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In Brief

Neuromesodermal progenitors, also
known as axial stem cells, are important
for the generation of the posterior part of
the body. Faustino Martins et al.
demonstrate that hPSC-derived
neuromesodermal progenitors generate
human neuromuscular organoids in 3D
culture that form functional
neuromuscular junctions and can be used
to model neuromuscular diseases.
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SUMMARY

Neuromuscular networks assemble during early hu-
man embryonic development and are essential for
the control of body movement. Previous neuromus-
cular junction modeling efforts using human pluripo-
tent stem cells (hPSCs) generated either spinal cord
neurons or skeletal muscles in monolayer culture.
Here, we use hPSC-derived axial stem cells, the
building blocks of the posterior body, to simulta-
neously generate spinal cord neurons and skeletal
muscle cells that self-organize to generate human
neuromuscular organoids (NMOs) that can be main-
tained in 3D for several months. Single-cell RNA-
sequencing of individual organoids revealed repro-
ducibility across experiments and enabled the
tracking of the neural and mesodermal differentiation
trajectories as organoids developed and matured.
NMOs contain functional neuromuscular junctions
supported by terminal Schwann cells. They contract
and develop central pattern generator-like neuronal
circuits. Finally, we successfully use NMOs to reca-
pitulate key aspects of myasthenia gravis pathology,
thus highlighting the significant potential of NMOs for
modeling neuromuscular diseases in the future.

INTRODUCTION

Three-dimensional (3D), self-organizing, in vitro tissue models
called organoids have been developed for a range of human tis-
sues, including the retina, brain, spinal cord, intestine, kidney,
liver, and pancreas (Broutier et al., 2016; Eiraku and Sasai,
2012; Huch et al., 2015; Lancaster et al.,, 2013; Morizane
et al., 2015; Pasca et al., 2015; Spence et al., 2011). Cellular in-
teractions in a 3D space are important for achieving better self-
organization of tissue architecture; therefore, 3D organoids are
generally considered a promising approach for tissue and dis-

ease modeling (Brassard and Lutolf, 2019) and were used suc-
cessfully to model human diseases in which a single, specific
tissue is affected (Rowe and Daley, 2019). However, the study
of diseases affecting a process in which more than a single tis-
sue participates, such as neuromuscular disorders, remains a
challenge. Neuromuscular diseases are caused by functional
defects of the nervous system or skeletal muscle, or arise by de-
fects of the neuromuscular junction (NMJ) (Sanes and Lichtman,
1999). The NMJ is a highly organized chemical synapse formed
between motor neurons (MNs) and skeletal muscles and it con-
tains an additional important cell type, the terminal Schwann
cells. In some of these disorders, only the muscle or the neural
components are initially affected, but in many cases, it is diffi-
cult to identify the primary cause and cell type affected. In addi-
tion, some diseases exhibit regional specificity. Prominent
examples are a group of >30 different acquired and genetic dis-
eases characterized by neuromuscular transmission defects.
Many of these diseases are incompletely understood and
have no treatment. In addition, muscular dystrophies as well
as MN diseases can have secondary effects at the NMJ, and
they have mostly escaped experimental approaches (Engel,
2018; Nicolau et al., 2019). Thus, it becomes apparent that gen-
eration of all NMJ components with precise positional identity
from human pluripotent stem cells (hPSCs) in a 3D organoid
system that also possesses positional identity becomes a ne-
cessity to study the mechanisms of specific neuromuscular dis-
orders. Significant progress has been made in the generation of
either spinal cord neurons or skeletal muscles in 2D culture sys-
tems (Chal et al., 2015, 2016; Gouti et al., 2014; Lippmann et al.,
2015; Maury et al., 2015; Sances et al., 2016) and the develop-
ment of 2D and 3D co-culture systems (Afshar Bakooshli et al.,
2019; Machado et al., 2019; Maffioletti et al., 2018; Osaki et al.,
2018; Santhanam et al., 2018; Steinbeck et al., 2016). However,
no study has thus far succeeded in simultaneously generating
all of the components of the NMJ, including terminal Schwann
cells, that are essential for the maturation and support of
NMJs (Darabid et al., 2014). Here, we report a complex 3D or-
ganoid model in which all components of the NMJs are gener-
ated from the same progenitor population, self-organize, and
form functional NMJs.
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Figure 1. Generation of Human Self-Organizing NMOs in 3D from NMPs
(A) Schematic representation of the strategy used to generate NMOs from hPSCs.
(B) Immunofluorescence analysis of sectioned organoids at day 5 showing the expression of the neural progenitor marker SOX1 and CDH®6 in a polarized region of
the organoid. PAX3* cells are located in the SOX1* region but also in the SOX1~ mesodermal region. Arrows indicate the neural (N) and mesodermal (M) regions of
the organoid. The posterior identity of the organoid is determined by the expression of HOXC9 and HOXC10.
(C) Percentage of elongated organoids at day 5 of NMO development in different hPSC lines (H9, H9S®*2% P XM001, and H1) (n = 1,145, N = 21). The number of
organoids analyzed (n) and the number of experiments (N) from each cell line are summarized in Table S1.
(D) Bright-field images of representative organoids at different stages (days 1, 5, 50, and 100).
(E) Graph showing the growth (average diameter) of NMOs during different development stages.
(F) UMAP projection and determined clusters of day 5 organoids reveals 4 main populations.
(G) UMAP plots showing gene expression levels of representative signature genes for each cluster; related to Table S2.

(legend continued on next page)
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To achieve this, we followed the logic of applying the early em-
bryonic developmental principles in a human 3D in vitro model. A
number of recent studies have established the common devel-
opmental origin of the spinal cord and associated musculoskel-
etal system from a bipotent axial stem cell population called
neuromesodermal progenitors (NMPs) (Gouti et al., 2017; Henri-
que et al., 2015; Metzis et al., 2018; Tzouanacou et al., 2009;
Wilson et al., 2009). NMPs reside in the node-streak border of
elongating embryos and are important for axial elongation and
formation of the spinal cord and musculoskeletal system (Cam-
bray and Wilson, 2002; Henrique et al., 2015; Wilson et al., 2009).
NMPs have been identified in the posterior epiblast of all verte-
brate species examined, from fish to humans, indicating that
they represent a conserved axial stem cell population during
development (Kimelman, 2016; Olivera-Martinez et al., 2012).
However, their potential to generate these tissues in an in vitro
3D human organoid system remains unexplored.

Here, we used hPSC-derived NMPs, the building blocks of the
posterior body (Frith et al., 2018; Gouti et al., 2014, 2017; Lipp-
mann et al., 2015; Verrier et al., 2018), to recapitulate the simul-
taneous development of the spinal cord neural and mesodermal
lineages in complex, 3D organoids. The two lineages interact as
they develop and, during their maturation, they self-organize to
form functional NMJs comprising spinal cord neurons, skeletal
muscles, and terminal Schwann cells. The neuromuscular orga-
noids (NMOs) acquire a posterior axial identity, develop contrac-
tile activity driven by functional NMJs, are electrophysiologically
active, and form central pattern generator (CPG)-like circuits.
Our data show that the NMOs represent a complex model sys-
tem that is highly reproducible across experiments and different
hPSC lines and is amenable to functional testing and manipula-
tion. They can be maintained as 3D structures for several months
while the component tissues mature, giving unprecedented ac-
cess to human developmental events and allowing analysis of
the specific contributions of different cell types to neuromuscular
disorders. Finally, we used NMOs to model myasthenia gravis
(MG), an autoimmune disorder that selectively targets the
NMJ. Treatment of the NMOs with autoantibodies from MG pa-
tient serum resulted in severe defects of the integrity of the NMJs
and reduced contractile activity of the muscle, which represent
key features of the disease pathology.

