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1 Summary 

The olfactory sense is one of the oldest and most fundamental senses we have, 

serving a multitude of purposes like partner choice and risk avoidance. Addition-

ally, olfactory decompensation is an early symptom of many neurodegenerative 

diseases and the olfactory epithelium – as a potential entry point to the central 

nervous system for unknown agents – is possibly even at the center of their path-

ophysiology. The olfactory epithelium is also one of the few tissues capable of 

adult neurogenesis and neuroregeneration, poorly understood processes with 

great therapeutic potential in an aging and chronically ill population. Neverthe-

less, olfaction has long remained in the offsite of biomedical research and pro-

found interest in its function and development only arose over the last couple of 

decades.  

The developmental mechanisms of the human olfactory epithelium are poorly un-

derstood, and any insight is mostly based on model organism research like mice 

and xenopus laevis. To study the development of the human olfactory epithelium, 

as well as to generate a three-dimensional model system for neurodegenerative 

disease and drug testing, I have established a differentiation protocol of human 

induced pluripotent stem cell derived olfactory placode organoids.  

In this thesis, I describe and characterize the differentiation of human olfactory 

placode organoids. For this purpose, I have first established a developmental 

timeline of the organoid development from day 4 to day 31 of the differentiation, 

using morphology and immunofluorescence staining of key markers of ectoderm 

and olfactory development SIX1, TFAP2A and E-CADHERIN. The olfactory plac-

ode organoids are composed of a non-neural surface ectoderm containing plac-

odal patches on the outside, neural tubuli representing the developing forebrain 

on the inside and a head mesenchyme in between, mimicking the developmental 

situation in vivo. I have further characterized the discovered features on a protein 

level and analyzed bulk RNA data from whole olfactory placode organoids. To 

improve maturation of the organoids and their distinctive features, the differenti-

ation protocol was adapted based on brain organoid and other organoid tech-

niques. The preliminary result of the modified protocol shows a high level of 
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maturation and organization, but further efforts are needed to generate a mature 

human olfactory epithelium in vitro.  

This work shows for the first time the generation of an olfactory placode organoid 

derived from human induced pluripotent stem cells, exhibiting patches of devel-

oping olfactory tissue in a three-dimensional in vitro system. Furthermore, these 

olfactory placode organoids show an outside-out orientation incorporating at least 

four different tissues. The surface epithelium as well as the neural tubuli are an-

chored on their own basement membrane providing stability and orientation. 

These features of high-level organization closely resemble the embryonic head 

and have – to my best knowledge – not been achieved in a three-dimensional 

organoid model before.  

This thesis sets the groundwork for the generation of a fully functional human 

olfactory epithelium model in a three-dimensional in vitro organoid and gives first 

insight on human olfactory development. In the future, the obtained results could 

contribute to the generation of a powerful model system for neuroscience and 

developmental biology.  
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2 Zusammenfassung 

Der Geruchssinn erfüllt als einer unserer ältesten und grundlegendsten Sinne 

eine Vielzahl von Funktionen, wie der Partnerwahl und Risikovermeidung. Zu-

sätzlich ist die Dekompensation des Geruchssinns ein Frühsymptom vieler neu-

rodegenerativer Erkrankungen und das olfaktorische Epithel steht als potenzielle 

Eintrittspforte für unbekannte Auslöser ins zentrale Nervensystem möglicher-

weise im Zentrum ihrer Pathophysiologie. Das olfaktorische Epithel ist drüber hin-

aus eins der wenigen Gewebe, in denen adulte Neurogenese und Neuroregene-

ration – zwei eingeschränkt verstandene Prozesse – möglich sind. Diese Vor-

gänge bergen ein großes therapeutisches Potential in einer alternden und chro-

nisch kranken Bevölkerung. Nichtsdestotrotz war die Olfaktion lange im Abseits 

der biomedizinischen Forschung und ein tiefgreifendes Interesse für Ihre Funk-

tion und Entwicklung entstand erst in den letzten Jahrzehnten. 

Die Mechanismen der Entwicklung des humanen olfaktorischen Epithels sind bis 

dato schlecht verstanden und vorhandenes Wissen basiert meist auf der Erfor-

schung von Modelorganismen wie Mäusen oder Xenopus laevis. Um die Entwick-

lung des humanen olfaktorischen Epithels zu untersuchen, wie auch um ein drei-

dimensionales Modelsystem für neurodegenerative Erkrankungen und pharma-

kologische Tests zu etablieren, habe ich ein Differenzierungsprotokoll für hu-

mane induziert pluripotente Stammzellen zu Organoiden der olfaktorischen Pla-

kode entwickelt.  

In dieser Arbeit beschreibe und charakterisiere ich die Differenzierung dieser hu-

manen olfaktorischen Plakoden Organoide. Zu diesem Zweck habe ich zunächst 

einen Entwicklungszeitstrahl der Organoidentwicklung von Tag 4 bis Tag 31 der 

Differenzierung etabliert. Hierzu habe ich die Morphologie, wie auch Immunfluo-

reszenzfärbungen von Schlüsselmarkern des Ektoderms und der olfaktorischen 

Entwicklung, namentlich SIX1, TFAP2A und E-CADHERIN analysiert. Die olfak-

torischen Plakoden Organoide bestehen aus einem nicht-neuralen Oberflä-

chenektoderm mit plakodalen Verdickungen auf der Außenseite und neuralen 

Tubuli, die das sich entwickelnde Prosencephalon darstellen, auf der Innenseite. 

Zwischen diesen beiden Strukturen liegt ein Kopf Mesenchym. Diese Architektur 
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ahmt die Entwicklung in vivo recht genau nach. Im Folgenden habe ich die be-

schriebenen Strukturen der Organoide auf Proteinebene charakterisiert und RNA 

Analysen von ganzen olfaktorischen Plakoden Organoiden durchgeführt. Um die 

Ausreifung der Organoide und den darin enthaltenen Strukturen zu verbessen, 

habe ich das Differenzierungsprotokoll basierend auf Erkenntnissen von Gehirn 

Organoiden und anderen Organoiden modifiziert. Die vorläufigen Ergebnisse die-

ses Protokolls zeigen ein hohes Level an Ausreifung und Organisation, wenn 

auch weitere Anstrengungen von Nöten sind, um ein reifes humanes olfaktori-

sches Epithel in vitro zu generieren.    

Diese Arbeit beschreibt zum ersten Mal die Differenzierung von humanen olfak-

torischen plakodalen Organoiden in vitro aus humanen induziert pluripotenten 

Stammzellen. Diese dreidimensionalen Organoide beinhalten Verdickungen mit 

sich entwickelndem olfaktorischen Gewebe. Des Weiteren enthalten sie mindes-

tens vier verschiedene Gewebe und weisen eine physiologische Orientierung mit 

der Außenseite nach Außen auf. Sowohl das Oberflächen Ektoderm wie auch die 

neuralen Tubuli sind auf ihrer eigenen Basalmembran verankert, die Stabilität 

und apiko-basale Orientierung liefert. Diese Charakteristika an stark ausgepräg-

ter Organisation sind den Verhältnissen im sich entwickelnden embryonalen Kopf 

sehr ähnlich und wurden – meinem Wissen nach – noch nicht in einem dreidi-

mensionalen Organoid Modell beschrieben.  

Diese Arbeit bildet die Grundlage für die Entwicklung eines voll funktionsfähigen 

humanen olfaktorischen Epithel-Models in einem dreidimensionalen Organoid 

und liefert erste Erkenntnisse über die humane olfaktorische Entwicklung. Die 

Ergebnisse dieser Arbeit können in der Zukunft einen Teil zur Etablierung eines 

vielseitigen Modellsystems für Neurowissenschaften und die Entwicklungsbiolo-

gie beitragen. 
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3 Introduction 

3.1 Spotlight on olfaction – the next great frontier? 

In the past, our understanding of chronic neurologic diseases such as Parkin-

son´s (PD) or Alzheimer´s (AD) disease, as well as Multiple Sclerosis (MS) has 

been poor, especially when it comes to their causes. Over the last 20 years, there 

has been a profound paradigm shift in neurology and psychiatry, with compiling 

evidence that many of these diseases might be due to genetic mutations or ex-

ternal causes – not “idiopathic”. Recently, an excellent longitudinal study of > 10 

million individuals has uncovered that the Epstein-Barr virus (EBV) is most likely 

the leading cause of MS (1).  

Braak´s theory poses a similar hypothesis for PD: A neurotrophic factor enters 

the central nervous system (CNS) through the olfactory epithelium (OE) as well 

as the nucleus dorsalis nervi vagi and induces the formation of α-synuclein ag-

gregates (Lewi-bodies) (2). From these first affected areas, the α-synuclein bur-

den then spreads through the CNS, causing the clinical manifestations of PD (3). 

This theory is backed by a multitude of in vitro and in vivo evidence (4). In PD 

and AD, olfactory deficits precede classical symptoms for years and can be used 

as early markers for the disease (5,6). Furthermore, Lewi-bodies can be found 

early in the OE and olfactory bulbs (OB) of patients with PD (3,7). The OE with 

its bipolar neurons – being in contact with the CNS and the outside world – is an 

intriguing entry site for possible pathogens (8).  

Yet, the olfactory system is one of the least studied sensory systems in humans. 

The development of the human OE remains largely uncharted territory, since 

most studies examine model organisms as mouse or xenopus laevis (9).  

Human induced pluripotent stem cells (hiPSC) and novel three-dimensional (3D) 

cell culture techniques called “organoids” pose the potential to not only illuminate 

the human developmental processes, but also to create a model system of the 

OE to study neurodegenerative diseases in vitro and act as steppingstones for 

future therapies. Moreover, an in vitro model system of the OE would enable 
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research on a key feature of the OE – lifelong neurogenesis – the holy grail of 

neuroscience (10). 

This thesis will take the first steps in the development of such a much-needed 

tool for neuroscience.   

3.2 Anatomy and function of the human olfactory system 

Olfaction is an intricate sense and serves a multitude of functions below our level 

of aware consciousness, since it is the only sensory system not integrating infor-

mation through the thalamus dorsalis (11). If impaired, the loss of olfactory func-

tion does not lead to debilitating conditions such as hearing loss or blindness, 

long putting it in the offsite of biomedical research. Yet, this long standing neglect 

of olfaction is short sighted and in recent years interest in the olfactory system 

has grown substantially (11). The perception of smell is not only important for 

orientation, the detection of harmful substances, environmental hazards or 

spoiled food, but also partner choice and memory are closely tied to olfaction 

(12,13). This is only made possible by the olfactory systems unique ability to 

sense volatile substances in the air and transduce this information into patterns 

of action potentials in the brain.  

3.2.1 Macroscopy – from the nose to the brain 

As air is inhaled, it enters the nose through the bilateral nostrils (nares) and 

moves through the vestibulum nasi into the cavitas nasi propria. On the roof of 

the cavitas nasi propria resides the primary sensory olfactory organ, the OE. It 

spans cranially over the nasal part of the lamina cribrosa ossis ethmoidalis, lat-

erally over the concha nasalis superior ossis ethmoidalis and medially over the 

lamina perpendicularis ossis ethmoidalis of the nasal septum (14).  

To generate the perception of smell, the inhaled air with its odors must come in 

contact with the OE. However, only around 14 % of the inhaled air reaches the 

olfactory mucosa (15). This percentage can be increased by “sniffing” with multi-

ple short and shallow inhalations (14). Now, inspired air is moving upward, pre-

dominantly ventral to the nasal conchae in the so called “sniffing-groove”, directly 

to the olfactory region (14).  
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The axons of the primary sensory neurons in the OE penetrate the basement 

membrane of the OE and pass the lamina propria and submucosa (14). Within 

the lamina propria the axons are surrounded by olfactory ensheathing cells (OEC) 

and penetrate the lamina cribrosa ossis ethmoidalis as nerve bundles (fila olfac-

toria), making up the 1st cranial nerve (nervus olfactorius) (14,16). The fila olfac-

toria enter the OB and the axons form synapses with projecting- and inter-neu-

rons (14). The olfactory information is then projected to multiple brain regions like 

the area pre-piriformis, the septum region, the hippocampus / limbic system and 

the hypothalamus (14). Many brain regions closely interact in the integration of 

olfactory information as the olfactory system is the only sensory system not reliant 

on thalamic representation (14). 
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3.2.2 Microscopy – from the air to the neuron 

The OE is a pseudostratified columnar epithelium made up of five different cell 

types: (I) olfactory receptor neurons (ORN), (II) microvillar cells, (III) supporting 

cells, (IV) basal cells and (V) Bowman’s gland ductal cells (10)(Fig. 1). 

 

Figure 1: Architecture of the adult human olfactory epithelium 

The human OE incorporates many different cell types spanning the pseudostratified epithelium. 
Horizontal basal cells (light blue), globose basal cells (yellow) and immature ORN (orange) are 
located more basal, whilst microvillar cells (green) and ORN (red) are located more apical with 
their cilia and microvilli extended into the nasal lumen (top). The axons of the ORN penetrate the 
basement membrane and make up the fila olfactoria, the anatomical correlate for the 1st cranial 
nerve. Supporting cells span the whole epithelium and are anchored on the basement membrane 
(grey). Their microvilli also reach the nasal cavity. Bowman´s glands lie underneath the epithelium 
with their ductuli passing through it. Figure created with BioRender.com. 

 

ORN are true bipolar, primary sensory neurons that sense odorants and project 

their action-potentials into the OB (10,14). They have a single dendrite, which 

bears 5-30 sensory cilia extending into the nasal lumen, where olfactory recep-

tors (OR) in its membrane sense odorants (10). Upon binding of an odorant, the 

α-subunit of Golf activates an adenylate cyclase, producing cAMP (17). CAMP 

binds to CNG cation channels, allowing Na+ and Ca2+ influx, which further acti-

vates Cl--channels and creates an action potential (17,18).  

OR are encoded by a superfamily of 851 genes of which more than 50 % are 

non-functional pseudogenes due to frame-reading mutations (19). Scattered 
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across the genome, OR genes make up ~ 3 % of all genes which makes them 

the biggest human gene family (20,21). Mature ORN generally express only one 

OR but immature ORN can express multiple OR (22,23). Immature ORN can be 

characterized by their expression of UCHL1, TUBB3, Golf, NCAM, GNG8 and 

LHX2, whilst mature ORN express UCHL1, OMP, Golf, NCAM and GNG13 

(24,25).  

Microvillar cells are located apically in the OE, extend microvilli into the nasal 

lumen, and have a single unmyelinated axon (10). Whilst their exact function re-

mains unclear, they seem to play a role in the orchestration of ORN regeneration 

(10,26). They are marked by the expression of NPY (26). 

Supporting cells span the epithelium and extend microvilli into the nasal lumen 

whilst anchoring on the basement membrane (10). They give structural support, 

perform phagocytosis, and express metabolic enzymes for xenobiotics, giving 

them a glial-like role in the OE (10). Supporting cells are labeled by HES1, E-

CADHERIN, PAX6, KRT18, EGFR and SOX2 (24,27). 

Bowman´s gland ductal cells form the ductuli connecting the submucosal Bow-

man´s glands with the nasal lumen (10). The Bowman´s glands produce most of 

the mucus and secretion of the OE and express high levels of metabolic en-

zymes. The ductal cells can be marked by SOX9, E-CADHERIN, PAX6, KRT18 

(10). 

Basal cells are the somatic stem cells of the OE responsible for regeneration and 

neurogenesis throughout adulthood, rendering the OE a rare site of life long neu-

rogenesis (10). There are two types of morphologically and functionally distinct 

types of basal cells in rodents: horizontal and globose basal cells (HBC & GBC, 

respectively) (28). In humans, these functionally distinct cell types both share a 

round morphology, similar to GBC in rodents, but can be distinguished morpho-

logically via electron microscopy (24,25,28). GBC are the actively dividing tissue 

stem cell population for neuronal and non-neuronal cell types, whilst HBC are 

reserve stem cells only activated through severe tissue damage (27). HBC are 

abundant and can be marked by their expression of KRT5, KRT17, P63, SOX2, 

PAX6, EGFR and p75NGFR, whilst GBC express SOX2, ASCL1, Ki67, NOTCH1, 
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HES6, p75NGFR, NEUROG1 and NEUROD1, but resemble a more heterogene-

ous population (24,25,27,29,30). 

Another important cell type in the olfactory mucosa is the OEC. They do not re-

side in the OE but surround the axons of the ORN in the lamina propria and sub-

mucosa until they reach the OB and are characterized by their expression of 

GFAP, p75NGFR and S100B (10,25,30).  

 

Figure 2: Markers of different cell types of the adult human OE 

Schematic drawing of the seven cell types of the adult human OE (left) with their annotated marker 
expression (right). Figure created with BioRender.com. 

 

These cell types and their markers are highly conserved among rodents and hu-

mans (24). Nevertheless, the murine OE shows a high-level laminar organization 

and different morphology in basal cells, highlighting limiting differences between 

humans and model species (30). 
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3.3 Early human development 

The olfactory sense is phylogenetically the first specialized sense in animals, and 

develops early during embryogenesis (10). Because the anlage for the olfactory 

system arises early in ontogenesis and key patterns of this are reproduced in a 

3D organoid model in vitro in this study, our comprehension of early human de-

velopment is of great importance.   

3.3.1 Implantation & the bilaminar embryo 

6-8 days post conceptionem (pc) the blastocyst, consisting of the embryoblast 

and the trophoblast, nidates in the endometrium (14). Cells of the embryoblast, 

oriented towards the trophoblast, form the epiblast and the lining of the amniotic 

cavity, whilst cells oriented towards the blastocyst cavity form the hypoblast and 

the yolk sac (14). The bilaminar embryo, consisting of the epiblast and the hypo-

blast, has formed (Fig. 3).  

 

Figure 3: Blastocyst & bilaminar embryo 

Schematic drawing of a human blastocyst on day 8 (left) and day 12 (right) pc. Epiblast cells 
(blue) forming the lining of the amnionic cavity and hypoblast cells (purple) forming the lining of 
the yolk sac. Cytotrophoblast and syncytiotrophoblast in orange and light orange, respectively. 
Figure created with BioRender.com. 

 

3.3.2 Gastrulation 

In the 3rd week pc, starting at day 15 (Carnegie Stage [CS] 7-8), the process of 

gastrulation occurs (14,31). Here, the pluripotent epiblast of the bilaminar em-

bryo, gives rise to the trilaminar embryo (14). Beginning caudally, the primitive 

streak extends cranially in the epiblast until forming the primitive node at its 
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cranial end (at half the length of the embryo) (14). The primitive streak forms the 

primitive groove, from which epiblast cells delaminate and migrate between the 

hypo- and the epiblast in a process called “epithelial-to-mesenchymal-transition” 

(EMT), forming the new intraembryonic mesoderm (14,32). Cells from the cranial 

part of the primitive groove migrate into the hypoblast and displace the hypoblast 

cells to form the new endoderm (14). Furthermore, a cell mass migrating cranially 

from the primitive node forms the chordal process which invaginates and delam-

inates from the endoderm deriving the corda dorsalis (14). This corda dorsalis 

(also called notochord) plays a pivotal role in the further patterning of the embryo 

(14). Under the influence of morphogenic cues from the new mesoderm and en-

doderm, the remaining epiblast cells make up the new ectoderm (14)(Fig.4).  

 

Figure 4: Gastrulation 

Schematic drawing of a horizontal section during gastrulation in the 3rd week pc. Epiblast / ecto-
derm (brown), mesoderm and young endoderm (red), hypoblast (yellow). Cell movements anno-
tated with arrows. Figure created with BioRender.com. 

 

3.3.3 Ectodermal patterning  

This primitive ectoderm later gives rise to various structures namely the epider-

mis, the CNS, the neural crest (NC) with its derivatives like peripheral and enteric 

nervous system (PNS & ENS), and the cranial sensory placodes (CP) (33). This 

patterning occurs along a dorso-ventral (D-V) axis in vertebrates, with the primi-

tive node and the chorda dorsalis acting as organizers (14,34–36). These under-

lying structures secrete Nogging and other inhibitors of the bone morphogenic 

proteins (BMPs) close to the midline, which induces the formation of the columnar 
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neural plate (NP) in the ectoderm (37). Furthermore, inhibition of the canonical 

WNT pathway is required to induce neural fates, whilst also providing strong in-

duction cues towards anteriorization (38).  

During gastrula stages, as the ectoderm is divided into the NP – later giving rise 

to the CNS – and the non-neural ectoderm (NNE), which will give rise to the epi-

dermis of the skin, a third ectodermal structure forms between these two tissues 

(9). In response to direct interaction between the NP and the NNE, as well as due 

to morphogenic cues from underlying tissues, a specialized “neural border zone” 

(NB) forms within the NNE around the NP (9,39). From this NB, the NC, and the 

pre-placodal region (PPR) arise, which later sub-specifies and breaks down into 

the CP (40).  

CP are focal thickenings in the head ectoderm of vertebrates, sometimes with a 

partly interrupted basement membrane (9,41). These CP later give rise to the 

anterior pituitary gland, the OE, the lens, large neurons of the cranial sensory 

ganglia (trigeminal, facial, glossopharyngeal and vagal cranial nerves), the otic 

and vestibular sensory organs (39). In fish and amphibians, the PPR also gives 

rise to the CP of the lateral line, a sensory organ detecting water movements and 

electric fields, and the hypobranchial ganglia of yet unknown function (9,42). 

The NC is a purely migratory and multipotent cell population and as such gives 

rise to various cell types as craniofacial cartilage and bone, pigmented cells, and 

the neurons and glia of the ENS and PNS (9,43). Whilst the NC is induced later-

ally to the whole NP, the PPR is only formed around the anterior NP in a horse-

shoe-shaped manner, partly lateral to the NC (9) (Fig. 5).  
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Figure 5: The pre-placodal region in situ 

Schematic drawing of a dorsal view of an embryo in the early 4th week pc. The PPR (red) forms 
in a horseshoe-shaped manner around the anterior NP (brown), laterally to the NC (black). Whilst 
the PPR forms only around the anterior NP, the NC forms laterally to the whole NP, except the 
anterior pole. White dashed line annotates section plain of (Fig.6). Anterior (A), posterior (P), 
ventral (V), dorsal (D).  
 

As the NP forms the neural tube (NT) during neurulation, the NC is displaced 

from the ectoderm and the PPR breaks down into distinct CP (9,14,44). Both, the 

NC and the CP with their derivatives are likely key factors for the evolutionary 

success of vertebrates (40).  

3.3.4 Neurulation 

In the 4th week pc starting on day 18-19 (CS 10-13) the process of neurulation 

occurs. Here, the NP – which extends from the buccopharyngeal membrane to 

the primitive node – forms the so-called neural groove under the influence of the 

chorda dorsalis (14). Laterally to the neural groove the so-called neural folds 

form, which also comprise the NB with the NC and PPR (14). Starting on day 20, 

the neural folds approximate and begin to fuse on somite level four propagating 

cranially and caudally, forming the NT (14,31). During this closure of the NT, the 

PPR acquires an anterior-posterior (A-P) identity and becomes regionalized (39). 
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The remaining openings, the neuroporus cranialis and neuroporus caudalis, 

close on day 24 and 26, respectively (14). The NC is displaced laterally to the 

now formed NT and, as a highly migratory and multipotent cell lineage, give rise 

to various different cell types (14) (Fig.6).  

