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Summary 

Development of an in vitro model for studying physiological properties and 

pathogenicity mechanisms of gut diseases caused by zoonotic pathogens 

Pascal Hoffmann 

Infectious diseases of the gastrointestinal tract frequently occur in humans and 

animals. These infections are often caused by bacteria ingested by contaminated food 

or water. In case of zoonotic diseases, infectious agents can be transmitted between 

animals and humans and vice versa. However, not all infected species develop clinical 

symptoms indicating different molecular pathogenicity mechanisms of the involved 

agents, which in many cases are not well understood. One example of these are pigs, 

carrying a variety of zoonotic pathogens causing severe illnesses in humans whereby 

the infection in pigs often remain asymptomatic. Investigations on these species 

differences by applying species-specific models of the intestinal tract are necessary. 

Currently, often animal experiments using laboratory animals are conducted. However, 

a reduction of these animal experiments is legally implemented in the directive 

2010/63/EU. Therefore, this PhD project aimed to develop an in vitro model to reduce 

the use of laboratory animals and at the same time for studying the pathogenicity 

mechanisms of gut diseases caused by zoonotic pathogens. Thereby, this project 

focused on the enterotoxins of Vibrio cholerae and Escherichia coli and their effect on 

porcine and human epithelium. 

In the first part of this PhD project, the effect of native intestinal contents on colonic 

epithelial tissues was examined in the Ussing chamber system. Results showed a 

decrease in physiological epithelial transport capacities. Histological examination 

indicated tissue degradation and autolysis. Therefore, it was concluded that this 

experimental setup is not well suitable to investigate questions related to 

gastrointestinal infectious diseases and underlying functional mechanisms using the 

Ussing chamber system.  
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To evade the mentioned tissue degradation and autolysis and to approach the human 

physiology a well-established co-culture system consisting of enterocyte-like Caco-2 

cells and goblet cell-like HT29-MTX cells was applied. Characterization of 

physiological properties and pathophysiological responses of the epithelium was 

performed in the second part of the PhD project. 

Studies on epithelial functions of the co-cultured cells in Ussing chambers revealed 

their ability for transepithelial glucose uptake and chloride secretion. Furthermore, 

protein expression patterns showed additional physiological characteristics of small 

intestinal epithelia like expression of glucose and peptide transporters. Histological 

analysis showed the abundance of a mucus layer covering the underlying epithelium 

and expression of tight junction-associated proteins. When the co-cultures were 

exposed to toxins of V. cholerae and E. coli an increased chloride secretion could be 

demonstrated which was comparable to the in vivo situation during an infection with 

these pathogens. In summary, this co-culture model showed physiological transport 

properties of the human small intestine and similar responses to bacterial toxins as in 

vivo. This shows the suitability of this model for investigation of (patho)physiological 

characteristics of the human small intestine. This provides an animal-free model 

without the ethical aspects of providing human material.  

In the third part of this project a porcine organoid system generated from crypts of the 

porcine jejunum and colon was established and examined. Analysis of gene 

expression showed a high comparability between organoids and the respective 

intestinal segment. Furthermore, when cultured in a 2D-manner the organoids formed 

a monolayer structure with mucus producing cells and expression of intercellular 

junction-associated proteins. Incubation of 2D jejunum organoids in Ussing chambers 

revealed glucose absorption and chloride secretion properties comparable to native 

jejunal epithelium. Although porcine infections with V. cholerae are asymptomatic, 

incubation with cholera toxin was performed as proof of principle and led to an 

increased chloride secretion comparable to the in vivo situation and to the human co-

culture system. The organoid-based model of the porcine colon needs further 

validation in Ussing chamber experiments but showed a high comparability to native 

colonic tissue by measurements on intestine specific gene expression.  
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In conclusion, porcine organoids of the gut provide a useful tool to investigate species-

specific (patho)physiological questions related to intestinal epithelial functions. 

Thereby, porcine organoids of the jejunum and colon can be applied to focus on topics 

such as potentially zoonotic infections of the porcine intestines. 
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Zusammenfassung 

Pascal Hoffmann 

Entwicklung eines in vitro Modells zur Erforschung der Pathogenese-

Mechanismen von Zoonoseerreger-induzierten Darmerkrankungen 

Infektiöse Krankheiten des Gastrointestinaltraktes treten regelmäßig in Menschen und 

Tieren auf. Oft werden diese Infektionen durch Bakterien verursacht, die über 

kontaminiertes Wasser oder Nahrung aufgenommen werden. Im Falle von Zoonosen 

kann die Übertragung von infektiösem Material von Tieren auf den Menschen und 

umgekehrt erfolgen. Jedoch entwickeln nicht alle infizierten Spezies klinische 

Symptome, was auf Unterschiede der molekularen Pathogenitätsmechanismen 

hinweist, welche in vielen Fällen noch nicht ganz verstanden sind. Ein Beispiel hierfür 

sind Schweine, die eine Vielzahl von Zoonoserregern in sich tragen, die beim 

Menschen zu schweren Krankheitsverläufen führen, im Schwein jedoch eine 

asymptomatische Infektion vorliegt. Um diese Speziesunterschiede aufzudecken sind 

spezies-spezifische Modelle des Gastrointestinaltraktes notwendig. Momentan 

werden solche Tierversuche mit Labortieren durchgeführt, jedoch wird eine 

Reduzierung von Tierversuchen bereits gesetzlich durch die Richtlinie 2010/63/EU 

vorgeschrieben wird. Aus diesem Grund ist das Ziel der vorliegenden PhD-These ein 

in vitro Modell zu entwickeln um die Zahl der Versuchstiere zu reduzieren und 

gleichzeitig die Pathogenitätsmechanismen von Darmerkrankungen, verursacht durch 

Zoonoseerreger, zu untersuchen. Im Fokus des Projektes lagen hierbei die 

Enterotoxine von Vibrio cholerae und Escherichia coli und deren Wirkung auf porzines 

und humanes Darmepithel. 

Im ersten Teil des PhD-Projektes wurde der Einfluss von nativem Darminhalt aus dem 

Colon auf das Colonepithel in der Ussingkammer untersucht. Die Ergebnisse zeigten 

eine Verminderung der physiologischen Transportkapazität des Epithels. Zudem 

wiesen histologische Untersuchungen wiesen auf eine Degradierung und Autolyse des 

Gewebes hin. Aus diesem Grund wurde geschlussfolgert, dass dieser Versuchsaufbau 

nicht geeignet war um Fragestellungen bezüglich gastrointestinaler Infektionen und 

zugrundeliegende Mechanismen mit der Ussingkammer zu untersuchen.  
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Um den erwähnten Gewebeabbau und die Autolyse zu umgehen und sich der 

menschlichen Physiologie anzunähern, wurde ein etabliertes Co-Kultursystem, 

bestehend aus enterozytenähnlichen Caco-2-Zellen und becherzellähnlichen HT29-

MTX-Zellen, eingesetzt. Die Charakterisierung der physiologischen Eigenschaften und 

pathophysiologischen Reaktionen des Epithels wurde im zweiten Teil des PhD-

Projektes durchgeführt. 

Untersuchungen zu epithelialen Funktionen der co-kultivierten Zellen in der 

Ussingkammer zeigte deren Fähigkeit zur transepithelialen Glukoseaufnahme und 

Chloridsekretion. Darüber hinaus zeigten Proteinexpressionsmuster weitere 

physiologische Eigenschaften des Dünndarmepithels, wie die Expression von 

Glukose- und Peptidtransportern. Die histologische Analyse zeigte das Vorhandensein 

einer Schleimschicht, die das darunterliegende Epithel bedeckt sowie die Expression 

von tight junction-assoziierten Proteinen. Wurden die Co-Kulturen Toxinen von V. 

cholerae und E. coli ausgesetzt, konnte eine erhöhte Chloridsekretion nachgewiesen 

werden, die mit der in vivo Situation während einer Infektion mit diesen Erregern 

vergleichbar war. Zusammenfassend zeigte dieses Co-Kultur-Modell physiologische 

Transporteigenschaften des menschlichen Dünndarms und ähnliche Reaktionen auf 

bakterielle Toxin, wie es für die in vivo Situation beschrieben ist. Dies zeigt die Eignung 

dieses Modells zur Untersuchung von (patho)physiologischen Eigenschaften des 

menschlichen Dünndarms. Damit steht ein tierfreies Modell zur Verfügung ohne das 

ethische Probleme der Bereitstellung von menschlichem Material auftreten.  

Im dritten Teil dieses Projektes wurde ein porzines Organoid-system, generiert aus 

Krypten des porzinen Jejunums und Colons, etabliert und untersucht. Die Analyse der 

Genexpression zeigte eine hohe Vergleichbarkeit zwischen den Organoiden und dem 

jeweiligen Darmsegment. Darüber hinaus bildeten die Organoide in 2D-Kultur eine 

Monolayer-Struktur mit schleimproduzierenden Zellen und Expression von 

interzellulären tight junction-assoziierten Proteinen. Die Inkubation von 2D-Jejunum-

Organoiden in Ussingkammern zeigte Glukoseabsorption- und Chlorid-

Sekretionseigenschaften, die mit denen des nativen Jejunumepithels vergleichbar 

sind.  
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Obwohl porzine Infektionen mit V. cholerae asymptomatisch sind, wurde die Inkubation 

mit Cholera-Toxin als proof of principle durchgeführt und führte zu einer erhöhten 

Chloridsekretion, vergleichbar mit der in vivo Situation und dem humanen Co-Kultur-

System. Das organoid-basierte Modell des Schweinecolons bedarf einer weiteren 

Validierung in Ussingkammerexperimenten, zeigte aber durch Messungen der 

darmspezifischen Genexpression eine hohe Vergleichbarkeit zum nativen 

Colongewebe.  

