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Summary IX

Summary

In inflammatory bowel disease (IBD), the homeostasis between intestinal immunity, the
epithelial layer and the microbiota is disturbed, resulting in an overreaction of the immune
system, barrier damage and inflammation. The two major forms of IBD are Crohn’s disease
(CD) and ulcerative colitis (UC). The tight junction (TJ) regulates the passage of solutes
between the spaces of adjacent cells. In UC patients the expression of tetra-span TJ-
associated Marvel Proteins (TAMPs) including marvelD3 (MD3), occludin (Ocln) and tricellulin
(Tric) are altered and thus TAMPs might play a role in the pathogenies of IBD. MD3 and Ocln
are known to have more regulatory functions, whereas Tric and the tricellular TJ (tTJ) were
found to be directly involved in paracellular macromolecule passage and presumably in

immune cell migration. Hence, TAMPs might have immune regulatory functions.

To investigate this, mice with intestinal epithelial specific overexpression of either MD3, Ocln
or Tric were subjected to dextran sulfate sodium (DSS) induced colitis, which initially targets
the epithelium. Intestinal immune cells from the large intestine were isolated and analysed by
flow cytometry to ascertain changes in immune cell subtypes due to TAMP overexpression
(OE) under control and DSS conditions. Furthermore, RNA was isolated from colon tissue and
expression of different pro- and anti-inflammatory cytokines was determined. Results showed
that TAMP-OE caused alterations in the composition of subjacent immune cells. MD3-OE
showed an increase in the occurrence of CD19* B-cells, Tric-OE appeared to depress CD103*
subpopulations of both intraepithelial lymphocytes (IEL) and dendritic cells (DC), whereas
OcIn-OE supported CD103" IELs and DCs and additionally facilitated the maintenance of

resident, particularly CD4* resident macrophages in DSS-induced colitis.

As another project, organoid derived monolayers (ODM) were established and validated for
their ability to mimic in vivo barrier properties. Organoids can fill the gap between traditional
cell culture and animal experiments due to the greater complexity compared to cell lines and
the better accessibility compared to animals. Moreover, organoids retain donor properties,
which makes them a great tool for personalised medicine and many other research topics.
Initial studies were performed comparing colon ODMs of healthy controls with those of UC
patients. Comparison of duodenum ODMSs to Caco-2 cells and duodenal tissue, demonstrated
that ODMs reflected well both the para- and the transcellular properties of human duodenum
tissue and therefore can be considered as a suitable and good model for barrier research.
Initial analysis of colon ODMs from healthy controls and UC patients showed changes in

transepithelial resistance (TER) and donor specific TJ-protein expression.



In conclusion, the results of the first part could further strengthen the hypothesis that TAMPs
not only play a role within in the TJ but also influence neighbouring cells and compartments,
as demonstrated here for immune cells. However, further studies need to clarify the outcomes
of the changed immune cell composition in more detail and the regulatory mechanisms
beyond. In the second project, the ODM model was successfully established in our laboratory
and evaluated considering barrier properties indicating that this model reflects well the tissue
properties and complexity. ODMs can therefore be used as a more realistic model than

conventional epithelial cell lines to elucidate further mechanisms and drug targets for IBD.
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Zusammenfassung

In chronisch-entziindlichen Darmerkrankungen (CED; inflammatory bowel disease / IBD) ist
die Homdostase zwischen dem intestinalen Immunsystem, dem Epithel und der Mikrobiota
gestort, dies fiihrt zu einer Uberreaktion des Immunsystems, einer beschadigten Barriere und
Entzindungen. IBD manifestiert sich in den zwei Hauptformen Morbus Crohn (MC; Crohn’s
Disease / CD) und Colitis ulzerosa (CU; ulcerative colitis / UC). Der Durchtritt von Substanzen
zwischen zwei benachbarten Zellen wird von der Tight Junction (TJ / Schlisselleiste) reguliert.
In UC-Patienten ist die Expression von TAMPs (TJ-associated Marvel Proteins) welche
MarvelD3 (MD3), Occludin (Ocln) und Tricellulin (Tric) einschlie3en verandert. Es ist bekannt,
dass MD3 und Ocln eher regulatorische Funktionen haben, wahrend Tric und die trizellulare
TJ direkt am parazellularen Durchtritt von Makromolekilen und wahrscheinlich auch bei der
Migration von Immunzellen beteiligt sind. Aufgrund der Expressionsveranderungen bei CED-
Patienten und dieser Funktionen ergibt sich die Hypothese, dass TAMPs eine Rolle bei der

Pathogenese von CED spielen und hierbei auch immunregulatorische Funktionen besitzen.

Um dies zu untersuchen, wurden Mause mit einer intestinalen epithelialen spezifischen
Uberexpression von entweder MD3, Ocln oder Tric mit Dextransulfat-Natrium behandelt
(dextran sulfate sodium / DSS) um eine chemisch-induzierte Kolitis hervorzurufen, welche
zunachst das Epithel angreift. Um Veranderungen in Immunzellsubtypen durch die TAMP
Uberexpression unter Kontroll- und DSS-Bedingungen feststellen zu kdénnen, wurden
Immunzellen des Dickdarms isoliert und mittels Durchflusszytometrie analysiert. Zusatzlich
wurde die Expression von pro- und anti- entziindlichen Zytokinen bestimmt, indem mRNA von
Dickdarmgewebe isoliert wurde. Die Ergebnisse zeigten, dass eine TAMP-Uberexpression zu
Veranderungen in der Immunzellzusammensetzung filhrte. Bei einer MD3-Uberexpression
war das Vorkommen von CD19* B-Zellen erhéht, eine Tric-Uberexpression verringerte die
CD103*-Unterpopulation von intraepithelialen Lymphozyten (IEL) als auch von dendritischen
Zellen (DC), wohingegen eine OcIn-Uberexpression zum vermehrten Vorkommen von CD103*
IELs und DCs fiihrte. Zusatzlich unterstiitzte eine OcIn-Uberexpression die Erhaltung von
residenten Makrophagen, im speziellen von CD4* residenten Makrophagen in DSS-induzierter
Kolitis.

In einem weiteren Projekt wurden intestinale Organoide generiert, daraus erhaltene
Einzelzellschichten (organoid derived Monolayers / ODM) in ihrer Verwendung als Modell der
epithelialen Barriere etabliert und validiert. Organoide kénnen die Liicke zwischen traditioneller
Zellkultur und Tierexperimenten schliel3en, da sie komplexer als Zelllinien und gleichzeitig

leichter verfugbar als Tiermodelle sind. Zusatzlich behalten Organoide spenderspezifische
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Eigenschaften, was sie zu einem guten Modell in personalisierter Medizin und vielen weiteren
Forschungsthemen macht. Ein Vergleich zwischen duodenalen ODMs, Caco-2-Zellen und
Duodenumgewebe zeigte, dass ODMs die para- und transzellularen Eigenschaften von
humanem Duodenum gut darstellen konnten und daher als ein nitzliches und gutes Modell
fur die Barriereforschung betrachtet werden kénnen. Ein initialer Vergleich zwischen
Dickdarm-ODMs von gesunden Kontrollspendern und  UC-Patienten  wiesen
spenderspezifische transepitheliale Widerstande (transepithelial resistance / TER) und TJ-

Protein Expressionen auf.

Zusammengefasst wurde im ersten Projekt die Hypothese gestarkt, dass TAMPs nicht nur
eine Rolle innerhalb der TJ, sondern auch Einfluss auf benachbarte Zellen und weitere
Kompartimente haben, wie hier gezeigt fur Immunzellen. Nichtsdestotrotz missen in weiteren
Studien die Auswirkungen der veranderten Immunzellzusammensetzung und die
regulatorischen Mechanismen dahinter im Detail untersucht werden. Im zweiten Projekt
konnten ODMs erfolgreich in unserem Labor etabliert und in Bezug auf Barriereeigenschaften
validiert werden. Die Barriereeigenschaften demonstrierten, dass ODMs die
Gewebeeigenschaften und Komplexitat gut widerspiegeln konnten. ODMs kénnen daher als
ein realistischeres Model als konventionelle epitheliale Zelllinien genutzt werden, um weitere

Mechanismen und Angriffspunkte fur Medikamente in CED zu identifizieren.
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1 Introduction

1.1 Gastrointestinal tract

The gastrointestinal (Gl) tract is the digestive system of our body and is build up by the
stomach, the small intestine, and the large intestine. The stomach preserves and prepares the
ingested food. The acidic fluid of the stomach kills pathogens and denatures proteins whereas
peptidases digest carbohydrates and proteins (Speckmann, 2019). The small intestine has a
muscular tube shape and can be divided into three parts: the duodenum, the jejunum, and the
ileum, and plays a crucial role in digestion and absorption of nutrients (Speckmann, 2019). The
large intestine also consists of three parts, the cecum, the colon and the rectum and its main

function is the thickening of the stool (Speckmann, 2019).

1.1.1 Gastrointestinal epithelial architecture

The Gl epithelium represents the largest epithelial surface of the body and constitutes the
interface between the inner and outer world. Intact barriers are essential for the correct function
of epithelial tissues and organs (Speckmann, 2019). The intestinal epithelium protects the body
against loss of water and harmful environmental influences like pathogenic intruders. On the
other hand, it is crucial for solute transport.

The small intestine is organised in crypts and villi, whereby the presence of villi increases the
absorptive surface area (Speckmann, 2019), which in addition to the high expression of
absorptive transporters in the small intestinal epithelial cells secures the proper uptake of
nutrients, ions and water. Within the crypt base, intestinal stem cells (ISC) and Paneth cells
(PC) are located and above a zone of transit-amplifying cells (TA cells) can be found which
divide 2-5 times and finally mature into the different epithelial cell types (Figure 1) (Bjerknes
and Cheng, 1981b; Bjerknes and Cheng, 1981a; Bjerknes and Cheng, 1999). Enterocytes are
the most abundant cell type among the intestinal epithelial cells and absorb nutrients, ions,
and water. To further increase their surface and efficiency, they possess microvilli
(Speckmann, 2019). Another absorptive cell type are the microfold cells (M cells), which are
located close to gut-associated lymphoid tissues (GALT) and are important for immune cell
responses by sampling and presenting of antigens to the underlying immune cells. Intestinal
secretory cells include next to PCs, goblet cells (GC), enteroendocrine cells (EEC) and tuft
cells. PCs secret antimicrobial peptides and stem cell supporting factors; GCs produce mucus
which builds a protective layer against bacteria; EEC produce hormones and tuft cells are
chemosensory and therefore convey immune responses (reviewed in (Beumer and Clevers,
2021)).
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The intestine has a high turnover rate of only a few days (Leblond and Stevens, 1948) and
cells are shed into the intestinal lumen at the villus tip, whereas PCs are long living cells (1-2
months) and are cleared by macrophages (Bjerknes and Cheng, 1981b). In contrast to the
small intestine the colon has no villi, much less absorptive transporters and no PCs, but so
called deep secretory cells (DSC) which are similar to PCs with the exception that DSCs do

not express WNT ligands (Figure 1) (reviewed in (Beumer and Clevers, 2021)).

1.1.2 Gastrointestinal epithelial stem cell niche

The Gl tract is exposed to several factors that might be potentially harmful and damaging. To
counteract these hazards the Gl tract has a self-renewable capacity due to a population of
adult stem cells (ASC). These crypt-based columnar (CBC) cells were first described in the
1970s by Cheng and Leblond (Cheng and Leblond, 1974). In 2007, Barker et al. identified
leucin-rich repeat-containing G protein-coupled receptor 5 (LGR5) as a stem cell marker. ASCs
are defined by self-renewal and multipotency, the capability to generate into the tissue specific
cell lineages (Barker et al., 2007).

The surrounding stroma and the epithelium itself build up the stem cell niche. The stem cell
niche maintains homeostasis and supports proliferation of stem cells.

Important stem cell factors are WNT ligands (WNT3a, R-spondin), epithelial growth factor
(EGF), Notch ligands, and bone morphogenic protein (BMP) inhibitors (Figure 1) (reviewed in
(Sato et al., 2009). EGF promotes stem cell proliferation and is released by PCs and stromal
cells (Poulsen et al., 1986). The WNT signalling pathway is known to be essential for stem cell
maintenance and Notch ligands are also crucial for stemness (VanDussen et al., 2012). The
WNT ligand WNT3a is expressed by PCs and stromal cells in the bottom of the crypt and
stromal cells additionally secret R-spondin which further induces the WNT pathway (Korinek
et al., 1998; Pinto et al., 2003; Kuhnert et al., 2004; Kim et al., 2005). The BMP pathway on
the other hand is supressed in the crypt bottom as it promotes differentiation (He et al., 2004;
Kosinski et al., 2007) e.g. Noggin is a BMP inhibitor and expressed in the intestinal epithelial
crypt (Haramis et al., 2004). These opposing WNT and BMP gradients are generated by
specific secretion of agonists and antagonists thereby determining the stem cell zone (Figure
1). Together, these precisely balanced factors and gradients form the stem cell niche and

support the self-renewing capacity of the GI.
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Figure 1 Gastrointestinal epithelial architecture and stem cell niche

Schematic representation of (A) Small-intestinal epithelium; intestinal stem cells are located in the crypt
bottom and designated as crypt-base columnar cells (CBC). CBCs are surrounded by PCs, which
express essential stem cell factors such as WNT3 and EGF. The daughter cells of CBCs migrate upward
through the transit amplifying zone to the tip of the villus, where they undergo anoikis (programmed cell
death caused by loss of attachment). During this migration process they differentiate into enterocytes,
tuft cells, EECs, and M cells. The interface between differentiated cells and stem cell niche is defined
by opposing gradients of WNT and BMP. These gradients are formed by the epithelial cells themselves
and the surrounding mesenchymal cells such as myofibroblast and smooth muscle cells. (B) Colon
epithelium; apart from the absence of villi, the colon epithelium has a structure similar to that of the small
intestinal epithelium. Another difference is that DSCs, instead of PCs, are present in the colon. DSCs
do not secret WNT. Abbreviations: crypt-base columnar cells (CBC); Paneth cells (PC), epithelial growth
factor (EGF), enteroendocrine cells (EEC), microfold cells (M cells); deep secretory cells (DSC) (Beumer
and Clevers, 2021)
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1.1.3 Epithelial cell-cell contacts

One main function of the epithelial layer is to transport solutes and thereby it enables sufficient
uptake of nutrients. Passage of ions, solutes and water can occur either via selective
transporters and receptor-induced endocytosis, representing the transcellular pathway or via
the paracellular pathway passing the spaces between adjacent cells.

Functionally, epithelia can be classified as leaky or tight depending on the proportion of flux or
conductivity via the paracellular and the transcellular pathway. This means that in a leaky
epithelium, the flux of ions through the paracellular pathway can be larger than the ion flux
through the transcellular pathway and, correspondingly, vice versa in a tight epithelium.

The transepithelial resistance (TER) is inversely related to all ion permeabilities of the
paracellular and transcellular pathway. By definition, in leaky epithelia the transcellular
resistance (R'") is higher than the paracellular resistance (RP2@), Rra@ / R < 1, |n tight
epithelia the transcellular resistance is lower than the paracellular resistance (RP@ / R"a"s > 1),
Although the TER does not discriminate between both, it is used to give a rough indication of
whether the epithelium is leaky or tight. In most leaky epithelia the overall TER is low and in
most tight epithelia the TER is high (Claude and Goodenough, 1973). In tubular shaped
epithelial organs like Gl tract and kidney tubules, the proximal segments are leaky while the

distal parts are tight.

In any case, uncontrolled diffusion via the paracellular route must be prevented to ensure
correct function of epithelial tissues and organs. This is achieved by a network of cell-cell
contacts. Four groups of cell-cell contacts can be distinguished that form junctional complexes,
tight junctions, adherens junctions, desmosomes, and gap junctions (Denker and Nigam, 1998;
Farquhar and Palade, 1963) (Figure 2).

Communication of neighbouring cells is mediated through gap junctions (nexus) which form
channels for small solutes up to 1 kDa. Six transmembrane proteins, called connexins, form
one hemi-channel on the cell membrane. Two hemi-channels of two adjacent cells can interact,
thereby allowing the exchange of small molecules (reviewed in (Kumar and Gilula, 1996)).

Adherens junctions (Zonula adherens, AJ) are a belt-like structure connecting two adjacent
cells. They are formed by cell adhesion molecules of the cadherin family. Cadherins of adjacent
cells can bind to each other and are anchored to the cell cytoskeleton by actin filaments

(reviewed in (Ivanov and Naydenov, 2013)).
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Desmosomes (Macula adherens) are located at the basal side of adherens junctions and
further strengthen the connection of two neighbouring cells. Desmosomes consist — among

other proteins — mainly of desmogleins and desmocollins (reviewed in (Garrod et al., 1996)).

Tight junctions (Zonula occludens, TJ) are a meshwork formed by transmembrane proteins
located close to the apical side of the epithelium. They bring neighbouring cells in contact and
by this control the paracellular diffusion, which is defined as “gate” function determining the
paracellular passage of ions and small molecules. In addition, as membrane-protein complex
surrounding the whole epithelial cell, they have a “fence” function, hindering the free movement
of membrane compartments like membrane proteins between basolateral and apical
membrane. This leads to a functional polarisation which is crucial for the proper tissue function.
Basolateral and apical membranes differ molecularly and express specific transporter proteins
(Diamond, 1977).

Paracellular
pathway

Apical

ﬁActin

Actin
Tight )
Junctions Occludin
Actin
JAMs C
———
Adherens

Junctions

Desmosomes

Basolateral
Figure 2 Junctional complex formed between two adjacent epithelial cells

The junctional complex consists of tight junctions (TJ), adherence junctions, desmosomes, and gap
junctions. TJ proteins bind with their C-terminus on tight junction-associated proteins such as Zonula
occludens (ZO)-1. ZO proteins link the TJ proteins to the cytoskeleton via actin. Modified from (Shi et
al., 2018)
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1.2 Tight junctions

TJ strands were discovered more than 50 years ago using freeze fracture electron microscopy
(Staehelin et al., 1969). They were found to build a belt-like structure at the apical membranes
of epithelial cells. TJs that form between two adjacent cells are called bicellular TJs, whereas
TJs formed at the points where three or more cells meet are tricellular TJs (tTJ). tTJs form a
10 nm wide and 1 pm long tube extended to the basal side (Staehelin, 1973) and are differently

constituted in comparison to bTJ.

The TJ proteins comprise four different transmembrane protein families: Claudins (Cldn')
(Mineta et al., 2011; Furuse et al., 1998) and the TJ-associated Myelin and lymphocyte And
Related proteins for VEsicle trafficking and membrane Link (MARVEL) proteins (TAMP)
(Ikenouchi et al., 2005; Steed et al., 2009; Furuse et al., 1993) are tetra-span proteins, while
angulins (Higashi et al., 2013) and junctional adhesion molecules (JAMs) (Martin-Padura et
al., 1998) are single-span proteins (Figure 3).

In addition, TJ-associated proteins like zonula occludens (ZO) and cingulin are involved in TJ
formation and function. They are located intracellularly and link the TJ to the cytoskeleton via

actin or myosin and therefore have regulatory functions (reviewed in (Shi et al., 2018)).

TAMP
claudin-1 to -27 occludin marvelD3 tricellulin angulin-1 to -3 JAM-A to -C

tetra-span proteins single-span proteins

extracellular
[

intracellular

in most claudins

Localization: bicellular TJ tricellular TJ bicellular TJ

| PDZ motif | | MARVEL domain | 1 ELL domain j ! Ig domain

Figure 3 Tight junction protein families
Two tetra-span protein families, claudins and tight junction-associated MARVEL proteins (TAMP), and

two single-span proteins families, angulins and JAMs, form together the TJ. While claudins, occludin,

1 CLDN (claudin human)
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marvelD3, and JAMs are mainly located at bicellular TJs, tricellulin and angulins are most abundant at
tricellular TJs (Piontek et al., 2020)

1.2.1 JAMs (junctional adhesion molecules)

As mentioned above, JAMs are single-span proteins and their extracellular part is folded into
two immunoglobulin (IG) domains. JAMs are expressed in endothelial and epithelial cells but
also in leukocytes and thrombocytes (Sobocka et al., 2000; Ludwig et al., 2005). While their
function for the TJ barrier is not fully understood they are known to be involved in cell-cell
contacts of endothelial cells and are binding sites for viruses. Other than that, JAMs also play
arole in the formation of new TJs (Ebnet et al., 2004). JAMs can be divided into two subgroups
— the JAM proteins including JAM-1/A, JAM-2/B, and JAM-3/C and the second group
comprising coxsackie and adenovirus receptor (CAR), CXADR-like membrane protein
(CLMP), endothelial cell-selective adhesion molecule (ESAM), and JAM-like protein (JAM-4/L)
(Zen et al., 2005).

1.2.2 Claudins

In mammals, 27 claudin family members are known, which are similar in sequence and
structure (Mineta et al., 2011; Krause et al., 2008). Together they form the backbone of the TJ
and interact with each other via their extracellular loops. Either proteins of the same cell
membrane interact with each other (cis-interaction) or proteins of two opposing cells interact
with each other (trans-interaction). Thereby, they define the TJ permeability properties and
tissue permeability depends on the composition of the respective Cldns within the TJ. Cldns
either have a barrier-forming function or a channel-forming function. Channel-forming claudins

can be grouped in (1) cation and water channels, (2) cation channels, and (3) anion channels.

In the intestine, Cldn1, Cldn2, Cldn3, Cldn4, Cldn5, Cldn7, Cldn8, Cldn12, Cldn13, Cldn15,
and Cldn18 are expressed. Cldn1, Cldn2, Cldn7, Cldn12, and Cldn15 are expressed
throughout the whole intestine, whereas Cldn5, Cldn13, and Cldn18 are only expressed in the
small intestine and Cldn3, Cldn4, Cldn7, and Cldn8 are enriched in the colon (reviewed in
(Garcia-Hernandez et al., 2017)).

In the intestine, Cldn2 (Amasheh et al., 2002; Fujita et al., 2008; Rosenthal et al., 2010) and
Cldn15 (Charoenphandhu et al., 2009; Tamura et al., 2011; Rosenthal et al., 2020) have cation
and water channel-forming properties, and Cldn7 and Cldn12 might form cation channels
(Alexandre et al., 2005; Fuijita et al., 2008), while Cldn1, Cldn3, Cldn4, Cldn5, and Cldn8 are
barrier-forming Cldns (Furuse et al., 2002; Amasheh et al., 2005; Amasheh et al., 2009b; Milatz
et al., 2010).
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The small intestine with lower expression of barrier-forming Cldns and a high expression of
channel-forming Cldns is a leaky epithelium with a low TER. The colon in comparison has a
lower expression of channel-forming Cldns and the expression of barrier-forming Cldns is

higher, making the colon a tight epithelium with a high TER.

1.2.3 TAMPs (Tight Junction-associated Marvel Proteins)

TAMP family members are tetra-span proteins but have no sequence similarity to Cldns
(Mariano et al., 2011a). The TAMPs are sharing a MARVEL domain (Raleigh et al., 2010) and
this protein family includes occludin (Ocln?) (Furuse et al., 1993), tricellulin (Tric®, MARVEL
D2) (Ikenouchi et al., 2005), and MARVEL D3 (MD3) (Steed et al., 2009).

In 1993, occludin (Ocln) as the first TJ protein was discovered (Furuse et al., 1993). It
possesses four transmembrane domains and the C-terminal elongation factor (eleven-
nineteen lysine-rich leukemia) ELL domain which allows the interaction with TJ-associated
proteins like ZO1 (Tsukita and Furuse, 1998). Ocln is ubiquitously expressed at bTJs; however
knockout of Ocln in mice did not alter TJ morphology. Nevertheless, Ocln-deficient mice
suffered from chronic inflammation and hyperplasia of the gastric epithelium, calcification in
the brain and testicular atrophy (Saitou et al., 2000). These results were strengthened with the
findings that in human mutations of OCLN also lead to calcification in the brain and renal
dysfunction (O'Driscoll et al., 2010; LeBlanc et al., 2013). The barrier function of Ocln is not
determined yet and remains rather controversial. Ocln knockout mice showed no impairment
of the barrier (Saitou et al., 2000) and OCLN did not play a role in macromolecule passage
(Richter et al., 2019). However, over-expression caused an increased epithelial resistance and
an increase in TJ strands (McCarthy et al. 1996). Though, OCLN was found to have rather
regulatory functions (Richter et al., 2019), for example in mammary Ocln regulates apical
protein secretion (Zhou et al., 2020) and Ocln knockout altered differentiation in gastric
epithelial cells (Saitou et al., 2000; Schulzke et al., 2005).

Ikenouchi et al. discovered tricellulin (Tric) in 2005 (Ikenouchi et al., 2005). Tric is ubiquitously
expressed in epithelial cells at tTJs but can be found in small amounts also at bTJs. Four
isoforms of TRIC are discussed (Riazuddin et al., 2006), TRIC-a (64 kDa), which is usually
designated as TRIC, is the longest isoform with seven exons and a C-terminal ELL domain.
TRIC-a (62 kDa) lacks exon three, TRIC-b (51 kDa) lacks the ELL-domain and TRIC-c (52 kDa)

has an alternative spliced exon two and therefore misses two of the suggested transmembrane

2 OCLN (Occludin human)
8 TRIC (Tricellulin human)
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domains. With the C-terminal ELL domain Tric can translocate basolaterally (Westphal et al.,
2010) and binds to the lipolysis-stimulated lipoprotein receptor (LSR)/Angulin-1 (Masuda et al.,
2011). Furthermore, mutations in this domain are associated with deafness (Riazuddin et al.,
2006). Other functions described for Tric are an influence on TJ organization in tTJs and bTJs
(Ikenouchi et al., 2005). Moreover, Tric plays an important role in the regulation of
macromolecular passage. While downregulation of TRIC causes an increase, tTJ
overexpression leads to a reduced macromolecular passage (lkenouchi et al., 2005; Krug et
al., 2009a)

Marvel D3 (MD3) was discovered as the third TAMP protein by Steed et al. in 2009 (Steed et
al., 2009). In comparison to OCLN and TRIC, MD3 lacks the ELL domain at the C-Terminus
and exists in two splice variants (v1 and v2) which differ in their MARVEL sequence (Raleigh
et al., 2010). MD3 is expressed at bTJs and tTJs in several tissues including murine jejunum,
hepatocytes, and renal tubules (Cording et al., 2013). While MD3-v1 was found to be more
stable at tTJs, MD3-v2 was more stable at bTJs, indicating different functions of those two
variances (Raleigh et al., 2010). Albeit the function of MD3 is not fully understood, it was found
to have influence on cell behaviour and survival (Steed et al., 2014), to play a role in
development (Vacca et al., 2016; Vacca et al., 2018) and to stabilise the TJ (Steed et al., 2009)
but interestingly not being critical for TJ formation (Steed et al., 2009).

Due to the similar structure of the three TAMPs, overlapping properties can be assumed.
Indeed, during functional investigations of Ocln and Tric knockouts, lkenouchi and colleagues
observed that Ocln and Tric were relocated in the respective other knockout (lkenouchi et al.,
2005; lkenouchi et al., 2008). Moreover, MD3 was found to colocalise and interact with both,
OCLN and TRIC, whereas no interaction was detected between OCLN and TRIC (Raleigh et
al., 2010; Cording et al., 2013). However, Ocln expression displaces Tric from the bTJ
(Ikenouchi et al., 2008). Knockdown of one of the TAMPs caused a delay in TJ assembly and
did not lead to an upregulation of the other TAMP proteins (Raleigh et al., 2010). Together
these findings indicate overlapping but not redundant functions of the three TAMPs.

However, the exact function of TAMPs and their interaction with each other and their

environment are not completely understood and need further investigation.

1.2.4 Angulins

The name angulin originates from the latin word “angulus” meaning “corner”, indicating that
angulins are located at the tTJ like Tric. Additionally, they serve as landmarks to recruit Tric to

the tTJ (Masuda et al.,, 2011). The angulin family has three members so far — angulin-1
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[lipolysis-stimulated lipoprotein receptor (LSR) / ILDR3], angulin-2 [immunoglobulin Ig-like
domain-containing receptor (ILDR1)] and angulin-3 [ILDR2 / LISCH-like / C10rf32] (Higashi et
al.,, 2013). These proteins are single-span transmembrane proteins with an extracellular Ig-
domain (Masuda et al., 2011). Angulins are expressed in most epithelial tissues, angulin-1 and
angulin-2 are usually complementary or in some tissues co-expressed, for example in the
colon angulin-1 is expressed in the lower part of the crypt, whereas angulin-2 is expressed in
the upper part. Angulin-3 is mainly expressed in epithelia covering neural tissues (Higashi et
al., 2013). Although all three angulins can recruit Tric, the impact of angulin-3 on the barrier
function was much lower compared to angulin-1 and -2. This suggests that recruitment of Tric
is not sufficient to properly tightening the tTJ (Higashi et al., 2013). In addition to Tric, angulins
are able to bind some Ocln and angulin-3 could even bind traces of MD3-v2 but not MD3-v1
(Higashi et al., 2013). Mutations in angulin-2 lead to deafness (DFNB42) (Borck et al., 2011)
similar to deafness caused by mutational changes in TRIC (DFNB42) (Riazuddin et al., 2006).
Recent investigations on angulin-1 revealed that it supports the vertically extended localization
at tTJ of TJ proteins via its binding to ZO1. Furthermore, knockout of angulin-1 caused an
increase in fluorescein flux (332 Da) and decrease in TER, which could be restored by
exogenous angulin-1 expression and that angulin-1 expression corresponded with proper

plasma membrane contacts at the tTJ (Sugawara et al., 2021).

