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Abstract 

Multipotent, migratory progenitors neural crest cells (NCC) and their multipotent 

derivatives, peripheral-nerve-associated Schwann cell precursors (SCP), 

contribute to a diverse spectrum of cell types, ranging from the cells of the 

peripheral nervous system to pigment-producing melanocytes. In addition to 

their vast developmental repertoire, these progenitors’ malignant transformation 

has been implicated in a range of NCC-associated pathologies including 

paediatric cancer neuroblastoma. However, due to a lack of early human 

developmental models, characterization of human-specific aspects of NCCs 

and SCPs cell fate decisions remains challenging. Here I utilize the potential of 

three-dimensional (3D) in vitro organoids to generate a human-induced 

pluripotent stem-cell-based model of NCCs/SPCs lineage decisions. I 

demonstrate that gastruloids exposed to prolonged incubation with Wnt-agonist 

CHIR 99021, robustly display early developmental hallmarks such as early 

symmetry breaking, NCCs induction, and nerve-association of SCPs-like cells. 

Additionally, mature organoids express cell type-specific biomarkers of 

NCC/SCP derivatives autonomic neurons, and chromaffin cells. Finally, these 

data reinforce the importance of stringent assessment of iPSC lines’ 

pluripotency states, as a guiding principle in organoid protocol optimization.  

Subsequently, this in vitro model provides a novel platform to investigate the 

molecular determinants that drive cell fate decisions, transitory states, and 

malignancies of NCC and SCPs in high spatiotemporal resolution.  

Keywords: gastruloid, neural crest, neural crest lineage, fate reprogramming, 

peripheral nervous system, neuroblastoma  
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Introduction 

Neural crest cells (NCC) are a neuroectoderm-derived population of multipotent, 

self-renewing, progenitor cells, often referred to as the 4th germ layer due to 

their vast developmental repertoire. As such, NCCs give rise to not only the 

ectomesenchymal cells of the face, and heart but also constitute the sensory- 

and autonomic nervous system, including enteric-, parasympathetic- and 

sympathetic neurons, peripheral glia, chromaffin cells and melanocytes1,2. 

NCCs are induced during gastrulation and become morphologically 

recognizable during neurulation at the neural plate border. Here closure of the 

neuroepithelium prompts epithelial-mesenchymal transition, delamination, and 

migration of NCCs3,4. During migration, NCCs undergo fate commitment biased 

by their initial spatiotemporal code2,5,6 and environment 3,7.  

While the exact mechanisms that govern NCC fate decisions and free migration 

are reviewed elsewhere2,4,8–10, the main focus of this thesis is a subset of NCCs, 

that are tethered to outgrowing nerves and become Schwann cell precursors 

(SCPs). SCPs are multipotent, neural-crest-like cells, that use nerves for 

transportation and as stem cell niche11. As such NCCs and SCPs share a gene 

expression of marker- and downstream genes1,11, as well as derivatives 

including melanocytes, chromaffin cells, autonomic neurons, and peripheral 

glia1,11,12. During their differentiation, NCCs/SCPs undergo a complex variety of 

transitional cell fates. One such state was characterized as a transcriptional 

multipotent “hub”/SCP state of biased NCC/SCP (Itga4, Serpine2, Sox8) 

preceding lineage commitment, in both murine NCC/SCP6,13 and the developing 

human sympathoadrenal system14.  

In addition to their developmental importance, pathologies like melanoma15,16, 

neurofibromatosis17, and neuroblastoma14,18–20 have been implicated as 

NCC/SCP-derived. For example, neuroblastoma, the most common 

extracranial solid paediatric tumor19, likely derives from arrested or delayed 

SCPs differentiation towards the sympathoadrenal lineage6, or immature 

sympathoadrenal progenitors that reacquired NCC/SCP-characteristics18,21–23. 

However, exact knowledge on the developmental origin, plasticity, and 



8 
 

treatment effects of NCC-related cancers including neuroblastoma, is currently 

lacking14,24.  

While animal models provide valuable insights into the aforementioned 

mechanisms2,6,13,14,21,23, interspecies discrepancies impede recapitulation of all 

human-specific aspects of disease and development. These discrepancies 

include 1) developmental time scale25,26 2) gene expression in NCC/SCP 

derivatives, like reversed CART expression in human chromaffin cells and 

mouse sympathoblasts14, 3) developmental mechanisms, including reversed 

fate transitions of the sympathoadrenal lineage14, and 4) pathogenesis, such as 

missing metastasis27,28. Furthermore, while murine models recapitulate some 

aspects of the pathology, neuroblastoma does not naturally occur in 

mice14,23,29,30.  

Human pluripotent stem cell- (hPSC)based in vitro models (stembryo31) gained 

popularity as a human model, as it allows high-throughput screens32–36, easy 

genetic modifications32,37 and reporter-based lineage tracing38–41, circumventing 

ethical constraints of human embryo use25.  Current human stembryos include 

organoids of the posterior neural tube32, elongating multi-lineage organized 

(EMLO) organoids of all three germ layers (gastruloids)42, organoids of the trunk 

region including somites (somitoids)43 and human-embryo like structures 

resembling human Carnegie stage (CS) 7 gastrula44. In this study, EMLO 

gastruloids are employed as a model of SCPs cell fate decisions, based on their 

displaying of central- and peripheral nervous system (PNS) components 

including putative NCCs and presumed nerve-associated SCP35.  

Due to their resemblance to embryonal posterior regions (human CS 8-9, mouse 

CS 8.5), stembryos have been used to model early mammalian symmetry-

breaking, axis-formation, and organogenesis32,35,36,42,45,46 as well as human-

specific aspects of disease47. However, the field faces challenges of high 

phenotypic variability within experiments31,46, repeatability, and reproducibility, 

often attributed to specific affordances of cell lines, batch effects of culture 

material, and differences between manufactureres48. To minimize variability, 

stembryo-culture requires tight control of 1) cell source49 and pluripotency 

state46,50, 2) matrix materials43,51, 3) physical cues (e.g. culture density and 
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aggregate size)32,36 and 4) spatiotemporal and dose of exogenous soluble 

factors such as growth factors (GF) and small molecule inhibitors/activators, 

most prominent of all Wnt-agonist CHIR32,37,49,52.  

As such, while stembryos can achieve physiological relevance by mimicking 

specific features of in vivo development, they require careful consideration of 

experimental needs, choice of model system, stringed quality tests of source 

material, and protocol optimization.  Thus, this thesis aims to 1) choose a 

suitable cell line out of two commercially available cell lines ShiPS-miFF1 and 

STAN062i-164-2 for generation of EMLO gastruloids, 2) adapt EMLO gastruloid 

protocol, one of two currently available models of PNS development35,53, into a 

model of neural crest lineage development, and 3) meticulously characterize the 

model and its cell types to ensure bioequivalence to human development.  
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Methods 

Human induced pluripotent stem cells (hiPSC) and culture 

conditions  

hiPSC lines ShiPS-miFF1 (MIFF) and STAN062i-164-2 (STAN) obtained from 

neonate, male Caucasian donors maintained were expanded on human ESC 

matrigel (Corning, 1:100 dilution) coated culture-ware in pluripotency media 

TeSR E8 (Stemcell Technologies) or mTeSR Plus (Stemcell Technologies) at 

37°C and 5%CO2. Media was exchanged every day for TeSR E8 and every 

second day for mTeSR Plus, and zones of differentiation were manually 

removed with every media change. Cultures were routinely passaged (split ratio 

1:8) at 70-80% confluency, using EDTA solution (0,5mM, Sigma) in dPBS 

(Gibco) and gentle pipetting for STAN and ReLeSR (Stemcell Technologies) for 

MIFF iPSC.  

EMLO gastruloid formation 

EMLO gastruloids were generated following the “EMLO gastruloid protocol” 

described by the authors Olmsted and Paluh using hiPSC lines MIFF and STAN 

maintained to 60% confluency as starting material. For pre-treatment, 

multipotency media was replaced with N2B27 basal medium (1:1 Neurobasal 

medium (Thermo Fisher) DMEM/F12 (Corning), 2% B-27 Plus supplement 

(Thermo Fisher, 12587-010), 1% N-2 supplement (Thermo Fisher), 1x 

GlutaMAX (Thermo Fisher), 1x MEM Non-Essential Amino Acids (Thermo 

Fisher)) and supplemented with 3μM CHIR (StemCell Technologies) and 

40ng/mL FGF2 (StemCell Technologies), unless indicated otherwise.  