RESULTS

Self-Organization of hPSC-Derived NMP Cells in 3D

We used hPSCs (H9 and H1 human PSC lines, and the XM001
induced PSC [iPSC] line) to generate NMPs by recapitulating
the early embryonic developmental events in vitro (Frith et al.,
2018; Gouti et al., 2014; Lippmann et al., 2015; Verrier et al.,
2018). We reasoned that NMPs would be the appropriate start-
ing population for the generation of NMOs as they are bipotent
and fated to form both neuroectodermal and mesodermal cell
derivatives without generating the endodermal derivatives. In
addition, they are primed to develop exclusively into tissues of

the posterior body (Deschamps and Duboule, 2017; Gouti
et al., 2017; Metzis et al., 2018). Initial exposure of hPSCs to
Wnt and fibroblast growth factor (FGF) signals for 3 days resulted
in the efficient generation of human NMP cells characterized by
the co-expression of the neural progenitor marker SOX2, the
nascent mesodermal marker Brachyury (T/BRA), and the poste-
rior determinant CDX2 (Figures S1A-S1E) (Frith et al., 2018;
Gouti et al., 2014; Verrier et al., 2018). NMP cells were then
induced to form 3D aggregates on round-bottomed ultra-low-
adhesion 96-well plates in neurobasal (NB) medium supple-
mented with growth factors (FGF/hepatocyte growth factor
[HGF]/insulin-like growth factor [IGF]) (Figure 1A), which
enhanced the expansion of mesodermal progenitors during the
first days of culture (Chal and Pourquié, 2017). Initially, the aggre-
gates formed round structures, transiently containing NMP cells,
which underwent morphogenetic movements during days 0-5
(Video S1). The initial movement resulted in the segregation of
a clear region corresponding to neuroectoderm, as evidenced
by SOX1 and localized cadherin-6 (CDH6) expression, and a
mesodermal region expressing PAX3 but not SOX1 (Figure 1B).
The posterior identity was confirmed by the strong expression
of HOXC9 in the neural part of the developing organoid and
HOXC10 expression in the polarized tip (Figure 1B) (Deschamps
and Duboule, 2017; Forlani et al., 2003). To assess the reproduc-
ibility of the system, comparing different organoids, experiments
(batches), and different cell lines, we quantified the number of or-
ganoids that showed the characteristic elongated pattern at day
5 in 4 different hPSC lines (H9, H9S°*2FP H1 and XM001) and
at least 3 different experiments. More than 80% of the organoids
had the characteristic elongated morphology, independent of
cell line, clone, or batch (Figures 1C and 1D; Table S1). The orga-
noids grew rapidly until day 50, when they reached a mean core
size of 4-5 mm in diameter. Their growth continued but slowed,
and they reached an average of 6 mm in diameter at day 100
(Figures 1D and 1E). Notably, these organoids can survive for
prolonged periods (currently 1 year in culture) without obvious
signs of deterioration.

To determine the major cell populations at the early stages of
organoid formation and to assess their differentiation potential,
we analyzed the transcriptomes of 5,135 cells from day 5 orga-
noids (H9 line) using microdroplet-based single-cell RNA
sequencing. On average, we determined 11,840 unique reads,
accounting for 3,333 genes, per cell. The application of a non-
linear dimensionality reduction visualization algorithm, uniform
manifold approximation, and projection (Becht et al., 2018) to
all single cells resulted in the identification of 4 clusters at day
5 (Figure 1F). The main separation was between 2 mesodermal
(clusters 1 and 2) and 2 neural clusters (clusters 3 and 4). The
cells in clusters 1 and 2 were expressing genes such as
FOXC1 and SIX1, characteristic of the developing paraxial
mesoderm and somite; cluster 2 cells expressed additional
genes such as TGFBI, TWIST1, and SOX9 typical of the devel-
oping ventral somite and sclerotome (Figures 1G and 1H). The
cells in cluster 3 were expressing genes associated with the

(H) Dot plot showing the expression of representative genes across the 4 main clusters. The size of each circle reflects the percentage of cells in a cluster where
the gene is detected, and the color reflects the average expression level within each cluster (blue, low expression; red, high expression).

Data are represented as mean + SD.
See also Table S1.
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Figure 2. Single-Cell Analysis of Days 5-50 Developmental Trajectories and Cellular Composition of Day 50 NMOs

(A) UMAP plot of integrated days 5 and 50 datasets. The 4 main cell clusters at day 5 are colored, whereas day 50 cells are gray. Dots represent individual cells and
colors indicate cluster identity. Related to Table S2.

(B) UMAP plot of the day 50 NMO cells revealed 5 main cell clusters. Dots represent individual cells, and colors indicate cluster identity.

(C) Velocity field overlaid with the UMAP plot showing the developmental trajectories that days 5 and 50 cells follow. Colors indicate the different cell-cycle
phases: G1, orange; S, green; and G2-M, blue. The main developmental trajectories are shown with colored arrows: blue for the neural lineage and red for the
skeletal muscle lineage. Density plot of day 5 (dark gray) and day 50 (light gray) single cells with colored arrows show the main developmental trajectories that
single cells follow as they commit to specific lineages.

(legend continued on next page)
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neuroectodermal lineage such as PAX6, SOX2, and CDH6,
whereas the few cells of cluster 4 were already committed to a
more differentiated state expressing neural specific genes
such as NEUROG1, NEUROG2, NHLH1, and ELAVL4 (Figures
1G and 1H; Table S2). In all 4 clusters, posterior HOX genes
were upregulated, while anterior genes such as FOXG1, OTX1,
DLX2, DLX5, and SIX3 were not detected, further confirming
the posterior identity of these organoids (Figure S3A). To further
evaluate the reproducibility of the day 5 organoids at the cellular
level, we used cell hashing to analyze 2 different organoid pop-
ulations (Stoeckius et al., 2018). The distribution of the cells
and different clusters were strikingly similar in the 2 samples (Fig-
ure S1F). The analysis at day 5 revealed that the major popula-
tions, normally derived from NMPs in the developing embryo,
were now generated from human NMPs in vitro in 3D organoids
(Gouti et al., 2017).

Self-Organization of Spinal Cord MNs and Skeletal
Muscles in NMOs

To examine the potential of these organoids to self-organize and
generate spinal cord neurons and skeletal muscles, we main-
tained them for prolonged periods in 3D using minimal media
conditions (NB) and analyzed them at different time points. Anal-
ysis at day 10 revealed the presence of OLIG2* ventral spinal
cord progenitor cells (Figure S2A) and co-expression of the trunk
neural crest markers SOX9, SOX10, and HOXC9 (Figure S1G). At
day 20, the expression of OLIG2 was downregulated, concomi-
tant with the differentiation of MN progenitors to numerous
ISLET1* MNs (Figures S2B and S2C). However, the myogenic
progenitor markers MYOD/DESMIN were specifically expressed
in the mesodermal part of the organoid (Figures S2D and S2E).
The presence of both MNs and myoblasts at that stage sug-
gested that the organoids were maturing over time following
the in vivo sequence of events.

At day 50, NMOs retained the characteristic morphology
whereby the neural and muscle regions could be clearly distin-
guished by bright-field imaging (Figure 1D). To examine the full
repertoire of cells generated during organoid development, we
performed single-cell RNA sequencing of 4 individual organoids
(total cells 17,294) at day 50. Uniform manifold approximation
and projection (UMAP) of days 5 and 50 single cells from corre-
sponding organoids revealed 2 major differentiation routes, 1
associated with a neural differentiation trajectory and 1 associ-
ated with a mesodermal differentiation trajectory (Figures 2A
and 2B; Table S2). UMAP analysis of day 50 NMOs suggested
the presence of 5 broad cell populations (Figure 2B), 1 neural
population (blue), and 4 mesodermal-derived populations corre-
sponding to skeletal muscle (red), epithelial (orown), endothelial
(black), and sclerotome/cartilage (orange) cells (Figures 2A and

2B; Table S2). Cell-cycle analysis of single cells as they transit
from day 5 to day 50 revealed that most day 5 cells were in S
and G2/M phases, while day 50 cells were mostly in G1 phase
(Figure 2C). These results were consistent with the ongoing
maturation of the NMOs.

To identify distinct cell populations at day 50 NMOs, we
focused on the skeletal muscle- and neural-specific trajectories.
RNA velocity unveiled the dynamics and directionality of differ-
entiation trajectories (Figure 2C) (La Manno et al., 2018). In the
skeletal muscle trajectory, day 5 mesodermal progenitors gave
rise to myogenic progenitor/satellite-like cells (cluster 1, Fig-
ure 2D) which then differentiated through myocytes (cluster 2,
Figure 2D) to contractile skeletal muscle cells (cluster 3, Fig-
ures 2D, and 2E). The first signs of muscle maturation appeared
after 40-50 days in culture, as it was then that the NMOs began
contracting in 3D (Video S2), suggesting the formation of func-
tional networks between spinal cord neurons and skeletal mus-
cles. In the neural trajectory, day 5 neuroectodermal progenitors
gave rise to neural progenitors (cluster 4, Figure 2D), which
differentiated through immature neurons (cluster 5, Figure 2D)
into mature spinal cord neurons (cluster 6, Figure 2D). In addi-
tion, day 5 neuroectodermal cells gave rise to trunk neural crest
derivatives (cluster 7, Figure 2D) as well as glia and Schwann
cells (cluster 8, Figures 2D, and 2F).

To determine whether the different populations were repro-
ducibly generated in different NMOs and batches, we clustered
all of the cells of the individual batches and aligned them with the
cell populations found in individual NMOs (Figure 2G). The data
show that the cellular composition and developmental trajec-
tories are reproducibly established in each organoid (Figures
2G and 2H). The expression of cell-type-specific neural and
muscle markers assayed by immunohistochemistry further
confirmed the high consistency among individual organoids at
the protein level (Figures S4A-S4C).