1.3 Gastrointestinal organoids

In vitro investigations of the TJ barrier are often performed using immortalised cancer cell lines
like CaCo-2 or the HT29/B6 cells. However, these cell lines only consist of one epithelial cell
type. In contrast, organoids are 3D self-organizing structures which can contain all tissue-
specific cell types. Sato et al. managed to culture the first organoids in 2009 by applying the
essential stem cell niche factors like Wnt ligands, Noggin and EGF to freshly isolated ISCs
(Sato et al., 2009). Organoids can derive from ASCs (Sato et al., 2009; Sato et al., 2011a) or
pluripotent stem cells (PSC) (McCracken et al., 2014; McCracken et al., 2011). PSCs can
either originate from embryos (embryonic stem cells, ESC) or induced pluripotent stem cells
(iPSC), which are re-programmed somatic cells. With the knowledge of the specific stem cell
niche factors it is possible to grow ASCs and PSCs into organoids, which reflect the crucial
aspects of the tissue of origin and maintain the capacity of self-renewal and differentiation
(Sato et al., 2009).

ASCs-derived Gl-organoids are generated within one week and are long-lived (years),
whereas it takes up to 30-60 days until PSCs form differentiated organoids and cannot be
passaged several times (McCracken et al., 2011). Furthermore, the administration of niche

factors and inhibitors is even more complex and sensitive than for ASCs-derived organoids.
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Another difference between ASCs- and PSCs-derived organoids is that ASCs-derived
organoids do not contain any mesenchymal cells and only consist of intestinal epithelial cells
(IEC) after some passages, while the PSCs-derived organoids maintain a combination of
mesenchymal and epithelial cells (Pompaiah and Bartfeld, 2017).

Gl-organoids have a polarised apical and basolateral surface, where the apical side faces the
organoid lumen and retain physiological functions of the original tissue (Blutt et al., 2018). In
comparison to epithelial cancer cell lines, organoids exhibit a low occurrence of mutations
(Sato et al., 2011b). Common techniques can be applied to organoids similar to cell lines and
primary cells including protein analysis, microscopy, cryo-electron microscopy, single-cell RNA
sequencing, mass spectroscopy, and genetic manipulations.

However, organoids have some drawbacks. One obstacle is the accessibility of the apical side
of 3D organoids. To counteract this, either microinjections, inside-out organoids (Nash et al.,
2021) or organoid-derived monolayers (ODMs) are used (Figure 4). ODMs polarize with the
basal side down and the apical side upwards. Seeding them on a cell culture insert (e.g.
transwells) enables the application to the basolateral and the apical side (Kozuka et al., 2017;
VanDussen et al., 2015; Moon et al., 2014). Thereby, techniques for a more detailed
investigation of the epithelial barrier such as transepithelial resistance (TER) and flux

measurements or Ussing chamber experiments can be performed (Holthaus et al., 2021).

(A) (B) - (C) :
3D culture Microinjection Inside-out
Access to the basal side Access to the apical side Access to the apical side
D E
( ) ODM ( ) ODM

l apical .

Lebdbebabatal,
basal
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Access to the basal side
Access to the apical side Access to the apical side

Figure 4 Ways to get access to the apical side of organoids

(A) Organoids are cultured as a 3D structure embedded in an extracellular matrix with the apical side
facing the lumen of the organoid, thereby hindering apical access. Several methods are available to
counteract this, including (B) microinjection, (C) inside-out organoids, and (D and E) organoid-derived
monolayers (ODM). While microinjection is difficult to perform, inside-out organoids and ODMs on cell

culture plates have the disadvantage of only allowing access to the apical side, not the basolateral side.
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In contrast, ODMs seeded on a cell culture insert (E) allow parallel application to the basolateral and

apical sides. (Created with Power Point based on (Co et al., 2019))

Another disadvantage is that several organoid culture systems are published that differ in
culture conditions (e.g. different growth factors/ inhibitors) and origin (e.g. donors of different
ages). This might have great influence on the experimental outcomes and requires further
investigation and determination (also discussed in (Bartfeld, 2016)). Moreover, organoids only
consist of epithelium or epithelium and mesenchyme but lack other cell types of the native
microenvironment like immune cells, muscle cells, blood vessels or stroma cells. Therefore,
they are still limited and only resemble a reduced model of an organ (Bartfeld, 2016). For
solving this issue, organoids are nowadays co-cultured with other cell types e.g. immune
(Nozaki et al., 2016; Noel et al., 2017) or stroma cells (Nakamura et al., 2019).

On the other hand, a pure epithelial culture can be favoured as it enables researchers to
investigate the epithelium without any influences or interferences of other cell types.
However, organoids are a very advantageous model, although they certainly have some
drawbacks. They close the gap between cell lines and in vivo studies, as they are more
complex than cell lines but have properties like long-term culture, high proliferation, and the
ability to be used with common techniques.

Organoids are promising models for several research topics like pathophysiology e.g. cancer
and inflammatory bowel disease (IBD), infection diseases, tissue homeostasis, living biobanks,
pharmacological drug screening, and personalised medicine. In the meantime the generation
of organoids of different vertebrates and tissues have been established like stomach (Barker
et al., 2010), small intestine (Sato et al., 2009), large intestine (Sato et al., 2011a), liver (Huch
et al., 2013), lung (Rock et al., 2009), and brain (Lancaster et al., 2013).

However, other tissue components such as the immune system are also very important for
proper Gl function and homeostasis. Recent research combines these components to obtain

models that are even closer to the in vivo situation than organoid cultures alone.

1.4 Gastrointestinal immunity

The immune system of the Gl tract is crucial for the maintenance and homeostasis of the gut
and the overall health. However, the Gl immunity is very challenging as a sensible balance
between tolerance and sensitivity needs to be protected. All barriers to the environment are
challenged with a massive amount of commensal and pathogenic antigens. However, the
intestine needs to absorb essential nutrients and protect against intruders at the same time,

thereby being potentially prone for infections. Furthermore, the colonisation of the intestine
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with commensals is required to ensure a sufficient nutrient uptake and therefore must be
tolerated (Murphy, 2018a).

The epithelial layer is the first player that addresses this challenge by the production of mucus
that shields the barrier from direct penetration of the microbiota. Secondly, the epithelial barrier
serves as a physical barrier itself and TJs regulate the paracellular passage of ions and
molecules as described. Additionally, the epithelial barrier acts as an immune barrier as it
secretes antimicrobial peptides including lysozyme and a-defensins and the expression of
pattern recognition receptors (PRR). Recognition of pathogen-associated molecular patterns
(PAMP) and damage-associated molecular patterns (DAMP) by PRRs lead to the expression
of pro-inflammatory cytokines and the activation of immune cells (Murphy, 2018a).

The latter are contributing to regulate the fragile homeostasis of the Gl and fight against
pathogens. Immune cells are found throughout the Gl in the epithelium, the lamina propria (LP)
or are organised in secondary lymph organs like mesentery lymph nodes (MLN) and GALT
which include Peyer’s patches (PP) (only in the small intestine), isolated lymphocyte follicles
(ILF), tonsils and the appendix (in humans). GALTs are important for initiating the immune
response and are constituted manly of B and T lymphocytes and dendritic cells. Immune

effector cells are mostly located within the epithelium and the LP (Murphy, 2018a).

1.4.1 Myeloid cells

Myeloid cells include macrophages, dendritic cells (DC), and neutrophils among others. All
three are involved in innate immune response and are phagocytic. Further, they induce and
regulate adaptive immunity, especially macrophages and dendritic cells as antigen presenting

cells (APCs) are important for adaptive immune responses.

1.4.1.1 Neutrophils

Neutrophils (polymorphnuclear leukocytes) are short-lived phagocytes which make up 50-70%
of human and 10-25% of mouse circulating leukocytes (reviewed in (Wera et al., 2016)).
They are absent from tissues under healthy conditions and are recruited by resident
macrophages, IEC or Ty17 cells upon danger signals to the site of infection. The main function
of neutrophils is to kill invading microbes. Therefore, they possess several antimicrobial
features. Neutrophils can produce high amounts of toxic reactive oxygen species (Murphy,
2018b), possess several intracellular granules, containing antimicrobial agents like a-
defensins, and produce neutrophil extracellular traps (NET) (Brinkmann et al., 2004) upon
activation. Further, neutrophils express different cytokines and chemokines to recruit other
immune cells for example macrophages and thereby stimulate immune responses. Neutrophils

are known to migrate through the epithelial layer to kill pathogens in the gut lumen.
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Transendothelial migration of neutrophils was observed via paracellular clefts and here mainly
at tricellular corners (Burns et al., 1997). Although the process of transmigration is not
completely understood it is known that the leukocyte B2 integrin CD11b/CD18 and the JAM-L
protein expressed by neutrophils as well as the JAM protein CAR and OCLN expressed by
IECs are involved in neutrophil transepithelial migration (Zen et al., 2005). Despite their
protective function, an increased accumulation of neutrophils is associated with ulcerative
colitis (UC) (Bressenot et al., 2015), therefore a fast clearance of neutrophils by macrophages

is important to maintain intestinal homeostasis.

1.4.1.2 Macrophages

Intestinal macrophages are located closely under the epithelial layer where they phagocyte
apoptotic cells and secret intestinal epithelial growth factors e.g Wnt ligands. Therefore, they
are supporting epithelial tissue remodelling. Furthermore, macrophages are involved in several
processes to maintain Gl homeostasis. They capture and eliminate commensals and express
anti-inflammatory cytokines as e.g. Interleukin (IL)-10, transforming growth factor (TGF)-f8, and
IL-1pB.

IL-10 and TGF-B support T regulatory cells (Tg) maintenance and expansion (Hadis et al.,
2011; Murai et al., 2009; Kim et al., 2018), therefore it is suggested that macrophages play a
role in regulating oral tolerance. Tolerance might be further achieved by the hyposensitive PRR
signalling of intestinal macrophages. IL-1B3, expressed by macrophages, maintains T helper
(Th) 17 cells (Panea et al., 2015) and induces colony-stimulating factor 2 (CSF2) expression
in innate lymphoid cells (ILC)3 (Mortha et al., 2014), that in turn promotes DC differentiation
(Greter et al., 2012). Moreover, intestinal CX3C motif chemokine receptor 1 (CX3CR1) positive
macrophages can sample luminal antigens with the formation of transepithelial dendrites
(TED) (Niess et al., 2005).

CX3CR1* macrophages are capable of antigen transfer to cluster of differentiation (CD) 103
(syn. Integrin alpha E, ITGAE) positive cDCs via gap junctions, thus indirectly involved in
priming naive T-cells (Mazzini et al., 2014). Since mature macrophages are major
histocompatibility complex class Il (MHCII) high, they might present antigens to previously
activated T-cells (Murphy, 2018a).

During acute infection, macrophages secrete neutrophil chemoattractants (IL-8 hu, CXCL1, 2,
and 5 ms) to induce neutrophil influx to the site of infection. Conversely, recruited neutrophils
are important for monocyte/macrophage recruitment and function.

Most macrophages of the LP mature from migrating blood monocytes and are high-affinity
immunoglobulin (IgG) receptor FcyR1 low (CD64'°) Ly6C" MHCII- CX3CR1™ in the beginning.
In a first step they gain MCHII expression during maturation and then lose their Ly6C

expression and finally differentiate into CD64*CX3CR1" Ly6C- MCHII" resident macrophages.
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This process is called the “monocyte waterfall” (Tamoutounour et al., 2012; Bain et al., 2013)
(Figure 5). While resident macrophages retain their anti-inflammatory phenotype during
inflammation (Bain et al., 2013; Weber et al., 2011; Kamada et al., 2008), freshly derived
monocytes mature into pro- or anti-inflammatory macrophages depending on the surrounding

environment.

1.4.1.3 Dendritic cells

Dendritic cells are APCs with the unique ability to prime naive T-cells. They derive in the bone
marrow and migrate into the intestinal tissue where they sample and “scan” antigens. Due to
their expression of PRR, DCs can distinguish between harmful and harmless antigens and
react accordingly, thereby playing an important role in regulating the immune tolerance against
food and commensal antigens in the gut (reviewed in (Bernardo et al., 2018; Murphy, 2018a)).
After sampling an antigen, DCs lose their antigen sampling and processing capacity and
instead increase their antigen presenting capacity to naive T-cells and migrate from the LP to
the GALTs. DCs present four signals to the naive T-cells: first an increased expression of the
processed and potentially harmful antigen, second an increased expression of co-stimulating
factors, third an increased expression of pro- or anti-inflammatory cytokines and fourth a tissue
homing signal (reviewed in (Bernardo et al., 2018; Murphy, 2018a)). Therefore, they can
regulate the type and location of immune responses.

DCs in the mouse and human intestine can be classified into plasmacytoid DCs (pDCs) and
classical DCs (cCDs). cDCs can be further subdivided into four subsets: CD103* CD11b~ (in
humans: CD103* SIRPa~) and CD103- CD11b* (in humans: CD103~ SIRPa*) CD103* CD11b*
(in humans: CD103* SIRPa*) and CD103~ CD11b expressing cDCs (reviewed in (Bernardo et
al., 2018; Cerovic et al., 2014)) (Figure 5).

All cDCs can migrate to MLNs, ILFs or PPs and present soluble antigens to naive T-cells.
CD103* CD11b" are the predominant cDC subtype in the small intestine and can induce Tu1,
Tu17 immune responses or Treg development. In the colon, the most abundant cDC subtype is
CD103* CD11b™ cells. They can also induce Tnv17 immune response and Ty development but
in contrast to CD103* CD11b* induce Th2 instead of Tu1 immune responses (reviewed in
(Bernardo et al., 2018)). CD103* CD11b* and CD103* CD11b~ cDCs possess a retinaldehyde
dehydrogenase 2 (RALDH2) activity in the small intestine which allows the formation of dietary
vitamin A to retinoic acid (RA). RA promotes the development of immunoglobulin A (IgA)

secreting B-cells (reviewed in (Bernardo et al., 2018)).

Yet, it is difficult to distinguish between DCs and macrophages, since they share several
expression markers. For example, many macrophages express CD11c and MCHII, which were

typical markers to identify DCs. On the other hand, the pan-macrophage marker F4/80 was
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also found to be expressed in cDCs. However, the CD64 can sufficiently discriminate between
DCs and macrophages (Gautier et al., 2012). While MCHII* CD11c* CD64™ cells are migratory
cells which depend on the cDCs specific growth factor FMS-related tyrosine kinase 3 ligand
(FIt3L), MCHII* CD11c* CD64" development depends on the colony stimulating factor 1
(CSF1/M-CSF) and are non-migratory.

1.4.2 Lymphoid cells

Lymphoid cells are mainly adaptive immune cells and therefore have an antigen specific
immune reaction. They include B-cells, T-cells, intraepithelial lymphocytes (IEL), and innate
lymphoid cells (ILC).

1.4.21 B-cells

B-cell functions are antibody production, antigen presentation and cytokine generation. In
GALT activated B-cells migrate from PPs/ILFs/MLNs to the LP and differentiate into plasma
cells (PCs) which express high amounts of IgA (Figure 5). IgA expressing plasma cells were
found to promote Ty maintenance (Kim and Kim, 2014). IgA dimers are secreted into the gut
lumen via transcytosis. At the apical side of the epithelium IgA protects against the binding and
intrusion of microorganism on/in IECs. Furthermore, IgA can bind and neutralise large antigens
like bacteria, toxins and enzymes and therefore is important for the protection of the Gl tract
(Murphy, 2018a).

1.4.2.2 T-cells

T-cells are divided into two main types — the MHC-I restricted CD8* cytotoxic T-cells and the
MHC-II restricted CD4* Tn cells. Ty cells include Tu1, Tu2, Tu17 and Ty cells. Tu1 cells
eliminate intracellular pathogens and express pro-inflammatory cytokines like interferon-y
(INF-y) and tumour necrosis factor-a (TNF-a) (Murphy, 2018c). In contrast Ty17 cells are
involved in fighting extracellular parasites and fungi and express IL-17, IL-21 and IL-22
(Murphy, 2018c). Furthermore, Ty17 maintain epithelial homeostasis due to the expression of
IL-22. TH2 cells express IL-4, IL-5 and IL-13 and play a role in parasite clearance and allergic
responses (Murphy, 2018c). T.gs are important for immune tolerance, homeostasis and
prevent against abnormal immune responses Trgs €xpress the transcription factor forkhead
box protein P3 (FOXP3) and produce anti-inflammatory cytokines like IL-10 and TGF-B
(Murphy, 2018c).
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1.4.2.3 Innate lymphoid cells (ILC)

Another cell type of the lymphoid cell lineage are ILCs which accumulate in mucosal tissue,
but in contrast to T-cells do not express antigen specific receptors. However, ILCs protect
against infection and are important for intestinal homeostasis. ILCs are divided into natural
killer (NK) cells, ILC1 (like Tu1 cells), ILC2 (like Th2), and ILC3 (like Th17) based on their similar

cytokine expression and function with respect to Th cells (Murphy, 2018c).

1.4.2.4 Intraepithelial lymphocytes (IEL)

IELs are restricted to the intestinal epithelium and do not circulate. They reside below TJs but
above the basement membrane. Most of them express CD103, with which they can interact
with E-cadherin of enterocytes (Murphy, 2018a). During migration through the epithelium,
interactions with Ocln were observed (Edelblum et al., 2012). Upon activation they express the
activation markers CD69 and CD44. T-cell receptor (TCR) positive and TCR negative IELs
have been identified (reviewed in (Olivares-Villagomez and Van Kaer, 2018)). The population
of the latter is small and knowledge is limited, but some TCR~ IELs subsets were found to
resemble ILCs (Fuchs et al., 2013). TCR" IELs consist of natural IELs (nlELs) and induce IELs
(ilELs), nlELs immediately home to the intestinal epithelium after development. In contrast, the
ilELs are already antigen experienced conventional T-cells (reviewed in (Cheroutre et al.,
2011)). nlELs include TCRap* CD8aa"™ and TCRyd&*, the former (TCRap* CD8aa*) share
functions with Tregs as they are involved in tolerance and express TGF-$ and IL-10 (reviewed
in (Ma et al., 2021)). TCRy®" nlELs exhibit a dual function: at the beginning of an infection they
rather act cytotoxic and express several proinflammatory cytokines to fight invasive microbes
(Ismail et al., 2009; Ismail et al., 2011), however at a later point of inflammation TCRyd" nlELs
limit excessive inflammation and tissue damage (Roberts et al., 1996). TCRyd" nlELs were
observed to be highly mobile migrating between epithelium and LP.

TCRap* CD4* IELs and TCRap* CD8ap* IELs are ilELs. Similar to conventional T-cells,
TCRap* CD4" have more Ty functions and TCRap* CD8af* are more cytotoxic. Nevertheless,
both are involved in pathogen elimination and also exhibit immune regulatory functions
(Murphy, 2018a).
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Figure 5 Gastrointestinal immunity

The mucus layer produced by epithelial cells is the first barrier that prevents the direct penetration of the
microbiota. Furthermore, the epithelial cell layer itself serves as a physical barrier. In addition, innate
and adaptive immune cells of the myeloid and lymphoid lineages play an important role in
gastrointestinal immunity. Under healthy conditions, monocytes constitutively enter the mucosa and
differentiate into gut resident macrophages, which secret anti-inflammatory cytokines under
inflammatory conditions. CX3CR1-positive macrophages are able to sample luminal antigens by forming
transepithelial dendrites and can transfer antigens to CD103-positive dendritic cells. During
inflammation, monocytes and neutrophils are recruited to the side of inflammation and are the first cells
to eliminate invaders. In an inflammatory environment, newly invaded monocytes differentiate into pro-
inflammatory macrophages. Dendritic cells can differentiate between MAMPs and PAMPs and each
triggering an anti- or pro- inflammatory immune response from T-cells, respectively. T-cells, in turn, can
activate B-cells, which differentiate into plasma cells that can produce IgA. Natural and induced
intraepithelial lymphocytes act as guardians of the gastrointestinal tract. (Created with Biorender and
Power Point; based on (Cerovic et al., 2014; Popov et al., 2021)).
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1.5 Inflammatory bowel disease (IBD)

In inflammatory bowel disease (IBD), the homeostasis between intestinal immunity, the
epithelial layer, and the microbiota is disturbed, resulting in an overreaction of the immune
system, barrier damage, and inflammation. IBD describes chronic and relapsing Gl diseases,
which manifest in diarrhoea, abdominal pain, intestinal bleeding, and blocking. The two major
forms of IBD are Crohn’s disease (CD) and ulcerative colitis (UC) (Figure 6).

CD appears in segmental inflammations and can occur in the whole digestive tract, but the
terminal ileum is the most often affected segment (80% of cases). CD can be classified as ileal
type, colonic type, or ileocolonic type in terms of the region affected. In contrast to CD, UC is
limited to the colon, and inflammation typically starts at the rectum (proctitis) and can progress
proximal to the splenic flexure (left-sided colitis) until the entire colon is affected (pancolitis,
20% of cases) (reviewed in (Neurath, 2019)). CD affects all layers of the intestine, leading to
complications such as abscesses, fistulas, and strictures while in UC only the mucosa and

submucosa are involved.

CD uc

Figure 6 Crohn’s disease (CD) and ulcerative colitis (UC), the two entities of

inflammatory bowel disease (IBD)
CD appears in segmental inflammations and can occur in the whole digestive tract and can affect all
layers of the intestine. In contrast, UC is a continuous inflammation limited to the colon and only mucosa

and submucosa are involved (Neurath, 2019).

In severe but rare cases, IBD can cause death. However, the standardised mortality ratio
(SMR) of CD and UC patients was similar (1.25 and 0.71, respectively) compared to the
general population (Aniwan et al., 2018). IBD prevalence is increasing worldwide, initially in
Western countries and today especially in developing countries (Ng et al., 2017). The onset of

IBD is usually diagnosed at an age of thirty to forty years in case of UC, and twenty to thirty in
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CD, but can develop at any age (Burisch and Munkholm, 2015). To date, there is no cure for
IBD, and combined with its early onset in life, low mortality rate, severe symptoms, and

increasing prevalence, IBD is a major burden on healthcare systems worldwide.

A disrupted homeostasis between immunity, epithelium and microbiota induces IBD. In
addition, environmental factors such as smoking, diet, and medication as well as genetic
predisposition are of importance in the aetiology of IBD. Meta-analysis of genome-wide
associated studies (GWAS) identified 201 loci associated with IBD (Jostins et al., 2012; Liu et
al., 2015). Of which 41 loci are CD-specific, 30 UC-specific and 68% (137) are shared by CD
and UC, further demonstrating similar but distinct features of the two diseases. Among IBD
specific associated loci, the following processes were identified: barrier function, tolerance,
innate defence, Th17/Tq cells, autophagy, antigen presentation, and negative regulatory of
immunity (Khor et al., 2011). This is once again pointing to the role of a disrupted epithelium

and impaired immunity in the aetiology and pathogenesis of IBD.

During the last decades several alterations in intestinal immunity in IBD patients were
elucidated. As a result, CD is associated with upregulated Ty1 immune responses and the
expression of pro-inflammatory cytokines such as IFN-y, TNF-q, IL-2, whereas UC is driven
by a non-conventional Th2 response and expression of TGF-B, IL-10, IL-5, and IL-13.
Moreover, IBD patients have elevated IL-17a levels representing increase of Ty17 cells (Fujino
et al., 2003). In addition, changes of innate immune cells were observed. Proinflammatory
macrophages accumulate in the mucosa of IBD patients and produce proinflammatory
cytokines such as IL-1, IL-6 and TNF-a (Bain et al., 2013; Rugtveit et al., 1997). Similar DCs
lose their tolerogenic function and exhibit a more inflammatory phenotype further enhancing
Tu1 and Tw17 cells (Middel et al., 2006; Mann and Li, 2014).

The epithelial barrier is also compromised, for example loss of mucus and mucus-producing
goblet cells is characteristic of UC (Jass and Walsh, 2001) and cell death occurs as a natural
result due to the overreaction of the immune system. Furthermore, the TJ barrier is impaired
in IBD, leading to a leaky barrier. TJ structural changes were observed including reduced
numbers of strands and particle-like structures with strand brakes instead of continuous and
linear strands, indicating a disturbed paracellular barrier (Heller et al., 2005; Zeissig et al.,
2007). Moreover, TJ protein expression is altered in IBD.

CLDN1 and CDLN2 are upregulated in UC and CD (Weber et al., 2008; Poritz et al., 2011;
Prasad et al., 2005; Heller et al., 2005; Zeissig et al., 2007). CLDN12 and CLDN18 are
upregulated in CD and UC, respectively (Amasheh et al., 2011; Zwiers et al., 2008). CLDN3,
CLDN4, CLDNS and CLDNS8 are downregulated in CD, while CLDN3, CLDN4 and CLDN?7 are
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downregulated in UC (Prasad et al., 2005; Lameris et al., 2013; Zeissig et al., 2007; Oshima
et al., 2008). The TAMP protein OCLN is downregulated in CD and UC (Heller et al., 2005;
Zeissig et al., 2007), whereas TRIC downregulation was only observed in UC (Krug et al.,
2018). Albeit, TRIC was delocalised in CD from the crypt bottom towards the surface epithelium
(Krug et al., 2018), which might be due to a reduction of angulin-1 in CD patients (Hu et al.,
2020).

The upregulation of CLDN2 combined with the downregulation of barrier-forming CLDNs leads
to an increased flux of water and solutes from the basolateral side into the lumen, resulting in
leak flux diarrhoea. Furthermore, the downregulation of TRIC opens the paracellular pathway
for macromolecules (Krug et al., 2018) including antigens from food or pathogens. This might

further induce inflammatory processes in the subjacent immune cells.

Until now it is not clear if an impaired TJ barrier is cause or trigger of IBD. However, it is clear
that there is a high interaction between IEC and intestinal immune cells, indicated by the effects
of several immune cells derived cytokines on TJ proteins. For example, TNF-a, TGF-3, IL-6
and IL-13 are linked to the upregulation of CLDNZ2 in IBD (Zeissig et al., 2007; Kojima et al.,
2008; Suzuki et al., 2011; Heller et al., 2005). The downregulation of the barrier-forming Cldns
(Cldn1, Cldn5, Cldn7) was found to be initiated by the two proinflammatory cytokines TNF-a
and IFN-y (Amasheh et al., 2009a). In addition, IL-13 leads to downregulation of TRIC in UC
(Krug et al., 2018).

Immune cells can use TJs as a paracellular pathway to completely pass through the epithelium
in case of neutrophils (Burns et al., 1997; Kucharzik et al., 2001) or to reach the lumen for
antigen sampling in case of DCs and macrophages (Rescigno et al., 2001; Kubo et al., 2009).
Some were even found to express TJ proteins (Mariano et al., 2011b; Sung et al., 2006). For
example, TRIC expression was detected on cells of the monocyte/macrophage lineage in the
LP (Mariano et al., 2011b).

These results highlight the close relationship between the mucosal immune system and the TJ
barrier. However, knowledge of the processes behind is limited. Previous research found that
immune cells influence the TJ barrier, for example, through the expression of various
cytokines, but whether and how the TJ proteins might influence the underlying immune cells

in the pathogenesis of IBD remains to be elucidated.
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2 Aims

IBD incidences are increasing worldwide, but there is still no cure. Although some treatments
are promising and can induce remission or alleviate symptoms (e.g. anti-TNF, anti-1112/23 and
corticosteroids) they do not work for all patients, and often the required treatment doses
increase over time. However, all these therapies focus on the regulation/inhibition of the
immune system, whereas the epithelial aspects of IBD pathogenesis seem often to be
overlooked in the search for treatment targets. Even though an intact epithelium is essential
for intestinal homeostasis and one aspect of the pathogenesis of IBD might be increased
luminal antigen uptake due to an impaired epithelial barrier, which further promotes

inflammatory processes.

The first aim of this study was to elucidate the influence of the impaired TJ barrier on the
subjacent immune cells and vice versa during intestinal inflammation. As TJ proteins are
potentially involved in macromolecule and thus antigen passage might be of importance, focus
was laid on the three TAMPs. MD3 and Ocln are known to have more regulatory functions,
whereas Tric and the tTJ were found to be directly involved in paracellular macromolecule
passage and presumably in immune cell migration. Hence, TAMPs might have immune

regulatory functions.

Organoids can fill the gap between traditional cell culture and animal experiments due to the
greater complexity compared to cell lines and the better accessibility compared to animals.
Moreover, organoids retain donor properties, which makes them a promising tool for
personalised medicine. However, organoids have a major disadvantage when it comes to
researching barrier properties. Their 3D structure hinders easy access to the apical side and
does not allow the investigation of the barrier with common techniques. Therefore, the
establishment of a 2D organoid system / ODMs is essential to enable barrier analysis.
However, well-defined culture conditions are essential as they have great impact in the
experimental outcome.

