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Abstract 
 

The first part of this study investigated intestinal epithelial barrier in celiac disease 

(CeD) patients. Intestinal epithelial barrier is altered in CeD. However, the mechanism 

underlying disrupted barrier function in CeD is not clearly understood.  Therefore, the aim of 

this study was to evaluate the effect of human monocytes (CD14+) isolated from peripheral 

blood mononuclear cells (PBMCs) from active and inactive CeD patients on the barrier function 

of intestinal epithelial cells. For this purpose, PBMCs were isolated from healthy controls, CeD 

patients on gluten-free diet and active CeD. Monocytes (CD14+) were sorted by MACS 

magnetic cell sorting. CacoBBe cells were co-cultured with PBMCs and CD14+ cells.  Cells 

were treated with or without IL15/Tglia to verify the role of gliadin stimulation on barrier function. 

Moreover, CacoBBe cells were treated with IL15/Tglia alone to exclude possible toxic effects 

of gliadin on the epithelial barrier. Transepitelial electrical resistance (TER) was measured to 

evaluate the barrier integrity. Confocal microscopy after immunostaining was used to verify the 

localization of proteins with role in epithelial barrier function (Occludin and ZO-1). Monocytes 

were characterized by cytokines production and surface markers profile, through FACs 

analysis. Intestinal epithelial cells co-cultered with celiac monocytes presented a more 

pronounced decrease in TER in comparison with healthy controls. Also, Intestinal epithelial 

cells treated with IL15/Tglia alone, as observed in untreated cells, did not present decrease in 

TER. Decrease in occludin expression and an abnormal structure in ZO-1 were observed after 

co-culture of intestinal epithelial cells and celiac monocytes. Analysis of cytokine 

concentrations in monocyte supernatants revealed higher expression of proinflammatory 

cytokines, mainly interleukin-6 and MCP-1. However, surface marker expression did not reveal 

significant alterations in celiac monocytes. In conclusion, CeD peripheral monocytes reveal an 

intrinsically elevated proinflammatory cytokine pattern that is associated with the potential of 

peripheral monocytes to affect barrier function by altering TJ composition. 

 
In the second part of the study, we investigated the impact of IL-22 in the barrier 

function integrity and cell polarity alterations in intestinal epithelia cells. Several cytokines have 

been related to directly affect the barrier function. One of these cytokines is IL-22, which might 

impact the integrity of the epithelial layer. IL-22 leads to the activation of various cellular 

signaling pathways including STAT-3, MAPK and PI3K/AKT. The effect of IL-22 on epithelial 

cells concerning cell polarity and barrier defect is not completely understood. Therefore, this 

study aimed to understand the mechanism underlying the development of dyspolar epithelia 

and barrier defect caused by IL-22. In order to answer this question, IECs were exposed to IL-

22 at various concentrations. IECs implanted in Matrigel were grown to 3-dimensional cysts in 

the presence or absence of IL-22 and morphology and expression of polarity proteins were 

analyzed by confocal microscopy. To evaluate the barrier integrity and tight junction assembly, 



 

measurements of transepithelial electrical resistance (TER) and calcium switch experiments 

were performed. TJ and cell polarity protein expression were assessed by western blotting and 

confocal microscopy. Cell motility was assessed through migration and invasion assays. 

Induction of epithelial-mesenchymal transition (EMT) was assessed by RT-qPCR analysis as 

well as western blotting. Activated signal transduction pathways were identified through 

Western blotting and inhibitors of STAT3 and MAPK/ERK were applied to uncover the signal 

transduction of barrier and polarity effects. We observed that IECs exhibited a barrier defect 

after IL-22 exposure in all tested concentrations. TJ protein distribution and expression were 

strongly impaired. Delayed recovery in the calcium-switch assay was observed suggesting a 

defect in TJ assembly. In our 3D-cyst model, multi-lumen and aberrant cysts as well as 

mislocalization of cell polarity proteins Par-3 and Dlg-1 was observed after IL-22 exposure. IL-

22 induced cell motility with increased in cell migration and invasion as well as induction of 

EMT. Interestingly, inhibition of the MAPK pathway reverted IL-22 effects rescuing the TJal 

barrier defect, while blocking STAT3 led to apoptosis. In conclusion, we showed that IL-22 

impairs intestinal epithelial cell barrier by inducing EMT, causing defects in epithelial cell 

polarity and increasing cell motility. Furthermore, we demonstrated that IL-22 modulates TJ 

protein expression and mediates tight junctional (TJal) barrier defects via ERK pathway. 

 
  



 

Zusammenfassung 
Der erste Teil dieser Studie untersuchte die Darmepithelbarriere bei Zöliakie (CeD) 

Patienten. Die Darmepithelbarriere ist bekanntermaßen bei Zöliakie defizient. Allerdings ist der 

zugrundliegende Mechanismus dieser gestörten Barrierefunktion noch nicht ausreichend 

erforscht. Ziel dieser Studie war es daher, zur Aufklärung dieses Barrieredefekts beizutragen. 

Genauer betrachtet wurde die Wirkung humaner CD14-positiver Monozyten, die aus dem 

peripheren Blut aktiver und inaktiver CeD-Patienten isoliert wurden, auf die epitheliale 

Barrierefunktion von Darmepithelzellen (IEC) untersucht. Zu diesem Zweck wurden periphere 

Blut-mononukleäre Zellen (PBMCs) gesunder Kontrollpersonen, CeD-Patienten mit einer 

glutenfreien Ernährung und CeD-Patienten mit aktiver Erkrankung, isoliert. CD14-positive 

Monozyten wurden mittels Magnetic-activated cell sorting (MASC) sortiert. Caco2BBe-Zellen 

wurden mit PBMCs oder mit CD14+ Zellen co-kultiviert. Die Zellen wurden zudem ±IL15/Tglia 

behandelt, um eine Gliadinabhängigkeit der epithelialen Barrierefunktion überprüfen zu 

können. Die Barrierefunktion wurde durch Vermessung des transepithelialen elektrischen 

Widerstands (TER) analysiert. Der Epithellayer wurde auf verschiedene Komponenten der 

Tight Junctions (TJs) immungefärbt und konfokalmikroskopisch hinsichtlich der Lokalisation 

von TJ-Proteinen (Occludin und ZO-1) untersucht. Darüber hinaus wurden Monozyten auf ihre 

Zytokinproduktion und die Expression von Oberflächenmarkern durchflusszytometrisch 

(FACS) vermessen. In den genannten Co-Kulturexperimenten ergab sich im Vergleich zur 

gesunden Kontrollgruppe ein erheblicher TER-Abfall der IEC-Layer bei Exposition mit CD14-

positiven Monozyten, die von Zöliakie-Erkrankten isoliert wurden. Darmepithelzellen, die 

ausschließlich mit IL15/Tglia behandelt worden waren und unbehandelte Zellen zeigten keine 

Abnahme des TERs. Desweiteren wurden eine Abnahme der Occludin-Expression sowie eine 

abnormale ZO-1-Junktion nach Co-Kultivierung der Darmepithelzellen mit Zöliakie-Monozyten 

beobachtet. Die Bestimmung der Zytokinkonzentrationen in Monozyten-Überständen zeigte 

eine höhere Expression von pro-inflammatorischen Zytokinen, insbesondere Interleukin-6 und 

MCP-1. Die Expressionsanalyse der Oberflächenmarker ergab keine signifikanten 

Veränderungen bei Zöliakie-Monozyten im Vergleich zur Kontrollgruppe. Zusammengefasst 

ergab sich, dass periphere CeD-Monozyten eine pro-inflammatorisches Zytokin-Signatur 

aufweisen, die dazu beitragen kann, die epitheliale Barrierefunktion von IEC durch 

Veränderung der TJ-Proteinkomposition zu beeinflussen. 

 

Im zweiten Teil der Studie untersuchten wir den Einfluss von Interleukin-22 (IL-22) auf 

die epitheliale Barrierefunktion und die epitheliale Polarität von IECs. IL-22 bindet an einen 

hauptsächlich auf IECs exprimierten heterodimeren Transmembranrezeptor. Die Bindung von 

IL-22 an den IL-22-Rezeptor führt zur Aktivierung intrazellulärer Signalkaskaden, 

insbesondere STAT-3, MAPK und PI3K/AKT. Um die IL-22-spezifische Rolle bei 



 

Barrierefunktion und Zellpolarität zu klären, wurden IECs mit unterschiedlichen effektiven 

Konzentrationen und verschiedenen Expositionszeiten mit IL-22 exponiert. IECs wurden in 

Matrigel implantiert, wo sie zu 3-dimensionalen Zysten ±IL-22 differenzierten. Dann wurden 

die Zystenmorphologie/Lumenformation und Polaritätsprotein-Expression mittels konfokaler 

Mikroskopie untersucht. Transepithelial elektrischer Widerstand (TER) und Calciumswitch-

Experimente wurden durchgeführt, um die Barrierefunktion bzw. die TJ-Assemblierung zu 

untersuchen. Zudem wurde die Expression der TJ- und Zellpolaritätsproteine mittels Western 

blotting und konfokaler Mikroskopie untersucht. Die Zellmotilität wurde mittel Migrations- und 

auch Invasionsassays untersucht. Hinweise für das Vorliegen einer Epithelial-zu-

mesenchymalen Transition (EMT) wurden mittels RT-qPCR (RNA) und Western blotting 

(Protein) untersucht. Die Aktivität verschiedener Signaltransduktionswege wurde in An- und 

Abwesenheit verschiedener Inhibitoren der STAT3- und MAPK/ERK-Signalwege mittels 

Phosphoblotting bestimmt. Wir beobachteten, dass IL-22 bei IECs einen reproduzierbaren, 

Zelllinien-unabhängigen Barrieredefekt verursachte. TJ-Proteinexpression und -lokalisation 

waren deutlich verändert. Eine verspätete Erholung des TERs sprach im Calcium-switch-

Versuch für das Vorhandensein eines IL-22-Effekts auf die TJ-Assemblierung. Bei unserem 

3D-Zystenmodell zeigten sich Multilumen bzw. auch aberrante Zysten wie auch eine 

Fehllokalisation der Zellpolaritätsproteine Par-3 and Dlg-1 nach IL-22-Exposition. Die i.R. der 

o.g. Experimente nachweisbare, IL-22-induzierte, erhöht gemessene Zellmotilität und auch 

Zellinvasion brachten wir in Zusammenhang mit der Induktion EMT-typischer 

Transkriptionsfaktoren (Snail, Slug). Interessanterweise konnte man den Großteil der o.g. 

Effekte durch Inhibition der MAPK-Kaskade normalisieren. Dahingegen führte die Blockade 

des STAT3-Signalwegs zur IEC-Apoptose. Zusammengefasst konnten wir zeigen, dass IL-22 

auf die intestinal-epitheliale Barrierefunktion einen vermindernden Effekt, was mutmaßlich auf 

die gleichzeitig stattfindende Induktion von EMT zurückgeht. Dies verursacht Defekte in der 

epithelialen Zellpolarität und erhöht die IEC-Motilität. Darüber hinaus haben wir gezeigt, dass 

IL-22 die TJ-Proteinexpression vermindert und TJ-assoziierte Barrieredefekte über den ERK-

Signalweg vermittelt. 
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1. Introduction 
 
1.1 The intestinal mucosal barrier 
 

The intestinal epithelium is organized as a single layer of cells that forms – by its surface 

– the largest barrier in our body against the external environment with seemingly contradictory 

functions. On the one hand, it acts as a permeable interface facilitating the absorption of 

electrolytes, water and nutrients. On the other hand, it constitutes a crucial barrier protecting 

against pathogens as well as other possible harmful substances from the external 

environment. For mechanistic studies, the selective permeability exerted by the epithelial 

barrier can be categorized into distinct pathways, a transcellular or transepithelial and a 

paracellular pathway1. Since in the transepithelial pathway, solutes are transported 

transcellular, i.e. through epithelial cells, it involves transporter proteins and pore proteins 

present in the cell membrane as well as endocytic processes. Complementary to this, within 

the paracellular pathway the passage of solutes occurs intercellular and is therefore regulated 

by junctional protein complexes that are localized to the apicolateral cell membrane and are 

known as tight junctions (TJ) and adherens junctions (AJ)1,2.  

When dissecting the barrier from the luminal side, the most luminal component of the 

intestinal mucosal barrier is mucus, followed by the intestinal epithelial cell layer and the lamina 

propria1. Furthermore, bone marrow-derived immune cells localized to the lamina propria and 

also intraepithelial. They have a central function in the homeostasis of the mucosal barrier as 

they interact closely with the compounds of the aforementioned defense layers, collect 

antigenic substances from the intestinal lumen and are crucial in the regulation of mucosal 

barrier function in conditions, that are found in all three layers, i.e. in the mucus, intraepithelial 

as well as in the lamina propria. Furthermore, components of the intestinal microbiota as well 

as anti-microbial peptides secreted by intestinal epithelial cells (IECs) significantly contribute 

to intestinal barrier function1. For this reason, the various components of this complex barrier 

are discussed in a sequential fashion. 

 
1.1.1 Composition of the intestinal mucosal barrier 
 
1.1.1.1 Mucus barrier  

 

In both, small intestine and colon, the mucus layer is the first line of defense against 

luminal pathogens3. However, the composition of small intestinal mucus differs from colon 

mucus. In the colon, it consists of two layers, an inner layer attached to the epithelial cells, not 

allowing bacterial penetration and consequently free of bacteria; and a less dense and 
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unattached outer layer, habitat for commensal bacteria. In the small intestine the mucus is only 

single-layered and is permeable to macromolecules and bacteria-sized particles4. The 

difference in the small intestine and in the colon mucus layer was explained by distinct levels 

of proteases (as epithelial cell-anchored metalloprotease, meprin-β) that cleave Muc2 causing 

differences in density levels5. Besides, it is hypothesized that the difference in mucus 

composition is directly related to its function, especially the absorption of nutrients in the small 

intestine and barrier to bacterial components in the colon. One of the main functions of the 

mucus layer is to avoid adherence and subsequent invasion in the intestine by pathogens, as 

bacteria or fungi, thereby forming a protective layer covering the apical surface of the intestinal 

epithelium3,6.  

Mucus is produced and secreted by goblet cells and it is a complex viscoelastic 

adherent fluid composed to approx. 95% by water, which serves as a solvent and diffusion 

media for the other components, as electrolytes, lipids and proteins, including lysozyme, 

defensins, growth factors and soluble IgA6. The major protein component of mucus, however, 

are mucins, which are large proteins playing a pivotal role in the mucus generating process. 

Mucins are formed mainly by regions rich in serine and threonine and they are substrate to 

posttranslational modification resulting in highly glycosylated proteins. Their biochemical 

composition and structure enables O-glycosylation via serine and threonine residues 

contributing to the viscoelastic properties of the mucus7. The functional importance of the 

mucus layer has been neglected for a long time. However, Van der Sluis et al have uncovered 

the central function of intestinal mucus for barrier homeostasis, since mucus-deficient mice 

(Muc2-/-) presented with weight loss and diarrhea, secondary to spontaneous development of 

colitis with a loss of physiological intestinal crypt architecture and absence of normal goblet 

cell morphology8. Interestingly, Velcich et al observed a higher incidence of adenomas in the 

small intestine of Muc2-/- mice, which consequently progressed to invasive adenocarcinoma 

and colorectal tumors9. Together, these studies point to a pivotal function of the mucus layer 

in preserving the structural integrity of the mucosal barrier.  

 

1.1.1.2 Intestinal epithelial cell types and their function 
 

The intestinal epithelial barrier is a single cell layer organized in several luminal 

projections (villous) and invaginations (crypts) covering the small intestine. It is composed of 

specialized cells kept together by cellular junctions, such as tight junctions (TJ) and adherens 

junctions (AJ). IECs are frequently renewed through cell division, maturation and cell 

migration10. The constant cell renewal in the small intestine occurs through active Lgr5+ 

intestinal stem cells (ISC) at the basis of the crypts. After cell divisions, newly generated cells 

migrate from the crypts to the villous tips differentiating into various cell lineages presented in 
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the intestinal layer, such as enterocytes, goblet cells, Paneth cells, M cells and Tuft cells (Fig. 

1.1)11,12. 

The most abundant cell type found in the intestinal epithelial barrier are the enterocytes, 

a highly polarized epithelial cell. Their central function is the absorption of electrolytes and 

nutrients. However, they also actively participate in the protection of the mucosal surface, 

where they secrete antimicrobial proteins to destroy harmful bacteria and pathogens13. In 

addition, it was hypothesized that they not only degrade but also present antigens directly to 

T-cells. Enterocytes present classical markers to antigen-presenting cells (APC) in their cell 

surface, such as CD14, CD35, CD43 and CD64, strongly suggesting that enterocytes may 

have a role as APCs inducing an immune response in the underlying intestinal lamina 

propria13,14. Goblet cells are secretory cells responsible to produce and secrete mucus in order 

to build the mucus barrier10. However, goblet cells are not only related to mucus production. 

These cells also produce and secrete a protein called resistin-like molecule β (RELMβ) that 

interacts with macrophages leading to the production of IL-12/23p40 after helminth infection. 

The goblet cell-macrophage crosstalk promotes adaptative immune response via T cells 

activation and Th1 response, which consequently leads to increased interferon(INF)-γ  

production and chronic intestinal inflammation15. Paneth cells  play a crucial role in host 

defense against bacteria and microbiota regulation through production and secretion of α and 

b-defensins16. They are present at the base of the crypts alongside the stem cells and contain 

several secretory granules with antimicrobial proteins, and once they detect microbial signals, 

they release antimicrobial peptides into the intestinal lumen17,18. Reduced levels of 

antimicrobial peptides release by Paneth cells (α-defensins HD5 and HD6) are related to 

damage in mucosal defenses of the host and it might predispose to development of chronic 

intestinal inflammation as ileal Crohn’s disease (CD)19. Additionally, Paneth cells are pivotal 

components of intestinal stem cells niche due to their expression of essential factors (EGF, 

TGF-α, Wnt3 and Notch signals) for intestinal stem cells maintenance. Therefore, genetic 

removal of Paneth cells is directly associated to loss of Lgr5 stem cells in vivo20.  

Another epithelial cell type, microfold cells (M cells), is the subset of IECs that covers 

the follicle-associated epithelium of the gastrointestinal (GI) tract. They are highly specialized 

cells in antigen sampling due to their high capacity for transcytosis and transepithelial transport 

of a variety of macromolecules and microorganisms from the lumen to lymphoid tissues 

(Peyer’s patch) present in the lamina propria in order to initiate an immune response21,22. Rios 

et al revealed that antigen sampling of commensal bacteria mediated by M cells is an initial 

requested step for induction of antibodies (secretory IgA; SIgA) important to maintain 

homeostasis in mucosal surfaces as GI tract. They showed that mice lacking intestinal M cells 

presented delayed Peyer’s patch maturation, resulting in decreased levels of SIgA23. Although 

Tuft cells were discovered decades ago, their function was elucidated only recently. Tuft cells 
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detect luminal helminth, such as Tritrichomonas muris via α-gutsducin, a GTP-binding 

protein24. Additionally, they produce and secrete interleukin (IL)-25 and thymic stromal 

lymphopoetin (TSLP) which induces Th2-immune response and consequently protection 

against helminth intestinal infection25. In accordance, Gerbe et al have demonstrated that mice 

without intestinal tuft cells presented compromised mucosal Th2 response and impaired worm 

expulsion26. More recently, Van Es et al demonstrated that Paneth cells depletion in mice, does 

not directly affect Lgr5 stem cells nurture, because tuft cells not only physically occupy Paneth 

cells position in nurture of stem cells but also can be an alternative source of essential signals, 

as Notch signals, for maintenance of Lgr5 stem cells27.  

