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Skeletal muscle development, homeostasis, and function rely on complex interactions among multiple
cell types and the extracellular matrix (ECM). Developing in vitro models that recapitulate both intrinsic
cellular and extrinsic ECM elements of innervated skeletal muscle is crucial for advancing basic
biology and disease modeling studies. Here, we combine tissue engineering approaches with human
induced pluripotent stem cell (hiPSC) technology to create tissue-engineered neuromuscular
organoids (t-NMOs). Using decellularized muscles as scaffolds, hiPSCs differentiate to form
organoids that establish a continuum with the provided biomaterial. After 30 days, t-NMOs exhibit
compartmentalized neural and muscular components that establish functional interactions, allowing
muscle contraction. We demonstrate the model’s potential by creating Duchenne Muscular
Dystrophy patient-specific t-NMOs, that recapitulate the reduced skeletal muscle contraction and
altered calcium dynamics typical of the disease. Altogether, our study presents a tissue-engineered
organoid that model the human neuromuscular system (dys)function, highlighting the potential of
applying the ECM in organoid engineering.

Achievements in stem cell technology have opened new frontiers to increase
our knowledge on the human neuromuscular system development and
biology, and to produce in vitro tools applicable for modeling neuromus-
cular disorders and for preclinical studies' ™. In particular, hiPSCs have been
recently used to derive organoids that contain isogenic and multiple cell
types of key importance for the human neuromuscular system"**”*. Indeed,
the generation of a functional neuromuscular system requires a complex
and coordinated communication between the contractile cells of the tissue,
the myofibers, and the motor neuron (MN) axon terminals at the level of the
NMJ**"°. This cellular communication, together with the action of other
resident cell types, creates a circuit of cross-trophism that guarantees neu-
romuscular system development™'™", maturation'', and maintenance'.
Aside from intrinsic cellular elements, such biological processes also require

the intervention of an extrinsic element, the 3D environment provided by
the ECM, which has tissue-specific properties''>'°.

However, the skeletal muscle ECM has never been provided as an
extrinsic element to hiPSCs during organoid development. Previous studies
showed that during development, ECM components guide myogenic
commitment and differentiation'”", neuronal axon pathfinding"’, and NMJ
formation'*™*. Moreover, in the adult skeletal muscle, a specialized ECM
network surrounds each myofiber, enwraps parallel myofiber bundles and
finally allows the assembly of an entire muscle'”"*. This 3D organization of
the ECM is essential for muscles to contract as a functional syncytium and to
generate force”. The ECM also accommodates and sustains stem and
supporting cells* ™. On the same line, peripheral nerves are packed by the
ECM to form parallel axon bundles that depart from the spinal cord”* to
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reach the skeletal muscle and build NMJs, where a specialized ECM is
present and required for NMJ homeostasis™**.

Thus, we hypothesized that the ECM proper of the innervated skeletal
muscle could possess environmental imprinting cues able to sustain the
derivation of tissue engineered-neuromuscular organoids (t-NMO) from
hiPSCs. To test this hypothesis and to provide a 3D environment that could
mimic as much as possible the one present in the innervated skeletal muscle
to hiPSCs, we implemented decellularized skeletal muscles (dSkMs) in our
study. Indeed, dSkMs are derived starting from the native skeletal muscle,
which is treated with reagents that allow nuclei removal and preservation of
the ECM composition and 3D architecture of the native tissue” ', We and
others previously showed that dSkMs can be used as a tissue-engineered
scaffold able to guide and improve muscle regeneration in volumetric
muscle loss models, promoting new muscle formation from adult stem cells,
as well as nervous system integration and NM]J regeneration®>*>".
Moreover, dSkMs can be recellularized with human adult cells for the
derivation of tissue-engineered 3D in vitro models of skeletal muscle’”’, and
also be used in vitro to study the myogenesis of adult muscle stem cells”***’
and fetal neural axon sprouting™.

Here, we show that hiPSCs seeded onto dSkM and subjected for
30 days to a small-molecule based neuromuscular differentiation pro-
tocol invade the dSkM and assemble into a 3D multiscale construct to
form functional t-NMOs. In t-NMOs neuronal and muscular compo-
nents compartmentalize and the neuromuscular system integrates via
long neuritic projections that reach bundles of myofibers. To char-
acterize t-NMOs, we combined morphometric, RNA sequencing and
functional analyses. Thirty days after hiPSC differentiation t-NMOs
show not only differentiated myofibers and neurons, but also skeletal
muscle and neural stem cells, as well as muscular and neuronal sup-
porting cell types. Moreover, at this stage of differentiation t-NMOs also
display elements of the NM]J and functional neuromuscular connection.
Overall, we found that dSkM improves the maturity of the neuromus-
cular system in vitro model.

Finally, we show that t-NMOs can be used to mimic in vitro the
neuromuscular system of healthy donors and DMD patients. DMD is a
neuromuscular disease due to mutations in the dystrophin gene and char-
acterized by a progressive muscle-wasting condition™. Dystrophin connects
the contractile apparatus inside the myofiber to the ECM, and is enriched at
the NMJ'*'""*, Here we show that upon neurotransmitter stimulation
reduced muscle contraction and calcium dysregulation was observed in
DMD t-NMOs, mimicking the cellular phenotype of DMD

skeletal muscle®*.

Results

DSkMs allow the derivation of tissue-engineered NMOs (t-NMO)
Based on the myogenic and neurotrophic properties exerted by dSkMs on
adult stem cells”, here we hypothesized that dSkMs could sustain the
production of t-NMOs when provided as 3D scaffold to hiPSCs subjected to
small molecule-based differentiation protocol (Fig. 1a). Among different
types of muscles, we decided to implement an already well characterized
dSkM derived from murine diaphragms’**>***>”. In fact, the unique anat-
omy and homogeneous neuromuscular system spatial distribution of the
diaphragm** allowed us to surgically derive multiple scaffolds from each
entire dSkM and to obtain microscopic-friendly scaffolds for monitoring
cell culture. It was previously shown that the dSkMs used in this study
preserve structural and topographical features of native tissue’***. Here we
also confirmed that the dSkMs preserved the mechanical properties of
freshly isolated diaphragms, as shown by the measurement of Young’s
modulus via atomic force microscopy (Fig. 1b).

Thus, hiPSCs were seeded as single cells onto dSkMs and after two days
of cell culture directly differentiated adapting a widely used differentiation
protocol, which is based on small molecules and growth factors adminis-
tration to recapitulate the early embryonic developmental events that lead to
myogenic commitment and later to myogenic terminal differentiation®.
Notably, such protocol has been shown to promote not only skeletal muscle

differentiation, but also to generate other non-muscular cell types in con-
ventional cell culture systems, including neurons and Schwann cells*™.
Thus, from now on, we will refer to this as neuromuscular differentiation
protocol.

First, we investigated whether hiPSCs seeded onto dSkMs still pre-
served their pluripotency before the induction of the neuromuscular dif-
ferentiation (day -1), and then if they were able to exit from pluripotency
upon the induction of the neuromuscular differentiation protocol (day2 and
day5). Immunofluorescence analysis for the key pluripotent transcription
factors octamer-binding transcription factor 4 (OCT4) and homeobox
protein NANOG showed that hiPSCs cultured onto dSkM preserved their
pluripotency before the induction of the neuromuscular differentiation
(Fig. 1c, d, Supplementary Fig. 1a, b and Supplementary Table 1). Differ-
ently, cells seeded onto dSkM exited from pluripotency at 2 and 5 days after
the supplementation of neuromuscular differentiation media, as shown by
the quantification of OCT4"NANOG" cells (Fig. 1c, d). To understand
whether loss of pluripotency was associated with hiPSC commitment
toward mesodermal and/or neuromesodermal lineages, we further analyzed
samples via immunofluorescence staining for the key determinant tran-
scriptional factors mesoderm-induction T-box transcription factor bra-
chyury (TBRA) and SRY-box transcription factor 2 (SOX2)*™.
TBRA"SOX2™ and TBRA*SOX2" cells were identified after 2 and 5 days of
differentiation, confirming the ability of hiPSCs to differentiate toward
mesodermal and/or neuromesodermal lineages, respectively (Fig. le-g,
Supplementary Fig. 1c and Supplementary Table 2,3). Similar proportions
of early cell commitment were obtained for two additional hiPSC lines
differentiated in presence of dSkM for 2 days (Supplementary Fig. 1d-f).

Once confirmed that hiPSCs seeded onto dSkM responded to the
neuromuscular differentiation protocol, we investigated whether dSkM
could sustain the generation of t-NMOs at longer time points of differ-
entiation. We thus followed cell growth onto dSkM during the time of
culture in presence of media supplemented with small molecules and
growth factors. Morphometric analysis showed that extensive 3D cell
aggregates were formed onto the dSkM from day 10 to day 20 of cell culture,
and by day 30 cells completely invaded the available surface of dSkMs
creating a 3D cell-dSkM construct (Supplementary Fig. 1g). Due to the cell
growth observed 30 days after neuromuscular differentiation of multiple
hiPSC lines (Supplementary Fig. 1g, h and Supplementary Table 4), we
investigated the neuromuscular system at this time point. Whole mount
immunofluorescence staining revealed that neuron-specific class III beta-
tubulin® (TUJ-1) and desmin* myogenic cells were present as discrete
neuronal and muscular compartments (Fig. 1h and Supplementary
Fig. 2a-d). A significantly higher percentage of myogenic area over the
neuronal compartment was revealed in t-NMOs (Fig. 1i). Overall, t-NMOs
showed a 3D organization of neural clusters growing onto the dSkM,
muscular cells present mainly in the proximity of the dSkM reached by
neuritic projections, which also invaded the dSkM scaffold (Fig. 1h, j and
Supplementary Fig. 2a-d). Such morphogenesis was characterized by a
complex 3D organization of the neuronal network and of myogenic cells
(Fig. 1h and Supplementary Fig. 2a), with neuritic extensions projected
toward bundles of elongated desmin® cells (Fig. 1j). Abundant basement
membrane ECM component laminins were revealed in the proximity of the
dSkM, which was invaded by cells (Supplementary Fig. 2¢, d). Cell dis-
tribution within the dSkM followed the patterning imposed by the dSkM, as
shown by directionality quantification of the cells located in the proximity of
decellularized myofibers (Fig. 1k and Supplementary Fig. 2d). Interestingly,
t-NMOs showed a rhythmic and spontaneous contraction starting from day
15 of neuromuscular differentiation through the end point of the experi-
ment (Supplementary Movies 1, 2). To quantify such basal activity, we used
live imaging analysis of calcein loaded t-NMOs to reveal viable cells and
simultaneously monitor cell morphology and spontaneous contraction
(Supplementary Movie 1). Whole mount or specific regions of interest
(ROIs) of t-NMOs were analyzed to measure the fluorescence intensity
variation during the time of live imaging acquisition. By doing so, we were
able to visualize and measure peaks of fluorescence intensity corresponding
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to t-NMO contraction (Fig. 11, Supplementary Fig. 2e, f and Supplementary
Movie 1). Similar results were obtained by analyzing samples via bright field
live imaging analysis of t-NMOs (Supplementary Fig. 2¢ and Supplemen-
tary Movie 2). On the same line, when live imaging records were analyzed
using a particle image velocimetry software (PIVlab)’'~*, we were able to
quantify t-NMO displacements and to generate vectorial maps, confirming
spontaneous cycles of contraction and relaxation of t-NMOs (Fig. 1m).
Subsequently, to further investigate the physiological basal activity of t-
NMOs, we loaded t-NMOs with the Fluo-4 dye, which allows the mon-
itoring of calcium fluxes™. We revealed that t-NMOs displayed basal cal-
cium transients, as shown by the quantification of the Fluo-4 fluorescence
intensity variation of multiple ROIs (Fig. 1n).

