus, we carefully
monitored cell loss during the differentiation process by deter-
mining the number of detached cells using FACS during media
change (Figure 4A). On d15, we counted the total harvested cell
number, then further characterized these cells. Remarkably, the
total numbers of detached/lost cells from d1 to d14 were much
higher than those of harvested cells (Figure 4B and Supplemental
Table 5) when tested for 2 hESC lines (H9 and H7) and 2 hiPSC
lines (C4 and N3). Thus, we attempted to start the monolayer cul-
ture with smaller numbers of H9 and C4 cells (240,000 [11,000
cells/cm?] and 60,000 [3500 cells/cm?]). Using 11,000 cells/cm?,
we found a similar pattern of significant cell loss (Supplemental
Table 5). At still lower densities of 3500 cells/cm?, both H9 and C4
cells showed poor viability and were similarly lost to detachment,
so that the final cell harvest was unacceptably low. This pattern of
severe cell loss regardless of initial cell concentration suggests that
evenly distributed monolayer conditions are not ideal for in vitro
differentiation of hiPSCs and hESCs. Thus, we hypothesized that
dividing the monolayer into smaller isolated portions (here called
spotting) might improve in vitro differentiation. To test this, we
limited initial cell attachment to designated areas by precoating
circular areas (spots) of approximately 5 mm diameter using 10 pl
of Matrigel on cross points of a 2 x 2 cm grid (Supplemental Figure
5, B and C). To find the optimal cell density, we plated 3 differ-
ent numbers of cells (40,000, 10,000, and 2500) using H9 or C4
cells on each spot. Remarkably, this spotting method substantially
reduced cell loss and improved yield at d15 compared with mono-
layer methods. In particular, we found that 10,000 cells per spot
(total of 60,000 cells per 60 mm dish) resulted in almost 100%
successful in vitro differentiation (Supplemental Figure 5A) and in
a final harvest of 6 to 8 million mDA cells at d15, while total cell
loss was under 3 million cells (Figure 4B and Supplemental Table
5). We confirmed a similar pattern for H7 hESC and N3 hiPSC
lines (Figure 4B), suggesting that this spotting method is broad-
ly applicable to mDA differentiation of hPSC lines. More impor-
tantly, cells harvested at d15 included fewer dead cells (Figure 4C)
and significantly fewer cleaved caspase-3-positive cells as well as
decreased nuclear condensation (Figure 4D), well-known markers
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for programmed cell death (38, 39). We speculated that the differ-
ence in outcomes between the spotting and monolayer methods
was due to insufficient oxygen and nutrition for cells in monolayer
conditions and thus attempted to correct this with more frequent
media changes. However, daily media changes neither reduced
cell loss nor enhanced cell harvest. On the contrary, this actual-
ly increased cell loss (Supplemental Figure 6A). In the spotting
method, daily media changes did not affect cell loss or harvest,
again confirming that differentiation is more stable with spotting
than with the monolayer method. Notably, we observed that the
culture media became significantly acidic only in the monolayer
culture regardless of frequency of media change (Supplemental
Figure 6B), at least in part explaining the poor cell health. Taking
these data together, this spotting-based method reduced cell loss,
increased final cell yield, and produced healthier mDA cells com-
pared with conventional monolayer methods.

Quercetin treatment eliminates undifferentiated cells during in
vitro differentiation. The most critical issue for hPSC-based cell
therapy is to establish safety by removing residual undifferentiated
cells with neoplastic potential. Based on the previous finding that
BIRC5 (encoding survivin) is highly expressed in hPSCs compared
with somatic cells (40), we hypothesized that chemical inhibition
of survivin would selectively eliminate remaining undifferentiat-
ed hiPSCs. However, since survivin is known to be important for
neuronal precursors (41, 42), it is important to test whether this
strategy interferes with mDAP generation. Among survivin inhib-
itors (40), we chose the flavonoid quercetin (3,3',4',5,7-pentahy-
droxyflavone) because this natural compound is present at high
concentrations in commonly consumed vegetables and fruits (43).
We first treated 100,000 undifferentiated C4 cells with 5, 10, 20,
40, and 100 uM quercetin for 2, 6, 16, and 24 hours. After wash-
ing with fresh media, cells were further cultured for a total of 48
hours. As shown in Figure 5A, viable cells were undetectable when
treated with more than 20 pM quercetin for more than 16 hours,
indicating that undifferentiated hiPSCs can be eliminated with
an efficiency of greater than 99.99%. To test whether quercetin
affects survival of mDAPs, we treated d9 C4 cells (mostly neuro-
nal precursors) with different concentrations of quercetin for 16
hours and examined outcome on d11. Neither cell viability nor
number was affected at d11 (Figure 5, B and C), suggesting that
quercetin does not affect hiPSC-derived mDAPs.