 

Figure 6: Neurulation 

Schematic drawing of a cross section view of an embryo undergoing neurulation starting in the 
4th week pc. Timeline annotated in CS from top to bottom. Section plane annotated in (Fig. 5). 
NP / NT (brown), NB (light blue), NNE (yellow, cuboid), chorda dorsalis (yellow, cell strand), mes-
oderm & somites (red), endoderm (yellow, columnar), NC (dark blue), PPR & olfactory placode 
(green). Dorsal (D), ventral (V). Figure created with BioRender.com. 
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3.4 Special olfactory development 

The formation of a NB between the NP and the definite NNE, the development of 

the NC and the PPR, as well as the rise of specific placodes like the olfactory 

placode (OP) (and subsequently the OE) is a highly conserved process along 

vertebrates (45). This being the case, significant interspecies differences can be 

observed comparing model organisms (zebrafish, xenopus, chick, mouse) re-

garding gene expression (39). Expression patterns and timelines in model organ-

isms can be strong clues to elucidate the human olfactory development – on 

which there is not a lot of data – but interpretations should always be made with 

caution and respect to remaining uncertainty. The knowledge of the olfactory de-

velopment is largely based on these model organisms. 

3.4.1 Neural border & pre-placodal region 

The NB is initially specified by the overlap of the expression of pre-neural genes 

(SoxB1, Zic, Otx2, ERNI, Gemini) with non-neural genes (Tfap2a, Gata2/3, Msx1, 

Foxi1/3, Dlx) (39,46). These genes – called “NB-specifying” genes – then orches-

trate the specification and further sub-division of the NB into the NC and PPR 

(39,46). The borders between the NP, NC, PPR and NNE are defined and main-

tained by the expression of key regulators, which activate further downstream 

commitment and repress expansion of adjacent territories (46). The NC and its 

borders are marked by the expression of Msx1, Pax3/7, FoxD3, Sox9/10, Dlx-

genes, Tfap2a, and Snail2 (39,46). The PPR can be exclusively marked by their 

expression of Six- and Eya-family genes, with Six1/2/4 and Eya1/2/3/4 being ex-

pressed in the whole PPR, albeit with some interspecies differences (9,45). Ad-

ditional gene-products also mark the PPR (Tfap2a, Gata2/3, Dlx3/5), but are also 

expressed in other locations, so that PPR definition using these genes needs 

“combinational codes” (9,45,47).  
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Figure 7: Neural border formation 

The expression patterns of the NP (brown) and the NNE (orange) overlap in a region defined as 
the NB (blue).  

3.4.2 The PPR as a multipotent progenitor 

Initially, the PPR is a multipotent region, in which all cells can form all placodes 

due to their shared molecular patterning, and distinct placodes arise later due to 

external cues (45,46).  

Prove for this idea was first demonstrated by Jacobson in amphibians. Here, he 

showed that the early PPR could be re-grafted anywhere within the PPR and give 

rise to the appropriate placode according to its new position, whilst the later PPR 

gave rise to the placode from its original location (48).  

Furthermore, the PPR is a necessary step in the induction of placodes, since only 

the PPR reacts to morphogen exposure with the development of placodes (49). 

This is also true for hESC based differentiations, where PPR genes TFAP2A, 

GATA, and DLX genes must be expressed before cells can acquire CP markers 

(50).  

3.4.3 Sub-specification of the pre-placodal region 

As mentioned earlier, the PPR acquires an A-P identity during neuralization (39). 

During this process, the PPR breaks down into an anterior (anterior pituitary, ol-

factory, lens), intermediate (trigeminal) and posterior (otic, lateral line, epi/hypo-

branchial) placodal field, each later giving rise to specific placodes (39) (Fig.8).  
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Figure 8: Cranial placodes 

Schematic drawing of a dorsal view of an embryo after breakdown of the PPR into CP during 
neurulation. NT (brown), anterior neural fold (dark brown), pituitary placode (magenta), OP (yel-
low), lens placodes (light blue). The ophthalmic (red) and maxillomandibular (light red) placodes 
make up the trigeminal placodes. The geniculate (dark green), nodose (green) and petrosal (light 
green) placodes make up the epibranchial placodes. Otic placodes (dark blue), somites (grey), 
anterior (A), posterior (P), ventral (V), dorsal (D). Adapted after (51,52). 
 

Spatial and temporal signals from the NP, NNE and mesenchyme are inducing 

these changes in the PPR (9). Similar to the situation in the adjacent neural tube, 

Otx2 and Gbx2 play important roles as initial patterning factors for this process, 

with Otx2 being expressed anterior and Gbx2 being expressed posterior (39).   

Genes of the Six and Eya family lie in the center of the regulatory pathway, being 

broadly expressed in the PPR (9,46). When binding to Six, Eya can translocate 

to the nucleus, where it can act as a co-factor for Six and change the function of 

other co-factors (Dach) from co-repressors to co-activators (9,53,54). These 

changes in transcription uphold PPR potential, repress NP, NC and NNE genes, 

and induce downstream genes for sub-specification (46,55).  

One of the most important gene family for the spatial identity of placodal fields 

are the Pax genes (9). They are activated downstream of the Six / Eya network 
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and pattern the PPR into the anterior (Pax6), intermediate (Pax3) and posterior 

(Pax2/8) placodal regions (46). They not only activate further downstream path-

ways for fate commitment, but also define placodal fields by co-repression 

(39,56).  

During this breakdown of the PPR, molecular markers become more distinct and 

restricted to specific placodal fields and later placodes (9,39,45). The anterior 

field is expressing Otx2, Pax6, Six3/6, and Pitx1/2, the intermediate zone is ex-

pressing Otx2, Pax3, and Irx1/2/3, and the posterior field is expressing Gbx2, 

Pax2/8, Irx1/2/3, Foxi3 (9,45).  

The anterior placodal field subsequently breaks down into the placodes of the 

anterior pituitary, the lens, and the OE, whilst the posterior placodal field gives 

rise to the epibranchial and otic placodes (9). 

 

Figure 9: Sub-specification of the pre-placodal region 

Schematic drawing the of the PPR sub-specification into the placodal fields and later the CP. 
Regions and CP characterized with their specific marker expression. Overlapping expression for 
Otx2 and Irx1/2/3 indicated by dashed lines. Adapted after (45).  
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3.4.4 The olfactory placode 

The further sub-specialization of the anterior placodal field is again mediated by 

signals from adjacent and underlying tissues (45). For example, signals from the 

anterior neural fold (Fgf8) induce the OP in the anterior placodal region, but the 

cranial mesenchyme also plays a vital role in this process (45,47). The OP also 

demarks and specializes with the expression of transcription factors necessary 

for neural fate (9,57). Consequently, the OP expresses markers associated with 

the capacity to generate neurons, such as Six1, Eya2, Sox2 and Foxg1, as well 

as markers indicating early ORN lineage such as Ascl1 and Ebf2 (39,45,57). 

The OP is the only neurogenic placode of the anterior placodal field and as such 

gives rise to the OE with its ORN (39). Also, GnRH1+-neurons originate from the 

OP and migrate along the olfactory and terminal nerve, through the anterior fore-

brain and into the hypothalamus (29,58,59). Here, GnRH1+-neurons play an im-

portant role for fertility and mating functions in the hypothalamic-pituitary-gonadal 

axis (60,61). Within the OP, which likely integrates PPR and NC cells to some 

degree, the GnRH1+-neurons are partly of NC origin (62).  

Starting day 26 pc (CS 11), the OP can be seen as so-called “nasal plate” laterally 

to the neuroporus cranialis (63). In stages 12 / 13 the OP thickens and a mesen-

chyme appears between the forebrain and the OP (63). In stage 14 the OP forms 

the nasal groove and starts to invaginate into the mesenchyme in stage 15, form-

ing the nasal pit (63). This mesenchyme – product of the NC – expresses Pax7 

upon invagination in mice on E10.5 (~ CS 13 / 14) (39,64). In CS 16, the mesen-

chyme further proliferates and the central olfactory structures as the anlagen of 

the OB and olfactory tuberosity become clearly visible (63). Finally, in stage 17, 

the nasal pit closes, forming the nasal sac and the OB with axons from the OP / 

OE are more prominent (63) (Fig.10).  

As the development of the OE from the OP and PPR are complex in nature and 

dependent on multiple cross-tissue interactions, this work seeks to model the sit-

uation in vivo, by juxtaposing multiple tissues within 3D organoids in vitro. One 

structure, which seems to play a pivotal part in olfactory development is the fetal 

brain. 
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Figure 10: Morphological development of the olfactory placode 

Schematic drawing of a cross section view of an embryo head from CS 12 to CS 15 showing 
invagination of OP into a growing head mesenchyme directly adjacent to the developing forebrain. 
Timeline annotated in CS from top to bottom. Forebrain (yellow, columnar / stratified), head mes-
enchyme (red), OP / nasal groove / nasal pit (green), head NNE (yellow, simple cuboidal). Ven-
tricle of forebrain annotated withs asterisk. Dorsal (D), ventral (V), lateral (L), medial (M). Figure 
created with BioRender.com. 
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3.5 Development of the central nervous system 

The evolutionary success of the large-brained mammals like humans is unprec-

edented. The brain with its computational power and reason has given humans 

the ability to conquer and change the world like no other animal has before – for 

better or worse. The OE and the brain are not only in close proximity, but also 

directly influence each other’s development, rendering them closely intercon-

nected (65). 

The CNS, comprised of the brain rostrally and the spinal cord posterior, develops 

from the NT. As the NT starts to fuse in the 4th week pc and the early brain is 

divided into the three primary vesicles, the prosencephalon (forebrain), the mes-

encephalon (midbrain), and the rhombencephalon (hindbrain) (66). In the 5th 

week pc, as the brain anlage further grows, the three primary vesicles mature to 

form the five secondary vesicles. These include the (I) telencephalon and (II) di-

encephalon from the prosencephalon, the (III) mesencephalon, as well as the (IV) 

metencephalon and (V) myelencephalon from the rhombencephalon (66).  

The NT and the brain vesicles are patterned by the chorda dorsalis into a thin 

floor plate ventrally and roof plate dorsally (66). Between these D-V poles, the 

bilateral basal plates and alar plates develop ventrally and dorsally, respectively 

(66).  Later, the basal plate gives rise to somatomotoric neurons, the alar plate 

produces the somatosensory neurons, whilst the visceromotoric and -sensory 

neurons are derived in between (66). As this is the case in more “rudimentary” 

regions of the CNS like the spinal cord, the neurons of  the telencephalon and 

diencephalon derive solely from the alar plate (66). 

From the progenitor cells in the neural tube all major CNS cell lineages, namely 

neurons, astrocytes and oligodendrocytes develop (66). Endothelial cells, micro-

glia and the meninges (except the leptomeninx) are not of ectodermal, but of 

mesodermal descent (66).  

As the neural tube in the prospective forebrain area thickens during development 

due to neurogenesis, a characteristic layered structure emerges. Faced towards 

the lumen of the neural tube lies the ventricular zone (VZ), which is home to the 

progenitor stem cells, the radial glia (RG) (67). The RG also form the inner and 
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outer limiting glial membrane and guide migrating cells (66). Outside of the VZ 

lies the sub-ventricular zone (SVZ), which is (only in humans) divided by an inner 

fiber layer into the outer and inner sub-ventricular zone (OSVZ & ISVZ) (68). Out-

side of the SVZ first lie the intermediate zone (IZ), subplate zone (SPZ) and the 

cranial plate (CPZ), followed by the outermost marginal zone (MZ) (66).  

Mitotic cell divisions of the RG in the VZ – the earliest zone of the NT – give rise 

to the cells making up the outer regions (66). Through asymmetrical cell division, 

they generate neurons, which migrate ventriculofugally into the IZ and CP (66). 

Neurons migrating to the CPZ do so in an outside-in fashion, with the later born 

neurons on the outside (69). The RG also give rise to intermediate progenitors 

(IP), another neural stem cell population, inhabiting the whole SVZ (66). Another 

human specific stem cell population inhabit the OSVZ, called outer radial glia 

(oRG) (70,71).  

The MZ later give rise to layer I of the neocortex, whilst the SPZ and CPZ give 

rise to layers II-VI (66). This complex makeup of the brain vesicles with its human 

specific features allowed for the rapid expansion in brain size and neuronal output 

(69,72). 

Before the closure of the NT, the forebrain divides into the anterior telencephalon 

(FOXG1+) and the more posterior diencephalon (OTX2+) (73,74). As the telen-

cephalon enlarges to the anterior, two diverticula are formed from its lateral alar 

plates, quickly growing in size (66). These two diverticula give rise to the hemi-

spheres and their NT-lumen become the 1st & 2nd ventricles (66). Through rapid 

expansion and a characteristic counterclockwise rotation of the newly formed 

hemispheres, the telencephalon acquires its characteristic shape. The dorsal tel-

encephalon (pallium, future neocortex) expresses PAX6 and EMX2, whilst it ex-

presses NKX2.1 and GSH2 in its ventral sub-pallium (75). This ventral sub-pal-

lium gives rise to the basal ganglia, incorporating the lateral (GSH2+/FOXG1+) 

and medial (NKX2.1+/FOXG1+) ganglionic eminence (LGE & MGE), important 

sources of telencephalic neurons and interneurons (66,76–78). Both the MGE 

and especially the LGE have close ties to the OB and olfactory system (66,79). 
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Figure 11: Regions of the forebrain 

Schematic drawing of a coronary section of an embryonic forebrain during gestational week 18-
20. Pallium containing the CPZ and cortical VZ/SVZ dorsally (brown), subpallium containing the 
ventral forebrain (light brown), as well as the MGE (red) and LGE (yellow) ventrally. Developing 
brain ventricles marked by asterisks. Dorsal (D), ventral (V), medial (M), lateral (L). Adapted after 
(75). 

 

The primary olfactory lobe is formed by the antero-medial and ventral floor of the 

hemispheres, whilst the remaining floor gives rise to the striatum and the amyg-

daloid complex (66). The rest of the hemispheres (media, lateral, dorsal and cau-

dal regions) form the majority of the telencephalon with its gyrated cortex and 

white matter (66). Here, the OB is an extension of the medial pallium (80). 

3.6 Signaling pathways in the craniofacial development 

The development of the OE as well as the CNS relies on the spatial and temporal 

interaction of a multiple signaling pathways, modulated by a multitude of tissues 

(61,81). Here, the BMP, WNT, FGF, TGFβ pathways orchestrate the develop-

mental processes (Fig.12). The development of the NP in the primitive ectoderm 

relies on the inhibition of WNT and BMP signaling, as well as the activation of 

FGF signaling in the midline (45). Pluripotent stem cells (PSC) can also be differ-

entiated towards neural fates using these principles. The dual SMAD inhibition 

(dSMADi) method uses recombinant Noggin (a BMP antagonist) and the small 

molecule SB431542 (a TGFβ antagonist) to induce anterior CNS precursors (82). 
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Likewise, TGFβ and WNT antagonism have been used to create telencephalic 

precursors from PSC (83). 

Initially these CNS precursors adopt the fate of the anterior CNS (forebrain) (84), 

but can later be posteriorized under the influence of dorsalizing agents such as 

WNT (38) and retinoic acid (85). Likewise, anterior CNS fates are promoted by 

the inhibition of WNT (38) and activation of FGF8 (86,87). In the developing fore-

brain, Sonic Hedgehog (SHH) is a well-known ventralizing agent (88). In accord-

ance, SHH signaling has been used to induce ventral forebrain in brain organoids 

(76) and hypothalamic like tissues in pituitary organoids (89). 

In the specification of the NB between the NP and the NNE and its breakdown 

into NC and PPR, these signaling pathways are also involved (45). As mentioned 

earlier, the NP relies on WNT and BMP inhibition and FGF activation. In contrast 

to that, the induction of NNE relies on WNT and BMP signals (90) and epidermal 

fate can be blocked by FGF signaling (46). The NB lies between these two zones 

and it is generally accepted, that an initial BMP exposure is needed for NB spec-

ification (91). For the breakdown of the NB, the PPR later is promoted by low 

BMP signaling (91) and blocked by WNT signaling (81). The NC on the other 

hand is promoted by intermediate levels of BMP as well as WNT signaling origi-

nating from the neural fold (92). Due high expression of WNT antagonists in the 

anterior telencephalon, the anterior NB only gives rise to PPR and not NC, which 

is reliant on WNT signaling (38,45,93). This has been recapitulated in PSC de-

rived tissues, where an initial exposure to BMP followed by low BMP, low WNT 

and high FGF levels where necessary to promote PPR and CP fate (94,95). 

The specific role of FGF signaling in PPR induction is debated, since contradict-

ing results in different model organisms suggest cross species variability (45). 

Nevertheless, FGFs play an important part in the induction of the PPR, with the 

head mesoderm as their secretion source (81). TGFβ inhibition using SB431542 

was able to produce NNE in vitro (96). 



  Introduction 

40 
 

 

Figure 12: Signaling pathways in placode development 

Schematic drawing of a cross section view of an embryo undergoing neurulation starting in the 
4th week pc. Influence of key signaling pathways on tissue differentiation annotated with arrows 
(activation) and blunt arrows (inhibition). Timeline annotated in CS from top to bottom. Section 
plane annotated in (Fig. 5). WNT-antagonists (WNTa), NP / NT (brown), NB (light blue), NNE 
(yellow, cuboid), chorda dorsalis (yellow, cell strand), mesoderm (red), endoderm (yellow, colum-
nar), NC (dark blue), PPR (green). Dorsal (D), ventral (V). Figure created with BioRender.com. 

 

During the breakdown of the PPR into different placodal fields and CP, patterning 

factors along the A-P axis are important. The anterior placodal region seems to 

be the default state, giving rise to the lens placode if not subject to morphogens 

(47). WNT signaling is a strong caudalizing factor, as WNT activation is neces-

sary for the posterior otic placodes to develop (97) and WNT inhibition also blocks 

the formation of trigeminal placodes (98). Likewise, retinoic acid is a potent pos-

teriorizing factor, not only in the CNS but also in PPR breakdown (99). In the 
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anterior placodal field, Fgf8 plays a pivotal role inducing olfactory and suppress-

ing lens fate (47), whilst prolonged BMP signaling enhances the lens placode 

(45,92). Different spatiotemporal FGF signals are important for the formation of 

all CP from the PPR primordium (45). The casualizing effects of WNT in a per-

missive FGF environment and low BMP conditions have previously been recapit-

ulated in the development of otic organoids (96). Likewise, the anteriorizing effect 

of WNT inhibition in PSC derived CP has been shown by the expansion of PAX6+ 

anterior placodal cells at the expense of PAX3+ intermediate placodal cells (94). 

This study also showed the importance of FGF signaling to induce CP in PSC 

derived differentiations (94). 

SHH is a potent factor promoting the anterior pituitary placode formation in the 

oral ectoderm (100). Here, SHH signaling blocks lens / olfactory and promotes 

pituitary fate (101). In a PSC based organoid model, the induction of the anterior 

pituitary placode by SHH agonist SAG has been described (89).  

As these signaling pathways have been shown to be important in CP formation, 

their careful modulation in a morphogen based, 3D organoid differentiation pro-

tocol is an important part of this thesis. Furthermore, the interaction of multiple 

tissues within one PSC derived organoid is pivotal, also relying on these path-

ways. At the basis of this morphogen and interaction-based differentiation proto-

col are human PSC which are a key technology for this thesis.  

3.7 Human induced pluripotent stem cells 

The isolation of PSC from the inner blastocyst cell mass and their cultivation can 

be regarded as a milestone in the field of developmental biology (102,103). These 

cells can self-renew indefinitely and have the ability to differentiate into cells of all 

three germ layers (ecto-, meso- and endoderm) (104). They can subsequently 

give rise to any somatic tissue, granting them unprecedented potential for the use 

in regenerative- and personalized medicine (104). PSC can be utilized for devel-

opmental studies, disease modeling, drug testing and toxicity screens, as for the 

development of cell (replacement) therapies (105). 

Their pluripotency is characterized by (I) the ability to form teratoma in SCID mice 

(106), (II) the ability to form whole chimeras when injected into a donor pre-
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implantation blastocyst (104), (III) the ability to form embryoid bodies (EB), which 

give rise to cells of all three germ layers in vitro (107), and (IV) the expression of 

pluripotency markers (OCT3/4, SOX2, NANOG, SSEA3, SSEA4, TRA-1-60, 

TRA-1-81 and TRA-2-49/6E [alkaline phosphatase]) (104,108). 

The first PSC to be isolated and maintained in culture were murine embryonic 

stem cells (mESC) (102,103). Human embryonic stem cells (hESC) were only 

isolated and cultured much later (109). Whilst human and murine ESC both show 

pluripotency, their maintenance and pathway dependence of the self-renewing 

state differs. Murine ESC are dependent on Lif and the Stat3 pathway, whilst 

human ESC rely on FGF2 and TGFb/Activin/Nodal signaling (110,111).  

HESC share great similarities with murine epiblast stem cells (mEpiSC) which 

have – in contrast to mESC – (I) undergone X-chromosome inactivation (XaXi) 

(112), (II) easily differentiate into primordial germ cells (PGC) (113), (III) have an 

impaired ability to form chimeras (114), (IV) are sensitive to single cell passaging 

(114), (V) show a flat morphology in 2D cell culture (114),  and have (VI) signifi-

cant epigenetic and gene expression differences to mESC (115). For mEpiSC  

and mESC the terms primed and naïve pluripotency were coined, respectively 

(116). This nomenclature can be accepted for humans, where hESC most confi-

dently represent a state of primed pluripotency, but can be reprogrammed into 

and maintained in a naïve state (117) .  

Other than the isolation of ESC from preimplantation blastocysts, other methods 

for the generation of PSC have been described (104).  A method called somatic 

cell nuclear transfer (SCNT) transfers the nucleus of a somatic cell into an enu-

cleated oocyte, creating NT-ESC (nuclear transfer embryonic stem cells) 

(118,119). This method was used to create the first cloned mammal “Dolly”, a 

sheep, in 1996 (120). Furthermore, PSC can be generated by fusing somatic cells 

with ESC, creating pluripotent, tetraploid hybrids (121,122). 

The next big leap came in 2006 when Yamanaka was able to show the stable 

reprogramming of somatic cells into PSC, termed “induced pluripotent stem cells” 

(iPSC) (123). Here, the authors showed that through the retroviral transduction 

of the transcription factors Otc3/4, Sox2, c-Myc and Klf4 into adult murine 
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fibroblasts, pluripotent stem cells could be induced (123). Later, they were able 

to reprogram adult human fibroblasts into human induced pluripotent stem cells 

(hiPSC) by retroviral transduction of the same factors (108). HiPSC and miPSC 

share key features as pluripotency with their respective ESC counterparts but 

differ to some extent in their gene expression profile, when compared with ESC 

(108,123).  

(H)IPSC hold two main advantages over (h)ESC: Since hESC can only be iso-

lated by the destruction of a pre-implantation blastocyst, ethical concerns have 

been raised and the use of hESC is tightly controlled (124). The reprogramming 

of adult somatic cells to hiPSC circumvents this problem and therefore diminishes 

ethical concerns (108,125).  

Secondly, patient-specific hiPSC lines can be generated, which allows the study 

of defined genetic conditions, drug-screening and possibly the development of 

targeted genetic therapies without immunogenic risks (104,126,127).  

Furthermore, (h)iPSC based drug- and toxicity screening can be utilized to reduce 

animal testing according to the 3R-principle (reduce, replace, refine) (128). 