Organization and Maturation of Trunk NMOs

The separation of the neural and muscle compartments
observed in early NMOs was also maintained at day 50, with
clear evidence of extensive neuromuscular interactions. Skeletal
muscle fibers were localized in a well-defined region of the orga-
noid that was expressing myosin skeletal fast (Fast MyHC),
whereas the neural part was enriched for TUJ1" neurons that
were also innervating the muscle region (Figures 3A and 3B).
Axonal tracts innervating the skeletal muscle were clearly
evident by the expression of the mature neurofilament marker
SMI32 in the muscle compartment (Figure S4E). To assess the
reproducibility of the organoids, we analyzed the percentage of
neural and muscle populations in at least 3 individual organoids
from 3 different batches in 3 different hPSC lines (H9, H1, and

(D) Sub-clustering of the neural and skeletal muscle trajectories reveals 8 additional clusters. Shades of blue and red show the different neural and muscle

subclusters, respectively. Related to Table S2.

(E and F) Dot plot showing the expression of representative genes across the 3 subclusters present in the skeletal muscle trajectory (E) and across the 5 sub-
clusters present in the neural differentiation trajectory (F). The size of each circle reflects the percentage of cells in a cluster where the gene is detected, and the
color intensity reflects the average expression level within each cluster (blue: low expression, red: high expression).

(G) To access the reproducibility of gene expression patterns in organoids, single-cell sequencing was performed on 4 individual day 50 NMOs from 2 different
batches of the H9 hPSC line. UMAP analysis of each organoid shows that all of the different populations are reproducibly generated.

(H) Percentage of cells from each individual organoid belonging to each cell subcluster in identically processed datasets from day 50 NMOs (2 batches, n = 4

individual organoids).
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XMO001 hPSCs). The data suggested that NMOs of any given
hPSC line reproducibly organize into muscle and neural regions
with similar proportions between different batches (Figures 3C
and S4A-S4D). In agreement with a predisposition of different
human PSC lines to favor differentiation into specific germ layers
(Osafune et al., 2008), we observed that while the H9 hPSC line
was generating muscle and neural tissue in roughly equal pro-
portions, the H1 and XM001 PSC lines had a slight preference
for muscle and neural tissue, respectively (Figures 3C and
S4A-S4D).

To define the posterior identity of the developing neuromus-
cular system, we examined the expression of HOX genes by
single-cell RNA sequencing and immunohistochemistry. The
analysis revealed that the NMOs had maintained their initial
HOX code corresponding to a posterior spinal cord identity (Fig-
ure S3B) (Dasen et al., 2005; Philippidou and Dasen, 2013).
Immunofluorescence analysis for HOXC6 (brachial identity),
HOXC9 (thoracic identity) and HOXC10 (posterior thoracic/lum-
bar identity) revealed that the NMOs have a thoracic/lumbar
identity (HOXC6 /HOXC9*/HOXC10") (Figure S3C). HOXC10*
neurons were expressing the mature neurofilament marker
SMI32 (Figure S4E).

Consistent with the continuing maturation of the organoids,
most spinal cord neurons were expressing the neurofilament
marker SMI32 (75.6% + 6.4%), while MNs expressing the acetyl-
choline (ACh)-synthesizing enzyme choline acetyltransferase
(ChAT) (6.4% =+ 1.4%) were found clustered in the neural part
of the organoid close to the skeletal muscle (Figures S4G and
S4F). Mature spinal cord neurons and MNs were reproducibly
generated in similar proportions in NMOs generated by different
hPSC lines and experimental batches (Figure S4G). Electron mi-
croscopy revealed the presence of longitudinally arranged, mito-
chondria-containing axons, the formation of synaptic clefts, and
the presence of synaptic vesicles in the presynaptic neuron (Fig-
ures 3F and 3G), which suggested the formation of functional
synapses. GFAP* glia cells (Figure 4A) and myelinated axons de-
tected by the expression of myelin basic protein (MBP) (Figures
4E and 4F) were also first detected at this stage. Similar to the
in vivo development, the number of GFAP* cells increased
from day 50 (14.2% =+ 4.1%) to day 150 (58.2% =+ 6.8%), recapit-
ulating the later developmental timing of glial cells in vivo (Figures
4A-4D).

Day 50 analyses also unveiled the maturation of the muscle
part of the organoids. The formation of the basal lamina was
now evident from the deposition of a continuous sheath of lam-

inin around individual muscle fibers (Figures S5A and S5B).
These muscle fibers were in contact with MN boutons express-
ing synaptophysin (Figure S5A). Electron microscopy revealed
the development of highly organized skeletal muscle exhibiting
aligned sarcomeric units with the presence of distinct Z and M
lines (Figures 3D and 3E). Numerous PAX7*/Ki67* and PAX7*/
Ki67~ cells were also present in the muscle region, suggesting
the presence of both proliferating muscle progenitors and satel-
lite-like cells. The location of many PAX7* cells under the basal
lamina and the detection of quiescent PAX7*/Ki67~ cells also
supported the idea that satellite-like cells were present in the
NMOs (Figures S5B-S5E). To further assess this, we quantified
the number of PAX7* cells and the ratio of mitotically active
PAX7*/Ki67* cells in day 50, day 100, and day 150 organoids.
The number of PAX7*/Ki67~ cells declined steadily from
18.53% +9.17% at day 50 to 8.04% =+ 3.13% at day 150, consis-
tent with continuing maturation of the muscle. The number of
PAX7*/Ki67* cells also significantly decreased from 0.93% =+
0.75% at day 50 to 0.06% + 0.036% at day 150, suggesting
that quiescent PAX7™ cells persisted in day 150 month-old orga-
noids (Figures S5E and S5F). Muscle maturation at day 150 was
also documented by the presence of muscle fibers with periph-
eral nuclei and striations observed with Titin immunofluores-
cence analysis (Figure 4D). These data demonstrated muscle
development and maturation in the 3D NMOs, including the gen-
eration of muscle satellite-like cells.

NMOs Develop Functional NMJs and Model Key Aspects
of MG

At day 50 NMOs, we detected numerous large ACh receptor
(AChR) clusters by staining for a-bungarotoxin (BTX) contacted
by TUJ1™ neurites, suggesting the formation of NMJs (Figure 5A).
The formation of functional NMJs in 3D was confirmed by the
presence of synaptic vesicles in the presynaptic nerve terminal
and by the folding of the muscle basement membrane using
electron microscopy (Figure 5D). S1008* terminal Schwann cells
capping the neuronal terminals could also be detected (Fig-
ure 5C). The generation of Schwann cells was in agreement
with the presence of trunk neural crest cells in early NMOs (Fig-
ure S1G) (Frith et al., 2018). We analyzed the number of NMJs in
organoids from 3 different human PSC lines and 3 different
batches from each line at day 50. The results show that the num-
ber of NMJs is similar among different NMOs, batches, and
hPSC lines (Figure 5B), which suggested that the formation of
NMdJs in 3D is independent of cell lines and experiments. Finally,

Figure 3. Self-Organization of Spinal Cord Neurons and Skeletal Muscles in NMOs
(A) Immunofluorescence analysis of NMO sections at day 50 shows the presence of neurons (TUJ1* cells) that project axons into the organized skeletal muscle

region labeled with myosin skeletal fast (Fast MyHC).

(B) Schematic representation of the neuromuscular organization in the human body where spinal cord neurons from the ventral horn connect with limb skeletal

muscles to form functional NMJs and control movement.

(C) Percentage of neural and muscle cells shows the reproducibility of NMO generation in at least 3 different organoids (n) from 3 different experimental batches
(N) in the H9 line (n = 12, N = 3). The number of organoids analyzed (n) and the number of experiments (N) from each cell line are summarized in Table S1.
(D-G) Transmission electron microscopy reveals that day 70 organoids consist of 2 major functional compartments. NMO muscle region showing a high degree of
maturation with sarcomere features such as parallel-aligned myosin-actin filaments, distinct z lines (Z) and M-bands (M), glycogen granules (Gly), and areas with
grouped mitochondria (D). Higher magnification of a sarcomeric region is shown in (E). NMO neuronal region showing densely packed parallel-aligned axons and
intact synapses. The neuronal axons are rich in mitochondria (Mi) and neurofilaments (F). At higher magnifications, the synapses show the formation of synaptic
clefts and the presence of synaptic vesicles (SV) at the active zone (asterisks) (G).

Data are represented as mean + SD.
See also Table S1.
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and consistent with the physiological pruning process taking
place during neuromuscular development (Sanes and Lichtman,
1999), the number of aBTX" clusters, normalized for the number
of muscle fibers, initially declined from day 50 to day 100,
whereas after that period, the number of NMJs was stable (day
150) (Figure 5B). Thus, all of the different cell types required for
the formation of functional NMJs were generated and self-orga-
nized in 3D, resembling the in vivo process. To investigate the
functionality of NMJs, we measured the contractile activity of
NMOs before and after treatment with curare (10 uM), a blocker
of AChRs. Treatment with curare (10 uM) blocked the contraction
of the skeletal muscles, demonstrating that muscle activity was
dependent upon functional NMJs (Figure 5E; Video S3).

