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Summary

Sucheera Chotikatum : The effect of cytokines and involvement of ER stress on

intestinal epithelial cell polarity, protein folding and expression of intestinal proteins

Summary

Inflammatory bowel diseases (IBD) such as Crohn's disease or ulcerative colitis are
characterized by exaggerated inflammatory responses and are aggravated by the epithelial
barrier dysfunction that results from the increased loss of fluid due to diarrhea. The proteins
involved in the maintenance of epithelial cell polarity and protection of the barrier integrity
are processed by the endoplasmic reticulum (ER) that has a crucial role in the synthesis,
correct folding, proper sorting and trafficking to either the apical or basolateral membrane in
polarized epithelial cells. Pro-inflammatory cytokines are elevated in the intestinal mucosa of
patients with IBD, and they have been shown to further trigger inflammation and lead to
altered protein folding, causing accumulation of unfolded proteins in the ER ultimately
resulting in aberrant localization of specific cell surface proteins and their improper
functioning. This study aims to investigate the link between cytokine-induced inflammation,
ER malfunction and the consequences of the ER stress response on the intestinal epithelial
cell polarity, protein folding and expression of intestinal proteins. Therefore, a mixture
consisting of the cytokines TNF-a, II-1p, and MCP1, was used to induce ER stress in Caco-2
cells at 8 and 24 hour at 7 day post- confluency, when these cells very closely mimic in vivo
epithelial cells of the small intestine. ER stress induction in Caco-2 cells was confirmed by
measuring the levels of chaperone proteins, BiP and CHOP, that act as stress markers and that
were significantly increased at 8 and 24 hour after the cytokine treatment. Moreover,
transepithelial electrical resistance (TEER) showed a marked decrease after treatment,
indicating the epithelial barrier integrity is affected. Furthermore, the catalytic capacity,
sorting and activity of sucrase-isomaltase, a major glycoprotein of the intestinal brush border
membrane, were significantly decreased after cytokine treatment. We saw a similar reduction
for the enzyme dipeptidyl peptidase IV (DPPIV) after treatment. Moreover, cytokine-induced
ER stress results in a reduction in the level of the structural component proteins ezrin and ZO-
1, at the apical and basolateral membranes respectively. Taken together, the results of our
study indicate that aberrant processing in the ER, most likely glycosylation, after cytokine
treatment, may lead to improper trafficking of enzymes and intestinal proteins to their target
location on the apical and basolateral membranes. Futhermore, hypoxia, a condition of

oxygen deficiency that occurs during infections or inflammations and has been shown to



Summary

influence the pathogenesis of IBD, was able to induce ER stress in our model, as evidenced
by the increase in BiP and CHOP levels. Hypoxic incubation also lead to a significant

decrease in TEER, indicating damage to the epithelial barrier.

Overall, this study shows that perturbations to the ER environment, whether chemical or
physical, can cause stress and induce a series of mechanisms and cellular adaptions that work
to compensate for this stress and at the same time lighten the work load and provide relief to
the ER until such a time when homeostasis is returned. These cellular adaptations include
decrease in protein modification in the ER, which results in lowered or improper membrane
localization. Furthermore, defects to the junctional complexes weaken the epithelial barrier,
and that, in combination with the loss of polarization, lead to severe and pathogenic

consequences to the intestinal epithelium.



Zusammenfassung

Sucheera Chotikatum: Der Einfluss von Zytokinen und ER-Stress auf die Polaritat

intestinaler Zellen, sowie auf die Faltung und Expression intestinaler Proteine.

Zusammenfassung

Chronisch-entziindliche Darmerkrankungen beim Menschen, wie Morbus Chron und
Colitis ulcerosa, sind verbunden mit Uberschielender Immunantwort des Korpers und
Beeinflussung der Barrierefunktion des intestinalen Epithels. Dies fihrt wiederum zu
erhdhtem Flussigkeitsverlust durch Diarrhoe. Proteine, die in der Erhaltung der intestinalen
Zellpolaritdst und dem Schutz der Barrierefunktion beteiligt sind werden im
Endoplasmatischen Retikulum (ER) der Darmzellen prozessiert. Das ER bernimmt eine
wichtige Rolle in der Synthese, der Faltung und der Sortierung von Proteinen zur apikalen

oder basolateralen Zelloberflache.

Patienten mit chronisch-entziindlichen Darmerkrankungen kdénnen eine erhohte
Konzentration von proinflammatorischen Zytokinen in der intestinalen Mukosa aufweisen.
Die Zytokine l6sen eine Entzlindungsreaktion aus, welche im Folgenden die Faltung von
Proteinen im ER beeinflussen kann. Dadurch sammeln sich ungefaltete Proteine vermehrt im
ER und I6sen, in Folge des ER-Stress, eine ungefaltete Proteinantwort (engl. unfolded protein
response, UPR) aus. Dies kann zu veranderter Lokalisierung und damit verbundener

Fehlfunktion von Zelloberflachenproteinen der intestinalen Epithelzellen fuhren.

Das Ziel dieser Studie war es, die Verbindung zwischen Zytokin induzierter
Entzindung im Darm, ER-Stress und der Zellpolaritdt sowie der Proteinfaltung und —
lokalisierung im Caco-2 Zellmodell genauer zu erforschen. Die Induktion von ER-Stress
wurde durch eine Inkubation von 7 Tage post-konfluenten Caco-2 Zellen mit einer Mischung
von Zytokinen (TNF-a, IL-1B, MCP1) fiir 8 und 24 Stunden vorgenommen. Durch Messung
des Proteinlevels von Chaperonen in den behandelten Caco-2 Zellen, wurde das Ausldsen von
ER-Stress Uberprift. Dabei zeigte sich, dass die Proteinexpression der Chaperone und ER-
Stressmarker BiP und CHOP in Zytokin behandelten (8 und 24 Stunden) Caco-2 Zellen
signifikant erhoht war. Darliber hinaus zeigte sich eine deutliche Abnahme des
transepithelialen elektrischen Wiederstands (engl. transepithelial electrical resistance, TEER)
nach Zytokin Behandlung der Zellen. Das Ergebnis spricht fir eine beeinflusste Integritat und
somit verschlechterte Barrierefunktion des Epithels. Zusatzlich wurde der Einfluss von

Zytokinbehandlung der Caco-2 Zellen auf die katalytische Kapazitat sowie die Sortierung und



Zusammenfassung

Aktivitdt der Saccharase-lsomaltase (SI) untersucht. Die Sl ist ein hdufiges Protein der
Burstensaummembran intestinaler ~ Epithelzellen, mit  Wichtigkeit  in der
Kohlenhydratverdauung. Sowohl die katalytische Kapazitat als auch die Sortierung und
Aktivitadt der SI waren nach Cytokinbehandlung im Vergleich zu unbehandelten Caco-2
Zellen veréndert. Die Untersuchung von DPPIV, eines weiteren Zelloberflachenproteins von
Darmzellen, lieferte &hnliche Ergebnisse. Des Weiteren fiihrte der Zytokin induzierte ER
Stress zu einer verringerten Expression von Strukturproteinen, wie Ezrin und ZO-1, innerhalb

der Caco-2 Zellen.

Es l&sst sich schlussfolgern, dass eine Zytokinbehandlung zu einer verdnderten
Sortierung verschiedener Proteine innerhalb intestinalen Epithelzellen flihrt, moglicherweise
basierend auf veranderter Proteinglykosylierung.

Hypoxie, ein Zustand von Sauerstoffmangel wéhrend Infektionen oder
Entzindungsreaktionen im Korper, wird zusétzlich mit der Pathogenese von chronisch-
entziindlichen Darmerkrankungen in Verbindung gebracht. Auch eine mdgliche Verbindung
von Hypoxie mit ER-stress ist nicht ausgeschlossen/wird vermutet. In einem weiteren Teil der
Studie, wurde der Einfluss von Hypoxie-induziertem ER-Stress auf die Barrierefunktion des
Caco-2 Zellmodells untersucht. Fur diese Untersuchung wurden 7 Tage post-konfluente
Caco-2 Zellen fiir 24, 48 und 72 Stunden bei Normoxie oder Hypoxie inkubiert. Nach 48 und
72 Stunden Inkubationen der Zellen unter Hypoxie zeigte sich eine signifikant erhéhte
Expression von BiP und CHOP. Darlber hinaus war ein Abfall des transepithelialen
elektrischen Wiederstands nach 48 Stunden und 72 Stunden nach Inkubation der Zellen unter
Hypoxie zu vermerken. Diese Ergebnisse bestatigen, dass Hypoxie ER-Stress im Caco-2

Zellmodell ausldsen kann.
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Chapter 1 Introduction

1.1 The Gastrointestinal tract

The gastrointestinal tract (Gl tract) is a very well-studied, complex ecosystem
consisting of several tissues and resident microbes working together to fulfill two major
purposes: to act as the main portal of entry for nutrients and to provide a barrier to the

external environment.

The intricate architecture of the Gl tracts allows it to perform all the various tasks
and it can be separated into four distinct layers: inner mucosa, submucosa, muscularis
externa and the serosa (Figurel.l) (Rao and Wang, 2010). The innermost layer, the
mucosa, is considered the most functionally important, since it is the site of most
absorptive functions. It is also the most complex, further consisting of three layers: the
epithelial cells, the lamina propria and the muscularis mucosae. The epithelial layer faces
the intestinal lumen and is made up of a single layer and is attached to a basement
membrane overlying the lamina propria. The lamina propria, consisting of subepithelial
connective tissue and lymph nodes, lies above the third and deepest layer, the muscularis

mucosa that is a continuous sheet of smooth muscle cells.

Serosa

Muscular

Submuscosa
mucosa

Muscularis mucosa

Lumen

<——— Intestinal villi

Figure 1.1 Morphological structure of the gastrointestinal tract. Diagram showing
the various layers of the human GI tract including the main four: mucosa,
submucosa, muscularis mucosa and serosa.
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1.1.1 Morphology of the intestinal epithelium

The epithelial layer of the digestive tract has three main functions: digestion of food
and absorption of nutrients, providing a barrier that separates intraluminal toxins,
antigens and enteric flora, and continuous cellular regeneration (Kraehenbuhl et al., 1997
; Groschwitz and Hogan, 2009a). The intestinal epithelium lines the gut lumen and forms
a physical barrier between luminal contents and the body’s inner tissues and organs. This
barrier is made up of three layers including the mucus layer, which forms the first line of
innate host defense; the glycoprotein coating (glycocalyx), which is a filamentous layer
of branched carbohydrates, and the epithelial enterocyte layer, held together by several
junction complexes to form a semi-permeable physical barrier (Siccardi et al., 2005)
(Figure 1.2).

Lipid

Aqueous/ mucous

Epithelium

Figure 1.2 Structure of the intestinal epithelium. The three main layers of the
epithelium are the mucus layer, glycocalyx and epithelial cell layer.

1.1.1.1 The Mucus layer

The topmost layer of the intestinal epithelium is a thick cover of mucus, secreted
by intestinal goblet cells in the epithelium that lubricate the transit of intestinal contents

(Kim and Khan, 2013). The major components of the mucus layer are the gel-forming



Chapter 1 Introduction

glycoproteins called mucins that contribute to the viscous and protective nature of this layer.
The mucus layer is comprised of mucin, trefoil factors (TFF), IgA, antimicrobial peptides
(AMPs) and water and ions (Figure.1.3) (Faderl et al., 2015). Most mucins are
characterized by mucin domains, which are rich in proline, serine and threonine
molecules that are heavily O-glycosylated via O-linkage of N-acetylgalactosamine onto
serine or threonine (Merga et al., 2014). Mucin, more predominantly mucin-2 (MUC2), is
the main component at the epithelial surface of the small intestine and colon. The mucus
layer primarily functions in protecting the host from infection and continuous exposure to
potentially inflammatory stimuli. Mucins are abundant at the interface of the intestinal
mucosa and luminal bacteria, and changes in the expression of mucins can significantly
influence the protective effect of colonic mucosa as well as the degree of bacterial
adhesion to the epithelium. For this reason, mucins have been implicated in the
pathogenesis of inflammatory bowel disease (IBD), and indeed, the mucus layer had been
shown to be much thinner, with reduced numbers of goblet cells in ulcerative colitis

patients as compared to healthy individuals (Dkhil et al., 2013).

0]
Mucus y 0) % 0 e
\ ' A— S O
0 (/S-MP >~ 0
5; 0 =4
IgA

Figure 1.3 Contents of the mucus layer. Mucus layer in the epithelium is comprised
of mucin, trefoil factors, Immunoglobulin A, antimicrobial peptides, water and
ions. Adapted from (Brown et al., 2013).
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1.1.1.2 The Epithelial cell layer

The intestinal epithelium contributes to the maintenance of tissue homeostasis by
providing a physical barrier between the microbiota and the host. Intestinal epithelial
cells are connected with their neighboring epithelial cells via several junctional
complexes to form a semi-permeable physical barrier (Faderl et al., 2015). The epithelial
layer is composed of four differentiated cell types, including microfold cells (M cells),
goblet cells, Paneth cells and absorptive cells or enterocytes. Absorptive cells are those
cells in the small intestine that absorb nutrients and secrete hydrolytic enzymes into the
intestinal lumen. M cells are specialized epithelial cells of the gut-associated lymphoid
tissue (GALT), containing less microvilli and a reduced glycocalyx (Mabbott et al.,
2013). M cells are capable of performing phagocytocis and are responsible for the uptake
of antigens and microorganisms and transferring them to the underlying lymphocytes
during intestinal inflammation (Kucharzik et al., 2000). Paneth cells contain a large
amount of secretory granules and antimicrobial peptides that have been reported to
produce cytokines, which are important for communication between the epithelial layer
and the immune system (Antoni et al., 2014 ; Porter et al., 2002). Goblet cells produce
mucous to protect the intestinal epithelial barrier from penetration by microorganisms in

the lumen and serves as the first line of innate host defense (Sancho et al., 2003).
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— villi
9
Absorptive
% \enterocytes
\
Enteroendocrine

Goblet cells

Differentiated
villus cells

.
.
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»
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o
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Figure 1.4 Schematic of the intestinal epithelial layer (Moore et al., 2006)

1.1.2 Characteristics of epithelial cells

1.1.2.1 Cell polarity

Intestinal epithelial cells are polarized cells that exhibit an apical surface, facing
the intestinal lumen, and a basolateral surface exposed to the underlying tissue. Cell
polarity is established by a series of intricate spatiotemporal events involving mutual
inhibition between several protein complexes (Lee and Streuli, 2014). Directed
membrane targeting of specific proteins to their respective surfaces results in the
generation of separate domains at the apical surface, the lateral, and the basal surfaces
(Apodaca et al., 2012). Finally, the extracellular matrix located underneath these cells

acts a major source of orientation signaling (Lee and Streuli, 2014).