Overall, these results show that dSkMs support hiPSCs culture and
differentiation toward cell types belonging to the neuromuscular system
which organized into a functional 3D construct to form t-NMOs.

Myofiber differentiation and functionality is promoted by dSkM

Based on the neuromuscular integration revealed in t-NMO (Fig. 2a, b), we
decided to further characterize the myogenic and the neuronal composition
of t-NMOs. As first, we assessed spatial distribution and cell identity of

myogenic cells in functional t-NMOs, by combining immunofluorescence
and gene expression analysis (Fig. 2c-r).

We found that day 30 t-NMOs possess myogenic precursors, as shown
by immunofluorescence analysis for paired box 7 (PAX?7) transcription factor’
(Fig. 2c-g). This cell population represents approximately the 10% of the total
nuclei present into t-NMO after 30 days of differentiation (Fig. 2d). Moreover,
PAX7" cells identified in t-NMOs were mostly in a non-proliferating state, as
shown by their statistically significant higher percentage of PAX7*Ki67 cells
on total PAX7" cells, when compared to proliferating PAX7"Ki67" cells
(Fig. 2e). We also revealed PAX7" cells located between pre-existing ghost
myofibers and basal lamina, occupying the anatomical position that defines
the adult muscle stem cells, called satellite cells™ (Fig. 2f). Next, we assessed the
presence of committed and terminally differentiated myogenic cells. We found
that 30 days after neuromuscular differentiation, t-NMOs showed committed
myogenic cells that are positive for the MYOG transcription factor (Fig. 2g, h)
and myosin heavy chain (MYHC) positive myofibers (Fig. 2h). Such myogenic
differentiation in presence of dSkM was confirmed for 3 different hiPSC lines,
which t-NMOs show similar proportion of MYOG" and MYHC cells upon
30 days of differentiation (Supplementary Fig. 2h, i). In agreement, we also
identified elongated and multinucleated cells that display the typical striated
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Fig. 1 | DSkMs support hiPSC differentiation into tissue-engineered NMO.

a Schematic illustration showing the strategy used for t-NMO generation. Scaffolds
derived from dSkM were used as substrate for seeding hiPSCs as single cells. Upon
2 days from seeding, cells underwent to a small-molecule based differentiation
protocol until day 30 to derive t-NMOs. b Scatter dot plot showing the mean of the
Young’s modulus measured by atomic force microscopy of native freshly isolated
murine diaphragms (Native) and decellularized murine diaphragms (dSkM). Data
are shown as mean + s.d. of 5-7 independent biological replicates; unequal variance
Student’s t-test; n.s., not statistically significant. ¢ Z-stack confocal immuno-
fluorescence imaging showing hiPSCs co-expressing NANOG (red) and OCT4
(green) 48 h (Day-1) after hiPSCs seeding onto the dSkM and 72 (D2) hours from
hiPCs differentiation. Scale bars, 100 um. d Scatter dot plot showing the percentage
of OCT4" NANOG™ cells on the total amount of nuclei after 48 h from hiPSCs
seeding (D-1) and 72 (D2) and 120 (D5) hours from hiPCs differentiation. Data are
shown as mean + s.d. of 4-6 independent biological replicates from two differ-
entiation experiments, at least 4500 nuclei were counted per each time point; one-
way ANOVA with Tukey’s multiple comparisons test, ****P <0.0001. Statistical
results are reported in Supplementary Table 1. e Z-stack confocal immuno-
fluorescence images showing cells expressing TBRA (red) and SOX2 (green) after 2
(Day2) and 5 (Day5) days from hiPSC differentiation onto dSkM. Scale bars, 50 pm.
f Scatter dot plot showing the percentage of TBRA*SOX2 progenitors after 48 h
from hiPSCs seeding (D-1) and after 2 (D2) and 5 (D5) days from hiPSCs differ-
entiation. Data are shown as mean + s.d. of 4, 9 and 6 independent biological
replicates from at least two differentiation experiments, at least 6000 nuclei were
counted per each time point; One-way ANOVA with Tukey’s multiple comparisons
test, **¥**P < 0.0001. Statistical results are reported in Supplementary Table 2.

g Scatter dot plot showing the percentage of TBRA"SOX2" progenitors after 48 h
from hiPSCs seeding (D-1) and after 2 (D2) and 5 (D5) days from hiPSCs differ-
entiation. Data are shown as mean + s.d. of 4, 9 and 7 independent biological
replicates, from at least two independent experiments, and at least 6000 nuclei were
counted per each time point; One-way ANOV A with Tukey’s multiple comparisons
test, **¥**P < 0.0001. Statistical results are reported in Supplementary Table 3.

h Representative stereomicroscope immunofluorescence image showing whole
mount t-NMO stained for desmin (magenta) and TUJ-1 (green) after 30 days of
hiPSC differentiation. Scale bar, 2 mm. i Scatter dot plot showing the mean of the
area occupied by muscular (desmin positive) or neuronal (TU]J-1 positive) cells in
t-NMO after 30 days of differentiation, expressed as percentage on the total neu-
romuscular area. Data are shown as mean + s.d. of 10 independent biological
replicates, 4 derived from BJ1-hiPSCs, 3 from BJ2- and 3 from BJ3-hiPSCs. Each
hiPSC line was used for an independent t-NMO differentiation experiment; dots
represent a single biological replicate; unequal variance Student’s t-test; n.s.,

**%P = 0.0008. j Representative Z-stack confocal immunofluorescence image of
whole mount t-NMO stained for desmin (magenta) and TU]J-1 (green) after 30 days
of differentiation. Scale bar, 200 pm. k Quantification of cellular and dSkM ghost
myofiber directionality. Data are shown as mean =+ s.d. of 3 independent biological
replicates from one differentiation experiment. 1 Mean normalized fluorescence
intensity variation of contracting t-NMOs loaded with calcein registered during live
imaging acquisition with a fluorescent stereomicroscope. Images were processed
with Spiky and analyzed with MATLAB. Data are shown as mean + s.d. of 3 inde-
pendent biological replicates from three independent differentiation experiments;
A.U., arbitrary unit. m Upper panel, violin plot showing the maximum displacement
of a representative t-NMO reported in L from one differentiation experiment and
measured during 3 cycles of contraction - relaxation (t; vs tp, t3 vs ty, ts vs tg) using
PIVlab. The analysis was performed considering the identical query region per each
time point analyzed (number of analyzed vectors per each time point: 4870).
Unequal variance Student’s t-test was used; ****P < 0.0001. Lower panel, repre-
sentative vector maps generated by comparing pairs of frames selected before
contraction (t;, t3, ts) or at the maximum of sample contraction (t,, ty, ts). n Left
panel, representative charts of peak amplitude spectrum (AF/F,) basal activity of
t-NMO loaded with Fluo-4 and analyzed with live fluorescence imaging after 30 days
from hiPSCs differentiation to reveal calcium transients. Data are shown as inde-
pendent ROI of a single sample. Right panel, representative single frame of live
imaged (Fluo-4) cells in t-NMO after 30 days of differentiation used for calcium live
imaging analysis. Scale bar, 200 um.

pattern of myofiber cytoskeleton, as shown by slow or fast MYHC isoform
immunostainings and F-actin organization (Fig. 2i and Supplementary
Fig. 2b).

