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Abstract 

Crohn’s disease (CD) is a severe inflammatory disease of the intestines. At present, the 

exact mechanisms underlying CD are incompletely understood. However, several genetic 

and environmental factors leading to impaired barrier functions and hyperactive immune 

responses with a lack of regulatory mechanisms are considered to play important roles in 

CD. Recently, studies indicated that bile acid metabolism is altered in people with CD. 

Specifically, levels of chenodeoxycholic acid (CDCA) are increased in stool samples of 

individuals with CD. The hypotheses underlying this thesis project are that CDCA impairs 

epithelial regeneration and that CDCA enhances inflammatory processes in epithelial cells. 

To this end, the effects of CDCA on intestinal epithelial cells were characterized using human 

intestinal organoid systems. Stimulating intestinal organoids with CDCA inhibited epithelial 

regeneration, which implies a CDCA-mediated defect in the epithelial barrier function. 

Moreover, epithelial cells increased cytosolic calcium concentrations seconds after 

stimulation with CDCA, indicating the induction of intracellular signaling transduction 

pathways. A weakened intestinal epithelial barrier is an important characteristic of CD and is 

considered to contribute to the progression of the disease by allowing bacterial translocations 

from the intestinal lumen across the epithelium. To assess the effects of CDCA on the 

induction of proinflammatory pathways in epithelial cells in response to bacterial compounds, 

intestinal organoids treated with CDCA were stimulated with the TLR5 ligand flagellin. 

Pretreatment with CDCA enhanced TLR5 signaling, characterized by the increased 

production of inflammatory chemokines and cytokines, including CXCL8, CCL20, and TNF, 

compared to organoids that were only stimulated with flagellin. One reason for the increased 

production of these inflammatory mediators could be the increased epithelial TLR5 

production, which was induced by CDCA. Moreover, TLR5 expression of primary intestinal 

stem cells derived from CD-affected individuals was higher in comparison to other epithelial 

cell types. Taken together, increased levels of CDCA in people with CD may enhance TLR5 

signaling and intestinal inflammation. Furthermore, this organoid-based study can serve as 

an example for future projects to study the cellular effects of dietary factors and metabolites 

on the human intestinal epithelium in inflammatory diseases.  



xi 

Zusammenfassung 

Morbus Crohn (MC) ist eine entzündliche Darmerkrankung. Zurzeit sind die 

zugrundeliegenden Mechanismen nicht vollständig verstanden. Nichtsdestotrotz stehen 

verschiedene genetische Faktoren und Umwelteinflüsse in Verdacht, eine Schädigung der 

Darmbarriere und eine Überreaktion des Immunsystems auszulösen, in der 

immunregulatorische Kontrollmechanismen versagen. Aktuelle Studien haben gezeigt, dass 

der Gallensäuremetabolismus von Personen mit MC Veränderungen im Vergleich zu 

gesunden Menschen aufweist. Insbesondere ist die Konzentration von 

Chenodeoxycholsäure (CDCA) in Stuhlproben von Individuen mit MC erhöht. Die 

Hypothesen dieser Arbeit sind, dass CDCA die Regeneration des Darmepithels verändert 

und dass darüber hinaus entzündliche Prozesse in Epithelzellen verstärkt werden. Um die 

Effekte von CDCA auf das Darmepithel zu untersuchen, wurden Experimente mit humanen 

Darmorganoiden durchgeführt. Eine zweiwöchige CDCA-Stimulation hat dabei zu einer 

verminderten Regeneration des Darmepithels geführt, was Defekte in der Barrierefunktion 

des Darmepithels impliziert. Darüber hinaus induzierte CDCA wenige Sekunden nach der 

Stimulation einen intrazellulären Calcium-Einstrom in Epithelzellen, was auf die Initiierung 

von intrazellulären Signalwegen hinweist. Eine gestörte Darmbarriere ist charakteristisch für 

MC und trägt zur Pathogenese bei, weil es Darmbakterien erlaubt, die Epithelbarriere zu 

überwinden. Um den Einfluss von CDCA auf die Initiierung von entzündlichen Signalwegen 

in Antwort auf eine bakterielle Invasion des Darmepithels zu untersuchen, wurden zuvor mit 

CDCA behandelte Darmorganoide mit dem TLR5-Liganden Flagellin stimuliert. Im Vergleich 

zu Darmorganoiden, die nur mit Flagellin stimuliert wurden, zeigten die mit CDCA 

vorbehandelten Darmorganoide eine Verstärkung des TLR5-Signalwegs, was durch eine 

erhöhte Ausschüttung von den entzündlichen Chemokinen CXCL8 und CCL20 und dem 

Zytokin TNF gekennzeichnet war. Ein Grund für die vermehrte Ausschüttung dieser 

Entzündungsmediatoren könnte die erhöhte Expression von TLR5 sein, die durch CDCA 

induziert wurde. Darüber hinaus war die TLR5-Expression in primären Darmstammzellen 

verglichen mit anderen Epithelzelltypen in Darmproben von Individuen, die mit MC 

diagnostiziert wurden, erhöht. Daraus folgt, dass eine erhöhte Konzentration von CDCA im 

Darm von Individuen mit MC das Potential besitzt, TLR5-Signalwege und somit 

Entzündungen im Darm verstärken zu können. Außerdem zeigt diese Studie, wie humane 

Darmorganoide in Zukunft verwendet werden können, um den Einfluss von bestimmten 

Nahrungsmitteln und damit assoziierten Metaboliten auf das humane Darmepithel im Kontext 

von entzündlichen Erkrankungen zu untersuchen. 
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1. Introduction 

1.1 The human gastrointestinal tract 

1.1.1 Anatomy 

The human gastrointestinal tract is a complex system composed of different organs. It is 

divided into the upper and lower gastrointestinal tract. The upper gastrointestinal tract 

comprises the oral cavity, pharynx, esophagus, stomach, and small intestine, which is further 

separated into the duodenum, jejunum, and ileum.1 The lower gastrointestinal tract consists 

of the large intestine, which is further divided into the caecum, appendix, ascending colon, 

transverse colon, descending colon, sigmoid colon, rectum, and anus.2  

Other organs that are in direct contact with the gastrointestinal tract are the liver and the 

pancreas, which are connected to the duodenum via the bile and pancreatic ducts 

(Figure 1).3,4 Blood vessels that converge to the portal vein are in close contact with the 

intestinal epithelium. The portal vein reconnects the intestinal tract with the liver.5  
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Figure 1: Anatomy of the human gastrointestinal tract. The human gastrointestinal tract 

consists of different organs. It starts with the oral cavity and ends with the anus.1,2 Created 

with bioRender.com. 

The small intestinal epithelium consists of various cell types (Figure 2) that are constantly 

regenerated due to the continuous proliferation of intestinal stem cells (ISCs) at the bottom of 

intestinal crypts.6 Paneth cells that protect the stem cell niche by the secretion of 

antimicrobial factors surround ISCs.7 ISC proliferation depends on multiple signaling 

pathways.8 Direct cell-to-cell contact of ISCs and Paneth cells involves, for example, Notch 

signaling, which supports epithelial stem cell proliferation.7 Below the epithelial crypt, stromal 

cells and myofibroblasts are located. These cells provide WNT (a portmanteau of int and Wg 

standing for “Wingless-related integration site”) ligands and epidermal growth factor (EGF) 

that are crucial for ISC maintenance and the prevention of differentiation to terminated cell 

types.9,10 Further critical for the maintenance of the ISCs is the interaction of leucine-rich 

repeat-containing G protein-coupled receptor 5 (LGR5) with R-spondin, which additionally 

activates the WNT signaling pathway.11  

WNT signaling has been identified as a pathway that enhances proliferation in epithelial 

cells, which is hijacked by tumor cells in colorectal cancer.12 In the absence of WNT ligands, 
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β-catenin is phosphorylated and degraded.12 Activation of Frizzled receptors such as LGR5 

on the cell surface by WNT ligands leads to the dephosphorylation and translocation of β-

catenin into the nucleus, which regulates transcription factors affecting the expression of 

genes involved in proliferation and migration.13  

Transit amplification of ISCs describes the process of epithelial cells migrating out of the 

intestinal crypt and the respective stem-cell niche, leading to their differentiation.14 

Differentiation and proliferation are regulated by soluble factors in the microenvironment of 

villi and crypts.15 Ligands of the WNT signaling pathway gradually decrease from the crypt to 

the villus.16 In contrast, soluble bone morphogenetic proteins (BMP) promote the 

differentiation of stem cells.17 Their concentrations gradually increase from the crypt to the 

villus.18–20 Noggin acts as an inhibitor of BMP signaling, and its presence in intestinal crypts 

prevents the differentiation of intestinal stem cells.6,21 Previous studies showed that in 

vitro and ex vivo stimulation of intestinal stem cells with WNT ligands and BMP signaling 

inhibitors maintains the stem cell phenotype, which is the basis for the generation of 

intestinal organoid cultures.22,23 Differentiated epithelial cells across the villi consist of 

different subsets with different functional properties.20 Enterocytes have specialized microvilli 

structures at the apical side and build the epithelial brush border, which enables efficient 

uptake of nutrients from the intestinal lumen by its increased surface.20 Goblet cells are 

secretory cells that are the leading mucus producers due to the secretion of mucins.20 

Enteroendocrine cells are sensory cells that mediate signaling transduction to neurons, 

thereby forming an integral part of the gut-brain axis.20  

Cells reaching the top of the villus eventually die due to apoptosis and necroptosis, resulting 

in their shed from the intestinal epithelium.24 The continuous proliferation of ISCs at the 

bottom of crypts and the cell death of differentiated cells at the top of the villi lead to an 

epithelial turnover rate of four to five days.20 The lamina propria layer is located below the 

epithelial layer and is populated with a high number of immune cells.25 
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Figure 2: The small intestinal epithelium. The small intestinal epithelial cell layer contains 

various cell types, including enterocytes, enteroendocrine cells, Goblet cells, Paneth cells, 

and intestinal stem cells. In addition, myofibroblasts and immune cells can be found below 

the single-cell epithelial layer in the lamina propria. Gradients of epidermal growth factor 

(EGF), WNT, and bone morphogenic proteins (BMP) regulate the intestinal epithelial cell 

type composition. Adapted from Antfolk and Jensen, 2020.26 
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1.1.2 Metabolic processes 

The gastrointestinal tract plays an essential role in human physiology by fulfilling different 

functions. One primary hallmark of the gastrointestinal tract is its ability to digest and absorb 

nutrients and water. Absorption is based on mechanical and biochemical disruption of food.27 

Mechanical disruption occurs in the oral cavity by transforming food to bolus, and in the 

stomach and small intestine by muscular contractions.28 Biochemical digestion of food relies 

on enzymatic activity.27 Specialized cell types in multiple organs secrete digestive enzymes 

to enable the metabolism of large molecules such as polysaccharides, lipids, proteins, and 

nucleic acids.29–35 Most carbohydrates are metabolized into monosaccharides by amylases 

secreted in the oral cavity and the pancreas.36 Monosaccharides, such as glucose and 

fructose, can enter the bloodstream via facilitative diffusion mediated by membrane transport 

proteins of the glucose transporter (GLUT) family.36,37  

Large proteins are enzymatically split by proteases and peptidases in the small intestine into 

smaller peptides and amino acids by the hydrolysis of peptide bonds.38 Enterocytes absorb 

peptides and free amino acids via solute carrier transporters.39,40 Nucleic acids are split into 

nucleotides mediated by the activity of nucleases, which are secreted in the pancreas and 

released into the small intestine.35   

The digestion of dietary fat is complex due to its chemical structure. The predominant forms 

of dietary fats are triglycerides.41 They consist of a hydrophilic head and a hydrophobic tail, 

resulting in a low solubility in water.42 Therefore, the absorption of triglycerides and other 

lipids is challenging and involves multiple steps of emulsification, enzymatic hydrolysis, and 

solubilization.41 Lipases are secreted along the intestinal tract, starting in the oral cavity.41 

They split triglycerides into free fatty acids and monoglycerides, which form micelles in 

combination with bile acids.43 Micelles shuttle the lipolytic products to the epithelial brush 

border, where diffusion into enterocytes can occur.43 Bile acids are crucial in lipid digestion 

since their micelle complex with fatty acids, monoglycerides, cholesterol, and fat-soluble 

vitamins further increases the polarity and water solubility, enabling the uptake of these 

physiologically relevant molecules.44   

In addition, the intestinal microbiome is involved in the digestion of certain dietary 

molecules.45 For example, dietary fibers are metabolized by gut bacteria in the large 

intestine, resulting in the accumulation of short-chain fatty acids (SCFAs), which serve as an 

additional energy source for epithelial cells.45 The microbiome biomass increases from the 

stomach to the large intestine and has been quantified in a previous study.46 The colon has 

the largest microbial load, with 109 to 1012 microbes per milliliter, followed by the ileum, with 

103 to 107 microbes per milliliter.46 The commensal microbial community has essential 

functions in metabolism and also in immune regulation, and a dysregulated microbiome is 
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associated with several pathological conditions.47 For example, the SCFA butyrate has been 

shown to have direct immunoregulatory effects on the intestinal epithelium by directly 

inhibiting intracellular nuclear factor 'kappa-light-chain-enhancer' of activated B-cells (NF-κB) 

signaling, which is a key factor for the initiation of inflammation.48 Increased gut luminal 

butyrate levels have positive antiinflammatory effects in chronic intestinal diseases such as 

inflammatory bowel disease.49 Next to the direct effect of microbial-derived metabolites, the 

presence of a diverse community of the gut microbiome is closely linked to intestinal health 

as it prevents the overgrowth of species with pathogenic potential by nutrient restriction.50 

The diversity of the intestinal microbiota and its microbial products is also crucial for the 

efficient induction, training, and function of the immune system.51 Given the critical role of the 

commensal microbiota in maintaining the epithelial barrier, metabolic functions, and immune 

system, dysregulation of the microbiota can lead to the development of various diseases, 

including inflammatory and autoimmune disorders, cancers, allergies, obesity, and other 

metabolic conditions.51–54 This highlights the importance of understanding the active crosstalk 

between nutrition and metabolic factors, microbiota, epithelial cells, immune, and other cells 

in the intestinal tissue. 
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1.2 Bile acid metabolism in humans 

1.2.1 Synthesis 

As mentioned above, bile acids play a crucial role in digestion by promoting the absorption of 

fats and fat-soluble vitamins via micelle formation in the gastrointestinal tract.55 Bile acid 

metabolism is a complex interplay that involves the action of different endogenous and 

exogenous cell types in different organs, including the liver, the lower gastrointestinal tract, 

and the microbiota.56 Bile acids are synthesized in the liver and stored in the gallbladder, 

which releases its content by contraction into the small intestine via the bile duct.57 Bile acid 

metabolism is a complex and dynamic process that is discussed below.   