 

 

Figure 1.1: The small intestine mucosal barrier. The figure presents a simplified scheme 
showing the constitution of the small intestinal barrier: mucus and epithelial layer (Paneth, 
goblet, enterocytes, and stem cells), and underneath lamina propria where components of the 
immune system can be found (e.g. dendritic cells; Peyer’s patch, well-organized portion of the 
immune system in the intestine). It is highlighted the two mainly permeability pathways: 
transepithelial and paracellular pathway, which is mediated by a complex of proteins known as 
tight junctions (TJ). Modified from Kong et al 28 and Sandek et al 29.  
 

1.1.1.3 Apical junctional complex 
 

IECs are connected through complexes of proteins localized in the apical-basal cell 

membrane. Their main function is to maintain the integrity and paracellular permeability of the 

epithelial barrier, cell polarity and tissue architecture. These complexes are known as 

adherens junctions (AJ) and tight junctions (TJ) (Fig. 1.2).  
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1.1.1.3.1 Adherens Junctions  
 

AJ is composed of two complexes of proteins related to cell-cell adhesion: Nectin-

afadin and cadherin-catenin. The extracellular region of these protein complexes mediates 

adhesion between neighboring cells and the intracellular region is involved in regulation of AJ 

dynamic, signaling pathways and interaction with components of cytoskeleton, such as actin. 

Nectins bind to the scaffolding protein afadin (AF-6, actin-binding protein) to form a structural 

adhesive complex directly linked to the cytoskeleton, thereby interacting with actin and the 

small GTPase RAP130. In afadin-knockout mice, disorganized AJ and TJ in the ectoderm 

during embryogenesis were observed, leading to developmental defects31. Another study has 

indicated that nectin-afadin complexes exert a crucial role in AJ maturation, as it was observed 

that loss of afadin delays AJ formation32.  

The cadherin family is a superfamily of transmembrane glycoproteins involved in 

intercellular adhesion, which is in the extracellular interaction dependent on calcium (Ca+). The 

N-terminal extracellular domain of E-cadherin binds to the identical cadherin domain of 

adjacent cells, while the C-terminal intracellular domain interacts with β-catenin and further 

components of the cytoskeleton, as actin and actin-binding proteins33. This complex is highly 

dynamic and is related to several growth and proliferation signaling pathways, as mitogen-

activated protein kinase (MAPK) and PI3K signaling33. Alterations in these pathways contribute 

to tumor progression and metastasis, and can be associated to epithelial mesenchymal 

transition (EMT – more details in 1.2 Epithelial-mesenchymal transition section).  

 

1.1.1.3.2 Tight Junctions 
 

TJs are found on the lateral cell membrane of IECs, apical to the AJs. TJ has a role in 

paracellular permeability acting as gate: where they create a permeable barrier, which 

selectively controls what goes through the interspace between the cells, as well as, fence: 

being crucial to restrict lateral diffusion of membrane proteins and lipids to either the apical or 

the basolateral compartment. Additionally, TJ complexes of proteins play an important role 

keeping the neighboring epithelial cells tightly together and maintenance of cell polarity34,35. TJ 

complex is mainly composed of transmembrane protein called occludin, claudins and 

junctional adhesion molecules (JAM)30,35.  

Studies have shown that occludin is involved in the regulation of paracellular 

permeability, and loss of occludin affects the localization of tricellulin (TJ protein localized at 

tricellular TJs, the specialized structures where three cells are connected36), which indicates a 

role in epithelial barrier function37,38. However, Saitou et al and Schulzke et al have shown that 

occludin-knockout mice present normal TJ strand formation39,40. Nonetheless, Van Itallie et al 
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demonstrated that overexpression of occludin is involved in signaling events related to barrier 

remodeling, with increase in TER measurements and paracellular flux of large molecules after 

exposure to proinflammatory cytokines (INF-γ  and TNF-α)41. In accordance, Buschmann et al 

reported that occludin-knockdown monolayer presented increased TJ permeability to 

macromolecules, pointing to a role played by occludin in paracellular permeability42. 

Nonetheless, recently, Richter et al showed that occludin expression is not directly correlated 

to macromolecular flux, demonstrating that occludin alone may not be sufficient to stimulate 

epithelial leak pathway43. Another study demonstrated that occludin may also play a role on 

cell polarity. They reported that occludin knockdown led to disorganized and defective 

microtubule orientation. Moreover, it was observed that occludin is required for the localization 

of polarity proteins aPKC-Par3 and PATJ, which regulates the directional migration of epithelial 

cells44. Although, occludin was the first TJ component identified, its function has not been 

completely elucidated and more studies are required in order to clarify its impact on TJ 

formation and assembly.  

Along with occludin, the family of claudin proteins are the major determinants of TJ 

structure and the so-called TJ strands, which is a structure of transmembrane proteins within 

the lipid bilayer. The organization of TJ strands creates a belt-like structure surrounding each 

cell to establish the epithelial barrier that control the molecules diffusion throughout the cellular 

sheet35,45. Furuse et al demonstrated that TJ-deficient fibroblast transfected with claudin-1 and 

-2 had their membranous strands similar to those usually found in epithelial cells. These results 

pointed to a pivotal role of claudins in TJ strands formation46. Moreover , the family of claudins 

might also be involved in the organization of the cytoskeleton, transport of vesicles and through 

signaling pathways that are directly associated with the scaffolding proteins ZO-1 and ZO-247. 

These scaffolding proteins are pivotal for TJ polymerization and formation. Confocal 

microscopy revealed that ZO-1 and -2 knockout cells were well polarized with normal 

distribution of apical (syntaxin 3 and moesin) and basolateral markers (E-cadherin and erb2). 

However, these cells presented a complete lack of TJ formation with diffuse localization along 

the cytoplasm and basolateral membrane of TJ proteins as claudin-3, occludin and JAM-A 

showing that TJ formation was affected in ZO-1 and -2 knockout cells48. Moreover, the proteins 

within the claudin family regulate the selectivity of TJs with regard to ions. Interestingly, the 

claudin family of proteins includes not only members that play a role in barrier function to 

solutes (claudin-1, -4, -5 or -8), but also others members that form channels such as claudin-

2 and claudin-17. These channels allow the selective passage of charged ions (Na+, K+: 

claudin-2, -15; Cl-: claudin-17) and water (claudin-2) and thus act as a high capacity route for 

these solutes49,50. Therefore, changes in claudin expression and localization are correlated to 

disturbance of homeostasis and contribute to development of several diseases including 

inflammatory bowel diseases (IBD), such as CD, as well as various types of cance51–53. In 
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samples of CD patients, levels of claudin-2 were upregulated whereas occludin, claudin-5, and 

-8 (sealing TJ proteins) levels were downregulated and their localization was altered leading 

to barrier dysfunction51. Prasad et al also observed upregulation of claudin-2 along the inflamed 

tissue in samples of active ulcerative colitis (UC) by immunochemistry in comparison with 

normal colon, which presented no or very reduced levels of claudin-2. Claudin-3 and -4 were 

reduced and redistributed in active UC54. Corroborating these data, through western blotting 

and immunochemistry analysis, another study showed that levels of claudin -4 and -7 were 

reduced, while claudin-2 was upregulated55. These data indicate that alterations in claudins 

levels may be related to impaired epithelial barrier in pathological conditions.  

Another family of proteins that composes the TJ structure is the JAM family. The JAM 

family is composed of three members: JAM-A, JAM-B and JAM-C. However, only JAM-A is 

directly involved in the maintenance of TJ structure56. Itoh et al  have shown that JAM-A 

overexpression in mouse fibroblasts lacking TJs was not capable to induce the formation of TJ 

strand-like structures, suggesting that JAM-A alone was not directly associated to TJ 

formation57. Nonetheless, further studies have shown that intestinal mucosal explant of JAM-

A-deficient-mice revealed a functionally disturbed intestinal epithelial barrier, specifically an 

increased permeability to 4 kDa-FITC-dextran as well as a decreased transepithelial electrical 

resistance (TER)58. In addition, both CD and UC tissue samples as well as dextran sodium 

sulfate (DSS)-induced colitis samples from mice, presented reduction in epithelial expression 

of JAM-A. Furthermore, in in vivo experiments, JAM-A-knockout mice showed a strong DSS-

colitis-susceptibility, increased intestinal permeability and higher production of 

proinflammatory cytokines in comparison with the wild-type mice. In in vitro experiments, JAM-

A knockdown resulted in increased paracellular permeability59. These studies provide evidence 

for JAM-A having a role in the regulation of paracellular permeability. JAM-A can also be 

associated with mitotic spindle orientation during epithelial morphogenesis. In an elegant 

study, Tuncay et al demonstrated that JAM-A regulates the formation of cortical actin 

cytoskeleton via transient activation of Cdc42 and PI3K. In conclusion, absence of JAM-A 

expression caused misaligning of the mitotic spindle with mislocalization of dynactin, and 

impairment of epithelial morphogenesis in three-dimensional culture 60. Additionally, studies by 

Ebnet et al suggest a potential role played by JAM-A in cell polarity through directly interaction 

with essential polarity proteins – PAR-3/aPKC – in cell-cell contact of epithelial cells via specific 

domains, as PDZ. In accordance JAMs proteins can directly interact with PDZ-domain-

proteins, as AF-6 and possibly ZO-1, confirming the possibility of function on polarity in 

epithelial cells61,62.  
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Figure 1.2: Apical complex junction. Simplified figure with the main proteins of tight and 
adherens junction complexes. Adapted from Schumann & Kühnel63 
 

1.1.1.4  Intraepithelial lymphocytes 
 

 Mucosal T-cells also comprise a heterogeneous cell population, some of which are 

located beneath or between epithelial cell layer and which are known as intraepithelial 

lymphocytes (IELs), mostly CD3+ CD8+ T-cells. Due to their localization, intestinal IELs can 

directly interact with enterocytes through expression of the integrin CD103 (integrin αE), C-type 

lectins and the activation marker CD69, as well CD244 (NK cell inhibitor receptor 2B4). IELs 

can contribute to tissue homeostasis and pathogenesis of diseases64–66 . Different from other 

T-cell populations, IELs do not circulate through blood and they are rather tissue-resident. 

However, IELs present a very dynamic behavior. Edelblum et al have reported that IELs 

actively migrate into the lamina propria and within the epithelial layer to make contacts with 

IECs. They also have shown that occludin is a pivotal TJ protein to IELs migration, which 

provides comprehension into the regulation of molecular mechanisms responsible to 

IELs/IECs interactions 67. Kuhn et al have shown that IELs interact with commensal 

microorganisms in the gut to secrete cytokines, as IL-6, promoting alterations on epithelial 

barrier function. In IL-6 knockout mice, it was noted that paracellular permeability was found 

to be increased, the mucus layer was significantly thinned and barrier function was defective 

as expression of claudin-1 which is a TJ-sealing claudin was reduced68.  

Interestingly, all of these features were reversible once levels of IEL-derived IL-6 were 

rescued, showing their importance in the maintenance of epithelial barrier68. It also illustrates 
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that IELs need to be tightly regulated. In the contrary case, they can contribute to the induction 

of inflammatory diseases by deterioration of barrier function. In line with this, an increased 

number of CD3+ CD8+ IELs is defined as a hallmark for another common chronic inflammatory 

disease of the small intestine, celiac disease (CeD;  more details in 1.5 Celiac disease – a 

model disease for barrier dysfunction), where it is found in such a reproducible manner, that it 

is used in daily clinic for diagnosis69,70. In active and refractory celiac disease (RCD), it has 

been shown that intraepithelial CD8αβ cytotoxic T lymphocytes are activated by higher levels 

of IL-15, produced by monocytes, leading to destruction of IECs and consequently a 

dysfunctional intestinal barrier71.  

 
1.1.1.5 Lamina propria cells: their effect on intestinal barrier function and inflammation 
 

The lamina propria is the histological designation of the layer directly basal of the 

epithelial sheet and is separated from the epithelial cells only by the basal lamina. Cells from 

the lamina propria have to fulfill a complex array of tasks as they play a pivotal role in the 

defense against intraluminal pathogens, toxins, and other harmful substances. At the same 

time these cells are important contributors to epithelial barrier function and as such determine 

the homeostasis of the IECs by directly interacting with them or regulating their function 

through production and secretion of cytokines72. With regard to the various cell types included 

in the intestinal lamina propria I will focus on those cells that have been shown to exert effects 

directly on the intestinal barrier.  

 
1.1.1.5.1 Mononuclear phagocytes 

 

Mononuclear phagocytes, as macrophages and dendritic cells (DC), are noticeable, 

since these cells play an important function in phagocytosis of pathogens and/or antigens. 

These cells act as APC shaping an immune response through activation of T helper cells and 

later, regulatory T cells (Tregs)73. Remarkably, DCs collect luminal antigens with their dendrites 

and pass through the epithelial/TJ layer without significantly altering overall barrier function. 

These DCs express at their dendrites high levels of TJ proteins, as claudin-1, -7 and ZO-2 and 

thus – by building TJ-like complexes at their protrusions with which they are able to interact 

with IECs – seal the epithelial layer although traversing it at the same time74. Another aspect 

is that these cells are top producer of pro and anti-inflammatory cytokines that have a major 

impact on barrier function and small intestine homeostasis, such as IL-1, IL-6, tumor necrosis 

factor (TNF)-α and IL-1075,76.  

Furthermore, macrophages and DC can affect IECs in a different manner in an 

inflammatory subset. For example, IECs co-cultured with macrophages derived from patients 

suffering from IBD, presented alterations in TJ proteins, as upregulation of claudin-2 and 
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disruption in ZO-1 architecture with ZO-1 localized in the basal side of epithelial cells, which 

led to barrier integrity disruption. The deleterious effect on the barrier was due to production of 

proinflammatory cytokines, such as IL-1β, IL-18 and TNF-α77. Additionally, mononuclear 

phagocytes produce the eicosanoid PGE2 (lipid mediator prostaglandin E2) that upon binding 

to its G protein-coupled receptor on the basal membrane of IECs triggers production of cAMP 

thereby increasing intracellular Ca2+ which contributes to stabilizing intestinal barrier function78. 

In addition, PGE2 regulates immune response mediated by neutrophils contributing to 

maintenance of intestinal epithelial barrier integrity79,80. In accordance, Miyoshi et al 

demonstrated that PGE2 via its receptor Pterg4 drove morphological and transcriptional 

differentiation in wound-associated cells leading to wound healing and renewal of intestinal 

epithelium mediated by nuclear translocation of β-catenin81. Denning et al have demonstrated 

that intestinal CD11b+ DC and macrophages present in the lamina propria interacted with each 

other directly affecting the delicate balance between immune response and tolerance. 

Specifically, lamina propria macrophages induced the differentiation of Foxp3+ regulatory T 

cells by an IL-10-dependent mechanism, resulting in the inhibition of a proinflammatory 

immune response. In addition, they observed that CD11b+ DCs might have opposing effects 

by inducing the differentiation of T cells that produce proinflammatory IL-17. These results 

highlight the complexity of interactions within the monocytic cell population of the lamina 

propria82.  

 
1.1.1.5.2 Intestinal T cells 
 

Historically, two subsets of T lymphocytes were described by the cell surface markers 

CD4 and CD8. On the one hand, CD8+ cytotoxic T cells play an important role in adaptative 

immunity against tumors, virus, bacteria and parasites infection83–86. On the other hand, CD4+ 

T cells, also known as T helper cells, regulate the immune reaction by secreting various 

cytokines once they are specifically activated via their T-cell receptor. Further, this subset is 

divided into polarized (Th1) or Th2 lymphocytes that produce pro- and anti-inflammatory 

cytokines which directly affect intestinal barrier function, such as IL-4, IL-5 and INF-γ87.  

Firstly, lymphocytes develop in primary lymphoid organs, i.e. thymus and bone marrow. 

These lymphocytes migrate from the primary organs to peripheral (or secondary) lymphoid 

organs, where they can react with foreign antigen and become active88. Naïve T cells can 

migrate to gut-associated lymphoid tissue (GALTs) via blood circulation. There, naïve CD4+T 

and CD8αβ+ T cells become active after antigen presentation by APCs and acquire the 

capacity to migrate to intestinal tissues secondary to the expression of molecules, such as 

integrin α4β7, activation marker CD44, the chemokine receptor CCR9, adhesion molecule 

LFA-1, and very late antigen-4 (VLA-4, also known as α4β1) 88,89. Chemokines as CCL25 

recruit CCR9-expressing T cells to enter in the intestinal mucosa where they can interact, 
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mainly by cytokine production and secretion, with IECs90,91. Intestinal CD4+ T cells present in 

the lamina propria in UC patients produce high levels of IL-13 that can be cytotoxic for IECs 

leading to defects in barrier function. On the other hand, it became clear that the specific role 

of a T-cell depends on its affiliation to a distinct T-cell subset. For γδ-T cells Sun et al and 

Tsuchiya et al demonstrated that these T cell subsets can be mucosa-protective, as mice 

deficient in T-cell receptor (TCR) δ-chain developed severe DSS-induced colitis. These mice 

were rescued once IL-17-producing γδ T cells were substituted. Moreover, they showed that 

γδ T cells preserved the epithelial surface integrity suggesting that γδ T cells play a protective 

role in ulcerative colitis92,93.  In both, patients with Crohn’s disease and ulcerative colitis, 

deficiencies in Treg function and elevated Th1 and Th17-associated cytokines are strongly 

related to development of disease activity94–96. As such, it has been reported that both, 

regulatory B cells (Bregs) and Tregs, are induced by IL-33 and that the Th17 cell response 

was suppressed in chronic DSS colitis suggesting that IL-33-dependent Breg and Treg function 

can play a protective role in the homeostasis of the intestinal mucosal immune system97. The 

development of Th17 cells correlates with the progression of colitis, and neutralization of their 

produced cytokines IL17A and IL17F was hypothesized to become a strategy in the treatment 

of IBD95. However, within their randomized, double-blind placebo-controlled trial, Hueber et al 

reported that blockage of IL17A was ineffective for treating Crohn’s disease. Contrary to the 

hypothesis, CD patients presented even an increase in inflammatory activity when compared 

to the placebo group98.  

 
1.1.1.5.3 Innate lymphoid cells 
 

Innate lymphoid cells (ILCs) are a heterogeneous population of lymphocytes. They are 

important players mediating immune responses against pathogens and additionally contribute 

to the maintenance of intestinal tissue homeostasis. ILCs are divided into three subgroups 

based on their cytokine production: ILC1, ILC2 and ILC399,100. ILC1 cells produce and secrete 

IFN-γ and TNFα in response to IL-12 and IL-15. They work closely together with Th1 cells 

against viruses, bacteria or parasites101,102. ILC2 cells secrete Th2 cell-associated cytokines, 

such as IL-4, IL-5, IL-9 and IL-13, required for the immune responses against helminths and 

other extracellular parasites99,103,104. The third group of ILCs, ILC3, can be found at mucosal 

surfaces, such as bronchial system and lung. Furthermore, these cells have been implicated 

to play a role in intestinal homeostasis inducing T cell tolerance and also conveying protection 

against infection by extracellular bacteria and fungi. This is crucially mediated by IL-22 

secretion105,106. However, ILC3 can play a non-beneficial role in the GI tract. Buonocore et al 

have demonstrated that ILC3 cells have been associated with Helicobacter hepatitis-induced 

colitis increasing the production of IL-17 and IFN-λ107. In addition, ILC3 were shown to induce 
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cell death of IECs and consecutive barrier dysfunction secondary to overexpression of IL-22108. 

Altogether, these studies show the complexity of the crosstalk between lamina propria cells, 

barrier function in intestinal inflammation. Therefore, further studies are necessary to 

completely elucidate the role of these cells on intestinal homeostasis and disease progression. 

