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1. Zusammenfassung 

 

Talke Friederike zur Brügge: Evaluation of intestinal epithelial organoids as in vitro model for 

analysing mechanisms of inflammatory bowel disease in the context of the 3Rs 

 

Chronisch entzündliche Darmerkrankungen (CED) betreffen etwa 2,5-3 Millionen Europäer 

und sind charakterisiert durch teils schwere Entzündungen des Gastrointestinaltraktes infolge 

einer Schwächung der intestinalen Barriere. Die Ursachen der CED sind bisher nicht gänzlich 

geklärt, jedoch wird im Allgemeinen angenommen, dass sie durch ein Zusammenspiel aus 

Veränderungen der intestinalen Mikroflora, Umweltfaktoren sowie einer starken genetischen 

Komponente hervorgerufen werden. In vivo Modelle haben erfolgreich dazu beigetragen, 

Mechanismen der CED-Entstehung vor allem in Bezug auf die genetische Prädisposition 

aufzuklären. Über genomweite Assoziationsstudien mit Il10-defizienten Mausstämmen 

wurden hierbei verschiedene Kandidatengene wie bspw. Cd14 identifiziert. In den letzten 

Jahren sind jedoch vermehrt alternative Methoden im Rahmen der 3R Prinzipien in den Fokus 

gerückt. In diesem Zusammenhang wurden aus intestinalen Stammzellen abgeleitete 

epitheliale Organoide als vielversprechendes in vitro Modell zur Erforschung der CED im 

Hinblick auf das isolierte Epithel als wichtiger Komponente der intestinalen Barrierefunktion 

vorgestellt.  

Diese Arbeit beschäftigt sich mit der Fragestellung, ob das Organoid-System Charakteristika 

der CED abbilden kann, die in vorherigen Studien am in vivo Modell analysiert wurden. 

Zudem soll das System hinsichtlich der Reproduzierbarkeit und des experimentellen Nutzens 

im Rahmen der 3R Richtlinien beurteilt werden. In der ersten Veröffentlichung wurden 

hierfür zunächst auch als Colonoide bezeichnete Organoide aus murinen Colon-Krypten 

generiert und hinsichtlich ihrer Morphologie, Zelltyp-Zusammensetzung und 

Wachstumskinetik charakterisiert. Der zeitliche Verlauf zeigte eine Medium-regulierte 

Genexpression in Colonoiden hinsichtlich Proliferations- und Differenzierungsmarkern. Nach 

zehn Tagen bildeten sich in vivo ähnliche 3D Kryptenstrukturen, die eine physiologische 

Lokalisation von Proliferationssignalen entlang der Kryptflanken und -basis sowie ein 

ausdifferenziertes Epithel mit relevanten Zelltypen und der Ausbildung von Tight Junction 

Proteinen aufwiesen. Basierend auf dieser Analyse wurden Wildtyp-Colonoide mit solchen 

aus Il10- und Cd14-defizienten Mäusen hinsichtlich ihrer Reaktion auf bakterielle Stimulation 

mittels Lipopolysaccharids (LPS) und probiotischem Escherichia coli Nissle 1917 (EcN) 

verglichen. Ähnlich zu in vivo Experimenten regulierten Wildtyp- und Il10-defiziente 

Colonoide infolge beider Stimuli die Genexpression einiger Tight Junction-Proteine hoch. 
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Hingegen kam es in Il10-defizienten Colonoiden nach der Stimulation mit LPS zu einer im 

Vergleich zum Wildtyp signifikant erhöhten Sekretion von TNF-α. Obwohl Cd14-defiziente 

Colonoide eine signifikante, jedoch im Vergleich zum Wildtyp abgeschwächte 

Hochregulation von Tnfα/TNF-α nach LPS- oder EcN-Administration zeigten, erfolgte keine 

genexpressionelle Erhöhung der Tight Junction Proteine nach LPS-Stimulation. Dies stellt 

einen erneuten Hinweis auf die in vorherigen Studien beschriebene protektive Rolle von 

CD14-abhängiger LPS-induzierter Signalgebung auf die intestinale Barriere dar. Aufgrund 

der Ähnlichkeit der Ergebnisse aus Colonoiden zu in vivo Studien kann postuliert werden, 

dass diese ein geeignetes Modell zur Analyse von Eigenschaften der CED im Hinblick auf die 

intestinale epitheliale Barriere darstellen. 

Da die Reproduzierbarkeit des Organoid-Systems infrage gestellt wurde, behandelt die zweite 

Veröffentlichung wichtige Faktoren, die für diese eine Rolle spielen könnten, vor allem in 

Bezug auf das experimentelle Design. Zunächst konnte über einen Zeitraum von mehreren 

Stunden kein Einfluss des Antibiotika-/Antimykotika-Mix ZellShield® auf die Genexpression 

von Colonoiden beobachtet werden. Hierdurch konnte ein einfacher Wechsel von Medium 

mit ZellShield® auf ZellShield®-freies Medium für EcN-Infektionen vorgenommen werden. 

Im Gegensatz dazu hatte die Kryokonservierung von Organoiden einen Effekt auf deren 

Morphologie und ihr experimentelles Verhalten in EcN-Infektionen hinsichtlich der 

Genexpression verschiedener Signalwege. Ehemals kryokonservierte Colonoide zeigten eine 

verzögerte Entwicklung und einen unausgereiften Charakter im Vergleich zu frisch isolierten 

Organoiden derselben Passage. Dies bedingte vermutlich auch die erhöhte 

proinflammatorische Reaktion nach EcN-Infektion in kryokonservierten Colonoiden und zieht 

eine genaue Analyse des Wachstums zur Bestimmung der geeigneten Passage für weitere 

Studien nach sich. Bezüglich des experimentellen Designs konnte weiterhin festgestellt 

werden, dass interexperimentelle Unterschiede das Ergebnis stärker beeinflussten als die 

Anzahl an technischen oder biologischen Replikaten. Hieraus ergibt sich verglichen zu den 

interexperimentellen Unterschieden eine geringere biologische Varianz. Diese ermöglicht die 

Nutzung einer reduzierten Anzahl an individuellen Organoid-Linien, und somit weniger 

Tieren, in einer höheren Anzahl an Einzelexperimenten. Wenn man folglich das 

experimentelle Design an die genannten Faktoren anpasst, stellen intestinale epitheliale 

Organoide eine sinnvolle alternative Ergänzungsmethode zu in vivo Experimenten im Kontext 

der 3Rs dar. 
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2. Abstract 

 

Talke Friederike zur Brügge: Evaluation of intestinal epithelial organoids as in vitro model for 

analysing mechanisms of inflammatory bowel disease in the context of the 3Rs 

 

Inflammatory bowel diseases (IBD) affect approximately 2.5-3 million Europeans and are 

characterised through a severe inflammation of the gastrointestinal tract due to defects in the 

intestinal barrier function. The causes for IBD are not fully understood but assumed to be an 

interplay between alterations of the commensal microflora, other environmental factors and a 

genetic predisposition. In vivo models of IBD have significantly contributed to elucidating 

mechanisms of IBD development especially with respect to the genetic contribution. 

Quantitative trait locus analyses with different Il10-deficient mouse strains identified several 

candidate genes for colitis susceptibility such as Cd14. However, in recent years, alternative 

approaches in context of the 3R principles have come to the fore. Stem cell-derived intestinal 

epithelial organoids represent a promising in vitro tool for studying mechanisms of IBD 

development regarding the intestinal epithelial barrier. Therefore, this study serves as an 

evaluation of the capability of the organoid system to display IBD characteristics of the 

intestinal barrier that were detected in in vivo models in previous studies. Furthermore, the 

system shall be assessed concerning its reproducibility and experimental usability in context 

of the 3Rs. 

In the first study, murine adult stem cell-derived colonic epithelial organoids, shortly 

colonoids, were generated and characterised in their growth, morphology and cell type 

composition. Colonoid growth kinetics were influenced by a medium-dependent gene 

regulation regarding proliferation and differentiation. After ten days of culture, colonoids 

showed in vivo like 3D crypt structures with physiological stem and progenitor cell 

localisation at the crypts base and sides, as well as a differentiated epithelium with all major 

cell types and several tight junction proteins present. Based on these analyses, wild type 

colonoids were compared with those obtained from Il10- and Cd14-deficient mice regarding 

their response to bacterial stimulation using lipopolysaccharide (LPS) and probiotic 

Escherichia coli Nissle 1917 (EcN). Similar to in vivo observations, wild type and Il10-

deficient colonoids upregulated tight junction components in response to LPS and EcN. 

However, an increased secretion of proinflammatory TNF-α compared to the wild type was 

observed in Il10-deficient colonoids after LPS stimulation. Although Cd14-deficient 

colonoids showed a significant but attenuated upregulation of Tnfα/TNF-α compared to wild 

type colonoids after both LPS and EcN stimulation, they also exhibited an impaired tight 
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junction protein regulation in response to LPS. This possibly confirms the previously 

described protective role of LPS-induced CD14-dependent signalling on the intestinal barrier. 

Due to these similarities to the in vivo state, colonoids represent a suitable tool to depict 

characteristics of IBD with regard to the intestinal epithelial barrier. 

Furthermore, the second study investigated important factors concerning the experimental 

design that might influence reproducibility which has been questioned in 3D organoids. The 

antibiotics/antimycotics mix ZellShield® did not affect colonoid gene expression over the 

course of several hours, thus enabling a simple switch from media with to ZellShield®-free 

medium for EcN infections. In contrast, cryopreservation had an impact on colonoid 

morphology and experimental outcome regarding the gene expression of several signalling 

pathways after EcN infection. Formerly cryopreserved colonoids exhibited a delayed 

development and a premature character compared to freshly isolated colonoids of the same 

passage. This presumably induced a heightened proinflammatory response to EcN infection in 

cryopreserved colonoids and entails a thorough analysis to determine the appropriate passage 

number for future studies. Furthermore, regarding the experimental design, interexperimental 

differences had a higher impact on experimental outcome than a high number of technical or 

biologic replicates. This implies a rather low biological variance compared to 

interexperimental differences and enables the use of a reduced number of individual organoid 

lines, and thus less animals, in a higher number of repeated experiments. Therefore, when 

adapting experimental designs taking into account the above-mentioned factors, intestinal 

epithelial organoids represent an appropriate alternative method in addition to animal 

experiments in the context of the 3Rs.  
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3. Introduction 

3.1 Inflammatory Bowel Disease 

Inflammatory bowel disease (IBD) is a recurring inflammatory disease with periods of acute 

severe inflammation of the gastrointestinal tract and symptomless remission phases 1. Two 

IBD main forms exist, namely Crohn’s disease (CD) and ulcerative colitis (UC) 2, 3. Together, 

they affect approximately 2.5-3 million Europeans 4 with an increasing prevalence and 

incidence worldwide 4, 5. In Germany, the highest incidence appeared in the group of 16-24 

years old patients 6. IBD symptoms vary from (bloody) diarrhoea, abdominal pain and mucus 

excretion to fever, fatigue and weight loss 2, 3. Patients with Crohn’s disease develop 

discontinuous inflammations throughout the whole intestinal tract with possible transmural 

involvement 3, 7. Typically, the terminal ileum is affected, and mucosal ulcerations and 

granulomas consisting of macrophage aggregations often occur 7. Additionally, fistulae from 

the intestine towards other organs or the skin can develop 2, 3, 7. In contrast, patients with 

ulcerative colitis do not develop fistulae and the inflammation only affects the colonic mucosa 

3, 7. It typically extends continuously from the rectum towards the proximal colon 2, 3, 7. 

Further characteristics are depleted mucins 8, mucosal ulcerations, and aggregations of 

neutrophils in the Lamina propria mucosae (L. propria) and epithelial crypts which lead to 

micro-abscesses 7. 

The exact mechanisms of IBD onset are not fully understood, but it is commonly accepted, 

that multiple factors contribute to its development: Genetic predisposition, environmental 

factors and alterations in the intestinal microbiota 7, 9. All of these factors are tightly 

connected and may lead to a disturbance of the physiological intestinal homeostasis. In 

healthy individuals, this homeostasis is characterised by, among others, a symbiotic 

interaction of commensal bacteria with the host 10. These commensals contribute to an 

effective digestion of the ingested food and help in modelling the adaptive immune system by 

inducing tolerance 11, 12. As a result, a dynamic balance between commensals and immune 

defence mechanisms develops 7. This is primarily enabled by an intact intestinal barrier that 

separates the host tissue and the commensal habitat, the lumen of the intestine 13, 14. However, 

a disruption of this balance due to an impaired intestinal barrier can lead to an invasion of 

(commensal) bacteria or bacterial compounds into the underlying tissue 2. This induces an 

exuberant immune response and promotes acute inflammatory reactions in the intestine 2. 

Numerous studies have demonstrated that defects in the intestinal barrier function are 

associated with IBD 15-20. 
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3.2 The Intestinal Barrier and Cellular Homeostasis 

The intestinal barrier consists of several components 13, 21 that each contribute to the hosts 

protection against intestinal (pathogenic) microbes, toxins or waste products inside the gut 

lumen 7. The main mechanical barrier function is provided by the gel-like mucus layer and the 

subjacent epithelium 7, 22. 

The mucus is a bilayer (monolayer in the small intestine) composed of glycoproteins called 

mucins which are part of the innate immune response 22. The upper layer forms the “first line 

of defense” 23 (p. 2124) against microbiota but simultaneously is the habitat and food source 

for several commensal bacterial strains 10. On the contrary, the inner mucus layer is free of 

bacteria and inhibits a direct contact of bacteria and immune cells residing in the epithelium 

and the L. propria 22. Thus, it prevents the induction of an immune response against beneficial 

commensal bacteria 22. Studies on IBD patients or animal models revealed that defects in the 

mucus layer contribute to IBD development and pathology 8, 24, 25 . 

The epithelium (Lamina epithelialis mucosae) itself represents the second even more 

important component of the intestinal barrier. It is the outermost cellular barrier of the mucosa 

that separates the intestinal lumen from the subjacent mucosal tissue layers: The L. propria 

and the Lamina muscularis mucosae 26. The epithelium consists of simple columnar cells that 

form a single epithelial layer which invaginates into the L. propria of the small intestine and 

the colon, and forms intestinal glands, the so-called crypts of Lieberkühn 26. Additionally, it 

builds villus structures in the small intestine to increase the absorptive surface area 26. 

Depending on the intestinal segment, the epithelium is composed of varying proportions of 

different cell types: The predominant cells are enterocytes/colonocytes for nutrient and water 

absorption and goblet cells for mucus secretion 27. Other cell types are stem cells, 

enteroendocrine cells, tuft cells and, in the small intestine, microfold cells (m-cells) and a pool 

of Paneth cells 27, 28. In the colon, the function of Paneth cells is performed by a Paneth cell-

like type of secretory cells 29, 30. These Paneth/secretory cells reside at the bottom of intestinal 

crypts and are interspersed with approximately six to eight Lgr5+ stem cells 31. They provide 

the niche for these stem cells and thus help to maintain a balanced cell division cycle 32. 

Presumably through symmetrical cell division 33, the stem cells divide either into daughter 

stem cells, replenishing the stem cell pool at the crypt base, or into rapidly proliferating transit 

amplifying (TA) cells 27, 33-35. These TA cells move up the crypt flank while differentiating 

into the functionally relevant cell types of the intestine 33-35. Having reached the (villus) top, 

the cells eventually die and get scaled off because of various factors like microbial influence, 

waste products, toxins, injuries or shearing stress 36. A complete turnover of all intestinal 
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epithelial cells (IECs) takes between two to six days while approximately 1011 cells have to be 

replaced every day (as reviewed in 36). Therefore, a well-functioning stem cell division cycle 

has to be ensured to maintain the cellular homeostasis of the epithelium.  

To provide a proper mechanical barrier function, the epithelium has to inhibit an uncontrolled 

paracellular exchange of particles, nutrients, bacteria and others 7, 37. Therefore, the IECs are 

firmly attached to each other by a tight seal of cell-to-cell junctions, called tight junctions 

(also known as zonula occludens) which entirely enclose all IECs on the apical side 38, 39. 

These tight junctions (TJs) are composed of several proteins, predominantly transmembrane 

proteins like the claudin family (CLDN) which are essential for TJ formation and have been 

described as the “backbone of TJs” 37 (p. 634). Another important membrane protein is 

occludin (OCLN) whose function has not yet been fully resolved 37 but is indicated to be 

involved in regulating the TJ permeability to macromolecules 40. An intracellular protein 

family, the zonula occludens proteins, ensures the correct location of the tight junctions and 

anchors the transmembrane proteins to the intracellular actin cytoskeleton. Namely, zonula 

occludens protein 1 (ZO-1) acts as a direct binding partner of OCLN 38, 41, whereas CLDNs 

are recruited and associatively bound to tight junctions by the transmembrane protein 

epithelial cell adhesion molecule (EpCAM/CD326) which is a transmembrane type 1 

glycoprotein 42.  

Defects in tight junction composition or organisation have been found in IBD patients 15, 43, 44 

and may lead to an increase in the permeability of the intestinal barrier which has been 

associated to IBD in several studies 16-18. This increased permeability facilitates the 

translocation of proinflammatory compounds that can induce inflammation of the underlying 

tissue 45. For example, increased concentrations of lipopolysaccharide (LPS) from Gram-

negative bacteria can be detected in the intestinal tissue and blood stream of IBD patients and 

animal models 46-49. 

 

3.3 In Vivo Models for Research on IBD Onset and Progression 

Genetic predisposition appears to have a major impact on IBD development 7, 9. Studies on 

IBD patients and their families demonstrated that first-degree relatives have a tenfold 

increased risk of also developing the same disease as the patient 50. In addition, an increased 

intestinal permeability can be observed already in healthy relatives of patients with Crohn’s 

disease 16. To depict the genetic contribution in a controllable environment, several in vivo 

animal models have been established in the last decades that partially reconstitute IBD 

development and clinical symptoms 51. A model which is often combined with a genetic 
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predisposition of the used (mouse) strains, e.g., in 19, 52, is the chemically induced dextran 

sodium sulphate (DSS) acute colitis model 53, 54. Another commonly known model is the Il10 

(Interleukin 10)-knockout mouse which spontaneously develops a colitis similar to IBD 9, 55. 

Il10 is predominantly expressed in immune cells such as monocytes, activated macrophages 

or regulatory T cells  9, 56-58. Other studies also observed expression of IL10 in human IECs 59-

61 but state that it is induced via TLR4-mediated crosstalk between macrophages and IECs 61. 

IL-10 regulates the intestinal homeostasis through suppression of natural killer cells, 

macrophages and the Th1/Th17 mediated immune response 55, 62-65. Further, it induces 

immunologic tolerance to intestinal microbiota via regulatory T cells 58, 66, 67. Therefore, it has 

an anti-inflammatory and protective effect on the intestinal barrier and a loss of functional IL-

10 disturbs the maintenance of the intestinal homeostasis 9. This results in an unrestricted 

immune response towards the intestinal commensal microbiota and leads to the onset of 

colitis 9, 55, 68. In vivo studies with different Il10-deficient (Il10-/-) mouse strains observed a 

strain dependent varying severity and prevalence of the intestinal inflammation. While Il10-

deficient mice with a C57BL/6J.129P2-Il10tm1Cgn background showed only mild colitis 

development around an age of 12 weeks, C3H/HeJBir.129P2-Il10tm1Cgn mice were highly 

susceptible for a severe inflammation of the gastrointestinal tract already at an age of four 

weeks 9, 69. These differences may be based on genetic mutations and polymorphisms of other 

genes 9, and were further investigated through quantitative trait locus (QTL) analyses using 

mice from a crossing of both strains. These analyses led to the discovery of several genetic 

loci that are connected to IBD susceptibility, called cytokine deficiency-induced colitis 

susceptibility (Cdcs), 70, 71. These loci were further examined and revealed various candidate 

genes for IBD 72, 73. One of them is Cluster of differentiation 14 (Cd14), which is located in 

Cdcs6 on murine chromosome 18 73. In the gastrointestinal tract, CD14 is either secreted in 

higher concentrations by IECs or expressed on a low level as a membrane protein in myeloid 

cells like macrophages and monocytes, or in non-myeloid cells like B cells or IECs 19, 52, 74-76. 

It functions as a co-receptor in LPS-induced toll-like receptor (TLR) 4 signalling 77-79. This 

leads to the activation of NF-κB 79, subsequent induction of expression of proinflammatory 

cytokines like Interleukin 6 (IL-6), IL-8 and Tumor necrosis factor alpha (TNF-α) 19, 77, 80, 81. 

and triggers an increase in permeability of the epithelial barrier 82, 83. It has been demonstrated 

that polymorphisms in the human and murine CD14/Cd14 promoter lead to high levels of 

CD14 84, 85 and are associated with IBD susceptibility and development 86-88. However, small 

intestinal epithelial cells have been shown to react to LPS with an enhanced Cd14 expression, 

but restimulation resulted in a limitation to the maximal reaction of the pretreatment and 
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therefore to tolerance induction 76. Additionally, long-time exposure of monocytes to LPS led 

to a decrease of expression of mCD14 89. Both studies indicate that CD14 also partakes in 

tolerance induction to microbial antigens. Furthermore, strongly increased expression levels 

of Cd14 were observed in germ-free WT mice after monoassociation 20 with Escherichia coli 

Nissle 1917 (EcN) 90 but simultaneously Zo-1, Cldn8 (Claudin 8) and Cdh1 (E-cadherin) were 

upregulated and presumably strengthened the epithelial barrier against bacterial translocation 

20. These protective effects were not observed in Cd14-deficient (Cd14-/-) germ-free mice, 

possibly facilitating bacterial invasion into liver and spleen of these mice. The study 

discovered that the above-mentioned CD14-dependent upregulation of barrier proteins is 

defective in B cell-depleted mice. This implied a CD14-dependent crosstalk between B cells 

and IECs and suggests a B cell-mediated protective role of CD14 on the intestinal epithelial 

barrier 20. This protective function of CD14 was also observed in another study with Cd14-

deficient and overexpressing mice in an acute colitis model induced by DSS 19. While no 

barrier impairment or differences could be detected without DSS-treatment in Cd14-/- or wild 

type control mice, Cd14-deficieny led to increased gene expression levels of proinflammatory 

cytokines and elevated histological scores after DSS-administration 19. Hence, it aggravated 

the disruption of the intestinal barrier function 19. In contrast, Cd14-overexpressing mice 

exhibited an enhanced barrier integrity with elevated expression levels of several tight 

junction (TJ) proteins and decreased gene expression levels of Tnfα 19. The same study 

analysed effects of soluble CD14 (sCD14) in physiologically Cd14-/- CMT93 cells, where it 

was able to rescue an LPS-induced increase in barrier permeability detected via transepithelial 

electrical resistance (TEER) measurement 19. This highlighted the importance of CD14 in the 

regulation of barrier permeability directly in epithelial cells in response to bacterial 

stimulation. 

