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NEUROSCIENCE

Lineage tracing of stem cell-derived dopamine grafts
in a Parkinson’s model reveals shared origin of all

graft-derived cells

Petter Storm1, Yu Zhang1'2'3, Fredrik NiIsson1, Alessandro Fiorenzano1,
Niklas Krausse®, Malin Akerblom®, Marcus Davidsson®, Joan Yuan*, Agnete Kirkeby?>,
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Stem cell therapies for Parkinson'’s disease are at an exciting time of development, and several clinical trials have
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recently been initiated. Human pluripotent stem cells are differentiated into transplantable dopamine (DA) pro-
genitors which are proliferative at the time of grafting and undergo terminal differentiation and maturation
in vivo. While the progenitors are homogeneous at the time of transplantation, they give rise to heterogeneous
grafts composed not only of therapeutic DA neurons but also of other mature cell types. The mechanisms for graft
diversification are unclear. We used single-nucleus RNA-seq and ATAC-seq to profile DA progenitors before trans-
plantation combined with molecular barcode-based tracing to determine origin and shared lineages of the ma-
ture cell types in the grafts. Our data demonstrate that astrocytes, vascular leptomeningeal cells, and DA neurons
are the main component of the DAergic grafts, originating from a common progenitor that is tripotent at the time

of transplantation.

INTRODUCTION
Parkinson’s disease (PD) is the second most common neurodegen-
erative disease and an ideal candidate for stem cell therapy as it is
primarily one neuronal cell type, the dopamine (DA) neurons of the
substantia nigra pars compacta, that is affected. Replacing this miss-
ing cellular component with new DA neurons is expected to restore
DA neurotransmission in the DA-depleted parts of the striatum.
Clinical proof-of-concept studies in patients with PD have involved
intrastriatal transplantation of subdissected tissue from the human
fetal ventral mesencephalon, which is the area where DA neurons
are born during development. These studies have shown that the
transplanted cells can provide long-term motor improvements in a
subset of patients but that the use of fetal tissue is both ethically and
logistically challenging (1). For better consistency, quality control,
and cell availability, manufactured cell products based on pluripo-
tent stem cells have been developed by several teams, including our
own, and are now being investigated in clinical trials (2-4). In these
efforts, DA progenitors of high purity are generated by patterning
human embryonic stem cells (hESCs) or human-induced pluripo-
tent stem cells into a ventral midbrain (VM) fate and subsequently
grafting these to the brain, where the cells will undergo their last cell
divisions, differentiation, and functional maturation.

The preclinical studies leading up to these trials have excluded
the presence of remaining pluripotent cells, as well as efficiently
minimized the presence of insufficiently or incorrectly specified
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off-target cells (2-4). Thus, DA progenitors of high purity are trans-
planted, yet the cells give rise to heterogeneous grafts composed not
only of DA neurons but also of different mature cell types such as
astrocytes (3, 5), oligodendrocytes (5), and vascular leptomeningeal
cells (VLMCs) (5, 6). In some cases, grafts also gave rise to choroid
plexus cells, but these were later determined to arise from a con-
taminating progenitor cell population caused by insufficient bone
morphogenetic protein inhibition present at the time of grafting,
which could be eliminated by culture modification (4). However, the
presence of the other non-DA cell types does not appear to be asso-
ciated with insufficient patterning or presence of contaminating off-
target progenitor populations at the time of grafting. This is further
supported by a recent experimental study performed by Xu et al. (6)
showing that while cell sorting for a highly specific double-positive
ENI*/LMX1A™ DA progenitor can remove off-target contaminants,
these purified DA progenitors still give rise to mature grafts contain-
ing astrocytes, neurons, and VLMCs in equal proportion as the un-
sorted grafts (6). These findings raise intriguing questions on how
posttransplantation diversification occurs, and if control of the di-
versification process can be harnessed to produce grafts with pre-
defined, optimal cellular compositions.

In this study, we used a single-nucleus assay for sequencing
transposase-accessible chromatin (snATAC-seq) and mRNA expres-
sion in paired maps to assess the homogeneity of progenitors at the
time of transplantation. This was followed by combined single-cell
transcriptomics and barcoding lineage tracing of the stem cell-
derived DA progenitors to experimentally address graft diversifica-
tion and computationally reconstruct the cellular origin of the different
cell types. The transcriptional analysis revealed three major cell types
present in the grafts: DA neurons, astrocytes, and VLMCs. Barcode
retrieval and mapping to individual cells identified shared barcodes
among all the different cell types within the grafts, indicating a shared
cellular origin. To pinpoint the time point when lineage diversifica-
tion occurs, we also barcode-tagged the transplanted cells in vivo
1 month after grafting and found that the majority of the cells that
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remained proliferative at this time point also maintained their multi-
potent differentiation potential. Together, single-cell multiomics and
barcode-based lineage tracing revealed that the different subtypes of
graft-derived cell types originate from a common cellular progenitor.
We also identified a subset of genes whose combined expression was
associated with a bias of the progenitors toward a DAergic fate.