1.1.2.2 Junctional complexes

As previously mentioned, the characteristic of a polarized epithelial cell is the
organization of its plasma membrane into structurally and functionally distinct domains.
The intestinal epithelial cells presenting distinct three surface domains: apical, lateral and

basolateral. The apical surface domain with microvilli faces to the epithelial lumen, the

10
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lateral domain consisting of junctional complexes, and the basolateral domain facing the
extracellular matrix and underlying tissue (Guttman and Finlay, 2009). The cells of the
surface epithelial layer are attached to their neighbors by organized intercellular junctions
including: a tight junction, an adherens junction, demosome and gap junction (Tsukita et
al., 2001) (Figurel.6). Tight junction and adherens junctions are named as the apical
junction complex (AJC) and are the most apically located intercellular junctions that are

important for maintaining intestinal barrier integrity (Neu et al., 2010).

Tight junctions appear as a fence function that provides a physical intercellular
barrier that controls the paracellular transport of ions and solutes (horizontally) in
between cells. Tight junctions are formed by the interaction of proteins from four unique
families: occludens, claudins, tricellulin and junctional adhesion transmembrane molcules
(JAMSs) (Merga et al., 2014) as well as the cytoplasmic proteins zona occludens (ZO)-1, -
2, -3 and cingulin (Groschwitz and Hogan, 2009). ZO proteins connect tight junctions
with the cellular cytoskeleton by F-actin and the adherens junctions, thus, playing an
important role in maintaining the apical-basolateral polarity of epithelial cells (Fanning et
al., 1998).

Adherens junctions (AJs) are protein complexes localized to the basal side of tight
junctions that function in providing stability to the epithelial barrier by strengthening cell-
cell adhesion (Hartsock and Nelson, 2008). The majority of AJs associate with the
transmembrane glycoprotein of the cadherin family, most commonly with E-cadherin that
is the most abundant in the epithelial layer (Meng and Takeichi, 2009). E-cadherin is a
type | single-transmembrane-spanning glycoprotein that localizes mainly to the zona
adherens junction, and is involved in cell-cell adhesion in a calcium-dependent
mechanism (Van Roy and Berx, 2008). The proper function of E-cadherin requires its
association with several proteins on the cytoplasmic side, such as a-catenin, B-catenin,
plakoglobin and p120, which connect it to the cytoskeleton. Cadherin-catenin complexes
are of extreme importance since they maintain cell polarity, adhesion, differentiation,
regulation of epithelial migration, as well as proliferation and survival of gastrointestinal
epithelial cells (Ebnet, 2008). It is therefore not surprising that E-cadherin expression is

significantly altered during epithelial restitution in inflammatory bowel disease patients
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and in in vitro models of wounded colonic epithelial monolayers (Hanby et al., 1996 ;
Karayiannakis et al., 1998). Downregulation of E-cadherin in the intestinal epithelial cells
weakens cell-cell adhesion and results in disturbed proliferation, differentiation, and

migration of enterocytes (Hermiston and Gordon, 1995).

Gap junctions are membrane domains composed of collections of channels that
allow diffusion of small molecules, secondary messengers, ions and other molecules
smaller than 1 kDa between neighboring cells (Lampe and Lau, 2004). In vertebrates, gap
junctions are composed of channels formed by integral membrane proteins of which there
are over 20 connexin family members. Connexin 43 (Cx43) is the most abundant and
more commonly expressed in tissues and cell lines (Lampe and Lau, 2000). Gap
junctions play important roles in cell proliferation, cell differentiation and apoptosis
(Trosko et al., 2000). Therefore, deficient or improper formation of gap junction can lead
to a variety of diseases, including inflammatory bowel disease, intestinal cancer and liver
disease (Maes et al., 2015). Interestingly, ZO-1 protein is implicated in regulating gap
junction formation by its interaction with Cx43 (Giepmans and Moolenaar, 1998).
Moreover, hindrance of the Cx43/Z0-1 interaction has been shown to result in increased
GJ size (Hunter et al., 2003). Figure 1.5 summarizes the different epithelial junctional

complexes and the protein interactions.
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Figure 1.5 Intestinal epithelial junctions. (A) A schematic of various junctions
attaching the epithelial cells together. (B) A representation of the interaction
between ZO-1, F-actin, and the cytoskeleton in adherens junctions (Wells et al.,
2017).
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The polarized epithelial cell has specialized organization of individual cell
membrane domains and cell—cell junctions linkages between membrane proteins and the
cytoskeleton (Saotome et al., 2004). Proteins such as ezrin, radixin and moesin (ERM)
function as plasma membrane actin cytoskeleton linkers and regulate the assembly and
stabilization of specialized plasma membrane domains. Ezrin, the only ERM found in
epithelial cells of the developing intestine, localizes to the apical surface where it is
highly enriched in microvilli where it forms a link between actin filaments and the
plasma membrane (Figure 1.7; Berryman et al., 1993; Scott W. Crawley et al., 2014).
Ezrin is composed of 586 amino acids and characterized by the presence of a 296-residue
N-terminal ERM association domain (N-ERMAD), connected via an a-helical linker
region to the C-terminal association domain (C-ERMAD) containing the binding site for
filamentous actin (F-actin) (Figure 1.6; Gary and Bretscher, 1995). The N-ERMAD
associates with the plasma membrane signaling lipid, phosphatidylinositol 4,5-
bisphosphate (PIP2), after phosphorylation of a tyrosine residue (T567) and subsequent
dissociation from C-ERMAD and protein activation (Zhu et al., 2010 ; Jayasundar et al.,
2012). Ezrin is also necessary for the regulation of cell-cell and cell-matrix adhesion
processes (Hiscox and Jiang, 1999 ;Takeuchi et al., 1994).
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Figure 1.6 membrane cytoskeleton cross linkage. Ezrin forms links between F-actin
filaments and the plasma membrane at the apical surface of polarized epithelial
cells, specifically in microvilli. Adapted from (S. W. Crawley et al., 2014)
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1.1.2.3 Brush border membranes

The complex architecture of the small intestine is mainly due to the presence of
continuous invaginations called microvilli at the apical (but not the basolateral) surface,
which contribute to the functionality of small intestinal cells by increasing the surface
area for absorption (Cheng and Leblond, 1974) (Figure 1.4). These microvilli extending
from the plasma membrane of enterocytes form the brush border region that is rich in key
enzymes, such as peptidases, glycosidases, aminopeptidase N and sucrose-isomaltase,
involved in the digestion of carbohydrates and proteins (Danielsen and van Deurs, 1997).
The expression and distribution of brush border enzymes varies during the different
stages of human development and between the different small intestinal segments (Dallas
et al., 2012 ; Scott W. Crawley et al., 2014). The brush border membrane is involved in
the terminal nutrient digestion and absorption, and can also serve as a marker for polarity

and differentiation.

Sucrase-isomaltase (SI) and maltase-glucoamylase are two important brush border
disaccharidases that play a role in the hydrolysis of disaccharides and oligosaccharides
into monosaccharides to provide the energy for cellular functions. Sucrase-isomaltase is
the most abundant glycoprotein in the brush border membrane, thus a hallmark enzyme,
and is responsible for the terminal process of starch and glycogen digestion (Hunziker et
al., 1986 ; Naim et al., 1988). Sucrase-isomaltase is composed of 1827 amino acids and
is synthesized as a homologous pro-enzyme dimer and transported via the secretory
pathway to the apical cell surface of villi (Cohen, 2016), where it is cleaved by pancreatic
proteases into two subunits, sucrase and isomaltase (Treem, 1996). Sucrase hydrolyzes
the o-1,2 glucose-fructose linkage of sucrose, the a-1,4 linked glucose linkages of
maltose whereas isomaltase cleaves branched (1-6 linked) a-limit dextrins (Berg et al.,
2006). Then the monosaccharides are transported across the epithelial brush border
membrane for nutrient absorption. Sucrase-isomaltase is anchored in the plasma
membrane as a type —IlI transmembrane protein. The N- terminal is located with a
cytoplasmic tail, and the N-terminal of the isomaltase domain is a serine and threonine
stalk, which is heavily O-linked glycosylated (Figure 1.7;Naim et al., 1988 ; Jacob et al.,
2000)
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Figure 1.7 Structure of pro-sucrase-isomaltase (pro-Sl). Pro-SlI is a type Il
membrane glycoprotein with an N-terminal cytoplasmic tail and a luminal C-
terminal. SI is composed of two homologous domains, isomaltase and sucrase, that
face the lumen. Adapted from (Jacob et al., 2000).

1.1.3 The intestinal epithelial barrier

The intestinal epithelium plays a major role in the maintenance of a balance in
epithelial permeability between the external environment and the internal compartment. It
does so by acting as a selective barrier that prevents the entry of harmful substances and
pathogens but at the same time allowing the essential dietary nutrients, electrolytes and
water to be transported across into the underlying tissues. This highly controlled
translocation can occur through one of two pathways: transcellular and paracellular
transports (Figure 1.8). Transcellular permeability involves movement of a particle
through and across an epithelial cell and generally requires transport-specific protein
complexes or intracellular vesicles. Paracellular transport occurred through the space in
between epithelial cells, and is tightly regulated by intercellular complexes and junctions
localized at the apical-lateral membrane junction and along the lateral membrane
(Groschwitz and Hogan, 2009).
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Figure 1.8 Pathways of epithelial permeability. Transcellular transport involves passage
solutes through intestinal epithelial cells. Paracellular transport occurs via the movement
of solutes through the intercellular space (Groschwitz and Hogan, 2009).

1.1.3.1 Loss of barrier integrity and pathogenesis

The proper functioning of the intestinal epithelium is entirely dependent on the
maintenance of the epithelial barrier integrity and is on important barrier to prevent the
penetration of luminal substances. As previously described, various junctions and multi-
protein complexes seal the space between adjacent cells and anchor them to the
underlying extracellular matrix, and are thus crucial to the upkeep of the epithelial barrier
(Turner, 2006). As such, many enteropathic diseases have been found to be caused by
impaired epithelial barrier function, occurring in conditions of chronic inflammation,
microbial infections, environmental stress, or a combination of the three (Cereijido et al.,
2007).

Impairment of the epithelial barrier and chronic inflammation of the intestinal
mucosa have been described in chronic IBD patients with diarrhea as the predominant
symptom (Gassler et al., 2001). Cytokines produced by activated macrophages play an
important role in the induction of the intestinal inflammatory response to cellular injury
(Zhang and An, 2007). Several studies have associated the increased expression of pro-
inflammatory mediators, including tumor necrosis factor-a. (TNF-a), interferon-y (IFN-vy),
interleukin-13 (IL-1B) and IL-12, with altered or impaired intestinal permeability
(Nakamura et al., 1992 ;Nusrat et al., 2000; Bruewer et al., 2006). TNF-a, through NF-xB
signalling, induces myosin light-chain kinase (MLCK) transcription and elevated protein

levels, resulting in MLC hyperphospoorylation that leads to increased paracellular
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permeability in Caco-2 cells (Figure 1.9A; Ma, 2004 ; Ma et al., 2005 ; Ye et al., 2006).
Similarly, IL-1B can lead to increased tight junction permeability in the intestinal
epithelium under inflammatory conditions by affecting the transcriptional regulation of
the MLCK gene (Al-Sadi and Ma, 2007). IFN-y, produced by lymphocytes, monocytes
and dendritic cells (Schroder et al., 2004), has been shown to cause excessive tight
junction permeability in HT-29 and Caco-2 cells (Di Paolo et al., 1996). Many more
cytokines have been shown to interfere with barrier permeability, by mechanisms that are
yet unknown, and these will be discussed in a later segment.

Microbial pathogens, in a related manner, can also affect epithelial barrier
integrity by triggering the immune response and causing an increase in pro-inflammatory
cytokine release. Bacterial antigens can penetrate through the tight junction complexes
and activate helper T —lymphocytes, thus exacerbating the pro-inflammatory response
and recruiting more circulating inflammatory cells (Figure 1.9 B; Al-Sadi et al., 2009).
During an infection, the increased oxygen demands of the epithelial cells, the invading
pathogens and the innate immune cells recruited to the site of infection cause a severe
drop in available oxygen levels, resulting in a state of hypoxia (Grenz et al., 2012). As a
result, several cellular adaptation mechanisms are initiated to cope with the hypoxic
stress, including membrane alterations and cytoskeletal rearrangements that can

significantly affect intestinal barrier integrity (Figure 1.9 C; Zeitouni et al., 2016).
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Figure 1.9: Conditions leading to defective intestinal barrier. (A) Inflammatory
perturbations caused by TNF-a-induced permeability of tight junctions. (B) Increase in
pathogen antigen translocation and induction of inflammatory response. (C) Hypoxic
stress and loss of barrier integrity during bacterial infection. Adapted from (Al-Sadi et al.,
2009 and Zeitouni et al., 2016).
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1.2 Endoplasmic reticulum

1.2.1 Role of the endoplasmic reticulum

The endoplasmic reticulum (ER) is the largest organelle in the eukaryotic cell and
is the first compartment in the secretory pathway responsible for protein translocation,
protein folding and protein post-translational modification (Ron and Walter, 2007).
Nascent polypeptide chains are folded in the ER lumen into their proper three-
dimensional and oligomeric structures, with the assistance of several ER chaperones and
folding enzymes (David Ron., 2013). Key chaperones include the heat shock proteins
such as glucose regulating peptides GRP78/ GRP94, immunoglobin binding protein
(BiP), and glycoprotein-associated chaperones such as calnexin and calreticulin
(McGuckin et al., 2010). The ER maintains a strict quality control regimen on its
operations and only correctly folded and assembled proteins are transported to the Golgi
apparatus and ultimately to vesicles for secretion to the cell exterior or to be embedded
into the cell membrane (Ellgaard and Helenius, 2003). Unfolded or misfolded proteins
are retained in the ER, translocated back into the cytosol and degraded by the machinery
of ER-associated degradation (ERAD) (Figure 1.10; Tamura et al., 2010).