 

3.4 3R Methods 

In 1959, Russell and Burch first described the three approaches ‘reduction’, ‘refinement’, and 

‘replacement’ for laboratory animal science in The Principles of Humane Experimental 

Technique 91. Shortly, reduction means a decrease in the number of laboratory animals used in 

experiments; refinement roughly means improving the conditions under which animal 

experiments are performed to restrict any distress, pain or suffering to an absolutely necessary 

minimum; and lastly, replacement means substituting experimental animals by suitable 

procedures with insentient material 92, 93. Nowadays, these principles are commonly known as 

the three Rs 92 and are widely accepted as useful standards that help to render scientific data 
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more reliable 94. They were incorporated into the Directive 2010/63/EU of the European 

Parliament and of the Council […] on the protection of animals used for scientific purposes. 

According to Article 47(1) regarding ‘Alternative approaches’, 

The Commission and the Member States shall contribute to the development and 

validation of alternative approaches which could provide the same or higher levels of 

information as those obtained in procedures using animals, but which do not involve 

the use of animals or use fewer animals […]. 95 (p. 48)  

A lot of progress has been made in the search for alternative methods, resulting in various 

new approaches such as systematic reviews and meta-analyses based on already existing data, 

computer simulation models, or evolved in vitro methods like complex cell culture systems 

such as 3D organoids. 

 

3.5 3D Organoids as In Vitro Method 

Although the term ‘organoid’ was already popular between 1965 to 1985 and used mostly for 

dissociated tissues/cells in reaggregation experiments 96, 97, it became widely known around 

2009 when the group of Hans Clevers first described the generation of self-organising small 

intestinal organoids via isolation and culture of murine primary Lgr5+ stem cells or whole 

crypts in Matrigel® 34. Since then, the field of organoid research is rapidly advancing 98, 99 and 

has heavily expanded towards use of cultures derived from various organs 99 such as stomach 

100-102, colon 101, 103, prostate 104, 105, endometrium 106, 107, pancreas 108, 109, liver 110-112, lung 113, 

114, brain 115, 116 and optic cup 117. Because of the high diversity of protocols and applications, 

the term ‘organoid’ is often used “interchangeably” by different groups with no clear 

distinction to ‘3D culture’ or ‘spheroids’ 99 (p. 963). However, the commonly accepted 

definition determines an organoid as a progenitor- or stem cell-derived self-organising 3D 

structure that consists of all relevant cell types, enabling it to mimic its donor organ’s function 

96, 99.  

In 2009, Sato et al. already stated that this new method could facilitate not only research on 

“stem-cell-driven crypt–villus biology” but also create new possibilities for gene therapy and 

regenerative approaches 34 (p. 265). So far, the organoid system has enabled deriving disease-

modelling organoids directly from patients, and thus allowing for a personalised drug 

screening and targeted medication 118. For example, Dekkers and colleagues isolated rectal 

organoids from cystic fibrosis patients with rare CFTR mutations and screened in vitro for 
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drugs that restored CFTR function and were then successfully used for personalised treatment 

119. Approaches in transplant medicine showed that murine foetal enterospheres and also 

human colonic epithelial organoids successfully implanted into damaged intestinal regions of 

DSS-treated immunodeficient mice over long term 120, 121. This possibly enables autologous 

transplants for patients in the near future 120, 121.  

Furthermore, intestinal epithelial organoids could serve as an in vitro approach to model 

disease mechanisms in IBD research in context of the 3Rs. Like commonly used cell lines, 

they can be expanded, passaged and cultured over long-term or cryopreserved for later use 34, 

101, 122 which enhances their usefulness regarding the 3Rs. They build crypt-like 3D structures 

that resemble the physiological morphology of the intestine 34. To display the genetic 

contribution, a generation of murine intestinal epithelial organoids is possible from different 

mouse strains, such as Il10-/- and Cd14-/- mice. In order to be commonly applicable to basic 

research or to the clinics, it is highly important to analyse the transferability of results gained 

from in vitro organoids to the in vivo state. In addition, the system requires to be safe and 

adjustable to individual conditions 118. A major limiting factor is reproducibility, which has 

been described as “the major bottleneck of current organoid systems” 118 (p. 940). In the 

context of the 3Rs, Wells (2011) suggested implementing another 3Rs whenever animal 

experiments are planned by considering the relevance, robustness and repeatability of 

experiments 93. This also transfers to in vitro methods and therefore, every new method 

presented, here intestinal epithelial organoids, has to undergo thorough assessment and 

validation.  
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3.6 Aim of this Study 

In this thesis, the intestinal epithelial organoid system shall be evaluated as a replacement 

approach for modelling mechanisms of IBD characteristics. First (Chapter 4) 123, stem cell-

derived organoids were generated from murine colonic crypts and characterised in growth 

kinetics, cell type composition and morphology. Since (commensal) microbiota seems to play 

an important role in IBD onset additionally to the genetic predisposition, the effects of 

stimulation with either LPS as a bacterial compound or probiotic whole Gram-negative EcN 

were examined in colonic epithelial organoids (colonoids) of differing genetic background 

(WT, Cd14-/- and Il10-/-). The aim was to analyse whether colonoids recapitulate the above-

mentioned results from prior in vivo and in vitro studies and to further elucidate the role of the 

genetic contribution on the isolated epithelium in the context of IBD. 

Second, regarding the considerations by Wells (2011), repeatability and robustness of an 

assay are crucial for its usability in the context of the 3Rs 93. Therefore, the second study 

(Chapter 5) 124 serves as an assessment of the reproducibility with which the organoid system 

delivers results - if standardised adequately. Furthermore, the effects of the important 3R-

related factor of cryopreservation and thawing on signalling pathways in colonoids and 

experimental outcome are examined. 
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Abstract 

Cd14 and Alpk1 both encode pathogen recognition receptors and are known candidate genes 

for affecting severity in inflammatory bowel diseases. CD14 acts as a coreceptor for bacterial 

lipopolysaccharide (LPS), while ALPK1 senses ADP-D-glycero-beta-D-manno-heptose, a 

metabolic intermediate of LPS biosynthesis. Intestinal barrier integrity can be influenced by 

CD14, whereas to date, the role of ALPK1 in maintaining barrier function remains unknown. 

We used colon-derived 3D organoids, first characterised for growth, proliferation, stem cell 

markers, and expression of tight junction (TJ) components using qPCR and 

immunohistochemistry. They showed characteristic crypt stem cells, apical shedding of dead 

cells, and TJ formation. Afterwards, organoids of different genotypes (WT, Il10-/-, Cd14-/-, 

and Alpk1-/-) were then stimulated with either LPS or Escherichia coli Nissle 1917 (EcN). 

Gene expression and protein levels of cytokines and TJ components were analysed. WT 

organoids increased expression of Tnfα and tight junction components. Cd14-/- organoids 

expressed significantly less Tnfα and Ocln after LPS stimulation than WT organoids but 

reacted similarly to WT organoids after EcN stimulation. In contrast, compared to WT, 

Alpk1-/- organoids showed decreased expression of different TJ and cytokine genes in 

response to EcN but not LPS. However, Western blotting revealed an effect of ALPK1 on TJ 

protein levels. These findings demonstrate that Cd14, but not Alpk1, alters the response to 

LPS stimulation in colonic epithelial cells, whereas Alpk1 is involved in the response upon 

bacterial challenge. 

 

4.1 Introduction 

Inflammatory bowel disease (IBD) onset involves the interplay between microbiota, 

environmental conditions, genetic factors, and a disrupted intestinal barrier [1]. Several mouse 

models of IBD have been established [2] including the well-studied Il10 (interleukin-10) 

deficiency model. This model is characterised by a dysregulated immune response to enteric 

microflora leading to the onset of colitis through a disrupted barrier due to increased levels of 

interferon gamma and tumor necrosis factor alpha (TNF-α) [3]. Using the Il10-/- mouse model 

and quantitative trait locus (QTL) analyses, several studies have identified genetic loci 

associated with susceptibility to IBD. These studies revealed ten cytokine deficiency-induced 

colitis susceptibility (Cdcs) loci and candidate genes with a potential influence on colitis onset 

[4–9]. One of these genes is Cd14 (Cluster of differentiation 14) in the Cdcs6 locus located on 

chromosome 18 [7]. CD14 acts as a coreceptor of Toll-like receptor (TLR) 4 and is directly  
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involved in the detection of lipopolysaccharide (LPS) and activation of NF-κB [10]. In  

previous studies, our group demonstrated that CD14 has a protective function on barrier 

integrity in a dextran sodium sulphate- (DSS-) induced acute colitis mouse model [11]. We 

also showed that in wild type (WT) but not in Cd14-/- mice, monoassociation with Escherichia 

coli Nissle 1917 (EcN) leads to increased expression of tight junction (TJ) components, 

associated with protection against bacterial translocation [12]. 

Another candidate gene revealed by these QTL studies is Alpk1 (alpha-protein kinase 1) 

which is located on chromosome 3 in the Cdcs1 locus [4, 5]. Knockout of the Alpk1 gene in 

mice was recently shown to lead to severe colitis when infected with Helicobacter hepaticus 

[13]. ALPK1 functions as a pattern recognition receptor for adenosine diphosphate-heptose 

(ADP-Hep), a precursor of LPS [14]. In human epithelial cells, ADP-Hep of Gram-negative 

bacteria activates NF-κB-dependent inflammatory interleukin-8 (IL-8) secretion via an 

ALPK1-TIFA-TRAF6 axis [15]. As mice lack a functional Il8 gene, the chemokines CXCL1, 

CXCL2, and CXCL5 are regarded as functional homologues [16]. 

To study the specific impact of Il10, Cd14, and Alpk1 on intestinal epithelial cell (IEC) 

response to bacterial stimulation, we used colonic organoid cultures derived from isolated 

intestinal stem cells (ISCs) [17]. These ISCs can differentiate into all colonic epithelial 

lineages including colonocytes, goblet cells, and several enteroendocrine cell types [18]. In 

the present study, colonic organoids of different knockout mouse strains were stimulated with 

LPS or EcN and the expression of proinflammatory mediators and tight junction components 

was determined. Here, we report that IEC Cd14 and Alpk1 both affect cytokine and TJ 

component expression upon bacterial challenge. 

 

4.2 Material and Methods 

2.1. Mice.  

This study was conducted in accordance with German animal protection law and with the 

European Directive 2010/63/EU. All experiments were approved by the Local Institutional 

Animal Care (File: 2015/78). Phenotypically healthy female and male, 8 to 18 weeks old, 

C57BL/6J (WT), C57BL/6J.129P2-Il10tm1Cgn (B6-Il10-/-), C57BL/6J.129S1-Cd14tm1Smg (B6-

Cd14-/-), C57BL/6N (Alpk1+/+), C57BL/6N-Alpk1em2Wtsi (Alpk1-/-), and B6.129P2-

Lgr5tm1(cre/ERT2)Cle/J (Lgr5-eGFP+/-) mice were obtained from the Central Animal Facility 

(Hannover Medical School, Hannover, Germany). All mice were housed under specific 

pathogen-free conditions in individually ventilated cages. 
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2.2. Preparation of Organoids.  

The protocol was based on Mahe et al. [18]. Mice were sacrificed by CO2 inhalation followed 

by cervical dislocation at an age of 10-14 weeks. The entire colon was flushed and washed 

with sterile, ice-cold Dulbecco’s phosphate-buffered saline (DPBS) in a sterile environment. 

All further steps were performed on ice. Tissues were opened lengthwise and cut into small 

pieces, washed several times with DPBS, transferred into crypt chelating buffer (CCB) 

(DPBS containing 0.5 M EDTA), and incubated for 30 minutes on a rocking platform. After 

washing with CCB, colon pieces were transferred into dissociation buffer (DB) (DPBS 

containing 54.9 mM sorbitol and 43.4 mM sucrose) and mixed thoroughly. Cell suspensions 

were filtered and centrifuged, and cells were resuspended in an appropriate volume of 

Matrigel® membrane matrix (Corning™, New York, USA) (Matrigel®) to yield 

approximately 1000 crypts/mL. Fifty μL of the cell-Matrigel® mixture was carefully pipetted 

into the centre of each well of a 24-well plate, incubated for 30 minutes at 37 °C for 

solidification, and overlaid with 500 μL organoid growth media (DMEM, high glucose, 

GlutaMAX™, pyruvate (Thermo Fisher Scientific, Massachusetts, USA)) supplemented with 

50% L-WRN-supernatant (ATCC® CRL3276™ in DMEM, high glucose, GlutaMAX™, 

pyruvate plus 10% foetal calf serum), 1x N2 (Invitrogen, Carlsbad, USA), 1x B27 

(Invitrogen, Carlsbad, USA), 50 ng/μL recombinant mouse epidermal growth factor (Sigma-

Aldrich, St. Louis, USA), 10 μM Y-27632 (Tocris, Bristol, UK), and 1x ZellShield® 

(Biochrom, Berlin, Germany). Organoids were cultured at 37 °C with 5% CO2. Media was 

exchanged every 3-4 days. 

 

2.3. Organoid Kinetics.  

Matrigel® was dissolved using ice-cold DPBS, and crypts were separated by drawing the 

suspension up once through a syringe using a 27G 1/2″ needle. Cells were washed and seeded 

into fresh Matrigel®, which was allowed to solidify for 30 minutes at 37 °C, and afterwards 

overlaid with 500 µL organoid growth media. Pictures were taken on days 1, 3, 5, 7, 9, 11, 

and 13 after seeding. At each time point, three samples were obtained for RNA isolation by 

pooling two wells of a 24-well plate for each sample. 

 

2.4. Hematoxylin and Eosin (H&E) Staining.  

Matrigel®-embedded organoids were embedded in 4% agarose, fixed with 4% formalin 

overnight, dehydrated, and cut into 4 μm sections. A standard H&E staining was performed. 
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2.5. Immunofluorescence Staining.  

Matrigel®-embedded organoids were whole mount stained. Therefore, they were fixed for 1 h 

with 4% formalin. Autofluorescence was quenched via incubation with NH4Cl for 1 h. 

Permeabilization and blocking were performed for 1.5 h with 0.5% Triton-X100 and 10% 

horse serum in DPBS. Organoids were stained with rat anti-EpCAM/CD326-FITC, rabbit 

anti-occludin, rabbit anti-tight junction protein 1 (TJP1; also known as zonula occludens 1, 

ZO-1), rabbit anti-claudin 8 (all Invitrogen, Carlsbad, USA), or rabbit anti-Ki67 (Abcam, 

Cambridge, UK). Unconjugated antibodies were visualised in a second step by a goat anti-

rabbit DyLight 488 antibody (BioLegend, San Diego, USA). Primary and secondary 

antibodies were diluted in 0.1% Triton-X100, 10% horse serum in DPBS, and incubated 

overnight at 4 °C. Images were acquired using a confocal TCS SP5 microscope system (Leica, 

Wetzlar, Germany). 

 

2.6. TUNEL Staining.  

Preparation of Matrigel®-embedded organoids was performed as per immunofluorescence 

staining. TUNEL staining was performed using an In Situ Cell Death Detection Kit, 

Fluorescein (Roche, Basel, Switzerland), according to the manufacturer’s instructions. 

 

2.7. Stimulation with LPS.  

As we wanted to activate CD14-dependent signalling, a low dose of LPS was necessary as it 

is known that higher concentrations of LPS result in CD14-independent TLR4 signalling [19, 

20]. In previous experiments using the mouse epithelial cell line CMT93, we tested different 

LPS concentrations and time points [11]. In our hands, 0.1 μg/mL and 6 hours were the best 

concentration and incubation time to measure CD14-dependent cytokine induction. After 10 

days of growth, colonic organoids were stimulated with LPS (Sigma-Aldrich, St. Louis, USA) 

as described previously [11]. In brief, growth media was removed and replaced with 500 μL 

fresh growth media without ZellShield® and containing either 0.1 μg/mL LPS or no LPS as 

the control. After 6 hours of incubation at 37 °C and 5% CO2, media was removed and the 

Matrigel® was dissolved in ice-cold DPBS. Two to 6 wells were pooled, and cells were 

centrifuged, resuspended in RNA Quick-RNA™ Micro Prep Kit Lysis Buffer (Zymo 

Research, Irvine, USA), and stored at -80 °C for later RNA isolation. 
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2.8. Stimulation with E. coli Nissle 1917.  

An ampicillin-resistant, GFP-expressing E. coli Nissle 1917 strain (EcN) was grown at 37 °C 

shaking in lysogeny broth (LB) media containing 100 μg/mL ampicillin until an OD600 of 1.0 

was reached. As we wanted to compare LPS- and EcN-stimulated organoids, we chose the 

same incubation time for both treatments. Moreover, in preliminary experiments with our WT 

organoids, 6 hours of EcN stimulation reproducibly resulted in significant increases in both 

TNF-α gene expression and protein production compared to unstimulated cells. The bacterial 

suspension was diluted 1 : 25 in ZellShield®-free organoid growth media. Media of organoids 

grown for 10 days was removed and replaced with the bacteria-containing growth media and 

incubated for 6 hours at 37 °C and 5% CO2. Media was removed, and organoid cells were 

harvested for RNA isolation according to the LPS stimulation protocol. 

 

2.9. RNA Isolation.  

RNA isolation was performed with RNA Quick-RNA™ Micro Prep Kit (Zymo Research, 

USA) according to the manufacturer’s instructions. 

 

2.10. Quantitative Real-Time PCR (qPCR).  

For quantification of gene expression after stimulation, up to 1 μg RNA was used for cDNA 

synthesis using QuantiTect® Reverse Transcription Kit (Qiagen®, Hilden, Germany) 

according to the manufacturer’s instructions. For qPCR analysis, a QuantStudio™ 6 Flex 

Real-Time PCR System (Applied Biosystems™, Foster City, USA) was used. qPCR was 

performed using either a TaqMan®-based assay (Actb: Mm00607939_s1; Tnfα: 

Mm00443258_m1; Mki67: Mm01278617; Lgr5: Mm00438890_m1; Smoc2: 

Mm00491553_m1; Clca4b: Mm01616360_m1; Applied Biosystems®, Foster City, USA) or 

SYBR™ Green-Based QuantiTect® Primer Assays (Actb: Mm_Actb_2_SG; Cldn4: 

Mm_Cldn4_1_SG; Cldn8: Mm_Cldn8_1_SG; Ocln: Mm_Ocln_1_SG; Tjp1: 

Mm_Tjp1_1_SG; Cxcl1: Mx_Cxcl1_1_SG; Cxcl2: Mx_Cxcl2_1_SG; Cxcl5: 

Mm_Cxcl5_2_SG; Qiagen®, Hilden, Germany). Each sample was measured in triplicate. Actb 

was used as endogenous reference control gene. Relative gene expression was calculated 

using the 2−ΔCt method. 
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2.11. Immunoassays.  

TNF-α was quantified in the supernatants of LPS- and EcN-stimulated organoids using an 

ELISA MAX™ Deluxe Set Mouse TNF-α (BioLegend, San Diego, USA), according to the 

manufacturer’s instructions. Samples and standards were prepared in duplicate and measured 

at 450 nm with a plate reader (VICTOR™ X3, PerkinElmer, Waltham, MA, USA). CXCL1, 

CXCL2, and CXCL5 were quantified using a multiplex immunoassay (ProcartaPlex, Life 

Technologies, Carlsbad, USA) according to the manufacturer’s instructions. Concentrations 

were determined by parallel standard curves for each parameter. 

 

2.12. Western Blot Analysis.  

Organoids were analysed for TJ expression by Western blot analysis after treatment with LPS 

or EcN. Organoids were homogenised with a tissue homogeniser (Ultra Turrax, IKA®-Werke 

GmbH & Co. KG). Proteins were extracted and separated by sodium dodecyl sulphate 

polyacrylamide gel electrophoresis, transferred to a nitrocellulose membrane, and 

immunoblotted using primary antibodies against occludin, claudin 8, zonula occludens-1 

(Invitrogen), and claudin 4 (Abcam). Immunoblotting for GAPDH (GenScript USA Inc., NJ, 

USA) was used as an internal control. After incubation with the secondary antibody (donkey 

anti-rabbit IgG (HRP); Abcam), the membrane was developed with a chemiluminescence 

solution (Bio-Rad Laboratories, Hercules, California, USA) and images were acquired using a 

ChemiDoc™ Touch Imaging System (Bio-Rad). Blot analysis was performed via ImageJ 

software (open source). 

 

2.13. Statistical Analysis.  

All statistical analyses were performed using GraphPad Prism6® software (San Diego, USA). 

Values represent the means with 95% CI or SEM. All values were normalised to the 

corresponding unstimulated controls in each independent experiment. Accordingly, 

unstimulated control values were calculated to a value of 1. When two conditions were 

compared, unpaired t-tests were performed. In other cases, one-way analysis of variances 

followed by Dunnett’s multiple comparison tests were used to compare values of stimulated 

samples of all three knockout genotypes to WT organoids. In the case of unequal variances, a 

Brown-Forsythe and Welch ANOVA test was performed. P < 0.05 was considered 

significant. ∗ indicates P < 0.05, ∗∗ indicates P < 0.01, ∗∗∗ indicates P < 0.001, and ∗∗∗∗ 
indicates P < 0.0001. 
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4.3 Results 

3.1. Colonic Organoids Expand and Differentiate until Day 10 before They Degrade.  

After separation of organoids using a syringe, pictures were taken for growth documentation 

(Figure 1(a)). Already on day 1, we observed small colonospheres which increased in size 

until day 3. At day 5, most of the colonospheres started to form crypts around the circular 

centre, indicating a colonoid state. Dead cells shed into the lumen. On day 7, only minor 

changes were observed compared to day 5. On day 9, colonic organoids were evenly 

distributed and developed in the Matrigel®. Starting on day 11, organoids began to break 

open, resulting in dead cells and debris located outside the colonic organoids. Finally, on day 

13, most organoids were disintegrated. At each time point, RNA was isolated from organoids 

for a later gene expression analysis. RNA concentrations increased until day 5 and remained 

stable until day 11, after which they rapidly decreased until day 13. 

