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Abstract 
The epithelial layer of the gastrointestinal (GI) tract provides a barrier between the 

environment and the body. Dysfunction of the epithelium, including changes of the 

innate immune response facilitated by pattern recognition receptors (PRRs), plays a 

major role in the development of GI disorders. However, the organization of innate 

immune sensing, the expression and activity of PRRs and the factors contributing to 

such possible organization along the GI tract are unclear. In recent years, stem cell-

derived organoids gained increasing attention as promising tissue models. Here, a 

biobank of human and murine organoids comprising three lines from each GI 

segment; corpus, pylorus, duodenum, jejunum, ileum, colon was generated. RNA 

sequencing of 42 lines confirmed the preservation of tissue identity and revealed an 

extensive organization of innate immune signaling components along the 

cephalocaudal axis, giving each segment a specific innate immune profile. Comple-

menting the region-specific expression analysis, several PRRs in human and murine 

organoids showed region- and species-specific function. To investigate the factors 

contributing to the patterning of innate immunity in the GI tract, the impact of 

microbial components was analyzed using murine embryo-derived, never colonized 

gastric and proximal intestinal organoids. Transcriptional profiling of embryo-derived 

organoids showed that while expression of some PRRs may depend on environmental 

cues as expected, an unexpectedly large part of segment-specific expression of PRR 

signaling components is independent of prior contact with microbial products. 

Further, analysis of published RNA-seq data as well as in vitro experiments using 

directed differentiation of organoids into specific cell types showed that expression of 

innate immune gene also depended on cellular differentiation along the crypt-villus 

axis. This underlined the importance of cellular differentiation rather than contact to 

microbial compounds for expression of PRRs. Lastly, analysis of published datasets of 

RNA-seq and ATAC-seq after knockout of the intestinal transcription factor Cdx2 

demonstrated that Cdx2 is likely important for the expression of Nlrp6 and Naip1 in the 

murine intestine. Future experiments have to support these preliminary findings. 

Taken together, the expression of a large part of epithelial innate immunity is develop-

mentally defined and conserved in tissue-resident stem cells. The identification of 

mechanisms governing expression of genes related to immunity will provide further 

insights into the mechanisms that play a role in the progress of inflammatory diseases. 
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Zusammenfassung 
Das Epithel des gastrointestinalen (GI) Traktes fungiert als Barriere zwischen der 

Umwelt und dem Körperinneren. Störungen des Epithels, darunter Veränderungen in 

der angeborenen Immunantwort, welche über „Pattern Recognition Receptors“(PRRs) 

ermöglicht wird, spielen eine bedeutende Rolle in der Entstehung gastrointestinaler 

Krankheiten. Auf welche Weise die angeborene Immunantwort im gastrointestinalen 

Trakt zwischen symbiotischen und schädlichen Mikroben unterscheidet, wie die 

Expression und Aktivität von PRRs organisiert sind, und die Faktoren die zu einer 

möglichen Organization beitragen sind bisher allerdings nicht bekannt. In den letzten 

Jahren haben aus Stammzellen gewonnene Organoide als vielversprechende 

Gewebemodelle steigende Aufmerksamkeit erregt. In dieser Arbeit wurde eine 

„Biobank“ humaner und muriner Organoide, jeweils bestehend aus 3 Linien jedes der 

gastrointestinalen Segmente Korpus, Pylorus, Duodenum, Jejunum, Ileum und Kolon 

generiert. Die RNA Sequenzierung von 42 Linien bestätigte den Erhalt der 

Gewebsidentität und zeigte eine umfangreiche Organization innerhalb der 

Signalkomponenten des angeborenen Immunsystems entlang der kraniokaudalen 

Achse, wodurch jedes Segment ein spezifisches Immunprofil erhält. Ergänzend zur 

regions-spezifischen Expressionsanalyse zeigten einige PRRs sowohl in humanen als 

auch in murinen Organoiden eine regions- und spezies-spezifische Funktion. Zur 

Untersuchung der Faktoren, die zur Strukturierung des angeborenen Immunsystems 

im GI-Trakt beitragen, wurde der Einfluss mikrobieller Komponenten untersucht. 

Hierfür wurden aus embryonalem Gewebe gewonnene Organoide des Magens und 

des proximalen Dünndarms verwendet, welche noch nicht mit dem Mikrobiom in 

Kontakt waren. Transkriptionsprofile embryonaler Organoide zeigten, dass die 

Expression einiger PRRs wie erwartet wahrscheinlich von Umweltfaktoren abhängt, 

dass ein unerwartet großer Anteil der segment-spezifischen Expression von 

Komponenten der PRR-induzierten Signalwege sich allerdings unabhängig vom 

Kontakt mit mikrobiellen Komponenten entwickelt. Des Weiteren zeigte die Analyse 

von bereits publizierten RNA Sequenzierungsdaten und in vitro Experimenten bei 

denen durch gezielte Differenzierung von Organoiden spezifische Zelltypen generiert 

wurden, dass die Expression von Genen des angeborenen Immunsystems auch von 

der zellulären Differenzierung entlang der Krypten-Zotten-Achse abhängt. Dies 

unterstreicht die Bedeutung von zellulärer Differenzierung für die Expression von 
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PRRs, anstelle des Kontaktes zu mikrobiellen Komponenten. Auch konnte durch die 

Analyse bereits publizierter RNA- und ATAC-Sequenzierungsdaten nach knockout 

des im Dünndarm exprimierten Transkriptionsfaktors Cdx2 nachgewiesen werden, 

dass Cdx2 mit hoher Wahrscheinlichkeit wichtig für die Expression von Nlrp6 und 

Naip1 im murinen Dünndarm ist. Diese Erkenntnisse müssen in zukünftigen 

Experimenten validiert werden. Zusammengenommen zeigen die Ergebnisse, dass die 

Expression eines Großteils der angeborenen Immunität entwicklungsbiologisch 

festgelegt und in gewebe-spezifischen Stammzellen konserviert ist. Die zukünftige 

Identifikation von Mechanismen die die Expression von zur Immunität zugehörigen 

Genen steuern, wird weitere Erkenntnisse über die Mechanismen die eine Rolle in der 

Entwicklung entzündlicher Erkrankungen spielen bringen.  
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1 Introduction 
As one of the largest organs in the body the gastrointestinal (GI) tract, responsible for 

all digestive processes, spans the entire human torso. The GI lumen is colonized by a 

wide variety of commensals, symbionts and occasionally pathogens. The microbial 

colonization follows a gradient with less than 103 microbes/ml in the stomach, to 

103-107 microbes/ml in the small intestine and 1011-1012 microbes/ml in the colon [1, 2]. 

It is now well established that the microbiome is critically involved in a plethora of 

processes essential for maintaining intestinal homeostasis [3]. On the other hand, 

bacterial translocation from the gut lumen past the epithelial barrier can lead to a 

fatal inflammatory response of the whole body. In this context, loss of intestinal 

epithelial barrier function is considered the driver of multiple organ failure and 

sepsis [4]. Therefore, the GI tract has the unique and opposing tasks to establish peace 

at its borders, identify potentially harmful invaders, yet enable adequate exchange of 

signals and uptake of nutrients [5–8]. 

A central player in this balancing act is the thin cellular lining that separates the body 

from the microbiota: the epithelial cells. They provide the physical mucus barrier, 

secrete the chemical defense proteins and are equipped with innate immune 

receptors to recognize microorganisms, enabling them to sense invading pathogens 

and subsequently recruit professional immune cells to help resolve the infection. 

These innate immune responses must balance the need for providing protection from 

potentially harmful pathogens with being able to tolerate the exposure to the diverse 

luminal microbiome. Hence, the innate immune signaling is not only expected to 

have a significant impact on pathogen sensing but also on tissue homeostasis and 

inflammatory diseases, including acute gastroenteritis, gastritis and inflammatory 

bowel diseases (IBDs) [7–10]. Although each of these diseases displays completely 

different pathogeneses, they share a critical feature: the interface between the 

environment and the body is disturbed significantly. However, there is an ongoing 

debate whether changes of the intestinal epithelial layer, in particular those affecting 

its innate immune function, are a cause or a consequence of the diseases mentioned 

above. 
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A major obstacle for gaining a better understanding of the disease-specific 

contribution of GI epithelial cells has been the lack of appropriate experimental 

models. However, with the recent development of the organoid technology that 

enables the generation of primary epithelial cultures from epithelial stem cells, a 

major step to enable a better understanding of the specific role of epithelium-

dependent contributions to GI disorders has been taken. 

This thesis analyzes the epithelial innate immunity of the murine and human GI tract 

using organoids as a model. Here, first, the GI tract of both species will be introduced 

together with the organoid technology, followed by the developmental patterning of 

the GI epithelium and finally the innate immune signaling pathways of the GI tract. 

1.1 Gastrointestinal tract 

The GI tract is required for the digestion of food, and spans from the oral cavity via 

the esophagus, stomach, small intestine and large intestine to the anus. It is required 

for the digestion of food by subjecting it to mechanical and chemical treatments to 

extract and absorb the maximum amount of nutrients and water into the body. 

Although the GI tract comprises anatomically defined segments with vastly distinct 

physical functions [11], the basic structural organization is comparable between the 

segments and the organ walls are made up of four layers (Figure 1). The outermost 

layer, serosa, is followed by muscularis externa which contains two layers of smooth 

muscle, the submucosa, this in turn is followed by the mucosa which includes a 

connective tissue layer called the lamina propria (collectively with submucosa, called 

the mesenchyme) and the epithelial cell layer. While the outer layers are rather 

similar along the GI tract, the innermost layers show distinct features since they are 

adapted to the specific functions of each segment and serve as a barrier that separates 

the lumen of the GI tract from the rest of the organism [12]. The tightly locked 

epithelial layer lines the GI tract and comprises diverse cell types whose fates are 

regulated by signals from both the epithelium and the underlying mesenchyme [13].  
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Figure 1: Anatomy of the gastrointestinal tract. Wall structure of esophagus, stomach, small intestine and large 
intestine (adapted with permission from reference [12]; copyright 2011 Wolters Kluwer Health Inc.).   

Of the different segments, the stomach is responsible for storing the food, and it 

contributes to digestion both chemically and physically by secreting acid and 

enzymes while contracting to break down the particles. The murine stomach is 

divided into three anatomical regions, the non-glandular forestomach lined with 

squamous epithelium, the glandular oxyntic body (corpus) region and the antrum. 

In contrast to mice, the human stomach does not have a forestomach and is divided 

into four glandular regions called proximal cardia, fundus, body (corpus) and the 

antrum (pylorus) [14]. At the lowest point of the stomach, where it transitions into 

the small intestine, the pyloric sphincter is located and delivers small portions of pre-

digested food into the small intestine.  

The intestine has the role of digesting the food, absorbing nutrients and water, and 

maintaining the barrier between the body and the microbiota. It is separated into two 

main parts, the small intestine and the large intestine. The small intestine comprises 

the duodenum, jejunum and ileum, which mainly provide the digestion and 

absorption of the nutrients [15]. The large intestine comprises the cecum, colon and 

rectum, and its primary role is the reabsorption of water and elimination of the non-

digestible food parts.  
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1.1.1 Anatomy of the GI epithelium 

1.1.1.1 Stomach 

The gastric mucosa of the stomach is the source of the mucus layer, digestive enzymes 

and gastric acid. The primary function of the stomach is to start the digestion and 

direct the food to the small intestine, and here it is not necessary for nutrients to have 

to reach the epithelium yet. Therefore, the gastric epithelial layer heavily invests in 

an acidic environment and a thick mucus barrier to protect the epithelial cells from 

said environment. The gastric mucosa contains numerous tiny invaginated gastric 

glands with the underlying lamina propria. These glands are located below the 

luminal epithelium, which deliver the secreted materials of the glands into the lumen. 

Each gland has distinct regions called gastric pit, isthmus, neck and base (Figure 2).  

Within the stomach, the glands of the corpus and antrum show differences. The main 

cell types of the corpus units are the surface mucus (pit) cells, parietal cells, chief cells, 

isthmus cells, mucus neck cells, endocrine cells and very rare tuft cells, all with 

different functions. Surface pit cells are located around the gastric pits and line the 

entire gastric mucosa (Figure 2). They are highly differentiated and secrete the mucin 

5AC (MUC5AC), which contributes to the formation of the thick mucus layer. Parietal 

cells, which are heavily concentrated in the neck region, produce and secrete 

hydrochloric acid (HCl). Chief cells are found at the base of the corpus glands and 

secrete a peptide-degrading enzyme called pepsinogen. Mucus neck cells produce 

various mucins, such as mucin 6 (MUC6) and are found among the parietal cells [16]. 

Endocrine cells of corpus glands produce ghrelin, which is characteristic for the 

corpus region [17]. Tuft cells are sensory secretory cells rarely found in the stomach. 

They have a characteristic morphology with a prominent apical extension and form 

direct synapses with interneurons in the gastric wall [18].  

In the antrum, the units are primarily composed of surface pit cells and gland mucus 

cells. The gland mucus cells produce low levels of zymogenic proteins along with 

specific mucins such as MUC6 [19] as well as factors for protection of epithelial layer, 

such as trefoil factor 2 (TFF2) [20]. Although a low number of parietal cells can be 

observed in human antral units, they are not found in the murine antral units [17]. 

Endocrine cells are interspersed between the mucus cells which are named according 

to the type of the hormone they produce, such as G-cells secreting gastrin (Figure 2).  
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Maintenance of the gastric epithelium  

In the stomach, adult stem cells reside within the gastric units and constantly 

proliferate. They are long-lived and self-renewing cells which produce further 

proliferating undifferentiated progenitor cells. The differentiation of the cell 

populations occurs along the glands. Cells differentiate at the lower parts of the 

glands and migrate to the top, where they terminally differentiate into surface pit 

cells before they are extruded into the gastric lumen  [21]. While the surface pit cells 

are shed into the gastric lumen in a few hours or days, some cells such as parietal 

cells can survive for weeks or months [22]. 

The location of the stem cell compartment in corpus and antrum shows differences. 

The antral glands have a stem cell population in the gland base marked by the stem 

cell markers leucine-rich repeat-containing G-protein coupled receptors 5 (LGR5) 

and tumor necrosis factor receptor superfamily member 19 (Tnfrsf19) which encodes 

the protein TROY [23–25]. However, in the corpus, this cell population in the gland 

base is mostly quiescent and acts as a reserve stem cell population upon injury 

instead of contributing to the turnover during homeostasis [24, 25]. In the corpus 

glands, additional to the base region, a constantly proliferating cell population was 

found in the isthmus region [26]. One study confirmed only recently that two 

independent stem cell populations are located in the corpus glands. Of those, one 

population, located at the gland base, consists of slow-cycling cells marked by TROY 

and LGR5. The other is a rapidly cycling stem cell population found in the isthmus 

region of the corpus glands, which expresses the proliferation markers stathmin 1 

(Stmn1) and Ki67, and is responsible for the turnover of the pit-isthmus-neck region 

of the corpus gland [27].  

Evolutionarily conserved signaling pathways play a crucial role during gastro-

intestinal development and maintenance. A number of extrinsic factors, particularly 

those provided by the local environment surrounding the stem cells, control the fate 

of the stem cells. For stem cell maintenance, hedgehog (Hh) signaling has a major role 

in the gastric stem cell niche by regulating some niche factors, such as bone 

morphogenic protein (BMP), Notch and fibroblast growth factor (FGF)10 [28] (Figure 

2). BMP signaling pathway regulates gastric epithelial cell proliferation and 

differentiation. BMPs are regulatory molecules secreted by stromal cells and they 
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promote differentiation of the stem cells. It has been demonstrated that inhibition of 

BMP signaling induces the proliferation of LGR5+ stem cells [29]. Noggin is an 

antagonist of BMP signaling which acts as an essential factor for maintenance of stem 

cell niche, by inducing extracellular signal-regulated kinase (ERK) activation [30]. 

 

Figure 2: Morphology of gastric epithelial layer and distribution of the niche factors. The cellular architecture 
of antral (left) and corpus (right) glands, depicting different distribution of epithelial cell types. Corpus glands 
are comprised parietal cells, chief cells, pit mucus and gland mucus cells, endocrine cells, undifferentiated isthmus 
cells and tuft cells. Differently than the corpus glands, antral glands do not contain the parietal cells and have 
LGR5+ stem cells within the gland base. Telocytes and myofibroblasts found underneath them provide the WNT 
ligands and R-spondin3 to maintain the stem cell activity. In the corpus (right) green circle and yellow tringle 
indicate the gradients of niche factors. Parietal cells which are found at the neck region of corpus glands secrete 
Hh and upregulate the mesenchymal BMP expression which leads to the formation of a BMP gradient. The WNT 
gradient in the corpus glands is not clearly known, however cells at the gland bases are WNT-responsive 
suggesting a high level of WNT signaling  (adapted with permission from reference [13], copyright 2020 Elsevier).  

Notch signaling is another pathway important for stem cell maintenance and 

proliferation. It is especially active in the isthmus region of corpus glands [31] and 

base of antral glands, below the antral stem cells [32]. When it is inhibited, 

proliferation in antral and corpus glands diminishes and the number of differentiated 

cells increases [31]. FGF10 is another important growth factor derived from the 

mesenchyme. When the pathway is impaired, this results in reduced proliferation 

and defective gland formation [33], while its overexpression leads to glandular 

hyperplasia [34]. WNT signaling pathway is required for the expression of the stem 

cell markers LGR5 in the antral glands [23]. R-spondin3 from stromal cells located 

beneath the stem cell niche induces the activation of WNT signaling, maintenance 

and proliferation of stem cells [35]. Thereby, activation of WNT signaling pathway 

leads to an increased number of progenitor cells in the antrum. In corpus glands 
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TROY+ chief cells at the gland base express WNT target genes implying the presence 

of a WNT source around the gland bottom for maintaining the undifferentiated state 

of the progenitor cells [25]. Finally, epidermal growth factor (EGF) plays an important 

role in normal proliferation and growth of the mucosa [36]. 

1.1.1.2 Small intestine and colon  

In contrast to the gastric mucosa which is optimized to protect the epithelial layer 

from the acidic environment, the mucosa in the small intestine is optimized for 

surface maximization to enable efficient uptake of nutrients. In humans, the small 

intestine contains permanent circular folds called the plicae. These structures are 

most prominent in the distal duodenum and proximal jejunum, where most of the 

digestion and absorption take place and they decrease in number with progression 

through the ileum [37] (Figure 3, left). Protruding from the plicae are densely packed 

intestinal villi covering the entire small intestine to further increase the surface area. 

Each villus is a long projection covered by epithelium where the vascularized lamina 

propria forms the core. In murine mucosa, the villus heights are double those of 

human, providing increased surface area to murine small intestine, to make up for 

the lack of plicae [38]. Correlative to the rate of digestion and absorption, the villus 

length and number progressively decreases from duodenum to the ileum. The villi 

in the duodenum and jejunum are larger and denser, while those in the ileum are 

smaller and fewer [39]. Finally, the bases of the villi are surrounded by crypts of 

Lieberkühn, where primarily secretory, stem and proliferative cells are located. The 

architecture of the epithelium differs between small intestine and colon, related to 

their distinct functions. The colonic epithelium is specialized for the absorption of 

water and ions, and production of mucus barrier. It lacks both plicae and villi which 

are characteristic for small intestine.  

The epithelial cells in the small intestine can be divided into two broad categories: 

absorptive cells and secretory cells. The majority of the epithelial cells covering the 

small intestinal villi are well differentiated and polarized absorptive enterocytes 

which also produce digestive enzymes.  The apical side of these columnar epithelial 

cells is densely packed with finger-like projections called microvilli, forming the 

brush border to further increase the absorptive surface area of the small intestine [40]. 

Goblet cells, enteroendocrine cells, tuft cells and cup cells are interspersed among the 
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enterocytes [41] in both villi and crypts. Goblet cells produce and secrete glycosylated 

mucins crucial for formation of a mucus barrier on the epithelial layer [42]. With the 

highest ratio of goblet cells, the ileum has the thickest mucus layer in the small 

intestine and the lowest rate of digestion and absorption [11, 43]. Enteroendocrine 

cells are found in both crypts and villi and they secrete various hormones and 

peptides to regulate the gut physiology. The most distinct feature of enteroendocrine 

cells is that the secretory granules are located mainly at the basal region of the cell for 

the produced hormones to be discharged on the basal side of the cell from where they 

diffuse and pass into the capillary bed underneath. Chemosensory tuft cells respond 

to various stimuli such as hypoxia and infections. For example, the number of the tuft 

and goblet cells rapidly increases upon helminth infection, depending on the 

secretion of cytokines [44].  

 

Figure 3: Cellular architecture of small intestinal and colonic epithelial layers. Small intestinal epithelial layer 
(left) consists of crypts and villi. Stem cells at the crypt base produce more stem cells and also transit-amplifying 
(TA) cells which migrate upwards toward the villus tips. Paneth cells are also found at crypt bases and they 
support the stem cell niche by providing necessary signals. Upwards, differentiated cells of absorptive enterocytes 
and secretory goblet, enteroendocrine and tuft cells reside. M cells are located above the Peyer’s patches where 
they contribute to the crosstalk between outer environment and immune cells. Colonic epithelial layer (right) is 
similar to the small intestinal one except that it does not have villi and Paneth cells compared to small intestine. 
Deep secretory cells found at the crypt base secrete antimicrobial peptides, resembling the Paneth cells.  
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The colonic crypts are similar to those of the small intestine with absorptive 

enterocytes, goblet cells, enteroendocrine cells, tuft cells and proliferative stem cells 

at the crypt bases [45] (Figure 3, right). A large number of goblet cells are found over 

the whole length of the crypt in the proximal colon of mice, but at the base of the 

crypts in the distal colon and the rectum, the number decreases. The goblet cells are 

predominant in human colon as well, however with the ratio of goblet cells to 

enterocytes increasing from the proximal toward the distal regions [38]. Mucin 2 

(MUC2) is the main mucin of the colonic mucus system which has two major mucus 

layers. The outer mucus layer is non-attached and less dense, whereas the inner 

mucus layer is attached and denser, forming netlike structures. While the outer layer 

is highly colonized by the commensals, the denser inner layer is impenetrable for 

those, thereby keeping the epithelium sterile [46]. Enteroendocrine cells can also be 

scattered in the epithelial layer and are identified by their small basally located 

granules. 

The small intestinal crypt bases are populated exclusively with Paneth and stem cells. 

Paneth cells are pyramidal cells with granules containing antimicrobial molecules to 

prevent bacterial infiltration, thereby guarding the epithelium and keeping the crypts 

sterile [47]. Unlike enteroendocrine cells, these granules face towards the lumen of 

the crypt. The Paneth cells are intermingled with the intestinal stem cells at the base 

of the crypt, maintaining the stem cell compartment by providing signals [48]. The 

columnar base cells (CBCs) are the adult stem cells which also produce further 

proliferating, undifferentiated progenitor cells, called transit-amplifying (TA) cells.  

These cells move from the crypt bases and proliferate within a region called transit-

amplifying zone, located in the lower half of the crypt. They form the amplifying 

compartment of the crypts which are still capable of cell division and usually 

committed to fully differentiate as they continue to migrate luminally. The colonic 

crypts are deeper and lack the Paneth cells [49]. There deep crypt secretory cells 

replace Paneth cells in supporting the stem cell niche [50] and by producing 

antimicrobial regenerating family member 4 (REG4) [51].  

Beneath the epithelium, the mucosa contains dense networks of blood and lymphatic 

capillaries to transport the absorbed nutrients and produced hormones. Moreover, 

the lamina propria houses the peripheral immune cells responsible for guarding 
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against any ingested pathogens which might have survived the hostile environment 

in the stomach. These cells constitute the gut-associated lymphatic tissues (GALTs). 

Peyer’s patches, which are large aggregates of lymphoid tissue beneath the small 

intestinal epithelium, are components of GALTs (Figure 3). They are diffusely 

distributed and are most prominent in the human ileum and murine jejunum [38]. 

The overlaying cell layer on a Peyer’s patch is called follicle-associated epithelium 

where the villous architecture is less developed. Microfold (M) cells are located in the 

follicle-associated epithelium and have a unique morphology with reduced 

microvilli structures. Their role is to transport antigens in the gut lumen across the 

epithelium to the underlying lymphoid tissue for regulation of immune responses 

[52]. In the colon, GALT is more extensively developed with large lymphoid follicles. 

This extensive development of the immune system in the colon reflects the large 

number and variety of the microbiota and the end products of the metabolism.  

Maintenance of small intestinal and colonic epithelia  

The intestinal epithelial layer is maintained by rapidly proliferating stem cells at the 

base of the crypts which generate TA cells. TA cells divide multiple times before 

maturing into enterocytes, while secretory cells mature directly from stem cells [53]. 

Cells above the amplification region move conveyor belt-like towards the surface, 

where they are shed into the lumen after a lifetime of only 3-5 days [12]. Conversely, 

cells below have a relatively long lifetime. For example, Paneth cells residing at the 

base of the crypt have a lifespan of about 1-2 months [54].  