To establish a sensitive and specific assay, we created test
mixtures of undifferentiated C4 cells among hDFs in a total of
100,000 cells and performed 3 different assays. First, we used
FACS with monoclonal antibodies against SSEA-4 and TRA-1-
60 (Supplemental Figure 7A) and found a significant discrepan-
cy between the input and the detected cell number, in particular
below 100 cells (Supplemental Figure 7B), indicating that this
method was insensitive to small numbers of undifferentiated cells.
Second, we cultured samples of diluted cells for 6 days and count-
ed AP-positive colonies as a surrogate marker for undifferentiat-
ed cells (Figure 5D). Although there was a linear relationship, the
number of AP-positive colonies was about one-tenth that expect-
ed, given the input cell numbers (Figure 5E). This discrepancy may
be due to limited survival and growth of individual hiPSCs and /or
to their tendency to aggregate during colony formation. Despite
this limitation, since there were no AP-positive colonies detected
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Figure 7. In vivo safety of C4-derived mDA cells in NOD SCID mice. (A) H&E staining of NOD SCID mouse brain after striatal transplantation of C4 iPS

cells (dO, left), or of C4-derived mDAPs at d14 (middle) or d28 (right). The white circle in the d14 group identifies rosette-like structures. (B) Quantification
of teratoma formation percentage at dO (n = 4) and d14 without quercetin (n = 4) and at d14 (n = 19) and d28 (n = 23) with quercetin treatment groups. (C)
Quantification of rosette formation at d14 of differentiation without quercetin and at d14 and d28 with quercetin treatment. (B) Immunohistochemistry of
vimentin in d14 and d28 groups. (E and F) Immunofluorescence staining of SOX1, PAX6, and KI67 in d14 (E) and d28 groups (F). (G) Quantification of SOX1,
K167+, SOX1*KI67*, SOXT*PAX6E*, SOXT*PAX6*KI67* populations in d14 and d28 groups. Data are presented as mean + SEM. n = 4, ***P < 0.001, Student’s

t test. (H) Biodistribution assay. RT-PCR of human- or mouse-specific gene expression in “brain mix"” (mixture of olfactory bulb and cerebellum), spinal
cord, lung, heart, spleen, kidney, and liver of the NOD SCID mice that had received intrastriatal hiPSC-derived d28 dopaminergic progenitor grafts 6 months
previously. hiPSC serves as a positive control. The human-specific gene is located on chromosome 10 at 29125650 to 29125967. The mouse-specific gene is
part of mouse TNF-a. Scale bars: 100 um (unless otherwise specified).
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after treatment with quercetin even when 10° hiPSCs were plat-
ed, this result confirmed that the efficacy of quercetin treatment
is greater than 99.99%. Nonetheless, since this method cannot
detect numbers fewer than 10 undifferentiated cells per 100,000,
we next used a qRT-PCR method using OCT4 expression as a sur-
rogate marker. A standard curve of OCT4 copy number was gener-
ated using qRT-PCR analysis of mRNAs prepared from 102 to 10°
undifferentiated C4 cells (Figure 5F), allowing us to predict the
number of undifferentiated cells. Using this assay, the calculated
number of undifferentiated C4 cells at d14, d21, and d28 without
quercetin treatment was 30, 2, and 0.17 per 100,000 cells, respec-
tively (Figure 5G). Thus, if 10 million cells at d14, d21, or d28 of
differentiation were transplanted into a PD patient, grafts would
contain approximately 3000, 200, and 17 undifferentiated cells,
respectively. Since quercetin treatment can eliminate undifferen-
tiated cells with greater than 99.99% eftficiency following quer-
cetin treatment, the expected number of undifferentiated cells
would be at most 17 x 0.01% = 0.0017 cells per 10 million d28
cells. In agreement with this, the calculated number of undiffer-
entiated cells using the QRT-PCR curve at d14, d21, and d28 after
quercetin treatment (40 uM at d9 for 16 hours) was far less than 1
cell per 100,000 cells (Figure 5G). Consistent with these results,
a few NANOG" cells were observed at d14 without quercetin
treatment, but none were detected with treatment (Supplemen-
tal Figure 7C). Taken together, our results indicate that quercetin
treatment reduces the number of undifferentiated cells to levels
undetectable using sensitive techniques, thus greatly reducing the
risk of tumor formation even when many millions of differentiated
cells are transplanted.