The two primary bile acids, cholic acid (CA) and chenodeoxycholic acid (CDCA) are 

synthesized in the liver from cholesterol in two different pathways (Figure 3).58 The classical 

path involves cholesterol 7 alpha-hydrolase (CYP7A1)-mediated production of  

7α-hydroxycholesterol that is further processed to CA by cytochrome P450 family 8 subfamily 

B member 1 (CYP8B1) and CDCA by cytochrome P450 family 27 subfamily A member 1 

(CYP27A1).59 CYP27A1 mediates the alternative pathway in hepatic and non-hepatic cells.41 

The intermediate 27-hydroxycholesterol is transported through the blood to hepatocytes, 

where CYP7B1 catalyzes the synthesis of CDCA.60 Some of the primary bile acids are 

conjugated with the amino acids glycine (G) or taurine (T) to glycocholic acid (GCA), 

taurocholic acid (TCA), glycochenodeoxycholic acid (GCDCA), and taurochenodeoxycholic 

acid (TCDCA), respectively (Figure 3).61 Conjugation of primary bile acids increases water 

solubility, which is crucial for fulfilling their physiological functions in the intestine.62 The 

classic pathway accounts for 90% of the total bile acid synthesis, whereas the alternative 

path contributes to 10% under physiological conditions.63,64 
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Figure 3: Primary bile acid synthesis from cholesterol in humans. In the classical 

pathway, cholesterol is metabolized to 7α-hydroxycholesterol, which is further processed to 

cholic acid by CYP8B1 or chenodeoxycholic acid by CYP27A1. In the alternative path, 

cholesterol is metabolized to 27-hydroxycholesterol by CYP27A1. 23-hydroxycholesterol is 

transported with the bloodstream to hepatocytes, where the synthesis of chenodeoxycholic 

acid is mediated by CYP7B1. Primary bile acids can be conjugated by amidation with glycine 

and taurine.63–65  

1.2.2 Enterohepatic circulation 

Enterohepatic circulation describes the recycling of bile acids released in the intestines and 

their transport back to the liver via the portal vein.66 Primary conjugated bile acids are stored 

in the gallbladder and released into the duodenum of the small intestine upon food uptake.57 

The intestinal epithelium reabsorbs bile acids via facilitated diffusion mediated by 

transporters such as the solute carrier family 51 member A (SLC51A) and the solute carrier 

family 10 member 2 (SLC10A2).67   

Bile acids can bind to intestinal epithelial nuclear receptors such as nuclear receptors 

subfamily 1 group H member 4 (NR1H4/ FXR), resulting in the secretion of fibroblast growth 

factor 19 (FGF19) into the portal vein.68 FGF19, in turn, regulates bile acid synthesis in the 
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liver by feedback inhibition of CYP7A1.69 Another bile acid receptor expressed in 

hepatocytes and intestinal epithelial cells is the vitamin D receptor (VDR), which mediates 

inhibition of bile acid synthesis via inhibition of CYP7A1 expression.70 Nuclear receptor 

subfamily 1 group I member 2 (NR1/2) is activated by endogenous bile acids and xenobiotic 

substances and is involved in the detoxification pathways of its ligands.71   

Once the bile acids are released into the intestine, they are exposed to the microbiota. The 

great majority of the gut microbiome are bacterial species.72 The bacterial bile salt hydrolase 

(BSH) mediates the deconjugation of primary bile acids to CA and CDCA (Figure 4).73 

Unconjugated primary bile acids can be further modified by bacterial 7α-dehydroxylation and 

7α epimerization to secondary bile acids such as deoxycholic acid (DCA), lithocholic acid 

(LCA), and other derivatives such as ursodeoxycholic acid (UDCA).74 The main known 

function of primary and secondary bile acids is to emulsify dietary lipids by micelle 

formation.75,76 Approximately 95% of bile acids are reabsorbed and transported back to the 

liver via the portal vein, where they are recycled into primary bile acids.77 In contrast, around 

5% of the bile acids released into the small intestine are not absorbed and are excreted in 

the stool.77 
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Figure 4: Enterohepatic circulation of bile acids. Bile acids are produced in the liver from 

cholesterol. The primary bile acids cholic acid (CA) and chenodeoxycholic acid (CDCA) are 

conjugated with glycine (G) or taurine (T). Conjugated bile acids are released in the small 

intestine with a meal uptake via the biliary tract. The bacterial bile salt hydrolases (BSH) 

deconjugates glycine and taurine, resulting in the presence of unconjugated primary bile 

acids in the intestine. The microbiome can further process unconjugated primary bile acids 

by 7α-dehydroxylation to deoxycholic acid (DCA), lithocholic acid (LCA), and other 

derivatives. Bile acids in the intestines are continuously reabsorbed and transported back to 

the liver via the portal vein. Adapted from Yang et al., 2021.74  

Dysregulated bile acid metabolism is reported in different diseases including diseases 

affecting the biliary tract, the liver, and inflammatory diseases. For example, total serum bile 

acids are elevated in individuals diagnosed with biliary atresia.78 A previous large 

retrospective cohort study showed altered serum concentrations of bile acids in primary 

sclerosing cholangitis and inflammatory bowel disease, characterized by increased 

concentrations of the primary unconjugated CDCA.79 It has been shown that levels of single 

bile acids can affect inflammatory processes by the induction of inflammatory cytokine 
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release.80 For example, CDCA increased C-X-C motif chemokine ligand 8 (CXCL8) 

production, whereas LCA decreased its production in a human colon carcinoma cell line.80 

The same study showed a significant decrease in the transepithelial resistance, indicating 

increased epithelial barrier permeability.80 However, the effects of specific bile acids are 

diverse and are not completely understood. Previous studies highlighted the potential of FXR 

activation through bile acid binding to block the NF-κB pathway and, subsequently, the 

downstream release of inflammatory cytokines.81 However, activation of G protein-coupled 

bile acid receptor 1 (GPBAR1/ TGR5), another bile acid receptor, can entail the c-Jun N-

terminal kinase (JNK) cascade, resulting in the release of proinflammatory cytokines such as 

IL-1β and tumor necrosis factor (TNF).82 Furthermore, translation of findings from studies of 

murine bile acids is challenging due to differences in cytochrome P450 enzymes.83 For 

example, in mice, the primary bile acid CDCA is hydroxylated to muricholic acid mediated by 

the cytochrome P450, family 2, subfamily c, polypeptide 70 (Cyp2c70), which is absent in 

humans.84 Therefore, the translation of mouse data into humans requires additional models 

and studies with human cells. The diverse effects of bile acids on inflammatory processes 

highlight that more research is needed to understand the interactions of bile acids and 

inflammation mechanisms in the human intestines. The utilization of human intestinal 

organoids may have a great potential to increase this understanding.  
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1.3 Intestinal immune regulation 

As mentioned above, the intestinal tract harbors a large microbial load including potential 

pathogens.46 Therefore, the intestinal immune system is continuously challenged by 

microbes and needs to distinguish between beneficial commensals and harmful pathogenic 

microbes.85 In addition to the cellular distinction, the intestinal immune system must be able 

to differentiate on a molecular level between harmless food-derived molecules and toxins 

produced by pathogenic microbes.86 To ensure its effective functioning, the intestine harbors 

a complex system of different cell types with distinct functional traits to provide adequate host 

defense to pathogens and tolerance to commensals.87 The intestinal immune system thereby 

plays a crucial role in maintaining intestinal functions.87 However, when the immune 

responses are dysregulated, the intestinal immune system can contribute to the development 

of immune-mediated diseases in the intestine itself and elsewhere in the body.88  

The intestinal immune system is present in different compartments, including the intestinal 

epithelium, the lamina propria, and the gut-associated lymphoid tissue (Figure 5).89 The 

intestinal epithelium consists of a single-cell layer organized in crypts, harboring the intestinal 

stem cells, and villi, harboring differentiated epithelial cell types, as already described in 

chapter 1.1.90 At the bottom of the crypts, various specialized cells create a unique 

microenvironment in which intestinal stem cells proliferate continuously.91 The special niche 

is well protected by Paneth cells that secrete antimicrobial factors and stem cell growth 

factors.92 Intraepithelial lymphocytes can reside between epithelial cells, and are involved in 

protective immune responses against pathogens.93 Furthermore, a complex network of 

myeloid and lymphoid immune cells is involved in providing protective immunity as well as 

immune tolerance in the connective tissue layer called lamina propria under the epithelium.94 

Phagocytic cells, such as macrophages and dendritic cells in the epithelial area, can take up 

antigens and migrate to mesenteric lymph nodes, where they can prime lymphocytes to 

induce adaptive immune responses.95 Subsequently, primed lymphocytes migrate to the 

lamina propria and execute their specific effector functions.95 The third part of the intestinal 

immune system is the gut-associated lymphoid tissue that summarizes lymphatics, 

mesenteric lymph nodes, and Peyer’s patches.89 Peyer’s patches are specialized structures 

involved in immune surveillance by their ability to present luminal antigens from potential 

microbes via microfold (M) cells to macrophages and dendritic cells.96   

When the complex network of the intestinal immune system is malfunctioning, pathological 

conditions can arise.97 In particular, in diseases such as inflammatory bowel disease, the 

immune system loses regulatory mechanisms and increases proinflammatory responses, 

leading to chronic inflammation.98,99 
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Figure 5: The intestinal immune system. The intestinal immune system comprises the 

epithelial cell layer and the lamina propria that contains the gut-associated lymphoid 

tissue. Professional antigen-presenting cells such as macrophages and dendritic cells (DCs) 

can take up antigens and migrate via the lymphatics to mesenteric lymph nodes, where 

lymphocyte priming can occur. Activated lymphocytes can migrate to the lamina propria and 

fulfill cell type-dependent effector functions. Intraepithelial lymphocytes (IELs) can reside 

between epithelial cells. Peyer’s patches are specialized lymphoid tissues in which microfold 

(M-) cells can present luminal antigens directly to nearby immune cells. Adapted from Wu et 

al., 2014.89 

 

1.3.1 The role of intestinal epithelial cells in host defense and 
inflammation 

Epithelial cells serve as the primary cellular barrier between the body and the luminal 

environment of the intestine, thereby playing a crucial role in the host’s defense against 

invading microbes and pathogens.100 The defense is mediated by several mechanisms. 

Goblet cells in the intestinal epithelium secrete mucins that create an intestinal mucus layer, 

which prevents bacteria from reaching the epithelium directly.101 The main skeleton 
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component of mucus is secretory mucin 2 (MUC2).102 Moreover, intestinal epithelial cells can 

secrete antimicrobial enzymes and peptides such as lysozyme and defensins that shape the 

commensal microbiota and maintain intestinal homeostasis.103 Epithelial cells protect against 

enteric pathogens not only by such innate mechanisms but also by the activation of lamina 

propria immune cells.104 Intestinal epithelial cells recognize pathogen-associated molecular 

patterns (PAMPs) and damage-associated molecular patterns (DAMPs), and provide 

corresponding signals to nearby immune cells.100 PAMPs can activate pattern recognition 

receptors (PRRs), such as nucleotide oligomerization domain (NOD)-like receptors (NLRs) 

and toll like receptors (TLRs).105,106 The sensing of PAMPs and signaling downstream of 

PRRs activates proinflammatory pathways, resulting in the secretion of cytokines, 

chemokines, and alarmins.107,108 Thereby, epithelial cells change the local microenvironment, 

leading to the attraction and activation of various subsets of immune cells in the lamina 

propria.109 Professional antigen-presenting cells such as macrophages and dendritic cells 

also express a wide range of TLRs, enabling them to initiate a fast immune response against 

invading microbes.110 The table below shows the general cellular location of TLRs and their 

main respective ligands.  

Table: Ligands and localization of TLRs.111,112 

Receptor Ligand Location 

TLR1/2 Triacylated lipoproteins Cell surface 

TLR2/6 Diacylated lipoproteins Cell surface 

TLR3 dsRNA Endosomal  

TLR4 LPS Cell surface 

TLR5 Flagellin Cell surface 

TLR7 ssRNA Endosomal 

TLR8 ssRNA Endosomal 

TLR9 CpG DNA Endosomal 

TLR10 Diacylated lipoprotein Cell surface 

 

TLR activation leads to the activation of adapter proteins and transcription factors such as 

myeloid differentiation primary response 88 (MyD88), mitogen-activated kinases (MAPK), 

and NF-κB, which initiates a signaling cascade that results in the expression of several 

chemokines and cytokines that attract and activate immune cells, thereby leading to 



15 

inflammation.113 Chemokines can initiate different types of immune responses required for 

the defense against different infectious microbes by attracting different immune cells.114 For 

example, CXCL8 is a main chemoattractant for neutrophils, whereas C-C motif chemokine 

ligand 20 (CCL20) and C-X-C motif chemokine ligand 9 (CXCL9) attract different 

lymphocytes.115–118 CXCL9 promotes the recruitment of T helper 1 (Th1) cells via the 

respective receptor CXCR3, thereby promoting a type 1 immune response to counteract 

intracellular pathogens, whereas CCL20 and its respective receptor C-C motif chemokine 

receptor 6 (CCR6) are associated with type 3 immune responses often triggered by 

extracellular pathogens and fungal infections.119   

Next to the recruitment of immune cells by chemokines, cytokines are crucial soluble factors 

that affect the function and survival of different cell types. For example, TNF is produced in 

response to TLR activation.120 TNF binding to tumor necrosis factor receptor 1 (TNFR1) 

leads to apoptotic cell death in target cells.121 In addition, proinflammatory cytokines 

stimulate epithelial cells to secrete antimicrobial products, and different cytokines have 

individual effects on mucus production.122,123 Another cytokine that induces inflammatory 

responses to enhance host defense against pathogens in mucosal tissues is interleukin 17 

(IL-17).124 IL-17 is released by T cells in response to T cell receptor activation and by other 

cell types, such as innate lymphoid cells (ILCs), in response to inflammatory cytokines such 

as interleukin 6 (IL-6) and interleukin 23 (IL-23).125,126 In target cells such as epithelial cells, 

IL-17 stimulates the production of antimicrobial peptides, chemokines, and cytokines, thereby 

promoting host defense.127   

Damaged epithelial cells also release a class of soluble factors called alarmins that are 

involved in immune cell activation and tissue regeneration.128 As an example, the alarmin 

interleukin 33 (IL-33) induces the secretion of interleukin 4 (IL-4) and interleukin 13 (IL-13) in 

target cells, thereby promoting type 2 immune responses that are proposed to be involved in 

the clearance of parasitic infections.129,130  

To counteract the excessive release of pro-apoptotic and proinflammatory mediators that can 

lead to immune-mediated tissue damage, regulatory cell types with crucial functions are 

present in the intestinal mucosa. For example, CD4-positive T cell-derived interleukin 22 

(IL-22) leads to epithelial regeneration by promoting the proliferation of intestinal stem 

cells.131 Moreover, regulatory T cells control the proinflammatory actions of different immune 

cells by their secretion of antiinflammatory cytokines such as interleukin 10 (IL-10). IL-10 

inhibits, for example, the expansion and the effector functions of other T cells and natural 

killer (NK) cells.132   

Taken together, epithelial cells are crucial in defending against intestinal microbes via innate 

immune responses and the release of cytokines and chemokines, which recruit and activate 
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immune cells. This regulation balances protective immunity and immunological tolerance, 

thereby maintaining tissue homeostasis.133  
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1.4 Inflammatory bowel disease 

1.4.1 Definition, symptoms, treatments 

When the regulation of the intestinal immune system is disturbed, chronic inflammatory 

diseases such as inflammatory bowel diseases (IBD), including CD and ulcerative colitis 

(UC), can arise.134 UC is characterized by continuous inflammation in the colon and rectum, 

whereas in CD, inflammation occurs in patches that can appear from the mouth to the 

rectum, including the large intestine and the small intestinal duodenum, jejunum, and 

ileum.135 Persistent diarrhea, abdominal pain, rectal bleeding, weight loss, and fatigue are 

common symptoms shared by both conditions.136 IBD is diagnosed by endoscopy, 

colonoscopy, and imaging techniques such as radiography, magnetic resonance imaging 

(MRI), or computed tomography scans.136 In addition, analyses of inflammatory factors in 

stool and blood samples provide information about the inflammation status.136,137  

IBD is treated based on the individual condition of the affected person and depends on the 

location of the inflammation in the gastrointestinal tract.138 Glucocorticoids are frequently 

administered in UC and ileocecal CD.138 However, repetitive administration of glucocorticoids 

is not recommended due to the systemic immunosuppressive effects and the increased risk 

of infections.138 In addition, antibiotics are used to treat infectious complications and fistulas 

in IBD.139 Further treatment alternatives are depicted by biologicals including for example 

anti-TNF monoclonal antibody therapies.138 In addition, anti-TNF monoclonal antibody 

therapies can be combined with other biologicals targeting for example interleukin-12 or 

interleukin-23 in individuals with a high disease burden.140 Surgical removal of affected 

intestinal sections is another approach that is performed in both, CD and UC.141 Despite 

several treatment options, the relapse rate of IBD is very high with 50% one year after 

treatment stops and 90% relapse 10 years after the treatment stop, highlighting the urgency 

of further understanding the pathogenesis of IBD.142   

Around 6.8 million individuals are diagnosed with IBD worldwide and the age-standardized 

prevalence rate increased from 79.5 in 1990 to 84.3 in 100,000 people in 2017.143 An Italian 

population study showed an increase in IBD prevalence from 200 per 100,000 individuals in 

2016 to 321.2 per 100,00 individuals in 2021. Similarly, the incidence increased from 6.7 to 

18.0 per 100,000 individuals per year in the same period.144 The highest age-standardized 

prevalence rates are in high-income North America and regions with a high socio-

demographic index.143 In Germany, the incidence of CD is 6.6 new cases per 100,000 people 

per year.145 Approximately 0.7% of the population in Germany is diagnosed with CD.146 For 

UC, the incidence is 4 new cases per 100,000 people per year, and the prevalence is 250 

cases per 100,000 people.145   
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Dietary patterns are associated with increased incidences and progression of IBD.147 For 

example, a high intake of fruits and vegetables is strongly associated with reduced 

incidences of UC and CD.148 A diet consisting of high amounts of fibers is also associated 

with reduced progression and increased quality of life in CD.149 In contrast, a diet containing 

high amounts of animal fats and dairy products with a low consumption of fruits and 

vegetables is associated with a high risk of developing both CD and UC.150 

 

 1.4.2 Pathogenesis 

Despite extensive studies into IBD, the exact underlying mechanisms remain not fully 

understood. This is likely due to the complexity of the disease resulting from the dysregulated 

interplay between various cells in the intestines. Many studies investigated the influence of 

genetic mutations or polymorphisms in IBD development. In genome-wide association 

studies, it has been shown that specific genetic variants are associated with IBD.151,152 The 

processes associated with genetic mutations or polymorphisms in IBD are diverse and 

involve a wide range of pathways and cell functions, such as the epithelial-immune cell 

interactions mediated by integrins, pathogen recognition as shown for nucleotide-binding 

oligomerization domain containing 2 (NOD2) variants, and cytokines such as TNF and 

IL23R.151,152   

Additionally, previous studies showed that environmental factors such as smoking, antibiotic 

treatment, and psychological stress may further contribute to IBD.153 Thus, a combination of 

genetic and environmental factors most likely leads to an impaired barrier function in the 

intestinal epithelium and subsequent inflammation (Figure 6).154 Microbes and microbial 

products can then more easily translocate from the intestinal lumen to intestinal crypts and 

into the lamina propria, leading to innate inflammatory responses from various cell types 

followed by a dysregulation of adaptive responses.155 In the chronic phase, effector cells 

such as macrophages and T helper 17 cell (Th17) cells continue to produce proinflammatory 

mediators while regulatory mechanisms mediated by regulatory T cells fail.156,157 As a 

consequence, complications such as fibrosis, stenosis, abscesses, fistula, cancer, and other 

extra-intestinal manifestations can develop.158 Further factors involved in IBD pathogenesis 

are introduced in more detail in the following subchapters. 
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Figure 6: IBD pathogenesis. IBD results from a combination of multiple factors. In the initial 

pre-disease phase, genetic and environmental factors lead to impaired barrier functions of 

the epithelium. The translocation of microbes and their products results in an acute response 

with high immune cell activation that extends to a chronic phase with loss of regulatory 

mechanisms. Long-term chronic inflammation can result in further complications such as 

fibrosis, stenosis, abscess, fistula, cancer, and extra-intestinal manifestations. Adapted from 

Neurath, 2014.158 Created with bioRender.com.  