RESULTS
Multiomic characterization reveals homogeneity of
hESC-derived DA progenitors
Extrinsic patterning signals were used to guide stem cell differentia-
tion into a caudal VM fate to obtain highly pure populations of DA
progenitors according to the same protocol as was used to produce
guanosine monophosphate-grade cells in our clinical trial STEM-
PD (NCT05635409) (7). The differentiations resulted in a homoge-
neous population of progenitors with high expression of LMXIA,
ENI1, FOXA2, and OTX2 at days 14 and 16 [quantitative reverse
transcription polymerase chain reaction (PCR); Fig. 1A] and con-
firmed by confocal microscopy (Fig. 1, B to D, and fig. S1, A and B).
The progenitor cells were analyzed at day 16 of differentiation using
single-cell RNA sequencing (scRNA-seq), and after quality control
and filtering (see Materials and Methods), we obtained transcrip-
tomes from a total of 8166 cells with a median of 30,566 unique
molecular identifiers (UMIs) and 5354 detected genes per cell. The
progenitors were clustered and annotated on the basis of literature-
curated marker genes (Fig. 1, E and F). This revealed one major clus-
ter of midbrain floor plate progenitors (FPPs; 96% of the cells,
expressing LMX1A, EN1, WNT5A, OTX2, and FOXA2). The FPP
cluster could be further divided into a proliferating and a nonprolif-
erating subcluster, where the main difference was expression of
genes associated with cell division (i.e., MKI67 and TOP2A). In to-
tal, 58% of the cells in the progenitor population was predicted to be
actively cycling. In addition to FPPs, we also identified a small post-
mitotic, neuroblast population (4% of cells) expressing proneuronal
genes (NEURODI and NEUROG?2). To quantify the homogeneity of
the progenitors, we applied Ratio of Global Unshifted Entropy
(ROGUE) (8) statistics to determine the purity of each single-cell
sample while accounting for sample to sample differences and com-
pared it to samples differentiated in vitro for up to 60 days (9). As
expected, hESC-derived progenitors showed a very high ROGUE
score of ~0.8 (Fig. 1G) with a decreasing value as the samples were
differentiated in vitro (declining to 0.64 at 60 days). We also com-
pared hESC-derived progenitors to fetal VM samples that are known
to contain a higher number of different cell types (10), and we also
confirmed using the ROGUE analysis that hESC-derived progeni-
tors were more homogeneous than dissected fetal midbrain (post-
conception weeks 8 to 11, 0.62; Fig. 1G). In conclusion, scRNA-seq
confirmed high transcriptional homogeneity of hESC-derived VM
progenitors at day 16, which is a standard time point for transplan-
tation in preclinical as well as in clinical studies (2, 3, 11).
Epigenetic changes are known to foreshadow changes in gene
expression (12), suggesting that the earliest events for cell fate
choice are unlikely to be captured using gene expression alone.
Thus, to get an ever deeper analysis of potential progenitor hetero-
geneity, we also performed multiome single-nucleus RNA and
ATAC sequencing using the Chromium 10X platform comprehen-
sively characterizing the full cellular transcriptome and chromatin
accessibility. After quality control and filtering, we retained 15,605
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paired profiles for day 16 and 27,014 for day 18 progenitors. Con-
sistent with the scRNA-seq analysis, the integrated data partitioned
into one major cluster of FPPs and one small cluster of postmitotic
neurons (Fig. 1H). A consensus set of 329,315 accessible peaks rep-
resenting potential cis-regulatory elements were identified which
showed a similar pattern when visualized on Uniform Manifold
Approximation and Projection (UMAP) embeddings separately
(Fig. 1H). Differential abundance analysis between the different
clusters using a higher resolution factor identified seven subclus-
ters (fig. S1, C and D) and 621 differentially abundant peaks; a great
majority of which were more abundant in the postmitotic clusters
and with very few differentially abundant peaks in the progenitor
subclusters (Fig. 1I). We used the joint profiles obtained from VM
progenitors to detect cis-regulatory interactions and identified Do-
mains Of Regulatory Chromatin (referred to as DORCs; fig. S1E)
(13), which exhibit substantial overlap with super-enhancers. This
did not differ between the clusters but could be further investigated
for potential role in DA differentiation. Next, we mapped the linked
expression of the VM markers LMXIA, FOXA2, EN1, and OTX2
(Fig. 1J) with putative cis-regulatory elements across the different
clusters. None of these showed any evidence of differential expres-
sion nor differential promotor usage, confirming the finding that
the progenitors were transcriptionally and epigenetically homoge-
neous at this stage in terms of both chromatin accessibility and
gene activity of DA-related transcription factors (TFs).

We next used the Pando algorithm (14) to infer the gene regu-
latory networks (GRNs) underlying progenitor development and
potential. This algorithm uses multimodal single-cell genomic
measurements to model gene expression through TF-peak inter-
actions. We used a general linear model to explore the relation-
ships between each gene, its target TE, and the binding site
accessibility, resulting in a list of regulated genes (gene modules)
and regulatory motifs for each TF. In total, 86 TF modules were
identified, comprising 375 unique TFs and 595 target genes
(table S1). To visualize the GRNs, we used UMAP embedding and
performed k-means clustering on the resulting graph, leading to
the identification of five distinct clusters related to specific aspects
of DA progenitor biology (Fig. 1K), including one cluster of TFs
driving a neurogenesis program and another driving cell cycle.
Gene Ontology enrichment analysis of gene modules provided
further insights into the biological processes and functions associ-
ated with each cluster, with detailed data included in table S2.
Scoring the gene modules across different cell clusters enabled us
to map these modules to specific cell types, enhancing our under-
standing of the distinct biological roles within the DA progenitor
population. For example, gene module 1 includes genes such as
EBF3, MYT1L, ONECUT2, ROBO1, and SEMA6D, which are piv-
otal for midbrain progenitor biology and neural connectivity
(fig. S1F). In addition, gene module 2, relevant across all subclus-
ters, includes CREB5, GFRA1, and ITGAV, highlighting their roles
in neural differentiation, survival, and midbrain structure organi-
zation (fig. S1G). These findings confirmed the preclinical data
and snRNA-seq data presented here that the DA progenitors were
highly homogeneous at the time point of transplantation, both at
the level of the transcriptome as well as chromatin accessibility
and gene activity of DA-related TFs. We therefore concluded that
graft diversification is likely to take place after delivery to the brain
and suggest a yet undefined multilineage differentiation potential
of the DA progenitors.
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Fig. 1. Multiomic characterization of VM progenitors. (A) Quantitative PCR quantification of midbrain markers in progenitors at days 14 and 16 (D16). (B to D) Repre-
sentative confocal images of DA progenitors of high homogeneity coexpressing FOXA2 and LMXT1A. (E) UMAP visualization of scRNA-seq data from progenitors before
grafting (n = 8166) colored by cell type. (F) Dot plot of key progenitor markers expression per cell type. (G) Boxplot showing cell purity for each dataset as assessed by
ROGUE (n = 2 to 4). (H) UMAP visualization of integrated snATAC- and snRNA-seq of progenitors from days 16 and 18 (n = 2 replicates per time point) colored by predicted
cell type and day. (1) Differentially accessible peaks (false discovery rate adjusted P < 0.05) for any subcluster; see also fig. S1 [(C) and (D)]. (J) Linked peaks with transcription
of OTX2 across clusters show no differential accessibility across clusters. (K) UMAP embedding of the inferred Pando-based TF network in DA progenitors.
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Lineage tracing of DA progenitors through lentiviral
barcoding and snRNA-seq