Colonies were maintained in pre-treatment medium for 2 days and media was 

changed daily. Aggregation protocol was started (day 0) by generation of a 

single cell suspension using 1:1 accutase (StemCell Technologies)/HBSS 

(Ca++ and Mg+ free, Gibco) and manual titration. All culture ware was coated 

with anti-adherence rinsing solution (StemCell Technologies), followed by two 

rinses with HBSS. Cell numbers were determined using Neubauer Counting 

Chamber, resuspending 106 cells/mL N2B27 supplemented with FGF-2 

(10ng/mL), IGF-1 (2ng/mL, Miltenyi Biotec), HGF (2ng/mL, Miltenyi Biotec) and 
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Y-27632 (50 μM, StemCell Technologies). Cell suspension was maintained for 

24h on an orbital shaker (75rpm, clockwise) in a humidified incubator (37°C, 5% 

CO2).  

On 1 and 2dsc, half of the media was swapped for N2B27 basal medium 

supplemented with FGF2 (10ng/mL), IGF1 (2ng/mL), and HGF (2ng/mL). On 

day 3 the entire volume of medium was exchanged for N2B27 basal medium 

supplemented with IGF1 (2ng/mL) and HGF (2ng/mL). On day 4 the EMLO all 

organoids were transferred to 100mm petri dishes treated with anti-adherence 

rinsing solution and maintained in N2B27 basal medium in a humidified 

incubator (37°C, 5% CO2) on the orbital shaker (70rpm, clockwise). One-half of 

the medium was swapped every 3-4 days. For all experiments, repeatability was 

ensured by stringent control of initial iPSCs seeding density and cell number of 

single-cell suspensions during gastruloid generation. 

Whole Mount Immunohistochemistry and clearing  

EMLO gastruloids were pooled and fixed with 4% paraformaldehyde (PFA) 

solution for 2-6 hours depending on size at 4°C rocking. Samples were 

permeabilized by three consecutive steps of incubation (20 minutes, 4°C) in 

0,2% TritonX-100 (Sigma) in 1x PBS (Gibco) and blocked overnight using 1% 

bovine serum albumin (BSA, Sigma) in 0,1% Tween20 (Sigma) in PBS (PBST). 

Gastruloids were transferred to 0.5mL epis and primary antibodies were added 

and incubated for 48 hours at 4°C (for dilutions and a listing of used antibodies 

see Table 1). Following incubation with primary antibodies, gastruloids were 

washed three times in 1% BSA in PBST and three times in PBST, before adding 

secondary antibody solution (1:1000) with nuclei staining with DAPI, 1ug/mL 

and incubating overnight at 4°C (for list of used antibodies see table 2). 

Incubation was followed by three washes in 1% BSA in PBST and 2 washes 

with PBST. Clearing was performed after dehydration in an ascending Methanol 

series (5 min 50% MeOH in PBS, three times 20 min in 100% MeOH) by using 

BABB. Images were taken with Zeiss LSM880 laser-scanning microscope (10x, 

20x objective and 40x objective).   
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Immunohistochemistry  

Samples were incubated overnight in 30% sucrose at 4°C, after which sucrose 

was removed and gastruloids embedded in OCT mounting media (StatLab). 

Samples were sectioned (14μm) on Superfrost plus slides and dried at room 

temperature for a minimum of one hour before staining. Alternatively, sections 

were stored at -20°C. For antigen retrieval before immunohistochemical 

staining, slides were submerged in target retrieval solution (DAKO) and 

steamed for 20 minutes. Slides were allowed to cool at room temperature for 40 

minutes, before three washing steps (10min) in 0,1% Tween20 (Sigma) in 

1xPBS (Gibco) (PBST). Samples were blocked in 3% normal donkey serum in 

0,1% TritonX-100 (Sigma) in PBS before incubation in primary antibody solution 

(for dilutions and a listing of used antibodies see Table 1) in a humidified 

chamber at room temperature. Before secondary antibodies (1:1000) with 

additional nuclei staining with DAPI, 1ug/mL in 1x PBST was added (see table 

2), and samples were washed three times (10min) in PBST. Secondary antibody 

incubation lasted for 90 minutes at room temperature, followed by three washes 

(10 minutes) with PBST. The gastruloids were mounted with Mowiöl mounting 

medium (Millipore). Images were taken with Zeiss LSM880 laser-scanning 

microscope (10x, 20x, 40x objective N/A).  

Table 1: Primary antibodies 

ANTIBODY HOST   SECTION WHOLE 

MOUNT 

MANUFACTURER IDENTIFIER  

ALPHA-

HAND2  

rabbit  1:500 
 

Abcam ab200040 

ALPHA-

ISL1 

mouse  1:200 1:150 hybridoma bank 39.4D5 

ALPHA-

P75/NGFR 

rabbit 1:1000 
 

Cell signaling 8238 

BRN3A 

(POU4F1)  

rabbit 1:300 
 

Merck millipore AB5945 

CART rabbit 1:1000 
 

Phoenix 

Pharmaceuticals 

H-003-62 

FOX2A goat 1:400 1:100 R&D Systems   AF2400 

GATA6 goat 1:500 1:200 R&D Systems AF1700 

HSOX10 Goat 1:1000 1:800 R&D Systems  AF2864 

HUC/D mouse  1:500 
 

Molecular Probes A21271 
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PHOX2B goat  1:1000 1:400 R&D AF4940 

SOX10  mouse  1:500 
 

Santa cruz sc-374170 

SOX2 rabbit  1:1000 1:650 Abcam  ab97959 

SOX8 rabbit  1:500 
 

Gene Tex GTX129949 

TFAP2A  

(AP2 

ALPHA) 

mouse  1:50 
 

Novus NBP2-

52571 

TH rabbit  1:1000 1:800 Sigma  T2928 

TH Sheep  1:500 
 

NOVUS(bio) NB300-110 

TUJ1 mouse  1:500 1:400 Promega G712A 

 

Table 2: Secondary Antibodies 

ANTIBODY WAVELENGTH  

(NM) 

CATALOG 

NUMBER 

MANUFACTURER  HOST  

ANTI-GOAT 

IGG 

647 A21447 Thermo Fisher 

Scientific  

donkey 

 
555 A21432 Thermo Fisher 

Scientific  

donkey 

 
488 A11055 Thermo Fisher 

Scientific  

donkey 

ANTI-MOUSE 

IGG 

647 A31571 Thermo Fisher 

Scientific  

donkey 

 
555 A31570 Thermo Fisher 

Scientific  

donkey 

 
488 A21202 Thermo Fisher 

Scientific  

donkey 

ANTI-RABBIT 

IGG 

647 A-31573 Thermo Fisher 

Scientific  

donkey 

 
555 A-31572 Thermo Fisher 

Scientific  

donkey 

 
488 A21206 Thermo Fisher 

Scientific  

donkey 

 

Statistical analysis and acquisition of size parameters   

Raw data was collected in Microsoft Excel version 2309 (Build 16827.20130). 

Statistical tests were performed on multiple independent replicates using 

RStudio 2022.02.3 (Build 492). Measurements of size parameters length (long 

axis of the organoid) and width (short axis of the gastruloid) were attained using 

Fiji software (aspect ratio: line tool; area: freehand selection tool) on bright-field 

images (PNG).  Nuclei were automatically counted using Imaris based on 

https://www.thermofisher.com/order/catalog/en/US/adirect/lt?cmd=catProductDetail&entryPoint=adirect&productID=A21447&messageType=catProductDetail
https://www.thermofisher.com/order/catalog/en/US/adirect/lt?cmd=catProductDetail&entryPoint=adirect&productID=A21432&messageType=catProductDetail
https://www.thermofisher.com/order/catalog/en/US/adirect/lt?cmd=catProductDetail&entryPoint=adirect&productID=A11055&messageType=catProductDetail
https://www.thermofisher.com/order/catalog/product/A21206
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immunofluorescent images using Z-slices. ***p < 0.001, **p < 0.01, *p < 0.05, 

n.s. not significant (α = 0.05). Analysis of statistical power was not performed. 