Functional characterization of mDAP and mDAN. Based on the
spotting method and quercetin treatment described above, we
established a modified in vitro protocol for differentiation of hiP-
SCs into mDAP/mDAN (Figure 6A). C4 cells differentiated using
these methods showed progressively more compact morphology,
minimal detachment (Supplemental Figure 6C), and bipolar out-
growth of neurites from the edge (Supplemental Figure 8A). At
d15, cells were dissociated into single-cell suspensions, replated,
and further differentiated. As shown in Figure 6, B and C, expres-
sion of neural precursor markers (e.g., SOX2, SOX1, and NESTIN)
and floor/basal plate markers (e.g., GLI1, FOXA2, and CORIN)
started at d7 and continued at high levels through d28, finally
decreasing at d40. The expression of mDAP markers (e.g., OTX2,
LMXI1A, and EN1) was elevated at d21 and 28, whereas mDAN
markers (e.g., TH, DA transporter [DAT], and PITX3) increased
later. These data were corroborated by stage-specific immuno-
cytochemistry (ICC) analyses showing a gradual decrease of
NESTIN and increases of mDAN markers (Supplemental Figure
8B). Since d28 cells exhibited more mature phenotypes than d14
cells (Supplemental Figure 8B), we expected that d28 cells might
be more suitable than earlier cells and thus analyzed d28 cells
using ICC for typical mDAP and mDAN markers (Figure 6, D-H).
Approximately 40% and 15% of the total cells expressed MAP2
and TH, respectively, and 38% of the cells expressed NURR1
(Figure 6, D and E). More than 80% of the total cells coexpressed
FOXA2 and LMX1A (Figure 6, D and F), and the majority of TH*
cells coexpressed FOXA2, LMX1A, and NURR1 (Figure 6, D and
G), a feature characteristic of mDA phenotypes. We observed
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that approximately 30% and 20% of d28 cells expressed the dor-
sal patterning marker PAX6 and the proliferation marker Ki67,
respectively (Figure 6, D and H). Importantly, cells that coexpress
PAX6, SOX1, and Ki67, known to form abnormal outgrowth upon
transplantation (44, 45), were undetectable (Figure 6, D and H).
GABA' or 5-HT" cells were barely detected at any stage of differ-
entiation (Supplemental Figure 8B).