To characterise cell proliferation within organoids, Ki67 expression was determined on the 

mRNA level by qPCR. An increase in Ki67 gene expression occurred up to day 5 with a drop 

in expression at day 7. After a media change on day 7, Ki67 expression increased and kept 

increasing until another media change on day 10, after which expression became quite 

variable. This resulted in widely distributed expression values on day 11. On day 13, Ki67 

mRNA was no longer detectable in any organoids. Gene expression of the IEC genes Smoc2 

and Lgr5 was analysed and showed a similar expression pattern as Ki67. In contrast, gene 

expression of the proliferation inhibitor and epithelial differentiation marker Clca4b [21] was 

low and mostly stable up to day 9, after which expression increased until day 13. 

Furthermore, gene expression of TJ components such as Ocln, Tjp1, Cldn4, and Cldn8 was 

analysed. Similar expression levels were detectable between day 1 and day 13 for Ocln and 

Tjp1, while Cldn4 increased and Cldn8 decreased rapidly on day 13 (Figure 1(d)). Thus, we 

decided to perform all further experiments using organoids after 10 days of growth, where the 

morphology showed crypts and the proliferation level was still high. 
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3.3. Decreased Expression of Tight Junction Components and Proinflammatory Response in 

Cd14-/- Epithelial Cells upon LPS Stimulation.  

After 6 hours of LPS stimulation, RNA or protein samples were taken from the organoids and 

expression levels of different genes involved in tight junctions (Ocln, Tjp1, Cldn4, and Cldn8) 

(Figure 3 and Supplemental Figure 1) and immune response (Tnfα, Cxcl1, Cxcl2, and Cxcl5) 

were analysed (Figure 4). To adjust batch effects, all values were normalised to the 

corresponding unstimulated controls in each independent experiment. Compared to WT 

organoids, Ocln expression significantly increased in Il10-/- organoids after exposure to LPS 

but was significantly decreased in Cd14-/- organoids after LPS stimulation (Figure 3(a)). 

Western blot analysis of OCLN showed no differences in all organoids after 6 h of LPS 

stimulation (Figure 3(b)). Gene and protein expression of Tjp1 was not altered in any of the 

organoids after LPS challenge (Figures 3(a) and 3(b)). LPS exposure significantly increased 

Cldn4 expression in WT and Il10-/- and slightly in Alpk1-/- organoids (Figure 3(a)). In Cd14-/- 

organoids, Cldn4 expression decreased slightly upon LPS exposure. These differences were 

not detectable on protein level (Figure 3(b)). As for Cldn8, expression levels remained 

unchanged for all genotypes (Figure 3(a)); however, CLDN8 expression was increased in 

Alpk1-/- organoids after LPS stimulation (Figure 3(b)). 

Upon LPS stimulation, gene expression of proinflammatory Tnfα was increased in all 

organoids, but this increase was significantly less in Cd14-/- organoids compared to WT 

organoids (Figure 4(a)). Protein levels of TNF-α proteins also increased in all organoids 

especially in Il10-/- epithelial cells. In contrast, TNF-α secretion was not increased in Cd14-/- 

epithelial cells after LPS stimulation (Figure 4(a)). Chemokines Cxcl1, Cxcl2, and Cxcl5 were 

increased after LPS stimulation in both investigated organoid genotypes, WT and Alpk1-/- 

(Figures 4(b)–4(d)). However, multiplex analysis of CXCL1, CXCL2, and CXCL5 revealed 

only an increase in WT organoids. Alpk1-/- epithelial cells showed only a modest increase in 

chemokine expression. Thus, LPS triggers a proinflammatory effect in all observed organoids 

but had lower effects in Cd14-/- and Alpk1-/- epithelial cells. Additionally, expression of TJ 

components Ocln and Cldn4 is affected by LPS in Cd14-/- organoids and CLDN8 seems to be 

altered in Alpk1-/- epithelial cells. 
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cases, a one-way analysis of variance followed by Dunnett’s multiple comparisons was 

performed. Each knockout genotype was compared to WT. ∗ P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 

0.001, and ∗∗∗∗ P < 0.0001. 

 

3.4. Alpk1 Deficiency Affects Tight Junction Component Expression after E. coli Nissle 1917 

Infection of Colonic Organoids.  

After 6 hours of EcN stimulation, gene and protein expression of tight junctions and 

inflammatory cytokines was measured (Figures 5 and 6 and Supplemental Figure 1). WT and 

Il10-/- organoids showed no changes in Ocln and Tjp1 expression compared to uninfected 

controls (Figures 5(a) and 5(b)); Ocln expression was significantly increased in Cd14-/- 

organoids (Figure 5(a)). Upon EcN infection, Alpk1-/- organoids had slight but not statistically 

significant decreased Ocln expression (Figure 5(a)). However, Western blot analysis showed 

an increased OCLN level compared to WT organoids (Figure 5(b)). 

Significantly reduced Tjp1 expression was measured in Alpk1-/- epithelial cell, but no 

differences were detectable in TJP1 levels in all genotypes (Figures 5(a) and 5(b)). Cldn4 

expression significantly increased upon EcN exposure in all genotypes although only 

increased CLDN4 expression was determined in Alpk1-/- organoids (Figures 5(a) and 5(b)). 

Cldn8 expression was significantly elevated in WT, Il10-/-, and Cd14-/- organoids upon EcN 

stimulation but notably not in Alpk1-/- organoids (Figures 5(a) and 5(b)). However, increased 

protein expression was measured in Alpk1-/- epithelial cells (Figure 5(b)). 

After EcN stimulation, Tnfα/TNF-α expression was elevated for all organoids, but this 

increase was significantly lower in Cd14-/- compared to WT organoids (Figure 6(a)). 

Expression of Cxcl1, Cxcl2, and Cxcl5 was increased upon EcN exposure in WT and Alpk1-/- 

organoids, but the increases in Cxcl1 and Cxcl5 expression were significantly lower in Alpk1-/- 

organoids compared to WT organoids (Figures 6(b)–6(d)). No difference in chemokine 

secretion between Alpk1-/- organoids and WT epithelial cells was observed in multiplex 

analysis of supernatants (Figures 6(b)–6(d)). 

Together, our data show (i) decreased Ocln and Tnfα gene expression in LPS-stimulated 

Cd14-/- organoids compared to WT epithelial cells; (ii) increased CLDN8 protein expression 

after LPS stimulation in Alpk1-/- cells; (iii) decreased Cldn8, Cxcl1, and Cxcl5 gene 

expression and increased protein expression of TJ components such as CLDN4, CLDN8, and 

OCLN in EcN-stimulated Alpk1-/- organoids compared to stimulated WT organoids; and (iv) 

less Tnfα/TNF-α production in Cd14-/- cells compared to WT epithelial cells. In conclusion,  
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4.4 Discussion 

In the present study, we utilised colon-derived 3D organoids derived from WT, Il10-/-, Cd14-/-, 

and Alpk1-/- knockout mice to investigate the response to either purified LPS or whole Gram-

negative bacteria. We show for the first time a role for ALPK1 in TJ component regulation 

after infection with the Gram-negative bacterium EcN. In addition, our results corroborate the 

role of CD14 in LPS-triggered proinflammatory and TJ component responses [11]. Although 

there are reports of Il10 being expressed in IECs [22], IL-10 itself is primarily produced by 

immune cells where it functions to regulate the intestinal homeostasis and barrier integrity via 

its anti-inflammatory effects [23, 24]. In our study, the absence of IL-10 did not alter the 

response of colonic organoids to EcN compared to WT cells. 

There are several variations described to culture, separate, and passage 3D organoids which 

result in different periods of growth and differentiation [18, 25, 26]. Our isolated crypt stem 

cells developed into colonospheres within 24 hours. The observed growth correlated with an 

increase in RNA concentration, proliferation, and expression of stem cell genes in the first 5 

days. Organoid growth and differentiation are highly dependent on the supplied media 

components. We assume that the drop in Ki67, Lgr5, and Smoc2 expression after day 5 

resulted from consumption of the differentiation inhibitor Y-27632. After a media exchange, 

organoids proliferated once more and formed more crypts. Eleven days after seeding, 

organoids began to break open, and by day 13, they were almost uniformly disrupted. In 

another study by Thalheim et al. [27] investigating the growth pattern of intestinal organoids, 

an equilibrium in the different epithelial cell type fractions was reached after 10 days. When 

we observed our organoids after 10 days, LGR5- and KI67-positive IECs were at the base of 

crypts indicating proliferating stem cell populations. Both enterocyte and mucus-producing 

goblet cell populations were observed by H&E staining, immunofluorescence, and cellular 

junction staining, and intestinal desquamation and cell turnover were visible. Therefore, we 

chose day 10 to begin our stimulation and infection experiments since at this time point 

colonic organoids were viable, differentiated, and demonstrated mature cellular junctions and 

crypt-villus structure. 

IECs are primarily exposed to bacteria and LPS on their apical surface; however, the 

basolateral surface is also exposed when the barrier is compromised or upon infection with 

invasive pathogens. Several studies have observed an effect of physiological concentrations of 

basally and apically applied LPS on IEC TJ permeability [28–30]. The way of infection in 3D 

organoids is dependent on the regarded strain [31]. In a study of Sabharwal et al. in 2016,  
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polarized T84 cells were infected with EcN [32]. Apical EcN infection triggered only a slight 

upregulation of Cxcl1 and an additional downregulation of Il8 expression. When infecting 

from the basolateral side, EcN greatly enhanced expression of Il8 and Cxcl1 [32]. In our 

organoid system, stimulation and infection is performed on the basolateral surface as EcN 

infection triggers epithelial activation at this site. 

LPS is a pathogen-associated molecular pattern that is recognised by TLR4/CD14. Signalling 

via TLR4/CD14 leads to NF-κB activation and subsequent proinflammatory gene expression 

[33]. In our study, we used a LPS concentration of 0.1 μg/mL, which was previously shown to 

induce an epithelial response in vitro [11]. After 6 hours of LPS stimulation or EcN infection, 

all organoid lines (WT, Cd14-/-, Il10-/-, and Alpk1-/-) had increased expression of Tnfα, proving 

a positive reaction to the stimulus. However, the increase in Tnfα/TNF-α expression in the 

Cd14-/- organoids was lower compared to WT organoids, validating the role of CD14 in LPS-

triggered proinflammatory signalling [20]. 

ALPK1 does not recognise LPS itself but rather a metabolic intermediate involved in LPS 

biosynthesis. Accordingly, our results confirmed that the lack of ALPK1 barely affects IEC 

proinflammatory response to LPS exposure alone, as TNF-α expression was similar compared 

to LPS-stimulated WT cells. Upon bacterial infection of IECs, ALPK1 has been shown to 

signal through TRIF/TRAF6 to NF-κB, triggering secretion of proinflammatory cytokines 

like IL-8 and TNF-α [34]. However, upregulation of chemokine Cxcl1 and Cxcl5 was 

significantly less in Alpk1-/- organoids infected with EcN compared to WT organoids, but an 

Alpk1 knockout did not result in decreased levels of proinflammatory mediators in the 

supernatants upon bacterial stimulation of colonic organoids. Therefore, in our experimental 

setup, the lack of ALPK1 did not result in decreased levels of proinflammatory mediators 

suggesting a minor role of the ALPK1 signalling pathway in epithelial cells. 

Upon LPS stimulation of WT organoids, we did not observe changes in the expression of TJ 

component genes Ocln, Tjp1, or Cldn8 but did record a significant increase in Cldn4 

expression. EcN infection of WT organoids increased Cldn4 and Cldn8 expression, 

suggesting a positive effect of these bacteria on the IEC barrier. Protein levels of occludin 

showed no differences in WT, Il10-/-, and Cd14-/- organoids suggesting a delay in TJ 

regulation. However, Ocln expression was significantly reduced in Cd14-/- organoids upon 

LPS exposure. Furthermore, Cd14-/- organoids tended to have lower expression levels of 

Cldn4 upon LPS stimulation. As occludin plays an important role in the stability of tight 

junctions, these gene expression data support earlier findings of our group showing a  
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protective role for CD14 in the intestinal barrier function [11]. A similar decrease in TJ 

component gene expression was not seen in Cd14-/- organoids with EcN infection, suggesting 

possible contextual differences in LPS presentation to TLR4/CD14. As we have shown in 

vivo, epithelial-immune cell crosstalk could be necessary for CD14-dependent impairment of 

the intestinal barrier upon EcN infection [12, 35]. Alternatively, other PRRs like TLR2 may 

be compensating for the lack of CD14 [36]. 

In addition, infection with whole Gram-negative bacteria revealed a significant increase in all 

analysed TJ proteins in Alpk1-/- organoids, while RNA expression levels of Tjp1 and Cldn8 

were decreased. These results indicate that ALPK1 plays an important role regulating tight 

junction component expression in IECs which could, in turn, lead to an altered IEC barrier. In 

contrast, ALPK1 did not affect the nonhematopoietic compartment in a H. hepaticus-induced 

colitis mouse model. Rather, ALPK1 influenced the regulation of IL-12 production in bone 

marrow-derived macrophages [13]. 

Our group previously described Alpk1 as a Cdcs1 locus candidate gene for IL-10 deficiency-

induced colitis severity in mice [4] and recently excluded a T cell-dependent role for ALPK1 

in colitis progression [5]. Our present study shows an influence of Alpk1 on epithelial barrier 

components in response to EcN and therefore perhaps to tolerance to commensal bacteria. A 

defect in Alpk1 could therefore contribute to a disruption of barrier function upon bacterial 

infection and be a cause for exacerbation of colitogenic inflammation. Future studies 

concerning IBD and intestinal barrier integrity should therefore investigate whether Alpk1-

dependent signalling is involved in disease progression. 
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organoids after 6 h of LPS stimulation (A) and EcN stimulation (B). (A) Samples were loaded 
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Abstract 

In recent years, stem cell-derived organoids have become a cell culture standard that is widely 

used for studying various scientific issues that were previously investigated through animal 

experiments and using common tumor cell lines. After their initial hype, concerns regarding 

their standardization have been raised. Here, we aim to provide some insights into our 

experience in standardizing murine colonic epithelial organoids, which we use as a 

replacement method for research on inflammatory bowel disease. Considering good scientific 

practice, we examined various factors that might challenge the design and outcome of 

experiments using these organoids. First, to analyze the impact of antibiotics/antimycotics, we 

performed kinetic experiments using ZellShield® and measured the gene expression levels of 

the tight junction markers Ocln, Zo-1, and Cldn4, the proliferation marker Ki67, and the 

proinflammatory cytokine Tnfα. Because we found no differences between cultivation with 

and without ZellShield®, we then performed infection experiments using the probiotic 

Escherichia coli Nissle 1917 as an already established model setup to analyze the impact of 

technical, interexperimental, and biologic replicates. We demonstrate that interexperimental 

differences pose the greatest challenge for reproducibility and explain our strategies for 

addressing these differences. Additionally, we conducted infection experiments using freshly 

isolated and cryopreserved/thawed organoids and found that cryopreservation influenced the 

experimental outcome during early passages. Formerly cryopreserved colonoids exhibited a 

premature appearance and a higher proinflammatory response to bacterial stimulation. 

Therefore, we recommend analyzing the growth characteristics and reliability of 

cryopreserved organoids before their use in experiments together with conducting several 

independent experiments under standardized conditions. Taken together, our findings 

demonstrate that organoid culture, if standardized, constitutes a good tool for reducing the 

need for animal experiments and might further improve our understanding of, for example, 

the role of epithelial cells in inflammatory bowel disease development. 
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5.1 Introduction 

Over the past decade, stem cell-derived organoid culture is a well-known system that has 

evolved from an exciting new tool for investigating scientific issues to a standard cell culture 

and in vitro method. Organoids were initially introduced as a promising model for basic 

research on disease development and progression, toxicological drug testing, and regenerative 

medicine [1–5]. Much progress has been made, for example, generating organoid structures 

from many different origins and establishing various protocols for all types of applications. 

There was much hype on organoids when they were first introduced, but some skepticism 

regarding their standardization combined with experimental considerations has recently 

emerged [5–7]. However, since their introduction, the definition of organoids has been agreed 

upon, and most scientists are currently aware of organoids [8] and their classification [9]. 

Specifically, organoids are 3D structures generated from pluripotent stem cells, such as iPSCs 

or ESCs, or from tissue-resident neonatal or adult stem or progenitor cells that are cultured in 

a tissue-like extracellular matrix (ECM). In the presence of niche and growth factors, these 

cells differentiate into all functionally relevant cell types and spontaneously self-assemble into 

3D structures that can perform some of the donor organ’s functions [1–3, 10]. 

In our research group, we mainly focus on intestinal epithelial organoids from the murine 

colon; hereafter also referred to as colonoids [9]. According to the 3R principles, we use these 

colonoids as a replacement tool for investigating the pathomechanism of inflammatory bowel 

disease (IBD) instead of performing in vivo studies. IBD is a multifactorial disease that 

depends on various factors, such as genetic predisposition, environmental factors, and 

alterations in the microbial gut flora [11]. Many in vivo models that exhibit genetic 

predisposition have been established, for example, the Il10-knockout mouse strain [12]. 

However, environmental and microbial factors are more difficult to display due to marked 

differences between the mouse model and the human situation. Furthermore, current in vitro 

models using, for example, Caco-2 cells often lack the physiological properties of a human 

tissue. Therefore, Dotti and Salas [6] reviewed the usage of ex vivo human intestinal 

organoids for research on IBD and judged them to be a suitable tool for analyzing disease 

mechanisms, although methods for their standardization are needed. 

This recommendation is in accordance with the claims made by another research group [5], 

who states that the general reproducibility of organoid cultures is essential for their use, e.g., 

in developmental and drug testing studies. It is also important to consider the scalability and 

safety of organoids when attempting to use these systems in human regenerative medicine [5]. 
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What we learned over the last few years in our organoid research is that the pace of 

experimental progress is rather slow due to the need to understand the fundamental basis of 

organoid formation and its requirements. As also stated by Huch et al. [5], we can only exhibit 

progress by “carefully laying the groundwork” for creating a useful product and facing the 

hype of organoid research with realistic expectations (p. 940). As commented by Spence [7], 

organoids lack a commonly well-accepted standard regarding their use in experiments, and 

every laboratory using organoids has established its own standardizing methods. 

This paper is aimed at collecting several strategies for standardizing 3D organoids to increase 

their value for the study of various scientific issues. According to good scientific practice, we 

want to note important aspects that should be considered in experimental designs to render 3D 

organoids a more predictable and reliable tool, for instance, regarding their technical, 

interexperimental, and biologic replicability. Additionally, we provide the first demonstration 

that the cryopreservation of intestinal epithelial organoids might influence the experimental 

outcome and should thus be analyzed in preliminary tests. 

 

5.2 Material and Methods 

2.1. Animals. 

All experiments in this study were conducted in accordance with the European Directive 

2010/63/EU [13] and German animal protection laws and were approved by the Local 

Institutional Animal Care (File: 2015/78). Male, 9- to 12-week-old C57BL/6J (wild type) 

mice were obtained from the Central Animal Facility (Hannover Medical School, Hannover, 

Germany), where they were formerly housed in individually ventilated cage systems under 

standardized room and specific pathogen-free conditions according to the recommendations 

of the Federation of European Laboratory Animal Science Association [14]. Routine 

microbiological monitoring did not reveal any evidence of infection with common murine 

pathogens with the exception of [Pasteurella] pneumotropica, Staphylococcus aureus, 

Klebsiella oxytoca, and Helicobacter sp. 

Prior to this study, we carefully timed and interweaved all of our experiments to ensure the 

use of the minimum number of animals for the maximum number of experiments. In total, 17 

animals were sacrificed to obtain the 17 independent colonoid lines that were used in this 

study. All generated colonoid lines were cryopreserved and can be reused in further studies. 

For reduction reasons, most of the data of the freshly isolated colonoid group (see Section 2.9) 

were obtained from the analysis of technical and interexperimental replicability and biological 
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variability (see Section 2.8); therefore, the data are repetitively used in the various 

experiments. 

 

2.2. Preparation of Organoids. 

The isolation and plating of crypts were performed as already published by us in Brooks/zur 

Bruegge et al. [15] with the following alterations/specifications: After transfer into 

dissociation buffer (DPBS containing 54.9 mM sorbitol and 43.4 mM sucrose), the colonic 

tissue pieces were thoroughly mixed by hand until the suspension became turbid with 

detached crypts. The crypt suspension was filtered (70 µm pores) and centrifuged, and the 

pellet was resuspended in Matrigel® (Corning™, New York, NY, USA) and organoid growth 

medium (DMEM [high glucose, pyruvate, GlutaMAX™] [Thermo Fisher Scientific, 

Waltham, USA] with 50% L-WRN supernatant [ATCC® CRL3276™ in DMEM [high 

glucose, pyruvate, GlutaMAX™] plus 10% fetal calf serum [FCS]] supplemented with 10% 

FCS [total concentration], 1× B27 [Invitrogen, Carlsbad, CA, USA], 1× N2 [Invitrogen, 

Carlsbad, CA, USA], 10 μM Y-27632 [Tocris, Bristol, UK], 50 ng/μL recombinant mouse 

epidermal growth factor [Sigma-Aldrich, St. Louis, MO, USA], and 1× ZellShield® 

[Biochrom, Berlin, Germany]) in a ratio of two-thirds to one-third, respectively. Under 

continuous mixing, 50 μL of the Matrigel®-and-crypt mixture was pipetted into wells of a 24-

well plate in alternating diagonal rows. For a better nutrient distribution throughout the gel, 

the droplets were mechanically flattened with the pipette tip, polymerized at 37 °C for 30 

minutes and overlaid with 500 μL of organoid growth medium. Organoids were cultured with 

5% CO2 at 37 °C, and the medium was changed every 3-4 days unless stated otherwise. 