Zusammenfassend lässt sich sagen, dass Schweineorganoide des Darms ein 

nützliches Werkzeug zur Untersuchung speziesspezifischer (patho)physiologischer 

Fragestellungen im Zusammenhang mit intestinalen Epithelfunktionen darstellen. 

Dabei können porzine Organoide des Jejunums und Colons eingesetzt werden, um 

sich auf Themen wie potenziell zoonotische Infektionen des Schweinedarms zu 

konzentrieren. 
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1. General introduction 

1.1 Physiology of the gastrointestinal tract 

The gastrointestinal tract (GIT) of monogastric species can be subdivided into 

oesophagus, stomach, small intestines and large intestines. The small intestines can 

be further divided in duodenum, jejunum and ileum, whereas the large intestines 

consist of cecum, colon and rectum. The main function of the GIT is the feed digestion, 

the absorption of nutrients and the excretion of digestive waste products in faeces 

(Hornbuckle et al., 2008). The function of the GIT is thereby regulated by the enteric 

nervous system (ENS) as part of the autonomous nervous system (as reviewed by 

Gershon, 1999). Moreover, the central nervous system (CNS) also modulates the 

function of the GIT via parasympathic and sympathic pathways (Browning and 

Travagli, 2014). 

After food intake, the bolus enters the stomach where chemical and enzymatic 

breakdown starts. This is mediated by secretion of hydrochloric acid by parietal cells 

as well as digestive enzymes by chief cells of fundus glandular cells. Foveolar cells 

secrete bicarbonate and mucus to protect the stomach epithelium against damage of 

hydrochloric acid and digestive enzymes. The high acidity of the gastric fluid 

(pH 1.5 – 3.5) mediates the cleavage of pepsinogen to pepsin (Herriott, 1938), the 

main gastric enzyme responsible for the breakdown of proteins in smaller peptides 

which are further digested in the small intestines by trypsin (Chung et al., 1979). 

Furthermore, fat digestion by lipases also starts in the stomach and is continued in the 

small intestines (Liao et al., 1984). 

The wall of the small intestines consists of mucosa, submucosa, muscularis, with an 

inner circular and an outer longitudinal layer, and the serosa as the outer layer. The 

cellular population of the intestinal epithelium consists of enterocytes, goblet cells, 

enteroendocrine cells and Paneth cells (as reviewed by Kong et al., 2018).  

While enterocytes mediate the absorption of nutrients and the secretion of, for example 

ions as Cl-, goblet cells produce mucus serving as a protective layer against pathogens 

and bacterial toxins (Turner, 2009) as well as protecting the intestinal epithelium from 

digestive enzymes (Kim and Ho, 2010).  
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Paneth cells are located in the crypts of Lieberkühn, facilitating the production of 

antimicrobial peptides and proteins (Bevins and Salzman, 2011).  

One well described function of the small intestines are the absorption of 

monosaccharides (Figure 1) such as glucose or galactose (Wright et al., 2003) by the 

sodium-dependent glucose co-transporter 1 (SGLT1) (Crane, 1965) which is located 

in the apical membrane of the enterocytes (Balen et al., 2008; Vrhovac et al., 2015). 

This transport is dependent on the inwardly directed sodium gradient (Wright, 1993) 

maintained by the sodium-potassium-ATPase (Horisberger et al., 1991). In contrast, 

fructose uptake is mediated by the glucose transporter 5 (GLUT5), allowing the 

facilitated diffusion from the intestinal lumen into the enterocyte (Nomura et al., 2015).  

The basolateral extrusion of monosaccharides into the blood is mediated the 

basolateral located glucose-transporter 2 (GLUT2) by facilitated diffusion along a 

concentration gradient (Drozdowski and Thomson, 2006). Further often reviewed 

absorption of the intestinal epithelium includes the uptake of amino acids (Bröer and 

Fairweather, 2018), di- and tripeptides (Adibi, 2003), fatty acids (Goldberg et al., 2009) 

and ions such as Na+, Cl- or K+ (Kiela and Ghishan, 2009). 
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Figure 1: Schematic display of uptake of glucose, galactose and fructose in the small intestines (von 

Engelhardt et al., 2015). Graphical design was provided by Servier Medical Art.  

GLUT2: glucose transporter 2; GLUT5: glucose transporter 5, K+: potassium; Na+: sodium; Na+/K+-

ATPase: sodium-potassium ATPase; SGLT1: sodium-dependent glucose co-transporter 1. 

 

In the large intestines remaining nutrients and water are (re-)absorbed and microbial 

fermentation of the gut flora takes place before the indigestible part enters the rectum 

where it is excreted in faeces. In humans, approximately 90% of the water of the 

chymus is reabsorbed in the colon, which in total is 1.5 to 2 l/day (Debongnie and 

Phillips, 1978). This water reabsorption is stimulated by several Na+ and Cl- coupled 

processes throughout the colon (Sandle, 1989; Hubel et al., 1987; Sellin and De 

Soignie, 1987).  
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The human gut flora, consisting of several hundred species of bacteria as well as fungi, 

protozoa and archea (Macfarlane and Macfarlane, 2012), plays an important role in 

fermentation processes of the large intestines. This includes the breakdown of complex 

carbohydrates (Salyers, 1979), peptides or amino acids (Macfarlane et al., 1986) with 

short-chain fatty acids (SCFA) as the main metabolite of bacterial fermentation 

(Pascale et al., 2018). Those are taken up by the colonic epithelium together with 

water, Na+ and K+ (Ruppin et al., 1980) but also seem to play a role in communication 

between gut and brain (Dalile et al., 2019). 

 

1.2 The intestinal tract as site of infection 

According to the United Nations Children´s Fund (UNICEF) and the World Health 

Organisation (WHO), contaminated drinking water (Unicef, 2017) as well as 

contaminated food (WHO, 2015) is a major problem for people around the globe. 

Potential toxic agents are chemical substances or pathogens like parasites, viruses or 

bacteria causing severe health problems. A common parasitic infection induced by 

contaminated water or food can occur by infection with nematodes or protozoan 

parasites such as the roundworm Ascaris lumbricoides (Cappello, 2004) or the 

protozoan Giardia intestinalis (Davis et al., 2002) both linked to high mortality in 

endemic countries (Haque, 2007). The most common viral infection of the GIT causing 

gastroenteritis in children, is rotavirus (Crawford et al., 2017) resulting in more than 

200,000 deaths per year (Tate et al., 2016). Taken all age groups into account, 

noroviruses are the most common virus causing viral gastroenteritis among all groups 

of age (Ahmed et al., 2014). Bacterial infections of the GIT can be caused by a large 

variety of bacteria. As reviewed by Kusters et al. (2006) infections of the stomach with 

Helicobacter pylori causes several disease outcomes like chronic gastritis, peptic 

ulceration as well as gastric adenocarcinoma. Bacterial pathogens of the small 

intestines are often enterotoxin producing bacteria such as Vibrio cholerae, which 

leads to severe diarrhea with an estimated number of 2.8 million cases and 95,000 

deaths per year in endemic countries (Ali et al., 2015).  
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The mode of action of the V. cholerae derived cholera toxin (CTX) is explained in detail 

in chapter 1.2.1. Furthermore, the toxin produced by the pathogenic bacterium 

Clostridium difficile, was identified to cause pseudomembranous colitis (Bartlett et al., 

1978), playing an important role as hospital germ (Bauer et al., 2011).  

 

1.2.1 Effect of Vibrio cholera and Escherichia coli derived enterotoxins on the 

intestine 

Cholera toxin (CTX) produced by V. cholerae as well as heat-labile enterotoxin (HLTX) 

produced by enterotoxic E. coli (ETEC) both belong to the group of AB5-exotoxins. 

Those toxins are characterized by two different domains: a B-domain, consisting of five 

subunits, mediating the binding to the intestinal cell and the enzymatically active A-

domain, consisting of a A1 and a A2 subunit, modifying cellular components and leading 

to cellular damage after entering the cell (Heggelund et al., 2015).  

The CTX is produced by two (O1 and O139) of the known 200 serotypes of V. cholerae 

(Sack et al., 2004), while half of the ETEC strains are capable of producing HLTX 

(Heggelund et al., 2015). Both toxins share a high structural similarity of about 80% as 

well as the same mode of action (Zhang et al., 1995; Spangler, 1992) which is 

described in the following section. 

After toxin release, they bind to the monosialotetrahexosylganglioside (GM1) (Jobling 

and Holmes, 1991; Guidry et al., 1997) by the B subunit facilitating the endocytosis of 

the toxins (Fujinaga et al., 2003) which is, depending on the cell type, either clathrin-

dependent or clathrin-independent (Torgersen et al., 2001). After endocytosis, toxins 

relocate via early endosomes (Iglesias-Bartolomé et al., 2009) and the Golgi apparatus 

to the endoplasmic reticulum (ER) (Feng et al., 2004). In the ER, the A1 subunit is 

disassembled by protein disulfide isomerase (Tsai et al., 2001) and is released into the 

cytoplasm. This process is not yet fully understood but is suggested to be mediated by 

the cytosolic chaperone HSP90 (Taylor et al., 2010). In the cytosol, the A1-subunit is 

activated by the ADP-ribosylation factor 6 (Neal et al., 2005) allowing the transfer of 

ADP-ribose to the α-subunit of the G-protein (GSα) (Gill and Meren, 1978; Moss and 

Vaughan, 1977).  
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This results in a permanent activation of GSα (Cassel and Selinger, 1977) leading to 

the activation of adenylate cyclase (Sharp and Hynie, 1971) and elevated intracellular 

cyclic adenosine monophosphate (cAMP) levels (Figure 2). Serving as second 

messenger, cAMP mediates the phosphorylation of the cystic fibrosis transmembrane 

conductance regulator (CFTR) by protein kinase A (PKA) and therefore to a Cl--

secretion (Picciotto et al., 1992; Cheng et al., 1991). In addition, high intracellular cAMP 

levels further enhance Cl--secretion by enhanced CFTR expression (Breuer et al., 

1992). Secretion of Cl- also leads to an increasing amount of intraluminal Na+ 

concentrations by increasing the tight junctions Na+-permeability (Guichard et al., 

2013).  