Thus, the second aim of this study was to establish intestinal organoids and organoid-derived

monolayers (ODMs) and optimisation of standardised culturing methods in our lab.
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3 Materials

3.1 Antibodies
Table 1 Antibodies

Target Reactivity
Angulin-1/LSR  human
chicken,
R-Actin dog,
human,
mouse, rat
Claudin-1 ﬁaﬁ;an
(2H10D10) ’
mouse, rat
Claudin-1 chicken,
human, rat
Claudin-2 ﬁﬁ?ﬁan
(12H12) ’
mouse, rat
Claudin-2 dog,
(MH44) human, rat
dog,
Claudin-3 human,
mouse
Claudin-4 ﬁﬁ?ﬁan
(3E2C1) ’
mouse, rat
dog,
Claudin-7 human,
mouse
Claudin-15

Host

rabbit

mouse

mouse

rabbit

mouse

rabbit

rabbit

mouse

rabbit

rabbit

WB

WB

WB

WB

WB

Dilution

1:200
1:1000

1:10000

1:200

1:1000

1:200
1:1000

1:1000

1:200
1:1000

1:200
1:1000

1:200
1:1000

1:200
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Supplier

Atlas antibodies AB,
Bromma, Sweden Cat.
HPA007270

Sigma-Aldrich Chemie
GmbH, Traufkirchen,
Germany, CAT. A5441

Invitrogen, Thermo
Fisher Scientific GmbH,
Dreireich, Germany, Cat.
374900

Invitrogen, Thermo
Fisher Scientific GmbH,
Dreireich, Germany, Cat.
519000

Invitrogen, Thermo
Fisher Scientific GmbH,
Dreireich, Germany, Cat.
325600

Invitrogen, Thermo
Fisher Scientific GmbH,
Dreireich, Germany, Cat.
516100

Invitrogen, Thermo
Fisher Scientific GmbH,
Dreireich, Germany, Cat.
341700

Invitrogen, Thermo
Fisher Scientific GmbH,
Dreireich, Germany, Cat.
329400

Invitrogen, Thermo
Fisher Scientific GmbH,
Dreireich, Germany, Cat.
349100

Invitrogen, Thermo
Fisher Scientific GmbH,
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Target

Cytokeratin 19

CD4-APC
(GK1.5)

CD4-BV711
(GK1.5)

CD4-FITC
(GK1.5)

CD8a-BV785
(53-6.7)

CD8a-FITC
(53-6.7)
CD8b-

Alexa 700
(YTS156.7.7)

CD11b-
APC/Cy7
(M1/70)

CD11c-PerCP
Cy5.5 (N418)

CD19-FITC
(1D3)

CD19-PE
(1D3)

CDA44-FITC
(IM7)

CD45-APC/Cy7

Reactivity

human,
mouse

mouse

mouse

mouse

mouse

mouse

mouse

human,
mouse

mouse

mouse

mouse

human,
mouse

mouse

Host

rabbit

rat

rat

rat

rat

rat

rat

rat

Armenian
hamster

rat

rat

rat

rat

WB

FC

FC

FC

FC

FC

FC

FC

FC

FC

FC

FC

Dilution

1:1000

1:300

1:400

1:200

1:100

1:100

1:200

1:100

1:200

1:400

1:400

1:100

1:200

Materials

Supplier

Dreireich, Germany, Cat.
389200

Invitrogen, Thermo
Fisher Scientific GmbH,
Dreireich, Germany, Cat.
PA5-32463

Biolegend GmbH,
Koblenz, Germany, Cat.
100412

Biolegend GmbH,
Koblenz, Germany, Cat.
100447

BD Bioscience,
Heidelberg, Germany,
Cat. 553729

Biolegend GmbH,
Koblenz, Germany, Cat.
100750

Biolegend GmbH,
Koblenz, Germany, Cat.
100706

Biolegend GmbH,
Koblenz, Germany, Cat.
126618

BD Bioscience,
Heidelberg, Germany,
Cat. 557657

Invitrogen, Thermo
Fisher Scientific GmbH,
Dreireich, Germany, Cat.
45-0114-82

Biolegend GmbH,
Koblenz, Germany, Cat.
152404

Invitrogen, Thermo
Fisher Scientific GmbH,
Dreireich, Germany, Cat.
12-0193-82

Biolegend GmbH,
Koblenz, Germany, Cat.
103006

Biolegend GmbH,
Koblenz, Germany, Cat.
103116
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Target

CD45.2-
BUV395 (104)

CD45-V500
(30-F11)

CD62L-
APC/Cy7

(MEL-14)

CD64-APC
(X54-5/7.1)

CD69-APC
(H1.2F3)

CD103-PE-CY7
(2E7)

CX3CR1-BV605
(SAO11F11)

FC-Block/
CD16/CD32

Ly6C-PE
(HK1.4)

Ly6G-
Alexa 700 (1A8)

Ly6G-PE-Cy7
(RB6-8C5)

MarvelD3

Reactivity

mouse

mouse

mouse

mouse

mouse

mouse

mouse

mouse

mouse

mouse

mouse

Host

mouse

rat

rat

mouse

Armenian
hamster

Armenian
hamster

mouse

rat

rat

rat

rat

rabbit

FC

FC

FC

FC

FC

FC

FC

FC

FC

FC

WB

Dilution

1:100

1.200

1:100

1:100

1:40

1:200

1:200

1:250

1:400

1:200

1:300

1:1000
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Supplier

BD Bioscience,
Heidelberg, Germany,
Cat. 564616

BD Bioscience,
Heidelberg, Germany,
Cat. 561487

Biolegend GmbH,
Koblenz, Germany, Cat.
104428

Biolegend GmbH,
Koblenz, Germany, Cat.
139306

Biolegend GmbH,
Koblenz, Germany, Cat.
104514

Biolegend GmbH,
Koblenz, Germany, Cat.
121426

Biolegend GmbH,
Koblenz, Germany, Cat.
149027

BD Bioscience,
Heidelberg, Germany,
Cat. 553142

Invitrogen, Thermo
Fisher Scientific GmbH,
Dreireich, Germany, Cat.
12-5932-82

Biolegend GmbH,
Koblenz, Germany, Cat.
127622

TONBO Biosciences,
San Diego, United
States,

Cat. 60-5931-U025

Kind gift of Jerrold
Turner, Laboratory of
Mucosal Barrier
Pathobiology, Brigham
and Women'’s Hospital,
Harvard Medical School,
Boston, USA
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Target

MarvelD3

MHC II-
Pac. Blue
(M5/114.15.2)

Noggin

Occludin
(OC-3F10)

Occludin

Occludin

R-Spondin1

TCRb-

Pac. Blue (H57-

597)

TCRgd-PE
(GL3)

Tricellulin
(54H19L38)

Tubulin-alpha

Reactivity

human

mouse

mouse

dog,
human,
mouse, rat

dog,
human, rat

human,
mouse, rat

human/
mouse

mouse

mouse

human

bovine,
chicken,
human,
mouse, rat

Host

rabbit

rat

goat

mouse

rabbit

rabbit

mouse

armenian
hamster

armenian
hamster

rabbit

mouse

IF

FC

WB

WB

WB

WB

WB

FC

IF
WB

WB

Dilution

1:200

1:500

1:2000

1:200
1:1000

1:1000

1:2000

1:100

1:100

1:200
1:1000

1:4000

Materials

Supplier

Proteintech Germany
GmbH, Planegg-
Martinsried, Germany,

Cat. 25667-1-AP

Biolegend GmbH,
Koblenz, Germany Cat.
107620

R&D Systems, Bio-
techne, Wiesbaden-
Nordenstadt,
Germany,Cat. AF719-SP

Invitrogen, Thermo
Fisher Scientific GmbH,
Dreireich, Germany, Cat.
331500

Invitrogen, Thermo
Fisher Scientific GmbH,
Dreireich, Germany, Cat.
711500

Proteintech Germany
GmbH, Planegg-
Martinsried, Germany,

Cat. 27260-1-AP

R&D Systems, Bio-
techne, Wiesbaden-
Nordenstadt,
Germany,Cat. MAB4658-
SP

Biolegend GmbH,
Koblenz, Germany Cat.
109226

Biolegend GmbH,
Koblenz, Germany Cat.
118108

Invitrogen, Thermo
Fisher Scientific GmbH,
Dreireich, Germany, Cat.
700191

Sigma-Aldrich Chemie
GmbH, Traufkirchen,
Germany, CAT. T9026
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Target

Vimentin (R28)

Z01-647 (ZO1-
1A12)

secondary
antibody Alexa
Flour 488

secondary
antibody Alexa
Flour 594

secondary
peroxidase-
conjugated
antibodies
secondary
peroxidase-
conjugated
antibodies

Reactivity

Human,
mouse, rat,
monkey

dog, human

rabbit

mouse

rabbit

mouse

Host
rabbit WB
mouse IF
goat IF
goat IF
WB
WB

3.2 Buffers and solutions

Table 2 Buffers and solutions

Buffer/ Solution

Crypt isolation

Coating solution

EDTA solution

Agarose gel electrophorese
TRIS-Acetate-EDTA

(TAE) Buffer

Immunofluorescence staining

Fixing solution

Composition

0.1% (wiv) BSA
in 1x PBS**
2.5mM EDTA
in 1x PBS**

Dilution

1:1000

1:500

1:500

1:500

1:10000

1:10000

0,4 M Tris; 0,01 M EDTA

2% (w/v) Paraformaldehyde
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Supplier

Cell Signaling
Technology Europe,
B.V., Leiden,
Netherlands, Cat. 3932

Invitrogen, Thermo
Fisher Scientific GmbH,
Dreireich, Germany, Cat.
MA3-39100-A647

Invitrogen, Thermo
Fisher Scientific GmbH,
Dreireich, Germany, Cat.
A11034

Invitrogen, Thermo
Fisher Scientific GmbH,
Dreireich, Germany, Cat.
A11032

Jackson
ImmunoResearch,
Cambridge House, UK,
Cat. 111-036-003

Jackson
ImmunoResearch,
Cambridge House, UK,
Cat. 115-036-003
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Buffer/ Solution

Permeabilisation solution

Blocking solution

20 x
TRIS — EDTA - Citrate (TEC)
Buffer

TBST (IF and WB)

Western Blot

Total lysis buffer

Membrane lysis buffer

5 x Leammli buffer

Separation gel

Stacking gel

10 x West buffer

Electrophorese (EPHO)
buffer

Transfer buffer

WB blocking solution

Materials

Composition

in 1x PBS**

0.2% (v/v) Triton X-100

In 1x PBS*"*

5% (w/v) BSA; 5% (v/v) Goat serum
in 1x PBS**

41 mM Tris; 34 mM EDTA; 23 mM NazCsHs0-

20 mM Tris; 500 mM NaCl; 0,1% (v/v) Tween 20
in ddH20 pH 7,3

10 mM Tris-HCI (pH 7.5); 150 mM NaCl; 0.5% (v/v)
Triton X-100, 0,1% (w/v) SDS;

in ddH20

1 pill protease inhibitor per 10 ml buffer

1 M Tris-HCI (pH 7.4); 1 M MgCl,, 0.5 M EDTA; 0.5 M
EGTA

in ddH20
1 pill protease inhibitor per 10 ml buffer

500 mM DTT; 125 mM Tris/HCI (pH 6.8); 50% (v/v)
Glycerol; 10% (w/v) SDS; 0.001% (w/v) Bromphenol
blue

in ddH20

8 - 12.5% Acrylamid / Bisacrylamid (Rotiphorese Gel
30% (37.5: 1)); 350 mM Tris buffer (pH 8.8); 0.1% (v/v)
SDS, 0.1% (v/v) APS, 0.1% (v/v) TEMED

in ddH20

5.1% Acrylamid / Bisacrylamid (Rotiphorese Gel 30%
(37.5:1)); 125 mM Tris buffer (pH 6.8); 0.1% (w/v) SDS,
0.1% (v/v) APS, 0.1% (v/v) TEMED

in ddH20

1.9 M Glycin; 0.25 M Tris

in ddH20 (pH 8.1 - 8.4)

10% 10 x west buffer, 0.1% SDS

in ddH20

10% 10 x west buffer, 10% Methanol

in ddH20

1% (w/v) PVP-40; 0,05% (v/v) Tween 20
in ddH20

Immune cell isolation and staining

EDTA digestion solution

5 mM EDTA; 10 mM HEPES
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Buffer/ Solution

Collagenase digestion
solution

100% Percoll

80% - 40% Percoll

T-cell stimulation solution

FACS

3.3 Cell lines
Table 3 Cell lines

Cell line
HT-29/B6

Caco-2

HEK-293
L-WRN

One Shot™ TOP10F‘
Chemically
Competent

3.4 Chemicals
Table 4 Chemicals

Chemical
1,4 Dithiothreitol (DTT)

2-Mercaptoethanol

4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES)

4', 6-diamidino-2-phenylindole (DAPI)

Composition
in HBSS™-

5% FCS; 500 ug/ml Collagenase 1V; 0,025 MU/mi

DNAse I; 1/100 Dispase

in RPMI

9 parts Percoll mixed with 1 part 10 x PBS**

80 - 40% 100% Percoll

In PBS**

lonomycin
2% FCS
in PBS™

Source

Human

colorectal adenocarcinoma
HTB-37™

Human

colorectal adenocarcinoma
human embryonic kidney
CRL-3276™

Mouse

Subcutaneous connective tissue;

areolar and adipose
E.coli

Supplier

50 uM B-Mercaptoethanol; 20 ng/ml PMA, 1 pg/mi

Supplier
(Kreusel et al., 1991)

ATCC®

AG Huber, Charité
ATCC®

Thermo Fisher Scientific
GmbH, Dreireich,
Germany

Merck Chemicals GmbH, Darmstadt,

Germany

Carl Roth GmbH, Karlsruhe, Germany

Bio&Sell GmbH, Feucht, Germany

Roche Diagnostics GmbH, Mannheim,
Germany
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Chemical
4-kDa dextran
4-kDa FITC-dextran (FD4)

6 x Gel loading Dye Purple

50 x Tris-acetate/EDTA (TAE) buffer

A83-1 (TGF-B inhibitor)

Advanced Dulbecco's Modified Eagle
Medium/ Nutrient Mixture F-12 (DMEM/F12)

Agarose Basic

Albumin standard

Ammonium persulfate (APS)

Agar

B-27

BME, Type 2, Select

Bovine serum albumin (BSA) Fraction V

Bovine serum albumin (BSA), heat shock
fraction, protease free, fatty acid free,
essentially globulin free, pH 7

Brefeldin A

Bromphenol blue

Chloroform

Dako blocking

Dimethylsulfoxid (DMSO)

Dextran sulfate sodium (DSS)

Materials

Supplier

Serva Electrophoresis GmbH,
Heidelberg, Germany

TdB Consultancy, Uppsala, Sweden

New England Biolabs GmbH, Frankfurt
am Main, Germany

Serva Electrophoresis GmbH,
Heidelberg, Germany

Stemgent, Reprocell Europe, Glasgow,
UK

Gibco, Thermo Fisher Scientific GmbH,
Dreireich, Germany

Applichem, Darmstadt, Germany

Thermo Fisher Scientific GmbH,
Dreireich, Germany

Sigma-Aldrich Chemie GmbH,
Traufkirchen, Germany

Sigma-Aldrich Chemie GmbH,
Traufkirchen, Germany

Gibco, Thermo Fisher Scientific GmbH,
Dreireich, Germany

Cultrex, R&D Systems, Bio-techne,
Wiesbaden-Nordenstadt, Germany

Biomol GmbH, Hamburg, Germany

Sigma-Aldrich Chemie GmbH,
Traufkirchen, Germany

Sigma-Aldrich Chemie GmbH,
Traufkirchen, Germany

Sigma-Aldrich Chemie GmbH,
Traufkirchen, Germany

Merck Chemicals GmbH, Darmstadt,
Germany

Dako Deutschland GmbH, Hamburg,
Germany

Carl Roth GmbH, Karlsruhe, Germany

TdB Consultancy, Uppsala, Sweden
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Chemical

Dulbecco's PBS with Mg2*/Ca2* (PBS*")

Dulbecco's PBS without Mg2*/Ca2* (PBS™)

Dulbecco's Modified Eagle Medium (DMEM)
+ Glutamax

Epithelial growth factor (EGF) human

Epithelial growth factor (EGF) mouse
Ethanol 100%

Ethanol 80%
Ethidium Bromide (EtBr)

Ethylene Diamine Tetra Acetic Acid (EDTA)
Ethylene Glycol Tetra Acetic Acid (EGTA)

Fetal Bovine Serum (FBS)

Fibroblast growth factor 2
Glucose

Glutamax

Glycerol

Glycine

Goat serum

Hanks’ Balanced Salt Solution
without Mg2*/Ca2* (HBSS™)
Hygromycin B-solution
Insulin-like growth factor |

lonomycin calcium salt from Streptomyces
conglobatus

Supplier

Gibco, Thermo Fisher Scientific GmbH,
Dreireich, Germany

Gibco, Thermo Fisher Scientific GmbH,
Dreireich, Germany

Gibco, Thermo Fisher Scientific GmbH,
Dreireich, Germany

Peprotech, Thermo Fisher Scientific
GmbH, Dreireich, Germany

Peprotech, Thermo Fisher Scientific
GmbH, Dreireich, Germany

Carl Roth GmbH, Karlsruhe, Germany

Chemsolute, TH Geyer, Renningen,
Germany

Serva Electrophoresis GmbH,
Heidelberg, Germany

Merck Chemicals GmbH, Darmstadt,
Germany

Carl Roth GmbH, Karlsruhe, Germany

Gibco, Thermo Fisher Scientific GmbH,
Dreireich, Germany

Peprotech, Thermo Fisher Scientific
GmbH, Dreireich, Germany

Carl Roth GmbH, Karlsruhe, Germany

Gibco, Thermo Fisher Scientific GmbH,
Dreireich, Germany

Serva Electrophoresis GmbH,
Heidelberg, Germany

Carl Roth GmbH, Karlsruhe, Germany
PAN Biotech, Aidenbach, Bayern

Gibco, Thermo Fisher Scientific GmbH,
Dreireich, Germany

Carl Roth GmbH, Karlsruhe, Germany
Biolegend GmbH, Koblenz Germany

Sigma-Aldrich Chemie GmbH,
Traufkirchen, Germany
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Chemical

Isopropanol

Kanamycin sulphate

LB Medium Powder

Lipofectamine-Reagent (shRNA
transfection)

Magnesium chloride (MgCl,)

Matrigel® Matrix (Basement membrane,
growth factor reduced)

Methanol

Milk powder

Minimum Essential Medium (MEM) with
glutamax

Molecular weight marker
HyperLadder 100 bp and 1 kb

Nitrogen (N>)

N-Acetylcysteine (NAC)

N,N,N',N'-Tetramethylethylenediamine
(TEMED)

Nicotinamide (NIC)

Organoid Harvesting solution

PageRuler Plus Prestained Protein Ladder
Paneticin G418

Paraformaldehyde 16%

Penicillin Streptomycin Solution (P/S)

Percoll

Materials

Supplier

Chemsolute, TH Geyer, Renningen,
Germany

Thermo Fisher Scientific GmbH,
Dreireich, Germany

MP Biomedicals, lllkirch, France

Invitrogen, Thermo Fisher Scientific
GmbH, Dreireich, Germany

Carl Roth GmbH, Karlsruhe, Germany
Corning GmbH, Kaiserslautern, Germany

Merck Chemicals GmbH, Darmstadt,
Germany

Carl Roth GmbH, Karlsruhe, Germany

Corning GmbH, Kaiserslautern, Germany

Bioline, Luckenwalde, Germany

Gibco, Thermo Fisher Scientific GmbH,
Dreireich, Germany

Sigma-Aldrich Chemie GmbH,
Traufkirchen, Germany

Sigma-Aldrich Chemie GmbH,
Traufkirchen, Germany

Sigma-Aldrich Chemie GmbH,
Traufkirchen, Germany

Cultrex, R&D Systems, Bio-techne,
Wiesbaden-Nordenstadt, Germany

Thermo Fisher Scientific GmbH,
Dreireich, Germany

PAN Biotech, Aidenbach, Bayern

Electron microscopy sciences, Munich,
Germany

Corning GmbH, Kaiserslautern, Germany

Cytivia Europe GmbH, Freiburg,
Germany
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Chemical

Phorbol 12-myristate 13-acetate (PMA)

Pierce BCA-Protein Assay (Reagents A and

B)

Polyethyleneimine (PEI)

Polysorbate 20 (Tween-20)
Polyvinylpyrrolidone (PVP, wt 40.000)
ProTaqs MountFluor

Protease inhibitor cocktail tablets
Primocin

Puromycin (Hydrochloride)

RNAJ/ater™ Soln.

Roswell Park Memorial Institute (RPMI)
1640 Medium

Rotiphorese Gel 30%

SB 202190 (p38 inhibitor)
SOC medium

Sodium azide (NaNs)

Sodium chloride (NaCl)
Sodium Dodecyl Sulfate (SDS)

SuperSignaIT'VI West Pico PLUS
Luminol/Enhancer solution

SuperSignaIT'VI West Pico PLUS Stable
peroxide solution

TagMan Universal PCR Master Mix

33

Supplier

Sigma-Aldrich Chemie GmbH,
Traufkirchen, Germany

Thermo Fisher Scientific GmbH,
Dreireich, Germany

Serva Electrophoresis GmbH,
Heidelberg, Germany

Arcos Organics, Thermo Fisher Scientific
GmbH, Dreireich, Germany

Sigma-Aldrich Chemie GmbH,
Traufkirchen, Germany

Biocyc GmbH & Co. KG., Potsdam,
Germany

Roche Diagnostics GmbH, Mannheim,
Germany

InvivoGen Europe, Toulouse, France

Cayman Chemical Company,Europe,
Tallinn, Estonia

Invitrogen, Thermo Fisher Scientific
GmbH, Dreireich, Germany

Gibco, Thermo Fisher Scientific GmbH,
Dreireich, Germany

Carl Roth GmbH, Karlsruhe, Germany

Stemcell Technologies Germany GmbH,
Colonge, Germany

Invitrogen, Thermo Fisher Scientific
GmbH, Dreireich, Germany

Merck Chemicals GmbH, Darmstadt,
Germany

Carl Roth GmbH, Karlsruhe, Germany
Carl Roth GmbH, Karlsruhe, Germany

Thermo Fisher Scientific GmbH,
Dreireich, Germany

Thermo Fisher Scientific GmbH,
Dreireich, Germany

Applied Biosystems, Thermo Fisher
Scientific GmbH, Dreireich, Germany
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Chemical

Tris

Tris-HCI 0.5 M, pH 6.8
Tris-HCI 1 M, pH 8.8
Tris-HCI, pH 7.5

Tris-HCL, pH 7.4
Tri-sodium citrate

Triton X-100

Trizol reagent

0.25% Trypsin, 2.21 mM EDTA,
1x [-] sodium bicarbonate
Trypsin/EDTA

TrypLE Express
Water for molecular biology

Water for cell culture
Xylene

Y-27623 (Roh-K inhibitor)

3.5 Consumables

Table 5 Consumables
Consumable
Cell culture flasks (25, 75, and 150 cm?)

Cell Culture Inserts PCF, 12mm diameter,
0.4 ym and 3 ym pore size)

Cell culture plate (6, 12, 24 wells)

Materials

Supplier
Carl Roth GmbH, Karlsruhe, Germany

Bio-Rad Laboratories GmbH, Munich,
Germany

Serva Electrophoresis GmbH,
Heidelberg, Germany

Gibco, Thermo Fisher Scientific GmbH,
Dreireich, Germany

Rockland Immunochemicals, Biomol
GmbH, Hamburg, Germany

Carl Roth GmbH, Karlsruhe, Germany

Roche Diagnostics GmbH, Mannheim,
Germany

Ambion, Thermo Fisher Scientific GmbH,
Dreireich, Germany

Corning GmbH, Kaiserslautern, Germany

Gibco, Thermo Fisher Scientific GmbH,
Dreireich, Germany

Millipore, Merck Chemicals GmbH,
Darmstadt, Germany

Millipore, Merck Chemicals GmbH,
Darmstadt, Germany

Carl Roth GmbH, Karlsruhe, Germany

Tocris, Bio-techne, Wiesbaden-
Nordenstadt, Germany

Supplier
Corning GmbH, Kaiserslautern, Germany

Millicell, Millipore, Merck Chemicals GmbH,
Darmstadt, Germany

Corning GmbH, Kaiserslautern, Germany
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Consumable

Cell scrapers (stirring rods)

Cover glass

Eppendorf tubes (1.5 mL)
Falcon tubes (15 and 50 ml)

Fast optical 96-well reaction Plate with
Barcode (0,1ml)

Filter paper for Western blotting
(Whatman 3 mm)

Glass Pasteur pipettes

Luer-Lock 30 ml

MACS SmartStrainers (70 pm)

Microscope slides

Microtiter plates ROTILABO U-profile 96-
well

PCR SingleCap 8er-SoftStrips 0.2 mi

Pipettes
(0.5—-10 pl, 10 — 100 pl and 100 — 1000 pl)

Pipette tips (10, 200 and 1000 pl; with and
without filters)

Plastic Pasteur pipettes (Pastette)

Polysterene round-bottom tube with cell-
strainer cap 5 ml

PVDF transfer membrane

SafeSeal reactiontube

Sterican Needle 21 and 26 G

35

Supplier

Sarstedt AG & Co. KG, Nimbrecht,
Germany

VWR International GmbH, Darmstadt,
Germany

Eppendorf, Hamburg, Germany
Corning GmbH, Kaiserslautern, Germany

Applied Biosystems, Thermo Fisher
Scientific GmbH, Dreireich, Germany

GE Healthcare, Munich, Germany

BRAND GmbH + Co, Wertheim, Germany
Chirana GmbH & Co. KG, Gera, Germany

Miltenyi Biotec B.V. & Co. KG, Bergisch
Gladbach, Germany

VWR International GmbH, Darmstadt,
Germany

Carl Roth GmbH, Karlsruhe, Germany
Biozym, Hessisch Oldendorf, Germany
Eppendorf, Hamburg, Germany

Sarstedt AG & Co. KG, Numbrecht,
Germany

Alpha Laboratories Limited, Hamphire,
United Kingdom

Falcon, Corning GmbH, Kaiserslauter,
Germany

Thermo Fisher Scientific GmbH, Dreireich,
Germany

Sarstedt AG & Co. KG, Numbrecht,
Germany

Braun GmbH, Kronberg, Germany
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Consumable

Stericup Qick Release Millipore Express
PLUS 0.22 ym PES, 1L

Surgical disposable scalpels
Syringe BD Discardit Il 10 ml

Syringe BD Plastipak™ Luer 1 ml
Syringe Filter (25 mm?, 0.2 ym pore size)

Tissue culture test plates (24 and 48
wells, polystyrene)

3.6 Enzymes
Table 6 Enzymes

Mini Star silverline

PerfectSpin 24R

Centrifuges Refrigerated

Microcentrifuge

Megafuge 16R

Materials

Supplier

Millipore, Merck Chemicals GmbH,
Darmstadt, Germany

Braun GmbH, Kronberg, Germany
BD, Heidelberg, Germany
BD, Heidelberg, Germany

LABSOLUTE, Th.Geyer, Renningen,
Germany

TPP Techno Plastic Products AG,
Trasadingen, Swiss

Enzyme Supplier
Collagenase Type IV Stemcell Technologies Germany GmbH, Cologne,
Germany
Dispase Corning GmbH, Kaiserslautern, Germany
DNAse I, Bovine Pancreas Millipore, Merck Chemicals GmbH, Darmstadt,
Germany
3.7 Equipment
Table 7 Equipment
Device Version Supplier
e Thermo Fisher Scientific GmbH,
Aspiration pump FB70155 Dreltsichy Germany
Autoclave VX-150 Systec GmbH, Linden, Germany

VWR International GmbH,
Darmstadt, Germany

PEQLAB Biotechnology GmbH,
Germany

Heraeus, Thermo Fisher
Scientific GmbH, Dreireich,
Germany
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Device

CO, incubator

Confocal laser scanning
microscope

Electrophoresis
chamber

Flow cytometer

Freezer -80°C
Freezing Container
Fume Hood

Heating block

Imaging system

Inverted microscope

Lab Water System

Laminar airflow
Workbench

Liquid nitrogen tank

Magnetic stirring

Micropipette

Version

Avanti J-25

Function line

08-38367

LSM 780

Mini PROTEAN Tetra
Cell

FACS Canto Il
LSR Fortessa X-20
Herafreeze, HFU T
Series

CoolCell® LX
Secuflow

AccuBlock TM Digital Dry
Bath

Fusion (FX)
Fusion FX7
Azure

Olympus CK2

Arium® pro UV Ultrapure
Water System

MSC-ADVANTAGE

IKAMAG® REO/RCT

10, 100, 200 and 1000
ML

Supplier

Beckman, Thermo Fisher
Scientific GmbH, Dreireich,
Germany

Heraeus instruments, Thermo
Fisher Scientific GmbH, Dreireich,
Germany

Binder, Tuttlingen, Germany

Carl Zeiss Microscopy GmbH,
Jena, Germany

R&D Systems, Bio-techne,
Wiesbaden-Nordenstadt,
Germany,

BD, Heidelberg, Germany

BD, Heidelberg, Germany
Thermo Fisher Scientific GmbH,
Dreireich, Germany

Corning GmbH, Kaiserslautern,
Germany

Waldner Laboreinrichtungen
GmbH, Wangen, Germany
Labnet International, Inc. NJ,
USA

Vilber Lourmat Deutschland
GmbH, Eberhardzell, Germany
Vilber Lourmat Deutschland
GmbH, Eberhardzell, Germany
Biozym, Hessisch Oldendorf,
Germany

Olympus Europe SE & Co. KG,
Hamburg, Germany

Sartorius, Goéttingen, Germany

Thermo Fisher Scientific GmbH,
Dreireich, Germany

Tec-lab, Kénigstein, Germany

Janke and Kunkel GmbH,
Staufen Germany

Eppendorf, Hamburg, Germany
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Device
Microplate reader

Nanodrop
Spectrophotometer

pH meter

Power supply for
electrophoresis and
western blotting

Real-Time PCR machine

Rocking platform

Scale

Shaker

Tapered tissue grinder

TER measuring device

Thermal cycler

Ultrasonic Processor

Vortex device

Water bath

Version

Tecan Infinite M200 PRO
(Absorbance 96 well
plates)

Nanodrop 2000

HI 9017 microprocessor

BioRad Power PAC 200

7500 Fast Real-Time
PCR System

VWR

WT

PAS241

Sartorius

Ecotron

Chop-stick electrodes
STX2

EVOMS3 Epithelial Volt
Ohm Meter

PEQSTAR

UP50H

RS-VA 10

SW21

Materials

Supplier

Tecan Trading AG, Mannedorf,
Swiss

Thermo Fisher Scientific GmbH,
Dreireich, Germany

Hanna Instruments, Kehl,
Germany

R&D Systems, Bio-techne,
Wiesbaden-Nordenstadt,
Germany,

Thermo Fisher Scientific GmbH,
Dreireich, Germany

VWR International GmbH,
Darmstadt, Germany

Biometra, Goéttingen, Germany

Thermo Fisher Scientific GmbH,
Dreireich, Germany

Sartorius Lab Instruments GmbH
& Co. KG, Goéttingen, Germany

Infors AG, Bottmingen, Swiss

Wheaton, DKW life sciences,
Wertheim, Germany

World Precision Instruments,
Sarasota, FL, USA

PEQLAB Biotechnology GmbH,
Germany

Hielscher Ultrasonics GmbH,
Teltow, Germany

Phoenix Instrument GmbH,
Garbsen, Germany

JULABO Labortechnik GmbH,
Seelbach, Germany
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3.8 Kits
Table 8 Kits
Kit Supplier
eBioscience™ FOXP3/Transcription Invitrogen, Thermo Fisher Scientific GmbH,
factor Staining Buffer Set Dreireich, Germany
High Capacity cDNA Reverse Applied Biosystems, Thermo Fisher Scientific

