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Abstract
Abstract

The small intestine represents a strong barrier separating the lumen from blood circulation
thereby playing a major role in the absorption and the transport of pharmacological agents
prior to their arrival on the respective target site. In order to gain more knowledge about
specialized uptake mechanisms and risk assessment for the patient after oral admission of
drugs, intestinal in vitro models demonstrating a close similarity to the in vivo situation are

needed.

In the past, cell line-based in vitro models composed of Caco-2 cells cultured on synthetic
cell carriers represented the “gold standard” in the field of intestinal tissue engineering.
Expressive advantages of these models are a reproducible, cost-efficient and standardized
model set up, but cell function can be negatively influenced by the low porosity or unwanted
molecular adhesion effects of the artificial scaffold material. Natural extracellular matrices
(ECM) such as the porcine decellularized small intestinal submucosa (SIS) are used as
alternative to overcome some common drawbacks; however, the fabrication of these
scaffolds is time- and cost-intensive, less well standardized and the 3Rs (replacement,
reduction, refinement) principle is not entirely fulfiled. Nowadays, biopolymer-based
scaffolds such as the bacterial nanocellulose (BNC) suggest an interesting option of novel
intestinal tissue engineered models, as the BNC shows comparable features to the native
ECM regarding fiber arrangement and hydrophilic properties. Furthermore, the BNC is of
non-animal origin and the manufacturing process is faster as well as well standardized at low

costs.

In this context, the first part of this thesis analyzed the BNC as alternative scaffold to derive
standardized and functional organ models in vitro. Therefore, Caco-2 cells were cultured on
two versions of BNC with respect to their surface topography, the unmodified BNC as rather
smooth surface and the surface-structured BNC presenting an aligned fiber arrangement. As
controls, Caco-2 in vitro models were set up on PET and SIS matrices. In this study, the
BNC-based models demonstrated organ-specific properties comprising typical cellular
morphologies, a characteristic tight junction protein expression profile, representative
ultrastructural features and the formation of a tight epithelial barrier together with a
corresponding transport activity. In summary, these results validated the high quality of the
BNC-based Caco-2 models under cost-efficient conditions and their suitability for pre-clinical
research purposes. However, the full functional diversity of the human intestine cannot be
presented by Caco-2 cells due to their tumorigenic background and their exclusive

representation of mature enterocytes.
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Next to the scaffold used for the setup of in vitro models, the cellular unit mainly drives
functional performance, which demonstrates the crucial importance of mimicking the cellular
diversity of the small intestine in vitro. In this context, intestinal primary organoids are of high
interest, as they show a close similarity to the native epithelium regarding their cellular
diversity comprising enterocytes, goblet cells, enteroendocrine cells, paneth cells, transit
amplifying cells and stem cells. In general, such primary organoids grow in a 3D
Matrigel®-based environment and a medium formulation supplemented with a variety of
growth factors to maintain stemness, to inhibit differentiation and to stimulate cell migration

supporting long-term in vitro culture.

Intestinal primary spheroid/organoid cultures were set up as Transwell®-like models on both
BNC variants, which resulted in a fragmentary cell layer and thereby unfavorable properties
of these scaffold materials under the applied circumstances. As the BNC manufacturing
process is highly flexible, surface properties could be adapted in future studies to enable a
good cell adherence and barrier formation for primary intestinal cells, too. However, the
application of these organoid cultures in pre-clinical research represents an enormous

challenge, as the in vitro culture is complex and additionally time- and cost-intensive.

With regard to the high potential of primary intestinal spheroids/organoids and the necessity
of a simplified but predictive model in pre-clinical research purposes, the second part of this
thesis addressed the establishment of a primary-derived immortalized intestinal cell line,
which enables a standardized and cost-efficient culture (including in 2D), while maintaining
the cellular diversity of the organoid in vitro cultures. In this study, immortalization of murine
and human intestinal primary organoids was induced by ectopic expression of a 10- (murine)
or 12-component (human) pool of genes regulating stemness and the cell cycle, which was
performed in cooperation with the INSCREENeX GmbH in a 2D- and 3D-based transduction
strategy. In first line, the established cell lines (cell clones) were investigated for their cell
culture prerequisites to grow under simplified and cost-efficient conditions. While murine cell
clones grew on uncoated plastic in a medium formulation supplemented with EGF, Noggin,
Y-27632 and 10% FCS, the human cell clones demonstrated the necessity of a Col |
pre-coating together with the need for a medium composition commonly used for primary
human spheroid/organoid cultures. Furthermore, the preceding analyses resulted in only one
human cell clone and three murine cell clones for ongoing characterization. Studies
regarding the proliferative properties and the specific gene as well as protein expression
profile of the remaining cell clones have shown, that it is likely that transient amplifying cells
(TACs) were immortalized instead of the differentiated cell types localized in primary
organoids, as 2D, 3D or Transwell®-based cultures resulted in slightly different gene

expression profiles and in a dramatically reduced mRNA transcript level for the analyzed
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marker genes representative for the differentiated cell types of the native epithelium. Further,
3D-cultures demonstrated the formation of spheroid-like structures; however without forming
organoid-like structures due to prolonged culture, indicating that these cell populations have
lost their ability to differentiate into specific intestinal cell types. The Transwell®-based
models set up of each clone exhibit organ-specific properties comprising an epithelial-like
morphology, a characteristic protein expression profile with an apical mucus-layer covering
the villin-1 positive cell layer, thereby representing goblet cells and enterocytes, together with
representative tight junction complexes indicating an integer epithelial barrier. The proof of a
functional as well as tight epithelial barrier in TEER measurements and in vivo-like transport
activities qualified the established cell clones as alternative cell sources for tissue engineered
models representing the small intestine to some extent. Additionally, the easy handling and
cell expansion under more cost-efficient conditions compared to primary organoid cultures

favors the use of these newly generated cell clones in bioavailability studies.

Altogether, this work demonstrated new components, structural and cellular, for the
establishment of alternative in vitro models of the small intestinal epithelium, which could be
used in pre-clinical screenings for reproducible drug delivery studies.
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Zusammenfassung

Der Dinndarm bildet eine starke Barriere aus, welche das Lumen vom Blutkreislauf trennt,
und dadurch mafgeblich an der Absorption und dem Transport von pharmakologischen
Wirkstoffen beteiligt ist, bevor diese ihren Wirkort erreichen. Um ein detaillierteres Wissen
Uber die speziellen Aufnahmemechanismen zu erlangen und zur Risikoabschéatzung fur den
Patienten nach oraler Aufnahme dieser Medikamente, sind intestinale in vitro Modelle

erforderlich, die eine groRe Ahnlichkeit mit der Situation in vivo aufweisen.

In der Vergangenheit stellten Caco-2 Zelllinien-basierte in vitro Modelle, die auf
synthetischen Tragerstrukturen aufgebaut sind, den ,Goldstandard® auf dem Gebiet der
intestinalen Geweberekonstruktion dar. Bedeutende Vorteile dieser Modelle sind der
reproduzierbare, kosteneffiziente und standardisierte Modellaufbau, jedoch kdnnen die
zellularen Funktionen durch die geringe Porositdat oder die unerwiinschten molekularen
Adhasionseffekte des kinstlichen Tragermaterials negativ beeinflusst werden. Um einige
haufige Nachteile zu Gberwinden werden naturliche extrazellulare Matrizen (ECM) wie die
porzine dezellularisierte Dinndarm-submukosa (SIS) verwendet, jedoch ist die Herstellung
dieser Tragerstrukturen zeit- und kostenintensiv, weniger gut standardisiert und entspricht
nicht ganzheitlich dem 3R-Prinzip (Replace = Vermeiden, Reduce = Verringern, Refine =
Verbessern). Heutzutage ermdoglichen biopolymer-basierte Tragerstrukturen wie die
bakterielle  Nanozellulose (BNC) die Entwicklung von neuartigen intestinalen
Gewebemodellen, da die BNC eine groRe Ahnlichkeit hinsichtlich der Faseranordnung und
der hydrophilen Eigenschaften mit der nativen ECM aufweist. Darliber hinaus ist die BNC
nicht tierischen Ursprungs und der Herstellungsprozess schneller, gut standardisiert als auch

kostenglinstig.

In diesem Zusammenhang wurde im ersten Teil dieser Arbeit nachgewiesen, dass die BNC
als alternative Tragerstruktur fir standardisierte und funktionelle Organmodelle in vitro
geeignet ist. Daftir wurden Caco-2 Zellen auf zwei Varianten der BNC kultiviert, die sich in
ihrer Oberflachentopographie unterscheiden, wobei die nicht-modifizierte BNC eine glatte
Oberflache und die oberflachen-strukturierte BNC eine ausgerichtete Faseranordnung
aufweist. Als Kontrollen dienten Caco-2 zellbasierte in vitro Modelle, die auf PET- oder
SIS-Matrizes aufgebaut wurden. In dieser Studie wiesen die BNC-basierten Modelle die
wichtigsten organ-spezifischen Eigenschaften auf, darunter eine typische zellulare
Morphologie, ein charakteristisches Expressionsprofil der Tight Junction Proteine,
reprasentative ultrastrukturelle Merkmale und die Bildung einer dichten epithelialen Barriere
verbunden mit einer entsprechenden Transportaktivitat. Zusammenfassend bestatigten diese

Ergebnisse die hohe Qualitdt der BNC-basierten Caco-2 Modelle unter kosteneffizienten

v



Zusammenfassung

Herstellbedingungen und ihre Eignung fir préklinische Forschungszwecke. Allerdings kann
die volle Funktionsvielfalt des menschlichen Darms durch Caco-2 Zellen aufgrund ihres
kanzerogenen Ursprungs und der exklusiven Reprasentanz von Enterozyten nicht abgebildet

werden.

Neben der Tragerstruktur die fir den Aufbau der in vitro Modelle verwendet wird, tragt auch
die zellulare Einheit zur Etablierung von funktionalen Modellen bei, weshalb es von grof3er
Bedeutung ist, die =zellulare Vielfalt des Dinndarms in diesen Modellen in vitro
nachzuahmen. In diesem Zusammenhang sind die primaren intestinalen Organoide, die sich
hauptséchlich aus Enterozyten, Becherzellen, enteroendokrinen Zellen, Paneth Zellen,
Vorlauferzellen und Stammzellen zusammensetzen, von gro3em Interesse, da die zellulare
Komponente eine groBe Ahnlichkeit zum nativen Epithel aufweist. Derartige priméare
Organoide werden (blicherweise in einer 3D-Matrigel® Umgebung und einer speziellen
Formulierung des Mediums, die mit einer Vielzahl an Wachstumsfaktoren erganzt wird, um
das Stammzellpotenzial zu erhalten, die Differenzierung zu hemmen, die Zellmigration zu

stimulieren und somit eine langfristige in vitro-Kultivierung zu unterstitzt.

Intestinale primare Sphéaroid-/Organoidkulturen wurden auf beiden BNC Varianten als
Transwell®-ahnliche Modelle aufgebaut. Dabei zeigte sich eine fragmentierte Zellschicht was
darauf schlieBen lasst, dass die Matrix unter diesen Bedingungen fiir den Modellaufbau
ungeeignet ist. Da der BNC-Herstellungsprozess sehr flexibel ist, kdnnten die Oberflachen-
eigenschaften in zukinftigen Studien angepasst werden, um so eine gute Zelladhasion auch
fur primare Darmzellen zu ermdglichen. Die Anwendung dieser Organoid-basierten Kulturen
stellt jedoch fir die préklinische Forschung eine enorme Herausforderung dar, da die

Kultivierung komplex und zudem sehr zeit- und kosten-intensiv ist.

Im Hinblick auf das hohe Potenzial der priméren intestinalen Spharoide/Organoide und der
Notwendigkeit eines vereinfachten aber pradiktiven Modells fir préklinische Forschungs-
zwecke, befasste sich der zweite Teil der Arbeit mit der Etablierung einer priméren
immortalisierten intestinalen Zelllinie, die eine standardisierte und kosteneffiziente Kultur
ermdglicht, wobei die zellulare Vielfalt der in vitro Organoid-Kulturen erhalten bleibt. In dieser
Studie wurden primére Organoide aus dem murinen und dem menschlichen Dinndarm
durch die ektopische Expression eines 10- (murin) bzw. 12-Komponenten (human) Pools von
Genen, welche im Hinblick auf die Regulation der Stammzellen und dem Zellzyklus bekannt
sind, in Zusammenarbeit mit der INSCREENeX GmbH in einer 2D- und 3D-basierten
Transduktionsstrategie immortalisiert. In erster Linie wurden die etablierten Zelllinien
(Zellklone) auf ihren Bedarf an Wachstumsfaktoren fir die Kultivierung unter vereinfachten
und kosteneffizienten Bedingungen hin untersucht. Wéahrend die murinen Zellklone auf

unbeschichteten Kunststoff in einer Mediumformulierung mit hEGF, mNoggin, Y-27632 und

Vv
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10% FCS wuchsen, zeigten die humanen Zellklone eine Notwendigkeit fir eine Col I-
Vorbeschichtung zusammen mit einer Zusammensetzung des Mediums, wie sie
Ublicherweise fur primdre humane Sphéaroide/Organoide verwendet wird. Dariiber hinaus
fuhrten diese vorangegangenen Analysen dazu, dass nur ein humaner Zellklon und drei
murine Zellklone umfanglich charakterisiert wurden. Studien zu proliferativen Eigenschaften
und spezifischen Gen- sowie Proteinexpressionsprofilen dieser Klone haben gezeigt, dass
vermutlich Vorlauferzellen (TACs) anstelle der differenzierten Zelltypen der priméaren
Organoide immortalisiert wurden, da die Kultivierung in 2D, 3D oder in Transwell®-basierten
Modellen zu einem geringfligig veranderten Genexpressionsprofil im Vergleich untereinander
und zudem zu einem stark reduzierten mRNA-Transkriptionswert fir die analysierten
Markergene, welche die differenzierten Zelltypen des nativen Epithels reprasentieren, die
Folge war. Weiterhin zeigte die 3D-Kultivierung die Bildung von Spharoid-ahnlichen
Strukturen, jedoch keine Organoid-ahnlichen Strukturen unter verlangerten Kultur-
bedingungen, was darauf hinweist, dass diese Zellpopulationen ihre Eigenschaft zur
Differenzierung hin zu spezifischen intestinalen Zelltypen eingebiit haben. Die Transwell®-
basierten Modelle, welche fiir jeden Klon etabliert wurden, weisen zudem Organ-spezifische
Eigenschaften auf, wie eine epitheliale Morphologie, ein charakteristisches Protein-
expressionsprofil mit einer apikalen Schleimschicht, welche den Villin-1 positiven Zelllayer
bedeckt und somit den Nachweis erbringt, dass die entstandenen immortalisierten
Zellpopulationen zu einem gewissen Anteil aus Becherzellen und Enterozyten bestehen.
Zudem konnten reprasentative Tight-Junction Komplexe, die auf eine dichte epitheliale
Barriere hinweisen, in entsprechenden Proteinexpressionsprofilanalysen nachgewiesen
werden. Der Nachweis einer sowohl dichten als auch funktionellen epithelialen Barriere
konnte weitergehend durch TEER-Messungen und in vivo-ahnliche Transportmechanismen
fur die etablierten Zellklone qualifiziert werden, wodurch diese Zellen als alternative
Zellquelle fir in vitro Modelle des Dinndarms verwendet werden kdnnen. Dariliber hinaus
beglnstigt die einfache Handhabung und Zellexpansion unter kostenglnstigeren
Bedingungen im Vergleich zu primaren Organoidkulturen den Einsatz dieser neu-generierten

Zellklone fur Bioverfligbarkeits-Studien.

Zusammenfassend zeigte diese Arbeit neue Komponenten, strukturelle und zellulare, fur die
Etablierung alternativer in vitro-Modelle des Diunndarmepithels, die in praklinischen
Screenings fur reproduzierbare Studien hinsichtlich der Medikamententestung verwendet

werden kénnen.

VI
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1. Introduction

1.1. The small intestine

1.1.1. Anatomical and structural organization of the small intestine and its

main functions

The gastrointestinal tract (Gl) consisting of the esophagus, stomach, small intestine and the
large intestine (Figure 1.1A) represents one of the biggest organ systems in humans and
rodents [1,2] with a mean length of about 7.62 m [1] and an average mucosal surface area of
~ 32 m2 in humans [3]. In comparison, the murine Gl tract is about 55.5 cm in length with a
surface area of ~ 402.31 cm? [4].

Main functions of the Gl tract comprise food uptake, distribution, processing and digestion as
well as nutrient and energy absorption [5]. A crucial role in this context plays the small
intestine with an average length of 3-5 m in humans [6], where 90% of food digestion occurs
by chemical processes using bile acids and digestive enzymes to break down the food into

nutrients that can be taken up into circulation [5,7-9].

Anatomically, the small intestine can be separated into three parts: the proximal duodenum,
the intermediate jejunum and the distal ileum (Figure 1.1A), each of them characterized by
region-specific functions and uptake capacities for distinct nutrients. The proximal duodenum
is the shortest section (average length: 20-25 cm [6]) connected to the stomach, the liver and
the pancreas being responsible for neutralization of the acidic chyme released from the
stomach by secreting bicarbonates into its lumen [6,8]. Further, most of chemical digestion
happens in the duodenum to break down the chyme into nutrients that can be absorbed by
specialized transport mechanisms. Liver-secreted bile and digestive enzymes released from
the pancreas as well as the intestinal epithelium are crucial for this process. In addition,
nutrients, electrolytes, water and metal ions are absorbed in the proximal duodenum [8]. The
connecting jejunum is around 2.5 m in length, where the largest proportion of nutrients
including sugars, amino and fatty acids are absorbed [6]. In contrast, the distal ileum with an
average length of 3 m reabsorbs only special nutrients such as vitamin B12, bile salts or

non-digested remnants [6,8].

Considering the structural organization, the small intestine is formed as a hollow tube with
several tissue layers. The tunica serosa as outermost sheet is comprised of connective
tissue (lamina propria serosae) with intervened vessels and nerve fibers. Adjacent, the tunica
muscularis, build up of a thin longitudinal and a thick circular muscle layer, both connected
with each other via nerve fibers, regulates the direct proximal to distal transport of the chyme

through the intestinal tract by initiating peristaltic movements of the gut tube. Between the
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muscle layer and the intestinal mucosa, a highly vascularized collagen sheet known as the
tela submucosa ensures a sufficient exchange of nutrients and growth factors. Further, the
luminal mucosa consists of a thin layer of smooth muscle cells (lamina muscularis) covered
by connective tissue with incorporated immune cells (lamina propria) and a monolayer of
epithelial cells [7,10,11] (Figure 1.1B). Together, the submucosa and the mucosa build
protrusions called villi towards the lumen thereby enhancing the apical surface, which
implicates an increased nutrient uptake capacity of the epithelium [3,7]. Of note, those villi
structures are intermingled by crypt regions representing the germinal zone of the small
intestinal epithelium where continuous cell renewal and proliferation occurs (discussed in

more detail in the next section).
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Figure 1.1: Structural organization of the Gl tract and the small intestine. Schematic overview of the Gl tract
including the stomach, the small intestine divided into duodenum, jejunum, ileum and the large intestine (A).
Structural organization of the small intestine composed of several tissue layers including the mucosa (epithelium,
lamina propria, lamina muscularis), the tela submucosa, the muscularis (circular and longitudinal muscular layer)

and the tunica serosa (B). Image adapted and modified from Dé&ullary et al. [7]. Gl: gastrointestinal.

The individual villus structures of the small intestine together with the diversity of specifically
functionalized cell types ensure food digestion and nutrient absorption with high efficiency.
Mucus, enzymes and ions secreted mainly by epithelial cells are essential to break down
nutrients such as proteins, lipids or carbohydrates [7,12,13]. The substances resulting from
this chemical digestion process like amino acids, glucose or short-chain fatty acids are

absorbed or transported across the intestinal epithelium by passive diffusion, active or a
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carrier-mediated transport [14,15]. Of note, the diffusion process between neighboring cells
of the intestinal epithelium is dynamically regulated via the cytoskeleton by the interaction of
junctional complexes (tight junctions, adherens junctions or desmosomes) with the
peri-junctional ring of actin and myosin (Figure 1.2). Tight junctions (TJs) consist of two
functional protein categories: 1) integral transmembrane proteins such as occludin (OCLN),
claudins or junctional adhesion molecules (JAMs) and 2) peripheral membrane proteins such
as zonula occludens-1 or -2 (ZO-1 or Z0O-2), which seal the intercellular space [16,17]
(Figure 1.2). Transmembrane proteins are capable to form size- and charge-selective pores
for the permeation of small molecules, water and ions, whereas the peripheral membrane
proteins are connected to the cytoskeleton to give the TJ complexes their unique structure
and function [18-20]. Strong adhesive bonds formed by desmosomes and adherens
junctions (AJs) such as E-Cadherin (ECAD) are located below the TJs, contributing to
intestinal barrier integrity [16,18] (Figure 1.2).

Intestlnal Iumen
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Figure 1.2: Intestinal epithelial-cell junctions important for intestinal barrier integrity. TJs are composed of
transmembrane proteins such as different subtypes of Claudins (blue), Occludin (yellow) and diverse JAMs
(green) attached to peripheral membrane proteins such as ZO-1 (purple), thereby anchoring TJ proteins to
intercellular actin (red). AJs including E-Cadherin (dark purple) further support cell-cell contacts. Image adapted
and modified from Hammer et al. [21]. TJs: tight junctions; JAMs: junctional adhesion molecules; ZO-1: zonula

occludens-1; AJs: adherens junctions.
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1.1.2.  Cellular composition of the small intestinal epithelium and molecular

regulation of epithelial homeostasis

The small intestinal epithelium, with its rapid turnover rate every 3-5 days [22—-24], represents
a remarkable microstructure characterized by its separation into crypt-villus-domains
(Figure 1.3A). Within these domains, the Iluminal villus regions are intermingled by
tube-shaped invaginations called crypts, that can be separated into the stem cell niche and
the transit amplifying (TA) zone (Figure 1.3A). In addition to multipotent intestinal stem cells
(ISCs), which are defined by their unlimited self-renewal and potential to differentiate into all
epithelial cell types [25-28], the stem cell niche is further constituted by differentiated paneth
cells [29,30] and subepithelial myofibroblasts [31,32] (Figure 1.3B), both secreting crucial

factors for the maintenance of the stem cell identity or the regulation of ISC differentiation.

In recent years, two types of ISCs have been identified in the crypt: the fast-cycling crypt
base columnar (CBC) cells [27] and the slow-cycling +4 label retaining cells (LRCs)
(Figure 1.3B) [33]. CBCs marked by the Leucine-rich repeat-containing G-protein coupled
receptor 5 (Lgr5) were first reported by Barker et al. [22] as crucial for the regeneration of the
epithelium [22,34]. Maintenance of CBC identity in the crypt is ensured by asymmetric cell
division with one daughter cell retaining in the crypt, while the other one represents a
transient amplifying cell (TAC) that migrates towards the TA region [33,35] (Figure 1.3B).
Within the TA region, TACs proliferate and migrate along the villus, thereby differentiating
into enterocytes, enteroendocrine cells and goblet cells [36] (Figure 1.3A). In addition, paneth
cells, another differentiated cell type present in the small intestine, escape the upward
migration process remaining localized within the crypt, where they are of high importance, as
they secrete growth factors such as wingless-related integration site (Wnt), the epidermal
growth factor (EGF) and the delta like ligand 4 (Dll4), all of them activating stemness-related
signaling pathways [37,38]. Further, paneth cells maintain gut homeostasis by secreting a
variety of substances, such as antimicrobial peptides, cytokines and proteases to protect the
neighboring CBCs from external harmful (e.g. pathogenic) influences [39,40] (Figure 1.3B).
In addition to CBCs, slow-cycling +4 LRCs, named after their specific position in the crypt,
represent the second stem cell type depicted by their quiescent nature and the expression of
B lymphoma Mo-MLV insertion region 1 homolog (Bmil) [24,41,42]. Interestingly, +4 LRCs
can revert into mitotically active Lgr5'-1ISCs after injury of the CBC population [24,42]. In
addition, Buczacki et al. provided evidence that these cells function as additional precursors

of the secretory-lineage giving rise to paneth cells when the CBC population is injured [43].

In contrast to the crypt, the villus domain represents an elongated structure with

differentiated enterocytes as most prominent cell population (Figure 1.3A) that play a major



Introduction

role in nutrient digestion and nutrient absorption secreting digestive enzymes and presenting
specialized transporter proteins for molecule absorption on the apical cell surface, also
known as brush border membrane. To increase nutrient absorption and enzyme secretion at
the luminal surface, the villus epithelium is further enlarged by microscopic membrane
protrusions called microvilli [3,44]. Next to the enterocytes, the villus epithelium contains
hormone-secreting enteroendocrine cells (EECs) and mucin-producing goblet cells. Different
subpopulations of EECs comprising L-, K- or M-cells fulfill distinct functions after individual
nutrient-derived stimulation such as regulation of appetite, gut motility, blood glucose
homeostasis or acidity of the stomach-released chyme [7,45] controlled by the release of
peptide hormones including somatostatin, glucose-dependent insulino-tropic peptide (GIP) or
glucagon-like peptide 1 and 2 (GLP-1, GLP-2) [46] as well as bioactive amines such as
serotonin (5-HT) [45,47] (Figure 1.3A). The main function of goblet cells is to synthesize the
secretory mucin glycoprotein (mucin 2) and the bioactive membrane-bound mucins (mucin 1,
mucin 3) in order to protect the epithelium from pathogenic microbes as well as

physical/mechanical stress caused by the passing chyme [48-50] (Figure 1.3A).
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Figure 1.3: Cytomorphology of the intestinal epithelium. Schematic illustration of the crypt-villus organization
and cellular composition of the small intestinal mucosa (A). The villus-domains are composed of differentiated cell
types such as enterocytes, goblet cells and enteroendocrine cells. The proliferative crypt region is structured into
the stem cell niche (crypt base) and the TA zone, in which the main stem cell types categorized as (Lgr5')-CBCs
and +4 LRCs are located intermingled by paneth cells at the crypt base, while TACs are located within the TA
zone (B). TA: transient amplifying; CBCs: columnar base cells; LRCs: label retaining cells; TACs: transient

amplifying cells.

Regeneration of the small intestinal epithelium is driven along the crypt-villus axis by
opposing protein gradients of morphogens that regulate ISC proliferation in the crypt and
differentiation along the villus [30]. Within the crypt, growth factors and ligands such as
Noggin (NOG), R-Spondin (RSPO), EGF and Wnt are key players that are secreted to
activate their corresponding signaling cascades to support ISC expansion and stemness
(Figure 1.4A). Simultaneously, pro-differentiation pathways such as bone morphogenetic
protein (BMP) or hedgehog (HH) signaling are suppressed at the crypt base, while being
active along the TA zone and villus region, where increasing gradients of BMP, HH or
ephrin B1 (EFNB1) drive differentiation of cells migrating upwards the villus before they
undergo apoptosis/anoikis at the villus tip after 3-5 days [7,51] (Figure 1.4A). Hence, stem
cell identity and lineage-differentiation in the small intestinal epithelium is tightly regulated by

a controlled interplay of distinct signaling cascades [51].
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An important pathway that supports ISC identity is the canonical Wnt pathway that is
activated by binding of the WNT ligand (secreted by paneth cells in the crypt) to the Frizzled-
low-density lipoprotein receptor-related protein 5/6 (LRP5/6) receptor complex, leading to the
stabilization of cytoplasmic B-catenin that translocates into the nucleus where it binds to its
target genes such as the transcription factor 4 (TCF4). TCF4 is known to contribute to the
transcriptional activation of pro-proliferative and anti-differentiation genes in ISCs to maintain
their stem cell nature [52,53]. Furthermore, ISC stemness is supported by binding of the Wnt
pathway agonist RSPOL1 to the LGR4/LGRS5 receptor complex which results in an increased
phosphorylation of LRP6 [54-56] that leads to the potentiation of cytosolic [3-catenin
accumulation [56]. Subsequently, B-catenin is translocated into the nucleus where it binds to
TCF4, thereby activating further downstream target genes involved in ISC expansion and

maintenance of their stemness (Figure 1.4B).

Further factors such as DII1/4 or Jagged 1 (Jagl), all expressed by paneth cells, act as
ligands of the Notch signaling cascade that bind to the transmembrane Notch receptor
located in neighboring stem cells to modulate the ISC state. After activation,
metalloproteases of the ADAM family and the y-secretase enzyme lead to the release of the
Notch intracellular domain (NICD) from the membrane, which assembles with the DNA-
binding protein recombination signal binding protein for immunoglobulin kappa J (RBP-J;
also known as CSL) and the co-activator mastermind (Mam) within the nucleus of ISCs to
transcriptionally activate the hairy and enhancer of split-1 (Hesl) promoter, thereby
preserving the ISC and/or TAC state, while inhibiting differentiation [57-59] (Figure 1.4B).

Next to Wnt/R-Spondin- or Notch-signaling, secretion of EGF by paneth cells supports
proliferation as well as migration of ISCs and further inhibits apoptosis of crypt cells [60-62].
Due to binding of EGF to its receptor (EGF receptor; EGF-R), which is located in the ISC
membrane, phosphorylation of the terminal proportion of the receptor occurs to provide
complex formation with the adaptor proteins growth factor receptor-bound protein 2 (Grb2)
and son of sevenless (Sos). Following complex formation, Ras-GDP is recruited, resulting in
the activation of the tyrosine kinase cascade Ras/Raf/MEK/ERK [29,60,63]. Finally, the
activated kinases are shuttled into the nucleus to phosphorylate specific transcription factors

involved in cell proliferation or migration [63] (Figure 1.4B).

In contrast to these stemness-related signaling pathways, BMP secreted by mesenchymal
cells regulates the differentiation of Lgr5*™-ISCs along the crypt-villus axis [64]. To this aim,
BMPs and other members of the transforming growth factor-B (TGF-B) family bind to their
type Il receptor (BMPRII), resulting in phosphorylation and activation of BMPRI, followed by
the activation of Smad protein transcription factors (Smad 1, 2, 3, 5 and 8). Together with

Co-Smad (Smad 4), the complex translocates into the nucleus to repress stemness-related

7



Introduction

genes such as Lgr5/LGR5. To sustain ISC stemness in the crypt, active BMP signaling is
blocked by growth factors such as NOG or gremlin-1/gremlin-2 released by subepithelial
myofibroblasts beneath the crypt [65—67] (Figure 1.4B).
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Figure 1.4: Morphogene gradients acting along the crypt-villus axis. Growth factors such as NOG, EGF,
WNT and RSPO maintain ISC stemness in the crypt, whereas BMP, HH as well as ENFBL1 regulate differentiation
of TACs along the villus (A). Scheme of the interplay of important growth factors regulating different signaling
pathways within the stem cell niche (B). BMP: bone morphogenetic protein; DIl: delta-like ligand; EGF: epithelial
growth factor; EFNB1: ephrin-B1; ERK: extracellular-signal regulated kinase; HH: hedgehog; LGR: leucine-rich
repeat-containing G-protein coupled receptor; LRP: Frizzled low-density lipoprotein receptor related protein;
MEK: MAPK/ERK kinase; NICD: notch intracellular domain; NOG: noggin; R: receptor; RBP-J: recombinant signal
binding protein for immunoglobulin J; Raf: rapidly accelerated fibrosarcoma; Ras: rat sarcoma; RSPO: R-Spondin;
Smad: SMA protein C. Elegans and MAD protein Drosophila; TCF4: transcription factor 4; TGF: transforming
growth factor; Wnt: wingless-related integration site. Figure modified from Sato et al. 2011 [30].
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1.2. The small intestine as functional barrier

The mucus layer, a gel-like protein sheet covering the intestinal epithelium inside the gut
lumen, constitutes a first line physical defense barrier against external molecules and
pathogens [68—70]. This layer is formed by highly glycosylated mucin proteins (e.g. mucin 1
(MUC1), MUC2, MUC3), secreted and membrane-bound [50], with MUC2 as the most
abundant protein in the small intestine that has a complex layered structure, where it is tightly
adherent [70-75]. In addition, MUC6 and MUC11 have been reported in the small intestine
[76]. Due to the continuously secreted protein layer, everything that aims to reach the

intestinal epithelium has to diffuse through the mucus barrier.

In addition to the mucus layer, the epithelium itself represents a highly sophisticated physical
barrier [77] based on strong junctional complexes (described above; see Figure 1.2), formed
between individual epithelial cells [15,16,78]. Substrate and nutrient transport across this
barrier into the interstitium is organized in a tightly regulated manner by three major
pathways categorized as transcellular, carrier-mediated and paracellular transport [15,78]
(Figure 1.5).

The paracellular transport pathway, considered as passive diffusion process, is controlled by
the intercellular space in the most apical part of neighboring cells. Extracellular tight junction
proteins, creating narrow water-filled pores between adjacent cells, seal this intercellular gap
to form a strong physical barrier. lons, water and small hydrophilic molecules are allowed to
pass the epithelial barrier, depending on the local concentration gradient [15,79], to enter the

bloodstream (Figure 1.5B).