To investigate whether dSkMs could promote skeletal muscle differ-
entiation of hiPSCs, as it does for adult muscle precursor cells”, we induced
hiPSC neuromuscular differentiation in absence of dSkM (Supplementary
Fig. 3a-d). Thirty days after differentiation, samples derived without dSkM
presented both neuronal and muscular cell types (Supplementary Fig. 3b-e),
with clusters of neural cells (TUJ-1%) that extended projections toward
desmin” myogenic cells (Supplementary Fig. 3b, c). We then used morpho-
metric and gene expression analysis to compare neuromuscular in vitro
models (day 30) derived in presence of dSkM (i.e. t-NMO) with those obtained
in absence of dSkMs. We found significant increase of MYOG and MHC
expression in t-NMOs, when compared to hiPSCs differentiated in absence of
dSkMs (Supplementary Fig. 3f), supporting the hypothesis that dSkM could
improve myofiber differentiation. To further investigate such aspect, bulk
RNA-sequencing analysis was performed 30 days after differentiation of
hiPSCs cultured in presence or in absence of dSkMs (Fig. 2j—n, Supplementary
Data 1 and 2). According to the differentiation protocol applied, 30 days after
differentiation hiPSC-derived cells expressed muscle score genes” (Supple-
mentary Fig. 3g), as well as sets of genes belonging to neural cells (including
neurons and Schwann cells) and mesenchymal cells (Supplementary Fig. 3h).
Despite some similarities, principal component analysis (PCA) showed that
hiPSCs differentiated in presence or in absence of dSkMs were tran-
scriptionally well distinguishable (Fig. 2j), as confirmed by the 1605 differ-
entially expressed genes (DEGs; Supplementary Data 1). More in detail, we
found that t-NMOs showed downregulation of genes annotated within the
categories related to development, including nervous system development,
when compared to samples derived in absence of dSkM (Fig. 2k and Sup-
plementary Data 2). Moreover, t-NMOs showed downregulation of genes
belonging to ECM production and remodeling, when compared to samples
derived in absence of dSkM, suggesting an active contribution of the ECM

provided by the dSkM in t-NMOs or a differential timing of ECM gene
expression (Fig. 2k and Supplementary Fig. 3i). On the contrary, t-NMOs
overexpressed genes associated with “Regulation of Metabolic Processes” and
“RNA metabolism and translation” categories, when compared to samples
obtained in absence of dSkMs (Fig. 2k and Supplementary Data 2). Notably,
t-NMOs also showed upregulation of genes involved in skeletal muscle con-
traction, when compared to hiPSCs differentiated in absence of dSkMs
(Fig. 2k, 1 and Supplementary Data 2). Accordingly, DEGs annotated within
“skeletal muscle contraction” category in Reactome database were upregulated
in t-NMOs, when compared to samples derived in absence of dSkM:s (Fig. 21,
m). The same was observed for a list of manually annotated DEGs related to
myofiber cytoskeleton components (Fig. 2n). In particular, t-NMOs highly
overexpressed titin, actin, troponin and myosin genes, including neonatal and
adult myosin heavy chain (MYH) gene isoforms MYH8 and MYHZ2*,
respectively (Fig. 2n).

Such a higher degree of myogenic differentiation revealed at tran-
scriptional level in t-NMOs was further confirmed by morphometric
analysis. We found a statistically significant higher number of oriented,
longer and thicker myofibers in t-NMOs, when compared to neuromus-
cular system in vitro models derived in absence of dSkM (Fig. 20, p and
Supplementary Fig. 3j). Neither cardiac nor smooth muscle cells were
detected in the t-NMOs (Supplementary Fig. 4a—c), while we identified
muscular supporting cell types expressing the muscular fibroblast marker
TE7” (Supplementary Fig. 4d, e). Finally, to confirm that the improved
maturation of skeletal muscle in t-NMOs was associated to an enhanced
functional phenotype, we performed live imaging analysis of samples
derived in absence or in presence of dSkM upon acetylcholine (ACh)
administration to evaluate muscle contraction and calcium spikes. We
found that t-NMOs displayed higher degree of muscle contraction and
improved response to calcium spikes upon ACh stimulation, when com-
pared to neuromuscular system in vitro models derived in absence of dSkM
(Fig. 2q, 1).
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Overall, these data showed that dSkM supports the derivation of
multiple muscular cell types in t-NMOs derived from hiPSCs, and promotes
skeletal muscle maturation and function.

t-NMOs possess multiple neural cell types and show complex
extension of neuritic projections

As previously shown, day 30 t-NMOs displayed not only cells belonging to
the skeletal muscle but also to the neural compartment, whose neuritic
projections reached bundles of terminally differentiated muscular cells
(Fig. 3a, b). To analyze the neural compartment of t-NMOs, we combined
immunofluorescence, morphometric and gene expression analyses. We

found that both neural progenitors and mature neurons were present in t-
NMOs, as shown by immunofluorescence analysis that revealed cells co-
expressing paired Box 6 nuclear factor (PAX6) and SOX2* (Fig. 3c and
Supplementary Fig. 5a), or neuronal nuclear protein (NEUN) and
microtubule-associated protein 2 (MAP2)”, respectively (Fig. 3d and Sup-
plementary Fig. 5b). Mature neurons (NEUN™) were present in t-NMOs
with statistically significant higher proportion when compared to neural
progenitors (PAX6°SOX2"; Fig. 3e). In addition, we observed a specific
distribution among the neuronal cell populations, where mature neurons
localized in close proximity to the dSkM, while neural progenitors were
identified in regions more distant from the dSkM (Fig. 3f).
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Fig. 2 | Characterization of the myogenic compartment of day 30 t-NMOs.

a Representative stereomicroscope image showing muscular and neural integration
in t-NMO by whole mount immunofluorescence staining for desmin (magenta) and
TUJ-1 (green). Scale bar, 500 um. b Representative confocal Z-stack image of
t-NMO stained for TUJ-1 (green) and MYHC (magenta). Scale bar, 400 pm.

¢ Representative confocal Z-stack image showing whole mount immuno-
fluorescence staining for PAX7 (red). Nuclei were stained with Hoechst (blue). Scale
bars, 1 mm (left) and 100 um (right). d Scatter dot plot showing the mean number of
PAX7-positive (+) and of PAX7-negative (-) cells, expressed as percentage on the
total nuclei acquired per image (2100 nuclei per image). Data are shown as

mean * s.d. of 10 independent biological replicates, 4 derived from BJ1-hiPSCs, 3
from BJ2- and 3 from BJ3-hiPSCs. Each hiPSC line was used for an independent
t-NMO differentiation experiment; dots represent a single biological replicate;
unequal variance Student’s t-test was used; ****P <0.0001. e Left panel, repre-
sentative confocal Z-stack images showing immunofluorescence staining that
identify PAX77Ki67 (white arrows) and PAX7 Ki67" (yellow arrows) cells. Scale
bar, 50 um. Right panel, scatter dot plot showing the mean of PAX7 positive cells (4)
that do not co-express (-) or co-express (+) the proliferating marker Ki67, expressed
as percentage on total PAX7" cells (a total of > 200 PAX7+ cells were analyzed). Data
are shown as mean = s.d. of 10 independent biological replicates, 4 derived from BJ1-
hiPSCs, 3 from BJ2- or 3 from BJ3-hiPSCs. Each hiPSC line was used for an inde-
pendent t-NMO differentiation experiment; dots represent a single biological
replicate; unequal variance Student’s t-test was used; **P = 0.0027. f. Representative
confocal Z-stack image showing immunofluorescence staining for PAX7 (green)
and laminin (magenta). Scale bar, 10 um. g Representative image showing immu-
nofluorescence staining for MYOG (green) and PAX7 (red) of t-NMO cryo-sections.
Nuclei were stained with Hoechst (blue). Scale bar, 200 um. h Representative con-
focal Z-stack image of t-NMO immunostained for MYHC (red) and MYOG (green).
Nouclei were stained with Hoechst (blue). Scale bar, 50 um. i Representative confocal
Z-stack images of t-NMO immunofluorescence analysis of myofibers showing
sarcomeric organization (white arrowheads) of fast and slow MYHCs (upper) and
F-actin (lower). Nuclei were stained with Hoechst (blue). Scale bars, 10 um.

j Principal component analysis (PCA) of samples obtained in presence (t-NMO,
black) or in absence of dSkM (No dSkM, gray). Each dot represents a single biolo-
gical replicate. k Left, enrichment analysis of differentially expressed genes between

samples obtained in presence (t-NMO) or in absence of dSkM (No dSkM), within
Gene Ontology and Reactome databases. Dot colors in the network highlight groups
of categories with overlapping genes. Right, inset represents the same network where
dots are colored according to the percentage of genes within each category that have
positive (red) or negative (blue) log-fold change of gene expression. 1 Enlargement of
the portion of network highlighted in (k), with categories related to skeletal muscle
contraction, which are upregulated in samples obtained in presence of dSkM (t-
NMO), when compared to those derived in absence of dSkM (No dSkM).

m Hierarchical clustering with heatmap visualization of DEGs within the Reactome
Muscle Contraction category. n Hierarchical clustering with heatmap visualization
of manually annotated DEGs identifying myofiber cytoskeleton components.
Arrows point at the adult MYH2 and neonatal MYHS genes. o Scatter dot plot
showing the mean thickness of desmin™ myotube cross-section in samples derived in
absence (-) or in presence (+) of dSkM. Data are shown as mean + s.d. of 9 inde-
pendent biological replicates per experimental condition, 3 derived from BJ1-, 3
from BJ2- and 3 from BJ3-hiPSCs. Each hiPSC line was used for an independent
differentiation experiment; each dot represents the mean of 30 myotubes per each
biological replicate; unequal variance Student’s t-test was used; ****P < 0.0001.

p Scatter dot plot showing the mean length of desmin® myotube in whole mount
samples derived in absence (-) or in presence (+) of dSkM. Data are shown as
mean + s.d. of 9 independent biological replicates per experimental condition, 3
derived from BJ1-, 3 from BJ2- and 3 from BJ3-hiPSCs. Each hiPSC line was used for
an independent differentiation experiment; each dot represents the mean of 30
myotubes per each biological replicate; unequal variance Student’s t-test was used;
*RFXP < 0.0001. q Representative quantification of mean normalized fluorescence
intensity variation registered during muscle contraction in samples derived in
absence (No dSkM) and in presence of dSkM (t-NMO) upon ACh stimulation via
live imaging fluorescent stereomicroscope acquisition. Data are shown as mean +
s.d. of 3 independent biological replicates from one differentiation experiment.
Dotted lines correspond to the baseline equal to 0. r Representative mean of peak
amplitude spectrum (AF/F,) of cells in samples derived in absence and in presence of
dSkM (t-NMO) and stimulated with ACh. Samples were loaded with Fluo-4 and
analyzed with live fluorescence imaging to reveal calcium transients upon ACh
stimulation. Data are shown as mean + s.d. of 7 or 3 independent biological repli-
cates from one differentiation experiment.