Transcription kit

NucleoSpin RNA/Protein

GmbH, Dreireich, Germany

Macherey-Nagel, Diren, Germany

Qproteome FFPE Tissue Kit Qiagen, Hilden, Germany

Plasmid Midi Kit

3.9 Media
Table 9 Media

Medium

SOC

LB medium

Caco-2 cell culture
medium

HT-29/B6 cell culture
medium

HEK-293 cell culture
medium

Growth medium

Noggin/R — spondin1
selection medium

L-WRN selection
medium

AD++

Qiagen, Hilden, Germany

Composition Supplier

Invitrogen™ Thermo Fisher
Scientific Inc., Waltham, MA, US

2.5% (w/v) LB medium powder
in ddH.0

15% FCS; 100 U/mL penicillin; 100 mg/mL streptomycin
in MEM GlutaMAX

10% FCS; 100 U/mL penicillin; 100 mg/mL streptomycin
in RPMI 1640

10% FCS; 100 U/mL penicillin; 100 mg/mL streptomycin
in MEM

10% heat inactivated (HI) FCS;
in DMEM GlutaMAX

10% HI FCS; 1 mg/ml G418

in DMEM GlutaMAX

10% HI FCS; 0.5 mg/ml G418; 0.5 mg/ml Hycromycin B
in DMEM GlutaMAX

10 mmol/L HEPES; 1 x GlutaMax
in Advanced Dulbecco’s modified Eagle medium (DMEM)/ F12
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10 mmol/L HEPES; 1 x GlutaMax; 100 U/mL penicillin;
AD+++ 100 mg/mL streptomycin

in Advanced Dulbecco’s modified Eagle medium (DMEM)/ F12

3.9.1 Organoid and ODM media composition
Table 10 Organoid and ODM media composition

All media were based on AD++ supplemented with 100 ug/ml Primocin; 1 x B27, 1 x N2, 1 mM
N — Acetylcysteine and 10 uM Y-27623 (Rho-K inhibitor) were added initially for 48h after splitting
/seeding. Abbreviations: small intestine (si), colon (co) epithelial growth factor (EGF); Nicotinamide
(NIC); SB 202190 (p38 inhibitor); A83-1 (TGF-R inhibitor); insulin-like growth factor 1(IGF-1); fibroblast
growth factor 2 (FGF-2)

L-WRN CM

(50%) X X X
Rspo1 CM
(20%) X X X X X
Nog CM
(10%) X X X X X
EGF
(50 ng/ml) X X X X
Nic
(10 mM) X X X
A83-01
(500 nM) X X X
SB-202190 X
(1 pM)
IGF
100 ng/ml X
FGF X

(50 ng/ml)
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3.10 Plasmids

Table 11 Plasmids

Plasmid

Mouse Noggin

(Nog)

Mouse R-spondin
homolog (Rspo1)

Composition

Untagged, pCMV6-Entry Vector,

Kanamycin resistance, CAT.
MC209047

Untagged, pCMV6-Entry Vector,

Kanamycin resistance, CAT.
MC212441

3.11 Primers & Probes
Table 12 Primers & Probes

Genes
Primers
ACTB
CCL2
CXCL9
IL-1B
IL-6
IL-10
IL-12P8
IL-13
IL-17a
IL-22
INF-y
TGFB1
TagMan GE
Assay

GAPDH

MUC2

LyZ1
CHGA
LGR5

Forward

GATGTATGAAGGCTTTGGTC
CAAGATGATCCCAATGAGTAG
GAGGAACCCTAGTGATAAGG
GGATGATGATGATAACCTGC
AAGAAATGATGGATGCTACC
CTTTAAGGGTTACTTGGGTTG
TGCAAAGAAACATGGACTTG
CTTAAGGAGCTTATTGAGGAG
ACGTTTCTCAGCAAACTTAC
ATCAGTGCTACCTGATGAAG
CTAGCTCTGAGACAATGAAC
GGATACCAACTATTGCTTCAG

Dye

VIC (victoria; 2’-chloro-7’phenyl-
1,4-dichloro-6-carboxy-
flourescein)

FAM

(Fluorescein amidite)

FAM

FAM

FAM
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Supplier

OriGene Technologies
GmbH, Herford, Germany

OriGene Technologies
GmbH, Herford, Germany

Reverse

TGTGCACTTTTATTGGTCTC
TTGGTGACAAAAACTACAGC
GTTTGATCTCCGTTCTTCAG
CATGGAGAATATCACTTGTTGG
GAGTTTCTGTATCTCTCTGAAG
AAATGCTCCTTGATTTCTGG
GGACACTGAATACTTCTCATAG
CATTGCAATTGGAGATGTTG
CCCCTTTACACCTTCTTTTC
CATTCTTCTGGATGTTCTGG
CTCTTTTCTTCCACATCTATGC
TGTCCAGGCTCCAAATATAG

Assay ID

4352339E

Mm01276696_m1 Muc2

Mm00657323_m1 LyZ1
MmO00514341_m1 Chga
Mm00438890_m1 LGR5
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3.12 Software
Table 13 Software
Software Supplier
Aida Image Analyzer
o Elysia-Raytest GmbH, Straubenhardt, Germany
v.5.
Microsoft Office —
Microsoft Corporation, Redmond, US
Excel, Word
FlowJo v10.8.1 Becton Dickinson, Franklin Lakes, US
GraphPad Prism v8 GraphPad Software, San Diego, US
Zen Carl Zeiss Microscopy GmbH, Jena, Germany

4 Methods

4.1 Patient samples

The usage of human duodenum or colon biopsies from healthy controls and samples from
surgery of ulcerative colitis patients was approved by the Ethics Committee of the Charité
Berlin (#EA4-015-13 and #EA1-200-17). Tissue specimens were used for isolation of intestinal

crypts in order to generate organoids.

4.2 Mouse models

Effects of TAMPs were studied on mice with an intestinal epithelial cell specific TAMP
overexpression (TAMP-OE). Generation of B6.C-Tg(Vil-cre) tgGFP-Ocln and B6.C-Tg(Vil-cre)
tgGFP-Tric was similar performed as described in Weiss et al. 2022 (Weiss et al., 2022a) for
B6.C-Tg(Vil-cre)tgGFP-MD3 mice. In accordance with the German law on animal protection
(Landesamt fir Gesundheit und Soziales (LAGeSo), Berlin G0200/12.

4.2.1 DSS treatment

Heterozygous male mice (age 12 weeks) and their genotypical wildtype littermates were used
in this study, in accordance with the German law on animal protection (LAGeSo), Berlin
G0059/13.

Animal housing was standardised including a 12 h light/dark cycle; 55% + 15% humidity,
temperature of 22 - 24 °C and ad libitum access to standard diet and water. Experimental
colitis was induced by 3% dextran sodium sulphate (DSS) in drinking water or without DSS

(control mice) ad libitum over 6 days. Disease activity index (DAI) was determined by the
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following parameters: weight loss (0 points = No weight loss or gain, 1 point =5-10% weight
loss, 2 points = 11-15% weight loss, 3 points = 16-20% weight loss, 4 points =>21% weight
loss); stool consistency (0 points = normal and well formed, 2 points = soft and unformed, 4
points =watery stool); and bleeding stool score (0 points=normal colour stool, 2
points = reddish colour stool, 4 points = bloody stool). Sum of weight loss, stool consistency
and bleeding scores resulted in the DAI (0-12) (Shon et al., 2015). Mice were sacrificed at day
6 and small intestine, colon and MLN removed. Colon length was measured and pieces from
small intestine and colon stored in RNAlater at =80 °C for later RNA isolation. Immune cells

from small intestine colon and MLN were isolated and analysed as described in 3.12.

4.3 Crypt isolation

Isolation of intestinal crypts containing PSCs is the first step to generate organoids. Crypt
isolation was performed similarly as described by Bartfeld et al. 2015 (for corpus glands)
(Bartfeld and Clevers, 2015) or by Holthaus et al. (Holthaus et al., 2020).

Mice were sacrificed and intestines taken. After removing feces as well as adipose and
connective tissues, intestines were opened longitudinally and further rinsed with PBS”. From
human samples, derived from surgeries, the epithelial layer was stripped of the muscle layer
using a scalpel and cleaned.

Epithelial tissues derived either from mice or humans (surgery or biopsies) were cut in small
pieces and washed several times by pipetting up and down with a coated 10 ml serological

pipette in a coated 50 ml Falcon tube with ice-cold PBS™ until the supernatant appeared clean.

Method 1: (Bartfeld and Clevers, 2015)

Supernatants were taken and tissue pieces incubated for 5 — 10 min at room temperature in
5 ml EDTA solution, from time to time the tube was gently rocked. Next, pieces were
transferred to a petri dish with as little liquid as possible before a microscope slide was placed
on top to press crypts out of the tissue. A cloudy appearance around the tissue pieces indicated
success. To collect crypts the Petri dish and microscope slide were rinsed with 10 ml AD***
and suspension was transferred into a 15 ml Falcon tube and stored on ice until tissue pieces
were settled. Supernatant containing intestinal crypts were transferred to a new Falcon tube

and centrifuged by 300 x g at 4 °C for 5 min.

Method 2: (Holthaus et al., 2020; Sato et al., 2011a; Mahe et al., 2015)
Supernatant was taken and tissue pieces were incubated for 30 min on ice in 30 ml EDTA
solution, from time to time the tube was gently rocked. When pieces settled, supernatant was

decanted and fresh PBS” added. Tissue pieces were washed several times (5-8x) as
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described above, but this time collecting the supernatant containing the crypts. Crypt
suspension was centrifuged by 300 x g at 4 °C for 5 min.

The crypt pellet was resuspended in 50 pl extracellular matrix (BME or Matrigel) and seeded
on a pre-warmed 24 well plate. To let the matrix solidify the plate was stored for 15 - 30 min at
37 °C before it was overlaid with the respective medium supplemented with 10 yM Rho-K

inhibitor.

4.4 Organoid culture

Under optimal conditions, organoids can be cultured long term or even be frozen and thawed

as commonly used cells. All organoids were cultured at 37 °C and 5% COa..

4.4.1 Organoid subculturing

Once generated, three dimensional organoids need regular media changes every two to three
days and subculturing once a week to allow long term culture. During subculturing, organoids
need to be broken up to release dead cells located in the lumen and to increase the organoid
number. For that purpose, old medium was removed and 500 pl cold AD*** added. By
resuspending with a 1 ml pipette, the extracellular matrix was dissolved, and cell suspension
transferred into a coated 15 ml Falcon tube. Up to six wells of one organoid line can be put
together.

Small and large intestinal mouse organoids as well as human duodenum organoids were
broken up by resuspending with a coated 21G needle. The used Falcon tube was filled up to
10 ml with AD*** and organoid pieces were centrifuged at 300 x g for 5 min at 4 °C.

After dissolving the matrix of human colon organoids, the cell suspension was centrifuged and
supernatant was discarded, before 1 ml of prewarmed TrypLE Express with 10 uM Rho-K
inhibitor was added to the organoid pieces. Organoids were incubated for 5 min at 37 °C before
resuspended with a coated 21G needle. To stop the reaction, the Falcon tube was filled up to
10 ml with AD*** and organoid pieces were centrifuged at 300 x g for 5 min at 4 °C. The
organoid pellet was resuspended in extracellular matrix (50 ul/well) and seeded on a pre-
warmed 24 well plate. To let the matrix solidify the plate was stored for 15 - 30 min at 37 °C

before it was overlaid with the respective medium supplemented with 10 uM Rho-K inhibitor.

4.4.2 Organoid-derived monolayer (ODM) seeding

For ODM seeding, 3D organoids were broken into pieces as described for human colon
organoids. In brief, after dissolving the extracellular matrix, organoids were pelleted at 300 x g
for 5min at 4 °C and supernatant discarded. Organoids were resuspended in prewarmed

TrypLE Express and incubated for 5 — 10 min at 37 °C. Using a 21G needle organoids were
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broken up into single cells by resuspension. TrypLE Express was inactivated by diluting with
AD™ and cells were counted. Cells were centrifuged at 500 x g at 4 °C for 5 min and
resuspended in differentiation medium. 0.5 -1 x 10° cells per filter were seeded on matrix
coated PCEF filters. For coating, extracellular matrix was diluted 1:50 in ice cold Advanced
DMEM/F12 and 150 ul mixture was added on each filter. Filters were incubated for at least
30 min at 37 °C and remaining Advanced DMEM/F12 was removed, before adding the cell
suspension. Medium was filled up to 500 ul on the apical side and 1 ml on the basal side.
Similar to normal organoid culture, medium was supplemented with 10 uM Rho-K inhibitor for
the first 24 — 48 h. When ODMs reached confluence and stable TER they were used for

experiments.

4.4.3 Transepithelial resistance measurements

To evaluate barrier integrity and function the transepithelial resistance (TER) of cell cultures
and organoid-derived monolayers was measured, using chopstick electrodes (STX2, World
Precision Instruments, Sarasota, FL, USA) and an epithelial volt ohm meter (EVOM3, World
Precision Instruments, Sarasota, FL, USA). For reliable results the temperature of the culture
medium should stay at 37 °C during measurements, because temperature strongly influences
TER values. To achieve this, either heating plates were used or the duration of measurement
outside of the incubator was kept very short. The shorter one of the electrode pair was placed
within the filter insert (apical side) and the longer side next to the filter (basal side). Before and
after each measurement the electrode was rinsed with 80% ethanol. Values were normalised
by subtracting the value of the corresponding control (without cells) and multiplied by the area

of the filter (0.6 cm?) to obtain the final value in Q*cm?.

4.4.4 Organoid cryopreservation and thawing

For cryopreservation, the lumen of the organoids should be mostly free of dead cells and the
organoids should have a healthy appearance overall. The procedure is similar to subculturing
organoids. Medium was removed and 500 pl cold AD*** added. By resuspending with a 1 ml
pipette, the extracellular matrix was dissolved, and cell suspension transferred in a coated
15 ml Falcon tube. Up to six wells of one organoid line can be put together. Organoids were
carefully resuspended with a coated 21G needle to further dissolve the extracellular matrix and
to enable the release of dead cells from the lumen. After centrifugation at 300 x g for 5 min at
4 °C, the organoid pellet was resuspended in 500 ul organoid freezing medium per well. 500 pl
organoid suspension was transferred per cryovial and placed promptly into a freezing container
to freeze at a 1 °C per minute cooling rate in a -80 °C freezer. Samples were transferred to a

liquid nitrogen freezer within 48 h after collecting for long term storage.
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To thaw organoids, cryovials were taken out of the liquid nitrogen and defrosted quickly by
either holding the tube in hand or into the water bath. Suspension was transferred into a coated
15 ml Falcon tube and added up to 10 ml with AD***to dilute the DMSO in the freezing medium.
Organoids were centrifuged at 300 x g for 5 min at 4 °C. The organoid pellet was resuspended
in extracellular matrix (50 ul/well) and seeded on a pre-warmed 24-well plate. To let the matrix
solidify the plate was stored for 15 - 30 min at 37 °C before it was overlaid with the respective

medium supplemented with 10 uM Rho-K inhibitor.

4.5 Cell culture

All cells were cultured at 37 °C and 5% CO2in T25 flasks (Caco-2, HT-29/B6) or T75 and T150
(HEK-293, L-WRN).

4.5.1 Cell subculture

For subculturing, medium was discarded and the cells were carefully rinsed with 5-10 ml
PBS” to remove FBS residues which would inhibit trypsin. For the epithelial cell lines Caco-2
and HT-29/B6 this was followed by a pre-incubation with 3 ml of EDTA/trypsin solution for
5 min at 37 °C. To detach the cells from the culture flask 1-2 ml of EDTA/trypsin solution was
added on top of the cells (Caco-2, HT-29/B6, L-WRN and HEK - 293) and incubated for
5-10 min at 37 °C until cells were floating. Cells were resuspended in culture medium and
distributed into new flasks with fresh medium. For experiments, 4 x 10° cells were seeded on
the apical side of PCF filters with a pore size of 0.4 ym (HT-29/B6) or 3.0 ym (Caco-2). HT-
29/B6 were grown for around a week, while Caco-2 cells differentiated to a small intestinal cell

like phenotype within three weeks (Engle et al., 1998).

4.5.2 Cell cryopreservation and thawing

For cryopreservation, cells were detached from the cell culture flask as described for
subculturing. Cells were resuspended in 30 ml culture medium and centrifuged at 200 x g for
10 min at 4 °C. The cell pellet was resuspended in 12 ml of the respective culture medium
containing 7.5% (v/v) DMSO and distributed into 1.5 ml/cryovial and placed promptly into a
freezing container to freeze at a 1 °C per minute cooling rate in a -80 °C freezer. Samples were
transferred to a liquid nitrogen freezer within 48 h after freezing for long term storage.

To thaw cells, cryovials were taken out of the liquid nitrogen and defrosted quickly by either
holding the tube in hand or into a warm water bath. When the suspension started to thaw it

was transferred into a new cell culture flask with pre-warmed culture medium.
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4.6 Conditioned medium production

4.6.1 L-WRN-conditioned medium production

One cryovial of L-WRN cells was thawed as described above and seeded in T75 flasks with
25 ml growth medium. The next day, medium was changed to L-WRN selection medium, and
selection medium was renewed every two to three days until cells reached 80% confluence,
normally three to five days after seeding. At that point, cells were subcultured the first time in
a ratio of one T75 flask into four T150 flasks, continuing with selection medium. When cells
reached 80% confluency again, one flask was splitin a ratio of 1:10 and medium was changed
from selection to growth medium. Medium was changed every three to four days until cells
were overconfluent.

For CM production, medium was renewed, and cells were stored in the incubator. After 24 h,
CM was collected in 250 ml centrifuge tubes and centrifuged at 2000 x g for 5 min at room
temperature to remove floating cells and supernatant collected in sterile bottles at 4°C. Fresh
growth medium was added to the cells and this procedure was repeated four times. Collected
CM medium was mixed, sterile filtered, aliquoted in 50 ml Falcon tubes and stored at -80 °C.
Each new batch was tested on organoids by comparison to the batch in usage, regarding
organoids growth and appearance. Additionally, samples of WRN CM medium were given to
the group of Prof. Aebischer and Dr. Klotz at the RKI, which performed the Luciferase assay
for us. This luciferase assay gives information if a protein can activate the expression of a
target protein, here it is used to determine how effective the CM medium can activate the
expression of the target protein WNT. The higher the concentration of R-spo1 and WNT in the

CM, the higher the expression of WNT and the stronger the luciferase signal.

4.6.2 Generation of Noggin- and R-Spondin1-producing HEK-293

cells
Additional to the L-WRN CM, it was necessary to have CM which only contains Noggin (Nog)

or R-spondin1 (Rspo1) to be able to make differentiation medium. In contrast to L-WRN cells,
cells producing Nog or Rspo1 are not commercially available. For generation one can transfect
eukaryotic cells with plasmids containing Nog or Rspo1. Such plasmids were purchased from
Origene.

First step was to amplify the plasmid DNA by transformation into competent TOP10F’ cells.
For this, cells were thawed on ice and 10 ng plasmid DNA added to one vial of cells and
incubated for 30 min on ice. This was followed by heat shock at 42 °C for 30 s, 1 min on ice
and the addition of 250 ul SOC medium. Cells were incubated for 1 h at 220 rpm at 37 °C,

before either 10 ul, 50 pl or 100 ul of cell suspension was plated under sterile conditions on
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LB agar dishes with kanamycin and stored at 37 °C over night. Cells that had ingested the
plasmid with its kanamycin resistance could grow on the agar dish and the next day 4 colonies
were picked using 100 ul pipette tips. Each tip was transferred into 4 ml liquid LB medium
containing 0.1% kanamycin. These starter cultures were shaken at 200 rpm at 37 °C over
night, cell growth was indicated by a turbid appearance. The next day 50 ul of each starter
culture was transferred into 50 ml LB medium with 0.1% kanamycin and cultures were shaken
at 200 rpm at 37 °C over night. To isolate the plasmid DNA, the plasmid midi from Qiagen was
performed after manufacturer instructions. Correct sizes of the plasmids were confirmed by
agarose gel electrophoresis and glycerol stocks were created for long time storage. For this,
150 pl cell suspension was mixed with 850 ul glycerol and stored at -80 °C.

Second step was to stable transfect HEK-293 cells; therefore HEK-293 cells were split as
described above and plated into 6 well plates; 1.5 ml cell suspension and 3.5 ml medium per
well.

The next day three different solutions were prepared:

1. Polyethyleneimine (PEI) solution: 3 ml 10% MEM + 120 pl PEI;

2. Noggin vector solution: 1.5 ml 10% MEM + CX ng Nog plasmid DNA,;

3. R-Spondin1 vector solution: 1.5 ml 10% MEM + CX ng Rspo1 plasmid DNA.

These solutions were mixed as listed underneath:
1. Nog mix: 1.5 ml PEI solution + 1.5 ml Nog plasmid solution
2. Rspo1 mix: 1.5 ml PEI solution + 1.5 ml Rspo1 plasmid solution

and incubated for 20 min at room temperature.

In the meantime, the medium of the HEK-293 cells was renewed and finally 500 pl of Nog mix
or Rspo1 mix were added dropwise to one well of cells and stored over night at 37 °C at 5%
COz. The next day cells were replated, and medium was removed and each well washed 1 x
with PBS” before 500 pl of a 1:1 trypsin/EDTA in PBS” solution was added and incubated
until cells detached from the plate und cells were resuspended in 2.5 ml medium per well. Each
well was split into six new wells, which were prepared with 5 ml medium and either 1. 500 pl,
2. 250 pl, 3. 150 pl, 4. 100 pl, 5. 50 pl or 6. 25 pl of cell suspension was added to one of the
new wells. After 24 h, medium was changed to selection medium containing 1 mg/ml G418 to
select for transfected cells. Cells were split before reaching confluence in a ratio of 1:3. To
confirm the production of Nog and Rspo1 of the respective cells, some medium was collected
and analysed via western blot. Positive clones were selected for further culturing and freezing,
while negative clones were discarded. When producing CM, no G418 can be used, as
organoids do not carry a G418 resistance. It must be ensured that the HEK-293 do not lose

their capability of Nog and Rspo1 production without selection pressure. For that purpose, cells
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were split after two month of culture and no G418 was added to the growth medium. When
cells reached confluence medium was changed to AD**. After one week, without further media
changes, medium was collected and tested for Nog and Rspo1 by western blotting. Although
media from all clones contained either Nog or Rspo1, clones with the strongest bands were

selected for further CM production.

4.6.3 Noggin- and R-Spondin1-conditioned medium production

One cryovial of Nog or Rspo1 transfected HEK-293 cells was thawed as described above and
seeded in T75 flasks with 25 ml growth medium. The next day, medium was changed to Nog
and Rspo1 selection medium, and selection medium was renewed every two to three days
until cells reached 80% confluence, normally three to five days after seeding. At that point cells
were subcultured the first time in a ratio of one T75 flask into four T150 flasks, continuing with
selection medium. When cells reached 80% confluence again, one flask was split in a ratio of
1:10 and medium was changed from selection to growth medium. Medium was changed every
three to four days until cells were overconfluent.

For CM production, medium was changed to AD™ and cells were stored in the incubator. After
seven days CM was collected in 250 ml centrifuge tubes and centrifuged at 500 x g for 5 min
at room temperature, in order to remove floating cells. Supernatant was sterile filtered,
aliquoted in 50 ml Falcon tubes and stored at -80 °C.

Each new batch was tested on organoids and compared to the batch in usage, regarding
organoids growth and appearance. Additionally, samples of Rspo1 CM were given to the group

of Prof. Aebischer and Dr. Klotz at the RKI, who performed the Luciferase assay for us.

4.7 Immunostaining

To determine TJ protein expression and localization immune fluorescence staining on ODMs
and cell monolayers were performed.

ODMS and cell layers were washed with PBS**, fixed with 2% PFA in PBS** for 20 min,
permeabilised with 0,2% Triton X-100 in PBS*™* for 10 min, and blocked with 5% BSA 5% goat
serum in PBS™ for 1 h at room temperature.

ODMs and cell monolayers were stained with primary antibodies over night at 4 °C, followed
by incubation with secondary antibodies for 1 h at 37 °C and the staining for conjugated
antibodies and nuclei staining with DAPI for another 1 h at 37 °C.

All antibodies with the respective concentrations and sources are listed in table 1. Images were
obtained using a confocal laser-scanning microscope (LSM 780, Zeiss, Jena, Germany) with

excitation wavelengths of 543 nm, 488 nm, and 633 nm.
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4.8 RNA isolation, quantification, and cDNA synthesis

RNA from organoids, ODMs or cells was isolated using the NucleoSpin RNA/Protein kit
(Macherey-Nagel, Diren, Germany). Organoids were first resuspended in PBS** to dissolve
the extracellular matrix and centrifuged at 300 x g for 5 min at 4 °C, pellets were resuspended
in 350 ul RP1 buffer with 3.5 ul beta-mercaptoethanol. Suspension was transferred to a 1.5 ml
Eppendorf tube and vortexed vigorously. ODMs and cell monolayers were washed with PBS**
and 350 pl RP1 buffer with 3.5 ul beta-mercaptoethanol added on the filter. Cells were scraped
off the filter and suspension transferred to a 1.5 ml Eppendorf tube and vortexed vigorously.
Suspension was applied on a NucleoSpin filter and centrifuged for 1 min at 11, 000 x g. The
filter was discarded and 350 uyl 70% ethanol added and mixed by vortexing. Lysate was loaded
onto a NucleoSpin RNA/protein column and centrifuged for 1 min at 11,000 x g. After this step
RNA and DNA was bound to the column membrane, while the flowthrough contained protein.
Before centrifuging 1 min at 11,000 x g to let the membrane dry, 350 yl MDB buffer was
applied. After that, 95 ul of mixture containing 10 pl reconstituted rDNase and 90 ul rDNase
reaction buffer was added to the silica membrane and incubated for 10 min at room
temperature. This was followed by washes with 200 yl RA2 centrifugation for 1 min at
11,000 x g, 600 pl RA3 centrifugation for 1 min at 11,000 x g and 250 yl RA3 centrifugation
for 1 min at 11,000 x g. Finally, the column was transferred to a new 1.5 ml Eppendorf tube
and 40 yl RNase-free H.O added on the membrane, after 2 min of incubation RNA was eluted
by centrifugation for 2 min at 11,000 x g.

RNA isolation from tissue pieces was performed using TRIzol. Samples were lysed and
homogenised at room temperature using 1 ml TRIzol reagent per 100 mg tissue and a
homogenizer. Suspension was transferred to a 1.5 ml Eppendorf tube and 200 ul chloroform
per 1 ml TRIzol reagent added and mixed thoroughly by vortexing and incubated for 10 min on
ice. Samples were centrifuged 12,000 x g for 5 min at 4 °C, thereby separating into a lower
red phenol-chloroform, a milky, white and thin interphase, and a colourless watery phase. The
latter, containing RNA, was carefully transferred into a new 1.5 ml Eppendorf tube. To
precipitate the RNA, isopropanol was added in a ratio 1:1 and samples were stored over night
at -20 °C. On the next day the precipitate was collected by centrifugation at 12,000 x g for
10 min at 4 °C, the supernatant was carefully discarded, and the pellet washed twice with 1 ml
75% ethanol and centrifuged at 12,000 x g for 10 min at 4 °C. To let the pellet dry, the tube
was left open for 5 min before RNA was resolved in 40 ul 55 — 60 °C prewarmed RNase-free
H-0.

RNA quantification was performed using a Nanodrop 2000.
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For cDNA synthesis, the high capacity cDNA reverse transcription kit was used. Therefore, the

following master mix (MM) was prepared:

Table 14 Master mix for cDNA synthesis

10x RT Buffer 2.0 ul
25x dNTPs 0.8 ul
Random primers 2.0l
Transcriptase 1.0 ul
RNase free H,0 4.2 ul
Total volume 10.0 pl

10 pl MM were added to 10 pl of a mixture of RNA+H,0 with a total RNA content of 1 ug. cDNA

synthesis was performed in a thermocycler with the following settings:

Table 15 Thermocycler settings for cDNA synthesis

temperature 25 °C 37 °C 85 °C 25°C

time 10 min 120 min 5 min 0

cDNA was stored at -20 °C.
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4.9 Real-time quantitative polymerase chain reaction
(gPCR)

The amount of cDNA can be determined by qPCR. The measured fluorescence signal
correlates with the amount of cDNA. Since cDNA was transcribed from mRNA, this provides
the quantity of mRNA expressed at the time of RNA isolation. The following reaction was

pipetted into a MicroAmp Fast Optical 96-well reaction plate.

