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SUMMARY

Here we describe a novel neuro-mesodermal assembloid model that recapitulates aspects of peripheral nervous system (PNS) develop-
ment such as neural crest cell (NCC) induction, migration, and sensory as well as sympathetic ganglion formation. The ganglia send
projections to the mesodermal as well as neural compartment. Axons in the mesodermal part are associated with Schwann cells. In addi-
tion, peripheral ganglia and nerve fibers interact with a co-developing vascular plexus, forming a neurovascular niche. Finally, developing
sensory ganglia show response to capsaicin indicating their functionality.

The presented assembloid model could help to uncover mechanisms of human NCC induction, delamination, migration, and PNS devel-
opment. Moreover, the model could be used for toxicity screenings or drug testing. The co-development of mesodermal and neuroecto-
dermal tissues and a vascular plexus along with a PNS allows us to investigate the crosstalk between neuroectoderm and mesoderm and

between peripheral neurons/neuroblasts and endothelial cells.

INTRODUCTION

Within the last decade, numerous human stem cell-based
3D cell culture models were explored, mimicking the devel-
opment of different organs and tissues. These tissue models
are termed organoids. Organoids can provide an unprece-
dented opportunity to investigate and understand funda-
mental aspects of human developmental biology in vitro
(Kim et al., 2020). To increase tissue complexity and allow
multi-lineage interaction, different organoids can be
combined forming assembloids (Kelley and Pasca, 2022).
Recently, so-called embryoids were established (Morales
et al., 2021). Although, most organs and tissues have
been modeled as organoids or assembloids, suitable 3D
in vitro models of peripheral nervous system (PNS) develop-
ment are still rare.

The nervous system is divided into two parts, the cen-
tral nervous system and the PNS, which closely interact
with each other. The PNS develops mostly from a highly
fascinating cell population, the so-called neural crest
cells (NCCs) (Etchevers et al., 2019). NCCs are of neuro-
ectodermal origin and arise at the neural plate border.
They undergo an epithelial to mesenchymal transition,
start to delaminate, and finally migrate into distinct re-
gions of the embryo shortly after neurulation. During
this process, a part of the NCC population undergoes
natural reprogramming processes involving OCT4 reacti-
vation to broaden their differentiation potential (Zalc
et al., 2021). As soon as migrating NCCs reach their
destination, cells start to differentiate, e.g., into sensory
or sympathetic neurons, Schwann cells (SCs), melano-
cytes, as well as smooth muscle cells, chondrocytes, or
osteocytes.
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Here we describe a neuro-mesenchymal assembloid
model that recapitulates PNS development in vitro.
The assembloid model allows neuro-mesodermal inter-
actions and is suitable for the investigation of NCC
induction, delamination, migration, and early PNS
development.

RESULTS

To generate the assembloid model, induced pluripotent
stem cell (iPSC)-derived SOX1" neuroepithelial cell aggre-
gates and mesodermal cell aggregates were brought in
co-culture (Figures 1A and 1B). The purpose of this co-cul-
ture is to generate a neuro-mesodermal interface, at which
an intercellular crosstalk between both tissue compart-
ments takes place. Neuro-mesodermal interactions were
discussed to trigger NCC induction and delamination in
the embryo. Moreover, the mesenchymal part provides
guidance for migrating NCCs and growing peripheral
axons (Kahane and Kalcheim, 2021).

Neural and mesodermal cell aggregates were differenti-
ated separately from iPSCs utilizing different combinations
of small molecules and cytokines as previously described
(Worsdorfer et al., 2019, 2020). Neural aggregate formation
takes 7 days and is induced by purmorphamine, SB431542,
dorsomorphin, and CHIR99021 (Figure 1A). At culture day
7, cells within the neural aggregates display a neural plate-
like early neuroepithelial identity and contain cells that
have the potential to differentiated into derivates of the
CNS and PNS (Reinhardt et al., 2013). In the assembloids,
formation of neural rosettes and expression of TUBB3
(TUJ1) are hallmarks of the neural part (Figures 1C and
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Figure 1. Generation and initial characterization of neuro-mesodermal assembloids

(A) Schematic representation of the experimental workflow.

(B) Depiction of a typical neuro-mesodermal assembloid at day 14 of co-culture. The neural organoid was generated using GFP-labeled iPS

cells.

(C) Histological section of a neuro-mesodermal assembloid at day 14 of co-culture. The paraffin section was stained using hematoxylin and

eosin (H&E stain).

(D) Immunofluorescence analysis of neuro-mesodermal assembloid at day 14 in co-culture. The histological section incubated with
specific antibodies targeted against the endothelial marker-protein PECAM (CD31) and the neuron-specific marker protein BIII-TUBULIN
(TUJ1). A CD31" vascular network is visible at the neuro-mesodermal interface.

(E) Semiquantitative RT-PCR analyses detecting the expression of neural crest marker genes (TFAP2, SOX10), peripheral neuron marker
genes (PRPH, PHOX2b, ISL1), as well as sensory neuron (POU4F1 [BRN3a]) and sympathetic neuron (TH) markers. Detection of GAPDH was
used as loading control. Analyses were performed using mRNA from assembloids at different time points in co-culture (day 5-day 40).