Intestinal stem cell activity is maintained by the continuous communication with the 

intestinal mesenchyme and multiple epithelial cells. Canonical WNT/R-spondin, 

Notch and EGF signaling pathways promote the proliferation, while BMPs favor the 

differentiation [55–57] (Figure 4). In the small intestine, Paneth cells located at the 

crypt bases support the stemness by producing stem cell factors such as WNT3 and 

EGF [58, 59]. They also present Notch ligands such as delta-like protein (DLL) 1 and 

DLL4 to the stem cells which trigger the activation of NOTCH1 and NOTCH2 on the 

stem cells. Notch signaling happens only through cell-cell contact and leads to the 

signal transmission between Paneth and stem cells. Notch inhibition leads to terminal 

differentiation of stem cells into secretory cells. In the colon, although deep secretory 

cells fulfill the functions of Paneth cells in secreting EGF and Notch ligands, they do 
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not produce WNT ligands to support the stem cells. Therefore, in the colon WNT 

ligand production to support the maintenance of the stem cells is done solely by the 

subepithelial mesenchymal niche populations [60, 61]. Likewise, these populations 

secrete R-spondins, BMP ligands and BMP inhibitors for the precise control of stem 

cell maintenance and epithelial differentiation in both small intestine and colon [60, 

62]. Peri-cryptal stromal cells create a WNT/R-spondin enriched and BMP-poor 

microenvironment by secreting WNT/R-spondin ligands and BMP inhibitors, such as 

noggin and gremlin, while the villus lamina propria creates the reverse by producing 

BMPs [55, 62, 63]. Hence, because of the local production of the mediators and limited 

diffusion capacity, opposing WNT and BMP gradients are established along the 

crypt-villus axis which control the balance between self-renewal and lineage 

differentiation [64, 65]. While the cells migrate upwards from the crypt bases, they 

are exposed to decreasing levels of WNT and increasing levels of BMP. This gradient 

provides the niche for the stem cells to maintain their stem cell identity while 

allowing the differentiation of cells along the crypt-villus axis. 

 

Figure 4: Distribution of niche factors in small intestinal epithelial layer. Peri-cryptal mesenchymal cells such 
as trophocytes and telocytes provide the niche signals to epithelial cells. Trophocytes are located at crypt bases, 
close to the stem cells and express the BMP inhibitor gremlin 1 (GREM1) to support the stem cell niche. LGR5+ 
telocytes found at the villus tips secrete BMP to drive differentiation of the enterocytes (adapted with permission 
from reference [13], copyright 2020 Elsevier).  

1.1.2 Regional identity and patterning in the gut  

The general GI organization is established during development. During the late 

gastrula stage, the definitive endoderm develops into a primitive gut tube, 

surrounded by mesoderm. This mesodermal tissue, later mesenchyme, controls the 

anterior-posterior and proximal-distal patterning by regulating the FGF, WNT, BMP, 
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retinoic acid (RA), Hedgehog and Notch pathways in a time-dependent manner. 

These morphogens form concentration gradients to instruct the gut tube to 

regionalize into foregut, midgut and hindgut. While the foregut develops into 

esophagus and stomach of the GI tract, the midgut develops into the small intestine 

and the hindgut into the large intestine [66, 67] (Figure 5).  

 

Figure 5: Overview of gastrointestinal development. After the formation of three main germ layers, endoderm 
arranges into foregut, midgut and hindgut. From these sections, esophagus and stomach develop from foregut, 
while proximal small intestine develops from midgut and large intestine from hindgut (adapted with permission 
from reference [67]; copyright 2009 Annual Reviews). 

The boundaries between the organs are established during developmental transitions 

of the primitive gut tube. Signals from surrounding mesodermal tissues determine 

the regional identity and drive the anterior-posterior patterning by expression of 

region-specific transcription factors. Active WNT signaling, FGF10 and BMP 

originating from the mesoderm drive intestinal patterning of the mid- and hindgut 

characterized by the expression of the transcription factor caudal type homeobox 2 

(CDX2) [68, 69] (Figure 6). CDX2 expressed in these tissues functions as a master 

regulator of intestinal epithelial development and regionalization of the GI 

epithelium [70–72]. During the early stages of development, CDX2, when ectopically 

expressed, can posteriorize the foregut and induce an intestinal-like identity. Loss of 
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CDX2 in the early endoderm converts the posterior intestinal epithelium into 

esophageal squamous type [70]. Conversely, its loss later in development only leads 

to partial anteriorization, with expression of gastric epithelial genes in the intestine 

[71, 73].   

For proper regionalization and development of the stomach, WNT signaling needs 

to be minimized in the foregut, since it would lead to expression of CDX2 at this stage 

of development [68]. BarH-like homeobox 1 (BARX1) expressed by the mesenchyme 

of the developing stomach induces the secretion of WNT antagonists, thereby locally 

inhibiting the WNT pathway in the posterior foregut [74]. Additionally, sex 

determining region Y (SRY)-box 2 (SOX2), which is a transcription factor directing 

the development of stratified epithelium, is expressed in the early foregut [69, 75]. At 

early stage of the development, the BMP needed for the hindgut would lead to SOX2 

inhibition in the foregut. Therefore, to keep the regional identity in the foregut, 

epithelial cells secrete BMP antagonists to inhibit the pathway [76]. Thus, the 

stomach-intestine boundary is determined by antagonism between the intestine-

promoting WNT/CDX2 and the stomach-promoting BARX1/SOX2. This antagonism 

persists throughout the lifetime of the organism.  

 

Figure 6: Signaling pathways responsible of regionalization in GI tract. The patterning of anterior-posterior 
regions. Differential WNT, FGF and BMP signaling results into anterior-posterior axis patterns which leads to 
formation of foregut, midgut and hindgut. The inhibition of WNT signaling is crucial to maintain foregut identity 
and further development (adapted with permission from reference [67]; copyright 2009 Annual Reviews). 

Maintenance of regional identity is also observed in stem cells taken from adult 

tissue. Therefore, once defined, the regional identity remains encoded in the adult 

stem cells, which constantly regenerate the tissue [77]. For example, intestinal stem 

cells already express low levels of intestinal markers such as villin, mucin 2 and 

lysozyme [78], while the gastric stem cells express the gastric intrinsic factor (GIF) 

[23]. Taken together, regional differences in the GI tract are established during 
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development and are maintained in adult stem cells as part of the cell identity during 

adulthood. 

1.1.3 Organoids to model the GI epithelial layer 

Organoids are defined as non-transformed stem cell-derived, three-dimensional (3D) 

cell cultures that have self-organizing capacity and retain some of the function of the 

original organ e.g., secretion, filtration, absorption or contraction (Figure 7). 

Organoids can be grown either from tissue-resident adult stem cells (ASCs) or from 

pluripotent stem cells (PSCs). Together, the two types of organoids cover an extensive 

repertoire of organs that can be mimicked [64, 79, 80]. Both technologies have their 

individual advantages. For example, cultures of ASC-derived organoids have a 

tremendous expansion potential and are relatively homogeneous, whereas PSC-

derived organoids are more complex in the sense that they combine cells of very 

different developmental origin (e.g., epithelial and mesenchymal cells). PSC-derived 

organoids allow the analysis of the developmental steps but may not reach the full 

level of differentiation into an epithelial layer as found in vivo [81].  

 

Figure 7: Generation of organoids. Adult stem cells can be isolated from tissue sections of the GI tract 
(exemplarily shown for human tissue here) and cultured in vitro. When the respective culture conditions are 
applied and the cells are grown in an extracellular matrix such as Matrigel, they form 3D structures called 
organoids. These organoids contain the majority of the cell types which are found in the original organ and 
additionally mimic the organization of the inner structure of the organ. 

Murine intestinal organoids are the prototype of ASC-derived organoids [82]. They 

contain stem cells as well as differentiated cells. Moreover, the cells self-organize into 

different domains that harbor the stem cells - representing the crypts of the tissue, or 

the differentiated cells, such as enterocytes and goblet cells representing the villi of 

the tissue [82]. The GI organoids derived from ASCs retain this tissue identity and 

harbor cell types of the intestine or stomach [23, 82, 83]. The intrinsically programmed 

regional identity of the ASCs is not dependent on the niche factors provided by the 
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environment. For example, organoids grown from the different segments of the small 

intestine, express location-specific genes and show functional properties of the gut 

segment the organoids have been generated from despite being grown in the same 

culture conditions [81, 84]. The expression profile of intestinal organoids is also 

maintained when they are grown in gastric medium, which contains several common 

niche factors (R-spondin, Noggin, EGF), but also gastric-specific factors such as 

FGF10 [73]. The strongest evidence for the intrinsically programmed location 

specificity is provided by a transplantation experiment: Murine small intestinal 

organoids transplanted into the colon grow into patches of new small intestinal tissue 

at the transplantation site, marked by high CDX2 expression and even the presence 

of Paneth cells, a cell type that is restricted to the small intestine [85].  

The GI epithelial cells are highly polarized with apical side facing the lumen of the 

gut with its microbiota, and the basolateral side facing the tissue free of the luminal 

content. Organoids now allow direct functional testing of side-specific immune 

responses, since the cellular polarization is retained in organoids. Under standard 

conditions when organoids are grown in an extracellular matrix, the apical side faces 

the lumen of the organoid and the basal side faces the extracellular matrix [23, 61, 82, 

86]. When cells from organoids are seeded onto standard cell culture surfaces, such 

as culture dishes or transwells, the apical side faces the lumen of the well [87–90]. 

Regional identity is already encoded in the tissue-resident stem cells of the embryo 

to a certain extent, which is visible in the deoxyribonucleic acid (DNA) methylation 

profile [81]. However, while DNA methylation profiles of adult-derived organoids 

are stable over many weeks of culture, the DNA methylation profiles of fetal 

organoids show dynamic changes, indicating in vitro maturation [81] which is also 

found on the transcriptome level [81, 91]. Therefore, ASC-derived organoids 

generated from fetal tissues may also allow the study of maturation of fetal epithelia, 

since they age in culture [81, 92].  

Taken together, organoids allow for the study of regional differences, their 

establishment during embryogenesis and their maintenance in adulthood. In 

addition, they also open up the possibility to study the extent of the regional identity.  
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1.2 Innate immune barrier 

The healthy GI tract maintains its homeostasis by establishing the necessary contact 

with the lumen for digestion and nutrition, concurrent with the safe co-existence with 

microorganisms. This is apparent in the tissue architecture and cellular dynamics of 

the epithelial layer: surface cells are constantly exposed to the luminal content for 

nutrient uptake, therefore also open to possible infection by pathogens, but this is 

mitigated by stem cell proliferation which ensures constant renewal of these surface 

cells. The host defenses include further barriers, such as the physical barrier 

maintained by tightly interlocked epithelial cells and the mucus barrier. Furthermore, 

it is protected by chemical defenses, such as the antibacterial proteins, and by 

immunological defenses, provided by the innate and the adaptive immune systems. 

A key function of the innate immune system is to recognize microbial stimuli to 

mount quick defensive responses. This interaction is mediated by evolutionarily 

preserved receptors called pattern recognition receptors (PRRs).  

1.2.1 Pattern recognition receptors 

PRRs recognize microbe-associated molecular patterns (MAMPs) expressed by 

microorganisms but not by the host cells, and damage-associated molecular patterns 

(DAMPs) which are endogenous danger signals released from damaged tissues. 

Currently, based on their molecular structures and functions, the major classes of 

PRRs are toll-like receptors (TLRs), nucleotide-binding oligomerization domain 

(NOD)-like receptors (NLRs), C-type lectin receptors (CLRs), retinoic acid-inducible 

gene-I (RIG-I)-like receptors (RLRs), as well as several putative sensors such as absent 

in melanoma 2 (AIM2) and alpha-kinase 1 (ALPK1), cyclic guanosine mono-

phosphate (GMP)-adenosine monophosphate (AMP) synthase (cGAS) and 

stimulator of interferon genes (STING) (Figure 8) [93, 94].  

PRRs trigger innate immune responses in response to MAMP or DAMP detection. 

While recognizing different patterns, many of them share a common central signaling 

pathway, the nuclear factor-κB (NF-κB) pathway and interferon regulatory factors 

(IRFs) leading to production of proinflammatory cytokines, or formation of signaling 

complexes called inflammasomes. Through the coordination of several pathways, the 

type, magnitude and duration of the resulting host response are regulated to control 

the invading microorganisms and recruit professional immune cells [5, 7, 8, 95–97].  
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Figure 8: Overview of the major innate PRR signaling pathways triggered by extracellular and intracellular 
PRRs. MAMPs and DAMPs are recognized by the PRRs (1) and with the help of adaptor proteins (2) they activate 
the downstream mediators (3) and transcription factors to activate the immune response (4) (adapted with 
permission from reference [98]; copyright 2016 Elsevier.) 
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1.2.1.1 Toll-like receptors 

TLRs are transmembrane proteins that contain three structural domains: a ligand-

binding domain with leucine-rich repeats (LRRs) motif, a transmembrane segment 

and a cytosolic toll/IL-1 receptor (TIR) domain for signal transmission [99]. Currently, 

the mammalian TLR family includes 13 members. 10 functional TLRs have been 

characterized in humans (TLR1-TLR10) and 12 receptors were identified in mice 

(TLR1-TLR9, TLR11-TLR13). Each TLR recognizes a distinct MAMP derived from 

microbes (Figure 8).  

TLR1 which is functionally associated with TLR2 by MAMP-mediated dimerization 

[100] recognizes triacyl lipopeptides derived from bacteria [101]. TLR2 also dimerizes 

with TLR6, for the recognition of bacterial diacyl lipopeptides [102]. TLR3 is involved 

in detection of double-stranded (ds)ribonucleic acid (RNA) produced by viruses 

during their replication [103]. TLR4 detects the lipid A contained in lipopoly-

saccharide (LPS) localized in the outer membrane of Gram-negative bacteria. TLR5 

recognizes bacterial flagellin [104, 105]. TLR7 and 8 recognize single-stranded 

(ss)RNA [106, 107]. TLR9 recognizes unmethylated 5'-C-phosphate-G-3' (CpG) 

containing ssDNA [108]. A ligand for TLR10, which is a pseudogene in mice, has not 

been clearly identified yet. Murine TLR11 has been demonstrated to detect flagellin 

from Salmonella, while TLR11 and 12 both recognize profilin derived from Toxoplasma 

gondii [109]. Lastly, TLR13 is associated with the recognition of bacterial 23S 

ribosomal RNA [110]. These receptors can also be grouped into those that are 

localized on the cell surface (TLR1, 2, 4, 5, 6, 10) and those that are found inside the 

cellular compartments called endosomes (TLR3, 7, 8, 9, 11, 12, 13). However, TLR4 

can also be found intracellularly [111] and TLR9 is additionally expressed on the cell 

surface of intestinal epithelial cells [112]. Activation of TLRs leads to production of 

proinflammatory cytokines and chemokines, such as tumor necrosis factor alpha 

(TNF-α), IL-6 and IL-8 which recruit phagocytes to the site of infection. In addition 

to the proinflammatory cytokines, stimulation of intracellular TLRs, TLR3, 7, 8 and 9 

also induces production of type 1 interferons, which are crucial for innate antiviral 

immunity.  

When the ligand interacts with the receptor and induces the hetero- or 

homodimerization, the intracellular TIR domains of TLRs (except TLR3) associate 
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with the cytosolic TIR-containing adaptor, the myeloid differentiation primary 

response protein 88 (MYD88) (Figure 9). Recruitment of MYD88 leads to interaction 

of IL-1R-associated kinases (IRAKs) and the TNF receptor associated factor (TRAF) 6. 

TRAF6 recruits transforming growth factor (TGF)-β–activated protein kinase 1 

(TAK1) and TAK1 activates the inhibitor of NF-κB (IκB) kinase complex (IKK), which 

consists of NF-κB essential modifier (NEMO), IKKα, and IKKβ, leading to 

phosphorylation of IκB proteins which in turn leads to their degradation. Once 

NF-κB is released from inhibition, the NF-κB subunits such as p50 and p65 

translocate to the nucleus where they mediate the transcriptional activation of 

proinflammatory genes. Another transcription factor, IRF5, which is required to 

produce proinflammatory cytokines is also activated as a result of the activated 

TRAF6. In addition, TAK1 activation also leads to activation of p38 mitogen-activated 

protein (MAP) kinase and c-Jun N-terminal kinase (JNK), which then activates the 

activator protein 1 (AP1) transcriptional complex [113].  In contrast to the other TLRs, 

TLR3 recruits the adaptor protein TIR domain–containing adaptor- inducing 

interferon (IFN)-β (TRIF) upon ligand recognition, leading to recruitment of TRAF3 

and activation of TRAF family member associated NF-κB activator (TANK)-binding 

kinase 1 (TBK1), IKKε, and IRF3, and activation of NF-κB. Activation of IRF3 then 

induces IFN-β production. TRIF also recruits TRAF6, which leads to the activation of 

NF-κB.  

TLR4 is unique in the sense that it is the only TLR which requires an accessory 

molecule, myeloid differentiation factor 2 (MD2). The TLR4/MD2 complex recognizes 

LPS [114]. LPS is an amphipathic molecule consisting of a hydrophilic core 

oligosaccharide, an O-antigen and a lipid A region with hydrophobic multi-acyl 

chains which causes micelle formation in aqueous solutions [114]. To be presented to 

TLR4/MD2 complex, these hydrophobic chains need to be extracted from the 

bacterial membrane. Thus, two accessory proteins called cluster of differentiation 

protein 14 (CD14) and lipopolysaccharide binding protein (LBP) are required to 

mediate this transfer and increase the sensitivity of LPS detection [115]. LBP is a 

glycoprotein with a hydrophobic region which forms a high-affinity complex with 

LPS micelles to deliver them to CD14 [115]. CD14 is found anchored to the plasma 

membrane on myeloid cells or in a soluble form in endothelial and epithelial cells 

[116]. By transiently binding, it transfers LPS to TLR4/MD2 and can mediate LPS-
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induced endocytosis of TLR4. Upon binding of LPS, TLR4, MD2 and LPS together 

with adaptor molecules, such as MYD88, TIR domain containing adaptor protein 

(TIRAP), TRIF and translocation associated membrane protein (TRAM), form a 

complex [117] for activation of TLR4 signaling cascade [116].    

 

Figure 9: Overview of the TLR4 signaling pathway. LPS, the ligand of TLR4, binds to LBP to be transferred first 
to CD14 and then to TLR4/MD2 complex to initiate the dimerization of TLR4. The TLR4/MD2/LPS complex can 
activate the NF-κB pathway by triggering the signal transduction via recruitment of different adaptor molecules 
which lead to the activation of IKK complex formed by IKKα, IKKβ and IKKg (NEMO). This complex 
phosphorylates the inhibitor of NF-κB which leads to its degradation. The released subunits of NF-κB can 
translocate to nucleus and initiate the transcription of immune response genes.  

1.2.1.2 NOD-like receptors 

NLRs are intracellular PRRs ensuring cytosolic protection. They are structurally 

characterized by their modular organization of three domains with distinct functions. 

A variable C-terminal LRR domain binds to the ligands, the evolutionarily conserved 

and centrally located NOD contributes to the oligomerization of the receptor, and a 

variable N-terminal protein-protein interaction domain mediates the downstream 

signaling cascades [93]. Depending on this N-terminal domain, the NLRs are 

classified into four types: NLRAs contain an acidic transactivation domain, NLRBs, 

which are also called NLR family apoptosis inhibitor proteins (NAIPs) contain a 

baculoviral inhibitor of apoptosis repeat (BIR) domain, NLRCs have at least one 
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caspase activation and recruitment domain (CARD), and NLRPs possess a pyrin 

domain (PYD) instead. In contrast to the other subclasses, the effector domain of 

NLRX1 does not share homology with the N-terminal region of any of the other 

subclasses and is instead classified as a CARD-related X effector domain [118]. Both 

CARD and PYD are involved in a range of cellular processes including production of 

proinflammatory cytokines and apoptosis.  

MAMPs and DAMPs recognized by the C-terminal LRR domain of the NLRs triggers 

a conformational change and allow for the oligomerization of the proteins through 

the central NOD domains. This in turn facilitates the recruitment of downstream 

signaling adaptors and effector proteins culminating in formation of an oligomeric 

complex. Within the NLR family, the activating stimuli, the responsiveness and the 

activation mechanism differ strongly and the physiological functions and signaling 

pathways of only some of these receptors have been well defined. Among the 

intensively studied NLRs, NLRP1, 3, 6, 12, NLRC4 and NAIP form a cytoplasmic 

signaling complex called inflammasome that activates caspase-1, which cleaves and 

activates the proinflammatory cytokines pro-IL-1 and pro-IL-18. These cytokines in 

turn recruit professional immune cells of the innate and adaptive immune system 

and can also trigger an inflammatory type of cell death called pyroptosis [119, 120] 

(Figure 10). On the other hand, NLRP10, NOD1, NOD2, NLRC3, NLRC5 and NLRX1 

form signaling platforms independently of the inflammasome and mediate innate 

immunity through the activation of NF-κB [121, 122] and mitogen-activated protein 

kinase (MAPK) pathways [123]. 

NOD1 and NOD2 (also known as NLRC1 and NLRC2) are the first NLRs to have 

been described. These receptors both detect bacterial cell wall moieties derived from 

bacterial peptidoglycan, although the exact molecular pattern each one recognizes 

differs: NOD1 binds to gamma-D-glutamyl-meso-diaminopimelic acid and NOD2 is 

activated by muramyl dipeptide (MDP) from bacteria [124]. Upon sensing their 

ligands, the CARD is exposed and the receptor-interacting serine-threonine kinase 2 

(RIPK2) adaptor protein is recruited which leads to polyubiquitination of the 

inhibitor of NF-κB kinase subunit gamma (IKKγ). This activates the IKK complex, 

which then degrades and activates NF-κB  [125, 126].  
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On the other hand, in the case of the other inflammasome forming NLRs, such as 

NLRP3, conformational changes in the molecule following ligand sensing expose the 

PYD resulting in interaction with a similar domain on the adaptor protein apoptosis 

associated speck-like protein containing a CARD (ASC), which associates with  pro-

caspase-1, resulting in its cleavage to active caspase-1 [127]. The latter then cleaves 

the inactive forms of IL-1β and IL-18 to generate active cytokines. Subsequently, once 

the inflammasome is assembled, this leads to induction of pyroptosis.  

 

Figure 10: Inflammasome formation pathways. NLRs are cytosolic receptors. Inflammasomes occur when the 
MAMPs or DAMPs are recognized. These receptors interact with their respective ligands which leads to the 
activation of inflammasomes. Once the caspase-1 is activated, it cleaves GSDMD which leads to pyroptosis. 
Activated caspase-1 also cleaves the inactive pro-IL-1b and pro-IL-18 resulting in their activation which then are 
released through the pores formed as a result of pyroptosis. 

Pyroptosis differs from apoptosis and necroptosis mechanistically, since it leads to 

pore formation in the cellular membrane for the release of the proinflammatory 

cytokines [128]. Following the activation of the inflammasome, caspase-1 cleaves a 

gasdermin protein, gasdermin D (GSDMD), leading to self-oligomerization of its N-

terminal region. This creates a protein complex driving the pore formation in the 

cellular membrane for the cytokines to be released from the cell and this results in 

GSDMD-mediated pyroptotic cell death [129]. 
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1.2.1.3 C-type lectin receptors 

CLRs are proteins that are either transmembrane or soluble in nature and have a wide 

range of function. These receptors are mainly engaged in recognition of an extensive 

range of fungal carbohydrate structures; however, they may also detect a number of 

structurally varied microbe- or host-associated ligands [130]. CLRs capable of 

detecting carbohydrates are distinguished by the presence of a C-type lectin domain 

(Figure 8). Over a thousand members of the CLR family are known to be involved in 

endocytosis, phagocytosis, cell adhesion, complement activation, tissue remodeling 

as well as antimicrobial, proinflammatory, and anti-inflammatory responses. Dectin-

1, dectin-2 and dendritic cell-specific intercellular adhesion molecule (ICAM)3-

grabbing nonintegrin (DCSIGN) are some of the well-known examples of the CLR 

family. Upon interacting with its ligand, the tyrosine residues of CLRs are 

phosphorylated and spleen tyrosine kinase (SYK) is recruited, leading to the 

activation of NF-κB pathway [98]. 

1.2.1.4 RIG-I-like receptors 

The RIG-I-like receptors (RLRs) are intracellular sensors for RNA. The RLR family 

involving RIG-I and melanoma differentiation factor 5 (MDA5) exhibit unique 

domains: A C-terminal domain, a central DExD/H box helicase domain for RNA 

binding, and two N-terminal CARD domains that are involved in downstream 

signaling (Figure 8). Both receptors were discovered to have a function in the 

detection of RNA viruses. RIG-I binds to short (< 300 bp) dsRNAs with blunt ends 

and a 5′ triphosphate moiety, thus, recognizes mainly negative-sense ssRNA viruses 

or positive-sense ssRNA/dsDNA viruses. MDA5 on the other hand, detects long 

dsRNA strands (~41,000 bp) with no end specificity and primarily detects the 

intermediate dsRNA generated during replication of positive ssRNA viruses. Despite 

the fact that these receptors detect RNA viruses in different ways, they activate 

similar downstream cascades in which the ligand-bound receptor interacts with 

mitochondrial or peroxisomal adaptor proteins to activate the cytosolic protein 

kinases IKK and TBK1 leading to transcription of NF-κB and IRF3, facilitating the 

production of type I interferon and other proinflammatory cytokines [98].  
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1.2.1.5 Other intracellular sensors  

In addition to the classical PRRs, further sensors of microbial activities have recently 

been discovered. For example, a recent study confirmed ALPK1 as a cytosolic innate 

immune receptor recognizing the LPS metabolite ADP-β-D-manno-heptose (ADP-

heptose) [131]. ALPK1 stimulation, results in phosphorylation of TRAF-interacting 

protein with forkhead associated domain containing protein A (TIFA), mediating the 

formation of TIFAsomes as a response to gram-negative bacteria [132, 133].  

