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SUMMARY

Coronary vascularization and sympathetic innervation are tightly coordinated during heart development and
are essential for normal cardiac function. Here, we present a self-organized human iPSC-derived epicardium-
myocardium organoid (EMO) that mimics heart vascular plexus development and integration with myocar-
dium sympathetic innervation. Through the modulation of VEGF and PDGFp signaling, EMOs develop a func-
tional, self-generated coronary-like vascular plexus (V-EMOs). and display active epicardial-to-mesenchymal
transition trajectories into fibroblast, mural, and vascular cell lineages, mirroring in vivo processes. Assembly
of these vascularized EMOs with human iPSC-derived sympathetic neuron spheroids yields innervated
EMOs exhibiting integrated neurovascular organization and functional responses to nicotine stimulation
(iV-EMOs). This modular, developmentally guided organoid system features coordinated human cardiac,
vascular, and neural development, providing a physiologically relevant platform for studying heart morpho-

genesis, neurovascular interactions, and regenerative therapeutic strategies.

INTRODUCTION

Coronary vascularization and innervation of the myocardium are
crucial and interlinked processes in embryonic heart develop-
ment, both essential for maintaining normal heart function.
Sympathetic signals regulate heartbeat rate, relaxation time,
contractile force, and conduction velocity, while the coronary
vascularization ensures adequate oxygen supply to the working
myocardium. Dysfunction of either system is the most prevalent
cause of heart failure, arrhythmogenesis, and sudden cardiac
death. Therefore, the development of physiologically relevant
humanized heart models incorporating both coronary vasculari-
zation and sympathetic innervation offers a unique opportunity
to dissect the disease mechanisms and explore novel therapies
in a clinically relevant context.

To date, no in vitro model has successfully recapitulated the
developmental process combining coronary vascularization
and sympathetic innervation in hPSC-derived heart organoids.
While several studies have described hPSC-derived vascular-
ized cardiac models,’™ none have reproduced the spatiotem-
poral sequence of early coronary vascular plexus development,
nor its interactions with the sympathetic ganglionated network.
Similarly, the establishment of hPSC-derived heart organoids
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that recreate myocardium innervation alone has not been
achieved, with only a few studies describing 2D monolayer co-
culture systems of primary or hPSC-derived ventricular cardio-
myocytes (CMs) and sympathetic neurons (SNs).>'*

In this work, we adopt an embryonic development-inspired in-
vivo approach, building on our previously established epicar-
dium-myocardium organoid (EMO) model,'® as the starting point
to develop a stepwise platform that mimics the coordinated
development of coronary vascularization and SNs innervation
in the heart. In the described platform, we assess the impact of
VEGF and PDGFp signaling modulation on epicardial-derived
cells specification and spatial organization, and on the develop-
ment of a functional self-generated and organized coronary-like
vascular plexus. Furthermore, through assembly with hiPSC-
derived sympathetic neuron spheroids, we established a vascu-
larized-innervated EMO (iV-EMO), which exhibits a physiological
response to nicotine stimulation.

RESULTS
Previous work developed by our group has reported a hiPSC-

derived epicardium-myocardium organoid (EMO) model (control
EMOs), featuring a self-organized epicardium region surrounding
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the entire surface of a ventricle myocardium-like area'®
(Figures S1A-S1C). Knowing that throughout embryonic heart
development, epicardium formation is followed by the coronary
vascularization and innervation of the myocardium, we hypothe-
sized that EMOs could be the ideal scaffold to replicate and
explore the synchronized developmental process of coronary
vascularization and innervation of the human heart.

Impact of vascular endothelial growth factor and
platelet-derived growth factor-f signal activation on
epicardium-myocardium organoid development
To induce vascularization, we started by assessing EMO’s
response to the modulation of the vascular endothelial growth fac-
tor (VEGF) and platelet-derived growth factor- (PDGF-p) signaling
pathways. PDGF-f signaling is required for efficient epicardium
cell migration and derivation into coronary vascular smooth mus-
cle cells in vivo'®'" and, accordingly, has been used to induce
vascular smooth muscle cells specification from hiPSC-derived
epicardial cells in vitro.'® VEGF is a potent angiogenic factor
commonly used to induce endothelial cell (ECs) specification
from hiPSCs and to support their maintenance. Therefore, we
tested the impact of the supplementation of VEGFA and
PDGFBB growth factors during the EMOs generation (Figure 1A).
Immunofluorescence (IF) staining of EMOs generated with
VEGFA (V-EMOs) and PDGFBB (P-EMOs) supplementation re-
vealed a significant increase in CD31* ECs in both conditions
compared with control EMOs (Figures 1B and S1D). However,
this increase was significantly higher in V-EMOs, increasing
from 1.6 £ 0.5% in control EMOs to 3.9 + 0.2% and 2.9 =
0.3% of the total EMOs’ area, in V-EMOS and P-EMOs, respec-
tively (Figure 1B). In V-EMOs, we observed a robust vascular
network of connected tubules at the interface of epicardial-
myocardial areas (Figures 1C and S2A, and Video S1) with
branches sprouting toward the myocardium zone (Figures 1D
and S2B). The EC-network was also lined by NG2* pericytes
and the ECM protein laminin (LAM), essential to form a functional
vascular plexus (Figures 1E and S2C). To validate that the
vascular network has a perfusable structure, we exposed
V-EMOs to fluorescently labeled dextran particles and observed
the overlap of the fluorescent signal with the vascular network
(Figure S2D), reinforcing the presence of a functional vascular
plexus. Supporting also the presence of a functional vasculature
in V-EMOs, when exposed to hypoxia injury stimuli, we observed
vascular network remodeling with increased vascularization
(Figure S2E). In comparison with control, P-EMOs show an
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increased diameter (696 + 2 pm EMOs vs. 762 + 4 pm
P-EMOs) (Figures S2F-S2G), with an apparent impact on the
epicardial region, where we clearly identified two distinct zones
(Figure 1F), similar to what is observed in vivo, in which a meso-
thelial-cell layer lines a subepicardial region. '®

Interestingly, although in both V-EMOs and P-EMOs it was
clearly identified a compact myocardial-like region adjacent to
the epicardial zone, comprising more proliferative CMs
(NKX2.5*/Ki-67%) (Figure S2H), we identified a significant in-
crease in the percentage of these CMs only in V-EMOs (from
8.8 £ 1.0% of NKX2.5%/Ki-67*within the myocardium region in
control EMOs to 19.7 + 2.0% in V-EMOs) (Figure S2I). In
P-EMOs it was observed a stronger staining for the NG2 marker,
the mesenchymal/cardiac fibroblast marker vimentin (VIM), and
the ECM proteins fibronectin, collagen IV and laminin, in the
compact region of the myocardium (Figures 1G and 1H), sug-
gesting a more active epithelial-mesenchymal transition (EMT)
in P-EMOs, compared to V-EMOs (Figures S2J and S2K).