 

1.4.2.1 The intestinal epithelial barrier in IBD 

The integrity of the epithelial barrier is crucial to prevent infections and chronic inflammation 

in the gut. Defective barrier functions are reported for both CD and UC.159–161 The 

permeability of the epithelial layer is further increased by proinflammatory cytokines that are 

secreted by immune cells in inflamed IBD tissues, as shown for TNF and interferon-gamma 

(IFNγ) produced by T cells, NK cells, or ILCs.162,163 TNF and IFNγ disrupt for example tight 

junctions as observed in epithelial cell lines and murine intestines.162 Additionally, TNF and 
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IFNs induce apoptosis in epithelial cells.164   

Moreover, it has been shown that mutations and polymorphisms in genes involved in 

epithelial barrier maintenance are associated with IBD.165 For example, genetic variants that 

lead to mucin 1 (MUC1) upregulation and consequently to an altered mucus composition are 

associated with Crohn’s disease and ulcerative colitis.165   

Furthermore, a defective barrier is associated with epithelial stem cell dysfunctions.166 For 

example, inflammation in CD correlates with decreased LGR5 expression, indicating that a 

loss of stem cell phenotype contributes to reduced epithelial layer regeneration and a 

decreased barrier function of the epithelium.166 The disease progression is further 

characterized by immune-mediated epithelial damage that can, for example, result from T 

cells or NK cells in ulcerative colitis.167 

 

1.4.2.2 Intracellular calcium signaling in IBD 

Calcium signaling plays a central role in signaling transduction pathways, metabolism, gene 

expression, cell survival, and cell death.168 The cytosolic calcium concentration is low at 

baseline but increases upon stimuli such as the binding of extracellular signaling molecules 

or the activation of intracellular messengers.168 The cytosolic calcium increase depends on 

the influx from the extracellular milieu or the intracellular endoplasmic reticulum (ER).168,169 

 The activation of cell surface receptors, such as G protein coupled receptors 

(GPCRs) via the binding of their respective ligands, can activate phospholipase C, which 

mediates the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) to inositol 

trisphosphate (IP3) that can be recognized by its respective receptor IP3R on the ER surface, 

resulting in calcium ion (Ca2+) release.168 The close contact with the ER and its calcium 

release upon certain stimuli can lead to altered membrane potentials in mitochondria, 

resulting in the generation of reactive oxygen species (ROS) as a by-product of the 

respiratory chain.169–171  

Previous studies showed that changes in cytosolic calcium signaling are involved in the 

initiation of inflammation.172 Recently, it has been shown that an increased calcium influx in 

intestinal epithelial cells leads to mitochondrial dysfunction, accumulated ROS, and NLR 

family pyrin domain containing 3 (NLRP3) inflammasome-mediated cytokine release.173 

NLRP3 activation can be induced by mitochondrial DNA (mtDNA) that derives from damaged 

mitochondria after a Ca2+ overload.174 In addition, it has been shown that the treatment of 

cells with calcium chelates inhibits the secretion of NLRP3-mediated interleukin 1 beta (IL-

1β).174–176 An intracellular calcium release can be triggered by extracellular molecules 

including adenosine triphosphate (ATP), which leads to the activation of purinergic receptors 
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and cell death in human cells.177  

Calcium release-activated channels (CRACs) are pore-forming protein complexes that 

enable calcium influx.178 Recent studies have shown that pharmacological inhibition of CRAC 

reduces the production of proinflammatory cytokines and activation markers in lymphocytes, 

including T cells and NK cells, thereby alleviating intestinal inflammation in a mouse model of 

colitis.179  

Intracellular calcium can activate calcium-dependent kinases involved in MAPK pathways 

and calcium-dependent transcription factors such as NF-κB, resulting in the transcription of 

inflammatory cytokines.180 Additionally, metabolic pathways such as glycolysis and 

mitochondrial respiration are regulated by store-operated calcium entry (SOCE), which is 

therefore involved in proliferation and effector functions in T cells.181 Loss of function 

mutations in CRAC genes lead to combined immunodeficiency, highlighting its impact on 

immune responses and the induction of inflammation.182  

Due to the big impact of calcium signaling on the generation of an inflammatory immune 

response mediated by cytokines, calcium channel blockers are proposed as potential 

therapeutic approaches in IBD.183,184  

 

1.4.2.3 Toll-like receptor 5 (TLR5) in IBD 

When the epithelial barrier in the intestine is damaged as in the case of IBD, TLRs are 

activated by microbes and microbial-derived intestinal contents and induce inflammatory 

signals to clear the invasion.185 In the small intestinal epithelium, TLR expression depends on 

the cell type and the localization within the intestinal crypt-villus structure.106 TLR5, as a 

receptor for bacterial flagellin, is expressed on Paneth cells and intestinal stem cells in 

intestinal crypts on both the basolateral and apical sides.106,186 Previous studies showed that 

specific genetic variants of TLR5 are associated with IBD. For example, a non-synonymous 

nucleotide polymorphism of TLR5 (rs5744174) is associated with CD in children.187 In 

another study, a coding variant (L616F) in the TLR5 gene was associated with CD and an 

increased release of CCL20.188 Another study highlighting the importance of TLR5 in the 

pathophysiology of IBD showed a negative association with a dominant-negative 

polymorphism in the TLR5 gene.189 Furthermore, polymorphisms in the TLR5 gene were 

associated with ulcerative colitis in an Indian cohort.190 Increased expression of TLR5 

correlates with inflammatory activity in UC.191 Moreover, increased flagellin-mediated TLR5 

signaling in experimental ileitis in mice leads to epithelial barrier dysfunction.192 However, 

other studies have also reported increased expression of TLR5 in inflamed ileal samples of 
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individuals diagnosed with CD.193 In sum, epithelial TLR5 signaling seems to play an 

important role in IBD.  

 

1.4.2.4 Dysbalanced immune cell networks in IBD 

As mentioned above, IBD results from a combination of environmental and genetic factors, 

leading to inflammatory processes in the intestines.158 Critical mediators in the pathogenesis 

are immune cells that reside close to the epithelium and in the lamina propria layer and their 

secreted cytokines.194  

In the lamina propria of individuals diagnosed with IBD, altered frequencies of specific 

immune cells have been reported.195 Single-cell analysis of CD-affected intestinal tissues 

revealed that increased numbers of activated Th17 and decreased numbers of T regulatory 

cells are present in inflamed lesions.195 Moreover, Th17-derived IL-17 is increased in 

inflamed lesions of both CD and UC-affected individuals.196 Th1 responses have also been 

shown to be involved in the development of IBD.197 CD4-positive T cells can also secrete 

IL-22, which induces proliferation of intestinal stem cells, thereby inducing epithelial 

regeneration. However, IL-22 has also been reported to be increased in IBD-inflamed 

mucosal tissue and may also have proinflammatory effects.198  

Moreover, intestinal macrophages are present in the epithelial layer and the lamina 

propria.199 Their physiological functions include the phagocytosis and degradation of 

microorganisms and dead or damaged tissue cells.200 Additionally, they release cytokines 

and chemokines with multiple functions. Macrophages are potent producers of IL-10, which 

promotes the survival and functions of regulatory T cells.201 Interestingly, loss of function 

mutations in the IL-10 gene are associated with an early disease onset in infants, indicating a 

protective role of IL-10 in IBD.158 Importantly, intestinal macrophages in inflamed areas of 

IBD-affected intestines depict an inflammatory phenotype characterized by increased TNF 

expression.202 As professional antigen-presenting cells, macrophages are also able to induce 

adaptive immune responses by activating T cells upon antigen presentation.203 Dendritic cells 

are specialized in capturing microbes and microbial products in the lamina propria and the 

epithelium, and they can present microbial peptides to activate T cells.204 In IBD-affected 

intestines, DCs produce more inflammatory cytokines and chemokines, including TNF and 

CXCL8.205   

In a meta-analysis, Liu et al. showed associations between IBD and polymorphisms in 

cytokine genes IL-1B encoding for IL-1β, IL-6, and CXCL8.206 Inflamed tissues in individuals 

with CD or UC contain a wide range of proinflammatory cytokines from various cell types.158 

Among them is CXCL8, which correlates with histological grades of active inflammation in 
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IBD.207 CCL20, which recruits T and dendritic cells, is upregulated in CD and UC but not in 

non-IBD colitis.208 TNF is highly elevated in the inflamed mucosa and the serum of 

IBD-affected individuals, and anti-TNF therapy with infliximab is frequently used to treat 

IBD-derived symptoms.209 The altered abundancies of immune cells, cytokines, and 

chemokines in inflamed lesions of individuals diagnosed with IBD highlight the complexity of 

immune-mediated inflammation in IBD and the need to understand the underlying 

mechanisms.  

 

1.4.2.5 Bile acid metabolism in IBD 

In a metabolomics study analyzing stool samples from 56 non-IBD controls, 88 individuals 

with Crohn's disease (CD), and 76 with ulcerative colitis (UC), an untargeted approach 

revealed elevated levels of primary bile acids, particularly chenodeoxycholic acid (CDCA), in 

those diagnosed with IBD.210 The study furthermore showed decreased levels of secondary 

bile acids in IBD-affected individuals.210 More recently, in a longitudinal study in which 1,785 

stool samples from 132 study participants with CD, UC, or without IBD were analyzed, it was 

shown that increased levels of the primary bile acids CA and CDCA were associated with  

IBD and a dysbiotic microbiome.211 Other studies have shown altered bile acid metabolism in 

children with IBD.212,213 For example, it has been demonstrated in untargeted metabolomic 

studies that primary conjugated bile acids are increased in stool samples of children and 

adults with CD or UC.212,213  

The root cause for altered bile acid metabolism in IBD is not fully understood since the bile 

acid pool depends on various factors, including the enterohepatic circulation feedback loop 

and the microbiome-mediated alterations of bile acids. Previous studies showed that 

interruption of the negative feedback signaling causes an overproduction of primary bile 

acids in the liver.214 For example, decreased blood levels of FGF19, the negative feedback 

signal for reduced bile acid production in the liver, are linked to increased production of bile 

acids and the development of diarrhea.214 Interestingly, it has been shown that administration 

of FGF19 in a murine model of intestinal inflammation leads to changes in the bile acid pool 

accompanied by reduced inflammation.215 FGF19 levels are significantly lower in individuals 

suffering from IBD, indicating altered signaling and potentially an increased production of 

primary bile acids.216  

Furthermore, multiple studies have shown changes in the intestinal microbiota in IBD. For 

example, a less diverse microbiota with fewer bacterial species of the phylum Firmicutes and 

Bacteroidetes and more Proteobacteria is observed in stool samples of individuals with 

IBD.217 The microbiota in healthy individuals contains more species of the phylum 
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Bacteroidetes.217 One possibility for increased levels of primary unconjugated bile acids is an 

increased activity of bacterial bile salt hydrolases (BSH) that dissociates the amino acid 

conjugate from primary bile acids, resulting in increased levels of primary unconjugated bile 

acids.73 A previous study showed BSH sequences in 591 intestinal bacterial strains within 

117 genera. This study also compared different BSH phylotypes and revealed the highest 

activity of BSH-T3, which is only found in Lactobacillus.218 However, Lactobacillus has been 

successfully used as a probiotic in IBD, indicating a protective role of BSH activity in IBD.219

 Further modifications of primary unconjugated bile acids lead to the occurrence of 

secondary bile acids. 7α dihydroxylation and 7α epimerization of CA and CDCA results in 

DCA, LCA, and ursodeoxycholic acid (UDCA).74 The lack of enzymes mediating these 

reactions is an additional potential mechanism for increased levels of CDCA. 7α 

dihydroxylation is a multi-step process based on bacterial bile acid-induced (bai) genes.220 

Interestingly, a previous study showed that the bai gene cluster is only present in Firmicutes 

species, which are less abundant in IBD-affected individuals.217,221   

Bile acids can have direct effects on immune cells with potential consequences for IBD 

pathogenesis.222 LCA decreases the LPS-induced release of proinflammatory cytokines, 

such as TNF, in macrophages depending on the expression of GPBAR1.223 Bile acids can 

also affect CD4-positive T cells.224 In mice, the bile acid pool composition depends on dietary 

and microbial factors and can induce the generation of a distinct regulatory T cell phenotype 

that ameliorates DSS-induced colitis.224 In addition, it has been shown that LCA derivatives 

can upregulate forkhead box P3 (FOXP3) and inhibit retinoid orphan receptor gamma t 

(RORgt), resulting in higher frequencies of regulatory T cells and, therefore, play an essential 

role in immune tolerance in the gut.225,226 LCA also decreased TNF and IFNg release of Th1 

cells through a VDR-dependent mechanism. Interestingly, LCA and bacterial genera that 

carry necessary enzymes for LCA synthesis are significantly reduced in the intestines of 

individuals diagnosed with IBD.213 Moreover, LCA levels are inversely correlated with IL-17 

expression of T cells.213  

Bile acids can also affect epithelial cell physiology.227 DCA and CDCA induce apoptosis in 

colorectal cancer cell lines.227 Similar to the antiinflammatory effects of secondary bile acids 

in macrophages and T cells, DCA and LCA, but not primary bile acids, inhibit CXCL8 release 

of epithelial cell lines.228 In addition, LCA and DCA promote epithelial regeneration in mouse 

intestinal stem cells by acting on GPBAR1/ TGR5.229 Another study identified genetic 

variations in bile acid metabolism-related genes, such as NR1H4, which encodes the nuclear 

bile acid receptor FXR, in individuals with IBD.230 Importantly, the total amount of bile acids 

released from the gallbladder depends on the uptake of dietary fat, which increased over the 

last decades in various populations.231,232 This trend is also accompanied by increased 

incidences of IBD.231 Taken together, bile acid production, modification, and signaling can 
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affect IBD.233 However, the exact mechanisms of how bile acids, and especially CDCA, affect 

the intestinal epithelial cell layer concerning barrier functions and inflammation remain 

incompletely understood. 
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1.5 Human intestinal organoids 

Until recently, studies of human tissues mostly relied on analyses of tissue-derived tumor cell 

lines or short-term cultivation of tissue explants. In 2009, Sato et al. described the generation 

of intestinal organoids derived from adult stem cells from intestinal tissue.234 Organoids are 

three-dimensional polarized organ-like structures.234 Up to today, they have been established 

for multiple organs, including the intestines and the liver.235,236 The cellular composition of 

intestinal organoids resembles the in vivo intestinal epithelium (Figure 7), which increases 

the potential for clinically relevant findings compared to animal models and immortalized cell 

lines.237,238 Additionally, the usage of organoids helps to reduce and replace animal 

studies.239  

Two main approaches are used to generate intestinal organoids. The first one utilizes 

induced pluripotent stem cells and a respective differentiation protocol.234 The second is 

based on the isolation and culture of adult intestinal stem cells from intestinal tissue 

samples.240  

As discussed above, the development of the intestinal epithelium strongly depends on WNT 

signaling to maintain the stem cell phenotype, which is the basis for the continuous 

proliferation of intestinal stem cells in the bottom of intestinal crypts.7 The isolation of adult 

stem cells from tissue and the addition of WNT provide the basis for generating intestinal 

organoids.7 In addition, BMP inhibitors maintain a stem cell phenotype over several weeks in 

vitro.241   

Tissue-specific processes such as organ development and specific diseases can be 

analyzed and studied with organoids by using a diverse range of established techniques, 

such as RNA sequencing, flow cytometry, imaging, and genome editing, making them a 

powerful tool for basic research.242 The usage of adult stem cell-derived organoids from 

people with different diseases enables the analysis of organ-specific biological samples that 

may improve the translation of findings into therapies.242  

So far, intestinal organoids have been used to study various diseases, including IBD. 

Organoids provide a promising tool for future IBD studies as they can be adapted to specific 

research questions. For example, the co-culture of organoids with lamina propria immune 

cells can be used to study the disturbed epithelium-immune cell communications in IBD.243 

Moreover, co-culture systems with microbes will provide more insights into the complex 

interactions between the intestinal microbiota and the epithelium.244 Lastly, incorporating 

external dietary factors and metabolites into organoid cultures will yield further insights into 

how specific molecules can alter intestinal physiology at the epithelial barrier.245  
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Figure 7: The intestinal epithelium and intestinal organoids. The intestinal epithelium 

contains crypt and villi structures. Stem cells and Paneth cells are located at the bottom of 

the crypts. The upper part of the crypt contains transit-amplifying cells. The villus has 

differentiated cell types, including Goblet, enterocytes, and enteroendocrine cells. At the top 

of the villus, epithelial cells undergo apoptosis and are shed into the intestinal lumen. 