The transcellular pathway describes both a passive diffusion process (Figure 1.5A) and an
active transport of transporter-specific molecules by co-transporters (Figure 1.5B and C).
Therefore, an aligned and polarized epithelial layer with distinct cellular differences in the
membrane composition, on the apical or the basolateral cell membrane, is crucial [79].
Passive diffusion via the transcellular pathway is regulated along a concentration gradient
either directly through the cell membrane, as it is the case for hydrophobic molecules or by
specific transporters, which are selective for only one molecule [79,80]. For instance,
fructose as a carbohydrate digestion product is absorbed by the glucose transporter 5
(GLUT5) without energy consumption [80,81]. In comparison, there are also active transport
mechanisms such as the transport of glucose across the apical membrane performed by the
sodium glucose co-transporter 1 (SGLT1) that transports glucose (Glc) together with sodium
(Na") into the cell, driven by the Na'/K*-ATPase (Figure 1.5B). Therefore, ion pumps located
on the basolateral side of the cell such as the Na'/K'-ATPase hydrolyze adenosine

triphosphate (ATP) to adenosine diphosphate (ADP) by simultaneous replacement of Na*
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ions in the cell with K* ions [82]. The exchange of sodium (Na*) with calcium (Ca?") is also
mediated via an active transcellular transport (Figure 1.5C) under ATP consumption by the

transmembrane antiporter termed sodium-calcium-exchanger [83,84].

Efflux-transporters (Figure 1.5C) are located within the apical membrane to actively pump
harmful cytotoxic molecules out of the cell towards the intestinal lumen [85,86]. The
P-glycoprotein (p-gp) encoded by the multidrug resistance (MDR1) gene belongs to the
ATP-binding cassette (ABC) transporter family and is one of the most important efflux-
transporters in the intestinal tissue [87,88]. The breast cancer resistance protein (BCRP) as
well as the multidrug resistance-associated protein 2 (MRP2) are further members of the
ABC-transporter family using a carrier-mediated pathway for eliminating substances like
heterocyclic amines, polycyclic aromatic hydrocarbons, glutathione or sulfated and
glucuronidated conjugates back into the intestinal lumen [87,89-91]. In general, these
transport mechanisms act in an ATP-dependent manner against the concentration gradient
driven by the Na*/K*-ATPase [87].

In addition, active transport can also occur by internalization of large molecules and particles
by the cell membrane, if they cannot be transported across the cellular barrier due to their
size, polarity or non-existing transporters [92]. This process is defined as endocytosis and is
further divided into phagocytosis and pinocytosis [93]. The former activity binds bacteria or
cell debris, resulting in the formation of an intracellular vesicle (phagosome), which fuses
with lysosomes to digest these particles. Pinocytosis provides a selective uptake of
macromolecules by the invagination of the cell membrane, whereby different budding events
have to be distinguished, such as clathrin-mediated [94], caveolae-dependent [95] or flotillin-
dependent [96,97] endocytotic pathways. For instance, the clathrin-mediated pathway
belongs to the group of receptor-mediated processes where ligands bind to the surface
receptors that are located in clathrin-coated pits to form an intracellular clathrin-coated
vesicle for trafficking [92,98] through the cell (Figure 1.5D). In contrast to clathrin-mediated
pathways, caveolae-dependent processes are driven by integral (caveolins) and peripheral
membrane proteins (cavins) which leads to small bulb-shaped plasma membrane
invaginations for the transport through the cell [99]. Interestingly, flotillin-mediated
endocytosis shows morphological similarities to the caveolae plasma membrane buds;

however, flotillin proteins, localized in special microdomains, are involved this process [97].
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Figure 1.5: Transport mechanisms in the small intestine. Transcellular transport through channels or

transporters or directly over the cell membrane (A), transcellular active transport by symporter (B/b) or antiporter

(Clc), paracellular transport between adjacent cells (B), efflux transport under ATP consumption (C) and uptake

of substances via vesicles by the endocytotic pathway (D). ATP: Adenosine triphosphate.
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1.3. Pre-clinical intestinal model systems

In the past, research on small intestinal biology, physiology and function as well as
associated disorders relied on the use of animal models that led to fundamental insights and
concepts; however, the use of animal models possesses major limitations including species-
specific differences and ethical concerns, as main representatives. To overcome common
drawbacks, human in vitro models have been established with distinct complexities ranging
from simple two-dimensional (2D) cell culture to more complex multicellular three-
dimensional (3D) models mimicking in vivo-like structural organizations [7]. Those models
gain more and more reputation, as they facilitate the study of complex in vivo phenomena in
a simplified context under standardized and reproducible conditions, while being less
expensive, accessible to any laboratory and being conform to the 3Rs (replacement,
reduction, refinement) principle [100-102]. Regarding the predictivity and transferability of
the achieved data to humans, in vitro models of human origin exclude species-specific
differences and mimic native cell and tissue function, physiological and metabolic principles

in a more precise fashion.

Nowadays, cell-based models of the small intestine are routinely used in fundamental
research focusing on general biological principles and mechanisms such as the molecular
regulation of cell functions and overall tissue homeostasis or pathophysiological principles of
organ-specific disorders as well as to understand host-microbial interactions during tissue
infection [103,104]. Additionally, cell-based models gain also more and more interest for
pharmaceutical applications including studies on the bioavailability [105,106] and toxicity
[107] of drugs. In this context, Kitchens and colleagues demonstrated an enhanced
transepithelial transport capacity, and thereby bioavailability of surface-charged polymers
that are often used for drug-loading, as diffusion or carrier-mediated transport is simplified
due to their surface properties, especially if single drugs cannot properly pass the epithelial
barrier [105]. Focusing on translational research, in vitro models of the small intestine are
interesting in terms of drug screening approaches or cell-based therapies in context of
personalized medicine. For example, identification of genetic mutations by genome or
transcriptome sequencing combined with clustered regularly interspaced short palindromic
repeats/CRISPR-associated protein 9 (CRISPR/Cas9)-based correction of those mutations
in in vitro-cultured organoids of the small intestine opens the possibility for potential
transplantation approaches of the genetically-engineered organoids into diseased regions of
the patient’s gut. For example, CRISPR/Cas9 technology enabled the targeting of the most
frequently mutated genetic hotspots in intestinal stem cells derived from a patient suffering
from colorectal cancer [108,109]. Furthermore, artificial introduction of the oncogenic Kirsten

rat sarcoma (KRAS) mutation by CRISPR/Cas9 into patient-derived tumor organoids were
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recently shown as beneficial to evaluate drug efficacy in a pre-clinical study [110], which
proofs the suitability of this experimental procedure in context of patient-specific drug
screening approaches.

In the past, in vitro models used in preclinical research applications were set up as 2D cell
monolayers cultured on flat and rigid plastic until confluence. Such models led to important
findings regarding the function of the small intestine as well as the toxicity of applied
substances in a standardized and scalable manner [7,111,112]. However, they lack in
important cell-cell or cell-matrix interactions [113] and only marginally represent physiological
features, thereby being only limited feasible for permeability or bioavailability studies.
Further, cellular processes such as proliferation, apoptosis or differentiation as well as gene

or protein expression profiles are not fully comparable to the in vivo situation [113,114].

Innovative concepts in the last years led to the development of advanced 3D in vitro models,
which are more representative concerning the physiological and functional aspects of the
native organ [112,113,115]. These models are characterized by the use of biological or
synthetic scaffolds to culture intestinal cell types in a so-called Transwell®-like setup [116].
Nevertheless, key challenges remain that in vitro models meet the requirements to
adequately represent the natural situation in vitro including the replication of native
cytoarchitectural topographies such as a polarized cell-monolayer with formation of a tight
epithelial barrier composed of the cellular diversity of the native epithelium. Furthermore,
biological features such as tissue homeostasis must be recapitulated in vitro to maintain ISC
stemness, while simultaneously allowing differentiation. In addition, mechanistic and
functional aspects need to be sustained that are regulated by the precise activity of
characteristic gene expression profiles, especially those of distinct transporter proteins such
as MDR1 or SGLT1. Next to this, the substratum with a 3D structure similar to the native
lamina propria in terms of chemical composition as well as biochemical properties is of high
importance for the recreation of in vivo-like conditions in tissue engineering-based concepts
[102,117,118]. Furthermore, cells used for the setup of in vitro models should be of human
origin with the ability of being cultured in the long-term without losing their characteristic
features. In the following, the main scaffold materials and cell sources used for current

concepts in small intestinal tissue engineering are summarized (Figure 1.6).
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Figure 1.6: Schematic overview on intestinal model systems used in pre-clinical applications. Intestinal
Transwell®like in vitro models are composed of a matrix for separation into an apical and a basolateral
compartment corresponding to the intestinal epithelium. Synthetic (A) or biological matrices (B) as well as
biopolymer-based scaffolds (C) are commonly used for model setup. Primary tissue-derived intestinal organoids
(D), tumor-derived intestinal cell lines (E) or intestinal immortalized cells (F) are seeded on top of the scaffold

variants, thereby generating Transwell®-like in vitro models.

1.3.1. Scaffold materials in intestinal tissue engineering

Of main importance in tissue engineering is to provide structural support to allow cell
attachment within/on the in vitro model and a microenvironmental niche to regulate model
homeostasis by controlling cell proliferation and survival as well as apoptosis. Nature’s
blueprint for this is the extracellular matrix (ECM), present in all tissues and organs, which
provides structural, biological and physical support to cells during development and
throughout life. Interestingly, there is a dynamic crosstalk of the ECM and the resident cells.
While the ECM provides signaling cues influencing cell behavior, cells can modify their

secreted ECM components in response to alternating microenvironmental stimuli [119].

Although, the 3D network of all ECMs is composed of fibrous proteins such as collagen,
fibronectin or laminin together with a mixture of glycosaminoglycans (GAGs), matrix-bound
nanovesicles (MBVs) and water, each tissue shows a unique composition and topology
[120,121]. Distinct protein compositions thereby facilitate processes like the strength or the

load-bearing capability of the ECM and further provides anchoring sites for the cell
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membrane to the ECM network by the interaction with collagens and laminins in an organ-
specific manner [120]. Within the small intestine, the basement membrane is a specialized
ECM surrounding the stem cell niche that is mainly composed of laminins, collagen IV as
well as fibronectin [51,122]. Recently, Gjorevski et al. showed in a matrix reconstitution study
with intestinal epithelial cells that the biochemical and biophysical characteristics of the ECM
influence ISC homeostasis concerning stem cell behavior, maintenance, proliferation and
differentiation [123]. Mainly involved in these regulatory processes are the matrix stiffness,
the detailed protein composition of the basement membrane and the created reservoirs for
soluble factors [51,124]. Considering the characteristic crypt-villus-axis of the small intestine,
a few studies [125,126] have also re-created this specific tissue architecture to recapitulate
the in vivo situation. Therefore, collagen scaffolds are micromolded by 3D printed stamps
[125] or hydrogels are directly printed as 3D scaffolds by stereolithography [127] to generate
the typical crypt-villus architecture. Next, biological 3D scaffolds with a natural crypt-villus
architecture are used in tissue engineering concepts. These scaffolds, obtained by
decellularization of the porcine small intestinal tissue, are known as small intestinal
submucosa with preserved mucosa (SISmuc) [128]. However, such systems are complex in
handling, cost-intensive and high-throughput incompatible, which makes them unsuitable for

pre-clinical research approaches.

Given the importance of the ECM in vivo, in vitro models of the small intestine require a
comparable scaffold that was, so far, simulated by mainly artificial matrices to re-create the
intestinal barrier in vitro. By means of an artificial membrane, a two-compartment system is
generated with an apical side corresponding to the intestinal lumen and a basolateral side
recapitulating the interstitium. However, these simplified 3D-like systems mimic the in vivo
epithelium only to some extent. Therefore, decellularized biological scaffolds or biopolymer-
based scaffolds are taken into account, to enable a 3D structure for cell adherence that is

more in vivo-like but still cost-efficient and easy in handling.

1.3.1.1. Artificial scaffolds

Artificial semi-permeable membranes are commonly used to set up Transwell® two
compartment cell culture systems (Figure 1.6), as membrane production using a highly
standardized process is both simple and cost-efficient. Polycarbonate (PC), polyester (PE) or
polyethylene terephthalate (PET) are the most prominent materials implemented in such
setups (Figure 1.6A), which are available with different pore sizes and thicknesses as well as
at distinct scales [112,129]. However, biological features for sufficient cell-adhesion,

cell-survival and cell-proliferation are missing [120]. Therefore, coating procedures with
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ECM-related proteins comprising collagen, fibronectin or Matrigel®, with collagen as most
widely used one, are routinely performed [116,129]. Nevertheless, cell-matrix interactions are
not exhibited as it is known from natural ECM structures [130-132]. Further, artificial
polymer-based scaffolds represent an unequal pore distribution, influencing diffusion
processes of drugs/compounds, thereby hampering bioavailability studies [105,112].
Although, artificial scaffolds demonstrate some disadvantages, their good accessibility,
applicability in high-throughput screenings and compliance to the 3Rs principle ensure a
widespread usage, especially in pre-clinical research. In addition to the standard 3D-like PC-,
PE- or PET-based inserts, the Alvetex® matrix, a highly porous polystyrene scaffold, enables
an adequate alternative membrane with respect to routine 3D-based cell culture, as scanning

electron microscopy demonstrates structural characteristics similar to a sponge [133].

1.3.1.2. Biological scaffolds

Natural biological scaffolds exhibit fundamental differences to synthetic scaffolds due to their
native 3D-structure and the complex composition of structural proteins, extracellular vesicles
and proteoglycans, thereby positively affect cellular behavior [134-136]. Biological scaffolds
are derived from a variety of tissues/organs such as dermis, pericardium or small intestine as
well as species like humans, pigs or horses [120]. To obtain natural ECM structures
(Figure 1.6B), used in tissue engineering concepts, decellularization of the whole organ using
mechanical, enzymatic and/or chemical treatment is required for cell removal from source
tissues [137,138]. However, all decellularization methods adversely affect the ECM in their
composition, architecture or ultrastructural features on the ECM surface, which should be
avoided by far [120]. Further, different ECM configurations are known such as powders,
hydrogels, multilayer or single-layer sheets, with the porcine SIS as most studied natural
single-layer scaffold [116,120,139,140]. Due to its composition and the 3D-like arrangement
of dense collagen fibers, the SIS scaffold enables proper cell-ECM as well as cell-cell
interactions to form a tight epithelial cell layer together with an improved cell survival,
proliferation and differentiation mainly through paracrine and exogenous factors
[115,135,141]. Nevertheless, the generation process is barely standardized and therefore
batch-to-batch variations cannot be avoided, which limits the application of the SIS matrix as

scaffold in context of small intestinal tissue engineering for pre-clinical purposes.
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1.3.1.3. Biopolymer-based scaffolds

As shown for artificial and biological scaffolds, limitations concerning the technical and
biological aspects highlight the necessity to prove further alternatives for tissue engineering
concepts such as biopolymer-based scaffolds. Many of these biopolymers are compounds of
the ECM such as heparin sulfate, chondroitin or hyaluronic acid but also polysaccharide
derivatives or proteins like alginate, silk or cellulose are used as scaffold material [142]. For
instance, cellulose a fibrous, water-insoluble material is considered to be the most abundant
biopolymer in this field [143]. Plants or bacteria are used to construct cellulose-based
scaffolds, whereby bacterial cellulose is more sustainable and can be manufactured in higher
purity [143].

During the fermentation process of species of the genus Gluconacetobacter
(Komagataeibacter xylinus; K. xylinus), glucose monomers polymerize and the secreted
cellulose creates a 3D microfibril/nanofibril network [144—146], which assembles as a strong
hydrogel. Characteristic features of this scaffold are an excessive water retention capacity,
crystallinity and a high mechanical strength. Further, bacterial cellulose (BC), especially
bacterial nanocellulose (BNC) (Figure 1.6C), is highly hydrophilic, resistant to enzymatic or
chemical hydrolysis, non-toxic, consists of many pores [147,148] and the manufacturing
process enables the formation of several shapes, sizes as well as surface structures [149—
151]. Given the structural organization and composition of the BNC, comparability with
human ECMs [152] is demonstrated by a similar fiber arrangement [151,153], a good
mechanical strength [154,155] and a high similarity to the native ECM regarding hydrophilic
properties [143]. BNC suitability for modern 3D tissue engineering concepts was already
displayed in studies reconstructing the human auricle [156,157], as scaffold stimulating the
expansion of mesenchymal stem cells [158] or as surface-structured matrix in epidermal skin
models [149]. Of note, surface-structuring of the BNC by guided assembly-based
biolithography (GAB) resulted in an aligned fiber structure which further induces an oriented
cell polarization and migratory pattern for human dermal fibroblasts and HaCaT cells [149]. In
general, epithelial cells respond to distinct topographies by an involved cellular behavior and
a better model performance, which makes the surface-structured BNC particularly interesting

for the establishment of small intestinal in vitro models [159,160].

1.3.2. Cell sources

Functional performance of organs and tissues in vivo is mainly driven by their cellular unit
that makes it of high importance to mimic all necessary cell types in vitro. With regard to the

intestinal epithelium, enterocytes, goblet cells, EECs, paneth cells as well as stem cells and
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TACs have to be represented in an appropriate in vitro model [102]. In addition, the cellular
unit should be easy in handling at low costs and provide reproducible and predictive results
in pre-clinical studies. Currently, cell lines are used as standard, but primary cells are
becoming increasingly interesting due to their high comparability to the in vivo situation
[102,161].

1.3.2.1. Intestinal cell lines

In the past, most studies were performed with cell lines derived from human colon
adenocarcinoma, as they constitute an unlimited cell source, are easy in handling at low
costs and are able to differentiate into an enterocyte-like phenotype, representing the small
intestinal epithelium, when cultured under specific conditions. HT-29 or Caco-2 cells
(Figure 1.6E) are the most widespread human adenocarcinoma cell lines, while the latter are
accepted as “gold standard” by the regulatory authorities or the pharmaceutical companies,
to set up Transwell®-like models used in bioavailability, toxicity or permeability studies of
drugs [111,112]. Caco-2 cells are cultured for 21 days on collagen-coated, semi-permeable,
commercially-available Transwell® inserts, thereby displaying physiologically relevant
properties, like a polarized epithelial monolayer, adoption of an enterocyte behavior [162] as
well as the presentation of an apical brush border with intervened enzymes, transporters and
receptors [85,163]. However, important characteristics of the small intestine such as the
secretion of mucus or the formation of a corresponding tight junction protein expression
profile are not properly mimicked or completely missing [164]. In contrast to Caco-2 cells,
HT-29 cells show the ability to differentiate into a goblet cell-specific phenotype but the
formation of a tight epithelial barrier is limited [165]. Therefore, Caco-2/HT-29 co-cultures
models are set up on Transwell® inserts, demonstrating the formation of a tight monolayer
covered by a representative mucus layer [166—169]. In recent years, Caco-2/HT-29-based
models were further optimized, but still have limitations in their predictivity due to the
development of a very tight or a barely formed barrier, a different expression rate of

important transporters and the colon-carcinogenic background [7,170].

Apart from tumor-derived cell lines, there are also primary-derived immortalized cell lines
(Figure 1.6F) such as NuLi-1 [171] (lung cell line) or HBEC3-KT [172] (bronchial cell line)
available. Although, they have been shown to be physiologically relevant, exhibit a stable
genotype in vitro and offer an extended proliferative capacity by simultaneous expression of
primary-based characteristics [171,173], immortalized cell lines are still rarely used in small
intestinal tissue engineering. In respect to the establishment of new test systems for drug

developmental studies, these primary-based cell lines are an interesting alternative to the

18



Introduction

commonly used Caco-2-based in vitro models. Until now, no primary-derived immortalized
cell line representing the small intestine was presented with comparable characteristics to

in vivo.

1.3.2.2. Primary cells - intestinal organoids

Adequate cell-based models closely resembling the human small intestine should mimic the
overall cellular diversity of the epithelium and enable long-term culture in vitro. In 2009,
Sato et al. published for the first time a protocol for the long-term culture of murine intestinal
primary epithelial cells, forming so called “mini guts” or organoids in vitro [30,174]
(Figure 1.6D). These self-organizing 3D-structures, based on primary intestinal crypts, exhibit
a multicellular structure reflecting the cellular (stem cells, paneth cells, enterocytes, goblet
cells and enteroendocrine cells) and structural organization of the crypt-villus architecture, as
it is presented in vivo. Long-term cultures were achieved by sustaining of crypts, harboring
multipotent ISCs, in a 3D environment using Matrigel®, which provides a complex
composition of biomolecules that, to some extent, mimic the precise conditions of the native
stem cell niche microenvironment. Matrigel®, derived from mouse tumor cells, is a gelatinous
protein mixture composed of laminin, collagen IV and other structural proteins to imitate the
intestinal ECM in vitro [175]. Next to the ECM-related proteins, growth factors such as EGF,
RSPO and NOG are routinely added to the culture medium to maintain the stem cell
population in vitro [174]. Such factors, contribute to the formation of a symmetric cyst
structure from the ISC population that are known as intestinal spheroids. The connection
between the ISCs and the ECM-related proteins is essential to prevent extensive anoikis
within the spheroids [176] and to support a cyst-like structure with the central lumen
surrounded by polarized epithelial cells (apical-basolateral cell polarity) [30,174,177]. With
ongoing proliferation and differentiation time in culture, spheroids transform to so-called
organoids characterized by symmetry breaks that occur in the spheroid clusters, leading to
the formation of bud structures, which resemble the intestinal crypt, while the non-bud areas

within the organoid depict the villus epithelium [178,179].

Based on this experimental procedure published in the landmark study by Sato et al.
[30,174], primary epithelial cultures were established of different species e.g. mouse [174]
and human [30] as well as of different health status e.g. healthy, cystic fibrosis [180] or
Morbus Crohn [181]. However, factors such as the age, the state of health as well as the
time after tissue extraction determine the success of crypt isolation, spheroid expansion and
organoid growth [182]. The species used for the establishment of spheroid/organoid cultures

leads to further challenges in long-term culture, as the culture medium for murine spheroids/
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organoids depends on supplementation of EGF, RSPO and NOG, whereas human
spheroid/organoid cultures need a medium formulation supplemented not only of EGF,
RSPO and NOG, but also of growth factors such as Wnt3a, nicotinamide (inhibitor for
multiple kinases), SB202190 (inhibitor for p38 kinase), LY2157299 (inhibitor for TGF-BR1),
A83-01 (inhibitor of Smad signaling) and Leu-Gastrin (supports Lgr5 receptor) [183-187].

Although intestinal spheroids/organoids represent the native tissue to a high degree, they are
not easily accessible for each kind of application, as their internal localization of the intestinal
lumen together with the internally localized brush border leads to major technical challenges
in context of permeability/bioavailability or infection studies that require a direct access of the
luminal part of the model in vitro. Key challenge thereby is to transfer the substances of
interest (e.g. drug or pathogen) into the lumen of the spheroid/organoid, which is currently
achieved by microinjection, a time-intensive and laboratory method that at least partly
disrupts the epithelial barrier [188]. One possibility to overcome this limitation, is the
generation of 3D monolayer cultures that have been established by several groups in the
past [139,189-191] and are based on primary, tissue-specific spheroids/organoids. In this
context, Schweinlin et al. demonstrated that dissociated spheroids/organoids cultured for
several days on the biological SIS scaffold, are proliferative and can undergo a spontaneous
differentiation into absorptive and secretory lineage cells [139]. Differentiation is supported by
medium supplementation with commonly known factors and DAPT [192-194], an inhibitor of
the Notch-pathway as well as by a reduced supplementation with Wnt3a-conditioned medium
[139].

Another possibility to overcome the drawback of the inside-faced lumen is the generation of
so called apical-out spheroids/organoids by simply removing the ECM component from the
in vitro culture that leads to a polarity switch of the spheroids/organoids, characterized by a
flipped structure with the luminal surface at the outside, while the basolateral compartments
turned into the inside of the cell cluster [195]. Thereby, an in vitro model is created that
allows host-pathogen interaction studies without losing the characteristic features of the
primary intestinal spheroids/organoids [195]. Nevertheless, primary spheroids/organoids are
based on donor tissue, which limits the availability with this specific genetic background,
enables the formation of genetically modified cells during long-term culture and complicates

the application with regard to standardizability and reproducibility [196,197].
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2. Aim of the thesis

To gain more knowledge about biological principles, mechanisms, cellular and molecular
regulation of tissue homeostasis but also specialized uptake mechanisms, small intestinal
in vitro models were established to mimic the in vivo-like situation. Routinely, human adeno-
carcinoma cell lines, such as Caco-2 or HT-29 are cultured on artificial membranes to
establish a Transwell®-based two-compartment system [111,112]. Although such in vitro
models are standardized, easy in handling and cost-efficient, they lack functional and
structural characteristics of the native organ [113,198]. Given these main drawbacks and
thus the need to improve small intestinal tissue models for pre-clinical applications,
the aim of this thesis was to combine different strategies for the establishment of a
novel in vitro model. In general, the experimental strategy of this work comprises:

1) the use and implementation of alternative ECM scaffolds.
2) the development as well as characterization/validation of a new cell source for intestinal

organ modeling.

2.1. Bacterial nanocellulose as biological model scaffold

The most commonly used scaffolds for intestinal organ modeling are composed of PET, a
synthetic polymer [111,198]. In recent years, natural ECMs such as decellularized porcine
small intestinal tissue termed SIS [116,139,199] offered an alternative structure to mimic a
more in vivo-like environment. However, both variants do not entirely fulfill the requirements
for an improved pre-clinical setup of intestinal in vitro models. In the context of pre-clinical
models, the most important aspects to be addressed are standardizability, reproducibility,
cost-efficiency, easy handling, applicability in a high-throughput approach, no additional
barrier formation by the scaffold material and the comparability with results obtained in vivo
[200]. In view of the advantages and disadvantages of the respective scaffolds,
| hypothesize BNC as a suitable alternative [146,201-203]. Of note, the BNC scaffold
used in my studies was either produced with a flat or a surface-structured topography,
wherein the latter was generated by GAB technology, hypothesized to result in a better

performance in context of cell spreading/adherence and polarization [149].

In this thesis, intestinal in vitro models based on Caco-2 cells and primary cells were
established on both BNC matrices as well as on the PET and SIS as controls. The use of
these cell types was intended to show, whether the surface properties of the BNC are
sufficient to enable a proper cell adherence and proliferation capacity. To verify the

unmodified and surface-structured BNC as alternative scaffolds for standardized model
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setup, histological and structural analyses, expression patterns of corresponding

tight/adherens junction proteins and transport activity analyses were performed.

2.2. A primary-cell-derived, immortalized cell line as alternative

to intestinal organoids

Next to the scaffold material, the cell source influences the predictivity as well as the
functional performance of intestinal in vitro models in pre-clinical research approaches.
Unlimited availability was presented for cell lines such as the carcinoma-derived Caco-2
cells, but cellular subtypes of the native tissue are not reproduced. Further, their tumor-based
background leads to the exhibition of an artificial gene and protein expression profile, which
is not compliant with the in vivo situation [7,198,204]. In addition to intestinal cell lines such
as Caco-2, primary cells isolated from native gut tissue gained recently great attention in
intestinal tissue engineering [30,102,139]. In contrast to cell lines, primary cells show a close
similarity to the native intestinal tissue in context of cell diversity, genetic features and
functionality [7,30,102]. Disadvantages are the need of a human donor, which means that
there is only a limited availability of cells with this genetic background and the lack of
standardization. Because of their time- and cost-intensive handling in the lab, | hypothesize
in this work that primary-cell-derived, immortalized intestinal cell lines would enable a
standardized and cost-efficient culture, while maintaining cellular diversity. Therefore,
murine and human intestinal organoids were immortalized in this project by applying the
CI-SCREEN® technology in collaboration with the INSCREENeX GmbH. Immortality was
induced by ectopic expression of a 10 (murine cells) or 12 (human cells) gene comprising
mixture, identified as cell cycle regulating genes and relevant for the immortalization of
intestinal epithelial cells [205] in this study, instead of only one gene, as usual. Oncogenes
(TAg, Bmil) and others are included in this in total 33-component gene library (CI-SCREEN®
technology) [206,207] to impact on cell proliferation (c-Myc), inhibit differentiation (Nanog,
Id2) or apoptosis (E7) with simultaneous preservation of the primary cell properties to a
particularly high degree, as recently shown for human endothelial cells [208] or alveolar lung
cells [209]. This lentivirus-based immortalization strategy was applied to stably integrate
foreign DNA into the genome and to allow the transduction of non-replicating cells, which is
of special interest when cells isolated from the primary tissue, containing a high cellular
diversity, are immortalized [207,210]. Characterization studies of the established
murine/human immortalized primary organoid-derived cell lines (cell clones) comprised
analyses of intestinal morphology, cellular diversity and function. Besides histological and

proliferation rate, intestinal cell type specific gene as well as protein expression patterns
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were determined. The formation of a tight and functional epithelial barrier was analyzed by

transepithelial electrical resistance (TEER) measurements and transport capacity studies.

Altogether, this work will provide essential new components, structural and cellular,
for the establishment of alternative in vitro models of the small intestinal epithelium
that enable more reliable drug delivery studies in pre-clinical applications in the

future.
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3. Materials and Methods
3.1. Materials

3.1.1. Chemicals and Reagents
Product

2-propanol

BSA

Cell Recovery Solution

Citric acid

Collagen-I (rat-tail)
EDTA

EGTA

Ethanol
FITC-dextran
Gelatin
Glutaraldehyde
Glycine
Poly-L-ornithine

3.1.2. Commercial kits

Product

Click-it™ EdU Alexa Fluor™ 647 Flow
Cytometry Assay Kit

iScript™ cDNA Synthesis Kit
RNAeasy Micro Kit

SsoFast™ EvaGreen® Supermix
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Company
Carl Roth
BioFroxx
Corning
Sigma Aldrich
TERM Wirzburg
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Carl Roth
Sigma Aldrich

Company

Invitrogen

Biorad
QIAGEN
Biorad



3.1.3. Cell culture

Product
2-mercaptoethanol
A83-01

Advanced DMEM/F12
Anti-Anti

B-27 supplement (without Vitamin A)
BNC scaffolds (unmod/str)
CHIR99021

DAPT

DMEM

DMSO

D-PBS/PBS®

FCS

[Leul5]-Gastrin |
LY2157299

Gentamycin

GlutaMax-I

HBSS

HEPES

human R-Spondin 1
Jagged-1 peptide
Matrigel® Growth Factor Reduced
phenol red-free

human recombinant EGF
mouse recombinant Noggin
N-2 supplement
N-Acetylcysteine

NEAA

Nicotinamide

Pen/Strep

PLGA nanoparticles

Rock inhibitor Y-27632
SB202190

Sodium pyruvate
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Company
Carl Roth
Tocris Bioscience
Gibco

Gibco

Gibco
JeNacCell
Biomol
Sigma Aldrich
Gibco

Sigma Aldrich
Gibco
Bio&Cell
Sigma Aldrich
Axon MedChem
Sigma Aldrich
Gibco

Gibco

Gibco
PeproTech
AnaSpec Inc.
Corning

PeproTech

PeproTech

Gibco

Sigma Aldrich

Gibco

Sigma Aldrich

Gibco

University of Saarland, AG Prof. Lehr
Tocris

Sigma Aldrich

Life Technologies
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Product Company
Trypan Blue, 0.4% Sigma Aldrich
TrypLE Express Gibco
Trypsin/EDTA Gibco
Valproic acid Sigma Aldrich

3.1.4.  Cell culture material and disposable material

Product
Amicon® Ultra 15 mL Filters

BRANDplates® 24-well for inserts

Company
Merck Millipore
BRAND GmbH + Co KG

Cell Crowns TERM
Centrifuge Tubes PP Corning
Cryo Tubes Nunc
Disposable cell culture pipettes CELLSTAR Greiner Bio-one
Embedding Cassettes Klinipath
Embedding Filter Paper Labonord
Parafilm® Carl Roth
Pasteur Pipettes Brand
Reaction Tubes Sarstedt
Standard cell culture material TPP
Sterile Filter Sartorius
Syringes BD

ThinCert™ 24-well inserts

Greiner Bio-one

3.1.5. Cell lines and biological material

Wnt3a-producing cells were obtained from ATCC (ATCC® CRL-2647™) and Caco-2 cells
(ACC 169) from DSMZ in Braunschweig. The DSMZ as well as ATCC confirmed the cell
identity via Human STR profiling cell authentication service.

Animal research was performed according to the German law and institutional guidelines
approved by the Ethics Committee of the District of Unterfranken, Wirzburg, Germany
(approval number for the generation of porcine SIS 55.2-2532-2-256). The animals received
proper attention and humane care in compliance with the Guide for Care and Use of
Laboratory Animals published by the National Institute of Health (NIH publication no.85e23,

revised 1996) and as approved by the institutional board of animal protection. Organ
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explantation occurred according to the German Animal Protection Law (84 Abs.3) and the

institute’s animal protection officer regularly informed the responsible authorities.

Porcine jejunum tissue was explanted from 6 week old female pigs provided by the certified
pig farm Niedermeyer in Dettelbach, Germany.

Human jejunum tissue was extracted from the surgery unit of PD Dr. med. C. Jurowich at the
University Hospital Wirzburg with the approval of the Institutional Ethics Committee (number
182/10).