More detailed information on the specific test used is provided in the figure 

legends of the results section. 

Results 

Cell-line-specific variations of morphology and gene 

expression during gastruloid formation  

To model NCC lineage cell fate decisions, I adapted an existing gastruloid 

formation protocol by Olmsted and Paluh35 (Figure 1A) using commercially 

available human iPSC lines ShiPS-miFF1 (MIFF) and STAN062i-164-2 (STAN) 

obtained from neonate, male Caucasian donors. This gastruloid protocol is 

divided into initial induction of two-dimensional (2D) iPSC colonies, followed by 

further aggregate formation and maintenance in three-dimensional (3D) 

suspension culture. In the following sections, time will be assigned as “days in 

suspension culture” (dsc) rather than “days in vitro”, to allow easier comparison 

with similar gastruloid protocols. Within suspension culture, various indicators 

of successful gastruloid development are employed: a) the overall increase in 

size, b) unidirectional elongation, and c) the formation of two compartments with 

distinct transparency35.  

To assess these parameters I measured aggregate area and aspect ratio from 

phase-contrast microscopy images (Figure 1B-C) during the “critical growth 

period” of the gastruloids, corresponding to 4- to 15 dsc35. Here, STAN- and 

MIFF-derived gastruloids, display an increase in their aspect ratios between 4- 

and 15 dsc, indicating successful elongation (Figure 1D, E). During the same 

timeframe, no significant increase in area was measured in either gastruloid 

culture (Supplementary Figure 1A, B), suggesting gastruloid elongation and 

overall size increase as independent mechanisms. This notion is further 

supported by a lack of correlation between size and elongation in gastruloids 

derived from both cell lines (Figure 1F). Of note, while at 4 dsc, MIFF-derived 

gastruloids presented significantly bigger areas (Supplementary Figure 1C) and 

higher aspect ratios (Figure 1G) than STAN-derived gastruloids their size was 

found to be almost identical at the end of the critical growth period (Figure 1F, 
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Supplementary Figure 1C). This agrees with measurements of gastruloid area, 

which continuously increase in STAN-derived gastruloids, while they stagnate 

at 4 dsc in MIFF-derived gastruloids (Supplementary Figure 1A). Taken 

together, these observations suggest a possible developmental retention of 

MIFF-derived gastruloids after 4 dsc.  

Previous studies established that symmetry breaking within 72-96 hours of 

gastruloid formation sets up the anterior-posterior axis35,36,42,46. Symmetry 

breaking is characterized as polarized expression of early developmental TFs 

including BRACHYURY, SRY-box2 (SOX2), SRY-box1 (SOX1), and caudal 

type homeobox 2 (CDX2) by the posterior-, and GATA binding protein 6 

(GATA6) within the anterior domain35,36,42,46. To assess the success of 

symmetry breaking of EMLOs generated from STAN- and MIFF iPSC, 

immunofluorescence analysis of samples after 4 dsc for expression of naïve 

pluripotency and neuroectodermal marker SOX254 and early mesoendodermal 

marker GATA636 was performed (Figure 1H). Quantification of gastruloid 

expression pattern, reveals that STAN-dervided gastruloids are significantly 

less likely to express SOX2 and undergo successful symmetry breaking than 

MIFF-derived gastruloids (Figure 1I). Halve (51%) of SOX2+ MIFF-derived 

gastruloids show SOX2 immunoreactivity at the gastruloid core (centre) similar 

to murine gastruloids described by Suppinger et al. (2023), rather than secluded 

to one pole (49%) (Figure 1J). The lack of SOX2 immunoreactivity in STAN-

derived gastruloids is puzzling, considering literature describing the default state 

of gastruloids before symmetry breaking as SOX2+ aggregate35,42.  

Based on this analysis of morphological features and gene expression at the 

first 4 dsc of gastruloid formation, I hypothesize that 1) gastruloid elongation and 

growth are independent mechanisms, 2) iPSC lines diverge in likelihood of 

symmetry breaking events with STAN cell line failing to replicate early SOX2 

expression.  
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Figure 1: iPSC line affects the success of gastruloid protocol as defined by unidirectional 
elongation and early symmetry-breaking events of SOX2 and GATA6 expression. (A) Schematic of 
gastruloid generation based on protocol published by Olmsted and Paluh (2021) (B) Phase contrast image 
of iPSC lines MIFF and STAN cultured in N2B27 for 15 dsc. Scale bars: 100 μm. (C) Schematic of 
gastruloids’ aspect ratio measurement. Width measures the thinnest part of the gastruloid. (D) Linear 
regression of elongation of gastruloids generated from MIFF- and STAN- iPSC lines measured by aspect 
ratio between 1 and 15 dsc. (E) Violin plot showing MIFF- and STAN-derived gastruloids aspect ratios, 
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Student t-test p-value - * < 0.05, ** < 0.01,***<0.001, ns > 0.05, n is the number of quantified gastruloids 
per group. (F) Violin plot comparing MIFF- and STAN-derived gastruloids aspect ratio on 4 and 15 dsc by 
Student t-test p-value - * < 0.05, ** < 0.01,***<0.001, ns > 0.05,  n is the number of quantified gastruloids 
per group. (G) Correlation of Area (measurements to the power of 104) and Aspect ratio of MIFF- and 
STAN-derived gastruloids throughout the 15 dsc. Datapoints are color-coded according to the day of 
measurement. (H) Immunofluorescence staining images of gastruloids derived from MIFF and STAN iPSC 
on 4 dsc showing SOX2 (red) and GATA6 (green). Scale bars: 20 μm. (I) Percentage of gastruloids with 
SOX2-positive cells (J) Percentage of gastruloids with SOX2-positive cells located in the core or on the 
periphery. 

Adjustment of culture conditions promotes elongation and 

rescues early symmetry breaking of STAN-derived gastruloids  

Broad variability in the differentiation potential of hiPSC lines52 requires cell line-

specific adjustment of culture media32,42, WNT agonist CHIR 99021 

(CHIR)32,37,42 and growth factor (GF) concentrations46 to optimize elongation 

and symmetry breaking within established gastruloid protocols. Subsequently, I 

investigated the effects of culture media and GF concentrations on STAN-

derived gastruloids at 4 dsc (Figure 2A-C; Supplementary Figure 2A, B) by 

comparison of control conditions (E8 media, 1xGF) with condition 1 

(mTESRplus media, 3xGF), condition 2 (mTESRplus media, 1xGF) and 

condition 3 (E8 media, 3xGF).  Data show that heightened GF conditions 

(conditions 1, 3) presented with an increased likelihood of gastruloids 

expressing SOX2 (Figure 2A, B) and a significant increase in aspect ratios 

(Figure 2C), but not organoid size (Supplementary Figure 2B), indicating GF-

mediated promotion of SOX2 expression and elongation. 

To examine STAN-cell line-specific effects of WNT-activation at 4 dsc, I applied 

variable concentration of the WNT agonist CHIR during initial induction of 2D 

iPSC colonies (3.0μM, 3.3μM, and 3.6μM) in combination with 3xGF 

concentrations (Figure 2C-H). Assessment of gastruloid morphology revealed 

two visually distinguishable compartments (Figure 2D), and a significant 

increase in aspect ratios of gastruloids subjected to 3.3μM, and 3.6μM CHIR 

(Figure 2F). Immunofluorescence-based (Figure 2E) quantification of 

gastruloids containing SOX2+ cells, revealed significant variations between 

conditions, with 3.6μM CHIR conditions exhibiting SOX2 immunoreactivity in all 

assessed gastruloids (Figure 2G). Similarly, the number of SOX2+ cells within 

gastruloids subjected to 3.6μM CHIR (mean 134 nuclei/gastruloid) were 

significantly higher than in gastruloids of 3.0μM (mean: 6 nuclei/gastruloid) and 

3.3μM (mean: 21 nuclei/gastruooid) conditions (Figure 2I). In contrast to SOX2 
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expression, the number of GATA6+ cells does not seem to be affected by 

changes in CHIR concentration (Figure 2H). Notably, a new phenotype of two 

SOX2+poles was observed in gastruloids of 3.6μM CHIR (Figure 2E), 

suggesting 3.6μM as the maximum CHIR concentration suitable for generation 

of unidirectionally elongating STAN-derived gastruloids. Additional experiments 

applying variations in CHIR- (3.0μM, 3.3μM) and GF-concentrations (1xGF, 

3xGF) do not show combinatory effects of CHIR and GF on gastruloid 

morphology (Supplementary Figure 3A-G). 