Since 2007 the variety of techniques used for reprogramming increased dramat-

ically (125). Next to the original method by Yamanaka using a lentivirus for retro-

viral transduction (108), other methods like Sendai virus as a non-integrating vi-

rus (129), modified mRNA (130), episomal reprogramming (131), excisable non-

viral vector plasmids (132), expression plasmids (133),  small molecule assisted 

reprogramming (134,135) and dCas9 based CRISPRa (136) have been imple-

mented for the generation of hiPSC. 

Many different sources for adult somatic cells used for generating hiPSC have 

been described (125). Dermal fibroblasts acquired by punch biopsies are a widely 

used cell type. This is because they have been used in the earliest reprogram-

ming protocol and show an easy handling (108,125). Nevertheless, alternatives 

have emerged with the most broadly used being:  (I) blood cells (137), (II) exfoli-

ated cells of the renal-urinary tract (138), and (III) keratinocytes from plucked hair 

(139). Especially the latter are very intriguing, since they can be acquired non-
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invasive by non-medical personnel and plucked hair can be stored and shipped 

with ease (125).  

As a developmental study, this thesis builds upon the use of hiPSC and their 

directed differentiation. The cell line used – generated through episomal repro-

gramming – was commercially acquired.  

3.8 2D vs. 3D – the rise of organoids 

HPSC are a truly versatile tool for developmental studies as well as disease mod-

eling due to their potential to differentiate into a broad range of cells in vitro.  

Shortly after the isolation of hESC, protocols were established to obtain cells of 

a certain lineage (126). In these directed differentiations, the differentiation of 

hPSC towards desired cell types in vitro is controlled via extrinsic and temporal 

patterning, mimicking the situation in vivo (140). Pattering is achieved by the ap-

plication of morphogens – biological agents that spatially organize surrounding 

cells via gradients – and / or small molecules (140,141). Small molecules are of 

synthetic origin and modulate signaling pathways predictable as well as more 

potent and cost effective than recombinant morphogens (140,142). 

Early on, (I) neural lineages (143,144), (II) hematopoietic cells (145), (III) cardio-

myocytes (146) and many more were derived from hESC using these techniques.   

Patient derived hiPSC make it possible not only to create lines of specific fates, 

but also to study the pathophysiology of certain monogenic or sporadic diseases 

like PD, among others (147,148). 

Traditionally, cell culture studies were reliant on 2D and single / oligo cell type 

protocols, but have limitations for modeling development and studying disease 

mechanisms (148,149). In vivo, cells reside in complex tissue and organ struc-

tures within a pluralistic extracellular environment, reliant on dynamic and recip-

rocal interaction (148). However, in a classical monolayer cell culture, this com-

plex environment, extracellular matrix (ECM) and cell contacts with a high order 

of organization are absent (148). These unphysiological conditions impose limits 

on disease modeling capacity (148), maturation ability (150) and lead to an 
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aberrant cell morphology (148). These limitations can – at least partly – be over-

come using 3D cell cultures.  

The first method for 3D culture were the so called EB (107). PSC can aggregate 

into these 3D structures which recapitulate some developmental aspects of early 

pre-implantation blastocysts (107). EB show the ability to self-organize and ex-

hibit axis formation, reminiscent of the developing embryo  (151,152). EB – just 

like teratoma – give rise to many organized tissues and can be subject to directed 

differentiation (107). In many adherent protocols an initial EB step is used to cre-

ate cells of certain lineages (144,153).    

A further methodological evolution of EB are the so called “organoids” (149). Or-

ganoids – 3D cell aggregates which resemble the structure and function of an 

organ or tissue in vitro – can be generated using 3D cell culture systems (149).  

There are several necessities for the correct definition of an organoid: (I) several 

organ specific cell types, (II) organ specific functional aspect, (III) cells grouped 

and organized similar to resembling organ, (IV) development mirrors in vivo situ-

ation (149). Lancaster and colleagues therefore proposed the following definition: 

“A collection of organ-specific cell types that develops from stem cells or 

organ progenitors and self-organizes through cell sorting and spatially re-

stricted lineage commitment in a manner similar to in vivo” (149). 

Organoid models often induce multiple tissues within one aggregate, enabling 

development and further maturation (96). This co-induction of different lineages 

facilitates tissue-crosstalk, similar to the situation in vivo and hence allows proper 

tissue formation mirroring the embryological situation (89,96,154).  

Organoid technology often makes use of ECM components obtained from the 

Engelbreth-Holm-Swarm tumor line (155) made commercially available as Mat-

rigel®, which creates a complex environment supportive of organoid formation 

and maturation (72). Likewise, a high order of organization is obtained (72). 

Organoids as model systems have several limitations, most important being a 

high variability, paired with low controllability, slow production time and limited 

efficiency (148,149,154). 
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Nevertheless, their outweighing benefits render them important tools in molecular 

and cell biology, which led to the creation of numerous human organoid models 

for: Skin (156), inner ear (96), brain / brain regions (72,157,158), pituitary (89), 

retina (159), mammary gland (160), bone (161), cardiac muscle (162), skeletal 

muscle (163), kidney (164), intestine (165), liver (166), lung (167), stomach (168), 

pancreas (169), blood vessels (170), prostate (171) and endometrium (172).  

3.8.1 Brain organoids 

Brain organoids are of special interest to gain a better understanding of the de-

velopment and functional impairments of the CNS (157). The limited excess to 

fetal brain tissue as well as the lack of good model organisms led to the develop-

ment of 3D neuronal protocols (149). Mice are limited in their capacity to model 

human brain development since they and humans diverged ~ 70-80 million years 

ago and hence show substantial interspecies differences (148). Human cortex 

development shows a differing cytoarchitecture with unique cell types and more 

pallial thickness than found in the murine system (72,158). The group of Yoshiki 

Sasai was able to show the differentiation of murine and human ES into telence-

phalic precursors using a defined, partly 3D culture system termed SFEB (serum-

free, floating culture of embryoid body–like aggregates) which recapitulated key 

aspects of developmental patterning (83,173). The group later refined their 

method, now termed SFEBq (SFEB, quick aggregation) and turned to a fully 3D 

approach, yielding polarized neuroepithelium expressing telencephalic markers 

and showing characteristics of early brain development (80). This led to the cre-

ation of a self-organizing, polarized neuroepithelia from hESC in suspension cul-

ture, showing human specific cell types like oRG and distinct inside-out layering, 

resembling the fetal development (158). Lancaster and colleagues showed in 

2013 the generation of 3D, self-organizing “brain-organoids” from hPSC by em-

bedding EB derived neuroectoderm in Matrigel® as an extracellular scaffold (72). 

This approach – which unlike SFEBq does not rely on extrinsic patterning – yields 

tissues of multiple brain regions within one organoid, as well as human specific 

organization and cell-types like oRG (72). Pasca et al. later created reproducible, 

3D human cortical spheroids (hCS) from hPSC, using dSMADi as extrinsic pat-

terning, without Matrigel® embedding, which showed improved maturation and 
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also generation of glial cell types (82,157). These hCS could be patterned exter-

nally to generate brain region specific tissues (75,157). The group of Lorenz Stu-

der later showed in an elegant study that an axis could be generated within fore-

brain organoids using an inducible SHH system, in which some cells of the or-

ganoid can be prompted to secrete SHH, leading to a D-V axis formation (76). 

Brain organoids, although showing huge potential due to their self-organization 

as well as resemblance of complex cytoarchitecture, developmental process and 

disease modeling capabilities, have limitations due to their limited reproducibility 

and difficult region patterning (80,149).  

3.8.2 Organoids in PPR-derived tissues  

Insights into the development of the PPR and its placodal derivatives are – due 

to their transient occurrence in ontogenesis – mostly limited to animal models like 

mice, chick, and zebrafish (9). Previous efforts to induce PPR and CP-like cells 

from hPSC in a 2D culture were focused on elucidating molecular mechanisms 

of cell specification and cellular properties (94,95). Since these protocols yield 

rather homogeneous cell populations and hence lack tissue-crosstalk important 

for placodal induction, they are limited in their potential to generate mature plac-

odal derivatives (61,94). Through 3D cell culture systems these limitations can 

be overcome, and more mature cell lineages can be obtained, similar to the situ-

ation in brain organoids (72,96).  

Adapting the SFEB(q) culture method, organoids of the anterior pituitary 

(89,154,174) and inner-ear (96,175) were generated. Both groups first estab-

lished a mPSC model (174,175), followed by  hESC (89,96) and later hiPSC 

(96,154) models. For both structures significant differences between the mESC 

and hESC culture had to be made, highlighting inter-species variation (89,96). 

Likewise, compared to hESC, hiPSC needed adaptation in some aspects of di-

rected differentiation (96,154). 

The 3D approach utilized the co-induction of different tissues, enabling tissue 

cross-talk and improved maturation, recapitulating key steps of murine and hu-

man development (89,96,174,175).  
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For the anterior pituitary, an oral-head-like ectoderm (PITX1+/pan-Cytokeratin+) 

was induced around a hypothalamic-like core (NKX2.1+/RX+), resulting in the in-

vagination of structures similar to the Rathke-pouch in vertebrate development 

(61,89,174) These pituitary organoids rescued hypopituitary mice upon trans-

plantation, proving their functionality (174). 

In inner-ear organoids, NNE – yielding epidermis and PPR – is co-induced with 

a NC-derived head-like mesenchyme, enabling the important mesenchymal 

cross-talk, similar to the in vivo situation (61,175).   

Although these organoids show great promise for regenerative medicine and de-

velopmental biology, they share the limitations of other organoid model systems 

– especially brain organoids – being low efficiency and high batch-to-batch vari-

ability (149,154). 
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3.9 Aim of the thesis 

The study of the development of the human olfactory system has long been ne-

glected due to a lack of broad interest and difficult access to the early develop-

ment in humans. Since the ORN of the OE are capable of lifelong neurogenesis 

from stem cells, insight on the olfactory development will enable research on adult 

neurogenesis and neuroregeneration. A 3D organoid model system of the OP 

and OE would pose as a powerful tool in neuroscience for the study of neuro-

degeneration and neuro-pharmacological delivery methods. The aim of this the-

sis was to establish and analyze a hiPSC based 3D organoid protocol modeling 

the early human development towards the OP. To verify their olfactory identity 

and gain first insight on the human olfactory development, the organoids (DOPE-

oids) were characterized on a morphological and protein level, establishing a 

timeline from day 4 to day 31. Key features found in the DOPEoids were further 

examined and four distinct compartments – a surface ectoderm, olfactory placo-

dal patches, a head mesenchyme and neural tubuli – were validated and charac-

terized. The DOPEoids were then analyzed on an RNA level to verify the protein 

data and analyze the expression and timeline of more key markers in early head 

development. Finally, the differentiation protocol was modified to promote further 

maturation and preliminary analyzed on a protein and morphological level. In 

summary, this thesis establishes a complex, multi-tissue organoid of olfactory 

fate, recapitulating key features of olfactory development in vitro and poses a 

major milestone in the development of a fully functional 3D olfactory model in 

vitro.  
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4 Material 

4.1 Cell lines 

Table 1: Cell line used for differentiation 

Cell line Origin Company Order No. 

Gibco™ episo-

mal hiPSC line 

Cord blood-de-

rived CD34+ pro-

genitors 

Thermo Fisher 

Scientific, Wal-

tham, MA, USA 

A18945 

 

4.2 Media 

4.2.1 Basal media 

Table 2: List of basal media used 

Media Company Order No. 

DMEM/F12 + Gluta-

MAX™ 

Thermo Fisher Scien-

tific, Waltham, MA, USA 

31331-028 

Essential 8™ Basal 

Medium 

Thermo Fisher Scien-

tific, Waltham, MA, USA 

A15169-01 

F12 Nutrient Mix + 

GlutaMAX™ 

Thermo Fisher Scien-

tific, Waltham, MA, USA 

31765-035 

IMDM + GlutaMAX™ Thermo Fisher Scien-

tific, Waltham, MA, USA 

31980-022 

KnockOut™ DMEM Thermo Fisher Scien-

tific, Waltham, MA, USA 

10829-018 

Neurobasal™ Medium Thermo Fisher Scien-

tific, Waltham, MA, USA 

21103-049 
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4.2.2 Media supplements 

Table 3: List of media supplements used 

Supplement Company Order No. 

(±) Blebbistatin SantaCruz Biotechnology, Dal-

las, TX, USA 

sc-203532B 

1-Thioglycerol Sigma Aldrich, St. Louis, MO, 

USA 

M6145-25ML 

Anti-Anti (100X) Thermo Fisher Scientific, Wal-

tham, MA, USA 

15240-062 

B-27® Supplement 

without Vitamin A  

Thermo Fisher Scientific, Wal-

tham, MA, USA 

12587-010 

Bovine Serum Albu-

min (BSA) 25% 

Thermo Fisher Scientific, Wal-

tham, MA, USA 

A10008-01 

CD Lipid Concentrate 

(CDL) 

Thermo Fisher Scientific, Wal-

tham, MA, USA 

11905-031 

Dibutyryl-cAMP Enzo Life Sciences, Framing-

dale, NY, USA 

NC1539057 

Essential 8™ Supple-

ment (50x) 

Thermo Fisher Scientific, Wal-

tham, MA, USA 

A15171-01 

GlutaMAX™ (100X) Thermo Fisher Scientific, Wal-

tham, MA, USA 

35050-038 

Human FGF-basic 

(FGF2) 

PeproTech, Hamburg, Germany 100-18B-1MG 

Human GDNF (GDNF) PeproTech, Hamburg, Germany 450-10-250UG 

Human/Murine FGF-8b 

(FGF8) 

PeproTech, Hamburg, Germany 100-25-500UG 

Human/Murine/Rat 

BDNF (BDNF) 

PeproTech, Hamburg, Germany 450-02-500UG 

IWP-2 Selleckchem, München, Ger-

many 

S7085 

IWR1e Selleckchem, München, Ger-

many 

S7086 
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KnockOut™ SR 

(KOSR) 

Thermo Fisher Scientific, Wal-

tham, MA, USA 

10828-028 

L(+)-Ascorbic acid 

(Vitamin C) 

Carl Roth, Karlsruhe, Germany 3525.1 

LDN193189 hydrochlo-

ride (LDN) 

Sigma Aldrich, St. Louis, MO, 

USA 

SML0559-5MG 

MEM NEAA (100X) Thermo Fisher Scientific, Wal-

tham, MA, USA 

11140-050 

N-2 Supplement Thermo Fisher Scientific, Wal-

tham, MA, USA 

17502-048 

Phenanthroline Sigma Aldrich, St. Louis, MO, 

USA 

131377 

Recombinant Human 

BMP-4 (BMP4) 

PeproTech, Hamburg, Germany 120-05ET 

RevitaCell™ Supple-

ment 

Thermo Fisher Scientific, Wal-

tham, MA, USA 

A26445-01 

SB431542 Selleckchem, München, Ger-

many 

S1067 

Y-27632  Selleckchem, München, Ger-

many 

S1049 

4.2.3 Starting media for differentiations 

Table 4: Growth-factor free chemically defined medium (gfCDM) composi-

tion 

 Basal media Supplement Concentration 

gfCDM 50 % IMDM + GlutaMAX™ CDL 1 % 

BSA 0.5 % 

50 % F12 Nutrient Mix + 

GlutaMAX™ 

KOSR 5 % 

1-Thioglycerol 450 µM 

As described previously in (89). 
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Table 5: DOPEoid maturation medium (DMM) composition 

 Basal media Supplement Concentration 

DMM 50 % DMEM/F12 + GlutaMAX™ N2 0.5 % 

B-27 w/o Vit.A 0.5 % 

GlutaMAX™ 0.5 % 

50 % Neurobasal™ Medium NEAA 0.5 % 

CDL 1 % 

KOSR 5 % 

 

1-Thioglycerol 450 µM 

 

4.2.4 Differentiation media 

Table 6: List of differentiation media used for the differentiation protocols 

Name Starting medium Supplement Concentration 

d0 gfCDM Y-27632 10 µM 

(±) Blebbistatin 10 µM 

SB431542 10 µM 

IWP-2 2 µM 

 

Name Starting medium Supplement Concentration 

d3 gfCDM BMP4 65 ng/ml 

Phenanthroline 10 µM 

SB431542 10 µM 

IWP-2 2 µM 

 

Name Starting medium Supplement Concentration 

d5/6 gfCDM LDN 100 nM 

SB431542 10 µM 

IWP-2 2 µM 
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Name Starting medium Supplement Concentration 

d9+ gfCDM FGF2 20 ng/ml 

FGF8 100 ng/ml 

SB431542 10 µM 

 

Name Starting medium Supplement Concentration 

d27+ gfCDM GDNF 10 ng/ml 

BDNF 10 ng/ml 

Vitamin C 50 µg/ml 

cAMP 500 nM 

 

Name Starting medium Supplement Concentration 

DMM d21+ DMM FGF2 20 ng/ml 

FGF8 100 ng/ml 

SB431542 10 µM 

 

Name Starting medium Supplement Concentration 

DMM d27+ DMM FGF2 20 ng/ml 

GDNF 20 ng/ml 

BDNF 20 ng/ml 

(From day 30) (Anti-Anti) (1 %) 
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4.3 Chemicals, enzymes, and additives 

Table 7: List of chemicals, enzymes & additives used 

Product Company Order No. 

Ampuwa Fresenius, Bad Homburg, Ger-

many 

B102409 Rev.00 

Aquaguard-2 Sartorius, Göttingen, Germany 01-916-1E 

DAPI Sigma Aldrich, St. Louis, MO, 

USA 

D9542 

DMSO AppliChem, Darmstadt, Ger-

many 

a3672,0250 

DPBS, without Ca2+, 

without Mg2+ 

Thermo Fisher Scientific, Wal-

tham, MA, USA 

14190-094 

Ethanol 99 %, dena-

tured 

SAV-LP, Flintsbach am Inn, 

Germany 

ETO-10000-99-1 

GE 96.96 Dynamic Ar-

rayTM Sample & Assay 

Loading Reagent 

Fluidigm Corporation, South 

San Francisco, CA, USA 

85000802-R 

Matrigel® Matrix, 

hESC-qualified 

Corning, Corning, NY, USA 534277 

Moviol® 4-88 Histology 

grade 

AppliChem, Darmstadt, Ger-

many 

A9011,0100 

Normal donkey serum 

(NDS) 

Sigma Aldrich, St. Louis, MO, 

USA 

D9663 

NutriFreez™ D10 Sartorius, Göttingen, Germany 05-713-1C 

O.C.T.™ Compound Sakura, Tokyo, Japan SA62550 

Paraformaldehyde So-

lution 4 % in PBS 

(PFA) 

SantaCruz Biotechnology, Dal-

las, TX, USA 

sc-281695 

ProLong® Gold Anti-

fade Mountant with 

DAPI 

Thermo Fisher Scientific, Wal-

tham, MA, USA 

P36935 

Skimmed milk powder TSI, Zeven, Germany 4021155023078 



  Material 

56 
 

StemPro® Accutase® Thermo Fisher Scientific, Wal-

tham, MA, USA 

A11105-01 

Sucrose Sigma Aldrich, St. Louis, MO, 

USA 

S-0389 

Synth-a-Freeze® Thermo Fisher Scientific, Wal-

tham, MA, USA 

A12542-01 

TaqMan™ universal-

mastermix for PCR, no 

AmpErase™ UNG 

Thermo Fisher Scientific, Wal-

tham, MA, USA 

4324018 

TE buffer, pH 7.0, 

RNase-free 

Thermo Fisher Scientific, Wal-

tham, MA, USA 

AM9861 

Triton™ X-100 Sigma Aldrich, St. Louis, MO, 

USA 

T8787-50ML 

Versene (1X) Thermo Fisher Scientific, Wal-

tham, MA, USA 

15040-066 

Water, demineralized, 

non-sterile 

Carl Roth, Karlsruhe, Germany 3175.1 

 

4.4 Buffer and solutions 

Table 8: List of buffers & solutions used 

Buffer Ingredients 

Sucrose solution PBS-/- 

Sucrose (30 %) 

Anti-Anti (1 %) 

PFA w/ 10% sucrose 4 % PFA solution 

Sucrose (10 %) 

Blocking solution PBS-/- 

BSA (1.25 %) 

NDS (10 %) 

Skimmed milk powder (4 %) 

Triton X-100 (0.1 %) 
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4.5 Kits and assays 

Table 9: List of kits & assays used 

Kit / Assay Company Order No. 

Cells Direct One-Step 

qRT-PCR Kit 

Thermo Fisher Scien-

tific, Waltham, MA, USA 

11753100 

RNeasy Mini Kit Qiagen, Hilden, Ger-

many 

74106 

 

4.6 TaqMan™ probes 

Table 10: List of TaqMan™ probes used 

Gene name Order No. 

ASCL1 Hs04187546_g1 

DACH1 Hs00974297_m1 

DLX3 Hs00270938_m1 

DLX5 Hs00193291_m1 

EBF2 Hs00224081_m1 

E-CADHERIN Hs01023894_m1 

EMX2 Hs00244574_m1 

EYA1 Hs00166804_m1 

EYA2 Hs00193347_m1 

EYA4 Hs01012399_m1 

FOXG1 Hs01850784_s1 

GATA3 Hs00231122_m1 

KRT5 Hs00361185_m1 

LHX2 Hs00180351_m1    

N-CADHERIN Hs00983056_m1 

OTX2 Hs00222238_m1      

PAX2 Hs00240858_m1 

PAX6 Hs00240871_m1     

PAX8 Hs01015257_g1 

RAX Hs00429459_m1  
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SIX1 Hs01018030_m1 

SOX2 Hs01053049_s1   

SOX9 Hs01001343_g1 

TFAP2A Hs01029413_m1 

 

4.7 Antibodies 

4.7.1 Primary 

Table 11: List of primary antibodies used 

Antibody Company Dilution Order No. 

COLLAGEN IV Sigma Aldrich, St. Louis, MO, USA 1:50 AB769 

DLX3 SantaCruz Biotechnology, Dallas, 

TX, USA 

1:50 sc-514094 

EBF2 R&D Systems, Minneapolis, MN, 

USA 

1:50 AF7006 

E-CADHERIN R&D Systems, Minneapolis, MN, 

USA 

1:50 AF648 

FOXG1 Abcam, Cambridge, UK 1:100 ab196868 

GATA3 SantaCruz Biotechnology, Dallas, 

TX, USA 

1:50 sc-268 

KRT5 BioLegend, San Diego, CA, USA 1:100 905501 

LAMININ Sigma Aldrich, St. Louis, MO, USA 1:200 L8271 

LHX2 Abcam, Cambridge, UK 1:500 ab184337 

N-CADHERIN BD Biosciences, Franklin Lakes, 

NJ 

1:200 610920 

OTX2 Neuromics, Edina, MN, USA 1:200 GT15095 

PAX2 Thermo Fisher Scientific, Wal-

tham, MA, USA 

1:100 71-6000 

PAX3 DSHB, Iowa City, IA, USA 1:19 DSHB 

AB_528426 

PAX6 BioLegend, San Diego, CA, USA 1:100 901301 

PAX8 Abcam, Cambridge, UK 1:100 ab97477 
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SIX1 CellSignaling, Danvers, MA, USA 1:100 12891S 

SIX3 Novus, Centennial, CO, USA 1:100 NBP2-

57249 

SOX2 CellSignaling, Danvers, MA, USA 1:200 9656S 

T R&D Systems, Minneapolis, MN, 

USA 

1:200 AF2085 

TFAP2A SantaCruz Biotechnology, Dallas, 

TX, USA 

1:200 sc-12726 

TUBB3 BioLegend, San Diego, CA, USA 1:1000 801202 

VIMENTIN Sigma Aldrich, St. Louis, MO, USA 1:100 MAB3400 

ZO1 SantaCruz Biotechnology, Dallas, 

TX, USA 

1:100 61-7300 

 

4.7.2 Secondary 

Table 12: List of secondary antibodies used 

Antibody Type Dilution Company / No. 