Cytoplasmic DNA derived from replicating intracellular pathogens or from dying 

host cells has a potential to serve as a danger signal.  A variety of proteins including 

AIM2 and cGAS were reported to monitor the cytoplasm for host or pathogen 

derived DNA (Figure 8). Upon sensing dsDNA, AIM2 forms an inflammasome with 

ASC and caspase-1, leading to enzymatic cleavage of the proinflammatory cytokines 

IL-1β and IL-18 [134]. The cGAS-STING pathway consists of the DNA-binding 

protein cGAS, the messenger product cyclic GMP-AMP (cGAMP) and STING. 

Together these constitute a DNA sensing machinery in cytoplasm capable of sensing 

microbial or self-DNA and activating the type I interferon pathway [135]. Firstly, 

DNA of various origin in the cytoplasm binds and activates cGAS, leading it to 

convert adenosine triphosphate (ATP) and guanosine triphosphate (GTP) into 

cGAMP. In turn, cGAMP binds to STING which is an adaptor protein found in the 

endoplasmic reticulum membrane, leading to its oligomerization and activation 

[136]. Activated STING is translocated to other regions such as Golgi apparatus and 

triggers the production of type I interferons [137, 138]. Another important function 

for clearance of cytoplasmic DNA is autophagy occurring downstream of the cGAS 

pathway is autophagy which is again induced by activated STING [139]. 

1.3 GI innate immune signaling in homeostasis and disease 

After birth, the GI tract is rapidly colonized by a diverse community of 

microorganisms commonly referred to as the microbiota. They live symbiotically 

with the host by participating in the digestion of food and production of vitamins. In 

addition, signals from the microbiota under basal conditions play a vital role in 

maintaining homeostasis and proper barrier function of the epithelium [140]. For 

example, germ-free mice have lower cell turnover rates and an altered brush border 

compared to wild-type mice [141, 142]. Moreover, commensals (non-pathogenic 
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microbiota) protect the host from colonization by pathogens through establishing a 

colonization barrier [143]. However, the mutualistic host-microbe relationship may 

be damaged by various factors, one of which is the local or systemic inflammatory 

responses by the host immune system. Although PRR signaling is a crucial part of 

the innate immune system, it might cause excessive inflammation and tissue damage 

when dysregulated at mucosal surfaces. On the other hand, emerging research on 

epithelial barriers indicates that the epithelial PRR signaling significantly contributes 

to GI homeostasis [5, 7, 144]. In line with these statements, two concepts about 

epithelial PRR sensing in GI tract have emerged:  

(1) PRR activation is important for homeostatic regeneration and barrier integrity. 

The expression and function of PRR signaling is expected to not only have a major 

impact on pathogen sensing, but also on tissue homeostasis and inflammatory 

diseases [7, 145–147]. For example, when NF-κB is inhibited, epithelial cells become 

sensitized to environmental stimuli from the microorganisms or immune cells and 

this might lead to dysregulation of immune homeostasis by triggered inflammation 

[147]. Mice deficient for either of the TLR2, 4, 5 or 9, the TLR-pathway mediator 

MYD88 or the NLRP6 are highly susceptible to experimentally induced colitis [148–

151]. NLRP6 deficiency also leads to impairment of goblet cell function and reduced 

mucus secretion [152]. While these studies clearly point to the importance of innate 

immune signaling for epithelial homeostasis, it is unclear, whether the observed 

impact is due to the innate immune signaling in epithelial cells or in professional 

immune cells.  

To disentangle the interplay of professional immune cells and epithelial cells, several 

studies have used epithelium-specific knockouts or organoids. For example, the 

stimulation of murine small intestinal organoids with the NOD2 agonist MDP 

increased the number of organoids growing out of isolated stem cells, indicating that 

the innate immune signaling supported survival of the stem cells [153, 154]. Intestinal 

epithelial cell-specific ablation of IKKα and IKKβ or single knockout of IKKγ, also 

known as NEMO, led to spontaneous intestinal inflammation and an IBD-like 

phenotype. This was dependent on the presence of the TNF-α receptor on epithelial 

cells, indicating that the anti-apoptotic function of the NF-κB pathway is necessary 

to protect the epithelial cells from TNF-α-induced apoptosis [146]. Interestingly, in 
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humans polymorphisms in innate immune genes such as NOD2 and TLR4 are 

associated with an increased risk to develop IBD [155] and inhibition of TNF-α is 

currently the most efficacious treatment for IBD in a subgroup of patients [156]. Thus, 

a picture emerges in which a low level of innate immune stimulation is important for 

mucus secretion, barrier integrity and epithelial cell survival. Its impairment may 

allow translocation of intestinal bacteria from the lumen into the subepithelial tissue, 

thereby leading to inflammation.  

(2) The epithelium needs to minimize the inflammation by the commensals. It 

should be kept in mind that pathogens and commensals are in theory sensed by 

similar PRRs. Therefore, to preserve gut homeostasis and prevent disproportionate 

reactions against the gut microbiota, tight PRR-regulating mechanisms are necessary. 

For example, while the GI immune system can mount a strong inflammation against 

invading pathogens, it can also provide many layers of inhibitory and tolerogenic 

mechanisms not to mount excessive immune response against the commensals [9, 

10].  

Considering these concepts, the studies on the epithelial barrier partially highlighted 

regulation of microbial receptors on various levels, such as by limiting the access of 

the ligands, by polarized expression of the receptors or inactivating downstream 

signaling cascades [5, 95]. However, the points summarized below need to be 

addressed and studied further to reveal the mechanisms contributing to the 

organization of GI epithelial innate immunity: 

(1) The knowledge on the expression and function of the PRRs is controversial. Most of 

the knowledge on epithelial innate immunity has been collected from animal models 

which might not be enough to model the distinctive characteristics of human cells, 

and from human cancer cell lines which may have altered signaling pathways. It 

remains a challenge to disentangle the immune cell-epithelial cell interplay in vivo or 

ex vivo, where even minor contaminations with immune cells can confound the 

results. As a consequence of these technical challenges, the results of expression and 

functionality of PRRs in GI tract have been highly contradictive and the knowledge 

on whether a given PRR is expressed in the GI epithelium and would activate 

downstream signaling upon recognition of its ligand is limited [157]. 
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(2) The presumable relation between the PRR expression and microbial load varying 
between the segments of the GI tract is unclear. The spatial compartmentalization 

along the GI tract which is important for regional functions, such as nutrient uptake 

and digestion, was speculated to also determine the expression of the PRRs by 

following a pattern according to the microbial load and eventually be silenced 

towards the gut lumen as a tolerogenic approach [95]. To date, only a few studies 

have directly assessed the variation in epithelial TLR expression along the length of 

the GI tract or only the intestines [158, 159]. Northern blots for messenger RNA 

(mRNA) of Tlr2 and Tlr4 in ex vivo isolated epithelium indicated that expression 

levels of these two Tlr molecules were segment-specific: Tlr2 was expressed mainly 

in the colon, while Tlr4 was mainly expressed in stomach and colon. The authors 

already termed this “strategic compartmentalization” of these TLRs [158]. For 

another study, five strains of reporter mice were generated, enabling the expression 

analysis of TLR2, 4, 5, 7 and 9, respectively. TLR2 and 5 were expressed in the small 

intestine and the proximal colon, TLR4 in colon, TLR7 and 9 were not expressed. 

What exactly shapes this organization is not yet understood though.  

Moreover, numerous GI disorders are confined to a specific section of the GI tract. 

IBD includes Crohn’s disease (CD) and ulcerative colitis (UC), which show a 

differential and disease-specific pattern of inflammation: while UC begins in the 

rectum and is found in the colon, CD can affect all parts of the GI tract from the oral 

cavity to the anus. Furthermore, CD is characterized by segmental, discontinuous 

inflammation within the GI tract while UC is usually described as a continuous 

inflammation of the colon [160, 161]. In the esophagus, stomach and colon, cancer 

incidence is high, and infection and inflammation can promote development and 

progression of these cancers [162, 163]. In contrast, malignant transformation in the 

small intestine is very rare [164]. The apparent segment-specificity of these diseases 

in the GI tract remains enigmatic, but it is tempting to speculate that they may be due 

to regional disturbances of the tightly balanced system of epithelial barrier function, 

innate immunity and mucosal regeneration. Therefore, it would be insightful to 

highlight differences between segments within the GI tract. 
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(3) It is unclear whether PRRs are located apically and in contact with microbial stimuli 
constantly. Gastrointestinal epithelial cells are highly polarized, with a specialized 

apical side facing the lumen of the gut with its microbiota, and a basolateral side 

facing the tissue. Under homeostasis, MAMPs only reach the apical side. However, 

when the epithelial barrier is breached, microorganisms can also challenge the 

basolateral side. It has thus been hypothesized that epithelial cells may only 

selectively mount a proinflammatory response when stimulated from the basolateral 

side, in order to match the threat posed by the signal. For example, TLR5 only 

induced the NF-κB response gene IL-8 when stimulated from the basal side [104] and 

TLR9 was demonstrated to induce distinct signaling pathways when stimulated from 

the apical or basolateral side in cancer cell lines [165]. However, while earlier studies 

using antibody labeling against TLRs have reported specific expression on one side 

only [95, 96], analysis of TLR reporter mice using staining of an hemagglutinin (HA)-

tag did not confirm this but instead demonstrated TLR2, 4, and 5 receptors on both 

apical and basal sides as well as some intracellular TLR4 [159]. These apparent 

differences are likely due to the different technical approaches and it is unclear 

whether functional PRRs are also apically expressed.  

(4) The mechanisms contributing to the organization of GI epithelial innate immunity 
are not fully understood. The main concept in this regard has been the induction of 

tolerance after colonization of the sterile gut during birth, the so-called “window of 

opportunity” [166–168]. This concept postulates a priming period of the innate and 

adaptive immune system after birth, which sets the stage for immune homeostasis 

and subsequent host-microbial interactions. Previous studies had reported regulation 

of PRR signaling in response to stimulation with MAMPs. For example, TLR4 

responsiveness decreases after birth, presumably because of the exposure to LPS 

during delivery and subsequent colonization of the gut [169]. Also, stimulation of 

TLR9 with its ligand CpG-DNA leads to a decrease of Tlr4 expression and inhibits 

TLR4 signaling [170]. Thus, it was proposed that contact with the microorganisms, 

their molecules and metabolites in the GI tract would lead to silencing of PRR 

expression towards the gut lumen [95]. However, germ-free vs specific pathogen-free 

mice did not show differences in TLR expression in either small intestine or colon, 

indicating that neither upregulation of TLR3 nor downregulation of TLR5 in this 

early period depend on the microbiota [159, 171]. Thus, further research is needed to 
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better determine whether the expression of the PRRs is regulated by the postnatal 

colonization of the GI tract or endogenously by the developmental processes.  

Another long-standing concept in epithelial innate immunity is that PRRs are 

expressed in a lineage-dependent manner, where the cellular heterogeneity and 

localization of the cells in crypt-villus axis or along the gastric gland can strategically 

help to activate and regulate proliferative and pro- or anti-inflammatory pathways. 

For example, NOD2, which was detected first in the crypt region of the murine small 

intestine [172], appears to be restricted to the stem cells [154]. Stimulation with NOD2 

ligand regulates the secretion of several alpha-defensins by Paneth cells, which in 

turn leads to activation of adaptive immunity and also increases the survival of stem 

cells, indicating that stimulation of PRRs may also regulate gut epithelial 

regeneration directly. Tlr4 was also reported to be expressed mainly in the intestinal 

crypts [173, 174], and was not found on the murine small intestinal villi or Paneth 

cells [175]. Similarly, Tlr1, 2 and 4 were observed only in epithelial cells of murine 

colonic crypts, which suggests that their expression might be lost as the cells mature 

and migrate upwards [158]. However, a broad analysis on how the cellular 

heterogeneity in epithelial layer affects the localization of PRRs and related signaling 

elements have not been performed.  

 

  



Aims of this study 
 

30 
 

2 Aims of this study 
The GI epithelium is an important barrier to separate the body from the gut lumen. 

Its capacity to sense pathogens and tolerate the microbiota is thought to play a central 

role in infection control and healthy homeostasis. However, the development, 

organization and function of GI epithelial innate immune sensing remains enigmatic. 

In this thesis, I aim to systematically profile gene expression in GI epithelial cells and 

characterize the innate immune signaling in these cells.  

For this, I pursue the following 3 objectives:  

1. Establishment and characterization of an organoid biobank from 6 different 

segments of human and murine GI tract, each represented by lines from 3 donors. 

The organoids consist purely of primary epithelial cells and will be used as GI 

epithelial model throughout the thesis. I will use RNA sequencing to gain a global 

overview of the gene expression.  

2. Systematic profiling of the innate immune barrier in GI epithelial cells using the 

organoids of the biobank. I will use RNA sequencing data to focus on the differential 

expression of innate immune signaling components among the segments and analyze 

the function of some specific differentially expressed PRRs. 

3. To address the question, which factors contribute to the regulation of epithelial 

innate immunity, I will analyze the impact of (i) exposure to microbial components, 

(ii) cellular heterogeneity within the epithelial layer of one GI segment, and (iii) the 

tissue identity exemplarily shown by expression of the transcription factor Cdx2.  
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3 Results 
The results are presented in 3 parts: 1. Characterization of biobanks of murine and 

human GI organoids, 2. Analysis of innate immunity in murine and human GI tract, 

3. Analysis of the factors regulating epithelial innate immunity 

3.1 Characterization of biobanks of murine and human GI organoids  

3.1.1 Tissue-resident stem cells from different segments of GI tract formed into 

organoids  

To better understand the different cellular functions in murine and human GI 

epithelial cells, a biobank of organoids for the murine and human GI tract was 

generated. For this, glands of the gastric corpus and pylorus, as well as crypts of the 

small intestinal duodenum, jejunum, ileum and colon were isolated from three 

individuals each by incubating the tissue in ethylenediaminetetraacetic acid (EDTA). 

The amount and duration of EDTA treatment for extraction of glands and crypts were 

optimized depending on the organism and the segment of GI tract (Methods-7.1.1, 

Table 16, page 95). The isolated glands and crypts were either used for RNA analysis 

directly or were used to generate organoids (Figure 11). Murine corpus and pylorus 

organoids were grown in murine gastric medium, duodenal and jejunal organoids in 

murine small intestinal medium, and ileal and colonic organoids were grown in 

murine colonic medium. In contrast to the rest of the small intestinal segments, ileal 

organoids did not grow in small intestinal medium which did not contain WNT. For 

human organoids, only two types of media were used, human gastric medium and 

intestinal medium (for a complete overview over the different media and 

components refer to Methods-7.1.2, Table 17, page 98).  
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Figure 11: A living biobank was generated from human and murine GI organoids. (A) Organoids were derived 
from indicated segments of the human and murine GI tract, from three individuals each. Illustration is taken from 
Kayisoglu et al. [176]. (B) Representative light microscopic images of human and murine GI organoids. Scale bar: 
200 µm.  

To analyze the purity of the organoids, they were expanded for a maximum of five 

passages to obtain enough material, then lysed and used for analyzing the RNA 

expression. PCR analysis of cell type-specific markers showed that organoid cultures 

were devoid of immune cells (Cd45) and mesenchymal cells (glioma associated 

oncogene 1 (Gli1) for murine samples, fibronectin 1 (FN1) for human samples) (Figure 

12A and B, top rows). The ex vivo isolated crypts and glands on the other hand still 

could contain a small amount of these cell types (Figure 12, left). From this it can be 

inferred that purely epithelial murine and human organoids were obtained after 

passaging them for a couple of times. 
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Figure 12: Purity of organoid cultures compared to freshly isolated epithelium. Crypts and glands were isolated 
from (A) 3 mice or (B) 3 patients per tissue from the segments of the GI tract. Organoids were grown from the 
tissue and expanded for a maximum of 5 passages. RNA was isolated, and conventional PCR was performed. 
Control tissues in (A) are murine spleen (positive control of Cd45), murine organoid pool (negative control), and 
mesenchyme tissue (positive control of Gli1). Control tissues in (B) are human mesenchyme tissue (positive 
control of FN1), PBMCs isolated from blood (positive control of CD45) and human duodenal organoids (negative 
control). 

3.1.2 Organoids and respective monolayers consist of polarized epithelial cells 

GI epithelial cells are polarized: The apical side faces the lumen of the GI tract and 

the basal side faces the lamina propria. To characterize the apical-basal orientation of 

the cells, human and murine gastric organoids were seeded as 3D organoids or as 

two-dimensional (2D) monolayers on transwells (schematically depicted in Figure 

13A and D). To better visualize the polarization, WNT in the medium was 

withdrawn, which led to the differentiation of cells into mainly MUC5AC-producing 

surface pit cells. Cells were fixed, processed for histology and mucus was stained 

using periodic acid-Schiff (PAS) staining. The observation of apically located pink 

mucus clusters and accumulation of mucus inside of the 3D organoids or on 2D 

monolayers suggested a polarized epithelial cell population for both murine (Figure 

13B and E) and human (Figure 13C and F) cells.  
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Figure 13: Human and murine epithelial cells forming the 3D organoids and 2D monolayers are polarized. 
Illustration of (A) 3D organoids and (D) 2D monolayers on transwells. (B, C, E, F) Organoids and monolayers 
were differentiated by removal of WNT from the culture medium. Differentiated and MUC5AC-producing 
surface pit cells were fixed, processed for histology and PAS staining was performed, which shows mucus on the 
apical side (pink). (B) Murine gastric organoids. (C) Human gastric organoids. (E) Murine 2D monolayer grown 
from organoid cells. (F) Human 2D monolayer grown from organoid cells. Boxed areas are shown in higher 
magnification in the upper right corner. Scale bars: 100 µm (B, C) or 10 µm (E, F). (These experiments were performed, 
and data were collected by Carolin Niklas.)  

3.1.3 GI segment-specific RNA expression is maintained in human and murine 

organoids   

To profile and compare the gene expression data among the samples of the organoid 

biobank generated from 3 murine or 3 human donors, the isolated RNA was 

subjected to bulk RNA sequencing (RNA-seq). The inter- and intragroup variabilities 

among different segments were visualized using a correlation heatmap depicting the 

samples from each segment clustering together, suggesting that there were no 

outliers among the biological replicates. Additionally, gastric segments (corpus and 

pylorus), proximal intestinal segments (duodenum and jejunum) and distal intestinal 

segments (ileum and colon) clustered close to each other in both murine and human 

datasets (Figure 14A). Likewise, principal component analysis (PCA) was plotted 

displaying all 18 samples per species to visualize the first two linearly transformed 

dimensions reflecting the total variation of the datasets (Figure 14B). Principal 

component 1 (PC1), which describes the highest variation within the data, accounted 

for 70% of variance in murine samples and 68% in human samples. PC2, the second 
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highest, accounted for 20% of variance in murine samples and 14% in human 

samples. Accordingly, the PCA plot demonstrated a clear separation of the organoids 

from different regions and grouping of organoids from the same region, where PC1 

corresponded to the difference between the gastric and intestinal segments and PC2 

to the difference among the intestinal segments. Therefore, organoids derived from 

the two gastric regions clustered together, as did those derived from duodenum and 

jejunum. Ileal organoids clustered between the other small intestinal segments and 

colon in both species. These data indicate that the tissue and organ identity is encoded 

and maintained in the adult stem cells within the organoids.   

 

Figure 14: Transcriptome profiling of human and murine GI organoids reveals segment-specific expression. 
(A) Heatmaps showing the correlation between the murine (left) and human samples (right). (B) PCA plot of the 
RNA sequencing data of 18 samples from each species along PC1 and PC2, highlighting the inter- and intragroup 
variability among organoids.    

To investigate the cellular identity of the epithelial cells of different GI segments, 

RNA-seq data were analyzed further. A heatmap of a manually curated list of 

commonly used markers of GI segments defined the expression profiles along the 

cephalocaudal axis, where the organoids derived from the GI segments still show the 

expression profiles of the tissues they were derived from. For both murine and 

human organoids, the heatmaps of four groups of genes defined expression profiles 
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along the cephalocaudal axis (Figure 15, supplementary Figure S 1). Claudin 18 

(Cldn18), which is a gastric cell marker, was expressed in all gastric samples but not 

expressed in the intestinal ones. In addition, expression of the mucins Muc1, Muc5ac, 

Muc6, pepsinogen C (Pgc) and Tff2 in the gastric regions suggested the existence of 

differentiated cell types specialized for secretion of mucins and pepsinogen. 

Likewise, the marker genes of the intestinal segments such as Cdx1 and Cdx2 were 

not expressed in the stomach but only in the intestinal segments. The marker genes 

of the mature enterocytes, alkaline phosphatase (Alpi) and fatty acid binding protein 

2 (Fabp2) were highly expressed in the proximal small intestine, but their expression 

was low in stomach and colon. Although murine ileal and colonic organoids grown 

in colonic medium had lower levels of mature enterocyte markers, intestinal identity 

markers such as Cdx1 and Cdx2 were expressed in similar amounts to the other 

intestinal segments. Expression of another group of genes including Nox1, which is 

abundantly expressed by the colonocytes [177] was mainly observed in the colonic 

organoids and the ileal organoids to some degree (Figure 15, left). In human 

organoids, tissue identity was similarly conserved and though not as quite as 

distinctively distributed as in murine organoids, tissue-specific genes such as CDX1, 

CDX2, VIL1, MUC5AC and NOX1 were expressed in organoids from different regions 

as expected (Figure 15, right).  

 

Figure 15: Organoids express tissue identity markers in a segment-specific manner. Heatmaps displaying 
normalized and scaled gene counts of selected gastric and intestinal cell marker genes along the GI tract for 
murine (A) and human (B) organoids. For these genes, supplementary Figure S 1 depicts the bar graphs of 
expression values. 
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3.2 Analysis of innate immunity in murine and human GI tract  

3.2.1 Expression of innate immune signaling components are both GI segment- 

and species-specific 

To further explore this intriguing conservation of tissue identity, the genes which 

were characteristic for the three major regions were further explored by performing 

differential gene expression analysis (DEG). To simplify the dataset, three major 

regions of interest were defined: stomach, proximal small intestine and colon. 

Accordingly, the data of the two gastric regions, corpus and pylorus were combined 

(= “stomach”), as were the two proximal small intestinal regions, duodenum and 

jejunum (= “prox. int.”), with the sole colon as the third group. DEGs between 

stomach and proximal intestine; and between proximal intestine and colon were 

identified. 2916 murine and 3575 human genes were significantly up- or 

downregulated by at least 2-fold between stomach and proximal intestine, but not 

between proximal intestine and colon. As expected, these contained well-known 

genes defining the gastric-intestinal border, such as Cdx1, Cdx2 as the master 

regulators of intestinal development, and the tissue-specific mucins Muc5ac, Muc6 

(Figure 16, black gene names). Additionally, genes related to innate immunity were 

observed in these comparisons, such as Nlrp6 and Nod2 for murine, TLR2 and NOD2 

for human organoids. 1328 murine and 1139 human genes were up- or 

downregulated by at least 2-fold in both comparisons, stomach versus proximal 

intestine and proximal intestine versus colonic organoids. Once again, these analyses 

also identified innate immune genes, such as Tlr1, Tlr2 and Tlr4 for murine organoids, 

TLR6 and NLRP6 for human organoids (Figure 16, blue gene names). Taken together, 

various innate immune signaling components displayed patterned expression 

among different segments of the GI tract in both species.  
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Figure 16: Expression of innate immune signaling components is GI segment- and species-specific. For the 
murine (A) and human (B) organoids lists of differentially expressed genes were generated, comparing 6 gastric 
organoids (3 corpus and 3 pylorus organoids combined) with 6 proximal intestinal organoids (3 duodenal and 3 
jejunal organoids combined) or 6 proximal intestinal with 3 colonic organoids. Venn diagrams display number of 
differentially expressed genes (p<0.05 and log2FoldChange > ±1 (2-fold change)). Selected genes chosen for 
biological interest are listed. Black: Genes known for tissue identity. Blue: Genes known for immune function. 

To assign biological relevance to the lists of genes generated as a result of DEG 

analyses of stomach versus proximal intestine and proximal intestine versus colon, 

gene lists were subjected to functional enrichment analysis using the website 

g:Profiler [178]. By comparing the provided gene lists to a background set of genes of 

each species, significance of enrichment for previously annotated and defined gene 

ontology (GO)-terms were assessed. Additional to the expected GO-terms for 

anatomical and developmental processes, the GO-term “Response to external 

stimulus” (GO:0009605), which also contains genes related to innate immunity, was 

highly significant and in the top 10 for both murine and human samples (Figure 17).  