Thus, we further investigated the nature of the mature neurons present
in t-NMOs after 30 days of differentiation. Quantitative PCR analysis
showed expression of the specific neuronal transcription factors, such as
LIM/homeodomain family of transcription factors ISLETI®® and MN-
determinant homeobox gene MNXI® (ak.a. HBY), with statistically sig-
nificant overexpression in samples derived in presence of dSkM, when
compared to those obtained in absence of dSkM (Supplementary Fig. 5c¢, d).
Immunofluorescence analysis performed in t-NMOs confirmed the pre-
sence MAP2" neurons co-expressing ISLET1/2%, and cells expressing HB9*
(Supplementary Fig. 5e-g). Accordingly, a small population of choline
acetyltransferase (CHAT) positive cells was also identified (Fig. 3g and
Supplementary Fig. 5h-k). This finding, combined with the previous
observations, strongly suggested the presence of a restricted cohort of MNs
in day 30 t-NMOs. Moreover and according to RNA-seq analysis, we also
found supporting cell types positive for S100 calcium-binding protein B
(S100p), a known Schwann cell marker®, located in close proximity of
neuritic projections (Supplementary Fig. 51, m). Finally, we revealed that in
the presence of dSkM neuritic projection length and thickness were sig-
nificantly increased, when compared to in vitro models obtained in absence
of dSkM (Fig. 3h-j).

Altogether, these results show that dSkM supports the maintenance of
different neuronal cell types, and the generation of a complex network of
neuritic projections in t-NMOs.

T-NMOs present NMJ elements and functional neuromuscular
interaction

Since our results showed the presence of key cell types of the human neu-
romuscular system, we then investigated whether t-NMOs possess NMJs and
a functional interaction between the muscular and neural compartments after
30 days of hiPSC differentiation could be revealed. We first assessed the
presence of NM]Js by investigating pre- and post-synaptic elements via

imaging analysis. Fluorescent alpha-bungarotoxin (BTX) staining identified
AChR clusters (Fig. 4a). Moreover, we found that ECM components known
to support NM]J structural and functional integrity as collagen VI and
perlecan”** were deposited in the proximity of AChR clusters (Fig. 4b). The
presence of neuritic projections positive for TUJ-1 or for synaptic vesicle
glycoprotein 2 (SV2) located in the proximity of AChR clusters suggested the
presence of functional NMJs (Fig. 4c and Supplementary Fig. 6a-d). Electron
microscopy analysis also confirmed the presence of myofibers, bundles of
neuronal axons and NMJs in t-NMOs (Supplementary Fig. 6e-g). Cells
expressing the S100p Schwann cell marker were also found in the proximity
of clustered AChRs contacted by neuronal extensions (Supplementary
Fig. 6h). We found that the number of AChR clusters reached by SV2 neu-
ronal projections was significantly increased in t-NMOs, when compared to
samples obtained in absence of dSkM (Fig. 4d and Supplementary Fig. 6i).
Accordingly, quantitative PCR gene expression analysis showed that the
adult™® epsilon isoform (AChRe) of the AChR was significantly upregulated
in t-NMOs with respect to the fetal®” AChR gamma isoform (AChRy,
Fig. 4e). In agreement, upon neuronal stimulation with glutamate (Glu),
muscle contraction was clearly evoked only in t-NMOs, when compared to
samples derived in absence of dSkM (Fig. 4f, Supplementary Fig. 6j, Sup-
plementary Movies 3 and 4). To assess that Glu-mediated t-NMO contrac-
tion was triggered by a functional neuromuscular connection, we used
botulinum neurotoxin A (BoNTA) and BTX to induce pre-synaptic*' or post-
synaptic® block of the NMJ, respectively. To do so, t-NMO contraction was
measured via live imaging analysis before and after 12 h of treatment with
BoNTA or BTX. As a control, we analyzed t-NMO contraction in the absence
of toxins at the same time points (0 and 12 h). As expected in a functional
neuromuscular system*®, both toxins inhibited muscle contraction of
t-NMO upon Glu-mediated neuronal stimulation (Fig. 4g—i, Supplementary
Fig. 6j and Supplementary Table 5). Live imaging analysis revealed that
t-NMOs responded to Glu stimulation with calcium spikes in the muscular

Communications Biology | (2025)8:1074


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08484-z

Article

a
F-actin
Cc
SOX2

9

| [l [
| I I
| [ I
| I [
| [ I
| [ [
| I [
| [ [
| [ I
| I [
| [ I
| [ [
| I [
| [ [
| [ I
| I [
| I [
Lo B I L

Fig. 3 | Characterization of the neuronal compartment in day 30 t-NMOs.

a Representative stereomicroscope images showing neural network integration in
t-NMOs stained in whole mount immunofluorescence for TUJ-1 (green) and actin
(red). Scale bar, 200 um. b Representative confocal Z-stack image of whole mount
t-NMO immunostained for desmin (magenta) and TU]J-1 (green). Scale bar, 400 um.
¢ Representative confocal Z-stack images showing neural progenitor cells co-
expressing PAX6 (green) and SOX2 (red). Scale bar, 40 um. d Representative con-
focal Z-stack images showing immunofluorescence staining of t-NMOs for the
mature neuron markers NEUN (red) and MAP2 (white). Scale bar, 50 um. e Scatter
dot plot showing the area of neural progenitors (co-expressing SOX2 and PAX6) or
of NEUN™ cells on the total neuronal area. Data are shown as mean * s.d. of 5
independent biological replicates from two independent differentiation experi-
ments, at least 982 nuclei were counted per each replicate and dots represent single
biological replicates; unequal variance Student’s t-test was used; ****P < 0.0001.

f Scatter dot plot showing the mean distance of PAX6"SOX2" neural progenitors or
NEUN™ neurons from the dSkM in t-NMO cross-sections. Data are shown as mean
+ s.d. of 5 independent biological replicates from two independent differentiation
experiments, at least 30 measures were counted per each replicate and dots represent
single biological replicates; unequal variance Student’s t-test was used;
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*EF¥XP <0.0001. g Upper panels, representative confocal Z-stack images showing
immunofluorescence staining of t-NMOs for the MN marker CHAT (green) and
nuclei (white). Inserts with higher magnification images are reported in the lower
panels. Scale bars, 20 um. h Representative confocal Z-stack images showing TUJ-1
(green) positive neuritic projections in samples obtained in absence (upper panel,
No dSkM) or in presence (lower panel, t-NMO) of dSkM. Scale bars, 500 pm.

i Scatter dot plot showing the mean thickness (cross-section) of TUJ-1 positive
neuritic projections in samples obtained in absence (-) or in presence (+) of dSkM.
Data are shown as mean + s.d. of 9 independent biological replicates per each
experimental condition, 3 derived from BJ1-, 3 from BJ2- and 3 from BJ3-hiPSCs.
Each hiPSC line was used for an independent differentiation experiment; each dot
represents the mean of 30 neuritic projections measured per each biological repli-
cate; **¥**P < 0.0001. j Scatter dot plot showing the mean length of TUJ-1 positive
neuritic projections in samples obtained in absence (-) or in presence (+) of dSkM.
Data are shown as mean + s.d. of 9 independent biological replicates per each
experimental condition, 3 derived from BJ1-, 3 from BJ2- and 3 from BJ3-hiPSCs.
Each hiPSC line was used for an independent differentiation experiment; each dot
represents the mean of 30 neuritic projections measured per each biological repli-
cate; unequal variance Student’s t-test was used; ****P < 0.0001.

compartment during contraction (Fig. 4j and Supplementary Movie 3). We
confirmed that this calcium response was due to a functional neuromuscular
connection, as shown by the statistically significant reduction of the nor-
malized peak of Fluo-4 intensity variation in the muscular areas upon Glu
stimulation in toxin-treated t-NMOs, when compared to untreated t-NMOs
(Fig. 4k and Supplementary Table 6).

Altogether, these data indicate that t-NMOs possess NM]J elements and
a functional neuromuscular interaction 30 days after hiPSC differentiation,
allowing the study of skeletal muscle activity upon neuronal stimulation.

DMD-derived t-NMOs display altered muscular activity upon
neurotransmitter stimulation

After we characterized the morphological and functional features of t-NMOs,
we investigated whether t-NMO technology could reveal altered muscular
physiology upon neuronal activation and be used to model skeletal muscle
diseases. As proof of principle, we derived and studied in parallel t-NMOs
produced with hiPSCs reprogrammed from human foreskin fibroblast cell
line (BJ; when not specified, named t-NMO, Figs. 1-5), from 3 healthy donors
(HD1-3) and from 4 DMD patients (Fig. 5a and Supplementary Fig. 7, 8).
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As for the hiPSCs produced from the BJ line, we used the fast and
highly efficient method of microfluidic cell reprogramming technology® to
initially generate DMD1 hiPSCs from a DMD patient-derived primary cell
culture, carrying a stop codon mutation that leads to the loss of dystrophin
production’' (Supplementary Fig. 7a). We then applied the same neuro-
muscular differentiation protocol to first derive and analyze day 30 t-NMOs
from DMD1 hiPSCs. DMD1 t-NMOs showed similar cellular growth, 3D
organization and neuromuscular compartmentalization observed pre-
viously in t-NMOs (Fig. 5b and Supplementary Fig. 7b, c). Next, we con-
firmed by immunofluorescence that the dystrophin protein was absent in
the muscular compartment and that NMJ elements were present in DMD1
t-NMOs upon 30 days of differentiation (Supplementary Fig. 7d, e). Bulk
RNA-sequencing analysis was performed to evaluate gene expression profile
changes of DMD1 t-NMOs, when compared to t-NMOs. PCA analysis
showed that DMD1 t-NMOs clustered separately from t-NMOs only along
the second principal component (Fig. 5¢). Only 21 DEGs were significantly
up-regulated in t-NMOs and 25 down-regulated in t-NMOs, when com-
pared to DMD1 t-NMOs (Supplementary Data 3).
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Once confirmed that DMD1 t-NMOs showed a similar neuro-
muscular differentiation profile of that observed in t-NMOs, we then
included in the study hiPSCs generated from three HDs (HD1, HD2,
HD3) and other three DMD patients (DMD2, DMD3 and DMD4;
Supplementary Fig. 8a, b). We confirmed that the neuromuscular com-
mitment in presence of dSkM of HD1-3 and DMD1-4 hiPSC lines was
similar among the different hiPSC lines used in this study (Supplemen-
tary Fig. 8c—e, Supplementary Table 7 and Supplementary Table 8).
Thirty days after neuromuscular differentiation, t-NMOs were derived
from all the HD and DMD hiPSCs, showing similar cell growth and
neuromuscular system organization (Supplementary Fig. 7b, ¢ and
Supplementary Fig. 8f). Importantly, the proportion between neuronal
and muscular compartments observed within t-NMOs produced with
hiPSCs derived from 3 BJ lines, 3 HDs and 4 DMD patients was similar,
with a significantly higher proportion of muscular compartment over the
neuronal one (Fig. 5d, e and Supplementary Table 9). Accordingly, gene
expression analysis for CHAT gene was similar among the t-NMOs
derived from the different hiPSC lines (Supplementary Fig. 8g and
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Fig. 4 | t-NMOs show NMJ elements and functional neuromuscular interaction
30 days after hiPSC differentiation. a Representative immunofluorescence image
showing a-bungarotoxin®™ (BTX, red) regions in t-NMO. Nuclei were stained with
Hoechst (blue). Scale bar, 50 um. b Representative immunofluorescence images
showing BTX" (red) regions localization within ECM stained for collagen VI
(COLVI, gray) and proteoglycans (Perlecan, green). Nuclei were stained with
Hoechst (blue). Scale bars, 25 um. ¢ Representative immunofluorescence image of
BTX" (red) regions found in close contact with SV2* neuritic projections (green).
Scale bar, 20 um. d Quantification of BTX" clusters contacted by SV2" neuritic
projections (BTX-SV2 clusters). Data are normalized for the number of MHC" cells,
and shown as mean + s.d. of 3 independent biological replicates from a single dif-
ferentiation experiment. Unequal variance Student’s t-test was used; **P = 0.012.
e AChR y and & subunit gene expression in t-NMOs. Data are normalized to MHC
gene expression and displayed as fold change over the samples derived in absence of
dSkM. Data are shown as mean * s.d. of 3 independent biological replicates from a
single differentiation experiment. Unequal variance Student’s t-test was used;
FRHXP < 0.001. f Schematic illustration showing the strategy used for testing neu-
romusuclar function in t-NMO. Glutamate (Glu) was supplemented to induce
neural-mediated release of acetylcholine (ACh) and muscle response (NMJ, neu-
romuscular junction). g Representative images showing displacement of t-NMO
after Glu stimulation before (untreated) and after 12 h of treatment with BONTA or
BTX. Dotted lines are used to better visualize t-NMO displacement. Scale bar,