1.2.2 ER stress and response

The protein folding and modification mechanisms in the ER are highly sensitive
to disturbances to the ER homeostasis, and various stressors, including altered calcium
concentrations, oxidative stress, energy deprivation, increased inflammatory cytokine
expression and onset of hypoxia can all result in the accumulation of misfolded or
unfolded proteins in the ER lumen (Ron and Walter, 2007; Luo and Cao, 2015; Zeitouni
et al., 2016). When the unfolded and misfolded proteins exceed the threshold of ERAD
response and balance is not recovered, a state of ER stress is initiated and triggers the
unfolded protein response (UPR), which resolves the protein folding defects and restores
ER homeostasis (McGuckin et al., 2010).
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The ER stress response is comprised of four mechanisms depending on the
severity of the situation. The first is an attenuation of the protein load entering the ER and
is achieved by lowering protein synthesis and translocation into the ER. The second is the
transcriptional activation of UPR target genes to increase capacity of protein folding and
the third is the transcriptional induction of ERAD and autophagy components to promote
clearance of unwanted proteins. If homeostasis cannot be restored then the fourth

mechanism, cell death, is initiated (Ron and Walter, 2007).

1.2.2.1 The unfolded protein response (UPR)

The UPR signaling pathway is initiated by three main ER stress sensors,
transcription factor 6 (ATF6), inositol-requiring kinase la (IREla) and protein kinase
RNA (PKR)-like ER kinase (PERK), each of which acts by inducing a different signaling
cascade. Under non-stress conditions, these UPR sensors are bound to the ER luminal
chaperone BiP to keep them inactivated. However, upon onset of ER stress, misfolded
proteins accumulate in the ER, BIiP dissociates from these sensors, thus, allowing their
conversion into an active state and enabling them to regulate cellular events that help to
resolve the ER stress (Kaser et al., 2010).

ATF6 is a type Il transmembrane protein with a DNA-binding domain containing
the bzip at its N-terminal cytoplasmic portion. In response to ER stress, ATF6
translocates to the golgi, where it is cleaved by resident proteases (Schindler and
Schekman, 2009). First, ATF6 is cleaved in the luminal domain by serine protease site-
1(S1P) and then in the transmembrane region by the metalloprotease site-2 protease
(S2P), thus, releasing the cytosolic DNA-binding portion, ATF6f (fragment) (Schindler
and Schekman, 2009). The released ATF6f moves to nucleus to activate gene expression
of several genes encoding ER chaperones (BiP, Grp94, and P58IPK), ERAD, and X box-
binding protein-1 (XBP1) (Yoshida et al., 1998; Walter and Ron, 2011). Recently, ATF6
has also been linked to the activation of the apoptosis-related transcription factors, such
as CHOP (Oyadomari and Mori, 2004; Yoshida, 2007; Sano and Reed, 2013).

IREL, is a type | ER transmembrane kinase consisting of a Ser/Thr kinase domain

in its cytosolic portion is involved in the most conserved signaling pathway of the three
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UPR branches (Cao and Kaufman, 2012). There are two isoforms of IRE1, IREla that is
expressed constitutively in all cells and tissues, whereas IRE1p is specifically expressed
in the epithelium cells of the gastrointestinal tract. When either isoform senses ER stress,
by its N-terminal luminal domain, IRE1 dimerizes and autophosphorylates to become
active. Activated IREla then catalyzes the unconventional processing of mRNA
encoding the transcriptional factor X-Box binding protein-1 (XBP1) (Yoshida et al.,
2001). Splicing of XBP1 mRNA encodes a basic leucine zipper (b-ZIP) transcription
factor that leads to the upregulation of genes involved in protein folding, ERAD, protein
quality control and phospholipid synthesis (Hetz et al., 2013).

PERK, also a type | transmembrane protein kinase, gets activated during ER
stress, and works to decrease general protein translocation into the ER and alleviates the
protein folding load by phosphorylating the a subunit of eukaryotic initiation factor 2
(eIF2a), which in turn prevents the formation of ribosomal initiation complexes (Luo and
Cao, 2015). This leads to reduction of mRNA translation and an alleviation of the ER
workload to protect cells from ER stress-mediated apoptosis (Luo and Cao, 2015).
Meanwhile, phosphorylated elF2a is required for the translation of the activating
transcriptional factor 4 (ATF4), a basic leucine zipper (bZIP) transcription factor
(Harding et al., 2000; Kaufman, 2004). ATF4 plays a crucial role by inducing the
expression of UPR-associated transcription factors, ER chaperones, ER stress-mediated
production of reactive oxygen species, intracellular trafficking machinery, regulators of
autophagy and an inhibitory feedback loop through dephosphorylation of elF2a to
prevent the over activation of UPR (Harding et al., 2003). Important targets activated by
ATF4 are: the pro-apoptotic protein CCAAT/enhancer binding protein (EBP)
homologous protein (CHOP), GADD34 (growth arrest and DNA damage-inducible 34)
and ATF3 (Harding et al., 2000). Moreover, PERK is also involved in oxidative stress
signaling by induction phosphorylate nuclear factor (erythroid-derived 2) - related factor2
(NRF2) (Cullinan et al., 2003). Therefore, the PERK-eIF2a branch of the UPR signal
plays an important role to maintain balance during ER stress through ATF4 and NRF2

activation.

20



Chapter 1 Introduction

Translation s ::::: @
inhibiton @ Gl ="~">"%-

Degraded mRNA

\l\l\l\l\ Target genes

ER chaperones

Autophagy Effector

ko somentiien ) IR |~

Figure 1.10 Schematic of ER protein response activated by the three ER stress
sensors (Pluquet et al., 2015).
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1.2.2.2 ER stress and apoptosis

When a cell encounters sustained ER stress or is overloaded with unfolded protein
accumulation in the ER, it initiates pathways leading to cell death. There are two distinct
apoptotic pathways: the intrinsic and extrinsic pathways (Wang, 2001). The extrinsic
pathway is activated by the ligation of tumor necrosis factor a (TNF-a) receptors and
recruitment of caspases to the activated receptor. On the other hand, the intrinsic pathway
is controlled by pro-apoptotic proteins Bax and Bak and the anti/apoptotic BCL/2 family
proteins, leading to cytochrome c release from mitochondria, caspase activation, and

following intracellular controlled degradation (Green, 2005).

The most characterized cell death pathway is the CHOP pathway. CHOP is a
transcription factor that is markedly induced by the ATF6 and PERK pathways during
prolonged ER stress conditions. Overexpression of CHOP has been reported to promote
cell-cycle arrest and/or apoptosis (Matsumoto et al., 1996 ; Maytin et al., 2001). Some
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studies have suggested that the CHOP pathway is a master regulator of ER stress-induced
apoptosis, since CHOP deficient cells exhibit less programmed cell death when faced
with perturbed ER function (Zinszner et al., 1998). In addition, CHOP alters the
transcription of genes involved in apoptosis and oxidative stress, including Tribbles-
related protein 3 (TRB3), death receptor 5 (DR5), carbonic anhydrase VI, and
endoplasmic reticulum oxidoreductinl (ERO1). CHOP alleviates the inhibition of protein
translation imposed by PERK signaling via induction of GADD34 expression (Gorman et
al.,, 2012). Furthermore, the over-expression of CHOP downregulates Bcl-2 but
upregulates expression of caspase-3, Bcl-X, BAX, GADD34, DOCs, EOR1a, and TRB3.
EOR1a can lead to activation of the IP3R-Ca?*- CaMKII pathway. In contrast, the CHOP
negative feedback pathway is stimulated when TRB3 is over-induced. Finally, Bag5
inhibits the expression of CHOP and BAX, but induces Bcl-2 expression (Figure 1.11;Li
etal., 2014).
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Figure 1.11. Mechanism of transcriptional induction of CHOP in ER stress-induced
apoptosis. Adapted from (Li et al., 2014)

The second apoptotic pathway is the IRE1-TRF2-ASK1 pathway. Prolonged ER stress
can lead to the recruitment of TNF-receptor-associated factor2 (TRAF2) by IREla and
subsequent activation of apoptosis-signaling-kinase 1(ASK1) (Oslowski and Urano,

2011). Activated ASK1 activates c-Jun N-terminal protein kinase (JNK) and nuclear
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factor kappa-light —chain-enhancer of activated B cells (NFkB), which plays an important
role in apoptosis by regulating the BCL2 family of proteins (Walter and Ron, 2011).
Moreover, the activation of ER- associated caspases is a well-known pro-apoptotic
pathway involved in ER stress-induced cell death. Caspase-12 is associated with the ER
membrane, and when activated by ER stress, it cleaves and activates caspase-9, which in
turn activates caspase-3, leading to cell death (Tan et al., 2006 ; Morishima et al., 2002).
All the apoptotic pathways ultimately induce the activation of caspase-3, implying that
ER stress signals are eventually transmitted to the mitochondria (Oyadomari and Mori,
2004).

1.2.3 Inflammation-induced ER stress

The Inflammatory response pathway is interrelated with UPR signaling and is
implicated in many disorder such as neurodegenerative diseases , bacterial and viral
infections, cancer, metabolic malfunctions and atherosclerosis (Sano and Reed, 2013).
Metabolic conditions, such as hyperglycemia, or environmental triggers, like hypoxia,
can disrupt protein folding in the ER and chronically activate the UPR (Wang and
Kaufman, 2012). Thus, it is not surprising that ER stress-induced UPR signaling is
involved in the production of pro-inflammatory molecules (Li et al., 2005). An increase
in the protein load in the ER has been shown to trigger the transcription factor NFkB, one
of the key players in the response to intestinal inflammation (Andresen et al., 2005 ;
Zhang and Kaufman, 2008). In general, NFkB is kept in an inactive form within
cytoplasm by IkB protein, thus preventing its nuclear translocation (Bonizzi and Karin,
2004). ER stress induces NFxB by many pathways, as each one of the UPR signaling
cascades discussed previously (IREla, PERK and ATF6) can activate NFkB via a
different mechanism. First, the IRE1a activates NFkB by causing IkB degradation (Hu et
al., 2006). Second, PERK activates NFxB by translational suppression of IkB (Deng et
al., 2004). Third, ATF6 can trigger NFkB through Akt kinase phosphorylation (Yamazaki
et al., 2009).
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1.3 Inflammatory bowel disease (IBD)

Inflammatory bowel disease (IBD) is a chronic, relapsing disorder of the
gastrointestinal tract characterized by inflammation and epithelial injury (Danese and
Fiocchi, 2011 ; (Baumgart and Sandborn, 2012). IBD is a collection of remittent or
progressive inflammatory conditions that may involve the entire gastrointestinal tract and
the colonic mucosa, and it is associated with an increased risk of colon cancer (Kaser et
al., 2010). The two main clinically defined forms of IBD are Ulcerative colitis (UC) and
Crohn’s disease (CD) that represents independent clinical entities including disease
distribution, morphology and histopathology. CD is characterized by inflammation that
extends into all wall layers and can affect any area in the gastrointestinal tract, from the
mouth to the anus. However, the terminal ileum is the most commonly affected region
(Budarf et al., 2009). On the other hand, UC is confined to the mucosal and submucosal
surfaces of the colon, and it is characterized by continuous inflammation that usually
starts in the rectum and generally extends to proximal limit (proctitis, distal, or extensive
colitis). Although the exact etiology of IBD remains unknown, many factors including
host genetic susceptibility, the intestinal microbiota, and environmental triggers can

contribute to an inappropriate mucosal immune response (Ko and Auyeung, 2014).

1.3.1 Cytokines in inflammatory bowel disease

Cytokines play an important role in the regulation of the intestinal immune
system. Cytokines are produced by activated macrophages and act by increasing the
inflammatory reaction, stimulating lymphocytes (especially T cells of the Thl and Th2
phenotypes), intestinal macrophages, and granulocytes to migrate from the bloodstream
through the endothelium into the mucosa and submucosa during chronic inflammation
(Duque and Descoteaux, 2014). The major cytokines include TNF-a, interleukin (IL)-1,
interleukin (IL)-6, interleukin (IL)-8 and interleukin (IL)-11. Moreover, several
chemokines, which are known to induce chemotaxis, and are up-regulated in many
inflammatory diseases, for example MIP-1a, MCP-1, and GRO/KC (Zhang and An,
2007). A description of the various cytokines is provided in tablel. The mucosal changes

in IBD are characterized by up regulated expression of pro-inflammatory cytokines and
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chemoattractant chemokines, cause infiltration of non-specific inflammatory cells (Banks
et al., 2003). The prolonged activation of the intestinal immune system contributes to the
pathophysiology of chronic mucosal inflammation (Elson et al., 1995). Several mucosal
immune cells, including macrophages, T cells and the innate lymphoid cells (ILCs) can
promote chronic inflammation of the gastrointestinal tract by producing pro-
inflammatory and regulatory cytokines upon interaction with antigens from commensal
microbiota (Neurath, 2014). These cytokines and chemokines can further induce tissue
damage by enhancing the production of matrix metalloproteinases and growth factors,
which produce ulceration as well as mucosal repair (MacDermott et al., 1998). Studies
have found evidence that the balance between pro- and anti-inflammatory cytokines is
greatly disturbed in the inflamed mucosa of IBD patients (Rogler and Andus, 1998 ;
Neurath, 2014). Moreover, pro-inflammatory cytokines have been shown to alter cell
surface glycosylation by controlling the expression of glycosyltransferases involved in
carbohydrate chains (Dewald et al., 2016). The pro-inflammatory cytokines IFNY and
TNF-a can impair tight junction integrity and induce apoptosis of intestinal epithelial
cells (Nava et al., 2010 ; Su et al., 2013). T cells isolated from the colon of patients
suffering from CD were found to produce high amount of IFN-y and TNF-o and some IL-
4 or IL-10 (Cyster, 2005; Rimary et al., 2010). Recently, several studies have shown that
the cytokines have been directly involved in the pathogenesis of IBD, and they seem to
have an important role in controlling intestinal inflammation and the associated clinical

symptoms of IBD (Francescone et al., 2015).