1D). The generation of mesodermal aggregates takes 4 days
and is directed by CHIR99021 and BMP4. At the day of as-
sembloid fusion, mesodermal aggregates consist of undif-
ferentiated mesodermal progenitor cells (Schmidt et al.,
2022). In the assembloid, the mesodermal part is character-
ized by loose connective tissue and the presence of CD31-
positive blood vessel-like structures that form a perineural
vascular plexus at the neuro-mesodermal interface
(Figures 1C and 1D).

Neuro-mesodermal assembloids were kept in co-culture
for up to 40 days and were initially characterized by immu-
nofluorescence staining and RT-PCR analyses.

Semiquantitative RT-PCR revealed the expression of NCC
markers (TFAP2 and SOX10) as well as sensory and sympa-
thetic peripheral neuron markers (PRPH, ISL1, BRN3a, TH).
These initial experiments gave a first hint indicating the
formation of a PNS (Figure 1E) (Hogan et al., 2004).

Histological analyses using immunofluorescence micro-
scopy revealed the appearance of NCC-like cells within
the neural part of the assembloid (Figures 2A, S1F, and
S1I). A part of these cells is TFAP2*/SOX10, probably repre-
senting NCC precursors, while others are TFAP2*/SOX10™,
probably representing migrating NCCs (Figures 2A and S2)
(Lai et al.,, 2021). TFAP2*/SOX10~ NCC precursors are
located within the neuroepithelium, while TFAP2"/
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SOX10* NCCs are found in more loosely arranged parts
of the neural tissue. Of note, we also found a third
TFAP2* cell population, TFAP2"/MAP2* cells, which did
not show PRPH or SOX10 expression. We conclude that
these cells represent a population of developing CNS neu-
rons (Figure S2C). The observed NCC:s arise at different lo-
cations within the neural tissue and subsequently migrate
to the neuro-mesodermal interface (Figure S2A).

To assess if the neuro-mesodermal interaction is required
for NCC induction, we compared SOX10 and TFAP2
expression in neural aggregates and mesodermal aggregates
as well as neuro-mesodermal assembloids. We found that
NCCs arise in both, neural aggregates as well as neuro-
mesodermal assembloids. As expected, mesodermal aggre-
gates did not show SOX10 or TFAP2 expression (Figure S1).
While NCCs in the neural aggregates were found to cover
the whole aggregate surface (Figure S1H), NCCs in
neuro-mesodermal assembloids were mainly recruited to
the neuro-mesodermal interface and started to infiltrate
the mesodermal part from approximately day 8 on
(Figures 2B, 2C, and S1I). Moreover, ganglion-like clusters
of peripheral nerve cell perikarya were found at the inter-
face between the neural and the mesodermal part
(Figures 2C and 2D’). Cells within these ganglion-like struc-
tures stained double-positive for PRPH and ISL1
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Figure 2. Neural crest cell migration and sensory ganglion formation in neuro-mesodermal assembloids

(A-F') Immunofluorescence analysis performed on sections from neuro-mesodermal assembloids at day 14 in co-culture. (A) Detection of
TFAP2 and SOX10 expression in the neural part of the assembloid. (B) Detection of SOX10 expression shows neural crest migration from the
neural into the mesodermal part of the assembloid. (C) PRPH™ cells indicating PNS neurons are detected at the neuro-mesodermal
interface. A CD31" vascular plexus is visible in the mesodermal part of the assembloid. (D-D') While TFAP2*/S0X10" neural crest cells
(NCCs) migrate from the neural (NT) into the mesodermal (MT) part of the assembloid, PRPH*/BRN3a* sensory ganglia (SG) form along the
migration tract near the neuro-mesodermal interface. (E-E') Cells within the sensory ganglia co-express the sensory neuron marker
proteins peripherin, BRN3a, and ISL1. (F-F') Sensory neurons show typical pseudo-unipolar morphology.

(Figure 2D’), confirming their peripheral neuron identity
(Thor et al., 1991; Escurat et al., 1990). Additionally, they
were also found to be BRN3a-positive (Figures 2E and
2F/), identifying them as sensory neurons (Dykes et al.,
2011). 3D reconstruction of confocal fluorescence micro-
scopic images shows a mostly pseudo-unipolar cell
morphology in approximately 80% of the cells at day 14
of co-culture (Figures 2F, 2F, 3E, 3F, and 3G). However,
we also detected spindle-shaped bipolar peripheral neurons
as well as bell-shaped bipolar neurons (Figures 3C and 3D)
as naturally observed during sensory neuron development
in the embryo (Matsuda et al., 1998). We need to mention
that the morphology of only those neurons could be as-
sessed that were not located in densely packed cell clusters
(Figure 3H).

Bundles of peripheral nerve fibers were found to project
from the sensory ganglia into the mesenchymal tissue (Fig-
ure 3A) and were accompanied by SOX10™ cells (Figures 4A
and 4B). Moreover, 3D reconstruction of whole-mount-
stained and tissue-cleared assembloids revealed that
PRPH-positive neuronal processes do not only grow toward
the mesenchymal but also the neural part (Figure 4C, Video