To experimentally address whether lineage diversification occurs af-
ter transplantation, we used pooled lentiviral libraries to tag the DA
progenitors at different time points of differentiation with unique
and heritable genetic barcodes. We made use of two libraries (LibA
and LibB) that each contained 20-bp long, random nucleotide se-
quences (molecular barcodes) followed by a short library identifica-
tion sequence and a polyadenylation signal, all driven by the eIFla
promoter (Fig. 2A). In addition, the vector also contained green flu-
orescent protein (GFP) for detection of transduction (Fig. 2B and
fig. SIH). The libraries had a bottlenecked diversity of around 1 M
sequencing-validated molecular barcodes each. In the first study, the
two different pooled lentiviral barcode libraries were used to tag DA
progenitors before transplantation at days 11 and 16 in vitro, fol-
lowed by transplantation into a preclinical xenograft rat model of PD
at day 18 (n = 16 rats; Fig. 2C). In the second experiment, LibA was
delivered at day 11 in vitro and transplanted at day 18 (n = 16 rats).
These animals received intracerebral injections of LibB in vivo
1 month after grafting (n = 16 rat; Fig. 2C).

Five rats per time point and condition were perfused and pro-
cessed for histology at 3- and 6-month posttransplantation, confirm-
ing formation of DA-rich grafts (Fig. 2, D to N). The graft volume
was relatively small (Fig. 2E). The total number of tyrosine hydroxy-
lase (TH) cells per graft was 6384 + 1366 (Fig. 2F) with a yield of
2.1% which is in range of similar studies from our group (2). Dark
field microscopy of the TH staining confirmed extensive DAergic in-
nervation with TH™ fibers extending from the graft core (Fig. 2H)
into the medial (Fig. 2I) and dorsolateral striatum (Fig. 2J). In ani-
mals from group 1, where both barcode libraries were delivered
in vitro before grafting, GFP, HuNu, and TH-expressing cells were all
contained within the graft (Fig. 2, K and L). In contrast, in group 2
where LibA was delivered in vitro and LibB was delivered in vivo,
transduction with GFP was detected in both the graft and the sur-
rounding host tissue, as was expected (Fig. 2, M and N). The remain-
ing grafts were analyzed using snRNA-seq 3 and 6 months after
grafting, enabling the identification of cell identity based on their
transcriptional profile (n = 3 per condition, total of 12 animals).
From these animals, a total of 14,414 human nuclei were retained
after quality filtering (details in Materials and Methods and fig. S2A).
These were integrated using Seurat canonical correlation analysis
(15), revealing a similar cell composition at 3 and 6 months after
grafting (Fig. 20). On the basis of marker gene analysis and com-
parisons with primary reference atlases (see Materials and Methods),
three major cell types, DA neurons, astrocytes, and VLMCs, were de-
tected in the grafts in roughly equal proportions (Fig. 2, P to S). On
the basis of silhouette analysis, DA neurons could be further subdi-
vided into a cluster of postmitotic DA precursors (SOX6"/LMXIA™)
and two more mature DA neurons cluster with high expression of
TH and KCNJ6 (GIRK2). Similarly, two astrocytic clusters were iden-
tified: Astro-2 showed expression of GINS3, indicating a growth and
reparative phenotype (16), whereas Astro-1 was more immature
(VIM*/NES"). While the number of captured DA neurons and
VLMCs was similar at 3 and 6 months, the number of astrocytes in-
creased over time from 19 to 38% (Fig. 2S). This is in line with our
previous observations on graft composition using scRNA-seq (5).
However, in contrast to our previous study based on scRNA-seq,
snRNA-seq as used in this current study captured 10-fold more neu-
rons. Analysis of each graft separately was also performed and showed
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similar graft outcomes in all animals analyzed (fig. S2B) validating
the experimental setup and confirming the robustness of the approach.
In the subsequent analysis, 3- and 6-month grafts were merged and
analyzed together.

After profiling by snRNA-seq, one or more LibA barcodes could
be robustly detected in 70% of the mature cells in the graft (76% of
the neurons, 67% of astrocytes, and 69% of VLMCs contained bar-
codes; Fig. 3A) and in 53% of cells for LibB (63, 46, and 53% for
neurons, astrocytes, and VLMCs, respectively) with comparable sen-
sitivity across animals (fig. S3A). This sensitivity is in line with other
similar lineage tracing reports (17, 18) with transgene promotor si-
lencing and inefficient capture on bead oligo-dT reverse transcription
primers as likely contributors to loss of barcode detection of LibA,
aggravated by interference of viral superinfection for LibB (19).
Using the observed barcode diversity (fig. S3B) and frequency from
each specific library, we modeled the rate of barcode “collision”—the
event in which two different cells are independently labeled with
the same barcode at the time of transduction—and found that our
library setup could be used to label more than 100,000 cells grafted
nuclei before reaching an estimated barcode collision rate of 1%. In
addition, when analyzing the presence of specific barcodes in the
animals where the barcode (LibB) was delivered in vivo, we found
that individual barcode sequences were virtually never detected in
more than one animal (see fig. S3C), confirming high barcode call-
ing specificity. Thus, a shared barcode between cells can with high
certainty be interpreted as a shared cellular origin.