Table 16 Reaction mix for gPCR

Volume for 1x reaction

FAM GE Assay (target) 1.0 pl
VIC GE Assay (housekeeping) 1.0 pl
Template 1.0 pl
2x Buffer 10.0 pl
RNase free H.0 7.0 pl
Total volume 20.0 pl

Plates were sealed with a MicroAmp Optical Adhesive film and centrifuged 1 min at 1000 x g
to avoid air bubbles and then put into a Thermocycler. For gPCR the following program was

performed:

Table 17 Thermocycler settings for qPCR synthesis

Step 1 Step 2 Step 3 Step 4
temperature 95 °C 95 °C 60 °C 25°C
time 10 min 15-30 sec 1 min e
repeats 1x 40-50x 1x

The “double delta C; analysis” was performed using the following C; values: Target gene control
(TC), target gene experimental (TE), housekeeping gene control (HC) and housekeeping gene
experimental (HE). First, TC and TE are normalised to the C; values of the housekeeping gene
(HC and HE), resulting in AC:C and ACE, respectively. Second, AC:C was subtracted from

AC{E, hence fold changes were interpreted as 2-4ACt,
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4.10 Protein isolation and western blotting

To determine TJ protein quantity of Caco-2, HT-29/B6 and ODMs filters, cells were washed
with PBS** and 200 pl of either total or membrane lysis buffer added. Cells were scraped off
the filter support and suspension transferred into a new Eppendorf tube and incubated on ice.
For total protein isolation, cells were incubated for 1 h on ice and vortexed every 20 min.
Samples were centrifuged at 15,000 x g for 15 min at 4 °C and supernatant containing proteins
transferred to a new Eppendorf tube. For membrane protein isolation, cells were homogenised
by resuspension with a needle (21 G) and a short centrifugation at 1000 % g for 5 min at 4 °C,
supernatant was then centrifuged at 42,000 x g for 30 min at 4 °C and the pellet containing the
membrane proteins resuspended in total lysis buffer. In the next step, protein concentration
was calculated using the Pierce BCA (Bicin-choninic acid) Kit following the manufacturer’s
guidelines. The required volumes of protein solution, total lysis buffer and Laemmli buffer were
mixed to obtain the targeted protein concentration and were boiled for 10 min at 95 °C.
Proteins were separated according to protein size using a 12.5 % sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) at 100 V in an SDS-PAGE chamber filled with
electrophoresis buffer until the blue running front reached the bottom of the SDS-Gel. Proteins
were transferred to polyvinylidene fluoride (PVDF) membrane via wet transfer. Fresh transfer
buffer was prepared and stored at 4 °C and sponges were soaked. SDS-Gel was incubated
for 5 min in transfer buffer. PVDF membrane was activated in methanol for 5 min. The transfer
sandwich was built in a gel holder cassette as follows from the bottom (white side) to the top
(black side): 1x sponge, 2x filter paper, PVDF membrane, gel, 2x filter paper, 1x sponge. While
preparing the transfer sandwich, all components had to be covered in transfer buffer and air
bubbles had to be avoided. Protein transfer was performed at 100 V for 1 h. After transfer,
membranes were washed shortly in TBST and incubated in WB blocking solution for 1 h and
incubated over night with primary antibodies. The next day, membranes were washed three
times with TBST for 5-10 min and incubated for 2 h at room temperature with peroxidase-
coupled secondary antibodies before another three washing steps and the detection using
chemiluminescence, SuperSignal West Pico PLUS. Signals were detected using Fusion FX

(Vilber Lourmat) and densitometric analysis was performed with AIDA (Elysia).

4.11 Flow cytometry

4111 Immune cell isolation

Mice were sacrificed and the abdominal wall opened. First MLN which are located within the
connective tissue next to the colon were taken. While rolling MLN over a pre wetted paper

tissue, the MLNs are separated from the connective tissue and were stored in 10% RPMI on
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ice. The small intestine and the colon were taken and colon length measured. After removing
feces as well as adipose, connective, and muscle tissue, intestines were opened longitudinally
and further rinsed with PBS**. PP were removed from the small intestine using forceps. Three
small tissue pieces from each small intestine and colon were collected in RNAlater for RNA
isolation. Tissue pieces were transferred into a 50 ml Falcon tube with 10 ml PBS**. Falcon
tubes were shaken by hand and PBS** replaced by 10 ml PBS™ and shaken again. This was
followed by two times incubation in pre-warmed 5 ml EDTA digestion solution for 20 min at
37 °C and 200 rpm, vortexing for 20 — 30 sec and collection of the suspension over a 70 um
cell strainer into a Falcon tube with 10 ml 10% RPMI. This first fraction was stored on ice and
contains next to epithelial cells, IELs and other immune cells, which are in close contact to the
epithelial layer (epithelial fraction). For the isolation of lamina propria mononuclear
lymphocytes (LPMC) tissues were washed in PBS** to inactivate EDTA and cut in small pieces
using scissors. This was followed by three times incubation in pre-warmed 5 ml collagenase
digestion solution for 20 min at 37 °C and 200 rpm, vortexing for 20 - 30 sec and collection of
the suspension over a 70 ym cell strainer into a Falcon tube with 10 ml 10% RPMI. This second
fraction was stored on ice (LP fraction). Epithelial and LP fractions were then pelleted at
400 x g for 10 min at room temperature and pellets dissolved in 10 ml 40% Percoll solution
and stacked carefully on 5 ml 70% or 80% Percoll solution, respectively. Percoll gradients were
centrifuged at 1200 x g for 25 min at RT with Acceleration: 1 and Deceleration: 0. Afterwards,
immune cells appeared like a white ring between the two different Percoll solutions. This
interphase was carefully taken using a plastic Pasteur pipette and transferred into a new 15 ml
Falcon tube. Tubes were toped up with 10% RPMI medium and centrifuged at 400 x g for
10 min at 4 °C with Acceleration: 9 and Deceleration: 6. Supernatants were discarded, and
pellets dissolved in a total volume of 2 ml in 10% RPMI and stored on ice until further

processing.

4.11.2 Tissue cryopreservation

For cryopreservation, intestines were taken and cleaned as described above and cutin 0.5 cm
pieces. Approximately 2 cm tissue were transferred into one cryovial prepared with 1 ml tissue
cryopreservation medium (10% (v/v) DMSO in FBS 90%) and placed promptly into a freezing
container to freeze at a 1 °C per min cooling rate in a -80 °C freezer. Samples were transferred

to a liquid nitrogen freezer within 48 h after collecting.
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4.11.3 T-cell stimulation

Cells of the second fraction of the immune cell isolation were plated into a 96 well plate and
incubated for 2 h at 37°C and 5% CO2 within 250 pl T-cell stimulation or control solution. Then

1 yg/ml Brefeldin A was added to let cytokines accumulate within the cells for another 2 h.

411.4 Extra- and intercellular staining and acquisition

Isolated cells were counted before washing with PBS’ at 400 x g for 7 min at 4 °C and
transferred into a 96 well plate and washed again with PBS™-. Cells were then incubated in
50 ul live/dead staining solution (1:1000) for 10 min at 4 °C. Staining was stopped by adding
200 ul FACS solution and centrifugation. This was followed by FC-blocking with 100 ul of a
1:250 dilution of FC-blocking in FACS solution for 20 min on ice. FC-blocking solution was
washed off with 150 yl FACS solution and centrifugation. Afterwards, extracellular surface
staining was performed adding 50 pl of the respective antibody mix in FACS solution and an
incubation for 30 min on ice, before a final washing step or intracellular staining.

For intracellular staining, the eBioscience™ FOXP3/Transcription factor Staining Buffer Set
was used. Here, 50 yl of a 1:4 dilution of Fix/Perm diluent were added to each well and
incubated for 45 min at 4 °C. For washing, 200 yl Perm buffer were added on top and
centrifuged and supernatant discarded. This was followed by the incubation in 50 pl
intracellular antibody mix in perm buffer for 25 min at room temperature and a last washing
step with FACS solution. FACS samples were acquired by a BD FACSCanto Il or BD

LSRFortessa 20x device from BD and analysed using the FlowJo software 10.6.2.

4.11.5 Transcriptomic analysis

Quantitative expression of solute carrier (SLCs) transporter was compared between Caco-2,
tissue, ODMs and organoids. The following data sets from Gene Expression Omnibus (GEO)
were used: GSE164334 (He et al., 2021), GSE156453 (Takayama et al., 2021), GSE127938
(Kayisoglu et al., 2021), GSE167286 (Gu et al., 2022), GSE163706 (Sugimoto et al., 2021),
and GSE160695 (Yamashita et al., 2021); and a data set from Ma’ayeh et al. (Ma'ayeh et al.,
2018) and one from Holthaus et al. (Holthaus et al., 2021). Data were quantitatively evaluated,
only considering expressed or not expressed, since they were obtained by different methods
RNAseq and DNA microarray. Normalisation was performed by the respective authors or
according to manufacturer’'s guidelines (Yamashita et al., 2021). Results were visualised using

Prism 9.1 software (GraphPad).
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4.12 Statistical analysis

Prism 9.1 software (GraphPad) was used for analysis. If not stated otherwise, data are
expressed as mean values + standard error of the mean (SEM). n indicates the number of
single measurements. Outliers were identified by Grubb's test a= 0.01 and removed from the
data set. Statistical analysis was performed using Student's t-test for comparison between two
groups or one-way ANOVA with Dunnett correction for multiple comparison for comparing

more than two groups. p<0.05 was considered significant (*p<0.05, **p<0.01, ***p<0.0001).

5 Results

5.1 TAMP-OE influences subjacent immune cells

All three TAMPs are altered in UC and therefore might play a role in the pathogenesis (Heller
et al., 2005; Krug et al., 2018; Weiss et al., 2022a; Zeissig et al., 2007). We showed that mice
with an intestinal epithelial cell-specific overexpression of either MD3 (Weiss et al., 2022a),
Ocln or Tric (unpublished data) suffered less from DSS-induced colitis indicated by a lower
disease activity index (DAI) compared to wt mice. This could be partially explained by
stabilising effects of the barrier, but other mechanisms might be involved, resulting in the
ameliorating effect of DSS colitis, as for example for MD3-OE we did not find direct effects on
the barrier (Weiss et al., 2022a). Therefore, changes in immune cell composition of MLNs,
small intestine, and colon using flow cytometry and expression of pro- and anti-inflammatory
markers in the colon tissue using gPCR were investigated, during DSS-induced colitis and
control conditions. TAMP-OE mice developed normally and displayed no phenotypic
differences. Only male mice were used for this study, because female and male mice differ in
weight and, more importantly, it was observed that colitis manifests differently (Alex et al.,
2009; DeVoss and Diehl, 2014). Moreover, TJ proteins in the gut were found to be influenced
by the female hormone cycle (Zhou et al., 2017).

5.1.1 Cryopreservation of intestinal tissue led to reduced number of

viable cells but preserved immune cell composition

To investigate changes in intestinal immune cell composition due to TAMP-OE, a
cryopreservation method was tested, that allows collection of tissue and the collective isolation
and analysis of immune cells at a later time. Some intestinal tissue samples were frozen in
10% DMSO in FBS and stored in liquid nitrogen. These samples were quickly thawed and
immune cells isolated in parallel to fresh intestinal tissue samples and analysed using flow

cytometry as visualised in Figure 7. Firstly, cell debris was excluded (Figure 7 A Gate1), then
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single cells were selected and finally gated on viable CD45" immune cells. As demonstrated in
Figure 7 A, this population appeared to be smaller in the frozen samples compared to fresh
samples. This observation was confirmed by statistical analysis (Figure 7 B). Immune isolation
from fresh samples yielded to more viable CD45" cells (20.50 + 3.31% of single cells) than

from frozen samples (6.71 + 0.73%).

(A) Gate1 single cells  viable CD45*cells (B) viable CD45" cells
40— *k %k
(o]
30

fresh
SSC-A
Live and deadjstain

20
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% of total single cells

150K

frozen
SSC-A

Live and deadlstain

FSC-A FSC-A CD45

Figure 7 Cryopreservation leads to reduced number of viable CD45" cells

(A) Gating strategy for lamina propria (LP) immune cells isolated from fresh and frozen samples of
mouse intestines. Firstly, cell debris was excluded (Gate1), then single cells were selected and finally
gated on viable CD45* immune cells. (B) Comparison of occurrences of viable CD45* cells in
percentage of single cells. In fresh samples 20.50 + 3.31% of single cells were viable CD45* cells, while
this occurrence was lower in frozen samples with 6.71 + 0.73% of viable CD45* cells. (n = 5; data shown
as mean + SEM; outliers identified by Grubb’s test a= 0.01 and removed; *p<0.05, **p<0.01, ***p<0.001)

Comparison of viable CD45" cells showed no changes in percentage (%) for CD4" cells 11.50
1 2.60% and 12.80 £ 3.41%; CD8" cells 25.60 + 7.10% and 23.10 + 3.51%; CD19" cells 45.90
+ 7.96% and 46.30 + 6.40%; CD11c* cells 5.07 £ 0.98% and 3.20 + 0.68% and Ly6G* cells
1.82 + 0.04% and 3.37 + 0.77% of fresh and frozen samples, respectively (Figure 8). However,
the number of CD11b* cells was reduced from 9.49 £ 2.1% in fresh samples to 4.61 + 0.63%

in frozen samples (Figure 8).
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Figure 8 Cryopreservation leads to reduced number of CD11b* cells.
(A) Gating strategy on viable CD45* cells of LP immune cells isolated from fresh and frozen samples of

mouse intestines. (B-G) Comparison of occurrences in percentage of viable CD45* cells. (B) for CD4*
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cells 11.50 + 2,60% and 12.80 + 3.41%; (C) CD8" cells 25.60 + 7.10% and 23.10 + 3.51%; (D) CD19*
cells 45.90 + 7.96% and 46.30 + 6.40%; (E) CD11b* cells 9.49 + 2.1% and 4.61 + 0.63%; (F) CD11c*
cells 5.07 £ 0.98% and 3.20 + 0.68% and (G) Ly6G* cells 1.82 £ 0.04% and 3.37 + 0.77%; of fresh and
frozen samples, respectively. (n = 5; data shown as mean + SEM; outliers identified by Grubb’s test a=
0.01 and removed; *p<0.05, **p<0.01, ***p<0.001)

Although the flow cytometry data showed that most of the analysed immune cell populations
were preserved after freezing, this method was not used for further experiments as the yield
of viable CD45* cells of the mouse colon was already low in fresh samples and was further
reduced by cryopreservation. In addition, the proportions of CD11b* cells were different

between fresh and frozen samples.

5.1.2 MD3-OE does not affect CD4* T-cell subsets

In a preliminary experiment, changes in CD4* T-cell subsets between MD3-OE and wt mice
were investigated. Especially MD3-OE might lead to changes as MD3 are known to influence
proliferation of surrounding cells (Steed et al., 2014) and thereby it might be the TAMP with
the most influence on other cell populations. The different subsets of CD4* cells have distinct
functions, for example Tu1 cells protect against intracellular microbes and Tn2 cells against
parasites. Therefore, changes in these immune cell subsets would indirectly indicate major
changes in the microbiota. For CD4" T-cell subsets investigation, isolated immune cells were
stimulated with lonomycin and Phorbol 12-myristate 13-acetate (PMA) and an intracellular
staining kit was used to stain for subset specific intracellular markers (Figure 9 A). Tu1 cells
were defined as INF-y* and TNFa*~cells. Ty2 as INF-y~and TNFa* cells, Ty17 as IL-17a* cells
and Ty as FoxP3" cells (Mousset, 2019). Successful activation and intracellular staining of wt
CD4" T-cell subsets is shown in Figure 9 B. No changes in occurrence of the four different
subsets were detected between wt and MD3-OE mice [Tw1 cells (11.20 + 1.44% and 10.50 +
1.89%); Th2 cells (12.67 + 2.28% and 7.36 + 1.23%), Tu17 cells (2.74 + 0.53% and 4.28 +
1.36%); Treg cells (13.60 £ 1.03% and 13.10 £ 1.77%), respectively; Figure 9 C-F]. CD4"* T-cell
subsets were not altered in MD3-OE mice, thus indicating that there are no major changes in
gut microbiota due to the MD3-OE.
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Figure 9 MD3-OE does not affect CD4* T-cell subsets.
LP immune cells were isolated from wt and MD3-OE mice and cultured for 4 h with PMA and lonomycin
to induce cytokine expression. Brefeldin A was added to inhibit cytokine release and immune cells were

stained using an intracellular staining kit. Cells were acquired with a FACS Canto Il and analysed using
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FlowJo software. Viable CD45" cells were distinguished by the expression of either CD8a or CD4. CD4*
cells were further subdivided by the detected cytokine expression. Th1 cells were defined as INF-y* and
TNFa*~cells. Th2 as INF-y~ and TNFa* cells, Th17 as IL-17a* cells and Treq as FoxP3* cells. (A) Scheme
of the gating strategy to identify CD4* T-cell subsets. (B) Comparison of wt ctrl and wt stimulated immune
cells. (C-F) No changes in occurrence of the four different subsets were detected between wt and MD3-
OE. (C) Tn1 cells:11.20 + 1.44% and 10.50 + 1.89%; (D) Tn2 cells: 12.67 + 2.28% and 7.36 + 1.23%;
(E) Tu17 cells: 2.74 + 0.53% and 4.28 + 1.36%; and (F) Treg cells: 13.6 £ 1.03% and 13.1 £ 1.77%.
(nz9; data shown as mean = SEM; outliers were identified by Grubb’s test a= 0.01 and removed;
*p<0.05, **p<0.01, ***p<0.001)

5.1.3 Transcriptional analysis of cytokine expression in wt and
TAMP-OE mice during DSS colitis

To get a first hint about the inflammation status, colon mRNA was isolated from 2-4 mice of
each group and was compared regarding the expression of cytokines involved in IBD. The
DAls for these mice showed that at day 5 all TAMP-OE DSS mice had a lower DAI than wt
mice (wt DSS 5.25 + 1.03 DAI, MD3-OE DSS 2.50 £ 0.96 DAI, OcIn-OE DSS 3.75 + 1.32 DAI
and Tric-OE DSS 2.67 + 1.20 DAI; Figure 10A). At day 6 DAI of OcIn-OE DSS mice was lower
than that from wt DSS mice (3.50 = 0.50 DAl and 5.75 £ 1.49 DAI, respectively; Figure 10A).
No significant tests were performed for the gPCR results due to low sample number and large
variances (Figure 10 B-J). Therefore, these results can only give an indication. This said, an
increased expression of the tested cytokines was detected in all mice treated with DSS.
Expression of Interleukin- (IL-) 18 was similar in Tric-OE DSS mice (131 Fold change (FC))
and was higher in Ocln-OE DSS (306 FC) and the highest in MD3-OE DSS (996 FC) compared
to wt DSS mice (164 FC) (Figure 10 B). In Tric-OE DSS mice (298 FC) the expression of IL-6
was slightly higher than in wt DSS mice (139 FC), while IL-6 expression was higher in Ocln-
OE DSS mice (740 FC) and the highest in MD3-OE DSS (1344 FC). (Figure 10 C). No
difference in IL-10 expression between wt DSS (7.77 FC) and TAMP-OE DSS mice (MD3-OE
DSS 11.1 FC; OcIn-OE DSS 9.3 FC; Tric-OE DSS 5.1 FC) was observed (Figure 10 D). OclIn-
OE DSS mice (161 FC) expressed more IL-12 than wt DSS mice (31.8 FC) and in Tric-OE
DSS mice (86.6 FC) IL-12[3 expression was also higher, but not as much as for Ocln-OE DSS
mice (Figure 10 E). IL-17a was expressed higher in TAMP-OE DSS mice than in wt DSS mice
(6.4 FC), expression was the lowest in Tric-OE DSS mice (47.1 FC) and the highest in OclIn-
OE DSS mice (172 FC) (Figure 10 F).

The chemokines CC-(two N-terminal cysteines adjacent) ligand 2 (CCL2) and CXC (two N-
terminal cysteines separated by a single amino acid) ligand 9 (CXCL9) tended to be expressed
higher in MD3-OE DSS (78 FC and 680 FC, respectively) and OcIn-OE DSS (214 FC and 476
FC, respectively) mice than in wt DSS mice (20.1 FC and 60.1 FC, respectively), whereas Tric-
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OE DSS (23.6 FC and 72.0 FC, respectively) mice had a similar fold change (FC) to wt DSS
mice (Figure 10 G and H). Expression of interferon-y (INF-y) was similar in wt DSS (34.1 FC),
OcIn-OE DSS (44.6 FC) and Tric-OE DSS mice (38.6 FC) but higher in MD3-OE DSS mice
(332 FC) (Figure 10 I). Wt DSS (3.6 FC) and TAMP-OE DSS mice (MD3-OE DSS 4.1 FC;
OcIn-OE DSS 5.1 FC; Tric-OE DSS 1.6 FC) had a similar FC for transforming growth factor
beta (TGF-B) (Figure 10 J).
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Figure 10 Transcriptional analysis of cytokine expression in wt and TAMP-OE mice
during DSS colitis

mRNA was isolated from colon tissue of wt and TAMP-OE mice at day 6 of DSS treatment and analysed
by gPCR for the expression of different cytokines. (A) Disease activity index (DAI) of wildtype (wt) and
intestinal TAMP-overexpressing mice (MD3-OE; OclIn-OE; Tric-OE), that were used for RNA isolation
and gPCR to detect expression of cytokines involved in IBD. (n 22; data shown as mean + SEM; two-
way ANOVA against wt DSS; *p<0.05, "p<0.01, ""p<0.001,) B) Expression of IL-1f was higher in MD3-
OE DSS than wt DSS mice, but similar in Ocln-OE DSS and Tric-OE DSS mice. (C) Expression of IL-6
was slightly higher in Tric-OE DSS than wt DSS mice, higher expressed in Ocln-OE DSS mice and the
highest in MD3-OE DSS mice. (D) Expression of IL-10 was similar in wt DSS and TAMP-OE DSS mice.
(E) Expression of IL-128 was higher in OcIn-OE DSS than wt DSS mice. (F) Expression of IL-17a was
higher in TAMP-OE DSS mice than in wt DSS mice, although Tric-OE DSS mice had the lowest and
OcIn-OE DSS mice the highest expression. (G) Chemokine CC- (two N-terminal cysteines adjacent)
ligand 2 (CCL2) was expressed higher in MD3-OE DSS and OcIn-OE DSS mice than in wt DSS mice.
(H) Chemokine CXC (two N-terminal cysteines separated by a single amino acid) ligand 9 (CXCL9) was
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expressed higher in MD3-OE DSS and OcIn-OE DSS mice than in wt DSS mice. () Expression of
Interferon-y (INF- y) was similar in wt DSS, OcIn-OE DSS and Tric-OE DSS mice but higher in MD3-OE
DSS mice (J) Expression of transforming growth factor-p (TGF-B) was similar in wt and TAMP-OE mice.
(n 2 2; data shown as boxes from 25th percentile to 75th percentile with the horizontal line presenting
the median; the whiskers represent the maximum and minimum values, without outlier; outliers identified

by Grubb’s test a= 0.01 and removed)

5.1.4 Changes in immune cell composition due to TAMP-OE

Finally, wt and TAMP-OE mice were compared during DSS-induced colitis. Prior experiments
showed a reduced (DAI) in TAMP-OE mice during DSS-induced colitis. Albeit in these
experiments DAl was similar between wt and TAMP-OE mice at day 6 (Figure 11). However,
DAI was lower for MD3-OE DSS and Tric-OE DSS mice at day 5 of DSS treatment (Figure
11).
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Figure 11 Disease activity index in DSS-induced colitis

Disease activity index (DAI) of wildtype (wt) and intestinal TAMP-overexpressing mice (MD3-OE; Ocln-
OE; Tric-OE) during DSS-induced colitis. Similar DAl in TAMP-OE and wt mice at day 6 of DSS
treatment. However, MD3-OE and Tric-OE mice had lower DAI than wt mice at day 5 of DSS treatment
(n 2 6; data shown as mean + SEM; two-way ANOVA against wt DSS; "p<0.05, “p<0.01, “’p<0.001)
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To investigate changes in immune cell composition in the intestine of wt and TAMP-OE mice
two flow cytometry panels were established. The first panel focuses on IELs which are located
closely to the epithelial cells and therefore are most likely influenced by TJ changes. The gating

strategy for the first panel is illustrated in Figure 12.
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Figure 12 Intraepithelial lymphocyte gating strategy.

Gating strategy for intraepithelial lymphocytes using the FlowJo software. First cell debris was excluded
and gated on single cells. Then viable and CD45* cells were identified. Those were further divided due
to the expression of TCRaf or TCRyd. TCRap* cells are further distinguished by CD4 and CD8a
expression. TCRap* CD8a* cells are then distinct by the expression of CD8aa homodimer or CD8af
heterodimer. In addition, the populations of TCRyd* CD8aa* cells were determined. Finally, nlELs
(TCRyd* CD8aa* and TCRap* CD8aa*) as well as the ilELs; (TCRap* CD4* and TCRaf3* CD8aa*) were
analysed for their expression of the typical IEL integrin CD103 and the MLN homing marker CD62L.
Furthermore, the expression of the activation markers CD44 and CD69 by IELs were determined.

To isolate immune cells from the mouse intestine, two digestions were performed. EDTA was
used in the first digestion to disrupt the epithelial layer. This epithelial fraction contained

besides epithelial cells also immune cells that were closely located to the epithelium like IELs.
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The occurrence of ilELs subsets, TCRaf* CD4* and TCRap* CD8af*, were not altered due to
TAMP-OE or DSS treatment with the exception that TCRa* CD8af* cells were reduced in wt
DSS mice (5.34 £ 0.91%) compared to wt mice (2.05 £ 0.21%) (Figure 13 A and B). In contrast,
TCRaB* CD8aa" nlELs were reduced in OcIn-OE DSS and Tric-OE DSS mice compared to
control conditions. Wt DSS and MD3-OE DSS mice also tended to have less TCRa* CD8aa*
nlELs, but changes were not significant (Figure 13 C). Untreated Tric-OE mice had a higher
occurrence of TCRap* CD8aa* nlELs than wt mice. TCRyd* CD8aa* nlELs were reduced in
TAMP-OE mice upon DSS treatment but there was no reduction in wt mice (Figure 13 D).
TCRyd* CD8aa* nlELs were increased in MD3-OE mice compared to wt mice, whereas upon
DSS treatment Tric-OE mice had a lower occurrence of TCRyd* CD8aa* nlELs than wt DSS

mice.
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Figure 13 Occurrences for intraepithelial lymphocyte subsets (epithelial fraction)

At day 6 of DSS treatment, colon tissue of wt and TAMP-OE mice was digested with EDTA to isolate
immune cells. The epithelial fraction was stained for the IEL panel, acquired by an LSR Fortessa 20x
device and analysed with FlowJo software as illustrated in Figure 12. (A) Occurrence of TCRaf3* CD4*
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iIELs was not altered due to TAMP-OE or DSS treatment. (B) Occurrence of TCRaf3* CD8af*ilELs was
reduced in wt DSS mice compared to wt mice. (C) Occurrence of TCRap* CD8aa* nlELs was reduced
in wt DSS and TAMP-OE DSS mice compared to control conditions, this was significant for Ocln-OE
and Tric-OE mice. Furthermore Tric-OE mice had a higher occurrence compared to wt mice. (D)
Occurrence of TCRyd* CD8aa* nlELs was reduced in TAMP-OE DSS mice compared to control
conditions. Occurrence was higher in MD3-OE mice compared to wt mice and lower in Tric-OE DSS
mice than wt DSS mice. (n 2 6; data shown as mean + SEM; outliers were identified by Grubb’s test a=
0.01 and removed; student’s T-test *p<0.05, **p<0.01, ***p<0.001; One-way ANOVA compared to wt
#p<0.05, #p<0.01, ##p<0.001; One-way ANOVA compared to wt DSS *p<0.05, **p<0.01, ***p<0.001)

Only around 20% of TCRap* CD4" ilELs expressed the IEL typical integrin CD103 and were
negative for the MLN homing marker CD62L (Figure 14 A). 40-60% of TCRaB" CD4" ilELs
expressed the activation markers CD44 and CD69 (Figure 14 B). No alterations due to TAMP-
OE or DSS treatment were observed in TCRaf" CD4" ilELs for those markers. From the
population of TCRaf* CD8aB*ilELs 60-70% were CD103* and CD62L- with the exception in
Tric-OE DSS mice only 47.20 + 4.95% were CD103" and CD62L~and thereby significant less
than in wt DSS (64.90 + 2.18%) and Tric-OE control mice (68.00 £ 3.53%) (Figure 14 C). 60-
70% TCRaB* CD8aB*ilELs were CD44* and CD69* (Figure 14 D).
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Figure 14 Occurrences of CD103*CD62L" cells and CD44* CD69* cells among induced
intraepithelial lymphocytes (epithelial fraction)