Collectively, these observations indicate that EMO exposure
to VEGFA stimuli supports the establishment of a functional
vascular network and suggest also an impact of PDGFBB signal
on promoting 1) the development of an epicardial region with an
in vivo-like structural organization and 2) EMT of epicardial-
derived cells (EPDCs).

Epicardium-myocardium organoids recapitulate the

in vivo developmental fate of epicardium

To decipher the different cell components present in V-EMOs
and P-EMOs, we performed a whole-transcriptome analysis of
D10CC V-EMOs and P-EMOs, using single-cell RNA sequencing
(scRNA-seq), and inferred cellular trajectories based on tran-
scriptional dynamics.

From this analysis, we identified eight distinct clusters present
in both V-EMOs and P-EMOs (Figures 2A, S3A, and S3B;
Table S8). These clusters were broadly defined as: (1) ventricle
CMs, identified by the TNNT2 gene; (2) ECs, expressing the
pan-EC markers PECAM1 and CDHS5; (3) epicardium/early
EPDCs marked by WT1, TBX18, and SEMA3D genes; (4) epicar-
dium-derived mesenchyme/fibroblast-like cells, expressing
both EMT and fibroblast markers (POSTN, PTN, DCN, and
TCF21); (5) proliferative fibroblast-like cells, expressing the
TOP2A gene; (6) mural cells defined by RGS5, MGP, ACTN1
and PDGFRB; and (7-8) two endodermal-derived clusters,
both expressing the TTR gene, representing endoderm-derived
epithelial cells and hepatic-derived cells.

Figure 1. EMOs stimulation with VEGFA and PDGFBB improves vascularization and induces EMT of epicardial cells
(A) Scheme illustrates EMOs generation from hiPSC-derived myocardium and pro-epicardium organoids (MO and PEO), with VEGFA and PDGFBB stimulation

from day 6 to day 10 of co-culture.

(B) Percentage of EMOs area that stains for the EC marker CD31, with and without VEGFA and PDGFBB supplementation. Data were obtained from repre-
sentative IF images of at least 4 independent experiments. *p < 0.05, ****p < 0.0001.
(C) Representative IF staining of V-EMOs (3D and organoid slices), highlighting the development of a CD31* network of vascular cells surrounding the

myocardium region.

an epresentative IF staining of V- s (organoid slices), highlighting the sprouting o cells toward the myocardium region (B), and the co-staining
(DandE)R ive IF staini f V-EMOs ( id slices), highlighting th: i fCD31* cell d th di ion (B), and th: ini

of the CD31 network with the ECM laminin and the pericyte marker NG2 (C).

(F) Representative IF staining of the epicardium region in P-EMOs (organoid slices), highlighting the presence of two distinct layers in the epicardium region, an
external mesothelium-like layer and a sub-epicardium space adjacent to the myocardial region (NKX2.5¥).

(G and H) Representative IF staining of P-EMOs, highlighting the vascular network of CD31™ cells and the enriched staining for VIM (E), NG2, fibronectin (FIBRO),
collagen | (COL1), and laminin (LAM) (F), within the compact myocardium region. Scale bars, 100 pm. See also Figures S1 and S2.
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Figure 2. Single-cell RNA sequencing analysis identifying cell types in V-EMOs and P-EMOs
(A) t-SNE plot of filtered cells (n = 19,024) from combined V-EMOs and P-EMOs conditions, indicating eight unbiased clusters. Dot plot shows the average

expression and percentage of cells expressing canonical markers for each cluster.
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Consistent with the IF analysis of V- and P-EMOs, which sug-
gested the presence of a compact myocardial layer adjacent to
the epicardial region of the organoids, scRNA-seq data further
revealed two distinct subpopulations of TNNT2-positive cells
within the CM cluster (Figure 2B). One of these subclusters
was enriched in genes previously linked with compact myocar-
dium development in human embryos (MYL2, HEY2, FTH1,
and FTL)?°2" (Figure 2C).

To assess whether EMOs recapitulate the in vivo de-
velopmental fate of epicardium, specifically the transition from
epicardial cells to an epicardium-derived mesenchymal cell
-population, we performed subclustering and cellular trajectory
inference on clusters annotated as “Epicardium/early EPDCs”
(cluster 0) and “Epicardium-derived mesenchymal/fibroblast-
like cells” (cluster 1) (Figure 2D). For this analysis, we examined
the expression of key epicardium and EPDC signature genes
curated from recently human fetal epicardium and human heart
organoids sequencing datasets.?**>® Within the “Epicardium/
early EPDCs” cluster (Figure 2E), a subpopulation of cells ex-
pressed canonical epicardial mesothelial markers (“Epicardium
mesothelium”, cluster 1), including DSP, CDH1, and CKB
(Figure 2F). Notably, genes associated with early or uncommit-
ted EPDCs, such as TBX18, DAPK1, FLRT2, and GPC3, demon-
strated transient expression, with higher levels in cluster 0 and
gradually decreasing along inferred pseudotime toward cluster
1 (Figures 2G and S3C). In contrast, the expression of DCN,
PTN, TCF21, IGFBP7, KRT18, KRT8, and PRDX4 progressively
increased along pseudotime, consistent with their established
roles in epicardium mesenchyme specification (Figures 2G and
S3C). We also identified two smaller cell populations expressing
markers linked with epicardial-derived adipose tissue formation
(PPARG, GPAM, FASN, and ADIPOR2),>* and with CMs (TNNT2)
(Figure 2H), suggesting a myocytic differentiation of EPDCs.?* To
confirm the presence of epicardial-derived adipose-like cells, we
stained EMOs using an anti-fatty acid synthase (FAS) antibody.
The IF results clearly revealed the presence of FAS™ cells be-
tween the epicardial mesothelium layer and the myocardium re-
gion (Figure 2l), recapitulating in vivo observations.?®

Following the developmental progression of EPDCs into
fibroblast and vascular cells, we incorporated the “Proliferative
fibroblasts”, “Mural cells”, and “Endothelial cells” clusters into
the pseudotime trajectory analysis (Figures 3A and 3B). We
identified two different trajectories: (1) a fibroblast projection
characterized by proliferative fibroblast-like cells expressing
previously assigned markers for this early differentiation stage,
including TOP2A, CCNB2, UBE2C?° (Figures 3C and S3D), and
(2) a vascular trajectory progressing toward the mural cells and
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ECs clusters, enriched for genes associated with smooth muscle
cell and cardiovascular system development (MGP, RGS5,
LAMA4)*° (Figures 3D and S3E).