S1) creating an interface between peripheral and central
nervous system. Interestingly, peripheral nerve fibers in
the mesenchymal part were accompanied by SOX10-posi-
tive cells (Figure 4D), which was not the case in the neural
part (Figure 4D'). This is like in the in vivo situation in
which peripheral neurons are either myelinated by SCs or
associated with non-myelin forming SCs while central fi-
bers are myelinated by SOX10™ oligodendrocytes.
Transmission electron microscopy (TEM) revealed that
bundles of axons perforate the basement membrane at
the basal side of the neuroepithelium to connect neural
and mesenchymal parts of the assembloid (Figure 4E). We
conclude that at least some of the SOX10" cells accompa-
nying peripheral nerve fiber bundles (Figures 4F and 4F')
represent SCs or SC precursors, which are exclusively found
in the PNS. This assumption is supported by the detected
co-expression of SOX10 and GAP43 (Figures 4G and 4G’)
(Kim et al.,, 2017). Interestingly, younger assembloids
show bundles of axons in contact with each other but
isolated from the surrounding tissues by a sheath of SCs
as observed in the early embryonic peripheral nerve (Fig-
ure 4F) (Peters and Muir, 1959). Later, the SCs invade the

Stem Cell Reports | Vol. 18| 11551165 | May 9, 2023 1157

7

((

‘



'O‘
&

bipolar

{ spindle-shaped

pseudo-unipolar
shdrt stem

branching point

% single
> process

Width (X)>95 pm
Height (Y): 9§ um
Depth (2): 18 b

Width (X): 40 um
Height (Y): 55 pm
Depth (Z): 10.5 pm

nerve, separating the axons into smaller bundles
(Figure 4F).

To test whether the assembloid model is suitable for drug
testing applications or toxicological screenings, we treated
the cultures with different concentrations of retinoic acid
(RA). RA has been shown to impact NCC delamination
and migration and can cause a condition termed fetal reti-
noid syndrome that results in neural crest migration de-
fects (Cohlan, 1953). We observed that RA treatment
reduced the mRNA expression level of SOX10 in the assem-
bloid cultures in a time-dependent manner. The solvent
DMSO showed a mild effect on SOX10 expression as well
(Figure 4H).

In the embryo, besides forming sensory ganglia, the
migrating NCCs give rise to sympathetic ganglia as well.
These are characterized by co-expression of tyrosine hy-
droxylase (TH) and PRPH (Escurat et al., 1990; Gervasi
et al., 2016). We could detect only few weakly TH-positive
cells within the sensory ganglia (Brumovsky et al., 2006)
(Figure 4I and S3A-S3C) but found a higher proportion of
TH/TUJ1 double-positive cells in larger distance from the
neural part forming small ganglion-like structures along
with SOX10* SCs (Figures 4] and S3D-S3H). This is in line
with the in vivo situation where sensory ganglia are located
near the CNS, while sympathetic ganglia are located more
distant within the sympathetic trunk or are associated
with the abdominal aorta or its major branches (Scott-Sol-
omon et al., 2021).
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Figure 3. Neuronal morphologies in sen-
sory peripheral ganglia at the neuro-
mesodermal interface

(A) Overview about a neuro-mesodermal
assembloid. PRPH is detected by immuno-
fluorescence microscopy. The picture shows
a maximum intensity projection of confocal
images.

(B) A higher magnification from (A) (white
dotted square). The image shows a gan-
glion-like assembly of peripheral neurons at
the neuro-mesodermal interface.

(C-F) Single peripheral neurons from (B) are
depicted in high magnification showing a
bipolar spindle-shaped (C), a bipolar bell-
shaped (D), as well as a pseudo-unipolar
morphology with a single short stem (E) or
long stem (F) cellular process.

(G) Depiction of a pseudo-unipolar periph-
eral neuron.

(H) Most peripheral neurons are found in
dense cell clusters, and their exact cellular
morphology is difficult to assess.

bipolar
bell-shaped

pseudo-unipolar
long stem

The observed sensory ganglia were surrounded by a
dense CD31* vascular network (Figure 5A). Within the
mesodermal part of the assembloid, peripheral nerve
fibers get in contact with CD31* blood vessels (Figure 5B).
3D reconstruction of whole-mount-stained and tissue-
cleared assembloids reveals a close interaction of PRPH*
sensory nerve fibers with the developing vascular plexus
(Figure 5C, Video S2). Moreover, when the axons contact
the vessels, they form bouton en passant-like structures
indicating synapse formation (Figures 5D and SE, white
arrow), which is not observed in axons not contacting a
vessel (Figures 5D and SE, yellow arrow).

To test the functionality of the vascular network, neuro-
mesodermal assembloids were transplanted on the
chicken chorioallantoic membrane (CAM), which led to
the connection of human assembloid vessels to the
chicken circulatory system (Figures SF-SH). 6 days
after transplantation, paraffin sections were made, and
immunofluorescence analyses were performed. We were
able to show CD31* vascular structures as well as PRPH*
ganglia and nerve fibers. Again, peripheral nerve fibers
were observed to contact human blood vessels (Figure 5G).
Moreover, nucleated chicken erythrocytes were found in-
side the vessel lumen indicating perfusability (Figure SH).

To test the functionality of sensory ganglia, we per-
formed calcium imaging. For that purpose, assembloids
were loaded with the calcium indicator Fluo4-AM and
treated with the TRPVI1-receptor agonist capsaicin
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Figure 4. Peripheral nerve formation and appearance of sympathetic ganglia in neuro-mesodermal assembloids

(A and B) Immunofluorescence analyses performed on 20-day-old assembloids show neural crest cell migration indicated by S0X10 and
TFAP2 expression (A) as well as ISL1/PRPH* ganglion formation (B). Sensory ganglia send peripheral nerve-like axon bundles into the
mesodermal part of the assembloid.

(C) 3D reconstruction of immunofluorescence pictures taken from tissue cleared assembloid. A SOX10/PRPH™ ganglion is depicted sending
axonal projections to the neural and the mesodermal part of the assembloid.