To further investigate whether the expression of immune-related genes follows a 

gradient along the cephalocaudal axis, possibly mirroring the microbial load, 

hierarchical clustering of all genes that are included in the GO-term “Response to 

external stimulus” (1939 murine 2012 human genes) was performed. The heatmap 

demonstrated a clear segregation among the segments of GI along the cephalocaudal 

axis, each segment containing a portion of highly expressed genes. This was more 

pronounced in the genetically identical laboratory mice but still visible in the more 

diverse patient samples (Figure 18). 
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Figure 17: GO-term analysis revealed the term “Response to external stimulus” to be differentially expressed 
between different segments in both human and mouse. For the murine (A) and human (B) organoids lists of 
differentially expressed genes were generated, comparing 6 gastric organoids (3 corpus and 3 pylorus organoids 
combined) with 6 proximal intestinal organoids (3 duodenal and 3 jejunal organoids combined) or 6 proximal 
intestinal with 3 colonic organoids. GO enrichment analyses for biological processes were performed with the 
lists of DEGs between different GI segments. 6 gastric, 6 proximal intestinal and 3 colonic organoids were 
compared using the website g:Profiler. Scores of the top GO-terms indicate the enrichment p-value. 

For a magnified view, genes of various PRRs and related proteins were selected from 

this GO-term, based on their biological relevance. These heatmaps also revealed 

extensive cephalocaudal organization of expression of the selected genes, again more 

pronounced in mice (Figure 19). These analyses showed that, expression of immune-

related genes in the GI tract was neither uniform, nor followed a single pattern along 

the cephalocaudal axis. Instead, each segment expressed its specific set of immune-

related genes.  
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Figure 18: Genes in the GO-term “Response to external stimulus” cluster in segment-specific manner. 
Heatmaps depicting hierarchical clustering of 1939 murine (A) and 2012 human genes (B) in GO-term GO:0009605 
– “Response to external stimulus”. 

Comparing the expression profiles of human and murine organoids revealed that 

some of the profiles were highly different between the species. A prominent example 

for this is Tlr2, which was most highly expressed in human gastric organoids but 

highest in murine colonic organoids. For other profiles, for example Nod2, Nlrp6 and 

Tlr4, expression levels were comparable between mouse and human. Among these, 

Nod2 was highly expressed in gastric organoids but expression was lower in 

intestinal organoids. Nlrp6 was most highly expressed in organoids from the distal 

small intestine, and Tlr4 was highly expressed in organoids from the stomach and 

colon but expression was lower in organoids from the proximal small intestine 

(Figure 19, supplementary Figure S 2). These data indicate that the expression 

profiles of immunity-related genes were highly species-specific and specific to each 

region of the GI tract. 
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Figure 19: Many genes related to innate immunity reveal segment- and species-specific expression patterns.  
Heatmaps displaying normalized and scaled gene counts of selected genes from GO:0009605 “Response to 
external stimulus” for murine (A) and human (B) organoids. Genes identified as differentially expressed by the 
analysis (p<0.05 and log2Fold Change > ±1 (2-fold change)) are marked in red. (For bar graphs of expression 
values, see supplementary Figure S 2.) 

3.2.2 Functionality of TLR2, 4 and 5 is GI segment- and species-specific  

To analyze, whether the RNA expression translated into patterns of functionality, 

three exemplary TLRs were selected: TLR2 recognizes di- or tri-acetylated 

lipoproteins, TLR4 identifies LPS and TLR5 binds to flagellin. 

In the sequencing data, Tlr4 showed a peculiar expression pattern with high 

expression in the stomach and colon, but lower expression in the small intestine 

(Figure 19). This was in principle conserved in humans and mice, and was confirmed 

by conventional PCR and quantitative reverse transcription PCR (RT-qPCR) in 

organoids as well as primary isolated tissue (Figure 20). Expression of Tlr4 showed 

similar profiles in ex vivo cells and organoids, although expression was not as high in 

organoids as in the original tissue (Figure 20A). Similarly, data comparing human ex 

vivo material with human organoids confirmed the specific expression profile of 

TLR4 (Figure 20B). 
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Figure 20: Expression of Tlr4 in human and murine tissues and organoids. Crypts and glands were isolated 
from 3 mice (A) or 3 patients (B) per tissue from the segments of the GI tract. Organoids were grown from the 
tissue and expanded to a maximum of 5 passages. RNA was isolated and conventional PCR and RT-qPCR were 
performed for Tlr4. RT-qPCR results were normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh) 
expression and then to murine or human corpus glands. Control tissues in (A) are murine liver, brain and 
RAW264.7 cell line. Control tissues in (B) are THP1 human monocyte-like cell line, HEK293T cell line and human 
organoid pool. Bars represent mean ± SD, separate organoid lines from the indicated gut segments of 3 individual 
mice or 3 patients. 

However, a closer look at the TLR4 signaling pathway also revealed species-

specificity. LPS sensing by TLR4 is either completely facilitated or at least augmented 

by the accessory proteins CD14, MD2 and LBP. RNA-seq data showed expression of 

Cd14, Md2 and Lbp in mice, but only CD14 was detected in human organoids, 

although in a much lower amount compared to mice (Figure 21). This led to the 

hypothesis that, although TLR4 is expressed in a similar pattern in both species, LPS 

stimulation may lead to NF-κB activation in murine gastric, ileal and colonic 

epithelium, but not in human GI epithelium.   
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Figure 21: Expression of genes related to functionality of TLR4 signaling pathway shows segment- and species-
specific patterns. Normalized gene counts of Tlr4, Cd14, Lbp and Md2 in murine (A) and human (B) organoids 
and graphical summary of resulting hypothesis. Bars represent mean ± SD, separate organoid lines from the 
indicated gut segments of 3 individual mice or 3 patients.  

To determine whether the TLR4 pathway is functional in the GI epithelium, 

expression of IL-8 in humans and its analogue Cxcl2 in mice were assessed by 

RT-qPCR, as well-known markers for inflammation. For practicability, 3 major GI 

regions: corpus, jejunum and colon were focused on; to represent the stomach, 

proximal intestine and colon. RT-qPCR analysis showed upregulation of Cxcl2 in 

response to LPS, indicating that murine corpus and colon had functional TLR4, while 

jejunum did not (Figure 22A), mirroring the expression of Tlr4. In human organoids, 

IL-8 was not induced, strengthening our hypothesis that TLR4 might need the 

accessory proteins CD14, LBP and MD2 to activate NF-κB (Figure 22B). 

 

Figure 22: Functional analysis of TLR4 in murine and human GI tract. Separate lines of organoids from the 
indicated gut segments of 3 individual mice (A) or human patients (B) were exposed to 100 ng/ml LPS in the 
medium. After 2 h, cells were harvested, RNA was prepared and expression of Cxcl2 (A) and its human analogue 
IL-8 (B) were determined by RT-qPCR. Results were normalized to Gapdh and then to the average of non-
stimulated controls. Bars represent mean ± SD, n = 3 biological samples for each group. 
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For murine Tlr2, the sequencing data showed a steep gradient with highest 

expression in the colon (Figure 23A, left), while human TLR2 showed a much flatter 

gradient at lower expression levels with highest expression in the stomach (Figure 

23B, left). Stimulation with the TLR2 agonist Pam3CSK4 demonstrated that both 

patterns were generally matched by Cxcl2 or IL-8 transcription (Figure 23A and B, 

right), but with a very low response in the human stomach (Figure 23B, right).  

 

Figure 23: Expression and functionality of TLR2 in murine and human GI tract. Normalized gene counts of Tlr2 
in murine or human organoids (A&B, left) and functional test of TLR2 using 1 µg/ml Pam3CSK4 (A&B, right). 
After 2 h, cells were harvested, RNA was extracted and expression of Cxcl2 (A, right) or its human analogue IL-8 
(B, right) were determined by RT-qPCR. Results were normalized to GAPDH expression and then to the average 
of non-stimulated controls. Bars represent mean ± SD, separate organoid lines from the indicated gut segments 
of 3 individual mice (A) or 3 patients (B).  

Murine Tlr5 and human TLR5 were expressed in all gut segments, with much lower 

levels in the murine GI (Figure 24A and B, left). However, despite the similar gene 

expression, murine gastric organoids failed to respond to stimulation with flagellin, 

while jejunal and colonic organoids did. All human organoids responded readily 

(Figure 24B, right).  

 

Figure 24: Expression and functionality of TLR5 in murine and human GI tract. Normalized gene counts of Tlr5 
in murine or human organoids (A&B, left) and functional test of TLR5 using 100 ng/ml flagellin (A&B, right). 
After 2 h, cells were harvested, RNA was extracted and expression of Cxcl2 (A, right) and its human analogue 
IL-8 (B, right) were determined by RT-qPCR. Results were normalized to GAPDH and then to the average of non-
stimulated controls. Bars represent mean ± SD, separate organoid lines from the indicated gut segments of 3 
individual mice (A) or 3 patients (B). 
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Taken together, RNA expression and functional testing of TLR2, 4 and 5 

demonstrated gut segment- and species-specific patterning of these PRRs. While the 

functional data often mirrored the RNA expression data, the occasional absence of 

this congruency underlines the relevance of functional testing. Thus, not only 

expression but also function of PRRs in the gut is highly organized and segment-

specific. 

3.2.3 Murine gastric epithelial cells sense LPS from both apical and basal side 

As explained before (Introduction-1.3, page 24 ff.) and also shown within the present 

chapter of this thesis, components of the innate immune system are distributed along 

the entire GI tract, but it has yet to be clearly identified how the body prevents 

continuous stimulation by apical stimuli in the gut. One prominent hypothesis states 

the body’s mechanism to minimize the stimulation, is to confine pattern recognition 

to the basolateral or intracellular compartments [10, 95], which suggests that 

polarization of the cells plays a role in innate immune sensing. Because of the peculiar 

expression pattern, the species-specificity and general importance, further 

experiments were performed on TLR4 to characterize the polarity of LPS sensing in 

murine gastric epithelial cells.  

To investigate stimulation at the basal side further, LPS was added to the medium of 

organoids in different concentrations (10 ng/ml, 100 ng/ml, 1000 ng/ml) for 2 hours 

or 100 ng/ml for differing durations (2, 4, 8 hours) as schematically depicted in Figure 

25A. Following that, Cxcl2 expression was measured by RT-qPCR. The peak of Cxcl2 

expression was measured after incubating with 100 ng/ml LPS for 2 hours (Figure 

25A) and the expression started to decrease between 4 and 8 hours, suggesting a 

feedback mechanism for activated NF-κB pathway (Figure 25B). This suggests that 

murine gastric organoids reacted to the LPS stimulation in a concentration and time-

dependent manner.   
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Figure 25: Murine gastric organoids are stimulated by LPS in a concentration and time-dependent manner. (A) 
Illustration depicting the LPS stimulation. Murine gastric organoids were stimulated with (B) indicated amount 
of LPS for 2 h or (C) 100 ng/ml LPS for indicated amount of time. Afterwards, cells were harvested, RNA was 
extracted and expression of Cxcl2 was determined by RT-qPCR. Results were normalized to Gapdh and then to 
the average of non-stimulated controls. Bars represent mean ± SD, n = 3 biological samples for each group. 
(Experiments were performed, and data were collected by Dr. Nina Wallaschek.) 

Since the expression of Cxcl2 can be induced by many activators of NF-κB, organoids 

from two knockout mouse models were used to verify that the NF-κB activation 

indicated by Cxcl2 expression was indeed induced by the LPS stimulation. Gastric 

organoids derived from a mouse lacking the expression of the TLR adaptor molecule, 

Myd88 (Myd88-/-), as well as gastric organoids derived from a Tlr2 and Tlr4 double 

knockout mouse (Tlr2/Tlr4-/-) did not upregulate Cxcl2 in response to LPS (Figure 26). 

This corroborates the regulation of Cxcl2 in response to LPS stimulation of TLR4 in 

wild-type gastric organoids. 

 

Figure 26: Murine gastric organoids from Myd88-/- and Tlr2/Tlr4-/- mice do not respond to LPS stimulation. 
Murine gastric organoids from wild-type, Myd88-/- and Tlr2/Tlr4-/- mice were stimulated with 100 ng/ml LPS. After 
2 h, cells were harvested, RNA was extracted and expression of Cxcl2 was determined by RT-qPCR. Results were 
normalized to Gapdh and then to the average of non-stimulated controls. Bars represent mean ± SD of cells from 
two technical replicates. (Experiments were performed, and data were collected by Dr. Nina Wallaschek.) 

To evaluate whether LPS could be sensed from the apical side, various assays were 

set up. LPS-TLR4 signals via the NF-κB subunit p65, which is sequestered by its 

inhibitor in the cytoplasm when inactive, and is free to translocate to the nucleus 

upon activation [179]. To investigate apical stimulation, cells from murine gastric 



Results 
 

47 
 

organoids were seeded as 2D monolayers, stimulated with 100 ng/ml LPS for 2 hours, 

fixed and immunostained for p65. Image acquisition revealed nuclear translocation 

of p65 (Figure 27A). Quantification of cells with nuclear p65 showed dependency on 

LPS concentration (Figure 27B) and time, with a slight tendency for an oscillatory 

pattern (Figure 27C), similar to previous observations in cell lines [180]. Due to the 

oscillatory pattern, it is likely that all cells will have nuclear p65 at some point in time, 

but if cells are fixed and stained for p65, only a fraction shows nuclear p65 at that 

point of time. 

To exclude an effect of the 2D or 3D growth conditions, polarity of the response was 

tested in two additional settings. For 3D cultures, microinjection of LPS was 

performed to either apical or basal side of the organoids in situ in 3D. Validation of 

the microinjection with FITC-labeled dextran showed that FITC-dextran mainly 

remained inside the injected organoids, whilst it quickly diffused throughout the 

extracellular matrix when it was placed outside of the organoids (Figure 27D). 

Following that, LPS was microinjected into the lumen of or outside of the organoids, 

in each case close to the epithelial layer. RT-qPCR data showed that stimulation at 

both the apical side (inside organoids) and basal side (outside organoids) led to 

expression of Cxcl2 (Figure 27E). For 2D culture, cells from organoids were seeded in 

transwells and 100 ng/ml LPS was added either to the upper or lower compartment. 

Stimulation from either compartment induced upregulation of Cxcl2 (Figure 27F). 

Due to differences in diffusion dynamics, it is not possible to compare the TLR4 

activation between the two sides in absolute terms. However, it can be concluded 

that murine gastric TLR4 can sense both basally and apically administered LPS. 
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Figure 27: Murine gastric epithelial cells have responsive TLR4 at both the basal and apical side. (A-C) Cells 
from murine gastric organoids were seeded on conventional cell culture plates to form a 2D monolayer of cells, 
stimulated with LPS, fixed and stained for p65 and nuclei. (A) Representative image of p65 nuclear translocation 
in murine gastric epithelial cells. N.S.: non-stimulated. Scale bar: 10 µm. Cells with nuclear p65 were counted and 
are presented as percent of total cells after being stimulated with (B) indicated amounts of LPS or (C) for indicated 
durations with 100 ng/ml LPS. (D) FITC-dextran was microinjected either inside or outside of the murine gastric 
organoids and its diffusion was observed by live cell microscopy. Scale bar: 200 µm. (E) Organoids were 
microinjected with 100 ng/ml starting concentration of LPS either inside or outside of the murine gastric 
organoids. After 2 h, cells were harvested and Cxcl2 expression was detected by RT-qPCR. Results were 
normalized to Gapdh and each outside injection was normalized to the paired inside injection on the same plate. 
(F) Cells from murine gastric organoids were seeded onto transwells and 100 ng/ml LPS was added either to the 
upper compartment (apical stimulation) or the lower compartment (basal stimulation). After 2 h, expression of 
Cxcl2 was determined by RT-qPCR. Bars represent mean ± SD, n = 3 biological samples for each group. 
(Experiments on A-C were performed, and data were collected by Isabella Pierotti, D&E by Michael Kern and E&F by Carolin 
Niklas.) 

3.2.4 Human gastric epithelial cells do not sense LPS from apical or basal side  

To examine whether human gastric cells have functional TLR4 on the apical side, 

human gastric organoids were grown either in 3D or their cells were seeded as 2D 

monolayers and stimulated with 100ng/ml LPS for 2 hours. As a positive control 

TNF-α, a common NF-κB-activating stimulus, was used in a concentration of 10 
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ng/ml. By adding either LPS or TNF-α to the medium, it was observed that only 

basally administered TNF-α induced IL-8 expression as measured by RT-qPCR 

(Figure 28). Stimulation with LPS on the other hand did not induce IL-8 expression, 

neither on basal nor apical side. To exclude an effect of 3D versus 2D growth, apical 

versus basal stimulation was also tested in transwells where the apical side of the 

cells face the lumen of the insert [88]. Transepithelial electrical resistance (TEER) to 

ion migration was measured to assess the integrity and permeability of the 

monolayers and TEER values reached between 390 and 540 Ω*cm2 (data not shown), 

which was consistent with previously published measurements of the intact gastric 

monolayers [88]. When the IL-8 transcription is measured by RT-qPCR, it was 

observed that only TNF-α administered to the lower compartment induced 

transcription of IL-8 (Figure 28B). Therefore, human gastric epithelium is 

unresponsive to stimulation with LPS from both sides. It senses TNF-α only from the 

basal, not the apical side, which shows that the assays established within the scope 

of this thesis can in principle discriminate between the two sides.   

 

Figure 28: TLR4 does not sense LPS in human gastric epithelial cells regardless of the stimulation side. (A) 
Human gastric organoids were seeded in two conditions: For basal stimulation, organoids were cultured as 3D 
organoids; for apical stimulation, cells from organoids were seeded as 2D monolayers. Cells were treated with 
100 ng/ml LPS or 10 ng/ml TNF-α. After 2 h, cells were harvested, and expression of IL-8 was measured by 
RT-qPCR. (B) Cells from human gastric organoids were seeded into transwells and compounds as explained in 
(A) were added either to the upper compartment (apical stimulation) or the lower compartment (basal 
stimulation). After 2 h, cells were processed as in (A). Bars represent mean ± SD, n = 3 biological samples for each 
group. (Experiments were performed, and data were collected by Franziska Weiss.) 
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3.3 Analysis of the factors regulating epithelial innate immunity 

3.3.1 Investigating the role of exposure to microbial components 

Intrigued by the distinct patterning of PRR expression, which did not follow the 

density of microbial colonization and possessed functional TLR4 receptors on the 

apical side, which would in principle allow sensing of gut luminal bacteria, it was 

hypothesized that PRR expression could be defined independently of contact to the 

microbiota. To address this question, a model that had never been in contact with 

microbial products was required. Germ-free mice were not ideal, since their food still 

contains LPS after sterilization by autoclaving. Therefore, organoids from murine 

embryos were generated, which – because of the sterile prenatal environment – had 

never been exposed to compounds of GI bacteria [181]. Moreover, such organoids 

have been shown to mature in vitro over time [91, 182, 183], thus with this model it 

was possible to address whether PRR patterning depends on stimulation with 

bacterial components while providing a purely epithelial model which had never 

been in contact with bacterial products.  

3.3.1.1 Tissue identity is already encoded in tissue-resident stem cells in the embryo 

and retained in embryo-derived organoids 

Since the embryonic GI tract is very small, it was not separated into six regions, but 

organoid lines were generated only from stomach and proximal intestine of 

embryonic mice at stage of embryonic day 12 (E12) and E16 (Figure 29A). 

Phenotypically, they resembled adult organoids (Figure 29B). Organoids grown from 

these regions were maintained in culture for a maximum of 5 passages and RNA was 

isolated for RNA-seq.  
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Figure 29: Gastric and proximal intestinal organoids were generated from murine embryos. (A) GI tract of a 
murine embryo at E16, depicting the stomach and proximal intestine. (B) Representative images of gastric and 
proximal intestinal organoids derived from murine E16 embryos. Scale bar: 200 µm.  

When the embryo-derived organoids were analyzed together with adult-derived 

organoids, principal component analysis showed that embryo-derived gastric 

organoids clustered together with adult-derived gastric organoids and embryo-

derived proximal intestinal organoids clustered together with adult-derived 

duodenal and jejunal organoids, demonstrating established regional identity and the 

expected in vitro maturation (Figure 30A). Particularly, embryo-derived stomach was 

closest in expression to adult pylorus and embryo-derived proximal intestine was 

closest in expression to duodenum (Figure 30B).  

 

Figure 30: Murine embryo-derived gastric and proximal organoids clustered together with their adult 
counterparts. RNA was isolated from 2 organoid lines generated from embryonic stomach and 3 lines generated 
from proximal intestine (all E16). RNA was sequenced and analyzed with murine adult-derived organoids. 
(A) Principal component analysis and (B) hierarchical clustering of total mRNA sequencing, highlighting the 
closeness of the embryo-derived organoids to the adult-derived organoids. 
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Tissue-specific markers expressed in embryo-derived organoids confirmed regional 

identity and showed similar expression patterns to their adult counterparts (Figure 

31, supplementary Figure S 3). Gastric markers such as Muc1, Tff2 or Cldn18 were 

expressed only in embryo-derived gastric organoids, while intestinal markers such 

as Cdx1 or Cdx2 were expressed in proximal intestinal organoids. The expression of 

Lyz1, a Paneth cell marker encoding lysozyme, in embryo-derived proximal intestinal 

organoids suggested that the organoids matured in culture and contained Paneth 

cells. 

 

Figure 31: Murine embryo-derived organoids express tissue identity markers in a segment-specific manner. 
Heatmap displaying normalized and scaled gene counts of selected gastric and intestinal cell markers. For these 
genes, supplementary Figure S 3 shows the bar graphs of expression values. (S: Stomach, PI: proximal intestine) 

3.3.1.2 The epithelial innate immune barrier is primarily determined independent of 

microbial colonization 

To identify the genes that characterize the GI border in the adult-derived organoids 

as well as embryo-derived organoids, differentially expressed genes (log2Fold 

Change > ±1 (2-fold change) and p<0.05) between embryonic stomach and proximal 

small intestine were compared to their adult counterparts. Lists of differentially 

expressed genes, comparing 6 murine adult gastric organoids (stomach = combined 

corpus and pylorus) and 6 murine adult proximal intestinal organoids (proximal 

intestine = combined duodenum and jejunum) or 2 murine embryonic (at E16) gastric 

organoids and 3 murine embryonic proximal intestinal organoids were generated. 

2988 genes were significantly up- or downregulated by at least 2-fold both in adult- 

and embryo-derived organoids between two segments.  Within the list of these genes, 
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the expected well-known genes for the GI border, such as Cdx1, Muc5ac or Lyz1 

(Figure 32A, black gene names) were present. In addition, many PRRs including 

Tlr1, Tlr4 and Nlrp6 were differentially expressed between the segments in both 

groups (Figure 32A, blue gene names). While various PRRs, such as Tlr2, Tlr6 and 

Nod1 were differentially expressed only in the adult-derived organoids, others such 

as Tlr7, Tlr13 and Nlrx1 were only expressed differentially in the embryo-derived 

organoids (Figure 32A, blue gene names). GO-term analysis of the 2988 common 

genes again highlighted the GO-term “Response to external stimulus” as well as 

many other GO-terms related to immune response in the top 15 (Figure 32B).  

 

Figure 32: Expression of innate immune signaling components is segment-specific in murine embryo-derived 
organoids. (A) Lists of differentially expressed genes were generated, comparing 6 gastric organoids (combined 
corpus and pylorus) and 6 proximal intestinal organoids (combined duodenum and jejunum) or 2 embryonic 
gastric organoids and 3 embryonic proximal intestinal organoids (embryos at E16). Venn diagram displays 
number of differentially expressed genes (p<0.05 and log2Fold Change > ±1 (2-fold change)). Selected genes 
chosen for biological interest are listed. Black: Genes known for tissue identity. Blue: Genes known for immune 
function. (B) GO-term enrichment analysis (biological process) of 2988 overlapping adult versus embryonic 
differentially expressed genes, using the website g:Profiler. Scores of the top GO-terms, indicating the enrichment 
p-value. 

Next, unsupervised clustering of all genes in the GO-term “Response to external 

stimulus” (1974 genes) placed the embryonic proximal intestinal organoids between 

adult duodenal and jejunal organoids, and embryonic gastric organoids next to the 

adult gastric organoids (Figure 33A). A heatmap depicting the same selected immune 

signaling components revealed that most of the genes including Tlr4 were similarly 

expressed between adult- and embryo-derived organoids, but some PRRs, like Tlr5 

or Nod2, were expressed differently in embryo-derived organoids compared to their 
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adult counterparts (Figure 33B, supplementary Figure S 4). Taken together, 

expression patterns of most, but not all PRRs and immune signaling components are 

already developmentally encoded in the tissue-resident stem cells of the epithelium 

which had never been exposed to any microbiota. 

 

Figure 33: Many immune-related genes are defined developmentally. (A) Hierarchical clustering of all genes in 
the GO-term GO:0009605 “Response to external stimulus” (1974 genes). Heatmap depicts 2 embryonic gastric (S) 
organoids and 3 embryonic proximal intestinal (PI) organoids with their adult counterparts. (B) Heatmap 
displaying normalized and scaled gene counts of selected genes from GO:0009605 for adult and embryonic 
mouse- derived organoids. For these genes, supplementary Figure S 4 shows the bar graphs of expression values. 

3.3.1.3 Expression and function of TLR4 are developmentally and not 

environmentally defined 

To analyze, whether this expression pattern also translates into the presence of 

functional proteins, once more TLR4 was chosen as an example. Expression levels of 

Tlr4 in the RNA-seq were highly similar between adult- and embryo-derived 

organoids (Figure 34A). Conventional PCR confirmed that in all embryo-derived 

organoid lines, Tlr4 was expressed in the stomach but not in the intestine (Figure 

34B). Marker gene expressions showed the expected regional identity, with 
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organoids derived from the intestine expressing Muc2 and organoids derived from 

the stomach expressing Muc5ac and Muc6.  