3.1.6. Cell culture media

Crypt medium Advanced DMEM/F12
1x GlutaMax-1 (v/v)
1x Anti-Anti (v/v)
10 mM HEPES
1% (v/v) N-2 supplement
0.5% (v/v) B-27 supplement
1 mM N-Acetylcysteine

Murine organoid maintenance medium Crypt medium
50 ng/mL hEGF
100 ng/mL mNoggin
500 ng/mL hR-Spondin 1
3 UM CHIR99021
1 mM Valproic acid
10 puM Rock inhibitor Y-27632
(after splitting for 2 days)

Murine cell clone expansion medium Crypt medium
10% FCS
50 ng/mL hEGF
100 ng/mL mNoggin
500 ng/mL hR-Spondin 1
10 pM Rock inhibitor Y-27632
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Murine cell clone medium

Human organoid maintenance medium

(Human proliferation medium)

Human differentiation medium

Human cell clone medium
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Crypt medium

10% FCS

50 ng/mL hEGF

100 ng/mL mNoggin

10 pM Rock inhibitor Y-27632

50% Crypt medium

50% Whnt3a-conditioned medium
50 ng/mL hEGF

100 ng/mL mNoggin

500 ng/mL hR-Spondinl

500 nM A83-01

10 mM Nicotinamid

10 uM SB202190

10 mM Leu-Gastrin

500 mM LY2157299

10 pM Rock inhibitor Y-27632
(after splitting for 2 days)

10 uM JAG-1

(for single cells for 2 days)

75% Crypt medium

25% Wnt3a-conditioned medium
50 ng/mL hEGF

100 ng/mL mNoggin

500 ng/mL hR-Spondinl

500 nM A83-01

10 uM DAPT

10 mM Leu-Gastrin

500 mM LY2157299

80% Crypt medium

20% Wnt3a-conditioned medium
50 ng/mL hEGF

100 ng/mL mNoggin

500 ng/mL hR-Spondinl



Human cell clone medium

Wnt3a cell medium

Caco-2 cell medium

PBS/EDTA

Trypsin/EDTA

HBSS cell isolation

Cell freezing medium

Material and Methods

500 nM A83-01

10 mM Nicotinamid
10 uM SB202190
10 mM Leu-Gastrin
500 mM LY2157299

10 pM Rock inhibitor Y-27632

DMEM

10% (v/v) FCS

1% Sodium pyruvate
G-418

DMEM

10% (v/v) FCS

1% Sodium pyruvate
1% NEAA

1% Anti-Anti

500 mL PBS
0.5 mM EDTA

500 mL PBS-/EDTA
0.5% Trypsin

1% Pen/Strep in HBSS®

90% (v/v) FCS
10% (v/v) DMSO



3.1.7. Mouse strains

Mouse strain

C57BL6/J (wild type mouse line)

BG 129P2'LG R5tml(cre/ERT2)CIe/J
(Lgr5-eGFP mouse line")

Material and Methods

Source and Reference
Charles River

Jackson Laboratory
[22]

! Abbreviation for this mouse line in this document. Lgr5-eGFP mice constitutively express the eGFP reporter

gene under the control of the murine leucine rich repeat containing G-protein coupled receptor 5 (LGR5)

promotor.

3.1.8. Polymerase chain reaction/Primer pairs

Name 5’ to 3’ Sequence Source

mRpl15 5-CTGACCCTGGATGTCTTGGTGC-3’ NM_025586.3
5-CCAAGCAGCCACTTCAGTGAACC-3 (housekeeping gene)

mRps29 5-GTCTGATCCGCAAATACGGG-3' NM_009093
5-AGCCTATGTCCTTCGCGTACT-3 (housekeeping gene)

mLgr5 5-GGGAAGCGTTCACGGGCCTTC-3 NM_010195.2
5-GGTTGGCATCTAGGCGCAGGG-3’

mMuc?2 5-GCTGCATTTGCCGGAACGGG-3’ NM_023566.3
5-GGCAGCTAGTGGGACGGGGT-3’

mLyz 5-CCTGACTCTGGGACTCCTCCTGC-3 NM_017372.3
5-CCACGGTTGTAGTTTGTAGCTCGT-3

mVill 5-GCAGCATTACCTGCTCTACGTT-3’ NM_007127.2
5-GCTTGATAAGCTGATGCTGTAATTT-3

mChga 5-AGAATTTACTGAAGAAGCTCCAAG-3 NM_001275.3
5-TCCTCTCTTTTCTCCATAACATCC-3

hHPRT1 5-TGACCTTGATTTATTTTGCATACC-3 NM_000194.2
3-CGAGCAAGACGTTCAGTCCT-3 (housekeeping gene)

hEFla 5-AGGTGATTATCCTGAACCATCC-3 NM_001402.5
5-AAAGGTGGATAGTCTGAGAAGC-3 (housekeeping gene)

hMUC2 5-AGGATCTGAAGAAGTGTGTCACTG-3’ NM_002457.3
5-TAATGGAACAGATGTTGAAGTGCT-3

hVIL1 5-GCAGCATTACCTGCTCTACGTT-3 NM_007127.2
5-GCTTGATAAGCTGATGCTGTAATTT-3
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Name 5’ to 3’ Sequence Source

hCHGA 5-AGAATTTACTGAAGAAGCTCCAAG-3 NM_001275.3
5-TCCTCTCTTTTCTCCATAACATCC-3

hLYZ 5-CCGCTACTGGTGTAATGATGG-3' NM_000239.2
5-CATCAGCGATGTTATCTTGCAG-3

hLGR5 5-TCACCTTCCCCAGGCCCCTTC-3' NM_003667.3
5-TGTTCACTGCTGCGATGACCCC-3

3.1.9. (Immuno-) Histology

3.1.9.1. Material and solutions

Product/buffer
Antibody dilution solution
Citrate buffer pH 4.5

Cover slips for slides

Donkey serum

Entellan

Eosin

Fluoromount-G™ (with DAPI)
Glass slides Polysine™

Glass slides SuperFrost® Plus
Grease Pencil

Haematoxylin

Histogel™

Microtome Blades: Type A35
Paraffin

PFA

Roti® Histofix 4%

TBS-T 0.05 M

Triton-X 100
Xylene

31

Company/composition

DCS Innovative Diagnostic-Systems

2.5% (w/v) Tri-Sodium-citrate
1.4% (w/v) Citrate

2% (w/v) D (+) Glucose
ddH,0O and pH-adjustment
Menzel-Glaser

Sigma Aldrich

Merck Millipore

Morphisto

Invitrogen

Thermo Fisher
Langenbrinck

Dako

Morphisto

VWR

pfm Medical

Carl Roth

AppliChem

Carl Roth

100 mL TBS Stock (0.5 M)
5 mL Tween-20 (0.5%)
900 mL Demineralized water
Carl Roth

Carl Roth
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3.1.9.2. Primary antibodies

Antibody Host Dilution
anti-Chromogranin A Rabbit 1:100
anti-Claudin 5 Rabbit 1:100
anti-E-Cadherin Mouse 1:100
anti-Ki-67 Rabbit 1:100
anti-Lysozyme Goat 1:100
anti-Mucin 1 Mouse 1:100
anti-Mucin 2 Rabbit 1:100
anti-Occludin Mouse 1:100
anti-SGLT1 Rabbit 1:200
anti-Villin 1 Goat 1:100
anti-Zonula occludens-1  Rabbit 1:100

3.1.9.3. Secondary antibodies

Antibody Host Dilution
anti-mouse Alexa 555 Donkey 1:400
anti-mouse Alexa 647 Donkey 1:400
anti-rabbit Alexa 555 Donkey 1:400
anti-goat Alexa 647 Donkey 1:400

3.1.10. Software

Product

Bio-Rad CFX Manager 3.1
Citavi 6

F1JI ImageJ

FlowJo 10.4.1.

GraphPad Prism 7
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Company

Santa Cruz (sc-13090)
Abcam (ab15106)

BD Biosciences (610181)
Abcam (ab15580)

Santa Cruz (sc-27958)
Abcam (ab109185)
Santa Cruz (sc-15334)/
Abcam (ab272692)
Invitrogen (33-1500)
Merck Millipore (07-1417)
Santa Cruz (sc-7672)
Proteintech (21773-1-AP)

Company

Invitrogen (A-31570)
Invitrogen (A-31571)
Invitrogen (A-31572)
Invitrogen (A-21447)

Company

Biorad

Swiss Academic Software
NIH

FlowJo LLC

GraphPad Software Inc.



3.1.11. Microscopes and devices

Product

Aspiration Device (VacuBoy)

BD Accuri C6 Cytometer

Blocking station

Cell incubator Heraeus

Centrifuge Heraeus Multifuge X1R

CFX96 Touch™ Real-Time PCR Detection System
Confocal microscope TCS SP8

Embedding station

EVOS™ XL Core Imaging System

Freezer (-80°C/-20°C)

Freezing Container (Mr. Frosty)

Inverse Fluorescence Microscope BZ-9000
LCR HITESTER 3522-50

Liguid Nitrogen Storage Tank

Millicell ERS-2

Neubauer Cell Counting Chamber

pH meter

TECAN Infinite 200 PRO microplate reader
Thermal Cycler C1000

Sliding Microtome RM 2255

Steam Cooker “MultiGourmet”
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Company

Integra Biosciences
BD

Leica

Thermo Scientific
Thermo Scientific
Biorad

Leica Microsystems
Thermo Fisher
Thermo Fisher
Thermo Scientific/Liebherr
VWR

Keyence

HIOKI E.E. Corp.
German-cryo
Millipore
Hartenstein

Mettler Toledo
TECAN

Bio-Rad

Leica

Braun
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3.2. Methods

3.2.1. Preparation and setup of scaffold material for Transwell®-like models
3.2.1.1. Preparation and setup of SIS-based scaffolds

Porcine jejunum tissue was explanted as whole organ at the center for experimental
molecular medicine (ZEMM), University Hospital Wirzburg in compliant with the German law
and institutional guidelines (section 3.1.5). Decellularization of the explanted tissue occurred
according to standardized protocols previously published [138,211]. For quality controls of
the decellularized tissue, histological analyses and a gallic acid assay were performed. To
generate Transwell®like cell culture systems, SIS matrix was fixed between two plastic
cylinders termed ‘cell crowns’ (self-constructed by the Chair of Tissue Engineering and

Regenerative Medicine (TERM), University Hospital Wirzburg, Germany).

3.2.1.2. Preparation and setup of BNC-based scaffolds

The BNC scaffolds were provided by the JeNaCell GmbH within a cooperation project.
Previously, the preparation and characterization of these scaffolds performed by JeNaCell
were published [212]. In brief, bacterial precultures (1x10° colony forming units per mL) were
cultured for 7 days at 28°C in Hestrin-Schramm culture medium. For surface-structured BNC
samples, polydimethylsiloxane (PDMS) molds were placed on top of the culture medium. To
generate thin membranes with a square of 17 mm x 17 mm, the BNC pellicles were treated
with a boiling 0.1 M aqueous sodium hydroxide solution for 30 min, purified with water for
neutral pH conditions, followed by manual pressing to a height of 0.5 mm. Finally, the
pressed samples were conserved and autoclaved in aluminum pouches. Analyses of the
unmodified and surface-structured BNC scaffolds, with regard to structural and biophysical
properties, included investigations using scanning electron microscopy, high-performance
multiphoton microscopy and the measurement of the water absorption capacity.

To setup BNC Transwell®like in vitro models, the BNC was fixed between cell crowns
(described in 3.2.1.1), incubated with 100 pL gelatin solution for 1 h at room temperature
(RT) (apical compartment), followed by crosslinking with a 2% glutaraldehyde solution for
15 min at RT. The scaffolds were washed with 70% ethanol for 35 min and washed five times

with PBS™ for 5 min each, before the matrices were coated with 2 mM glycine overnight.
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3.2.1.3. Setup of PET-based scaffolds

Commercially available polyethylene terephthalate (PET)-membrane-based cell culture
inserts (24-well inserts) with a pore size of 1.0 um were coated with 100 pL of a 0.1 mg/mL
collagen-I (rat-tail) solution in 0.1% acetic acid for 15 min at RT. Acetic acid was sucked off
and after evaporation of the remaining solution (15 min at RT), inserts were used for model
setup.

3.2.2. Cell culture
3.2.2.1. Cell culture conditions

In general, the cells were cultured at 37°C, 5% CO, and 95% humidity. A medium change
was performed every 2-3 days.

3.2.2.2. Caco-2 cell culture

Caco-2 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal calf serum (FCS), 1% non-essential amino acids (NEAA), 1% sodium pyruvate
and 1% antibiotics-antimycotics (Anti-Anti). Passaging of Caco-2 cells (>70% confluence)
was performed by cell incubation in 0.5 mM EDTA in 1x PBS’ solution (PBS/EDTA) at 37°C
for 10 min followed by detaching of cells by administration of 0.5% Trypsin/EDTA solution for
3 min at 37°C (see section 3.1.6). Cells were harvested with a pipette and centrifugation

occurred at 1200 rpm for 5 min, RT. In general, cells were split at a ratio of 1:10-1:20.

3.2.2.3. Crypt isolation from B6.129P2-LGR5™MCIeERTACIEN  pgyse  strain

(Lgr5-eGFP mouse line) and human biopsies

Crypts were isolated from the following: murine and human tissue. Human jejunum biopsies
(two male/two female) were obtained from obese adults during routine stomach bypass
operation at the University Hospital Wirzburg in collaboration with the surgery unit of
PD Dr. med. C. Jurowich (study approval number 182/10) [139]. In advance, patients were
informed about using their intestinal biopsies for research purposes. The cryopreserved
primary cells, originated from a previous cooperation between the working group of PD Dr.

Metzger and PD Dr. med. Jurowich were re-used for this project.

The small intestine of transgenic Lgr5-eGFP mice, 15-27 weeks old (two male/two female),

were used to isolate LGR5-eGFP" crypts as previously described [139,174] according to the
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German law and the institutional regulations. The experimental procedure for tissues of both
species was as follows: the intestinal tissue was freed from muscle or adipose tissue and villi
were scraped off by mechanical force using two glass slides. During tissue incubation in cold
Hanks’ Balanced Salt Solution (HBSS’) supplemented with 2 mM EDTA for 30 min at 4°C on
a rotating shaker, the tight junctions between crypts and the basal membrane were opened.
To isolate the crypts, the tissue was transferred into a falcon of cold HBSS™ and shaken
several times by hand. After three rounds of shaking the crypt-containing HBSS™ buffers were
pooled, centrifuged for 3 min at 350 x g and washed with Advanced DMEM/F12. To seed
nearly 1500 crypts per well, the crypts were counted, dissolved in 50 uL/well of Matrigel® and
incubated for 10 min to solidify the hydrogel. The droplets were covered with 300 pL
organoid maintenance medium (as described in 3.1.6.) supplemented with 10 pM Y-27632

for 2 days, according to the protocols published by Sato et al. [30,174].

3.2.2.4. Primary intestinal organoid cultures

Cells were expanded by dissolving the Matrigel® droplets in 300 pL/well cell recovery
solution, incubation for 1 h on ice and centrifugation at 350 x g for 3 min. For single cell
suspensions, the spheroids/organoids were resuspended in 1 mL of TrypLE express and
incubated at 37°C for 10 min. Incubation times with TrypLE express for 3-4 min occurred, if
only spheroid/organoid fragments were used for expansion. In general, TrypLE express is a
solution of recombinant cell-dissociation enzymes, which replaces commonly known porcine
trypsin. Incubation time in TrypLE express decides with regard to organoid cultures, if
cell-cell contacts are completely dissolved as used for single cell expansion or if a partly
dissociation in the case of spheroid/organoid fragments takes place. The dissaociation
reaction was stopped by adding crypt medium, followed by washing of the cell suspension
and embedding in Matrigel® (split ratio 1:2 or 1:3) as described in 3.2.2.3. According to
spheroid/organoid size and amount per well, this splitting procedure was repeated once or
twice a week. Representative images of murine spheroids (short culture time) and human

organoids (long culture time) are shown in Figure 3.1A-C.
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Figure 3.1: Representative images of murine LGR5-eGFP* spheroids and human organoids cultured in
Matrigel® droplets. Murine spheroids (A, B) and human organoids (C) grown in organoid maintenance medium
show a characteristic morphology by crypt and villus formation in EVOS bright field images. Murine intestinal stem
cells expressing eGFP are displayed in a fluorescence overlay image with the bright field image of the
spheroid (B). Scale bar in A, B =50 um; in C = 150 um.

3.2.2.5. Wnt3a-conditioned medium

Whnt3a-conditioned medium was used for the maintenance of intestinal stem cells in culture.
The L-Wnt-3A cell line (ATCC® CRL-2647™) generated from mouse fibroblasts secreted
Whnt3a into FCS-containing medium by processing the protocol provided by ATCC. Briefly,
cells were cultured in DMEM medium supplemented with G418 (section 3.1.6.) for the
selection process of Wnt3a-producing cells. The biological WNT3A protein was secreted into
the medium after splitting the cells 1:10 and a culture time for at least 4 days to enable the
formation of a confluent cell layer. The next 4 days, the medium was collected and changed
every day followed by sterile filtration and pooling of the four medium batches. After the
determination of Wnt3a activity of the conditioned medium by performing a Wnt Reporter

Activity Assay [213], the samples were stored at -20°C.

3.2.2.6. Lentiviral transduction of intestinal organoids

The generation of immortalized murine/human intestinal cells based on intestinal organoids
was performed by the INSCREENex GmbH in Braunschweig, Germany. These partners are
specialists in the lentiviral transduction of primary cells and the general procedure was
previously described [207]. In brief, HEK293T cells were transfected with a cocktail
consisting of four packaging plasmids encoding gagpol, rev, VSC-G and the respective
lentiviral vector [214] for 24 h followed by lentivirus containing supernatant collection. Virus
was concentrated by using the Lenti-X-concentrator. The virus solution for the
immortalization of murine intestinal organoids contains in total 10 genes (bold; Table 3.1) and

for human intestinal organoids 12 genes (marked with a star; Table 3.1) based on a gene

37



Material and Methods

pool containing 33 genes (Table 3.1), that are part of the CI-SCREEN® immortalization
strategy.

In a next step, 2D- and 3D-cultured primary intestinal epithelial cells were transduced with
the concentrated virus solution to optimize the immortalization process as displayed in
Figure 3.2. To this aim, 2D-cultured cells were grown on fibronectin/collagen-I pre-coated
plates until confluence followed by virus application mixed at a 1:1 ratio of viral supernatant
(infection 112 or infection 14) and standard cell culture medium supplemented with 0.25%
polybrene to increase the efficiency of the overnight infection. The 3D-cultured cells were
transduced under floating-conditions in a falcon and resuspended in Matrigel® on the
following day. After a few weeks, immortalized cells sprouted from the Matrigel® droplets and

were picked for expansion in 2D on fibronectin/collagen-| pre-coated plates (infection 19).

Table 3.1: Library genes sorted after integration frequency in novel human cell lines. Gene name and
categorizing of the frequency rate was adopted from Lipps et al. [207]. Genes used for the immortalization of

murine (bold) and human (star) intestinal organoids were marked.

Gene name Gene name Gene name
(high frequency) (middle frequency) (low frequency)

E7* TaG* Myb
Nanog* Core* HoxA9
cMyc* Yapl Bmil*
ld2* Sox2 Klf4
Fos* E6* BCat
Ezh2 Lmo2 NS1
Id3* Rex* Jun
ld1* E2F1
Bcf2
PymT
Oct3
Nfe2L2
RhoA
Glil
v-Myc
Sez12
ZFP217
1d4
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Figure 3.2: Lentiviral transduction of intestinal organoids for the generation of immortalized intestinal

epithelial cells.

Intestinal primary epithelial cells isolated from biopsies formed spheroids under 3D-culture

conditions (A) and after prolonged culture (2 weeks) organoids with differentiated cell types are feasible (B).

Lentiviral transduction occurred either in 2D (C) or in 3D-floating conditions (D). Cells were cultured in Matrigel®

after transduction in 3D (E). Cells sprouted from Matrigel® droplets (E) and were picked for expansion in 2D (F).

The infection in 2D is described as infection 112 for murine cells and as 14 for human cells. Infection in 3D is

classified as infection 19 for murine as well as human cells.
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3.2.2.7. Culture of immortalized cell clones derived from primary 2D and 3D

cell cultures

Immortalized murine cell clones grew on normal cell culture plastic, whereas the
immortalized human cell clones needed collagen-I pre-coated cell culture flasks. Therefore,
T25 flasks used for human cell clones were pre-coated with collagen-| (rat-tail) acetic acid
solution (0.4%) for 30 min and washed with PBS". Beforehand different coatings like poly-
L-ornithine (only for murine cell clones), collagen-I (0.4%), fibronectin/collagen-1 (10 pg/mL)
or without coating were tested for both generated cell lines. Further, different medium
compositions were used to determine the required growth factors. The final medium
consumption is listed in section 3.1.6 for murine as well as human cell clones. Both, murine
and human cell lines, were grown until 80-90% confluence and passaged by adding PBS7/
EDTA for 10 min at 37°C, followed by incubation with 0.5% Trypsin/EDTA for 3 min. For cell
harvesting, the cells were transferred to a falcon tube and centrifuged at 300 x g for 3 min.
Afterwards, murine cell clones were splitted 1:20 twice a week, whereas human cell clones at
a 1:2 ratio once a week. Further, immortalized cell clones were cultured in Matrigel® droplets
covered with 300 pL cell clone medium (section 3.1.6). After 24 h of culture in a 3D
environment spheroid-like structures were observed. Cell clones with a spheroidal
morphology were splitted and expanded as described in section 3.2.2.4.

3.2.2.8. Thawing and freezing of intestinal cells

Cryopreserved cells (spheroids, cell clones) or Caco-2 cells were thawed at 37°C and
resuspended in the tenfold quantity of crypt medium or Caco-2 cell culture medium (as
described in 3.1.6). Cell suspension was centrifuged for 3 min at 350 x g and supernatant
was removed. Intestinal spheroids were dissolved in Matrigel® (50 uL/well) for 3D cell culture
and seeded as droplets of 50 L in a 24-well plate, followed by polymerization for 10 min at
37°C and subsequent administration of 300 yL organoid maintenance medium. Immortalized
cell clones or Caco-2 cells were dissolved in cell type-specific medium (as described in
3.1.6.) and transferred to collagen-1 pre-coated cell culture flasks for 2D cell culture of human

cell clones and non-coated flasks for murine cell clones or Caco-2 cells.

For freezing, organoids were harvested from Matrigel® according to section 3.2.2.4. In
general, 6 wells were pooled per cryovial after washing with crypt medium. The pellet was
dissolved in 1 mL of cell freezing medium. Immortalized cell clones or Caco-2 cells were
trypsinized and 1x10° cells were resuspended in 1 mL of 80% cell maintenance medium or

Caco-2 cell culture medium supplemented with 10% DMSO and 10% FCS for freezing. Cells

40



Material and Methods

were stored in Freezing Containers for 24 h at -80°C before being transferred to liquid

nitrogen.

3.2.2.9. Cell line-based intestinal tissue models

To set up in vitro models of the generated cell clones as well as of the Caco-2 cell line,
5x10° cells were seeded per insert (Figure 3.3). Therefore, SIS- (Figure 3.3C) and BNC-
matrices (Figure 3.3B), fixed between cell crowns, as well as commercially available PET-
(Figure 3.3A) inserts (Transwells®) were used for Caco-2 in vitro models (as described in
3.2.1.). Cell clone-based models were set up only on commercial PET-Transwells® (section
3.2.1.3.; Figure 3.3A). The splitting procedure is described in section 3.2.2.4 and 3.2.2.7.
Murine/human cell clones were cultured in murine cell clone medium/human cell clone
medium and Caco-2 cells in DMEM as described in 3.1.6, with an apical volume of 300 pL
and a basolateral volume of 900 uL. In vitro models based on murine cell clones and Caco-2
cells were used for experimental assays after 21 days of static culture and models based on

human cell clones after 14 days of static culture.

Furthermore, human primary spheroid/organoid-based in vitro models were established on
the SIS matrix, the PET membrane and both BNC variants in culture for 9 days in
proliferation medium (section 3.1.6), followed by 5 days in differentiation medium (section
3.1.6). Growth factors such as nicotinamide and SB202190 were no longer supplemented,
whereas 10 uM DAPT, a y-secretase inhibitor, was added for spontaneous differentiation

towards secretory-lineage-specific cell types.

e

R

PET BNC SIS

+ Caco-2 cells
or human organoids

Cell clones
+ or
Caco-2 cell crown
+
or matrix

human organoids

Figure 3.3: Setup of intestinal tissue models. PET-based Transwells® (A) were seeded either with
murine/human cell clones, Caco-2 cells or human organoids, whereas BNC (B) and SIS (C) models were set up

only with Caco-2 cells and human organoids.
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3.2.3. Histology
3.2.3.1. Sample preparation

Intestinal organoids and spheroid-like cell clone-based structures were isolated from
Matrigel® as described in section 3.2.2.4, washed in PBS™ and centrifuged at 300 x g for
3 min. The cell pellet, fixed with 4% paraformaldehyde (PFA) for 30 min at 4°C, was washed

ITM

with PBS™ and resuspended in HistoGel' ™ to form droplets of 100 puL on a glass slide after

solidification.

Caco-2 cells and human primary spheroids cultured as monolayers on PET, SIS or BNC as
well as immortalized cell clones cultured as monolayers on either PET membranes or glass
slides were washed with PBS™ and fixed with 4% PFA for 1 h at 4°C. HistoGel™ embedding

occurred on models set up on PET- or BNC-scaffolds after washing with PBS'.

Dissected small intestine was fixed in 4% PFA overnight at 4°C, followed by washing in
PBS'. Afterwards, all samples were preserved in paraffin for histological analyses, except the
cell-based glass slides for 2D imaging. Caco-2 cell-based Transwell®-like models were used
for staining procedures either as paraffin-embedded cross-sections or as top views without
any embedding procedure. Paraffin conserved probes were cut into 5 pm slices and mounted
on Polysine™ glass slides.

3.2.3.2. Hematoxylin and Eosin (H&E) staining

Slides were incubated at 60°C to melt the paraffin and the remaining residues were removed
by two consecutive xylene-washing steps for 10 min each. For rehydration, the probes were
dipped three times in a descending ethanol-series (twice 96% EtOH, 70% EtOH, 50% EtOH),
stopped in demineralized water (dH,O) followed by incubation for 6 min in Hematoxylin to
stain the cell nuclei. After washing in dH,O, slices were bathed in floating tap water for 5 min
to develop the staining. The extracellular matrix and cytoplasmatic structures were stained in
Eosin for 6 min. For dehydration, the samples were dipped twice in 70% EtOH, twice in
96% EtOH, followed by 5 min incubation in isopropanol I, isopropanol Il, xylene | and

xylene Il. Samples were mounted with Entellan and a coverslip.
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3.2.3.3. Alcianblue staining

Alcianblue staining was performed to stain acid mucins and therefore mucin producing cells
in the intestinal spheroids/organoids or cell clone-based samples. The slices were
deparaffinized and rehydrated according to section 3.2.3.2. After the dH,O bath, the samples
were incubated for 3 min in 3% acetic acid to negatively charge the acid mucins. Alcian blue,
as positively loaded dye, binds electrostatic to the acid groups of the sample in 30 min.
Slices were washed in dH,O and the cell nuclei as well as the extracellular matrix were
stained 5 min with Nuclear fast red. The samples were dehydrated and mounted with

Entellan as described in section 3.2.3.2.

3.2.3.4. Immunohistochemistry

Paraffin sections were deparaffinized and rehydrated as described in 3.2.3.2. After boiling
samples for 20 min in citrate buffer (pH 6) for heat-mediated antigen retrieval, the sections
were marked with a grease pen and washed in PBS™ + 0.5% Tween-20 (PBS-T). A blocking
solution (5% donkey serum in PBS’) was applied for 20 min, followed by incubation with the
primary antibody overnight at 4°C. The next day, slices were washed three times in PBS-T
for 5 min each, before incubation with the secondary antibody for 60 min, RT in the dark
occurred. Samples were washed again three times in PBS-T and mounted with
Fluoromount-G™  supplemented  with  4’,6-diamidino-2-phenylindole ~ (DAPI)  for

deoxyribonucleic acid (DNA) counterstaining.

Cells cultured on glass slides and Caco-2-based in vitro models (imaging top view) were
washed with PBS’, permeabilized with 0.2% Triton-X-100 for 30 min and washed with PBS-T
for 5 min on a shaker. To avoid unspecific binding, a blocking solution (5% donkey serum in
PBS’) was applied for 30 min at RT for cells cultured on glass. Caco-2 cell-based models
were treated for 2 h with a blocking solution of 5% bovine serum albumin (BSA) in PBS..
Settled glass slides as well as Caco-2 in vitro models were stained with the primary antibody
diluted in antibody dilution solution overnight at 4 °C. The following steps were performed
according to the normal paraffin sections as described above. Briefly, samples were washed
three times with PBS-T, followed by incubation with the secondary antibodies for 60 min at
RT in the dark for cells cultured on glass slides and 2 h for Caco-2-based models. Finally, the
samples were washed three times with PBS-T and mounted with Fluoromount-G™

supplemented with DAPI for DNA counterstaining.
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3.2.3.5. SEM and TEM imaging

Ultrastructural analysis of the Caco-2/cell-clone-based tissue models were performed by
transmission (TEM) and scanning electron microscopy (SEM). Samples were washed with
PBS™ and fixed in 2.5% glutaraldehyde for TEM imaging and 6.5% glutaraldehyde for SEM
imaging. All further steps of processing ultrathin sections and also analyses of the samples
were performed at the core facility of Prof. Dr. Stigloher of the University of Wirzburg.

3.2.3.6. Microscopy

Histological samples either fluorescence labeled or stained with standard kits were analyzed
using the inverse fluorescence microscope BZ-9000 (Keyence) or the confocal microscope
TCS SP8 (Leica Microsystems). Image acquisition of cell-clones in 2D/3D and primary
organoids was performed with the EVOS™ XL Core Imaging System (Thermo Fisher) for the

documentation of cellular morphology.

3.2.4. Flow cytometry

The proliferation rate, as important feature of newly generated cell lines, was measured by
flow cytometry analyses via the EdU-Click it® kit. Therefore, the samples were incubated for
2 h with pre-warmed maintenance medium supplemented with 1 mM EdU at 37°C, 5% CO,,
95% humidity. The cells were harvested according to section 3.2.2.4 and 3.2.2.7 from either
Matrigel® droplets or cell culture plastic. Afterwards, samples were washed with PBS’
containing 1% BSA before fixation with 100 yL Click-it fixative for 15 min at RT in the dark.
The cell suspension was washed again with 1% BSA in PBS’, followed by permeabilization
(15 min, protected from light, RT) of the cells with the saponin-based buffer as described in
the manufacturer instructions. To detect the 5-Ethynyl-2’-deoxyuridine (EdU)-labeled
proliferative cells, the Click-it™ Plus reaction cocktail (containing copper sulfate, EAU buffer
additive, Alexa Fluor® 647 as fluorescent dye and PBS’) was added for 30 min at RT. The
stained cell pellet, washed twice with the saponin-based buffer, was finally analyzed at the

BD FACS Accuri by resuspending the cells in 500 pL saponin-based buffer.
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3.2.5. Molecular biological methods
3.2.5.1. RNAisolation

To isolate RNA from 2D-cultured cells or Transwell®-models, samples were lysed with RLT
buffer containing 1% 2-mercaptoethanol. For 3D-cultured organoids or spheroid-like cell
clone-based structures, Matrigel® droplets were dissolved in Cell Recovery Solution as
described in 3.2.2.4 for splitting organoids. The organoid or spheroid-like cell-based pellet
was washed with PBS™ and lysed in RLT buffer complemented with 1% 2-mercaptoethanol.
Samples were homogenized through a QIAshredder spin column, followed by processing the
manufacturer’s recommendations of the RNeasy micro Kit including the DNase treatment of
15 min at RT. The amount and quality of RNA was measured at 260 and 280 nm in a

NanoDrop plate from Tecan.

3.2.5.2. cDNA synthesis

The isolated RNA was reversely transcribed with the iScript cDNA Synthesis Kit according to
the following settings:

5x iScript reaction mix 4 uL
iScript Reverse Transcriptase 1L
1 ug RNA template X UL
Nuclease-free water X UL
Total volume: 20 uL

In a 3-step cycler program on the LabCycler48, the reverse transcription was performed
according to the protocol: 5 min at 25°C, 30 min at 42°C and 5 min at 85°C. Samples were

stored at -20°C for a maximum of two weeks. Long-term storage occurred at -80°C.

3.2.5.3. Real Time quantitative PCR

The messenger ribonucleic acid (MRNA) transcription profile of the generated cell lines was
compared to the primary source material, the intestinal organoids. To normalize the
amplification signal of the gene of interest, the reference genes mRpl15 and mRps29 were
used for murine cells, whereas hHPRT1 and hEFla were used for human cells. The

amplification reactions were conducted in duplicates with the following mixture:
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SsoFast EvaGreen Supermix 10 pL
Forward primer (400 nM) 2 pL
Revers primer (400 nM) 2 pL
cDNA 1L
ddH,O 5uL
Total volume: 20 pL

A 2-step quantitative real time polymerase chain reaction (RT-gPCR) protocol was used for
the cDNA amplification, which included an initial denaturation (95°C, 3 min) and 40 cycles of
the following settings: denaturation at 95°C for 10 s and the annealing/extension period at
60°C for 30 s. The amplicon specificity of the PCR product was verified by an agarose gel.
According to the MIQE guidelines [215] [216], the gene expression was calculated by the
24CT (AACT) method.

3.2.6.  Barrier integrity studies
3.2.6.1. FITC-dextran assay

FITC-dextran is a reference substance for the paracellular transport and therefore allows the
characterization of the barrier integrity of intestinal in vitro models. The sugar chain is
covalently coupled with Fluorescein isothiocyanate (FITC) to enable a fluorescence-based
detection method of the transported amount of molecules. Therefore, 4 kDa FITC-dextran
was solved in cell type-specific medium at a concentration of 0.04 mg/mL and was
centrifuged in Amicon® Ultra size exclusion filters at 4000 x g for 30 min. After sterile filtration
of the FITC-dextran solution, 300 puL were added apical balanced by 900 uL cell type specific
medium in the basolateral compartment. Samples of 100 UL were drawn basolateral after 1 h
of incubation at 37°C and absorption was measured at an excitation wavelength of 490 nm
and an emission wavelength of 525 nm with the Tecan infinite 200 plate reader in
comparison to an empty insert. The permeability for FITC-dextran was calculated in

percentage with regard to the donor solution as 100%.