 

2.3. Passaging of Organoids.  

The organoids were passaged weekly unless stated otherwise. For each passage, the Matrigel® 

droplets were dissolved by thorough pipetting after the addition of ice-cold DPBS, and the 

organoids were split through a 27G 1/2″ cannula. The crypt suspension was centrifuged, and 

the pellet was resuspended in fresh Matrigel® and organoid growth medium and processed as 

described above (Section 2.2). 

 

2.4. Cryopreservation and Thawing of Organoids.  

Freshly isolated organoids were grown for 1 week until passage 1 and then processed as 

described in Section 2.3, titled “Passaging of Organoids.” Instead of Matrigel®, the pellet was 

resuspended in FCS with 10% DMSO and then frozen at -20 °C in a Mr. Frosty™ (Fisher 
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Scientific GmbH, Schwerte). After 24 h, the Mr. Frosty™ was transferred to -80 °C, and 24 h 

later, the cryovials were transferred to liquid nitrogen until further use. 

The cryopreserved organoids used for infection experiments were rapidly thawed at 37 °C 

until the suspension became liquid. The organoids were then immediately transferred into ice-

cold DPBS with 10% FCS, centrifuged, and plated as described in Section 2.2, titled 

“Preparation of Organoids.” 

 

2.5. Effects of ZellShield® on Organoid Kinetics.  

The organoids used to assess the effects of ZellShield® on organoid kinetics were isolated and 

cultivated as mentioned above (Sections 2.2 and 2.3) over 3 weeks in the presence of 

ZellShield® until passage 3. The organoids from passage 3 were then cultivated for 10 days in 

the presence of ZellShield®, and the medium was changed every 3 days, with the last change 

occurring one day prior to the experiment. On day 10, the old organoid growth medium was 

replaced by fresh organoid growth medium with or without ZellShield®, and the organoids 

were cultured for 1, 2, 4, 6, and 12 hours at 37 °C in the presence of 5% CO2. After 

incubation, the supernatant was removed and stored at -20 °C. The plate was immediately 

placed on ice, the Matrigel® was dissolved, and the organoid structures were disrupted by 

thorough pipetting after the addition of ice-cold DPBS. The suspension was centrifuged, and 

the pellet was resuspended in RNA Quick-RNA™ Micro Prep Kit Lysis Buffer (Zymo 

Research, Irvine, CA, USA) and stored at -80 °C until further processing for quantitative real-

time PCR (qPCR) analysis. Two wells of each condition were pooled to obtain the 

supernatant and lysed samples. The whole experimental setup from isolation to sample 

collection was repeated in five independent experiments. 

 

2.6. Cultivation of E. coli Nissle 1917.  

The E. coli Nissle 1917 strain (EcN) for the infection experiments was cultivated as already 

published by us in Brooks/zur Bruegge et al. [15]. 

 

2.7. EcN Infection Experiments.  

The organoids used in the EcN infection experiments were cultivated as described in Section 

2.5, titled “Effects of ZellShield® on Organoid Kinetics”; again, organoids at passage 3 were 

used on day 10 for the infection. The old growth medium was exchanged with fresh medium 

without ZellShield® to obtain the control samples, and the infection samples were 

administered the bacterial suspension at 1 : 25 dilution in organoid growth medium without 
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ZellShield®. The control and infection samples were incubated for 1 hour at 37 °C in 5% CO2. 

After incubation, all supernatants and lysed organoid samples were collected and stored using 

the protocol described in Section 2.5. 

 

2.8. Technical and Interexperimental Replicates and Biological Variability. 

For the analysis of technical and interexperimental differences and biological variability, we 

performed five independent EcN infection experiments as described above (Sections 2.6 and 

2.7) on five different days using three different biological replicates (organoid lines) per 

experiment and three technical replicates (two wells pooled to prepare each sample) per 

organoid line. In total, we used 15 independent organoid lines for this experiment. 

 

2.9. Freshly Isolated vs. Cryopreserved Organoids. 

For the comparison between freshly isolated and cryopreserved organoids, we performed 

seven independent EcN infection experiments according to the experimental setup described 

above (Sections 2.6 and 2.7) using both types of organoids. The data from 15 freshly isolated 

organoid lines were obtained from the experiments described in Section 2.8, titled “Technical 

and Interexperimental Replicates and Biological Variability,” and were repetitively used in 

this context. In addition, two additional freshly isolated organoid lines were generated as a 

comparison group for the last cryopreserved batches. The 12 cryopreserved organoid groups 

were thawed as described in Section 2.4, titled “Cryopreservation and Thawing of 

Organoids,” at passage 1 one week after the corresponding freshly isolated organoid groups 

that were simultaneously infected; therefore, the same passage was used for both conditions. 

 

2.10. RNA Isolation and cDNA Synthesis. 

To quantify the gene expression levels in the collected lysis samples, intracellular RNA was 

isolated using the RNA Quick-RNA™ Micro Prep Kit (Zymo Research, Irvine, CA, USA), 

and up to 1 μg of RNA was transcribed into cDNA using the QuantiTect® Reverse 

Transcription Kit (Qiagen®, Hilden, Germany) according to the manufacturer’s instructions. 

Organoid samples for cDNA library generation and sequencing were lysed and processed 

according to the manufacturer’s instructions using the RNeasy Mini Kit (Qiagen®, Hilden, 

Germany) with additional DNase digestion with the RNase-Free DNase Set (Qiagen®, Hilden, 

Germany) and stored at -80 °C until further use. 
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2.11. Quantitative Real-Time PCR (qPCR). 

The qPCR-based quantification of the gene expression levels of the cDNA samples was 

performed using a TaqMan®-based singleplex assay with Actb (Mm00607939_s1) as the 

endogenous control gene, Mki67 (Mm01278617) and Slc5a1 (Mm00451210_m1) as the 

target, and the following TaqMan®-based multiplex assays: 4-plex 1 [Actb 

(Mm00607939_s1_qsy_ABY) as the endogenous control gene, Cldn2 

(Mm00516703_s1_VIC; data not shown), Cldn7 (Mm00516817_m1_qsy_JUN; data not 

shown), and Tnfα (Mm00443258_m1_FAM)] and 4-plex 2 [Cldn4 

(Mm_00515514_s1_qsy_ABY), Cldn8 (Mm00516972_s1_qsy_JUN; data not shown), Ocln 

(Mm00500912_m1_FAM), and Tjp1 (Mm01320638_m1_VIC)] (all from Thermo Fisher 

Scientific, Waltham, MA, USA). SYBR® Green-based QuantiTect Primer Assays (Qiagen®, 

Hilden, Germany) were used for Actb (Mm_Actb_1_SG) as the endogenous control gene, and 

Chga1 (Mm_Chga_1_SG) and Muc2 (Mm_Muc2_2_SG) as target genes. Each sample was 

either measured in duplicate or triplicate using a QuantStudio™ 6 Flex Real-Time PCR 

System (Applied Biosystems™, Foster City, CA, USA). Relative quantification (RQ) was 

performed using the 2−ΔΔCT method [16]. 

 

2.12. Library Generation, Sequencing, and Raw Data Processing. 

Library generation, quality control, and quantification were performed as described 

previously [17]. 500 ng of total RNA per sample was utilized as input for mRNA enrichment 

procedure with “NEBNext® Poly(A) mRNA Magnetic Isolation Module” (E7490L; New 

England Biolabs) followed by stranded cDNA library generation using “NEBNext® Ultra II 

Directional RNA Library Prep Kit for Illumina” (E7760L; New England Biolabs). All steps 

were performed as recommended in user manual E7760 (Version 1.0_02-2017; NEB) except 

that all reactions were downscaled to 2/3 of initial volumes [17]. Furthermore, one additional 

purification step was introduced at the end of the standard procedure using 1× “Agencourt® 

AMPure® XP Beads” (#A63881; Beckman Coulter, Inc.) [17]. 

cDNA libraries were barcoded by dual indexing approach using “NEBNext Multiplex Oligos 

for Illumina–96 Unique Dual Index Primer Pairs” (6440S; New England Biolabs) [17]. All 

generated cDNA libraries were amplified with 7 cycles of final PCR. 

Fragment length distribution of individual libraries was monitored using “Bioanalyzer High 

Sensitivity DNA Assay” (5067-4626; Agilent Technologies) [17]. Quantification of libraries 

was performed by use of the “Qubit® dsDNA HS Assay Kit” (Q32854; Thermo Fisher 

Scientific) [17]. 



Intestinal Organoids in Colitis Research: Focusing on Variability and Cryopreservation 
 

- 44 - 

2.12.1. Library Denaturation and Sequencing Run. 

Equal molar amounts of 12 individually barcoded libraries were pooled for a sequencing run. 

The library pools were denatured with NaOH and were finally diluted to 1.8 pM according to 

the Denature and Dilute Libraries Guide (Document # 15048776 v02; Illumina) [17]. 1.3 mL 

of denatured pool was loaded on an Illumina NextSeq 550 sequencer using a High Output 

Flow Cell kit for 1 × 76 bp single reads (20024906; Illumina) [17]. Sequencing was 

performed with the following settings: sequence reads 1 and 2 with 38 bases each and index 

reads 1 and 2 with 8 bases each. 

 

2.12.2. BCL to FASTQ Conversion. 

BCL files were converted to FASTQ files using bcl2fastq Conversion Software version 

v2.20.0.422 (Illumina) [17]. 

 

2.12.3. Raw Data Processing and Quality Control. 

Raw data processing was conducted by use of nfcore/rnaseq (version 1.4.2) which is a 

bioinformatics best-practice analysis pipeline used for RNA sequencing data at the National 

Genomics Infrastructure at SciLifeLab, Stockholm, Sweden [17]. The pipeline uses Nextflow, 

a bioinformatics workflow tool. It preprocesses raw data from FASTQ inputs, aligns the 

reads, and performs extensive quality control on the results [17]. The genome reference and 

annotation data were taken from http://GENCODE.org (Mus musculus; GRCm38.p6; release 

M25). 

 

2.12.4. Normalization and Differential Expression Analysis. 

Normalization and differential expression analysis were performed with DESeq2 (Galaxy 

Tool Version 2.11.40.6; DESeq2 version 1.22.1) with default settings except for “Output 

normalized counts table,” “Turn off outliers replacement,” “Turn off outliers filtering,” and 

“Turn off independent filtering,” and all of which were set to “True” [17]. The EcN infection 

was selected as a primary factor, whereas the donor was used as a secondary factor in DESeq2 

analyses (two-factor design). The results of the DESeq2 analysis are displayed in 

Supplementary Table 1. DESeq2 result table was loaded into Qlucore Omics Explorer 

(version 3.7) software using the Wizard function for visualization via heat map. 
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For gene set enrichment analysis, Enrichr gene set enrichment analysis web server was 

utilized [18]. Visualization for enrichment analysis was performed with the Appyters [19] 

programmatically run from the Enrichr results page with default settings for the Enrichr 

library KEGG 2019 Mouse. 

 

2.13. Statistical Analysis. 

The statistical analyses were performed using GraphPad Prism 6® software (San Diego, CA, 

USA). The values are plotted either directly with the means and 95% confidence intervals 

(CIs) or standard deviations (SDs) or as the means with 95% CIs or SDs. Before calculating 

the means, all technical replicates were statistically tested using the Grubbs outlier test. All 

means from pooled groups were statistically tested via the ROUT outlier test. The following 

tests were performed for data with equal variances: the data from the analysis of the effects of 

ZellShield® on organoid kinetics were assessed by two-way analysis of variances followed by 

Tukey’s multiple comparisons tests, the independently plotted data from experimental and 

biologic replicates were analyzed by a one-way analysis of variances followed by Tukey’s 

multiple comparisons tests, and the pooled data from the biological replicates were analyzed 

using an unpaired t-test. In addition, the control and EcN-infected samples of freshly isolated 

and cryopreserved organoids were subjected to the following pairwise comparisons by one-

way analysis of variances followed by Sidak’s multiple comparisons tests: fresh Ctrl vs. fresh 

EcN, fresh Ctrl vs. thawed Ctrl, fresh EcN vs. thawed EcN, and thawed Ctrl vs. thawed EcN. 

A P value of < 0.05 was defined as significant (∗) for all experiments with the following 

grading: ∗∗ P < 0.01, ∗∗∗ P < 0.001, and ∗∗∗∗ P < 0.0001. 
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5.3 Results 

3.1. ZellShield® Does Not Affect Gene Expression in Colonoids. 

Due to practical reasons such as easier handling, the culturing of cell lines using antibiotics is 

a common practice. Because most conventional cell lines are derived from tumors and 

therefore do not properly recapitulate the physiological state, the possible side effects of 

antibiotics can be neglected in most studies. For primary cells collected from a nonsterile 

environment such as the gut, it is important to avoid the overgrowth of bacteria or fungi. 

Thus, the use of antibiotics is crucial for achieving and maintaining a sterile environment. 

However, it is commonly known that the microbial flora shapes and maintains, for example, a 

strong intestinal barrier [20, 21]. Therefore, its removal due to antibiotic administration could 

alter the physiology of primary cells and their reaction to environmental stimuli, for example, 

when conducting infection experiments. Additionally, antibiotics could have a direct impact 

on gene expression levels; thus, omitting them might have an impact on the experimental 

outcome. 

To analyze possible side effects of antibiotics on colonoids, we performed a kinetic 

experiment with controlled addition (+ ZS) and removal (Ø ZS) of ZellShield®, a defined 

purchasable mix of antibiotics/antimycotics, over the course of 12 hours (h) with a sample 

collection 1, 2, 4, 6, and 12 hours after media administration (Figure 1). Gene expression 

levels of the tight junction proteins Cldn4 (claudin 4), Ocln (occludin), and Zo-1 (zonula 

occludens-1; tight junction protein 1) and the cytokine Tnfα did not differ between the two 

conditions and were mostly stably expressed over time with a rather high standard deviation 

for Cldn4, Ocln, and Tnfα. The proliferation marker Ki67 was also equally expressed in both 

conditions, but as expected, expression slowly decreased over time. This is consistent with 

our earlier findings [15] and represents the consumption of fresh media. In summary, 

ZellShield® seemed to have no effect on tight junction expression, proliferation, or induction 

of Tnfα in colonoids. However, to minimize effects related to medium changes and to 

acclimate organoids, fresh medium should be administered 12-16 hours prior to all 

experiments. 
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3.2. Experimental Data Are Predominantly Affected by Interexperimental Differences. 

To analyze the technical and interexperimental reliability, as well as the biological variability 

among organoids, we measured the acute effects of infection with E. coli Nissle 1917 (EcN) 

on gene expression in colonoids. We thus performed five independent infection experiments; 

hereafter referred to as experimental replicates. For each experiment, we generated three 

different organoid lines (biological replicates) and prepared three technical replicates of each 

control and EcN-infected sample from each organoid line. We wanted to analyze the 

reproducibility of our data and which type of replicate (technical, biological, and 

experimental) has the highest impact on the experimental outcome. 

First, we examined the clustering of the technical replicates (Figure 2(a); representative 

results from the control samples of one organoid line from each experiment are shown). We 

noted four different clustering patterns: most technical replicates clustered closely together 

with a rather small SD and no visual and statistically significant outlier, as observed for, for 

example, Cldn4 expression in organoid lines no. 2 and 8. Other technical replicates clustered 

evenly apart from one another with the mean laying around the middle value, as was observed 

for, e.g., Tnfα expression in organoid lines no. 2 and 8. Few replicate groups had visual 

outliers but no statistical relevance, as was detected for, for example, Zo-1 and Cldn4 

expression in organoid line no. 9. Only two technical replicate groups had statistically 

relevant outliers (shown as black dots), namely, Zo-1 and Ki67 expression in organoid line 12, 

and these groups were later omitted from the mean calculation. Overall, the analysis of all 

technical samples revealed an acceptable statistical outlier frequency of at most 2.15% per 

gene (maximum of two outliers out of 93 individual values per gene). Therefore, our technical 

replicates were rather reliable and had only a low impact on the experimental outcome. 

In the next step, we analyzed the clustering of biological replicates per experiment (Figure 

2(b)). We observed a clustering pattern similar to the four different patterns found for the 

technical replicates, but in general, the biological replicates within an experiment clustered 

rather closely together. Statistically, only two relevant outliers (shown as red triangles) within 

a biological replicate group were detected for all the genes: Tnfα expression in organoid line 3 

and Ki67 expression in organoid line 4. This finding equates to an overall statistical outlier 

frequency of at most 3.33% per gene (max. 1 out of 30 mean values per gene). After pooling 

the data, including the two previously mentioned outliers (Figure 2(c)), no statistically 

significant outliers could be detected. Therefore, the sole biological variability had a rather 

low impact on our data. 
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In the final step, we further analyzed the effects of experimental replicates on variability 

(Figure 2(b)) and detected several significant interexperimental differences by the ANOVA: 

the Ocln gene expression levels differed significantly between two control groups (Ctrl 3 and 

5, P = 0.0239). In addition, the Cldn4 expression levels were significantly different between 

two EcN-infected groups (EcN 3 and 5, P = 0.0054). Additionally, after EcN infection, the 

Tnfα gene expression level in one experiment was significantly higher than that in three other 

experiments [EcN 4 and EcN 1 (P = 0.0089), 2 (P = 0.0201), and 3 (P = 0.0021)]. Although 

several significant differences were detected between the experiments, it is important to 

mention that the increasing or decreasing trends in gene expression between the control and 

infected samples were mostly the same in the independent experiments. For example, the 

Ki67 gene expression levels differed significantly between both control samples (P = 0.0297) 

and both EcN-infected samples (P = 0.0133) of the same experiments (nos. 3 and 5). This 

trend was also visually observed for other expression patterns showing nonsignificant 

differences. However, experimental replicates had a higher impact on our data than technical 

and biological replicates. 

Focusing again on the pooled data (Figure 2(c)) and the overall experimental outcome, we 

measured a significant increase in Cldn4 gene expression after EcN infection (P = 0.0439), 

but this finding could not be detected in the single experiments, presumably due to the rather 

low effect. In contrast, the significant increase in Tnfα expression after EcN infection (P < 

0.0001) was also observed in the independent experiments (Figure 2(b); the following 

significant differences are not shown in the graph: comparison of Ctrl and EcN in Exps. 1 to 

5: P = 0.0073, P = 0.0026, P = 0.0098, P < 0.0001, and P < 0.0001, respectively), but these 

mostly exhibited a lower P value than that obtained for the pooled data. The gene expression 

levels of the tight junction proteins Ocln (P = 0.4695) and Zo-1 (P = 0.1021) and the 

proliferation marker Ki67 (P = 0.6469) did not differ between the control and EcN-infected 

samples (Figure 2(c)). Taken together, these results show that EcN has an impact on the gene 

expression levels of the tight junction protein Cldn4 and on the induction of Tnfα. 
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from three different organoid lines (biological replicates) per experiment plus the overall 

mean and SD per experiment; the outliers, as identified using the Grubbs outlier test, are 

shown as red triangles; ANOVA: Ocln (F (9, 20) = 2.609, P = 0.0355), Zo-1 (F (9, 20) = 

1.538, P = 0.2019), Cldn4 (F (9, 20) = 4.227, P = 0.0035), Tnfα (F (9, 20) = 29.69, P < 

0.0001), and Ki67 (F (9, 20) = 4.150, P = 0.0039). (c) Pooled data. The graphs plot the 

technical replicate means of all biological replicates (n = 15) from all independent 

experiments plus the overall mean and 95% CI. 

 

3.3. Cryopreserved Organoids Show Attenuated Responses in EcN Infection Experiments. 

One of the major advantages of the organoid system is the ability to propagate organoids 

shortly after isolation and subsequently cryopreserve them until further use [6], similarly to 

regular nonprimary cell lines. However, it is commonly known that the freezing and thawing 

of cells is an invasive treatment that can alter not only the cell viability but also other 

parameters within a cell, such as gene expression patterns. To analyze the possible effects of 

cryopreservation on primary organoid cell culture and on the outcome of infection 

experiments, we first compared the morphology of freshly isolated colonoids with 

cryopreserved and subsequently thawed colonoids (hereafter referred to as cryopreserved 

colonoids, Figures 3(a) and 3(b)); then, we performed infection experiments on both colonoid 

types in passage 3. We compared the acute effects of EcN infection on gene expression levels 

and different signaling pathways (Figures 3(c) and 4–6). For a direct comparison within the 

same biological replicates, freshly isolated colonoids were also used for cryopreservation, 

thawed, and then infected together with new freshly isolated colonoids of the same passage 

number. During passage 1, more and bigger colonosphere structures were observed in the 

cryopreserved culture compared to freshly isolated organoids (Figure 3(a)). No differences 

were detectable in passages 2 and 3. Immunohistological staining for CD326, a marker for 

epithelial cells, showed a positive signal in the outer cell layer of colonospheres and organoids 

(Figure 3(b)). High amounts of KI67-positive cells were found throughout the whole 

epithelium of all colonospheres, and positive cells in mature colonoids were located at the 

base and sides of the intestinal crypts. Colonospheres as well as organoids were positive for 

the intracellular TJ protein ZO-1 (Figure 3(b)). In addition, epithelial cell subtypes such as 

enterocytes (Slc5a1), enteroendocrine cells (Chga1), and goblet cells (Muc2) were analyzed 

using qPCR before and after EcN infection. All analyzed genes did not differ between freshly 

isolated and cryopreserved colonoids (Figure 3(c)). After EcN infection, Ki67 expression was 
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expression (ANOVA: F (3, 54) = 2.932; P = 0.0416). Relative Ki67 expression (ANOVA: F 

(3, 54) = 3.435; P = 0.0231). 

 

Furthermore, we performed RNA sequencing and pathway analysis from freshly isolated and 

cryopreserved colonoids after EcN infection. Although donor and interexperimental-specific 

differences were detectable, overall, all genes which were significantly (adjusted P value < 

0.01; Supplementary Table 2) differentially expressed in EcN samples in fresh colonoids 

compared to control counterparts displayed a comparable expression pattern in thawed 

organoids (Figure 4). The change in gene expression levels between EcN and control samples 

was attenuated in cryopreserved colonoids compared to fresh ones, though. While in fresh 

colonoids, the significantly differentially expressed genes (DEGs) amounted up to 290; in 

cryopreserved colonoids, only 140 significantly DEGs were detected between EcN and 

control samples (Supplementary Table 3). Notably, almost all of those 140 significantly 

DEGs were also found among the 290 genes in the group of fresh organoids without 

indication for any additional effect of the thawing process on EcN treatment outcome. 