As reviewed by Payne (2012), decreasing intracellular Cl- concentrations lead to the 

activation of the basolateral Na+/K+/2Cl- cotransporter (NKCC) resulting in a higher 

transport rate of chloride from the basolateral side through the cell into the intestinal 

lumen. High intracellular cAMP concentrations not only mediate increased Cl- and Na+ 

secretion, but also impairs absorption of NaCl (reviewed by Kato and Romero, 2011).  

This in total, leads to a hypertonic salt concentration in the intestinal lumen resulting in 

a high water content flow into the lumen by osmosis causing secretory diarrhea 

(Heggelund et al., 2015). CTX not only affects the absorptive enterocytes but also the 

ENS (Cassuto et al., 1981). CTX stimulates 5-hydroxytryptamine (5-HT) release by 

enterochromaffin cells (Bearcroft et al., 1996) enhancing the gastrointestinal motility 

(Bulbring and Lin, 1958), and forcing initially secretory diarrhea. However, the exact 

effect of CTX on the ENS and potential mechanisms involved in mediating greater 

neuronal excitability has to be further elucidated (Koussoulas et al., 2017). Despite the 

structural similarity between CTX and HLTX, the latter seems not to influence the ENS 

(Mourad and Nassar, 2000; Turvill et al., 1998). This represents a potential explanation 

for the milder course of ETEC infections compared to V. cholerae infections (as 

reviewed by Spangler, 1992) which is further described in manuscript 1.  
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Figure 2: Schematic dispaly of the cellular mode of action of CTX. After binding to GM1, CTX enters 

the cell via endocytosis, is cleaved and the enzymatically active A1-subunit mediates the binding of ADP-

ribose to GSα. This leads to an elevation of intracellular cAMP levels by activation of adenylate cyclase 

and PKA. PKA further activates CFTR by phosphorylation mediating secretion of Cl-, followed by an 

increasing permeability of the tight junctions for Na+. Additional basolateral Cl- uptake is mediated by 

NKCC. Graphical design was provided by Servier Medical Art. 

cAMP: cyclic adenosine monophosphate; CFTR: cystic fibrosis transmembrane conductance regulator 

Cl-: Chloride; CTX: cholera toxin; GM1: monosialotetrahexosylganglioside; GSα: α-subunit of the G-

Protein; K+: potassium; Na+: sodium; NKCC: Na+/K+/2Cl--cotransporter; PKA: protein kinase A. 
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1.3 Zoonotic pathogen-induced intestinal diseases 

According to the WHO, every disease or infection that is transmissible from vertebrate 

animals to humans or vice versa is defined as zoonotic disease. These diseases play 

an increasingly important role for the world's population health, since about 60% of 

human pathogens described in the early 2000s have a zoonotic background (Taylor et 

al., 2001). Zoonotic diseases are caused by viral, parasitic or bacterial agents and 

some of them are well known like Puumala virus infections (viral, Hantaviridae), 

nematode infections (parasitic) or Salmonellosis (bacterial, Salmonella spec.). 

Zoonotic agents can be transmitted by a vast number of pathways such as direct 

transmission between animals and humans (Mortimer, 2019), by vectors like 

arthropods (Huang et al., 2019) or by contaminated food (Newell et al., 2010). The 

most common zoonotic disease, which affects the GIT, is the Campylobacteriosis with 

approximately 246,000 cases reported in the European Union in 2017 (EFSA, 2018). 

Campylobacter infection to humans can occur by transmission from infected pets like 

dogs (Mughini Gras et al., 2013) or domesticated animals like pigs (Boes et al., 2005) 

and cause enteritis in all mentioned species (Blaser et al., 1978; de Vries et al., 2017; 

Rosner et al., 2017). However, other zoonotic diseases such as infections with Yersinia 

enterocolitica show different clinical symptoms in different hosts. While human suffer 

from severe diarrhea (Bottone, 1999), pigs just show asymptomatic infections serving 

as host organisms for Y. enterocolitica (Schiemann, 1988; Valentin-Weigand et al., 

2014). However, underlying molecular mechanisms explaining these differences are 

not yet fully understood examined. 

 

1.4 Classical models for the investigation of intestinal infections 

Understanding molecular mechanisms as well as underlying virulence factors of 

pathogens is mandatory for the effective treatment of a disease. Until today, rodents 

are the most commonly used models based on their housing and reproduction 

requirements, availability of murine-based biochemical compounds like antibodies 

(Low, 2012).  
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As reviewed by Macdonald (1994), the availability of knockout mice e.g. helps to 

understand molecular mechanisms of underlying diseases, like inflammatory bowel 

disease, in detail.  

According to the Bundesintitut für Risikobewertung (BfR) between 2014 and 2019, a 

total number of 1,195 animal experimental projects focusing on intestinal research 

were listed in Germany including approximately 271,000 mice and 3,000 rats per year. 

Despite this high number of projects and animals used, rodents often fail to mimic 

clinical signs of human diseases (Flisikowska et al., 2012; Buffenstein et al., 2014). 

Taken this into account, large animal models are becoming more interesting (Cibelli et 

al., 2013). Especially the pig is a frequently used model (reviewed by Kuzmuk and 

Schook, 2011) because of its anatomic and physiological similarities compared to the 

human GIT (Kararli, 1995).  

Nevertheless, with regard to some scientific questions, animal-based models are 

limited. Just as mentioned in chapter 1.3, infections with Y. enterocolitica lead to severe 

clinical signs in humans, whereas pigs remain asymptomatic hosts. Thus, as reviewed 

by (Seeger, 2020), species-specific models for animals and human diseases are 

urgently needed. However, with humans as target, an ethical problem arises. This is 

also the case with animal experiments, which must be reduced to the absolute 

minimum within the framework of the 3Rs concept which is further elucidated in chapter 

1.5. Based on these ethical questions concerning research of human infections a vast 

branch of industry fulfils the demand of laboratory animals. This further leads to the 

ethical problem of high number of laboratory animals. Therefore, the 3R with all its 

concepts gains even more significance.  

 

1.5 Alternative methods in scope of the 3R-principle 

As early as in 1959, Russel and Burch introduced the 3R principles avoiding animal 

experimentation (replacement) limiting the number of animals used (reduction) and 

reduce the suffering of the animals to a minimum (refinement)(Russell and Burch, 

1959). One potential method to fulfil the 3R principles is the use of continuous cell 

lines.  
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For humans, Caco-2 or T84 cells are often used to model the epithelium of the GIT 

either of the jejunum in case of Caco-2 cells (Hidalgo et al., 1989) or to mimic the colon 

using T84 cells (Devriese et al., 2017).  

However, these cells display only characteristics of epithelial cells. Therefore, they are 

co-cultured with other cell types to obtain a more physiological model of the intestines.  

In case of Caco-2 cells a co-cultivation with HT29-MTX cells differentiating into goblet 

cells (Lesuffleur et al., 1990) is performed (Hilgendorf et al., 2000; Beduneau et al., 

2014). This model has further been extended by addition of Raji B cells (Antunes et 

al., 2013) adding intestinal M-cells to the model (Gullberg et al., 2000). Cell lines from 

large animal models are still scarce until today. For the pig, for example, only a few 

lines of the intestines are available, for example IPEC-J2 cells, comprising 

characteristics of the small intestines (Zakrzewski et al., 2013), or Poco83-3 cells 

mimicking the colonic epithelium (Kaiser et al., 2017). However, cell lines of the pig, 

mimicking other cell types of the gut like goblet cells are not yet available. 

To overcome this problem Sato et al. (2009), generated the so-called organoid system 

based on stem cells differentiating into crypt-villus organisations of the human 

intestine. Since then, the organoid system has been established for more species, 

especially for mice (Sato and Clevers, 2013) or pigs (Gonzalez et al., 2013). A lot of 

studies were conducted characterizing the 3D organoid model focusing on nutrient 

transport (Zietek et al., 2015; Zietek et al., 2020) or infection experiments (Yin and 

Zhou, 2018; Min et al., 2020). Nevertheless, a lot of questions remain unanswered, 

especially concerning physiological nutrient transport using the even more 

physiological 2D organoid based model (van der Hee et al., 2018). Moreover, the 

influence of bacterial toxins on this model is unknown and was in focus of the 

conducted PhD project. 
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1.6 Hypothesis and aims of the current PhD Project 

Infectious diseases of the GIT are globally occurring diseases with sometime severe 

or even fatal outcomes depending on the type and severity of the infection. Pathogens 

causing these infections can not only infect animals but also humans and vice versa, 

causing so-called zoonotic infections or zoonosis. However, molecular mechanisms of 

pathogens differ between various host species leading to different clinical symptoms 

and causes of diseases. Understanding such differences as well as discovering 

potential commonalities can only be obtained by species-specific models mimicking 

physiological or pathophysiological properties as close as possible.  

Despite this fact, it is desirable to use models that include as few animals of the target 

species as possible, as well as ethical aspects as soon as human trials are concerned. 

Therefore, the model had to take the reduction of animals in scope of the 3R-principle 

into account. Consequently, the aim of this PhD project was to develop an in vitro 

model of the intestines to investigate pathogenicity mechanisms of zoonotic pathogens 

of the GIT. This model should represent the complex physiological and 

pathophysiological properties of the intestines as accurately as possible allowing a 

precise transfer of the in vitro model to the in vivo situation.  