3.2.6.2. Barrier integrity measurement

To ensure a tight epithelial barrier, TEER measurements were performed on established
in vitro models. A commercially available hand-electrode was pre-incubated in 70% ethanol
for 15 min, followed by cell-specific medium (mentioned in section 3.1.6) for further 15 min.

After calibration of the device with a standard resistor, the TEER values of each model were
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measured on three different positions of the insert directly after a medium change. For
normalization, the TEER values of empty inserts were subtracted and the values obtained
are set in relation to the area of the inserts.

Barrier integrity analyses were further determined by an impedance spectrometer with a
frequency range from 1 to 100 kHz and a voltage amplitude of 2 mV developed by
Schmitz et al. [217] for a more sensitive measurement. Therefore, intestinal models were
placed in 24-well plates with 0.3 mL medium in the apical compartment und 1.1 mL medium
in the basolateral compartment (cell-specific medium is mentioned in section 3.1.6). After
post-incubation of the cleaned nanorough titanium nitride (TiN) electrodes for 60 min at 37°C
in the model-containing wells, the impedance-measuring unit was connected and the TEER

values were monitored at 12.5 Hz.

3.2.6.3. Transport studies

Functional characterization of the established in vitro models based on Caco-2 cells or
murine/human cell clones was conducted by epithelial transport studies. The different
transport mechanisms were characterized by fluorescein as low-permeable substance for the
paracellular transport, propranolol as high-permeable substance for the transcellular
transport and rhodamine 123 as substrate for the efflux-transporter p-gp. Test substances
were solved in cell-specific medium (crypt medium or Caco-2 medium is described in section
3.1.6) and added in a volume of 300 pL in the donor compartment with the following
concentrations: 10 uM fluorescein, 100 uM propranolol and 100 uM rhodamine 123. Samples
of 100 uL were taken from the acceptor compartment (900 pL) every 15 min for 2 h after
application. Propranolol measurements were carried out by HPLC-MS/MS (performed by the
external partner Sapiotec GmbH) analysis, whereas fluorescein and rhodamine 123 were
determined by analyzing the fluorescence intensity using the Tecan microplate reader. To
determine the test substance concentrations after transport, values were compared to a
standard curve of the different substances. The apparent permeability coefficient (Pap,-value)

was calculated according to Artursson et al. [111].

3.2.7. Nanoparticle permeation

Nanoparticle permeation was used to characterize physical barriers caused by the pore
distribution of the scaffold material (BNC-, SIS- or PET-based models). Coumarin-6 labeled
poly(p,-lactic-co-glycolic acid) (PLGA)-based nanoparticles (NPs), dissolved in Caco-2 cell

culture medium, were applied in the apical compartment (1.0 mg/mL, 300 pL) of the
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Transwell®-like models. Over a time period of 6 h, samples of 100 pL were retained after
30min, 1 h, 2 h, 3 h, 4 h, 5 h and 6 h from the basolateral compartment (900 puL) and
replaced with fresh medium. The fluorescently labeled NPs as well as a NP standard curve
were measured at 450 nm with a Tecan microplate reader to determine the NP

concentration.

3.2.8. Permeability assay with EGTA

Caco-2 cell-based in vitro models cultured on BNC, PET or SIS were used to prove the
formation of an intact barrier and the regeneration capacity of tight junctions after treatment
with cell-cell contact disturbing agents. Therefore, Caco-2 based in vitro models were treated
with 1.5 yL of a 4 M ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N-tetraacetic acid
(EGTA) stock solution (final concentration 20 mM EGTA in the apical compartment) after a
culture and differentiation time of 21 days. Subsequently, barrier integrity changes were
measured at several time points (0/ 5/ 15/ 25/ 35 min) with a chopstick hand-electrode
(described in section 3.2.6.2) of treated and non-treated models. For regeneration of the tight
junctions, the medium was replaced and the models were cultured for further 24 h at 37°C. In
addition to the TEER-values, barrier integrity was measured before and after the
regeneration period of EGTA-treated models by FITC-dextran analyses (described in
3.2.6.1). After the regeneration period a treatment for 2 h with sodium dodecyl sulfate (SDS)
occurred as negative control, leading to a complete breakdown of the TEER values.

3.2.9. Statistics

Unless otherwise stated all data are presented as means * standard deviation (SD).
Statistical analyses were calculated by one-way ANOVA with Tukey’s multiple comparison
test for values of three or more. If only two datasets were analyzed, the significance was
determined with an unpaired t-test by using the GraphPad Prism 7 Software. The level of
statistical significance is hallmarked with an asterisk (*) as follows: *p<0.05, **p<0.01,
***n<0.001.
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4. Results

4.1. The BNC as alternative ECM scaffold in intestinal tissue
engineering

Artificial synthetic polymers like PET are commonly used as structural scaffolds for intestinal
tissue engineering [112,198]. Due to the low porosity or unwanted molecular adhesion
effects of synthetic carries [112], natural ECMs were recently highlighted as interesting
alternatives. However, major limitations of biological matrices are less well-standardized
fabrication processes and the lack of sufficient quantities that need to be produced in large-
scale for pre-clinical applications (e.g. pharmaceutical drug screenings). Here, | hypothesized
that biopolymers such as the BNC could overcome those drawbacks. In this context, the aim
of this part of my work was to validate the BNC matrix, unmodified or surface-structured, as
suitable scaffold for the standardized setup of intestinal in vitro models that display a high in
vitro-in vivo correlation regarding its functional performance, thereby demonstrating BNC-
based models as new alternative for pre-clinical applications. Both versions of the BNC used
in this project were provided by the collaboration partner JeNaCell. Of note, parts of the
described results were obtained in collaboration with Ms. Jana Betz, a student of biology that
performed her bachelor thesis entitled “Establishment of nanocellulose-based in vitro test
systems” at our institute under my supervision, which was submitted to the University of
Wiirzburg in 2016.

4.1.1. Caco-2 cells cultured on BNC show characteristic tight/adherens

junction protein expression profiles

Intestinal in vitro models were set up on unmodified or surface-structured BNC scaffolds as
well as on SIS or PET matrices as controls. Therefore, both BNC variants and the SIS were
fixed between two plastic cylinders, termed cell crowns, to generate a Transwell®-like
system, as it is commercially available for PET membranes (Figure 4.1A-C). Within these
systems, Caco-2 cells were cultured for up to 21 days on all scaffolds until a confluent cell
layer was formed. Immunohistochemistry (IHC) analyses revealed viable Caco-2 cells on all
scaffolds at day 21 and further demonstrated the expression of characteristic tight/adherens
junction proteins such as ZO-1, OCLN and ECAD in all models, independent from the used
scaffold (Figure 4.1D). Furthermore, a continuous allocation of IHC signals was observed
indicating a homogenous distribution of corresponding tight/adherens junction proteins
among single Caco-2 cells cultured on the unmodified BNC scaffold, the SIS matrix or the

PET membrane. In contrast, a more scattered and inhomogeneous expression pattern of all
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analyzed tight/adherens junction proteins was revealed for Caco-2 cells cultured on the

surface-structured BNC.

In summary, all matrices enabled the formation of a continuous Caco-2 cell layer with
characteristic tight/adherens junction expression profiles as indicated by IHC analyses.
Comparing all models, the most homogenous expression pattern of all analyzed proteins was
observed for Caco-2 cells cultured on the unmodified BNC followed by SIS-, PET- and
surface-structured BNC-based models, indicating the unmodified BNC as most beneficial for
Caco-2 cells forming a structurally well-defined cell layer in vitro.
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Figure 4.1: Model setup and tight/adherens junction protein expression profiles of Caco-2 cells cultured
on unmodified BNC, surface-structured BNC as well as SIS and PET. Caco-2 cells were cultured for 21 days
on unmodified or surface-structured BNC (A), SIS (B) or PET (C). The expression of the characteristic
tight/adherens junction proteins ZO-1 (green), ECAD (red) and OCLN (yellow) analyzed by IHC are shown in
representative microscopic images (D). Cell nuclei are counterstained with DAPI (blue). Scale bar = 10 um; n = 3.
Z0O-1: zonula occludens-1; ECAD: E-cadherin; OCLN: occludin; BNC: bacterial nanocellulose; SIS: small
intestinal submucosa; PET: polyethylene terephthalate; DAPI: 4’,6-diamidino-2-phenylindole.
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4.1.2. BNC-based Caco-2 models form atight cell layer

The formation of a tight epithelial barrier as characteristic feature of intestinal in vitro models
was monitored by histological and ultrastructural analyses as well as by barrier regeneration
studies after treatment with EGTA. Representative images of H&E-stained sections of all
Caco-2 models revealed the formation of a consistent cell layer with attached cells on all
matrix surfaces (Figure 4.2Aa-d). Furthermore, Caco-2 cells showed in all models a so called
bi- or multi-layering behavior that depicts a characteristic feature of this cell line [218,219],
when cultured under pro-differentiation stimuli in vitro. However, Caco-2 models set up on
BNC or PET scaffolds showed a flatter cell layer combined with a bright signal of the eosin
staining indicating the formation of a compact connective tissue (Figure 4.2Aa-b, d). In
contrast, eosin staining in SIS-based models appears lighter suggesting a looser connective

tissue within these cell layers.

High-resolution SEM or TEM analyses also confirmed the formation of a consistent cell layer
on all matrix surfaces (Figure 4.2e-I). In addition, the presence of characteristic tight junctions
(Figure 4.2i-) as well as a brush border membrane with apical microvilli structures
(Figure 4.2e-l) was observed, both representing biological prerequisites for proper cell and
therefore model functionality. However, SEM images pointed out that Caco-2 cells cultured
on the surface-structured BNC (Figure 4.2f/f;), the SIS (Figure 4.2g/g;) or the PET
(Figure 4.2h/h;) contained individual cells without microvilli (marked with a star), whereas a
uniform distribution of microvilli-containing cells was shown for in vitro models established on
the unmodified BNC (Figure 4.2e/e,).

Next to these (ultra-)structural features, barrier integrity was demonstrated by performing
permeability studies with EGTA, a chelating agent that reversibly opens cell-cell contacts by
binding extracellular Ca*" ions, which are crucial for the development and stability of tight
junction complexes [220-222]. Therefore, EGTA was applied up to 35 min to all models.
TEER values were measured before application of EGTA as well as in 5 to 10 min intervals
during the time course of 35 min EGTA treatment and after EGTA withdrawal from cultures.
TEER values are shown in Figure 4.2B-E and in Table 4.1 in a time-dependent manner for all
Caco-2 in vitro models. Compared to the TEER values obtained before EGTA application,
treatment with EGTA resulted in a 23% reduction of TEER values for models set up on the
unmodified BNC, 28% for PET- or structured BNC-based models and 40% for SIS-based
models. After a regeneration period of 24 h in exchanged EGTA-free medium, elevated
TEER values were measured in all models (Figure 4.2B-E), indicating the reformation of tight
junction complexes. Additionally, FITC-dextran transport analyses performed after a

regeneration period of 24 h confirmed the data obtained by TEER measurements, as the
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comparison between EGTA-treated and EGTA-untreated models showed no significant
differences regarding their permeability (Figure 4.2F). To further assess the reformation of an
intact barrier on all scaffolds, models were treated for 2 h with SDS leading to the disruption
of the cell membrane and therefore barrier breakdown indicated by TEER values of 0 Q*cm?.

In conclusion, H&E stainings revealed differences in connective tissue when cells were
cultured on distinct scaffolds. Of note, SIS-cultured Caco-2 layers appeared to have a looser
connective tissue compared to those formed by cells cultured on both BNCs and the PET
membrane. Furthermore, the data obtained by FITC-dextran or TEER measurements
showed a tighter epithelial barrier when Caco-2 cells were cultured on the synthetic PET
membrane or both BNC variants. These data together with the observations from the
ultrastructural analyses showed that the models set up on the unmodified BNC performed
best.

Table 4.1: TEER values of EGTA-treated and untreated models.

Time TEER [Q*cm?]
unmodified BNC structured BNC SIS PET

EGTA control EGTA control EGTA control EGTA control

0 min 212+28 224+17 1764 224+19 125+15 126+19 140%2 165+ 3
5 min 147+1 226+12 138+15 218+13 86+22 130+24 101+12 171+2
15 min 71+5 217+9 70+32 213+12 55+12 132+21 571 166 + 2
25 min 49+ 2 219+5 50+24 209+12 54+5 13525 44+3 164 +1
35 min 50+1 218+9 5023 204+17 50+9 138+22 41+1 161+9
24 h 128+6 226+25 144+9 209+6 110x7 133+21 162+16 220+*36
2h SDS 0 205+ 23 0 185+9 0 129 + 26 0 193+ 17
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Figure 4.2: Caco-2 cells cultured on the unmodified or structured BNC, SIS as well as PET membrane
form a tight epithelial barrier with tight junctions and microvilli. Cross-sectional images of H&E-stained
Caco-2 models based on unmodified BNC (a/ai), structured BNC (b/b1), SIS (c/c1) or PET (d/d1) indicated the
formation of a tight epithelial barrier. Representative images obtained from ultrastructural SEM (e/ei-h/h1) and
TEM (i-1) analyses showed a consistent cell layer on all scaffolds, the formation of apical microvilli and tight

junctions (TJ; arrow). Single cells without microvilli (marked with a star) were identified in SEM analyses for
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structured BNC (f), SIS (g) and PET (h). Interruptions in the microvilli formation in TEM images were caused by
the refurbishment method of the models. Scale bars = 50 um (H&E); 10 pm (SEM); 1 um (SEM magnification);
500 nm (TEM); representative images of n = 3 replicates. Graphs demonstrating TEER values obtained before,
during and after EGTA administration (t = 35 min) to assess barrier integrity in models set up on the unmodified
BNC (B), the structured BNC (C), the SIS (D) as well as the PET (E) membrane. Decreasing TEER values
indicated barrier break down. After 24 h of regeneration without EGTA treatment, elevated TEER values are
shown in the graphs. SDS treatment (t = 2 h) destroyed the cell layer in all models as indicated by the drop of
TEER values to 0 Q*cm2. Controls represent untreated (without EGTA and without SDS) Caco-2 models.
Regeneration capacity after 24 h was confirmed by FITC-dextran permeability (F) for BNC-, SIS- and PET-based
models. n = 2 with three technical replicates. Significance was calculated by unpaired t-test. *p<0.05, **p<0.01.
H&E: haematoxylin and eosin; TEM: transmission electron microscopy; SEM: scanning electron microscopy,
EGTA: ethylene glycol-bis(B-aminoethyl ether)-N,N,N’ N-tetraacetic acid; TEER: transepithelial electrical
resistance; SDS: sodium dodecyl sulfate; FITC: fluorescein isothiocyanate; BNC: bacterial nanocellulose; SIS:
small intestinal submucosa; PET: polyethylene terephthalate; t: time.

4.1.3. Caco-2-based models show organ-specific transport functions when

cultured on BNC scaffolds

The formation of an intact barrier was further determined by non-destructive impedance
measurements on individual scaffold-based models started on day 14 up to day 21 of culture.
TEER values of Caco-2 cell-based models continuously increased to a mean maximum of
226 £ 14 O*cm? on the unmodified BNC, to 243 + 34 Q*cm? on the structured BNC, to 191 +
25 O*cm? on the biological SIS matrix and to 194 + 16 Q*cm? on the synthetic PET
membrane (Figure 4.3A). These data implied a culture time of at least three weeks to
establish a tight epithelial barrier on all scaffolds.

Subsequently, FITC-dextran, fluorescein, propranolol and rhodamine 123 were used as
reference substances to analyze the transport capacity (Figure 4.3B-E) of the generated
in vitro models. First, permeability rates of FITC-dextran (zero-permeable substance) were
measured to investigate the paracellular transport capacity across a closed cellular barrier.
SIS-based Caco-2 models displayed a mean permeability rate for FITC-dextran of 2.4% +*
1.8% to the basolateral compartment, while models established on the unmodified BNC
(0.25% =+ 0.2%) or surface-structured BNC (0.25% + 0.3%) as well as PET (0.06% + 0.1%)
showed significantly lower permeability rates (Figure 4.3B). The fluorescein (Figure 4.3C)
transport capacity (indicated by the P,-value) was 2.5 times higher for SIS-based models
(Papp-value of 5.0x10° cm/s) compared to models set up on unmodified BNC (Pgp,-value of
2.0x10° cm/s), structured BNC (Papp-value of 1.3x10° cm/s) or PET (Pa-value of 2.4x10°
cm/s). Together, the results obtained from the FITC-dextran as well as the fluorescein
transport assay indicated the formation of a tight epithelial barrier, as the transport of both

reference substances is controlled by distinct tight junction proteins [15,223].
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Propranolol (Figure 4.3D) was transported to a similar extend in models set up on the
unmodified BNC (P,-value of 1.6x10° cm/s) or SIS (Pay-value of 2.1x10° cm/s), with a
slightly higher P.y,-value for the SIS-based models. In contrast, models established on the
surface-structured BNC (P,pp-value of 1.4x10®° cm/s) or PET (Py,-value of 1.0x10° cm/s)
showed a 1.5 fold and 2-fold decrease in their transcellular transport capacity, respectively.

The efflux transport studied with rhodamine 123 as representative substrate (Figure 4.3E), is
defined as the ratio of basolateral/apical (ba) transport to apical/basolateral (ab) transport.
For models set up on both BNCs (ba/ab = 4.0 or 4.9) and the PET (ba/ab = 3.5), a slightly
higher efflux was observed, compared to SIS-based models (ba/ab =1.9).

In conclusion, the established models on the unmodified as well as surface-structured BNC

demonstrated a tight epithelial barrier with a high applicability in transport studies.

In addition to performing classical transport studies as described above, the nanoparticle
uptake capacity by endocytosis was investigated for BNC-based models, as scaffold
materials, especially artificial membranes such as PET, often represent an additional
physical barrier due to an unequal pore distribution [112,116]. Transport of coumarin-6-
labeled PLGA-NPs (1 mg/mL) measured over 6 hours, showed a transfer rate of 1.5% for
models set up on the unmodified BNC (Figure 4.3F), 1.3% on the surface-structured BNC
(Figure 4.3G), 2.6% on the SIS (Figure 4.3H) and 1.4% on the PET (Figure 4.3l). Within 3-6
hours, the straight slope of the applied straight line is lower in this period for PET-based
(slope/m = 0.0013) and unmodified BNC-based (m = 0.0014) models, compared to the
models based on structured BNC (m = 0.0017) and SIS (m = 0.0037) (Figure 4.3F-I).
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Figure 4.3: BNC-based models form a tight epithelial barrier and display characteristic transport
activities. TEER values rose to a similar ratio from day 14 to day 21 in culture (A), but FITC-dextran was
transported to a lower extent on BNC- and PET-based models (B). Low-permeable fluorescein (C) showed lower
and more robust Pgpp-values for models set up on both BNC variants and PET. A reduced transcellular
permeability of propranolol (D) was measured for models based on surface-structured BNC and PET. The
transport activity of rnodamine 123 (E) displayed a slight increase in the established models on both BNCs and
PET. Transport capacity of Caco-2 Transwell®-models recently reported by Bock et al. [224] is represented as
reference value indicated by the dotted line (C-E). Nanoparticle transport was studied up to 6 h on Caco-2 based
models established on unmodified BNC (F), surface-structured BNC (G), SIS (H) and PET (I). PLGA-NPs
(1 mg/mL) were transported to a higher amount on SIS-based models (H) compared to the other matrix-based
models. Significance was calculated by one-way ANOVA. *p<0.05, **p<0.01, **p<0.001; n=3. TEER:
transepithelial electrical resistance; unmod: unmodified; str: structured; BNC: bacterial nanocellulose; SIS: small
intestinal submucosa; PET: polyethylene terephthalate; Papp: apparent permeability coefficient; PLGA-NPs:

poly(p, L-lactic-co-glycolic acid) nanoparticles.
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4.1.4. Primary intestinal epithelial cells did not form consistent cell

monolayers on both BNC variants

In the studies performed with Caco-2 cells cultured for 21 days on the unmodified BNC,
surface-structured BNC as well as SIS or PET as controls, BNC was proven to be a suitable
alternative for standardized setup of small intestinal epithelium models, compared to
commonly used matrices. To allocate these findings for other cell sources, human primary
intestinal organoids were seeded with 4x10° single cells onto the unmodified or structured
BNC, the SIS as well as the PET followed by culture of 14 days. Human proliferation medium
(section 3.1.6) was applied for 9 days, followed by culture in human differentiation medium
(section 3.1.6) for 5 days. Representative images of H&E-stained sections of fixed models
showed that Caco-2 cells formed a tight cell layer on all scaffolds (Figure 4.4A-D), while
primary organoid cultures formed a highly polarized monolayer only on SIS (Figure 4.4G)
and PET (Figure 4.4H) scaffolds. Although primary cells grew on both BNC variants
(Figure 4.4E-F), cells did not properly attach to the scaffold. In addition, H&E stainings
revealed a fragmentary cell layer on the unmodified (Figure 4.4E) and surface-structured
BNC (Figure 4.4F).

Taken together, the unmodified as well as the surface-structured BNC were not suitable for
model setup using primary epithelial cells derived from 3D organoid cultures. However,
studies in which model setup with Caco-2 cells is preferred, the unmodified BNC represents
a new and appropriate scaffold for the generation of robust epithelial cell layers of the small

intestine displaying a tight barrier and characteristic transport features.
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Figure 4.4: Cell morphology of Caco-2 cells and intestinal primary cells cultured on unmodified BNC,
structured BNC, SIS and PET. Representative images of H&E stained Caco-2 cells show similar growth
characteristics irrespective of the scaffold (A-D). Intestinal primary cells grew as non-confluent, superimposed cell
clusters on the unmodified (E) and surface-structured BNC (F), whereas the cells formed a 2D monolayer on SIS
or PET (G, H). Scale bar = 100 um; n = 3. BNC: bacterial nanocellulose; SIS: small intestinal submucosa;

PET: polyethylene terephthalate.

Due to their animal origin and the manual decellularization process, SIS-based models are
less standardized and therefore do not provide ideal conditions for the establishment of
pre-clinical test systems. Thus, PET-inserts were chosen as scaffold for all further
experiments in order to set up preferably standardized in vitro models using the here

established immortalized cell clones, which is described in the following part 2 of my work.
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4.2. Primary organoid-derived cell lines as alternative cell source

Drug screening [225], bioavailability [105,106] or toxicity studies [107] were mainly performed
on Caco-2 in vitro models in the past. However, these classical in vitro systems represent
relevant characteristics of the native tissue only to some extent [112]. Nowadays, primary
tissue-derived spheroid/organoid cultures [30,174] gain increasing interest; however, the
complex technical conditions and the high costs associated with their in vitro culture (e.g.
Matrigel®, medium supplements) are decisive negative factors for pre-clinical large-scale

applications.

To overcome these limitations, | hypothesized together with my collaboration partner
INSCREENeX that the immortalization of primary intestinal organoid cultures will result in
new cell lines that retain their native cellular features but are technically easy to handle at low
costs, thereby representing an interesting alternative for pre-clinical research applications.
While immortalization was performed by INSCREENeX, the aim of this part of my thesis was
to screen the generated cell lines (cell clones) for their needs in cell culture, to validate their
biological and functional properties and to test their capacity to set up an intestinal in vitro
model applicable in pre-clinical research.

4.2.1. Immortalization of primary organoids by lentiviral transduction with a

pool of genes regulating stemness and the cell-cycle

Primary intestinal spheroids used for immortalization were derived from murine and human
intestine tissue as previously described [30,174]. Details about murine and human donor
tissues are summarized in Table 4.2. After crypt isolation, they were embedded into Matrigel®
drops (Figure 4.5A) followed by in vitro culture in murine/human organoid maintenance
medium (section 3.1.6) until characteristic spheroids formed that developed into organoid
structures with ongoing time of culture (Figure 4.5B) [30,174]. Afterwards, organoids were
split for subsequent expansion as spheroidal clusters and parts of these cultures were used
to establish spheroid biobanks in collaboration with colleagues at the Chair of Tissue
Engineering and Regenerative Medicine (TERM/UKW). The proliferative potential of the
generated spheroid lines is shown in Figure 4.5C-D depicting cells positive for KI-67 with a
mean proliferation rate of 25.5 + 6.2% for murine and 21.6 + 6.0% for human spheroids
analyzed by an EdU proliferation assay using flow cytometry. In addition, murine and human
spheroid/organoid cultures were analyzed for some key features of the native intestinal
epithelium before they were transferred to INSCREENeX for immortalization. Alcian blue

staining of Histogel®-embedded organoid samples demonstrated the presence of mucus-
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producing goblet cells indicated by the blue layer of acid mucin proteins within the intestinal
lumen (Figure 4.5C-D). IHC signals for ECAD highlighted the formation of tissue-specific
adherens junction proteins between adjacent cells, indicating a tight epithelial barrier (Figure
4.5C-D).

Together, murine and human spheroids of the established biobank showed a tight epithelium
with characteristic proliferation rates, suggesting them as suitable for immortalization.
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Figure 4.5: Primary tissue-derived spheroids. Schematic representation of crypts embedded in Matrigel® (A)
and growth into spheroid structures (B) of murine and human tissue. Representative microscopic images show
the intestinal crypt morphology (A) as well as the established spheroid cultures in Matrigel® droplets (B). Alcian
blue-stained mucin layer (blue) within the murine (C) and human (D) spheroid lumen indicative for the presence of
differentiated mucus-producing goblet cells. Representative images from Histogel®-embedded spheroids
demonstrate proliferative cells by IHC staining for KI-67 (C-D). ECAD (red) as adherens junction marker and DAPI
(blue) as cell nuclei marker are stained in parallel (C-D). 25.5 + 6.2% EdU positive cells for murine spheroids and
21.6 + 6.0% EdU positive cells for human spheroids were obtained by flow cytometry in a quantitative EdU
proliferation assay (n = 3). Scale bar in A, B = 200 yum; in C, D for Alcian blue = 20 um and in C, D for IHC =
50 um. ECAD: E-cadherin; EdU: 5-ethynyl-2’-deoxyuridine; DAPI: 4’,6-diamidino-2-phenylindole.
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Table 4.2: List of murine and human donor tissue biopsies. m/#: murine; h/: human; f: female; m: male;

w: weeks; y: years.

Species/Number Date of Surgery  Segment Gender Age
m/#110 25.11.2015 jejunum m 15w
m/#9 05.03.2015 jejunum m 16w
m/#114 29.02.2016 jejunum f 27w
m/#123 08.03.2016 jejunum f 23w
h/14-08 10.04.2014 duodenum f 43y
h/15-01 28.01.2015 duodenum m B2y
h/15-05 23.04.2015 duodenum m 66y
h/15-06 16.06.2015 duodenum f 30y

Immortalization was performed by the cooperation partner INSCREENeX according to a
recently published strategy [205,207,226]. To this aim, the partner differentiated spheroid
cultures from four different murine and four distinct human donors (Table 4.2) into organoids
via extension of culture time. In contrast to spheroids, which are characterized by mainly
proliferative stem and transient amplifying cells, organoids contain an increased amount of
differentiated intestinal cells such as secretory and absorptive cells. Lentiviral transduction
was performed in two different setups using a 10-component gene pool for murine organoids
or a 12-component gene pool for human organoids. These gene pools, selected from the
33-component gene pool (section 3.2.2.6) commonly used by INSCREENeX for similar
approaches, were considered to be relevant for the immortalization of primary intestinal
organoids [205,207].

First, lentivirus-containing supernatants were applied onto structurally intact organoids
cultured under floating conditions in murine cell clone expansion medium/human cell clone
medium (section 3.1.6) for 24 h (Figure 4.6A). The next day, virus-treated, floating organoids
were embedded in Matrigel® followed by in vitro culture and picking of single cells that grew
out of the Matrigel® drop (Figure 4.6C). In total, 16 murine (donor m/#123; Table 4.2) and
16 human (donor h/15-06; Table 4.2) individual cell clones were picked and cultured in
murine cell clone expansion medium or human cell clone medium (section 3.1.6) under 2D
conditions on fibronectin/collagen-I pre-coated plates, representing routinely used tissue
culture conditions [30,174,227]. After a defined time in culture monitoring the growth behavior
of the picked clones, only two murine (112K2, 112K9) and two human cell clones (15-06 14A,
15-06 14B) could be expanded by INSCREENeX. All four clones were transferred to TERM

for further characterization.
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In the second experimental setup, viral supernatants were applied to dissociated organoids
cultured in 2D on fibronectin/collagen-1 pre-coated tissue culture plates for 24 h (Figure
4.6B). The next day, supernatants were removed and cells were cultured in murine cell clone
expansion medium or human cell clone medium. In total, lentiviral transduction performed on
dissociated primary organoids cultured in 2D resulted in 27 murine (donor m/#123; Table 4.2)
and 16 human cell clones established from a single immortalized cell (donor h/15-06;
Table 4.2). After several rounds of expansion under standard cell culture conditions, seven
murine cell clones (I19K4, 19K6, 19K8, 19K10, 19K11, I19K17, 19K21) and two human cell clones
(15-06 19A, 15-06 19B) were transferred to TERM for characterization. In general,
INSCREENeX analyzed all cell clones for their integrated gene panel, which resulted for all

clones in a differently transduced gene pool (data not shown).

Prior to detailed analyses, all transferred cell clones were further expanded on
fibronectin/collagen-1 pre-coated plates cultured in standard cell clone medium (section 3.1.6)
to initially evaluate their morphological characteristics at TERM (Figure 4.6D and E). As the
human cell clone 15-06 I4A as well as the murine clones 19K4 and I19K17 showed an
inhomogeneous morphology of individual cells (Figure 4.6D and E), these clones were
excluded from the characterization panel. Given the organoid-like morphology of the human
clone 15-06 I9A (Figure 4.6E), this clone likewise was excluded from further studies. Albeit
the murine clone 19K10 (Figure 4.6E) had not shown a typical epithelial morphology, which is
one key feature of intestinal epithelial cells, it was included as reference control displaying a

non-epithelial-like, but homogenous morphology of individual cells.

In conclusion, a biobank of seven murine and two human organoid-derived cell clones,

displaying epithelial-like cell morphologies, was established for further analyses.
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Figure 4.6: Immortalization of intestinal primary organoids by lentiviral transduction. Scheme showing
experimental strategy for lentiviral transduction of differentiated organoids cultured under either floating (A) or
attached conditions (B). Organoids transduced under floating conditions were embedded in Matrigel® after 24 h
(C). Transduction strategy performed under 3D culture conditions resulted in two cell clones (112K2, 112K9) for
murine infection 112 (D) and likewise two cell clones (15-06 14A, 15-06 14B) for human infection 14 (D).
Transduction in 2D culture resulted in seven murine (19) cell clones (I19K4, 19K6, 19K8, 19K10, 19K11, 19K17,
19K21) (E) and two human (14) cell clones (15-06 I9A, 15-06 19B) (E). Scale bar in D, E =100 pm.

4.2.2. Defined culture conditions for murine cell clones
4.2.2.1. Murine cell clones grew on plastic

Intestinal organoids are routinely cultured in a 3D environment embedded in Matrigel® drops.
In this project, we hypothesized that immortalization and thereby generation of cell clones
enables a Matrigel®free, time- and cost-efficient 2D culture, while preserving all
characteristic features of the native intestinal epithelium. INSCREENeX already showed in
their preliminary studies, that the murine cell clones exponentially grew in a Matrigel®-free
environment by culture of these cells on a fibronectin/collagen-I (FN/Col |) pre-coated plastic
surface (data not shown).
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To simplify the culture conditions further, | analyzed, if the generated murine cell clones are
able to grow on uncoated plastic. As controls, cultures set up on the standard FN/Col |
coating were used. In addition, poly-L-ornithine (PLO) and collagen-I (Col 1) were tested as
further alternatives. First, cellular morphology was monitored over 4-5 days. Figure 4.7A
summarizes the different cell morphologies of one representative cell clone “I9K6” obtained
after 2 and 4 days in culture, depending on the individual coating condition. On day 2, 19K6
cells showed similar morphologies on uncoated, PLO and Col | pre-treated plates with a
more roundish and flat cell shape, while cells cultured on FN/Col | were more elongated. Two
days later on day 4, 19K6 cultures contained more cells arranged in dense clusters,
independent of the coating condition. Of note, cell clusters on PLO plates displayed different
cellular morphologies indicating an inhomogeneous cell population. 19K6 cells cultured for
4 days on uncoated, Col | and FN/Col | pre-treated plates were more similar in their cell
morphology. Comparable morphological characteristics were observed for the cell clones
112K2, 19K8, 112K9, 19K10, I9K11 and 19K21 (Appendix; Figure Al) when cultured under the

same conditions as |19K6 cells.

In addition to monitor cell morphology, cell growth was quantitatively determined for the cell
clones 112K2, 19K6, 19K8, 112K9, 19K10, 19K11 and 19K21 (Figure 4.7B-H). For cell growth
analyses, the number of cells was counted before seeding and at the time point of analysis
(after 4 days in culture for 19K6, 19K8, 112K9; after 5 days in culture for 112K2, 19K10, 19K11,
I9K21) to calculate the increase in cell numbers. Given that an uncoated tissue culture plate
would be preferred, obtained cell numbers for FN/Col I, Col | and PLO cultures were
normalized to the cell growth in uncoated (w/0) plate cultures. As shown in Figure 4.7, all
tested murine cell clones grew on uncoated plastic, each of them with individual cell growth
capacities when cultured on distinct coatings. While 19K6, 19K8 and 19K11 cells showed
similar growth characteristics on all coatings (Figure 4.7B, D and G), 112K2 cells grew better
on PLO, Col I or FN/Col I (Figure 4.7C) and 112K9 cultures reached higher cell numbers on
uncoated, Col | and FN/Col | coatings (Figure 4.7E). 19K10 cells (Figure 4.7F) showed the
highest cell number on FN/Col | pre-treated plates and 19K21 cells (Figure 4.7H) on uncoated

plastic.