Collectively, these results suggest that both V-EMOs and
P-EMOs recapitulate the epicardium-derived mesenchyme for-
mation and specification into epicardial-derived fibroblasts,
vascular cells, and adipose-like cells, mirroring the develop-
mental potential of the epicardium in vivo.

The vascular network observed in epicardium-
myocardium organoids mimics the primitive coronary
vascular plexus in the developing human heart

To assess the specific impact of PDGFBB and VEGFA stimuli
on EMOs development, we performed subclustering analysis
of “Epicardium-derived mesenchymal/fibroblast-like cells”,
“Mural cells”, and “Endothelial cells”, in both V-EMOs and
P-EMOs.

The subclustering analysis of the “Epicardium-derived mesen-
chyme/fibroblast-like” cluster revealed a heterogeneous popula-
tion of cells, with three subclusters (clusters 0, 2, and 3)
expressing genes associated with fibroblast/smooth muscle-
like cells (SEMA3D, ACTA2, IGFBP7, LUM, TGFBI, BGN,
UACA, ITGA1, and TPM2)>® and one subcluster (cluster 1) en-
riched in genes linked to vascular development (VEGFA,
EFNB2, ACKR3, EGR1, and PLXNA4)*%?? (Figures 4A and 4B).
The latter suggests the presence of perivascular/angiogenic
fibroblast-like EPDCs involved in the regulation of vessel forma-
tion. Interestingly, most of the V-EMO cells were localized within
cluster 1, whereas the P-EMO cells were predominantly localized
within cluster 0 and 2 (Figures 4C and S4A). These data suggest a
more active vascular network development process in V-EMOs,
consistent with immunostaining results, and a stronger commit-
ment of EPDCs into fibroblast/mural-like cells in P-EMOs.
In line with this, although mural cells were detected -under both
conditions, differential expression analysis between P- and
V-EMOs revealed that P-EMOs harbor more mature, extracellular
matrix-producing mural cells, with an up-regulated expression of
key markers, including COL6A6, MGP, OGN, MFAP4, TLN2, and
ELN (Figure S4B and Table S4), and in V-EMOs we observed an
up-regulation of markers related with functional pericytes,
including CXCL12, RGS5, S1PR3 and NG2.

It is known that the primary coronary plexus is mainly derived
from both the endocardium and the sinus venosus,'®?%?” and
develops in the subepicardial space. This early coronary EC
network then continues to spread and mature at the myocardium
surface, forming the coronary veins, and invades the myocar-
dium to form a branching network of coronary arteries.'*?® To

(B) t-SNE plot (n = 501) highlights the compact myocardial-like subpopulation within the cardiomyocyte cluster.
(C) Violin plots show the expression of compact myocardium markers within cardiomyocyte cluster.
(D) t-SNE plot (n = 11,229) of combined Epicardium/early EPDC and epicardium-derived mesenchyme/fibroblast-like cells clusters, with pseudotime trajectories

inferred from transcriptional kinetics.

(E) t-SNE plot highlights the subclustering analysis of Epicardium/early EDPCs cluster.
(F) Violin plots show the expression of epicardium mesothelium (cluster 1) genes within the epicardium/early EPDCs cluster.
(G) Representative dot and t-SNE plots for epicardial mesothelium, early EPDCs, and epicardial mesenchyme markers, highlighting their transcriptional kinetics

along pseudotime trajectory.

(H) Violin plots show the expression of myogenic (cluster 2) and adipogenic (cluster 3) genes within the epicardium/early EPDCs cluster.
(I) Representative IF staining of V-EMOs (organoid slices), showing the expression of the fatty acid synthase marker (green) and the vascular network (red). Scale

bars, 100 pm. See also Figure S3.
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Figure 3. Single-cell RNA sequencing analysis of epicardial and epicardial-derived cells in V-EMOs and P-EMOs

(A and B) t-SNE plot of combined Epicardium/early EPDCs, Epicardium-derived mesenchyme/fibroblast-like cells, mural cells, endothelial cells, and proliferative
fibroblast clusters (n = 16,490) (A), pseudotime trajectories inferred from transcriptional kinetics (B). Prediction data distinguished two different trajectories: the
fibroblast trajectory (clusters 0, 1, and 2) and the vascular trajectory (clusters 0, 1, 3, and 4).

(C) Dot plot shows the transcriptional kinetics along pseudotime of key markers through the fibroblast trajectory, and t-SNE plots for representative markers of

proliferative fibroblasts.

(D) Dot plot shows the transcriptional kinetics along pseudotime trajectory of key markers through the vascular trajectory, and t-SNE plots for representative

markers of mural cells and ECs. See also Figure S3.
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Figure 4. Impact of PDGFBB and VEGF stimuli on EMOs cell composition
(A) t-SNE plot shows the subclustering analysis of epicardium-derived mesenchyme/fibroblast-like cells cluster.
(B) Violin plots show the expression level of representative genes for each identified subcluster in epicardium-derived mesenchyme/fibroblast-like cells.

(legend continued on next page)
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further confirm the identity of ECs observed in V- and P-EMOs,
we performed a detailed characterization of the EC cluster.

When comparing the differentially expressed (DE) markers of
our “Endothelial cells” and “Mural cells” clusters with the DE
genes assigned to vascular-related clusters from single cell
RNAseq data of human embryonic hearts (Figure S4C), we
observed a strong correlation, particularly with ECs categorized
as coronary vascular cells, supporting the idea that our organoid
support the development of a coronary-like early vascular
plexus. Additionally, subclustering analysis of EC cluster identi-
fied two major EC populations, both expressing markers previ-
ously assigned to coronary vasculature development in human
hearts (APLNR, FLT4, and ITGA6)***° (Figures 4D, 4E, and
S4D). Interestingly, genes linked to early stages of coronary
vascular development and venous-like phenotype®*®' were
higher expressed in EC subcluster 0 and, on the opposite side,
markers linked to coronary arteries specification®® were more
strongly expressed in EC subcluster 1 (Figure 4F). When
comparing the EC cluster in V- and P-EMOs, we observed that
ECs from V-EMOs were mainly located in EC cluster 1, whereas
P-EMO ECs were enriched in cluster 0 (Figures 4G and S4E). DE
analysis between V- and P-EMOs corroborates this finding, with
an up-regulation of genes linked to venous-like ECs (GATA4,
FLRT2, and NR2F2)in P-EMOs, while V-EMOs demonstrated
up-regulation of coronary artery-like ECs markers (DLL4,
CXCR4, EFNB2, and JAG1)*° (Figure S4F and Table S5). It is
known that in vivo the immature coronary plexus initially exhibits
a venous-like phenotype, which is progressively lost during
specification into coronary arteries.”® Consistently, trajectory
inference of the EC cluster suggested a temporal transition
from cluster O to cluster 1 (Figure S4G), indicating that the two
clusters may represent different stages of the coronary endothe-
lium development. Together, this data suggests that both V- and
P-EMOs develop a coronary-like vascular plexus, with V-EMO
enriched in the artery-like ECs and P-EMOs enriched in the
venous-like EC phenotype. The latter may either represent prim-
itive coronary veins or reflect a less mature coronary plexus that
is still transitioning away from a venous identity before differen-
tiating into coronary arteries.