The PhD project was conducted to answer the following questions based on the 

intended hypothesis: 

I. Can the classically used Ussing chamber system be improved by the addition 

of native intestinal contents to the mucosal chamber? 

a. Addition of native contents to the mucosal buffer solutions creates a more 

physiological environment to the epithelium improving tissue viability and 

transport capacity parameters. 
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II. Is it possible to use the already established model of the Caco-2/HT29-MTX co-

culture as a model of the small intestines in the Ussing chamber setup and 

mimic absorptive and secretory features of the native epithelium? Is it possible 

to detect in vivo like reactions of the epithelium such as chloride secretion to 

enterotoxins of V. cholerae and E. coli? 

a. Co-cultured Caco-2/HT29-MTX cells form an epithelial layer consisting 

of enterocytes and goblet cells and are able to transport glucose and 

secrete chloride in response to stimulation by well-established agents. 

b. Mimicking the intestinal layer, incubation of co-cultured Caco-2/HT29-

MTX cells with toxins of V. cholerae and E. coli induce a 

pathophysiological response characterized by chloride secretion. 

 

III. Is a porcine organoid-based model forming an epithelial layer resembling native 

intestinal transport properties and structural properties? Which 

pathophysiological response to cholera toxin does this model show and how 

exactly can it be compared to the above-mentioned co-culture system? 

a. An organoid-based model generated from porcine intestinal material 

possess glucose transport and chloride secretion characteristics and a 

cellular composition exemplarily mimicking the in vivo situation. 

b. The response to cholera toxin is not present or at least reduced in the 

organoid-based model due to the asymptomatic infection of pigs with 

V. cholerae. 
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2 Previous investigations  

2.1 Incubation of porcine colon epithelium with native intestinal contents 

Studies on intestinal (trans-)epithelial transport mechanisms are frequently done for 

different scientific approaches ranging from nutrient transport (Herrmann et al., 2012) 

and intestinal infections (Schroeder et al., 2006) up to topics focusing on 

pharmacologically active substances (Arnold et al., 2019). Research addressing those 

questions is often performed by using the well-established Ussing chamber technique 

(Ussing, 1949) whereby the short circuit chamber is connected to a computer-

controlled voltage clamp unit. This clamp generates a short circuit current (Isc) that 

counteracts the current generated by electrogenic active ion transport processes 

through the epithelium in the absence of chemical gradients. Thereby, passive 

transport processes driven by the electrical or chemical gradient can be negotiated. 

Permanent recording of the Isc allows the detection of active electrogenic transport 

processes while permanent recording of tissue conductance (Gt) is used to observe 

tissue integrity. Furthermore, agents can be used to stimulate reactions of the 

epithelium like chloride secretion by forskolin or carbachol (Hempe, 2007). 

Nevertheless, in traditional Ussing chamber experiments artificial buffer solutions are 

used providing optimal substrate conditions for the epithelium. For tissues from the 

gastrointestinal tract, this is in contrast to native contents whereby the epithelium is 

confronted with in vivo. Native contents not only contain (partly) digested food particles 

and digestive enzymes but also a large variety of microorganisms. Therefore, this 

study aimed at improving the standard Ussing chamber setup by adding native 

contents to the mucosal chamber to obtain a more physiological environment for the 

epithelium. 
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2.2 Materials & methods 

2.2.1 Animals, tissue collection and collecting of native colon contents 

Four male 4-month-old Large White pigs weighing between 60 and 70 kg were used 

for this trial. They were kept on a commercial feed (Primo Pro, Deutsche Tiernahrung 

Cremer GmbH & Co. KG, Düsseldorf & Agrobs GmbH, Degerndorf). Water was 

available ad libitum. The animals were killed by exsanguination which followed 

stunning by captive bolt. Colonic tissue was collected within 10 min after killing and 

stripped as described previously (Herrmann et al., 2011). Briefly, about 50 cm of 

proximal colon was taken, rinsed with ice-cold saline and stored in aerated buffer-

solution at 4 °C (buffer solution 1, Table 1) until stripping. Stripping was performed 

using forceps to remove the serosa and the muscle layer, leaving the underlying 

mucosa (Clarke, 2009). Stripped tissues were then mounted into the Ussing chambers.  

To obtain native intestinal contents used for incubation of the mucosal side of the 

Ussing chamber, ingesta of the colon was filtrated with gauze and stored at 37 °C until 

it was mixed with corresponding buffers. Buffers and native organ content were mixed 

with mucosal buffer solutions (see Table 1) in a proportion of 0%, 25% and 50% native 

contents. 

All procedures and killing of the animals were approved by the Animal Welfare 

Commissioner of the University of Veterinary Medicine Hannover (Hannover, 

Germany) and the Lower Saxony State Office for Consumer Protection and Food 

Safety (permission number: 33.8-42502-05-17A195) and were in accordance with 

Directive 2010/63/EU and German animal welfare law. 

 

2.2.2 Ussing chamber experiments 

Ussing chamber experiments were basically performed as described previously 

(Leonhard-Marek et al., 2009) using two chambers per used solution. Briefly, 2 x 2 cm 

pieces of stripped colon mucosa were mounted in Ussing chambers and incubated 

with two different buffer solutions: on the serosal side, standard buffers were used (see 

Table 1), whereas the mucosal side was incubated with different mixtures of standard 

buffer with up to 50% of native contents.  
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The equilibration phase was carried out under open-circuit conditions, with switching 

to short-circuit-conditions after 30 min. During the whole experiment electrical 

parameters such as the Isc and the Gt were recorded continuously and each incubation 

was performed in duplicates. After 5 h incubation, forskolin (10 µM) was added to the 

serosal side of the gut tissue as marker for tissue viability (Bridges et al., 1983). 

Table 1: Buffer solutions used for the Ussing chamber experiments. All chemicals were obtained from 

Merck, Darmstadt, Germany. 

  buffer 1, serosal side buffer 2, mucosal side 

chemicals [mmol/l] [mmol/l] 

NaCl 113.6 113.6 

KCl 5.4 5.4 

HCl (1n) 0.4 0.25 

MgCl2 * 6 H2O 1.2 1.2 

CaCl2 * 2 H2O 1.2 1.2 

NaHCO3 21.0 21.0 

Na2HPO4 * 2H2O 1.2 1.2 

NaH2PO4 * H2O 0.3 0.3 

Glucose (water-free) 10.0 - 

Mannitol 23.0 31.96 

pH (37 °C, aerated) 7.45 – 7.47 7.45 

osmolarity [mosmol/kg] 300 300 
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2.2.3 Histological examination of FFPE tissue samples 

The formalin-fixed and paraffin-embedded (FFPE) colon samples (1 sample per 

chamber for each animal) were processed routinely. Briefly, 2 µm sections of paraffin-

embedded tissues were deparaffinized and rehydrated in a descending alcohol series. 

Afterwards, slides were stained with hematoxylin-eosin according to standard 

protocols: slides were incubated in eosin for 6 minutes, rinsed with a dest. and 

counterstained with Mayer´s hematoxylin for 1 min. After washing with a dest. slides 

were dehydrated in an ascending alcohol series and cover slipped (Böck, 1989). Two 

pathologists (Wencke Reineking, Johannes Junginger) independently analyzed the 

slides and semiquantitatively graded. The extent of autolysis within each section: score 

0 (<5%), score 1 (5 – 20%), score 2 (20 – 50%) and score 3 (>50%). Autolysis was 

characterized by epithelial shedding, cellular swelling and edema, loss of stainability, 

cytoplasmic vacuolation, karyopyknosis, karyorrhexis and karyolysis.  

 

2.2.4 Data analysis and statistics 

Basal values of Isc and Gt were determined by calculating the arithmetic mean of the 

data points obtained in the last minute, resulting in a total of 10 data points, before 

forskolin was added. Maximal values were calculated by subtracting the arithmetic 

mean from the maximal value after the addition of forskolin. The normal distribution of 

the residuals was tested using the D'Agostino & Pearson test. Data was analyzed using 

an unpaired t-test when two groups were compared. Comparison of more than two 

groups was performed by one-way ANOVA followed by Tukey´s multiple comparison 

test. All statistical analyses were performed using Prism version 8.0.1 (GraphPad, San 

Diego, USA) and p values ≤ 0.05 were considered statistically significant. 
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2.3 Results 

2.3.1 Ussing chamber experiments 

Addition of forskolin led to an increase in Isc at 0% native content but not in setups 

using 25% or 50% native contents (Figure 3A). Basal values of chambers without 

native contents were significantly higher when compared to 25% or 50% contents 

(Figure 3B). Furthermore, 0% native contents led to a higher maximal increase in Isc 

than chambers containing gut contents (Figure 3C). No differences in Gt could be 

detected in each chamber when comparing basal values with maximal values after 

addition of forskolin, respectively (Figure 3D). Basal (Figure 3E) as well as maximal 

(Figure 3F) Gt of the tissue was significantly higher when incubated with native colon 

contents compared to standard conditions containing no ingesta.  

 

Figure 3: Basal and maximal (after addition of forskolin) values of the short circuit current (Isc; A - C) 

and tissue conductance (Gt; D - F) of colonic tissue incubated with mixtures of standard buffers and 

native colon contents (0%, 25% and 50% native contents). Statistical analysis was performed by 

unpaired t-test in A and D to compare basal and maximal values of each incubation solution. Other 

datasets were analysed by one-way ANOVA followed by Tukey´s multiple comparison test. Values 

shown are the mean ± standard deviation (SD) of four independent experiments, each performed in 

duplicates.  

* p < 0.05; ** p < 0.01; *** p < 0.001 
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2.3.2 Histological analysis 

After Ussing chamber experiments, tissue was removed from the individual chamber, 

rinsed with PBS and fixed in 3% formalin. Immunohistochemical staining of the tissues 

showed a dose-dependent effect in terms of increasing levels of autolysis to the 

ingesta. While tissues with standard buffer and no ingesta showed only 5-20% 

autolysis, epithelium confronted with 50% ingesta showed 20-50% autolysis (Figure 4).  