 
1.1.1.6 Intestinal microbiota and its effect on intestinal inflammation 
 

The human intestinal microbiota is a complex and dynamic system of microorganisms 

composed of certain viruses, fungi, helminthic parasites as well bacteria classified as 

commensal bacteria, the predominant member of this complex109. The intestinal microbiota 

exerts an important role in digestion and absorption as well synthesis of vitamins and protection 

against overgrowth of harmful bacteria in the gut promoting further development of the immune 

system of the host. Together with immune cells, the intestinal microbiota interacts with IECs 

and influences the structure of intestinal barrier as well mucus layer, determining intestinal 

permeability and mucus production. Lack of regulation and altered composition of intestinal 

microbiota are tightly associated with intestinal barrier dysfunction in the small intestine and 

together they may predispose the host to develop IBD, as CD110,111.  

Pull et al have shown that commensal bacteria-depleted mice were more susceptible 

to develop mucosal injury when exposed to DSS, a well-established model of experimental 

colitis, than control mice112. Faecalibacterium prausnitzii is a commensal bacterium with anti-

inflammatory properties with increased levels of anti-inflammatory cytokines, such as IL-10, 

and decreased levels of proinflammatory cytokines, such as INF-γ and IL-12. Sokol et al have 

found an association with decreased of F. prausnitzii and higher risk of ileal Crohn’s disease 

recurrence113.. Similarly, Lactobacillus casei reduced the secretion of the proinflammatory 

cytokines TNF-α, IFN-γ, IL-2, IL-6 and IL-8 in surgical mucosal explants in an ex vivo 

experimental setting, implying a protective role for this bacterium in IBD. It even had the 

potential to downregulate proinflammatory effects caused by preincubation with Escherichia 

coli in the CD mucosal explants114. Regarding fungal composition present in segments of the 

intestine (ileum, cecum and colon), Qiu et al have revealed that the localization of fungal 

colonization is severely altered in intestinal inflammation. Using a an acute DSS colitis mouse 

model, they showed that Penicillium, Wickerhamomyces, Alternaria, and Candida populations 

were increased in numbers, but Cryptococcus, Phialemonium, Wallemia and a 

Saccharomycetales genus were decreased in the guts of DSS-treated mice. Even more 

interestingly, fungi-depleted mice suffered from aggravated DSS colitis associated with gain of 

Hallella, Barnesiella, Bacteroides, Alistipes, and Lactobacillus and loss of butyrate-producing 

clostridium XIVa, and Anaerostipes, suggesting that certain intestinal fungi populations might 

play a pivotal role in preventing inflammation triggered by pro-inflammatory bacteria in a setting 

prone to develop IBD.115. In addition, the microbiota can play a role on the regulation of 
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intestinal barrier function116,117. Laval et al have shown that Lactobacillus rhamnosus, a well-

known probiotic, was able to increase the levels of occludin and E-cadherin, partially restoring 

intestinal barrier118. Another study has analyzed soluble factors produced and secreted by 

Bifidobacteria infantis and its effects on IECs. In T84 cells, Bifidobacteria infantis-conditioned 

medium had an effect on intestinal barrier function increasing TER and levels of ZO-1 and 

occludin, mediated by ERK (extracellular-signal-regulated kinase) inhibition. In IL-10-deficient 

mice, administration of oral Bifidobacteria infantis-conditioned medium reduced the 

inflammation and secretion of IFN-γ119. Taken together, these studies demonstrate that 

microbiota have a pivotal impact on intestinal epithelial physiology and function.  

 

1.2 Epithelial-mesenchymal transition 
 

EMT is a reversible biological process where polarized epithelial cells undergo 

molecular changes which enable them to assume a mesenchymal phenotype increasing 

invasion and migration capacity120. This process is crucial during embryonic development 

mainly in the gastrulation phase, in neural crest cell migration and in organ formation, but also 

in processes occurring in finally differentiated organisms as wound healing or in 

pathophysiology in carcinogenesis and metastasis 121–123.  

EMT is executed in progressive stages. Firstly, cell-cell contacts of epithelial cells are 

lost which leads to redistribution of cytoskeletal proteins and disruption of apical junctional 

complexes. This stage is characterized by downregulation of TJ proteins, such as claudin-1 

and -4, JAM-A, occludin and ZO-1, as well as, integrins related to cell polarity and responsible 

to mediate cell-cell junctions and cell/basement membrane connections124. During this stage, 

cytokeratins are replaced by vimentin and increased levels of F-actin is induced. Also, AJ re-

organization occurs with decreasing the levels of E-cadherin, which can be considered as a 

hallmark of EMT, and a partial replacement by N-cadherin (regarded as a mesenchymal 

marker). Subsequently, dynamic cytoskeletal changes are observed, as formation of actin 

stress fibers that bind to focal adhesion complexes in order to initiate cell migration122. During 

this process, epithelial cells obtain the ability to migrate along the extracellular matrix (ECM) 

forming protrusions of actin-rich membranes – lamellipodia – and spike-like extensions – 

filopodia. These protrusions interact with the ECM via several proteins, such as small Rho 

GTPases, myosin kinases, and α5β1 integrin, all of which are required for initiating the 

migration process. After that, cells produce and secrete matrix-metalloproteinases (MMPs) and 

ECM components as collagen type I and fibronectin in order to decompose basement 

membrane components and remodel ECM to facilitate migration and invasion (Fig. 1.3)121.  

EMT induction is orchestrated by changing the expression profile of the target cell, 

which is accomplished by induction of so-called EMT-transcription factors, including ZEB, 
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Snail, Slug and Twist. Expression of EMT-transcription factors reduces the expression of 

epithelial markers, as E-cadherin or cytokeratins, and concomitantly induces the expression of 

mesenchymal markers, such as vimentin, fibronectin and β1 and β3 integrins121,125,126. Several 

extracellular ligands, including tyrosine kinase receptors (epidermal growth factor, fibroblast 

growth factor, insulin-like growth factor), integrins, Wnt, nuclear factor (NF)-κB and 

transforming growth factor β (TGF-β) pathways may trigger EMT125,127,128. The transcription 

factors Snail and Slug induce the formation of a complex that binds to the promoter region of 

genes of various members of the TGF-β family, as TGF-β3, thereby increasing their 

transcription, subsequently initiating EMT129. Moreover, Ikenouchi et al demonstrated that 

there is a strong relation between Snail and repression of TJ protein levels. In this study, it was 

noticed that Snail overexpression in cultured mouse epithelial cells led to EMT induction and 

decrease in protein and mRNA expression levels of TJ as claudins (-3, -4, -7) and occludin130.  

 

 
Figure 1.3: The features of epithelial-mesenchymal transition. EMT is triggered by several 
pathways, such including activation of tyrosine kinase receptors (epidermal growth factor, 
fibroblast growth factor, insulin-like growth factor), integrins, Wnt, nuclear factor (NF)-κB and 
transforming growth factor β (TGF-β) pathways. The cells lose expression of decisive genes 
that define epithelial properties (green box) and gain expression of markers for mesenchymal 
differentiation (red box). These newly gained qualities facilitate including cell migration and the 
invasion of cells through the basement membrane. Adapted from Bartis et al131. 
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1.3 Cell polarity  
 

Polarized epithelial cells form a continuous layer at interfaces that ascertains 

compartmentalization. In the case of the intestinal mucosa, this interface confines the luminal, 

microbiota- and nutrient-containing compartment from the mostly sterile subepithelial 

compartment.  At the level of the epithelial sheet, a complex composition of epithelial cell 

membranes, apical junctional complexes and intraepithelial immune cells (mostly IELs) 

determines the barrier function of this structure132,133. The resulting barrier function is crucially 

regulated by luminal stimuli from microbiota and the mucus as well as basolateral stimuli, 

coming from the diverse set of lamina propria immune cells. To ascertain this crucial function, 

epithelia are strongly polarized cells, as their various structures at the cell apex differs widely 

in composition and function from equivalent structures of the cell base134. To build up a safe 

barrier, one key structure within the epithelial layer is the TJs (described in detail in 1.1.1.3.2 

Tight Junctions). As common enterocytes evolve from intestinal epithelial stem cells in the 

deep crypt and move upward to the surface epithelia (or in the case of the small intestine to 

the villous tips) these pivotal structures need to be assembled in a tightly regulated process 

that involves various polarity complex proteins135,136. Interestingly, the set of proteins involved 

reveals striking parallels to proteins defining directed cell movement in migrating cells as 

phagocytes that in these cells orchestrate the highly dynamic cell protrusions at leading edges 

as lamellipodia or filopodia, that are required to perform this fluidic type of cell movement133,137.  

The polarization process is strongly regulated and, at least, three evolutionary 

conserved complexes are crucial in the execution of the polarization process: The scribble 

(SCRIB) complex, crumbs (CRB) complex and partitioning defective (PAR) complex138. SCRIB 

complex: The maintenance of the basolateral side is essentially due to SCRIB complex, which 

is composed of Scribble, Discs large (DLG) and Lethal giant larvae (LGL) that are located at 

the basolateral side of the epithelium. PAR complex: The PAR complex is composed of PAR3, 

PAR6 and atypical protein kinase C (aPKC) and interacts with proteins that form an early 

junctional complex that later on will evolve in TJs and AJs. CRB complex: Together with the 

PAR complex, the CRB complex is associated with apical junction formation. This complex is 

constituted by transmembrane protein, localized mainly in the apical membrane compartment, 

CRB and proteins associated to cytosolic proteins, such as Lin seven 1 (PALS1) and Pals1-

associated tight junction protein (PATJ)135,139,140.  Michel et al demonstrated that PATJ is 

associated with TJ proteins and plays an important role in TJ assembly and organization in 

IECs141. In addition, Crumbs3, together with aPKC, are important to regulate the early lumen 

formation and alterations in their function lead to no-lumen or multilumen 3D cysts142. 

Disturbances in these complexes result in barrier dysfunction, changes in cell 

morphology, cell survival and development of pathological disorders as Crohn’s disease and 
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cancer143.  Homozygous knockout mice of many polarity genes are lethal, pointing to an 

important function played by cell polarity proteins in the embryonic development. Murdoch et 

al have demonstrates that mutations in Scrib, alone or in combination with Celsr1 and Vangl2, 

caused lethal defect on the neural tube formation, called craniorachischisis, where the brain 

and spinal cord remain open, and subsequently there is a congenital malformation of the 

central nervous system144,145. Additionally, Dauber et al demonstrated that alterations in Scrib 

led to human birth defects including coloboma, microcephaly, as well as cardiac and renal 

defects146. Mehalow et al have shown that CRB1 is essential for photoreceptor morphogenesis 

in the retina of mammalian. Therefore, mutations in CRB1 gene lead to several forms of retinal 

disorders in humans, and it can be related to retinitis pigmentosa and Leber congenital 

amaurosis147. Mutations on DLG genes, as DLG5 and DLG3 contribute to IBD development as 

well as severe X-linked mental retardation148,149. Genetic studies suggest that deregulation of 

polarity protein levels may also be considered in cancer development150,151. Studies using 

Drosophila support the idea and provide evidence that a group of membrane-associated 

proteins act in order to regulate epithelial cell structure and proliferation, and subsequently, 

cell polarity152–154. Recently, McCaffrey et al reported that loss of Par3 is associated with 

increased levels of metastasis and tumorigenesis in breast cancer155. In accordance, Zen et al 

noticed that expression levels of PARD3 was not detected and might be a novel mechanism 

of action driving the cancer progression in human esophageal squamous cell carcinoma156. In 

contrast, other studies have shown that genes encoding PKCζ, Par3, Dlg and Scribble can be 

overexpressed in tumors, suggesting that they might have a tumorigenic role157–159.  

In the intestine, studies have demonstrated that enteropathogenic Escherichia coli may 

destabilize apico-basal polarity via redistribution of polarity proteins (Crb3 and Pals1) from the 

CRB complex in IECs and colonocytes of infected mice160, changes the PAR complex 

recruiting active aPKC161, disrupting TJ assembly. In CeD patients, polarity proteins Par3 and 

PP-1 and TJ protein were altered in their levels, suggesting that cell polarity is directly 

associated to barrier function162. Ivanov et al investigated the role of Scribble in TJ regulation 

in intestinal epithelium after a pro-inflammatory stimulus. Scribble localized in the TJ structure 

and the SiRNA-knockdown inhibited TJ reassembly and suppressed the formation of epithelial 

barrier. Furthermore, it was described that Scribble immunoprecipitated with ZO-1, indicating 

interaction between these proteins and pointing to a role played by Scribble in TJ assembly163. 

Moreover, loss of polarity proteins, as Dlg1, promoted invasive behavior in epithelial cells after 

exposure to proinflammatory cytokines, TNF-α and IL-6164. Taken together, these studies 

pointed out the importance of polarity process for cell morphology, cell survival, barrier function 

and that disturbances lead to various pathologies. 
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1.4 IL-22 as a model cytokine in intestinal mucosa inflammation 
 

IL-22 belongs to the IL-10 superfamily of cytokines. Initially, IL-22 was described as a 

cytokine produced mainly by T helper (Th) cells (Th1, Th17 and Th22). IL-22 can be produced 

by a wide variety of cells from the lymphoid lineage, including αβ T cells, γδ T cells, natural 

killer T cells, and innate lymphoid cells100,165. Nonetheless, recent studies have shown that 

myeloid cells, as macrophages166, neutrophils167 and dendritic cells168, as well 

nonhematopoietic cells as fibroblasts169 are also capable of producing and secreting IL-22.  

A variety of molecules and cytokines, such as IL-23, IL-7, IL-25 and IL-22 binding 

protein (IL-22BP), regulate the expression of IL-22165,170,171. IL-22BP is encoded by the IL-22 

receptor-α2 gene (IL22RA2) and acts as a direct antagonist of IL-22 preventing the binding of 

IL-22 and its receptor (IL-22R1). It is a soluble IL-22 receptor lacking a transmembrane domain 

and specifically binds exclusively to IL-22 and not to any other IL-10 family member 172,173. 

Huber et al generated both, IL22BP and IL-22 knockout-mice and made use of the AOM/DSS 

model (AOM, azoxymethane; DSS, dextran sodium sulphate), an established model for colitis-

associated colon cancer, to investigate the role of IL-22 and IL-22BP in inflammation-

associated carcinogenesis174. Interestingly, the results pointed to the necessity to delicately 

balance the concentrations of IL-22 and its counterpart IL-22-BP, as mice lacking IL-22BP 

expression revealed epithelial protection by wound healing effects resulting in less severe 

inflammation, but were prone to develop colon cancers in a significantly accelerated fashion. 

These results suggest that IL-22 has  a role not only in inflammation but also in carcinogenesis, 

and emphasize the importance to critically regulate the IL-22-IL-22BP axis174.  

The IL-22 receptor (IL-22R) is a heterodimeric type II cytokine receptor formed by the 

two subunits IL22R1 and IL10R. The receptor complex is mainly expressed on non-

hematopoietic cells, as epithelial cells175. Therefore, the central target of IL-22 are epithelial 

cells present in a diversity of tissues including liver, pancreas, lung and the GI tract. Once IL-

22 binds to its receptor, downstream signaling pathway are activated, including the JNK, p38, 

STAT3 and MAPK signaling pathways (more details in 1.4.1 Signaling pathways activated by 

IL-22 section). As briefly pointed out above, IL-22 has overlapping roles in regulating cell 

proliferation and survival, wound healing, tissue protection and regeneration, host defense and 

inflammation (overview in Fig. 1.4)165,170,176. Studies have shown evidence pointing to IL-22-

mediated tissue protection and regeneration, and also host defense in intestinal epithelial 

tissues. Zheng et al have shown that IL-22 knockout mice infected with Citrobacter rodentium 

developed increased intestinal epithelial damage, bacterial burden and mortality. Furthermore, 

IL-22 directly induced RegIIIb and RegIIIg, member of the Reg family of antimicrobial 

proteins177. Besides, Aujla et al have shown similar results in lung tissues, where IL-22 together 

with IL-17A played an important role in bacteria control and mucosal host defense against 
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Klebsiella pneumoniae, regulating production of CXC chemokines and granulocyte colony-

stimulating factor178. In addition, Liang et al  have shown that IL-22 in combination with IL-17A 

and IL-17F synergistically induced several antimicrobial peptides, such as β-defensin2, 

S100A9, S100A7 and S100A8179. Altogether, these results demonstrate the functional 

importance of IL-22 in host protective immunity against extracellular bacteria. 

As pointed out before, IL-22 induces protective effects on the intestinal epithelia. which 

is supported by data from intestinal epithelial cell culture, organoid models and murine models 

of intestinal inflammation. With regard to the latter model systems, IL-22 enhanced intestinal 

mucus production in a mouse model of Th2-mediated colitis, thereby contributing to a reduction 

in local inflammation180. Epithelial regeneration was the focus in the work of Lindemans et al, 

showing that IL-22 affected directly intestinal stem cells (ISCs) leading to increased levels of 

cell proliferation and ISC expansion. Specifically, IL-22 treatment contributed to the cure of 

murine graft versus host disease which occurred after allogenic bone marrow transplantation, 

by reducing intestinal damage and mortality, increasing recovery of ISCs and consequently, 

inducing intestinal epithelial regeneration181. Conversely, using a model of murine ileal 

organoids, a recent study revealed that exposition to higher concentrations of IL-22 might 

induce the opposite effect, downregulating ISC self-renewal and expansion182. Interestingly, 

another study suggests a role of IL-22 in intestinal barrier function. It has been shown that IL-

22 alters TJ assembly of proteins by upregulation claudin-2 expression leading to reduction of 

TER and increased intestinal permeability183. In accordance, Tsai et al  also showed IL-22-

mediated upregulation of claudin-2, which led to diarrhea and pathogen clearance184. In 

addition, high levels of IL-22 could be associated to some inflammatory diseases. Recent 

studies have indicated that patients suffering from IBD, mainly active CD, have higher levels 

of IL-22 in inflamed colonic lesions compared to noninflamed tissue185–187. Further, IL-22 can 

also lead to proinflammatory features inducing and working tightly together with other 

proinflammatory cytokines, such as IL-1, IL-6, IL-8, IL-17 and TNF-α 138,187,188. Taken together, 

these studies point to IL-22 having complex effects on epithelial survival growth and 

differentiation, but also suggest that resulting clinical phenotypes are an integral of IL-22 and 

its direct counterparts, implying a role for local concentration-dependent hotspots. IL-22 have 

a dual role; on the one hand IL-22 may be beneficial for regeneration of inflamed tissue, on the 

other hand, a chronic upregulation of IL-22 expression may lead to production of 

proinflammatory cytokines and chemokines which might induce inflammation. 
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Figure 1.4: Diverse actions of IL-22 on the intestinal mucosa. Simplified scheme 
demonstrating the principal cellular sources of IL-22 and its functions, including host defense 
by regulation of antimicrobial peptide secretion, tissue repair and wound healing with increased 
levels of cell proliferation and tissue protection by increased the levels of mucins secreted by 
goblet cells; and inflammation. ILC: innate lymphoid cells; NKT cells: Natural killer T cells; Th 
cells: T helper cells. Created with BioRender.com 

 

1.4.1 Signaling pathways activated by IL-22 
 

The binding of IL-22 to the IL-22R complex triggers activation of a number of 

intracellular signaling pathways, such as STAT and MAPK signaling transduction (Fig. 1.5). As 

other IL-10 family members, IL-22 induces activation of the Jak-STAT pathway through 

phosphorylation and activation of Janus kinase 1 (Jak1) and Tyk2165,170,171. Consequently, this 

leads to STAT3 phosphorylation mainly on the tyrosine-705 residue. However, phosphorylation 

of serine-727 has also been described 189. Additionally, IL-22 can activate STAT1 and 

STAT5189. In the intestinal epithelium, IL-22-mediated STAT3 activation has been associated 

with mucosal wound healing in epithelial cells. Pickert et al  have demonstrated that mice with 

impaired STAT3 activity presented susceptibility to colitis and defects in epithelial 
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regeneration, suggesting a regulation of intestinal homeostasis exerted by IL-22-mediated 

STAT3 activation190, Sovran et al have shown that in Muc2 knockout mice, mucus barrier is 

compromised, leading to an increased exposure to microorganisms which in turn, triggered an 

upregulation of the IL-22/STAT3 pathway191. However, other studies have shown an opposite 

role after activation of the IL-22/STAT3 axis. In one study, the effect of IL-22 on tumor growth 

and metastasis in vivo was investigated using a colon cancer cell line in a model of 

subcutaneous cell transplantation. It was observed in an in vitro setting that tumor growth and 

expression of anti-apoptotic proteins were enhanced due to IL-22-mediated STAT3 

activation192. Other studies pointed to a role exerted by the IL-22/STAT3 pathway in intestinal 

inflammation status increasing levels of inducible nitric-oxide-synthase (iNOS), a mediator of 

colonic inflammation and cancer development and upregulation of IL-10 in colon epithelial 

cells193,194. 