Intestinal organoids show crypt and villus-like structures and contain the same cell types in 

vivo.23,246 Created with bioRender.com.  
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1.6 Aims of the study 

Several studies have linked the primary unconjugated bile acid CDCA to IBD. However, the 

consequences of increased CDCA concentrations in the small intestine in IBD are poorly 

understood, as previous studies are mainly based on mouse models and immortalized cell 

lines. In this study, we used human intestinal organoids derived from adult stem cells to 

better understand the impact of CDCA on epithelial regeneration and the induction of 

inflammation, in the context of  IBD pathogenesis.  

In this project, adult stem cell-derived organoids from multiple intestinal samples depicting 

multiple biological replicates were generated. These cultures were used to study the impact 

of CDCA on the regeneration of the intestinal epithelium in organoids. Furthermore, the 

ability of CDCA to induce intracellular signaling pathways in epithelial cells was assessed by 

visualizing intracellular calcium signals upon exposure to CDCA in organoids. Next, the 

influence of CDCA on flagellin-induced cytokine and chemokine expression by the intestinal 

epithelium was evaluated in organoids on mRNA and protein level. Moreover, differentially 

expressed genes in epithelial cells were determined by untargeted bulk RNA sequencing of 

CDCA-stimulated organoids, and the impact of CDCA on epithelial TLR5 signaling in 

organoids was assessed by flow cytometry and RT qPCR. Based on these experimental 

findings, primary epithelial cells derived from non-inflammatory and CD-affected intestinal 

tissues were analyzed and their TLR5 expression was compared ex vivo. 

The obtained data are prepared for publication in a peer-reviewed journal. 
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2. Materials and methods 

2.1 Materials 

2.1.1 Plastic materials 

 

  

Plastic material Provided by 
50 mL and 15 mL tubes Greiner Bio-One 

Cell strainer (70 µm) Greiner Bio-One 

CryoPure tubes, 2 mL Sarstedt  

Culture plates Greiner Bio-One 

Corning™ 96-Well Cluster Tube System Thermo Fisher Scientific 

Pipette tips Sarstedt, Thermo Fisher Scientific 

Serological pipettes Sarstedt 

Syringe B Braun 

Whatman filter (0.2 µm) Whatman plc. 

Micro tube 1.5 mL DNA LowBind Sarstedt 

LightCycler® 480 Multiwell Plate 96, clear Roche 

Sealing Tape, optically clear Sarstedt 
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2.1.2 Reagents 

Name Provided by  

1,4-Dithiothreitol (DTT) Roth 

2-Propanol Sigma-Aldrich 

A83-01 Bio-Techne 

Advanced DMEM/F-12 Thermo Fisher Scientific 

AlbuMAX™ II Lipid-Rich Bovine Serum Albumin (BSA) Thermo Fisher Scientific 

Ambion™ DNase I (RNase-free) Thermo Fisher Scientific 

Animal-Free Recombinant Human EGF PeproTech 

Aqua ad injectabilia Braun B. Braun 

autoMACS® Running Buffer Miltenyi Biotec 

B-27™ Supplement Thermo Fisher Scientific 

Cal-520(TM), AM AAT Bioquest 

Chenodeoxycholic acid Sigma-Aldrich 

Choloroform molecular biology grade Th. Geyer 

Corning™ Matrigel™ Thermo Fisher Scientific 

Dimethylsulfoxide (DMSO) Sigma-Aldrich  

DNAse I Stemcell 

Dulbecco’s Phosphate Buffered Saline (PBS) Sigma-Aldrich  

Ethanol Th. Geyer 

Ethanol vergällt Th. Geyer 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich 

Fetal bovine serum (FBS) Capricorn Scientific 

FLA-ST (flagellin) Invivogen 

Fructose Sigma-Aldrich 
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Gastrin Sigma-Aldrich 

Gibco™ HEPES (1 M) Thermo Fisher Scientific 

Gibco™ TrypLE™ Express Enzyme (1x), phenol red Thermo Fisher Scientific 

Gibco™ Zeocin™ Selection Reagent Thermo Fisher Scientific 

GlutaMAX™ Supplement Thermo Fisher Scientific 

Glycerol Sigma-Aldrich 

GlycoBlue™ Coprecipitant Thermo Fisher Scientific 

Hank’s Balanced Salt Solution Sigma-Aldrich  

Gibco™ HEPES (1 M) Thermo Fisher Scientific 

Hoechst 33342, Trihydrochloride, Trihydrate Thermo Fisher Scientific 

Iscove's Modified Dulbecco's Medium (IMDM) Thermo Fisher Scientific 

Lymphocytes Separation Media Capricorn 

N2 Supplement Capricorn 

N-Acetylcysteine Sigma-Aldrich 

Nicotinamide Sigma-Aldrich 

Noggin conditioned medium (NCM) Home-made, produced by 

HEK293-Noggin-Fc cells 

Paraformaldehyde Sigma-Aldrich  

Penicillin/ Streptomycin (P/S) Sigma-Aldrich 

Percoll® Sigma-Aldrich 

Recovery™ Cell Culture Freezing Medium Thermo Fisher Scientific 

RNaseOUT™ Recombinant Ribonuclease Inhibitor Thermo Fisher Scientific 

RPMI-1640 Thermo Fisher Scientific 

R-spondin-1 conditioned medium (RCM) Home-made, produced by 

HEK293-R-spondin-1-Fc cells 

SB 202190 Sigma-Aldrich 
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SYBR® Green highQU GmbH 

Triton™ X-100 solution Sigma-Aldrich 

TRIzol™ Reagenz Thermo Fisher Scientific 

Trypan Blue solution Sigma-Aldrich 

TrypLE™ Express Gibco 

TWEEN® 20 Th. Geyer 

WNT3a conditioned medium (WCM) Home-made, produced by 

WNT3a-producing L cells 

Y-27632 Stemcell 
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2.1.3 Buffers, solutions, and medium 

Name  Composition  

Advanced DMEM/ F-12 + + + (AD +++) Advanced DMEM/ F-12 98% 

(v/v),  

P/S 1% (v/v),  

HEPES 10 mM,  

GlutaMAX™ Supplement 1% (v/v) 

BD intracellular staining mix  Water 90%, 

Permeabilization Buffer 10% 

EDTA/ DTT buffer  IMDM 94% (v/v), 

FCD 5% (v/v),  

P/S 1% (v/v), 

EDTA 5 mM,  

DTT 2 mM 

Freezing medium  FCS 90% (v/v),  

DMSO 10%  

Fructose-glycerol clearing solution Glycerol 60% (v/v), 

Fructose 2.5 M, 

Water 40% (v/v) 

Intestinal organoid expansion medium (EM) AD +++ (17.5% (v/v)), 

RCM (20% (v/v)), 

NCM (10% (v/v)), 

B-27 (1x), 

N-2 (1x), 

EGF (50 ng/mL), 

N-acetylcysteine (1.25 mM), 
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Gastrin (10 nM), 

Nicotinamide (10 mM), 

A83 (500 nM), 

SB202190 (10 µM), 

WCM (50% (v/v)), 

Y-27632 (10 µM) 

Organoid washing buffer (OWB) Triton X-100 0.1% (v/v), 

BSA (2 g/l), 

PBS 99.9% (v/v) 

Overnight medium for short-term storage of tissue 

samples 

IMDM 79% (v/v),  

FBS 20% (v/v),  

P/S 1% (v/v) 

PBS – Tween (PBT)  Tween 20 0.1% (v/v), 

PBS 99.9% (v/v) 

PBS-BSA BSA 10 g/l 

PBS 

Washing medium for tissue samples  IMDM 97% (v/v), 

FCS 2% (v/v),  

P/S 1% (v/v) 

Calcium measurement buffer Ca2+ 1 mM 

140 nM NaCl 

HEPES 20 mM 

1 mM NaH2PO4 

Glucose 5.5 mM 

pH 7.4 
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2.1.4 Equipment 

Device Provided by 
Biosafe SC-smart  Cryotherm 

Centrifuge MEGA STAR 1.6R  VWR 

Cytek® Aurora System Cytek 

HB-1000 Hybridizer  UVP 

HERAcell VIOS 160i Incubator  Thermo Fisher Scientific  

Lightcycler 480 II Roche 

Microcentrifuge Micro Star 17 VWR 

Microscope LEICA DM IL LEICA 

Neubauer chamber Paul Marienfeld GmbH & Co. KG 

Nikon TI2 (Nikon) based spinning-disk 

system 

Nikon 

Pipettes Eppendorf AG, Integra Biosciences  

Shaker GFL-3005 GFL 

Spectrophotometer NanoDrop 1000 PeqLab 

StrataCooler Cryo Presevation Module Agilent 

TC20™ Automated Cell Counter  BioRad  

Tecan Safire Tecan 

Thermo Scientific HeraFreeze Thermo Fisher Scientific 

Thermo Scientific™ Herasafe™ KS, Class II 

Biological Safety Cabinet 

Thermo Fisher Scientific  

Thermomixer Eppendorf AG, Integra Biosciences  
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2.1.5 Antibodies and primer 

Extracellular staining antibodies 

Target Fluorochrome Provided by 
CD16 BV785 BioLegend 

CD45 BV605 BioLegend 

EpCAM BV605 BioLegend 

EpCAM BV650 BioLegend 

EpCAM  BV421 BioLegend 

TLR4 BV421 BioLegend 

TLR5 APC BioLegend 

 

Intracellular staining antibodies 

Target Fluorochome Provided by 
Ezrin AF700 R&D Systems 

LGR5 PE R&D Systems 

MUC2 FITC Santa Cruz 

 

Primer 

Gene name Sequence/ Provider 

B2M Fwd 5’ – GCGGGCATTCCTGAAGCTGACAGCA – 3‘ 

Rev 5’ – TACATCAAACATGGAGACAGCACTC – 3‘ 

CCL20 Biorad 

CXCL8/ IL-8 Biorad 

GAPDH Fwd 5’ – CGGAGTCAACGGATTTGG – 3‘ 

Rev 5’ – TGATGACAAGCTTCCCGTTC – 3‘ 

IL-1β Biorad 

TLR5 Fwd 5’ – TTGCTCAAACACCTGGACAC – 3‘ 

Rev 5’ – CTGCTCACAAGACAAACGAT – 3‘ 

TNF Fwd 5’ – CTCTTCTGCCTGCTGCACTTTG – 3‘ 



37 

Rev 5’ – ATGGGCTACAGGCTTGTCACTC – 3‘ 

  

2.1.6 Kits 

Name Provided by  

Ambion DNase I (RNase-free) Invitrogen 

BD Cytofix/Cytoperm™ BD Biosciences 

LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit Thermo Fisher Scientific 

Human Luminex® Discovery Assay R&D Systems 

PCR Add-on Kit for Illumina Lexogen 

qScriber™ cDNA Synthesis Kit highQU 

QuantSeq 3‘ mRNA-Seq Library Prep Kit for Illumina 

(FWD) 

Lexogen 

RNeasy Plus Micro Kit (50) Qiagen 

 

2.1.7 Software & websites 

Name Provided by  

bioRender bioRender.com 

FACSDiva BD Biosciences 

FlowJo 10 Tree Star Inc. 

Graphpad Prism 10 Graphpad Software Inc. 

Kangooroo Lexogen 

LightCycler® 480 SW 1.5 Roche 

Magellan6 Tecan 

Mendeley Version 1.19.8 Mendeley 

Microsoft Office 2016 Microsoft 

ND-1000 V3.8.1 PeqLab 
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NIS-Elements Imaging Software Nikon 

GOAT In-house tool published as 247 

RStudio R 

SpectroFlo Cytek Biosciences 
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2.2 Methods 

2.2.1 Human intestinal sample collection 

Human intestinal tissues were obtained from resected tissues at surgeries to correct 

reconstruction of ileostomy, tumor resection, or CD. The collection of samples in the study 

was approved by the ethics committee of the Freie Hansestadt Hamburg Medical 

Association, and all persons provided informed consent for the collection of tissues. Tissues 

were collected at the University Medical Center Hamburg-Eppendorf. All intestinal samples 

used in this study were derived from ileal sections. Samples were either processed freshly or 

stored at 4 °C in an overnight medium and processed the following day. Fat and muscle 

tissue were removed mechanically. Samples were cut into pieces of approximately 0.5 cm2 

and distributed further to generate organoids from adult stem cells and to isolate the 

intestinal epithelial cell layer. In total, twelve intestinal samples affected by CD or non-

inflammatory diseases were analyzed in this study. When a comparison of CD and non-

inflamed individuals occurred, we aimed to match the two groups for age and biological sex 

assigned at birth according to sample availability.  

2.2.2 Generation of human intestinal organoids (HIOs) from mucosal tissue samples 

Intestinal tissue pieces containing adult stem cells were obtained as described in 2.1.1. For 

organoid generation, three ~0.5 cm2 tissue pieces were incubated in EDTA/ DTT buffer for 

20 minutes twice and resuspended in between. After the incubation, the supernatant was 

filtered through a 70 µm cell strainer and centrifuged at 500 x G for five minutes at 4 °C. The 

supernatant was discarded, and the obtained cell pellet was resuspended in AD+++ and 

centrifuged again. The supernatant was discarded again, and the remaining cell pellet was 

resuspended in AD+++ and mixed with Matrigel in a 1:2 ratio. Adult stem cell-containing 

droplets of 10 µL were seeded in a pre-warmed 24-well plate. The droplets were solidified for 

15 minutes and then covered with EM + 10 µM Y-27632. Cells were cultured at 37 °C and 

5% CO2. Medium change occurred every two to three days. The development of organoids 

was monitored by light microscopy. Cultures were passaged the first time when three-

dimensional organoids became visible after 10-14 days. 

2.2.3 Primary intestinal epithelial layer (IEL) cell isolation from mucosal tissue 
samples 

During the isolation process, samples were kept on ice if not indicated differently. Fat and 

muscle tissues were removed mechanically. The samples were cut into ~0.5 cm2 pieces. 

Three pieces were used to generate organoids (chapter 2.2.2), and the remaining tissue was 

used for primary cell isolation. Tissue pieces were incubated in EDTA/ DTT buffer for 
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20 minutes in a hybridization incubator at 37 °C. The supernatant was pipetted through a 70 

µm cell strainer. The remaining tissue was incubated again with fresh EDTA/ DTT buffer. The 

supernatant was removed again, filtered, and pooled with the first fraction. The cell 

suspension was washed twice with a washing medium containing 2% FCS and counted 

using a Neubauer counting slide and Trypan Blue solution. When sufficient material was 

present, the sample was further enriched for epithelial and immune cells by performing a 

density gradient centrifugation using Lymphocyte Separation Media. Cells were resuspended 

in 10 mL Hank’s Balanced Salt Solution and layered on 4 mL Lymphocyte Separation Media. 

Tubes were centrifuged for 22 minutes at 1000 x G with minimum acceleration and 

deceleration. The middle cell layer was carefully harvested, washed with a washing medium, 

and counted using a Neubauer counting slide and Trypan Blue. 

2.2.4 Passaging organoids 

Organoid growth was examined regularly by light microscopy. Based on the density and the 

morphology of the organoids, the splitting ratio was determined before starting with the 

passaging procedure. First, the culture medium was removed from the well and discarded. 

Organoid-containing Matrigel droplets were dissolved in ice-cold AD+++ and transferred to a 

15 mL conical tube. Organoids were centrifuged at 300 x G and 4 °C for five minutes. The 

supernatant containing Matrigel was removed and discarded. Organoids were resuspended 

in 1 mL AD+++. Organoids were disrupted mechanically by pipetting them 40 times 

thoroughly with a 200 µL tip plugged below a 1000 µL tip. The tube was filled with 4 mL 

AD+++ and centrifuged again with 400 x G and 4 °C for five minutes. The supernatant was 

removed, and cells were resuspended in AD+++ and Matrigel (1:2) and seeded in pre-

warmed 24-well plates. Three 10 µL droplets were seeded per well. Droplets solidified for 15 

minutes before they were covered with 500 µL pre-warmed EM. The medium was changed 

every two to three days until the following passage by removing and discarding the old 

medium without touching the Matrigel droplets. Fresh pre-warmed EM was then carefully 

placed in the wells covering the droplets. Organoids were cultured at 37 °C and 5% CO2. 

2.2.4 Dissociating HIOs to single epithelial cells  

Organoid dissociation to single cells was achieved by an enzymatic digest. Firstly, the culture 

medium was removed and discarded. Matrigel droplets containing organoids were harvested 

by resuspension in ice-cold AD+++. Then, cells were centrifuged at 4 °C 500 x G for five 

minutes, and the supernatant was removed and discarded. The pellet was resuspended in 

TrypLE™ Express Enzyme (1X), phenol red, incubated at 37 °C for five minutes, and 

pipetted up and down 20 times. The suspension was assessed under the microscope to 

verify the disruption of organoids to single cells. If not fully dissociated, organoids were 
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incubated at 37 °C for another two minutes. The single-cell suspension was diluted 1:20 with 

PBS to prepare for flow cytometry analysis. Then, cells were centrifuged at 500 x G for five 

minutes and resuspended in PBS. If the single cells were used to reseed organoids, the 

suspension was diluted 1:20 with AD+++ and centrifuged at 500 x G 4 °C for five minutes. 

The supernatant was discarded, and the cells were resuspended again in AD+++. Organoid-

derived single cells were counted using a TC20™ Automated Cell Counter and Trypan Blue 

solution. Ten thousand single cells were seeded per well in a 24-well plate. Cells were 

embedded in a mixture of Matrigel and AD+++ in a ratio of 1:2. The droplets containing single 

cells were allowed to solidify for 15 minutes before being covered with 500 µL of EM 

supplemented with 10 µM Y-27632. Medium was replaced every two to three days. Y-27632 

was added during the first week of culture. 