To confirm the presence of distinct EC subtypes in both con-
ditions, we further characterized the endothelial network
observed in V- and P-EMOs by IF analysis. Although the contri-
bution of epicardium to the ECs that comprise the coronary
vasculature of the heart remains debatable, studies in mouse
and human fetal hearts have shown WT1 expression in both arte-
rial and venous ECs at early development stages.**® Lineage
tracing of pro-epicardium and septum transversum cells also
identified WT1*/CD31* cells in the coronary vasculature of the
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developing mouse heart.>* Therefore, we used WT1, together
with NR2F2 (COUP-TFII), a coronary venous EC marker,?%%’
and DACH1, which specifically labels coronary vessels in mouse
models,?**>=7 for further analysis.

IF analysis confirmed that in V-EMOs the majority of CD31"
ECs are positive for both WT1 and DACH1 markers, but not
the venous marker NR2F2 (Figures 4H, S4H, and S4l). In
contrast, P-EMO contained predominantly CD31*/DACH1*/
NR2F2* ECs within the subepicardial space and on the myocar-
dial surface, with a small subset of CD31*/WT1*/NR2F2" ECs
within the myocardial region (Figures 4l and S4J).

Assembly of vascular plexus epicardium-myocardium
organoids and sympathetic neuron spheroids generates
functional heart-innervated organoids

To incorporate innervation into vascularized EMOs, we first es-
tablished a differentiation platform to attain sympathetic neuron
spheroids (SNSs) from hiPSCs. To achieve that, we adapted a
previously established 2D differentiation protocol®® to a 3D envi-
ronment. Successful differentiation was confirmed by RT-gPCR
analysis, which demonstrated a significant up-regulation of SNs’
markers SOX10, ASCL1 and PHOX2B at the end of the neural in-
duction period (Day 12 of differentiation) (Figure S5A), and by
positive immunostaining for the SN enzyme tyrosine hydroxylase
(TH) and for the peripheral neuronal marker peripherin (PRPH) af-
ter 30-40 days of differentiation (Figure 5A).

Functional activity of SNs was assessed, using a MEA system,
after 50 days of 3D differentiation followed by 8-12 additional
days of culture on the electrodes. This analysis confirmed the
electrical activity of the neurons, with an average conduction
velocity of 0.52 + 0.03 m/s and a firing rate of 3 + 0.3Hz
(Figures S5B and S5C). SNs also responded to nicotine stimula-
tion, with an increased neuron conduction velocity (11 + 2%) and
an increased number of spikes/burst (58 + 12%) (Figure S5D).
Additionally, we confirmed that SNSs produce the neurotrans-
mitters dopamine (269 + 78 pg/mL) and norepinephrine (56 +
4 pg/mL) (Figure S5E), reinforcing their physiological activity. Af-
ter platform optimization and functional validation of the SNs, we
selected V-EMOs, owing to their more robust vascular network,
to fuse with fluorescently labeled SNSs (>D50 of differentiation)
in 96-well plates, to generate innervated EMOs (iV-EMOs). It
was possible to observe neuronal projections toward the
V-EMOs region of the assembloids within 48 h (Figure 5B). By
days 6 and 12, a dense network of SNs had formed at the surface
of the myocardial region (Figure S5F). Additionally, to evaluate
the presence of neuro-vascular pattern integration in iV-EMOs
and to identify the vascular network, IF analysis of assembloids
was performed using beta tubulin Il (Tujl) and CDS31,

(C) Relative frequency of each epicardium-derived mesenchyme/fibroblast-like cells subcluster in V-EMO and P-EMO populations.

(D) t-SNE plot shows the subclustering analysis of EC cluster.

(E and F) Violin plots show the expression level of representative coronary (E) and artery/venous (F) ECs markers.
(G) t-SNE plots showing the subclustering analysis of the “Endothelial cells” cluster for each condition (V-EMOs and P-EMOs).
(H) Representative IF staining of V-EMOs (organoid slices), highlighting the expression of DACH1, WT1, and NR2F2 in CD31" cells, corroborating a coronary

vascular artery-like phenotype for this population.

(I) Representative IF staining of P-EMOs (organoid slices), highlighting the generation of two distinct layers in the epicardium region, the mesothelium (WT1*/
NR2F2*/DACH1* cells) and the sub-epicardium space (WT1/+1°% NR2F2* cells) (a) and the two distinct sub-populations of ECs, namely CD31*/NR2F2* cells
within the sub-epicardium space (b and c, *1) and in the myocardium surface, and CD31*/WT1*/NR2F2" cells within the myocardium region (b and d, *2). Scale

bars, 100 um. See also Figure S4.
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Day 2 post-assembly

Figure 5. Assembly of V-EMOs and sympathetic neuron spheroids generates functional heart-innervated organoids
(A) Representative BF images of SNSs and IF staining of replated SNSs (7 days after replating) after 40 days of differentiation, highlighting the expression of the

sympathetic neuronal markers TH and PRPH. Scale bars, 100 pm.

(B) Representative BF images of assembloids 2 days post-assembly, highlighting SNs migration from the SNS region toward the EMOs region of V-EMOs.
(C and D) Representative IF z stack 3D reconstruction images of V-EMO-SNS assembloids 12-day post-assembly, highlighting SNs (Tuj1*) network in the
myocardial region of the assembloids (cTnT*) (C), and the interplay with the coronary-like vascular (CD31*) network (D). See also Figure S5.

respectively. We observed a well-developed network of inter-
connected neurons and vascular cells in iV-EMOs (Figures 5C,
5D, S5G, and S5H; Video S2), similarly to what is observed
in vivo.