To determine whether these cells become physiological-
ly functional neurons, we performed whole-cell patch-clamp
recordings from d70 cultures that contained many TH* neurons
coexpressing MAP2, DAT, and synaptophysin (SYP) (Supplemen-
tal Figure 9A). These d70 TH* neurons coexpressed additional
mature mDA markers, including PITX3 and VMAT2 (Supplemen-
tal Figure 9A). Also, TH'ALDH1A1* neurons coexpressed GIRK2
or sometimes CALBINDIN (Supplemental Figure 9B), character-
izing A9- and A10-type mDANS, respectively. In current-clamp
recoding mode, we assessed the intrinsic membrane properties of
these cells (resting membrane potential, -55.93 + 2.43 mV; input
resistance, 1.52 + 0.44 GQ; n = 7 neurons) and observed action
potentials in response to depolarizing current injections (Supple-
mental Figure 10A; average amplitude of action potential 54.96
* 4.66 mV; half-width: 6.04 * 0.82 ms; amplitude of afterhyper-
polarization [AHP]: 3.55 * 1.46 mV; n = 7 cells). In voltage-clamp
recording mode, voltage pulses from -70 mV to +40 mV evoked
transient inward currents, which were completely blocked by
tetrodotoxin (TTX) (a voltage-gated Na* channel blocker), indicat-
ing expression of voltage-gated Na* channels, as well as sustained
outward currents (Supplemental Figure 10B), representing potas-
sium currents. Moreover, during whole-cell voltage-clamp record-
ings, we observed spontaneous postsynaptic currents (sPSC), indi-
cating the presence of functional synapses (at a holding potential
of -70 mV, the frequency of sPSCs was 0.11 + 0.03 Hz; peak ampli-
tude, 14.71 + 3.05 pA; rise time, 0.73 + 0.14 ms; decay time, 1.72 +
0.19 ms; n =5 cells) (Supplemental Figure 10C). Consistent with
pacemaker activity at the resting membrane potential (46), spon-
taneous firing was observed in the absence of an injected current.
The recorded cells fired spontaneously, with an average frequency
of 4.4 + 0.8 Hz (n = 4), as typically observed in A9 mDANs (Sup-
plemental Figure 10D). Individual recorded neurons (loaded with
neurobiotin through the recording patch pipette) colocalized with
TH positivity, confirming the identity of these cells as dopaminer-
gic neurons (Supplemental Figure 10E). In addition to single-cell
patch-clamp recordings, we measured population-level electrical
activity using multielectrode array (MEAs). Differentiated cells
developed robust synchronous bursting patterns indicative of
maturing neuronal networks (Supplemental Figure 10F). Cumula-
tive activity maps showed an increase in the spike density and the
area of spikes within mDA between d30 and d44 (Supplemental
Figure 10F). In order to isolate spontaneous activity from mDANS,
the cultures were treated with a combination of glutamate recep-
tor antagonists, NBQX + AP5, and a GABA, receptor antagonist,
picrotoxin. When this cocktail was administered, overall spiking
and the number of active electrodes were only modestly dimin-
ished (Supplemental FigurelO, G and H), suggesting that there
are abundant mDANS in these cultures. Finally, HPLC analysis of
culture medium further showed that d47 cells release DA (3.1£0.1
ng/ml) and DOPAC (0.2 + 0.0 ng/ml) (Figure 6I).
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Figure 8. In vivo survival and function of C4 hiPSC-derived mDA cells. (A-D) Behavioral assessments using drug-induced rotation test (A), corridor test (B),
cylinder test (C), and stepping test (D) in d28 and Cryo-d28 groups (n = 9). (E and F) Overview of graft-derived hNCAM* innervation and TH* innervation of the host
brain. (G-L) Innervation by graft-derived hNCAM* neurons (G-1) or TH* neurons (J-L) into host STR, NAc, and PFC of intact side, grafted side, and lesioned ungraft-
ed side. (M) High magnification image showing graft-derived innervation. (N) Immunofluorescence staining of the human-specific synaptic marker SYP, TH, and
DARPP32 in grafted neurons. All graft analysis data (E-M) were obtained 26 weeks after transplantation. AC, anterior commissure; dI-STR, dorsal STR. Data are
presented as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001, Student’s t test. Scale bars: 500 um (G-L); 100 um (M and N); and 20 um for insets in N.
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In vivo safety following transplantation. Our in vitro characteri-
zation showed that the majority of cells from d14 to d28 represent
mDAPs, suitable as transplantable cell sources. To test their safe-
ty, we transplanted d14 or d28 C4 cells (without or with quercetin
treatment; 100,000 cells per animal) into the striatum (STR) of
immunodeficient NOD SCID mice. As expected, transplantation
of undifferentiated C4 cells (d0) induced formation of teratomas
containing the characteristic 3 germ layers in all 4 mice tested
(Figure 7A), a defining characteristic of PSCs. By comparison, no
teratoma formation was observed when d14 cells without (1 = 8) or
with quercetin (n = 19, Figure 7A) and d28 cells with quercetin (n
=23; Figure 7A) treatment were transplanted (Figure 7B). Interest-
ingly, we observed rosette-like structures in about 40% of the host
brains grafted with d14 cells (3 of 8 in d14 without quercetin group;
8 of 19 in d14 with quercetin group; Figure 7A). In contrast, there
were no rosette-like structures when d28 cells were transplanted
(0 of 23 mice; Figure 7, A and C). Immunohistochemistry showed
that, compared with d28 grafts, d14 grafts contained more vimen-
tin-positive immature cells (Figure 7D). In addition, SOX1 pos-
itive, KI-67 positive, SOX1/KI-67 double-positive, SOX1/PAX6
double-positive, and SOX1/PAX6/KI-67 triple-positive cells were
also fewer in grafts from d28 cells than in those from di14 cells
(33% vs. 4.5%;5.9% vs. 1.2%; 2.1% vs. 0.15%; 1.2 % vs. not detect-
ed [ND]; 0.75% vs. ND, Figure 7, E-G), indicating that d28 grafts
contain fewer cells with proliferative potential than d14 grafts.
These results suggest that, although fully undifferentiated cells
had been removed and teratomas were not formed, d14 grafts still
contained immature progenitor cells capable of forming rosette-
like structures. Additionally, since SOX1/PAX6/KI-67 triple-pos-
itive cells were undetectable in d28 grafts, we conclude that d28
cellsrepresent a safer cell source for transplantation than d14 cells.
We further tested the safety of d28 cells by assessing their biodis-
tribution. At 6 months following transplantation of d28 cells into
the STR, we harvested central nervous system regions (mixtures
of olfactory bulb and cerebellum and spinal cord) and 5 peripheral
organs (lung, heart, liver, kidney, and spleen) to search for migra-
tion of human-origin cells from the striatal grafts. Genomic gPCR
detected no human DNA sequences in any of these regions, while
hiPSC-positive controls showed prominent expression (Figure
7H), demonstrating no detectable redistribution of grafted cells
within the brain or to peripheral organs.

In vivo efficacy tests and graft analyses in animal models of PD.
The 6-OHDA lesioned rat model was historically the first PD ani-
mal model developed (47) and remains a popular model (48, 49). It
is especially useful for quantitative assessment of motor effects of
cell transplantation. Its use in athymic rats is emerging as the pre-
ferred model because immunosuppression is unnecessary. Two
different sources of athymic rats (Taconic Biosciences and Charles
River) were used. We first transplanted 100,000 and 300,000 C4
d28 cells to the STR of unilaterally 6-OHDA-lesioned athymic
Taconic rats and monitored their amphetamine-induced rotation
behavior monthly after transplantation. At 12 weeks, both the
100,000- and the 300,000-cell groups showed significant reduc-
tion of ipsilateral rotation behavior (Supplemental Figure 11A). At
16 weeks, rotation behavior was completely rescued in all implant-
ed rats, and some even showed contralateral rotation. In contrast,
rats receiving vehicle showed no recovery. H&E staining showed
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that grafts contained neither teratoma nor rosettes (Supplemental
Figure 11B). Immunohistochemistry for human neural cell adhe-
sion molecule (1(NCAM) showed dense hNCAM?* innervation in
the STR (Supplemental Figure 11C), prefrontal cortex (PFC) (Sup-
plemental Figure 11D), septal nuclei (Supplemental Figure 11E),
nucleus accumbens (NAc) (Supplemental Figure 11F), and corpus
callosum (CC) (Supplemental Figure 11G). Immunohistochem-
istry revealed abundant TH* neurons in the graft (Supplemental
Figure 11H). Stereological quantification showed that the average
number of surviving TH* neurons was 5,621 + 1029 per 100,000
grafted cells (n = 4), containing a mixture of neuronal morphol-
ogies including large, angular cell somata typical of A9 neurons
(Supplemental Figure 11I) and smaller spherical neurons typical of
A10 identity (Supplemental Figure 11]).