Another important signaling transduction induced by IL-22 is the MAPK pathway. Akil 

et al  have demonstrated that IL-22 induced the activation of the MAPK signaling pathway  

leading to cell survival in a glioblastoma cell model which suggests a role of this pathway in 

tumorigenesis195. In another study using a gastric cancer model, IL-22 stimulated cancer cell 

invasion via phosphorylation of ERK1/2 (an important member of the MAPK cascade) as well 

as STAT3196. Additionally, in rat hepatoma cell line, it was observed that IL-22 induced 

activation of JNK, p38 and ERK1/2, members of the MAPK cascade189. In the intestinal context, 

using a colon cancer cell line as a model, one study investigated the effect of IL-20, IL-22 and 

IL-24 on epithelial proliferation and renewal. Only IL-22 expression was capable to induce cell 

proliferation via activation of ERK1/2 phosphorylation197. Similarly, another study has shown 

that IL-22-induced MAPK activation is able to induce proliferation of IECs through 

phosphorylation of MAPK cascade members, including JNK and ERK1/2186. Altogether, these 

studies suggest a crucial role for IL-22/STAT3 and IL-22/MAPK activation in promoting tumor 

growth, apoptosis inhibition and inflammation. Therefore, these pathways are an interesting 

target for therapeutic intervention in treatment of inflammatory diseases, including IBD.  
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Figure 1.5: Signaling pathways active by IL-22. IL-22 binds to its receptor complex, a 
heterodimer composed of the two subunits IL22R1 and IL10R, which is mainly expressed in 
epithelial cells. Binding of IL-22 to IL-22R leads to activation of various signaling pathways, 
including MAPK (MEK1/2 and ERK1/2), JNK, p38 and STAT1, STAT3 and STAT5. Activation 
of these pathways is responsible for a variety of cellular functions, comprising cell survival, 
proliferation, apoptosis inhibition, tissue regeneration and repair, homeostasis and 
inflammation.  

 
1.5 Celiac disease – a model disease for understanding barrier dysfunction 
 

Celiac disease (CeD) is a T cell-mediated autoimmune disease affecting approximately 

1% of the population in Western countries.  CeD has a polygenetic background that is partially 

explained by the human leukocyte antigen (HLA)-DQ2 or DQ8 haplotype198. CeD is 

characterized by chronic, T-cell -dependent inflammation in the small intestine triggered by the 

ingestion of gluten, a protein mixture that is a major constituent of grains including wheat, 

barley and rye. The T-cell immune reaction guided towards gluten leads to a defective small 

intestinal mucosa with villous atrophy and crypt hyperplasia, thereby resulting in malabsorption 

of nutrients. However, studies have shown that, not only T-cells, but also monocytes and 
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macrophages, may contribute to the pathogenesis of celiac disease by affecting the barrier 

function of IECs. These cells recognize gluten peptides, release proinflammatory cytokines, 

which leads to adaptive responses with activation of lymphocytes, and subsequently, defects 

in the barrier of IECs199. Also, Innate immunity has an important role in barrier dysfunction 

especially through IL-15 secretion. Gliadin peptides (components of gluten) induce IL-15 

expression by monocytes, consequently, it mediates innate immunity activating T cells which 

leads to enterocytes apoptosis200. Yokoyama et al have demonstrated that transgenic mice 

overexpressing human IL-15 showed villous atrophy as well severe duodenal-jejunal 

inflammation with high levels of NK-like CD8+ lymphocytes. Using these mice, they observed 

that blockage of IL-15 levels restored intestinal homeostasis, suggesting that uncontrolled IL-

15 expression may be associated to CeD development and maintenance201. 

The Fig. 1.6 shows an overview on CeD immune pathology. Gluten, especially the 

alcohol soluble prolamin fraction, called gliadin peptides in wheat, cross the intestinal epithelial 

barrier via paracellular and transcellular pathways to reach the lamina propria, where they are 

deamidated by the enzyme tissue transglutaminase2 (TG2). This process increases 

dramatically their affinity to the binding groove of the MHC-II antigen-presenting protein HLA-

DQ2 or HLA-DQ8 Deamidated gliadin peptides that are taken up by professional APCs are 

thus very effectively presented to gliadin-specific CD4-positive T-cells. This is emphasized by 

the fact that nearly 100% of CeD patients express either HLA-DQ2.2, HLA-DQ2.5 or HLA-DQ8 

haplotypes. The gliadin specificity of the CD4+ T cells is determined by the expression of a T-

cell receptor, that optimally binds the gliadin-MHC-II complex. Once activated, the CD4+ T 

cells secrete cytokines, stimulate CD8+ T and NK (natural killer) cells, which contribute to 

enterocytes apoptosis, matrix metalloprotease activation in the small intestinal mucosa and B 

cell activation, thereby causing the hallmarks of CeD histopathology. At the same time, gluten- 

and TG2-specific B-cells differentiate into plasma cells and produce antibodies against 

deamidated gliadin peptides (DGPs) and TG2, which are used as specific markers of CeD202. 

Accurate diagnosis of CeD includes a positive celiac serology (anti-TG2-IgA antibodies) and a 

duodenal histology compatible with CeD, i.e. evidence for villous atrophy and crypt hyperplasia 
203. Determining the HLA status is in most cases facultative, since it has a low positive 

predictive value as approx. 30% of the western population are either HLA-DQ2- or HLA-DQ8-

positive204,205. 

Currently, the only successful treatment for CeD is a strict gluten-free diet (GFD). This 

elimination diet prevents the intestinal mucosa from being exposed to gliadin, the antigen 

triggering the immune response and therefore leads to mucosal healing206,207. Although most 

of the CeD patients are successfully treated with a GFD, a significant percentage of patients, 

called refractory celiac disease (RCD) patients, does not respond to the treatment and may 

require additional therapeutic intervention. Despite strict adherence to a GFD for more than 12 
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months, these patients still present a persistence or a recurrence of malabsorption of nutrients 

and – in line with this – villous atrophy in the small intestinal histology. RCD patients are 

classified according their IEL population as RCD type 1, characterized by a normal IEL 

phenotype, with no evidence for T-cell receptor (TCR) clonality, or RCD type 2, characterized 

by an abnormal IEL phenotype. RCD type 2 patients show various evidence for abnormal IEL 

populations with loss of normal surface markers, including CD3 and CD8 but with expression 

of cytoplasmatic CD3ε and detection of clonal TCR rearrangements. While RCD type 1 

patients improve after treatment with a combination of nutritional support, and 

immunosuppressive therapies, RCD type 2 patients have a significantly poorer prognosis, 

since they are threatened to develop an enteropathy-associated T-cell lymphoma (EATL), 

which in most cases is fatal. Thus RCD type 2 patients have a significantly reduced 5-year 

survival rate (approx. 60%) and are treated with cytostatic treatments (cladribine) or targeted 

approaches (anti-IL15, anti-CD52) to prevent transformation from RCD type 2 into an EATL208.  

 

Figure 1.6: Celiac disease pathophysiology. Simplified scheme demonstrating the 
pathophysiology of celiac disease. Gluten peptides trigger the inflammatory reaction in CeD. 
Once ingested, gluten peptides cross the intestinal epithelial barrier via paracellular and 
transcellular pathways to the lamina propria, where they are deamidated by the enzyme TG2 
(tissue transglutaminase 2). Subsequently, gliadin-specific CD4+ T cells are activated, leading 
to secretion of pro-inflammatory cytokines (IFN-γ, TNF-α, IL-21) contributing to activation of 
CD8+ T cells and NK cells (causing enterocytes apoptosis and mucosal damage), 
differentiation of B cells into plasma cells and – secondary to that – production of antibodies. 
APC: antigen presenting cell; HLA: human leukocyte antigen; NK cells: natural killer cells. 
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1.5.1 Intestinal barrier function in celiac disease 
 

Back in the 1970’s, studies have reported first evidence for a dysfunctional mucosal 

barrier in CeD by analyzing the transfer of sugars from the intestinal lumen to the urine. These 

studies uncovered that CeD patients with villous atrophy had an increased permeability ratio 

to disaccharides and a decreased permeability to monosaccharides as evaluated by 

determining lactulose/mannitol, lactulose/L-rhamnose or cellobiose/mannitol ratios, proving 

alterations in intestinal barrier function in CeD patients for the first time209–211.  

The observed changes in permeability to sugars were interpreted to be caused by an 

increased paracellular permeability secondary to altered TJs. In accordance, Schulzke et al 

revealed a decreased number of TJ strands and an increased number of discontinued TJ 

strands in children with active CeD was noted. In children responding clinically to a GFD, the 

TJ network had recovered, but revealed a significantly smaller number of TJ strands when 

compared to healthy controls212. Further studies revealed that the epithelial resistance of small 

intestinal mucosa in active CeD patients – measured by one-path impedance spectroscopy – 

was reduced by approximately 50%. In addition, patients responding to GFD presented a 

significant recovery, although epithelial resistance was partially recovered compared to control 

individuals213. In line with the data previously described, paracellular permeability in active CeD 

is strongly related to changes in TJ proteins, as claudins (-2, -3, -4, -5 and -7) and ZO-1, and 

these alterations might be regulated by the cell polarity defining proteins Par-3 and PP-1, that 

also had been found changed162. Regarding RCD patients, our group published a study 

showing a reduction in epithelial resistance similar to active CeD patients, in comparison with 

control subjects. In addition, RCD patients presented alterations in TJ proteins levels with 

increased levels of claudin-2, a pore-forming claudin, and decreased levels of claudin-5, a 

barrier-forming claudin214. Altogether, these results point to alterations that may impact TJ 

assembly during active disease that are mostly reversed by GFD. 

In an elegant study, the authors performed analyses of ZO-1 immunoprecipitation from 

biopsies specimens derived from active, GFD-treated CeD patients and controls215. Although 

they did not find any differences in ZO-1 and occludin total protein levels in ZO-1-

immunoprecipitates, they found almost a complete decrease in anti-tyrosine-phosphorylated 

ZO-1 and anti-occludin levels in active CeD patients, in accordance with data found on 

immunofluorescence analysis by confocal microscopy. In AJ, the expression of β-catenin or E-

cadherin were similar among the groups, however, β-catenin was found to be largely 

phosphorylated in small intestinal samples from active CeD patients. Using confocal LSM, the 

authors showed that β-catenin and E-cadherin stainings were intensively localized at the lateral 

membrane of the IECs in normal mucosa and treated CeD presented a similar pattern. 

Nonetheless, in active CeD, levels of β-catenin and E-cadherin staining and they were found 
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at the cell surface and in the cytoplasm as well. Therefore, alterations in epithelial resistance 

and TJ ultrastructure observed in the studies previously mentioned are associated with 

molecular changes in both TJ and AJ protein in CeD patients, mainly active CeD patients in 

comparison to control subjects. More studies have shown alterations of TJ structure and 

assembly, which may be responsible for the increase permeability observed in CeD. Szakál et 

al found changes in TJ content with increased levels of claudin-2 and -3 in proximal and distal 

duodenum biopsies of children with CeD compared with control tissue216. More recently, our 

group have performed further investigations on claudin protein levels and localization in 

duodenal biopsy samples from CeD patients162. We demonstrated decreased protein levels of 

occludin and increased levels of pore-forming claudins, as claudin-2 and -15; and decreased 

levels of barrier-forming claudins, as claudin-3, -5 and -7. In addition, claudin-2 was localized 

mainly to TJs of crypts of CeD patients Interestingly, claudin-5 and -15 were found in 

intracellular vesicles in CeD, which suggests that these TJ proteins were taken out of their 

normal function as sealing and pore-forming TJ-proteins in CeD. As observed by Ciaccocioppo 

et al215, in our study, ZO-1 were reduced in protein levels and localization to the TJ and was 

rather spread along the whole lateral membrane as a sign for dyspolarization. 

As mentioned above, immune cells may have a role in barrier regulation. In this context, 

monocytes/macrophages are strongly associated with the barrier function regulation, by 

secreting cytokines and/or interacting directly with IECs. Monocytes adhere to vascular 

endothelium and migrate through the tissue to reach the inflamed area and alter TJ structure 

and consequently, affecting the barrier function217,218. Cinova et al  have shown that monocytes 

derived from CeD patients after gluten peptide exposure, secreted higher levels of 

proinflammatory cytokines, such as TNF-α and IL-8199. As mentioned before, IL-15 plays a 

pivotal role in CeD pathogenesis. Using peripheral blood mononuclear cells derived from 

healthy individuals, Harris et al have shown that IL-15-stimulated have a higher capacity to 

produce and secrete proinflammatory cytokines related to barrier dysfunction, including IL-6, 

IL-23, TNF-α and IL1β potentially contributing to CeD barrier dysfunction219.  
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1.6 Aims 
 

As detailed in the introduction section, several immunopathological conditions are 

thought to alter TJ assembly in intestinal epithelial cells, thereby causing barrier dysfunction. 

These conditions include exposure to pro-inflammatory cytokines and the interaction with 

specific immune cell subsets. In the present study, we intended to investigate alterations in TJ 

assembly under these conditions.  

 

Thus, the aim of the study can be summarized by further specifying: 

 

1. Understanding the impact of celiac monocytes on epithelial barrier function, specifically 

with regard to the integrity and composition of TJs by using a co-culture model of intestinal 

epithelial cells and monocytes isolated from CeD patients. 

 

2. Understanding the impact of the TH17 cytokine interleukin-22 on intestinal epithelial barrier 

function and intestinal epithelial cell polarity using a cell culture-based model system. 



  
 

2. Materials and methods 
 
2.1 Materials 

2.1.1 Devices 

Table 2.1 Devices 

Device Version Supplier 
Centrifuge PerfectSpin 24R Refrigerated 

Microcentrifuge 
PEQLAB Biotechnology GmbH, 
Germany 

Universal 320R  Hettich, Wehingen, Germany 
CO2 incubator Model CB-60 170 260 Binder GmbH, Tuttlingen, 

Germany 
Electric pipetting device Pipetboy acu INTEGRA Biosciences, Zizers, 

Switzerland 
Freezing Container CoolCell® LX Corning Inc., NY, USA 
Heating block AccuBlockTM 

Digital Dry Bath 
Labnet International, Inc. NJ, 
USA 

Inverted microscope Olympus CK2 Olympus Optical Co. (Europa) 
GmbH, Hamburg, Germany  

Lab Water System Arium® pro UV Ultrapure Water 
System 

Sartorius, Göttingen, Germany 

Laminar Flow Workbench SAFE 2020  Thermo Electron Corporation, 
Waltham, MA, USA 

LaminAir HB2472 Heraeus Instruments, Hanau, 
Germany 

HERA safe Thermo Electron Corporation, 
Waltham, MA, USA 

Laser-Scanning Microscope LSM 780  Carl Zeiss Microscopy GmbH, 
Jena, Germany 

Magnetic stirring Ikamag® REO/RCT Merck, Darmstadt, Germany 
Micropipette 10, 100, 200 and 1000 μL Eppendorf, Hamburg, Germany 
Microplate reader Tecan Infinite M200 PRO 

(Absorbance 96 well plates) 
Tecan Trading AG, Switzerland 

Tecan Sunrise  
(Absorbance 96 well plates) 

Tecan Trading AG, Switzerland 

Mini centrifuge Sprout  Thermo Fisher Scientific Inc., 
Waltham, MA, USA 

Objective 63x Immersion oil 
 

Plan-Apochromat 63x/1.4 Oil 
DIC M27 

Carl Zeiss Microscopy GmbH, 
Jena, DE 

Osmometer Osmomat 3000 Gonotec®, Berlin, Germany 
pH meter  HI 9017 microprocessor Hanna Instruments, Kehl, 

Germany 
Power supply Blotting device 200/2.0 Bio-Rad Laboratories GmbH, 

Munich, Germany 
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Resistance measuring device -- Institut für Klinische 
Physiologie, CBF, 
Charité Berlin, Germany 

Scale -- Musahl Waagenservice GmbH, 
Berlin, Germany 

Shaker Rocking platform VWR VWR International GmbH, 
Vienna, Austria 

Rocking platform WT12 Biometra, Göttingen, Germany 
Rocking platform WT17 Biometra, Göttingen Germany 

Vortex device LSETM Vortex mixer Corning Inc., NY, USA 
Water bath GFL 1083 Burgwedel Biotech GmbH, 

Rheinland-Pfalz, Germany 
B4E5 Medingen, Dresden, Germany 
SW20C (Shaking) JULABO GmbH, Seelbach, 

Germany 
 
 

2.1.2 Consumable supplies 

Table 0.2. Consumables supplies 

Consumable supplies  Supplier 
25 cm2-tissue culture flask  Corning Inc., NY, USA 
75 cm2-tissue culture flask Corning Inc., NY, USA 
15 mL PPN tube Corning Inc., NY, USA 
50 mL PPN tube Greiner Bio-One GmbH, Frickenhausen, 

Germany 
6-well-tissue culture plate 
(10 cm2 per well) 

Corning Inc., NY, USA 

12-well-tissue culture plate 
(4 cm2 per well) 

Corning Inc., NY, USA 

24-well-tissue culture plate 
(2 cm2 per well) 

Corning Inc., NY, USA 

96-well microplates for BCA assays Corning Inc., NY, USA 
Biosphere filter tips 10, 200, 1000 μL SARSTEDT AG & CO. KG, Nümbrecht, 

Germany many 
Cell culture dish (35x10 mm) SPL, Life Sciences 
Stirring rod 120 mm SARSTEDT AG & CO. KG, Nümbrecht, 

Germany 
CryoPure Tubes 1.6 mL SARSTEDT AG & CO. KG, Nümbrecht, 

Germany 
Gel-Blotting-papers, Whatman® 3MM Carl Roth, Karlsruhe, Germany 
Microscope slides Menzel/Glaser, Braunschweig, Germany 
Microtiter plate 96 wells (Round bottom) SARSTEDT AG & CO. KG, Nümbrecht, 

Germany 
Serological Pipet (5, 10 and 25 mL) Corning Incorporated, NY, USA 
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Polyscreen (R) PVDF transfer membrane PerkinElmer, Boston, MA, USA 
SafeSeal tube 1.5 mL SARSTEDT AG & CO. KG, Nümbrecht, 

Germany 
Safe-Lock tubes 0.5 mL Eppendorf AG, Hamburg, Germany 
Surgical disposable scalpels B BraunTM, Thermo Fisher Scientific 
Syringe 20 mL  BD DiscarditTM II, Spain 
Tissue culture dish (100x20 mm) Corning Incorporated, NY, USA 
Transwell filters (Millicell-HA, 0,6 cm²) MilliporeSigma, Darmstadt, Germany 

 

 

2.1.3 Chemicals and kits 

Table 2.3 Chemicals and kits 

Chemicals  Supplier 
1,4 Dithiothreitol (DTT) Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid (HEPES) 