(D) Axons projecting to the mesodermal part are accompanied by SOX10" Schwann cell-like cells (D). Axons projecting to the neural tissue
are devoid of SOX10" cells (D).

(E) Transmission electron microscopic (TEM) analysis reveals axons (blue, purple, and green color) penetrating the basement membrane

(brown color) at the neuro-mesodermal interface marking the basal side of the neuroepithelium.

(F and G) Peripheral nerve-like axon bundles are accompanied by SOX10/GAP43* Schwann cell-like cells.

(H) Treatment of assembloids with 1 uM retinoic acid (RA) reduces SOX10 expression in a time-dependent manner. The solvent DMSO also
showed a mild effect on SOX10 expression. The graph includes data from three independent experiments.

(I) Large sensory ganglia at the neuro-mesodermal interface do not show expression of the sympathetic neuron marker TH.

(J) Small TH/S0X10* sympathetic ganglia can be found deeper within the mesodermal part of the assembloid.

(Caterina et al., 1997). We observed that intracellular cal-
cium levels increased 2-fold in cells located within a sen-
sory ganglion in response to capsaicin treatment indicating
the presence of at least some functional nociceptive neu-
rons (Figure 6, Video S3).

DISCUSSION

Here we present a novel in vitro assembloid model
mimicking several aspects of PNS development. The assem-
bloids allow to investigate mechanisms of NCC migration

in 3D cell culture without any need for animal experimen-
tation and directly on human tissue.

The assembloids are easy to culture and develop within
20-40 days in agarose-coated non-adhesive 96-well plates.
They can be manufactured in large numbers with compara-
ble differentiation outcome (Figure S4), which makes them
an attractive platform for toxicity testing or drug screen-
ings, e.g., to identify potential teratogenic substances that
influence neural crest cell delamination and migration dur-
ing embryonic development (Cerrizuela et al., 2020) as
demonstrated in a proof-of-concept experiment using RA
(Cohlan, 1953).
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Figure 5. Close interaction of blood vessels and peripheral nerves in neuro-mesodermal assembloids

(A) Immunofluorescence analyses performed on sections from neuro-mesodermal assembloids at day 20 in co-culture. PRPH™ ganglia at the
neuro-mesodermal interface are enwrapped by an endothelial network.

(B) Migrating neural crest cells (S0X10*) and peripheral neurons (PRPH™) were observed to be in close contact with CD31* vascular
structures.

(C) 3D reconstruction of immunofluorescence pictures taken from tissue cleared assembloid. A large sensory ganglion is depicted sending
multiple axonal projections into the mesodermal part of the assembloid. Moreover, a complex and well-organized vascular plexus can be
observed.

(D and E) Peripheral nerve fibers align with blood vessels and form bouton en passant-Llike structures (white arrow). These structures are
not observed in axons without vessel contact (white arrow).

(F-H) Transplantation of neuro-mesodermal assembloids on the chicken chorioallantoic membrane (CAM). 6 days after transplantation,
assembloids were analyzed for PRPH and CD31 expression (F). Peripheral ganglia and nerve fibers could be observed. PRPH* fibers were
found in close contact to CD31* human blood vessels (G). Chicken erythrocytes (white arrow in H) were observed inside the vessel lumen

indicating vessel functionality (H).

Although a variety of tissues and early developmental
embryo stages have been mimicked in the lab within the
last decade, 3D tissue culture models of neural crest migra-
tion and PNS development are still rare. A recent publica-
tion describes neural crest cell migration and PNS develop-
ment in the complex environment of long-term cultured
elongating human gastruloids (Olmsted and Paluh,
2021). Two other publications describe neuromuscular or-
ganoids. These develop from neuro-mesodermal progeni-
tor cells and show the formation of motor neurons and sen-
sory neurons along with skeletal muscle (Faustino Martins
et al., 2020; Pereira et al., 2021). An interesting paper by
Xiao and colleagues describes a method to directly repro-
gram mouse and human fibroblasts into sensory neurons.
The authors observed the appearance of ganglion-like cell
clusters during the reprogramming process, which they
termed “sensory ganglion organoids” (Xiao et al., 2020).
These are complex assemblies of different subtypes of func-
tional sensory neurons that arise in 2D cell culture during
the reprogramming process. However, they are devoid of
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glial cell types such as SCs or satellite cells, are not vascular-
ized, and are not embedded into connective tissue.

Here we present an alternative and easy to handle neuro-
mesodermal assembloid model, which is generated by
co-culturing mesodermal and neural spheroids. An inter-
esting aspect of the model is that migrating NCCs
co-develop and closely interact with a complex vascular
plexus as found in the embryo (George et al., 2016). More-
over, the developing sensory ganglia are highly vascular-
ized as also observed in vivo (Jimenez-Andrade et al.,,
2008). Finally, peripheral nerve fibers are getting in close
contact with the developing blood vessels. This allows an
interaction of migrating NCCs, sensory neuroblasts, and
neurons with endothelial as well as peri-endothelial cells
of the vascular plexus. Such neurovascular interactions
have been discussed to be involved in developmental pro-
cesses such as arterial specification and vessel branching
(Mukouyama et al., 2002) or axonal guidance (Makita
et al., 2008). Moreover, an interaction between endothelial
cells and sensory neuroblasts regulates both their
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Figure 6. Peripheral ganglia are responsive to capsaicin treatment

(A) Neuro-mesodermal assembloids were loaded with the calcium indicator dye Fluo4-AM and treated with capsaicin. Elevated calcium
levels in response to capsaicin treatment were observed in a distinct region of the organoid (purple dotted line). See also Video S3. (A)
After calcium measurement, assembloids were fixed in 4% PFA solution, whole-mount stained for SOX10 and PRPH, and tissue cleared. 3D
reconstruction of confocal immunofluorescence images confirmed the location of a peripheral ganglion in the capsaicin responsive region.
Tissue was partially destroyed during sample preparation at black area marked with white asterisk.