I failed to immunohistochemically detect the presence of neuroectodermal 

marker SOX2 and pan-neuronal marker neuron-specific class III beta-tubulin 

(TUJ1) positive fibers in STAN-derived EMLOs collected after 16 dsc 

(Supplementary Figure 3H). Overall, these data indicate that heightened CHIR- 

and GF-concentrations rescue 1) SOX2 expression and thus symmetry 

breaking, 2) morphological features of generation of two distinct domains and 

elongation of STAN-derived gastruloids during the first 4 dsc. However, 

generated organoids fail to form neuroectodermal derivatives making them 

unsuitable as a model for NCC and SCP lineage decisions.  
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Figure 2: Culture conditions affect early gene expression and morphological characteristics of 
STAN-derived gastruloids. (A) Immunofluorescence staining images of gastruloids derived from STAN 
iPSC on 4 dsc showing SOX2 (red) and GATA6 (green). Gastruloid starting material was cultured in either 
rich (mTESTplus) or poor (E8) media and gastruloids were either submitted to 1x (control) or 3x GF 
concentrations. Scale bars: 20 μm. (B) Percentage of gastruloids with SOX2-positive cells. (C) Violin plot 
showing STAN-derived gastruloids aspect ratio on 4 dsc comparing effects of media E8 and mTESRplus 
and GF concentration. A comparison of aspect ratios was done using Welch-ANOVA, p-value - * < 0.05, 
** < 0.01,***<0.001, ns > 0.05. n is the number of quantified gastruloids per group. (D) Phase contrast 
image of STAN-derived gastruloids cultured in N2B27 for 4 dsc. Starting material was induced by either 
3.0 μM, 3.3 μM, or 3.6 μM CHIR for 2 days. Black arrows indicate organoids with two domains (one darker, 
one lighter). White arrows indicate gastruloids with three domains. Scale bars: 100 μm. (E) 
Immunofluorescence staining images of gastruloids derived from STAN iPSC on 4 dsc showing SOX2 
(red) and GATA6 (green). Starting material was induced by either 3.0 μM, 3.3 μM, or 3.6 μM CHIR for 2 
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days. Scale bars: 20 μm. (F) Violin plot comparing STAN-derived gastruloids aspect ratio on 4 dsc showing 
effects of CHIR concentrations on elongation of gastruloids. Comparison of aspect ratios was done using 
Welch-ANOVA p value - * < 0.05, ** < 0.01,***<0.001, ns > 0.05. n is the number of quantified gastruloids 
per group. (G) Percentage of gastruloids with SOX2-positive cells on 4dsc. Groups were subjected to 3.0 
μM, 3.3 μM, or 3.6 μM CHIR. (H) Violin plot comparing effects of CHIR concentrations on the number of 
GATA6 expressing nuclei on 4 dsc in STAN-derived gastruloids. A comparison of aspect ratios was done 
using Welch-ANOVA, p-value - * < 0.05, ** < 0.01,***<0.001, ns > 0.05, n is the number of quantified 
gastruloids per group. (I) Violin plot comparing effects of CHIR concentrations on the number of SOX2+ 
nuclei on 4 dsc in STAN-derived gastruloids. A comparison of aspect ratios was done using Welch-
ANOVA, p-value - * < 0.05, ** < 0.01,***<0.001, ns > 0.05, n is the number of quantified gastruloids per 
group. 

Prolonged Wnt induction rescues MIFF-derived gastruloids 

Previous experiments (see “Cell-line-specific variations of morphology and gene 

expression during gastruloid formation”) successfully reproduced unidirectional 

elongation and SOX2 and GATA6 symmetry breaking in MIFF-derived 

gastruloids but failed to replicate the extent of elongation and visible 

compartmentalization of conventional gastruloid protocols35. Literature indicates 

Wnt-activation post-aggregation as means to promote elongation in murine-36,46 

and human gastruloids32,37 likely via regulation of induction, maintenance, and 

differentiation of neuromesodermal progenitors (NMPs, characterized by the 

marker SOX2)37,43,55,56. Subsequently, I prolonged CHIR induction for 1 dsc (+1 

day), 3 dsc (+3 days), and 7 dsc (+7 days) and assessed its effects on previously 

defined parameters of successful gastruloid formation (Figure 3A). 

Prolonged Wnt conditions (+7 days) successfully rescued gastruloids 

compartmentalization into putative mesoendodermal- (light) and ectodermal 

(dark) domains as determined by visual assessment via phase contrast 

microscopy (Figure 3B, Supplementary Figure 4A). Furthermore, prolonged 

CHIR exposure promoted elongation but not growth past 4 dsc, as indicated by 

significantly higher aspect ratios, but not areas in gastruloids subjected to 

prolonged CHIR induction on 16dsc (Figure 3C). Fitting the hypothesis of 

retained development past 4dsc, aspect ratios do not differ significantly between 

treatment groups at 4 dsc (Supplementary Figure 4B), and aspect ratio but not 

area of gastruloids subjected to prolonged CHIR, increase drastically within the 

critical growth period (Supplementary Figure 4C). Additionally, comparison 

gastruloids at 4 dsc and 16 dsc showed a significant increase in area but not 

aspect ratios in control conditions, while gastruloids subjected to prolonged 

CHIR induction showed a significant increase in both area and aspect ratios 

(Supplementary Figure 4D).  
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Effects of Wnt signaling on SOX2 and GATA6 induction was assessed by 

whole-mount immunochemistry on 2 dsc, 4 dsc, and 7 dsc (Figure 3D) and 

compared between groups (Figure 3E) and time points (Supplementary Figure 

5). Here, the number of SOX2+nuclei per gastruloid at 7 dsc was significantly 

higher in groups with long CHIR induction (+3 days, +7 days) than in gastruloid 

submitted to shorter periods (+1 day) of CHIR (Figure 4E). Furthermore, the 

number of SOX2+ nuclei increased with time in long- (+3 days and +7 days) but 

not in control and +1day CHIR induction periods (Supplementary Figure 5A). 

While the comparison of time points shows an overall increase of GATA6+ nuclei 

with time in all treatment groups (Supplementary Figure 5B), no treatment 

group-dependent trends in the number of GATA6+ nuclei were found (Figure 

4E).  

Recently, Suppinger et al (2023) described the asynchronous development of 

gastruloids as a hurdle in the statistical analysis of treatment effects on 

morphology and gene expression46. Accordingly, I analyzed the possible 

correlation between the number of SOX2+ and GATA6+ nuclei and the length of 

CHIR induction independent of time. Here I show, that whilst measurements of 

separate time points did not reveal a significant trend, time-independent 

analysis shows a positive correlation of both SOX2 and, surprisingly GATA6 

expression with the length of CHIR exposure (Figure 3F). Together these data 

suggest extended Wnt induction as a key aspect in achieving desired 

morphology, size parameters, and heightened expression of SOX2 and GATA6 

in gastruloids generated from MIFF hiPSC.  
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Figure 3: Effects of duration of WNT-activation on MIFF-derived gastruloids. (A) Schematic of the 

experimental setup of gastruloid generation with different durations of WNT-activation by WNT-agonist 