2.2.5 Cell freezing and thawing 

Cells analyzed and cultured for this project derived from peripheral blood (2.2.6), intestinal 

epithelial layer cell isolation, or cultured organoids. Peripheral blood mononuclear cells 

(PBMCs) and intestinal epithelial cells were frozen in FBS + 10% DMSO. In brief, the cell 

pellet was first resuspended in FBS. Following the resuspension, the same volume of FBS + 

20% DMSO was added in tiny drops. Cells were then transferred into cryopreservation tubes 

and to a 4 °C cold StrataCooler Cryo Preservation Module, allowing a temperature decrease 

of 0.1 °C/minute to increase cell viability. The StrataCooler Cryo Preservation Module was 

then transferred to a -80 °C freezer and transferred to liquid nitrogen, holding a temperature 

below -160 °C on the next day. In order to freeze organoids, the culture medium was 

aspirated and discarded. Then, Matrigel droplets containing organoids were resuspended in 

ice-cold Recovery™ Cell Culture Freezing Medium and transferred to cryopreservation 

tubes. Samples were placed into a 4 °C cold StrataCooler Cryo Preservation Module, moved 

to a -80 °C freezer, and transferred into liquid nitrogen with -160 °C the next day. 

For cell thawing, cryopreservation tubes were placed into a 37 °C warm water bath until the 

samples were thawed almost completely. Then, cells were transferred quickly into a 15 mL 

conical and diluted with 10 mL corresponding medium or buffer. PBMCs analyzed with flow 

cytometry were filled up with 10 mL PBS. Intestinal epithelial layer cells used for flow 

cytometry analysis were filled with 10 mL washing buffer. Cells were centrifuged at 500 x G 

for five minutes, and the supernatant was discarded. Organoids cultured after thawing were 

filled with 10 mL of AD+++ and centrifuged at 500 x G at 4 °C for 5 minutes. This washing 

step was repeated a second time, and then, the organoid pellet was resuspended in AD+++, 

mechanically disrupted, and reseeded as described in chapter 2.2.4. 



42 

2.2.6 PBMC isolation from human blood 

PBMCs were isolated from peripheral blood from voluntary donations of a healthy cohort 

upon informed consent from all individuals with approval by the ethics committee of the Freie 

Hansestadt Hamburg Medical Association. PBMCs were isolated by density gradient 

centrifugation. 30 mL of blood were carefully layered on 15 mL Lymphocyte Separation 

media. Samples were centrifuged with acceleration and deceleration set to the minimum at 

500 x G for 30 minutes at room temperature. The PBMC layer was aspirated and transferred 

to a new tube. Tubes were filled with Hanks′ Balanced Salt solution and centrifuged at 

500 x G for five minutes with maximum acceleration and deceleration. The supernatant was 

discarded, and cells were rewashed with Hanks′ Balanced Salt solution. PBMCs were 

counted using a TC20™ Automated Cell Counter and Trypan Blue solution. 

2.2.7 Flow cytometry 

The cells for flow cytometry analysis were derived from PBMCs or organoids that were 

dissociated to the single cells, according to Chapter 2.2.4. Cells were resuspended in PBS 

and centrifuged at 500 x G for 5 minutes. The supernatant was discarded, and the washing 

step was repeated. The cell pellet was resuspended in a prepared mixture of surface 

antibodies in PBS and incubated for 20 minutes at room temperature, protected from light. 

After the incubation, additional PBS was added to the samples before washing. The labeled 

cell pellet was fixed by adding 4% polymeric formaldehyde (PFA) to the cells. Cells were 

fixed for 20 minutes at room temperature and protected from light. Following the fixation, 

labeled and fixed cells were rewashed with PBS and finally measured at the CytekTM 

5-Laser Aurora flow cytometer.   

Intestinal epithelial layer-derived cells were thawed, as described in Chapter 2.2.5. The cells 

were washed and extracellularly stained as described for PBMCs and organoids. After the 

extracellular staining, the primary epithelial cells were washed with 200 µL MACS buffer. 

Then, cells were fixed and permeabilized by incubating them in BD Cytofix/Cytoperm™ for 

20 minutes at room temperature. 10x BD Perm/Wash was added to the cells, which were 

then centrifuged at 500 x G for five minutes. The supernatant was discarded, and cells were 

stained with antibodies with intracellular targets in 10x BD Perm/wash. Cells were incubated 

for 20 minutes in the dark at room temperature. Then, 200 µL PBS was added, cells were 

centrifuged, resuspended in PBS, and finally measured at the CytekTM 5-Laser Aurora flow 

cytometer. 
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Table 7: Human intestinal organoid panel 1 

Target Fluorochrome Dilution 
CD16 BV785 1:100 

EpCAM BV605 1:100 

LIVE/DEAD™ Fixable Near-IR NIR 1:1000 

TLR4 BV421 1:100 

TLR5 APC 1:100 

 

Table 8: Human intestinal organoid panel 2 

Target Fluorochrome Dilution 
CD16 BV785 1:100 

EpCAM BV650 1:100 

LIVE/DEAD™ Fixable Near-IR NIR 1:1000 

TLR4 BV421 1:100 

TLR5 APC 1:100 

 

Table 9: Intestinal epithelial layer cell panel 

Target Fluorochome Dilution 
Ezrin (intracellular) AF700 1:100 

LGR5 (intracellular) PE 1:25 

MUC2 (intracellular) FITC 1:100 

CD45 BV605 1:100 

EpCAM BV421 1:100 

LIVE/DEAD™ Fixable Near-IR NIR 1:1000 

TLR5  APC 1:100 

   

2.2.8 Immunofluorescence analyses of intestinal organoids 

Immunofluorescence staining of intestinal organoids was performed as previously described 

by Dekkers et al., 2019. In brief, organoids grown from single cells were washed with ice-cold 

PBS without disrupting the Matrigel. Ice-cold cell recovery solution was added to each well 

and incubated on ice for 60 min on a horizontal shaker (60 r.p.m) to dissolve the Matrigel. 

Pipette tips were pre-coated with PBS-BSA and then used to transfer organoids into pre-

coated PBS-BSA 15 mL tubes. Tubes were filled with 10 mL cold PBS and then centrifuged 

at 70 x g for 3 minutes at 4 °C. The supernatant was discarded, and organoids were carefully 
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resuspended in 1 mL PFA for fixation using a pre-coated tip. Organoids were incubated at 

4 °C for 45 minutes. After the fixation, the tube was filled up to 10 mL with 4 °C cold PBT 

gently mixed, incubated for 10 minutes at 4 °C, and centrifuged at 70 x g for 5 minutes at 

4 °C. The supernatant was discarded, and the organoids were resuspended in 400 µL OWB 

and transferred to low-adherent fluorescence-activated cell sorting (FACS) tubes. Organoids 

were allowed to settle to the bottom of the tube. Then, 200 µL of the supernatant were 

carefully discarded, and 200 µL of OWB containing primary antibodies for TLR5 and Tight 

junction protein 1 (ZO-1) (2x concentration) were added to the tube. The samples were 

incubated overnight at 4 °C shaking. Then, 1 mL of OWB was added for washing. After 

organoids settled to the bottom of the tube, 1 mL OWB was aspirated and discarded. Then, 1 

mL of OWB was added, and samples were incubated for 2 hours. 1 mL of supernatant was 

removed, and the washing was repeated thrice. Then, 200 µL of secondary antibodies in 

OWB (2x concentration) were added to 200 µL organoid suspension, incubated overnight 

with phalloidin and Hoechst at 4 °C, and protected from light. Stained organoids were 

washed three times. Then, organoids were transferred to a 1.5 mL tube and left untouched 

for a while, allowing them to settle to the bottom of the tube. In order to prepare the samples 

for imaging, they were cleared by removing as much OWB as possible and by resuspension 

in fructose-glycerol clearing solution with a 200 µL tip with a cut-off end. The organoids were 

then incubated for 20 minutes at room temperature. Then, the organoids were transferred to 

the slide and covered with a coverslip. Spinning-disk microscopy was performed on a Nikon 

TI2 (Nikon) based spinning-disk system and the NIS-Element at the Leibniz Institute of 

Virology Microscopy facility. Images were analyzed using the 

NIS-Elements Imaging Software from Nikon. 

Immunofluorescence staining reagents 

Target Reagent Dilution 
Nuclei HOECHST 33342 1:2000 

Actin AF647 Phalloidin 1:400 

ZO-1  Goat ZO-1 Polyclonal Antibody 1:50 

TLR5 Rabbit TLR5 Polyclonal Antibody 1:500 

Secondary Donkey anti-Goat antibody, AF488 1:100 

Secondary donkey anti-rabbit AF546 1:100 

   

2.2.9 RNA isolation of organoids for reverse transcription quantitative PCR (RT qPCR) 

For mRNA expression analysis by RT qPCR, cells harvested from three droplets of Matrigel-

containing organoids were harvested in 500 µL TRIzol™ Reagent and stored at -80 °C until 
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RNA isolation was performed according to the manufacturer’s instructions. In brief, samples 

were thawed on ice and incubated for five minutes at room temperature. RNA, DNA, and 

protein contents were separated by adding 100 µL chloroform, mixing, and shaking. Samples 

were incubated at room temperature for three minutes and then centrifuged at 12,000 x g at 

4 °C for 15 minutes. The upper aqueous phase containing total RNA was carefully collected 

and transferred to a new RNase-free tube. RNA precipitation occurred by adding 250 µL 

2-propanol and 2 µL GlycoBlue™ Coprecipitant. Samples were incubated for 15 minutes at 

4 °C and then centrifuged for 15 minutes with 12,000 x g at 4 °C. The supernatant was 

discarded, and the pellet was resuspended in 300 µL 75% ethanol. Then, samples were 

centrifuged for 5 min at 7,500 x g at 4 °C, and the supernatant was discarded. The RNA 

pellet was air-dried for 10 to 15 minutes and then resuspended in 21 µL water. Finally, the 

samples were incubated for 10 minutes at 55 °C to dissolve the RNA completely. One 

microliter of RNA solution was used to measure the concentration with a NanoDrop 

spectrophotometer. 

2.2.10 RNA purification for RT qPCR 

RNA was then treated with a mixture of RNaseOUT™ Recombinant Ribonuclease Inhibitor 

and Ambion™ DNase I (RNase-free) to purify and protect the RNA according to the 

manufacturer’s instructions from degradation. In brief, RNaseOUT™ (4 mM), 10x Ambion 

buffer, and DNase I (80 U/mL) were mixed and added to 20 µL RNA. After a shaking 

incubation at 37 °C, the reaction was stopped by incubation with EDTA solution (2.5 mM) for 

10 minutes at 65 °C. 

2.2.11 Reverse transcription (RT) for RT qPCR 

To generate complementary DNA (cDNA), the qScriber™ cDNA Synthesis Kit was used 

according to the manufacturer’s instructions. In brief, one µg of RNA solution was mixed with 

water, 5X qScriber™ Reaction Mix, and 20X qScriber™ Enzyme Blend to a 20 µL reaction 

mix and placed in a thermocycler. Cycler settings are summarized in the table below. 

Synthesized cDNA was stored at -20 °C until quantitative PCR with SYBR Green was 

performed. 
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Table 11: cDNA thermocycler settings 

Time Temperature 
5 min  25 °C 

30 min 42 °C 

5 min  85 °C 

 Hold at 4 °C 

 

2.2.12 Quantitative PCR (qPCR) 

Generated cDNA was used for a quantitative PCR using SYBR Green according to the 

manufacturer’s instructions to quantify gene expression. In brief, reaction mixtures of 10 µL 

were prepared, and qPCR was performed in a LightCycler 96 System. Water, primers 

(10 µM), and SYBR Green reagent were mixed in a pre-PCR room. 0.5 µg of cDNA was 

added in a room separated from the previous working steps to avoid cDNA contaminations. 

Primers targeting CXCL8, TNF, CCL20, and IL-1β were obtained from Biorad. Primer 

sequences for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), beta-2-

microglobulin (B2M), and toll like receptor 5 (TLR5) are shown in Chapter 2.1.5. The cycler 

settings are summarized in the table below. 

 

Table 12: Lightcycler settings 

PCR step  Temperature Time Cycles 
Initial denaturation 95 °C 5 min 1 

Denaturation 95 °C 5 seconds 40 

Annealing/ extension 60 °C 30 seconds 40 

Melting curve 95 °C 15 seconds 1 

 60 °C 15 seconds 1 

 95 °C Continuous  

Cooling 4 °C Continuous  

 

2.2.13 Bulk RNA sequencing of HIOs 

According to the manufacturer's instructions, organoids were harvested, and RNA was 

isolated with an RNeasy Plus Micro Kit (50) from Qiagen. Isolated RNA was eluted in 14 µL 

RNase-free water, and 3.5 µL was used for Qubit analysis to determine the quality and the 

concentration of the isolated RNA performed by the Next Generation Sequencing facility at 
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the Leibniz Institute of Virology. 390 ng RNA were used for the library preparation with the 

Lexogen 3' mRNA-Seq Library Prep Kit for Illumina (FWD) and the PCR Add-on Kit 

according to the manufacturer's instructions. Briefly, RNA was used as a template to 

generate a first-strand cDNA. After RNA removal, the second strand was synthesized and 

purified to create the DNA library. The library was amplified using a PCR Add-on Kit. The 

cycle number for the endpoint PCR was calculated according to the manufacturer's 

instructions as 13. Amplified libraries were sent to Novogene for NovaSeq PE150 partial lane 

sequencing with 6.6 million reads per sample. Counts were aligned to the Homo sapiens 

reference genome and quantified using the Kangooroo web tool to generate the count matrix. 

The count matrix and metadata were loaded in R (Version 2023.06.1) and analyzed using 

the DESeq2 package. 

2.2.14 Human Luminex® Discovery Assay  

To quantify the production and release of cytokines and chemokines from human intestinal 

organoids into the culture supernatant, we performed a Human Luminex® Discovery Assay 

with a Human Premixed Multi-Analyte Kit. All steps have been performed according to the 

manufacturer’s instructions. Briefly, 50 µL of standard or supernatant was added to each 

well. Then, the Microparticle Cocktail was added and incubated for 2 hours at room 

temperature on a shaker at 800 rpm. Following the incubation, the liquid was removed, and 

particles were washed by adding and removing the provided wash buffer. This step was 

repeated three times. Then, 50 µL of diluted Biotin-antibody cocktail was added to each well, 

protected from light, and incubated for one hour at room temperature on a shaker at 

800 rpm. After three additional washing steps, 50 µL of diluted Streptavidin-PE was added 

and incubated for 30 minutes. After incubation, samples were washed again, resuspended in 

100 µL wash buffer, and measured using a Bio-Plex 200 System (BioRad). 

2.2.15 Cytosolic calcium measurement 

The culture medium of intestinal organoid cultures was aspirated and discarded to determine 

cytosolic calcium signals in response to CDCA in live organoids. Organoids in Matrigel were 

dissolved with ice-cold AD+++ and transferred to a conical tube. Organoids were centrifuged 

at 200 x g and 4 °C for 5 minutes. The supernatant was discarded, and organoids were 

carefully resuspended in 1 mL AD+++. Then, organoids were centrifuged again, 

resuspended in a staining buffer containing 5 µM Cal520, and incubated for 20 min at 37 °C 

in the dark. Then, fresh AD+++ was added and again incubated for 20 minutes. Loaded 

organoids were washed twice with calcium measurement buffer.  

Imaging slides were coated in two steps with 5 µL BSA (5 mg/mL) for 5 minutes and 5 µL of 

PLL. After air-drying the slides, rubber O-rings were fixed on the slide with silicon grease to 
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create a reaction chamber. Organoids in calcium measurement buffer were added to the 

chambers and placed below a spinning disk microscope with a 40-fold oil magnification 

objective. Samples were stimulated with respective reagents for 240 seconds. Images were 

acquired with a complementary camera. Cal520 fluorescence was induced with a 488 nm 

laser and detected with a 525/50 emission filter. Data processing and analysis occurred in 

Fiji, Excel, and Prism. Organoid staining, live-cell imaging, and analysis were performed by 

Miriam Kopdag and Björn-Philipp Diercks from the University Hospital Hamburg-Eppendorf - 

Department of Biochemistry and Molecular Cell Biology.  
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3. Results 

3.1 Generation of organoids from human intestinal tissue 
samples 

Human adult intestinal stem cell-derived organoids were generated to study the influence of 

CDCA on epithelial regeneration and inflammation. Therefore, intestinal sections were 

obtained after surgery from different individuals diagnosed with non-inflammatory diseases. 

To generate organoids from these tissue samples that contain intestinal crypts and epithelial 

adult stem cells, established protocols published in 2009 and 2011 by the research group of 

Hans Clevers were used.235,248   

Human intestinal organoids can be cultured in media of different compositions that affect the 

proliferation of intestinal stem cells and their differentiation to other epithelial cell types.249 To 

establish organoid cultures from fresh intestinal tissue samples, EM containing stem cell 

growth factors such as WNT, noggin, and R-spondin is used.92 This medium ensures the 

maintenance of the stem cell phenotypes in the three-dimensional organoid culture.23 Upon 

changing the culture condition to differentiation medium (DM), intestinal stem cells 

differentiate into other epithelial cell types, leading to a transition from a cystic three-

dimensional structure to a crypt-villus structure with apical-basolateral polarization.250  

Since previous studies have highlighted the importance of intestinal stem cells in tissue 

regeneration and inflammation, organoids grown in EM were used to study the effects of 

CDCA on the intestinal epithelium in this thesis.251 The three-dimensional structure of 

intestinal organoids in EM organoids was assessed by immunofluorescence (Figure 8). 