(B) Higher magnification of the image depicted in (A) (yellow dotted square). Pictures show Fluo4-AM fluorescence at different time points
(12, 24, 48, and 72 s). Capsaicin was added to the cultures after 12 s.

(C) Quantification of Fluo4-AM fluorescence intensity in four selected regions of interest (ROIs) (yellow circles in A and B).

quiescence and differentiation behavior, e.g., via endothe-
lial-neuroblast cytoneme contacts and DII4-Notch
signaling (Taberner et al., 2020). Finally, SOX10* NCCs
have been demonstrated to contribute to vascular develop-
ment in multiple organs (Wang et al., 2017). For that
reason, the presented assembloid model is a promising
platform to study such neurovascular interactions in
more detail directly in the human tissue context.

In the future, additional studies screening for more
markers of early NCC development such as SNAIL1/2,
TWIST1, FOXD3, SOX9, and ETS1 and the exact timing
of their expression need to be performed to test whether
the presented assembloid resembles the in vivo situation
in every detail. Moreover, it will be interesting to charac-
terize the exact sensory neuron subtype composition
within peripheral ganglia and to analyze if neuronal sub-
type formation occurs in different waves like in the embryo
(Marmigere and Ernfors, 2007). For this reason, it will be
important to screen for the expression of marker genes
such as NTRK1, NTRK2, and NTRK3 identifying nocicep-
tors, mechanoreceptors, and proprioceptors (Saito-Diaz
et al., 2021) and the exact timing of their expression. It
will be further important to stain tissue sections for these
markers to determine the abundancy and localization of
NTRK1-, NTRK2-, and NTRK3-positive cells. In addition,
we need to mention, that we only used PRPH as a specific
marker to identify peripheral neurons. However, not all
sensory neurons within peripheral ganglia express PRPH
(Goldstein et al., 1991).

In summary, we think that the presented assembloid
model will be useful to uncover mechanisms of human

NCC induction, delamination, migration, and PNS devel-
opment and can be utilized for toxicity screenings and
drug testing. Finally, the assembloid allows us to investi-
gate the crosstalk between neuroectoderm and mesoderm
and between peripheral neurons/neuroblasts and endothe-
lial cells.

EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Requests for further information or more detailed protocols should
be directed to and will be fulfilled by the corresponding author,
Philipp Worsdorfer (philipp.woersdoerfer@uni-wuerzburg.de).
Materials availability

This study did not generate new unique reagents.

Data and code availability

Raw data and images are available upon request to the correspond-
ing author.

Cell culture and neuro-mesodermal assembloid
formation

To generate neuro-mesodermal assembloids, human foreskin-
derived iPSCs (STEMCCA NHDF iPSCs and Sendai NHDF iPSCs)
were used as previously described (Worsdorfer et al., 2019). iPS cells
are cultured on human ESC Matrigel (Corning)-coated six-well
plates in StemMACS iPS Brew XF (human) medium (Miltenyi Bio-
tec) supplemented with 10 mM ROCK inhibitor Y-27632 (Miltenyi
Biotec) until they reach a confluency of 80%. Subsequently, cells
are dissociated by using StemProAccutase cell detachment solution
(Gibco/Life Technologies) and gentle pipetting.
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For the induction of both neural and mesodermal organoids, cells
are resuspended in StemMACS iPS Brew medium supplemented
with 10 mM ROCK inhibitor Y-27632, and 4 x 10° cells (in
100 pL medium) are seeded per well of a 96-well plate. The 96 wells
were previously coated with 1% Agarose (Biozym) to keep cells in
suspension. Cells are cultured for 24 h at 37°C and 5% CO; in a hu-
midified incubator to allow aggregation.

To induce neural differentiation, iPSC aggregates are cultured in
neural induction medium 1 (NIM1) (neurobasal medium [Gibco]
50%, DMEM-F12 [Gibco] 50%, B27 without vitamin A [Gibco] 1
X, N2-Supplement [Gibco] 1 x, L-glutamine [Gibco] 2 mM, CHIR
99210 [Sigma-Aldrich] 3 uM, SB431542 [Miltenyi Biotec] 10 uM,
dorsomorphin [Tocris] 1 uM, purmorphamine [Miltenyi Biotec]
0.5 uM) for 48 h. Subsequently the medium is changed to neural
induction medium 2 (NIM2) (neurobasal medium 50%, DMEM-
F12 50%, B27 without vitamin A 1 x, N2-Supplement 1 x,
L-glutamine 2 mM, CHIR 99210 3 pM, ascorbic acid [Sigma-Al-
drich] 0.06 mg/mL [355 pM], purmorphamine 0.5 pM) for 72 h. Af-
ter the induction phase, medium is changed to neural differentia-
tion medium (NDM) (neurobasal medium 50%, DMEM-F12 50%,
B27 without vitamin A 1 x, N2-Supplement 1 x, L-glutamine
2 mM, ascorbic acid 0.06 mg/mL [355 pM], penicillin/strepto-
mycin [Sigma-Aldich] 1 x) for 24 h.