CHIR. (B) Phase contrast image of MIFF-derived gastruloids cultured in N2B27 for 16 dsc. iPSCs were 

induced for 2 days (control) in 2D culture, 2 days in 2D culture, and 7 dsc. Scale bars: 100 μm. (C) Violin 

plot showing MIFF-derived gastruloids aspect ratio and area (y-axis measurements to the power of 105) 

at 16 dsc, comparing effects of control and +7 days CHIR induction. Statistical analysis was done using 
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students’ t-test p-value - * < 0.05, ** < 0.01,***<0.001, ns > 0.05. n is the number of quantified gastruloids 

per group. (D) Immunofluorescence staining images of gastruloids derived from MIFF iPSC on 2-, 4-, and 

7 dsc showing SOX2 (red) and GATA6 (green). Starting material was induced for either 2 days (control) in 

2D culture, or for 2 days in 2D culture and 1-, 3-, or 7 dsc. Scale bars: 20 μm. (E) Violin plot of the number 

of SOX2+ or GATA6+nuclei per gastruloid. Statistical analysis was done with Welch-ANOVA, p-value - * 

< 0.05, ** < 0.01,***<0.001, ns > 0.05. n is the number of quantified gastruloids per group. (F) Spearman 

correlation of the number of SOX2+ or GATA6+ nuclei and duration of CHIR induction in MIFF-derived 

gastruloids throughout 7 dsc. Datapoints are color-coded according to the day of measurement. Y-axis 

measurements to the power of 102 

Prolonged Wnt induction allows formation of the neural 

compartment and neural tube-like-structures in MIFF-derived 

gastruloids 

To confirm MIFF-derived gastruloids’ successful generation of a neural 

compartment as indicated by the formation of two visually distinguishable 

compartments upon prolonged CHIR exposure, the existence of a neural 

compartment in gastruloids subjected to prolonged CHIR exposure was 

validated by the existence of TUJ1+ cells on 7-, 16- and 20 dsc57. However, due 

to the high phenotypic heterogeneity of gastruloids sampled within time points 

(Supplementary Figure 6), developmental stages were inferred from the 

qualitative categorization of gastruloids according to 1) TUJ1 signal density, 2) 

neurite formation of TUJ1+ cells and 3) location of pan-neuronal maturation 

gene and NC/SCP marker P75-NGFR and set on a pseudo-time trajectory 

(Figure 4A). 

As such I defined stage 1 (n=3) as mildly elongated gastruloids containing 

TUJ1+ positive cell bodies showing no/few short neurites that are proximal to a 

singular cluster of P75+ cells. Stage 2 (n=4) was characterized by a neural 

compartment consisting of TUJ1+ cell bodies including neurites, and a cluster of 

P75+ cells. Stage 3 (n=4) gastruloids show pronounced neural projections 

reaching from a neural compartment into a non-neural compartment and a set 

of P75+ cells attached to TUJ1+ projections. The average frequency of 

developmental stages was mapped back to time points to ensure the quality of 

defined developmental stages. Fittingly early gastruloids (7 dsc) predominantly 

classify as stage 1, whilst late gastruloids (16 and 20 dsc) are equally classified 

as stage 2 or 3. As such our gastruloids display neural markers, predominantly 

confined to one neuronal compartment, with increasing neuronal projections 
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extending toward a putative meso-endodermal compartments as gastruloids 

mature.  

Previously data showed that prolonged CHIR exposure (+7 days) is sufficient to 

increase the number of SOX2-expressing cells in maturing gastruloids and 

induce levels of elongation comparable to those of other gastruloid models. 

Moreover, gastruloids subjected to prolonged CHIR exposure revealed cylindric 

SOX2+ structures reminiscent of a neural tube within the TUJ1+ neural 

compartment, that persisted from 7 dsc to 20 dsc. This assumption of a neural-

tube-identity was further supported by co-expression of definitive endoderm and 

neural tube floor plate marker FOXA2 by a fraction of SOX2+ cells within the 

putative neural tube (Figure 4B). At the same time, the putative neural tube is 

often located close to pore-like structures and, covered by a cell layer with 

epidermal morphology at 20 dsc. This is in stark contrast to GATA6+/FOXA2+ 

cylindric structures identified as primitive gut tube by Olmsted and Paluh (2021), 

however ties with neural tube formation previously described in mouse 

gastruloids at 4 dsc51 and human peri-gastruloids at 11 dsc58.  

Figure 4: Presence of neural compartment in MIFF-derived gastruloids subjected to prolonged 

CHIR exposure. (A) Representative immunofluorescent image-based pseudotime trajectory of nervous 

compartment development of MIFF-derived gastruloids cultured in N2B27. TUJ1 (white) and P75 (red). (B) 

immunofluorescent image of the putative neural tube in sections of gastruloids on 16 dsc. White arrows 

indicate SOX2 (red) and FOX2A (green) co-expressing nuclei. 
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MIFF-derived gastruloids exposed to prolonged Wnt induction 

express markers of NCCs, SCPs, and their derivatives 

Assessment of the potential of MIFF-derived gastruloids as a model for human 

NCC and SCP cell-fate decisions was based on the presence of 1) NCCs/SCPs 

and 2) NCC/SCP sensory- and autonomic derivatives including transitory states 

co-expressing markers of competing fates6,13. Gastruloids obtained by control 

conditions failed to yield a neural compartment and NCCs/SPCs as shown by 

lack of TUJ1+, P75-NGFR + and SOX10+ cells2,13,14 on 7-, 16-, 34- and 41 dsc 

(Supplementary Figure 7A) and missing neural-tube-like structures indicated by 

SOX2+ nuclei (Supplementary Figure 7B). Furthermore, they failed to display 

CART+, TH+, BRN3A+, and PHOX2B+ derivatives of NCC/SCP (Supplementary 

Figure 7 C-E), beyond stochastically occurring singular cells. Subsequently, 

they were deemed unfit as a model of human NCCs/SCPs cell fate decisions 

and will not be discussed further. 

To identify putative NCC and SCP, MIFF-derived gastruloids were subjected to 

prolonged CHIR induction, kept in culture for up to 42 days, and were 

characterized by immunofluorescent staining of NCC markers SOX10, P75-

NGFR, and TFAP2 (Figure 5A)2,13,14 and proximity/association with 

TUJ1+ nerves35,59. However, detection of SOX10 within whole mount samples 

returned poor quality stainings with low signal and high background. As a result, 

technical-, rather than biological causes of P75-NGFR+/SOX10- cell clusters on 

7 dsc cannot be ruled out and SOX10 staining was deemed inconclusive 

(Supplementary Figure 6). Analysis of gastruloids at 16 dsc revealed a 

population of TFAP2+ putative NCCs (Supplementary Figure 9A).  

 

Gastruloid samples collected at 34 dsc, revealed P75+/SOX10+ putative NCCs 

in proximity to drop-shaped structures morphologically resembling a neural tube 

or neuroectodermal-like structure (Figure 5B). Moreover, gastruloids starting 

from 20dsc up to 42 dsc additionally displayed P75+/SOX10+ SCP-like cells 

located near TUJ1+ nerve fibers. To test whether this NCC model can be used 

to validate mouse data13 in a human system, expression of the “hub” gene SOX8 

was analyzed in day 34 gastruloids, discovering a SOX8+/SOX10+, non-nerve 

associated cell population in proximity to neural-tube-like structures (Figure 5C). 
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As such these findings establish MIFF-derived gastruloids as a model for human 

NCCs and SCPs cell-fate decisions by proving their capacity to produce freely 

migrating NCCs and nerve-associated migratory SCPs. Furthermore, this 

observation is the first to experimentally prove the existence of a 

SOX8+/SOX10+ intermediate hub population within a human model system.  

 

Figure 5: Presence of potential NCC and nerve-associated SCPs in MIFF-derived gastruloids 
subjected to prolonged CHIR exposure. (A) NCC/SCP marker genes SOX10, P75, and hub-marker 
SOX8 UMAPP shown on UMAP embedding of RNA sequencing data of the developing human 
sympathoadrenal system generated by Kameneva et al. (2021). (B) Immunohistochemistry for SOX10 
(red), P75 (green), and TUJ1 (blue) on sections of gastruloids at 34-and 41 dsc. (C) Immunohistochemistry 
for SOX8 (red) and SOX10 (green) of gastruloids at 34 dsc. Arrowheads indicate SOX8+/SOX10+ nuclei. 