To further confirm the functional interaction between SNs and
ventricle CMs, we examined the effect of SN stimulation on the
contraction activity of iV-EMOs 2 weeks after initiating the co-
culture. These assembloids were treated with 100 pM of nicotine,
which activates nicotinic acetylcholine receptors, and the
beating rate was assessed after 30 min. We registered a signifi-
cant increase in beating rate upon nicotine treatment, from 14 + 4
to 27 + 5 BPM (Figure S5I). As control, we tested nicotine stim-
ulation on age-matched V-EMOs without external sympathetic
innervation, as well as myocardium organoids (MOs). Although,
as expected, the contraction of MOs was not affected by nico-
tine stimulation, in V-EMOs, we observed an impact on organoid
contraction. Specifically, we observed that 32 + 5% of the orga-
noids stopped contraction, which was rescued after changing
the culture media, and the remaining suffered an increase in
the beat frequency from 13 + 2 BPM to 18 + 2 BPM. This
observation confirms that the SNs can modulate CM function
in iV-EMOs, while also suggesting V-EMOs can be modulated
by exogenous stimuli, without external sympathetic innervation,

although less robustly. The observed response of V-EMOs to
nicotine stimulation can be seen as an in vitro artifact or can be
indicative of the presence of an intrinsic cardiac nervous system
in these organoids. In fact, the scRNA-seq data identified cells
expressing the CALB1 gene within the epicardium mesothelium
cluster. Recent work has shown that calbindin 1-positive cells
localize to epicardial ganglia, a part of the intrinsic cardiac ner-
vous system, and influence cardiac function independently of
the central nervous system.® Previous studies further suggest
that epicardial ganglia control myocardium contraction locally,
independently of extrinsic autonomic nerves, and that the nico-
tinic stimulation of cardiac intrinsic ganglia impacts heart func-
tion.”®*" This evidence may explain the observed results in our
model, although further validation is needed.

DISCUSSION

Normal heart function is ensured by functional vasculature and
the autonomic nervous system. Alterations to the structure and
function of the coronary vascular network and in the excitability,
density, distribution, and neurotransmitter content of heart inner-
vation are well-known events that compromise cardiac function.
Therefore, the development of in vitro human heart organoid
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models that not only reproduce the myocardium but also the
complementary cell systems that support the normal function
of the heart is crucial for advancing clinical and biomedical
applications.

Herein, we describe a physiologically relevant hiPSC-derived
heart organoid (EMO) that recreates not only the epicardium-
myocardium interaction, but also both the coronary-like embry-
onic vascular plexus and the sympathetic innervation, featuring
an in-vivo-like structural organization and function. Although pre-
viously reported hiPSC-derived heart organoids have been shown
to partially recapitulate the cardiac vasculature/endocardial
vascularization,*”~*° there is no model that reports a self-gener-
ated and self-organized coronary-like early vascular network, a
limitation reported in recent hiPSC-derived heart organoid
models.’® Additionally, these models do not replicate the interplay
between vascularization and the establishment of a functional
innervated network, whose development remains not completely
disclosed. Despite that, it has been shown that the epicardium is
an important source of paracrine factors and progenitor cells for
the establishment of a functional coronary vasculature in the hu-
man heart.®® Moreover, it has been reported that sympathetic
ventricle innervation develops in close cross-talk with vasculariza-
tion, with neurotrophic factors secreted by epicardium-derived
vascular cells guiding the extension of axons through the subepi-
cardium and inducing invasion into the myocardium.’**’

Our approach leveraged EMOs as a developmentally inspired
platform to recreate the in vivo-like generation and interaction
between epicardium, coronary vascular cells, and sympathetic
neurons. We studied the impact of VEGF and PDGFf3 modulation
on epicardial-derived cells specification, vascularization devel-
opment, and spatial organization. scRNA-seq demonstrated
that EMOs recapitulate the developmental trajectory of epicar-
dium development and EPDCs specification into fibroblast,
mural cells, ECs, and adipose-like cells. Furthermore, our data
also revealed that VEGF and PDGFp signaling pathways activa-
tion during EMOs generation supported the generation of a func-
tional and well-developed network of coronary-like endothelium,
lined by pericytes and ECM proteins, and potentiated the devel-
opment of a well-demarked subepicardial space and EPDC
specification and differentiation, respectively. These findings
highlight the potential of combining VEGF and PDGFp modula-
tion for fine-tuning epicardial and vascular maturation. Lineage
tracing studies in the mouse model provided important insights
and established a consensus idea that the primary coronary
plexus is mainly derived from both the endocardium and the si-
nus venosus, and epicardial-derived pericytes are required for
coronary vasculature maturation, integrity, growth, and vascular
guidance.'® Although the contribution of epicardium to the ECs
that comprise the coronary vasculature of the heart is still debat-
able, it has been demonstrated in mouse and human fetal hearts
that WT1 is expressed in ECs of both arteries and veins at early
stages of development.*>*® In our heart organoid model, we
observed that the CD31* ECs, in the sub-epicardial space and
myocardial region, express WT1, which is consistent with previ-
ously described models.

The positive impact of epicardium on myocardium growth,
compaction, and maturation in vivo is well described in the
literature.*®*° While we previously reported the presence of a
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compact myocardial region in EMOs,'® the improvement of
vascularization significantly increased the robustness of the
compact myocardial region in these organoids, showing an
increased number of proliferative CMs. It is well documented in
mouse models that coronary ECs support myocardial compac-
tion and heart wall expansion, and impairment of these develop-
mental processes leads to congenital heart defects, including
ventricular non-compaction cardiomyopathy.*°

The control of heart function through autonomic nervous sys-
tem modulation is a promising therapeutic strategy for several
arrhythmogenic cardiomyopathies. As a proof-of-concept, we
showed that the assembly of hiPSC-derived SNS with vascular-
ized EMOs promotes the development of a complex vascular in-
terconnected sympathetic neuronal network that exhibits phys-
iological responses to nicotine stimulation, thus proving the
functional interaction between the SNs and the CMs present in
the iV-EMOs.

In summary, this work presents a multifactorial platform to
generate a modular physiologically relevant heart organoid
that, although exploring a self-organization environment, is
guided by exogenously controlled key steps, which ensure a
robust and reproducible platform. Specifically, iV-EMOs are
generated in a stepwise and in-vivo-like environments, recreat-
ing the sequential stages of human heart embryogenesis,
including 1) mesendoderm formation, 2) cardiac progenitor cell
specification, 3) ventricular myocardium differentiation, 4) pro-
epicardium/septum transversum organ formation, 5) epicardial
establishment and EPDCs specification and migration, 6)
myocardium maturation and compaction, 7) coronary-like early
vasculature development, and 8) sympathetic innervation of
the myocardium.

iV-EMOs thus provide a unique platform to address funda-
mental questions in heart development and pathology. More-
over, the incorporation of the sympathetic autonomic nervous
system in EMOs provides an opportunity to explore therapeutic
strategies based on SNs activity manipulation/modulation in a
human-based setting, which is a promising therapeutic strategy
for several arrhythmogenic cardiomyopathies. Additionally, it is
well known that altered density and/or function of heart innerva-
tion and vascularization are the most prevalent causes of heart
failure and sudden cardiac death. In fact, apart from CM death
and the subsequent electrophysiological and fibrotic remodeling
observed after myocardial infarction events, the level of cardiac
sympathetic nerve fiber loss has been considered the most
relevant predictor of consequent ventricular arrhythmias.®'*?
Therefore, iV-EMOs represent a unique model to unravel crucial
signals involved in the normal coronary vascular growth and SN
innervation of the ventricle myocardium, which can be further
explored to develop new regenerative medicine-based thera-
peutic avenues to restore innervation and promote re-vasculari-
zation in the adult heart after ischemic events.