Alexa Fluor™ 488 Donkey anti-mouse IgG 1:1000 Thermo Fisher Sci-

entific, Waltham, 

MA, USA, A32766 

Alexa Fluor™ 488 Donkey anti-rabbit IgG 1:1000 Thermo Fisher Sci-

entific, Waltham, 

MA, USA, A32790 

Alexa Fluor™ 546 Donkey anti-mouse IgG 1:1000 Thermo Fisher Sci-

entific, Waltham, 

MA, USA, A10036 

Alexa Fluor™ 546 Donkey anti-rabbit IgG 1:1000 Thermo Fisher Sci-

entific, Waltham, 

MA, USA, A10040 

Alexa Fluor™ 647 Donkey anti-sheep IgG 1:1000 Abcam, Cam-

bridge, UK, 

ab150179 
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Alexa Fluor™ 647 Donkey anti-goat IgG 1:1000 Abcam, Cam-

bridge, UK, 

ab150131 

 

4.8 Consumables 

Table 13: List of consumables used 

Material Company Order No. 

1.2 ml Cryogenic vials Corning, Corning, NY, USA 430487 

12-well plate, non-tis-

sue culture treated 

Corning, Corning, NY, USA 351143 

50 ml syringe Becton Dickinson, Franklin Lakes, 

NY, USA 

300869 

6-well plate,  

tissue culture treated 

Corning, Corning, NY, USA 353046 

96 well plate, V-bot-

tom, suspension 

Sarstedt, Nümbrecht, Deutschland 83.3926500 

Autoclavable, dispo-

sure bags 

NeoLab, Heidelberg, Germany 1-7105 

Carbon steel sterile 

scalpel #23 

Aesculap AG, Tuttlingen, Germany BA223 

Cell scraper TPP, Trasadingen, Switzerland 99010 

Clip Tip™ pipette-tips 

1 - 10 µl 

Thermo Fisher Scientific, Waltham, 

MA, USA 

94410210 

Clip Tip™ pipette-tips 

10 - 100 µl 

Thermo Fisher Scientific, Waltham, 

MA, USA 

94410310 

Clip Tip™ pipette-tips 

100 - 1000 µl 

Thermo Fisher Scientific, Waltham, 

MA, USA 

94410710 

Combitips® advanced 

10 ml 

Eppendorf SE, Hamburg, Germany 0030089820 

Conical tube 15 ml Sarstedt, Nümbrecht, Deutschland 62.554.502 

Conical tube 50 ml Sarstedt, Nümbrecht, Deutschland 62.547.004 



  Material 

61 
 

Coverslips 24x50 mm, 

0,13 - 0,16 mm  

R. Langenbrinck, Emmendingen, 

Gernamy 

01-2450/M 

Dako Pen Agilent Technologies, Santa Clara, 

CA, USA 

S2002 

EASYstrainer™, 40 µm Greiner Bio-One, Frickenhausen, 

Germany 

542040 

Kimtech precision 

wipes 

Kimberly-Clark, Surrey, UK 05511 

Millex® -GP 0.22 µm 

sterile filter 

Merck Millipore, Cork, Ireland SLGP033RS 

Peha-soft nitrile guard 

gloves 

Paul Hartmann AG, Heidenheim, 

Germany 

9422011 

Petri dish 94x16,  

sterile 

Greiner Bio-One, Frickenhausen, 

Germany 

F211134Q 

Pipette-tips 10 µl Biozym, Hessich Oldendorf, Ger-

many 

720011 

Pipette-tips 1000 µl Greiner Bio-One, Frickenhausen, 

Germany 

740290 

Pipette-tips 200 µl Sarstedt, Nümbrecht, Deutschland 70.760.002 

SafeSeal reaction tube 

0.5 ml 

Sarstedt, Nümbrecht,  

Deutschland 

72.704.700 

SafeSeal reaction tube 

1.5 ml 

Sarstedt, Nümbrecht, Deutschland 72.706.700 

Serological pipette     

5 ml 

Sarstedt, Nümbrecht, Deutschland 86.1253.001 

Serological pipette   

10 ml 

Sarstedt, Nümbrecht, Deutschland 86.1254.001 

Serological pipette   

25 ml 

Corning, Corning, NY, USA 357525 

Serological pipette   

50 ml 

Corning, Corning, NY, USA 357550 
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SuperFrost® Plus 

Slides 

R. Langenbrinck, Emmendingen, 

Gernamy 

03-0060 

Tissue-Tek® Cryom-

old® 10x10x5mm 

Sakura, Tokyo, Japan 4565 

Tissue-Tek® Cryom-

old® 15x15x5mm 

Sakura, Tokyo, Japan 4566 

Culture-Insert 4 well in 

µ-Dish 35 mm, high 

Ibidi GmbH, Gräfelfing, Germany 80466 

4.9 Laboratory equipment 

Table 14: List of laboratory equipment used 

Equipment Company 

96.96 Dynamic Array™ IFC Fluidigm, South San Francisco, CA, 

USA 

ApoTome Zeiss, Oberkochen, Germany 

Assistant ® Neubauer counting 

chamber 

Glaswarenfabrik Karl Hecht, Sond-

heim vor der Röhn, Germany 

BioMark™ HD, Fluidigm Fluidigm, South San Francisco,  

CA, USA 

BioMark™ IFC controller HX/MX Fluidigm, South San Francisco,  

CA, USA 

Centrifuges (Heraeus™ Mega-

fuge™ 16 Centrifuge, Heraeus™ 

Fresco 17 Centrifuge) 

Thermo Fischer Scientific,  

Waltham, MA, USA 

Cryostat Microm HM 560 Thermo Fischer Scientific,  

Waltham, MA, USA 

Eppendorf Multipette Stream  

Evos FL Thermo Fischer Scientific,  

Waltham, MA, USA 

F1-ClipTipTM one channel pipette  

1 – 10 µl 

Thermo Fischer Scientific, Waltham, 

MA, USA 
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F1-ClipTipTM one channel pipette  

10 – 100 µl 

Thermo Fischer Scientific, Waltham, 

MA, USA 

F1-ClipTipTM one channel pipette  

100 – 1000 µl 

Thermo Fischer Scientific, Waltham, 

MA, USA 

Finnpipette® F2 Thermo Fischer Scientific,  

Waltham, MA, USA 

Fluorescence microscope (Axio 

Imager M2) 

Zeiss, Oberkochen, Germany 

Freezer (-20°C) Liebherr, Biberach, German 

Freezer (-80°C) Thermo Fischer Scientific,  

Waltham, MA, USA 

Fridge (4°C) Liebherr, Biberach, German 

Ice machine, AF103 Scotsman, Great Blakenham, UK 

Incubator 37 °C, Heracell™ 240i Thermo Fischer Scientific,  

Waltham, MA, USA 

InoLab® pH-meter Xylem Analytics, Weilheim, Germany 

Inversion microscope (Axioskop 2 

mot plus, Primo Vert) 

Zeiss, Oberkochen, Germany 

Magnetic stirrer MR3001K Heidolph, Schwabach, Germany 

Mikrowave MW13145W Amica, Wronic, Poland 

Minicentrifuge Sprout Biozym, Hessisch Oldendorf, Ger-

many 

Mr Frosty™ 1° freezing container Thermo Fischer Scientific,  

Waltham, MA, USA 

NanoPhotometer P330 Implen, München, Germany 

NeoVortex D-6012 NeoLab, Heidelberg, Germany 

Nitrogen Tank, CryoPlus™ 2 Thermo Fischer Scientific, Waltham, 

MA, USA 

Pipettes, Eppendorf Research® 

Plus (10μl, 100 μl, 200µl, 1000 μl) 

Eppendorf, Hamburg, Germany 

Pipetus® Hischmann, Eberstadt, Germany 
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Schott Duran® flasks (50 ml, 100 

ml, 250 ml, 500 ml, 1000 ml) 

Schott, Mainz, Germany 

StepOnePlus real-time PCR sys-

tems 

Thermo Fischer Scientific, Waltham, 

MA, USA 

Stereomicroscope M3 Wild, Heerbrugg, Swizerland 

Sterile bench, MSC-Advantage Thermo Fischer Scientific, Waltham, 

MA, USA 

Systemchannel 165/93 mm safety-

hood 

Wesemann, Syke, Germany 

Thermomixer Pro CellMedia, Zeitz, Germany 

Vacuum pump, Integra Vacusafe Integra Biosciences, Biebertal, Ger-

many 

Vortexer Bender+ Hobein, Zürich, Switzerland 

Water bath, Lab Line waterbath Thermo Fischer Scientific, Waltham, 

MA, USA 

 

4.10 Software 

Table 15: List of software used 

Software Company Use 

Adobe Illustrator Adobe Systems Software Ireland Limited, 

Dublin, Republic of Ireland 

Figures 

AxioVision Carl Zeiss AG, Oberkochen, Germany Microscopy  

BioRender BioRender, Toronto, Canada Figures 

Fluidigm Fluidigm Corporation, South San Fran-

cisco, CA, USA 

RT-qPCR 

Microsoft Office Microsoft Corporation, Redmond, WA, SA Writing,  

Calculations 

Zen Carl Zeiss AG, Oberkochen, Germany Microscopy 
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5 Methods 

5.1 Ethics  

All work conducted for this thesis was approved by the ethics committee of the 

medical faculty of the Eberhard Karls Universität Tübingen. The project num-

bers are 638/2013BO1 for work with hiPSC and 177/2019BO2 for work on the 

development of the human OE.  

5.2 Cell culture 

Cells are maintained in an aseptic environment in a 5 % CO2, fully humidity-sat-

urated incubator with 5 % O2 (hiPSC, DOPEoids) or 20 % O2 (DOPEoids) at 37 

°C. The cell culture media is pre-warmed to 37 °C before any media changes.  

Cell culture is performed in a S2 safety-cabinet under aseptic conditions accord-

ing to German BSL-2 regulations.  

5.3 hiPSC culture 

5.3.1 Culture & passage 

The hiPSC are cultured as colony-based 2D monolayer on Matrigel® coated, tis-

sue treated 6-well plates with 1.5-2 ml hPSC-medium per well with daily media 

changes. For the coating, 800 µl per well of cold hESC-qualified Matrigel® coating 

solution is pipetted into a pre-cooled 6-well plate and incubated for 2 hours at 37 

°C. The Matrigel® is prepared according to the manufacturer’s instructions:  200-

300 µl (dependent on batch number) are diluted in 12,5 ml of ice-cold KO-DMEM 

to obtain Matrigel® coating solution and stored at 4 °C.  Coated plates can be 

stored for up to one week at 4 °C. The hiPSC are maintained in E8 media ac-

cording to the manufacturer’s specifications under hypoxic conditions (5 % CO2; 

5 % O2). Cells are passaged with a confluency of 70-80 %. Generally, a 6-well-

well is splitted in a ratio of 1:6 but other ratios like 1:10, 1:5, 1:4 or 1:3 are some-

times necessary adapting to different cell numbers, attachment ratios, and growth 

rates.  

Prior to passaging, differentiated cells are identified by morphology and are me-

chanically removed under aseptic conditions using an inversion microscope and 

a 1-10 or 10-100 µl pipette-tip. For passage, the media is removed, the well is 
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washed once with 1 ml PBS-/- and 1 ml of Versene is added. The cells are incu-

bated for 6 min at RT until the Versene can be carefully removed and the well is 

washed once with PBS-/-. Afterwards, cells are flushed off with 1 ml of E8 and a 

cell scraper can be used to lift any remaining cells. The cell suspension in E8 is 

collected in a 15 ml conical tube and the well washed once with E8. To create the 

volume of cell suspension to plate 1,5 ml per 6-well well, the necessary amount 

of E8 is added without breaking up the cell clusters. The cell suspension is plated 

on a Matrigel®-coated plate after the coating media has been thoroughly re-

moved. The plate is then incubated for 24 h at 37 °C; 5 % CO2; 5 % O2 before the 

first media change.  

5.3.2 Freezing iPSC 

For cryo-conservation the same procedure is used but the cell suspension is cen-

trifuged for 2 minutes at 423 g (1500 rpm) to pellet the cells. The supernatant is 

discarded, and the pellet resuspended in 800 µl Synth-a-Freez® or NutriFreez™ 

D10 without breaking up the clusters and immediately pipetted into a labeled cry-

otube. The cryotube is transferred into a MrFrosty® and stored at -80 °C for at 

least 80 min, before the tube can be stored in liquid nitrogen.  

5.3.3 Thawing iPSC 

To thaw iPSC the cryotube is incubated for 2 min at 37 °C in a water bath before 

the volume is carefully resuspended in 5 ml E8 and centrifuged for 2 min at 423 

g (1500 rpm). The supernatant is discarded, and the pellet carefully resuspended 

in 1.5 or 3 ml E8 supplemented with RevitaCell™ (1:100), depending on conflu-

ency at freezing. The cells are then plated on 1 or 2 Matrigel®-coated 6-well wells.  
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5.4 DOPEoid differentiation 

5.4.1 SFEBq – EB formation 

For the DOPEoid differentiation hiPSC at 70-80 % confluency are used. The E8 

media is changed and differentiated cells are identified by morphology and me-

chanically removed under aseptic conditions using an inversion microscope and 

a 1-10 or 10-100 µl pipette-tip. The cells are then washed with PBS-/- and 600 µl 

Accutase is added and incubated for 5 min at 37 °C. The reaction is stopped with 

1 ml E8, the single cell suspension collected in a 50 ml conical tube and strained. 

The cells are then counted using a Neubauer counting chamber. Here, the aver-

age of four square counts and subsequently the number of cells per ml is calcu-

lated. Here, the following formulas are used: 

𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 4 𝑙𝑎𝑟𝑔𝑒 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 (4 × 4 𝑠𝑞𝑢𝑎𝑟𝑒)

4
=

𝑐𝑒𝑙𝑙𝑠

𝑙𝑎𝑟𝑔𝑒 𝑠𝑞𝑢𝑎𝑟𝑒
 

𝑐𝑒𝑙𝑙𝑠

𝑙𝑎𝑟𝑔𝑒 𝑠𝑞𝑢𝑎𝑟𝑒
× 10 000 =

𝑐𝑒𝑙𝑙𝑠

𝑚𝑙
 

To produce standardized EB with 10 000 hiPSC each, the appropriate volume for 

1 000 000 cells is transferred to a 15 ml conical tube and centrifuged for 2 min at 

428 g (1500 rpm). The supernatant is discarded, and the pellet resuspended in 

10 ml d0 media. 100 µl per well of d0 media with 100 000 
𝑐𝑒𝑙𝑙𝑠

𝑚𝑙
 are dispensed in a 

V-bottom shaped 96-well plate using a multi-pipette.  The plate is then centrifuged 

for 5 min at 188 g (1000 rpm).  

5.4.2 Differentiation  

5.4.2.1 Classical protocol 

Differentiation media is changed according to Table 16. Here, ~ 100 µl of media 

is removed without drying out the EB / organoids using an 8-channel pipette. Af-

terwards, 100 µl of the appropriate media is added and the cells are incubated at 

37 °C; 5% CO2; 5% O2. 
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Day of differentiation Media 

0 d0 

3 d3 

5 d5/6 

6 d5/6 

9 d9+ 

12 d9+ 

15 d9+ 

18 d9+ 

21 d9+ 

24 d9+ 

27 d27+ 

30 d27+ 

Table 16: DOPEoids differentiation – classical protocol 

5.4.2.2 Modified protocol 

The modified protocol is an adaption of the classical protocol based on brain or-

ganoid and other PPR derived organoid technology to enhance maturation 

(72,96,154,157). The first 21 days of culture are identical to the classical protocol. 

On day 21, instead of a normal media change, the classical media is removed 

and 100 µl of DMM d21+ media is added to wells selected for DOPEoids. With a 

cut 1000 µl pipette-tip, 4-5 DOPEoids are then transferred to a 12-well well with 

500 µl DMM d21+ media, resulting in a final volume of 900 – 1000 µl media per 

12-well well. The DOPEoids are then cultured from day 21 onwards under 

normoxic conditions at 37 °C; 5% CO2; 20% O2. The media is changed according 

to Table 17. For the media change, the plate is tilted carefully, so that the DOPE-

oids sink to one side of the well. Then, ~ 500 µl of media (50 %) is removed and 

replaced with fresh media. On day 27, all of the media (100 %) is changed. From 

day 30 onwards, 1 % of Anti-Anti is added to prevent contamination. A compari-

son between the classical and the modified protocol is shown in Figure 13. 
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Day of differentiation Media 

0 d0 

3 d3 

5 d5/6 

6 d5/6 

9 d9+ 

12 d9+ 

15 d9+ 

18 d9+ 

21 DMM d21+ (50 %) 

24 DMM d21+ (50 %) 

27 DMM d27+ (100 %) 

30 DMM d27+ (50 %) 

33 DMM d27+ (50 %) 

36 DMM d27+ (50 %) 

39 DMM d27+ (50 %) 

Table 17: DOPEoids differentiation – modified protocol 
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Figure 13: Comparison of classical vs. modified differentiation protocol 

Annotated days mark start / end day (day 0 / day 31) of the differentiation and timepoints of 
changes in media composition. Horizontal bars represent different supplements, basal media and 
culture conditions, dashed line marks day 21 on which the modified protocol and the classical 
protocol start to be different. Extension of modified protocol beyond day 31 not shown.  (A) Clas-
sical protocol (B) Modified protocol. 
 

5.5 DOPEoid analysis – protein level  

5.5.1 DOPEoid fixation 

Usually, eight organoids are transferred to a 1.5 ml Epi using a 1000 µl pipette. 

The media is removed, and the organoids washed once with 500 µl of PBS -/-. 

500 µl of RT 4 % PFA with 10 % sucrose solution is added and incubated for 20 

min at RT. The fixation solution is then removed, and the organoids washed once 

with 500 µl PBS-/- before 500 µl of 30 % sucrose in PBS-/-, supplemented with 1 

% Anti-Anti, is added. The tube is then carefully transferred to the fridge and 

stored for at least 24 h or until the organoids sink to the bottom.  

5.5.2 DOPEoid embedding 

Fixed organoids can be embedded in OCT embedding medium once they sink 

to the bottom of the Epi filled with 30 % Sucrose in PBS-/- with 1% Anti-Anti. 

5.5.2.1 One-sample block 

A 200 µl pipette with a cut tip is used to transfer organoids to a labeled 10x10x5 

mm cryomold. Using a stereo microscope, excess medium is removed with an 
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uncut 200 µl pipette tip without damaging the organoids. Organoids are shifted 

into the middle of the cryomold with a straight dissecting needle without damaging 

the organoids. With a 10 µl pipette any excess medium is removed, so that the 

organoids are dry. OCT embedding medium is applied without air bubbles start-

ing from the edges. If needed, organoids can be shifted into the middle / bottom 

most level of the cryomold using a straight dissecting needle. The cryomold is 

then carefully placed into a -80 °C freezing box until the OCT is frozen solid. The 

cryomold containing the organoids is then transferred to the -80 °C freezer and 

stored until cryosectioning.  

5.5.2.2 Four-sample block 

An Ibidi® culture-insert 4 well (Ibidi) is cut horizontally to a height of 4-5 mm. The 

Ibidi is pressed with its uncut side onto a superfrost slide to ensure a leakproof 

contact. Starting from the left, chamber # 1 at 9 o’clock is labeled with red and 

chamber # 4 at 6 o´clock is labeled with blue. A 200 µl pipette with a cut tip is 

used to transfer the first sample of organoids to chamber # 1. Using a stereo 

microscope, excess medium is removed with an uncut 200 µl pipette tip without 

damaging the organoids. Organoids are shifted into the middle of the Ibidi cham-

ber with a straight dissecting needle without damaging die organoids. With a 10 

µl pipette any excess medium is removed, so that the organoids are dry. One 

drop of OCT embedding medium is applied without air bubbles directly on top of 

the organoids. Likewise, chambers # 2 – 4 are filled. Once all chambers are filled, 

more OCT embedding medium is applied on top of the whole Ibidi to create a 

dome-like shape. The slide with the Ibidi is then carefully placed into a -80 °C 

freezing box until the OCT is frozen solid. A 15x15x5 mm cryomold is labeled, the 

upper left corner is marked with red, and the lower left corner is marked with blue. 

OCT embedding medium is applied to cover the base of the cryomold.  As soon 

as the OCT embedding medium has solidified, the slide with the Ibidi is taken out 

of the freezing box and the Ibidi is carefully separated from the slide using the 

thin plastic of a cryomold. Afterwards, the Ibidi is removed with tweezers and the 

block is pressed into the prepared 15x15x5 mm cryomold with the organoids fac-

ing downwards, respecting the correct color-coded orientation. More OCT em-

bedding medium is added to the cryomold which is then placed into a -80°C 
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freezing box until the OCT is frozen solid. The cryomold is then transferred to the 

-80 °C freezer and stored until cryosectioning. 

5.5.3 DOPEoid cryosectioning 

The cryomold with the sample(s) for cryosectioning is retrieved from -80 °C and 

placed in the cryostat. Before removing a four-sample block from the cryomold 

the position of the red sample is marked to ensure proper orientation. The block 

is then pressed out and molded with OCT embedding medium to the sectioning 

platform, with the red sample facing 12 o´clock when using a four-sample block. 

The sectioning platform with the block is then clamped into the object console 

with any edge parallel to the blade using a one-sample block or sample # 3 at 6 

o´clock with all edges at 45° to the blade using a four-sample block. The console 

is then adjusted so that the whole block and the blade are in plain. Slides are cut 

with a thickness of 12 µm or 14 µm for one-sample blocks and four-sample 

blocks, respectively. Three sections are adsorbed to a superfrost slide for one-

sample blocks. For four-sample blocks, two sections are adsorbed to a superfrost 

slide with sample # 1 (red) faced towards the label. Slides are stored in a slide-

box short term a 4 °C or long term at -80 °C prior to staining. 

5.5.4 DOPEoid immunofluorescence staining 

Slides are retrieved from 4 °C / -80 °C and left to thaw to RT. The cryosections 

are circled with a DAKO®-Pen and the line is left to dry before placing the slides 

in a cuvette filled with PBS-/- to rehydrate for ~ 5 min. Then, an ethanol series is 

performed with 30 s incubation in cuvettes with 70 %, 95 %, 100 %, 95 % and 70 

% ethanol in that order. The slides are washed again in a cuvette filled with PBS-

/- for ~ 5 min. The slides are removed from the cuvette and excess PBS-/- is re-

moved through tapping the side of the slides on a flat surface. For blocking, slides 

are incubated for 1 h at RT with 40 µl per section of blocking solution containing 

1.25 % BSA, 10 % NDS, 4 % skimmed-milk-powder-solution and 0.1 % Triton-X. 