 

Figure 4: Representative immunohistochemical haematoxylin and eosin staining of tissues after 

Ussing chamber experiments where tissues were incubated with no ingesta (0% ingesta) or with 

mixtures up to 50% ingesta and 50% standard buffer. 

Autolysis scores of tissues from Ussing chamber experiments were compared to 

epithelial tissues which were not used in Ussing chambers but immediately fixed after 

sampling serving as a negative control for autolysis (score = 0). While tissue incubated 

with standard buffer showed no higher autolysis with a mean score of 0.75 compared 

to native epithelium, incubation with 25% (mean score 2) and 50% ingesta (mean score 

1.75) led to a significant higher grade of autolysis (Figure 5).  
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Figure 5: Grade of autolysis of tissues incubated in the 

Ussing chamber and incubated with different proportions 

of ingesta compared to native tissue. Values shown are 

minimum to maximum values with whiskers of four 

independent experiments. Datasets were analysed by 

one-way ANOVA followed by Tukey´s multiple 

comparison test. 

* p < 0.05; ** p < 0.01; *** p < 0.001. 
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2.4 Discussion 

Porcine colonic epithelium was incubated in the Ussing chamber with varying 

proportions of native colon contents to improve the system towards more physiological 

characteristics. Effects of the ingesta on Isc and Gt as well as on histological integrity 

of the epithelium was evaluated. During Ussing chamber experiments forskolin was 

added to the serosal side to increase intracellular cyclic adenosine monophosphate 

(cAMP) levels resulting in an increase in Isc as a result of increased Cl- secretion. This 

response and the dose-dependent increasing Gt values of the tissue as marker for 

tissue integrity were used as viability control of the tissues (Bridges et al., 1983; Li et 

al., 2004). Addition of native intestinal contents to the mucosal side of the Ussing 

chamber reduced basal Isc values. The ability of the tissue to generate an asymmetric 

ion distribution by transport processes seemed to be impaired by addition of the 

ingesta. Significant increases in Isc in response to forskolin and thereby an impairment 

of the CFTR mediated Cl- secretion could not be detected when incubated with ingesta. 

Simultaneously, Gt values were significantly increased by addition of native colon 

contents compared to the standard buffer solution, possibly due to a reduced tissue 

integrity. This could further be supported by examination of autolysis. While incubation 

with standard buffers in the Ussing chamber led to a moderate grade of autolysis, 

scores were higher when the tissues had been incubated with ingesta. In conclusion, 

native colonic contents seem to have a negative effect on the tissue viability based on 

epithelial degradation which is accompanied by impaired transport properties of the 

epithelium.  

The reason for negative effects of native colonic contents on the epithelium can only 

be speculated. Treatment with standard buffers already induced a mild autolysis 

compared to immediately fixed epithelial tissue which was further enhanced by the 

ingesta. This might be due to the stripping process of the tissue and rinsing with buffer 

solutions. This treatment probably already removed some of the protective mucus 

covering the epithelium.  
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When it comes to the mucus formation and composition, mucus is in a close 

relationship with the gut microbiota (Rodríguez-Piñeiro and Johansson, 2015) which is 

also likely to be removed by stripping and rinsing of the tissue. As reviewed by 

(Bäckhed et al., 2005) the outer mucus layer of the human colon, serves as food source 

for a large variety of (beneficial) bacteria while the inner layer is impenetrable for 

commensal bacteria protecting the underlying epithelium. A vast variety of the at least 

partly beneficial microbiota is excluded of the system by gauze-filtration, removing a 

high degree of particle-associated microorganisms (Walker et al., 2008). In conclusion, 

removing the mucus layer and beneficial parts of the bacterial community may be one 

reason of the epithelial degradation by native colon contents. Nevertheless, further 

investigations like analysis of the bacterial community or mucus layer determination 

are necessary to study the exact mechanism of this tissue degradation. 

The outcome of this experimental design and the context within the PhD project are 

further discussed in chapter 6.1. 
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1. Introduction 

Infectious gastrointestinal diseases are often caused by pathogen-secreted toxins 

affecting the physiological function of the intestinal epithelium. One of those toxins is 

the cholera toxin (CTX), which is produced by Vibrio cholerae and which was, 

according to the World Health Organization, associated with 172,454 cholera cases as 

well as 1,304 deaths in 42 countries in 2015 (WHO, 2017). However, much higher 

numbers of unreported cases are estimated (Ali et al., 2015). Another pathogen-

secreted toxin is the heat-labile enterotoxin (HLTX), which is produced by Escherichia 

coli. Both toxins, CTX and HLTX, share the same well-characterized mode of action 

(Spangler, 1992; Sears and Kaper, 1996; Vanden Broeck et al., 2007) and show a high 

degree of sequence homology (Dallas and Falkow, 1980; Dykes et al., 1985; Lockman 

and Kaper, 1983) as well as approximately 80 % structural similarity (Zhang et al., 

1995). In many studies, mainly rodents have been used as laboratory animals to study 

these bacterial effects mechanistically. Within the framework of the 3Rs concept, the 

reduction of animal experiments is more desirable than ever, as there is growing 

evidence that species-specific in vitro models are more suitable to study molecular 

mechanisms than the classically used rodent models (Hartung, 2008). One way to 

avoid animal experiments is to use human-derived cell culture-based systems. Caco-

2 cells, which are derived from a human colorectal carcinoma, represent a well-

characterized cell culture system that displays enterocyte-like morphology and 

functionality, comparable to the small intestines, when differentiated by using certain 

culture conditions (Riley et al., 1991; Artursson, 1990; Hidalgo et al., 1989; Hilgers et 

al., 1990; Sambuy et al., 2005; van Breemen and Li, 2005). In addition to enterocytes, 

the second most abundant type of cells in the intestines are mucus-producing goblet 

cells (Wikman-Larhed and Artursson, 1995). These can be modelled using HT29-MTX 

cells, a sub-strain of the colorectal carcinoma-derived cell line HT29 and which can 

differentiate into goblet cell-like cells during cultivation (Lesuffleur et al., 1990).  

The enterocyte-like Caco-2 cells have often been used to study bacterial infections 

(Cerquetti et al., 2002; Kim and Loessner, 2008) as well as toxin-induced effects on 

the epithelium (Kouzel et al., 2017; Kwak et al., 2012), while HT29-MTX cells have 

mainly been used for studying bacterial adhesion and survival (Dahiya et al., 1992). 
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Both cell lines can be co-cultured to obtain a more physiological model of the small 

intestines (Hilgendorf et al., 2000; Beduneau et al., 2014; Kleiveland, 2015), whereby 

the goblet cells provide a mucus layer that, as under in vivo conditions, serves as an 

important barrier against pathogens and toxins (reviewed by Turner, 2009). The small 

intestine itself is a typical target for CTX-producing V. cholerae or HLTX-producing 

E. coli (Allen et al., 2006; Almagro-Moreno et al., 2015; Kumar et al., 2016; Millet et al., 

2014). The co-cultivation of Caco-2 and HT29-MTX cells was already published in 

1996 (Walter et al.). Since then, studies of a broad field of scientific questions ranging 

from transport studies (Strugari et al., 2018; Musatti et al., 2014) to work on the 

adhesion of pathogens (Dostal et al., 2014; Gagnon et al., 2013) and the association 

of nanoparticles (Akbari et al., 2017) have been performed using this model. However, 

the measurement of functional and structural properties, followed by measurements 

on the response to bacterial toxins have never been performed using the Ussing 

chamber technique in combination with this cellular setup. Therefore, the aim of the 

present study was firstly, to characterize the physiological transport and barrier 

functions of co-cultured Caco-2 and HT29-MTX cells and secondly, to study the 

response of these cells to bacterial toxins, in order to investigate the suitability of this 

co-culture model for studying infectious diseases in vitro and to establish it as a 

potential alternative to classical toxicity studies using laboratory animals. 
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1. Introduction  

Until today laboratory animals are frequently used to investigate physiological and 

pathophysiological functions of the gastrointestinal tract. This includes studies on the 

interaction of the intestinal epithelium with pathogens and their enterotoxins. An 

approach for investigating such topics using alternative models is the usage of cell 

culture-based systems. However, when such experiments focus on livestock, such as 

pigs, which are not only used for studying pig-specific diseases but also extensively as 

model for human intestinal pathophysiology (reviewed by Ziegler et al., 2016), 

alternative models are still limited. Porcine cell lines, such as the small intestine-

derived IPEC-J2 cells (Berschneider, 1989) and the colon-derived cell line PoCo83-3 

(Kaiser et al., 2017) serve as a potential approach to investigate pathogen-host 

interactions (Arce et al., 2010; Koh et al., 2008). However, these cell lines only contain 

enterocytes and lack other cell types such as goblet cells. The organoid technique was 

introduced in 2009 (Sato et al.); this method allows displaying the complete cellular 

composition of the intestinal epithelium, providing a better model to compare with the 

in vivo situation. Since then, porcine organoids from juvenile (Gonzalez et al., 2013) 

and from adult pigs (Khalil et al., 2016) have been successfully cultured.  

In addition, organoids can be dissociated and grown in a 2D-monolayer system (van 

der Hee et al., 2018) and this approach has been proposed as an optimal tool for drug 

discovery and drug development as reviewed by Olayanju et al. (2019). However, 

despite the application of this tool in many fields, relevant physiological transport 

characteristics as well as pathophysiological reactions to enterotoxins within this 

system have not been characterized. Therefore, the initial aim of our study was to 

establish a porcine intestinal organoid-based system to investigate the physiological 

transport properties of the intestinal epithelium using the Ussing chamber method. This 

could be compared with and eventually replace the use of classical animal-derived 

tissues. After characterizing this model our second aim was to prove its suitability for 

studying pathophysiological mechanisms: thus, we applied CTX in this system and 

investigated its pathophysiological effects. 