 

Figure 8: Three-dimensional structure of a human intestinal organoid. Organoids were 

grown from organoid-derived single cells for 14 days and then nuclei stained as described in 

Dekkers et al., 2019 252 using HOECHST. Images show one organoid from the top and in 

different Z-stacks (Z-1 to Z-3). Scale bar = 100 µm. 
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3.2 Effects of CDCA on intestinal epithelial regeneration 

As mentioned above, the intestinal epithelium is a dynamic single-cell layer that is 

continuously regenerated based on the proliferation capacity of crypt-based intestinal stem 

cells.253 Disturbance of the proliferation lead to defective epithelial barrier functions that can 

result in the invasion of microbes from the intestinal lumen into the lamina propria with strong 

inflammatory responses, as seen in CD.166 To investigate if varying CDCA concentrations 

can affect epithelial regeneration, we monitored the growth of organoids over 14 days by 

microscopy and subsequently quantified the development by using the Deep learning-

enhanced Generalized Organoid Annotation Tool (GOAT) (Figure 9).254 GOAT detects 

individual organoids by instant segmentation in brightfield microscopy images and allows the 

quantification of the size and the number of organoids per image (Figure 10).247 

 

 

 

Figure 9: Workflow to study the effects of CDCA on intestinal epithelial regeneration. 
Organoids were treated with TrypLE Express to obtain single cells. 10,000 single cells per 

well were seeded in Matrigel (MG) for each condition. The growth was monitored by light 

microscopy for 14 days. Created with Biorender. 

 

Figure 10 a shows the identification and quantification of organoids in microscopy images. 

CDCA in varying concentrations had differential effects on the epithelial cells, shown by 

different organoid numbers and sizes. The average organoid size decreased with increased 

CDCA concentrations. Furthermore, the number of organoids in the 250 and 500 µM 

conditions was extremely low after 14 days.   

Figure 10 b shows the organoid development over a period of 14 days in cultures derived 

from three different samples. The average organoid size in the unstimulated and the 10 µM 

condition showed no significant difference. Intestinal organoids stimulated with 100 µM 

CDCA showed decreased organoid sizes compared to unstimulated organoids, visible on 

day 11 and day 14. 250 µM and 500 µM CDCA almost completely inhibited long-term 
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organoid development, with 250 µM CDCA only allowing small organoid formation, whereas 

500 µM CDCA blocked organoid formation in all three cultures. All tested organoid cultures 

responded similarly to varying CDCA concentrations. After 14 days, intestinal organoids were 

significantly smaller in cultures treated with 100 µM CDCA compared to unstimulated 

organoids (Figure 10 c).   

In conclusion, human intestinal organoid development is inhibited by concentrations from 100 

µM or higher, indicating that an altered bile acid metabolism with increased levels of CDCA 

impaired epithelial regeneration. Since extracellular signaling transduction depends on 

cytosolic calcium signaling, we next assessed if CDCA induced the release of calcium ions 

into the cytosol.255  
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Figure 10: Influence of CDCA on intestinal epithelial regeneration. Organoids from N = 3 

non-inflamed tissue samples were cultured in EM supplemented with indicated 

concentrations of CDCA or left unstimulated. All images were analyzed using the organoid 

quantification algorithm GOAT. a) Representative images showing organoids cultured for 14 

days with increasing CDCA concentrations. The right column shows respective images 

annotated by GOAT. b) Organoid growth kinetics showing relative organoid sizes over time. 

Each data point is the mean organoid size of organoids from three different samples with six 

images per condtion. Error bars indicate the standard deviation. c) Growth comparisons after 

14 days. Scale bar = 200 µm. The horizontal bars indicate the significance of the paired t test 

statistic. **p ≤0.01.  
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3.3 Influence of CDCA on epithelial cytosolic calcium 
signals 

Calcium ions play a substantial role in signaling transduction and previous studies have 

shown the importance of cytosolic calcium influx in epithelial integrity and inflammation.256,255 

As organoid development was inhibited by CDCA, indicating an impaired epithelial barrier, 

we further mimicked bacterial exposure on the epithelium by stimulating organoids from 

multiple samples with bacterial flagellin. To assess if CDCA and flagellin can induce a 

cytosolic calcium influx in the intestinal epithelial cell model of human organoids, we used a 

microscopic approach where organoids were labeled with the cytosolic calcium labeling dye 

Cal520. These experiments were performed in collaboration with Miriam Kopdag and Björn-

Philipp Diercks from the University Hospital Hamburg-Eppendorf - Department of 

Biochemistry and Molecular Cell Biology. We investigated whether CDCA and bacterial 

flagellin have the potential to activate intracellular processes by the induction of calcium 

release and if this response is affected by a 14-day long-term exposure to CDCA (Figure 11). 

EM was supplemented with 100 µM CDCA, which has a visible effect on organoid growth but 

still allowed sufficient growth and biomass accumulation for the analysis. DMSO was used as 

a solvent for CDCA. Therefore, we used the same DMSO concentration (v/v = 0.01%) as a 

negative control. Previous publications showed cytosolic calcium influx in organoids in 

response to ATP.257 We could confirm these findings in all tested organoids from the 

individual samples and used ATP as a positive control in our experiments (Figure 11). 
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Figure 11: Workflow to study the effects of CDCA on cytosolic calcium signaling in the 
intestinal epithelium. Organoid-derived single cells were seeded and cultured in DMSO 

(control) or CDCA for 14 days. The medium was changed every two to three days. On day 

14, organoids were carefully harvested, washed, and loaded with Cal520. Organoids were 

placed under a confocal microscope, and cytosolic calcium influx was monitored during the 

stimulation with DMSO, CDCA, flagellin, and ATP. 

 

Snapshots of Cal520-labelled organoids were taken over time before, early after, and late 

after the indicated stimulations. Before each stimulation, the fluorescence intensities of 

individual cells within one organoid differed, most likely due to individual cellular processes of 

the living cells in different stages. DMSO did not induce a calcium response. CDCA induced 

a calcium influx in an acute stimulation with and without prior long-term exposure to CDCA. 

At early time points after stimulation with CDCA or ATP, an increased cytosolic calcium 

signal was observed, which was decreased late after the stimulation. The fluorescence 

intensities of CDCA and ATP-stimulated cultures differed between individual cells within the 

same organoid. Flagellin did not induce a calcium response independent of prior long-term 

CDCA stimulation (Figure 12 a).  

Organoids from five individual samples, including three non-inflammatory samples and two 

CD-affected samples, were tested. DMSO did not induce a calcium influx in any of the 

organoid cultures. CDCA led to a calcium influx with varying intensities in all organoids from 
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the individual samples. The calcium signal was also induced when organoids were cultured 

for 14 days in CDCA before an acute CDCA stimulation (Figure 12 b and c).  

The CDCA-induced calcium signal exhibited different temporal dynamics than the ATP-

induced signaling, as the calcium signal after CDCA stimulation appeared later and was 

maintained until the endpoint of the measurements at 250 seconds in organoids generated 

from each sample. In organoids generated from two out of three non-inflammatory samples, 

acute CDCA stimulation induced a higher calcium influx in untreated organoids compared to 

those pre-cultured with CDCA for 14 days (Figure 12 b). Organoids from the two CD-affected 

samples differed in calcium signal intensities (Figure 12 c). Organoids generated from CD-

affected sample 4 showed the strongest calcium response to ATP compared to organoids 

generated from other samples. The initial strong signal was lost after 120 seconds and 

followed by a second increase that was not as intense but remained stable until the end of 

the measurement. Intestinal organoids generated from sample 5 showed the highest calcium 

signal intensity early after ATP stimulation and no secondary signal. CDCA led to weak 

calcium signals at later time points in organoids generated from this sample.   

In conclusion, CDCA-induced cytosolic calcium release was detected with varying intensities 

in intestinal organoids generated from CD-affected and non-inflamed intestinal tissue 

samples. Calcium signaling could also be induced in intestinal organoids pretreated for 14 

days in CDCA before an acute CDCA stimulation. Within our measurement period, flagellin 

stimulation did not induce an increase in cytosolic calcium concentrations in epithelial cells in 

intestinal organoids. These findings indicate that CDCA activates signaling pathways in 

epithelial cells that could induce various cellular responses. As previous studies showed that 

cumulated cytosolic calcium signals can promote cytokine production, we further investigated 

if CDCA also affects the cytokine production of epithelial cells.258 
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Figure 12: Effects of CDCA on cytosolic calcium signaling in the intestinal epithelium. 
Organoids from N = 3 non-inflamed and N = 2 inflamed CD tissues were grown for 14 days 

from single cells in EM supplemented with 100 µM CDCA, 0.01% DMSO (negative control), 

100 µM CDCA, 100 ng/mL flagellin, or 10 µM ATP (positive control). The dotted line indicates 

the time point of stimulation at 60 seconds. Results are shown as fluorescence intensity 

relative to baseline fluorescence. a) Representative images showing cytosolic calcium 

signals before, early, and late after the indicated stimulation. b) Summarized data showing 

calcium signaling dynamics of organoids generated from non-inflamed intestinal samples. c) 

Summarized calcium signaling data of organoids generated from CD-affected intestinal 

samples.  
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3.4 Influence of CDCA and flagellin on intestinal epithelial 
cytokine production 

Previous studies showed that cumulated intracellular calcium signaling promotes the 

production of cytokines.258 As we observed increased calcium signaling in organoids 

exposed to CDCA, we further assessed if CDCA also induces increased cytokine release of 

epithelial cells in organoids. Furthermore, we showed impaired organoid development upon 

long-term CDCA exposure, indicating reduced barrier functions of the affected epithelium. 

This can physiologically enable microbes to cross the epithelial barrier. Consequently, 

pattern recognition receptors located on intestinal stem cells in intestinal crypts could be 

activated. Epithelial cell exposure to microbes and microbial products was mimicked again by 

the addition of bacterial flagellin, the ligand of TLR5. TLR5 signaling is crucial for protective 

immunity against pathogens but may also contribute to the development of chronic 

pathological inflammatory conditions such as IBD.192,259   

It was hypothesized that CDCA modifies TLR5 signaling and, consequently, its mediated 

cytokine release. To test this hypothesis, CDCA-pretreated organoids were stimulated with 

the TLR5 ligand flagellin for 24 hours. The mRNA and protein levels of cytokines and 

chemokines, which are frequently expressed in response to TLR5 activation, were quantified 

by RT qPCR and a Human Luminex® Discovery Assay in organoid cultures generated from 

up to seven non-inflamed tissue samples (Figure 13). 

 

Figure 13: Workflow to study the effects of CDCA and flagellin on epithelial chemokine 
and cytokine production. Organoid-derived single cells were cultured for 14 days in the 

presence or absence of CDCA and then stimulated with flagellin and CDCA for 24 h. The 

cells were harvested in Trizol for RT qPCR, and the supernatant was collected for Luminex 

Discovery Assay.  

3.4.1 Epithelial mRNA levels of cytokines and chemokines upon 
CDCA and flagellin stimulation  

Previous studies showed that downstream signaling of TLR5 results in increased 

transcription of multiple genes encoding for cytokines and chemokines, including TNF, 
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CCL20, IL-1β, and CXCL8. By using RT qPCR, we assessed the transcription of these 

targets and whether the respective mRNA levels were altered in CDCA-pretreated epithelial 

cells.  

Stimulation with flagellin resulted in a significant increase of IL-1β and CCL20 transcription 

by epithelial cells in organoids (Figure 14). The same trend was observed for TNF and 

CXCL8 mRNA levels in CDCA-stimulated organoids compared to unstimulated organoids 

although not reaching significance.  

Stimulation of intestinal organoids with CDCA alone increased the expression of TNF and 

CCL20 only marginally compared to unstimulated organoids.  

To evaluate the effect of CDCA on TLR5 signaling in intestinal epithelial cells, CDCA-

pretreated organoids were stimulated with CDCA and flagellin, and compared to flagellin-only 

stimulated organoids that were not pre-treated with CDCA. Flagellin-induced expression of 

TNF and CXCL8 in epithelial cells was not affected by CDCA. However, organoids 

pretreated with CDCA showed increased flagellin-induced expression of CCL20 and IL-1β 

compared to organoids only stimulated with flagellin (Figure 14).   

In conclusion, flagellin-induced CCL20 and IL-1β expression by epithelial cells was further 

increased by CDCA, indicating that CDCA affects TLR5 signaling in epithelial cells. As post-

transcriptional regulation can further impact cytokine and chemokine production, we 

quantified cytokine and chemokine levels in the culture supernatant by using a Human 

Luminex® Discovery Assay. 
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Figure 14: Effects of CDCA and flagellin on epithelial chemokine and cytokine 
expression. Organoids from N = 5 (TNF and CXCL8), N = 7 (CCL20), and N = 6 (IL-1β) non-

inflamed tissues were cultured in EM supplemented with 100 µM CDCA or left unstimulated. 

After 14 days, organoids were further stimulated with 100 ng/mL flagellin for 24 hours and 

harvested in Trizol. RT qPCR data show the 2-ddCT values normalized to a housekeeping 

gene and the unstimulated condition. The mean of biological replicates and the respective 

standard errors are shown. Horizontal bars indicate the significance of the Wilcoxon matched 

pairs signed rank test. *p ≤ 0.05.  
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3.4.2 Epithelial cytokine production upon CDCA and flagellin 
stimulation  

The results above showed increased mRNA levels of CCL20 and IL-1β after flagellin 

stimulation in organoids pretreated with CDCA. To assess if flagellin-induced cytokine levels 

in the culture supernatant were also affected by the pretreatment with CDCA, we used a 

Human Luminex® Discovery Assay approach that enabled the simultaneous quantification of 

multiple cytokines in the supernatant of organoid cultures. The concentrations of multiple 

cytokines and chemokines, including CXCL8, TNF, CCL20, CXCL9, and IL-1β and the 

alarmin IL-33, were measured in this regard (Figure 15). The experiments were performed 

with organoids derived from seven non-inflamed tissue samples.  

In the unstimulated conditions, TNF was not detected, whereas CXCL8, CCL20, IL-33, 

CXCL9, and IL-1β were detected in unstimulated organoid cultures with varying 

concentrations. CXCL8 and CCL20 showed the highest concentrations in the supernatant of 

organoid cultures at baseline. IL-33 and IL-1β showed a low baseline production. All cytokine 

and chemokine concentrations in the supernatants increased significantly when organoids 

were stimulated with flagellin compared to unstimulated organoids. CDCA-only stimulation of 

organoids did not alter the levels of any cytokines, chemokines, or alarmins in the 

supernatant of the cultures. Remarkably, pretreatment with CDCA increased the flagellin-

induced release of CXCL8 significantly compared to flagellin-only stimulated cultures. The 

same trend was observed for CCL20 and TNF, whereas flagellin-induced production of IL-33, 

CXCL9, and IL-1β was not affected by the CDCA pretreatment.   

The flagellin-induced increased release of TNF, CCL20, IL-1β, and CXCL8 corresponded to 

the increased expression of the corresponding genes determined by RT qPCR. The trend of 

increased flagellin-induced CCL20 levels in the supernatant of organoid cultures upon 

pretreatment with CDCA was in line with the increased expression of this gene determined 

by RT qPCR.  

These findings indicate altered TLR5 signaling mediated by CDCA in epithelial cells during 

flagellin exposure. CDCA synergistically increased the flagellin-mediated production of 

CXCL8 significantly. In addition, CCL20 and TNF showed a trend towards a higher 

production in organoids pretreated with CDCA followed by a flagellin stimulation in 

comparison to organoids that were treated with flagellin only, which highlights the potential of 

CDCA to contribute to inflammatory processes in the intestinal epithelium. To assess 

whether the expression of other genes relevant to TLR5 signaling is affected by CDCA, 

untargeted bulk RNA sequencing on organoids treated with CDCA was performed next.  
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Figure 15: Effects of CDCA and flagellin on epithelial chemokine and cytokine 
production. Organoids from N = 7 non-inflamed tissue samples were cultured in EM 

supplemented with 100 µM CDCA or left unstimulated. After 14 days, organoids were 

stimulated with 100 ng/mL flagellin for 24 h. The supernatant was collected and stored at 

-80 °C until indicated cytokine, chemokine, and alarmin levels were quantified by a Human 

Luminex® Discovery Assay. The mean of biological replicates and its respective standard 

error are shown. Horizontal bars indicate the significance of the Wilcoxon matched-pairs 

signed rank test. *p ≤ 0.05.  
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3.5 Differential gene expression of intestinal organoids 
exposed to CDCA 

To get further insights about potential mechanisms that mediate altered TLR5 signaling in 

CDCA-stimulated organoids, we performed untargeted bulk RNA sequencing with organoids 

generated from four non-inflamed intestinal samples. EM medium containing 0.01% DMSO 

(control) or 100 µM CDCA was renewed every two to three days. The organoids were 

harvested four hours after the last stimulation. RNA was isolated and quality-checked in-

house. The purified RNA was used for library preparation, and the samples were sequenced 

by Novogene. Data were analyzed using R. The experimental workflow is shown in Figure 

16. 