At day 6 of DSS treatment, colon tissue of wt and TAMP-OE mice was digested with EDTA to isolate
immune cells. The epithelial fraction was stained for the IEL panel, acquired by LSR Fortessa 20x device
and analysed with FlowJo software as illustrated in Figure 12. (A and B) Occurrences among TCRap*
CD4* ilELs. No alterations in occurrence for CD103*CD62L" cells and CD44* CD69* cells due to TAMP-
OE or DSS treatment. (C and D) Occurrences among TCRap* CD8ap*ilELs. (C) Tric-OE DSS mice
had a lower occurrence of CD103*CD62L" cells compared to wt DSS and Tric-OE mice. (D) No alteration
in occurrence of CD44* CD69* cells due to TAMP-OE or DSS treatment were detected. (n = 6; data
shown as mean = SEM; outliers were identified by Grubb’s test a= 0.01 and removed; student’s T-test
*p<0.05, **p<0.01, ***p<0.001; One-way ANOVA compared to wt #p<0.05, #p<0.01, #*#p<0.001; One-
way ANOVA compared to wt DSS *p<0.05, **p<0.01, ***p<0.001)
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When treated with DSS more TCRaf* CD8aa* nlELs tended to be CD103*, which was
significant for OcIn-OE mice (OcIn-OE 75.60 + 2.22%; OcIn-OE DSS 82.00 + 1,70%; Figure
15 A). This was also the case in TCRyd* CD8aa* nlELs (OcIn-OE 92.5 + 1.37%; OcIn-OE DSS
96.10 + 0.65%; Figure 15 C). Less TCRaf3* CD8aa" nlELs were CD103*in Tric-OE DSS mice
compared to wt DSS mice (60.10 £ 3.61% and 78.80 = 1.55%, respectively Figure 15 A). In
TCRaB* CD8aa* nlELs an increase of CD44* CD69" cells was detected in MD3-OE and Ocln-
OE mice after DSS treatment and the amount of TCRaf* CD8aa* CD44* CD69* cells was
higher in MD3-OE DSS than wt DSS mice (wt DSS 82.90 + 0.90%; MD3-OE 81.20 + 2.70%;
MD3-OE DSS 87.70 + 1.42%; OcIn-OE 82.10 £ 0.72%; OcIn-OE DSS 86.70 + 0.62%; Figure
15 B). Almost all TCRyd" CD8aa* nlELs were CD44* CD69* and this was neither influenced by
DSS treatment nor by TAMP-OE (Figure 15 D).
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Figure 15 Occurrences of CD103*CD62L" cells and CD44* CD69* cells among natural

intraepithelial lymphocytes (epithelial fraction)
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At day 6 of DSS treatment, colon tissue of wt and TAMP-OE mice was digested with EDTA to isolate
immune cells. The epithelial fraction was stained for the IEL panel, acquired by LSR Fortessa 20x device
and analysed with FlowJo software as illustrated in Figure 12. (A and B) Occurrences among TCRap*
CD8aa* nlELs. (A) Occurrences of CD103*CD62L" cells were significantly increased in OcIn-OE DSS
compared to Ocln-OE mice and was lower in Tric-OE DSS mice compared to wt DSS mice. (B)
Occurrences of CD44* CD69* cells were increased in MD3-OE and OcIn-OE mice during DSS-induced
colitis compared to control conditions and was higher in MD3-OE DSS mice than wt DSS mice. (C and
D) Occurrences among TCRyd* CD8aa* nlELs. (C) Occurrences of CD103*CD62L~ cells were
iincreased in OcIn-OE DSS mice compared OcIn-OE mice. (D) No alteration in occurrence for CD44*
CD69* cells due to TAMP-OE or DSS treatment were detected. (n =2 6; data shown as mean = SEM,;
outliers were identified by Grubb’s test a= 0.01 and removed; student’'s T-test *p<0.05, **p<0.01,
***p<0.001; One-way ANOVA compared to wt #p<0.05, #*#p<0.01, #**#p<0.001; One-way ANOVA
compared to wt DSS *p<0.05, **p<0.01, ***p<0.001)

LP immune cells were isolated during the second digestion with collagenase, DNase and
Dispase. Although IELs should have been more prominent in the epithelial fraction, the LP
fraction was stained and analysed with the IEL panel. Results confirmed that the occurrence
of the nlELs subsets TCRaf* CD8aa" (epithelial fraction 16.20-35.30%; LP fraction 0.83-
1.34%) and TCRyd* CD8aa" (epithelial fraction 6.91-22.40%; LP fraction 0.08-0.27%) were
lower compared to the epithelial fraction after EDTA digestion. In contrast, the occurrence of
TCRaf* CD4" ilELs was higher in the LP fraction than the epithelial fraction (1.87-3.91% and
6.28-10.10%, respectively; Figure 13 and 16). The amount of TCRaB* CD4" ilELs was reduced
upon DSS treatment compared to control condition in wt, MD3-OE and Tric-OE mice, this
tendency was also seen in OcIn-OE, however it was not significant (Figure 16 A). No alterations
were observed in TCRap* CD8af* cells (Figure 16 B). Occurrence of TCRaf* CD8aa* nlELs
was increased in MD3-OE mice during DSS but not in wt, OcIn-OE and Tric-OE mice. In wt
and OcIn-OE mice TCRyd" CD8aa* nlELs were increased upon DSS treatment. No changes
between wt and TAMP-OE mice during control or after DSS treatment were detected (Figure
16 C and D).
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Figure 16 Occurrences for intraepithelial lymphocyte subsets (LP fraction)

At day 6 of DSS treatment, colon tissue of wt and TAMP-OE mice was digested first with EDTA and
then with Collagenase, Dispase and DNase to isolate immune cells from the lamina propria (LP). This
LP fraction was stained for the IEL panel, acquired by LSR Fortessa 20x device and analysed with
FlowJo software as illustrated in Figure 12. (A) Occurrence of TCRap* CD4* ilELs was decreased during
DSS-induced colitis, however this decrease was not significant in OcIn-OE mice. (B) Occurrence of
TCRap* CD8af*ilELs was not altered due to TAMP-OE or DSS treatment. (C) Occurrence of TCRap*
CD8aa*nlELs was increased during DSS-induced colitis, this increase was significant for MD3-OE mice.
(D) Occurrence of TCRy®* CD8aa* nlELs was increased during DSS-induced colitis in wt and OcIn-OE
mice. (n = 6; data shown as mean = SEM; outliers were identified by Grubb’s test a= 0.01 and removed;
student’s T-test *p<0.05, **p<0.01, ***p<0.001; One-way ANOVA compared to wt #p<0.05, #p<0.01,
##p<0.001; One-way ANOVA compared to wt DSS *p<0.05, **p<0.01, ***p<0.001)
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No significant changes in the occurrence of TCRap* CD4* CD103" CD62L" ilELs were
observed (Figure 17 A). Less TCRaf* CD4" ilELs were CD44* CD69* after DSS treatment in
MD3-OE mice (MD3-OE 71.40 £ 1.47% and MD3-OE DSS 56.00 + 2.50%; Figure 17 B). DSS-
induced colitis led to a reduction of TCRap* CD8af* CD103* CD62L" ilELs in wt (ctrl 39.70 +
2.41% and DSS 32.10 + 2.16%) and MD3-OE mice (ctrl 44.00 + 2.53% and DSS 36.00 *
2.31%), no change was observed in Tric-OE mice (ctrl 34.40 + 3.23% and DSS 29.80 *
1.46%), in contrast there was an increase in OcIn-OE DSS mice (ctrl 36.40 + 2.31% and DSS
46.1 £ 3.79%) (Figure 17 C). Therefore, OcIln-OE DSS mice had a higher occurrence of
TCRap* CD8ap* CD103* CD62L"ilELs than wt DSS mice. Less TCRap* CD8af" iELs were
CD44* CD69" in Tric-OE DSS mice than wt DSS mice (41.60 + 4.42% and 53.40 t 2.84%,
respectively; Figure 17 D). After DSS treatment, a lower occurrence of TCRap* CD8af" iELs
expressed CD44* CD69* in MD3-OE mice (ctrl 59.80 + 2.52% and DSS 50.60 t 2.47%),
whereas more cells expressed CD44* CD69" after DSS treatment in OcIn-OE mice (ctrl 49.60
+ 3.67% and DSS 61.00 + 2.95%) (Figure 17 D).
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Figure 17 Occurrences of CD103*CD62L" cells and CD44* CD69"* cells among induced
intraepithelial lymphocytes (LP fraction)

At day 6 of DSS treatment, colon tissue of wt and TAMP-OE mice was digested first with EDTA and
then with Collagenase, Dispase and DNase to isolate immune cells from the lamina propria (LP). This
LP fraction was stained for the IEL panel, acquired by LSR Fortessa 20x device and analysed with
FlowJo software as illustrated in Figure 12. (A and B) Occurrences among TCRaf* CD4* ilELs. (A) No
alterations in occurrence of CD103*CD62L" cells due to TAMP-OE or DSS treatment were detected.
(B) Occurrences of CD44* CD69* cells were reduced during DSS-induced colitis in MD3-OE mice (C
and D) Occurrences among TCRaB* CD8aB*ilELs. (C) Occurrences for CD103*CD62L" cells were
reduced in wt and MD3-OE during DSS-induced colitis but increased in OcIn-OE mice. Thus, occurrence
of CD103*CD62L" cells was higher in Ocln-OE DSS mice than wt DSS mice (D) Occurrence of CD44*
CD69* cells was reduced in MD3-OE mice during DSS-induced colitis, but increased in Ocln-OE mice.
Occurrence of CD44* CD69* cells was lower in Tric-OE DSS mice than wt DSS mice. (n = 6; data shown

as mean = SEM; outliers were identified by Grubb’s test a= 0.01 and removed; student’s T-test *p<0.05,
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**p<0.01, ***p<0.001; One-way ANOVA compared to wt #p<0.05, #p<0.01, ##p<0.001; One-way
ANOVA compared to wt DSS *p<0.05, **p<0.01, ***p<0.001)

The occurrence of CD103* CD62L" nlELs tended to be increased during DSS-induced colitis,
which was significant in wt, MD3-OE and OclIn-OE mice for TCRaf* CD8aa* nlELs and in wt
for TCRyd* CD8aa’ nlELs (Figure 18 A and C). No changes due to DSS treatment or TAMP-
OE were detected for the occurrence of TCRaof3* CD8aa* CD44* CD69* nlELs (Figure 18 B).
In OcIn-OE mice the occurrence of TCRyd" CD8aa® CD44* CD69" nlELs was increased upon
DSS treatment, which was not the case in wt, MD3-OE or Tric-OE mice (Figure 18 D)
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Figure 18 Occurrences of CD103*CD62L" cells and CD44* CD69* cells among natural

intraepithelial lymphocytes (LP fraction)
At day 6 of DSS treatment, colon tissue of wt and TAMP-OE mice was digested first with EDTA and

then with Collagenase, Dispase and DNase to isolate immune cells from the lamina propria (LP). This



76 Results

LP fraction was stained for the IEL panel, acquired by LSR Fortessa 20x device and analysed with
FlowJo software as illustrated in Figure 12. (A and B) Occurrences among TCRaB* CD8aa* nlELs. (A)
Occurrences of CD103*CD62L" cells were increased during DSS-induced colitis, this increase was not
significant in Tric-OE mice. (B) No alterations in occurrence of CD44* CD69* cells due to TAMP-OE or
DSS treatment were detected. (C and D) Occurrences among TCRy&* CD8aa* nlELs. (C) Occurrences
of CD103*CD62L" cells were increased in wt DSS mice compared wt mice. (D) Occurrences of CD44*
CD69* cells were increased during DSS-induced colitis in OcIn-OE mice. (n = 6; data shown as mean +
SEM; outliers were identified by Grubb’s test a= 0.01 and removed; student’s T-test *p<0.05,**p<0.01,
***p<0.001; One-way ANOVA compared to wt #p<0.05, #*#p<0.01, #**#p<0.001; One-way ANOVA
compared to wt DSS *p<0.05,**p<0.01, ***p<0.001)

A second flow cytometry panel focuses on myeloid cells, as those cells are the first to
encounter pathogens and were found to express tight junction proteins (Mariano et al., 2011b).
To recognize changes in other cell types this panel also gates for major immune cell subtypes
like CD4* and CD8" T-cells, neutrophils, and B-cells. The gating strategy for the myeloid panel

is illustrated in Figure 19.
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Figure 19 Myeloid cell gating strategy
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Gating strategy for myeloid cells using the FlowJo software. First, cell debris was excluded and gated
on single cells. Then viable and CD45* cells were identified. Those were further divided into Ly6G*
neutrophils or Ly6G- cells. Neutrophils were analysed for CD11b expression. Ly6G- cells were divided
into CD64* and CD64- cells. CD64- cells were analysed for CD4 expression (CD4 T-cells), CD8a
expression (CD8a T-cells), CD19 expression (B-cells) and Ly6C and MHCII expression. Ly6C* MHCII~
were defined as blood monocytes. Ly6C~ MCHII* CD11c* cells were identified as dendritic cells (DCs).
DCs were divided by the expression of CD103 and CD11b. CD64* were distinguished by the expression
of Ly6C and MCHII. Ly6C* MCHII~ were defined as monocytes, Ly6C* MCHII* as maturing monocytes
and Ly6C~ MCHII* as macrophages. Macrophages were further divided into CD11b* macrophages or

resident macrophages (CD11b* CX3CR1*). Resident macrophages were analysed for CD4 expression.

Both fractions were stained and analysed with the myeloid panel. Results of the epithelial
fraction showed an increase of Ly6G* Ly6G* CD11b* and CD64* cells in wt and TAMP-OE
mice upon DSS treatment. However, no changes due to TAMP-OE were determined (Figure
20 A-C). Blood monocytes, which were defined as CD45* Ly6G~ CD64- Ly6C* MCHII* cells,
also tended to be increased during DSS-induced colitis, though it was only significant in wt
mice (wt 3.87 £ 0.61% and wt DSS 6.55 + 0.87%; Figure 20 D). A higher occurrence of blood
monocytes was detected in Tric-OE mice than in wt mice (3.87 + 0.61% and 6.42 + 0.84%;

respectively).
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Figure 20 Occurrence of neutrophils, CD64* cells and blood monocytes among viable
CDA45" cells for (epithelial fraction)

At day 6 of DSS treatment, colon tissue of wt and TAMP-OE mice was digested with EDTA to isolate
immune cells. The epithelial fraction was stained for the myeloid panel, acquired by LSR Fortessa 20x
device and analysed with FlowJo software as illustrated in Figure 19. (A) Occurrences of Ly6G*
neutrophils were increased during DSS-induced colitis. (B) Occurrences of Ly6G* CD11b* neutrophils
were increased during DSS-induced colitis. (C) Occurrence of CD64* (Ly6G™) cells was increased during
DSS-induced colitis. (D) Occurrence of blood monocytes (Ly6G~ CD64~ Ly6C* MCHII™) was increased
during DSS-induced colitis in wt mice and was higher in Tric-OE mice than wt mice. (n = 6; data shown
as mean + SEM; outliers were identified by Grubb’s test a= 0.01 and removed; student’'s T-test
*p<0.05,"*p<0.01, ***p<0.001; One-way ANOVA compared to wt #p<0.05, #p<0.01, ##p<0.001; One-
way ANOVA compared to wt DSS *p<0.05, **p<0.01, ***p<0.001)



Results 79

No changes due to DSS treatment or TAMP-OE appeared in DCs (Figure 21 A). CD4"* T-cells
were reduced in Ocln-OE DSS mice compared to OcIn-OE mice (4.54 + 0.63% and 15.4 +
3.73%, respectively Figure 21 B). The occurrence of CD8* T-cells had the tendency to be
reduced in DSS-induced colitis, this reduction was significant in OcIn-OE and Tric-OE mice
(OcIn-OE 51.50 + 3.17%, OcIn-OE DSS 30.80 + 2.60%, Tric-OE 49.90 + 1.65%, Tric-OE DSS
27.50 + 3.27%; Figure 21 C). The occurrence of CD19* B-cells was higher in MD3-OE DSS
mice than in wt DSS mice (20.60 + 4.59% and 6.89 £ 2.11%, respectively; Figure 21 D). Here
the population of CD64 and DCs were not further distinguished, because cell numbers were

too low to draw meaningful conclusions.
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Figure 21 Occurrence of dendritic cells, CD4* and CD8" T-cells and B-cells among viable
CDA45" cells (epithelial fraction)
At day 6 of DSS treatment, colon tissue of wt and TAMP-OE mice was digested with EDTA to isolate

immune cells. The epithelial fraction was stained for the myeloid panel, acquired by LSR Fortessa 20x
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device and analysed with FlowJo software as illustrated in Figure 19. (A) Occurrence of dendritic cells
(DCs, Ly6G~ CD64~ Ly6C~ MCHII* CD11c*) was not altered due to TAMP-OE or DSS treatment. (B)
Occurrence of CD4* T-cells (Ly6G~ CD64~ CD4*) was lower in Ocln-OE DSS than Ocln-OE mice. (C)
Occurrence of CD8a* T-cells (Ly6G~ CD64~ CD8a*) was decreased during DSS-induced colitis, this
decrease was significant in OcIn-OE and Tric-OE mice. (D) Occurrence of CD19* B-cells (Ly6G~ CD64~
CD19*) was higher in MD3-OE DSS than wt DSS mice. (n 2 6; data shown as mean £ SEM; outliers
were identified by Grubb’s test a= 0.01 and removed; student’s T-test *p<0.05, **p<0.01, ***p<0.001;
One-way ANOVA compared to wt #p<0.05, #p<0.01, ##p<0.001; One-way ANOVA compared to wt DSS
*p<0.05, **p<0.01, ***p<0.001)

In the LP fraction, after collagenase digestion, the occurrences for Ly6G*, Ly6G* CD11b* and
CD64* cells increased in DSS-induced colitis, in contrast it decreased for blood monocytes.
No changes due to TAMP-OE were detected (Figure 22).
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Figure 22 Occurrence of neutrophils, CD64* cells and blood monocytes among viable
CDA45" cells (LP fraction)

At day 6 of DSS treatment, colon tissue of wt and TAMP-OE mice was digested first with EDTA and
then with Collagenase, Dispase and DNase to isolate immune cells from the lamina propria (LP). This
LP fraction was stained for the myeloid panel, acquired by LSR Fortessa 20x device and analysed with
FlowJo software as illustrated in Figure 19. (A) Occurrences of Ly6G* neutrophils were increased during
DSS-induced colitis (B) Occurrences of Ly6G* CD11b* neutrophils were increased during DSS-induced
colitis. (C) Occurrences of CD64* (Ly6G™) cells were increased during DSS-induced colitis. (D)
Occurrences of blood monocytes (Ly6G~ CD64~ Ly6C* MCHII™) were increased during DSS-induced
colitis. (n = 6; data shown as mean + SEM; outliers were identified by Grubb’s test a= 0.01 and removed;
student’s T-test *p<0.05, **p<0.01, ***p<0.001; One-way ANOVA compared to wt #p<0.05, #p<0.01,
##p<0.001; One-way ANOVA compared to wt DSS *p<0.05, **p<0.01, ***p<0.001)

DCs were reduced in DSS-induced colitis, this reduction was not significant in Tric-OE mice
(Figure 23 A). CD4" T-cells were reduced after DSS treatment, although this was less
pronounced and not significant in MD3-OE mice (Figure 23 B). No changes due to DSS
treatment or TAMP-OE were observed for the occurrence of CD8* T-cells (Figure 23 C). The
occurrence of CD19* B-cells was reduced during DSS-induced colitis in wt, OcIn-OE and Tric-
OE mice (Figure 23 D). In MD3-OE mice however, DSS treatment led to an increased
occurrence of CD19* B-cells. Furthermore, the occurrence of CD19" B-cells was lower under
control conditions in MD3-OE mice than wt mice (7.08 = 0.74% and 23.2 + 4.19%,
respectively), whereas after DSS treatment it was higher in MD3-OE DSS mice than wt DSS
mice (25.50 £ 5.06% and 12.40 + 1.50%, respectively).
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Figure 23 Occurrence of dendritic cells, CD4* and CD8"* T-cells and B-cells among viable
CDA45" cells (LP fraction)

At day 6 of DSS treatment, colon tissue of wt and TAMP-OE mice was digested first with EDTA and
then with Collagenase, Dispase and DNase to isolate immune cells from the lamina propria (LP). This
LP fraction was stained for the myeloid panel, acquired by LSR Fortessa 20x device and analysed with
FlowJo software as illustrated in Figure 19. (A) Occurrences of dendritic cells (DCs, Ly6G~ CD64~ Ly6C~
MCHII* CD11c*) were decreased during DSS-induced colitis, this decrease was not significant in Tric-
OE mice. (B) Occurrences of CD4* T-cells (Ly6G~ CD64~ CD4*) were decreased during DSS-induced
colitis, this decrease was not significant in MD3-OE mice. (C) Occurrence of CD8a* T-cells (Ly6G~
CD64~ CD8a*) was not altered due to TAMP-OE or DSS treatment. (D) Occurrences of CD19* B-cells
(LyeG~ CD64~ CD19*) were decreased during DSS-induced colitis with the one exception, in MD3-OE
mice. In MD3-OE mice the number of B-cells increased during DSS-induced colitis. Occurrence of B-
cells was lower in MD3-OE mice than wt mice and higher in MD3-OE DSS than wt DSS mice. (n = 6;
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data shown as mean + SEM; outliers were identified by Grubb’s test a= 0.01 and removed; student’s T-
test *p<0.05, **p<0.01, ***p<0.001; One-way ANOVA compared to wt #p<0.05, #p<0.01, ##p<0.001;
One-way ANOVA compared to wt DSS *p<0.05, **p<0.01, ***p<0.001)

On one side the occurrence of monocytes (Figure 24 A) and maturing monocytes (Figure 24
B) is elevated, while on the other side it is decreased for macrophages (Figure 24 C) during
DSS-induced colitis. Within the macrophage population less cells were CX3CR1* CD11b*
(resident macrophages; Figure 24 E), while more cells only expressed CD11b after DSS
treatment (Figure 24 D). Furthermore, less resident macrophages expressed CD4 upon DSS
treatment (Figure 24 F). In TriccOE DSS mice the occurrence of maturing monocytes was
higher than in wt DSS mice (46.70 £ 2.98% and 33.40 + 3.12%, respectively; Figure 24 B).
Resident macrophages tended to be increased in Ocln-OE DSS mice than in wt DSS mice,
although this increase was not significant (58.00 + 2.27% and 50.70 = 3.31%, respectively;
Figure 24 E). However, a higher occurrence of resident macrophages CD4* was seen in Ocln-
OE DSS mice compared to wt DSS mice (4.82 + 0.68% and 2.62 + 0.31%, respectively; Figure
24 F).
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Figure 24 Occurrence of CD64" cells subsets (LP fraction)
At day 6 of DSS treatment, colon tissue of wt and TAMP-OE mice was digested first with EDTA and
then with Collagenase, Dispase and DNase to isolate immune cells from the lamina propria (LP). This

LP fraction was stained for the myeloid panel, acquired by LSR Fortessa 20x device and analysed with
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FlowJo software as illustrated in Figure 19. (A) Occurrences of monocytes (Ly6G~ CD64* Ly6C* MCHII~
) were increased during DSS-induced colitis. (B) Occurrences of maturing monocytes (Ly6G~ CD64*
Ly6C* MCHII*) were increased during DSS-induced colitis and was higher in Tric-OE DSS mice than wt
DSS mice. (C) Occurrences of macrophages (Ly6G~ CD64* Ly6C~ MCHII*) were decreased during
DSS-induced colitis. (D) Occurrences of CD11b* macrophages (Ly6G~ CD64* Ly6C~ MCHII* CD11b*)
were decreased during DSS-induced colitis. (E) Occurrences of resident macrophages (Ly6G~ CD64*
Ly6C~ MCHII* CD11b* CX3CR1*) were decreased during DSS-induced colitis. However, this decrease
was smaller in OcIn-OE mice. (F) Occurrences of CD4* resident macrophages (Ly6G~ CD64* Ly6C~
MCHII* CD11b* CX3CR1* CD4*) were decreased during DSS-induced colitis. However, this decrease
was smaller in OcIn-OE mice and occurrence was higher in Ocln-OE DSS compared to wt DSS mice.
(n =z 6; data shown as mean = SEM; outliers were identified by Grubb’s test a= 0.01 and removed;
student’s T-test *p<0.05, **p<0.01, ***p<0.001; One-way ANOVA compared to wt #p<0.05, #p<0.01,
##p<0.001; One-way ANOVA compared to wt DSS *p<0.05, **p<0.01, ***p<0.001)

Considering DCs subsets a reduced occurrence of CD103* CD11b~ DCs was observed in
MD3-OE mice during DSS induced-colitis (MD3-OE 41.70 + 2.79%, MD3-OE DSS 30.40 +
2.37%; Figure 25 C). Occurrence of CD103- CD11b* DCs was lower in Ocln-OE DSS mice
compared to OcIn-OE mice (31.10 + 0.60% and 37.60 + 1.81%, respectively; Figure 25 A).
CD11b* CD103* DCs were more abundant in OcIn-OE DSS mice compared to wt DSS mice
(15.70 £ 1.11% and 11.5 + 0.67%, respectively; Figure 25 B). More DCs were CD11b~ CD103~
in DSS-induced colitis than in control conditions. Furthermore, in Tric-OE DSS mice the
occurrence was higher than in wt DSS mice (32.60 £ 2.07% and 26.10 + 1.42%, respectively;
Figure 25 D).
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Figure 25 Occurrence of DCs subsets (LP fraction)

At day 6 of DSS treatment, colon tissue of wt and TAMP-OE mice was digested first with EDTA and
then with Collagenase, Dispase and DNase to isolate immune cells from the lamina propria (LP). This
LP fraction was stained for the myeloid panel, acquired by LSR Fortessa 20x device and analysed with
FlowJo software as illustrated in Figure 19. (A) Occurrence of CD103-"CD11b* DCs was significantly
decreased during DSS-induced colitis in OcIn-OE mice. (B) Occurrence of CD103* CD11b* DCs was
higher in OcIn-OE DSS mice than wt DSS mice. (C) Occurrence of CD103* CD11b™ DCs was
significantly decreased during DSS-induced colitis in MD3-OE mice. (D) CD11b~ CD103~ DCs were
increased during DSS-induced colitis and were higher in Tric-OE DSS mice than in wt DSS mice. (n = 6;
data shown as mean + SEM; outliers were identified by Grubb’s test a= 0.01 and removed; student’s T-
test *p<0.05, **p<0.01, ***p<0.001; One-way ANOVA compared to wt #p<0.05, #p<0.01, ##p<0.001;
One-way ANOVA compared to wt DSS *p<0.05, **p<0.01, ***p<0.001)
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5.2 Gastrointestinal organoids and organoid-derived

monolayers

The second main project of this thesis was the establishment and validation of intestinal
organoids and organoid derived monolayers (ODMs). Human duodenal ODMs were compared
to tissue samples and Caco-2 cells regarding their barrier properties. Furthermore, ODMs were

used to compare TJ properties from healthy donors and UC patients.

5.2.1 Crypt isolation

Although UC manifests in the colon, mouse small intestines were used for establishing the
organoid culture in the lab, because of two reasons. Duodenum organoids were known to be
easier to culture in general, and mouse samples were more accessible than human samples,
making them favoured for establishing and harmonising routine procedures. The first step to
generate organoids was the isolation of the ASCs located in the crypts of the intestinal
epithelium. For crypt isolation different methods are published. Here, the two isolation methods
from Bartfeld et al. (Bartfeld and Clevers, 2015) A) and Holthaus et al. (Holthaus et al., 2020)
(B) were compared. In both methods the essential step is the EDTA digestion of the tissue.
While in method A the crypts are pressed out of the tissue, in B crypts are isolated by washes
after EDTA digestion. Comparison of those two methods showed that pressing led to the
release of whole crypts and single cells. In contrast using washes for crypt isolation the ratio
of whole crypts was reduced and mainly single cells were isolated (Figure 26). Therefore, more
organoids could be detected one day after isolation with method A than with B (Figure 26).
Additionally, isolation of crypts was faster using method A, thus method A was used for further

crypt isolation from mouse and human intestines.
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Figure 26 Comparison of methods to isolate intestinal crypts

Representative images of fresh isolated crypts (Day0) and formed organoids (Day1) using different
isolation methods. Intestinal organoids can be generated from adult stem cells, which are located in the
intestinal crypts. Here two methods to isolate intestinal crypts were compared. In both methods EDTA
was used to digest the epithelial layer to release intestinal cells, whereas in method A crypts were
released from the tissue by physical pressure, in method B crypts were released during several washes.
Method A led to the release of whole crypts and single cells, while with method B mainly single cells
were isolated. With method A organoids already formed one day after crypt isolation (Day1) this was
not the case using method B. Some organoids are highlighted by the black arrows. (Images were taken

through a 10x objective)

5.2.2 Organoid medium composition

As they may have an influence, the optimal medium conditions need to be identified for the
specific research purpose. This work aimed for the ODM model to investigate TJ in the context
of UC. For this, 3D organoids have been used as source of epithelial cells to seed ODMs.
Thus, it is beneficial to have a more stem cell like, less differentiated 3D organoid culture,
which can be easily expanded to gain enough cells for ODM seeding. Therefore, the medium
composition was changed from medium containing R-spondin, noggin and EGF (RN-E) to
medium containing 50% conditioned medium (CM) of L-WRN cells which secret WNT, Noggin
and R-spondin plus additional R-spondin, Noggin and EGF (WRN-RN-E). Using this medium
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on mouse duodenum organoids, changes in morphology were observed from small budding
organoids to luminal organoids (Figure 27 A). Indicating less differentiation with the WRN-RN-
E. Using qPCR, differentiation statuses of the organoids were compared by checking for
specific epithelial cell markers. These results showed that organoids with RN-E medium were
more differentiated than organoids with WRN-RN-E due to lower expression of the stem cell
marker Lgr5 and higher expression of markers for differentiated cells including Lysozyme (Lyz)
for PCs, Mucin2 (Muc?2) for GCs and chromogranin A (Chga) for EECs (Figure 27 B).
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Figure 27 Organoid morphology and expression depends on medium composition

(A) Representative images of intestinal mouse organoids either cultured with RN-E medium or WRN-
RN-E medium. While organoids with RN-E medium show a budding phenotype, organoids with WRN-
RN-E medium have a luminal phenotype. (B) Transcriptional analysis revealed that the expression for
the stem cell marker Lgr5 was increased in organoids cultured with WRN-RN-E medium compared to
RN-E conditions, consequently markers for goblet cells (Muc?2), Paneth cells (Lyz) and enteroendocrine
cells (Chga) were reduced, although it was not significant for Muc2. (n = 3; data shown as mean + SEM;
student’s T-test *p<0.05, **p<0.01, ***p<0.001; images were taken through a 10x objective;
Abbreviations W= Wnt; R= R-spondin, N= noggin; E= EGF= epithelial growth factor)

5.2.3 Establishment and validation of Human duodenal organoid-
derived monolayers

Organoids have the drawback that typical electrophysiological investigations cannot be applied

as in cell cultures or tissue preparations due to the closed 3D structure and the hindered
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access to the apical side, which faces the lumen. In cooperation with the group of Prof
Aebischer/Klotz at the RKI human duodenal ODMs were established and validated. ODMs
maintain the beneficial properties of organoids and give access to the apical side and
electrophysiological applications. Human duodenal organoids were cultured using WRN-RN-
E with additional nicotinamide (Nic), TGF- inhibitor (A83-01; A) and p38 inhibitor (SB 202190;
SB) (WRN-RN-ENicASB) medium to promote growth and inhibit differentiation. Organoids
were digested to single cells using TryplE and 0.5 x 10° cells seeded per BME/Matrigel coated
PCF filter (0.6 cm?, pore size 0.4 ym). In contrast to the 3D organoid culture ODMs should
contain more differentiated cells to mimic the real tissue better.