Additional investigations 

37 

 

5 Additional investigations 

5.1 Introduction 

Within the third part of the current PhD project, a porcine organoid model of the jejunum 

was established and physiologically examined (see manuscript 2). In addition to these 

jejunum organoids, a porcine colon organoid system was introduced allowing 

additional investigations on functions of the porcine colonic epithelium. Differences 

between the small and large intestines are especially present regarding nutrient 

transport and the interaction between epithelial functions and microbiota. Therefore, 

specific models for each intestinal region are desirable. To obtain a colon organoid 

system comparable to that of the jejunum, colon organoids were also seeded on 

Snapwells® and their gene expression was characterized by qPCR analysis for the 3D 

model and by immunohistochemical staining focusing on cellular organisation and 

composition in case of the 2D system. Gene expression of colon organoids and 

additional gene expression of jejunum organoids as well as structural examinations of 

colon organoids are described and discussed in the following section.  

 

5.2 Material and Methods 

5.2.1 Analysis of gene expression by qPCR analysis 

Gene expression analysis of 3D organoids grown embedded in Matrigel® was 

performed to obtain insight in the cellular composition and the abundance of 

transporter related genes typical for the respective intestinal segment. Applied 

methods are already described in manuscript 2 and were performed as described by 

Schenke and colleagues (Schenke et al., 2020). Primers used for qPCR analysis are 

listed in Table 2. The same primers were used for investigation of gene expression 

level in jejunum and colon organoids as well as for control samples from native 

epithelial preparations from the respective intestinal segment. Gene expression was 

normalized to the reference genes (RG) ribosomal protein S23 and ribosomal protein 

P0.  
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In each type of 3D organoid expression level was compared with the respective native 

intestinal epithelium preparation, which were set to 1. Moreover, organoids were 

compared between each other. Normal distribution of the data was examined, normally 

distributed data were compared by unpaired t-test, while not normally distributed data 

were compared using Mann-Whitney test. 

Table 2: Sequences of primers used for gene expression analysis of porcine jejunum and colon 3D 

organoids. 

Target gene Forward primer Reverse primer 

CDX2 GCAGCCAAGTGAAAACCAGG GGCCTTTCTCCGAATGGTGA 

CFTR GGAGCAGGCAAGACATCACT GCACGCTTTGATGACACTCC 

GCG GAGGAAGGCGAGATTTCCCAG AAGGAGCCATCAGCGTGTC 

HOXA13 GGCTGGAACGGCCAAATGTA GAGAGACCACGTCGGGCAG 

LGR5 ACCTCAGCGTTTTCACCTCC CCGGCAAGACGTAACTCCTC 

LYZ CTGGCGAACTGGGTGTGTTT GCTTTGGGTGTCTTGCCATC 

MUC2 GGCGATGATTTCAAGACGGC GCGTAGTTGGCACTCTCGAT 

MUC5B CTACAAGGTGGTGCAGAGGG CAGACCCTCCCCTTGTAACG 

OCT4 GGGGTTCTCTTTGGGAAGGT CTTCCTCCACCCACTTCTGC 

SATB2 CCTGAACCACCCTCCCATTC GGGACACACTGGCTCTCTTC 

SLC15A (PEPT1) TGATCACGAGGAAGGAGGACA GTCCCGTGACAGAGAAGACC 

SLC5A1 (SGLT1) CAGTCGCCATGGACAGTAGC GTGGAGCACATAGCCCACAG 

SOX9 CTCTGGAGACTGCTGAATGAGAG GGCCGTTCTTCACCGACTTT 

TLR1 CAGGTCATCTTGCCTTCACAC CATGAAGGTGCCCAATGACG 

TLR4 ATCCCTGACAACATCCCCAC TCAATTGTCTGAATTTCACATCTGG 

TLR6 AAATCTTGAATTTGGATGCCTAGC AAGTTACCATCCCCCAGAGG 

VIL CCTCCCCTAGACAGGCTCAT AGTCACCGTCGAAGAAGCTG 
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5.2.2 Histological analysis  

Colon organoids were seeded on Snapwell® inserts to obtain an organoid based 

monolayer mimicking the colon epithelium. This was done as described in manuscript 

2 for jejunum organoids. Briefly, matrigel containing 3D organoids was broken up 

mechanically and organoids collected in a tube filled with ice-cold PBS. After 

centrifugation at 4 °C and 600 x g for 10 min, the supernatant was discarded and the 

pellet dissolved in 0.05% Trypsin EDTA solution and incubated in a 37 °C waterbath 

for 5 min. After a second centrifugation at 3,000 x g at 4 °C for 10 min, the supernatant 

was removed and the pellet reconstituted in monolayer medium. Cells were counted 

and 1.5 * 105 cells seeded per Snapwell® insert. The basolateral chamber was filled 

with 3 ml monolayer medium, the apical chamber with 0.5 ml monolayer medium, 

respectively. Medium was changed every day. After 8 days of cultivation, medium was 

switched from monolayer medium to differentiation medium for another 2 days. 

Medium compositions of monolayer and differentiation medium are listed in 

manuscript 2. Histological analysis focusing on cellular arrangement, mucus 

production and expression of the tight junction associated protein ZO-1 were 

performed using the methods described in manuscript 2.  
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5.3 Results and discussion 

5.3.1 Gene expression of porcine 3D jejunum and colon organoids 

While gene expression of toll-like receptor (TLR) 1 and TLR4 showed no difference 

between jejunum organoids and native jejunum, TLR6 was significantly less expressed 

in organoids (Figure 6). This has to be taken into account when using this system as a 

model for infections with gram-positive bacteria which are recognized by TLR6 forming 

a heterodimer with TLR2 (Takeuchi et al., 2001). Moreover, TLR1 can also form 

heterodimers with TLR2 (Farhat et al., 2008) indicating the need for further 

investigations of TLR2 of this system. The expression of GCG encoding for pre-

proglucagon (Holst et al., 1994) was significantly higher in 3D jejunum organoids 

compared to native epithelium indicating a higher abundance of enteroendocrine cells 

in the 3D organoid model of the porcine jejunum. The same was true for SOX9, 

encoding the SOX9 protein which is known to be a crypt transcription factor of the 

intestine (Blache et al., 2004) further indicating high proliferative properties of the 

organoid model (Formeister et al., 2009). The caudal-related homeobox transcription 

factor 2 (CDX2) was found in all epithelial cells located in the crypt-villus region of the 

intestinal epithelium (James et al., 1994) which also plays a fundamental role in the 

differentiation of enterocytes (Rings et al., 2001). High expression levels in organoids 

compared to the native epithelium further supports the character of early tissue 

development of the organoids and their high proliferating capacity. The special AT-rich 

sequence-binding protein 2 encoded by SATB2 is mostly expressed in the colon and 

rectum (Uhlén et al., 2015) and is used as a marker for this intestinal segments 

(Múnera et al., 2017). High expression levels of SATB2 in addition to high CDX2 

expression in organoids indicate an early developmental stage into definitive tissues 

of the organoids. However, this does not show the definitive development to organoids 

of the jejunum.  
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Expression levels of colon organoids compared to native colonic tissue are 

summarized in Figure 7. CFTR expression was significantly higher in colon organoids 

compared to native colon. This higher gene expression and thereby an eventually 

higher expression of the CFTR protein must be considered using these 3D colon 

organoids in experiments due to their high potential of Cl- secretion by the CFTR. 

However, it has to be examined whether the expression of the protein correlates with 

the high gene expression. Expression of SLC15A encoding for the peptide 

transporter 1 (PepT1) tends to be lower in colon organoids compared to native 

epithelium, while SLC5A1 encoding for SGLT1 was significantly higher in organoids 

than in native colonic epithelium. Expression of both genes have been shown earlier 

in human colon organoids (Zietek et al., 2020) while expression data of porcine 

organoids was missing until now. One reason for the detected expression patterns of 

SLC5A1 and SLC15A could be that the medium contained glucose as the main energy 

source but did not contain peptides. However, this should be examined in further 

studies. CDX2 and SATB2 expression was also increased in colon organoids 

compared to native colonic epithelial tissue, also indicating an early developmental 

stage like in jejunum organoids. Several genes did not show a significant difference in 

expression levels compared to native tissues. In case of the jejunum these were: 

SLC15A, MUC5B, TLR1, TLR4, VIL, LYZ, LGR5, OCT4 and HOXA13. Following 

genes showed no difference between colon organoid and colonic tissue: MUC2, 

MUC5B, TLR1, TLR4, TLR6, VIL, GCG, LYZ, SOX9, LGR5, OCT4 and HOXA13. This 

high similarity in gene expression shows the great comparability of both organoid 

systems to the native tissue. Taken this comparability into account, the organoid 

system can replace native tissues in future research topics at least according to the 

gene expression level. 

Furthermore, gene expression was also compared between jejunum and colon 

organoids and between native colonic and jejunal tissues (Figure 8 & Figure 9). While 

TLR1 expression was similar in colon and jejunum organoids, TLR4 and TLR6 were 

both higher expressed in colon organoids. Expression patterns of all TLR examined 

showed no differences between native jejunal and colonic tissue. 
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While TLR4 positive intestinal organoids have earlier been shown by 

immunofluorescence, contradictory findings exist regarding the functionality of TLRs 

expressed by organoids (Jose et al., 2020; Price et al., 2018). Taken these findings 

into account, organoid based models need to be urgently examined for their potential 

to mediate TLR-driven cellular pathways. CFTR was expressed on a higher level in 

colon organoids than in jejunum organoids. However, native jejunum showed a higher 

expression of CFTR than native colonic tissue, which is a contradictory finding to earlier 

studies, where the porcine colon showed high and the small intestine weak expression 

levels on protein and mRNA levels (Plog et al., 2010).  