 

 

 

Figure 16: RNA sequencing workflow to study effects of CDCA on epithelial gene 
expression. Organoids were treated with TrypLE Express to obtain single cells. 10,000 

single cells per well were seeded for both conditions. EM medium containing 0.01% DMSO 

(control) and 100 µM CDCA was renewed every two to three days. Organoids were 

harvested 4h after the last stimulation on day 14 and processed as indicated. 

 

Principal component analysis showed altered overall gene expression upon stimulation with 

CDCA. The separation of data points is based on their treatment with DMSO or CDCA (PC1: 

37% variance) (Figure 17 a). Further analysis revealed differential expression of 17 out of 
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14510 expressed genes in CDCA-treated organoids after correction for multiple testing. Five 

genes were significantly downregulated, whereas twelve genes were significantly 

upregulated (Figure 17 b and c).  

These genes are involved in various cellular processes. Interestingly, among the differentially 

expressed genes, candidates were included that are involved in cellular growth and 

inflammation, highlighting their potential to be involved in the pathogenesis of CD.   

D-aminoacyl-tRNA deacylase 1 (DTD1) was significantly downregulated in CDCA-treated 

organoids. DTD1 is involved in the initiation of DNA replication by binding DNA unwinding 

elements.260 Its downregulation could indicate a defective proliferation capacity of intestinal 

stem cells and, therefore, a defective intestinal epithelial regeneration and reduced integrity 

of the epithelial cell layer.  

MUC1 was significantly upregulated in organoids treated with CDCA. The MUC1 gene 

encodes a trans-membrane mucin that functions as a physical barrier in healthy tissues, 

thereby providing protection against microbes.261 However, it has been shown that MUC1 

regulates the release of chemokines in a NF-κB dependent mechanism, highlighting its 

potential to affect infectious and inflammatory diseases.262 A previous study also identified 

the enrichment of MUC1 in intestinal enterocytes of individuals with CD by a meta-analytical 

approach.263  

Fibronectin 1 (FN1) was significantly overexpressed in CDCA-treated organoids. FN1 is part 

of the extracellular matrix and is increased in fibrotic tissues of individuals with CD.264 

Annexin A10 (ANXA10) is highly increased in inflamed ileal tissues of individuals with CD.193 

However, the cellular functions of ANXA10 in CD are not well understood. It is a calcium-

dependent phospholipid-binding protein of the annexin family that is involved in various 

processes including apoptosis, vesicle trafficking, calcium signaling, growth control, and cell 

division.265,266 ANXA10 expression was increased in response to CDCA stimulation of 

intestinal organoids.  

In conclusion, CDCA exposure induces an altered gene expression in epithelial cells that has 

potential consequences for a wide range of biological processes including cell growth and 

inflammation. However, this untargeted approach with a limited sample size does not explain 

the altered cytokine and chemokine productions in response to bacterial flagellin. To gain 

further insights into the mechanisms driving the increased release of epithelial cytokines in 

response to CDCA, targeted RT qPCR and flow cytometry were performed on organoids 

generated from additional tissue samples. This allowed for the assessment of the flagellin 

receptor TLR5 on epithelial cells and an investigation into whether its expression is affected 

by long-term CDCA stimulation. 
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Figure 17: Effects of CDCA on epithelial gene expression. Organoids generated from N = 

4 non-inflamed tissues samples were cultured from organoid-derived single cells and 

cultured in EM supplemented with DMSO (0.01%) or CDCA (100 µM) for 14 days. Total RNA 

was isolated and quality checked. The library was prepared and sequenced. Data were 

analyzed using R. a) Principal component analysis of DMSO and CDCA-treated organoids. 

b) Volcano plot showing differential gene expression in CDCA-treated organoids. Genes are 

considered as significantly changed if log2fold change ≥ 0.5 and adjusted p-value ≤ 0.05 

indicated by bracket lines in the plot. c) Heatmap of differentially expressed genes.  
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3.6 Influence of CDCA on epithelial TLR5 in intestinal 
organoids 

The experiments above demonstrated that CDCA pretreatment enhanced TLR5 signaling in 

epithelial cells within organoids, as evidenced by increased epithelial production of CXCL8 

and, to a lesser extent, TNF and CCL20, in flagellin-stimulated intestinal organoids. To 

investigate the underlying mechanisms contributing to these findings, the expression of TLR5 

in epithelial cells in organoids was quantified. As in the previous experiments, organoid-

derived single cells were seeded and cultured in the presence or absence of 100 µM CDCA 

for 14 days. On day 14, intestinal organoids were stimulated with CDCA and flagellin, and 

TLR5 expression was quantified 24 hours after the last stimulation by flow cytometry and RT 

qPCR (Figure 18).  

 

Figure 18: Workflow to study the effect of CDCA on epithelial TLR5 expression. 
Organoid-derived single cells were cultured for 14 days in the presence or absence of 100 

µM CDCA and then stimulated with flagellin and CDCA for 24 h. The cells were harvested in 

Trizol for RT qPCR or directly processed for flow cytometry.  

 

To quantify the cell surface expression of TLR5 by flow cytometry, the measured events 

were gated for single cells based on their SSC-A, FSC-A, and SSC-H patterns. Single cells 

were subsequently gated on live cells using a dye that enters dying and dead cells (Figure 

19 a).  

The median fluorescence intensity (MFI) of TLR5 on single viable epithelial cells was 

determined and visualized in histograms (Figure 19 b). For gating purposes, unstained 

epithelial cells from organoids were used as a negative control, and PBMC-derived  

CD14-positive monocytes were used as a positive control.   

Figure 19 c shows the mean MFI of six organoid cultures derived from individual samples. In 

comparison to baseline expression, the MFI of TLR5 on flagellin-stimulated epithelial cells 

decreased, although not statistically significant, indicating effective stimulation. The same 

effect was observed in epithelial cells derived from CDCA-pretreated organoids that were 

stimulated with flagellin. Notably, TLR5 MFI was significantly increased on CDCA-pretreated 
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organoids compared to the unstimulated condition.  

Similarly, mRNA levels of TLR5 in epithelial cells were increased upon CDCA stimulation. 

(Figure 19 d). Data are shown as fold change expression normalized to a housekeeping 

gene and the unstimulated condition. Flagellin stimulation did not result in a significant 

decrease of TLR5 mRNA levels in organoids compared to the unstimulated condition. 

Flagellin stimulation in CDCA-pretreated organoids tended to lower levels of mRNA TLR5 

compared to CDCA-pretreated organoids without flagellin stimulation.  

In conclusion, these two methods showed increased CDCA-mediated expression of TLR5 on 

the protein and the mRNA level, indicating that CDCA affects TLR5 signaling by influencing 

TLR5 expression on a transcriptional level. To further assess whether this was mimicked by 

intestinal epithelial cells from individuals with CD, we determined TLR5 expression on 

epithelial cells from non-inflamed and CD-affected intestinal tissues ex vivo.  

 



71 

 

Figure 19: Effect of CDCA on epithelial TLR5 expression. Organoids from N = 6 non-

inflamed tissue samples were cultured for 14 days in EM in the presence or absence of 

100 µM CDCA. On day 14, organoids were stimulated with 100 ng/mL flagellin for 24 h. Cells 

were stained directly for flow cytometry analysis or harvested in Trizol for RT qPCR analysis. 

a) Gating strategy to identify single live epithelial cells. b) Histograms comparing the levels of 

TLR5 in single live cells under different conditions. c) Summarized flow cytometry data 

showing the Median Fluorescence Intensity (MFI) of TLR5 in single viable cells in indicated 

conditions. d) Summarized RT qPCR data showing the 2-ddCT values normalized to a 

housekeeping gene and the unstimulated condition as fold change to the unstimulated 

condition. Horizontal bars indicate the significance of the Wilcoxon matched-pairs signed 

rank test. *p ≤ 0.05.  
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3.7 Ex vivo intestinal epithelial TLR5 expression  

Previous studies have shown that CDCA concentrations are increased in stool samples of 

individuals with CD.185 The findings above demonstrate that CDCA stimulation leads to 

increased TLR5 expression by epithelial cells in vitro in EM intestinal organoids derived from 

non-inflamed ileum samples. Based on these data, we hypothesized that epithelial cells from 

intestinal tissue affected by active CD express higher amounts of TLR5. To test this 

hypothesis, primary epithelial cells from CD-affected intestinal tissue and non-inflamed tissue 

were analyzed, and the frequencies of TLR5-positive cells were quantified by flow cytometry. 

Single intestinal epithelial cells were obtained by the incubation of small intestinal tissue 

pieces with EDTA/ DTT buffer, filtering, and washing (Figure 20). Cells were frozen and 

cryopreserved in liquid nitrogen until antibody staining and flow cytometry analysis (Figure 

21). 

 

 

Figure 20: Workflow to study epithelial ex vivo TLR5 expression. Samples were 

obtained from people with non-inflammatory diseases and Crohn’s disease after surgery. Fat 

and muscle layers were mechanically removed, and cells were isolated by EDTA/ DTT 

treatment. Single-cell solutions were cryopreserved and stored until flow cytometry staining.  

 

The intestinal epithelial cells were incubated with an antibody mix to determine target protein 

expression. Cells were gated on single live cells based on SSC-A, FSC-A, and SSC-H, as 

described above. Next, the viable cells were identified by the absence of the live/dead dye 

that stains explicitly dying and dead cells. To establish an internal positive control for TLR5, 

monocytes were identified within the CD45-positive population based on their SSC-A and 

FSC-A characteristics (Figure 21 b). CD45-negative and epithelial cell adhesion molecule 

(EpCAM)-positive epithelial cells were separated into LGR5 high positive (stem cells) and 

LGR5 low cells (non-stem cells) (Figure 21 a). 
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As shown in Figure 21 c, the frequencies of TLR5-positive epithelial cells in LGR5 high and 

LGR5 low populations in non-inflamed (N = 6) and Crohn’s disease samples (N = 6) were 

compared.    

In LGR5 low cells of non-inflamed intestinal tissues, the median frequency of TLR5-positive 

cells was low and did not differ significantly from LGR5 high cells (Figure 21 d). In contrast, in 

LGR5 high cells of CD-affected individuals, the median frequency of TLR5-positive cells was 

significantly higher compared to LGR5 low cells (Figure 21 e). However, the frequencies of 

TLR5-positive cells in LGR5 high subsets did not differ between non-inflamed and Crohn’s 

disease samples (Figure 21 f).   

In conclusion, our data show that LGR5 high-positive stem cells in CD show higher 

frequencies of TLR5-positive cells relative to LGR5 low-positive cells. This difference cannot 

be observed in non-inflamed tissue samples, indicating that in CD, stem cells differ from non-

stem cells in their expression of TLR5. However, frequencies of TLR5-positive stem cells in 

CD and non-inflamed samples did not significantly differ. Considering the dynamics of bile 

acid metabolism and the complex and intensive processing protocol of tissue samples, 

further studies are needed to evaluate TLR5 expression by epithelial cells in CD-affected 

intestines.  
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Figure 21: Ex vivo epithelial TLR5 expression by CD-affected and non-inflamed 
intestinal tissue samples. N = 6 non-inflamed tissue samples and N = 6 inflamed CD tissue 

samples were obtained freshly after surgery from University Hospital Hamburg Eppendorf 

and processed within one day. The intestinal epithelial layer was isolated and stored at  

-180 °C until the antibody staining and measurement. a) Gating strategy: Cells were gated on 

single live and further on EpCAM-positive and CD45-negative cells and separated into LGR5 

low and LGR5 high-positive cells. b) CD45-positive cells were gated on monocytes based on 

FSC and SSC. Monocytes separated into TLR5-positive and negative cells, which 

determined the gate setting. c) Representative flow plots showing increased TLR5 

frequencies in LGR5 high positive stem cells in CD-affected intestines. d) Summarized data 

showing frequencies of TLR5-positive epithelial cells in LGR5 low and high-positive cells 

from non-inflamed intestines. e) Summarized data showing frequencies of TLR5-positive 

cells in LGR5 low and high-positive cells from CD-affected intestines. f) Comparison of TLR5 

frequencies in LGR5 high-positive cells from non-inflamed and CD-affected tissues.  
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4. Discussion 

Previous studies highlighted the increased abundance of CDCA in the intestines of 

individuals with CD.267,268 In this project, the influence of CDCA on intestinal epithelial cells 

was investigated using a human intestinal organoid model. CDCA stimulation negatively 

affected epithelial cell regeneration in a concentration-dependent manner, as shown by 

decreased intestinal organoid sizes. In addition, CDCA stimulation resulted in cytosolic 

calcium influx by epithelial cells independent of prior long-term CDCA exposure, highlighting 

its potential to activate various signaling pathways. Given the reduced epithelial growth due 

to CDCA exposure, we mimicked defective epithelial barrier functions by stimulating 

organoids with bacterial flagellin, which is the ligand for TLR5. TLR5 signaling induced by 

flagellin stimulation resulted in a significantly increased expression of CCL20 and IL-1β by 

epithelial cells in intestinal organoids. The same trend was observed for TNF and CXCL8 

gene expression after flagellin stimulation in epithelial cells. CDCA synergistically increased 

the flagellin-induced expression of CCL20 and IL-1β in epithelial cells derived from organoid 

cultures. In addition, flagellin-induced TLR5 signaling resulted in the increased production of 

CXCL8, CCL20, IL-1β, TNF, IL-33, and CXCL9, detected in organoid culture supernatants. 

CDCA synergistically increased the flagellin-induced production of CXCL8, indicating that 

CDCA increases TLR5 signaling in epithelial cells. The same trend was seen for CCL20 and 

TNF production by epithelial cells upon CDCA pretreatment before flagellin stimulation of 

epithelial cells in organoids. In an untargeted bulk RNA sequencing approach, differentially 

expressed genes in response to CDCA were identified. These genes have potential functions 

in epithelial regeneration and inflammation while being not directly linked to TLR5 signaling. 

To directly quantify the expression of TLR5 at the protein and mRNA levels, a targeted 

approach using flow cytometry and RT qPCR was employed with an increased sample size. 

CDCA treatment resulted in elevated mRNA and protein levels of TLR5 in epithelial cells 

within organoids, likely explaining the heightened secretion of cytokines and chemokines 

induced by TLR5 signaling after CDCA pretreatment. Lastly, intestinal stem cells of 

individuals with CD also showed higher TLR5 expression levels compared to other epithelial 

cells in CD-affected intestines ex vivo. However, TLR5 expression did not differ significantly 

between epithelial cells from non-inflamed and CD-affected tissues. Figure 22 summarizes 

the results of the current study in a model. This project highlights the potential of intestinal 

organoids to study the impact of metabolic factors, such as bile acids, on intestinal health. By 

combining experimental analyses with clinical data, future studies may help to identify 

pathophysiological mechanisms in the intestinal epithelium contributing to IBD, which may 

identify targets to improve treatment options for IBD. 
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Figure 22: Model of CDCA-induced impaired intestinal epithelial barrier function and 
inflammation. Increased CDCA levels can impair barrier function and upregulated TLR5 on 

epithelial cells. Further, CDCA induces calcium signaling, and TLR5 activation leads to 

increased release of proinflammatory chemokines and cytokines such as CXCL8, CCL20, 

and TNF. Created with bioRender.com 
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4.1 Effects of CDCA on epithelial regeneration 

We used human intestinal organoids to study the effect of different CDCA concentrations on 

epithelial regeneration. In these experiments 1 and 10 µM CDCA did not affect organoid 

sizes. Fourteen days of culture in 100 µM CDCA significantly reduced organoid sizes, 

indicating defects in epithelial regeneration. 250 and 500 µM CDCA did not allow organoid 

generation. The physiological concentration of bile acids in the small intestine depends on 

the reabsorption rate and their modification by intestinal microbes.213 The postprandial bile 

acid concentration ranges from 2 to 10 mM in the human small intestinal lumen.269 Another 

study showed that the postmortem bile acid pool in the cecum is composed of 7-8% CDCA, 

indicating that the concentrations used in the experiments in the current study are within the 

physiological range.270  

The exact mechanisms by which increased CDCA levels impair organoid generation remain 

to be elucidated. Nevertheless, our results align with previous studies. For example, a 

previous publication showed DCA and CDCA-mediated apoptosis via oxidative stress 

mechanisms in human colon adenocarcinoma cell lines 30 minutes to 2 hours after 

stimulation. According to the authors, bile acid-induced apoptosis is a result of oxidative 

stress with increased production of reactive oxygen species (ROS) due to the activity of the 

plasma membrane oxidases nicotinamide adenine dinucleotide phosphate oxidase 

(NAD(P)H) and phospholipase A2 (PLA2).271 Interestingly, ROS production was shown to be 

induced by highly hydrophobic bile acids CDCA and DCA but not by less hydrophobic bile 

acids CA and UDCA.272 Another study showed that CDCA increases ROS production and 

impairs mitochondrial membrane potentials induced by caspase-9 and caspase-3 

pathways.273  

Increased ROS production can lead to cell death via different mechanisms, including 

apoptosis, ferroptosis, autophagy-mediated cell death, and necroptosis.274 Whether ROS-

mediated cell death is also responsible for reduced organoid formation and reduced epithelial 

regeneration, as shown in our project, remains to be answered. Future studies could utilize 

ROS-specific fluorescent markers that could be detected by flow cytometry. This would also 

highlight the potential use of antioxidants to prevent the cytotoxic effects of CDCA-induced 

oxidative stress and barrier dysfunction. The abundance of oxidative stress in the inflamed 

mucosa of individuals diagnosed with IBD has already been reported by the quantification of 

8-oxo-2'-deoxyguanosine as a biomarker of oxidized DNA in biopsies.275 In line with that, 

some studies have shown the beneficial effect of dietary antioxidants in individuals with 

IBD.276 However, not all the studies could show such beneficial effects.277 Another approach 

to reduce ROS production in IBD is, for example, the inhibition of ROS-producing enzymes. 