1.3.1.1 Interleukin (IL)-1

IL-1 is a potent pro-inflammatory cytokine that activates many immune and
inflammatory cells. It is a type 1 pro-inflammatory cytokine that is up regulated in the
intestinal mucosa of IBD patients (Ligumsky et al., 1990). It is released by monocytes,
macrophages, neutrophils and endothelial cells. IL-1 consists of IL-1a and IL-1f, which
bind to IL-1 receptor on target cells: IL-1a is expressed in many cell types while IL-1
expression is induced mostly in response to microbial molecules (Dinarello, 2009). 1L-1
is up regulated in plasma and tissue in CD and UC (Mahida et al., 1989 ; Casini-Raggi et
al., 1995 ; Turner et al., 2014).
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1.3.1.2 Tumor Necrosis Factor (TNF-a)

Tumor Necrosis Factor (TNF) is an important mediator of inflammation and it is
secreted early on in the inflammatory response from macrophages, monocytes, T cells,
mast cells, fibroblasts and neurons (Tracey et al., 2008). TNF binds to its receptors,
TNFR1 and TNFR2 and subsequently activates NF-aB and leads to the induction of pro-
inflammatory gene expression. A hallmark of severe IBD is the overproduction of TNF-a
in colonic mucosa (Li et al., 2010). In addition, TNF-a induced necroptotic cell death in
the terminal ileum of patients with CD (Gunther et al., 2011). Interestingly, Mucin genes
and protein expression in intestinal cell lines and animal models are similarly influenced
by TNF (Elson et al., 1995 ; Enss et al., 2000) .

1.3.1.3 Monocyte chemoattractant protein 1 (MCP1)

Chemokines play an important role particularly in the recruitment of monocytes,
neutrophils, and lymphocytes, as well as inducing chemotaxis through the activation of
G-protein-coupled receptors. MCP1 is one of the chemokines produced by different cells
such as dendritic cells, macrophage, endothelial cells, and fibroblasts. It is responsible for
monocytes and T-lymphocytes recruitment to sites of inflammation (Tesch et al., 1999).
Interestingly, MCP1 levels are elevated after inflammatory stimuli such as IL-1 and TNF-
a (Luther and Cyster, 2001). IL-1B can induce the expression of MCP1 and the absence
of IL-1p leads to down-regulation of MCP1 at the mRNA and protein levels (Rovin et al.,
1999 ; Kirii et al., 2003). In UC cases, MCP1 is up-regulated and monocyte recruitment
into the colonic mucosa is, leading to an intensified mucosal immune response
(Reinecker et al., 1995; Grimm et al., 1996). The expression of MCP1 is significantly
higher in the mucosa of UC patients as compared to mucosa of healthy patients,
indicating that the production of MCP1 may contribute to the development of UC
(MacDermott et al., 1998 ; Uguccioni et al., 1999 ; Banks et al., 2003).
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Table 1 Selected key cytokines activities implicated in the pathogenesis of IBD

Cytokines  Source in the mucosa Potential function in the IBD

pathogenesis

IFNa, B DCs Promote epithelial regeneration and induce IL-
10 producing cells

TNF-p Thl and Tc cells NO production, cell death

TNF-a Macrophages, mast cells induces death epithelial cells, inflammation, and
pain

IL-1 Neutrophils Augments recruitment of neutrophils,

Stimulates IL-6

Macrophages production by macrophages, inflammation.
IL-10 Inhibits IL-10 knockout mice develop enterocolitis
TNFao, IL-1, 2, 6, 8, IFNy IL- 10 reduced severity of colitis

and nitric oxide production

Macrophages, T lymphocyte

TGFp Promotes wound healing, Increase TGF-f levels in IBD
epithelial restitution TGF-p knockout mice develop colitis
MCP-1 monocytes and T lymphocyte  Recruiting leucocytes into the colonic lesions

1.4 Endoplasmic reticulum stress in the intestinal epithelial cell and

inflammatory bowel disease

ER stress is a hallmark of several diseases. Numerous environmental and genetic
factors can alter the functionality of the ER, leading to the accumulation of misfolded
protein in this organelle, resulting in ER stress. As previously discussed, one of the
cellular adaptations to unresolved ER-stress, is the activation of the unfolded protein
response (UPR). Secretion of antimicrobial peptides and mucins is decreased after UPR
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activation and this may reduce the capability of the mucosal barrier (McGuckin et al.,
2010). The intestinal epithelium contains four types of secretory epithelial cells that are
exposed to exogenous antigens and these include the absorptive epithelium, goblet,
Paneth, and enteroendocrine cells (Barker et al., 2007). Interestingly, the secretory cells
including Paneth cells and goblet cells are very susceptible to ER stress, and the UPR
function is important to maintain epithelial cell homeostasis (Maloy and Powrie, 2011).
Importantly, intestinal secretory cells release important components of the mucosal
barrier to prevent mucosal infection and inflammation. Chronic ER stress and defects in
UPR signaling may contribute to inflammation and inflammation-related human diseases.
Recently, it has been reported that multiple components of the UPR signaling are linked
to ER stress leading to inflammatory bowel disease (IBD) (McGuckin et al., 2010).
Activation of IRE1 pathway is also associated with intestinal inflammation. Several
genes, including XBP1, AGR2 and ORMDL3, encode proteins associated with ER
function and are implicated in susceptibility to Crohn’s and (CD) and Ulcerative colitis
(UC) (Kaser et al., 2010). In fact, Agr2 knockout mice result in the accumulation of
misfolded proteins in the ER (Zhao et al., 2010). The deletion of X-box-binding proteinl
(XBP1), which is a key component of ER stress response, in the intestinal epithelium of
mice led to the induction of ER stress, inflammation and spontaneous colitis (Kaser et al.,
2008). Furthermore, XBP1 deficiency in intestinal tissues increases CHOP, BiP and
ATF4 levels (Garg et al., 2012). In contrast, under ER stress-induced inflammation
conditions, CHOP did not activate the apoptotic pathway even though it did induce
activation of IL-1p (Endo et al., 2006).

The intestinal epithelium is the first to be exposed to trillions of commensal
microbes and various metabolic products derived from the host and its microbiota.
Intestinal epithelial cells provide a barrier between the host and microbiota to maintain
tissue homeostasis. However, disruption of the intestinal epithelium allows translocation
of many commensal bacteria across the intestinal layer, thus inducing chronic mucosal
inflammation. Furthermore, toxins or infectious components from invading pathogens
can affect the protein folding machinery in the ER, ultimately causing ER stress (Kaser et
al., 2013 ; Smith, 2014). Epithelial cells not only act as a physical barrier but can also
function in the maintenance of mucosal homeostasis (Luo and Cao, 2015). Secretory cells
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decrease the release of components in the mucosal barrier when faced with severe ER
stress conditions and can lead to premature apoptosis (Kim et al., 2008). Paneth cells play
an important role in mucosal innate immunity by secreting antimicrobial peptides and
multiple defensins in the small intestine, and when Paneth cells are disrupted, the release
of antimicrobial peptides is decreased and these has been linked to Crohn’s ileitis (Garrett
et al., 2010). Additionally, changes in the expression of defensins and proliferation of
Paneth cell are linked to IBD (Shi, 2007), Goblet cells produce mucins in both small and
large intestines. MUC2 mucin is a highly glycosylated glycoprotein that undergoes N-
glycosylation in the ER and O-glycosylation in the Golgi apparatus before being secreted
into the intestinal lumen (Kim and Ho, 2010). Mutations in Muc2 lead to the
accumulation of MUC2 in the ER of goblet cells of mice and resulted in decreased mucin
secretion and an impaired mucus layer that may be ultimately linked to ulcerative colitis
(Heazlewood et al., 2008). Taken together, the accumulation of immature glycoproteins
induces ER stress in the cells and link to a reduction of mucin secretion. Furthermore,
increased production of typel/ Thl and type2/Th2 cytokines in mice expressing a mutant
Muc2 gene led to the spontaneous development of distal colitis and an increased
susceptibility to DSS-induced colitis (Heazlewood et al., 2008). Cytokines associated
with infections and inflammations induce oxidative stress, and that has been shown to

indirectly aggravate ER stress by, increasing misfolded proteins (Cornick et al., 2015).
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1.5 Aim of the study

Considering the importance of proper ER performance on the overall cellular
fitness and function of the intestinal epithelium, it is crucial to understand the factors that
trigger ER stress and the ensuing effects on the epithelial barrier. Furthermore, with the
instances of IBD on the rise, it has become necessary to unravel the link between
cytokine-induced inflammation, ER malfunction and intestinal disease. This study
focuses on analyzing the effects of pro-inflammatory mediators on ER fitness and the
subsequent influence of ER stress on intestinal epithelial cell polarity, protein folding and

expression of intestinal proteins.

The purpose of this study is 1) to determine the ability of a cytokine cocktail made of
TNF-a, IL-1, MCP-1 to induce ER stress 2) to investigate the effect of cytokine induced-
ER stress on intestinal epithelial cell polarity, barrier integrity, protein folding and the
expression of specific proteins from the apical membrane such as sucrase-isomaltase and
ezrin, and from the basolateral membrane such as ZO-1, and Cx43 and 3) to explore the

role of hypoxia-induced ER stress and its effect on barrier integrity.
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2. Materials and Methods

2.1 Cell culture conditions

The human epithelial colorectal adenocarcinoma, Caco-2 cell line was used in this
study (Sambuy et al., 2005). Caco-2 cells were purchased from the German Collection of
Microorganisms and Cell Cultures (DSMZ) (ACC169). Cells were grown in 10 cm Petri
dishes and maintained by passage number. The cell were maintained in high glucose (4.5
g/L) Dulbecco’s modified Eagle medium (DMEM, Sigma, Germany), supplemented with
10% heat-inactivated fetal calf serum (FCS, Gibco BRL, Germany), and 50 U/mL
Penicillin and 50 pg/ml Streptomycin (Sigma, Germany) to keep the cells active in
culture. Cells were seeded at 4*10° cells/cm? cultured in a humidified atmosphere
containing 5 % CO, at 37°C and medium was changed every second day to replenish
nutrients and keep correct pH and confluence was estimated by microscopy (Leica
Camera AG, Wetzlar , Germany).

2.1.1 Sub-culturing and cell splitting

The cells were split at approximately 80% confluency at ratios of 1:4 - 1.6 to
keep the cells actively in culture. The cells were washed two times with 5 mL PBS, then
3 mL Trypsin-EDTA were added to the plate and then incubated for approximately 10
minutes at 37°C or until the cells have completely detached. Media containing FCS was
added at twice the volume of trypsin-EDTA in order to inactivate it. The cells were
harvested and centrifuged for 5 min at 1200 rpm at 4°C. The pellets were re-suspended in
media by pipetting containing 10% FCS and the cells were seeded in new tissue culture

media dishes and incubated in a tissue culture incubator.

2.1.2 Seeding and quantification of Caco-2 cells

The cells were counted before seeding for each experiment. Cell confluence was
checked using a light microscope Leica DM IL invers (Leica Camera AG, Wetzlar,
Germany) and the cells were trypsinized with Trypsin-EDTA following the sub-culturing
protocol. The cell pellet was re-suspended in 1 mL media with containing 10% FCS, 50
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U/ml Penicillin and 50 pg/ml Streptomycin by pipetting. For cell counting, 10 ul of the
cell suspension were mixed with 10 ul of Trypan Blue solution and applied to a
hemocytometer. Following the Neubauer chamber grid, cell numbers were counted in 5
squares, averaged, and multiplied by the dilution factor (10%). The cells were seeded in

100 mm? dishes and incubated in the tissue culture incubator.

2.1.3 Whole cell lysis

Cells were washed gently 2 times with 5 mL cold phosphate buffered saline
(PBS) on ice and solubilized with 25 mM tris-hydroxymethylaminomethane-hydrochloric
acid (Tris-HCI) and 50 mM sodium chloride (NaCl) at pH 8 containing 0.5% Triton X-
100 and 0.5% sodium deoxycholate and supplemented with a protease inhibitor
containing 1.48 uM antipain dihydrochloride, 1.46 puM pepstatin A, 10.51 uM leupeptin,
0.768 uUM aprotinin, 50 pg/mL trypsin inhibitors and 1 mM phenylmethanesulfonyl
fluoride (PMSF). The cells were scraped on ice by using a silicone spatula and
homogenized with a 1 mL syringe and a 21-gauge needle. The samples were transferred
to a tube, incubated on spinning wheel for 1 hour at 4°C and centrifuged at 13000 x g for
15 minutes at 4°C. The supernatant was collected and the protein concentration was
measured and the lysates were stored at -20°C until further use.

2.1.4 Measurement of protein concentration

The Bradford protein assay is commonly used to measure the concentration of
total protein in a sample. The principle of this assay is based on the binding the protein to
Coomassie dye, then the pKa of the dye shifts causing the color change from brown to

blue.

A standard curve was prepared by using bovine serum albumin (BSA) dilutions
ranging from 0 to 25 ug of protein. Double distilled water (ddH,O) was added to reach
800 pL and 200 uL of Bradford reagent was added to each tube and mixed well. For test
samples, 10 pL lysates were added to 790 puL ddH,O and 200 pL Bradford reagent and

mixed well. The tubes were incubated at room temperature for 5 minutes then 200 pL
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from each tube were transferred into 96 -well plate and the absorbance was measured at
592 nm by an Epoch microplate spectrophotometer. A standard curve was graphed with
each BSA concentration on the X-axis and its corresponding absorbance at 592 nm on the
Y-axis. The protein concentration was calculated using the formula y=ax+b, where y is
the sample absorbance, x is the sample concentration, a is the linear regression

coefficient, and b is the y-intercept, usually set at zero.

2.1.5 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

The SDS-PAGE is a technique to separate proteins according to their molecular
weight by electrophoresis uses a discontinuous polyacrylamide gel as medium and

sodium dodecyl sulate (SDS) to denature the proteins.

Equal concentrations of cell lysate preparations were denatured in Laemmli buffer
(6% (w/v) SDS, 30% (v/v) glycerol, 150 mM Tris, 0.02% (w/v) bromophenol blue) and
50 mM Dithiothreitol (DTT) for 5 min at 95°C. The samples were loaded on sodium
dodecyl sulfate (SDS) polyacrylamide gels with acrylamide percentages dependent on the
protein of interest as shown in table 2.1. Gels were run at constant voltage for 20 min at
80V until the samples crossed into the separating gel and then were run at 120V for about

40 min when the dye in the Laemmli buffer reached the bottom of the glass plates.

Table 2.1: SDS Polyacrylamide gel composition

Stacking gel 5% Separating gel

6 % 10%
ddH20 (mL) 4 ddH20 (mL) 4.0 3.0
Acrylamide (mL) 15 Acrylamide (mL) 1.50 25
1 M Tris, pH 6.8 (mL) 1.875 | 1 M Tris, pH 8.8 (mL) 1.875 1.875
10 % SDS (mL) 75 10 % SDS (mL) 75 75
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TEMED (uL) 75 TEMED (uL) 75 75

10% APS (uL) 8 10% APS (L) 8 8

2.1.6 Western blotting

After separation by gel electrophoresis, the proteins were transfered from the gel
onto a polyvinylidene difluoride (PVDF; Roth, Germany) membrane by wet-blotting. The
PVDF membrane was activated in 96% ethanol for 10 sec before use and assembled into
a cassette with the gel and sandwiched between sponges, and filter papers on either side.
The cassette was placed into the transfer chamber and filled up with transfer buffer (1.92
M glycine, 0.25M Tris, 10% (v/v) ethanol in ddH,0). The transfer was run at constant
current of 240 mA for 100 min.