150 um. h Representative quantification of normalized fluorescence intensity var-
iation registered during contraction of t-NMOs stimulated with Glu after 12 h of
treatment with BONTA or BTX. As control, t-NMOs not treated with neurotoxins

were analyzed (t-NMO no toxins). Data are shown as mean + s.d. of 3 independent
biological replicates from a single differentiation experiment. Dotted lines corre-
spond to the baseline equal to 0. i Violin plot showing the maximum displacement of
t-NMOs upon Glu stimulation before (-) and after (4) 12 h of treatment with
BoNTA or BTX using PIVlab. Each violin represents the displacement vectors
obtained from 3 biological replicates per each experimental condition generated
from a single differentiation experiment (vector number analyzed >3147 per each
experimental condition). One-way ANOV A with Tukey’s multiple comparisons test
was used, ****P < 0.001. Statistical results are reported in Supplementary Table 7.
j Left panel, representative images of t-NMO loaded with Fluo-4 before (pre-Glu)
and after (post-Glu) Glu stimulation. Scale bar, 500 um. Right panel, representative
mean of Fluo-4 fluorescence intensity variation during time of live imaging acqui-
sition in t-NMOs upon Glu stimulation. Dotted lines correspond to the baseline
normalized to 0. In the right panel, data are shown as mean * s.d. of 3 independent
biological replicates. k Quantification of calcium peak amplitude (AF/F,) detected
with Fluo-4 live imaging analysis upon Glu stimulation of t-NMOs before (i.e., 0 h
from treatment; -) or after 12 h of treatment (+) with BONTA or BTX. As control,
t-NMOs not treated with neurotoxins were analyzed at 0 and 12 h (-). The fluor-
escence intensity peak (F) registered during stimulation was measured and nor-
malized to the baseline fluorescence intensity registered before neurotransmitter
stimulation (F0). Data are shown as mean + s.d. of 3 independent biological repli-
cates from a single differentiation experiment. One-way ANOVA with Tukey’s
multiple comparisons test, n.s. not significant, **P = 0.0006, ***P = 0.0009. Sta-
tistical results are reported in Supplementary Table 8.

Supplementary Table 10). By using western blot analysis, we confirmed
that all DMD t-NMOs and dSkM did not present dystrophin protein,
when compared to control t-NMOs (BJ1 or HD1-3 t-NMOs; Fig. 5f and
Supplementary Fig. 8h). Based on these results, we then investigated
DMD1, DMD2, DMD3 and DMD4 t-NMOs functionality, when com-
pared to t-NMOs produced with hiPSCs derived from the 3 different BJ
lines or the 3 HDs. According to our previous results, we found that upon
neuronal-induced Glu stimulation not only DMD1 t-NMOs, but also all
the other DMD t-NMOs showed reduced muscle contraction, when
compared to BJ and to HD t-NMOs (Fig. 5g-i, Supplementary Fig. 8i-j,
Supplementary Movie 5 and Supplementary Table 11). Moreover, sig-
nificantly reduced calcium spikes were observed in all DMD t-NMOs,
when compared to dystrophin expressing t-NMOs (BJ1 and HDI-3)
upon both Glu and ACh neurotransmitter stimulations (Fig. 5j, Sup-
plementary Fig. 8k and Supplementary Table 12). Finally, we found that
DMD t-NMOs displayed altered calcium flux upon ACh stimulation, as
shown by the inability to completely return to the baseline during the
time of calcium live imaging acquisition, when compared to HD
t-NMOs (Fig. 5k).

Altogether, these data show that dSkM can be used to generate patient-
specific t-NMOs, and to mimic typical DMD skeletal muscle alterations.

Discussion

In the last decades, complex 3D models of the human NM system have been
developed in vitro to mimic as much as possible the complex multicellular
interaction and structural organization that this system has in vivo®. The
combination of human pluripotent stem cell technology and tissue engi-
neering approaches has opened new avenues for the generation of human
neuromuscular system in vitro models.

Human neuromuscular organoids (NMOs) have been recently derived
from both embryonic stem cells or hiPSCs, enabling the production of in vitro
models containing isogenic muscular and neuronal compartments™~>"*, By
using small molecules and growth factors that mimic in vitro signaling
pathways involved in vivo during the early events of neuromesodermal
specification®™, cells self-assemble into spheroids and can be differentiated
in vitro into multiple cell types of the NM system™*. Despite bioengineering
approaches represent a step forward in the translation of organoid
technology67’68, so far no studies reported the use of ECM scaffolds, such as
dSkMs, for the generation of tissue-engineered NMO models. Both during
developmental and in the adult stages, the ECM of the innervated skeletal

muscle serves as a biologically active environment required for the generation
and the functional integration of multiple cell types, which guarantees a
specific 3D shape and function to the organ'™'*****,

Here, we took advantage from the dSkMs to derive functional t-NMOs
with multiscale 3D organization of myofibers and associated neuronal
network. According to organoid definition®, our hiPSC-derived tissue-
engineered in vitro model included multiple cell types typical of the neu-
romuscular system. When compared to other studies reporting the gen-
eration of organoids that reproduced the human neuromuscular system™,
t-NMOs did not require pre-differentiation and isolation steps of pro-
genitors derived from hiPSCs, rather hiPSCs were directly seeded and dif-
ferentiated onto dSkMs. We found that at early stages of differentiation
hiPSCs are committed toward neuromesodermal and mesodermal pro-
genitors. We observed that neuromesodermal specification could be
obtained without the administration of specific neuralizing factors, as the
retinoic acid. Moreover, non-spheric and handleable t-NMOs gave access to
easy investigation of the models via live imaging analysis, allowing the study
of physiological relevant events at the desired time point during the cell
culture.

We showed that basal muscle contraction and calcium transients can be
revealed and quantified in t-NMOs using imaging analysis. According to
other studies”, we observed variable basal physiological activity in t-NMOs
differentiated for 30 days, suggesting a spectra of maturation levels of the
muscular compartment. However, at this time point of hiPSCs differentia-
tion, t-NMO showed neuromuscular compartmentalization, with an
extensive network of neuritic projections that reached oriented myofiber
bundles. Aside from serving as a scaffolding biomaterial for myofibers and
neuritic sprouting, dSkMs were also invaded by cells, with some nuclei that
repopulated dSkM myofibers or PAX7-expressing cells that localized in the
satellite cell position. These results are in agreement with previous in vitro
and in vivo studies, where adult stem cells or adult progenitors were shown
to invade and repopulate the ghost dSkM with anatomically matched-
differentiated cells” ™. Altogether, these data support the hypothesis that
dSkMs could have a role in promoting cell homing. Despite further inves-
tigations are needed, the identification of key ECM elements able to drive
human cell homing remains an intriguing biological matter that can open
new strategies for engineering specific niches of the human neuromuscular
system.

With the aim to better characterize t-NMOs, we then proceeded
with further investigation of the muscular and neural compartments
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combining immunofluorescence, morphometric and gene expression
analyses. Previous studies showed that multiple cell types belonging to
the neuromuscular system can be derived from hiPSC differentiated in
conventional devices" or used to generate spheroids" %%, We
detected terminally differentiated myofibers and neurons together with
myogenic and neuronal stem cells, and fibroblasts and Schwann cell
supporting cell types in day 30 t-NMOs. These observations are con-
sistent with the generation of organoids composed of heterogeneous cell
populations proper of the neuromuscular system"*~>”%*. Administration
of agonists for the ventralizing morphogen SHH and/or the neuralizing
factor retinoic acid could be a future strategy to adopt during t-NMO
derivation to further sustain the generation and maturation of MNs from
progenitors’.