DA progenitors are multipotent at day 11

To determine the lineage relationship of the mature cells present in
the graft, we first projected all cells/clones with unique barcodes
from LibA (delivered at day 11) onto a UMAP manifold of the tran-
scriptome (Fig. 3, A to C). This mapping was based on barcode tran-
scripts captured by snRNA-seq and then specifically amplified from
the cDNA pool for retrieval of cell barcode-viral barcode pairs (sup-
ported by at least two UMIs per cell; see details in Materials and
Methods). In this mapping, we found 158 clones of different sizes
ranging from 2 to 150 cells with a median clone size of 9.5 (Fig. 3D
and fig. S3D). Further analysis showed that most clones (68%) con-
tained all three cell types (neurons, astrocytes, and VLMCs), but we
also detected clones containing only two cell types (bipotent) and
few clones with only one cell type (unipotent; Fig. 3E). The multipo-
tent clones were different in size ranging from large clones (see ex-
ample in Fig. 3F) to clones with very few cells of each type (see example
in Fig. 3G). The bipotent clones contained neurons/astrocytes
(Fig. 3H), neurons/VLMCs (Fig. 3I), and VLMCs/astrocytes (Fig. 3]),
with no significant difference in the contribution to each combina-
tion (Fig. 3K; P = 0.34). The few unipotent clones detected were
typically smaller in size and without bias for specific cell types
(Fig. 3L). To determine whether the detected bi- and unipotent
clones could be explained by sampling bias, we performed a simula-
tion assay generating 10,000 sets of 158 random clones with size and
cell type proportion matching those of the real data but with no fate
bias. This analysis indicated that detected bipotent clones were at the
proportion expected if there was no fate bias (n = 19 versus 20 + 3;
table S3), whereas multipotent clones were slightly underrepresented
(n = 92 versus 103 + 20) and unipotent were slightly overrepre-
sented (n = 10 versus 2 + 1). Thus, the majority of the clones, in-
cluding those identified as uni-/bipotent, are likely to be multipotent
(Fig. 3, M and N) since their appearance is within one SD of random
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sampling. Together, this dataset indicates a shared origin of virtually
all cell types in the graft, from which can be inferred that DA pro-
genitors at day 11 have the potential to give rise to all three mature
cell types in the graft.

Progressive fate restriction occurs primarily

after transplantation

We next sought to investigate whether and when lineage diversifica-
tion occurred during DA neuron differentiation by analyzing the
barcodes from LibB that were delivered at later stages of differentia-
tion [day 16 in vitro (Fig. 4A) or 1 month after grafting in vivo
(Fig. 4B)].

In clones arising from cells labeled at day 16 in vitro, we identi-
fied 116 multicellular clones (Fig. 4A). These clones were typically
smaller (median size, 6) than the clones arising from day 11 pro-
genitors (fig. S3D) with a slightly higher proportion of bi- (39%) and
unipotent (15%) clones but again with no significant difference in
bipotent pair frequency (Fig. 4C). Simulation-based testing per-
formed on cells labeled on day 16 indicated that unipotent clone was
within range expected by chance, while bipotent clones were statisti-
cally overrepresented in the true data whereas multipotent were un-
derrepresented (Fig. 4D and table S3), suggesting that a small
proportion of progenitors with a more restricted potency may have
appeared by day 16.

Next, looking at clones arising from cells labeled in vivo by in-
tracerebral delivery of LibB 1 month after grafting, i.e., at a time
point when a population of dividing cells are still present in the
graft (3, 20), we identified 200 multicellular clones with a median
size of seven cells per clone (Fig. 4B). The majority of them were
not only multipotent (n = 109) but also bipotent and unipotent
clones were detected (Fig. 4E). Simulation for this dataset indicated
that multi- and bipotent clones were within range expected, where-
as unipotent clones were slightly overrepresented (n = 13 versus
6 + 2; Fig. 4F and table S3). Thus, even 6 weeks after initiation of
differentiation where the maturation for the last 4 weeks has taken
place in vivo within the brain parenchyma, many progenitors retain
their multipotency.

Relationship between clones of cells in the mature graft and
the transcriptional profile of the progenitor cell of origin

To trace back individual clones to their progenitor cell of origin, we
analyzed the progenitors that were targeted with barcodes at days 11
and day 16 in vitro (Fig. 1, A to C) at the time of transplantation
(day 18). We detected barcodes in 4056 progenitors (Fig. 5A), and
for 506 of these, we could detect the same unique combination of bar-
codes as where present in the clones at 3 and/or 6 months after grafting,
thereby inferring a direct lineage relationship between a progenitor
and its differentiated progeny. First, we wanted to investigate wheth-
er the progenitors that gave rise to uni-, bi-, or multipotent clones
formed defined clusters already at the progenitor stage. To deter-
mine this, we mapped the barcodes from each specific clone detected
in the mature graft back to the progenitor population and found no
enrichment of any clone type (multi-, bi-, or unipotent) in any of the
defined progenitor clusters at day 18 (Figs. 1E and 5B; P > 0.5). Nor
did any of the clone types map to any specific region of the UMAP,
indicating that there was no bias in the progenitors in the contribu-
tion to multi-, bi-, or unipotent clones, respectively. This was also
the case when we not only mapped cells based on potency but also
took into account the cell type composition in the uni- and bipotent
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clones (Fig. 5C). This supports the conclusion that most, if not all,
mature clones in the graft share a common cellular origin.

To investigate this further, we next took a progenitor centered
approach, mapping the progenitor’s expression of the most com-
monly used TFs for the developing VM and/or DA progenitors:
FOXA2, LMX1A, OTX2, and ENI forward onto their in vivo clones
to determine whether expression of an individual TF/combination
of TFs could be linked to a specific cell fate in clones appearing after
transplantation. OTX2 and FOXA2 showed homogeneous expres-
sion in the progenitor cluster, and LMXIA and ENI showed signs of
coexpression with highest expression in the more differentiated cell
clusters (Fig. 5D). We then grouped progenitors expressing either 1
or 2 midbrain TFs at high levels (n = 102), >3 (n = 28) compared to
rest (n = 50) and their ability to generate neuron rich clones. We
could not detect any potency bias linked to a specific TF expression
either in terms of potency (Fig. 5E, P > 0.1), type of bipotency
(Fig. 5E, P> 0.1), or fraction of neurons generated (Fig. 5G, P> 0.1).
In addition, we examined cell cycle phases in progenitors using the
phase predicted from the scRNA-seq data to see whether it influ-
enced cell fate acquisition. Most progenitors were actively cycling
(58%) with no correlation between cell cycle phase and differentia-
tion outcomes, indicating that the majority of progenitors are cy-
cling at transplantation. This suggests that while forced cell cycle
exit could affect postgrafting cell fate, intrinsic cycling does not pre-
dict differentiation potential.