We next sought to address whether the NMOs were suitable to
model a common autoimmune disease that affects the NMJ, MG
(Toyka et al., 1977). MG is caused by autoantibodies against
NMJ-specific proteins such as the AChR. The autoimmune
attack directed at AChRs results in the destruction of the neuro-
muscular endplate (Sahashi et al., 1980). To this end, we treated
the NMOs with purified immunoglobulin G (IgG) fractions
(300 nM total IgG) from 2 patients with MG who had high titers
of autoantibodies against the AChR (see Method Details). At
least 3 different organoids were incubated for 72 h with fresh hu-
man serum (2%) containing active complement and specific
IgGs from each patient. The quantification of aBTX clusters in
the NMOs after treatment revealed a severe reduction in the
number of NMJs in the NMOs treated with patient serum
compared to controls (Figures 5F and 5G). This resulted in a sig-
nificant reduction in the contraction rate and amplitude in the
treated NMOs (Figures 5H and 5I). These findings recapitulated
key aspects of the disease pathology, suggesting that NMOs
reliably model such disorders, which will be useful for future
studies.

NMOs Form CPG-like Circuits

We next characterized key physiological parameters in the
NMOs by calcium imaging and electrophysiological analysis us-
ing a multielectrode array (MEA) system (Figures 6 and S6). Cal-
cium oscillations revealed spontaneous neural activity, while
some neurons were showing synchronous firing at day 50 (Fig-
ure 6D; Video S2). MEA analysis detected spontaneous electrical
activity from day 30 (Figure S6A). Acute glutamate treatment
(50 uM) significantly increased (~12-fold) the spontaneous activ-
ity of days 30 and 50 organoids, while the specific glutamate re-
ceptor inhibitors (pL)-2-amino-5-phosphonovaleric acid (APV)
(50 uM) and cyanquixaline (CNQX) (40 uM) reversibly suppressed
nearly all electrical activity, demonstrating the presence of active
glutamatergic neurons (Figures S6A, S6B, and S6E). In day 50
NMOs, ACh (10 uM) stimulation also resulted in a significant in-
crease (~10-fold) in electrical activity that was rapidly and

reversibly blocked by the addition of curare (10 uM) (Figures
S6C and S6E). This is consistent with the observed clustering
of AChR in the muscle region at this stage (Figure 5A).

To assess whether functional networks were forming between
spinal cord neurons, we examined the presence of spinal cord
interneurons. At day 50 NMOs, we could detect the presence
of PAX2*/LHX1" interneurons (characteristic of VO, V1, and dI6
identity) and CHX10" V2a excitatory pre-motor interneurons
(Figures 6A-6C). To examine the organoid responses to a fictive
locomotion paradigm (Marder and Bucher, 2001; Sternfeld et al.,
2017), we applied a cocktail of N-methyl-p-aspartate (NMDA)
(10 uM) and 5-hydroxytryptamine (5-HT, also known as seroto-
nin) (40 uM), which are known to trigger the rhythmic activity of
the locomotor CPGs located in the spinal cord. Such circuits
are essential for coordinated MN activity (Svensson et al.,
2001). Administration of these drugs instantaneously triggered
strong activity that was reversibly suppressed by the administra-
tion of 1 uM tetrodotoxin (TTX), a neurotoxin that inhibits the firing
of action potentials (Figure S6D). The activity became rhythmic
at day 50 NMOs, suggesting the maturation of the neural net-
works and acquisition of CPG-like activity (Figures 6E-6G). We
analyzed the activity of these neural networks by plotting the
number of active electrodes and the corresponding electrical ac-
tivity before and after administration of the drugs in a network
grid. In this grid, node size corresponds to the number of spikes
captured by each single electrode during a recording, whereas
the thickness of lines connecting the nodes represents the num-
ber of times that paired firing between electrodes occurred (Fig-
ure 6G). The position of the individual NMOs in the MEA grid is
shown with a dashed line. This analysis demonstrated that the
stimulation of neurons at day 50 with NMDA and 5-HT resulted
in a notable increase in local firings and in a dramatic increase
in synchronous network activity (Figures 6F and 6G).

DISCUSSION

Neuromuscular diseases encompass a wide range of pathol-
ogies such as MN diseases (de Boer et al., 2014; Lefebvre
et al., 1995), specific muscular dystrophies (Becker and Kiener,
1955; Pearce et al., 1964), and autoimmune diseases such as
MG (Toyka et al., 1977). In most of these disorders, only the
MNs or skeletal muscles are initially affected, leading to defects
in their interaction, whereas at late stages of the disease the
other cell types are also affected. Therefore, it becomes
apparent that the simultaneous generation of both cell types
from hPSCs in a 3D organoid model is necessary to appropri-
ately model the mechanisms of such diseases, particularly those
in which the early stages of NMJ formation are impaired.

While organoids for multiple regions of the CNS have been es-
tablished (Birey et al., 2017; Jo et al., 2016; Lancaster et al.,

(B) The number of glia cells (GFAP™) in NMOs significantly increased from days 50 (14.2% + 4.1%) to 150 (58.2% + 6.8%), consistent with the later development of
glia cells in vivo. The number of organoids analyzed (n) and the number of experiments (N) from each cell line are summarized in Table S1. Data are represented as

mean + SD.

(C) Section of whole organoid at day 150 reveals the organized expression of the sarcomeric protein Titin in the skeletal muscle fibers and the presence of cells

that express the GFAP.

(D) Higher magnification of the muscle region shows the presence of muscle striations, revealed by Titin immunofluorescence, and peripheral nucleation of the
mature muscle fibers, revealed by DAPI. GFAP* glia cells are also observed in close proximity to the muscle.

(E) Myelin basic protein (MBP) is detected at day 50 in NMO, suggesting the presence of myelinated axons.

(F) Higher magnification of the neural region of the organoids, showing the presence of myelinated axons stained with MBP and TUJ1.
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Figure 5. Formation of Functional NMJs at Day 50 NMOs Enable Modeling of MG
(A) TUJ1* neurites in contact with a-bungarotoxin® (xBTX*) AChR clusters on fast-twitch skeletal muscle fibers (Fast MyHC™).

(B) Quantification of the number of «BTX clusters at day 50 NMO regions normalized for the number of Fast MyHC myofibers, in at least 3 organoids from 3
different experiments in 3 different cell lines (H1, H9, and XM001), shows the reproducible generation of NMJs among different experiments and lines (n = 44,
N =9). Quantification of aBTX" clusters at regions of days 50, 100, and 150 organoids normalized for the number of Fast MyHC myofibers. The number of NMJs is
significantly reduced between days 50 and 100 NMOs, whereas there is no significant difference between day 100 and 150 NMOs (n = 30, N = 9). The number of
organoids analyzed (n) and the number of experiments (N) from each cell line are summarized in Table S1.

(C) Terminal Schwann cells (S100B*) capping the neurites in contact with «BTX clusters characteristic of functional NMJs. The higher magnification of a relevant
region is shown.

(legend continued on next page)

10 Cell Stem Cell 26, 1-15, February 6, 2020



doi.org/10.1016/j.stem.2019.12.007

Please cite this article in press as: Faustino Martins et al., Self-Organizing 3D Human Trunk Neuromuscular Organoids, Cell Stem Cell (2019), https://

2013; Meinhardt et al., 2014; Ogura et al., 2018; Ranga et al.,
2016; Sakaguchi et al., 2015), the generation of a complex, 3D
NMO from NMPs has to our knowledge not been described
before. Recently, the in vitro generation of NMPs from hPSCs
has been instrumental in the generation of posterior spinal
cord neurons and skeletal muscle cells from mouse and hPSCs
in conventional monolayer cultures (Chal et al., 2015, 2016; Chal
and Pourquié, 2017; Gouti et al., 2014; Lippmann et al., 2015;
Maury et al., 2015). Here, we take advantage of the develop-
mental potential of NMPs to generate a complex 3D NMO model
in which 2 different tissues, spinal cord neurons and skeletal
muscles, develop in parallel, self-organize, and interact to form
functional neuromuscular networks. We have generated such
NMOs from different hPSC lines and an iPSC line showing that
the protocol works reproducibly in different experiments and
cell lines.

In NMOs, spinal cord neurons, skeletal muscles, and terminal
glial cells interact to generate functional NMJs that we analyzed
anatomically and functionally. NMOs from all of the different
hPSC lines examined started contracting in 3D between days
40 and 50 concomitant with the accumulation of aBTX clusters
in the muscle fibers. Blocking AChR with curare resulted in orga-
noid relaxation, suggesting the presence of functional NMJ be-
tween MNs and skeletal muscles in 3D. Thus, NMOs contain
key, functional components of the neuromuscular system.