With these data suggesting safety and efficacy of d28 C4
cells, we further extensively tested them in athymic rats from
Charles River, which were more physically robust and facilitat-
ed longer-term analyses than the Taconic strain. We selected a
single dose (100,000 cells) of d28 C4 cells for transplantation
(Supplemental Figure 11K) and compared the efficacy and safe-
ty of cryopreserved to freshly prepared cells. Cryopreserved d28
C4 cells (Cryo-d28) retained a level of viability similar to that of
freshly prepared equivalents (approximately 90%) and displayed
the same mDA cell phenotypes (Supplemental Figure 11L) follow-
ing storage for 1 week in liquid nitrogen. Amphetamine-induced
rotation was significantly reduced at 16 weeks and completely
rescued at 20 and 24 weeks after transplantation of either fresh
or Cryo-d28 C4 cells (Figure 8A). As noted for the Taconic rats
(Supplemental Figure 11A), some animals exhibited contralater-
al rotation at 20 and 24 weeks. We also evaluated the functional
efficacy of these grafts in several tests not involving exogenous
pharmacological stimulation, thus providing a measure of motor
deficits more analogous to those of human PD. In the corridor
test, a sensitive test of lateralized sensorimotor response selection
(50), either fresh or Cryo-d28 C4 cells significantly reduced the
lesion-induced ipsilateral bias at 24 weeks after transplantation
(Figure 8B). Notably, no significant reduction had been observed
yet at 16 or 20 weeks, suggesting that improvement in this task
takes more time than rotation behavior. In the cylinder and step-
ping tests, which measure forelimb akinesia (51, 52), impaired
forelimb function produced by 6-OHDA lesion was also signifi-
cantly improved by transplantation of fresh or Cryo-d28 C4 cells
at 24 weeks after transplantation (Figure 8, C and D). Taking these
data together, in all 4 behavioral tests, both fresh and Cryo-d28
C4 cells significantly and similarly improved motor dysfunction.
Further, additional grafted animals at later time points demon-
strated that recovery of rotation behavior was sustained up to 52
weeks (Supplemental Figure 11M), the latest time tested, suggest-
ing that functional improvements due to transplantation are well
maintained.

Since H9-derived mDA cells have been extensively validat-
ed and explicitly shown to be equally functional to human fetal
ventral mesencephalic (VM) cells (53), we directly compared out-
comes following transplantation of H9 hESC- and C4 hiPSC-de-
rived d28 cells. Transplantation of 1 x 10° and 4 x 107 cells showed
that both lines resulted in identical recovery of rotational behavior
both in degree and in time course (Supplemental Figure 12A).
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We next analyzed grafts at 26 weeks after transplantation
and found that both hNCAM* and TH" cells displayed extensive
innervation of the entire STR with copious extension to dopa-
minergic target areas such as dorso lateral STR (dI-STR), PFC,
and NAc (Figure 8, E-L, and Supplemental Figure 12B). Robust
innervation of the host brain by these graft-derived mDANs
was further validated by extensive coexpression of hNCAM in
dopaminergic fibers in the dI-STR (Figure 8M). In addition, tri-
ple-immunofluorescence staining was performed using anti-
bodies against TH, a human presynaptic protein (SYP), and a
striatal medium spiny neuron marker (DARPP32). We observed
TH*SYP* neuronal terminals on their preferential targets and the
host dendritic spines (DARPP32* neurons) at the border of the
grafts, indicating that grafted DANs had formed synaptic con-
nections with the host striatal neurons (Figure 8N). Cryo-d28
and fresh d28 grafts showed similar ANCAM*TH" reinnervation
and synaptic formation patterns (Supplemental Figure 12C).
Grafts of both fresh and Cryo-d28 C4 cells contained similarly
high numbers of DA neurons with A9- or A10-like morphologies
(d28, 34,560 * 3,200; Cryo-d28, 46,094 + 8,967; Supplemental
Figure 13, A and B). The graft volume was also similar between
d28 and Cryo-d28 (d28, 12.2 + 1.1 mm? Cryo-d28, 13.0 * 1.7
mm?; Supplemental Figure 13C). The total number of hNCAM*
cells was approximately 3.0 x 10¢ and 2.45 x 10¢, and the average
percentage of TH* cells was 1.48% * 0.55% and 2.08% * 0.65
% in the grafts of d28 and Cryo-d28, respectively. Most (70%-
80%) of these TH* neurons coexpressed FOXA2 and LMXIA,
and more than 90% coexpressed NURRI (Supplemental Figure
13, D-F). A mature DA marker, DAT, was abundantly expressed
in TH* neurons (Supplemental Figure 13G), while a marker asso-
ciated with proliferative potential, KI67*, was expressed in less
than 1% of cells (428, 0.86 + 0.09%; Cryo-d28, 0.54 * 0.21%;
Supplemental Figure 13, H and I). Rosettes or teratomas were
not observed, and proliferative cells coexpressing SOX1, PAX6,
and Ki67 were scant or undetected (SOX1*PAX6*, d28, 0.37%
+ 0.10%; Cryo-d28, 0.15% + 0.11%; SOX1'PAX6'KI67*, d28,
0.02% *+ 0.02%; Cryo-d28, N/D; Supplemental Figure 13, H and
I). GIRK2 or CALBINDIN was expressed in TH* neurons (Sup-
plemental Figure 13, J and K), with the majority coexpressing
GIRK?2 (d28,79.29% * 4.88%; Cryo-d28, 81.28% * 3.50%; Sup-
plemental Figure 13L). These TH* neurons in grafts coexpressed
additional A9 markers, such as ALDH1Al. TH*ALDHIA1l*
neurons often coexpressed SOX6 and GIRK2, representing
A9-type mDANS (Supplemental Figure 13, M and N); while some
TH*ALDHI1AL" neurons coexpressed CALBINDIN, representing
A10-type mDANS (Supplemental Figure 130). In sum, these data
show that the great majority of TH* neurons in grafts of both
fresh and Cryo-d28 C4 cells have the characteristics of A9-type
mDANS, consistent with the extensive and long-term recovery of
motor dysfunction in behavioral tests.