We also investigated expression of key gliogeneic TFs (21), in-
cluding nuclear factor 1 A-type (NFIA) and activating transcription
factor 3, as well as other gliogenic candidates, and found no signifi-
cant differences in accessibility or expression at the progenitor stage
(fig. S4A). Nor did they correlate with progenitor potency indicating
that canonical gliogeneic TFs do not dictate fate at this stage. This
might be explained with the timing of late gliogenesis, where such
markers are typically not yet regulated. To find genes expressed in
early VLMCs, we reanalyzed data from a previous study (22) and
identified 27 TFs associated with early VLMC genesis. None of the
identified VLMC genes showed differential expression or accessibil-
ity across any clusters of progenitors at the time of transplantation, as
shown in the enclosed featureplot of MEOX2 and PTTGI (fig. S4B).

We next took a less stringent approach and classified neuron-
biased clones, defined as either unipotent clones with only neurons
or bipotent/multipotent with >50% of the cells in the clones being
neurons. When these were mapped back to day 11 barcoded pro-
genitors, we did not identify any statistically significant enrichment
of neuron-biased progenitors within the UMAP (Fig. 5H), nor did
we detect any genes significantly enriched among those progenitors.
However, when mapping back to day 16 barcoded progenitors, we
found a strong enrichment of neuron-biased progenitors located
within the apical part of the progenitor cluster in the UMAP
(P < 0.01; Fig. 5I, yellow). By performing differential gene expres-
sion analysis among progenitors giving rise to different clones re-
gardless of cluster identity, we identified 411 genes with an adjusted
P value < 0.01 for any of the possible potencies (fig. S4C) and re-
vealed 76 genes enriched in neuronal biased progenitors (day 16;
Fig. 5I). Using the top five genes enriched in neuron biased pro-
genitors, we could identify a signature that generated clones with
73.6 + 31% neurons compared to 39 + 29% in progenitors not ex-
pressing these genes (Fig. 5], P = 0.0039). Pathway analysis of genes
enriched in progenitors identified a significant neuron-biased acti-
vation of the IGF pathway (Fig. 5K), together with the RNA binding
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protein TOB2, TFs BCLAFI and SPEN, as well as the glutamine
transporter SLC38A2 as significantly enriched genes.

DISCUSSION

Single-cell technologies are rapidly emerging as new tools in regen-
erative medicine and have been used to profile the developmental
trajectory from pluripotency to different types of therapeutic cells
such as pancreatic islets, retinal cells, and neurons in vitro (9, 22-26)
and to provide a better understanding of normal development of the
specific cell types (27-32). More recently, single-cell transcriptional
profiling has been used to determine the cell composition and matu-
ration in vivo after delivery in disease-relevant animal models for
PD and diabetes (33, 34). To date, only very few studies of this kind
are published, but they have had a large impact on the field since
they provide a comprehensive and unbiased profiling of cells formed
after transplantation. They have also revealed that transcriptionally
homogeneous cell preparations give rise to heterogeneous outcome
after terminal differentiation in vivo in both PD models (5) and in
type 1 diabetes models (34).

Our study focuses on stem cell therapy in PD, where scRNA-seq
previously has been used to map DA neuron development (32, 33)
and to profile stem cell-derived progenitor and neurons in vitro (9,
22) as well as in vivo (5, 6, 35). These, as well as additional studies
based on histology and/or bulk RNA-seq, have revealed that despite
the ability to generate transcriptionally homogeneous DA progenitor
cells for grafting, only a fraction of the resulting transplant will be
composed of mature DA neurons. Other types of neurons, astrocytes,
oligodendrocytes, VLMCs, and choroid plexus have been reported to
also be present in the mature stem cell-derived grafts (6, 7, 36-41).
This raises a fundamental question in stem cell biology and the use of
stem cells for regenerative medicine: How does a heterogeneous out-
come from a homogeneous progenitor preparation arise? Likely ex-
planations for this can be either that a small proportion of non-DA
progenitors are present in the cultures at the time of transplantation,
and these subsequently expand in vivo or that the progenitors used
for transplantation are multipotent and generate all the different cell
types in the mature graft. Some mature cells reported to be present in
DA grafts, like off-target contaminants or choroid plexus cells, have
been determined to arise from contaminating progenitor popula-
tions present at time of grafting. These progenitors can be removed
via modifications to culture conditions or fluorescence-activated cell
sorting (FACS) before grafting (4, 6). However, the origin of DA neu-
rons, astrocytes, and VLMCs in the mature grafts remains to be de-
termined which was the focus of this study.

We report a multiome analysis of DA progenitors where both the
transcriptome and chromatin accessibility are measured on the same
cell. These datasets provide a valuable resource to further investigate
the gene regulatory programs driving human DA progenitors and
their GRNs. Moreover, this analysis confirms previous transcriptional
studies (6, 33, 42) and extends them by showing that the DA progeni-
tors are also highly homogeneous in terms of chromatin profile and
gene accessibility. This in turn supports the hypothesis that even
progenitors that are transcriptionally and epigenetically homoge-
neous at the time of transplantation eventually give rise to different
mature cell types in the graft. To experimentally prove this, we devel-
oped a barcode-based molecular tracing system where pooled librar-
ies of heritable barcodes were delivered via lentiviral vectors early in
the trajectory from stem cell to DA neuron differentiation, coupled to
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snRNA-seq of mature grafts 3 and 6 months after transplantation to
detect mature cell types and their origin. This type of orthogonal len-
tiviral barcoding libraries provides a much higher efficacy, fidelity,
and diversity than, for example, the iTracer system, recently reported
in brain organoids (18). The iTracer system exploits CRISPR-Cas9-
induced scar formation to provide the second unique temporal iden-
tity, which is necessary to map lineage relation of cells that undergo
protracted differentiation over extended time periods, where it is
not possible to create a continuous “state map” in transcriptomic
space which is a commonly used approach to map lineage in cells that
are developmentally close in time (43).