 

Figure 34: Tlr4 expression is mainly developmentally programmed. (A) Normalized gene counts of Tlr4 in 
murine organoids. Data from RNA-seq shown in Figure 30 and Figure 33. Bars represent mean ± SD, n = 3 
biological samples for each group, except embryonic stomach which is n=2. (B) RNA was prepared from embryo-
derived organoids at E12 and E16. Expression of indicated genes was assessed by conventional PCR. Mucus genes 
are marker genes for stomach or proximal intestine. Each lane shows PCR results from the indicated organoid 
lines, n=3 stomach (S) and n=3 proximal intestine (PI).  

After revealing that the Tlr4 expression is regulated developmentally and connected 

to the tissue identity, I hypothesized that the segment-specific Tlr4 expression would 

also be visible on the epigenomic level since it would be differently regulated in the 

developing stomach and small intestine. To address this question, one of the 

epigenome sequencing technologies, the assay for transposase-accessible chromatin 

with high-throughput sequencing (ATAC-seq) can be used to identify the accessible 

regions of the genomic DNA where transcription factors can bind for genes to be 

expressed [184] (for more detailed information, refer to supplementary Figure S 9).  

For their published study, Banerjee et al. isolated the epithelial cells from three 

segments of the murine embryonic GI tract (esophagus + forestomach, hindstomach 

and small intestine) at different developmental stages as stated in Figure 35A, 

performed ATAC-seq and RNA-seq and provided the data to the Gene Expression 

Omnibus (GEO) repository (accession number: GSE115541) [185]. To visualize the 

chromatin accessibility at the Tlr4 locus and Tlr4 gene expression, these data were 

gathered and analyzed. Chromatin accessibility of the Tlr4 locus in fore- and hind- 

stomach increased through developmental stages. In contrast in small intestine, the 

chromatin accessibility increased at E14, decreased at E16 and diminished at E18 
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(Figure 35B). Accordingly, the transcription level of Tlr4 in fore- and hind- stomach 

increased to reach the maximum at E16, while the expression was not detected in 

small intestine at E18 and later (Figure 35C). Taken together, GI organ-specific 

chromatin accessibility and gene expression during development confirms the 

previous findings that the gene expression is regulated depending on the tissue 

identity and not on environmental cues in murine embryonic GI tract. 

 

Figure 35: Chromatin access of Tlr4 in murine GI tract is regulated prior to birth during development. All 
experiments were performed by Banerjee et al. [185]. The figures were curated from ATAC-seq and RNA-seq data 
under the accession number GSE115541 in GEO database. (A) Illustration of the embryonic digestive tract 
depicting different regions [185]. Epithelial cells were isolated and collected from forestomach (FS), hindstomach 
(HS) and entire small intestine (SI) of mice at different developmental stages from E11 to P1 for ATAC-seq and 
RNA-seq as depicted in the table. (B) Spatiotemporal chromatin accessibility at the 5’ locus of Tlr4 gene, 
determined by ATAC-seq and visualized using IGV. For detailed information on ATAC-seq, refer to 
supplementary Figure S 9. (C) Normalized gene counts of Tlr4 in different segments of embryonic digestive tract, 
determined by RNA-seq. Bars represent mean ± SD, n = 2 biological samples per timepoint.  

Similar to their adult counterparts, the expression of Tlr4 might not directly 

correspond to a functional protein. To assess whether expression of Tlr4 was 

indicative of a functional receptor, organoids were stimulated by 100 ng/ml LPS for 



Results 
 

57 
 

2 h and Cxcl2 expression was measured using RT-qPCR. The data revealed that 

embryonic proximal intestinal organoids did not react to stimulation with LPS, while 

embryonic gastric organoids expressed Cxcl2 following stimulation with LPS, thus 

resembling their adult counterparts (Figure 36).  

 

Figure 36: TLR4 is functional in embryo-derived gastric organoids and not proximal intestinal organoids. 
Embryo-derived and adult-derived organoids in culture were exposed to 100 ng/ml LPS for 2 h, cells were 
harvested, RNA was extracted and expression of Cxcl2 was quantified by RT-qPCR. Results were normalized to 
expression of Gapdh and then to the paired non-stimulated control. Bars represent mean ± SD of 3 organoid lines 
for adult-derived organoids and 3 technical replicates for embryo-derived organoids. 

Together, these results reveal that many, but not all, immune-related genes as well as 

functionality of TLR4 are determined as part of the tissue identity during 

development and this is independent of contact with bacterial components. 
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3.3.2 Investigating the role of cellular heterogeneity along the crypt-villus  

The GI epithelium harbors many different epithelial cell types that self-organize into 

domains. For example, Paneth cells and stem cells are located at the bottom of the 

crypt, while the villus tip is populated with highly differentiated enterocytes. Several 

cell types, such as the Paneth cell, stem cells and sentinel goblet cells have been 

known to carry out specific innate immune cell functions [186, 187]. To analyze how 

the cellular differentiation in the GI tissue and the here used organoid models used 

in this thesis contribute to innate immunity, I analyzed RNA-seq data provided to 

open access GEO repository under the accession number GSE104803. This dataset 

was generated by Kozuka et al. [188], who compared the cells from the crypt and 

villus compartments of ex vivo isolations of small intestine (duodenum, jejunum and 

ileum) and colon (proximal and distal) to in vitro 2D monolayer cultures.  

3.3.2.1 Expression patterns of innate immune genes are region-specific in isolated 

murine crypts and villi  

To validate the identity of the sequenced crypts and villi, expression levels of known 

marker genes were analyzed (Figure 37) from the data provided by Kozuka et al. 

[188]. Vil1, a marker for differentiated enterocytes of villi, was expressed highly in 

small intestinal villi, while the stem cell marker Lgr5 was mostly detected in the 

crypts of both small intestine and colon. Another stem cell marker olfactomedin 4 

(Olfm4) which is specific to the small intestine [189] was detected only in the small 

intestinal and not in the colonic crypts, validating the identity of small intestinal 

samples. Carbonic anhydrase 1 (Car1), on the other hand, a marker for colonic 

epithelial cells was expressed only by the colonic segments (Figure 37B).  
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Figure 37: Crypts and villi of small intestine and crypts of colon expressed the tissue markers respectively. 
Experiments were performed by Kozuka et al. [188]. Murine small intestinal (duodenum, jejunum and ileum) villi 
and crypts and colonic (proximal and distal colon) crypts were freshly isolated, total RNA was extracted and 
sequenced. The data were generated from RNA-seq counts under the accession number GSE104803 in GEO 
database. (A) Illustration depicting the experiment design. (B) RNA-seq counts were normalized and graphs for 
respective genes were plotted. Bars represent mean ± SD, n = 2 biological samples for each group. 

Having validated the tissue identity, the next step was the investigation of the genes 

related to innate immunity. The dataset here offered two levels of analyses: 

1. Comparison along the cephalocaudal axis, which allows verification of the data 

obtained in the Results-3.2, (page 37 ff.) of this thesis; and 2. Comparison along the 

crypt-villus axis to understand possible heterogeneity within one gut segment. 

The genes related to innate immunity chosen for this analysis were the genes 

previously shown to be region-specific along the cephalocaudal axis (Results-3.2, 

page 37 ff., refer to Figure 19). For the majority of the analyzed genes, cephalocaudal 

patterning and a decreased expression along the crypt-villus axis was observed, 

while an increase along the crypt-villus axis was rare (Figure 38, supplementary 

Figure S 5). Among the genes with an increasing expression along the cephalocaudal 

axis were the cell surface Tlrs, Tlr1, Tlr2, Tlr4, Tlr5; several cytosolic receptors such as 

Sting and Alpk1; inflammasome making Aim2 and Naip1; non-inflammasome making 

Nod1, Nod2, Nlrp10 and Nlrx1, which were expressed more in the colon compared to 

the small intestinal segments (Figure 38A) and showed differences between proximal 

and distal colon. While Nlrp10, Sting and Alpk1 were mainly expressed in the distal 
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colon, Nod2 (similar to Tlr2 and Tlr5) could be found mainly in the proximal colon. 

Conversely, the expression of the intracellular Tlrs – Tlr3, Tlr9, Tlr12 and Tlr13, the 

Rlrs - Rig-I and Mda5, Nlrs not involved in the composition of inflammasomes - Nlrc3 

and Nlrc5, and inflammasome-related Nlrp1b, Nlrp9b, Nlrc4, Nlrp6 and Gsdmd was 

highest in the small intestinal segments compared to colon, while Nlrp6 did not show 

a substantial difference (Figure 38B). These data corroborated the overall finding 

from the first part of the thesis, that cell surface Tlrs were mostly expressed in the 

colon, while most of the inflammasome-related Nlrs were expressed mainly in the 

small intestine. 

Regarding the heterogeneity within one gut segment, the data revealed that the 

mentioned intracellular Tlrs which had not been detected in the organoid samples 

prepared for the present thesis (see Figure 19) such as Tlr9, Tlr12 and Tlr13 were 

mostly expressed in the villi region of the small intestinal segments (Figure 38B). 

Similarly, inflammasome making Nlrs - Nlrp1b, Nlrp9b, Naip1 and Nlrc4 and the 

Rlrs - Rig-I and Mda5 were expressed predominantly in the villus region of the small 

intestinal epithelial layer (Figure 38B). On the other hand, Cgas and Pycard were 

expressed mostly by the crypt region of the small intestinal segments (Figure 38C). 

This suggests that expression of the TLRs found in cell compartments and most of 

the inflammasome-related PRRs are expressed more in the villus region of the small 

intestinal segments.  
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Figure 38: PRRs are expressed in different patterns along the GI tract and crypt-villus axis. Experiments were 
performed by Kozuka et al. [188]. RNA from murine small intestinal (duodenum, jejunum and ileum) villi and 
crypts as well as colonic (proximal and distal) crypts was sequenced and RNA-seq counts were submitted to GEO 
database (accession number GSE104803). The data presented here were generated after normalization of the RNA-
seq counts. Various genes related to innate immunity are either expressed in a pattern (A) increasing or (B&C) 
decreasing along the GI tract, while (B) increasing or (C) decreasing along the crypt-villus axis of the small 
intestine. Bars represent mean ± SD, n = 2 biological samples for each group. For expression of all the genes related 
to innate immunity in Figure 19, refer to supplementary Figure S 5. 
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3.3.2.2 Cellular differentiation along the crypt-villus axis influences the expression 

of genes related to innate immunity  

To model upper and lower parts of the intestinal crypts, Kozuka et al. established and 

characterized 2D monolayer epithelial cell cultures on transwells from murine small 

intestine (duodenum, jejunum and ileum) and colon (proximal and distal) [188]. Cells 

of the small intestinal segments were incubated with W(2,5x)ENRY medium (W: 

WNT, E: EGF, N: Noggin, R: R-spondin1 Y: Rho-kinase inhibitor) and colonic cells 

were incubated in WENR medium. Cells cultured in this medium containing the full 

set of growth factors comprised mostly the undifferentiated progenitor cells and thus 

modeled rather the lower part of the small intestinal villi and partially the crypts 

(except the highly differentiated Paneth cells found in the small intestinal crypts), and 

less differentiated cells of the colonic crypts. Differentiation of the cultured cells was 

achieved by changing the medium conditions. Small intestinal cells were cultured in 

ETB medium (E: EGF, T: thiazovivin, BMP-4: bone morphogenic protein 4), while 

WNT and R-spondin1 were removed from the medium of colonic cells. Cells cultured 

in this way represented the small intestinal villi and upper part of the colonic crypts 

with more differentiated cells (A schematic depiction of the experimental setup can 

be found in Figure 39A and C, for detailed culture conditions and durations refer to 

supplementary Figure S 6).  

To confirm the differences in the differentiation state of the samples, well-known 

markers for highly differentiated cells were analyzed in this thesis. The 

undifferentiated cells of small intestinal and colonic segments expressed a higher 

amount of Lgr5, indicating stem cell identity. The expression of the differentiated 

enterocyte markers Alpi, Apoa1 and Vil1 on the other hand increased with 

differentiation of the 2D cultures (Figure 39B and D), confirming the differentiated 

character of the mature enterocytes.  
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Figure 39: 2D monolayer cultures of undifferentiated and differentiated cells from murine small intestine and 
colon. All experiments were performed by Kozuka et al. [188]. The small intestinal and colonic cells were seeded 
on transwells and either differentiated or not differentiated by using different medium conditions. The cells were 
collected at day 7-8 after seeding and RNA was extracted to be sequenced. For this thesis, the RNA-seq read 
counts were accessed under the number GSE104803 in GEO database and normalized gene counts were plotted. 
(A,C) Illustration of 2D monolayer seeding of small intestinal (duodenum, jejunum, ileum) (A) and colonic 
(proximal and distal colon) (C) cells on transwells and the differentiation process. Undifferentiated 2D 
monolayers resemble the less differentiated crypt section (except the highly differentiated Paneth cells in small 
intestine), differentiated 2D monolayers represent the upper crypt section and villi. (B,D) Normalized gene counts 
of selected differentiation markers for small intestinal (B) and colonic (D) cells. Bars represent mean ± SD, n = 2 
biological samples for each group except small intestinal samples which are n=1. W: WNT (1x for colon, 2.5x for 
small intestine), E: EGF, N: Noggin, R: R-spondin1, Y: Rho-kinase inhibitor, T: thiazovivin, B: BMP-4. Detailed 
culture conditions and duration can be found in supplementary Figure S 6. 
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Using this dataset, the expression of the previously identified genes related to innate 

immunity (see Figure 19, page 41) were analyzed (Figure 40, supplementary Figure 

S 7). Genes related to the inflammasome pathway increased upon differentiation of 

both small intestinal and colonic cells instead (Figure 40A). Nlrp1b, Nlrp9b, Naip1, 

Gsdmd and Nlrx1 were expressed in undifferentiated small intestinal cells and 

increased in the differentiated state. In segments from the colon however, Nlrp1b and 

Nlrp9b were mainly expressed in differentiated cells, while the expression levels in 

undifferentiated cells were very low. In differentiated proximal and distal colon, the 

expression level of Nlrp10 was the highest compared to every other segment and 

resembled the expression in the colon crypts (Figure 38). Conversely, the expression 

of Nlrc3, Pycard, Cgas, Sting, Nod1 and Nod2 decreased upon differentiation (Figure 

40B). Although the decrease was slight for Nlrc3 and Nod2, Pycard expression vastly 

decreased especially in differentiated jejunum and ileum. Similarly, expression levels 

of Cgas and Sting decreased highly upon differentiation of both proximal and distal 

colon (Figure 40B), corroborating with the expression levels in colonic crypts (Figure 

38). Differentiation of the cells affected the expression levels of Tlr5 and Nlrp6 

differently for small intestine and colon. While expression of these genes decreased 

drastically upon differentiation in small intestinal segments, it increased in 

differentiated colonic cells (Figure 40C). These data suggest that cellular 

differentiation and enrichment of certain cell populations has an impact on the 

expression of genes related to innate immunity in a GI segment-specific manner.  

Taken together, the segment-specific expression patterns of innate immune genes 

observed in organoid samples in the previous chapter were also observed in freshly 

isolated murine tissues. Additionally, these genes showed differential expression 

along the crypt-villus axis of small intestinal segments where the expression of 

intracellular Tlrs and other cytosolic PRRs were concentrated mostly at the villus 

region. Furthermore, 2D monolayer cultures enriched for either less differentiated 

cells or more mature enterocytes show different expression levels of innate 

immune-related genes which might help to mimic the expression states in the actual 

tissue.  
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Figure 40: Expression levels of selected PRRs according to the differentiation state of the small intestinal and 
colonic 2D monolayers. Experiments were performed by Kozuka et al. [188] as explained in supplementary 
Figure S 6. The data were generated from RNA-seq counts under the accession number GSE104803 in GEO 
database. Small intestinal and colonic cells were seeded on transwells and cultured in different medium 
conditions. Selected genes were either expressed more in (A) differentiated state or (B) undifferentiated state. (C) 
Genes were expressed more in undifferentiated small intestinal monolayers and differentiated colonic 
monolayers. Bars represent mean ± SD, n = 2 biological samples for each group except small intestinal samples 
which are n=1. Expression of all the innate immune-related genes in Figure 19 were displayed in supplementary 
Figure S 7. 
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3.3.3 Investigating the role of tissue-specific transcription factor CDX2 

In the first part of this thesis,  it was demonstrated that in 3D organoids, numerous 

genes related to innate immunity were expressed primarily in either stomach or 

intestine (Results-3.2, page 37 ff. Figure 19, supplementary Figure S 2A). These data 

suggest an organ-specific organization of immune-related genes along the 

cephalocaudal axis, which is a part of the regional patterning. 

This regional patterning is established during development and controlled by genes 

regulating the identity of the GI segment. As explained in more detail previously 

(Introduction-1.1.2, page 11 ff.), SOX2 and CDX2 are two transcription factors which 

function antagonistically in the gut tube and shape the stomach-intestine boundary 

during the early development (Figure 6, page 13). SOX2 defines the anterior axis of 

the GI tract, while CDX2 is found in the posterior part in developing embryos. 

Hypothetically, the tissue-specific expression of the genes related to innate immunity 

might be related to the expression of these master regulators. Candidate genes to be 

regulated by CDX2 are genes not expressed in the stomach, but highly expressed in 

the intestine. Examples for these expression patterns are Tlr2 and inflamm-

asome-related Naip1, Nlrp6, Aim2 and Casp1 (Figure 41).  

 

Figure 41: Expression of genes showing organ-specific patterning in murine organoids. Normalized gene 
counts of Casp1, Tlr2, Naip1, Aim2 and Nlrp6 in murine organoids. Bars represent mean ± SD, separate lines of 
organoids from the indicated gut segments of 3 individual mice.   

Thus, to elucidate a possible contribution of CDX2 to the development of the 

expression patterns, the expression of such exemplary genes should be analyzed after 

Cdx2-knockout or Cdx2 overexpression.  

Within this section, published data provided by Simmini et al. [73] and Saxena et al. 

[190] to GEO repository were accessed and analyzed, to address the question how 

the lack of intestine-specific CDX2 would change the expression of the genes related 

to innate immunity detected in an organ-specific manner.  
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3.3.3.1 Expression of various intestine-specific PRRs is CDX2-dependent 

In their study, Simmini and his colleagues demonstrated that organ-specific identity 

of GI stem cells is regulated by CDX2 [73], which is an intestine-specific transcription 

factor not expressed by other parts of the GI tract including the stomach. Genetic 

ablation of Cdx2 in stem cells of small intestine collected from adult Cdx2-/fl/Lgr5-

EGFP-Ires-CreERT2 mice led to their conversion to gastric lineage in vitro 

(supplementary Figure S 8). Cells started to express the markers of gastric lineage 

and the organoids derived from them could not grow in small intestinal medium, but 

only in the medium for gastric organoids. However, ectopic Cdx2 expression in the 

murine gastric organoids by itself was not sufficient to induce an intestinal 

conversion. Nevertheless, this study suggested that CDX2 is a central regulator of 

stem cell identity in the murine small intestine [73]. To determine whether changes 

in the tissue identity also alter the expression of organ-specific genes related to innate 

immunity, the RNA-seq data Simmini et al. provided to GEO repository (accession 

number: GSE51751) were analyzed. This dataset includes the gene counts of the 

RNA-seq data of murine small intestinal organoids with genetically ablated Cdx2 

(Cdx2null SI), control small intestinal organoids (Control SI), gastric organoids with 

overexpressed Cdx2 (Cdx2+ Sto) and control gastric organoids (Control Sto) to test the 

regulation capacity of CDX2 as a transcription factor (supplementary Figure S 8). 

To identify significant changes upon Cdx2 loss in small intestinal organoids and gain 

in gastric organoids, DEG analysis was performed for this thesis. In comparison 

between Control SI and Cdx2null SI organoids, 283 genes were significantly up- or 

downregulated by at least 2-fold. Similarly, between the Control Sto and Cdx2+ Sto 

organoids, 154 genes were found to be differentially expressed. 18 of the analyzed 

genes showed Cdx2-dependent alterations in the expression in both comparisons 

(Figure 42A, see the gene list in supplementary Table S 1). Among these 18 genes, 

the PRRs Nlrp6 and Aim2 were also detected, and their expression decreased more 

than 2-fold in Cdx2null SI organoids compared to the Control SI organoids and 

increased in Cdx2+ Sto organoids compared to the Control Sto organoids (Figure 

42B). Similarly, Naip1 expression decreased upon ablation of Cdx2 in small intestinal 

organoids; however, unlike the other two genes, its expression decreased signifi-

cantly, but less than 2-fold in Cdx2+ Sto organoids (Figure 42B). These three genes 

also showed organ-specific patterning as explained previously (Figure 41).  
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Figure 42: Expression of several PRRs is affected by the expression of Cdx2. Experiments were performed by 
Simmini et al. [73]. Cdx2null small intestinal organoids (Cdx2null SI), control small intestinal organoids (Control SI), 
control gastric organoids (Control Sto) and Cdx2 expressing gastric organoids (Cdx2+ Sto) were generated as 
explained in supplementary Figure S 8. The data were curated from normalized RNA-seq counts provided to the 
GEO repository under the accession number GSE51751. (A) Lists of differentially expressed genes (DEGs) were 
generated, comparing 4 Control Sto and 4 Cdx2+ Sto organoids, or 4 Control SI to 4 Cdx2null SI organoids. Venn 
diagram displays the numbers of DEGs in both groups (p<0.05 and log2Fold Change > ±1 (2-fold change)). For 
the complete gene list, see supplementary Table S 1). (B) Normalized gene counts of Nlrp6, Aim2 and Naip1. For 
each gene, two-sided Mann-Whitney test was performed for statistical analysis. Asterisks denote significant 
changes in gene expression (p<0.05). 

Taken together, these data indicated that CDX2 as a transcription factor might 

directly play a regulatory role in the expression of the intestine-specific PRRs Nlrp6, 

Aim2 and Naip1. 

3.3.3.2 Analysis of published datasets suggests a central role for CDX2 in regulation 

of Nlrp6 and Naip1  

To gain a deeper mechanistic understanding of the role of Cdx2 in the regulation of 

these genes, I searched for sequencing data of a chromatin immunoprecipitation of 

CDX2 (ChIP-Seq) together with the accessible chromatin regions (ATAC-seq). In such 

experiments, DNA-bound proteins such as transcription factors are immuno-

precipitated by their specific antibodies and the sequence that the protein binds to 

can be coprecipitated to be identified by sequencing. ATAC-seq on the other hand, 

detects the accessible chromatin regions by sequencing the regions of the genome 

which are tagged by a transposase inserting sequencing adapters into accessible 

regions of the chromatin (for more detailed information, refer to supplementary 

Figure S 9). Since CDX2 is an essential transcription factor for intestinal specification 

and it maintains the chromatin accessibility at the loci of tissue-specific genes [69, 

191], a combined analysis of ATAC-seq and ChIP-seq of CDX2 as well as histone 
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marks could fully elucidate the regulatory role of CDX2 on the corresponding DNA 

regions. This dataset was published in the GEO repository (accession number: 

GSE98724) [190] which I retrieved and re-analyzed within this thesis. To generate the 

data, Saxena et al. isolated murine jejunal villus cells from wild-type and tamoxifen-

treated Cdx2f/f; Villin-CreERT2 mice to induce loss of CDX2. On these cells, they 

performed ChIP-seq for CDX2 and several histone marks (including H3K4me2, 

H3K4me3 and H3K27ac), in addition to ATAC-seq and RNA-seq [190]. H3K4me3 

and H3K27ac bound regions indicate the promoter region of actively transcribed 

genes, while high occupancy of H3K4me2 together with H3K27ac indicates the active 

enhancers. As a result of tamoxifen-treatment, expression of villus-specific genes 

such as sucrose isomaltase (Sis) and intestine-specific homeobox (Isx) were reduced 

considerably [190, 192].   

To illustrate the following multi-omics data more clearly, Sis gene which is drastically 

affected by Cdx2 ablation in transcriptional and epigenetic level was chosen as an 

example (Figure 43A, also refer to supplementary Figure S 9 for more information 

on chromatin structure). Integrative Genomic Browser (IGV) was used to visualize 

the ChIP- and ATAC-seq data. Approximate location of the promoter was marked by 

high occupancy of H3K4me3 and H3K27ac in wild-type cells (Figure 43A, WT orange 

and green tracks). Similarly, the enhancer regions were characterized by strong 

ChIP-seq peaks for H3K4me2 and H3K27ac (Figure 43A, WT magenta and green 

tracks). ATAC-seq track of wild-type cells depicted the accessible parts of the 

chromatin with strong peaks which corresponded to these promoter and enhancer 

regions (Figure 43A, WT blue track). These regions also coincided with CDX2 

binding sites determined by the CDX2 ChIP-seq (Figure 43A, WT black track). Upon 

ablation of Cdx2, the density of the active histone mark H3K27ac on both promoter 

and enhancer regions decreased compared to the wild-type villus cells, reflecting a 

change in the chromatin state (Figure 43A, Cdx2-/- green track). The promoter region 

occupied lower levels of H3K4me3 (Figure 43A, Cdx2-/- orange track), while the 

enhancers showed lower levels of H3K4me2 (Figure 43A, Cdx2-/- magenta track). 