Taken together, while known coatings such as FN/Col I, Col | and PLO enabled proper cell
growth, they were not necessarily important. Instead, all analyzed murine cell clones showed
good growth characteristics on uncoated tissue culture plates (Figure 4.7 and Figure Al in
the appendix), representing an important aspect in context of cost-efficient and simplified cell

culture.
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Figure 4.7: Murine cell clones cultured on diverse cell culture coatings. Cell clones were cultured on
uncoated (w/0) as well as PLO, Col | or FN/Col | pre-coated plastic for 4-5 days. Cell morphology and cell growth
were monitored. Microscope images (n = 3) show the cell morphology of clone 19K6 on d2 and d4 (A),
representative for all cell clones that are summarized in Figure Al of the appendix. Scale bar = 100 um. Graphs
(B-H) show the normalized cell growth for I9K6 (B), 19K8 (D), 112K9 (E) cells after 4 days of culture and for 112K2
(C), 19K10 (F), I9K11 (G), I19K21 (H) cells after 5 days of culture. The increase in cell numbers for FN/Col I, Col |
and PLO cultures was normalized to the cell growth in uncoated cultures. Significance was calculated by one-way
ANOVA. *p<0.05, **p<0.01; n = 3. d: day; w/o: uncoated; PLO: poly-L-ornithine; Col I: collagen-I; FN/Col I:
fibronectin/collagen-I.
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4.2.2.2. Murine cell clones grew without external Wnt pathway activation

Murine intestinal spheroid/organoid cultures depend on growth factor supplementation of the
basic cell culture medium with hR-Spondin 1, hEGF, mNoggin and Y-27632 [174]. These
growth factors mimic niche conditions to support ISC and TAC proliferation (Wnt signaling/
R-Spondin 1), to regulate cell migration (EGF signaling/EGF), to inhibit differentiation (BMP
signaling/Noggin) and to prevent apoptosis (Rho signaling/Y-27632) in vitro [7,174,228].

Given the possibility that the immortalized cell clones grew on uncoated plastic, | next
investigated, if all niche factors are indeed necessary for proper cell growth or if one or more
factors could be removed from the complex and cost-intensive medium composition that is
commonly used. To this aim, individual factors were excluded from the supplemented
medium and cell morphology as well as cell growth were analyzed after 4 days under the
adapted culture conditions. As INSCREENeX supplemented the cell culture medium with
10% FCS for immortalization and cell clone expansion post-transduction, because it is
commonly used for routine culture of cell lines [229,230], the requirement for FCS
supplementation in a prolonged culture of the generated murine cell clones was further

addressed.

Figure 4.8A provides an overview of representative microscope images demonstrating the
individual cellular morphologies of 19K6 cells cultured under control conditions (crypt medium
supplemented with Y-27632, hEGF, hR-Spondin 1, mNoggin and 10% FCS) compared to in
total 5 adapted medium formulations, in which one of the growth factors or FCS was missing.
Representative microscope images of all analyzed cell clones are shown in the appendix
(Figure A2) or Figure 4.8A for 19K6 cells. I19K6 cells displayed a characteristic epithelial
morphology on day 4 when cultured under control conditions (section 3.1.6; murine cell clone
expansion medium). Interestingly, similar observations were made for I19K6 cells cultured
without hR-Spondin 1 or mNoggin, indicating that both factors were not necessarily required
to sustain an epithelial-like identity in 19K6 cultures (Figure 4.8A). 112K2, 19K10 and 19K21
cells (Appendix; Figure A2 A, D, F) showed similar morphological characteristics on day 4
when cultured under the same conditions as 19K6 cells, whereas the murine cell clones 19K8,
112K9 and I19K11 (Appendix; Figure A2 B, C, E) displayed an inhomogeneous morphology of
individual cell clusters when one growth factor or FCS was missing in the adapted medium

formulations.

Next, cell growth of all clones was quantitatively analyzed by counting the number of cells
before seeding and after 4 or 5 days of culture under control or adapted conditions. A culture
time of 4-5 days was chosen, as this corresponds to passaging periods applied for murine

spheroid/organoid cultures. Together, growth factor supplementation seems to be essential
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for all clones strongly depending on Y-27632, hEGF and FCS, as indicated by the reduced
cell growth rates under conditions in which these factors were eliminated (Figure 4.8B-H). In
addition, graphs in Figure 4.8B-H demonstrated increased or decreased growth rates in
individual clone cultures missing mNoggin/hR-Spondin 1 supplementation compared to the
control; however, these results did not reach significance in all analyzed cell clones, except
of the I19K10 clone (Figure 4.8F).

Therefore, supplementation with mNoggin/hR-Spondin 1 seems to be not required for proper
cell growth of the murine cell clones. In contrast, preliminary studies performed by
INSCREENeX regarding the medium formulation together with the functional performance of
the established murine cell clones, indicated that mNoggin but not hR-Spondin 1 was

essential to show a comparable cellular behavior to control conditions.

Taken together, the results achieved in cooperation with INSCREENeX showed for all
analyzed murine cell clones, except 19K10, good growth characteristics when cultured under
minimal medium conditions composed of crypt medium supplemented with Y-27632, hEGF,
mNoggin and 10% FCS (section 3.1.6), as demonstrated in Figure 4.8 and Figure A2 in the

appendix, representing thereby an important aspect in context of cost-efficient cell culture.
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Figure 4.8: Testing appropriate culture conditions for murine cell clones cultured on uncoated plastic. Cell
clones were cultured under control conditions and without the essential growth factors for primary murine
spheroid/organoid culture such as Y-27632, mNoggin, hR-Spondin 1 or hEGF. FCS (10%) was applied directly
after lentiviral transduction, as it is commonly used for culture of cell lines [229,230]. Cell morphology and cell
growth were monitored on d4 (I9K6, 19K8, 112K9) or on d5 (112K2, 19K10, 19K11, I9K12). Representative
microscope images (n = 3) of I19K6 cells show a reduced cell density without Y-27632, hEGF and FCS
supplementation to the medium (A). Scale bar = 50 um. Normalized cell growth analyses indicated Y-27632,
hEGF and FCS as essential for 19K6 (B), 112K2 (C), 19K8 (D), 112K9 (E), I19K10 (F), 19K11 (G) as well as I19K21
(H) cells. Significance was calculated by one-way ANOVA. *p<0.05, **p<0.01, ***p<0.001; n = 3. d: day;

FCS: fetal calf serum; hEGF: human epidermal growth factor; w/o: without.
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4.2.2.3. Immortalized cell lines displayed individual gene expression profiles

and barrier forming capacities

Cell growth, cell type specific gene expression profiles and a tight epithelial barrier are major
features to validate the generated cell lines as characteristic intestinal epithelial cells.

After having decided which medium composition will be used in the following analyses, the
next step was to compare the growth capacities among all clones (112K2, I19K6, 19K8, 112K9,
I9K10, I19K11 and 19K21). To this aim, individual population doubling levels (PDL) were
analyzed on day 5 under the preceding defined culture conditions (Figure 4.9A), as PDL
calculations are reported to be the best method to identify cellular alterations and to control
experimental processes [231,232]. The mean PDLs of all analyzed murine cell clones varied
from PDL 4.3 to PDL 6.9 (Figure 4.9A), which is in line with the PDL of ~ 5 previously
reported for other cell lines [233]. Of note, also I19K10 cells displayed appropriate growth
rates, albeit not sharing the epithelial-like morphology observed for other clones (Figure 4.9B
and Figure 4.6). Therefore, 19K10 cells were chosen as reference control displaying a
non-epithelial phenotype for subsequent analyses.

Next, expression of genes representative for the differentiated cell types found in the native
intestinal epithelium including mVill for enterocytes, mMuc2 for goblet cells, mChga for
enteroendocrine (EE) cells and mLyz for paneth cells was investigated for 2D cultured
murine cell clones after a culture time of 5 days (Figure 4.9C). Gene expression values were
analyzed by RT-gPCR and calculated by the AACT method with mRpl15 and mRps29 as

reference genes. Values obtained for murine organoids (mOrg) as controls were set to 1.

As shown in Figure 4.9D, the marker gene mVill is differently expressed in the respective
murine cell clones with a higher expression rate in 19K6, 19K8 and I9K11 cells, while
expression was lower for [12K9 or 19K21 cells. In line with their non-epithelial-like
morphology, 19K10 cells showed one of the lowest mVill expression rates. Surprisingly, no
MRNA transcripts for mVill could be detected in 112K2 cultures, albeit these cells displayed
an epithelial-like morphology. Values obtained by gene expression analyses for the marker
genes mMuc?2 (Figure 4.9E) and mLyz (Figure 4.9G) resulted in expression rates, which
were similarly low for all analyzed cell clones. However, 112K2 and 19K8 cell clones displayed
the most elevated gene expression rates for mMuc2 (Figure 4.9E), indicating a possible
enrichment of goblet cell-like phenotypes in both cultures. Interestingly, the murine cell
clones showed no expression of mChga, representative of enteroendocrine cells
(Figure 4.9F).

Barrier integrity measurements were performed to determine the formation of a consistent

cell layer with dense tight junction complexes between adjacent cells in order to reflect the
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barrier function of the small intestine and thereby the suitability of the established murine cell
clones as an alternative cell source for standardized intestinal tissue modeling. Therefore,
murine cell clones were cultured on Col | pre-coated Transwell®-inserts (Figure 4.9H) with a
seeding density of 5x10” cells for 21 days under the defined culture conditions followed by
TEER measurements on day 21 with a non-destructive hand-electrode, as this experimental
procedure is routinely performed for Caco-2 cell-based in vitro models. All analyzed clones
were categorized into three groups: a high TEER-value group represented by 112K2 (868 +
163 Q*cm?), I9K8 (483 + 81 O*cm?) and 112K9 cells (695 + 125 Q*cm?), a medium TEER-
value group constituted by 19K6 (232 + 44 Q*cm?) and 19K21 cells (301 + 263 Q*cm?) and a
group with low TEER values obtained for I9K10 (22 + 10 Q*cm?) or I19K11 (19 + 8 Q*cm?)
cells when cultured for 21 days on commercially available Transwell®-inserts (Figure 4.91).
Interestingly, the cell morphology of I19K11 cells changed during culture, resulting in a
non-epithelial-like phenotype (Figure 4.9B), which was in line with the low TEER values
(Figure 4.91).

In summary, together with the non-epithelial-like I9K10 control, the following cell clones were
excluded from further analyses: 19K11, 112K2 and 19K21. 19K11 cells were excluded, as
these cells showed the lowest TEER values, characterizing this clone as unsuitable for
barrier formation. Further, 112K2 and 19K21 cells were excluded, as these cell clones
demonstrated a low or no expression of the marker gene mVill. Additionally, 19K21 cultures
displayed high variances in TEER measurements. As the murine cell clones 19K6, I19K8 and
112K9 performed best in these analyses, they were elected for ongoing characterization.
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Figure 4.9: 19K6, I9K8 and 112K9 cells perform best in functional analyses. PDL analyses revealed

comparable results for all cell clones (A). Representative microscopic images show the roundish cell morphology

of 19K10 cells used as reference control in ongoing analyses (B) and 19K11 cells demonstrate a non-epithelial-like

cellular morphology due to ongoing culture (B). Scale bar = 50 um. Gene expression values of all murine cell

clones were analyzed by AACT method with mRpl1l5 and mRps29 as reference genes. Values obtained for

murine organoids (mOrg) were set to 1. After a culture time of 5 days in 2D, murine cell clones were investigated
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for their respective gene expression pattern by RT-qPCR for the intestinal cell type-specific marker genes (C),
comprising mVill (enterocytes; D), mMuc2 (goblet cells; E), mChga (enteroendocrine cells = EE cells; F) and
mLyz (paneth cells; G). Barrier integrity was measured by a non-destructive TEER-electrode after 21 days of
culture on Col | pre-coated Transwell®-models (H). High TEER-values were observed for 112K2, I9K8 and 112K9
cells, whereas 19K10 and 19K11 cells showed low TEER-values. 19K6 and I19K21 cells demonstrated a group of
medium TEER-values. Significances were calculated by one-way ANOVA. *p<0.05, **p<0.01, ***p<0.001; n = 3.
PDL: population doubling level; CT: cycle threshold; m: murine; Rpl15: ribosomal protein L15; Rps29: ribosomal
protein S29; RT-gPCR: real-time quantitative polymerase chain reaction; Vill: villin-1; Muc2: mucin 2;

Chga: chromogranin A; Lyz: lysozyme; Col I: collagen |; TEER: transepithelial electrical resistance.

4.2.3. Defined culture conditions for human cell clones
4.2.3.1. Human cell clones depend on collagen coating

Preliminary studies performed by INSCREENeX demonstrated that human cell clone cultures

set up on FN/Col | pre-coated plastic grew exponentially and thereby 2D-culture is feasible.

Similar to the test procedures performed for the murine cell clones, | analyzed, if the human
cell clones can also grow on uncoated plastic, using standard FN/Col | or Col | coating as
controls. First, cellular morphology was monitored over a culture time of 7 days, thereby
representing the passaging periods applied for human spheroid/organoid cultures.
Microscopic images demonstrating the cell morphology obtained on day 3 and day 7 for the
different coating conditions of one representative human cell clone “15-06 14B” are shown in
Figure 4.10A. On day 3, 15-06 14B cells showed tightly packed colonies in which single cells
appeared smaller when cultured on uncoated or FN/Col | pre-coated plastic, whereas
cultures set up on Col | coatings displayed less tightly packed colonies (Figure 4.10A). Four
days later on day 7, 15-06 14B cells cultured on Col | and FN/Col | pre-coated plates
displayed dense cell clusters, which were more similar in their cell morphology. 15-06 14B
cultures set up on uncoated plastic showed also tightly packed colonies, whereupon these
cultures appeared with a less epithelial-like cell morphology (Figure 4.10A). 15-06 9B cells
cultured under the same conditions revealed similar morphological characteristics, as shown

in Figure A3 in the appendix.

In a next step, the increase in cell numbers related to the cell number before seeding was
determined in 15-06 14B and 15-06 19B cultures (Figure 4.10B-C) after a culture time of
7 days on the different coatings. As uncoated cell cultures would be preferred, cell growth of
FN/Col I and Col | cultures were normalized to the cell growth in uncoated (w/o) cultures.
However, an increased cell growth was observed for both human cell clones when cultured

on FN/Col | and Col | pre-coated plates but with individual cell growth capacities
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(Figure 4.10B-C). While 15-06 14B cells (Figure 4.10B) grew best on Col | pre-coated plates,
15-06 19B cells (Figure 4.10C) reached higher cell numbers on FN/Col | coatings.

In summary, the human cell clones 15-06 4B and 15-06 19B showed good growth
characteristics on Col | pre-coated culture plates, but not on uncoated plastic. Cultures set up
on plastic plates pre-coated with Col I, instead of FN/Col I, still present an advantage in the
context of cost-efficient culture conditions, leading to the decision to use Col | pre-coated
culture plates for all further analyses with human cell clones.
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Figure 4.10: Human cell clones cultured on three different cell culture coatings. Cell morphology as well as
cell growth were monitored for 15-06 14B and 15-06 9B cells cultured on uncoated (w/o0), Col | and FN/Col |
pre-coated plastic for 7 days. Microscope images (n = 3) show the cell morphology of 15-06 14B cells (A) on d3
and d7. Microscope images displaying the cell morphology of 15-06 I9B cells are summarized in Figure A3 of the
appendix. Scale bar = 100 um. Graphs (B-C) demonstrate the normalized cell growth for 15-06 14B (B) and
15-06 19B (C) cells after 7 days of culture. The increase in cell numbers for Col | and FN/Col | cultures was
normalized to the cell growth in uncoated cultures. Significance was calculated by one-way ANOVA. *p<0.05,
**p<0.01; n = 3. d: day; w/o: uncoated; Col I: collagen-I; FN/Col I: fibronectin/collagen-I.
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4.2.3.2. Human cell clones showed similar growth factor dependencies as

human intestinal organoids

Human intestinal spheroid/organoid in vitro culture depends on a variety of growth factors
supplemented to the basic cell culture medium, thereby regulating different cellular
processes. For instance, these growth factors mimic the niche conditions to maintain the
stem cell state (Wnt3a, hR-Spondin 1), to inhibit differentiation (mNoggin, LY2157299), to
stimulate cell migration (EGF), to prevent apoptosis (Y-27632) and to support conditions
needed in the context of long-term in vitro culture (Nicotinamide, A83-01) as well as for an

increase in culture efficiency (Gastrin, SB202190) [60].

Therefore, immortalized cell clones were analyzed for proper cell growth and altered cell
morphology (Figure 4.11) when cultured under control conditions (section 3.1.6; human
organoid maintenance medium) and in adapted medium formulations, in which one growth
factor was missing. Further, replacement of 20% Wnt3a-conditioned medium with 2% FCS
(0% Wnt3a) was analyzed to identify if Wnt3a was essential for the preservation of the cell
growth capacities. As the Wnt3a-conditioned medium is composed of standard cell culture
medium supplemented with 10% FCS, the 0% Wnt3a medium formulation corresponds to
crypt medium supplemented with FCS (2% FCS) to obtain the percentage of FCS, applied
under control conditions (section 3.1.6). Next, a medium formulation with 50%
Whnt3a-conditioned medium instead of 20% Wnt3a-conditioned medium (control conditions,
section 3.1.6) was tested, which corresponds to the culture conditions of human primary
spheroids/organoids, as further reference control in the performed cell growth analyses. In
addition, a medium formulation based on crypt medium (section 3.1.6), instead of
Wnt3a-conditioned medium, supplemented with 10 uM CHIR99021 (GSK-3 inhibitor), a
synthetic molecule which could activate the Wnt/B-catenin signaling to a similar level as Wnt
plus hR-Spondin 1 as reported by Li et al. [234], was tested in context of cost-efficient culture
conditions. Combinations of CHIR99021 with hR-Spondin 1 or FCS were also tested, as
hR-Spondin 1 enhances the Wnt/R-catenin signaling pathway to improve cell growth [234]
and FCS, a cocktail of growth factors and proteins, commonly used for routine culture of cell
lines [230].

Figure 4.11A provides an overview of representative microscopic images displaying the
individual cellular morphologies of 15-06 14B cells cultured under control conditions
compared to the in total 14 adapted medium formulations. 15-06 14B cells demonstrated a
characteristic epithelial morphology on day 7 when cultured under control conditions (section
3.1.6; human cell clone medium). However, cells cultured under adapted medium

formulations revealed an altered inhomogeneous morphology, indicating that all growth
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factors were essential to sustain an epithelial-like identity in 15-06 14B cultures (Figure
4.11A). The most important factors to sustain cell proliferation seemed to be LY2157299
(Figure 4.11A/d) and hEGF (Figure 4.11A/i), as only a few cells were observed in
representative microscopic images after a culture time of 7 days. Similar morphological
characteristics were observed for 15-06 19B cells (Appendix; Figure A4) on day 7 when
cultured under the same conditions as 15-06 14B cells.

Cell growth of the human cell clones 15-06 14B (Figure 4.11B) and 15-06 9B (Figure 4.11C)
was quantitatively analyzed by counting the cell number before seeding and after 7 days of
culture under control and the adapted conditions. The increase in cell humbers for the
individual adapted culture condition was set in relation to the cell growth of the control
condition. As shown in Figure 4.11B and C, cultures of the immortalized human cell clones
under adapted conditions, resulted in a reduced cell growth, each of the adapted conditions
with an individual cell growth capacity compared to the control conditions. These cell growth
analyses indicated that all growth factors used for primary human organoid cultures were
essential to maintain cell proliferation in the human cell clones. Further, replacement of
Whnt3a-conditioned medium by FCS (0% Wnt3a), the increase of Wnt3a-conditioned medium
(50% Wnt3a) or the replacement of Wnt3a by CHIR99021 as well as by CHIR99021 with
hR-Spondin 1 or FCS, demonstrated also an reduced cell growth capacity in comparison to

the control conditions (Figure 4.11B-C).

Together, human cell clones showed good growth characteristics under control conditions
but not under the adapted medium formulations, therefore growth factor supplementation
seemed to be essential for both clones that strongly depend on A83-01, SB202190,
LY2157299, Gastrin, Nicotinamide, hR-Spondin 1, mNoggin, hEGF, Y-27632 and
20% Wnt3a. Given their strong dependence on the supplementation of all growth factors to
the basic culture medium, which is commonly used for human spheroid/organoid cultures,
the aim of a simplified and cost-efficient cell culture in context of the medium formulation was
not obtained. However, human cell clone cultures on Col | pre-coated surfaces offer intensive

advantages in terms of reduced costs and handling.
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Figure 4.11: Testing appropriate culture conditions for human cell clones cultured on Col | pre-coated
plastic. The human cell clones were cultured under control conditions and without the essential growth factors for
primary human spheroid/organoid cultures. Further, CHIR99021, a Wnt activator, was tested for standardized
model setup instead of supplementation with Wnt3a-conditioned medium. Next to CHIR99021, cell culture
medium was supplemented with either hR-Spondin 1 or FCS for a comparative cell growth to control conditions.
Cell morphology and cell growth were monitored on d7 for the human cell clones 15-06 14B and 15-06 19B.
Representative microscope images of 15-06 14B cells (A) show a reduced cell density when cultured under the
adapted culture conditions, which was similar for 15-06 19B cells (Appendix; Figure A4). Scale bar = 50 pm; n = 3.
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Normalized cell growth analyses confirmed, that all factors used for human spheroid/organoid cultures were
essential for 15-06 14B (B) and 15-06 19B (C) cell cultures and Wnt3a conditioned medium cannot be replaced by
CHIR99021 for a more standardized medium formulation. Statistical analyses were carried out by one-way
ANOVA. *p<0.05, **p<0.01, **p<0.001; n = 3. hEGF: human epidermal growth factor; FCS: fetal calf serum;

Whnt: wingless related integration site; w: with; w/o: without.

In addition, cumulative population doubling was analyzed for up to 180 days for the human
cell clones 15-06 14B and 15-06 19B during cell expansion to validate their immortalized
phenotype in long-term [232,235]. As shown in Figure 4.12A, 15-06 14B cell cultures revealed
a linear cell growth over 180 days in culture, suggesting an infinite cell expansion potential
depicting these cells as an immortalized cell line derived from human organoids. In contrast,
15-06 19B cells (Figure 4.12B) could be expanded for 80 days in culture only, which suggests

an incomplete immortalization of these cells.
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Figure 4.12: Cell growth analyses reveal infinite cell expansion for the human cell clone 15-06 14B.
Cumulative population doubling was measured up to 180 days and showed a linear cell growth for the human cell
clone 15-06 14B (A). In contrast, 15-06 19B (B) cells showed a linear cell growth until day 50. Afterwards cell
proliferation stagnated and ended up with the complete detachment of the cells.

In conclusion, growth factor supplementation with all factors regularly applied in human
spheroid/organoid cultures seemed to be essential for both human cell clones, as indicated
by alterations in the cellular morphology and the reduced cell growth rates under culture
conditions, in which single factors were eliminated as shown in Figure 4.11 and Figure A4 in
the appendix. Therefore, human cell clones cannot be cultured under cost-efficient conditions
in the context of growth factor supplementation to the medium formulation but simplified cell
culture was achieved by an Matrigel®free 2D-culture on Col | pre-coated plates

(Figure 4.10). Interestingly, 15-06 19B cell cultures seemed to be not fully immortalized, as
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proliferation stagnated during cell expansion, resulting in the elimination of this cell clone

from the characterization panel.

4.2.4. Immortalized cell clones 19K6, I19K8, 112K9 and 15-06 14B showed infinite

cell growth

Lentiviral transduction of organoids with a 10- or 12-component gene pool of immortalization
genes (section 3.2.2.6; Table 3.1) resulted in seven murine and two human clones that were
pre-screened for mainly their cell culture needs. These pre-screenings revealed three murine
(19K6, 19K8, 112K9) and one human cell clone (15-06 14B).

Next, cell clones were investigated for their respective genes integrated by lentiviral
transduction, outgoing of a gene pool of immortalization genes (section 3.2.2.6; Table 3.1),
which was performed by INSCREENeX and is summarized in Table 4.3 for the selected cell

clones.

Table 4.3: Genes of the CI-SCREEN® gene bank integrated in the immortalized cell clones 19K6, 19K8,
112K9 and 15-06 14B.

19K 6 19K 8 112K9 15-06 14B
ld1 1d2 ld1 d2
Id2 Id3 Id2 d3
Id3 Fos Id3 E7
cMyc Rex cMyc E6
E7 Core Fos cMyc
Rex E7 Nanog
Nanog Rex Id1
Core Core Fos
Core
Bmil

To validate the generated cell clones as cell lines with an infinite cell growth, they were
analyzed for their respective morphological characteristics and their proliferation rate during
long-term culture as well as for their cumulative population doubling for up to 200 days. As
controls, murine (Figure 4.13A) as well as human (Figure 4.13B) organoid cultures were
used, which demonstrated a typical cellular morphology on day 3 after splitting together with

a characteristic mean proliferation rate of 25.5 + 6.2% for murine (Figure 4.13A) and
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21.9 £ 6.0% for human (Figure 4.13B) organoids, investigated by an EdU proliferation assay
using flow cytometry.

Cellular morphology of the murine cell clones I19K6, 19K8 and 112K9 (Figure 4.13C) as well as
of the human cell clone 15-06 14B (Figure 4.13D) did not show cellular changes during long-
term culture (8-10 passages), as demonstrated in the representative microscopic images of
the respective cell clones. The murine cell clones showed a characteristic epithelial
morphology during culture (Figure 4.13C). The human cell clone 15-06 14B appeared as a
tightly packed cell cluster with a more elongated cell morphology (Figure 4.13D).

In addition, the mean proliferation rate was determined for the murine cell clones and the
human cell clone, using the same method as for the primary organoids, starting from
passage 10 of 2D cultured cells, with three independent replicates every 3-5 passages. On
day 3 after seeding, a mean proliferation rate of 32.0 + 8.0% for 19K6 (Figure 4.13E), 21.1 +
8.5% for 19K8 (Figure 4.13F), 35.2 + 8.7% for 112K9 (Figure 4.13G) and 19.4 + 5.3% for
15-06 14B (Figure 4.13H) cells was observed, thereby demonstrating similar proliferation
rates compared to the primary organoids for 1I9K8 and 15-06 14B cells, whereas 19K6 and

112K9 cells showed higher proliferation rates.

Next, cumulative population doubling analyses displayed an exponential cell growth during
long-term culture for up to 200 days for the murine cell lines 19K6 (Figure 4.13l), 19K8
(Figure 4.13J) and 112K9 (Figure 4.13K), while data achieved for the human cell line
15-06 14B (Figure 4.13L) resulted in a linear increase.

Taken together, murine (I19K6, 19K8, 112K9) and human (15-06 14B) cell clones showed an
infinite cell growth during long-term culture by simultaneous preservation of their

morphological characteristics combined with a representative proliferation rate.
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Figure 4.13: Growth characteristics of the generated murine and human cell lines. Murine (A) and human
(B) organoid cultures used as controls were monitored for their proliferation capacity in a quantitative EdU
proliferation assay using flow cytometry. Representative microscopic images of the murine cell clones 19K6, 19K8
and 112K9 show an epithelial cell morphology after 8-10 passages in culture (C). The human cell clone 15-06 14B
revealed a more elongated cell morphology (D). Scale bar in A-D = 100 um. Graphs depicting individual clone-
specific proliferation rates monitored by EdU flow cytometry assay for the murine cell clones 19K6 (E), 19K8 (F)
and 112K9 (G) as well as for the human cell clone 15-06 14B (H). n = 3; every 3-5 passages starting with passage
10. Exponential cell growth was observed by cumulative population doubling analyses (> 200 days) for 19K6 (1),
19K8 (J) and 112K9 (K) cells. Cumulative population doubling curves of murine cell clones were determined by the
cooperation partner INSCREENeX and graphs are displayed in a modified form. In contrast to murine cell clones,
15-06 14B cells (L) showed a linear cell growth. mOrg: murine organoids; hOrg: human organoids; EdU: 5-ethynyl-
2’-deoxyuridine.
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4.2.5. Cell clones expressed marker genes specific for individual cell types

localized in the intestinal epithelium

After verifying that the generated murine and human cell clones showed an exponential cell
growth in long-term under the defined culture conditions, they were analyzed regarding their
specific gene and protein expression profile by RT-gPCR (Figure 4.14) and immuno-
fluorescence (IF) (Figure 4.15) characteristic for the cell types localized in the native
intestinal tissue (Figure 4.14A). In context of the intestinal epithelium, enterocytes, goblet
cells, enteroendocrine cells, paneth cells, TACs as well as stem cells have to be reflected,
when cultures of the established cell clones retain their native cellular feature after

immortalization.

First, the expression of genes representative for the cell types found in the native epithelium,
including the marker genes mLgr5/hLGR5 (stem cells; SCs), mLyz/hLYZ (paneth cells),
mVill/hVIL1 (enterocytes), mMuc2/hMUC2 (goblet cells) and mChga/hCHGA (entero-
endocrine cells; EECSs) (Figure 4.14B) were analyzed for 2D cultured murine and human cell
clones, together with the reference genes mRpl15 and mRps29 for murine cells as well as
hHPRT1 and hEF1-a for human cells. As controls, the mRNA transcript levels obtained for
the murine (mOrg) and human organoids (hOrg) of the respective marker genes were set
to 1 (Figure 4.14C-L).

In general, the murine cell clones 19K6, I19K8 and 112K9 cultured for 5 days on uncoated
plastic under the adapted medium formulation showed a reduced mRNA transcript level for
all analyzed marker genes in comparison to the murine primary organoids, set as control
(Figure 4.14C-G). Further, I19K6 and 19K8 cells demonstrated a higher gene expression rate
for mVill (Figure 4.14C) compared to 112K9 cells, while mChga (Figure 4.14E) was not
expressed in all analyzed murine cell clones. Next, 19K8 cells showed a higher gene
expression rate for the marker genes mMuc2 (Figure 4.14D), mLyz (Figure 4.14F) and
mLgr5 (Figure 4.14G) compared to the cell clones I19K6 and 112K9, but with an individual
mRNA transcript level for the respective clones in context of the analyzed genes.
Interestingly, murine organoids (mOrg) and I19K8 cells showed a similar gene expression rate

for mLgr5 (Figure 4.14G), a specific marker for intestinal stem cells.

In addition, the human cell clone 15-06 14B (Figure 4.14H-L) cultured for 7 days in 2D was
analyzed by RT-gPCR for the same setting of marker genes as the murine cell clones,
resulting in a likewise reduced gene expression rate for all analyzed genes in comparison to
the human organoid (hOrg) cultures. However, the expression rates observed for the human
cell clones seemed to be closer to the control values, as it was shown in the graphs of the

murine cell clones (Figure 4.14C-G) and their controls, indicating that the human cell clones
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preserved the cellular unit of the organoid cultures better. Of note, the comparison between

murine and human cell clones demonstrated that 15-06 14B cultures express the marker

gene hCHGA (Figure 4.14J), whereas this marker gene was absent in murine cell clones

(Figure 4.14E).

In conclusion, the murine cell clones I19K6, 19K8 and 112K9 as well as the human cell clone

15-06 14B expressed cell type-specific marker genes, thereby representing the cellular

diversity of organoid cultures in vitro at least to some extent, even though mChga gene

expression was not observed in the murine cell cultures under the applied culture conditions.
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Figure 4.14: Gene expression profile of 2D-cultured murine and human cell clones representing marker
genes elected as intestinal cell type-specific genes. The intestinal epithelium (A) is structured into villus- and
crypt-compartments. Stem cells (Lgr5/LGR5) and paneth cells (Lyz/LYZ) are located at the crypt base, whereas
goblet cells (Muc2/MUC?2), enterocytes (Vil1/VIL1) and enteroendocrine cells (Chga/CHGA) are found in the villus
compartment (B). Graphs (C-L) demonstrate mRNA transcript levels of intestinal cell lineage-specific genes
analyzed for murine and human cell clones by RT-qPCR. Chga gene expression representative for
enteroendocrine cells was absent in murine cell clones (E). Gene expression values were analyzed by AACT
method with mRpl15, mRps29 served as reference genes for murine cells and hHPRT1, hEF1-a for human cells.
Values obtained for murine (mOrg) or human primary organoids (hOrg) were set to 1. Statistical analyses were
carried out by one-way ANOVA. *p<0.05, **p<0.01, ***p<0.001; n = 3. m: murine; h: human; Vill: villin-1; Muc2:
mucin 2; Chga: chromogranin A; Lyz: lysozyme; Lgr5: leucine-rich repeat-containing G-protein coupled

receptor 5.

Next, the generated cell clones were analyzed by IF-stainings for their corresponding protein
expression pattern when cultured in 2D. Therefore, murine cell clones were cultured for
7 days on uncoated cell culture plastic and human cell clones for 10 days on Col | pre-coated
plates until a confluent cell layer was formed. IF analyses (Figure 4.15) revealed signals
representative for the proliferation marker KI-67 and demonstrated the expression of
characteristic proteins such as LYZ, MUC1, MUC2 and VIL1, which are markers for the
different cell types found in the native intestinal epithelium, in all analyzed cell clones. While
murine cell clones showed an intense signal for the proliferation marker KI-67, the human
cell clone displayed only a few KI-67 positive cells, as demonstrated in the representative
microscopic images (Figure 4.15; first panel). Further, protein expression for LYZ was
present in all analyzed cell clones, but I19K6 cultures showed more LYZ positive signals
compared to the other clones (Figure 4.15; second panel). In addition, the membrane-bound
protein MUC1 was observed by IF-stainings in murine as well as human cell clones, while
the signal was stronger for cultures based on 19K6 and 112K9 cells (Figure 4.15; third panel).
In contrast to MUC1, more MUC2 positive cells were allocated in 19K8 and 112K9 cells
compared to 19K6 or 15-06 14B cultures (Figure 4.15; fourth panel). VIL1 as marker for
enterocytes showed in all cell clones only a weak signal (Figure 4.15; fifth panel), but this
observation could also be due to the fact, that the detection of apically localized proteins is

difficult in 2D-cultures.