The transcriptional analysis was performed on nuclei isolated
from the mature grafts and revealed the presence of DA neurons,
astrocytes, and VLMCs similar to what have been reported by us
and others previously using scRNA-seq of grafted tissue (5, 6). The
main advantage of switching from scRNA-seq to snRNA-seq as we
did here is that we capture many more neurons. The large number of
grafted neurons captured allowed to determine neuronal subtype
specificity and showed that in principle the only mature neurons
present in the graft are the DA neurons. By mapping unique bar-
codes on different cell types, we found that most clones contained
cells of all mature identities, indicating a shared cellular origin of
DA neurons, astrocytes, and VLMCs from a common progenitor.
This observation supports previous findings that FACS-purified DA
progenitors from broader VM differentiations not only enrich for
DA neurons but also give rise to VLMCs (6). An interesting and
unexpected observation in this study was that the proliferative cells
that were targeted with barcodes 1 month after grafting also re-
mained multipotent with a capacity to generate clones with shared
barcodes in all mature cell types in the graft.

As graft heterogeneity can arise from a mixed progenitor compo-
sition, we have taken significant steps to confirm that this is not the
case for astrocytes, VLMCs, or DA neurons. This confidence is based
on two key observations: first, the profiling of both the transcriptome
and chromatin accessibility at the single-cell level, which includes a
quantification of homogeneity compared to other datasets (Fig. 1G).
Second, the use of molecular barcodes shows that almost all pro-
genitors have the ability to generate all cell types in the mature graft
(Fig. 3). These findings together support our conclusion that the pro-
genitors are homogeneous, both at the molecular level and in their
differentiation potential, and that graft diversification does not arise
from different progenitors being present at time of grafting but rath-
er that the graft heterogeneity arise from transplantation of homoge-
neous progenitors which are multipotent and have the potential to
give rise to all mature cell types in the graft. Together, these observa-
tions show a common cellular origin of graft-derived cells and that
final fate specification occurs during the last cell divisions.

Subsequent sequencing of the pretransplantation progenitors and
their barcodes allowed us to link a certain progenitor profile with its
differentiation potential. While we were not able to detect any po-
tency bias linked to a specific progenitor population or gene expres-
sion status, we could identify neuron-biased progenitors appearing
at day 16 and identified a set of genes (TOB2, BCLAF1, SPEN, and
SCL38A2) whose expression conferred a neuronal bias. Our data
show that cell cycle phase does not predict cell fate acquisition. Most
progenitor cells are actively cycling at transplantation, with no cor-
relation between cell cycle phase and differentiation outcomes in
terms of cell types or clone size. However, forced cell cycle exit could
still affect cell fate postgrafting (44). A better understanding of how
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and when lineage diversification occur and how it can be affected
could be further exploited to guide further refinement of current
therapeutic cell preparations toward a more effective composition.

Our study experimentally address the mechanism for neural
graft diversification at the molecular level, and this has high transla-
tional relevance. The data reveal that the midbrain-patterned DA
progenitors have the potential to give rise to different mature cell
types after grafting. This in turn implies that while cell sorting can
successfully be used to remove contaminating and incorrectly spec-
ified off-target cells in the progenitor population before transplanta-
tion (4, 6), a heterogeneous cell composition in the resulting grafts
cannot be avoided by cell sorting at the progenitor stage. To obtain
pure grafts to conduct experiments to determine each cell type con-
tribution to the therapeutic effect, cells would need to be cultured
for longer, sorted, and transplanted at the postmitotic stage when
their final identity is set. This has been tested (45), but both the sort-
ing procedure and the grafting of mature cells compromise graft
survival and graft outgrowth, leading to suboptimal grafts. With
newer and more gentle methods for cell sorting as well as develop-
ing bioengineering solutions for better graft survival of mature cells
on the horizon, these types of experiments will likely soon be pos-
sible to perform (46). Alternatively, cells can be genetically modified
to avoid or promote a particular developmental path or to induce
cell death in specific cell populations once formed. These types of
studies will serve as an important basis for experimentally address-
ing the role of different cell types in the grafts. The data from such
studies would in turn guide the translational path forward in terms
of determining optimal graft composition and ultimately control-
ling the diversification of grafted cells with a composition designed
for an optimal therapeutic effect, and methods to obtain this using
clinically compatible strategies.

MATERIALS AND METHODS

Lentiviral barcode library generation

A third-generation lentiviral backbone pCCLsin.cPPThPGK.eGFP.
WPRE was digested upstream of the phosphoglycerate kinase 1
(PGK) promoter using the Xho I restriction site. A second expres-
sion cassette EF1a promoter and synthetic polyA sequence were in-
serted in trans with the two promoters separated by a Conserved
Translational Element insulator sequence. Barcodes were ordered as
20 nucleotides long, High Purity Salt Free purified oligos (Eurofins
Genomics), and defined as ambiguity nucleotides by using the se-
quence V-H-D-B (IUPAC ambiguity code) repeated five times. Bar-
codes were flanked by a static 12-bp sequence containing a library
ID that allows for identification of the origin. A 40-pl Gibson as-
sembly reaction (New England Biolabs) was performed to insert
barcoded oligos into 50 ng of the vector, using a molar ratio of 1:2.
The reaction was incubated for 1 hour at 50°C, purified using DNA
Clean and Concentrator-5 (Zymo Research), and eluted in 5 pl. One
microliter of purified Gibson assembly product was transformed
into 20 pl of MegaX DH10B T1R Electrocomp (Thermo Fisher Sci-
entific) cells according to the manufacturer’s protocol. Five individ-
ual transformations were performed and pooled into one tube. A
small fraction of the transformed bacteria was plated on agar plates
to validate the transformation efficacy. The none plated transformed
bacteria were grown overnight as a maxi prep and purified using the
ZymoPURE Plasmid Maxiprep Kit (Zymo Research). Two indepen-
dent libraries (with separate library IDs) were generated, libraries A
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and B. To determine the library diversities, the barcodes were ampli-
fied using a Nextera indexing PCR and sequenced together on an
Ilumina MiSeq. Using a barcode analysis pipeline previously de-
scribed (47), a barcode whitelist was determined for each library, and
the diversity was determined to be 938,837 and 1,071,126 unique
barcodes for libraries A and B, respectively [determined by non-
unique counts of valid barcodes from plasmid sequencing after
Starcode all-pairs clustering to remove sequencing errors (48)].