Therefore, different published media were tested considering stable TER values and
comparing transcriptional data of ODMs. The medium consistent of R-spondin, Noggin, EGF
and Nic (RN-ENic) resulted in consistent TER values after 10 days and differentiation markers
like MUC2, LYZ and fatty acid-binding protein 2 (FABPZ2) could be detected (Weiss et al.,
2022b) and hence was used for ODM culture.

IF staining’s of ODMs displayed the expression of typical duodenal CLDNs, including CLDN1,
CLDN2, CLDN3, CLDN4, CLDN7 and CLDN15, and TAMPs, including OCLN and TRIC, as
well as the tTJ protein angulin-1 (Figure 28). Staining’s confirmed the apical membrane

expression of TJ proteins and the specific localisation of Tric at tTJ.
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Merge + DAPI
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Figure 28 Expression and localization of TJ proteins in human duodenal ODMs
Representative immunofluorescence images of 10-day-old duodenal ODMs under RN-ENic conditions.
Single panels are shown in white and signal intensities were increased for better visibility. In merge
images, the counterstaining ZO-1 (white), nuclei (blue), and the detected TJ proteins (green or red) are
shown. The comprehensive TJ protein expression as well as the right localisation indicates continuously
expressed TJ barrier and proper polarisation of ODMs. (Bar = 10 ym, modified from (Weiss et al.,
2022b))

5.2.4 ODMs TJ expression profile is more similar to human duodenal

tissue compared to Caco-2 cells

Using western blot analysis, the TJ protein expression profile of ODMs and Caco-2 cells were
compared to tissue samples (Figure 29). Protein was extracted from either 10-days-old ODMs,
21-day-old Caco-2 or tissue samples. Because tissue sample consist of epithelial and
subepithelial tissue the epithelial cell marker cytokeratin 19 (CK19) was used for normalisation.
Thereby the subepithelial protein fraction could be excluded and only the epithelial proteins
were compared. Correspondingly different amounts of protein were loaded to uniform the
quantity of epithelial protein. CLDN7 (22 kDa) was expressed lower in all three organoid lines
and Caco-2 cells compared to tissue. Whereas Caco-2 cells expressed a similar amount of
CLND4 (22 kDa), all three organoids had a lower expression than the tissue. The organoid line
CBF1 and CBF5 expressed CLDN3 (22 kDa) similarly, while CBF3 and Caco-2 cells had a
lower expression than the tissue. Expression of CLDN1 (22 kDa) was not significantly different
between Caco-2 ODMs and tissue. However the expression of CLDN2 (22-23 kDa), OCLN (65
kDa), TRIC (65 kDa) and angulin-1 (splice variants a 68 kDa and 3 56 kDa (Yen et al., 1999))
was similar between tissue and all three organoids, while the expression off these TJ-proteins
was increased in Caco-2 cells. Together these results showed that the expression profiles of
ODMs were more like tissue than the profile of the Caco-2 cells. Beneficially, ODMs showed
donor-specific TJ protein expression. The highest protein expression was observed in CBF1
and the lowest in CBF3.



Results 93

v o v )

o N; P M 0 1) R; ~ ) o
A § 5 & L« § 5 & £ &
(A) g & & & & g & & & &

72 kDa - _— l OCLN 17 kDa - - ——

72 kDa - - - - repp— TRIC . - - CLDN7
72 kDa - Angulin-1_Va 55 kDpa-F
vl 1 LA A1 b -‘Angulin-1_Vﬂ 10 [ od VIM
oy
17 kDa-| SRS 5 5 55| CLDNT 55 kDa
- - ab a» e 36 kDa - ve— ACTB
17 kDa -l ‘CLDNZ 55 kDa -[¢
- - = -
17 kDa ! ‘--."""“'\ CLDN3 36 kDa - - CK19
(B)
800- *
< * O CLDN1
) @ CLDN2
e 700; O CLDN3
f B CLDN4
2 6001 O CLDN7
8
E 500
X
£ 4001
=
K<)
2 300-
o
Qo
X 2007
£
Q 1.1} Toorn-- - D L T
3 100 U i B
o z £ R N A
R AR FOPL VNP EL Y ENLEL VL LE
(©) o'bo FLLPE 'b° FLL S 'b"?(\';’ ogodeg o'b"?(\"e ogeded 00‘8\\96 ogodeod
10000y 0 OCLN
* @ TRIC
* O Angulin-1_Vo

1000+ iL

% %k

% M Angulin-1_VB

100+

10

Protein expression in % (Tissue = 100%)

Figure 29 Comparison of TJ protein expression between duodenum tissue, ODMs and
Caco-2 cells

Proteins were isolated from 10-day-old ODMs and 21-day-old Caco-2 cells. (A) Representative western
blots of several TJ proteins, including OCLN, TRIC, Angulin-1 variant a and variant 3, CLDN1, CLDNZ2,
CLDNS3, CLDN4, CLDNS5, CLDNY7 and the housekeeping protein ACTB, the mesenchymal marker VIM,
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and the epithelial cell marker CK19. (B) and (C) Quantification of TJ proteins. CK19 was used as
housekeeping gene because tissue samples did not only consist of epithelial cells but also surrounding
tissue cells, which is highlighted by the expression of VIM. For quantification, densitometric intensities
were normalised to CK19 an tissue mean set to 100% (n > 4; data shown as mean + SEM; one-way
ANOVA *p<0.05, **p<0.01, ***p<0.001; modified from (Weiss et al., 2022b))

5.2.5 Solute carrier transporter expression of ODMs is similar to the

in vivo situation

The expression of solute carrier (SLC) transporter genes was compared between Caco-2,
organoids, ODMs, and duodenal tissue samples using data available in the literature and
transcriptomic data of our collaborators from the RKI (Holthaus et al., 2021) (Figure 30). 218
SLCs were expressed by all duodenal tissue samples, wherein ODMs and organoids
expressed 191-214 and 188-205 of those, respectively. In one data set Caco-2 cells expressed
208-218 SLCs and therefore had a similar expression to tissue samples. However, other data
could only detect the expression of 152 SLCs in Caco-2 cells (Figure 30 A). Some SLCs were
not expressed in all tissue samples analysed, but were detected, for example, in three out of
five tissue samples. Therefore, these SLCs were depicted separately and denoted as
differentially expressed SLCs (Figure 30 B). Additional 121-126 SLCs were found to be
differentially expressed in the RNAseq Data. ODMs and organoids expressed another 101-
125 and 101-112 SLCs, respectively. While Caco-2 cells expressed only 71-115 of those
differentially expressed SLCs. DNA microarray data detected 27 additional SLCs in Caco-2
cells, but only 20 and 21 in duodenum tissue and ODMs, respectively. Altogether these data
indicated that ODMs reflect the expression of SLCs in the duodenal tissue well. Albeit a big
variance within Caco-2 and ODMs pointed out that cultivation conditions may impact the

expression of SLCs.

(A) SLCs expressed throughout the different duodenal tissue samples (B) SLCs expressed differential between the different duodenal tissue samples
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Figure 30 Comparison of transcriptomic data for SLC transporters in Caco-2 cells,
duodenal tissue, organoids, and ODMs based on sequencing data in the literature

Comparison of SLC expression indicated that ODMs and organoids reflect the in vivo situation better
than Caco-2 cells. (A) ODMs expressed 191-214 (n = 3) SLCs, organoids 188-205 (n = 8) SLCs and
Caco-2 cells (n = 8) 152-208 SLCs of the 218 SLCs (n = 5), that were expressed by all tissue samples.
(B) Differentially expressed SLCs within duodenal tissue samples (20-116; n = 5, ODMs (21-125; n = 3),
organoids (21-112; n = 8) and Caco-2 (27-115; n = 6). Each symbol presents one dataset: grey square
m = GSE156453 (Takayama et al., 2021), white square o = Ma’ayeh et al. (Ma'ayeh et al., 2018); black
circle e = GSE164334 (He et al., 2021), black triangle A = GSE160695 (Yamashita et al., 2021), white

circle o = GSE163706 (Sugimoto et al., 2021), black square ® = GSE127938 (Kayisoglu et al., 2021),
grey circle e = GSE167286 (Gu et al., 2022), black star * = (Holthaus et al., 2021) (Values are shown
as mean + SEM ) (Weiss et al., 2022b).

5.2.6 Comparison of TJ expression between healthy donor and UC
patient-derived ODMs

Finally, colon ODMs of control (ctrl) donors and UC patients were established. In general, the
protocol is similar to human duodenum ODMs. One difference is that during 3D expansion
insulin-like growth factor 1(IGF-1) and fibroblast growth factor 2 (FGF-2) were added to the
media while SB was left out (WRN-RN-ENicAIF), this composition was found to improve
organoid growth (Fujii et al., 2018), which was especially important for the UC derived
organoids. To maintain comparability also organoids derived from healthy controls were
cultured with this medium. Another change was that ODMs were cultured for the first 48 h in
the presence of Wnt (WRN-RN-ENic), before it was exchanged to RN-ENic, which is used for
duodenal ODMs. To validate and compare colon ODMs derived from ctrl donors and UC
patients TER values were measured and TJ protein expression and localisation determined by
western blotting and immunofluorescence staining.

TER values of ODMs derived from control donor 1 (C1) were higher than those derived from
ctrl donor 2 (C2). Moreover, TER values were much lower in ODMs derived from UC patients
(UC1, UC2 and UC3) than controls (Figure 31 A). Although TER values between the three
different UC patients were quite similar UC3 had the lowest TER values (Figure 31 B).
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Figure 31 TER data comparing ODMs derived from ctrl donors or UC patients

TER values of ODMs from day 7 to day 12 after seeding. (A) TER values of ctrl donor and UC patients
derived ODMs. (B) TER values of only the UC patient derived ODMs. TER values were much lower in
UC derived ODMs than ctrl derived ODMs. (n > 15; data shown as mean + SEM)

Immunofluorescence staining’s revealed the expression of CLDN1, CLDN3 and CLDN4 and
the three TAMP proteins MD3, OCLN and TRIC as well as the tTJ protein angulin-1 in ODMs
derived from ctrl donors and UC patients, in Figure 32 representative IF stainings from C1 and
UC2 are shown. Like in duodenal ODMs in colon ODMs the TJ proteins were located apically
within the cell membranes and TRIC was expressed at tricellular corners specifically. No
changes between ctrl and UC derived ODMs could be determined by immunofluorescence

staining.
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Figure 32 Expression and localisation of TJ proteins in colon ODMs derived from ctrl
donors and UC patients

Representative immunofluorescence images of 12-day-old colon ODMs derived from ctrl donor and UC
patients under RN-ENic conditions. Single panels are shown in white and signal intensities were
increased for better visibility. In merge images, the counterstaining ZO-1 (white), nuclei (blue), and the
detected TJ proteins (green or red) are shown. In ctrl and UC patients derived ODMs comprehensive
TJ protein expression as well as the right localisation indicates continuously expressed TJ barrier and
proper polarization of ODMs. No differences between ctrl and UC patients derived ODMs could be

elucidated by immunofluorescence imaging. (Bar = 20 um)

To compare TJ protein expression between ctrl and UC derived ODMs protein of 12-day-old
ODMs was isolated and analysed using western blotting (Figure 33). Protein concentration
was normalised to 3-actin (ACTB) or a-tubulin (TUBA) and values of C1 set as 100%. Although
expression was rather uniform between all donors (ctrl and UC), CLDN3 expression was higher
in C2 than C1 and ODMs derived from UC3 had a significant higher expression of CLDN2 and
anglulin-1 than C1.
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Figure 33 Comparison of TJ protein expression between ODMs derived from ctrl donors
or UC patients
Proteins were isolated from 12-day-old ODMs derived from ctrl donors and UC patients. (A)

Representative western blots of several TJ proteins, including MD3, OCLN, TRIC, Angulin-1, CLDN1,
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CLDN2, CLDN3, CLDN4, and the housekeeping proteins ACTB and TUBA (B) and (C) Quantification
of TJ proteins. For quantification, densitometric intensities were normalised to ACTB or TUBA and C1
mean values set to 100% (n = 3; data shown as mean + SEM; one-way ANOVA *p<0.05, **p<0.01,
***p<0.001)

6 Discussion

6.1 TAMP-OE influences subjacent immune cells
6.1.1 TAMP-OE ameliorate DSS-induced colitis by partially

stabilising the epithelial barrier

TAMP expression is altered in IBD. While OCLN and TRIC are downregulated in UC patients
(Heller et al., 2005, Zeissig et al., 2007, Krug et al., 2018), we found MD3 to be upregulated in
UC patients (Weiss et al., 2022a).

In order to clarify whether these changes in TAMP expression are promoting inflammatory
processes or counteract inflammation, mice with a specific intestinal epithelial overexpression
of the respective TAMPs were generated and acute colitis was induced using DSS.

All three mouse lines suffered less from DSS-induced colitis than wt mice, which was
determined by lower DAls. Detailed barrier function analysis revealed that in Ocln-OE mice as
well as in Tric-OE the direct barrier properties were enhanced (unpublished data from S.M.
Krug).

Functional analysis of the MD3-OE mice revealed that the typically occurring DSS-induced
decrease of TER was ameliorated by MD3-OE (Weiss et al., 2022a). Using one-path
impedance measurements to discriminate between epithelial and subepithelial resistance, it
was elucidated that this was due to a drop of epithelial resistance in wt mice but not in MD3-
OE mice. However, no changes in permeability for ions, small solutes or macromolecules were
detected. Therefore, barrier stabilization effects explain only to a small extent the protective
effect of MD3-OE during acute DSS-induced colitis. Thus, other mechanism must be
responsible for the observed protective effect.

MD3 expression was upregulated upon IL-13 treatment via the IL13Ra1/STAT3 and -6
pathways. In accordance, MD3 expression was increased in wt mice due to DSS-induced
colitis, which is known to also cause elevated levels of IL-13 (Shajib et al., 2013), supporting
the finding of increased MD3 expression in UC patients. Expression levels of MD3 were
increased in wt mice upon DSS-induced colitis and similar to MD3-OE mice, where expression
did not further increase. IL-13 is a typical cytokine of the type 2 immunity that is known to inhibit
type 1 and type 17 immune responses (Abbas et al., 1996) and promotes wound repair

(Gieseck et al., 2018). MD3 was found to influence cell survival and proliferation (Steed et al.,
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2014) and might thereby further support type 2 immune responses. It is of great interest if MD3
upregulation also has an influence on the intestinal immune cells located in the LP and the

epithelium.

6.1.2 Cryopreservation changes occurrence of CD11b" cells

To investigate changes in the subjacent immune cells during DSS-induced colitis due to MD3-
OE a tissue cryopreservation method was tested. That might allow collection of tissue and the
collective isolation and analysis of immune cells at a later time (Konnikova et al., 2018). Using
this method could unify the immune cell isolation and staining process, as more samples could
be processed on the same day under the same conditions leading to less variation. However,
it needed to be clarified if cryopreservation itself induced changes in the expression of immune
cell markers and might affect immune cell types differently. This was observed for PBMC
(Kadi¢ et al., 2017; Gémez-Mora et al., 2020), while Konnikova et al. observed retention of
immune cells when tissue pieces were frozen and immune cells isolated afterwards, except
for granulocytes and mast cells which were reduced after cryopreservation (Konnikova et al.,
2018). Results gathered for this work showed a lower yield of viable CD45* cells from frozen
samples than fresh samples (Figure 7). Occurrences of CD4*, CD8*, CD19*, CD11c" and
Ly6G™* cells were similar between fresh and frozen samples, indicating the retention of immune
cells during the cryopreservation. Wherein a reduced occurrence of CD11b* cells was
determined (Figure 8). CD11b is a marker expressed on several immune cells and is used to
distinguish between subsets for example in case of DCs (Cerovic et al., 2014). Therefore, this
method of cryopreservation does not seem suitable for the purpose of this study, as focus was
also on DCs. However, it should be mentioned that these experiments were one of the first
attempts in this laboratory to isolate LP immune cells and that the yield of viable cells could be
increased by improved handling. Furthermore, this method might be considered in the case of

interferences for example by a broken flow cytometer.

6.1.3 MD3-OE does not alter Ty subsets

MD3 was found to affect cell proliferation and survival and might be the TAMP that can
influence surrounding cells the most (Steed et al., 2014). Therefore, a preliminary experiment
was performed comparing occurrences of CD4 Ty subsets between wt and MD3-OE mice at
steady state. These changes in CD4 Ty subsets could indicate major changes of the
microbiota. Because the microbiota is involved in the differentiation and maturation of immune
cells and thereby could influence occurrences of Ty subsets (lvanov et al., 2009; Atarashi et
al., 2011; Atarashi et al., 2013; Atarashi et al., 2015). Furthermore, Ty subsets are specialised

on different kinds of microbes. While Tu1 cells eliminate intracellular pathogens, Tu17 cells
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fight extracellular microbes (Abbas et al., 1996; Zhou et al., 2007). Therefore, a shift towards
intracellular microbes in the microbiota might increase occurrence of Tu1 cells, for example.
However, no changes of CD4" Ty -cell subsets were observed between wt and MD3-OE mice,
suggesting that MD3-OE has no effect on CD4 Ty cell differentiation (Figure 9). Not even
through indirect effects, such as an altered composition of the gut microbiota. Ty subsets were
distinguished upon cell stimulation by their intracellular expression of INF-y, TNF-a and IL-17-
a and the transcription factor Foxp3. Tu1 cells were defined as INF-y* and TNF-a*~cells. T12
as INF-y~ and TNF-a* cells, Ty17 as IL-17a" cells and Ty as FoxP3* cells (Mousset, 2019).
This experimental setup could be strengthened by adding more subset specific markers to the
flow cytometry panel like the transcription factor T-bet for Tu1 cells and GATA3 and the
cytokines IL-4 and IL-13 for Th2 cells (Mousset, 2019). However, more markers were not
included due to the limitation of the flow cytometer (BD FACS Canto Il) that can detect only up
to 8 colours simultaneously. Nevertheless, these results do not indicate major changes in the
composition of the microbiota as there are no changes in Ty cell subsets. However, a detailed
characterisation of the microbiota by 16S rRNA sequencing would be beneficial to elaborate
the influence of MD3-OE as well as OcIn-OE and Tric-OE.

6.1.4 Influence of TAMP-OE on subjacent immune cells during DSS-

induced colitis

To elucidate if TAMP-OE have not only barrier stabilising effects but also indirect protective
effects, TAMP-OE mice were subjected to DSS-induced colitis. Colon mRNA levels of
cytokines as well as the subjacent immune cell composition was analysed. The first mMRNA
data clearly showed an increase of all analysed cytokines due to DSS-induced colitis like other
studies (Arimura et al., 2017; Alex et al., 2009; Neudecker et al., 2017) (Figure 10).

DAIls of the respective animals indicated that in MD3-OE and Tric-OE mice symptoms were
less severe at day 5 of DSS exposure, compared to wt mice, whereas at day six DAls of MD3-
OE, Tric-OE and wt mice were similar (Figure 10). In contrast, OcIn-OE mice had a lower DAI
compared to wt mice, confirming prior results (unpublished data from S.M. Krug). Especially
MD3-OE and OcIn-OE mice had overall higher cytokine expression compared to wt mice
(Figure 10).

However, determination of the two cytokines IL-13 and IL-22 was not sufficient. IL-22 is
associated with tissue homeostasis and repair; thus it would be interesting to see if there is
altered expression in TAMP-OE mice. IL-13 affects the expression of TJ proteins, it increases
the expression of Cldn2 and MD3, and downregulates the expression of TRIC (Weiss et al.,
2022a; Krug et al., 2018; Rosen et al., 2011). It would be intriguing to find out whether, in turn,

TAMP-OE affects IL-13 expression. Due to low sample numbers and large variances no
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relation between DAI results and RNA data can be made. The RNA data will be further

discussed together with flow cytometry data.

6.1.4.1 Flow cytometry data of control and DSS-treated mice are in line with the
literature

Flow cytometry data of the IEL and the myeloid panel showed that the majority of lymphocytes
in the epithelium are CD8*-positive, while in the LP more lymphocytes are CD4*, which is in
line with the literature (Murphy, 2018a). Most of TCRap* CD8aa* cells and TCRyd* CD8aa*
cells are also CD103*CD62L- and CD44*CD69* (Figure 15 and 18) and therefore can be
defined as nlELs (as reviewed in (Cheroutre et al., 2011). As suspected, occurrence of nlELs
was very low in the LP fraction, confirming their close localisation to the epithelium (Figure 16).
In line with prior findings, TCRap* CD8aa* cells were the most abundant IELs, TCRy&* CD8aa”*
cells were the second most abundant and were followed by TCRaB* CD8ap* cells and the less
abundant TCRap* CD4" cells (TCRap* CD8aa* < TCRyd" CD8aa" << TCRaB* CD8ap*
reduction < TCRap* CD4") (Suzuki, 2009) (Figure 13). Occurrence of TCRap* CD8ap* cells
was lower in the LP fraction than in the epithelial fraction (Figure 16 B and 13 B) and only
approximately 40% of TCRaf* CD8aB* cells were CD103"CD62L", indicating that those
TCRap* CD8aB* cells more likely depict conventional cytotoxic Tc cells (Figure 17). In the LP
fraction, occurrences of TCRap* CD4" cells were higher than in the epithelial fraction (Figure
16 A and 13 A), but only approximately 5% were CD103*CD62L- and therefore might be
conventional Ty cells (Figure 17 A). Indeed, the occurrence of CD4* cells in the LP fraction
identified with the myeloid panel was similar (Figure 23 B). However, only 20% of the TCRa*
CD4* cells in the epithelial fraction were CD103*CD62L~ (Figure 14 A). Results of the IEL panel
applied on the LP fraction will not be further discussed, because of the (expected) low
occurrence of CD103"CD62L" IELs.

DSS-induced colitis did not affect TCRa* CD4"ilELs, while TCRa* CD8ap* ilELs, TCRaB*
CD8aa* nlELs and TCRyd* CD8aa™ nlELs tended to have lower occurrences after DSS
treatment (epithelial fraction) (Figure 13). This might probably be caused by the increased
occurrences of neutrophils and CD64" as a reaction to DSS treatment in both the epithelial
fraction and the LP fraction (Figure 20 and 22). Upon tissue damage and/or invasion of
pathogens, neutrophils and monocytes/macrophages are the first cells recruited to the side of
damage/infection as part of the innate immune response (Murphy, 2018b). Therefore, the
percentage of IELs (CD8a*) of total CD45" viable cells was reduced upon DSS treatment.
Consequently, detected CD8a* cells applying the myeloid panel showed reduced occurrences
during DSS-induced colitis (Figure 21 and 23). In accordance with the literature the most
abundant DC subsets in colon LP was the CD103" CD11b~ DC subset and the lowest
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abundance was observed for the CD103* CD11* DC subset (Denning et al., 2011) (Figure 25).
Matching expectations, occurrences for monocytes and maturing monocytes increased during
DSS-induced colitis and therefore a reduced occurrence of macrophages was observed
(Figure 24). Taken together, these results are in agreement with the literature and thus

confirmed the experimental and analytical design of this experiment.

6.1.4.2 IEL and DCs subsets are differently affected by OcIn-OE and Tric-OE

During DSS-induced colitis TCRap* CD8af* ilELs were reduced in wt mice but not in TAMP-
OE mice (Figure 13 B). While occurrences were similar between wt and TAMP-OE mice upon
DSS treatment, wt mice had a higher occurrence under control conditions, though not
significant (Figure 13 B). ilELs are present in low numbers at birth, which increases during life
as conventional T-cells migrate to the intestine upon exposure to exogenous antigens
(Manzano et al., 2002; Steege et al., 1997). Therefore, a lower occurrence in TAMP-OE mice
might indicate that less T-cells were exposed to exogenous antigens during their lifetime for
example due to a more stable epithelial barrier. In contrast, occurrences of nlELs at steady
state were similar or higher in TAMP-OE mice compared to wt mice (Figure 13 C and D). In
particular MD3-OE mice had a higher occurrence of TCRyd* CD8aa* nlELs than in wt mice,
whereas TCRap* CD8aa* nlELs were enriched in Tric-OE mice indicating that the two TAMPs
influence IELs via distinct mechanisms. CD8aa* nlELs were found to have protective function
in colitis, thus they could suppress LP T-cell expansion by the production of IL-10 (Poussier et
al., 2002; Hoffmann et al., 2008). Investigations on TCRap* CD8aa* nlELs are difficult because
it is not possible to selectively deplete them. They are thought to be involved in immune cell
recruitment by the expression of several cytokines (Hoffmann et al., 2008; Poussier et al.,
2002). Depletion of TCRyd* CD8aa™ nlELs results in more severe diseases during TNBS and
DSS-induced colitis (Tsuchiya et al., 2003; Hoffmann et al., 2001).

Occurrences for nlELs were comparable between TAMP-OE and wt mice upon DSS treatment
(Figure 13 C and D). With one exception, Tric-OE DSS mice had a lower occurrence of TCRy&*
CD8aa* nlELs than wt DSS mice. Interestingly, occurrences for CD103*CD62L- TCRap*
CD8ap* ilELs and CD103*CD62L- TCRap* CD8aa* nlELs were lower in Tric-OE DSS mice
than wt DSS mice (Figure 14 C and 15 A). Having in mind that approximately 90% of TCRy&"
CD8aa* nlELs are CD103*CD62L (Figure 15 C), these results show that during DSS-induced
colitis CD103*CD62L" IELs are diminished in Tric-OE mice compared to wt mice. In general
occurrences of CD8a* cells were reduced upon DSS treatment in Tric-OE mice. Strikingly
occurrence of CD103- CD11b~ DCs was significantly higher in Tric-OE mice compared to wt
mice during DSS-induced colitis (Figure 25). Function of this double negative DCs subsets is

unknown so far and they are thought to derive from PP or ILFs (Cerovic et al., 2013).
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Furthermore, occurrence of CD103-CD11b* was comparable to wt mice, whereas occurrences
of CD103* CD11b™ DCs and CD103" CD11b* DCs tended to be lower in Tric-OE mice upon
DSS treatment, though not significant (Figure 25). Together these findings suggest that there
are alterations in Tric-OE mice that either influence CD103 expression or affect the recruitment
and/or retention of CD103* immune cells. In contrast to Tric-OE mice, Ocln-OE seems to
support CD103" immune cells/CD103 expression. Occurrences of CD103* CD62L- nlELs
increased in OcIn-OE mice during DSS-induced colitis (Figure 15 A and C). In addition,
occurrence of TCRaf*" CD8a* CD103* CD62L- was higher in Ocln-OE DSS mice than wt DSS
mice in the LP fraction (Figure 17 C). Furthermore, DCs subsets were regulated contrary to
Tric-OE DSS mice (Figure 25). In Ocln-OE DSS mice, CD103-CD11b* DCs were diminished
and CD103* CD11b* DCs elevated. Thus, CD103~ CD11b* DCs might have differentiated into
CD103* CD11b* DCs, this process was explored by Bain et al. 2017 (Bain et al., 2017).

6.1.4.3 Influence of CD103 expression on IELs

CD103 (integrin alpha E) forms a heterodimer with integrin beta 7 (aER7). The ligand for aER7
is E-cadherin on IECs. This interaction is important for IEL retention (Schoén et al., 1999) and
potentially DC retention (Siddiqui and Powrie, 2008). The influence of CD103 on IELs mobility
is controversial. A reduced and slower mobility was observed for CD103-deficient IELs, which
was rather caused by a defective interaction between |IELs and IECs than by an intrinsic
alteration of IELs (Enderle et al., 2021). Six years earlier, another study investigated the
dynamic migration of TCRy®" IELs (Edelblum et al., 2015) and in contrast to the findings of
Enderle et al. 2021 observed an increased migratory speed of TCRy&* IELs in CD103 KO mice
and that TCRyd" IELs of CD103 KO mice dwell in the epithelium for a shorter time. Loss of
CD103/E-cadherin interaction could further promote the protective function of TCRy®" IELs by
increasing IEL mobility (Edelblum et al., 2015). If this is true for other IEL subsets needs to be
clarified. Nevertheless, downregulation of CD103 in Tric-OE mice during DSS-induced colitis
might be induced to increase IEL mobility and enhance their protective effect.

Recently a mechanism whereby CD103/E-cadherin ligation (between IELs and IECs) induces
extracellular granzyme release and promotes cell shedding, was elucidated. Supporting the
role of CD103 in cell shedding, villi in CD103 KO mice were larger than in wt mice (Hu et al.,
2022). Thus, downregulation of CD103 in Tric-OE mice, might slow down DSS-induced cell
shedding, thereby stabilising the epithelial barrier. However, interaction of CD103 in IELs with
E-cadherin can promote Wnt and inhibit Notch signalling in intestinal stem cells (ISC) and TA
cells. Thereby leading to an increase of GCs and PCs and a reduction of enterocytes in the
small intestine (Chen et al., 2021). Both, GCs and PCs are important for the protection against

commensal/pathogenic invasion. It would be interesting to compare the epithelial composition
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in TAMP-OE mice and wt mice. Further investigations are required to elucidate which of these
CD103 related functions are relevant for the ameliorate effect in TAMP-OE mice.