The membrane was blocked after transfer procedure with 5% non-fat milk in
Tween-TBS (TBST) to reduce the background for 1 hour at 4°C. After blocking, the
membranes were washed 3 times with TBST to minimize background and remove
unbound antibody. The concentration used for each antibody was according to the
manufacturer’s instructions. A list of the antibodies used and their respective
concentrations are described in table 2.2. After primary incubation, the membrane was
washed 3 times and incubated with the corresponding conjugated secondary antibody as

shown in table 2.2.

The specific bands were detected by adding equal volumes of peroxidase substrate
and luminol chemiluminescence reagents (ECL kit, Pierce, USA) and incubated for 1
minute. The membrane was then visualized using the ChemiDoc XRS System (Bio-Rad,

Munich, Germany). The digital images were quantified by using analysis software Image.
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2.2 ER stress induction

2.2.1 Cytokines induced ER stress

A cocktail composed of the inflammatory cytokines Tumor Necrosis Factor
(TNFa) 50 ng/ml, Monocyte Chemo-attractant Proteinl (MCP1) 50ng/ml and
Interleukin1f (IL-1B) 25ng/ml (all R&D systems) were used to induce ER stress in Caco-

2 cells.

The cells were checked for confluency under microscope. The cells were grown
until 7 days post-confluency. After that, the cell were treated for 8 and 24 h with the
cytokine cocktail and the cells were trypsinized with Trypsin-EDTA at every time point
following the lysis protocol (this depends on experiment).

2.2.2 Hypoxia induced ER stress

The cells were seeded and grown for 7 days post confluency in normal tissue
culture incubator. On day 7, media was changed and plates were placed under hypoxia
(1% O,) and under normoxia for 24, 48 and 72 hours, followed by the lysis protocol. For
TEER experiment, the cell were seeded and grown on the cell culture inserts (0.4 pm
poresize, Milicell, Millipore, Germany) in 6-well plates in a normal tissue culture
incubator. On day 21, media was changed and plates were either kept under normoxia or

placed under hypoxia for 24, 48 and 72 hour (for TEER experiment).

Normoxic incubations were performed in a tissue cell culture incubator at 37°C,
5% CO, in water saturated air, while hypoxic incubators were performed in oxygen
controlled hypoxia (Coy Laboratory Products, Grass Lake MI, USA) at 37°C, 1% O, and
5% CO; in a humidified (100%) incubation chamber within the glove box.
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Table 2.2: Concentration of Primary and secondary antibodies

Primary Dilution | Incubation Source Secondary | Dilution
antibody time antibody
(nh (H)
(hour)
Monoclonal 1:20,000 1 Dr.Hans-Peter anti-mouse | 1:5,000
mouse Hauri and Erwin
antibody705 Sterchi,
(recognizing University of
isomaltase Basel and
subunit)) University of
Bern,
DPPIV 1:100 1 Switzerland anti-mouse | 1:5,000
mADb anti-BiP 1:1,000 Overnight | Cell-signalling | anti-rabbit 1:5,000
technology
mAb anti-CHOP 1:1,000 Overnight anti-mouse 1:5,000
Ezrin 1:250 1 Santa Cruz anti-goat 0.5:5,000
Biotechnology,
Inc.
E-cadherin 1:1,000 Overnight anti-rabbit 15,000
. . Cell- signalling ) .
Connexin 43 1:1,000 Overnight anti-rabbit 1:5,000
technology
Caspase3 1:1,000 1 anti-rabbit 1:5,000
Z0-1 2:500 1 Thermo Fisher anti-mouse 1:5,000
Scientific
Calnexin 1:2,000 1 Sigma-Aldrich anti-mouse | 1:5,000
B-actin 1:5,000 1 Santa Cruz anti-mouse | 1:5,000

Biotechnology,
Inc.
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Secondary Source
antibody

anti-mouse
peroxidase
conjugated

Thermo Scientific, (Rockford, IL USA)
anti-rabbit
peroxidase
conjugated

anti-goat Santa Cruz Biotechnology, Inc.
peroxidase
conjugated

2.3 Cell proliferation and cell viability

The effect of inflammatory cytokines on the proliferation and the metabolic
activity of Caco-2 cells was evaluated 24, 48, and 72 h post-treatment, using trypan blue
dye exclusion method and the WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-
tetrazolio]-1,3-benzenedisulfonate) assay (Roche Diagnostics GmbH, Mannheim,
Germany). This latter assay measures the ability of the metabolically active cells to
cleave by mitochondrial dehydrogenases the WST-1 tetrazolium salt to the red colored

formazan.

Cells were counted using a hematocytometer and plated in a 96- well plate at a
density of 10° cells/cm?in 100 ul of culture medium. The cells were incubated for 24, 48,
or 72 h after, which 10 pul of the WST-1 reagent was added to each well and mixed gently
on a shaker. The absorbance was measured at 440 nm using an Epoch microplate
spectrophotometer. The cell viability was measured by using trypan blue dye exclusion
assay. This assay is a gquantitative method to determine the percentage of viable (live)
cells. The assay is based on the principle that live cells with an intact cellular membrane
do not take up certain dyes, whereas the dead cells take up dye and are stained by the dye
as their membrane damages. The cell suspension was thoroughly mixed with 0.4% trypan

blue solution in 1:9 ratios and the mixture was transferred to a hemocytometer to
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determine the number of viable and nonviable cells. Count cells under the microscope in
four 1 x 1 mm squares of one chamber and determine the average number of cells per
square. Cells were counted by using automated cell counter (Countess Automated Cell
Counter, Invitrogen). The viability of the cells was calculated as a percentage using the

following formula:

Cell Viability (%) = total live cells (unstained) =+ total cells (stained and unstained) x 100

2.4 Cytotoxicity assays

Lactate dehydrogenase (LDH) assay is one of the screening techniques to detect
the cytotoxicity and cell death. LDH is a soluble cytoplasmic enzyme that is released
when the cell membrane is damaged or lysis. Therefore, LDH activity can be used as an
indicator of membrane integrity or a measurement of cytotoxicity. The LDH catalyses the
oxidation of lactate to pyruvate by produces reduced nicotinamide adenine dinucleotide
(NADH). The formation of NADH enables the conversion of a tetrazolium salt into a
colored formazan product. The amount of formazan product is proportional to the amount
of LDH released into the medium which absorbs at 490-520 nm.

Cell cytotoxicity was assayed by measuring lactate dehydrogenase (LDH) release
using CytoTox-ONE™ assay (Promega, Manheim) according to the manufacturer's
recommendations. Cells were cultured in 96-well tissue culture plates, in duplicates, and
100 pl of supernatant from untreated, or treated with inflammatory cytokines for 8 and 24
hours at days 7 post-confluency, media alone and positive control (LDH max; cells lysed
with 10% Triton X-100) were used. The plates were shaked gently and incubated for 10
min at room temperature in the dark. Next, 50 puL of the stop reagents were added to each
well and mixed by gentle shaking. The plates were read at an excitation wavelength of
544 nm and an emission wavelength of 620 nm using a FLUOstar OPTIMA microplate
reader. The fluorescence values measured from the medium alone were subtracted from
the values measured from LDH max, untreated and treated cells. The cytotoxicity of the
cytokine cocktail on cells as compared to untreated cells was calculated as a percentage

using the following formula:
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% cytotoxicity =100 x (untreated or treated cells reading volume -medium alone reading volume)

Maximum LDH release volume - medium alone reading volume

2.5 Transepithelial Electrical Resistance (TEER)

TEER is a widely used technique to measure the integrity of tight junctions in cell
culture models of epithelial monolayer. TEER measurement was performed using a
Millicell-ERS device (Millipore) and chopstick-style electrodes. Equal numbers of cells
were seeded on cell culture inserts (0.4 um poresize, Milicell, Millipore, Germany) in 6-
well plates. The cells were tested at day 21 post-seeding. The cells were treated with the
mixtures of inflammatory cytokines for 0, 8, 24 and 48 hours and TEER was measured at
every time point. For hypoxia experiment, the cells were seeded on cell cultures inserts in
6-well plates and were tested at day 21 post-seeding. On day 21, media was changed and
plates were either kept under normoxia or placed under hypoxia for 24, 48 and 72 hours.
The TEER was measured at every time point.

The setup for TEER measurement, as shown in Figure 2.1, consists of a cellular
monolayer cultured on a cell culture insert having an apical (upper) and a basolateral
(lower) compartment. The epithelial voltmeter (EVOM) was used for TEER
measurement. One electrode was placed in the upper compartment and the other placed in
the lower compartment, separated by the cellular monolayer. The resistance was

measured using a 4 point measurement system on transwell permeable inserts.
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Figure 2.1 Transepithelial electrical resistance (TEER) measurements with chopstick
electrodes. The cells were seeded on cell culture insert. The TEER was measured by
electrical epithelial voltmeter.

2.6 Brush border membrane isolation

Brush border membranes of Caco-2 cells were isolated by the modified (Sterchi
and Woodley, 1980). The Brush border separation was performed by divalent cation
precipitation (Schmitz et al., 1973). This method separates the brush border membranes
from intracellular and basolateral membranes through the discriminatory effect of Ca?*
and they do not precipitate with Ca®* and the pure brush border membranes are separated
from other membranes by centrifugation. Caco-2 cells were seeded at 4x10°cells/cm? and
plated on 10 cm tissue culture dishes. The cells were grown until 7 days post-confluency.
After 8 and 24 hours treatment with the cytokine cocktail, the cells were put on ice and
rinsed twice with ice-cold 1x PBS buffer. The cells were solubilized and homogenized
using a Potter-Elvehjem homogenizer in the hypertonic homogenization buffer (Tris-HCI
2 mM, mannitol 50 mM, pH 7.1) supplemented with 50 puL of protease inhibitor mix. The
homogenates were passed through a 21-gauge needle 20 times /ml. An aliquot of 100 uL
was taken from the total homogenate, denoted as homogenate fraction (H). The
remainder of the total homogenate was treated with 10 mM Calcium chloride (CaCl,) and
gently rotated at 4°C for 30 min in order to separate the intracellular and basolateral

membranes. The mix was centrifuged at 2,000 x g for 30 min resulting in a pellet (P1),
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corresponding to the basolateral and intracellular membranes and a supernatant. The P1
fraction was resuspended in 200 pL of BBM buffer (Tris-HCI 10 mM, NaCl 150 mM, pH
7.4). The supernatant was centrifuged at 25,000 x g for 30 min to obtain the transparent
pellet corresponding to the brush border membranes (P2). The P2 fraction was re-
suspended in 200 puL of BBM buffer using a needle to dissolve the pellet completely. The
H, P1 and P2 fractions were used in further biochemical analyses. The fractions of brush

border membrane isolation are shown in Figure 2.2.
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Figure 2.2: The fractions of brush border membrane isolation. H: total membranes and
cytosol, microsomal, internal membranes; P1: membrane bound intracellular components
and basolateral membranes; P2: brush border membranes.

2.7 Enzyme activity measurements

Samples of 25 pL from the homogenate (H), intracellular and basolateral
membranes (pellet 1 fraction, P1), and brush border membranes (pellet 2 fraction, P2)
were taken and added to 25 pL of sucrose (150 mM sucrose in Tris-HCI with pH 6.00).
Each sample was incubated for 1 h in a 37 °C water bath. The samples were then spun

down shortly and supplemented with 200 pL. of GOD-PAP mono-reagent (Axiom mbH,
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Germany) to determine the enzymatic activity of sucrase isomaltase (SI). A standard
curve was prepared using increasing concentrations of glucose (the product of sucrose
metabolism) as shown in table 2.3. The enzyme activities were normalized to the protein
amount in each sample, which was quantified by western blotting.

Table2.3. Preparation of standard curves

Glucose 1pg/ul. | 0 2 4 8 12 16 20
ddH,O 50 48 46 42 38 34 30
Axiom Reagent | 200 200 200 200 200 200 200

2.8 Statistical analysis

All data were analysed from at least three independent experiments. For Western
blot, bands were quantified by the Quantity One 1-D Analysis Software (Bio-Rad
Laboratories GmbH). Data analysis was performed with Microsoft Excel 2010. Results
are shown as means + SEM and the differences between groups were analyzed by using
One way ANOVA with Turkey’s multiple test. Western blot data were analyzed by
paired Student’s t-test. The statistical significance was indicated as follows : ns= non-
significant; *p<0.05; ** p<0.05; ***p<0.001.
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3.1 The cytotoxicity of cytokine treatment

3.1.1 The proliferation of the Caco-2 cells using WST assay

In order to accurately determine the effect of the selected cocktail (CK) of
inflammatory cytokines [TNFa (50ng/ml), MCP1 (50ng/ml), and IL-1B (25ng/ml)] on the
differentiation of Caco-2 cells, we first needed to ascertain that the cytokines are not toxic to
the cells and do not affect their proliferation. Therefore, we investigated the effects of CK
treatment on the proliferation of cells, by measuring the cellular metabolic activity using a
WST-1 assay. The results have shown that the CK treatment did not affect the proliferation of
the cell at 24, 48 and 72 hours (Figure 3.1).
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m CK
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Figure 3.1: The proliferation of the Caco-2 cells by measuring the cellular metabolic activity
using a WST-1 assay. The cells were incubated for 24, 48, or 72 hours after WST-1 reagent
was added to each well and the absorbance was measured at 440 nm. Data represent mean +
SEM, NS= non-significant, from three independent experiments.
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3.1.2 The cell viability

In the following studies, the cells were checked for viability after treated with CK at
24, 48 and 72 hours by using trypan blue. Trypan blue is a commonly used assay for staining
dead cells. The percentage of cell viability did not different between control and treatment at
24, 48 and 72 hours (Figure 3.2).
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Figure 3.2: The percentage of cell viability. The cells were incubated at 24, 48, or 72 hours
and were determined the percentage of viable (live) cell by using trypan blue dye exclusion.
There was no significance between CK and control treatment. Data represent mean + SEM.
NS= non-significant, from three independent experiments.