Sigma-Aldrich Chemie GmbH, Schnelldorf, 
Germany 

4', 6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich Chemie GmbH, München, 
Germany 

4-kDa dextran (Lot: 181176 and 200190) Serva, Heidelberg, Germany 
4-kDa FITC-dextran (FD4) TdB Consultancy, Uppsala, Sweden 
b-Mercaptoethanol Clontech, Heidelberg, Germany 
Ammonium persulfate (APS) Sigma-Aldrich, Schnelldorf, Germany 
AquaResist VWR International GmbH, Vienna, Austria 
BCA-Protein Assay (Reagents A and B) Pierce, Rockford, Illinois, USA 
Bovine serum albumin (BSA)  Biomol GmbH, Hamburg, Germany 
Calcium chloride, dihydrate Carl Roth GmbH, Karlsruhe, Germany 
Carbogen Linde AG, München, DE 
cOmplete mini, EDTA free, Protein Inhibitor 
Cocktail  

Roche, Basel, Switzerland 

DMSO (cell culture quality) Carl Roth GmbH, Karlsruhe, Germany 
Dulbecco's PBS with Mg2+/Ca2+  Gibco, Waltham, Massachusetts, U.S. 
Dulbecco's PBS without Mg2+/Ca2+  Gibco, Waltham, Massachusetts, U.S. 
Emersion oil for microscopy  VWR International GmbH, Darmstadt, Germany 
Ethanol 100% Fisher scientific, UK/Acros organics, Belgium 

T.J. Baker, Poland 
Ethanol 80% Chemsolute, TH Geyer, Renningen, Germany 
Fetal Bovine Serum (FBS) Gibco, ThermoFisher Scientific, Berlin, Germany 
Glucose Carl Roth GmbH, Karlsruhe, Germany 
Glycine Carl Roth GmbH, Karlsruhe, Germany 
Hydrochloric acid (32%) Merck, Darmstadt, Germany 
Methanol Merck, Berlin, Germany 
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Milk powder  
(Blotting grade blocker non-fat dry milk)  

Carl Roth, Karlsruhe, Germany 

N,N,N',N'-Tetramethylethylenediamine (TEMED) ThermoFisher Scientific, Waltham, MA, USA 
PageRuler Plus Prestained Protein Ladder ThermoFisher Scientific, Waltham, MA, USA 
Paraformaldehyde 16% Electron microscopy sciences, Hatfield, PA, 

USA 
Penicillin/Streptomycin (P/S) Corning, Manassas, VA, USA 
Polyacrylamide mix (30%) Carl Roth GmbH, Karlsruhe, Germany 
Potassium chloride Carl Roth GmbH, Karlsruhe, Germany 
ProTaqs® MountFluor Biocyc, Luckenwalde, Germany 
Puromycin (Hydrochloride) Cayman Chemical Company, Michigan, USA 
Sodium azide Carl Roth GmbH, Karlsruhe, Germany 
Sodium chloride  Carl Roth GmbH, Karlsruhe, Germany 
Sodium dihydrogen phosphate, monohydrate Carl Roth GmbH, Karlsruhe, Germany 
Sodium Dodecyl Sulfate (SDS) Carl Roth GmbH, Karlsruhe, Germany 
Sodium hydrogen carbonate Carl Roth GmbH, Karlsruhe, Germany 
Sodium hydroxide Fisher scientific, UK/Acros organics, Belgium 
Sodium phosphate dibasic, dodecahydrate Carl Roth GmbH, Karlsruhe, Germany 
SuperSignalTM West Pico PLUS 
Luminol/Enhancer solution 

ThermoFisher Scientific, Waltham, MA, USA 

SuperSignalTM West Pico PLUS  
Stable peroxide solution 

ThermoFisher Scientific, Waltham, MA, USA 

Tris-Base Carl Roth GmbH, Karlsruhe, Germany 
Tris-Hydrochloride Carl Roth GmbH, Karlsruhe, Germany 
Triton X-100 Roche, Basel, Switzerland 
Trypsin/EDTA Biochrom, Berlin, Germany 
Tween-20 Fisher scientific, UK/Acros organics, Belgium 
Water for molecular biology MilliporeSigma, Darmstadt, Germany 
Water for cell culture  MilliporeSigma, Darmstadt, Germany 
Water (HPLC Gradient Grade) J.T. Baker, Gliwice, Poland 
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2.1.4 Buffers and solutions 

Table 2.4 Buffers and solutions 

Buffers and solutions Composition 
Immunofluorescence labeling  
Blocking buffer PBS (pH 7.4) 

5% goat serum 
1% BSA 
0.05% Tween 20 
0.01% Triton X-100 

Washing buffer PBS (pH 7.4) 
1% BSA 

Protein purification  
Cell lysis extraction buffer 10 mM Tris-HCl pH 7.5 

150 mM NaCl 
0.5% Triton X-100 
0.1% SDS 
protease inhibitor (1 tablet per 10 mL) 

 

 

2.2 Methods 
 
2.2.1 Information on enrolled patients 

The study was approved by the Ethics Committees of the Charité – Universitätsmedizin 

Berlin, Germany (protocol number EA4/116/18, accepted on Jan 22nd, 2019). Heparinized 

whole blood samples were collected from healthy individuals and CeD patients. Inactive (GFD) 

patients received a GFD for >1 year. All patients declared their informed consent (signed 

consent form). Healthy controls were individuals without a history of enteropathy and without 

clinical signals of CeD or other autoimmune diseases (Table 2.5). Further characteristics of 

CeD patients is described in Table 2.6. 
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Table 2.5: CeD patients enrolled in the study 

 
CeD, celiac disease; tTG, transglutaminase antibodies; GFD, gluten-free diet. 

Table 1: Statistics on CeD patients 

Number of subjects 17 
Female/Male 14/3 
Age at enrolment, median (range) 46 (23-83) 

Age at CeD diagnosis, median (range) 32 (6-73) 
Marsh Grade at enrolment, n (%)  

0 
1 
2 

3a 
3b 
3c 

not available 

5 (29) 
2 (12) 
0 (0) 
1 (6) 

3 (18) 
0 (0) 

6 (35) 

tTG at enrolment, n (%)  
Positive 
negative 
not available 

6 (35) 
2 (12) 
9 (53) 

HLA DQ status, n (%)   
DQ2+ 
DQ8+ 
not available 

11 (65) 
0 (0) 

6 (35) 

GFD status, n (%)  
Active CeD 

- New CeD diagnosis 
- CeD, non-compliant to GFD 

CeD on GFD 

6 (35) 
4 
2 

11 (65) 
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    Table 2.6: Characteristics of CeD patients enrolled in the study 

  

Patient 
ID Sex Age Age at 

diagnosis Group GFD HLA-DQ 
status Data at CeD diagnosis Data at enrolment* 

       tTG#  Marsh  tTG# Marsh 
1 Female 33 32 CeD on 

GFD 
yes n.a. 41.9 U/mL 3a 15.5 U/mL n.a. 

2 Female 47 45 active CeD no (non-compliant) DQ2+ 190 U/mL 3b n.a. n.a. 
3 Female 24 24 active CeD  no (new diagnosis) DQ2+ 84 U/mL 1 - - 

4 Male 33 29 
CeD on 

GFD yes n.a. n.a. n.a. n.a. n.a. 

5 Female 28 28 active CeD  no (new diagnosis) DQ2+ >200 U/mL 3b - - 
6 Female 26 26 active CeD no (new diagnosis) DQ2+ 35 U/mL 3b - - 

7 Female 46 32 CeD on 
GFD yes DQ2+ n.a. n.a. 1.8 U/mL n.a. 

8 Female 46 42 
CeD on 

GFD yes DQ2+ >200 U/mL 3b 2.2 U/mL 0 

9 Female 60 51 
CeD on 

GFD yes DQ2+ positive 3a 1.6 U/mL 0 

10 Female 57 50 CeD on 
GFD 

yes n.a. positive 3b 2.9 U/mL 0 

11 Female 65 6 CeD on 
GFD yes n.a. n.a. 3 3.9 U/mL n.a 

12 Female 40 31 CeD on 
GFD yes n.a. positive 3b 2.2 U/mL 0 

13 Female 59 41 
CeD on 

GFD yes DQ2+ 32 U/mL 3c 2.7 U/mL 1 

14 Male 74 n.a. 
CeD on 

GFD yes DQ2+ n.a. n.a. 3.3 U/mL 0 

15 Female 55 n.a. CeD on 
GFD 

yes n.a. n.a. n.a. 1.3 U/mL n.a. 

16 Female 23 23 active CeD no (new diagnosis) DQ2+ 38 U/mL (IgG) 3a - - 
17 Male 83 73 active CeD no (non-compliant) DQ2+ positive 3 23 U/mL 3b 

GFD, gluten-free diet; CD, celiac disease; tTG, transglutaminase antibodies (IgA unless otherwise specified); n.a., data not available  
*in case of new diagnosis, data at enrolment coincide with data at diagnosis 
# normal values for tTG: <10 U/ml, in some cases by values >10 U/ml only “positive” was reported in the clinical records 
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2.2.2 Isolation of peripheral blood mononuclear cells and magnetic CD14+ cell sorting 

Peripheral blood mononuclear cells (PBMCs) were isolated from peripheral blood 

collected from healthy donors or celiac disease patients.  PBMCs isolation was performed by 

Biocoll (Merk Millipore) with density gradient centrifugation. Subsequently, PBMCs were sorted 

using CD14 MACS MicroBeads (Miltenyi Biotech, Bergisch Gladbach, Germany) according to 

manufacturer’s instruction. Preparations containing >90% CD14+ cells were used, as 

determined by flow cytometry. CD14+ cells were plated in 24-well dishes with RPMI-1640 as 

media (Gibco), supplemented with 10% of fetal bovine serum (Gibco) and 1% of penicillin and 

streptomycin (Corning). CD14+ cells were exposed to human granulocyte macrophage colony 

stimulating factor (GM-CSF; 10 ng/mL) for 24 h before they were transferred to the co-culture. 

Cell culture supernatants were collected for further cytokine analysis. 

 
 
2.2.3 Cell culture 

The human colon epithelial cell lines, CacoBBe, Caco-2 and HT29/B6 were maintained 

in Dulbecco’s Modified Eagle’s Medium (DMEM) + GlutaMAX (Gibco), with 10µM HEPES-

buffer and 1M non-essential amino acids (Merck Millipore), Minimum Essential Medium Eagle’s 

(MEM – Gibco) and RPMI-1640 supplemented with 10% fetal bovine serum (FBS, Gibco), 1% 

penicillin and streptomycin (Corning), respectively. Cells were kept at 37° C in a 5% CO2 

environment. Culture medium was changed three times per week. Cells were treated with IL-

13 (Prepotech, Hamburg, Germany; 10 ng/ml) and IL-22 (Biolegend; 10 ng/ml) at different 

times and concentrations. In some experiments, IEC filters were basolaterally exposed to other 

pro-inflammatory cytokines including TNF-a (1000 U/ml); IFN-g (100 U/ml); TGF-b1 (20 ng/ml). 

These cytokines were from Peprotech (Hamburg, Germany). 

 

 
2.2.4 Co-culture with monocytes 

Intestinal epithelial cells (CacoBBe) were plated on permeable transwell polycarbonate 

filter supports (0.4 µm; 0.6 cm2, Merck Millipore) and kept at 37 °C in a 5% CO2 environment. 

Culture medium was changed three times per week. On days 10 to 16 after plating, filters were 

transferred to 24-well dishes containing CD14+ cells (5x105 cells per well). In addition, IL-

15/Tglia (10 mg/ml) was added (gift by W. Dieterich; LPS-free) to filters with IECs.  
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2.2.5 Transepithelial electrical resistance 

IECs were seeded on PCF filters (0.4 µm; 0.6 cm2, Merck Millipore) and grown to 

confluence for 7, 10 and 12-14 days in culture at 37 °C in a 5% CO2 environment, respectively. 

IL-22 (Biolegend; 10 ng/ml) was added to the apical and basolateral compartment of the 

transwell filters for the indicated times (24 and 48 h) and transepithelial resistance (TER) was 

measured using chopstick electrodes. 

 
 
2.2.6 Immunostaining of IECs 

Epithelial cell layers were washed 3x with PBS, then fixed with PFA 4% pH 7,5 and kept 

in 4 °C with PBS for maximally seven days prior to immunostaining. Epithelial cell layers were 

stained using the following primary antibodies: ZO-1 (1:100; BD Biosciences, NJ, USA). For 

immunstaining with secondary antibodies Alexa Fluor 488 goat anti-mouse or rabbit IgG, and 

Alexa Fluor 594 goat anti-mouse or rabbit IgG were selected (1:500; Thermo Fisher Scientific, 

MA, USA). To determine occludin expression and cellular distribution, an occludin mouse 

monoclonal antibody (OC-3F10) was used as an Alexa Fluor® 594 Conjugate (Thermofischer). 

Nuclei were stained using DAPI (4′,6-Diamidin-2-phenylindol, conc. 1:2000). 

Immunofluorescence staining was analyzed by confocal laser scanning microscopy (LSM 780, 

Carl Zeiss, Jena). 

 

2.2.7 Caco-2 3D cysts 

Caco-2 cells (1 x 104 cells) were seeded in freshly prepared Matrigel (150 µl, Corning), 

which was kept a 4°C to ensure the fluidic character of the Matrigel while implanting the cells 

in the Matrigel. Lab-tek slides (ThermoFischer) were then kept for 30 minutes in 37 °C 5% CO2. 

Subsequently, 500 µl of media (Minimum Essential Medium Eagle’s - MEM – Gibco, 

supplemented with 10% of fetal bovine serum – Gibco) was added and cells were left to grow 

for 3 to 5 days in 37 °C 5% CO2, Cells were fixed with 4% paraformaldehyde pH 7,5 for 30 

minutes then the Lab-teks were kept in 4 °C with PBS for a maximum of 7 days and 

immunofluorescence was performed. 
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2.2.7.1 Immunostaining of 3D Caco-2 cysts 

For immunostaining, cells were washed with PBS+ and fixed using PFA (4%, pH 7.5) 

for 30 min at RT. Extensive PBS+ washes were followed by permeabilization/blocking using 

PBL-solution (0.7% fish skin gelatin and 0.025% saponin, in PBS+; 2 h, RT), followed by PBS-

washes and quenching using 75 mM NH4Cl and 20 mM glycine in PBS+ (10 min, RT). After 

one wash using PBL, cells were incubated overnight with PFA-fixed 3D-cysts at 4°C with E-

cadherin antibody (1:100; Alexa Fluor647-conjugate, BD Biosciences, San Jose, CA, USA) 

and DY-594-phalloidin (1:100; Dyomics, Jena, Germany) to stain actin. Nuclei were stained 

using DAPI (4′,6-Diamidin-2-phenylindol, 1:2000) for 1.5 h at room temperature. Microscopy 

was performed using a confocal laser scanning microscopy (LSM 780, Carl Zeiss, Jena). 

 

 

2.2.8 Treatment with inhibitors of signaling pathways 

To inhibit STAT3 phosphorylation, various inhibitors were used. Stattic and STAT3 

Inhibitor IV (S31-201) are cell-permeable molecules that inhibit by selective binding of the 

STAT3-SH2 domain impairing STAT3 activation, dimerization and nuclear translocation 220–222. 

Furthermore, a cell-permeable peptide analogue, which is also a selective blocker of STAT3 

activation, was used223. As an indirect inhibitor, WP1066 was used, blocking STAT3 

phosphorylation by binding to JAK2, a kinase upstream of STAT3 224,225. To inhibit the MAPK 

signalling, the inhibitor U0196 was used. It acts as a selective inhibitor of MEK1 and MEK2 

preventing activation of MAP kinases p42 and p44 (ERK1/2) 226. Specifically, after seven days 

in culture, HT29/B6 cells growing on transwell filters were exposed to the inhibitors mentioned 

above for two hours (Table 2.7). Subsequently, IL-22 (10 ng/ml) was added for one hour and 

then cells were lysed, or were kept for a maximum of 72 hours to determine TER (48 and 72 

h) and prepare cell lysate in order to perform Western blotting.  
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  Table 2.7: Inhibitors characteristics 

 
 
 
2.2.9 Real-time quantitative PCR 

2.2.9.1 RNA extraction  

Total RNA was extracted using the mirVana™ mRNA Isolation Kit (Thermo Fisher) 

according to manufacturer’s instructions. Briefly, IECs (HT29/B6 cells) after IL-22 (10 and 100 

ng/ml) exposure for 5 and 30 hours were scraped with Lysis Binding buffer, and the RNA 

Homogenate solution was added at a 1/10 of the Lysis buffer volume. Samples were vortexed 

and kept on ice for 10 minutes. A volume equal to the Lysis buffer of Phenol Chloroform was 

added, then samples were thoroughly vortexed and centrifuged at 10000 x g for 5 minutes at 

room temperature. The aqueous phase was collected in a new tube and 1.25 volume of 100% 

ethanol was added. Samples were transferred to filter cartridges and washed once with 

washing buffer 1 and twice with washing buffer 2/3. The RNA was then eluted in nuclease-free 

water at 95 °C and stored at -80 °C. 

 

2.2.9.2 RNA quantification and cDNA synthesis 

To quantify the extracted RNA, RNA concentration was determined using the NanoDrop 

1000 (Thermo Fisher) was. 800 ng to 1 µg of total RNA was used to synthetize cDNA using 

the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to the 

manufacturer’s instructions. According to Table 2.8, reactions were prepared and the reverse 

transcription reaction was performed through one cycle at 25 °C for 10 minutes, one cycle at 

 

 

STAT3 Inhibitors   Manufacturer 
 

Concentration (µM) 
 
Catalogue 
number 

Stattic Calbiochem 
(San Diego, USA) 

0.1; 3; 10 573099 

WP1066 Calbiochem 
(San Diego, USA) 

10; 50 573097 

STAT3 Inhibitor VI 
(S3I-201)  

Calbiochem 
(San Diego, USA) 

100 573192 

Cell permeable – 
STAT3 Inhibitor Peptide  

Calbiochem 
(San Diego, USA) 

100 573096 

MAPK/ERK Inhibitor Manufacturer 
 
Concentration (µM) 
 

 
Catalogue 
number 

U0126 Biogems International 
(Westlake Village, USA) 

10 1095821 
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37 °C for 120 minutes and one cycle at 85 °C for 5 minutes. Samples were stored at -80 °C 

until qPCR reaction was performed. 

Table 2.8: Reverse transcription mixes 

 
*Q.S. = Quantity sufficient 

 

2.2.9.3 qPCR reaction  

Real time-qPCR reactions were performed using 1 µL of cDNA template, 1 µL of the 

desired probe, 10 µL of RT-qPCR Master Mix (Applied Biosystems) and nuclease-free water 

to a final volume of 20 µL. Comparative CT reactions were performed in triplicates using the 

StepOnePlus™ instrument (Applied Biosystems). Calculations for gene expression changes 

were performed using the 2-ΔΔCT method. Human probes (Applied Biosystems) used were 

SNAI1 (Hs00195591_m1), SNAI2 (Hs00161904_m1), MMP -2 (Hs01548727_m1), -7 

(Hs01042796_m1) and -9 (Hs00957562_m1).  ACTB (Hs01060665_g1) was used as control 

of the reaction amplification. 