Correspondingly, both fresh and cryopreserved colonoids experienced gene upregulation in, 

overall, the same pathways or biological processes in response to EcN infection (Figure 5). 

Upregulated genes were especially associated with the TNF-α, IL-17, MAPK, or NF-kappa B 

signaling pathway (Figure 5(a)). Although the same signaling pathways were activated in 

fresh and cryopreserved organoids after EcN infection, the association with each gene set, 

except the TNF-α and IL-17 signaling pathway (Figure 5(a)), was more significant for the 

fresh colonoids due to the higher number of significantly upregulated genes (Figure 5(b)). 

In addition, the relative gene expression of the tight junction genes Ocln, Zo-1, and Cldn4 

before or after infection did not significantly differ between the two types of colonoids 

(Figure 6). However, the Cldn4 expression levels were significantly elevated in fresh 

organoids after EcN infection (P = 0.0182), whereas no significant differences were detected 

by ANOVA in the cryopreserved organoids (P = 0.1144). But a direct comparison using an 

unpaired t-test showed a significant difference between the control and EcN-infected samples 

of cryopreserved colonoids (P = 0.0124). In addition, Tnfα expression was significantly 

upregulated in both types of colonoids (both P < 0.0001) in response to bacterial stimulation. 

However, after EcN infection, significantly higher expression was detected in the 

cryopreserved organoids than in the fresh colonoids (P = 0.0110). Together, these results 

indicate that strong effects can be easily observed in cryopreserved colonoids, whereas 

smaller effects might remain undetected. 
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5.4 Discussion 

As often stated in various articles, comments, and reviews, standardization techniques have 

been needed in the field of organoid research for a longer period [5–7, 22]. Because every 

laboratory uses its own methods for conducting experiments and uses different tissue/cell 

sources, among other variations, the recreation of results and their transferability to other labs 

are extremely difficult. According to our early personal experience with organoid culture, 

even the reproducibility of our results proved to be challenging, and we therefore developed 

several methods for standardizing our colonoids. Here, we provide some insights into these 

techniques and aim to answer several questions we encountered during our colonoid research 

over the last few years. 

As stated previously, the commonly used cell lines and colonoids are usually cultured in the 

presence of antibiotics and/or antimycotics, such as ZellShield®. A culture without these 

agents would lead to severe infection and overgrowth of the endogenous microbiota and fungi 

that are naturally present in the donor tissue and cannot be mechanically removed during 

crypt isolation. Another option is the use of a tissue derived from germ-free mice, but germ-

free animals often pose other challenges and do not recapitulate the physiological state of the 

gut. For example, germ-free mice have a weakened intestinal barrier, reduced metabolic rates, 

and an enlarged cecum because their body has to cope with the lack of digestive microbiota 

[23]. In addition, biopsy samples for the preparation of human intestinal epithelial organoids 

cannot be obtained from a germ-free individual; therefore, antibiotic administration is 

necessary. However, it is known that antibiotic treatment can alter the gene expression levels 

of epithelial cells and immune cells [24–27], and the sudden lack of antibiotics might be 

responsible for any effects detected in these cells. Therefore, we analyzed the impact of 

ZellShield® removal on the gene expression levels of the tight junction proteins Ocln, Zo-1, 

and Cldn4 and the proliferation marker Ki67 and the induction of the proinflammatory 

cytokine Tnfα in colonoids over the course of 12 hours. We did not detect any differences 

between culture with and without ZellShield® and concluded that ZellShield® has no effect on 

the expression of the analyzed genes in colonoids. However, this study and our previously 

published work [15] revealed that the administration of fresh medium has a direct impact on 

colonoid gene expression. It has been shown that standardized and improved culture 

conditions [28, 29] together with well-timed media administration will result in optimized 

experimental settings [15]. Therefore, we recommend the administration of fresh medium 12-

16 hours before performing any experiments with new medium to minimize the effects related 

to medium changes. For optimal results, specific analyses for each case should be performed. 
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As mentioned previously, at the beginning of our work with intestinal organoids a few years 

ago, we experienced a lack of reproducibility in our experimental data. We considered factors 

that might influence the outcome of experiments with organoids, and according to good 

scientific practice, a well-planned study design is an important factor for obtaining 

reproducible data. Therefore, we were interested in the reliability of the experimental data 

obtained from technical and experimental replicates of colonoids and the extent to which 

biological variability might influence these data. The last factor, biological variability, is also 

important because the organoid system is aimed at replacing animal experiments and reducing 

the number of animals used according to the 3Rs. As a model setup for this study, we used an 

infection experiment with the probiotic bacterium E. coli Nissle 1917 that we previously 

established in our colonoids [15] and measured the gene expression levels of the 

abovementioned markers. Our observations revealed that both technical and biological 

replicates were rather reliable with few statistical outliers and thus had a rather low impact on 

our data. In contrast, experimental replicates exhibited more interexperimental differences and 

therefore had a higher impact on the produced data. These findings are consistent with those 

obtained by Pamies et al. [22], who state that standardizing organoids is highly demanding 

due to their complexity, which “can be associated with variability between individual […] 

experiments, thus affecting reproducibility of […] quality and functionality and hence any 

downstream readouts.” (p. 365). Overall, we conclude from our analyses that it is more 

important to conduct an experiment several times instead of adding many technical and 

biological replicates to only one or two experiments. The exact quantity of these parameters 

also depends on the expected outcome and statistical power, which should be measured in 

preliminary tests. In our previously published work [15], we standardized our data from 

infected/stimulated samples to the corresponding controls to further account for 

interexperimental differences. The rather low impact of biological variability on gene 

expression levels indicates that reducing the numbers of animals used for the generation of 

organoids of animal origin is possible. However, Voelkl et al. [30] note that it is also 

important to introduce some heterogenization to achieve increased reliability and to avoid 

idiosyncratic results, for example, from only using mice of the same age or the same 

genetic/microbial background. Regarding the observed effects obtained after pooling our data, 

the increases in the gene expression levels of the tight junction protein Cldn4 and the 

proinflammatory cytokine Tnfα are consistent with our prior experimental results and might 

suggest a positive probiotic effect of EcN on the epithelium, which might involve enhancing 

the barrier through the upregulation of tight junction components and the recruitment of 
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immune cells via cytokine induction [15]. In tubular cells, Tnfα increases the gene expression 

and surface levels of Cldn4 and thereby contributes to an increase in the transepithelial 

resistance [31]. Other in vitro studies with IECs have also shown that the response to EcN 

stimulation and other probiotic bacteria is transiently proinflammatory [32, 33]. Therefore, 

our research group suggested that the upregulation of cytokines such as Tnfα might be part of 

the probiotic effect of EcN [34]. Furthermore, Yan et al. [35, 36] reported that Tnfα is 

responsible for the activation of both, pro- and anti-inflammatory signaling pathways and that 

their balance is crucial in IBD. 

Again, to reduce the use of experimental animals and for the storage of patient-derived 

organoid cultures, using cryopreserved organoids is a major advantage of the whole organoid 

system. However, Pamies et al. [22] note that the cryopreservation of organoids (among 

others) is more complex than that of standard cell culture; hence, the maintenance of their 

functionality has to be ensured. To the best of our knowledge, the experimental reliability of 

cryopreserved murine organoids has not yet been investigated, and in our early experience 

with cryopreserved and then thawed organoids, we noticed that these showed a different 

growth pattern during the first passage compared with freshly isolated organoids. Formerly 

cryopreserved colonoid cultures appear to have a higher quantity of premature spheroid 

structures and exhibit delayed development. Therefore, we wanted to analyze their 

experimental behavior compared with that of freshly isolated colonoids in early passages. For 

this purpose, we also used EcN infection as our experimental setup. To heed the European 

directive 2010/63/EU [13] to reduce animal numbers, we cryopreserved our freshly isolated 

colonoids used in our other experiments and thawed most volumes for comparison. In 

addition, most of the data from the freshly isolated organoids were obtained from the 

experiments with “different replicates,” which were conducted simultaneously. Hence, the 

same colonoids were used for both states, which also increases the comparability of the 

results. Further comparison of the cryopreserved and freshly isolated organoids showed no 

differences in cell subtype composition but a higher expression of Ki67 in the cryopreserved 

colonoids, which hints that these are found at a presumably more premature state than fresh 

colonoids at the same passage. For additional analysis, we performed RNA sequencing 

analysis and revealed more DEGs in EcN-infected freshly isolated colonoids compared to 

cryopreserved colonoids. However, cryopreserved organoids displayed a comparable 

expression pattern. As previously observed, the gene expression levels of the tight junction 

marker Cldn4 and the cytokine Tnfα were significantly increased in the EcN-infected samples 

of both types, although lower upregulation of Cldn4 expression was observed in the 
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cryopreserved colonoids. This different cell status might influence the response to bacterial 

challenge and might also be responsible for the significantly higher expression of the cytokine 

Tnfα observed in the cryopreserved compared with the freshly isolated colonoids. For 

example, during the tumor progression of gastroenteropancreatic neuroendocrine neoplasms, 

the expression of Tnfα is positively correlated with high proliferation rates, as indicated by 

Ki67 expression [37]. Taken together, these results indicate that strong effects, such as the 

increase in Tnfα expression, can be easily detected in cryopreserved and possibly more 

premature colonoids, whereas smaller effects, such as the upregulation of Cldn4, might be 

more easily detected in freshly isolated, more mature colonoids. Therefore, the developmental 

characteristics of organoids should be tested before their use in experiments to analyze which 

passage is optimal for experimental usage. Whether cryopreserved organoids also show 

different behaviors at older passages remains to be analyzed, but another study using bovine 

colonoids showed that formerly in-plate in situ cryopreserved colonoids showed similar 

growth rates to unfrozen colonoids of the same passage and found no significant increase in 

cytotoxic sensitivity to staurosporine after in situ freeze-thawing [38]. Other studies regarding 

aging in intestinal epithelial organoids describe organoid culture as an aging system similar to 

the in vivo state [39–42]. Therefore, it is likely that cryopreserved murine colonoids also 

mature over time and can be reliably used for experiments, which would enable a further 

reduction in animal numbers according to the 3Rs. For this purpose, another possibility might 

be the cryopreservation of whole tissue samples using the DMSO slow-freeze technique for 

later organoid generation, as was previously described for tumor-derived organoids by Walsh 

et al. [43]. These researchers observed similar Ki67 expression and a matching drug response 

in organoids generated from a fresh and DMSO frozen tumor tissue a few days after 

generation. 

In general, studies involving organoids should be carefully designed such that the lowest 

number of animals is used for the highest number of experiments. Of course, this poses a 

challenge related to the planning and interweaving of all experiments being conducted, but the 

same stipulation has to be considered in official animal experiments. 

 

5.5 Conclusions 

In conclusion, cultivation with or without ZellShield® had no impact on the analyzed genes of 

interest. Regarding good scientific practice, we showed that the experimental outcome is 

predominantly influenced by interexperimental differences and that the technical and 

biological variabilities are rather low. In addition, the cryopreservation of organoids might 
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also influence the experimental outcome due to a possibly premature character of organoids at 

early passages and their higher proinflammatory response to bacterial stimulation. Therefore, 

testing the growth characteristics of organoids prior to their use in experiments would be 

recommended and will aid further standardization of organoid culture. 
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6. General Discussion 

IBD is a multifactorial disease 9, which is characterised through an impairment of the 

intestinal barrier integrity that leads to an increased permeability 16-18. The intestinal 

epithelium is an integral part of the intestinal barrier 14, 36; thus, stem cell-derived intestinal 

epithelial organoids are a promising model for analysing IBD-related effects on the isolated 

epithelium. They might also serve as a replacement method in context of the 3Rs.   

This study provides an assessment of the suitability of intestinal epithelial colonic organoids 

as an IBD model, characterises it in terms of variability and reproducibility of experiments, 

and analyses effects of the candidate genes Il10 and Cd14 in IECs in response to bacterial 

exposure (the candidate gene Alpk1 is not part of this thesis as it was analysed in another 

thesis 125).  

In the first study (Chapter 4) 123, colonoids were initially generated from WT mice and 

examined regarding cell type differentiation and growth characteristics via (immuno-) 

histological staining and qPCR analysis of different growth and differentiation markers. After 

10 days of culture, they were characterised by physiological 3D crypt structures, a 

differentiated epithelium with relevant cell types, apical shedding of apoptotic cells and a 

stable presence of epithelial tight junction markers. Therefore, colonoids seem to mimic the in 

vivo-like cellular homeostasis and can depict effects of primary IECs as a summary of 

intraepithelial cell signalling of different cell types. This represents the basis for a suitable in 

vitro approach to study effects on the intestinal barrier. 

It is known that the cell type composition of organoids can be matured by growth 

factor/serum withdrawal, or administration of differentiation molecules such as EP4 inhibitor 

126. However, murine colonoids were able to self-organise into a differentiated epithelium 

even without directed differentiation. Therefore, and because the ability for self-organisation 

and the proliferation of stem and progenitor cells are key aspects of the cellular homeostasis 

96, no directed differentiation was induced in colonoids prior to the subsequent bacterial 

stimulation/infection experiments. For these experiments, colonoids deficient for the 

candidate genes Cd14 and Il10 were generated, stimulated with either LPS or EcN for six 

hours and compared to the WT control in gene expression and protein levels. Stimulation with 

LPS revealed a possible barrier enhancement in the WT and Il10-/- epithelium through 

upregulation of the gene expression of tight junction components. This seemed to be impaired 

in Cd14-/- organoid IECs and could lead to an increased barrier permeability which was also 

observed in Cd14-/- CMT93 cells after LPS stimulation 19. In contrast, LPS stimulation in 

Caco-2 cells 82 and in small intestinal m-ICcl2 cells 76 caused a CD14-dependent increase in 
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barrier permeability and no TNF-α secretion was detected. These inconsistent results might 

reflect the issue with common cell culture lines. Intestinal cell culture lines often fail to mimic 

the morphology and function of the intestinal epithelium because they were either derived 

from transformed or tumour cells, or they are only composed of one certain cell type 101, 127, 

128. However, colonoids were able to reproduce some of the effects seen in a commonly used 

cell culture line but simultaneously represent a physiologically better transferable approach 

for in vitro assays 128, 129. 

Concerning the effects observed after LPS stimulation in Il10-/- colonoids, the enhanced 

proinflammatory response could hint at the reported overshooting immune response towards 

bacterial compounds 9, 130. In vivo this would possibly involve an enhanced immune cell 

recruitment that would further increase TNF-α levels 131, 132. Elevated numbers of TNF-α 

positive (immune) cells were detected in the mucosa of IBD patients 131, 133. Furthermore, 

elevated levels of TNF-α were secreted in Il10-/- mice with normal gut microbiota 68 and by 

cultured IBD biopsy samples 134-136. They also have been measured in paediatric patients 

during relapse of UC and colonic CD 137. Therefore, this reaction to LPS in Il10-/- colonoids 

could represent an IBD-related trait.  

Infection with probiotic EcN resulted in a protective upregulation of tight junction 

components in organoid IECs independent of the genotype. This was also observed in vivo in 

WT mice 19, 20 and in IECs that were isolated from germ-free mice after EcN monoassociation 

138. Furthermore, germ-free Il10-/- mice did not develop clinical symptoms, histopathological 

lesions or severe bacterial invasion after EcN monoassociation 139, implying an intact 

intestinal barrier. However, EcN infection in Cd14-/- mice resulted in bacterial translocation 

into liver and spleen. In contrast to colonoids, no protective upregulation of tight junction 

components was measured 19, 20. Only diffuse signals of OCLN and ZO-1 were detected along 

the epithelial barrier together with a significantly lower CLDN8 protein expression 19, 20. 

Additionally, differences between in vitro results in organoids and in vivo state also occurred 

regarding which tight junction genes were affected by up- or downregulation. However, 

differences were not unexpected considering the various cell types contributing in both states: 

In vitro, the effects of bacterial compounds can only be detected in the isolated epithelium 

whereas in vivo, numerous other cell types may trigger the observed effects. For example, it 

has been shown in vivo that Cldn8 upregulation depends on CD14-dependent B cell crosstalk 

20. Interestingly, Cldn8 upregulation in colonoid IECs of all genotypes now indicates that it 

might not be strictly depending on B cells which are lacking in colonoids. It rather suggests a 

negative regulatory effect in IECs through crosstalk with other (immune) cells which in turn 
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might be regulated CD14-dependently by B cells. Granzyme B-positive cells could be this 

intermediate cell type, because they have been shown to be negatively correlated to B cell 

activity 20. This would again corroborate the protective effect of CD14-mediated (immune) 

cell signalling. Therefore, the isolated effects observed in organoid IECs could help to 

exclude or rather differentiate the contribution of certain cell types in regulating the epithelial 

barrier. The observed differences between the in vitro system and in vivo state are also in 

accordance with a very recent study which compared two weeks old murine small intestinal 

organoids and their corresponding in vivo crypts through intensive transcriptome analysis 140. 

The authors observed that many in vivo characteristics were generally lost in in vitro culture 

and stated that the lost features were dependent on the microenvironment and those retained 

were epigenetically cell intrinsic. Highly differing genes between in vivo and in vitro state 

were those contributing in, among others, immune response mechanisms which were 

downregulated in their organoids. Thus, the authors remarked that immune cells were 

important in the regulation of the gene expression profiles of IECs 140. They therefore 

suggested a co-cultivation of organoids and immune cells to maintain the comparability 140. A 

co-culture has already been accomplished by several groups either in 3D culture 141 or on 

polarised 2D monolayers that can be generated through seeding of single cells from disrupted 

3D organoids on transwells 142, 143. In context of IBD research, monocytes or lymphocytes 

could be selectively co-cultivated and stimulated/infected together with colonoids of 

predisposed genotypes. For example, the above-mentioned B cells and Granzyme B-positive 

cells might be of primary interest for a comparison between Cd14-/- and WT colonoids. For a 

co-cultivation with Il10-/- colonoids and the WT control especially macrophages would be 

suitable because of the reported macrophage TLR4-mediated crosstalk during LPS 

stimulation 61. Such a co-culture might reconstitute parts of the microenvironment of organoid 

IECs and helps to further analyse effects of certain cell type subsets on IECs during 

stimulation. Thus, it could possibly minimise differences between in vivo state and in vitro 

culture. However, in general, colonoids of the different genotypes were able to display typical 

characteristics of their in vivo counterparts in the first study and therefore represent a useful 

alternative in addition to in vivo experiments.  

Because it has been reported that reproducibility of 3D organoid cultures is impaired 118, the 

second study (Chapter 5) 124 focuses on factors that are crucial for the development of a stable 

and reproducible 3D organoid culture, mainly with respect to experimental design and 

outcome. In this study, the term reproducibility means gaining the same results in multiple 

experiments that were conducted under the same experimental conditions. Tied to this is also 
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the inter-laboratory reproducibility which, however, was not addressed in this study. Although 

the results of the first study were standardised to the corresponding control samples as stated 

and stimulation in the second study was only performed over the course of one hour instead of 

six hours, the observed effects of upregulation of Tnfa and Cldn4 expression in response to 

EcN in WT colonoids could be reproduced in the second study. In the course of these 

experiments, interexperimental variability turned out to be even more important than 

biological variation and is the main factor influencing experimental outcome. In this context, 

another researcher commented to consider the practicability of the number of experimental 

replicates regarding the time and cost expense 128. However, the cost expense of a higher 

material consumption in more independent experiments can be simultaneously compensated 

through fewer technical and biologic replicates per experiment. This could also increase the 

feasibility of experiments in terms of handling, for example, it facilitates collecting samples in 

the context of a strict time schedule. Importantly, it also leads to a reduction of individual 

organoid lines that have to be generated and thus to a reduction of animals in the context of 

the 3Rs. Still, it is crucial to select the biological sample size in such a way that biased results 

are avoided. As discussed in the second study, introducing some heterogeneity of the donor 

mice could therefore help to improve the quality of results 144. Another factor that might 

increase the feasibility of the organoid system in comparison to in vivo experiments is the 

simple culture under use of antibiotics and the easy switch from medium with ZellShield® to 

ZellShield®-free medium for infection experiments. Mono- or polyassociation for analysis of 

effects on the epithelial barrier are therefore rather easily realisable in organoids in contrast to 

the expensive and cumbersome husbandry of germ-free animals 145. In this context, several 

organoid systems for apical infection have been developed, for example, the before-

mentioned 2D monolayers 146, 147 or 3D organoids with an inversed polarity, the so-called 

apical-out enteroids 148. Both systems were already used to study interactions of IECs with 

pathogenic bacteria 146-148 while commensal bacteria were shown to stably colonise the 3D 

organoid lumen after microinjection 149, 150. Therefore, additionally to the basolateral infection 

in 3D organoids, these systems could be used to study host-microbe interactions on the apical 

side of the epithelial barrier as alternative approaches to in vivo experiments in germ-free 

animals.  

Furthermore, reproducibility of the organoid system in this study also partly refers to the 

definition of Huch et al. who define it as the state where organoid samples are phenotypically 

alike “under the same experimental conditions” regarding “organoid size, shape, cellular 

composition and 3D architecture” 118 (both p. 940). This was investigated for fresh isolated 



General Discussion 
 

- 70 - 

and formerly cryopreserved colonoids and included a transcriptome analysis of several genes 

and signalling pathways. Even though cryopreserved colonoids only showed a more spheroid-

like morphology and a growth delay during the first passage, they still exhibited a more 

premature character and an increased proinflammatory response during EcN infection 

experiments in passage three. Additionally, fewer DEGs were detected in cryopreserved 

colonoids after EcN infection which indicates that cryopreservation affects not only cell 

viability but also other intrinsic pathways. According to Pamies and colleagues (2017), “good 

cell culture practice” entails a prolonged period after thawing of cells to avoid a false 

assessment about cell integrity because, among others, cells might “appear sparse with low 

plating efficiency but expand with time while maintaining an undifferentiated state” 151 (p. 

107). How long artifacts from cryopreservation might be affecting organoid culture and 

hence, which passage is suitable for experiments should therefore be thoroughly analysed in 

preliminary studies, as discussed in the second study. Ideally, this should be conducted via 

RNA sequencing since it gives a broad overview over differing pathways, as seen in this 

study and in the transcriptome analysis between in vivo crypts and in vitro organoids 140. Still, 

overall similar results for the genes of interest could be gained from cryopreserved colonoids. 