In summary, protein expression analyses revealed that the important markers, representing
the main cell types of the native epithelium, were present in the immortalized cell lines,

indicating that the natural cellular diversity can be reflected after immortalization.
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Figure 4.15: Protein expression profile of the generated murine and human cell clones grown in 2D.
Murine cell clones (I19K6, I19K8 and 112K9) were cultured for 7 days on uncoated plastic, whereas the human cell
clone 15-06 14B was analyzed after a culture time of 10 days on a Col | pre-coated plate. The 2D-cultures were
stained by IF for the proliferation marker KI-67 and the cell type-specific marker LYZ, MUC1, MUC2 as well as
VIL1 (green). DAPI staining indicates cell nuclei (blue). Confocal z-stack images show IF signals for the analyzed

marker in the investigated 2D-cultures of murine and human cell clones. Scale bar = 20 ym; n = 3.
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Col I: collagen-1; LYZ: lysozyme; MUC1: mucin 1; MUC2: mucin 2; VIL1: villin-1; DAPI: 4’,6-diamidino-2-

phenylindole; IF: immunofluorescence.

4.2.6. Cell clones exhibited the capacity to form spheroid-like 3D structures in

Matrigel®

Native intestinal crypt units predominantly composed of ISCs, form so called spheroids under
pro-proliferative culture conditions when embedded in Matrigel® drops (Figure 4.16A, C).
With ongoing culture time, ISCs differentiate into all cell types of the intestinal epithelium,
thereby developing into so called organoids (Figure 4.16B, D) with a crypt-villus-like
structural organization in vitro [30,174].

Given that differentiated organoid structures were used for immortalization and therefore cell
line establishment, next the generated cell clones were analyzed for their capability to
re-aggregate into 3D structures, depicting a typical organoid morphology. As shown in
Figure 4.16E-H, representative microscopic images demonstrate the capacity of all cell
clones (I19K6, 19K8, 112K9 and 15-06 14B) to aggregate into 3D structures with a more
spheroid-like morphological appearance when cultured under pro-proliferative conditions
(section 3.1.6; murine/human cell clone medium) embedded in Matrigel® drops. Albeit these
cultures survived up to several days, an organoid-like cytoarchitecture with separation into
crypt-villus-domains was, however, not observed, also not after extended culture time.
Together, this indicates that the cell-aggregates are proliferative but lost their potential to
arrange into crypt-villus-domains in vitro, a key feature of ISC-containing spheroids that

transform into differentiated organoids with extended culture time.

To quantitatively analyze the proliferative capacity of the re-aggregated 3D cell clone
cultures, an EdU proliferation assay using flow cytometry was performed. Therefore,
spheroids were splitted into single cells followed by re-embedding into Matrigel® drops and
expansion culture. On day 3 after splitting, a mean proliferation rate of 8.8 + 3.1% for 19K6
(Figure 4.161), 11.6 £ 5.9% for 19K8 (Figure 4.16J), 11.7 £ 0.7% for 112K9 (Figure 4.16K) cell-
based spheroid-like structures was observed, while 15-06 4B cell-based spheroid-like
structures (Figure 4.16L) revealed with 15.3 = 3.2% EdU positive cells a slightly higher mean
proliferation rate compared to the murine cell clones. However, in comparison to the mean
proliferation rate measured for all cell clones cultured in 2D, a decreased proliferation
capacity was induced by culture in a 3D environment, as shown in Table 4.4. While human
cell clones cultured in 3D showed only a small reduction in the mean proliferation rate, the

decrease for 3D-cultured murine cell clones was even stronger (Table 4.4).
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Taken together, the generated murine and human cell clones formed viable and proliferative
spheroid-like structures when cultured in 3D, albeit their proliferative capacity was lower
compared to cultures set up in 2D. Further, cells were not able to transform from spheroids to
organoid-like clusters when the culture time was increased in contrast to primary cells. As the
organoid-like cytoarchitecture of primary cultures is mainly driven by their proliferative stem
cell compartment together with the first symmetry-breaking event, in which identical cells
differentiate into paneth cells [236], thereby generating the stem cell niche with crypt-villus-
regions in the 3D clusters in vitro, these data indicated the absence of functional ISCs in the
immortalized cell lines. This is further supported by the low proliferation values obtained by
flow cytometry that rather point out a longer cell cycle, which is characteristic for
differentiated cells instead of ISCs that are characterized by a shorter cell cycle length [237].
Together, this supports an immortalized phenotype, which was generated from organoid

cultures predominantly consisting of differentiated epithelial cell types rather than ISCs.
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Figure 4.16: Immortalized cell lines form spheroid-like 3D structures in Matrigel® droplets. Representative

microscopic images demonstrate the formation of murine spheroids (A) and murine organoids (B), when cultured

under the respective conditions. In addition, human spheroids (C) and human organoids (D) are shown in

representative microscopic images. Further, representative microscopic images demonstrate the formation of
spheroid-like structures by applying the dissociated cell clones 19K6 (E), I19K8 (F), 19K12 (G) and 15-06 14B (H) for
at least 24 h into a 3D-Matrige|® environment. Scale bar = 100 pum. Proliferation rate was analyzed by flow
cytometry after incorporation of EdU into the dividing DNA for 3D-cultured 19K6 (1), 19K8 (J), 112K9 (K) and
15-06 14B (L) cells. EdU: 5-ethynyl-2’-deoxyuridine; DNA: deoxyribonucleic acid; m: murine; h: human.
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Table 4.4: Proliferation rate in percent of murine and human cell clones. Comparison between cell clones
cultured in 2D and 3D.

Proliferation rate [%] 2D-culture  Proliferation rate [%] 3D-culture

EdU - EdU + EdU - EdU +
19K 6 68.0 + 8.0 32.0+8.0 91.2+3.1 8.8+3.1
19K 8 78.9 + 8.5 21.1+8.5 88.4+5.9 11.6+5.9
112K9 64.8 + 8.7 35.2+8.7 88.3+0.7 11.7+ 0.7
15-06 14B 80.6 +5.3 19.4+53 84.7+3.2 15.3+3.2

To validate the differentiated phenotype of the Matrigel-embedded cell clones, specific gene
and protein expression profiles were studied by RT-gPCR (Figure 4.17) and IHC (Figure
4.18). Focus was on marker genes and proteins, which are characteristic for the cell types of
the native intestinal epithelium (Figure 4.17A); comprising Vill for enterocytes, Mucl/Muc2
for mucin-producing cells (e.g. goblet cells), Chga for EE cells and Lyz for paneth cells
(Figure 4.17B). Proliferative cells were identified in IHC studies by using KI-67 antibodies
(Figure 4.18) and remaining stem cell signatures should be profiled by using Lgr5-specific
primer pairs in RT-gPCR analyses (Figure 4.17G, L).

The spheroid-like 3D structures established from the murine cell clones showed reduced
gene expression rates for mVill (Figure 4.17C), mMuc2 (Figure 4.17D), mChga
(Figure 4.17E) and mLyz (Figure 4.17F) compared to primary murine organoids (mOrg)
(Figure 4.17C-G). Of note, only 112K9 cells displayed a similar expression rate of mVill, as
observed in murine organoid cultures (Figure 4.17C), depicting a predominant epithelial
character of 112K9 cultures, possibly composed of enterocytes only. Interestingly, mLgr5
(Figure 4.17G) was expressed in all murine cell clones at comparable levels to the murine
organoid control. Comparing the three murine cell clones among each other, a similar
expression rate for mMuc2, mChga, mLyz and mLgr5 (Figure 4.17D-G) was observed for two
lines, while 19K8 cells showed no expression of mLyz (Figure 4.17F), indicating that paneth

cells were not present in 3D-cultured I19K8 cells.

Next, the spheroidal structures of the human cell clone 15-06 14B (Figure 4.17H-L) were
analyzed for their gene expression profile using the same marker setting as for the
spheroidal murine cell clones. In comparison to the control cells (hOrg), a reduced gene
expression rate was demonstrated for the genes hVIL1 (Figure 4.17H), hMUC2
(Figure 4.171), hLYZ (Figure 4.17J) and hLGR5 (Figure 4.17L), while hCHGA (Figure 4.17K)
expression was absent in the 3D-cultured human cell clone. Of note, the expression rates
observed for the 3D-cultured human cell clone (Figure 4.17H-L) seemed to be closer to the

control values, except of the hCHGA expression rate, which indicates that the cellular
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composition of the primary human organoids was better preserved in the immortalized
human cells, compared to the murine cell clones (Figure 4.17C-G). Interestingly, the murine
cell clones showed a similar mLgr5 expression compared to the mRNA transcript level of the
control cells when cultured in 3D (Figure 4.17G), which was not observed for the human cell
clone cultured under the same conditions (Figure 4.17L).

Together, all three 3D-cultured murine cell lines formed spheroid-like 3D clusters but they did
not form any organoid-like morphology, therefore they are hypothesized to bear no functional
stem cell unit. Furthermore, all three lines individually expressed specific marker genes
characteristic of the intestinal epithelium, albeit at distinct and drastically reduced levels
when compared to primary organoid cultures. While 19K8 cultures seemed to lack in paneth
cells, 112K9 cultures seemed to be predominantly composed of mVill-expressing

enterocytes.

Similarly, 3D-cultures generated from the human cell clone were able to proliferate as
spheroidal clusters without transmitting into organoid cytoarchitectures after prolonged
culture time. Together with the drastically reduced hLGR5 expression values, this indicated
an immortalized phenotype of mainly differentiated cell types or TACs instead of ISCs.
Additionally, comparable to the murine cell lines, also the human cell clone displayed gene
expression profiles characteristic for the intestinal epithelium, albeit at drastically reduced
levels. Of note, there was no hCHGA expression detectable, indicating the lack in EE cell

identities.
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Figure 4.17: Gene expression profile of murine and human cell clones grown in a 3D-Matrigel®
environment. Villus- and crypt-specific cell types of the intestinal epithelium (A) such as enterocytes, goblet cells,
enteroendocrine cells, paneth cells as well as stem cells (B) were analyzed for their specific marker gene using
RT-gPCR. Graphs (C-L) demonstrate the mRNA transcript level of the intestinal cell lineage-specific genes
Vill/VIL1, Muc2/MUC2, Chga/CHGA, Lyz/LYZ and Lgr5/LGR5 for murine and human cell clones. CHGA gene
expression representative for enteroendocrine cells was absent in human cell clones (J). Values obtained for
murine (mOrg) and human organoids (hOrg) were set to 1. Gene expression values were analyzed by AACT
method with mRpl15, mRps29 served as reference genes for murine cells and hHPRT1, hEF1-a for human cells.
Significance calculated by one-way ANOVA is indicated by asterisks. *p<0.05, **p<0.01, ***p<0.001; n = 3.
m: murine; h: human; Vill: villin-1; Muc2: mucin 2; Chga: chromogranin A; Lyz: lysozyme; Lgr5: leucine-rich

repeat-containing G-protein coupled receptor 5.
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In addition to gene expression profiles, corresponding protein expression patterns were
studied in the spheroid-like 3D structures by IF analyses (Figure 4.18). In line with their
previously shown proliferative capacity determined by quantitative EdU analyses, IF analyses
revealed KI-67 positive cells within these spheroidal structures (Figure 4.18; first panel).
Further, IHC-staining of Histogel®-embedded sections of cell clone-based spheroids, showed
signals for LYZ (Figure 4.18; second panel), MUC1 (Figure 4.18; third panel), MUC2 (Figure
4.18; fourth panel) and VIL1 (Figure 4.18; fifth panel) with individual signal intensities in the
analyzed cell lines. Interestingly, spheroids of the respective cell clones showed partly an
outward-facing staining for the marker VIL1, MUC2 and MUC1, instead of the commonly
known internal protein expression pattern in primary organoids, which indicates that
spheroid-like 3D structures of the murine and human cell clones have lost their polarization
towards the internal lumen. In this context, the protein expression pattern of SGLT1, a
transporter localized in the internal lumen of primary organoids, was further analyzed in the
respective cell-clone based spheroids, in order to determine whether these spheroids had
lost their polarization under these culture conditions. As shown in Figure 4.18 (last panel),
the staining for SGLT1 demonstrated a positive signal on the apical and basolateral side of

the cell clone-based spheroids, indicating that the cells were not polarized.

In conclusion, cell clones cultured in Matrigel® drops was sufficient to induce the formation of
spheroid-like structures, albeit an organoid-like formation was not observed under the
applied culture conditions. Further, gene as well as protein expression analyses confirmed
the presence of specific intestinal cell types and turned out, that these spheroid-like 3D
structures did not show a polarized epithelial cell layer.
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Figure 4.18: Protein expression profile of the established murine and human cell clones cultured as
spheroid-like structures. Cell clones were cultured for 5-7 days in Matrigel® drops to form spheroid-like
structures. IHC-stained Histogel®-embedded sections were analyzed for the proliferation marker KI-67 and the
intestinal cell type-specific marker such as LYZ, MUC1, MUC2 as well as VIL1 (green). Cell nuclei are
counterstained with DAPI (blue). Representative confocal images show that some spheroids changed their
orientation (apical-basolateral side) resulting in so called apical-out spheroids for murine and human cell clones.
Therefore spheroid structures were not fully polarized structures. Scale bar for murine clones = 20 um, for
human clones = 50 pm; n = 3. LYZ: lysozyme; MUC1: mucin 1; MUC2: mucin 2; VIL1: villin-1; SGLT1: sodium
glucose linked transporter 1; DAPI: 4’,6-diamidino-2-phenylindole.

4.2.7. Immortalized cell lines showed characteristic tight/adherens junction

expression patterns

One major characteristic of intestinal in vitro models is the formation of a tight epithelial
barrier, which can be demonstrated by the expression of corresponding tight or adherens
junction proteins such as ZO-1, Claudin-5 (CLDN5) or ECAD. Therefore, murine cell clones
(19K6, 19K8 and 112K9) were cultured for 5 days on uncoated plastic and the human cell
clone (15-06 14B) for 7 days on Col | pre-coated plates, until a confluent cell layer was
formed. IHC analyses revealed the expression of the characteristic tight/adherens junction
proteins ZO-1, CLDN5 and ECAD in all cultures, except of CLDN5 in cultures based on
15-06 14B cells, indicating that CLDN5 expression is abrogated after immortalization in these
cells (Figure 4.19). Furthermore, a continuous allocation of IHC signals was observed for all
analyzed cell clones regarding the tight/adherens junction proteins ZO-1 and ECAD, thereby
indicating a homogenous distribution of these tight/adherens junction proteins (Figure 4.19).
In contrast, a more scattered and inhomogeneous expression pattern of the tight junction
protein CLDN5 was revealed for 19K8 and 112K9 cultures, while 19K6 cells demonstrated a
continuous homogenous IHC signal of CLDNS5 (Figure 4.19).

In summary, a characteristic tight/adherens junction protein expression profile as indicated
by IHC analyses was observed for ZO-1 and ECAD for all cell clones, while the protein signal
of CLDN5 appeared inhomogeneous or was not identified at all, as shown for 19K8, 112K9
and 15-06 14B cells.

94



Results

human clone

19K 6 19K 8 112K9 15-06 14B

Z0-1

ECAD

CLDN5

Figure 4.19: Tight junction protein expression profile of murine and human cell clones. Murine cell clones
(I19K6, 19K8 and 112K9) were cultured for 5 days on uncoated plastic until a confluent cell layer was formed; while
the human cell clone (15-06 14B) was cultured for 7 days on Col | pre-coated plastic. Representative microscopic
images (Keyence or Leica Confocal) show an equal expression of the tight/adherens junction proteins ZO-1
(green; first panel), CLDN5 (green; second panel) and ECAD (red) by IF-staining. Cell nuclei are counterstained
with DAPI (blue). Scale bar = 20 pM; n = 3. IF: immunofluorescence; ZO-1: zonula occludens-1; ECAD:
E-cadherin; CLDN5: Claudin-5; DAPI: 4,6’-diamidino-2-phenylindole; Col I: collagen-I.
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4.2.8. Cell clones formed a tight cell layer representing a characteristic protein

expression profile

Routinely, Caco-2 cells cultured for 21 days on Transwell® inserts are used in pre-clinical
research to study bioavailability or toxicity of drugs [111]. To validate the capacity of the
established murine and human cell clones for the setup of intestinal in vitro models used for
pre-clinical applications, cell clones with a seeding density of 5x10* cells/ 24-well insert were
cultured on Col | pre-coated PET membranes until a confluent cell layer was formed, as this
corresponds to the culture conditions applied for Caco-2 Transwell® models [112,224,238].
The formation of a tight epithelial barrier is one important characteristic feature of intestinal

in vitro models, which was depicted by histological and ultrastructural analyses.

Representative microscopic images of H&E-stained sections (Figure 4.20A-D/a-d) of
Transwell®-models based on the murine cell clones (19K6, 19K8 and 112K9) revealed the
formation of a dense cell-monolayer after a culture time of 21 days, while the human cell
clone (15-06 14B) implied a culture time of 14 days to establish a consistent cell layer, when
the respective cell clones were cultured under the defined conditions (section 3.1.6;
murine/human cell clone medium). Further, the murine cell clones I19K6 (Figure 4.20A/a),
I9K8 (Figure 4.20B/b) and 112K9 (Figure 4.20C/c) demonstrated a flat, elongated cell layer
together with a weak eosin staining, indicating that these cells form a less compact
connective tissue. In contrast, models based on the human cell clone 15-06 [4B
(Figure 4.20D/d) showed likewise a flat cell layer, but the formation of a densely packed cell

cluster, surrounded by a compact connective tissue was observed for this cell clone.

In addition to the H&E-stained sections, high-resolution SEM and TEM analyses
(Figure 4.20E-L) of the generated murine and human cell clones cultured on Transwell®-
inserts, provided evidence for the formation of a consistent cell layer. Furthermore, these
ultrastructural analyses presented characteristic TJs (Figure 4.20I-L) as well as a brush
border membrane with apical microvilli (Figure 4.20E-H/e-h). However, murine cell clone
based models (Figure 4.20E-G/e-g) demonstrated a cell layer with less densely packed
microvilli, which are further rather short in length (Figure 4.201-K), whereas models based on
the human cell clone showed longer microvilli together with a tight distribution on the apical
cell surface (Figure 4.20H/h and L).

In conclusion, Transwell®-models based on 15-06 14B cells formed a compact connective
tissue and showed a uniform as well as tight distribution of microvilli on the cell surface,
which is similar to the in vivo structure of the intestinal epithelium. In contrast, models based
on murine cell clones demonstrated cells with a less tight distribution of microvilli on the cell

surface.
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Figure 4.20: Murine and human cell clones cultured on the PET membrane form a tight epithelial layer

with tight junctions and microvilli. The formation of a tight cell layer was observed in cross-sectional images of
H&E-stained models based on 19K6 (A/a), 19K8 (B/b), 112K9 (C/c) cells after a culture time of 21 days and on
15-06 14B (D/d) cells after a culture time of 14 days. Representative images received from SEM (E/e-H/h) and
TEM (I-L) analyses confirmed the formation of a consistent cell layer with apical microvilli and tight junctions
(TJ; arrow). Scale bar in A-C = 20 pym; in D = 200 pm; in E-H = 5 pm; in I-L = 1 pm; representative of n = 3
biological replicates. The image E/e was provided by INSCREENeX. H&E: haematoxylin and eosin; SEM:

scanning electron microscopy; TEM: transmission electron microscopy.

Further, intestinal in vitro models based on murine and human cell clones were analyzed for
cell type-specific protein expression patterns (VIL1, SGLT1, MUC2, MUC1, CHGA, LYZ) by
IHC staining of the respective tissue sections (Figure 4.21). In this context, the intestinal cell
type-specific marker LYZ and CHGA were not at all observed in Transwell®-models based on
the generated cell clones. As controls, IHC stainings of the native tissue were performed with
the same marker setting, as shown in Figure 4.21. While VIL (Figure 4.21A), MUC1
(Figure 4.21K) and SGLT1 (Figure 4.21P) appeared as protein layer covering the epithelial
cell sheet, the MUC2 (Figure 4.21F) protein formed spots in direct contact to the cell, which
secrets the MUC2 protein. As shown in Figure 4.21B-E, models based on murine and human
cell clones also demonstrated a small layer of VIL1 covering the epithelial cells, thereby
indicating a polarized epithelial monolayer. These observations were confirmed by the IHC
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staining for SGLT1 (Figure 4.21P-T), as this transporter likewise showed a protein sheet on
the apical side of the cell layer. In addition, IHC stainings of the protein MUC2 (Figure
4.21G-J) depicted some positive spots of MUC2 in all analyzed cell clone-based models,
while the membrane-bound MUC1 (Figure 4.21L-O) protein appeared as small layer covering
the epithelial cells. ECAD and DAPI were stained in parallel to investigate the cell borders
(red) as well as the cell nuclei (blue) in the respective tissue sections.

human clones

SGLT1

Figure 4.21: IHC analyses of Transwell®-models based on murine and human cell clones. Representative
microscopic images obtained by IHC staining of sections of the cell clone-based models show the protein
expression profile of intestinal cell type-specific marker proteins (green) such as VIL (A-E) or SGLT1 (P-T) for
enterocytes and MUC2 (F-J) or MUC1 (K-O) for mucin-producing cells (e.g. goblet cells). ECAD (red) and DAPI
(blue) are stained to identify cell borders and the cell nuclei (blue). Scale bar in A, F, K, P = 50 um; B-E, G-J,
L-O, Q-T = 20 um. representative of n = 3 biological replicates. VIL: villin-1; SGLT1: sodium glucose linked
transporter 1; MUC2: mucin 2; MUC1: mucin 1; ECAD: E-cadherin; DAPI: 4,6’-diamidino-2-phenylindole.
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Next, the gene expression profiles of the murine and human cell clones, cultured for 21 days
(murine) or respectively 14 days (human) on PET-membranes under the preceding defined
culture conditions, were analyzed for the same marker setting (Vill/VIL1, Muc2/MUC2,
Chga/CHGA, Lyz/LYZ and Lgr5/LGR5) as already described for 2D- or 3D-cultured cell
clones (section 4.2.5 and 4.2.6) by RT-gPCR (Figure 4.22).

In general, the Transwell®-models based on the murine cell clones 19K6, 19K8 and 112K9
showed a reduced mRNA transcript level for all analyzed marker genes compared to the
murine organoids (Figure 4.22C-G), except of the expression of mMuc2 in 112K9 cell-based
models (Figure 4.22D). Further, 19K8 and 112K9 cell-based models demonstrated a higher
mVill (Figure 4.22C), mMuc?2 (Figure 4.22D) and mLyz (Figure 4.22F) expression compared
to 19K6 cell-based models, although mLyz was not at all expressed by 19K6 cells in this
experimental setting (Figure 4.22F). Values obtained for mLgr5 (Figure 4.22G) were
expressed to a higher degree in models based on I19K6 and 19K8 cells compared to 112K9
cell-based models. However, in comparison to 2D- and 3D-cultured murine cell clones
(section 4.2.5 and 4.2.6); the mRNA transcript level was reduced in cultures setup on
PET-membranes. Interestingly, mChga (Figure 4.22E) was not at all expressed in murine cell

clone based Transwell®-models.

In addition, the human cell clone-based Transwell®-models were analyzed for the same
marker genes, resulting likewise in a reduced gene expression rate for hMUC2 (Figure
4.221), hLYZ (Figure 4.22K) and hLGR5 (Figure 4.22L) compared to the control cells (hOrg),
while hVIL1 expression was increased as shown in Figure 4.22H. Further, 15-06 14B
cell-based models showed for hLGR5 (Figure 4.22L) a lower expression compared to
cultures set up in 2D (section 4.2.5) or 3D (section 4.2.6). As already demonstrated for
murine cell clones (Figure 4.22E), also for the Transwell®-models based on 15-06 14B cells
no expression of hCHGA was obtained (Figure 4.22J).

In summary, cell clones cultured on Transwell®-inserts showed a slight increase in the mRNA
transcript level of some differentiation genes related to the absorptive- and secretory-lineage
as demonstrated by gene and protein analyses, but in general a mixture of proliferation- and

differentiation-related genes was preserved during culture on Transwell®-inserts.
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Figure 4.22: Gene expression profile of Transwell®-models based on murine and human cell clones. The

intestinal epithelium (A) is represented by several cell types and their specific marker genes (B) such as Vill/VIL1
(enterocytes), Muc2/MUC2 (goblet cells), Chga/CHGA (enteroendocrine cells), Lyz/LYZ (paneth cells) and
Lgr5/LGR5 (stem cells). Graphs (C-L) demonstrate the gene expression rate of intestinal cell lineage-specific

genes analyzed for Transwell®-models based on murine and human cell clones by RT-qgPCR. mRpl15, mRps29

served as reference genes for murine cells and hHPRT1, hEF1-a for human cells. Values obtained for murine

(mOrg) and human (hOrg) organoids were set to 1. Statistical analyses were carried out by one-way ANOVA.

*p<0.05, **p<0.01, *p<0.001; n = 3. m: murine; h: human; Vill: villin-1; Muc2: mucin 2; Chga: chromogranin A,

Lyz: lysozyme; Lgr5: leucine-rich repeat-containing G-protein coupled receptor 5.
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4.2.9. Immortalized cell clones showed organ-specific transport functions

Based on the observations that cell clone-based Transwell®-models showed a polarized
epithelial monolayer together with a characteristic tight/adherens junction protein expression
profile, |1 analyzed, if the generated cell clones also formed an intact as well as functional
barrier. In first line, TEER values were measured periodically with a non-destructive TEER
electrode every 2-3 days. While the TEER values (Figure 4.23A) continuously increased
between day 3 and day 21 to a mean maximum of 232 + 44 Q*cm?2 for 19K6 and 483 +
81 Q*cmz for I19K8 cells, 112K9 cells (mean maximum 727 + 143 Q*cm?) showed high TEER
values during culture of 21 days. In comparison, a tight barrier was determined for models
based on the human cell clone 15-06 14B after 14 days with a mean TEER value of 253 +
47 Q*cm?2 (Figure 4.23B). These data demonstrated a culture time of at least 21 days for
murine cell clone-based in vitro models and 14 days for models based on the human cell

clone, to establish a tight barrier.

In addition, transport capacity was measured by applying reference substances
characterizing the paracellular-, the transcellular- and the efflux-transport of the established
cell clone-based in vitro models to identify their functional performance. In a first step,
permeability of 4 kDa FITC-dextran molecules (paracellular transport) was observed to be
lower in models set up of 15-06 14B (0.06 = 0.05%) cells as well as of the murine cell clones
19K6 (0.32 £ 0.37%) or I9K8 (0.86 + 0.57%), in comparison to 112K9 (1.26 * 0.83) cell-based
models (Figure 4.23C). Of note, permeability rates were below 2% for all models, which
supports the formation of a tight epithelial barrier.

Fluorescein (Figure 4.23D) transport studies (low-permeable reference substance) revealed
for 19K6 cell-based models (P,y-value of 1.6x10° cm/s) an almost 6-times higher
permeability matched to 15-06 14B (Pay-value of 2.5x107 cm/s) or 19K8 (Pap-value of
3.2x107 cm/s) in vitro models and a 2-times higher permeability compared to models set up
of 112K9 (Psp-value of 7.5x107 cm/s) cells. Transcellular transport investigated by
propranolol (Figure 4.23E) showed a similar permeability for models based on I19K6
(Papp-value of 1.9x10° cm/s), 19K8 (Pap-value of 1.7x10° cm/s) and 112K9 (Py-value of
1.9x107° cm/s) cells. In contrast, propranolol transport in human cell clone-based (15-06 14B)
models (P.y-value of 1.1x10° cm/s) was significantly decreased. The efflux transport
mechanism, described as basolateral/apical ratio (ba/ab = basolateral-apical/apical-
basolateral) was studied by applying the reference substance rhodamine 123 either to the
apical or the basolateral compartment of the established Transwell®-models. As shown in
Figure 4.23F, efflux transport was similar for models based on 19K6 or 112K9 cells (ba/ab =

2.5), whereas it was slightly decreased in 19K8 cell based models (ba/ab = 1.5). Of note,
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human cell clone based models showed with a ba/ab ratio of 5.1 the highest efflux transport
(Figure 4.23F).

In conclusion, these data indicated the formation of a tight epithelial barrier for all cell
clone-based models with partly improved transport functions compared to the “gold standard”
Caco-2 Transwell®-models. Results observed for Caco-2 in vitro models are depicted as
dotted line in the respective transport capacity studies, as shown in Figure 4.23D-F.

A TEER B TEER C FITC
1200 400 3.0
5 1000 : T 251
E E 300 - =
5 8001 c } 2 2.0 T
£ . | =
= 600+ o, 2001 ! / S 154
W 400- o 1 E 1.0
w w 100{ /
200- w ¥ & 0.5
0 . 0 i i i _ i 0.0 . B —
0 25 0 5 10 15 20 25 19K6  I19K8  112K9 15-06 14B
days of culture days of culture
- 19K6 - 19K8 — 112K9 —~— 15.-06 4B
D Fluorescein E Propranolol F Rhodamine 123
3.0 . 4.0 i 8 10.0
) I ) & 4ol
£ e £ 3.0 . S 8.0
S 204 . . o I
@ w ek @ 6.0
e 2 20{ s = =
X 0 * X, H drr 8
3 " 3 10 S |
o - - o 2
. . . . 0.04— , , . & y
I9K6  19K8  112K9 15-06 4B 19K6 19K8 [12K9 15-06 14B = 19K6  I19K8  112K9 15-06 14B

Figure 4.23: Cell clones cultured on Transwell® inserts form a tight epithelial barrier and show
characteristic transport activities. TEER values of I19K6 and 19K8 cells increased from day 3 to day 21 in
culture (A). In contrast, 112K9 cells (A) showed high TEER values already after 3 days, which remained at a
similar high level over the culture time of 21 days. TEER values of 15-06 14B cell-based models rose from day 3
to day 14, indicating a tight cell layer (B). FITC-dextran was transported to a lower extent in 15-06 14B cell-based
models compared to models set up of I19K6, 19K8 or 112K9 cells (C). I9K8 and 15-06 14B cell-based models
showed a lower permeability for the paracellular transport of fluorescein (D). An increased transport of propranolol
was measured for Transwell®-models based on murine cell clones (E). The efflux-transport investigated by
rhodamine 123, as reference substance, displayed an enlarged permeability for models set up of 15-06 14B cells,
while murine cell clone-based models showed a rather similar permeability ratio (F). Transport capacities of
Caco-2 Transwell®-models recently reported by Fey et al. [212] are presented as reference values (dotted line;
D-F). Significance was calculated by one-way ANOVA. *p<0.05, *p<0.01, ***p<0.001; n = 3. TEER:

transepithelial electrical resistance; FITC: Fluorescein isothiocyanate; Papp: apparent permeability coefficient.
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5. Discussion

The small intestine represents one of the most important contact surfaces to our environment
with important physiological functions like the absorption of nutrients, water and vitamins as
well as the protection from toxic xenobiotics and pathogens at the same time [15,161].

Orally applied drugs move through the digestive tract, followed by transport across the
intestinal epithelium and pass the liver before circulation via the bloodstream to reach its
target site. This drug administration route is the most convenient, safest and cost-efficient
way [239,240], as patient compliance is given due to an easy ingestion and pain avoidance.
Further, the pharmaceutical industry benefits, as pills can be easily produced in a
computer-assisted 3D printing process with a high versatility (same manufacturing process
for different drugs) [239]. The small intestine represents a strong barrier separating the
lumen from circulation and is therefore significantly involved in the absorption and transport
of drugs, thereby determining their bioavailability [3,7]. In the context of drug design,
pharmaceutical research is mainly concerned with effectiveness and toxicity, which both

requires predictive pre-clinical models.

In first line, high-throughput screenings (HTS) were performed on behalf of cell line-based
models cultured in 2D on plastic surfaces to gain more knowledge about effective dosing or
toxicity of the applied drugs, followed by animal studies to identify systemic effects under
physiological conditions in vivo [241]. Nevertheless, high failure rates were observed in drug
discovery, which is largely attributed to the culture conditions in cell-based HTS, as most of
the classical cell models were not representative of the native intestinal epithelium and due
to species-specific differences [242]. Therefore, 3D cell culture technologies, closely
resembling the in vivo cell environment, are of high interest, as they are expected to show a
better predictivity in pre-clinical research applications [240,241]. Standard intestinal 3D-like in
vitro models are represented by cell lines (e.g. Caco-2) cultured on artificial PET membranes
to screen the developed drugs for toxicity or bioavailability, however they lack in important
cell-ECM interactions as well as corresponding protein expression profiles, limiting the
in vitro-in vivo correlation [85,111,112]. Decellularized natural ECM scaffolds such as the SIS
[116,139,140] overcome these limitations due to their structural, biochemical and biophysical
features [120,135]. However, the production of native ECM structures is time- and cost-
consuming with a varying batch to batch quality; therefore the application in pre-clinical

research is limited and economically inefficient.

Of note, Sato and colleagues reported in 2009 a protocol for the long-term culture of primary
intestinal spheroids/organoids embedded in Matrigel® as alternative cell source to cell lines,

as they show a high comparability to the in vivo situation and therefore positively influence

103



Discussion

the predictivity in the conducted studies. Nevertheless, spheroid/organoid cultures in
Matrigel®, an undefined mixture of ECM-related proteins, is not standardized, high-
throughput incompatible, more complex in handling and associated with high costs.