3.1.3 Checking cell toxicity

LDH assay was performed to investigate cytotoxic effects of the CK treatment. Using
the cytotoxicity assay the level of LDH, a cytosolic enzyme released upon cell lysis, was
measured in the supernatant of Caco-2 cells cultured and treated as previously described. The
very well characterized LDH cytotoxicity assay shows that there is no significant difference
in LDH release from 7-days post confluent cells treated for 8 and 24 hours as compared to the
untreated controls confirming thus the absence of CK induced toxicities in Caco-2 cells
(Figure 3.3).
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Figure 3.3: % cytotoxicity after cytokine treatment. Percentage of maximum LDH release was
determined by media supernatant of samples. There was no significance between CK and
control. The CK had no effect on viability of Caco-2 cells. Data represent mean + SEM. NS=
non-significant, from three independent experiments.

3.1.4 Checking cells for apoptosis

For investigation of cell apoptosis, Caco-2 cells were treated with CK at 8 and 24 hour
at day 7 post-confluency. Protein concentration was determined by Bradford protein assay
which is determined by a comparison to the Bradford standard curve. Equal amounts of
protein from lysate of Caco-2 cells were loaded for each lane on SDS gels with 10%
polyacrylamide and blotted. An immunoblot of Caspase-3 showed no cleavage after treatment
is induced, an indication that apoptosis was not initiated in these cells (Figure 3.4).
Collectively, CK treatment induces ER stress without affecting the viability of Caco-2 cells.

7d 8h 7d 24h
Ctrl CK Ctrl CK
35kDa ) | — | ——

17kDa  mep

Figure 3.4: Cytokine is not inducing apoptosis in Caco-2cells. Immunoblot of Caspase-3 in
CK and control treatment is shown that no cleavage after treatment. The experiment was
performed three times and representative data are shown.
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3.2 Cytokine treatment induces ER stress marker (BiP and CHOP

expression)

In order to determine whether CK treatment induces ER stress, we examined levels of
the ER markers, BiP and CHOP, at 7 days post-confluency after 8 and 24 hours of treatment.
While BiP is a ER resident chaperone, involved in ER quality control (Gardner et al., 2013),
CHOP is a transcription factor induced during ER stress (Oyadomari S et al., 2004). Western
blotting shows that cytokine treatment significantly increased BiP and CHOP levels in treated
cells as compared to untreated cells (Figure 3.5 A, B; Figure 3.6, A, B), a significant time
dependent increase in the expression of the ER stress markers was observed at 8h (BIP,
P<0.05; CHOP, P<0.05) and 24h (BIP, P<0.005; CHOP, P<0.05) post treatment. The
observed upregulation of BiP and CHOP confirmed the initiation of ER perturbation by the
current treatment.

A 7d 8h 7d 24h
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Figure 3.5A: Cytokine treatment induces BiP expression in Caco-2 lysates. Immunoblot of
BiP in lysates of Caco-2 cells treated with CK and without CK. B-actin is shown as a loading
control. Data are representatives of three independent experiments.
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Figure 3.5B: Quantification of Western blots of cytokine treatment induces BiP expression in
Caco-2 lysates. The immunoblot of BiP were normalized with loading control (-actin). Data
represent the mean + SEM from three independent experiments. The BiP expression was
significant difference between CK and control treatment at 8 and 24 hour at 7 days post-
confluency, using ** P<0.005 and * P<0.05 in a student’s t-test.

A 7d 8h 7d 24h
Ctrl CK Ctrl CK

CHOP | s S Sl SN | 27 kDa

B_actin — — - e s, 43 kDa

64



Chapter 3 Results

.5 3 - . @ Ctrl
¥
-1
A 2.5 1 . B cK
= 2
<
U L5
=
o 1 1
3
E 0.5 -
=]
Z 0 =1 T T

Ctrl CK Ctrl CK

7d 8h 7d 24h

Figure 3.6: Cytokine treatment induces CHOP expression in Caco-2 lysates. (A) Immunoblot
of CHORP in lysates of Caco-2 cells treated with CK and without CK. B-actin is shown as a
loading control. Data are representatives of three independent experiments. (B) Normalized
band of immunoblot of CHOP with loading control. Data represent the means + SEM from
three independent experiments. The CHOP expression was significant difference between CK
and control treatment at 8 and 24 hour at 7 days post-confluency, using * P<0.05 in a
student’s t-test.

3.3 Cytokine treatment leads to a decrease in TEER

Integrity alterations of the intestinal barrier can lead to disruption of intestinal
homeostasis, and subsequent inflammation (Mike G Laukoetter et al., 2008). To determine
loss of integrity, we examined integrity by TEER measurement. As shown in figure 3.7,
TEER reported after treatment and normalized to control untreated Caco-2 cells was
significantly decreased after 24h (18%, P<0.0001) and 48h (27%, P<0.0001) of treatment
while no difference was observed after 8h of treatment. This data indicates a loss of epithelial

barrier integrity after ER stress induces for at least 48h.
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Figure 3.7: The integrity of the intestinal barrier after treatment. The treatment was assessed
by measuring the transepithelial electrical resistance (TEER). Cells were seeded on Millipore
Milicell® cell culture inserts (0.4 pm poresize) for 21 days post-seeding, cells were treated
with the cocktail of inflammatory cytokines for 0, 8, 24 and 48 hours and TEER was recorded
using a Millicell-ERS device. Cytokine treatment induced a time-dependent decrease in
TEER (up to 28%, 48 hour post treatment) compare to control treatment, using * P<0.05 ***
P<0.0005 in a student’s t-test.

3.4 Expression level of total protein

To approach the effect of ER stress on protein expression at the adherens junction
complex and gap junctions, we investigated the levels of the protein by immunoblotting after
8 and 24 hours at 7 days post confluency. The expression levels of all studied proteins were
significantly increased, in comparison to the control treatment, following CK treatment for
8 h: the expression level of brush border marker ezrin was upregulated (50%, P<0.05) (Figure
3.8 A,B) , E-cadherin (50%, P<0.05) (Figure 3.9 A, B), and connexin-43 (65%, P<0.05)
(Figure 3.10 A,B), while 24 hour post-treatment only ezrin and E-cadherin were significantly
up-regulated (P<0.05) by 65% and 60%, respectively. However, the observed increase in the

levels of connexin-43 did not achieve statistical significance (P=0.06502).
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Figure 3.8: Cytokine treatment induces ezrin expression in Caco-2 lysates. (A) Immunoblot of
ezrin in lysates of Caco-2 cells treated with CK and without CK. B-actin is shown as a loading
control. Data are representatives of three independent experiments. (B) Normalized band of
immunoblot of ezrin with loading control. Data represent the means + SEM from three
independent experiments. The ezrin expression was significant difference between CK and
control treatment at 8 and 24 hour at 7 days post-confluency, using * P<0.05 in student’s t-
test.
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Figure 3.9: Cytokine treatment induces E-cadherin expression in Caco-2 lysates. (A)
Immunoblot of E-cadherin in lysates of Caco-2 cells treated with CK and without CK. B-actin
is shown as a loading control. Data are representatives of three independent experiments. (B)
Normalized band of immunoblot of E-cadherin with loading control. Data represent the
means + SEM from three independent experiments. The E-cadherin expression was
significant difference between CK and control treatment at 8§ and 24 hour at 7 days post-
confluency, using * P<0.05 in a student’s t-test.
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Figure 3.10: Cytokine treatment induces connexin-43 expression in Caco-2 lysates. (A)
Immunoblot of connexin-43 in lysates of Caco-2 cells treated with CK and without CK. B-
actin is shown as a loading control. Data are representatives of three independent
experiments. (B) Normalized band of immunoblot of connexin-43 with loading control. Data
represent the mean + SEM from three independent experiments. The connexin-43 expression
was significant difference between CK and control treatment at 8 and 24 hour at 7 day post-
confluency, using * P<0.05 in a student’s t-test.
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3.5 Biochemical analyses of brush border isolation

Brush border membranes are the rich source of intestinal disaccharides. Therefore, the
proper sorting of disaccharides in intestinal epithelial polarized towards the apical membrane
is an important step that occurs and at the same time it ensures intact physiological function of
these proteins (Lindner and Naim, 2009). We, therefor investigated the effect of cytokine
induced-ER stress on the expression of specific proteins from the apical membrane and from
the basolateral membranes; we examined the isolation of brush border membranes in Caco-2
cells at 8 and 24 hours at 7 days post-confluency. Brush border membranes were separated
from intracellular and basolateral membranes by Ca?* precipitate since brush border
membranes do not precipitate whereas other membranes do. Therefore, the experiments were
performed and examined the alteration of the hSI expression, enzyme activity and sorting of
the enzyme. Moreover, these experiments were performed to observe the expression of
DPPIV and ezrin, which are protein markers for apical proteins and ZO-1 and connexin-43,

which are protein markers at the adherent junctions and gap junction, respectively.

Firstly, a glucose standard curve was performed in all membrane fractions to measure
the enzymatic activity of sucrase. The expression of hSI was investigated by observable total
homogenate (H) regarding to the specific activity of sucrose in pumol glucose per h per mg
total protein as shown in figure 3.11 A. The specific activity of sucrose in total homogenate
was significantly decreased by CK treatment at 24 hours at 7 days post-confluency compared
to control treatment. The specific activity of sucrose in total homogenate at 8 hour 7 days post
confluency was not significantly decreased by CK treatment however, it tended to decrease

compared to control treatment (P= 0.05536).

Secondly, Sucrase-isomaltase expression was analyzed by measuring the homogenate
(H) band intensity of hSI in the same loading amount of total protein (Figure 3.11B). There
was no significantly difference neither in the control nor in the CK treatment at day 7 post-
confluency at 8 and 24 hours.
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Figure 3.11 A: Specific activity of sucrose in total homogenate after CK treatment at 8 and 24
hour 7 days post-confluency of Caco-2 cells. Specific activity of sucrase in the total
homogenate (H) was significantly decreased in CK treatment at 24 hours. Data represent
mean ratios of three independent experiments + SEM. P<0.05 and ns = non-significant, using
student’s t-test.
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Figure 3.11 B: Sucrase-isomaltase (hSl) expression in total homogenate after CK treatment at
8 and 24 hour of 7 days post-confluency of Caco-2 cells. hSI expression was detectable after
loading of 50 pg total protein from the Homogenate. There was no significant difference
between CK and control treatment at 8 and 24 hour at 7 days post-confluency. Data represent
mean ratios of three independent experiments + SEM. ns = non-significant, using student’s t-
test.
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Thirdly, the catalytic capacity was analyzed by sucrose activity related to the band
intensity of hSI in the equal volume of homogenate in control and CK treatment (Figure 3.11
C). There was a significant decrease of catalytic capacity at 8h (P<0.005) and at 24h (P<0.05)

at 7 days post-confluency
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Figure 3.11 C: Catalytic capacity of Sucrase-isomaltase in total homogenate after CK
treatment at 8 and 24 hour 7 days post-confluency of Caco-2 cells. The catalytic capacity of
hSI was significantly decreased at 8 and 24 hours at 7 days post-confluency. Data represent
mean ratios of three independent experiments + SEM, using ** P<0.005 and * P<0.05 in a
student’s t-test.

Additionally, hSI expression was not significantly different; however, the catalytic
capacity of hSI was significantly decreased in CK treatment. Therefore, the sorting of hSI was
determined by measurement of the ratio of specific activities of P2 versus P1 as percentage.
There was significantly reduced of hSI sorting to the apical membrane after CK treatment in

Caco-2 cells at 8 and 24 hour at 7 days post-confluency as shown in figure 3.11 D.
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Figure 3.11 D: The effect of CK treatment on the sorting of Sucrase-isomaltase at 8 and 24
hour at 7days post-confluency of Caco-2 cells. The sorting of hSI was significantly reduced in
CK treatment at 8 and 24 hours at 7 days post-confluency. Data represent mean ratios of three
independent experiments + SEM, using ** P<0.005 and * P<0.05 in a student’s t-test.

Moreover, normally well brush border membranes are related to the enrichment factor
of the brush border membranes in P2 fraction (Schmitz et al., 1973; Chantret et al., 1988).
Therefore, this factor is evaluated by comparison the activities of the intestinal differentiation
marker Sl in the P2 fraction to the total cellular homogenates (H) fraction. The enrichment
factor of Sl in P2 in CK treatment was significantly decreased (P<0.005), respectively, by
65% and 55% when Caco-2 cells were treated with the CK for 8h and 24h at 7 days post-
confluency (Figure 3.11 E). This lower enrichment could be explained by the late trafficking
of Sl under the selected CK treatment. Furthermore, the band intensity of Sl in P2 and H
fractions were analyzed by western blots as shown in figure 3.11 F. The Sl band intensity in
P2 fraction was stronger than in the H fraction in control treatment, however, the SI band
intensity in P2 in CK treatment was reduced and partial presence in P1 and H fractions at 8
and 24 hour at 7 days post-confluency. Taken together, in CK treatment the band intensity of
Sl in P2 was substantially reduced concomitant with reduced the specific enzyme activity of
SI.
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Figure 3.11 E: The enrichment of SI in brush border membranes (P2) in Caco-2 cells. Band
intensities from H and P2 fractions were quantified. Mean intensity in P2 was divided by
mean intensity in H for corresponding total proteins. The enrichment P2 in CK was
significantly decreased at 8 and 24 hour at 7 days post-confluency. Data represent mean
ratios of three independent experiments + SEM, using ** P<0.005 and * P<0.05 in a student’s

t-test.
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Figure 3.11 F: The distribution of brush border enzymes in Caco-2 cells. Brush border
membrane was isolated by calcium chloride precipitation method. Protein amounts in
homogenate (H), membrane bound intracellular components and basolateral membranes (P1),
and brush border membranes (P2) were determined and equal amounts were loaded on SDS

gels for 50 pg of each protein.
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Furthermore, Dipeptidyl peptidase IV (DPPIV) has been shown to be targeted to the
apical surface in Caco-2 cells via a transcytotic pathway (Matter et al., 1990). Therefore, we
examined the effect of cytokines on the distribution of DPPIV in Caco-2 cells at 7 days post-
confluency. Similarly to Sl, in comparison to control untreated cells, the enrichment factor of
DPPIV in the P2 fraction was significantly decreased almost 4 fold in CK treated Caco-2 cells
as shown in figure 3.12. The immunoblot of DPPIV was mostly presence in H and P1 fraction
in comparison to control treatment at 8 and 24 hour at 7 days post-confluency (Figure. 3.11
F).
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Figure 3.12: The enrichment of DPPIV in brush border membranes (P2) in Caco-2 cells. Band
intensities from H and P2 fractions were quantified. Mean intensity in P2 was divided by
mean intensity in H for corresponding total proteins. The enrichment P2 in CK was
significantly decreased at 8 and 24 hour at 7 days post-confluency. Data represent mean
ratios of three independent experiments + SEM, using ** P<0.005 and * P<0.05 in a student’s
t-test.