Therefore, organoids isolated from fewer sacrificed animals can be cryopreserved, thawed and 

heavily expanded for the reuse in various experimental settings, highlighting their usefulness 

with regard to the 3Rs.  

Moreover, to increase the reproducibility of the organoid system some researchers have also 

proposed to go “back to basics” 118 (p. 940) but are referring to the inclusion of developmental 

biology by further understanding and modulating developmental processes. They state that the 

combination of basic developmental research and engineering-based approaches might result 

in significant progress for the reproducibility, safety and scalability of the organoid system 118. 

In this context, perfused organoid-on-a-chip models could combine 3D organoids with 

advantages of the polarised 2D monolayer system 98 such as the achievement of a homeostatic 

state that cannot be observed in continuously growing 3D organoids 152, 153, a rather easy 

apical stimulation 146, 147 or a functional analysis via fluorescein isothiocyanate (FITC)–

dextran assay to directly measure the epithelial permeability 147, 154. Furthermore, they could 

enable the integration of immune cells as previously mentioned, and could model interactions 

of several organs 155. Until now, several organoid-on-a-chip models have been established that 

use either iPSC-derived intestinal organoids 156, 157 or primary organoid IECs 158-161. These 

organoid-on-a-chip systems enable, for example, the co-culture of organoid IECs with 

intestinal microvascular endothelium 159, macrophages 160 or aerobic and anaerobic gut 
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microbiota 158. However, so far none of these systems allows for the simultaneous co-culture 

of organoid IECs together with both, endothelial cells and immune cells. Maurer and 

colleagues developed a system that combined epithelial Caco-2 cells with human umbilical 

endothelial cells and monocytes that were integrated into the endothelial layer but could freely 

migrate through the membrane pores 162. Establishing such a system with organoid IECs 

instead of Caco-2 cells could further expand the physiological complexity of the organoid 

system and significantly advance investigations on barrier-microbe and immune cell 

interactions in context of IBD research. Additionally, this enhanced complexity would 

improve the microenvironment for organoid cells and could therefore even further attenuate 

the differences between in vitro and in vivo state that were observed by Lu et al. 140. 

Lastly, it is important to regard the question why murine organoids were still used in this 

study when the ultimate goal is to make a statement about human development, homeostasis 

or disease? In our group, we are mainly focused on basic research regarding IBD development 

and so far, using animal colitis models for studying this has been essential and common over 

the last decades 163, 164. Suitable evolved in vitro methods using primary cells had not yet been 

established 127. Using murine epithelial organoids can be seen as a bridge between this gold 

standard animal models and the human organoid system due to the possible comparison of 

results already gained in vivo to the in vitro state. Later, these results can then be compared to 

human intestinal epithelial organoids and may contribute to the evaluation of the 

transferability of results between both species. In the future human intestinal epithelial 

organoids (or techniques developed from them) will most probably be the appropriate method 

in basic research on human development, toxicology and drug testing due to the better 

similarity to the human physiology 128, 129, 165 and genetic variability of the human host 165. 
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Conclusion 

This study showed that murine epithelial intestinal organoids can serve as a tool to elucidate 

the detailed contribution of the isolated epithelium regarding the intestinal barrier function in 

IBD research. They depict characteristics that were so far mainly investigated in vivo and help 

to unravel differences between genetic models for candidate genes and their wild type 

counterpart. Reproducibility of the system may be improved by implementing methods that 

regard critical factors that can influence experimental outcome. Therefore, referring to the 

previously mentioned article 47(1) on ‘Alternative approaches’ of the Directive 2010/63/EU 

95, intestinal epithelial organoids represent a legitimate alternative method that complements 

animal experiments and contributes to a reduction of experimental animal numbers in IBD 

research. 

An expansion of the 3D organoid system towards implementation of immune cells and other 

tissue complexes in engineered based approaches like organoid-on-a-chip systems could 

further improve their capability to depict physiological conditions and increase their usability 

in context of the 3Rs.  



References 
 

- 73 - 

7. References 

1. Liverani E., Scaioli E., Digby R.J., Bellanova M., Belluzzi A. (2016). How to Predict 

Clinical Relapse in Inflammatory Bowel Disease Patients. World J Gastroenterol,  22, 

1017-33. 10.3748/wjg.v22.i3.1017 

2. Strober W., Fuss I., Mannon P. (2007). The Fundamental Basis of Inflammatory 

Bowel Disease. J Clin Invest,  117, 514-21. 10.1172/JCI30587 

3. Podolsky D.K. (2002). Inflammatory Bowel Disease. N Engl J Med,  347, 417-29. 

10.1056/NEJMra020831 

4. Burisch J., Jess T., Martinato M., Lakatos P.L., EpiCom E. (2013). The Burden of 

Inflammatory Bowel Disease in Europe. J Crohns Colitis,  7, 322-37. 

10.1016/j.crohns.2013.01.010 

5. Molodecky N.A., Soon I.S., Rabi D.M., Ghali W.A., Ferris M., Chernoff G., et al. 

(2012). Increasing Incidence and Prevalence of the Inflammatory Bowel Diseases with 

Time, Based on Systematic Review. Gastroenterology,  142, 46-54 e42; quiz e30. 

10.1053/j.gastro.2011.10.001 

6. Ott C., Obermeier F., Thieler S., Kemptner D., Bauer A., Scholmerich J., et al. (2008). 

The Incidence of Inflammatory Bowel Disease in a Rural Region of Southern 

Germany: A Prospective Population-Based Study. Eur J Gastroenterol Hepatol,  20, 

917-23. 10.1097/MEG.0b013e3282f97b33 

7. Xavier R.J., Podolsky D.K. (2007). Unravelling the Pathogenesis of Inflammatory 

Bowel Disease. Nature,  448, 427-34. 10.1038/nature06005 

8. McCormick D.A., Horton L.W., Mee A.S. (1990). Mucin Depletion in Inflammatory 

Bowel Disease. J Clin Pathol,  43, 143-6. 10.1136/jcp.43.2.143 

9. Keubler L.M., Buettner M., Häger C., Bleich A. (2015). A Multihit Model: Colitis 

Lessons from the Interleukin-10-Deficient Mouse. Inflamm Bowel Dis,  21, 1967-75. 

10.1097/MIB.0000000000000468 

10. Johansson M.E., Larsson J.M., Hansson G.C. (2011). The Two Mucus Layers of 

Colon are Organized by the MUC2 Mucin, Whereas the Outer Layer is a Legislator of 

Host-Microbial Interactions. Proc Natl Acad Sci U S A,  108 Suppl 1, 4659-65. 

10.1073/pnas.1006451107 

11. Bäckhed F., Ley R.E., Sonnenburg J.L., Peterson D.A., Gordon J.I. (2005). Host-

Bacterial Mutualism in the Human Intestine. Science,  307, 1915-20. 

10.1126/science.1104816 



References 
 

- 74 - 

12. Cerf-Bensussan N., Gaboriau-Routhiau V. (2010). The Immune System and the Gut 

Microbiota: Friends or Foes?. Nat Rev Immunol,  10, 735-44. 10.1038/nri2850 

13. Keita A.V., Soderholm J.D. (2010). The Intestinal Barrier and its Regulation by 

Neuroimmune Factors. Neurogastroenterol Motil,  22, 718-33. 10.1111/j.1365-

2982.2010.01498.x 

14. Garrett W.S., Gordon J.I., Glimcher L.H. (2010). Homeostasis and Inflammation in 

the Intestine. Cell,  140, 859-70. 10.1016/j.cell.2010.01.023 

15. Marin M.L., Greenstein A.J., Geller S.A., Gordon R.E., Aufses A.H., Jr. (1983). A 

Freeze Fracture Study of Crohn's Disease of the Terminal Ileum: Changes in Epithelial 

Tight Junction Organization. Am J Gastroenterol,  78, 537-47. 

https://www.ncbi.nlm.nih.gov/pubmed/6613965 

16. Hollander D., Vadheim C.M., Brettholz E., Petersen G.M., Delahunty T., Rotter J.I. 

(1986). Increased Intestinal Permeability in Patients with Crohn's Disease and Their 

Relatives. A Possible Etiologic Factor. Ann Intern Med,  105, 883-5. 10.7326/0003-

4819-105-6-883 

17. Wyatt J., Vogelsang H., Hubl W., Waldhoer T., Lochs H. (1993). Intestinal 

Permeability and the Prediction of Relapse in Crohn's Disease. Lancet,  341, 1437-9. 

10.1016/0140-6736(93)90882-h 

18. D'Inca R., Di Leo V., Corrao G., Martines D., D'Odorico A., Mestriner C., et al. 

(1999). Intestinal Permeability Test as a Predictor of Clinical Course in Crohn's 

Disease. Am J Gastroenterol,  94, 2956-60. 10.1111/j.1572-0241.1999.01444.x 

19. Buchheister S., Buettner M., Basic M., Noack A., Breves G., Buchen B., et al. (2017). 

CD14 Plays a Protective Role in Experimental Inflammatory Bowel Disease by 

Enhancing Intestinal Barrier Function. Am J Pathol,  187, 1106-20. 

10.1016/j.ajpath.2017.01.012 

20. Basic M., Buettner M., Keubler L.M., Smoczek A., Bruesch I., Buchheister S., et al. 

(2018). Loss of CD14 Leads to Disturbed Epithelial-B Cell Crosstalk and Impairment 

of the Intestinal Barrier after E. coli Nissle Monoassociation. Sci Rep,  8, 719. 

10.1038/s41598-017-19062-7 

21. Camilleri M. (2021). Human Intestinal Barrier: Effects of Stressors, Diet, Prebiotics, 

and Probiotics. Clin Transl Gastroenterol,  12, e00308. 

10.14309/ctg.0000000000000308 

22. Johansson M.E., Phillipson M., Petersson J., Velcich A., Holm L., Hansson G.C. 

(2008). The Inner of the Two Muc2 Mucin-Dependent Mucus Layers in Colon is 



References 
 

- 75 - 

Devoid of Bacteria. Proc Natl Acad Sci U S A,  105, 15064-9. 

10.1073/pnas.0803124105 

23. Johansson M.E. (2014). Mucus Layers in Inflammatory Bowel Disease. Inflamm 

Bowel Dis,  20, 2124-31. 10.1097/MIB.0000000000000117 

24. Van der Sluis M., De Koning B.A., De Bruijn A.C., Velcich A., Meijerink J.P., Van 

Goudoever J.B., et al. (2006). Muc2-Deficient Mice Spontaneously Develop Colitis, 

Indicating that Muc2 is Critical for Colonic Protection. Gastroenterology,  131, 117-

29. 10.1053/j.gastro.2006.04.020 

25. Pullan R.D., Thomas G.A., Rhodes M., Newcombe R.G., Williams G.T., Allen A., et 

al. (1994). Thickness of Adherent Mucus Gel on Colonic Mucosa in Humans and its 

Relevance to Colitis. Gut,  35, 353-9. 10.1136/gut.35.3.353 

26. Lüllmann-Rauch R., Paulsen F.: Taschenlehrbuch Histologie. Stuttgart: Georg Thieme 

Verlag, 2012. 

27. Wright N.A. (2000). Epithelial Stem Cell Repertoire in the Gut: Clues to the Origin of 

Cell Lineages, Proliferative Units and Cancer. Int J Exp Pathol,  81, 117-43. 

10.1046/j.1365-2613.2000.00146.x 

28. Gerbe F., Legraverend C., Jay P. (2012). The Intestinal Epithelium Tuft Cells: 

Specification and Function. Cell Mol Life Sci,  69, 2907-17. 10.1007/s00018-012-

0984-7 

29. Rothenberg M.E., Nusse Y., Kalisky T., Lee J.J., Dalerba P., Scheeren F., et al. 

(2012). Identification of a cKit+ Clonic Crypt Base Secretory Cell that Supports Lgr5+ 

Stem Cells in Mice. Gastroenterology,  142, 1195-205 e6. 

10.1053/j.gastro.2012.02.006 

30. Sasaki N., Sachs N., Wiebrands K., Ellenbroek S.I., Fumagalli A., Lyubimova A., et 

al. (2016). Reg4+ Deep Crypt Secretory Cells Function as Epithelial Niche for Lgr5+ 

Stem Cells in Colon. Proc Natl Acad Sci U S A,  113, E5399-407. 

10.1073/pnas.1607327113 

31. Barker N., van Es J.H., Kuipers J., Kujala P., van den Born M., Cozijnsen M., et al. 

(2007). Identification of Stem Cells in Small Intestine and Colon by Marker Gene 

Lgr5. Nature,  449, 1003-7. 10.1038/nature06196 

32. Sato T., van Es J.H., Snippert H.J., Stange D.E., Vries R.G., van den Born M., et al. 

(2011). Paneth Cells Constitute the Niche for Lgr5 Stem Cells in Intestinal Crypts. 

Nature,  469, 415-8. 10.1038/nature09637 



References 
 

- 76 - 

33. Snippert H.J., van der Flier L.G., Sato T., van Es J.H., van den Born M., Kroon-

Veenboer C., et al. (2010). Intestinal Crypt Homeostasis Results from Neutral 

Competition Between Symmetrically Dividing Lgr5 Stem Cells. Cell,  143, 134-44. 

10.1016/j.cell.2010.09.016 

34. Sato T., Vries R.G., Snippert H.J., van de Wetering M., Barker N., Stange D.E., et al. 

(2009). Single Lgr5 Stem Cells Build Crypt-Villus Structures In Vitro Without a 

Mesenchymal Niche. Nature,  459, 262-5. 10.1038/nature07935 

35. Noah T.K., Donahue B., Shroyer N.F. (2011). Intestinal Development and 

Differentiation. Exp Cell Res,  317, 2702-10. 10.1016/j.yexcr.2011.09.006 

36. Williams J.M., Duckworth C.A., Burkitt M.D., Watson A.J., Campbell B.J., Pritchard 

D.M. (2015). Epithelial Cell Shedding and Barrier Function: A Matter of Life and 

Death at the Small Intestinal Villus Tip. Vet Pathol,  52, 445-55. 

10.1177/0300985814559404 

37. Suzuki T. (2013). Regulation of Intestinal Epithelial Permeability by Tight Junctions. 

Cell Mol Life Sci,  70, 631-59. 10.1007/s00018-012-1070-x 

38. Denker B.M., Nigam S.K. (1998). Molecular Structure and Assembly of the Tight 

Junction. Am J Physiol,  274, F1-9. 10.1152/ajprenal.1998.274.1.F1 

39. Deuring J.J., de Haar C., Kuipers E.J., Peppelenbosch M.P., van der Woude C.J. 

(2013). The Cell Biology of the Intestinal Epithelium and its Relation to Inflammatory 

Bowel Disease. Int J Biochem Cell Biol,  45, 798-806. 10.1016/j.biocel.2012.12.020 

40. Al-Sadi R., Khatib K., Guo S., Ye D., Youssef M., Ma T. (2011). Occludin Regulates 

Macromolecule Flux Across the Intestinal Epithelial Tight Junction Barrier. Am J 

Physiol Gastrointest Liver Physiol,  300, G1054-64. 10.1152/ajpgi.00055.2011 

41. Fanning A.S., Jameson B.J., Jesaitis L.A., Anderson J.M. (1998). The Tight Junction 

Protein ZO-1 Establishes a Link Between the Transmembrane Protein Occludin and 

the Actin Cytoskeleton. J Biol Chem,  273, 29745-53. 10.1074/jbc.273.45.29745 

42. Lei Z., Maeda T., Tamura A., Nakamura T., Yamazaki Y., Shiratori H., et al. (2012). 

EpCAM Contributes to Formation of Functional Tight Junction in the Intestinal 

Epithelium by Recruiting Claudin Proteins. Dev Biol,  371, 136-45. 

10.1016/j.ydbio.2012.07.005 

43. Zeissig S., Burgel N., Gunzel D., Richter J., Mankertz J., Wahnschaffe U., et al. 

(2007). Changes in Expression and Distribution of Claudin 2, 5 and 8 Lead to 

Discontinuous Tight Junctions and Barrier Dysfunction in Active Crohn's Disease. 

Gut,  56, 61-72. 10.1136/gut.2006.094375 



References 
 

- 77 - 

44. Gassler N., Rohr C., Schneider A., Kartenbeck J., Bach A., Obermuller N., et al. 

(2001). Inflammatory Bowel Disease is Associated with Changes of Enterocytic 

Junctions. Am J Physiol Gastrointest Liver Physiol,  281, G216-28. 

10.1152/ajpgi.2001.281.1.G216 

45. Lee S.H. (2015). Intestinal Permeability Regulation by Tight Junction: Implication on 

Inflammatory Bowel Diseases. Intest Res,  13, 11-8. 10.5217/ir.2015.13.1.11 

46. Wellmann W., Fink P.C., Benner F., Schmidt F.W. (1986). Endotoxaemia in Active 

Crohn's Disease. Treatment with Whole Gut Irrigation and 5-Aminosalicylic Acid. 

Gut,  27, 814-20. 10.1136/gut.27.7.814 

47. Jang S.E., Lim S.M., Jeong J.J., Jang H.M., Lee H.J., Han M.J., et al. (2018). 

Gastrointestinal Inflammation by Gut Microbiota Disturbance Induces Memory 

Impairment in Mice. Mucosal Immunol,  11, 369-79. 10.1038/mi.2017.49 

48. Tulkens J., Vergauwen G., Van Deun J., Geeurickx E., Dhondt B., Lippens L., et al. 

(2020). Increased Levels of Systemic LPS-Positive Bacterial Extracellular Vesicles in 

Patients with Intestinal Barrier Dysfunction. Gut,  69, 191-93. 10.1136/gutjnl-2018-

317726 

49. Alhouayek M., Lambert D.M., Delzenne N.M., Cani P.D., Muccioli G.G. (2011). 

Increasing Endogenous 2-Arachidonoylglycerol Levels Counteracts Colitis and 

Related Systemic Inflammation. FASEB J,  25, 2711-21. 10.1096/fj.10-176602 

50. Orholm M., Munkholm P., Langholz E., Nielsen O.H., Sorensen T.I., Binder V. 

(1991). Familial Occurrence of Inflammatory Bowel Disease. N Engl J Med,  324, 84-

8. 10.1056/NEJM199101103240203 

51. Kiesler P., Fuss I.J., Strober W. (2015). Experimental Models of Inflammatory Bowel 

Diseases. Cell Mol Gastroenterol Hepatol,  1, 154-70. 10.1016/j.jcmgh.2015.01.006 

52. de Buhr M.F., Hedrich H.J., Westendorf A.M., Obermeier F., Hofmann C., 

Zschemisch N.H., et al. (2009). Analysis of Cd14 as a Genetic Modifier of 

Experimental Inflammatory Bowel Disease (IBD) in Mice. Inflamm Bowel Dis,  15, 

1824-36. 10.1002/ibd.21030 

53. Okayasu I., Hatakeyama S., Yamada M., Ohkusa T., Inagaki Y., Nakaya R. (1990). A 

Novel Method in the Induction of Reliable Experimental Acute and Chronic 

Ulcerative Colitis in Mice. Gastroenterology,  98, 694-702. 10.1016/0016-

5085(90)90290-h 



References 
 

- 78 - 

54. Chassaing B., Aitken J.D., Malleshappa M., Vijay-Kumar M. (2014). Dextran Sulfate 

Sodium (DSS)-Induced Colitis in Mice. Curr Protoc Immunol,  104, 15 25 1-15 25 14. 

10.1002/0471142735.im1525s104 

55. Kühn R., Löhler J., Rennick D., Rajewsky K., Müller W. (1993). Interleukin-10-

Deficient Mice Develop Chronic Enterocolitis. Cell,  75, 263-74. 10.1016/0092-

8674(93)80068-p 

56. Moore K.W., O'Garra A., de Waal Malefyt R., Vieira P., Mosmann T.R. (1993). 

Interleukin-10. Annu Rev Immunol,  11, 165-90. 

10.1146/annurev.iy.11.040193.001121 

57. Rubtsov Y.P., Rasmussen J.P., Chi E.Y., Fontenot J., Castelli L., Ye X., et al. (2008). 

Regulatory T Cell-Derived Interleukin-10 Limits Inflammation at Environmental 

Interfaces. Immunity,  28, 546-58. 10.1016/j.immuni.2008.02.017 

58. Veenbergen S., Samsom J.N. (2012). Maintenance of Small Intestinal and Colonic 

Tolerance by IL-10-Producing Regulatory T Cell Subsets. Curr Opin Immunol,  24, 

269-76. 10.1016/j.coi.2012.03.004 

59. Autschbach F., Braunstein J., Helmke B., Zuna I., Schurmann G., Niemir Z.I., et al. 

(1998). In Situ Expression of Interleukin-10 in Noninflamed Human Gut and in 

Inflammatory Bowel Disease. Am J Pathol,  153, 121-30. 10.1016/S0002-

9440(10)65552-6 

60. Jarry A., Bossard C., Bou-Hanna C., Masson D., Espaze E., Denis M.G., et al. (2008). 

Mucosal IL-10 and TGF-Beta Play Crucial Roles in Preventing LPS-Driven, IFN-

Gamma-Mediated Epithelial Damage in Human Colon Explants. J Clin Invest,  118, 

1132-42. 10.1172/JCI32140 

61. Hyun J., Romero L., Riveron R., Flores C., Kanagavelu S., Chung K.D., et al. (2015). 

Human Intestinal Epithelial Cells Express Interleukin-10 Through Toll-Like Receptor 

4-Mediated Epithelial-Macrophage Crosstalk. J Innate Immun,  7, 87-101. 