Primary antibodies are diluted in this blocking solution at the dilutions given in 

Table 11. After blocking, the blocking solution is removed by tapping and the 

DAKO®-Pen line can be dried using a Q-tip if necessary. 40 µl of primary antibody 

solution are pipetted onto the sections and are incubated over night at 4 °C in a 
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humidity chamber to prevent drying out of the samples. The next day the slides 

are tapped on the side to remove the antibody solution and are then washed in a 

cuvette containing PBS-/- for ~ 5 min. Secondary antibodies for the given species 

of primary antibodies and DAPI are diluted 1:1000 in PBS-/-. The slides are re-

moved from the cuvette, excess PBS-/- is removed and the DAKO®-Pen line is 

dried. Now, 40 µl of secondary antibody solution is applied to each appropriate 

section and incubated for 1 h at RT in a humidity chamber under the exclusion of 

light. After incubation, the slides are washed two times in a cuvette filled with 

PBS-/- and any remaining PBS-/- is removed. One drop of Moviol or ProLong® 

Gold Antifade is applied per section and a coverslip is placed carefully on the 

slide, avoiding air bubble trapping. The stained slides are let out to dry for 1-2 h 

at RT and are then either analyzed with a microscope or stored at 4°C. 

5.5.5 Picture acquisition 

The AxioImager M2 fluorescent microscope with ApoTome is used. For picture 

acquisition and analysis, the software AxioVision and Zen by Zeiss® are used. 

5.6 DOPEoid analysis – RNA level 

5.6.1 DOPEoid selection & RNA isolation 

To select DOPEoids for RNA extraction, a double contrast inversion microscope 

is used to assess the organoids gross morphology. Here, the 96-well plate con-

taining the living organoids is placed under the microscope and organoids were 

classified as DOPEoid or non-DOPEoid based on their morphology. A DOPEoid 

exhibits (I) a thin, clearly demarked surface epithelium, (II) a denser core, and 

sometimes, depending on DOPEoid maturation and batch (III) one or more trans-

lucent vesicles in the core (Fig. 14). A non-DOPEoid does not show this clear 

structure and is more homogenous. Also, non-DOPEoids are on average larger 

than DOPEoids (Fig. 14). Per timepoint, four DOPEoids are transferred to a 1.5 

µl Epi using a cut 1 000 µl pipette-tip. The supernatant is discarded and the 

DOPEoids washed once with PBS-/-. Then, 200 µl of RLT buffer of the RNeasy 

Mini Kit containing 0.2 µl β-Mercaptoethanol (14.3 M) is added, and the tube is 

immediately transferred to -80 °C or used directly. The RNeasy Mini Kit is then 

used to isolate the RNA according to the manufacturer’s instructions.   
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Figure 14: Live cell comparison of DOPEoid & non-DOPEoid 

DOPEoid (Left) exhibits a translucent epithelium and a denser core with 3 translucent vesicles. 
Non-DOPEoid (Right) is larger and shows a thick translucent epithelium with a dense core and 2 
homogenous outgrows (right). Scalebar 1 000 µm. 

5.6.2 RT-qPCR – Biomark™ Fludigm 

For the reverse transcriptase quantitative real time PCR (RT-qPCR) the Bi-

omark™ Fluidigm system is used. First in a 48 or 96-well plate, in each well 3 µl 

assay loading reagent and 3 µl respective assay (Tab. 10) are pipetted, and the 

plate then centrifuged and stored at -20 °C or used directly. An assay-mix is made 

using all assays diluted 1:100 in TE buffer to reach a final volume of 2.5 µl per 

sample. The assay mix is either used directly or stored at -20 °C. Now, for the 

cDNA synthesis and pre-amplification, the RNA concentration of the isolated 

RNA is measured, and 20 ng diluted in 1 – 3 µl volume are used together with 5 

µl 2x RXN buffer, 1.3 µl TE buffer, 0.2 µl SuperScript™ III RT/Platinum™ Taq-

Mix and 2.5 µl assay mix. The final volume of 10 – 12 µl is then pipetted to a 96-

well plate, vortexed, centrifuged and loaded into the StepOnePlus™ cycler. The 

following settings are used for a total of 18 cycles: 
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Temperature Duration 

50 °C 15 min 

95 °C 2 min 

95 °C – cycle 15 s 

60 °C – cycle 4 min 

8 °C – storage Infinite 

Table 18: cDNA synthesis & pre-amplification cycler settings 

 

To dilute the pre-amplified cDNA 1:5, 40 µl of TE buffer are added. In a new 96-

well plate, per sample 3 µl Universal TaqMan™ PCR Master Mix, No Am-

pErase™, 0.3 µl GE Sample Loading Reagent and 2.7 µl sample cDNA are 

added. A 96.96 Dynamic Array™ For Gene Expression plate is loaded with oil 

according to the manufacturers protocol in the MX / HX controller using “prime”. 

Now, 5.2 µl of array and sample are added on the respective side of the chip and 

the plate is loaded according to the manufacturers protocol in the MX / HX con-

troller using “load”. Now the RT-qPCR is run in the BioMark™ machine using the 

“GE standard v1.pcl” protocol and analyzed. The CT-values of the respective 

samples are analyzed relative to GAPDH and standardized to the hiPSC samples 

using Excel.  
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6 Results 

This study shows the generation of 3D OP-organoids (DOPEoids) from hiPSC. 

To verify their DOPEoid identity, a timeline of their development and a character-

ization of their distinctive architectural features and cell types are shown using 

extensive immunofluorescence staining.  Furthermore, RT-qPCR data shows the 

expression patterns of key markers of craniofacial development during different 

timepoints of the differentiation. Finally, an outlook for possible differentiation pro-

tocol adaption is shown. This is based on an adapted differentiation protocol with 

improved organoid maturation and key features of olfactory development, shown 

with immunofluorescence staining.  

6.1 DOPEoids generation & definition  

For this study organoids were generated using the methods described in section 

5.4. These organoids were then fixed, cryo-sectioned and stained, according to 

section 5.5. For RNA analysis, organoids were selected for DOPEoids, RNA col-

lected and a qRT-RCR performed as described in section 5.6. A total of three 

independent batches using the same differentiation protocol (n=3) were used for 

the morphological and developmental analysis on a protein level shown here. 

RNA of three independent differentiations was collected, although data of all three 

differentiations only contributed to one timepoint (n=3), with the other timepoints 

being n=1 or n=2. 

Not all organoids of each differentiation batch were DOPEoids. Organoids, which 

did not exhibit OP character (non-DOPEoids) can be discriminated using a dou-

ble contrast inversion microscope, as described in section 5.6.1. However, the 

final definition of DOPEoids is based on immunofluorescence findings. To be de-

fined as a DOPEoid, an organoid must have: (I) a TFAP2A+/E-CADHERIN+ sur-

face epithelium on the outside with an outside-out orientation, (II) thickened 

SIX1+/TFAP2A-/E-CADHERIN+ placodal patches within this epithelium, (III) neu-

ral tubuli expressing telencephalic markers in the core, and (IV) a developing 

head-like mesenchyme between the surface epithelium and the neural tubuli with 

(V) a basement membrane for each (Fig. 15).  
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The efficiency of DOPEoid formation was ~ 40-70 % of all organoids, with great 

variation between differentiations, a problem described previously by others 

working with PPR-like organoids (154). A comparison of morphology and RNA 

expression of a DOPEoid and a non-DOPEoid on day 31 can be found in Sup-

plemental Figure S1 and Supplemental Figure S2, respectively. All pictures 

and RNA results shown in the results part of this thesis were obtained from pre-

selected DOPEoids.  

 

Figure 15: Defining features of DOPEoids 

Schematic, idealized drawing of a cross section view of a DOPEoid.   Defining features annotated: 
Placodal patch (green), (stratified) surface epithelium (yellow), neural tubuli (brown), head-like 
mesenchyme (red), basement membranes (grey). Lumen of neural tubuli marked by asterisks. 
Figure created with BioRender.com. 
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6.2 DOPEoids timeline 

To establish a developmental timeline of the DOPEoids generated in this differ-

entiation, the DOPEoids were stained for TFAP2A, SIX1 and E-CADHERIN at 

different timepoints from day 4 to day 31 of the differentiation. TFAP2A is an im-

portant marker for the NNE, as well as the PPR. SIX1 is also expressed in the 

PPR but its expression is later restricted to the neurogenic placodes, especially 

the OP. E-CADHERIN is a cell-adhesion molecule expressed in the surface epi-

thelium, but not elsewhere. The pictures shown in the timeline highlight the hall-

marks of DOPEoid development.  
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6.2.1 DOPEoids timeline – day 4 & day 8  

 

Figure 16: DOPEoids timeline – day 4 & day 8 

Organoids stained for TFAP2A (red) and E-CADHERIN (white). Nuclei counterstaining with DAPI 
(blue). Arrows marking superficial TFAP2A expression. Scalebars: 100 µm. (A+B) TFAP2A, E-
CADHERIN & DAPI. 
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6.2.2 DOPEoids timeline – day 10  

 

Figure 17: DOPEoids timeline – day 10 

Organoid stained for TFAP2A (red), SIX1 (green) and E-CADHERIN (white). Nuclei counterstain-
ing with DAPI (blue). Arrows marking co-expression of SIX1 and TFAP2A. Scalebars: 100 µm. 
(A) TFAP2A, E-CADHERIN & DAPI (B) TFAP2A, SIX1 & DAPI. 
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6.2.3 DOPEoids timeline – day 13  

 

Figure 18: DOPEoids timeline – day 13 

Organoid stained for TFAP2A (red), SIX1 (green) and E-CADHERIN (white). Nuclei counterstain-
ing with DAPI (blue). Dotted circle marking patch of SIX1+/TFAP2A-/low cells. Scalebars: 100 µm. 
(A) TFAP2A, E-CADHERIN & DAPI (B) TFAP2A, SIX1 & DAPI. 
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6.2.4 Summary: DOPEoids timeline day 4 – day 13 

On day 4 of the differentiation, the first superficial TFAP2A expression (arrows) 

indicates the start of NNE commitment in the surface layers of the organoid, whilst 

the diffuse and strong E-CADHERIN signal is a remnant of the stem cell state.  

Day 8 marks the first appearance of a simple squamous epithelium expressing 

TFAP2A and E-CADHERIN, which represents the early NNE. The decrease in 

diffuse E-CADHERIN expression on day 8 marks the final loss of pluripotency.  

On day 10, the TFAP2A+/E-CADHERIN+ surface epithelium becomes a simple 

cuboid epithelium, marking the NNE. Also on day 10, parts of the epithelium show 

a significant co-expression of SIX1 and TFAP2A, which represents PPR-like cells 

(arrows), whilst SIX1-/low/TFAP2A+ cells represent the remaining NNE.  

On day 13 of the differentiation, the surface epithelium of the organoids becomes 

stratified for the first time and comprises multiple cell populations. Many cells are 

TFAP2A+/SIX1+ and resemble PPR-like cells, whilst TFAP2A+/SIX1-/low cells indi-

cate surface ectoderm. A patch of SIX1+/TFAP2A-/low cells can be first observed 

on day 13 on 6 o´clock of the organoid (dotted circle). This patch resembles the 

late PPR or CP-like cells and is termed “placodal patch”. 
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6.2.5 DOPEoids timeline – day 16  

 
Figure 19: DOPEoids timeline – day 16 

Organoid stained for TFAP2A (red), SIX1 (green) and E-CADHERIN (white). Nuclei counterstain-
ing with DAPI (blue). Dotted circle marking SIX1+/TFAP2A-/low late PPR / CP patch, asterisk mark-
ing neural tubuli with flat or cuboidal cell morphology, arrowheads marking TFAP2A+/E-CAD-
HERIN- head-like mesenchyme. Scalebars: 100 µm. (A) TFAP2A, E-CADHERIN & DAPI (B) 
TFAP2A, SIX1 & DAPI. 
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6.2.6 DOPEoids timeline – day 25  

 
 

Figure 20: DOPEoids timeline – day 25 

Organoid stained for TFAP2A (red), SIX1 (green) and E-CADHERIN (white). Nuclei counterstain-
ing with DAPI (blue). Arrow marking SIX1+/TFAP2A-/low placodal patch, asterisks marking neural 
tubuli, dashed outline / M marking head-like mesenchyme. Dotted rectangle indicates area of 
higher magnification in (Fig. 21). Scalebars: 100 µm. (A) TFAP2A, E-CADHERIN & DAPI (B) 
TFAP2A, SIX1 & DAPI. 
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Figure 21: DOPEoids timeline – day 25 closeup 

Organoid stained for TFAP2A (red), SIX1 (green) and E-CADHERIN (white). Nuclei counterstain-
ing with DAPI (blue). Dashed outline / M marking head-like mesenchyme. Higher magnification of 
dotted rectangle from (Fig. 20). Scalebars: 50 µm. (A) TFAP2A, E-CADHERIN & DAPI (B) 
TFAP2A, SIX1 & DAPI. 
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6.2.7 DOPEoids timeline – day 31  

 
 

Figure 22: DOPEoids timeline – day 31 

Organoid stained for TFAP2A (red), SIX1 (green) and E-CADHERIN (white). Nuclei counterstain-
ing with DAPI (blue). Arrowheads marking SIX1+/TFAP2A-/low placodal patches, asterisks marking 
neural tubuli, M marking head-like mesenchyme. Dotted rectangle indicates area of higher mag-
nification in (Fig. 23). Scalebars: 100 µm. (A) TFAP2A, E-CADHERIN & DAPI (B) TFAP2A, SIX1 
& DAPI. 
 



  Results 

87 
 

 
 

Figure 23: DOPEoids timeline – day 31 closeup 

Organoid stained for TFAP2A (red), SIX1 (green) and E-CADHERIN (white). Nuclei counterstain-
ing with DAPI (blue). Arrows marking SIX1+/TFAP2A-/low placodal patches, M marking head-like 
mesenchyme. Higher magnification of dotted rectangle from (Fig. 22). Scalebars: 50 µm.  (A) 
TFAP2A, E-CADHERIN & DAPI (B) TFAP2A, SIX1 & DAPI. 
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6.2.8 Summary: DOPEoids timeline day 16 – day 31 

On day 16 of the differentiation most cells within the TFAP2A+/E-CADHERIN+ 

stratified cuboidal surface epithelium are also TFAP2A+/SIX1+, representing 

PPR-like cells. The few TFAP2A+/SIX1-/low cells resemble the NNE / surface epi-

thelium. At 5 o´clock of the organoid, a thickened columnar placodal patch made 

up of SIX1+/TFAP2A-/low cells with elongated nuclei represents the late PPR or 

CP (dotted circle). Day 16 marks the first appearance of neural tubuli with flat or 

cuboidal cell morphology within the organoids (lumen marked by asterisks). Also, 

the first scattered TFAP2A+/E-CADHERIN- cells can be observed by day 16 be-

tween the surface epithelium and the tubuli / inner parts of the organoids (arrow-

heads). These cells resemble cells of the head-like mesenchyme. 

By day 25, the TFAP2A+/E-CADHERIN+ stratified cuboidal surface epithelium has 

increased in thickness. Now, the proportion of TFAP2A+/SIX1+ PPR-like cells has 

decreased, and more cells resemble the TFAP2A+/SIX1-/low surface epithelium. 

The SIX1+/TFAP2A-/low placodal patch at 12 o´clock of the organoid is now pseu-

dostratified and more thickened, with its elongated nuclei residing in different lev-

els of the patch (arrow). This placodal patch exhibits the expression of E-CAD-

HERIN, although at lower levels and with different morphology than the remaining 

surface epithelium. The morphology of the neural tubuli also changes by day 25, 

when the tubuli become columnar and pseudostratified (lumen marked by aster-

isks). On day 25, accumulations of polygonal cells with TFAP2A and / or SIX1 but 

no E-CADHERIN expression can be observed in clusters between the surface 

epithelium and the neural tubuli / inner parts of the organoids as a distinct com-

partment (M, dashed outline). These cell accumulations resemble the developing 

head-like mesenchyme.  

On day 31 the TFAP2A+/E-CADHERIN+ stratified cuboidal surface epithelium has 

reached its maximum thickness. Now, all cells are of TFAP2A+/SIX1-/low surface 

epithelium lineage and TFAP2A+/SIX1+ PPR-like cells cannot be observed any-

more. Three thick, pseudostratified placodal patches made up of    

SIX1+/TFAP2A-/low cells with a distinct E-CADHERIN morphology can be seen 

(arrowheads). These patches have further increased in thickness and cell density 

compared to day 25. Also, the neural tubuli show increased wall thickness and 
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prominent pseudostratification (lumen marked by asterisks). On day 31, E-CAD-

HERIN- and TFAP2A+ and / or SIX1+ head mesenchyme-like cells can be ob-

served as a continuous compartment between the surface epithelium / placodal 

patches and the neural tubuli (M).  

An overview of the hallmarks in the DOPEoid differentiation can be found in Fig-

ure 24. 

 

Figure 24: Timeline & hallmarks of DOPEoid development 

Visualization of the developmental hallmarks of the four compartments in the DOPEoid differen-
tiation. Timeline (top) from day 4 (left) to days 25+ (right). The appearance of the symbols marks 
the first appearance in DOPEoids. Epithelium (yellow) with first squamous cells on day 8, cuboid 
cells on day 10 and stratified appearance from day 13 onwards. TFAP2A+/SIX1+ cells marking 
the PPR with their maximum abundancy on day 16. Placodal patches (green) first appearing cu-
boid-like on day 13, columnar on day 16 and pseudostratified from day 19 onwards. Neural tubuli 
(blue) first appearing as simple cuboid on day 16 and pseudostratified from day 19 onwards. 
Head-like mesenchyme (red) first appearing as single cells on day 16, becoming more abundant 
as distinct compartment from day 19 onwards. Figure created with BioRender.com. 
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6.3 DOPEoids characterization 

To further characterize the structures found in the DOPEoids, which are high-

lighted in Figure 15 & 24 and to prove their tissue identity, immunofluorescence 

staining for different markers are shown here. A variety of neural markers can be 

found in the neural tubuli as well as the placodal patches. Multiple mesenchymal 

markers can be found in the suggested head-like mesenchyme. Furthermore, 

morphological changes found in the DOPEoids closely resemble the develop-

ment in vivo, further highlighting the OP character of the DOPEoids.  
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6.3.1 DOPEoids characterization A 

 
 

Figure 25: DOPEoids characterization A – day 31 

Organoid stained for N-CADHERIN (red), PAX6 (green) and COLLAGEN IV (white). Nuclei coun-
terstaining with DAPI (blue). Dotted circles marking placodal patches, asterisks marking neural 
tubuli, M marking head-like mesenchyme. Scalebars: 100 µm. (A) N-CADHERIN, PAX6 & DAPI 
(B) N-CADHERIN, COLLAGEN IV & DAPI.  
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The tubuli inside the organoids (lumen marked with asterisks) show a high ex-

pression of the early neural / forebrain marker PAX6 and the neural cell-adhesion 

marker N-CADHERIN. Low-level expression of PAX6 and N-CADHERIN can be 

observed in the surface epithelium. The two pseudostratified patches within the 

surface epithelium in the upper organoid also show a high expression of N-CAD-

HERIN (dotted circle). In between the surface epithelium and the tubuli inside the 

organoids, a mesenchymal compartment with loose, polygonal cells with a high 

signal for ECM component COLLAGEN IV and no expression of neural marker 

N-CADHERIN can be observed (M). This COLLAGEN IV signal, although present 

in the whole mesenchyme, is most prominent as two concentrated laminae di-

rectly adjacent to the surface epithelium and the tubuli, indicating the presence 

of two separate basement membranes for the surface epithelium and the neural 

tubuli.  
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6.3.2 DOPEoids characterization B 

 
 

Figure 26: DOPEoids characterization B – day 31 

Serial section of organoid from (Fig. 25) stained for FOXG1 (red) and TUBB3 (green). Nuclei 
counterstaining with DAPI (blue). Dotted rectangle in (A) indicates area of higher magnification 
shown in (B). Dotted circles marking placodal patches, asterisks marking neural tubuli. Scalebars: 
(A) 100 µm, (B) 50 µm. (A+B) FOXG1, TUBB3 & DAPI.  
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The tubuli inside the organoids (lumen marked with asterisks) show expression 

of the early neural / forebrain marker FOXG1. Low-level expression of FOXG1 

can also be observed in the surface epithelium. The two pseudostratified patches 

within the surface epithelium show a high expression of FOXG1 and postmitotic 

neural marker TUBB3 (dotted circles), which cannot be found in the neural tubuli. 

The FOXG1+/TUBB3+ cells in the patches exhibit a bipolar neuron-like morphol-

ogy with structures resembling axons projecting towards the inside of the organ-

oid.  
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6.3.3 DOPEoids characterization C 

 
 

Figure 27: DOPEoids characterization C – day 19 

Organoid stained for E-CADHERIN (red) and PAX6 (green). Nuclei counterstaining with DAPI 
(blue). Dotted rectangle in (A) indicates area of higher magnification shown in (B). Arrow / Arrow-
head marking placodal patch, asterisk marking neural tubulus, M marking head-like mesenchyme. 
Scalebars: (A) 100 µm, (B) 50 µm. (A+B) E-CADHERIN, PAX6 & DAPI. 
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Similar to Figure 25A, the columnar / pseudostratified tubuli inside the organoids 

(lumen marked with asterisks) show expression of the early neural / forebrain 

marker PAX6. In contrast to Figure 25A, the pseudostratified, slightly concave 

epithelial patch at 1 o´clock (arrow) also shows a high expression of PAX6, which 

is also a marker of the anterior placodal region. E-CADHERIN is also expressed 

in this patch, although at a lower level and with a different morphology compared 

to the rest of the surface epithelium (see also Fig. 20-23). The thin mesenchyme 

between the surface epithelium and the neural tubuli does not show expression 

of either PAX6 or E-CADHERIN.  
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6.3.4 DOPEoids characterization D 

 

Figure 28: DOPEoids characterization D – day 22 

(A) organoid stained for TFAP2A (red) and SIX1 (green). (B) same section as (A) stained for 
OTX2 (red) and SIX1 (green). Nuclei counterstaining with DAPI (blue). Dotted rectangle indicates 
area of higher magnification shown in (Fig. 29). Asterisks marking neural tubuli, M marking head-
like mesenchyme. Scalebars: 100 µm. (A) TFAP2A, SIX1 & DAPI. (B) OTX2, SIX1 & DAPI. 
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Figure 29: DOPEoids characterization D – day 22 closeup 

(A) organoid stained for TFAP2A (red) and SIX1 (green). (B) same section as (A) stained for 
OTX2 (red) and SIX1 (green). Nuclei counterstaining with DAPI (blue). Higher magnification of 
dotted rectangle from (Fig. 28). Arrow marking invaginating placodal patch, M marking head-like 
mesenchyme. Scalebars: 50 µm. (A) TFAP2A, SIX1 & DAPI. (B) OTX2, SIX1 & DAPI. 
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The pseudostratified tubuli inside the organoids (lumen marked with asterisks) 

show expression posterior / ventral forebrain marker OTX2. The surface epithe-

lium is made up of TFAP2A+/SIX1low/- cells, resembling definite NNE (see also 

Fig. 5-8). The placodal patch at 1 o´clock of the organoid (arrow in B) shows 

strong expression of PPR / CP marker SIX1 and anterior placodal region / olfac-

tory marker OTX2. The pseudostratified placodal patch invaginates into the un-

derlying mesenchyme, similar to the formation of the nasal pit in vivo. The head 

mesenchyme-like compartment is prominent between the surface epithelium / 

placodal patch and the neural tubuli and is made up of polygonal cells expressing 

TFAP2A and sometimes also SIX1 but not OTX2.  
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6.3.5 DOPEoids characterization E & F 

 

Figure 30: DOPEoids characterization E – day 28 

Organoid stained for SOX2 (red), ZO1 (green) and COLLAGEN IV (white). Nuclei counterstaining 
with DAPI (blue). Dotted rectangle in (A) indicates area of higher magnification shown in (B). 
Arrows / Arrowheads marking placodal patches, asterisks marking neural tubuli, M marking head-
like mesenchyme. Scalebars: (A) 100 µm, (B) 50 µm. (A+B) SOX2, ZO1, COLLAGEN IV & DAPI. 
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Figure 31: DOPEoids characterization F – day 21 

Organoid stained for LHX2 (red) and VIMENTIN (green). Nuclei counterstaining with DAPI 
(blue). Arrowhead marking placodal patch, asterisks marking neural tubuli, M marking head-like 
mesenchyme. Scalebar: 100 µm. 