Additionally, the marker proteins at the apical and basolateral membranes such as
ezrin, ZO-1, connexin-43 were analyzed by immunoblotting of homogenate (H), membrane
bound intracellular components and basolateral membranes (P1), and brush border
membranes (P2) and equal amounts (50 pg) were loaded on SDS gels as shown in figure 3.13
A. It has been reported that brush border marker protein ezrin is expressed in differentiated
cells approximately 3 times higher than in proliferating Caco-2 cells (Pshezhetsky et al.,

2007). The ezrin expression has been shown in H and P1 fraction and partially presented in
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P2 fraction in Caco-2 cells after CK treatment at 8 and 24 hour at 7 days post- confluency in
comparison to control treatment. The enrichment factor in P2 of ezrin in CK treatment was
significantly decreased (10%, P<0.05) comparable to control treatment as shown in figure
3.13B. In order to investigate if cytokines might alter the protein expression in the basolateral
membranes in Caco-2 cells, we set out to further examine the expression of ZO-1 and
connexin-43. ZO-1 localizes to tight junctions and connects to the linker between
cytoskeleton and junctional complexes (Stevenson et al., 1986). The expression of ZO-1 in
CK treatment at 8 and 24 hour at 7 days post-confluency was not significant different in
comparison to control treatment (Figure 3.13 A, C). Moreover, connexin-43 is the integral
membrane and plays an important role in gap junctions. The expression of connexin-43 was
no significant difference in CK treatment in comparison to control treatment at 8 and 24 hour
at 7 days post-confluency in Caco-2 cells. In order to confirm the protein is located at the
apical membrane and the separated purity of brush border membrane, we looked at the
endoplasmic reticulum resident protein calnexin. In general, calnexin is absent in the P2
fractions: yet, we found partial calnexin in the P2 fraction, this indicated that the
contamination of purification of P2 and aggravated purification of P2 possibly due to apical

membrane.
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Figure 3.13 A-C: Biochemical analysis of the distribution of protein markers. (A) Brush
border membrane was isolated by calcium chloride precipitation method. Protein amounts in
homogenate (H), membrane bound intracellular components and basolateral membranes (P1),
and brush border membranes (P2) were determined and equal amounts were loaded on SDS
gels for 50 pg of each protein. (B) Band intensities from H and P2 fractions were quantified
and mean intensity in P2 was divided by mean intensity of H. The enrichment in P2 of ezrin
was significantly decreased at 8 and 24 hour at 7days post-confluency in Caco-2 cells in
cytokine treatment. (C) Band intensities from H in ZO-1 and connexin-43 were quantified
and normalized with a loading control. There were no significant differences in the expression
of ZO-1 and connexin-43 in the CK treatment at 8 and 24 hour at 7 days post-confluency.
Data represent mean ratios of three independent experiments + SEM, using * P<0.05 in a
student’s t-test.
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3.6 Hypoxia induces ER stress

3.6.1 Hypoxia leads to a decrease in TEER

Hypoxia has been shown to induce ER stress. This results to membrane alterations and
cytoskeletal rearrangements that can affect intestinal barrier integrity (Zeitouni et al., 2016).
In order to confirm the effect of hypoxia on intestinal barrier integrity, we examined integrity
by TEER measurement. A decrease in TEER was observed after 48h and 72h under hypoxia,
TEER significantly decreased after 48h by 11.96% (P<0.005) and 72h (14.65%, P<0.05)
while no difference was observed after Oh and 24h under hypoxia. This data indicates that
persistence of ER stress induced for 48h is necessary to induce loss of epithelial barrier

integrity.
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Figure 3.14: The integrity of the intestinal barrier under hypoxia. The treatment was assessed
by measuring TEER. Cells were seeded on Millipore Milicell® cell culture inserts (0.4 um
poresize) for 21 days post-seeding, cells were placed under normoxia or hypoxia condition for
0, 24, 48 and 72 hour. TEER was recorded using a Millicell-ERS device. The TEER values
were significantly reduced in hypoxia after 48 and 72h by 11.96%, 14.65% respectively,
using * P<0.05, ** P<0.005 in a student’s t-test.
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3.6.2 BiP and CHOP (ER marker) expression under hypoxia condition

In order to confirm the hypoxia induces ER stress, we examined levels of the ER
markers, BiP and CHOP, at 24, 48 and 72 hours at 7 days post-confluency under normoxia or
hypoxia. The results in figure 3.16 show a significant decrease in BiP expression at 48h
(P<0.005), 72 h (P<0.05) as compared than under normoxia. Western blotting shows the band
of BiP and CHOP under hypoxia is stronger increased than normoxia at 24, 48 and 72 hours,
respectively (Figure 3.15). The observed upregulation of BiP and CHOP confirmed the

initiation of ER perturbation under hypoxia condition.
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Figure 3.15: Immunoblot of BiP under Hypoxia and Normoxia in Caco-2 lysates. Immunoblot
of BiP in total lysates of Caco-2 cells under hypoxia and normoxia at 24, 48 and 72 hours at 7
days post-confluency. B-actin is shown as a loading control. Data are representatives of three
experiments.
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Figure 3.16: Hypoxia induces BiP expression in Caco-2 lysates. The immunoblot of BiP were
normalized with loading control (B-actin). Data represent the mean + SEM from three
independent experiments. The BiP expression was significant difference between hypoxia and
normoxia at 48 and 72 hour at 7 days post-confluency, using ** P<0.005 and * P<0.05 in a
student’s t-test.
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Figure 3.17: Hypoxia induces CHOP expression in Caco-2 lysates. The immunoblot of CHOP
were normalized with loading control (B-actin). Data represent the mean + SEM from three
independent experiments. The CHOP expression was significant difference between hypoxia
and normoxia at 72h at 7 days post-confluency, using ** P<0.005 and * P<0.05 in a student’s
t-test.

80



Chapter 3 Results

Reference

Gardner, B.M., Pincus, D., Gotthardt, K., Gallagher, C.M., Walter, P., 2013. Endoplasmic
reticulum stress sensing in the unfolded protein response. Cold Spring Harb. Perspect.
Biol. doi:10.1101/cshperspect.a013169

Lindner, R., Naim, H.Y., 2009. Domains in biological membranes. Exp. Cell Res.
doi:10.1016/j.yexcr.2009.07.020

Pshezhetsky, A. V., Fedjaev, M., Ashmarina, L., Mazur, A., Budman, L., Sinnett, D., Labuda,
D., Beaulieu, J.F., Menard, D., Nifantev, I., Levy,E ., 2007. Subcellular proteomics of
cell differentiation: Quantitative analysis of the plasma membrane proteome of Caco-2
cells. Proteomics 7, 2201-2215. doi:10.1002/pmic.200600956

Stevenson, B.R., Siliciano, J.D., Mooseker, M.S., Goodenough, D.A., 1986. Identification of
Z0O-1: A high molecular weight polypeptide associated with the tight junction (Zonula
Occludens) in a variety of epithelia. J. Cell Biol. 103, 755-766.
d0i:10.1083/jch.103.3.755

Zeitouni, N.E., Chotikatum, S., von Kdckritz-Blickwede, M., Naim, H.Y., 2016. The impact
of hypoxia on intestinal epithelial cell functions: consequences for invasion by bacterial
pathogens. Mol. Cell. Pediatr. 3, 14. doi:10.1186/s40348-016-0041-y

81



Chapter 4

Discussion

82



Chapter 4 Discussion

Chronic gastrointestinal inflammatory conditions, such as those found in cases of
inflammatory bowel disease, are characterized by excessive inflammatory responses to several
stressers. There seems to exist a cycle in which certain factors cause injury to the intestinal
epithelium, triggering an inflammatory response, followed by a surge in pro-inflammatory
mediators that, in turn, aggravate the resulting epithelial barrier dysfunction (Cummins et al.,
2013). A chronically inflamed intestinal tract is evidenced in most IBD patients suffering from
Crohn’s disease or ulcerative colitis, and in fact, many studies have focused on the effect of ER
stress on the develovement of IBD (Garg et al., 2012) and the role of cytokines in its pathogenesis
(Neurath, 2014). The well regulated intestinal homeostasis is disturbed by mucosal disorders
including IBD. Bacterial antigens from the lumen pass through the intestinal wall and these alter
the mucosal and intestinal epithelial barrier function (Deuring et al., 2011). Subsequently, the
immune response including macrophages, T cells and innate lymphoid cells gets activated and
produces a group of cytokines that influence the activity, diferentiation or proliferation of other
cells (Rogler and Andus, 1998). These cytokines can then induce tissue injury and might lead to
diarrhea and fibrosis in IBD (Sartor, 1997). The mediators IL-1p, IL-1a, TNF-a, IL-6, MCP-1
and IFN-a have been used in tissue culture and in vivo models to characterize the acute response
in IBD (Reinecker et al., 1995; Ziambaras et al., 1996). Moreover, studies in cytokine knockout

mice models are known to develop colitis (Beck and Wallace, 1997).

Therefore, elucidating the exact etiology of IBD, remains the focus of various studies, especialy
with these pathological disorders becoming more of a public health issue, as well as a high
financial burden. Little is known about how cytokines induce ER stress and their effect on protein
expression in the intestinal epithelium cell. This study was performed with the following specific

aims:
1. Determining the role of cytokines in inducing ER stress in Caco-2 cells
2. Investigating the effect of ER stress on epithelial barrier function and integrity

3. Examining the alteration of intestinal protein expression
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4. Evaluating the consequences of ER stress trafficking of specific proteins to the

apical and basolateral membranes.

While it is true that the exact causes of IBD are still unknown, studies have uncovered
several factors that are involved in the development of chronic inflammation. Tumour necrosis
factor-o. (TNF-a) and reactive oxygen species (ROS) can directly affect protein folding in the ER
(Xue et al., 2005) and studies have indicated that TNF-a, as well as interleukin 1B, are capable of
inducing ER stress (Tracey et al., 2008; Wang et al., 2009). Cytokines, chemokines and nitric
oxide (NO) are released under intestinal inflammation (Grimm et al., 1996; Herulf et al., 1998;
Nakamura et al., 1992). Futhermore, during intestinal inflammation, these pro-inflammatory
mediators increase protein production by stimulating intestinal epithelial cells, such as Paneth and
goblet cells. The accumulation of large amounts of secretory proteins, including antimicrobial
peptides and mucins, is very likely to affect protein synthesis and protein folding (Deuring et al.,
2011; Hayday et al., 2009).

The initial step taken in this study was to establish a proper in vitro model for intestinal epithelial
cells and to test the effects of a cocktail of proinflammatory cytokines on this model. The human
epithelial colorectal adenocarcinoma Caco-2 has been used as a model for intestinal epithalial
cells (Fogh et al., 1977). They grow in a monolayer and develop a cylindrical polarized form with
microvilli on the apical side and tight juncitons in between, as described in chapter 1. After
reaching confluency, Caco-2 cells begin to differentiate and express different structural and
functional proteins typical of intestinal enterocytes (Pinto et al., 1983; Sambuy et al., 2005).
Differentiated Caco-2 cells express brush border enzymes including sucrase-isomaltase and
dipeptudyl peptidase four (DPPIV) and also exhibit the microvilli protein such as ezrin and villin
(Peterson and Mooseker, 1992; Pinto et al., 1983; Zweibaum et al., 1983). Brush border
membrane enzymes are more abundant around 6-8 days post-confluency (Beaulieu and Quaroni,
1991; Hein et al., 2011) , thus, this time point was selected to study the effect of cytokines on ER

stress induction in an in vitro model.
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As mentioned earlier, several studies have shown that the pro-inflammatory cytokines such as
interleukin-1-# (IL-15), tumor necrosis factor-o (TNF-a) and interferon-y (IFN-y) induce ER
stress in vitro in rodent and human beta cells (Akerfeldt et al., 2008; Cardozo et al., 2005). IL-1p
and IFN-y have been shown to induce ER stress in pancreatic beta cell through depletion of ER
calcium and inhibition of ER chaperones (Eizirik et al., 2008). TNF-a induced the unfolded
protein response (UPR) and intracellular reactive oxygen species (ROS) production in murine

fibrosarcoma L929 cells, which induce ER stress (Xue et al., 2005).

We therefore proceeded to treat our intestinal epithelial cell model with a cocktail of pro-
inflammatory cytokines (CK) in order to mimic the in vivo situation of intestinal ER stress.
Firstly, it was important to assess whether there was any damage to the cells from the treatment
itself. Our results have shown that after treatment of Caco-2 cells with a cocktail of TNF-a,
MCP1, and IL-1p, no adverse effects were detectable on the proliferation or cell viability of the
monolayer, even after 48 hours of treatment (Chapter 3, Figure 3.1 and 3.2). Based on this, we

were able to proceed with our experimental plan.

Next, we investigated the ability of the cytokine cocktail (CK) to induce ER stress in our model
by looking at the levels of the ER stress markers, BiP and CHOP. Protein folding is disturbed by
inflammatory triggers like cytokines and nitric oxide, which results in unfolded protein
accumulation in the ER and leads to increased levels of the ER stress markers, particularly BiP,
CHOP, GADD34, ATF4 and sXBP1 (Deuring et al., 2011; Verma and Datta, 2010). BiP, is
commonly used as a marker of ER stress and the upregulation of BiP is commonly seen in
response to an increase in misfolded proteins (Kozutsumi et al., 1988). In good correlation with
these studies, treatment with CK at 8 and 24 hour after 7day post con-fluency induced ER stress,
as shown by the upregulation of BiP (Chapter 3, Figure 3.5 A and B). When unfolded proteins
accumulate in the ER, BiP preferentially associates with the unfolded proteins instead of PERK,
ATF6, and IRE1, resulting in activation of their signaling molecule cascades (Xue et al., 2005). It
is well established that the prolonged ER stress induces cell death by the activation of the
transcription factor, CHOP, a downstream pro-apoptotic component of the ER stress sensors
pathways. We, therefore evaluated the levels of CHOP in our treated cells, and found that CHOP

was increased at 8 and 24 hour after 7day post-confluency after CK treatment (Chapter 3, Figure
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3.6A and B). The observed upregulation of BiP and CHOP, thus, confirmed the initiation of ER

stress by the cytokine treatment.