 

Figure 6: Gene expression of jejunum organoids compared to the expression in native jejunal tissue. 

Reference genes ribosomal protein S23 and ribosomal protein P0 were used for normalization of 

expression. Values shown are the geometric mean of the ΔΔCt values ± geometric standard deviation 

(SD) of four independent experiments. Unpaired t-test was performed for all datasets, except for OCT4 

(Mann-Whitney test).  

* p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 7: Gene expression of colon organoids compared to the expression in native colonic tissue. 

Reference genes ribosomal protein S23 and ribosomal protein P0 were used for normalization of 

expression. Values shown are the geometric mean of the ΔΔCt ± geometric standard deviation (SD) of 

four independent experiments. Unpaired t-test was performed for all datasets, except for MUC2 and 

HOXA13 (Mann Whitney test).  

* p < 0.05; ** p < 0.01; *** p < 0.001. 

 

SGLT1 expression was not significantly different in both organoids, but Pept1 was 

expressed significantly higher in jejunum organoids than in colon organoids. High 

SGLT1 expression in colon organoids has already been reported and discussed since 

this indicates a mainly SGLT1-mediated glucose uptake which is not expected in colon 

(Vrhovac et al., 2015). This was further supported by the present results revealing a 

low expression in native colonic tissue and a high, but not significantly different, 

expression in jejunal tissue. In human jejunum it has been shown that Pept1 

expression in jejunum is higher than in colonic tissue (Drozdzik et al., 2014). This was 

also shown in the porcine organoid model, but not statistically been proven comparing 

both native tissues. While expression of LGR5 encoding for the leucine rich repeat 

containing G protein-coupled receptor showed no significant differences in intestinal 

organoids, jejunal tissue showed a higher LGR5 expression than colonic tissue.  

 



Additional investigations 

44 

 

LGR5 is a marker for intestinal stem cells (Sato et al., 2011) and hence indicates the 

abundance of those cells in both organoid populations, as well as in jejunal tissue. 

Expression of VIL encoding for villin showed no significant differences between 

organoids as well as native tissues. Gene expression of lysozyme (LYZ) was 

significantly higher in jejunum organoids indicating the abundance of Paneth cells (Jee 

et al., 2019) which are mainly found in the small intestine (Bevins and Salzman, 2011).  

 

Figure 8: Gene expression of intestinal organoids and native intestinal tissues. Jejunum organoids and 

colon organoids were compared with each other as well as jejunal and colonic native tissues. Reference 

genes (RG) ribosomal protein S23 and ribosomal protein P0 were used for normalization. Values shown 

are the geometric mean of the ΔCt ± geometric standard deviation (SD) of three independent 

experiments. Unpaired t-test was performed for all datasets.  

* p < 0.05; ** p < 0.01; *** p < 0.001. 
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Expression of LYZ was also higher in native jejunal tissue compared to colonic tissue 

but did not reach statistical significance.Expression of VIL did not show a difference 

between the organoids or the jejunal tissues. This supports findings form earlier studies 

where protein expression of villin with the highest abundance in the apical membrane 

of enterocytes has been shown in human (West et al., 1988) and porcine (Gonzalez et 

al., 2013) colon and jejunum.  

 

Figure 9: Gene expression of intestinal organoids and native intestinal tissues. Jejunum organoids and 

colon organoids were compared with each other as well as jejunal and colonic native tissues. Reference 

genes (RG) ribosomal protein S23 and ribosomal protein P0 were used for normalization of expression. 

Values shown are the geometric mean of the ΔCt ± geometric standard deviation (SD) of three 

independent experiments. Unpaired t-test was performed for all datasets, except for MUC2, OCT4 and 

HOXA13 (Mann-Whitney test).  

* p < 0.05; ** p < 0.01; *** p < 0.001. 



Additional investigations 

46 

 

Expression of both mucin encoding genes MUC2 and MUC5B showed no difference 

between both organoid populations. While MUC2 serves as a main component of the 

intestinal mucus layer, MUC5B can only be found in the colon but not in the small 

intestine of humans (van Klinken et al., 1998). This finding could not be confirmed 

neither in porcine organoids nor in native porcine tissues. 

No difference was found in the expression of CDX2 and OCT4 which encodes for the 

octamer-binding transcription factor 4. The expression of CDX2 was already discussed 

above and points towards a high cellular proliferation rate in the organoid system. 

OCT4 serves as a marker for pluripotency (Pan et al., 2002) and showed a relatively 

low expression in organoids and native tissues. Based on the more multipotent than 

pluripotent character of adult stem cells in the intestinal tract (Barker, 2014; Umar, 

2010) high OCT4 expression was not expected. In contrast to this, intestinal organoids 

generated from pluripotent stem cells highly express OCT4 (Finkbeiner et al., 2015). 

Both, the HOXA13 gene encoding the Homeobox protein Hox-A13 and SATB2 were 

significantly higher expressed in colon organoids compared to jejunal organoids. This 

is in line with earlier studies using these genes as marker genes for colonic organoids 

(Múnera et al., 2017). In case of SATB2 a higher expression was also detected in 

native colonic than in jejunal tissue. While SOX9 was more expressed in colon than in 

jejunal organoids but showed no significantly different expression in native intestinal 

tissues. Expression of SOX9 is described as marker for organoid generation for colon 

organoids (Ramalingam et al., 2012) and for organoids of the small intestine (Gracz et 

al., 2010). However, different expression levels in these organoid populations need to 

be further characterized but were not scope of this PhD project and therefore not 

investigated in more detail. GCG expression was higher in jejunum organoids while no 

differences were detected in native tissues. High expression of GCG in jejunum 

organoids has been discussed above, indicating a bigger population of 

enteroendocrine cells in jejunum organoids than in colon organoids. This result should 

be further investigated by protein expression analysis but is beyond the scope of the 

current PhD project. 
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Gene expression of this organoid model indicates a vast variety of functions and 

properties of this model. However, studies on protein levels are needed to further 

validate the findings of gene expression. Furthermore, functional studies are needed. 

Some transporters, like SGLT1, undergo a modification in form of a phosphorylation, 

which leads to the activation of this transporter (Subramanian et al., 2009) or are not 

integrated in the membrane and thereby not functionally active (Hirsch et al., 1996). 

 

5.3.2 Immunhistochemical staining of 2D colon organoids 

2D organoids grown on Snapwell® membranes were stained with H & E and 

hematoxylin and PAS to determine cellular arrangement and the formation of mucus. 

A cellular monolayer could be detected by H & E staining characterized by cells with a 

basolateral located nucleus. Hematoxylin and PAS staining showed some cells with a 

goblet, cup-like appearance (violet triangles, Figure 10). Cellular arrangement as well 

as the abundance of mucus stained by PAS allowed the identification of enterocytes 

and goblet cells in the monolayer. ZO-1 staining led to a positive signal at the apical 

side of the cellular layer (black triangles, Figure 10), while the isotype control was 

negative. Apical expression of ZO-1 plus the arrangement of nuclei strongly indicates 

an apical and basolateral orientation of the epithelial layer.  

These findings in porcine organoids show a cellular layer with at least two of the most 

abundant cell types of native intestinal epithelium, enterocytes and goblet cellsm. 

Expression of the tight-junction associated protein ZO-1 indicates intracellular 

junctions which can be further examined by studying other tight junction proteins like 

occludin. This typical cell polarity could be further confirmed by other apically or 

basolaterally expressed marker proteins such as villin which is important for the 

assembly of the typical apical brush border (Costa de Beauregard et al., 1995) or 

Na+/K+-ATPase on the basolateral side. Further characterization of this layer is needed 

to reveal physiological and structural properties including functional investigation of 

enteroendocrine cells or transport proteins like the CFTR. 
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Figure 10: Cellular arrangement (cross sections) of colon organoids grown in 2D on Snapwells® for 10 

days. Cells were either stained with haematoxylin and eosin (H & E) or hematoxylin and PAS (H & PAS) 

as well as for ZO-1 (cross-section) by immunohistochemical staining (including isotype controls). Violet 

triangles indicate PAS-positive cells with a goblet, cup-like appearance and black triangles show cells 

positive for ZO-1. Representative figures are shown, chosen from three independent experiments with 

three technical replicates per cellular approach. 
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6 General discussion  

6.1 Overall discussion 

Infectious diseases of the GIT e.g., caused by bacteria, frequently occur in humans 

and animals. Often these bacteria are not only able to colonize the intestines of one 

host but are transmittable between animals and humans and vice versa. However, 

outcomes of such intestinal bacterial infections can show species-specific differences 

ranging from asymptomatically infections to severe diseases. For example, porcine 

infections with Y. enterocolitica are asymptomatic, while infected humans suffer from 

severe diarrhea (Valentin-Weigand et al., 2014). For studying such differences, 

specific models of the intestinal tract are urgently needed. Overcoming classically 

performed animal experiments is ethically desirable to fulfil the 3R principles. 

Furthermore, this is also legally implemented in the European law (directive 

2010/63/EU). The current PhD project was conducted to develop an in vitro model 

which shows physiological properties of enterocytes and which can be applied to study 

(species-specific) pathogenicity mechanisms of intestinal infections caused by 

potentially pathogenic agents, with the overall aim to reduce use of laboratory animals 

for such investigations. 

The first part of the PhD project aimed at investigating the effects of native contents 

from porcine colon on colonic epithelium under in vitro conditions applying short circuit 

current chambers (Ussing chamber technique). In this part the following hypothesis 

was addressed. 

Addition of native intestinal contents to the mucosal buffer solution creates a more 

physiological environment to the epithelium improving tissue viability and transport 

capacity parameters. 