For mesodermal induction, iPSC aggregates are cultured in meso-
derm differentiation medium (Advanced DMEM-F12 [Gibco]
100%, L-glutamine 2 mM, ascorbic acid 0.06 mg/mL [355 pM],
CHIR 99210 10 uM, BMP4 [Pepro Tech] 25 ng/mL) for 72 h.
Finally, a single neural and a single mesodermal aggregate per well
of a agarose-coated 96-well plate are brought in co-culture to allow
assembloid formation. Neuro-mesodermal assembloids are kept in
suspension culture in NDM for up to 40 days for 24 h at 37°C and
5% CO, in a humidified incubator.

Retinoic acid treatment

RA (Sigma-Aldrich) is dissolved in DMSO (Carl Roth), and assem-
bloids are treated with a final concentration of 1 uM RA in cell cul-
ture medium. Treatment starts at day 4 of neural organoid differen-
tiation, and fresh RA-containing medium is added every other day.
Assembloids are treated with RA either for 7 days or 15 days. For the
DMSO control, assembloids are treated with the corresponding
amount of DMSO for 15 days.

For quantitative RT-PCR analysis, RNA of 30-day-old assembloids is
extracted by using the Direct-Zol RNA MiniPrep Plus Kit (Zymo
Research) following manufacturer’s instructions. Complementary
DNA is prepared by using GoScript Reverse Transcriptase (Prom-
ega). Quantitative PCR analyses are conducted using the GoTaq
Q-PCR Master Mix (Promega) and a StepOnePlus Real-Time
QPCR thermocycler (Applied Biosystems).

The following primer pairs were used:

GAPDH: FW 5'-TGACAACTTTGGTATCGTGGA-3' and RV 5'-CCA
GTAGAGGCAGGGATGAT-3,

SOX10: FW 5'-CCTCACAGATCGCCTACACC-3" and RV 5’ -CATA
TAGGAGAAGGCCGAGTAGA-3'.

Immunofluorescence analyses
Co-cultured organoids are fixed in 4% paraformaldehyde (PFA) so-
lution (Sigma-Aldrich) overnight and subsequently washed with
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PBS (Sigma-Aldrich). Afterward, 5-um paraffin (Merck) sections
are prepared. For immunofluorescence analyses, sections are de-
paraffinized, rehydrated, and unmasked using sodium citrate
buffer (10 mM, pH 6). Primary antibodies to TUJ1 (Biozol,
801202), CD31 (DAKO, M0823), SOX10 (R&D Systems, AF2864),
PRPH (Merck-Millipore, AB1530), TFAP2 (DSHB, 3BS5), ISL1
(DSHB), GAP43 (Novos Biology, NB300-143), TH (Abcam,
AB112), and BRN3a (Santa Cruz, SC-8429) are diluted in NBS
blocking solution and incubated overnight at 4°C. Secondary
Cy2-, Cy3-, or CyS-labeled antibodies (Dianova) diluted in PBS
are used to visualize primary antibodies. Secondary antibodies
are incubated for 1 h at room temperature. To highlight the tissue
structure, paraffin sections are further H&E stained utilizing Eosin
y-solution (AppliChem) and Gill's Hematoxylin solution
(Chroma). Images are taken using an Axiovert 40 CFL microscope
(Zeiss) and an Eclipse Ti confocal laser scanning microscope
(Nikon).

Whole-mount staining and tissue clearing

For tissue clearing, the organoids are fixed in 4% PFA in PBS over-
night at 4°C. Afterward, organoids are washed thrice 30 min in
PBS. Subsequently, organoids are incubated in an ascending
MeOH (Sigma-Aldrich) series (30 min 50% MeOH in PBS, 30 min
80% MeOH in PBS, twice 30 min 100% MeOH) and washed
twice 30 min in 20% DMSO (Carl Roth) in MeOH. Next, a descend-
ing MeOH series follows (30 min 80% MeOH in PBS, 30 min 50%
MeOH in PBS, 30 min PBS). Subsequently, specimens are incubated
twice 30 min in 0.2% Triton X-100 (Sigma-Aldrich) in PBS and kept
in penetration buffer (PBS, 0.2% Triton X-100, 0.3 M glycine [Carl
Roth], 20% DMSO) at 37°C overnight. After that, organoids are
incubated in blocking solution (PBS, 0.2% Triton X-100, 0.3 M
glycine, 6% BSA, 10% DMSO) overnight at 37°C. For the staining
process, organoids are washed two times for 1 h in washing buffer
(0.2% Tween 20 [ApplyChem] in PBS) and afterward incubated
with primary antibodies in blocking buffer (PBS, 20% Tween 20,
4% BSA, 5% DMSO) for 24 h at 37°C. The following primary anti-
bodies are used: CD31 (DAKO, M0823), SOX10 (R&D Systems,
AF2864), and PRPH (Merck-Millipore, AB1530). The organoids
are then washed twice for 30 min in washing buffer and afterward
incubated with secondary antibodies overnight at 37°C in block-
ing solution. Finally, organoids are washed thrice 30 min in
washing buffer and dehydrated in an ascending MeOH series
(thrice 30 min in 50% MeOH in PBS, thrice 30 min in 80%
MeOH in PBS and thrice 30 min in 100% MeOH). For tissue
clearing, samples are incubated in ethyl cinnamate (Sigma-
Aldrich) for 24 h at 37°C.