 

2.2.10 Flow cytometry assessment – surface markers and cytokine expression 

analysis 

CD14+ cells were washed twice with PBS, and the surface markers described in the 

Table 2.9, were checked. Dead cells were excluded by DAPI staining. Samples were assessed 

by flow cytometry using a FACSCanto II and the FACS Diva software (version 6; BD 

Biosciences). Supernatants of the cultures after 24 h of culture with GM-CSF (10 ng/ml) were 

tested for cytokine expression (IL-1, IFN-α2, IFN-λ, TNF-α, MCP-1, IL-6, IL-8, IL-19, IL-12p70, 

 
  

RT Master Mix Volume per reaction: 

10x RT Buffer Mix 2 µl 
10x Random Primers 0.8 µl 

25x dNTP Mix (100mM) 2 µl 
MultiScribe™ Reverse Transcriptase (50 U/µl) 1 µl 

Nuclease-free H2O  4,2 µl 
 

RNA sample 
 

Volume per reaction: 
RNA sample up to 10 µl 

Nuclease-free H2O Q.S.* to 10 µl 
Total per reaction 20 µl 
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IL-17A, IL-18, IL-23 and IL-33) using the LEGENDplex Multi-Analyte Flow Assay kit–Human 

Inflammation Panel (13-plex) (Biolegend) according to the manufacturer’s protocol. FACS data 

were analyzed using FlowJo (v10.6.1) and LEGENDplex v8.0 software (BioLegend, San Diego, 

CA, USA). 

 
Table 2.9: Antibodies for flow cytometry 
 

Antigen Channel Clone 
number 

Dilution Manufacturer Catalogue 
number 

CD80 FITC 2D10.4 1:40 
eBioscience 

(San Diego, USA) 
11-0809-42 

CD16 PE 3G8 1:40 
Biolegend 

(San Diego, USA) 
302056 

HLA-DR 
PerCP-
Cy5.5 

LN3e 1:100 
eBioscience 

(San Diego, USA) 
45-9956-42 

CD163 PE-Cy7 GHI/61 1:20 
Biolegend 

(San Diego, USA) 
333606 

CD14 APC MφP9 1:40 
BD Biosciences 

(Franklin Lakes, USA) 
340436 

CD11b APC-Cy7 ICRF44 1:100 
Biolegend 

(San Diego, USA) 
301342 

 

2.2.11 Western Blotting 

For protein quantification, epithelial cells were washed twice with ice-cold PBS+. Protein 

extraction was done using ice-cold lysis buffer (150 mM NaCl, 10 mM Tris buffer pH of 7.5, 

0.5% Triton X-100, and 1% SDS). A volume of 10 ml lysis buffer was supplemented with one 

Complete Protease Inhibitor Cocktail tablet; Roche AG, Basel, Switzerland). Cells were 

scraped from the filters, incubated for 60 min on ice, and vortexed every 10 min. The 

supernatant was collected after centrifugation (30 min, 15,000× g at 4 °C). To determine the 

protein content, Pierce BCA assay (Thermo Scientific, Waltham, MA, USA) was performed 

according to the product instructions using a Tecan plate reader (Tecan GmbH, Maennedorf, 

Switzerland) at an absorbance of 562 nm. Protein samples (20 µg) were mixed with 5xLaemmli 

buffer and loaded on SDS polyacrylamide gel (premade). After electrophoretic separation, 

proteins were transferred to a PVDF membrane (Thermo Scientific, Waltham, MA, USA) using 

the Trans-Blot system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) at 25 V for 7-10 min 

and membranes were blocked for 2 h at RT with 1% PVP-40 (Polyvinylpyrrolidone; Sigma 

Aldrich, St. Louis, MO, USA) in TBST/0.05% Tween-20 buffer. Primary antibodies (Table 2.10) 
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were incubated overnight at 4 °C. Peroxidase-conjugated secondary antibodies were 

incubated for 2 h at RT. For protein detection, SuperSignal West Pico PLUS Stable Peroxide 

Solution (Thermo Scientific, Waltham, MA, USA) was used and signals were detected with 

Fusion FX7 imaging system (Vilber Lourmat Deutschland GmbH, Eberhardzell, Germany).  

 

Table 2.10: Primary antibodies for Western Blotting 

Antigen Dilution Host 
animal 

Manufacturer Catalogue 
number 

AKT 1:1000 Rabbit 
Cell Signaling Technology 

(Frankfurt am Main, Germany) 
9272S 

pAKT 
(Thr308) 

1:1000 Rabbit 
Cell Signaling Technology 

(Frankfurt am Main, Germany) 
9275S 

ERK 1:1000 Rabbit 
Cell Signaling Technology 

(Frankfurt am Main, Germany) 
4695S 

pERK 1:1000 Rabbit 
Cell Signaling Technology 

(Frankfurt am Main, Germany) 
91015S 

STAT3 1:1000 Rabbit 
Cell Signaling Technology 

(Frankfurt am Main, Germany) 
30835S 

pSTAT3 
(Tyr705) 

1:1000 Rabbit 
Cell Signaling Technology 

(Frankfurt am Main, Germany) 
9145S 

Claudin 1 1:1000 Rabbit 
Invitrogen 

(Carlsbad, USA) 
51-9000 

Claudin 2 1:1000 Mouse 
Invitrogen 

(Carlsbad, USA) 
516100 

Claudin 4 1:1000 Mouse 
Invitrogen 

(Carlsbad, USA) 
329400 

E-cadherin 1:1000 Mouse 
Cell Signaling Technology 

(Frankfurt am Main, Germany) 
14472S 

JAM-A 1:1000 Rabbit 
Thermo Fisher Scientific 
(Massachusetts, USA) 

36-1700 

β-actin 1:1000 Mouse 
Sigma Aldrich 

(St. Louis, USA) 
A5441 

MMP-7 1:500 Rabbit 
Abcam 

(Cambridge, UK) 
EPR17888-71 

The peroxidase-conjugated secondary antibodies used were goat anti-rabbit IgG or goat anti-

mouse IgG (Jackson ImmunoResearch, Ely, UK) in 1:10000 dilution. 

 
2.2.12 Statistical analysis 

Statistical analysis was performed using the GraphPad Prism software (GraphPad 

Software, La Jolla, CA). For descriptive statistics, means and standard error of the mean values 

(SEM) were calculated. For performing inferential statistics, the non-parametric Mann–Whitney 

U test was applied. p < 0.05 was considered significant. 



  
 

3. Results 
 

3.1 Part one: Monocytes isolated from patients with celiac disease - effect on 

intestinal barrier function 

 

3.1.1 Monocytes isolated from patients with celiac disease disrupt intestinal barrier 

function 

 

As outlined in the Introduction, it has previously been described that barrier integrity is 

altered in CeD patients. To investigate whether monocytes isolated from the peripheral blood 

of patients with celiac disease contribute to a dysfunctional intestinal barrier and alterations in 

barrier integrity, CacoBBe cells, an intestinal epithelial cell (IEC) line were co-cultured with CeD 

monocytes. To determine epithelial barrier function, TER was measured as described in the 

Material & Methods section.  

Firstly, peripheral blood mononuclear cells (PBMCs) were isolated from peripheral 

blood derived from healthy individuals and celiac disease patients with active (ACeD) or 

inactive (GFD: gluten-free diet) celiac disease. PBMCs were sorted for CD14 expression and 

seeded onto 24-well plates. In parallel, IECs were seeded on transwell filters until confluence 

was reached and a stable barrier function had established. Transwells with IECs seeded on 

the filter membrane were then transferred to 12-wells containing CeD monocytes (Fig 3.1). It 

is relevant to emphasize that no direct contact of IECs and CD14+ monocytes can occur in this 

model as the two cell types are separated from each other. Thus, the interaction presumably 

exclusively takes place through soluble factors in the media that are capable of passing the 

filter membrane.  
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Figure 3.1: Setup of the IEC-human CeD monocyte co-culture model. A transwells with 
IECs seeded on the filter membrane was transferred to a well within a 12-well-dish containing 
previously seeded CeD monocytes. 
 

After 48 h of co-culture, the presence of monocytes derived from patients with CeD, 

and independent of their disease status, resulted in a significant reduction in TER when 

compared to IECs exposed to monocytes derived from healthy controls (Fig. 3.2A). Similar 

effects on TER were observed, when IECs were co-cultured with unsorted PBMCs (Fig. 3.2B). 

Thus, these data provide evidence that CeD-derived monocytes are capable of destabilizing 

IEC barrier function. 
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Figure 3.2: Effects on epithelial integrity after co-culture with mononuclear cells. (A) 
Peripheral blood mononuclear cells were isolated and CD14+ cells purified as described in the 
Methods section. Intestinal epithelial cells were co-cultured with CD14+ monocytes from 
healthy donors or celiac disease patients on gluten-free diet (GFD) or active disease (ACeD). 
The transepithelial resistance (TER) was measured after 48 h of co-culture and expressed as 
% of TER prior to addition of monocytes. Mean TERs of the analysis of n=36 (healthy donors), 
n=15 (GFD) and n=20 (AC) individual filters are shown. Monocytes used for these experiments 
were isolated from n=8 (healthy donors), n=4 (GFD) and n=5 (ACeD). (B) Co-culture of IECs 
with total PBMCs from healthy donors or CeD patients on GFD (CeD GFD) was performed. 
TER was measured after 48 h of co-culture. The mean of n=8 (healthy donors), n=8 (GFD) 
individual filters measurements is shown. Monocytes used for these experiments were isolated 
from n=2 (healthy donors) and n=2 (GFD). Mann-Whitney U *p<0.05, comparison between co-
cultures with monocytes from healthy donors and CeD patients; ns: non-significant. 
 

Gliadin is the alcohol-soluble protein component of the protein mixture gluten, capable 

of inducing CeD immune pathology. It can initiate CeD inflammation mainly mediated by T-

cells leading to mucosal damage. The next experiments aimed at exploring whether gliadin 

exerts a direct effect on IECs or on monocytes. Thus, IECs were exposed to IL-15/Tglia in the 

presence or absence of CD14+ monocytes isolated from either healthy controls or patients with 

celiac disease. The presence of IL-15/Tglia alone did not affect the TER. The combined 

addition of IL-15/Tglia and CD14+ monocytes did not differ from the effects described for the 

exclusive presence of CD14+ monocytes from healthy controls or monocytes (Fig. 3.2). These 

results indicate that the effect on epithelial barrier integrity observed after co-culture of IECs 

with CD14+ monocytes is gliadin-independent and appears to be predominantly mediated by 

the celiac monocytes. 
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Figure 3.3: Comparison of the effects on epithelial integrity after addition of IL-15/Tglia 
on CacoBBe cells with or without monocytes or PBMCs exposure. Intestinal epithelial 
cells were co-cultured with CD14+ monocytes or total PBMCs isolated from healthy donors or 
celiac disease patients on glten-free diet (GFD) or with active disease (AC). Subsequently, the 
TER was measured after 48 h of co-culture and expressed as % of TER prior to addition of 
monocytes. The mean of n=36 (healthy donors), n=15 (GFD) and n=20 (AC) individual filters 
measurements is shown. Monocytes used for these experiments were isolated from n=8 
(healthy donors), n=4 (GFD) and n=5 (active CeD). Mann-Whitney U; non-significant. 
 
 

3.1.2 CD14+ monocytes from celiac disease patients induce alterations in tight junction 

expression of intestinal epithelial cells 

 

In our previous experiments, TER was significantly reduced in IECs co-cultured with 

CD14+ monocytes isolated from CeD patients. To explore whether alteration in the expression 

of TJ proteins are responsible for this functional barrier defect, the expression of TJ proteins 

was evaluated. The expression and localization of ZO-1 as well as occludin in the IECs 

(CacoBBe cells) after 48 h of co-culture with CD14+ monocytes isolated from healthy controls 

of patients with celiac disease was analyzed. 

As shown in Fig. 3.4A, the expression of occludin was found to be reduced in the 

presence of CD14+ monocytes from celiac disease patients but not in the presence of CD14+ 

monocytes from healthy controls. In addition, in the presence of CD14+ monocytes from celiac 

disease patients, ZO-1 presented an abnormal structure, which was not observed after co-

culture with CD14+ monocytes from healthy controls. In addition, the presence of CD14+ 

monocytes from CeD patients resulted in a patchy pattern where the expression was 
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significantly reduced. In addition, XZ-projections revealed irregular distribution of ZO-1 as well 

as an uneven structure of the apical membrane after co-culture of IECs with CD14+ monocytes 

from CeD patients (Fig. 3.4B).  

 

 
 

Figure 3.4: Effects on TJ assembly after co-culture with monocytes derived from celiac 
disease patients. (A) Intracellular localization of TJ proteins with a key role in epithelial barrier 
function (occludin and ZO-1) were investigated using confocal microscopy after 
immunostaining. Representative images from n=5 (healthy donors), n=3 (CeD on GFD) and 
n=3 (ACeD patients).  Scale bar: 50 µM. (B) Collapsed Z-stack projections revealing two 
findings: Firstly, ZO-1 levels were found to be reduced in IECs exposed to CeD monocytes. 
Moreover, the apical cell surface of IECs appears to be irregular in shape. The putative apical 
cell surface is indirectly imaged by immunostaining of ZO-1 (apical surface is denoted by a 
white line in the merged images), thereby uncovering the irregularly shaped apical cell surface 
of IECs that had been exposed to CeD monocytes for 48 h. Representative images are shown 
(n=3). 
 

Subsequently, to confirm alterations in TJ assembly, protein levels of occludin and the 

TJ-sealing protein, claudin-5, which has previously been related to the barrier defect in CeD, 

were analyzed. As shown in Fig. 3.5, the expression of occludin and claudin-5 were reduced 
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after co-culture with CD14+ monocytes from celiac disease patients when compared to IECs 

co-cultured with CD14+ monocytes from healthy controls. Therefore, these data provide 

evidence that CD14+ monocytes derived from CeD patients induce a reduction in protein 

expression of occludin and claudin-5 as well as an altered structure and expression of ZO-1. 

Altogether, these data showed an effect of CD14+ celiac monocytes on TJ protein composition, 

which was not observed after co-culture with heathy monocytes. In addition, it indicates the 

structural changes within the IEC layer for the decreased TER described above. 

 

Figure 3.5: Effects on TJ assembly after co-culture with monocytes derived from celiac 
disease patients. Occludin and Claudin-5 protein levels of intestinal epithelial cells were 
evaluated after co-culture with monocytes by Western blotting. 
 

3.1.3 Characterization of CD14+ monocytes from celiac disease patients 

 

As we had observed that celiac monocytes have a role in barrier defect in IECs, the 

next step was to characterize isolated CD14+ monocytes from healthy controls and CeD 

patients to reveal potential differences with regard to surface markers and cytokine expression. 

Flow cytometer analysis was performed after cell sorting for either freshly isolated CD14+ cells 

or after 24 h of culture in the presence of GM-CSF (10 ng/ml). The gating strategy underlying 

the flow cytometric analysis is outlined in Fig. 3.6. The population of interest was subsequently 

analyzed for expression of classical inflammatory markers, specifically CD11b, CD80, HLA-

DR, CD163 and CD16. 
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Figure 3.6: Gating strategy applied to analyze the monocyte population. Peripheral blood 
mononuclear cells were isolated and sorted for CD14+ as described in the Methods section. 
The stepwise gating approach is highlighted by revealing various steps of the flow cytometric 
analytic process. The sequence can be anticipated by following the red arrows. Representative 
plots from a healthy control are shown. 
 

When comparing freshly isolated CD14+ monocytes with monocytes after 24 h of culture 

in the presence of GM-CSF (10 ng/ml), no differences in the expression of any of the analyzed 

surface markers was detected (Fig. 3.7A-F). We also analyzed for cells being double positive 

for CD80 and HLA-DR, which are both markers of inflammation. However, this analysis proved 

not to be significantly different between the groups. 

Another interesting marker, we analyzed, was CD16, which is a marker for 

intermediate/non-classical monocytes involved in different autoimmune diseases, including 

Crohn’s disease but also in atherosclerosis. Interestingly, CD16 expression revealed a slight 

shift toward higher frequencies in celiac monocytes after 24 h exposure to GM-CSF. 

Nevertheless, it did not reach significance levels (Fig. 3.7C).  
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Figure 3.7: Expression of surface markers on peripheral CD14+ monocytes from celiac 
disease patients and healthy controls. Peripheral blood mononuclear cells were isolated 
and sorted for CD14 as described in the Methods section. Subsequently, monocytes were 
cultured in the presence of GM-CSF (10 ng/ml) for 24 h and evaluated by flow cytometry. Each 
dot represents the expression of a surface marker in a single patient. Mean values ± SEM are 
shown. Mann Whitney test. 
 

Subsequently, we investigated the concentration of pro-inflammatory cytokines in the 

supernatants of CD14+ monocytes derived from ACeD patients, CeD patients on GFD and 

healthy individuals. As shown in Fig. 3.8A, IFN-α2, IFN-λ, IL-19, IL-12p70, IL-17A, IL-18, IL-23, 

IL-33 did not reach the detection level of the assay neither in control nor in the CeD group. 

Although not statistically significant, a tendency towards a higher concentration of IL-1β, TNF-

α, IL-8 and IL-10 in the CeD group in comparison to healthy controls was found. More 

interestingly, IL-6 and monocyte chemotactic protein-1 (MCP1) were significantly increased in 

the supernatants of CD14+ monocytes from CeD on GFD patients when compared to CD14+ 

monocytes from healthy controls (Fig. 3.8E-F). These data indicate that CD14+ monocytes 

isolated from CeD patients carry a more pro-inflammatory phenotype. Since there was no 

differene between ACeD and CeD on GFD patients, we concluded that this pro-inflammatory 

phenotype is, however, independent of disease activity. 
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Figure 3.8: Increased levels of pro-inflammatory cytokines in the supernatant of CD14+ 
monocytes from CeD patients. Peripheral blood mononuclear cells (PBMCs) were isolated 
from 10 controls, 10 patients with CeD on a gluten-free diet (GFD) and 4 patients with ACeD. 
CD14+ monocytes were sorted using CD14 MACS MicroBeads (Miltenyi Biotech Bergisch-
Gladbach, Germany) as described in the Methods section. Subsequently, cells were cultured 
for 24 h in the presence of GM-CSF (10 ng/ml). The supernatant was collected after 24 h and 
a LEGENDplex assay to determine cytokine concentrations was performed as described in the 
Methods section. (A) Data are illustrated as a heat map revealing color-coded concentrations 
of cytokines (green: low concentration; red: high concentration). (B–G) Results for individual 
cytokine measurements are shown: Interleukin- (IL-)8, IL-10, IL-1, TNF-α, IL-6, and MCP-1. 
Statistics: Mann Whitney test with *p<0.05.  
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This study was accepted to publication in the journal “International Journal of Molecular 

Sciences”.  Int. J. Mol. Sci. 2019, 20, 5597; doi:10.3390/ijms20225597 
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Some of the experiments (specifically the Sandwich assay, Calcium Switch assay and Cell 
motility assays) included in this part of results were not performed by myself. However, they 
were included in the thesis because me and my supervisor believed them to be essential 
assays for understanding the whole study. I was responsible to carry on with the experiments 
and analysis, and finalize the project. 
 

3.2 Part Two: IL-22 as a model cytokine and its effects on cell polarity and barrier 

function in intestinal epithelial cells 

 

3.2.1 Paracellular intestinal epithelial barrier is impaired after IL-22 exposure  

 

To investigate the role of IL-22 on barrier integrity, IECs seeded on transwell filters were 

exposed to IL-22 (apical and basolateral compartment). A stable epithelial barrier was 

established in HT-29/B6 cells on day 7 and in T84 cells on day 14. Subsequently, apical and 

basolateral cell surfaces were exposed to IL-22. TER was monitored throughout the experiment 

(Fig. 3.9). Exposure to IL-22 induced a significant decrease in TER in a dose-dependent (Fig. 

3.9A) and time dependent manner (Fig. 3.9A-B) with reductions in TER as much as 60% of 

control level at 10 ng/ml and 100 ng/ml of IL-22 (72 h exposure). Furthermore, IECs were 

exposed to other proinflammatory cytokines. Interestingly, the reduction in TER was 

comparable to the result found on IECs exposed to IL-22 (Fig. 3.9C). Interestingly, we could 

visualize the IL-22-induced barrier leak allowing the passage of macromolecules like TMR-

dextran3000 as shown by the sandwich assay (Fig. 3.9D), indicating impairment on barrier 

function.  