10.1159/000365417 

62. Fiorentino D.F., Zlotnik A., Vieira P., Mosmann T.R., Howard M., Moore K.W., et al. 

(1991). IL-10 Acts on the Antigen-Presenting Cell to Inhibit Cytokine Production by 

Th1 Cells. J Immunol,  146, 3444-51. https://www.ncbi.nlm.nih.gov/pubmed/1827484 

63. Yen D., Cheung J., Scheerens H., Poulet F., McClanahan T., McKenzie B., et al. 

(2006). IL-23 is Essential for T Cell-Mediated Colitis and Promotes Inflammation via 

IL-17 and IL-6. J Clin Invest,  116, 1310-6. 10.1172/JCI21404 



References 
 

- 79 - 

64. Fiorentino D.F., Zlotnik A., Mosmann T.R., Howard M., O'Garra A. (1991). IL-10 

Inhibits Cytokine Production by Activated Macrophages. J Immunol,  147, 3815-22. 

https://www.ncbi.nlm.nih.gov/pubmed/1940369 

65. Hsu D.H., Moore K.W., Spits H. (1992). Differential Effects of IL-4 and IL-10 on IL-

2-Induced IFN-gamma Synthesis and Lymphokine-Activated Killer Activity. Int 

Immunol,  4, 563-9. 10.1093/intimm/4.5.563 

66. Zhao H.M., Huang X.Y., Zuo Z.Q., Pan Q.H., Ao M.Y., Zhou F., et al. (2013). 

Probiotics Increase T Regulatory Cells and Reduce Severity of Experimental Colitis in 

Mice. World J Gastroenterol,  19, 742-9. 10.3748/wjg.v19.i5.742 

67. Hadis U., Wahl B., Schulz O., Hardtke-Wolenski M., Schippers A., Wagner N., et al. 

(2011). Intestinal Tolerance Requires Gut Homing and Expansion of FoxP3+ 

Regulatory T Cells in the Lamina Propria. Immunity,  34, 237-46. 

10.1016/j.immuni.2011.01.016 

68. Madsen K.L., Malfair D., Gray D., Doyle J.S., Jewell L.D., Fedorak R.N. (1999). 

Interleukin-10 Gene-Deficient Mice Develop a Primary Intestinal Permeability Defect 

in Response to Enteric Microflora. Inflamm Bowel Dis,  5, 262-70. 10.1097/00054725-

199911000-00004 

69. Bristol I.J., Farmer M.A., Cong Y., Zheng X.X., Strom T.B., Elson C.O., et al. (2000). 

Heritable Susceptibility for Colitis in Mice Induced by IL-10 Deficiency. Inflamm 

Bowel Dis,  6, 290-302. 10.1002/ibd.3780060407 

70. Farmer M.A., Sundberg J.P., Bristol I.J., Churchill G.A., Li R., Elson C.O., et al. 

(2001). A Major Quantitative Trait Locus on Chromosome 3 Controls Colitis Severity 

in IL-10-Deficient Mice. Proc Natl Acad Sci U S A,  98, 13820-5. 

10.1073/pnas.241258698 

71. Mähler M., Most C., Schmidtke S., Sundberg J.P., Li R., Hedrich H.J., et al. (2002). 

Genetics of Colitis Susceptibility in IL-10-Deficient Mice: Backcross Versus F2 

Results Contrasted by Principal Component Analysis. Genomics,  80, 274-82. 

10.1006/geno.2002.6840 

72. Bleich A., Buchler G., Beckwith J., Petell L.M., Affourtit J.P., King B.L., et al. 

(2010). Cdcs1: Major Colitis Susceptibility Locus in Mice; Subcongenic Analysis 

Reveals Genetic Complexity. Inflamm Bowel Dis,  16, 765-75. 10.1002/ibd.21146 

73. de Buhr M.F., Mahler M., Geffers R., Hansen W., Westendorf A.M., Lauber J., et al. 

(2006). Cd14, Gbp1, and Pla2g2a: Three Major Candidate Genes for Experimental 



References 
 

- 80 - 

IBD Identified by Combining QTL and Microarray Analyses. Physiol Genomics,  25, 

426-34. 10.1152/physiolgenomics.00022.2005 

74. Funda D.P., Tuckova L., Farre M.A., Iwase T., Moro I., Tlaskalova-Hogenova H. 

(2001). CD14 is Expressed and Released as Soluble CD14 by Human Intestinal 

Epithelial Cells In Vitro: Lipopolysaccharide Activation of Epithelial Cells Revisited. 

Infect Immun,  69, 3772-81. 10.1128/IAI.69.6.3772-3781.2001 

75. Haziot A., Chen S., Ferrero E., Low M.G., Silber R., Goyert S.M. (1988). The 

Monocyte Differentiation Antigen, CD14, is Anchored to the Cell Membrane by a 

Phosphatidylinositol Linkage. J Immunol,  141, 547-52. 

https://www.ncbi.nlm.nih.gov/pubmed/3385210 

76. Hornef M.W., Frisan T., Vandewalle A., Normark S., Richter-Dahlfors A. (2002). 

Toll-Like Receptor 4 Resides in the Golgi Apparatus and Colocalizes with 

Internalized Lipopolysaccharide in Intestinal Epithelial Cells. J Exp Med,  195, 559-

70. 10.1084/jem.20011788 

77. Wright S.D., Ramos R.A., Tobias P.S., Ulevitch R.J., Mathison J.C. (1990). CD14, a 

Receptor for Complexes of Lipopolysaccharide (LPS) and LPS Binding Protein. 

Science,  249, 1431-3. 10.1126/science.1698311 

78. Triantafilou M., Triantafilou K. (2002). Lipopolysaccharide Recognition: CD14, TLRs 

and the LPS-Activation Cluster. Trends Immunol,  23, 301-4. 10.1016/s1471-

4906(02)02233-0 

79. Chow J.C., Young D.W., Golenbock D.T., Christ W.J., Gusovsky F. (1999). Toll-Like 

Receptor-4 Mediates Lipopolysaccharide-Induced Signal Transduction. J Biol Chem,  

274, 10689-92. 10.1074/jbc.274.16.10689 

80. Medzhitov R., Preston-Hurlburt P., Janeway C.A., Jr. (1997). A Human Homologue of 

the Drosophila Toll Protein Signals Activation of Adaptive Immunity. Nature,  388, 

394-7. 10.1038/41131 

81. Zheng M., Ambesi A., McKeown-Longo P.J. (2020). Role of TLR4 Receptor 

Complex in the Regulation of the Innate Immune Response by Fibronectin. Cells,  9. 

10.3390/cells9010216 

82. Guo S., Al-Sadi R., Said H.M., Ma T.Y. (2013). Lipopolysaccharide Causes an 

Increase in Intestinal Tight Junction Permeability In Vitro and In Vivo by Inducing 

Enterocyte Membrane Expression and Localization of TLR-4 and CD14. Am J Pathol,  

182, 375-87. 10.1016/j.ajpath.2012.10.014 



References 
 

- 81 - 

83. Guo S., Nighot M., Al-Sadi R., Alhmoud T., Nighot P., Ma T.Y. (2015). 

Lipopolysaccharide Regulation of Intestinal Tight Junction Permeability Is Mediated 

by TLR4 Signal Transduction Pathway Activation of FAK and MyD88. J Immunol,  

195, 4999-5010. 10.4049/jimmunol.1402598 

84. Baldini M., Lohman I.C., Halonen M., Erickson R.P., Holt P.G., Martinez F.D. 

(1999). A Polymorphism* in the 5' Flanking Region of the CD14 gene is Associated 

with Circulating Soluble CD14 Levels and with Total Serum Immunoglobulin E. Am J 

Respir Cell Mol Biol,  20, 976-83. 10.1165/ajrcmb.20.5.3494 

85. Zschemisch N.H., Brusch I., Hambusch A.S., Bleich A. (2016). Transcription Factor 

SP2 Enhanced the Expression of Cd14 in Colitis-Susceptible C3H/HeJBir. PLoS One,  

11, e0155821. 10.1371/journal.pone.0155821 

86. Baumgart D.C., Buning C., Geerdts L., Schmidt H.H., Genschel J., Fiedler T., et al. 

(2007). The c.1-260C>T Promoter Variant of CD14 but not the c.896A>G (p.D299G) 

Variant of Toll-Like Receptor 4 (TLR4) Genes is Associated with Inflammatory 

Bowel Disease. Digestion,  76, 196-202. 10.1159/000112646 

87. Klein W., Tromm A., Griga T., Fricke H., Folwaczny C., Hocke M., et al. (2002). A 

Polymorphism in the CD14 Gene is Associated with Crohn Disease. Scand J 

Gastroenterol,  37, 189-91. 10.1080/003655202753416867 

88. Obana N., Takahashi S., Kinouchi Y., Negoro K., Takagi S., Hiwatashi N., et al. 

(2002). Ulcerative Colitis is Associated with a Promoter Polymorphism of 

Lipopolysaccharide Receptor Gene, CD14. Scand J Gastroenterol,  37, 699-704. 

10.1080/00365520212504 

89. Labeta M.O., Durieux J.J., Spagnoli G., Fernandez N., Wijdenes J., Herrmann R. 

(1993). CD14 and Tolerance to Lipopolysaccharide: Biochemical and Functional 

Analysis. Immunology,  80, 415-23. https://www.ncbi.nlm.nih.gov/pubmed/7507090 

90. A. N. (1918). Die antagonistische Behandlung chronischer Darmstörungen mit 

Colibakterien. Medizinische Klinik,  2, 29-33.  

91. Russell W.M.S.a.B., R. L.: The Principles of Humane Experimental Technique. 

London: Methuen & Co. Ltd, 1959. 

92. Russell W.M.S.a.B., R. L. : The Principles of Humane Experimental Technique. 

Wheathampstead: Universities Federation for Animal Welfare, 1992. 

93. Wells D.J. (2011). Animal Welfare and the 3Rs in European Biomedical Research. 

Ann N Y Acad Sci,  1245, 14-6. 10.1111/j.1749-6632.2011.06335.x 



References 
 

- 82 - 

94. Flecknell P. (2002). Replacement, Reduction and Refinement. ALTEX,  19, 73-8. 

https://www.ncbi.nlm.nih.gov/pubmed/12098013 

95. The European Parliament and the Council of the European Union (2010). Directive 

2010/63/EU of the European Parliament and of the Council of 22 September 2010 on 

the Protection of Animals Used for Scientific Purposes. Official Journal of the 

European Union,  L 276, 33-79. http://eur-lex.europa.eu/legal-

content/EN/TXT/HTML/?uri=CELEX:32010L0063&from=EN 

96. Lancaster M.A., Knoblich J.A. (2014). Organogenesis in a Dish: Modeling 

Development and Disease Using Organoid Technologies. Science,  345, 1247125. 

10.1126/science.1247125 

97. Clevers H. (2016). Modeling Development and Disease with Organoids. Cell,  165, 

1586-97. 10.1016/j.cell.2016.05.082 

98. Han X., Mslati M.A., Davies E., Chen Y., Allaire J.M., Vallance B.A. (2021). 

Creating a More Perfect Union: Modeling Intestinal Bacteria-Epithelial Interactions 

Using Organoids. Cell Mol Gastroenterol Hepatol,  12, 769-82. 

10.1016/j.jcmgh.2021.04.010 

99. Muthuswamy S.K. (2017). Bringing Together the Organoid Field: From Early 

Beginnings to the Road Ahead. Development,  144, 963-67. 10.1242/dev.144444 

100. Barker N., Huch M., Kujala P., van de Wetering M., Snippert H.J., van Es J.H., et al. 

(2010). Lgr5+ve Stem Cells Drive Self-Renewal in the Stomach and Build Long-Lived 

Gastric Units In Vitro. Cell Stem Cell,  6, 25-36. 10.1016/j.stem.2009.11.013 

101. Mahe M.M., Aihara E., Schumacher M.A., Zavros Y., Montrose M.H., Helmrath 

M.A., et al. (2013). Establishment of Gastrointestinal Epithelial Organoids. Curr 

Protoc Mouse Biol,  3, 217-40. 10.1002/9780470942390.mo130179 

102. McCracken K.W., Cata E.M., Crawford C.M., Sinagoga K.L., Schumacher M., 

Rockich B.E., et al. (2014). Modelling Human Development and Disease in 

Pluripotent Stem-Cell-Derived Gastric Organoids. Nature,  516, 400-4. 

10.1038/nature13863 

103. Jung P., Sato T., Merlos-Suarez A., Barriga F.M., Iglesias M., Rossell D., et al. 

(2011). Isolation and In Vitro Expansion of Human Colonic Stem Cells. Nat Med,  17, 

1225-7. 10.1038/nm.2470 

104. Gao D., Vela I., Sboner A., Iaquinta P.J., Karthaus W.R., Gopalan A., et al. (2014). 

Organoid Cultures Derived from Patients with Advanced Prostate Cancer. Cell,  159, 

176-87. 10.1016/j.cell.2014.08.016 



References 
 

- 83 - 

105. Karthaus W.R., Iaquinta P.J., Drost J., Gracanin A., van Boxtel R., Wongvipat J., et al. 

(2014). Identification of Multipotent Luminal Progenitor Cells in Human Prostate 

Organoid Cultures. Cell,  159, 163-75. 10.1016/j.cell.2014.08.017 

106. Boretto M., Cox B., Noben M., Hendriks N., Fassbender A., Roose H., et al. (2017). 

Development of Organoids from Mouse and Human Endometrium Showing 

Endometrial Epithelium Physiology and Long-Term Expandability. Development,  

144, 1775-86. 10.1242/dev.148478 

107. Turco M.Y., Gardner L., Hughes J., Cindrova-Davies T., Gomez M.J., Farrell L., et al. 

(2017). Long-Term, Hormone-Responsive Organoid Cultures of Human Endometrium 

in a Chemically Defined Medium. Nat Cell Biol,  19, 568-77. 10.1038/ncb3516 

108. Boj S.F., Hwang C.I., Baker L.A., Chio, II, Engle D.D., Corbo V., et al. (2015). 

Organoid Models of Human and Mouse Ductal Pancreatic Cancer. Cell,  160, 324-38. 

10.1016/j.cell.2014.12.021 

109. Huang L., Holtzinger A., Jagan I., BeGora M., Lohse I., Ngai N., et al. (2015). Ductal 

Pancreatic Cancer Modeling and Drug Screening Using Human Pluripotent Stem Cell- 

and Patient-Derived Tumor Organoids. Nat Med,  21, 1364-71. 10.1038/nm.3973 

110. Huch M., Dorrell C., Boj S.F., van Es J.H., Li V.S., van de Wetering M., et al. (2013). 

In Vitro Expansion of Single Lgr5+ Liver Stem Cells Induced by Wnt-Driven 

Regeneration. Nature,  494, 247-50. 10.1038/nature11826 

111. Huch M., Gehart H., van Boxtel R., Hamer K., Blokzijl F., Verstegen M.M., et al. 

(2015). Long-Term Culture of Genome-Stable Bipotent Stem Cells from Adult Human 

Liver. Cell,  160, 299-312. 10.1016/j.cell.2014.11.050 

112. Takebe T., Sekine K., Enomura M., Koike H., Kimura M., Ogaeri T., et al. (2013). 

Vascularized and Functional Human Liver from an iPSC-Derived Organ Bud 

Transplant. Nature,  499, 481-4. 10.1038/nature12271 

113. Dye B.R., Hill D.R., Ferguson M.A., Tsai Y.H., Nagy M.S., Dyal R., et al. (2015). In 

Vitro Generation of Human Pluripotent Stem Cell Derived Lung Organoids. Elife,  4. 

10.7554/eLife.05098 

114. Konishi S., Gotoh S., Tateishi K., Yamamoto Y., Korogi Y., Nagasaki T., et al. 

(2016). Directed Induction of Functional Multi-Ciliated Cells in Proximal Airway 

Epithelial Spheroids from Human Pluripotent Stem Cells. Stem Cell Reports,  6, 18-

25. 10.1016/j.stemcr.2015.11.010 

115. Lancaster M.A., Knoblich J.A. (2014). Generation of Cerebral Organoids from Human 

Pluripotent Stem Cells. Nat Protoc,  9, 2329-40. 10.1038/nprot.2014.158 



References 
 

- 84 - 

116. Lancaster M.A., Renner M., Martin C.A., Wenzel D., Bicknell L.S., Hurles M.E., et 

al. (2013). Cerebral Organoids Model Human Brain Development and Microcephaly. 

Nature,  501, 373-9. 10.1038/nature12517 

117. Eiraku M., Takata N., Ishibashi H., Kawada M., Sakakura E., Okuda S., et al. (2011). 

Self-Organizing Optic-Cup Morphogenesis in Three-Dimensional Culture. Nature,  

472, 51-6. 10.1038/nature09941 

118. Huch M., Knoblich J.A., Lutolf M.P., Martinez-Arias A. (2017). The Hope and the 

Hype of Organoid Research. Development,  144, 938-41. 10.1242/dev.150201 

119. Dekkers J.F., Berkers G., Kruisselbrink E., Vonk A., de Jonge H.R., Janssens H.M., et 

al. (2016). Characterizing Responses to CFTR-Modulating Drugs Using Rectal 

Organoids Derived from Subjects with Cystic Fibrosis. Sci Transl Med,  8, 344ra84. 

10.1126/scitranslmed.aad8278 

120. Fordham R.P., Yui S., Hannan N.R., Soendergaard C., Madgwick A., Schweiger P.J., 

et al. (2013). Transplantation of Expanded Fetal Intestinal Progenitors Contributes to 

Colon Regeneration After Injury. Cell Stem Cell,  13, 734-44. 

10.1016/j.stem.2013.09.015 

121. Yui S., Nakamura T., Sato T., Nemoto Y., Mizutani T., Zheng X., et al. (2012). 

Functional Engraftment of Colon Epithelium Expanded In Vitro from a Single Adult 

Lgr5+ Stem Cell. Nat Med,  18, 618-23. 10.1038/nm.2695 

122. Sato T., Stange D.E., Ferrante M., Vries R.G., Van Es J.H., Van den Brink S., et al. 

(2011). Long-Term Expansion of Epithelial Organoids from Human Colon, Adenoma, 

Adenocarcinoma, and Barrett's Epithelium. Gastroenterology,  141, 1762-72. 

10.1053/j.gastro.2011.07.050 

123. Brooks P., zur Bruegge T., Boyle E.C., Kalies S., Villarreal S.N., Liese A., et al. 

(2020). CD14 and ALPK1 Affect Expression of Tight Junction Components and 

Proinflammatory Mediators upon Bacterial Stimulation in a Colonic 3D Organoid 

Model. Stem Cells Int,  2020, 1-11. 10.1155/2020/4069354 

124. zur Bruegge T.F., Liese A., Donath S., Kalies S., Kosanke M., Dittrich-Breiholz O., et 

al. (2021). Intestinal Organoids in Colitis Research: Focusing on Variability and 

Cryopreservation. Stem Cells Int,  2021, 1-15. 10.1155/2021/9041423 

125. Brooks S.P. (2020). Cdcs1-Determined Colitis Susceptibility: Genetic Factors 

(Dissertation, Biochemie). Medizinische Hochschule Hannover, Hannover. 

126. VanDussen K.L., Sonnek N.M., Stappenbeck T.S. (2019). L-WRN Conditioned 

Medium for Gastrointestinal Epithelial Stem Cell Culture Shows Replicable Batch-to-



References 
 

- 85 - 

Batch Activity Levels Across Multiple Research Teams. Stem Cell Res,  37, 101430. 

10.1016/j.scr.2019.101430 

127. Bjerknes M., Cheng H. (2006). Intestinal Epithelial Stem Cells and Progenitors. 

Methods Enzymol,  419, 337-83. 10.1016/S0076-6879(06)19014-X 

128. Spence J.R. (2018). Taming the Wild West of Organoids, Enteroids, and Mini-Guts. 

Cell Mol Gastroenterol Hepatol,  5, 159-60. 10.1016/j.jcmgh.2017.11.003 

129. Clevers H. (2020). COVID-19: Organoids Go Viral. Nat Rev Mol Cell Biol,  21, 355-

56. 10.1038/s41580-020-0258-4 

130. Sartor R.B. (2008). Microbial Influences in Inflammatory Bowel Diseases. 

Gastroenterology,  134, 577-94. 10.1053/j.gastro.2007.11.059 

131. Murch S.H., Braegger C.P., Walker-Smith J.A., MacDonald T.T. (1993). Location of 

Tumour Necrosis Factor Alpha by Immunohistochemistry in Chronic Inflammatory 

Bowel Disease. Gut,  34, 1705-9. 10.1136/gut.34.12.1705 

132. Van Deventer S.J. (1997). Tumour Necrosis Factor and Crohn's Disease. Gut,  40, 

443-8. 10.1136/gut.40.4.443 

133. Breese E.J., Michie C.A., Nicholls S.W., Murch S.H., Williams C.B., Domizio P., et 

al. (1994). Tumor Necrosis Factor Alpha-Producing Cells in the Intestinal Mucosa of 

Children with Inflammatory Bowel Disease. Gastroenterology,  106, 1455-66. 

10.1016/0016-5085(94)90398-0 

134. Reimund J.M., Wittersheim C., Dumont S., Muller C.D., Baumann R., Poindron P., et 

al. (1996). Mucosal Inflammatory Cytokine Production by Intestinal Biopsies in 

Patients with Ulcerative Colitis and Crohn's Disease. J Clin Immunol,  16, 144-50. 

10.1007/BF01540912 

135. Reimund J.M., Wittersheim C., Dumont S., Muller C.D., Kenney J.S., Baumann R., et 

al. (1996). Increased Production of Tumour Necrosis Factor-Alpha Interleukin-1 Beta, 

and Interleukin-6 by Morphologically Normal Intestinal Biopsies from Patients with 

Crohn's Disease. Gut,  39, 684-9. 10.1136/gut.39.5.684 

136. Reinecker H.C., Steffen M., Witthoeft T., Pflueger I., Schreiber S., MacDermott R.P., 

et al. (1993). Enhanced Secretion of Tumour Necrosis Factor-Alpha, IL-6, and IL-1 

Beta by Isolated Lamina Propria Mononuclear Cells from Patients with Ulcerative 

Colitis and Crohn's Disease. Clin Exp Immunol,  94, 174-81. 10.1111/j.1365-

2249.1993.tb05997.x 



References 
 

- 86 - 

137. Murch S.H., Lamkin V.A., Savage M.O., Walker-Smith J.A., MacDonald T.T. (1991). 

Serum Concentrations of Tumour Necrosis Factor Alpha in Childhood Chronic 

Inflammatory Bowel Disease. Gut,  32, 913-7. 10.1136/gut.32.8.913 

138. Ukena S.N., Singh A., Dringenberg U., Engelhardt R., Seidler U., Hansen W., et al. 

(2007). Probiotic Escherichia coli Nissle 1917 Inhibits Leaky Gut by Enhancing 

Mucosal Integrity. PLoS One,  2, e1308. 10.1371/journal.pone.0001308 

139. Bleich A., Sundberg J.P., Smoczek A., Von Wasielewski R., de Buhr M.F., Janus 

L.M., et al. (2008). Sensitivity to Escherichia coli Nissle 1917 in Mice is Dependent 

on Environment and Genetic Background. Int J Exp Pathol,  89, 45-54. 