To further explore the ability of this in vitro model to mimic in vivo fate decisions 

of NCCs/SCPs, I attempted to capture fate transitions and NCC/SCP derivatives 

focusing on the sympathoadrenal lineage by selecting markers from single-cell 

RNA sequencing-based studies of the developing human sympathoadrenal 
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system (Supplementary Figure 9B)14. ISL1+/PHOX2B+/TH+ sympathoadrenal 

biased progenitors were observed at 23-, 27-, 30-, and 34 dsc (Supplementary 

Figure 8) and categorized into developmental stages in pseudo time (Figure 

6A). Stage 1 was defined by low-density, non-organized TH+/PHOX2B+/ISL1+ 

cell clusters, spatially segregated from ISL1+/TH-/PHOX2B- compartments 

(n=8). Stage 2 was defined by heightened amounts of TH+/PHOX2B+/ISL1+ cells 

with long neurites in the proximity of ISL1+/TH-/PHOX2B- clusters and the 

occurrence of ISL1+/PHOX2B+/TH+ ganglia-like-structures (n=6). Lastly, stage 

3 is defined by a TH+/PHOX2B+/ISL1+ compartment including a pore-like 

structure that is opposite of an ISL1+/TH-/PHOX2B- compartment that 

corresponds to potential mesodermal cardiac progenitors60 (n=5).  

 

Further inquiry into the reproduction of in vivo NCC lineage decisions included 

the identification of SCP-to-sympathoblast TFAP+/ PHOX2B+/TH+ transitory cell 

states, found within sections of gastruloids on 16 dsc (Figure 6B). Interestingly, 

while the existence of SCP-to-chromaffin cell SOX10+/HAND2+ transitory cell 

states could not be verified in 20 dsc gastruloids (Figure 6C), they presented 

with SOX10+TUJ1+ neuronal cell bodies indicative of neuronal fate 

transitons13,61. Additional immunohistochemical analysis for mature NCC/SCPs-

derived cell types on gastruloid sections, did not return TH+ISL+HAND2+ early 

sympathoblasts at 16- or 20 dsc (Supplementary Figure 9C), or BRN3A+/TH+ 

sensory neurons on 7-, 16-, 27-, or 41 dsc (Figure 6E). However, a small fraction 

of CARTPT+/TH+ chromaffin cells in 41 dsc gastruloids (Figure 6D) and putative 

SOX2+/HUC/D+ (Figure 6F) in 16 dsc gastruloids were identified. 
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Figure 6: Presence of NCCs/SCPs lineage-derived cell types within MIFF-derived gastruloids 
subjected to prolonged CHIR induction. (A) Representative immunofluorescent image-based 
pseudotime trajectory of generation of sympathoadrenal lineage staining for TH (red), PHOX2B (green), 
and ISL1/2 (blue). (B) immunofluorescent image of putative transitory cell states in sections gastruloids 
after 16 dsc. White arrowheads indicate PHOX2B (green), TH (red), and TFAP2 (white) co-expressing 
nuclei, green arrowheads indicate more mature derivatives that are PHOX2B and TH positive, but no 
longer express TFAP. (C) Immunohistochemistry for SOX10 (green), HAND2 (red), and TUJ1 (white) on 
sections of gastruloids at 20 dsc. Green arrowheads and outlines indicate nuclei. (D) 
Immunohistochemistry for chromaffin markers CART (green), TH (red), and TUJ1 (white) on sections of 
gastruloids after 41 dsc. Green arrowheads and outlines indicate CART+/TH- cells. Red arrowheads and 
outlines indicate CART-/TH+ cells. White arrowheads indicate CART+/TH+ putative chromaffin cells. (E) 
Immunofluorescent image of sensory neuron markers Brn3a (green), TH (red), and TUJ1 (white) on 
sections of gastruloids after 41 dsc. Green outlines mark BRN3A+ nuclei in the TH panel. (F) 
Immunohistochemistry for neuronal marker HUC/D (red), and SOX2 (white) on sections of gastruloids after 
16dsc. 
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Discussion  

NCCs and their peripheral-nerve-associated derivatives, SCPs, have been 

intensely researched due to their developmental importance1,2,6 and, more 

recently, involvement in pathologies such as melanoma, neurofibromatosis and 

neuroblastoma11,14,15,17,23,62. However, interspecies differences14,25–28 and 

inaccessibility of human embryos63 limit insights into human-specific aspects of 

NCC specification and downstream cell fate decisions. Following this reasoning, 

the present study aimed to adapt the published EMLO gastruloid protocol35 as 

a human iPSC-based in vitro model of NCC lineage cell fate decisions, NCC 

clonality, and multipotency64 (Figure 3A).  

Adapted multilineage iPSC-derived organoids, form an extensive neural 

compartment including a neural tube-like-structure (Figure 4 A, B), followed by 

the emergence of early- (TFAP2a+; Figure 5B, Supplementary figure 9A)65,66 

and late migratory NCCs (SOX10+, NGF-P75+; Figure 4D). Moreover, the 

model’s potential to replicate early in vivo NCCs/SCPs lineage relationships was 

verified by the existence of nerve-associated SCPs (SOX10+, NGF-P75+; Figure 

4D)1,11,66 and transitory NCCs/SCPs belonging to the “hub” state 

(SOX8+/SOX10+; Figure 4E)13,14,67 as early as 34 dsc. Detection of an early 

sympathoadrenal-biased cell population and later formation of NCC derivatives 

including mature autonomic neurons and chromaffin cells (Figure 5), indicates 

iPSC-multilineage organoids additionally replicate downstream cell fate 

specification of NCC/SCPs, reminiscent of in vivo differentiation of the 

sympathoadrenal lineage by NCCs/SCPs7,68,69.  

The discovery of early sympathetic differentiation independently of SCPs 

phenotype and late chromaffin cell occurrence after the detection of SCPs 

associated with nerves is in line with the timing of in vivo sympathetic and 

chromaffin lineage segregations. In vivo, sympathoblasts building sympathetic 

chain ganglia are known to derive from freely migrating NCCs2 during CS 

16/1770 and SCPs from CS 18 onwards13. Chromaffin cells on the other hand 

require nerve-associated precursors and therefore develop later14,70. As such, 

early sympathoadrenal lineage-biased populations could descend from early 

migratory NCCs2,70, rather than SCPs14,71. Nevertheless, as organoids lack the 
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embryonal morphology and thus migratory pathways, migration-dependent 

processes might be heavily altered within organoids. This may in turn result in 

alterations in developmental timing, or lineage relationships. Subsequently, 

characterization of the developmental timing of marker expression and cell 

types within this model requires further experimental appraisal based on 

optimized immunohistochemical protocols, and fluorescent reporter lines 

routinely used in organoid culture39–41,46. Additionally, transgenic cell lines allow 

verification of lineage relationships- and developmental timings- 

bioequivalence, by Cre-mediated lineage tracing72,73,  or CRISPR–Cas9 lineage 

tracing recorders38,74. Lastly, single-cell-omics methods, have been excessively 

used on organoid models34,35,46,75  to analyze expression dynamics, 

characterise transition cell states, and deduct cell fate decisions in pseudotime. 

Furthermore, spatial transcriptomics could shed light on the spatial relationships 

of fate-biased cells. Therefore, they present a valuable alternative to 

characterize NCCs/SCPs lineage progression, similar to previous research on 

murine embryos6 and the human sympathoadrenal system14. 

hiPSC-derived stembryos offer complex, accessible, high throughput modeling 

of cell fate decision making53, self-organization36, and organogenesis of the 

developing embryo36,56,76,77 and human disease47,78. However, the field 

struggles with low reproducibility and the need for cell-line-specific optimization 

of exogenous biochemical factor Wnt-agonist CHIR within established stembryo 

protocols31,35,37,42,51. In this study, I hypothesize that observed cell line-specific 

heterogeneity in gastruloid generation of hiPSC lines MIFF and STAN is based 

on distinct WNT-mediated developmental mechanisms activated through CHIR. 