Finally, we tested the scalability and clinical applicability of
our platform by production and characterization of differentiated
C4 cells in vitro under this protocol at the Good Manufacturing
Practice (GMP) facility at the Dana Farber Institute. We success-
fully produced more than 160 million d28 cells starting from about
1 million dO C4iPS cells (Supplemental Figure 14). Quality control
data (e.g., genomic footprint, ICC of marker proteins, qRT-PCR)
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demonstrated that these clinically relevant quantities were free of
pathogens and of high quality, as evidenced by the high percent-
age of FOXA2"'LMX1A* cells (>85%) and absence of inappropriate
markers (e.g., 5-HT, DBH, OCT4, and SSEA4; representing sero-
tonergic, noradrenergic, and pluripotent markers, respectively).

Discussion

PD is a particularly promising target for cell-replacement therapy
because selective degeneration of a well-characterized cell type
— A9-type mDANs — is the major cause of motor dysfunction
associated with the condition. Numerous researchers have exten-
sively investigated cell therapy for PD using diverse cell sources,
including fetal tissues, autologous adult stem cells, and allogeneic
mDA cells (5-7, 54). We have focused instead on hiPSC-derived
autologous cell replacement because of its unique advantages in
mitigating ethical, practical, and medical issues. To help realize
the potential of personalized autologous cell therapy for PD, we
sought to address current technical and scientific barriers to the
implementation of this therapeutic strategy.

Because personalized cell therapy would require generation
of clinical-grade hiPSCs from each patient treated, it is critical
to establish reprogramming technology allowing efficient and
reliable generation of such lines. We found that a combination
of 2 metabolism-modulating miRNAs (miR-302s and miR-200c)
with the canonical Yamanaka factors (Y4F) facilitated the genera-
tion of hiPSCs meeting stringent quality criteria. First, our hiPSC
lines showed expression levels of authentic pluripotency markers,
including OCT4, SOX2, NANOG, ESRRB, REX1, GDF3, ECATI,
GBX2, and TRA-1-60, similar to those of H9 (Figure 2, A and B).
Second, H9 hESC and hiPSC lines generated by Y4F+3+2 (our
final method), but not by Y4F or Y4F+3, differentiated equally well
to all 3 germ layer lineages, as determined by immunostaining and
gene expression of 3 germ layer-specific markers (Figure 2, C and
D). Third, our hiPSC lines derived from multiple hDFs showed
typical hESC-like compact colony morphology with well-defined
borders (Supplemental Figures 2A and 3A). The robustness of this
method was validated by successful generation of multiple hiPSC
lines from 13 different adult hDF sources. How this same combi-
nation would perform using alternative delivery methods (e.g.,
mature RNA/miRNA or Sendai virus) and in other cell types (e.g.,
blood and urine cells) warrants further investigation.