Complex interactions between spinal cord neurons occur dur-
ing development, resulting in the generation of neuronal net-
works resembling CPGs. It has been previously shown that the
activation of NMDA and 5-HT receptors play an important role
in the initiation of locomotor rhythms in the mammalian spinal
cord but also in artificial neural networks called circuitoids
(Sternfeld et al., 2017). We found that stimulation with NMDA/
5-HT produced rhythmic bursts of electrical activity, suggesting
the establishment of network connections between interneurons
and MNs in the NMOs. The generation of CPG-like networks in
human NMOs will allow further studies regarding their involve-
ment in neurodegenerative diseases. Such studies have so far
been limited due to the lack of an amenable human model and
have been mostly conducted in mouse models and spinal cord
explant cultures.

NMOs contain key, functional components of the neuromus-
cular system; they are highly reproducible and can be easily
maintained in culture for several months. These attributes
make NMOs an attractive system to study neuromuscular disor-
ders and to develop potential therapies. As a proof of principle,
we have modeled MG, a frequent autoimmune disease that spe-

cifically disrupts NMJs and thus affects muscle contraction.
NMOs treated with autoantibodies from MG patients showed se-
vere dysfunction of the NMJs and relaxation of the muscle, reca-
pitulating key aspects of the disease phenotype. NMOs from
iPSC lines of patients with neuromuscular disorders could be
used in the future to generate a completely patient-derived
NMJ model in 3D. This would provide a platform to assess the
effectiveness of different pharmacological agents in stabilizing
the NMJ and promoting MN survival. It would also provide un-
precedented access to the early stages of the diseases that pre-
cede clinical diagnosis.

The 2D or 3D co-culture approaches and 3D NMOs such as
those developed here can be used in a complementary fashion
as they present distinct advantages (Pasca, 2018). For example,
an important advantage of the co-culture system is that it allows
the generation of specific cell types from different genetic back-
grounds, thus addressing the mechanism of disease only in 1
population (e.g., MNs). However, 3D cultures can be maintained
for longer periods (>1 year) and provide access to diverse cell
types at different maturation states. Thus, NMOs are better
suited to study the contribution of each cell type, including termi-
nal Schwann cells, at different stages of NMJ development and
maturation that may contribute to the disease phenotype.

An important caveat of 2D co-culture systems has been the
lack of functional mature skeletal muscle fibers generated from
hPSCs. Most studies relied on the use of primary skeletal muscle
from human biopsies or immature muscles generated separately
from hPSCs. These approaches lack the timely interaction be-
tween MNs and muscle fibers that are necessary for NMJ matu-
ration. In addition, it has been recently shown that the maturation
of skeletal muscles in 3D is more advanced than the one achieved
in 2D culture conditions (Afshar Bakooshli et al., 2019). Crucially,
input from the MNs is required for the proper muscle maturation
and generation of functional NMJs (Machado et al., 2019; Mis-
geld et al., 2002; Steinbeck et al., 2016). Therefore, in co-culture
studies, the chemical or optogenetic stimulation of MNs has been
used to activate the clustering of AChRs and to induce the forma-
tion of functional NMJs (Afshar Bakooshli et al., 2019; Machado
et al., 2019; Steinbeck et al., 2016). This adds a degree of
complexity and variability to such systems. It is important to
note here that in the 3D NMO system, the clustering of AChR
and the formation of functional NMJs happens in the absence
of exogenous stimuli and in minimal culture conditions because
MNs, skeletal muscles, and Schwann cells co-develop and
interact in the system from its inception. In addition, NMOs sup-
port the contractility of maturing myofibers. Such contractility

(D) Transmission electron microscopy reveals that many axons are positioned close to muscle cells and some form NMJs. The muscle cell (MC) displays
characteristic features such as a basal lamina (BL), protein-rich densities, and invaginations of the plasma membrane at the motor neuron-muscle contact site
(synaptic cleft [SC]). The neighboring MN axon shows pre-synaptic densities and synaptic vesicles close to the MC. Black and white arrowheads indicate pre- and

post-synaptic densities, respectively.

(E) Graphs showing displacement of a region of interest (ROI) in 250-s recordings of spontaneous contractions before and after administration of 10 uM curare.
(F) Representative images of aBTX clusters in control and MG patient-treated NMOs after 3 days of treatment with patient IgGs.

(G) Quantification of «BTX clusters in control NMOs at day 50 and NMOs treated with autoantibodies from MG patients 1 and 2, respectively, shows a significant
reduction in the number of aBTX clusters in MG NMOs. The number of organoids analyzed (n) and the number of experiments (N) from each cell line are

summarized in Table S1.

(H and 1) The ratio of muscle contraction rate (H) and the amplitude of muscle contraction (l) are significantly reduced following a 3-day treatment with MG IgG
autoantibodies, but they are not affected by treatment with IgG from a healthy subject. The number of organoids analyzed (n) and the number of experiments (N)

from each cell line are summarized in Table S1.
Data are represented as mean + SD.
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Figure 6. Formation of Functional Spinal Cord Networks with CPG-like Activity in NMOs

(A and B) Immunofluorescence analysis of PAX2/LHX1 expressed in spinal cord (VO, V1, and dI6) interneurons (A) and CHX10 expressed in V2a premotor in-
terneurons (B) reveals their presence in the neural part of day 50 NMOs.

(C) Quantification of PAX2* (13.8% = 5.5%), PAX2*/LHX1" (8.6% + 2%), and CHX10* (9.3% =+ 4%) interneurons in NMOs at day 50 (n = 9, N = 3). The number of
organoids analyzed (n) and the number of experiments (N) from each cell line are summarized in Table S1.

(D) Calcium imaging at day 50 reveals the spontaneous activity of the NMOs (n = 5). See also Video S2.

(E) Bright-field imaging of day 50 NMO in the MEA system.

(F) Plot showing the average spike frequency before (spontaneous [sns]) and after the application of 50 uM NMDA and 40 uM 5-HT in days 30 and 50 NMOs. Day
50 NMOs show CPG-like activity.

(G) Network graph showing the connectivity between electrodes recording spontaneous (left) or 50 uM NMDA/40 uM 5-HT at day 30 (middle) or 50 uM NMDA/
40 uM 5-HT at day 50 stimulated electrical activity. Line thickness represents the number of times the paired firing occurred between electrodes, while node size
shows the number of spikes captured by each single electrode during a recording. The stimulation of neurons at day 50 with NMDA/5-HT showed increased
single firings and an increase in paired electrode spikes. The position of the individual NMOs in the MEA grid is shown with a dashed line.
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does not usually develop in 2D co-culture systems, possibly due
to the disadvantages of the cell culture substrates, which neces-
sitates further studies modifying the 2D microenvironment. Simi-
larly, in the future it will be important to identify the correct time
window during which skeletal muscles need to receive input
from the MN to develop intrinsically functional NMJ networks
that do not rely on exogenous stimuli. Conditions that allow the
simultaneous generation of MNs, skeletal muscle fibers, and ter-
minal Schwann cells in 2D may be useful for this purpose.

Further refinement of the anterior-posterior identity of NMOs
to generate all of the different segments of the spinal cord and
associated musculature could provide novel insights into the se-
lective vulnerability of specific types of MNs to disease. An addi-
tional future challenge will be to achieve full maturation of the
NMOs by providing input from the motor cortex. The ability of ce-
rebral organoids to form extracortical projecting tracts, which
innervate and activate mouse spinal cord-muscle explants has
been described recently (Giandomenico et al., 2019). Thus, the
establishment of NMOs affords the opportunity to establish
and study the formation of these complex networks in an all-hu-
man in vitro 3D model.