In traditional Ussing chamber experiments mucosal buffer solutions are used, that lack 

components like feed particles, digestive enzymes or microbiota physiologically 

present in the intestinal contents. The addition of native contents to the mucosal 

compartment was therefore thought to mimic a more physiological situation. 
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However, the results obtained in this project (chapter 2) indicated that native intestinal 

contents had a negative effect on tissue viability based on histological analysis, 

decreased forskolin stimulated Cl- secretion and increased Gt. This might result from 

mechanical stress applied to the tissues by the stripping process and thereby removing 

the protective mucus layer and beneficial bacteria as discussed in chapter 2.4. Shortly, 

the absence of the mucus already leads to a self-digestion of the epithelium by 

digestive enzymes (Schmid-Schönbein, 2008) and further causes damage to the 

epithelium by direct interaction with bacteria (reviewed by McGuckin et al., 2011) which 

are normally not in close contact with the epithelium (Johansson et al., 2014). Taken 

together, the classically used Ussing chamber system cannot be improved by the 

addition of native intestinal contents. In conclusion, the hypothesis that the classically 

used Ussing chamber system can be improved by the addition of native intestinal 

contents to the mucosal chamber can be rejected. 

In the second part of the PhD thesis the well-established co-culture system consisting 

of Caco-2 and HT29-MTX cells as a model for the human small intestine was 

established and investigated in Ussing chamber experiments. Thereby the following 

hypothesis were addressed. 

Co-cultured Caco-2/HT29-MTX cells form an epithelial layer consisting of enterocytes 

and goblet cells and are able to transport glucose and secrete chloride in response to 

stimulation by well-established agents.  

Mimicking the intestinal layer, incubation of co-cultured Caco-2/HT29-MTX cells with 

toxins of V. cholerae and E. coli induce a pathophysiological response characterized 

by chloride secretion. 

Co-cultured cells showed several characteristics of the human small intestinal 

epithelium including protein expression of typical transport and tight junction proteins 

(SGLT1, PepT1, ZO-1), formation of enterocytes and goblet cells and an increasing 

TEER as a function of cultivation time.  
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The physiological transport process of glucose was investigated in the Ussing chamber 

and revealed only slightly lower responses to mucosal addition of glucose compared 

to native tissues of human (Larsen et al., 2001) or porcine origin (Herrmann et al., 

2012). Furthermore, Ca2+-dependent Cl- secretion induced by carbachol and Cl- 

secretion mediated by forskolin (Hempe, 2007) were examined, and results  were 

comparable to those obtained in native porcine epithelium (Hoppe et al., 2018; Klinger, 

2020). In conclusion, the hypothesis that Caco-2/HT29-MTX co-cultures model the 

human small intestines in the Ussing chamber can be accepted. Furthermore, 

incubation of co-cultures with CTX but not HLTX led to an increase in Isc in co-cultured 

cells as a potential result of enhanced Cl- secretion mediated by elevated intracellular 

cAMP levels (Picciotto et al., 1992; Cheng et al., 1991). This is, in case of CTX,  well 

comparable with earlier publications using human and murine intestinal epithelia 

(Rogers et al., 2013). In conclusion, the hypothesis that incubation of co-cultures with 

CTX and HLTX induce pathophysiological responses can be accepted in case of CTX 

and must be rejected for HLTX. 

In the third part of this PhD project a porcine organoid-based model of the jejunum and 

the colon was established and examined for their gene expression and histological 

features, as well as for their response to incubation with CTX in Ussing chambers to 

identify and compare their (patho)physiological characteristics (e.g. glucose transport 

and Cl- secretion) to the human co-culture model. Thereby, the following hypothesis 

were addressed and will be discussed in the following. 

An organoid-based model generated from porcine intestinal material possess glucose 

transport and chloride secretion characteristics and a cellular composition exemplarily 

mimicking the in vivo situation. 

The response to cholera toxin is not present or at least reduced in the organoid-based 

model due to the asymptomatic infection of pigs with V. cholerae. 

Focusing on proliferation markers and transporters of the GIT, qPCR analysis revealed 

high proliferative characteristics of the organoids and an early stage of developing into 

tissues (manuscript 2 & chapter 5).  
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Some genes encoding for specific transporters in certain intestinal segments such as 

SGLT1 for the small intestine were expressed in both, colon and jejunum organoids. 

This is in line with earlier results showing SGLT1 expression in human colon organoids 

(Zietek et al., 2020). In addition to 3D organoids, organoids were also seeded in a 2D-

manner on Snapwell® membranes to obtain a model comparable to the human co-

culture model mentioned above. The 2D organoids containing enterocytes and goblet 

cells as well as showing glucose transport characteristics and stimulated Cl- secretion 

of jejunum organoids detected in Ussing chamber experiments, were well comparable 

to results generated with the human co-culture system. This allows the comparison of 

this porcine model with the human co-culture model and additionally with results 

obtained from experiments with native epithelia (Hoppe et al., 2018; Klinger, 2020; 

Herrmann et al., 2012). In conclusion, the hypothesis that a porcine organoid model 

possesses physiological transport characteristics and a cellular composition mimicking 

the in vivo situation can be accepted. CTX induced increase in Isc in jejunum organoids 

was unexpected due to asymptomatic infection of pigs with V. cholerae. However, this 

result can be taken as a proof of principle for pathophysiological responses of this 

model. In conclusion, the hypothesis that the response of the porcine organoid-based 

model to CTX is not present or at least reduced due to the symptomatic infection of 

pigs with V. cholerae with the human co-culture system can be rejected.   

 

6.2 Further investigations 

Incubation of porcine colonic epithelium with native contents led to decreased tissue 

viability and autolysis. This fact excluded further investigations on physiological 

transport and pathogenicity mechanisms in this PhD project. However, further 

investigations are desirable clarifying the mechanisms leading to tissue degradation in 

such experiments e.g., determination of amount of epithelium covering mucus layer or 

tissue integrity after stripping. To separately assess and estimate the (negative) impact 

of epithelial stripping and incubation with ingesta on intestinal epithelium, experiments 

could be performed comparing native unstripped tissues, stripped tissues incubated 

with standard buffer solutions and tissues incubated with different proportions of 

ingesta.  
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Furthermore, microbial composition of native ingesta, gauze-filtered ingesta and 

ingesta mixed with buffer solutions (used for Ussing chamber experiments) may be 

analysed as described before (Wang et al., 2019). This would allow identification of 

bacterial species potentially harmful to the epithelium. This could be combined with 

staining of epithelium-associated bacteria by immunofluorescence as done before 

(Johansson et al., 2014). Investigation of downstream inflammatory processes like 

production of pro-inflammatory cytokines by immune cells could give information on 

the tissue-ingesta interaction (reviewed by Jaffer et al., 2010). 

Examinations of co-cultured Caco-2/HT29-MTX cells were performed to validate the 

cultures ability to mimick physiological properties and pathophysiological responses to 

bacterial toxins in the Ussing chamber. While protein expression of PepT1 has already 

been shown in the co-cultured system (manuscript 1), functional transport of peptides 

via PepT1 might be shown by addition of glycin-L-glutamine to the Ussing chamber 

(Klinger, 2020). To confirm assumed involvement of CFTR mediated increase in Cl- 

secretion in response to CTX in the co-culture system, experiments with the specific 

CFTR blocker CFTRinh-172 (Thiagarajah et al., 2004) are suitable. Moreover, to gain 

more detailed information on the impact of CTX and HLTX on the epithelium, 

histological analysis performed after Ussing chamber experiments are appropriate. In 

addition to western blot analysis, immunohistochemically staining of SGLT1, CFTR 

and PepT1 would provide further information on the exact intracellular localisation of 

these transporters.  

The results shown in manuscript 2 & chapter 5 confirmed high similarity of gene 

expression between native epithelium and organoids from porcine jejunum as well as 

colon. However, further examinations on proteins the investigated genes encode for 

are of great interest due to the difference occurring between protein and gene 

expression. In addition to that, histological analysis regarding the intracellular protein 

localisation of proteins like SGLT1 or CFTR can be performed comparable to the 

suggested investigations in co-cultured cells. To confirm whether e.g. Paneth cells or 

enteroendocrine cells are abundant cell populations within both organoid types, which 

is indicated by LYZ and GCG expression, histological and immunohistochemical 

analysis could be performed.  
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A large beneficial aspect would be the use of the colon organoids to investigate 

transport properties in the Ussing chamber as it has been done with the jejunal 

organoids. This would provide a further tool to investigate not only topics focusing on 

the small intestine but also on the large intestine. The use of specific inhibitors like the 

above-mentioned CFTR blocker CFTRinh-172 or the SGLT1 blocker phlorizin 

(Herrmann et al., 2012) could further specify functional characteristics of the epithelium 

obtained from organoids. Incubating both models with living pathogens derived from 

the porcine gut like C. perfringens, C. difficile, ETEC or Brachyspira hyodysenteriae 

could be used to add or even replace classical infection experiments. 

 

6.3 Concluding remarks and further examinations 

The current PhD project was conducted to develop a species-specific model of the 

human and porcine intestine for studying pathogenicity mechanisms of zoonotic 

pathogens. This was achieved by using the well-established co-culture model of Caco-

2/HT29-MTX cells in the Ussing chamber revealing physiological transport 

characteristics and expected pathophysiological responses to bacterial enterotoxins. 

Highly comparable results were obtained by porcine organoids of the jejunum while 

further examinations on porcine colon organoids need to be performed. However, gene 

expression profiles of both organoids and transport properties of the jejunum organoids 

were well comparable to the corresponding native epithelium. 

Both, the co-culture and the organoid based model, are promising tools for 

investigations of the human and porcine intestines, respectively, enabling detection of 

similarities and species-specific differences in the future.  Regarding required and 

desirable reduction of animal experiments based on the 3R concept implemented in 

directive 2010/63/EU, the in vitro model successfully established within this PhD 

project is great achievement. 
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