Limitations of the study

In this work, we developed and optimized a human heart orga-
noid model that recapitulates the coordinated development of
epicardium, embryonic vascular plexus, and sympathetic inner-
vation. This platform builds upon our previous EMOs, generated
through pro-epicardium organoid specification. In vascularized
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EMOs (V-EMOs), the vascular network is self-generated and
self-organizes within the organoid, whereas sympathetic inner-
vation in iV-EMOs is achieved through an assembly-based
approach.

Although we demonstrate the formation of a well-developed
and interconnected vascular plexus containing ECs and
supporting mural cells, further functional and structural charac-
terization of this network is required. Specifically, further assess-
ment of vessel perfusion and quantitative measurement of vessel
diameter are needed. Moreover, while our scRNA-seq data indi-
cate the presence of both artery-like and venous-like EC popu-
lations, further confirmation using additional subtype-specific
markers and immunostaining analyses is necessary to more
definitively establish the identity and maturation status of these
EC subpopulations. Extended culture periods would also be
informative to evaluate the long-term evolution and maturation
of the vascular network. The in-vivo-like spatial organization of
the vascular network observed in our organoids, together with
comparison between our scRNA-seq data and published human
embryonic heart datasets, supports a coronary-like phenotype
for the vascular network observed in V-EMOs. However, addi-
tional validation is required to conclusively demonstrate that
this organoid model fully recapitulates embryonic coronary
vasculature development. To further dissect the developmental
processes occurring in V-EMOs and to clarify the origin of
vascular progenitors, scRNA-seq analyses at earlier and
sequential stages of differentiation would be highly informative.
Finally, this study was conducted using a limited number of
hiPSC lines. Validation of the platform across additional genetic
backgrounds will be necessary to confirm the robustness and
broader applicability of the model.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This research uses the hiPSC line iPS-DF6-9-9T.B. provided by WiCell Bank. This cell line is vector free and was reprogramed from
foreskin fibroblasts with a karyotype 46, XY that were collected from healthy donors using defined factors in the Laboratory of
Dr. James Thomson, at University of Wisconsin.

METHOD DETAILS

Cell maintenance
hiPSCs were maintained in mTeSR™1 (StemCell Technologies) in six-well plates coated with Matrigel™ (Corning). The medium was
changed daily. Cells were routinely passaged every three to four days using 0.5 mM EDTA solution (Thermo Fisher Scientific).

Generation of EMOs
The generation of EMOs starts with the combination of hiPSC-myocardium organoids (MOs) and hiPSC-pro-epicardium organoids
(PEO), previously described by our group.'>°® Briefly, the differentiation of hiPSC-spheroids (4000 cells/spheroid) was initiated on
day 0 (D0) by replacing the mTeSR™1 by RPMI 1640 medium (Thermo Fisher Scientific) with 2%(v/v) B-27 minus insulin (Thermo
Fisher Scientific) (RB27-) supplemented with 11 pM CHIR99021 (CHIR). After 24 h, the medium was changed and on D3, cells
were cultured in RB27- supplemented with IWP-4 at a final concentration of 5 uM, for two days. At D5, in the case of MOs differen-
tiation, the medium was changed to RB27-, and in the case of PEOs differentiation, 3 pM CHIR, 25 ng/mL BMP4, and 4 uM RA were
added from D5 to D7, using DMEM/F12 + 2.5 mM Glutamax + 100 pg/mL of ascorbic acid (DMEM/F12) as basal medium. At D7,
aggregates were flushed from the AggreWell™800 plate (StemCell) and transferred to 6-Well ultra-Low Attachment (ULA) plates.
Thereafter, the medium was changed every two days until cell harvest. In the case of MOs, the medium used was RPMI 1640 medium
supplemented with 2%(v/v) B-27 and in the case of PEOs it was used DMEM/F12 medium.

To establish the co-culture system, D11 MOs and D11 PEOs were dissociated to single cells using 0.25% (v/v) Trypsin-EDTA for
7 min at 37 °C. After cell counting, both cell types were combined at a proportion of 90%MOs:10%PEOs cells and reaggregated in
ultra-low 96-well microwell plates. Organoids were cultured in DMEM/F12 medium for six days. After that time, the culture medium
was supplemented with VEGFA (50 ng/mL) and PDGFBB (5 ng/mL) factors, alone or combined, from D6 to D10 of co-culture, to eval-
uate the sole and combined effect of these factors to promote epithelial to mesenchymal transition (EMT) of epicardial progenitor
cells and coronary vascularization.

Differentiation of sympathetic neuron spheroids (SNSs) from hiPSCs

To initiate differentiation of SNSs, hiPSCs were harvested with accutase (Sigma) for 7 min at 37 °C. After dissociation, spheroids of
hiPSCs were generated using microwell plates (AggreWell™&800, StemCell Technologies) according to the manufacturer’s instruc-
tions. Cells were plated at a cell density of 0.3 x 106 cells/well in mTeSR™1 supplemented with 10 pM ROCKi. 24 h later, the differ-
entiation process (based on'") was initiated. Briefly, from DO to D11 we used 1) E6 basal media from D0 to D3, 2) mixed E6 and N2B27
(Neurobasal™ Plus Medium + B27 Plus + N2 supplement) at (75:25)%, respectively, from D3 to D6 3), and mixed E6 and N2B27 at
(50:50)%, from D6 to D8, and 4) only N2B27 from D8-D11. At DO, basal medium was supplemented with 500 nM LDN193189 (LDN)
and 10 pM SB431542 (SB) and at D2, the medium was supplemented with 500 nM LDN + 10 pM SB + 3 pM CHIR + 10 pM DAPT. At
D3, the medium was supplemented with 10 pM SB + 3 pM CHIR + 10 pM DAPT + 1 uM SAG and aggregates were transferred to ULA
6-well plates. From D4 to D7, the medium was supplemented every day with 3 uM CHIR + 10 uM DAPT + 1 uM SAG. From D7 to D11,
the medium was supplemented every day with only 1 uM SAG. At D11, SN progenitor spheroids were singularized using accutase for
10 min at 37 °C. After cell counting, cells were resuspended in N2 maturation media (Neurobasal™ Plus medium + 2% (v/v) B27Plus +
1% (v/v) Glutamax + 1% (v/v) N2 supplement + 0.2 mM Ascorbic Acid + 10 ng/mL NGF + 10 ng/mL BDNF + 10 ng/mL GDNF) sup-
plemented with 10 M of ROCKi (100 pL/well), and then seeded on a U-shaped ULA 96-well plate. From this point on, the medium was
changed every three-four days and maturation was prolonged for 30-40 days.