In order to evaluate the impact of IL-22 exposure on TJ assembly, IECs were 

challenged in a calcium switch assay. Calcium is the crucial cation that interlinks the 

intercellular homophilic E-cadherin interaction thereby conveying cell-cell adhesion of IECs in 

adherens junctions (ACs). Therefore, IEC filters mounted to Ussing chambers were seeded on 

filters to establish an epithelial barrier in the absence or presence of IL-22 and were then 

deprived of calcium for 30 min, which triggered consecutive loss of cell-cell adhesion of AJs 

and as a consequence of that also of TJs. Substitution of Ca2+ in the buffer triggered 

reassembly of TJs. The course of TER was monitored in 10 s-intervals throughout the 

experiment and measured every 60 minutes for 6 hours. The reestablishment of calcium 

allowed for the formation of protein complexes of cell-cell adhesion and therefore, triggered a 

steady increase in TER. Fig. 3.9E illustrates that IECs exposed to IL-22 reveal a delay in the 

TER rescue effect, and within the experimental procedure did not reach the final TER levels of 
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the control group of filters. This result shows proof that IL-22 exposure of IECs delays TJ 

assembly. Altogether, these results show that IL-22 impairs the paracellular barrier function of 

IECs and promotes an increased permeability of small ions (measured by TER) and 

macromolecules (as measured by the sandwich assay). 

 
Figure 3.9: Barrier integrity is affected by IL-22. (A) Transepithelial resistance (TER) was 
determined in HT-29/B6 cells grown on transwell filters. Cells were exposed to IL-22 at different 
concentrations (0.1, 1, 10 and 100 ng/ml). TERs after 72 h of IL-22 exposure are shown. n= 25 
(B) TER time course in HT29/B6 cells exposed to IL-22 (10 ng/ml); n=32. (C) Comparative 
analysis of TER in T84 cells after a 48 hour-exposure to various cytokines (TNFα: 1000 U/ml, 
IFN-γ: 100 U/ml, IL-22: 10 ng/ml; IL-13: 10 ng/ml; TGF-b1: 20 ng/ml); n=8. (D) Sandwich assay 
(it was not performed by myself) revealing transepithelial passage of macromolecules, 
specifically TexasRed-dextran3000 (red fluorescence) in control and IL-22-treated Caco-2 
cells. E-cadherin, green; nuclei, blue; n=3. (E) Calcium switch experiment (it was not performed 
by myself): T84 cells growing on transwell filters were exposed to IL-22 (10 ng/ml, 48 h) and 
mounted to Ussing chambers, where TER was monitored in 10 s-intervals throughout the 
experiment. Transepithelial resistance was measured every 60 minutes for 6 hours; n=3. Mann 
Whitney U test **p<0,01; ***p<0,001. 
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3.2.2 IL-22 exposure causes formation of atypical cysts formation and defective 

epithelial polarity 

 

After describing the impact of IL-22 exposure on paracellular barrier integrity, the next 

step was to investigate a potential role of IL-22 in altering epithelial polarity. Thus, a well-

established model for epithelial cell polarity, the 3-dimensional (3D) Caco2 cyst model was 

selected. Formation of cysts after exposure to IL-22 was compared to untreated cysts. 

Specifically, the development of the central cyst lumen was analyzed as this is known to reflect 

the integrity of the polarization process. Cells were immunostained and analyzed by confocal 

laser scanning microscopy. Untreated cysts presented a single polarized epithelial layer, as 

observed by the actin staining, and a central and single lumen. Interestingly, IL-22 exposure 

affected cyst formation with the occurrence of multilumen cysts and a completely disorganized 

cyst structure (Fig. 3.10A-B).   

Furthermore, we immunostained key cell polarity proteins, including Par-3, that has 

been described to orchestrate the assembly of apical junctions in epithelial cells and Dlg-1, that 

is physiologically localized to the basolateral cell compartment and excludes certain apical 

proteins from the basolateral cell domains. In general, these expected protein localizations 

were confirmed in established cysts (i.e. five days after seeding). Par-3 was localized to the 

most apical part of the lateral cell membrane in control cysts and Dlg1 was restricted to the 

basolateral membrane. In contrast to that, in IL-22-treated cysts, Par-3 was dislocated as it 

was found diffusely along the entire lateral membrane, similar to what we had previously found 

when immunostaining ZO-1. Furthermore, membranous Dlg-1 staining was reduced compared 

to controls and was shifted to an intracellular compartment (Fig. 3.10C, white arrows). Taken 

together, these results suggest that IL-22 impairs intestinal epithelial polarity and can 

significantly change organization of polarity proteins within 3D cysts. 
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Figure 3.10: IL-22 exposure altered 3D cysts formation and polarization. (A and C) Caco-
2 cells were seeded in Matrigel and grown for 5-7 days to form 3D cysts. Cysts were treated 
with IL-22 (10 ng/ml) starting at the day after seeding. Subsequently, they were fixed and 
immunostained. (A) Blue, nuclei; red, actin; green: E-cadherin. (C) Blue: nuclei; red: Par-3; 
green: Dlg-1. n=4 independent experiments. (B) Quantification of the 3D-cyst experiments (it 
was not performed by myself): Caco-2 cysts growing in Matrigel were analyzed by confocal 
LSM. Multilumen, cysts were microscopically quantified; n=6. 
 

3.2.3 IL-22 exposure increases cell motility and induces epithelial-mesenchymal 

transition on IECs 

  

As we had observed IEC polarity defects after IL-22 exposure, we next investigated, 

whether IL-22 might also impact in cell motility increasing migratory and invasive properties of 

IECs. Thus, we carried out a wound healing assay by performing uniform scratches into a 

single Caco-2 layer that stably expressed actin-GFP and monitored live by confocal LSM. 

Exposure to IL-22 (10 ng/ml) resulted in a statistically significant increased IEC migration 

(Fig.3.11A-B). Similarly, IL-22 had the capacity to induce invasion of cells in a combined 

Matrigel/filter-based assay. After IL-22 exposure, the number of colonies invading the basal 

compartment was approx. 3-fold higher as compared to the control situation (Fig. 3.11C). 

Taken together, these results show that IL-22 increases cell motility and cell invasion. 
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Figure 3.11: IL-22 induces migration and invasion on intestinal epithelial cells. (A) A 
defined scratch (diameter 100 µm) was introduced to filter-grown Caco-2 cells and they kept 
with medium with 1% of fetal bovine serum (Gibco) to avoid cell proliferation. Cells were 
exposed to IL-22 (10 ng/ml) and migration was evaluated by measuring the distance at 24 and 
48 hours after scratching through fluorescence microscopy. (B) IECs were seeded on transwell 
inserts coated with Matrigel and then exposure to IL-22. Subsequently, IECs that passed 
through the membrane formed colonies in the basal compartment, were fixed and stained for 
DAPI. Subsequently, these colonies were counted through fluorescence microscopy. Mann-
Whitney test; * p<0,05; ** p<0,01. These experiments were not performed by myself. 

 

The data previously observed suggest that EMT might be triggered by exposure of cells 

to IL-22. In short, EMT is a process, in which epithelial cells partially lose properties defining 

cell polarity as well as cell-cell adhesion and on the hand gain migratory and invasive 

properties. To follow-up on this thought, further experiments were designed. Since expression 

of a distinct set of proteins is regulated within EMT, we firstly quantified E-cadherin and matrix 

metalloprotease-7 (MMP-7) by western blotting in an experimental course of exposing IECs to 

IL-22. While E-cadherin levels declined significantly after 72 h of IL-22 exposure, MMP-7 

expression peaked 24 h after IL-22 addition (Fig. 3.12A-B), as observed by the densitometry 

analysis (Fig.3.12C-D). 
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Figure 3.12: IL-22 induces epithelia-mesenchymal transition on intestinal epithelial cells. 
IECs were exposed to IL-22 (10 ng/ml) for different lengths in time (15 and 30 minutes, 1, 4, 8, 
24, 48 and 72 hours for western blotting analysis). (A-B) Cells were lysed and protein levels of 
E-cadherin and MMP-7 were investigated through western blotting. Representative blot of 3 
and 2 independent experiment, respectively (C-D) Densitometric analysis of E-cadherin and 
MMP-7 protein levels (n=3 and n=2, respectively). The dashed line represents the expression 
level of the control condition. b-actin was used as an internal control for normalization to protein 
content. 
 

 

To support our hypothesis that EMT is induced by IL-22, SNAI1 (Snail), SNAI2 (Slug) 

and MMP-7 messenger RNA (mRNA) was assessed by RT-qPCR, after 3 and 24 h of IL-22 

exposure in two different concentrations, 10 and 100 ng/ml. In accordance to the previous data, 

IL-22 increased SNAI1 and SNAI2 gene expression, mainly after 24 h of IL-22 exposure, in 

comparison with untreated IECs. Surprisingly, no pronounced difference in mRNA levels for 

Snail and Slug of cells treated with 10 or 100 ng/ml of IL-22 was found. The concentration of 

100 ng/ml of IL-22 induced higher levels of MMP-7 mRNA than 10 ng/ml of IL-22 in 3 h of 

exposure. However, after 24 h of IL-22 exposure, there is no pronounced difference and the 

levels of mRNA are similar between these concentrations (Fig. 3.13A-C). Our data indicate that 

IL-22 is a strong inductor of EMT in IECs, which might contribute to migratory as well as 

invasive properties of IL-22-treated IECs. 
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Figure 3.13: IL-22 induces increased in Snail, Slug and MMP-7 mRNA levels.  IECs were 
exposed to IL-22 (10 ng/ml) for 3 and 24 hours for Real Time-PCR. IECs were exposed to IL-
22 for 3 and 24 hours and then qPCR analysis for the transcription factors Snail (SNAI1, A), 
Slug (SNAI2, B) and MMP-7 (C) was performed. Expression changes were calculated using 
the 2-ΔΔCT method. Mann Whitney U test *p<0,05; **p<0,01: ***p<0,001 n=3 independent 
experiments. 

 

3.2.4 IL-22 affects tight junction protein levels 

 

The next step was to investigate the impact of IL-22 on expression and subcellular 

localization of TJ proteins. In a first step, we monitored the expression of claudins in the course 

of IL-22-exposure by western blotting. After exposing the cells to IL-22, the protein level of 

claudin-1, a barrier-forming claudin, decreased with a pronounced effect after 48 and 72 h of 

IL-22 exposure, whereas protein levels of the pore-forming claudin-2 and claudin-4, which are 

TJ-proteins that had previously been linked to EMT, started to increase after 8 h of IL-22 

addition (Fig. 3.14A-D). 
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Figure 3.14: IL-22 alters protein expression levels of claudins. IECs were exposed to IL-
22 (10 ng/ml) for different lengths in time (15 and 30 minutes, 1, 4, 8, 24, 48 and 72 hours). (A) 
Subsequently, cells were lysed and protein levels of TJ-proteins were investigated by western 
blotting. A representative blot of 3 independent experiments is shown. (C-D) Densitometric 
analysis of protein levels for claudin-1, -2 and -4 (n=3). The dashed line represents the 
expression of the control condition. b-actin was used as an internal control for normalization of 
protein content. Mann Whitney U test *p<0,05; **p<0,01: ***p<0,001; n=3 independent 
experiments. 

 

 We also determined the localization of TJ-proteins using confocal laser scanning 

microscopy. Localization of occludin was shifted to an intracellular compartment and to the 

lateral membrane in the 2D transwell and the 3D cyst model, respectively (Fig. 3.15, white 

arrows). Corroborating our previous data, these results suggest that in fact IL-22 has an effect 

on TJ, which contributes to a defect on barrier function observed after IL-22 exposure in IECs. 
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Figure 3.15: IL-22 alters occludin localization.  Confocal microscopy after immunostaining 
3D and 2D cultures of IECs (A) Caco-2 cells were seeded in Matrigel and grown for 5-7 days 
to form 3D cysts. Cysts were treated with IL-22 (10 ng/ml) starting at the day after seeding. 
Subsequently, they were fixed and immunostained. (B) HT-29/B6 cells grown on transwell 
filters were fixed after 7 days on culture and then immunostained. Dislocation of occludin by 
IL-22 treatment is highlighted by white arrows. Green, occludin; red, actin; blue, nuclei; n=3 
independent experiments.  

 

3.2.5 IL-22 induces phosphorylation of STAT3 and ERK  

 

According to our previous experiments, IL-22 affects barrier integrity and cell polarity 

leading to multilumen cysts formation, as well as increases cell motility inducing EMT in IECs. 

As shown in various previous studies, the STAT3 pathway as well as MAPK/ERK pathways 

are activated upon binding of IL-22 to its receptor. We exposed IECs (HT29/B6 cells) to IL-22 

in different lengths of time (15 and 30 minutes, 1, 4, 8, 24, 48 and 72 hours) to evaluate the 

kinetics of activation of these signaling pathways. As shown on Fig. 3.16A-B, after 15 minutes, 

IL-22 induced phosphorylation of STAT3.This was maintained until 48h when the levels of 

phosphorylation decreased reaching similar levels as observed in the control. ERK was 

phosphorylated after exposing cells to IL-22 for ≥4 h (Fig. 3.16A; C). Interestingly, we did not 
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detect any phosphorylation of AKT in our model system (Fig. 3.16A; D). Our data confirm that 

STAT3 and MAPK/ERK signaling pathways are activated after IL-22 exposure.  

 

 
Figure 3.16: IL-22 signaling activated STAT-3 and MAPK/ERK signaling pathways.  IECs 
were exposed to IL-22 (10 ng/ml) for different time points (15 and 30 minutes, 1, 4, 8, 24, 48 
and 72 hours). Subsequently, cells were lysed and protein levels of members of signaling 
pathways possibly activated by IL-22 were investigated through western blotting. (B-D) 
Densitometric analysis of protein levels of claudin -1, -2 and -4 (n=3). The dashed line 
represents the expression of the control condition. b-actin was used as an internal control for 
normalization to protein content. Mann Whitney U test; *p<0,05; **p<0,01: n=3 independent 
experiments. 
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3.2.6 STAT3 inhibitors are not able to abrogate STAT3 phosphorylation after IL-22 

exposure 

 

In our previous results, we have shown that at least two signaling pathways may be 

crucial for the mechanism of action of IL-22 in IECs. Since activation of STAT3 signaling had 

previously been reported to be pivotal for epithelial protection, we next determined the effect 

of various strategies to inhibit STAT3 signaling. As a control, we exposed IECs (HT29/B6) to 

IL-13, which also induces phosphorylation of STAT3 at 30 min and 48 h, and exposed IECs to 

IL-22 for 48 h. IL-13 induced phosphorylation of STAT3 after 30 min of exposure. Levels of 

phosphorylation decreased again starting at 48 h of IL-13 exposure. Furthermore, the STAT3 

phosphorylation inhibitor Stattic blocked STAT3 phosphorylation levels in the two 

concentrations used in the experiment. However, when IECs were exposed to IL-22, the same 

effects of Stattic was not observed. Instead, STAT3 continued to be strongly activated by IL-

22 in the presence of the inhibitor Stattic, which obviously was not able to inhibit STAT3 

phosphorylation (Fig.3.17A).  

Moreover, we evaluated three additional STAT3 inhibitors with different mechanisms of 

STAT3 phosphorylation inhibition. IECs were exposed to WP1066, which inhibits JAK2 

phosphorylation, which is a protein kinase upstream of STAT3. Thus, when applying WP1066, 

STAT3 phosphorylation becomes consecutively downregulated. Another inhibitor used was 

SI3-201 (STAT3 Inhibitor VI). It is a cell-permeable compound that binds the STAT3-SH2 

domain and prevents STAT3 phosphorylation/activation, DNA binding and STAT3-dependent 

transcription. With a similar mode of action as SI3-201, the STAT3 Inhibitor Peptide was used, 

which is an analogue of the STAT3-SH2 domain-binding phosphopeptide and therefore acts 

as a highly selective inhibitor of STAT3 activation. Once we treated the cells with IL-22, STAT3 

is phosphorylated and none of the inhibitors was able to significantly reduce STAT3 activation. 

Thus, no alteration of TER levels was observed (Fig. 3.17B-C). Altogether, our data show that 

IL-22 strongly induces activation of the STAT3 signaling pathway. Furthermore, STAT3 

inhibitors were not capable of inhibiting STAT3 activation after IECs were exposed to IL-22.  
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Figure 3.17: STAT3 inhibitors are not able to inhibit STAT3 phosphorylation after IL-22 
exposure. HT-29/B6 cells were treated with (A) IL-22 (10 ng/ml) or IL-13 (10 ng/ml) and the 
(B) STAT3 inhibitors Stattic, WP1066, S3I-201 and the inhibitor peptide as described in the 
Methods section. (C) TERs of transwell filters treated with STAT3 inhibitors with or without 
exposing additionally to IL-22 (10 ng/ml) were determined after 48 hours. n=16 filters.  

 

Additionally, IECs were exposed to WP1066 at a higher concentration (50 µM) in order 

to evaluate whether STAT3 activation could be blocked at this high concentration. Surprisingly, 

the inhibitor was able to block STAT3 activation. However, we noted that STAT3 total protein 

levels were also reduced and that TERs of treated IECs that were only exposed to the inhibitor 

were dropping (Fig. 3.18), suggesting a toxic effect of the inhibitor on the IECs at this 

concentration. In line with this, levels of cleaved-caspase-3, a marker for apoptosis, increased 

(Fig. 3.18A-B). In summary, these results indicated that STAT3 is crucial for intestinal cell 

survival. As a result of this, blockage of STAT3 leads to cell death. 
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Figure 3.18: STAT3 signaling pathway is crucial for intestinal cell survival. IECs were 
exposure to WP1066 with or without IL-22. (A) IECs were lysate and western blotting was 
performed to evaluated protein levels of STAT3 total and phospho-STAT3 (pSTAT3), and 
cleaved caspase -3. (B) TER was measured after 24 h of IL-22 exposure on filters treated with 
WP1066 (50 µM) with or without IL-22 (10 ng/ml) exposure. 

 

 

3.2.7 MAPK signal transduction is pivotal to IL-22 effects on intestinal epithelial cells 

 

The following step was to evaluate effects of blockage of MAPK/ERK signaling pathway 

in IECs and its effect on IL-22 mechanism of action. To address this question, the well-known 

inhibitor of MEK, U0126, was used as described on Materials & Methods section. We observed 

total blockage of ERK phosphorylation levels after exposing IECs to the inhibitor (HT29/B6), 

showing that contrary to what was observed previously with STAT3 inhibition after IL-22 

exposure, IL-22-dependent activation of MAPK/ERK signaling was blocked after U0126 

exposure (Fig. 3.19A). In line with the findings on MAPK/ERK phosphorylation, the IL-22-

induced reduction on TER was reversed (Fig.3.19B). This result suggests that the MAPK/ERK 

cascade conveys the intracellular signals that are decisive for paracellular barrier function. This 

is also confirmed by the intracellular localization of occludin in the confocal LSM study, which 

equivalently revealed a reversal of the occludin dislocation when MAPK was inhibited (Fig. 

3.19C). 
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Figure 3.19: Inhibition of ERK phosphorylation reverses IL-22 effects on barrier integrity 
in IECs. IECs were exposed to U0126 (10 µM) for 1 h to evaluate ERK inhibition and 72 h to 
measure TER levels, in the presence or absence of IL-22 (10 ng/ml). (A) IECs were lysed and 
western blotting was performed to determine protein levels of ERK total and phospho-levels of 
ERK (pERK). A representative blot is presented. (B) TERs of treated cells with U0126 with or 
without IL-22 (10 ng/ml) was measured after 72 h. Mann Whitney U test ***p<0,001. (C) IECs 
were fixed with 4% PFA, immunofluorescence for occludin was performed and images were 
obtained using confocal laser scanning microscopy. Blue: nuclei; green: occludin. 
Representative images. n=3 independent experiments. 
 