 
The tubuli inside the organoids (lumen marked with asterisks) show expression 

of neural progenitor / stem cell marker SOX2 and dorsal forebrain marker LHX2. 

The pseudostratified neural tubuli are also expressing high levels of VIMENTIN, 

a known marker for RG. SOX2 expression can also be found in the epithelial 

patches (arrows), indicating neurogenic placodal fate. The mesenchyme between 

the surface epithelium and the neural tubuli (M) is rich in COLLAGEN IV (see also 

Fig. 25) and shows some low-level expression of VIMENTIN, which is also a 

mesenchymal marker. Again, two separate basement membranes for the neural 

tubuli and the surface epithelium can be identified (see also Fig. 25). A high signal 

for ZO1 (marking the apical side of epithelia) can be observed on the outside of 

the surface epithelium and the patches, as well as on the inside of the neural 

tubuli inside the organoid. This orientation (neural: apical inside; surface epithe-

lium: apical outside) is in accordance with the two separate basement mem-

branes, marking the basal sides of the epithelium and the neural tubuli, facing 

each other back-to-back.  
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6.3.6 DOPEoids characterization G 

 

Figure 32: DOPEoids characterization G – day 22 

Organoid stained for COLLAGEN IV (red), SIX3 (green) and LAMININ (white). Nuclei counter-
staining with DAPI (blue). Dotted rectangle in (A) indicates area of higher magnification shown in 
(B). Arrows marking placodal patches, asterisks marking neural tubuli, M marking head-like mes-
enchyme.  Scalebars: (A) 100 µm, (B) 50 µm. (A+B) COLLAGEN IV, SIX3, LAMININ & DAPI. 
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The tubuli inside the organoids (lumen marked with asterisks) show expression 

of early neuroectodermal marker SIX3. Also, as a marker of the anterior placodal 

region, prominent SIX3 expression can also be observed in pseudostratified 

patches within the surface epithelium (arrows). The mesenchyme (M) shows 

faithful overlapping signals of ECM / basement membrane components COLLA-

GEN IV (see also Fig. 25 & 30) and LAMININ, demarking two separate basement 

membranes. The polygonal mesenchymal cells also show cytoplasmatic expres-

sion of these two markers.  

6.3.7 DOPEoids characterization summary 

Figure 33 shows a summary of the identified marker expression found in the 

distinct compartments of the DOPEoids. 

 

Figure 33: Compartmental protein expression in DOPEoids 

Visualization of the marker expression found in the four compartments of the DOPEoids. Figure 
created with BioRender.com. 
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6.4 RNA data 

To demonstrate the developmental timeline of the DOPEoids also on RNA level, 

as well as to introduce some new markers to prove OP identity, a RT-qPCR of 

bulk RNA from pre-selected DOPEoids was performed on different timepoints 

(day 4 – day 40). The expression shown here is relative to GAPDAH and normal-

ized for hiPSC (n=3). Timepoints “day 4” – “day 28” originate from one differenti-

ation (n=1), whilst “day 31” and “day 40” come from three and two differentiations, 

respectively (n=3; n=2).  

The mRNA expression timeline is analyzed in four different clusters: The first 

cluster shows epithelial markers (6.4.1), the second PPR markers (6.4.2), the 

third neural / forebrain markers (6.4.3), and the last cluster shows placodal and 

mesenchymal markers (6.4.4).  
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6.4.1 DOPEoids RNA expression timeline – epithelial markers 

 

Figure 34: DOPEoids RNA expression timeline – epithelial markers 

Relative mRNA expression to GAPDH, normalized to hiPSC expression on days 4 to 40 of the 
DOPEoid differentiation. Exception: KRT5 expression normalized to day 19 since no expression 
was detected before.  
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The E-CADHERIN expression during the differentiation is relatively low, com-

pared to hiPSC, since it is only expressed in the DOPEoids surface epithelium, 

whilst E-CADHERIN is highly expressed in hiPSC. Remnant E-CADHERIN ex-

pression can be detected on day 4 and prominent expression from day 13 on-

ward. From day 16 to day 40 the expression is generally down trending with ex-

ceptional high expression on day 28.  

The expression of NNE, PPR and mesenchymal marker TFAP2A increases by 

day 4 and peaks on day 16, from whereon it is trajectory is down trending. 

DLX3 and GATA3 are both important early NNE genes and show a peak in their 

expression on day 13 and day 16, respectively. From this peak, their expression 

is down trending towards day 40.  

The expression of KRT5, a marker for basal layers of the developing skin can first 

be detected on day 19. From here, the expression increases to peak on day 40.  
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6.4.2 DOPEoids RNA expression timeline – PPR markers 

 

Figure 35: DOPEoids RNA expression timeline – PPR markers 

Relative mRNA expression to GAPDH, normalized to hiPSC expression on days 4 to 40 of the 
DOPEoid differentiation.  

 

 

 

 

 

 



  Results 

108 
 

The expression of SIX1, a key marker for the PPR, the anterior placodal region 

and later the OP, starts to exceed expression in hiPSC in the DOPEoids by day 

13. From day 16 onwards, SIX1 is generally highly expressed in the DOPEoids, 

with some fluctuations.  

Elevated expression of DACH1, also a key regulator of the primitive NNE and 

PPR / CP, can be observed by day 4. Hereafter, high expression of DACH1 can 

be measured in the DOPEoids with some fluctuations.  

Compared to hiPSC, elevated expression of EYA1 and EYA2 can first be ob-

served on day 4 and day 6, respectively. The expression of these PPR and CP 

marker genes can be observed as high / rising hereon after in the differentiation 

with some fluctuations.  

Elevated expression of EYA4, also an important PPR / pan-placodal marker can 

be first observed on day 4, but higher can be seen from day 6. From day 8 to day 

40, the expression stays generally high, with some fluctuations.  
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6.4.3 DOPEoids RNA expression timeline – forebrain markers 

 

Figure 36: DOPEoids RNA expression timeline – forebrain markers 

Relative mRNA expression to GAPDH, normalized to hiPSC expression on days 4 to 40 of the 
DOPEoid differentiation.  

 

 



  Results 

110 
 

SOX2, being highly expressed in hiPSC as well as other stem cells like neural 

progenitor cells, shows a peak expression at day 8 of the differentiation. From 

day 16 onwards, a sustained expression can be observed.  

The expression pattern of neural cell-adhesion component N-CADHERIN is sim-

ilar to the one of SOX2, although it is not as highly expressed in hiPSC. N-CAD-

HERIN expression also peaks between day 6 and day 10 and decreases after-

wards but shows a sustained high expression from day 16 onwards.  

Elevated expression of the early neural / forebrain marker PAX6 starts on day 4 

and rises on day 6. Form here, the PAX6 expression stays high, although with 

some fluctuations.  

FOXG1, an important marker of the anterior telencephalon, but also neurogenic 

placodes, shows increased expression from day 4. A sustained, high expression 

can be observed from day 6 onwards, with some fluctuations.  

The expression of the dorsal telencephalic marker EMX2, which can also be 

found in the OP, shows an increased expression starting on day 4 but then in-

creases from day 13 onwards with a late peak at day 40.  

OTX2, an important marker for the posterior forebrain / ventral telencephalon, 

shows a peak in its expression on day 6. OTX2, also being a marker for the neu-

rogenic placodes / OP, shows a relatively steady elevated expression from day 

13 onwards. Here, the expression shows some fluctuations and is slightly down 

trending. 

The expression of LHX2, also an important dorsal telencephalic marker, shows 

an early peak in expression at day 6. From day 16 to day 22, a steady and high 

expression can be observed. From day 25, LHX2 expression rises again to a 2nd 

peak on day 40.  

RAX, a ventral forebrain marker shows a peak in expression on day 6, but after-

wards, its expression drastically decreases. On day 40, the expression of RAX 

shows jump in expression with a smaller 2nd peak.  
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6.4.4 DOPEoids RNA expression timeline – placodal & mesenchymal 

markers 

 

Figure 37: DOPEoids RNA expression timeline – placodal & mesenchymal 

markers 

Relative mRNA expression to GAPDH, normalized to hiPSC expression on days 4 to 40 of the 
DOPEoid differentiation. Exception: EBF2 expression normalized to day 19 since no expression 
was detected before.  

 

 

 

 

 



  Results 

112 
 

PAX2, an important marker of the posterior placodal region and otic placode, 

shows high expression from day 6 to day 13 of the differentiation. From day 16 

onwards, PAX2 is not highly expressed anymore, although with a 2nd peak of 

expression on day 40.   

Likewise, PAX8, also an important posterior placodal and otic marker, shows a 

peak in expression on day 6 with a steep decrease in expression to day 16 and 

low expression hereon after.  

The expression of DLX5, a marker of the early NNE and NB shows a high ex-

pression on day 8 to day 13 but is not generally highly expressed afterwards.  

SOX9, a marker for head mesenchyme and the OP, shows a slight increase in 

expression from day 4 to day 10. From day 13 onward, the expression of SOX9 

is rising and shows clearly elevated expression, although with some fluctuations.  

EBF2 mRNA can be first detected on day 19, and its expression is rising contin-

ually with a steep rise in expression on days 31 and 40.  

ASCL1, also a neural progenitor marker of the OP, shows a steep rise in expres-

sion from day 19 onward with a peak expression on day 40. 
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6.5 DOPEoids protocol adaption – outlook 

As shown above, DOPEoids are complex organoids, which integrate at least four 

different tissues within one aggregate. Since organoid development is largely de-

pendent on tissue cross talk, which relies on healthy components with optimal 

growth conditions, the standard protocol was adapted to promote neural grown. 

The culture conditions were adapted from day 21 onwards based on brain organ-

oid technology, as described in section 5.4.2.2. On day 40, the DOPEoids from 

this modified protocol are analyzed for morphological maturation, mesenchyme, 

and surface epithelium markers, as well as definite olfactory marker EBF2 ex-

pression.  
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6.5.1 DOPEoids outlook – maturation & mesenchyme 

 

Figure 38: DOPEoids outlook: maturation & mesenchyme – d40 

(A) organoid stained for TFAP2A (red) and SIX1 (green). (B) serial section of organoid from (A) 
stained for PAX3 (red) and KRT5 (green). Nuclei counterstaining with DAPI (blue). O marking 
invaginated placodal patch, asterisks marking neural tubuli, M marking head-like mesenchyme. 
Scalebars: 200 µm. (A) TFAP2A, SIX1 & DAPI. (B) PAX3, KRT5 & DAPI. 
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The neural tubuli inside the DOPEoids (lumen marked by asterisks) are thicker 

and show a more folded morphology compared to the standard protocol on day 

31. The stratified cuboid surface epithelium shows a high expression of TFAP2A 

in basal cell layers and weaker expression in higher cell layers. Additionally, a 

prominent signal for KRT5, a basal cell marker of the developing skin, can be 

observed. A large compartment of TFAP2A+/SIX1+/PAX3+ head mesenchyme-

like cells can be observed between the neural tubuli and the surface epithelium 

(M). At 6 o´clock of the organoid, a surface epithelium covered vesicle can be 

observed, which is most likely product of the complete invagination of a pseudo-

stratified placodal patch, similar to the formation of the nasal sac in vivo (O). This 

olfactory-like vesicle shows expression of olfactory placodal marker SIX1 but not 

TFAP2A. Also, some PAX3+ cells can be observed in the olfactory-like vesicle. 

Furthermore, strong expression of neurogenic placodal marker FOXG1 (data not 

shown) and anterior placodal region marker SIX3 can be observed in this vesicle, 

as well as in the neural tubuli (Supp. Fig. S3).  
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6.5.2 DOPEoids outlook – definite olfactory progenitors 

 
 

Figure 39: DOPEoids outlook: definite olfactory progenitors – d40 

Same section as shown in (Fig. 31 A) stained for SIX1 (red) and EBF2 (green). Nuclei counter-
staining with DAPI (blue). Dotted rectangle in (A) indicates area of higher magnification shown in 
(B). O marking invaginated placodal patch, arrow marking co-expression of SIX1 and EBF2, 
marking definite olfactory progenitors, asterisks marking neural tubuli, M marking head-like mes-
enchyme. Scalebars: (A) 100 µm, (B) 50 µm. (A+B) SIX1, EBF2 & DAPI.  
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The cells making up the pseudostratified olfactory-like vesicle are expressing ol-

factory placodal marker SIX1 (O). Some cells of the olfactory-like vesicle are co-

expressing SIX1 and EBF2, a distinct marker for olfactory progenitors of neural 

lineage (arrows). EBF2 is also a marker of the developing brain, but here no ex-

pression can be found in the neural tubuli (lumen marked by asterisks). The thick-

ness and increased folding of the neural tubuli inside the organoids becomes 

even more evident than in Figure 38. The head-like mesenchyme is made up of 

polygonal cells expressing SIX1 (M). 
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7 Discussion 

7.1 Culture methods 

7.1.1 Starting media 

As starting media, the gfCDM as described for anterior pituitary organoids is used 

(89). Using the E1 cell line, the concentration of 5 % KOSR is sufficient to gener-

ate DOPEoids, although the group also describes possible cell line specific vari-

ations ranging from 5 % to 20 % KOSR requirement (154). For the otic organoids, 

a similar starting medium is used, although without KOSR but with insulin and 

transferrin supplementation. Nevertheless, KOSR may be crucial for DOPEoid 

development with some possible WNT and BMP agonists contained in this semi-

defined supplement (see below) (95). To create a standardized and fully repro-

ducible DOPEoid protocol, further efforts will need to be made to replace semi- 

and undefined products like BSA and KOSR. 

7.1.2 Starting conditions 

For the generation of DOPEoids, hiPSC are first dissociated into single cells and 

~ 10 000 cells then plated into each well of an ultra-low attachment v-bottom 96-

well plate in gfCDM. Unlike other PPR organoid protocols utilizing this SFEBq 

protocol, the EB formation is aided by centrifugation at 1000 rpm (188 g) for 5 

min (80,89,96). The medium on day 0 is also supplemented with the small mole-

cules Y-27632 (10 µM), a ROCK inhibitor, and Blebbistatin (10 µM), a non-muscle 

myosin II inhibitor. Both substances inhibit apoptosis after dissociation of hPSC 

into single cells and increase survival (173,176).  

7.1.3 Early TGFβ & WNT inhibition 

From day 0 to day 8 the medium is supplemented with SB431542, a small mole-

cule inhibitor of the TGFβ pathway, and IWP2, a small molecule WNT pathway 

inhibitor, to create a forebrain and later telencephalic core in the organoids. Inhi-

bition of TGFβ leads to a loss of pluripotency and blocks mesodermal and endo-

dermal differentiation, whilst promoting ectodermal fate (82). WNT inhibition in 

combination with TGFβ disruption has been used by others to create telence-

phalic precursors and cortical organoids (83,158). For this study, the combination 
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of WNT inhibition and TGFβ inhibition was chosen over the dual SMAD inhibition 

(BMP inhibition +  TGFβ inhibition) since BMP signaling is important for NNE 

formation and prolonged WNT inhibition is also necessary to promote PAX6+ an-

terior placodal fates and block intermediate and posterior placodal fates (94). In 

accordance, the generation of PAX2+/PAX8+ otic organoids – being a derivative 

of the posterior placodal region – is reliant on WNT agonists (96).   

Nevertheless, WNT signals are important for the formation of the NC and there-

fore the cranial mesenchyme, also found in the DOPEoids. The presence of the 

head-like mesenchyme can most likely be explained by the choice of IWP2 as an 

indirect WNT inhibitor and possible WNT agonist contained in the used KOSR 

(95,177). Since IWP2 inhibits PORCUPINE and hence the production of WNT 

agonists for para- or autocrine secretion, WNT agonists from the culture media 

can still promote NC formation. The formation and maturation of telencephalic-

like structures in this environment might be enhanced by the expression of en-

dogenous WNT inhibitors as DKK1 like in vivo, although this must be further elu-

cidated (38). Interestingly, when IWP2 is substituted with IWR1e, another small 

molecule inhibitor of WNT, the differentiation fails to produce DOPEoids / any 

organoids with a TFAP2A+/E-CADHERIN+ surface epithelium (n=6, 2 different 

cell lines; data not shown). In contrast to IWP2, IWR1e is a TANKYRASE inhibi-

tor, which leads to the intracellular destabilization of β-CATENIN and hence in-

tracellular WNT signal disruption (177). It follows, that extracellular signals from 

the KOSR supplement would likewise be blocked by IWR1e. Instead of DOPE-

oids, either non-DOPEoids or cortical-like organoids are created under those con-

ditions, highlighting the importance of some remnant WNT signaling for DOPEoid 

and NC formation.  
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Figure 40: Canonical WNT pathway inhibitors 

Schematic pathway cascade of the canonical WNT pathway with IWP2 and IWR1e (red) as in-
hibitors. WNT (from auto- paracrine secretion and possibly the KOSR) binding to FRIZZLED and 
LPR as co-receptor, activating DSH, which destabilizes the β-CATENIN destruction complex, al-
lowing for the built-up β-CATENIN and its translocation to the nucleus, co-activating gene expres-
sion of target genes.  IWP2 as PORCUPINE inhibitor, hindering the palmitoylation and therefore 
transmembrane transport of WNT, inhibiting autocrine and paracrine signaling. IWR1e as 
TANKYRASE inhibitor, disinhibiting the β-CATENIN destruction complex and leading to increased 
β-CATENIN destabilization. Figure created with BioRender.com. 

7.1.4 BMP4 and Phenanthroline 

On day 3 of the differentiation, a high and short pulse of BMP4 (65 ng/ml) is used 

to induce an NNE-like surface ectoderm over the developing forebrain / telence-

phalic core and induce a NB within this ectoderm (91). From day 5 to day 8, BMP 

signaling was blocked using the small molecule LDN193189 (100 nM), since the 
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formation of the PPR is dependent in low BMP signaling after an initial BMP4 

exposure (91). The BMP4 concentration to induce a NNE used here is signifi-

cantly higher than given in the literature (ranging from 2.5 to 10 ng/ml) (94–

96,156). Higher BMP4 requirements can be explained to some extent by line spe-

cific BMP4 intrinsic activity (156), but these levels may be supratherapeutic and 

their re-titration more economic. The formation and maturation of a TFAP2A+/E-

CADHERIN+ surface epithelium on the DOPEoids in the absence of exogenous 

BMP signaling at later timepoints might be explained by possible expression in 

the DOPEoids and / or BMP agonist in the KOSR used (95). 

On day 3 to day 5 Phenanthroline (10 µM), a small molecule that has been shown 

to enhance SIX1+ CP-like cells, is added (95). 

7.1.5 Maturation 

The prolonged addition of SB431542 (10 µM) until day 26 in combination with 

FGF2 (20 ng/ml) exposure is used to promote PPR / CP fate, as described before 

in 2D conditions (95). Extended exposure to FGF2 is also known to promote fore-

brain fates (178) and FGF2 signaling is inhibiting lens fates (92). The addition of 

FGF8 (100 ng/ml) from day 9 to day 26 together with FGF2 and SB431542 can 

be contradicting. Although there are some implications that FGF8 can act as a 

caudalizing factor in CNS development (178), it is also known to be an important 

morphogen for the adaption of olfactory placodal fate in the anterior placodal re-

gion (47,179). Some caudalizing effects on the forebrain / telencephalic core 

could explain the co-expression of posterior forebrain / diencephalic marker 

OTX2 with anterior forebrain / telencephalic maker FOXG1 and dorsal forebrain 

marker PAX6 (see below).  

From day 27 to day 40, GDNF, BDNF, cAMP and Vitamin C are added to promote 

neural maturation and differentiation (157,178). 

7.1.6 Hypoxia and ECM – key differences to other protocols 

The DOPEoid differentiation protocol utilizes incubation at 37 °C with 5 % CO2 

under hypoxic conditions (5 % O2), whilst other placodal or ectodermal organoid 

protocols generally use normoxic conditions (20 % O2) (89,96,156). Interestingly, 

these hypoxic conditions are necessary to generate a TFAP2A+/E-CADHERIN+ 
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surface epithelium around the telencephalic core. When cultured under normoxic 

conditions from the start of the differentiation, the generated organoids show a 

non-DOPEoid or a brain organoid character with a thick, pseudostratified colum-

nar epithelium expressing neural markers on the outside of the organoids (n=6, 

2 different cell lines; data not shown). Although hypoxia is not directly implicated 

in NNE formation and other groups have induced NNE under normoxic condi-

tions, hypoxia may be necessary to closely mimic the embryonic conditions in 

vivo, since mammalian development occurs under hypoxic conditions (180,181). 

In accordance to that, hypoxia induced factors (HIFs) have been shown to play a 

role in embryonic development (181). For example, the production and migration 

of cranial NC cells is heavily dependent on hypoxic conditions, as normoxia limits 

their production and migration in vivo (182). Also, early mammalian embryos 

grown in normoxic conditions showed severe craniofacial impairments and faith-

ful culture in normoxia was only possible at later timepoints, highlighting the im-

portance of hypoxia for craniofacial induction (182,183). With the generation of 

four tissue types within the DOPEoids, they are likely closer to the situation of the 

developing head than pituitary or otic organoids, since pituitary organoids do not 

incorporate a mesenchyme and otic organoids are oriented inside-out (89,96). 

Although necessary for initial induction of a four-tissue DOPEoid with an outside-

out orientation, a later increase in oxygen concentration may be necessary to 

improve maturation, similar to the situation in vivo (182). 

In contrast to other organoid protocols, the DOPEoid protocol does not require 

the use of exogenous ECM components like embedding organoids in Matrigel® 

or adding Matrigel® to the culture media. This synthetic extracellular scaffold is 

sometimes needed for brain organoids, since they do not include basement mem-

brane building mesenchymal cells, which hinders faithful cellular organization 

(184,185). Otic organoids also utilize ECM components for stabilization and mat-

uration, since their NNE is oriented towards the inside (96). The use of added 

ECM components is not necessary for DOPEoid formation since the DOPEoids 

exhibit a in vivo-like outside-out orientation and a NC derived head mesenchyme 

building two stable basement membranes – one for the neural tubuli and one for 

the surface ectoderm. This renders the DOPEoids closer to the situation in vivo 
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and simplifies their culture whilst also reducing semi-defined substances as Mat-

rigel®. 

7.1.7 Summary – pushing towards an OP 

The DOPEoid differentiation protocol is based on two major principals: First, mor-

phogenic cues for cell differentiation towards OP, telencephalic and NC fates are 

bath administered in a temporal fashion. Second, the embryonic concept of self-

organization is utilized, after the initial induction of four different tissues within one 

DOPEoid.  

This morphogen-based approach pushes placodal cells towards olfactory fate 

and not other placodes. Using BMP4 signaling with subsequent BMP inhibition 

and FGF signaling, cells are pushed towards a CP fate. With WNT antagonism, 

anterior placodal region identity is induced, whilst intermediate and posterior plac-

odal identity is inhibited. Inside the anterior placodal region, using FGF2 the for-

mation of a lens placode is inhibited, whilst FGF8 is inducing an OP. Finally, the 

organoids are not treated with SHH agonists, which are crucial factors for pituitary 

differentiation, inhibiting anterior pituitary differentiation (89).  