Generation of innervated heart assembloids

Heart-innervated assembloids were generated by combining EMOs, obtained after 10 days of co-culture, with SNSs obtained after
30-40 days of maturation in U-shaped ULA 96-well plate (1:1 SNSs/EMOs). These assembloids were cultured in 50:50 N2 maturation
medium and DMEM/F12 for 10 days and the medium was changed every 3 days.

Viral labeling of neural spheroids

To follow SN projections towards the EMO region of the assembloids, day 30 SNSs were labeled with pAAV-CAG-tdTomato virus
(Addgene, cat. no. 59462-AAV1). For labeling SNSs, each spheroid was cultured in 40 pL of N2 maturation medium supplemented
with 0.5 pL of virus solution in a 96-well plate, overnight. On the next day, 100 pL of N2 maturation medium was added to each well.
After 24 h, the SNSs were washed twice with PBS and cultured in fresh N2 maturation medium. Fluorescently labeled SNSs were
usually observed seven days after virus infection.
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Immunostaining analysis of EMOs and SNSs

EMOs and SNSs were fixed in 4% PFA in PBS at 4 °C overnight. After PFA removal, cells were stored in PBS at 4 °C for further
analysis.

Slices

EMOs were incubated in 15%(w/v) sucrose in PBS, at 4 °C overnight. Afterwards, the 3D models were embedded in 7.5%(w/v)/
15%(w/v) gelatin/sucrose and frozen in isopentane at —80 °C. Organoid/spheroid sections of 10-12 um of thickness were cut on
a cryostat-microtome (Leica CM3050S, Leica Microsystems), collected on Superfrost™ Microscope Slides and stored at —20 °C.
Sections were then de-gelatinized for 45 min in PBS at 37°C. Organoid/spheroid sections were incubated in 0.1 M Glycine (Millipore)
for 10 min at RT, permeabilized with 0.1%(v/v) Triton X-100 (Sigma) in PBS at RT for 10 min and blocked with 10%(v/v) fetal bovine
serum (FBS, Gibco) in TBST (20 mM Tris-HCI pH 8.0, 150 mM NaCl and 0.05%(v/v) Tween-20, Sigma), at RT for 30 min. Organoids/
spheroids were then incubated with the primary antibody diluted in 10%(v/v) FBS in TBST solution (Table S1) at 4 °C overnight. Sec-
ondary antibodies were added for 30 min in dark, and nuclear counterstaining was performed using 4,6-diamidino-2-phenylindole
(DAPI, 1.5 pg/mL, Sigma), at RT for 5 min.

Whole mount

EMOs were incubated in 0.1 M Glycine for 30 min at RT, permeabilized with 0.1%(v/v) Triton X-100 (Sigma) in PBS at RT for 30 min
and blocked with 10%(v/v) FBS in TBST, at RT for 1 hour. Organoids were then incubated with the primary antibody diluted in 10%(v/
v) FBS in TBST solution (Table S1) at 4 °C overnight, followed by secondary antibody incubation at 4 °C overnight, in the dark.
Imaging quantitative analysis

For quantification of the CD31-positive area in EMOs, organoid sections stained for CD31 and DAPI were analyzed. Using ImageJ
software, the DAPI signal was used to define the total area of each organoid section, while the area delineated by CD31 staining
was measured to calculate the percentage of the total area occupied by CD31.

Light sheet microscopy of vascularized and innervated EMOs

Fluorescence images of vascularized and innervated EMOs were acquired using a Light Sheet Fluorescence Microscope (LSFM), the
Zeiss Lightsheet Z.1, with solid states laser lines 488 nm and 561 nm selected for excitation of Alexa-488 and tdTomato or Alexa-546
and associated filter sets 505-545 nm and 575-615 nm, respectively, equipped with a W Plan-Apochromat 20x/1.0 Corr DIC M27
75 mm objective and a pco.edge 5.5 sCMOS camera. The organoids were embedded in 1 %(m/v) low melting-point agarose,
and a glass capillary was used as a sample embedding container in the water chamber. Z-stacks from 4 viewing angles were ac-
quired and fused with ZEN (Zeiss) software to generate a 3D volume rendering image of the entire sample.

EMOs vascular network functional assessment

To assess the permeability of the vasculature in EMOs, after 10 days of co-culture, EMOs were incubated overnight with fluorescein-
conjugated dextran (40 kDa; 500 pg/ml; Sigma, FD40) dissolved in culture medium. The following day, images were acquired using a
Leica DMI 3000B microscope equipped with a Nikon DXM 1200F digital camera. Subsequently, the samples were fixed for immu-
nostaining analysis. To evaluate vascular remodelling in response to hypoxic stimulus, EMOs after 10 days of co-culture were
cultured under hypoxic conditions (5% O,) for 48 hours. After this period, EMOs were fixed, sectioned, and subjected to immuno-
staining analysis.

Multielectrode array (MEA) recording of SNSs

SNSs were plated in a Matrigel-coated high-density MEA system comprising 26400 electrodes per well (MaxWell Biosystems AG;
MX2-S-6W). SNSs were cultured for 12-20 days before data recording. Network and axon tracking analysis was performed to attain
information regarding axon length, neuron conduction velocity and neuron firing rate, using a MaxWell Biosystems software. During
recordings, the temperature was kept at 37°C. To assess SNSs response to nicotine, the media of SNSs cultured in MEA chips was
supplemented with 10 pM of nicotine and SNs activity was analyzed after 30 min of incubation.