Transmission electron microscopy

Organoids are fixed in 2.5% glutaraldehyde, 4% PFA in 0.1 M caco-
dylate buffer (50 mM cacodylate, 50 mM KCI, 2.5 mM MgCl2, pH
7.2) on ice for 2 h and washed four times with 0.1 M cacodylate
buffer, 5 min each. Organoids are subsequently fixed for 60 min
with 1% osmium tetroxide in 0.1 M cacodylate buffer and washed
two times in 0.1 M cacodylate buffer, 10 min each. After washing
with bidistilled water, organoids are dehydrated in an ascending
EtOH series using solutions of 30%, 50%, and 70% EtOH, 10 min
each. Organoids are contrasted with 2% uranyl acetate in 70%



EtOH for 60 min and subsequently dehydrated using an EtOH
array of 70%, 80%, 90%, and 96% and two times 100% for
10 min each. Subsequently, organoids are incubated in propylene
oxide (PO) two times for 30 min before incubation in a mixture of
PO and Epon812 (1:1) overnight. The following day, samples are
incubated in pure Epon for 2 h and embedded by polymerizing
Epon at 60°C for 48 h.

Specimens are cut using an ultramicrotome, collected on nickel
grids, and post-stained with 2.5% uranyl acetate and 0.2% lead cit-
rate. Finally, specimens are analyzed using a LEO AB 912 transmis-
sion electron microscope (Zeiss).

Semiquantitative RT-PCR analyses

For semiquantitative RT-PCR analyses, RNA is extracted by using
the Direct-Zol RNA MiniPrep Plus Kit (Zymo Research). To generate
cDNA, the GoScript Reverse Transcriptase (Promega) is used as
described in the manufacturer’s protocol. The polymerase chain re-
action is performed using the Red MasterMix (2x) Taq PCR
MasterMix (Genaxxon) using the following primer pairs:
POU4F1: FW 5'-GGGCAAGAGCCATCCTTTCAA-3’ and RV 5'-CTG
TTCATCGTGTGGTACGTG-3,

GAPDH: FW 5-TGACAACTTTGGTATCGTGGA-3' and RV 5'-CCA
GTAGAGGCAGGGATGAT-3/,

ISL1: FW 5'-GCGGAGTGTAATCAGTATTTGGA-3' and RV 5'-GCA
TTTGATCCCGTACAACCT-3,

PRPH: FW 5'-GCCTGGAACTAGAGCGCAAG-3’ and RV 5-CCT
CGCACGTTAGACTCTGG-3,

PHOX2b: 5'-AACCCGATAAGGACCACTTTTG-3' and RV 5'-AGAG
TTTGTAAGGAACTGCGG-3,

SOX10: FW 5'-CCTCACAGATCGCCTACACC-3' and RV 5'-CATA
TAGGAGAAGGCCGAGTAGA-3,

TFAP2: FW 5'-AGGTCAATCTCCCTACACGAG-3' and RV 5'-GGAG
TAAGGATCTTGCGACTGG-3/,

TH: FW 5-GGAAGGCCGTGCTAAACCT-3' and RV 5-GGATT
TTGGCTTCAAACGTCTC-3'.

Calcium imaging

Calcium imaging is performed on organoids glued to a cover slip
using 20 puL human ESC Matrigel. Organoids are loaded with
1 uM Fluo4-AM (Gibco) and incubated at 37°C for 30 min. Subse-
quently, organoids are washed with PBS and kept in culture me-
dium. To test the functionality of sensory ganglia, capsaicin
(Thermo Fisher Scientific), dissolved in chloro-form, is added to
culture medium to a final concentration of 1 uM. A video of the dy-
namic fluorescence changes is recorded using a Leica DM IL LED
microscope equipped with an external light source for fluorescence
excitation (Leica EL6000) and a Leica DFC450C camera. Quantifi-
cation and data analysis are performed using Image] (Fiji) and Mi-
crosoft Excel.

Chick chorioallantoic membrane assay

Fertilized chicken eggs are incubated at 37 °C at a humidity of 60%.
After 5 days of incubation, assembloids are transplanted on the
CAM of the developing chicken embryo. For transplantation, as-
sembloids are attached to a round nylon mesh (diameter of
approximately 5 mm; 150 pm grid size, 50% open surface, 62 pm
string diameter, 35 g/m?, PAS2, Hartenstein) with 10 uL Matrigel.

After gelling at 37°C, the mesh is placed upside down on the
CAM. After 5-10 days, the mesh with the organoids is carefully ex-
planted, washed in PBS, and fixed for 1 h in 4% PFA. Subsequently,
5-um paraffin sections are prepared and processed for immunoflu-
orescence analyses as described above. All procedures comply with
the regulations covering animal experimentation within the EU
(European Communities Council DIRECTIVE, 2010/63/EU).
They are conducted in accordance with the animal care and use
guidelines of the University of Wiirzburg.
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Figure S1: Neural Crest cells (NCCs) arise in neural organoids and neuro-mesodermal assembloids
but not in mesodermal organoids