The most important criteria of hiPSC-based therapy are
long-term safety and efficacy following cell transplantation. The
genomic integrity of hiPSCs should be established before they are
used for therapy. For example, Merkle and colleagues reported
that several hESC lines, including H9, develop mutations in the
TP53 gene encoding the tumor-suppressor P53, which are muta-
tions commonly seen in human cancers (28). Notably, in the first
hiPSC-based human trial, hiPSCs derived from 1 of 2 patients
were found to have a minor cancer-causing mutation, resulting
in cancellation of this second patient’s cell treatment (17). To con-
firm genomic integrity, we analyzed 5 independent hiPSC lines
derived from a sporadic PD patient (MCL540 in Supplemental
Table 2) by karyotyping, qRT-PCR, and WES analyses and found
that 4 clones (C4, N3, C11, C5) out of 5 were free of integrated plas-
mid DNAs and contained no somatic mutations causally implicat-
ed in cancer, showing that our reprogramming method can reli-

jci.org


https://www.jci.org
https://www.jci.org
https://www.jci.org/articles/view/130767#sd
https://www.jci.org/articles/view/130767#sd
https://www.jci.org/articles/view/130767#sd
https://www.jci.org/articles/view/130767#sd
https://www.jci.org/articles/view/130767#sd
https://www.jci.org/articles/view/130767#sd
https://www.jci.org/articles/view/130767#sd
https://www.jci.org/articles/view/130767#sd
https://www.jci.org/articles/view/130767#sd
https://www.jci.org/articles/view/130767#sd
https://www.jci.org/articles/view/130767#sd
https://www.jci.org/articles/view/130767#sd
https://www.jci.org/articles/view/130767#sd
https://www.jci.org/articles/view/130767#sd
https://www.jci.org/articles/view/130767#sd
https://www.jci.org/articles/view/130767#sd
https://www.jci.org/articles/view/130767#sd
https://www.jci.org/articles/view/130767#sd
https://www.jci.org/articles/view/130767#sd
https://www.jci.org/articles/view/130767#sd

The Journal of Clinical Investigation

ably generate clinically viable hiPSC lines. These 4 hiPSC clones
contained significantly fewer variants per line, compared with
140 hESC lines studied by Merkle and colleagues (28). In partic-
ular, they contained significantly fewer coding variants in genes
reported in the COSMIC database (Figure 3). Another critical
safety issue facing hiPSC-based therapy is the need to eliminate
the neoplastic potential of residual undifferentiated cells. In this
study, we established a chemical method using quercetin, target-
ing hPSC-specific BIRC5 (40), that eliminated undifferentiated
PSCs with greater than 99.99% efficiency (Figure 5). Our theoret-
ical calculation based on qRT-PCR analysis of OCT4 expression
predicts 0.0017 undifferentiated cells per 10 million d28 cells
after quercetin treatment. Given that the spontaneous incidence
rates for all types of glioma range from 4.67 to 5.73 per 100,000
(55), the risk of tumor formation would thus compare favorably
to the spontaneous incidence of gliomas. We emphasize that our
chemical method is simple, effective, and requires no additional
handling, such as cell sorting or y-ray irradiation (45, 56), and thus
can readily meet GMP standards. However, quercetin treatment
does not directly eliminate neural overgrowth from rosette-form-
ing epithelial cells, highlighting the importance of combining
quercetin treatment with sufficient in vitro differentiation (e.g., 28
days) (Figure 7).

In addition, we established an efficient in vitro differentiation
protocol based on a spotting method, in which a smaller number of
initial cells are grown and differentiated using physical separation
into spots of high-cell density, resulting in significantly decreased
cell loss and in production of healthier mDA cells, with marked-
ly fewer dead or dying cells (Figure 4) compared with traditional
confluent monolayers. Importantly, the monolayer culture medi-
um, but not that of the spotting cultures, became significantly
more acidic regardless of frequency of media change (Supple-
mental Figure 6B), probably contributing to poor cell health in the
monolayer cultures. When such d28 cells were further differenti-
ated in vitro, they matured and prominently released DA (3.1 ng/
ml) on d47 and exhibited characteristic mDAN electrophysiologi-
cal properties by d70. These data show that cultures on d28 of this
differentiation protocol consist mostly of authentic mDAPs and
represent a promising source for transplantation. We successfully
scaled up this protocol at a GMP facility to produce clinically rele-
vant quantities of high-quality mDAPs (Supplemental Figure 14).

Although numerous studies have demonstrated highly effi-
cient differentiation of hESCs/hiPSCs into the mDA phenotype,
their in vivo efficacy has been variable at best and often has cor-
related poorly with in vitro data (7). Thus, it is essential that the
efficacy of the proposed cell grafts should first be confirmed by
several criteria using in vivo animal models of PD: (a) sufficient
mDANS differentiate and survive long term in the graft; (b) these
mDANS extensively reinnervate target areas in the host STR; and
(c) motor dysfunction is substantially improved in multiple appro-
priate behavioral tests. When d28 C4 cells were transplanted into
unilaterally 6-OHDA lesioned Taconic or Charles River athy-
mic rats, DA yields were high and grafts displayed extensive and
appropriate reinnervation of host structures. Grafting resulted in
complete recovery of pharmacologically induced rotation behav-
ior. The DA yield (ratio of surviving DA neurons to number of
transplanted cells) and the degree of behavioral recovery in this
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study were markedly higher than in comparable hiPSC-based
studies (Supplemental Table 6) (44, 45, 57-64). Notably, recovery
of rotation behavior was sustained up to 52 weeks (Supplemental
Figure 6M) and significant recovery was observed in several tests,
including corridor, cylinder, and stepping tests (Figure 8), which
because they are spontaneous and not pharmacologically stimu-
lated, may be closer analogs of clinical PD symptomatology.