Neural cell differentiation and lentiviral barcode

library delivery

RC17 hESCs (Roslin Cells) were cultured at 37°C and 5% CO, and
used for all transplantation experiments. Regional patterning of
hESCs toward a VM fate was performed via dual SMAD inhibi-
tion to induce neuralization, GSK3 inhibitor-mediated caudal-
ization, and SHH-mediated ventralization, as described in detail
in Nolbrant et al. (7). VM cells were genetically tagged with lentivi-
ral barcode library, which carries GFP reporter, on day 11 for library
A and subsequently tagged with library B on day 16 during cell dif-
ferentiation culture or 4 weeks later postcell transplantation. Each
lentiviral transduction was performed with a multiplicity of infec-
tion of 1. Transduction successful rate was evaluated by flow cytom-
etry analysis on the GFP expression.

Cell transplantation

Lentiviral barcoded VM cells were transplanted into striatal brain re-
gion of Parkinsonism rat, including Sprague-Dawley rats (n = 6) as
well as athymic nude rats (n = 6). Lesion of the nigrostriatal pathway
in rats was induced by unilateral injection of 6-hydroxydopamine
into the right medial forebrain bundle, with a volume of 3 pl at a free-
base concentration of 3.5 pg/ul to the following coordinates relative
to bregma: Anterior/Posterior (A/P), —4.4; Medial/Lateral (M/L),
—1.1; Dorsal/Ventral (DV) (from dura), —7.8; adjusted to flat head.
Lesion severity was measured 4 weeks later by amphetamine-induced
rotations [intraperitoneal injection of amphetamine (2.5 mg/kg);
Apoteksbolaget, Sweden] and recorded over 90 min using an auto-
mated system (Omnitech Electronics). After this, animals were grafted
to the striatum with VM-patterned progenitor cells. Rats received
300,000 cells into two deposits in striatum, at a total volume of 4 pl,
at a concentration 75,000 cells/pl, at a rate of 1 pl/min and diffu-
sion time of 2 min to the following coordinates relative to bregma:
A/P, +1.0; M/L, —2.6; D/V (from dura), —4.5/—3.5; adjusted to flat
head. Sprague-Dawley rats were immunosuppressed with daily
injections of cyclosporine (10 mg/kg per day, intraperitoneally;
Apoteksbolaget, Sweden), starting 2 days before transplantation,
until the end of the experiment, to prevent graft rejection. Animals
were perfused 3 or 6 months after cell transplantation. All experi-
mental procedures followed the guidelines and recommendations of
Swedish animal protection legislation and were approved by Lund
Animal Ethics board under the approval number 5.8.18-08579/2017.

Histology

Before perfusion, rats were given terminal anesthesia with a lethal
dose of sodium pentobarbitone (60 mg/kg) injected intraperitoneally
(Apoteksbolaget, Sweden). The animals were transcardially perfused
with physiological saline solution followed by ice-cold 4% parafor-
maldehyde. Brains were postfixed overnight in 4% paraformaldehyde
in the fridge, transferred to 25% sucrose for 24 hours, and sectioned
at a thickness of 35 pm (1:8 series) using a freezing microtome. For
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DAB-developed immunohistochemistry, free floating sections were
incubated with tris-EDTA (pH 9.0) for 15 min at 80°C for antigen
retrieval. Immunohistochemistry was performed on free floating
sections that were incubated with primary antibodies overnight in
0.1 M KPBS solution containing 0.25% Triton X-100 and 5% serum
for the species specific to the secondary antibody. Sections were then
incubated with fluorophore-conjugated (fluorescent detection) or
biotin-coupled (DAB detection) secondary antibodies for 1 hour
in the same solution. All stained sections were mounted on gelatin-
coated microscope slides. Fluorescent sections were coverslipped
using polyvinyl alcohol mounting medium with DABCO (Sigma-
Aldrich). DAB-developed sections were dehydrated in an ascending
series of alcohols, cleared with xylene, coverslipped using DPX
mountant, and left to dry overnight at room temperature. The pri-
mary antibodies used were the following: mouse anti-HuNu (1:200;
Merck Millipore, catalog no. MAB1281), mouse anti-hNCAM
(human neural cell adhesion molecule 1; 1:1000; Santa Cruz Biotech-
nology, catalog no. sc-106), rabbit anti-TH (1:1000; Merck Millipore,
catalog no. AB152), sheep anti-hCOL1A1 (1:200; R&D, catalog no.
AF6220), rabbit anti-hGFAP (1:200; R&D, catalog no. MAB25941),
and chicken anti-GFP (1:1000; Abcam, catalog no. ab13970).