As such, symmetry breaking and activation of SOX2 expression in STAN-EMLO 

(Figure 1H, I) was rescued by increased CHIR- and FGF2 treatment (Figure 2), 

likely linked to early Wnt-activation directly by CHIR or indirectly by FGF2-

mediated activation of endogenous Wnt signaling79. This is consistent with 

previous research on hiPSC and stembryos suggesting the key role of Wnt 

signaling in caudalization42 and induction of SOX2 expression52,56,80,81. On the 

other hand, prolonged CHIR-induced Wnt-activation, rescued the formation of 

the neural compartment in MIFF-derived gastruloids (Figure 3, Supplementary 

Figure 6, 7), likely by stabilization46 and increase of SOX232,37 expression and 
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enhancement of SOX2+ neuro-mesodermal progenitors (NMP) fate 

maintenance and decision making34,36,37,46,56. In line with others, I find that 

prolonged CHIR exposure of MIFF-derived gastruloids resulted in increased 

elongation43,77, likely by adding to NMPs Wnt secretion, which has been shown 

to promote rearrangements of cells at the posterior end37. 

As such, our results suggest STAN- and MIFF cell line-specific requirements for 

activating factors are routed in two temporally segregated, Wnt-driven, 

developmental mechanisms, however, they do not explain cell lines diverging 

response to the methodology of the original protocol. As previous work by others 

suggests differentiation potential of iPSCs as basis for diverging performance in 

stembryo formation protocols48,49,52,82, Veronika Fleischhart investigated the 

capacity of different cell lines to differentiate into the three germ layers 

ectoderm, mesoderm, and endoderm (trilineage potential). Consistent with the 

results of this thesis, STAN iPSCs had reduced potential to produce ectoderm, 

explaining diminished SOX2 expression, while the MIFF iPSC line shows 

slightly reduced potential to produce mesoderm, fitting our hypothesis of 

impaired NMP fate. Consequently, these data suggest cell line-specific 

requirements of biochemical factors during gastruloid formation to cell lines' 

inherent pluripotency. This further suggests that assessment of the trilineage 

potential of each source of iPSCs is a vital strategy to predetermine iPSC 

performance in stembryo culture and relevant fast-track optimization efforts.  

State-of-the-art iPSC 2D models of guided NCC differentiation83, 

micropatterned gastruloids84, and chip-based models of the neural tube85 allow 

insights into early NCC fate specification and early migratory mechanisms. 

However, they lack geometric-and mechanic complexity, and cell-cell and cell-

matrix interactions provided in 3D culture. Recently introduced, neuro-

mesodermal assembloids, model meso-ectodermal-interactions, and NCC 

induction and migration35,53. In choosing a self-organization-based stembryo 

model35, rather than tightly controlled, more artificial model like neuro-

mesodermal assembloids, the hereby introduced multilineage organoids allow 

for high cellular heterogeneity and recapitulation of in vivo development.  For 

this reason, adapted multilineage organoids are a powerful tool for the 

investigation of molecular determinants that drive cell-fate decisions of NCC and 
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SCPs in high temporal resolution, allowing for easy manipulation of 

morphogenic principles leading up to SCP cell fate choices by selected 

morphogenic factors and signaling molecules. Furthermore, recent work 

showing that mechanical-pressure rescued in vivo tissue morphology58,86,87 in 

mouse-34,51  and human43 organoids indicates promising future directions of 

generating morphologically accurate migratory environments of NCCs/SCPs 

88,89 by the addition of extracellular matrix to this in vitro model of NCC lineage 

decisions.   

Finally, faulty NCCs/SCPs lineage decisions have been linked to embryonic- 

and adult malignancies including melanoma15,16, neurofibromatosis17, and 

neuroblastoma14,18,19,23. Accordingly, the usage of cancer cell lines, or patient-

derived iPSCs as starting material for organoid generation78,90, might allow 

insights into novel aspects of NCC-derived tumors. Furthermore, easy 

accessibility of organoid models allows for transgenic tracking and genetic 

functional studies using viral vectors, inducible systems like TET-on91, or 

CRISPR/Cas9 for targeted genomic mutations32,37 of classic oncogenic 

pathways like MYCN or genes implicated in NCC/SCPs-derived tumors such as 

ALK receptor tyrosine kinase and sympathoadrenal biasing transcription factor 

PHOX2B implicated in hereditary neuroblastoma23,62,92.  

In summary, with this thesis I introduce an adjusted MIFF-derived multilineage 

organoid model, that serves as one of few 3D models of NCCs/SCPs decision 

making35,53 by 1) displaying a neural compartment and neural tube-like-

structures, 2) NCCs induction and nerve-association of SCPs-like cells, 3) 

expression of biomarkers of several stages of NCCs/SCPs including 

NCCs/SCPs hub state, sympathoadrenal bias and NCCs/SCPs mature 

derivatives, autonomic neurons and chromaffin cells. Furthermore, my 

experimental findings on MIFF- and STAN-derived organoids, suggest 

optimization of Wnt-activation intensity and timing based on consideration of 

iPSC lines pluripotency state. Lastly, I propose the usage of transgenic lines to 

aid this model’s applicability as a disease model for NCC-derived pathologies 

like neuroblastoma.  
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Abstract (DE) 

Die multipotenten Zellen der Neuralleiste und ihre ebenfalls multipotenten 

Nachkommen Schwann-Zell-Vorläufer differenzieren in eine Vielzahl von 

unterschiedlichen Zelltypen, darunter beispielsweise Nerven und Glia des 

peripheren Nervensystems oder Melanozyten. Des Weiteren wurden die beiden 

Vorläuferpopulationen als Ursprung in Krankheiten wie dem frühkindlichem 

Tumor Neuroblastom impliziert. Trotz ihrer Wichtigkeit in Entwicklung und 

Krankheit ist nicht viel über Differenzierung und Übergangs-zell-status der 

menschlichen Neuralleiste und Schwann-Zell-Vorläufer bekannt. Dem 

zugrunde liegt vor allem der Mangel an Versuchsmodellen, die über 

ausreichende Komplexität verfügen, um die menschliche 

Embryonalentwicklung zu replizieren. In dieser Arbeit adaptieren wir ein 

bestehendes, auf menschlichen induzierten pluripotenten Stammzellen 

basierendes Model der Gastrulation. Wir zeigen, dass unser in vitro Model 

embryonale Entwicklungsschritte wie frühe Bildung der Körperachsen repliziert 

und Zellen positiv für Marker der Neuralleiste, sowie nerv-verbundenen 

Schwann-Zell-Vorläufer aufweist. Des Weiteren zeigt das hier vorgestellte 

Modell Expression von Zell-typ-spezifischen Markern für reife, von der 

Neuralleiste und/oder Schwann-Zell-Vorläufern abspannenden Zell-typen 

(sensorische-, autonome Neuronen und Chromaffin Zellen). Zuletzt 

untermauern unsere Ergebnisse die Notwendigkeit für strenge Kontrollen des 

Pluripotenz-status von induzierten pluripotenten Zellen und implizieren 

mögliche gerichtete Anpassung von Zellkultur-bedingungen abhängig vom 

individuellen Pluripotenz-status der Zelllinie. Zusammenfassend: Das hier 

vorgestellte in-vitro-Modell bietet eine neue Plattform zur Untersuchung der 

molekularen Determinanten der Differenzierung von Neuralleiste und Schwann-

Zell-Vorläufern, Charakterisierung von Übergangs-zell-status und bösartigen 

Veränderungen in hoher räumlich-zeitlicher Auflösung. 
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Supplementary Figures 

 

Supplementary Figure 1: The iPSC line used for the establishment of gastruloids does not affect 
their growth. A) Linear regression of growth of gastruloids generated from MIFF- (red) and STAN- (blue) 
iPSC lines measured by area (μm2) on 1-, 2-, 3-, 4- and 15 dsc. Y-axis values labeled to the power of 105. 
(B) Violin plot showing MIFF- and STAN-derived gastruloids area (μm2) on 4- and 15 dsc using Student t-
test, p-value - * < 0.05, ** < 0.01,***<0.001, ns > 0.05. n is the number of quantified gastruloids per group. 
Y-axis values labeled to the power of 104. (C) Violin plot comparing MIFF- (green) and STAN- (orange) 
derived gastruloids area (μm2) after 4- and 15 dsc by Student t-test, p-value - * < 0.05, ** < 0.01,***<0.001, 
ns > 0.05. n is the number of quantified gastruloids per group. Y-axis values labeled to the power of 104 
and 103. 
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Supplementary Figure 2: Effects of culture conditions on gastruloid morphology. Comparing: control 

(E8, 1x GF), condition 1 (mTESRplus, 3xGF), condition 2 (mTESRplus, 1xGF), and condition 3 (E8, 3xGF). 