Edelblum et al. also observed that IEL migration was dependent on OcIn expression by
TCRyd" IELs and IECs (Edelblum et al., 2012). Wherein Ocln expression of TCRyd* IELs
played a greater role than the expression of IECs, both were necessary for optimal migration
into the lateral intracellular space. This finding led to the assumption that TCRyd"* IELs are
increased in OcIn-OE mice, but this was not the case (Figure 13). Moreover, Ocln expression
was important for the effective protection against invading pathogens, which required the
migration of TCRy®" IELs into the lateral intercellular space (Edelblum et al., 2015). This might
be one factor that ameliorates DSS-induced colitis in Ocln-OE mice.

Although IELs are involved in epithelial repair, oral tolerance and immune regulation (Komano
et al., 1995; Boismenu and Havran, 1994; Mengel et al., 1995), they are also associated to
IBD (Giacomelli et al., 1994; Kanazawa et al., 2001; Yeung et al., 2000). Thus, an antibody
against B7, etrolizumab, has been tested in phase lll clinical trials (Peyrin-Biroulet et al., 2022;
Danese et al., 2022; Vermeire et al., 2022; Rubin et al., 2022). Etrolizumab is designed to
inhibit lymphocyte homing to the intestine and to hinder IEL retention and their pro-
inflammatory action on IECs. However, only two of five trails met their primary end point and

reasons leading to those rather disappointing results need to be clarified.

6.1.4.4 Functions of CD103+ DCs

CD103* DCs are important for oral tolerance in the small intestine, whereas colonic tolerance
can develop independent of CD103" DCs (Veenbergen et al., 2016). However, the lack of
CD103* DCs negatively influenced Tg activity, thus CD103* DCs are important immune
regulators (Annacker et al., 2005). TGF-BR1 signalling was found to promote differentiation
form CD103-CD11b* DCS to CD103* CD11b* DCs (Bain et al., 2017). Expression of TGF-f3
when compared to other tested cytokines were rather similar, nevertheless TGF- 3 expression
was lower in Tric-OE DSS mice than wt mice (Figure 10 J). This observation is supported by
the smaller occurrence of CD103" CD11b* DCs (Figure 25 B). Recent research found that
CD103* CD11b* DCs have a pro-inflammatory mature like signature when localised in the LP
but can colonise the small intestinal epithelium and gain tolerogenic properties (Rivera et al.,
2022). Due to low cell number, DCs of the epithelial fraction were not further distinguished,
thus it is not clear if CD103" CD11b* DCs are more abundant in the epithelium of OcIn-OE
mice, too. CD103* CD11b~ DCs exhibited protective effects in DSS-induced colitis, while
CD103* CD11b* DCs were insufficient to do so. CD103* CD11b~ DCs can express IL-12 that
in turn induces INF-y secretion in lymphocytes and finally leads to the expression of anti-
inflammatory cytokines (indoleamine 2,3 dioxygenase (IDO) and IL-18 -binding-protein) in
epithelial cells (Muzaki et al., 2016). In addition, CD103" DCs themselves can produce IDO.
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Inhibition of IDO impaired CD103* DCs to induce Foxp3 Teg differentiation. IDO inhibition
altered balance of Treg and Tu1 and Tw17 effector cells, indicated by lower expression of Foxp3
and higher expression of IL-12 and INF-y (Matteoli et al., 2010). Indeed OcIn-OE DSS mice
had the highest expression of IL-12[3, which might be due to the increase of CD103* CD11b*
DCs (Figure 10 E and | and 25 B).

6.1.4.5 Subsets of the monocyte/macrophage lineage are differently affected by Ocln-
OE and Tric-OE

OcIn-OE and Tric-OE also influenced the monocyte/macrophage lineage and again exhibited
contrasting phenotypes. Whereas in Tric-OE mice occurrences for blood monocytes (ctrl,
epithelial fraction, Figure 20 D) and maturing monocytes (DSS, LP fraction, Figure 24 B) were
higher compared to wt mice (ctrl and DSS, respectively), in Ocln-OE mice the occurrence of
CD4* resident macrophages was higher compared to wt mice during DSS-induced colitis
(Figure 24 F). A tendency for an increased occurrence of resident macrophages was noted as
well in Ocln-OE DSS mice.

The higher occurrence of maturing monocytes in Tric-OE DSS mice might be explained by a
later recruitment of monocytes due to a more stable macromolecular barrier, as TRIC is
important for the regulation of macromolecular passage at tTJ (Krug et al., 2009a). Therefore,
monocytes did not mature into macrophages at day 7 of treatment. On the other hand, it was
reported that maturation of monocytes was inhibited in inflammation, which might be another
reason for the increase in maturing monocytes (Bain et al., 2013). Why this inhibition was more
pronounced in Tric-OE mice than in wt mice remains to be elucidated. Considering the DAIs
(for all samples analysed via flow cytometry, Figure 11), a later recruitment of monocytes
seems plausible, because DAIs of Tric-OE and MD3-OE mice were lower on day 5 of treatment
and like those of wt mice on day 6, OcIn-OE exhibited similar DAIls to wt mice (Figure 11).
Resident macrophages are closely located to the intestinal epithelial were they sample
antigens and secret IL-10 and thereby maintain Ty maintenance. IL-10 was expressed
comparable between TAMP-OE and wt mice (Figure 10 D). Resident macrophages express
CX3CR1 and CD11b, while CD11b is associated with negative regulation of TLR signalling
(Bai et al., 2012; Han et al., 2010), CX3CR1 was found to be important for TED formation
(Chieppa et al., 2006; Rescigno et al., 2001; Niess et al., 2005). It was observed that during
TED formation the expression of Ocln on CX3CR1* cells was induced to ensure a stable TJ
barrier (Rescigno et al., 2001). This interaction was not further investigated but might
contribute to the increased occurrence of resident macrophages in OcIn-OE DSS mice (Figure
24 E and F). Resident macrophages can further be distinguished into three groups by the
expression of T-cell membrane protein 4 (TIM-4) and CD4 (Shaw et al., 2018). Tim-4 was not

included in the myeloid panel due to limited capacities of the flow cytometry panel. Since CD4
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was included to the myeloid panel anyway (original to identify major changes of CD4+ Ty-
cells), CD4 expression on resident macrophages was determined. As a matter of fact,
occurrence of CD4" resident macrophages was higher in Ocln-OE mice (Figure 24 F). Since
the expression of TIM-4 could not be determined, it was not possible to differentiate between
TIM4* CD4* and TIM- CD4" resident macrophages. Nevertheless, the group of Tim-4* CD4*
resident macrophages expressed more CCL-2 but less INF-y and IL-6 compared to Tim-4-
CD4- resident macrophages (Shaw et al., 2018). In accordance to this, Ocln-OE DSS mice
had a high expression of CCL2 but expression of INF-y and IL-6 was not lower than in wt DSS
mice (Figure 10 G and C and I). They found that TIM-4- CD4* resident macrophages are
maintained independent of monocytes, and that TIM-4~ CD4" had a much slower
replenishment rate from monocytes compared to the TIM-4- CD4~ population. Together most
resident macrophages were found to be CD4*. This could not be confirmed during the present
study where a minor population of approximately 10% was CD4" (Figure 24 F). During DSS-
induced colitis the occurrence of CD4* resident macrophages was even further reduced,
maybe to DSS-induced cell death and the replenishment of macrophages maturing from
monocytes, which would be according to the findings of Shaw and co-workers (Shaw et al.
2018).

6.1.4.6 Occurrence of CD19* is altered in MD3-OE mice

CD19 a typical B-cell marker was included in the myeloid panel. It turned out that MD3-OE
impacted the occurrence of CD19* cells. MD3-OE DSS mice had a higher occurrence of CD19*
cells in the LP fraction as well as in the epithelial fraction (Figure 23 D and 21 D). In the LP
fraction of MD3-OE mice, a lower occurrence of CD19" cells was detected than in wt mice
(Figure 23 D). B-cells are associated with IgA production and could ameliorate DSS-induced
colitis (Wang et al., 2018; Fu et al., 2021; Melcher et al., 2022; Wang et al., 2015). Melcher et
al. found that B regulatory cells which can produce IL-10 can protect from chronic DSS-induced
colitis and differentiate into IgA producing plasma cells. IgA influences the gut microbiota which
protects from colitis-associated colorectal cancer (Melcher et al., 2022). IL-10 was not
increased in MD3-OE mice (Figure 10 D). Despite MD3 might also act as a tumour suppressor,
as it can inhibit epithelial mesenchymal transition by the suppression of the NF-kB pathway (Li
et al., 2021). Wang and Fu observed that CD11b* B-cells and not IL-10 expressing B-cells can
ameliorate DSS-induced colitis. Wang et al. found that CD11b* B-cells in PPs recruit CXCL9
depended Teq cells, which produce TGF- and induce IgA switch in B-cells that leads to the
protection against DSS-induced colitis (Wang et al., 2018; Wang et al., 2015). Fitting to those
results MD3-OE DSS mice had the highest expression of CXCL9 (Figure 10 H).
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6.1.4.7 Conclusion and outlook

In summary, TAMP-OE causes alterations in the composition of subjacent immune cells. MD3-
OE showed an increase in the occurrence of CD19* B-cells, Tric-OE appears to depress
CD103* subpopulation of both IELs and the DCs, whereas OcIn-OE supports CD103* IELs
and DCs and additionally facilitates the maintenance of resident, particularly CD4* resident
macrophages. Strikingly these results further support that despite their similarities MD3, Ocln
and Tric have distinct functions, similar to observations considering TJ barrier properties
(Raleigh et al., 2010). MD3 has influence on cell behaviour and survival (Steed et al., 2014),
and thus assumptions that it might regulate neighbouring cells, including immune cells, are not
so far-fetched. Ocln as discussed, was already found to interact with IELs and DCs (Edelblum
et al., 2012; Rescigno et al., 2001) and TRIC expression was found on cells of the
monocyte/macrophage lineage in the LP (Mariano et al., 2011b). This might be the first report
that TAMPs could influence occurrences of specific immune cell populations and that these
might have caused the protective effect against DSS-induced colitis.

However, it must be mentioned that DAIs tracked during this set of experiments did not differ
between wt and TAMP-OE mice and could not confirm the previous results, which is a
drawback of this study. Albeit this is not due to altered DAIs of the TAMP-OE mice but a lower
DAI of the treated wt mice. Due to breeding difficulties and animal number restrictions, it was
not always possible to treat wt and TAMP-OE mice during each experiment and mice number
per single experiment was rather low. Naturally, this introduces differences in conditions and
influences comparability of the results obtained, including DAIs as well as flow cytometry data.
Results of DSS experiments could be further strengthened by increasing sample size number
as some immune cell populations exhibited relatively large variances and higher n numbers
would precise the definition of outliers. Another limitation was that the number of immune cells
from the epithelial fraction was rather low and therefore did not allow an adequate
differentiation of CD64* and DCs subsets. To increase the significance of the cytokine
expression data, additional mMRNA samples need to be analysed by qPCR. Furthermore,
analysis of the microbiota would be beneficial as these might also be influenced by the
alterations of TJ protein expression in TAMP-OE mice and might in turn influence the
maintenance of specific immune cells. Nevertheless, this study successfully demonstrated that
TAMP-OE had effects on immune cells and that these changes could cause the improvement
in DSS-induced colitis observed in previous experiments.

However, studies based on these findings need to further clarify the outcomes of the observed
changes and the mechanism causing them. Are these changes caused by direct interaction
between TAMP and immune cell or does TAMP-OE alter epithelial expression of cytokines and
other immune cell stimulators and thereby display those effects? Do these changes cause pro-

or anti-inflammatory processes? Single cell RNA sequencing of isolated immune cells but also
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epithelial cells could shed light on this and elucidate potential pathways and mechanisms.
Further stainings could confirm the here presented results and could indicate locations of
immune cells, dependent on TAMP-OE. A more detailed and focused characterisation of the
affected immune cells can be performed based on the findings of this study. Identified
mechanisms could then be validated using a co-culture of ODMs derived from TAMP-OE mice
and the specific immune cells and this could be potentially transferred to UC patient derived
ODMs and human immune cells. Therefore, ODMs of duodenum and colon were established
during the second aim of the thesis. Finally, these findings might identify new therapeutic
targets that could lead to a more stable TJ barrier and a more regulated immune response in

IBD patients.

6.2 Gastrointestinal organoids and organoid-derived

monolayers

To investigate the intestinal TJ barrier mainly epithelial tissue or cell cultures are used.
Although these cell lines quite nicely reflect human intestinal permeability and transport, they
are derived from carcinoma or metastases, and encumbered with mutations (Sambuy et al.,
2005; Oltra-Noguera et al., 2015). In 2009, Sato et al. was able to generate so called organoids
(Sato et al., 2009). Organoids are self-organizing cellular structures that can derive from ASCs
and PSCs and can reflect the crucial aspects of the origin tissue (McCracken et al., 2011; Sato
et al., 2009). Thus, intestinal organoids possess the different segment-specific cell types of the
small or large intestine, giving them greater complexity than commonly used cell lines such as
Caco-2 or T84 (Merker et al., 2016). Thus, organoids are physiologically closer to the origin
tissue than common cell lines and are more accessible than in vivo models as discussed by
Bartfeld 2016 (Bartfeld, 2016). Because organoids can be obtained from human tissue
samples and animal experiments might not always resemble human diseases best, due to
interspecies variations, they are often mentioned in the context of animal welfare like 3R
(reduce, reuse, recycle). Indeed, organoids are beneficial for basic and translational research
and findings of such studies might make some animal experiments no longer necessary.
However, they should rather be seen as a bridge between traditional in vitro and in vivo models.
Nevertheless, animal models are useful to determine the impact of infection, mutation or
diseases to a whole organ or organism.

However, organoids are well-appreciated in gastrointestinal epithelial research and were used
to solve questions in tissue homeostasis (Beumer and Clevers, 2016), infectious diseases
(Schlaermann et al., 2016; Holthaus et al., 2021), cancer development (Seidlitz et al., 2019)
as well as IBD (d'Aldebert et al., 2020) and barrier research (Nakamura, 2019).
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6.2.1 Organoid generation and culture methods influence organoid

growth and phenotype

The first attempt to start organoid culture is the isolation of the ASCs from the given tissue.
Here, two published methods were tested to isolate intestinal ASCs (Bartfeld et al., 2015;
Holthaus et al., 2020). The main step for both methods was the digestion of the tissue with
EDTA, but they differed in the mechanic process leading to ASCs release. In our case pressing
out the intestinal crypts led to a higher yield of organoid formation than isolation by vigorous
pipetting and several washes (Figure 26). It is likely that isolated cells were more stressed or
even dead using method B. Duration of the ASCs isolation process was much longer, when
ISCs were released using vigorous pipetting. Furthermore, in our case pressing yielded to
more intact crypts, while pipetting led to the dissociation of the crypts. Although Bartfeld et al.
stated that disintegration of glands/crypts would not compromise the outcome, it is still
reasonable to think that single cells might be more stressed as it is known that epithelial cells
undergo anoikis. Anoikis is a programmed cell death that is initiated upon cell detachment from
the correct extracellular matrix (Taddei et al., 2012; Grossmann et al., 2003). Therefore, the
combination of more singe cells and a longer isolation process might have caused the lower

yield of organoid formation.

To maintain organoid growth and self-renewal the specific stem cell niche needs to be
mimicked and medium conditions can greatly impact the organoid composition, phenotype,
and properties. Starting with small intestinal mouse organoids the medium composition needed
is rather trivial and the main factors are R-spondin, Noggin and EGF. External Wnt is not
essential for mouse small intestinal organoid survival, because PC within the organoid itself
can secret Wnt. Comparing mouse small intestinal organoids growing in RN-E or WRN-RN-E
(adding wnt and additional R-spondin and noggin) showed a phenotypic change from budding
to cystic organoids and the downregulation of differentiation markers (Muc2, Lyz1, Chga) and
the upregulation of Lgr5, concordant with previous findings (Sato et al., 2011b) (Figure 27).
Since the aim of this study was to generate ODMs that derive from dissociated organoid
cultures, an organoid culture with more stem cell like and highly proliferative characteristics is

advantageous. Thus WRN-RN-E medium was used for organoid expansion.

6.2.2 Duodenal-derived ODMs reflect small intestinal barrier

functions better than Caco-2 cells
Organoids have one major drawback for barrier research, because they are cultured in extra
cellular matrix and form a closed three dimensional structure with the apical side facing the

lumen and thus the access to the apical side is hindered (Sato et al., 2009; Sato et al., 20113;
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Blutt et al., 2018). To make the apical side accessible, different methods were developed
including microinjection, inside out organoids (Nash et al., 2021) and the generation of ODMs
(Moon et al., 2014; VanDussen et al., 2015; Kozuka et al., 2017). However, the two forms are
still not feasible for techniques commonly used in barrier research. ODMs however can be
utilised similarly to standard cell lines and allow measurements of TER and tracer fluxes as
well as Ussing chamber experiments (Moorefield et al., 2018). In cooperation with the group
of Prof Aebischer/Klotz at the RKI human duodenal ODMs were established and validated, by

comparison to Caco-2 cells and duodenal tissue (Weiss et al., 2022b).

In contrast to the 3D organoid culture ODMs should differentiate into the different intestinal cell
types. Therefore, a medium without WRN-CM was used and resulted in confluent monolayers
with stable TER. These are essential properties for barrier investigation. Expression of
differentiated epithelial cell markers was confirmed by qPCR analysis (Weiss et al., 2022b)
and IF-staining’s confirmed the expression and correct localisation of typical duodenal TJ
proteins in ODMSs (Figure 28 ). Thus, TRIC was detected specifically at tTJs (lkenouchi et al.,
2005) and angulin-1 staining showed its extension to the lateral membrane at tTJs and bTJs
(Masuda et al., 2011). TJ protein expression was quantified using western blotting and
revealed that CLDN2, OCLN, TRIC and the two angulin-1 variances were higher expressed in
Caco-2 cells than duodenal tissue samples (Figure 29). CLDN7 on the other hand, was higher
expressed in tissue samples than in Caco-2 and ODMs. TJ proteins are expressed differently
by distinct epithelial cell types, and therefore the TJ protein expression profile can provide
information about epithelial cell composition to some extent (Pearce et al., 2018). For instance,
Cldn2, Ocln and Tric are expressed more prominently by stem cells and Cldn7 was found to
be higher expressed on enterocytes (Pearce et al., 2018). Moreover, besides its function in TJ,
Cldn7 also has a role in differentiation and stem cell self-renewal (Xing et al., 2020). Western
blot results showed that ODMs have a more similar TJ expression profile to tissue samples
than Caco-2 cells and this might further suggest a more similar epithelial cell composition.
Although tissue samples have more differentiated enterocytes than ODMs, indicated by a
higher expression of CLDN?7.

ODMs showed typical duodenal TJ expression and localisation and the ability to grow as a
confluent monolayer with stable TER. These properties represent the basic requirements for a

functional barrier, but do not yet provide any information about the physiological function.

Hence one-path and two-path impedance spectroscopy was applied to compare the barrier
function between Caco-2, ODMs and tissue. One-path impedance can determine the overall
resistance of the epithelium R! (=TER) and the subepithelial resistance (R*'®). Whereby the

subepithelial resistance depicts the resistance of the filter membrane for Caco-2 cells and the
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filter membrane plus the Matrigel coating for ODMs. With the obtained values the epithelial
resistance (R®') can be calculated using R®=R“-Rs*. Using the paracellular marker
fluorescein and induction of opening of the paracellular cleft by addition of EGTA, two path-
impedance spectroscopy can further differentiate the R®' into transcellular resistance RS and
paracellular resistance RP?@ (Krug et al., 2009b).

As expected Caco-2 cells had a lower R®** than duodenal tissue, surprisingly the RS** was
comparable to duodenal tissue, which is a beneficial side effect of the Matrigel coating (Figure
34 A). R*P'was similar between ODMs and duodenum tissue but higher in Caco-2 cells. Two-
path impedance results clarified that high R®* was caused by a higher R™" as RP¥2 was
similar between Caco-2 cells and ODMs (Figure 34 B). This indicated that Caco-2 might fail to
properly reflect transcellular barrier properties. A higher R is to be equated with a lower
transcellular ion transport in Caco-2 cells. Thus, the reduced number of expressed SLCs
further strengthened these observations (Figure 30). Nevertheless, both models exhibit
paracellular barrier properties comparable to duodenal tissue samples.

Additionally, the permeability for the macromolecule FITC-dextran 4kDA (FD4), a typical
paracellular marker, was similar in Caco-2, ODMs and tissues (Figure 34 C). Properties of
Caco-2 cells were observed to differ between laboratories, and this might include R
(Sambuy et al., 2005).

Different publications showed different SLC expression within Caco-2 and ODMs and imply
that culture conditions impact the transcellular properties but may also affect paracellular
properties as changes in differentiation also might influence TJ protein expression. A study
that focused on the ability of ODMs to be used as a pharmacological model revealed that
ODMs were more similar to adult duodenal tissue than Caco-2 cells considering apical and
basolateral transporters (Yamashita et al., 2021). This is confirmed by the findings of the
present research that Caco-2 cell can only be used to a limited extent for transcellular research.
Although, differences are known in Caco-2 cells between laboratories they have the advantage
to be less labour- and cost-intensive than organoids. However, organoids might better reflect
the properties not only of the tissue of origin but also of the specific donor. Thus, one or the
other model might be more suitable. For example Caco-2 cells turned out not to be a suitable
model for G. duodenalis infection due to obstacles with co-culture attempts (Nash, 2019),
which led to conflicting results (Kraft et al., 2017). ODMs on the other hand could be co-cultured
with G. duodenalis and were successfully infected (Holthaus et al., 2021). In conclusion,
duodenum ODMs reflected well both the para- and transcellular properties of human
duodenum tissue and therefore can be considered as a suitable and good model for barrier

research.
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Figure 34 Comparison of barrier function of ODMs, human duodenal tissue, and Caco-2 cells

(A) One-path impedance spectroscopy revealed a higher epithelial resistance (Re"), and a lower
subepithelial resistance (Rs%), in Caco-2 than in ODMs and duodenal tissue (n= 5, 4, 4). (B) Two-path
impedance spectroscopy revealed that a higher transcellular resistance caused the increased (R¢P),
while paracellular resistance was similar between Caco-2 and ODMs (n= 5, 4, 4). (C) The permeability
for the macromolecule FITC-Dextran 4 kDa (PFp4) was similar between Caco-2 (1.18 £ 0.003 x 106

cm/s, n = 16), tissue (1.06 £ 0.41 x 106 cm/s, n = 5), and ODMs (1.82 £ 0.34 x 106 cm/s, n = 4).

6.2.3 UC-derived ODMs depict donor-specific TER values and TJ

expression

Finally, initial studies were performed comparing colon ODMs of healthy controls (C) with those
of UC patients (UC). IF-staining showed the expression and correct localisation of TJ proteins
(Figure 32). Thus, also in colon derived ODMs TRIC was located at tTJs (Ikenouchi et al.,
2005) and angulin-1 extended to the lateral membrane (Masuda et al., 2011). All three UC
ODMs exhibited low TER values, although a confluent monolayer was formed, since all UC
ODM filters kept the apical medium (Figure 31). Thus, these low TER values indicate an
impaired epithelial barrier of those UC organoid lines. C organoid lines showed donor-specific
TER values that differed greatly from each other (Figure 31 A). In a recent study, ODMs derived
from three different healthy donors also exhibited donor-specific TER values that were very
different, further emphasizing the ability to use organoids for personalised medicine (Ok et al.,
2023).

Quantification of TJ protein expression further indicated donor-specificity for example the
expression of CLDN3 was different in C2 but not for the UC ODMs compared to C1 (Figure
33). Normalising protein expression to C1 rather than the mean of C1 and C2 more strongly
emphasizes the donor-specific properties and this is an important advantage of
organoids/ODM culture over commonly used cell line, which was also discussed by Ok et al.
(Ok et al., 2023). However, in this case of significant changes to C1, the protein expression of
C2 should also be considered. In general, a higher sample size would better define what is

normal and what an altered expression is and therefore patient and control samples are
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collected constantly. For UC1 no significant alterations in the investigated TJ proteins were
detected. Only a tendency towards a higher CLDN2 expression was noted, which is known to
be upregulated in UC. However, this rather small increase in CLDN2 might not explain the
lower TER values and thus either other TJ proteins are altered, or other mechanisms lead to
this reduced TER values. Likewise, for UC2 no significant alterations were detected, although
MD3 expression seems to be upregulated in line with a previous study of us (Weiss et al.,
2022a). Further the barrier forming CDLN1 was slightly downregulated compared to C1 and
C2, while there was a tendency to an upregulation of CLDN2. UC3 ODMs showed most altered
TJ expression profile of the analysed UC samples. It showed a large increase In CLDN2
expression, which might be the reason for the low TER values and a tendency for
downregulated CLDN4. It was reported that CLDN4 and CDLN7 are downregulated and
CLDNZ2 is upregulated in UC patients (Oshima et al., 2008). Unfortunately, CLDN7 was not
tested so far but it would be interesting to see if CLDN7 is downregulated in UC3 as well.
Surprisingly an upregulation of angulin-1 was detected. Angulin-1 was found to be
downregulated in CD patients and therefore can lead to the delocalization of TRIC, which leads
to increased macromolecular uptake (Hu et al., 2020). In contrast no significant change of
angulin-1 was detected in UC patients (Hu et al., 2021). It needs to be mentioned that angulin-
1 expression was also higher in C2 than in C1, however not significantly. A higher expression
of angulin-1 could imply a more stem cell like phenotype, as angulin-1 was found to be located
in the crypt bottom but not in the upper part in the crypt (Higashi et al., 2013), as depicted in
Figure 1 differentiated IECs are located at the upper part of the colon crypt. Here, again, the
expression of CLDN7 could provide more information, as Cldn7 is associated with
differentiated cells (Pearce et al., 2018). It could be speculated that in UC3 the disease
progression was more driven by an impaired TJ barrier than in the donors of UC1 and UC2.
Clearly, it would need much more evidence to proof this. However, these initial results could
already give some insights. It would be interesting to see how closely ODMs reflect the TJ
expression of tissues of the specific donors and if these changes in TJ expression are still
stable after several passages, as culture conditions also impact differentiation and thus barrier

functions.

6.2.4 Conclusion

Altogether during this thesis, the ODM model from mouse and human as well as from small
and large intestine were established in our lab and validated for their ability in barrier research.
It could be demonstrated that ODMs are a feasible model to analyse the para- as well as the

transcellular properties of the intestinal epithelium and initial results on human colon ODMs
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derived from control donors and UC patients indicate their ability to investigate the

pathogenesis of IBD in the context of TJ barrier impairment.

7 Conclusion and outlook

In this work two topics were investigated, which differ but might be combined in future research.
In the first part it was elucidated for the first time that TAMPs in addition to their barrier
properties also might exhibit immune regulatory functions indicated by changes in immune cell
composition in TAMP-OE mice, especially during DSS-induced colitis. The main findings were
that in MD3-OE mice the occurrence of CD19" B-cells is higher compared to wt mice upon
DSS treatment. Tric-OE seems to depress CD103* subpopulations of both IELs and DCs, while
those were supported in OcIn-OE mice. In OcIn-OE mice a higher occurrence of resident,
particularly CD4* resident macrophages were maintained. These findings emphasise even
more that despite their similarities MD3, Ocln, and Tric have distinct functions, similar to
observations considering TJ barrier properties (Raleigh et al., 2010).

Further studies need to clarify the outcomes of the observed changes and the mechanism
causing them. Immunofluorescence stainings could elucidate the location of immune cells
dependent on TAMP-OE and thereby give an indication towards direct or indirect interactions.
Single cell RNA sequencing of isolated immune cells and epithelial cells might elucidate
potential pathways and mechanisms that lead to the changes in immune cell composition in
TAMP-OE mice. In order to confirm those mechanisms, a co-culture of the affected immune
cells with ODMs derived from TAMP-OE mice could be beneficial.

In the second part of this study, the ODM model from mouse and human small and large
intestine was successfully established and validated for their ability in barrier research. In a
next step, findings gathered using ODMs and immune cells derived from TAMP-OE mice could
be transferred and validated to ODMs and immune cells derived from UC patients and healthy
controls. Initial results of human colon ODMs derived from controls and UC patients indicate
their ability to investigate the pathogenesis of IBD in the context of TJ barrier impairment.
Finally, this might ascertain new therapeutic targets that will help to control immune responses

and TJ barrier breakdown in IBD patients.
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Gene expression omnibus
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Genome-wide association study
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Intraepithelial lymphocyte
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iPSC Induced pluripotent stem cell
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JAM-L JAM-like protein

LDR Immunoglobulin Ig-like domain-containing receptor
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LPMC Lamina propria mononuclear cell

LSR Lipolysis-stimulated lipoprotein receptor / angulin-1
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MD3 MARVEL D3

MEM Minimum essential medium

MHC lI Major histocompatibility complex class Il
MLN Mesentery lymph node

MUC2 Mucin2
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NET Neutrophil extracellular trap
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nlEL Natural IEL

NK Natural killer

Ocln Occludin

OCLN Occludin (human)
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SDS
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TAE
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TEMED
TER
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Th
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TNF-a
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TRIC
tTJ
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uc

Penicillin-streptomycin solution

Pluripotent stem cell

Pattern recognition receptor

Real-time quantitative polymerase chain reaction
Retinoic acid

Retinaldehyde dehydrogenase

Paracellular resistance

Roswell Park Memorial Institute

R-spondin-1

Transcellular resistance

Sodium dodecyl sulfate

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

Small intestine

Solute carrier

Standardised mortality ratio
Transit-amplifying
TRIS-acetate-EDTA buffer
TJ-associated MARVEL protein
Target gene control

T cell receptor

Target gene experimental
TRIS-EDTA-citrate buffer
Transepithelial dendrite
N,N,N',N'-Tetramethylethylenediamine
Transepithelial resistance
Transforming growth factor
T helper cell

T-cell membrane protein
Tight junction

Tumour necrosis factor-a

T regulatory cell

Tricellulin

Tricellulin (human)
Tricellular tight junction
Tubulin-alpha

Ulcerative colitis
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