 

As previously noticed, IL-22 exposure induced changes in claudin protein levels, and 

decreased E-cadherin levels as well as increased MMP-7 protein levels. Interestingly, once 

MAPK/ERK signaling was blocked by treating cells with U0196, the reduction in E-cadherin 

and claudin-1 protein levels as well as the increases in claudin-2, -4 and MMP7 returned to 

similar levels compared to the levels found in untreated cells (Fig. 3.20 3A-F). Altogether, our 

results indicate that MAPK/ERK signaling is central in mediating IL-22-dependent barrier and 

EMT signaling in IECs. 
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Figure 3.20: Inhibition of ERK phosphorylation reverses IL-22 effects on TJ-protein 
levels and E-cadherin. IECs were exposed to U0126 (10 µM) for 72 h with or without IL-22 
treatment (10 ng/ml). (A) Subsequently, they were lysed and western blotting was performed 
to evaluate protein levels of E-cadherin, claudin-1, -2, -4, MMP-7. (D-F) Densitometric analysis 
of protein levels for claudin-1, -2 and -4 (n=3) are shown. b-actin was used as an internal control 
for normalization of the protein content. n=2 independent experiments. 
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Some of the experiments (specifically the Sandwich assay, Calcium Switch assay and Cell 

motility assays) were not performed by myself. However, they were included in the thesis 

because me and my supervisor believed them to be essential assays for understanding the 

whole study. I was responsible to carry on with the experiments and analysis, and finalize the 

project. In addition, I wrote the manuscript. This study was already submitted to the journal 

“Frontiers in Medicine – Gastroenterology” and was recently accepted for publication. 

 

 
 

 



  
 

4 Discussion 
 

4.1. Monocytes in celiac disease 

 

4.1.1 Alterations in barrier integrity caused by CeD monocytes 

 

CeD is a T cell-mediated autoimmune disease that affects the small intestine of 

genetically predisposed individuals and is triggered by gluten ingestion. Activation and impact 

of T cells on CeD is a well-stablished model in order to understand the pathology and 

progression of the disease 198. However, it is unclear how the barrier defect in CeD is triggered. 

Our hypothesis was induced by an early published study that showed that in intestinal 

inflammation, blood monocytes infiltrate in the mucosa, differentiate into macrophages and 

further secrete pro-inflammatory cytokines rather than tissue-resident macrophages 227. Since 

monocytes are classified as mediators of the mucosal barrier defect, we have investigated in 

the present study whether monocytes as members of the innate immune system might have 

an impact on intestinal barrier function. More specifically, we asked, if monocytes from CeD 

patients have an impact distinct of monocytes from healthy individuals and thereby asked, if 

celiac monocytes carry a barrier-deleterious signature. 

 As detailed in the Introduction, previous studies have demonstrated that barrier integrity 

is altered in CeD patients 162,212,213. Here, we reported that not only T cells, but also, monocytes 

derived from CeD patients have effects on barrier integrity of IECs. Our first result showed the 

impact on barrier integrity of IECs co-cultured with monocytes derived from CeD patients on 

GFD or active CeD. After isolation of PBMCs and cell sorting for CD14+ cells, we observed that 

co-culture with CeD monocytes affected barrier integrity of IECs with decreased TER levels, 

regardless of the disease activity, i.e. GFD patients had a similar impact on barrier function 

compared to ACeD patients. This is appears to be somewhat astonishing as GFD is known to 

be the only successful treatment in CeD and – when stringently carried out – leads to clinical 

normalization 206,207. In addition, we performed the co-culture of IECs with unsorted PBMCs 

and a similar result in TER levels was found. Once gliadin is a component of gluten and it can 

initiate uncontrolled inflammatory response, the next experiment explored whether gliadin had 

a direct effect on IECs and/or monocytes. We observed that IL-15/Tglia alone or IL-15/Tglia 

and CeD monocytes did not affect the TER levels. These experiments suggest that the effect 

on barrier integrity of IECs is mainly caused by co-culture with CeD monocytes themselves.  
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 The next step was to evaluate the expression and localization of TJ proteins, once we 

observed decrease in TER levels, which suggest barrier dysfunction and alterations on barrier 

integrity. It is known that TJ are key proteins responsible for the maintenance and proper 

function of the intestinal epithelial barrier 34,35. Studies from our group and others have shown 

that TJ assembly is disrupted in IBD and CeD with increased paracellular permeability, 

decreased in TJ strands formation and alterations on TJ proteins levels (more details in 1.5.1 

Intestinal barrier function in celiac disease). In our next experiment, we demonstrated that CeD-

derived monocytes play a role in regulation of barrier function in IECs, as observed by Lissner 

et al in monocytes derived from IBD patients 77. In accordance, we observed alterations in 

expression of crucial TJ protein, such as ZO-1, occludin and a TJ-sealing claudin, claudin-5. 

These data show that monocytes from active CeD or GFD patients change the structure of the 

TJ, leading to dysfunction of the intestinal barrier. In line with our findings, other studies have 

shown that alterations on TJ proteins occurred in CeD with reduction of occludin, claudin-3, -

5, and -7, and altered phosphorylation of ZO-1 162,215. Although cell death was not analyzed in 

our study, it is important to mention that apoptosis might also contribute to paracellular barrier 

dysfunction in epithelial sheets. This needs specifically to be considered as monocytes might 

induce apoptosis of IECs, either vy secretion of pro-inflammatory cytokines (e.g. TNF-α) or by 

direct cell-cell contact.162,228.  In addition, a dysfunctional barrier by disruption of apical junctions 

might contribute to the paracellular passage of gliadin peptides (gliadin as a protein component 

of gluten and accepted CeD trigger) through the intestinal epithelium, which leads to activation 

of immune responses, causing CeD development in genetically predisposed individuals. This 

activation of immune response due to intestinal permeability is crucial for CeD pathogenesis 
199,229,230. Taken together, these findings suggest that monocytes could also exert a function in 

the development of CeD by altering the barrier function and TJ composition of IECs, 

contributing to the passage of gliadin peptides, which enhance the immune response 

increasing the inflammation status. 

 

4.1.2 CeD monocytes: Surface markers and cytokine production 

 

As observed, co-culture of intestinal epithelial cells and CeD monocytes caused 

impairment of barrier function with alterations of TJ proteins regarding their protein levels and 

their subcellular localization. Therefore, we characterized the monocytes isolated from CeD by 

surface marker analysis and cytokine expression finding a more proinflammatory type of celiac 
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monocyte population with IL-6 and MCP-1 production and a tendency towards increased 

expression of TNF-α and IL-1β. A similar proinflammatory cytokine signature had also been 

observed in intestinal monocytes and macrophages in IBD in other studies 231,232. Interestingly, 

Manavalan et al have demonstrated that significantly higher levels of proinflammatory 

cytokines, as IFN-γ, IL-1β, TNF-α, and IL-8 occur in the serum of CeD patients 233. Interestingly, 

O’Keeffe et al have reported that increased levels of proinflammatory cytokines, as TNF-α and 

MIF (migration inhibition factor) were even found in GFD patients, who revealed a histologically 

normal (i.e. completely healed) duodenal mucosa, 234. Altogether, these findings imply that 

monocytes from CeD patients carry a more proinflammatory phenotype, producing cytokines 

that have a deleterious function on the intestinal barrier. However, we did not inhibit this 

presumably cytokine-related effect on the barrier by applying anti-TNF or IL1 receptor 

antagonist Anakinra as Lissner et al. did in their study. However, when extrapolating these 

data, one comes to the conclusion that it is suggestive that pro-inflammatory cytokines are the 

cause for the barrier-depressing effect of celiac monocytes. Nevertheless, our cytokine 

expression analysis of IL-1β and TNF-α, which were previously shown by Lissner et al. to be 

crucial for the IEC barrier defect in the M1- and M0-polarized macrophage model, only revealed 

a non-significant tendency towards higher levels of these cytokines 77. 

 Interestingly, Cinova et al reported that CeD monocytes presented a more 

proinflammatory activation expressing higher levels of M1 macrophages surface markers, as 

CD80, CD86 and CD40, and activation of NF-κB signaling pathway 199. In accordance to these 

data, our experiments showed that proinflammatory cytokine secretion coincides with higher 

levels of proinflammatory surface markers, as CD80 and HLA-DR, which also suggests a more 

proinflammatory phenotype of the monocytes derived from CeD patients. The expression of 

CD14 and CD16 can be used in order to characterize human monocytes. The majority of 

monocytes in the circulating blood carry CD14+CD16- and they are defined as classical 

monocytes. However, a small subset of CD14+CD16+ monocytes, called non-

classical/intermediate monocytes, was also identified as a population of approx. 15% of total 

monocytes circulating in the peripheral blood of individuals 235. Interestingly, the non-

classical/intermediate monocytes carry inflammatory features, since they produce more 

proinflammatory cytokines. In addition, these non-classical monocytes are observed in 

inflammatory autoimmune diseases, as multiple sclerosis, lupus erythematodes and 

neuromyelitis optica 236,237. Accordingly, we observed that CeD patients revealed higher 
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percentages of CD14+CD16+ monocytes, a finding that also can be interpreted as a 

accentuation of the proinflammatory phenotype observed in these cells. 

In summary, our findings revealed celiac monocytes to have an impact on epthelial 

barrier function with a specific effect on TJ protein composition. Furthermore, we also observed 

a tendency to higher frequencies of CD16-positive monocytes, presumably reflecting a pro-

inflammatory status of celiac monocytes. In line with this, celiac monocytes secreted higher 

levels of the proinflammatory cytokines IL-6 and MCP-1, allowing for the conclusion that celiacs 

– even when successfully on a GFD – reveal a significantly more pro-inflammatory subset of 

peripheral monocytes.  

 

 

Figure 4.1: Simplified scheme with the main results. CeD-derived monocytes carry a 
stronger proinflammatory phenotype. As such, proinflammatory cytokines, including IL-6 and 
MCP-1, are increased. This result might explain the barrier dysfunction observed after co-
culture of IECs and CeD monocytes. 
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4.2 IL-22 as a model cytokine 
 

4.2.1 IL-22: Barrier integrity  

 

IL-22 is a cytokine that with regard to its role in intestinal inflammation was shown to 

induce inflammation in some and reduce inflammation status in other in vivo models of 

intestinal inflammation165,180,184. On the one hand, studies have shown that during infection and 

inflammation, IL-22 induces tissue repair and maintains integrity of the epithelial layer165. On 

the other hand, other studies indicated a pro-inflammatory role of IL-22 on intestinal epithelial 

cells, where IL-22 induced  mucosal barrier defects and also, together with other 

proinflammatory cytokines, as IL-17, IL-18 and TNF-α, increased inflammation status138,187,188. 

These on the first view conflicting results suggested that IL-22 action might depend on the 

inflammatory context, the at the relevant location effective IL-22 concentration and the target 

structure/tissue.  

In this research context, the present study aimed to functionally analyze the intestinal 

epithelial barrier when exposed to IL-22 and, furthermore, to characterize epithelial cell polarity 

altered of IL-22-exposed IECs as we hypothesized, that polarity processes might be 

fundamental in orchestrating barrier function 238,239.  As IL-22 was identified as a crucial 

mediator in inflammation for intestinal tissue repair and regeneration 180,240, it came to our 

surprise, that IL-22 rather de-stabilized epithelial barrier function in various IEC models of 

intestinal barrier function. This appears on the first view to be in contrast to the report by Pickert 

et al, who showed that a barrier-protective role by an increase in wound healing in murine 

models of intestinal inflammation. However, in our study IL-22 destabilized intestinal barrier 

function, inducing defects on barrier integrity with a profound reduction of IEC-TER that 

corresponds to a relevant increase in transepithelial small ion flux which was shown to be 

secondary to an increase in paracellular permeability (as revealed by 2-path impedance 

spectroscopy by PD Dr. Susanne Krug, see our accepted manuscript Frontiers in Med – 

Gastroenterology - 2021) 190,191. These initially surprising finding were validated in three 

different intestinal epithelial cell lines, thereby showing dose- and time-dependence of the IL-

22 effects. Importantly, the barrier function defect is not limited to small ion flux as shown by 

the sandwich assay that allows for visualization of leaks allowing macromolecular flux. These 

data suggested a role for IL-22 in disrupting TJs. Our findings on the other hand were in 

accordance with a study that showed  an IL-22- and claudin-2-dependent mechanism in 
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triggering a leak-flux diarrhea in the murine Citrobacter rodentium as well as a study on 

epithelial barrier defects for small solutes in the CaCo-2BBE model 183,184. Further results of 

our study included an IL-22-induced delay of the reassembly of TJs.  Nevertheless, our 

cautious reasoning at this point in time was, that IL-22 might rather trigger a junctional release 

of cells (which would be measurable as a functional barrier defect) in order to enable IECs to 

migrate into wounds. This explanation might cover both aspects of the findings mentioned 

above. 

 

4.2.2 IL-22: Cell polarity and EMT induction 

 

Further, we noticed, by confocal microscopy, that IL-22 exposure dramatically 

rearranged the structure of Caco-2 cysts with the occurrence of multilumen cysts, connected 

with a significantly altered localization of essential cell polarity proteins for apical complex 

formation, such as Par3 and Dlg1137. In line with this, TER monitoring of IL-22-exposed IECs 

after calcium switch provided functional evidence for a defective assembly of TJs. In 

accordance to several published studies, we confirmed that IL-22 exposure of IECs increased 

cell motility and also invasion of IECs into surrounding structures 186,241,242.  

Our in vitro data thus showed that IL-22 changed TJ structure and severely altered 

barrier function as well as cell polarity with increased cell motility with EMT induction. Specific 

transcription factor including Snail and Slug mediate EMT induction as elucidated in the 

introduction chapter, thereby inducing expressional changes including a decrease in epithelial 

markers as E-cadherin 120. In the present study, we showed that IL-22 is a potent inductor of 

EMT. In that regard, it displays some similarities to IL13, a cytokine that has been previously 

described as an EMT inductor. In their study, Scharl et al reported that TGF-β together with IL-

13 led to EMT-like phenotype in IECs 243. Accordingly, we reported that IL-22 increased 

expression of Snail and Slug (transcription factors related to EMT induction), and decreased 

expression of E-cadherin (epithelial marker). These results point to a reprogramming of IECs 

to allow migration but at the risk of increasing the chance for epithelial invasion to occur. This 

EMT-process includes the reorganization of TJs leading to a release in junctional tightness and 

to contributes to IEC migration into mucosal wounds, suggesting that epithelial polarity is 

altered 244. As found in the present study, Ji et al showed IL-22 exposure stimulated increased 

EMT-like features in gastric cancer cells as accessed through migration and invasion assay. 

This effect occurred via regulating the AKT/MMP-9 signaling axis 245. It differs from our findings, 
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where although we noticed increased cell motility and EMT induction, we could not observe 

induction of AKT phospho-levels nor MMP-9 activity, instead we observed activation of MAPK 

signaling pathway via ERK phosphorylation and increased protein levels of MMP-7.  

 

4.2.3 IL-22: Active signaling pathway 

 

IL-22 binds to its receptor complex (IL10Rb and IL22Ra1) leading to activation of 

downstream signaling pathways via phosphorylation of Tyk2 and JAK1, such as MAPK, 

JNK/p38 and STAT3 that might play a role in the IL-22 mechanism of action 170,171.  In our 

experiments, we did not observe activation of AKT, which suggests that in the models used in 

our study, this pathway was not activated by IL-22. Brand et al and Pickert et al have 

demonstrated an important function of IL-22 regarding wound healing and intestinal healing 

after inflammation 186,190. In contrast, STAT3 pathway did not play a role on TJal and polarity 

reprogramming in our model. In fact, we showed that IL-22 exposure strongly induced STAT3 

phosphorylation, which could only be related to survival signaling, as previously described 
246,247. Interestingly, we found activation of MAPK signaling pathway via ERK phosphorylation 

to be important in IL-22-dependent signaling to barrier function and epithelial polarity. In line, 

inhibiting this pathway reversed almost completely the effects of IL-22 on IECs regarding cell 

polarity, EMT induction and barrier function. Altogether, our data point to a crucial role for ERK 

signaling in the IL-22-dependent programming of IECs. 

We reported that IL-22 exposure has a profound effect on barrier function in IECs, 

leading to impairment in barrier integrity and TJ formation and expression, and effects on cell 

polarity with formation of aberrant 3D-cysts as well changes in the localization of cell polarity 

proteins. In addition, we showed that IL-22 induced cell motility and cell invasion, which may 

be strongly associated to EMT induction in IECs. In our cell model, we found that STA3 is 

crucial for cell survival and blockage of this signaling pathway leads to cell death. We also 

described a signaling pathway that seems to be crucial for IL-22 mechanism of action, 

MAPK/ERK, and once this pathway is blocked, the effects of IL-22 regarding barrier integrity 

and TJ expression levels are impaired. Taken together, our results imply that IL-22 affects IECs 

through MAPK/ERK signaling pathway rather than STAT3 pathway. 

 



Discussion  
 

 

89 

 

Figure 4.2: Simplified scheme highlighting the major effects caused by IL-22 on IECs. 
IL-22 exposure caused increased barrier dysfunction and increased paracellular permeability 
with alterations on claudin levels. At the same time, IL-22 induced defects on cell polarity with 
mislocation of pivotal polarity proteins, as PAR3 and DLG1. In addition, IL-22 exposure induced 
EMT by increasing the expression of the transcription factors Snail and Slug. In line with IL-22 
being a strong inductor of EMT, E-cadherin protein levels were decreased while MMP7 protein 
levels were increased. 
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5 Conclusions  
 

The main goal of the present study was to understand alterations in TJ assembly that 

might cause inflammation, and consequently, inflammatory diseases in the intestine. We can 

summarize our findings in two conclusions: 

 

1 In the first part of the thesis, we have shown that CD14+ monocytes isolated from 

peripheral blood of celiac disease patients induced an intestinal barrier defect mediated 

by a decrease of occludin and claudin-5 expression as well as altered ZO-1. 

Furthermore, we also observed a tendency to higher levels of frequency of CD16-

positive monocytes, which was related to the enhanced proinflammatory status of these 

cells. In line, monocytes isolated from celiac disease patients produced more 

proinflammatory cytokines, specifically IL-6 and MCP-1. Taken together, our results 

showed that celiac monocytes carry a more proinflammatory phenotype, which was the 

presumed cause for the depressing effects on IEC barrier function. 

 

2 In the second part of the thesis data were presented that reveal an epithelial 

reprogramming by the TH17-cytokine IL-22. This includes IEC barrier function as well 

as cell polarity of IECs. Data were provided that revealed altered TJ composition and 

assembly. Also, we demonstrated IL-22 effects on cell polarity with formation of 

Multilumen, aberrant 3-dimensional IEC cysts. In addition, we showed that IL-22 

induces EMT in IECs, with decreased protein levels of E-cadherin and increased levels 

of SNAI1 (Snail) and SNAI2 (Slug) gene expression. The induction of EMT by IL-22 

presumably explains the increased cell motility and increased cell invasion. In our cell 

model, we found that STA3 is crucial for cell survival and blockage of this signaling 

pathway leads to cell death. We also described the MAPK/ERK signaling pathway to 

be crucial for barrier, polarity and EMT as once this pathway is blocked, IL-22-

dependent effects are reversed. Taken together, our results show that IL-22 has an 

effect on reprogramming intestinal epithelial cells through MAPK/ERK signaling 

pathway.
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