To understand whether dSkMs could have an influence on cell dif-
ferentiation and maturation, we compared samples derived from hiPSCs
cultured in presence of dSkM with those obtained in absence of dSkM. It was
reported that dSkMs possess pro-myogenic and neurotrophic properties
both in vivo and in vitro™*'. We found that key genes belonging to term-
inally differentiated cells, such as those of myofibers and of neurons, were
upregulated when hiPSCs were differentiated in the presence of dSkMs for
30 days. Different studies have also reported the use of engineered constructs
in which the myofibers are stabilized with synthetic structures, that can be
applied to hiPSC-derived cells””. More generally, by providing a 3D
environment to myogenic cells in vitro, muscle maturation can be
improved(’. Moreover, it was also shown that increased neuronal axon
sprouting can be involved in the neuronal maturation process”. Our data
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Fig. 5 | DMD t-NMOs reproduce dysfunctional activity of the skeletal muscle
compartment 30 days after hiPSC-differentiation. a Schematic illustration
showing the strategy used for producing patient specific t-NMOs from healthy
donors (Health) or patients affected by Duchenne muscular dystrophy (DMD).

b Representative confocal Z-stack immunofluorescence images of DMD1 t-NMO
stained for desmin (magenta) and TUJ-1 (green). Scale bars, 200 um. ¢ Principal
component analysis (PCA) of t-NMO samples from BJ-hiPSCs (black) and DMD1
t-NMOs (red). Each dot represents a single t-NMO. Statistical results are in Sup-
plementary Data 3. d Representative whole mount immunofluorescence staining for
TUJ-1 (green) and desmin (magenta) of HD1-3, DMD2, DMD3 and DMD4
t-NMOs after 30 days of hiPSC differentiation. Scale bar 200 um. e Scatter dot plot
showing the mean area occupied by muscular (desmin™) or neuronal (TUJ-17) cells
in t-NMOs derived from BJ1-3 (black), HD1-3 (scale of green), DMDI (red), DMD2
(orange), DMD3 (blue) and DMD4 (violet). Data are shown as mean + s.d. of > 3
independent biological replicates; each dot represent a t-NMO. Each hiPSC line was
used for at least one independent t-NMO differentiation experiment. One-way
ANOVA with Tukey’s multiple comparisons test; n.s., not significant. Statistical
results are reported in Supplementary Table 9. f Western blot for dystrophy (DYS,
upper) and actin (ACT, lower) in BJ1 (black), HD1-3 (scale of green), DMD1 (red),
DMD2 (orange), DMD3 (blue) and DMDA4 (violet) t-NMOs. As negative control we
used dSkM (empty circle). In each lane, proteins extracted from 3 independent
biological replicate were loaded. g Representative quantification of mean normalized
fluorescence intensity variation registered during contraction of t-NMOs stimulated
with Glu derived from BJ (black), HD1-3 (scale of green), DMD1 (red), DMD2
(orange), DMD3 (blue) and DMD4 (violet). Data are shown as mean + s.d. of > 3
independent biological replicates. Each hiPSC line was used for 1 to 3 independent
t-NMO differentiation experiments. h Violin plot showing the maximum dis-
placement of t-NMOs stimulated with Glu and derived from BJ1-3 (black), HD1-3

(scale of green), DMD1 (red), DMD2 (orange), DMD3 (blue) and DMD4 (violet)
using PIVlab. Each violin represents the mean of the displacement vectors obtained
from 3 biological replicates per experimental condition (vector number analyzed
>7580). Each hiPSC line was used for 1 to 3 independent t-NMO differentiation
experiments. One-way ANOVA with Tukey’s multiple comparisons test showing
the statistically significant differences among BJ1-3 and DMD1-4 t-NMOs (*) or
HD1-3 and DMD1-4 t-NMOs ($) are reported in Supplementary Table 11.

i Representative polar charts showing quantification of the maximum displacement
(um) and of the displacement directionality (angle, degree) obtained with PIVlab
analysis of t-NMOs stimulated with Glu and derived from BJ1-3 (black), HD1-3
(scale of green), DMD1 (red), DMD2 (orange), DMD3 (blue) and DMD4 (violet).
j Quantification of calcium peak amplitude (AF/F,) detected with Fluo-4 live ima-
ging analysis upon Glu and ACh stimulation of t-NMOs derived from HD1-3 (scale
of green), DMD1 (red), DMD2 (orange), DMD?3 (blue) and DMD4 (violet). The
fluorescence intensity peak (F) during stimulation was measured and normalized to
the baseline fluorescence intensity registered before neurotransmitter stimulation
(F0). Data are shown as mean + s.d. of 3 biological replicates per each condition; each
dot represent a t-NMO. Each hiPSC line was used for one independent t-NMO
differentiation experiment. One-way ANOVA with Tukey’s multiple comparisons
test showing the statistically significant differences among HD1-3 and DMD1-4 t-
NMOs (*) are reported in Supplementary 12. k Upper panels, representative ROIs
for Fluo-4 fluorescence imaging analysis of HD t-NMOs and DMD t-NMOs. Scale
bar 100 um. Lower panels, representative Fluo-4 fluorescence intensity variation
during time of live imaging acquisition in HD1 t-NMOs and DMD1-4 t-NMOs
upon Ach stimulation. Dotted lines correspond to the baseline normalized to 0. Data
are shown 3 independent replicates (#) per each sample type, and 3 ROIs (n) for each
biological replicate. Each hiPSC line was used for one independent t-NMO differ-
entiation experiment.

support these hypotheses, as we showed that longer, thicker and more
oriented myofibers associated with longer and thicker bundles of neuritic
projections were identified in t-NMOs (day 30), when compared to time-
matched samples derived in absence of dSkM. Of note, the identification of
cytoskeleton components of fast and slow myofiber types, and the over-
expression of MYH2 and MYH8 genes, showed that myofibers could reach a
newborn/adult maturation stage in day 30 t-NMOs. Accordingly, con-
traction and calcium spikes induced by ACh administration were sig-
nificantly increased in muscular cells derived in presence of dSkMs, when
compared to those obtained in absence of dSkM.

Based on this observation we next tested whether t-NMOs possess
NMJ and properly respond to a neuromuscular stimulation. After 30 days of
hiPSC differentiation, we found that clusters of pre- and post-synaptic
elements typical of the NMJs, such as clusters of AChR reached by active
axon terminals positive for SV2, were present and promoted by dSkM in
t-NMOs. It was previously shown that myofiber innervation and/or muscle
fiber maturation promote AChR subunit switch from the embryonic
gamma isoform to the adult epsilon isoform™. We present data in agree-
ment, as t-NMOs displayed increased expression of the adult epsilon iso-
form of the AChR, when compared to the embryonic gamma isoform.
Demonstration of functional integration of the neuromuscular system was
confirmed by muscle contraction and calcium flux upon Glu-induced
neuronal stimulation, which was abolished upon pre-synaptic and post-
synaptic block of NM]Js with BONTA and BTX, respectively®*®.

Once we had confirmed that dSkMs could be used to generate func-
tional t-NMOs, we investigated whether t-NMOs could be used to model
altered functionality of the human skeletal muscle. Toward this aim, we
modeled DMD, a well-studied muscle disease caused by mutations in the
X-linked dystrophin gene™, which in vitro has been associated with reduced
contraction of muscular cells and altered calcium dynamics””’. We found
that t-NMOs derived from four DMD patients showed reduced skeletal
muscle contraction, altered calcium transient and flux in the muscular
compartment upon neurotransmitter stimulation, when compared to
t-NMOs that produce dystrophin (i.e. BJ1-3 and HD1-3 t-NMOs). These
phenotypes reproduce key aspects of the disease’. Overall, our results
demonstrate that patient-specific t-NMOs can be derived by combining
hiPSCs and dSkMs and that this platform can be used to investigate and

study relevant (dys)functional responses of the human neuromuscular
system.

Methods

Human induced pluripotent stem cell derivation and culture

The hiPSC lines used in this study were generated by reprogramming
somatic cells in microfluidics® (lines: BJ1-3; HD1, DMD1, DMD2, DMD3)
or already available (lines: HD2 and HD3”, and DMD4"). For the
experiments performed in presence and in absence of dSkM, hiPSCs were
generated from human foreskin fibroblast lines (BJ). Three different BJ-
derived hiPSC lines were tested (BJ1, BJ2, and BJ3). For DMDI, primary
myogenic cells were purchased from Telethon biobank*. At the time of
primary culture preparation from which hiPSC were derived HD1 was 24-
years old, HD2 was 34-years old, HD3 was 43-years old, DMD2 was 15-
years old, DMD3 was 14-years old and DMD4 was 10-years old. For these
lines informed consent was obtained (ethical committee approval
#28062018, University of Milan; #11112021 and #11662022, Policlinico of
Milan). DMD carried the following mutations: DMD1, stop codon muta-
tion within the exon 61 (¢.9100 C > T) of the DMD gene; DMD2, deletion of
exons 45-52 in the DMD gene; DMD3, deletion of exons 49-52 in the DMD
gene; DMD4, deletion of exons 45-50 in the DMD gene.

Human iPSCs were cultured in feeder free conditions on 0.5% Matrigel
Reduced Factor (MRF, Corning) coated cell culture plates (6-multiwell,
Sarstedt) in StemMACS iPS-Brew XF (Miltenyi Biotec) at 37 °C in 5% CO,
in cell incubator. All cell lines were tested negative for mycoplasma and
maintained below passage 18 before their use for differentiation.

DSkMs derivation and characterization of mechanical properties
Murine diaphragms were retrieved from 3 to 6-month-old C57BL/6j mice.
We have complied with all ethical regulations for animal use (protocol N.
1103/2016 and 418/2020-PR approved by Animal wellness local ethics
committee, Organismo per il Benessere Animale OPBA, University of
Padova and Fondazione Istituto di Ricerca Pediatrica Citta della Speranza
and Italian Ministry of Health). After collection, diaphragms were washed 2
times in sterile phosphate buffered saline (PBS, Gibco-Fisher Scientific) and
then transferred in deionized water in order to start the decellularization
process as previously described™. Briefly, diaphragms were processed with 3
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detergent-enzymatic treatment (DET) cycles in order to obtain a complete
cell removal. Each DET cycle was composed of deionized water at 4 °C for
24 h, 4% sodium deoxycholate (Sigma) at room temperature for 4 h, and
2000 Kunitz DNase-I (Sigma) in 1 M NaCl (Sigma) at RT for 3 h. After
decellularization, matrices were washed for at least 3 days in PBS and
immediately used or preserved in liquid nitrogen.