7.2  NNE-like surface epithelium, PPR & Placodal patches  

7.2.1 Surface epithelium – induction 

A TFAP2A+/E-CADHERIN+ surface epithelium can be first observed as a simple 

squamous epithelium on day 8 and then as a simple cuboid epithelium by day 

10. This NNE-like surface epithelium becomes stratified by day 13 and increases 

in thickness until day 31.  

A strong argument for the NNE character of this epithelium can be made by the 

co-expression of TFAP2A+/E-CADHERIN+, which has also been used by others 

to define NNE in organoid culture (96). TFAP2A is a key transcriptional regulator 

in the early NNE as well as the PPR (39). E-Cadherin is a cell-adhesion molecule, 

which can be found exclusively in the NNE by late gastrula stages (186). The low-

level expression of PAX6 in the surface epithelium on day 31 can be explained 

by possible PAX6 expression in the NNE in closer proximity to the eye anlage 

(187) or could be unspecific background. Likewise, the N-CADHERIN signal in 
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the surface epithelium is most likely background signal. The NNE-like surface 

ectoderm also expresses DLX3 and GATA3 (data not shown), which are also 

important markers for the developing NNE and later the PPR in vivo (39,46). 

The timepoint at which the suspected NNE appears is later than in otic organoids 

(day 4 – 6) but earlier as in pituitary organoids (~ day 24) (89,96). This can be 

explained by a different induction strategy. Whilst in otic organoids, the NNE is 

directly induced and the otic placodes differentiated from this NNE, DOPEoids as 

well as pituitary organoids induce a NNE around a pre-induced CNS-like core 

(89,96). This explains the later appearance of the NNE in DOPEoids as well as 

pituitary organoids. The NNE appears earlier in DOPEoids compared to pituitary 

organoids, since in DOPEoids the cues for NNE induction are administered dur-

ing forebrain induction, whilst in pituitary organoids, the oral ectoderm induction 

takes place after the hypothalamic tissue is induced (89). These different induc-

tion strategies may limit temporal comparisons between the different protocol.  

During development, the future skin ectoderm is protected by a layer of squa-

mous cells called “periderm”, which can also be recapitulated in skin organoids 

(156,188). Although no cells with a flat morphology can be observed in DOPE-

oids, it might be too early for periderm definition in the NNE, since in skin organ-

oids it arises after ~ 50 days in culture (156). Since peridermal cells in DOPEoids 

could also have a more cuboidal morphology, it will take more extensive charac-

terization of the NNE-like surface ectoderm in terms of keratin expression profiles.  

7.2.2 Surface epithelium – PPR-like cells 

On day 10 of the differentiation, the first cells co-expressing E-CADHERIN, 

TFAP2A and SIX1 appear in the surface epithelium, indicating NB or PPR-like 

cells. This is in accordance with the co-expression of SIX1 and TFAP2A in the 

early PPR, since the NB specifying gene TFAP2A induces the PPR marker SIX1 

(46).  These PPR like cells also show expression of placodal markers EYA 1 & 2, 

as well as NNE genes DLX3 and GATA3 (data not shown). DLX3 and GATA3 

play important roles in the induction of the PPR and are later restricted to NNE 

fates (39,189). This combinational code makes a strong argument for these cu-

boidal surface epithelium cells to represent the NB and early PPR. This induction 
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of PPR-like cells in a NNE-like surface epithelium in the DOPEoids argues for the 

induction of the PPR in the NNE in humans, which has been suggested in other 

species (9).  

On day 13 and day 16, most cells can be characterized as TFAP2A+/SIX1+ PPR-

like cells, but their percentage decreases on day 25 and they cannot be observed 

anymore by day 31. The reason for this could be, that initially – also under the 

influence of Phenanthroline – a lot of PPR like cells are induced in the NNE which 

lose SIX1 expression and return to their NNE origin after the first placodal patches 

emerge on day 16 (95). Another explanation could be sampling errors, that by 

chance a higher percentage of PPR-like cells was present in the sections than in 

the whole organoids, and that in fact most cells on days 13 and 16 are in fact still 

of non-PPR NNE character. This seems unlikely since the data can be repro-

duced in multiple differentiations and DOPEoids. 

The emergence of clusters of SIX1+/TFAP2A-/low cells on day 13 in the surface 

epithelium most likely marks the late PPR, since TFAP2A is down regulated in 

the PPR after initial PPR induction and specification (39). The transition of these 

SIX1+/TFAP2A-/low cell clusters to the thickened placodal patches representing 

the anterior placodal region / CP is most likely fluid (see section below). 

7.2.3 Placodal patches 

By day 16 the first thickened placodal patches occur in the surface epithelium 

and become more thickened and pseudostratified from there on. These patches 

show a strong expression of PPR and CP marker SIX1. SIX1 is also an important 

marker of the OP and its development, with maintained expression in tissue stem 

cells of the adult OE in mice, which explains its constant expression in the plac-

odal patches (190). These patches are negative for TFAP2A, which further 

strengthens the argument for placodal character, since Tfap2a is downregulated 

in the late PPR and CP (46).  

As mentioned earlier, the transitions of late PPR to anterior placodal region and 

later CP / OP are most likely fluid and can´t easily be distinguished in DOPEoids, 

since the thickened pseudostratified patches mostly share their morphology and 

SIX1+/TFAP2A- expression pattern. During DOPEoid development, some 
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patches become concave and partially invaginate into the underlying mesen-

chyme. This process, which occurs in all anterior placodal region derived CP, but 

not in the intermediate placodal region derived trigeminal placode, provide a 

strong argument for anterior / olfactory character (9). As mentioned above, this 

invagination is a key hallmark of olfactory development as the nasal pit forms 

(63). The otic placode – a product of the posterior placodal region – also invagi-

nates, although the WNT inhibition used in this protocol makes otic induction 

highly unlikely. One must note that not all placodal patches of the DOPEoids 

show signs of invagination. A possible reason for this may be different maturation 

stages, or varying signals from the underlying mesenchyme since invaginations 

are mostly observed in DOPEoids with a very prominent mesenchyme. Although 

invagination is an important step in vivo, it is not necessarily a hallmark in organ-

oid-based CP formation. This has been demonstrated by Ozone and co-workers, 

who demonstrated functional anterior pituitary formation in hPSC derived organ-

oids with the possibility but not necessity for invagination of these tissues into the 

underlying CNS tissue. (89). Likewise, DOPEoids can incorporate invaginating 

as well as not invagination OP-like structures.  

7.2.3.1 Anterior placodal region 

Other than the invagination of placodal patches and the sustained SIX1 expres-

sion also the expression of PAX6 on day 19 and SIX3 and OTX2 on day 22 in the 

patches indicate anterior placodal origin. As mentioned earlier the PAX genes are 

key factors in defining the A-P identity of the placodal ectoderm  (45). The ex-

pression of PAX6 clearly identifies the placodal patches in the DOPEoids as of 

anterior placodal region origin since it is not expressed in the intermediate and 

posterior placodal fields (39). Furthermore, OTX2 and SIX3 are also important 

markers  of the anterior placodal region and their expression in the placodal 

patches suggests anterior placodal fate (39,46). Since most of these transcription 

factors are expressed not only in the anterior placodal region, but also in the ol-

factory placode (see below) a clear discrimination between an anterior placodal 

field and a committed OP is hard. The only marker mentioned here not expressed 

in the OP is PAX6, since it is down regulated as soon as the OP is induced from 

the anterior placodal region (47). This being said, there appear to be some 
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interspecies variations since Pax6 expression can be observed in the OP of mice 

(191). Similarly, PAX6 is expressed in the developing human OE at later stages 

(192). In the DOPEoids, PAX6 expression can be observed in the placodal 

patches on day 19 but is lost on day 31. This argues that, mimicking the situation 

in vivo – at least in some species – PAX6 is downregulated during OP develop-

ment in vitro but may be upregulated again later in DOPEoid development when 

the OP matures to an OE. Concluding, day 19 most likely represents a state re-

sembling the anterior placodal region, whilst day 31 marks the OP. Further stud-

ies are needed to characterize the PAX6 expression pattern in DOPEoids and 

assess, if PAX6 is upregulated again at a later timepoint in OE-like tissue. 

Since an invaginating patch can be observed on day 21 – representing a hallmark 

of olfactory development and therefore possible OP – it is possible that the mar-

gins between the anterior placodal region and the OP are fluid and that some 

variations in the developmental timeline (+/- some days) can be observed across 

DOPEoids. To further elucidate this switch and clarify the timeline, a more de-

tailed temporal characterization of marker expression across DOPEoids is 

needed.  

7.2.3.2 Olfactory placode 

When the marker expression of the DOPEoid placodal patches is analyzed, not 

only their anterior placodal origin, but also their olfactory fate becomes evident. 

The OP is the only neurogenic placode in the anterior placodal region and hence 

transcription factors for neural determination are of great importance for its de-

velopment (9).  

The expression of SIX1 and SOX2 is very prominent in the placodal patches. It 

is generally accepted, that under the influence of an underlying nasal mesen-

chyme these two factors are key for the ability to generate neurons (45). Given 

the fact, that the OP is the only neurogenic placode from the established anterior 

placodal field, these cells most likely indicate olfactory character. Although Six1 

is broadly expressed in placodal tissues, as well as meso- and endoderm, its 

expression is lost in the prospective lens placode (9,45,81,193). The expression 

of both, Six1 and Sox2 is retained throughout olfactory development and can be 
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found in the stem cell population of the adult OE in mice (190). Likewise, the 

trigeminal placode also co-expresses Six1 and Sox2 in some but not all species, 

although not derived from a Pax6+ anterior placodal region and without invagina-

tion (39,44).  

Whilst Sox2 expression can also be found in the lens placode, the co-expression 

of SIX1 and SOX2 in a PAX6+ anterior placodal region derived patch indicates 

olfactory fate (57,191). 

Also the expression of SIX3 in the patches points not only towards anterior plac-

odal fate, but also to olfactory fate, since Six3 is also expressed in the OP of mice 

as well as the neighboring forebrain (194). Similar, the expression of OTX2 in the 

placodal patches also points in the direction of the OP, since Otx2 is not only 

expressed in the anterior and intermediate CNS regions, but later also in the in-

vaginating OP and developing OE (9,78). Six3 and Otx2 expression can also be 

found in the lens placode, but the combinational code of transcription factors 

makes olfactory fate much more likely (9,194).  

The expression of FOXG1 in the placodal patches is also evidence for olfactory 

fate, since FoxG1 is known to be expressed in the OP and important for olfactory 

neurogenesis (9,57). Later in development, FoxG1 expression is maintained in 

the OE and marks GBC and HBC in adult mice (190). In model organisms, FoxG1 

is expressed in the anterior placodal region and later lost in the prospective lens 

placode, whilst the OP remains expressing high levels of FoxG1(9). FoxG1 also 

plays an important role in the development of the inner ear (39). 

The expression of neuronal marker TUBB3 in the placodal patches clearly indi-

cates the character of a neurogenic placode on day 31 in the DOPEoids. Since 

the OP is the only neurogenic placode derived from the anterior placodal field, 

this evidence points towards olfactory fate of these placodal patches. TUBB3 can 

be found in the OP of mice and in the OE, TUBB3 is a marker of immature OSN 

in humans (25,195). Likewise, the bipolar character of these cells, which is shared 

with mature and immature OSN, indicates a sensory neuronal identity, indicative 

of an immature OE / OP (28).  
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The expression of E-CADHERIN and N-CADHERIN can also be observed in the 

placodal patches of the DOPEoids. This could be attributed to an unfaithful switch 

from surface E-CADHERIN expression to N-CADHERIN expression in some 

cells, or – more likely – the co-expression of E-CADHERIN and N-CADHERIN in 

the placodal patches, as seen in the developing CP, especially the OP (186,196–

198). The different morphology can be explained by difference in morphology 

compared to the stratified cuboidal surface epithelium and possibly by the redun-

dancy of N-CADHERIN and E-CADHERIN as cell-adhesion molecules, allowing 

the relative down regulation compared to the non-N-CADHERIN expressing 

NNE-like surface epithelium. 

Taken together, although no feature (patch morphology, invagination, timeline or 

expression of a sole marker) can define the placodal patches in the DOPEoids 

as OP-like patches, their combination makes a strong argument for olfactory fate. 

Specifically, the appearance of invaginating patches most likely originating from 

an anterior placodal area-like patch expressing PAX6, together with the expres-

sion of an OP-specific marker combination, gives strong evidence for the olfac-

tory fate of the DOPEoids.  

7.2.4 RNA level – surface epithelium, PPR & placodal patches 

As mentioned before, the DOPEoids RNA data until day 28 originate from 4 

pooled pre-selected DOPEoids from one differentiation (n=1), whilst day 31 and 

day 40 originate from three and two differentiations, respectively (n=3; n=2). This 

means, that the data discussed here and in the following sections on RNA data 

does not hold up to statistical interpretation and can only be regarded as “hints”. 

The interpretation of this RNA data should be seen with caution, as true effects 

might be masked and more data must be gathered in order to make firm claims, 

supported by statistical analysis.  

Furthermore, the RNA was isolated from whole DOPEoids and hence conclu-

sions about the expression of a certain cell population have to be made with cau-

tion. Nevertheless, the RNA data does give some interesting clues about the 

character of the DOPEoids and is generally in line with the protein level-based 

insights about DOPEoids and their olfactory fate.  
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The relatively low expression of E-CADHERIN during the DOPEoid differentiation 

can be explained by the high expression of E-CADHERIN in hiPSC, whilst in 

DOPEoids it is only expressed in the surface epithelium (199). The E-CADHERIN 

expression on day 4 is most likely due to remnant E-CADHERIN expression after 

the loss of pluripotency, matching the observations on a protein level. From day 

8 – when an NNE-like surface epithelium starts to form – the E-CADHERIN ex-

pression starts to increase and reaches a peak on day 16, as the epithelium be-

comes stratified. Although the surface epithelium grows in thickness until day 31, 

the relative E-CADHERIN expression decreases (with a spike on day 28, which 

is most likely an outlier). This general decrease in surface epithelial signal can be 

explained by the decrease in surface-area-to-volume ratio (A/V) as the DOPEoids 

grow. Since the DOPEoids can be idealized as a mathematical ball, their surface 

area, volume, and A/V ratio can be calculated using the following equations: 

Surface area (A):     𝐴 = 4𝜋𝑟2   

Volume (V):      𝑉 =
4

3
𝜋𝑟3 

Surface-area-to-volume ratio (A/V):  
4𝜋𝑟2

4

3
𝜋𝑟3

=  
3

𝑟
 

Estimating the radius of a DOPEoid on day 8 as 150 µm and on day 31 as 300 

µm, the A/V ratio halves from 20 000 𝑚−1 to 10 000 𝑚−1. This means that since 

the surface area of a DOPEoid is expanding by the power of 2 and the volume is 

expanding by the power of 3, the RNA signal originating in the surface epithelium 

is being “diluted” by the cells in the core. The result of this is the decrease in 

relative RNA expression in the bulk, even though the expression is not neces-

sarily decreasing in the surface epithelium. 

Similar results can be seen with the expression of the other epithelial markers 

TFAP2A, DLX3 and GATA3, which play also an important role in PPR commit-

ment (39). All of them are very highly expressed in the DOPEoids compared to 

hiPSC, which is due to low expression rates in the hiPSC and high expression 

rates in the DOPEoids.  
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TFAP2A and GATA3 show a steep increase in expression on day 13 and peak 

at day 16, similar to the expression of E-CADHERIN. This also underlines their 

importance in PPR specification, since PPR-like cells are especially prominent in 

staining on days 13 and 16. From day 16 the expression is generally down trend-

ing due to the mentioned change in A/V ratio, although with some fluctuations, 

which can be explained by variability across the DOPEoids. The relatively slow 

downtrend and high expression of TFAP2A later in the DOPEoids can also be 

explained by its expression not only in the surface epithelium but also in the head 

mesenchyme-like compartment, since TFAP2A is also expressed in the nasal 

mesenchyme during human development (192). This also matches the observa-

tions of a high TFAP2A expressions in the mesenchyme compartment found in 

the staining of DOPEoids.  

The expression of DLX3 is similar, although with an increase in expression start-

ing on day 4 and peaking again at the PPR stage around day 13 and day 16, 

followed by a downtrend. The early rise in DLX3 may be explained by a possible 

early role on NNE induction. Furthermore DLX3 is also a marker for the OP, which 

might explain its relatively high expression from day 25 to day 40 (200).  

The relatively low expression of the epithelial markers E-CADHERIN, TFAP2A, 

DLX3 and GATA3 on day 10 is most likely the result of an outlier bulk / DOPEoid 

with low epithelial proportion.  

DLX5 is also a gene of great importance in early NNE commitment and PPR 

formation, which explains its high and early expression during days 8 – 13 (9). 

Later in development, DLX5 is upregulated in the olfactory and otic CP, which 

can explain the rise in expression in the DOPEoids on day 31 and 40 (9) 

(201,202).  

KRT5, which is an important marker for basal cells of the developing epidermis 

and OE, can be first detected on day 19 and rises to peak on day 40, which can 

be explained by the maturation of the surface NNE in the DOPEoids to an imma-

ture, stratified epidermis expressing KRT5. Roughly in the same timeframe, KRT5 

expression can be seen in skin organoids on day 55 (156).  
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Other than TFAP2A, DLX3/5 and GATA3, the SIX, EYA and DACH genes are 

also of great importance in PPR development (45). The expression of SIX1 and 

EYA2 drastically increases on day 13 and 16, implicating upregulation during 

PPR induction. EYA1, EYA4 and DACH1 are already highly expressed at an ear-

lier timepoint (day 4 and day 6), suggesting some role in NNE commitment. In-

terestingly, SIX1, EYA1/2/4 and DACH1 show a relatively steady expression or 

even a rise in expression (with some fluctuations), even though they are markers 

for the PPR which is generated in the surface epithelium. This can be explained 

by the fact that Six1, Eya2 and Dach1 can also be found in the nasal mesen-

chyme, and Dach1 protein expression can also be found in the developing fore-

brain (194,203). Possibly, the expression of EYA2 and EYA4 can also be ex-

plained by expression in the nasal mesenchyme, although this must be further 

elucidated. Furthermore, the sustained and / or increasing expression of these 

markers also points towards an increase in expression not only in the nasal mes-

enchyme, but also in the surface epithelium / placodal patches, since Six1 and 

Eya1 are also important markers for the OP and other neurogenic placodes (45).  

The sustained expression of PAX6 can be interpreted as evidence for an anterior 

placodal region, matching the data on a protein level, although it is also highly 

expressed in CNS tissue and therefore the neural tubuli of the DOPEoids.  

Besides the sustained expression of SIX1, EYA1/2/4, DACH1, and DLX5, other 

marker genes can be used to argue for OP-fate in the DOPEoids. As mentioned 

earlier, FoxG1, Otx2, N-cadherin and Sox2 are also important markers for the OP 

and high expression of these genes can be found in the placodal patches of 

DOPEoids (57,78,191,196,198). As neural markers, this high expression can be 

largely led back to expression in the neural tubuli, but since they can be found in 

the placodal patches of DOPEoids on a protein level, these genes are likely also 

expressed on an RNA level in the placodal patches, indicating OP. Future stud-

ies, investigating the expression patterns in different tissues of the DOPEoids will 

be needed to prove and characterize the expression of these neural / OP genes 

in the placodal patches.  
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Emx2 and Lhx2 are generally highly expressed in the developing forebrain, which 

largely explains their human ortholog expression in the DOPEoids, but they are 

also later markers for the OP (190,204,205). Lhx2 expression is even maintained 

in the murine adult OE (190). Hence, the expression of LHX2 and EMX2 can in 

part be a result of expression in placodal patches of the DOPEoids, although 

LHX2 was not detected in the placodal patches and EMX2 was not analyzed on 

a protein level. Emx2 is not only expressed in the OP / OE, but also in the otic 

placode, although the combinational signature with other markers makes the OP 

far more likely (205). To make clear statements about the expression of EMX2 

and LHX2 in the placodal patches of the DOPEoids, they must be examined more 

thoroughly on a protein level and the RNA expression of isolated patches must 

be analyzed.  

From day 13 onwards the expression of SOX9 – a marker of NC derived head 

mesenchyme, the otic placode and the OP – is also rising with some fluctuations 

(206). This can be due to a growing nasal mesenchyme in the DOPEoids, but 

also expression in OP patches can play a role. Since the DOPEoids were not 

stained for SOX9, further studies have to characterize the SOX9 expression in 

the placodal patches and mesenchyme compartment of the DOPEoids.  

Ebf2 and Ascl1 are two transcription markers specific for the OP and OE, since 

they play a key role in the lineage commitment of ORN (25,45,207–209). In the 

DOPEoids, EBF2 expression increases on days 31 and 40 after ASCL1 shows a 

steep rise in expression from day 19 onward. This matches data, indicating Ebf2 

as a downstream target of Ascl1 in neuronal development (210). Ebf2 and Ascl1 

are also markers of the developing CNS, but the outlook data with the modified 

DOPEoid protocol shows EBF2 expression in the OP-like vesicle but not in the 

neural tubuli, making the case for OP origin of this RNA signal (210). EBF2 and 

ASCL1 have to be further assessed in the future.  

7.2.5 Exclusion of other placodes 

Most of the markers described above can also be found in the otic placode. A 

strong case against the presence of the otic placode can be made by the RNA 

expression profile of PAX2 and PAX8, both important markers of the otic placode 
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(96). PAX2 and PAX8 are highly expressed early before the induction of the plac-

odal patches in the DOPEoids, but downregulated afterwards, implying the ab-

sence of posterior placodal region and otic placode like cells. Although PAX2 

shows a peak in expression on day 40, the absence of highly expressed PAX8 

makes the otic placode rather unlikely. Likewise, PAX2 and PAX8 staining did not 

show expression in the placodal patches (data not shown).  

The other placodes can be excluded by the combinational code of transcription 

factor expression which is specific for the OP: The lens placode can be excluded 

by the expression of SIX1 in the placodal patches of the DOPEoids and the non-

neurogenic anterior pituitary placode can be excluded by the expression of 

TUBB3 (39,193). The trigeminal placode can be excluded by the invagination 

tendency of the placodal patches and the transitory PAX6 expression, marking 

anterior placodal ectoderm (39).  

The expression of ASCL1 and EBF2 as OP specific markers resembles a strong 

2nd line of evidence for the presence of an OP and excludes other placodes. Nev-

ertheless, arguments for the OP against other placodes are mostly based upon 

the expression of a marker combination specific for the olfactory region in the 

absence of an otic placode. In the future, the exclusion of other placodal struc-

tures by a broader marker study, as well as the identification and analysis of more 

OP specific markers seems intriguing to further strengthen this evidence.  