One of the most exciting opportunities for the future is to use
this NMO system to understand how the trunk neuromuscular
system is formed in humans and how the functional neuromus-
cular networks emerge during development. This would also
allow the exploration of the possible developmental origins of
neuromuscular diseases.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-ChAT Millipore Cat.No.: AB144P; RRID: AB_2079751
Goat anti-Sox1 R&D Cat.No.: AF3369; RRID: AB_2239879
Goat anti-T/Bra R&D Cat.No.: AF2085; RRID: AB_2200235
Goat anti-Synaptophysin R&D Cat.No.: AF5555; RRID: AB_2198864
Rabbit anti-Sox2 Millipore Cat.No.: AB5603; RRID: AB_2286686
Rabbit anti-Cadherin 6 Cell Signaling Cat.No.: 48111S;RRID: AB_2799334
Rabbit anti-HoxC10 Abcam Cat.No.: AB153904; RRID: AB_2687827
Rabbit anti-B tubulin 111/Tuj1 Biozol Cat.No.: GTX129913-25

Rabbit anti-Laminin Abcam Cat.No.: AB11575; RRID: AB_298179
Rabbit anti S100-8 Abcam Cat.No.: AB52642; RRID: AB_882426
Rabbit anti-Ki67 Abcam Cat.No.: AB15580; RRID: AB_443209
Rabbit anti-GFAP Sigma Aldrich Cat.No.: SAB5600060

Rabbit anti-Desmin Abcam Cat.No.: AB15200; RRID: AB_301744
Rabbit anti-Olig2 Millipore Cat.No.: AB9610; RRID: AB_570666
Mouse anti-Pax3 DSHB Cat.No.: Pax3; RRID: AB_528426
Mouse anti-HoxC9 Abcam Cat.No.: AB50839; RRID: AB_880494
Mouse anti-Fast Myosin Heavy Chain Sigma Aldrich Cat.No.: M1570; RRID: AB_2147168
Mouse anti-Pax7 DSHB Cat.No.: PAX7 s; RRID: AB_528428
Mouse anti-SMI32 Biolegend Cat.No.: 801701; RRID: AB_2564642
Mouse anti-Titin DSHB Cat.No.: 9D10; RRID: AB_528491
Mouse anti-Islet1&2 DSHB Cat.No.:39.4D5; RRID: AB_2314683
Mouse anti-MyoD1 BD Cat.No.: 554130; RRID: AB_395255
Alexa 647 Conjugate a-bungarotoxin Thermo Fisher Cat.No.: B35450

Mouse anti-Lhx1,2 DSHB Cat.No.: 4F2

Sheep anti-Chx10 Abcam Cat.No.: AB16141; RRID: AB_302278
Rabbit anti-Pax2 Biozol Cat.No.: BLD-901001

Rat anti-Myelin Basic Protein Millipore Cat.No.: MAB386; RRID: RRID:AB_94975
Rabbit anti-Sox10 Abcam Cat.No.: AB155279; RRID: AB_2650603
Rabbit anti-Sox9 Cell Signaling Cat.No.: 82630; RRID:AB_2665492
Chemicals

mTESR1 Stem Cell Technologies 85875

DMEM F-12 Life Technologies 11320033

Neurobasal Medium Life Technologies 21103049

MEM Non-Essential Amino Acids Life Technologies 11140050

Penicillin-Streptomycin Life Technologies 15140122

GlutaMAX Life Technologies 35050061

B-Mercaptoethanol Life Technologies 31350010

N2 Life Technologies 17502001

B27 Life Technologies 17504044

Geltrex Life Technologies A1413301

Matrigel Corning 354277

Versene Life Technologies 15040066

Accutase Life Technologies A1110501

Bovine Serum Albumin Sigma Aldrich A9418

(Continued on next page)

el Cell Stem Cell 26, 1-15.e1-€6, February 6, 2020



doi.org/10.1016/j.stem.2019.12.007

Please cite this article in press as: Faustino Martins et al., Self-Organizing 3D Human Trunk Neuromuscular Organoids, Cell Stem Cell (2019), https://

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Gelatin Sigma Aldrich G1890
Sucrose Sigma Aldrich 84097
Y-27632 Tocris Bioscience 1254/10

bFGF R&D 233-FB
CHIR99021 Tocris Bioscience 4423/50

IGF Peprotech 100-11

HGF Peprotech 315-23
Glutamate Genaxxon Bioscience M6102
Acetylcholine Sigma Aldrich ABB25

NMDA Sigma Aldrich M3262

5-HT Sigma Aldrich H9523

APV Sigma Aldrich A5282

CNQX Sigma Aldrich c127

Curare Sigma Aldrich T2379

TTX Alomone Labs T-550

Fluo-8 Abcam AB142773
DAPI Life Technologies D1306
Immunoselect Antifading Mounting Medium Dianova SCR-038447
Human IgG Sigma Aldrich 14506
Commercial Assays

RNA Extraction RNeasy Kit QIAGEN 74104
RNase-Free DNase Set QIAGEN 79254
Chromium™ Single Cell 3’ Library & Gel Bead Kit v2 10X Genomics 120237
Chromium™ Single Cell 3’ Library & Gel Bead Kit v3 10X Genomics 1000092

DNA HS Kit Agilent DNF-488-0500
KAPA Library Quantification Kit Roche KK4824
Chromium™ Single Cell Chip A Kit 10X Genomics 120236
Chromium™ i7 Multiplex Kit 10X Genomics 120262

Ab-O Single Cell Sample Multiplexing Kit BD 633781

BD Single-Cell Multiplexing Kit Library Amplification BD 633782
Component

Stain Buffer (FBS) BD 554656

Serum Antibody Purification Kit (Protein G) Abcam AB128751
Experimental Models: Cell Lines

H9 hPSCs WiCell https://www.wicell.org
H9 SOX2 GFP WiCell https://www.wicell.org
XMOO1 iPSCs Lickert H Lab https://www.ncbi.nlm.nih.gov/pubmed/29396371

Deposited Data

Single cell RNA sequencing data

GEO: GSE128357

https://www.ncbi.nIlm.nih.gov/geo/query/acc.cgi?
acc= GSE128357

Oligonucleotides

Primers used for gPCR This study Table S3

Software

Cellranger (v3.0.2) N/A https://support.10xgenomics.com
CellrangerRkit (v1.1.0) N/A https://support.10xgenomics.com

R (v3.3.2)

GSEA (v2.2.2)

Fiji

MacroCalcium (Fiji Macro)

The R Foundation

Subramanian et al., 2005

Schindelin et al., 2012
N/A

https://www.r-project.org
https://software.broadinstitute.org/gsea/index.jsp
https://imagej.net/Fiji
https://gist.github.com/ackman678/5817461
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REAGENT or RESOURCE SOURCE IDENTIFIER

Physlmage (Fiji Plug-In) N/A http://physimage.sourceforge.net/

Imaris Bitplane https://imaris.oxinst.com/packages

GraphPad Prism 7 GraphPad https://www.graphpad.com/scientific-software/prism/

AxIS Navigator Axion Biosystems https://www.axionbiosystems.com/products/
axis-software

MATLAB Mathworks https://de.mathworks.com/products/matlab.html

Other

U-bottom ultra-low attachment 96-well plate Corning 7007

Orbital Shaker Edmund Buihler GmbH KM CO2-FL

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Mina
Gouti (mina.gouti@mdc-berlin.de). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human pluripotent stem cell lines and culture conditions

The female H9, H9 SOX2%F" and the male H1 human embryonic stem cell lines (obtained from WiCell, and approved for use in this
project by the Regulatory Authority for the Import and Use of Human Embryonic Stem Cells in the Robert Koch Institute (AZ:3.04.02/
0123) and the female XM001 iPSC line (Wang et al., 2018) were maintained in mMTESR1 medium (Stem Cell Technologies) on Geltrex
LDEV-Free hESC-Qualified Reduced Growth Factor Basement Membrane Matrix (Life Technologies) at 37°C. Cell lines were
checked for normal karyotype and were mycoplasma free. The cells were passaged twice a week using Versene solution (Thermo
Fisher).

Human samples
Serum from two patients, one male and one female with myasthenia gravis and one healthy male individual, was used with written
informed consent from all donors.

METHOD DETAILS

In vitro generation of NMPs from human pluripotent stem cells

Human PSCs were grown for at least three passages and after they reached 70% confluency they were dissociated into single cells
using accutase. Single cells were counted using the Countess Il automated cell counter (Thermo Fisher) and were plated on p35
dishes coated with geltrex (Life Technologies) at a density of 75.000 - 125.000 / cm?. The initial plating concentration of the PSCs
was adjusted depending on the growth rate of the specific human cell line (XM001: 75.000 / cm?; H9 line: 110.000 / cm?; H1 line:
100.000/ cm?;). The first day the cells were plated in neurobasal (NB) medium supplemented with 10uM Rock inhibitor (Tocris Biosci-
ence), 3uM CHIR99021 (Tocris Bioscience) and 40ng/ml bFGF (Peprotech). NB is a 1:1 medium of Advanced Dulbecco’s Modified
Eagle Medium F12 supplemented with 1 x N2 (GIBCO), and Neurobasal medium (GIBCO) supplemented with 1 x B27 (GIBCO), 2mM
L-glutamine (GIBCO), 40mg/ml BSA fraction V (Sigma), 0.1mM 2-mercaptoethanol (GIBCO). The next day Rock inhibitor was
removed and the cells were maintained in NB medium supplemented with 3uM CHIR99021 and 40ng/ml bFGF (Peprotech) until
day 3. The medium was changed everyday. At day 3 the cells were analyzed by immunofluorescence for the co-expression of the
NMP markers T/BRA and SOX2.