Markedly lower signals were detected in ATAC-seq track of cells that lack CDX2 

(Figure 43A, Cdx2-/- blue track), suggesting a decrease in the accessibility of 

chromatin in Sis gene locus. These observations were confirmed by the observation 

of a vast decrease in the gene expression in Cdx2 inactivated cells which confirmed 
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the presumptions of change in the chromatin state in the Sis gene locus (Figure 43B). 

Thus, these observations suggested that CDX2 regulates the chromatin state and 

activity of Sis gene in villus cells.  

 

Figure 43: An example for strong Cdx2-dependent regulation: Expression of Sis. Experiments were performed 
by Saxena et al. [190]. Small intestinal villus cells of wild-type (WT) and Cdx2-/- mice were subjected to RNA-seq, 
ATAC-seq and ChIP-seq of different markers. For detailed information on these techniques, refer to 
supplementary Figure S 9.  (A) The ATAC- and ChIP-seq tracks for Sis gene were generated for this thesis using 
IGV Browser, from the coverage files under the accession number GSE98724 in GEO database. CDX2 ChIP-seq 
(black) reveals the regions CDX2 binds. ATAC-seq tracks (blue) depict the accessible regions of the chromatin. 
Promoter regions are marked by high occupancy of H3K4me3 and H3K27ac (orange and green, red box). 
Enhancer regions are occupied by H3K4me2 and H3K27ac (magenta and green, yellow box). (B) Normalized gene 
counts of Sis in WT and Cdx2-/- villus cells. Bars represent mean ± SD, n = 2 WT, n=3 Cdx2-/- villus cells. 

Next, the ChIP- and ATAC-seq data were analyzed to identify the chromatin state of 

the genes Nlrp6, Naip1 and Aim2 (Figure 44). CDX2 occupancy was observed at the 

promoter region of Nlrp6 which coincided with the broad peaks of H3K4me3 and 

H3K27ac, as well as at an enhancer region upstream of the gene which was 

accompanied by histone marks H3K4me2 and H3K27ac. The accessible chromatin 

regions indicated by the ATAC peaks correlated with the histone marks 

(H3K4me1/H3K27ac on active enhancers, H3K4me3/H3K27ac on the promoter 

region), as well as with binding sites of CDX2, indicating a coordination between 

occupancy of CDX2 and chromatin accessibility (Figure 44A). To determine whether 

CDX2 is necessary for the active chromatin configuration, the consequence of its 

absence in tamoxifen-treated Cdx2f/f; Villin-CreERT2 jejunal villi was examined. 

Although none of the histone marks diminished like in the Sis gene, the chromatin 

accessibility was slightly reduced in CDX2-binding regions in wild-type cells as 

indicated by the ATAC peaks upon loss of CDX2 (Figure 44A). Thus, the reduced 
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chromatin accessibility resulted in a decrease in the overall expression level of Nlrp6 

(Figure 45A), indicating that DNA accessibility and transcription of Nlrp6 depends 

on Cdx2. 

 

Figure 44: The transcription factor CDX2 affects the chromatin accessibility of Nlrp6, Naip1 and Aim2. 
Experiments were performed by Saxena et al. [190]. Small intestinal villus cells of WT and Cdx2-/- mice were 
subjected to ATAC-seq and ChIP-seq of different markers. For detailed information on these techniques, refer to 
supplementary Figure S 9. The ATAC- and ChIP-seq tracks for (A) Nlrp6 (B) Naip1 and (C) Aim2 were generated 
for this thesis using IGV Browser, from the coverage files under the accession number GSE98724 in GEO database. 
CDX2 ChIP-seq (black) reveals the regions CDX2 binds. ATAC-seq tracks (blue) depict the chromatin accessibility. 
Promoter regions are marked by high occupancy of H3K4me3 and H3K27ac (orange and green, red box). 
Enhancer regions are occupied by H3K4me2 and H3K27ac (magenta and green, yellow box). 
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ChIP-Seq data also revealed occupation of several enhancers upstream of the 

promoter region of Naip1 with CDX2. These sites were flanked by the histone marks 

H3K4me3 and H3K27ac. Similar CDX2 occupancy and histone marks were observed 

downstream of the gene (Figure 44A). Although no clear CDX2 occupancy was 

observed in the promoter region, knockout of Cdx2 clearly decreased the expression 

of Naip1 (Figure 45B), indicating the expression of Naip1 (Figure 45B), thereby 

indicating that the DNA accessibility and transcription of Naip1 depends on Cdx2.   

Lastly, the ChIP-seq data did not show a significant occupancy CDX2 on Aim2 and 

inactivation of Cdx2 did not lead an increase in the ATAC peaks. However, the 

occupancy of the promoter region by the histone marks H3K4me2, H3K4me3 and 

H3K27ac (Figure 44C) increased in the knockout mice, which might have been the 

cause of the increased expression of Aim2 upon inactivation of Cdx2 (Figure 45B). 

Hence, loss of Cdx2 indirectly affected the Aim2 and resulted into an increase in its 

expression.  

 

Figure 45: Expression of Nlrp6, Naip1 and Aim2. All experiments were performed by Saxena et al. [190]. The data 
were generated from read counts of RNA-seq under the accession number GSE98724 in GEO database. 
Normalized gene counts of (A) Nlrp6 (B) Naip1 and (C) Aim2 in WT and Cdx2-/- villus cells. Bars represent mean 
± SD, n = 2 WT, n=3 Cdx2-/- villus cells. 

Taken together, CDX2 as a master regulator of intestinal cell identity, might regulate 

the expression of various innate immune-related genes which are tissue-specific, such 

as Nlrp6 and Naip1, by regulating the chromatin accessibility of these genes.  



Discussion 
 

73 
 

4 Discussion 
4.1 Establishment of human and murine GI organoids    

Tissue identity is conserved in the organoids 

The organoids generated from tissue-specific stem cells of different segments of the 

GI tract contained genes that displayed the expected tissue specificity, demonstrating 

that tissue identity is encoded in the adult stem cells and maintained in adult stem 

cell-derived organoids. This is consistent with previous reports where organoids 

were generated from different GI segments and had specific expression profiles [81, 

84]. The differences between the segments were noticeable during culturing as well. 

When murine organoid cultures were first established, the small intestine was 

isolated completely and organoids showing intestinal morphology could be grown 

in murine small intestinal medium containing EGF, R-spondin1 and Noggin but 

without WNT, whereas organoids from the stomach and colon could only grow in 

the presence of WNT in the medium [23, 82]. This was attributed to the presence of a 

relatively high amount of WNT-producing epithelial cells, specifically Paneth cells 

[193] present in small intestinal, but not colonic organoids [61]. Within this thesis, 

murine proximal intestinal organoids (derived from duodenum and jejunum) were 

able to grow in small intestinal organoid culture medium; however, it was only 

possible to grow murine ileal organoids with additional WNT in the medium, similar 

to colon organoids. A reason for this might be an intrinsically reduced number of 

Paneth cells, which, as mentioned above, provide the WNT ligands to the small 

intestinal epithelial cells. The presence of Paneth cells has been shown in murine SI 

organoids grown from whole SI [82] but has yet to be investigated for duodenal, 

jejunal and ileal organoids separately. Investigating the amount of Paneth cells 

differentiating in organoid cultures from different SI segments when exposed to 

different growth conditions could be a promising approach for future studies to 

elucidate the reason for the different media requirements.  

The placement of murine ileal organoids on the PCA plot also suggests that they are 

different than proximal segments of the small intestine and closer to colon (see Figure 

14, page 35), therefore there have to be other factors involved in shaping the regional 

identity. One of those factors could be reduced Paneth cell differentiation in ileal 
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organoids leading to the WNT addition to the culture medium. However, from just 

the data on murine organoids presented in this thesis it is impossible to differentiate 

whether the lack of Paneth cells and therefore the requirement for WNT ligands is 

due to an intrinsically different regional identity, or whether the placement of ileal 

organoids on the PCA plot is a result of adding WNT to the medium. On the other 

hand, human organoids require WNT in the culture medium, independent of the GI 

segment they were grown from [61, 194], yet also here ileal organoids cluster between 

gastric and colonic ones. This is a strong indication, that there really is an intrinsic 

regional identity for each GI segment, and that the ileal tissue identity is actually an 

intermediate between proximal SI and colonic regional identity. 

 

Organoids provide a suitable model to address questions on innate immunity  

Under in vivo conditions, epithelial cells can recruit immune cells, which in turn 

secrete factors that stimulate the epithelial cells, making it difficult to analyze one 

without the influence of the other. Before organoid technology, studies analyzing 

questions on immunity used primary isolated epithelial cells, which contain minor 

fractions of immune cells, including dendritic cells [169]. This is also reflected in the 

data presented here where the isolated primary epithelium also contained these 

minor fractions (see Figure 12, page 33). It can be speculated that even a low number 

of activated immune cells could potentially secrete proinflammatory stimuli such as 

TNF-α which could stimulate many epithelial cells and prevent to define the purely 

epithelial response, thereby making it difficult to draw definitive conclusions. 

Organoids on the other hand have been particularly helpful to analyze the epithelial 

immunity of the GI tract by allowing a concentrated view of purified epithelium 

without any crosstalk between different cells types, such as mesenchymal and 

immune cells. They grow from epithelial stem cells under conditions that support 

epithelial growth and after the first passage contain pure epithelium [82]. This is also 

reflected in the absence of immune and mesenchymal markers in the organoid 

cultures used for this study (see Figure 12, page 33). The concentrated view on the 

reaction of pure epithelium to stimulation with immune factors has already been 

exploited by others who have used organoids to test PRR signaling components [86, 

195, 196]. Taken together, the data presented in the literature and this thesis show 

that organoid technology is likely to be a suitable model to address questions on 
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innate immunity without the crosstalk between different cell types impacting the 

analysis as shown in the following.   

4.2 Analysis of innate immune signaling in the GI tract 

Expression and function of innate immune signaling components is highly organized 

along the cephalocaudal axis of the GI tract 

While it is expected that genes important for regional functions such as digestion and 

nutrient uptake follow spatial compartmentalization along the cephalocaudal axis 

[197], such an organization was not presumed for epithelial innate immune signaling. 

Previous studies had reported regulation of PRR signaling in response to stimulation 

with MAMPs. For example, TLR4 responsiveness decreases after birth, presumably 

because of the exposure to LPS during delivery and subsequent colonization of the 

gut [169]. Also, stimulation of TLR9 with its ligand CpG-DNA leads to a decrease of 

Tlr4 expression and inhibits TLR4 signaling [170]. Thus, it was expected that contact 

with the microorganisms, their molecules and metabolites in the GI tract would lead 

to silencing of PRR expression towards the gut lumen [95]. However, contradicting 

results, caused by technical difficulties such as unreliable antibodies targeting TLRs, 

led to confusion in the field and for a long time it was unclear, whether a particular 

PRR was expressed or not [157].  

In this thesis it was found that this highly complex regional organization of PRR 

signaling does not always follow the microbial load, instead, it turned out to be 

segment-specific (Results-3.2, page 37 ff.). Similar to the results presented here, early 

Northern blots for mRNA of Tlr2 and Tlr4 in ex vivo isolated epithelium already 

indicated that expression levels of these two Tlr molecules were segment-specific: 

Tlr2 was expressed mainly in the colon, while Tlr4 was mainly expressed in stomach 

and colon. The authors already termed this “strategic compartmentalization” of these 

TLRs [158]. Recently, to circumvent the technical problems with directly staining for 

TLRs, Price and colleagues used staining of genetically introduced HA-tags in 

reporter mice for Tlr2, 4, 5, 7 and 9. By staining for HA, it was then possible to detect 

the tagged TLRs and analyze the expression of these genes in primary cells from 

small intestine and colon [159]. TLR2 and 5 were expressed in the small intestine and 

the proximal colon, TLR4 in colon, TLR7 and 9 were not expressed. Reporter 
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expression in organoids from these mice closely mimicked the in vivo expression, 

indicating that the expression is independent of contact with the microbiota or with 

immune cells [159]. The transcriptional data presented here confirmed the previously 

reported expression patterns for the TLRs, and additionally revealed a vast extent of 

differential expression of TLRs, NLRs, inflammasome components and other genes 

related to innate immunity.  

 

Figure 46: Distribution of various pattern recognition receptors along the murine (left) and human (right) 
GI tract. The graphic illustrates the relative level of RNA expression (blue), as measured by RNA-seq of the 
human and murine biobank generated for this thesis. Note the segment-specific expression and the differences 
between the species. 

The patterning of many innate immune signaling components matches the location-

specific tissue function 

Although the mechanisms shaping the innate immune patterning are not yet fully 

understood, the need for specialized innate immune recognition might be 

evolutionarily determined by the complex environment, such as the physical or 

chemical barriers, of each site. In other words, the GI tract comprises anatomically 
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defined segments with vastly distinct physical functions (Karam, 1999). The main 

function of the stomach is the digestion of food and killing of incoming pathogens by 

gastric acid. Nutrients do not have to reach the epithelial cells, thus, the body heavily 

invests in a protective mucus barrier, shielding the epithelium not only from its own 

acid, but also from luminal content [198, 199]. By contrast, the main function of the 

small intestine is not only the continuation of digestion, but also the uptake of 

nutrients. Jejunum with the highest digestion and absorption, also contains the 

highest ratio of Paneth cells secreting antimicrobial peptides [200], which in turn 

decorate the rather loose mucus, thereby guarding the epithelium and keeping the 

crypts sterile [47]. In contrast, the ratio of the mucus-producing goblet cells increases 

in the ileum where the rate of digestion and absorption is also lower (Cheng, 1974b; 

Karam, 1999). Similarly, the goblet cell ratio in colon can be up to 25% of the epithelial 

layer, since the reabsorption is less extensive compared to small intestine and the 

organ can invest into an extensive, thick and bi-layered mucus cover to be able to 

safely harbor trillions of commensal bacteria [202]. Thus, the three gut segments have 

different strategies for maintaining a safe distance between the epithelial cell layer 

and the microbiota. MAMP recognition and activation of immune pathways is 

another layer of this interaction and therefore it is only reasonable to assume that 

they are also structured along the GI tract, which is further analyzed in the following.  

TLR4 signaling is independent of polarization in the murine stomach 

It is intuitively understood that the epithelium needs to minimize any unnecessary 

inflammation by microbiota, yet still enable the immediate sensing of pathogens and 

the initiation of a strong inflammatory response to infections [9, 10]. Thus, it has been 

postulated that this may be accomplished by a certain “blindness” of the epithelium 

toward the lumen of the gut, confining PRRs to the intracellular space or the basal 

side of the cells [7–10].  

One example of this location-specific function of PRRs is TLR4. The data regarding 

the localization of TLR4 have been heterogenous, owing to difficulties with TLR-

specific antibodies [157]. Price and colleagues presented the staining of the 

genetically introduced HA-tag at both apical and basolateral surfaces in their reporter 

mice for Tlr2, 4 and 5 [159]. Similarly, in the project presented here, apical and basal 

stimulation of TLR4 (Results-3.2.3, page 45 ff.) with its ligand LPS in murine gastric 
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epithelial cells induced an NF-kB response. It could still be the case that the reaction 

is not mounted by apically or basally located TLR4, but that LPS could be taken up 

by the cell to stimulate intracellular TLR4 instead [111], but the data presented here 

shows that murine gastric epithelial cells have the general capability to mount an 

inflammatory response to apical and basal LPS. However, it cannot be concluded that 

the luminal LPS also induces constant inflammation in vivo. It is probable that in vivo, 

the mucus in the stomach and the colon may pose a diffusion barrier to keep luminal 

LPS at a distance from epithelial TLR4. Indeed, LPS is present in the colon in a steep 

gradient with high luminal and very low mucosal concentrations [186]. In addition, 

gastric mucus and colonic mucus share physical properties and are both firmly 

attached to the epithelium, while the small intestine has a different, easily removable 

mucus [203]. Therefore, apical LPS sensing in the stomach and colon, but not the 

small intestine might indicate a breach of the mucus barrier. Low levels of LPS 

diffusing through the barrier at physiological conditions may induce the often 

proposed, low level of “physiological inflammation”, important for epithelial 

homeostasis [97, 145, 146, 157]. Based on the results of this thesis, future studies have 

to verify these speculations.  

In contrast to murine organoids, none of the human GI organoids mounted an 

inflammatory response to LPS (Results-3.2.4, page 48 ff.). Although expression of 

TLR4 was observed and each segment had functional NF-κB pathway, this was not 

sufficient to activate the TLR4 signaling pathway either apically or basally. One 

explanation might be that mRNA expression does not always indicate a properly 

folded and functional protein and post-transcriptional modifications and regulations 

might play a role in this. Another explanation might be to assume a functional TLR4 

protein but lack of MD2 and LBP since they were not expressed in human organoids, 

while CD14 was expressed in lower amounts compared to murine organoids with 

functional TLR4 signaling pathway. These components are crucial for functional 

stimulation and induction of NF-κB pathway. LBP binds and transfers the LPS to 

CD14 once LPS is released from vesicles of bacteria. CD14 splits LPS into monomeric 

molecules and presents them to the TLR4-MD2 complex which can lead to the 

activation of the NF-κB pathway [204]. In another study, colon cancer cell lines 

expressing low levels of TLR4 and MD2 did not respond to LPS stimulation, but only 

the transgenic expression of these proteins together enabled the recognition and 
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activation [205]. This underscores the importance of functional testing. Furthermore, 

LPS varies between bacterial species and also under different growth conditions 

within the same species [206]. Therefore, stimulation with another type of LPS might 

result in a different TLR4-mediated response, as long as it is purely isolated to ensure 

the activation of only TLR4. In addition, there might be a species-specific response to 

LPS purified from the same bacterial species [207, 208]. While murine TLR4/MD2 

complex is activated by LPS from E. coli, human cells might not, since the E. coli is 

commensal in the gut.  

Innate immune signaling in the GI epithelium is species-specific 

A further surprising finding was the species-specificity of patterning (Results-3.2.2, 

page 41 ff.). It must be taken into account that the subjects the organoids were 

generated from were very different: laboratory mice had identical genotype, diet and 

probably also a highly similar gut microbiome, while the patients differed in these 

respects. It is likely that environmental factors also influence the expression patterns, 

and the higher diversity of expression patterns in the diverse human cohort can be 

taken as an indication for this. Beyond this, however, some PRRs, such as TLR1, 2 

and 6 showed strikingly species-specific expression along the cephalocaudal axis. In 

addition, the functionality of the TLR2, 4 and 5 signaling cascades indicated species-

specificity. Murine jejunum mounts the Cxcl2 response to PAM3CSK4 and flagellin, 

but not to LPS, whereas murine colon expresses Cxcl2 in response to all of these 3 

tested ligands. In contrast, human organoids from all regions expressed the human 

Cxcl2 analog IL-8 in response to flagellin, but not in response to LPS and PAM3CSK. 

Again, the reasons for this are highly speculative at the moment. It may be environ-

mental, as mentioned above. It is also possible that for each species tissue-specific 

sensors are beneficial in general, but which ones are present might not be important. 

For example, a species would benefit from a sensor indicating a breach of the mucus 

barrier, because this would enable sensing of pathogens that come in close proximity 

of the epithelium. It may not matter which of several possible sensors indicate such 

a threat. While TLR4 could assume this function in mouse, another PRR could assume 

it in human.  
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4.3 Analysis of the factors regulating innate immunity 

The patterning of innate immune signaling components is largely independent of the 

contact to microbial compounds 

Several studies have proposed a contribution of the environment, in particular 

microbial colonization, to the regulation of PRR expression after birth [95, 169, 170]. 

However, in previous studies germ-free vs specific pathogen-free mice did not show 

differences in TLR expression in either small intestine or colon, indicating that neither 

upregulation of TLR3 nor downregulation of TLR5 in this early period depend on the 

microbiota [159, 171]. Nevertheless, there is a possibility that the microbial 

compounds left on the autoclaved food pellets given to germ-free mice have an effect 

on microbial exposure in these animals [209]. To investigate the regulation of 

epithelial innate immunity and eliminate the effect of any microbial stimuli, gastric 

and proximal intestinal organoids generated from murine embryos were used. The 

embryo and the organoids derived from it are sterile and previous studies 

demonstrated that embryo-derived organoids mature over time in culture [81, 91, 

182]. The data presented here also supported the expected in vitro maturation and 

regional identity which suggests that the embryo-derived organoids provide a 

beneficial alternative model to germ-free mice.  

Comparing embryo-derived to adult-derived organoids, it was observed that some 

innate immune-related genes are differentially expressed, indicating that there might 

be an environmental influence and further development during or after birth. 

However, the expression of the majority of innate immune-related genes, including 

Tlr4, was already patterned in embryo-derived organoids independent of contact 

with bacteria at birth. Regarding TLR4, embryo-derived murine organoids show the 

same activation pattern as adult-derived organoids, with functional TLR4 signaling 

in the stomach, but not in the proximal intestine. These data support developmental 

definition of a large part of pattern recognition. 

This indicates that a large part of the organization of the innate immune signaling 

pathways is defined independently of contact with the microbiota, and appears to be 

determined by default developmental processes, which shape the general tissue 
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identity along the GI tract. However, this does not exclude a further fine-tuning of 

PRR expression by environmental factors during adulthood.   

Expression of several PRRs depend on cellular differentiation within the epithelial 

layer of GI segments 

The analysis of the existing datasets of gene expression in freshly isolated epithelium 

again confirmed the patterning of the immune-related genes. As in the organoids 

(Results-3.2.1, page 37 ff.) and confirmed for TLR4 in own experiments (Results-3.2.2, 

page 41 ff.), also the analysis of the published datasets from a different study [188] 

showed that different segments of the gut each have a specific set of highly expressed 

innate immune-related genes. The general trend is either an increase or a decrease 

along the cephalocaudal axis, so that genes that are highly expressed in the proximal 

small intestine are only found in very low amounts in the colon, whereby the opposite 

is true for genes weakly or not expressed in the proximal SI. This is likely connected 

to the function, as can be illustrated on the example of Tlrs. As became apparent in 

the analysis performed here the expression of different TLRs varies along the 

cephalocaudal axis, whereby intracellular Tlrs (Tlr3, 9, 12 and 13) are highly 

expressed in the SI, decreasing along the cephalocaudal axis, whereas extracellular 

Tlrs (Tlr1, 2, 4 and 5) increase along said axis. While the expression of innate 

immunity genes does not exactly correlate with the overall microbial load (low in 

stomach and high in colon, refer to discussion 4.2) it does correlate with the exposure 

of GI cells to microbiota: A high amount of intracellular TLRs can be found in regions 

that cannot invest in a heavy mucus barrier, where the cells are generally exposed to 

microbiota (small intestine), and a high amount of extracellular TLRs in regions 

where a breach of the mucus barrier is generally a signal of danger (stomach and 

colon). 

That this patterning along the cephalocaudal axis is very finely tuned is also visible 

in the fact, that separating the organ into smaller sections (such as duodenum, 

jejunum and ileum) oftentimes reveals even more differences than simply comparing 

the whole SI to the colon. This was emphasized in the analysis performed on the data 

of Kozuka et al., who additionally divided the colon into a proximal and a distal part, 

as other groups had also done in the past [159, 210], while in the first part of this 

thesis, I only analyzed the proximal colon to represent the whole organ. My analysis 
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on these data from Kozuka et al., did indeed reveal an even finer patterning: For 

example, while Nod2 and Tlr5 were mostly expressed in the proximal colon, Nlrp10 

was mainly expressed in the distal colon. This suggests that future studies could 

provide even finer descriptions of the innate immune patterning along the 

cephalocaudal axis. 

In a second level of patterning, innate immune gene expression is also organized 

along the crypt-villus axis (Results-3.3.2, page 58 ff.). Most of the genes related to PRR 

signaling pathways which are expressed in the small intestine were expressed more 

in the villus region. Until now a thorough analysis of how genes related to innate 

immunity are located in crypt-villus axis has not been done. Price et al. observed that 

TLR5 was located only at the crypt bases of the small intestinal epithelium, 

specifically on the Paneth cells. They also did not detect TLR7 and TLR9 both at RNA 

and protein level, nor Tlr6, 8, 11, 12 and 13 at RNA level [159]. In the analysis 

performed as a part of this thesis, the division of the material into crypts and villi also 

allowed detection of Tlr12 and Tlr13 expression especially at the villi of the small 

intestine. Similarly, Gsdmd, Nlrp1b, Nlrp9b, Naip1, Nlrc4 and Rig-I were detected more 

at the villous region as well. These data suggest that the PRRs are generally more 

abundantly expressed in small intestinal villus cells compared to the crypts. 

However, the opposite is true for some of the Tlrs, specifically those located 

intracellularly, which can be found more highly expressed in the villi. As also 

mentioned, concerning cephalocaudal patterning above, the intracellular Tlrs seem 

to be mainly found in regions that are generally exposed to the microbiota, where the 

immune response would otherwise be activated perpetually, whereas extracellular 

Tlrs can be found more highly expressed in regions where the contact to microbiota 

is a sign of danger rather than a normal occurrence.  

Another study in the porcine intestine also found that crypts showed a lower amount 

of PRR expression [211]. This finding was confirmed for murine cells in this thesis by 

analysis of existing expression data of cells derived from organoids. For this, the 

group that performed the original experiments had used directed differentiation of 

2D monolayers derived of organoids, which can be used to enrich for cell types [188]. 