Nuclei isolation, snRNA-seq, and snATAC-seq

Grafted VM-patterned hESCs were dissected from rat striatum
(n = 6 for VM intrastriatal grafts at 3-month posttransplantation and
n = 6 for hESC intrastriatal grafts at 6-month posttransplantation)
and transferred to a glass douncer containing 1 ml of nuclei lysis buf-
fer [consisted of sucrose, CaCl,, MgAc, EDTA, tril-HCI, dithiothrei-
tol, Triton X-100, ribonuclease (RNase) inhibitor, and RNase-free
water] on ice. Tissue was completely minced and homogenized to
nuclei suspension by sample grinding with Dounce homogenizers
with 10 strokes with loose pestle and then 10 strokes with tight
pestle. The nuclei suspension was filtered by loading through a
35-um-diameter filter and followed by centrifuging for 10 min at
900g and 4°C. The nuclei pellet was collected and washed with cold
wash buffer, which consisted of the following reagents: 1x phosphate-
buffered saline, 0.5% bovine serum albumin, and RNase inhibitor
(0.4 U/pl) for three times. After removing the supernatant from the
last wash, nuclei were resuspended in 200 pl of DRAQ5 containing
resuspension buffer. Nuclei were sorted on the basis of size to remove
cell debris and fractured nuclei using the BD FACSAria III Cell Sort-
er. For RNA-seq, 7000 to 10,000 nuclei per sample with a maximum
of 45 pl of total solution volume were collected for snRNA-seq library
generation. Single nuclei were captured using Chromium (10X Ge-
nomics, PN-120233), a droplet-based scRNA-seq device according to
the manufacturer’s recommendations. Briefly, after single-nucleus
encapsulation with barcoded beads, cell lysis and reverse transcrip-
tion were performed in a droplet reaction with polyT primers contain-
ing cell-specific barcodes, UMI, and sequencing adaptor sequences.
After pooling and a first round of amplification, the library was split
in half. The first half was fragmented and processed into a conven-
tional snRNA-seq library using the manufacturer’s protocols. We
used the second, unfragmented half to amplify barcodes reads by two
rounds of PCR with the first introducing the TruSeq Read 2 sequence
3’ of the barcode (primer: 5'-GTGACTGGAGTTCAGACGTGT-
GCTCTTCCGATCTCCATTTCAGGTGTCGTGA-3’ matched with
a P5 primer: 5'-CTACACGACGCTCTTCCGATCT-3’). In the sec-
ond PCR, an i7 index and the P7 sequence were added to the TruSeq
Read 2 overhang.
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Successful library preparation was confirmed by a bioanalyzer
(DNA HS kit, Agilent) and sequenced on Illumina NovaSeq 5000
2 X 100 bp (transcriptome libraries) and 2 X 50 bp (barcodes). For
ATAC-seq, VM-patterned hESCs were sorted on the basis of GFP
reporter, and then the nuclei preparation was performed according
to the Chromium Next GEM Single-Cell Multiome ATAC + Gene
Expression (GEX) protocol (CG000338).

Alignment, data processing, and analysis of transcriptomic
data from grafts and progenitors

Cell Ranger (version 3.0, 10X Genomics) was used to demultiplex
base call files to FastQ files and align reads. Default alignment pa-
rameters were used together with a combined human/rat reference
(both version 93 from Ensembl). Seurat (version 4) was applied to
snRNA-seq data for preprocessing and downstream analysis. Ribo-
somal protein genes and pseudogenes were excluded from analysis.
Nuclei with more than 9000 or less than 200 detected genes as well
as those with a mitochondrial transcript proportion greater than
10% were excluded. After normalization and integration using the
“SCTransform” approach, based on regularized negative binomial
regression, 5000 highly variable genes were identified and integrated
using the corresponding functions in the Seurat package. Data were
dimensionally reduced by principal components analysis (n = 30)
and used for graph-based clustering (shared nearest-neighbor graph
calculation and clustering using Louvain). Cell cycle scores were
calculated for each cell but were of limited importance for overall
data structure and hence not regressed out. After determining dif-
ferentially expressed genes, we manually assigned major cell classes
to each cluster (neurons, astrocytes, and VLMCs) using a combina-
tion of top differentially expressed genes and canonical markers. In
addition, SingleR (49) with the LaManno brain data reference was
used to confirm cell types. Pathway analysis was performed using
clusterProfiler (50) with the Biocarta pathway database and P value
adjustment using Benjami-Hochberg method. Multiome snATAC/
snRNA-seq data were aligned and counted using Cell Ranger ARC
(version 2.0) and further processed using the Signac workflow (51).
Briefly, cells with fewer than 1000 or more than 100,000 ATAC frag-
ments or <1000/>50,000 counts were filtered, as were cells with a
nucleosomal enrichment of >2 or a transcriptional start site enrich-
ment of <1. Peaks within each dataset were called using MACS2
(52). Dimensional reduction was performed with latent semantic
indexing (LSI) followed by identification of top variable features and
singular value decomposition. UMAP projection was performed us-
ing LSI components 2 to 50. Differentially accessible peaks were
identified using a logistic regression model with “nFeature_peaks”
as a latent variable. Peaks with an adjusted P value < 0.05 were con-
sidered significant.

Barcode demultiplexing and clonal analysis

Reads containing the barcode sequence were extracted from the FastQ
files after demultiplexing with bcl2fastq (v 2.19). Reads that contained
the library motif were identified using a custom perl script with the
main function of extracting reads matching GTCGTGA[ACTG]-
{20}CTCGAC for LibA and GTCGTGA[ACTG]{20}CTCGAC for
LibB outputting the read ID, 10X cell barcode, UM], library barcode
sequence, and library ID. Parsed output was then used to construct a
cell barcode X viral lib matrix. An error correction step was then per-
formed to adjust sequencing errors using Starcode where viral bar-
codes one edit distance apart were collapsed on a cell-by-cell basis.
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The resulting matrix was then filtered to remove any cell barcodes not
found in the filtered Cell Ranger output or not present in the pool
from a prior produced whitelist of barcodes.

Statistics

All statistical analyses were performed using the R software package
(version 4.2.0). Sample sizes were not predetermined but were in-
stead similar to previous publications (33). Hypothesis testing was
done using Wilcoxon rank sum test unless otherwise specified. To
determine whether clone bias were due to differences in potency or
merely an effect of incomplete sampling, we performed a simulation
assay. Ten thousand sets of random clones with size and cell type
proportion matching those of the real but without any fate bias were
generated (null hypothesis) and compared to those observed in the
data. To assess barcode collisions, we used a simulation approach in
R. We leveraged the measured relative barcode abundances and the
estimated total barcode library size. Using base R functions, we sim-
ulated labeling a starting cell population with sizes ranging from
1 to 100 M cells. Each simulation was repeated 10,000 times. We
then compared the expected number of unique barcodes (based on
library size) to the average number of unique barcodes assigned in
each simulated population. This discrepancy between expected and
observed unique barcodes represents the estimated number of bar-
code collisions at a given cell population size.
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