Generation of neuromuscular organoids in 3D

Neuromesodermal progenitors generated from human PSCs were dissociated using accutase to generate a single cell suspension.
On day 0 of organoid formation, NMP cells (4,500 — 9,000 / well depending on the cell line) were plated on an ultra-low binding 96-well
plate (Corning) in NB medium with 50uM Rho-associated protein kinase ROCK inhibitor (Tocris Bioscience), 10ng/ml bFGF and
2ng/ml IGF1 and 2ng/ml HGF (Peprotech). The plates were centrifuged for 2 min at 350 G. The initial volume in each well was
100ul. At day 2, 50ul of the medium was removed and 100ul of NB medium supplemented with 2ng/ml IGF1 and HGF was added.
After day 4 the organoids were maintained in NB medium without the addition of growth factors. On day 10 the organoids were trans-
ferred in 60mm dishes (Corning) in 5 mL of medium and after 1 month in 100mm dishes (Corning) with 12 mL NB medium. During the
whole period organoids were maintained on an orbital shaker rotating at 75 rpm.
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Immunohistochemical analysis of organoids

Organoids were fixed with 4% PFA for 30 minutes to 3 hours (depending on size), washed 3 times in PBS and then left overnight in
30% sucrose solution. Organoids were embedded using a 15% gelatin/10% sucrose solution warmed to 42°C. After letting the gela-
tine/sucrose harden at 4°C, the resulting blocks were frozen in isopentane and stored in —80°C. Organoids were cryosectioned in
10um thick slices using a MicroM HM 560 Cryostat (Thermo Fisher) and collected on Superfrost Ultraplus glass slides (Thermo
Fisher). The gelatin was removed from the slides by incubating them in PBS at 42°C for 20 minutes. Slides were blocked in PBS
with 4% Bovine Serum Albumin (BSA) (Sigma Aldrich) and 0.3% Triton X-100 (Sigma Aldrich) for 1 hour at room temperature and
incubated with primary antibodies overnight at 4°C. Primary antibodies were washed off 3x with PBS with 0.3% Triton X-100
(PBST). Slides were incubated with secondary antibodies for 1-2 hours at room temperature. After secondary incubation, slides
were washed 3x with PBST and mounted using Fluoroshield Mounting Medium with DAPI (Abcam).

Reverse transcription - Quantitative PCR Analysis

Total RNA was isolated from whole organoids or cells growing in monolayer using the RNeasy kit (QIAGEN) according to the man-
ufacturers instructions and digested with DNase | (QIAGEN) to remove genomic DNA. First strand cDNA synthesis was performed
with Superscript lll system (Invitrogen) using random primers and amplified using Platinum SYBR-Green (Invitrogen). For QPCR
the Applied Biosystems Quantstudio 6 Flex Real-Time PCR system was used. PCR primers were designed using NCBI Primer-Blast
software, using exon-spanning junctions (Table S3). Expression values for each gene were normalized against GAPDH, using the
delta-delta CT method and standard deviations were calculated and plotted using Prism 7 software (GraphPad). Error bars represent
standard deviation across three biological replicate samples.

Live imaging of organoids

After plating the single cell suspension in an ultra-low attachment round bottom 96-well plate, the cells were transferred to an Incu-
cyte Zoom (Essen Bioscience) live imaging system. Brightfield pictures were acquired of each well in an interval of 15 minutes with 4X
zoom for a period of 5 days. Temperature was maintained at 37°C and CO2 at 5%. Medium changes were performed in between
acquisition periods as dictated by the protocol. Images were compressed and exported as an .mp4 movie.

Electron microscopy of organoids

Organoids were fixed with 2% (w/v) paraformaldehyde and 2.5% (v/v) glutaraldehyde in 0.1 M phosphate buffer for 2 hours at room
temperature. Samples were postfixed with 1% (v/v) osmium tetroxide, dehydrated in a graded series of ethanol, and embedded in
PolyBed® 812 resin (Polysciences, Germany). Ultrathin sections (60-80 nm) were stained with uranyl acetate and lead citrate, and
examined at 80 kV with a Zeiss EM 910 electron microscope (Zeiss, Germany). Acquisition was done with a Quemesa CDD camera
and the iTEM software (Emsis GmbH, Germany).

Organoids cell dissociation for scRNaseq analysis

Organoids were transferred into a conical tube, washed with PBS and incubated with 1ml accutase (Life technologies) for 10-20mins
at 37°C. The organoids were mechanically dissociated using a pipette until a single cell suspension was obtained. The cell suspen-
sion was run through a 40 um cell strainer (Miltenyi Biotec) to remove aggregates and debris. A small volume of the cells was used for
cell counts and the rest was resuspended in PBS containing 0.04% BSA (Sigma) to give a final concentration of 700 cells/ul.

Tag incubation for single-cell RNA-sequencing analysis

The single cell suspension obtained from organoids was resuspended in 200 uL of BD Stain Buffer (BD Biosciences). Tubes contain-
ing the DNA Tags were briefly centrifuged. Each sample (180 uL) was separately transferred to a tube containing a DNA Tag and
mixed using a pipette. The mix was left to incubate for 20 minutes at room temperature. Then, 200 uL of BD Stain Buffer was added
to the suspension, and the mix was centrifuged for 5 minutes at 300g. Supernatant was removed without disturbing the pellet and
cells were resuspended in 500 uL Sample Buffer (BD Biosciences). The cells were centrifuged for 5 minutes at 300 g and resus-
pended in PBS containing 0.04% BSA. The cell suspension was run through a 40 um cell strainer (Miltenyi Biotec) to remove aggre-
gates and debris. A small volume of the cells was used for cell counts and the rest was resuspended in PBS containing 0.04% BSA
(Sigma) to give a final concentration of 700 cells/ul.

Single-cell RNA-sequencing

Single-cell transcriptomics profiling derived from day 5 and day 50 3D organoids was done using the Chromium Single Cell Gene
Expression system (10X Genomics), according to the manufacturer’s recommendations using the Single Cell 3' Reagent v2/v3
kits (10X Genomics). We confirmed successful library preparation using Bioanalyzer device (DNA HS kit, Agilent) and KAPA Library
Quantification (KK4857, Roche). Libraries were sequenced using lllumina HiSeq 4000.

Mapping and extraction of single-cell mRNA transcript counts

Cell Ranger (v3.0.2) was used to perform barcode processing, mapping and UMI (unique molecular identifier) counting and dimen-
sion reduction. Reads were aligned to human GRCh38 reference genome and annotated and counted with gene annotations
Ensembl version 93. Final results of the Cell Ranger analysis contain the count values of UMIs assigned to each gene in each of
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the cells for each respective sample using all mapped reads. The summary of all statistics for each sample and sequencing data dis-
cussed in this publication have been deposited in NCBI’s Gene Expression Omnibus (Edgar et al., 2002). Data is accessible through
GEO Series accession number GSE128357 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc= GSE128357).

Single-cell data analysis

Further computational analysis was done using Seurat 3.0.3 (Stuart et al., 2019) filtered feature-barcode matrices. Genes expressed
in less than 5 cells and cells with less than 500 features expressed were removed. Top 2000 variable genes were calculated using the
variance stabilizing transformation (vst) method. Percent of mitochondrial transcripts were calculated and used for visualization. After
data integration using pre-computed anchorsets, cell cycle scores were calculated using cell-cycle genes previously described (Tir-
osh et al., 2016). Cell cycle scores were used to regress out the cell cycle effects before performing principal component analysis
(PCA). After running PCA, uniform manifold approximation and projection (Miller et al., 2006) UMAP dimensional reduction was
run to visualize cells. Clusters of cells with similar expression patterns were identified by shared nearest neighbor (SNN) modularity
optimization based clustering. Visualizations were done using ggplot2 and rgl (Wickham, 2016; Adler and Kelly, 2019).

Demultiplexing (cell hashing) of cells from samples was done using oligo-tagged antibodies from BD Single-cell Multiplexing Kit
following the BD single cell genomics bioinformatics handbook (https://bitbucket.org/CRSwDev/multiplexing_tools). Numbers of
UMI-filtered counts for each sample tag were divided by sample tag-specific means. The sample tag with the highest count per
cell was selected to classify its sample origin.

We run velocyto.py (La Manno et al., 2018) annotator for each mapped bam file using the default parameters for 10X Genomics
technology and the same gtf file for intron-exon annotation. The resulting loom object for each sample was loaded and processed
in R using the velocyto.R (v. 0.17) package. We used the UMAP embeddings from Seurat for cell-cell distance calculation and final
velocity plots. The estimation of RNA velocity was done with default parameters.