Taken together, an intestinal in vitro model used in pre-clinical research applications should
satisfy a variety of requirements such as presenting a standardized and well-defined system,
high-throughput qualified, reveal a high in vitro-in vivo correlation, while being easy in
handling under cost-efficient conditions. To achieve this, alternative cell sources and
scaffolds are central to establish standardized functional intestinal in vitro models with a
better performance in drug delivery studies.

Therefore the aim of this thesis was to prove the suitability of two versions of BNC,
unmodified and surface-structured, as biological model scaffolds to generate a
functional intestinal barrier. Furthermore, a primary-cell-derived immortalized cell line
was tested as alternative to intestinal organoids to enable the design and development

of time- and cost-efficient in vitro models of the small intestinal epithelium.

5.1. Bacterial nanocellulose as scaffold for standardized model

setup

The first goal of this thesis was to prove two variants of BNC, unmodified and surface-
structured, as suitable bioscaffolds for a standardized setup of tissue engineered
intestinal organ models, demonstrating an overall good performance regarding their
predictivity and functionality. Caco-2 cells considered as “gold standard” in intestinal tissue
engineering concepts were used to establish Transwell®like in vitro models on BNC
scaffolds with PET as well as the biological SIS as controls [111,112]. The results obtained
for the BNC-based Caco-2 models demonstrated an overall good performance, as a
characteristic tight/adherens junction protein expression pattern together with a
representative transport capacity of several reference substances was observed. Further, the
production of the BNC scaffold is cost-efficient under standardized conditions, is highly
flexible as different surface topographies can be implemented, is easy in handling and fits the
3Rs principle. Together, this indicates the BNC matrix as alternative scaffold for standardized
and reproducible model setup at least for cell lines such as Caco-2, as dissociated primary
organoids did not show a good cell adherence under the applied conditions. However, the
flexibility of the BNC production method and therefore the surface properties indicates that
an adapted surface topography or composition will enable an improved cell adherence for

each cell type/cell source.
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5.1.1. The BNC - a natural scaffold with moldable matrix properties

As scaffold materials in intestinal tissue engineering concepts, artificial membranes based on
PET or natural decellularized ECM scaffolds such as the porcine SIS are currently used.
Especially, decellularized ECM matrices are of high interest, as the cellular behavior mainly
depends on the micro- and ultrastructural features of a scaffold material, which synthetic
polymers (e.g. PET) cannot provide [7,120]. Further, the single continuous fiber
arrangement, the hydrophilic properties and the matrix composition, enhancing cell-ECM
interactions, support the preferred use of natural ECM scaffolds [115,135,141]. However,
their production is barely standardized as well as time- and cost-intensive, which limits the
application of SIS matrices in pre-clinical research. In this context, the BNC scaffold offers an
interesting alternative, as the production is highly standardized at low costs. Further, the
BNC scaffold demonstrates features comparable to natural ECMs such as a similar fiber

arrangement and the hydrophilic properties [146,243].

Versatile application fields including the biomedical area like wound healing, tissue
engineering, medical implants or drug delivery demonstrated the BNC matrix, produced by
bacterial strains, as bioscaffold of high interest, also in the context of novel intestinal tissue
engineering concepts [244]. Thus, many efforts for a better procurement of the BNC have
been undertaken to improve the yield and purity in BNC production as well as the overall
BNC performance defined by its mechanical, physical and biological properties. For instance,
post-treatment of the BNC material with alkaline solutions led to alterations in pore size and
porosity of the BNC-based scaffold due to an improved binding capacity of acetic acid,
resulting in bigger ice crystals during freeze-drying and therefore better porous features
[245]. Further, genetically manipulated bacteria strains used for the fermentation process of
the BNC material can reveal enlarged pores, which influences cell adhesion and proliferation
[244]. Next, thickness, surface-structure or size of the BNC scaffold can be easily adapted
and optimized through the manufacturing process [149,246]. Recently, Bottan et al. reported
an elegant method to structure the BNC surface by GAB technology, resulting in BNC
scaffolds with an aligned fiber arrangement due to structured PDMS stamps, which further
leads to a better cell adherence of human dermal fibroblasts together with a higher cellular
density compared to the flat controls [149]. In general, the GAB technology describes a
molding methodology, in which structured PDMS stamps are placed into the gas-liquid
interface of bacterial strain cultures to transfer on-demand functional topographies to the
surface of the generated scaffolds [149]. The surface-structured BNC scaffolds obtained by
GAB were also used in the current study next to the unmodified BNC scaffolds with a rather
smooth surface, as modulation of the surface topography is known to induce distinct cellular

responses [149,159,160]. However, models set up on the surface-structured BNC did not
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show advantages compared to the unmodified BNC in the current study with Caco-2 cells. In
general, the surface-structured BNC can be generated with different grating depth as
demonstrated in the study of Bottan et al., which resulted in 10 pm depth gratings that are
closely located to each other by using the PDMS mold “P10”, while PDMS mold “P100”
based scaffolds showed less gratings related to the same area [149]. Further, Bottan et al.
demonstrated that human dermal fibroblasts performed better in the applied analyses
compared to HaCaT cells and in comparison between the different molded structures, as
improved characteristics were observed for cultures setup on scaffolds with an increased
grating depth [149]. For the current study surface-structured BNC scaffolds with a “P10”
PDMS mold were used, which could be too small to enable good culture conditions for
Caco-2 cells, as in vivo crypt structures are deeper and exhibit a spacing of 50 um [247]. In
future studies, different grating depth could be tested for an improved model setup for
Caco-2 cells. Here, both BNCs, unmodified and surface-structured, were used to
demonstrate their applicability as alternative scaffolds in intestinal tissue engineering

purposes.

5.1.2. Caco-2 cells adhere and differentiate properly when cultured on the
BNC scaffolds

To test both BNC variants as alternative scaffolds for a standardized setup of intestinal
in vitro models, the commonly used human adenocarcinoma cell line Caco-2 [102,111] was
cultured for 21 days on the BNC scaffolds as well as on the PET and SIS matrix as controls.
The results obtained by histological analyses showed Caco-2 models with a good cellular
adhesion and growth on all scaffold as well as the formation of a bi- or multi-layering of
Caco-2 cells, a characteristic feature of differentiated Caco-2 cells and therefore indicative
for a proper cellular behavior on the BNC scaffolds [218,219]. Interestingly, the SIS-based
models demonstrated an eosin staining, which appears lighter compared to the other
scaffold-based models, suggesting a looser connective tissue within these cells. Properly,
the tumorigenic cell line Caco-2 cultured on the SIS scaffolds leads to a remodeling of the
biological matrix, which resulted in the less compact connective tissue between adjacent
cells. This phenomenon is known invivo, as the formation of colorectal cancer leads to
changes in the ECM regarding an increased stiffness and degradation of the matrix
[248,249]. As the PET membrane and both BNC variants do not enable or need this
remodeling due to their higher stiffness as well as their compact structure compared to the
SIS, these matrices are more suitable for a standardized model setup with Caco-2 cells.

However, in context of tumor research the SIS-based models would be preferred [128].
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A key feature of intestinal in vitro models with respect to drug bioavailability studies is the
formation of a tight epithelial cell layer. Ultrastructural and histological analyses revealed the
formation of a tight cell layer with a homogenous tight/adherens junction protein expression
pattern when cultured on the unmodified BNC. In contrast, models set up on the surface-
structured BNC, SIS or PET showed a less homogenous protein expression pattern for the
intracellular proteins ZO-1 and OCLN, while the protein expression pattern of ECAD an
adherens junction protein was well established. These intracellular proteins connected to the
cytoskeleton of the cells are mainly influenced by changes in the local environment,
suggesting surface-properties on the structured BNC that are not ideally for an entire
maturation of the Caco-2 cells [250]. However, corresponding TEER values and the low
permeability rates for FITC-dextran confirmed that cells cultured on both BNC variants
formed a tight epithelial cell layer. Of note, SIS-based models demonstrated a higher
permeability for FITC-dextran together with a high variance in the obtained results, which can
properly be attributed to the batch to batch variations of the matrix but also to the less

compact connective tissue between the Caco-2 cells.

As proof of concept, that Caco-2 cell adherence is properly accomplished on both BNC
scaffolds, treatment with the chelating agent EGTA occurred, as thereby tight junction
complexes between adjacent cells are reversibly opened with respect to changes in the
colocalization maxima of different TJ pairs such as ZO-1/occludin or E-cadherin/claudin-1
[220,251]. The TEER-values decreased rapidly in the first 10-15 min after EGTA was applied
into the apical compartment of all established models, as it was previously demonstrated by
Ma and colleagues [252]. With ongoing time a minimum TEER-value was reached, where
only the resistance of the cell layer was measured [217,252]. After a regeneration period of
24 h in exchanged EGTA-free medium, increased TEER-values are indicative for closed tight
junctions, as cell-cell contacts were interrupted but not cell-matrix contacts, demonstrating
that both BNC matrices enable a good cell adhesion. In addition, FITC-dextran transport
measured before and after EGTA treatment, as an indication of a tight epithelial barrier
[79,223], showed a comparable low permeability, to further support the good performance of
the BNC-based models in this study. The good cellular adhesion to the BNC scaffold as well
as cell differentiation is in line with results observed for mesenchymal stem cells [158] and
human dermal fibroblasts [149] cultured on BNC-based scaffolds, which further enhances
this scaffold material as adequate alternative to the commonly known artificial and biological

matrices.

In addition, the models displayed a uniform distribution of microvilli on the cell surface,
indicating a proper Caco-2 cell differentiation towards mature enterocytes and thereby

representing epithelial cells of the small intestinal epithelium to some extent [111,253] when
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cultured on the unmodified BNC. In contrast, a few Caco-2 cells without microvilli on the cell
surface were observed for surface-structured BNC-, PET- and SIS-based models. With
regard to the microvilli height, similar observations were made for all scaffold-based Caco-2
models in ultrastructural analyses, which is in line with other Caco-2 cell based models with a
microvilli height about 1.19 + 0.16 pm [253] as well as to the in vivo situation with a microvilli
height of 1-3 um on the apical cell-surface of enterocytes [254]. Further, a uniform and
pronounced formation of microvilli on the cell surface could influence transport capacity
studies, which is why the unmodified BNC-based models could show a better model

performance.

5.1.3. Caco-2 cells cultured on BNC scaffolds perform well in drug transport

studies relative to controls

Routinely, Caco-2 cell-based in vitro models set up on synthetic PET membranes are used to
study toxicity or transport across the epithelial barrier of orally applied drugs [111,112].
Therefore, Caco-2 in vitro models established on both variants of the BNC were investigated
in the context of characteristic transport mechanisms known from the native intestinal tissue.
The paracellular-, transcellular- and efflux-transport are the main transport routes in the
intestinal epithelium, which are characterized by reference substances such as fluorescein,
propranolol and rhodamine 123 [15,78,223]. Paracellular transport of fluorescein was limited
in both BNC-based models compared to the models established on the synthetic PET or the
biological SIS matrix, underlining the formation of a tighter epithelial barrier. This finding is in
line with the results observed for TEER measurements and the permeability of FITC-dextran

for BNC-based models compared to PET- or SIS-based models.

The activity of the transcellular pathway is of high interest for drug delivery studies in
pharmaceutical research, as some drugs are transcellularly transported across the epithelial
cell layer, which is strongly dependent on the appropriate expression of specialized proteins
located in the apical brush border membrane and on a polarized epithelial cell layer [79]. In
this context, unmodified BNC-based models showed a higher permeability for the reference
substance propranolol compared to models set up on the surface-structured BNC, indicating
an altered protein expression profile due to the modulation of the surface topography. In line
with this, Li et al. and Gasiorowski et al. demonstrated a significantly altered gene expression
pattern when mesenchymal stem cells [255] or human vascular endothelial cells [256] were
cultured on distinct surface topographies; however, these effects of the surface topography
are individual for each cell type [257]. In addition, the models set up as controls

demonstrated for SIS-based models an even higher permeability compared to Caco-2 in vitro
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models established on the unmodified BNC, while PET-based models showed the lowest
permeability rate among all cell-based models in this study, indicating that unmodified
BNC-based models performed well in the context of transcellular transport mechanism.

In addition to the paracellular or the transcellular route, the efflux transport pathway,
mediated by the transporter e.g. p-gp located in the apical brush border, is of high interest for
pharmaceutical research, as drugs like digoxin, paclitaxel or indinavir will be transported
back into the intestinal lumen by this special transporter, which leads to a decreased
transport rate across the epithelial barrier and therefore a low efficiency of the respective
drug [258]. Given a high comparability of the established in vitro models to the in vivo
situation, the value for the efflux-transport (basolateral/apical ratio) is high [85,87,89],
whereby a value of at least 2 should be reached according to ‘food and drug administration’
(FDA) regulations [224]. In the current study, the efflux transport was investigated by the
reference substance rhodamine 123, which revealed an improved efflux transport in
unmodified (ba/ab = 4.0) and surface-structured BNC-based models (ba/ab = 4.9) compared
to PET- (ba/ab = 3.5) or SIS-based models (ba/ab = 1.9), indicating an increased expression
of the p-gp transporter of BNC-based models and therefore a better model performance. In
future studies, differences in the expression rate of the p-gp transporter or the other efflux
associated transporters such as MRP2 or BCRP could be analyzed by western blotting to

validate an increased/reduced value for the efflux transport [87].

Taken together, Caco-2 models cultured on BNC scaffolds showed an overall good
performance in transport capacity studies. In comparison to previously published transport
rates of Caco-2 models established on PET membranes (Pp-value fluorescein: 0.5x10°
cm/s; Papp-value propranolol: 3.4x10° cm/s; ba/ab rhodamine 123: 12) [224], the PET-based
models in the current study demonstrated a decreased transport activity, which is possible
due to different culture conditions and different passage numbers of the used Caco-2 cell
line, a common phenomenon among various laboratories [164]. Further, studies regarding
the fluorescein transport capacity of rat jejunum tissue with a P,p,-value of 6.9 + 2.35 x10®
cm/s show a less tight barrier, indicating that the results obtained in the current study are
more similar to the in vivo situation [259]. In contrast, the transport capacity of propranolol is
~ 10 times lower for models setup on all scaffold materials compared to the human jejunal
tissue with a permeability rate of 2.9 + 2.2 x10* cm/s [260], indicating a reduced expression of
specific transporters on the cell surface. With regard to the efflux ration of 6.88 for rhodamine
123 in vivo (rat intestinal tissue), models established in the current study demonstrated a
slightly decreased efflux ratio, in which BNC-based models showed a higher comparability to
the in vivo situation [261]. However, according to the regulations of the FDA new model

systems have to be screened for a much broader range of known substances classified in
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the Biopharmaceutics Classification System, which originally demonstrates human jejunal
permeability rates, to validate novel model systems for their use in pre-clinical research
purposes [262].

To support the relevance of the established BNC-based models with regard to their use in
pre-clinical research, the endocytotic pathway as one of the main transport routes of
formulated drugs across the epithelial barrier [92], was further investigated in these studies.
This pathway enables the transport of particles, in which pharmacological agents are often
shuttled to improve their biodistribution and bioavailability, as the agent alone cannot pass
the intestinal barrier due to size, positive/negative charge or composition [263]. Further, PET
membranes with an unequally pore distribution used for model setup were described to
negatively affect the transport of individual nanoparticles by creating a physical barrier
[112,116], which would result in a reduced efficiency of the analyzed drug and therefore a
limited predictivity, as in vivo the natural ECM would not harbor such an additional physical
barrier. In this context, coumarin-6-labeled PLGA-NPs with a patrticle size of 200 nm, thereby
ensuring an endocytotic particle uptake [264,265], were used in this study. PLGA belongs to
the mainly used polymers in cell-based studies, as this polymer is biocompatible and
encapsulation of fluorescence emitting substances e.g. coumarin-6, for an easier detection,
is possible [265,266]. In addition, these NPs demonstrate an almost neutral charge together
with hydrophobic properties and therefore intensive sticking of PLGA to the hydrophilic matrix
proteins should be avoided [265]. Caco-2 cells cultured on SIS scaffolds showed an overall
good performance in the PLGA nanopatrticle transport over a time period of 6 h, while both
BNC-based models and the PET-based models revealed a retarded permeability, indicating
that the BNC variants also form a physical barrier for particle transport similar to the PET
membrane. In a comparable study with Caco-2 cells cultured on PET-based Transwell®-
inserts with a pore size of 3.0 um demonstrated an increased permeability for PLGA-NPs
around 185 * 2.39% [267], which is 7-14 times the amount of transported particles
compared to models established for the current study, indicating a strong dependence on the
pore size. However, matrix thickness besides pore size could be a preliminary factor for a
reduced particle transport, which was recently reported by Vllasaliu et al. as influencing
factor in nanopatrticle permeability studies [227]. Therefore, model functionality in BNC-based
models could be improved in future studies, when matrix thickness, pore size and pore
distribution of the developed BNC scaffolds will be adopted. In addition, sticking of
nanopatrticles to the scaffold could be tested in a cell-free assay by detection of the recovery

rate in combination with ultrastructural analyses to identify the impact of the used scaffold.
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5.1.4. Primary intestinal epithelial cells might need special surface properties

for a good cellular adhesion on the BNC scaffolds

The overall goal in small intestinal tissue engineering is the establishment of a highly
standardized in vitro model, which is easy in handling at low costs and applicable for
high-throughput screenings, while representing the cellular and functional diversity of the
native intestinal epithelium. As the BNC was proven as suitable alternative scaffold in the
preceding analyses with Caco-2 cells, the cellular complexity of BNC-based models was
increased by using primary human intestinal organoids. Therefore, primary intestinal
organoids were dissociated to single cells and cultured for 14 days on both BNC variants
according to culture conditions previously defined by Schweinlin et al. [139]. However, a

good cellular adhesion of the primary cells was not observed on the two versions of BNC.

In general, the ECM protein composition, the integrin repertoire and the localization of
E-Cadherin are changed in epithelial cells of the villus-domain compared to the crypt-domain
in the native intestinal epithelium, which allows cells, especially enterocytes, to glide over the
basement membrane to reach the tip of the villus without losing their important cell-cell
interactions [268]. The established primary cell culture models undergo likewise a
differentiation process in vitro, as they were cultured in differentiation medium for 5 days.
H&E-stained tissue sections of these models set up on both BNC variants demonstrated a
detached cell layer, which could be due to a similar process as in vivo, if the cell-matrix
interaction has to be loosened to enable a proper cell differentiation [268]. In this context, the
E-Cadherin/actin colocalization was demonstrated to be an important factor for a good
cell-matrix interaction [268], which could be investigated in future studies by IF-stainings for
E-Cadherin in combination with actin. Further, if the adhesion of primary cells is disturbed
directly from the beginning, cellular adhesion experiments could be performed by seeding of
the cells on all matrices, followed by an incubation time of 3 h and a staining with crystal

violet to measure the optical density with regard to the amount of cells [269].

For this study BNC matrices were coated with gelatin, a mixture of proteins produced by
partial hydrolysis of collagen [270], whereas hydrolyzed collagen alone seems to be not
suitable for a proper cell adherence for primary cells. In contrast, models established on Col |
pre-coated PET membranes showed good cellular adhesion characteristics. These
differences can be attributed to different integrin-dependent adhesion processes, as it is
known that cells can express on the surface Col-binding integrins (e.g. a21), gelatin-binding
integrins (e.g. a5B1) or both [271]. A study performed by Hernandez-Gordillo demonstrated
that Col-binding integrins are more important for a proper organoid cell growth compared to

gelatin-binding integrins [272], which could lead also to the better performance of the primary
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organoid cultures on the Col | pre-coated PET-based inserts. The SIS scaffold already
exhibits in the basal lamina the necessary components for a good cellular behavior, which is
further supported by the natural ECM environment [120]. Therefore, a coating strategy with a
mixture of collagen/fibronectin or collagen/laminin could improve the cellular adhesion and
behavior of primary cells on the BNC scaffolds, as fibronectin or laminin are mainly involved
in cell adhesion processes invivo [120]. Furthermore, the surface-topography, the pore
structure or the matrix stiffness, influencing factors for cell adhesion, could be adopted in

future studies.

Taken together, both BNC scaffolds were not suitable for the establishment of intestinal
organoid-based in vitro models. In contrast, the SIS-based models showed a good cellular
behavior, but these models are less standardized. Thus, PET-inserts were chosen as
scaffold for further experiments to enable a standardized model setup, which is important in

the context of pre-clinical research purposes.
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5.2. A primary-cell-derived immortalized cell line as alternative

cell source for intestinal organ modeling

In view of the potential of primary intestinal organoids, representing a close similarity to the
native intestinal epithelium in the context of cellular diversity and functionality [7,30,102],
together with the need of a more predictive cell line in pre-clinical research purposes, the
aim of this part of the thesis was to establish a primary-derived cell line, which shows
an improved performance in functional assays compared to the commonly used Caco-2 cell-
based models. Murine and human intestinal organoids were used for the lentivirus-based
immortalization strategy in cooperation with INSCREENeX, which resulted in several
organoid-derived cell lines (cell clones) established from a single immortalized cell.
Preceding analyses revealed that three murine cell clones and one human cell clone
demonstrated features characteristic for the intestinal epithelium such as the formation of a
tight epithelial barrier, in vivo-like transport mechanisms and a gene as well as protein

expression pattern representative for the cellular unit, at least to some extent.

5.2.1. Lentivirus-based immortalization strategy to establish primary-derived

cell clones

A major limitation for pre-clinical research applications is the availability of expandable cell
cultures derived from tissues with an individual background, thereby representing the cellular
complexity of the native tissue, while being easy in handling at low costs. Primary cells or
pluripotent stem cells (embryonic/induced pluripotent (iP)) demonstrate cell sources with an
individual tissue background, but the low proliferation capacity of primary cell cultures and
the immature, fetal-like phenotype of differentiated iPS-derived cells [273—-275] are obvious
drawbacks for the routine use. In contrast, cell lines such as the colorectal adenocarcinoma
Caco-2 cells are routinely used in pharmaceutical research, as they are easy in handling
under cost-efficient conditions. Given the limitations of an adequate expression pattern
resembling the cellular diversity of the intestinal epithelium, Caco-2 cells do not entirely fulfill
the requirements for pre-clinical research purposes. Therefore, together with the cooperation
partner INSCREENeX, | hypothesized that primary-derived immortalized cell lines could

represent an interesting alternative cell source.

In general, the cell cycle and thus the cell proliferation are controlled and regulated by a
number of cellular processes. For instance, the Hayflick limit is accomplished when a certain
number of cell divisions occurred and therefore a critical telomere length is reached, which

results in cell senescence and finally cell death [276—279]. In contrast, immortalized cells do
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not have this limitation in the number of cell divisions, therefore they propagate indefinitely.
The tumor suppressor protein p53 or the retinoblastoma protein (pRb) are mainly involved in
processes controlling the cellular proliferation [280,281]. To trigger immortality and likewise
cell proliferation, the replication limits have to be removed or intervened in cells to be
immortalized. In the past, immortalization was achieved by manipulating the cells genome
through the transfection with viral oncogenes/oncoproteins [282—-286] or with the telomerase
reverse transcriptase (TERT) protein [287-289]. Viral oncogenes/oncoproteins such as the
simian virus 40 large T antigen (TAG) [290-292], E6 or E7 from the human papillomavirus
[293,294] and E1A or E1B from the adenovirus [295,296] are able to inactivate both, pRb
and p53, to overcome cell senescence. The pRb is known to regulate cell cycle processes in
the cell [281,297], while p53 is more responsible for the repair of cellular DNA or elimination
of damaged cells [280,298,299]. It was shown that pRb inactivation results in continues
activation of the G1 checkpoint and therefore entry into the S-phase of the cell cycle inducing
cell division [297]. Next, inactive p53 results in ongoing activation, instead of repression of
target genes implicated in apoptosis (e.g. noxa, bax), senescence (e.g. pai-1) and cell cycle
control (e.g. p21) [300]. However, such strong oncogenes/oncoproteins often display cell
degeneration leading to a dramatic change in their phenotype and therefore they are no
longer physiologically relevant [207]. Tumorigenic characteristics, limited ability for
maturation and altered cellular functions are the most common cellular changes due to

immortalization [276].

For the current study the CI-SCREEN® immortalization technology patented by INSCREENeX
was used. This method is based on vectors containing a gene pool of 33 genes which are
relevant for the generation of long-term proliferating cell lines independent of their cell type
[207]. Furthermore, this lentivirus-based immortalization strategy induces immortality in
dividing as well as non-dividing cells [207,210,301] and demonstrated that immortalization
results in cell populations with preserved primary cell-based properties to a particularly high
degree [206,207], as recently shown for human endothelial cells [208], murine embryonic
intestinal epithelial cells [205] or alveolar lung cells [209]. For instance, Heiss et al.
demonstrated that immortalized human endothelial cells, used in spheroid-based
angiogenesis assays, provided a sensitive and versatile tool to screen potential pro- and
antiangiogenic compounds in the context of pre-clinical studies under -cost-efficient
conditions, while primary endothelial cell-based assays were affected by passage number
and donor variability [208]. Kuehn et al. showed the generation of a novel human alveolar
epithelial cell line representing type I-like characteristics that exhibited functional tight
junctions to study the absorption and toxicity of inhaled substances (e.g. drugs, chemicals,

nanomaterials), which was only insufficiently implemented with other lung-based cell lines
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such as A549 [209]. Studies by Schwerk et al. showed a reproducible method to generate
intestinal epithelial cell lines from wild type or transgenic embryonic mice to study the cellular
responses to type | and Il interferon in the context of mucosal immunology after an innate
immune stimuli [205]. In the current study a pre-selected 10- (murine) or 12-component
(human) gene pool was used for the generation of the murine and human cell clones based
on primary organoids generated of murine/human intestinal tissue, as in a previous study
performed by INSCREENeX and partners, a distinct set of genes was already identified for
embryonic intestinal epithelial cells [205], which was thought to be an ideal combination also

in this context.

Within this project the 10-component gene pool used for murine organoids included the
immortalization genes Id1, 1d2, 1d3, c-Myc, Fos, E7, Rex-1, Nanog, Core and TAg, whereas a
12-component gene pool was used for the human organoids composed of ID1, ID2, ID3, E6,
E7, C-MYC, FOS, REX-1, NANOG, CORE, TAG and BMI1. In Table 4.3 the panel of
integrated genes for selected murine (I9K6, I19K8 and 112K9) and human (15-06 14B) cell
clones is shown, as these clones fit best to the requirements of this study. The ectopically
expressed genes of the respective clones were identified by INSCREENeX. Interestingly, the
most well-known immortalization genes TAg/TAG and E7 were proven in only a few cell
clones such as 19K6, 112K9 and 15-06 14B, while TAg/TAG was not at all integrated into the
cells genome of murine or human cell clones. In contrast, the genes 1d2/ID2, 1d3/ID3 and
Core/CORE were identified in all analyzed clones. Russel et al. showed that 1d2/ID2 prevents
tumor formation in the intestinal epithelium as a pRb binding protein [302] and Cao et al.
further demonstrated the importance of 1d2/ID2 as a suppressor of the TGF-f signaling
pathway [303], thereby inhibiting the cell cycle control and apoptosis. 1d2/ID2 belongs to the
protein family of inhibitors of DNA binding and cell differentiation (Id) [304], whereof further
members such as the 1d3/ID3 and the Id1/ID1 gene were also integrated in the established
cell clones, whereas Id1 was not identified in the genome of 19K8 cells. Further, 1d1/ID1 was
described in other studies as relevant for maintenance of stemness and thus the suppression
of epithelial cell differentiation [305], which could result in immortalized cell populations with
cellular characteristics representing a stem cell or progenitor cell fate. In addition,
Core/CORE was identified to be integrated in the cells genome of all clones, which is
involved in p53- and pRb-related pathways to overcome cell senescence, as demonstrated in

a study by Basu et al. for the immortalization of human hepatocytes [306].

The integration of c-Myc/C-MYC was observed in all clones except of 19K8, where c-Myc is
known to positively influence proliferation-specific genes through binding enhancer box
sequences (E-boxes) and recruitment of histone acetyltransferases to induce transcription of

various target genes such as cyclin D2 which are involved in cell cycle control mechanisms
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[307]. Further, c-Myc was found to be localized in the transient-amplifying domain of
intestinal crypts, as it was implicated as a target of the canonical Wnt-pathway [308]. Another
immortalization gene is Rex-1/REX-1, a zinc-finger protein which is mainly expressed in
undifferentiated stem cells. REX-1 knockout showed in hiPS-derived cells a decreased
expression of genes associated to cell cycle control, cell growth and proliferation (e.g. Gbp2,
E2F5), thus identifies it as a crucial factor in influencing the cell cycle control signaling
pathways, as demonstrated in a study by Scotland et al. [309]. Interestingly, this gene was
integrated in all murine cell clones but not in the human cell clone, where REX-1 together
with TAG were the only genes that could not be successfully transduced into the human cell
clone from the original gene pool. In total, several genes were identified to be integrated into
the generated cell clones to trigger immortality, which are described in the context of cell-
cycle control or the stem cell state/behavior. However, the murine cell clone I19K8 showed the

biggest differences regarding the transduced genes compared to the other cell clones.

Next to the strategy and the ectopic expression of a gene pool used for immortalization, the
cell culture conditions contribute to an efficient immortalization process. With regard to the
immortalization of primary organoids, which are routinely cultured in a 3D-Matrigel®-based
environment [30,174], genetic manipulation of 3D-cultured cells could be inefficient as
already demonstrated by Onuma et al. for murine primary intestinal cells [310]. Therefore,
INSCREENeX established a protocol also for the lentiviral transduction of 2D-cultured
primary organoids. In order to improve the immortalization process further, differentiated
primary organoid cultures achieved by the extension of culture time were used, as these
3D-structures present the cellular composition of the native intestinal epithelium to a higher
degree [29,177], which means that enterocytes, goblet cells, enteroendocrine cells, paneth
cells, TACs and SCs can be evidenced. Lindeboom and colleagues have shown in multi-
omics analyses of differentiated organoids induced by prolonged culture, that marker
genes/proteins representing SCs and TACs are further prominent in these cultures [311].

Finally, differentiated murine and human organoids were either cultured in 2D as single cells
on FN/Col | pre-coated plates or cultured as floating organoids for the lentiviral transduction
process, as the physiological environment of the primary organoids is thereby represented to
a higher degree, which could enable the generation of cell lines with improved characteristic
features. Both transduction strategies resulted in several cell populations, which were picked
and cultured in the following on FN/Col | pre-coated plates. In total, the 3D-transduction
revealed in 16 murine and 16 human cell clones, whereas the 2D-transduction resulted in
27 murine and 16 human cell clones, indicating a higher transduction efficiency when

cultured in 2D due to a better accessibility for the lentivirus-based gene pool [312].
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In this context, it was further demonstrated that the immortalization process of human
primary organoid cultures in 2D as well as in 3D was more difficult compared to murine
primary cells. In general, human primary organoids showed a slightly lower proliferation
capacity and a lower cellular turnover together with the need for a more complex composition
of external growth factors to sustain their cellular diversity in vitro, indicating different intrinsic
signalling pathways between these species [313], which could be a first hint for these
difficulties in the immortalization process. Finally, immortalization of intestinal organoid
cultures of only one human donor was successfully achieved, whereby this donor was
comparatively young in age. It could be possible that cells of different stages of age will have
varying abilities to integrate foreign DNA, as it was assumed for cells at different
passages [314].

In general, the proof of a successful immortalization should be presented in subsequent
studies, which would refer to the maintenance of a short telomere length and simultaneously
high activity [315,316] either by telomerase or alternative lengthening of telomeres (ALT)
[317]. Several detection methods are available, with the terminal restriction fragmentation
(TFR) analyses as the most common one, which provides advantages in the context of

comparability to other studies [318].

5.2.2. Immortalized intestinal cell clones needed a special micro-environment

supported by extracellular matrix proteins or/and growth factors

In this study, intestinal murine and human organoids were immortalized to generate the
primary-derived cell lines, whereupon a suitable platform for the culture and expansion of
these novel cell lines has to be evaluated. Culture conditions that are time- and cost-efficient
are preferred to establish an alternative cell source for pre-clinical research purposes, which

cannot be provided by primary organoid cultures.

In general, intestinal spheroids/organoids are cultured in a 3D-Matrigel®-based environment
and a cell culture medium supplemented with a variety of growth factors for generating crypt-
villus-units in vitro. These growth factors mimic niche conditions to maintain the stem cell
state (Wnt3a, hR-Spondin 1), to inhibit differentiation (mNoggin, LY2157299), to stimulate
cell migration (hEGF), to prevent apoptosis (Y-27632) and to support conditions needed in
the context of long-term in vitro culture (Nicotinamide, A83-01) as well as for an increase in
culture efficiency (Gastrin, SB202190) [60]. This medium composition was reported by
Sato et al. with respect to human organoids [30], while murine organoids only need the
supplementation of hEGF, mNoggin, hR-Spondin-1 and Y-27632 [174]. As the culture in a

3D environment and supplementation with the mentioned factors is time- and cost-intensive,
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we hypothesized that immortalized primary-derived cell clones are no longer dependent on
these factors to accomplish more efficient culture conditions. In addition, batch to batch
variations and the composition of unknown substances together with the tumorigenic origin of

Matrigel® are further disadvantages [175].