A recent study showed promising results in reducing ROS production in cancer cells by 
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inhibiting NAD(P)H oxidase in vitro.278  

We performed bulk RNA sequencing on CDCA-stimulated organoids and found differential 

gene expression in stimulated organoids. We saw increased expression of ANXA10. 

Although its functions are largely unknown, previous studies showed a potential role of this 

protein in regulating growth, making this protein a potentially important target for future 

research on epithelial regeneration.279 ANXA10 is significantly downregulated in liver 

hepatocellular carcinoma and its overexpression inhibits the growth of immortalized 

hepatocellular cell lines in vitro.279 However, the effect of increased ANXA10 expression in 

intestinal epithelial cells in the context of IBD is unknown. Still, it might be involved in IBD 

pathogenesis since it is also highly overexpressed in the CD-affected ileum.193 If ANXA10 

could be involved in reduced epithelial regeneration, thereby leading to defects in the 

epithelial barrier, needs further investigations. Intestinal organoids from individuals with UC 

also show increased expression of ANXA10.280 A multi-omics study showed increased 

expression of ANXA10 in microbiota dysbiotic individuals with IBD.267  

Additionally, we saw reduced expression of DTD1. Previous studies showed an essential role 

of the DTD1 protein in initiating DNA replication by interactions with unwinding elements.281 

Whether the differential expression of these two candidates is responsible for the reduced 

growth of human organoids and how CDCA regulates their expression requires further 

research.  

Impaired barrier function in IBD is a major driver of pathogenesis.282 Investigating the 

molecular mechanisms behind the CDCA-induced epithelial growth defects has the potential 

to identify targets that may improve treatment options for CD-affected individuals that also 

show a dysregulated bile acid metabolism.  
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4.2 Effects of CDCA on flagellin-induced cytokine 
expression by epithelial cells 

The results above showed reduced organoid growth, indicating dysregulated barrier 

functions due to CDCA exposure. To mimic epithelial invasion by motile bacteria, we 

stimulated CDCA-treated organoids with bacterial flagellin. Flagellin induced the expression 

of chemokines and cytokines by epithelial cells. Notably, we observed increased flagellin-

induced mRNA levels of CCL20 and IL-1β when organoids were pretreated with CDCA. This 

synergistic effect of CDCA was not observed for CXCL8 and TNF. However, the short 

lifespan of mRNA necessitates appropriate timing of cell harvest after stimulation. In the 

experiments, mRNA expression was determined after 24 hours of flagellin stimulation, which 

might be too late to detect differences in some cases. To complement these results, we 

utilized a Luminex Discovery Assay, enabling the quantification of secreted proteins in the 

cell culture supernatant. In these analyses specifically, significantly increased levels of 

CXCL8 and trends of increased TNF and CCL20 levels in culture supernatants were 

observed when organoids were pretreated with CDCA before the flagellin stimulation. These 

findings highlight the importance of considering the potential temporal dynamics of different 

gene expressions and posttranscriptional regulation.   

To investigate the underlying mechanism for increased TLR5 signaling, an untargeted and a 

targeted approach were taken. Although some genes were differentially transcribed upon 

CDCA stimulation of organoids, obvious candidates for increased TLR5 signaling were not 

observed, likely due to the limited numbers of samples included in the bulk RNA sequencing. 

However, when quantifying TLR5 protein and mRNA directly by flow cytometry and RT 

qPCR, increased TLR5 expression in organoids stimulated with CDCA was observed. 

Increased levels of TLR5 upon CDCA stimulation could explain the increased production of 

CXCL8 and the trend of increased release of CCL20 and TNF due to increased signaling 

downstream of TLR5 activation. However, CDCA may also affect specific cytokines as only a 

few and not all of the genes downstream of TLR5 signaling were higher expressed when 

organoids were treated with CDCA prior to flagellin stimulation. This highlights the 

importance of future studies to investigate the effect of CDCA on posttranscriptional 

regulation mechanisms that influence genes downstream of TLR5 signaling as, for instance, 

IL-1β, IL-33, and CXCL9. One possible explanation is that in epithelial cells, regulatory 

mechanisms downstream of TLR5 signaling balance the secretion of cytokines and that 

CXCL8, CCL20, and TNF are not or less affected by such regulations. A potential 

mechanism that could inhibit the secretion of mature IL-1β is the cleavage of pro-IL-1β to its 

mature form by caspase-1.283 However, previous studies have shown that CDCA increases 
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caspase-1 activation in mouse liver macrophages, which would increase production and 

secretion of IL-1β.284 Until now it is unclear how CDCA may affect caspase-1 activity and, 

therefore, mature IL-1β secretion in humans.   

Previous studies of intestinal samples affected by IBD have shown an increased abundance 

of CXCL8, CCL20, and TNF in inflamed regions.208,285,286 CXCL8 functions as a 

chemoattractant for cells expressing its respective receptors, C-X-C motif chemokine 

receptor 1 (CXCR1) and C-X-C motif chemokine receptor 2 (CXCR2), that are mainly 

present on neutrophils, thereby mediating a fast innate immune response.287 Interestingly, 

neutrophils are also found in inflamed intestinal tissues of individuals diagnosed with IBD.288 

CXCR1 and CXCR2 have also been shown to be expressed on other cell types, such as 

epithelial and endothelial cells, fibroblasts, and neurons, indicating additional functions 

beyond immune cell recruitment, such as tissue homeostasis and regeneration.289 In 

addition, a trend towards increased CCL20 and TNF production upon flagellin stimulation by 

CDCA-pretreated epithelial cells was observed compared to flagellin-only treated organoid 

cultures. CCL20 is a chemoattractant for cells expressing the respective receptor CCR6.290 

CCR6 is expressed by various T cell types, including Th17 cells, which are detected in higher 

frequencies in IBD intestinal tissue samples than in non-inflamed tissues.291 An increased 

release of CCL20 promotes the induction of adaptive immune responses initiated by 

T cells.292 TNF binding to its respective TNF receptors leads to the induction of 

proinflammatory processes, including apoptotic cell death and lymphocyte maturation, 

thereby playing a fundamental role in infectious and inflammatory diseases.293 IL-33, an 

alarmin that is involved in the initiation of type 2 immune responses, was released by 

epithelial cells in organoids in response to flagellin.128 However, its levels in organoid cultures 

were unchanged by pretreatment with CDCA, indicating that CDCA does not increase type 2 

immunological responses mediated by IL-33 in the intestinal epithelium.  

To study the direct impact of an altered cytokine and chemokine microenvironment induced 

by CDCA and flagellin on intestinal immune cells, future studies could utilize co-culture 

models of epithelial organoids with immune cells. Previously we have shown that a TNF-

containing inflammatory cytokine environment can contribute to immune-mediated tissue 

damage by NK cells in the context of UC, highlighting the importance of studying the cytokine 

and chemokine profiles that are generated by the intestinal epithelium.167  

TNF is involved in the polarization of macrophages to proinflammatory M1-like 

macrophages.294 The CDCA-mediated increased release of TNF in flagellin-stimulated 

epithelial cells may thereby contribute to increased accumulation of this macrophage 

subtype. 
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In IBD, increased activation and accumulation of proinflammatory M1-like macrophages in 

inflamed intestinal lesions have been reported.295 In addition to the secretion of 

proinflammatory cytokines, M1 macrophages have also been shown to contribute to barrier 

defects by inducing epithelial cell apoptosis and altered expression of tight junctional 

proteins.296 Interestingly, anti-TNF therapy leads to the induction of regulatory macrophage 

phenotypes involved in healing processes during IBD.296  

Here, we could show that increased levels of epithelial cytokines and chemokines released in 

response to a combination of CDCA and flagellin correspond to cytokines and chemokines 

that have been found in inflamed IBD-affected intestines, indicating a potential 

pathophysiological role of CDCA by the increase of flagellin-induced chemokine and cytokine 

responses in the intestinal epithelium. 
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4.3 Effects of CDCA on TLR5 expression 

We could observe increased expression of TLR5 in organoids stimulated with CDCA on 

mRNA and protein levels, indicating that CDCA alters the transcriptional regulation of TLR5 

rather than affecting protein stability or posttranscriptional regulation.  

The TLR5 gene contains regulatory elements, including transcription factor binding sites for 

jun proto-oncogene, AP-1 transcription factor subunit (AP-1), Sp-family of transcription 

factors, NF-κB, early growth response factor 1 (egr-1), and MYC proto-oncogene, bHLH 

transcription factor (c-Myc) upstream of the transcription start site.297 In a colon carcinoma 

cell line, the Sp-family of transcription factors is the primary regulator of TLR5 

transcription.297 TLR5 transcription is regulated by the dephosphorylation or acetylation of 

Sp1 by serine or threonine phosphatases and simultaneous phosphorylation of Sp3 by 

extracellular signal-regulated kinase - mitogen-activated protein kinase (ERK-MAPK) 

signaling.297 This results in the movement of Sp1 from the promoter region and the binding of 

Sp3, co-activator p300 recruitment, histone acetylation, and transcription.297 Interestingly, 

butyrate, a microbiota-derived metabolite in the intestinal lumen, can alter this transcriptional 

regulation.297 Additionally, pharmacological inhibition of the Sp-family of transcription factors 

with mithramycin ameliorates rodent colitis.298 Our bulk RNA sequencing data did not show 

CDCA-induced differential expression of respective transcription factors. However, regulation 

of transcription factors mostly depends on (de-)phosphorylation or translocation into the 

nucleus and should, therefore, be investigated in the future with other approaches, such as 

western blotting and imaging techniques.299  

MAPK signaling pathways play essential roles in cellular signaling transduction and affect 

various cellular processes. So far, different MAPK pathways involving different key mediators 

have been identified, including ERK1/2, JNK, and p38 mitogen-activated protein kinases 

(p38). Interestingly, ERK1/2 and JNK pathways can result in the phosphorylation of Sp1 

showing the potential to also activate TLR5 gene expression.300,301 Multiple bile acids, 

including CDCA, can activate ERK-MAPK signaling cascades.302 Interestingly, previous 

studies showed the ERK-MAPK activation via unconjugated bile acids depends on reactive 

oxygen species.302 Moreover, MAPK signaling involves a cytosolic calcium influx.303,304 

Importantly, CDCA induced a cytosolic calcium influx in intestinal organoids, highlighting the 

potential to induce such pathways.  

Further experiments are needed to understand the molecular mechanisms of how CDCA 

increases TLR5 expression in the intestinal epithelium. Activation of the ERK-MAPK pathway 

and Sp-1/3-mediated promoter activation of TLR5 may play a substantial role in this context.

 TLR5 expression by epithelial cells depends on the localization within the intestinal 

epithelial layer.305 Previous studies suggest that TLR expression is absent in the distal colon 
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but present on both the apical and the basolateral site of the proximal colon.106 In the ileum, 

TLR5 expression is limited to the crypts.106 Previous studies showed increased TLR5 

expression in CD-affected intestines on RNA but not on a protein level.193 However, it is 

unclear what triggers this increased expression. In our experiments, we detected TLR5 

expression in LGR5-positive stem cells and, to a limited extent, in other epithelial cell types 

with low expression of LGR5. Interestingly, the difference in TLR5 expression in stem cells 

and other epithelial cells was present in CD individuals but not in healthy individuals, 

indicating that TLR5 expression can increase upon barrier dysfunctions. However, the 

sample size is limited to six CD and six non-inflamed tissue samples. Samples were 

collected upon surgical removal and processed as soon as possible. Moreover, due to 

freezing and thawing procedures, the TLR5 expression on the surface of cells may have 

changed until the analysis was performed. Therefore, future studies should investigate TLR5 

expression directly after procurement of the samples without prior cryopreservation or 

directly with immunohistochemistry stainings of fixed tissue samples. Furthermore, future 

studies should directly investigate the relationship of CDCA levels and TLR5 expression in 

the intestinal epithelium. For the intestinal samples we obtained, no data about the bile acid 

content in affected intestines were available. Such studies could directly link the relationship 

of the bile acid pool in inflamed lesions of CD affected intestines and investigate whether 

TLR5 expression and CDCA concentrations in inflamed lesions correlate.  

TLR5 is expressed by various cell types, not only epithelial cells but also for example lamina 

propria dendritic cells, which play a major role in the induction of Th17 cells that are 

associated with the pathogenesis of IBD.306 TLR5 activation must be carefully regulated 

since its binding to flagellin initiates strong inflammatory immune responses to counteract the 

potential bacterial infection.307 However, bacteria in the gut microbiome must not be harmful 

as some commensal species are important in the generation of immunological tolerance and 

by fulfilling beneficial metabolic functions.308 Therefore, the localization and regulation of 

TLR5 expression in the intestinal mucosa is critical. It will be interesting to further investigate 

whether CDCA that enters the lamina propria due to increased abundance and barrier 

defects can also increase TLR5 expression by dendritic and other immune cells.  

 
4.4 Organoids in immunometabolism research 

In this project, the effect of CDCA on epithelial regeneration and inflammation was 

investigated by using organoids from human intestines. We used EM organoid cultures that 

have been shown to contain mainly intestinal stem cells but also other epithelial cell types, 

including Paneth cells, which have been shown to express TLR5.106,248 Importantly, research 
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questions requiring other epithelial cell types can be addressed with this model since the 

differentiation of intestinal stem cells to different epithelial cell types can be induced by 

adapting culture conditions.309  

We provide an example of how the inflammatory capacities of the human intestinal 

epithelium in response to dietary factors and metabolites can be studied. Many candidates 

have been shown to affect the mucosal immune system in the gut, including different fatty 

acids and short-chain fatty acids.310,311 However, most of these studies were performed with 

immortalized cell lines or mouse models, which differ significantly from the human in vivo 

situation. Also, the bile acid pool differs between humans and mice.312 In mice, CDCA is 

further hydroxylated to muricholic acids (MCAs) with distinct signaling capacities.84 The 

reaction is mediated by Cyp2c70 that is absent in humans.313 As no enzyme with related 

catalytic properties exists in humans, MCAs are absent in humans.313  

For dietary lipids, it has been shown that diets with high amounts of saturated fatty acids 

increase inflammation and the risk of chronic diseases.314 Palmitic acid can directly affect the 

release of proinflammatory cytokines such as IL-6 and CXCL8 by macrophages and T 

cells.315,316 The underlying mechanisms of the inflammatory response are not well 

understood. Previous studies indicated that palmitic acid can directly act as an agonist of 

TLR4, whereas other studies proposed that an altered lipidome changes the macrophage 

phenotype towards a proinflammatory M1 phenotype.317,318 Moreover, palmitic acid has a 

direct effect on the gut epithelial barrier and inflammatory cytokine production by epithelial 

cells in a mouse model.319 As the great majority of these studies have been performed in 

immortalized cell lines or animal models, it is unclear how translatable these findings are to 

the human in vivo situation. Organoids and organoids co-cultured with immune cells depict 

an alternative model for studying the direct effects of palmitic acid and other fatty acids on 

the human intestinal epithelium as they can be added directly to the cultures.   

In addition to organoid co-cultures with immune cells, organoid co-cultures with bacteria have 

been established.244 Further improvements of such systems can be used in the future to 

increase the understanding of the complex interplay between the dietary factors inducing bile 

acids, microbiota, intestinal epithelium, and immune cells in humans. Similar to cell lines and 

in vivo models, organoids can be genetically modified by clustered regularly interspaced 

short palindromic repeats and CRISPR associated protein 9 (CRISPR-Cas9), which can be 

utilized to study the effect of specific genes on human intestinal physiology.320 Moreover, 

several companies provide organs-on-chip models with microfluidic systems that enable 

research on organ crosstalk.321 This is particularly useful for the intestines since they 

collaborate closely with other organs, such as the liver and the central nervous system. 

Especially the dynamics of bile acid metabolism and enterohepatic circulation in different 

parts of the intestines and between different organs such as the liver and the bile duct can, 
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therefore, be studied in a setting that mimics the human situation more closely than other 

models. 

 

4.5 Conclusion 
In this thesis, the effects of CDCA on epithelial regeneration and inflammation were 

investigated. Using intestinal organoids generated from human intestinal samples, this study 

showed that CDCA impairs epithelial regeneration, indicated by reduced organoid sizes. 

CDCA also initiates intracellular calcium signals and increases epithelial flagellin-induced 

production of proinflammatory chemokines and cytokines in organoids. This increase may be 

explained by increased TLR5 expression of epithelial cells that were pretreated with CDCA. 

Considering the increased abundance of CDCA in IBD-affected intestines, these 

observations may contribute to decreased intestinal barrier functions and increased 

proinflammatory responses in CD-affected intestines. Future studies are needed to 

understand the intracellular effects of bile acids in the intestinal epithelium, which lead to the 

observed outcomes.  
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