To establish the clinical validity of hiPSC-based personalized
cell therapy, it is important to compare the therapeutic product to
an established gold standard. In the stem cell field, HO hESCs have
represented this standard for human pluripotent stem cells and
human fetal VM cells have been the gold standard as a transplant-
able cell source for PD. Parmar and colleagues elegantly compared
the efficacy of H9-derived mDA cells with human fetal VM cells
for in vivo efficacy in restoration of motor function, demonstrat-
ing H9-derived DA cells to be as effective as human fetal VM cells
(53). Our transplantation study confirmed an identical degree and
time course of recovery of rotational behavior whether H9 (hESC)
or C4 (hiPSC) was the source (Supplemental Figure 12A). By infer-
ence, these data strongly suggest that DA cells generated by our
protocol from patient-derived hiPSCs are functionally as effective
as fetal VM cells. We also note that a recent study by Takahashi et
al. elegantly showed that hiPSC-derived DA cells can survive and
ameliorate motor behaviors in MPTP-lesioned monkey models
(65), but direct comparison of those results with our study is hin-
dered by the different species platform used. We found that fresh
and cryopreserved C4 d28 cells resulted in similar yields of sur-
viving DA neurons and behavioral improvement in all tests, sug-
gesting that mDAPs derived from hiPSCs can be cryopreserved,
stored, and shipped to the surgical location for transplantation.
The importance of this to developing a practical and cost-effective
clinical therapy cannot be overstated.

In sum, our results support the promise of these techniques to
provide clinically applicable personalized autologous cell therapy
for PD. We recognize that this methodology is likely to be more
costly in dollars and labor than techniques using off-the-shelf
methods and allogenic cell lines. Nevertheless, the cost for autolo-
gous cell therapy may be expected to decrease steadily with tech-
nological refinement and automation, as evidenced, for example,
by the dramatic decrease of the costs for WGS (66). Given the sub-
stantial advantages inherent in a cell source free of ethical con-
cerns and with the potential to obviate the need for immunosup-
pression, with its attendant costs and dangers, we propose that the
scientific and technical progress described here for hiPSC-based
autologous cell therapy for PD will contribute to its clinical appli-
cation.

Methods
See Supplemental Methods for additional information.

Experimental animals. Strain details and number of animals in each
group are as follows: 6-OHDA lesioned athymic rats (NTac:NIH-Fox-
nl™, Taconic Biosciences), males, 12 to 14 weeks old; athymic rats
(Crl:NIH-FoxnI™, Charles River, stain code 316), males, 12 to 14
weeks old; NOD SCID (NOD.CB17-Prkdc¢/NCrCrl, Charles River,
stain code 394), males or females, 8 to 10 weeks old. All animals were
housed in ventilated cages under a 12-hour light/12-hour dark cycle
with ad libitum access to sterile food and water.
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Cell culture. Human BJ dermal fibroblasts (hDF) and HEK 293T
cells were purchased from ATCC and grown according to previous-
ly published protocols (19). For hiPSC induction, infected cells were
maintained in induction medium containing DMEM/F-12, 2 mM L-glu-
tamine, 10% FBS, 1x NEAA, 1 mM NAM, 25 mM NaB, and 50 pg/ml
AA for 5 days after transfection, then maintained in hiPSC medium
containing DMEM/F-12, 2 mM L-glutamine, 20% KSR, 1x NEAA, 1
mM NAM, 25 mM NaB, and 10 ng/ml bFGF. The H9 hESC line was
obtained from WiCell Institute. All hiPSC lines were maintained in
Essential 8 Medium (Thermo Fisher Scientific) using Matrigel matrix
and passaged using 0.5 mM EDTA solution for gentle dissociation. All
hESC lines were maintained in mTeSR 1 medium (STEMCELL Tech-
nologies) using Matrigel matrix. No cell lines used in this study are listed
in the International Cell Line Authentication Committee (ICLAC) Reg-
ister of Misidentified Cell Lines (https://iclac.org/databases/cross-con-
taminations/) or the NCBI Biosample database (https://www.ncbi.nlm.
nih.gov/biosample?term=misidentified+cell+line%5bFilter%5d)  of
misidentified cell lines. All cell lines were authenticated by interspecies
determination (isoenzyme analysis and STR analysis) by the providing
company and routinely tested for mycoplasma detection.

Study approval. Animal studies were performed in accordance
with current NIH guidelines and McLean Hospital/Harvard Universi-
ty IACUC protocols (2015N000001 and 2015N000002). Skin biop-
sies from 3 healthy subjects and 1 sporadic PD patient were taken with
written informed consent under an IRB-approved protocol (Partners
IRB2010P001100).
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