CHOP-induced apoptosis in ER stress has been implicated in numerous human diseases (Li et al.,
2014). Elevated circulating IL-1p can trigger ER stress-induced myocytes apoptosis by affecting
IRAK-2/CHOP pathway in diabetic cardiomyopathy (DCM) (Liu et al., 2015). CHOP also
induces apoptosis by reducing expression of Bcl-2 (McCullough et al., 2001). The imbalance of
Bcl-2 and caspase 3 expressions favors T cell resistance to apoptosis which may contribute to T
cell accumulation and chronic intestinal inflammation in dogs with IBD (Jergens et al., 2014).
CHOP and caspase 3 mediated ER stress induced cell death in Glioblastomas (Quick and Faison,
2012). Caspase-3 is cleaved upon the initiation of apoptosis and is a common effector in the
intrinsic and extrinsic pathways (Zinszner et al., 1998). In our study, cleaved caspase-3 was not
detected after CK treatment, even though CHOP was upregulated (Chapter 3, Figure 3.4). This
may be due to the fact that signaling pathways leading to ER stress-mediated apoptosis might be
different among cell types, stress duration or stressors. Furthermore, this cytotoxicity test is an
important factor used to monitor cell growth, reproduction and morphological characteristics of in
vitro experiments (Li et al., 2015). We were therefore able to confirm that the cytokines did not
induce toxicities in Caco-2 cells (Chapter 3, Figure 3.3). Furthermore, the lack of caspase-3
cleavage could be an indication that cellular adaptation pathways were initiated in order to

resolve the ER stress before the damages reach the point of cell death.

Another important aspect known to be involved in chronic gastrointestinal inflammatory diseases
is the dysfunction of the intestinal epithelium barrier (Coskun, 2014). Alteration of the barrier
function causes increased intestinal permeability and bacterial translocation, both of which can
induce mucosal immune system activation by release of anti-microbial molecules , cytokines and
chemokines that further result in inflammation and tissue damage (Mankertz and Schulzke,
2007). In addition, the intestinal barrier integrity depends on different factors such as the potent
of innate immune responses, the secretion of mucus, epithelial paracellular permeability and
epithelial cell integrity (Pastorelli et al., 2013). It has been shown that TNF-a reduced epithelial
barrier function and increased the flow of solutes between cells and across the epithelium (Mullin

and Snock, 1990). The correlation of pro-inflammatory cytokines in intestinal tight junction
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regulation under IBD pathophysiological conditions have been well recognized (Sanchez-Mufioz
et al.,, 2008). Several studies have shown that TNF-o induced an increase in tight junction
epithelial permeability in Caco-2 cells (Ma, 2004; Marano et al., 1998). Interestingly, it has been
shown that TNF-a causes a decrease in transepithelial electric resistance (TEER) in Caco-2 cells
after 12 hours and dramatically decreased at 48-72 hour (Ma, 2004). In addition, IL-1pB caused a
time dependent reduction (0-72h) in TEER in Caco-2 cells and these led to increased paracellular
permeability (Al-Sadi and Ma, 2007). Our own data supports these results, as TEER was
markedly decreased at 8, 24 and 48 hours after cytokine treatment (Chapter 3, Figure 3.7). This is
a clear indication that the in vitro monolayer, mimicking the intestinal barrier, has been
compromised. It was therefore imperative to look for the reasons behind this decrease in barrier

integrity, and to investigate the cellular mechanisms employed to overcome it.

It has been shown that TNF-a induces NF-kB signal transduction followed by NF-kB stimulation
of myosin light chain kinase (MLCK) transcription and protein expression, resulting in increased
intestinal permeability in Caco-2 cells (Ma et al., 2005). Furthermore, it has been found that IL-
1B induced an increase in Caco-2 cells tight junction permeability that was also correlated with
MLCK gene activity (Al-Sadi et al., 2008). Thus, alterations in paracellular permeability by
cytokines involve an increase in phosphorylation of MLCK and its subsequent signal transduction

pathway in order to increase tight junction permeability (Zolotarevsky et al., 2002).

Interestingly, barrier impairment in mucosal inflammation results in the downregulation of tight
junction-related proteins including occluding, claudin, and ZO-1 by pro-inflammatory cytokines
(Nusrat et al., 2000). Moreover, pro-inflammatory cytokines induce the redistribution of these
tight junction associated proteins along the cellular membrane (Bruewer et al., 2003;
Zolotarevsky et al., 2002). Furthermore, cytokines also mediated actin reorganization and
stimulation of myosin dependent contractility (Ilvanov et al., 2004). Therefore, the pro-
inflammatory cytokines can severely disrupt tight junctions and consequently cause damage to
the epithelial barrier (Roda et al., 2010). These results led us to evaluate the levels of ezrin, E-
cadherin and connexin-43 in our Caco-2 cells after cytokine treatment. Ezrin is a protein that acts
as a link between the cell membrane and the actin-cytoskeleton (\Vaheri et al., 1997). E-cadherin,

a protein that forms cadherin-catenin interactions and connects to the cellular cytoskeleton, also
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works to maintain cell polarity (Ebnet, 2008; Hartsock and Nelson, 2008). Finally, connexin-43 is
a protein that is found at gap junctions and interacts with cytoskeletal and tight junction
components (Al-Ghadban et al., 2016). All these three proteins were upregulated in our 7-day
post confluent cells, after cytokine treatment at 8 and 24 hours (Chapter 3, Figure 3.8-3.10).
These findings were quite surprising and contrary to what have been seen in the literature.
However, there are several speculations as to why these events occurred. We hypothesize that
cytokines can alter calcium content within the cell leading to the activation of protein misfolding
and ER stress induction (Cardozo et al., 2005; Wolf et al., 1989). Furthermore, low intracellular
calcium level is associated with actin-mediated E-cadherin internalization (Alexander et al.,
1998). Additionally, it has been shown that pro-inflammatory cytokines are involved in the
alteration of the lipid composition and distribution of membrane microdomains of tight junctions
(Li et al., 2008). Alteration of lipid composition may result in the redistribution of tight junction
proteins from their corresponding membrane microdomains to other cellular regions (Barton et
al., 2001; Li et al., 2008). Increased levels of ezrin, E-cadherin and connexin-43 may be another
adaptation mechanism, in order to counteract the disruption of tight junctions and restore
homeostasis to the cells. It is therefore possible that the levels of these proteins were increased
after treatment but their improper folding and trafficking led to aberrant localization. Therefore,
the proper protein folding in the ER is important role for the localization and proper trafficking to

their target sites.

Finally, the study focused on the marker protein at the apical and basolateral membrane. Sucrase
isomaltase (SI) is an integral membrane glycoprotein located in on the brush border of the small
intestine (Hunziker et al., 1986) ,which associates in the final steps of sucrose, glycogen and
starch digestion. Sl is transported via the secretory pathway to the apical membrane of Caco-2
cells (Le Bivic et al., 1990; Matter et al., 1990). The synthesis of Sl in Caco-2 cells is down-
regulated after IL- 6 and interferon ¥ (IFNY) treatment whereas its expression is up-regulated by
TNF-o and IL-1B (Ziambaras et al., 1996). The results of our study show that cytokine treatment
causes a reduction in Sl enrichment in the brush border membrane fraction (P2) and a
mislocalization of Sl to the other, non- brush border fractions, at 8 and 24 hour at 7 day post
confluency in Caco-2 cells (Chapter 3, Figure 3.11E,F). It has been shown that almost 90% of

newly synthesized sucrose-isomaltase is sorted to the apical membrane surface (Matter et al.,
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1990). This apical sorting of SI was altered after cytokine treatment (Chapter 3, Figure 3.11D).
Moreover, cytokine treatment showed a significant decrease in the specific activity of sucrose as
well as its catalytic capacity (Chapter 3, Figure 3.8 A and C, respectively). It has been found that
the reduction of Sl can be directly linked to improper polarity of the cell (Hein et al., 2011). The
function of sucrase isomaltase depends heavily on proper protein folding and post-translational
modifications (Hansen et al., 2009). The protein is N-glycosylated in the endoplasmic reticulum
(ER) and then transported to the Golgi apparatus where the complex N- and O-glycosylation
takes place (Gericke et al., 2016). Therefore, the results of our study may indicate that due to
improper glycosylation after cytokine treatment, SI might not be properly trafficked to the apical
surface. Interestingly, the membrane microdomains, lipid rafts, are essential for increasing of Sl
activity (Wetzel et al., 2009) and are also important for the correct targeting of Sl to the cell
surface (Alfalah et al., 1999). Thus, any alteration of lipid rafts could lead to improper targeting
of Sl and cause a decrease in its activity. However, this study does not provide any data on the
effects of cytokine treatment on lipid rafts, and thus, more work is needed to confirm this
hypothesis. After cytokine treatment, lower level of SI was detected in the P2 in brush border
membrane enrichment fraction. Therefore, it was important to investigate whether the expression
of DPPIV or other the marker proteins at the basolateral and brush border membrane. DPPIV is a
type Il membrane glycoprotein and is transported to the apical membrane in Caco-2 cells via the
basolateral membrane to the apical membrane (transcytotic pathway) or targeted to apical
membrane directly from the trans-Golgi network (TGN) (Alfalah et al., 2002; Matter et al., 1990).
The DPPIV expression level was drastically reduced in the brush border membrane after cytokine
treatment (Chapter 3, Figure 3.12). This may imply that due to improper glycosylation after
cytokine treatment, DPPIV localization might be affected and not properly trafficked to the apical
surface. Furthermore, the formation of polarized cell is organized by cell membranes link to
cell-cell junctions and both are connected with cytoskeleton (Nelson, 2003). Ezrin is a
cytoskeletal protein and remarkable component of apical F-actin-based scaffold to membrane
protein in the apical brush border of intestinal epithelial cell (Wald et al., 2005). It has been
reported that ezrin is involved in several biological functions such as signal transduction, cell
division and cell growth, cytoskeletal organization and morphogenesis (Osawa et al., 2009). Our

study has shown that ezrin was reduced and relocation from brush border membrane (P2) to
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intracellular membrane (P1) was observed after 24 hour at 7 day post confluency after cytokine
treatment inducing ER stress in Caco-2 cells (Chapter 3, Figure 3.13A and B). The down
regulation of ezrin level is an indicator of undifferentiated state in Caco-2 cells (Hein et al.,
2011). The ezrin expression is involved in the assembly of microvillus function was characterized
as a component of intestinal microvillus cytoskeleton during differentiation (Berryman et al.,
1993; Bretscher, 1983). The lack of ezrin in mice intestinal cells can reduce the polarization of
cell junctions. Due to the absence of ezrin (Ez ") in mice intestine, the adjacent cells are
separated from different villi, resulting in villus fusion (Casaletto et al., 2011). Therefore,
deficiency of ezrin is associated with impairment of apical integrity, loss of varied molecular
functions and highly effects architecture, function and homeostasis of intestinal cells (Casaletto et
al., 2011). In addition, the zona occludens protein (ZO-1) is a tight junction associated proteins
which, function as cross-linkers between junctional complexes (occludin) and actin- based
cytoskeleton (Fanning et al., 1998; Furuse, 2010). Alteration of ZO-1 distribution is a hallmark of
cell shedding in the epithelial layer (Guan et al., 2011). ZO-1 is involved in gap junction
organization, which specially recruit the signal molecules for control of the intracellular
communication with the gap junction (Hervé et al., 2007). Connexin-43 (Cx43) is an integral
plasma membrane protein that froms protein pores called gap junction, which mediate cell to cell
connection (Goodenough and Paul, 2009). A recent study has shown that when the connection
between Cx43 and ZO-1 is disrupted this results in a decrease of gap junctional intercellular
communication (GJIC) (Hesketh et al., 2010). However, our study found that the co-localization
of ZO-1 and Cx43 has only revealed minor difference in Caco-2 cells after treated with cytokine
induced ER stress (Chapter 3, Figure 3.13A, and C). It has been shown that connexin associates
in lipid raft microdomains (Defamie and Mesnil, 2012). Cx43 connects with caveolin-1 in lipid
rafts and interacts with ZO-1, which alters the membrane localization of Cx43 and also promotes
redistribution with gap junction formation (Laing et al., 2005; Schubert et al., 2002). Therefore,
further studies need to be performed to reveal more insights into the link between lipid rafts and
the expression of protein markers at the apical and basolateral membrane such as ZO-1, cadherin,
connexin after cytokine induced ER stress.
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The data provided in this study confirms the importance of ER homeostasis in the maintenance of
intestinal epithelial cell polarity and functionality. Furthermore, we provide evidence that
perturbation to proper ER environment, such as those caused by pro-inflammatory cytokine
treatment, leads to increased cellular permeability, improper membrane targeting and loss of
epithelial cell polarity. In fact, these detrimental effects are not only found as a result of cytokine
treatment, but also as a consequence of environmental perturbations, such as those caused by
hypoxia. The intestinal milieu is known to be under a physiological state of low oxygen that
becomes more severe during infections or inflammations (Glover and Colgan, 2011; Melican et
al., 2008). In fact, it is speculated that hypoxic conditions occurring during bacterial infections
may lead to the reorganization of membrane- associated proteins, such as 1 integrins, by altering
their post-translational modifications (Zeitouni et al., 2016). To that effect, we tested the effect of
oxygen deprivation on ER homeostasis and found that hypoxia induces ER stress and results in
increased levels of BiP and CHOP proteins (Chapter 3, Figure 3.15 and 3.16). Furthermore,
incubation under 1% oxygen lead to significant decrease in TEER, indicating a loss of barrier
integrity (Chapter 3, Figure 3.14). We, therefore conclude that the developments described in this
study are not limited to our cytokine treatment, but are, in fact, an indication that inflammatory

stress can have detrimental results on the overall health of the intestinal epithelium.

Surely, neither the exposure to pro-inflammatory cytokines nor the endurance of low oxygen
conditions can be taken as individual causes of epithelial cell damage. However, these conditions
compound upon one another and act in combination to induce a state of ER stress that leads to
many downstream effects. It has been thoroughly discussed in this study that IBD is a
pathological condition that includes both, inflammatory mediators as well as hypoxic conditions,
and therefore, it was important to try to understand some of the mechanisms by which this
disorder affects the epithelial cells and the manner in which our body responds to it. This study
does not claim to solve the issue of IBD but rather, it catches part of the thread that can lead to

unraveling this disease and may help to shed some light on some novel therapeutic targets.
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