For atomic force measurements (AFM), freshly isolated murine dia-
phragm or dSkM were analyzed by using an Atomic Force Microscope
(XEBio), mounted on an Inverted Optical Microscope (Nikon Eclipse Ti).
This combination enabled positioning of the AFM tip on the area of interest
of the samples. All force-displacement curves were collected using PPP-
CONTSCR-10 pyramidal tips mounted on Si3N4 cantilevers with a nominal
spring constant of 0.2 N/m (NanoSensors). Cantilever spring constants were
calibrated by the manufacturer prior to use. Before each test, the sensitivity of
the AFM photodetector was calculated by measuring the slope of force-
distance curve acquired on a silicon standard. Indentations were performed at
a rate of 0.5 pm/s, producing an indentation with a depth of 2 um. All AFM
measurements were done in a fluid environment (PBS) at room temperature.
The Young’s modulus was calculated applying a fit of the Hertz model to each
individual force curve, assuming a Poisson ratio of 0.5. The moduli of at least
3 samples were calculated as an average over 3-5 sites per sample.

Differentiation of hiPSC toward neuromuscular system

Two days before differentiation (Day -2) hiPSCs were enzymatically dis-
sociated as single cells using TryplE Select (Gibco) and 40,000 cell/cm” were
seeded onto the specific culture setups. The culture setups used were: 1 cm’
surgically resected dSkM scaffold for t-NMO derivation, and 0.5% Matrigel
reduced factor (MRF, Corning) coated cell culture plates (8-chamberslide,
Sarstedt) for the samples derived in absence of dSkM. Upon hiPSC seeding,
cells were cultured in StemMACS iPS-Brew XF (Miltenyi Biotec) supple-
mented with 10 pM StemMACS Y27632 (Miltenyi Biotec) for 24 h (Day-2)
and in StemMACS iPS-Brew XF for the following 24 h (Day-1) at 37 °C and
5% CO, in cell incubator. The following day (Day0) cells were subjected to
the neuromuscular differentiation protocol, that was adapted from literature
studies”. Briefly, from day 0 to day 2 the media was switched to a Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F-12 (DMEM F-12, Gibco) basal
medium, supplemented with 1X Insulin-Transferrin-Selenium (ITS,
Gibco), 1X MEM Nonessential amino-acid solution (MEM NEAA, Gibco),
1% Pen-Strep (Gibco), 3 uM WNT agonist CHIRON99021 (Miltenyi Bio-
tec) and 0.5 uM BMP antagonist LDN193189 (Miltenyi Biotec). From day 3
to day 5, 20 ng/ml fibroblast growth factor-2 (FGF-2, Immunotools) was
supplemented to the media used from day 0 to day 2 of differentiation.
Starting from day 6, medium was changed to DMEM F-12, supplemented
with 15% Knockout™ Serum Replacement (KSR, Gibco), 1X MEM Non-
essential amino-acid solution (MEM NEAA, Gibco), 1% Pen-Strep (Gibco),
0.1 mM 2-mercaptoethanol (GIBCO), 10 ng/ml hepatocyte growth factor
(HGF, ImmunoTools), 2 ng/ml insulin-like growth factor 1 (IGF-1, Milte-
nyi Biotec), 20 ng/ml FGF-2 and 0.5 uM LDN193189. From day 8 to day 11
of differentiation cells were cultured in DMEM F-12, supplemented with
15% Knockout™ Serum Replacement (KSR, Gibco), 1X MEM Nonessential
amino-acid solution (MEM NEAA, Gibco), 1% Pen-Strep (Gibco), 0.1 mM
2-mercaptoethanol (GIBCO) and 2 ng/ml IGF-1. From day 12, the previous
media was modified by including 10 ng/ml HGF and 2 ng/ml IGF-1. From
day 26, cells were cultured in myogenic secondary differentiation media
composed by DMEM F-12 supplemented with 2% KSR, 1X Insulin-
Transferrin-Selenium (ITS, Gibco), 1% Pen-Strep, 1 uM CHIRON99021,
10 ng/ml ciliary neurotrophic factor (CNTF, Peprotech) and 10 ng/ml glial
cell line-derived neurotrophic factor (GDNF, Peprotech) until the end point
of the experiment. Of note, we did not observe variation in hiPSC seeding
among dSkMs derived from different animals.

Immunofluorescence analysis

Samples derived in presence or absence of dSkMs were respectively fixed for
1h or 10min in 4% paraformaldehyde (PFA, Sigma-Aldrich) at room
temperature. Samples were washed twice in phosphate buffered saline (PBS,

Sigma-Aldrich). For t-NMO cryosection staining, samples were embedded in
optimum cutting temperature (OCT) compound (Sakura 4583) and sec-
tioned with CM1950 cryostat (Leica). Before starting with the immunos-
taining, whole mount or cryosections were washed with PBS for 5 min and
blocked at room temperature in 1% bovine serum albumin (BSA, Sigma-
Aldrich), 0.5% Triton X-100 (Sigma) in PBS (PBST) solution for 2 h. Primary
antibodies (Supplementary Table 13) were diluted in 1% BSA PBST solution
and incubated for 72 h at 4 °C for whole mount staining, and overnightat 4 °C
for cryosections and samples derived in absence of dSkMs. Samples were then
washed 3 times for 15 min each in PBST solution and incubated for 48 h
(whole mount) at 4°C and 2h at room temperature (cryosections and
samples derived in absence of dSkMs) with secondary antibodies diluted in
blocking solution (Supplementary Table 14). To counterstain the nuclei,
10 ug/mL Hoechst 33342 (ThermoFisher) was supplemented to the sec-
ondary antibody solutions. Samples were washed with PBST and mounted
with 80% glycerol (Sigma) in PBS. Images were acquired using LSM800
inverted confocal microscope (Zeiss) and Thunder fluorescent stereo-
microscope (Leica M205 FCA) equipped with PLANAPO 1.0X objective.

Image preparation and analysis of immunofluorescence images
For contraction and Fluo-4 analysis images were collected using program
Analyze of the LASX Leica software of the stereomicroscope Leica M205
FCA. For stereomicroscope imaging we used Leica M205 FCA. For confocal
imaging acquisition, the following microscopes were used: confocal Leica
TCS SP5 microscope; confocal ZEISS LSM 800 airyscan microscope; Leica
Stellaris microscope. We used Image] software for adjustments of levels and
contrast, maximum and standard deviation intensity projections of the
images. All the quantifications reported in the study have been performed
considering at least 3 immunofluorescence images for each biological
replicate and data were expressed as mean of at least 3 independent biolo-
gical replicates. Details on the number of replicates used per each specific
experiment has been also included in the captions of the figures.

To quantify the number of NANOG"OCT", TBRASOX2" and
TBRASOX2", PAX7t, PAX7Ki67" and MYOG™ the Cell Counter tool of
Image] software (Fiji, v.2.14.0/1.54 f) was used. The number of positive cells
for each staining was normalized to the total number of nuclei counted in
each field, except for PAX7'Ki67" cells which were normalized on the total
of Pax7" cells, and expressed as a percentage.

To quantify immunofluorescence area of PAX6"SOX2* and NEUN*
cells or CHAT" and MAP2" neurons, immunofluorescence images were
converted in binary masks using the threshold tool and the measurement
plugin of Image] software (Fiji, v.2.14.0/1.54 ). According to literature', the
number of positive cells was quantified as a measure of the total cell positive
area over the neural area of each sample. For the quantification of MHC"
cells, the area occupied by the MHC" cells was normalized by the total area
of the sample. For neuromuscular compartment quantification, we adopted
the same criteria, quantifying the desmin™ and TUJ-1" area over the total
neuromuscular area of the sample.

For the distribution of muscular and neural cells in t-NMO and in
samples derived without dSkM, spatial maps were obtained by using 3D
surface plot plugin of Image]J (Fiji) software on immunofluorescence images
for desmin/TUJ-1 whole mount-stained samples.

For quantification of directionality and dispersion degree of cells and
dSkM myofibers, immunofluorescence images were converted in binary
masks using the threshold tool of Image]J software (Fiji, v.2.14.0/1.54 f) and
were analyzed using directionality plugins of Image] (Fiji, v.2.14.0/1.54 f).
The same criteria was used to quantify myotube and neuritic projection
length and thickness of samples stained in whole mount with desmin/
myosins and TUJ-1, respectively.

For quantification of the distance of PAX6"SOX2"* and NEUN™ cells
from dSkMs, we used command distance of Image]J software (Fiji, v.2.14.0/
1.54 f) to measure the perpendicular distance to the tangent to the dSkM in
cross-sections of t-NMO stained for nuclear markers that identified the cell
populations. Comparable-sized ROIs were chosen for each of the analyzed
images.
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For the quantification of NM]J (SV2-BTX co-localization), samples
were stained with SV2, BTX, and desmin in whole mount samples. To
quantify the number of clusters of BTX co-localized with SV2" neurites, we
used AIVIA AI Image Analysis Software (Aivia Go package version 14.0.0,
Leica). Only BTX clusters >2 um’ surface area were considered. According
to literature', the number of SV2-BTX clusters were normalized to the
number of myosin™ cells (quantified by using the quantify tool of Image],
Fiji, v.2.14.0/1.54 f), present into each corresponding image.

All mentioned Image] plugins have source code available and are
licensed under open-source GNU GPL v.3 license.

Live imaging analysis

All the analysis in live imaging were performed using Leica M205 FCA
stereomicroscope equipped with PLANAPO 1.0X objective, with an acqui-
sition rate of 9 frames per second. When indicated, samples were stimulated
with glutamate (Glu) or acetylcholine (ACh) neurotransmitters. Glu solu-
tion was prepared using L-Glutamic acid powder (Sigma- Aldrich) dissolved
in sterile water to obtain a 100 mM stock solution. ACh (Sigma-Aldrich) was
reconstituted in PBS to produce a 100 mM stock solution. Each neuro-
transmitter solution was administered during live imaging acquisition at the
final working concentration of 10 uM. For toxin treatments, samples were
incubated with 200 pM Botulinum neurotoxin A (BoNTA) and 1 pg/ml a-
bungarotoxin Alexa FluorTM 555 (Invitrogen, B13422) for 12 h at 37 °C,
before live imaging acquisition and analysis. BONTA was kindly provided by
Prof. Cesare Montecucco, University of Padua, IT.