Norepinephrine and dopamine ELISA

SNSs media after three days of culture was collected and centrifuged at 300 g for 5 mins to eliminate cells or debris. Samples were
stored at -80°C until analyzed. Total norepinephrine and dopamine levels in the samples were quantified with a norepinephrine and
dopamine ELISA kits (Abnova) according to manufacturer’s instruction.

scRNA-seq analysis

Cell preparation for scRNA-seq

V-EMOs and P-EMOs were dissociated to single cells using 0,25% Trypsin-EDTA and incubation for 10 min at 37°C. After centrifu-
gation for 3 min at 200g, suspended cells were stained with LIVE/DEAD ™ Fixable Near-IR Dead Cell Stain (ThermoFischer Scientific,
USA) for 15 min. Cells were washed with PBS, centrifuged at 200g for 3 min and resuspended in 300 pl of 0.5% BSA in PBS. Stained
cells were sorted using an Aurora CS spectral cell sorter (Cytek Biosciences, USA) at the Flow Cytometry Platform of Gulbenkian
Institute for Molecular Medicine. For sorting, a 100 pm nozzle was used with a Purity sort mode (100% Purity Mask and 25% Yield
Mask). The sort chamber was previously cooled to 4°C. After exclusion of debris and doublets, live cells (negative for the Dead Cell
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Stain) were sorted into 1.5 mL tubes previously filled with 30 pL of PBS with 2% BSA. Sorted populations were carefully homogenized
with a micropipette and centrifuged at 4°C and 200g for 3 min. Cell pellet was resuspended in PBS and cells were quantified using the
Trypan Blue Exclusion Method.

scRNA-sequecing

To generate single-cell gene expression libraries, the Chromium Next GEM Single Cell 3’ Reagent Kits v3.1 (10x Genomics) was used,
according to the manufacturer’s protocol. Final libraries were quantified using Qubit (Thermo Fisher Scientific) and assessed for size
distribution on an Agilent TapeStation (Agilent Technologies). Libraries were pooled and sequenced on a NextSeq 2000 using a
paired-end run with the following read configuration: 28 bp (Read 1, cell barcode and UMI), 8 bp (i7 index), and 91 bp (Read 2, tran-
script). Libraries were sequenced to a depth of 30,000-50,000 reads per cell.

scRNA-seq data pre-processing

The Cell Ranger pipeline (v9.0.1) was used for sample demultiplexing, barcode processing, and generation of the single-cell gene—
barcode UMI count matrix. Briefly, samples were demultiplexed to produce paired FASTQ files for each library. Reads were aligned
to the GRCh38 human reference transcriptome (Ensembl gene annotation) provided with Cell Ranger. PCR duplicates were removed
by matching the same unique molecular identifier (UMI), 10x barcode, and gene, and collapsing them into a single UMI count.
scRNA-seq data post-processing

Downstream analyses, including quality control, normalization, clustering, and differential expression, were performed using scStu-
dio, a web-based application for comprehensive and modular scRNA-seq data analysis (https://www.biorxiv.org/content/10.1101/
2025.04.17.649161v1), in R version 4.1.2. A total of 22,400 cells (11,561 from V-EMOs and 10,939 from P-EMOs) were imported,
merged, and processed collectively. Genes detected in fewer than five cells and cells expressing fewer than 200 genes were
removed. Cells with >40% of transcripts mapping to mitochondrial genes were excluded to eliminate putative dead or lysed cells.
This permissive cutoff was chosen due to the naturally high mitochondrial content of cardiomyocytes. Doublets were identified
and removed using the scDblFinder package (version 1.8.0, https://bioconductor.org/packages/release/bioc/html/scDblFinder.
html). In total, 19,024 cells remained for downstream analysis. Library size normalization was performed using the scran package
(version 1.22.1, https://bioconductor.org/packages/release/bioc/html/scran.html) to account for variations in sequencing depth
per cell.

Dimensionality reduction and clustering analysis

We performed clustering and dimensionality reduction analyses using the Seurat package (version 4.1.1, https://satijalab.org/
seurat/). Highly variable genes (n = 1,000) were selected with the FindVariableFeatures function using the “vst” method. Principal
component analysis (PCA) was performed on these genes, and the top 25 principal components (PCs) were used to generate t-
SNE and UMAP embeddings. Clustering was performed using shared nearest neighbor (SNN) modularity optimization based on
the same 25 PCs. To explore cluster stability, we tested resolutions from 0.1 to 2.0 (step size = 0.1) and visualized the results with
the clustree package (version 0.5.1, https://cran.r-project.org/web/packages/clustree/index.html), which highlights relationships be-
tween clusters across resolutions. Final clusters were selected based on both clustree output and the expression patterns of canon-
ical markers recently identified markers from available sequencing datasets of human fetal epicardium and human heart
organoids.?%-?%:2

Differential expression analysis

Differential gene expression analysis was performed on the normalized dataset using the FindAlIMarkers or FindMarkers functions in
Seurat, applying the MAST statistical framework. Analyses were conducted at the cluster level for each subset to identify genes
significantly enriched or depleted in specific cell populations.

Trajectory inference analysis

Cellular differentiation trajectories were reconstructed using the TSCAN package (version 1.44.0, https://bioconductor.org/
packages/3.14/bioc/html/TSCAN.html) in R version 4.3.3. Following cells clustering based on PCA components, an unsupervised
minimum spanning tree (MST) was generated to infer pseudotime ordering. Trajectories were visualized with cluster annotations,
and pseudotime-associated genes were identified using TSCAN’s built-in analysis of variance (ANOVA) function.

RT-gPCR analysis of SN progenitors

Total RNA was isolated from SN progenitors both at days 6 and 12 of differentiation, using a High Pure RNA Isolation Kit (Roche)
according to the manufacturer’s instructions. Total RNA was converted into cDNA with High-Capacity cDNA Reverse Transcription
Kit (Thermo Fisher Scientific). PCR reactions were performed with Syber Green Master Mix (nzytech). The primer sequence is avail-
able in the Supplementary Data (Table S2). Reactions were run in triplicate in ViiA7 Real-Time PCR Systems (Applied BioSystems).
For each analyzed time point, gene expression was normalized against the expression of the housekeeping gene glyceraldehyde-3-
phosohate dehydrogenase (GAPDH) and results were analysed with the QuantStudioTM RT-PCR Software.

Calcium transient imaging of EMOs

Fluo-4-AM dye (ThermoFisher) was used for calcium imaging of EMOs. For that, Fluo-4-AM dye-loading solution was prepared ac-
cording to the manufacturer’s instructions and EMOs were incubated with that solution for 30 min at 37°C. Afterwards, the Fluo-4-AM
dye-loading solution was exchanged by DMEM/F12 medium. Before starting image acquisition, EMOs were incubated at 37°C for
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another 30 min to stabilize. Videos of beating EMOs were taken for a period of 30-60 s with a ZEISS Cell Observer SD confocal mi-
croscope. Calcium transient profiles were analyzed using an in-house Python-developed software.

QUANTIFICATION AND STATISTICAL ANALYSIS

All presented data regarding IF staining, MEA and PCR analysis were representative of at least three biologically independent exper-
iments per condition/marker. All raw data was collected in Microsoft Excel and statistical analysis was performed with GraphPad
software. Statistical significance was evaluated with a two-tailed, unpaired Student’s t test (p < 0.05) when appropriate. The data
are presented as mean + SEM and represent a minimum of three independent experiments. Statistical significance was assigned
as not significant (ns), p > 0.05; *p < 0.05; **p < 0.005; ***p < 0.0005. All micrograph images are representative of at least four in-
dependent experiments per condition/marker.
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