10.1111/j.1365-2613.2007.00560.x 

140. Lu J., Krepelova A., Rasa S.M.M., Annunziata F., Husak O., Adam L., et al. (2021). 

Characterization of an In Vitro 3D Intestinal Organoid Model by Using Massive 

RNAseq-Based Transcriptome Profiling. Sci Rep,  11, 16668. 10.1038/s41598-021-

96321-8 

141. Nozaki K., Mochizuki W., Matsumoto Y., Matsumoto T., Fukuda M., Mizutani T., et 

al. (2016). Co-Culture with Intestinal Epithelial Organoids Allows Efficient Expansion 

and Motility Analysis of Intraepithelial Lymphocytes. J Gastroenterol,  51, 206-13. 

10.1007/s00535-016-1170-8 

142. Noel G., Baetz N.W., Staab J.F., Donowitz M., Kovbasnjuk O., Pasetti M.F., et al. 

(2017). A Primary Human Macrophage-Enteroid Co-Culture Model to Investigate 

Mucosal Gut Physiology and Host-Pathogen Interactions. Sci Rep,  7, 45270. 

10.1038/srep45270 

143. Staab J.F., Lemme-Dumit J.M., Latanich R., Pasetti M.F., Zachos N.C. (2020). Co-

Culture System of Human Enteroids/Colonoids with Innate Immune Cells. Curr 

Protoc Immunol,  131, e113. 10.1002/cpim.113 

144. Voelkl B., Altman N.S., Forsman A., Forstmeier W., Gurevitch J., Jaric I., et al. 

(2020). Reproducibility of Animal Research in Light of Biological Variation. Nat Rev 

Neurosci,  21, 384-93. 10.1038/s41583-020-0313-3 

145. Basic M., Bleich A. (2019). Gnotobiotics: Past, Present and Future. Lab Anim,  53, 

232-43. 10.1177/0023677219836715 

146. In J.G., Foulke-Abel J., Clarke E., Kovbasnjuk O. (2019). Human Colonoid 

Monolayers to Study Interactions Between Pathogens, Commensals, and Host 

Intestinal Epithelium. J Vis Exp. 10.3791/59357 



References 
 

- 87 - 

147. Roodsant T., Navis M., Aknouch I., Renes I.B., van Elburg R.M., Pajkrt D., et al. 

(2020). A Human 2D Primary Organoid-Derived Epithelial Monolayer Model to 

Study Host-Pathogen Interaction in the Small Intestine. Front Cell Infect Microbiol,  

10, 272. 10.3389/fcimb.2020.00272 

148. Co J.Y., Margalef-Catala M., Li X., Mah A.T., Kuo C.J., Monack D.M., et al. (2019). 

Controlling Epithelial Polarity: A Human Enteroid Model for Host-Pathogen 

Interactions. Cell Rep,  26, 2509-20 e4. 10.1016/j.celrep.2019.01.108 

149. Son Y.S., Ki S.J., Thanavel R., Kim J.J., Lee M.O., Kim J., et al. (2020). Maturation 

of Human Intestinal Organoids In Vitro Facilitates Colonization by Commensal 

Lactobacilli by Reinforcing the Mucus Layer. FASEB J,  34, 9899-910. 

10.1096/fj.202000063R 

150. Williamson I.A., Arnold J.W., Samsa L.A., Gaynor L., DiSalvo M., Cocchiaro J.L., et 

al. (2018). A High-Throughput Organoid Microinjection Platform to Study 

Gastrointestinal Microbiota and Luminal Physiology. Cell Mol Gastroenterol Hepatol,  

6, 301-19. 10.1016/j.jcmgh.2018.05.004 

151. Pamies D., Bal-Price A., Simeonov A., Tagle D., Allen D., Gerhold D., et al. (2017). 

Good Cell Culture Practice for Stem Cells and Stem-Cell-Derived Models. ALTEX,  

34, 95-132. 10.14573/altex.1607121 

152. Braverman J., Yilmaz O.H. (2018). From 3D Organoids back to 2D Enteroids. Dev 

Cell,  44, 533-34. 10.1016/j.devcel.2018.02.016 

153. Thorne C.A., Chen I.W., Sanman L.E., Cobb M.H., Wu L.F., Altschuler S.J. (2018). 

Enteroid Monolayers Reveal an Autonomous WNT and BMP Circuit Controlling 

Intestinal Epithelial Growth and Organization. Dev Cell,  44, 624-33 e4. 

10.1016/j.devcel.2018.01.024 

154. Nickerson K.P., Senger S., Zhang Y., Lima R., Patel S., Ingano L., et al. (2018). 

Salmonella Typhi Colonization Provokes Extensive Transcriptional Changes Aimed at 

Evading Host Mucosal Immune Defense During Early Infection of Human Intestinal 

Tissue. EBioMedicine,  31, 92-109. 10.1016/j.ebiom.2018.04.005 

155. Holloway E.M., Capeling M.M., Spence J.R. (2019). Biologically Inspired 

Approaches to Enhance Human Organoid Complexity. Development,  146. 

10.1242/dev.166173 

156. Sidar B., Jenkins B.R., Huang S., Spence J.R., Walk S.T., Wilking J.N. (2019). Long-

Term Flow Through Human Intestinal Organoids with the Gut Organoid Flow Chip 

(GOFlowChip). Lab Chip,  19, 3552-62. 10.1039/c9lc00653b 



References 
 

- 88 - 

157. Workman M.J., Gleeson J.P., Troisi E.J., Estrada H.Q., Kerns S.J., Hinojosa C.D., et 

al. (2018). Enhanced Utilization of Induced Pluripotent Stem Cell-Derived Human 

Intestinal Organoids Using Microengineered Chips. Cell Mol Gastroenterol Hepatol,  

5, 669-77 e2. 10.1016/j.jcmgh.2017.12.008 

158. Jalili-Firoozinezhad S., Gazzaniga F.S., Calamari E.L., Camacho D.M., Fadel C.W., 

Bein A., et al. (2019). A Complex Human Gut Microbiome Cultured in an Anaerobic 

Intestine-on-a-Chip. Nat Biomed Eng,  3, 520-31. 10.1038/s41551-019-0397-0 

159. Kasendra M., Tovaglieri A., Sontheimer-Phelps A., Jalili-Firoozinezhad S., Bein A., 

Chalkiadaki A., et al. (2018). Development of a Primary Human Small Intestine-on-a-

Chip Using Biopsy-Derived Organoids. Sci Rep,  8, 2871. 10.1038/s41598-018-

21201-7 

160. Nikolaev M., Mitrofanova O., Broguiere N., Geraldo S., Dutta D., Tabata Y., et al. 

(2020). Homeostatic Mini-Intestines Through Scaffold-Guided Organoid 

Morphogenesis. Nature,  585, 574-78. 10.1038/s41586-020-2724-8 

161. Sunuwar L., Yin J., Kasendra M., Karalis K., Kaper J., Fleckenstein J., et al. (2020). 

Mechanical Stimuli Affect Escherichia coli Heat-Stable Enterotoxin-Cyclic GMP 

Signaling in a Human Enteroid Intestine-Chip Model. Infect Immun,  88. 

10.1128/IAI.00866-19 

162. Maurer M., Gresnigt M.S., Last A., Wollny T., Berlinghof F., Pospich R., et al. 

(2019). A Three-Dimensional Immunocompetent Intestine-on-Chip Model as In Vitro 

Platform for Functional and Microbial Interaction Studies. Biomaterials,  220, 119396. 

10.1016/j.biomaterials.2019.119396 

163. DeVoss J., Diehl L. (2014). Murine Models of Inflammatory Bowel Disease (IBD): 

Challenges of Modeling Human Disease. Toxicol Pathol,  42, 99-110. 

10.1177/0192623313509729 

164. Low D., Nguyen D.D., Mizoguchi E. (2013). Animal Models of Ulcerative Colitis and 

their Application in Drug Research. Drug Des Devel Ther,  7, 1341-57. 

10.2147/DDDT.S40107 

165. Clinton J., McWilliams-Koeppen P. (2019). Initiation, Expansion, and 

Cryopreservation of Human Primary Tissue-Derived Normal and Diseased Organoids 

in Embedded Three-Dimensional Culture. Curr Protoc Cell Biol,  82, e66. 

10.1002/cpcb.66 

 

 



List of Publications 
 

- 89 - 

8. List of Publications 

 

Publications that are part of this thesis: 

 

Pascal Brooks,* Talke zur Bruegge,* Erin C. Boyle, Stefan Kalies, Santiago Nahuel 

Villarreal, Andrea Liese, André Bleich,* Manuela Buettner,* “CD14 and ALPK1 Affect 

Expression of Tight Junction Components and Proinflammatory Mediators upon Bacterial 

Stimulation in a Colonic 3D Organoid Model”, Stem Cells International, vol. 2020, Article ID 

4069354, 11 pages, 2020. https://doi.org/10.1155/2020/4069354 

* Shared first and last authorship 

 

Talke F. zur Bruegge, Andrea Liese, Sören Donath, Stefan Kalies, Maike Kosanke, Oliver 

Dittrich-Breiholz, Sandra Czech, Verena N. Bauer, André Bleich, Manuela Buettner, 

“Intestinal Organoids in Colitis Research: Focusing on Variability and Cryopreservation”, 

Stem Cells International, vol. 2021, Article ID 9041423, 15 pages, 2021. 

https://doi.org/10.1155/2021/9041423 

 

The official Supplementary Materials of both articles can be accessed online via the direct 

URL or they are provided with the digital version of this thesis. 

 

Other publication: 

 

Stevie Van der Mierden, Loukia Maria Spineli, Steven R. Talbot, Christina Yiannakou, Eva 

Zentrich, Nora Weegh, Birgitta Struve, Talke F. Zur Brügge, André Bleich,* Cathalijn H. C. 

Leenaars,* “Extracting data from graphs: A case-study on animal research with implications 

for meta-analyses.”, Research Synthesis Methods, Advance online publication, 10 pages, 

2021. https://doi.org/10.1002/jrsm.1481  

* Shared last authorship 

 



Authors’ Contribution 
 

- 90 - 

9. Authors’ Contribution 

 

CD14 and ALPK1 Affect Expression of Tight Junction Components and Proinflammatory 

Mediators upon Bacterial Stimulation in a Colonic 3D Organoid Model 123  

 

In this study, I isolated some and mainly cultured all of the Il10-/-, Cd14-/- and the 

corresponding WT colonoids. I performed two of the three growth pattern analysis 

experiments with WT colonoids, isolated and measured the RNA/cDNA from these samples, 

performed the qPCR for all analysed genes, prepared the data and did the statistical analysis 

for the genes Ocln, Tjp1, Cldn4 and Cldn8. For the third experiment (conducted by Pascal 

Brooks), I performed the qPCR for the genes Ocln, Tjp1, Cldn4 and Cldn8, analysed the data 

and did the statistical analysis. I processed the 10 days old organoids prior to histological 

sectioning and subsequent H&E staining, and performed, imaged (partly with help from 

Stefan Kalies) and evaluated all of the whole mount (immuno-) fluorescence and TUNEL 

stainings. I conducted all LPS stimulation experiments on Il10-/- colonoids, and all LPS 

stimulation and EcN infection experiments on Cd14-/- colonoids and the WT. From these 

samples, I isolated the RNA/cDNA, did the qPCR on all analysed genes and prepared and 

evaluated the data until statistical analysis. I performed all of the TNF-α ELISAs, and 

evaluated and statistically analysed these data and all of the western blots. I contributed to 

manuscript preparation and review. 

 

Pascal Brooks mainly wrote the manuscript and did most of the statistical analysis for the 

qPCR data of the stimulation and infection experiments. He contributed in preparation and 

culturing of the Il10-/-, Alpk1-/- and Alpk1+/+ colonoids, conducted one of the three growth 

pattern analysis experiments, documented the growth kinetics microscopically, isolated and 

measured the RNA/cDNA from these samples, performed the qPCR for the following genes: 

Ki67, Lgr5, Smoc2, Clca4b for these samples and did the data evaluation and statistical 

analysis for these genes. He conducted all LPS stimulation experiments on Alpk1-/- and 

Alpk1+/+ colonoids, performed EcN infection experiments on Alpk1-/- and Il10-/- organoids and 

the corresponding WT colonoids, processed the RNA/cDNA and protein from these samples, 

did the qPCR and evaluated the data.  

 

Erin C. Boyle took part in manuscript preparation and correction with respect to the English 

language. 



Authors’ Contribution 
 

- 91 - 

 

Stefan Kalies provided the confocal TCS SP5 microscope system and instructed the imaging 

of the (immuno-) fluorescence stainings. 

 

Santiago Nahuel Villarreal assisted Pascal Brooks in the LPS and EcN stimulation 

experiments of the Alpk1-/- and Alpk1+/+ colonoids.  

 

Andrea Liese prepared the conditioned media for organoid culture, generated many organoid 

lines and contributed in culturing of the Alpk1-/- and Alpk1+/+ colonoids, and some of the 

Il10-/-, Cd14-/- and corresponding WT colonoids. She performed all Western Blots and all 

multiplex immunoassays of the supernatants from Alpk1-/- and Alpk1+/+ colonoids. 

 

André Bleich and Manuela Buettner supervised all experiments, edited and reviewed the 

manuscript and organised funding.  

 

 

 

Intestinal Organoids in Colitis Research: Focusing on Variability and Cryopreservation 124 

  

I wrote the manuscript, contributed in the isolation of all organoid lines, cryopreserved some 

lines, and thawed and mainly cultured all of the used colonoid lines. I did all the 

organisational planning and timing of the experiments. I conducted all of the ZellShield® and 

EcN infection experiments (except for one), collected the samples, isolated part of the 

RNA/cDNA for the qPCR and all of the RNA for the RNA-sequencing, performed all qPCRs 

for all analysed genes, evaluated the data and did the statistical analysis. I performed the 

immunofluorescence staining of all colonoids and imaged most of the stainings.  

 

Andrea Liese prepared the conditioned media for organoid culture, mainly contributed in the 

isolation of all organoid lines, cryopreserved some of the lines and took part in the 

ZellShield®
 experiments. 

 

Sören Donath imaged some of the immunofluorescence stainings and evaluated and prepared 

the pictures. 

 



Authors’ Contribution 
 

- 92 - 

Stefan Kalies provided the confocal TCS SP5 microscope system and instructed the imaging 

of the (immuno-) fluorescence stainings. 

 

Maike Kosanke and Oliver Dittrich-Breiholz performed the library generation, RNA 

sequencing, and raw data processing for the comparison between cryopreserved and fresh 

isolated colonoids. They prepared the manuscript part for these results.  

 

Sandra Czech assisted in colonoid culturing, in the ZellShield® and EcN infection 

experiments, sample collection and isolated most of the RNA/cDNA of the ZellShield® and 

EcN infection experiments. 

 

Verena N. Bauer performed one EcN infection experiment with assistance from Sandra Czech 

and contributed in sample collection after EcN infection. 

 

André Bleich provided conceptional guidance and critical feedback to the manuscript, and 

organised funding. 

 

Manuela Buettner designed and supervised all experiments, edited and reviewed the 

manuscript, and organised funding. 





Danksagung 
 

- 95 - 

12. Danksagung 

 

Jahrelange Arbeit baut auf die Unterstützung vieler helfender Hände, daher möchte ich hier 

einigen Personen von Herzen meinen Dank aussprechen: 

 

Zunächst einmal geht ein großes Dankeschön an meinen Doktorvater André Bleich für das 

entgegengebrachte Vertrauen und dafür, dass er mir die spannende Forschungsarbeit in 

seinem Institut, auch im Rahmen des R2N Forschungsverbundes, ermöglicht und das Projekt 

mit fachlicher und konstruktiver Kritik begleitet und gefördert hat.  

 

Außerdem möchte ich meinem Co-Betreuer Guntram Graßl herzlich für die Erstellung des 

Zweitgutachtens, für die freundlichen konstruktiven Gespräche und das bereitwillige 

Aushelfen bei Material-Engpässen aufgrund von Lieferschwierigkeiten danken.  

 

Ganz besonders hervorheben möchte ich meine Doktormutter Manuela Büttner, die mich in 

den letzten Jahren unaufhörlich mit ihrer Erfahrung, ihrem wissenschaftlichen Know-how und 

vielen guten Ratschlägen unterstützt hat. Danke für dein offenes Ohr und dein „Harren der 

Dinge“ in den stressigen Phasen. Mit deinem Glauben an mich hast du mir immer wieder Mut 

gemacht, mich in meinem Können bestärkt und meine Weiterentwicklung gefördert. 

 

Weiterhin möchte ich zwei Personen im Labor, Andrea Liese und Anja Siebert, ein liebes 

Dankeschön aussprechen, da sie mir mit so manchem Rat und tatkräftiger Unterstützung bei 

sämtlichen technischen Herausforderungen, aber auch einigen persönlichen Fragen zur Seite 

standen. Besonderer Dank gilt hierbei Andrea für das liebevolle Kümmern um die Organoide 

und die Weitergabe ihrer jahrelangen Erfahrung hinsichtlich der Zellkultur. 

 

Natürlich gilt ein großer Dank auch sämtlichen anderen Mitarbeitern des Instituts, die mir bei 

Fragen und Problemen ausgeholfen, mich tatkräftig unterstützt und die Zeit im Labor und bei 

Mensagängen mit amüsanten und guten Gesprächen bereichert haben. 

 

Außerdem möchte ich Stefan Kalies, Sören Donath, Patrick Heeger und Dominik Müller aus 

dem NIFE für die tolle fachliche Unterstützung in Mikroskopie-Fragen und das ein oder 

andere unterhaltsame Gespräch danken. 

 

Ein liebes Dankeschön und großes Lob geht an meine zwei fleißigen Bachelorstudentinnen, 

Hanna Seifert und Sandra Czech, die mir mit viel Engagement unter die Arme gegriffen und 

einen Einblick in die Lehrerrolle vermittelt haben.  



Danksagung 
 

- 96 - 

Großer Dank gilt vor allem auch allen Doktorandinnen und Doktoranden, die meinen Weg 

geteilt und mir meine Zeit im Institut sinnbildlich und auch wortwörtlich versüßt haben: 

Mitgebrachter Kuchen oder Süßigkeiten waren oftmals die rettenden Energiespender in 

stressigen Phasen! Danke für die guten fachlichen, aber auch freundschaftlichen Gespräche, 

vor allem an Eva Zentrich, Ann-Kathrin Iwantschenko und an Kristin Selke als meine 

zuverlässige „Mensa-Genossin“ im letzten Jahr. Außerdem möchte ich Pascal Brooks noch 

einmal meinen Dank für die tolle Zusammenarbeit und das tatkräftige Vorantreiben der ersten 

Veröffentlichung aussprechen. 

 

Meinen Mädels in der Heimat möchte ich von ganzem Herzen für die immerwährende 

Freundschaft und Unterstützung in den letzten Jahren danken: für das Verständnis, wenn sie 

in den stressigen Zeiten mal hintenanstehen mussten, sowie für die vielen kleinen 

Aufmerksamkeiten und aufbauenden Gespräche. 

 

In der Aufzählung fehlen natürlich noch einige ganz besondere Menschen, ohne die ich nicht 

an dem Punkt angelangt wäre, an dem ich mich heute befinde: Meine wundervolle Familie, 

allen voran meine Eltern, Margrit und Jan-Dieter zur Brügge, die mich immer unterstützt 

haben, mir mein Studium ermöglichten und mir in jeder Lebenslage mit Rat und Tat (und oft 

auch Essen oder Werkzeug) zur Seite standen. Ihr alle habt mir stets das Gefühl gegeben 

besonders zu sein und geliebt zu werden. Ich wusste immer, dass Ihr stolz auf mich seid, egal 

welchen Weg ich einschlage. Ohne Euch wäre das Alles nicht möglich gewesen, daher von 

ganzem Herzen: DANKE! 

 

Zuletzt geht das allergrößte Dankeschön an meinen Lebensgefährten Malte Grellert, der mir 

in den letzten Jahren als riesiger „Fels in der Brandung“ zur Seite stand und mich durch so 

manches Tief getragen, aber auch lachend durch sämtliche Hochs begleitet hat. Ich konnte 

immer auf deine Liebe und Unterstützung bauen, egal was ich mir vorgenommen habe. 

Danke, dass du mich in, aber auch auf den Arm genommen hast, wenn ich es dringend 

brauchte, für die Zubereitung meines Lieblingsessens, wenn ich mal wieder keine Zeit zum 

Essen kochen hatte, und vor allem für dein “Schön, dass du da bist!“, wenn ich nach einer 

arbeitsreichen Woche nachhause kam. Für das Alles und noch viel mehr danke ich dir von 

ganzem Herzen (auch für den Ohrwurm…)! 


	I. Index of Contents
	II. List of Abbreviations
	1. Zusammenfassung
	2. Abstract
	3. Introduction
	3.1 Inflammatory Bowel Disease
	3.2 The Intestinal Barrier and Cellular Homeostasis
	3.3 In Vivo Models for Research on IBD Onset and Progression
	3.4 3R Methods
	3.5 3D Organoids as In Vitro Method
	3.6 Aim of this Study

	4. CD14 and ALPK1 Affect Expression of Tight Junction Components and Proinflammatory Mediators upon Bacterial Stimulation in a Colonic 3D Organoid Model
	4.1 Introduction
	4.2 Material and Methods
	4.3 Results
	4.4 Discussion
	4.5 References

	5. Intestinal Organoids in Colitis Research: Focusing on Variability and Cryopreservation
	5.1 Introduction
	5.2 Material and Methods
	5.3 Results
	5.4 Discussion
	5.5 Conclusions
	5.6 References

	6. General Discussion
	7. References
	8. List of Publications
	9. Authors’ Contribution
	10. Curriculum Vitae
	11. Erklärung zur Dissertation
	12. Danksagung