The analysis presented in this thesis confirmed the expression of several innate 

immune signaling components: Similarly, as in the ex vivo isolated epithelium, 
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several genes such as Gsdmd, Nlrp9b and Naip1 were expressed more highly in cell 

types typically present at the villous region i.e., enterocytes. Other genes such as Cgas 

and Pycard, were expressed more strongly in cell types present in the crypt, i.e., 

undifferentiated progenitor or stem cells. In the literature, this patterning was also 

observed for the receptor NOD2, which was detected mainly at the crypt region of 

the small intestine [172] and found to be restricted to stem cells [154], which is another 

prominent example suggesting that cells have their own repertoire along the crypt-

villus axis. Contrary to that, in the analysis performed here no substantial difference 

could be observed in the expression of Nod2 between villi and crypts. Furthermore, 

while Nod2 was found to be more highly expressed in undifferentiated cells when the 

data from Kozuka et al. was analyzed here, it was still present in differentiated cells, 

not entirely restricted to stem cells. This controversy should be further investigated 

in future studies, but from literature and the data and analyses presented here there 

is a strong indication that the expression of several innate immune genes is likely cell 

type-specific. The distribution and differentiation of cell types along the crypt-villus 

axis (Paneth cells, stem cells and progenitors in the crypt versus differentiated goblet 

cells and enterocytes in the villus region) is likely to cause the observed patterning 

along the crypt-villus axis. Fully differentiated cells at the villus tip may play a role 

in epithelial innate immune recognition so far underestimated.  

Tissue identity controlled by the intestinal master regulator CDX2 correlates with 

the expression of innate immune genes, such as Nlrp6, Naip1 and Aim2 

Previous results presented in this thesis depicted the presence of various PRRs in 

either stomach or intestine, and that the expression of many genes related to innate 

immunity are determined independent of the microbial stimuli, but instead 

determined developmentally depending on the tissue identity. To approach a 

mechanistic understanding of the molecular basis of this cephalocaudal organization 

of innate immune signaling components, I searched for transcription factors, which 

are important in the cephalocaudal patterning of the GI tract. Prime candidates were 

CDX1 and CDX2, the well-known master regulators of intestinal development. 

Because of the importance of CDX2, several datasets of genetic analysis after 

knockout and overexpression of this transcription factor have been published. By re-
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analyzing these published datasets, I investigated the possible impact of CDX2 on 

innate immune genes (Results-3.3.3, page 66 ff.).  

The data from RNA-seq analysis after knockout or overexpression of Cdx2 in 

organoids demonstrated that Cdx2 expression levels regulate the expression of 

several PRRs. This observation is particularly clear for Nlrp6, Naip1 and Aim2 which 

are three cytosolic PRRs. For these genes, Cdx2 inactivation in small intestinal 

organoids, which normally express Cdx2 at high levels, causes their downregulation. 

Matching this, overexpression of Cdx2 in gastric organoids, which normally do not 

express Cdx2, causes upregulation of these genes. Accordingly, in the analysis of 

CDX2 ChIP-seq, I found that CDX2 binds to the promoter and enhancer regions of 

the genes Nlrp6 and Naip1, and ATAC-seq analysis revealed a decrease in the 

chromatin accessibility when it is inactivated.  

These results need to be further confirmed by future experiments. Nevertheless, the 

observation that Cdx2 not only regulates the typical intestine-specific genes relevant 

to its physiology, such as Sis, but also genes related to innate immunity, further 

solidifies the concepts that innate immune signaling in the GI epithelium is a part of 

the tissue identity.   
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5 Conclusion and Outlook 
Pattern recognition and innate immune signaling play a crucial role in inflammatory 

responses and tissue homeostasis. Dysfunctional PRR signaling in the GI tract has 

been causally implicated in inflammatory diseases. However, the organization of the 

immune receptors in epithelial cells, as well as the factors promoting their 

localization and functionality were not clearly understood. In this thesis, a gene 

expression atlas of human and murine GI epithelial organoids was created. The 

results showed that the epithelial innate immune barrier follows a specific pattern 

per GI segment which is encoded in the tissue-resident stem cells and determined 

independent of bacteria. Innate immune receptors are not completely silenced in the 

GI tract, but instead, there is regional apical sensing of microbial molecules, 

supporting the possibility of regional physiological inflammation in homeostasis. 

Additional to the segment-specificity, the cellular heterogeneity in the epithelial layer 

and the differentiation state of the cells determine the expression of innate immune-

related genes. The transcription factor CDX2 specific to the intestine determines the 

expression of at least some PRRs, which complements the concept of segment-specific 

innate immune profiles. 

Previous studies have given an incomplete picture of expression of PRRs in the GI 

epithelium. One important study, published during the preparation of this thesis, 

used genetic labeling of TLR2, 3, 4 and 5, then showed that these TLRs are expressed 

in specific patterns along the cephalocaudal and crypt-villus axis of the GI tract [159]. 

In this present thesis, I have generated a biobank of GI epithelial organoids to cover 

6 segments of the GI tract. RNA sequencing of this biobank indicated a vast extent of 

species- and segment-specific regional patterning of PRR signaling components 

throughout the GI tract. While it is difficult to summarize omics data to a single 

outcome, a picture emerged, that the stomach and colon both use extracellular PRRs, 

such as TLRs, while the small intestinal cells rather express inflammasome 

components. It is likely, that the three gut segments have different strategies for 

maintaining a safe distance between the epithelial cell layer and the microbiota. 

MAMP recognition and activation of immune pathways is another layer of this 

interaction and therefore it is only reasonable that they are also structured along the 
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GI tract [212]. However, it remains a fascinating riddle what exactly shapes the 

structure of the PRR organization.  

Because the regional patterning did not follow the microbial load, I hypothesized that 

pattern recognition may be regulated independently of contact with microbial 

products. Transcriptional profiling in embryo-derived organoids showed that while 

expression of some PRRs may depend on environmental cues as expected, an 

unexpectedly large part of segment-specific expression of PRR signaling components 

is indeed independent of prior contact with microbial products. Taking TLR4 as one 

example, functional experiments show that sensing of LPS by TLR4 is also 

determined already prior to birth and therefore independent of feedback from 

microbiota. Therefore, the expression of not all, but a surprisingly large part of 

epithelial innate immunity is developmentally defined and conserved in tissue-

resident stem cells. In the last part of this thesis, I identified direct regulation of CDX2 

for three innate immune genes (Nlrp6, Naip1 and Aim2). Because CDX2 is a master 

regulator of intestinal development, this represents a molecular mechanism how the 

epithelial innate immunity can be directly shaped by developmental processes 

independent of microbial compounds. This mechanism needs to be investigated 

further in the future.  

The majority of knowledge about PRR signaling has been gathered from research on 

hematopoietic cells. It has been a challenge to discriminate the functions of PRR 

signaling in epithelial cells from those of the infiltrating immune cells. Major 

obstacles include difficulties in isolating pure epithelial cells and raising reliable 

antibodies against PRRs. With the advancement of organoids that derived from 

intestinal epithelial stem cells, a reductionist experimental model is now available 

that enables investigations into the innate immune response of the primary epithelial 

cells. In this thesis, I used adult stem cell-derived organoids as a model to define 

epithelial innate immunity. Importantly, these organoids consist exclusively of 

epithelial cells and therefore open up the possibility of studying expression and 

function of PRRs at the epithelial cell level, without the confounding effects of 

circulating immune cells. Thus, the study of organoids can shed light on the specific 

contribution of epithelial cells alone. In the present thesis, I used the stimulation of 

organoids with single PAMPs, such as LPS and flagellin. In the future, co-culture 
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experiments will provide information about the responses to or interactions with 

specific factors, such as inflammatory stimuli, microorganisms or immune cells. 

Using this reductionist model will help in the future to disentangle the intricate 

interplay of microbiota, pathogens, immune cells and epithelial cells in the future. 

Lastly, it is important to remember that organoids are generated from patient tissue 

and each organoid reflects the genetic background of the patient. Accordingly, 

organoids generated from patients affected by GI disorders, such as IBD, maintain 

some of the characteristics seen in the corresponding tissue specimens they were 

derived from. This offers a unique opportunity to further unravel the epithelium- and 

disease-specific contribution to the pathogenesis of GI disorders – not only those 

involving inflammation-induced changes but also those involving changes in 

malignant diseases as well. Both of them may turn out to be linked to a specific 

contribution of epithelium-derived innate immunity. For this, the systematic 

establishment of “living biobanks” comprised of organoids is an important step. As 

a vision for the future, such living biobanks could augment already existing biobanks 

that currently provide only “dead” biological materials. This would assist not only in 

research but it could also facilitate individualized diagnostics and therapy for 

patients. 

Taken together, in this thesis, organoid technology was used to illuminate differential 

and segment-specific expression and function of PRRs within the GI epithelium. A 

large part of the expression of PRRs was independent of contact with microbial 

compounds. In terms of mechanism, the transcription factor CDX2 was identified as 

likely to participate in the expression of three innate immune genes that are specific 

to the intestine. The overall functional consequences for the complex regulatory 

systems within the entire GI tract are still unclear and will need to be clarified in the 

future. This will hopefully contribute to a better understanding of innate immune 

responses in infection and inflammatory diseases such as IBD in the future.  
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6 Materials  
6.1 Biological materials 

6.1.1 Mouse strains 

To limit the use of mice in accordance with the 3R principles, we used leftover 

material of mice that were used for experiments in other groups specified in more 

detail below and no additional mice were used for this study. Wild-type C57BL/6 

adult mice were provided by Bernhard Nieswandt, Rudolf Virchow Zentrum, 

Würzburg, Germany. Embryos of C57BL/6 mice were provided by Manfred Gessler, 

Department of Developmental Biochemistry, Würzburg, Germany. Myd88-/- mice 

were provided by Mathias Hornef (Institute of Medical Microbiology, Uniklinik 

RWTH Aachen, Germany) [213], who originally obtained them from Jackson 

Laboratory (stock #009088), Tlr2/Tlr4-/- double knockout mice [214] by Arturo 

Zychlinsky (Max Planck Institute for Infection Biology Berlin, Germany) and GFP-

p65 knock-in mice [215] were provided by Manolis Pasparakis (Institute for Genetics, 

University of Cologne, Cologne, Germany).  

6.1.2 Human samples 

Human GI tissues were obtained from 18 patients to derive organoid cultures, and 

from the same patients plus an additional 19 patients to obtain tissue RNA. Tissue 

RNA was frequently contaminated with RNA from immune or mesenchymal cells, 

so we selected the best possible isolates. The 21 men and 16 women, aged between 22 

and 87 years, underwent sleeve surgery, partial or total gastrectomy for corpus and 

pylorus samples, Whipple procedure (pancreaticoduodenectomy) for duodenum 

samples, gastric by-pass surgery for jejunum samples or ileocolectomy or 

hemicolectomy for ileum and colon samples. The procedures took place at the 

University Hospital of Würzburg. This study was approved by the ethical committee 

of the University of Würzburg’s university clinic (approval 37/16). 
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Table 1: Patient information for the samples used for RNA sequencing. 

Organoid type Patient # Gender Age Surgery 
Corpus_org_1 Patient-01 F 32 Sleeve stomach 
Corpus_org_2 Patient-10 F 37 Sleeve stomach 
Corpus_org_3 Patient-32 F 47 Sleeve stomach 
Pylorus_org_1 Patient-01 F 32 Sleeve stomach 
Pylorus_org_2 Patient-36 M 55 Gastric carcinoma 
Pylorus_org_3 Patient-42 M 58 Gastric carcinoma 

Duodenum_org_1 Patient-43 F 75 Whipple 
Duodenum_org_2 Patient-54 F 64 Whipple 
Duodenum_org_3 Patient-55 M 60 Whipple 

Jejunum_org_1 Patient-44 F 34 Gastric by-pass 
Jejunum_org_2 Patient-48 M 50 Gastric by-pass 
Jejunum_org_3 Patient-50 M 53 Gastric by-pass 

Ileum_org_1 Patient-02 M 75 Hemicolectomy 
Ileum_org_2 Patient-03 M 83 Colon carcinoma 
Ileum_org_3 Patient-51 M 70 Colon carcinoma 
Colon_org_1 Patient-34 M 52 Sigmoid colon carcinoma 
Colon_org_2 Patient-35 F 76 Caecal carcinoma 
Colon_org_3 Patient-37 F 74 Caecal carcinoma 

 

6.2 Equipment and devices 

Table 2: Equipment and devices 

Equipment/Device Producer 
Electrophoresis gel system Peqlab – PerfectBlue GelSystem Mini L 
Fluorescence microscope Thermo Fisher Scientific – EVOS FL Imaging System AMF4300 
Freezing container CoolCell™ LX Freezing Container 
Hemocytometer Hartenstein 
Light microscope Leica – DMi1 
Microinjector Eppendorf FemtoJet® 4i 
Nanodrop 2000 Thermo Fisher Scientific – ND-2000 
Quantitative thermal cycler CFX96 Touch Real-Time PCR System 
Thermal cycler Bio-Rad Lab, inc. – C1000 Touch Thermal Cycler 
UV Image maker Intas – UV system 

 

 

 



Materials 
 

90 
 

6.3 Disposable materials 

Table 3: Disposable materials 

Disposable material Producer – Catalogue # 
µ-Slide 8-well plate ibidi GmbH – 80826  
4-well multidish  Thermo Fisher Scientific 
Cell culture multi-well plates (24 and 48-well) Sarstedt Ag & Co., Standard, F 
Freezing vials Sarstedt Ag & Co. – CryoPure tube 72.380.002 

Quantitative PCR plates Bio-Rad inc. – Hard-Shell PCR Plates 96-well, thin-
wall HSP9655 

Transwells (Cell culture insert, 12 mm, 
polycarbonate, 3 µm)  Millicell – PITP01250  

 

6.4 Kits 

Table 4: Kits 

Kits Producer – Catalogue # 

Rnase-Free Dnase Set QIAGEN GmbH – 74106  

Rneasy Mini Kit (250) QIAGEN GmbH – M5510A 

 

6.5 Chemicals, reagents and solutions 

Table 5: Chemicals and solvents  

Reagent Supplier – Catalogue # 

Dimethylsulfoxide (DMSO)  Sigma-Aldrich 

DL-Dithiotreitol (DTT) Sigma-Aldrich 

D-Sorbitol Carl Roth 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich 

Glycerol Sigma-Aldrich 

KCl Carl Roth 

KH2PO4 Carl Roth 

Na2HPO4 Carl Roth 

NaCl Carl Roth 

Orange G Carl Roth 

Sucrose Carl Roth 

Tris base Sigma-Aldrich 
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Table 6: Buffers and solutions 

Buffer Composition 

6x orange loading dye 
0.25% Orange G 
30% glycerol 
in ddH2O 

Chelating buffer (5x stock) 

1.97 g Na2HPO4  
2.7 g KH2PO4  
14 g NaCl  
0.3 g KCl  
37.5 g Sucrose 
25 g D-Sorbitol 
in 500 ml ddH2O  
After diluting to 1x, 0.04 g DTT is freshly added in 500 ml 1x buffer. 

EDTA (0.5 M stock) 
186.1 g EDTA.2H2O 
in 800 ml ddH2O 
pH = 8.0 

Tris-acetate-EDTA (TAE) 
buffer (50x stock) 

2 M Tris base 
1 M acetic acid 
0.05 M EDTA 
in ddH2O 
pH = 8.0 

Paraformaldehyde (PFA) 4% 
40g/l paraformaldehyde  
in PBS  
pH = 7.4 

PBS (10x stock) 

80 g NaCl 
2 g KCl 
14.4 g Na2HPO4 
pH = 7.4 
2.4 g KH2PO4 
In 1 l ddH2O 

 

Table 7: Reagents for cDNA synthesis and PCR 

Reagent Supplier – Catalogue # 

10x DTT 0.1 M NEB – B1034A 

Agarose Sigma-Aldrich – A0539-500G 

Deoxynucleotide (dNTP) Solution Mix NEB – N0447L  

M-MuLV reverse transcriptase NEB – M0253L 

Protoscript II reverse transcriptase NEB – M0368L 

Quick-Load 2-Log DNA ladder (0.1-10 kb) NEB – N0469S  

Random primers Invitrogen – 48190011 

Sso Advanced Universal SYBR Green Supermix Bio-Rad inc. – 1725271 

Taq DNA polymerase NEB – M0267X 
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Table 8: Reagents for immunofluorescence 

Reagent Supplier – Catalogue # 

Alexa Fluor 488-conjugated anti-rabbit IgG Cell Signaling – 4412  

Anti-p65 rabbit monoclonal antibody  Cell Signaling – 8242  

Bovine albumin fraction V (BSA) Carl Roth – T844.2 

Fluorescein Isothiocyanate (FITC)-dextran Santa Cruz Biotechnology – sc-263323 

Hoechst Thermo Fisher Scientific – H3570  

Triton X-100 Sigma-Aldrich – X100  

Vectashield Mounting Medium Vector Laboratories – H-1000-10 

 

Table 9: Reagents for organoids culturing 

Reagent Supplier – Catalogue # 
WNT3A conditioned medium Produced by stable cell line, kind gift of Hans Clevers 
R-Spondin1 conditioned medium Produced by stable cell line, kind gift of Calvin Kuo 
Noggin conditioned medium Produced by stable cell line, kind gift of Hans Clevers 
A83-10 – TGF-β-inhibitor TOCRIS Bioscience – 2939 
Advanced Dulbecco’s Modified Eagle 
Medium F12 (Adv-DMEM) Invitrogen – 12634-028 

B-27 supplement (50x) without vitamin-a Gibco – 12587-010  
Cell culture freezing medium Invitrogen – 12648-010 
Cell recovery solution Corning – 354253 
Collagen I, bovine Gibco – A10644-01  
Epidermal growth factor (EGF) – Human Peprotech – AF-100-15 
Fibroblast growth factor-10 (FGF10) Peprotech – 100-26  
Gastrin-I Peprotech – 1003377 
GlutaMAX-I Invitrogen – 35050-079  
HEPES Invitrogen – 15630-056  
Matrigel Corning – 356231  
N-acetyl-L-cysteine (N-Ac) Sigma-Aldrich – A9165-5G 
Nicotinamide Sigma-Aldrich – 72340  
Primocin Invivogen – Ant-pm-1  
SB-202190 – p38-inhibitor Sigma-Aldrich – 1264 
TrypLE Express Gibco – 12605-028  
Y-27632 – RhoK-inhibitor Abmole – M1817 

 

Table 10: Ligands for NF-κB activation 

Name Supplier – Catalogue # 
Flagellin (FLA-ST) Invivogen – tlrl-epstfla  
LPS-EK (E.coli K12 strain) Invivogen – tlrl-eklps 
Pam3CSK4 Invivogen – tlrl-pms 
Recombinant human TNF-a BD Pharmingen 

 



Materials 
 

93 
 

6.6 Primers 

Table 11: Primers for murine genes 

Gene Forward Reverse Product 
(bp) 

Reference 

Gapdh 5’-GTGCCAGCCTCGTCC-3’ 5’-ACCCCATTTGATGTTAGTGG-3’ 283  This study 

Cd45 5’-GACCCTATTTCTTAGGGGCA-3’ 5’-CTCTGTTGTGCTCAGTTCATC-3’ 150  This study 

Cdx2 5’-CCTAGGAAGCCAAGTGAAAA-3’ 5’-TGCGGTTCTGAAACCAAAT-3’ 185  This study 

Cxcl2 5’-AAGTTTGCCTTGACCCTGAA-3’ 5’-AGGCACATCAGGTACGATCC-3’ 180  This study 

Gli1 5’-AAGGGGACATGTCTAGCCCC-3’ 5’-ACAGCCTTCAAACGTGCACT-3’ 338 [63] 

Muc2 5’-GTGTGTTGCTCAATGAGATG-3’ 5’-TCTAGGCCATTGAAGTTTCC-3’ 211  This study 

Muc6 5’-AACCTGCAATCCTCCCCAGAA-3’ 5’-GCTGGATGCTAAAGGTGGCG-3’  157  This study 

Tlr4 5’-ATCCCTGCATAGAGGTAGTT-3’ 5’-CAAGTTTGAGAGGTGGTGTA-3’ 242  This study 

 

Table 12: Primers for human genes 

Gene Forward Reverse Product 
(bp) Reference 

CD45 5’-CTTACCTACTCACACCACTG-3’ 5’-GGGACATCTGAGATAGCATT-3’ 300  This study 

CDX1 5’-CGCCCTACGAGTGGAT-3’ 5’-ATTGTGATGTAACGGCTGTA-3’ 151  This study 

FN1 5’-CAGTGGGAGACCTCGAGAAG-3’ 5’-TCCCTCGGAACATCAGAAAC-3’ 168 [216] 

GAPDH 5’-GTTTCTATAAATTGAGCCCGC-3’ 5’-TGTAAACCATGTAGTTGAGGT-3’ 246  This study 

IL-8 5’-ACACTGCGCCAACACAGAAAT-3’ 5’-ATTGCATCTGGCAACCCTACA-3’ 241 [86] 

MUC2 5’-GCTGTACGTTGGAGTTCTAT-3’ 5’-TGGTAGCTGTAGTAGAGTCC-3’ 403  This study 

MUC6 5’-AACATCGAAGGCTGCTACAA-3’ 5’-GGGTTGGTAGTGTCATTGTG-3’ 484  This study 

TLR4 5’-TGGATACGTTTCCTTATAAG-3’ 5’-GAAATGGAGGCACCCCTTC-3’ 507 [217] 

 

6.7 Open access data from GEO repository 

Table 13: Accession numbers of the data used in this thesis 

Accession number Reference 

GSE62784 Simmini et al. [73] 

GSE98724 Saxena et al. [190] 

GSE104803 Kozuka et al. [188] 

GSE115541 Banerjee et al. [185] 

GSE127938 This study  
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6.8 Software 

Table 14: Software 

Name Developer 

Bio-Rad CFX Manager Bio-Rad inc. 

CorelDRAW Graphics Suite Corel Corporation 

Fiji ImageJ 

GraphPad Prism 6 Prism 

IGV Broad Institute 

Intas Gel Docu software Intas 

Microsoft Office  Microsoft 

Nanodrop 2000/2000C Thermo Fisher Sci. 

Photoshop CS5 Adobe 

R CRAN 

Rstudio Rstudio, PBC 

 

6.9 Websites 

Table 15: Websites 

Name Website address 

BioRender https://biorender.com 

g:Profiler https://biit.cs.ut.ee/gprofiler/gost 

Primer-Blast https://www.ncbi.nlm.nih.gov/tools/primer-blast/ 

Venny 2.1.0 https://bioinfogp.cnb.csic.es/tools/venny/ 
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7 Methods 
7.1 Organoid culturing 

7.1.1 Gland and crypt isolation 

In order to generate organoid lines gastric glands, small intestine and colon crypts 

were isolated. Chelating buffer was prepared as 5x to be stored at 4°C and diluted 

with autoclaved water prior to the procedure. DTT was added freshly to the diluted 

buffer to help with dissolving the mucus. Only for the murine small intestine DTT 

was not added to the chelating buffer, since it accelerated the disintegration of the 

tissue. 

Murine abdominal region was dissected and whole GI tract was extracted. From each 

tissue, crypts and glands were extracted using EDTA in cold chelating buffer. 

Optimized EDTA concentrations and incubation times according to the organism and 

segment of the GI tract are provided in Table 16.  

Table 16: Isolation conditions for crypts and glands. 

Tissue type EDTA concentration Incubation time Temperature 

M
ou

se
 

Corpus 5 mM 5 min Room temp. (on bench) 
Pylorus 5 mM 5 min Room temp. (on bench) 
Duodenum 1-2 mM 5 min On ice 
Jejunum 1-2 mM 5 min On ice 
Ileum 1-2 mM 5 min On ice 
Colon 2 mM 5 min On ice 

H
um

an
 

Corpus 10 mM 5 min 37°C (in hands) 
Pylorus 10 mM 5 min 37°C (in hands) 
Duodenum 2 mM 5 min Room temp. (on bench) 
Jejunum 2 mM 5 min Room temp. (on bench) 
Ileum 2 mM 5 min Room temp. (on bench) 
Colon 2 mM 5 min Room temp. (on bench) 

 

Murine stomach was placed in a 10 cm petri dish and cut along the curvature with 

sterile scissors. After it was washed in chelating buffer, corpus (darker) and pylorus 

(lighter) regions were defined based on coloration. With the help of forceps, mucus 

and muscle layers were removed as possible. On another dry petri dish, the tissue 

was cut into small pieces of approximately 5 mm2 size. The pieces were collected in a 

50 ml tube with 10 ml chelating buffer. Sterile 10 ml pipettes were pre-wet in chelating 

buffers for the tissue pieces not to attach to the walls and the pieces were washed by 
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pipetting up and down. After tissue pieces settled, liquid was removed, and the 

washing step was repeated until the buffer was clear. EDTA was added to the tube 

(for murine stomach 5 mM EDTA for 5 minutes at room temperature). Tissue pieces 

then were transferred to a clean petri dish and extra liquid was removed. A sterile 

microscope slide was placed on the tissue pieces and pressure was applied on the 

slide. Cloudy appearance under the slide indicated the released glands from the 

tissue. With 10 ml Advanced DMEM/F12 (AD) everything on the petri dish was 

collected in a 15 ml tube. The supernatant containing the glands was transferred to 

another 15 ml tube to remove it from the tissue pieces. The tube was centrifuged for 

5 minutes at 300 x g at 4°C. Supernatant was discarded and the tube with pellet of 

isolated glands was placed on ice. Depending on the size of the pellet, it was diluted 

with AD and centrifuged again to obtain a pellet containing around 500 glands per 

well. With 50 µl/well of Matrigel the pellet was resuspended and placed into wells of 

pre-warmed 24-well plate (overnight, 37°C). After allowing the Matrigel to solidify 

in the incubator in 5% CO2 and 37°C for 15 minutes, each well was supplemented 

with 500 µl growth medium containing the necessary growth factors (Table 17).    