Calcium Imaging of organoids

Calcium imaging was performed on organoid sections. For sectioning, organoids were embedded in low melting point 2% agarose
(UltraPure Low Melting Point Agarose, Thermofisher) and slices were obtained using a motorized vibratome (Leica, VT1000 S). Two to
three consecutive 200 um section were obtained in iced-cold PBS and immediately transferred to a cell culture insert (Millicell,
0,4 um, 30 mm diameter, Millipore) placed in 6 well plates. Slices were incubated in NB medium containing 1% fetal bovine serum
(GIBCO) overnight to allow attachment to the filter before being processed for the calcium imaging experiment.

For calcium imaging experiments 200 uM organoid slices were incubated at 37°C with 4uM of the cell permeant calcium indicator
Fluo-8 AM (Abcam) supplement with 0.2% DMSO and 0.05% of cremophor to facilitate dye penetration. After 30 minutes of incuba-
tion, tissues were washed two times with culture medium (NB without phenol red), placed in the imaging set up and left to recover for
15 min prior to the start of any optical recording. Samples were continuously perfused with heated (37°C) and oxygenated (Carbogen
mix) medium (2 mL/min) during all the experiment.

Fluorescent time series images were acquired with a sCMOS camera (Zyla 4.2 sCMOS, Andor Technology Ltd., Belfast, UK)
mounted on an upright microscope (BX51 Olympus, Hamburg, Germany,) using a 10X or 20X water immersion objective and a
GFP filter cube set. Images were captured with 100 ms exposure time (10Hz) and bin size 3X3. Camera control and all post hoc cal-
cium imaging analysis were performed using the open source Physimage package implementing Micro-manager software (Hayes
et al., 2018). Fluorescent image stacks were processed using “Calmager” filter to obtain a AF/F file. A standard-deviation image
was generated in order to detect pixels displaying the most variable intensity during the recording. Individual or small cell clusters
were automatically identified and the AF/F variation over time was plotted for the defined regions of interest. Finally, a cycle trigger
average (CTA) was performed to identify cell morphology. In preliminary 2D culture set of experiment we observed that Fluo-8 AM dye
was preferentially uptaken by the neuronal population but not myofibers, offering us an adequate method to investigate neural
activity.

Contraction analysis
Video segments of equal length were recorded using a brightfield microscope (DMI1, Leica) in 3 different regions of the same orga-
noid using 20X zoom. To quantify muscle contractions, each movie was analyzed separately where each visible contraction was
counted and then averaged for the whole organoid.

To analyze and map organoid muscular contraction, bright field time series images were automatically thresholded using ImageJ
software to identify organoid border. A binary stack was created and contractile regions were visually identified. Regions of interest
were defined and variations of organoid area (in pixel), used as a proxy of physical contraction, were plotted over the time series.

Cell counting and statistical analysis

To quantify the percentage of neurons and muscle in the organoids, TUJ1 expression was used as a neural marker and Myosin Skel-

etal Fast (MSF) as a marker of skeletal muscle. In z stacks generated by immunofluorescence analysis, the TUJ1* and MSF* areas

were measured separately using Imaged by defining polygon areas and then normalized to the total area of the organoid sections.
To quantify the percentage of ChAT*, GFAP* and SMI32* areas in organoid sections, immunofluorescence z stacks were used and

normalized to the total area of the organoids.
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To determine and quantify the number of AChR clusters in sections of organoids, a-bungarotoxin staining was performed. Sections
of organoids previously fixed were incubated with Alexa Fluor 647 conjugated a-bungarotoxin (Thermo Fisher) for 2 hours to label
AChRs. Images were acquired with 80X zoom in 3 random locations per sample (n = 3-16). The generated stacks were analyzed using
ImageJ’s Particle Analyzer. Clusters smaller than 5 pm? were excluded from analysis. To assess cluster number, AChR clusters were
quantified for each image and then normalized to the number of Myosin Skeletal Fast positive fibers present in the quantified image.

To determine the number of co-localizing cells, stacks acquired with 20X zoom of whole organoid sections were analyzed using
Imaris (Bitplane). Each channel was quantified separately. Particles with a diameter of less than 7 um were excluded from the anal-
ysis. Co-localized cells were manually counted and compared to the software analysis. Positive cells were then normalized to the
total number of DAPI* cells in the whole section.

Microelectrode array (MEA) recording and analysis

Whole organoids kept in neurobasal medium were transferred prior to recording to a 6-well MEA plate (M384-tMEA-6W, 64 elec-
trodes, 11.5 um diameter, 300 um spacing, Axion Biosystems) and recorded in a Maestro Pro MEA system (Axion Biosystems). Media
was removed from each well until only a thin layer remained to promote attachment of organoids to the electrode grid. Temperature
was maintained at 37°C and CO2 at 5%. During some recordings, 50 uM Glutamate or 10 pM ACh or 50 uM NMDA + 40 pM 5-HT
(Sigma Aldrich) were added in warm media to stimulate organoid activity. To record inhibitory pharmacologic effects on organoids,
10 uM Curare or 50 uM APV and 40 utM CNQX (Sigma Aldrich) or 1 uM Tetrodotoxin (Abcam) were added to the medium. After inhib-
itory recordings the organoids were washed with warm basal medium and left to stabilize for 30 minutes, after which a new recording
was performed. The signal was sampled at 25 kHZ and stored using the AXIS Navigator Software (Axion Biosystems). Data was ex-
ported as .csv files for analysis. A threshold 6 times the standard deviation above the background noise was used to detect extra-
cellular spikes in each channel with a 2 ms refractory period imposed after each detected spike. Connectivity between electrodes
was determined within a time window of 40 ms. Analysis of the resulting connectivity data was performed using a MATLAB script
where all spikes were counted for each single electrode and a combinatorial non-repetitive description of each paired electrode con-
nections was obtained and plotted.

Myasthenia gravis disease modeling
Serum from two patients diagnosed with Anti-AChR MG having high antibody titters (Patient 1 > 20; Patient 2 = 7.6) was collected and
IgG fractions were purified using a Protein G Serum Antibody Purification Kit (Abcam) according to the manufacturers instructions.
Purified IgG was reconstituted using the Kit Elution Buffer and IgG content was quantified using a Nanodrop 1000 spectrophotom-
eter (Thermo Fisher). Contracting NMOs were incubated with MG patient IgGs (300 nM final concentration) supplemented with 2%
human serum for 3 days. IgGs from healthy human serum (Sigma) was used as a control. The medium was changed every day, and
after 3 days of treatment, the NMOs were collected for fixation and immunofluorescence analysis. Analysis of the contractile activity
of at least 3 different NMOs was performed before and after treatment (3 days) with specific IgGs. Video segments of 5 minutes in
length were recorded using a Leica SP8 confocal, and exported as .avi files. 3 different close-up areas of each NMO were recorded
and averaged. Number of muscle contractions were obtained by isolating one visually recognizable contractile area of the video
recording using ImageJ (as described previously). The number of peaks resulting from area displacement during contraction were
counted and averaged.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are reported as the mean + standard deviation, using a significance level of p < 0.05. The number of replicates is indicated in the
figure legends or in Table S1; “N” denotes the number of independent experiments and ”n” denotes the number of organoids, as
appropriate. Data were analyzed by one-way and two-way ANOVA, using Bonferroni test for multiple comparisons and Welch’s
t test for pairwise comparisons (Prism 5-7, GraphPad).

DATA AND CODE AVAILABILITY

The single cell data have been deposited in the gene expression omnibus (GEO) under ID code GEO: GSE128357 (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc= GSE128357). The MATLAB code for MEA analysis is available from the Lead Contact on
request.

Cell Stem Cell 26, 1-15.e1-€6, February 6, 2020 e6

CellPress



https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=%20GSE128357
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=%20GSE128357

	STEM2763_proof.pdf
	Self-Organizing 3D Human Trunk Neuromuscular Organoids
	Introduction
	Results
	Self-Organization of hPSC-Derived NMP Cells in 3D
	Self-Organization of Spinal Cord MNs and Skeletal Muscles in NMOs
	Organization and Maturation of Trunk NMOs
	NMOs Develop Functional NMJs and Model Key Aspects of MG
	NMOs Form CPG-like Circuits

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Lead Contact and Materials Availability
	Experimental Model and Subject Details
	Human pluripotent stem cell lines and culture conditions
	Human samples

	Method Details
	In vitro generation of NMPs from human pluripotent stem cells
	Generation of neuromuscular organoids in 3D
	Immunohistochemical analysis of organoids
	Reverse transcription – Quantitative PCR Analysis
	Live imaging of organoids
	Electron microscopy of organoids
	Organoids cell dissociation for scRNaseq analysis
	Tag incubation for single-cell RNA-sequencing analysis
	Single-cell RNA-sequencing
	Mapping and extraction of single-cell mRNA transcript counts
	Single-cell data analysis
	Calcium Imaging of organoids
	Contraction analysis
	Cell counting and statistical analysis
	Microelectrode array (MEA) recording and analysis
	Myasthenia gravis disease modeling

	Quantification and Statistical Analysis
	Data and Code Availability