(A) Phase contrast images of iPSC line STAN, cultured in N2B27 for 4 dsc comparing condition 1, condition 

2, and condition 3. Scale bars: 100 μm. (B) Violin plot comparing gastruloids area (μm2) after 4 dsc by 

ANOVA comparing control (green), condition 1 (orange), condition 2 (violet), and condition 3 (red). P value 

- * < 0.05, ** < 0.01,***<0.001, ns > 0.05. n is the number of quantified gastruloids per group. Y-axis values 

labeled to the power of 104. 
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Supplementary Figure 3: Combinatory effects of culture conditions on early gene expression and 

morphological characteristics of STAN-derived gastruloids. (A) Phase contrast images of iPSC line 

STAN, cultured in N2B27 for 16 dsc comparing 1xGF and 3xGF concentrations. Scale bars: 100 μm. (B) 

Percentage of gastruloids with SOX2-positive cells on 4 dsc comparing 1xGF and 3xGF conditions. (C) 

Immunofluorescence images of gastruloids derived from STAN iPSC after 4 dsc showing SOX2 (red) and 

GATA6 (green). Gastruloids were subjected to either 1xGF or 3xGF conditions during shaking culture. 

Scale bars: 20 μm. D-F: Effects of culture conditions on gastruloid morphology comparing control (3.0μM 

CHIR, 1xGF), condition 1 (3.3μM CHIR, 1xGF), condition 2 (3.0μM CHIR, 3xGF), and condition 3 (3.3μM 

CHIR, 3xGF). (D) Violin plot comparing STAN-derived gastruloids aspect ratio after 4 dsc showing no 

significant effects of culture conditions on elongation of gastruloids. Comparison of aspect ratios was done 

using Welch-ANOVA, p-value - * < 0.05, ** < 0.01,***<0.001, ns > 0.05. n is the number of quantified 

gastruloids per group. (E) Violin plot comparing STAN-derived gastruloids aspect ratio on 16 dsc showing 
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no significant effects of culture conditions on elongation of gastruloids. Comparison of aspect ratios was 

done using Welch-ANOVA, p-value - * < 0.05, ** < 0.01,***<0.001, ns > 0.05. n is the number of quantified 

gastruloids per group. (F) Violin plot comparing STAN-derived gastruloids on 4 dsc showing significant 

effects of culture conditions on gastruloid size only between control and condition 3. Comparison of area 

measurements was done using Welch-ANOVA p value - * < 0.05, ** < 0.01,***<0.001, ns > 0.05. n is the 

number of quantified gastruloids per group. (G) Violin plot comparing STAN-derived gastruloids area after 

16 dsc showing significantly higher gastruloid size in culture conditions using initial CHIR concentrations. 

Comparison of area measurements was done using Welch-ANOVA p value - * < 0.05, ** < 0.01,***<0.001, 

ns > 0.05. n is the number of quantified gastruloids per group. (H) Immunofluorescence image of 

gastruloids derived from STAN iPSC on 16 dsc, showing SOX2 (red) and GATA6 (green) and TUJ1 (blue). 

Gastruloid starting material was cultured in either (mTESRplus media and submitted to 3xGF and 3.6μm 

CHIR. Scale bar: 100 μm.  
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Supplementary Figure 4: Effects of duration of Wnt-activation in MIFF-derived gastruloids. (A) 

Phase contrast image of MIFF-derived gastruloids cultured in N2B27 for 1-,2-,3-,4- and 5 dsc. iPSC were 

induced for 2 days (control) in 2D culture, or 2 days in 2D culture, and 7 additional dsc (+7 days). Scale 

bars: 100 μm. (B) Violin plot showing MIFF-derived gastruloids aspect ratio and area on 4 dsc, comparing 

effects of control (green) and long (orange) CHIR induction. Statistical analysis was performed using 

Students’ t-tests p value - * < 0.05, ** < 0.01,***<0.001, ns > 0.05. n is the number of quantified gastruloids 

per group. Y-axis of area measurements to the power of 106. (C) Linear regression of gastruloid size and 
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elongation measurements of MIFF-derived gastruloids submitted to control (red) and long (blue) CHIR 

induction. Measurements were performed on 1-, 2-, 3-, 4-, 7-, 14-, 16-, 20-, 30- and 34 dsc. Y-axis of area 

measurements to the power of 106. (D) Violin plot comparing gastruloid size parameters area and aspect 

ratio between 4 dsc (green) and 16 dsc (orange) in gastruloids submitted to control and long CHIR 

induction. Statistical analysis was performed using Students’ t-test, p-value - * < 0.05, ** < 0.01,***<0.001, 

ns > 0.05.  Y-axis of area measurements to the power of 105. 
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Supplementary Figure 5: Effects of duration of WNT-activation in MIFF-derived gastruloids SOX2 

and GATA6 expression. Box plot showing MIFF-derived gastruloids number of SOX2+ or GATA6+nuclei 

per treatment group on 2-, 4- and 7 dsc. Statistical analysis was done using Welch-ANOVA, p-value - * < 

0.05, ** < 0.01,***<0.001, ns > 0.05.. n is the number of quantified gastruloids per group. 
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Supplementary Figure 6: Presence of neural compartment in MIFF-derived gastruloids subjected 
to prolonged CHIR exposure. Maximum intensity projections of immunofluorescent whole mount of TUJ1 
(white) and P75 (red) sorted according to the time point of sample collection. Scale bar: 100um. 
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Supplementary Figure 7: Gastruloids subjected to control CHIR induction period do not show NCC 

and nerve-associated SCPs. (A) Immunofluorescent image of P75 (green), SOX10 (red), and TUJ1 

(white) of sections of gastruloids subjected to control conditions. (B) Maximum intensity projection of 

immunofluorescent whole mount of GATA6 (green), SOX2 (red), and TUJ1 (white) of 7 dsc gastruloids 

showing no clear nervous compartment or SOX2+ tube-like structures. (C) Immunohistochemistry of 

sections for chromaffin markers CART (green), TH (red), and TUJ1 (white) on sections of 41 dsc 

gastruloids. (D) Immunohistochemistry for sensory neuron markers BRN3A (green), TH (red), and TUJ1 

(white) on sections of gastruloids after 41 dsc. (F) Maximum intensity projections of the immunofluorescent 

whole mount of PHOX2B (green), TH (red), and ISL1/2 (white) sorted according to the time point of sample 

collection. 
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Supplementary Figure 8: Presence of potential sympathoadrenal progenitors in MIFF-derived 

gastruloids subjected to prolonged CHIR exposure. Maximum intensity projections of the 

immunofluorescent whole mount of PHOX2B (green), TH (red), and ISL1/2 (blue) sorted according to the 

time point of sample collection. Scale bar 100um.  
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Supplementary Figure 9: Presence of NCCs/SCPs lineage-derived cell types within MIFF-derived 

gastruloids subjected to prolonged CHIR induction. (A) Immunofluorescent image of TFAP+ (red) 

nuclei in sections of day 20 gastruloids. (B)  Marker gene expression of HAND2, PHOX2B, ISL1/2, BRN3A, 

TH, and CARTPT shown on UMAP embedding of developing human sympathoadrenal system generated 

by Kameneva et al. (2021). (C) Immunofluorescent image of HAND2 (green), TH (red), and ISL1 (white) 

of sections of gastruloids after 20 dsc and 34 dsc, showing no HAND2+/TH+/ISL1+ transitory cell states. 

Green arrowheads and outlines indicate HAND2+/TH-/ISL- nuclei. White arrowheads and outlines indicate 

ISL1+/HAND2-/TH- nuclei.  

 