Murine small intestine was cut into three equal parts and duodenum (proximal 2 cm 

of the proximal part), jejunum (proximal 2-4 cm of the middle part) and ileum (distal 

2-4 cm of the distal part) were obtained. Of the murine colon, 2 cm of proximal colon 

was used. The pieces were cut open longitudinally and washed in chelating buffer 

(for small intestine, chelating buffer without DTT for the whole procedure) briefly. 

The villi of the small intestine parts were scraped using a microscope slide cover slip 

and the tissue was cut into smaller pieces. The procedure continued as for stomach, 

differing at the EDTA incubation step (Table 16) and growth media of the 

corresponding tissue (Table 17).  

Dissections of the GI tract of embryonic mice were performed in a sterile 

environment. The GI tracts were separated into stomach and the proximal small 

intestine, which directly starts after the stomach, whereas the distal part of the tract 

was discarded. All chosen parts were dissected, cut into smaller pieces and put to 

separate falcons containing PBS. After incubation in 2 mM EDTA for 5 minutes in 

room temperature, the tissue pieces were collected in a petri dish and pressed with a 

microscope slide. With 10 ml AD, all tissue pieces were collected in a new 15 ml tube. 
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In contrast to adult tissue, where only the supernatant was collected, in case of 

embryonic mice the supernatant and additionally several pieces of tissue collected at 

the bottom of the falcon were transferred to another 15 ml falcon tube. The tube was 

centrifuged for 5 minutes at 300 x g at 4°C, the supernatant was discarded and the 

pellet still containing small tissue pieces was placed in 24-well plate in Matrigel as 

explained above.  

Human tissues were obtained from the University Clinic of Würzburg. After a brief 

wash in chelating buffer, the tissue was placed on the petri dish and the main muscle 

tissue was separated from the epithelial layer. With forceps, remaining muscle and 

endothelial tissues were cleaned as possible. From this step on, the procedures 

continued as explained for murine segments, differing at the EDTA incubation step 

(Table 16) and growth medium was added according to the segment (Table 17).  

7.1.2 Maintenance of organoids  

Organoids were grown in basement matrix, Matrigel, supplemented with media 

containing growth factors appropriate for the species and GI segment as specified in 

Table 17. For basal medium (AD++), AD supplemented with 10 mmol/L HEPES and 

GlutaMAX 1x was used. RhoK-inhibitor was added only after the initial seeding and 

passaging of the organoids. The medium was changed every 2-3 days. Murine gastric 

organoids were passaged at a ratio of 1:5 every week and murine intestinal organoids 

at the ratio of 1:3 every 5 days. All human organoids were passaged at the ratio of 1:5 

to 1:8 depending on the density of the organoids every 10-14 days. For the mRNA 

sequencing, all adult organoids were expanded for a maximum of 5 passages.  

Passaging was performed by mechanical disruption (shredding) through a Pasteur 

pipette. After removing the medium from the well, 800 µl cold AD++ was added on 

the Matrigel with organoids. To break the Matrigel, AD++ was pipetted vigorously 

several times until the Matrigel was dissolved and transferred to a 15 ml tube. 

Following that, Pasteur pipettes were narrowed using flame under the hood and they 

were used to shred the organoids themselves physically by repeated pipetting. The 

tube was then filled with AD++ until 8 ml and inverted for a couple of times and 

centrifuged for 5 minutes at 300 x g at 4°C. After the supernatant was discarded, the 

pellet was resuspended with Matrigel (50 µl/well for a 24-well plate, 25 µl/well for a 

48-well plate) and drops of Matrigel with pieces of organoids were placed in the wells 
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of pre-warmed plates (overnight, 37°C). The plates were then transferred to the 

incubator for 15 minutes and medium with RhoK-inhibitor was added in each well 

(500 µl/well for 24-well plate, 250 µl/well for 48-well plate). 

For freezing the organoids, a similar procedure to passaging was followed. When a 

well of organoids (in 24-well plate, for one vial to freeze) was ready to freeze, they 

were collected and shredded to be centrifuged. The pellet was resuspended with 

500 µl/vial cell freezing medium and transferred into a cryo-tube. The tubes were 

placed in a -80°C freezer within a freezing container. After at least 48 hours, vials 

were transferred to liquid nitrogen for long term storage. 

Table 17: Organoid media composition for human and murine organoids. Organoid media were specifically 
tailored to the species and GI segment. CM: conditioned medium; inh.: inhibitor; N-Ac: N-acetylcysteine; EGF: 
epithelial growth factor; FGF10: fibroblast growth factor-10; TGF-β: transforming growth factor-β; RhoK: Rho-
associated coiled-coil forming protein serine/threonine kinase. 

Reagent 
Mouse Human 

Adult sto./ 
Embr. sto. 

Adult duod. jej./ 
Embr. int. Ile. / Col. Stomach Sm. int. / Col. 

AD++ 30% 80% 30% 30% 30% 
Wnt CM 50% - 50% 50% 50% 
R-Spondin CM 10% 10% 10% 10% 10% 
Noggin CM 10% 10% 10% 10% 10% 
Primocin  100 ng/ml 100 ng/ml 100 ng/ml 100 ng/ml 100 ng/ml 
B27 1x 1x 1x 1x 1x 
N-Ac 1.25 nM 1.25 nM 1.25 nM 1.25 nM 1.25 nM 
EGF 50 ng/ml 50 ng/ml 50 ng/ml 50 ng/ml 50 ng/ml 
FGF10 100 ng/ml - - 100 ng/ml - 
Gastrin-I 10 nM - - 1 nM 10 nM 
TGF-β-inh. - - - 2 µM 0.5 µM 
p38-inh. - - - - 10 µM 
Nicotinamide - - - - 10 mM 
RhoK-inh. 10 µM 10 µM 10 µM 10 µM 10 µM 

 

To thaw the organoids, vials were collected from the liquid nitrogen and quickly 

added to 9 ml AD++ in 15 ml tubes. After inverting the tubes couple of times, they 

were centrifuged for 5 minutes at 300 x g at 4°C. Supernatant was discarded and the 

pellet was resuspended with 50 µl Matrigel per vial to be placed on a pre-warmed 

24-well plate. On the solidified Matrigel drops after 15 minutes of incubation at 37°C, 

500 µl organoid type-specific media with RhoK-inhibitor were added.    
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7.1.3 Seeding the cells from 3D organoids to generate 2D monolayers 

Growth of murine gastric cells as 2D required Matrigel coating. Therefore, prior to 

seeding cells for 2D cultures, glass slides, wells of 24-well plates and transwells were 

coated with Matrigel by incubating them in 1:10 diluted Matrigel in AD++ for 30 

minutes at 37°C. Murine gastric organoids were mechanically disrupted as described 

in 7.1.2 to be seeded. After centrifugation, the organoid fragments were resuspended 

in previously prepared growth medium supplemented with RhoK-inhibitor and 

seeded in a ratio of 1:5 as pieces or as single cell suspensions. The remaining Matrigel-

AD++ solution was removed before adding the cells.  

Human gastric cells grew on the plastic surface of 48-well plates, while collagen 

coating was required for culturing 2D monolayers on transwells. Per well, solution 

of 1.6 µl collagen I in 150 µl of 2 M acetic acid was added and incubated for 1 hour at 

37°C prior to seeding. After the human gastric organoids were shredded and 

centrifuged as described in 7.1.2, the supernatant was removed and the pellet was 

resuspended in 1 ml TrypLE Express. First after 5 minutes, then 10 minutes in 37°C 

water bath, cells were again pipetted with the narrowed Pasteur pipette to obtain 

single cells. Using the Neubauer counting chamber, cells were counted, and the cell 

suspension was diluted according to the required cell amount. On 48-well plates 

1x105, on transwells 2x105 cells were seeded for the 2D culture to reach the confluency 

at day 7.  The remaining solution was discarded before seeding the cells. In 

transwells, TEER to ion migration reached 390-540 Ω*cm2, which is in the range of 

published measurements [88].   

7.2 Gene expression analyses 

7.2.1 Total RNA extraction 

RNA was isolated from organoids, isolated gastric glands or intestinal crypts 

according to the manufacturer’s recommendations (RNeasy Mini Kit). For RNA 

isolation from organoids, Matrigel was first removed from the cultures by gentle 

disruption with cold AD++ and centrifuging 5 minutes at 300 x g at 4°C. 

7.2.2 cDNA synthesis 

Complementary DNA (cDNA) was generated using established reverse transcriptase 

protocols. 500 ng RNA were mixed with nuclease-free water up to 10 µl. After 
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addition of 2 µl of random primer mix (60 µM), the solution was incubated in a 

thermal cycler for 5 minutes at 65°C and cooled down at 4°C for 5 minutes. 

Subsequently, reaction mix was prepared for each tube as explained below and 

incubated in the thermal cycler as indicated in Table 18 and Table 19, for two 

different reverse transcriptases used in this project.   

Table 18: Reaction mix and duration protocol used for cDNA synthesis by ProtoScript II reverse transcriptase. 

Component 1x  Temperature Time  

ProtoScript II reaction buffer (5x) 4 µl  25°C  5 min  

10x DTT (0.1 M) 2 µl  42°C  60 min 

 dNTP mix (10 mM) 1 µl  65°C 20 min 

ProtoScript II RT (200 U/µl) 0.5 µl  12°C  ¥  

Nuclease-free water 0.5 µl     

 

Table 19: Reaction mix and duration protocol used for cDNA synthesis by M-MuLV reverse transcriptase. 

Component 1x  Temperature Time  

M-MuLV reaction buffer (10x) 2 µl  25°C  5 min  

dNTP mix (10 mM) 1 µl  42°C  60 min 

 M-MuLV RT (200 U/µl) 0.25 µl  65°C 20 min 

Nuclease-free water 4.75 µl  12°C  ¥  

      

7.2.3 Conventional PCR and RT-qPCR  

Conventional and quantitative reverse transcription PCR (RT-qPCR) were performed 

using the same primers (diluted to 10 µM), which are listed in Table 11 and Table 12 

(page 93). PCR was performed with the reaction mix and cycling protocol as 

indicated in Table 20 below.  

Table 20: Reaction mix and cycling protocol used for conventional PCR. 

Component 1x  Temperature Time  

cDNA 1 µl  94°C  5 min  

10x Standard Taq reaction buffer 2.5 µl  94°C  30 sec 

34x dNTP mix (10 mM) 0.5 µl  55°C 30 sec 

Taq DNA polymerase (5000 U/ml) 0.2 µl  72°C  30 sec 

Forward primer 0.5 µl  72°C  7 min  

Reverse primer 0.5 µl  12°C  ¥  

Nuclease-free water 19.8 µl    
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RT-qPCR was performed using SYBR Green reaction mix, as indicated in Table 21. 

Results were calculated using the ΔΔCt method. Relative quantification was achieved 

by normalizing results to the values obtained for GAPDH.  

Table 21: Reaction mix and cycling protocol used for RT-qPCR. 

Component 1x  Temperature Time  

SYBR Green reaction mix 5 µl  95°C  3 min  

Forward primer 0.5 µl  95°C  10 sec 

39x Reverse primer 0.5 µl  55°C 30 sec 

Nuclease-free water 3 µl  95°C  10 sec 

   95°C  5 sec  

   95°C  0.5 °C  

 

7.2.4 Agarose gel electrophoresis 

10 µl PCR product was mixed with 2 µl 6x loading dye and was loaded on a 2% TAE 

agarose gel. The gel electrophoresis was performed at 120 V for 30 minutes.  

7.3 Stimulation assays 

7.3.1 Stimulation of 3D and 2D cultures by ligand addition to media 

To investigate activation of the NF-κB pathway, organoids were incubated for the 

indicated times with medium containing recombinant human TNF-α, LPS from 

Escherichia coli (E. coli), flagellin or Pam3CSK4 in the final concentration as stated in 

the respective section of the results. 3D organoids or 2D monolayers were stimulated 

shortly before the day on which they were due to be passaged to allow their 

maturation (murine organoids on day 5, human organoids on day 10-12). For 

microinjection, 3D organoids were seeded in 50 µL of Matrigel in 4-well multi-dishes, 

for isolation of RNA, or 8-well µ-slides, for microscopy.  

7.3.2 Stimulation of 3D organoids by microinjection 

Organoids were microinjected with LPS (100 ng/ml) or Fluorescein Isothiocyanate 

FITC-dextran (0.5 ng/ml) on day 5 using a micromanipulator and microinjector 

together with a stereomicroscope within a sterile safety cabinet. FITC-dextran was 

imaged after injection by live cell microscopy using a Leica DMI6000B with a 10 X 

objective. For LPS stimulation, 50 organoids were injected within each well. Injections 

were performed in a paired manner inside and outside the organoids on the same 
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plate. 2 h after injection of LPS, organoids were removed from Matrigel and lysed for 

isolation of RNA. For transwell experiments, approximately 200,000 cells were 

seeded into collagen-coated transwell inserts placed into a 24-well plate. 

7.3.3 Quantification of nuclear translocation of NF-κB 

Dissociated murine gastric organoids were seeded onto Matrigel-coated glass cover-

slips to form 2D monolayers for immunofluorescence staining. Cells were grown for 

5 days to reach approximately 80% confluency and stimulated with LPS as indicated 

in individual figures. Cells were fixed with 2% PFA for 20 min at room temperature. 

Cells were washed 3 times with PBS and permeabilized in 1 X PBS supplemented 

with 0.3% Triton X-100 and 1% fresh BSA for 1 h. Cells were stained with anti-p65 

rabbit monoclonal antibody (8242, Cell Signaling), 1:400 in 1 X PBS supplemented 

with 0.3% Triton X-100 and 1% BSA overnight at 4 °C followed by Alexa Fluor 488-

conjugated anti-rabbit IgG (Cell Signaling), 1:250 in 1 X PBS supplemented with 0. % 

Triton X-100 and 1% BSA for 3 h at room temperature. DNA was stained with 

Hoechst 33342. After washing 3 times with PBS, cells were mounted on glass slides 

in mounting medium. Stained cells were visualized using a fluorescence microscope 

(EVOS). To quantify the percentage of cells with p65 localized in the nucleus, 9 frames 

per well were imaged and p65 nuclear translocation was manually quantified for all 

9 images, resulting in a total quantification of several hundred (usually 

approximately 1,500) cells.  

7.4 RNA sequencing  

RNA was isolated from organoids and was delivered to Core Unit Systems Medicine 

(CU SysMed), University of Würzburg, Germany for library preparation and 

sequencing. Libraries for RNA sequencing were prepared using the Illumina TruSeq 

Stranded mRNA Library Prep Kit (Cat#20020594) with 500 ng of total RNA for the 

construction of sequencing libraries. RNA sequencing was performed using single-

end reads on the Illumina NextSeq 500 platform. Quality control was also performed 

by the core unit using FastQC (Babraham Bioinformatics) and the reads were 

obtained for further analysis. 
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7.4.1 Bioinformatic analysis 

Reads were aligned and mapped to the mouse reference genome GRCm38 or the 

human reference genome GRCh38 with segemehl [218] as a part of RNA-seq pipeline 

READemption (V.0.4.3) [219] which includes aligning the reads to the reference 

genomes. Raw read alignments were counted using htseq-count [220]. Bioinformatic 

analysis was performed in the R software package V.3.4.4 using Bioconductor V.3.6 

packages. Low quality reads and adapter sequences were removed using cutadapt 

(V.1.16) [221]. Using RUVseq batch correction was performed by calling the ruvs 

function [222]. Raw counts were normalized by DESeq2’s [223] median of ratios 

method and these values are depicted in the bar graphs. Differential gene expression 

analysis was performed on normalized counts using DESeq2 with a cut-off of 

adjusted p<0.05. The Benjamini-Hochberg method was used to adjust the p-values. 

For the heatmaps, the normalized counts were scaled for Z-score with row means of 

0, and heatmaps were created using ComplexHeatmap [224]. Gene ontology 

enrichment analysis was performed using the web application of g:Profiler [178]. 

p<0.05 was considered as statistical significance and GO-terms were filtered to less 

than 3,000 genes for more definitive results.  

7.5 Statistical analysis 

Data represent mean ± standard deviation (SD). p=0.05 was taken as the maximum 

value for significance. The applied statistical tests and the level of significance are 

indicated in the figure legends.   
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Figure S 1: Organoids express tissue identity markers in a segment-specific manner. The normalized gene 
counts of selected gastric and intestinal cell marker genes for murine (A) and human (B) organoids, which were 
depicted in the heatmaps (Figure 15) in the same order. Bars represent mean ± SD, n = 3 biological samples for 
each group. 
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Figure S 2: Transcriptome profiling in the human and murine GI tract reveals segment-specific patterning of 
PRR signaling components. Graphs depict the normalized gene counts scaled in the heatmaps of Figure 19 in 
the same order. (A) Murine genes related to PRR signaling pathways. (B) Human genes related to PRR signaling 
pathways. Bars represent mean ± SD, n = 3 biological samples for each group. 

 

 



Supplementary Data 
 

126 
 

 
Figure S 3: Embryo-derived organoids express tissue identity markers in a segment-specific manner. Graphs 
depict the normalized gene counts scaled in the heatmap of Figure 31 for the genes related to gastric (for embryo-
derived organoids, Stom.) and intestinal (for embryo-derived proximal intestinal organoids, Int.) tissue-specific 
markers in the same order. Bars represent mean ± SD, n = 3 biological samples for each group, except embryonic 
stomach which is n=2. 

 

 



Supplementary Data 
 

127 
 

 

Figure S 4: Transcriptome profiling of the adult and embryonic mouse derived gastric and proximal intestinal 
organoids revealed patterned expression of genes related to PRR signaling pathways. Graphs depict the 
normalized gene counts scaled in the heatmaps of Figure 33 for the genes related to pattern recognition receptor 
signaling pathways in the same order. Stom.: embryo-derived gastric organoids, Int: embryo-derived proximal 
small intestinal organoids. Bars represent mean ± SD, n = 3 biological samples for each group, except embryonic 
stomach which is n=2. 
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Figure S 5: PRRs are expressed in different patterns through murine crypt-villus axis and between crypts of 
small intestine and colon. All experiments were performed by Kozuka et al. [188]. Murine small intestinal 
(duodenum, jejunum and ileum) villi and crypts and colonic (proximal colon, distal colon) crypts were isolated, 
total RNA was extracted and sequenced. The data were generated from the RNA-seq counts under the 
accession number GSE104803 in GEO database. The normalized gene counts for the genes related the innate 
immunity (for the genes depicted in Figure 19). Bars represent mean ± SD, n = 2 biological samples for each 
group.  
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Figure S 6: Murine small intestinal and colonic cells were seeded on transwells as 2D monolayers and 
differentiated upon adjusting the medium conditions. All experiments were performed by Kozuka et al. [188]. 
The small intestinal and colonic cells were seeded on transwells and either differentiated or kept undifferentiated 
by different medium conditions. (A) Table depicting the ingredients of media for undifferentiated/differentiated 
cultures of small intestine and colon. (B) Type of medium added on cells and durations of culturing. At day 5, 
medium conditions were changed to drive the differentiation of cells and all samples were collected at day 7-8 
for the RNA to be extracted and sequenced. SBM: Supplemented basal medium, W: WNT (1x for colon, 2.5x for 
small intestine), E: EGF, N: Noggin, R: R-spondin1, Y: Rho-kinase inhibitor, T: thiazovivin, B: BMP-4.  
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Figure S 7: Expression levels of selected PRRs according to the differentiation state of the small intestinal and 
colonic 2D monolayers. All experiments were performed by Kozuka et al. [188]. Small intestinal and colonic cells 
were seeded on transwells and either differentiated or not differentiated by using different medium conditions. 
Detailed culture conditions and durations can be found in supplementary Figure S 6. The data were generated 
from RNA-seq counts under the accession number GSE104803 in GEO database. Normalized gene counts for the 
genes related the innate immunity (same genes depicted in Figure 19). Bars represent mean ± SD, n = 2 biological 
samples for each group except small intestinal samples which are n=1.   
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Figure S 7: continuation  
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Figure S 8: RNA-seq data from murine small intestinal organoids with genetically ablated Cdx2 and gastric 
organoids with overexpressed Cdx2 were analyzed. (A) All experiments were performed by Simmini et al. [73]. 
Briefly, small intestinal and gastric organoids were generated from isolated crypts and glands of Cdx2-/fl/Lgr5-
EGFP-Ires-CreERT2 mice which express conditional Cdx2 gene and Lgr5-EGFP stem cells. To obtain Cdx2null 
intestinal stem cells carrying the Lgr5-EGFP marker (Cdx2null SI), 5-6 days old small intestinal organoids were 
incubated with 1 µM of 4-hydroxytamoxifen (TAM) in intestinal culture medium for 16 hours to activate the Cre-
recombinase. TAM-untreated small intestinal (Control SI) and gastric (Control Sto) organoids served as controls. 
Organoids were dissociated and sorted for high EGFP signal. Subsequently, Cdx2+ gastric organoids (Cdx2+ Sto) 
were generated by infection of the wild-type gastric organoids with lentiviral stock expressing the Cdx2 gene. 
After all the groups were cultured in gastric culture medium (ENRWfg), total RNA was extracted from all samples 
and sequenced. The data were generated from RNA-seq counts under the accession number GSE51751 in GEO 
database. (B) PCA plot of the RNA-seq data. 
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Figure S 9: Chromatin states defined by chromatin accessibility, different histone modifications and RNAPII 
binding. As the gene expression itself is oftentimes regulated by epigenetic mechanisms, the factors affecting the 
expression of a gene can be analyzed by investigating epigenetic factors regulating the gene expression. 
Transcription of a gene begins at the transcription start sites (TSS) which are a part of each gene’s promoter. 
Promoters in turn are short sequences that are able to specify the precise location and direction of the 
transcription. Additionally, enhancers (>2 Kb upstream or >1 Kb downstream of the TSSs) control the access to 
the DNA region and much of the regulatory code driving gene expression is found in these distal elements. The 
transcriptional machinery including RNA polymerase II (RNAPII) and transcription factors (TF) are assembled 
at the promoter region of a gene. The epigenetic regulations include both large changes in the chromatin structure 
or progressive transition in the chromatin from a more open to a more packed chromatin state, or the other way 
round. Chromatin is structurally supported by DNA-binding proteins called histones. The open and closed state 
of the chromatin is largely determined by modifications on amino acid residues of the histones, which can alter 
their interaction with the DNA. Particularly, acetylation (ac) and methylation (me) of the histones are critical for 
epigenetic gene regulation. Histone modifications are strongly related to gene activation or repression and are 
therefore used as epigenetic indicators of the chromatin state. For example, trimethylation of the fourth lysine 
residue on histone 3 (H3K4me3), acetylation of H3K27 (H3K27ac) and high occupancy of RNAPII mark the TSS 
and promoter region of the actively transcribed genes (red). The active gene body itself carry trimethylated H3K36 
(H3K36me3) as well as RNAPII (green). Active enhancers on the other hand are characterized by the high 
occupancy of both mono- and dimethylated H3K4 (H3K4me1, H3K4me2) and H3K27ac (yellow) [225–227]. 
Chromatin state and TF-DNA interactions can be analyzed by assay for transposase-accessible chromatin with 
high-throughput sequencing (ATAC-seq) and chromatin immunoprecipitation followed by sequencing of 
associated DNA fragments (ChIP-seq). Of the two, ATAC-seq identifies the accessible regions of the chromatin 
[184], whereas ChIP-seq helps define the histone modifications or binding sites of the corresponding transcription 
factors, to reveal the mechanisms involved in gene regulation. Following the sequencing, genome browsers such 
as the Integrative Genome Browser (IGV) can be used to visualize the ATAC- or ChIP-seq data. In ATAC-seq 
tracks, the sequencing reads enriched for accessible chromatin are generally distinct with sharp peaks along the 
genome. In ChIP-seq tracks, the peaks represent the DNA regions where the histone modification or transcription 
factor of interest is enriched. The sequencing regions enriched for transcription factors are sharp, similar to the 
ATAC-seq peaks. On the other hand, the distribution of reads for the histone modifications or RNAPII can be 
more continuous, resulting in broader peaks (adapted with permission from reference [228]; copyright 2018 
Oxford University Press).  
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Table S 1: Expression of several pattern recognition receptors is affected by the expression of Cdx2. 
Experiments were performed by Simmini et al. [73] as explained in supplementary Figure S 8. The data were 
curated from normalized RNA-seq counts provided to the GEO with accession number GSE51751. Table reveals 
the differentially expressed genes (DEGs) found in different sections of the Venn diagram found in Figure 42. 
Comparing 4 Control Sto and 4 Cdx2+ Sto organoids (Stomach), 4 Control SI to 4 Cdx2null SI organoids (Small 
intestine), DEGs in both groups (Intersection) (p<0.05 and log2Fold Change > ±1 (2-fold change)). 
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