7.2.6 Surface epithelium, PPR & placodal patches – conclusion 

The timeline, morphology and marker expression indicate that the surface epi-

thelium on the DOPEoids resembles the NNE in an in vitro model. In this epithe-

lium – closely mimicking the developmental timeline in vivo – a PPR and later an 

anterior placodal region arises, as indicated by anterior PPR specific marker com-

binations. From this anterior placodal region in the DOPEoids a partly invaginat-

ing OP arises which will presumably give rise to a human OE if cultivated and 

matured further. The marker combination specific to the OP as well as the exclu-

sion of other placodes indicates the induction of cells of olfactory fate, which de-

velop similar to the situation in vivo.  
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To my knowledge, this is the first recapitulation of the (human) olfactory develop-

ment with a faithful induction of a (human) OP in a 3D organoid model. The 

DOPEoids are a major milestone on the way to a fully functional olfactory organ-

oid model system and will be the foundation for further research. In the future, 

efforts to mature the DOPEoids with their OP and analyze the character of its 

cells will bring more insight on the human olfactory development and greatly en-

hance neurobiological research possibilities in vitro.  

7.3 Neural tubuli 

7.3.1 Neural tubuli - morphology 

On day 16 the first neural tubuli with a flat / cuboid cell shape emerge, which then 

mature to columnar / pseudostratified neural tubuli with an increased wall thick-

ness. The thickness further increases to reach a maximum on day 31. This ap-

pearance of radially oriented, neural tube-like tubuli which increase in thickness 

with dominant pseudostratification somewhat resembles the CNS maturation in 

vivo and has likewise been demonstrated in several brain organoid models 

(72,76,157,158). Nevertheless, the DOPEoids neural tubuli are significantly less 

dense and thick than their brain organoid counterparts. This is due to the fact that 

the maximum age of DOPEoids was 31 or 40 days for protein and RNA level, 

respectively. In contrast to that, some brain organoid protocols cultivate organ-

oids for > 2 months to reach full development (72). Nevertheless, some brain 

organoid protocols also generate significantly thicker tubuli by day 20, which can 

be explained by cell culture conditions, specifically adapted to CNS organoid for-

mation (76). As mentioned earlier, one major contrast is the normoxic / hyperoxic 

condition used in brain organoid cultivation, whilst the DOPEoid protocol relies 

on hypoxic conditions to induce an NNE-like surface epithelium. The modified 

DOPEoid protocol which gives rise to more mature DOPEoids as presented in 

the outlook data, has an increased oxygen concentration (20 % O2) from day 21 

onward and its protocol is adapted after brain organoid protocols (72,157). This 

led to an increased thickness of the neural tubuli, indicating a more mature neural 

tissue under these circumstances. Other brain organoid protocols also make use 
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of agitation to increase the nutrient and oxygen supply to the center of the organ-

oids (72).  

The circular appearance of the neural tubuli may imply an anterior / dorsal CNS 

character, since ventral hypothalamic-like tubuli are more elongated (76). Never-

theless, this can also be caused by the absence of a spinning bioreactor in cell 

culture, since dorsal forebrain-like tissues also show an elongated morphology if 

cultured using a spinning bioreactor (72). 

Taken together, the DOPEoids show the development of neural tubuli as seen in 

brain organoids, although their maturation is still inferior compared to pure brain 

organoid protocols. In the future, further modifications like agitation, normoxic 

conditions and neural media will be useful to further increase the maturation of 

the neural tubuli and hence the whole DOPEoid, as indicated by the outlook data.  

7.3.2 Neural tubuli – protein data 

The marker expression on a protein level in the immunofluorescence staining 

also indicates the neural fate of the tubuli in the core of the DOPEoids. Prior to 

the emergence of the tubuli on day 16, the core already expresses the neural / 

forebrain markers SOX2, SIX3, PAX6, OTX2 and FOXG1, all of which are im-

portant markers for neural progenitors and the developing forebrain (72,76,78). 

Later, when the pseudostratified neural tubuli arise and thicken, SOX2 is still ex-

pressed, indicating the neural progenitor character similar to the cells in the in 

vivo SVZ (211). The expression of SIX3 in the tubuli can also be explained by 

telencephalic fate, since Six3 is upregulated in various telencephalic structures 

like the developing cortex and the ventral telencephalon (212).  

Later in development, PAX6 and FOXG1 are both markers of the anterior and 

dorsal telencephalic neocortex and expressed in the neural tubuli of the DOPE-

oids (74,76). In contrast to that OTX2, although being an early forebrain marker 

is later restricted to the diencephalon and ventral telencephalon (72,78). Never-

theless, the neural tubuli co-express OTX2 together with PAX6 and FOXG1. One 

possible explanation would be the incomplete maturation of the neural tubuli in 

the DOPEoids with retained OTX2 expression in telencephalic tissues or lacking 
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forebrain sub-specification, since the DOPEoid protocol is not optimized for CNS 

tissue maturation. Nonetheless, the more likely reason for this co-expression is 

the induction of a dorsal LGE-like character in the neural tubuli of the DOPEoids 

which has close ties to the olfactory system as it gives rise to the interneurons of 

the OB (79). In this dorsal LGE, the dorsal cortical marker Pax6, the anterior 

marker FoxG1 and the ventral telencephalic marker Otx2 overlap, defining a 

unique progenitor population (57,76–78,213). To show the identity of the neural 

tubuli as of dorsal LGE character, GSH2, a key marker of the LGE and other 

ventral markers like NKX2.1 must be examined in the future (76,77).  

LHX2 expression can also be found in the neural tubuli of the DOPEoids. Lhx2 

plays an important role in the generation of the dorsal neocortex and is expressed 

in its SVZ (214). Although Lhx2 is directly interacting with Pax6 and FoxG1 in 

neural development, its expression cannot be found in the dorsal LGE and is 

restricted pallially in mice (214,215). The co-expression of these markers could 

be explained by a possible cross species difference between humans and mice 

or incomplete maturation in the DOPEoid model.  

The neural tubuli of the DOPEoids also show expression of the neural cell-adhe-

sion molecule N-CADHERIN and exhibit polarity, with the apical side expressing 

ZO1 faced towards the lumen (186). Both features are a major hallmark of the 

CNS structures in brain organoids, making the neural character of the tubuli in 

the DOPEoids with a polarity similar to the situation in vivo and in vitro highly 

likely (72,76). The VIMENTIN expression – a marker of RG as progenitor cells in 

the SVZ – also indicates a neural character of the tubuli with a prominent progen-

itor cell population, also indicated by SOX2 and PAX6 (216).  

This strong expression of VIMENTIN together with a lack of expression of the 

later neuronal marker TUBB3 makes a strong case for the developing CNS char-

acter of the tubuli without later stages of maturation. This is most likely due to the 

culture conditions, since TUBB3 expression can be found in brain organoids 

(72,76). 
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7.3.3 Neural tubuli – morphology & protein data: summary 

The morphological and protein data from the immunofluorescence staining indi-

cates the induction of radially organized neural tubuli, expressing telencephalic 

markers, at least in part indicative of the generation of a dorsal LGE, although 

pallial and less matured tissues are also likely to be present. Further characteri-

zation of these neural tubuli and protocol adaptions to improve their maturation 

will help to further elucidate their identity and generate DOPEoids closely resem-

bling the in vivo development.  

7.3.4 Neural tubuli – RNA data 

As shown in the staining, the majority of the cells in the DOPEoids can be found 

in the core forming the neural tubuli. As a result, the RNA of these cells makes 

up most of the signal in the bulk analysis and therefore the expression of neural 

markers can be traced back to the core. The expression of SOX2, PAX6, FOXG1, 

OTX2, LHX2 and N-CADHERIN on an RNA level matches the observations on a 

morphological / protein level:   

The stem cell marker SOX2 is highly expressed in hiPSC and shows a high ex-

pression throughout the differentiation, indicating the presence of neural progen-

itor cells (72). The expression of SOX2 peaks early in the differentiation before 

the appearance of tubuli, which can be explained by the role of Sox2 in the early 

commitment of the neural plate towards neural fate (46). A similar expression 

pattern can be observed for N-CADHERIN , although at a higher relative expres-

sion, since the Cadherin expression switches from E-Cadherin to N-Cadherin 

during early neural commitment (196).  

As mentioned above, PAX6 and OTX2 are also markers of early neural commit-

ment and hence a peak in expression can be observed prior to the appearance 

of the first neural tubuli (72,73). PAX6 constantly shows a very high expression 

with fluctuations which are probably due to variabilities in the DOPEoids, although 

the expression level is always very high compared to hiPSC. Relative to hiPSC, 

OTX2 is not as highly expressed but still shows a high expression throughout the 

differentiation, although with an overall downtrend. A possible reason for this 

might be the restriction of Otx2 to the diencephalon and the dorsal LGE within 
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the ventral telencephalon, whereas it is expressed more broadly in the forebrain 

before it becomes regionally restricted (73,78). This would explain the early peak 

during neural induction as well as the following downtrend in expression since its 

expression level in these structures is less pronounced.  

FOXG1 is also highly expressed before the first neural tubuli can be observed, 

indicating a role in neural induction. Later FOXG1 is strongly expressed through-

out the differentiation, matching the protein data, indicating anterior telencephalic 

character of the structures found in the DOPEoids.  

Likewise, LHX2 expression also shows an early peak during neural commitment 

and then shows a rise in expression from day 19 onwards, indicating a growing 

population of dorsal telencephalic fate (214).  

EMX2 and RAX have not been analyzed on a protein level. The increase in EMX2 

expression in the 2nd half of the differentiation timeline can be explained by the 

expression of Emx2 in dorsal telencephalic progenitors as the forebrain becomes 

more sub-regionalized (205). The ventral forebrain marker RAX shows a peak in 

expression early during the differentiation whilst neural commitment occurs. This 

matches in vivo data, showing strong Rax expression in the anterior neural fold 

(217). Later in the differentiation, the expression decreases drastically, whilst the 

dorsal and telencephalic markers (e.g. EMX2) increase, indicating commitment 

to dorsal and telencephalic fates in the DOPEoids. This is in accordance in vivo 

data, where Rax is restricted to the ventral diencephalon – especially the hypo-

thalamus – later during development (217,218).  

7.3.5 Neural tubuli – summary 

The marker expression in the neural tubuli, both on a protein and indirectly on an 

RNA level indicates, that these tubuli are in fact of neural origin and that cells 

resembling the dorsal LGE and the dorsal telencephalon are induced inside of 

the DOPEoids. This close proximity of these telencephalic structures to the sur-

face ectoderm and the placodal patches with a nasal mesenchyme in between 

matches observations of the development of the human olfactory system in vivo 

close to the forebrain (63). To further mature the DOPEoids and hopefully 



  Discussion 

140 
 

generate a functioning OE in vitro, further efforts to mature and characterize the 

forebrain structures inside the organoids must be undertaken.  

7.4 Mesenchyme 

7.4.1 Mesenchyme – morphology & protein data 

On day 16 the first scattered TFAP2A+/E-CADHERIN- cells can be observed be-

tween the surface epithelium and the neural tubuli. This cell population further 

propagates, forming a distinct compartment by day 25, which resembles the de-

veloping NC-derived nasal-like mesenchyme. The expression of TFAP2A in the 

absence of E-CADHERIN can be used to define this population as nasal-like 

mesenchyme, because Tfap2a expression is maintained in the NC – which gives 

rise to the nasal mesenchyme in vivo – after it is down regulated in the late PPR 

/ CP (46). TFAP2A expression can also be observed in the nasal mesenchyme 

of the human fetus (192). The loss of E-CADHERIN expression can be explained 

by its down regulation during EMT, which also occurs in vivo (219). Also, the 

nasal mesenchyme in vivo as well as in the DOPEoids does not express N-CAD-

HERIN or T (data not shown), both important markers for mesoderm derived mes-

enchyme, which excludes the mesodermal lineage (220,221). Furthermore, the 

cells of this nasal mesenchyme also express SIX1, similar to the Six1 expression 

in the NC derived head mesenchyme in vivo (222). PAX3, also a marker for the 

nasal mesenchyme is also expressed in this compartment (data not shown for 

classical DOPEoids, only for outlook data) (223).  

These nasal mesenchymal cells not only express transcription factors, but also 

the intermediate filament protein VIMENTIN, a marker for mesenchymal cells 

(224). The compartment of this nasal mesenchyme in the DOPEoids contains two 

concentrated lines of basement membrane proteins COLLAGEN IV and LAM-

ININ, indicating the presence of two separate basement membranes for the sur-

face epithelium and the neural tubuli, respectively (225). Because those base-

ment membranes are located at the borders of the mesenchymal compartment 

in the DOPEoids, their construction or at least their maintenance can be attributed 

to the mesenchymal-like cells. This is because, the diffuse expression of 
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COLLAGEN IV and LAMININ in the nasal mesenchyme of the DOPEoids in-

creases over time and resembles the processes in vivo (226).  

This architectural makeup of the DOPEoids is unique compared to other organoid 

models. Their structure closely resembles the structure of an embryonic head, 

since an apical-out surface epithelium and apical-in NT-like structures are both 

sitting back-to-back on a mesenchyme derived basement membrane (63). As 

mentioned earlier, other PPR based protocols are faced outside-in and require 

Matrigel® embedding (96), or lack a mesenchymal compartment and tubuli like 

structures (89). Since most brain organoids lack the ECM support found in the 

DOPEoids, they rely partly on Matrigel®, making the DOPEoids an intriguing ap-

proach to further study brain development and improve other organoid protocols.  

7.4.2 Mesenchyme – RNA data 

The RNA expression also supports the case for a NC-derived head-like mesen-

chyme, although some RNA expression also originates in other tissues. As men-

tioned before, Dach1 and Eya1 are also expressed in the nasal mesenchyme, 

explaining the sustained and growing expression of DACH1 and EYA1 in the 

DOPEoids (194). Likewise, the prolonged expression of TFAP2A and SIX1 in the 

DOPEoids at rather high expression rates matches the in vivo expression.  

SOX9 is a NC and OP marker not analyzed on a protein level but only on a RNA 

level (206,222). SOX9 expression in the DOPEoids shows a growing expression 

from day 13 onwards (with some fluctuations due to variabilities in the DOPE-

oids), which can be explained by the expression in the NC-derived head-like mes-

enchyme, but some signal from the OP is highly likely.  

7.4.3 Mesenchyme – summary 

The protein and RNA data, together with the presence of basement membranes 

and elongated polygonal cell shape as distinct morphological features, indicate 

the presence of a nasal mesenchyme-like compartment inside the DOPEoids. To 

further characterize this mesenchymal compartment, more markers of the NC 

and head mesenchyme like SOX10 and PDGFRα have to be analyzed (156,175). 
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7.5 DOPEoids – a functional organoid model?  

The DOPEoids described in this study can be regarded as a partly functioning 

organoid model, based on the organoid definition proposed by Lancaster et al. 

(149). As a stem cell-based model, four distinct cellular compartments with spe-

cific cell types can be observed, which are organized similarly to the embryonic 

head. They also show a great level of self-organization and mirror the in vivo 

development. The DOPEoids are resembling the development of the human na-

sal region, but future maturation efforts will need to be made to generate a func-

tional OE in vitro. Also, the exact mechanisms of self-organization and tissue in-

teractions in the DOPEoids have not yet been elucidated and call for further in-

depth analyses. Therefore, DOPEoids already show key features of a functional 

organoid model but are not yet resembling the functionality of the maturing olfac-

tory system.  

7.6 Outlook data 

As mentioned before, DOPEoids from a modified differentiation protocol show 

more maturation compared to the classical protocol (day 40 data not shown on 

protein level for classical protocol). These results are promising, but have to be 

interpreted with caution, since this experiment was only performed once (n=1). 

Further repetitions and analyses are needed to obtain a reliable data foundation.  

To improve the maturation of the DOPEoids, day 21 was picked as a timepoint to 

change protocol conditions, since all major tissues have been induced in the 

DOPEoids by then. The organoids are selected for DOPEoids and 4-5 per well 

are transferred to an ultra-low adhesion 12 well plate, to allow for paracrine inter-

action between DOPEoids and ensure a sufficient nutrient supply as DOPEoids 

grow in size. The starting media with its supplement was adapted after several 

major brain organoid protocols and the otic organoid protocol in order to enhance 

organoid maturation (72,96,154,157). N2 and B27 (w/o Vitamin A) supplement 

are used together with increased concentrations of GDNF and BDNF and sus-

tained FGF2 exposure to enhance neural growth (96,157). For incubation, 

normoxic conditions are used instead of hypoxia to mature the induced tissues, 

as being standard practice in the publications mentioned above.  
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Compared to the classical condition, the DOPEoids from the modified differenti-

ation protocol are a lot bigger, which can largely be attributed to a dominant nasal 

mesenchyme-like compartment made up of TFAP2A+/SIX1+/PAX3+ cells. As 

mentioned earlier, these cells represent the NC-derived nasal mesenchyme, 

which seems to be positively influenced by the modified culture conditions. Simi-

larly, the NNE-like surface epithelium shows a more continuous expression of 

KRT5 on a protein level compared to the classical condition (data not shown). 

Also, the different layers of the epithelium show different characteristics, namely 

a reduced TFAP2A expression in the upper layers, possibly indicating periderm-

like cells (156). Furthermore, the neural tubuli show a higher cell density and wall 

thickness, indicating enhanced maturation. Taken together, the epithelium, the 

mesenchyme and especially the neural tubuli seem to benefit from the modified 

culture condition, emphasizing the advantages of further protocol adaptations.  

The most promising maturation, however, can be observed when looking at the 

placodal patches of the DOPEoids derived from the modified protocol. They re-

tain a marker expression which can be clearly linked to the olfactory fate (as men-

tioned above) and some show the formation of a nasal sac like structure, as it 

can be observed in vivo (63). The cells of this olfactory-like vesicle co-express 

SIX1, SIX3, OTX2 and FOXG1 (SIX3 see Supplemental Figure S3, data not 

shown for OTX2 and FOXG1) and some cells even show the co-expression of 

PAX3. In this case, PAX3 expression most likely does not implicate intermediate 

placodal origin, but may be evidence that some cells of the developing OE are of 

NC origin, as shown previously by others in vivo (62). To further show the contri-

butions of different tissues to the OE in humans, the DOPEoids seem to be a 

suitable model system. EBF2, being an important and specific marker of the OP, 

can also be observed in the cells of this olfactory-like vesicle co-expressed with 

SIX1, suggesting the commitment of these cells to an olfactory neuronal lineage.  

In conclusion, the modification of the DOPEoids protocol seems to enhance the 

maturation and modeling capacities of this organoid system, even with the inte-

gration of cells of different origin into the OP. These results are promising for 

further analyses and maturation efforts.  
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7.7 Conclusion & prospects 

This work shows for the first time the generation of hiPSC derived 3D organoids 

of olfactory fate on the level of an OP. The developmental timeline of the DOPE-

oids recapitulates key steps found in vivo and further characterization reveals the 

presence of key tissues of the developing embryo head. Besides the presence of 

an OP, the morphological architecture of the DOPEoids with an outside-out ori-

entation and two separate basement membranes built by a head-like mesen-

chyme are major novelties of this work.  

In order to generate a functioning OE in vitro, the maturation efforts from this work 

have to be intensified. Longer cultivation and in a more maturation promoting 

culture environment will generate more mature DOPEoids, which will most likely 

also exhibit cellular functions of the developing OE. The examination of functional 

olfactory processes as odorant signaling must be undertaken in order to fulfill the 

organoid definitions in full.  

To strengthen the evidence for olfactory character of the DOPEoids, as well as 

to further characterize all tissues of the DOPEoids, the expression of a much 

broader marker set has to be examined over an extended time course. Further-

more, the generation of reporter lines co-expressing fluorescent proteins with key 

markers of the development promise exciting new data. These reporter line de-

rived DOPEoids will be more suitable for live cell analysis and cell type specific 

analysis, aided by FACS sorting. Ultimately, single cell RNA sequencing is a 

promising tool for the characterization of different cell types in the DOPEoids, as 

well as to uncover more marker genes for the human olfactory development and 

establish a more detailed timeline.  

The differentiation protocol described here as well as its modifications are a major 

milestone in the generation of such a model, but many hurdles will have to be 

met. Especially the batch-to-batch and organoid-to-organoid variability – two ma-

jor drawbacks of organoid technology – must be improved to generate more reli-

able data and a standardized model system. Here, the culture conditions – which 

include undefined and animal-based products such as KOSR or BSA – will have 

to be optimized towards a fully defined and xenofree standard. However, since 
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the induction of several tissues in the DOPEoids seems to be dependent on sig-

nals from these products, the mechanisms of their induction on a signal / mor-

phogen level must be elucidated first.  

In the future, efforts to further mature the DOPEoids and to hopefully generate a 

functioning OE in vitro will lead to a better understanding of human olfactory de-

velopment and its pathologies. Such a model system will enable basic research 

on the pathogenesis and possible prevention and even therapy of neurodegen-

erative disorders as well as adult neurogenesis – the holy grail of neuroscience. 
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8 Supplemental information 

8.1 DOPEoids vs. non-DOPEoids 

 

Supplemental Figure S1: DOPEoids vs. non-DOPEoids – morphology & 

protein data 

Organoids stained for TFAP2A (red), SIX1 (green) and E-CADHERIN (white). Nuclei counter-
staining with DAPI (blue). Same staining as (Fig. 22/23) in lower magnification. Dotted outline 
marks non-DOPEoids, asterisks marking neural tubuli, M marking head-like mesenchyme. Scale-
bars: 200 µm. (A) TFAP2A, E-CADHERIN & DAPI (B) TFAP2A, SIX1 & DAPI. 
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In Supplemental Figure S1, the same staining as in Figures 22 / 23 is shown 

with a lower magnification, highlighting the differences between DOPEoids and 

non-DOPEoids as described in section 6.1. The non-DOPEoids (top two organ-

oids, dashed outline) do not show a TFAP2A+/E-CADHERIN+ surface epithelium 

but exhibit a rather uniform, scattered expression of TFAP2A. They do not exhibit 

E-CADHERIN expression or morphological features like the neural tubuli (aster-

isks) or a mesenchyme-like compartment (M), as found in the DOPEoids (two 

bottom organoids). The non-DOPEoids are significantly larger and sometimes 

show central cell death (data not shown) compared to the DOPEoids. The SIX1 

expression found in the non-DOPEoids is weak and diffusely scattered.  

 

 

Supplemental Figure S2: DOPEoids vs. non-DOPEoids – gene expression 

Relative mRNA expression to GAPDH (normalized to hiPSC) of DOPEoids (left) compared to 
non-DOPEoids (right) on day 31 of the DOPEoid differentiation.  

 

In Supplemental Figure S2, the gene expression of E-CADHERIN and TFAP2A 

is compared between DOPEoids and non-DOPEoids on day 31 of the differenti-

ation. In accordance with Supplemental Figure S1, the E-CADHERIN expres-

sion is almost not detectable in non-DOPEoids. The TFAP2A expression is higher 

than in the DOPEoids, indicating large scale diffuse expression.  

 

.  
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8.2 DOPEoids outlook – basement membrane & SIX3 expression  

 

Supplemental Figure S3: DOPEoids outlook: basement membrane & SIX3 

expression 

Organoids stained for LAMININ (red), SIX3 (green) and COLLAGEN IV (white). Nuclei counter-
staining with DAPI (blue). O marking invaginated placodal patch, asterisks marking neural tubuli, 
arrow marking SIX3+ cells of invaginated placodal patch, M marking head-like mesenchyme. 
Scalebars: 100 µm. (A) LAMININ, SIX3 & DAPI (B) LAMININ, COLLAGEN IV & DAPI. 
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Supplemental Figure S4: BioRender.com – publication licenses #1 
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Supplemental Figure S5: BioRender.com – publication licenses #2 
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Supplemental Figure S6: BioRender.com – publication licenses #3 
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Supplemental Figure S7: BioRender.com – publication licenses #4 
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Supplemental Figure S8: BioRender.com – publication licenses #5 
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