For contraction analysis, samples were monitored during time of
imaging acquisition using bright field imaging or fluorescence imaging after
treatment with calcein staining (LifeTechnologies). Briefly, for calcein
staining samples were washed with PBS and subsequently incubated with a
working solution of 3 uM calcein in serum-free cell medium for 30 min at
37 °C and 5% CO,, and further washed with PBS before imaging. Variation
of pixel intensities during the time of imaging acquisition were measured
considering whole mount samples or, where indicated, for specific ROI
accurately selected in correspondence with myogenic area (sized >100 um®)
using the Quantify tool of the Leica Application Suite X (LAS X) software.
We also confirmed that the same quantifications were obtained by pro-
vidinglif files from LAS X to Image ] plugin Spiky"' (Supplementary Fig. 2h).
Briefly, Spiky performs a detection of pixel intensity variation during the
time of imaging recording. For our experiments we used a minimum peak
amplitude equal to 8% and a start peak threshold equal to 2% for detection.
These values were empirically found to fit for all the samples analyzed, when
compared with LAS X Leica software. Independently from the LASX- or
Spiky-derived.csv files used, we implemented MATLAB 2021 software
(MathWorks) to remove neurotransmitter administration-based artifacts
and photobleaching. Toward this aim, when neurotransmitters are sup-
plemented to the samples, a MATLAB 2021 algorithm was designed to
resolve signal artifacts given to media perturbation, that applied the Mod-
ified Akima piecewise cubic Hermite interpolation technique, present by
default in MATLAB with makima function, that uses a cubic interpolation
to produce piecewise polynomials with continuous first order derivative**".
For all the samples analyzed, photobleaching was resolved by implementing
a fitting correction with a double exponential decay model by using a
MATLAB 2021 code, in particular the fit function present in the curve fitting
toolbox. Additionally, applying the “normalize” option of the fit function,
intensity variation datasets were normalized to compare different samples.

For calcium experiments, samples were treated with Fluo-4-AM
(Invitrogen F14201) at day 30 of differentiation following the protocol
instruction. Briefly, after PBS wash, samples were incubated with 20 uM
Fluo-4-AM (Invitrogen), 5 pl/ml Pluronic™ F-127 (Thermo Fisher Scien-
tific), and 12.5 pl/ml sulfinpyrazone (Sigma-Aldrich) in serum-free cell
medium for 30 min at 37 °C and 5% CO,. Samples were then accurately
washed with myogenic secondary differentiation media without KSR and
subjected to live imaging analysis. Live imaging was performed as previously
described in whole mount samples. For calcium transient analysis, 26 ROIs
per sample with a size of 20 pm’ were selected to evaluate the mean

fluorescence intensity variation of restricted group of myofibers identified for
their morphology. ROI fluorescence intensity variations were analyzed using
the tool Process of the LAS X Leica software or ImageJ plugin Spiky.
Obtained data were processed and normalized with the same MATLAB code
described for contraction to express calcium variation during the time of
imaging acquisition. For calcium AF/F calculation, the same selected ROIs
used for calcium flux analysis were employed to identify baseline (before
neurotransmitter stimulation, Fy) and maximum (after neurotransmitter
stimulation, Fpeqi) fluorescence intensity values. Measure plugin of Image]
was used to quantify the AF/F, on arbitrarily extracted lif frames from LAS X
Laica software. The same results can be also reproduced by applying max and
mean functions of MATLAB on outputted Image] plugin Spiky or LAS X csv
files. AF/F, was calculated considering AF as Fpeqx - Fo, with Fpeqic as max-
imum fluorescence intensity measured upon neurotransmitter stimulation
and F, as baseline.

For vector map generation and displacement measurements, a
graphical user interface (GUI) based particle image velocimetry software
(PIVlab) version 3.07 was used according to literature® . Briefly,
selected pairs of frames acquired during live imaging analysis were cross-
correlated to yield vectorial maps and local displacement. In particular,
for the quantification of the spontaneous contraction, we analyzed
frames before contraction to reveal t-NMOs relaxation and frames before
and after contraction for the maximum displacement; maximum dis-
placement was quantified by cross-correlating pairs of frames acquired
before contraction and at the maximum displacement of t-NMOs.
Quantification of the displacement and direction of vectors was obtained
using Multipass Fast Fourier Transform (FFT) window deformation PIV
algorithm and stored as correlation matrix in a mat file. Polar charts
showing the relation between displacement and direction of vectors for
each sample were built from a custom-made R (v. 4.3.1) script using
package ggplot2 v. 3.5.1%.

All mentioned MATLAB algorithms have source code available in
MATLAB documentation, GraphPad Prism v.10, Image] plugins licensed
under open-source GNU GPL v.3 license.

RNA purification and RT-gPCR

Total cell RNA was isolated and purified using RNeasy Plus Mini Kit
(Qiagen) according to the manufacturer’s instructions. Briefly, cells differ-
entiated without dSkM were harvested by direct lysis in the cell culture well.
t-NMO samples were accurately disrupted and homogenized with sterile
scissors prior to extraction. All the harvested and homogenized samples were
lysed with RNeasy Plus lysis buffer (RLT, Qiagen) and further processed
according to the protocol. Extracted RNA quality and concentration were
assessed with Nanodrop (Thermo Scientific). Complementary DNA
(cDNA) of t-NMO and cells differentiated without dSkM was obtained using
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,) in a
dedicated thermocycler (Mastercycler X50a, Eppendorf).

Expression of myogenic and neural markers was quantified by using a
7500 Fast Real-Time PCR System (Applied Biosystem) and Platinum SYBR
Green SuperMix kit components (Invitrogen, 11733-038) according to the
manufacturer’s instructions. All the primers used are listed in Supplemen-
tary Table 15.

Target Ct values of gene expression were normalized to that of the
housekeeping genes GAPDH or myosin heavy chain. Data are shown as
relative fold change of gene expression in respect to the samples obtained in
absence of dSkM condition applying the 27**“T method, and hiPSCs were
used as negative control.

Bulk RNA-sequencing analysis

Total RNA was quantified using the Qubit 4.0 fluorometric Assay (Thermo
Fisher Scientific). Libraries were prepared from 125 ng of total RNA using
the NEGEDIA Digital mRNA-seq research grade sequencing service
(Negedia srl)** which included library preparation, quality assessment and
sequencing on a NovaSeq 6000 sequencing system using a single-end, 100
cycle strategy (Illumina Inc.).
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The raw data were analyzed by Negedia srl proprietary NEGEDIA
Digital mRNA-seq pipeline (v2.0) which involves a cleaning step by quality
filtering and trimming, alignment to the reference genome and counting
by gene**"".

Bioinformatic analysis was performed in R v. 4.2. Genes were annotated
using R package org.Hs.eg.db v. 3.16. Genes were filtered out if not having more
than half replicates from the same culture condition with at least 2 raw counts.
Raw counts were subsequently normalized and expressed as counts per million
(CPM) using R package DESeq2 v. 1.38%. Log2 scale CPM data were obtained
by adding a unit pseudo-count to avoid infinite values. PCA was performed by
R stats package function prcomp by singular value decomposition (SVD) after
centering. Differentially expressed genes (DEGs) were computed using
DESeq?2 starting from raw count data, using a P value, after correction by the
Benjamini-Hochberg method, lower than 0.01. DEGs between t-NMO and
samples derived in absence of dSkM condition were input for an over-
representation analysis within Gene Ontology (GO, https://www.ebi.ac.uk/
GOA) and Reactome (https://reactome.org/) databases. The analysis was
performed using ClueGO v. 2. 5%. within Cytoscape v. 3.10*. environment for
network visualization. A Benjamini-Hochberg corrected Pvalue cutoff of 0.001
was set. Hierarchical clustering with heat map visualization was performed
using R package pheatmap v. 1.0.12, using Euclidean distance.

Western blotting

For protein extraction, 3 dSkM and 3 frozen t-NMOs (day30) derived from BJ1,
HDI1-3 and DMD1-4 were mechanically pulverized in liquid nitrogen
vapors using a motor pestle (Kimble), and homogenized in a lysis
buffer (50 mM Tris HCL; pH 7.5, 150 mM NaCl; 1 mM EDTA; 10% glycerol;
0.5 mM DTT; 2% SDS; 1% Triton X-100) containing protease and phosphatase
inhibitors (Complete EDTA free, Roche; Cocktail II and III, Sigma).
Proteins were quantified using the BCA Protein Assay kit (Pierce, Thermo
Fisher).

Protein extracts (30 ug) were loaded onto an 8% SDS-PAGE gel pre-
pared according to standard protocols and electrophoresed at 80 V through
the stacking gel and 120V through the separating gel. Proteins were
transferred to a nitrocellulose membrane using the Bio-Rad Trans-Blot
Turbo System (2.5 A, 25V, 10 min) in a methanol-based transfer buffer.
Transfer efficiency was confirmed with Coomassie blue staining. After Red
Ponceau staining (Sigma-Aldrich), membranes were blocked with Every-
Blot Blocking Buffer (Bio-Rad) and incubated overnight at 4 °C with mouse
monoclonal anti-dystrophin antibody (NCL-DYS2, Novocastra, diluted
1:50). After three washes with TBS-T, membranes were incubated with
HRP-conjugated secondary antibodies (Dako, 1:1000) for 90 min. Chemi-
luminescent detection was performed using Immobilon Western HRP
substrate (Millipore). Signals were visualized using the Bio-Rad ChemiDoc
imaging system and quantified with ImageLab software.

Statistics and reproducibility

All analyses were performed with GraphPad prism 6. We expressed data as
mean * s.d of multiple biological replicates (as indicated in the figure legend).
We determined statistical significance by unequal variance Student’s t-test,
one-way analysis of variance (ANOVA) and Tukey’s multiple comparison
test. When needed, statistical significance is shown in Supplementary
Tables 1-12. A Pvalue ofless than 0.05 was considered statistically significant.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Bulk RNA-seq data are available at NCBI Gene Expression Omnibus (GEO)
database within the series GSE226477 (samples GSM7076294-GSM7076296,
GSM7076300-GSM7076302, and GSM7076303-GSM7076308). Bioinfor-
matic analysis has been performed with publicly available tools according to
developers’ instructions. The source data for the main and Supplementary

Figs. are available as Supplementary Data 1-4, and all other data are available
from the corresponding author on reasonable request.

Code availability
All scripts and custom code are available upon request to the corresponding
author.
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