To this aim, a Matrigel®-free 2D-culture should be established for the generated murine and
human cell clones. Preliminary studies performed by INSCREENeX resulted in cultures
based on FN/Col | pre-coated plastic; however, a more simplified culture on uncoated
surfaces was favored. While the coating with FN/Col | was used as control condition, PLO
and Col | coating was tested additionally, whereas PLO coating was only used for cultures of
murine cell clones. Cell growth analyses revealed that murine cell clones showed good
growth characteristics on uncoated plastic; while the human cell clone demonstrated a
dependency for Col | pre-coated surfaces for a likewise good growth. Collagen | as well as
fibronectin are both important components in the small intestinal ECM, whereby collagen
provides structural support and fibronectin supports cell adhesion processes, therefore these
proteins are also widespread in cultures setup on epithelial cells for an improved cellular
behavior [319-321]. With regard to cell adhesion, Liu et al. reported that hTERT or
hTERTmut overexpressing cell lines revealed changes in cell adhesion-related genes [322],
indicating that a different gene pool has versatile influences. Therefore, an altered
expression of cell adhesion-related genes due to the different setting of immortalization
genes in human cell clone cultures could result in the dependency on Col | pre-coated

surfaces.

In addition to the Matrigel®free culture conditions of the generated cell clones, a growth
factor reduced medium formulation compared to the medium composition used for primary
organoid cultures was tested. Based on the cell growth analyses of the murine cell clones,
the growth factors Y-27632, hEGF and 10% FCS were identified as essential for the culture
and expansion of the cells. However, preliminary studies performed by INSCREENeX
revealed that mNoggin has to be supplemented additionally to the standard medium to
sustain the cellular behavior in culture, whereupon all analyses with murine cell clones were
carried out in a medium formulation supplemented with mNoggin. Interestingly, Lindeboom et
al. demonstrated organoid cultures enriched for mature enterocytes when cultured in
differentiation medium composed of hEGF and mNoggin [311], although mNoggin acts as
inhibitor of the BMP pathway and thus suppresses stem cell differentiation [65,66]. Of note,
cell growth analyses of the cell clone 19K10, used as reference control due to its non-
epithelial morphology, demonstrated reduced growth rates if any of the growth factors was
missing, indicating that this cell population showed a higher similarity to stem cells, as

mNoggin and hR-Spondin are important for maintenance of stemness [60]. Nevertheless, the
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dependency of supplementation with mNoggin to the medium formulation for all murine cell
clone cultures should be tested again with regard to cell growth and gene expression
analyses.

Next, cell growth analyses of the human cell clones revealed that the medium
supplementation with all growth factors known from primary human organoid cultures was
essential to maintain the cell growth capacity. In general, it is known that the intrinsic
signaling pathways in murine and human tissues differs and therefore also in the established
organoid cultures [313], which is indicative also for a different need of growth factor
supplementation in the generated immortalized cell clones. Further, an inefficient or not
completed immortalization process would result in necessity of the growth factors
hR-Spondin 1 and mNoggin, as these factors are important for maintaining stemness in the
native intestinal tissue [60]. In general, a immortalization process has to overcome two
phases of cell senescence before the cells are stable immortalized, which can take up to

300 days depending on cell type and immortalization strategy [323].

Further, a medium formulation supplemented with Y-27632 used for all cell clones is not
advantageous, as this factor suppresses apoptosis, which could be an indication that the cell
clones may have not been fully immortalized and therefore stem cells are still present in

these cultures.

FCS, a complex cocktail of proteins, hormones and growth factors is often used for long-term
culture of cells in vitro. Cell adherence, proliferation, migration and differentation are cellular
processes, which can be influenced by supplementation of FCS to the culture medium [324].
However, the use of FCS is controversial as unborn calves suffer from serum collection and
batch-to-batch variations cannot be avoided, therefore reproducibility of the obtained results
is sometimes difficult. Nevertheless, FCS supplementation was necessary in this project for
cultures setup of murine and human cell clones, as investigations concerning the medium

composition demonstrated a reduced cell growth capacity.

5.2.3. Some clones did not show good characteristics with respect to the

establishment of a cell line representing the small intestine

A cell line, representing the small intestine in vitro should be easily expandable, result in
reproducible experimental data, demonstrate a homogenous epithelial morphology and a
representative population doubling level (PDL), while presenting a primary-like phenotype

and being applicable for multiple purposes.
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In the context of a homogenous epithelial morphology, the murine cell clones 19K4 and I19K17
(of in total nine clones) as well as the human cell clones 15-06 14A and 15-06 19A (of in total
four clones) were excluded from the further characterization panel, as they did not fulfill this
prerequisite. An inhomogeneous cell morphology could indicate an incomplete
immortalization, as Li et al. demonstrated a likewise inhomogeneous morphology of
immortalized nasopharyngeal epithelial cells during the first stage of senescence, which
revealed in a homogenous morphology after 85 population doublings (PD) [315,323] or a
completely inefficient immortalization. In addition, the cell clone 19K10 exhibited a
non-epithelial but homogenous morphology, which defines this clone as reference control in
further analyses.

In addition, the PDLs of the remaining murine clones showed no significant differences
between the clones and the obtained values reached from a PDL 4.3 to a PDL 6.9, which is
in line with the recently published PDLs of ~ 5 for other cell lines [233]. Further, the
cumulative PDL over a period of up to 180 days was determined for the human cell clones,
which revealed that the human clone 15-06 19B reached cell senescence and finally cell
death after 80 days in culture, indicating an instable transduction of the immortalization
genes. To identify an instable transduction, the cell clone 15-06 19B should be analyzed at
different passages of cryopreserved samples of this clone for changes in the ectopic
expression of genes used for immortalization or for an instable telomere length as well as low
telomere activity. Therefore, the human cell clone 15-06 14B was the only human cell clone,

which remained in the ongoing analyses.

Next, the gene expression profile of the established murine cell clones represented only to
some extent a primary cell-like phenotype, as demonstrated by the mRNA transcript level of
cell type-specific marker genes such as mVill, mMuc2, mChga and mLyz. In general, all
analyzed murine cell clones revealed a dramatically reduction of the expression rates
compared to murine primary organoid cultures, which is possibly a negative side effect due
to the applied immortalization strategy, as these decreased expression rates were also
observed for immortalized human alveolar epithelial cells, which were immortalized in the
same way [209]. Further, it is also feasible that mainly TACs were immortalized, however this
cell type, present above the stem cell niche in the native crypt, was not detected in the
current study. In addition, mChga expression representing an enteroendocrine cell identity
was not at all detectable in any murine cell clone, while a low mRNA transcript level for mLyz

and mMuc?2 was observed for all murine cell clones.

However, in the context of cell lines representing the primary cell phenotype, the most
prominent marker gene is mVill that is specific for enterocytes, which represent with 80% the

majority of cells in the intestinal epithelium [9]. First, the cell clone I9K10 elected as reference
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control in these studies demonstrated a low expression of the enterocyte marker gene mVill
that resulted also in low TEER values, thereby representing a non-epithelial phenotype. Next
to 19K10 cells, 19K11 cultures showed low TEER values, however a higher expression of
mVill was observed, whereas 112K2 cells demonstrated the complete opposite of this, with
high TEER values and no expression of mVill. The expression of villin-1 together with a tight
epithelial barrier indicated by high TEER values, are major characteristics for the enterocyte
cell phenotype. Of note, also other immortalized epithelial cells demonstrated such findings
as shown by Nossol et al. for porcine immortalized cells (IPEC-1; IPEC-J2) [325]. For
instance, the IPEC-1 cell line showed no expression of Vill, however a high TEER value of
7.0 £ 1.2 kQ*cm? was measured with a non-destructive handelectrode [325]. Further, in a
previous study they demonstrated that the Vill expression of the IPEC-1 cells changes due
to other culture conditions with the highest mRNA transcript level for Vill in Transwell®-based
cultures [326]. The murine cell clones I19K6, 19K8, 112K9 and 19K21 revealed individual TEER
values together with individual mVill expression rates, depicting these cells as interesting
newly generated cell lines. However, for the clone 19K21 TEER values with high variances in
three independent experiments were observed, which excludes this cell clone also from

further analyses, as achieving reproducible results is an essential prerequisite for cell lines.

Taken together, the cellular features depicted by barrier integrity measurements and
RT-gPCR analyses led to the exclusion of 112K2, I19K10, 19K11 and 19K21 cells from further
characterization, while 19K4 and 19K17 cells were excluded due to their non-epithelial
morphology. In addition, a non-epithelial like morphological as observed for 15-06 14A and
15-06 I9A cells or an infinite cell growth of 15-06 19B cells led to the exclusion of these
human cell clones. Finally, the three murine cell clones 19K6, I9K8 and 112K9 as well as the
human cell clone 15-06 14B showed good growth characteristics combined with an epithelial
cell morphology and features thereby representing the primary cell phenotype to some extent
at least for murine cell clones, depicting these clones as alternative cell source to commonly

used Caco-2 cells.

5.2.4. Growth characteristics of immortalized epithelial cells

Immortalized cell lines are hallmarked to proliferate indefinitely without lingering in cellular
senescence when cultured under adequate conditions. Cumulative PDL analyses over a
culture time of up to 200 days, proliferation rate analyses and IF-stainings to identify KI-67
positive cells are common methods, depicting the proliferative potential of newly generated

cell lines.
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A study characterizing immortalized human esophageal squamous cells demonstrated that
non-immortalized cells show a linear cell growth in the first 30-40 population PDs followed by
a constant doubling rate due to cell senescence, while for immortalized cells an exponential
cell growth was observed [316]. In line with this also the murine cell clones demonstrated an
exponential cell growth in cumulative PDL analyses for up to 180 days, while similar
analyses regarding the human cell clone revealed in a linear cell growth; however without
reaching cell senescence during this culture time. These findings could be due to an
incomplete immortalization or this could give a hint for a not yet completed selection process
of the human cell clone, which is essential to establish an immortalized cell line as shown by
Li and colleagues [323]. In contrast, primary organoids dissociated to single cells can be
cultured on pre-coated surfaces; however, splitting and expansion of these cells is not
feasible (data not shown), which favors an incomplete selection process towards only

immortalized cells in the human cell clone cultures.

Considering the native intestinal epithelium, SCs and TACs represent the proliferative cell
populations, whereas TACs demonstrate a higher cell division rate [327]. In line with this are
the findings of Tian et al., as this group reported that EAU positive cells in the intestinal
epithelium are mostly detected near the border of the stem cell compartment and in the TA
zone [286]. Primary intestinal organoids, demonstrating a high similarity to the in vivo
situation, revealed a proliferation rate of 25% for murine and 21% for human organoids in an
EdU assay performed by flow cytometry, whereas the gut crypt demonstrates a proliferation
rate of 10-16% in a comparable assay with *H-thymidine as labeling reagent [328]. In
contrast, Caco-2 cells showed a proliferation capacity of 70% in BrdU analyses of
Wayakanon et al., which is comparable to the EdU assay in the current studies [329], while
other tissue culture cell lines demonstrate a proliferation capacity of ~ 40% [328]. The murine
cell clones I19K6 and 112K9 demonstrated with about 32% and 35% EdU positive cells a
higher proliferation capacity compared to primary organoids, while 1I9K8 and 15-06 14B cells
revealed proliferation rates similar to primary organoids. In summary, the proliferation
capacity of the established cell clones is in line with results reported for primary organoid
cultures and other cell lines, except of Caco-2 cells. In addition, the proliferation capacity was
also measured by an EdU assay, when the murine cell clones and the human cell clone were
cultured in a 3D Matrigel®-based environment to identify if the cell clones can form
proliferative 3D cell aggregates depicting a typical organoid morphology, as differentiated
organoids were used for the immortalization. However, no organoid morphology was
observed but spheroid-like structures, which are proliferative, as within 24 h these spheroids
were formed from single cells, but proliferation capacity is lower compared to 2D-cultured

cells and revealed only 9-15% EdU positive cells for all clones. Therefore | hypothesize that
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no functional stem cells are present in these cultures after immortalization and their

proliferative behavior is based on the immortalized differentiated cell populations.

In general, the EdU assay detects the proliferation capacity of cells in the S-phase instead of
the complete cell cycle; therefore differences in the cell cycle length of the S-phase were
determined in this assay [330]. In contrast, IF-stainings with the antibody for the proliferation
marker KI-67 demonstrate the complete cell cycle at a certain time point. As shown by Tian
et al. also KI-67 positive cells, next to EdU positive cells, were mainly found above the stem
cell compartment, thereby demonstrating the proliferation capacity of the TACs [286]. In the
current study, KI-67 positive cells were observed for all analyzed cell clones when cultured in
2D or 3D; however, the staining patterns are indicative for a reduced proliferation rate in
3D-cultures compared to 2D-cultures, which would be in line with the results of the
guantitative proliferation rate analyses by flow cytometry. Interestingly, 19K8 2D-cultures
seem to exhibit a higher amount of KI-67 positive cells compared to the other murine cell
clones, while the EdU assay detects the lowest proliferation capacity within the murine cell
clone cultures, thereby indicating that this cell clone could have a longer S-phase of the cell
cycle detected by the EdU assay and shorter cell cycle phases for G1, G2 and M which were

identified due to antigen binding by the proliferation marker KI-67 [331].

Taken together, the reduced proliferation capacity of all cell clones when cultured in 3D
indicates that no longer functional stem cells are present in these immortalized cultures,
however the cell clones cultured in 2D showed good growth characteristics with a

representative proliferation capacity.

5.2.5. Varying expression of intestinal cell type specific marker might display
intermediate cell identities for the immortalized epithelial cells

An important characteristic feature that would identify the murine and human cell clones as
very different from commonly used Caco-2 cells in terms of their applicability and predictivity
is mimicking the cellular diversity of the native intestinal epithelium, which was hypothesized
to be reached by the immortalization of primary organoids. Therefore the murine and human
cell clones were analyzed for their specific gene as well as protein expression profile with
regard to the main marker genes/proteins representing the most important cell types of
organoid cultures such as enterocytes (Vill, SGLT1), goblet cells (Mucl, Muc2),

enteroendocrine cells (ChgA), paneth cells (Lyz) and stem cells (Lgr5).

As demonstrated in the current study, the established cell clones showed a slightly different
gene expression profile when cultured in 2D, 3D or on Transwell®-inserts, thereby indicating

a kind of differentiation potential due to tight cell-cell contacts or cell-matrix interactions,
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although a cellular composition of mainly differentiated cells was used for immortalization.
Similar observations were published for the cell line Caco-2 with a changing gene expression
pattern during Caco-2 cell differentiation due to tighter cell-cell interactions, thereby
demonstrating a more enterocyte-like phenotype [332,333].

In comparison with the gene expression profile of murine/human organoid cultures, the
established cell clones showed dramatically reduced values for all analyzed genes, which
could be due to the immortalization strategy as also reduced values were demonstrated for
other generated cell lines [209] or due to the possibility that mostly TACs were immortalized.
However, the mVill/hVIL1 expression was mostly dominant, as enterocytes are the main cell
type found in the intestinal epithelium and therefore also in the organoid cultures, whereby
the proportion of mVill/hVIL1 expressing cells should also be the highest in a representative
cell line [9]. Interestingly, cell clone-based Transwell®-models demonstrated the highest
mVill/hVIL1 expression rate compared to the other culture conditions. In line with this, also a
slightly higher mMuc2/hMUC?2 transcript level was observed in the Transwell®-models, which
could enable a good performance in drug transport studies, as enterocytes and mucin-
producing cells are mostly involved in the predictivity of these studies. Cells expressing
mChga/hCHGA seemed to be not present in these cell clone-based cultures and mLyz/hLYZ
have to be rather low, which depicts all cell clones as cells representing the native intestinal
epithelium only to some extent. In addition, remaining stem cell potential was identified by
the gene expression profile of mLgr5/hLGR5, which revealed a low mRNA transcript level
when cultured in 2D and on Transwell®-inserts, while a similar expression rate to murine
organoids was observed for all murine cell clones cultured in 3D, which depicts the
established cell clones as immortalized cells based on differentiated organoids. However, for
human cell clones cultured in 3D the hLGR5 expression rate was even lower compared to

human organoid cultures.

In addition, cell type specific markers were also analyzed in IHC stainings, which revealed a
low expression for all markers when cultured in 2D and the formation of a polarized cell layer
when cultured on Transwell®-inserts with a apical protein expression pattern for VIL1,
SGLT1, MUC1 and MUC2, thereby identifying enterocytes and mucin-producing cell types in
all cell clone-based model setups. However, no positive signal for CHGA was observed in
any of the culture conditions, while positive signals for LYZ were identified in 2D- and

3D-cultures of all cell clones.

In order to identify functional and proliferative stem cells in the respective cell clone cultures,
they were cultured for several days in Matrigel® drops like primary organoids, followed by
analyses of their growth behavior and gene as well as protein expression profile. It was

demonstrated that all analyzed cell clones formed spheroid-like structures with an internal
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lumen but no budding into organoid-like structures was observed. These findings could
indicate that functional stem cells are no longer present, which would identify the generated
cell clones as immortalized cells representing a cell population of mainly differentiated cell
types of the absorptive or secretory lineage. However, also the absence of paneth cells could
result in these spheroid-like structures, as Serra et al. demonstrated the necessity of paneth
cells to enable the first symmetry break to yield in the formation of a organoid structure [236].
In the current study the mLyz/hLYZ mRNA transcript level, representing paneth cells, was
rather low when cultured in 2D, 3D or on Transwell®-inserts. In comparison, Caco-2 cells
cultured in Matrigel®-based cultures or in round bottom plates also aggregate to spheroid-like
structures, however centrifugation steps are essential to form these cell-aggregates
[334,335] followed by embedding in Matrigel® drops. In addition, the formation of these
spheroidal structures with a centralized lumen surrounded by a polarized monolayer of cells
was observed for the first time after a culture time of 5 days [334], instead of 24 h as it was
demonstrated in the current study for cell clone-based 3D structures (data not shown).
Further, the spheroid-like structures based on the established cell clones were set up as
single cells directly in Matrigel® drops, as it is known for 3D primary cell cultures, which
indicates a different proliferative behavior as well as cellular composition of these

spheroid-like structures compared to Caco-2 aggregates [236].

Studies regarding the protein expression pattern of VIL1, SGLT1 specific for enterocytes and
MUC1 specific for mucin-producing cells were indicative for the formation of non-polarized
cell clone-based spheroids. Compared to sections of Histogel® embedded primary
spheroid/organoid cultures stained for the same marker panel this results in a small layer of
VIL1, SGLT1 and MUCL1 localized in the internal lumen of these polarized spheroids/
organoids [30,174,336]. In contrast, also apical-out spheroids were established recently,
which demonstrated a positive signal for these markers on the outside of the spheroid thus
the signal direction has changed due to altered culture conditions [195]. As the spheroid
structures formed in this study demonstrated within the same cultures, spheroids with an
internal staining and also with a staining on the outside, all cell clone cultures revealed a
non-polarized spheroid structure. Further, the SGLT1 staining pattern demonstrated a diffuse
signal on both sides of the cell layer, which underlines the formation of non-polarized
3D-spheroids. However, cell clone-based Transwell®-models showed a polarized cell layer

that identifies the established cell clones as feasible for drug transport studies.
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5.2.6. Immortalized primary-derived epithelial cells showed organ-specific

functions in drug transport studies

Drug transport and uptake studies based on Caco-2 Transwell®-models are standard, but the
lack of a mucus layer covering the epithelial cell layer and a reduced expression pattern of
specific transporter proteins in the apical brush border are indicative for an insufficient
predictivity [111,112].

To identify the generated murine and human cell clones as alternative cell sources in terms
of transport capacity, the formation of a tight as well as functional barrier of the established
cell clone-based Transwell®-models is mandatory. Therefore, cell clone-based models were
investigated for their barrier integrity by TEER measurement and FITC-dextran as well as for
their performance in characteristic transport mechanisms of the intestinal epithelium. Another
criterion for representative models is the presentation of microvilli on the cell surface of

enterocytes and the formation of tight junction complexes between adjacent cells.

In first line, cell clone-based models set up on Transwell®-inserts with a seeding density of
5x10* cells/insert were analyzed by histological and ultrastructural analyses. Within 21 days
murine cell clones and 14 days for the human cell clone, the formation of a consistent cell
layer was observed in H&E-stained tissue sections, when cultured under pro-proliferative
conditions. In addition, different seeding densities were tested without demonstrating
differences in the culture time until a consistent cell layer was formed or in the corresponding
TEER values (data not shown). In comparison, Caco-2 cell-based models require likewise
3 weeks of culture to form a consistent cell layer [111,212], whereas primary-based models
need only 14 days. Of note, primary-based models were set up and cultured according to a
protocol published by Schweinlin et al., where culture conditions, using proliferation medium
is followed by differentiation medium, to enable the formation of a cell monolayer with

representative features comparable to the native intestinal epithelium [139].

Next to the H&E-stained tissue sections, immunohistological analyses regarding a
corresponding tight junction protein expression pattern revealed the formation of a consistent
cell layer with tight cell-cell interactions in stainings with antibodies for ZO-1 and ECAD for all
analyzed cell clones. Interestingly, the protein expression pattern for CLDN5 was
homogenous only for the murine cell clone 19K6, while 19K8 and 112K9 cultures
demonstrated an inhomogeneous tight junction protein expression pattern and 15-06 14B
cells showed completely no protein expression for CLDN5. The transmembrane protein
CLDNS5 is mostly relevant in the context of creating the intercellular barrier together with
occludin and thereby contributing to the paracellular transport route of molecules [337].

However, barrier integrity measurements did not demonstrate increased paracellular
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permeability, whereupon the tight epithelial barrier in the respective clones must probably be
maintained by occludin or other claudins. Down regulation of especially CLDN5 was
described in the context of colon cancer and epithelial dysfunction [338], whereas
dysfunction also results in an reduced barrier resistance, which could indicate that the human
cell clone shows tumorigenic characteristics due to an inefficient immortalization [276,339]. In
addition, tight junction complexes were also identified in the corresponding ultrastructural
TEM analyses of all cell clones.

Ultrastructural analyses further revealed less densely-packed microvilli-containing cells in
models based on murine cell clones compared to human cell clone-based models together
with short microvilli, indicating not functionally differentiated enterocytes in the established
models. In contrast, differentiated Caco-2 cell-based models showed at day 16 a microvilli
height about 1.19 £+ 0.16 um [253], which was more similar to the microvilli height of 1-3 um
of enterocytes in the native small intestinal epithelium [254]. Interestingly, Mustata et al.
showed in ultrastructural analyses of primary spheroid structures, microvilli-containing cells,
even if these are only a few and short microvilli [340]. Compared to the ultrastructural
analyses of the cell clone-based models regarding the microvilli-containing cells, similarities
were observed, which is further indicative that mostly TACs were immortalized, if not the
immortalization process causes this negative effect on the ultrastructural characteristics, as

spheroids are mainly composed of SCs and TACs [340].

Next, immunohistological stainings for the marker MUC2, MUC1, VIL1 and SGLT1
demonstrated the formation of a polarized cell layer for the established cell clone-based
models, as the protein expression pattern was orientated to the apical cell surface and
therefore indicating a proper functional and biological performance of the models. Further,
these markers are representative for enterocytes and goblet cells, specific cell types of the
native intestinal tissue, thereby contributing to the barrier formation of intestinal in vitro
models. Histological analyses of primary-based in vitro models established by
Schweinlin et al. showed a similar protein expression pattern with respect to MUC2, MUCL1
and VIL1 as in the current study [139].

The formation of an intact cell layer was investigated by TEER and FITC-dextran
measurements. In the current study, Caco-2 Transwell®-models demonstrated TEER values
of about 194 Q*cm?, while other studies have shown values between 1100-1350 Q*cm?, in
which the used Transwell®-inserts, the passage of cells and the temperature strongly
influences the obtained results [341]. In addition, also for primary-cell based models a huge
variance in TEER values were published in recent years with 40 Q*cm? [139], 400 Q*cm?
[342] and > 1500 Q*cm? [190], which can be attributed to the use of different cell sources and

cell culture protocols. In comparison, the primary-derived cell clone based models
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established in this study showed with values of 232 Q*cm? for 19K6, 483 Q*cm? for 19K8,
727 Q*cm? for 112K9 and 253 Q*cm? for 15-06 14B cells a similarly pronounced barrier
integrity. Nevertheless, the small intestine in vivo revealed in measurements with the Ussing
chamber TEER values of 50-100 Q*cm? [341], which is lower compared to the results
achieved here for primary-derived cell clone-based in vitro models. The permeability of
FITC-dextran revealed likewise a tight epithelial barrier for all established cell clone-based
Transwell®-models, as the amount of transported FITC-dextran is lower than 2% [223].

In the context of characteristic transport mechanism, the paracellular, the transcellular and
the efflux route [15,223] were investigated for all generated cell clones set up on the PET
membrane. The paracellular transport of fluorescein confirmed the formation of a tight
epithelial barrier for all models; however I19K8 and 15-06 14B cells showed an even lower
permeability rate for fluorescein. These findings were in line with the results obtained by

TEER and FITC-dextran permeability rate measurements.

The transcellular pathway is of special interest for drug delivery studies, as some drugs use
this transport route to reach its target side, but an appropriate expression of these transporter
proteins is crucial for an high efficacy of the drug [79]. For murine cell clone-based models a
similar permeability rate for propranolol, a reference substance for the transcellular transport
mechanism, was observed, while models based on the human cell clone showed a lower
permeability for propranolol, which is comparable to the permeability in Caco-2 cell-based
models [212].

In addition, the efflux transport pathway, mediated by the transporter p-gp is of high interest
in the context of in vitro models used in pre-clinical research applications, as drugs can be
transported back into the lumen by this special transporter [258] and therefore in vitro models
should represent this transport mechanism to a high degree for an efficient efficacy testing of
the applied drugs [87,224]. In the current study the efflux transport mechanism was
investigated by the reference substance rhodamine 123, which revealed a slightly improved
efflux transport in models set up of the human cell clone compared to the murine cell clone-
based models, indicating a higher expression of p-gp or other efflux transporter proteins in
the apical cell surface of human cell clone cultures and therefore a better model performance
with respect to in vivo-like conditions. In comparison to Caco-2 in vitro models, all cell
clone-based models demonstrated a similar ratio of basolateral/apical transport for
rhodamine 123 [212].

Taken together, the primary-derived cell clone-based models demonstrated advantages in
the context of an easier and more flexible model setup compared to primary cell-based

models, as a pro-proliferative medium composition together with an adequate culture time to
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form a consistent and functional cell monolayer on PET-based Transwell®-inserts was
established in this study. In future studies, the BNC matrix used for the first part of this thesis,
could enable an even better predictivity in transport capacity studies when murine and
human cell clone-based models would be set up on both BNC variants or adapted versions
of these scaffolds.
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5.3. Conclusion

Central aspect of this thesis was to combine different strategies for the establishment of an
alternative in vitro model and thereby demonstrating the importance of the used scaffold as
well as cell source to enable a better model performance regarding predictivity and
reproducibility in drug delivery studies. In terms of the scaffold material, the BNC matrix was
presented as interesting alternative with comparable properties to natural ECMs, but with
benefits regarding standardizability, being conform to the 3Rs principle and an easy as well
as cost-efficient manufacturing process. The good performance of the BNC-based Caco-2
models is summarized in Figure 5.1 in comparison to the PET- and SIS-based in vitro

models used as controls in the current study.

unmod BNC struc BNC SIS PET

- fermentation of Komagataeibacter | decellularization of porcine | polymerization of ethylene

Manufacturing process ) ) . : .
xylinus small intestinal submucosa | glycol and terephthalic acid

Costs per insert 0.05€ 12.50 € 3.19€
standardization + + - 0
3D topography yes SIS and SISmuc (mucosa) no
Protein expression 0 + 0
pattern +
Connective tissue 0 0 - 0
Ultrastructural features + - - 0
Barrier integrity + + 0 0
Transport activity of
reference drugs
Fluorescein 0 0 - 0
Propranolol + + + 0
Rhodamine123 + + - 0
Unwar]ted molecular 0 0 + 0
adhesion

Figure 5.1: Comparison of matrix-based Caco-2 models. Two versions of BNC, unmodified and surface-

structured, and the commonly used scaffolds SIS and PET were investigated in this study for their functional
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performance in a 3D-like Transwell®-system with Caco-2 cells. The results obtained for PET-based models were
set as standard in this scoring system. No improvement = 0, inferior to standard = -, superior to standard = +.

BNC: bacterial nanocellulose; SIS: small intestinal submucosa; PET: polyethylene terephthalate.

In addition to the used scaffold, the cellular unit is mainly involved in the predictivity of drug
delivery studies within the used in vitro models. Immortalization of primary organoid cultures
was hypothesized to sustain the cellular diversity of these cells, while establishing a cell
culture population, which is easy in handling at low costs to fulfill the requirements for
pre-clinical research purposes. The performance of the established immortalized primary-
derived cell clones of murine and human origin in the applied assays, which characterizes
the cellular behavior in 2D-, 3D- and Transwell®-based cultures, is summarized in Table 5.2.

Taken together, the murine and human cell clone cultures demonstrated a more progenitor-
specific phenotype, as a reduced mRNA transcript level was observed for all analyzed
marker genes, which are specific for the differentiated cell types found in the native
epithelium. Furthermore, a slightly different gene expression profile was identified for the
respective cell clones when cultured in 2D, 3D or on Transwell®-inserts, indicating that the
different culture conditions induce differentiation inside the immortalized cell population.
Nevertheless, these newly generated cell lines provide an alternative cell source to the
commonly used Caco-2 cell line for drug delivery studies, as these cells show a polarized cell
layer with a tight and functional barrier covered by a mucus protein sheet to reflect also the
physical barrier present in the native intestinal epithelium. Further, these cells can be easily
expanded under more cost-efficient conditions compared to primary organoid cultures and
set up as Transwell®-models, thereby being eligible for transport capacity studies due to the

expression of important transporters on the cell surface.

131



Conclusion

A a
-
d e f
188-48888"AN
B  control 2D 3D Transwell®
1 2 3 4 1 2 3 4 1 2 3 4 score
Vill . 0
Muc?2
Chga
Lyz
Lgr5 1
murine cell clones human cell clone
Identification 19K6 19K8 112K9 15-06 14B
Proliferation in 2D + 0 + 0
Cumulative PDL + + + 0
Protein expression
pattern in 2D B * * -
Spheroid-like 3D 0 . 0 +
structure
Protein expression
pattern in 3D 0 * 0 .
Tight junction protein + 0 0 )
expression pattern
Ultrastructural features - 0 - +
Protein expression
pattern Transwell® * * * *
Barrier integrity 0 + - +
Transport activity of
reference drugs
Fluorescein - + 0 +
Propranolol + + + 0
Rhodamine123 0 - 0 +

Figure 5.2: Comparison between the generated murine and human immortalized primary-derived cell
clones. Schematic setup of immortalized primary-derived cell clones (A). Primary organoids (a) used for the
lentivirus-based immortalization strategy (b) resulted in several cell populations (c). Established cell clones were

characterized in 2D- (d), 3D- (e) and Transwell®-based (f) cultures. Respective characterization panel of the
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murine (19K6, 19K8 and 112K9) clones as well as the human cell clone (15-06 14B) (B). 1 = I9K6, 2 = 19K8,
3=112K9 and 4 = 15-06 14B. Adequate cellular behavior = 0, inferior cellular behavior = -, superior cellular
behavior = +. Vill = Villin-1; Muc2 = Mucin-2; Chga = Chromogranin A; Lyz = Lysozyme; Lgr5 = Leucine-rich
repeat-containing G protein-coupled receptor 5.
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Figure Al: Murine cell clones cultured on different cell culture coatings. Cell clones were cultured on
uncoated (w/o) as well as Col | or FN/Col | pre-coated plastic for 4-5 days. Microscopic images (n =3) show the
cell morphology of clone 19K8 and 112K9 on d4 and of 112K2, 19K10, I9K11 and I9K21 on d5. d: day;
w/o: uncoated; Col I: collagen-I; FN/Col I: fibronectin/collagen-I.
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Figure A2: Testing appropriate culture conditions for murine cell clones cultured on uncoated plastic. Cell
clones were cultured under control conditions and without the essential growth factors for primary murine
spheroid/organoid cultures such as Y-27632, mNoggin, hR-Spondin, hEGF and FCS (10%). FCS is commonly
used for cell line cultures [1,2]. Cell morphology was monitored on d4 for 19K8 (B) and 112K9 (C) or on d5 for
112K2 (A), 19K10 (D), 19K11 (E) and 19K21 (F) cells. Representative microscope images (n = 3) of all clones show
a reduced cell density or altered morphology without Y-27632, hEGF and FCS supplementation to the medium.
Scale bar = 100 um. d: day; FCS: fetal calf serum; hEGF: human epidermal growth factor; w/o: without.
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Figure A3: Human cell clone 15-06 19B cultured on three different cell culture coatings. Cell morphology
was monitored for 15-06 19B cells cultured on uncoated (w/0), Col | and FN/Col | pre-coated plastic for 7 days and
representative images (n = 3) show the cell morphology on d3 and d7. Scale bar = 100 um. d: day; w/o: uncoated;
Col I: collagen-1; FN/Col I: fibronectin/collagen-I.

d7
cell morphology 15-06 19B

Figure A4: Testing appropriate culture conditions for the human cell clone 15-06 19B cultured on Col |
pre-coated plastic. The human cell clone was cultured under control conditions and without the essential growth
factors for primary human spheroid/organoid cultures. Further, CHIR99021, a Wnt activator, was tested for
standardized model setup instead of supplementation with Wnt3a conditioned medium. Next to CHIR99021, cell
culture medium was supplemented with either hR-Spondin 1 or FCS for a comparative cell growth to control
conditions. Representative microscope images of 15-06 19B cells show a reduced cell density when cultured
under the adapted culture conditions. Scale bar = 50 um; n = 3. hEGF: human epidermal growth factor; FCS: fetal
calf serum; Wnt: wingless related integration site; w/o: without; w: with.
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