A-C: TFAP2* cells are detectable via immunofluorescence microscopy in neural plate organoids (NPO) and
neuro-mesodermal assembloids (NMA) after 4 days in co-culture but not in mesodermal organoids (MO) on
the corresponding culture day. D-F: Sox10* cells are detectable via immunofluorescence microscopy in NPOs
and NMAs after 4 days in co-culture but not in MOs on the corresponding culture day. The red arrowheads in
F point towards NCC clusters at the neuro-mesodermal interface which will probably give rise to sensory
ganglia. G-l: At culture day 8, SOX10" cells were found covering the complete surface of NPOs. In contrast,
they were mostly recruited to the neuro-mesodermal interface in NMAs. MOs remained SOX10" also at later
time points in culture. The yellow arrowhead in | points towards SOX10* NCCs migrating into the mesodermal
part of the assembloid. J: Reverse transcription PCR (RT-PCR) was performed on mRNA samples collected
from MOs, NPOs and NMAs at co-culture days 4, 6, 8 and 10 confirming the observations depicted in A-l.
Specific primer pairs for the detection of TFAP2 and SOX710 were used. Detection of GAPDH cDNA served as
loading control. K: NPOs at day 10 of differentiation show clearly defined clusters of cells at specific sites on
the NPOs surface. These clusters consist of SOX10"* cells located towards the NPO and ISL1* cells located
towards the outside. L: At day 15 of differentiation, ISL1* cells become partially PRPH" indicating PNS neuron
differentiation at defined sites within NPOs.
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Figure S2: Immunophenotype of TFAP2* cells within neuro-mesodermal assembloids.

A: TFAP2* cells arise at different locations within the neural part of the organoid. Some of these cells turn
TFAP2*/SOX10* (yellow arrowhead) and start to migrate towards the neuro-mesodermal interface where they
form distinct cell clusters which will give rise to sensory ganglia (red arrowhead). B-C: We were able to
distinguish 3 different TFAP2" cell types. In B, TFAP2*/SOX10* cells and TFAP2*/SOX10" cells are depicted.
The TFAP2*/SOX10" cells are located within a part of the tissue with neuroepithelial morphology (NE), while
the SOX10*/TFAP” cells are in a part of the assembloid where cells are more loosely arranged. The border
between the tissue types is highlighted by the white dotted line. We conclude that TFAP2*/SOX10 cells are
neural crest precursors, while TFAP2*/SOX10*cells represent migratory neural crest cells. C: Besides neural
crest precursors and neural crest cells a third TFAP2* cell population can be detected. These cells are
TFAP2*/MAP2* and do not show SOX10 or Peripherin expression. We assume, that these cells are developing
CNS neurons. The white arrow points towards a single MAP*/TFAP2* neuron. The white dotted line marks the
border between neuroepithelium (NE) and differentiated neuronal cells derived thereof.
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Figure S3: Tyrosine hydroxylase (TH) expression in peripheral ganglia

A: Depiction of a sensory ganglion (SG) at the neuro-mesodermal interface. TH positive neurons were
detected in the neural part of the assembloid but not in the SG. The sensory ganglion was identified by the
presence of SOX10* cells and its localization in the mesenchymal tissue. B-C: In few cases, TH* neurons were
also found in SOX10* sensory peripheral ganglia close to the neural part of the assembloid. C shows a higher
magnification of B (white dotted square). The white arrowhead in C points towards a TH* neuron. D-E:
Although, rare TH* neurons are also present in sensory ganglia, most TH expressing neurons are found in
smaller ganglion-like structures more distant from the neural part of the organoid, probably representing
sympathetic ganglia. Like in the in vivo-situation, not all neurons in sympathetic ganglia express TH. F-H: TH*
fiber bundles were detected originating from TH* ganglion-like cell clusters and projecting into the
mesenchymal tissue.
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Figure S4: Reproducibility of the experimental procedure
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A: 8 individual representative organoids at day 7 in co-culture are depicted. B: 8 representative neuro-
mesodermal organoids at day 14 in co-culture are depicted. C: Whole mount immunofluorescence analyses
using specific antibodies targeted against CD31 and Peripherin (PRPH) were performed. Images show a 3D
reconstruction of confocal microscopic images from a representative tissue cleared organoid (SG: sensory
ganglia, NT: neural tissue, MT: mesodermal tissue).

Supplemental Movies



Movie S1: Large sensory ganglion at the neuro-mesodermal interface

The movie shows a large sensory ganglion at the neuro-mesodermal interface. Peripheral neurons (green)
were detected using specific Peripherin antibody. Neural crest cells and derivates were detected using a
SOX10 antibody (red). Nuclei are stained with DAPI. The movie shows a 3D reconstruction from a z-stack of

confocal images taken by laser scanning microscopy.
Movie S2: Blood vessels and peripheral nerves in the mesodermal part of the assembloid

The movie shows a hierarchically organized network of blood vessels (red) and peripheral nerve fiber bundles
(green) in the mesodermal part of the assembloid. Peripheral neurons were detected using specific Peripherin
antibody. Blood vessels were detected using a CD31 antibody. The movie shows a 3D reconstruction from a

z-stack of confocal images taken by laser scanning microscopy.
Movie S3: Sensory ganglion cells show increased calcium levels in response to capsaicin treatment

The movie shows a calcium imaging experiment (left side). The intracellular calcium levels were visualized
using Fluo4-AM. Calcium levels rise in response to capsaicin treatment. Video plays at 8x speed. After calcium
imaging, the assembloid was fixed and whole mount stained using specific antibodies targeted against
Peripherin (green) and SOX10 (red) to visualize the position of the peripheral ganglion (right side).
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